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Editorial on the Research Topic 


Environmental extremes threatening food crops


Food products are either directly obtained from the plants or indirectly associated with the food crops on a few steps in the food web. Life seems impossible without the unremitting supply of agricultural food products. However, cultivation and production of agronomic and horticultural food crops is highly dependent on the prevailing environmental conditions. Unsuitable environmental conditions including heavy metals contamination, drought, salinity, temperature extremes induce abiotic stresses which reduce growth, development and yield of the food crops. The extreme environmental stresses may cause a complete failure of the food crops which may lead to famine and starvation. Hence, it becomes necessary to evaluate the potential of various techniques to alleviate abiotic stresses in crop plants. Consequently, the Guest Editors of the Special Issue made a call for research articles via Frontiers in Plant Science, encouraging researchers to submit their research work on the issue, concentrating on crucial aspects which may help in solving associated environmental problems, with pertinence today and/or in the upcoming era. It is assumed that the outcome has been evidently productive. Manuscripts for this Special Issue come from Poland, China, United States, Canada, India, Italy and Pakistan. Researchers used various physicochemical, physicochemical and molecular techniques or resistant plant species to demonstrate the strategies for alleviation of plant stress. Total 54 articles were received, with final publication of 36 articles having the better quality, accepted after peer-reviewing.

There are 6 review articles and 30 original research articles. In his review article, Chen et al. made a review on the potential of secondary metabolites in alleviation of environmental stresses in crop plants. In the review article Ahmad et al. confers the contribution of black colored flowers in stress alleviation. Similarly, the review article of Ahmad et al. informs about the potential of plant growth promoting rhizobacteria in the alleviation of drought stress in crop plants. Farooq et al. have conferred the undesirable influences of climate change on cultivation of food crops. While, in their review article, Javed et al. have focused on the current developments in agronomic and physio-molecular tactics for improving nitrogen use efficiency in crop plants in their review article.

Environmental factors affecting plants growth is therefore the main topic of this special issue, subsequently confirming the emphasis of the researchers on the adverse effects of these factors either alone or in combination with other factors. Nickel stress decreases growth of pepper plants by affecting the activity of antioxidative enzymes, nutrients uptake, membranous integrity and biosynthesis of secondary metabolites (Altaf et al.). Temperature extremes may decrease the growth of Brassica juncea by affecting antioxidant system, synthesis of amino acids and soluble sugars (Chauhan et al.). The low temperature during post-silking stage of wheat reduces the enzymatic activity leading to the reduced biosynthesis of phytohormones, proteins and starch (Guo et al.). Plants subjected to water deficit conditions exhibit reduced stomatal conductivity, photosynthetic activity, water use efficiency, photochemical extinction, net CO2 assimilation, rate of transpiration, electron transport rate, carboxylation efficacy and PS-II activity (Javaid et al.). Temperature stress affects rice quality attributes such as chalkiness, protein content, pasting temperature, and starch content (Tu et al.). Climatic factors significantly modify phenology and grain quality of wheat (Poggi et al.). Waterlogged conditions modify protein biosynthesis, decrease synthesis of photosynthetic pigments as well as other metabolic enzymes, enhance photorespiration in wheat crop (Yang et al.).

On the other hand, abscisic acid and proline concentration have a decisive role in alleviation of salt and drought stress in Salsola imbricata (Alam et al.). The plasticity of the root system architecture modifies root volume, root surface area, root diameter and root length in Lagenaria siceraria to tolerate water-deficit situations (Contreras-Soto et al.). Estrada et al. studied the contribution of growth attributes including gas exchange parameters, chlorophyll fluorescence and spectral reflectance of different wheat genotypes in temperature and drought stress tolerance. According to Farooq et al., variations in hydraulics and xylem anatomy affect abiotic stress tolerance capability of different plant species.

Ahmad and Liu (2022) identified the possible involvement of myeloblastosis genes in cadmium stress tolerance of Ipomoea aquatica plants. It was observed that changes in RNA editing correspondingly alter amino acid synthesis in plants subjected to alkaline stress to tolerate adverse conditions (Rehman et al.). Sabir et al. studied the involvement of glutathione S-transferase gene family of Prunus avium in bioaccumulation of anthocyanin. Wang et al. found that GRAS genes may induce leaf formation and enhance abiotic stress tolerance in Pyrus bretschneideri. Plants capable of adjusting the expression level and binding interaction of Superoxide Dismutase (SOD) genes with hydrogen peroxide (H2O2) may tolerate the adverse environmental conditions (Zameer et al.).

Some of the articles in this special issue elucidate very effective, economical, eco-friendly and sustainable approaches to mitigate the abiotic stress in plants. Ahmad et al. demonstrated that bio-clay nanosheets infused with gibberellins mitigate the temperature and hexachlorobenzene stress in Brassica alboglabra plants. In an effort to promote drought tolerance in M. oleifera plants, Rehman et al. found that endophytic fungal consortia capable of synthesizing ACC deaminase improve stress tolerance through reducing the biosynthesis of ethylene and H2O2. Likewise, Ali et al. observed that endophytic fungus (Stemphylium lycopersici) enhances salinity tolerance stress tolerance in maize through regulating the metabolic and ionic status. Khan et al. examined the role of various soil amendments with bentonite clay to diminish uptake of heavy metal contaminants by Solanum melongena growing in tannery polluted conditions. The exogenous application of some antioxidants may alleviate abiotic stress in crop plants. The exogenous application of proline enhances yield of maize crop by reducing the level of stress related biomarkers and improving morph-physiological responses under various irrigation systems (Ibrahim et al.). Foliar application of silica enhances drought stress tolerance in various Oryza sativa cultivars (El-Okkiah et al.). Ali et al. described the role of phyto-melatonin in reduction of the heavy metal induced phytotoxicity. Correspondingly, exogenously applied silicon improves yield and water use efficiency of maize plants by alleviating salt stress (Alayafi et al.). Application of hydrogen sulfide assists banana fruits to tolerate chilling injuries by adjusting their ascorbate–glutathione cycle and γ-aminobutyric acid shunt pathway (Ali et al.). Hammad et al. evaluated the role of nitrogen on physiochemical activities and growth of maize plants subjected to abiotic stress. While, Gillani et al. demonstrated the brassinosteroids induced drought stress tolerance in maize through modulation of the expression level of drought-responsive genes. Furthermore, foliar application of folic acid improves biochemical activities, growth and oil content of Coriandrum sativum subjected to drought stress (Khan et al.). Khilji et al. also reported the stress ameliorative potential of fulvic acid through declining chromium, cadmium, and lead uptake in Brassica napus growing in paper sludge contaminated regimes.

The articles included in this special issue unveil that tolerant plants to alleviate stresses through accumulating toxins within their root zone, reducing translocation of toxins in upper parts, and by modulating their physiochemical as well as metabolic activities besides changing gene expression levels to decline or manage environmental stresses. Though, appropriate management of environmental stresses in food crops so far remains one of the great challenges throughout the world. Sooner or later, the foremost research may be focused to further recognize and illustrate the role of omics, transcriptomics and genomics in development of abiotic stress tolerant varieties having capability to reduce the uptake and translocation of phytotoxicants especially in their edible parts. Altogether, this special issue includes a set of virtuous research work, inspiring the scientific information about the environmental extremes and food crop production. Now, this Special Issue contains a set of very fascinating articles that uplift the information on the matter, and which would be beneficial for the society as well as for researchers.
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Pollinators are attracted to vibrant flower colors. That is why flower color is the key agent to allow successful fruit set in food or ornamental crops. However, black flower color is the least attractive to pollinators, although a number of plant species produce black flowers. Cyanidin-based anthocyanins are thought to be the key agents to induce black color in the ornamental and fruit crops. R2R3-MYB transcription factors (TFs) play key roles for the tissue-specific accumulation of anthocyanin. MYB1 and MYB11 are the key TFs regulating the expression of anthocyanin biosynthesis genes for black color accumulation. Post-transcriptional silencing of flavone synthase II (FNS) gene is the technological method to stimulate the accumulation of cyanidin-based anthocyanins in black cultivars. Type 1 promoter of DvIVS takes the advantage of FNS silencing to produce large amounts of black anthocyanins. Exogenous ethylene application triggers anthocyanin accumulation in the fruit skin at ripening. Environment cues have been the pivotal regulators to allow differential accumulation of anthocyanins to regulate black color. Heat stress is one of the most important environmental stimulus that regulates concentration gradient of anthocyanins in various plant parts, thereby affecting the color pattern of flowers. Stability of black anthocyanins in the extreme environments can save the damage, especially in fruits, caused by abiotic stress. White flowers without anthocyanin face more damages from abiotic stress than dark color flowers. The intensity and pattern of flower color accumulation determine the overall fruit set, thereby controlling crop yield and human food needs. This review paper presents comprehensive knowledge of black flower regulation as affected by high temperature stress, and the molecular regulators of anthocyanin for black color in ornamental and food crops. It also discusses the black color-pollination interaction pattern affected by heat stress for food and ornamental crops.

Keywords: heat stress, black flower color, anthocyanins, ornamental crops, pollination


INTRODUCTION

Flower color is one of the most conspicuous attributes of angiosperms. Since antiquity, flower petal color has been the key to pollinator attraction. Although most of the angiosperms produce vibrant color flowers that are more attractive to pollinators, a few species generate black color in the flowers. Apparently, the black color is not much attractive to the pollinators, but it is not out of need. Both plants and pollinators are benefitted by black color. Heat stress and high temperature are closely associated with black color impacts on plants, pollinators, and pollination strategies. The most prevalent pigments to paint flowers black are the anthocyanins.

Anthocyanins are widely distributed in nature (Wu and Prior, 2005) and give attractive colors to flowers, grains, and fruits (Kong et al., 2003; Escribano-Bailón et al., 2004). Anthocyanins are important chemotaxonomic and quality indicators in plants and their antioxidant ability gains much interest for health (Kong et al., 2003; Março and Scarminio, 2007; Salehi et al., 2020; Paun et al., 2022). They are helpful to cure age-induced oxidative stress, cardiovascular disorders, and inflammatory responses (Hassellund et al., 2013). It is believed that anthocyanin is synthesized at cytosolic surface of endoplasmic reticulum (ER), and it accumulates in the vacuole (Han et al., 2022). MRP (multidrug resistance-associated protein), MATE (multidrug and toxic compound extrusion), and GST (glutathione S-transferase) are mainly responsible for the transport of anthocyanin from cytoplasm to vacuole (Hu et al., 2016; Han et al., 2022).

Anthocyanins are sugar-containing equivalents (3-glucosides) of anthocyanidins (Mekapogu et al., 2020). They are water-soluble glycosides and acylglycosides derived from anthocyanidins (Wu et al., 2004). Anthocyanidins possess two aromatic benzene rings which are separated by an oxygenated heterocycle (Noda et al., 2000; Mekapogu et al., 2020). Petal color is mainly determined by the number of hydroxyl groups in the B-ring. An increase in hydroxyl groups causes color shift to blue (Noda et al., 2000). Six anthocyanidins are widely distributed in vegetables and fruits, including malvidin, petunidin, peonidin, cyanidin, delphinidin, and pelargonidin (de Pascual-Teresa et al., 2002; Di Paola-Naranjo et al., 2004; Lohachoompol et al., 2008). The most abundant anthocyanidins in flowers include pelargonidin, delphinidin, and cyanidin (Mekapogu et al., 2020). Cyanidins usually impart magenta (reddish-purple) color and delphinidins appear purple or blue-red (Yang et al., 2022). Cyanidin causes purple-red color in chrysanthemum flowers (Kawase and Tsukamoto, 1976; Noda et al., 2000). Violet transgenic flowers of chrysanthemum are due to delphinidins, such as delphinidin 3-(3″,6″-dimalonyl) glucoside and delphinidin 3-(6″-malonyl) glucoside (Noda et al., 2013).

High accumulation of cyanidin-based anthocyanins is responsible for black color in ornamental crops (Deguchi et al., 2013, 2015). Three TF families (MYBs, bHLHs, and MBW) regulate the genes involving anthocyanin biosynthesis (Zhao et al., 2013). The PeMYB11 is the major R2R3-MYB TF that regulates the black color production (Hsu et al., 2019). The FNS and IVS are the key genes involving the biosynthesis and regulation of black anthocyanins. Non-pigmented flowers face more damages from abiotic stress than pigmented flowers. Dark color flowers get more favor in the dry conditions than light color flowers (Sullivan and Koski, 2021). High temperature upregulates the expression of most of the anthocyanin biosynthesis genes (Zhang et al., 2019). Moreover, dark petal color increases the internal flower temperature (Tikhomirov et al., 1960), attracting more pollinators during winter. Therefore, this review curtails the black color regulation by anthocyanins, the impact of black color on plant-pollinator interactions and the association of temperature fluctuations with color intensity.



IMPACT OF HIGH TEMPERATURE ON ANTHOCYANIN GRADIENT AND COLOR FORMATION

Biosynthesis of anthocyanins is affected by biotic and abiotic factors, such as nutrients, light, water stress, and temperature (Ubi, 2004). High temperature affects the biosynthesis of anthocyanins. The biosynthesis pathway of anthocyanin can be divided in two phases. The early biosynthesis is regulated by genes such as CHS (chalcone synthase), CHI (chalcone isomerase), F3H (flavanone 3-hydroxylase), F3′H (flavanone-3′-hydroxylase) and F3′5′H (flavanone-3′5′-hydroxylase). The late biosynthesis is regulated by genes such as ANS (anthocyanin synthase), DFR, and UGFT (UDP-glycose: flavonoid 3-O-glycosyltransferase; Figure 1A). High temperature (35°C) significantly upregulates the expression of PAL1, ANS, 3GT, CHS2, UA5, DF4R, CHI, UA3GT2, and UA3GHT5, causing increase in anthocyanin contents in strawberries (Zhang et al., 2019; Figure 1B). High storage temperature improves UA3GT2, a UDP-glucose: anthocyanidin 3-O-glucosyltransferase (UGAT) gene correlated with high-temperature induced anthocyanin accumulation (Zhang et al., 2019). Recently, MATE TT12 is thought to involve cross-membrane anthocyanin transportation in strawberry, cotton and radish (Gao et al., 2016; Chen et al., 2018; M’mbone et al., 2018). High temperature upregulated the expression of six MATE TT12 genes in strawberry, thereby increasing anthocyanidin levels from endoplasmic reticulum to vacuole (Figure 1B). This further deepens the fruit color. High temperature upregulates MATE genes, MATE TT2, MATE DTX1, in strawberry (Zhang et al., 2019).
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FIGURE 1. Summary of black color anthocyanin accumulation pathways (A); effect of high temperature on molecular regulation of deep color anthocyanins (B); the key genetic regulators of black color anthocyanin accumulation in the flower petals (C); the common effects of heat stress on plant anthocyanins (orange color shows more susceptibility towards heat stress and the green color shows stability towards heat stress; D); and the proposed pathway of black anthocyanin generation through induced gene silencing (E).


However, high temperature stress also causes low accumulation of pigments in apple (Palmer et al., 2010; Lin-Wang et al., 2011), by repressing the expression of anthocyanin biosynthesis genes and enzymes (Iglesias et al., 1999; Ban et al., 2007; Palmer et al., 2010; Lin-Wang et al., 2011). Decrease in orchard temperature improves the apple skin color, suggesting that anthocyanin biosynthesis is influenced by change in temperature (Iglesias et al., 2002, 2005).

High temperature activates the expression of anthocyanin degradation genes, such as laccase-9 and laccase-14, and it also stimulates the degradation of anthocyanins by enhancing the POD (Peng et al., 2017). Thus, high ambient temperature causes both accumulation and degradation of anthocyanin at the same time (Niu et al., 2017).

Heating magnitude and duration has a strong influence on the stability of anthocyanins (Patras et al., 2010). High ambient temperature may instigate loss of fresh color after harvesting, causing dark red appearance of strawberries leading to serious economic losses (Peng et al., 2017). Exposure of elderberry to 95°C caused 50% loss of anthocyanin contents (Sadilova et al., 2006). Researchers have documented that an arithmetic increase in temperature causes logarithmic anthocyanin destruction (Havlíková and Míková, 1985; Drdak and Daucik, 1990; Rhim, 2002). Exposure of blueberries to 95°C for 3 min causes 43% loss of anthocyanins (Brownmiller et al., 2008). However, anthocyanin from black carrot were comparatively stable up to 90°C (Rhim, 2002; Kırca et al., 2006), probably due to di-acylation of anthocyanin structure. Acylation protects anthocyanin from hydration, thereby making it more stable (Goto et al., 1979; Brouillard, 1981). High temperature of 95°C causes 53% degradation of cyanidin-3-glucoside in blackcurrant extract (Rubinskiene et al., 2005). Cyanidin-3-rutinoside is the most stable anthocyanin at 95°C in blackcurrant (Rubinskiene et al., 2005).

Temperature affects the expression of flower color (Dela et al., 2003). High temperature causes poor flower color in flowers, such as chrysanthemum (Stickland, 1974; Nozaki et al., 2005, 2006), carnation (Maekawa and Nakamura, 1977), petunia (Shvarts et al., 1997), rose (Shisa and Takano, 1964; Dela et al., 2003), Kangaroo Paw (Ben-Tal and King, 1997), and lily (Lai et al., 2011). High temperature (32°C) causes decrease in anthocyanin contents in petunia flowers (Shvarts et al., 1997), as anthocyanin synthesis is inhibited by elevated temperature conditions (Yamagishi et al., 2010; Lai et al., 2011).



HEAT STRESS AFFECTS ANTHOCYANIN BIOSYNTHESIS AND ACCUMULATION

Anthocyanins significantly affect the performance of plants during abiotic stress (Rausher, 2008; Sullivan and Koski, 2021). Anthocyanin helps plants in their tolerance against abiotic stress and presents an important biological event during ripening of fruits, such as strawberry, plum, cherry, red orange, and grape (Shin et al., 2007; Flores et al., 2015; Carmona et al., 2017; Martínez-Romero et al., 2017). Anthocyanins act as photoreceptors, anti-oxidants, and osmoregulators, making plants tolerant against abiotic stress (Gould, 2004).

White flowers without anthocyanin face more damages from abiotic stress than pigmented flowers (Figure 1D). Dark color flowers get more favor in the dry conditions than light color flowers (Sullivan and Koski, 2021). Drier Clarkia xantiana flowers accumulate more anthocyanin contents as compared to unpigmented morphs (Warren and Mackenzie, 2001; Vaidya et al., 2018). High reproductive success of pigmented Ipomoea purpurea was observed under heat stress as compared to unpigmented morphs (Coberly and Rausher, 2003). An increase in global temperature may cause decline in floral pigmentation in the case if decreased pigmentation allow proper functioning of heat-sensitive reproductive parts (van der Kooi et al., 2019). However, increased drought conditions may support pigmented morphs (Warren and Mackenzie, 2001).

The most important issue of natural colorants is their low stability under high temperature (Oancea, 2021). However, anthocyanins are comparatively more stable to heat stress (Albuquerque et al., 2021). The main anthocyanin structure contains 2-phenylbenzopyrylium heterocycle C-15 skeleton called anthocyanidin or aglycon. This skeleton contains ▬OCH3 or ▬OH groups (Oancea, 2021). Presence of ▬OH group reduces stability and increases blue color, while the presence of ▬OCH3 groups elevates stability and redness (Albuquerque et al., 2021). Changes in the structure of anthocyanins is caused by fluctuation in the number of ▬OH groups, intensity of methylation of ▬OH groups, the number, and nature of attached sugar moiety to the phenolic molecules (McGhie and Walton, 2007; Patras et al., 2010). Degradation is mainly caused by breakage of covalent bonds, oxidation or heat-triggered increase of oxidation reactions. Opening of pyrylium ring and the formation of chalcone is the first step of anthocyanin degradation stimulated by heat stress (Palamidis and Markakis, 1975; Patras et al., 2010). Upon heating, the anthocyanin decomposes into chalcone structure (Adams, 1973).

Increasing temperature negatively affects the stability of cyanidin-3-O-rutinoside and cyanidin-3-O-glucoside in black rice (Sui et al., 2014). Some anthocyanins, such as pelargonidin-3-O-glucoside and cyanidin-3-O-glucoside from strawberries and blackberries, are more susceptible to heat (Shahidi, 2012). However, the methoxylation and acylation increase anthocyanin stability against heat stress (Shahidi, 2012). Acylated anthocyanins are generated after the acylation of glycosyl groups of anthocyanins with organic acids, thereby increasing heat stability. Diacylated anthocyanins provide significantly high blue color stability to red cabbage at 50°C as compared to non-acylated anthocyanins (Fenger et al., 2020). Thus, acylation of anthocyanins is essential in technological applications to produce colorants with prolonged half-life. However, extreme heat stress (95°C) causes decomposition of acylated anthocyanins in black carrot (Sadilova et al., 2007). Acylated anthocyanins are present in flowers and vegetables, while non-acylated anthocyanins are mostly distributed in fruits (Vidana Gamage et al., 2021; Figure 1D). In black carrot, acylated anthocyanins remain stable to temperature increase of 20–50°C than non-acylated anthocyanins from blackberry (Zozio et al., 2011).

Heat stress increases the anthocyanin contents of purple wheat (De Leonardis et al., 2015; Li et al., 2018). Increased accumulation of anthocyanins was stimulated by upregulation of drought stress-related genes (Castellarin et al., 2007; Cui et al., 2017; Massonnet et al., 2017). Under water drought conditions, higher contents of anthocyanins were observed in apple (Kilili et al., 1996; Mills et al., 1996), strawberry (Ikeda et al., 2011; Rugienius et al., 2015), pomegranate (Laribi et al., 2013) and apricot (Torrecillas et al., 2000; Pérez-Pastor et al., 2007). Increase in temperature increases anthocyanin contents of dark red jujube (Jiang et al., 2020). However, draught also negatively affects anthocyanin accumulation due to reduced photosynthesis, causing poor color development (Bahar et al., 2011).

Anthocyanin degradation due to high temperature causes gradual color loss of Malus profusion fruits in summer (Rehman et al., 2017). High temperature treatment of more than 33°C significantly reduced the concentration of cyanidin 3-galactoside. This reduction is caused by the downregulation of anthocyanin biosynthesis genes (MpUFGT, MpDFR, MpLDOX, MpCHS, and MpMYB10; Steyn et al., 2004; Ubi et al., 2006; Rehman et al., 2017). High temperature also stimulated the generation of H2O2 by enhancing the activities of MDA, SOD, and cell sap pH (Rehman et al., 2017). Moreover, the expression of anthocyanin transport genes (MpVHA-B1 and MpVHA-B2) was also reduced.



TRANSCRIPTION FACTORS FOR ANTHOCYANIN FORMATION AND COLOR SCHEMES

Anthocyanin biosynthesis is regulated by a number of transcription factor families, including MYB (v-myb avian myeloblastosis viral oncogene homolog), bHLH (basic helix–loop–helix), WRKY, CPC, and WD40 (WD40-repeats proteins; Herrera Valderrama et al., 2014; Bai et al., 2017). R2R3-MYB TFs play key roles in providing the specificity for the downstream genes, causing tissue-specific accumulation of anthocyanin (Koes et al., 2005; Feller et al., 2011; Hichri et al., 2011; Petroni and Tonelli, 2011). The bHLH TFs essentially regulate the activity of R2R3-MYB partner by promoting its transcription or stabilizing the protein complexes (Hernandez et al., 2004). The WDR proteins physically interact with bHLH and MYB TFs to regulate the biosynthesis of anthocyanins (Zhang et al., 2003). Thus, MBW (MYB, bHLH, and WD40) complex primarily regulates anthocyanin biosynthesis genes (Gonzalez et al., 2008; Petroni and Tonelli, 2011). Most of the MYBs are positive regulators of anthocyanin biosynthesis (Jaakola, 2013). However, some MYBs repress it too, such as grapevine VvMYB4 and strawberry FaMYB1 and FaMYB9 (Schaart et al., 2013).

In the Phalaenopsis cultivar ‘Panda’, MYB TFs PeMYB7, PeMYB11, and miRNA156g and miR858 are responsible for purple spot formation in sepals (Zhao et al., 2019). The PeMYB11 is the major R2R3-MYB TF that regulates the black color production (Hsu et al., 2019; Figure 1C). A retrotransposon HORT1 (Harlequin Orchid RetroTransposon 1) causes very strong expression of PeMYB11, leading to extremely high anthocyanin accumulation in the harlequin flowers of Phalaenopsis (Hsu et al., 2019; Zhao et al., 2019). The miR156 and miR858 are the key interference RNAs for PeMYB7 and PeMYB11 (Zhao et al., 2019). High expression of anthocyanin biosynthesis pathway genes (PeCHI, PeANS, PeC4H, PeF3H, PeF3’H, Pe3HI, and Pe4CL2) was observed in spot tissues as compared to non-spot tissues (Figure 1B). Moreover, the ectopic MYB or bHLH expression causes dark purple color in transgenic plants, such as Leaf Color (bHLH) and Deep Purple (MYB) from petunia (Albert et al., 2009, 2011).

The black color formation has been studied in a few fruits and vegetables, such as purple cauliflower (Brassica oleracea L. var. botrytis; Chiu et al., 2010), purple sweet potato (Ipomoea batatas; Mano et al., 2007), and blood oranges (Citrus sinensis; Butelli et al., 2012). In blood oranges, insertion of a Copia-like retrotransposon in the upstream region of a R3R3-MYB TF gene, Ruby, causes extreme accumulation of anthocyanin in the fruit (Butelli et al., 2012). In the purple cauliflower, insertion of a Harbinger DNA transposon in the regulatory region of a R2R3-MYB TF encoding gene, Purple (Pr), causes upregulation of Pr, resulting in dark color accumulation (Chiu et al., 2010). Sweet potato purple color is caused by predominant expression of IbMYB1 (Mano et al., 2007). Storage of strawberries at high temperature upregulated WRKY44, bHLH128, bHLH66, MYB39, and CPC, and downregulated WRKY33, WRKY14, WRKY6, MYB306, and bHLH130 (Zhang et al., 2019; Figure 1B).

Therefore, high expression of the regulatory TFs in the biosynthesis pathway of anthocyanin may cause black flowers and fruits in plants. However, the detailed molecular mechanisms are yet to be elucidated.



ROLE OF HORMONES IN DEEP COLORATION

Phytohormones, such as cytokinin, abscisic acid, jasmonate, and ethylene, play significant roles in color development through increasing anthocyanin accumulation (Jia et al., 2011; Colquhoun et al., 2012; Merchante et al., 2013). However, gibberellins and auxins reduce the biosynthesis of anthocyanins during fruit color development (Jaakola, 2013). Ethylene is the key hormone involving apple fruit ripening (Saure, 1990) and also a key regulator of anthocyanin development, because in the apple cultivar ‘Pink Lady’, anthocyanin biosynthesis is significantly correlated with ethylene production (Whale and Singh, 2007). Application of ethylene exogenously promotes the synthesis of anthocyanin in the fruit skin at ripening (Larrigaudiere et al., 1996; Li et al., 2002). Suppression of MdACO1, an ethylene biosynthesis gene, caused poor red pigmentation in apple (Johnston et al., 2009). Low temperature suppresses ethylene production, thereby affecting anthocyanin accumulation (Tromp, 1997; Tatsuki et al., 2011).



DARK COLOR RELATIONSHIP WITH POLLINATION

In the drought- and heat-stressed conditions, plants with pigmented flowers can survive much better than anthocyanin-free flowers (Grace and Logan, 2000; Warren and Mackenzie, 2001; Steyn et al., 2002). Arctic flowers with dark colors can reach higher temperatures as compared to light color flowers (Büdel, 1959; Tikhomirov et al., 1960). Petals with dark and deep colors can absorb longer wavelengths of light more efficiently than light color petals, resulting in increased corolla temperature (Tikhomirov et al., 1960; Figure 2).
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FIGURE 2. Flower color relationship with heat absorption and pollinators. Dark color flowers absorb sun light with longer wavelengths, which causes increase in the internal temperature of flowers that attract more pollinators in the winter season and allows better pollination. The light color flowers, however, absorb shorter wavelengths of light and do not provide much warm flowers as compared to dark color flowers.


Pollinators select flowers based on their color attributes such as hue and brightness (Caruso et al., 2010; Koski and Galloway, 2020). It is evident that pollinators contribute to disparities in flower color among populations of the same species (Streisfeld and Kohn, 2007; Sobral et al., 2015; Streinzer et al., 2019). However, differences in pollinator communities are not sufficient to explain variation of color in a number of others (Schemske and Bierzychudek, 2007; Thairu and Brunet, 2015). Therefore, non-pollinator selection agents are also involved in flower color variations (Strauss and Whittall, 2006). Temperature can be a selective factor affecting flower color (Coberly and Rausher, 2003; Lacey and Herr, 2005; Koski and Galloway, 2018). Thus, large scale flower color patterns are associated with climatic gradients (Arista et al., 2013; Koski and Ashman, 2015; Koski and Galloway, 2018). For example, dark color flowers are able to warm reproductive structures more efficiently than light color flowers. They can absorb a lot more solar radiation, thereby increasing their reproductive success in low temperature climates (Lacey et al., 2010). Warm flowers get more pollinator visitation in cold environments (Norgate et al., 2010; Figure 2). Dark colors also favor plant in drought conditions (Warren and Mackenzie, 2001). For example, heavily pigmented Boechera stricta are produced in low populations due to increased drought tolerance of pigmented morphs (Vaidya et al., 2018).

Heat absorption provides benefits to both reproductive organs of flowers and pollinators. Basking in the flowers can help insects to elevate their body temperature (Hocking and Sharplin, 1965; Kevan, 1975; Heinrich, 1979; Herrera, 1995). Bees prefer flowers with warm nectar (Dyer et al., 2006) and this choice becomes stronger with decreasing ambient temperature (Norgate et al., 2010). Warm flowers provide high quality reward to pollinators compared with low temperature flowers (Figure 2). For example, sugar production and nectar volume are increased with increasing temperature up to 38°C (Petanidou and Smets, 1996). Dark colored flowers absorb more light and emit it as heat (van der Kooi et al., 2019). Very dark flowers show high intra-floral temperature (Jewell et al., 1994; MCKEE and Richards, 1998; Figure 2). Plants developing at low temperature produce dark color spikes that are up to 2.6°C warmer in full sun (van der Kooi et al., 2019). Anthocyanin pigments regulate flower color plasticity (Lacey and Herr, 2005; Stiles et al., 2007; Anderson et al., 2013). This plasticity in response to temperature exists in most of Plantago species (Anderson et al., 2013). The Lotus corniculatus flowers with dark keel are 6°C warmer than light-keeled flowers (Jewell et al., 1994). Purple Ranunculus glacialis flowers are warmer and make more seeds than white flowers (Ida and Totland, 2014). However, no temperature difference was found in several color polymorphic species (MCKEE and Richards, 1998; Sapir et al., 2006; Mu et al., 2010; Shrestha et al., 2018; Kellenberger et al., 2019).



BLACK ANTHOCYANINS

A few flowering and fruit plants with dark-purple to black colors certainly catch consumers’ eyes. They contain very high contents of anthocyanins with high antioxidant activity (Jayaprakasha and Patil, 2007; Kelebek et al., 2008). Blood orange contains activities to reduce cardiovascular risk factors (Paredes-López et al., 2010; Pascual-Teresa et al., 2010), oxidative stress (Bonina et al., 2002) and protect DNA against oxidative damage (Guarnieri et al., 2007). Eye catching purple cauliflowers are potent source of nutrition with health-promoting effects (Chiu et al., 2010). Only a few black anthocyanins have been isolated so far.

Five anthocyanin pigments are identified in blackberries, including cyanidin 3-rutinoside, cyanidin-3-(malonyl) glucoside, cyanidin-3-xyloside, cyanidin 3-glucoside, and cyanidin-3-dioxalyglucoside (Cho et al., 2004; Jordheim et al., 2011). Dark purple color of eggplant is due to anthocyanin nasunin (dalphinidin-3-(p-coumaroylrutinoside)-5-glucoside; Noda et al., 2000; Table 1). Nagai (1921) reported that the accumulation of black pigment in soybean seeds is caused by anthocyanin. Yoshikura and Hamaguchi (1969) identified anthocyanins, cyanidin-3-monoglucoside and delphinidin-3-monoglucoside, responsible for black seeds. The Cyanidin-3-(p-coumaroyl)-diglucosdie-5-glucoside is the most abundant anthocyanin in black carrot, responsible for deep purple color (Nath et al., 2022).



TABLE 1. Major deep color anthocyanins in flowering and food crops.
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Higher amount of melanin pigment was found in the black seed coat of rapeseed (Zhang et al., 2008). Black rice is an important health-promoting food due to abundance of anthocyanins and thermal degradation is a major issue to food industry (Hou et al., 2013). Four anthocyanins are identified in black rice, including cyanidin-3-rutinoside, peonidin-3-glucoside, cyanidin-3-glucoside, and cyanidin-3,5-diglucoside. Cyanidin-3-glucoside is a major anthocyanin found in black rice and blackberry (Hou et al., 2013; Figure 1A). In purple barley, the most abundant anthocyanin is cyanidin 3-glucoside (Glagoleva et al., 2022) The black Phalaenopsis flowers are important breeding sources to induce color variation in floriculture crops. The harlequin/black Phalaenopsis flowers contain black spots on petals, appearing as a new color in 1996 (Chen, 2004; Hsu et al., 2019).

The Tulipa julia contains black portion on the lower side of petals and a hybrid tulip ‘Queen of the Night’ contains highly saturated violet color which appears black under specific light conditions (Markham et al., 2004; Figure 2). A study on 107 tulip cultivars identified five selections with black flowers (Shibata and Ishikura, 1960). Delphinidins were the predominant anthocyanins, including delphinidin (50%), cyaniding (29%) and pelargonidin (21%). For black ‘Queen of the Night’ tulip, tulipanin (delphinidin-3-glucorhamnoside) was the most prominent delphinidin glycoside. A p-coumroyltriglycoside of delphinidin is responsible for black color of Viola cultivar ‘Jet Black’ (Takeda and Hayashi, 1965). Violanin, delphinidin-5-O-glucoside-3-O-[4-p-coumaroylrhamnosyl(1-6)glucosie] is the black anthocyanin in the black pansy, Viola tricolor (Goto et al., 1978; Table 1). Lisanthius nigrescense is unique for its black color corolla (Markham et al., 2004). HPLC analysis showed the presence of one major and one minor anthocyanin. The anthocyanins [delphinidin-3-O-rhamnol(1-6)galactoside and its 5-O-glucoside] comprised 24% of dry weight of petals. The high anthocyanin level is thought to be responsible for complete absorption of both visible and UV wavebands (Markham et al., 2004).

Two major anthocyanins (cyanidin 3-O-glucoside and 3-O-rutinoside) were found in the back flowers of Cosmos atrosanguineus cultivar ‘Choco Mocha’ (Amamiya and Iwashina, 2016; Table 1). Total anthocyanin contents of black flower cultivars ‘Brown Rouge’ and ‘Choco Mocha’ were 3–4 folds higher than that of red flower cultivar ‘Noel Rouge’ (Amamiya and Iwashina, 2016).

In most black cultivars, high accumulation of cyanidin-based anthocyanins was induced by post-transcriptional silencing of DvFNS (flavone synthase II) gene (Deguchi et al., 2013, 2015). Cyanidin-based anthocyanins impart more black color to dahlia flowers than pelargonidin-based anthocyanins (Deguchi et al., 2016). The 3-(6″-malonylglucoside)-5-glucoside was the key cyanidin anthocyanin causing black flowers by lowering petal lightness and chroma (Deguchi et al., 2016). Abolishment of competition for substrate between flavone biosynthesis and anthocyanin biosynthesis may be related to increased accumulation of anthocyanin (Deguchi et al., 2016).

The black flower color of dahlia (Dahlia variabilis) is caused by high accumulation of cyanidin-based anthocyanins (Deguchi et al., 2013; Table 1). The black dahlia cultivars have strong Type 1 promoter of DvIVS with high expression levels (Figure 1C). However, the expression of DvFNS was significantly low in all black cultivars. Surprisingly, DvFNS suppression occurs in a post-transcriptional manner in black cultivars. Artificial silencing of FLS or FNS causes increased accumulation of anthocyanins in petunia (Davies et al., 2003). Therefore, silencing of DvFNS causing flavone absence abolishes the competition for substrates (Figure 1E). The substrate destined for the synthesis of flavone becomes available for anthocyanidin synthesis. Then using Type 1 promoter of DvIVS helps black cultivars to synthesize high amounts of anthocyanidin from large substrate including the new portion as well, leading to black color appearance (Deguchi et al., 2016; Figure 1E).



CONCLUSION AND FUTURE PERSPECTIVES

Black flower color is very rare in the nature and only a few species produce black flowers. A number of studies tried to justify the causes and benefits of black color in the plants. So far, the studies have found that anthocyanins are the key components of black color accumulation, especially the cyanidin-type of anthocyanins are the most important to drive black color. R2R3-MYB TFs, especially MYB11, are the key regulators of black anthocyanin accumulation in plants. Artificial induction of black color can be achieved through FNS silencing, allowing increased synthesis of black anthocyanins using IVS promoter. The major benefit of black color is the greenhouse effect it generates by absorbing long wavelengths of light, thereby providing warmth inside petals and warm nectar to attract more pollinators during the winter. Therefore, during extreme winter conditions, deep color of flowers helps plant attract more visitors than light color flowers, that increases the chances of pollination and helps plant survive during harsh conditions.

The best future aspect of black anthocyanins is their stability against temperature extremes and this can be used at industrial level to induce color stability in food products. Moreover, the ornamental flowers with deep color can withstand a long time without color deterioration. Besides, breeding plans can be adjusted for crops growing in extreme winter conditions with difficult pollination breeding. New varieties with greater ability of absorbing long wavelengths of light and deep color flowers would get maximum chances of survival.
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Transient and chronic waterlogging constrains crop production in many regions of the world. Here, we invoke a novel iTRAQ-based proteomic strategy to elicit protein synthesis and regulation responses to waterlogging in tolerant (XM 55) and sensitive genotypes (YM 158). Of the 7,710 proteins identified, 16 were distinct between the two genotypes under waterlogging, partially defining a proteomic basis for waterlogging tolerance (and sensitivity). We found that 11 proteins were up-regulated and 5 proteins were down-regulated; the former included an Fe-S cluster assembly factor, heat shock cognate 70, GTP-binding protein SAR1A-like and CBS domain-containing protein. Down-regulated proteins contained photosystem II reaction center protein H, carotenoid 9, 10 (9′, 10′)-cleavage dioxygenase-like, psbP-like protein 1 and mitochondrial ATPase inhibitor. We showed that nine proteins responded to waterlogging with non-cultivar specificity: these included 3-isopropylmalate dehydratase large subunit, solanesyl-diphosphate synthase 2, DEAD-box ATP-dependent RNA helicase 3, and 3 predicted or uncharacterized proteins. Sixteen of the 28 selected proteins showed consistent expression patterns between mRNA and protein levels. We conclude that waterlogging stress may redirect protein synthesis, reduce chlorophyll synthesis and enzyme abundance involved in photorespiration, thus influencing synthesis of other metabolic enzymes. Collectively, these factors accelerate the accumulation of harmful metabolites in leaves in waterlogging-susceptible genotypes. The differentially expressed proteins enumerated here could be used as biological markers for enhancing waterlogging tolerance as part of future crop breeding programs.

Keywords: wheat, iTRAQ, proteomics, waterlogging, anthesis, abiotic stress, crop adaptation


INTRODUCTION

Crop waterlogging (WL) may be caused by intense rainfall events, excessive irrigation, flash flooding, lateral surface or subsurface flow, and/or poor soil drainage (Herzog et al., 2016; Chang-Fung-Martel et al., 2017; Kaur et al., 2020). Waterlogging can hinder or cease plant growth by reducing oxygen availability in soil pore spaces in the root zone (Liu et al., 2020b). Anoxic soils and severe hypoxia then inhibit several physiological processes, including root water absorption, plant hormone relations, ion uptake, and transport and superoxide dismutase activities (Ghobadi et al., 2017; Manik et al., 2019). As well, waterlogging causes cascading changes in soil physico-chemical properties that can increase soil elemental toxicities, cause excessive loss of mineral nitrogen via leaching or greenhouse gas emissions (Harrison et al., 2016; Christie et al., 2020), and/or elevate concentrations of phenolics and volatile fatty acids within the plant (Ghobadi et al., 2017; Manik et al., 2019).

Plants can adapt to WL with changes in morphology, anatomy, and metabolism (Nguyen et al., 2018). Development of a shallow root system and formation of aerenchymatous adventitious roots are the main morphological/anatomical changes (Yamauchi et al., 2018; Ouyang et al., 2020), and are controlled by plant hormones such as ethylene, auxin, abscisic acid (ABA), cytokinin, jasmonates (JAs), and gibberellin (GA) (Nguyen et al., 2018). In rice, lysigenous aerenchyma and a barrier to radial O2 loss form in roots to mitigate WL stress by supplying O2 to the root tip (Nishiuchi et al., 2012).

In the past years, great efforts have been made to investigate the mechanism of WL tolerance at the molecular level. Many genes have been demonstrated to mediate WL in cotton (Zhu et al., 2022), rapes (Liu et al., 2021), maize (Du et al., 2017), cucumber (Kêska et al., 2021). Previous studies showed that 52 and 146 proteins were differentially expressed in tomato leaves and cucumber adventitious roots in response to WL stress, respectively (Ahsana et al., 2007; Xu et al., 2016). It has been demonstrated that 100 proteins were responsive to WL stress in different tissues of WL-sensitive and WL-tolerant barleys (Luan et al., 2018). Over-expression of the Kiwifruit AdPDC1 (Actinidia deliciosa pyruvate decarboxylase 1) could enhance WL resistance in transgenic Arabidopsis thaliana (Zhang et al., 2016).

Wheat (Triticum aestivum L.) is one of the most economically important cereal crops in the world. WL has reduced wheat grain yields by about 20–50% in the United Kingdom, North America, and Australia (Li et al., 2011). Some attempts have been made to investigate the regulation mechanism responding to WL in wheat. Transcripts of phenylalanine ammonia-lyase 6, cinnamoyl-CoA reductase 2, ferulate 5-hydroxylase 2 are involved in lignin biosynthesis, and have been shown to be repressed by WL (Nguyen et al., 2016). Genes regulating metabolism of hormones change under WL, which include ACS7 and ACO2 for ethylene biosynthesis, TDC, YUC1, and PIN9 for indole acetic acid (IAA) biosynthesis/transport, LOX8, AOS1, AOC1, and JAR1 for JA metabolism, GA3ox2 and GA2ox8 for GA metabolism, IPT5-2, LOG1, CKX5, and ZOG2 for cytokinin metabolism, NCED1 and NCED2 for ABA biosynthesis (Nguyen et al., 2018). Anoxia under WL reduces the abundance of denitrification gene nirS in the rhizosphere of wheat (Hamonts et al., 2013). However, understanding of the molecular basis of WL tolerance is still limited in wheat.

WL has become a major constraint for wheat production in southeast of China due to excessive rainfall during the growing season, which is especially severe during the critical grain formation periods of anthesis and maturation (Liu et al., 2020b; Yan et al., 2022). Proteomics is a useful and important method for investigating crop responses to stress by detecting changes in expression and post-translational modification of proteins (Komatsu et al., 2012). Proteomic techniques have been performed to investigate proteins in response to WL in cotton (Gong et al., 2017), soybean (Alam et al., 2010), cucumber (Xu et al., 2016), barley (Luan et al., 2018), etc. Proteomic approaches have also been successfully used to perform proteomic profiles in response to flooding, drought, high temperature, salt, metal stresses in wheat (Komatsu et al., 2014). In this study, our primary aim was to define the key differences in proteomic and transcriptional levels under waterlogging stress conditions of tolerant and susceptible wheat genotypes. This knowledge would be expected to provide important insights into physiological and molecular mechanisms associated with waterlogging tolerance in wheat leaves, enabling future crop breeders to better develop waterlogging tolerant genotypes.



MATERIALS AND METHODS


Plant Growth Conditions and Treatments

The wheat cultivars Xiangmai 55 and Yangmai 158 were used in the screen for WL-responsive proteins. They were sown in the farm of Yangtze University located in Jingzhou, Hubei Province, China in growing season on November 15, 2017. The soil type in the uppermost 20 cm was a clay loam having the following biological and nutritive qualities: Organic matter content (10.5 g⋅kg–1), available N (33.41 mg⋅kg–1), available P (45.37 mg⋅kg–1) and available K (80.26 mg⋅kg–1).

Field experiments were arranged in a split-plot design with treatments as the main plots and cultivars as the subplots. Treatments included a waterlogging treatment that initiated at flowering stage for 15 days, and a non-waterlogged control. Except for waterlogged treatments, groundwater was deep (more than 2 m from the surface). Three replicates were performed per treatment for each variety, and the plot areas were 12 m2 (2 m × 6 m). At the sowing stage, the base application rate was 90 kg/hectare of pure nitrogen from the application of compound fertilizer, and the ratio of available nitrogen N, phosphorus P2O5 and potassium K2O in compound fertilizer was 26:10:15. At the jointing stage, pure nitrogen was applied at 90 kg/hectare in the form of urea. At the trefoil stage, 224 plants m–2 remained. Otherwise, regular field management practices were employed. Wheat plants for both cultivars at anthesis stage were subjected to control and waterlogging treatment for 7 days. When 50% plants begin to bloom, in which the plants height are more than 80 cm, the plots were submerged in 2 cm- depth water as waterlogging treatment. A total of 10 plants was selected per group, and three biological replicates were conducted for each treatment. The flag leaves were collected, immediately frozen, and stored in liquid nitrogen for protein and RNA extraction for qRT-PCR.



Protein Extraction, Digestion, and iTRAQ Labeling

Total protein was extracted using the cold acetone method. Samples were ground in liquid nitrogen and dissolved in 2 mL lysis buffer (8 M urea, 2% SDS, 1x Protease Inhibitor Cocktail (Roche Ltd. Basel, Switzerland). Subsequently, sonication on ice for 30 min and centrifugation at 13,000 rpm for 30 min at 4°C were conducted. Proteins were precipitated with ice-cold acetone at –20°C, and the precipitate was cleaned with acetone three times and re-dissolved. The protein quality was determined by SDS-PAGE (Supplementary Figure 3).

Bicinchoninic acid assay (BCA; Pierce, MA, United States) was used to determine the protein concentration. The 100-μg protein from the previous step was transferred into a new tube and adjusted to a final concentration of 1 μg/μL, and then treated with 11 μL of 1M DTT (DL-Dithiothreitol) at 37°C for 1 h. Then we used 120 μL of the 55 mM iodoacetamide and incubated the mixture for 20 min at room temperature in the dark.

For each sample, proteins were precipitated with ice-cold acetone, then re-dissolved in 100 μL TEAB (0.25M, pH8.5). Then samples were tryptic digested with trypsin (Promega, Madison, WI) at 37°C for 4 h (trypsin: protein 1:100). The resultant peptide mixture was labeled with iTRAQ tags 113 through 118. The labeled samples were combined and dried in vacuum.



Strong Cation Exchange Fractionation and Liquid Chromatography–Tandem Mass Spectrometry Analysis

The combined labeled samples were bound to a strong cation exchange (SCX) fractionation column connected with a high performance liquid chromatography (HPLC) system. The peptide mixture was re-dissolved in the buffer A (20 mM ammonium formate in water, pH10.0), and then fractionated by high pH separation using Ultimate 3000 system (Thermo Fisher Scientific, MA, United States) connected to a reverse phase column (Gemini-NX 3u C18 110A column, 2.0 mm × 150 mm, 3 μm, (Waters Corporation, MA, United States). High pH separation was performed using a linear gradient starting from 5 to 45% buffer B (20 mM ammonium formate in 80% ACN, pH 10.0) in 40 min. The column flow rate was maintained at 0.2 mL/min and column temperature was maintained at 30°C. A total of 12 fractions were collected, and each fraction was dried in a vacuum concentrator for the next step.

Peptide fractions were resuspended with 30 μL solvent C (water with 0.1% formic acid), respectively, and separated by nanoLC and analyzed by electrospray tandem mass spectrometry. The experiments were performed on an Easy-nLC 1000 system (Thermo Fisher Scientific, MA, United States). A total of 10 μL peptide sample was loaded onto the trap column (Thermo Fisher Scientific Acclaim PepMap C18, 100 μm × 2 cm), with a flow of 10 μL/min for 3 min and subsequently separated on the analytical column (Acclaim PepMap C18, 75 μm × 15 cm) with a linear gradient, from 3 to 32% solvent D (ACN with 0.1% formic acid) in 120 min. The column flow rate was maintained at 300 nL/min.

The fusion mass spectrometer was run in the data-dependent mode to switch automatically between MS and MS/MS acquisition. Survey full-scan MS spectra (m/z 350–1,550) were acquired with a mass resolution of 120 K, followed by sequential high energy collisional dissociation MS/MS scans with a resolution of 30 K. The isolation window was set as 1.6 Da. MS/MS fixed first mass was set at 110. In all cases, one microscan was recorded using dynamic exclusion of 45 s.



Database Search and Quantification

The mass spectrometry data were transformed into MGF (Mascot generic format) files with Proteome Discovery 1.2 (Thermo Fisher Scientific, PA, United States) and analyzed using Mascot software version 2.3.2 (Matrix Science, London, United Kingdom). Mascot database was set up for protein identification using Triticum aestivum L database in NCBI nr (release 2017_03); SwissProt/UniprotKB (release 2018_06) and International Protein Index (IPI; version 3.16). Trypsin/P was chosen as the enzyme with two missed cleavages allowed; Peptide tolerance was set at 10 ppm, and Mascot was searched with a fragment ion mass tolerance of 0.050 Da; a parent ion tolerance of 10.0 PPM. Significance threshold p < 0.05 (with 95% confidence). The average values of the biological replicates were used to indicate the final protein abundances for each sample. Proteins with a 1.2-fold change between samples and a p-value less than 0.05 were determined as differentially expressed proteins (DEPs).



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis

The DEPs were selected for functional enrichment analysis. The hypergeometric test was used to determine significant enrichment of GO terms relative to the background. The p-value was adjusted with FDR Correction, setting FDR ≤ 0.05 as a threshold. The GO terms with FDR ≤ 0.05 were defined as significantly enriched GO terms. Likewise, Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment was also performed with KEGG database (Pan et al., 2016). The calculated p-value was adjusted with FDR Correction, setting FDR ≤ 0.05 as a threshold.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted using the TRIZOL reagent (Invitrogen, Carlsbad, CA, United States). Then RNA samples were reverse-transcribed using the RevertAid™ First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, MA, United States) according to the manufacturer’s protocol. Each reaction was conducted in 10 μL mixture containing 5 μL of SYBR green [SYBR@ Premix Ex Taq™ (TliRNaseH Plus), TAKARA, Japan], 0.6 μL forward and reverse primers (10 μM), 2 μL cDNA template, and 2.4 μL ddH2O. The Quantitative Real-Time PCR (qRT-PCR) reactions were performed with CFX96™ Real-Time PCR Detection System (Bio-Rad, United States). The primers used for qPCR are listed in Supplementary Table 6. The reactions for each gene were conducted in triplicate with the thermal cycling conditions as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 57°C for 30 s. The primer specificity was confirmed by melting curve analysis. Relative expression levels of the genes were calculated using the 2–ΔΔCT method (Kim et al., 2013).




RESULTS


Phenotypic and Physiological Analysis of Two Varieties

WL is known to induce chlorosis and early senescence of leaves (Romina et al., 2014); Firstly, we detected the chlorophyll concentration in expanded flag leaves of WL-tolerant variety XM 55 and WL-sensitive variety YM 158 by measuring SPAD (soil-plant analysis development) at the anthesis stage. The SPAD value of XM 55 was higher than that of YM 158 during 0–7 days, and it was less than or equal to that of YM 158 during 7–21 days under WL (Figure 1A). However, the SPAD value of XM 55 was higher than that of YM 158 between 0 and 21 days under normal conditions (CK) (Figure 1A). The SPAD value of XM 55 under normal conditions decreased below that of WL treated XM 55 after 7 days, whereas it was decreased below that of YM 158 under CK at 5 days (Figure 1A). The reductions of SPAD in XM 55 from 0 to 7 days, 7–14 days, and 14–21 days under WL were 2.7, 4.2, and 7.8%, whereas they were 4.7, 6.9, and 13.4% in YM 158, respectively.
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FIGURE 1. Phenotypes of XM 55 and YM 158 under waterlogging and control conditions. (A) Dynamic changes of chlorophyll concentration (SPAD unit) of the last expanded leaf after 7 days waterlogging at anthesis. (B) Dynamic changes of water content of leaf after waterlogging at anthesis between different varieties. (C) Dynamic changes of ear water content after waterlogging at anthesis between different varieties. (D) Dynamic changes of water content of stem and sheath after waterlogging at anthesis between different varieties. Vertical bars indicate standard error of the mean (n = 3).


Soil WL causes serious hypoxia in plant roots, obstructs root growth and development, decreases root activity, and decreases root water permeability; this affects plant water uptake and transpiration rate, thereby leading to water deficit in plants and alterations in the above-ground distribution of water (Lina et al., 2012; Romina et al., 2014). We also measured the above-ground water contents in the two varieties. Under WL, the water contents in flag leaves, ears, and stem and sheath were significantly higher in XM 55 than in YM 158 from 7 to 21 days, whereas this pattern occurred from 14 to 21 days under CK (Figures 1B–D).

WL at elongation or post-anthesis is known to affect grain yield, as well as accumulation and remobilization of dry matter in wheat (Lina et al., 2012). We measured the changes of aboveground dry matter accumulation (DMA), yield, and yield-related traits of the two varieties. WL had different effects on XM 55 and YM 158. The DMA at anthesis (DMA1) before WL were roughly similar between XM 55 and YM 158, but under WL, DMA values were decreased by 12.5 and 20.5% in XM 55 and YM 158 relative to the CK control at the mature stage, respectively (Table 1). At the same time, kernels per spike, 1,000-kernel weight, grain yield weight, and harvest index were decreased under WL by 3.3, 18.1, 26.2, and 15.9% in XM 55, and by 10.8, 36.2, 36.8, and 21.8% in YM 158 relative to their CK control values, respectively (Table 1). Clearly, WL had greater effects on YM 158 instead of XM 55, especially the 1,000-kernel weight and grain yield weight. Overall, it could be inferred that XM 55 showed better WL tolerant than YM 158.


TABLE 1. Effect of waterlogging on yield and yield components of wheat.
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Waterlogging Induced Proteome Change in XM 55 and YM 158

To further explore the molecular mechanisms that mediate different responses to WL, iTRAQ method was used to analyze proteome changes in flag leaf of both cultivars. After protein extraction, enzyme digestion, iTRAQ labeling, equal mixing and SCX pre-separation, all samples were subjected to liquid chromatography–tandem mass spectrometry (LC-MS/MS) in three independent replicates. In the present study, a total of 1,087,846 spectra were detected, among which, 37,952 could be matched and 55,206 were unique spectra, and 37,985 peptides could be identified with 19,279 being unique peptides, and 7,710 proteins were identified (Figure 2A); the proteins identified in the flag leaf of the XM 55 and YM 158 plants were supported by unique peptides. Of those proteins, 54.0% (4,164) were inferred from more than three unique peptides (Figure 2B).
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FIGURE 2. Mass spectrometry analysis and protein identification. (A) The number of spectra and proteins. (B) The number of proteins with different unique peptides.




Pairwise Comparison of Protein Profiling in XM 55 and YM 158 Under Waterlogging

To identify differentially expressed proteins (DEPs) between the two cultivars in response to WL, proteins with more than a 1.2-fold change in abundance (p < 0.05) between XM 55 and YM 158 under WL and CK were investigated. Based on this criterion, 23 DEPs (14 up-regulated and 9 down-regulated) showed differential expressed between XM 55 and YM 158 under WL (XM 55-WL/YM 158-WL), and 52 DEPs (31 up-regulated and 21 down-regulated) were differently expressed between XM 55 and YM 158 under CK (XM 55-CK/YM 158-CK) (Figure 3). At the same time, 7 proteins (i.e., TRIAE_CS42_2BL_TGACv1_130584_AA0414140.1, TRIAE_CS 42_2BL_TGACv1_131439_AA0427700.2, TRIAE_CS42_4BL_ TGACv1_321826_AA1065960.1, TRIAE_CS42_2BL_TGACv1 _132610_AA0438610.1, TRIAE_CS42_6BL_TGACv1_503168_A A1627380.1, TRIAE_CS42_6BL_TGACv1_503168_AA162738 0.2, TRIAE_CS42_6BL_TGACv1_503168_AA1627380.3) were differentially accumulated in both (XM 55-WL/YM 158-WL) and (XM 55-CK/YM 158-CK), which might indicate cultivar specific protein accumulation irrespective of WL treatment (Figure 3, Table 2, and Supplementary Table 1). Excluding these 7 overlapping DEPs, a total of 16 DEPs were remained between XM 55 and YM 158 under WL (Figure 3B); of these, 11 DEPs were up-regulated, including members of Fe-S cluster assembly factor, heat shock cognate 70 kDa protein, GTP-binding protein SAR1A-like, and CBS domain-containing protein, respectively. The 5 down-regulated proteins were photosystem II reaction center protein H, carotenoid 9, 10 (9′, 10′)-cleavage dioxygenase-like, psbP-like protein 1, and mitochondrial ATPase inhibitor (Table 2).
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FIGURE 3. Quantitative and Venn analysis of the proteome of two wheat cultivars under different treatments. (A) Quantitative analysis of the proteome between the waterlogging treated and control samples. (B) Venn analysis of two wheat cultivars under different treatments. (C) Venn analysis of different treatments in different wheat cultivars; XM 55 and YM 158 are the two cultivars; CK, control; WL, waterlogging.



TABLE 2. Differentially expressed proteins between XM 55 and YM 158 under WL.
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Proteomic Dynamics in XM 55 and YM 158 Between Waterlogging and Normal Conditions

The DEPs in XM 55 and YM 158 between WL and CK were identified. There were 84 DEPs (35 up-regulated and 49 down-regulated) between XM 55-WL and XM 55-CK, and 59 DEPs (13 up-regulated and 46 down-regulated) between YM 158-WL and YM 158-CK (Figure 3 and Supplementary Tables 2, 3). Most proteins responsive to WL were specific to XM 55 or YM 158. However, 9 proteins were differentially expressed in both XM 55-WL/XM-CK and YM 158-WL/YM 158-CK (Figure 3 and Supplementary Tables 2, 3), which might be WL responsible proteins with non-cultivar specificity. These proteins were 3-isopropylmalate dehydratase large subunit, solanesyl-diphosphate synthase 2, DEAD-box ATP-dependent RNA helicase 3, and three predicted or Uncharacterized proteins. 3-isopropylmalate dehydratase catalyzes, the stereo-specific isomerization of 2-isopropylmalate and 3-isopropylmalate participate in the biosynthesis of leucine.



Functional Categorization, Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis of the Differentially Expressed Proteins

The functional information of all differentially accumulated proteins in Figure 3 were obtained by searching against the UniProt-GOA database, which were assigned to three categories based on GO annotation, that is, cellular compartment, biological process, and molecular function. The differentially expressed proteins among XM 55 and YM 158 under WL belonged to eight biological processes, 11 cellular compartments, and two different molecular functions (Figure 4 and Supplementary Table 4). In terms of biological processes, metabolic process, cellular process, and cellular component organization or biogenesis were the three major groups. It was suggested that the DEPs may be involved in primary metabolic processes, and these impart differential WL tolerances to XM 55 and YM 158. Cell, cell part, and membrane-enclosed lumen were the top three cellular compartments, implying that various changes in cell structure had effects on tolerance to WL among different varieties. Binding was the major molecular functional groups, and a small amount of differentially accumulated proteins were involved in catalytic activity, which showed that protein binding affects tolerance to WL.
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FIGURE 4. GO annotation of differentially expressed proteins between XM 55 and YM 158 under WL.


The differentially expressed proteins among XM 55 or YM 158 under WL and CK belonged to 11 or 8 biological processes, 9 or 11 cellular compartments, and 6 or 3 molecular functions (Supplementary Figures 1, 2 and Supplementary Table 4), respectively. Metabolic process, cellular process, and single-organism process were both the three major biological processes. Cell, cell part, and organelle were both the top three cellular compartments. Catalytic activity and binding were both the two-major molecular functional groups. Those results indicated that primary metabolic processes, cell structure, and catalytic activity were generally affected by WL regardless of cultivar tolerance.

To characterize the functional consequences of the differentially expressed proteins associated with WL, the enriched pathways were assigned based on KEGG terms. The results indicated that the proteins related to terpenoid backbone biosynthesis, amino sugar and nucleotide sugar metabolism, and fructose and mannose metabolism were affected by WL in XM 55, whereas terpenoid backbone biosynthesis and fatty acid biosynthesis were affected in YM 158. Tuberculosis and RNA degradation were affected by WL both in XM 55 and YM 158 (Supplementary Table 5).



Correlation of Differentially Accumulated Protein With mRNA Expression

To verify the correlation between the expression levels of the differentially expressed proteins and their mRNAs, the mRNA expression levels of 28 differentially expressed proteins were analyzed using qRT-PCR method (Supplementary Table 6). Among them, 16 genes exhibited consistent expression patterns with their proteins, whereas 12 showed discrepancies between protein accumulation and mRNA expression (Figure 5). The discrepancy between protein accumulation and mRNA expressions might be ascribed to translational and posttranslational regulatory processes or feedback loops between the processes of mRNA translation and protein degradation (Ahsana et al., 2007). These results were consistent with previous studies that transcription patterns do not always directly correlate with protein expression levels (Yan et al., 2006; Luan et al., 2018).
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FIGURE 5. Correlation of differentially expressed protein at transcript and translation level. Differences in protein expression and qRT-PCR between XM 55 and YM 158 under waterlogging stress. (A) Differences in protein expression measured by iTRAQ and quantitative real-time reverse transcription-PCR (qRT-PCR) in XM 55 (B) and YM 158 (C) under WL and CK. Log2-RT-PCR represents RNA expression level; Log2-FC represents the differences in protein expression level.





DISCUSSION

Crop growth and development is inhibited by waterlogging stress, with anthesis being the most sensitive stage (Liu et al., 2020a,b; Yan et al., 2022). In this study, we compared the waterlogging tolerance of two wheat genotypes, and found that waterlogging impacted the chlorophyll content, water content, grain weight and its components, and accumulation of dry matter after anthesis in both varieties at anthesis. Notably, the degree of waterlogging influence varied between different wheat varieties, that could explain why XM 55 was less sensitive to water stress than YM 158 in this study. Such results have synergies with effects of defoliation and nitrogen stress on chlorophyll content, suggesting plant response and recovery to some abiotic and nutritive stresses may be similar (Harrison et al., 2011, 2012a,b; Alcock et al., 2015; Christie et al., 2018).

We invoked iTRAQ and HPLC-MS techniques to analyze flag leaf protein expression patterns to determine the effects of waterlogging stress in two genotypes (i.e., XM 55 and YM 158). Overall, the number of DEPs identified in the pairwise comparison was relatively lower than the previous studies (Jia et al., 2009; Kim et al., 2013), inferring that the different tissues (e.g., leaf, root, stem) and number of biological replicates could determine the number of DEPs to some extent. Meanwhile, the treatment and sampling stage in the experiment design also could decrease the difference of genetic and proteomic expression. On the other hand, the low number of DEPs identified in the comparisons contributed to finding the key proteins and pathways that play roles in WL tolerance of wheat. A total of 11 up-regulated proteins in XM 55 were identified in response to WL that were involved in iron acquisition, proteins folding assistant, cargo secretion, abiotic stresses, whereas 5 proteins were down-regulated, which participated in light energy usage, strigolactone biosynthesis, vesicle-mediated secretion. The differential tolerance of waterlogging between XM 55 and YM 158 might be ascribed to those differentially accumulated proteins. In detail, the DEPs related to Fe/S clusters participate in diverse cellular processes in almost all organisms, which include respiration, metabolism, DNA replication and repair, and regulation of gene expression (Beinert et al., 1997; Lill, 2009). The gene sufT, which is involved in the Fe/S cluster assembly pathway, has been reported that it is necessary for effective symbiosis to enhance iron availability (Sasaki et al., 2016). Heat shock cognate 70 kDa protein is a chaperone that assists in the folding of other proteins in vivo; this protein increased expression in sugarcane plants subjected to WL (Khan et al., 2014). Over expression of CBS domain-containing protein could enhance tolerance to different abiotic stresses in maize (Dong et al., 2020) and Arabidopsis (Hao et al., 2016). These proteins were up-regulated in XM 55 compared to YM 158 under WL, indicating that their enhanced accumulation may be responsible for WL tolerance. Interestingly, some potential critical proteins which have been considered as critical factors for WL tolerance in wheat were not differentially expressed in this study. For instance, Wang et al. (2016) revealed that S-adenosylmethionine synthtase (SAMS), involved in ethylene biosynthesis pathway, was upregulated by WL stress in wheat. As well, alcohol dehydrogenases involved in carbohydrate metabolism were upregulated under WL stress (Kaur et al., 2021; Lee et al., 2021). Notably, these key candidates were not observed in this study. This suggests that alcohol dehydrogenases are tissue-specific proteins, and perhaps also that they are only expressed in root tissues, rather than the flag leaves of wheat.

Photosystem II (PSII) reaction center protein H and psbP are constituents of PS II, which uses light energy to split water into chemical products (Vinyard et al., 2013). Carotenoid cleavage dioxygenases (CCDs) cleave carotenes and xanthophylls to apocarotenoids, which may mediate strigolactone biosynthesis and are responsive to phosphorus deficiency (Pan et al., 2016), wounding, heat, and osmotic stress (Rubio-Moraga et al., 2014). The ATPases play roles in diverse cellular activities such as vesicle-mediated secretion, membrane fusion, cellular organelle biogenesis, and hypersensitive responses (HR) in plants (Baek et al., 2011). These proteins were down-regulated in XM 55 compared to YM 158 under WL, suggesting that WL tolerance might be associated with reduced energy production, changes of hormone content and cellular activities in plants.

In addition, 9 DEPs were detected in both WL tolerant and non-tolerant varieties (Figure 3 and Supplementary Tables 2, 3), which were involved in leucine biosynthesis, plastoquinone biosynthesis, and ribosomal structure remodeling, indicating they played basic roles in tolerance of WL stress. GO and KEGG pathway analysis indicated that proteins involving in primary metabolic processes, cell structure, protein binding determined the different tolerance to WL between XM 55 and YM 158. Compared with the control group, the proteins upregulated in WL group also play important roles in tolerance of WL stress. For instance, Solanesyl-diphosphate synthase 2 is involved in plastoquinone biosynthesis, which regulates gene expression and enzyme activities as a photosynthetic electron carrier, and plays a central photoprotective role as an antioxidant (Ksas et al., 2015). DEAD-box ATP-dependent RNA helicase 3 is involved in ribosomal structure and it was shown to be markedly suppressed after salt treatment in cotton (Gong et al., 2017). These proteins were responsive to waterlogging without cultivar specificity, indicating that the leucine, reactive oxygen species, and the ribosome may play roles in basic defense to WL.

qRT-PCR analysis indicated that consistent expression patterns were observed between mRNAs and proteins for most selected proteins. However, a discrepancy was also identified for several proteins between protein accumulation and mRNA expression. It could be suggested that transcription patterns do not always directly correlate with protein expression levels (Yan et al., 2006; Luan et al., 2018), which might be ascribed to translational and posttranslational regulatory processes or feedback loops between the processes of mRNA translation and protein degradation (Ahsana et al., 2007).



CONCLUSION

We have shown that many proteins were differentially expressed under transient waterlogging of wheat. We conclude that waterlogging stress may redirect protein synthesis to reduce chlorophyll synthesis and the concentration of enzymes involved in photorespiration, thus influencing the synthesis of metabolic enzymes. As well, we suggest that reduced chlorophyll content may accelerate the accumulation of harmful metabolites in leaves. We suggest that differentially expressed proteins enumerated here could be used as biological markers for developing future waterlogging tolerant genotypes in crop breeding programs.
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The efficiency with which plants use nutrients to create biomass and/or grain is determined by the interaction of environmental and plant intrinsic factors. The major macronutrients, especially nitrogen (N), limit plant growth and development (1.5–2% of dry biomass) and have a direct impact on global food supply, fertilizer demand, and concern with environmental health. In the present time, the global consumption of N fertilizer is nearly 120 MT (million tons), and the N efficiency ranges from 25 to 50% of applied N. The dynamic range of ideal internal N concentrations is extremely large, necessitating stringent management to ensure that its requirements are met across various categories of developmental and environmental situations. Furthermore, approximately 60 percent of arable land is mineral deficient and/or mineral toxic around the world. The use of chemical fertilizers adds to the cost of production for the farmers and also increases environmental pollution. Therefore, the present study focused on the advancement in fertilizer approaches, comprising the use of biochar, zeolite, and customized nano and bio-fertilizers which had shown to be effective in improving nitrogen use efficiency (NUE) with lower soil degradation. Consequently, adopting precision farming, crop modeling, and the use of remote sensing technologies such as chlorophyll meters, leaf color charts, etc. assist in reducing the application of N fertilizer. This study also discussed the role of crucial plant attributes such as root structure architecture in improving the uptake and transport of N efficiency. The crosstalk of N with other soil nutrients plays a crucial role in nutrient homeostasis, which is also discussed thoroughly in this analysis. At the end, this review highlights the more efficient and accurate molecular strategies and techniques such as N transporters, transgenes, and omics, which are opening up intriguing possibilities for the detailed investigation of the molecular components that contribute to nitrogen utilization efficiency, thus expanding our knowledge of plant nutrition for future global food security.

Keywords: agriculture, nitrogen use efficiency, climate change, sustainability, molecular approaches


INTRODUCTION

Efforts to end hunger are as old as human civilization, and they have affected the history of humanity. The concern for global food security results primarily from saturated crop yields and also an imbalance between the supply and demand of the major food crops (wheat, rice, and maize) (DeFries et al., 2015; Wood et al., 2018). Increasing production on a sustained basis is an essential component of ensuring food security. Food production needs to increase 50% by 2030 and double by 2050 to meet projected demands (Pastor et al., 2019). Effective nutrient use especially nitrogen (N) and phosphorous (P) are important for sustained food security. A reliable supply of N and other nutrients vital for plant growth has allowed farmers to improve productivity over the past century, thus promoting economic development (Drechsel et al., 2015; McLaughlin and Kinzelbach, 2015; Reis et al., 2016).

Nitrogen (N) plays a prominent role in the plant metabolic system (Shah et al., 2021a,b). Nitrogen, is a principal component of many organic compounds (protein, nucleic acids, alkaloids enzyme) and is also associated with energy transfer molecules like adenosine diphosphate (ADP) and adenosine triphosphate (ATP) (ATP). It consists the 16% of the total protein biomass present in plants. N is also found in nucleic acids (deoxyribonucleic acid and ribonucleic acid), which play an important role in plant genetics and heredity. It is also a component of chlorophyll, which serves as a photosynthesis factory. N also has a major role in photosynthetic processes, leaf area production, leaf area duration as well as net assimilation rate that is directly related to yield enhancement (Leghari et al., 2016). More than half of the world’s population is fed by crops cultivated using synthetic nitrogen (N) fertilizers, which were made feasible by the advent of the Haber-Bosch process in the early twentieth century, which converts atmospheric nitrogen gas (N2) to active forms of nitrogen. Total global consumption of N fertilizer was 112.5 million tons in 2015, 118.2 million tons in 2019, and likely to reach 7.9–10.5 billion by 2050 (Zhang X. et al., 2015). The demand for huge amounts of N fertilizers is a major concern for farmers as it increases the cost of cultivation and also degrades the inherent fertility of the soil. Consequently, the use of excess N fertilizers causes the problem of N pollution, which is now considered a new threat to environmental sustainability (Kanter et al., 2020).

Nitrogen use efficiency (NUE) is defined as the yield of grain achieved per unit of N available to the crop from soil and applied fertilizer, and it can be divided into two biological components, N uptake efficiency (NUpE) which is the efficiency of absorption/uptake of supplied N, and N utilization efficiency (NUtE) which is the efficiency of assimilation and remobilization of plant N to ultimately produce grain (Han et al., 2015; Yadav et al., 2017; Congreves et al., 2021). It has been documented that the NUE value is decreased with the application of N fertilizers. For instance, in developed countries, NUE increased because of the adaption of best agronomical and fertilizer management practices, while it reduced in developing countries like India as the use of N fertilizer dramatically increased (Heffer and Prud’homme, 2016). It was reported that the world average NUE was nearly 47 and 42% in 2009 and 2010, respectively, and the major reason behind the NUE decreasing is the adoption of agronomical practices (nutrient management and varieties) associated with low NUE (Zhang X. et al., 2015). Therefore, this study primarily focused on the advanced agronomical and molecular strategies, which reduce the N fertilizer demand and enhance NUE.

Several morphological and physiological traits such as root length, lateral roots, root architecture, light capture photosynthesis, canopy height, flowering time, carbohydrate partitioning, storage, and the remobilization of N, (stem remobilization, leaf blade remobilization, and total remobilization) are linked with higher NUE in plants (Mosleth et al., 2015; Carmo-Silva et al., 2017; Guttieri et al., 2017; Tabbita et al., 2017; Hawkesford and Griffiths, 2019). Improving nitrogen use efficiency is essential for tackling the triple threat of environmental degradation, climate change, and food security. The efficiency of applied nitrogenous fertilizers is very low due to their various losses i.e., volatilization, leaching, surface runoff, and denitrification from the soil-plant system (Zhang X. et al., 2015). Nitrogen use efficiency (NUE) is a convoluted phenomenon governed by various edaphic, climatic, and management factors; it has to be managed through an amalgamated approach involving agronomical, physiological, and molecular aspects. Among these, the agronomical approach is economically feasible, ecologically viable, and sustainable. The modern fertilizers (customized fertilizer, nano fertilizers, bio-fertilizers, biochar, and zeolite) and deep fertigation helps in improving NUE in sustainable ways. Likely, the precision farming (Leaf color chart, chlorophyll meter, and remote sensing) and modern agronomical practices (Diversified crop rotation, 4R nutrient stewardship, and crop modeling) have been developed for enhancing NUE and can support good plant performance and better crop output. New technological developments need to achieve further gains by new varieties, slow-release fertilizers, nitrification and urease inhibitors, fertigation, and high-tech approaches to precision agriculture (Pires et al., 2015; Cao et al., 2017; Mylonas et al., 2020). The identification and employment of QTLs/genes/transporters which are responsible for NUE at the molecular level is now a more feasible and robust technique with the availability of efficient molecular tools (Ali et al., 2018). Previously, Zhang X. et al. (2021) employed the RNA sequencing (RNA-seq) technique to investigate the genotypic difference in response to N deficiency between two wheat NILs (1Y, high-NUE, and 1W, low-NUE). The high- and low-NUE wheat NILs showed different patterns of gene expression under N-deficient conditions, and these N-responsive genes were classified into two major classes, including “frontloaded genes” and “relatively upregulated genes.” In total, 103 and 45 genes were identified as frontloaded genes in high-NUE and low-NUE wheat, respectively. Moreover, the expression of TaPT4, TaNRT2.2, and TaAMT1.2 was down-regulated by arbuscular mycorrhizal (AM) colonization only when roots of host plants received phosphate or nitrogen nutrient signals. However, the expression of TaPHT1.2, TaNRT2.1, and TaNRT2.3 was down-regulated by AM colonization, regardless of whether there was nutrient transfer from AM hyphae. The expression of TaNRT1.2 was also down-regulated by AM colonization even when there was no nutrient transfer from AM hyphae (Zhang X. et al., 2021). Nitrogen limitation adaptation (NLA) was involved in source-to-sink remobilization of nitrate by mediating the degradation of NRT1.7 in Arabidopsis (Liu et al., 2017). In the last decade, numerous studies suggested that the use of advanced soil and agronomical practices with modern molecular techniques could be the best way to enhance NUE swiftly under future climate change. Therefore, the objective of the present study is to discuss the role of advancement in agronomy, breeding, and molecular biology to enhance NUE and this information might be helpful in reducing N pollution.



FUNCTIONS OF NITROGEN THROUGHOUT THE PLANT LIFE CYCLE

In healthy plants, nitrogen concentrations range from 3 to 4%. When compared to other nutrients, this is a substantially higher amount. In plant cells, nitrogen is a significant source of various morphological, genetic, and metabolic components. The biological combination of nitrogen with C, H, O, and S to form amino acids, the building blocks of proteins, makes nitrogen a key component of protein (Okumoto and Pilot, 2011). Protoplasm, the site of cellular division and consequently of growth and development of plants, is formed using amino acids. The N increases the leaf area (AF) and leaf area index (LAI), promoting the synthesis of proteins involved in cell development, cell proliferation, and the development of the cell wall and cytoskeleton (Luo et al., 2020; Sun et al., 2020). Plant development and grain output are fueled by nitrogen’s role in the chlorophyll molecule, which allows the plant to absorb sunlight energy through photosynthesis (Evans and Clarke, 2019). Compounds that transport energy, such as ATP (adenosine triphosphate), include nitrogen. Adenosine triphosphate (ATP) helps cells store and utilize the energy supplied during metabolism (Evans and Clarke, 2019). As an osmotic agent N also plays an important role in water retention in plant vacuoles found to be essential toward its nutrition function. Water is the key limiting element in plant development since it is the main factor that can regulate cell growth and metabolism (Ding et al., 2018). Nitrogen raises the protein concentration of forage crops, improves the quality of the fruit, and speeds up the growth of green vegetables. Potassium and phosphorous are absorbed and utilized more efficiently by plants that are fed this nutrient (Chand et al., 2022). Nitrogen is essential for plants’ healthy growth and development. Nitrogen deficiency greatly impacts crop productivity, whereas extra N might have detrimental consequences on the plant. This topic is always being discussed in crop production. Therefore, this concern is constantly being addressed in agricultural output (Mu and Chen, 2021).



NITROGEN USE EFFICIENCY

As of today, the primary strategy for preserving and increasing agriculture production is the administration of mineral fertilizers, such as nitrogen. Commercial fertilizers contain N which is highly soluble, making it easy for plants to absorb and assimilate. Only 30–40% of the applied nitrogen is utilized by crops since the N compounds are often available in the form of nitrate and ammonium and are highly mobile in the soil (Omara et al., 2019). NUE can be described in a variety of approaches, but the most fundamental is the yield (grain, fruit, or forage) per unit of nitrogen present in the soil. The utilization of nitrogen by plants occurs in two distinct stages (Dobermann, 2005). In the first step, the quantity of N taken in, stored, and converted into amino acids and other essential nitrogenous molecules is a factor in the production of biomass. The eventual yield is determined by the amount of nitrogen (N) given to the seed at the second phase. Plants use the nitrate acquisition pathway to take in and synthesize inorganic nitrogen and store amino acids in immature leaves and roots. Their use in protein and enzyme biosynthesis, as well as the photosynthetic machinery that controls plant growth, architecture, and development, is extensive. For optimal flowering and grain development, nitrogenous molecules must be supplemented during the reproductive stage. Nitrogen absorption and remobilization are crucial, with leaves and shoots serving as a source of amino acids for the reproductive and storage organs (Chen et al., 2020). As a result, improving NUE necessitates an understanding of the processes by which N is taken up, assimilated, and remobilized throughout the plant life cycle. But over 60% of soil nitrogen is lost via leaching, runoff, denitrification, evaporation, and microorganism utilization (Ding et al., 2021). The intricacy of NUE lies in the multiple N sources that contribute to crop production, including soil N availability, conversion, accumulation, transport, and depletion, microclimatic conditions, crop genetics, and the effect of administration, environment, and climate (Chen et al., 2020). This leads to N losses in diverse types to the soil, air, and water, which is both economically and environmentally problematic.



NITROGEN UPTAKE AND TRANSPORT IN PLANTS

Nitrate is a key source of nitrogen for plants; in fact, the majority of plants spend a substantial percentage of their carbon and energy reserves on its uptake and assimilation (Kant, 2018). Nitrate is a nutrient and a signaling molecule that has a dramatic influence on plant metabolism and development. Plants have evolved complex methods for detecting nitrate and integrating its absorption into their transport systems (Vega et al., 2019). Nitrate assimilation begins with its absorption into the cell. Normally, nitrate is taken up from the soil solution through the root’s apopalsm and then absorbed into the epidermal and cortical cells. Once inside the symplast, it is reduced or mobilized into the xylem for transport to the shoots through the Casparian strip (Islam, 2021).

Plants utilize both high affinity and low-affinity transporters to import nitrate. These import pathways allow plants to accommodate a wide range of external nitrate concentration without experiencing severe deficiency or toxicity. A wide array of genes are associated with the uptake of nitrogen in plants. The nitrate uptake by plant roots appears to be a complex process involving at least four distinct transport systems: (a) constitutive high-affinity transporters (cHATS); (b) nitrate-inducible high-affinity transporters (iHATS); (c) constitutive low-affinity transporters (cLATS); and (d) nitrate-inducible low-affinity transporters (iLATS) (O’Brien et al., 2016). In plants, two families of genes producing nitrate transporters have been identified: NRT1 and NRT2. The NRT 2 family encodes transporters to the high-affinity uptake system whereas NRT 1 family is more complex, including nitrate transporters with dual affinity or low affinity. The nitrate uptake is driven by the proton gradient against the plasma membrane and its uptake is driven by ATPases (Wang et al., 2020; You et al., 2022). In comparison to nitrate, plants generally do not collect excessive amounts of ammonium ions. Toxicity symptoms usually occur when agricultural plants are cultivated in ammonium deficient in nitrate (Duan et al., 2018). Initially, a family of five ammonium transporter genes named AMT1;1–AMT1;5 was found in Saccharomyces cerevisiae and Escherichia coli (Loqué and von Wirén, 2004). However, the scenario is somewhat different in rice, where 10 distinct genes have been found (Suenaga et al., 2003). Attempts have been made further to identify transporters of nitrogen uptake in plants and overexpression of nitrogen transporters genes will lead to enhanced nitrogen uptake efficiency of the roots from the soil. Some of the nitrogen and ammonium transporters and their function are highlighted in Figure 1.
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FIGURE 1. N dynamic in plants. This figure represents the addition and losses of N through soil. There are several soil reactions such as mineralization, nitrification involved in the conversion of fixed N to available form and then uptake and transport from root to shoot. Nitrate (NRT; nitrate transporter) and ammonium (AMT; ammonium transporter) are the major forms of N movement through soil to root, root to root-shoot junction, then through phloem tissue. In this process, several transporters are involved which are highlighted in the figure such as phloem loading and unloading, xylem loading and unloading. After reaching the N in the leaf tissue is used for conversion of different compound synthesis and stored in the form of amino acids and proteins.




ADVANCES IN AGRONOMICAL STRATEGIES TO ENHANCE NITROGEN USE EFFICIENCY


Advancement in Fertilization

Fertilizers play a pivotal role in enhancing and sustaining crop yield. It is reported that a 50% yield increment is contributed by nitrogen (N) fertilizer. However, about 40–50% of the applied N is lost by ammonia volatilization, leaching, run-off, and denitrification. Therefore, in place of conventional chemical fertilizers, the use of modern fertilizers could be a potential alternative (Dass et al., 2017). These fertilizers are more efficient than conventional fertilizers to meet the food requirement of the burgeoning population and improve NUE, it is important to look for new fertilizer materials that help ensure world food security on one hand and safeguard the environment on the other (Singh et al., 2019). Some of the advanced strategies in improving NUE are highlighted in Figure 2.
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FIGURE 2. Represents the advancement in agronomical practices for improving NUE. This figure highlights the advances such as the addition of nano fertilizers, customized, and bio-fertilizers which improve the NUE. Further, the addition of biochar and zeolites is also helpful in improving NUE through improvement in soil properties. Together with the advancement in farm practices such as drip fertigation, crop rotation, and best management improve NUE. Also, the application of advanced technology such as remote sensing has a bright future in improving NUE.



Customized Fertilizers

Customized fertilizers (CF) are a multi-nutrient carrier that contains macro and micro nutrient forms (Mudalagiriyappa et al., 2015). “Paras Formula” was the first CF developed in India which contains (10% N, 18% P2O5, 25% K2O, 3% S, and Zn 0.5%). It encompasses both macro and micro-nutrients required by selected crops in specific regions. Adoption of such fertilizers would enhance NUE which is currently 40% for N, 20% for P, 50% for K, and 2–5% for other micronutrients (Dass et al., 2017). Many scientists have reported that the application of CF improved the yield, NUE, nutrient uptake, and was also more economical. Sekhon et al. (2012) observed that application of CF (16% N, 24% P, 9% K, 5% S, and 0.7% Zn) in wheat crop increased the growth, grain yield, agronomic efficiency of N, and economics in Ludhiana region of Punjab. Similarly, Dwivedi and Meshram (2014) also reported that application CF (11% N, 18% P, 9% K, 5.3% S, and 0.7% Zn) in wheat improved uptake of N, P, K, and Zn which ultimately crop led to higher grain yield under Raipur region of Chhattisgarh. In Maharashtra also use of CF (20% N, 12% P, 10% K, 4% S, 0.25% Mg, 0.5% Zn, and 0.5% Fe) in onion improved the soil fertility as well as economics (Kamble and Kathmale, 2015). The quality of pomegranate has been enhanced through the application of CF (20% N, 10% P, 10% K, 5% S, 2% Mg, 0.5% Zn, 0.3% B, and 0.2% Fe) in the Rahuri region of Maharashtra (Goel et al., 2011).



Nano Fertilizers

Due to the subsidization of fertilizers, farmers apply fertilizers in an excess amount which ultimately either enters into the groundwater causing nitrate pollution, or into aquatic systems leading to eutrophication (Shah et al., 2021a). To sort out the problem of excess consumption of fertilizers, enhance the NUE, and prevent environmental hazards nano-fertilizers (NFs) could be a great alternative and used by regulating the release of nutrients depending on the requirement of crops (Mejias et al., 2021). Application of NFs enhanced the productivity of crops through the slow and continuous release of nutrients to the roots of plants and thereby increasing NUE (Kah et al., 2019). Application of Zn NFs improved the rice grain yield by increasing NUE through alteration in physiological characteristics (Jin et al., 2017). Application of engineered nanomaterials made up of amorphous pyrogenic hydrophilic SiO2 influenced the availability of P by increasing its mobility. It also boosted the NUE by decreasing the demand for P and N fertilizer for the growth of plants. Foliar application of NFs (chitosan-NPK) enhanced the productivity and nutritional status of wheat (Abdel-Aziz et al., 2016). Nano Zn-chitosan in wheat crop applied as soil application (20 mg g–1 soil) enhanced the accumulation of Zn in plants grown under Zn deficient soil (Deshpande et al., 2017). Soil application (6 mg kg–1 soil) of nano-ZnO in sorghum enhanced the productivity, uptake, and NUE (Dimkpa et al., 2017). Application of nCeO2 in barley crop improved the Ce concentration in grain, as well as uptake of macro- and micro-nutrients (Rico et al., 2015). Similarly, soil application of nano-titanium oxide (nTiO2) to tomato plants improved the growth, uptake, and accumulation of plant nutrients (Raliya et al., 2015).



Bio-Fertilizers

Bio-fertilizers are formulations of beneficial microorganisms which directly or indirectly enhance microbial activity and thereby increase movement and solubilization of nutrients in the soil (Suyal et al., 2016). In the case of direct mechanism, diazotrophs (Azotobacter, Azospirillum, Acetobacter) and phosphate solubilizing bacteria (PSB) improve the plant growth by producing phytohormones, liberating nutrients, and stimulating induced systemic resistance (Rani et al., 2013). Under indirect mechanisms, Bacillus, Pseudomonas, and Mycorrhiza enhance plant growth by legume symbioses by stimulating symbiotic relationships for root growth (Podile and Kishore, 2006). Diazotrophs have the capacity to reduce N2 to ammonia, and flora and fauna rely on biologically fixed nitrogen for growth and development (Kumar et al., 2014). PSB have the capacity to solubilize the unavailable P into available form up to 50% (Chen et al., 2006). Mycorrhiza has the potential to go deeper in the soil and provide the available form of nutrients to the plant roots thereby increasing the uptake (Mallik, 2000). Bio-fertilizers help in the mineralization of nutrients through the decomposition of organic matter and ultimately improve soil fertility. They also play important role in immobilization by converting atmospheric N to NH4+ for plant uptake (Paul, 2014). Bio-fertilizers are an important component of soil and crop management. They act as organic amendments by decomposing the crop residue, managing the deleterious soil insect-paste, and ultimately improving the soil resilience and sustainability of the agriculture production system (Sahoo et al., 2013).



Biochar

Biochar is a charcoal-like material produced from partial pyrolysis of organic material produced from agriculture, increasing the nutrient availability and organic carbon in the soil ultimately soil fertility and NUE (Majumder et al., 2019). Biochar is attributed with a high surface area, pores, and different functional groups which imparts nutrient holding capacity in soil (Prommer et al., 2014). Biochar has great potential in improving the soil pH. Similarly, it also improves the aeration and moisture retention capacity, porosity, and microbial density of the soil. The combined use of wheat residue and biochar along with nutrients at 1 and 2% doses improved the available N and pH of the soil (Mierzwa Hersztek et al., 2020). The use of biochar produced from woody components significantly improved the cation exchange capacity of soil owing to the oxidation of specific functional groups on the surface of biochar (Cornelissen et al., 2013). Recalcitrant propriety of biochar prepared from rice husk improved the soil organic carbon content in soil (Jatav and Singh, 2019). The application of biochar not only enhanced the productivity of crops but also the diversity and density of beneficial micro-organisms in soil (Azeem et al., 2020a). It has also been observed that the combined application of compost and biochar enhanced the urease, dehydrogenase, and β-glucosidase activity in the soil (Azeem et al., 2020b).



Zeolites

Zeolites are a group of naturally occurring minerals (aluminosilicate) that consist of distinct chemical compositions. Clinoptilolite is the most widely found zeolite. It is attributed with high cation exchange capacity, surface area, base saturation, and porosity which make it a potential candidate for improving the chemical properties of soil (Gholamhoseini et al., 2012). Zeolites have a minute void diameter (0.3–0.8 nm) that helps in the fixation of NH4+ ion and slow release of N which ultimately minimizes the N losses that occur through volatilization and denitrification. The main use of zeolites is for N capture, storage, and slow-release, as they adsorb molecules at relatively low pressure and are considered as a nano-enhanced green application (Lavicoli et al., 2014). It has been found that the application of zeolites in the field improved crop productivity and NUE (Ramesh and Reddy, 2011). Kavoosi (2007) found that application of 16 tons zeolite ha–1 increased apparent N recovery up to 65%, agronomic efficiency up to 22 Kg grain kg–1 N, and ensured good retention of soil-exchangeable cations, available P, and NO3– within the soil in maize at Malaysia (Rabai et al., 2013). The application of zeolites along with rock phosphate tremendously increased the uptake of P by crop plants through exchanged induced dissolution (Yuan et al., 2008). Surface application of zeolite has the potential for mitigating NH3 losses thereby reducing losses of nitrogen to the environment (Waldrip et al., 2014). Ammonium-charged zeolites have shown their ability to increase the solubilization of phosphate minerals, promote rock phosphate dissolution in all soil types, and reduce fixation in soils (Shokouhi et al., 2015).




Role of Precision Farming in Improving Nitrogen Use Efficiency

Precision farming is an information and technology oriented farm input handling approach that aims to identify, analyze, and manage spatial and temporal variation present within the field by performing all practices of crop production in right place at right time in the right way for optimum profitability, sustainability, and protection of land resources (McBratney et al., 2003). Global positioning systems (GPS), geographic information systems (GIS), remote sensing, and variable rate applicators (VRA) are the technologies that play important roles in the efficient application of nutrients. Further, different precision farming tools like, leaf color chart (LCC), chlorophyll meter, and green seeker are also playing an instrumental role in increasing NUE (Dass et al., 2015a).


Remote Sensing Technologies

The GPS provides location information in real-time while it is moving. After getting specific location details, the collection of soil and crop location data could be accomplished efficiently. GPS receivers can be kept along with farm implements, which permits the users to return to precise locations for managing those areas. GIS are computer systems that utilize features, characters, and location data for obtaining maps. They also store remotely sensed data and soil nutrient levels. Remote sensors of N are managed in an experienced way for evaluating the demand for N to be fertilized into the cropping system (Schmidt et al., 2002). In sensor oriented approach a non-exhaustive N band is kept within the field which acts as a control or reference. Sensors have the capacity to assess whether a crop requires extra N by postponing the application of some amount of N normally used (Pathak and Ladha, 2011). Remote sensing techniques collect data from distance. Remote sensing data provide a tool for determining moisture, nutrient, and health stress which are captured in overhead images. It has been reported that plant N level and normalized difference vegetation index (NDVI) have a strong correlation. The NDVI increases with increasing leaf greenness, therefore, remote sensing could be used a toll for N application (Gandhi et al., 2015). VRAs have three components namely the computer, locator, and actuator. The computer utilizes the application map and GPS send a signal to the input controller which modifies the amount of input to be applied in the field. The NUE in wheat increased by 15% when fertilization was accomplished based on optical VRA techniques (Raun et al., 2002).



Leaf Color Chart

A leaf color chart (LCC) is used for evaluating the leaf N concentration based on the chlorophyll content of the leaves (Singh et al., 2010). It is a diagnostic tool that can be used to optimize the N requirement and nutrient management in the rice-wheat cropping system (Yadav et al., 2017). The LCC reading is taken 10 days after sowing or 20 days after transplanting to heading. An LCC value of 3 and 4 is critical for basmati and hybrid rice, respectively.

Application of N through an LCC-based approach in hybrid rice resulted in a 25% saving of N fertilizer without compromising crop yield (Singh et al., 2012). It has been reported that the highest NUE and recovery efficiency of applied N was found with a 120 kg recommended dose of nitrogen in rice at an LCC value of 4. LCC-based nitrogen application was found to be effective in improving rice yields with limited nitrogen supply on a plant-need basis (Bhavana et al., 2020). Similarly, partial factor productivity (52.9 kg kg–1), NUE (19.2 kg kg–1), and RE (54.3%) were found higher under N followed the management with LCC in different rice genotypes in Gujarat. Application of N at LCC4 was found better than LCC5 and LCC3 in terms of yield and nitrogen saving (Gudadhe and Thanki, 2021).



Chlorophyll Meter

Soil Plant Analysis Development (SPAD) is also called a chlorophyll meter that measures the chlorophyll concentration of leaves. It is used to determine the effectiveness of top-dressed N for improving the productivity and protein concentration in the crop plants (Singh et al., 2012). The application of N in a maize crop according to a chlorophyll meter (SPAD value ≤ 37) approach led to a saving of 55 kg N per hectare without affecting the yield of the crop. It has been reported that NUE was found highest with SPAD-based (≤37) N application and the lowest with soil-based N application (Dass et al., 2015b). Similarly, in the rainy season maize results showed that, applying N based on SPAD value < 37.5 recorded the highest grain yield (5.2 t/ha) which was significantly higher than soil-based and SPAD value < 35 based N application. Water productivity (10.4 kg/ha-mm) and agronomic efficiency (26.0 kg/kg N) were also the highest with this treatment (Dass et al., 2014). Precise application of N in wheat crops based on chlorophyll meter at SPAD value of ≤ 42 led to increased crop productivity by as well as saving of 20 kg N per hectare (Dass et al., 2012).




Advances in Agronomical Practices


Diversified Crop Rotation

Diversified crop rotation is one of the major components of conservation farming. It has a tremendous role in optimum utilization of resources and enhancement of resource use efficiency. Adoption of diversified crop sequences ensures precise application of inputs (nutrients and moisture) to crops for maintaining the sustainability of the agricultural production system (Singh et al., 2012). Inclusion of summer mungbean (SMB) in the maize-wheat cropping system after harvesting of wheat improves the NUE and soil fertility by fixing free atmospheric N and reduces the N requirement of the succeeding crop gown in the sequence (Parihar et al., 2017). Growing aerobic rice instead of transplanted rice leads to saving irrigation water as well as the N requirement of the crop by curtailing the denitrification, ammonia volatilization, and leaching of N as occurs in transplanted rice (Jinger et al., 2020). Further, it also enhances the NUE of applied nutrients under aerobic rice (Jinger et al., 2021). Zero-till wheat followed legume with residue retention has great potential to add organic matter and N into the soil which eventually increases the water as well as NUE (Das, 2014).



4R Nutrient Stewardship

The term “4R” refers to the use of the right source, right rate, right time, and right place in nutrient management (Fixen, 2020). 4R nutrient stewardship is the key to achieving balance fertilization and higher NUE in the cropping system. To realize the maximum benefit of every nutrient management practice the identification of 4R nutrient stewardship for each nutrient and in every crop is crucial (Bruulsema et al., 2019). The right source matches the fertilizer types to crop needs. Yang et al. (2016) has reported that modification in N source leads to a reduction in N losses. Application of specially enhanced efficiency compounds like nitrification or urease inhibitors delayed the N transformations and minimized its losses. Another method is correctly matching the amount and delivery rate of fertilizer to crop needs. Sela and Harold (2018) reported that optimal N rates rely on soil texture, mineralization rates, losses, and sources of N inputs. The right time means making nutrients available when the crop needs them. Under irrigated conditions, N fertilizers should be applied in two to three equal splits. In medium and heavy soils two-thirds or half of the dose should be applied at the time of sowing and the remaining one-third or half-dose should be top-dressed at first irrigation (Dhar, 2014). The right place means keeping nutrients where crops can use them efficiently (Flis, 2018). Banding of N in the soil through injectors can also increase N availability by applying the product closer to the crop roots (Westerschulte et al., 2017).



Drip Fertigation

The application of nutrients to crops through a drip system is called drip fertigation. It is the most advanced method in nutrient as well as in water management. Farmers are practicing drip fertigation, particularly for winter wheat, across the globe owing to significant improvement in WUE and NUE. Drip fertigation matches the water and N supply with crop demand which eventually enhances water productivity and NUE (Si et al., 2020). It has been revealed that drip fertigation improved the crop yield, WUE, and NUE. Further, drip fertigation led to a reduction in evapotranspiration significantly as compared to flood irrigation and broadcasting method of N application (Li et al., 2021). Sub surface drip fertigation system has an instrumental role in saving irrigation water, energy and in increasing NUE (Sidhu et al., 2019). PFPN decreased with the increase in the N application rate through drip fertigation. The highest nitrogen production efficiency (264.4 kg/kg) and partial factor productivity (265.9 kg/kg) of N in cucumber were recorded under drip fertigation levels of 80 and 100% reference evapotranspiration, respectively (Wang et al., 2019).



Crop Modeling

Crop models are a collection of mathematical equations that were developed for predicting plant growth and development in precise ways (Kephe et al., 2021). Also, they have shown promising results in the decision support system, and policy development under climate change scenarios. There are a number of models developed for the assessment of NUE in crops. For instance, in northeast China, DeNitrification-DeComposition (DNDC) and Decision Support System for Agro-technology Transfer (DSSAT) were developed for exploring management strategies to stimulate yield and NUE in maize crops. Further, from 7 years of experimenting they suggested that the application of these models helps in adjusting the fertilizer rates and time and planting density and dates, which are associated with improvement of NUE (Jiang R. et al., 2019). Likewise, the NDICEA (Nitrogen Dynamics In Crop Rotations in Ecological Agriculture) crop model describes the soil water, organic matter, and N dynamics in relation to crop demand and weather conditions. The implication of this model was that the application of combined inorganic and organic fertilizers improve the crop yield, and NUE (Van der Burgt et al., 2006). The SPACSYS model was used for stimulating crop yield and NUE in wheat and maize under climate change. This study results suggested that climate change reduces the NUE by 15% in north China, which can be compensated by the advanced soil management practices and higher application of N, P, K, and manure (Liang et al., 2018). Consequently, numerous studies conducted in diverse agricultural crops state that the adoption of effective management strategies combined with the crop models enhance the NUE and yield attributes.





CROSS TALK OF OTHER MINERAL NUTRIENTS WITH NITROGEN AND EFFECT ON NITROGEN USE EFFICIENCY

Nitrogen is the major essential nutrient required by the plants and it interacts with almost all the other essential nutrients. N has synergistic interaction with most of the nutrients that leads to enhanced NUE. However, the kind of interaction depends on the number and amount of interacting nutrients present in the soil and their application rate. If both the interacting nutrients have an imbalanced amount in the soil it could cause antagonistic interaction (Datta and Meena, 2015). Jiang J. et al. (2019) reported that P x N have positive interaction (synergistic) because the application of P improved the N content in the plant. Dwivedi et al. (2003) also observed that combined fertilization of N and P improved the NUE by 28% in wheat crop. Conversely, Aulakh and Malhi (2005) observed that in P deficient soil, sole application of N led to a reduction in grain yield and reported antagonistic interaction. Barker and Pilbeam (2015) found that fertilization of K enhanced the N uptake and assimilation in plants, and eventually NUE, by many folds. However, they also reported that when K is low in the soil, it competes with NH4 for selective binding sites in the adsorption process and eventually caused an antagonistic effect. Sulfur is the most important secondary nutrient, and Jamal et al. (2010) revealed that S application has an instrumental role in enhancing the recovery efficiency and NUE of applied N. However, Rietra et al. (2017) reported that in S deficiency condition, application of N leads to abundant accumulation of a pernicious level of N metabolites in plants. Wilkinson et al. (2000) concluded that Ca and Mg enhanced solubility of fixed N in the acidic soils, and improved N translocation in plant. However, in Mg deficient soil, sole application of N fertilizers causes grass tetany in livestock caused by low Mg concentration in forage. N fertilization improved the Zn absorption, translocation, and assimilation in crops and led to increased zinc use efficiency and vice versa. Antagonistic effect of N fertilization on Zn nutrition either due to dilution effect (decrease or dilution in plant nutrient concentration due to increase in biomass yield) effect or poor translocation of Zn-protein complex in the roots. The application of N fertilizers enhanced the availability of Fe and Mn by increasing acidity which further led to the conversion of unavailable forms of Mn and Fe into available forms (Aulakh and Malhi, 2005). In optimum conditions, N has a positive interaction with Cu but in the case of Cu deficient soil application of N resulted in crystal clear symptoms of Cu deficiency in plants (Barker and Pilbeam, 2015). The interaction effect of B, Cl, Mo, and Ni with N has not been reported so far. However, some studies reported that these nutrients are helpful in increasing NUE. In acidic conditions Al and Ce reduced the uptake and assimilation of N due to reduced growth of roots ultimately decreased NUE (Hille et al., 2011; Zhao and Shen, 2020). The cross-talks of different mineral elements with N are highlighted in Table 1.


TABLE 1. Cross talk of N with other essential elements.
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ADVANCES IN PHYSIOLOGICAL APPROACHES FOR IMPROVING NITROGEN USE EFFICIENCY

Physiological attributes play a pivotal role in improving NUE in plant species. Among those attributes, the root system is crucial in the acquisition of water and nutrients through its ability of soil exploration which is the main determinant of NUE (Li X. et al., 2016). NUE depends upon the root distribution in soil, root size, and root/shoot (R/S) ratio (Garnett et al., 2009). These factors maximize the uptake and interception of nitrogen as well as reduce the nitrogen losses to groundwater and deeper layers of soil (Lynch, 2013). The important plant attributes related to N uptake, acquisition, assimilation, remobilization, and portioning are highlighted in Figure 3. Various research studies have been conducted to show that root system architect (RSA) is closely related to the NUE e.g., plants having deeper and steeper roots can uptake nitrogen effectively from deeper soils (Zhan and Lynch, 2015). A research study on two varieties of Chinese (XY335 and ZD958) and one variety of US (P32D79) maize was conducted to analyze the effect of the root system on NUE. Root analysis with respect to NUE revealed the positive correlation of NUE with dry weight (RDW) and root/shoot (R/S) biomass ratio. While RDW and R/S ratio of western variety (P32D79) were greater than Chinese varieties (XY335 and ZD958) similarly, it was also observed that P32D79 had a better root system which leads to higher N-uptake and removal of more N-minerals than Chinese varieties from the soil. Thus, it was concluded that maize variety with a better root system and higher stress resistance underlines higher NUE (Yu et al., 2015).
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FIGURE 3. Highlights the crucial plant traits for improvement of NUE in plants. In this figure first process includes the traits which are crucial for increasing N availability in soil, then most of soil properties and reactions are associated with this. Further, this increased need for N acquisition by the root tissue for this root architecture traits plays an important role. Later on, the biochemical processes in leaf tissue contributes to N assimilation in root and shoot tissues. Consequently, the N remobilization from stored tissues is crucial for increasing NUE and the last N portioning is the next crucial process that determines the N availability in reproductive tissues.


Due to the major role of the root system in NUE, its genetic basis is also subjected to study. A research study was conducted to understand the genetic association between root traits of maize seedlings and NUE through QTL analysis. Recombinant inbred lines of maize were sown under low and high nitrogen conditions in which 9 traits of RSA and 10 traits of NUE were evaluated in three hydroponic and four field conditions, respectively. A significant correlation was observed between uptake efficiency of nitrogen and RSA (especially in the crown and seminal roots). Almost 331 QTLs in total were identified including 147 QTLs of RSA and 184 QTLs of NUE. Almost 70% of NUE-QTLs coincided with the QTL clusters of RSA which indicated the significant genetic association between traits of NUE and RSA. This association can aid in the selection of RSA-traits for improvement of NUE in the maize (Li et al., 2015).

In a research study, recombinant inbred rapeseed “BnaZNRIL” was studied to investigate traits related to NUE and root morphology (RM) under high and low nitrogen hydroponic conditions. Results indicated the significant correlation of root size (trait related to RM) with N-uptake and dry biomass of plant while no correlation was observed with the efficiency of nitrogen utilization (NUtE). Approximately 23 stable QTLs out of a total of 129 were detected in both high and low nitrogen conditions. Most of the stable QTLs (20/23) were observed to be related to RM traits under both high and low nitrogen conditions which lead to the suggestion of regulating the root morphology through NUE is more feasible than through regulating the nitrogen efficiency in rapeseed (Wang et al., 2017). Another genome-wide association study was conducted to understand the effect of low nitrogen levels on root growth and root traits at seedling emergence level. A panel of 461 inbred lines of maize was assayed for the root growth under low nitrogen (0.05 mml–1) and high nitrogen level (5 mml–1). The panel was further genotyped with an SNP marker of 542,796 high density. Various root traits were observed to be increased under low nitrogen conditions such as total root length, dry weight of root, root-to-shoot ratio, lateral and axial root length of the primary root. Furthermore, a wider heritability range of 0.43–0.82 was observed under low nitrogen conditions than the range of 0.25–0.55 under high nitrogen conditions. After marker-assisted analysis, it was observed that under low nitrogen conditions, gene encoding DELLA protein was in association with the lateral root-zone of primary root and protoporphyrinogen IX oxidase-2 gene was in association with the surface area of the root. While under high nitrogen conditions the histone-deacetylase gene was in association with the plant height which can be further used to exploit genetic improvement in root traits through better NUE of maize (Sun et al., 2021). The important root traits and associated genes in response to NUE are highlighted in Table 2.


TABLE 2. Major quantitative trait loci (QTL) associated with NUE in cereals crops.
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ADVANCES IN CONVENTIONAL BREEDING FOR IMPROVING NITROGEN USE EFFICIENCY

Cereals, such as rice, wheat, and maize, are the most important sources of calories and nutrition for humans. Modern varieties differ in key NUE characteristics (Cormier et al., 2013; Barraclough et al., 2014). However, it is clear that a broader germplasm base has a much higher potential for variation (Monostori et al., 2017). The efficient use of resources, including fertilizers such as nitrogen, is critical to long-term sustainability. According to Raun and Johnson (1999), globally only 33% of applied nitrogen fertilizer is recovered in harvested grain. The main problem with landraces and relatives is that while biomass may be high, yields and in particular HI are normally low, making traditional NUE measurements less useful. Height, which is influenced by dwarfing genes, is the most important architectural influence. While Rht genes may have a negative effect on height, they may also have other pleiotropic effects, such as decreased root proliferation (Gooding et al., 2012; Bai et al., 2013). The efficiency of absorption will be aided by variations in root architecture and function. Root traits have been deconstructed as quantitative trait loci (QTL) in a number of studies. The variation in root proliferation, length, lateral profusion, and spread or angle of roots has been identified (Gooding et al., 2012; Atkinson et al., 2015). Wheat has a large number of nitrate transporter genes that are involved in both initial uptake and internal translocation mechanisms.

NUE is a polygenic trait with a number of factors. As a result, identifying individual genetic effects involves quantitative genetics strategies, and such effects have been usually characterized as QTL. There are several methods for identifying genes that control NUE and utilizing them in breeding. Associations genetics could be based on genetic panels that are well-suited to the researcher’s test environment, sample multiple alleles, and provide extremely high genetic resolution. Furthermore, association genetics requires a good balance of alleles at each location analyzed, with low-frequency alleles (usually less than 10%) being excluded from the research. Segregating populations derived from two diverse parents is the best-established way of QTL identification. Recombinant Inbred Lines and Single Seed Descent or the doubled haploids are statistically strong because only the two parental alleles are segregating at anyone locus and the population is comprised 50% of each allelic class.

A number of studies on NUE QTLs have been well known by this approach for example in rice (Wei et al., 2011). Multi Parent Advanced Generation Intercross (MAGIC) permits the concurrent analysis of several alleles and the mapping resolution afforded by recombination of the population as well as historical recombination (Mackay et al., 2014). Wingen et al. (2017) produced a publicly available NAM population that represents more than 90 landrace parents and over 10,000 recombinant inbred lines. Preceding studies of cereal crops have searched for novel NUE traits and alleles in adapted breeding materials (Fontaine et al., 2009), landraces (Pozzo et al., 2018; Van Deynze et al., 2018), and wheat wild relatives (Hu et al., 2015). While these authors have successfully identified QTLs, genes, and genotypes conferring high NUE, additional sources of genetic variation likely still exist within the currently unexplored germplasm.



ADVANCE IN MOLECULAR APPROACHES FOR IMPROVING NITROGEN USE EFFICIENCY

Recently the development of cultivars with improved NUE is of utmost essential as after decades of green revolution application of N fertilizer is increased tremendously to meet grain yield demands. Simultaneously, its negative impact may be witnessed in the form of the increased cost of cultivation and hazardous effect on the ecosystem. The transcription factors, allosteric control, and post-transcriptional modification all play a vital role in the expression of a complex trait like NUE (Basu and Jenkins, 2020). Because quantitative traits like NUE are influenced by a large number of genes with minor effects and environmental influence, identifying QTLs for such traits necessitates a larger mapping population with phenotyping at a variety of locations and environmental conditions, as well as a sufficiently large coverage of the genome by the markers. Though, major QTLs with major and minor effects that can easily be incorporated in the breeding cycle are very limited in number. However, minor QTLs with minor effects are more in number but they require proper validation across the population. The molecular information on genes involved in various stages of the N metabolic process, from protein to final metabolites can aid in the identification of QTLs associated with NUE or its components. The important molecular biology tools for improving NUE are highlighted in Figure 4.
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FIGURE 4. Represents the advances in molecular biology in improving NUE. In this, the identification of QTLs (Quantitative trait loci) related to root architecture, miRNAs (micro RNA), transporters, and metabolism is crucial for improving NUE. In this sequence the application of genomics, proteomics, phenomics, and metabolomics have great opportunities to enhance NUE. Then the identification and transfer of genes related to NUE and nitrogen metabolism play a crucial role in the development of high-NUE efficient plants.



N-Transporters/Genes/Quantitative Trait Locis Identified to Enhance Nitrogen Use Efficiency

Selection of genotypes having root structure association (RSA) based NUE is recommended in wheat due to a limitation of full comprehension regarding the genetic background of NUE and associated G × E interactions. Wheat QTL analyses for all RSA characteristics are also available. Numerous wheat QTLs for NUE attributes have been discovered at the physiological and agronomic levels (Fan et al., 2019; Brasier et al., 2020). Despite these considerable advancements in knowledge of NUE and RSA genetics, only a small percentage of these QTLs and related markers could be used in practical breeding (Saini et al., 2021).

A meta-QTL (MQTL) study appears to be a viable technique for overcoming the aforesaid constraints in employing QTLs for the production of wheat cultivars with greater NUE, as it permits identification of the most robust and stable MQTLs. Because MQTLs have lower confidence intervals (CIs) and better phenotypic variation explained (PVE %) than QTLs, they are more useful in marker-assisted selection (MAS). MQTLs have also been demonstrated to be effective in identifying interesting candidate genes (CGs) linked to the trait of interest. Already, this approach has been utilized in the identification of MQTLs in various major crops like wheat, rice (Khahani et al., 2020, 2021; Kumar and Nadarajah, 2020), barley (Zhang et al., 2017), and maize (Zhao et al., 2018). The physical position of these MQTLs was for NUE was confirmed by using the GWAS approach on durum (4x) and bread wheat (6x), results depicted that 45 MQTLs were confirmed for durum wheat and 81 for bread wheat while 38 MQTLs verified in both ploidy wheat (Saini et al., 2021). The agronomic nitrogen−use efficiency of rice can be increased by driving OsNRT2.1 expression with the OsNAR2.1 promoter (Chen et al., 2016). Moreover, altered expression of the PTR/NRT1 homolog OsPTR9 affects nitrogen utilization efficiency, growth, and grain yield in rice (Fang et al., 2013). Previous research by Zhao et al. (2021) reported that PtoNRT genes exhibited distinct expression patterns between tissues, circadian rhythm points, and stress responses. The association study showed that genotype combinations of allelic variations of three PtoNRT genes had a strong effect on leaf nitrogen content. The weighted gene co-expression network analysis (WGCNA) produced two co-expression modules containing PtoNRT genes. Moreover, PtoNRT genes defined thousands of eQTL signals. WGCNA and eQTL provided a comprehensive analysis of poplar nitrogen-related regulatory factors, including MYB17 and WRKY21.

Similarly, in maize plants, it has been reported by many authors that some gene domains/families which are responsible for other gene regulations were also found to be engaged with NUE. For example, kinase domain (98 genes), for protein-containing F-box like domain (79 genes), for cytochrome P450 proteins (40 genes), for glycoside hydrolases (32 genes), for UDP-glucosyltransferases (13 genes), for NAC TFs (16 genes), for expansions (14 genes), for early nodulin-93 proteins (13 genes), for GRAS TFs (10 genes), and ABC transporter proteins (10 genes), respectively, were associated with NUE (Minic, 2008; Bi et al., 2009; Meijón et al., 2014; He et al., 2015; Jun et al., 2015; Marowa et al., 2016; Do et al., 2018; Zhang N. et al., 2020; Zhang Z. et al., 2020; Saini et al., 2021). Previous studies have also reported that genes governing glutamate synthase (GS) within QTLs interval are relevant for NUE and remobilization. These kinds of QTLs which are wider and have minor effects on N uptake should be verified by identification, isolation cloning, and genetic transformation.

As a result, breeding efforts should be more focused on regulatory proteins to get better results in terms of improved NUE. The majority of studies pertaining to the identification of markers or genes for NUE have been conducted at one level of N, however, missing out on information on physiological NUE. Another stumbling block to applying such results across an area and population is the substantial variability in N concentration of unfertilized soil. Even the validation of QTLs through gene cloning necessitates highly accurate phenotyping and genetic resources. The gene like NAC transcription factor in emmer and durum wheat has been identified as a marker for NUE which influence grain N content, zinc (Zn), and iron (Fe) concentration at the time of senescence by delaying the senescence period (Uauy et al., 2006). The better application of molecular markers for enhancing NUE genes in breeding methodologies and for transgenics requires quick, robust, and reliable phenotyping. Some genomic regions like GS and GOGAT controlling NUE are conserved across many crops like rice, maize, sorghum, and stiff broom grass; other than these conserved regions genes regulating photoperiod, vernalization, and semi-dwarf are also associated with NUE (Quraishi et al., 2011; Ranjan and Yadav, 2019). The N uptake system of plants uses two types of systems; one is a low-affinity transport system (LAST) and another a high-affinity transport system (HATS), these are more dominant when the plant faces N scarcity under limiting N conditions. NRT1 gene families are responsible for coding LATS and AtNRT1.1 and AtNRT1.2 govern the nitrate uptake. The transcription factor TaNCA2-5A plays a significant role in the expression of transporters associated with nitrate uptake and happens to be a key controller in N supervisory system (He et al., 2015). The important QTLs related to NUE in cereal crops are highlighted in Table 3.


TABLE 3. Crucial root traits associated with improved nitrogen use efficiency.
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Transgenic Development to Enhance Nitrogen Use Efficiency

Through the transgenic approach defect removal in any cell is made possible by integrating a single foreign gene sequence in the host’s genome background via transformation method is only a quick and time-efficient technique over the conventional methods. Many insect-pest resistant, disease resistant, and genetically modified crops have been released for their cultivation in 28 countries across the world: the United States, Brazil, Canada, Argentina, China, and India among them (FAOSTAT, 2016). Researchers have focused on seven genes namely GS1, GS2, GOGAT, AlaAT, GDHA, Nia1, and Nia2 to develop genetically engineered NUE cereals mainly in rice, corn, wheat, and rapeseed-mustard. The major studies report that the gene used for improved NUE was mainly plant-based except for some bacterial genes and tested in both model plant Arabidopsis as well as in other crop plants also. The most extensively plant-based gene used for NUE was the gene that is involved in GS biosynthesis which makes GS a major source for N movement from source to sink. It has also been evident that over-expression of this gene in cereal crops, improves the NUE, foliage, and grain yield, however, it has not been reported in dicots due to mismatch or poor promoter (Ranjan and Yadav, 2019). A previous study reported that post-flowering expression of a TaNRT2.1 was very well associated with uptake of nitrate, the gene code for root nitrate transporter, and correlated with high protein and grain yield in wheat (Taulemesse et al., 2015; Xing et al., 2019). The gene OsNRT1 is expressed under low N conditions in rice (Huang et al., 2009). AtNRT2.1 and AtNRT2.1 well correlated with nitrate uptake and showed 75% high affinity under a scarcity of N content, suggesting that expression of these two genes related with better performance under low N conditions in Arabidopsis (Li et al., 2007). In maize expression of two genes, ZmNRT2.1 and ZmNRT2.2 through sequence homology approach accounts for increased resistance to low N concentration (Plett et al., 2010) while the overexpression of genes Gln1-3 and Gln1-4 through virus promoter, which codes for GS biosynthesis, results in the 30% increase in maize kernel yield (Martin et al., 2006). In the rice plant, OsNRT1.1B and OsNRT2.3b were identified as nitrate transporter genes. By using this promoter gene, when barley AlaAT gene was transferred in canola and rice, enhanced the NUE by 40 and 12% in canola and rice, respectively, recently many private companies are using OsNRT2.3b in various crops like maize, rice wheat, and soybean to accelerate grain yield through improved NUE (Good et al., 2007; Hu et al., 2015; Feng et al., 2017; Wang et al., 2018; Sisharmini et al., 2019; Shah et al., 2021a,b). The AlaAT approach is less understood, if this method is used with the proper understanding of promoter can evolve better results. As discussed above, very few bacterial genes were used for enhancing NUE, a bacterial gene from E. Coli, GDHA, expressed in tobacco via plant virus promoter improved the biomass by 10% under deficient N concentration (Mungur et al., 2005, 2006). The researchers have reported that overexpression of TaNAC2-5A aided grain yield and N movement in wheat plants and suggested that the gene can be utilized in wheat breeding programs to increase grain production through the development of high NUE varieties (He et al., 2015). In tomato plants it is observed that over-expression of LeNRT2.3 leads to enhance nitrate uptake and N movement (Fu et al., 2015). Genetically engineered Arabidopsis showed improved growth and vigor through altered N and C metabolism under low N conditions via over-expression of Dof1 (DNA-binding with one finger) (Yanagisawa et al., 2004) and also when engineered with OsATG8b gene of the rice plant, which plays a key role in N mobilization in rice plant (Zhen et al., 2019). Similar, findings were observed by Kurai et al. (2011) in rice. Transgenic rice with modified OsENOD93-1 resulted in improved NUE under both the conditions low as well as in optimal N conditions (Bi et al., 2009). Similarly, genetically engineered rice exhibited improved NUE via over-expression of Rubisco enzyme (ribulose 1, 5- biphosphate carboxylase- oxygenase), which plays a vital role in photosynthesis (Yoon et al., 2020). The important trans-genes and transcription factors used for enhancing NUE and their mechanism are highlighted in Table 4.


TABLE 4. Transgenes introduced and their role in improving nitrogen use efficiency.
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The increase in N uptake from the seedling stage to the pre-flowering stage and increased N-translocation at the post-flowering stage are the two ways to improve NUE in any plant. Because there is a link between N uptake and rhizosphere nitrification, as well as the contribution of nitrate to N uptake, current high yield-crop breeding initiatives that modify the expression of nitrate transporters in new crops will enhance the balance between nitrate-N and ammonium-N uptake. Anticipating, germplasm-related differences in nitrate transporter activity will be revealed in the future, and employing transporters to improve N absorption and translocation, and therefore increase NUE, will be discovered.



Omics Approaches for Enhancing Nitrogen Use Efficiency

By virtue of the necessity of precise identification of genes involved in N uptake, mobilization, and recycling at various plant growth stages from seedling to maturity, taking the benefits of many omics data sets that include transcriptomics, proteomics, and metabolomics which could further be accessed in an interactive manner by using bioinformatics, computational, and mathematical techniques. Previous researchers have investigated rice transcriptome under N deficient conditions by using high scale data set to identify the specific N responsive genes and miRNA (Lian et al., 2006; Bi et al., 2009; Jeong et al., 2011; Cai et al., 2012; Yang et al., 2015).

However, these findings were restricted to single type RNA like, mRNA or small RNAs, and also have not provided an overview of transcriptome responses to alter N mobility. Shin et al. (2018) examined the transcriptomic analysis by using non-coding RNAs (lncRNAs) under low N conditions and the results provided the information on transcriptomic wide modification and response under N scarcity situation. In the future this large-scale transcriptomic data set will provide important information for the development of improved NUE- rice varieties.

Tiwari et al. (2018) integrated genomics with physiological and breeding approaches for improving NUE in potato. Whole genomic and transcriptomic approaches have identified the mRNA transcripts and TFs for NO3– sensing and signaling in Arabidopsis (Marchive et al., 2013). Amiour et al. (2012) identified detailed mechanisms of N metabolism by integrating metabolomics transcriptomic and proteomic approaches in maize. The first investigation on complete gene-to-metabolite networks controlling NUE in Arabidopsis was reported by Hirai et al. (2004). Simons et al. (2014) developed a comprehensive understanding of N regulation and metabolism in maize by involving available transcriptome, proteome, and metabolome datasets. Ichihashi et al. (2021) analyzed a Brassica rapa based agroecosystem using multi-omics and integrated informatics approaches and revealed complex interactions among multiple network modules of NUE. Beatty et al. (2016) elucidated the whole-plant nitrogen metabolism using metabolomics and computational approaches in crops. Therefore, integrated omics is a holistic approach to understanding the N flow and associated regulation at the cellular, organ, and whole-plant levels.




CONCLUSION AND FUTURE PROSPECTS

Global food security with nutritional security is the most crucial task for future generations. However, the efforts of scientists or agricultural researchers can achieve this task and somehow they succeed in finding numerous technologies and ways through which they are trying to complete. Although, in modern times several new problems such as climate change, abiotic stresses, and problematic soils cause the loss of natural resources, and together amplify our food security target. In this scenario, there is an emergency need to reduce the cost of cultivation and degradation of natural resources. Therefore, increasing the NUE in economically important crops is a great challenge to secure environmental sustainability. However, the advancement in agronomical approaches has achieved some milestones in the last decades such as precision farming and nano-fertilizers. On the other hand, recent advancements in molecular biology and tools speed up the process and have a bright future in developing higher NUE efficient crops. However, still there is a huge gap in targeted NUE and also reduced during the last decades because of higher use of N fertilizers, especially urea. Therefore, it is recommended that the new fertilizer policy is based on the alternatives to urea for N sources such as customized, bio, and nano-fertilizers, which might be a breakthrough in enhancing NUE and reducing N pollution. Also, there might be a decision support system for best management practices at a local basis, which can directly benefit to the farmer in enhancing NUE and yield. Therefore, we combined these two crucial approaches in respect to improving NUE and might be game-changing for enhancing NUE in near future. Moreover, future trends and expectations should be aimed at cracking the current main hurdles to crop plants. Modern genome-editing tools can provide a permanent solution by developing varieties with enhanced NUE, although further studies are needed to reach these goals. The integration of all these approaches will lead to the sustainable production of crops, through the effective management of environmental stresses under the present scenario of changing climate. In addition, plant epigenetics, which is a conserved gene expression regulatory mechanism including histone modification, DNA methylation, non-coding RNA, and chromatin remodeling, represents an emerging and efficient tool to better understand biological processes in response to nitrogen enhancement.
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The impact of elevated temperature at the reproductive stage of a crop is one of the critical limitations that influence crop growth and productivity globally. This study was aimed to reveal how sowing time and changing field temperature influence on the regulation of oxidative stress indicators, antioxidant enzymes activity, soluble sugars (SS), and amino acids (AA) in Indian Mustard. The current study was carried out during the rabi 2017–2018 and 2018–2019 where, five varieties of mustard viz. Pusa Mustard 25 (PM-25) (V1), PM-26 (V2), BPR-541-4 (V3), RH-406 (V4), and Urvashi (V5) were grown under the field conditions on October 30 (normal sowing; S1), November 18 (late sowing; S2) and November 30 (very late sowing; S3) situations. The S1 and S3 plants, at mid-flowering stage, showed a significant variation in accumulation of SS (8.5 and 17.3%), free AA (235.4 and 224.6%), and proline content (118.1 and 133%), respectively, and played a crucial role in the osmotic adjustment under stress. The results showed that S3 sowing, exhibited a significant induction of the hydrogen peroxide (H2O2) (110.2 and 86.6%) and malondialdehyde (23.5 and 47.5%) concentrations, respectively, which indicated the sign of oxidative stress in plants. Interestingly, the polyphenol oxidase, peroxidase, superoxide dismutase, and catalase enzyme activities were also significantly increased in S3 plants compared to S1 plants, indicating their significant roles in ameliorating the oxidative stress. Furthermore, the concentration of fatty acid levels such as palmitic, stearic, oleic, and linoleic acids level also significantly increased in S3 plants, which influenced the seed and oil quality. The study suggests that the late sowing significantly impaired the biochemical mechanisms in Indian mustard. Further, the mustard variety V4 (RH-406) was found to be effective for cultivation as well as environmental stress adoption in Indian soils, and it could be highly useful in breeding for developing heat-tolerant genotypes for ensuring the food security.

Keywords: antioxidant defense, climate change, sowing time, fatty acid, oxidative stress, osmoprotectant


INTRODUCTION

The family Brassicaceae is regarded as one of the most economically important plant families (Friend, 2019). The genus Brassica consists over hundred species of rapeseed (Brassica napus L.), cabbage (Brassica oleracea L.), turnip rape (Brassica rapa L.), and mustard (Brassica juncea L.), which are predominantly cultivated for oil, vegetables, condiments, and fodder purposes (Raza et al., 2020). Currently, amid the dynamic abiotic constituents of the environment, the steadily and continuously ascending ambient temperature due to global warming, which is drastically influencing on plant growth, development, and productivity (Raza et al., 2019; Chand et al., 2022). In the Asian countries including India, where the major cultivated area is under rain-fed agro–ecosystem, the time of sowing solely depends on the rainfall availability. The rabi crops are important agricultural crops that are seeded in the winter season (last week of October to the mid-week of November) and harvested in spring (last week of April to mid-week of May) in India. Mustard is very sensitive to slight changes in moisture percentage and temperature during sowing, which affects the all stages of future plant development (Naylor et al., 2007; Ashish et al., 2019). Furthermore, the late sowing of rabi crops sets the crop for the high temperature and low moisture conditions during the reproductive and maturation stages, which are responsible for huge yield and quality losses (Patel et al., 2017; Yadav et al., 2020). Several studies have been focused on the impact of the late sowing conditions in mustard at different growth stages, and it is found that the late sowing negatively associated with the seed germination potential, growth, and development of leaf, root, and shoot, and physiological and biochemical processes. Moreover, the reproductive growth and development (pollen sterility, fertilization, and seed setting), and eventually the yield and quality attributes are drastically affected, when the mustard sowing is delayed (Godara et al., 2016; Bazzaz et al., 2020; Tripathi et al., 2020). Therefore, understanding the modification in antioxidant enzymes, and metabolites response under late sowing in mustard is crucial to reduce the yield gap potential (Sallam et al., 2018; Dawood et al., 2020).

Further, the heat stress manifestations are mediated through oxidative damage concerning to the generation of the reactive oxygen species (ROS). The ROS damages various biomolecules such as DNA, lipid, proteins, etc., and thus the damages fatally affect the plant metabolism and limit growth and yield (Mohan et al., 2020a; Javeed et al., 2021). Therefore, this auspice is conceiving a serious concern amide the scientists, as changes in environmental components such as elevated temperature have lethal consequences on plant life (Hassan et al., 2021). As these plants are sessile in nature and unable to move in a more favorable environments, the plant functional processes are substantially affected, often lethally, by elevated temperature (Raza, 2020; Ahmad M. et al., 2021). The primary mechanism of cellular membrane disruption under heat stress severely affects the photosynthetic and mitochondrial activities and decreases the ability of the plasma membrane to retain solutes (Chauhan et al., 2020; Dey et al., 2021). An elevated-temperature impairment can ensue in huge pre-harvest and post-harvest crop causalities. The plants alter the accumulation of metabolites in respect to elevated temperatures, especially by generating compatible solutes that can systematize macromolecules and cellular structures, retain turgidity of cell via osmotic adjustment, and remodel the antioxidant defense system to revive the homeostasis and cellular redox balance (Sallam et al., 2018; Mawlong et al., 2020; Mohan et al., 2020a).

The proline is an amino acid (AA) and an important indicator in determining the stress tolerance ability including heat. The accumulation of proline acts as osmoprotectants and worked as ROS quencher, which cope up the drastic effects of heat stress (Tonhati et al., 2020). Furthermore, it has been reported that the proline detoxifies the membrane due to the harmful ROS and protect the cell machinery by dysfunction due to the lipid peroxidation (Rajametov et al., 2021). The recent studies supported that the proline has numerous roles during stress as it improves the photosynthesis rate and also crosstalk's with numerous signaling molecules such as gasotransmitters (nitric oxide), and plant growth regulators, to activate stress signaling (Hanif et al., 2021; Rajametov et al., 2021; Singhal et al., 2021). Like proline, soluble sugar (SS) also acts as osmoprotectant and helps in the maintenance of the cellular redox balance, ROS detoxification, protection of photosynthetic apparatus, up-regulation of stress-related genes, and also acts as signaling molecule under stress condition (Ahmad F. et al., 2020; Afzal et al., 2021). To restrict the oxidative impairment, the plants also have a set of advanced detoxification systems, which transform the highly destructive ROS into non-toxic compounds (Mohan et al., 2020b). The plants shield the cells and sub-cellar systems damage from the ROS using antioxidant enzymes such as ascorbate peroxidase (APX), peroxidase (POX), superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), polyphenol oxidase (PPO), and metabolites such as glutathione (GSH), ascorbic acid (AsA), tocopherol, and carotenoids (Rai A. N. et al., 2020). Substantial changes occur in antioxidant system linked to unfavorable environment, including the enzymatic and non-enzymatic antioxidants. The union of the antioxidant enzymes (SOD, CAT, and GR) and several others reduces the oxidative damages on the intracellular components (Raseeth et al., 2013; Ahmad Z. et al., 2020).

The total fatty acids (FAs) in the plant composed of unsaturated FA (PUFA), primarily, including the linoleic, linolenic and oleic acid, and saturated FA (palmitic and stearic acid) (Hu et al., 2018). These FAs are constituents of plasma membrane, provide the finite shape of the cell and help in the protection against unfavorable conditions (Rogowska and Szakiel, 2020). Saturation and composition of FA is associated with the stress tolerant ability in plants as they provide strength the cell membrane (Hu et al., 2018). The FA are the crucial biochemical attributes, determine the quality of seeds and oil in mustard crop. Heat stress also affects the saturation and unsaturation of FA through the membrane lipid peroxidation and modifying the organelle structure (Sinha et al., 2017; Higashi and Saito, 2019).

Therefore, considering these facts, the prime aim of this study is to examine the effects of different dates of sowing (normal, late, and very late) on oxidative stress indicators, antioxidant enzymes activity, and SS and AA contents in Indian mustard. Therefore, improving the seed yield of Indian mustard under late sowing conditions by genetic makeup and physiological scaling of elevate temperature tolerance at the reproductive stage would be crucial for the sustainability in oilseed production. In this investigation, our objective was to characterize the effects of high temperature on oxidative stress indicators and antioxidant enzymes to identify the genotypes that are tolerant to high temperatures, through their response to different sowing dates. This information is important to identify suitable gene donors to be used in the Brassica breeding program.



MATERIALS AND METHODS


Sowing of Seed and Growth Conditions

The present investigation was carried with five varieties of Indian mustard [B. juncea (L.) Czern and Coss.] (PM 25; V1, PM 26; V2, BPR-541-4; V3, RH- 406; V4, Urvashi; V5) whose seeds were obtained from the Department of Genetics and Plant Breeding, Institute of Agricultural Sciences, BHU, Varanasi, India. These five varieties were sown in the field for two subsequent years (2017–2018, 2018–2019) on the dates of 30 October (S1), 15 November (S2), and 30 November (S3), under normal fertility conditions (Supplementary Figure S1) and standard agronomic practices (Chauhan et al., 2020). The physical, mechanical, and chemical properties of soil used during experimentation are highlighted in Supplementary Table S1.

The experimental farm situated in the Northern Gangetic Alluvial Plain at 25°18' N (North latitudes), 83°03' E (East longitude), and at an altitude of 128.93 m at mean sea level (MSL). The experimental plot was well-drained and an assured a source of sufficient water supply. The maximum and the minimum temperatures during 2017–2018 and 2018–2019 ranges between (6.34–19.17°C and 6.71–20.64°C) and 20.56–35.89°C and 21.40–37.56°C, respectively. The daily maximum and minimum temperatures (°C), relative humidity (%) (morning and evening), and rainfall (mm) during the crop growth period (1 November to 15 April) were obtained from the Institute Meteorology Section of the Department of Agronomy and shown in Supplementary Table S2. The mean relative humidity was near to 68%, which increased to 82% during the wet season and reduced up to 30% during the dry weather.

In the experimental field, the seeds were seeded in a factorial randomized complete block design (RCBD) with three replications. The 4-m length row was used, which had a row to row (R–R) distance of 45 cm and plant to plant distance (P–P) of 10 cm. Each plot had five rows, with a width of 2.25 m. The gross land area used for the present experiment was 585 m2 and the net sown area is 405 m2. The samples were collected from a separate experimental plot during the time of the investigation, and each row was selected randomly, leaving the border rows. Three random plants from each plot were selected for observations. The oxidative stress indicators [malondialdehyde (MDA) and H2O2 content], antioxidant enzymes activities [CAT (EC1.11.1.6), SOD (EC1.15.1.1), POX (EC1.11.1.7), PPO (EC1.14.18.1)] and SS, AA, proline content (PC), starch content (SC) and FA were recorded at 50% flowering.



Determination of Oxidative Stress Indicators

The amount of H2O2 production was observed by spectrophotometer at the 50% flowering stage and represented as μmol g−1 fresh weight (FW). The H2O2 content (molar extinction coefficient 0.28 μM−1 cm−1) was measured by the method of Jana and Choudhuri (1981) and the intensity of the yellow color in the supernatant was measured at 410 nm. The MDA content was determined in 50% flowering stage in plants and it indicate level of lipid peroxidation, which was determined as MDA content (molar extinction coefficient at 155 mM−1 cm−1), according to the method of Heath and Packer (1968). The absorbance was recorded at 532 nm and corrected for non-specific turbidity at 600 nm wavelength. The measured unit of MDA content was represented as μmol g−1 fresh weight.



Antioxidative Enzymes Activities

The enzyme units (EU is per mg protein; specific activity) were calculated as a change in absorbance mg−1 protein. The enzyme activities were calculated as EU mg−1 protein min−1. The enzyme PPO was assayed according to Kar and Mishra (1976) at 420 nm in a spectrophotometer at 50% flowering. The activity of the POX enzyme was measured at 50% flowering by using the method of Kar and Mishra (1976) at 420 nm. The activity of the SOD enzyme was measured at 50% flowering to study variations according to the method of Dhindsa et al. (1981) and the absorbance was recorded at 560 nm. The activity of enzyme CAT was recorded at 50% flowering. The enzyme was assayed according to the method of Aebi (1983). Changes in absorbance at 240 nm at a span of 15 s for 2 min were noted. The enzyme activity was calculated as per gram FW and estimated using extinction coefficient 43.6 for H2O2 decomposition. It was also estimated on a per mg protein basis and was expressed according to the formula.

EU mg−1 protein = δ A 240/min × 1000/43.6 × mg protein ml−1 reaction mixture.



Analysis of SS, AA, and PC

The SS content was determined in fully expanded leaf at 50% flowering stage in different treatment levels by anthrone method (glucose standard: 0.1 mg ml−1 of distilled water) (Dubois et al., 1956). The sugar content was represented as mg glucose g−1 FW by taking the absorbance reading optical density (OD) at 620 nm. Total free AA were determined in fully expanded leaf at the 50% flowering stage in different treatment levels by Ninhydrin reagent (OD at 570 nm) (Yemm et al., 1955). The PC was determined in fully expanded leaf at 50% flowering stage by the method of Bates et al. (1973). A standard curve was prepared using the known concentration of L-Proline (0.1 mg ml−1) and contents in sample aliquots were determined by taking an absorbance at 520 nm. The SC was determined in fully expanded leaf at 50% flowering stage in different treatment levels by anthrone method (Dubois et al., 1956). The quantity of starch was recorded by a standard curve as similar to sugar estimation and expressed in terms of glucose. The starch quantity was determined by multiplying the value of glucose concentration with the test extract by a factor of 0.9.



The FAs Concentration (%)

The FAs in the seeds sample were estimated by gas chromatography. The analysis was carried out at ICAR-Directorate of Rapeseed and Mustard Research, Bharatpur, and Rajasthan, India. Sample containing 10–20 seeds of each genotype under different sowing dates were crushed and kept in hexane (500 μl) overnight. The hexane was transferred in different test-tubes the next day and added with 500 μl sodium methoxide (Sodium methoxide: 80-mg NaOH + 100 ml methanol). After 45 min of incubation, 750 μl sodium chloride was added (8-g NaCl + 100 ml distilled water). The sample was ready and 1 μl of it is injected into the Gas chromatography (GC) channel for analysis.



Statistical Analysis

The data obtained in the presented experiment was reported as Mean ± Standard deviation (SD), and Microsoft Excel 2010 was used for the analysis. The standard error of mean (±SEM) and critical differences (CD) in between the varieties, date of sowing, and for their interaction were performed by using OPSTAT software developed by O.P. Sheoran, Chaudhary Charan Singh, Haryana Agricultural University, Hisar, Haryana, India. The significant difference in different date of sowing and different varieties with 95% confidence were calculated by SPSS 19.0 (Statistical analysis software; IBM, New York, USA) using Tukey's honestly significant difference (HSD) test. The principal component analysis (PCA) and correlation analysis of different attributes was performed using the R software (V 4.0.2) developed by R core software.




RESULTS

The regulation of oxidative stress indicators, enzyme activity, and osmolytes were studied in different mustard germplasms in response to varying sowing times. The effect of treatments and their interactions with genotypes on of the parameters studied at three growth stages including S1 (0 DAT) (day of timely sown), S2 (15 DAT), and S3 (30 DAT). The genotype variations were found at different growth stages of plants in terms of stress indicators, enzyme activity, SS, starch, AA, and FAs (Tables 1–6; Figures 1–4, 5A,B). The data reveals that all these attributes were differentially regulated in mustard genotypes in response to two consecutive cultivation years (2017–2018, 2018–2019). In the following sections, we provided the results associated with the influences of plant sowing time and genotypic variations, and their interactions as well as influences in different physiological attributes in mustard.


Regulation of Oxidative Stress Indicators

The accumulation of MDA content is an indicator of lipid peroxidation, which generally occurred due to excess level of ROS (hydrogen peroxide, singlet oxygen and superoxide radicle). The resultant effect of ROS induces cellular injury and oxidative damages in plants. In this study, The H2O2 content (μmol g−1 FW) significantly increased in under S3 condition as compared to S1 and S2 in both years during 2017–2018 (Table 1). This trend was followed similarly in both years and all tested germplasms. The increment of H2O2 content under the S3 condition varied statistically significantly among the tested germplasms. The highest H2O2 content under the S3 condition was found in V2 (15.89 μmol g−1 FW) and in V2 (11.89 μmol g−1 FW) during 2017–2018 and 2018–2019, respectively. In contrast, the lowest H2O2 content was obtained under S3 condition was recorded in V4 (8.26 and 7.26 μmol g−1 FW) in both tested years. The MDA content (μmol g−1 FW) was significantly increased under the S3 condition as compared to S1 and S2 in both tested years, whereas it found to be reduced in S3 sowing (Table 2). The increment of MDA content under the S3 condition varied statistically significantly among the tested germplasms. The highest MDA content under S3 condition was found in genotype V1 for 2.54 and 2.47 μmol g−1 FW, and the lowest MDA content under S3 condition was recorded in genotype V4 for 0.68 and 0.75 μmol g−1 FW, respectively, in both tested years.


Table 1. Hydrogen peroxide content (μmol g−1 fresh weight) at mid-flowering stage in top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019.

[image: Table 1]


Table 2. Malondialdehyde (MDA) content (μmol g−1 fresh weight) at mid-flowering stage in the top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019.

[image: Table 2]



Antioxidant Enzymes Activity

The PPO activity (EU mg−1 protein min−1) was significantly increased under the S3 condition as compared to S1 and S2 in both years (Table 3). However, the PPO activity was lowest in S2 condition as compared to S1 and S3. The increment of PPO activity under the S3 condition varied statistically significant among the tested germplasms. The highest PPO activity under the S3 condition was found in V5 (0.048 and 0.049 EU mg−1 protein min−1) in both tested years and the lowest PPO activity under S3 condition was recorded in V3 (0.037 EU mg−1 protein min−1).


Table 3. Polyphenol oxidase (PPO) activity (EU mg−1 protein min−1) at mid-flowering stage in top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019.

[image: Table 3]

The POX was non-significant under S3 condition as compared to S1 and S2 in both years, except in V3 where it increased under the S3 sowing (Table 4). The highest POX activity under S3 condition was found in V5 for 2.02 and 1.98) then genotype V4 exhibited 2.00 and 1.99, whereas, the lowest POX activity under the S3 condition was recorded in V2 (1.70) and V3 (1.72), respectively.


Table 4. The POX activity (EU mg−1 protein min−1) at mid-flowering stage in top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019.

[image: Table 4]

The SOD activity (EU mg−1 protein min−1) was elevated at S3 condition as compared to S1 and S2 in both years (Table 5). The increment of SOD activity under the S3 condition varied statistically significantly among the tested genotypes. The highest SOD activity under S3 condition was found in V3 (11.56 and 11.41) and followed by V1 (10.61 and 10.84) in both tested years. In contrast, the lowest SOD activity under S3 condition was recorded in V4 (7.84) and V5 (7.93), respectively, in two cultivation years.


Table 5. The SOD activity (EU mg−1 protein min−1) at mid-flowering stage in the top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019.

[image: Table 5]

The CAT activity (EU mg−1 protein min−1) was tested in all the germplasm and significantly increased under S3 condition as compared to S1 and S2 in both years (Table 6). Although the lowest CAT activity was recorded in S2 as compared to S1 and S3. This trend was followed similarly in both years and in all the tested germplasms. The increment of CAT activity under the S3 condition varied statistically significantly among the tested germplasms. The highest CAT activity under S3 condition was found in V5 (22.71 and 24.71 EU mg−1 protein min−1) and followed by V1 (21.05 and 23.31 EU mg−1 protein min−1) in both tested years. Whereas, the lowest CAT activity under S3 condition was recorded in V2 (18.37 and 17.04 EU mg−1 protein min−1) in the tested years.


Table 6. The CAT activity (EU mg−1 protein min−1) at mid-flowering stage in top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019.

[image: Table 6]



The SS, Starch, Free AA, and Proline Contents

The SS, starch, free AA, and PC (mg g−1 FW) at the S2 stage was determined in the first fully expanded leaf from the top in plants under different sowing dates (S) during 2017–2018 and 2018–2019, respectively. The differences in the discussed biochemical parameters were significant with respect to sowing date (S) genotype (G), and interaction S × G.

In this study, The SS content was significantly declined under the S3 condition as compared to the S1 and S2 stages in both years (Figure 1). The reduction in SS content under the S3 condition varied significantly among the tested genotypes. Although the SS content was non-significant in germplasms V2 and V3 in the year 2018–2019 in three respective to sowing stages. Germplasm V3 and V4 showed the inverse relationship and increased in S3 condition as compared to S1 and S2. Germplasm V4 (34.91 and 34.24) and V5 (33.87 and 34.84) showed the highest SS content in both years at S3 conditions. While the lowest SS contents were found in V2 (16.40 and 19.07 mg g−1 FW) followed by V3 in both years, respectively.


[image: Figure 1]
FIGURE 1. The SS content (mg g−1 fresh weight) at mid-flowering stage in the top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019. Different date of sowing represented as S1 timely sown (30 October), S2 late sown (15 November) and S3 very late sown (30 November); Varieties symbolize with: V1, PM 25; V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Urvashi, respectively. The mean value ± p ≤ 0.05 error bar data were presented in the figure and different alphabetical letters indicate the significant difference for each variety under different date of sowing (p ≤ 0.05).


The SC accumulation was found to be reduced under the S3 condition as compared to S1 and S2 in both years, except in V5 at 2017–2018, where the data were non-significant (Figure 2). However, the reduction of SC under S3 condition varied significantly among the tested germplasms. The highest SC content under at S3 condition was found for V5 (46.12 and 46.79) followed by V2 (34.99 and 47.32) in both the cultivation years. The lowest SC contents under the S3 condition was recorded in V1 (31.35 and 28.68) followed by V3 (31.07) during 2017–2018, and V1 (28.68) during 2018–2019.


[image: Figure 2]
FIGURE 2. Starch concentrations (mg g−1 fresh weight) at mid-flowering stage in top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019. Different date of sowing represented as S1 timely sown (30 October), S2 late sown (15 November) and S3 very late sown (30 November 30 Varieties symbolize with: V1, PM 25; V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Urvashi, respectively. The mean value ± p ≤ 0.05 error bar data were presented in the figure and different alphabetical letters indicate the significant difference for each variety under different date of sowing (p ≤ 0.05).


The AA concentration was significantly lifted at S3 condition as compared to S1 and S2 in both years (Figure 3). The highest AA concentration under S3 condition was found in V4 (2.27 and 2.37) and V1 (2.15 and 2.15). In contrast, the lowest AA concentration was observed at S3 condition for V3 (1.87 and 1.84).


[image: Figure 3]
FIGURE 3. The AA concentration (mg g−1 fresh weight) at mid-flowering stage in top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019. Different date of sowing represented as S1 timely sown (30 October), S2 late sown (15 November), and S3 very late sown (30 November); Varieties symbolize with: V1, PM 25; V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Urvashi, respectively. The mean value ± p ≤ 0.05 error bar data were presented in the figure and different alphabetical letters indicate the significant difference for each variety under different date of sowing (p ≤ 0.05).


The accumulation of PC (mg g−1 FW) was significantly increased at S3 condition as compared to S1 and S2 in both years (Figure 4). The highest PC under S3 condition was found in V4 (0.27) and in V3 (0.31) during 2017–2018 and 2018–2019, respectively, whereas, the lowest proline accumulation was obtained under the S3 condition for V5 (0.22 and 0.24) in two cultivated years, respectively.


[image: Figure 4]
FIGURE 4. The PC (mg g−1 fresh weight) at mid-flowering stage in the top leaf of mustard varieties sown at three different dates during rabi 2017–2018 and 2018–2019. Different date of sowing represented as S1 timely sown (30 October), S2 late sown (15 November) and S3 very late sown (30 November); Varieties symbolize with: V1, PM 25; V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Urvashi, respectively. The mean value ± p ≤ 0.05 error bar data were presented in the figure and different alphabetical letters indicate the significant difference for each variety under different date of sowing (p ≤ 0.05).




The FAs Contents (%)

Major FAs including oleic acid, linolenic acid, linoleic acid and erucic acids were measured at three different growing stages of five distinct genotypes. The palmitic acid showed maximum level in V2 and V3 genotypes, respectively. Although no significant differences have been found for palmitic as at stages S2 and S3, respectively (Figure 5A). However, no substantial variation has been found for stearic acid accumulation among the V1 V2 and V5 genotypes in S2 and S3 growth stages (Figure 5A). A considerable increased level of erucic acid content was found inV1, V2, V4, and V5, respectively specially at S1 and S2 growth stages of mustard (Figure 5B).


[image: Figure 5]
FIGURE 5. The FA content (%) in mustard varieties sown in three dates during rabi 2017–2018 and 2018–2019. (A,B) represents the saturated and unsaturated FA content (%), respectively. The graph represents the mean value ± p ≤ 0.05 error bar. The different colors symbolized the different FA contents under normal (S1), late (S2), and very late (S3) sowing conditions. Different alphabetical letters in same column indicates the significant difference for each variety under different sowing conditions (p ≤ 0.05). Genotype: V1, PM 25; V2, PM 26; V3, BPR-541-4; V4; RH-406; and V5, Urvashi.




Correlation and PCA

A positive correlation was found among the AA, proline, MDA, H2O2 contents, POX, SOD, and CAT activities in 2017–2018, and 2018–2019, respectively. However, AA and proline content; PC and hydrogen peroxide, SOD; hydrogen peroxide and SOD activity; PPO activity and CAT activity exhibited strong and positive correlation. A significant and negative association was observed between AA and starch content; proline and starch content; starch and SOD activity (Figures 6A,B). The PCA of the five mustard varieties sown in three different dates has together accounted for 66.0 and 68.5% of the total variation during Rabi season of 2017–2018 and 2018–2019, respectively (Figures 6C,D). In 2017–2018, PC1 explained 44.4%, while PC2 explained 21.6% of the total variation whereas, in 2018–2019, PC1 explained 45.9% and PC2 explained 22.5% of the total variation with all the characters being positively loaded.


[image: Figure 6]
FIGURE 6. Correlations 6 (A,B) and PCA 6 (C,D) for different biochemical traits observed in mustard genotypes sown in three different dates during 2017–2018 and 2018–2019. Panels (A,B) represents the correlation matrix using correlogram and the different colors shows the correlation between variable (blue color showed positive, while red negative) and color intensity shows the correlation coefficient matrix (dark and big circle showed the strong correlation). Panels (C,D) PCA analysis shows the principal component varied under different sowing condition and the variation values are highlighted on –x and –y-axis. V1, PM 25; V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Urvashi. S1 timely sown (30 October), S2 late sown (15 November), and S3 very late sown (30 November), respectively. Superoxide dismutase activity (SOD), hydrogen peroxide (H2O2), proline content (Pro), peroxidase (POX) activity, sugar content (SC), and catalase (CAT) activity, polyphenol oxidase (PPO), and malondialdehyde (MDA) content.





DISCUSSION

In this investigation level of one of the ROS that is H2O2, was quantified. As compared to 30 October and 15 November sowings, the H2O2 content increased significantly in 30 November sown crops (Table 1). The MDA content was also significantly higher on 30 November sown crops. These observations further proved that as compared to 30 October and 15 November sowings, 30 November sown crop experienced severe stress, and the ROS scavenging system was not so efficient to detoxify the generated ROS causing severe oxidation of membrane lipids and accumulation of MDA. These observations are in accordance with the observation of Rai A. N. et al. (2020) and Ahmed et al. (2019). It has been explained earlier that November 30 sown crop experienced higher oxidative stress, as they exhibited higher membrane damage which was evident from increased H2O2 (Table 1) and MDA contents (Table 2). Moreover, it has been considered that the tolerant germplasm accumulates less H2O2 and MDA content because of well-developed defense system such as antioxidant enzymes, osmoprotectants, stress-related genes and transcription factors and crosstalk's signaling strategies (Soengas et al., 2018; Rai K. K. et al., 2020).

The plants with efficient ROS scavenging systems are reported to perform better under abiotic stresses (Katano et al., 2018; Ahmad Z. et al., 2020). Increased activities of SOD, CAT, PPO, and POX in the cells play a significant role in detoxifying ROS under different abiotic stresses (Zhang et al., 2015; Medina et al., 2021; Su et al., 2021). The SOD is an important antioxidant metalloenzyme associated to conversion of harmful O2− to less toxic H2O2 and O2 molecules. The genome wide identification and characterization of SOD gene family revealed that B. juncea have 29 SOD genes and among them 10 of SOD genes were linked to abiotic stresses like drought heat, etc. (Verma et al., 2019). Like the SOD enzyme CAT also worked as antioxidant and detoxify ROS through conversion into less harmful H2O molecules. Further, the genome wide analysis of CAT gene family revealed that the B. napus have 14 CAT genes and among them, eight genes related to different abiotic stresses (Raza et al., 2021). In this study-specific activities of SOD, CAT increased significantly, particularly in 30 November sown crop. However, their activities were comparable in 30 October and 15 November sown crops. Like, SOD and CAT, POX also oxidize several ROS using H2O2 into less toxic molecules and provide tolerance against multiple abiotic and biotic stresses (Balfagón et al., 2018; Rajput et al., 2021). PPO is important metalloproteinase, catalyzes the oxidation of phenols to quinones and further synthesizes the melanin and crosslinked protein polymers. Also, PPO has crucial role in defense against the biotic and abiotic stresses (Zhang and Sun, 2021). The PPO enzyme has important role in repairing of membrane damage caused by the stresses and strengthening of cell membranes (He et al., 2021). Therefore, it is concluded that increased activities of studied ROS scavenging enzymes are crucial for identification of screening of stress tolerant lines.

Increased ROS causes for oxidative stress and affects the cellular mechanisms drastically (Medina et al., 2021). Stress tolerance involves the active accumulation of compatible solutes such as SS, organic acids (primarily AA), and potassium ions, which help in turgor maintenance of the cells (Raza, 2020). Increased PC under elevated temperature has been reported in mustard (Ghasemi et al., 2016). However, increased levels of SS and reduction in SC have been reported in many crop plants (Ahmad M. et al., 2021). In the present investigation, changes in SS (Figure 1), starch (Figure 2), free AA (Figure 3), and proline (Figure 4) contents with variation in sowing dates indicated that change in the sowing date affected these metabolites. With a delay in sowing, SS content in the first fully leaf from top increased, and concomitantly SC decreased. Although these two metabolites did not change much on 30 October and 15 November sown crops, their levels reduced significantly when the crop was sown on November 30. The reduction in SS and starch contents in 30 November sown crops indicated that late sowing reduced photosynthesis significantly. The reduction in photosynthesis under high temperature is documented (Ougham et al., 2008; Qazi et al., 2014), and therefore this might be one of the major reasons for a significant reduction in dry matter production on 30 November sown crop of mustard. The genotypic variations in SS and starch contents indicated that photosynthesis and synthesis as well as a breakdown of starch in different genotypes of mustard respond differently to heat stress. Free AA and proline increased significantly in mustard when sowing was done on 30 November. Observations indicated that these probably constitutes play a noteworthy role in thermotolerance in mustard by playing a role in osmotic adjustment (Siddique et al., 2018). Proline accumulation was relatively higher in BPR 541-4 (V3) and RH-406 (V4). Therefore, it is inferred that the accumulation of proline in response to high-temperature stress may be considered as a screening parameter to identify stress-tolerant lines. As, free AA are precursor of proteins, and secondary metabolites, which have crucial role in osmotic adjustment (Zou et al., 2016).

Under high-temperature, an increase in erucic acid and a decrease in oleic acid contents have been observed in Brassica hirta. The seeds of Brassica spp. having initially high erucic acid exhibited further increase in erucic acid and decrease in oleic acid contents under low temperature (12–17°C); however, the seeds of low erucic acid-containing Brassica spp. exhibited lower oleic acid and higher linolenic acid contents. A reverse had been reported at higher temperatures (Yaniv et al., 1995). Fayyaz-ul-Hassan et al. (2005) reported considerable variations in oleic acid and erucic acid contents with variations in cultivars and sowing dates. They showed that genotype Shiralee contained the highest oil content (41.81%), whereas Zafar-2000 showed the lowest (38.86%). Moreover, Zafar-2000 accumulated the maximum percent of oleic acid (63.77%) and the lowest of erucic acid (21.78%). Turhan et al. (2011) reported considerable changes in FA composition in mustard oil on an account of late sowing. Wilkes et al. (2013) reported lower oleic acid and higher linoleic acid levels in late sown mustard. In the present investigation increase in contents of eicosenoic acid and reduction in the level of erucic acid in seeds of 30 November sown mustard genotypes (Figure 5) indicated that these FAs respond differently to terminal heat stress. Increased in the level of FAs viz. palmitic, stearic, oleic, linoleic, and reduction in linolenic acid under the terminal heat stress indicated that the metabolism of these FAs is affected differently under the terminal heat stress. The estimation of different FAs contents in seeds of mustard genotypes sown at different dates are given in Figures 5A,B. As compared to 30 October, sowing palmitic acid, stearic acid, oleic acid, and linoleic acid increased in seeds of 15 November and 30 November sown crops. Linolenic acid content decreased as sowing was delayed. Eicosenoic content increased in seeds when sowing was delayed while and erucic acid content decreased. Further, the transcriptional regulatory molecular mechanism behind the overall improvement of biochemical attributes is also important from sustainability perspective (Higashi and Saito, 2019; Shabbir et al., 2021).

Furthermore, PCA under stress conditions showed the maximum contribution of SOD, hydrogen peroxide, proline content, sugar content, and CAT activity toward total variation whereas, SC contributed the least toward the variation. PCA and correlation studies altogether indicated the strong and positive association among AA, proline content, hydrogen peroxide, SOD activity, and CAT activity which were involved in osmotic adjustment and thereby protecting the integrity of cell membranes and important macromolecules of plants under stress conditions (Figure 6).



CONCLUSIONS

This study explored the mechanisms associated with oxidative indicators, and responses of Indian mustard to varied sowing times, and field temperatures. The results suggested that the late sowing (S3) increased the concentrations of ROS, MDA, H2O2, and lipid peroxidation, which are responsible for enhanced oxidative stress in the plants. The variety RH-406 (V4) under late sown and elevated temperature exhibited higher SS, AA, PC, SOD, POX, and CAT activities and reduced MDA and hydrogen peroxide content indicating the suitability of this variety for delayed sowing and terminal heat stress conditions. Likewise, the significant differences occurred in the case of saturated (palmitic and stearic acid) and unsaturated (oleic acid, linoleic acid, linolenic acid, eicosenoic acid, and erucic acid) FA contents and variety V4 (RH-406) showed the least fluctuation under delayed sowing; suitable for higher yield and oil quality traits. The overall results suggested that the screening of Indian mustard varieties based on oxidative stress indicators and antioxidants attributes is crucial to identify potential varieties for terminal heat stress and can be used for future stress breeding programs. Thus, from the current study findings, it may be recommended that variety V4 (RH-406) is best for the Uttar Pradesh, East region, India, where the terminal heat stress frequently occurs and it is suggested that farmer should follow timely sowing on first week of November to avoid terminal heat stress.
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Plants often face incompatible growing environments like drought, salinity, cold, frost, and elevated temperatures that affect plant growth and development leading to low yield and, in worse circumstances, plant death. The arsenal of versatile compounds for plant consumption and structure is called metabolites, which allows them to develop strategies to stop enemies, fight pathogens, replace their competitors and go beyond environmental restraints. These elements are formed under particular abiotic stresses like flooding, heat, drought, cold, etc., and biotic stress such as a pathogenic attack, thus associated with survival strategy of plants. Stress responses of plants are vigorous and include multifaceted crosstalk between different levels of regulation, including regulation of metabolism and expression of genes for morphological and physiological adaptation. To date, many of these compounds and their biosynthetic pathways have been found in the plant kingdom. Metabolites like amino acids, phenolics, hormones, polyamines, compatible solutes, antioxidants, pathogen related proteins (PR proteins), etc. are crucial for growth, stress tolerance, and plant defense. This review focuses on promising metabolites involved in stress tolerance under severe conditions and events signaling the mediation of stress-induced metabolic changes are presented.

Keywords: PR proteins, polyamines, compatible solutes, antioxidants, stresses


INTRODUCTION

Plant activities are affected by multiple environmental factors. Some of them may act as stressors depending on their duration and intensity. Stress can be described as any adverse environmental condition affecting growth of the plant and crop quality and the final rate of return. Drought, frost, low and high temperatures, high humidity, acidity and salinity of the soil, and pollution by pesticides (Hasanuzzaman et al., 2013; Begum et al., 2019; Kamran et al., 2019a) have negative influence on plant growth and development which, in turn, inhibits metabolism, change their mood, and use internal energy to overcome the effects of stress. Forbearance or vulnerability to the stresses is extremely complicated affair. It can affect many stages of plant development, and many stresses disturb plants simultaneously (Iqbal and Ansari, 2020). Environmental stress imposed on plants can be categorized as abiotic stress and biotic stress, where the biological stress includes pathogen attack that may be caused by bacteria, fungi, nematodes, oomycetes, and herbivores (Poveda, 2021)while, abiotic stress includes salinity, drought, floods, extreme temperatures, heavy metals and radiation, etc. (Kamran et al., 2019b,2021; Ali et al., 2021; Parveen et al., 2021; Riaz et al., 2022). The diseases caused by a variety of biotic and abiotic stresses have led to a dramatic drop in global yield of crops (Etesami and Jeong, 2018). Drought and salinity disturb more than 10% of cultivated land, which results in a decrease in average world agricultural profits of more than 50% (Mahajan and Tuteja, 2005; Mustafa et al., 2019). This situation will worsen with the intensification of land-based desertification, soil and water salinization, water shortages and environmental pollution. When plants grow in stressful conditions, ROS are often produced as metabolic byproducts (Medina et al., 2021). When electrons from the electron transport chain in mitochondria and chloroplasts leak and react with the O2 molecule without other electron acceptors, ROS such as superoxide, hydrogen peroxide, hydroxyl and singlet oxygen are generated (Phua et al., 2021). Accumulation of reactive oxygen species (ROS) causes oxidative damage in plants (nucleic acids, proteins, and lipids) and causes degradation of chlorophyll pigments (El-Beltagi et al., 2020). Therefore, the generation of ROS files must remain within the limits of factory compatibility. ROS reaches to toxic levels under all forms of abiotic stress, can cause explosions of antioxidants in plant cells. A complex network of defense and repair mechanisms counter these oxidation reactions (Masamba and Kappo, 2021), however, any difference between ROS production and safe detoxification indicates a metabolic state called oxidative stress which causes oxidative damage to the plant (Figure 1).
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FIGURE 1. Importance of Reactive oxygen species in signal transduction and activation of defense pathways if at non-toxic level and its manipulation confers plant stress tolerance.


There is a proverb; “Necessity is the mother of invention” it seems true in case of plants as they are sessile organisms, so they use a bunch of chemicals to stop enemies, resist pathogens, replace competitors, exceed environmental limits, and overcome oxidative stress (Ahuja et al., 2011). Plants combat harsh environmental circumstances in a complex and integrated way, as a function of time. Stress tolerance in plants concerns whole plants, tissues, cells, physiological and molecular levels. The unique combination of intrinsic changes determines the ability of plants to sustain themselves in adverse environmental situations (Farooq et al., 2009; Meena et al., 2017). This includes a variety of physiological and biochemical modifications in plants together with leaf wilt, leaf abscission, leaf area reduction, stimuli of root growth, relative moisture content variations, electrolyte outflow, the creation of reactive oxygen species and the accretion of free radicals, which interrupt homeostasis of cells, resulting in lipid peroxidation, damage of the membrane and enzymes inactivation, thus affecting the cell viability (Sebastiani et al., 2016; Giordano et al., 2020).

The advanced plants have wide-ranging mechanisms to protect in contrast to a variety of fears or dangers, comprising physical, biological and chemical and stresses. They have developed various defense mechanisms at different levels to cope with adverse environments. Prefabricated defense systems include the production of antibacterial molecules such as keratin, wax, and deposition of firm lignin on cell wall and plant antibacterial agents. They are often considered the first line of defense against a new attack of pathogens (Bieniasz, 2004; Cseke et al., 2016). For example, in case of water stresses sequence of biochemical and physiological feedbacks in plants start. These feedbacks consist of closure of stomata, check of photosynthesis and cell growth, and initiation of respiration (Lovisolo et al., 2010). Plants also react to and adjust to sliding defects at the cellular and molecular stages, including permeabilization and accumulation of proteins that specifically contribute to stress tolerance. Different genes with different tasks are stimulated or inhibited by these stress conditions (Slade and Radman, 2011). There are two key premeditated responses to stress effects: avoiding stress effects due to physiologically inactive phases and creating stress tolerance or coping skills with the help of their metabolites (Aertsen and Michiels, 2004). In this review, the aim is to highlight on environmental stress including the basics of stress resistance and the potential of plants with the help of their metabolites to improve their functioning by making them stress resistant.



METABOLITES INVOLVED IN STRESS TOLERANCE

Plant metabolites have many functions. They act as signal or regulators, well-suited solutes, antioxidants, or defenses against pathogens. Plant metabolites are responsible for stress tolerance in plants. The accretion of metabolites frequently arises in plants under stress from numerous elicitors or signaling molecules, as it is recognized that growth conditions like temperature, nutrient supply and lightning conditions influence the accumulation of different natural products (Ballhorn, 2011; Rini Vijayan and Raghu, 2020). Furthermore, more serious environmental impacts, like several stress conditions, will also influence on metabolic pathways liable for gathering plant’s secondary product (Shulaev et al., 2008; Chandran et al., 2020). Plants have two types of metabolites primary and secondary metabolites. Primary metabolites generally have the same biological function as all species, while the secondary metabolites are generally produced in plants to meet specific needs, as secondary metabolites are produced by modified synthetic pathways from primary metabolites or by sharing substrates of origin of primary metabolites (for example, carbohydrates, lipids, and amino acids) (Pott et al., 2019). Primary metabolites comprise of organic acids, acyl lipids, carbohydrates and phytosterols. Comparing to it, secondary metabolites come in action in special cases, and these are used as classification markers because of the limited distribution in taxonomic groups, nonetheless, these compounds are present in all plant tissues and have a metabolic activity for plant growth and development (Harwood, 2012). There is no clearly defined boundary between the two classes, and these cannot be separated according to their chemical structure, their precursor molecules and their sources of biosynthesis (Schwarzenbach et al., 2016), for example proline, an amino acid, is the main metabolite, while its C6 comparable molecule, pipecolic acid, is the alkaloid. Likewise, di-terpenes and tri-terpenoids contain primary and secondary metabolites (Edreva et al., 2008). Plants evolved to adapt to the environment, genetically coding useful synthesizes and various secondary metabolites (Janská et al., 2010; Rastegari et al., 2019; Figure 2).
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FIGURE 2. Response of primary and secondary metabolites in plants to various abiotic stresses to help plant in activation defense system and signal transduction.


It has also been shown that some of these compounds have an effect herbivores and appeal pollinators, allelochemicals and protective effects. Prevent toxicity, UV rays defending and signal transduction. Kossel named these chemicals as “secondary metabolites” in 1891 and described these organic compounds as essential to plant life (Ahmed et al., 2017). Secondary metabolites were considered biologically unimportant, so plant biologists paid slight consideration to them. However, since 1950s organic chemists have conducted extensive research on their structure and chemical properties (Mauseth, 2014). It is now clear that this belief is ambiguous and mistaken, and that secondary metabolites work and perform an important role in latent defense mechanisms, especially in chemical combat or competition between plants and pathogens (Croteau et al., 2000; Srivastava et al., 2021).

Overall, we can classify these metabolites into 3 major categories associated with stress tolerance in plants which include biochemicals, plant growth regulators and enzymes. The review will give insights in to the role of each of them in plant defense response under stress conditions.



PROFICIENCY OF BIOCHEMICAL ASSOCIATED WITH STRESS TOLERANCE

When plants are susceptible to stressors, their cells defend themselves from elevated concentrations of intracellular salts by mounting up small organic metabolites (collectively called compatible solutes). Compatible solutes have low molecular weight water, soluble in water and non-toxic even at higher concentrations. Compounds these are also called “osmolytes” (Chen and Murata, 2002; Bajguz and Hayat, 2009). Accumulation of these solutes is the common practice used to fight against environmental stress factors (Ma et al., 2010), where betaines, polyols, amino acids such as proline, sugars like mannitol, trehalose and sorbitol and polyamines are most common compatible solutes. Their accumulation is advantageous in case of deficiency of water or salt stress because they offer a tolerance to the stress of the cells without interfering with the cellular mechanisms. Tolerant or sensitive species exhibit differential stress tolerance, depending on the level of accumulation of these compounds during abiotic stress (Obata and Fernie, 2012).


Glycine Betaine

Glycine betaine (GB) is the most important compatible solute and there are many reports of different roles of glycine betaine in higher plants like barley, corn, spinach, and sugar beet (Chen and Murata, 2008). Glycine betaine is effective in stabilizing the quaternary structure of enzymes and complex proteins and in protecting various components of photosynthetic machinery, such as ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and oxygen release in photosystem II (PSII) and maintains a highly ordered membrane state at non-physiological and elevated salt concentrations (Aimon et al., 2011; Suo et al., 2017). The exogenous administration of glycine betaine and the introduction of the glycine betaine biosynthesis pathway in natural non-accumulation by transgenes increase the tolerance of these plants to various types of abiotic stress (Iqbal et al., 2011). This increased tolerance to abiotic stress is a useful system for studying the mechanisms by which GB protects plants from abiotic stress (Chen and Murata, 2011).


Synthesis of Glycine Betaine

Glycine betaine (GB) is synthesized by two different routes from two dissimilar substrates, like choline and glycine. The biosynthesis of glycine betaine from choline has been studied in animals, plants, and microorganisms. This pathway includes one or two enzymes, depending on the mode of oxidation of choline. Glycine betaine is the result of a two-step oxidation of choline by betaine aldehyde which is a toxic intermediate (Ashraf and Foolad, 2007). In higher plants first step is catalyzed by manoxygenase (CMO). The second oxidation step is catalyzed by NAD+ dependent betaine dehydrogenase (BADH) (Annunziata et al., 2019). The biosynthesis of GB is induced by stress, and the concentration of GB in vivo varies among plant species and is between 40 and 400 mol g-1 (DW) in natural accumulation under stress conditions (Wani et al., 2013).



Mechanism and Protective Role of Glycine Betaine

The accumulation of glycine betaine (GB) in plants is important to prevent oxidative stress induced by abiotic factors. In addition to osmotic protection, GB also enhances the antioxidant defense mechanism against stress damage (Hoque et al., 2008), asthe anticipated GB mediated abiotic stress tolerance mechanisms consist of stabilization of the natural structure of proteins and enzymes, osmotic regulation, integrity of membrane, fortification of photosynthesis, and detoxification of ROS formed all through stress. It could be assumed that GB protection involved in transcription and translation mechanisms may be facilitated by the initiation of specific gene expression under stress conditions, and that the products of these conditions are involved in the development of stress tolerance. GB has shown that in vitro melting temperature of double stranded DNA reduces (Rajendrakumar et al., 1997). This will allow GB to regulate gene expression by activating replication and thus transcription in a highly saline environment.

In addition, Bourot et al. (2000) have revealed that glycine betaine acts as a chaperone protein in vivo; hence, this suggests that GB can stabilize mechanisms of transcription and translation to efficiently express genes under stress environments. In vitro studies indicate that GB itself has no antioxidant activity (Smirnoff and Cumbes, 1989), in fact, acts indirectly by inducing the synthesis or activation of the ROS defense system. This has been demonstrated in exogenous accumulated GB and transgenic plants which store glycine betaine. Hoque et al. (2007) studied the effect of GB exogenous administration on antioxidant levels and enzymatic activity in the glutathione (GSH) ascorbate cycle (ASC-GSH cycle) in cultured tobacco suspension culture cells exposed to salt stress. They confirmed that salt stress significantly reduced ASC and GSH levels, as well as the activities of the ASC-GSH cycle enzymes, like ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR). In addition to MDHAR, the exogenous administration of GB increases the activity of all these enzymes. However, under normal conditions, GB has no direct positive effect on enzyme activity in the ASC-GSH cycle, but only in the presence of salt stress. Thus, enzyme activity in the ASC-GSH cycle, which enhances GB, protects tobacco cells from salt-induced oxidative stress.

Yang et al. (2007) discovered a link between the ability of transgenic tobacco plants to accumulate glycine betaine under heat stress and ROS production. ROS production increased dramatically, but that the yield of transgenic plants was much lower than that of the wild type, indicating that in vivo GB accumulation can reduce ROS production by case of heat stress. The improvement in the photosystem II (PSII) repair process induced by GB accumulation can be explained by the increased activity of a series of antioxidant enzymes and by the lower production of ROS in transgenic plants during heat stress.




Amino Acids

Amino acid accumulation has been observed in many studies of plants exposed to abiotic stress (Lugan et al., 2010). The accumulation of amino acidsmay result due toincrease in degradation of stress-induced proteins. Although the accretion of amino acids under stress conditions indicate cellular damage in some species (Slama et al., 2015), the increase in specific amino acid levels has a beneficial effect during adaptation to stress. Among different amino acids, proline is predominantly abundant in plant species; however, in various taxonomic groups it is aggregated in response to biotic and abiotic and biotic stress (Szabados, 2010).


Proline

Proline is a group of tiny compounds known as osmolytes or osmoprotectants, therefore, as an osmolyte, proline is an important molecule used by various organisms to combat stress (Judy and Kishore, 2016). Proline levels differ from one species to the next, and proline concentration might be 100 times higher in dry conditions than in wet conditions. Proline is thought to protect membranes and proteins from high concentrations of inorganic ions and harsh temperatures, as well as to stabilize cellular structures, detoxify free radicals and store carbon (C), nitrogen (N2), and energy (Hare and Cress, 1997). Studies have also shown that proline can also modify the activity of antioxidant enzymes (Verbruggen and Hermans, 2008; de Campos et al., 2011). Proline (Pro) is thought to be involved in the non-enzymatic antioxidant defense of plants. The accumulation of Pro in stressed plants is up to 100 times higher than normal and has a history of more than 40 years. In this case, Pro can reach a cytosol concentration of 120 to 230 mM (Sytar et al., 2013).



Proline Synthesis

In plants subjected to osmotic stress, proline is mainly synthesized from glutamic acid by D1-pyrroline-5-carboxylate (P5C) by two consecutive reductions catalyzed by P5C synthase (P5CS), which is a rate-limiting enzyme of the biosynthetic pathway in complex plants and P5C reductase (P5CR) (Verbruggen and Hermans, 2008).



Mechanism and Defensive Role of Proline

Proline appears to act as a metabolic signal, regulating the pool of metabolites and affecting plant growth and development (Verbruggen and Hermans, 2008). Alternatively, proline may be conferred by induction of a stress protection protein (Chinnusamy et al., 2005). In fact, proline synthesis may be one of the first metabolic reactions triggered by signal transduction pathways, linking many perceptions of environmental stress to clarification of physiological responses at the cellular level (Song et al., 2005). Therefore, clarifying the change in proline content is a signal component, and the way it regulates gene expression, and the metabolic process will undoubtedly be a challenge and require further exploration. Proline accumulation in the drought-prone leaves is associated not only with increased expression of the P5CS gene, but also with decreased expression of the proline dehydrogenase (PDH) gene encoding a proline-degrading enzyme (Kishor et al., 2005; Yang et al., 2010). It has been determined that the metabolism of proline leads to improved production of mitochondrial reactive oxygen species (ROS) by means of the electron transport chain (ETC) and that proline metabolism affects survival and cell death of diverse species. In plants, the protective effect of proline during stress is particularly evident. Glutamate seems to be a major precursor of stress-induced proline accretion in plants, as the ornithine pathway primarily promotes the nitrogen cycle from arginine to glutamate. The proline synthesis limiting enzyme is P5CS and its increased expression is associated with proline accumulation in Arabidopsis (Sengupta et al., 2016).

The signaling mechanism of proline biosynthesis induced by environmental stress in plants comprises several molecules, such as abscisic acid (ABA), calcium and phospholipase C (Ahuja et al., 2010). Recently, Sharma et al. (2005) reported that the protection of ABA-induced growth in water-deficient plants requires proline metabolism. Evidence for ROS regulation of proline biosynthesis has also been found. Fabro et al. (2004) reported that in Arabidopsis, HR triggered by incompatible interactions between phytopathogens led to proline accumulation by up regulating P5CS2 rather than P5CS1 and ROS-dependent pathways in salicylic acid. Later, Abass and Mohamed (2011) also reported that hydrogen peroxide (H2O2) causes proline accumulation or promotes ABA-induced proline accumulation. Recently, Yang et al. (2012) suggested that H2O2 may induce proline accumulation by up regulating P5CS protein and down-regulating proline dehydrogenase 1 (PRODH) activity in coleoptile and radicle of maize seedlings (Figure 3).
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FIGURE 3. Hypothetical outline of biotic and abiotic stress factors and metabolites produced in response to encounter these factors and create stress tolerance. Metabolites production is up regulated in reaction to a number of biotic and abiotic stresses. This shows significance of metabolites in synchronize plant responses to environmental stresses. Environmental stresses stimulate sensors/receptors due to which reactive oxygen species (ROS) are produced. Variety of metabolites is produced to overcome stress produced by ROS which ultimately initiate cascades of regulatory mechanism resulting which transcription factors get activated.


In fact, it has been found that some plant tissues maintain the oxidation of proline under stress. The molecular mechanism by which proline protects cells during stress is not fully understood, however, it seems that proline implies its chemical properties and effects on redox systems, such as glutathione libraries (Sharma and Dietz, 2006). The role of proline in stress adaptation is often explained by its ability to penetrate and its ability to balance water stress. However, adverse environmental conditions often disrupt intracellular redox homeostasis and therefore require mechanisms to balance oxidative stress. Therefore, it is also proposed that the mechanism of proline protection involves the stabilization of antioxidant proteins and enzymes, the direct clearance of ROS and the balance of intracellular redox homeostasis (e.g., the NADP+/NADPH ratio) then metabolism of proline promotes cellular signaling. As a result, the potential mechanism by which proline provides protection against stress takes place (Liang et al., 2013).

Numerous studies have examined the role of proline in the osmotic protection of plants and its application in improving tolerance to water stress (Poustini et al., 2007), by using genetic transformation techniques, by genetic identification in proline accumulation under conditions of water deficiency or exogenous proline (Ashraf and Foolad, 2007). Although several studies have suggested that proline accumulation is important for abiotic stress tolerance, these findings are not conclusive. It may help crops develop resistance that have been subjected to abiotic stress (Kishor et al., 2005).

Although the clear relationship between proline accumulation and stress adaptation has been problematic, it is widely accepted that an increase in proline content after stress is beneficial for plants (Verbruggen and Hermans, 2008). Very high levels of cellular proline (up to 80% of the amino acid pool under stress and 5% under normal conditions) were recorded due to increased synthesis and reduced degradation under various stress conditions in many plant species (Szabados and Savoure, 2010).

As a multifunctional amino acid, proline appears to have different effects under stress conditions, such as the stabilization of proteins, membranes and sub cellular structures, and the protection of cellular functions by the trapping of reactive oxygen species (ROS). Synchronization of proline biosynthesis and degradation of cytoplasm, chloroplasts and mitochondria increases the complexity of the diversification of proline metabolism. The rate of improvement of proline biosynthesis in chloroplasts can help stabilize the redox balance and maintain cellular homeostasis by eliminating the potential for excessive reduction when the electron transport chain is saturated under adverse conditions (Taiz and Zeiger, 2010). The catabolism of proline in mitochondria is associated with oxidative respiration and energy is applied after stress to restore growth. Although pretreatment with proline can improve the phytotoxicity of heavy metals by reducing the concentration of ROS (Viehweger, 2014), it can also be used as a protein-compatible hydrotrope (Verslues and Sharma, 2010) to reduce cytoplasmic acid. Poison and maintain an appropriate NADP +/NADPH ratio compatible with cellular metabolism (Filippou et al., 2014). Proline offers tolerance to various abiotic stresses by increasing its endogenous levels and its intermediate enzymes in the plant. Exogenous proline administration has been reported to increase endogenous levels of proline in bean (Phaseolus vulgaris L.) (Aggarwal et al., 2011). Proline regulates the expression of antioxidant enzymes on plant exposure to salt stress. Among various genes, Δ1-pyrroline-5-carboxylic synthase genes are responsible for the up-regulation of stress-induced proline under the effect of salt stress (Qamar et al., 2015; Figure 4).
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FIGURE 4. Activation of stress response genes and finally stress response is engineered by expression of these genes.





Polyamines

Polyamines are recognized as a group of naturally occurring compounds which have aliphatic nitrogen structure, present in almost all organisms and playing a significant role in many physiological processes, such as cell growth and development and the response to environmental stress. Putrescine (Put), spermidine (Spd) and spermine (Spm) are the most common polyamines in higher plants and may exist in free, soluble, conjugated, and insoluble combinations. In plants, larger accumulation of polyamines (Put, Spm and Spd) in the course of abiotic stress is well acknowledged and is associated with improved tolerance to abiotic stress (Bitrián et al., 2012). The metabolic pathway of polyamines is one of the pathways found in normal-stage plants (organogenesis, embryogenesis, flower and fruit development and senescence), whose main function is to stabilize macromolecular structures and regulate various environmental stimuli of biological properties such as biotic and abiotic factors (Kusano et al., 2007). Polyamines regulate the response of plants to broader expected responses to abiotic stress, such as drought, salinity, heavy metal toxicity, oxidative stress, cooling, elevated temperatures, osmotic stress, leeches, and tolerance to flood, as evidenced by the exogenous application. Polyamines or transgenic plants developed to express genes involved in the biosynthesis of polyamines. Since polyamines are regulated by various abiotic environmental stimuli, their cellular functions are: mineral nutrient deficiencies, metal toxicity (Alcázar et al., 2006; Choudhary et al., 2012), salinity, high and low temperatures (Hummel et al., 2004), drought (Alcázar et al., 2010), hypoxia (Moschou et al., 2008), infiltration (Osmotic) and oxidative factors (Gill and Tuteja, 2010). In addition to regulating the titer in response to external stimuli, polyamines also modify ion channels (Takahashi and Kakehi, 2010), stimulate the synthesis of specific proteins, stimulate the assembly of 30S ribosomal subunits and stimulate the formation of Ile-tRNAs (Igarashi and Kashiwagi, 2000).

Polyamines are the cationic compounds, having two or more amine groups, which are low molecular weight organic molecules present in most organisms with multiple functions owing to the diversity of the number and position of the amino groups. Due to this cationic nature of the polyamines, they readily bind to the DNA, RNA and proteins are produced by electrostatic connection which results in either stabilization and equilibrium or destabilization (Kusano et al., 2008). There is a covalent connection of polyamines to numerous enzymes or proteins (post-translational modifications) which takes part in physiological processes was catalised by trans-glutaminase under normal or stressful conditions (Folk et al., 1980).

Moreover, it has been reported that the regulated titer of polyamines binds to epibrassinolide (active form of brassinosteroid) and modulates the pathways of abscisic acid (ABA) and indole-3-acetic acid (IAA), thus reinforcing Tolerance to toxicity (Choudhary et al., 2012). In addition to the fact that heavy metals themselves are toxic to plants, they also stimulate oxidative stress because heavy metals are essentially ionic. The polyamines associated with brassinosteroids, in addition to regulating the pathways of ABA and IAA and their cascade of tolerance to heavy metals; also regulate antioxidants such as glutathione, ascorbic acid, valine, glycine- betaine, etc. Antioxidant levels and enzymes such as glutathione reductase, superoxide dismutase, catalase, peroxidase, etc., impart stress tolerance (Chaudhary, 2012; Figure 5).
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FIGURE 5. Role of polyamines in various physiological processes occurring in plants regulate defense pathways and their cascade of tolerance to heavy metals.


Improved polyamine levels by exogenous feeding (Gill and Tuteja, 2010) or by heterologous expression of polyamine biosynthesis genes in transgenic plants have been shown to improve abiotic stress tolerance (Liu et al., 2007). Endogenous polyamine titers (in particular Put, Spd and Spm) are regulated not only by the regulatory gene expression pattern of polyamine biosynthesis genes, but also by the regulated expression of genes involved in catabolism of polyamines enzyme responsible for catalyzing oxidative deamination of polyamine having its peculiar function. In other respects, one may even speak of the biosynthetic pathway of H2O2, since it has been reported that in plants, H2O2 is differentiated by the oxidation of polyamines, which shows lignification during development of cell wall and ontogeny and also aids fight against biotic and abiotic stresses (Wimalasekera et al., 2011). The induction of most genes associated with polyamines biosynthesis during either abiotic stress proposes a seemingly reasonable functional relationship between PA metabolism and abiotic stressors (Shi et al., 2013). In addition, ABA induces polyamine biosynthesis genes, which is a known stress regulator, which acts upstream of the polyamine biosynthetic pathway (Alcázar et al., 2006); the abiotic stress tolerance of plant species is improved, reinforcing the close relationship between PA and stress (Sagor et al., 2013).

Although a clear picture of the role of polyamines in abiotic stress is emerging, their critical role in tolerance to abiotic stress remains complex, as the polyamine’s substrate is also affected by other key metabolites like ethylene. The deactivation of the gene for ethylene biosynthesis, ACC synthase and ACC oxidase, is accompanied by an increase in polyamines (Put and Spd), leading to an increase in the abiotic tolerance of tobacco plants (Naing et al., 2021). In addition, the regulation of arginase, a nitrogen metabolizing enzyme, leads to changes in polyamines (Put and Spm), thus affecting the improvement of abiotic stress tolerance (Shi et al., 2013). Likewise, modulation of PAO (an enzyme associated with catabolism of polyamines) leads to salt tolerance in tobacco (Moschou et al., 2012). Adding to the above, the combined network of ABA, NO and PA associated with abiotic stresses has also begun to present interaction groups associated with regulation of abiotic stress tolerance. By catabolism of PAs (Spd and Spm) under abiotic stress by copper amine oxidase (CuAO) and phyllobilin (PAO) (Wimalasekera et al., 2011), it was observed that ABA induces PA accumulation (Alcázar et al., 2010) and NO synthesis in different plant species, thus revealing the complex interaction of these three metabolites, namely ABA, No and polyamines. Furthermore, the cell balance of PA in cells is mainly determined by the regulation of their biosynthesis and catabolism. In plants, PA concentration is much higher than that of plant hormones but is considered a growth regulator because of its different roles in plant growth & development (Menéndez et al., 2013).

Zapata et al. (2004) studied the special effects of salinity ongrowth of the plant, ethylene production and polyamine content in spinach, lettuce, cucumber, pepper, cabbage, sugar beet and the tomato. They found that polyamine levels varied with salinity and, in most cases, decreased and increased spermidine and spermine levels. The ratio of spermidine, spermine and putrescine increased with the increase in salinity resulting in tolerance to salinity for all species. The results showed that the general response of different plant species to PA production was related to PA production, but not to ethylene production. Meanwhile, Liu et al. (2004) stated that PEG 6000 treatment expressively increased levels of free Spermidine and free Spermine in drought-resistant wheat leaves. They suggested that free spermidine, F, free spermine and PIS-linked Put favor osmotic stress tolerance in wheat seedlings.



Antioxidants

As discussed before that reactive oxygen species (ROS), like superoxide radicals (O2–), hydrogen peroxide (H2O2) and hydroxyl radicals (∙OH) are formed during the common aerobic metabolism. ROS are manufactured in changed cellular components, for example, cell walls, plasma membranes, chloroplasts, mitochondria, and peroxisomes (Dat et al., 2000). Mainly, these oxygen species are extremely reactive, resulting in protein lipids, DNA damage and eventually cell death (Foyer and Noctor, 2005). The concentration of reactive oxygen species formation is determined by the interaction between ROS production and scavenging capacity of ROS. Abiotic stress causes excess production of reactive oxygen species. The excessive production of ROS leads to oxidative damage (Fridovich, 1986). To avoid oxidative damage, plants use non-enzymatic antioxidants like ascorbic acid (AsA) and glutathione (GSH), as well as enzymatic antioxidants such as superoxide dismutase, catalase, ascorbate peroxidase (APX) and glutathione reductase (GR) to remove ROS (Noctor and Foyer, 1998).


Glutathione

Antioxidants are a key factor in protecting plants against oxidative damage initiated by abiotic stress. Among other non-enzymatic antioxidants glutathione (GSH; c-glutamyl-cysteinyl-glycine) is a low molecular weight, water soluble thiol compound widely used in most plant tissues. In addition to its role in reducing the storage and transport of sulfur, GSH is directly or indirectly involved in the detoxification of ROS (Foyer and Noctor, 2005). Along with detoxification of ROS, GSH is also involved in the detoxification of methylglyoxal (MG) (Hasanuzzaman et al., 2017a,b). It works as a cofactor for different biochemical reactions, interacting with hormones, signaling molecules and its redox state elicits signal transduction (Foyer and Noctor, 2005). One more major function of GSH is the formation of phytochelatines (PCs), which bind heavy metals for harmless transport and repossession in vacuoles (Sharma and Dietz, 2006). As a result, it plays a vibrant role in the detoxification of toxic metals, metalloids and xenobiotics (Srivalli and Khanna-Chopra, 2008). GSH contains several biochemical properties that enable it to aid plant growth and development in a range of settings, including normal growing conditions and stress. Thus it regulates cell proliferation, apoptosis, fibrogenesis, growth, development, cell cycle, gene expression, protein activity, and immunological functions (Shao et al., 2008; Nahar et al., 2015). Glutathione S transferase is second phase enzyme in detoxification. To study the stress response of Glutathione S- transfrase (GST) at the level of transcription in plants, a complete study of the culture of the Arabidopsis cell suspension was conducted. The analysis indicates that early changes induced by stress in gene expression led to functional redundancy and precise GST involvement in protection against oxidative stress (Sappl et al., 2009).

In another study, the chloroplast antioxidant defense system showed improvement due to increased gene expression of DHAR (Dehydroascorbate reductase) and GST enzymes (Le Martret et al., 2011). Moreover, the molecular docking of SlGSTU5, a member of GST for tomato and one of the ligands, indicates that SlGST activity can enhance crop improvement and stress resistance by using a defense agent (Islam et al., 2017).



Tocopherols

It is also called vitamin E and it is liposoluble antioxidants that bind to membranes and are therefore not only worthy scavengers for oxides but also for lipid peroxides (Blokhina et al., 2003). Tocopherols consist of four isomers such as α, β, γ and δ. Among these α-tocopherol has the primary antioxidant aptitude. Tocopherols are produced by plants and confined in chloroplasts. Their shielding effects have been studied and confirmed under the influence of stress such as drought, salinity, or heavy metals (Gill and Tuteja, 2010).

Tocopherol accumulation differs significantly among plant species and sections. Tocopherols have several roles in plant development and physiological processes, many of which have an impact on yield. Tocopherols are essential for abiotic stress tolerance (e.g., salinity, drought, metal toxicity, ozone, UV radiation). According to several studies, stress-tolerant plants have higher levels of tocopherol, whereas sensitive plants have lower levels, resulting in oxidative damage. Tocopherols capacity to scavenge or quench lipid peroxides, oxygen radicals, or singlet oxygen, resulting in ROS detoxification, is the most significant role of tocopherols in alleviating abiotic stress-induced damage. Mutant and transgenic techniques that result in the loss or increase of function of tocopherol pathway genes likely to shed light on the compound’s role in plants (Waqas et al., 2019; Zandi and Schnug, 2022). ROS are produced in response to various abiotic stimuli including dryness, salt, low temperature, and heavy metals, which harm membrane-containing organelles. To deal with ROS, tocopherols (a lipid-soluble molecule) quenches and detoxifies these ROS radicles. Although the biosynthetic enzymes for tocopherols have been cloned and researched extensively, our understanding of the whole regulation of this process in plants under environmental conditions is still lacking (Yang et al., 2021).

Novel insights into the control and introgression of the tocopherol processes in plants were gained from research in biosynthetic mutants and metabolic engineering of tocopherol pathways. Attempts to increase total tocopherol levels by genetic modification, on the other hand, have mostly failed. The reason is that tocopherol levels grow several times more under abiotic stressors than in untreated Arabidopsis leaves. This suggests that the potential for high tocopherol levels significantly surpasses what has been genetically produced so far (Ali et al., 2022).



Ascorbic Acid

It is also called vitamin C. It is a small water-soluble and it is regenerative by nature thus it is highly effective antioxidant molecule (Noctor and Foyer, 1998). It can be used as a major substrate in the cyclic pathway for the enzymatic detoxification of many reactive oxygen species (ROS), like H2O2 and many other plants that are harmful to normal functions of plant’s metabolism. In addition, it acts directly on neutralizing superoxide radicals (O2∙-), singlet oxygen (O∙−) or hydroxyl radicals (OH∙−). This antioxidant activity of ascorbic acid is associated with oxidative stress and long life of the plant. In addition, it has recently been suggested that endogenous levels of ascorbic acid are important in the regulation of developmental senescence and the defense of plants against pests (Khan et al., 2011). Numerous studies have reported regulation of metabolism of antioxidant defense by ascorbic acid in many plants that were grown under stress factors. Such as canola (Bybordi, 2012), Abelmoschus esculentus (Raza et al., 2013) and Hordeum vulgare (Agami, 2014) under extreme saline condition as well as Brassica napus in drought condition (Shafiq et al., 2014) and wheat plant under lead toxicity (Alamri et al., 2018). Association of ascorbic acid has been reported in stimulation of various antioxidant enzymes. Among oxidative ezymes ascorbate peroxidase and enzymes that contain heme are acknowledged to convert H2O2 into molecular oxygen and water by using ascorbic acid (Akram et al., 2017).



Phenols

Among different plant metabolites, plant phenolics are of primary importance as they are associated with resistance against parasites, pathogens and predators as well as ultraviolet radiation. They are the basic component of human diet as they are ubiquitous in plant organs (Michalak, 2006). Phenols and polyphenols consist of secondary metabolites with dissimilar functions, for example flavonoids, which are rich in leaves and reproductive organs of the plant, primarily in vacuoles and apoplast. Because of their phenolic OH groups, it is more effective in vitro than ascorbic acid and tocopherol (Sakihama et al., 2002). Hence, it is not astonishing that plants with a high content of flavonoids have a higher antioxidant capability (Bolda et al., 2011). They can be proton donors or electron donors. They can therefore not only participate in the quenching process of hydrogen peroxide, but also as metal chelators (Gill and Tuteja, 2010). Due to scavenging activity of the phenols they are oxidized to phenoxy radical. This redevelopment could be by enzymatic or non-enzymatic reaction (Sakihama et al., 2002). Abiotic stressors would cause increased synthesis of flavonoids in plants, supporting the defensive effects of phenolic compounds (Michalak, 2006; Table 1).


TABLE 1. Stress induced gene regulation and expression of secondary metabolites.
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ROLE OF PLANT ENZYMES IN MAINTAINING STRESS TOLERANCE


Superoxide Dismutase

Among enzymatic oxidants super oxide dismutase (SOD) is the first action of defense against ROS enhanced by biotic stress and its reaction products (Alscher et al., 2002; Gill and Tuteja, 2010). SOD is found in many isoforms and these isoforms are classified into three groups accordingly to their active site metal, i.e., FeSOD, Cu/ZnSOD and MnSOD. These are found in specific cell compartments to be exact MnSOD is in the mitochondrial matrix, cell wall and peroxisomes, FeSOD found in plastids, whereas Cu/Zn SOD is localized in cytosol, plastids, peroxisomes and perhaps extracellular space (Kumari et al., 2015). As a leading constituent of the intracellular defense mechanism of plants, SOD is the main enzymatic element of the cellular defense system and resists the enhanced ROS produced by abiotic stress. SOD is abundant in aerobic organisms and acts as catalyst in the dismutation of superoxide into molecular hydrogen peroxide (H2O2) and oxygen. Under regular situations, peroxidase enzyme and catalase effectively scavenged the resulting H2O2 (Badawi et al., 2004). In many studies, it has been observed that greater the SOD activity, greater the probability of ROS removal. The up regulation of SOD involves the fight against the overproduction of ROS due to abiotic or biotic stress and is essential for the survival of plants under stressful conditions.

Noteworthy increases in total SOD activity on leaves and some additional SOD isoforms have been reported in several plant species that are subject to various types of abiotic stress in various crops such as tomato, Arabidopsis, mulberry (Harinasut et al., 2003), Hordeum vulgare (Guo et al., 2004), mustard (Li, 2007; Mobin and Khan, 2007), citrus, Vigna mungo, etc. The surplus of SOD transcripts has been detected in reaction to numerous abiotic and biotic stresses to distinguish oxidative stress, which plays an important role in stress tolerance.

Transgenic plants that over express various isoforms of SOD increase the improved tolerance to oxidative stress and other ecological stresses. These results have been published in many crops, comprising alfalfa, Arabidopsis, potato, rice, tobacco and poplar (Van Camp et al., 1994). Numerous reports have been published on the progress of stress tolerant plants with improved expression of different SODs, i.e., over-expressed Mn-SOD in transgenic Arabidopsis (Wang et al., 2004) and tomato (Wang et al., 2007) shown superior salt tolerance, and Cu/Zn-SOD in tobacco expression has shown tolerance to multiple stresses (Figure 6).
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FIGURE 6. Structural classification of catalase (A) and superoxide dismutase (B) enzymes.




Catalase

Catalase is an enzyme that contains tetrameric heme, present in peroxisomes and related organelles, in which H2O2 converts to H2O and O2, which play an important role in antioxidant defense (Garg and Manchanda, 2009). It is an effective ROS sensor and due to its highest reaction rate it can detoxify ROS generated by environmental stresses (Gill and Tuteja, 2010). It’s found in all of the primary H2O2 producing sites in higher plant’s cells (such peroxisomes, mitochondria, cytosol, and chloroplast). Catalase isozymes come in a variety of molecular forms, indicating its diverse involvement in the plant system. The regulation of H2O2 by catalase isozymes inside certain cells or organelles at various times and developmental phases interferes with signal transmission in plants, either directly or indirectly. The expression of the cat gene is affected by time, species, and stress. Increased CAT activity appears to be connected to the control of gene expression (Boguszewska and Zagdańska, 2012; Anjum et al., 2022).




APTITUDE OF PHYTOHORMONES IN STRESS TOLERANCE

Phytohormones are low-concentration regulatory chemicals that act as chemical messengers to govern a variety of physiological and developmental processes in plants. They also control internal and external stimuli and play important roles in signal transduction pathways during the stress response (Raza et al., 2019; Sarkar and Sadhukhan, 2022). Auxins (IAAs), cytokinins (CKs), abscisic acid (ABA), gibberellins (GAs), and ethylene are the five major categories of phytohormones (ET). New families of phytohormones include salicylates (SAs), jasmonates (JAs), brassinosteroids (BRs), strigolactones (SLs), polyamines, and certain peptides (Pons, 2020).

Hormones operate as a signaling network in plants, regulating a variety of processes. Crosstalk is the term for the interactions between hormone signal transduction cascades (Mishra et al., 2022; Sarkar and Sadhukhan, 2022). Phytohormones interact via causing a phosphorylation cascade or a shared second messenger to be activated. Furthermore, various phytohormones, including as JA, SA, and ABA, interact to establish a defense network against environmental challenges (Kumudini et al., 2018). Understanding the interactions between phytohormones and defense signaling pathways might lead to the discovery of novel targets for establishing host resistance mechanisms (Kumudini et al., 2018; Nunes da Silva et al., 2022; Table 2).


TABLE 2. Role of phytohormones in normal physiological functioning, metabolism and to help plant overcome stresses.
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Abscisic Acid

Abscisic acid (ABA), also known as stress hormone, is involved in the abscission of plant leaves as well as the tolerance of abiotic stimuli (Wani et al., 2016; Kuromori et al., 2022). Seed dormancy, embryo morphogenesis, stomatal opening, cell turgor maintenance, and lipid and storage protein production are only a few of the plant developmental and physiological processes where ABA plays a key role (Anik et al., 2012; Wani et al., 2016; Kumudini and Patil, 2019). ABA affects the expression of genes that code for proteins. Plants can survive in harsh environments (Guimaraes and Jueneman, 2008; Negin and Moshelion, 2016) and water shortages (Atkinson and Urwin, 2012) because of ABA. Under nitrogen shortage (Radin and Mauney, 1986; Délano-Frier et al., 2011; Li S. et al., 2020) and drought stress (Soma et al., 2021), ABA is also crucial for root development and architectural alterations. Dehydrins, osmoprotectants, and protective proteins are all biosynthesized with ABA (Fernando and Schroeder, 2016; Hossain et al., 2022).



Auxins

One tryptophan-independent and four tryptophan-dependent routes for auxin (IAA) production in plants have been discovered so far (Im Kim et al., 2013; Gruet et al., 2022). IAA is involved in plant growth and development, as well as controlling growth in response to stress (Casanova-Sáez et al., 2021; Kou et al., 2022; Mishra et al., 2022). IAA is important for plant tolerance to salt (Quamruzzaman et al., 2021) and heavy metal stress (Mathur et al., 2022). Auxins also cause the transcription of the major auxin response genes, which have been discovered in rice, Arabidopsis, and soybean (Ahmad et al., 2010). Auxin also controls the interaction of biotic and abiotic stressors (Mathur et al., 2022).



Salicylic Acid

Salicylic acid (SA), a phenolic compound, regulates the expression of pathogenesis-related proteins (Feng et al., 2020). SA affects plant growth and development, as well as biotic and abiotic stress responses (Hasanuzzaman et al., 2017a,b). SA biosynthesis involves both the major isochorismate (IC) and phenylalanine ammonialyase (PAL) pathways. Low levels of SA increase plant antioxidant capacity (Lefevere et al., 2020). On the other hand, high SA levels have the ability to destroy cells (Verbruggen and Hermans, 2008). The SA contains chaperones, antioxidants, heat shock proteins, and genes involved in secondary metabolite production, such as cinnamyl alcohol dehydrogenase, sinapyl alcohol dehydrogenase, and cytochrome P450 (Verbruggen and Hermans, 2008; Ahmad et al., 2019). Drought responses may be controlled by combining SA and ABA (Gupta et al., 2017; Guo et al., 2021). The SA mechanism in abiotic stress tolerance, on the other hand, is mostly unexplored and requires further study.



Cytokinins

Plant growth and development is regulated by cytokinins (CKs) (Li et al., 2021). Abiotic stressors, such as salinity and drought, are also a part of their repertoire. They’re also crucial for crop attributes like yield and stress tolerance (He et al., 2018). CKs are likewise abscisic acid antagonists and help seeds come out of dormancy. Reduced CK enhances apical dominance, which aids in drought stress tolerance (Wani et al., 2016).



Jasmonates

Jasmonates (JAs) are multifunctional phytohormones that arise from the metabolism of membrane fatty acids and are found in a variety of plant species (Singh et al., 2021). Fruiting, blooming, senescence, and secondary metabolism are all processes in which JAs play an important role (Arnao and Hernández-Ruiz, 2020). Salinity, drought, irradiation, and low temperature are all biotic and abiotic stress responses that JAs are engaged in Wang et al. (2021). Exogenous methyl jasmonate (MeJA) concentrations reduce salinity stress symptoms (Taheri et al., 2020). Under salt stress, endogenous levels of JA are also elevated in roots (Ryu and Cho, 2015). Heavy metal stress is also reduced by JA levels because it activates the antioxidant machinery (Jan et al., 2019). MeJA accumulates phytochelatins, which confers resistance to Cu and Cd toxicity (Pál et al., 2018; Romero-Puertas et al., 2019).



Ethylene

Ethylene (ET) is a gaseous phytohormone that regulates plant growth and development, such as flower senescence, fruit ripening, and petal and leaf abscission, as well as stress responses (Kolbert et al., 2019; Kućko et al., 2022). Sadenosyllmethionine and the cyclic amino acid ACC are used to start ethylene production from methionine. Sadenosyllmethionine is converted to ACC by ACC synthase, whereas ACC oxidase catalyzes the conversion of ACC to ET by ACC oxidase. Endogenous ethylene levels in plants are affected by a variety of abiotic stressors. Stress tolerance is improved when ET levels are higher (Jha et al., 2021; Li et al., 2022). Ethylene, in combination with other hormones such as jasmonates and salicylic acid, regulates plant defense against biotic stress factors (Kumari and Singh, 2022). Plant growth and development may be regulated by a combination of ethylene and abscisic acid (Schaller, 2012; Iqbal et al., 2022).



Gibberellins

Gibberellins (GAs) are carboxylic acids that have the potential to control plant growth and development (Fàbregas and Fernie, 2022). Leaf expansion, seed germination, stem elongation, flower development, and trichome initiation are all favorably regulated by them (Tamhane et al., 2012). They’re also significant in abiotic stress tolerance, such as osmotic stress (Mujtaba et al., 2021). GAs have the potential to interact with other hormones and influence a variety of developmental processes (Xie et al., 2019; Fenn and Giovannoni, 2021). Both negative and positive regulatory roles may be involved in these interactions (Castorina and Consonni, 2020; Li J. et al., 2020).



Brassinosteroids

Brassinosteroids (BRs) are polyhydroxy steroidal phytohormones that govern root and stem growth, as well as flower initiation and development in plants (Basit et al., 2021; Manghwar et al., 2022). Brassica napus was the source of the first BRs. The most bioactive BRs often employed in physiological research are brassinolide, 24-epibrassinolide, and 28-homobrassinolide (Brosa, 2020). Pollen, fruits, vascular cambium, seeds, leaves, roots, and shoots all contain these (Ali, 2019). Chilling, high temperatures, soil salinity, drought, light, floods, and organic contaminants are all examples of abiotic stress responses that BRs play a part in Wani et al. (2016), Bhuyan et al. (2020), Hossain et al. (2022).



Strigolactones

Strigolactones (SLs) are carotenoid-derived chemicals that are generated in tiny amounts in roots or manufactured by a variety of plant species (Bhoi et al., 2021). Root architecture and development are influenced by SLs (Marquez-Garcia et al., 2014; Jiu et al., 2022). They can be employed to stimulate parasitic plant seed germination by promoting nodulation during interaction activities (Kapulnik and Koltai, 2014). In addition, SLs have a role in biotic and abiotic reactions (Aliche et al., 2020; Rehman et al., 2021; Brewer, 2022).




CROSSTALK BETWEEN DIFFERENT METABOLIC PATHWAYS OF PLANT DEFENSE SYSTEM


Battle of Metabolites of Lipoxygenase Pathway Hormones Against Stress

In the lipoxygenase pathway lipoxygenase was described as an enzyme that oxidizes fatty acids in 1932, but the molecular and functional characterization of these enzymes began in the mid-1990s when jasmonic acid (JA) was one of the basic products of the LOX pathway, has been discovered and studied in the regulation of plant physical and biochemical processes related to stress tolerance (Bajguz and Hayat, 2009; Suardiaz et al., 2016). Lipoxygenase family of the plants catalyzes the regio- and stereospecific adding of molecular oxygen into 1,4-cis, cis-pentadiene remains of linoleic acid, linolenic acid and alpha-linolenic acid (Heshof, 2015). The hydroperoxide product obtained by this process contains a conjugated cis-trans complex which is produced by migration of a double bond during the catalytic cycle. The oxidation of linoleic acid is the first part of the branched enzyme cascade, which results in the production of biologically active compounds, oxylipins (Schaich, 2013). They are involved in the response of plant organisms to abiotic and biotic stress effects, the regulation of senescence and aging and apoptosis. The substrate of lipoxygenase is a free polyunsaturated fatty acid whose content increases after stress (Babenko et al., 2017). Among the components involved in the formation of adaptive responses, compounds in the Lipoxygenase pathway (LOX pathway) oxidized by polyunsaturated fatty acids (PUFAs) play an important role in the main features of the signaling system: perception, conversion and improvement of the signal and expression (La Camera et al., 2004). Metabolites of the LOX pathway of defense genes, i.e., oxylipins interact with other signaling pathways in plant cells, including the signaling pathways of Phytohormones, gibberellin, ethylene, abscisic acid (ABA) and salicylic acid (SA) (Zhang et al., 2016).

Many studies have revealed that LOX activity upsurges with mechanical injury, ozone effects, hyperthermia, inducers, or elicitors, etc. LOX metabolism is enhanced by the activation of transcription of genes encoding various enzymes. There is adequate information to undertake that the lipoxygenase pathway of transformation of membranous lipids is a pathway which has independent signaling (Rouzer and Marnett, 2011). Like other signaling systems, the major interaction between signaling signals and plasma membrane receptors activates membrane-bound proteins that provide signaling along the signaling pathway. The signal of the lipoxygenase circuit is enhanced by an autocatalytic cycle including calmodulin ions and calcium (Parekh, 2008). The hydroperoxides produced in the plasma membrane (Plasmolemma) from linoleate and linolenat transport calcium ions (Ca2+) from the outside to the inside of the cell (Blokhina et al., 2003). Rise in the concentration of cytosolic calcium ions results in the activation of phospholipase A and the release of polyamine fatty acids (PUFA) from the phospholipid (Kacperska, 2004). In general, LOX, a key enzyme in the cascade, regulates LOX gene expression through cascade end products. Intermediate and final LOX metabolism products can activate protein kinases, send signals, and transduce them (Barenstrauch, 2018). Oxylipins induces the formation of proteins and enzymes as well as plant antibiotics involved in detoxification in the presence of pathogens. The oxylipins family contains jasmonic acid and its direct precursor, 12-oxo-plant dienoic acid (OPDA), formed enzymatically and subjected to various stresses, including wounds and pathogens (Grun et al., 2007). Although the molecular mechanisms of oxylipins gene activation have not been well studied, available data indicate that these compounds can express protein genes involved in the formation of stress tolerance in plants (Barenstrauch, 2018; Figure 7).
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FIGURE 7. How defense mechanism activates in plants in response to abiotic and biotic stress.


These both prompt the synthesis of protease inhibitors and participate in the release and accumulation of alkaloids, providing selective inhibition of polypeptide synthesis. The synthetic jasmonic acid (JA), which produces the formation of reactive oxygen species and stimulates certain protective compounds associated with pathogenesis, induces resistance to plant diseases. JA has been shown to be involved in signaling the surface of infected cells to the nucleus and between cells, which has promoted the expression of protective genes. Wherever it’s the situation of stress Jasmonic acid reaction or response is controlled by JASMONATE-ZIM-DOMAIN (JAZ) repressor, which is a set of protein. These repressors act together with F box protein CI1 which is a fundamental part of skp-Cullin-F box complex involved in co-reception of biologically active Jasmonic acid (JA-Ile) (Yang et al., 2007; Chung et al., 2008). When plants are mechanically damaged, abscisic acid (ABA) also appears to have a positive effect on LOX activity. Exogenous ABA has been shown to stimulate lipoxygenase activity, activate peroxide oxidation of membrane lipids, and contribute to tolerance when rice leaves are injured. A positive correlation between ABA concentration and LOX transcript content is revealed in water-stressed plants. Mechanical injuries cause LOX activity and ABA and JA levels increase (Hassanein et al., 2009). Generally, salicylic acid is responsible for local and systemic defense response for biotrophic pathogens as well as systemic acquired resistance (SAR), While ethylene and jasmonic acid mediate responses to necrotrophs (Durrant and Dong, 2004; Glazebrook, 2005). Salicylic acid, jasmonic acid and ethylene also crosstalk antagonistically or synergistically with eachother among pathways (Spoel et al., 2007). The initial actions of plant adaptation to environmental stress are stress signal detection and consequent signal transduction by ABA-dependent or ABA-independent pathways leading to the activation of several physiological and metabolic responses. ABA phytohormone is a central regulator of abiotic stress, particularly plant resistance to drought, and coordinates complex genetic regulatory networks to allow plants to cope with reduced water use (Cutler et al., 2010). ABA-dependent signaling systems have been described as pathways involved in stress adaptation by inducing at least two distinct regulons (a set of genes controlled by a definite TF). One of which is AREB/ABF (ABA responsive element binding protein/ABA binding factor) and second one is MYC (myeloid cell oncogene)/MYB (oncogenic myeloblastosis) regulon (Shinozaki and Yamaguchi-Shinozaki, 2000). Salicylic acid is an early signaling molecule in the temperature-stress response. This is important for a variety of reasons. Salicylic acid plays a fundamental role in the systemic acquired resistance to pathogens such as bacteria, fungi, and viruses (Schmelz et al., 2003), and the increase in salicylic acid levels is positively correlated with the level of resistance to pathogens in plants. It has been demonstrated that exogenous application of salicylic acid or acetylsalicylate improves tolerance against heat (Heil and Bostock, 2002).

In addition, many biologically active oxylipins are formed non-enzymatically by the action of reactive oxygen species (ROS), which also accumulate in response to infection by a pathogen, heavy metals, and other stress (Farmer and Davoine, 2007). It is increasingly evident that non-enzymatically formed oxylipins, including hydroxylated fatty acids and phytoprostans, have also been shown to activate the expression of stress response genes, thus enhancing protection against subsequent oxidative stress (Sattler et al., 2006). Physiologically active oxylipins which are called traumatic acid and traumatin are also capable of inducing division of cells and callus formation on impaired or damaged sites (Sattler et al., 2014). Another stress tolerant hormone is brassinosteroids which are plant specific phytohormones and they are very significant because of their multipurpose roles in plants. Many studies have been reported on the capability of brassinosteroids for improving stress tolerance (Wani et al., 2016). But their principal mechanisms of action are still mysterious. This may be due to the integration of brassinosteroid indications into many other signal networks related to stress moderation (Divi et al., 2016).



Role of PR Proteins in Attaining Stress Tolerance

In reaction to attacking pathogens or stress, the creation and accretion of pathogenic proteins in plants is so essential. Phytoalexins are primarily manufactured by healthy cells nearby to locally injured and necrotic cells, but pathogen related proteins (PR proteins) mount up locally in damaged and surrounding tissues as well as in remote non-infected tissues (Heil and Bostock, 2002). In uninfected parts of the plant the production of PR proteins of the plant prevents additional infection of the affected plants. The PR protein in plants has been discovered and reported for the first time in plants of tobacco which are infected with tobacco mosaic virus. These PR proteins were found in many other plants after that (Yalpani et al., 1991). Most of the PR proteins found in plants are soluble in acid, have low molecular weight and are protease resistant. Based on isoelectric point PR proteins could be acidic or basic proteins, but they are similar in function (Ebrahim et al., 2011). Presently, PR proteins are classified into 17 families according to their nature and function, comprising β-1,3-glucanase, chitinase, thaumain-like protein, peroxidases and ribosome interacting proteins, defenses, thionins, non-specific lipid transfer proteins, oxalate oxidase and oxalate oxidase proteins. Among these PR proteins, chitinase and β-1,3-glucanase are two important hydrolases, which are found abundantly in numerous plant species after being infected with different kinds of pathogens (Van Loon et al., 2006).

Several pathogens pass this first defense obstacle, and they must have another means of defense against these pathogens. Likewise, defense mechanism is constituted by pathogen-induced defense reactions, which include allergic reactions followed by reactive oxygen species, cross-linking of cell wall, production of antibiotic molecules such as phytoalexins and ultimately the construction of PR proteins (Van Baarlen et al., 2007). Among them, the PR protein, which is a key component of SAR, which is a inducible immune response of the plant that prevents further infection of the uninfected portion of the host. The term “PR protein” refers to a collection of different proteins induced by phytopathogenic agents as well as signaling molecules related to defense. Activation of the defense signaling pathway occurs after pathogen challenge, namely salicylic acid and jasmonic acid, which leads to PR protein accumulation (Xu et al., 1994). This minimizes pathogen capacity or disease attack in uninfected plant organs. There are two kinds of pathogens, biological and dead nutrients, the first to activate the salicylic acid pathway, which excites the transcription of NPR1 (a non-gene 1 expression associated with the pathogen), which leads to activation and accumulation. The salicylic acid signature genes (PR1, PR2, and PR5) locally and systemically generate systemic acquired resistance (SAR). The second dead tropical pathogen stimulates the jasmonic acid pathway to induce activation of jasmonic acid signature genes (PR3, PR4, and PR12) and causes to local accretion of its products, thus providing only locally acquired resistance (LAR) (Gruner et al., 2013).

SAR offers increased resistance to variety of pathogens (Fu and Dong, 2013). In addition, PR proteins are broadly disseminated in plant domains and are found in all organs of the plant that are especially rich in leaves and form 5 to 10% of the total leaf protein (Van Loon et al., 1994). These proteins have been effectively separated from different types of the plant affiliated to various families (Takeda, 1991). Based on the biochemical characteristics, PR proteins vary greatly from one another. They are normally low molecular weight proteins of around 6 to 43 kDa, are thermostable, resistant to protease and stay soluble at low pH (Van Loon et al., 1994).

PR proteins categorized into two subgroups, an acid PR protein that is normally secreted in the extracellular space and a second subgroup is a simple PR protein that is usually transported in the vacuole by means of a signal sequence at the C-terminal end (Takeda, 1991). Proteins associated with pathogenesis store mainly in the apoplastic domain, but they are also vacuolar (Van Loon et al., 1994). Transcriptomic studies showed that the PR gene is strongly provoked by abiotic and biotic stresses, making it one of the best nominees for the development of various varieties of stress tolerant crops (Sreenivasulu et al., 2007; Atkinson and Urwin, 2012). There are two means of plant immunity: immunity triggered by a pathogen-associated molecular pattern and effector-triggered immunity (ETI). Pathogen-associated molecular models (PAMPs) typically consist of microbial or pathogenic structures, such as flagellin, lipopolysaccharide, and fungal cell wall constituents (chitin and dextran), referred to as plant recognition receptors (PRRs). Body recognition also activates PTI (pattern triggered immunity) (Zipfel and Felix, 2005). Contrarily, microbial pathogens secrete effector proteins, recognized by a specific set of resistance proteins (R), that arouse the activation of induced defense responses, named ETIs (Effector triggered immunity) (Dangl and Jones, 2001).

These effector proteins are main components of the virulence of fungal pathogens for plants and are mostly important in the biological nutrition stage of infection (Sonah et al., 2016). Though, the importance of PR proteins in plant-pathogen communications has been extensively recognized and an increasing number of established pathogenic effector proteins intermingle directly with PR proteins during infection (Breen et al., 2017). The complication and effectiveness of plant defense systems against pathogen attacks differ among plant species (Jones and Dangl, 2006).

There are some PR proteins which are alleged antimicrobial peptides. Those are cysteine rich molecules that have antimicrobial activity. AMP is abundant in nature and is a significant element of host defense contrary to various and pests and microbial pathogens, from microorganisms to dissimilar biological forms of plants (Lemaitre and Hoffmann, 2007; Figure 8).
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FIGURE 8. Effect of abiotic stress on plant’s normal physiological functions, activation of phytohormones and response of plant to stress: Story of stress tolerance in plants.




An Overview of Some Vital Metabolites Associated With Plant Stress Tolerance

Based on existing information and knowledge of signaling pathways of stress, any universal trail for abiotic stress can be separated into the succeeding main stages: such as signal perception leading to signal transduction then expression of stress response genes, and activation physiological and metabolic response. During this procedure, firstly plant cells perceive stress stimuli through receptors or sensors present in the cell wall or cell membrane.

The apprehended extracellular signs are then transformed into intracellular signals by a second messenger, comprising calcium ions (Ca+2), inositol triphosphate (IP3), reactive oxygen species (ROS), cyclic nucleotides, i.e., cAMP and GMP, sugars and nitric oxide.

The corresponding signaling pathway initiate by second messenger to transduce the signal (Bhargava and Sawant, 2013). Phosphorylation is mediated by protein kinases and dephosphorylation is mediated by phosphatases in most of the pathways of signal transduction. Many different kinds of metabolites such as all compatible solutes especially glycine betaine and proline, antioxidants both enzymatic and non-enzymatic (for example glutathione, tocopherol, ascorbic acid, phenol, superoxide dismutase), polyamines (putrescine, spermidine, spermine), lipoxygenases including oxylipins, jasmonic acid, abscisic acid, methyl jasmonate, salicylic acid, ethylene, brassinosteroids, traumatin get activated in response to enhanced production of ROS work together by cross linking each other to overcome stress caused by biotic and abiotic factors. PR proteins come in action in case of pathogenic attack ad these are stimulated by hormones such as jasmonic acid and salicylic acid.

This eventually activates SAR (systemic acquired resistance) and results in provoking immunity in plants. Ashraf and Foolad (2007), Takahashi and Kakehi (2010), Peleg and Blumwald (2011), Huang et al. (2012), Puranik et al. (2012) and a cascade of regulatory mechanism starts; resulting which transcription factors (TF) get triggered. In addition, they muddle specifically to cis elements in the promoter of stress-sensitive genes and regulate their transcription (Dhanush et al., 2015). At the same time, the transcription factors themselves are up regulated by other upstream components at the transcriptional level and various post-transcriptional modifications like ubiquitination and sumolylation form a complex network of regulators to regulate the expression of the stress response genes which in turn determines stimulation of physiological and metabolic reactions (Mizoi and Yamaguchi-Shinozaki, 2013).

Phytoalexins and PR proteins are produced specially in case of biotic stress such as pathogen attack which leads to SAR (systemic acquired response) pathway and ultimately activation of transcription factors and thus stress tolerance occurs by expression of stress response genes. All the above components, from the most important downstream functional gene receptors, are a versatile pathway for stress signaling in plants (Table 3).


TABLE 3. Enhancement of secondary metabolites under stress to cope with stressed conditions in plants.
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MOLECULAR PROSPECTS OF ROLE OF METABOLITES IN PLANT STRESS TOLERANCE

Adverse conditions in the natural world are always a result of a mix of stressors which include water limitation, high temperature or irradiation and high osmolality etc. This is why determining which stress component is responsible for eliciting a certain physiological response is usually challenging. Researchers have historically subjected plants to a single stress factor under carefully controlled settings while keeping the rest of the parameters at optimal values, therefore, ignoring their impact to physiological responses (Chaves et al., 2009). Plants physiological responses to environmental signals include changes not just in transcription but also in post-translational protein modifications and metabolite alteration and/or accumulation, all of which contribute to a specific physiological response or phenotype (Verslues et al., 2006; Sami et al., 2018). Stress physiological responses in plants are geared toward stress tolerance, sensitivity, or avoidance (Cattivelli et al., 2008; Baldoni, 2022). A unique gene expression profile determines the actual metabolite composition of certain plant species. Precursors and intermediates are funneled into a bioactive molecule when a metabolic pathway is triggered, such as an antioxidant, a signaling agent, a cell structure biosynthesis step, or even a storage component. Other chemicals (signaling molecules like plant hormones) or intermediates that can feedback activate or inactivate other metabolic pathways can control the synthesis of these compounds (Kerchev et al., 2012; Wishart, 2019).

It is difficult to find molecular features that differ in response to stressors. Metabolic profiling might be used to describe molecular attributes involved in stress response, which would be useful for breeding efforts (Bueno and Lopes, 2020). Certainly, metabolomics is a useful tool for finding biological or physiological reactions to environmental changes, especially when used in conjunction with other ‘omics’ methods like transcriptomics and proteomics (Amiour et al., 2012; Carrera et al., 2021). In plants under abiotic stress, metabolomics is utilized to detect and/or quantify main and secondary stress-responsive compounds (Isah, 2019). To study metabolic reprogramming in plants under abiotic stress, two primary techniques, i.e., non-targeted and targeted are utilized (Mishra et al., 2015; Mashabela et al., 2022). Non-targeted metabolomics give a broad picture of the most abundant metabolites in plants under a variety of stress conditions. Under varied environmental conditions, targeted metabolomics identify, assess, and analyze known compounds in plants (Van Meulebroek et al., 2016; Feng et al., 2022).



CONCLUSION

Over the past few years, the understanding of the importance of metabolic adjustment in plants under adverse environmental conditions has improved dramatically. Stress tolerance in plants through natural means is a very complicated process which involves networking among multiple metabolites of various metabolic pathways. The analysis of metabolic adjustment and transgenic methods for plants with altered levels of tolerance of the stress provides important additional evidence to improve understanding of the role of unalike metabolites involved in adapting to challenging situations. Major metabolites involved in battling against environmental stresses are glutathione, tocopherol, ascorbic acid, phenolics, superoxide dismutase, glycine betaine, proline, putrescine, spermidine, spermine, oxylipins and its derivatives such as jasmonic acid, methyl jasmonate and other hormones like salicylic acid, brassinosteroids, ethylene, the involvement of traumatin also cannot be denied in this regard. PR proteins also play important role on combating biotic stresses. The review focuses on the regulatory mechanisms of vital metabolites associated with plant resistance under adverse conditions. It also explores the cross-talk between different metabolic pathways which are mainly regulated due to stress-induced changes in plant defense system.



FUTURE PROSPECTIVE

Despite these important advances, a number of problems still need to be resolved, such as, the developmental stage of plant and cellular metabolism during development directly associated with plant stress response during unfavorable conditions. Hence, it would be remarkable to examine how different developmental phases of plants affect the metabolic regulation under stress conditions. Non-etheless, it is also necessary to dissect stress response mechanisms by identifying the main regulatory factors associated with stress tolerance in stress-resistant genetically engineered plants.



AUTHOR CONTRIBUTIONS

AH, BM, SN, SI, and MK: conceptualization. DC, BM, MS, and GD: methodology. GD and MK: software. AH: validation. BM: formal analysis. AH, AA, BM, SN, SI, and MK: investigation. DC, MS, and GD: resources. MR, MA, AE-S, HE, and EM: data curation. BM, AH, SN, MK, and SI: writing—original draft preparation. DC, MS, GD, MR, MA, AA, AE-S, HE, and EM: review and editing. SN and MK: supervision. AH, BM, SN, and MK: project administration. All authors have read and agreed to the published version of the manuscript, and publishing consent.



FUNDING

The authors appreciate the Long Dong Normal University Doctoral Science Foundation (Grant No. XYBYZK2108), for providing funds support for the publication of this review of literature.



ACKNOWLEDGMENTS

Special thanks are extended to two reviewers for providing critical comments and suggestions that have helped in improving the review article.



REFERENCES

Abass, S. M., and Mohamed, H. I. (2011). Alleviation of adverse effects of drought stress on common bean (Phaseolus vulgaris L.) by exogenous application of hydrogen peroxide. Bangladesh J. Bot. 40, 75–83. doi: 10.3329/bjb.v40i1.8001

Aertsen, A., and Michiels, C. W. (2004). Stress and how bacteria cope with death and survival. Crit. Rev. Microbiol. 30, 263–273. doi: 10.1080/10408410490884757

Agami, R. A. (2014). Applications of ascorbic acid or proline increase resistance to salt stress in barley seedlings. Biol. Plant. 58, 341–347. doi: 10.1007/s10535-014-0392-y

Aggarwal, M., Sharma, S., Kaur, N., Pathania, D., Bhandhari, K., Kaushal, N., et al. (2011). Exogenous proline application reduces phytotoxic effects of selenium by minimising oxidative stress and improves growth in bean (Phaseolus vulgaris L.) seedlings. Biol. Trace Elem. Res. 140, 354–367. doi: 10.1007/s12011-010-8699-9

Ahmad, F., Singh, A., and Kamal, A. (2019). “Salicylic acid–mediated defense mechanisms to abiotic stress tolerance,” in Plant Signaling Molecules, eds M. I. R. Khan, P. S. Reddy, A. Ferrante, and N. A. Khan (Amsterdam: Elsevier).

Ahmad, P., Jaleel, C. A., Salem, M. A., Nabi, G., and Sharma, S. (2010). Roles of enzymatic and nonenzymatic antioxidants in plants during abiotic stress. Crit. Rev. Biotechnol. 30, 161–175. doi: 10.3109/07388550903524243

Ahmed, E., Arshad, M., Khan, M. Z., Amjad, M. S., Sadaf, H. M., Riaz, I., et al. (2017). Secondary metabolites and their multidimensional prospective in plant life. J. Pharmacogn. Phytochem. 6, 205–214.

Ahuja, I., de Vos, R. C., Bones, A. M., and Hall, R. D. (2010). Plant molecular stress responses face climate change. Trends Plant Sci. 15, 664–674. doi: 10.1016/j.tplants.2010.08.002

Ahuja, I., Rohloff, J., and Bones, A. M. (2011). “Defence mechanisms of Brassicaceae: implications for plant-insect interactions and potential for integrated pest management,” in Sustainable Agriculture, Vol. 2, eds E. Lichtfouse, M. Hamelin, M. Navarrete, and P. Debaeke (Dordrecht: Springer), 623–670. doi: 10.1007/978-94-007-0394-0_28

Aimon, S., Manzi, J., Schmidt, D., Larrosa, J. A. P., Bassereau, P., and Toombes, G. E. (2011). Functional reconstitution of a voltage-gated potassium channel in giant unilamellar vesicles. PLoS One 6:e25529. doi: 10.1371/journal.pone.0025529

Akram, N. A., Shafiq, F., and Ashraf, M. (2017). Ascorbic acid-a potential oxidant scavenger and its role in plant development and abiotic stress tolerance. Front. Plant Sci. 8:613. doi: 10.3389/fpls.2017.00613

Alamri, S. A. D., Siddiqui, M. H., Al-Khaishany, M. Y., Ali, H. M., Al-Amri, A., and AlRabiah, H. K. (2018). Exogenous application of salicylic acid improves tolerance of wheat plants to lead stress. Adv. Agric. Sci. 6, 25–35.

Alcázar, R., Altabella, T., Marco, F., Bortolotti, C., Reymond, M., Koncz, C., et al. (2010). Polyamines: molecules with regulatory functions in plant abiotic stress tolerance. Planta 231, 1237–1249. doi: 10.1007/s00425-010-1130-0

Alcázar, R., Marco, F., Cuevas, J. C., Patron, M., Ferrando, A., Carrasco, P., et al. (2006). Involvement of polyamines in plant response to abiotic stress. Biotechnol. Lett. 28, 1867–1876. doi: 10.1007/s10529-006-9179-3

Ali, B. (2019). “Brassinosteroids: the promising plant growth regulators in horticulture,” in Brassinosteroids: Plant Growth and Development, eds S. Hayat, M. Yusuf, R. Bhardwaj, and A. Bajguz (Singapore: Springer).

Ali, E., Hussain, S., Hussain, N., Kakar, K. U., Shah, J. M., Zaidi, S. H. R., et al. (2022). Tocopherol as plant protector: an overview of tocopherol biosynthesis enzymes and their role as antioxidant and signaling molecules. Acta Physiol. Plant. 44:20.

Ali, M., Afzal, S., Parveen, A., Kamran, M., Javed, M. R., Abbasi, G. H., et al. (2021). Silicon mediated improvement in the growth and ion homeostasis by decreasing Na+ uptake in maize (Zea mays L.) cultivars exposed to salinity stress. Plant Physiol. Biochem. 158, 208–218. doi: 10.1016/j.plaphy.2020.10.040

Aliche, E. B., Screpanti, C., De Mesmaeker, A., Munnik, T., and Bouwmeester, H. J. (2020). Science and application of strigolactones. New Phytol. 227, 1001–1011. doi: 10.1111/nph.16489

Alscher, R. G., Erturk, N., and Heath, L. S. (2002). Role of superoxide dismutases (SODs) in controlling oxidative stress in plants. J. Exp. Bot. 53, 1331–1341. doi: 10.1093/jexbot/53.372.1331

Amiour, N., Imbaud, S., Clément, G., Agier, N., Zivy, M., Valot, B., et al. (2012). The use of metabolomics integrated with transcriptomic and proteomic studies for identifying key steps involved in the control of nitrogen metabolism in crops such as maize. J. Exp. Bot. 63, 5017–5033. doi: 10.1093/jxb/ers186

Anik, S. I., Kabir, M. H., and Ray, S. (2012). “Climate change and food security,” in Elusive Progress: State of Food Security in Bangladesh, ed. R. Al Mahmud Titumir (Dhaka: Shrabon Prokashani).

Anjum, N. A., Gill, S. S., Corpas, F. J. Ortega-Villasante, C., Hernandez, L. E., Tuteja, N., et al. (2022). Editorial: recent insights into the double role of hydrogen peroxide in plants. Front. Plant Sci. 13:843274. doi: 10.3389/fpls.2022.843274

Annunziata, M. G., Ciarmiello, L. F., Woodrow, P., Dell’Aversana, E., and Carillo, P. (2019). Spatial and temporal profile of glycine betaine accumulation in plants under abiotic stresses. Front. Plant Sci. 10:230. doi: 10.3389/fpls.2019.00230

Arnao, M., and Hernández-Ruiz, J. (2020). Melatonin in flowering, fruit set and fruit ripening. Plant Reprod. 33, 77–87. doi: 10.1007/s00497-020-00388-8

Ashraf, M., and Foolad, M. (2007). Roles of glycine betaine and proline in improving plant abiotic stress resistance. Environ. Exp. Bot. 59, 206–216. doi: 10.1016/j.envexpbot.2005.12.006

Atkinson, N. J., and Urwin, P. E. (2012). The interaction of plant biotic and abiotic stresses: from genes to the field. J. Exp. Bot. 63, 3523–3543. doi: 10.1093/jxb/ers100

Babenko, L. M., Shcherbatiuk, M. M., Skaterna, T. D., and Kosakivska, I. V. (2017). Lipoxygenases and their metabolites in formation of plant stress tolerance. Ukr. Biochem. J. 89, 5–21. doi: 10.15407/ubj89.01.005

Badawi, G. H., Yamauchi, Y., Shimada, E., Sasaki, R., Kawano, N., Tanaka, K., et al. (2004). Enhanced tolerance to salt stress and water deficit by overexpressing superoxide dismutase in tobacco (Nicotiana tabacum) chloroplasts. Plant Sci. 166, 919–928. doi: 10.1016/j.plantsci.2003.12.007

Bajguz, A., and Hayat, S. (2009). Effects of brassinosteroids on the plant responses to environmental stresses. Plant Physiol. Biochem. 47, 1–8. doi: 10.1016/j.plaphy.2008.10.002

Baldoni, E. (2022). Improving drought tolerance: can comparative transcriptomics support strategic rice breeding? Plant Stress 3:100058. doi: 10.1016/j.stress.2022.100058

Ballhorn, D. J. (2011). Constraints of simultaneous resistance to a fungal pathogen and an insect herbivore in lima bean (Phaseolus lunatus L.). J. Chem. Ecol. 37, 141–144. doi: 10.1007/s10886-010-9905-0

Barenstrauch, M. (2018). Characterization of Oxylipin Signaling in the Chemical Interaction Between the Endophyte Paraconiothyrium variabile and the Phytopathogen Fusarium oxysporum. Doctoral dissertation. Paris: Museum National D’histoire Naturelle-MNHN.

Basit, F., Liu, J., An, J., Chen, M., He, C., Zhu, X., et al. (2021). Brassinosteroids as a multidimensional regulator of plant physiological and molecular responses under various environmental stresses. Environ. Sci. Pollut. Res. 28, 44768–44779. doi: 10.1007/s11356-021-15087-8

Begum, N., Qin, C., Ahanger, M. A., Raza, S., Khan, M. I., Ashraf, M., et al. (2019). Role of arbuscular mycorrhizal fungi in plant growth regulation: implications in abiotic stress tolerance. Front. Plant Sci. 10:1068. doi: 10.3389/fpls.2019.01068

Bhargava, S., and Sawant, K. (2013). Drought stress adaptation: metabolic adjustment and regulation of gene expression. Plant Breed. 132, 21–32. doi: 10.1111/pbr.12004

Bhoi, A., Yadu, B., Chandra, J., and Keshavkant, S. (2021). Contribution of strigolactone in plant physiology, hormonal interaction and abiotic stresses. Planta 254:28. doi: 10.1007/s00425-021-03678-1

Bhuyan, M., Hasanuzzaman, M., Parvin, K., Mohsin, S. M., Al Mahmud, J., Nahar, K., et al. (2020). Nitric oxide and hydrogen sulfide: two intimate collaborators regulating plant defense against abiotic stress. Plant Growth Regul. 90, 409–424. doi: 10.1007/s10725-020-00594-4

Bieniasz, P. D. (2004). Intrinsic immunity: a front-line defense against viral attack. Nat. Immunol. 5, 1109–1115. doi: 10.1038/ni1125

Bitrián, M., Zarza, X., Altabella, T., Tiburcio, A. F., and Alcázar, R. (2012). Polyamines under abiotic stress: metabolic crossroads and hormonal crosstalks in plants. Metabolites 2, 516–528. doi: 10.3390/metabo2030516

Blokhina, O., Virolainen, E., and Fagerstedt, K. V. (2003). Antioxidants, oxidative damage and oxygen deprivation stress: a review. Ann. Bot. 91, 179–194. doi: 10.1093/aob/mcf118

Boguszewska, D., and Zagdańska, B. (2012). “ROS as signaling molecules and enzymes of plant response to unfavorable environmental conditions,” in Oxidative Stress–Molecular Mechanisms and Biological Effects, eds V. Lushchak and H. M. Semchyshyn (Rijeka: InTech), 341–362.

Bolda, V. V., Botau, D., Szôllôsi, R., Petô, A., Gallé, A., and Tari, I. (2011). Studies on elemental composition and antioxidant capacity in callus cultures and native plants of Vaccinium myrtillus L. local populations. Acta Biol. Szeged. 55, 255–259.

Bourot, S., Sire, O., Trautwetter, A., Touzé, T., Wu, L. F., Blanco, C., et al. (2000). Glycine betaine-assisted protein folding in a lysA mutant of Escherichia coli. J. Biol. Chem. 275, 1050–1056. doi: 10.1074/jbc.275.2.1050

Bowne, J. B., Erwin, T. A., Juttner, J., Schnurbusch, T., Langridge, P., Bacic, A., et al. (2012). Drought responses of leaf tissues from wheat cultivars of differing drought tolerance at the metabolite level. Mol. Plant 5, 418–429. doi: 10.1093/mp/ssr114

Breen, S., Williams, S. J., Outram, M., Kobe, B., and Solomon, P. S. (2017). Emerging insights into the functions of pathogenesis-related protein 1. Trends Plant Sci. 22, 871–879. doi: 10.1016/j.tplants.2017.06.013

Brewer, P. B. (2022). “Emerging roles of Strigolactones in plant responses toward biotic stress,” in Emerging Plant Growth Regulators in Agriculture (Cambridge, MA: Academic Press), 205–214.

Brosa, C. (2020). “Biological effects of brassinosteroids,” in Biochemistry and Function of Sterols, eds E. J. Parish and D. Nes (Boca Raton, FL: CRC Press), 201–220. doi: 10.1080/10409239991209345

Bueno, P. C., and Lopes, N. P. (2020). Metabolomics to characterize adaptive and signaling responses in legume crops under abiotic stresses. ACS Omega 5, 1752–1763. doi: 10.1021/acsomega.9b03668

Bybordi, A. (2012). Effect of ascorbic acid and silicium on photosynthesis, antioxidant enzyme activity, and fatty acid contents in canola exposure to salt stress. J. Integr. Agric. 11, 1610–1620. doi: 10.1016/s2095-3119(12)60164-6

Cakir, R., and Cebi, U. (2010). The effect of irrigation scheduling and water stress on the maturity and chemical composition of Virginia tobacco leaf. Field Crops Res. 119, 269–276. doi: 10.1016/j.fcr.2010.07.017

Carrera, F. P., Noceda, C., Maridueña-Zavala, M. G., and Cevallos-Cevallos, J. M. (2021). Metabolomics, a powerful tool for understanding plant abiotic stress. Agronomy 11:824. doi: 10.3390/agronomy11050824

Casanova-Sáez, R., Mateo-Bonmatí, E., and Ljung, K. (2021). Auxin metabolism in plants. Cold Spring Harb. Perspect. Biol. 13:a039867. doi: 10.1101/cshperspect.a039867

Castorina, G., and Consonni, G. (2020). The role of brassinosteroids in controlling plant height in Poaceae: a genetic perspective. Int. J. Mol. Sci. 21:1191. doi: 10.3390/ijms21041191

Cattivelli, L., Rizza, F., Badeck, F. W., Mazzucotelli, E., Mastrangelo, A. M., Francia, E., et al. (2008). Drought tolerance improvement in crop plants: an integrated view from breeding to genomics. Field Crops Res. 105, 1–14. doi: 10.1016/j.fcr.2007.07.004

Chandran, H., Meena, M., Barupal, T., and Sharma, K. (2020). Plant tissue culture as a perpetual source for production of industrially important bioactive compounds. Biotechnol. Rep. 26:e00450. doi: 10.1016/j.btre.2020.e00450

Chaudhary, G. (2012). Pharmacological properties of Commiphora wightii arn. bhandari – an overview. Int. J. Pharm. Pharm. Sci. 4, 73–75.

Chaves, M. M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551–560. doi: 10.1093/aob/mcn125

Chen, T. H., and Murata, N. (2002). Enhancement of tolerance of abiotic stress by metabolic engineering of betaines and other compatible solutes. Curr. Opin. Plant Biol. 5, 250–257. doi: 10.1016/s1369-5266(02)00255-8

Chen, T. H., and Murata, N. (2008). Glycinebetaine: an effective protectant against abiotic stress in plants. Trends Plant Sci. 13, 499–505. doi: 10.1016/j.tplants.2008.06.007

Chen, T. H., and Murata, N. (2011). Glycinebetaine protects plants against abiotic stress: mechanisms and biotechnological applications. Plant Cell Environ. 34, 1–20. doi: 10.1111/j.1365-3040.2010.02232.x

Chinnusamy, V., Jagendorf, A., and Zhu, J. K. (2005). Understanding and improving salt tolerance in plants. Crop Sci. 45, 437–448. doi: 10.2135/cropsci2005.0437

Choudhary, S. P., Kanwar, M., Bhardwaj, R., Yu, J. Q., and Tran, L. S. P. (2012). Chromium stress mitigation by polyamine-brassinosteroid application involves phytohormonal and physiological strategies in Raphanus sativus L. PLoS One 7:e33210. doi: 10.1371/journal.pone.0033210

Chung, H. S., Koo, A. J., Gao, X., Jayanty, S., Thines, B., Jones, A. D., et al. (2008). Regulation and function of Arabidopsis JASMONATE ZIM-domain genes in response to wounding and herbivory. Plant Physiol. 146, 952–964. doi: 10.1104/pp.107.115691

Croteau, R., Kutchan, T. M., and Lewis, N. G. (2000). Natural products (secondary metabolites). Biochem. Mol. Biol. Plants 24, 1250–1319. doi: 10.1128/mSystems.00186-17

Cseke, L. J., Kirakosyan, A., Kaufman, P. B., Warber, S., Duke, J. A., and Brielmann, H. L. (2016). Natural Products from Plants. Boca Raton, FL: CRC press.

Cutler, S. R., Rodriguez, P. L., Finkelstein, R. R., and Abrams, S. R. (2010). Abscisic acid: emergence of a core signaling network. Annu. Rev. Plant Biol. 61, 651–679. doi: 10.1146/annurev-arplant-042809-112122

Dangl, J. L., and Jones, J. D. (2001). Plant pathogens and integrated defence responses to infection. Nature 411:826. doi: 10.1038/35081161

Dat, J., Vandenabeele, S., Vranová, E., Van Montagu, M., Inzé, D., and Van Breusegem, F. (2000). Dual action of the active oxygen species during plant stress responses. Cell. Mol. Life Sci. 57, 779–795. doi: 10.1007/s000180050041

de Campos, M. K. F., de Carvalho, K., de Souza, F. S., Marur, C. J., Pereira, L. F. P., Bespalhok Filho, J. C., et al. (2011). Drought tolerance and antioxidant enzymatic activity in transgenic ‘Swingle’citrumelo plants over-accumulating proline. Environ. Exp. Bot. 72, 242–250. doi: 10.1016/j.envexpbot.2011.03.009

Délano-Frier, J. P., Avilés-Arnaut, H., Casarrubias-Castillo, K., Casique-Arroyo, G., Castrillón-Arbeláez, P. A., Herrera-Estrella, L., et al. (2011). Transcriptomic analysis of grain amaranth (Amaranthus hypochondriacus) using 454 pyrosequencing: comparison with A. tuberculatus, expression profiling in stems and in response to biotic and abiotic stress. BMC Genomics 12:363. doi: 10.1186/1471-2164-12-363

Dhanush, D., Bett, B. K., Boone, R., Grace, D., Kinyangi, J., Lindahl, J., et al. (2015). Impact of Climate Change on African Agriculture: Focus on Pests and Diseases. Copenhagen: CGIAR Research Program on Climate Change, Agriculture and Food Security (CCAFS).

Divi, U. K., Rahman, T., and Krishna, P. (2016). Gene expression and functional analyses in brassinosteroid-mediated stress tolerance. Plant Biotechnol. J. 14, 419–432. doi: 10.1111/pbi.12396

Durrant, W. E., and Dong, X. (2004). Systemic acquired resistance. Annu. Rev. Phytopathol. 42, 185–209.

Ebrahim, S., Usha, K., and Singh, B. (2011). Pathogenesis related (PR) proteins in plant defense mechanism. Sci. Against Microb. Pathog. 2, 1043–1054.

Edreva, A., Velikova, V., Tsonev, T., Dagnon, S., Gürel, A., Aktaş, L., et al. (2008). Stress-protective role of secondary metabolites: diversity of functions and mechanisms. Gen. Appl. Plant Physiol. 34, 67–78.

El-Beltagi, H. S., Sofy, M. R., Aldaej, M. I., and Mohamed, H. I. (2020). Silicon alleviates copper toxicity in flax plants by up-regulating antioxidant defense and secondary metabolites and decreasing oxidative damage. Sustainability 12:4732. doi: 10.3390/su12114732

Etesami, H., and Jeong, B. R. (2018). Silicon (Si): review and future prospects on the action mechanisms in alleviating biotic and abiotic stresses in plants. Ecotoxicol. Environ. Saf. 147, 881–896. doi: 10.1016/j.ecoenv.2017.09.063

Fàbregas, N., and Fernie, A. R. (2022). The reliance of phytohormone biosynthesis on primary metabolite precursors. J. Plant Physiol. 268:153589. doi: 10.1016/j.jplph.2021.153589

Fabro, G., Kovács, I., Pavet, V., Szabados, L., and Alvarez, M. E. (2004). Proline accumulation and AtP5CS2 gene activation are induced by plant-pathogen incompatible interactions in Arabidopsis. Mol. Plant Microbe Interact. 17, 343–350. doi: 10.1094/MPMI.2004.17.4.343

Farmer, E. E., and Davoine, C. (2007). Reactive electrophile species. Curr. Opin. Plant Biol. 10, 380–386. doi: 10.1016/j.pbi.2007.04.019

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., and Basra, S. M. A. (2009). “Plant drought stress: effects, mechanisms and management,” in Sustainable Agriculture, eds E. Lichtfouse, M. Navarrete, P. Debaeke, S. Véronique, and C. Alberola (Dordrecht: Springer), 153–188. doi: 10.1007/978-90-481-2666-8_12

Feng, J., Zhang, M., Yang, K.-N., and Zheng, C.-X. (2020). Salicylic acid-primed defence response in octoploid strawberry ‘Benihoppe’ leaves induces resistance against Podosphaera aphanis through enhanced accumulation of proanthocyanidins and upregulation of pathogenesis-related genes. BMC Plant Biol. 20:149. doi: 10.1186/s12870-020-02353-z

Feng, X., Yu, Q., Li, B., and Kan, J. (2022). Comparative analysis of carotenoids and metabolite characteristics in discolored red pepper and normal red pepper based on non-targeted metabolomics. LWT 153:112398. doi: 10.1016/j.lwt.2021.112398

Fenn, M. A., and Giovannoni, J. J. (2021). Phytohormones in fruit development and maturation. Plant J. 105, 446–458. doi: 10.1111/tpj.15112

Fernando, V. D., and Schroeder, D. F. (2016). “Role of ABA in Arabidopsis salt, drought, and desiccation tolerance,” in Abiotic and Biotic Stress in Plants-Recent Advances and Future Perspectives, ed. A. Shanker (London: IntechOpen).

Filippou, P., Bouchagier, P., Skotti, E., and Fotopoulos, V. (2014). Proline and reactive oxygen/nitrogen species metabolism is involved in the tolerant response of the invasive plant species Ailanthus altissima to drought and salinity. Environ. Exp. Bot. 97, 1–10. doi: 10.1016/j.envexpbot.2013.09.010

Folk, J. E., Park, M. H., Chung, S. I., Schrode, J., Lester, E. P., and Cooper, H. L. (1980). Polyamines as physiological substrates for transglutaminases. J. Biol. Chem. 255, 3695–3700. doi: 10.1016/s0021-9258(19)85760-5

Fournier, A. R., Proctor, J. T., Gauthier, L., Khanizadeh, S., Belanger, A., Gosselin, A., et al. (2003). Understory light and root ginsenosides in forest-grown Panax quinquefolius. Phytochemistry 63, 777–782. doi: 10.1016/s0031-9422(03)00346-7

Foyer, C. H., and Noctor, G. (2005). Oxidant and antioxidant signalling in plants: are-evaluation of the concept of oxidative stress in a physiological context. Plant Cell Environ. 28, 1056–1107. doi: 10.1111/j.1365-3040.2005.01327.x

Fridovich, I. (1986). Superoxide dismutases. Adv. Enzymol. Relat. Areas Mol. Biol. 58, 61–97.

Fu, Z. Q., and Dong, X. (2013). Systemic acquired resistance: turning local infection into global defense. Annu. Rev. Plant Biol. 64, 839–863. doi: 10.1146/annurev-arplant-042811-105606

García-Calderón, M., Pons-Ferrer, T., Mrazova, A., Pal’ove-Balang, P., Vilkova, M., Pérez-Delgado, C. M., et al. (2015). Modulation of phenolic metabolism under stress conditions in a Lotus japonicus mutant lacking plastidic glutamine synthetase. Front. Plant Sci. 6:760. doi: 10.3389/fpls.2015.00760

Garg, N., and Manchanda, G. (2009). Role of arbuscular mycorrhizae in the alleviation of ionic, osmotic and oxidative stresses induced by salinity in Cajanus cajan (L.) Millsp.(pigeonpea). J. Agron. Crop Sci. 195, 110–123. doi: 10.1111/j.1439-037x.2008.00349.x

Gill, S. S., and Tuteja, N. (2010). Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 48, 909–930. doi: 10.1016/j.plaphy.2010.08.016

Giordano, M., El-Nakhel, C., Caruso, G., Cozzolino, E., De Pascale, S., Kyriacou, M. C., et al. (2020). Stand-alone and combinatorial effects of plant-based biostimulants on the production and leaf quality of perennial wall rocket. Plants 9:922. doi: 10.3390/plants9070922

Glazebrook, J. (2005). Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens. Annu. Rev. Phytopathol. 43, 205–227. doi: 10.1146/annurev.phyto.43.040204.135923

Griffith, M., and Yaish, M. W. (2004). Antifreeze proteins in overwintering plants: a tale of two activities. Trends Plant Sci. 9, 399–405. doi: 10.1016/j.tplants.2004.06.007

Gruet, C., Oudot, A., Abrouk, D., Moënne-Loccoz, Y., and Muller, D. (2022). Rhizophere analysis of auxin producers harboring the phenylpyruvate decarboxylase pathway. Appl. Soil Ecol. 173:104363. doi: 10.1016/j.apsoil.2021.104363

Grun, C., Berger, S., Matthes, D., and Mueller, M. J. (2007). Early accumulation of non-enzymatically synthesised oxylipins in Arabidopsis thaliana after infection with Pseudomonas syringae. Funct. Plant Biol. 34, 65–71. doi: 10.1071/FP06205

Gruner, K., Griebel, T., Návarová, H., Attaran, E., and Zeier, J. (2013). Reprogramming of plants during systemic acquired resistance. Front. Plant Sci. 4:252. doi: 10.3389/fpls.2013.00252

Guimaraes, E., and Jueneman, E. (2008). The Global Partnership Initiative for Plant Breeding Capacity Building (GIPB). Vienna: International Atomic Energy Agency (IAEA).

Guo, Q., Li, X., Niu, L., Jameson, P. E., and Zhou, W. (2021). Transcription-associated metabolomic adjustments in maize occur during combined drought and cold stress. Plant Physiol. 186, 677–695. doi: 10.1093/plphys/kiab050

Guo, T., Zhang, G., Zhou, M., Wu, F., and Chen, J. (2004). Effects of aluminum and cadmium toxicity on growth and antioxidant enzyme activities of two barley genotypes with different Al resistance. Plant Soil 258, 241–248. doi: 10.1023/b:plso.0000016554.87519.d6

Guo, Y. Y., Tian, S. S., Liu, S. S., Wang, W. Q., and Sui, N. (2018). Energy dissipation and antioxidant enzyme system protect photosystem II of sweet sorghum under drought stress. Photosynthetica 56, 861–872. doi: 10.1007/s11099-017-0741-0

Gupta, A., Hisano, H., Hojo, Y., Matsuura, T., Ikeda, Y., Mori, I. C., et al. (2017). Global profiling of phytohormone dynamics during combined drought and pathogen stress in Arabidopsis thaliana reveals ABA and JA as major regulators. Sci. Rep. 7:4017. doi: 10.1038/s41598-017-03907-2

Hare, P. D., and Cress, W. A. (1997). Metabolic implications of stress-induced proline accumulation in plants. Plant Growth Regul. 21, 79–102.

Harinasut, P., Poonsopa, D., Roengmongkol, K., and Charoensataporn, R. (2003). Salinity effects on antioxidant enzymes in mulberry cultivar. Sci. Asia 29, 109–113.

Harwood, J. (2012). Lipids in Plants and Microbes. Dordrecht: Springer Science and Business Media.

Hasanuzzaman, M., Nahar, K., Alam, M., Roychowdhury, R., and Fujita, M. (2013). Physiological, biochemical, and molecular mechanisms of heat stress tolerance in plants. Int. J. Mol. Sci. 14, 9643–9684. doi: 10.3390/ijms14059643

Hasanuzzaman, M., Nahar, K., Anee, T. I., and Fujita, M. (2017a). Glutathione in plants: biosynthesis and physiological role in environmental stress tolerance. Physiol. Mol. Biol. Plants 23, 249–268. doi: 10.1007/s12298-017-0422-2

Hasanuzzaman, M., Nahar, K., Bhuiyan, T. F., Anee, T. I., Inafuku, M., Oku, H., et al. (2017b). “Salicylic acid: an all-rounder in regulating abiotic stress responses in plants,” in Phytohormones-Signaling Mechanisms and Crosstalk in Plant Development and Stress Responses, Vol. 16, ed. M. El-Esawi (Rijeka: InTech), 31–75.

Hassanein, R. A., Hassanein, A. A., El-din, A. B., Salama, M., and Hashem, H. A. (2009). Role of jasmonic acid and abscisic acid treatments in alleviating the adverse effects of drought stress and regulating trypsin inhibitor production in soybean plant. Aust. J. Basic Appl. Sci. 3, 904–919.

He, M., He, C.-Q., and Ding, N.-Z. (2018). Abiotic stresses: general defenses of land plants and chances for engineering multistress tolerance. Front. Plant Sci. 9:1771. doi: 10.3389/fpls.2018.01771

Heil, M., and Bostock, R. M. (2002). Induced systemic resistance (ISR) against pathogens in the context of induced plant defences. Ann. Bot. 89, 503–512. doi: 10.1093/aob/mcf076

Heshof, R. (2015). Lipoxygenase: a Game-Changing Enzyme. Doctoral dissertation. Wageningen: Wageningen University and Research.

Hoque, M. A., Banu, M. N. A., Nakamura, Y., Shimoishi, Y., and Murata, Y. (2008). Proline and glycinebetaine enhance antioxidant defense and methylglyoxal detoxification systems and reduce NaCl-induced damage in cultured tobacco cells. J. Plant Physiol. 165, 813–824. doi: 10.1016/j.jplph.2007.07.013

Hoque, M. A., Banu, M. N. A., Okuma, E., Amako, K., Nakamura, Y., Shimoishi, Y., et al. (2007). Exogenous proline and glycinebetaine increase NaCl-induced ascorbate–glutathione cycle enzyme activities, and proline improves salt tolerance more than glycinebetaine in tobacco Bright Yellow-2 suspension-cultured cells. J. Plant Physiol. 164, 1457–1468. doi: 10.1016/j.jplph.2006.10.004

Hossain, A., Pamanick, B., Venugopalan, V. K., Ibrahimova, U., Rahman, M. A., Siyal, A. L., et al. (2022). “Emerging roles of plant growth regulators for plants adaptation to abiotic stress–induced oxidative stress,” in Emerging Plant Growth Regulators in Agriculture, eds T. Aftab and M. Naeem (Amsterdam: Elsevier).

Huang, G. T., Ma, S. L., Bai, L. P., Zhang, L., Ma, H., Jia, P., et al. (2012). Signal transduction during cold, salt, and drought stresses in plants. Mol. Biol. Rep. 39, 969–987. doi: 10.1007/s11033-011-0823-1

Hummel, I., Quemmerais, F., Gouesbet, G., El Amrani, A., Frenot, Y., Hennion, F., et al. (2004). Characterization of environmental stress responses during early development of Pringleaantiscorbutica in the field at Kerguelen. New Phytol. 162, 705–715. doi: 10.1111/j.1469-8137.2004.01062.x

Igarashi, K., and Kashiwagi, K. (2000). Polyamines: mysterious modulators of cellular functions. Biochem. Biophys. Res. Commun. 271, 559–564. doi: 10.1006/bbrc.2000.2601

Im Kim, J., Baek, D., Park, H. C., Chun, H. J., Oh, D.-H., Lee, M. K., et al. (2013). Overexpression of Arabidopsis YUCCA6 in potato results in high-auxin developmental phenotypes and enhanced resistance to water deficit. Mol. Plant 6, 337–349. doi: 10.1093/mp/sss100

Iqbal, M. S., Ansari, M. I. (2020). “Microbial bioinoculants for salt stress tolerance in plants,” in Microbial Mitigation of Stress Response of Food Legumes, eds Amaresan, N., Murugesan, S., Kumar, K., and Sankaranarayanan, A. (Boca Raton, FL: CRC Press), 155–163.

Iqbal, N., Ashraf, Y., and Ashraf, M. (2011). Modulation of endogenous levels of some key organic metabolites by exogenous application of glycine betaine in drought stressed plants of sunflower (Helianthus annuus L.). Plant Growth Regul. 63, 7–12. doi: 10.1007/s10725-010-9506-5

Iqbal, N., Fatma, M., Gautam, H., Sehar, Z., Rasheed, F., Khan, M. I. R., et al. (2022). Salicylic acid increases photosynthesis of drought grown mustard plants effectively with sufficient-N via regulation of ethylene, abscisic acid, and nitrogen-use efficiency. J. Plant Growth Regul. 1–12. doi: 10.1007/s00344-021-10565-2

Isah, T. (2019). Stress and defense responses in plant secondary metabolites production. Biol. Res. 52:39. doi: 10.1186/s40659-019-0246-3

Islam, S., Rahman, I. A., Islam, T., and Ghosh, A. (2017). Genome-wide identification and expression analysis of glutathione S-transferase gene family in tomato: gaining an insight to their physiological and stress-specific roles. PLoS One 12:e0187504. doi: 10.1371/journal.pone.0187504

Jain, A., Shah, S. G., and Chugh, A. (2015). Cell penetrating peptides as efficient nanocarriers for delivery of antifungal compound, natamycin for the treatment of fungal keratitis. Pharm. Res. 32, 1920–1930. doi: 10.1007/s11095-014-1586-x

Jan, R., Khan, M. A., Asaf, S., Lee, I.-J., and Kim, K. M. (2019). Metal resistant endophytic bacteria reduces cadmium, nickel toxicity, and enhances expression of metal stress related genes with improved growth of Oryza sativa, via regulating its antioxidant machinery and endogenous hormones. Plants 8:363. doi: 10.3390/plants8100363

Janská, A., Maršík, P., Zelenková, S., and Ovesná, J. (2010). Cold stress and acclimation–what is important for metabolic adjustment? Plant Biol. 12, 395–405. doi: 10.1111/j.1438-8677.2009.00299.x

Jha, C. K., Sharma, P., Shukla, A., Parmar, P., Patel, R., Goswami, D., et al. (2021). Microbial enzyme, 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase: an elixir for plant under stress. Physiol. Mol. Plant Pathol. 115:101664. doi: 10.1016/j.pmpp.2021.101664

Jiu, S., Xu, Y., Xie, X., Wang, J., Xu, J., Liu, X., et al. (2022). Strigolactones affect the root system architecture of cherry rootstock by mediating hormone signaling pathways. Environ. Exp. Bot. 193:104667. doi: 10.1016/j.envexpbot.2021.104667

Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature 444, 323–329.

Judy, E., and Kishore, N. (2016). Biological wonders of osmolytes: the need to know more. Biochem. Anal. Biochem. 5:1000304.

Kacperska, A. (2004). Sensor types in signal transduction pathways in plant cells responding to abiotic stressors: do they depend on stress intensity? Physiol. Plant. 122, 159–168. doi: 10.1111/j.0031-9317.2004.00388.x

Kamran, M., Danish, M., Saleem, M. H., Malik, Z., Parveen, A., Abbasi, G. H., et al. (2021). Application of abscisic acid and 6-benzylaminopurine modulated morpho-physiological and antioxidative defense responses of tomato (Solanum lycopersicum L.) by minimizing cobalt uptake. Chemosphere 263:128169. doi: 10.1016/j.chemosphere.2020.128169

Kamran, M., Parveen, A., Ahmar, S., Malik, Z., Hussain, S., Chattha, M. S., et al. (2019a). An overview of hazardous impacts of soil salinity in crops, tolerance mechanisms, and amelioration through selenium supplementation. Int. J. Mol. Sci. 21:148. doi: 10.3390/ijms21010148

Kamran, M., Malik, Z., Parveen, A., Zong, Y., Abbasi, G. H., Rafiq, M. T., et al. (2019b). Biochar alleviates Cd phytotoxicity by minimizing bioavailability and oxidative stress in pak choi (Brassica chinensis L.) cultivated in Cd-polluted soil. J. Environ. Manage. 250:109500. doi: 10.1016/j.jenvman.2019.109500

Kapulnik, Y., and Koltai, H. (2014). Strigolactone involvement in root development, response to abiotic stress, and interactions with the biotic soil environment. Plant Physiol. 166, 560–569. doi: 10.1104/pp.114.244939

Kerchev, P. I., Fenton, B., Foyer, C. H., and Hancock, R. D. (2012). Plant responses to insect herbivory: interactions between photosynthesis, reactive oxygen species and hormonal signalling pathways. Plant Cell Environ. 35, 441–453. doi: 10.1111/j.1365-3040.2011.02399.x

Khan, T., Mazid, M., and Mohammad, F. (2011). A review of ascorbic acid potentialities against oxidative stress induced in plants. J. Agrobiol. 28, 97–111. doi: 10.2478/v10146-011-0011-x

Kishor, P. K., Sangam, S., Amrutha, R. N., Laxmi, P. S., Naidu, K. R., Rao, K. S., et al. (2005). Regulation of proline biosynthesis, degradation, uptake and transport in higher plants: its implications in plant growth and abiotic stress tolerance. Curr. Sci. 88, 424–438.

Kolbert, Z., Feigl, G., Freschi, L., and Poór, P. (2019). Gasotransmitters in action: nitric oxide-ethylene crosstalk during plant growth and abiotic stress responses. Antioxidants 8:167. doi: 10.3390/antiox8060167

Kou, X., Zhao, X., Wu, B., Wang, C., Wu, C., Yang, S., et al. (2022). Auxin response factors are ubiquitous in plant growth and development, and involved in crosstalk between plant hormones: a review. Appl. Sci. 12:1360. doi: 10.3390/app12031360

Kućko, A., De Dios Alché, J., Tranbarger, T. J., and Wilmowicz, E. (2022). The acceleration of yellow lupine flower abscission by jasmonates is accompanied by lipid-related events in abscission zone cells. Plant Sci. 316:111173. doi: 10.1016/j.plantsci.2021.111173

Kumari, A., Das, P., Parida, A. K., and Agarwal, P. K. (2015). Proteomics, metabolomics, and ionomics perspectives of salinity tolerance in halophytes. Front. Plant Sci. 6:537. doi: 10.3389/fpls.2015.00537

Kumari, A., and Singh, S. K. (2022). “Role of plant hormones in combating biotic stress in plants,” in Plant Perspectives to Global Climate Changes, eds T. Aftab and A. Roychoudhury (Amsterdam: Elsevier), 373–391. doi: 10.1016/b978-0-323-85665-2.00010-8

Kumudini, B. S., Jayamohan, N. S., Patil, S. V., and Govardhana, M. (2018). “Primary plant metabolism during plant–pathogen interactions and its role in defense,” in Plant Metabolites and Regulation Under Environmental Stress, eds P. Ahmad, M. A. Ahanger, V. P. Singh, D. K. Tripathi, P. Alam, and M. A. Alyemeni (New York, NY: Academic Press), 215–229. doi: 10.1016/b978-0-12-812689-9.00011-x

Kumudini, B. S., and Patil, S. V. (2019). “Role of plant hormones in improving photosynthesis,” in Photosynthesis, Productivity and Environmental Stress, eds P. Ahmad, M. A. Ahanger, P. Alam, and M. N. Alyemeni (Hoboken, NJ: John Wiley & Sons Ltd), 215–240. doi: 10.1002/9781119501800.ch11

Kuromori, T., Fujita, M., Takahashi, F., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2022). Inter-tissue and inter-organ signaling in drought stress response and phenotyping of drought tolerance. Plant J. 109, 342–358. doi: 10.1111/tpj.15619

Kusano, T., Berberich, T., Tateda, C., and Takahashi, Y. (2008). Polyamines: essential factors for growth and survival. Planta 228, 367–381. doi: 10.1007/s00425-008-0772-7

Kusano, T., Yamaguchi, K., Berberich, T., and Takahashi, Y. (2007). Advances in polyamine research in 2007. J. Plant Res. 120, 345–350. doi: 10.1007/s10265-007-0074-3

La Camera, S., Gouzerh, G., Dhondt, S., Hoffmann, L., Fritig, B., Legrand, M., et al. (2004). Metabolic reprogramming in plant innate immunity: the contributions of phenylpropanoid and oxylipin pathways. Immunol. Rev. 198, 267–284. doi: 10.1111/j.0105-2896.2004.0129.x

Le Martret, B., Poage, M., Shiel, K., Nugent, G. D., and Dix, P. J. (2011). Tobacco chloroplast transformants expressing genes encoding dehydroascorbate reductase, glutathione reductase, and glutathione-S-transferase, exhibit altered anti-oxidant metabolism and improved abiotic stress tolerance. Plant Biotechnol. J. 9, 661–673. doi: 10.1111/j.1467-7652.2011.00611.x

Lefevere, H., Bauters, L., and Gheysen, G. (2020). Salicylic acid biosynthesis in plants. Front. Plant Sci. 11:338. doi: 10.3389/fpls.2020.00338

Lemaitre, B., and Hoffmann, J. (2007). The host defense of Drosophila melanogaster. Annu. Rev. Immunol. 25, 697–743. doi: 10.1146/annurev.immunol.25.022106.141615

Li, D., Mou, W., Van De Poel, B., and Chang, C. (2022). Something old, something new: conservation of the ethylene precursor 1-amino-cyclopropane-1-carboxylic acid as a signaling molecule. Curr. Opin. Plant Biol. 65:102116. doi: 10.1016/j.pbi.2021.102116

Li, J., Yang, Y., Chai, M., Ren, M., Yuan, J., Yang, W., et al. (2020). Gibberellins modulate local auxin biosynthesis and polar auxin transport by negatively affecting flavonoid biosynthesis in the root tips of rice. Plant Sci. 298:110545. doi: 10.1016/j.plantsci.2020.110545

Li, S., Hamani, A. K. M., Si, Z., Liang, Y., Gao, Y., and Duan, A. (2020). Leaf gas exchange of tomato depends on abscisic acid and jasmonic acid in response to neighboring plants under different soil nitrogen regimes. Plants 9:1674. doi: 10.3390/plants9121674

Li, S.-M., Zheng, H.-X., Zhang, X.-S., and Sui, N. (2021). Cytokinins as central regulators during plant growth and stress response. Plant Cell Rep. 40, 271–282. doi: 10.1007/s00299-020-02612-1

Li, X. M. (2007). Effect of the Lycium barbarum polysaccharides on age-related oxidative stress in aged mice. J. Ethnopharmacol. 111, 504–511. doi: 10.1016/j.jep.2006.12.024

Liang, X., Zhang, L., Natarajan, S. K., and Becker, D. F. (2013). Proline mechanisms of stress survival. Antioxid. Redox Signal. 19, 998–1011. doi: 10.1089/ars.2012.5074

Liu, H. P., Dong, B. H., Zhang, Y. Y., Liu, Z. P., and Liu, Y. L. (2004). Relationship between osmotic stress and the levels of free, conjugated and bound polyamines in leaves of wheat seedlings. Plant Sci. 166, 1261–1267. doi: 10.1016/j.plantsci.2003.12.039

Liu, J. H., Kitashiba, H., Wang, J., Ban, Y., and Moriguchi, T. (2007). Polyamines and their ability to provide environmental stress tolerance to plants. Plant Biotechnol. 24, 117–126. doi: 10.5511/plantbiotechnology.24.117

Lovisolo, C., Perrone, I., Carra, A., Ferrandino, A., Flexas, J., Medrano, H., et al. (2010). Drought-induced changes in development and function of grapevine (Vitis spp.) organs and in their hydraulic and non-hydraulic interactions at the whole-plant level: a physiological and molecular update. Funct. Plant Biol. 37, 98–116. doi: 10.1071/fp09191

Lugan, R., Niogret, M. F., Leport, L., Guégan, J. P., Larher, F. R., Savouré, A., et al. (2010). Metabolome and water homeostasis analysis of Thellungiella salsuginea suggests that dehydration tolerance is a key response to osmotic stress in this halophyte. Plant J. 64, 215–229. doi: 10.1111/j.1365-313X.2010.04323.x

Ma, L., Pegram, L., Record, M. T. Jr., and Cui, Q. (2010). Preferential interactions between small solutes and the protein backbone: a computational analysis. Biochemistry 49, 1954–1962. doi: 10.1021/bi9020082

Mahajan, S., and Tuteja, N. (2005). Cold, salinity and drought stresses: an overview. Arch. Biochem. Biophys. 444, 139–158. doi: 10.1016/j.abb.2005.10.018

Manghwar, H., Hussain, A., Ali, Q., and Liu, F. (2022). Brassinosteroids (BRs) role in plant development and coping with different stresses. Int. J. Mol. Sci. 23:1012. doi: 10.3390/ijms23031012

Marquez-Garcia, B., Njo, M., Beeckman, T., Goormachtig, S., and Foyer, C. H. (2014). A new role for glutathione in the regulation of root architecture linked to strigolactones. Plant Cell Environ. 37, 488–498. doi: 10.1111/pce.12172

Martínez-Ballesta, M. D. C., Muries, B., Moreno, D. Á, Dominguez-Perles, R., García-Viguera, C., and Carvajal, M. (2014). Involvement of a glucosinolate (sinigrin) in the regulation of water transport in Brassica oleracea grown under salt stress. Physiol. Plant. 150, 145–160. doi: 10.1111/ppl.12082

Masamba, P., and Kappo, A. P. (2021). Immunological and biochemical interplay between cytokines, oxidative stress and schistosomiasis. Int. J. Mol. Sci. 22:7216. doi: 10.3390/ijms22137216

Mashabela, M. D., Piater, L. A., Dubery, I. A., Tugizimana, F., and Mhlongo, M. I. (2022). Rhizosphere ripartite interactions and PGPR-mediated metabolic reprogramming towards ISR and plant priming: a metabolomics review. Biology 11:346. doi: 10.3390/biology11030346

Mathur, P., Tripathi, D. K., Baluska, F., and Mukherjee, S. (2022). Auxin-mediated molecular mechanisms of heavy metal and metalloid stress regulation in plants. Environ. Exp. Bot. 196:104796. doi: 10.1016/j.envexpbot.2022.104796

Mauseth, J. D. (2014). Botany: an Introduction to Plant Biology. Burlington, MA: Jones and Bartlett Publishers.

Mazid, M., Khan, T. A., and Mohammad, F. (2011). Role of secondary metabolites in defense mechanisms of plants. Biol. Med. 3, 232–249.

Medina, E., Kim, S. H., Yun, M., and Choi, W. G. (2021). Recapitulation of the function and role of ROS generated in response to heat stress in plants. Plants 10:371. doi: 10.3390/plants10020371

Meena, K. K., Sorty, A. M., Bitla, U. M., Choudhary, K., Gupta, P., Pareek, A., et al. (2017). Abiotic stress responses and microbe-mediated mitigation in plants: the omics strategies. Front. Plant Sci. 8:172. doi: 10.3389/fpls.2017.00172

Menéndez, A. B., Rodriguez, A. A., Maiale, S. J., Rodriguez, K. M., Jimenez, B. J. F., and Ruiz, O. A. (2013). “Polyamines contribution to the improvement of crop plants tolerance to abiotic stress,” in Crop Improvement Under Adverse Conditions, eds N. Tuteja and S. Gill (New York, NY: Springer), 113–136. doi: 10.1007/978-1-4614-4633-0_5

Michalak, A. (2006). Phenolic compounds and their antioxidant activity in plants growing under heavy metal stress. Pol. J. Environ. Stud. 15, 523–530.

Mishra, A., Patel, M. K., and Jha, B. (2015). Non-targeted metabolomics and scavenging activity of reactive oxygen species reveal the potential of Salicornia brachiata as a functional food. J. Funct. Foods 13, 21–31. doi: 10.1016/j.jff.2014.12.027

Mishra, B. S., Sharma, M., and Laxmi, A. (2022). Role of sugar and auxin crosstalk in plant growth and development. Physiol. Plant. 174:e13546. doi: 10.1111/ppl.13546

Mishra, R. P., Singh, R. K., Jaiswal, H. K., Kumar, V., and Maurya, S. (2006). Rhizobium-mediated induction of phenolics and plant growth promotion in rice (Oryza sativa L.). Curr. Microbiol. 52, 383–389. doi: 10.1007/s00284-005-0296-3

Mizoi, J., and Yamaguchi-Shinozaki, K. (2013). “Molecular approaches to improve rice abiotic stress tolerance,” in Rice Protocols, ed. Y. Yang (Totowa, NJ: Humana Press), 269–283. doi: 10.1007/978-1-62703-194-3_20

Mobin, M., and Khan, N. A. (2007). Photosynthetic activity, pigment composition and antioxidative response of two mustard (Brassica juncea) cultivars differing in photosynthetic capacity subjected to cadmium stress. J. Plant Physiol. 164, 601–610. doi: 10.1016/j.jplph.2006.03.003

Moschou, P. N., Paschalidis, K. A., and Roubelakis-Angelakis, K. A. (2008). Plant polyamine catabolism: the state of the art. Plant Signal. Behav. 3, 1061–1066. doi: 10.4161/psb.3.12.7172

Moschou, P. N., Wu, J., Cona, A., Tavladoraki, P., Angelini, R., and Roubelakis-Angelakis, K. A. (2012). The polyamines and their catabolic products are significant players in the turnover of nitrogenous molecules in plants. J. Exp. Bot. 63, 5003–5015. doi: 10.1093/jxb/ers202

Moulin, M., Deleu, C., Larher, F., and Bouchereau, A. (2006). The lysine-ketoglutarate reductase–saccharopine dehydrogenase is involved in the osmo-induced synthesis of pipecolic acid in rapeseed leaf tissues. Plant Physiol. Biochem. 44, 474–482. doi: 10.1016/j.plaphy.2006.08.005

Mujtaba, M., Sharif, R., Ali, Q., Rehman, R., and Khawar, K. M. (2021). “Biopolymer based nano fertilizers applications in abiotic stress (drought and salinity) control,” in Advances in Nano-Fertilizers and Nano-Pesticides in Agriculture, eds S. Jogaiah, H. B. Singh, L. F. Fraceto, and R. de Lima (Amsterdam: Elsevier).

Mustafa, G., Akhtar, M. S., and Abdullah, R. (2019). “Global concern for salinity on various agro-ecosystems,” in Salt Stress, Microbes, and Plant Interactions: Causes and Solution, ed. M. Akhtar (Springer: Singapore), 1–19. doi: 10.1007/978-981-13-8801-9_1

Nahar, K., Hasanuzzaman, M., Alam, M. M., and Fujita, M. (2015). Exogenous glutathione confers high temperature stress tolerance in mung bean (Vigna radiata L.) by modulating antioxidant defense and methylglyoxal detoxification system. Environ. Exp. Bot. 112, 44–54. doi: 10.1016/j.envexpbot.2014.12.001

Naing, A. H., Jeong, H. Y., Jung, S. K., and Kim, C. K. (2021). Overexpression of 1-aminocyclopropane-1-carboxylic acid deaminase (acdS) Gene in Petunia hybrida improves tolerance to abiotic stresses. Front. Plant Sci. 12:737490. doi: 10.3389/fpls.2021.737490

Negin, B., and Moshelion, M. (2016). The evolution of the role of ABA in the regulation of water-use efficiency: from biochemical mechanisms to stomatal conductance. Plant Sci. 251, 82–89. doi: 10.1016/j.plantsci.2016.05.007

Noctor, G., and Foyer, C. H. (1998). Ascorbate and glutathione: keeping active oxygen under control. Annu. Rev. Plant Biol. 49, 249–279. doi: 10.1146/annurev.arplant.49.1.249

Nunes da Silva, M., Carvalho, S. M., Rodrigues, A. M., Gómez-Cadenas, A., António, C., and Vasconcelos, M. W. (2022). Defence-related pathways, phytohormones and primary metabolism are key players in kiwifruit plant tolerance to Pseudomonas syringae pv. actinidiae. Plant Cell Environ. 45, 528–541. doi: 10.1111/pce.14224

Obata, T., and Fernie, A. R. (2012). The use of metabolomics to dissect plant responses to abiotic stresses. Cell. Mol. Life Sci. 69, 3225–3243. doi: 10.1007/s00018-012-1091-5

Özçelik, B., Kartal, M., and Orhan, I. (2011). Cytotoxicity, antiviral and antimicrobial activities of alkaloids, flavonoids, and phenolic acids. Pharm. Biol. 49, 396–402. doi: 10.3109/13880209.2010.519390

Pál, M., Janda, T., and Szalai, G. (2018). Interactions between plant hormones and thiol-related heavy metal chelators. Plant Growth Regul. 85, 173–185. doi: 10.1007/s10725-018-0391-7

Parekh, A. B. (2008). Ca2+ microdomains near plasma membrane Ca2+ channels: impact on cell function. J. Physiol. 586, 3043–3054. doi: 10.1113/jphysiol.2008.153460

Parveen, A., Ahmar, S., Kamran, M., Malik, Z., Ali, A., Riaz, M., et al. (2021). Abscisic acid signaling reduced transpiration flow, regulated Na+ ion homeostasis and antioxidant enzyme activities to induce salinity tolerance in wheat (Triticum aestivum L.) seedlings. Environ. Technol. Innov. 24:101808. doi: 10.1016/j.eti.2021.101808

Peleg, Z., and Blumwald, E. (2011). Hormone balance and abiotic stress tolerance in crop plants. Curr. Opin. Plant Biol. 14, 290–295. doi: 10.1016/j.pbi.2011.02.001

Phua, S. Y., De Smet, B., Remacle, C., Chan, K. X., and Van Breusegem, F. (2021). Reactive oxygen species and organellar signaling. J. Exp. Bot. 72, 5807–5824. doi: 10.1093/jxb/erab218

Pons, S. (2020). Les Hormones dans la Symbiose Mycorhizienne: Étude de la Production et des Effets D’hormones Végétales par les Champignons Endomycorhiziens. Toulouse: Université Paul Sabatier.

Pott, D. M., Osorio, S., and Vallarino, J. G. (2019). From central to specialized metabolism: an overview of some secondary compounds derived from the primary metabolism for their role in conferring nutritional and organoleptic characteristics to fruit. Front. Plant Sci. 10:835. doi: 10.3389/fpls.2019.00835

Poustini, K., Siosemardeh, A., and Ranjbar, M. (2007). Proline accumulation as a response to salt stress in 30 wheat (Triticum aestivum L.) cultivars differing in salt tolerance. Genet. Resour. Crop Evol. 54, 925–934. doi: 10.1007/s10722-006-9165-6

Poveda, J. (2021). Cyanobacteria in plant health: biological strategy against abiotic and biotic stresses. Crop Prot. 141:105450. doi: 10.1016/j.cropro.2020.105450

Puranik, S., Sahu, P. P., Srivastava, P. S., and Prasad, M. (2012). NAC proteins: regulation and role in stress tolerance. Trends Plant Sci. 17, 369–381. doi: 10.1016/j.tplants.2012.02.004

Qamar, A., Mysore, K., and Senthil-Kumar, M. (2015). Role of proline and pyrroline-5-carboxylate metabolism in plant defense against invading pathogens. Front. Plant Sci. 6:503. doi: 10.3389/fpls.2015.00503

Quamruzzaman, M., Manik, S., Shabala, S., and Zhou, M. (2021). Improving performance of salt-grown crops by exogenous application of plant growth regulators. Biomolecules 11:788. doi: 10.3390/biom11060788

Radin, J. W., and Mauney, J. R. (1986). “The nitrogen stress syndrome,” in Cotton Physiology, eds J. R. Mauney and J. M. Stewart (Memphis, TN: The Cotton Foundation), 91–105.

Rajendrakumar, C. S., Suryanarayana, T., and Reddy, A. R. (1997). DNA helix destabilization by proline and betaine: possible role in the salinity tolerance process. FEBS Lett. 410, 201–205. doi: 10.1016/s0014-5793(97)00588-7

Rastegari, A. A., Yadav, A. N., and Yadav, N. (2019). “Genetic manipulation of secondary metabolites producers,” in New and Future Developments in Microbial Biotechnology and Bioengineering, eds V. K. Gupta and A. Pandey (Amsterdam: Elsevier), 13–29. doi: 10.1016/b978-0-444-63504-4.00002-5

Raza, A., Mehmood, S. S., Tabassum, J., and Batool, R. (2019). “Targeting plant hormones to develop abiotic stress resistance in wheat,” in Wheat Production in Changing Environments, eds M. Hasanuzzaman, K. Nahar, and M. Hossain (Singapore: Springer), 557–577. doi: 10.1007/978-981-13-6883-7_22

Raza, S., Shafagh, H., Hewage, K., Hummen, R., and Voigt, T. (2013). Lithe: lightweight secure CoAP for the internet of things. IEEE Sens. J. 13, 3711–3720. doi: 10.1109/jsen.2013.2277656

Rehman, N. U., Li, X., Zeng, P., Guo, S., Jan, S., Liu, Y., et al. (2021). Harmony but not uniformity: role of strigolactone in plants. Biomolecules 11:1616. doi: 10.3390/biom11111616

Rezayian, M., Niknam, V., and Ebrahimzadeh, H. (2018). Differential responses of phenolic compounds of Brassica napus under drought stress. Iran. J. Plant Physiol. 8, 2417–2425.

Riaz, M., Kamran, M., Rizwan, M., Ali, S., and Wang, X. (2022). Foliar application of silica sol alleviates boron toxicity in rice (Oryza sativa) seedlings. J. Hazard. Mater. 423:127175. doi: 10.1016/j.jhazmat.2021.127175

Rini Vijayan, K. P., and Raghu, A. V. (2020). “Methods for enhanced production of metabolites under in vitro conditions,” in Plant Metabolites: Methods, Applications and Prospects, eds S. T. Sukumaran, S. Sugathan, and S. Abdulhameed (Singapore: Springer), 111–140. doi: 10.1007/978-981-15-5136-9_6

Rivero, J., Álvarez, D., Flors, V., Azcón-Aguilar, C., and Pozo, M. J. (2018). Root metabolic plasticity underlies functional diversity in mycorrhiza-enhanced stress tolerance in tomato. New Phytol. 220, 1322–1336. doi: 10.1111/nph.15295

Romero-Puertas, M. C., Terrón-Camero, L. C., Peláez-Vico, M. Á, Olmedilla, A., and Sandalio, L. M. (2019). Reactive oxygen and nitrogen species as key indicators of plant responses to Cd stress. Environ. Exp. Bot. 161, 107–119. doi: 10.1016/j.plaphy.2013.11.001

Rouzer, C. A., and Marnett, L. J. (2011). Endocannabinoid oxygenation by cyclooxygenases, lipoxygenases, and cytochromes P450: cross-talk between the eicosanoid and endocannabinoid signaling pathways. Chem. Rev. 111, 5899–5921. doi: 10.1021/cr2002799

Ryu, H., and Cho, Y.-G. (2015). Plant hormones in salt stress tolerance. J. Plant Biol. 58, 147–155. doi: 10.1007/s12374-015-0103-z

Sagor, G. H. M., Berberich, T., Takahashi, Y., Niitsu, M., and Kusano, T. (2013). The polyamine spermine protects Arabidopsis from heat stress-induced damage by increasing expression of heat shock-related genes. Transgenic Res. 22, 595–605. doi: 10.1007/s11248-012-9666-3

Sakihama, Y., Cohen, M. F., Grace, S. C., and Yamasaki, H. (2002). Plant phenolic antioxidant and prooxidant activities: phenolics-induced oxidative damage mediated by metals in plants. Toxicology 177, 67–80. doi: 10.1016/s0300-483x(02)00196-8

Sami, F., Faizan, M., Faraz, A., Siddiqui, H., Yusuf, M., and Hayat, S. (2018). Nitric oxide-mediated integrative alterations in plant metabolism to confer abiotic stress tolerance, NO crosstalk with phytohormones and NO-mediated post translational modifications in modulating diverse plant stress. Nitric Oxide 73, 22–38. doi: 10.1016/j.niox.2017.12.005

Sappl, P. G., Carroll, A. J., Clifton, R., Lister, R., Whelan, J., Harvey Millar, A., et al. (2009). The Arabidopsis glutathione transferase gene family displays complex stress regulation and co-silencing multiple genes results in altered metabolic sensitivity to oxidative stress. Plant J. 58, 53–68. doi: 10.1111/j.1365-313X.2008.03761.x

Sarkar, A. K., and Sadhukhan, S. (2022). Imperative role of trehalose metabolism and trehalose-6-phosphate signalling on salt stress responses in plants. Physiol. Plant. 174:e13647. doi: 10.1111/ppl.13647

Sattler, D. N., Boyd, B., and Kirsch, J. (2014). Trauma-exposed firefighters: relationships among posttraumatic growth, posttraumatic stress, resource availability, coping and critical incident stress debriefing experience. Stress Health 30, 356–365. doi: 10.1002/smi.2608

Sattler, D. N., de Alvarado, A. M. G., de Castro, N. B., Male, R. V., Zetino, A. M., and Vega, R. (2006). El Salvador earthquakes: relationships among acute stress disorder symptoms, depression, traumatic event exposure, and resource loss. J. Trauma. Stress 19, 879–893. doi: 10.1002/jts.20174

Schaich, K. M. (2013). “Challenges in elucidating lipid oxidation mechanisms: when, where, and how do products arise?,” in Lipid Oxidation, eds U. Nienaber, A. Logan, and X. Pan (Champaign, IL: AOCS Press), 1–52. doi: 10.1016/b978-0-9830791-6-3.50004-7

Schaller, G. E. (2012). Ethylene and the regulation of plant development. BMC Biol. 10:9. doi: 10.1186/1741-7007-10-9

Schmelz, E. A., Alborn, H. T., and Tumlinson, J. H. (2003). Synergistic interactions between volicitin, jasmonic acid and ethylene mediate insect-induced volatile emission in Zea mays. Physiol. Plant. 117, 403–412. doi: 10.1034/j.1399-3054.2003.00054.x

Schwarzenbach, R. P., Gschwend, P. M., and Imboden, D. M. (2016). Environmental Organic Chemistry. Hoboken, NJ: John Wiley and Sons.

Sebastiani, L., Gucci, R., Kerem, Z., and Fernández, J. E. (2016). “Physiological responses to abiotic stresses,” in The Olive Tree Genome, eds E. Rugini, L. Baldoni, R. Muleo, and L. Sebastiani (Cham: Springer), 99–122.

Sengupta, A., Chakraborty, M., Saha, J., Gupta, B., and Gupta, K. (2016). “Polyamines: osmoprotectants in plant abiotic stress adaptation,” in Osmolytes and Plants Acclimation to Changing Environment: Emerging Omics Technologies, eds N. Iqbal, R. Nazar, and N. A. Khan (New Delhi: Springer), 97–127. doi: 10.1007/978-81-322-2616-1_7

Shafiq, S., Akram, N. A., Ashraf, M., and Arshad, A. (2014). Synergistic effects of drought and ascorbic acid on growth, mineral nutrients and oxidative defense system in canola (Brassica napus L.) plants. Acta Physiol. Plant. 36, 1539–1553. doi: 10.1007/s11738-014-1530-z

Shao, L., Cui, J., Young, L. T., and Wang, J. F. (2008). The effect of mood stabilizer lithium on expression and activity of glutathione s-transferase isoenzymes. Neuroscience 151, 518–524. doi: 10.1016/j.neuroscience.2007.10.041

Sharma, N., Abrams, S. R., and Waterer, D. R. (2005). Uptake, movement, activity, and persistence of an abscisic acid analog (8’ acetylene ABA methyl ester) in marigold and tomato. J. Plant Growth Regul. 24, 28–35. doi: 10.1007/s00344-004-0438-z

Sharma, S. S., and Dietz, K. J. (2006). The significance of amino acids and amino acid-derived molecules in plant responses and adaptation to heavy metal stress. J. Exp. Bot. 57, 711–726. doi: 10.1093/jxb/erj073

Shi, H., Ye, T., and Chan, Z. (2013). Comparative proteomic and physiological analyses reveal the protective effect of exogenous polyamines in the bermudagrass (Cynodondactylon) response to salt and drought stresses. J. Proteome Res. 12, 4951–4964. doi: 10.1021/pr400479k

Shinozaki, K., and Yamaguchi-Shinozaki, K. (2000). Molecular responses to dehydration and low temperature: differences and cross-talk between two stress signaling pathways. Curr. Opin. Plant Biol. 3, 217–223. doi: 10.1016/s1369-5266(00)80068-0

Shulaev, V., Cortes, D., Miller, G., and Mittler, R. (2008). Metabolomics for plant stress response. Physiol. Plant. 132, 199–208. doi: 10.1111/j.1399-3054.2007.01025.x

Singh, P., Arif, Y., Siddiqui, H., and Hayat, S. (2021). “Jasmonate: a versatile messenger in plants,” in Jasmonates and Salicylates Signaling in Plants, eds T. Aftab and M. Yusuf (Cham: Springer).

Slade, D., and Radman, M. (2011). Oxidative stress resistance in Deinococcus radiodurans. Microbiol. Mol. Biol. Rev. 75, 133–191. doi: 10.1128/mmbr.00015-10

Slama, I., Abdelly, C., Bouchereau, A., Flowers, T., and Savouré, A. (2015). Diversity, distribution and roles of osmoprotective compounds accumulated in halophytes under abiotic stress. Ann. Bot. 115, 433–447. doi: 10.1093/aob/mcu239

Smirnoff, N., and Cumbes, Q. J. (1989). Hydroxyl radical scavenging activity of compatible solutes. Phytochemistry 28, 1057–1060. doi: 10.1016/0031-9422(89)80182-7

Soma, F., Takahashi, F., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2021). Cellular phosphorylation signaling and gene expression in drought stress responses: ABA-dependent and ABA-independent regulatory systems. Plants 10:756. doi: 10.3390/plants10040756

Sonah, H., Deshmukh, R. K., and Bélanger, R. R. (2016). Computational prediction of effector proteins in fungi: opportunities and challenges. Front. Plant Sci. 7:126. doi: 10.3389/fpls.2016.00126

Song, G., Ouyang, G., and Bao, S. (2005). The activation of Akt/PKB signaling pathway and cell survival. J. Cell. Mol. Med. 9, 59–71. doi: 10.1111/j.1582-4934.2005.tb00337.x

Spoel, S. H., Johnson, J. S., and Dong, X. (2007). Regulation of tradeoffs between plant defenses against pathogens with different lifestyles. Proc. Natl. Acad. Sci. U.S.A. 104, 18842–18847. doi: 10.1073/pnas.0708139104

Sreenivasulu, N., Sopory, S. K., and Kishor, P. K. (2007). Deciphering the regulatory mechanisms of abiotic stress tolerance in plants by genomic approaches. Gene 388, 1–13. doi: 10.1016/j.gene.2006.10.009

Srivalli, S., and Khanna-Chopra, R. (2008). “Role of glutathione in abiotic stress tolerance,” in Sulfur Assimilation and Abiotic Stress in Plants, eds N. A. Khan, S. Singh, and S. Umar (Berlin: Springer), 207–225. doi: 10.1007/978-3-540-76326-0_10

Srivastava, A. K., Mishra, P., and Mishra, A. K. (2021). “Effect of climate change on plant secondary metabolism: an ecological perspective,” in Evolutionary Diversity as a Source for Anticancer Molecules, eds A. K. Srivastava and V. Kumar (Cambridge, MA: Academic Press), 47–76. doi: 10.1016/b978-0-12-821710-8.00003-5

Suardiaz, R., Jambrina, P. G., Masgrau, L., Gonzalez-Lafont, A., Rosta, E., and Lluch, J. M. (2016). Understanding the mechanism of the hydrogen abstraction from arachidonic acid catalyzed by the human enzyme 15-lipoxygenase-2. A quantum mechanics/molecular mechanics free energy simulation. J. Chem. Theory Comput. 12, 2079–2090. doi: 10.1021/acs.jctc.5b01236

Suo, J., Zhao, Q., David, L., Chen, S., and Dai, S. (2017). Salinity response in chloroplasts: insights from gene characterization. Int. J. Mol. Sci. 18:1011. doi: 10.3390/ijms18051011

Sytar, O., Kumar, A., Latowski, D., Kuczynska, P., Strzałka, K., and Prasad, M. N. V. (2013). Heavy metal-induced oxidative damage, defense reactions, and detoxification mechanisms in plants. Acta Physiol. Plant. 35, 985–999. doi: 10.1007/978-3-319-06746-9_1

Szabados, L. (2010). Proline: a multifunctional amino acid. Trends Plant Sci. 15, 89–97. doi: 10.1016/j.tplants.2009.11.009

Szabados, L., and Savoure, A. (2010). Proline: a multifunctional amino acid. Trends Plant Sci. 15, 89–97.

Taheri, Z., Vatankhah, E., and Jafarian, V. (2020). Methyl jasmonate improves physiological and biochemical responses of Anchusa italica under salinity stress. S. Afr. J. Bot. 130, 375–382. doi: 10.1016/j.sajb.2020.01.026

Taiz, L., and Zeiger, E. E. (2010). “Gibberellins: regulators of plant height and seed germination,” in Plant Physiology, eds L. Taiz and Zeiger, E. (Sunderland, MA: Sinauer Associates), 583–619.

Takahashi, T., and Kakehi, J. I. (2010). Polyamines: ubiquitous polycations with unique roles in growth and stress responses. Ann. Bot. 105, 1–6. doi: 10.1093/aob/mcp259

Takeda, S. (1991). An atomic model of electron-irradiation-induced defects on {113} in Si. Jpn. J. Appl. Phys. 30:L639.

Tamhane, V. A., Mishra, M., Mahajan, N. S., Gupta, V. S., and Giri, A. P. (2012). Plant Pin-II family proteinase inhibitors: structural and functional diversity. Funct. Plant Sci. Biotechnol. 6, 42–58.

Turtola, S., Manninen, A. M., Rikala, R., and Kainulainen, P. (2003). Drought stress alters the concentration of wood terpenoids in Scots pine and Norway spruce seedlings. J. Chem. Ecol. 29, 1981–1995. doi: 10.1023/a:1025674116183

Van Baarlen, P., Woltering, E. J., Staats, M., and van Kan, J. A. (2007). Histochemical and genetic analysis of host and non-host interactions of Arabidopsis with three Botrytis species: an important role for cell death control. Mol. Plant Pathol. 8, 41–54. doi: 10.1111/j.1364-3703.2006.00367.x

Van Camp, W., Willekens, H., Bowler, C., van Montagu, M., Inzé, D., Reupold-Popp, P., et al. (1994). Elevated levels of superoxide dismutase protect transgenic plants against ozone damage. Nat. Biotechnol. 12, 165–168. doi: 10.1038/nbt0294-165

Van Loon, L. C., Pierpoint, W. S., Boller, T. H., and Conejero, V. (1994). Recommendations for naming plant pathogenesis-related proteins. Plant Mol. Biol. Rep. 12, 245–264. doi: 10.1007/bf02668748

Van Loon, L. C., Rep, M., and Pieterse, C. M. (2006). Significance of inducible defense-related proteins in infected plants. Annu. Rev. Phytopathol. 44, 135–162. doi: 10.1146/annurev.phyto.44.070505.143425

Van Meulebroek, L., Hanssens, J., Steppe, K., and Vanhaecke, L. (2016). Metabolic fingerprinting to assess the impact of salinity on carotenoid content in developing tomato fruits. Int. J. Mol. Sci. 17:821. doi: 10.3390/ijms17060821

Verbruggen, N., and Hermans, C. (2008). Proline accumulation in plants: a review. Amino Acids 35, 753–759. doi: 10.1007/s00726-008-0061-6

Verslues, P. E., Agarwal, M., Katiya-Agarwal, S., Zhu, J., and Zhu, J. K. (2006). Methods and concepts in quantifying resistance to drought, salt and freezing, abiotic stresses that affect plant water status. Plant J. 45, 523–539. doi: 10.1111/j.1365-313X.2005.02593.x

Verslues, P. E., and Sharma, S. (2010). Proline metabolism and its implications for plant-environment interaction. Arabidopsis Book 8:e0140. doi: 10.1199/tab.0140

Viehweger, K. (2014). How plants cope with heavy metals. Bot. Stud. 55:35. doi: 10.1186/1999-3110-55-35

Wang, J., Song, L., Gong, X., Xu, J., and Li, M. (2020). Functions of jasmonic acid in plant regulation and response to abiotic stress. Int. J. Mol. Sci. 21:1446. doi: 10.3390/ijms21041446

Wang, Y., Wisniewski, M., Meilan, R., Uratsu, S. L., Cui, M., Dandekar, A., et al. (2007). Ectopic expression of Mn-SOD in Lycopersicon esculentum leads to enhanced tolerance to salt and oxidative stress. J. Appl. Hortic. 9, 3–8. doi: 10.37855/jah.2007.v09i01.01

Wang, Y., Ying, Y., Chen, J., and Wang, X. (2004). Transgenic Arabidopsis over expressing Mn-SOD enhanced salt-tolerance. Plant Sci. 167, 671–677. doi: 10.1016/j.plantsci.2004.03.032

Wani, S. H., Kumar, V., Shriram, V., and Sah, S. K. (2016). Phytohormones and their metabolic engineering for abiotic stress tolerance in crop plants. Crop J. 4, 162–176. doi: 10.1016/j.cj.2016.01.010

Wani, S. H., Singh, N. B., Haribhushan, A., and Iqbal Mir, J. (2013). Compatible solute engineering in plants for abiotic stress tolerance-role of glycine betaine. Curr. Genomics 14, 157–165. doi: 10.2174/1389202911314030001

Waqas, M. A., Kaya, C., Riaz, A., Farooq, M., Nawaz, I., Wilkes, A., et al. (2019). Potential mechanisms of abiotic stress tolerance in crop plants induced by thiourea. Front. Plant Sci. 10:1336. doi: 10.3389/fpls.2019.01336

Wimalasekera, R., Tebartz, F., and Scherer, G. F. (2011). Polyamines, polyamine oxidases and nitric oxide in development, abiotic and biotic stresses. Plant Sci. 181, 593–603. doi: 10.1016/j.plantsci.2011.04.002

Wishart, D. S. (2019). Metabolomics for investigating physiological and pathophysiological processes. Physiol. Rev. 99, 1819–1875. doi: 10.1152/physrev.00035.2018

Xie, Z., Nolan, T. M., Jiang, H., and Yin, Y. (2019). AP2/ERF transcription factor regulatory networks in hormone and abiotic stress responses in Arabidopsis. Front. Plant Sci. 10:228. doi: 10.3389/fpls.2019.00228

Xu, Y. I., Chang, P. F. L., Liu, D., Narasimhan, M. L., Raghothama, K. G., Hasegawa, P. M., et al. (1994). Plant defense genes are synergistically induced by ethylene and methyl jasmonate. Plant Cell 6, 1077–1085. doi: 10.1105/tpc.6.8.1077

Yalpani, N., Silverman, P., Wilson, T. M., Kleier, D. A., and Raskin, I. (1991). Salicylic acid is a systemic signal and an inducer of pathogenesis-related proteins in virus-infected tobacco. Plant Cell 3, 809–818. doi: 10.1105/tpc.3.8.809

Yang, S., Vanderbeld, B., Wan, J., and Huang, Y. (2010). Narrowing down the targets: towards successful genetic engineering of drought-tolerant crops. Mol. Plant 3, 469–490. doi: 10.1093/mp/ssq016

Yang, X., Lu, M., Wang, Y., Wang, Y., Liu, Z., and Chen, S. (2021). Response mechanism of plants to drought stress. Horticulturae 7:50. doi: 10.3390/horticulturae7030050

Yang, X., Wen, X., Gong, H., Lu, Q., Yang, Z., Tang, Y., et al. (2007). Genetic engineering of the biosynthesis of glycinebetaine enhances thermotolerance of photosystem II in tobacco plants. Planta 225, 719–733. doi: 10.1007/s00425-006-0380-3

Yang, Y. L., Zhang, Y. Y., Lu, J., Zhang, H., Liu, Y., Jiang, Y., et al. (2012). Exogenous H2O2 increased catalase and peroxidase activities and proline content in Nitrariatangutorum callus. Biol. Plant. 56, 330–336. doi: 10.1007/s10535-012-0094-2

Zandi, P., and Schnug, E. (2022). Reactive oxygen species, antioxidant responses and implications from a microbial modulation perspective. Biology 11:155. doi: 10.3390/biology11020155

Zapata, P. J., Serrano, M., Pretel, M. T., Amorós, A., and Botella, M. Á (2004). Polyamines and ethylene changes during germination of different plant species under salinity. Plant Sci. 167, 781–788. doi: 10.1016/j.plantsci.2004.05.014

Zhang, K., Zhou, M., and Memelink, J. (2016). Analysis of the Role of DELLA Proteins in the Expression of Jasmonate Biosynthesis in Arabidopsis thaliana. MYC Transcription Factors: Masters in the Regulation of Jasmonate. Doctoral thesis. Leiden: Leiden University, 77.

Zipfel, C., and Felix, G. (2005). Plants and animals: a different taste for microbes? Curr. Opin. Plant Biol. 8, 353–360. doi: 10.1016/j.pbi.2005.05.004


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Chen, Mubeen, Hasnain, Rizwan, Adrees, Naqvi, Iqbal, Kamran, El-Sabrout, Elansary, Mahmoud, Alaklabi, Sathish and Din. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	CORRECTION
published: 14 June 2022
doi: 10.3389/fpls.2022.950612






[image: image2]

Corrigendum: Role of Promising Secondary Metabolites to Confer Resistance Against Environmental Stresses in Crop Plants: Current Scenario and Future Perspectives

Delai Chen1,2*, Bismillah Mubeen3, Ammarah Hasnain3*, Muhammad Rizwan4, Muhammad Adrees4, Syed Atif Hasan Naqvi5*, Shehzad Iqbal6, Muhammad Kamran7*, Ahmed M. El-Sabrout8, Hosam O. Elansary9, Eman A. Mahmoud10, Abdullah Alaklabi11, Manda Sathish12 and Ghulam Muhae Ud Din13


1College of Life Science and Technology, Longdong University, Qingyang, China

2Gansu Key Laboratory of Protection and Utilization for Biological Resources and Ecological Restoration, Qingyang, China

3Institute of Molecular Biology and Biotechnology, The University of Lahore, Lahore, Pakistan

4Department of Environmental Sciences and Engineering, Government College University Faisalabad, Faisalabad, Pakistan

5Department of Plant Pathology, Bahauddin Zakariya University, Multan, Pakistan

6Faculty of Agriculture Sciences, Universidad de Talca, Talca, Chile

7School of Agriculture, Food and Wine, The University of Adelaide, Adelaide, SA, Australia

8Department of Applied Entomology and Zoology, Faculty of Agriculture (EL-Shatby), Alexandria University, Alexandria, Egypt

9Plant Production Department, College of Food and Agricultural Sciences, King Saud University, Riyadh, Saudi Arabia

10Department of Food Industries, Faculty of Agriculture, Damietta University, Damietta, Egypt

11Department of Biology, Faculty of Science, University of Bisha, Bisha, Saudi Arabia

12Centro de Investigación de Estudios Avanzados del Maule (CIEAM), Vicerrectoría de Investigación y Postgrado, Universidad Católica del Maule, Talca, Chile

13State Key Laboratory for Biology of Plant Disease and Insect Pests, Institute of Plant Protection, Chinese Academy of Agricultural Sciences (CAAS), Beijing, China

Approved by: Frontiers Editorial Office, Frontiers Media SA, Switzerland

*Correspondence: Delai Chen, cdl829@126.com
 Ammarah Hasnain, ammarahhasnain3@gmail.com
 Syed Atif Hasan Naqvi, atifnaqvi@bzu.edu.pk
 Muhammad Kamran, muhammad.kamran@adelaide.edu.au

Specialty section: This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science

Received: 23 May 2022
 Accepted: 30 May 2022
 Published: 14 June 2022

Citation: Chen D, Mubeen B, Hasnain A, Rizwan M, Adrees M, Naqvi SAH, Iqbal S, Kamran M, El-Sabrout AM, Elansary HO, Mahmoud EA, Alaklabi A, Sathish M and Din GMU (2022) Corrigendum: Role of Promising Secondary Metabolites to Confer Resistance Against Environmental Stresses in Crop Plants: Current Scenario and Future Perspectives. Front. Plant Sci. 13:950612. doi: 10.3389/fpls.2022.950612



Keywords: PR proteins, polyamines, compatible solutes, antioxidants, stresses


A Corrigendum on
 Role of Promising Secondary Metabolites to Confer Resistance Against Environmental Stresses in Crop Plants: Current Scenario and Future Perspectives

by Chen, D., Mubeen, B., Hasnain, A., Rizwan, M., Adrees, M., Naqvi, S. A. H., Iqbal, S., Kamran, M., El-Sabrout, A. M., Elansary, H. O., Mahmoud, E. A., Alaklabi, A., Sathish, M., and Din, G. M. U. (2022). Front. Plant Sci. 13:881032. doi: 10.3389/fpls.2022.881032



In the published article, there is a production house-based error in the affiliation of “Muhammad Rizwan3.” Instead of “Muhammad Rizwan3,” it should be “Muhammad Rizwan4.”

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Chen, Mubeen, Hasnain, Rizwan, Adrees, Naqvi, Iqbal, Kamran, El-Sabrout, Elansary, Mahmoud, Alaklabi, Sathish and Din. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 18 May 2022
doi: 10.3389/fpls.2022.885479






[image: image2]

Evaluating the Impact of Nitrogen Application on Growth and Productivity of Maize Under Control Conditions

Hafiz Mohkum Hammad1*†, M. Shakeel Chawla2,3†, Rashid Jawad4, Asma Alhuqail5, Hafiz Faiq Bakhat2, Wajid Farhad6, Faheema Khan5, Muhammad Mubeen2, Adnan N. Shah7, Ke Liu8, Matthew T. Harrison8, Shah Saud9 and Shah Fahad10,11*


1Department of Agronomy, Muhammad Nawaz Shareef University of Agriculture, Multan, Multan, Pakistan

2Department of Environmental Science, COMSATS University Islamabad, Vehari, Pakistan

3Army Public School and College Mailsi Garrison, Mailsi, Pakistan

4Department of Horticulture, Ghazi University, Dera Ghazi Khan, Pakistan

5Chair of Climate Change, Environmental Development and Vegetation Cover, Department of Botany and Microbiology, College of Science, King Saud University, Riyadh, Saudi Arabia

6Department of Agronomy, University College of Dera Murad Jamali Naseerabad, Lasbela University of Agriculture, Water and Marine Sciences, Uthal, Pakistan

7Department of Agricultural Engineering, Khwaja Fareed University of Engineering and Information Technology, Rahim Yar Khan, Pakistan

8Tasmanian Institute of Agriculture, University of Tasmania, Burnie, TAS, Australia

9College of Life Science, Linyi University, Linyi, China

10Hainan Key Laboratory for Sustainable Utilization of Tropical Bioresource, College of Tropical Crops, Hainan University, Haikou, China

11Department of Agronomy, Faculty of Agricultural Sciences, The University of Haripur, Haripur, Pakistan

Edited by:
Mukhtar Ahmed, Pir Mehr Ali Shah Arid Agriculture University, Pakistan

Reviewed by:
Ayman EL Sabagh, Siirt University, Turkey
 Zulfiqar Ahmad Saqib, University of Agriculture, Faisalabad, Pakistan

*Correspondence: Hafiz Mohkum Hammad, hafizmohkum@gmail.com
 Shah Fahad, shah_fahad80@yahoo.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science

Received: 28 February 2022
 Accepted: 14 April 2022
 Published: 18 May 2022

Citation: Hammad HM, Chawla MS, Jawad R, Alhuqail A, Bakhat HF, Farhad W, Khan F, Mubeen M, Shah AN, Liu K, Harrison MT, Saud S and Fahad S (2022) Evaluating the Impact of Nitrogen Application on Growth and Productivity of Maize Under Control Conditions. Front. Plant Sci. 13:885479. doi: 10.3389/fpls.2022.885479



Climatic conditions significantly affect the maize productivity. Among abiotic factors, nitrogen (N) fertilizer and temperature are the two important factors which dominantly affect the maize (Zea mays L.) production during the early crop growth stages. Two experiments were conducted to determine the impact of N fertilizer and temperature on the maize growth and yield. In the first experiment, the maize hybrids were screened for their sensitivity to temperature variations. The screening was based on the growth performance of the hybrids under three temperatures (T1 = ambient open-air temperature, T2 = 1◦C higher than the ambient temperature, and T3 = 1◦C lower than the ambient temperature) range. The results showed that an increase in temperature was resulted less 50% emergence and mean emergence (4.1 and 6.3 days, respectively), while emergence energy and full emergence were higher (25.4 and 75.2%, respectively) under the higher temperature exposure. The results showed that Syngenta 7720 and Muqabla S 25W87 were temperature tolerant and sensitive maize hybrids, respectively. The second experiment was carried out to study the response of the two selected maize hybrids (Syngenta 7720 and Muqabla S 25W87) to four N fertilizer applications. The results revealed that the maximum N use efficiency (19.5 kg kg−1) was achieved in maize hybrids with low N application (75 kg N ha−1 equivalent to 1.13 g N plant−1). However, the maximum maize grain yield (86.4 g plant−1), dry weight (203 g plant−1), and grain protein content (15.0%) were observed in maize hybrids that were grown with the application of 300 kg N ha−1 (equivalent to 4.52 g N plant−1). Therefore, it is recommended that the application of 300 kg N ha−1 to temperature tolerant maize hybrid may be considered best agricultural management practices for obtaining optimum maize grain yield under present changing climate.

Keywords: best management practices, climate variability, maize yield production, protein content, nitrogen


INTRODUCTION

The maize crop is ranked as the third major cereal crop after wheat and rice and similarly, it is the third most widely grown cereal crop in Pakistan (Hussain et al., 2011). The maize production is highly dependent on the climatological and pedological conditions and it is necessary to determine how changes in climate and soil conditions can maintain or improve the production. The meteorological parameters determined that local climate conditions have a great deal on agricultural productivity. Considering the possible climate change and its impact on regional agricultural systems are critical. In recent years, climate change has been affecting the global agricultural productivity and precisely these impacts are more toward the negative side of crop production (Joshi et al., 2015; Boonwichai et al., 2019; Zhang et al., 2020). Soil is another key factor in determining the plants growth and their productivity (Rodrigo-Comino et al., 2018). Soil characteristics are critical and require for the precise calculations of the number of fertilizers to be supplied, and N is the key element due to its impact on the plant water relations and biota in the rhizosphere (Basso et al., 2020; He et al., 2020).

The quality of grain crops and crop yield is strongly dependent on the N fertilizer. Numerous researchers reported that N fertilizers application generally has positive and significant impacts on the crop growth and yield (Gasim, 2001; Amanullah et al., 2016). The maize plant characteristic such as leaf number per plant is increased by the application of N which improved plant height (Akintoye, 1996) by increasing the distance among the internodes and length of the internodes (Gasim, 2001). Therefore, the application of N fertilizer is also good for increasing the height, leaf area, and stem diameter as well as the fresh and dry yields of maize (Koul, 1997). Although only small amounts of irrigation water and N fertilizers are required during early growth stages (Chen et al., 2020), higher concentration of N at that time in the root zone is beneficial for achieving the high-crop yields (Ritchie et al., 1993; Hammad et al., 2018). As N is an important source of nutrition but its losses during crop growth (Wang et al., 2019) not only results in N deficiency but also negatively affects the environment (Sutton et al., 2013).

The farming communities are not well familiar about the interaction of N fertilizer with other crop input sources especially temperature which are affecting the final grain yield. Similarly, N use efficiency (NUE) can be influenced with changes in ambient temperature and N application rates (Zhang et al., 2022). So, optimum utilization of N fertilizer by a plant is a major factor for good crop production (Sinclair and Horie, 1989; Yousaf et al., 2016). An optimum supply of N fertilizer increases total biomass production and crop yield but at lower N fertilizer supply, plant dry matter accumulation of reproductive parts decreases, resulting in the lower grain yield (Monneveux et al., 2005). Hence, N fertilizer management is a crucial need of the time while considering the enigma of global food insecurity to ensure adequate grain crop production across the World (Thompson et al., 2015).

A decrease in the losses of N fertilizer from the agricultural lands is a hot topic worldwide among the agricultural researchers. Besides, N optimization ensures the soil environmental safety. As the climate change (temperature) and N fertilizer effects on maize hybrids potential yields, however, interaction among the two critical factors, i.e., temperature with N utilization has not been explored yet especially under semi-arid environments. Therefore, this study was planned for the following objectives (i) to determine the temperature effect on the growth of maize hybrids and (ii) to optimize N fertilizer dose for the local maize hybrids under the changing climate.



MATERIALS AND METHODS


The Design and Treatment of First Experiment

A pot experiment was conducted in glasshouse at COMSATS University Islamabad, Vehari Campus to study temperature effects on maize growth and yield. Soil analysis was carried out for determining NPK ratio in the soil. Prior to the experiment, the germination test was conducted to find out the seed germination percentage of maize hybrids. The experiment objective was to screen the 10 maize hybrids (detail shown in Table 1) against temperature sensitivity. These hybrids were grown under three different temperatures (T1 = Open-air ambient temperature, T2 = 1◦C higher than ambient temperature, and T3 = 1◦C lower than ambient temperature). The higher and lower temperatures were continually maintained in the glasshouse. A thermometer was placed among the pots for measuring the temperature. The completely randomized design with factorial arrangement having three replicates was used during the study. Two maize hybrids (H1 = heat tolerant and H2 = heat sensitive) were screened from the experiment on basis of germination and growth characteristics. Furthermore, a detail on daily open-air meteorological and green house data of experimental location is shown in Figure 1.


Table 1. Effects of various temperatures on the emergence of different maize hybrids.

[image: Table 1]


[image: Figure 1]
FIGURE 1. Daily temperature and rainfall data of experimental site during the growing season.




Observation

The experimental plants data were observed after each hour. The number of seeds emergence were noted according to the handbook of the Association of Official Seed Analysis (AOSA). (1990). Time taken to 50% seedlings (E50) emergence was calculated according to the formula of Coolbear et al. (1984) modified by Farooq et al. (2005).

[image: image]

Mean emergence time (MET) was calculated according to the equation of Ellis and Roberts (1981).
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Energy of germination was recorded at 4th day after planting. It was the percentage of emerged seedlings 4 days after planting relative to the total number of seeds tested (Farooq et al., 2006).

[image: image]

The plants were harvested at maturity. The stem length (cm) was measured from base to tip of the plants. The plant shoots were cut from the pot and the soil was washed with water on iron grille to retrieve the roots. The root length (cm) was also measured from plant base to the root tip. The plants were separated into roots, shoots, and leaves. The plant each fraction was oven dried separately at 70◦C till constant weight. The dry weight (DW) of roots and shoots was measured in grams (g).



The Design and Treatments of Second Experiment

The two maize hybrids (H1 = Syngenta 7720 and Muqabla S H2 =25W87 temperature tolerant and sensitive, respectively) selected from the first experiment were tested under four different N rates with one control treatment (N1 = 0, N2 = 1.13 g plant−1 equal to 75 kg N ha−1, N3 = 2.26 g plant−1 equal to 150 kg N ha−1, N4 = 3.39 g plant−1 equal to 225 kg N ha−1, and N5 = 4.52 g plant−1 equal to 300 kg N ha−1). The completely randomized design with factorial arrangement having four replicates was used during this study.



Plant Sampling

Plant height (cm) was measured with the help of scale from base to tip of the plants at maturity. At physiological maturity, plants were extracted from the pot and the soil was washed with the water pressure on iron grille. The root length (cm) was measured with the help of scale from plant base to root tip. The harvested plants were thrashed manually for measuring the thousand grain weight and total yield. Thousand grains were taken from each plant and sun dried up to standard moisture content in the grains. The total grains and dry matter of each plant were calculated as g plant−1. The Micro-Kjeldhal method (Helrich, 1990) was used for determining the N contents in grains and then the crude protein contents were determined by using the following formula

[image: image]

The NUE was calculated by the formula derived by Dobermann (2007).

[image: image]

where, F is the amount of N fertilizer (kg ha−1), Y is the crop yield (kg ha−1) with N application, and Y◦ is the crop yield (kg ha−1) without application of N fertilizer.

All biological processes in plant respond to temperature, and all responses can be summarized in terms of cardinal temperatures (a base temperature). Therefore, the thermal time (growing degree days) of plant was calculated according to Gallagher et al. (1983) by using the following formula:

[image: image]

where Tb is cardinal or base temperature taken as 8◦C for maize (FAO, 1978).



Statistical Analysis

The effects of treatments on the studied variables were analyzed with ANOVA using the SAS statistical software. The least significant difference test was used for comparing the means of the treatments when the F-values were significant at p 0.05 (SAS Institute, 2004). The interaction among the factors (temperature, maize hybrids, and nitrogen [N]) was non-significant, so the results of the factors were described separately.




RESULTS


First Experiment

Time taken to 50% emergence of seedling was significantly affected under different temperature conditions and the hybrids showed different response to the temperature to initiate 50% emergence (Table 1). The maize hybrids took minimum time (4.1 day) for 50% emergence when they were subjected to ≈1◦C higher temperature (T2) than the ambient temperature (T1) while the maximum time (6.2 day) to exhibit 50% emergence was taken by the maize seeds that were kept under T3 (≈1◦C less from normal temperature). Similarly, among the maize hybrid, minimum time (3.9 day) taken to 50% emergence was observed in H3 (Syngenta 7720) while the hybrid H7 (Muqabla S 25W87) took maximum time (6.8 day) for 50% emergence.

Time taken to mean emergence of maize was significantly influenced by the exposure of crop to various temperatures (Table 1). Maize grown in approximately one-degree higher temperature (T2) from normal temperature (T1) showed significantly lower time (6.3 day) for the plant mean emergence. Precisely evaluating the performance of subjected maize hybrids, the minimum time (5.7 day) taken for mean emergence was observed in H3 (Syngenta 7720) and the maximum time (9.1 day) was observed in H7 (Muqabla S 25W87).

The results showed (Table 1) that the exposure of maize seeds to various temperatures significantly influenced the time taken by emergence energy of various maize hybrids. The maize grown under T2 treatment showed the maximum emergence energy (25.4%) and the minimum emergence energy (21.0%) was observed in maize hybrids that were kept under T3. Maximum emergence energy (34.9%) among the hybrids was observed in H3 (Syngenta 7720) while less emergence energy (21.1%) was observed in H7 (Muqabla S 25W87).

In similar terms, the time taken for full emergence of maize hybrids was also affected by various temperatures (Table 1). Seeds exposed to approximately one-degree higher (T2) temperature from ambient showed higher emergence (75.2%). The minimum time (66.9%) taken to full emergence was observed in maize hybrids that were grown in T3 unit. The hybrids used in this study showed significant response to the temperature for time taken to full emergence. The maximum full emergence (82.4%) was observed in H3 (Syngenta 7720) and the minimum time taken for full emergence (42.3%) was recorded in H7 (Muqabla S 25W87).

The stem length is an important parameter, and the results showed that the seedlings exposed to various temperatures significantly differ in stem length (Table 2). The maximum stem length (102.4cm) was recorded in maize hybrid that was grown under the ambient conditions. However, among the maize hybrid, a significant difference was observed for stem length. The maximum stem length (111.6 cm) was observed in H3 (Syngenta 7720), while the minimum stem length (78.4 cm) was recorded in H7 (Muqabla S 25W87).


Table 2. Effects of various temperatures on the different characteristics of maize hybrids.
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The plant DW is an important characteristic for determining the plant biomass accumulation. The results showed that the various temperatures distinctively influenced the plant DW of maize hybrids (Table 2). The maximum plant DW (69.9 g plant−1) was observed in maize grown under T1; however, maize hybrids that were kept under T3-exhibited minimum plant DW (50.2 g plant−1). Among the hybrids, the maximum plant DW (73.2 g plant−1) was recorded in H5 (Sohni-Dharti 626) which was statistically similar with maize hybrid H4, while the minimum plant DW (43.6 g plant−1) was recorded in the H7 (Muqabla S25W87).

The results showed that various temperatures significantly influenced the root length of maize (Table 2). The maximum root length (54.8 cm) was recorded in maize that was kept under the ambient temperature and the results were showed the root significantly decreased by decreasing the temperature. The root length was significantly varied among the maize hybrid and the maximum root length (65.3 cm) was observed in H3 (Syngenta 7720), while the minimum root length (28.1 cm) was recorded in H7 (Muqabla S25W87).

The root DW is an another important parameter that was evaluated under our prescribed temperature ranges in this study. The results showed that the root DW of maize hybrids was also affected by different temperature regimes (Table 2). The maximum root DW (11.18 g plant−1) was observed in maize hybrid which was grown under the ambient temperature. In case of different hybrids, the maximum root DW (13.78 g plant−1) was observed in H3 (Syngenta 7720) and the minimum plant DW (4.78 g plant−1) was recorded in H7 (Muqabla S25W87).

The results of first experiment showed the maize hybrid Syngenta 7720 was temperature tolerant while the hybrid Muqabla S25W87 was temperature sensitive. These two selected hybrids were evaluated with four N fertilizer rates including one control treatments during the second experiment.



Second Experiment

The results showed temperature tolerant maize hybrid (Syngenta 7720) attained the higher stem length (161 cm) as compared to temperature sensitive maize hybrid (Muqabla S25W87). The application of N was significantly affected the plant growth. There was a linear relationship between plant height and N application rates during the study (Table 3). The maximum plant height (191 cm) was observed by the application of 300 kg N ha−1 while the minimum plant height (107 cm) was recorded in the control treatment. The application of N fertilizer was enhanced 78% higher stem length when compared with the control treatment (191 vs. 107).


Table 3. Effect of nitrogen (N) application on temperature tolerant (H1) and sensitive (H2) maize hybrid growth and yield.
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The thousand grain weight is an important maize characteristic which plays a significant role for determining the maize yield. The temperature tolerant maize hybrid (H1) showed comparatively higher 1000 grain weight (242 g) as compared to temperature sensitive maize hybrid (H2) which suggests that the increasing trend of temperature might be a factor in decreasing the maize 1000 grain weight as increasing temperature decrease the growing degree days of the plant (Table 3). The results showed that there was a linear relationship between N application rates and 1000 grain weight. The maximum 1000 grain weight (265 g) was observed in the N4 treatment (300 kg N ha−1). This increase was 39.4% than the control treatment (265.5 vs. 190.5) and the minimum 1000 grain weight (190 g) was recorded in the control treatment.

The temperature tolerant maize hybrid (H1) showed higher grain yield (75.5 g plant−1) as compared to temperature sensitive maize hybrid (H2). There was a linear and quadratic relationship between N application rates and grain yield (Table 3). The maximum grain yield (86.4 g plant−1) was observed in the maize hybrids that were kept in N4 treatment (300 kg N ha−1). However, the minimum grain yield (43.4 g plant−1) was recorded in control treatment. Maize grown in N4 treatment resulted in 99% higher grain yield (86.4 vs. 43.4) as compared to zero N application (control). The grain yield was significantly and positively correlated (R2 = 0.92) with the N application rates (Figure 2A).


[image: Figure 2]
FIGURE 2. Response of grain yield (A) and protein contents (B) to nitrogen application rates.


The results showed (Table 3) temperature tolerant maize hybrid (H1) showed significantly higher total biomass production (252 g plant−1) as compared to temperature sensitive maize hybrid (H2). The results revealed that there was a linear relationship between total biomass production and N application. The maximum total biomass (289.8 g plant−1) was observed in maize that was grown in N4 treatment and the minimum total biomass (174 g plant−1) was recorded in control treatment. The application of 300 kg N ha−1 (N4) resulted in 66.5% higher total biomass production (289.8 vs. 174) as compared to the control treatment.

The temperature tolerant maize hybrid showed higher root length (61.1 cm) as compared to temperature sensitive (H1) maize hybrid (Table 4). In addition, the N application showed linear and quadratic effects on root length. The maximum root length (71.5 cm) was observed by the application of 225 kg N ha−1 (N4) and beyond this rate, there was no significance increase in root length and the minimum root length (47.6 cm) was recorded in control treatment (N0). Similarly, the temperature tolerant maize hybrid (H1) showed the maximum root DW (17.8 g plant−1) as compared to temperature sensitive maize hybrid (Table 4). In case of N application, the results showed that the root DW was increased by increasing N application rate up to 300 kg ha−1 (N5). There was a linear and cubic effect of N application rates on root DW. The maximum root DW (20.3 g plant−1) was recorded in the N5 treatment. However, the minimum root weight (13.4 g plant−1) was recorded in unfertilized treatment, i.e., control treatment (N1). The application of N 300 kg ha−1 (N5) was resulted 51% (20.3 vs. 13.4) higher root DW as compared to control treatment.


Table 4. Effect of N application on temperature tolerant (H1) and sensitive (H2) maize hybrid characteristic.
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Like other parameters, the higher protein content in grains (10.8%) was recorded in temperature tolerant maize hybrid (H1) as compared to temperature sensitive maize hybrid (Table 4). The results showed that the protein content in grain increased by increasing the N application rate up to 300 kg ha−1 (N5). There was a cubic effect of N application rates that was observed on the protein content in grains. The maximum protein content in grain (15.0%) was observed in the N5 treatment, while the minimum protein content in grain (8.0%) was recorded in the control treatment. The application of N 300 kg ha−1 resulted in 47% higher protein content (15.0 vs. 8.0) in grains as compared to the control treatment. The protein contents were significantly correlated (R2 = 0.97) with N application rates (Figure 2B).

The results revealed temperature tolerant maize hybrid (H1) attained significantly higher NUE (13.0 kg kg−1) as compared to H2 maize hybrid (Table 4). The results showed that the NUE was decreased by increasing N application rate. The maximum NUE (19.5 kg kg−1) was observed by the application of N at rate of 75 kg ha−1 (N2) and the minimum NUE (9.5 kg kg−1) was recorded in N5 treatment.

The crop development of second experiment is showed in Table 5 which represented calendar days and thermal time (growing degree days) from sowing to emergence. It has also been seen that the maize hybrids did not show any response to different N fertilizer application doses to thermal time from emergence to silking. However, the response was observed significant during the later crop growth stages. The temperature tolerant maize hybrid (H1) and higher doses of N fertilizer application attained more thermal time than temperature sensitive (H2) and other maize units which received lower N fertilizer rates. The application of 225 and 300 kg N ha−1 resulted in the maximum thermal time (1975◦C days) in temperature tolerant maize hybrid and the minimum thermal time (1937◦C days) was observed in control treatment (no N application).


Table 5. Effect of temperature and N application on crop phenology.
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DISCUSSION

The results revealed that an increase in temperature accelerated seed germination of maize hybrids. As during the spring season under semi-arid conditions, sometime air temperature is low at initial stages from maize base temperature (8◦C). The response of maize seed emergence to temperature was best with minimum cardinal temperatures ranging from 8 to 37.5◦C, and optimum temperatures of 25.9 to 37.0◦C (Edalat and Kazemeini, 2014). Hence, an increased temperature enhanced the germination capacity coupled with the indication that optimum temperature is the pre-requirement for the maize germination process (Meng et al., 2022). It is predicted in the scenarios, air temperature will increase due to climate change, which could limit the length of the maize-growing season if other resources are not limited (Odgaard et al., 2011).

Morroco et al. (2005) stated that the high level of deviation, in response to changing temperatures, was recorded among the maize hybrids concerning physiological and morphological characteristics of the plant, which indicated that alleles are present which can improve the plant adoptability to lower and higher temperature conditions. Being a complex phenomenon, i.e., chilling stress, cold tolerance is generally controlled with the influence of multiple genes. Hence, to understand the responses of maize to low temperature stress at emergence stage, a multidisciplinary approach comprising physiology, genetics, and molecular biology will be the best way. The result from our study revealed that an increase in temperature resulted in the fast germination mechanism in the seeds. Even though there was a slight difference of temperature among the treatments; it was still enough to create differences observable for the maize hybrids tolerance potential under varying temperature conditions. However, higher temperature at later crop growth stages especially at reproductive stage resulted in lower grain yield due to decrease in pollen development (Ji et al., 2010). Furthermore, higher temperature during the whole growing season was also resulted in early plant maturity as the plant attained required thermal time early and they have less time for dry matter accumulation through photosynthesis and nutrients from the soil (Hammad et al., 2013; Hatfield and Prueger, 2015). Khaliq et al. (2008) studied the thermal time and calendar days of maize different cultivars and varying rate of N application and they found significant effects of N fertilizer on maize hybrid. Similar effects were also observed by Hammad et al. (2013) and the authors have concluded that the N application timing and rates were affected the maize growth and development. The observed lower yield and yield components including stem and root length, root weight, and thousand grain weight in maize with one-degree higher temperature are due to the less duration of developmental phases, diminish the photosynthetic potential coupled with increased respiration, lower light interception, and pollen sterility (Cairns et al., 2013). In T2 treatment units (1◦ higher temperature than ambient), the pollen viability was negatively affected by the heat stress as pollen desiccation is severely affected by the surrounding air temperature (Fonseca and Westgate, 2005).

Our results were also in accordance with the study of Ordóñez et al. (2015) highlighting that higher temperature is the main reason for the reduction in maize crop yield by influencing the developmental trends in ear growth. The exposure of maize hybrids toward higher temperature (T2) at silking stages is a strong factor for lower final yield (Cicchino et al., 2010) through affecting the distribution of photosynthates among the sources and sinks in maize plants. Moreover, this source capacity is in fact influenced by a decline in carbohydrate synthesis (Barnabás and Fehér, 2008) which is due to the downscaled photosynthesis plus higher respiration rates (Ordóñez et al., 2015). In addition, the sink capacity is negatively affected by the deterioration in the synchrony of anthesis-silking phenomena that leads to decrease the ovule fertilization and increased the kernel abortion. Eventually, these impacts cause the disturbance in the process of pollination and kernel set, hence, causing severe yield losses (Edreira et al., 2011).

The crop phenology and growth notably responded to varying rate of N fertilizer. An increased rate of N fertilizer up to the optimum dose is a sound approach to attain the highest yield. The best possible development and maize grain yield were accomplished by the application of N at the rate of 300 kg N ha−1. The application of N increased cell counts and volume per leaf as well as it accelerated the formation of chlorophyll and increased plants biomass during the early stages of crop growth. The results were supported by the findings of Amanullah et al. (2009) and Hammad et al. (2011) who reported that the application of N fertilizer was increased the crop duration in maize.

Hammad et al. (2013) also observed that 2072◦C thermal days with the application of 250 kg N ha−1 were required to obtain optimum maize yield. The crop phenology was influenced by temperature and N fertilizer application rate. Furthermore, it has also been evaluated that a continuous enhancement in N application is not so beneficial in term of NUE parameter (Gheysari et al., 2009). Paolo and Rinaldi (2008) concluded that NUE could be improved only at a specific N fertilizer rate. The fact that the highest water use efficiency was attained with the application of more water and N discloses that both water and N are yield-limiting factors in semiarid environments. However, mostly in developing countries, each farmer's main objective is final the economic yield of the crop. The maximum grain yield of the maize crop was achieved by the application of N up to 300 kg ha−1 (equivalent to 4.52 g N plant−1). Therefore, this rate of N should be considered as a best fertilizer management practice under the semiarid regions in Pakistan and similar regions in the rest of the World.



CONCLUSION

The increase in temperature decrease the time required for germination time as well as for maturity in maize with less growing degree days which resulted in lower grain yield. The results showed that the increase in the N application rate up to 300 kg ha−1 (equivalent to 4.52 g N plant−1) resulted maximum grain yield and total dry matter production, but increase is in N application rate is not a sound strategy for attaining maximum N use efficiency. Therefore, it is concluded the applications of 300 kg N ha−1 by selecting temperature resilient maize hybrids should be considered a good agricultural practice for achieving optimum maize grain yield, in semiarid region of Pakistan. Furthermore, future global warming will result in a reduction in maize grain yield. Therefore, it is suggested that plant breeders policy makers should develop new temperature tolerant maize hybrids for achieving the high-crop productivity under changing climate.
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In many agricultural areas, crop production has decreased due to a lack of water availability, which is having a negative impact on sustainability and putting food security at risk. In plants, the plasticity of the root system architecture (RSA) is considered to be a key trait driving the modification of the growth and structure of roots in response to water deficits. The purpose of this study was to examine the plasticity of the RSA traits (mean root diameter, MRD; root volume, RV; root length, RL; and root surface area, SA) associated with drought tolerance in eight Lagenaria siceraria (Mol. Standl) genotypes, representing three different geographical origins: South Africa (BG-58, BG-78, and GC), Asia (Philippines and South Korea), and Chile (Illapel, Chepica, and Osorno). The RSA changes were evaluated at four substrate depths (from 0 to 40 cm). Bottle gourd genotypes were grown in 20 L capacity pots under two contrasting levels of irrigation (well-watered and water-deficit conditions). The results showed that the water productivity (WP) had a significant effect on plasticity values, with the Chilean accessions having the highest values. Furthermore, Illapel and Chepica genotypes presented the highest WP, MRD, and RV values under water-deficit conditions, in which MRD and RV were significant in the deeper layers (20–30 and 30–40 cm). Biplot analysis showed that the Illapel and Chepica genotypes presented a high WP, MRD, and RV, which confirmed that these may be promising drought-tolerant genotypes. Consequently, increased root diameter and volume in bottle gourd may constitute a response to a water deficit. The RSA traits studied here can be used as selection criteria in bottle gourd breeding programs under water-deficit conditions.

Keywords: bottle gourd, phenotypic plasticity, root system, water-deficit, water productivity


INTRODUCTION

Drought is a compelling ecological issue that significantly damages plant development and growth (Fahad et al., 2017; Iqbal et al., 2022). In this sense, water scarcity has had a negative impact on crop yield, putting food security at risk in many drought-prone areas in the world (Ellsworth et al., 2020; Payus et al., 2020; Fahad et al., 2021a,b,c). Therefore, in order to enhance the sustainability of agriculture, it is necessary to develop genotypes with high yields, water-use efficiency, and water productivity (WP). In response to drought stresses, plants have developed several physiological, phenological, morphological, and biochemical adaptation mechanisms in different plant organs (i.e., roots, stems, and leaves) to respond to severe water stress (Fahad et al., 2017, 2021c,d,e,f; Mashilo et al., 2018; Kamran et al., 2019; Zacarias Rafael et al., 2020; Iqbal et al., 2022). In particular, root system architecture (RSA) plays an important role in water extraction from the soil, especially in drought environments (Strock et al., 2019; Fahad et al., 2021b). Therefore, the identification and improvement of genotypes based on root traits have been of interest in crop breeding, mainly for the maintenance of crop productivity under water-deficit conditions (Lynch, 2018; Iqbal et al., 2022). Root system architecture traits are important drivers of many ecosystem processes, such as carbon and nutrient cycling, as well as the response to water-deficit episodes (Lynch, 2018; Lozano et al., 2020). However, the responses of RSA traits in plants under drought conditions have been limited to a small number of plant species (Lozano et al., 2020). In fact, the conclusions about plant strategies in terms of root trait responses have been contradictory. Henry et al. (2012), for instance, concluded that rice plants with fine roots that have smaller root diameters and specific root lengths are better adapted to dry conditions, as they allow the conservation of water resources. Similarly, Awad et al. (2018) observed that smaller root diameters in winter wheat plants may be beneficial for mining water under drought conditions since they may have faster root growth and may be able to allocate more C to root length. This relationship between root length and diameter in plants under drought conditions was also addressed by Comas et al. (2013) and Wasaya et al. (2018). In contrast, Zhou et al. (2018), through a meta-analysis study, found that root length and root length density decreased significantly in response to drought, while root diameter increased. In this sense, Lozano et al. (2020) pointed out that an increase in root diameter and a reduction in root elongation are different strategies that may promote nutrient and water acquisition, depending on the plant species. Thus, root system traits can vary from plant to plant, and also from species to species in response to the environment.

The ability of plant roots to capture water and nutrients from different depths in the soil profile is related to phenotypic variation and plasticity in root system traits, such as root length, diameter, area, and volume (Gorim and Vandenberg, 2017; Brunel-Saldias et al., 2020). For example, Gorim and Vandenberg (2017) pointed out that, between depths of 40–60 cm, lentil genotypes with higher total root length (TRL) proportions of very fine roots (<0.5 mm) were able to exploit both water and nutrients more efficiently; while between depths of 0–20 and 20–40 cm, lentil genotypes with TRL diameters >2.0 mm were more efficient in the long-distance transportation of water and nutrients. Similarly, Brunel-Saldias et al. (2020) showed that, under a water-limited regime, water use (WU) in spring wheat was positively related to root weight density at different soil layers. Thus, while root traits such as length, diameter, area, and volume are important, more information about root systems can be gained by looking at root distribution patterns at various soil depths.

Bottle gourd [Lagenaria siceraria (Mol. Standl)] was one of the earliest plant species domesticated for human utilization (Decker-Walters et al., 2004). According to Kistler et al. (2014), this species originated in Africa and was taken from Africa to Eurasia by humans, but it reached America by natural transoceanic dispersal. Due to this dispersal, L. siceraria is divided into two subspecies: Asian bottle gourd [L. siceraria. subsp. asiatica (Kobyakova) Heiser] and American/African bottle gourd (L. siceraria. subsp. siceraria) (Kobiakova, 1930; Schlumbaum and Vandorpe, 2012). Currently, bottle gourd is widely used as a rootstock in watermelon due to its tolerance to different biotic and abiotic stress factors (Yetisir et al., 2003; Yetisir and Uygur, 2009; Ulas et al., 2019; Aslam et al., 2020; Yavuz et al., 2020). Notably, bottle gourd has been an important crop in the arid and semi-arid regions of sub-Saharan Africa, where heat and drought stresses are major constraints for crop production (Sithole and Modi, 2015; Mashilo et al., 2017). Landraces or varieties of bottle gourd from Africa are thought to be drought tolerant due to several years of selection and cultivation by farmers living in drought-prone areas (Mashilo et al., 2017). Thus, these materials may possess unique genetic, physiological, and morphological attributes that may not be present in modern varieties, making them potentially key genetic resources for crop improvement (Zacarias Rafael et al., 2020).

A recent study conducted with bottle gourd reported that drought-tolerant genotypes showed a reduced length and density of lateral roots, constituting a response to a water deficit (Zacarias Rafael et al., 2020). However, until now, no study has examined the length, diameter, surface area, and volume root patterns at different substrate depths in the L. siceraria species under drought conditions. Therefore, in this study, eight bottle gourd genotypes, representing three different geographical origins (i.e., South Africa, Asia, and Chile), were selected to determine changes in the root system at different substrate depths under drought and well-watered conditions. This information will be useful for the development of bottle gourd varieties that can tolerate drought stress conditions by developing optimal root systems.



MATERIALS AND METHODS


Plant Material

The plant material used in this study consisted of eight bottle gourd accessions that represented different geographical origins: South Africa, Asia, and Chile. Three accessions were sourced from the Limpopo Department of Agriculture and Rural Development (Towoomba Research Station) of South Africa, two accessions were from the Genetic Resource Center of Japan, specifically from the National Agriculture and Food Research Organization (NARO), and three were collected from three different regions of Chile. Details about the bottle gourd accessions are shown in Supplementary Table 1.



Experimental Design and Growing Conditions

The seeds of the bottle gourd accessions were sterilized by immersion in 2% (v/v) sodium hypochlorite in water for 10 min, rinsed 2 times with deionized water for 10 min, and germinated for 5–7 days at 20–25°C in 7 × 7 × 8 cm (0.23 L) pots with peat and sand substrate in an equal ratio of 1:1. The plants with the first fully expanded true leaf and with an absence of damage or disease were considered as criteria for transplantation to pots.

The experiment was conducted in February 2021 in glasshouse conditions using a shade net cover (Raschel sun-shading net with 50% light transmittance), the average air temperature was 23.8 ± 2.7°C with relative humidity of 54% and a solar radiation level of 27 Mj/m2. The experiment was established in a randomized complete block design (RCBD) with an 8 × 2 factorial arrangement and three replicates by block. Factors consisted of eight bottle gourd accessions and two water regimes (well-watered and water-deficit regimes) totaling 16 treatments.

Each pot with 20 L of capacity (top diameter 30 cm, bottom diameter 26.5 cm, and height 40 cm) was filled with 30 kg of the substrate (1:1 peat/sand v/v) (volume 0.01766 m3). Prior to transplant, each pot was saturated with water, allowed to drain, and covered with plastic bags to avoid evaporation for 24 h according to Opazo et al. (2020). Thereafter, the weight of each pot was recorded and this was established as 100% of substrate water content and considered as field capacity. Three days after transplanting, the plants were subjected to two irrigation conditions: well-watered (WW) and water-deficit (WD). Plants under the WW condition were irrigated 3 times per week during the period of the experiment (35 days), with water being added to each pot to reach the corresponding 100% of field capacity. In contrast, the WD condition was induced by suspending the irrigation supply for 35 days. All pots in WW and WD were weighed 3 times per week to determine the amount of water consumed by each assessed genotype. All pots included holes for water drainage. The plants were fertilized individually with 5 g of Basacote® Mini 3M 16-8-12(+2) N-P2O5-K2O(+MgO+S) at the initial stage of the experiment, after which no fertilizer was applied during the entire experiment to avoid confusion about the applied stress. The experiment ended when the weight of the pots under WD conditions had no variations and the plants had died.



Water Productivity

Water productivity (WP) was estimated from the water-supplied data. To avoid evaporation, the surface of the pot was covered with black bags. For that, three plants per genotype and water treatment were harvested at the end of the experiment. Root and aerial (leaves and shoots) tissue dry matter weights (RDW and SDW, respectively) were measured using the leaves, shoots, and roots of each plant, which were separated and dried in an oven at 60°C to obtain the dry weights. The root:shoot ratio was determined by dividing the RDW and SDW for each plant. The plant water consumed over the 4-week period was estimated from the sum of the daily water consumption (WU) minus the water drained out of the pots and plant biomass gain. For this, the water drained was estimated through control pots, which included holes for water drainage (without plants), while the plant biomass gain (PBG) was estimated at the end of the experiment and corresponds to PBG = [final fresh weight—initial fresh weight]/[number of days in the experiment]. The WU was determined as follows:

[image: image]

where i corresponds to each of the n measurements (being i-1 the past measurement), PW and CPW represent the weight of the pots and control pot, respectively. Finally, the WP was determined as follows:

[image: image]
 

Root Measurements

The whole root system of each of the bottle gourd plants was analyzed. The root length (RL), root surface area (SA), mean root diameter (MRD), and root volume (RV) were determined using WinRhizo 2019a software (Regent Instruments Inc., Canada). The roots were cleaned by washing them over a sieve. Each sample was scanned with a flatbed scanner (Epson Perfection V800 Photo and V850 Pro, SEIKO EPSON CORP., Japan, resolution 6400 dpi). The roots were partitioned into nine diameter classes in 0.5 mm steps (0.0–0.5, 0.5–1.0, 1.0–1.5, 1.5–2.0, 2.0–2.5, 2.5–3.0, 3.0–3.5, 3.5–4.0, and 4.0–4.5), and the root lengths for each root diameter class were computed. The root images were analyzed at four different substrate depths (0–10, 10–20, 20–30, and 30–40 cm).



Morphological Plasticity Index

The phenotypic plasticity for a trait is related to the difference in this trait between two individuals of the same genotype under different water conditions (Marchiori et al., 2017). Therefore, the phenotypic plasticity was described by the absolute distance between two selected individuals (j and j', j = 1, 2, and 3) of the same genotype grown under distinct water conditions (i and i', i = WW and WD). According to the above, for a given trait x, the distance among values (dij → i′j′) is the difference xi′j′ – xij, and the relative distances (rdij → i′j′) are defined as dij → i′j′/(xi′j′ + xij) for all pairs of individuals of a given variety grown under different water availability. Finally, the relative distance plasticity index (RDPI) was calculated as Σ(rdij → i′j′)/n, where n represents the number of distances.



Statistical Data Analysis

An analysis of variance (ANOVA) was performed after testing the homogeneity of variances and the normality of the residuals using Bartlett and Shapiro–Wilk tests, respectively. A two-way ANOVA was performed for RSA traits, WU and WP traits, while a one-way ANOVA was used for RDPI traits (WP, root:shoot, RDW, SDW, RL, SA, RV, and MRD). Fisher's least significant difference (LSD) test and orthogonal contrasts were performed on multiple comparisons of the mean values of the genotypes. Statistical analyses were carried out using R 4.0.5 software (R Core Development Team, 2020).

The mean values of the studied RSA, WU and WP traits for each condition (WW and WD) were used to compute the Pearson's linear correlation coefficients using the “chart. Correlation” function of the PerformanceAnalytics package (Peterson et al., 2018) in R 4.0.5 software (R Core Development Team, 2020).

A principal component analysis (PCA) based on the correlation matrix was performed using the “princomp” function in R. The PCA-biplot was then generated using the “ggbiplot” function of ggbiplot2 package (Vu, 2011) in R to describe and group bottle gourds according to their level of drought tolerance pursuant to Zacarias Rafael et al. (2020).




RESULTS


Analysis of Variance and Correlations Among WP, Biomass Production, and Root Traits

The root dry weight (RDW) of the plants in the drought treatment ranged from 1.2 (Osorno) to 2.6 g (GC); while for the well-watered (WW) plants, the dry weight varied from 2.0 (Philippines) to 4.6 g (GC). The leaves and shoots dry matter weight (SDW) ranged from 14.4 (Philippines) to 22.4 g (Chepica) for plants under water-deficit (WD) conditions and 68.8 (Philippines) to 119.7 g (GC) for WW (Supplementary Table 2). There was a significant difference (p < 0.01) in the RDW among two South African bottle gourd genotypes (BG-78 and GC) and the Osorno, Philippines, and South Korea genotypes in the drought treatment, which was not observed in WW (Supplementary Table 2). This indicates that, in WD conditions, the South African genotypes have higher root growth compared with the Osorno and Asiatic bottle gourd. It should be noted that, under this same condition, the Osorno genotype had the lowest water use (WU), which coincides with its root growth (Supplementary Table 2).

Analysis of variance showed a significant effect of the water regime in all traits except for WP (Table 1). Moreover, genotypic significant differences were observed under root:shoot ratio (root:shoot), RDW, root length (RL), and root surface area (SA) (Table 1). Similarly, the genotypic effects were significant for root:shoot and RL under the WW condition, while under the water-deficit condition, RDW and RD were significant (Supplementary Table 2). The South African genotypes exhibited the highest values of biomass production (RDW and SDW) and RL, while two of the Chilean genotypes (Illapel and Chepica) showed the highest values in mean root diameter (MRD), root volume (RV), and SA. In particular, in the WD regime, the Illapel and Chepica genotypes showed MRD values that were significantly higher than those of the Asiatic and South African bottle gourds; while for RDW, the BG-78 and GC genotypes displayed significantly greater values than those of the Asiatic bottle gourds (Supplementary Table 2).


Table 1. ANOVA results for the effect of water regime (W), genotype (G) and their interaction (G*W) on water consumption (WU), water productivity (WP), root and shoot biomass (RDW and SDW, respectively), and root traits (RL, Root length; MRD, Mean Root Diameter; RV, Root Volume; SA, Surface Area) evaluated in eight bottle gourd genotypes under well-watered (WW) and water-deficit (WD) conditions.
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In most of the tested bottle gourd genotypes, the contrasting means in the comparison of the WW and WD water regimes (Table 2) showed that, for WU and SDW, drought stress significantly reduces their values, while root:shoot significantly increased its values under this watering regime. In general, the water-deficit treatment led to a reduction in all traits, except in some genotypes (WP and root:shoot). Notably, the Illapel and Chepica genotypes showed the highest values of WP under the WD condition (being even higher than those of the WW regime), while the GC and Philippines bottle gourds showed the lowest values of WP (Supplementary Table 2).


Table 2. Orthogonal contrasting test for the difference of mean values between water-deficit (WD) and well-watered (WW) conditions for the water consumption (WU), water productivity (WP), root and shoot biomass (RDW and SDW, respectively), and root traits (RL, Root length; MRD, Mean Root Diameter; RV; Root Volume; SA, Surface Area) evaluated in eight bottle gourd genotypes.
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The Pearson correlation coefficients among WP, root and leaves biomass, and root traits are presented in Figure 1. Under the WW condition, WP showed a positive and significant (p < 0.01) correlation with SDW (0.78). Similarly, WU was significantly and positively associated with SDW (0.94) and RL (0.73). Furthermore, RDW showed strong and significant positive correlations with RL (0.88), SA (0.95), and RV (0.67). In particular, WP had a negative correlation with MRD (−0.70) (Figure 1A). These results indicate that, under the WW condition, greater shoot biomass production and a reduction in MRD are associated with more efficient use of water in the plant. On the other hand, under the WD condition, WP was significantly (and positively) correlated with SDW (0.82) and positively correlated with MRD (0.6) and RV (0.63), although not significant (p = 0.11 and 0.09, respectively). Furthermore, RDW showed a positive correlation with RL (0.80) and SA (0.63) (Figure 1B). These results indicate that, under WD conditions, WP is strongly associated with greater shoot biomass production.


[image: Figure 1]
FIGURE 1. Plot representing phenotypic distribution and correlation for water consumption (WU), water productivity (WP), root and shoot biomass (RDW and SDW, respectively), and root traits (RL, Root length; MRD, Mean Root Diameter; RV, Root Volume; SA, Surface Area), evaluated under well-watered (A) and water-deficit (B) conditions. The diagonal line of the plot shows the histograms and the distribution of the observed phenotype values. The lower off-diagonal is the scatterplot between the traits, whereas the upper off-diagonal represents the correlation value between traits. *, **, and *** denote the level of significance at 5, 1, and 0.1%, respectively.




Response of Root Traits to Drought Stress

Figure 2 shows the four root traits evaluated at four different soil depth layers (0–10, 10–20, 20–30, and 30–40 cm). The maximum root depth was similar among the eight genotypes in both water regimes. However, the water regimes changed the root trait values through the different layers of depth. In all layers under the WD condition, the traits decreased by at least 50% compared with the WW condition. Notably, in all genotypes in the WD treatment, the RL presented the highest value in the second depth layer (10–20 cm), while the SA, MRD, and RV traits were decreased as the depth increased in almost all genotypes (except for the Philippines and Chepica genotypes, which had the highest values in the second depth layer; Supplementary Table 3).


[image: Figure 2]
FIGURE 2. Distribution of root traits [root length (A,E), root surface area (B,F), mean root diameter (C,G), and root volume (D,H)] in four depth layers (0–10, 10–20, 20–30, and 30–40 cm) of eight bottle gourd genotypes, grown under well-watered (A–D) and water-deficit conditions (E–H). * and ** denote the level of significance at 5 and 1% respectively.


Under the WW condition, significant genotypic differences in RL values were detected for most substrate layers (except 0–10 cm), while differences in SA and RV only were observed in the deepest layer (30–40 cm) (Figure 2 and Supplementary Table 3). In this sense, the GC and Philippines genotypes showed the highest and lowest values of RL, respectively, both being significantly different from each other. Similarly, the Philippines genotype presented the lowest SA and RV values, while the Illapel genotype had significantly high values in both traits. On the other hand, in the WD treatment, three layers (0–10, 20–30, and 30–40 cm) presented significant genotypic differences with regard to MRD and only two substrate layers (20–30 and 30–40 cm) with regard to RV (Supplementary Table 3). In particular, the bottle gourd accessions from Illapel and Chepica showed the highest values in MRD and RV in all substrate layers, while the South Korea and GC genotypes had the lowest values in the 0–10 and 20–30 cm layers (Supplementary Table 3). In this regard, it should be noted that, under the WD condition, the Illapel and Chepica genotypes had the highest WP values and presented the highest MRD and RV values (Supplementary Table 2). Furthermore, these genotypes in the first depth layers showed low (or close to general average) RL and MRD values; however, as the substrate depth increases, all the root trait values in these genotypes also increase. This may indicate that the Illapel and Chepica genotypes tend to explore the deeper layers of the substrate, which could be related to a higher capture of water from the substrate under drought conditions.

The RL, SA, and RV root traits were classified into different classes based on root diameter intervals, i.e., 0–0.5, 0.5–1.0, 1.0–1.5, 1.5–2.0, 2.0–2.5, 2.5–3.0, 3.0–3.5, 3.5–4.0, and 4.0–4.5 mm. This was performed to compare the fine root distribution across different diameter intervals under different depths for both water regimes.

The highest RL values in the four depths and both water conditions were recorded in the 0.5–1.0 mm diameter interval, then the values decrease according to the increase in diameter intervals. Moreover, in the 0.5–10 mm interval, significant genotypic differences were detected for the second depth layer (10–20 cm) under the WD condition, with the GC and Illapel genotypes having the highest and lowest values, respectively. Similarly, for SA, the highest values were observed in the 1.0–1.5 mm interval, and then, as the diameter of the intervals increased, the SA values decreased. It should be noted that under the WD regime, the fourth depth layer (30–40 cm) showed stable SA values after a diameter interval of 0.5–1.0 mm. Moreover, the RV values increased according to the increase in root diameter intervals independent of water regime and depth layer (Figure 3).
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FIGURE 3. Distribution of root traits (i.e., RL, Root length; RV, Root Volume; SA, Surface Area) across nine root diameter intervals under well-watered (A,C,E, respectively) and water-deficit (B,D,F, respectively) conditions in four depth substrate layers (D1: 0–10 cm, D2: 10–20 cm, D3: 20–30 cm, D4: 30–40 cm).




Principal Component Analysis

A principal component analysis was carried out to discover the most contributing root traits under two contrasting water regimes and for the differentiation of drought-tolerant and sensitive bottle gourd genotypes. Under the WW condition, the two first principal components (PCs) explained 96% of the cumulative variance observed, with 56% at the first and 40% at the second axes, with eigenvalues of 1.67 and 1.40, respectively (Figure 4). The parameters that contributed to positive loading to the first principal component (PCA1) were RL, SA, MRD, and RV; while for the second component (PCA2), the parameters were WP, RL, and SA. In contrast, the WP contributed with negative loading to the first component, while MRD and RV contributed with negative loading to the second component. Under the WD condition, the first two PCs explained 89% (69 and 20%, respectively). PC1 was composed only of positive loadings (WP, RL, SA, MRD, and RV). In contrast, PC2 consisted of RL and SA as negative loadings and WP, RV, and MRD as positive loadings.


[image: Figure 4]
FIGURE 4. Principal components analysis (PCA) biplot for bottle gourd genotypes based on water productivity (WP) and root traits (RL, Root length; MRD, Mean Root Diameter; RV, Root Volume; SA, Surface Area), evaluated under well-watered (A) and water-deficit (B) conditions.


Figure 4A (WW condition) shows that MRD has an opposite direction to WP, which is consistent with the negative correlation observed between these two traits. In this sense, the BG-58 and GC genotypes were grouped with high values of WP and low MRD values. On the other hand, the Illapel and Chepica genotypes had high MRD values and low WP values. Under the WD condition (Figure 4B), BG-58 and GC were grouped with low values of WP, while the Illapel and Chepica genotypes were differentiated by high values of MRD, RV, and WP, which is consistent with the positive correlation observed between these three traits. This result suggests that two of the Chilean genotypes (Chepica and Illapel) adopted a strategy of drought tolerance associated with MRD and RV growth, which was more efficient for WP compared with other genotypes.



WP, Biomass Production, and Root Traits Analyzed by the Relative Distance Plasticity Index (RDPI)

Plasticity responses to a water deficit were compared for WP, root traits, and biomass production by means of the RDPI. In this sense, the Chilean genotypes had significantly higher plasticity in WP (Table 3), with Osorno genotype being significantly different from the Asiatic and South African genotypes. Similarly, the Chilean genotypes had the highest RDPI values in RDW; however, these values were low (<0.5). In particular, the Illapel and Chepica bottle gourds showed the highest RDPI values for MRD when compared with the other six genotypes. This indicates that the Chilean genotypes presented a higher phenotypic plasticity response under drought conditions (Table 3). In On the contrary, with regard to SDW, the highest RDPI values were observed in the South African plants, with the values for BG-58 and GC being significantly higher than those for the Illapel and Chepica genotypes. Regarding root traits, only the plasticity of RL showed a significant difference among the genotypes, for which the BG-58, GC, and South Korea genotypes were significantly higher than the Illapel and Chepica genotypes.


Table 3. Relative distance plasticity index (RDPI) considering water productivity (WP), root and shoot biomass (RDW and SDW, respectively) and root traits (RL, Root length; MRD, Mean Root Diameter; RV, Root Volume; SA, Surface Area), assessed in eight bottle gourd genotypes subjected to a water-deficit condition.
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DISCUSSION

Root architectural phenotypes play primary roles in the capture of water and soil resources and are important for maintaining crop yield under water-stress conditions. According to Lynch (2019), specific root phenotypes or root ideotypes are promising breeding targets for more stress-resilient and resource-efficient crops. Based on this idea, this study examined the root morphology of eight L. siceraria genotypes and investigated the various root traits at different substrate depths and root diameter intervals under a water-deficit condition. For instance, different root-related traits, such as primary root length, number and length of lateral roots, and average root diameter, have been proposed as important traits that contribute to regulating water uptake, which is critical under drought stress (Gorim and Vandenberg, 2017; Mwenye et al., 2018; Brunel-Saldias et al., 2020; Gao et al., 2020). In this study, a statistically significant effect of water deficit was reported over all the evaluated root traits. Furthermore, all root traits decreased in response to drought; however, the decrease rate of MRD, SA, and RV was smaller in the genotypes with higher WP (i.e., Illapel and Chepica). Thus, we suggest that bottle gourd genotypes with higher MRD, SA, and RV are more efficient in the use of water. In this sense, the Illapel and Chepica genotypes increased the MRD, SA and RV at the expense of the RL, while the South African genotypes (i.e., BG-58, BG-78, and GC) increased the RL and reduced the MRD and RV. These genotypic differences in terms of root length, diameter, and surface area may suggest that they have an important role in L. siceraria in response to water deficit. Plants with a higher main root diameter have more growth potential as there is a direct relation with water absorption (Richards et al., 2001; Zhou et al., 2018). In addition, it has been reported that root diameter controls the root surface area and length, hence encapsulating the overall effect in terms of root length per dry biomass allocated to the root system (Turner et al., 2001).

On the other hand, the total root length, which is important in the acquisition of water and soluble elements, is reduced due to water deficit. However, in this study, the South African genotypes showed the highest root length in fine (<2 mm diameter) and very fine roots ( ≤0.5 mm diameter) in the second (10–20 cm) and third (20–30 cm) layers, while the Illapel and Chepica genotypes presented the highest root length in the thicker roots (>2 mm diameter) in the last layer (30–40 cm) (Supplementary Data Sheet S1). It has been stated that plants with root systems with smaller root diameter and long fine roots are more suited to drought environments (Khadka et al., 2020). There is evidence that in different crops under water-deficit conditions, the drought-resistant genotypes showed higher fine root length than the susceptible genotype (i.e., soybean—Chun et al., 2021; wheat—Henry et al., 2012; lentil—Gorim and Vandenberg, 2017). Moreover, a genotype with a higher total root length in the middle or deeper layers of the soil may be resistant to drought due to an efficient distribution of roots (Hamedani et al., 2020). In this context, our results may indicate that L. siceraria genotypes use different mechanisms of adaptation to tolerate water deficits. This could imply that the South African genotypes are able to exploit water resources more efficiently in the second and third soil layers, as one of the main functions of fine roots is water uptake, while the Illapel and Chepica genotypes, have thicker roots with higher proportions of RV and SA gives them the advantage of being able to penetrate deeper into soil layers, and they are therefore more efficient at transporting water from long distances.

The size and shape of pots are generally regarded as a limitation in the root growth and water uptake, a process sometimes termed “pot binding” or “root binding” (Sinclair et al., 2017). In this study, the size of the pot can be a limitation to the root growth, however, Poorter et al. (2012), who conducted a metanalysis study, concluded that the plant biomass per unit rooting volume is more relevant than pot size per se, being recommended avoid plant biomass to pot volume ratio's values larger than 2 gL−1 (and preferably <1 gL−1) if want to minimize growth restrictions for harvest. In this context, this study reported ratios of biomass/root volume between 1.06 and 2.58 gL−1 for each genotype treatment, which is in agreement with the proposed by Poorter et al. (2012) and more recently by Turner, 2018. In addition, the duration of our experiment was 4 weeks, which suggests that the plants may grow presumably well in all pot sizes because as revised by Poorter et al. (2012), after 4 weeks of growth, the biomass is reduced in the smallest volume pots (Turner, 2018).

This study also evaluated whether root trait relationships with shoot biomass are affected by drought. In this sense, the water-deficit condition caused a reduction in plant growth, which was expressed as a reduction in all plant traits, except for the root:shoot ratio. The increase in the root:shoot ratio was a result of a greater reduction in aboveground biomass rather than an increase in root biomass because the absolute root dry weight under the water-deficit condition was not greater than that under the well-watered condition. In addition, this ratio is often observed to increase under adverse conditions such as drought (Liu et al., 2004; Xu et al., 2015). The reason for the increased root-to-shoot ratio could be due to the limited supply of water; hence, root growth occurs at the expense of the shoot. According to Lozano et al. (2020), the stronger impact of drought on leaves than on root traits may be linked to differences in the physiology of roots and leaves. The plant root system is the organ responsible for the uptake of water and is the first responder to many types of stress (Brunner et al., 2015; Weemstra et al., 2016; Lozano et al., 2020). Moreover, due to the ability of roots to grow toward wetter patches in the soil, the effects of water shortage can be minimized (Eapen et al., 2005; Lozano et al., 2020). Furthermore, from a genetic point of view, the root:shoot ratio also showed genotypic variation in bottle gourd in response to a water deficit. A significant genotypic variation in the root:shoot ratio in response to a water deficit has also been reported in other crop species (i.e., rice—Cui et al., 2008; sesame—Hamedani et al., 2020; chickpea—Ramamoorthy et al., 2017). These findings suggest that a higher root:shoot ratio in response to drought stress is an advantage that enables plants to cope with water-limited conditions, depending on the genotype, the degree, and duration of drought stress, or the synergistic/antagonistic interaction of these factors (Xu et al., 2015).

Plasticity is critical to plant acclimation and survival under environmental stress, especially drought (Pierik and Testerink, 2014). In fact, the plasticity of a root system under drought conditions is considered to be a key trait driving the modification of the growth and structure of roots in response to a water deficit (Bristiel et al., 2019). Our results indicated that all traits studied showed some level of plasticity in response to a water deficit, even though the plasticity presented here was relatively low (RDPI < 0.5), with the exception of the root:shoot dry weight ratio and the shoot dry weight. Stotz et al. (2021) pointed out that the costs of phenotypic plasticity tend to increase in plants under stressful conditions, resulting in lower phenotypic plasticity values. Moreover, these costs and limits can be different among traits, with morphological traits being more limited under stressful conditions due to higher costs, resulting in lower phenotypic plasticity. Our results supported the theory of Stotz et al. (2021), since the WP and root traits showed relatively low RDPI values, with low statistical differences among genotypes. Despite these results, in our previous study, Zacarias Rafael et al. (2020) evaluated the plasticity of the morphological and physiological traits of the roots in bottle gourd under water-deficit conditions, revealing that the Illapel genotype had the highest plasticity index for WP. Similarly, in our previous study, the Illapel genotype, along with the Chepica and Osorno genotypes, showed greater RDPI values in MRD and WP. Notwithstanding these results, according to Schneider et al. (2020a), to better understand and interpret plasticity, first, it is necessary to have a comprehensive understanding of the utility of individual phenes (i.e., root phenes). In fact, previous studies have demonstrated that phenotypic plasticity is phene-specific, not necessarily genotype-specific (Schneider et al., 2020a,b). Thus, further research is necessary for evaluating whether plasticity in root diameter growth may be related to WP performance in genotypes of bottle gourd under water-deficit conditions.

Understanding the associations among the relevant root traits associated with drought adaptation/tolerance is important for improving the selection of superior genotypes for drought tolerance and the breeding of bottle gourd. In this context, PCA is a powerful statistical procedure that reduces the dimensions of the variables and, in our case, helps to discriminate highly correlated traits in order to identify clusters of individuals in response to drought stress (Bahrami et al., 2014). Moreover, PCA biplot analysis has been effectively used by other researchers for screening drought-tolerant bottle gourd (Mashilo et al., 2017, 2018; Zacarias Rafael et al., 2020). In this study, PCA analysis identified groups of genotypes with different strategies to face (or tolerate) drought stress based on WP and root traits (i.e., MRD, RL, SA, and RV). In this sense, the Illapel and Chepica genotypes were grouped together based on high values for WP, MRD, and RV, and were separated from the Asiatic, Osorno, and two South African genotypes (GC and BG-58). Similar findings were observed by Zacarias Rafael et al. (2020), who showed that the Illapel and Chepica genotypes were grouped together based on water-use efficiency in WUEwp (whole plant), WUEi (intrinsic), and WUEins (instantaneous), while the South African genotypes were localized in a different cluster. In addition, Mashilo et al. (2017), who performed a biplot analysis based on the physiological parameters in L. siceraria under drought stress, suggested that BG-58, BG-78, and GC are drought-tolerant genotypes based on high values of physiological traits (gs, stomatal conductance; A, net CO2 assimilation rate). In the present study, under water-deficit conditions, the Chilean and South African bottle gourds showed different strategies for tolerating drought stress. In particular, water-deficit conditions may lead to an increase in the diameter and volume of roots, which, in turn, may contribute to improving water capture under these conditions.

The need for drought-resistant crops is critical and will surely grow in the coming years, considering the notable degradation of soil and water resources, and the accelerating effects of global climate change. In this context, the L. siceraria breeding programs for rootstock should therefore incorporate key root phenotypes (including morphological and anatomical traits) that focus on water capture and nutrient uptake, and which are suited for sustainable production in cucurbit crops (Suárez-Hernández et al., 2017, 2022), as well as those of watermelon, melon and cucumber (Suárez-Hernández et al., 2017, 2022). On the other hand, the traits that affect the metabolic efficiency of root growth and soil exploration should therefore also be important components of drought tolerance and plant productivity, the effects of which should be evaluated in different combinations of rootstock varieties.



CONCLUSION

The evaluated bottle gourd showed genotypic variation for relevant root traits under water-deficit conditions. The Illapel and Chepica genotypes were associated with better WP, MRD, RV, and SA to different soil depths, while BG-58 and BG-78 increased the TRL in fine and very fine roots (≤0.5 and <2 mm diameter, respectively) and reduced the MRD and RV. Thus, both groups of bottle gourd used different strategies associated with root trait modifications in response to a water deficit. Notably, the genotypic variation observed for these root traits at different substrate depths, especially under water-deficit conditions, was also associated with drought tolerance in L. siceraria. Therefore, the variation in root traits at different substrate depths should also be considered in the selection and breeding programs of bottle gourds.
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GRAS is a transcription regulator factor, which plays an important role in plant growth and development. Previous analyses found that several GRAS functions have been identified, such as axillary bud meristem formation, radial root elongation, gibberellin signaling, light signaling, and abiotic stress. The GRAS family has been comprehensively evaluated in several species. However, little finding is on the GRAS transcription factors (TFs) in Chinese white pear. In this study, 99 PbGRAS were systemically characterized and renamed PbGRAS1 to PbGRAS99 according to their chromosomal localizations. Phylogenetic analysis and structural features revealed that could be classified into eight subfamilies (LISCL, Ls, SHR, HAM, SCL, PAT, SCR, and DELLA). Further analysis of introns/exons and conserved motifs revealed that they are diverse and functionally differentiated in number and structure. Synteny analysis among Pyrus bretschenedri, Prunus mume, Prunus avium, Fragaria vesca, and Prunus persica showed that GRAS duplicated regions were more conserved. Dispersed duplication events are the most common mechanism and may play a crucial role in the expansion of the GRAS gene family. In addition, cis-acting elements of the PbGRAS gene were found in promoter regions associated with hormone and environmental stress responses. Notably, the expression pattern detected by qRT-PCR indicated that PbGRAS genes were differentially expressed under gibberellin (GA), abscisic acid (ABA), and auxin (IAA) conditions, which are responsive to abiotic stress. PbGRAS89 and PbGRAS99 were highly expressed at different stages of hormone treatment and may play important role in leaf development. Therefore, we selected PbGRAS89 and PbGRAS99 to clone and construct pCAMBIA1301-PbGRAS89, 99 and transferred them into Arabidopsis thaliana. Finally, we observed and compared the changes of overexpressed plants and wild-type plants during regeneration. This method was used to analyze their roles in leaf regeneration of Chinese white pear. In addition, we also constructed pCAMBIA1305-PbGRAS89, 99, and transferred them into onion cells to determine the subcellular localization. Subcellular localization experiments showed that PbGRAS89 and PbGRAS99 were localized in the nucleus. In summary, the results of this study indicate that PbGRAS89 and PbGRAS99 are mainly responsible for leaf regeneration of Chinese white pear, which plays a positive role in callus formation and provides rich resources for studying GRAS gene functions.

Keywords: transcription factors, genetic transformation, gene cloning, abiotic stress, expression patterns


INTRODUCTION

Transcription factors (TFs) are regulatory proteins that link the DNA sequences of target genes to promoters and play an important role in plant growth and adaptation to abiotic stresses, including hormones, drought, cold, high temperature, and salt. GRAS is a class of plant-specific transcription factors. According to the known to the first three members, GAI, RGA, and SCR, the transcription factor, known as GRAS, consists of three characteristic letters for each of its members (Bolle, 2004; Hirsch and Oldroyd, 2014). SCR is involved in controlling radial tissue development of roots, while RGA and GAI play important roles in the gibberellin-dependent signal transduction pathway (Di Laurenzio et al., 1996). The GRAS family of proteins has 400-700 amino acids and has conserved GRAS carboxyl terminus, 7 leucine repeat domains (LHRI), 7 leucine repeat domains (LHRII), a VHIID domain, PFYRE and SAW motifs, and a conserved GRAS carboxyl terminus. In the existing research, a large number of GRAS genes have been found in Arabidopsis (Lee et al., 2008), rice (Tian et al., 2019), plum (Lu et al., 2014), grape (Grimplet et al., 2016), tomatoes (Huang et al., 2015), rape (Song et al., 2014), and other plants. In model plants, GRAS family members have been classified into eight different subfamilies based on sequence similarities and conserved motifs, comprising PAT1 (phytochrome A signal transduction 1), Ls (lateral suppressor), DELLA, SCL3 (scare-crow-like), SCR, SHR (short-root), LISCL, and HAM (hairy meristem) (Tian et al., 2019). These subfamilies are widely involved in key processes of plant growth and differentiation, such as phytochrome-A signal transduction (Tian et al., 2019), axillary bud meristem formation, radial root elongation (Greb et al., 2003), and plant stress response (Niu et al., 2017). To date, GRAS families have been identified and analyzed in more than 30 monocotyledons and dicotyledons, such as Arabidopsis (Lee et al., 2008), maize (Rich et al., 2017), and petunia (Li et al., 2018). GRAS proteins have created a lot of interest in the research world, particularly in three key categories: signaling, plant growth, and stress responses. DELLA proteins function as adverse regulators, assisting in the control of gene expression of affirmative GA signaling regulators such as GA receptor, a transcriptional regulator of SCARECROW-LIKE3 (SCL3), and GA 20-oxidase, allowing for the modulation of GA responses (Niu et al., 2017). GAs destroyed repressors DELLA proteins (Rich et al., 2017; Li et al., 2018), which are encoded through RGL3, RGL2, GAI, RGL1, and RGA in the model plant (Arabidopsis thaliana) and have a unique N-terminal domain called “DELLA.” Moreover, members of the GRAS family play a vital role in a variety of basic plant growth and development processes such as the SHR/SCR complex, which is engaged in the root radial pattern development (Di Laurenzio et al., 1996). In Arabidopsis, the Ls protein is involved in the formation and proliferation of collateral buds (Lee et al., 2008). Previous studies had found that the Ls subfamily is involved in plant meristem development, is a key gene controlling plant branching, and is related to the developmental process of leaf axillary meristem. Axillary specific expression is also a marker of a group of transcriptional regulatory factors required for axillary meristem formation (Schumacher et al., 1999). The HAM subfamily plays an irreplaceable role in the apical meristem. The growth of plant shoots depends on the continuous formation of the apical meristem. The PbHAM gene in petunia is mainly found in the lateral organ primordium and stem vascular tissue. It is expressed in a non-cell-autonomous way to promote the stem cells of the meristem in an undifferentiated state, thereby maintaining the characteristics of the apical meristem. The petunia mutant ham has fewer leaves than the wild type, the stem apical meristem loses its undifferentiated character, and forms a differentiated epidermis through trichomes, preventing further organ formation (Engstrom et al., 2011).

GRAS proteins have been identified and evaluated in many plants, but the study on Chinese white pear leaf regeneration has not yet been carried out. In this study, we identified 99 PbGRAS in Chinese white pears and classified them into eight major subgroups. A series of bioinformatics analyses, including phylogenetic tree construction, chromosome distribution, intron/exon structure, conserved motifs, discrete repetition (DSD) events, and collinear analysis, were performed. In addition, we used qRT-PCR technology to analyze 21 PbGRAS of HAM and Ls subfamily in the GRAS family, and analyzed their expression levels after hormone treatment, as well as their expression levels in different developmental stages of pear leaves, and finally, we selected PbGRAS89 and 99 for further study because they have high expression under all three hormone treatments and at key stages of leaf development. We cloned PbGRAS89 and 99 and then transformed Arabidopsis thaliana. Subsequently, observing the formation of wild-type Arabidopsis thaliana and overexpressed Arabidopsis thaliana callus formation, we analyzed their roles in leaf regeneration of Chinese white pear and confirmed that PbGRAS89 and 99 were involved in the leaf regeneration process of Chinese white pear and had a certain promoting effect.



METHODS


Identification and Characterization of GRAS Genes in Pyrus bretschenedri

The genomic sequence for Pyrus bretschneideri was obtained from the Chinese white pear genome project (http://peargenome.njau.edu.cn/) (Wu et al., 2013). AtGRAS amino acid sequences were downloaded from the TAIR database (https://www.Arabidopsis.org/) (Liu and Widmer, 2014). According to our recent study (Manzoor et al., 2020, 2021), two approaches [The Hidden Markov Model (HMM) and BLASTP (protein blast)] were being used to locate GRAS genes in the P. bretschneideri genome (Johnson et al., 2010). For BLASTP, we used 32 Arabidopsis GRAS protein sequences used as a query with E-value 1e−5. Second, the HMMER web server (http://hmmer.org/) (Mistry et al., 2013) was used to examine the GRAS genes. Afterward, HMM file of the GARS (PF03514) domain was utilized from the Pfam database (http://pfam.xfam.org) (Finn, 2006). Additionally, InterProScan (http://www.ebi.ac.uk/interpro/sea) (Zdobnov and Apweiler, 2009) and the SMART software (http://smart.emblheidelberg.de/) was used to verify all PbGRAS protein sequences and redundant protein sequences that had not included the GRAS domain (Letunic et al., 2011). The online ProtParam tool (http://web.expasy.org/protparam) was used to examine the physicochemical parameters of molecular weight and isoelectric points (Artimo et al., 2012).



Analysis of Conserved Motifs and Gene Structures

The conserved motifs associated with the PbGRAS protein sequences were found while utilizing the MEME website (https://meme-suite.org/meme/) (Bailey et al., 2015; Cao et al., 2016). The gene structure of the GRAS genes family was obtained from Gene Structure Display Server (http://gsds.gao-lab.org/) (Hu et al., 2015; Lee et al., 2019).



Mode of Gene Duplications, Synteny, and Ka/Ks Analysis

Using the MCScanX toolkits (https://github.com/wyp1125/MCScanX) (Wang et al., 2012), several duplication events DSD, PD, WGD, TRD, and TD of gene pairs in P.s bretschenedri were discovered. Moreover, a synteny relationship of the GRAS genes between P. bretschenedri, Prunus mume, Prunus avium, Prunus persica, and Fragaria vesca was investigated using Multiple Collinearity Scan Toolkit (MCScanX; https://github.com/wyp1125/MCScanX). Finally, duplicated genes calculate the Ka/Ks proportion with the following pipeline (https://github.com/qiaoxin/Scripts_for_GB/tree/master/calculate_Ka_Ks_pipeline) (Wang et al., 2010).



Analysis of cis-Regulatory Elements and Chromosomal Distributions in PbGRAS

We retrieved the 2Kb sequence upstream of start codons in the P. bretschneideri genome to examine the potential cis-elements in the PbGRAS promoters. The promoter sequences for each gene were then evaluated using the PlantCARE web tool (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) and visualized using TBtools software (Lescot et al., 2003; Chen et al., 2020). The beginning and ending positions of each PbGRAS protein were determined through the pear annotation GFF3 files, and the position of genes was presented using MapChart (v2.3) (https://www.wur.nl/en/show/mapchart.htm) (Jin et al., 2014). Finally, the GRAS genes were visualized on the chromosomes of P. bretschneideri using MapInspect software (Lu et al., 2020).



Gene Ontology Annotation Analysis

Gene annotation estimation was performed by submitting PbGRAS protein sequences to the CELLO2GO website (http://cello.life.nctu.edu.tw/cello2go/) (Manzoor et al., 2021). Concurrently, GO enrichment investigation was accomplished with GraphPad Prism 8.0.2 software.



Phylogeny and Sequence Alignment

A phylogenetic tree was constructed to investigate the evolutionary connection using protein sequences from P. bretschneideri and A. thaliana. MEGA 7 software (https://megasoftware.net/home) was used to align the sequences. The neighbor-joining (NJ) approach was used to generate a phylogenetic tree along with 1,000 bootstrap replicates. The phylogenetic tree was shown using the iTOL (https://itol.embl.de/) software via the ClustalX program (Kalyaanamoorthy et al., 2017; Letunic and Bork, 2019). MEGA-X was used to construct the phylogenetic tree with the maximum likelihood method (ML-M) (Tamura et al., 2011).



RNA Extraction and qRT-PCR Analysis

The plant RNA Extraction Kit V1.5 of Chengdu BIOFIT Technology Co., Ltd, was used to extract the total RNA from the leaves of Chinese white pear at different stages and the Easy Script One-Step gDNA Removal and cDNA Synthesis SuperMix of Beijing Trans Gen Biotechnology Co., Ltd., were used to reverse transcribe to cDNA. The reaction was carried out by real-time fluorescence quantitative PCR (Bio-Rad). β-Actin is an internal reference (Wu et al., 2013; Lin et al., 2014). The reaction system is 20 μl, including 0.8 μl for upstream and 0.8 μl for downstream primers. cDNA template 2 μl, Trans Start Top Green qPCR Super Mix 10 μl, and ddH2O 6.4 μl. The reaction program was as follows: pre denaturation at 95°C for 30 s; 40 cycles of denaturation at 95°C for 5 s, annealing at 60°C for 20 s, and extension at 72°C for 10 min. Primers were used (Supplementary Table S6). The reaction was repeated three times. The relative expression of genes was calculated by the 2−ΔΔCT method (Livak and Schmittgen, 2001).



Subcellular Localization Analysis

Through wolf PSORT (https://www.genscript.com/wolfpsort.HTML), the website predicts the subcellular location of the screened PbGRASs. Total RNA was isolated from somatic embryos of the Chinese white pear, and primers for PbGRAS89 and PbGRAS99 were designed using Premier Primer 5 (https://www.bioprocessonline.com/doc/primer-premier-5-design-program-0001) software to amplify the full-length coding sequence of PbGRAS89 and PbGRAS99 using cDNA templates (Supplementary Table S6). Using the cDNA of Chinese white pear tissue culture seedling leaves as the template, the gene fragment was combined with pCAMBIA 1305 (GenBank: af234300.1) vector, and the complete pCAMBIA1305-PbGRAS89 and pCAMBIA1305-PbGRAS99 recombinant plasmid were obtained by T4 DNA ligase (Takara). pCAMBIA1305-PbGRAS89, 99 was transformed into Mycobacterium tumefaciens strain GV3101 for transient transformation in onion epidermis. Agrobacterium containing pCAMBIA1305-PbGRAS89, 99 were selected and cultured in LB medium supplemented with 50 mg/L rifampicin and 50 mg/L kanamycin. Under the condition of OD6001.5–2.0, collect the positive Agrobacterium cultured at 28°C overnight, centrifuged at 5,000 rpm for 10 min, resuspended in 50 ml of suspension, repeated centrifugation, and resuspended 3–5 times. Finally, the Agrobacterium cell suspension was diluted to an OD600 of 0.4–0.6. Make a complete 50 ml suspension such as [1/2MS (0.5%), Sucrose (1%), MEs (10 mM), Silwett L-77 (0.01%), MgCl2 (0.5 mM), AS (200 μM)]. The adaxial epidermis was taken from onion bulbs and cultured on MS medium for 1 day. Approximately 200 ml of the injection solution was transferred into onion epidermal cells with a syringe, and the cells were incubated in a co-culture medium [1/2MS (0.5%), Sucrose (1%), Casein (0.03%), Proline (0.28%), 2,4-D (10 μM), BAP (2 μM), AS (200 μM)] for 24 h. The positioning was observed under a laser confocal microscope (Davis et al., 2014).



DAPI Staining

To visualize the nucleus, the epidermis was stained with DAPI (5 mg/ml, Sigma, United States). Material for soaking in the dye liquid phosphate-buffered solution (PBS) (pH 7.0; DAPI:PBS (V/V) = 1:1,000) and kept in darkness for 20 min. The onion skin slices were arranged on a wet slide and the fluorescence signal was observed under a laser confocal microscope (LECIA DMi8).



Gene Cloning and Transformation of Arabidopsis

To confirm the function of these two PbGRAS genes, we constructed four inducible expression pCAMBIA 1301 vectors, pCAMBIA1301-PbGRAS89 and pCAMBIA1301-PbGRAS99, which were transformed into wild-type Arabidopsis plants by agrobacterium mediation. Screening by hygromycin was performed to obtain the purified transgenic Arabidopsis at T3 generation.



Generation of Transgenic Arabidopsis

The T3 generation homozygous seeds of pCAMBIA1301-PbGRAS89 and pCAMBIA1301-PbGRAS99 transgenic plants were cultured on solid Murashige and Skoog's (MS) medium (1MS 0.5%, 2% Sucrose, 0.3% Agar powder, pH 5.7), transferred to CIM medium after 16 h incubation and incubated at 22°C. After 8 days of induction, samples were collected, and the expression of regeneration-related genes in the transgenic and wild-type plants were analyzed by qRT-PCR, and the WT plants were used as controls. T3 generation homozygous seeds of pCAMBIA1301-PbGRAS89 and pCAMBIA1301-PbGRAS99 transgenic plants were grown on a solid MS medium. After 2 weeks of culture, excised root segments (0.5–1 cm) were excised and cultured in callus-inducing medium (CIM: 1MS 0.5%, 3%Sucrose, 0.5 g/L MEs, 0.05 mg/L kinetin, 0.5 mg/L 2,4-D, and 0.3% agar powder, pH 5.7) at 22°C under continuous darkness.




RESULTS


Identification and Phylogeny of GRAS Genes in P. brestschneideri

Based on HMM searches, local BLASTP analysis, and domain confirmations revealed that a total of 99 GRAS genes were identified in the Chinese white pear genome. A minimum of one GRAS domain was found in each of these genes and renamed according to their chromosomal locations (PbGRAS1-PbGRAS99) (Supplementary Table S1). The alignment of 131 gras proteins from Chinese white pear and Arabidopsis were used to visualize the phylogenetic tree. A maximum likelihood method (ML-M) phylogenetic tree was visualized by utilizing the whole-protein sequences of the GRAS members to explore the evolutionary linkage among pear and Arabidopsis thaliana. The 99 GRAS genes in Chinese white pear were divided into eight subfamilies (SHR, LISCL, Ls, PAT, HAM, SCL, SCR, and DELLA) based on the phylogeny and previous GRAS study (Wang et al., 2021; Zhang et al., 2021). Most of the GRAS members enrich LISCL, PAT1, SHR, HAM, and DELLA. The distribution of GRAS genes in Chinese white pear is the biggest LISCL subfamily (23 PbGRAS members) and the Ls subfamily is the shortest (8 PbGRAS members) (Figure 1). In brief, gene length varied from 165 bp (PbGRAS38) to 2,433 bp (PbGRAS51) with predicted molecular weights (MW) ranging from 5.40 KDa (PbGRAS14) to 91.02 KDa (PbGRAS91). The isoelectric points (pI) ranged from 4.68 (PbGRAS59) to 10.08 (PbGRAS99). Subcellular localization predicted that most of them were located in the nucleus, a few in the cytoplasm and chloroplast, PbGRAS27 and PbGRAS44 in the endoplasmic reticulum, PbGRAS67 and PbGRAS6 in the peroxisome (Supplementary Table S1).


[image: Figure 1]
FIGURE 1. Phylogenetic analysis of GRAS genes from pear and Arabidopsis.




Gene Structure and Conserved Motif of PbGRAS Genes

Furthermore, the gene structure (exon–intron) of members in the same subfamily revealed a comparable gene structure. In all subfamilies, a maximum of 1 intron and a maximum of 3 (SHR subfamily) exons were found. Significant variations in the exon–intron structure were found across various subfamilies, strengthening the phylogenetic tree and classification findings (Figure 2 and Supplementary Table S1). The gene structure (exon and intron) of the PbGRAS gene family was examined (Figure 2 and Supplementary Table S1) and the maximum number of intron–exon ranged 1/3 while the minimum number of intron–exon ranged 1/1. A phylogenetic tree of PbGRAS was created to offer further information about the structure of the 99 PbGRAS gene family (Figure 2). Exon–intron structure and conserved motif distribution of PbGRAS were investigated. The GRAS family members in each subfamily share the same conserved motifs, strengthening the phylogenetic tree's conclusions. They might, though, contain diverse conserved motifs in numerous subfamilies. A total of 19 conserved motifs were investigated while using MEME software.


[image: Figure 2]
FIGURE 2. Phylogenetic relationships with gene structure analysis in PbGRAS family.


Different subfamilies of PbGRAS present specific motifs, implying that the genes in these subfamilies may be contributing to specific functions. For example, the motifs 3, 5, and 7 are almost present in all subfamilies, suggesting that the addition of these motifs may have been done to the subfamilies through evolutionary processes and may have some important functions. Such as subfamily LISCL own unique motif 13 that this family faced some unique evolutionary processes, and this family has some unique functionalities. MEME results showed that PbGRAS99 (HAM subfamily) had only two motifs (Motif 8 and 16), PbGRAS35 (LISCL subfamily) had only one motif (Motif 8). It was also identified that in the identical subfamily, the motif distribution of members was extremely conservative. Such as SCL subfamily members had motifs 3, 4, 11, 12, 14, and 17, while most members of the DELLA subfamily had motifs 2, 3, 4, 5, 8, 10, 14, and 17 (Figure 3).


[image: Figure 3]
FIGURE 3. The conserved motif distribution in PbGRAS genes.




Synteny Analysis and Chromosomal Locations of PbGRAS Genes

We further investigate the collinearity relationship of GRAS genes between P. bretschenedri (Chinese white pear), P. avium (sweet cherry), P. persica (peach), F. vesca (strawberry), and P. mume (Japanese apricot) since they all relate to the Rosaceae family and have a mutual ancestor (Supplementary Table S2). There were 215 orthologous gene pairs identified among the Rosaceae genomes, comprising 54 orthologous gene pairs among Chinese white pear and strawberry, 50 orthologous gene pairs between Chinese white pear and sweet cherry, 52 orthologous gene pairs among Chinese white pear and Japanese apricot, and 59 orthologous gene pairs amid pear and peach, implying a strong relationship among genomes of the Rosaceae species (Figure 4). These results indicate that the Chinese white pear genome and the other Rosaceae genomes have a collinearity relationship, indicating a possible evolutionary relationship between them. Additionally, collinearity relationship in Chinese white pear and sweet cherry, maximum orthologous pairs (7) were identified on Chr3 while Chr13 and Chr14 had only one orthologous pair. In all other Rosaceae species, such as Chinese white pear and strawberry, Chr1, 4, 13,14, and 17 contain only one orthologous pair, while maximum pairs (9) were identified on Chr3 and Chr11. On the other hand, in the Chinese white pear and peach collinearity relationship, Chr3 contained a maximum of 9 pairs while Chr13 had only one orthologous pair. Moreover, in Chinese white pear and Japanese apricot, Chr9 expressed its dominancy and contained a maximum (7) pairs. These results demonstrated that Chr3, 9, and 11 go through extreme evolutionary events while minimum evolutionary events occurred in Chr1 and 13 (Supplementary Table S2).


[image: Figure 4]
FIGURE 4. Collinearity relationship analysis of GRAS family genes between Pyrus bretschenedri (Pb) and four other species (Prunus mume (Pm), Prunus avium (Pv), Fragaria vesca (Fv), and Prunus persica (Pp). Circular, colored rectangles indicate the chromosomes of two plant genomes. While the background Bezier lines are collinear blocks between two plants. The red line indicates collinear gene pairs with some GRAS genes.


Subsequently, the chromosomal localization of GRAS genes in P. bretschenedri was also examined. PbGRAS were found on 17 chromosomes while 20 PbGRAS genes were located on the scaffold (Supplementary Figure S1). The highest number of PbGRAS genes (14) was discovered on chromosome 3, while Chr1 had just one chromosome. Chr11 contained 11 PbGRAS genes at the tail end in the form of a cluster, while 4 PbGRAS members were distributed in the scattered formation on Chr5, 6, 12, and 17 contained 3 PbGRAS while Chr14 and 16 had 2 PbGRAS members (Supplementary Table S1).



Gene Duplications and Ka/Ks Analysis in PbGRAS Genes

Five kinds of duplication tandem duplication (TD), proximal duplication (PD), whole genome duplication (WGD), dispersed duplication (DSD), and transposed duplication (TRD) were carried out to explain the evolutionary history of the GRAS TFs gene family in Chinese white pear (Figure 5). In Chinese white pear, there were 118 duplicated pairs, accompanied by dispersed duplication (56 gene pairs), TDs (13 gene pairs), WGDs (24 gene pairs), TRDs (24 gene pairs), and PDs (1 gene pair), suggesting the gene family's proliferation (Supplementary Figure S2). DSD event indicated that it may play a critical role in the expansion of the GRAS family. Moreover, these findings contribute to the GRAS family's complex duplication process. The development and extension of PbGRAS genes included all duplication mechanisms (WGDs, DSDs, PDs, TDs, and TRDs). In Chinese white pear, dispersed duplication (DSD) was found in 47% of genes, whereas tandem duplication (TD) was found in only 11%, indicating that dispersed duplication events play a larger role in the growth and evolution of the GRAS gene family than tandem duplication and other events (Supplementary Table S3).


[image: Figure 5]
FIGURE 5. Chromosomal distribution and gene duplication of GRASs family in pear genome. The blue lines indicated the syntenic pairs between the genomes. The chromosome number was shown at the center of each chromosome.


We computed non-synonymous (Ka) and synonymous (Ks) rates including all duplicated gene pairs to estimate the evolutionary age of gene duplication events and selections. Supplementary Table S3 shows that the Ka/Ks ratio varied from 4.24 to 0.104. Ka/Ks ratios of more than one showed positive selection, while Ka/Ks values less than one suggested purifying selection, and neutral selection by Ka/Ks = 1. Mostly, GRAS gene pairs in our analysis had a Ka/Ks ratio of <1, indicating that these genes are mainly subjected to purifying selection. The Ka/Ks ratio of nine duplicated gene pairs, on the other hand, is equal to one, suggesting that neutral selection has happened (Supplementary Figure S3). Only one GRAS gene pair has more than 1 Ka/Ks value, indicating that it was subjected to positive selection. The Ka/Ks value was also computed in TRD, PDs, WGD, TD, and DSD. The highest Ka/Ks values were analyzed in Pbr033601.1- Pbr024234.1 (Ka/Ks 4.75), which is located on Chromosome 3 suggesting that this gene family has a complex evolutionary history.



Gene Ontology Annotations

As a result, the CELLO2 GO tool was used to conduct a GO enrichment study of PbGRAS (Figure 6). Six functional groups were found to be related to cellular components, three groups were found to be engaged in molecular functions, and the other 11 groups might well be important in plant biological processes (Supplementary Table S4). In molecular functions, the function of DNA-binding and nucleic acid–binding TFs was found in 48.45% and 48.25% of PbGRAS, respectively, indicating that these genes may control gene transcription and expression via these activities. On the other hand, the biological process GO term showed that 10.48% PbGRAS participate in the cell division, anatomical structure development, stress response, and cellular nitrogen compound metabolic process. GO ontology also revealed that 9.75, 8.82, and 8.60% PbGRAS genes are involved in cell differentiation, homeostatic process, and symbiosis activities, respectively.


[image: Figure 6]
FIGURE 6. Gene ontology (GO) annotation of PbGRAS proteins. The GO annotation was achieved based on three categories, molecular function (MF), biological process (BP), and cellular component (CC). The number on the abscissa shows the number of predicted proteins.




Cis-Regulating Elements in PbGRAS Genes

Transcriptional factors (TFs) control the target genes both locally and functionally with specialized binding of cis-regulatory elements located in the promoter region (Qiu, 2003). The genomic sequence upstream of every gene was obtained and analyzed in the PlantCARE database to investigate the cis-regulatory elements of the PbGRAS gene family. Cis-regulatory elements of PbGRAS were found to be engaged in phytohormone responses (abscisic acid, gibberellin, salicylic acid, auxin, and methyl jasmonate response elements), as well as stress responses (light, low temperature, and drought) (Supplementary Table S5). Several cis-regulatory elements were noticed to be engaged in the hormone responsiveness, such as gibberellin response element (P-box), auxin (TGA element) response elements, and MeJA (CGTCA-motif, TGACG-motif). On the other hand, there were also found stress-response elements associated with ABA (ABRE), low-temperature reactivity (LTR), the MYB binding site (MBS) implicated in drought, and zein metabolism regulation (O2-site) activation (Figure 7). ABRE cis-elements (ABA response) were identified in 15.36% of PbGRAS members while 7.54% of total members of the MBS (MYB-binding site) engaged in drought induction was found. Moreover, G-Box with 4.84% (light-responsive cis-acting regulatory elements), Box4 with 1.64% (a DNA module implicated in light responsiveness), and Box I with 3% (light-responsive elements) were all discovered. The phytohormone response–related cis-elements, such as GARE-motif (2.42%), TGACG motif (16%), P-Box (3.34%), TCA-element (2.84%), and TGA-element (3.70%) were also discovered, which are associated with gibberellin, abscisic acid, salicylic acid, and auxin responses, respectively (Supplementary Figure S4). Moreover, we discovered GRAS cis-elements relevant to plant growth development, comprising 5% of members having 02-site, which are linked to zein metabolic responsiveness (Figure 7) (Li et al., 2020).


[image: Figure 7]
FIGURE 7. Cis-elements prediction in PbGRAS genes promoters. The cis-elements were predicted using 2,000 bp promoter regions of 99 PbGRAS genes, which are shown as colored ellipses.




Differential Expressions of PbGRAS Genes Under Hormonal Treatment

Chinese white pear is confronted with a variety of abiotic and biotic stress throughout its growth and development, including insect damage, drought, salt, and chilling injuries. Many genes were activated when the cells were exposed to various stress challenges to develop resistance. PbGRAS study revealed that it could sustain stresses, and the GRAS gene has been related to growth and development in numerous species such as Arabidopsis, Medicago truncatula, and Glycine max (Wang et al., 2020). ABA accumulated quickly in response to salt, enhancing maize tolerance to such stresses (Li et al., 2022). Moreover, PbGRAS members are involved in hormonal stress such as CGTCA-motif (MeJA-responsiveness), ABRE (ABA-responsive elements), GARE-motif (salicylic acid responsiveness), and GARE-motif (gibberellin-responsive) cis-acting element as shown in Supplementary Table S5. As a result, qRT-PCR was utilized to examine the expression levels of 21 members of the PbGRAS subfamily (Ls and HAM) in pear fruit under ABA, GA, and IAA hormonal treatments (Figures 8–10).


[image: Figure 8]
FIGURE 8. (qRT-PCR) Relative expression of PbGRAS in response to GA stress.


PbGRAS89, 22, 23, 88, 99, 21, 59, and 35 were significantly upregulated under GA hormone treatment. In particular, the greatest upregulation was observed in PbGRAS23 after 1 h treatment, whereas PbGRAS89 upregulation was most pronounced in the 6 h treatment. PbGRAS69 showed significant up-regulation in 1 h treatment compared with PbGRAS77 and PbGRAS80. In addition, PbGRAS64, 69, and 1 were down-regulated after 6 h treatment. However, we also made several interesting findings. The expression levels of PbGRAS1, 22, and 61 were irregularly expressed: PbGRAS22 and PbGRAS1 decreased at 2 and 6 h treatment and increased at 1 and 8 h, while PbGRAS61 decreased at 6 h of treatment and significantly increased at 1, 2, and 8 h of treatment (Figure 8).

Under IAA treatment, most of the genes revealed a down-regulation expression pattern, with PbGRAS90, 89, 59, and 35 up-regulated after 1 h treatment and the rest of the genes down-regulated, with PbGRAS90 being the most obviously up-regulated, PbGRAS99, 88, 89 up-regulated after 2 h treatment, and the rest of the genes down-regulated, with PbGRAS99 being the most obviously up-regulated, and PbGRAS99, 88, 89, 35 up-regulated after 6 h treatment, with PbGRAS89 being the most obviously up-regulated, PbGRAS99, 88, 89, 60 up-regulated after 8 h treatment, of which PbGRAS60 up-regulated most obviously (Figure 9).


[image: Figure 9]
FIGURE 9. (qRT-PCR) Relative expression of PbGRAS in response to IAA stress.


Under ABA treatment, most of the genes expressed a down-regulation trend, in which after 1 h treatment, PbGRAS90, 69 showed an up-regulation trend, after 2 h treatment, PbGRAS99, 1 showed an up-regulation trend, and after 6 h treatment, PbGRAS61, 60, 95 showed a down-regulation trend, and the others were up-regulated, in which PbGRAS90 was the most obviously up-regulated, and after 8 h treatment PbGRAS99, 33, 64 showed an up-regulation trend, and PbGRAS64 showed the most obvious up-regulation trend (Figure 10).


[image: Figure 10]
FIGURE 10. (qRT-PCR) Relative expression of PbGRAS in response to ABA stress.


Overall, most PbGRAS genes responded to at least one abiotic stress and some even to two or three stresses. PbGRAS89, 99 was translational in response to all three stresses and higher than the other genes.



Expression Analysis of PbGRASs in Leaves of Pyrus bretschneideri

Leaves began to uplift swelling around 10 days after inoculation, the blade cut wounds, petiole end produces a small amount of white callus. After 21 days of dark culture, the callus was significantly increased and formed into a massive yellow self-color, mainly at the dorsal midrib of the leaves, and there were yellowish-green bud points on the callus of some leaves, which were different from the callus. Turn to light training after 3 days, callus into green and yellow. The callus continued to differentiate, and yellow-green buds appeared, forming adventitious buds.

To gain more insight into the function of the family of PbGRASs in regeneration, we investigated the expression pattern of PbGRASs at different stages during leaf regeneration in Chinese white pear (Figure 11). Six representative periods of callus formation, including 10, 15, 20, 25, 30, and 35 days, were selected to analyze the expression levels of PbGRASs. From all 21 members, PbGRAS47 was not expressed at all stages while PbGRAS33, 64, 82, 23, 90, 59, 88, and 22 were highly expressed at 10 days. PbGRAS60 was highly expressed at 10 and 15 days, while PbGRAS61, 84, 68, and 5 were highly expressed at 20 and 25 days. PbGRAS89, 99, 61, 68, 84, and 35 were tremendously expressed at 10, 15, 20, and 25 days, indicating that these genes may be associated with callus and indeterminate bud formation. Apart from that, the expression levels of PbGRAS89 were gradually increased and combined with hormone treatment, PbGRAS89 and PbGRAS99 may play key roles in leaf development.


[image: Figure 11]
FIGURE 11. Verification of PbLs, PbHAM in Pyrus bretschneideri tissue culture seedling leaves by qRT-PCR.




PbGRAS Overexpression Enhances the Expression of Regeneration-Related Genes in Arabidopsis

qRT-PCR was performed on the transgenic plants for further detection of the expression levels of PbGRASs in the transgenic plants at the T3 generation (Figures 12A,B). The transgenic plants were identified by GUS staining (Figures 12C,D), and we selected two PbGRAS89-OE2 and PbGRAS99-OE1 with higher expression levels in the transgenic lines PbGRAS89-OE1-4 and PbGRAS99-OE1-4 for subsequent studies. We selected regeneration process–related genes to analyze their transcript accumulation during callus formation by qRT-PCR analysis, using wild type as a control, to compare the increased expression of these regeneration-related genes in the overexpressing plants, which included STM, CUC2, WUS, WIND, PP2AA3, ESR1, and ARRS (Figure 13). Bud initiation cell identity is spatially defined by WUSCHEL (WUS) (Dai et al., 2017; Zhang et al., 2017). WIND1–4 induces cellular de-differentiation leading to the formation of callus or somatic embryos when over-expressed in plants (Iwase et al., 2011; Ikeuchi et al., 2013). The expression of WIND1 is abruptly induced upon wounding, which in turn promotes callus formation and shoot regeneration via transcriptional upregulation of ENHANCER OF SHOOT REGENERATION 1 (ESR1). ESR1 can also promote adventitious shoot regeneration, furthermore, a yeast one hybrid-based interactome analysis identified ESR1 and PLT3 as hub nodes of a gene regulatory network controlling cellular reprogramming (Ikeuchi et al., 2018). In addition, PLT3/5/7 also participated in bud regeneration by regulating CUP-SHAPED COTYLEDON 2 (CUC2) genes (Valvekens et al., 1998).


[image: Figure 12]
FIGURE 12. Overexpression of PbGRAS89 and PbGRAS99 in Arabidopsis. (A) Construction strategy of the plant expression vectors pCAMBIA1301-PbGRAS89 and 99. (B) The expression levels of PbGRAS89 and 99 in transgenic lines. (C) PCR identification for PbGRAS89 and PbGRAS99 in transgenic Arabidopsis. (D) β-Glucuronidase (GUS) histochemical staining of PbGRAS89-OE2 and PbGRAS99-OE4.M, DL2000 DNA Marker; 1-4, PbGRAS89-OE1-4 transgenic lines; 5-8, PbGRAS99-OE1-4 transgenic lines.



[image: Figure 13]
FIGURE 13. Expression analysis of regeneration-related genes in overexpressed Arabidopsis.




PbGRAS Overexpression Enhances Callus Formation in Arabidopsis

Based on the previous analysis, as well as the examination of regeneration-related gene expression patterns in the overexpression plants, we speculated that GRAS might be involved in callus formation. To verify our initial observations, we obtained GRAS overexpressed plants. Leaf explants from PbGRASs overexpressing transgenic plants showed increased callus formation (Figure 14A). Fresh weight measurements analysis demonstrated that the callus-forming ability of PbGRASs leaf explants was significantly increased as compared to wild-type on MS, which was consistent with the promoting role of GRAS in callus formation, and the accumulation of GRASs transcripts showed an upward trend during the leaf to callus transition (Figure 14B). Whereas, callus formation was somewhat reduced in GRAS leaf explants. This indicates that PbGRASs significantly enhance callus formation from leaf explants.


[image: Figure 14]
FIGURE 14. Callus formation of PbGRAS leaf and root explants. (A) Effect of transgenic on callus formation of Arabidopsis leaves. (B) Area of callus formation in transgenic Arabidopsis leaves. (C) Effect of transgenic Arabidopsis thaliana root explants on callus formation.


To further understand the role of PbGRASs in root explants callus formation, we tested the ability of root explants from 35S:: PbGRASs transgenic plants to the formation of callus. Induced root explants after 6 days of culture in MS medium, transferred onto CIM to form callus. As shown, 35S::PbGRAS89 and 35S::PbGRAS99 had a higher frequency of callus formation compared to wild-type Columbia-0 (WT) (Figure 14C).



Subcellular Localization Analysis

The primary function of transcription factors is to link to cis-acting elements of gene promoters in the nucleus. To investigate the subcellular localization of the GRAS gene in Chinese white pear, PbGRAS89, 99 were linked to a 35S promoter containing GFP. These two empty vectors were transiently expressed in the onion. The two individual genes are located in the nucleus, which is consistent with the prediction (Figure 15).


[image: Figure 15]
FIGURE 15. Subcellar localization of two PbGRAS genes. Subcellular localization of PbGRAS89 and PbGRAS99 in onion protoplast transformed with 35S::PbGRAS89: eGFP and 35S::PbGRAS99: eGFP construct, protoplasts using a confocal microscope.





DISCUSSION

Transcription factors in plant growth and development are particularly important in the process, the main role in transcriptional regulation, upstream of the downstream genes have certain adjustments. Meanwhile, the transformation of TF genes into “mentor” genes can improve the tolerance of plants to stress and have a certain effect on the growth and development of plants. In the present study, we identified and analyzed 99 GRAS genes in P.s bretschneideri and investigated their expression profiles on different fruit developmental stages under various hormonal stress. GO annotation, synteny analysis, mode of duplication events, evolutionary history, conserved motif analysis, cis-elements analysis, gene structure (introns/exons), chromosol positions, and subcellular localization were examined. The structure of all PbGRAS proteins differed significantly, suggesting a high level of complexity (Ilias et al., 2007). The GRAS proteins ranged in length from 165 to 2,433 bp amino acids, showing a wide range of diversity (Supplementary Table S1). This variance might be linked to gene duplications or the size of the genome (Grimplet et al., 2016). According to the phylogenetic tree (Figure 1), we found at least one PbGRAS protein in every subgroup of A. thaliana, evincing that the GRAS family diverged earlier than monocots and dicots, with some additional subfamily members appearing as evolution progressed. LISCL had the highest genes among these eight subfamilies, which is comparable to other plants including A. thaliana, rice, and maize, indicating that these GRAS gene families may have high partial diversification capacities in the long-term evolutionary change. In this study, in an analysis of promoter cis-acting elements, we show that the promoter region of PbGRAS contains cis-elements associated with phytohormone (P-box, GARE-motif, TGACG-motif, and ABRE), stress (TC rich repeats, LTR, and ARE), and plant growth and development (Box 4, 02-site) and may be involved in plant growth and development, light, hormone, drought, Responses such as cold, stress, and osmotic stress (Wani et al., 2016). Phytohormones play a crucial role in the growth and development of plants and can enhance plant drought resistance and reduce plant yield loss caused by abiotic stress (Ilias et al., 2007). Various studies have identified the roles of indole-3-acetic acid (IAA) and gibberellins (GA3) in plants under stress conditions (Chen et al., 2022). Alone or in combination, they promote plant growth by improving germination or reducing oxidative damage by controlling the activity of antioxidant enzymes (Shah et al., 2007). IAA and GA3 are hormones that promote cell expansion and elongation, vascular tissue development, maintain apical dominance, regulate phototropic and gravitropic behavior and ultimately promote plant growth (Hamayun et al., 2010), and the application of exogenous IAA and GA3 hormones can enhance callus/nodule explant growth and counteract the adverse effects of salt stress (Khalid and Aftab, 2020).

During the process of plant tissue culture, the growth process of plants is generally from callus to bud and turns into a complete plant (Lee et al., 2019). Some characteristics of callus and root primordia are similar, and molecular characteristics also support the relationship between the two tissues. The similarity between the derived callus and ectopic expression of root meristem genes (Atta et al., 2009; Fan et al., 2012; Kareem et al., 2015). Callus has a significant effect on the regeneration process of plants during the process of plant tissue culture. Through qRT-PCR analysis, we investigated the gene expression profiles at different development stages of fruit under multiple hormonal stress, which showed that PbGRAS89 and PbGRAS99 are highly expressed under GA, IAA, and ABA treatments, and are highly expressed at critical times during leaf development and leaf callus formation. On the other hand, we also analyzed the expression profiles of the leaf at different stages and selected these two genes by constructing eukaryotic expression vectors and transforming them into wild-type Arabidopsis. We observed the changes in phenotypes and related gene expression amounts during leaf regeneration in both wild-type Arabidopsis and overexpression Arabidopsis. These results showed that callus formation was significantly higher in overexpression of Arabidopsis rather than wild-type Arabidopsis and promote callus formation into leaf and root. Current investigation showed that PbGRAS89 and PbGRAS99 significantly affect callus formation during leaf regeneration (Figures 13, 14).



CONCLUSIONS

This study identified P. bretschneideri showed in 99 GRAS genes. Through bioinformatics analysis and qRT-PCR analysis of 21 GRAS genes in P. bretschneideri, we found that PbGRAS89 and PbGRAS99 are involved in the formation of Chinese white pear callus during leaf development, which provides a theoretical basis for improving Chinese white pear genetics and breeding.
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In context of the climate change, major abiotic stresses faced by plants include salt stress and drought stress. Though, plants have similar physiological mechanisms to cope with these salt and drought stresses. The physiological and biochemical response of native plants to the combined application of salinity and drought stresses are still not well-understood. Thus, to investigate the combined effect of salinity and drought stresses, an experiment was conducted on Salsola imbricata with four levels of salinity and four drought intensities under the arid climatic conditions. The experiment was conducted in a randomized complete block design with a split-plot arrangement replicated three times. S. imbricata had been found resistant to different levels of individual and combined salt and drought stresses. S. imbricata survived till the end of the experiment. Salt and water stress did not show any significant effects on shoot weight, shoot length, and root length. The drought stress affected the photosynthetic rate, ion uptake and leaf water potential. However, salt stress helped to counter this effect of drought stress. Thus, drought stress did not affect plant growth, photosynthesis rate, and ion uptake when combined with salt stress. Increased Na+ and Cl− uptake under the salt stress helped in osmotic adjustment. Therefore, the leaf water potential (LWP) decreased with increasing the salt stress from 5 dSm−1 until 15 dSm−1 and increased again at 20 dSm−1. At lower salt stress, ABA and proline content declined with increasing the drought stress. However, at higher salt stress, ABA content increased with increasing the drought stress. In conclusion, the salt stress had been found to have a protective role to drought stress for S. imbricata. S. imbricata utilized inorganic ion for osmotic adjustment at lower salinity stress but also accumulate the organic solutes to balance the osmotic pressure of the ions in the vacuole under combined stress conditions. Due to the physical lush green appearance and less maintenance requirements, S. imbricata can be recommended as a native substitute in landscaping under the salt and drought stresses conditions.

Keywords: biochemical, drought, landscaping, native plants, salinity, physiological


INTRODUCTION

Agriculture is facing serious threats from abiotic factors such as salt stress and drought stress (Wang et al., 2003). Environmental fluctuations are rapidly increasing including salt and drought stresses, limiting plant productivity by 10% of arable land and more than 50% of major crops (Bartels and Sunkar, 2005). Globally, salt stress is affecting more specifically the irrigated agricultural land, while drought is severely affecting the agricultural crops (Zhu, 2002; Zamin et al., 2019a). Therefore, studies on the plants' response to salt and drought stresses are of primary importance. Halophytes have the ability to withstand and even benefit from salt and drought stresses conditions, which are lethal to the cultivated crops (Zamin and Khattak, 2018). Studying halophytes can lead to produce salt-tolerant crops through genetic modification and effective breeding (Ben Amor et al., 2005). These studies may also help to develop sustainable arid landscapes with native plants, which can conserve drought resources used for landscape irrigations (Zamin et al., 2018).

The effect of abiotic stresses including salt and water stresses are often indistinguishable and interconnected. For example, salt and drought stresses disrupt homeostasis and ion distribution resulting from osmotic stress in the cell (Wang et al., 2003). The plants physiological mechanisms to cope with salt and drought stresses are similar up to some extent. The water potential under salinity and drought decreases significantly in the similar pattern because under salt stress the plants' available water is also decreasing (Hasegawa et al., 2000). The simultaneous incidence of different stresses has positive or negative impacts on plant performance, depending on the nature and duration of the stresses (Niinemets, 2010). With the help of cross-tolerance, the plants have developed some special mechanisms to adapt to one stress and become resistant to some other stresses. This phenomenon is still an important challenge for the researchers and the exact mechanism of cross-tolerance is still not well-understood. Scientists are still focusing to get stable multiple stress tolerant traits in agronomical crops to improve yield, particularly in xeric conditions (Bahmani and Maali-Amiri, 2017).

The photosynthesis is a primary process that is influenced by the salt and drought stresses because of stomatal closure and decreasing the net CO2 diffusion to the chloroplast (Gibberd et al., 2002; Tezara et al., 2002; Anjum et al., 2011). However, the salt or drought stress tolerance is mainly associated with the maintenance of the net photosynthetic rate (Kumar et al., 2000; Anjum et al., 2011). The leaf Na+ and Cl− concentrations increase significantly with increasing electrical conductivity (EC) of the irrigation water (Niu et al., 2012). The production of reactive oxygen species (ROS) is significantly increased under the salt and drought stresses (Miller et al., 2010). The ROS are generated during the stress metabolism as a toxic by-product and play an important role in signal transduction molecules during the plant responses to abiotic stresses (Miller et al., 2008). The overproduction of these ROS can cause oxidative damage to plants (Smirnoff, 1998). Plants have developed antioxidant defense mechanism, which can detoxify the adverse effect of ROS (Caverzan et al., 2012) and protect plant cells from oxidative damage by scavenging of ROS (Gill and Tuteja, 2010). Mostly, the researchers have investigated the responses of cultivated crops to salt and drought stresses on molecular levels (Umezawa et al., 2004). The ROS scavenging capacity of cultivated plants has been widely investigated by applying different stresses separately (Sekmen et al., 2014).

Native plants have the potential not only resist to the aforementioned stresses but also to provide many ecological benefits (Alam et al., 2017; Zamin et al., 2019b). Compared to cultivated relatives, native species have more ability to grow under the salt and drought stresses conditions (Morales et al., 2001; Fiedler, 2006; Stephens et al., 2006; Ochoa et al., 2009; Zamin and Khattak, 2017). According to Garci et al. (2004), many taxa are categorized as drought-resistant often based on the anecdotal observations. The physiological and molecular response of native plants to the combined application of salinity and drought stress is still not well-understood (Harb et al., 2010).

Salsola imbricata (Forssk.) (Arabic name: غضرب) belonging to the family Amaranthaceae is a perennial halophytic shrub that grows in deserts and arid regions of the Arabian Peninsula, southwestern Asia and North Africa. S. imbricata can also be used as a model plant to study the cross-tolerance for salt and drought stress and improve the stress resistance in many other plant species. Moreover, studying desert plants like S. imbricata for their field performance under the xeric conditions will provide guidelines for their proper maintenance in landscapes. We evaluated the field performance of S. imbricata under combined salt and drought stresses condition and study underlying stress resistance mechanism to overcome these stresses. Therefore, the study aimed to explore the suitability of S. imbricata for urban landscaping and to bring sustainability in landscaping.



MATERIALS AND METHODS


Research Site

The field experiment to study the eco-physiological response of S. imbricata to different salt and drought stresses was carried out at the AL-Foa Research Farm, United Arab Emirates University, Al Ain, Abu Dhabi, UAE (24°12' N and 55°44' E) during 2015–2016. The experimental site was situated in the arid region, having a long hot summer season of 4 months, i.e., from May to September with a maximum temperature above 45°C. The winter prevails from mid-November to the end of February followed by a short spring season from March to April. The mean annual temperature varies between 12 and 45°C during winter and summer seasons, respectively (Statistics Center Abu Dhabi, 2015). The soil used in potting mix was sandy in nature, which was comprised of 87.5% sand, 5% silt, and 7.5% clay. More detailed soil properties are presented in Table 1 (Abdelfattah et al., 2009).


Table 1. Physicochemical properties of planting medium.
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Experimental Design

Salsola imbricata seeds were sown in germinating trays with growing media of potting soil and sweet sand 1:1 by volume. The soil used in potting mix was sandy in nature having 24.53% carbonate content with pH 7.58 and EC 9.49. The Ca+ content of the soil sample was 25 mg/kg whereas Mg was 34.2 mg/kg and low K+ content, i.e., 7.53 mg/kg (Table 1). After 3 weeks of germination, seedlings were transplanted to pots with 20 cm diameter and 15 cm height filled with sweet desert sand which has lower EC values and is considered good for agriculture purposes. Seedlings were thinned to one seedling per pot. After 1 month of transplantation of seedlings from germination trays to the pots, four saltwater treatments were prepared by dissolving NaCl in freshwater supplied by Al- Ain in municipality, i.e., 5 dS m−1 (Control; S1), 10 dS m−1 (low salinity level; S2), 15 dS m−1 (moderate salinity level; S3), and 20 dS m−1 (high salinity level; S4; Al-Dakheel et al., 2015; Zamin et al., 2019a). Salinity treatments were prepared in four different water tanks. These water tanks were connected to the drip irrigation line to supply water to each pot individually with four irrigation intensities. To estimate the Field capacity, the fully water-saturated soil was weighed and then dried to constant weight at 105°C. The weight difference between water-saturated and oven-dried soil was taken as the weight of water needed to bring soil to field capacity and lower FC was calculated accordingly. Four irrigation intensities were: 100% field capacity (Control; C), 80% field capacity (low stress), 60% field capacity (moderate stress), and 40% field capacity (severe stress) (Álvarez et al., 2009). Plants were irrigated 2–3 times per week, depending upon evaporative demand using the drip irrigation system with one emitter per plant each delivering 2 Lh−1. The amount of water applied to the control varied between 788 and 1,182ml per pot per week. The average of water was 985 ml/week for the WL1 (control) and 787, 590, and 392ml/week for WL2, WL3, and WL4, respectively. The NPK @ 5–7 g/plant was applied to each plant before the start of experiment. Agronomic practices, e.g., weeding and crop maintenance, etc., were equally applied to all treatments during the entire growing period of plants. Experiment was conducted in open field and plants were grown under natural environmental conditions. The mean monthly temperature ranged between 32.9 and 33.4°C and humidity from 21 to 29% while 0mm rainfall was forecasted at the beginning and end of the experiment. The experiment was conducted in a randomized complete block design replicated three times. The salinity levels were allotted to the main plot while the irrigation intensities were allotted to the sub-plots.



Percent Survival, Harvesting, and Sampling

Plants that survived under each stress treatment were counted and the survival percentage was calculated. Three plants from each treatment were harvested after 6 months of treatment application to record morphological parameters. Plant samples from each treatment were collected and instantly ground in liquid nitrogen and stored at −80°C for the quantitative chemical analysis.



Morphological Traits

After harvest, the plant samples were carefully cleaned from sand, washed with distilled water, and dried with the help of tissue paper. After harvesting, each plant was divided into shoots and roots and root and shoot length were measured. Shoot length was measured from the base of stem till the apex end while root length was measured from the root base up to the end of primary root. Samples were oven-dried (60°C) for 24 h and weighted (±0.0001 g). For morphological traits, all the samples were put in Ziploc bags, placed in an ice bag at 4°C, and transferred to the laboratory.



Physiological Traits

The photosynthetic rate of upper, lower, and basal leaves was measured weekly using a Plant Photosynthesis Meter (EARS, Netherlands; Samarah, 2005). Replicated leaf water potential (MPa) was recorded during midday using a WP4C Dewpoint psychrometer (Decagon Devices, Inc., USA; Xiong et al., 2014). Leaf water potential was recorded after 1 and 5 months of treatment application. Phosphorus concentrations were estimated in plant leaves at the end of the experiment by Olsen (1954) methodology. Na+ content (μ mole g−1) of plant extracts was determined by the Flame Emission Spectroscopy at the end of the experiment. For Cl− content, 50mg of leaf and root samples were ground and heated in distilled water for 3 h (80°C). The Cl− content (μmole g−1) of the extract was then determined with the chloride analyzer at the end of the experiment.



Biochemical Traits

The ABA and proline extraction was performed on 10mg of freeze-dried leaf tissue as described by Forcat et al. (2008). The samples were analyzed for ABA and proline using LCMS/MS, and were filtered through a 0.45μm cellulose acetate syringe. The phytohormones separation was done using a C18 column (ZORBAX Eclipse Plus). An injection of 2 μl was loaded onto the C18 column (1.8μm particle size, 2.1mm inner diameter, and 50mm long) at a flow rate of 0.2 ml/min and the column temperature was kept at 35°C. The liquid chromatography was connected to an Agilent Technologies Mass Spectrometry (6420 Triple Quad detector). For elution, solvent A consists of formic acid (0.1%) with distilled water and solvent B consists of an LCMS grade acetonitrile were used. The analytical procedure was as follows.

Solvent A was used (5min), then the gradient from 0 to 100% solvent B was used (5–20min), after the solvent B was kept constant (5min) and at 25.1min solvent A was 100% was used for 30min. During the analysis with LC–MSMS only negative polarity mode was used for ABA and Proline analysis. For fragmentation, nitrogen gas was used. The capillary voltage was 4,000V, the gas flow was 8 L/min, the gas temperature was 300°C and the nebulizer pressure was 45 psi.



Statistical Analysis

Two way analysis of variance (ANOVA) was used to check the effect of salinity, drought, and their interaction on morphological, biochemical, and physiological traits. While the normality was checked with Shapiro–Wilk test. The post-hoc Tukey HSD was used to check the comparison between treatments. All the analysis was performed using the SPSS software at 5% probability level.




RESULTS


Percent Survival, Root and Shoot Length and Weight

Results concerning the morphological response of S. imbricata to varying salt and drought stresses are given in Table 2. The ANOVA revealed that all the morphological parameters (percent survival, root and shoot length and weight) did not show any significant (p > 0.05) effect by the drought stress. A similar response was found in the case of salinity stress except root weight (g) which was significantly affected by increasing salinity. The percent survival of S. imbricata did not affect significantly (p > 0.05) by different levels of salt and drought stresses. The interaction between salt and drought stresses was also not significant and S. imbricata survived on all salt and drought levels with percent survival >90% (Table 2). However, the root weight was significantly affected by the salt stress while the drought stress had no significant effect. The root weight was maximum under the lower salinity and decreased with increasing drought stress. The root weight (10.22 g) observed at 5 dS m−1 was statistically at par to the root weight (7.50 g) at 10 dS m−1. Furthermore, the root weight (4.87 and 9.69 g) recorded at 15 and 20 dS m−1 was statistically similar with root weight at 10 dS m−1.


Table 2. Morphological response of S. imbricata to varying drought and salinity stresses.
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Photosynthetic Rate, Leaf Water Potential, Na+ Uptake, and Cl– Uptake

Physiological response of S. imbricata to different drought and salinity stresses is shown in Table 3. According to the ANOVA, varying responses were recorded for different physiological traits. The drought stress did not show any significant (p > 0.05) effect on all the parameters except leaf water potential (MPa) which was significantly affected. In contrast to drought stress, salinity stress had a significant (p < 0.05) effect on all the physiological parameters of S. imbricata except photosynthetic rate. However, the interaction between salt and drought stresses was found significant.


Table 3. Physiological response of S. imbricata to varying drought and salinity stresses.
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The interactive effect of salinity and drought stress was found significant for photosynthetic rate (Figure 1). Generally, under the drought stress, the photosynthetic rate decreases with increasing salinity levels up to 15 dSm−1 while at 20 dS m−1, increasing tendency was found. The maximum photosynthetic rate was observed at 100% field capacity under 5 dS m−1 which was statistically similar to S1WL2 and S3WL1. It was evident that S. imbricata can maintain the photosynthesis under combine drought and salinity stresses to cope with the harsh and adverse climatic conditions.


[image: Figure 1]
FIGURE 1. Interactive effect of salinity and drought stress on the photosynthesis rate (μmol m−2 S−1) of S. imbricata. Value bars with different letters are significantly different from each other at α = 0.05, while error bar represents the standard error of mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity, and WL4=40% field capacity) while S represents salinity (S1 = 5 dS m−1, S2 = 10 dS m−1, S3 = 15 dS m−1, and S4 = 20 dS m−1).


Water potential was also significantly affected in response to the interaction of salinity and drought stress as indicated in Figure 2. Leaf water potential decreased with increasing salt stress from 5 dS m−1 until 15 dS m−1. However, at salinity stress of 20 dS m−1 leaf water potential was not much affected like 15 dSm−1. Increasing water stress also decreases the leaf water potential under all salt stress (Figure 2).


[image: Figure 2]
FIGURE 2. Interactive effect of salinity and drought stress on the water potential (MPa) of S. imbricata. Error bar represents the standard error of mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity, and WL4 = 40% field capacity), while S represents salinity (S1 = 5 dS m−1, S2 = 10 dS m−1, S3 = 15 dS m−1, and S4 = 20 dS m−1).


As far as the interactive effect of salinity and drought stress is concerned, the ion uptake (Na+ and Cl− contents) was significantly affected by the salinity and drought stresses (Figures 3, 4). Na+ concentration had an interactive effect (p ≤ 0.05) on salt and water stress. The Na+ content increased with increasing the salt and water stress. Even at the low salt stress level, when external Na+ was low, Na+ concentration increased under the water stress in shoots (Figure 3). Generally, Cl− content increases with increasing salinity. The Cl− content increased with increasing the drought stress at lower salinity, while at higher salinity level, Cl− content decreased after the drought stress reached to a certain level (Figure 4). This shows that S. imbricata has the ability to enhance the ion uptake under the severe drought and salinity conditions.


[image: Figure 3]
FIGURE 3. Interactive effect of salinity and drought stress on Na+ uptake (μmol g−1) of S. imbricata. Value bars with different letters are significantly different from each other at α = 0.05, while error bar represents the standard error of mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity, and WL4 = 40% field capacity), while S represents salinity (S1 = 5 dS m−1, S2 = 10 dS m−1, S3 = 15 dS m−1, and S4 = 20 dS m−1).



[image: Figure 4]
FIGURE 4. Interactive effect of salinity and drought stress on the Chloride uptake (μmol g−1) of S. imbricata. Value bars with different letters are significantly different from each other at α = 0.05, while error bar represents the standard error of mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity, and WL4 = 40% field capacity), while S represents salinity (S1 = 5 dS m−1, S2 = 10 dS m−1, S3 = 15 dS m−1, and S4 = 20 dS m−1).




ABA (μg g–1 FW) and Proline (μg g–1 FW) Contents

Results concerning biochemical response of S. imbricata to varying drought and salinity stresses are presented in Table 4. The ANOVA revealed that ABA and proline content were significantly salt and drought stress interaction.


Table 4. Biochemical response of S. imbricata to varying drought and salinity stresses.
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The interactive effect of salinity and drought stress was found significant for the ABA content (Figure 5). Generally, under combine salt and drought stress, the ABA content decreases with increasing drought stress for salinity levels up to 15 dS m−1 while at 20 dS m−1, the trend was the opposite. Under the salt stress of 20 dS m−1, maximum ABA production was recorded at 60% field capacity which is statistically at par with 40% field capacity. However, the ABA response to 60 and 40% field capacity was similar at all salinity levels. The maximum ABA content was observed at 60% field capacity under severe salinity (20 dS m−1) which was statistically similar to 100 and 80% field capacity at 10 and 15 dS m−1 and 100% field capacity at 5 dS m−1. It was evident that S. imbricata increased the ABA production under severe drought and salinity stress to combat their growth- and performance-related adversities.
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FIGURE 5. Interactive effect of salinity and drought stress on the ABA content (μg g−1 FW) of S. imbricata. Value bars with different letters are significantly different from each other at α = 0.05, while error bar represents the standard error of mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity, and WL4 = 40% field capacity) while S represents the salinity (S1 = 5 dS m−1, S2 = 10 dS m−1, S3 = 15 dS m−1, and S4 = 20 dS m−1).


The proline content significantly varied in response to the interaction of salinity and drought stress as shown in Figure 6. The proline content decreases with increasing drought stress and salt stress together except S4. For salt stress of 20 dS m−1, proline content increased up to 60% field capacity and then declined. Maximum proline production was recorded 60% field capacity at 20 dS m−1 indicating that S. imbricata enhances the proline production under severe salinity and drought stress to cope with such stresses.
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FIGURE 6. Interactive effect of salinity and drought stress on the proline content (μg g−1 FW) of S. imbricata. Value bars with different letters are significantly different from each other at α = 0.05, while error bar represents the standard error of mean (n = 3). WL stands for water level (WL1 = 100% field capacity, WL2 = 80% field capacity, WL3 = 60% field capacity, and WL4 = 40% field capacity), while S represents salinity (S1 = 5 dS m−1, S2 = 10 dS m−1, S3 = 15 dS m−1, and S4 = 20 dS m−1).






DISCUSSION

In the present experiment, S. imbricata survived for 6 months with no significant effect of salt and drought stress on the growth parameters. It is evident that S. imbricata is resistant to salt and drought stress.

Salt and drought stress are considered as separate and additive factors contributing to growth reduction (Munns, 2002; Chaves et al., 2009). However, in the current experiment, salt and drought stress did not show any significant effect on shoot weight, shoot length, and root length of S. imbricata. Higher salinity helped to reduce the negative effects of drought stress. Only root weight decreased with increasing salt stress. Moderate salinity (50–250mM NaCl) can stimulate the growth of many halophytes (Flowers et al., 1986; Khan et al., 2000). NaCl may have positive effects under the drought stress, i.e., salt stress alleviated the negative effects of drought stress. These positive effects of salinity were reported for Atriplex nummularia (Hassine et al., 2008), Sesuvium portulacastrum (Slama et al., 2007a), A. canescens (Glenn and Brown, 1998), A. lentiformis (Meinzer and Zhu, 1999), Suaeda fruticosa (L.) Forssk (Khan et al., 2000), and A. halimus (Alla et al., 2012). This improved plant performance under combined salt and drought stress may be due to their effect on osmotic adjustment through higher Na+ and proline accumulation and decrease of K+ accumulation (Wu et al., 2015).

Salt and drought stresses showed a significant interactive effect on the photosynthetic rate of S. imbricata. At lower salt stress, the photosynthetic rate decreased with increasing drought stress. On the other hand, at severe salt stress (20 dS m−1), the drought stress had no significant effect on the photosynthetic rate. The salt stress had a protective effect on the photosynthetic rate (Figure 1). The current results are in line with Wang et al. (2011) for Tamarix chinensis Lour and with Miranda-Apodaca et al. (2018) for quinoa. Under salt or drought stress, leaf water potential and thus photosynthetic activity is decreased (Razzaghi et al., 2011). This reduction in photosynthesis can be caused by a stomatal limitation with stomatal closure (Nicolas et al., 1993; De Pascale and Barbieri, 1995; Goldstein et al., 1996) non-stomatal limitation (disturbance of photosynthetic activity; Downton, 1977; Drew et al., 1990) or both limitations at low and high salt concentration (Downton et al., 1990; Yeo et al., 1991). The drought stress can inhibit the activity of photosystem II and the rate of CO2 assimilation (Bloch et al., 2006; Monti et al., 2006) which in turn could decrease the photosynthesis (Wu et al., 2016).

The Na+ and Cl− uptake had significant results for the salt and drought stress interaction. Na+ and Cl− uptake was significantly increased with increasing the salt stress. Drought stress was also found to increase Na+ and Cl− uptake (Figure 3). However, S. imbricata decreased the Na+ uptake with increasing the drought stress at the highest salinity level (20 dS m−1). Studies carried out to evaluate the combined effects of salt and drought stress are in line with our findings (Martínez et al., 2005; Slama et al., 2008; Khalid and Cai, 2011; Khan et al., 2017a,b). Under saline conditions, Na+ in the growth medium might compete with K+ in the low absorption by the roots (Blumwald, 2000).

In response to low water potential under the salt and drought stress conditions additional solutes are accumulated which is referred as osmotic adjustment (OA; Zhang et al., 1999; Verslues et al., 2006). In halophyte species, Na+ presents in the vacuoles is involved in osmotic adjustment (Martínez et al., 2005; Slama et al., 2007b). Salt stress results in Na+ and Cl− accumulation in shoots which are more effective for osmatic adjustment than the production of organic solutes under drought stress (Liu et al., 2008; Slama et al., 2008; Sucre and Suarez, 2011; Álvarez et al., 2012). Hassine et al. (2008) reported that during the stress period, shoot water potential remained lower in Atriplex halimus plants exposed to PEG than in those exposed to the highest dose of NaCl. Miranda-Apodaca et al. (2018) stated that plants under salt stress exhibit a greater capacity for osmotic adjustment while plants subjected to drought stress treatment showed more dehydration. Thus, the NaCl addition mitigated the deleterious impact of osmotic stress on growth ( Martínez et al., 2005 :Wu et al., 2016). Increasing salinity beyond toxic levels can be managed by halophytes using the strategy of exclusion of salts via salts glands present on their lower surface of leaves (Zamin et al., 2019a).

Abscisic acid accumulates and involves in all the aspects of the low water potential response. ABA-derived root growth and stomatal conductance are important in the avoidance of lower growth (Schroeder et al., 2001; Sharp and LeNoble, 2002; Verslues et al., 2006). As a dehydration avoidance response, ABA induces the accumulation of compatible solutes (Ober and Sharp, 1994). ABA production is a signal for the stomatal closure and reduction of stomatal density to decrease water loss by transpiration (Razzaghi et al., 2011; Adolf et al., 2013). ABA induced the stomatal closure by a reduction in the turgor pressure of guard cells (Schroeder et al., 2001; Bartels and Sunkar, 2005). These responses improve the water-use efficiency of the plant for the short term (Waseem et al., 2011; Oliveira et al., 2013). The NaCl stress did not affect transpiration or ABA levels of Atriplex spongiosa up to 75mol m−3 but transpiration fell and ABA levels rose when the NaCl was increased upto 150mol m−3. The drought stress resulted an increase in the leaf ABA content while salt stress had no effect (Achuo et al., 2006). A report by Li et al. (2011) stated that Cotinus coggygria var. cinerea significantly reduced the relative growth rate, but increased the endogenous ABA under drought.

Proline accumulation relates more to the osmotic stress than any specific salt effect (Munns, 2002). Martínez et al. (2005) reported that 0 or 15% PEG had no impact on the proline concentration at low NaCl (50mM) concentration (Martínez et al., 2005). Atriplex spongiosa and Suaeda monoica recorded low proline contents at 300 and 500mol m−3 NaCl or below, respectively. However, a significant increase was detected at high salinities (Storey and Jones, 1979). Atriplex halimus showed similar responses after treating seedlings with either 50, 300, and 550mM NaCl or drought (control and withholding water). Proline was significantly increased only by the high salt stress and drought stress, nonetheless, combined treatments led to decrease if any (Alla et al., 2012). This significant increase was still in low concentration which was supposed to function as osmoprotectant.



CONCLUSION

Both salt and drought stress had no significant effect on the survival percentage and growth performance of S. imbricata. However, severe salt stress induced a decrease in root weight. Salt stress help to alleviate negative effects of drought stress through accumulation of Na+ and Cl− ions and organic solutes at higher salinity. In conclusion, S. imbricata can be classified as the salt includer halophyte. This species achieved osmoregulation by adopting intracellular compartmentalization of ions and avoid high concentration of these ions in cytoplasm. It can be concluded that S. imbricata can survive under drought and saline conditions up to 20 dS m−1 without affecting growth and morphology. Therefore, it can be recommended as substitute in landscaping under extreme drought and saline conditions. Further studies can be carried out to study the economical uses of S. imbricata and determine the optimal salinity and irrigation requirements of S. imbricata. Furthermore, studies can be carried out to find out the molecular mechanisms that make S. imbricata resistance to salt and drought stress.
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Superoxide dismutase (SOD) proteins are important antioxidant enzymes that help plants to grow, develop, and respond to a variety of abiotic stressors. SOD gene family has been identified in a number of plant species but not yet in Daucus carota. A total of 9 DcSOD genes, comprising 2 FeSODs, 2 MnSODs, and 5 Cu/ZnSODs, are identified in the complete genome of D. carota, which are dispersed in five out of nine chromosomes. Based on phylogenetic analysis, SOD proteins from D. carota were categorized into two main classes (Cu/ZnSODs and MnFeSODs). It was predicted that members of the same subgroups have the same subcellular location. The phylogenetic analysis was further validated by sequence motifs, exon–intron structure, and 3D protein structures, with each subgroup having a similar gene and protein structure. Cis-regulatory elements responsive to abiotic stresses were identified in the promoter region, which may contribute to their differential expression. Based on RNA-seq data, tissue-specific expression revealed that DcCSD2 had higher expression in both xylem and phloem. Moreover, DcCSD2 was differentially expressed in dark stress. All SOD genes were subjected to qPCR analysis after cold, heat, salt, or drought stress imposition. SODs are antioxidants and play a critical role in removing reactive oxygen species (ROS), including hydrogen peroxide (H2O2). DcSODs were docked with H2O2 to evaluate their binding. The findings of this study will serve as a basis for further functional insights into the DcSOD gene family.

Keywords: carrot, superoxide dismutase, reactive oxygen species, abiotic stress, expression pattern, phylogeny, comparative modeling, molecular docking


INTRODUCTION

Superoxide dismutases (SODs) are produced in almost all aerobic organisms, obligate anaerobes, and aero-tolerant anaerobes as a result of biological oxidations. These enzymes are found in almost all parts of the cell (Fink and Scandalios, 2002; Talukdar and Talukdar, 2013). Plant SOD proteins are a type of antioxidant enzyme that has been linked to protecting plants from the harmful effects of ROS and thus have a significant impact on plant growth, development, and their responses to abiotic stress (Rasul et al., 2017; Wang et al., 2017; Zhang et al., 2021a). In the natural environment, plants are frequently subjected to different environmental stressors, which result in the overproduction of ROS, such as singlet oxygen, hydrogen peroxide (H2O2), peroxyl radicals, hydroxyl radicals, and superoxide anion radicals. The controlled synthesis of cellular H2O2 serves a vital physiological function, but excessive amounts can have carcinogenic effects and induce cell death, and are produced in response to environmental stimuli in order to protect plant cells from O2 toxicity. Lowering its concentration can increase plant growth and quality, as well as antioxidant enzyme activity. This ROS causes degradation of cell membrane, macromolecules, and peroxidation, eventually leading to cell death and hence limiting crop production worldwide (Dehury et al., 2013). Plants have created a range of enzymatic as well as non-enzymatic defense systems to adapt to these ROS, including SOD system, glutathione reductase system, glutathione S-transferase system, ascorbate peroxidase (APX) system, glutathione peroxidase (GPX) system, peroxiredoxin (PrxR) system, dehydroascorbate reductase system, and catalase (CAT) system (Wang et al., 2017; Zhou et al., 2017; Lu et al., 2020). Metalloenzymes, commonly referred to as SOD, are the first line of defense for organisms against hazardous ROS. SODs catalyze the disproportionate conversion of O2 into oxygen and H2O2. Consequently, almost all green living cells are protected from the oxidative stress caused by aerobic circumstances (Dehury et al., 2013; Geng et al., 2018).

The SODs are divided into three classes based on their metal cofactors: copper/zinc SOD (Cu/Zn SOD or CSD), manganese SOD (MnSODs or MSD), and iron SOD (FeSODs or FSD) (Dreyer and Schippers, 2018). SOD proteins, which are encoded by nuclear genes, are found in several regions of the cell, with CSDs being found in the cytosol, chloroplast, and mitochondria (Feng et al., 2015; Verma et al., 2019). MSDs are thought to be found in peroxisomes as well as mitochondria, while FSDs are believed to be found in peroxisomes, chloroplast, and mitochondria (Verma et al., 2019). MSD and FSD have a high degree of sequence similarity, and most fungi and animals contain these two SODs, whereas there is no significant similarity in the case of CSD. Due to zinc and copper-binding as well as oxidation of intermolecular disulfide, CSD is generally highly stable. Copper is involved in superoxide disproportionation as a catalyst, while zinc and disulfide are involved in protein folding. Bacteria and plants exhibit all three types of SODs (Kliebenstein et al., 1998; Talukdar and Talukdar, 2013). In addition, Streptomyces were the first source for the identification, characterization, and cloning of a new form of SOD called nickel SOD or NiSOD. In contrast, plants have not been shown to contain these NiSODs (Hu et al., 2019).

The superoxide dismutase gene family has been found in a variety of plants, including Arabidopsis (Kliebenstein et al., 1998), Zostera marina (Zang et al., 2020), Oryza sativa (Dehury et al., 2013), Gossypium hirustum (Wang et al., 2017), grape (Vitis vinifera L.) (Guo et al., 2020), Medicago truncatula (Song et al., 2018), watermelon and melon (Zhang et al., 2021a), maize (Zea mays L.) (Sytykiewicz, 2014), and Rosaceae species (Li et al., 2021). Studies on different plant SOD genes have shown that these can act as the first line of defense against abiotic stimuli including heat, cold, drought, and salinity (Zhang et al., 2021a,b). The expression pattern of individual SOD gene family members is different in different species. This expression of individual members also varies significantly according to environmental stresses. In A. thaliana, the level of transcription of chloroplastic FSD1 and CSD2 were reduced by ozone fumigation, while chloroplastic FSD2 mRNAs remained relatively constant. However, FSD2 mRNA increased considerably in response to UV-B, but FSD1 and CSD2 remained stable. Furthermore, CSD1 may be involved in response to both UV-B and ozone illumination (Kliebenstein et al., 1998). In legumes, the overexpression of antioxidant enzymes may provide additional expression throughout the N2 fixation, particularly under stress and senescence. Overexpression of MnSOD from Nicotiana plumbaginifolia protected alfalfa plants from water deprivation. Furthermore, overexpression of MnSOD in plants improved FeSOD activity (Kuzniak, 2002; Rubio et al., 2002).

Under drought stress, transgenic potato (carrying CSD cloned from Potentilla atrosanguinea) demonstrated higher stomatal conductance and photosynthetic rates as compared to the other wild-type plants. Similarly, more transcripts were produced by the white clover FSD, MSD, and CSD genes in drought stress. While banana SOD genes were downregulated, SOD gene expression from tomatoes was altered (Pal et al., 2013; Feng et al., 2015, 2016; Zhang et al., 2015). The expression of three types of SOD genes showed significant upregulation in G. hirsutum during drought stress; however, only the expression of CSD genes was increased under cold stress and the soluble sugar and photosynthetic rate were upregulated. Under cold stress, the concentration of ROS was higher with decreased SOD activity in tea plants, and damage to leaves was more severe in cold-sensitive cultivars than in cold-resistant cultivars (Zhang et al., 2014; Zhou et al., 2019). In wheat, members of this family showed different expressions in various tissues. Under heat, drought, and salt stress, wheat CSDs and MSDs were highly upregulated (Zafra et al., 2018). In Z. marina, all the five SOD genes were expressed in various tissues (leaf, root, male flower, female flower—early and late tissues). Consequently, boosting SOD activity is one of the most effective strategies for plants to withstand a variety of abiotic stresses (Talukdar and Talukdar, 2013).

Daucus carota (carrot) subsp. Carota L (2n = 2x = 18) is one of the most important economical crops globally and the most important member of the Apiaceae family. D. carota is one of the most essential vegetables in the world, and it comes in a variety of colors, including yellow, red, orange, white, and purple-pink, with its root rich in alpha and beta-carotene and a good source of vitamin K and B6 (Zhou et al., 2019). The most well-known feature of D. carota is that it was the first species to successfully demonstrate the integrity of living cells. Furthermore, experiments provided clues that altering DNA levels per cell leads to differential genome organization. Similarly, the significance of plastid transformation has been proven in several metabolic, biochemical, electron-microscopic, and histochemical studies. This reproducible system was crucial in elucidating the connection between genome organization and growth regulators and is still used for recent molecular biology research. Similarly, cell programming in D. carota is particularly simple at the tissue and cellular levels. These features make D. carota an ideal system for fundamental studies.

Superoxide dismutase genes help enhance food production by resisting a variety of environmental challenges (salt, drought, alkali, light/dark, and cold stress). Furthermore, the evolution and diversity in this gene family may lead to functional diversity, which may help to further understand the carrot stress-responsive genes. Therefore, to address whether SOD genes are conserved in D. carota, we identified these genes in carrots. In this study, we determined the functional diversity and expression profiles of DcSOD genes, which provides useful information for stress-resistant carrot breeding. This comprehensive investigation of the DcSOD genes will also serve as a foundation for future research into the molecular functions of DcSODs.



MATERIALS AND METHODS


Database Search and Sequence Retrieval

The full-length SOD protein sequences for A. thaliana were obtained and downloaded from the NCBI (https://www.ncbi.nlm.nih.gov/) (Jenuth, 2000). The SOD gene family members in D. carota were identified using these sequences as queries in the BLASTP search. All members of the D. carota SOD family had their proteins sequences retrieved from NCBI. Pfam (https://pfam.xfam.org/) (Bateman et al., 2004), HMMER (http://hmmer.org/) (Finn et al., 2011), CDD (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Marchler-Bauer et al., 2011), and InterPro (https://www.ebi.ac.uk/interpro/) (Hunter et al., 2009) were used to check for specific domains in putative sequences, removing any that did not contain conserved domains which are required for SOD proteins to function properly. After editing manually the remaining protein sequences to remove redundancy, they were considered candidate SOD proteins. Domain architecture was constructed using TBtools (Chen et al., 2020). NCBI database was used to obtain chromosomal localization, CDS length, and exon number (Brown et al., 2015). The online ProtParam ExPASY tool (https://web.expasy.org/protparam/) was used to calculate the physical as well as chemical characteristics of DcSOD proteins, including the number of protein length (aa), molecular weight (Da), theoretical isoelectric point (pI), and grand average of hydropathicity (GRAVY) (Gasteiger et al., 2005). In addition, by using the online WoLF PSORT (https://wolfpsort.hgc.jp/) program, the subcellular localization of DcSOD genes was predicted (Horton et al., 2007).



Multiple Sequence Alignment, Phylogenetic Analysis, Conserved Motifs, and Gene Structure Analysis

To determine the evolutionary relationship of SOD proteins from D. carota and diverse plant species, a total of 42 protein sequences of SODs from D. carota, A. thaliana (Kliebenstein et al., 1998), C. sinensis (Zhou et al., 2019), O. sativa (Dehury et al., 2013), and S. miltiorrhiza (Han et al., 2020) were used. The ClustalW program was used for multiple sequence alignment of these SOD proteins with default parameters, and a maximum-likelihood (ML) tree was constructed by using MEGA7 software (https://www.megasoftware.net/) (Kumar et al., 2016), with a bootstrap value of 1,000, and was edited online using iTOL: Interactive Tree Of Life (https://itol.embl.de/) (Letunic and Bork, 2021). The Multiple EM for Motif Elicitation (MEME) tool (https://meme-suite.org/meme/) (Bailey et al., 2015) was used to determine the conserved motifs in each SOD protein sequence. The maximum motif number was set to 10, while the rest of the parameters were left at their default values. The Gene Structure Display Server (GSDS) (http://gsds.gao-lab.org/) (Hu et al., 2015) was used to predict gene intro/exon structure using coding and genomic sequences of D. carota, O. sativa, and A. thaliana as input data.



Chromosomal Distribution, Gene Duplication Events, and Syntenic Analysis

The location of each SOD gene in D. carota was identified using the NCBI gene database (https://www.ncbi.nlm.nih.gov/gene/) (Brown et al., 2015). All SOD members were physically mapped on D. carota's nine chromosomes. The genes that possessed ≥80% sequence identity were considered duplicated genes. The value of synonymous substitution (Ks), as well as non-synonymous substitution (Ka) of duplicated gene pairs, was calculated using the DnaSP version 6 offline tool (Rozas et al., 2017). The ratio (Ka/Ks) was used in the calculation of the selection pressure that aided the gene family's evolution. The following formula was used for calculating the duplication time of duplicated genes: T = Ks/2λ × 10−6 Mya (where λ represents substitution per synonymous site per year and is equal to 1.5 × 10−8 for dicots) (Lynch and Conery, 2000). A genetic relationship map of chromosomes and duplicated gene pairs was visualized by using TBtools Advance Circos (Chen et al., 2020).



3D Structure Prediction, Molecular Docking Analysis, and PPI Analysis of DcSODs

To precisely understand the functions of a protein, its 3D structure is important. Thus, the 3D structure of DcSODs was predicted by the I-TASSER server (https://zhanggroup.org/I-TASSER/) (Zhang, 2008). Moreover, the SAVES server (https://servicesn.mbi.ucla.edu/SAVES/) was used to verify the models (Elshemey et al., 2010). The 3D structures were visualized using the UCSF Chimera visualization tool (Pettersen et al., 2004). The 3D structure of ROS, i.e., H2O2, against PubChem (https://pubchem.ncbi.nlm.nih.gov/) IDs (784) were retrieved (Kim et al., 2016), and then molecular docking analysis was done using PatchDock server (https://bioinfo3d.cs.tau.ac.il/PatchDock/) (Schneidman-Duhovny et al., 2005). After the successful docking of the H2O2 ligand against all nine DcSODs, interaction analysis of protein–ligand complexes was carried out one by one using the UCSF Chimera window version 1.6 (Pettersen et al., 2004). The possible protein–protein interactions of these DcSOD proteins were predicted using the STRING database (http://string-db.org/) (Szklarczyk et al., 2019).



Cis-Regulatory Elements and Expression Pattern of Transcriptome Analysis

To analyze the potential functions of DcSODs, a 1,000 bp upstream sequence of the initiation codon of each DcSOD gene was retrieved from the NCBI nucleotide database (https://www.ncbi.nlm.nih.gov/nucleotide/) (Orlek et al., 2017). To examine the cis-elements in these promoter sequences, the PlantCARE server (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Rombauts et al., 1999) was used, and the results were visualized using TBtools (Chen et al., 2018). To gain insight into the tissue-specific expression patterns of DcSOD genes, RNA-Seq data (BioProject: PRJNA610539) and under light/dark stress (BioProject: PRJNA626692) was obtained from SRA-NCBI (https://www.ncbi.nlm.nih.gov/sra) (Sherry et al., 2012). A heat map was generated based on the reads per kilobase per million (RPKM) values of individual genes in taproot tissue samples. DcSOD gene expression levels analyzed in taproot of D. carota genotypes were Purple 68 and Purple Haze. The heat maps were illustrated using TBtool (Chen et al., 2020).



Plant Growth and Treatments

The plants were grown in a growth chamber for 2 weeks under controlled conditions: 25 ± 2°C temperature and 65% relative humidity. Then, the plants were shifted to different incubators for stress imposition. In the 1st incubator, the temperature was set at 4°C for cold stress treatment. In the 2nd incubator, the temperature was increased up to 42°C for heat stress treatment. In the 3rd incubator, plants were treated with 200 mmol/L NaCl for salt stress treatment. For drought stress treatment, 2-week-old plants were grown under water-limiting conditions. These plants were harvested in two groups for RNA extraction. In group A, plants were harvested at 0, 06, 12, and 24 h for cold, heat, and salt stress. While in group B, plants were harvested at 0, 1, 3, and 6 days for drought stress. These samples were immediately frozen in liquid nitrogen and kept at −80°C until needed.



Validation of Quantitative Real-Time PCR (qRT-PCR)

TRIzol reagent was used to extract RNA from leaf samples as directed by the manufacturer and quantified using a NanoDrop spectrophotometer. Using a cDNA synthesis kit, 1 μg of total RNA was reverse transcribed with dsDNase (Maxima H Minus First-Strand). 10 × dsDNase buffer, total RNA, dsDNase, and nuclease-free H2O were added to an RNase-free tube on ice to obtain a total volume of 10 μl of total RNA. The mixture was gently mixed and spun before being incubated at 37°C for 2 min in a hot water bath and then stored on ice. The synthesis chemicals of the first strand (5 × RT buffer, 10 mM dNTP mix, oligoT primer, and maxima H minus reverse transcriptase enzyme) were then added and gently mixed before being centrifuged briefly. The mixture was then incubated for 30 min at 50°C and 5 min at 85°C. Finally, the mixture was kept at a temperature of around −80°C until it was used. iTaq Universal SYBR Green SuperMix and Real-time PCR detection system (CFX96 Touch™ Real-Time PCR Detection System) were used to carry out qRT-PCR. Actin-7 was considered a housekeeping gene and used as an internal control. Primers were designed using the online NCBI Primer-BLAST Program (https://www.ncbi.nlm.nih.gov/tools/primer-blast/), and their specificity was verified using an online tool Oligo Calculator (http://mcb.berkeley.edu/labs/krantz/tools/oligocalc.html). Student's t-test (p < 0.05 = > *, p < 0.01 = >**) was performed to compare treatment with control and calculate the significance level.




RESULTS


Characterization of DcSODs in D. carota

A total of 7 A. thaliana SOD genes were used as queries in the BLASTp search to get a complete overview of the D. carota SOD gene family. The accessions missing the SOD-specific domains were excluded from the studies. Finally, in the D. carota genome, 9 SOD proteins comprising specific domains were identified (Figure 1, Supplementary Table S1). These 9 SOD proteins included two DcFSDs (DcFSD2−3), two DcMSDs (DcMSD1-2), and five Cu/ZnSODs (DcCSD1-5). The C-terminal iron/manganese superoxide dismutase domain and alpha hairpin domain were found in both putative DcFSDs and DcMSDs. The copper/zinc superoxide dismutase domain was present in all DcCSDs, which is a characteristic feature of Cu/ZnSODs.


[image: Figure 1]
FIGURE 1. Symbolic domain structure of Daucus carota superoxide dismutases.


By computing different parameters, the biochemical and physiological properties of the nine DcSODs were determined (Table 1). The length of these proteins was found between 152 to 301 amino acids (aa), with an average length of 205 aa. Accordingly, the molecular weight ranged from 15.01 to 34.53 kDa. According to earlier research, all Cu/ZnSODs are acidic, whereas Fe-MnSODs are either acidic or basic (Zhou et al., 2017). In this study, the majority of the DcSODs were acidic with pI values ranging from 5.1 to 7.83. Furthermore, the DcSOD proteins' predicted GRAVY values were negative, indicating that they are hydrophilic. The prediction regarding subcellular localization showed that most of the DcCSDs were localized in the cytoplasm, except for the DcCSD2, which was localized in the chloroplast. In addition, DcFSDs and DcMSDs were localized in chloroplast and mitochondria, respectively.


Table 1. Features of SOD genes in Daucus carota.
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Phylogeny, Conserved Motifs, and Gene Structure

To gain insight into the evolutionary relationship of DcSOD proteins, an ML phylogenetic tree was constructed using 42 full-length proteins sequences (nine DcSODs, seven AtSODs, eight OsSODs, eight SmSODs, and ten CsSODs). The DcSOD proteins were clustered into three distinctive subfamilies, namely, CSDs, MSDs, and FSDs, which were found to be in good accordance with their metal cofactor types. The Cu/Zn-SODs (colored red) constituted the largest group with 21 members. In another larger clade, Fe-SODs were clustered with Mn-SODs (Figure 2), indicating that these two groups originated from the same ancestor (Wang et al., 2017).


[image: Figure 2]
FIGURE 2. Phylogenetic tree analysis of SOD family genes of D. carota and other species. In this tree, different symbols are representing different plants: green square for D. carota, powder-blue star for Oryza sativa, red circle for Arabidopsis thaliana, blue triangle for Camellia sinensis, and pink triangle for Salvia miltiorrhiza. Three different strips represent the different groups. The phylogenetic tree was constructed using the MEGA7 maximum likelihood method.


To reveal similarities of D. carota SOD proteins in each subfamily, the gene structure of DcSODs and their conserved motifs were analyzed. Members of the same subfamily shared common conserved motifs. Motif 7 was conserved among all the SOD proteins. Similarly, motif 1 was also conserved in almost all proteins. All members of subfamily FSD had motifs 7, 5, 1, 2, 9, and 8, except for AtFSD2 having only 3 motifs (motifs 1, 7, and 5 were absent). All proteins of subfamily MSD had motifs 1, 6, 7, 10, 2, 8, and 9. Motifs 7, 2, 3, 8, and 1 were present in all members of the CSD group, except for OsCSD1 and OsCSD2 in which motifs 7 and 3 were missing, respectively (Figure 3A). All of the protein subfamilies had nearly identical motif compositions, implying that there was no major divergence in function or sequence. Similarly, in general, the members which belonged to the same subfamily had nearly comparable intron and exon organization patterns (Figure 3B). For example, each gene in the FSD subfamily had at least eight conserved exons. In contrast, MSD subfamily members had a relatively small number of exons, with six exons in each gene. The gene structure of subfamily CSD members was quite different, with the exon numbers ranging from six to eight, but the six exons were conserved in each gene. However, the gene structures of the similar subgroup were generally conserved.


[image: Figure 3]
FIGURE 3. (A) Conserved motif and (B) gene structure analysis of SOD family genes in D. carota.




Chromosomal Mapping and Gene Duplication

To analyze the genomic distribution of DcSODs genes, the chromosomal gene location and duplication events were identified using syntenic analysis. The D. carota genes were randomly distributed on 5 out of 9 chromosomes. Dc1 and Dc5 chromosomes had 3 genes each, while Dc3 and Dc4 had only one gene on each. Furthermore, no SOD genes were found on Dc2, Dc6, Dc7, and Dc8 (Figure 4). According to duplication analysis, DcMSD1/DcMSD2 and DcCSD1/DcCSD4 are the two duplication pairs that resulted from segmental duplication. To analyze the relationships between the SOD genes and gene duplications, we identified the syntenic blocks of SOD genes among D. carota, A. thaliana, G. max, and Solanum lycopersicum (Figure 4). Segmental duplication events may promote better regulation of SOD activities through functional divergences under stress conditions, as well as spatially specific and temporal expression of these genes [61]. Furthermore, no tandem duplication was found in DcSODs. The syntenic analysis regarding cross-genome indicated that three GmSODs and two SlSODs genes had orthologous genes in D. carota genome (Figure 3, Supplementary Table S2). These findings indicate that segmental duplication is a possible factor in the expansion of DcSOD genes.


[image: Figure 4]
FIGURE 4. Syntenic analysis of SOD family genes in A. thaliana, D. carota, G. max, S. lycopersicum, and S. bicolor. Blocks are representing the chromosomes and the duplicated genes are connected by lines.


These duplicate non-synonymous rates (Ka), synonymous rates (Ks), and Ka/Ks were determined, and the time of duplication was estimated using Ks values. The Ks of these two segmental duplicates ranged from 0.33 to 0.64. Thus, the divergent time ranged from 7.81 Mya to 12.53 Mya. The Ka/Ks value of DcMSD1/DcMSD2 was less than 1, indicating that purifying selection occurred in this duplication. In contrast, DcCSD1/DcCSD4 had a Ka/Ks value of more than 1, thus it experienced positive selection (Supplementary Table S2) (Roth and Liberles, 2006).



Conserved Exon Analysis

According to this analysis, each subfamily has its own set of conserved exons. The FSD group with two members DcFSD2 and DcFSD3 has three highly conserved exons (172, 27, and 24 nt). The MSD group with two members DcMSD1 and DcMSD2 has four preserved exons (47, 126, 57, and 78 nt). The CSD group contains five members (DcCSD1/ DcCSD5) and five preserved exons. DcCSD1, DcCSD3, DcCSD4, and DcCSD5 have four preserved exons (96, 32, 76, and 54 nt). The remaining exon (102) is also conserved among these genes, except DcCSD2, which does not have this exon (Figure 5). The fact that these exons have been preserved indicates that they are the products of duplication events.


[image: Figure 5]
FIGURE 5. Splice site analysis of 9 members of D. carota SOD gene family. Exons colored the same in each group conserved in length in that particular group.




Protein 3D Structure Prediction

Proteins are difficult to describe as they are complex chemical entities with a large number of convolutes topology and variable atoms. In this study, three-dimensional models of 9 DcSOD proteins were predicted by using the I-TASSER server. The resulting models had good stereochemical characteristics both globally and locally. The yellow color represents the helices, the green color represents the sheets or strands. Proteins belonging to particular groups have similar structural symmetry. Members of the MSD and the FSD subfamily have an almost similar structure with the same number of helices and sheets, while proteins from the subfamily CSD have an almost similar structure (Figure 6).


[image: Figure 6]
FIGURE 6. The 3D structure modeling of DcSOD proteins. These are the final models predicted with different colors indicating different helices, sheets, and domains.




Molecular Docking Analysis of DcSODs With H2O2

Molecular docking of H2O2 was performed against 9 DcSODs to check the binding as SODs are antioxidants and play a vital role to remove the ROS including H2O2 (Gill and Tuteja, 2010). Molecular docking results showed a good binding ability among all the DcSODs (Figure 7). Docking complexes have −3.69 kcal/mol (DcCSD4) to −1.94 kcal/mol (DcFSD3) global energy and −3.28 kcal/mol (DcCSD2) to c1.41 kcal/mol (DcCSD3) attractive Van Der Waals (VDW) energy that is a good score. Conserved residues of DcFSD2 are ARG 35, GLN 38, GLU 46, and LEU 47, and their bond distances are 2.998, 2.594, 2.584, and 3.067 Å, respectively. Conserved residues of DcFSD3 are ASP50 and GLY 56 with bond distances of 2.460 and 2.324 Å. DcMSD1 has three conserved residues ALA 33, TRP 103, and LYS 104 with 2.843, 2.269, and 2.329 Å bond distances. Conserved residues of DcMSD2 are TRP 210, TRP 215, and VAL 136, and their bond distances are 2.518, 2.159, and 2.772 Å, respectively. DcCSD1 has three conserved residues ASN 85, VAL 86, and PHE 96 with bond distances of 2.792, 2.240, and 2.848 Å. Residues THR 160, GLN 161, and PRO 163 are the conserved residues of DcCSD2 with bond distances of 3.085, 2.870, and 2.377 Å, respectively. DcCSD3 has only conserved residues GLY 12 and ASP 13 with bond distances of 2.098 and 1.086 Å. DcCSD4 has four conserved residues SER 11, CYS 56, ARG 142, and VAL 143, and their bond distances are 2.356, 3.536, 2.793, and 3.138 Å, respectively. DcCSD5 has three conserved residues GLY 36, LEU 37, and ILE 143, and their bond distances are 3.108, 2.329, 2.363 Å, respectively (Supplementary Table S3). Based on the predicted structures and docking analysis of binding sites, protein–protein interaction (PPI) analysis was also performed to further explore the potential common function of interacted proteins (Supplementary Figure S1).


[image: Figure 7]
FIGURE 7. H2O2 docked against 9 DcSODs. The different color background of the diagram represents protein residues, conserved residues of the protein are also labeled, and the prominent red color represents the ligand (H2O2).




Cis-Regulatory Element Analysis in Promoter Sequences of DcSODs

To better understand the role of DcSOD under diverse stresses, cis-regulatory elements in the promoter sequences of DcSOD genes were studied. According to the results, abiotic stress-related elements and hormone-responsive cis-regulatory elements were present abundantly in the promoter sequence of DcSOD gene family (Supplementary Table S4). Four major cis-element classes have been identified, namely, light-responsive, stress-responsive, hormone-responsive, and MYB-binding sites (Figure 8A). All the promoters had several light-responsive cis-elements, particularly DcCSD4, DcCSD5, and DcMSD2 containing 13, 10, and 10 elements, respectively. Cis-regulatory elements having involvement in meJA-responsiveness also existed in the promoter regions of DcCSD5 and DcMSD1, with 4 and 2 cis-elements, respectively. ABA-responsive elements, which are hormone-responsive elements, occurred in DcFSD2, DcMSD1, DcMSD2, DcCSD4, and DcCSD5. The promoters of DcCSD2 and DcMSD2 also contained the gibberellins-responsive elements. DcCSD2 and DcFSD1 also had elements that showed responses in low temperatures. The promoters of DcCSD4, DcCSD5, and DcCSD1 possessed MYB binding sites, which were involved in drought inducibility. DcMSD2 possesses MYB binding site elements that were involved in light responsiveness. Moreover, cis-elements necessary for anaerobic induction were also present in some gene promoter regions (Supplementary Table S4). These findings suggested that the SOD gene family was important in plant abiotic stress response as well as development.


[image: Figure 8]
FIGURE 8. (A) Cis-regulatory elements in upstream 1 kb region of D. carota SOD coding sequences. Each element is given a specific color and depicts the presence of that element in genes. (B) Expression analysis of DcSOD gene family. Heatmap expression profiles of the genes in xylem and phloem tissues. (C) Expression analysis of DcSODs in roots under light/dark stress.




Expression Profiles of DcSODs

RNAseq analysis was performed in D. carota tissues, namely, Purple 68 (xylem and phloem) and Purple Haze (xylem and phloem), and the expression profiles of these DcSODs were visualized. The results show that five genes (DcFSD2, DcFSD3, DcMSD1, DcMSD2, and DcCSD2) are expressed in xylem and phloem of D. Carota, while the remaining four genes (DcCSD1, DcCSD3, DcCSD4, and DcCSD5) have no expression. Out of five, three genes (DcCSD2, DcMSD1, and DcMSD2) have higher expression, while the other two (DcFSD2 and DcFSD3) have a minor expression (Figure 8B). To determine the expression of these DcSODs in roots under abiotic stress (light/dark), RNA-seq analysis was performed. The results show that under dark stress, four genes (DcMSD1, DcCSD1, DcCSD2, and DcCSD4) were highly upregulated, while the other five genes (DcFSD2, DcFSD3, DcMSD2, DcCSD3, and DcCSD5) were slightly upregulated. Under light stress, seven genes (DcFSD2, DcMSD1, DcMSD2, DcCSD1, DcCSD2, DcCSD3, and DcCSD4) were slightly upregulated, while two genes (DcFSD3 and DcCSD5) had no expression (Figure 8C).



Expression Validation of DcSOD Genes Through qRT-PCR

To predict the molecular role of DcSOD genes in D. carota, a qRT-PCR was performed on the leaves under various abiotic conditions including cold, heat, salt, and drought stress. The expression level of a few genes was increased under these stresses (DcCSD1, DcCSD2, DcCSD5, and DcFSD2). For cold stress, the expression level of most of the transcripts was increased after 6 h of treatment. After maximum treatment, some gene transcripts (DcCSD1, DcCSD2, and DcFSD2) were highly expressed. Almost all DcSOD genes had their expression increased after cold stress. In heat stress, a variation in expression level was observed. Some transcripts including DcFSD2, DcFSD3, and DcCSD4 had their expression decreased. DcCSD1 and DcCSD2 were highly upregulated under heat stress. Salt stress also resulted in higher expression of most of the transcripts including DcCSD2, DcCSD4, and DcMSD1. The expression level of these genes under drought stress had many variations. DcCSD1, DcCSD2, DcCSD3, and DcCSD5 were highly expressed, while DcCSD4, DcMSD1, and DcMSD2 had their expression suppressed (Figure 9).


[image: Figure 9]
FIGURE 9. Relative qRT-PCR expression verification of DcSODs genes under cold, heat, salt, and drought stress. In nontreated plants, one (01) was the default expression value for each gene. Significant change in expression is indicated by an asterisk (p < 0.05 = > *, p < 0.01 = >**).





DISCUSSION

Plants have a number of effective enzymatic antioxidant defense mechanisms that prevent plant cells from oxidative damage by removing ROS. SOD is one of these antioxidant enzymes that are involved in a variety of plant functions, including growth and providing resistance to environmental stresses by acting as the first line of defense against the harmful effects of high levels of ROS (Feng et al., 2016; Zang et al., 2020; Zhang et al., 2021a). In this study, a genome-wide systematic analysis of the SOD gene family, including sequence phylogeny, conserved motifs, gene structure, chromosomal localization, expression profiling, and structure prediction was carried out in D. carota. The SOD gene family is widespread in a variety of plant species such as Pyrus bretschneideri, Rosaceae species (Guo et al., 2020), Olive (Olea europaea L.) (Zafra et al., 2018), Larix kaempferi (Han et al., 2019), barley (Hordeum vulgare L., Hv) (Zhang et al., 2021b), Populus (Molina-Rueda et al., 2013), Setaria italica (Wang et al., 2018), and S. miltiorrhiza (Han et al., 2020). In S. Italica and H. vulgare, SODs were overexpressed under salt stress and drought stress. In melon (C. melo) and watermelon (C. lanatus), overexpression of SODs under low temperature and salt stress confers resistance to various abiotic stresses (Geng et al., 2018). In cassava (Manihot esculenta Crantz), SOD with other enzymes was found to provide resistance against T. cinnabarinus as well as abiotic stresses (Lu et al., 2017). This study identified nine SOD genes, which are comparable to the other plants such as C. sativus (9) (Zhou et al., 2017), Solanum lycopersicum (9) (Feng et al., 2016), S. bicolor (8) (Filiz and Tombuloglu, 2015), and M. truncatula (7) (Song et al., 2018). These DcSOD proteins contained the conserved Cu-ZnSOD domain in CSDs. Furthermore, conserved iron/manganese C-terminal domains were also present in DcFSDs and MSDs, as reported in most of the previous studies such as H. annuus L. (Fernández-Ocaña et al., 2011), C. sinensis (Zhou et al., 2019), and C. sativus (Zhou et al., 2017). These results suggest that this gene family contributes to plant development, structure, and responses to abiotic stresses. Salt, drought, heat, and disease tolerance can be improved by altering the expression of certain genes.

The phylogenetic study revealed that D. carota SOD proteins are divided into three distinct subfamilies, namely, Cu/ZnSODs, MnSODs, and FeSODs, which is consistent with Arabidopsis (Kliebenstein et al., 1998), M. truncatula (Song et al., 2018), T. aestivum (Jiang et al., 2019), H. vulgare (Zhang et al., 2021b), and O. sativa L. (Dehury et al., 2013). On the phylogenetic tree, these three subfamilies were split into two classes, namely, Cu/ZnSODs and Fe-MnSODs. MnSODs and FeSODs were grouped, and a high bootstrap value separated them. This indicates that these genes can be classified according to the type of particular domain they contain and that they may have shared ancestral genes. In cotton, it was identified that MSD and FSD families arose from a common ancestor, whereas the CSD subfamily evolved separately. Thus, the two major groups expanded independently (Wang et al., 2017).

The gene structure was significantly comparable between members of the same subfamily in terms of the number of introns and exons, as well as conserved protein motifs, indicating the phylogenetic relationship of D. carota SOD genes was reliable. Moreover, SOD genes from Arabidopsis, D. carota, and O. sativa have a similar distribution in phylogenetic subgroups and intron–exon organizations, indicating that these genes have been highly conserved throughout evolution. Notably, in B. marianensis, a novel SOD has been identified and cloned, which offers significant resistance to high salinity, hydrostatic pressure, chemicals, and adaptability to cold (Li et al., 2020). OsMSD1/3, AtMSD, and DcMSD1/2 had the same motifs. Similarly, AtCSD1, OsCSD3, and DcCS6 had almost the same length and number of exons and introns (Figure 3). These results are comparable to that observed in C. sativus and S. miltiorrhiza, which contain an average of seven exons. Similar results were found in T. aestivum (Jiang et al., 2019), S. bicolor (Filiz and Tombuloglu, 2015), and S. lycopersicum (Feng et al., 2016). Thus, it is speculated that they may share biological functions. Gain/loss of intron/exon, exonization/pseudoexonization, and insertion/deletion cause exon and intron numbers to vary as well as structural variability in distinct genes (Verma et al., 2019).

By comparing DcSOD proteins to their orthologous proteins in other plants (A. thaliana and G. max), the evolution of SOD family was examined. In D. carota, two pairs of SOD genes originated through segmental duplication. Similarly in S. bicolor [54] and watermelon/melon (Kliebenstein et al., 1998), segmental duplication mainly contributed to the expansion of SOD genes. Similarly, SOD genes of G. raimondii and B. napus also showed segmental duplication, which potentially had a significant part in the expansion of respective plant genomes (Wang et al., 2016; Su et al., 2021). In S. lycopersicum, the majority of the genes clustered on a chromosome and experienced tandem duplication. Segmental duplication was also experienced by a few genes. Therefore, in S. lycopersicum both types of duplication resulted in the expansion of this gene family (Kuzniak, 2002). In M. truncatula, neither tandem nor segmental duplication was found; instead, whole-genome duplication was identified, which caused the generation of these genes (Zang et al., 2020). Similarly, for Gossypium, it was proposed that natural selection caused by a number of factors provided the raw material for functional diversification. This resulted in an expansion of this gene family in a relatively short period of time (Lu et al., 2020). This plant experienced the divergence 7–12 Mya, following the duplication of these genes.

In the promoter sequences, cis-elements were predicted to gain a better understanding of the role of DcSOD genes under different environmental conditions (Ijaz et al., 2020). Similar to tomato SlSOD genes, different stress, hormone, and light-responsive elements were identified, which were related to drought, anaerobic induction, and low temperature (Zhang et al., 2015). In cotton, elements involved in heat and cold stress responsiveness, MYB binding site, ABA responsiveness, and drought inducibility were found. It showed the obvious involvement of these genes in abiotic stresses and a potentially significant role in antioxidant activity (Lu et al., 2020). In B. juncea, several stress-responsive elements such as ARE, W-Box, LTR, WUN, Box-W1, and transcription factor binding sites were found, which were possibly activating the mechanisms involved in stress tolerance. In this way, salt stress was tolerated by the activation of different elements (Verma et al., 2019). Different elements that respond to abscisic acid (ABA) and gibberellin were also found (Supplementary Table S4). Therefore, these findings will help further to understand the diverse functions of DcSOD genes under abiotic stresses.

The 3D structures of these D. carota SOD proteins are relatively conserved, which is comparable with conserved domains, phylogeny, and gene structure. These results suggest that D. carota SOD genes may play different roles in different tissues of different genotypes. The fundamental structure of CSD is a β-barrel made up of eight antiparallel strands grouped in Greek key patterns, which helps to stabilize the entire protein structure. On the β-barrels' external side, an active metal site is found. MSD and FSDs' secondary and tertiary structures are also inconsistent with the structure of known proteins, and they work together so that SOD takes up either Mn or Fe for its functions (Verma et al., 2019). H2O2 is a ROS that is harmful to plant growth and development. In contrast, SOD is an antioxidant that is involved in the removal of reactive ROS including H2O2 (Gill and Tuteja, 2010).

Transcriptome analysis revealed that DcSOD genes had different expression patterns in different tissues and responses to abiotic stresses (dark and light). Similarly, in B. juncea and B. rapa, the expression of SOD genes under heat and drought stresses was found. The genes of both species, B. juncea and B. rapa, were overexpressed under drought stress and very few genes were downexpressed. In heat stress, only two genes were upregulated, while most of the genes showed decreased expression (Verma et al., 2019). The SOD genes, especially MSDs in M. acuminata, showed specific responses to salt, drought, and heat stresses, which depicted their role in the antioxidant activity (Pal et al., 2013). According to expression analysis, five genes (DcFSD2, DcFSD3, DcMSD1, DcMSD2, and DcCSD2) have higher expression in xylem and phloem tissues of D. Carota. DcCSD2, DcMSD1, and DcMSD2 have higher expression, while DcFSD2 and DcFSD3 have minor expression. qRT-PCR analysis revealed that some genes from CSD family were highly activated under cold, heat, salt, and drought stresses. Similarly, in grapevine VvCSD1 was highly expressed in low and high temperatures. Similarly, VvCSD6 had a higher expression in drought stress. Promoter (cis-element) analysis, RNA-seq, and qRT-PCR analysis revealed that most of the genes in the CSD and FSD family, especially DcCSD1, DcCSD2, DcCSD5, and DcFSD2, had a much higher expression for different abiotic stresses. It is hypothesized that different elements and hormones governed the diverse expression level of DcSODs in different stress as well developmental stages. Therefore, these genes can be used for further research as this study has revealed their important role in abiotic stress.



CONCLUSION

In this study, we found 9 SOD genes in D. carota and further classified them into three subfamilies, namely, MnSODs (DcMSD1–2), FeSODs (DcFSD2–3), and Cu/ZnSODs (DcCSD1–5), and examined their evolutionary relationships, conserved motifs, gene structure, cis-regulatory elements of the promoter regions, and tissue-specific expression pattern. SOD genes have distinct tissue expression levels, indicating that they may have different functions in D. carota growth and development. According to cis-regulatory elements analysis and expression profiles under different stresses, SOD family genes may be associated with response to hormonal and abiotic stress stimuli. Furthermore, we targeted the SOD genes in response to abiotic stresses (cold, heat, salt, and drought) in different tissues and observed that distinct SOD subfamily genes may play a variety of functions in modulating response to abiotic stresses. qRT-PCR results also revealed their higher expression in various stresses. CSD and FSD families showed higher expression levels for abiotic stresses. Collectively, we laid a basis for further functional characterization of D. carota SOD genes in response to abiotic stresses in the future.
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Heavy metal toxicity reduces the growth and development of crop plants growing in metal-contaminated regions. Disposal of industrial waste in agricultural areas has negative effects on the physiochemical activities of plants. This research aimed to examine the fulvic acid (FA)-mediated efficacy of Brassica napus L. regarding stress tolerance in soil amended with paper sludge (PS). For this purpose, plants were grown for 90 days under greenhouse conditions at various concentrations of PS-amended soils (0, 5, 10, and 15%) being irrigated with water containing FA (0, 10, and 20%). All the physicochemical parameters of PS were carried out before and after plant transplantation. Paper sludge toxicity reduced the growth (shoot/root length, fresh/dry weight of shoot/root, numbers of flowers and leaves) and physicochemical characteristics of exposed B. napus plants. In comparison, FA application improved growth by reducing the metal uptake in the shoot of plants grown at various concentrations of PS. An increasing trend in antioxidant enzyme activity was observed by increasing the FA concentration (0%-10% and 20%). Post-harvest analysis indicated that the amount of tested metals was significantly reduced at all PS concentrations. Minimum metal uptake was observed at 0% concentration and maximum at 15% concentration of paper sludge. Additionally, FA application at 20% concentration reduced Chromium (Cr), Cadmium (Cd), and Lead (Pb) uptake in the shoot from 6.08, 34.42, and 20.6 mgkg−1 to 3.62, 17.33, and 15.22 mgkg−1, respectively. At this concentration of paper sludge in the root, 20% FA reduced Cr, Cd, and Pb uptake from 11.19, 44.11, and 35.5 mgkg−1 to 7.88, 27.01, and 24.02 mgkg−1, respectively. Thus, FA at 20% concentration was found to be an effective stimulant to mitigate the metal stress in B. napus grown in paper sludge-polluted soil by reducing metal uptake and translocation to various plant parts.

Keywords: Brassica napus, phytostabilization, growth, heavy metal stress, stimulant


INTRODUCTION

Rapid industrial growth has increased pollution levels across the world (Awa and Hadibarata, 2020). Pakistan has been facing increasing air, land, and water pollution, directly affecting human and animal lives. Since no effective strategy has been adopted to address pollution, Pakistan has become one of the most polluted countries in the world (Raza et al., 2017). The toxic emissions from the industries affect the environment in several ways, which led to different diseases in humans and animals, resulting in death in many cases (Bergstra et al., 2019). There are several technologies used to treat and manage industrial waste, such as physical, chemical, and biological, produced by various industries. The landfill process of waste management is used not only in Pakistan but also in other countries of the world to dispose of solid waste. These landfill deposits cause soil pollution by pollutants leaching into the soil (Abou El-Anwar, 2019; Ferronato and Torretta, 2019).

The paper industry forms a major portion of the world's economy in terms of paper consumption by consumers and total wages paid. The total paper consumption in Pakistan is 3.5 kg/year per capita. The paper industry comprises over 100 paper mills, and the consumption capacity is 434,740 tons (Rashid and Hussain, 2014). Nearly 900,000 tons is the present installed capacity of the paper industry. Different raw materials such as wheat straw, grass, bagasse, rice straw, and cotton linter are commonly used to produce paper products in Pakistan. Paper sludge is a semi-solid material produced from the paper mill industries, which is a remarkable source of organic material, several macro/micronutrients, various essential/non-essential metals, and toxic metals such as Pb, Cr, Cd, and Nickel (Ni) (Khilji et al., 2021). The composition of the sludge varies depending on the raw material used in the paper-making process (De-Azevedo et al., 2018). Disposal strategies of paper sludge generated from different industries depend upon the areas and the regulation assent.

Brassica napus L. is used as a source of cooking oil and biofuel since it has high contents of oil (>40%) in its seed (Zeremski et al., 2021). It is a hyper-accumulator plant that is used to accumulate heavy metals by employing chelators such as organic acids. Chelators formed complexes like carbonate, sulfate, and phosphate precipitate which are then immobilized in the extracellular/ intracellular spaces (vacuole) (Yan et al., 2020). Another strategy to reduce the heavy metal toxicity is by converting them into less toxic forms or allowing normal concentrations reach plants (Rajkumar et al., 2013; Mourato et al., 2015).

Fulvic acid (FA) acts as a metal chelator in plants. It ensures the easy availability of minerals by converting them into organic compounds. It increases the water storage ability and water infiltration capacity of the soil (Wright and Lenssen, 2013). It helps in enhancing plant tolerance to heavy metal stress. It also improves the antioxidant enzymatic system under heavy metal stress and lowers the heavy metal translocation in different parts of the plants (Yildirim et al., 2021). Moreover, FA increases the vegetative growth of plants by improving nutrient availability, improving the photosynthesis processes, and minimizing the effect of heavy metals (Wang et al., 2019). Fulvic acid reduces readily soluble and exchangeable forms of heavy metals in the contaminated soil but increases their plant-available forms.

This research work was designed to evaluate the effect of FA application to alleviate Cr, Cd, and Pb toxicity in B. napus plant grown in soils amended with paper sludge containing the toxic heavy metals. Another objective of this study was to understand the mechanism of FA to decontaminate the paper-mill waste from toxic heavy metals by using B. napus plants.



MATERIALS AND METHODS


Study Area Description and Collection of Paper Sludge Samples

The field survey was carried out in October 2020 at the semi-solid waste dumping site built by the Century Paper and Board Mill (CPBM), which is situated 67 km from Lahore, Punjab, Pakistan (Figure 1). The geographical position of the sampling site was 31°39–511″N 74°08–862″E at an elevation of 669 feet as recorded by GPS (Model: Etrex H Garmin, Taiwan). The soil samples were collected during the survey at a depth of 15 cm. Paper sludge is produced during different operational stages of the paper mill. However, for the current study, a sludge sample was collected at the final operational stage. The sludge was stored in plastic bags and transported to the wire house of the Department of Botany, University of Education, Lahore, Pakistan. The paper sludge samples were dried indoors and sieved using an aluminum sieve (2 mm) to remove impurities, and finally, different concentrations were prepared using distilled water.


[image: Figure 1]
FIGURE 1. Map of Pakistan showing sampling sites (Century Paper and Board Mill Lahore) and form of paper sludge.




Procurement of Brassica napus Seeds and Experimental Setup

Healthy seeds of Brassica napus L. were procured from the National Institute for Biotechnology and Genetic Engineering (NIBGE), Faisalabad. The pot experiment was set up [medium-sized plastic pots having a dimension of 10″ × 5″] in the greenhouse. The preliminary experiment was done by using 20, 40, 60, 80, and 100% of paper sludge to find the suitable concentration affecting the growth of B. napus. The results indicated that, at 20% of paper sludge, plant growth was restricted, and above 20%, the plants died completely. Thus, four sludge concentrations of 0, 5, 10, and 15% were selected for this investigation to amend garden soil (33% sand, 34% silt, and 33% clay). Soil without sludge contamination was used as a control. Three treatments of fulvic acid at 0, 10, and 20% concentrations were prepared and used alone or in combination with paper sludge by adding directly to the pots. Tap water without FA was used as a control. The experiment consisted of three replicates for each treatment with one plant in each pot. The experiment was laid out following a complete randomized design with a factorial arrangement (Steel and Torrie, 1980) under natural sunlight and temperature (22°C ± 2°C). FA solution was applied to the plants two times a week. The duration of the pot experiment was 90 days.



Plant Harvest and Analysis of Various Physicochemical and Growth Parameters

Plants were uprooted after 90 days of paper sludge and FA treatment. Different plant parts were separated to measure the growth parameters. Different concentrations of paper sludge were used to determine the pH, electrical conductivity (EC), and total dissolved solids (TDS) by using a meter (HI-9811-5 pH/EC/TDS/°C portable meter) and physicochemical parameters before the experiment was set up for each treatment.



Estimation of Moisture Content, Ash, Total Organic Carbon, and Volatile Matter

All the above-mentioned parameters were estimated by employing the Merry and Spouncer (1988) method while using the following equations:
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Determination of Calcium (Ca) and Magnesium (Mg) Content

Calcium and magnesium were calculated by the total hardness described by Eaton et al. (2005). Initially, 10 ml of the sample was taken in the beaker, and ammonia buffer of 2 ml (pH ≈ 10) was added to it. Then, 2 mg Eriochrome black tea (Sigma; EBT) was added as an indicator. The solution was reddish pink in color. This solution was titrated using a standard solution of 0.02N Ethylenediamine tetraacetic acid (EDTA). The color changed from reddish pink to sky blue. The volume of EDTA used was recorded, and finally, total hardness was estimated using the following equation:

[image: image]

For calcium and magnesium estimation, 10 ml of the sample was taken in the beaker by adding 2 ml of a standard solution of 5N NaOH. Then, 2 mg murexide was added as an indicator until the pink color appeared. This solution was titrated with a standard solution of 0.02N EDTA. When the color changed from pink to purple, the volume of the EDTA used was recorded. The value of calcium and magnesium was calculated using the following equation:
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Determination of Sodium (Na) and Potassium (K)

The analysis of Na and K was done on Flame Photometer (Janeway PFP-7, UK) following the standard method given in Greenberg et al. (1998).



Determination of Carbonate and Bicarbonate

The carbonates and bicarbonates were determined by measuring the total alkalinity following the method of Pohland and Bloodgood (1963) and using the following equation:
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Sample Digestion of Plant and Paper Sludge for Heavy Metals Determination

The different parts of the plants (roots and shoots) were separated, washed, and dried with a blotting paper at room temperature and finally dried in a microwave oven at 80°C for 24 h. Then, the samples were crushed using a pestle and mortar to get a homogeneous mixture. One gram of the plant sample in powdered form was taken in a flask and digested by adding nitric acid (5 ml) and perchloric acid (15 ml) in a ratio of 1:3. Later, these samples were heated on a hot plate till the volume was reduced to half and were cooled down at room temperature. The final volume of the sample was increased to 50 ml by adding distilled water followed by filtration using Whatman filter paper no. 4 (Greenberg et al., 1998). These filtered samples were transferred to 50 ml plastic bottles to determine the concentration of heavy metals.

Five grams of paper sludge samples were taken in the flasks, and to it 75 ml of HNO3, 25 ml of H2SO4, and 50 ml of HClO4 in the ratio of 3:1:2 was added. Then, these samples were heated on a hot plate till the volume was reduced to half and allowed to cool. The samples were diluted by adding distilled water to increase the final volume to 100 ml. Afterward, the sample was filtered using Whatman filter paper no. 4 (Greenberg et al., 1998). These filtrated samples were poured into 100 ml plastic bottles and labeled for further determination of heavy metals. All the samples (plant and paper sludge) were analyzed for the concentration of heavy metals by Atomic Absorption Spectrophotometer (GBC, SAVANT AA, Braeside, Australia). Spectrally scientific-grade reagents and Aldrich standard solutions were used in all the chemical analyses, and each analysis was done in triplicate.



Morphological Parameters and Estimation of Total Chlorophyll Contents

Different morphological parameters like shoot/root length, number of leaves, number of flowers, and fresh/dry weight of root and shoot were measured after completing the experiment. The quantitative estimation of the total chlorophyll from leaves was measured by following the Arnon (1949) method. For this purpose, one gram of fresh leaf sample was crushed into fine powder. This powder was dissolved in 10 ml of acetone solution (80%). The absorbance of this homogenous mixture was measured at 645 nm and 663 nm with the help of a spectrophotometer (T60U UV-Visible UK). The total chlorophyll contents were measured using the following equation:
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Determination of Antioxidant Enzymes (Peroxidase, Catalase, and Superoxide Dismutase)

For enzyme assay, one gram of fresh plant material was macerated in liquid nitrogen into a powder form using a pestle and mortar. The pulverized tissue was suspended in 2 ml of 0.1 M phosphate buffer (pH 7.2) with 0.5% (v/v). Triton X-100 and 0.1 g of polyvinyl-pyrrolidone (PVP) and subjected to centrifugation (Sorval RB-5 refrigerated super-speed) at 12,000 rpm at 4°C for 10 min. The supernatant was used for enzyme assay.

Peroxidases (POD; E.C 1.11.1.7) activity was determined following Luck's (1974) ‘Guaiacol-H2O2’ method with few modifications. The assay mixture was prepared by adding 3 ml 0.1 M phosphate buffer (pH 7.2), 0.05 ml of 20 mm guaiacol solution, 0.1 ml enzyme extract, and 0.03 ml of 12.3 mm H2O2 solution. POD activity was calculated by the time required to increase the absorbance by a value of 0.1 (e.g., 0.4–0.5) at 240 nm and expressed in U/ml of the enzyme.

Catalase (CAT; E.C 1.11.1.6) activity was carried out following the Beers and Sizer (1952) method. The reaction was carried out using two buffers (A and B). Buffer A consisted of 50 mm potassium phosphate (pH 7.0), while buffer B was 0.036% H2O2 solution in 50 mm potassium phosphate solution (pH 7.0). The reaction mixture consisted of 2.9 ml buffer B and 0.1 ml of enzyme extract, while the control consisted of 3 ml of buffer A. The enzyme activity was estimated by the time required for the absorbance (at 240 nm) to decrease from 0.45 to 0.40 and expressed in Uml−1 of the enzyme. The catalase activity was calculated by using equation 10.
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3.45 Corresponds to the Decomposition of 3.45 Micromoles of Hydrogen Peroxide in 3 ml of the Reaction Mixture, Producing a Decrease in the A240nm From 0.45 to 0.40 Absorbance Units.df = dilution factor.Min= Time in minutes required for the A240nm to decrease from 0.45 to 0.40 absorbance units.0.1= Volume of enzyme used (in milliliters).

Superoxide dismutase (SOD; E.C 1.15.1.1) was assayed according to Maral et al. (1977). Two tubes were taken, each containing 2.0 ml of 1.0 mm sodium cyanide (NaCN), 13 mm methionine, 75 μM NBT, 0.1mm EDTA, and 2.0 μM riboflavin as a substrate. One tube was used as a sample containing reaction mixture + 5.0 μL enzyme extract and placed approximately 30 cm below the bank of two 30W fluorescent tubes for 15 min. The other tube containing the reaction mixture without enzyme extract was illuminated simultaneously. The absorbance of the experimental tube was compared to the control at 560 nm. SOD activity was expressed as Umg−1 of protein. SOD activity was determined by calculating the percentage inhibition of NBT as equation 12.
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The SOD activity was calculated based on the fact that one unit of SOD caused 50% inhibition.



Statistical Analyses

CoStat (Cohort Software, Monterey, California) version 6.303 was used to analyze the data. Duncan's Multiple Range Test (DMRT at the significant level of p < 0.05) was used to compare the treatment groups (Kim, 2014).




RESULTS AND DISCUSSION


Physicochemical Parameters of Different Concentrations of Paper Sludge Before Transplantation of B. napus Plants

In the present investigation, the physicochemical parameters of paper sludge were studied before the start of the experiment. A comparison (p < 0.05) of physicochemical investigation of different concentrations of paper sludge used in this study revealed that all the parameters were highest at 100% concentration than the other concentrations, as shown in Table 1. The highest pH of paper sludge was 8.31 in the 100% PS. While the lowest pH of 7.19 was observed at a 0% concentration of PS. High pH indicates the alkaline nature of paper sludge. These findings are in line with the findings of Abdullah et al. (2015) and Khilji et al. (2021), who reported the variance in the pH (7.45–8.09) of paper sludge from different paper industrial sites. This alkalinity was aggravated by the addition of calcium carbonate (CaCO3) utilized during the paper finishing processes. The acidic soil with low pH can be neutralized by CaCO3 found in the paper sludge with the help of cellulosic fiber content that has the capacity to hold the moisture content in the soil (Kang et al., 2010). The electrical conductivity (EC) increased as the concentration of PS increased from 5 to100%, and the highest value (475 μScm−1) was observed at 100% paper sludge. This was contradictory to Kuokkanen et al. (2008), who observed a lower EC (200 μScm−1) value of paper sludge. The nature of the raw material and chemicals used in processing might be the reason for the low EC value. In our research study, TDS was 6,460 mgkg−1 in 100% concentration of paper sludge. The highest total dissolved solids in the sample show the presence of inorganic salts (Heydari and Bidgoli, 2012). The high concentration of pH, EC and TDS suggest the toxic conditions for plants which reduced the availability of essential nutrients and growth (Peralta and Costa, 2013). The carbonates were absent in all the concentrations of paper sludge due to their alkaline nature (Simao et al., 2021) while bicarbonates were found highest (4,400 mgkg−1) in the 100% concentration of paper sludge and lowest (1,400 mgkg−1) in the control with 0% PS. Bicarbonates increased with an increasing concentration of paper sludge. Higher amounts of bicarbonates indicate the high pH of sludge samples tested during this investigation and other studies (Poschenrieder et al., 2018). Among essential nutrients (calcium, magnesium, potassium, sodium, nitrogen, and phosphorus), the maximum (p < 0.05) concentration was observed in 100% paper sludge concentration. Magnesium is important for the biosynthesis of chlorophyll pigments and plays a major role in the photosynthesis process (Jadhav et al., 2013). However, a concentration higher than the permissible limit leads to abnormalities in plants such as a reduction in plant growth and yield (Rietra et al., 2017). Similarly, high concentrations of sodium and calcium decreased plant growth and yield by disturbing the photosystems of the plants. However, their high concentration may benefit plants under abiotic stress, especially under salt stress conditions (Chen et al., 2019; Li et al., 2021). The maximum amount of nitrogen, phosphorous, and potassium was observed in the 100% paper sludge, i.e., 350, 200, and 220 mgkg−1, respectively. These results confirmed the findings of Martínez et al. (2007) who observed the amount of nitrogen (5,100 mgkg−1), phosphorous (3400 mgkg−1), and potassium (200 mgkg−1) in paper sludge. These are essential elements of the soil but are sometimes available in very fewer amounts to the plants and retard their growth significantly (Khilji and Sajid, 2020). In the case of heavy metals in 100% paper sludge, chromium (680 mgkg−1) was observed to be higher than cadmium (55 mgkg−1) and lead (400 mgkg−1). In this investigation, heavy metals in the paper sludge were found within the permissible limits of National Environment Quality Standard (NEQS) as observed by Fahim et al. (2019). The organic carbon and volatile matter in our study were 23.10 and 13.10%, respectively, in 100% concentration of paper sludge. These results are in line with the findings of Khilji et al. (2021), who also reported a higher percentage of organic carbon (32.75%) and volatile matter (62.3%) in the paper sludge. The moisture content was higher (31.03%) in 100% concentration than 5, 10, 15, and 20% concentrations of PS in the current study. However, this value was far below the findings of Hamzeh et al. (2011), who observed 45%-55% moisture contents due to clay-like nature.


Table 1. Physicochemical parameters of different concentrations of paper sludge-amended soil before transplantation of Brassica napus plants.
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Morphological Parameters of B. napus Plants Irrigated With Fulvic Acid Grown at Different Concentrations of Paper Sludge

It is evident from the literature review that heavy metals cause toxic effects in plants by reducing growth and ultimately leading to their death by impeding various physiological mechanisms of plants (Singh et al., 2016; Prerna et al., 2019; Mubeen et al., 2022). These heavy metals compete with nutrient cations for adsorption, alter the structure and function of plants, produce reactive oxygen species, and disrupt the functions of enzymes (Chaab et al., 2015; Ahmad et al., 2021; Faiz et al., 2022). Various concentrations (0, 10, and 20%) of FA were applied to B. napus plants grown in soils amended with different concentrations of paper sludge to modify the chemical nature and bioavailability of heavy metals during this investigation. Results indicated that all the morphological parameters (shoot/root length, fresh/dry weight, number of leaves, and flowers) reduced significantly (p < 0.05) in plants subjected to 15% concentration of PS (Figure 2). This might be due to the increased accumulation of toxic metals by plants that caused metal stress for the growth of B. napus plants. Higher concentrations of heavy metals reduced growth in plants, which has been investigated in previous studies (Pant and Tripathi, 2014; Khilji and Sajid, 2020). In the case of shoot/root length, a significant decrease in fresh/dry weight of shoot/root was observed at 15% PS (Table 2, Figures 3A–C). However, the application of FA alleviated metal toxicity. The results of morphological parameters indicated that the growth of plants grown at various concentrations of PS significantly (p < 0.05) increased by FA supplementation. Shoot length was enhanced to 31.66 cm, 26 cm, and 14.05 cm from 27.33, 17.83, and 7.5 cm by applying 20% concentration of FA to plants grown at 5, 10, and 15% concentration of PS, respectively. Similarly, 20% treatment of FA enhanced the fresh/dry weight of the shoot from 14.55, 10.05, and 3.36 g/2.20 g, 2.74 g, 0.48 g to 18.8 g, 13.99 g, 6.72 g/6.84 g, 5.33 g, 5.05 g at 5, 10 and 15% of PS. The exposure of plants to 5, 10, and 15% concentrations of PS prominently (p < 0.05) reduced the number of leaves and flowers. When these PS-grown plants were treated with 20% FA, the number of leaves and flowers increased from 5.86 and 2 to 8.13 and 2.3 at 15% of PS, respectively. Fulvic acid not only enhances the availability of essential nutrients but modifies the nature of heavy metal and reduces uptake of heavy metals in the plants (Yang et al., 2013). It has a high cation exchange capacity and forms strong bonds with heavy metal, thereby reducing the stress in plants (Ozkay et al., 2016). These results were in line with Esringü et al. (2021), who observed maximum fresh and dry weight in shoot/root and maximum number of leaves and flowers in the Impatiens walleriana L. when treated with FA. According to Esringü et al. (2021), the growth, yield, and dry matter of Tagetes eracta and Zinnia elegans Jacq reduced as a result of maximum accumulation of heavy metals without FA treatment. It was observed that, by increasing the FA concentration gradually, all the growth parameters increased significantly. These results confirm previous findings of Abdel-Bakey et al. (2019), who observed that the faba bean (Vicia faba L.) showed maximum growth at a higher concentration of fulvic acid. Our findings are also in line with Moradi et al. (2017), who observed a high yield of safflower by treating it with fulvic acid.
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FIGURE 2. A complete view of the experiment at various concentrations of PS (0–15%) and FA (0, 10, and 20%; F0, F1, and F2) at the time of harvesting.



Table 2. Comparison of morphological parameters of Brassica napus L. irrigated with fulvic acid grown at different concentrations of paper sludge.
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FIGURE 3. (A) Comparison of control (0%) with 5% concentration of paper sludge. (B) Comparison of control with 10% concentration of paper sludge. (C) Comparison of control with 15% concentration of paper sludge.




Chlorophyll Content at Various Treatments of FA of B. napus Grown at Different Concentrations of Soils Amended With Paper Sludge

The amount of chlorophyll increased (p < 0.05) in order of 0 < 5 < 10% of paper sludge concentration with 5, 10, and 20% application of FA to B. napus plants in the present investigation. The chlorophyll content was higher in the absence of PS and decreased when the concentration of paper sludge increased. However, with increase in the concentration of FA in all treatments of PS, the chlorophyll content increased gradually (Figure 4). A maximum chlorophyll content was observed in the 10% concentration of PS than in 0 and 5% concentrations at all FA treatments. Increasing quantities of chlorophyll in the paper sludge might be due to the availability of essential nutrients to the plants. In addition to this, FA plays a role in metal stabilization by forming metal complexes and thereby reducing their mobility and toxicity in leaves. According to Lotfi et al. (2015), fulvic acid shows a positive effect on the plants with regards to chlorophyll content by inhibiting the synthesis of reactive oxygen species and enhancing the antioxidant activities of the enzymes under stress conditions. A decrease in chlorophyll content was observed at 15% concentration of PS with FA treatment. Earlier reports have also indicated this reduction in chlorophyll content at higher concentrations of heavy metals due to their toxicity (Mishra et al., 2006). Until now, there is no cost-effective way to remove heavy metals from the environment (Shahzadi et al., 2021) or to inhibit their transfer; mitigation techniques are the only efficient way to alleviate heavy metal stress.
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FIGURE 4. Chlorophyll content at various treatment levels of FA (0, 10, and 20%; F0, F1, and F2) of Brassica napus L. grown at different concentrations of soil amended with paper sludge.




Antioxidant Enzyme Activities of B. napus Plants Grown at Different Concentrations of Paper Sludge

Antioxidant enzyme activities were decreased significantly by increasing the sludge concentration from 0 to 15%. However, by applying FA to plants, these enzymes showed an increasing trend on all tested treatments of PS. Peroxidase activity was highest (5.31, 5.42, 4.20, and 3.93 Uml−1 of enzyme at 0, 5, 10 and 15% PS) at 20% concentration of FA. Similar positive effect of FA was also observed in catalase and superoxide dismutase activities in plants growing on various treatments of paper sludge. Catalase activity was increased from 2.08 to 3.11 and 3.93 Uml−1 of enzyme at 10 and 20% concentrations of FA. Superoxide dismutase activity was also increased by increasing FA concentrations. SOD activity was increased from 13.33 to 14.33 Umg−1, and 14.93 Umg−1 of protein at 10 and 15% PS (Table 3). FA has been reported as an antioxidant stimulant under stress in several previous studies (Lotfi et al., 2015; Munir et al., 2021; Yildirim et al., 2021). This increase in antioxidant enzyme activities indicates that FA might be directly involved to mitigate the oxidative stress or act as a signal molecule to enhance the production of antioxidant enzymes, which in turn is reflected in better growth parameters of the plants under extreme environmental stress conditions.


Table 3. Determination of antioxidant enzyme of Brassica napus L. plants grown at different concentrations of paper sludge after 90 days of the experiment.
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Cr, Cd, and Pb Contents of B. napus Plants Grown at Different Concentrations of Paper Sludge

The determination of Cr, Cd, and Pb in the root and the shoot of Brassica plants was studied 90 days after the experiment (Table 4). A change in the behavior of metal uptake by roots and shoots was observed in the case of sludge-treated plants after FA application. As the concentration of paper sludge was increased from 0 to 15%, the content of tested heavy metals increased gradually in roots and shoots. On the other hand, FA application (all treatments) reduced the metal uptake in plants at all PS concentrations. Minimum (p < 0.05) Cd, Cr, and Pb uptake was observed at 0% treatment of paper sludge in shoots and roots, while the maximum Cd, Cr, and Pb content was observed at 15% PS concentration. Results showed that Cr, Cd, and Pb content was 0.004, 0.004, and 0.019 mgkg−1, respectively, in shoots at 0% PS. In roots, these metals were in a range of 0.15, 0.05, and 0.03 mgkg−1. On the other hand, FA application at 20% concentration reduced Cr, Cd, and Pb uptake in the shoots from 6.08, 34.42, and 20.6–3.62, 17.33, and 15.22 mgkg−1, respectively. At this concentration of paper sludge in the root, 20% FA reduced Cr, Cd, and Pb uptake from 11.19, 44.11, and 35.5–7.88, 27.01, and 24.02 mgkg−1, respectively. These results are similar to the findings of Ali et al. (2015), who observed that fulvic acid enhances Cr tolerance in Triticum aestivum L. by reducing Cr uptake and improving the antioxidant defense system of applied plants. In this study, B. napus plants accumulated a higher amount of Cr, Cd, and Pb in the roots than in the shoots. This finding is in line with Shah et al. (2020), who observed that lead accumulates in higher amounts in roots than in shoots of Brassica plants. Similarly, the maximum amount of Cd and Cr was accumulated in the roots of canola and garden cress in this study as well as earlier studies (Yu et al., 2012; Yildirim et al., 2021). In the current study, it was observed that Cr, Cd, and Pb accumulated within the permissible limits of NEQS (0.1, 0.1, and 0.5 mgL−1, respectively) in the shoots at a 10% concentration of paper sludge. However, at a 15% concentration of paper sludge, their accumulation was above this limit, which resulted in retarding the plant growth and decreasing the number of leaves and flowers during the present investigation. At higher concentrations of paper sludge, the adverse effect of heavy metals was also observed in several plant species in earlier studies (Arif et al., 2016; Asati et al., 2016; Goyal et al., 2020).


Table 4. Determination of Cr, Cd, and Pb contents of B. napus plants grown at different concentrations of paper sludge after 90 days of the experiment.
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Post-harvest Analysis of Physicochemical Parameters of Different Concentrations of Paper Sludge After Harvesting

After harvesting the plants on day 90 of FA and PS treatment, the soils were preserved for the post-harvesting analysis of physicochemical parameters (Table 5). The analysis indicated that the amount of all tested metals (trace and toxic) was reduced in all concentrations of PS after transplantation. After stabilizing the toxic heavy metals, the paper sludge was considered a safe material to be added to the soil for ground reclamation and soil improvement. Similar findings were observed by Akcin and Akcin (2019) and Antonkiewicz et al. (2018), who observed that Cr concentration was reduced in the paper sludge-amended soil after harvesting the plants. The underlying reason for this reduction in heavy metals might be the formation of metal-FA complexes (Tang-Wang et al., 2014). These complexes are formed due to the presence of many carboxyl and hydroxyl groups. Moreover, fulvic acid efficiently immobilizes the toxic metals in the soil due to its smaller size and higher oxygen content. FA has been reported to inhibit the accumulation of metals by reducing its availability to plants and is considered very effective for metal bioremediation in alkaline soils (Park et al., 2012). This phytostabilization of toxic heavy metals by FA application of canola plants is effective in reclaiming and improving the paper sludge-contaminated soils for better agriculture.


Table 5. Postharvest analysis of physicochemical parameters of different concentrations of paper sludge after plant harvesting.
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CONCLUSION

This research revealed that phytostabilization is ideal for reducing heavy metals, especially at industrial waste management sites. Brassica napus L. is an efficient plant for the accumulation of all toxic metals, such as Cr, Cd, and Pb. Fulvic acid treatment increased the essential nutrient uptake and minimized the effect of toxic metals by modifying/improving the physical and chemical nature of soils and metals. FA also enhanced the activities of antioxidant enzymes (POD, CAT, and SOD), which in turn overcame the oxidative stress produced under heavy metal stress. In this way, FA not only mitigated the impact of toxic metals from contaminated soils but also enhanced the growth and productivity of hyperaccumulator plants. This phytotechnology is best suited for industries to utilize their waste because it is cheap and more eco-friendly than all the other technologies used for waste management. The positive effect of FA evidenced in this study necessitates further research to evaluate and harness the potential benefits of FA.
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Ribonucleic acid editing (RE) is a post-transcriptional process that altered the genetics of RNA which provide the extra level of gene expression through insertion, deletions, and substitutions. In animals, it converts nucleotide residues C-U. Similarly in plants, the role of RNA editing sites (RES) in rice under alkaline stress is not fully studied. Rice is a staple food for most of the world population. Alkaline stress cause reduction in yield. Here, we explored the effect of alkaline stress on RES in the whole mRNA from rice chloroplast and mitochondria. Ribonucleic acid editing sites in both genomes (3336 RESs) including chloroplast (345 RESs) and mitochondria (2991 RESs) with average RES efficiency ∼55% were predicted. Our findings showed that majority of editing events found in non-synonymous codon changes and change trend in amino acids was hydrophobic. Four types of RNA editing A-G (A-I), C-T (C-U), G-A, and T-C were identified in treated and untreated samples. Overall, RNA editing efficiency was increased in the treated samples. Analysis of Gene Ontology revealed that mapped genes were engaged in many biological functions and molecular processes. We also checked the expression of pentatricopeptide repeat (PPR), organelle zinc-finger (OZI), and multiple organellar RNA editing factors/RNA editing factor interacting proteins genes in control and treatment, results revealed upregulation of PPR and OZ1 genes in treated samples. This induction showed the role of these genes in RNA editing. The current findings report that RNA editing increased under alkaline stress which may contribute in adaptation for rice by changing amino acids in edited genes (88 genes). These findings will provide basis for identification of RES in other crops and also will be useful in alkaline tolerance development in rice.
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INTRODUCTION

Post-transcriptional mechanisms such as RNA editing, cause the change from DNA to RNA by means of insertion, deletions, and substitutions. This modification was first reported in mitochondrial genome many decades before (Benne et al., 1986), later on many studies identified the RNA editing sites in mitochondria and chloroplast (plastids) of animals and plants. In the case of plants, alteration in hereditary material through nucleotide conversion, deletion, or insertion leads to change in cytosine to uracil (C to U) in the messenger RNA of functional genes is the central dogma of RNA editing (Keller et al., 1999). Previously, RES was thought to be a proofreading mechanism because it corrected the mitochondrial mRNA through deletion/addition of uridine (Golden and Hajduk, 2006). With the passage of time and inventions of new sequencing techniques such as RNA sequencing (RNA-seq) enables the researcher to its importance in plants developments under the abiotic stress conditions (Duruvasula et al., 2019). This type of RNA editing is dominant, occurred in nucleus, cytosol, plastids, and mitochondria. The RNA editing plays a key role in the multiple plant growth and developmental processes, plant adaption to environmental influences, and signal transduction (Fujii and Small, 2011; Hammani and Giegé, 2014). Hence, RNA editing helps plant to cope with different environmental stresses, i.e., drought, heat, salt, etc. (Rieder et al., 2015; Rodrigues et al., 2017; Riemondy et al., 2018). In some cases, impaired RNA editing leads to abnormal plant ideotypes such as stunted plant growth and poor adoptability, even lethal phenotypes as impaired embryo development (Yan et al., 2018). This suggests that the RE plays a crucial role in growth and plant development. The RNA editing process has been already demonstrated in Arabidopsis (Arabidopsis thaliana), goatgrass (Aegilops tauschii), rice (Oryza sativa), maize (Zea mays), tobacco (Nicotiana tabacum), and grape (Vitis vinifera) (Wang et al., 2017; Chen et al., 2018; Rodrigues et al., 2020).

The most common editing types in non-flowering land plants are adenosine (A) to inosine (I) in tRNA, cytidine (C) to uridine (U) in messenger tRNA and RNA, and uridine (U) to cytidine (C) in mRNA (Chateigner-Boutin and Small, 2010; Zhang et al., 2016; Rasool et al., 2022). Protein function at the RNA level is maintain by RE events, e.g., failure of editing of the plastid ATPase alpha-subunit mRNA causes the pigment deficiency in tobacco cybrids (Sun F. et al., 2015). To find the RNA editing sites (RES), it is very important to get the knowledge of such post-transcriptional changes at the whole genome/transcriptome level of an organism to detect the mutations or polymorphism, and experimental evidence including high-throughput DNA/RNA sequencing is required. Previously, it is reported that RNA-seq can be used in the identification of RES in different crops (Chateigner-Boutin and Small, 2010; Eisenberg et al., 2010; Ichinose and Sugita, 2017).

The RNA editing in plants is primarily intervened by altering edifices including different altering factors, including organelle RNA recognition motif-containing (ORRM) protein, plant polyphenol oxidase (PPO), PPR, OZ, and RIP/MORF (Takenaka et al., 2012; Wang et al., 2019). It is documented that an RNA editing involves the deamination of C-U with specified PPR and other genes both inside the nuclear genome (Yan et al., 2018). Studies showed the presence of motif of ∼35–40 amino acids in PPR proteins are the responsible for editing (Ichinose and Sugita, 2017). Many members of PPR family such as MEF9, CLB19, MEF32, and nad7-200 are required for the editing process (Takenaka et al., 2012). More and more members of PPR proteins are reported but the exact number of involved PPR is still missing (Schmitz-Linneweber and Small, 2008). Similarly, in kiwifruit, MORF2 and MORF9 are well documented; they interact with NADH4 and are very important for RNA editing of chloroplast genome (Xiong et al., 2022) while MORF8 interact with MORF1 and MORF2 (Zehrmann et al., 2015; Huang et al., 2019).

Rice is a very important cereal in the world, providing nutrition to the human. It faces different kinds of environmental stresses such as heat, drought, cold, salinity, insects, and pest attacks (Uzair et al., 2022). Being a high demand crop, it is necessary to increase the production of rice. Under salt stress, the processing of RNA due to RNA editing is still not well explored in rice. There are many types of RESs in chloroplast and mitochondrial transcriptomes but their effects in alkaline tolerant and susceptible genotypes is not reported. In this research, we analyzed the impact of alkaline stress on RNA processing by using RNA-seq data. We found more RNA editing events in the tolerant genotype, which might be due to stability of editing factors. Alkaline stress promotes the RNA editing at transcript level through the change in amino acids. These changes in amino acids in the genes will help the plants to cope with the environmental stresses.



MATERIALS AND METHODS


Data Acquisition, Quality, and Mapping

Two rice genotypes Caidao (CD) which was alkaline-sensitive and WD20342 (WD) an alkaline-tolerant were assessed in control and alkaline environments (Li et al., 2018). The transcriptome-related data of these samples were publicly available and assessed from National Center Biotechnology Information (NCBI1) with the BioProject PRJNA414178.2 Reference genomes and annotation files of mitochondria (BA000029.3) and chloroplast (KT289404.1) were also accessed from NCBI in fasta format. Quality of sequence reads was assessed by using FastQC tool3 to identify low-quality reads and adapter sequences (Andrews, 2010). Hisat2 (v2.1.0) was used for index building and alignment of paired-end and clean reads with reference genome (Kim et al., 2019). Number of reads mapping to each gene were calculated with FeatureCounts (v2.0.0) (Liao et al., 2014). The fragments per kilobase of transcript per million mapped reads (FPKM) was calculated using the gene length and reads count mapped to that gene. Log fold change (LogFC) was applied on FPKM values and Heatmaps were generated by using “pheatmap” package of R.



Differential Genes Expression Analysis

Two genotypes under control and stress were used to highlight differentially expressed genes and this was achieved by using the DESeq R package (Love et al., 2014); DESeq utilizes negative binomial distribution statistical model to predict differential expression. The p-values were adjusted (Benjamini and Hochberg, 1995). This was done to minimize the false discovery rate. Genes discovered by DESeq with a p-adjusted less than 0.05 were labeled as differentially expressed.



Gene Ontology Analysis

Gene ontology (GO) analysis was performed to identify over-represented biological processes (BP), molecular functions (MF), and cellular components (CC) using the identified genes. The gene list was submitted to the ClueGO is a Cytoscape4 plug-in that combines Gene Ontology to produce a well-organized GO/pathway annotation (Shannon et al., 2003; Bindea et al., 2009). Gene ontology terms with p-values less than 0.05 were denoted significant enriched by DEGs.



Analysis and Detection of RNA Editing Sites

RNA editing sites were predicted as previously described by Lv et al. (2018). In details, clean reads of RNA-seq data of the two rice (alkaline tolerant and susceptible) genotypes were aligned to the reference genomes of rice chloroplast and mitochondria. This was achieved with the help of SPRINT (SnP-free RNA editing Identification Toolkit) tool5 (Zhang et al., 2017). For SNP identification between RNA-seq and reference genomes of chloroplast and mitochondria, Genome Analysis Tool Kit (GATK6) which utilize BAM files were used for SNP calling (Van der Auwera and O’Connor, 2020). The overlapped findings of these two methods were used for further analysis. After this, samples of control of each genotype were used as a background, the SNPs difference between control and stressed samples were counted as RNA editing sites. The RNA-seq data from the control samples of the same genotype were used to avoid genotype-specific genomic SNP polymorphisms. At the end, the screening of data was done on the basis of (1) the mapped reads with more than five edited sites, (2) the ratio of edited reads/total mapped reads was more than 50%, and (3) RES were predicted in all three replicates. The Ensemble Variant Effect Predictor (VEP) tool7 with default parameters (chromosome number, start and end position, allele, and strand) was used to annotate the RNA editing site (McLaren et al., 2016). For this purpose, O. sativa specie was used.



Expression Profiling of Selected Genes Through Real-Time PCR for Quantification

Seeds of rice genotype (IRRI6) were sterilized with 2.5% sodium hypochlorite for 35 min followed by three washes and placed in 37°C Owen for 1 day. Uniformly germinated seeds were grown under normal conditions (16-h light/8-h dark at 26 ± 2°C) for 2 weeks. For this purpose, 96-wells plates supported by a container filled with nutrients media (Yoshida) were used. After this, one batch was kept as a control and in other batch 0.5% Na2CO3 solution (pH = 11.3) was applied for 36 h to create alkaline stress. The leaf samples were collected in triplicates. The total RNA was extracted with the help of TRIzol method and complementary DNA was prepared by using reverse transcriptase-III, first strand cDNA Synthesis Kit (K1691, Thermo Scientific Revert Aid). Real-time PCR for quantification (qRT-PCR) of selected genes of PPR, OZ1, and MORF/RIP gene family members was performed by using StepOne RT-PCR (Applied Biosystems® 7900 HT Fast RT-PCR). Three biological replicates from control and treated samples were used. OsActin was used as an internal control and for expression calculations 2ΔΔ CT method was used (Uzair et al., 2021). List of gene-specific primers are provided in Supplementary Table 1.




RESULTS


Alignment of RNA-Seq Data

Plants of two rice genotypes Caidao (CD) and WD20342 (WD) were raised under normal and stress conditions. The genome size of rice mitochondrial and chloroplast genomes is 490,520 and 134,556 bp with number of genes 81 and 129, respectively (Notsu et al., 2002; Asaf et al., 2017; Feng et al., 2021). The genome of mitochondria has a smaller number of genes as compared to chloroplast genome. An average of ∼2,915 reads were aligned with the reference mitochondrial genomes with percentage of 0.01% (0.002 std). Similarly, for chloroplast, the average ∼92,881 reads aligned with the mapping on reference 0.51% (0.07 std). In general, chloroplast have more genes as compared with mitochondria. We expected that mapping reads should more in chloroplast and we found the expected results (Table 1 and Figure 1A).


TABLE 1. Summary of mapping rate to mitochondria and chloroplast genomes.
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FIGURE 1. Summary of RNA-seq data. (A) Mapping rate of RNA-seq data of chloroplast (Chl) and mitochondria (Mito). (B) Codon position of RNA editing sites in two genotypes (CD, Caidao and WD, WD20342) of rice, chloroplast (Chl) genome, and mitochondrion (Mito) genomes. (C) Comparison of single nucleotide conversion in control and treated samples by RNA-seq approach. Values are shown by percentage. Number of total RES and edited genes. (D) Editing efficiency of all the RNA sites in rice chloroplast and mitochondrion genomes. For comparison, t-test was used. ***p < 0.001; **p < 0.01; *p < 0.05 was used for significant while ns, non-significant.




Identification and Characterization of RNA Editing Sites

To build the sequencing profundity and unwavering quality of editing sites, the subsequent bam documents of three replicates of each genotype under each condition were converged for resulting distinguishing proof of RESs. After the SNPs calling, we found total 3,336 RNA editing sites in both genomes including 345 in chloroplast and 2,991 in mitochondria, respectively (Table 2). We notice that some of the genes expressed in specific conditions such as control and alkaline stress. The chloroplast genome showed only seven edited genes. The data revealed that the higher editing sites were G-to-A (150 out of 345); 137 out of 345 editing sites were C-to-T, the second most common type in chloroplast. Similarly, T-C were 38 and A-G were 20 out of 345 (Supplementary Table 2). In chloroplast genome, in control samples (CD = 3 genes and WD = 1 gene) showed a larger number of edited genes while in stress conditions (CDT = 2 genes and WDT = 1 gene), less genes were edited (Table 3). In mitochondrial genome, two types of editing sites C-to-T and G-to-A were found; most edited sites 1,720 out of 2,991 editing sites were G-to-A and the second most common type of editing, 1,271 out of 2,991, was C-to-T (Supplementary Table 3). Mitochondrial genome showed that total 81 edited genes. In control samples (CD = 19 genes and WD = 19 genes) showed a smaller number of edited genes, while in stress conditions (CDT = 23 genes and WDT = 20 genes) more genes were edited in mitochondrial genome (Table 3). These results showed that more genes were edited in mitochondrial genome as compared to chloroplast and similarly under stress condition as compared to control samples. This increase is might be due to biasness of the sequencing; mapping rate increase in stress samples as compared to control one which might lead to new editing sites. Second, upregulation of genes (PPR and OZ1) involved in RNA editing.


TABLE 2. Summary of identified RNA editing sites in chloroplast and mitochondrion genome of rice under alkaline stress.
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TABLE 3. Mitochondrial RNA editing sites in genes, type of editing, and their occurrence in four samples of rice.
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Annotation of Editing Sites

We employed VEP tool for the identification of characteristics summary of RNA editing sites. The results revealed that there was no RNA editing site detected in the genes of chloroplast while in mitochondrial genome RNA editing in third codon position was mainly occurred (Figure 1B) whereas editing in first codon position was second the most common type. In synonymous variant, we did not find any codon changes at the second position of the amino acid. We compared the control samples with treated ones and found that both have four (A > G, C > T, G > A, and T > C) types of editing (Figure 1C), respectively. In control samples, we found 57.04% G > A, and 41.27% C > T types of editing. Similarly, in the treated samples, G > A was 54.85% and C > T was 43.35%. We found a total of 3,336 RNA editing sites in both genomes and has four types of RNA editing types (Figure 1C). The G > A was the most dominant type 1,870 out of 3,336 RESs. Similarly, C > T was the second most type 1 408 out of 3 336 RES, followed by T > C (38 RES), and A > G (17 RES). The results showed that there were 88 total edited genes and these genes have three types C > T (558 RES), G > A (400 RES), and A > G (9 RES) of editing types (Figure 1C). In addition, larger editing events resulted in as degenerative codon. We found that most of the neutral amino acid changes to hydrophobics followed by neutral to hydrophilic (Supplementary Table 4). Previously, Yan et al. (2018) and Zhang et al. (2020) also described that RNA editing increased the hydrophobicity of the newly synthesized proteins.

Based on the genetic properties, we divided RNA editing sites in the mitochondrial genome into six different types (Supplementary Table 5). These types include upstream variants, downstream variants, missense variants, synonymous variants, start lost, and stop gained. The results revealed that CD owned the 44% downstream gene variants followed by upstream gene variant 27%, missense 17%, synonymous variants 11%, start lost 1%, and stop gained 2%. In CDT, 50% downstream gene variants followed by upstream gene variant 25%, missense 14%, synonymous variants 10%, and 4% stop gained. Similarly, in tolerant genotype WD have 51% downstream gene variants, 26% upstream gene variant, 14% missense variants, 9% synonymous variants, start lost 1%, and 2% stop gained under control condition. Similarly, under stress condition, WDT have 46% downstream gene variants, 36% upstream gene variant, 10% missense variants, 9% synonymous variants, and 2% stop gained. Interestingly, we did not find start lost in CDT and WDT.



Ribonucleic Acid Editing Efficiency With and Without Stress

We checked the statistics of RNA editing efficiency. In total, the average editing efficiency of RESs was about 0.54. In chloroplast, the genome efficiency was 0.31, 0.48, 0.49, and 0.52 (Figure 1D). While in mitochondria, RE efficiency was 0.52, 0.56, 0.65, and 0.72 (Figure 1D). In chloroplast, there was a significant (p < 0.01) difference in CD untreated and treated samples while no difference was found in WD treated and untreated samples. In mitochondria, both genotypes CD and WD under treatment showed induction in editing efficiency. Overall, the tolerant genotype showed increased efficiency.



Cluster Analysis of RNA Editing Efficiency

We performed cluster profiling of the chloroplast (Figure 2A) and mitochondria (Figure 2B) genomes in samples of CD, CDT, WD, and WDT. The results revealed that RE efficiency was increased in the CDT and WDT under treatment. This increased in RE efficiency is related to tolerance of the genotypes and also showed that RE is a process which helps the plants to survived in the stress environment. These results are the further confirmation of the previous results (Figure 1D). All the information related to RE efficiency was presented in Supplementary Table 6.
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FIGURE 2. Heatmap of RNA editing efficiency of all the RNA sites in two genotypes of rice (CD, Caidao and WD, WD20342), (A) Chloroplast genome; (B) mitochondrion genome. The x-axis shows the genotypes under control (CD and WD) and treated (CDT and WDT) while the y-axis shows the editing sites. Black dotted box representing the RNA editing sites increased efficiency. (C) Reduced RNA editing efficiency in genes of mitochondria. Values insides the boxes were showing RNA editing efficiency. The x-axis shows the genotypes under control (CD and WD) and treatment (CDT and WDT). Gene names with amino acid position and type of changes were shown on the y-axis.




Effects of RNA Editing Efficiency on Genes

Findings of annotations showed that 81 genes out of total 88 genes were annotated. All the annotated genes were belonging to mitochondrial genome (Figure 2C and Supplementary Tables 5, 7). The genes in chloroplast were not showed any annotation. In mitochondrial genome, many genes were showing more editing sites, especially ccmB showed 49 editing sites in all the samples of two genotypes. All the editing types were C-T (C-U) showing decreasing trend from CD to WDT; amino acid changes were A (Ala)–T (Thr), P (Pro)–L (Leu), P (Pro)–S (Ser), and T (Thr)–I (Ile). Overall trend for these amino acids was neutral to hydrophobic. Similarly, the ndh2 showed two types of RNA editing: (1) C-T (C-U = 50) and (2) G-A (20) but not annotated. Different genes such as NADH dehydrogenase gene family (nad3/4/4L/9), ribosomal genes family (rps1/2/3/4/12/19), ATPase family (atp1/6), heme trafficking system membrane genes family (ccmB/ccmFn/ccmFc), mitochondrial cytochrome c oxidase gene family (cox1 and 2), and maturase R (matR) were detecting in this study and heatmap of randomly selected genes were generated (Figure 2C).

It was previously reported that the ribosomal genes family played a role in protein synthesis, growth development in plants, and proper functioning of chloroplasts (Zhou et al., 2015; Uzair et al., 2021). Members of the mitochondrial cytochrome c oxidase (COX) helps in aerobic energy development (Timón-Gómez et al., 2018). The NADH dehydrogenase genes involved in plant growth in response against the environmental stress (Hashida et al., 2009). Similarly, in chloroplast genome, ndhB-2 gene was edited which help in fixation of C-to-U back mutations through the DNA proofreading mechanism (Martín and Sabater, 2010). In tobacco ndhB genes improves the photosynthetic ability, stress resistance, and energy transformation (Horváth et al., 2000). The molecular function of maturase R (matR) is not fully clear but it converts the edited amino acid to its original form. In angiosperm, one matR was reported in the fourth intron of nad1 gene (Sultan et al., 2016). Subsequently, alteration in amino acids sites due to evolution or RES might adjusts through maturase implementation.



Identification of A-I and C-U RNA Editing Sites

We checked the RESs in chloroplast and mitochondria of four samples (Supplementary Tables 2, 3). Both genotypes (CD and WDT) were used under control and treatment which making four samples (CD, CDT, WD, and WDT). In the chloroplast genomes, the genotypes CD showed total 10 A-I RES all were A-G associated with psbC gene and 122 RES were C-T (C-U). In CDT samples, total identified A-I RES were 10, from this 10 RES were A-G associated with the gene rpoC2 and 11 RES were C-T (C-U). A total of 9 out of 20 RES were A-I in both of these genes. We did not find any RES in WD samples under control and under treatment. We found only five C-T (C-U) RES in WD and 16 C-T (C-U) RES in WDT. We also checked the mitochondrial genome also, but unluckily we cannot find any A-I RES in any sample. However, we found 386 C-T (C-U) RES in CD, 311 RES in CDT, 243 RES in WT, and 331 RES in WDT.



Gene Ontology Analysis of Mapped Genes

To check the functions of the genes in which RESs were detected, all REGs in all sample were annotated to the terms in the GO database. Results revealed that 12 and 48 significantly enriched functions identified in chloroplast and mitochondria, respectively. In chloroplast we found only 12 cellular components (Figure 3A). Most enriched components in each sample including organelle ribosome and mitochondrial small ribosomal subunit were associated with genes of ribosomes such as rpl16, rpl2, rpl20, rps11, rps12, rps14, rps16, rps19, rps2, rps3, and rps7.
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FIGURE 3. Gene Ontology annotation of genes of (A) chloroplast and (B) mitochondria. Red color showing cellular components (CC), blue color representing molecular functions (MF), and green color showing biological functions (BF).


In mitochondria genome, most enriched processes were mitochondrial ribosome, NADH dehydrogenase activity, cytochrome complex assembly, protein complex assembly, oxidative phosphorylation, cellular component organization at cellular level, ribosomal subunit, mitochondrial membrane, ATP synthesis coupled electron transport, and mitochondrial electron transport NADH to ubiquinone (Figure 3B and Supplementary Table 8).



Expression Profiling of PPR, OZ1, MORF/RIP, and RNA Edited Genes

For the comparison among the edited genes and genes involved in editing was done through transcriptome analysis. We checked the expression of RNA edited genes, but there were no significant differences observed under treated and untreated samples (Supplementary Figure 1). This indicates that alkaline stress only influences the RE events and has no role in the expression of these genes. To find the reason of reduction of RE efficiency in edited genes we analyzed the expression of genes involved in RE-like pentatricopeptide repeat proteins (PPR), Organelle Zinc finger 1 (OZ1), and multiple organellar RNA editing factors (MORF/RIP) genes. After the blast results, we found a total of 482 genes of PPR family, 12 genes of OZ1 family, and 7 MORF/RIP genes in rice. Previously, it was reported that rice have 477 PPR genes but one more study reported 491 PPR genes in rice (O’Toole et al., 2008; Chen et al., 2018). Similarly, seven MORF genes are reported in rice (Zhang et al., 2019). The results showed that there was a reduction of expression with the treatment (Figure 4A). Some of the PPR genes were also upregulated (Supplementary Table 9). The expression of OZ1 genes and MORF/RIP genes were also reduced for most of the genes (Figures 4B,C). To confirmed these findings, we selected already reported PPR genes LOC_Os03g53170, LOC_Os05g30240, and LOC_Os01g58080 (Chen et al., 2018), and MORF genes LOC_Os09g04670, LOC_Os06g02600, and LOC_Os08g04450 (Zhang et al., 2019). While OZ1 genes LOC_Os07g30821, LOC_Os02g07070, and LOC_Os01g59980 were selected randomly for expression analysis through qPCR. The results showed that there was induction in PPR and OZ1 genes under alkaline stress, while the genes of MORF were downregulated (Figure 4D). These results were with the agreement of previous studies. Overall, results showed that there was a positive association among the RNA editing and PPR genes.
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FIGURE 4. Expression of PPR genes (A), OZ1 genes (B), and MORF/RIP genes (C) in two genotypes of rice (CD, Caidao and WD, WD20342) under control and treatment. (D) Expression analysis of PPR, OZ1, and MORF/RIP genes through qRT-PCR in control (C) and treatment (T). Mean of three replicates with ±SE were used. For comparison t-test was used (**p < 0.01 and *p < 0.05).





DISCUSSION

The RNA editing (RE) is a post-transcriptional mechanism in which transcripts modified by different mutations types such as insertion, deletion, and substitutions. The RE was firstly reported in kinetoplastid protozoa and then identified in higher plants and animals (Maslov et al., 1994). It can change the gene structure which cause the RNA splicing (Farré et al., 2012). For proper functioning of the RNA, its structure is very important. The thermodynamics of secondary structure are well studied under salt stress (Serra and Turner, 1995; Zuker, 2003) and folding of RNA is very sensitive to salt concentrations (Tan and Chen, 2011). Editing events played role in RNA degradation and also helps in microRNA regulation. The tertiary structure of the RNA helps in the arrangement of the secondary structure (Thirumalai, 1998). Our study suggests that the RNA editing due to secondary and tertiary structures are affected by alkaline stress. For confirmation of molecular mechanism of this RNA editing needs future experimentations. The RNA editing improves the plant growth and adoptability (Liu et al., 2013; Sun T. et al., 2015). Previously, it is reported that changes in mitochondrial genome at specific sites cause harmful effects such as growth, seed production, development, and fertility (Toda et al., 2012; Yap et al., 2015). Some studies also reported that abiotic and biotic stresses also affect RE and it have role in evolution of the species (Nakajima and Mulligan, 2001; Fujii and Small, 2011; Hammani and Giegé, 2014). In grapes it was proved that RNA editing is sensitive to temperature (Zhang et al., 2020). Similarly, in wheat RNA editing improve the drought tolerance (Rasool et al., 2022). Furthermore, in maize RNA editing is necessary for seed germination and development (Liu et al., 2013).

With the innovation of new sequencing approaches such as RNA sequencing, RESs were distinguished mainly in living species, particularly in plants. Current study, reported many RESs, and the statics of altering types demonstrated that RE normally happens as G-A, T-C, C-U, and A-I changes in deciphered areas of cellular organs mRNAs. We found that changes in coding regions of the proteins were found at third and first positions which changed the physiochemical properties of the amino acids (Khosravi and Jantsch, 2021; Din et al., 2022). Most of the amino acids were changed to hydrophobic which are agreement to the previous research (Zhang et al., 2020). This indicates that for the production of functional proteins RNA editing acts as a proofreading mechanism in plants (Ichinose and Sugita, 2017). In this study, induction of RE in alkaline tolerant genotypes proved the relationship of abiotic stress and RNA editing. Previously many studies showed the relationship of abiotic stress and RNA editing (Ruwe et al., 2013; Hajrah et al., 2017). It is reasonable that RNA editing helps the plants to survive in the stressed environment by regulating gene functions. This increase is necessary for keeping the homeostasis among the functions of the genes and RNA editing is proved to be very important for crop vigor (He et al., 2018). Similar findings also reported in soybean, in which RNA editing efficiency increased due to salt stress (Rodrigues et al., 2017). In other study of NADH dehydrogenase subunit 7 (nad7) in barley, salinity enhanced the RNA editing efficiency (Ramadan et al., 2021).

In plants, the RNA editing plays a crucial role for transcript maturation by conversion and insertion/deletion. Different genes families such as pentatricopeptide repeat proteins (PPR), organelle zinc finger 1 (OZ1), organelle RNA recognition motif-containing protein (ORRM), protoporphyrinogen IX oxidase (PPO), and multiple organellar RNA editing factors/RNA editing factor interacting protein (MORF/RIP) genes are reported in the RNA editing (Zhang et al., 2014; Haag et al., 2017; Tian et al., 2019; Wang et al., 2019). Out of these gene families, PPR, OZ1, and MORF/RIP are the important part of editosome and they are directly or indirectly involved in RNA editing (Okudaira et al., 2021). Pentatricopeptide repeat proteins played important role in editing and more than 450 members are reported in the different crops such as Arabidopsis and rice (Lurin et al., 2004; Chen et al., 2018). Pentatricopeptide repeat proteins are reported that they played role in growth, development, and found in plastids and mitochondria. The mutants of PPR showed different abnormal defects related to growth (Saha et al., 2007). The target sites of the RNA are predefined and they have specific sites for the attachment of PPR. So, the RNA editing is the best tool to understand this mechanism (Manna, 2015). In our study, the expression of PPR genes was increased under stress condition which indicates that RES are responsive to alkaline stress. It was previously reported that MORF genes family have role in abiotic stress and involved in RNA editing (Wang et al., 2019). Pentatricopeptide repeat proteins contains a C-terminal domain and interact with MORF genes (Takenaka et al., 2012; Brehme et al., 2014). Latest research reported that MORF involved in plant growth, development, stress response such as survival of seedling rice, drought resistance in poplar, and pathogen resistance in tobacco (Wang et al., 2019; Zhang et al., 2019; Yang et al., 2020). Our results showed the downregulation of MORF genes under alkaline stress and agreement with the findings of Zhang et al. (2019) and Xiong et al. (2022). Similarly, NbMORF8 which is present in the mitochondria and negatively enhance the immunity to Phytophthora pathogens in tobacco (Yang et al., 2020). More research needs to be involved to clarify the role of such gene family’s involvement or not in RNA editing.



CONCLUSION

The post-transcriptional changes such as C-U are conserved among animals as well as in plants. We used alkaline treated and control samples for comparison. We found four types of RNA editing A-G (A-I), C-T (C-U), G-A, and T-C, and most editing events were identified in non-synonymous codons which increased the hydrophobicity. Overall, RNA editing efficiency was increased due to stability of editing factors in the alkaline stressed samples. Furthermore, RNA editing changes the amino acids in the edited genes which help the plants to cope abiotic situations. These outcomes will contribute to improve understanding the molecular mechanism of dynamics of gene regulation at post-transcriptional level in rice. These findings will be useful in designing alkaline tolerance breeding programs in rice.
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Global warming greatly affects the development of rice at different growth stages, thereby deteriorating rice quality. However, the effect of high natural field temperature during reproductive stages on rice quality is unclear. Thus, grain filling dynamics, source-sink characteristics and quality-related traits were compared between two contrasting natural field temperature conditions namely normal (low temperature) (LRT) and hot (high temperature) growth season (HRT) during reproductive stage. Compared with LRT, HRT significantly increased chalky grain rate (about 1.6–3.1%), chalkiness level (about 4.7–22.4%), protein content (about 0.93–1.07%), pasting temperature, setback, and consistence, and decreased total starch content (about 4.6–6.2%). Moreover, HRT significantly reduced the leaf area index (LAI, about 0.54–1.11 m2 m–2), specific leaf weight (SLW, about 1.27–1.44 mg cm–2) and source-sink ratio (leaf-sink ratio and/or stem-sink ratio), shortened the active grain filling period by 3.1–3.2 days, and reduced the rations of dry matter translocation to grain (RDMs). In conclusion, we suggested that significant reduction in assimilate translocation after flowering, resulting in the reduced active grain-filling duration and the poor rice quality (high chalkiness and the poor eating and cooking quality), modulated by source-sink characteristics in response to high natural field temperature during reproductive stage. These results enriched the study of high temperature-stressed rice and served as an important reference for selecting high-quality, heat-tolerant varieties and protecting rice quality under high-temperature conditions.

Keywords: temperature, reproductive stage, grain filling dynamics, source-sink characteristics, rice quality


INTRODUCTION

Rice (Oryza sativa L.) is a staple food crop for more than half of the world’s population, but rice yield and quality are often reduced by high-temperature (Yang et al., 2020, 2021). Such drastic elevation in temperature is occurring more frequently in China (Deng et al., 2015). Large reductions in rice quality caused by high temperature stress were documented, resulting in serious economic losses (Liang et al., 2011; Shi et al., 2016a). Moreover, it is predicted that the global average surface temperature will rise by 1.0–3.7°C by the end of 2100 (IPCC, 2013). Thus, it’s necessary to comprehensively study the effect of high temperature on rice quality to ensure food security.

Rice quality is a complex agronomic trait, including the milling quality, appearance quality, eating and cooking quality and nutritional quality (Zhang et al., 2016; Zhen et al., 2019; Lal et al., 2022). Recently, the Rapid Visco-Analyzer (RVA) method is widely used to evaluate the eating and cooking quality (Jing et al., 2016; Kato et al., 2019; Yao et al., 2019). Numerous studies stated that high temperature during grain filling stage decreased milled rice rate, increased chalkiness, reduced total starch and amylose content, elevated protein content, and altered the RVA profiles of rice flour (Zhang et al., 2016; Yao et al., 2019). However, most of these studies focused on the effect of high temperature on rice quality during grain filling stage.

Reproductive stage is the period of flag-leaf emergence and rapid panicle growth (Wu et al., 2016). Previous studies stated that the high temperature during reproductive stage adversely reduced dry matter production, non-structural carbohydrates (NSC) remobilization, seed-setting rate, grain number and grain weight (Jagadish et al., 2014; Wu et al., 2016; Ali et al., 2019; Zhen et al., 2020). These findings suggested that the high temperature during reproductive play a fundamental role in rice growth and formation of rice quality. In spite of several controlled-temperature studies showed that the high temperature during the reproductive stage increased protein content, inhibited starch deposition and altered physicochemical characteristics of starch, most of these studies were conducted under controlled temperature chambers (Zhen et al., 2019; Lin et al., 2020). This approach limited in that it does not necessarily reproduce field conditions (Huang et al., 2013). Thus, it is necessary to find out the effect of high natural field temperature during reproductive stage on rice quality.

Moreover, the mechanism of the effect of high temperature during reproductive stage on rice quality is unclear. Grain filling involves the transport and synthesis of carbohydrates, proteins, and lipids in seeds. It has been proved that the mechanism of the effect of high temperature during grain filling stage on rice quality was contributed by reduced maximum and mean grain filling rate, which induced by reduction in assimilates translocation after flowering and modulated by source-sink characteristics (Shi et al., 2013, 2016b). In fact, assimilates generated either during grain filling (post-flowering) or redistributed from the reserve pool of the vegetative tissues (pre-flowering) determine successful grain filling in rice (Yang and Zhang, 2006). Moreover, previous studies indicated that heat stress is detrimental to plant development affecting photosynthesis, carbohydrate accumulation, starch synthesis, sucrose synthesis and transport, and photoassimilate accumulation in sink tissues, which ultimately affect the source-sink relationship (Shi et al., 2016b; Lal et al., 2022). According to these studies, we hypothesized that the effect of high temperature during reproductive stage on rice quality is also associated with grain filling dynamics, modulated by source-sink characteristics. Hence, in the present study, grain filling dynamics, source-sink characteristics and rice quality-related traits were compared between two contrasting natural field temperature conditions during reproductive stage, to reveal the differences of these and their association in response to high natural field temperature during reproductive stage.



MATERIALS AND METHODS


Plant Materials, Site Description, and Growth Conditions

The same field experiments were conducted in 2017 and 2018 on Xiaowan Village (N32.0°, E112.8°) in Hubei province. The Hubei province located at the center of the Yangtze River Valley, has a humid subtropical climate, one of the most representative climates of the Yangtze River Valley. Temperature in this region have a similar change tendency in rice growth season, namely, it increases from April to June, reaches a peak in July and August, and declines thereafter from September to November. Three regional commercial japonica rice cultivars with wide planting area in central China namely Nanjing-9108 (NJ9108), Jing-565 (J565), and Jing Liangyou-4466 (J4466) were used in this study. They have excellent rice quality, but they were susceptible to high temperature. The cultivars were arranged in a randomized complete block design with three replications. The properties of soil were alluvial sandy loam with containing: pH = 6.66, organic matter = 34.3 g kg–1, total N = 1.58 g kg–1, available P = 8.75 mg kg–1and available K = 56.6 mg kg–1.

The rice growth temperature conditions can be divided into two scenarios (scenario A and B) in this study. In scenario A, there were two contrasting natural field temperature conditions during reproductive stage (jointing-heading), namely hot (high temperature) growth season (HRT) and normal (low temperature) growth season (LRT) during reproductive stage. The daily temperature during reproductive stage of HRT was continuous 0.5–5.6°C higher than that of LRT (Supplementary Figure 1). The mean daily temperature during reproductive stage of HRT was 29.7 (J565) and 29.9°C (NJ9108), which was 0.6 and 0.7°C higher than that of LRT, while the temperature during grain filling was similar in scenario A (Supplementary Table 1). In scenario B, there were two contrasting natural field temperature conditions during grain filling stage (heading-physiological maturity) i.e., hot (high temperature) growth season (HGT) and normal (low temperature) growth season (LGT) during grain filling stage. The daily temperature during grain filling stage of HGT was continuous 0.7–9.8°C higher than that of LGT (Supplementary Figure 1). The mean daily temperature during grain filling stage of HGT was 25.8 (J565) and 26.6°C (J4466), which was 1.6 and 3.1°C greater than that of LGT (Supplementary Table 1). In addition, the mean daily temperature during the first 20 days of grain filling stage of HGT was 29.1 (J565) and 28.3°C (J4466), which was 1.3 and 2.0 °C higher than that of LGT (Supplementary Table 1). The data of the experiments could be divided into two scenarios including eight samples J565-HRT, J565-LRT, NJ9108-HRT, NJ9108-LRT, J565-HGT, J565-LGT, J4466-HGT, and J4466-LGT.

In addition, field management was carried out according to local practices and was the same between the two years. The normal fertilization level (270 kg hm–2 total N, 135 kg hm–2 P2O5, 270 kg hm–2 K2O) was chosen in this study (Tu et al., 2020). Fertilizer-N was applied in four splits: 40% as basal, 20% at tillering, 20% at panicle initiation, and 20% at two weeks after panicle initiation. Fertilizer-P was fully applied as basal, and fertilizer-K was applied in two splits of 50% as basal and 50% at panicle initiation. The fertilizers were used in the forms of compound fertilizer, urea, calcium superphosphate, and potassium chloride. The field was flooded after transplanting, and a floodwater depth of 3–5 cm was maintained until a week before maturity except that the water was drained at maximum tillering stage to reduce unproductive tillers.



Determination of Dry Matter and Leaf Area at Heading and Maturity Stage

Twelve plant samples from each plot were collected randomly (with the three outermost rows removed to minimize the border effect) at the heading and maturity stage. Plants were separated into leaves, stem-sheaths and panicles, and rice plant height, tiller number, leaf area, leaf, panicle and stem-sheath dry weight were recorded.



Determination of Grain Filling Dynamics in Rice

The determination method of grain filling dynamics referred to the method of Zhu et al. (1988). When the rice was heading, the panicles which were heading at the same time were marked. Samples were taken every four days from heading to maturity, and 3 panicles were taken as a sample and repeated three times. Count the number of panicles, then thresh them, put them in an oven at 80°C and dry them to a constant weight. The average rice grain weight (mg grain–1) minus the hull weight was calculated, and the grain filling dynamics were fitted according to the Richards equation.



Measurement of the Appearance Quality, Total starch Content, Amylose Content and Pasting Properties of Rice

Mature rice was threshed after harvest, air-dried, and stored at room temperature for 3 months until testing (Zhang et al., 2016). The appearance quality of rice was measured and analyzed with a scanner (Epson Expression 1680 Professional, Epson, America) and image analysis software (Chen et al., 2013).

The total starch was determined by the optical rotation method, and the amylose content was determined by the iodine blue colorimetric method (Sandhu and Singh, 2007). The protein content was determined by Kjeldahl method. RVA rapid viscosity analyzer (produced by Newport Scientific Instruments Co., Ltd., Warriewood, NSW Australia) was used to determine the viscosity characteristics of the starch, and the matching software TWC was used for analysis (Zhang et al., 2016). For the RVA procedure, 3.0 g samples of milled rice flour were mixed with 25 mL of deionized H2O, and the pasting programed cycle was set at 12.5 min. Starch samples were first heated at 50°C for 1 min and then heated from 50 to 95°C at a heating rate of 11.84°C per min. The temperature was held at 95°C for 2.5 min, and the starch was then cooled down to 50°C at a cooling rate of 11.84°C per min, and held at 50°C for 1.4 min. RVA characteristic values include peak viscosity, trough viscosity, final viscosity, breakdown (peak viscosity- trough viscosity), setback (final viscosity-peak viscosity), consistence (final viscosity- trough viscosity), and pasting temperature (Chen et al., 2021).



Statistical Analysis

Analysis of variance (ANOVA) was used to analyze the differences in rice quality, source-sink characteristics and dry matter translocation. Data analysis was performed by using SPSS 21 and Microsoft Excel 2010. The graphs were prepared by using SigmaPlot 14.0.




RESULTS


Differences of the Appearance Quality, Total Starch Content, Amylose Content in Response to High Natural Field Temperature

In scenario A, compared with J565-LRT, the protein content, chalky grain rate, chalkiness level and pasting temperature of J565-HRT separately increased by 0.93%, 1.6%, 4.7%, and 5.3°C, and the total starch content decreased by 4.6% (Table 1). Similarly, the protein, chalky grain rate, chalkiness level and pasting temperature of NJ9108-HRT separately increased by 1.07%, 3.1%, 22.4% and 6.5°C, and the total starch content decreased by 6.2%. These results indicated that high natural field temperature during reproductive stage significantly affected the rice quality. In scenario B, results showed that the chalky grain rate and chalkiness level of J565-HGT were 39.9% and 25.8% higher than that of J565-LRT, respectively. While the amylose content of J565-HGT was 1.8% lower than that of J565-LRT. For J4466-HGT, results also showed that the chalky grain rate and chalkiness level separately increased by 8.0%, 1.2%, and amylose decreased by 1.3%. The protein content of the two rice varieties showed slight differences between HGT and LGT. In addition, the trends of total starch content and pasting temperature of the two varieties were the same. Both high natural field temperatures during reproductive stage and during grain filling stage significantly damaged rice quality, but there were some differences in the changes of rice quality induced by them. Hence, it is necessary to understand the effect of high natural field temperature during reproductive stage on rice quality clearly.


TABLE 1. Difference of rice quality between two contrasting natural field temperatures conditions.
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Variations of Pasting Properties of Rice Flour Under High Natural Field Temperature

This study also determined the RVA characteristics of rice (Table 2). There were significant differences in the RVA characteristic values of scenario A. The value of breakdown was high in all temperature conditions, and it showed some different changes of two varieties in response to HRT. However, the setback and consistence which were negatively associated with eating and cooking quality, demonstrated a significant increasing in response to HRT, and the changes of the two varieties were consistent. These results suggested that high natural field temperature during reproductive stage markedly deteriorated eating and cooking quality. However, there were slight changes of them in response to HGT, except the breakdown of J 4466 and the consistence of J565. In addition, the RVA characteristic values of scenario B performed slighter changes, compared with scenario A.


TABLE 2. Difference of RVA profile of rice starch between two contrasting natural field temperatures conditions.
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Effects of High Natural Field Temperature on Source-Sink Characteristics and Dry Matter Transport

The source-sink characteristics demonstrated significant differences among different temperature conditions (Table 3). In scenario A, the leaf area indexs (LAIs) and specific leaf weights (SLWs) of LRT at heading stage were significantly higher than those of HRT. The LAIs of J565-LRT and NJ9108-LRT were 0.54 m2m–2and 1.11 m2m–2 higher than that of J565-HRT and NJ9108-HRT, respectively. In addition, the SLWs of J565-LRT and NJ9108-LRT were 1.44 mg cm–2 and 1.27 mg cm–2higher than that of J565-HRT and NJ9108-HRT, respectively. The source-sink ratio (leaf/sink ratio and stem-sheath/sink ratio) also displayed some differences. Obviously, the high natural field temperature during reproductive stage significantly affected source-sink characteristics. In scenario B, the LAIs and SLWs of J565-HGT at heading stage were higher than those of J565-LGT. Likewise, the LAI and SLW of J4466-HGT at heading stage were also higher than those of J4466-LGT. In addition, the stem-sheath/sink ratios of J565-HGT and J4466-HGT were significantly higher than that of J565-LGT and J4466-LGT, respectively. The leaf/sink ratio of J4466-HGT was also significantly higher than that of J4466-LGT. Moreover, the transfer efficiency of dry matter from the stem-sheath to grain also donated some differences among different temperature conditions (Figure 1). In scenario A, the rations of dry matter translocation to grain (RDMs) of J565-HRT and NJ9108-HRT were significantly lower than that of J565-LRT and NJ9108-LRT. These results suggested that the changes in source-sink characteristics sharply hindered the movement of assimilate to the panicle in response to high natural field temperature during reproductive stage. In addition, the RDMs of J565 and J4466 also decreased under HGT.


TABLE 3. Difference of characteristic of rice source and sink between two contrasting natural field temperatures conditions.
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FIGURE 1. Difference in the ration of dry matter translocation to grain between two contrasting natural field temperature conditions in two scenarios. RDM: Ration of dry matter translocation to grain. Different letters present significant difference according to the LSD (0.05). HRT and LRT indicate hot (high temperature) and normal (low temperature) growth season during reproductive stage, respectively. HGT and LGT mean hot (high temperature) and normal (low temperature) growth season during grain filling stage, respectively. J565, NJ9108 and J4466 present Jing 565, Nanjing 9108, and Jing liangyou 4466, respectively. Different letters indicate significant difference at P < 0.05.




Dynamic Changes in Rice Grain Filling Under High Natural Field Temperature

There were some differences of the grain filling dynamics among different temperature conditions (Figure 2). In scenario A, the durations of active grain filling of J565-LRT and NJ9108-LRT were 3.2 and 3.1 days longer than that of J565-HRT and NJ9108-HRT, respectively. In scenario B, the maximum grain filling rate of LGT was significantly higher than that of HGT. The mean grain filling rates of J565-LGT and J4466-LGT were 0.16 and 0.17 mg gain–1higher than that of J565-HGT and J4466-HGT, respectively. These changes were closely associated with the variations of rice quality in response to high natural field temperature. However, there were some differences in the changes of grain filling induced by HRT and HGT. This result indicated that there were certain differences in the mechanism of rice quality deterioration caused by them. Therefore, it’s important to find out the mechanism of rice quality deterioration caused by high natural field temperature during reproductive stage.
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FIGURE 2. Grain filling process and grain filling rate of rice under different natural field temperature conditions in two scenarios. (A) is for scenario (A); (B) is for scenario (B). HRT and LRT indicate hot (high temperature) and normal (low temperature) growth season during reproductive stage, respectively. HGT and LGT mean hot (high temperature) and normal (low temperature) growth season during grain filling stage, respectively. J565, NJ9108 and J4466 present Jing 565, Nanjing 9108, and Jing liangyou 4466, respectively. Different letters denote significant difference at P < 0.05.





DISCUSSION


Differences of Rice Quality in Response to High Natural Field Temperature During Reproductive Stage

Although the rice quality is mainly determined by genetic factors, external environmental factors also have an important influence on rice quality, especially temperature (Zhang et al., 2016; Lin et al., 2020). As the results of this study, there were significant differences of rice quality under different temperature conditions. In scenario A, compared with LRT, HRT significantly increased chalkiness and protein content, and decreased total starch content. These results were consistent with the findings that high temperature during reproductive stage increased chalkiness and protein content and inhibited starch deposition (Sulaiman et al., 2018; Zhen et al., 2019; Lin et al., 2020). Furthermore, HRT significantly increased pasting temperature, setback and consistence which have highly negative correlation with eating and cooking quality (Chen et al., 2021). This result may be attributed to the increased protein content and the decreased total starch content. As previous reported suggested that in whole grain structure starch granules interact with protein and other polysaccharides (Jing et al., 2021), which represented that the endogenous factors other than starch, such as starch granule-associated proteins may also significantly affect pasting properties (Zhang et al., 2016). Similarly, it proved that the elevated protein content and the decreased total starch content significantly declined the eating and cooking quality through the N fertilizer experiment (Huang et al., 2020). Thus, the accumulation balance of storage proteins and starches may play an important role in determining eating and cooking quality. In addition, the accumulation balance of storage proteins and starches coordinately regulated the formation of grain chalkiness (Tang et al., 2018). Therefore, we suggested that high natural field temperature during reproductive stage damaged the accumulation balance of storage proteins and starches, and ultimately induced the poor eating and cooking quality and the high chalkiness.

Numerous studies reported that high temperature during grain filling stage significantly increased the chalkiness and reduced the eating and cooking quality (Jing et al., 2016; Shi et al., 2016a; Zhang et al., 2016). In this study, results also demonstrated that chalky grain rate and chalkiness level significantly increased under HGT. The reason for these results was that HGT significantly decreased amylose content. It was consistent with the finding that heat and drought stress significantly induced high chalkiness because of the declined amylose content (Gao et al., 2012). However, there were slight variations of protein content, total starch content and the RVA characteristic values under HGT. These went against the previous studies that high temperature during the grain filling stage significantly increased the rice protein content and reduced the total starch content and the eating and cooking quality (Liang et al., 2011; Lin et al., 2016; Yao et al., 2019). There results mainly attributed to the fact that LGT accompanied by high natural field temperature during reproductive stage, and HGT accompanied by low natural field temperature during reproductive stage in the present study (Supplementary Table 1), while there were the same temperature conditions during reproductive stage in previous studies. This also indicated that high natural field temperature during reproductive stage strongly affected the eating and cooking quality.



Source-Sink Characteristics in Response to High Natural Field Temperature During Reproductive Stage

Source-sink characteristics play an import role in determining rice quality (Shi et al., 2013; Chen et al., 2019). In the present study, results suggested that HRT damaged the source-sink characteristics, including the reduced LAI, the decreased SLW and/or the reduced source-sink ratio (leaf/sink ratio and stem-sheath/sink ratio). This might be induced by the significantly early heading under high temperature during reproductive stage (Ishii et al., 2011; Krishnan et al., 2011; Ali et al., 2019), as same as result donated in the present study (Supplementary Table 1). The short time for tissues and organs to acquire photoassimilates under high temperatures resulted in fewer and/or smaller organs and less biomass accumulation (Krishnan et al., 2011). As a result, these affected the leaf photosynthetic and the source-sink relationship (Lin et al., 2005). Likewise, there were also significant differences of source-sink characteristics in scenario B (LGT was lower than HGT). This might be attributed to the fact that LGT accompanied by high natural field temperature during reproductive stage, and HGT accompanied by low natural field temperature during reproductive stage in the present study (Supplementary Table 1). Furthermore, previous studies proved that the damaged source-sink characteristics significantly induced poor rice quality (Shi et al., 2013; Chen et al., 2019). Thus, we suggest that high natural field temperature during reproductive stage damaged the source-sink characteristics including the reduced LAI, the decreased SLW and the reduced source-sink ratio (leaf/sink ratio and stem-sheath/sink ratio), resulting in the poor rice quality.



Grain Filling Dynamic in Response to High Natural Field Temperature During Reproductive Stage

It has been acknowledged that the carbohydrate allocation plays an important role in determining rice yield and quality, which is affected by heat stress (Shi et al., 2013; Zhang et al., 2018; Zhen et al., 2020). This study found that HGT significantly decreased the RDMs of J565 and J4466. This is mainly due to the inhibition the activity of key enzymes of starch synthesis in grains (Fu et al., 2016; Smith et al., 2018). Moreover, HRT also significantly declined the RDMs of J565 and NJ9108. This might be attributed to the damage of source-sink characteristics (Chen et al., 2019). Previous studies have stated that the RDM played an important role in determining rice grain filling (Yang and Zhang, 2006; Shi et al., 2017). It was no doubt that the maximum grain filling rate of LGT was significantly higher than that of HGT in scenario B. Interestingly, there was no the obvious difference of the maximum grain filling rate in scenario A, but the duration of active grain filling was quite different. Results showed that HRT significantly shortened the active grain filling duration. Numerous studies suggested that these were closely associated with the formation of rice quality (Jin et al., 2007; Huang et al., 2013; Shi et al., 2017; Zhao et al., 2019). Therefore, we suggested that high natural field temperature during reproductive stage significantly damaged source-sink characteristics, which hindered the movement of assimilate from stem-sheath to the panicle and shortened the active grain filling duration, and eventually induced poor rice quality (including the high chalkiness and the poor eating and cooking quality).

It is well known that temperature is related to other meteorological factors such as solar radiation and rainfall (Huang et al., 2013). Numerous evidences demonstrated that radiation had a positive impact on rice growth and development (Peng et al., 2004; Deng et al., 2015). However, this study showed that the weak rice growth and the poor rice quality were existed under high solar radiation. This result may be attributed to the fact that there were confounding effects of temperature and radiation (Deng et al., 2015; Tu et al., 2020). High temperature always accompanied with high solar radiation (Supplementary Table 2), and the former have significantly negative effects on rice growth (Krishnan et al., 2011; Ali et al., 2019; Lin et al., 2020). Furthermore, it is considered that temperature is the most important climatic factor governing the rice growth and the formation of rice quality (Chen et al., 2013; Huang et al., 2013; Zhang et al., 2016). Therefore, in the present study, the differences in rice growth and rice quality were mainly attributed to the temperature changes.




CONCLUSION

In practice, each stage of the whole rice growth season may suffer from high temperature, especially reproductive stage and grain filling stage. This study showed that both HGT and HRT significantly affected rice quality, but there were some differences in the changes of rice quality induced by them. HRT markedly reduced rice quality including high chalkiness, high pasting temperature, high protein content, low total starch content, the increased setback and the elevated consistence. Hence, these results suggested that more attention needs to be focused on the effect of high temperature during reproductive stage on rice quality in further breeding and practice. Moreover, HRT significantly reduced LAI, decreased SLW, declined source-sink ratio (leaf/sink ratio and stem-sheath/sink ratio), hindered the movement of assimilates from stem-sheath to the panicle and shortened the duration of active grain filling. These results suggested that significant reduction in matter translocation after flowering, resulting in the reduced active grain-filling duration and the decreased rice quality, modulated by source-sink characteristics in response to high natural field temperature during reproductive stage. These findings enriched the study of high temperature-stressed rice and served as an important reference for selecting high-quality, heat-tolerant varieties and protecting rice quality under high-temperature conditions.
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This study aimed to determine the effect of hydrogen sulfide on chilling injury (CI) of banana (Musa spp.) during cold storage (7°C). It was observed that hydrogen sulfide application (2 mmol L–1) markedly reduced the CI index and showed significantly higher chlorophyll contents, along with suppressed chlorophyll peroxidase and chlorophyllase enzyme activity. The treated banana fruits exhibited substantially higher peel lightness (L*), along with significantly a lower browning degree and soluble quinone content. The treated bananas had substantially a higher endogenous hydrogen sulfide content and higher activity of its biosynthesis-associated enzymes such as D-cysteine desulfhydrase (DCD) and L-cysteine desulfhydrase (LCD), along with significantly lower ion leakage, lipid peroxidation, hydrogen peroxide, and superoxide anion concentrations. Hydrogen sulfide-treated banana fruits showed an increased proline content and proline metabolism-associated enzymes including ornithine aminotransferase (OAT), Δ1-pyrroline-5-carboxylate synthetase (P5CS), and proline dehydrogenase (PDH). In the same way, hydrogen sulfide-fumigated banana fruits accumulated higher endogenous γ-aminobutyric acid (GABA) due to enhanced activity of glutamate decarboxylase (GAD) and GABA transaminase (GABA-T) enzymes. The hydrogen sulfide-treated fruits exhibited higher total phenolics owing to lower polyphenol oxidase (PPO) and peroxidase (POD) activity and stimulated phenylalanine ammonia lyase (PAL). The treated banana exhibited higher ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR), dehydroascorbate reductase (DHAR), monodehydroascorbate reductase (MDHAR), and superoxide dismutase (SOD) activity, along with higher glutathione (GSH) and ascorbic acid (AsA) concentrations and a significantly lower dehydroascorbic acid (DHA) content. In conclusion, hydrogen sulfide treatment could be utilized for CI alleviation of banana fruits during cold storage.

Keywords: antioxidant activities, chilling injury, cold storage, lipid peroxidation, proline accumulation


INTRODUCTION

Cold storage has been widely used to increase the shelf life of horticultural commodities owing to its potential in suppressing metabolic processes (Zhang et al., 2021). However, chilling injury (CI) occurs in certain susceptible horticultural commodities of sub-tropical and tropical regions including bananas. Banana fruits are vulnerable to CI if kept under cold storage below 12°C (Chen et al., 2008). Excessive peel pitting, browning (surface discoloration), chlorophyll degradation, and failure of fruits to ripen are some prominent symptoms of CI in banana (Jiang et al., 2004). The activities of antioxidant enzymes, membrane integrity, lipid peroxidation, antioxidant capacity, and reactive oxygen species (ROS) production are the main factors that determine the storage potential and quality attributes in bananas under chilling stress. CI causes excessive ROS production in bananas, which lowers their storage and shelf life potential due to oxidative stress. In addition, the decline in consumer acceptance and marketing value takes place as a result of quality deterioration due to CI in banana fruits (Promyou et al., 2008). So, some appropriate eco-friendly approaches are needed for banana fruits to lower CI symptoms during cold storage without compromising their eating quality.

Many chemicals have been used to lower CI in banana fruits during postharvest chilling stress. Salicylic acid treatment was effective in suppressing polyphenol oxidase (PPO) enzyme activity and electrolyte leakage, which maintained better fruit quality of banana fruits with fewer CI symptoms under chilling stress conditions (Khademi et al., 2019). Fibroin treatment of banana fruits markedly reduced CI and inhibited the increase in membrane leakage of peel tissues (Liu et al., 2019). Similarly, γ-aminobutyric acid (GABA) application enhanced phenolic content biosynthesis and proline accumulation in the treated banana fruits with suppressed electrolyte leakage, malondialdehyde (MDA) content, and CI index, which thereby improved their chilling tolerance (Wang et al., 2014). Furthermore, the application of GABA efficiently reduced the overproduction of ROS, along with noticeably higher APX, CAT, and superoxide dismutase (SOD) enzyme activity. In the same way, exogenous application of progesterone (Hao et al., 2019), melatonin (Wang et al., 2021), glycine betaine (Chen et al., 2021), astragalus polysaccharides (Tian et al., 2022), phytosulfokine α (Wang et al., 2022), and ethylene (Zhou et al., 2022) have also been used for CI amelioration in banana fruits. However, some potential anti-chilling agents are needed for the mitigation of CI in low-temperature stored bananas.

Hydrogen sulfide like carbon monoxide (CO) and nitric oxide (NO) is an important gaseous transmitter. It is considered an imperative signaling molecule that regulates numerous physiological functions in plants. It plays a critical role in coping with various stresses and helps plants to withstand certain unfavorable conditions (Huang et al., 2021). Its application has also been reported in the postharvest storage of vegetables and fruits (Ali et al., 2019; Huang et al., 2022). The exogenous application of hydrogen sulfide alleviated the oxidative stress in fresh-cut lotus root slices by inhibiting the browning incidence (Sun et al., 2015). The level of the cellular energy status of the commodity during postharvest storage directly correlates with storage life potential under chilling stress. The exogenous hydrogen sulfide application was effective to maintain a higher ATP level, which subsequently lowered the respiration rate. This reduction in the respiration rate ultimately delayed the yellowing of spinach leaves during cold storage (Hu H. et al., 2015). Similarly, hydrogen sulfide maintained better membrane integrity, which therefore suppressed electrolyte leakage during chilling stress and reduced CI symptoms with suppressed ROS production in harvested eggplant fruits (Barzegar et al., 2021). The application of hydrogen sulfide has been reported on bananas in relation to energy metabolism under chilling stress (Li et al., 2016). It was observed that hydrogen sulfide treatment increased the activity of Ca2+-ATPase, cytochrome C oxidase, and H+-ATPase, which resulted in the delayed loss of cellular energy and markedly enhanced the chilling tolerance of banana fruits (Li et al., 2016). Nevertheless, the detailed work regarding the impact of hydrogen sulfide in the mitigation of banana fruit CI in relation to chlorophyll degradation, hydrogen sulfide biosynthesis-related enzymes, GABA shunt pathway, and proline metabolism and ascorbate glutathione cycle-associated enzymes has not been reported yet. So, our objective was to explore the influence of hydrogen sulfide treatment on CI, lipid peroxidation, oxidative stress, chlorophyll degradation, hydrogen sulfide biosynthesis-related enzyme activity, GABA shunt pathway, proline metabolism, and ascorbate glutathione cycle of banana fruits under postharvest chilling stress.



MATERIALS AND METHODS


Experimental Fruit

Banana fruits (Musa spp., cv “Basrai,” AAA group) were obtained from the commercial plantation in Mirpur Khas, Sindh, Pakistan. The fruits were hand-harvested at the physiologically mature green stage and shifted to the laboratory [at 15°C with 85 ± 2% relative humidity (RH) within 12 h of the fruit harvest] for the research trial. The defected or bruised fruits were excluded, and only healthy with acceptable cosmetic quality were selected and used for the research purpose. The fruits were fumigated with 2 mmol L–1 (optimized in a preliminary work where 0.25, 0.5, 1, and 2 mmol L–1 was used) hydrogen sulfide [released from NaHS [a hydrogen sulfide donor (CAS Number: 207683-19-0, Sigma Aldrich, St Louis, MO, United States)] for 24 h at 20 ± 1°C with 85 ± 2% RH in a 20-L sealed jar. The control banana fruits were also kept in the sealed jar for 24 h as specified for the hydrogen sulfide treatment without NaHS. Both banana groups were then removed from the jars and immediately stored at 7°C with 90 ± 2% relative humidity for 10 days period. The bananas were then packed in cardboard boxes with a size of W = 25 cm, L = 40 cm, and H = 16 cm. The banana fruits were sampled on days 0 (before hydrogen sulfide fumigation), 2, 4, 6, 8, and 10 for various parameters or stored at −80°C after treating with liquid nitrogen for different measurements. The experiment was conducted as a completely randomized design under the factorial scheme. There were 3 replications in each treatment, and 20 banana fruits were present in every replication. The following attributes were studied during the current research trial.



Banana Chilling Injury Index and Chlorophyll Contents in Peel Tissues

It was determined on a visual observation basis as described by Chen et al. (2021) with minor modifications. The CI was observed in the form of pitting and browning on the banana peel surface. The CI scale was as 1 = no CI symptoms, 2 = 1–25% browning, 3 = 26–50% browning, 4 = 51–75% browning, and 5 = 76–100% browning.

Chlorophyll (Chl) contents (Chl a, Chl b, and total Chl) were estimated as described previously (Lichtenthaler and Wellburn, 1983). The concentrations of Chl a, Chl b, and total Chl contents were expressed as mg kg–1 fresh weight (FW).



Chlorophyll Peroxidase and Chlorophyllase Activity Determination in Peel Tissues

The activity of chlorophyllase and chlorophyll peroxidase enzymes was assayed using earlier protocols (Yamauchi et al., 1997; Pongprasert et al., 2011). A measure of 0.5 g banana peel was homogenized in phosphate buffer (100 mmol L–1, 7.0 pH) containing polyvinylpyrrolidone (PVP). The resultant homogenates were filtered and centrifuged for 15 min at 16,000 × g at 4°C. For chlorophyllase, the reaction assay consisted of 0.1 mmol L–1 phosphate buffer (7.5 pH), 0.5 mL enzyme extract, and 0.2 mL of 500 μg mL–1 acetone-chl a solution. In case of chlorophyll peroxidase, the assay mixture consisted of 1% Triton-X (0.1 mL), 0.5 mL enzymes extracts, 1.5 mL phosphate buffer (0.1 mmol L–1, 5.0 pH), and 0.3% of 0.1 mL H2O2, and activity was derived as U kg–1 protein after noting optical density at 667 nm.



Peel Lightness, Browning Degree, and Soluble Quinone Content in Peel Tissues

Peel lightness [(L*) peel surface color] was determined with a CR-400 chroma meter (Minolta, Osaka, Japan). The color was assessed three times from equidistant points from a single fruit. A total of 20 bananas were used for L* measurement in each replication, with 60 bananas per treatment.

The banana fruit peel browning degree was determined following the protocols of Zhang et al. (2005) with a slight modification. In brief, banana peel samples (1 g) were macerated in ethanol (60% concentrated and 5 mL) and 0.1 mol L–1 concentrated phosphate buffer with pH 6.8, which contained 2% PVP. The homogenates were centrifuged for 15 min at 15,000 × g at 4°C, and supernatant absorbance was noted at 420 nm. Finally, the browning degree was expressed on an FW basis as OD420 g–1.

We determined the soluble quinone content in banana peel tissues using the protocol of Banerjee et al. (2015). Briefly, 5 g banana peel samples were homogenized in methanol (10 mL) and centrifuged (Z326-K, Hermle, Germany) for 20 min at 12,000 × g under 4°C conditions. The optical density of the resultant supernatant was measured at 437 nm on a UV–Vis spectrophotometer (UV-1800, Shimadzu, Japan), and the soluble quinone content was expressed as OD437 g–1 FW.



Hydrogen Sulfide Content and Its Metabolism-Associated Enzyme Activity in Peel Tissues

Endogenous hydrogen sulfide was determined by a methylene blue assay (Zhu et al., 2018). A measure of 1 g banana peel tissue samples were extracted with PBS (6.8 pH, 50 mmol L–1, 2 mL), which contained 0.1 mmol L–1 Na2-EDTA and 200 mmol L–1 L-ascorbic acid. The subsequent homogenate was centrifuged for 10 min at 20,000 × g at 4°C. Thereafter, 1 mL supernatant was incorporated into a test tube which contained 10 mmol L–1 L-cysteine, 0.1% zinc acetate (200 μL), 2 mL PBS solution (7.4 pH, 100 mmol L–1), and 200 μL phosphopyridoxal (2 mmol L–1). The reactions in the assay mixtures were terminated after 15 min by incorporation of 150 μL dimethyl phenylenediamine, which was dissolved in H2SO4 (3.5 mmol L–1). Afterward, ferric ammonium sulfate was added into 3.5 mmol L–1 H2SO4 and left at 25°C for 15 min. Finally, the hydrogen sulfide content was denoted as μmol kg–1 min–1 after noting the optical density at 765 nm.

The activity of DCD and LCD enzyme was analyzed following detailed protocols of Riemenschneider et al. (2005). The liquid nitrogen-treated banana peel samples (1 g) were extracted at 8.0 pH and 20 mmol L–1 Tris–HCl buffer. The banana peel homogenates were centrifuged for 20 min at 12,000 × g. For the assay of DCD and LCD enzymes, the supernatant (1 mL) was reacted with 1 mL of 100 mmol L–1 concentrated Tris–HCl buffer (pH 8.0 for DCD and pH 9.0 for LCD), 0.8 mmol L–1 D-cysteine (for DCD) and L-cysteine (for LCD), and 2.5 mL of dithiothreitol. The absorbance was noted at 670 nm after the termination of the reaction by adding 30 mmol L–1 FeCl3 which was dissolved in 7.2 molar hydrochloric acid solution. The activities of DCD and LCD enzymes were expressed as μmol min kg–1.



Ion Leakage and Malondialdehyde Content in Peel Tissues

Ion leakage of banana peel tissues was analyzed following the procedure of Chen et al. (2008) and expressed in terms of percent. MDA in banana peel samples was assessed with assay of Shi et al. (2018). Peel tissue homogenates were centrifuged at 10,000 × g for 20 min after homogenization in trichloroacetic acid (TCA). After this, thiobarbituric acid and the homogenized mixtures of the samples were boiled at 100°C for 20 min. The supernatant was collected, and MDA was denoted as nmol kg–1 FW after observing the optical density at 450, 532, and 600 nm on a UV–Vis spectrophotometer (UV-1800, Shimadzu, Japan).



Lipoxygenase Enzyme Assay in Peel Tissues

The activity of lipoxygenases (LOX) was measured with detailed protocols of Liu et al. (2011). The peel samples were macerated in phosphate buffer and centrifuged at 10,000 × g. The obtained supernatant was reacted with sodium linoleic acid in an assay mixture of phosphate buffer. The absorbance of the assay mixture was observed at 234 nm, and LOX activity was reported as U kg–1 protein.



Superoxide Anion and Hydrogen Peroxide in Peel Tissues

The assay of Yang et al. (2011) was utilized for the determination of the superoxide anion content. A measure of 1 g peel tissue samples were macerated in phosphate buffer and centrifuged at 10,000 × g for 15 min, and it was expressed as nmol min–1 kg–1 FW after absorbance measurement at 530 nm. Velikova et al. (2000)’s method was used for hydrogen peroxide assay. The peel samples were ground in TCA. The samples were then mixed with phosphate buffer and potassium iodide. Finally, hydrogen peroxide was derived as μmol kg–1 after observing optical density at 340 nm.



γ-Aminobutyric Acid Shunt Pathway in Peel Tissues


γ-Aminobutyric Acid Content

The GABA content in the peel of bananas was determined by using Hu X. et al. (2015)’s assay. Tissues (1 g) were ground in 3 mL lanthanum chloride (0.05 mmol L–1) and were subjected to centrifugation at 13,000 × g for 5 min. The supernatant (400 μL) was reacted with 200 μL phenol (6%), NaOCl (5%) and phosphate buffer (0.05 mol L–1, 10.0 pH). The absorbance was measured at 645 nm, and it was expressed as mg kg–1 FW.



Glutamate Decarboxylase and γ-Aminobutyric Acid Transaminase Activity in Peel Tissues

The glutamate decarboxylase (GAD) and GABA-T activity was assayed following the detailed procedure of Deewatthanawong et al. (2010). Sample tissues (1 g) were ground in Tris–HCl buffer, and the supernatant was used for the activity of GAD and GABA-T enzymes. The activity of each enzyme was expressed as U mg–1 protein after noting optical density at 340 nm. The measurements were performed in triplicates, and all steps were carried out at 4°C.




Proline Metabolism in Peel Tissues


Proline Content

Banana peel proline was estimated using earlier protocols (Shang et al., 2011). A measure of 5 mL sulfosalicylic acid was used for sample (1 g) maceration and later subjected to centrifugation at 12,000 × g; 3 mL ninhydrin and 2 mL acetic acid were mixed and boiled for 60 min at 100°C. The resultant homogenate was mixed with toluene. Finally, it was expressed as mg kg–1 FW after optical density measurement at 520 nm.



Δ1-Pyrroline-5-Carboxylate Synthetase Enzyme Activity

In the case of P5CS assay, banana peel tissues were ground in Tris–HCl buffer (7.5 pH and 50 mmol L–1). The activity was derived as U kg–1 protein after measurement of optical density at 340 nm (López-Carrión et al., 2008).



Ornithine Aminotransferase Enzyme Activity

The ornithine aminotransferase (OAT) activity was analyzed following the procedure of Lutts et al. (1999). The peel tissues were homogenized in Tris–HCl buffer (50 mmol L–1, 7.5 pH), and absorbance was noted at 510 nm. The activity of OAT was denoted as U kg–1 protein.



Proline Dehydrogenase Enzyme Activity

The proline dehydrogenase (PDH) assay was carried out according to the procedure of López-Carrión et al. (2008). The sample tissues were ground in phosphate buffer. The supernatant was collected and added to a carbonate–bicarbonate buffer containing proline. The activity of PDH was expressed as U kg–1 protein after noting optical density at 340 nm.




Phenol Metabolism in Peel Tissues


Total Phenolic Contents

The total phenolic contents were determined with Folin–Ciocalteu (10%) reagent (Chen et al., 2021). The peel samples (2 g) were ground in a 5 mL methanolic (95%) extraction mixture, and the supernatant was collected after centrifugation at 12,000 × g. The assay mixture was reacted with sodium carbonate (20%) and left at room temperature after vortexing for 60 min. Finally, total phenolic contents were derived in terms of gallic acid equivalents as mg kg–1 FW after noting the absorbance at 765 nm on a UV–Vis spectrophotometer (UV-1800, Shimadzu, Japan).



Peroxidase, Polyphenol Oxidase, and Phenylalanine Ammonia Lyase Enzyme Activity

The peroxidase (POD) activity was assayed at 470 nm with a detailed protocol of Ali et al. (2016). The activity of PPO and phenylalanine ammonia lyase (PAL) was assayed as outlined by Nguyen et al. (2003). PPO activity was derived as U kg–1 protein after noting the optical density at 420 nm. PAL activity was derived as U kg–1 protein after optical density reading at 290 nm. The activity of all the aforementioned enzymes was assayed in triplicates, and all steps were carried out at 4°C conditions.




Assay of Glutathione, Ascorbic Acid, and Dehydroascorbic Acid Content in Peel Tissues

The peel (5 g) tissues were ground in 5% ice-cold TCA solution which contained EDTA-Na2 (Nie et al., 2020). The supernatant (400 μL), 1 mL phosphate buffer (8.0 pH and 0.1 molar), and 4 mmol L–1 600 μL of 5,5′-dithio-bis-(2-nitrobenzoic acid) were reacted. After thorough mixing of all reactants, the absorbance was noted at 412 nm, and the glutathione (GSH) content was expressed as mg kg–1 FW. The ascorbic acid (AsA) in banana peel was assayed following a detailed method described previously (Li et al., 2021). The sample tissues (1.5 g) were very finely macerated in 5% TCA mixture and centrifuged for 15 min at 10,000 × g. The assay mixture had 10% TCA (0.25 mL), phosphate buffer (7.4 pH, 0.2 molar, and 0.2 mL), 0.2 mL phosphoric acid, and 3% of 0.1 mL FeCl3. The supernatant was used for absorbance reading at 525 nm on a spectrophotometer. Total AsA was determined by incorporating dithiothreitol (10 mmol L–1) into the assay mixture, and dehydroascorbic acid (DHA) was calculated by AsA subtraction from the total AsA. The analyses were carried out in triplicate, and AsA and DHA were reported as mg kg–1 FW.



Superoxide Dismutase, Catalase, and Ascorbate Peroxidase Enzyme Activity Determination in Peel Tissues

Banana peel tissue samples (1 g) were macerated in chilled phosphate buffer (7.2 pH and 100 mmol L–1) and centrifuged for 5 min at 10,000 × g. The supernatant was used for the determination of CAT and SOD activities. The detailed assay of Ali et al. (2016) was utilized for the determination of enzymes activities of CAT and SOD. The absorbance of CAT enzyme was read at 240 nm. The absorbance of SOD was read at 560 nm. Nakano and Asada (1987)’s protocol was used for APX activity assay, and the absorbance of APX assay was read at 290 nm.



Glutathione Reductase, Dehydroascorbate Reductase, and Monodehydroascorbate Reductase Enzyme Activity Assays in Peel Tissues

The activity of GR was assessed by adopting the protocol of Parvin et al. (2019). The enzyme reaction mixture consisted of 50 μL crude extract, 50 μmol L–1 NADPH, 0.1 mmol L–1 EDTA, and 0.5 mmol L–1 oxidized glutathione. The absorbance was observed at 340 nm. DHAR enzyme activity was quantified with the assay of Dalton et al. (1986). The assay mixture contained reduced glutathione (2.5 mmol L–1), 100 μL enzyme extract, 0.1 mmol L–1 EDTA, 0.1 mmol L–1 glutathione, and 50 mmol L–1 phosphate buffer (7.0 pH). For DHAR, absorbance was noted at 265 nm. MDHAR activity was assayed using the method of Aravind and Prasad (2005). The reaction mixture contained ascorbic acid (7.5 mmol L–1), NADPH (2 mmol L–1), 25 mmol L–1 phosphate buffer (7.0 pH), and 200 μL enzyme extract.



Determination of Protein Contents in Peel Tissues

The protocol of Bradford (1976) was used for protein content estimation, and the activities of antioxidative and ascorbate glutathione cycle enzymes were expressed as U kg–1 protein.



Statistical Analysis

The work was performed according to a completely randomized design with a factorial layout. The treatments and storage days were considered as factors. The statistical differences among means of the treatments were separated using the least significant difference test (LSD, P ≤ 0.05). Statistix® (Version 8.1, Tallahassee, United States) was used for analyzing the collected data.




RESULTS


Chilling Injury Index of Banana Fruit

The incidence of CI represents the severity and symptoms of susceptible produce on its surface. In the current work, CI incidence showed a gradual and significant increase from days 2 to 10 of cold storage (Figure 1A). It is important to mention that no CI was noted in hydrogen sulfide-fumigated bananas till day 4 of cold storage in comparison with control. On day 10, the untreated banana fruits exhibited significantly higher CI incidence (2.57-fold) on the peel surface than the hydrogen sulfide-fumigated group (Figure 1A).
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FIGURE 1. Effect of hydrogen sulfide on chilling injury index (A), chlorophyll a content (B), chlorophyll b content (C), total chlorophyll content (D), chlorophyll peroxidase (E) and chlorophyllase (F) enzyme activity in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.




Chlorophyll Contents in Peel Tissues

The Chl concentrations (Chl b, Chl a, and total Chl) showed a progressive decrease with the advancement of cold storage in both hydrogen sulfide-fumigated and untreated banana fruits (Figures 1B–D). The degradation of Chl contents from days 2 to 10 was markedly less in hydrogen sulfide-fumigated bananas than in untreated fruits. After 10 days, Chl b, Chl a, and total Chl contents were substantially higher (2.04, 1.69, and 1.81-fold, respectively) in the peel of hydrogen sulfide-treated banana fruits than in the untreated group (Figures 1B–D).



Chlorophyll Peroxidase and Chlorophyllase Activity in Peel Tissues

The activity of chlorophyll peroxidase and chlorophyllase enzymes initially increased from days 2 to 6 and showed gradual but significant reduction, regardless of the treatments (Figures 1E,F). However, hydrogen sulfide-fumigated banana fruits exhibited a substantially less increment in chlorophyll peroxidase and chlorophyllase activity (Figures 1E,F). After 10 days, chlorophyll peroxidase (1.38-fold) and chlorophyllase (1.17-fold) enzyme activities were significantly lower in hydrogen sulfide-fumigated banana fruits than in controls (Figures 1E,F).



L* Values, Browning Degree, and Soluble Quinone Content in Peel Tissues

The value of L* showed a gradual and significant decrease from days 2 to 10 of the storage, regardless of treatments (Figure 2A). Nevertheless, reduction in L* was found to be lower in hydrogen sulfide-fumigated banana fruits till day 10. On the other side, untreated bananas showed a significantly higher reduction in L* value than the hydrogen sulfide-fumigated banana group. On day 10, hydrogen sulfide-treated banana fruits exhibited a noticeably higher (1.71-fold) L* value than the untreated group (Figure 2A).
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FIGURE 2. Effect of hydrogen sulfide on peel lightness (A), browning degree (B) and soluble quinones content (C) in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.


The browning degree and soluble quinone content (SQC) showed an upward trend with the extended period of cold storage from days 2 to 10 (Figures 2B,C). However, hydrogen sulfide suppressed the increase in the degree of browning and SQC. On the other side, control banana fruits exhibited a significantly higher browning degree and SQC than the hydrogen sulfide-fumigated group (Figures 2B,C). After 10 days, the browning degree (1.22-fold) and SQC (1.33-fold) were substantially lower in hydrogen sulfide-fumigated banana fruits than untreated control (Figures 2B,C).



Hydrogen Sulfide and Its Metabolism-Related Enzyme Activity


Endogenous Hydrogen Sulfide Content

The endogenous hydrogen sulfide content increased with progressed time of storage (Figure 3A). Nevertheless, the increment was significantly higher in treated banana fruits than in untreated control. Overall, hydrogen sulfide increased up to day 8 of the storage in treated banana fruits, whereas in the untreated control, it showed a less increase (Figure 3A). The endogenous hydrogen sulfide decreased in both treated and untreated control bananas on day 10 day of storage, but the decrease was markedly lower in hydrogen sulfide treatment than in the non-treated control. After 10 days, the treated banana fruits showed substantially higher endogenous hydrogen sulfide (1.36-fold) than controls (Figure 3A).
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FIGURE 3. Effect of hydrogen sulfide on endogenous hydrogen sulfide content (A), DCD (B) and LCD (C) enzymes activity in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.




Activity of D-Cysteine Desulfhydrase and L-Cysteine Desulfhydrase Enzymes

The activity of DCD and LCD revealed an increasing trend in untreated and hydrogen sulfide-fumigated banana fruits from days 2 to 10 of the cold storage (Figures 3B,C). On an average, untreated control banana fruits exhibited substantially lower DCD and LCD enzyme activity throughout the cold storage (Figures 3B,C). Overall, DCD and LCD enzyme activities remained substantially higher in hydrogen sulfide-fumigated banana fruits till the last day of the cold storage. On day 10, hydrogen sulfide-fumigated bananas revealed significantly higher DCD (1.14-fold) and LCD (1.21-fold) enzyme activity than untreated control (Figures 3B,C).




Ion Leakage and Malondialdehyde Content

The ion leakage and MDA content progressively incremented during 10 days of cold storage in both untreated and hydrogen sulfide-fumigated banana fruits (Figures 4A,B). Nevertheless, hydrogen sulfide-fumigated banana fruits had markedly lower MDA and ion leakage days from 2 to 10 of cold storage in contrast with control. After 10 days, hydrogen sulfide-fumigated banana fruits showed substantially lower ion leakage (1.42-fold) and MDA content (1.44-fold) than the untreated group (Figures 4A,B).
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FIGURE 4. Effect of hydrogen sulfide on ion leakage (A), malondialdehyde content (B) and LOX enzyme activity (C) in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.




Lipoxygenases Enzyme Activity

It revealed a significant and gradual increase throughout 10 days of cold storage (Figure 4C). Nevertheless, hydrogen sulfide-fumigated banana fruits had markedly lower LOX enzyme activity than the control. The activity of the LOX enzyme was slightly decreased in the control fruits on day 10, whereas no such decrease was noted in the hydrogen sulfide-fumigated group. After 10 days, hydrogen sulfide-fumigated banana fruits exhibited a substantially lower (1.26-fold) activity of LOX enzyme than control fruits (Figure 4C).



Hydrogen Peroxide and Superoxide Anion Contents

The hydrogen peroxide content showed an increasing trend during the cold storage period of 10 days (Figure 5A). However, hydrogen sulfide application to banana fruits significantly reduced the increase in the hydrogen peroxide content from days 2 to 10 of the cold storage (Figure 5A). On day 10, the hydrogen peroxide content was substantially lower (1.24-fold) in hydrogen sulfide-fumigated bananas than in the untreated group (Figure 5A).
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FIGURE 5. Effect of hydrogen sulfide on hydrogen peroxide content (A) and superoxide anion content (B) in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.


The superoxide anion content indicated an increasing trend from days 2 to 10 of the cold storage time in control and hydrogen sulfide-fumigated banana fruits (Figure 5B). Nevertheless, the superoxide anion content was found to be markedly lower in banana fruits fumigated with hydrogen sulfide than in the untreated group (Figure 5B). After 10 days of cold storage, hydrogen sulfide-fumigated banana fruits revealed a significantly lower (1.39-fold) content of superoxide anion than untreated fruits (Figure 5B).



γ-Aminobutyric Acid Shunt Pathway in Peel Tissues


γ-Aminobutyric Acid Content

The GABA content revealed an increasing trend in untreated and hydrogen sulfide-fumigated banana fruits from day 2 to day 10 of the cold storage (Figure 6A). On an average, the GABA content was continuously increased till day 8 in hydrogen sulfide-fumigated banana fruits and showed a slight reduction on day 10 of cold storage (Figure 6A). Overall, the GABA content remained substantially higher in hydrogen sulfide-fumigated banana fruits till the last day of the cold storage. On day 10, hydrogen sulfide-fumigated bananas revealed a significantly higher (1.21-fold) GABA content than the untreated control (Figure 6A).
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FIGURE 6. Effect of hydrogen sulfide on GABA content (A), GAD enzyme (B) and GABA-T enzyme (C) activity in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.




Glutamate Decarboxylase and GABA Transaminase Enzyme Activity

The accumulation of the GABA content depends upon the activity of GAD and GABA-T enzymes. In the current work, GAD activity was significantly increased in both treatments till day 6 and decreased later from days 8 to 10 (Figure 6B). On day 10, GAD activity was noticeably higher (1.30-fold) in hydrogen sulfide-fumigated banana fruits than in control (Figure 6B). By contrast, GABA-T activity presented a progressive increase in hydrogen sulfide-fumigated and untreated banana fruits throughout the cold storage period of 10 days (Figure 6C). In general, the activity of GABA-T remained markedly higher in hydrogen sulfide-fumigated banana fruits than in the untreated group. After 10 days, hydrogen sulfide-treated fruits exhibited significantly higher GABA-T activity (1.45-fold) than control bananas (Figure 6C).




Proline Metabolism in Peel Tissues


Proline Content

The accumulation of the proline content was increased up to day 6 of the cold storage in untreated and hydrogen sulfide-fumigated fruits and presented a rapid decrease on days 8 and 10 (Figure 7A). Nevertheless, the decrease in the proline content was substantially higher in untreated banana fruits. After 10 days, hydrogen sulfide-fumigated banana fruits showed a markedly higher proline content (1.33-fold) than the untreated control (Figure 7A).
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FIGURE 7. Effect of hydrogen sulfide on proline content (A), OAT (B), P5CS (C) and PDH (D) enzymes activity in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.




Δ1-Pyrroline-5-Carboxylate Synthetase, Ornithine Aminotransferase, and Proline Dehydrogenase Enzyme Activity

OAT and P5CS activity increased till day 8 in hydrogen sulfide-fumigated banana fruits, and it was decreased on the last day of the storage (Figures 7B,C). By contrast, the untreated group of bananas showed an increase in OAT and P5CS activity up to day 6, and thereafter, a significantly higher decline was noted in the activity of OAT and P5CS enzymes in the control group from day 8 to 10. On an average, hydrogen sulfide-fumigated banana fruits revealed significantly higher OAT (1.36-fold) and P5CS (1.46-fold) activity after 10 days of the cold storage in contrast to the untreated group (Figures 7B,C).

PDH enzyme activity indicated an increasing trend from days 2 to 10 of the cold storage in control and hydrogen sulfide-fumigated banana fruits (Figure 7D). Nevertheless, PDH enzyme activity was found to be markedly lower in fruits fumigated with hydrogen sulfide than in the untreated group. After 10 days, hydrogen sulfide-fumigated banana fruits showed a markedly lower PDH enzyme (1.24-fold) activity than the untreated control (Figure 7D).




Phenol Metabolism in Peel Tissues


Total Phenolic Contents

The accumulation of total phenolic content was increased up to day 4 of the cold storage in the untreated group as well as banana fruits fumigated with hydrogen sulfide and presented a progressive decrease from days 6 to 10 (Figure 8A). The decrease in the total phenolic content was markedly lower in hydrogen sulfide-fumigated banana fruits than in the untreated control. In general, hydrogen sulfide-fumigated banana fruits showed a significantly higher (1.57-fold) total phenolic content on day 10 than the control (Figure 8A).
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FIGURE 8. Effect of hydrogen sulfide on total phenolic content (A), PAL (B), PPO (C) and POD (D) enzymes activity in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.




Phenylalanine Ammonia Lyase Enzyme Activity

PAL enzyme activity increased till day 4 and then declined from days 6 to 10. It is important to mention that hydrogen sulfide fumigation stimulated the increase in PAL enzyme activity (Figure 8B). On the other side, PAL activity was increased on day 2 and then progressively decreased till day 10 in the untreated control group as compared with hydrogen sulfide treatment. On an average, PAL enzyme activity remained markedly higher in the hydrogen sulfide-treated banana group than in untreated control and exhibited 1.66-fold higher activity of PAL enzyme after 10 days of the storage period (Figure 8B).



Peroxidase and Polyphenol Oxidase Enzyme Activity

PPO and POD enzyme activities showed an upward trend with the extended period of cold storage days from 2 to 10 (Figures 8C,D). However, hydrogen sulfide suppressed the increase in POD and PPO enzyme activity. By contrast, the control banana fruits exhibited significantly higher PPO (1.55-fold) and POD (1.38-fold) activity than the hydrogen sulfide-fumigated group (Figures 8C,D). On the other hand, PPO and POD enzyme activity was markedly lower in the hydrogen sulfide-treated group than in untreated bananas after a cold storage period of 10 days (Figures 8C,D).




Ascorbic Acid, Glutathione, and Dehydroascorbic Acid Contents in Peel Tissues

AsA and GSH contents exhibited a gradual but significant reduction from days 2 to 10 of the cold storage, irrespective of the treatments (Figures 9A,B). In general, the reduction in AsA and GSH contents remained markedly less in hydrogen sulfide-fumigated banana fruits than in the untreated control group (Figures 9A,B). It is important to mention that GSH decreased at a significantly higher rate than AsA, regardless of the treatments. On day 10, AsA and GSH were substantially higher (1.21-fold and 1.77-fold, respectively) in hydrogen sulfide-fumigated banana fruits than in the untreated group (Figures 9A,B).
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FIGURE 9. Effect of hydrogen sulfide on ascorbic acid (A), glutathione (B) and dehydroascorbic acid (C) contents in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.


The DHA content showed an increasing trend from days 2 to 10 of the storage period in control and hydrogen sulfide-fumigated banana fruits (Figure 9C). Nevertheless, the increase in the DHA content was markedly lower in banana fruits fumigated with hydrogen sulfide than in the untreated group (Figure 9C). After 10 days of storage, hydrogen sulfide-fumigated banana fruits showed a significantly lower DHA content (1.38-fold) than untreated controls (Figure 9C).



Superoxide Dismutase, Catalase, and Ascorbate Peroxidase Enzyme Activity in Peel Tissues

The activity of SOD, CAT, and APX showed a gradual and significant decrease from days 2 to 10 of the storage, regardless of treatments (Figures 10A–C). Nevertheless, reduction in SOD, CAT, and APX activity persisted to be lower in hydrogen sulfide-fumigated banana fruits till day 10. On the other side, untreated bananas showed a significant reduction in activity of the aforementioned antioxidative enzymes as compared with the hydrogen sulfide-fumigated banana group. On day 10, hydrogen sulfide-treated banana fruits presented noticeably higher SOD (1.92-fold), CAT (1.57-fold), and APX (1.66-fold) activity than the untreated group (Figures 10A–C).
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FIGURE 10. Effect of hydrogen sulfide on SOD (A), CAT (B), APX (C), GR (D), DHAR (E) and MDHAR (F) enzymes activity in peel of banana fruit. Data are mean of three replications and vertical bars show standard of the means. Different letters show significant difference according to least significant difference test.




Glutathione Reductase, Dehydroascorbate Reductase, and Monodehydroascorbate Reductase Enzyme Activity in Peel Tissues

GR, DHAR, and MDHAR activities showed an initial increase from days 2 to 6 and showed a reduction on days 8 and 10 in all treatments (Figures 10D–F). Nevertheless, the activities of GR, DHAR, and MDHAR remained substantially higher in hydrogen sulfide-fumigated banana fruits than in the untreated control. After 10 days, the hydrogen sulfide-fumigated banana group exhibited substantially higher GR (1.55-fold), DHAR (1.91-fold), and MDHAR (1.71-fold) activity than the control (Figures 10D–F).




DISCUSSION

Banana is a tropical fruit. The low temperature-induced CI is one of the major problems in the storage and transportation of bananas worldwide. Banana shows CI in the form of browning/surface discolorations of the vascular tissues (Wang et al., 2022). The primary symptoms of CI develop upon the storage of banana fruits under chilling stress after 4 days (Khademi et al., 2019). The increased CI generally leads to discoloration into brown pigments and ultimately results in the loss of peel Chl contents. The reduction in Chl contents occurs during CI stress owing to their degradation (Wang et al., 2016). The degradation of Chl involves chlorophyll catabolism enzymes. It has been reported that chlorophyll peroxidase and chlorophyllase catabolize chlorophyll pigments. In our case, untreated control banana fruits showed significantly higher activity of chlorophyllase and chlorophyll peroxidase enzymes, which thereby resulted in a prompt reduction of Chl pigments (Pongprasert et al., 2011). On the other side, hydrogen sulfide fumigation significantly inhibited the increase in chlorophyll peroxidase and chlorophyllase activities, which in turn conserved better green color of the treated banana peel under postharvest chilling stress.

The appearance and color of banana peel are the major factors that determine the changes in visual quality (Chen et al., 2022). The color of banana peel generally turns brown under chilling stress due to the degradation of Chl contents and the accumulation of brown pigments such as soluble quinones (Pongprasert et al., 2011; Tian et al., 2022). The peel Chl contents degrade probably owing to the increased activity of chlorophyll catabolism-associated enzymes (Pongprasert et al., 2011) and oxidation of phenolics under the action of PPO and POD (Nguyen et al., 2003; Kim et al., 2022). In the current work, hydrogen sulfide-fumigated banana fruits exhibited significantly lower chlorophyll-degrading enzyme activity, soluble quinones, and browning degree. Chilling-induced discoloration of banana peel was significantly lower in hydrogen sulfide-fumigated fruits probably owing to the suppressed PPO and POD activity, which thereby decreased the browning degree, and soluble quinone content possibly due to the protective effect of hydrogen sulfide, which reduced brown pigments formation (soluble quinone content) due to the inhibited increase in the activity of POD and PPO enzymes.

Hydrogen sulfide is an imperative signaling molecule that accumulates during various abiotic stresses in crop plants (Arif et al., 2021). The increased accumulation of hydrogen sulfide ultimately helps mitigate the negative effects of oxidative damage, which occurs under chilling conditions (Aghdam et al., 2018). In order to better understand, we assayed the hydrogen sulfide-biosynthesizing enzymes, that is, DCD and LCD. It was observed that the exogenous treatment significantly stimulated the activity of DCD and LCD enzymes, which ultimately resulted in the increased endogenous hydrogen sulfide concentration. Therefore, it could be considered beneficial and imperative that exogenous application eventually helps increase the endogenous hydrogen sulfide content owing to the enhanced DCD and LCD activity (Li et al., 2016; Liu et al., 2017; Aghdam et al., 2018).

The increased ROS accumulation often leads to indirect or direct oxidative damage to cellular membranes and associated components due to decompartmentalization, and the lipids of the membranes often become leaky (Wang et al., 2016; Ge et al., 2020). Therefore, ion leakage and MDA are considered imperative oxidative damage indicators (Ali et al., 2022). In the present study, hydrogen sulfide-fumigated banana fruits showed markedly lower ion leakage and MDA, which could be owing to the conserved membrane integrity as well as suppressed decompartmentalization, which consequently resulted in a lower increase in MDA production. Hydrogen peroxide (H2O2) and superoxide anion (O2•⁣–) are ROS molecules that detrimentally affect the fresh produce owing to oxidative damage (Zhong et al., 2021). The higher H2O2 and O2•⁣– concentrations often lead to membrane disruption and peroxidation of the membrane lipids. In the current work, hydrogen sulfide-treated banana fruits exhibited markedly lower generation of H2O2 and O2•⁣–. The lower hydrogen sulfide-induced generation of H2O2 and O2•⁣– may be ascribed to the higher activities of antioxidative enzymes, which probably aided in the efficient scavenging of the overproduced ROS in the treated bananas. Similar suppressed generation of H2O2 was noted in hydrogen sulfide-treated hawthorn (Aghdam et al., 2018) and persimmon (Niazi et al., 2021) fruits. In the same way, a suppressed O2•⁣– content was observed in hydrogen sulfide-treated litchi fruits (Deshi et al., 2020; Siddiqui et al., 2021).

LOX enzyme plays a critical role in the degradation of the lipids in membranes (Xu et al., 2008). The increased LOX activity often leads to higher peroxidative damage to the membrane’s lipid contents and results in the enhanced fluidity of membranes under CI stress (Cao et al., 2009; Wang et al., 2016). In the present investigation, hydrogen sulfide-treated banana fruits exhibited a markedly lower increase in LOX enzyme activity, which could be highly appropriate to conserve membrane integrity and keep the lipid peroxidation under permissible limits, which subsequently helped in the lower expression of CI symptoms on the banana fruits surface.

GABA is an important osmolyte whose changes occur during abiotic and biotic stresses. Its higher accumulation has been found beneficial for the amelioration of CI in various fruits and vegetables. GABA shunt is derived from glutamate for the biosynthesis of endogenous GABA under chilling stress (Wang et al., 2016). In the current work, hydrogen sulfide pretreatment showed a higher accumulation of GABA in banana peel, which appropriately mitigated CI. The metabolism of GABA takes place by the action of GAD and GABA-T enzymes (Ali et al., 2022). In general, GAD and GABA-T enzymes promote GABA accumulation through glutamate (Bhardwaj et al., 2022). The increased GABA accumulation ultimately helps in the alleviation of CI symptoms as noted in tomato (Sharafi et al., 2019), aonla (Ali et al., 2022), and mango (Bhardwaj et al., 2022), where the net accumulation of endogenous GABA was significantly higher in treated produce due to enhanced GAD and GABA-T activity.

Proline is an imperative osmolyte that protects the treated commodity against the chilling-induced negative effects by protecting the membranes from disintegration and lipid peroxidation (Verbruggen and Hermans, 2008). Its endogenous accumulation generally depends on the biosynthesizing and degrading enzymes of proline. The osmotic adjustment due to the accumulation of osmolytes is an imperative defense response of chilling-sensitive produce under cold storage (Ali et al., 2022). In our findings, proline accumulation occurred at a higher rate in hydrogen sulfide-fumigated banana than in control. The accumulation of proline takes place through the OAT and P5CS metabolized pathways (Verbruggen and Hermans, 2008; Kong et al., 2020). On the other hand, PDH degrades proline into glutamate, and it is considered a rate-limiting enzyme (Bhardwaj et al., 2022). In our work, hydrogen sulfide treatment maintained higher P5CS and OAT and lower PDH enzyme activity, which eventually resulted in a higher accumulation of proline in banana fruits during chilling stress.

The phenolic contents are capable of reducing oxidative stress due to ROS scavenging potential (Aghdam et al., 2019). The higher concentration of phenolics is considered beneficial for attenuating the peroxidation of membrane lipids, eventually ensuring CI tolerance (Niazi et al., 2021). PAL enzyme is an important part of the phenylpropanoid pathway, which is considered responsible for the biosynthesis of phenolics. By contrast, PPO is a pro-oxidative enzyme that degrades phenolics by their oxidation combined with POD. The higher PPO and POD activity negatively affect produce visual quality as oxidation of phenols generally results in brownish (owing to soluble quinone content production) coloration (Aghdam et al., 2018; Ali et al., 2019). In the present study, hydrogen sulfide fumigation to banana fruits resulted in substantively lower POD and PPO activity and noticeably higher PAL activity, which therefore led to a higher phenol content, than the control. Therefore, hydrogen sulfide application could be an effective approach for CI mitigation of banana fruits under cold storage.

The fresh produce exposure to chilling generally results in oxidative stress-induced detrimental changes, along with a significant reduction in antioxidant enzyme activity (Xu et al., 2008). The antioxidant enzymes are imperative components of cellular defense against chilling-induced oxidative stress. Among the different enzymatic antioxidants, SOD enzyme dismutases O2•⁣– into H2O2 and H2O, whereas APX and CAT ameliorate oxidative damage by converting H2O2 to H2O via AsA–glutathione cycle (Noctor and Foyer, 1998; Wang et al., 2016). In addition to antioxidative enzymes, GSH, DHA, and AsA are considered strong ROS scavenging non-enzymatic antioxidants (Hodges et al., 2004). H2O2 is scavenged by APX enzyme by producing monodehydroascorbate from AsA, and GSH plays a critical part in generating AsA from DHAR (Foyer and Noctor, 2005). Therefore, both GSH and AsA are imperative in the detoxification of overproduced ROS to alleviate CI symptoms. In our study, hydrogen sulfide-treated bananas revealed markedly higher GSH and AsA, along with lower DHA which correlated with substantially lower CI occurrence, suggesting that the aforementioned antioxidants (GSH, DHA, and AsA) played an effective role in banana fruit CI attenuation. In addition to AsA, DHA, and GSH, GR, DHAR and MDHAR collectively work and scavenge H2O2. In the AsA–GSH cycle, AsA quenches the detrimental H2O2 directly or acts as an APX enzyme substrate for cyclic H2O2 reduction (Cao et al., 2021). It is well established that GSH works as an imperative donor of electrons for DHAR and/or MDHAR to regenerate AsA, which is a substrate of APX enzyme. In the present investigation, hydrogen sulfide-fumigated banana fruits displayed significantly higher antioxidant enzyme activity and the AsA–glutathione cycle. So, owing to the higher activity of the antioxidant enzymes and AsA–glutathione cycle, oxidative stress (in terms of H2O2 and O2•⁣– production) was significantly lower, which probably contributed to the alleviation of banana fruit CI symptoms under low-temperature conditions.



CONCLUSION

As a result, hydrogen sulfide efficiently alleviated the symptoms of CI in harvested banana fruits. The treatment of bananas with hydrogen sulfide conserved Chl contents and membrane integrity and suppressed the increase in lipid peroxidation, hydrogen peroxide, and superoxide anion concentrations. The treated fruits showed significantly lower Chl-degrading enzyme activity and exhibited a suppressed browning degree and soluble quinone content. Similarly, hydrogen sulfide treatment enhanced proline accumulation owing to higher OAT and P5CS and lower PDH activity. In addition, hydrogen sulfide-fumigated bananas had significantly lower PPO, LOX, and POD and higher PAL activity, which positively contributed to phenol accumulation. Hydrogen sulfide-fumigated banana fruits showed mitigated oxidative stress due to higher antioxidant enzyme activities and the AsA–glutathione cycle. So, hydrogen sulfide (2 mmol L–1) fumigation could be used to alleviate CI in cold-stored bananas.
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Chl, chlorophyll; CI, chilling injury; D, day; DCD, D-cysteine desulfhydrase; APX, ascorbate peroxidase; AsA, ascorbic acid; ATP, adenosine triphosphate; CAT, catalase; CO, carbon monoxide; DHA, dehydroascorbic acid; DHAR, dehydroascorbate reductase; FW, fresh weight; GABA, γ-aminobutyric acid; GABA-T, GABA transaminase; GAD, glutamate decarboxylase; GR, glutathione reductase; GSH, glutathione; H2O2, hydrogen peroxide; LCD, L-cysteine desulfhydrase; LOX, lipoxygenases; MDA, malondialdehyde; MDHAR, monodehydroascorbate reductase; NO, nitric oxide; OAT, ornithine aminotransferase; O2 •⁣–, superoxide anion; P5CS, Δ 1-pyrroline-5-carboxylate synthetase; PAL, phenylalanine ammonia lyase; PDH, proline dehydrogenase; POD, peroxidase; PPO, polyphenol oxidase; ROS, reactive oxygen species; SOD, superoxide dismutase; SQC, soluble quinone content; TCA, trichloroacetic acid.
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Climatic variability has been acquiring an extensive consideration due to its widespread ability to impact food production and livelihoods. Climate change has the potential to intersperse global approaches in alleviating hunger and undernutrition. It is hypothesized that climate shifts bring substantial negative impacts on food production systems, thereby intimidating food security. Vast developments have been made addressing the global climate change, undernourishment, and hunger for the last few decades, partly due to the increase in food productivity through augmented agricultural managements. However, the growing population has increased the demand for food, putting pressure on food systems. Moreover, the potential climate change impacts are still unclear more obviously at the regional scales. Climate change is expected to boost food insecurity challenges in areas already vulnerable to climate change. Human-induced climate change is expected to impact food quality, quantity, and potentiality to dispense it equitably. Global capabilities to ascertain the food security and nutritional reasonableness facing expeditious shifts in biophysical conditions are likely to be the main factors determining the level of global disease incidence. It can be apprehended that all food security components (mainly food access and utilization) likely be under indirect effect via pledged impacts on ménage, incomes, and damages to health. The corroboration supports the dire need for huge focused investments in mitigation and adaptation measures to have sustainable, climate-smart, eco-friendly, and climate stress resilient food production systems. In this paper, we discussed the foremost pathways of how climate change impacts our food production systems as well as the social, and economic factors that in the mastery of unbiased food distribution. Likewise, we analyze the research gaps and biases about climate change and food security. Climate change is often responsible for food insecurity issues, not focusing on the fact that food production systems have magnified the climate change process. Provided the critical threats to food security, the focus needs to be shifted to an implementation oriented-agenda to potentially cope with current challenges. Therefore, this review seeks to have a more unprejudiced view and thus interpret the fusion association between climate change and food security by imperatively scrutinizing all factors.
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GENERAL BACKGROUND AND CLIMATE CHANGE STATUS

Negative impacts of climate change on global food security components is one of the major threats in the current century and their alleviation is essential to fulfill the future food demands of increasingly inflating population. Climate change has already threatened crop productivity especially in the major food crops (wheat, maize, rice) which are staple food crops across many countries (Lobell et al., 2011; Syed et al., 2022). The impacts of climate change on major food crops have been considered comprehensively, but the impacts on livestock and fisheries which are also important in food security have been ignored (Herrero et al., 2015; Campbell et al., 2016). Climate variables like low and high temperature stresses, change in precipitation frequency and intensity, and other climate change-induced disasters such as drought, salinity and erupting sea levels are changing slowly, but definitely will negatively impact the crop production in the coming decades (Raza et al., 2021; Ullah et al., 2021). Therefore, farmers will have to deal with climate change and extreme climate events that consequently will make the agricultural farming more difficult (IPCC, 2012). Therefore, climate mitigation and adaptation approaches must be adopted before major crisis happens. Certainly, there are many research limitations concerning research conduction and research implementation regarding climate change and impacts on food production and food security (Knight et al., 2008; Firdaus et al., 2019). Meanwhile, some uncertainties are associated with climate; not sure what fluctuations will come in climate and to what extent these changes will impacts food production. These uncertainties have been existing for decades and likely to remain hampering the food security goals in the coming decades unless the proper research-based strategies are undertaken (Heal and Millner, 2014a). Long-term decision-making is more challenging and hindered due to the uncertainties regarding climate change impacts on food security. Therefore, it is necessary to alleviate the research gaps between climate change and food security thereby undertaking mitigation and adaptation approaches to improve the decisions and actions for a climate-smart food production system ensuring food security.

It is univocal that human-induced activities have increased the warming process of the atmosphere, ocean and land. Widespread and rapid changes have occurred in the atmosphere, cryosphere, ocean, and biosphere. Human activities have substantially and unequivocally increased the well-mixed GHGs concentrations since 1750. Change analysis in concentration of GHGs since 2011 have depicted a continued increase in the atmosphere for major gases, approaching annual averages of 410 ppm for CO2, 1866 ppb for CH4, and 332 ppb for N2O till 2019 (Myhre et al., 2016). During last four decades, the warming process have been rapidly increased successively warmer than any of the decade that predated it since 1850s. Global mean surface temperature during 2001–2020 was higher by 0.99°C than 1850–1900. Moreover, global mean surface temperature was 1.09°C higher in 2011–2020 than 1850–1900, with rapid warming over earth surface (nearly 1.59°C) than over the ocean (nearly 0.88°C; IPCC, 2021). However, the projected increase in global mean surface temperature is principally due to further warming during 2003–2012 (+0.19°C). The relative projected extent of total human-induced global mean surface warming during 1850–1900 to 2010–2019 is varying between 0.8 and 1.3°C, with a more accurate estimate of 1.07°C. It is anticipated that mixture of different GHGs bestowed a warming of 1.0–2.0°C, other human factors shared a mean temperature change to 0.8°C, natural factors altered global mean surface temperature varied between –0.1 and + 0.1°C, while internal variabilities changed surface temperature ranged between –0.2 and + 0.2°C (Zhou, 2021). It has been projected that mixture of different GHGs could be the major contributor for tropospheric warming since 1979 and more obviously human-based activities caused stratospheric ozone depletion during 1979–1990s (Andersen et al., 2013).

Global projections for annual precipitation change over earth surface have depicted an increase since 1950s, with a rapid increase rate since the 1980s. It is presumptive that human activities have contributed to the patterns of observed precipitation shifts since the 20th century and more likely subjected toward near-surface ocean salinity (Hatfield and Prueger, 2015; IPCC, 2021). The tracks for mid-latitude storms have been shifted poleward in both hemispheres since the 1980s, with noticeable seasonality in change trends. Human-based activities are anticipated to be the major contributors of the global retreat of glaciers since the 1990s and also caused decrease in Arctic sea ice area during 1979–2019 (Wang and Zhou, 2019). No significant change trend has been observed in Antarctic Sea ice area during 1979–2020 due to regionally contending trends and enormous internal variabilities, whereas, decrease in Northern Hemisphere spring snow cover was seen after 1950s. Moreover, it is more probable that human influences have assisted to the observed surface melting of the Greenland Ice Sheet during recent years, however, there exists a limited evidence, with a uncertain agreement, of human-induced impacts on the Antarctic Ice losses (Moon et al., 2018; Aschwanden et al., 2019).

Atmospheric CO2 concentrations have become higher than at any time during last 2 million years, and concentrations of CH4 and N2O have become higher than at any time in last 0.8 million years. Alongside, human-induced climate change has already been affecting and changing the magnitude of climate extreme events across the globe. Indication of observed shifts in extreme events such as heatwaves, frequent and irregular precipitation, droughts, and tropical cyclones, and, specifically, the ascription of these extreme events to human influence, has also been strengthened (Castillo et al., 2021). It has been certainly observed that hot extreme events have become more intense and frequent across several global regions since 1950s, while cold waves have relatively become less severe and less frequent (Zheng et al., 2020), where human-caused climate change is one of the main drivers of these extreme events (Bell et al., 2018). During recent years, severe heatwaves have been observed that would have been seriously improbable to occur without human activities causing climate change. Marine heatwaves have nearly doubled in frequency since the 1980s due to irregular human-based activities which more likely boosted the heatwaves after 2000s (Oliver et al., 2019). Moreover, the frequency and intensity of severe precipitation events have shown an increasing trend after 1950s across the various regions worldwide due to many natural and human-caused factors. This irregular change in annual precipitation and occurrence of frequent heatwaves have led toward ecological drought events in various regions due to increased evapotranspiration (Jiménez-Donaire et al., 2020; Ayugi et al., 2022). Decline in global monsoon precipitations has been observed between 1950s and 1980s which could partially be attributed to human-induced Northern Hemisphere aerosol emissions. However, an increase in precipitation after 1980s have resulted from rising atmospheric GHGs levels and decadal to multi-decadal internal modulations (Johnson et al., 2020). Considering West Africa, East and South Asian regions, increases in annual monsoon precipitation caused by warming from mixed GHGs emissions were subverted by decline in annual monsoon precipitation due to cooling from human-induced aerosol emissions since the 20th century (Tian et al., 2018; Herbert et al., 2022). Whereas, an increase in West African monsoon precipitation since the 1980s was observed might be due to the growing influence of severe GHGs emissions and decrease in the cooling effects of human-induced aerosol emissions over European and North American regions. In the same way, the occurrence of tropical cyclones has increased over the recent decades, and it has been projected that the latitude where tropical cyclones in the Western- Northern-Pacific hit their extremum intensity has switched northward which happened due to several internal and external factors (Feng et al., 2021). There are many uncertainties in multi-decadal change trends in the frequency and intensity of categorical tropical cyclones. It has been indicated that human-caused climate change generally causes heavy precipitation events associated with tropical cyclones, however, limited data availability precludes clear identification of previous trends on the global scale. Irregular and uncontrolled human-based activities have increased the chance of co-occurrence of compound extreme events since 1950s which includes increase in the frequency of simultaneous heatwave and drought events globally, wildfires weather in various parts of all tenanted continents, and intensified flooding (Ye et al., 2019; Coscarelli et al., 2021).

Long before human existence and activities, the earth has gone through different fluctuations of cooling and warming in the past. The major natural factors that share to climate change include sun’s intensity, natural GHGs concentrations, volcanic eruptions, orbital changes, movement of crustal plates, El Nino-Southern Oscillation (ENSO; Thompson, 2010; Rosso Grossman, 2018; Santos and Bakhshoodeh, 2021). However, the projections and analyses have shown that earth warming primarily occurred since the last century is happening at rapid speed which cannot be interpretated only by natural causes. It has been explained there can be different cyclical shifts in earth’s orbit and tilt that subject toward the climate changes. Volcanic eruptions subject toward the discharge of CO2, along with emissions of different aerosols which include dust or volcanic ash, and sulfur dioxide (SO2; Reikard, 2019). Generally, aerosols may be solids or liquids that stream around in the atmosphere which may also include dust, soot, salt crystals, viruses, and bacteria. Aerosols disperse the ingress solar radiation, leading toward a mild cooling effect. Whereas, volcanic aerosols can even restrict a major percentage of solar radiations and may cause a cooling effect that may last for years (Piazzola et al., 2021). Heavy winds transfer the solid and liquid aerosols across the globe toward eastern or western regions. Hence, volcanoes that generally erupt at lower latitudes near to the equator are expected to subject toward hemispheric or worldwide cooling effects. Meanwhile, volcanoes that erupt near to the poles or higher latitudes are uncertain whether they will cause cooling because the sulfurous aerosols are restricted to wind patterns around the poles (Sun et al., 2019). The total amount of solar radiation touching the earth surface varies by little margins as the energy released by the sun only differs by 1.3 W/m2 which is associated with darker areas on the sun termed as sunspots (Hussain et al., 2018; Adnan et al., 2020). Approximately after every decade, the total number of darker areas on the sun changes from a maximum to a minimum number. The sun releases marginally more active radiation during active periods of darker spots. As the darker spots suppress the heat, that heat transports toward the surrounding areas causing these regions to be brighter than routine, and emitting more heat. Moreover, higher number of sunspots can share toward warmer climate, while less number appear to contribute toward a cooler global climate. As tectonic crustal plates shift across the geological timescales, landmasses are transported along to different places and latitudes which ultimately impact the global circulation patterns of seas and ocean waters, air movement, and the climate of the continents (Van Der Meer et al., 2014).

Climate change is considered as a universal truth across the globe with subsequent untoward impacts on agricultural food production, water resources, biodiversity, human livelihoods, forest farming systems, and socio-economic components (Muluneh, 2021). It has been projected that due to anticipated global climate change, developing and underdeveloped countries will suffer from adverse impacts because of less adaptive capacity. At the regional scale, the most vulnerable are the ordinary citizens especially the poor and insure the destructive reverberations of climate change owing to the scarcity of required resources, capacity building, and limited access to the information (Barnett et al., 2014). Climatic uncertainties have become more frequent and intense, due to irregular anthropogenic activities that subject toward climate change which continue to intensify the ecological disasters (Mahmoud and Gan, 2018; Trenberth, 2018). At societal level, the poorest communities become the principal victims of these ecological disasters with poor access to capacity building and lowest dawdling incomes without being the major sharer to climate change. Uncontrolled urbanization and industrial revolution have increased the greenhouse gases (GHGs) emissions which massively caused the intensified global warming with prolonged capacity (even for decades) to render the warming process. The probable challenges of undernourishment, malnutrition, and food insecurity are the most significant impacts of climate change. The irregular climatic patterns likely to have unfavorable impacts on livelihoods, household incomes, and food security since climate extreme events ruin essential infrastructures, agricultural systems, and other public properties, and subsequently increase poverty. Uncertain and irregular climate changes are causing the incidence of ecological disasters which further impact the livelihoods. The climate change associated extreme events include faster glacial thawing, sea level rise, drought, floods and salinity which will adversely impact the livelihoods and social emotions (Iniguez-Gallardo et al., 2021), land-use, dependability and amount of available irrigational water and other agricultural resources (Davidson, 2018).


Global Climate Change and Impacts on Food Security

Concrete reports on climate change impacts have depicted that earth’s surface temperature has been warming more rapidly since the beginning of 19th century (Böhm et al., 2010; Hansen et al., 2010; Rohde et al., 2013; Hegerl et al., 2019; Carton et al., 2021). Based on the temperature fluctuation records taken over earth’s surface, seas, and oceans, it has been observed that the global mean temperature has increased by 0.8–1.5°C since the beginning of 19th century (Solomon et al., 2007; IPCC, 2019), and most of this temperature rise was seen after 1975 (Pierrehumbert et al., 2000; Hansen et al., 2006). Climate change occurs from three major factors, one from natural factors, secondly from human-based actions like GHGs and methane (CH4) emissions, and thirdly from changes in land-use. Human-induced anthropogenic activities have increased the atmospheric carbon dioxide (CO2) levels from 284 to 410 ppm between the time period of 1832–2013 (Hoffman et al., 2014), respectively, which ultimately caused the rise in temperature due to global warming. It has been projected that different factors involved in climate change will cause a rise in temperature, changes in precipitation frequency and intensity patterns, and probably incidence of more severe extreme events such as droughts, floods, and heatwaves (Solomon et al., 2007; Schiermeier, 2018). Global warming and its associated changes have already brought various modifications to biodiversity and human systems on earth’s surface (Kotir, 2011). It is anticipated that global warming patterns will not be even across the globe where arid and oceanic regions will be threatened more due to consequent impacts of global warming and extreme events (Solomon et al., 2007; Spinoni et al., 2021). Meanwhile, recent climate changes reports have depicted that the earth’s surface temperature will increase more slowly than projected from climate models due to the absorption of CO2 by oceans (Balmaseda et al., 2013). Livelihoods of coastal areas will be under more threat of floods and salinity due to anticipated climate change-induced sea level rise. There are uncertainties regarding rainfall patterns, specifically in tropical regions, due to the inefficacy of climate models to present the hydrological cycle with more accuracy (Lorenz et al., 2012). Climate change growingly altering the precipitation patterns worldwide, both in terms of amount of precipitation, duration, and timing. Generally, it has been envisioned that the duration of summer monsoon in Asia will increase, whereas northern and southern regions of Africa will become comparatively drier which depicted abrupt shifts in mean and extreme precipitation patterns (Shongwe et al., 2009; Gebrechorkos et al., 2019).

Extreme weather events caused by climate warming, such as low-temperature stress usually in spring, has constituted an adverse challenge to food production (Barlow et al., 2015; Jackson et al., 2021). Low-temperature stress has posed serious threats especially to crop production across the globe (Crimp et al., 2016; Ferrante et al., 2021; Zhang et al., 2022). It has been estimated that in several parts of the world, yield reductions because of low-temperature stress of winter cereals often causes 100% production loss. Even under optimized management practices, low-temperature stress in spring can decrease the long-term average production by 10%, causing great economic losses (Chauhan and Ryan, 2020; Collins and Chenu, 2021). In Australia, Africa, and Asia, spring cereals especially wheat has suffered from frequent low-temperature stress events and reduced the grain yield to a great extent (Holman et al., 2011; Hassan et al., 2021). Low-temperature stress during spring depicts that the temperature in the season of rebirth, growth, and development rises rapidly, and during late spring season, the temperature is generally lower than optimum. Following this, when the crop development enters the anther differentiation phase, the resistance to frost will descend sharply (Zhang et al., 2015, 2019, 2021). This will subject toward fruitlessness or adverse production losses sometimes 30–50% once the crop plant encounters low-temperature stress (Zheng et al., 2016; Liu et al., 2019). Many previous studies have reported that low-temperature stress during critical growth stages in major cereals significantly reduces the photosynthetic rate of plants, causing accumulation of carbohydrates which leads toward altered hormonal contents and enzyme activities (Wang et al., 2017; Liu et al., 2019; Yan et al., 2022). For optimized plant metabolic and energy transformation processes, photosynthesis is the essential source, however, it is greatly sensitive to abiotic stresses (Shah et al., 2020b), such as drought and high- and low-temperature stresses (Jin et al., 2021; Zhang et al., 2022). Spring low-temperature stress and other abiotic stress of such heavy metals impose oxidative damages (Ahmad et al., 2021a) and majorly impact the growth and development processes of plants by affecting important morphological and physiological processes, and then dry-matter accumulation and distribution, which subjects toward reduction in crop production, quality, and ultimately food security (Nurhasanah Ritonga and Chen, 2020; Aazami et al., 2021; Ahmad et al., 2021b). Hence, improving the plant metabolism, antioxidants machinery, osmolyte metabolism, and modulation in physiochemical attributes is necessary against biotic and abiotic stresses which also include soil heavy metal stress (Shah et al., 2019; Li G. et al., 2021).

Additionally, the rapid increase in frequency and intensity of extreme weather disasters which include floods, droughts, and wildfires as a result of climate change devastatingly impact food security and livelihoods. This rapid increase in natural disasters demands for substantial disaster risk reduction management measures, potential policies and intensified approaches in building resilience to the damaging impacts of climate change which can ensure a sustainable and productive future. Relative to previous decades, the annual prevalence of natural disasters is now more than three times as a result of uncertain and irregular climate change (Sloggy et al., 2021). Comparative to agriculture, industry, commerce and tourism considered as a whole, on its own agriculture sector suffers from the incommensurate share of nearly 63% of impact from natural disasters, where the resource-poor, least developed, and low- and middle-income countries carrying the major threat of these scourges (Ali et al., 2017). Therefore, between 2008 and 2018, agriculture sector had to suffer with a great economic loss of USF 108 billion during 2008–2018 in terms of damaged or reduced crop and livestock productions (FAO, 2021a). Such damages can be specifically more disastrous to livelihoods of communities holding subsistence farming with limited resources. Over the analyzed time phase, Asia was the region mostly hard-hit by climate disasters, with overall economic losses nearly USD 49 billion, followed by Africa with USD 30 billion, and Latin America and Caribbean with USD 29 billion (FAO, 2021a). Among natural disasters, drought is considered as the greatest perp of agricultural production losses, followed by flood, storm, pest and disease, and wildfire. New pests and diseases in crops and livestock have also become an important disaster hindering food security. These biological disasters can cause great economic losses in near future regarding crop, agroforestry and livestock and ultimately jeopardizing food security. Empirically, the impacts of climate change and natural disasters on agriculture, livestock, fisheries, agroforestry, and the natural resources and environment sectors vary at different stages. Considering agriculture, the direct and positive impacts of natural disasters are actually quickly identifiable such as typhoons enhance the supply and availability of water for agriculture. Alongside, floods greatly improve the soil fertility because they deliver nutrients from the upland areas to lowlands regions (Israel and Briones, 2012). Along with other yet-to-be-identified variables, the impacts of typhoons and floods are considered as positive because, they assist an increase in agricultural production in the affected regions and guide to improve the food security. In contrast, typhoon, wind storm, flood and drought stresses have the potential to decrease farm productivities, afflict farm resources, damage farm infrastructure, and limit farming options (Atanga and Tankpa, 2021). Moreover, individually, winds storms, typhoons and floods can limit the physical farm movement, supply infrastructure, supply routes, and may cause deaths or injuries to labor involved in farming. Consequently, the direct and negative variables may further subject toward indirect and adverse negative impacts on agriculture and causing heavy economic losses. Generally, due to frequent occurrence of typhoons, wind storms, floods and droughts, the general cost of agricultural and agroforestry production increases, meanwhile agricultural production decreases, consequently food supply declines and food prices increase (Kumar et al., 2022). Typhoons, wind storms, floods, and droughts can greatly impact and reduce vegetative cover, can lead toward soil erosion, higher coastal tides and storm surges in sea sides, can result in high siltation and sedimentation. Moreover, these disasters can also subject toward accumulation of several wastes, water pollution and distorted land topography, reduction in precipitation, lowered soil fertility and increased saltwater ingress (Shrivastava and Kumar, 2015; Akhtar et al., 2021). All of these phenomena may indirectly reduce the viability of land and water resources, reduce the ecosystem services and imperil human health and safety due to the prevalence of extreme event-related issues. Considering all disasters together, the potential direct and indirect negative impacts on agriculture and agroforestry threaten food security more obviously in the areas already vulnerable to climate change and natural disasters.

Climate variability is linked with a rise in temperature and change in precipitation patterns which alters the association among crops, pests, and diseases; and also changes various trends like water availability, pollinating mechanisms, and fisheries. Meanwhile, there are some benefits of increased levels of CO2 in terms of potential increment in crop production at mid-high latitudes, however, the increased concentration is causing global warming subjecting toward extreme climatic disasters. Though there exist solid evidences about the impacts of climate change on nutrition and mortality, but inevitably there are uncertainties due to limited understanding regarding the extent of climate change impacts on food security components (Nelson et al., 2009; Springmann et al., 2016; Shoaib et al., 2021). Therefore, reviewing the mechanisms of impacts of climate change on all components of food security and livelihoods is necessary to alleviate the research gaps essential in fulfilling the regional food security goals.



Intertwined Relationships Among Climate Change, Agricultural Farming and Food Security

Climate change and extreme events will become key factors adversely affecting the food security and increasing undernourishment and malnutrition (Hughes, 2020). Considering the impacts of climate change, agriculture sector including crops and livestock is adversely affected and at risk due to subsequent vulnerabilities caused by climate change. Climate variability impacts agriculture and food productivity in various ways, exceedingly vary from global to regional levels (Tilman et al., 2011; Wu et al., 2014). Major food crops are impacted due to rise or fall in temperature, changes in rainfall patterns, global warming due to increased GHGs emissions, and soil abiotic stress caused by different heavy metal (Shah et al., 2020a; Raza et al., 2022) ultimately shifting the biological setups like crop cycle, insects, pests and diseases invasion, and growth periods. During 20th century, a longer crop life cycle was noticed as the most widely observed biological fluctuation in response to global warming in Northern Hemisphere (Steltzer and Post, 2009; Livensperger et al., 2019). Wheat and rice are among the major food crops that have reacted negatively to global warming in the last three decades, though the yield responses have still been under consideration and satisfied grain yields have been observed in various regions (Raza et al., 2019). Food production (net of food utilized for biofuels) must increase by 70% up till 2050 under the projected mean risen temperature conditions of nearly 4°C to meet the food requirements for an additional 2.3 billion population (totally 9.6 billion; FAO, 2009; Molotoks et al., 2021). However, to meet this food requirements by end of this century will be more challenging due to uncontrolled and uneven climate changes. Figure 1 represents the schematic representation of potential climate change impacts on global food security and nutrients intake.
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FIGURE 1. Schematic representation of climate change impacts on global food security and nutrition.


During recent decades, an abrupt increase in atmospheric temperature has been observed in most of the Asian countries. Frequent water stress events, water shortage, and unsustainable and irregular intensive agricultural practices may adversely impact the future food security (Hameed et al., 2020). Almost 37% of GHGs emissions in Asia are associated with unsustainable agricultural practices (Syed et al., 2022). The agricultural sector including livestock, fisheries, forest farming and crop production is mostly affected by climate change and extreme events (Awan and Yaseen, 2017). It has been projected that shifts in climatic components will change the cropping seasons, negatively impacting the forest farming and forest farming-based livelihoods (Chisale et al., 2021), and could potentially permanently extinguish the viability of several crop and forest species at regional scales. Climate change is growingly threatening the crop production system of major crops, and it has been projected that expected rise in temperature will severely decline the productivity of major staple food crops such as wheat and rice leading toward various constraints in addressing food insecurity challenges in protracted crises (Maxwell et al., 2012). Climate change brings shifts in the precipitation and temperature which differently disturb the duration of different growth phases of the crops and forest plants (Davidson, 2018).

The forest farming and forest-based industries and climate change are closely interlinked depicting a key role for the development of climate-smart agriculture in improving the farmers’ livelihoods and sustainable forest management (Nkumulwa and Pauline, 2021). Forest farming and its industry influence the global carbon cycle via the sequestration of atmospheric carbon in forests and is successively impacted by global climate change through its influences on the forest growth rates and climate-induced shifts in natural disturbances. Similar to other agricultural sectors, the impacts of climate change on forest farming and its industries are different depending on the extent of climate variability, geographical features, and forest species. Climate change similar to crop plants change the overall productivity of forests, changing resources management, economic approaches of adaptation, and subsequently forest product harvests globally, nationally, and regionally (Keenan, 2015). In regions where climate variabilities reduce the timber growth, smaller timber volumes will be produced for harvest both in existing forests and those rejuvenated in near future. Moreover, climate change impacts the forest farming and agriculture sector differently which could subject to land use shifts that could be considered as one potential adaptation approach to improve livelihoods. Considering a possible example, if regional climate change causes relatively increased agricultural productivity per unit area, some area possibly be converted from forest farming to agricultural purposes depicting shifts in land use (Gurgel et al., 2021). Such shifts in land use would change the availability of forest products to international and regional markets, altering the prices of forestry products and the economic livelihoods of both producer and consumer. Consumers, ultimately, would modify their practices of consumption between forest and non-forest products. Meanwhile, producers would also change both the types of forest management practices and the wood harvesting time, which depend on type of owners whether public or private. Therefore, reviewing the adaptation of forest farming to climate change is essential for advanced understanding of the climate change impacts on forests, and forest-based industries to tackle the livelihoods of communities associated with forest farming. In addition, prediction and evaluation of how climate change impacts would change over time is necessary and integration of this knowledge will be helpful into the forest management decisions and policy makings (Nunes et al., 2022). However, it demands multiple types of new practices, knowledge, and adaptation approaches for suitable forest management decisions. Sharing that integrated knowledge from multiple agricultural, climate change, forestry, and food security disciplines will be helpful in building a shared set up for understanding the future challenges of food security and facilitating improved decision and policy making in the face of severe climate change (Keenan, 2015).

After climate change, mitigating the hunger and undernourishment threats is another major challenge of 21st century which threatens the food security goals (Jha, 2018; Webb et al., 2018). Hunger is associated with multiple ranges of concerns, ranging from nutrient deficiencies due to shocks in the accessibility of food to persisting food shortages. There are several intertwined relationships between malnutrition and poverty which subject toward hunger due to limited supply and availability of food in terms of quantity and quality (Siddiqui et al., 2020). Moreover, hunger is also caused because of the inability to buy sanitized and nutritious food, causing several infectious diseases leading toward poor health. Major hunger promoting agents have been addressed at wider scale in the last few years, which substantially encouraged the reduction in world’s undernourished population. Taking an example, due to suitable actions, the global undernourished population has reduced from 980 million to around 850 million between 1992 and 2012, respectively (Nawrotzki et al., 2014). Alongside, micronutrient deficiencies in routine diet have become a huge global health concern, impacting nearly one third global population. Micronutrient deficiencies render some important worldwide health issues, with malnutrition impacting major developmental outcomes like reduced physical and intellectual developments among children, vulnerability or aggravation of disease invasion, mental retardation, loss of hearing, blindness, and imprecise losses in body potential and productivity. Hence, it is necessary to comprehensively review the research gaps regarding dietary requirements and micronutrient deficiencies as 2 billion people are food insecure due to micronutrient deficiencies (Darnton-Hill, 2019).

It is put forward, based on the limitations and knowledge gaps, more studies on climate change impacts and consequences in terms of food losses are required, and the research focus should change to support implementation and capacity building to tackle food insecurity issues. Abundant information is available about recent advances in climate change and impacts on food production and food security, therefore, based on this, immediate actions are needed to tackle food insecurity challenges (Heal and Millner, 2014a; Schroeder and Smaldone, 2015; Campbell et al., 2016). In spite of having extensive progress in reducing the food insecurity challenges happened via enhanced food availability which is a major component in attaining food security goals, still the issues of undernourishment and nutrient deficiencies are stumbling. Globally, millions of people are suffering from micronutrients deficiencies, and problems of insufficient dietary intake. Therefore, bringing issues of hunger, malnutrition, and undernourishment into consideration is strictly needed to alleviate problems and challenges to meet global food security goals. It would be possible by reviewing the intertwined relationships among climate change, food production, poverty, malnutrition, undernourishment, and overall food security components. This study was designed to review such looped relationships between climate change and food security to reduce the research gaps hindering the food security aims. This article is reviewing three major mechanisms, firstly, the status of climate change and the challenges to food security responsible for increasing the research gaps. Secondly, how climate change negatively impacts the food security components and major research gaps. Thirdly, the possible potential options that how the challenges in climate change and food security research can be sorted out for better implementation in practice to alleviate the food insecurity risks.




FLAWS, GAPS, AND LIMITATIONS IN CLIMATE CHANGE AND FOOD SECURITY RESEARCH


Lack of Interactive Research on Crops, Livestock, Forest Farming, Pests, and Diseases

Generally, previous studies on climate change impacts on food security mainly focused the agricultural crops and ignored livestock, forest farming, diseases, and pests. Moreover, the crop studies mainly focused on crop productivity with minimal consideration of value chains, landscape, and farming systems. Climate change also impacts the livestock farming which is an important component of food security (Godde et al., 2021). Livestock farming and its industry represents an important and key component of the agricultural economy especially among least developed and developing countries. Livestock farming contributes beyond direct food production which shares multipurpose provisions which include animal skins, fiber, fertilizers and fuels, and also capital accretion (Mahmood et al., 2014). In addition, livestock farming is are intimately associated with the social and cultural values of millions of resource-poor communities where livestock possession assures sustainable agricultural farming and economic stability. A significant increase in animal protein and fat usage has been seen in last few decades, which need to be increased up by 70–80% by 2050 (Herrero et al., 2015). It is strictly emphasized to deeply consider the climate change impacts on interactions of livestock farming and crops cultivation as the assessment of these interactions is critical for sustainable intensification, diversification, and climate change impacts management (Thornton and Herrero, 2015). Aquaculture and its industry already share a significant role in food and nutrition security across the globe. Yet, aiming to reach the full potential and providing sustainable and impartial aquatic food in the future, this sector essentially requires to innovate and anticipate projected challenges of climate change on food security. Globally about 1 billion people acquire their protein diet from fish, therefore, fish production has been spectacularly increased, where 41% comes from fish aquaculture farming (Beveridge et al., 2013). Likewise, forest farming and forest-based industry also play an indirect role in fulfilling the food security goals because they have a key contribution in the household food security, and economic sustainability of livelihoods as well as agricultural production systems (Cedamon et al., 2019). However, they could share a greater contribution to agriculture sector with more systematic and dynamic approaches to agroforestry with the identification and adaptation of innovative agroforestry measures in agricultural systems. Consideration of climate change impacts assessment both due to biotic and abiotic stresses inclusive of heavy metals on crop interactions and plant diseases prevalence (Ramzan et al., 2021) is also necessary as invasion of pests and diseases reduce global food production by 10–16%, which is critically more problematic in developing countries (Chakraborty and Newton, 2011; Elad and Pertot, 2014; Grace et al., 2015) and even complete crop loss if no countermeasures are undertaken. Alongside, outbreaks of emerging plant diseases and pests impact the food security, national security, livelihoods, and human health, with serious economic threats to agricultural economy (Ristaino et al., 2021). Several emerging plant diseases have already become more frequent due to climate change, and it is projected that invasion of diseases and pests will become more intense and frequent due to changes in their geographic distributions in face of climate change (Bebber et al., 2013; Bebber, 2015). Plant and livestock diseases influence all components of food security, and efficient management practices will subject to both improved food production, livelihoods, and human health. Most importantly, discussing the interactive impacts of climate change and emerging plant pests and diseases on food production and food security is necessary. Herein, it is necessary to evaluate the facts why plant pests and diseases emerge under climate change, and recommending an integrated research approach that can be implemented in prevention and control of pathogens, thereby improving adaptation and mitigation strategies to ensure food security. Therefore, it is needed to comprehensively review the interactions of climate change impacts, agricultural crop and forest farming, diseases, insects and pests under research considerations to tackle the food security challenges.



Limited Considerations of Food Security Determinants

Generally, previous climate change and food security studies mainly focused on a single food security determinant, which quantified food mainly based on crop production ignoring other features. Future climate projections clarify that climate change will impact all components of food security, i.e., availability, access, utilization and stability, and ultimately the whole food system (Vermeulen et al., 2012; Noiret, 2016). Therefore, research focus should cover all components of food system (Porter et al., 2014; Campbell et al., 2016) rather only based on the analysis of climate change impacts on food systems solely on crops yield (Ziervogel and Ericksen, 2010; Sieber et al., 2015). Emerging and innovative studies should focus on the whole food system covering crop production, livestock and forest farming by understanding climate change impacts and implementing adaptation approaches in response to climate change. By this, problems on the demand side can be resolved to achieve food security aims under climate variabilities by taking action on the wastage of food and diets (Quak, 2018). Approaching the food system as a whole will benefit in delivering good nutrition to societies at a local scale rather than solely securing food availability on a global scale (Lang and Barling, 2013; El Bilali, 2019). The major determinants of food security vary at different scales starting from global branching toward regional and national to household and individual scale as food security is considered to be a holographic process surrounding climate change, civil constraints, climatic disasters, and socio-economic norms (Abdullah et al., 2019). Discussing all of the important factors involved in determinants of food security is essentially required to make the food system more sustainable. A number of factors are involved which influence the food security including household property (Tarasuk et al., 2019); economic constraints (Chang et al., 2014); education and awareness; livestock farming; cultivated land area; soil properties; access to market; resources availability; incomes; infrastructure; and awareness and knowledge for food production, storage, processing, and management. So, it has been revealed that gender, age, awareness, education, knowledge, remittances, employment constraints, inflation, possessions, and pathogens are some of the major factors influencing household food security (Abdullah et al., 2019). Hence, approaching the research-based evaluation of all above-mentioned factors influencing the food security and food system as a whole in face of climate change is necessary to sustainably cope with food insecurity challenges.



Gaps Between Research Analysis and Implementation

There have been vast research-based consideration of climate change and food security, however, yet there are several research implementation limitations (Knight et al., 2008) which demands to review and navigate the space between research conduction and its implementation (Toomey et al., 2017). Climate change and extreme events impact both food security components and the livelihoods of those engaged in food production systems and their value chains. Moreover, climate change also affects the agricultural production systems, food supply chains and food pricing. In order to fulfill future rapidly growing population food needs, researchers must consider shifts not only in global climate change impacts and demographics on food security but also the degree to which food production systems can adapt against climate change (Burke and Lobell, 2010). Downstream, food access is associated with a stable and balanced food supply chain. Climate change impacts interrupt the food supply chain and disrupt the physical access to markets in various ways. Climate change-induced extreme events such as droughts, floods, and wind storms negatively impact the public infrastructure, damage market access facilities, inundate transport networks, and other health hazardous conditions for people to physically access markets (Nissen and Ulbrich, 2017). Research on a wider scale has been done for climate change scenarios development and impacts assessment, however, there is a lack of research considerations regarding adaptation measures against climate change and building adaptive capacity rather than merely forecasting the future climate. For example, IPCC 5th assessment report’s 1/4th part is focusing adaptation options, but in actual adaptation experiences were described on less than 1% portion, which apparently describes the research implementation gaps. There are various reports about the climate change impacts on crops, livestock, and forest farming but the scientific agenda to turn the analyses into actions against climate variabilities is still lacking (Herrero et al., 2015). Much analysis, but action paralysis is more noteworthy these days as on the other side of climate change impacts-adaptation options-action spectrum, there is minimal literature about adaptation measures, options and adaptive capacity improvement is available. Additionally, minimal work has been done so far about what works in different contexts, even if also considering current climate risk and vulnerabilities management options rather than measures needed for future climates (Campbell et al., 2016). Moreover, still there are several research gaps like just focusing on climate change impacts merely on food production, ignoring other components of food system and food security.




CLIMATE CHANGE IMPACTS ON KEY COMPONENTS OF FOOD SECURITY

Agricultural history is full of uncertainties and constraints where achieving higher food production and meeting food demands were based on increasing the cropping area and inputs along with applying new available technologies. However, traditional research methods completely ignored the interactive climate change impacts assessment on food security and food system as a whole which include livestock, fisheries and forest farming as well (Steenwerth et al., 2014). Agricultural crop production, fisheries, livestock, and forest farming in terms of quantity and quality depends on various kinds of physical and biophysical resources like soil health, availability and feasibility of natural inputs (water, sunlight, CO2, temperature), and sometimes pollination channels. Decline in food production commonly occurs due to climate change, natural disasters and also by pathogens and diseases. In some cases, food production and food availability are heavily influenced by availability of physical agricultural labor. Assessment of climate change impacts among different developing and underdeveloped countries where undernourished people are abundant showed an alarming and serious high hunger index among 53 countries. It has been observed that climate change has decreased the consumable calories in daily routine diet during the last few decades (Ray et al., 2019). It is concluded that climate change has boosted the issues regarding household food insecurity as it impacts all determinants food security and factors affecting food production, access, availability and stability (Godfray et al., 2010; Ziervogel and Ericksen, 2010; Mekonnen et al., 2021). Climate change influences all the components of food production and food security, but the impacts of climate change are essentially needed to be interactively characterized.


Impacts on Food Availability

Food availability means if people have enough food to meet their dietary requirements and it also covers the supply side of the food chain. Food availability is determined through food production, technologies available, inventories, supply chain efficiency, and trade policies at national and international scales. Previous studies have vastly focused on the cumulative climate change impacts on cropping systems and food availability (Parry et al., 2005; Ali and Erenstein, 2017). Various studies focused on the impacts of future climate projections under various levels of CO2 concentrations, and that increased levels of CO2 likely to enhance crop productivity due to improvements in photosynthesis processes and improved water-use efficiency (WUE) because of high carbon fertilization (Lee et al., 2020). In contrast, it has also been found that crop productivity will increase with less rates in practical than projected in crop models (Long et al., 2006; Ainsworth and Ort, 2010). Therefore, the magnitude of change in crop production will vary branching from global to regional to country to community due to alternative and contrasting projections of crop models. Climate change impacts food production irregularly and unevenly as the impacts are more severe across tropical regions than in higher latitudes. Moreover, it has been projected those countries with a higher hunger index will be affected more severely in crop yield and livestock decline due to climate change. Forest farming and agroforestry contribute to household food and nutritional security in multitudinous ways. Trees directly provide a range of healthy foods such as fruits, leafy vegetables, seeds, nuts, and some edible oils. Forest farming can diversify routine diets and also address seasonal food and nutritional gaps. Forest farming also serves as a source of a wider range of edible plants, fungi, bushmeat, fish and insects. Forest farming and its industry also share a support in the provision of fodder for livestock, green fertilizer for crop production and wood-fuel crucial in many communities among least-developed countries for cooking food (Cedamon et al., 2019). Agroforestry and forest-based industry serve as a source of income in purchasing foods and also provide sustainable environmental services to support food production. However, there are various complexities in quantification of the relative benefits, profits and costs of forest farming-based systems in provision of routine food. These complexities in food provision quantification depict that the roles of agroforestry and forest farming-based systems are often not well considered and understood. Reviewing the research limitations and focusing the targeted research in forest-based systems can help in maximizing the farm benefits, productivity, enterprise, and sustainability (Monckton and Mendham, 2022). A comprehensive and deep understanding is necessary to focus on systematic ways to characterize the impacts of climate change on forest farming and ultimately food provision across different landscapes and on major indicators like dietary diversity approaches.

It is concluded that there is a vigorous and reasoned pattern of the climate change impacts on food production and food availability and it has been projected that uneven climate change will adversely impact the areas which are already under the prevalence of undernourishment and food insecurity issues. Systematic analysis of the changes in crop and livestock production across South Asia and Africa predicted that climate changes will decline the overall productivities of major food producing systems by 2050 (Knox et al., 2012; Sultan, 2012). The decline in crop productivities for major crops like wheat, maize, and sorghum will be vigorous, but the analysis was inconclusive and showed contradictive results for other major crops like rice and sugarcane (Knox et al., 2012, 2016). There are still some limitations regarding the broad impacts of climate change on food availability, though rational evidences for climate change impacts on crop productivities are available. Firstly, and more importantly, models that project and analyze the climate change impacts are only available for major cereal crops, few roots, and tubers. Climate change impacts some crops like pulses and vegetables which are considered as major income driven food crops locally (but globally minor) are deduced based on the same plant characteristics instead of solely analyzing them. Secondly, there are very few analyses about the grassland productivity and quality of livestock feed crops which curbs the understanding between climate change and livestock. Thirdly, most of the crop studies focus on the impacts of mean climate changes instead of capturing the weather extremes too, which sometimes can produce more adverse consequences on crop, livestock and forest productivities. Lastly, the understanding of climate change impacts on quantification of food provision and incomes from forest farming is limited which make food security more challenging.



Impacts on Food Access (Measure of Affordability and Government Policies)

Accessibility to food can be defined in terms of the ability of a household to gain sufficient quality food to meet the dietary requirements (Ludi, 2009; Masipa, 2017). Acquiring a sufficient amount of quality food is only possible when households have adequate income resources for purchasing of food to maintain good nutrition levels (Fischer and Qaim, 2012; Fisher et al., 2012; Gartaula et al., 2017; Gupta et al., 2019). Food access is based largely on household income, capabilities, and rights. Food access issues are studied through two major pathways; firstly, from top-bottom models that address and link major fluctuations with household responses, and thereby the adaptation outcomes. Secondly, through community and household stages by trying to assess the climate variability impacts from bottom-up. Production of certain food products such as crops, fisheries, livestock and forest farming are transformed due to adverse climate change impacts at local, regional, and global levels which ultimately impact biomass production, including fiber, feed, food, or fuels. The shifts in land-use due to climate change impacts the overall food access by altering the geography of food system which involve crops, livestock and forest farming and impact the incomes at the farm level (Hertel et al., 2010; Zhao and Running, 2010; Hertel and Tyner, 2013; Peña-Lévano et al., 2019). Therefore, micro- and macro-level analyses for the climate change impacts assessment on every component of food access is necessary to help in meeting food security goals. Price of basic resources like water and land are based on long-term expected analysis, and most of the time, the prices border expected analysis of climate change such as the accessibility of water with a revaluation of land. Due to climate change impacts, some secondary structural consequences in a region or community may arise when there is a lack of property rights along with no protection for water and land resources which cause many food security problems, especially in developing and underdeveloped countries (Mendelsohn and Dinar, 2009; Godfray et al., 2010). These climate change induced structural consequences mainly target the poor people with abrasion of their resources of income.

Climate change projections and impacts on food access have shown that it will stress the people’s ability to purchase the food. Several IPCC assessment reports have demonstrated the negative impacts of climate change on the affordability of food through projections based on inter-linked climate, crops, livestock, forest farming and economic models. These inter-linked models project the prices of any agricultural and agroforestry food commodity and trade in coming future under several climate change, social, and economic scenarios, and projected results work-out the negative impacts on food purchasing power of any population under consideration (Nelson et al., 2014). There are several indications that show the micro- and macro-level climate change impacts on food affordability in the near future, and various climate change scenarios have demonstrated that climate food prices will increase depicting some uncertainties among the results projected through different macro- and micro-economic models (Nelson et al., 2014). Purchasing power of households impacts the affordability of food and ultimately food access which is considerably negatively impacted by climate change (Arnell, 2016; Tol, 2018). Most likely, climate change is expected to impact the geography of food production across the globe, like transference in suitable crop and livestock production regions that could cause considerable impacts on food prices, trade, and consequently food access (Havlík et al., 2014; Jones et al., 2017). Climate change also impacts the physical access of households to food by affecting the transport systems, road infrastructures and physical fortune (Tol, 2018). It is concluded that climate change adversely impacts the food access by affecting the food production systems and economic statuses.



Impacts on Food Utilization

Food utilization to fulfill the dietary and nutritional requirements is strongly impacted by any mild change in climate along with other secondary factors like water availability and sanitation facilities. Very few studies are available to have broader consideration of climate change impacts on this component and determinant of food security. There is an obvious link between food utilization and climate change because climate variability limits the availability of food items such as drinking water (Kundzewicz et al., 2008; Delpla et al., 2009; Duran-Encalada et al., 2017). Undeveloped areas are more often devoid of sound sanitation systems, which cause hygiene issues during extreme weather events like floods or droughts (Hashizume et al., 2008; Seneviratne et al., 2012). Therefore, the non-availability of good hygiene systems causes different stomach diseases, which reduce the intake of essential nutrients, which is actually associated with temperature variations (Schmidhuber and Tubiello, 2007; Lloyd et al., 2011). Higher costs for foods are usually observed under climate change-induced events because climate change encroaches on diet quality; therefore, the demand for good hygiene food increased, which requires sound techniques to avoid food contamination from any adverse environmental factors (Paterson and Lima, 2010; Medina et al., 2014). Although there have occurred some advances in food utilization like food fortification and biofortification, however, there are still higher needs to bring innovations in food utilization and food science as a whole (Bouis, 2003; Nestel et al., 2006; Bouis and Welch, 2010; Bouis and Saltzman, 2017). Food security issues have been continuously increasing for many years, suggesting ways to strengthen the adaptation system under changing climate (Ziervogel and Ericksen, 2010; Molua, 2012). Improved adaptive capacities like improved income systems to expand the income from rich to poor, straightening employment programs for the poor, actions to fulfill childhood essential nutrients requirements, etc., need expansion to respond against climate change. A nutritional alteration will spread out in the coming decades due to climate variability, which requires the broader, potential and fortified considerations of these phenomena.

Food utilization is primarily influenced through two attributes: food safety dimensions through the food supply chain, and direct or indirect health impacts due to climate change that intermediate nutritional outcomes. Generally, high as well as low temperature stresses (Raza, 2020) are likely to reduce the food safety of necessary items especially fisheries, fruits and vegetables due to increased rates of microbial activities under changed environmental conditions (Marques et al., 2010a; Liu et al., 2013; Hammond et al., 2015; Galstyan et al., 2019; Alegbeleye et al., 2022). Climate change impacts food system in dynamic ways directly or indirectly such as vector-borne diseases, high and low temperature stresses, natural disasters which include drought and floods which consequently affect public’s income, nutrition, plus security and care provision to children (Connor et al., 2010). Human and livestock health is undermined and compromised food safety is observed due to water-related influences of climate change which include low sanitized water availability or increased contaminated water provision due to increased frequency and severity of drought and floods (Uyttendaele et al., 2015b; Djekic et al., 2016). Deep concerns have been expressed that new disease incidence will subject toward over and irregular use of pesticides for crops and agro-forestry and veterinary medicines for livestock and fisheries (Tirado et al., 2010; Sundström et al., 2014). Climate change indirectly impacts human health via loss of jobs and essential livelihoods, or migration and interposed public health services, which disproportionately influence indigenous communities and people who are already poor with negative consequences for food security (Ford, 2012; Hayes et al., 2018; Ebi and Hess, 2020).



Impacts on Food Stability

Stability of food is greatly linked with changes in climate because climate determines the price trends for food, either long- or short-term variability in prices (Nelson et al., 2009; Myers et al., 2017). Since last decade, small blows in the food chain either at the demand or supply side, have impacted the prices, often increasing the food prices (Haile and Wossen, 2016). Food instability issues are more common among poor societies because poverty-stricken populations have to spend most of their incomes to buy high-priced staple foods. Climate change makes both the supply and demand sides of the food more unpredictable by increasing the food volatility (Gilbert and Morgan, 2010; Haile and Wossen, 2016). Climate change fluctuates the demand side, which puts food stability at risk; usually, it happens when political agendas and policies interfere, e.g., different kinds of subsidies either in crop and livestock or forest farming industry (Wheeler, 2015). These kinds of policy transitions have been implemented in various developed countries (United States, United Kingdom) due to energy considerations and climate mitigation and adaptation aims. A recent example of food instability showed that more or less food crises originated due to lack of short- and long-term adaptation and mitigation strategies against climate change and extreme events, less crop, livestock, fisheries and agroforestry productivities and lack of sound policies. The situation of food crises was aggravated by lack of policy implementation, less expertise due to restrictions from developed countries, limited access to lucid markets, and lack of price regulation systems (von Braun and Tadesse, 2012; Haile and Wossen, 2016; Headey and Martin, 2016). Therefore, concerns about food destabilization are continuously increasing due to climate change which is making more uncertain the poor populations’ food consumption through volatile food prices (Arndt et al., 2012a,b; Campbell et al., 2016; Roy and Haider, 2019). Some secondary risks with food destabilization arise more or less due to climate change, like economic and political risks that cause food insecurity issues for indigenous people (Berazneva and Lee, 2013). This complex aggregate of constraints and risks can potentially ride into a ruinous system for food security.

There is direct and indirect linkage between food security and ecosystem which is based on the provision (food, water), regulation (climate, extreme events, pests, diseases), and support (water and nutrient recycling) services. The pressure on ecosystem is being intensified through climate change and extreme events (Berazneva and Lee, 2013). An increase or decrease in temperature and frequent prevalence of extreme events due to climate change bring in a decrease in biodiversity and also change the relationships among communities and within a respective community jumble (Mach et al., 2016; Oppenheimer et al., 2016). This ultimately put the agricultural and forestry productivities and food security on risk (Khoury et al., 2014). Climatic variability leads to various kinds of soil, water, livestock and crop related problems that consequently cause soil damages, shifts in soil properties, low surface and ground water quality, water availability issues, degraded food quality and quantity, and damages to human health and ultimately to ecosystem. Climate change, thus, also threatens the social and economic components of the food chain. Marginalized and resource-poor communities are easy targets for climate change by increasing their economic vulnerabilities and other socio-economic conflicts (Oppenheimer et al., 2016; Panpakdee and Limnirankul, 2018). Figure 2 represents the global variations in world undernourished population based on the calorie intake in the last two decades. At the start of this century, the world’s undernourished population was quite higher. Some developed countries took progressive steps but in spite of these steps, average world population of undernourished people increased in the 2nd decade of this century relative to the start of the century.
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FIGURE 2. World’s undernourished population (The undernourished are those with a caloric intake less than the minimum daily requirement; LAC, Latin America and the Caribbean; Source: ADB calculations based on economy-level estimates from the FAO Food Security Indicators), http://www.fao.org/economic/ess/ess-fs/ess-fadata/en/.




Impacts on Overall Food Productivity

In spite of intrinsic shortcomings in climate-crop modeling, climate projections have indicated with some certainty that global food production will decline due to uneven and uncertain climatic variabilities (Porter et al., 2014; Martinich et al., 2017). Recent climate assessments with some uncertainties done by IPCC demonstrated that average productivity for major food crops (rice, maize, wheat) would decline by 3–10% with 1°C increase in temperature (Challinor et al., 2014, 2018). In the light of above findings, it has been observed that wheat production will decline by 6% with a 1°C increase in warming (Asseng et al., 2015, 2019; Hatfield and Dold, 2018). Besides, various findings have found that enhanced CO2 concentrations in air will make crops to produce more harvestable products especially in C3 plants (DaMatta et al., 2010; Ramalho et al., 2018). Climate change impacts on livestock production are conciliated by reducing feed qualities and quantities. Meanwhile, climate change will impact livestock and fisheries production through contention for natural resources, quality and quantity of feeds, livestock diseases, heat and cold stresses, and biodiversity loss. Moreover, the demand for fisheries and livestock products is projected to increase by 100% by mid of the current century (Rojas-Downing et al., 2017). Mysteries about how climate change impacts will occur and to what extent in the future are still under the unveiling process, and meanwhile the responses of forest farming toward climate change are even more uncertain. Some forest species are expected to become limited due to direct impacts of climate change which ultimately will hinder the economic growth and food security of populations whose incomes are concerned with forest farming. Forest productivity may be basically shifted if especially vulnerable, yet ecologically essential species are lost due to physiological impacts of climatic stresses (Kramer et al., 2020). Direct effects result when climatic variables approach physiological limits of forest and affect tree functioning. Identification of physiological limits of different forest species linked with livelihoods of different communities will help scientists describe their potential to survive in face of climate change. Climate change can also directly afflict the livestock food production by stressing the physiological processes. Taking an example of poultry and milk products which are considerably impacted in terms of quality and quantity when the temperature goes above the optimum range (≥30°C; Thornton and Gerber, 2010; Rojas-Downing et al., 2017).

Agriculture is the dominant source for fulfilling the dietary needs, but seafood also has the importance in the food chain to satisfy the protein, vitamins, minerals, and fatty acids for many societies across the globe (Bogard, 2015; Kawarazuka et al., 2017; Pradeepkiran, 2019). There would be a decline in potential fish production (5–10%) by 2050 specifically in tropical marine ecosystems (Barange et al., 2014; Lam et al., 2016). There are several projections about the expected shifts in fish distribution due to enhanced warming, fluctuations in nutrients availability, and changes in pH (Brander, 2010; Hollowed et al., 2013). Recent findings have shown that a decline in fish production will likely cause essential minerals and zinc deficiency in 845 million people, whereas B-12 vitamin and fatty acid deficiency in 1.4 billion people (FAO, 2016; Golden et al., 2016). A systematic analysis of nearly 5,000 fish farms worldwide reported that 68% of global fish production units have fallen below their potential biomass yield, which will lead to 88% loss of biomass by 2050 (Costello et al., 2016; Gaines et al., 2018; Bradley et al., 2019). Underdeveloped communities are at risk due to their limited resources to access dietary alternatives like fish, livestock, forest farming, and supplements. Additionally, there is a great association between climate change and the prevalence of pests and diseases. There are several risks associated with agricultural stability due to climate change as it will enhance the prevalence of various new pests and diseases (Bebber et al., 2013; Fones and Gurr, 2017). Table 1 represents the pathways of impacts of climate change on overall food production.


TABLE 1. Impact of climate change on overall food production (Thornton et al., 2009; Connolly-Boutin and Smit, 2016; Phiiri et al., 2016; Biglari et al., 2019).
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Insects, pests, and weeds are responsible for decreasing the productivity of major food crops, roughly 25–40%, according to several estimations (Ziska, 2004; Deutsch et al., 2018), despite the fact of limited global data. Fungal attack solely reduces the hygienic food availability by 8.5% across the globe (Fisher et al., 2012; Godfray et al., 2016; Udomkun et al., 2017).

Climate change, mainly the global warming increases the survival rates of insects, pests, and weeds (Bale et al., 2002; Chidawanyika et al., 2019), and temperature variation either toward cold or high ranges also bring some shifts in the latitudinal range of pests and diseases prevalence (Bebber et al., 2013; Deutsch et al., 2018). Indigenous crop varieties lack defense systems against non-native pests (Bebber, 2015; Bebber et al., 2019), which require possible breeding management techniques to cope with those new threats. Geographical mismatches between pests and pathogens may also subvert the biological control management (Donatelli et al., 2017). Climate change and extreme weather events undermine the agricultural production by providing recesses for better establishment of weeds, pests and diseases (Rosenzweig et al., 2001, 2014; Powell and Reinhard, 2015), however, sometimes extreme weather events increase the competitiveness of crops and livestock against pests (Seidel, 2014). Climate change is anticipated to enhance CO2 concentration, which leads to a shift in the composition of weeds and crop plant defense system against pests (Zvereva and Kozlov, 2006; Juroszek and Von Tiedemann, 2013; Myers et al., 2017). Elevated CO2 concentrations make the herbicide and pesticide less effective in controlling weeds and pests (Ziska and Goins, 2006; Varanasi et al., 2016; Ramesh et al., 2017). How food productivity on a global scale is impacted due to climate change is represented in Table 1, and the process of average potential impacts of climatic variability on overall livestock is shown in Figure 3.
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FIGURE 3. Impacts of climatic variabilities on livestock production including policy makings and market demand and supply.




Impacts on Food Quality and Diversification

Climate change impacts food utilization, quality and diversification by influencing food safety mediating through the food supply chain, and nutritional challenges branching through climate change-induced health impacts. Ensuring sanitized utilization of quality and diversified will be more challenging as climate change likely to induce intense and frequent occurrence of extreme events which include drought, floods, cold stress, and heat stress (Raza et al., 2019; Haider et al., 2022). Meanwhile, in face of climate change and extreme events, the utilization of quality, sanitized and diversified food will be more challenging for resource-poor populations due to adverse impacts on livestock, crops, and forest (Marques et al., 2010b; Liu et al., 2013; Hammond et al., 2015). Moreover, climate change and extreme events limit the availability and utilization of sanitized food which subject toward several health risks (Costello et al., 2009; Wu et al., 2016). It has been projected that the occurrence of extreme events and natural disasters will be more frequent and intense posing various key threats to availability of diversified and sanitized food especially to resource-limited communities with more socio-economic conflicts. This would increase the health and nutritive constraints which in turn impacting the overall food security (McDonald et al., 2011; Uyttendaele et al., 2015a; Ziska et al., 2016; Hoekstra et al., 2018). Recently, frequent invasion of old and new pathogens and diseases in crop, livestock and forest farming systems have stimulated the enhanced use of pesticides and medicines which is also threatening the human-health (Tirado et al., 2010; Zhou and Turvey, 2015). Aiming toward getting higher food productions, irregular usage of different chemicals in livestock and fisheries, and overuse of synthetic fertilizers in cropping systems have put the human health at risk. Hence, it is concluded that climate change and intense occurrence of extreme events is expected to the livelihoods unevenly especially in developing and underdeveloped countries (Costello et al., 2009; Pillay and van den Bergh, 2016; Ford et al., 2018).



Impacts on Overall Health and Nutritional Balance

Beyond the climate change impacts on crop productivity, fisheries, livestock, and forest farming, it also influences the nutritional configuration food. Enhanced CO2 levels in the air cause reduction in amino acid production and thereby protein contents in edible parts of crops and also impacting the nutritional value of vegetables (Dong et al., 2018). Comparative analyses among several cereal and legume crops showed the reduction in protein contents in former due to higher concentration of CO2 between 7 and 10%, whereas in later, the reduction was insignificant (Myers et al., 2014; Weigel, 2014; Dietterich et al., 2015). If these shifts in protein composition in plants continue, about 200 million people are likely to suffer from protein deficiencies, and among poor communities, it will get worsen and posing them at high health risks (Medek et al., 2017; Smith and Myers, 2019). Along with protein deficiencies, elevated CO2 also causes a reduction in essential minerals in major food crops. Taking an example from previous findings, if CO2 concentration encompasses 550 ppm, it reduces the zinc (Zn) and iron (Fe) levels by 3–11% in cereals and legumes. Moreover, if CO2 level reaches up to 690 ppm, it reduces the potassium (K), phosphorus (P), calcium (Ca), sulphur (S), and manganese (Mn) in a wide range of food crops (Loladze, 2014; Ebi and Loladze, 2019). More than 1 billion people across the globe are suffering from Zn deficiency, and if CO2 enrichment in air continues, it will bring-in another 200 million people under this deficiency (Myers et al., 2015; Beach et al., 2019). Overall, millions of people are expected to come under the risk of protein, Fe, and Zn deficiency due to increased CO2 levels, and the situation will deteriorate among societies already under the challenges of these deficiencies.

Temperature change stresses either cold or heat stress negatively impact the milk and meat production in livestock. Quality as well as quantity of livestock products is potentially and negatively influenced by temperature stresses (Bernabucci, 2019). Considering milk production, temperatures change especially heat stress has a more important impact on high-quality milk byproducts (Summer et al., 2019). Heat stress negatively impacts the organic and inorganic components of milk which lead toward strong associated changes in the byproducts industry of milk. These changes result in potential, negative economic outcomes to producers and consumers. Dairy cattle are comparatively more sensitive than beef cattle to temperature change especially heat stress, with their higher metabolic rate and higher body heat production. However, beef cattle compensate for increased body temperature by natural homeostatic mechanisms such as urination, panting, and sweating and various behavioral modifications which include decreased activities, enhanced water intake, and limited feed intake (Summer et al., 2019). Hence, it is concluded that at temperature changes especially higher than an animal’s thermoneutral range can significantly impact liveweight gain, milk and meat production, and also animal’s fertility (Thornton et al., 2022).



Impacts on Food Nutritional Components

Access to food containing necessary nutritional components is dictated by political and economic forces. Prejudices based on gender, ethnicism, caste, and wealth hamper attaining the food security goals (Fortmann, 2010; Mearns and Norton, 2010). Climate change aggravates social ostracism through increased competition for diminishing natural resources, socio-economic factors and forced migration (Barnett and Adger, 2007; Hsiang and Burke, 2014). Moreover, climate change also brings in several public constraints that reduce the easy and full access to food that is necessary to fulfill nutritional requirements especially in South Asia, Africa and Middle East (Burke et al., 2009; Kelley et al., 2015; Buhaug, 2016; Levy et al., 2017). Historical data interpretation has shown that temperature change and inter- and intra-group socio-economic conflicts may arise in future decades due to limited fulfillment of nutritional requirements and will hardly hit the areas which are already facing the challenges of malnutrition and undernourishment (Hsiang and Meng, 2014; Buhaug, 2015; von Uexkull et al., 2016; Harari and La Ferrara, 2018). Therefore, such inter- and intra-group social conflicts may worsen the situation of undernutrition, malnutrition and ultimately food security.

Climate change and extreme events impact nutritional capacities of all kinds of communities because it aggravates social as well as economic pressure on the accessibility of quality food. According to the previous studies’ observations, inflation-adjusted prices for major food crops such as wheat, rice, and maize, will increase by 31–106%, considering the climate change mitigation and adaptation measures, rapid population increase, and income growth which will dictate the change in prices more appropriately (Nelson et al., 2018). The income and profit gains may preponderate the prices of expensive diets, and then laborers will get increased wages. Most analyses depicted that higher prices for foods will generally increase food insecurity issues not only for urban people for whom the impact is unequivocal but also for the poor people of rural areas where the majority of the people are net consumers (Ivanic and Martin, 2008; Martin and Ivanic, 2016). Recent analyses about food price versatility and food demand in under-developed countries depicted that higher food prices were linked with an increased reduction in food consumption among all communities, thereby concluding that higher food prices are likely to decline the consumption of the nutrients (Green et al., 2013; Herforth and Ahmed, 2015; Afshin et al., 2017). The overall shifts in the resources and food production are aggravated due to climate change which ultimately cause impacts on crops, fisheries, livestock and forest farming, thereby arising various kinds of nutrition issues under social, economic, and political conflicts.

Ensuring food security is branched beyond the demand and supply of markets. Attaining food security goals considers enough quality nutrition, which is only possible through protecting food against pests, diseases and spoilage. Necessary production and storage conditions will lead to have nutritious and healthy food to fulfill essential nutritional requirements (Hodges et al., 2011; Affognon et al., 2015). Lack of hygiene, poor production, storage and sanitation systems, and increased frequency and intensity of extreme events generally lead to more revelation to pathogens, insects and diseases, limiting essential nutrient intake, disrupting nutritional statuses, hindering normal growth, and development (Guerrant et al., 2013; Ngure et al., 2014; Gizaw and Worku, 2019). An ecological review among 70 countries worldwide between the time period of 1986–2007 showed that ease in access to good sanitation was greatly allied with reducing stunted growth among children (Fink et al., 2011; Fuller et al., 2015).

Future projected analysis for all components of food security (availability, access, utilization, and stability) will get disturbed due to fluctuations in mean change trends of crop, livestock, fisheries and agroforestry productivities, price fluctuations, income variability, pests, diseases and other socio-economic constraints. Meanwhile, lack of volatility, also usually named as stability, should also be considered in climate change projections. Due to climate change, food production patterns change spatially and temporally, and food prices may shift considerably limiting the food access only in reach of resource-rich communities. Yet, there are wider uncertainties in climate change projections and impacts on food system and determinants of food security. Hence, much focused work is required on the volatility of food access and utilization, although most of the economic, physical and biophysical models concluded that future world would experience more issues regarding food insecurity.



Modern World’s Food Production Systems and Their Share in Climatic Variabilities

At the beginning of 19th century, the world’s population was just 1 billion, and three decades before, it has reached around 5 billion, and historical population increase data for last 20–25 years has shown that the global population has been increased by 2 billion (Van Bavel, 2013). With this rate of a growing population, it has been estimated that the global population will encompass 9.8 billion by 2050 and more than 11 billion by the end of 21st century where Africa will be main contributor (Islam and Karim, 2019). To meet this growing population food needs, it is necessarily needed to increase global food production multifariously. The competitiveness and increased food demand have transformed conventional agriculture toward modern agricultural systems through the use of synthetic inputs like increased use of fertilizers, and pesticides to get higher yields instead of following eco-friendly techniques (organic manuring, precision farming, fallowing, crop rotation). The agricultural sector is considered as one of the major sectors to contribute to GHG emissions, and due to increased deforestation and excessive use of synthetic inputs (pesticides, fertilizers), emissions in agriculture have been increased by 13.5% (Lenka et al., 2015; Bonou-zin et al., 2019). Embezzled and excessive use of synthetic N-fertilizers for higher productivity and to ensure food security consequently leads to increased nitrous oxide (N2O) emissions (Shcherbak et al., 2014; Griffis et al., 2017). Production process of synthetic N-fertilizers itself is the cause of many GHGs emissions (methane, N2O, CO, CO2) because of the burning of fossil fuels in the mechanized production processes. Thereby, increased emissions of N2O during the production of synthetic N-fertilizers and application cause a rise in global mean temperature due to its anthropogenic impacts (Wang et al., 2021). Therefore, frequent turn-out of extreme weather events is also caused by global warming led by irregular synthetic input use in agriculture. Water-cycles and quality also suffer from various shifts as synthetic N-fertilizers alter the water chemical properties when they are taken into lakes and rivers. So, water pollution is also being caused by synthetic N-fertilizers and excessive pesticide use in the agricultural sector.

The increased demand for healthy and nutritious food has subjected the small- and large landholders to engage more land area for perspectives other than agricultural and forest farming, leading toward an increased deforestation. Deforestation exacerbates climate change and frequency of extreme events as crop and forest farming is considered as the nature purifying components due to capacities to absorb CO2 and release oxygen (O2). So, deforestation appreciably stimulates the climatic variability and occurrence of natural disasters mainly through global warming, salinization, soil erosion, and desertification (Marengo, 2020). Fossil fuels are required to run the agricultural processes like production (pesticides and synthetic inorganic fertilizers), and processing (packaging, transportation, and distribution) which account for 1.2% share in agricultural GHG emissions (IPCC, 2015); however, this share does not include the emissions of agricultural inputs.

Preference-based food production also has a contribution to climatic variability. The luxury life-styles of upper- and middle-class populations and urban livelihoods have strongly changed the food preferences. Most of the nutrition intakes include meat which has increased by more than 350% in the last 50 years, and meanwhile livestock showed a major share in GHGs emissions (Sanchez-Sabate and Sabaté, 2019). Provision of a preferred meat diet has enhanced livestock farming which requires 20% more energy in production and processing than vegetables and cereals (Grossi et al., 2019). According to various estimates, livestock rearing for meat production emits huge amounts of CO2, which accounts for nearly 14% of all human-based GHGs emissions (Rojas-Downing et al., 2017). Based on the evidences, it is very clear that food production, processing and consumption have direct and indirect influences on climate variability. The enhanced emissions of anthropogenic gases speeds up the process of global warming ultimately leading toward natural disasters. Food production and processing influence food security as excessive use of synthetic agricultural inputs can damage the soil properties, and thereby reducing the ability of soil for crop or livestock production.




FUTURE DIRECTIONS, SUGGESTIONS, AND CHALLENGES IN ACTION AGENDA


Addressing the Climate Change Impacts and Achieving Food Security via Sustainable Development Goals

Now a days enough food is produced per unit area to feed the rapid growing population, however, yet nearly 811 million people are acutely suffering from undernourishment, amongst signals of decreasing impulse toward attaining zero hunger (FAO, 2021b). Meanwhile, malnutrition is sharing a massive toll across several developing and developed countries. Whilst, stunted growth, low height and decreased weight for age are gradually declining, where more than two billion adult individuals, teenagers and children are now obese or overweight (Ferreira et al., 2020). Hence, the consequences are becoming more adverse regarding public health, national economy, livelihoods, and quality of life. These adverse trends coexist with the abating availability of land resources, increased soil and biodiversity degradation, and more intense and frequent extreme weather events, where the impacts of these extreme events and climate change on agriculture amplify the situation. During a special meeting held on 25th of September 2015, the 193 members of the United Nations followed the different Sustainable Development Goals (SDGs; total 17) of the 2030 action-based Agenda for Sustainable Development among food systems, global objectives expected to assist the actions of the global communities over the next 15 years (during 2016–2030; FAO, 2021b). This 2030 Agenda of SGRs presents a fairer vision for more peaceful world where no one is left behind. All food systems including agriculture and agro-forestry are critical to achieve the intact set of SDGs where a special focus will be granted on rural development and action-based investments in different farming systems (crops, livestock, forestry, fisheries and aquaculture; Gregersen et al., 2020). This will empower the whole society with more powerful tools in alleviating the poverty, undernourishment, and hunger, and will lead toward more sustainable development. SGDs involve following 17 key points (FAO, 2021b) designed by commutative decision of United Nations (UN) Agency:


•Ending poverty in all its forms and everywhere

•Ending hunger, achieving food security goals, improving healthy nutrition, and promoting sustainable agriculture systems

•Ensuring healthy livelihoods and promoting well-being without any discrimination

•Ensuring inclusive and quality awareness and education for all communities while promoting long-term learning

•Achieving gender equality and empowering all especially women and girls

•Ensuring the availability of sanitized water with sustainable management measures

•Ensuring access to economic, affordable, reliable, sustainable and clean energy resources for all communities

•Ensuring and promoting inclusive, comprehensive and sustainable economic growth, employment opportunities and reliable working systems

•Building more resilient household and market infrastructures, transport systems and promoting sustainable industry development while fostering innovations

•Reducing inequalities within and among different nations

•Making cities more inclusive, safer, resilient to disasters and sustainable

•Ensuring sustainable food production and consumption patterns

•Taking urgent and necessary actions in combating climate change vulnerabilities

•Conservation and ensuring the sustainable use of the marine resources

•Sustainable management of forests, combating the desertification, hindering and reversing the land degradation process, and halting biodiversity losses

•Promoting justice, peace and inclusiveness among societies

•Ameliorating the global partnerships for sustainable development programs



However, the success of the SDGs reposes to a greater extent on an efficient monitoring, review and follow-up pathways as the foundation of this new global framework for mutual accountability (Glass and Newig, 2019). Moreover, healthy governance among institutions is necessary to achieve the SGRs through important approaches which involve participatory measures, reflexivity, policy coherence, mitigation, adaptation and most importantly the democratic institutions.

Action-based research is necessary to inscribe the climate change impacts on food security and the worldwide challenge to undermine the GHGs emissions from the agricultural sector. Past research findings have defined the dire need for both increased changes in agricultural production systems (like introducing new crop cultivars and better management measures for crops, livestock, fisheries and agro-forestry), and transformational changes (like trade shifts, diet changes, and motivating several environmental services; Hedenus et al., 2014; Newell et al., 2014; Baldos and Hertel, 2015; Hertel and Baldos, 2016). Immediate challenges inclined during coping with climatic variability and its impacts on global food security are described below;



Challenges in Implementation and Suggestions for Action Based-Research


Incentivized and Motivated Research

Food security and climate variability research are usually afflicted by uncertainties that require a focus on delivering-based research objectives involving local farmers and development agencies to share their experiences (Heal and Millner, 2014b; Naess et al., 2015; Campbell et al., 2016). Implementation of incentivized research and expansion of innovative research gains are usually very challenging (Figure 4). Therefore, narrowing the gap between research incentives regarding climate change impacts on food security and implementation is necessary. The expansion of uncertainties in climate change research makes the practical action less justified. Based on the experiences and findings of previous studies, it has been suggested to attain aims through action-based research, and dissemination of research experiences where focus of the research should be on the principle of “allocating the resources through needs, research, and capacity” (Fullana i Palmer et al., 2011; Vermeulen et al., 2013; Vermeulen and Campbell, 2015; Campbell et al., 2016). Following these, another principle should be undertaken based on tackling the powers and influences through understanding and engaging where stakeholders make usual decisions. Making efforts to make this principle stronger will make future research more optimized and focused for a better decision-making process among stakeholders (Naess et al., 2015; Döll and Romero-Lankao, 2017). Key mechanisms for better decisions, engagement of dialogs, and joint learning from experiences can only be possible if multi-stake holding platforms are ensured (Bhave et al., 2016; Ampaire et al., 2017; Huntington et al., 2017). Processes to develop climate scenarios need to be more struggled and accurate to empower the higher authorities and stakeholders for better policy making and implementation (Vervoort et al., 2014; Mason-D’Croz et al., 2016; Palazzo et al., 2017). No matter which kinds of processes or measures are taken, success measurement tools should show the nurture end results like policy making and its implementation. The incorporated tools and disciplines are customized following current and future challenges and opportunities. Although modeling regarding climate change plays an important role more often, but engagement process for stakeholders should be devoid of it to avoid more uncertainties. Evaluation of alternative climate scenarios, traversing the trade-offs, and clarifying hypotheses can be attained through modeling projections (Campbell et al., 2016; Little and Lin, 2017). Moreover, based on available uncertainties and knowledge gaps, interactive research including researchers and stakeholders should be ensured and must take realistic approaches to tackle current and future challenging climate change impacts through possible mitigation and adaptation solutions (Beven and Alcock, 2012; Beven, 2016; Krysanova et al., 2018).
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FIGURE 4. Important components of action-based research critical to ensure food security research gaps.




Expansion of Possible Actions at Local, Regional, and National Levels

Uncertainties in climate change research and impacts of climate change on food security have made the research implementation process more challenging i.e., how the experiences could better be dispersed at three different scales, viz. local, regional, and national. Availability of natural resources is becoming scarce, and therefore, research should be more targeted with multiple potential benefits. The implementation of any research hypothesis should be driven with more care and short- to long-term prioritization (Bauer et al., 2015). Inscription of impacts of climate change on global and regional food security requires context-prioritized research conduction, actions and experiences sharing, and cross-dimensional and multi-level experiences implementations. Sector-based policy-making and action plans improve the collaborative work and implementation process in an optimized and efficient way. An effective approach for policy making and implementation intends to integrate the collaborative measures among different sectors involving food production, processing and storage which can be applied from local to national scale (Hallegatte, 2009; Nassopoulos et al., 2012; Orsato et al., 2017). For example, policy makers intend to bring some on-farm developments through technical interventions, while collaborative implementation must include supportive tools for wider development of technologies among different sectors.

Criteria for better implementation of hypothesized technologies should explore the tools having high anticipated outcomes, and collaborative impacts through linked local prioritizations and knowledge experiences. Thereby, adopting such feasible and potential tools make easier to address the current or near-future shifts, threats, and challenges (socioeconomic, economic, social, and political) associated with climate change impacts on food security (Notenbaert et al., 2017). Time of implementation and disbursement of specific research-based plans and experiences are very critical because some tools are necessary to be implemented immediately like climatic variability assessment. Whereas, remaining implementations can be can be shared later in the near future through projections of climate fluctuations and specific policy measures for capacity building. Collaborative priorities can be recognized through decision-support and policy implementation tools like wider-narrow climate modeling tools, local-national group scale planning measures, and such approaches can pliably be regulated at different levels accompanying multiple stances (Campbell et al., 2016; Challinor et al., 2018; Nikas et al., 2018). Potential mitigation and adaptation measures with optimized flexibilities are developed through collaborations between researchers and stakeholders’ operated processes. Because, actual and ascertained risks, uncertainties in research results, and interests may shift with the concerns and priorities of researchers and more obviously the stakeholders. Comprehensive approaches for focused research conduction and capacity-building are necessary for local as well as national scale benefits of any research experience sharing and implementation through local as well as national governments, respectively (Campbell et al., 2016; Chaudhury et al., 2017).

Moreover, long-term knowledge sharing through proper education and short-term training programs at local level may have key roles in affecting the design and implementation of any successful mitigation or adaptation measure. Short- and long-term trainings and experience sharing workshops may prove useful when customized to specific needs of attendees, are participatory in designing and implementation and tailored exploiting context-particular illustrations (England et al., 2018; Mataya et al., 2019). Action-based planning, on-the-job training, and extended leadership after experience sharing trainings can also be effective, but are rarely implied. Challenges that hinder improved capacity building associate not only to training and workshop design and structure, but also the exiguity of knowledge sharing assessments and the organizational structure. Stringent collaboration and monitoring of experience sharing efforts and befitting institutional assistance for action following sharing executions can be effective to improve mitigation and adaptation planning.



Ensuring Adaptation Measures Against Climate Vulnerabilities and Risks

Ensuring adaptation measures against distinctive climatic vulnerabilities and risks is more challenging than the above-mentioned challenges (Figure 5). Climate change vulnerabilities include various geographical, social, economic, and political elements on which an individual’s or household’s resources are based to ensure food security under the geometry of climate variabilities (Sugden et al., 2014; Bellman et al., 2016). Gender-based differentiations impact households’ subjection to vulnerabilities and risks and provide tools to control resources, technologies, and services (Quisumbing et al., 2015; Johnson et al., 2016). Human health security especially women are usually negatively impacted in situations of declined household resources under climate change and natural disaster conditions like droughts and floods which impede the investments and on-farm activities (Sugden et al., 2014; Ani et al., 2022). Adaptation measures are affected under conditions where women are devoid of the necessary information and lack extended participation in social institutions under climate shocks especially in rural areas (Alam et al., 2017; Wood et al., 2017; Biesbroek et al., 2018). So, to undermine the inequalities and enhancing adaptation process, it is needed to ensure the optimized implementable actions at every scale branching from national to local. Gender-based suitable information resources and contexts to address the activities, attentiveness, literacy concerns, and access requirements are needed to make wider ingress against climatic variabilities. Moreover, gender-receptive and farmer-guided technological upheavals are essential to design improved and sustainable food systems (Waters-Bayer et al., 2015; Lemessa et al., 2019). Sustainable food systems with improved mitigation and adaptation measures are inevitable to reduce the gender and other socio-economic constraints and enhance multiplicity, which can uplift food production to fulfill household’s nutritional necessities.
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FIGURE 5. Important components of adaptation technology system (ATS) and adaptation measures for a resilient food system.




Joint Mitigation and Adaptation Approaches Ascertaining Food Security

Food production should increase by 50% by 2050 to meet dietary requirements of rapidly increasing population (Alexandratos and Bruinsma, 2012; Hunter et al., 2017), but this increase will boost GHGs emissions, especially in regions with low productivity rates. So far, to reduce global warming trend by 2°C by the end of this century, IPCC climate scenarios have depicted that agricultural and human-induced GHGs emissions must be reduced to a greater extent. To meet projected food security goals for increased population through minimized share in climate change, sustainable food production systems need to be developed for low GHGs emissions to avoid environmental pollution. Therefore, it is very challenging to identify measures and approaches to fully secure food security goals under low GHGs emission pathways (Figure 6) as human-activities to ensure food demands and other livelihoods increase share to climate change (Myers et al., 2015; Golden et al., 2016, 2017; Smith et al., 2016; Smith and Myers, 2018). If such measures and approaches are identified in food system and food supply chain, communities can easily tackle joint challenges regarding mitigation and adaptation.
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FIGURE 6. Adaptation and mitigation measures to ensure food security.


Sustainable agricultural approaches like confiscating carbon release and reducing future carbon emissions are promising to meet food security aims. Sustainable agro-forestry measures increase production, enhance use-efficiency for inputs, reduce food losses and ensure environmental safety through reduction in carbon emissions. Future food productivity can be gauged using approaches to reduce GHGs emissions relative to food production for identification whether a relative increase in production reduces the GHGs emissions (Murray and Baker, 2011; Cavigelli et al., 2012). Mitigation and adaptation approaches in face of climate change should narrow down the gap of GHGs emissions through increased crop and livestock production and reduce GHGs emissions to secure food security under sustainable food production systems (Sylvester, 2019). Many technological adjustments are available for incremental change, including GHGs emissions in cropping systems and livestock farming, and undermining the emissions from excessive fertilizer inputs. Many of the management practices in agricultural systems have already proved promising and sustainable in terms of food production without compromising environmental safety. For example, alternate wetting and drying system for irrigation and eco-efficient fertilizer managements (green manuring, organic manures) can be adopted as agronomic adaptations to reduce water and nutrient losses, thereby increasing resource use-efficiency with increased yield. Aerobic rice can be an eco-efficient transformation to traditional rice system (Farooq et al., 2022) to sustain the rice production with increased input use-efficiencies under future projected climate change and scarcity of resources (Fukai and Mitchell, 2022).

Concrete affirmations are required to make agree the investors and government agencies about the approaches to decrease GHGs emissions in agricultural systems with increased net production. Robust information is required about financial practicability and investments needed to blow-up approaches that also include costs and benefits for local farmer communities to replace their conventional approaches with new ones with good maintenance ability. Progressive agricultural production systems, agroforestry, different agro-ecological zones, and different geographic regions should be targeted where the implementation of practices to reduce GHGs emissions is feasible without negative impacts on the sustainability of the respective systems (Altieri et al., 2015). This implementation requires comprehensive scenarios involving shifts in climatic variable, food production, food demand and land-use. The positive and negative impacts of the preferred practices on already vulnerable communities would require to be foreseen and tracked to gain comprehensive future development goals.

Substitutional innovative modifications in agricultural and agroforestry systems are required to create more promising conditions where the levels GHGs emissions can greatly be reduced. Such approaches may include breeding measures aiming to reduce methane emissions in paddy fields, large-scale crop breeding and agronomic management measures to incorporate nitrification inhibitors in cereals, and transformational techniques in livestock to reduce the waste of food and organic manures. Policy measures, motivational approaches, knowledge and experience sharing and implementational optimized targets should be specified to encourage politicized actions and investments to extend the adaptation and mitigation under climate change to ensure food security at all levels. Developed and developing countries are now sharing several common adaptation priorities considering agricultural sector under more threat, protecting water reservoirs and resources, concerning toward climate change impacts on health, investigating the risks pose to the energy sectors, undertaking the safety of local livelihoods, and efforts to reduce the climate change risks (Hossain et al., 2017). Several underdeveloped countries have arranged several climate changes bills, national climate change strategy and national climate change action plans which identify the state’s priorities toward climate change risk reduction (Mall et al., 2019). Some developing countries including South Asian states have constructed climate change trust fund, and climate change resilience fund to invest in actions across riversides, environmental protection and disasters management (Dicker et al., 2021). Some developing states have established national councils for environment and sustainable development. However, these states still have limited progress at sub-levels and lack the capacity development for management. Several underdeveloped countries with aid of internationally developed nations have updated their medium-term development plans branching from national to grassroot district and municipalities levels because local climate change adaptive facilities assist adaptation strategies on pilot basis (Hertzler, 2007; Buurman and Babovic, 2016). However, insufficient and limited institutional capacities development, economic budget constraints, and inadequacy in attention to the potential of plans to develop climate resilience have impeded the potential merits of climate change adaptive policy plans in developing and underdeveloped countries. There can be several critical takeaways;


•Particularly, the key differences among different countries cannot be attributed to the development statuses where the states with higher stages of capacity development, are less actively involved in adaptation planning and policy developments than underdeveloped countries. Likewise, adaptation engagements also cannot be attributed exclusively to the fluctuations in exposure to climate stresses and interpret vulnerabilities to climate variabilities. Instead, adaptation progress seems to be impelled primarily by peak government leadership, and impacted by the precedencies of development assistance agencies in every state (Sovacool et al., 2017).

•Across all of the major countries worldwide, agriculture has been identified as the first priority for adaptation against climate change where it has been the focus of the major proportion of adaptation programs during recent years. This is possibly very unsurprising presented the climate-sensitivity of food production from crops and livestock, different governments’ wish to fulfill the food security demands of their populations, and the proceeding importance of agriculture as a major source of employment in various developing states (Sitati et al., 2021).

•The capacity development of governments at sub-levels in identification, prioritization, mainstreaming and implementing adaptation programs seems to be very restricted. Primarily in states where decentralization is ongoing, strict efforts are required to improve the capacity of local governments, communities, and institutions to take on their assigned duties. Greater accent may be constructed on elucidating the roles and duties of governments at different levels and launching essential institutional managements (Williams et al., 2020).

•It is necessary to assess the efficacy of financial investments in adaptation and mitigation action plans by governments of developing and underdeveloped countries along with their assisting partners. Moreover, necessary monitoring programs are essential to audit the overall progress in implementation of adaptation policies, plans and programs. Significant financial investments are needed to constitute, handle and properly utilize the investigation, monitoring and evaluation systems (Ramoutar-Prieschl and Hachigonta, 2020).

•Inadequate attention has been given in meeting adaptation requirements among many developing and underdeveloped states in various sectors (agroforestry, health, fisheries, livestock) designated as being primarily more vulnerable to the climate change impacts. The reasons for this ongoing trend are uncertain; they could be due to fluctuating national government preferences internally and externally, changes in directions on immediate development requirements, or the lack of substantial international and national financing institutions for adaptation in food providing sectors (Aryal et al., 2020).





Role of Financial Inclusions in Ensuring Food Security

Agriculture is considered as the main direct or indirect source of employment and income for most of populations in developing countries, however, nearly 1.4 global population are world’s poor holding only 1.25 US dollars income a day (Rahim et al., 2014). According to an estimation, approximately 80% of the food utilized among developing nations by different farming systems of smallholder farmers (Ricciardi et al., 2018). But these farmers are generally vulnerable due to food insecurity challenges, and at the peak point of addressing the problem worldwide. Most of the smallholder farmers live in areas that are usually lacking easy access to necessary financial services, therefore, exposing them vulnerable to disasters and more prone to low-risk, low-return investments which subdue food productions and net incomes. It has been summarized that several supporting approaches including financial services at different scales can assist in ensuring and achieving various incentives of SDGs and promoting food security (Gil et al., 2019). Easy access to various kinds of financial services can support farmers get profitable investments that enhance their productions. Considering at a macro scale, higher food productions enhance the total food supply worldwide and directly add to the gross domestic production (GDP) of the resource-limited and poor communities predominantly in countries of Asia and Africa where economies are mainly based on agriculture. While at a micro scale, increased food yields contribute to enhance household income and achieving food security for nearly 1.5 billion global population striving in smallholder households (Rahut et al., 2022). The formal and informal financial services greatly share their role to reduce the risks and vulnerabilities to food systems in face of climate change (Figure 7).
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FIGURE 7. Role of financial services to address the issues of food security worldwide.


Generally, financial services and products that are contrived for the particular demands of farmers are effective in efficiently increasing input access and elevating outputs. It is well known that farmers’ income generates all at once during food harvesting time, however, they need finances at other times of the season to acquire essential inputs and to smooth their utilization between food harvests. Sometimes the farmers are subjected to severe natural disasters that can demolish their farming outputs and expend their investments, and meanwhile several conventional financial services or even the financial products created for the urban poor communities may not suit farmers’ requirements (Chapagain and Raizada, 2017).

Different researches have focused to address the seasonal variation in smallholders’ income by providing easy access to state-oriented consumption and utilization loans through involvement of stakeholders at national and local scales during the hunger and stress seasons (Bonuedi et al., 2021). The cognition to smooth income empowered farmers to generate larger and, in few instances, to a greater extent profitable investments that boosted outputs and food utilization. An analysis conducted in Sub-Saharan Africa depicted key importance of input loans structured and designed specifically around the particular requirements of smallholders with terms and conditions to acquire a large lump sum amount during food production and repayment of the loan after harvest (Beaman et al., 2015; Fink et al., 2020). These collaborative loans oriented and supervised at state level involving public and private sectors can help in increase investments in farming inputs and subject toward an increased food production. African-based analysis on microcredit showed no measurable impacts on profits, however, it demonstrated the potential benefits of microcredit products and other microfinance services structured to address the seasonal credit requirements of farmers. This analysis depicted that pending the potency and efficiency of the loan-giving stakeholders such as agricultural banks, the measures like the inventory credit system are profitable and beneficial in assisting the credit access to smallholders (Dossou et al., 2020). Moreover, it is also necessary to combine the credit supplies with financial education, training, and technical support in a food production system for example the contract farming (Ncube, 2020).

Likewise, spreading weather-based insurance programs in low income and more vulnerable countries can also help the food producers invest in riskier, speculative and enhanced profitable input investments, which ultimately again subjecting toward an increased food production (Sibiko et al., 2018; Hirsch, 2020). In fact, it has been observed that insurance programs were even more effectual than credit to increase input investments (Carter et al., 2018; Chemeris et al., 2022). However, take up of insurance services among developing and underdeveloped countries remains low, and the provision of credit is usually constrained as it is considered very risky by financial departments. During missing or thing market conditions awareness and provision of simple products like savings bank accounts can also subject growers to acquire bigger investments in farming (crops, livestock, fisheries, forestry) inputs. Moreover, savings bank accounts are also considered as a cost-effective service for financial departments to pull new customers. To mitigate the negative impacts of climate change, it is necessary to undertake green banking initiatives through public and private sectoral partnerships involving banks, stakeholders and policymakers, although the approach used so far fractionally varies between developed and developing nations (Park and Kim, 2020).

Providing smallholders with awareness and service to automatically deposit some portion of their harvest revenue in savings accounts with involvement of local banks have been very effective (Stage and Thangavelu, 2019). This service impacts were observed and found that farmers who were offered and availed the choice of directly depositing some of their harvest proceeds into the savings bank accounts increased input investments by 13% and production by 21% relative to other who constrained this option (Brune et al., 2016). Moreover, this service also had potential positive impacts on household spendings, which strongly ensure food security for the smallholders. Summarizing the whole discussion, it is concluded that well-structured financial inclusions clearly exhibit that empowering smallholder farmers through financial services can increase income, input investments, and food production, strongly subjecting toward an improved food security. In this regard, government policies, stakeholders, and collaboration of public and private sectors in necessary for improved food production which depict a scoping retrospect to aware researches and policies for healthy and nutritious food commodities (Lencucha et al., 2020). So far not all financial products help farmers in developing countries especially smallholders because of having limited access to conventional financial inclusions. One major reason is that most of the smallholders live in rural regions, and far-off from most of the formal financial service institutions (Fan and Rue, 2020). Another explanation is that many financial services do not consider the seasonal investment and revenue opportunities of farmers or the sources of risk they confront, so farmers may not be entitled for or concerned in adopting the financial products, and they may not be beneficial even if they execute. Designing financial products around farmers’ particular financial requirements during any stress period can have potential impacts at micro as well as macro scales on improving food security for the poor communities of worldwide (Goodwin et al., 2022).

Agriculture farming (live is facing major challenge in fulfilling the global food security aims and is projected to face even severer challenges under future climate change. Table 2 describes the overall goal of how and where improved financing is necessary and can be utilized to attain the joint objectives of adaptation, mitigation, and development against climate change especially in developing and underdeveloped nations. Whereas, Table 3 describes which internation and national funding agencies are currently working worldwide. Yet, agriculture is considered as much under invested sector which has vast potential areas for investments appropriately to help the developing countries in maintaining sustainable food production under climate change. It has been summarized that mainstreaming adaptation and mitigation approaches into agricultural development strategies, encouraging capacity building approaches, and concerning multi-stakeholders’ requirements are main experiences for successful finance aiming sustainable food production and achieving food security under climate change. Joint financing by different national funding institutions, NGOs, donors, national, and international climate change funding agencies (World Bank, UNO, Green Climate Fund, USAID, USDA, EU Global Climate Change Alliance, etc.) can play their key role in reducing climate change impacts and ensuring food security.


TABLE 2. Potential and necessary areas for financing in adaptation and mitigation programs to reduce the risks to food security in face of climate change.
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TABLE 3. Different international and national funding agencies in different continents currently working to address the issues of climate change and risk management.
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Proactive Involvement of Stakeholders to Solve the Issues of Food Insecurity

Multi-stakeholder engagements are indispensable in the development of public benefiting policies looking to encourage innovations in the face of multidimensional and complex challenges of climate change impacts on food security (Saint Ville et al., 2017). Globally, the ministry of agriculture primarily comprises two kinds of stakeholders, firstly the “policy members” which involve planning division, administrators, technocrats; secondly, the “extension members” having incentives to disperse the policies effectively. Policy members are given the tasks to efficiently manage the approaches to integrate all stakeholders in the planning, investigation, implementation, and evaluation processes (Saviolidis et al., 2020). Therefore, they play a key role in assisting the multi-consultative participatory processes. Moreover, multi-stakeholder engagement is necessary to ensure food security in areas contending with complex farming systems, and food insecurity issues. It has been observed that while being utilizing the multi-stakeholder approaches in developing nations, the stakeholder participations were restricted due to several factors with comprehended negative impacts on a particular policy coordination, integration and acceptance by stakeholder (Gaihre et al., 2019). There is a great importance of multi-stakeholder interactions in the design of policy development and implementation to improve food security. Figure 8 illustrates how policy developments and implementations drift away from narrow single dimensional measures toward multi-stakeholders’ coordination.
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FIGURE 8. Importance of interlinked multi-stakeholder interactions to better address the food security challenges.


Informal and formal stakeholder interaction in the food production systems is necessary to assist the process of policy development and implementation at wider scale (Mohammadi et al., 2022). These interactions involve the function to serve as a think tank to advise the group on emerging challenges, proposing measures to optimized interventions, and proper monitoring of the policy framework. Farmer certification programs, provision of interest free loans to particular farmers likely to be more exposed to shocks and vulnerable, and relationships building between stakeholder and farmer are necessary for strikingness and positive impacts of stakeholder policies for food system and revenue generation. However, higher distrust level has been existing between smallholders and some stakeholder members that served to restrict the mutual knowledge streams required to support the development of food value chains (de Janvry et al., 2019). The major reason behind this is specific farmers usually trust their farmer colleagues rather anybody else holding an authority. Future approaches to adjudicate the complex challenges of food security in developing and underdeveloped countries, will likely in need of potent collaborations across different government ministries, improved rapprochement of policy constraints, and better policy innovations involving multi-stakeholder groups via the business of boundary organizations. Such approaches may have the capacity to reduce food security challenges via building more adaptive and pliant institutions, improving knowledge sharing and learning, and building trust among different stakeholders in the policy network (Breeman et al., 2015).



Role of Education and Awareness to Tackle the Issues of Climate Change Impacts on Food Security

Educating the locals about climate change impacts and awareness regarding impacts specifically on food security can assist in providing the active and dynamic knowledge about the values development; transformation approaches and acceptance; and imply knowledge generation, ultimately helping the local communities in creating and molding their basic strengths, abilities, knowledge, behaviors, skills and attitudes (Goldman et al., 2020; Smederevac-Lalic et al., 2020). Further, it helps the individuals in different social communities regarding the climate change challenges aiming toward managing better quality food systems and environment concerning food security (Rahman et al., 2014; Unsworth et al., 2016). In this regard, various studies have been conducted which provide theoretical and statistical indications, in characterizing the existing gap regarding actual statuses of pro-environmental behaviors, education about food security, environmental knowledge, adaptive capacity, and awareness (Geiger et al., 2019; Li X. et al., 2021; Ferreira et al., 2022). Similarly, adaptation approaches in face of climate change to ensure food security include variations in managing agricultural practices (fisheries, livestock, crops, agroforestry; Mumtaz et al., 2019; Aslany and Brincat, 2021). However, implementation of adaptation approaches is a complex, multi-dimensional, and multi–scale process, and most appropriately defined as shifts to strengths, behavior and economic structures so as to distill sensitivities of different communities in face of vulnerabilities and scarcity caused by environmental change.

Moreover, knowledge about adaptation approaches linked to food systems might include awareness about livestock breeding and diversified managements of crops; managing the land-use measures; shifts in the strength of food production which thereby involve shifting the land fragmentation (in case of livestock production) and the crop allocation; soil conservation practices; farm intensification and improved irrigation practices; and innovations in the techniques of farming processes (Chen et al., 2018). But there are certain challenges which squeeze the climate change awareness, knowledge about impacts on food security determinants and adaptation approaches vary from nation to nation and region to region (Abbasi and Nawaz, 2020). The issues and challenges about the education, and awareness to undertake adaptation approaches in face of climate change aiming ensuring food security are multidimensional, and recent studies have concentrated on several limitations to the climate change awareness and the adjustments besides apparent climatic and non-climatic agents of climate vulnerability, mainly in the developing and underdeveloped countries. Several studies have recommended that in face of climate variabilities, experiences are induced by both climatic (drought, temperature, floods) and non-climatic elements (limited availability of agricultural equipment and technologies, and reduced income) and therefore, it turns to be highly difficult to apprehend the intermix of such variables that aggravate the vulnerabilities of households against climate change (Jamshidi et al., 2019; Ashraf et al., 2021; Shah et al., 2021).

Region- and location-specific along with need-based information systems for farmers are necessary which will help in improving adaptive capacities by assisting decision making at basic level. Meanwhile, it is important to empower the locality-wise farming communities so that they evolve appropriate mechanisms for short- to long-term adaptation measures to reduce the uncertainties, vulnerabilities and risks caused by climate change (Asrat and Simane, 2018; Hansen et al., 2019; Stringer et al., 2020). Information, knowledge and awareness about climate change impacts assessment on food security must be regarded as one of the major media themes and be integrated as a matter of regular deliberated discussions in print and electronic media. Farmers must be provided with easy access to credible, applicable and well-timed information through advanced information and communication technology tools multi-collaborations of concerned government departments and stakeholders. Alongside, grassroot level campaigns, conferences, training workshops, awareness seminars, electronic media talk shows, timely declaration of stressful days and incorporation of climate change impacts on food security in conventional education curriculum are few strategies meriting government tendencies (Abbasi and Nawaz, 2020). Lastly, interdepartmental collaborations are crucial to hasten the implementation approaches, improve knowledge-based proper decision-making, encourage the climate and food security research and construct climate policies with strong scientific basis (Saina et al., 2013).





CONCLUSION

The first three parts of this review focused on the climatic variability and its direct and indirect impacts on determinant of food security across the globe. There are still fundamental uncertainties related to the type and extent of climate variability, the responses of crop plants, animals, forests, human beings; and optimized adaptation measures in face of that irregular and uncertain variabilities. Although these uncertainties estimate exact future food production changes, however, it is clearly evidenced to be prepared for a wider range of potential negative consequences. Moreover, this review evidences that climatic variability is generally inclined against the environments which are already under climate fluctuations and have limited resources for mitigation and adaptation. Most of the cases represent that more focused and highlighted research priorities will reduce the uncertainties regarding future climatic projections. Describing the regional food priorities at a community level is very important, for example, estimation of food availability to know about the nutrition and health impacts branching from temperature change like cold stress or global warming and elevated CO2 levels. But this estimation only provides the evidences about the food availability rather than predicting actual access and intake of food across income differentiated communities and inadequately describes the food distribution at national and sub-levels. Additionally, there is a lack of global literature regarding the nutrient composition of a respective food and, if available, only restricted to several food databases that have not been rationalized for many years. Globally, we are facing an understanding and knowledge gap about people food access and intake for future that the dietary requirements for essential nutrients will be fulfilled, how and to what extent the climatic variabilities will impact crop, livestock, fisheries and forest farming at regional scales, and which health issues may arise in the near future.

Climate change, food production, and food security are all interconnected and entwined. Shifts in one bring direct or indirect negative influences on others. For example, a fast-growing population raises food insecurity issues; tackling such issues leads to a rise in food production through agricultural managemental measures (deforestation, extensive use of fertilizers and pesticides), which ultimately worsens the climate change process. Moreover, energy usage in crop production, fisheries, livestock, forest farming, and food processing processes accelerates the climatic variability. Frequent and intense occurrence of natural disasters due to climate change and impacts on food system (crops, livestock, fisheries, forest farming) and food security determinants need deep interactive research-based analysis for future where changes in one may cause adverse and diverse impacts on the remaining. It is very important to have deep insights into all of the determinants of food security and multi-sectoral impacts that influence the overall food security in face of climate change which are necessary to widen the adaptation and mitigation processes and ensuring food security. Moreover, an enormous range of factors (political, economic, and social) along with climate change and extreme events that share in food insecurity issues should also be considered to alleviate the research gaps of climate change impacts on food production (livestock, crops, fisheries and forest farming), availability, access, utilization, and stability.

Limited-researched areas and gaps include climate change impacts on wide cropping system challenges (such as value chains, value addition, crops in landscape contexts), on livestock and fisheries farming systems, on pathogens and new diseases, and on food security determinants other than merely on production. Disregard of uncertainties in projections of climate impacts to food systems and limitations in crop and climate modeling, it is evidenced that climate change impacts on food security will be more adverse, and therefore we advocate and urge for more focused research that will directly share the actions required to harness food security issues. Meanwhile, food systems will need some transformations in future decades, however, there are few immediate challenges. Firstly, to modify the culture of research basically to concentrate on outputs, where extensive engagement of multi-sectors will be required. Secondly, to design, contrive and trial different portfolios of alternatives where solutions will be extremely context-specific, therefore, it is needed to focus on highly prioritization approaches for the welfare of all kinds of communities locally and nationally. But this will also require extensive stakeholder engagement for targeted benefits. Thirdly, to achieve socio-economic comprehensions via an emphasis on people who are already more vulnerable to climate change and extreme events. Lastly, to address and consideration of mitigation and adaptation approaches together regarding food security, at local, regional, national and global scales. To meet food security in face of these challenges, climate and food sciences must work in collaboration with professionals, stakeholders, and policy-makers, to formulate key options in fulfilling current and future requirements and capacities, most importantly learning from gained experiences.


Future Directions

In spite of flouring research work over the last decade, there remained impacts of climate change on food system and food security unknown. Having a better understanding of past and future climate change projections and evidences on overall food security determinants will be helpful to a great extent in achieving future food security goals. Strict consideration during research about climate change impacts on food security in terms of political, social, economic, and scientific consequences will ultimately reduce the uncertainties and be helpful in implementation of research experiences. However, some basic uncertainties will always interrupt because they are synchronized with climate change projections, climatic variability with time, and GHG emissions’ role in climatic variability. To overcome the uncertainties in climatic research, there is a strict need to focus on basic challenges regarding climate research. Firstly, it is very necessary to have an integrated understanding of food security; there is a need to find out the assemblage of authentications about climatic variability and its impacts on all components of food security. Secondly, there is a need to approach and model the exhaustive impacts of climate change on food security in terms of political, social, and economic consequences. Thirdly, it is required to have in depths future climate change projections and impacts on food security from global to regional to national to local, thereby, it would be easier to have sound climatic adaptations in food systems. Lastly, food system dimensions are totally dependent on the human behavioral reactions to actual and discerned climatic variabilities; therefore, it is requisite to have the blended human behavioral responses regarding climate change impacts on food utilization, availability, access, and stability. Addressing the above-mentioned four challenges will help in achieving the food security goals with a better understanding of climate change, food security, undernourishment and hunger.

Conclusive policy measures and action agenda is the need of time to reduce the food insecurity issues. There exists a large production gap between theoretical and practical crop, livestock and agroforestry productivities among many regions in this modern and innovative world (Lobell et al., 2009; Mueller et al., 2012; Chapagain and Good, 2015). Green revolution measures (adopting new crop cultivars, optimizing the use of inputs, developed irrigational systems) brought agricultural developments to many countries (Branca et al., 2011; Pingali, 2012; Aryal et al., 2018), but these development gains are limited to a few parts of the world. The unequal distribution of development measures brings critical food insecurity problems through declined food productivities (food insecurity in sub-Saharan Africa; de Graaff et al., 2011; Dawson et al., 2016). Critical food production gaps among various regions of the world require addressing the agronomic, social, political and economic constraints (Lobell et al., 2009; Reynolds et al., 2015; Myers et al., 2017). Agricultural innovations and climatic variability across the globe mutually determine future food productivity.

Measures to reduce food waste and loss will greatly help in meeting the food security goals. Primarily, unhygienic conditions cause fungal and other pests attack, which lead toward nearly 1.4 billion metric tons food loss every year, where most of the food loss exists in the developed world (FAO, 2014; Sheahan and Barrett, 2017). Although, rearing animals is an important nutritional and economic welfare tool for poor rural communities, however, crop production and agroforestry may directly help in easy availability of dietary energy (Cassidy et al., 2013; Shepon et al., 2016). Sustainable food production systems, better coping capacities against climatic variability like reducing GHGs emissions, and enhancing the input use-efficiencies for crop, agroforestry and livestock production can be helpful in alleviating negative impacts on food systems. Balancing the scope of policy priorities requires additional full understanding to account for how climate variability brings primary and secondary changes for food production and human health.

To implement the research-based findings practically, the decision stage needs to double-checked by decision- and policy-makers, because always challenged with anticipated climate change, impacts on food security though there are unlimited uncertainties among current findings and future projections. Moving toward practical implementations, there are few reconsiderations that decision-makers must undertake to concrete the alleviation process of climate change impacts on food security. Firstly, global decision-making organizations should prioritize those regions already at-risk regarding security food security due to severe climatic variability. Secondly, world’s silence seeing the global climate change impacts on food security in shape of hunger and malnutrition, which will potentially boost-up in the near future if kept ignored by developed countries. Thirdly, climate change potential impacts vary from global to a regional level, regional to local scale, and even vary among local communities, which raise issues regarding equitable food distribution at all levels. Therefore, projections of impacts at global, regional, national, and local scales and then to specify the practical implementations at a respective scale are important. Fourthly, poor groups and communities already at risk of climate variabilities are expected to be more vulnerable and prone to extreme weather events. Moving toward the fifth most important challenge, about the necessary adaptation measures to reduce the food insecurity issues in the near future that are expected to arise due to climatic variabilities happened in the last few decades as a result of bumper GHGs emissions. Lastly, periodic occurrences of extreme weather events will expand the uncertainties about the projected climate impacts, and global food security will be more vulnerable.

All the actual and perceived climate change impacts need comprehensive approaches to have sound mitigations and adaptations in reducing the global food insecurity issues. There are unlimited opportunities to develop sound adaptation approaches globally to undermine food security issues and to develop sustainable food production systems with better resilience against climate change. It is inevitable to modify the current agricultural systems toward climate-smart production systems through proper structural and functional adjustments to better cope with climate change impacts on all components of food security. This study encourages future research to deeply looking on different features of governance and their association with SDGs achievement, specifically focusing on each SDG goal individually. Studies assessing potential confined impacts of self-referent and adaptive governance approaches or policy coherence could impart to any attempt of SDGs. Being beyond the scope of the current article, a comprehensive assessment of the interactions between different dimensions and approaches of governance by using qualitative relative analyses would also share to further acquire sustainability in governance and its relevance for more specific SDGs implementation.
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Climate change is a major cause of the world's food security problems, and soil salinity is a severe hazard for a variety of crops. The exploitation of endophytic fungi that are known to have a positive association with plant roots is preferred for improving plant growth, yield, and overall performance under salt stress. The current study thus rationalized to address how salt stress affected the growth, biochemical properties, antioxidant capacity, endogenous indole-3-acetic acid (IAA), and the ionic status of maize associated with endophytic fungus (Stemphylium lycopersici). According to the findings, salt stress reduced chlorophyll a and b, total chlorophyll, total protein, sugars, lipids, and endogenous IAA levels. Enhanced values of chlorophyll a/b ratio, carotenoids, secondary metabolites (phenol, flavonoids, and tannins), antioxidant enzyme activity (catalase, ascorbate peroxidase), proline, and lipid peroxidation were noticed in maize plants under salt stress. Increased ionic content of Na+, Cl−, Na+/K+, and Na+/Ca2+ ratio, as well as decreased Ca2+, K+, Mg2+, N, and P contents, were also found in salt-stressed maize plants. In comparison to the non-saline medium, endophytic association promoted the antioxidant enzyme activities (798.7 U/g protein; catalase activity, 106 U/g protein; ascorbate peroxidase activity), IAA content (3.47 mg/g FW), and phenolics and flavonoids (88 and 1.68 μg/g FW, respectively), and decreased MDA content (0.016 nmol/g FW), Na+ ion content (18 mg/g dry weight), Cl− ion (16.6 mg/g dry weight), and Na+/K+ (0.78) and Na+/Ca2+ (1.79) ratios, in maize plants under salt stress, whereas Ca2+, K+, Mg2+, N, and P contents were increased in maize plants associated with S. lycopersici under salt stress. Current research exposed the role of S. lycopersici as an effective natural salt stress reducer and maize growth promoter; hence, it can be used as a biofertilizer to ameliorate salt stress tolerance in crops along with better growth performance in saline regions.

Keywords: Stemphylium lycopersici, proline, salinity, maize, IAA, endophytic fungus


INTRODUCTION

Environmental stresses, including salt stress and arid conditions, intensify these problems and have been demonstrated to reduce agricultural output significantly (Abideen et al., 2021). In the current circumstances, increased food production is required to meet the needs of a growing population, yet climate change, soil contamination, and degradation pose challenges. Inappropriate cultural practices and extensive agriculture applications are promoting soil salinity, leading to a global decline in soil fertility (Hernández, 2019). Plants are affected by salinity stress, which results in morphological, biochemical, physiological, and molecular alterations, as well as a loss in plant growth and productivity. It is also known that long-term saline irrigation causes adverse effects on plant physiology and on the production of plant metabolites that ultimately affect the total biomass production (Hussain et al., 2019). Under salt stress, the uptake of Na+ and Cl− ions is increased, resulting in a reduction in the uptake of water and other essential elements (calcium, potassium, magnesium, nitrogen, and phosphorus) as well as resulting in a deficiency of essential ions, disrupted ionic homeostasis, and a reduction in cell division, elongation, root, and leaf growth. Plants use redox balance and sequestration, osmoprotectant and appropriate solute production, enzymatic antioxidants activity, antioxidant substances production, polyamine formation, nitric oxide (NO) production, and hormone regulation to offset the negative effects of salinity (Van Zelm et al., 2020). The most important cereal crop maize (Zea mays L.) is ranked third behind wheat and rice, in tropical, sub-tropical, and temperate parts of the world. In comparison to other developing countries throughout the world, Pakistan's average maize output is poor. Nevertheless, important reasons attributed to low productivity include inadequate irrigation caused by water shortage, unbalanced macroelements and microelements, and abiotic stressors, in addition to varieties available to farmers (Shahid et al., 2020). The stressors to which Pakistan's maize crop is subjected are mostly calcareous in origin. Plants that are salt tolerant use a variety of approaches, ranging from morpho-anatomical to physiological and biochemical. Tolerant plants manage turgidity and adjust osmotically by combining severe water dissolvable excellent osmolytes (e.g., glycine betaine, free proline, and low atomic weight sugars) (Ait-El-Mokhtar et al., 2020). Free proline reduces salt-induced oxidative stress in plants, and both reducing and non-reducing sugars help plants maintain turgor under salt or water stress. Among the nutrients, K+ plays a key role in the transfer of nitrates to the roots and shoots, increased quick N-digestion, and support for water potential, all of which contribute to plant survival under ecological stresses (Huang et al., 2017). Maize is utilized in a variety of foods and is essential in many facets of daily living. Protein, edible oil, starch, and sugar are all abundant in maize, and it is an important source of biofuel, sugar, cooking oil, animal feed, ethanol, and food all over the world. More recently, putrescine (Gul et al., 2018) and inulin (Gul et al., 2019) have also been found to induce salinity tolerance in maize plants by modulating the physiological, antioxidant, and ionic status. However, the exploitation and bulk production of these compounds are time-consuming, costly, and in most cases, harmful to the environment. In addition, the efficacy of these chemical fertilizers, priming mediators, and growth regulators varies depending on the environmental stress and plant type. Therefore, scientists all across the world are working on low-cost, quick-to-implement strategies to boost agricultural output and sustainability under various environmental stresses. In this context, using beneficial endophytic fungal isolates with growth-promoting abilities to boost agricultural production and sustainability under salt stress provides an option (Ali et al., 2022). Recent research has shown that plants form associations with various microorganisms through their roots and above-ground portions, particularly endophytes, which can benefit plants in both normal and stressful conditions (Yu et al., 2019). Fungal endophytes have been shown to benefit host plants by supplying secondary metabolites and increasing tolerance after boosting the defense system against various abiotic stressors and infections. Different problematic features of microbiota are being addressed nowadays, starting with their identification, to create beneficial associations with plants and increase plant performance, particularly in plant yield and biomass. Symbiotic fungi are thought to be useful for plant adaptation to various stress stimuli, with their physiological effects and molecular mechanisms yet to be discovered (Aziz et al., 2021a,b). Endophytic fungus colonization of host plants is thought to contribute to host plant adaptation to living and non-living stress components. The mechanisms behind positive influence driven by the endophytic fungus Stemphylium lycopersici (PW) in maize upon salt stress have not been studied so far. Therefore, the current study was aimed to investigate the potential of S. lycopersici (PW) as a biofertilizer for growth promotion as well as stress tolerance amelioration in maize. The current research was focused to explore whether (i) S. lycopersici (PW) may induce salt stress tolerance in maize and what could be the possible factors inducing the salt stress tolerance in maize in association with S. lycopersici (PW), (ii) the growth-promoting metabolic reshuffling in maize plants upon salt stress, (iii) the modulation of growth-controlling phytohormones, (iv) the antioxidant potential, and (v) ionic rebalancing in the presence of S. lycopersici (PW) association. Considering the previous reports and current knowledge, this research was designed to assess the growth-promoting role of S. lycopersici on maize plant growth and essential agronomic features, biochemical properties, antioxidant potential, endogenous indole-3-acetic acid (IAA) level, and concentration of various ions while growing under normal and salt stress conditions. Hence, the findings of the current research allowed us to expose the in-depth physiological, biochemical, metabolic, and ionic reshuffling for salt stress tolerance amelioration in maize by S. lycopersici (PW) endophytic fungus.



MATERIALS AND METHODS


Stemphylium lycopersici (PW) Purification and Spore Suspension Preparation

This experiment used S. lycopersici (PW), which was identified in the Plant–Microbe Interaction (PMI) laboratory at Abdul Wali Khan University Mardan (AWKUM). Endophytic fungus PW was isolated from Chlorophytum comosum and identified as S. lycopersici (data not shown). To purify the fungal strain, it was regularly sub-cultured on potato dextrose agar (PDA) media and then incubated at 25°C for 2 weeks to produce sufficient spores (conidia). Mycelia and spores are cultivated on PDA media with the use of a sterile blade (No. 21) and placed in a sterile conical tube for spore dispersion (50 ml). The tube was then filled with 20 ml of pure water and vortexed for 5 min. The suspension is then filtered with a filter paper (Whatman filter paper, No. 2). With the help of distilled water, the final concentration of spore suspension (5 × 107 spores/ml) was maintained and employed in this experiment.



Microscopy of the Pure Fungal Colonies

Fungal mycelium was observed under the light microscope (Binocular NSL—CX23 Olympus, Japan) at a low power initially, followed by high magnification, i.e., 40× and 100×. Lactophenol cotton blue reagent was used as a staining agent for investigating the fungal morphological features.



Experimental Layout

After examining plant growth and biochemistry, an experiment was conducted to examine the performance of S. lycopersici (PW) inoculation with the maize plant. After plant inoculation with S. lycopersici (PW), the experimental setup was a Completely Randomized Design (CRD). Zea mays (Var. Gulibathi) seeds were collected from the Agriculture Research Institute (ARI) in Tarnab, Peshawar. Seeds were sterilized for 60 s with 0.1 % mercuric Cl− before being washed three times with distilled water. The experimental setup consists of a total of 12 plastic pots /treatment (8.5 cm in diameter and 12.5 cm in depth) with a basal outlet (for leaching purposes) and 300 g of sterilized sandy–loam soil. Before filling the pots, soil samples were collected and analyzed for physical and chemical properties (Table 1). Seeds were surface-sterilized with ethanol (70% for 2 min) and perchloric acid (1% for 30 s). After sterilization, final washing was done using double-distilled H2O to remove residues of perchloric acid and ethanol. Disinfectant seeds were germinated in glass Petri plates and 4 days after germination, uniformly germinated seedlings were then transferred to the soil pots pre-mixed with the fungal biomass. Liquid spore suspension (5 × 107 spores/ml of S. lycopersici (PW) was inoculated (1 ml/seedling and 4 seedlings/pot) for 4 consecutive days. Control was irrigated with an equal volume of irrigation water.


Table 1. Physical and chemical properties of soil used in the experiment.
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Previously, maize has been known to be moderately sensitive to salt stress, which, however, showed stunted growth up to 200 mM NaCl (Chen et al., 2007). So after 5 days, a 200 mM sodium chloride (NaCl) solution was applied two times a week in control settings with an equal volume of tap water. With five plants per pot, the experimental design was completely randomized with four sets of treatments and was repeated three times.

Set-I: Irrigation of maize seedling performed through tap water (0 mM NaCl).

Set-II: Irrigation of maize seedling performed through 200 mM NaCl.

Set-III: Maize seedlings inoculated with spores of S. lycopersici (PW) and irrigation of seedling performed through tap water (0 mM NaCl).

Set-IV: Maize seedlings inoculated with spores of S. lycopersici (PW) and irrigation of seedling performed through 200 mM NaCl.

The experiment ended after 35 days, and the maize plants were harvested. The roots and shoots of each harvested plant were carefully separated and rinsed with tap water to remove soil particles. Electrical balance is used to determine the fresh and dry weight of the shoots and roots. The dry weight of the same parts was measured after they had been dried in an oven for 72 h at 60°C.



Analysis of Primary Metabolites and Photosynthetic Pigments

Primary metabolites (total carbohydrates, proteins, lipids and proline) and photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoid content) in fresh leaves as described by Ali et al. (2022). Fresh leaves (0.3 g) were ground in 3 ml of 80% acetone before being centrifuged at 11,200 rcf (g Force) for 5 min. The supernatant was pooled after the pellet of the plant material was rinsed three times with centrifugation and a final volume of 7 ml was maintained using 80% acetone. Each solution's optical density was measured through UV–Vis spectrophotometer (PerkinElmer Inc., United States) at 663 nm (chlorophyll-a), 645 nm (chlorophyll-b), 480 nm, and 510 nm (carotenoids).



Quantification of Total Phenols

Total phenolics were estimated as mentioned by Aziz et al. (2021a). With the help of dH2O, the extract of the leaf sample was separated in a glass tube, and the volume was increased to 3 ml. The extract was combined with 0.5 ml of Folin Ciocalteau reagent and 2 ml of Na2CO3. Different concentrations of catechol were used to develop a standard curve. Catechol (CellMark AB, Göteborg, Sweden) concentrations (1–10 mg) were used for developing a standard graph. The absorbance was measured at 650 nm using a UV–Vis spectrophotometer (PerkinElmer Inc., United States).



Quantification of Total Flavonoids

Total flavonoids were estimated as described by Ali et al. (2021). For extract production, a 5-g leaf sample was macerated in 50 ml of 80% ethanol. After a 1-day incubation period, the extract was centrifuged at 11,200 rcf for 15 min. Then, 250 μl of the extract was combined with 1.25 μl of dH2O and 7 μl of a 5% NaNO2 solution. After 5 min of incubation, we added 150 μl of 10% AlCl3·H2O and incubated them for 6 min in the incubator, and 500 μl of 1 M NaOH and 275 μl dH2O were added to the solution. Various concentrations (10–100 μg) of Quercetin (TargetMol, Boston, MA, United States) were used for plotting the calibration curve, whereas ethanol (80%) was employed as a reagent blank. The absorbance was measured at 415 nm using a UV–Vis spectrophotometer (PerkinElmer Inc., United States).



Quantification of Total Tannins

Total tannins in plants were quantified as mentioned by Ali et al. (2022). A 5-g leaf sample was homogenized in 50 ml acetone (70%) and incubated for 6 h in a shaking incubator. From a stock solution of tannic acid (50 g tannin acid diluted in 70% ethanol), serial dilutions were prepared for standard. Then, we mixed 950 μl of dH2O with 50 μl o extract and then added 20% Na2CO3 (2.5 ml) and the reagent (0.5 ml Folin–phenol) to the solution. At 510 nm, the absorbance of the solution was measured against a reagent blank through UV–Vis spectrophotometer (PerkinElmer Inc., United States). Tannic acid (Sigma–Aldrich, St. Louis, MO, United States) was used with various concentrations (10–100 μg) for plotting the calibration curve.



Lipid Peroxidation Analysis

Heath and Packer (1968) published a lipid peroxidation measurement method in plants using the thiobarbituric acid (TBARS) assay, which was used in this study. In this method, 0.3 g of the plant material was macerated in 2.5 ml of 0.1% trichloroacetic acid and centrifuged at 11,200 rcf for 20 min and 1 ml of the extract was combined with 2.25 ml of thiobarbituric acid and 20% trichloroacetic acid. The solution was heated to 95°C for 30 min and then cooled in an ice bath before being centrifuged for 10 min at 11,200 rcf. The optical density of the solution was measured at 532 and 600 nm through UV–Vis spectrophotometer (PerkinElmer Inc., United States) against the reagent blank.



Change in Catalase Activity

Chandlee and Scandalios (1984) used a methodology to assess catalase enzyme activity in fresh leaves, and 0.1 ml enzyme extract, 1 ml potassium phosphate buffer (100 mM, pH 7.0), and 0.4 ml H2O2 (200 mM) were added to the reaction mixture (final volume was 1.5 ml). The absorbance was measured at 240 nm after 30 s intervals (extinction-coefficient = 0.036 mM/cm).



Change in Ascorbate Peroxidases Activity

Ascorbate peroxidase activity was determined in plants by taking 0.1 ml enzyme extract, 0.2 mM ascorbic acid, 50 mM potassium phosphate buffer, 0.2 mM EDTA, and 20 mM H2O2, as described by Aziz et al. (2021b). At 290 nm, the reduction in optical density was monitored every 30 s for up to 7 min.



Quantification of Endogenous IAA Level

Indole-3-acetic acid quantification in plant material was performed using the method mentioned by Aziz et al. (2021b). A 0.5-g leaf sample was ground in 10 ml dH2O to make the extract. Then, 2 ml of the Salkowski reagent (was combined with 1 ml of the supernatant), and the solution was incubated in the dark for 30 min before being measured at 540 nm through UV–Vis spectrophotometer (PerkinElmer Inc., United States).



Analysis of Different Nutrient Content

Various ions (K+, Ca2+, and Mg2+, nitrogen, phosphorus, Na+, and Cl− ions) were quantified in 0.3 g of powdered plant samples that were digested using 6.5 ml of acid solution (HNO3, H2SO4, HClO4) with a ratio of 5:1:0.5. The solution was heated to the appearance of white fumes. Distilled water was added to the sample for dilution and then filtered with Whatman filter paper, No. 2. The concentrations of ions, in the digested solution, were determined using the ICE 3000 atomic absorption spectrophotometer (Thermo Scientific, United States) as described by Aziz et al. (2021a). Three biological replicates were tested.



Statistical Analysis

GraphPad Prism 9.0.0 (121) software was used to statistically analyze the data sets that represent the means and standard errors of three independent replicates for each treatment, using the Brown–Forsythe and Welch's test performed to run statistical evaluation through One-Way Analysis of Variance (ANOVA). Data presented as bars with significant differences (p ≤ 0.05) marked as asterisks. For results in Table 2, the statistical analysis was performed by using the statistical software package SPSS V. 21.0 (SPSS, Chicago IL, USA) and means separation was carried out by applying the Duncan's Multiple Range Test (DMRT). Significant differences were represented by significant letters and asterisks (*, **, ***) at p ≤ 0.05.


Table 2. Effect of S. lycopersici (PW) on total carbohydrates, total proteins, total lipids, and proline content of maize plants under salt stress.
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RESULTS


Physiochemical Properties of the Soil

Soil mixture was collected from the Mardan district of Khyber Pakhtunkhwa (KPK), Pakistan, for physicochemical analysis. The sand content of the soil mixture ranged from 70 to 74%. The silt content ranged from 10 to 13%. The clay content was 11–15%. Soil pH ranged from 7.1 to 7.9. The electrical conductivity of the soil mixture ranged from 1.2 to 3%. Organic matter was 1.32%, organic carbon 3.98%, carbonates 1.38 meq/L, bicarbonates 2.64 meq/L, and Cl− 1.29 meq/L (Table 1).



Association of S. lycopersici (PW) With Maize Roots and Root Hair Abundance Under Salt Stress

Colonization of S. lycopersici (PW) with maize roots is presented in Figure 1D. Root colonization was prominently enhanced in maize grown under saline conditions compared with the control. The occurrence of inoculated endophytic fungal isolate S. lycopersici (PW) inside the cortical region as well as the outer zone of maize plant roots was confirmed by microscopic visualization. To further confirm the presence of endophytic fungus S. lycopersici (PW) associated with the roots of maize, the endophytic reisolation was performed and its colony morphology was evaluated (Figures 1A,B). The colony phenotype and microscopic morphology further confirmed the association of S. lycopersici (PW) with roots of maize plants grown under salt stress.


[image: Figure 1]
FIGURE 1. (A) Colony appearance of S. lycopersici (PW). (B) Morphological characteristics of S. lycopersici (PW). (C) Maize plant growth under normal and salt stress conditions without (upper panel) and with (lower panel) S. lycopersici (PW) inoculation. (D) Maize root colonization with S. lycopersici (PW) and root anatomy under normal and salt stress conditions.


Moreover, under salt stress, the maize root hairs were found to be less abundantly grown, along with exaggerated and excessive lysogenic aerenchyma formation. On the contrary, a higher abundance of root hairs and moderately formed lysogenic aerenchyma were noticed in plant roots associated with S. lycopersici (PW) along with a higher abundance of endophytic fungal hyphae compared with the control (Figure 1D).



Effect of S. lycopersici (PW) on Maize Growth Under Salt Stress

Maize plants inoculated with S. lycopersici (PW) showed a significant (p ≤ 0.05) improvement in overall growth response as shown in Figure 1C. The shoot length, root length, and weight were also increased in the maize plants inoculated with S. lycopersici (PW) compared to the non-inoculated maize plants under normal as well as salt stress conditions (Figure 2). Assessment of maize plant's growth performance raised under salt stress showed a significant (p ≤ 0.05) reduction in shoot length (−0.26 fold), root length (−0.32 fold), the total number of leaves (−0.4 fold), fresh weight (−0.53 fold), and dry weight (0.54) compared to control plants (Figure 2). Furthermore, S. lycopersici (PW) interaction with maize under both saline and normal conditions triggered significant (p ≤ 0.05) positive alterations in morphological traits in comparison to salt-supplemented maize plants. S. lycopersici (PW) inoculated plants resulted in an increase in shoot length (0.16 fold), root length (0.13 fold), the number of leaves (0.26 fold), fresh weight (1.65 fold), and dry weight (0.36 fold) of salt-supplemented maize plants compared to non-inoculated maize plants under salt stress.
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FIGURE 2. Treatment of maize with S. lycopersici (PW) under normal and salt-stressed conditions. (A) Shoot length, (B) root length, (C) number of leaves, (D) fresh biomass, and (E) dry biomass. Bars indicate mean ± standard error from three replicates at a significant level of p ≤ 0.05. Significant differences were represented by asterisks (*, **, ***) at p ≤ 0.05.




Effect of S. lycopersici (PW) on Maize Photosynthetic Attributes Under Salt Stress

The amounts of photosynthetic pigments (chlorophyll a, b and carotenoids) improved significantly (p ≤ 0.05) in fungus-inoculated maize plants as compared to the non-associated plants under normal as well as saline conditions (Figure 3). Different photosynthetic pigments of maize plants exposed to salinity stress showed a significant (p ≤ 0.05) reduction in chlorophyll a (−0.29 fold), chlorophyll b (−0.56 fold), and total chlorophyll (−0.44 fold) while exhibiting promotion in a/b ratio (0.48 fold) and total carotenoids (1.4 fold) in comparison to control plants (Figure 3).
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FIGURE 3. Treatment of maize with S. lycopersici (PW) under normal and salt stress conditions. (A) Chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, (D) chlorophyll a/b ratio, and (E) carotenoids. Bars indicate mean ± standard error from three replicates at a significant level of p ≤ 0.05. FW, fresh weight.


However, S. lycopersici (PW)-inoculated plants resulted in a significant (p ≤ 0.05) improvement in chlorophyll a (0.1 fold), chlorophyll b (1.9 fold), and total chlorophyll (0.5 fold), and reduction in the value of chlorophyll a/b ratio (−0.4 fold) and total carotenoids (−0.32 fold) of maize plants under salt stress in comparison to non-inoculated plants under salt stress (Figure 3).



Effect of S. lycopersici (PW) on Maize Primary Metabolites Under Salt Stress

Under salt stress conditions (200 mM NaCl), total soluble sugar, total proteins, total lipids, and proline contents of the S. lycopersici (PW)-associated maize plants were significant (p ≤ 0.05) increased compared to the non-associated plants (Table 2). The biosynthesis of proline and phenolic contents were increased upon salt stress.

Maize plants exposed to salinity stress showed a significant (p ≤ 0.05) decrease in total soluble sugars (−0.3 fold), total proteins (−0.36 fold), total lipids (−0.25 fold), and proline (−0.34 fold) compared to control plants (Table 2).

However, S. lycopersici (PW) associated plants showed promotion in primary metabolites such as total soluble sugars (0.1 fold), total proteins (1.17 fold), total lipids (0.053 fold), and proline content (0.99 fold) of maize plants grown under salt stress in comparison to non-inoculated plants under salt stress (Table 2).



Effect of S. lycopersici (PW) on Maize Secondary Metabolites Under Salt Stress

Under salt stress conditions (200 mM NaCl), secondary metabolites (total phenols, total flavonoids, and tannins) of the S. lycopersici (PW)-associated maize plants were significantly (p ≤ 0.05) increased compared to the non-associated plants. Maize plants exposed to salinity stress exhibited a significant (p < 0.01) increase in total phenols (0.125 fold), total flavonoids (0.97 fold), and total tannins (0.43 fold) compared to control plants (Figure 4).
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FIGURE 4. Treatment of maize with S. lycopersici (PW) under normal and salt-stressed conditions. (A) Total phenols, (B) flavonoids, and (C) tannins. Bars indicate mean ± standard error from three replicates at a significant level of p ≤ 0.05. FW, fresh weight.


However, compared with salt-supplemented maize plants, S. lycopersici (PW)-associated plants exhibited a decrease in the levels of secondary metabolites (−0.1 fold phenols, −0.37 fold flavonoids, and −0.34 fold total tannins) in maize plants under salt stress in comparison to the non-inoculated plants under salt stress (Figure 4).



Effect of S. lycopersici (PW) on MDA Content, Antioxidant Enzymes, and IAA Level of Maize Under Salt Stress

Adverse effects of high salt stress were observed in maize plants in terms of a significant (p ≤ 0.05) increase in MDA content (1.117 fold), catalase (0.33 fold), ascorbate peroxidase activity (0.33 fold), and a reduction in endogenous IAA levels (0.69 fold) compared to control plants (Figure 5).


[image: Figure 5]
FIGURE 5. Treatment of maize with S. lycopersici (PW) under normal and salt-stressed conditions. (A) IAA level, (B) MDA content, (C) catalase, and (D) ascorbate peroxidase. Bars indicate mean ± standard error from three replicates at a significant level of p ≤ 0.05. FW, fresh weight.


Whereas S. lycopersici (PW)-associated plants exhibited a decrease in MDA content (0.6 fold) and an increase in antioxidant enzyme activities (1.35-fold catalase, 0.05-fold ascorbate peroxidase) and IAA content (3.03 fold) of maize plants under salt stress in comparison to non-inoculated plants under salt stress (Figure 5).



Effect of S. lycopersici (PW) on Ionic Contents of Maize Under Salt Stress

Current findings revealed the ionic status of maize plants under salinity stress and plants exhibited a significant (p ≤ 0.05) increase in sodium (5.0-fold, 4.5-fold), Na+/K+ (5.8-fold), and Na+/Ca2+ (4.8-fold) but showed a significant (p ≤ 0.05) decrease in potassium (−0.35 fold), Ca2+ (−0.99 fold), Mg2+ (−0.25 fold), phosphorus (−0.84), and nitrogen (−0.5 fold) compared to control plants (Figure 6).
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FIGURE 6. Treatment of maize with S. lycopersici (PW) under normal and salt-stressed conditions and their effect on different ions concentrations (A) and ionic rations (B). Bars indicate mean ± standard error from three replicates at a significant level of p ≤ 0.05. Significant differences are represented by superscript letters at p ≤ 0.05.


Furthermore, it was observed that the association of S. lycopersici (PW) with maize under both saline and normal conditions had significant (p ≤ 0.05) changes in ionic concentrations. S. lycopersici (PW) association exhibited reduced ionic content of Na+ (−0.8 fold), Cl− (−0.34 fold), Na+/ K+ ratio (−0.72 fold), and Na+/Ca2+ ratio (−0.63 fold) and increased ions such as K+ (1.5 fold), Ca2+ (0.06 fold), Mg2+ 0.46 fold), phosphorus (2.47 fold), and nitrogen (0.67 fold) in maize plants under salt stress compared with the non-inoculated plants under salt stress (Figure 6).




DISCUSSION

At present, endophytic microbe-assisted abiotic stress alleviation is believed to be a valuable strategy for the restoration of sustainable growth of crops under stressful environments. For example, plant growth-promoting rhizobacteria (PGPR) have been used for the amelioration of heavy-metal stress tolerance in plants and may be used effectively for phytoremediation of metal-contaminated sites. For example, the application of Bacillus megaterium MCR-8 alleviated nickel stress in Vinca rosea (Khan et al., 2017), Bacillus megaterium OSR-3 in combination with putrescine ameliorated hydrocarbon stress in Nicotiana tabacum (Tariq et al., 2021), Burkholderia cepacia CS8 alleviated Cd-stress in Catharanthus roseus (Khan et al., 2018), and Bacillus subtilis FBL-10 and silicon enhanced nickel stress tolerance in Solanum melongena (Shah et al., 2021).

It has also been reported previously that endophytic fungi may also contribute to the enhancement of growth by enhancing biomass, shoot length, and growth-promoting hormones and metabolites under various abiotic stresses (Aziz et al., 2021a,b; Rauf et al., 2021; Ali et al., 2022).

Endophytic fungi have a lot of potential when it comes to mitigating the effects of salt stress, improving plant development, and nutrient uptake. The exploitation of endophytic fungi can give useful and environmentally acceptable solutions for global food security in the long run (Vaishnav et al., 2019). Plant growth-promoting fungal endophyte Piriformospora indica alleviates salinity stress in Medicago truncatula (Li et al., 2017a), the fungus Aspergillus aculeatus enhances salt stress tolerance and metabolite accumulation and improves forage quality in perennial ryegrass (Li et al., 2017b), and Trichoderma harzianum mitigates salt stress in cucumber (Zhang et al., 2019).

Salinity generates detrimental environmental and hydrological situations that restrict regular crop production. Roots are the first tissues directly encountering salt stress and acting as its sensor. The root system is liable for water and nutrient intake, which is vital for the development of plant growth and development. The plasticity of roots under salinity stress is the important thing in dealing with stressful situations, as root surfaces first get exposed to environmental stresses. Root morphological plasticity may also encompass stopping the accumulation of salt in roots so that water uptake may also be maintained in saline soils.

Furthermore, plants exposed to progressive salt stress developed morphological changes to mitigate the negative effects of Na+. The lysogenic aerenchyma formation due to the replacement of dead cells by air spaces minimizes the uptake of this harmful ion, which is one of the primary anatomical modifications. However, due to increased cell wall thickness, this abundance of such alterations maximizes tissue impermeability and inhibits ionic flow. Thus, plants under extreme salt stress have reduced absorption of water and mineral nutrients, which reduces root and shoot development (Jung and McCouch, 2013).

Second, salt stress in large part regulates the formation and development of root hairs. Salt stress at a decreased concentration (5 g/L NaCl) induced ample root hairs; however, the high salt concentrations (10 and 15 g/L NaCl) progressively decrease the numbers of root hairs, which had been counted. In stressful environments, the root surface had been discovered to be much less in both monocots (e.g., wheat and barley) and in dicots (e.g., Arabidopsis) (Wang et al., 2022).

The current study was meant to identify the efficient role of newly isolated plant growth-promoting endophytic fungus S. lycopersici (PW) for its potential to increase maize growth in a saline environment. The extensive colonization and strong association of isolated endophytic fungus S. lycopersici (PW) with maize root under normal and salt stress conditions (200 mM NaCl) suggested that the interaction of this endophytic fungus with maize plants has stimulated the host growth through metabolic and ionic rebalancing under salt stress. Current investigations also revealed a higher abundance of root hairs and moderately formed lysogenic aerenchyma in plant roots associated with the S. lycopersici (PW) along with the increased level of endophytic colonization, compared with the control. Moderate formation of lysogenic aerenchyma might be the reason for salt stress tolerance that helped to minimize the uptake of toxic Na+ ions, while reduced root hairs and a higher abundance of endophytic fungal hyphae supported the nutrient acquisition and translocation from soil to plants. However, a thorough understanding of the role of S. lycopersici (PW) in modulating the root system architecture with a special emphasis on root hair traits under salinity stress would be helpful for future maize beading in saline regions of the world.

The enhancement of plant biomass is a key measure of crop performance. Consistently, S. lycopersici (PW)-associated maize plants under salt stress showed a significant increase in shoot length, root length, number of leaves, and fresh and dry weights compared to control plants, which might be suggestive of improved macronutrient and micronutrient uptakes from the soil by maize roots in the presence of endophytic fungal hyphae that also replicate the nutrient uptake for plants. The inoculation of maize plants with S. lycopersici (PW) considerably enhanced maize growth and ameliorated the salt stress tolerance in the present study. The occurrence of inoculated endophytic fungal isolate S. lycopersici (PW) inside the cortical region of maize plant roots, and their successful reisolation further strengthens the active role of S. lycopersici (PW). As affirmed by previous studies that an endophytic association with roots of plants improved plant performance, the current evidence also indicates that, in comparison to non-inoculated plants, maize plants inoculated with S. lycopersici showed an increase in the shoot and root length, total leaf numbers, and fresh and dry biomass under both salt and normal conditions.

Following salt stress, endophyte colonization increased photosynthetic efficiency (Azad and Kaminskyj, 2016). Moreover, changes in the level of the photosynthetic pigment in response to salt stress are considered as a biochemical marker for identifying salt-tolerant behavior in plants. However, carotenoids have been ascribed additional roles in defense mechanisms, such as scavenging singlet oxygen or protecting chlorophylls from the harmful effects of photooxidation processes (Ashraf and Harris, 2013). In accordance, here the maize plants under salt stress also showed a considerable loss in chlorophyll a, chlorophyll b, and total chlorophyll content while the increase in chlorophyll a/b ratio and carotenoids was noticeably observed. Normally, chlorophyll deficiency in plants is caused by the activation of the chlorophyll catabolic pathway as well as a lack of chlorophyll synthesis as a result of photooxidation of these pigments.

Endophytic fungal colonization of roots can also induce significant changes in the relative abundance of major groups of organic solutes, such as changing the composition of carbohydrates, inducing the accumulation of specific osmolytes, such as proline, and facilitating osmotic adjustment. Stress-adapted fungal endophytes can reduce the harmful impacts of salinity by enhancing a variety of other physiological and biochemical plant responses, such as transpiration rate, antioxidant enzyme activity, and osmoprotectant molecule concentrations such as proline and soluble sugars (Moghaddam et al., 2021).

Osmo-protectants (proline) overaccumulation is suggestive of evading the osmotic imbalances in plants under salt stress. Consistently, maize plants showing higher proline levels under salt stress in the presence of endophytic association might be one of the factors contributing to the amelioration of salt stress tolerance. Salt stress-induced growth suppression in cucumber seedlings was shown to entail increases in proline and decreased soluble protein levels, which contribute to osmotic shift, according to Shao et al. (2015). Under salt stress, proline biosynthesis of gene (KvP5CS1) expression has been shown to induce in roots, stems, and leaves of Kosteletzkya virginica seedlings that played a critical role in salt stress tolerance (Wang et al., 2015).

During the first phase of salt stress, Ma et al. (2021) reported stunted maize growth to appear with a reduced root and shoot system owing to the poor extension of cells. Similarly, the growth of salt-resistant hybrids demonstrated that it was cell wall extensibility, not turgor, that limited cell extension expansion during the initial phase. While in the second phase, plants need more energy to cope with the toxic effect of Na+ and Cl− ions with a deficiency of other nutrients under salt stress (Isayenkov and Maathuis, 2019). Because of changes in physiological and metabolic processes in salty environments, as reported by Ullah and Bano (2019), the drop in biomass increased with the increase in salinity. The accumulation of inorganic ions and organic solutes for osmotic readjustment may stimulate dry matter production under the influence of salinity, whereas a decrease in dry matter content at the higher salinity levels may be due to inhibition in the hydrolysis of reserved foods and their translocation to growing shoots (Genc et al., 2019).

Following the previous reports, the present research also showed a decrease in total carbohydrates, proteins, and lipids in maize plants under salt stress. Primary metabolites (carbohydrates, amino acids, and nitrogen) have previously been known to play a vital protective role in salinity acclimated plants, acting as osmolytes (protecting membranes and protein) and ROS scavengers (Sharma et al., 2019). Moreover, in higher plants, the disaccharide sucrose and cleavage products such as glucose and fructose are the central signaling molecules that regulate the expression of genes involved in photosynthesis, respiration, and the synthesis and degradation of starch and sucrose, as well as the growth of sink tissues, carbohydrate translocation, metabolism, and sensing (Slama et al., 2015). Differential expression of genes involved in photosynthesis, respiration, starch/sucrose metabolism, and cell cycle control is triggered by adverse environmental conditions, resulting in optimal carbon and energy use for plant survival under stress. For example, HEXOKINASE 1 (HXK1), the primary glucose sensor, reacts to glucose concentrations under stress and regulates gene expression accordingly. Since invertases are also linked to abiotic stress tolerance, glucose produced by invertase activity activates HXK to control mitochondrial ROS production (Bolouri-Moghaddam et al., 2010). The present investigation also revealed that maize plants associated with S. lycopersici exhibited increased carbohydrates, proteins, and lipids levels in both salinity and normal conditions. Zhang et al. (2019) consistently found that endophyte-associated wheat plants growing under salt stress had an increased amount of carbohydrates. Previously, the endophytic association of A. awamori increased the level of carbohydrates in mung bean plants under both controlled and salt-stressed conditions. The increased level of soluble sugars in salt stress in A. awamori-associated mung bean could be attributed to molecular defense against oxidative damage (Ali et al., 2022). The association of B. subtilis combined with AMF has previously affected the activity of enzymes such as nitrate reductase and nitrite reductase under salinity resulting in increased nitrogenase activity. Nitrate and nitrite reductase regulate the conversion of nitrate to ammonia, which results in amino acid synthesis (Iqbal et al., 2015). Salinity also accelerated the lipid peroxidation activity, resulting in increased membrane permeability and ion leakage from cells. Under salinity stress, leaves of P. indica-colonized barley plants showed an increase in total lipid proportion as P. indica increased the amount of C18:3 fatty acid in the phospholipid fraction extracted from barley leaves in a similar way to salinity (Yu et al., 2020). Such impacts on host plant total lipid composition could be a symbiotic adaptive mechanism mediated by the endophyte to cope with salt stress in unfavorable environmental conditions. Furthermore, under salinity stress, total phenolic and flavonoid content usually operate as secondary antioxidants and free radical scavengers (Khalvandi et al., 2019). Tannins are water-soluble, condensed phenolic compounds with a wide range of sizes found throughout the plant kingdom (Campobenedetto et al., 2020). The present investigation also revealed a considerable increase in total phenols, flavonoids, and tannins in maize plants grown under salt stress. Previously, supplementing both the salinity stress and selenium had a considerable impact on the total phenolic contents of garlic leaves increased dramatically when exposed to salinity stress (90 mM NaCl) (Astaneh et al., 2018). Accumulated evidence indicates that salinity stress increased total phenolic content, flavonoids, tannin, and alkaloid levels, while endophytic antioxidants also help host plants cope with oxidative stress more effectively under salt stress. Consistently, the current study also revealed that inoculating maize plants with S. lycopersici improved the levels of plant phenols, flavonoids, and tannins in both salinity and normal environments. In comparison to non-inoculated plants, fungal endophyte inoculation has been reported to increase SOD, APX, and POD activity in plants (Zhang et al., 2019). For example, in the presence of WSQ fungal endophyte, the flavonoid content was enhanced in maize plants supplemented with salt, supporting the improvement of the physicochemical characteristics of the host plants under stress (Ali et al., 2022).

Plant cells are damaged by reactive oxygen species (e.g., superoxide radicals, hydroxyl radicals, hydrogen peroxide, and singlet oxygen) produced upon exposure to abiotic stressors such as different metal ions that were employed by molecular oxygen to generate reactive oxygen species in plants (Khan and Bano, 2018). Current observations also confirmed that, in comparison to control plants, maize plants under salt stress showed a considerable increase in membrane lipid peroxidation, catalase, and ascorbate peroxidase activity. Normally, plants exposed to salt stress had more lipid peroxidation than control, and salt stress is known to induce antioxidant enzymes such as catalase (CAT), superoxide dismutase (SOD), peroxidase (POD), and ascorbate peroxidase (APX) activity increased (Umar and Siddiqui, 2018). According to Alen'kina and Nikitina (2020), plants under salt stress showed an increase in ascorbate peroxidase activity. SOD, peroxidase (POD), and catalase (CAT) activity were all higher in endophyte-colonized plants, implying that the coordination of POD and CAT activity, as well as SOD activity, played a key role in the O2− and H2O2 scavenging process (Ali et al., 2022). The current study also showed that inoculating maize plants with S. lycopersici improved the activity of antioxidant enzymes (catalase and ascorbate peroxidase) and the level of lipid peroxidation in both salinity and normal environments. In the plant cells, ascorbate (ascorbic acid) is the most stable and low–molecular weight non-enzymatic antioxidant. Catalase is part of the ROS scavenging enzyme system, and it plays a key role in maintaining redox balance. Plant–fungal interaction increased ascorbate peroxidase activity while lowering lipid peroxidation, electrical conductivity, MDA, and hydrogen peroxide levels but did not affect catalase and peroxidase activities under salinity (Dastogeer, 2018). Increased antioxidant enzyme activities suggest an effective antioxidant response with salt stress protection and symbiosis of the host plant with endophytic strains (Guler et al., 2016).

Phytohormones also act as signaling molecules that can alter metabolic and physiological mechanisms in plants. In the present study, endophyte-associated maize plants under salt stress showed a noticeable increase in endogenous IAA (auxin) levels compared with control and stressed plants. Previously, it is also reported that auxin has a major role in stress adaptation, while high salinity levels cause a reduction in auxin levels in rice plants (Du et al., 2013). In response to salt stress, a decrease in auxin and salicylic acid was observed in plants with a high level of jasmonic acid and abscisic acid. Auxin and abscisic acid play crucial roles in the activity of various enzymes in plants (Kirecci, 2018). Auxin also controls plant processes, including pollen formation, vascular tissue formation, cell cycle, and plant growth and development. Previously, in comparison to non-endophyte-associated plants, cucumber plants exposed to salinity (60 and 120 mM) with their association with P. formosus also showed a significant increase in IAA levels (Khan et al., 2012). Endophytic microbes produce hormones that enhance native levels of plant hormones, allowing endophytes to influence plant development and signaling positively (Rauf et al., 2021). Endophytic microbial strains are also known to produce the phytohormones ethylene, IAA, GA, and cytokinins, which affect the growth of host plant cells and tissues directly or indirectly (Aziz et al., 2021a,b).

By interfering with nutrient uptake, translocation, or distribution inside the plant, high salts (Na+ and Cl−) in the soil hinder nutrient availability. Sodium and chloride ion toxicity can generate ROS, which can destroy cellular functioning, and the accumulation of toxic Na and Cl− is also accompanied by a massive reduction in cytosolic K, with numerous implications for a cell's metabolic activity and viability (Wu et al., 2018; Rubio et al., 2020). Excessive uptake of salt ions should be avoided to preserve a healthy natural balance of nutrients (both macro and micro). The Na+/K+ ratio is amplified by rising Na+ concentrations, which inhibits cytosolic activities, impacting photosynthesis and respiration (Bhat et al., 2020). With NaCl and Na2CO3 treatments, the K+/Na+ ratio was increased by 12- and 17-fold, respectively (Lu et al., 2021). In root and leaf tissues, increased Na+ competes with K+, influencing cellular metabolism. Increased Na+/K+ ratios in the cytosol disrupt enzyme function, protein synthesis, turgor maintenance, photosynthesis, and stomatal movement (Evelin et al., 2012). Reduced Na+ uptake is reported in mycorrhizal plants at high salinity, showing that the AM fungus controls Na+ absorption when it becomes harmful to the plant. The increased ionic flux may harm the plant's cell membranes and alter the cell's water potential too. A notable consequence of salt was discovered to be an increase in the Na+/K+ ratio in the root and shoot tissue of rice plants under salt stress. However, P. indica inoculation lowered the Na+ content and raised the K+ level in rice plants under salt stress (Kord et al., 2019). Furthermore, the foliar Na+/K ratio in barley plants was previously discovered to be changed during P. indica root colonization under salt stress (Alikhani et al., 2013).

The current study also showed that in comparison to control plants, maize plants treated with 200 mM NaCl showed a considerable increase in sodium, Cl− ions, and Na+/K+ and Na+/Ca ratios, whereas the endophytic inoculation reversed the ionic status by lowering the level of sodium, Cl− ions, and Na+/K+ and Na+/Ca2+ ratios in maize plants under salt stress.

The fungal isolates are also known to ameliorate salt tolerance by boosting K+ accumulation and lowering Na+ concentration. According to Li et al. (2017a), endophytic fungi have favorable effects on ion homeostasis, allowing plants to conserve high K+ uptake and minimal Na+ accumulation under salt stress. Salt stress is also known to inhibit phosphorus absorption and buildup in the roots and shoots of plants, while the current study consistently revealed that the maize plants under salt stress had a significantly low accumulation of potassium, calcium, magnesium, phosphorus, and nitrogen levels than control plants. An ion flux imbalance is caused by a greater level of salt inside plants. The previous findings showed that, when salinity was introduced, the experimental plants had more Na+ and less K+ than the infected plants. The amount of Na+ in plant leaves increased dramatically, but the number of essential micronutrient ions declined significantly. This may be due to an ionic imbalance, resulting from a disorder in the integrity of the plasma membranes of cells in addition to a converse relationship between Na+ and other micronutrient elements (Roshdy et al., 2021). The phosphorus concentration in plant tissues declines as phosphate ions precipitate with Ca2+ ions in salt-stressed soil and become unavailable to plants. Nitrogen is absorbed by plants in the form of nitrate (NO3) and ammonium (NH4) ions via specific ammonium (AMTs) and nitrate transporters (NRTs) (Wang et al., 2018). Salt-induced reduction occurs in photosynthetic and respiration rate (Iqbal et al., 2020) and membrane protein disruption, which alters plasma membrane integrity and also affects NO3 and NH4 absorption (Raddatz et al., 2020). Because NR is a substrate-inducible enzyme, this competition leads to a reduced flow of NO3 from the soil to the roots, lowering the enzyme's activity. As a result of the saline stress, the plants' nitrogen content gets reduced (Huang et al., 2018). Magnesium is a component of chlorophyll and is important for the protection of ribosome molecular structure as well as enzyme activity in plant cells. To be salt-tolerant, plants need an adequate amount of magnesium (Javaid et al., 2019). Maize plants after association with S. lycopersici demonstrated an improvement in the level of potassium, calcium, magnesium, phosphorus, and nitrogen that might also be contributing to the normal growth of maize plants under salt stress.



CONCLUSIONS

Salinity stress has negative impacts on agronomical and biochemical parameters with an increase in sodium (Na+) ions in maize plants. The current investigation revealed a significantly reduced negative impact of salinity on S. lycopersici (PW)-associated maize plants in terms of enhanced growth, physiochemical traits, growth-promoting and stress-alleviating metabolites, antioxidant potential, IAA level, and rebalancing of nutrient and essential ions. The present research also revealed an abundance of root hairs and moderately produced lysogenic aerenchyma in plant roots associated with S. lycopersici (PW) under salt stress, while excessive root colonization by endophytic fungal hyphae assisted nutrient acquisition and transfer from soil to plants. Moderately formed lysogenic aerenchyma plant roots associated with S. lycopersici (PW) could be the explanation for salt stress tolerance, which helped plants under salt stress to decrease the intake of hazardous Na+ ions. However, a deeper understanding of the role of S. lycopersici (PW) in root system architectural management, with a focus on root hair characteristics under salinity stress, will be beneficial for maize farming in salty parts of the world in the future. Hence, the exploitation of S. lycopersici (PW) can be recommended as a biofertilizer for increasing maize crop growth, particularly in salt-affected soils.
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Identification and Comprehensive Genome-Wide Analysis of Glutathione S-Transferase Gene Family in Sweet Cherry (Prunus avium) and Their Expression Profiling Reveals a Likely Role in Anthocyanin Accumulation
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Glutathione S-transferases (GSTs) in plants are multipurpose enzymes that are involved in growth and development and anthocyanins transportation. However, members of the GST gene family were not identified in sweet cherry (Prunus avium). To identify the GST genes in sweet cherry, a genome-wide analysis was conducted. In this study, we identified 67 GST genes in P. avium genome and nomenclature according to chromosomal distribution. Phylogenetic tree analysis revealed that PavGST genes were classified into seven chief subfamily: TCHQD, Theta, Phi, Zeta, Lambda, DHAR, and Tau. The majority of the PavGST genes had a relatively well-maintained exon–intron and motif arrangement within the same group, according to gene structure and motif analyses. Gene structure (introns-exons) and conserved motif analysis revealed that the majority of the PavGST genes showed a relatively well-maintained motif and exons–introns configuration within the same group. The chromosomal localization, GO enrichment annotation, subcellular localization, syntenic relationship, Ka/Ks analysis, and molecular characteristics were accomplished using various bioinformatics tools. Mode of gene duplication showed that dispersed duplication might play a key role in the expansion of PavGST gene family. Promoter regions of PavGST genes contain numerous cis-regulatory components, which are involved in multiple stress responses, such as abiotic stress and phytohormones responsive factors. Furthermore, the expression profile of sweet cherry PavGSTs showed significant results under LED treatment. Our findings provide the groundwork for future research into induced LED anthocyanin and antioxidants deposition in sweet cherries.

Keywords: Glutathione S-transferases, Prunus avium, phylogeny, expression analysis, anthocyanin


INTRODUCTION

Many physiological and metabolic processes are dependent on transcriptional regulation of gene expression in plants, particularly response to various environmental stimulation and stressors like drought, salt, and cold along with defensive responses toward pathogenic organisms (Qu and Zhu, 2006). The action of these transcription factors (TFs) can retain, improve, or suppress gene expression at the molecular level. The functional regulation of these TFs represents a dynamic mechanism that assists higher plants to adapt to environmental changes, as well as other developmental and genetic responses (Benfey and Weigel, 2001; Carroll, 2005). Mainly, variations in TFs activity or quantitative levels are responsible for regulating gene expression. Based on their conserved domains, more than 84 families of TFs have been identified so far (Pérez-Rodríguez et al., 2010). The Glutathione S-transferases (GSTs) TF family was first identified in maize (Frear and Swanson, 1970), and is responsible for the transport and metabolism of secondary compounds, including porphyrins, flavonoids, and anthocyanins (Dixon et al., 2010). GSTs are quite a vast, old, and diversified family of multifunctional proteins present in virtually all aerobic species, including humans. In many plants, GSTs are found in the cytoplasm, where they might be found as monomers, or heterodimers of 23–30 kDa, depending on the type of GST. Each subunit has a glutathione binding (G-site) at the N-terminus domain and a C-terminal domain that defines second-substrate specificity (C-site; Edwards et al., 2000).

Plant GSTs are categorized into 11 classes according to dynamic site residues, protein sequence resemblance, and genetic association: Tau, Zeta, Phi, Lambda, Theta, TCHQD (tetrachlorohydroquinone dehalogenase), DHAR (dehydroascorbate reductase), mPGES2 (microsomal prostaglandin -e -synthase type 2), EF1G (elongation factor 1; Sheehan et al., 2001). TCHQD, Tau, Phi, and Lambda are plant-specific GSTs between all these classes. Furthermore, In silico investigations have recently confirmed that there are 79 genes in Oryza sativa (rice; Jain et al., 2010), 53 Arabidopsis thaliana (Sappl et al., 2009), 90 in Solanum lycopersicum (tomato; Islam et al., 2017), 23 in Citrus X sinensis (sweet oranges; Licciardello et al., 2014), 85 in Piper nigrum (black paper; Islam et al., 2019), 42 in Zea mays (maize), 25 in Glycine max (soybean; McGonigle et al., 2000), 52 in Malus domestica (apple) and 50 in Prunus persica (peach; Fang et al., 2020).

Flavonoids are secondary metabolites found in virtually all higher plants and support a variety of biological activities. They are the primary mediators of plant auxin transport and might be deployed to protect plants from biotic and abiotic stressors (Winkel-Shirley, 2001). Anthocyanin is a kind of flavonoid found in a diverse array of higher plants. They are important for attracting seed dispersers (Vogt et al., 1994) and UV protection (Sarma and Sharma, 1999). Anthocyanin is a kind of water-soluble pigment found in flavonoid compounds that are found in a variety of plants. The pH value of vacuoles influences the development of color (Jackson et al., 1992; Steyn et al., 2002). Anthocyanins work as a ripening indicator for many species, suggesting that fruits with more anthocyanin content have better market value and health advantages (Boyer and Liu, 2004). The presence of anthocyanin not only enhances the fruit quality but also has economic consequences. The cytosol produces anthocyanins, which are then transferred to the vacuole for storage. The mechanism of transporting anthocyanins is not as well known as the method of synthesis. Recently, three distinct hypotheses regarding the transit of anthocyanin to the vacuole have been proposed: GST-mediated pathway, membrane transporters, and vesicle trafficking, and all of these functioned in a well-collaborated way (Zhao, 2015). Anthocyanin is transported from endoplasmic reticulum (ER) to the vacuole through GSTs (Dixon et al., 2010; Zhu et al., 2016), which are key non-catalytic carrier proteins for anthocyanin absorption by vacuoles (Kitamura et al., 2004; Zhu et al., 2016). Furthermore, functional investigations have shown that particular plant GSTs are required for anthocyanin and proanthocyanidin vacuolar deposition. The role of these GSTs in vacuolar anthocyanin transportation was initially discovered in the maize bronze-2 (bz2, GST-like protein) mutant (Maars et al., 1995), which exhibited apparent pigmentation deficit. GSTs with comparable roles for anthocyanin have now been discovered in a variety of plant species, including VviGST1 and VviGST4 in Vitis vinifera (Conn et al., 2008), FvRAP in Fragaria vesca (Luo et al., 2018), AcGST1 in Actinidia deliciosa (Liu et al., 2019), MdGSTF6 in M. domestica (Jiang et al., 2019), and PpGST1 in P. persica (Zhao et al., 2020) have been described as crucial for floral or fruit pigmentation.

Sweet cherries (Prunus avium L.) are nutrient-dense fruit that is high in anthocyanins, a kind of dietary flavonoids responsible for its red pigmentation. Anthocyanins are associated with both defensive and physiological processes, as well as assisting with sweet cherry sensory attributes. Additionally, anthocyanins may be responsible for the health advantages associated with sweet cherry consumption. Anthocyanin transportation is mediated by GST genes in plants. Moreover, a genome-wide investigation of GST genes was conducted in sweet cherry because of the reported involvement of GSTs in mediating anthocyanin accumulation (Maars et al., 1995; Mueller et al., 2000; Sun et al., 2012; Pérez-Díaz et al., 2016). Each member’s physiochemical characteristics, subcellular localization, chromosomal position, evolutionary linkage, and gene duplication events have all been studied in more detail. In addition, the expression of sweet cherry GSTs upon LED treatment was investigated. Our findings provide the groundwork for future research into induced LED anthocyanin deposition in sweet cherry.



MATERIALS AND METHODS


Physico-Chemical Characterization and Identification of Glutathione S-Transferase Genes in Prunus avium

The P. avium genome sequences were obtained for GST gene annotation and identification: from the Genome Database for Rosaceae (GDR1; Verde et al., 2013; Jung et al., 2014; Daccord et al., 2017; Shirasawa et al., 2017; Aamir et al., 2020). To further verify the conserved domains like GST_C (PF00043) and GST_N (PF02798). Initially, the protein sequence alignment for GST C (PF00043), GST N (PF02798), (Pfam GST domain) was obtained in Stockholm format, and Hmmbuild was used to create a model from that alignment. The Hmmsearch program was being utilized to find all potential genes through the whole-genome database of P. avium with BLASTP (E < 1e––5). Furthermore, 57 protein sequences of A. thaliana were utilized as a query to retrieve 67 potential GST protein sequences of the sweet cherry genome. The sequences of all GST proteins were aligned, and repetitive genes were eliminated. All GST genes were then validated through InterProScan2 (Zdobnov and Apweiler, 2001; Finn, 2006; Letunic et al., 2012; Manzoor et al., 2021a), SMART3 (Letunic et al., 2012) and Pfam database4 (Finn, 2006). The ExPASY server5 was used to anticipate molecular properties (length of amino acid, IP (isoelectric point) and weight) while, WoLF PSOPT II6 was used to determine the subcellular localization (Horton et al., 2007; Abdullah et al., 2018a; Cao et al., 2018; Manzoor et al., 2021a).



Phylogeny Analysis of Glutathione S-Transferase Genes Family

ClustalX software was used to align all GST full-length protein sequences with default parameters (1000 bootstrap, pairwise deletion; Thompson et al., 1997; Abdullah et al., 2018b). MEGA-X (Molecular Evolutionary Analysis) and the maximum likelihood method (ML-M) were utilized to construct the phylogenetic tree (Tamura et al., 2011). Moreover, the itols online software7 (Letunic and Bork, 2019; Manzoor et al., 2021b) was employed to illustrate the phylogenetic trees.



Conserved Motif and Gene Structure Analysis

The GSDS 2.0 (Gene Structure and Display Server)8 was used to emphasize the important features, such as exon-intron arrangement and composition, conserved elements, and binding sites (Hu et al., 2015; Abdullah et al., 2018a; Manzoor et al., 2021c,d). The MEME software (Motif Elicitation)9 (Bailey et al., 2015; Sabir et al., 2022) was used to illustrate the conserved motifs.



Conserved Domain and Chromosomal Distribution Analysis

All GST gene positions were determined through the Rosaceae Genome Database (see text footnote 1) and then visualized using Mapinspect web tool10 (Sneddon et al., 2012; Chen et al., 2018; Manzoor et al., 2021d). Furthermore, the Pfam database,11 HMMER software,12 and Conserved Domain Architecture Retrieval Tool (CDART) were used to identify the conserved domains of PavGST proteins (Geer et al., 2002; Cheng et al., 2019).



Cis-Elements Analysis in Sweet Cherry

The promoter regions were discovered through the initiation codon along with 1.5 kb upstream sequences for all PavGST members and PlantCARE database13 was utilized to estimate and display all cis-elements (Lescot, 2002; Manzoor et al., 2021d).



Gene Duplications, Collinearity Relationships, and Non-synonymous and Synonymous Mutation Rates

Collinearity analysis through BLASTP (E < 1 × 10–5) alongside several Rosaceae genomes was carried out using the MCScanX (Multiple Collinearity Scan Toolkit) with default parameters of OrthoMCL were used. The combination of OrthoMCL intermediate files “orthologs.txt” and “coorthologs.txt” (generated by orthomclDumpPairsFiles) was used as the whole set of ortholog pairs (Wang et al., 2012; Qiao et al., 2015; Riaz et al., 2021). MCScanX software was used to identify several types of duplications (tandem duplications, scattered, proximal, and WGD/segmental duplication) in P. avium while, TBtools and circos toolkits were utilized to show the collinearity correlations and gene duplications (Chen et al., 2020; Manzoor et al., 2021c). In this study, Ks (the synonymous: mutations/substitutions resulting in single amino acid alter on a given polypeptide) and Ka (non-synonymous mutation rates: mutations or substitutions that do not alter the amino acid sequence) for corresponding duplication pairs were got from the Plant Genome Duplication Database (PGDD)14 (Lee et al., 2013). Moreover, for computing the Ka/Ks ratio of every pair of identical genes along with multiple alignments, we used the MAFFT program and calculator15 (Wang et al., 2010; Qiao et al., 2019).



Plant Material and Treatments

The sweet cherry cultivar “Van” was cultivated on the research farm of Shanghai Jiao Tong University in Shanghai, China (31.25°N, 121.48°E). The rootstock “DaQingye” (P. pseudocerasus) was being utilized to graft diploid cultivars. All plantations were established at a 5–6 m spacing using the same agricultural approaches. Fully mature “Van” fruits (43D) was irradiated with LED light (450 nm) for different period of time (30H, 50H, 80H, 100H). Some fresh experimental material was used for physic-chemical evaluation while the remaining experimental materials were freeze-dried and stored at –80°C till further use. Three duplicates of each treatment were utilized.



RNA Extraction, Reverse Transcription, and Quantitative Real-Time PCR

In order to examine the qRT-PCR results, RNAiso-mate Tissue Kit was used to isolate total RNA from frozen fruit tissue (Tiangen, Beijing, China). A Nanodrop 1000 spectrophotometer was used to check the RNA’s purity and quantity (ThermoScientific, Beijing, China). A one-step RT-qPCR kit was used to reverse transcribe the RNA into the first-strand cDNA (Takara, Shanghai, China). The ABI 7500 real-time PCR detection system was used to perform quantitative RT-PCR (qRT-PCR) following the manufacturer’s instructions and an SYBR green Premix Ex TaqTM kit (Takara). As an internal control, the tubulin gene was used to normalize the gene expression data (Chun et al., 2020). The primer premier software was used to design qRT-PCR primers enlisted in Supplementary Table 7. The relative expression levels for each of the genes were measured using the 2–Δ Δ CT method with three biological and technical replicates (Livak and Schmittgen, 2001; Manzoor et al., 2021a).



Color Index Evaluation

Computation of the color index The CIELAB color system was used to measure the color of the fruit’s surface using a Minolta CR-410 colorimeter. Bayberries’ color index was determined as CIRG = (180 – h)(C + L; Carreño et al., 1995), where L is lightness and correlates to a black–white scale, h is hue angle on the color wheel, and C represents chroma, a measure of color intensity. Three distant color measurements were taken around the equator of each sweet cherry fruit, and statistical analyses were performed on the mean values for twenty fruits from each treatment.



Anthocyanin Contents (mg CEQ/100 g) Evaluation

The flavonoids were identified using the technique used by Kim et al. (2003). 1 ml of fruit juice was mixed with 4 ml of distilled water. This was followed by the addition of a 5% sodium nitrite solution (0.3 ml) and a 10% aluminum chloride solution (0.3 ml). After 5 min of incubation at ambient temperature, 2 ml of 1M sodium hydroxide was added to the reaction mixture, followed by the addition of distilled water to bring the volume up to 10 ml. The mixture was completely vortexed, and the absorbance of the pink hue that resulted was measured at 510 nm using a spectrophotometer (Li et al., 2012). A calibration curve was developed using catechin, and the results were expressed in mg catechin equivalents. All measurements had to be taken in triplicate so that the mean values could be obtained.



Total Antioxidants (% DPPH Inhibition)

The total antioxidant activity was determined by their ability to scavenge 2, 2-diphenyl-1-picrylhydrazyl stable radicles which were previously demonstrated by Wang et al. (1996). The absorbance was measured at 517 nm against a blank through a microplate ELISA reader (Bio Tek, United States). The following formula was used to compute the inhibition of free radicals by DPPH in the present (%).
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where A blank represents the absorbance of the control reaction mixture without the sample and A sample represents the absorbance of the test substances. The IC50 values, which reflect the concentration of sweet cherry fruit extracts required to neutralize 50% of DPPH radicals, were determined by plotting the inhibition percentage against the concentrations.




RESULTS


Investigation and Classification of Glutathione S-Transferases Genes in Sweet Cherry

A genome-wide investigation was achieved to find all GST genes from Prunus avium by using a genome database. The availability of the sequenced genome of A. thaliana (from the Phytozome database) and Pfam-specific domains (GST C-terminus (PF00043), GST N-terminus (PF02798) permitted for the identification and prediction of all GST members in the P. avium genome. The BlastP and HMM were being utilized to find the GST genes in the P. avium genome database. The Pfam database, the Interpro tool, and the SMART database were utilized to verify the domain’s presence in all GST genes. The sweet cherry genomes were used to derive the protein and coding sequences. Finally, 67 GST genes were found and classified as PbGST1–67 based on their chromosomal localization or physical location (Supplementary Table 1). In sweet cherry (PavGST), a total of 67 GST genes were discovered (Supplementary Table 1). Additionally, the evolutionary relationship between P. avium and A. thaliana was investigated. The amino acid sequences were aligned using clustalX, and the MEGA-X program was used to construct a phylogenetic tree. Additionally, we employed two phylogenetic inference techniques, neighbor-joining (N-J) and maximum likelihood (ML), to create phylogenetic trees to validate the topologies because the N-J tree has greater bootstrap values than the other phylogenetic tree, we elected it for our future investigation (Figure 1). All discovered GSTs from P. avium were classified into seven subfamilies based on their bootstrap values, topography, and sequence similarity (Tau, DHAR, Lambda, Zeta, Phl, Theta, and TCHQD). Surprisingly, the Tau subfamily was the biggest, accounting for more than half of all GSTs, while the DHAR, Lambda, Zeta, Phl, Theta, and TCHQD subfamilies were quite tiny (Figure 1). For example, 52 proteins were classified as Tau among the 67 PavGSTs, while only one protein was identified as TCHQD (PavGST13) or Theta (PavGST41). These findings imply that members of the GST Tau subfamily proliferated more quickly in plants and presumably have a wide range of vital roles. In comparison to Arabidopsis, however, lost GST subfamilies, such as Theta and Phi, indicating that the Theta and Phi subfamilies were lost during evolution or after divergence in the last common ancestor. However, the majority of GSTs from the seven subfamilies included in the research were found to be different from Arabidopsis homologs in the phylogenetic analysis, showing that the majority of the mode of gene duplication events occurred after their divergence from Arabidopsis. Additionally, our findings showed that they might have been the consequence of gene loss or gain events that happened throughout the evolutionary process. The functional divergence occurred as a result of the accumulation and deletion of certain GSTs gene members.
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FIGURE 1. Phylogenetic tree of glutathione S-transferase (GST) gene family of P. avium and Arabidopsis thaliana. Each color representing a subfamily (TCHQD, Theta, Phi, Zeta, Lambda, DHAR and Tau) of GST genes and itol was used to construct the phylogenetic tree.




Assessment of Gene Structure and Conserved Motif of PavGST Genes

A phylogenetic tree was constructed to provide more insight into the structure of the 67 PavGST gene family members (Figure 2). We analyzed PavGST’s exon–intron structure and conserved motif distribution. The GST family members in each subfamily share the same conserved motifs, strengthening the phylogenetic tree conclusions. They might, though, contain diverse conserved motifs in numerous subfamilies. A total of 20 conserved motifs were investigated while using MEME software (Figure 2). Motif 3, 6, and 7 has been identified as PavGST conserved motifs and could be traced in all subfamilies which revealed that the addition of these three motifs (3, 6, and 7) in all subfamilies members occurred through some specific mutual evolutionary process and they have some specific function, while few subfamilies had exclusive motif formation, such as subfamilies I and II own unique motif 12 and 20, respectively, whereas motif 9 was traced only in VI and VII subfamilies which demonstrated that these two families faced some unique evolutionary processes, and these families have some unique functionalities. MEME results showed that PavGST15 (IV subfamily) had only three motifs (Motif 4, 10, and 5). It was also identified that in the identical subfamily the motif distribution of members was extremely conservative, such as subfamily I members had motifs 7,3 1,8, 2, 5, 4, 10, and 6; while most members of subfamily II had motifs 7, 3, 1, 8, 2, 5, 4, 10, and 6 (Figure 2).
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FIGURE 2. Phylogeny (left panel), conserved motifs (center panel) and intron-exons (right panel) for GST family proteins in sweet cherry were analyzed. (A) The motif composition of PavGST protein (1–20) is represented by distinct colored boxes with appropriate motif numbers and figure legends are mentioned on the top. (B) Phylogeny and gene structure for GST family proteins in sweet cherry. The relative position and size of the exon can be estimated using the scale at the bottom. Green boxes, black lines, and yellow boxes illustrated exons, introns, and UTR, respectively.


The structural components of the exons and introns of about 67 PavGST genes were retrieved using the Gene Structure Display Server16 (Figure 2). The structure of PavGST genes indicated a tremendous deal of diversity. The findings revealed a wide range of PavGST gene structures. Moreover, it was observed that the intron number varied from 1 to 12 (PavGST12) while the exon number varies from 1 to 10 in PavGST transcripts. A maximum number of exons was found in PavGST53 and PavGST64 (10 exons) and the minimum number of one exon was found in PavGST54, PavGST8, and PavGST39 (Subfamily I) while PavGST47 (subfamily III), PavGST24, PavGST32, PavGST63, and PavGST35 (subfamily V) Transcripts (Figure 2). Intron locations are critical for proper amino acid coding and protein secondary structure; they also give an evolutionary benefit by boosting protein variety through exon shuffling and alternative splicing (Gorlova et al., 2014). Eight genes (PavGST54, PavGST8, PavGST39, PavGST47, PavGST24, PavGST32, PavGST63, and PavGST35) were identified to be intron less and hence to lack intron phase in their gene structure. The single intron was present in 35 PavGST members. The remainder of the genes had a variable number of introns. The relationship between the intron phase and sequence conservation at splice sites is associated with the evolution of spliceosomal introns (Long and Deutsch, 1999). Additionally, phase 0 of the intron had the maximum conservation, whereas phase 2 exhibited the lowest conservation. In case of PavGST classes, Subfamilies I, II, III, IV, and V exhibited peak conservation whereas subfamily VI, and VII showed a greater number of introns and mixed conservation at the splice site sequence (Figure 2).



Examination of Cis-Regulating Elements in PavGST Genes

Transcription factors (TFs) influence target genes both spatially and functionally via specialized binding of cis-regulatory elements found in promoters (Qiu, 2003). The genomic sequence upstream of every gene was obtained and analyzed to the PlantCARE database to investigate the cis-regulatory elements of the PavGST gene family. Cis-regulatory elements of PavGST were found to be engaged in phytohormone responses (abscisic acid, gibberellin, salicylic acid, auxin, and methyl jasmonate response elements), as well as stress responses (light, low temperature, and drought; Figure 3 and Supplementary Table 2). Several cis-regulatory elements were noticed to be engaged in the hormone responsiveness, such as gibberellin response element (P-box), auxin (TGA element) response elements, and promoter and enhancer regions (CAAT-box) and MeJA (CGTCA-motif, TGACG-motif). On the other hand, there were also found stress-response elements associated with ABA (ABRE), low-temperature reactivity (LTR), the MYB binding site (MBS) implicated in drought, and zein metabolism regulation (O2-site) activation (Figure 3). ABRE cis-elements (ABA response) were identified in 7% of PavGST members while 2% of total members of the MBS (MYB binding site) engaged in drought induction was found. Moreover, G-Box with 1% (Light-responsive cis-acting regulatory elements), Box4 with 1% (a DNA module implicated in light responsiveness), and G Box with 1% (light-responsive elements) were all discovered. The phytohormones response related cis-regulatory elements, such as TGACG motif (2%) and GARE-motif (1%), were also discovered, which are associated with gibberellin and MeJA responses, respectively (Figure 3). Most of the PavGST components were found to be involved in the appropriate expression of promoters, such as CAAT-Box (82%). Moreover, we discovered GRAS cis-elements relevant to plant growth/development, comprising 02-site of having 2%, which are linked to zein metabolic responsiveness (Li et al., 2020).
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FIGURE 3. Identified cis-elements in the promoter regions of the PavGST genes. All promoter sequences (2 kb) were assessed. The PavGST genes are depicted on the left side of the figure. The scale bar at the bottom represents the length of promoter sequence.




Mode of Gene Duplications and Ka/ks Analysis in PavGST Genes

Five types of duplication whole genome duplication (WGD), proximal duplication (PD), tandem duplication (TD), dispersed duplication (DSD), and transposed duplication (TRD) were used to better understand the evolutionary history of the GST TFs gene family in sweet cherry. In sweet cherry, 37 pairs of genes were duplicated, along with WGD (three pairs), TRD (four pairs), DSD (11 pairs), TD (10 pairs), and PDs (9 pairs), indicating the gene family’s growth (Figure 4 and Supplementary Table 3). Dispersed duplication (DSD) event participation revealed its crucial role in the expansion of the GST family in sweet cherry. Furthermore, these results lead to the intricate duplication process of the GST family. All duplication mechanisms were incorporated in the development and expansion of PavGST genes (WGDs, DSDs, PDs, TDs, and TRDs). Dispersed duplication (DSD) was identified in 30% of sweet cherry genes, whereas tandem duplication (TD) was found in only 27%, suggesting that dispersed duplication events are more important in the expansion and evolution of the GST gene family than tandem duplication and other events. We estimate the evolutionary age of gene duplication events and selections by computing synonymous (Ks) and the non-synonymous (Ka) rates across all duplicated gene pairs. The results revealed that the Ka/Ks ratio ranged between 2.51 and 0.12 (Figure 5 and Supplementary Table 3). Positive selection was indicated by Ka/Ks ratios of more than 1, purifying selection by Ka/Ks values less than 1, and neutral selection by Ka/Ks = 1. Our study found that the majority of PavGST gene pairs had a Ka/Ks ratio smaller than 1, indicating that these genes are mostly exposed to purifying selection. On the other hand, the Ka/Ks ratio of two duplicated gene pairs is equal to one, indicating that neutral selection occurred (Figure 5 and Supplementary Table 3), but only nine PavGST gene pairs have a ka/ks ratio greater than one, showing that positive selection was dominated. Additionally, the Ka/Ks value was calculated in WGD, TRD, TD, PDs, and DSD. The highest Ka/Ks values were found in Pav sc0000095.1 g790.1.mk (Ka/Ks 2.51), which is situated on Chromosome 4, indicates a complicated evolutionary history for the GST gene family in sweet cherry.
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FIGURE 4. Prunus avium have chromosomal localization and mode of gene duplication. A colorful line links duplicated gene pairs.
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FIGURE 5. Ka/Ks values of GST genes family in Prunus avium. Comparison of Ka/Ks values for different modes of gene duplications. WGD, whole-genome duplicates; PD, proximal duplicates; TRD, transposed duplicates; TD, tandem duplicates; DSD, dispersed duplicates.




Chromosomal Localization and Synteny Analysis of PavGST Genes

We further investigated the collinearity relationship of GST genes between P. avium (sweet cherry), Pyrus bretschenedri, (Chinese pear), Fragaria vesca (strawberry), P. persica (peach), and P. mume (Japanese apricot) since they all relate to the Rosaceae family and have a mutual ancestor (Figure 6 and Supplementary Table 4). There were 131 orthologous gene pairs identified among the Rosaceae genomes, comprising 30 orthologous gene pairs among sweet cherry and pear, 37 orthologous gene pairs between sweet cherry and peach, 31 orthologous gene pairs among sweet cherry and strawberry, and 33 orthologous gene pairs amid sweet cherry and apricot, implying a strong relationship among genomes of the Rosaceae species (Figure 6 and Supplementary Table 4). These results illustrated that the sweet cherry genome and the other Rosaceae genomes have a collinearity relationship, indicating a possible evolutionary relationship between them. Additionally, collinearity relationship in sweet cherry and pear, maximum orthologous pairs (10) were identified on Chr1 while chr4 had only two orthologous pairs. In all other Rosaceae species, such as sweet cherry and strawberry, Chr1 consists of 10 orthologous pairs, while minimum pairs (2) were identified on Chr4. On the other hand, in the sweet cherry and peach collinearity relationship, Chr1 contained a maximum of 12 pairs while Chr4 had only two orthologous pairs. Moreover, in sweet cherry and Japanese apricot, Chr1 expressed its dominancy and contained a maximum (11) pairs. These results demonstrated that Chr1 went under extreme evolutionary events while Chr4 faced minimum evolutionary events (Figure 6 and Supplementary Table 4).
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FIGURE 6. (A) Collinearity relationship among Prunus avium and Arabidopsis thaliana. (B) Collinearity relationship of GST genes in Prunus avium and other Rosaceae species (Prunus persica, Prunus avium, Prunus mume, and Fragaria vesca).


Subsequently, the chromosomal localization of GST genes in P. avium was also examined. 62 PavGST were identified on 8 chromosomes while 5 PavGST genes were located on the scaffold. The highest number of PavGST genes (16) was identified on chr1, while Chr7 had only one PavGST gene. Chr4 and Chr5 contained 11 PavGST genes in the form of clusters, while 7 PavGST members were localized on Chr2 in the cluster formation in the center of the chromosome. Chr3 and Chr6 had 3 and 4 PavGST genes, respectively, and all these GST members were identified in scattered formation in the whole chromosome (Figure 7 and Supplementary Table 1).
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FIGURE 7. Chromosome localization of PavGST genes on 8 chromosomes and scale represents the length of each chromosome.




Functional Annotation Study of PavGST Genes

Gene ontology (GO) enrichment was evaluated in the biological process, subcellular localization, molecular function, and cellular components, which was beneficial for understanding protein function at the molecular level. As a result, the CELLO2GO tool was used to conduct a GO enrichment study of PavGSTs (Figure 8 and Supplementary Table 5). A total of 15 functional groups were found to be related to cellular components, 8 groups were traced with subcellular localization, eight groups were found to be engaged in molecular functions, and the other 13 groups might well be important in plant biological processes (Figure 8). In molecular functions, the function of ion binding, DNA binding, nucleic acid binding, isomerase activity, oxidoreductase activity, and transferase activity TFs were found in 22.56, 1, 1.94, 18.76, 22.56, and 25.30% of PavGST, respectively (Figure 8), indicating that these genes may control gene transcription and expression via these activities. On the other hand, the biological process GO term showed that PavGST participates in the catabolic process (9.16%), secondary metabolic process (9.05%), response to stress (8.91%), signal transduction (8.76%), and biosynthetic process (7.45%). Go ontology also revealed that PavGST genes are involved in the cellular protein modification process (6.42%), anatomical structure development, and carbohydrate metabolic process (5.46%). Furthermore, the cellular component GO term demonstrated that most of PavGST (14.30%) were found in the intracellular, cytoplasm, cell, and organelle, while plastid, plasma membrane, and nucleus had only 12.15, 6.93, and 2.86%, respectively. Finally, subcellular localization demonstrated that 56, 3, and 2% of PavGST are related to cytoplasmic, chloroplast, and mitochondrial, respectively, while only 1% of PavGST members were found in ER, nuclear, and extracellular (Figure 8).
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FIGURE 8. Gene ontology (GO) annotation of PavGST proteins. The GO annotation was performed based on three categories, Molecular function, cellular component, and biological process. The numbers on the bars represent the number of predicted proteins.




Transcriptional Profiling of Sweet Cherry Glutathione S-Transferases Genes

GST is a critical transporter implicated in anthocyanin accumulation, according to several studies (Hu et al., 2016; Luo et al., 2018; Zhao et al., 2020). We utilized RNA-seq data from previous research to investigate the intimate link between PavGSTs and anthocyanin metabolic pathways. The gene expression was examined using fragments per kilo base million (FPKM) measurements. Transcriptomic data was used to analyze the expression patterns of PavGST genes in various cultivars (Bing, Rainers, and Lapins). Distinct cultivars exhibited different expression patterns for GSTs genes (Figure 9 and Supplementary Table 6). Based on expression patterns of PavGST members were classified into three groups (Supplementary Table 6). The first group was upregulated in all cultivars with 14 members (20.89%) in which some members were highly expressed in all stages like Pav_sc0001196.1_g1310.1.mk and Pav_sc0001124.1_g450.1.mk were extremely expressed in all cultivars while some members like Pav_sc0000599.1_g130.1.mk and Pav_sc0001196.1_g2210.1.mk and exhibited their extreme expression in specific cultivars like in Lapins and Rainers and expressed a little bit lower expression in Bing. These findings demonstrated that several PavGST members are cultivar-specific since they are strongly expressed in specific cultivars as compared to others. On other hand, the same phenomenon was identified in the second group; 14 members (20.89%) were only expressed in specific cultivars and remained silent in remaining cultivars like Pav_sc0000164.1_g210.1.mk, Pav_sc0001126.1_g250.1.br, Pav_sc0007176.1_g020.1.br, and Pav_sc0000164.1_g200.1.br expressed their expression in only in Bing but remain silent in other cultivars. The same was also noted in Pav_sc0001215.1_g320.1.mk, Pav_sc0011895.1_g020.1.mk, and Pav_sc0000095.1_g730.1.mk, which only exceedingly expressed in Lipins and remains silent in other cultivars. Different expression patterns indicated the diverse activities of PavGST genes in the respective pathways, hence offering a guide for identifying functional genes. The remaining 39 members (58.23% expression) have not been discovered in any cultivar and are remained silent (Figure 9 and Supplementary Table 6). These results revealed that these PavGST members might have some other particular functions in sweet cherry.
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FIGURE 9. Transcriptomic evaluation of 67 PavGST genes in the fruit of three sweet cherry cultivars (Bing, Lapin, Rainer). Different colors revealed expression intensity.




Anthocyanin Content Accumulation

Anthocyanin is a key pigment in plants and getting more interest from researchers due to its extensive wide range of color, prominent beneficial health effect, and higher antioxidant activities. Moreover, we further measured the anthocyanin contents in the peal and flesh of sweet cherry fruit after applying the LED treatment for different time durations (30H, 50H, 80H, 100H). The results revealed the enhancement pattern for anthocyanin accumulation in the peel of the fruit when it was treated with LED light. As the duration of LED light increased the anthocyanin content also increased (Figure 10B). A significant difference was observed in all treatments as compared with control and also same results were identified between treatments (Figure 10B). Additionally, a slight change in anthocyanin contents was observed in the flesh of the fruit. All treatments demonstrated meaningful differences as compared with control except the 30H treatment. Maximum anthocyanin was noticed at 100H as compared with control (Figure 10A).


[image: image]

FIGURE 10. (A) Effect of LED light on anthocyanin contents in pulp (CGE/100 g) in sweet cherry cv. “Van.” (B) Effect of LED light on anthocyanin contents in peel CGE/100 g) in sweet cherry cv. “Van.” (C) Effect of LED light on color enhancement (L*, C*) sweet cherry cv. “Van.” Data are average ± SE. Different letters represent the significant difference between different time periods at 0.05 probability level (LSD test).




Fruit Color and Antioxidant Evaluation

Antioxidants perform a key role in health-enhancing biochemical pathways. Moreover, our results revealed the enhancement pattern in antioxidant contents. The scavenging activity of fruit extract against DPPH was concentration-dependent. Different concentrations expressed different free radical scavenging activity by DPPH. At 50 μlconcentration, maximum activity was found in 100H treatment as compared to control while other treatments also showed a significant difference as compared with control (Figure 11). However, using 200 μl concentrations, a significant difference was found in all treatments as compared to control, as well as between treatments also. Maximum activity was observed in the 100H treatment as compared with control while the minimum was noticed in the 30H treatment. However, other treatments also revealed significant differences as compared with control while at 100 μl concentration all treatments showed significant results as compared with control (Figure 11). Additionally, color intensity (C * value) and lightness (L * value) in sweet cherry “cv. Van” is shown in Figure 10C. Color saturation is displayed by the chroma index (C *). Higher values are denoted by the increment of intense red color.
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FIGURE 11. Effect of LED light on Total antioxidants (%DPPH) in sweet cherry cv. “Van.” Data are average ± SE. Different letters represent significant difference between different time periods at 0.05 probability level (LSD test).




Expression Analysis of PavGSTs Through Quantitative Real-Time PCR

Sun light is the most crucial factor for plant development and adequate phytochemical accumulation. However, due to continual gloomy, rainy days, greenhouse structures, and covers, the intensity of sunshine in the glasshouse is often insufficient for plants to develop properly and synthesize phytochemicals (Bian et al., 2015). In a regulated context, artificial LED light has been strategically implemented to enhance plant food quality, particularly the concentration of phenolic chemicals (Bian et al., 2015). Plant phytochemical concentration is affected by light quality (Kopsell and Kopsell, 2008). LED light has been shown to boost anthocyanin in tomatoes (Giliberto et al., 2005) and buckwheat seedlings (Azad et al., 2020). The GST gene family plays a vital role in anthocyanin accumulation (Fang et al., 2020). For validation, four LED treatments (30H, 50H, 80H, 100H) were applied to Van cultivar and were compared with the untreated control. 12 different PavGST transcripts belonging to different subclasses (DHAR, phi, tau, theta, and lambda) were selected and validated using qRT-PCR (Figure 12). For the Tau subclass, we found that Pav_sc0000164.1_g200.1.br (PavGST56) and Pav_sc0011895.1_g020.1.mk (PavGST67) were the most highly expressed in all four treatments as compared to control while Pav_sc0002136.1_g320.1.mk (PavGST14), Pav_sc0001708.1_g040.1.mk (PavGST19) and Pav_sc0000207.1_g720.1.mk (PavGST4) showed mild positive expression pattern as compared to untreated control. For the phi subclass, we found that two transcripts (Pav_sc0001124.1_g450.1.mk (PavGST25), Pav_sc0000848.1_g720.1.mk (PavGST60) were more highly expressed in the 80H and 100 H while Pav_sc0001215.1_g320.1.mk (PavGST26), and Pav_sc0007796.1_g150.1.mk (PavGST16) expressed slightly positive expression pattern as compared to control (Figure 12).
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FIGURE 12. Relative expression behavior of PavGST genes through qRT-PCR on the different time duration of LED implementation on fruit. Mean ± SE of three biological replicates (each having three technical replicates).


Moreover, Pav_sc0000474.1_g230.1.mk (PavGST40-Phi), Pav_sc0000103.1_g250.1.mk (PavGST38-Tau) and Pav_sc0000095.1_g650.1.mk (PavGST27-Tau) showed some interesting expression pattern, (Figure 12) which illustrated that these PavGST genes did not express in control treatment but after applying the LED light, all these three-member expressed extensive expression. RNA seq analysis also exhibited the silent behavior of these three genes in all cultivars. These results illustrated that these genes play a vital role in anthocyanin accumulation under the specific artificial LED light. The results also revealed that the GST gene family play a key role in anthocyanin accumulation in sweet cherry.




DISCUSSION

In the cytoplasm, anthocyanins are synthesized by flavonoid metabolic pathways and then transported to vacuoles for storage (Gu et al., 2019). Earlier research has demonstrated the intracellular transport mechanism for anthocyanin. GST mediation, vesicle trafficking, or membrane transport are all required for anthocyanins to infiltrate vacuoles from the cytoplasm (Zhao, 2015). GSTs are versatile enzymes that play a role in the production of secondary metabolites. The role of GSTs for anthocyanin accumulation has been investigated in many plants like Arabidopsis (Sun et al., 2012), strawberry (Lin et al., 2020), peach (Zhao et al., 2020), litchi (Hu et al., 2016), cyclamen (Kitamura et al., 2012), apple, and pear (Zhao et al., 2021). GST is a supergene family found in higher plants that are subdivided into subclasses F, U, Z, T, L, EF1B, GHR, DHAR, and TCHQD (Nianiou-Obeidat et al., 2017). Numerous GSTs have been identified in plants so far, including 64 GSTs in Arabidopsis (Sappl et al., 2009), 52 GSTs in apple (Zhao et al., 2021), 82 GSTs in radish (Gao et al., 2020), 42 GSTs in pear (Zhao et al., 2021), 139 GSTs in litchi (Hu et al., 2016), 50 GSTs in peach (Zhao et al., 2020), and 29 GSTs in strawberry (Luo et al., 2018). GSTs have been found in a variety of plant species in recent years, and the number and content of GST family members vary across species. Nevertheless, no genome-wide identification and characterization of the GST gene family in P. avium has been revealed.

Our research offers a comprehensive and systematic whole-genome evolutionary investigation of GST (Vaish et al., 2018) members derived from sweet cherry genomes. There were a total of 67 GST genes found in the P. avium (Supplementary Table 1). Our phylogenetic findings suggest that sweet cherry genomes have undergone gene acquisition. PavGST genes were found to be present in each of the seven main GST subfamilies (Tau, DHAR, Lambda, Zeta, Phl, Theta, and TCHQD) that were identified by phylogenetic analysis (Figure 1) and concluded to be identical to other plant species which were studied previously (Csiszár et al., 2014; Islam et al., 2018; Wang et al., 2018). The Tau subfamily contained the highest PavGST member. The same phenomenon was also confirmed in apples (Fang et al., 2020). Moreover, the number of amino acids of GST proteins ranged from 61 to 527 kDa with an average of 219.42kDa (Supplementary Table 1) which revealed a significant variation among PavGST members. However, the differences across clades might be associated with the different functionalities and diversity of conserved motif structure and exons/introns. The properties of GSTs’ gene structure were retained in apple, Populus, sweet, and potato (Lan et al., 2009; Ding et al., 2017; Islam et al., 2018). It is also important to note that intron and exon variants play a crucial influence in gene evolution (Xu et al., 2011; Jo and Choi, 2015; Mustafin and Khusnutdinova, 2015). The 67 GST genes in this research have varying numbers of introns and exons, suggesting the heterogeneity of sweet cherry GST genes. The PavGST genes had varied intron numbers from 1 (PavGST29, PavGST31, PavGST10) to 12 (PavGST11) while exon numbers varied from 1 (PavGST54, PavGST8, and PavGST39) – 10 (PavGST53 and PavGST64; Figure 2). Additionally, the majority of the genes in the same subfamily exhibited comparable motif compositions. A total of 20 distinct motifs were discovered among the GST genes of the P. avium and at least one of these is present in each candidate gene. The arrangement and quantity of the 20 different intra-species and inter-species motif types revealed that GST members are functionally diverse (Figure 2). Moreover, the protein functions are thought to be related to its subcellular localization (Dönnes and Höglund, 2004). The function of a protein is thought to be related to its subcellular localization (Dönnes and Höglund, 2004). The bioinformatics examination in this work revealed that the majority of GSTs were found in the cytoplasm (Figure 8 and Supplementary Table 5), which was similar to prior research (Dong et al., 2016; Islam et al., 2017; Kayum et al., 2018). GSTs involved in flavonoid transport have been linked to membranes, including the vacuole and the endoplasmic reticulum (ER; Conn et al., 2008; Kitamura et al., 2010; Gomez et al., 2011; Zhao, 2015). GSTs involved in flavonoid transport have been linked to membranes, including the endoplasmic reticulum (ER) and the vacuole (Conn et al., 2008; Gomez et al., 2011; Zhao, 2015). This divergence might be attributable to a program limitation or the complexities of protein localization (Xiong et al., 2016). Gene duplications are an important process in all plants for producing genetic innovation, which might assist organisms in adapting to environmental change (Alvarez-Buylla et al., 2000; Kondrashov, 2012). Different types of gene duplication, such as TD, PD, DSD, WGD, and TD, significantly contribute to plant-specific gene expansion (Qiao et al., 2018; Si et al., 2019). Typically, whole-genome duplication (WGD), segmental duplication, and tandem duplication events are regarded to be the key driving factor for producing new genes and gene family expansion (Rensing, 2014). We observed that TD and DSD contributed significantly to GST family member expansions in sweet cherry (Figure 4 and Supplementary Table 3). The same phenomenon was observed in apple, rice, G. Arboreum, G. raimondii (Dong et al., 2016), poplar (Lan et al., 2009), and Capsella rubella (He et al., 2016). Gene duplication is crucial not just for expanding genomic content, but also for producing novel gene functions, which may help organisms to adapt to complicated surroundings (Freeling, 2009). In addition, we used CDS to examine the frequencies of ka and ks substitutions (coding sequences). Positive selection is defined as a value larger than 1, purifying selection as a value less than 1, and neutral selection as a value of 1 (Volokita et al., 2011; Zhang et al., 2014). All Ka/Ks ratios of paralogous genes show that GST protein activities may be predominantly determined by purifying selection (Figure 5 and Supplementary Table 3). Mode of duplication events and the ages of genome duplication events show that GSTs evolved through a complex mechanism. The addition or deletion of an exon or intron is critical for the diversification of multigene families. This event might occur as a result of the rearrangement and fusion of several chromosomal segments (Xu et al., 2012).

Light is one of the most important components in plant growth and development since it directly regulates plant morphogenesis, gene expression, metabolism, photosynthesis, and other physiological reactions. Light conditions can alter qualitative and quantitative changes in anthocyanin. Numerous research has been conducted in the past decade to examine the effects of light quality and intensity on plant development and functional chemical yields (Goto, 2012). Anthocyanin is a key pigment in plants and attracting more interest from researchers due to its extensive and wide range of color, prominent beneficial health effect, and higher antioxidant activities. They are also involved in antimicrobial activity and protect the cells from intensive light damage by absorbing blue and ultraviolet light (Seigler, 1998). Insufficient light and nutrient availability decreased the anthocyanin contents in fruits (Youdim et al., 2002; Ohashi-Kaneko et al., 2007). In the current study, led light was applied to the fully mature fruit of “Van” sweet cherry cultivar for different time durations (30H, 50H, 80H, and 100H). The results illustrated the boosted pattern in anthocyanin accumulation in fruit skin and pulp (Figure 10). The same enhancement pattern was observed in strawberries and grapes when treated with LED light (Kim et al., 2005; Kadomura-Ishikawa et al., 2013; Kondo et al., 2014). LED application for a sufficient period may be an effective technique for increasing plant anthocyanin content (Azad et al., 2020). The molecular processes that underlie anthocyanin accumulation caused by LEDs are yet not completely known. Previous research has shown that LED stimulates the expression of anthocyanin biosyntheses structural genes, such as PHYs and CRY, as well as regulatory genes, such as MYB, bHLH, and WRKY (Zhang et al., 2018). Moreover, antioxidants perform a key role in health-enhancing biochemical pathways (Hogewoning et al., 2010) and bioactive compounds like carotenoids, flavonoids, and phenolic which have potential for antioxidant activity (Fernández-Ruiz et al., 2017). LED light also placed a positive impact on antioxidant accumulation in sweet cherry, as well as same enhancement pattern of antioxidant contents was confirmed in Chinese kale sprouts and fruit when treated with blue LED light as compared with control (Galuszka et al., 2005; Qian et al., 2016). Additionally, we also investigated and confirmed transcriptomic data obtained from anthocyanin accumulation to acquire insight into the expression patterns of GSTs in response to the accumulation of anthocyanin using qRT-PCR (Figure 12). In response to LED treatments, a distinct divergence in the expression patterns of PavGSTs was identified among them. Based on the qRT-PCR analysis, Tau members, such as Pav sc0000164.1 g200.1.br (PavGST56), Pav sc0000207.1 g720.1.mk (PavGST4), and Pav sc0011895.1 g020.1.mk (PavGST67), reacted swiftly to LED treatment and exhibited high anthocyanin accumulation. Previous findings also demonstrated that Tau GSTs are involved in the detoxification of xenobiotics, the transmission of signals, and the transport of anthocyanin (Loyall et al., 2000; Thom et al., 2002; Jha et al., 2011). Moreover, two members from the Tau subfamily (Pav_sc0000474.1_g230.1.mk -PavGST40, Pav_sc0000103.1_g250.1.mk -PavGST38) and one from the Phi subfamily (Pav_sc0000474.1_g230.1.mk – PavGST40) only revealed their peak expression under higher LED light treatment which demonstrated that transcription of these PavGST genes is under the control of light. The same phenomenon was also confirmed in Lilium regale (Yamagishi, 2016). The RNA-seq data was carried out on the fruit of three sweet cherry cultivars: Bing, Lapins, and Rainers (Figure 9). These data were used to investigate the spatiotemporal expression profile of GST genes in different cultivars. Pav_sc0001196.1_g1310.1.mk and Pav_sc0001124.1_g450.1.mk genes were abundantly expressed in all cultivars, suggesting that these genes play a key role in anthocyanin accumulation. Additionally, cis-acting elements were critical in regulating the expression of genes and hence influencing plant responses to stress and developmental changes (Narusaka et al., 2003). The cis-regulatory elements analysis revealed that GST genes consist of abiotic/biotic stress-related elements and expression of promoters, including CAAT-Box, ABR, and LTR.



CONCLUSION

The GST gene family has been identified in a wide variety of plant species and has been associated with several key physiological and developmental activities. In this investigation, 67 GST genes were identified in sweet cherry utilizing genome-wide analysis and grouped into seven subfamilies (TCHQD, Theta, Phi, Zeta, Lambda, DHAR, and Tau). The phylogenetic relationship, gene duplication events, conserved motif composition, collinearity analysis, cis-acting elements, conserved domain, chromosomal localizations, non-synonymous, synonymous ratios, and functional divergence of these PavGST genes were all investigated in detail, providing insight into the functional diversity of GST families. Tissue-specific expression and abiotic stress response studies revealed that the expression patterns of GST genes in sweet cherry are very specialized and diverse. The GST genes were highly upregulated in response to an LED treatment, showing that they play a critical role in the accumulation of anthocyanin in sweet cherries. In the future, this work can be used as a good benchmark for future functional studies and genetic breeding of GST genes in sweet cherry, as well as for the identification of relevant candidate genes for future anthocyanin accumulation studies.
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Exogenously Applied Proline Enhances Morph-Physiological Responses and Yield of Drought-Stressed Maize Plants Grown Under Different Irrigation Systems
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The exogenous application of osmoprotectants [e.g., proline (Pro)] is an important approach for alleviating the adverse effects of abiotic stresses on plants. Field trials were conducted during the summers of 2017 and 2018 to determine the effects of deficit irrigation and exogenous application of Pro on the productivity, morph-physiological responses, and yield of maize grown under two irrigation systems [surface irrigation (SI) and drip irrigation (DI)]. Three deficit irrigation levels (I100, I85, and I70, representing 100, 85, and 70% of crop evapotranspiration, respectively) and two concentrations of Pro (Pro1 = 2 mM and Pro2 = 4 mM) were used in this study. The plants exposed to drought stress showed a significant reduction in plant height, dry matter, leaf area, chlorophyll content [soil plant analysis development (SPAD)], quantum efficiency of photosystem II [Fv/Fm, Fv/F0, and performance index (PI)], water status [membrane stability index (MSI) and relative water content (RWC)], and grain yield. The DI system increased crop growth and yield and reduced the irrigation water input by 30% compared with the SI system. The growth, water status, and yield of plants significantly decreased with an increase in the water stress levels under the SI system. Under the irrigation systems tested in this study, Pro1 and Pro2 increased plant height by 16 and 18%, RWC by 7 and 10%, MSI by 6 and 12%, PI by 6 and 19%, chlorophyll fluorescence by 7 and 11%, relative chlorophyll content by 9 and 14%, and grain yield by 10 and 14%, respectively, compared with Pro0 control treatment (no Pro). The interaction of Pro2 at I100 irrigation level in DI resulted in the highest grain yield (8.42 t ha–1). However, under the DI or SI system, exogenously applied Pro2 at I85 irrigation level may be effective in achieving higher water productivity and yield without exerting any harmful effects on the growth or yield of maize under limited water conditions. Our results demonstrated the importance of the application of Pro as a tolerance inducer of drought stress in maize.

Keywords: deficit irrigation, irrigation system, maize, plant water status, proline, water productivity


INTRODUCTION

Maize is one of the main cereal crops worldwide, followed by wheat, which is a staple food in Egypt (OECD/FAO, 2020). It is either consumed freshly or indirectly as corn oil, starch, fructose, glucose, and livestock feed (Ranum et al., 2014). Owing to its low inherent production and high demand of maize, Egypt has become the fourth largest importer of maize in the world (OECD/FAO, 2020). The total maize production in Egypt is approximately 6.4 million tons, and 85,000 hectares of cultivated land is estimated for its production. Its consumption is approximately 16.1 million tons with a self-sufficiency ratio of 42% (Ibrahim et al., 2007). Thus, to minimize the gap between maize production and consumption, it is important to manage irrigation water more efficiently and enhance domestic maize production by following non-traditional procedures, such as growing in cultivated areas or planting high-yield varieties (Ouda et al., 2017).

In arid and semi-arid regions, water shortage particularly affects food security (Misra, 2014; Mancosu et al., 2015). Approximately 70–80% of the available freshwater is required for agriculture (Food and Agriculture Organization [FAO], 2017). Egypt depends on limited water resources from the Nile River (55 billion m3 of water/year) (MWRI, 2014). Over 95% of irrigated lands in Egypt are managed using surface irrigation (SI) systems, with a low irrigation efficiency of 45–50% (Osman et al., 2016; Abdou et al., 2021; Ali et al., 2021). Therefore, rational water governance seeks to reduce water losses and enhance crop productivity to withstand high evaporative demand. Assuming severe water supply shortages, a deficit and highly efficient irrigation strategy of drip irrigation (DI) system is highly recommended over the SI system to increase the benefits per unit of water.

The application of irrigation water below the evapotranspiration (ET) demand is known as deficit irrigation, which optimizes economic output when there is limited water supply (Pereira et al., 2012; Chai et al., 2016). Plants under deficit irrigation systems receive less irrigation water than the actual amount of water required at plant growth stages and/or during the total crop cultivation period (Badal et al., 2013). Hence, plants are exposed to water stress to some extent under deficit irrigation systems (Wakchaure et al., 2018; Parkash and Singh, 2020). A decrease in the ET rate of plants exposed to water stress results in severe water stress symptoms, such as leaf rolling, diminishing leaf area, and stunted growth and yield of plants (Wang et al., 2014). Drought stress induces several physiological, biochemical, and photosynthetic changes by regulating stomatal closure or controlling CO2 flow into the mesophyll tissues (Yuan et al., 2016).

Approximately 20–25% of the maize cultivation areas are affected by drought globally (Shahrokhi et al., 2020). Sensitivity to drought stress can lead to dramatic fluctuations in maize yield, which is a common condition in Egypt (Gomaa et al., 2017). Maize exhibits distinct responses to water deficit depending on the developmental stage, crop tolerance level, and severity of the applied water stress treatments (Song et al., 2019; Cheng et al., 2021). The yield reduction due to water stress is primarily attributed to the disruption of physiobiochemical processes, inhibition of photosynthesis, and stunted plant growth and development (Song et al., 2019; Sharma et al., 2020; Cheng et al., 2021).

However, several studies have revealed that plants tend to accumulate various compatible solutes, such as soluble sugars and amino acids [e.g., proline (Pro)], as an adaptive tolerance strategy to increase salinity and/or drought tolerance (Giri, 2011; Semida et al., 2015; Arteaga et al., 2020). Pro is an essential amino acid that accumulates in various plant tissues, particularly in the leaves (Hayat et al., 2012). Proline accumulation plays an indispensable role in the regulation of cell osmosis (El Moukhtari et al., 2020). Additionally, under unfavorable conditions of water stress, Pro stabilizes membranes (Xia et al., 2020) and protects enzymes (Qamar et al., 2019; El-Nashaar et al., 2020), proteins, and macromolecules from denaturation (Agami et al., 2019). The effectiveness of exogenously applied Pro depends on the plant developmental stage and variety, Pro application rate, and the time of application (Semida et al., 2020). Excessive concentrations of free Pro can disrupt cell growth and protein functions. Hayat et al. (2007) observed that the foliar application of Pro (30 mM) negatively affects maize plants.

Using Pro as an antioxidant is an effective, unconventional, and inexpensive approach for mitigating the harmful effects of drought on maize production under different irrigation systems. Further studies are highly recommended to reduce the gap between water consumption and production of maize in arid and semi-arid regions. Therefore, this study aimed to elucidate the ameliorative effects of Pro at different nontoxic application rates on the morph-physiological and yield attributes of maize plants exposed to water stress. Furthermore, irrigation water requirements for maize plants grown under different irrigation systems and water scarcity conditions were determined.



MATERIALS AND METHODS


Experimental Site

Field experiments were performed in the summers of 2017 and 2018 at the Agricultural Research Station in the Fayoum University, Fayoum Governorate, Egypt (latitude, 29°02′ and 29°35′ N and longitude, 30°23′ and 31°05′ E). The experimental treatments were arranged in a spilt-split plot in a completely randomized block design with three replications. The two irrigation systems, SI and DI, were set in the main plots. Three deficit irrigation levels (I100, I85, and I70 of ET) were employed in the subplots, and three concentrations of Pro (Pro0 = 0/control; Pro1 = 2 mM; and Pro2 = 4 mM) were used in the sub-sub plots.



Initial Soil Characteristics of the Experimental Site

The soil in the field experiment was sandy loam; the water content at −0.33 and −15 bar pressure was retained by 20.52 and 8.87%, respectively. At a soil depth of 0.0–60 cm, the dry bulk density of the soil was 1.47 mg m–3, saturated hydraulic conductivity was 2.34 cm h–1, mean soil pest extract (ECe) was 3.75 dS m–1, and pH (soil:water suspension, 1:2.5) was 7.77. At the same soil depth, the mean organic matter and CaCO3 concentration were 13.8 and 87.8 g kg–1, respectively (Table 1).


TABLE 1. Some initial properties of the experimental soil samples.
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The initial physical and chemical characteristics of the soil at the experimental site were determined according to the methods proposed by Page et al. (1982) and Klute and Dirksen (1986).



Experimental Treatments


Irrigation Systems

The SI and DI systems were implemented and installed at the experimental site as described in the following section.


SI System

Under the SI system, the quantity of irrigation water applied (IWA) for each plot was mainly controlled using a plastic pipe (spiles) with a diameter of 2 inches. For each experimental plot, one spile was constructed to direct the irrigation water. The quantity of IWA was estimated using the following equation (Israelsen and Hansen, 1962):

[image: image]

where Q is the irrigation water discharge (L s–1), C is the discharge coefficient, A is the cross-sectional area of the spile (cm2), g is gravity acceleration (cm s–2), and h is the mean of the influential head of water (cm) above the pipe.



DI System

Under the DI system, irrigation water was provided through polyvinyl chloride pipes. A distance of 70 cm was maintained between the lateral lines, and emitters were spaced at 30 cm. An emitter discharge rate of 2 L h–1 was achieved with pumping at a pressure of 2 bar.




Water Stress Treatments

Three different water stress levels [I100, I85, and I70 (%) of ETc] were implemented. Maize plants were irrigated with the corresponding amounts of irrigation water, which were determined according to the daily reference crop ET as follows (Allen et al., 1998):
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where Epan is the evaporation rate from Class A pan (mm day–1) and Kpan is the pan evaporation coefficient (0.85). ETc is the sum of the water evaporation from the soil surface and transpiration (water loss) primarily from the plant leaves. ETo is the reference ET. Kc is the crop coefficient; the Kc values at the initial, mid, and end stages were 0.70, 1.20, and 0.35, respectively. The irrigation water requirements (IWR) for each plot were determined using the following equation (Abd El-Wahed and Ali, 2013):

[image: image]

where IWR is the water requirement for irrigation (m3), A is the irrigated plot area (m2), ETc is the crop ET (mm day–1), Ii is the interval between irrigations (days), Kr is the coverage coefficient, and Ea is the irrigation efficiency (%).



Antioxidant Applications

The antioxidant Pro was applied at three different concentrations : Pro0 (control) = 0, Pro1 = 2 mM, and Pro2 = 4 mM. It was applied three times as a foliar spray [30, 45, and 60 days after sowing (DAS)].




Meteorological Parameters

The monthly weather data for the summers of 2017 and 2018 were collected from the meteorological station of the Fayoum Governorate, Egypt (Figure 1). The climate in the experimental field was arid and characterized by low or no precipitation. During the period from May to September of each year, the maximum and minimum air temperatures were 40.4°C and 20.15°C, respectively, and the relative humidity fluctuated from 35 to 42%. The mean Epan values during the cultivation period (May–September) were 6.48 and 6.50 mm day–1 for the first and second growing seasons, respectively.


[image: image]

FIGURE 1. Monthly meteorological parameters in Fayoum Governorate in both seasons (2017 and 2018). The evaporation rate Epan (mm day−1).




Agricultural Management Practices

Maize (Zea mays, hybrid 321) was cultivated on June 5 during the summers of both years (2017 and 2018) in hills that were 30 cm apart, with a distance of 70 cm between the lateral lines. The experimental plots were fertilized using N:P:K (200:100:75; kg ha–1). Total superphosphate (15.5% P2O5) along with potassium sulfate (48% K2O) was applied before cultivation. Nitrogen fertilizer was applied using two equivalent doses, with the first and second doses applied at the first and second irrigation events, respectively.

All other agricultural operations required for the growth and development of maize plants were performed similarly in all plots according to the recommendations of the Egyptian Ministry of Agriculture. Maize plants were harvested 120 DAS.



Physiological Maize Parameters

Ten plant samples (70 DAS) were randomly selected from each plot to measure their physiological responses to the treatments applied.



Relative Water Content

The leaf samples for relative water content (RWC) measurement were randomly collected in the morning (8:00 a.m.–9:00 a.m.). RWC (%) was determined according to the following equation (Hayat et al., 2007):

[image: image]

where FW is the fresh weight measured within 2 h after the excision of leaves; TW is the turgid weight computed by soaking the leaves in distilled water and leaving them at room temperature for 16–18 h, followed by rapid and careful dry-blotting on tissue paper. The small leaf pieces were later oven-dried at 70°C for 48 h to assess the dry weight (DW).



Leaf Membrane Stability Index

MSI (%) was measured using the method described by Premachandra et al. (1990). Small leaf strips (0.2 g) of equal size were prepared and placed in two sets of test tubes, each containing 10 mL of distilled water. The test tubes of the first set were incubated in a water bath at 40°C for 30 min, and ECe was subsequently estimated (C1), whereas those of the second set were incubated in a boiling water bath at 100°C for 15 min, followed by ECe measurement (C2). MSI = [image: image]



Relative Chlorophyll Content Values

The relative chlorophyll content SPAD was determined using SPAD 502 (Konicaminolta. Inc., Tokyo), as described by Maxwell and Johnson (2000).



Chlorophyll Fluorescence

Chlorophyll fluorescence (Fv/Fm) was determined using a portable fluorometer (Spoustová et al., 2013).



Performance Index

The performance index (PI) of photosynthesis was determined according to the method proposed by Clark et al. (2000).

During harvesting (120 DAS), ten plants from each plot were collected to determine their height (cm), stem diameter (cm), leaf number plant−1, root weight, cob weight (g), 100-grain weight (g), grain yield (t ha–1), and biomass yield (t ha–1).



Water Productivity

Water productivity (WP) is expressed as the grain yield (kg) per IWA (m3). The values were used to evaluate the variation in different treatments for producing the maximum yield from the water unit consumed by the maize plants. The WP values were calculated (Jensen, 1983) as per the following equation:

[image: image]



Statistical Analysis

The study was designed in a completely randomized block design (spilt-split plot) with three replications, and the obtained data were statistically analyzed according to the procedures outlined by Gomez and Gomez (1984) using the GenStat statistical package, 12th edition (VSN International Ltd., Oxford, United Kingdom).




RESULTS


Morphological Characteristics of Maize Plants

Table 2 indicated that all maize growth parameters, i.e., plant height (cm), stem diameter (cm), leaf number plant−1, and root weight (g), were significantly affected by the applied water stress levels, exogenous Pro treatments, and their interactions under different irrigation systems. Plants under the DI system showed a considerable increase in the plant height (17.82%), stem diameter (17.86%), and leaf number plant−1 (18.77%) compared with those under the SI system. An exception was observed for the root weight in which the highest value (54.85 g plant−1; mean value of both seasons) was observed under the SI system. Additionally, fully irrigated maize plants (I100) exhibited higher growth rates than drought-stressed maize plants. Compared with the control (I100), the mean values (during the summers of both years) of plant height, stem diameter, leaf number plant−1, and root weight decreased by 10.51, 9.61, 3.01, and 11.14%, respectively, at a moderate stress level (I85). These values decreased by 17.38, 22.55, 10.94, and 20.60%, respectively, under a severe stress level (I70).


TABLE 2. Effect of water stress treatments and proline application rates on maize growth traits under different irrigation systems.
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The exogenously applied Pro ameliorated the adverse effects of drought stress on maize plants. The maximum plant height, stem diameter, leaf number plant−1, and root weight were 199.54 cm, 2.39 cm, 15.58, and 58.22 g, respectively, for plants treated with Pro2 during the summers of both years. After increasing the level of the exogenously applied Pro, the plant height, stem diameter, leaf number plant−1, and root weight under Pro1 treatment increased by 15.51, 26.12, 14.15, and 27.81%, whereas those under Pro2 treatment increased by 21.25, 34.27, 18.67, and 35.87%, respectively, compared with the control (Pro0).



Plant Water Status (RWC and MSI)

As shown in Table 3, the two indicators of plant water status, RWC (%) and MSI, showed a significant response to water stress and Pro treatments under the two irrigation systems during the summers of both years, whereas the combined effect of these treatments (IS × I × P) on the aforementioned indicators was not significant. The results showed that maize plants under the DI system exhibited better physiological responses than those under the SI system. Additionally, water stress considerably reduced RWC by 10.51 and 17.38% in maize plants under moderate (I85) and severe (I70) stress levels, respectively, compared with those under no stress (controls; I100). The exogenous application of Pro mitigated the drought-induced inhibitory effects on RWC. Compared with the control (Pro0), the mean values of RWC increased by 15.51 and 21.25% with increased concentrations of Pro1 and Pro2, respectively. Furthermore, the highest mean MSI (67.98%) was observed in adequately irrigated plants (100% ETc), and the lowest mean MSI (59.69%) was observed in plants exposed to high water deficit levels (I70). Cell membrane integrity is highly susceptible to drought stress. Water stress leads to the disruption of cell membrane stability, thus increasing electrolyte leakage and decreasing membrane integrity. The mean MSI increased by 6.88 and 13.25% for Pro1- and Pro2-treated plants, respectively, compared with that for non-Pro-treated plants during the summers of both years.


TABLE 3. Effect of water stress and proline application rates on relative water content (RWC), membrane stability index (MSI), chlorophyll fluorescence (Fv/Fm), performance index (PI), and relative chlorophyll content (SPAD) values under different irrigation systems.
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Fv/Fm, PI, and Soil Plant Analysis Development

The data presented in Table 3 revealed that maize plants showed significant differences in Fv/Fm, PI, and SPAD in response to water stress and Pro foliar treatments under the SI and DI systems during the summers of both years; however, the effect of their interaction was not significant. The values for these traits increased by 7.64, 17.06, and 21.26% for Fv/Fm, PI, and SPAD, respectively, under the DI system compared with the SI system. Water stress adversely affects photosynthesis. The Fv/Fm, PI, and SPAD values showed a consistent decrease with increasing water deficit. Compared with sufficiently irrigated plants (I100), the Fv/Fm, PI, and SPAD values decreased by 3.82, 17.25, and 9.59%, respectively, in plants grown under the moderate-deficit irrigation level (I85) and by 9.55, 28.01, and 21.36%, respectively, in those under the high-deficit irrigation level (I70). Furthermore, this study indicated that the harmful effects of drought stress on photosynthesis can be alleviated in maize through foliar Pro application. The exogenous application of Pro (Pro2 concentration) on maize plants exposed to water stress increased the Fv/Fm, PI, and SPAD values by 12.06, 20.71, and 15.27%, respectively, compared with the control (Pro0).



Yield and Yield Components

Table 4 showed that the yield and yield components of maize, such as cob weight (g), 100-grain weight (g), grain yield (t ha–1), and biomass yield (t ha–1), differed significantly in response to water stress and Pro applications under the SI and DI systems during the summers of both years. The effects of interaction were not significant between (IS × I) and (IS × P) for the 100-grain weight parameter. Except of grain yield, the interaction effect (IS × IR × P) on all abovementioned traits was not significant (P > 0.05). Maize plants exposed to water stress had a lower yield than fully irrigated plants. Compared with the full irrigation level (I100), the cob weight (g), 100-grain weight (g), grain yield (t ha–1), and biomass yield (t ha–1) of maize plants decreased by 4.33, 4.45, 6.36, and 9.24%, respectively, at the moderate-deficit irrigation level (I85) and by 7.49, 14.90, 25.44, and 17.97% at the high-deficit irrigation level (I70). The exogenously applied Pro increased the yield of maize plants under deficit irrigation; the cob weight, 100-grain weight, grain yield, and biomass yield increased (as mean values of both seasons) by 11.70, 21.07, 10.93, and 15.44%, respectively, at moderate Pro (Pro1) application rates and by 15.61, 27.89, 15.99, and 23.05%, respectively, at high Pro (Pro2) application rates, compared with the control (Pro0).


TABLE 4. Effect of water stress and proline application rates on yield and yield components of maize crop under different irrigation systems.
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Irrigation Water Applied

Table 5 showed that IWA varied according to the designed irrigation regime and system. The highest values of irrigation water inputs were observed under the SI system at the full irrigation level. The need for irrigation gradually decreased as the water deficit level increased in the DI system because its high-efficiency design saved 29.41% of IWA compared with the SI system.


TABLE 5. Irrigation water applied (m3 ha–1) for different irrigation levels and irrigation systems.
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Water Productivity

As shown in Figure 2, the highest WP (1.80 kg m–3) was observed at I85 with a high Pro application rate (Pro2) under the DI system. In contrast, the lowest (0.79 kg m–3) WP was observed at I100 with a low Pro application rate (Pro1) under the SI system. For each irrigation level and Pro application treatment, DI considerably enhanced WP compared with SI. DI delivers water near each plant, leading to high water-use efficiency. Among the water stress treatments, the irrigation regime of I85, in which the reduction in grain yield was lower than the amount of irrigation water saved, showed the highest WP-value compared with other irrigation regimes.


[image: image]

FIGURE 2. Effect of water stress and proline (Pr) application rates (Pr0 = 0, control; Pr1 = 2 mM; and Pr2 = 4 mM), on water productivity (as mean values of the two seasons) under different irrigation systems. Different letters on the bars refer to significant differences among means based on Fisher’s least significant difference test at the p < 0.05 level.




Effect of Irrigation Systems and Irrigation Regimes on Salt Distribution Pattern

Figure 3 showed that SI, particularly when coupled with high levels of irrigation water (I100), enhanced the downward movement or migration of soluble salts, thus reducing the concentrations of salt accumulated in the lower soil layers by 10.14% compared with those accumulated on the soil surface (0–20 cm). In contrast, DI with low irrigation input (I70) promoted the upward movement of salts, thus increasing soil salinity in the same layer (0–20 cm) by 14.38% compared with the initial soil salinity.


[image: image]

FIGURE 3. Effect of irrigation systems and irrigation regimes on salt distribution pattern. ECe, soil electrical conductivity.





DISCUSSION

Water stress adversely affects the growth and development of plants, particularly when the stress conditions remain constant. When plants are exposed to stress, they accumulate an array of metabolites, such as amino acids. Pro plays a highly beneficial role in plants exposed to various stress conditions. Besides acting as an excellent osmolyte, Pro has three fundamental biological roles in stress response, i.e., acting as a metal chelator, antioxidative defense molecule, and signaling molecule. Some reports; however, have indicated the toxic effects of Pro when applied exogenously at high concentrations. In this study, we aimed to (i) investigate the causes underlying the reduction in the growth and yield of maize plants induced by water stress and (ii) determine the crucial role of Pro in mitigating these negative effects at different nontoxic application rates of Pro to improve WP under water scarce conditions.

Our results demonstrated significant differences in the vegetative growth of maize plants in response to the two irrigation systems (Table 2). The DI system was relatively superior in the maize growth parameters, except for root weight, compared with the SI system. Similar to previous reports (Ghamarnia et al., 2013; Mahgoub et al., 2017), the observed increase in the root weight of plants under the SI system could be a result of the downward movement of irrigation water due to gravity, which promotes the penetration of roots through the soil profile to greater depths to extract water from the deeper layers. Maize plants exposed to water stress showed growth retardation. The inhibition of maize growth due to water stress was evident because of the decrease in the length, volume, and water potential of the root system, which disrupted the water extraction by the roots. This results in decreased cell division and elongation, leading to stunted plant growth. These results were consistent with those of previous studies (El-Samnoudi et al., 2019; Song et al., 2019; Sah et al., 2020; Cheng et al., 2021). However, the exogenous application of Pro not only provided osmoprotection but also enhanced the growth of the plants. The beneficial effect of Pro in enhancing maize growth characteristics under low irrigation levels might be attributed to its role in osmoregulation, and maintenance of the tertiary structure of proteins and enzymes, to help growing plants tolerate drought stress. These results were similar to those of the previous reports (Abdelaal et al., 2018, 2020; Qamar et al., 2019; El-Nashaar et al., 2020).

Additionally, drought adversely affected the plant water retention (RWC and MSI) and photosynthesis (Table 3). The decrease in water uptake under deficit irrigation regimes was associated with a decrease in leaf water potential. Drought alters the plant water status and stomatal functioning and inhibits chlorophyll biosynthesis, thus reducing the photosynthetic rates. Dehydration in the plant cell protoplasm could be considered as an effect of drought on the RWC of maize leaves. Similar observations were reported in a previous study (Xia et al., 2020). The foliar application of Pro enhanced the plant water status. This was evident by the reduction in water efflux under drought stress, which helped the cells maintain their cell turgor or osmotic balance. These results are consistent with those of another study conducted by Al-Khazrji et al. (2020). It is suggested that the exogenous application of Pro enhances membrane stability, thus preventing electrolyte leakage, as previously documented by Hayat et al. (2012).

Water stress further decreased the values of the physiological parameters in maize seedlings. This was evident by the disruption of plant photosynthetic potential, possibly due to the stomatal closure and/or metabolic destruction, such as the impairment of photosystem 1 (PSI) and photosystem II (PSII), which are chlorophyll-binding protein complexes (Ibrahim et al., 2019; Zheng et al., 2022). Furthermore, water stress increases the generation of reactive oxygen species (ROS), resulting in oxidative damage to plants and degradation of chlorophyll pigments (Hasanuzzaman et al., 2020; Mansoor et al., 2022). Alternatively, Pro may be responsible for scavenging ROS and other free radicals (Kaul et al., 2008). It may also protect plants from stress injuries by stabilizing membranes and proteins, allowing the transport of mitochondrial electrons, enhancing antioxidant enzyme activity, thus increasing stomatal conductance and facilitating higher CO2 diffusion through leaves. This promotes higher photosynthetic capacity (Tùmová et al., 2018; Agami et al., 2019; Altuntaş et al., 2020; Semida et al., 2020; Tariq et al., 2021; Abdou et al., 2022). Hence, the foliar application of Pro can enhance the photosynthetic rate of maize under drought stress.

The decreased water uptake from the soil might be responsible for the detrimental effects of water stress on grain and biomass yields of maize (Table 4), resulting in the abovementioned inhibition in plant growth and development, disruption of photosynthetic pigments, and deficits in plant water content. Accordingly, a significant decrease in maize yield under water stress conditions was observed. The results are consistent with those of previous studies (Vazirimehr et al., 2014; Sah et al., 2020; Shah et al., 2020).

The present study demonstrated that the increase in the yield and yield components achieved by the application of Pro was higher than the reduction in the yield caused by drought stress, confirming that Pro treatment successfully compensated for the adverse effects of drought stress on the growth and yield of maize. Furthermore, the yield and yield components of maize under the DI system were higher than those under the SI system (Qamar et al., 2019; Abdelaal et al., 2020; El-Nashaar et al., 2020; Li et al., 2021), and WP increased consistently with increasing concentrations of exogenously applied Pro (Table 5). These results are consistent with those of the previous studies by Semida et al. (2015) and Semida et al. (2020) who found that pressurized irrigation systems via subsurface drip and/or surface drip increase the water-use efficiency and grain yield of maize compared with the SI system.

Notably, the monitoring of the salt distribution pattern in the soil profile (depth, 0–60 cm) based on different applied irrigation systems and treatments showed that the salt distribution pattern was different after plant harvest in the second season compared with the determined initial ECe values before maize planting. The results were consistent with those of the studies by Semida et al. (2015) and Ali et al. (2016) who reported that the highest salinity was observed in the deeper soil layers depending on the wetting front under the SI system. The lowest salinity was observed on the surface; however, under DI, salt accumulation increased on the soil surface.



CONCLUSION

With increasing water scarcity, well-designed deficit DI regimes and the exogenously applied antioxidant Pro can optimize the maize production and WP when the available water is insufficient to provide full irrigation. The DI system efficiently saved irrigation water input by 30% compared with the SI system. Among the tested irrigation levels, the full level (I100) resulted in the highest grain yield. The moderate-deficit irrigation level (I85) showed the maximum WP. The growth, physiological aspects, and grain yield of maize increased significantly after the foliar application of Pro to maize plants exposed to water stress. Therefore, using exogenous Pro at 4 mM for maize plants under the DI system and irrigating with 85% of their ET demand may be a promising agro-management strategy for improving the yield and WP of maize crops grown in arid and semi-aired regions, especially when water scarcity constraints the sustainability of maize production.
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Globally, heavy metal pollution of soil has remained a problem for food security and human health, having a significant impact on crop productivity. In agricultural environments, nickel (Ni) is becoming a hazardous element. The present study was performed to characterize the toxicity symptoms of Ni in pepper seedlings exposed to different concentrations of Ni. Four-week-old pepper seedlings were grown under hydroponic conditions using seven Ni concentrations (0, 10, 20, 30, 50, 75, and 100 mg L–1 NiCl2. 6H2O). The Ni toxicity showed symptoms, such as chlorosis of young leaves. Excess Ni reduced growth and biomass production, root morphology, gas exchange elements, pigment molecules, and photosystem function. The growth tolerance index (GTI) was reduced by 88-, 75-, 60-, 45-, 30-, and 19% in plants against 10, 20, 30, 50, 75, and 100 mg L–1 Ni, respectively. Higher Ni concentrations enhanced antioxidant enzyme activity, ROS accumulation, membrane integrity [malondialdehyde (MDA) and electrolyte leakage (EL)], and metabolites (proline, soluble sugars, total phenols, and flavonoids) in pepper leaves. Furthermore, increased Ni supply enhanced the Ni content in pepper’s leaves and roots, but declined nitrogen (N), potassium (K), and phosphorus (P) levels dramatically. The translocation of Ni from root to shoot increased from 0.339 to 0.715 after being treated with 10–100 mg L–1 Ni. The uptake of Ni in roots was reported to be higher than that in shoots. Generally, all Ni levels had a detrimental impact on enzyme activity and led to cell death in pepper seedlings. However, the present investigation revealed that Ni ≥ 30 mg L–1 lead to a deleterious impact on pepper seedlings. In the future, research is needed to further explore the mechanism and gene expression involved in cell death caused by Ni toxicity in pepper plants.

Keywords: nickel toxicity, heavy metal, pepper, metabolites, mineral homeostasis


INTRODUCTION

Rapid urbanization, industrialization, and modern agriculture have considerably escalated environmental degradation in developed countries, and resulted in an excessive accumulation of heavy metals in agricultural soils (Sardar et al., 2022a; Shahzadi et al., 2022). Recent studies have shown that contamination by heavy metals in agricultural soils has adverse effects on health and food security (Altaf M. M. et al., 2022). Because of the extensive availability of heavy metals in the environment, their residues enter and are consumed by plants. Plants readily absorb heavy metals, which further enter the food chain, causing major health risks to animals and humans (Heidari et al., 2020).

Ni is considered a common trace element among emerging pollutants. Ni is released into the environment from natural, as well as industry resources (Shahzad et al., 2018; Rahi et al., 2021). The release of Ni into the environment, especially its deposition in cultivated soils, is a major problem (Shukla et al., 2015). Its concentrations range from 10 to 40 ppm in most soils but exceed 1,000 ppm in serpentine soils or soils enriched with Ni-bearing ores (Klein et al., 2022). Nickel is a required nutrient for proper plant growth, however, excessive levels of Ni act as heavy metals, causing negative effects on plant growth, quality, and productivity (Rehman et al., 2022). Plant structural and anatomical dynamics are also influenced by excessive Ni concentration. In several agricultural crops, elevated Ni levels have been demonstrated to reduce plant height and biomass production (Seregin et al., 2003). In a wide range of plant species, excess Ni in plant growth medium disrupts physiological functions, generating detrimental effects on plant growth and toxicity signs, including chlorosis and necrosis (Valivand et al., 2019). Furthermore, Hermle et al. (2007) observed that Ni toxicity deforms chloroplast structures and reduces chlorophyll production. Higher Ni concentrations reduced leaf water potential, total moisture content, stomatal conductance, and transpiration rate in Populus nigra (Velikova et al., 2011). Elevated Ni levels in the soil disrupted plants’ several physiological processes, causing toxicity signs such as chlorosis and necrosis in Solanum lycopersicum (Jahan et al., 2020), Brassica oleracea (Shukla et al., 2015), and Cucurbita pepo (Valivand and Amooaghaie, 2021).

For appropriate growth and development of plants, optimal photosynthesis is a prerequisite. Excessive Ni exposure may cause non-specific photosynthetic limitation in plants, either directly or indirectly (Shahzad et al., 2018). Nickel stress may impair photosynthesis due to the reduction in activity of essential Calvin cycle enzymes. Furthermore, Alam et al. (2007) observed that photosynthesis-related enzymes might be targeted by Ni toxicity. Nickel stress considerably decreased leaf gas exchange elements, photosystem function, and osmotic balance in tomato (Jahan et al., 2020). Roots supply nutrients and water to plants’ aerial parts, and are the first organs to be affected by Ni (Altaf et al., 2021a). Recently, Jahan et al. (2021) observed that Ni toxicity dramatically reduces root growth and mineral nutrient homeostasis in tomato. Heavy metal remarkably reduces root growth traits in watermelon seedlings (Nawaz et al., 2018). In addition, Ni toxicity significantly reduces macro and micro-nutrient uptake, absorption, and translocation in zucchini seedlings, resulting in a nutritional shortage (Valivand et al., 2019). Under Ni toxicity, nutrient absorption declines as a result of disruptions in the structure and activity of enzymes related to cell membrane (Seregin et al., 2003).

Several studies have been performed to explore the deleterious impact of heavy metals (Shahzad et al., 2016). Such damaging effects are directly linked with the overproduction of ROS, which, through lipid peroxidation, negatively affects lipids, proteins, cell membranes, and DNA (Nawaz et al., 2018). Furthermore, Ni stress leads to the overproduction of ROS such as hydrogen peroxide (H2O2) and superoxide ion (O2•–) (Khaliq et al., 2015). MDA levels, which are a general biomarker of membrane degradation in redox homeostasis, and are increased dramatically in many plant species under exposure to high Ni concentrations (Kazemi et al., 2010). Jahan et al. (2020) noticed that ROS are signaling molecules, and plants subjected to Ni toxicity produce excessive amounts of ROS, as evidenced by greater levels of oxidative stress markers (H2O2 and O2•–). Plants have evolved diverse and effective management techniques to deal with metal-induced oxidative damage, and the antioxidative defense system is one of them (Jahan et al., 2020). Excessive Ni supply leads to overproduction of ROS, which ultimately results into oxidative damage to cauliflower (Shukla et al., 2015). Antioxidant enzymes ameliorate the deleterious effects of ROS by modulating their activity by altering gene expression under stressful environments (Chen et al., 2009). Moreover, Ni stress enhanced the antioxidant enzymes’ [Superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR)] activity in tomato (Altaf et al., 2021a). Nickel stress markedly decreased SOD and APX activity in both the roots and leaves of pea plants, but increased the activity of glutathione S-transferase (GST) in leaves and roots (Gajewska and Skłodowska, 2005). Plants respond to Ni toxicity by activating antioxidant enzymes including SOD, CAT, APX, and GR; as well as producing non-enzymatic antioxidants such as glutathione, ascorbic acid, and proline, which may effectively eliminate ROS (Valivand et al., 2019). Plant natural compounds such as flavonoids, phenolics, and anthocyanins contribute to antioxidant capacity and stress tolerance. Zhang et al. (2016) reported that ROS levels are lowered and free radicals’ generation is limited with secondary metabolites.

Capsicum is a member of the Solanaceae family. It contains abundant quantities of vitamins A and C (Sarafi et al., 2017). Additionally, it contains nutrients such as potassium and phosphorus. Fresh, dried, or processed fruits are used as table vegetables or spices (Altaf et al., 2021b). Pepper is one of China’s most valuable commercial crops. China is the world’s largest producer, user, and exporter of pepper (Sarafi et al., 2017). Nickel toxicity has a deleterious impact on plant health in a wide range of plant species through disrupting antioxidant systems (Gajewska and Skłodowska, 2005; Jahan et al., 2020). Pepper’s physiological and biochemical reaction to nickel stress is still unclear. Main objectives of current study are: (1) to discuss the impact of excess Ni toward growth and metabolism of pepper seedlings cultivated under hydroponic conditions with high concentrations of Ni; (2) to assess the level of nickel toxicity in pepper leaves and roots. Additionally, the present study focused (3) to evaluate the influence of Ni toxicity on the photosynthetic machinery, and finally, (4) to understand the root growth pattern and mineral nutrient uptake under various Ni toxicity levels in pepper seedlings.



MATERIALS AND METHODS


Experimental Material and Setup

In this experiment, pepper cultivar “Ca-59” (Capsicum annuum L.) was used to evaluate the toxicity level of Ni. Pepper seeds were collected from the vegetable seed bank of School of Horticulture, Hainan University, Haikou, Hainan, China. Nickel [Nickel chloride (NiCl2. 6H2O)] was bought from a Hainan Baihui Biotechnology Co., Ltd., Haikou, Hainan, China. The plant growth room is under climate-controlled conditions (Temperature 25°C ± 5; light/dark 16/8-h period; and relative humidity 60–85%). The pepper seeds were sown in 50-cell seedling trays filled with vermiculite media. After 30 days, the equal-sized seedlings were shifted into plastic containers of 4-liter capacity (6 plants per container), filled with Hoagland’s nutrient solution. By adding NaOH/HCl solution, the pH of the Hoagland nutrition solution was adjusted to 5.5 ± 1. The nutrition solution was replenished every fifth day to provide a constant supply of nutrients. After an adaptation period of 5 days, plants were separated into seven groups. Varying concentrations of Ni were applied to each group, viz. 0, 10, 20, 30, 50, 75, and 100 mg L–1. Plant samples were collected for further analysis after 14 days of Ni stress.



Growth Traits and Root Morphology

After 14 days of Ni treatment, Shoots and roots were removed and weighed separately to determine fresh biomass, followed by placing the samples in an oven at 80°C for 3 days to determine dry weights. The growth tolerance index (GTI; in %) was calculated individually for roots and shoots using the dry weight procedure quoted by Altaf M. A. et al. (2022). Root harvesting was done by picking three uniform plants. Roots were washed with running tap water. Imagery scan screen (Epson Expression 11000XL, Regent Instruments, Canada) was used to perform root scanning. Further, WinRHIZO 2003a software (Regent Instruments) was used for root image analysis.



Photosynthesis Related Parameters and Scanning Electron Microscopy

A portable photosynthesis system (CIRAS-3, Hansatech Co., United States) was used to measure gas exchange elements. Gas exchange parameters were calculated using fully developed leaves (Zhang et al., 2020). Lichtenhaler and Wellburn’s (1983) approach was used to analyze the pigment content of leaves. 80% acetone was used to crush and homogenized one gram of fresh plant material. 10 mL of this solution was centrifuged for 15 min at 3,000 rpm in test tubes. The absorption values were measured at 662, 645, and 470 nm. To measure chlorophyll fluorescence (CF), fully formed leaves were utilized, and leaf data was obtained between 9:00 and 11:00 a.m. using an IMAGING-PAM Chl fluorescence analyzer (Heinz Walz, Effeltrich, Germany) after 30 min of dark adaptation. The Fv/Fm (maximum photochemical efficiency) value was determined in accordance with (Jahan et al., 2021).

To prepare leaf samples for SEM, they were rapidly treated first with glutaraldehyde (2.5%), followed by OsO4 (1%) in phosphate-buffered saline (0.1 M; PBS; pH 6.8) for avoiding any damage. A graded ethanol solution was used to dry the treated leaves, then shifted to an iso-amyl acetate + alcohol combination (1:1, v/v), and finally into iso-amyl acetate (used in pure form). Finally, samples were vacuum-dried with liquid CO2 in a Hitachi Model HCP-2 and coated with gold-palladium in a Hitachi Model E-1010 ion sputter. An S-4800 microscope (Hitachi Led., Tokyo, Japan, Model TM-1000) was used to record the SEM observations. For observing the contents of chlorophyll and carotenoid, TCS SP2 laser confocal microscope (Leica, Germany) was used, as previously reported by Mumtaz et al. (2022).



Proline and Soluble Sugars

Bates et al. (1973) described a method for determining the proline content. A 0.5 g leaf sample was homogenized in 5 mL sulfosalicylic acid (3% m/v) and centrifuged at 12,000 g for 20 min at 4°C. The content of the proline was measured at 520 nm. To assess soluble sugars, the phenol-sulfuric acid approach was employed (Dubois et al., 1956). After homogenizing 0.1 g of dried leaves in deionized water, the extract was filtered and treated with 2% (w/v) phenol and 98% sulfuric acid. A spectrophotometer was used to measure the absorbance at 490 nm after 1 h of room temperature incubation.



Secondary Metabolites

Leaf samples (0.2 g) were crushed using cold methanol (70% v/v) having formic acid (2% v/v) and ethanol (28% v/v), for measuring the secondary metabolites. The homogenized samples were first digested (30 min) and then stirred at 250 rpm for 2 h at 30°C. The samples were centrifuged at 10,000 g for 10 min at 4°C. The supernatant was then filtrated using a 0.45 M filter membrane for further analysis. According to Zhishen et al. (1999), the flavonoid content of leaves was measured. The total phenol content of leaves was determined using the method proposed by Singleton and Rossi (1965).



Analysis of ROS, Malondialdehyde, and Antioxidant Enzymes

To determine the ROS (H2O2 and O2•–) level, MDA content, and antioxidant enzyme [SOD, CAT, APX, GR, GST, and peroxidase (POD)] activity, 0.5 g frozen tissue (leaf and root) samples were homogenized using liquid nitrogen. The ground tissue (leaf and root) samples were homogenized in 900 μL of 100 mM phosphate buffer (pH 7.4), as prescribed in the kit. Each homogenized sample was centrifuged at 12,000 × g for 15 min at 4°C. After that, the supernatant was added to a new falcon tube for further analysis. The activities of SOD, CAT, APX, GR, GST, and POD, and the levels of H2O2, O2•–, and MDA were calculated using the instructions included in kits (A001–1, A007–1, A123–1, A062–1, A004, A084-3-1, A064, A052, and A003-3, respectively) purchased from the Nanjing Jiancheng Bioengineering Institute in Nanjing, China. The absorbance values were measured at 550, 405, 290, 340, 412, and 420, 405, 550, and 530 nm, respectively.



Histochemical Localization of O2•– by Nitroblue Tetrazolium Staining, H2O2 by 3,3′ -Diaminobenzidine Staining, and Malondialdehyde by Schiff’s Reagent Staining

Nitroblue tetrazolium and DAB staining were used for histochemical staining of O2•–, and H2O2 as previously quoted by Altaf et al. (2021c). According to Pompella et al. (1987), freshly obtained leaves were stained in Schiff’s reagent for 60 min until a red color appeared, and then extra staining was removed by washing in potassium sulfite solution (0.5%, w/v, K2S2O5 in 0.05 M HCl).



Ion Analysis

The method quoted by Altaf et al. (2021a) was used to determine the Ni content, samples of roots and leaves were harvested individually. Oven-dried samples were ground and digested at 80°C with HNO3:HClO4 (5:1 v/v). The concentration of Ni in leaves and roots was determined using an atomic absorption spectrophotometer (Z-5000, Hitachi, Japan). The procedure described by Altaf et al. (2021c) was used to determine the nutritional element content of pepper seedling roots and leaves. After harvesting, samples of leaves and roots were obtained and washed multiple times with ultrapure water before being oven-dried at a temperature of 65°C. Following that, dried samples (leaves and roots) were digested separately in 3 mL of 1 M HNO3, then samples were boiled for 10 min at 95°C. Finally, N, P, and K contents were measured using an inductively coupled plasma optical emission spectrometer (ICP-OES; SPS3100, SII Nano Technology, Japan).



Statistical Analysis

The statistical analysis was carried out using statistics 10.1 software. Different letters indicate a significant difference in Ni concentrations (p ≤ 0.05). The values in the figures are always expressed as the mean standard error of four independent replicates. Fisher’s least significant difference (LSD) (p ≤ 0.05) test was used to determine the differences in Ni concentrations (p 0.05).




RESULTS


Plant Growth and Growth Tolerance Index

Various Ni concentrations (10–100 mg L–1) dramatically reduced the growth of pepper seedlings (Figure 1). Additionally, we observed that increasing the Ni concentration reduced root growth and development. Nickel concentrations considerably decreased the root and shoot biomass (fresh and dry) of pepper seedlings, but the decline was more pronounced at higher concentrations (50, 75, and 100 mg L–1 Ni) than at lower concentrations (10, 20, and 30 mg L–1 Ni). The fresh shoot weight and dry shoot weight were dramatically reduced by 10. 43-, 22. 03-, 32. 47-, 48. 76-, 62. 48-, and 73.03% and 8. 92-, 19. 22-, 32. 14-, 50. 35-, 68. 28-, and 79.64%, respectively, following treatment with 10, 20, 30, 50, 75, and 50 mg L–1 Ni, respectively, when compared with the CK-seedlings (Table 1). Similarly, fresh root weight and dry root weight were decreased by 12. 22-, 25. 18-, 38. 14-, 55. 18-, 69. 88-, and 80.01% and 10. 25-, 24. 17-, 39. 56-, 53. 47-, 68. 49-, and 81.31%, respectively, when compared to CK plants (Table 1). By increasing the Ni concentrations, the GTI was continuously decreasing, indicating a negative correlation between the Ni concentrations and the GTI. The GTIS was 87-, 75-, 61-, 44-, 30-, and 20%, and GTIR was 89-, 75-, 60-, 46-, 31-, and 18% in pepper seedlings against 10, 20, 30, 50, 75, and 100 mg L–1 Ni, respectively (Table 1).
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FIGURE 1. Performance of pepper seedlings at various nickel concentrations.



TABLE 1. Effect of nickel on fresh and dry biomass of pepper seedlings.

[image: Table 1]


Root Morphology

Root growth of pepper seedlings was significantly reduced by Ni concentrations, as shown by a reduction in total root length, volume, surface area, tips, forks, and crossings (Figure 2). Furthermore, when the Ni concentration was increased, the root morphology-related traits were progressively decreased, but the most harmful impact was seen at 50, 75, and 100 mg L–1 Ni when compared to CK plants (Figure 2). The root length, root volume, and surface area, were decreased by 12. 02-, 26. 21-, 38. 44-, 53. 23-, 64. 59-, and 75.29% (Figure 2A); 12. 70-, 26. 91-, 45. 76-, 63. 12-, 78. 44-, and 84.92% (Figure 2B); and 17. 61-, 34. 41-, 48. 38-, 63. 36-, 76. 11-, and 84.61% (Figure 2C); after being treated with 10, 20, 30, 50, 75, and 100 Ni mg L–1, respectively, when compared to untreated plants (CK-group). Furthermore, significant changes were noticed after 20–100 mg L–1 Ni, and showed reduced root forks from 12.48 to 77.76% (Figure 2D), root tips from 17.30 to 89.34% (Figure 2E), and root crossings from 14.89 to 79.57% (Figure 2F).
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FIGURE 2. Effect of nickel on root morphology in pepper seedlings. Means ± SE, n = 4, the lowercase letters demonstrate a statistically significant difference from one another according to the fisher LSD test at P ≤ 0.05.




Leaf Gas Exchange Elements

Our findings clearly demonstrated that all Ni concentrations caused significant effect on the photosynthetic activities of pepper seedlings (Figures 1, 3). The Pn rate of pepper seedlings receiving 10 mg L–1 Ni was observed to be similar to that of the CK group (Figure 3A). In addition, compared with CK, the photosynthetic assimilation (Pn) was decreased by 39. 47-, 53. 58-, 67. 91-, and 71.66%, and stomatal conductance (Gs) rate was decreased by 36. 36-, 61. 81-, 73. 45-, and 76.36%, respectively, when pepper seedlings were subjected to 30, 50, 75, and 100 mg L–1 Ni respectively (Figures 3A,B). The pepper plants treated with 10 and 20 mg L–1 Ni showed statistically similar results in Pn and Gs (Figures 3A,B). Furthermore, the intercellular CO2 (Ci) and transpiration rate (Tr) were considerably decreased by 14. 04-, 33. 88-, 53. 71-, 66. 52-, and 70.24%, and 21. 63-, 41. 22-, 55. 84-, 68. 42-, and 73.39%, respectively, following treatment with 20, 30, 50, 75, and 100 mg L–1 Ni (Figures 3C,D).
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FIGURE 3. Effect of nickel on leaf gas exchange parameters and stomatal characteristics in pepper seedlings. Means ± SE, n = 4, the lowercase letters demonstrate a statistically significant difference from one another according to the fisher LSD test at P ≤ 0.05.




Stomatal Characteristics of Pepper Leaves

Scanning electron microscopic analysis showed that various Ni concentrations have a significant effect on stomatal morphology. SEM revealed that stomatal length and width were smaller in the leaves of pepper subjected to different Ni concentrations than those of the control leaves. Figure 3E shows that when the Ni concentration increased, the stomatal opening degree gradually decreased. Under higher Ni concentrations (75, and 100 mg L–1 Ni), the stomata of pepper were damaged and subsided (Figure 3E).



Chlorophyll Content and SPAD Index

The findings showed that increasing Ni concentrations from 0 to 100 mg L–1 substantially lowered photosynthetic pigments (Figures 4A–E). The addition of 20, 30, 50, 75, and 100 mg L–1 Ni to pepper plants reduced the chlorophyll a and chlorophyll b by 10. 55-, 31. 66-, 49. 44-, 61. 66-, and 63.88% and 17. 30-, 39. 10-, 56. 41-, 71. 15-, and 79.48%, respectively (Figures 4A,B). Additionally, the amounts of pigment molecules (chlorophyll a and b) in the leaves of pepper seedlings that were treated with 0 and 10 mg L–1 Ni were the same (Figures 4A,B,D). Carotenoids in pepper leaves were reduced by 5. 88-, 18. 62-, 38. 23-, 52. 94-, 65. 68-, and 67.64%, when treated with 10, 20, 30, 50, 75, and 100 mg L–1 Ni, respectively, compared to CK seedlings (Figures 4C,E).
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FIGURE 4. Effect of nickel on photosynthetic pigments, carotenoids, and auto-fluorescence microscopic observations in pepper seedlings. Means ± SE, n = 4, the lowercase letters demonstrate a statistically significant difference from one another according to the fisher LSD test at P ≤ 0.05.




Chlorophyll Fluorescence Traits

Nickel concentrations caused considerable alterations in pepper seedling CF characteristics (Figure 5). The maximum quantum yield of photosystem II (Fv/Fm), effective quantum efficiencies of the PSII [Y(II)], non-photochemical quenching (NPQ), and photochemical quenching coefficient (qP) of pepper leaves were evaluated, to describe how photosystem II functions work under different Ni concentrations (Figure 5). In addition, when the Ni concentration was increased, the Fv/Fm, Y(II), and qP were reduced, but the NPQ value was enhanced (Figure 5). In addition, compared to CK, the Fv/Fm was reduced by 12. 02-, 28. 20-, 42. 08-, 54. 79-, and 62.65%, Y(II) was decreased by 18. 50-, 35. 62-, 52. 25-, 66. 50-, and 71.25%, and qP was reduced by 15. 77-, 29. 78-, 44. 97-, 66. 01-, and 68.34%, when plants were exposed to 20, 30, 50, 75, and 100 mg L–1 Ni, respectively (Figures 5A–C). Furthermore, the NPQ values were significantly increased by 0. 47-, 1. 02-, 1. 51-, 1. 95-, and 2.26-fold, respectively, following treatment with 20, 30, 50, 75, and 100 mg L–1 Ni, respectively (Figure 5D).
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FIGURE 5. Effect of nickel on chlorophyll fluorescence parameters in pepper seedlings. Means ± SE, n = 4, the lowercase letters demonstrate a statistically significant difference from one another according to the fisher LSD test at P ≤ 0.05.




Osmolytes and Secondary Metabolites

There was a significant increase in the proline and soluble sugar content of the leaves when Ni was supplied (Figures 6A,B). The proline and soluble sugar content were efficiently improved up to 0. 69-, 1. 43-, 2. 48-, 3. 67-, and 4.93-fold and 0. 71-, 1. 29-, 1. 83-, 2. 50-, and 3.15-fold, respectively, following treatment with 20, 30, 50, 75, and 50 mg L–1 Ni, respectively, when compared with the CK-group (Figures 6A,B). Similarly, when pepper seedlings were exposed to 20, 30, 50, 75, and 100 mg L–1 Ni, the total phenolics and flavonoids content were increased by 0. 31-, 0. 63-, 0. 98-, 1. 36-, and 1.85-fold and 0. 27-, 0. 77-, 1. 18-, 1. 73-, and 2.11-fold, respectively, when compared to CK plants (Figures 6C,D). The total phenolics and flavonoid content in the pepper leaves were statistically similar in the treatments of 0, 10, and 20 mg L–1 Ni (Figures 6C,D).
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FIGURE 6. Effect of nickel on osmolytes and secondary metabolites traits in pepper seedlings. Means ± SE, n = 4, the lowercase letters demonstrate a statistically significant difference from one another according to the fisher LSD test at P ≤ 0.05.




Oxidative Damage

The pepper seedlings were exposed to different Ni concentrations, the H2O2 and O2•–, and MDA levels of pepper leaves were enhanced when compared to CK plant (Figure 7). When pepper plants were subjected to 10, 20, 30, 50, 75, and 100 mg L–1 Ni, the O2•– generation rate in leaves/roots was increased 0.31/0. 37-, 1.03/1. 12-, 1.93/2. 24-, 3.06/3. 03-, 4.01/4. 08-, and 4.84/4.94-fold, respectively, when compared to CK seedlings (Figure 7A). H2O2 concentration in pepper leaves/roots was improved 0.29/0. 34-, 1.06/1. 34-, 1.88/2. 29-, 2.82/3. 54-, 3.75/4. 92-, and 4.58/5.79-fold, respectively, following treatment of 10, 20, 30, 50, 75, and 100 mg L–1 Ni compared with CK-group (Figure 7B). Furthermore, Ni application considerably increased the MDA level of pepper seedlings. Additionally, a significant increase was observed after 10–100 mg L–1 Ni, and showed enhancement in MDA leaves/roots from 0.55/0.48- to 3.91/3.21 (Figure 7C). Under histochemical staining, dark blue dots indicate O2•–, while brown spots represent H2O2 accumulation in pepper leaves, as shown in Figure 7D. After 2 weeks of Ni-treatment, we noticed that by increasing Ni concentration, a greater accumulation of O2•– can be seen in Ni-stressed leaves (Figure 7D). Similarly, a considerable increase in H2O2 and MDA accumulation can be seen (Figures 7E,F).
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FIGURE 7. Effect of nickel on oxidative stress biomarkers in pepper seedlings and histochemical localization of O2– (D) H2O2 (E), and MDA (F) accumulation. Means ± SE, n = 4, the lowercase letters demonstrate a statistically significant difference from one another according to the fisher LSD test at P ≤ 0.05.




Antioxidant Enzymes

There were significant changes in antioxidant enzyme activities when plants were exposed to different Ni doses; a positive relationship was observed between Ni supplementation and antioxidant enzyme activities (Figure 8). The present results revealed that in the leaves’ activity of SOD, CAT, APX, and GR remained similar at 10 mg L–1 Ni when compared to CK-group (Figures 8A–D). The activities of antioxidant enzymes (SOD, CAT, APX, GR, GST, and POD) in leaves/roots were improved consistently as Ni level increased from 20 to 100 mg L–1, with the maximum increase in activity of antioxidant enzyme occurring at 75 and 100 mg L–1 Ni. Additionally, a significant increase was noticed after 20–100 mg L–1 Ni, and showed improvement in SOD leaves/roots from 0.39/0.39- to 2.22/2.09-fold (Figure 8A), CAT leaves/roots from 0.43/0.24- to 2.97/2.38-fold (Figure 8B), APX leaves/roots from 0.41/0.81- to 2.27/3.73-fold (Figure 8C), GR leaves/roots from 0.26/0.41- to 2.17/1.48-fold (Figure 8D), GST leaves/roots from 0.41/0.59- to 1.92/3.06-fold (Figure 8E), and POD leaves and roots from 0.63/1.77 to 3.42/5.06-fold (Figure 8F).
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FIGURE 8. Effect of nickel on antioxidant enzymes activity in pepper seedlings. Means ± SE, n = 4, the lowercase letters demonstrate a statistically significant difference from one another according to the fisher LSD test at P ≤ 0.05.




Mineral Nutrient Uptake

The macronutrient (Nitrogen, N; Phosphorus, P; and Potassium, K) uptake in pepper (leaves and roots) was examined to expose the influence of Ni on nutrient homeostasis, as shown in Table 2. Ni-supplementation effectively reduced the N, P, and K concentration of leaves and roots (Table 2). The N, P, and K uptake were decreased 9.91/6. 99-, 21.50/20. 69-, 36.02/35. 49-, 47.19/51. 41-, 61.79/60. 21-, and 67.98/64.58%, (Table 2); 10.54/7. 84-, 24.72/17. 21-, 37.47/29. 20-, 54.72/41. 58-, 66.92/55. 11-, and 73.07/63.48% (Table 2); and 10.19/8. 21-, 21.40/19. 86-, 31.97/34. 35-, 42.98/50. 28-, 56.11/63. 72-, and 66.74/75.21% (Table 2), in the leaves/roots of pepper seedlings, after being treated with 10, 20, 30, 50, 75, and 100 mg L–1 Ni, respectively, when compared to CK- group.


TABLE 2. Effects of nickel on macronutrient (Nitrogen, phosphorus, and potassium), uptake (in roots and shoot) in pepper seedlings.
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Plant Tissues Nickel Concentration, Uptake, and Root to Shoot Translocation

The results indicated that when the Ni level increased, the Ni concentration in the tissues (root and shoot) improved significantly. The Ni supplementation showed a significant accumulation in pepper roots and shoots as compared to the CK-group (Table 3). When seedlings were treated with 50, 75, and 100 mg L–1 Ni, the highest Ni accumulation was 403. 3-, 499. 6-, and 585.6 mg kg–1 DW in the root and 237. 6-, 325. 3-, and 419.1 mg kg–1 DW in the shoots, respectively, when compared to the CK plants (Table 2). The findings indicate that Ni was accumulating more in the roots than in the shoots. Nickel absorption by shoots and roots increased considerably with increasing Ni levels. Additionally, increasing Ni concentration enhanced root-to-shoot Ni translocation (Table 3).


TABLE 3. Effects of nickel-on-nickel translocation (root to shoot), nickel concentrations and uptake (in roots and shoot; mg kg–1 DW) in pepper seedlings.
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DISCUSSION

In recent years, agricultural soils have been polluted by a wide variety of environmental contaminants emerging from a wide range of sources. Heavy metals including Ni, cadmium, vanadium, and chromium are significant cause of agricultural soil contamination. Nickel has become a hazardous element. Nickel pollution of the environment, notably agricultural soils, is a major problem. The excessive Ni environmental deposition (including agricultural lands, water and atmosphere) caused by increased industrial use, has garnered recent attention (Shahzad et al., 2018). Over the last several decades, Ni has gained considerable attention due to its excessive industrial use and deposition in the environment. Thus, important processes and mechanisms implicated in Ni toxicity must be examined.

Plant growth characteristics, including shoot length, leaf area, size, and biomass production, are often regarded as the best indicators of any kind of metal toxicity and are also used to determine a plant’s tolerance capacity for metal toxicity. Heavy metals caused toxicity and had a detrimental effect on plant growth elements such as plant height and fresh and dry plant weights, and this kind of decrease often varies from organ to organ of the plants (Altaf et al., 2020). In this study, we observed that excessive nickel toxicity caused a significant decline in the fresh and dry weight of the roots and shoots of pepper seedlings (Table 1). The present results revealed a negative relationship between seedling growth traits and Ni concentration. Similarly, Shukla et al. (2015) stated that excessive Ni (0.5 mM) toxicity remarkably decreased biomass production, leaf area, and size of the cauliflower. Nickel supplementation considerably reduced the growth yield and quality of cucumber (Tabatabaei, 2009). Furthermore, Ni (50 μM) toxicity effectively reduced the growth of tomato seedlings by damaging the root architecture system and photosynthetic apparatus (Jahan et al., 2020). Seedling growth of Cucurbita pepo, Calendula tripterocarpa, Solanum melongena, and Allium cepa was inhibited by higher Ni concentrations (Alibakhshi and Khoshgoftarmanesh, 2015; Heidari et al., 2020; Shah et al., 2021; Valivand and Amooaghaie, 2021). Higher Ni levels interrupt normal developmental processes by causing a nutritional imbalance and disrupting their function in anabolic pathways.

Root size and root structure are important characteristics that influence the efficiency of nutrient absorption in plants. Contamination by heavy metals may induce alterations in root architecture (Altaf M. A. et al., 2022). The present results revealed that higher Ni levels dramatically hamper the root traits such as root length, volume, projected area, average diameter, surface area, tips, crossing, and forks (Figure 2). Similarly, Jahan et al. (2020) reported that Ni toxicity damages the root architecture system of tomato. Nickel accumulation in roots may induce nutritional distraction by disrupting root morphology. In maize, the accumulation of Ni in the pericycle hampered root branching. Nickel hindered root formation, which resulted in reduced cell division (Seregin et al., 2003). Pandey and Gopal (2010) observed that Ni (400 μM) stress influences the root growth, biomass production, and metabolism of eggplant. Mitotic cell division may be restricting root tip formation, resulting in a reduction in root length (Meisch et al., 1977). These findings are consistent with those previously published by Kabala and Janicka-Russak (2011) in cucumber, Gajewska and Skłodowska (2005) in pea, Page and Feller (2005) in wheat, and Li et al. (2009) in barely under Ni toxicity.

Photosynthesis is an important physiological mechanism in plants that regulates crop productivity and survivability. Chlorophyll is the primary energy source for photosynthesis (Yu-chen et al., 2015). Plants exposed to high Ni, particularly directly or indirectly, may induce non-specifications in the photosynthetic process (Krupa et al., 1993). In this study, excessive Ni concentration effectively decreased gas exchange characteristics, including Pn, Gs, Ci, and Tr (Figure 3). Alam et al. (2007) observed that Ni toxicity decreased chlorophyll content and net photosynthetic rate of Brassica juncea. In another study, Nawaz et al. (2018) and Jahan et al. (2020) revealed that heavy metals (Ni and Vanadium) toxicity significantly reduced gas exchange elements in watermelon and tomato. The outcomes of this research are similar with those of prior studies that measured photosynthesis in response to various heavy metal stresses, e.g., tomato under iron toxicity (Ahammed et al., 2020), cucumber and Vinca rosea under Ni toxicity (Tabatabaei, 2009; Khan et al., 2017) and pepper under vanadium and boron toxicity (Sarafi et al., 2017; Altaf et al., 2021b). Plants produce a wide range of pigment compounds. Primary pigment molecules for photosynthesis include chlorophyll a, chlorophyll b, and carotenoids. Nickel toxicity considerably reduced pigments content (Chlorophyll a, chlorophyll b and carotenoids) in pepper seedling (Figures 4A–C). Shukla et al. (2015) observed that high Ni concentration remarkably decreased photosynthetic pigment content in the leaves of cauliflower. Heavy metal (Ni, boron, and cadmium) application effectively hindered pigment levels in pepper, cucumber, and tomato leaves (Sarafi et al., 2017; Shah et al., 2019; Jahan et al., 2020). Photosynthesis pigments were decreased during V stress, which might be a result of oxidative stress-induced alterations in membrane permeability and component degradation (Aihemaiti et al., 2019). The formation of ROS is an important factor in the reduction of leaf chlorophyll concentration (Chary et al., 2008). Similar results were showed in watermelon (Nawaz et al., 2018), fenugreeks (Choudhary et al., 2012), cabbage (Shah et al., 2020a) tomato (Hasan et al., 2015), and in cucumber (Cao et al., 2019) under metals toxicity. Generally, increased chlorophyll content results in increased photosynthesis and hence improved plant performance. This is consistent with the findings of Wu et al. (2021) in strawberry under cadmium toxicity. CF has become a strong tool for studying plant photosynthetic attributes under abiotic stress. Nickel-induced photosynthesis inhibition, which results in a breakdown of the photosynthetic machinery and a decrease in the optimum Fv/Fm, is regarded as an efficient regulator of photosystem II for achieving a photo-oxidative output (Wang et al., 2013). Jahan et al. (2020) reported that Ni toxicity causes photoinhibition in the PSII reaction center. In line with these results, we observed that Ni toxicity effectively reduced Fv/Fm, PSII, and qP (Figure 5). The decrease in Fv/Fm, PSII, and qP, as well as the increase in NPQ, revealed that Ni stress caused serious damage to the photosynthetic machinery in pepper seedlings. These findings were consistent with prior studies on Solanum lycopersicum, Cucumis sativus, and Zea maize (Zhang et al., 2013; Martinez et al., 2018; Huang et al., 2019).

The most important metabolites synthesized in plant tissues under stressful situations is proline and soluble sugars. Proline and soluble sugar accumulation were associated with decreased leaf water content, ultimately leading to cellular dehydration and osmotic stress in pepper seedlings (Figures 6A,B). Jahan et al. (2020) supported these findings, suggesting that tomato seedlings under Ni toxicity demonstrate reciprocal behavior by producing proline in response to increasing cellular dehydration. Proline and soluble sugar levels were observed to be increased in stressful situations (Okunlola et al., 2018). Furthermore, the levels of proline and soluble sugar were enhanced in Eruca sativa (Kamran et al., 2016, Triticum aestivum (Gajewska et al., 2006), Catharanthus roseus (Yasin et al., 2018), and Cucurbita pepo (Valivand et al., 2019) under Ni toxicity. Phenols and flavonoids are secondary metabolites with antioxidant properties that serve as a second line of defense against free radical scavenging. In Pepper seedlings exposed to Ni-stress, the level of phenols and flavonoids in their leaves increased compared to CK-treatment (Figures 8C,D). These results agreed with previous research on pepper and rosemary under metal (boron and arsenic) toxicity (Sarafi et al., 2017; Farouk and Al-Amri, 2019). In addition, Ni stress enhanced the content of flavonoids in Hibiscus sabdariffa (Aziz et al., 2007).

Several investigations into the deleterious effects of heavy metals on biological membranes and integrity have been addressed. Under stressful environment, plants normally generate a large amount of ROS, which results in membrane lipid peroxidation and oxidative damage (Huang et al., 2019). When seedlings interact with heavy metals, they produce large amounts of H2O2 and O2•–, which is a primary component of ROS. The present results revealed that excessive Ni concentration significantly enhanced the level of H2O2 and O2•– in the leaves and roots of pepper seedlings (Figures 7A,B). Similarly, Valivand et al. (2019) observed that Ni application effectively increased the overproduction of ROS in zucchini seedlings. In addition, several researchers supported these results, under heavy metal (Ni, vanadium, copper, cadmium, and boron) stress, the levels H2O2 and O2•– were improved in watermelon, cucumber, tomato, and pepper seedlings (Sarafi et al., 2017; Nawaz et al., 2018; Cao et al., 2019; Jahan et al., 2020; Shah et al., 2020b). MDA is a significant indicator of oxidative damage to the integrity of cell membranes. In this study, Ni supplementation considerably increased MDA levels in the leaves and roots of pepper seedlings (Figures 7C,D). In a recent study, Altaf et al. (2021a) found that Ni application significantly enhanced the level of MDA in tomato seedlings. Furthermore, the results of our study exhibited a reduction in oxidative damage under Ni toxicity, which is also affirmed by extended literature on cucumber (Zhang et al., 2013), gladiolus (Zaheer et al., 2018), strawberry (Wu et al., 2021), and pea (Gajewska and Skłodowska, 2005) under metal toxicity.

Under abiotic stress conditions, the antioxidative defense system and redox balance in plants play a key role in limiting ROS production and mitigating oxidative stress. In this study, we found that antioxidant enzymes (SOD, CAT, APX, GR, GST, and POD) activity were improved with excessive Ni concentration (Figure 8). Similarly, when pea seedlings were exposed to Ni toxicity, the activity of antioxidant (SOD, GR, and POD) enzymes was improved (Rao and Sresty, 2000). Heavy metal ions may have both direct and indirect impacts on the formation of free oxygen radicals, resulting in an increase in enzymatic activity (Zembala et al., 2010). Ahammed et al. (2020) reported that under iron toxicity antioxidant enzymes activity were enhanced in C. sativus. The results of this study are comparable with those of Sarafi et al. (2017) in pepper seedlings exposed to boron toxicity, Choudhary et al. (2012) in fenugreeks subjected to cadmium toxicity, Altaf et al. (2021a) in tomato under Ni toxicity, in soybean exposed to Ni toxicity (Einhardt et al., 2022), and Valivand et al. (2019) in zucchini seedlings exposed to Ni toxicity. Antioxidant enzymes scavenge ROS and other free radicals, protecting plant cell membranes from damage.

Heavy metal toxicity impairs mineral ion uptake in plant roots (Li et al., 2021). In this study, Ni toxicity dramatically reduced the uptake of macronutrients (Table 2). Similarly, Yang et al. (1996) reported that Ni toxicity effectively decreased mineral nutrient flux in cabbage and clover. In a recent study, Valivand and Amooaghaie (2021) found that under nickel toxicity, the uptake of N, P, and K in the leaves and roots considerably declined in C. pepo. Furthermore, Ni absorption and accumulation in pepper shoots and roots increased as Ni concentrations increased. The root has a higher Ni concentration than the shoot tissues (Table 3). In tomato, Jahan et al. (2020) noticed that roots absorb a greater amount of Ni than the leaves. In addition, the concentration of vanadium was higher in tomato roots than in leaves (Altaf et al., 2021c). The present study revealed that Ni accumulation in pepper seedlings not only interferes with mineral nutrient intake, but also impairs nutrient element transfer from root to shoot. These findings were consistent with prior studies on watermelon, lettuce, coriander, and cucumber (Matraszek et al., 2017; Nawaz et al., 2018; Cao et al., 2019; Sardar et al., 2022b).



CONCLUSION

In the current work, we demonstrated that Ni stress led to significant growth retardation, limitations of the photosynthetic apparatus, mineral homeostasis imbalances, and the formation of excessive ROS, and all of these collectively reduced Ni-stress tolerance in pepper seedlings (Figure 9). In this investigation, increased Ni concentrations (10, 20, 30, 50, 75, and 100 mg L–1 Ni) inhibited the pepper seedling growth by affecting the physiological, morphological, and biochemical characteristics. The findings confirmed that Ni at 50, 75, and 100 mg L–1 considerably decreased pigment content and leaf gas exchange elements, resulting in a reduction in seedling growth, but V at 10, 20, and 30 mg L–1 produced a less significant reduction in seedling growth. The application of Ni stunted root development, and it was observed that Ni was more accumulated in the roots than in the shoot of pepper seedlings. The results of this research also suggest that higher Ni (50, 75, and 100 mg L–1) concentration may play a negative role in the cells of pepper plants. The cell death in pepper plants happened owing to oxidative damage induced by Ni, leading to the formation of ROS which enhanced the antioxidant enzyme activity. Further study is required in the future to investigate the mechanism and gene expression involved in cell death induced by Ni toxicity in pepper plants.
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FIGURE 9. Summary of the Ni stress tolerance mechanism in pepper seedlings.
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Increasing temperatures, heat waves, and reduction of annual precipitation are all the expressions of climate change (CC), strongly affecting bread wheat (Triticum aestivum L.) grain yield in Southern Europe. Being temperature the major driving force of plants’ phenological development, these variations also have effects on wheat phenology, with possible consequences on grain quality, and gluten protein accumulation. Here, through a case study in the Bolognese Plain (North of Italy), we assessed the effects of CC in the area, the impacts on bread wheat phenological development, and the consequences on grain gluten quality. The increasing trend in mean annual air temperature in the area since 1952 was significant, with a breakpoint identified in 1989, rising from 12.7 to 14.1°C, accompanied by the signals of increasing aridity, i.e., increase in water table depth. Bread wheat phenological development was compared in two 15-year periods before and after the breakpoint, i.e., 1952–1966 (past period), and 2006–2020 (present period), the latest characterized by aridity and increased temperatures. A significant shortening of the chronological time necessary to reach the main phenological phases was observed for the present period compared to the past period, finally shortening the whole life cycle. This reduction, as well as the higher temperature regime, affected gluten accumulation during the grain-filling process, as emerged analyzing gluten composition in grain samples of the same variety harvested in the area both before and after the breakpoint in temperature. In particular, the proportion of gluten polymers (i.e., gliadins, high and low molecular weight glutenins, and their ratio) showed a strong and significant correlation with cumulative growing degree days (CGDDs) accumulated during the grain filling. Higher CGDD values during the period, typical of CC in Southern Europe, accounting for higher temperature and faster grain filling, correlated with gliadins, high molecular weight glutenins, and their proportion with low molecular weight glutenins. In summary, herein reported, data might contribute to assessing the effects of CC on wheat phenology and quality, representing a tool for both predictive purposes and decision supporting systems for farmers, as well as can guide future breeding choices for varietal innovation.
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BBCH scale, growing degree days, gluten, gliadins, glutenins, Southern Europe, mediterranean basin


Introduction

Bread wheat (Triticum aestivum L.) is one of the most important cereals worldwide, representing a fundamental staple food. In Southern Europe, bread and durum wheat cropping ranks first among cereals for the harvested area (4.98 Mha) and second for production quantity (20.74 Mtonnes), behind maize (FAOSTAT, 20221, visited on 05/01/2022).

This productivity is strongly hampered by climate change (CC), which is threatening food security by the increase in extreme weather events and abiotic stresses (floods, drought, and heat stress), leading to the exasperation of agricultural production losses (Anderson et al., 2020). In general, it has been predicted that a 2.0°C rise in average temperature can lead to a more than 20 to 40% reduction in cereal grain production (Fatima et al., 2020). Specifically, Southern Europe (Mediterranean Europe) experienced a trend of increasing temperature in the last century, with more frequent heat waves and fewer frost days, accompanied by a reduction in annual precipitation (Kovats et al., 2014). The latest projections show that an exacerbation of this trend is expected in the next future, accompanied by more frequent dry spells (Kovats et al., 2014). Climate change-induced warming in Southern Europe has caused a reduction in wheat yield of about 5%, with particular severity in Italy, where temperature increase is accompanied by a decrease in water availability (Moore and Lobell, 2015). Recently, high-resolution impacts of CC on the yield of durum wheat, bread wheat, and maize in Italy were predicted, suggesting different scenarios for those crops relevant to the Italian agricultural economy. In particular, maize and bread wheat will be the most affected crops under the climate change projections, with drastic reductions in yield, estimated between 20 and 43% in maize and 25 and 50% in bread wheat, according to the latitude and to different pedological and crop management features (Mereu et al., 2021).

The identification of threshold temperatures is a very important aspect of CC risk assessment; hence, they have been calculated for the most important crops and recently reviewed, together with the extreme threshold temperatures for the major cereal crops (Luo, 2011; Ramirez-Villegas et al., 2013; Fatima et al., 2020). Moreover, besides threshold temperatures, the impact of temperature variations on plant phenology is to take into account when it comes up to crop yield. In fact, variations in temperature trends have huge consequences on plants’ phenology – defined as the study of the periodically recurring events in plants’ development along with their life cycle (Lieth, 1974, according to Piao et al., 2019) – as the temperature is known to be the major driving force of plants’ phenological development (Chuine and Régnière, 2017). The link between temperature and phenology is expressed in growing degree days (GDDs), calculated starting from air temperature. A growing degree day is a measure of heat accumulated above a specific base temperature (specific for each plant species) during a day (24-period) (Herms, 2004). One degree day is accumulated for each degree that the temperature remains above the threshold typical of the selected plant species, during 24 h; the crop can thus accumulate several GDDs in a day. In fact, plant’s development only occurs between an upper and a lower threshold temperatures. Development stops when the temperature drops below the lower threshold (the base temperature for calculating GDDs) and starts again when it rises above it. In addition, plant’s development stops when the temperature exceeds the upper threshold (Herms, 2004). Years of phenological studies on agricultural crops have made it possible to identify optimum, maximum, and minimum threshold temperatures, as well as how many GDDs need to be accumulated for reaching the various phenological stages, expressed as cumulative growing degree days (CGDDs), even if genotype variations exist (Porter and Gawith, 1999). Climate change has greatly shifted the timing of major phenological events (Piao et al., 2019), and these shifts have been recently predicted in two CC scenarios for Italy, where the spatial distribution of projected changes in the length of the growing cycle for bread wheat indicated earlier maturity for this crops, with a progressively reduced number of days needed to reach the crop maturity moving toward the end of the century (Mereu et al., 2021).

However, the comprehensive analysis of how CC already influenced wheat phenology in this area, and its consequences in terms of grain quality, are still missing. In fact, significant phenological changes can have not only deep impacts on agricultural management and crops performances (Richardson et al., 2013; Piao et al., 2017, 2019), but also alter crop quality in terms of protein, sugars, fiber, and secondary metabolite content (Dusenge et al., 2019; Leisner, 2020). Specifically, grain-filling period, i.e., the developing stage during which nutrients are accumulated as storage molecules in the kernel, going from watery ripe to hard dough, is the most sensitive for wheat grain technological quality (Moldestad et al., 2011; Naeem et al., 2012; Koga et al., 2015). This depends on the fact that gluten proteins, which confer the physical and chemical properties to wheat dough, are accumulated starting from 10 days after anthesis throughout grain filling until the maturation phase at the end of seed development (Shewry, 2019).

Gluten proteins are classified into two groups: the monomeric gliadins, which confer viscosity, and the polymeric glutenins, which contribute to elasticity (Shewry, 2019). Gliadins are further classified into α-, γ-, and ω-gliadins whereas the glutenin polymers consist of two groups, i.e., high molecular weight glutenin subunits (HMW-GSs) and low molecular weight glutenin subunits (LMW-GSs). LMW-GSs have one or two cysteine residues that form inter-molecular disulfide bonds either with HMW-GS or with gliadins, finally forming large three-dimensional networks stabilized by non-covalent forces, particularly hydrogen bonds (Shewry et al., 2009).

Several pieces of evidence demonstrate that gluten composition, quality, and general kernel protein composition, in general, can be severely influenced by growth conditions (Altenbach et al., 2002; Johansson et al., 2013). However, environmental effects on the gluten net and thus final bread-making quality are still not fully understood (Koga et al., 2015). Temperature during grain filling is one of the most important factors that affect gluten quality, which has been known since the early 1990s (Blumenthal et al., 1991, 1993). Since large areas of wheat cultivation experience rising temperatures during the growing season, the effects on wheat quality are well documented and, in general, high temperatures during grain filling are associated with the changes in the composition of gluten proteins (Spiertz et al., 2006; Vida et al., 2014; Koga et al., 2016; Labuschagne et al., 2016 and reviewed in Altenbach, 2012; Wang and Liu, 2021). Often, a decrease in the glutenin to gliadin ratio (Dupont et al., 2006) and an increase in the proportion of large glutenin polymers (HMW-GS/LMW-GS ratio) occur, finally affecting dough strength (Moldestad et al., 2011; Hurkman et al., 2013); however, a strong genotype × environment interaction has been reported, not allowing to state general trends (Vida et al., 2014). These effects are related to the consequences of high temperatures on shortening the grain-filling period, reducing the duration of dry matter accumulation in the seeds, and finally reducing kernel weight (Dupont et al., 2006).

The aim of this study was to assess and quantify the alteration in bread wheat phenological development caused by CC in a key area for its cultivation, such as Southern Europe, and its consequences on grain gluten quality, through a case study in the North of Italy. A precise evaluation of CC impacts in the experimental site was performed, providing punctual meteorological data since 1952. To uncover phenological alterations, bread wheat phenological development in the area in two periods, before and after the breakpoint in temperature increase, was compared, thanks to historical data collections. Moreover, thanks to the availability of modern and ancient grain samples of the same wheat variety, derived from experimental and certification activities carried out in the past, we aimed at verifying in a historical seed collection whether phenological perturbation and higher temperatures regimes caused by CC also produced alterations in gluten composition, which is essential for bread wheat grain quality.



Materials and methods


Experimental site

Phenological, meteorological, and grain quality data were analyzed in the Bolognese Plain, located in Emilia-Romagna. Emilia-Romagna is a region in the North of Italy characterized by a subhumid climate with an average annual air temperature equal to 12.8°C and a mean annual precipitation amount of 924 mm (Antolini et al., 2017). CC effects have become evident in the region. In particular, an increasing trend in mean maximum and minimum air temperatures has been observed, accompanied by an increase in heat waves duration and a reduction in winter frost days in the whole region, both in plain and in hill areas (Tomozeiu et al., 2006), in the full manifestation of CC trends for Southern Europe. In particular, the “Climate change mitigation and adaptation strategy for the Emilia-Romagna Region” summary document (Regione Emilia-Romagna, 2018) states that, in the 1991–2016 reference period, the maximum annual temperature recorded an average increase of about 1.5°C compared to the 1961–1990 period (17.8°C compared to 16.3°C). At a seasonal level, there is a greater recorded increase during the summer, with a trend of 0.6°C per decade for maximum temperatures and of 0.3°C per decade for minimum temperatures. The chosen experimental site for phenological and meteorological data evaluated in this study is the locality of Cadriano (44° 33′ 03″ N, 11° 24′ 36″ E), where is located the main agrometeorological station of the Department of Agricultural and Food Sciences (DISTAL) of the University of Bologna, as well as the agro-phenological station of the Department. When it was first installed, the agrometeorological station of the Department was located in Corticella (Lat 44° 32′ 58″ N, 11° 21′ 15″ E) and then moved to Cadriano in 1971. Corticella and Cadriano sites are located in a similar morphological area of the Bolognese Plain, at a distance of 4 km from each other.



Phenological data

To evaluate CC effects on bread wheat phenology in the Emilia-Romagna region, two 15-year periods have been compared: the first period includes the 15 growing seasons from 1951–1952 to 1965–1966 (past period), and the second one includes 15 growing seasons going from 2005–2006 to 2019–2020 (present period). Phenological data for the past period on four wheat varieties, i.e., San Giorgio, San Pastore, Mara, and Fortunato, were obtained from a bibliography evaluating the performances of these varieties in long-lasting agronomic surveys. The surveys were carried out in open field plots at the experimental farm of the Istituto di Agronomia Generale e Coltivazioni Erbacee of the University of Bologna, that, at that time, was sited in Corticella (BO) (Lat 44° 32′ 58″ N, 11° 21′ 15″ E) (Quagliotti, 1957; Antoniani, 1960, 1971). These experiments were very detailed and accurate, but only lasted for 15 years. This bibliography represents the only available source of information providing phenological data continuously collected on the same varieties in the experimental area in the past. Therefore, for the preclimate change period, we focused on these 15 years of phenological data, collected on the aforementioned four varieties, making a comparison with the latest present. To have homogeneity in the data, we used the same time span of 15 years for the present data. Background information on these four wheat varieties (e.g., frost, rust, and lodging resistance, productivity, thousand kernel weight, hectoliter weight, constitutor name, and pedigree), extensively cropped in the Bolognese Plain in the 20th century, is available in the study by Baldoni (1952).

The same phenological data were obtained for the present period from the phenological bulletin, released weekly by the Department of Agricultural and Food Sciences (DISTAL), University of Bologna. The bulletin publishes the data of the phenological surveys carried out on the cultivar Mieti, in accordance with the Phenagri protocol (Pasquini et al., 2006), at the agro-phenological station experimental plots sited in Cadriano (BO) (44° 33′ 03″’ N, 11° 24′ 36″ E). Mieti is currently used for the bulletin, being well representative of the most varieties used in the area. Phenology was analyzed according to the internationally recognized BBCH scale (Biologische Bundesanstalt, Bundessortenamt, and CHemical industry). The BBCH scale encodes plants’ development stages using a double-digit code, which goes from sowing (00) to harvest (99), thus consisting of 10 principal stages (0–9), with 10 secondary stages (0–9) for each principal one (Meier, 1997). For each variety in each agronomic season, the chronological time, expressed as days after sowing (DAS), and the CGDDs necessary to reach several BBCH stages were calculated. In particular, CGDDs necessary to reach stages 31 (beginning of stem elongation), 40–49 (booting), 50–59 (heading), 61 (beginning of anthesis), and 89 (full ripening) were calculated, using the single-triangle method (Snyder et al., 1999), with a base temperature of 0°C (Steduto et al., 2012).



Meteorological data

For GDD calculation, to be coupled to phenological data, weather data (daily maximum, minimum, and mean temperature – Tmax, Tmin, and Tmean) were provided by DISTAL agrometeorological station, nowadays sited in Cadriano, nearby the agro-phenological station where Mieti phenological data are collected for the weekly bulletin. The original position of the station was in Corticella, near the experimental plots of the agronomic surveys on Fortunato, Mara, San Giorgio, and San Pastore, relating to the period 1951/1952–1965/1966, and was then transferred to Cadriano in 1971. Taken together, Corticella and Cadriano daily weather data represent a mechanical historical series that goes from 1 January 1952 to the present. These mechanically measured weather data were used, representing a continuous and uniform historical series from 1952 to today, measured near the plots where the phenological data for both periods were collected. A homogeneity test (Kruskal–Wallis test) was carried out on Corticella and Cadriano data, before and after the station was moved. The test showed homogeneity for both mean temperature and precipitations, as previously reported (Ventura et al., 2002; Matzneller et al., 2010). Hence, the two stations’ data series can be considered as a single, uniform, and homogeneous series. The same weather data for the last quarter of 1951, when Corticella station was not yet installed (necessary to calculate GDDs from the sowing date), were kindly provided by ARPAE Emilia-Romagna and refer to the Bologna IdroGrafico station. Other than Tmean, precipitation data from the same time series and water table depth (measured in Cadriano agrometeorological station every 10 days since 1975) were analyzed to assess the impact of CC in the area where wheat phenological and quality traits were assessed. Past and present 15-year periods were characterized using the Bagnouls and Gaussen climate index (Bagnouls and Gaussen, 1957), coupling temperature and precipitation data, to verify that the two periods considered significantly differ from a climatic point of view. As the definition of Bagnouls – Gaussen climatic index states, the so-called aridity period is identified when the two times-monthly precipitation curve lies below the monthly average temperature curve.



Grain material for quality assessment

The second aim of this work was to verify whether life cycle shortening and CC caused an alteration in wheat gluten quality. Wheat grains of San Pastore produced in the area of the Emilia-Romagna plain, both before and after the recognized breakpoint in temperature, were analyzed.

We chose to focus on San Pastore, since this is the only one of the four past period varieties that is still currently cropped in the region, for which it was therefore possible to find modern seed samples in the area. Grain samples for the period before the breakpoint have been kindly provided by Laras (Seed Research and Analysis Laboratory of the Department of Agricultural and Food Sciences, University of Bologna, Italy). Laras is an International Seed Testing Association (ISTA) accredited laboratory, where samples of many grain varieties harvested in the last century are still preserved. Local farmers and seed companies have provided modern San Pastore grain samples. Table 1 lists past and modern San Pastore grain samples that we were able to collect for this study and subjected to the analysis. All samples were 5-g weight and stored in proper standard condition by both Laras accredited Laboratory and local farmers and seed companies, with no damaged material.


TABLE 1    San Pastore grain samples of pre- and post-temperature breakpoint period used in this study.
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Grain genetic homogeneity

To assess grain genetic homogeneity, all the San Pastore samples collected were subjected to molecular analysis using simple sequence repeat (SSR) markers. Specifically, 19 Xgwm SSR markers were probed, chosen among those developed on the Chinese Spring variety (Röder et al., 1998). SSR markers used were chosen randomly across the entire genome and are freely available in the GrainGenes database2. Genomic DNA was extracted from seeds using the CTAB method (Murray and Thompson, 1980), and polymerase chain reaction (PCR) (according to amplification conditions specified in GrainGenes marker report) and subsequent gel electrophoresis in 2% agarose gel were performed.



Gluten fraction extraction, sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and analysis by liquid chromatography – high-resolution mass spectrometry


Chemicals and reagents

Chymotrypsin, hydrochloric acid, dithiothreitol (DTT), iodoacetamide (IAA), and ammonium bicarbonate were provided by Merck (Darmstadt, Germany). Ultrahigh-performance liquid chromatography-mass spectrometry (UHPLC-MS)-grade acetonitrile and water were provided by VWR chemicals (Radnor, PA, United States). LC-MS-grade formic acid (FA) was provided by Carlo Erba Reagents S.r.l. (Milan, Italy). RC membrane 0.2-μm 4-mm syringe filters were provided by Phenomenex (Torrance, CA, United States).



Sample preparation

Endosperm storage proteins were extracted according to the study by De Santis et al. (2020) with minor modifications. Briefly, 100 mg of flour was suspended in three times 0.4 ml of 0.1 M KCl buffer (pH 7.8) and centrifuged to remove soluble proteins which were discarded. The KCl-insoluble fraction was suspended in isopropanol solution (50% v/v) and centrifuged for 10 min at 4,500 g and gliadins were collected. Glutenins were extracted from the pellet by extraction solution (isopropanol 50% v/v, 1% DTT), after centrifugation at 10,000 g for 10 min (room temperature).



Sodium dodecyl sulfate – polyacrylamide gel electrophoresis and gel staining

Electrophoretic runs were performed according to the study by Ruiz et al. (2016) with minor modifications. Proteins (40 mg lane–1) were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) using The Mini Protean TETRA apparatus (Bio-Rad Laboratories, Italy). The molecular mass standard was the Neobiotech (Nanterre, France) Elite Prestained Protein Ladder (6.5–270 kDa). Samples were dried (RapidVap Evaporator Labconco) under vacuum and resuspended in 30 ml MilliQ water, and thus, sample buffer was added [final concentrations 2% SDS, 10% glycerol, 200 mM 2-mercaptoethanol, and 0.01 mg/ml bromophenol blue in 63 mM Tris-HCl (pH 6.8)]. Samples were boiled for 5 min prior to loading. Gels were fixed at room temperature in methanol/glacial acetic acid/water (50/5/45, v/v) for 20 min and then in 50% methanol for 10 min. After fixing, gels were stained with Bio-Safe Coomassie blue (Bio-Rad, Milan, Italy) as described in the instruction protocol.

Gliadins were subdivided into two classes (ω- and α-, γ-) based on their molecular weight, whereas glutenins were subdivided into HMW-GS and LMW-GS (De Santis et al., 2017). Protein profiles were analyzed using the Azurespot Pro software (Azure Biosystems, Dublin, CA, United States).



Liquid chromatography–high-resolution mass spectrometry analysis

Extracted protein samples were dried (RapidVap Evaporator Labconco) under vacuum and resuspended with an appropriate amount of 50 mM ammonium bicarbonate buffer pH 7.8 to obtain a final protein concentration of 1.3 mg/ml for all samples. About 85 μl of protein solution was incubated with 5 μl of DTT (100 mM in ammonium bicarbonate buffer 50 mM buffer pH 7.8) at 56°C for 30 min under gentle shaking. Afterward, 10 μl of IAA (55 mM in ammonium bicarbonate buffer 50 mM, pH 7.8) was added. Samples were incubated for 45 min in the dark at room temperature under gentle shaking. About 2 μl of chymotrypsin (1 μg/μl in 2 mM HCl) was added to obtain the final enzyme/protein ratio of 1:55 and samples were digested overnight at 30°C under shaking. Digestion was stopped by adding 2 μl of a 10% aqueous solution of formic acid and samples were 10-folds diluted with 50 mM ammonium bicarbonate buffer pH 7.8. Samples were finally filtered with RC membrane 0.2-μm 4-mm syringe filters, and 5 μl of filtrate was injected for liquid chromatography – high-resolution mass spectrometry (LC-HRMS) analysis.

Liquid chromatography–high-resolution mass spectrometry analysis was performed on an Eksigent M5 MicroLC system (Sciex, Concord, ON, Canada) coupled to a TripleTOF 6600 + mass spectrometer with OptiFlow Turbo V Ion Source (Sciex, Concord, ON, Canada). About 5 μl (5 μg of peptides) from each sample was loaded onto a Kinetex XB C18 (50 mm × 0.5 mm I.D., 2.6 μm 100 Å) column thermostated at 35°C. Mobile phases A consisted of 0.1% FA in water and mobile phases B in 0.1% FA in acetonitrile. Chromatographic separation was achieved over a 25-min linear binary gradient with a constant flow rate of 20 μl/min developed as follows: 0–15 min, 5–40% eluent B; 15–18 min, 40–65% eluent B; 18–20 min, 65–95% eluent B; 20–23 min, 95% eluent B; 23–23.5 min, 95–5% eluent B; 23.5–25 min, 5% eluent B; equilibration time 3 min. The IonSpray voltage (ISV) was set at 5000 V. The curtain gas supply pressure (CUR) was set at 30 PSI; nebulizer and heater gas pressures were set at 30 and 40 PSI, respectively. The ion spray probe temperature was set at 300°C. Declustering potential was 80 V. Analyses were carried out using rolling collision energy.

Samples were analyzed in information-dependent acquisition (IDA) mode followed by a second run in data-independent acquisition mode (SWATH-MS: Sequential Window Acquisition of All Theoretical Mass Spectra). Pepcal Mix (Sciex, Concord, ON, Canada) was used to assure steady MS calibration during the whole analysis time frame.

Obtained data files were processed using PeakView, ProteinPilot, and MarkerView (Sciex, Concord, ON, Canada). LC-MS/MS data were analyzed by searching the “Triticum Aestivum” UniProt database (2021-12-07) allowing only three missed cleavages. “Biological modifications” function was selected as fixed modification. Values of score, matches, and % coverage were retrieved from the obtained report and compared. Peak areas were automatically calculated in SWATH-MS MicroApp using PeakView to compare protein composition among samples and perform correlation analysis with meteorological parameters.




Statistical analysis

Statistical analysis was performed in R statistical environment (R version 4.0.33, open source). Specifically, R packages used were Kendall, strucchange, stats, lawstat, pgirmess, ggplot2, and ggpubr.

To assess the impact of CC in the area, daily Tmean data were subjected to analysis for the identification of an increasing trend (Mann-Kendall test) as well as of breakpoints, to verify that the two 15-year periods considered belonged to two different climates in terms of temperature (Dawood, 2017). To assess whether CC impact also includes aridity signals, i.e., an increase in water table depth, the data of the historical series were subjected to Mann-Kendall test, to verify the possible existence of a trend and its statistical significance (Dawood, 2017).

To be sure that any differences found between the varieties for the achievement of BBCH stages 31, 40–49, 50–59, 61, and 89, in terms of chronological time from sowing (DAS), were not due to a different precocity, the corresponding 15 years of CGDDs data for each variety were subjected to statistical comparison. Normal data distribution has been verified by the Shapiro–Wilk test, and when not met, non-parametric Kruskal–Wallis test was used (data homoscedasticity verified by Levene’s test before use), followed by the related post hoc to separate the means (Kruskal and Wallis, 1952; Levene, 1961; Shapiro and Wilk, 1965).

To statistically verify the significance of the difference between past period and present period in terms of DAS for the achievement of the considered BBCH stage, the average values of the four varieties of past period over the 15 years were compared with the 15 years values of Mieti, using t-test. Wilcoxon rank-sum test was performed when data did not satisfy normal data distribution, verified by Shapiro–Wilk test (Bridge and Sawilowsky, 1999).

To assess the potential impact of CC on wheat gluten quality, grain quality traits investigated, obtained by LC-HRMS analysis, were tested for their correlation with CGDDs accumulated in the period 1 May–15 June, when wheat grain filling typically occurs in the area. CGDDs calculation was performed starting from Corticella and Cadriano daily data (representative of Bolognese Plain). In the 2 years, 1955 and 2020, we have more than one specimen (three and two, respectively): in both cases, the average year value was used. Pearson’s r was applied when normal distribution was met (verified by the Shapiro–Wilk test). When not met, Spearman’s r was used (de Winter et al., 2016).




Results


Climate change in the Bolognese Plain

Analyzing the time series of annual mean air temperature (Tmean, calculated from daily data) of Corticella and Cadriano agrometeorological stations (representative of the area of the Bolognese Plain) from 1952 to 2020, a significant increasing trend has emerged from the Mann-Kendall test (τ = 0.538, p-value < 0.05), with a breakpoint found in 1989 (Figure 1). Specifically, mean temperature before and after the breakpoint was, respectively, 12.7 and 14.1°C (Figure 1), with an increase in mean temperature of 1.4°C. Matzneller et al. (2010) already performed this analysis for the period 1952–2007, finding a relevant increasing trend in the Tmean (of about 1.2°C), with a breakpoint in 1987. Here, we extended that analysis to 2020. Therefore, the selected past period and present period resulted to belong to two different climatic periods for the Bolognese Plain.
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FIGURE 1
University of Bologna agrometeorological station annual mean air temperature and its increasing trend (dashed blue line). The trend was significant with 95% confidence. A breakpoint in annual mean air temperature was found in 1989. The two labeled lines represent the average temperature for the periods before (Tmean = 12.7°C) and after (Tmean = 14.1°C) the breakpoint, respectively.


Climatic characterization of past period (Figure 2A) and present period (Figure 2B) is reported, through the Bagnouls and Gaussen diagram. Diagrams represent 15 years of averaged data, obtained starting from the daily weather data of the aforementioned mechanical time series. As the definition of the Bagnouls and Gaussen climatic index states, the so-called aridity period is identified when the two times-monthly precipitation curve lies below the monthly average temperature curve. Present period showed an evident aridity period, which was completely absent in the past, during the months of June till August. In total, the average annual precipitation dropped from 834 mm in the past period to 701 mm in the present period, but the inter-annual variability is so pronounced as to mask any trend in annual rainfall (Pavan et al., 2019). Looking at the monthly data (Figure 3A) and comparing the past with the present period, it is clear that there is a change in the distribution of precipitation, with large decreases in water supplies in April (which was the wettest month) and December. The change in the aridity is also due to the increase in annual Tmean in the two 15-year periods, from 12.6 to 14.4°C. Changes in Tmax were recorded mostly during the months from January to April, as well as July and August (>2°C on average). January and February, as well as July and August, also showed the highest increases in Tmin (>2°C on average) (Figure 3B).
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FIGURE 2
Climatic characterization (Bagnouls–Gaussen diagram) for past (A) and present (B) period: diagrams are both based on 15 years averaged data, gathered by Corticella-Cadriano continuous and uniform daily mechanical weather data historical series, representative of the Bolognese Plain. Please note that in the Bagnouls and Gaussen representation, the precipitation (P) axis doubles the temperature (T) axis. In this condition, the aridity period is defined as that during which the precipitation line is below the temperature line.
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FIGURE 3
Average monthly precipitation (A) and mean monthly Tmax and Tmin (B) for past and present period. Figures are both based on 15 years averaged data, gathered by Corticella-Cadriano continuous and uniform daily mechanical weather data historical series, in the Experimental Farm of the University of Bologna. Boxplots for monthly temperatures data are presented: the box goes from first to the third quartile. The line through the box represents the median. The whiskers go from each quartile respectively to the minimum and maximum value. Individual points outside the ends of the whiskers are outliers.


Analyzing the historical series of water table data, we observed a trend of progressive increase in its depth, significant to the Mann-Kendall test (τ = 0.113, p-value < 0.05) (Figure 4). As an annual average, mean water table depth increased from about 130 cm in the 1970s to about 155 cm in the present time.
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FIGURE 4
Water table depth in Cadriano from 1975 to 2020. The dashed line represents the increasing depth trend (significant to the Mann-Kendall test).




Cumulative growing degree days and days after sowing

Cumulative growing degree day values necessary to achieve BBCH stages 31, 40–49, 50–59, 61, and 89 in 15 agronomic seasons were calculated using the single-triangle method for five varieties: San Pastore, Mara, Fortunato, and San Giorgio for the period 1951/52–1965/66 and Mieti for the period 2005/06–2019/20. The Kruskal–Wallis test was applied to the data. The test showed a significant difference for phase 31 (p-value < 0.05), while it did not show any statistically significant difference for stages 40–49, 50–59, 61, and 89 (p-value > 0.05). Dunn’s post hoc rank-sum comparison was performed to separate means for the BBCH 31 stage. Post hoc test confirmed that Mieti showed a significantly higher mean thermal threshold for reaching stage 31 (971 ± 111 CGDDs), compared to the other four varieties. All the five varieties considered, therefore, showed, starting from the booting phase, the same requirements in terms of thermal thresholds for reaching the phenophases, until the end of their cycle, as shown in Figure 5.
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FIGURE 5
Cumulative growing degree days (CGDDs) necessary to reach the selected BBCH stages, for each variety. Dots represent the mean of 15 agronomic seasons, and upper and lower bars represent one standard deviation. San Pastore, Mara, Fortunato, and San Giorgio belong to the past period, Mieti to the present.


To verify whether wheat life cycle has significantly shortened compared to the past, especially the generative period going from flowering to ripening, DAS between the average values of the four past period varieties and the values of the present period variety Mieti in 15 growing seasons were compared. For BBCH stage 31, a t-test was performed, and no significant difference emerged between the average of the four varieties of the past period and Mieti (present period) (p-value > 0.05). As regards BBCH stages 40–49, 50–59, 61, and 89, on the other hand, the Wilcoxon rank-sum test was applied, and a significant shortening of the chronological time necessary to reach the aforementioned phenophases from the sowing date was observed for the present period (p-value < 0.05). The average life cycle length in the past period was 244 ± 6 days, compared to the average of 223 ± 22 days in the present period. Figure 6 shows the DAS necessary to reach 31, 40–49, 50–59, 61, and 89 BBCH stage in past period (mean of four varieties) and present period (Mieti) (6A), as well as data for each variety (6B).
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FIGURE 6
DAS necessary to reach 31, 40–49, 50–59, 61, and 89 BBCH stages in past period (mean of 4 varieties) and present period (Mieti) (A). Data for each variety are also presented (B). Dots represent the mean of 15 agronomic seasons, and upper and lower bars represent one standard deviation.




Seed storage protein composition

Before protein extraction and analysis in LC-MS, seed samples were examined for genetic homogeneity by molecular analysis using SSR markers to assure that all the samples belonged to the San Pastore variety. All the samples examined were highly homogeneous for the profile of the used markers (Figure 7 and Supplementary Table 1), excluding any genotype involvement in protein composition.
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FIGURE 7
SSR markers profiling (i.e., Xgwm159.5D, Xgwm159.5B, Xgwm247, Xgwm191, Xgwm382, and Xgwm493) for all San Pastore grain samples under analysis. The number reported above corresponds to the sample number exposed in Table 1.


Seed samples were homogenous in total protein content, which was on average 13.1 ± 1.2%, with maximum in the sample of 1955 (14.9%) and minimum in that one of 1973 (11.2%). The gliadin and glutenin fractions accounted together 82–86% of the total protein amount, with maximum in the sample of 1955 (86.07%) and minimum in that one of 2020 (79.55%). Proteins in the gliadin and glutenin fractions were analyzed by LC-MS, identifying 41 gliadins and 22 glutenins (Supplementary Table 2). Gliadins generally accounted for between 66 and 75% in the analyzed samples, whereas glutenins between 27 and 37%. The predominant proteins identified belonged to α-gliadin (23 peaks), followed by γ-gliadins (12 peaks) and ω-gliadins (6 peaks). In total, eight identified sequences corresponded to HMW-GS and 14 to LMW-GS. HMW-GS accounted for between 8 and 18% of the gluten proteins whereas LMW-GS accounted for between 12 and 17% (Table 2). General trends were visible also in SDS-PAGE, e.g., an increase in crude protein and glutenin content, mostly HMW-GS, during the decades under examination. Differently, gliadins showed a decreasing trend (Supplementary Figure 1). Protein fraction distribution was further investigated for correlation with the number of CGDDs accumulated in the period 1 May–15 June, during which wheat grain filling occurs in the region, for each year in analysis. Strong and significant (p-value < 0.05) Pearson’s r correlation resulted between CGDDs and HMW-GS/LMW-GS ratio (r = 0.83) (Figure 8A), HMW-GS (%) (r = 0.9) (Figure 8B), and gliadins (%) (r = −0.82) (Figure 8C). These traits showed a significant correlation, despite the limited number of samples.


TABLE 2    Amount of crude protein (mg/g flour), protein distribution among fractions (%), and ratio between gliadins/glutenins and HMW-GS/LMW-GS in wheat flours derived from kernels harvested in different years.
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FIGURE 8
1 May–15 June CGDDs Pearson’s r correlation with HMW-GS/LMW-GS ratio (A), HMW-GS (%) (B), and gliadins (%) (C). For 1955 and 2020, average year values are presented. *Means significant at p = 0.05 level.





Discussion

Temperatures have steadily increased since the 1950s in the area of the Bolognese Plain. This trend from 1 January 1952 up to today was significant to the Mann-Kendall test, with a breakpoint in 1989. Therefore, our analysis extended up to 31 December 2020 confirmed what Matzneller et al. found, up to 2007, about the presence of a clear and significant increasing trend in annual mean air temperature. Despite having added 13 years of data to what has already been analyzed (Matzneller et al., 2010), the breakpoint has moved only by 2 years, from 1987 to 1989, demonstrating appreciable robustness of the method used. The increase in mean annual temperature since 1952 was 1.4°C (considering an annual mean temperature of 12.7 and 14.1°C, respectively, before and after the break point). It should be noted that this high value of temperature increase, caused by climate change, refers to a single site and therefore shows an understandable deviation from average regional data. Climate change in the area also affected the water table, which showed a trend of increasing depth since 1975, significant to Mann-Kendall test, demonstrating that the temperature increase was accompanied by the signals of increasing aridity in the area.

This case study aimed to verify whether CC has produced considerable effects on bread wheat phenological development. The topic is of particular interest, given the efforts made to analyze and predict phenology in bread wheat by remote sensing (Wang et al., 2008; He et al., 2015; Wu et al., 2019). This approach, however, has been recently called for paying more attention by authors who compared its reliability with that of phenological studies performed by field observation, highlighting significant discrepancies (Chen et al., 2020). Hence, even if the uneven spatial distribution of ground stations limits the potential to explore the spatial distribution of phenological responses to CC (Liu et al., 2017, Piao et al., 2019; Chen et al., 2020), field observation-based analysis remains the only suitable method for analyzing phenological data of the past, one of the goals of this research. Phenological data of two 15 growing seasons, selected before and after the temperature breakpoint, have been compared in terms of CGDDs and DAS necessary to reach BBCH stages 31, 40–49, 50–59, 61, and 89. The climatic characterization of the past and present periods, through the Bagnouls–Gaussen diagram, confirmed that the two 15-year periods examined showed different climatic characteristics. As for CGDDs, the thermal threshold necessary for present period variety to reach phenophase 31 appeared significantly higher than the thresholds required by the varieties of past period. In the literature, there is evidence of a genetic variability relating to the appearance and duration of each stage of development, due to a different sensitivity of the varieties to vernalization and photoperiod, and to an intrinsic earliness (Whitechurch et al., 2007). It is, therefore, possible that in these terms, relative to the appearance of the stem elongation phase, Mieti presented a difference with respect to the varieties such as San Giorgio, Mara, San Pastore, and Fortunato. As regards phenophases 40–49, 50–59, 61, and 89, no differences were observed for any of the varieties in the thermal thresholds necessary to reach them (p-value > 0.05). To summarize, differences between the two periods in chronological time (DAS) for achieving the phenological stages from booting forward were not due to a different precocity of the varieties but were the effect of the increase in temperatures produced by CC.

Starting from booting, and up to full ripening, a clear and significant (p-value < 0.05) anticipation of the wheat life cycle emerged in the present period, compared to the past period, on average, 169 ± 19 vs. 193 ± 8 days for booting, 174 ± 21 vs. 198 ± 7 days for heading, 178 ± 22 vs. 202 ± 7 days for beginning of anthesis, and 223 ± 22 vs. 244 ± 6 days for the achievement of stage 89. Furthermore, the high standard deviation in the present period compared to the past period from heading onward (about 3-folds) demonstrates the high inter-annual variability linked to CC. The phenological shortening due to CC rising temperatures is known to reduce both times for photosynthesis and assimilates translocation, hampering grain yield, as shown by the previous studies conducted in different parts of the world (Tao et al., 2008; Zacharias et al., 2010). This negative impact could be at least partially neutralized acting on crop calendar (e.g., sowing dates) and favoring crop cultivars with improved duration of delicate phenological stages, maximizing photosynthesis and translocation capacity, as also suggested by Fatima et al. (2020). However, this last point is controversial in the case of Mediterranean Europe, as bread wheat is traditionally cropped as a rainfed cereal in this area, typically experiencing drought stressing conditions from anthesis onward (Del Moral et al., 2003). So, short-cycle varieties have been widely selected in the area, to escape terminal drought (Shavrukov et al., 2017). A precise agronomic evaluation of the proper strategy to cope with the necessity of escaping terminal drought on one side, and of improving time for photosynthesis and resources allocation to the forming grain on the other, will be needed in the region.

The acceleration of grain filling, and the presence of frequent heat stress conditions during this stage under rising temperatures scenarios produced by CC, is well documented. Consequences on yield and kernel weight are significant (Djanaguiraman et al., 2020), being early grain filling associated with photosynthesis (van Dongen et al., 2004) and late grain filling with the remobilization of stored assimilates from vegetative tissues to the grain (Plaut et al., 2004). In our study, however, no differences in total amount of proteins were detected in seed samples derived from different years or periods, and kernels resulted in a mean protein content of 13.1% of total weight, in accordance with the values found in the literature for the San Pastore cultivar, i.e., 12.7 and 11.6% (Hristov et al., 2010; Horvat et al., 2021). The grain-filling stage might be crucial for the accumulation of gluten proteins, a complex process involving a finely tuned spatial and temporal regulation; so, the above-mentioned environmental changes might determine the changes also in gluten composition. The gluten fraction, i.e., gliadins and glutenins, constitutes the 80–85% of total grain proteins and contributes to rheological, pasting, and textural properties of dough (Shewry et al., 1995; Horvat et al., 2021). Hence, amount of protein, protein distribution among fractions, and the ratio between gliadins/glutenins and HMW-GS/LMW-GS in wheat flours derived from San Pastore kernels harvested in different years, from both before and after CC periods, were tested for correlation with CGDDs accumulated in the period 1 May–15 June, when wheat grain filling typically occurs in this area. Higher CGDDs accounted for both higher temperature in the period and fastened grain filling (typical consequence of CC in Southern Europe).

The HMW-GS and HMW-GS/LMW-GS ratio showed strong and significant correlation with 1 May–15 June CGDDs, suggesting that higher temperatures during the filling phase and its fastening lead to higher molecular weight glutenins. On the contrary, gliadins showed a significant negative correlation with CGDDs. Same trends have been recently reported for two bread wheat cultivars grown under moderate temperatures during grain filling (Koga et al., 2015). Koga et al. explored the effects of low to moderate temperatures on the proportions of gluten proteins and the assembly of glutenin polymers, using temperatures ranging from 13 to 23°C during the early period of grain filling. The authors thus did not subject plants to heat stress, which occurs with temperatures exceeding 30°C (Koga et al., 2015). Anyway, similar to the results herein reported, authors noted that the duration of grain filling was longer at the lower temperatures, and that temperature, despite having less effect on the amount of protein accumulated per grain, significantly altered the proportion of gluten proteins. Notably, the proportions of different gluten proteins, i.e., gliadins, HMW-GS, and HMW-GS/LMW-GS ratio, correlated with CGDDs for the San Pastore cultivar in a similar manner the temperature did for both investigated cultivars analyzed by Koga et al. (2015). The effects of air temperature on the grain filling of wheat seem evident, as it is the main environmental factor regulating phenological development. However, only a few studies have focused on understanding how various genotypes and environmental factors interact in the creation of the protein polymer structure that determines bread-making quality. In general, the higher the temperature, the faster is the rate of development and, consequently, the shorter is the time to complete each life cycle stage (Slafer et al., 2009), providing that temperature does not exceed the upper threshold. The reduction of the chronological time available for the grain-filling stage is of high importance in determining gluten protein polymer structure, even more than the specific protein composition (Malik et al., 2013), as confirmed by our case study.

Alterations in the composition of gluten may alter the properties of the dough, but the result remains speculative, as there are many factors involved in the formation of the protein network in the process of bread-making. In general, the good bread-making performance of a dough depends in fact on a delicate balance of elasticity and viscosity (He et al., 2005).

Summarizing, this case study assessed the impact of CC in the Bolognese Plain (North of Italy) and quantified its effect on bread wheat phenology, highlighting a significant shortening of the wheat life cycle. The new climate also accounted of a higher heat unit accumulation (CGDD) in the typical period of grain filling (1 May –15 June), meaning that wheat is subjected to frequent heat stress during this delicate period of grain protein accumulation, and to a faster process, reducing the time available for a proper grain filling. Analyzing grain samples from before and after the CC periods, this phenomenon showed a significant correlation with gluten protein composition, consistently altering wheat grain quality.



Conclusion and future perspectives

Although it is well known that CC can cause a shift in crops’ phenological development, studies that exactly quantify this shift are few, due to the lack of long lasting phenological surveys, conducted in the same site and on the same varieties along an appreciable time span.

In this scenario, this case study precisely quantifies CC effects in the experimental site, providing very rigorous data, characterizing the area under examination in detail, coupling phenological and meteorological data collected in the same site, and on the same varieties, for two long and continuous periods of time, before and after CC.

In particular, this study precisely assesses the shortening of bread wheat phenological development, in a key area for its cultivation, such as Southern Europe. The acceleration of wheat life cycle in the CC scenario can have negative consequences on grain yield, due to the shortening of phenological phases, such as vegetative and grain-filling period, reducing the time available for both photosynthesis and assimilates translocation to the forming grains (Zacharias et al., 2010). At the same time, in the new conditions, the crop is more often subjected to heat stress in delicate phases, such as flowering, resulting in grain yield losses even higher than 50% (Nahar et al., 2010). Moreover, altering carbon balance and evapotranspiration demand can be handled only by means of smart management of the agro-ecosystem (Fatima et al., 2020).

So, this case study represents an interesting source of information for modeling purposes, aimed at elaborating climate smart agriculture strategies, to mitigate the impact of rising temperatures on wheat yield and grain quality, such as the change in cropping calendar (e.g., sowing date), the breeding of new cultivars with improved duration of critical phenological phases, the optimization of management practices (e.g., fertilizers and irrigation water use efficiency). The exact definition of crop growth phase alterations also provides clear indications of CC influence on biological processes at agro-ecosystem level in the area, being phenology the most common feature of crop adaptation to the climate (Fatima et al., 2020).

Moreover, as far as we know, we report for the first time on how gluten composition mirrors phenological alterations in Mediterranean climate by analyzing a historical seed collection of the same variety, cropped in the same study area. More of these types of studies would be desirable, but they are often not possible, given the limited availability of historical seed collections for destructive analysis. Instead, it is important to use seeds coming from experimental and certification activities carried out in the past, like Laras laboratory. This kind of collection might be used to deepen the studies on seed quality alterations, in support of plant breeding from the perspective of CC. This case study highlights how technological grain quality (i.e., gluten composition) is threatened in an area of considerable importance for this cereal, on which global food security largely depends. In conclusion, the information included in this study represents a tool for modeling, for both predictive purposes and decision supporting systems for farmers, as well as can guide future breeding choices for varietal innovation.
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Plants evolve diverse mechanisms to eliminate the drastic effect of biotic and abiotic stresses. Drought is the most hazardous abiotic stress causing huge losses to crop yield worldwide. Osmotic stress decreases relative water and chlorophyll content and increases the accumulation of osmolytes, epicuticular wax content, antioxidant enzymatic activities, reactive oxygen species, secondary metabolites, membrane lipid peroxidation, and abscisic acid. Plant growth-promoting rhizobacteria (PGPR) eliminate the effect of drought stress by altering root morphology, regulating the stress-responsive genes, producing phytohormones, osmolytes, siderophores, volatile organic compounds, and exopolysaccharides, and improving the 1-aminocyclopropane-1-carboxylate deaminase activities. The use of PGPR is an alternative approach to traditional breeding and biotechnology for enhancing crop productivity. Hence, that can promote drought tolerance in important agricultural crops and could be used to minimize crop losses under limited water conditions. This review deals with recent progress on the use of PGPR to eliminate the harmful effects of drought stress in traditional agriculture crops.
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INTRODUCTION

Water is the most indispensable requirement for the growth and development of agricultural crops (Javed et al., 2016). The term drought generally implies a lower supply of irrigation water than the demand (Ali et al., 2016). Osmotic stress has been ranked as the most harmful environmental stress factor worldwide (Marchin et al., 2020). Changing climatic conditions have triggered drought stress in several parts of the world (Javed et al., 2016; Naumann et al., 2018). An increase in drought-prone areas has adversely affected the productivity of agricultural crops. By 2050, water shortage is expected to cause serious plant growth problems in arable lands and affect the two-thirds population of the world (Naumann et al., 2018). This problem is being addressed on priority by changing and improving the genetic makeup of crop plants (Awan et al., 2015; Ilyas et al., 2020).

Five different types of soil microbes, namely, bacteria, actinomycetes, fungi, protozoa, and nematodes, play an important role in increasing plant and soil health (Ali et al., 2019; Msimbira and Smith, 2020). Microbial presence in plant soil depends on the soil’s temperature, pH, availability of water, and nutrients. A symbiotic relationship exists between plants and beneficial soil microorganisms wherein the microbes help the plants in nitrogen acquisition, water uptake, and survival during stress (Msimbira and Smith, 2020; Xiong et al., 2021). According to estimates, rhizobia contribute to 50% of the biological nitrogen fixation on earth (Msimbira and Smith, 2020). Various functions performed by beneficial soil microorganisms include accumulation and cycling of organic compounds, stimulation of nutrient mineralization, and production of plant growth hormones. Plants release carbon in their root systems by rhizodeposition in the form of root exudates that sustain the soil microbiome in plant roots (Khan et al., 2020). Studies have reported that 5–21% of the carbon fixed during photosynthesis is released into the rhizosphere, which can be defined as the area of soil under the biochemical influence of plant roots (Hartman and Tringe, 2019; Gontia-Mishra et al., 2020), and constitutes an important nutrient source for soil microbial community (Xiong et al., 2021).

Plants growing in the soil develop a close relationship with soil microbes residing around, on, or inside the plant roots. Certain soil microbes, including bacteria, archaea, fungi, and oomycetes, colonize the root surface and inner root tissues (Gouda et al., 2018), thus playing an important role in inducing drought stress tolerance in host plants (Hartman and Tringe, 2019). The selection of microbes with greater resistance could be useful in developing abiotic resistance in important crop plants. A few bacterial and fungal species that provide a better response during stress conditions have already been identified. Although no definitive spatial boundary has been defined for the rhizosphere, it is estimated to extend approximately 1–5 mm from the root surface to the surrounding soil (Hartman and Tringe, 2019). Rhizospheric microbiomes contain abundant bacterial and fungal communities that play a key role in relation to soil and plants (Danish et al., 2020; Lin et al., 2020). Common inhabitants of the rhizosphere include beneficial plant-growth-promoting microorganisms, root pathogens, and root-feeding insects (Barnawal et al., 2017; Lin et al., 2020). Diversity in the rhizosphere creates ecological niches and micro-environments for different microbial species to perform beneficial interactions (Saleem et al., 2018). Other functions of beneficial rhizosphere microbes include organic matter decomposition, nitrogen fixation, phosphorus solubilization, transportation, and biocontrol of root pathogens (Danish et al., 2020; Gontia-Mishra et al., 2020).

This review aims to understand the effects of drought stress on the morphological, physiological, and molecular traits of plants. Moreover, we discuss how soil microbial communities are useful in minimizing or reducing the effects of drought stress in various plants. In this review, we explore the recent progress achieved by researchers in understanding the interaction between plant growth-promoting rhizobacteria (PGPR) and crop plants under drought stress conditions. We also explore several useful aspects of PGPR and crop plants, such as developmental stages, genotypes, and climatic variables, which have not been covered in detail earlier. We conclude the review with a discussion on technical challenges and limitations in recent research methods with regard to drought stress and soil microbe interactions along with future directions and suggestions.


Effects of Drought Stress on Plant Life

Impaired germination along with poor stand establishment is the basic and foremost effects of dehydration stress on plants (Javed et al., 2016; Lin et al., 2020). It has been reported that inadequate availability of irrigation water causes closure of stomata, reduced production of biomass, and stunted growth and development in crop plants (Ilyas et al., 2020; Marchin et al., 2020). In response to drought stress, plants reduce the root, shoot, and leaf growth, as well as water uptake, leaf water potential, transpiration rate, and turgor presser, leading to decreased relative water content (RWC) and cell turgor, along with damage to the plant cell (Ali et al., 2016; Javed et al., 2016). Different morphological, physiological, and transcriptional responses to drought stress on plants are shown in Figure 1. Researchers observed a negative impact of water stress on plant height and leaf area index in wheat and maize (Javed et al., 2016; Ilyas et al., 2020). Drought stress increases the temperature of the plant owing to dehydration in the cells (Ilyas et al., 2020) and also causes injury by interrupting the water balance of the plant body. However, the adverse effect of osmotic stress depends on its severity and duration, as well as on the growth stage of an individual crop. Moreover, drought stress has different impacts on the plant roots and leaves; root growth is favored over leaf growth in such conditions owing to rapid osmotic adjustment, which allows partial turgor recovery and reestablishment of osmotic gradients for water uptake (Marchin et al., 2020; Zhang M. et al., 2020). Any further decrease in the loosening ability of the cell wall allows the roots to resume their growth under drought conditions. Drought stress reduces the RWC, transpiration rate, and leaf water potential in plants while increasing the leaf temperature (Ferreira et al., 2019). Exposure of wheat plants to drought stress resulted in reduced plant height, a number of tillers, flag leaf area, and biological yield (Ahmed et al., 2011; Javed et al., 2016). Reduced plant germination was reported under dehydration stress in maize and sorghum (Ferreira et al., 2019; Ilyas et al., 2020). In contrast, leaves exhibited less osmotic adjustment under similar stress conditions and maintained their wall loosening ability, which led to growth inhibition (Javed et al., 2016; Ilyas et al., 2020). Water use efficiency is also an important feature that determines the limited water stress in plants and can be enhanced by improving agriculture practices that encourage curtailed water evaporation (Hatfield and Dold, 2019). Improved water use efficiency under drought has been reported in wheat (Javed et al., 2016), maize (Ilyas et al., 2020; Lin et al., 2020), and sorghum (Ferreira et al., 2019).
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FIGURE 1. Morphological, physiological, and molecular response to drought stress in plants.


Although drought stress does not affect photochemical activities at the initial stage, it reduces the maximum quantum yield from photosystem II at an advanced stage; however, the yield can be completely recovered after 3 days of re-watering (Ferreira et al., 2019; Ilyas et al., 2020). Variation in photosynthesis rates under drought stress has been observed in several crops (Pinheiro and Chaves, 2011; Blum, 2017). Photosynthetic inhibition and downregulation during osmotic stress interact with the production, growth, and survival of crop plants (Ferreira et al., 2019; Khan N. et al., 2019). A strong association has been reported between stomatal conductance and photosynthetic rate in plants subjected to drought stress (Blum, 2017; Bo et al., 2017).

Long prevailing drought reduces stomatal conductance, stem conductivity, and carbon dioxide (CO2) assimilation leading to reduced ribulose biphosphate activity. This is because metabolic impairment decreases the photosynthetic rate in plants, ultimately resulting in the reduction of ribulose biphosphate synthesis. Water stress restricts the photosynthetic assimilation of CO2 because of closed stomata and restricted diffusion of CO2 under water stress; second, it inhibits the metabolism of CO2 (Blum, 2017; Marchin et al., 2020). It has been further reported that the reduced CO2 assimilation under drought conditions is caused not by increased CO2 concentration in the environment (Marchin et al., 2020) but by the closure of stomata that minimizes water loss by reducing internal CO2 levels (Awan et al., 2015). It has been observed that drought-stressed plants disrupt the carbohydrate flow and increase the accumulation of epicuticular waxes and soluble sugars in stressed leaves (Pour-Aboughadareh et al., 2017). Drought stress reduces sucrose and starch contents in wheat grains (Lu et al., 2019). The application of drought stress influenced the accumulation of amylopectin, amylose, sucrose, and total starch contents (Lu et al., 2019).



Plant Growth-Promoting Rhizobacteria and Their Formulations

Species, such as Pseudomonas fluorescens, Pseudomonas putida, Pseudomonas aeruginosa, Bacillus subtilis, and other Bacillus sp., are widely used for the commercial production of PGPR. Various fermentation technologies have been used to formulate potential PGPR isolates using organic and inorganic carriers. Ideal formulations should possess characteristics, such as long shelf life, satisfactory water solvency, tolerance to adverse environmental conditions, compatibility with other agrochemicals, and non-phototoxicity. Research has proved that mixed strain formulations yield better results than individual strains because mixed strain formulations can help in combating multiple stresses and diseases in addition to promoting plant growth and development. In addition to the formulation, the method used for delivering the PGPR to the plants is also important to achieve the desired results. Usual delivery methods include bio-priming, seed treatment, foliar application, foliar spray, fruit spray, soil application, and seeding dip.



Role of Plant Growth-Promoting Rhizobacteria in Growth and Development of Plants Under Drought Stress

The role of PGPR in nutrient management, biocontrol activity, plant growth, and development is well established (Gouda et al., 2018; Fabiańska et al., 2019). These rhizosphere-inhabiting microbes help the plants in their growth and development through diverse mechanisms (Gouda et al., 2018). Currently, research on their role in tolerating biotic and abiotic stresses is gaining importance (Meenakshi et al., 2019; Woo et al., 2020). Osmotic stress strongly affects plant growth, development, and soil microbial activity (Gowtham et al., 2020). Various pathways involved in rhizosphere microbe-mediated osmotic stress tolerance in crop species have been studied (Gouda et al., 2018; Fabiańska et al., 2019). These mechanisms include alteration in root architecture, phytohormonal activities, osmolyte accumulation, antioxidant defense, and transcriptional response to defense (Hartman and Tringe, 2019). Soil microbes have been intensively incorporated in agriculture production systems owing to their potential to promote plant growth, abiotic stress resistance, and management of plant diseases (Goswami and Deka, 2020). These microbes play a vital role in plant growth through the production of bacterial phytohormones, exopolysaccharides (EPSs), and associated metabolites by increasing the nutrient availability in the rhizosphere and protecting the plants from abiotic stresses (Naseem et al., 2018; Goswami and Deka, 2020). However, the reaction of bacteria to drought stress varies depending on stress duration, intensity, growth stage, and plant species (Naseem et al., 2018). Water stress directly affects the soil processes in several ways, including stressing the microorganisms (Goswami and Deka, 2020). Under drought conditions, soil microbes adjust their osmotic conditions and try to maintain their hydration by accumulating solutes for retaining water in their cells (Shirinbayan et al., 2019). An indirect effect of drought stress on soil processes is the alteration in the supply of substrates to the rhizosphere bacteria through dissolution, diffusion, and transport (Shirinbayan et al., 2019). Plant growth-promoting bacteria are involved in accelerating flowering, early senescence, and seed set stages (Gowtham et al., 2020), and the early flowering strategy is associated with the drought escape mechanism (Meenakshi et al., 2019). Diazotrophic bacteria are linked with agave roots under drought stress and can enhance plant growth under drought conditions (Zarei et al., 2019; Abbasi et al., 2020). Similarly, the role of bacteria in plant growth under limited water conditions has been demonstrated in previous studies (Meenakshi et al., 2019); for example, bacterial inoculation improved the water use efficiency, root and shoot biomass, RWC, and membrane stability index, thereby reducing the adverse effect of drought stress in wheat and tomato plants (Meenakshi et al., 2019; Abbasi et al., 2020). P. fluorescens DR7 enhanced plant growth under drought stress conditions by increasing the soil moisture in foxtail millet (Niu et al., 2018). Enhanced plant growth after inoculation with plant growth promoter regulators, that is, P. putida, Azospirillum lipoferum, P. fluorescens P1, and P. fluorescens P8 has been reported in maize when drought-subjected plants were compared with non-treated ones (Sandhya et al., 2010; Khan and Bano, 2019; Zarei et al., 2019). Research has confirmed that endophytic bacterial strains MKA2, MKA3, and MKA4 mitigate drought stress in wheat plants (Meenakshi et al., 2019). Application of plant growth-promoting bacterial strain B. subtilis SF48 enhanced growth and RWC in tomato plants under drought stress conditions compared with that in control plants (Gowtham et al., 2020; Table 1).


TABLE 1. Alteration in root morphology, plant growth, and development by PGPR under drought stress.
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Mechanisms Employed by Plant Growth-Promoting Rhizobacteria for Drought Stress Tolerance

With the help of root-associated bacterial communities, plants adopt various mechanisms to tolerate drought stress. There are two main mechanisms adopted by PGPR to overcome osmotic stress in plants: direct and indirect. Direct mechanisms are phenomena occurring inside the plant and affect the plant metabolism directly, whereas indirect mechanisms occur outside the plants (Vurukonda et al., 2016). The major mechanisms adopted by PGPR to overcome drought stress include alteration in root morphology and production of osmolytes, antioxidants, phytohormones, extracellular polymeric substance (EPS), and volatile organic compounds (VOCs), siderophores, and 1-aminocyclopropane-1-carboxylate (ACC) deaminase. The various mechanisms are presented in detail in Figure 2. These mechanisms may be direct or indirect depending upon the host plant, as well as the biotic and abiotic stress factors (Gouda et al., 2018).
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FIGURE 2. Various mechanisms are adopted by PGPR to eliminate drought stress.




Change in Structure and Morphology of Plant Root System

The term root morphology/architecture encompasses the root depth, root angle, density, root volume, and biomass (Saleem et al., 2018). Plants dynamically modify their root morphology to manage drought stress. Water stress is directly correlated with root morphology because a long and more extensive root architecture allow the plants to uptake more amount of water from the soil (Saleem et al., 2018; Mishra et al., 2020). Drought-tolerant plants tend to have greater rooting depth, density, root volume, and weight (Jochum et al., 2019). Although plants prefer root growth overshoot growth under drought stress conditions, even that is hindered under severe stress (Vurukonda et al., 2016; Barnawal et al., 2017). Variations in root morphology under limited water conditions are species-specific (Mishra et al., 2020).

Root-associated microorganisms play an important role in maintaining the health of the host plant. However, the existence of these microorganisms depends on soil chemistry, perturbations in the surrounding abiotic environment, as well as plant genotype and phenotype. Further, it has been noted that the composition of soil microorganisms varies at different rooting depths because soils exhibit specific patterns of bacterial communities at specific depths (Zhang et al., 2018); furthermore, rhizospheres from root sections obtained at different depths have distinct microbiota (Jochum et al., 2019; Gontia-Mishra et al., 2020). The plant root system affects the health, fitness, and productivity of plants by changing the root length, surface area, density, volume, and biomass. Rhizospherical microbial communities influence these phenotypic traits by altering the processes occurring in the soil (Goswami and Deka, 2020; Lin et al., 2020). Hence, enhanced root development improves nutrient uptake from the soil and the water absorption capacity of plants (Lin et al., 2020). During water stress, bacteria change the elasticity of the root cell membrane, which is the foremost step in enhancing drought tolerance (Dimkpa et al., 2009; Lin et al., 2020). Altered root metabolites play an important role in the selection of certain species (Mahdi Dar et al., 2018; Xu et al., 2018). A positive correlation has been observed between increased carbohydrates in roots and carbohydrate transporters in Actinobacteria (Xu et al., 2018). During drought stress, the rhizosphere microbial community increases the root surface area and fine root production on one hand and reduces stress-associated volatile emissions on the other, leading to a marked improvement in plant performance (Saleem et al., 2018). Inoculation of maize plants with P. putida improved the leaf water potential, RWC, and plant biomass when exposed to drought stress (Sandhya et al., 2010). Bacterial inoculation in wheat plants improved the formation of lateral roots and enhanced root growth, thereby increasing the water uptake under drought conditions (Mahdi Dar et al., 2018). Inoculation with Bacillus thuringiensis and Azospirillum brasilense improved the specific root area and length along with the root projection area in common beans (Armada et al., 2014; Mahdi Dar et al., 2018). Inoculation with Ochrobactrum spp. strain NBRISH6 improved the root length, dry weight, and hairs in maize under water stress regimes (Mishra et al., 2020).



Production of Osmolytes

Plants initiate metabolic changes for survival during drought stress, leading to the accumulation of compatible osmolytes, such as proline, glycine betaine (GB), polyamines, sugars (trehalose, polyols), polyhydric alcohols, and dehydrins. Plant growth-promoting microorganisms (PGPMs) introduce osmotic stress by increasing the accumulation of osmolytes in the host plant (Gontia-Mishra et al., 2020). Recent research reported that Azospirillum spp. is responsible for the accumulation of such compatible solutes under limited water conditions (García et al., 2017).

Proline content is directly linked with drought stress, and it increases proportionately with the severity of the stress (Ortiz et al., 2015; Abdela et al., 2020). High proline content is involved in cell membrane protection and maintenance of cell water status during limited water supply (Ortiz et al., 2015). Therefore, assessing proline content is important for evaluating drought stress tolerance and sensitivity in crop plants (Abdela et al., 2020). Application of P. putida strain GAP-P45 improved the accumulation of proline in maize plants subjected to drought stress (Sandhya et al., 2010). Inoculating B. thuringiensis in maize plants under water stress increased their shoot proline content when compared with that in control (Armada et al., 2014). The application of Paenibacillus polymyxa on tomato cultivars caused higher proline secretion to overcome the drought stress (Ghosh et al., 2019). Inoculation with Streptomyces spp. and Mesorhizobium ciceri spp. increased the proline contents in tomatoes (Abbasi et al., 2020) and chickpeas (Abdela et al., 2020), respectively.

Upregulation of GB content under drought stress may be attributed to certain key enzymes of gene expression (Zhang et al., 2010). Enhanced accumulation of GB content, which is a major cause of reduced water loss, was reported in plants subjected to PGPR inoculation under drought conditions (Nadeem et al., 2010; Bashan et al., 2014). Similarly, drought-stressed plants inoculated with B. subtilis and Pseudomonas spp. exhibited higher GB content than non-treated plants (Sandhya et al., 2010). Endogenous accumulation of proline and GB has been observed in mung beans when plants were inoculated with P. aeruginosa (Sarma and Saikia, 2014). Trehalose is an important signaling molecule in plants and plays an important role in drought stress tolerance. As a non-reducing disaccharide, this osmoprotectant stabilizes the cell membrane by modulating the antioxidant enzyme activity (Barnawal et al., 2017). The application of even a minute amount of trehalose to maize roots is sufficient to generate the stress tolerance signal pathway. Inoculation with A. brasilense in maize plants upregulated the trehalose-producing genes, leading to enhanced drought tolerance and biomass production (Rodríguez-Salazar et al., 2009; Curá et al., 2017).

Choline is also an important osmolyte that plays a role in overcoming the drought stress by accumulating GB, thereby enhancing the dry matter and leaf water contents. Further, increased choline contents in maize and wheat enhanced the nutritional value of food additives (Zhang et al., 2010; Iqbal, 2018). Various studies have demonstrated the evident role of soil microbial communities in the accumulation of choline as a precursor of GB metabolism (Rocha et al., 2019). Polyamines are another type of osmolytes associated with root growth under drought stress. The introduction of A. brasilense strain A39 helped rice plants accumulate polyamines in the seedlings under osmotic stress conditions (Cassán et al., 2009). Another research reported that inoculation of cowpea plants with Rhizophagus irregularis enhanced both chlorophyll and carotenoid contents under severe water stress (Rocha et al., 2019; Table 2).


TABLE 2. Photosynthetic pigments and osmolytes produced by PGPR to mitigate drought stress.
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Extracellular Polymeric Substance Production

Extracellular polymeric substances (EPSs) are high-molecular-weight, biodegradable polymers composed of monosaccharide residues and their derivatives and are biosynthesized by a wide range of bacteria, algae, and plants (Sanalibaba and Cakmak, 2016). EPSs play a central role in maintaining water potential, aggregating soil particles, ensuring obligate contact between plant roots and rhizobacteria, and sustaining the host under stress or pathogenic conditions, thus bearing direct responsibility for plant growth and crop production (Naseem et al., 2018). EPSs play an important role in protecting land plants from drought stress by maintaining the plant-microbes interaction (Khan and Bano, 2019) and are extremely useful in various industries, owing to their bioremediation, stabilizing, thickening, coagulating, gel-developing, suspending, and film-forming properties. PGPR could be effectively used to overcome the drastic effects of water stress by increasing the production of EPSs and forming rhizosheaths around the roots, protecting them from dehydration. Application of EPS-producing PGPR can prove helpful in mitigating water deficiency and consequently increasing global food security (Khan and Bano, 2019); however, the outcome of PGPR application to osmotic stress depends not only on the stress intensity and duration but also on the plant species and its growth phase (Table 3).


TABLE 3. Mitigation of drought stress through EPSs produced by PGPR.
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Production of EPSs by PGPR significantly affects the plant growth, development, and drought tolerance capacity (Subramaniam et al., 2020) as these microbes can survive under low-moisture soils through nodule formation. EPSs can provide a micro-environment that dries very frequently in comparison with the surrounding soil but stays hydrated by holding water and thus protecting the bacteria and plant roots against desiccation (Subramaniam et al., 2020). EPS production by bacteria enhanced and improved the ability of soil in balancing the water potential and sustaining soil aggregation, thereby improving the nutrient uptake and resulting in the enhanced growth and development of the plants and protection from dehydration (Subramaniam et al., 2020). The EPS produced by PGPR, such as Rhizobium leguminosarum, Agrobacterium vinelandii, Bacillus drentensis, Enterobacter cloacae, Agrobacterium spp., Xanthomonas sp., and Rhizobium sp., are vital for nourishing the soil and maintaining crop production (Mahmood et al., 2016). The role of PGPR in enhancing desiccation tolerance in plants through EPS production was observed in Arabidopsis (Ghosh et al., 2019), maize (Khan and Bano, 2019), and sunflower (Sandhya et al., 2009). Inoculation with EPS-producing R. leguminosarum LR-30, M. ciceri CR-30, and CR-39, and Phaseolus phaseoli MR-2 demonstrated their mutual interactions with wheat during drought conditions. Bacterial strains Proteus penneri Pp1, P. aeruginosa Pa2, and Alcaligenes faecalis AF3 can produce EPS and maintain soil moisture, contents, biomass, root and shoot length, and leaf area of the plants (Naseem et al., 2018).



1-Aminocyclopropane-1-Carboxylate Deaminase Activity

Plant growth-promoting microorganism can synthesize ACC in plants under drought stress (Chandra et al., 2019; Danish et al., 2020). On exposure to drought stress, the plant hormone ethylene endogenously regulates plant homeostasis and restrains root and shoot growth along with leaf expansion, ultimately restricting the plant growth (Li et al., 2017). ACC is an immediate precursor of ethylene (Danish et al., 2020; Gowtham et al., 2020); the bacterial ACC deaminase enzyme converts the ACC to ammonia and α ketobutyrate and inhibits ethylene production in plants (Danish and Zafar-ul-Hye, 2019; Jochum et al., 2019). High ACC deaminase activity of Pseudomonas strains under drought stress has been observed in millet (Niu et al., 2018; Chandra et al., 2019). Recent studies suggested that under drought stress, inoculation with ACC deaminase-producing rhizobacteria can improve the negative effects of reactive oxygen species (ROS), which is beneficial for plant survival (Chandra et al., 2019; Danish et al., 2020). Oxidative stress on tomato and pepper plants was alleviated by ACC deaminase, and their fresh and dry weight increased when compared with that of the plants of the control treatment (Gupta and Pandey, 2019; Gowtham et al., 2020). The effect of ACC deaminase-producing rhizobacteria under drought stress conditions has been reported in wheat (Chandra et al., 2019), maize (Danish et al., 2020), millet (Chandra et al., 2019), rice (Zhang Y. et al., 2020), mint (Asghari et al., 2020), and tomato (Gowtham et al., 2020). ACC deaminase-producing bacteria B. Subtilis Rhizo SF 48 protects tomato plants against drought-induced oxidative damage (Gowtham et al., 2020). Improvement in maize growth and yield under drought conditions was observed because of the accumulation of ACC deaminase by E. cloacae and A. xylosoxidans (Danish et al., 2020). The adverse effect of drought stress on growth and productivity was eliminated by ACC deaminase-producing bacteria in pea plants (Arshad et al., 2008). Similarly, inoculation with ACC deaminase-producing Achromobacter piechaudii ARV8 in tomato and pepper significantly reduced the production of ethylene under drought stress (Mayak et al., 2004; Gowtham et al., 2020).

Improved water uptake efficiency and longer root growth under drought stress have been achieved by inoculation with ACC deaminase-producing P. fluorescens in pea plants (Zahir et al., 2008). Axenic studies demonstrated that inoculation with ACC deaminase-producing rhizobacteria increased root–shoot length, root–shoot mass, and the lateral number of roots of wheat plants compared with that of the control. Better development of roots helped the plants acquire water and nutrients resulting in improved growth and yield under drought stress (Ilyas et al., 2020). Co-inoculation with ACC deaminase-producing Bacillus isolate 23-B and Pseudomonas 6-P in conjunction with M. ciceri for mitigation of drought stress and plant growth promotion under drought conditions in chickpea significantly improved germination, root and shoot length, and the fresh weight of plants. Among the treatments, co-inoculating 23-B with M. ciceri was efficient under drought stress (Palika et al., 2013). Similarly, inoculation with ACC deaminase-producing Bacillus licheniformis K11 alleviated drought stress in pepper (Lim and Kim, 2013; Table 4).


TABLE 4. Improved ACC deaminase activity and reduced ethylene production by PGPR under drought stress.
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Production of Phytohormones

Phytohormones are small, endogenous, lower molecular-weight molecules responsible for activating an effective defense response against biotic and abiotic stresses. A group of ten interconnected phytohormones, such as abscisic acid (ABA), indole 3 acetic acid (IAA), auxin, cytokinin (CK), gibberellin (GA), ethylene (ET), salicylic acid (SA), strigolactones (STs), jasmonate (JA), and brassinosteroid (BRs), help plants in their defense mechanism (Raheem et al., 2018). Among these plant hormones, ABA, JA, SA, and ET are considered abiotic stress response hormones (Raheem et al., 2018). Phytoproducts excreted from plant roots control the soil microbial community by altering the rhizospheric soil chemistry (Jochum et al., 2019). Possible reasons for the rhizobacteria-mediated plant drought tolerance include, (1) development of phytohormones, such as ABA, GA, CK, and IAAs; (2) reduced ethylene levels in roots because of ACC deaminase; (3) mediated systemic tolerance by bacterial compounds; and (4) bacterial EPSs (Vurukonda et al., 2016; Table 5).


TABLE 5. Improvement in phytohormone production by PGPR under drought stress.

[image: Table 5]
In addition to the production of phytohormones, such as IAA, GA, CK, and ethylene, the solubilization of phosphates, nitrogen fixation, and generation of siderophores are all direct mechanisms of drought effect mitigation (Gontia-Mishra et al., 2020; Gowtham et al., 2020), which stimulates root proliferation, increasing the absorption of nutrients, and thus promoting the plant growth (Raheem et al., 2018). Phytochromes, such as IAA, GA, ethylene, ABA, and CK, produced by plants are essential for their growth and development (Andreozzi et al., 2019; Borah et al., 2019). Phytohormones help plants avoid or survive abiotic stress in stressful environments (Andreozzi et al., 2019; Borah et al., 2019). In addition, PGPR can synthesize phytohormones that promote the growth and division of plant cells that are resistant to abiotic stresses (Ghosh et al., 2019).

Indole 3 acetic acid is an auxin that is physiologically involved in plant growth and development. Increased root growth and formation of lateral and root hairs for higher water and nutrient uptake were reported in various plant species after inoculation with IAA to manage drought stress (Dimkpa et al., 2009; Vandana et al., 2020). IAA increases plant resistance to drought stress because it produces Azospirillum (Dimkpa et al., 2009). Bacterial hormone production and their ability to stimulate endogenous hormones play an important role in enhancing drought tolerance (Ghosh et al., 2019). In tomato plants, A. brasilense produces nitric oxide gas, which functions as a signaling molecule in the IAA-inducing pathway and helps in the development of adventitious roots (Creus et al., 2005; Molina-Favero et al., 2008). Maize seedlings inoculated with A. brasilense increased their relative and absolute water quality in comparison with non-inoculated plants under drought stress (Danish et al., 2020). Although microbial treatment in plants lowered their water potential, it enhanced the root production, biomass, foliar area, and leaf and root proline accumulation (Vurukonda et al., 2016). Inoculation with A. brasilense Sp245 in wheat under drought conditions resulted in high grain yield and mineral quality (Mg, K, and Ca), with improved relative and absolute water content, water capacity, and apoplastic water fraction and lower volumetric cell wall elasticity, suggesting that “elastic change” is crucial during increased drought status. Similarly, Azospirillum introduced to wheat induced a decreased water potential and increased water quality of leaves because plant hormones, such as IAA, secreted by the bacteria enhanced the general and lateral root growth by increasing the water and nutrient consumption under drought conditions (Arzanesh et al., 2011). Production of phytohormones, such as IAA, improves maize growth with the help of PGPM, including E. cloacae and A. xylosoxidans (Danish et al., 2020; Table 6).


TABLE 6. Improvement in phytohormone/enzyme production by PGPR under drought stress.
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Bacillus thuringiensis-assisted Lavandula dentata plants grew under drought conditions because of bacteria-produced IAA, which enhanced the plant nutrition, physiology, and metabolic activity (Armada et al., 2014). Soybean plants inoculated with the gibberellin-secreting rhizobacterium P. putida H-2–3 demonstrated increased plant growth under drought conditions (Kang et al., 2014). ABA and GA production by A. lipoferum reduced the drought effect in maize plants (Cohen et al., 2009). Cellular dehydration caused ABA (a stress hormone) biosynthesis during drought stress (Kaushal and Wani, 2016). ABA is involved in water loss through regulation of the stomatal closure and the transduction tract of the following stresses. Arabidopsis plants inoculated with A. brasilense Sp245 had higher levels of ABA than the non-inoculated plants (Cohen et al., 2009). In Brassica napus, Phyllobacterium brassicacearum STM196 isolated from the rhizosphere increased osmotic stress in inoculated Arabidopsis by elevating ABA content, thereby decreasing the leaf transpiration (Bresson et al., 2013; Table 7).


TABLE 7. Improvement in phytohormone/enzyme production by PGPR under drought stress.
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Production of Secondary Metabolites, Antioxidant Activities, and Accumulation of Reactive Oxygen Species

Secondary metabolites (SMs) are chemical compounds produced by plant cells during metabolic pathways. Major SMs include alkaloids, terpenoids, steroids, saponins, flavonoids, glycosides, phenol, and glucosinolates. Studies have been conducted previously to verify the role of plant SMs against environmental stresses that lead to enhanced production of these metabolites in plant cells through various in vivo and in vitro growth mechanisms. It has been observed that plants exposed to drought stress exhibit higher production of SMs, such as terpenes, phenols, flavonoids, and alkaloids (Badri et al., 2013). Plant metabolites and exudates, including carbohydrates, amino acids, and other nutrients, are altered in response to drought stress (Blum, 2017). Changes in the plant metabolite profile also correlate with changes in the bacterial community, with root community composition in Arabidopsis demonstrated to be dependent on the exudate profiles of the host plant (Badri et al., 2013). During drought, an increase in hydrolytic enzymes responsible for breaking down complex carbohydrates, such as lignin, cellulose, and other plant metabolites within the microbial communities, has been reported. Additionally, bacteria can alter ethylene production within the plant through ACC deaminase activity (Arshad et al., 2008), which in turn alters the plant growth and metabolite profiles to the benefit of plants and microbes (Mayak et al., 2004; Zhang et al., 2018). Not only the host plant can alter its exudate profile to recruit organisms but also the microbial community can influence the compounds being exuded, potentially creating a reciprocal relationship between the community and exudate profile. The extent to which the exudate profiles are a plant-driven process and the microbial community can influence that process is currently unknown.

Drought affects plant metabolism through the accumulation of ROS, including superoxide anion radicals (O2–), hydrogen peroxide (H2O2), hydroxyl radicals (OH), singlet oxygen (O12), and alkoxy radicals (RO), which can cause damage to membranes, DNA, and proteins (Vurukonda et al., 2016). These ROS also react with proteins, lipids, and DNA causing oxidative damage and impairing the normal functions of a plant cell (Vurukonda et al., 2016; García et al., 2017). Production of ROS has been demonstrated to be the key process in plant physiological response to drought, with progressive oxidative damage, stunted growth, and eventual cell death when the ROS level reaches a certain threshold (Asghari et al., 2020). ROS metabolism has been reported to be a general change across species, omics levels, and compartments in drought and exerts an impact beyond that of Actinobacteria (Abrahám et al., 2003; García et al., 2017). ROS metabolism and defense response transcription are correlated during drought with a variety of taxa, including R. irregularis and nematodes (Garcia et al., 2018). The ROS have been demonstrated to modulate the host microbiome, including the mitigation of nematode infection in soybeans and tomatoes (Prudent et al., 2015; Asghari et al., 2020). Generally, drought stress induces overproduction of ROS and destroys normal cell metabolism via oxidative damage of membrane proteins, DNA, and lipids (Kaushal and Wani, 2016). The MDA plays an important role in membrane lipid peroxidation. Previous studies have revealed that beneficial microbes can reduce MDA content, prevent ROS accumulation, increase antioxidant enzyme activities, and maintain plant growth under drought stress (Silambarasan et al., 2019). Inoculation of jujube with Pseudomonas lini, Serratia Bizio plymuthica, or their mixture significantly reduced the MDA content under drought stress (Zhang M. et al., 2020). Inoculation with the three bacterial treatments has been suggested to decrease the detrimental effects of oxidative damage caused by ROS production under stress conditions (Zhang Y. et al., 2020). Plants utilize a ROS scavenging system to remove excessive amounts of ROS to protect themselves. Host ROS metabolism genes have been reported to be associated with Streptomyces (a genus of Actinobacteria) in populus leaves, potentially demonstrating a high universal drought association between the host and its phytobiome (Garcia et al., 2018).

Superoxide dismutase and POD are the notable components that catalyze the dismutation of O2– to oxygen and H2O2 (Sarker and Oba, 2018). POD plays a significant role in catalyzing hydrogen peroxide to water and oxygen (Liu et al., 2020). During environmental stress, increased ROS and MDA accumulate in plants owing to the transcription of genes, such as PgRboHD and PgFE, between the cells. Inoculation with PGPR enhanced the expression of antioxidant genes and consequently the quality of antioxidant enzyme activities (Marchin et al., 2020). The increase in enzyme activities shielded chloroplast from ROS and removed superoxides (Sarker and Oba, 2018). A study revealed that inoculated jujube seedlings exhibited notably higher superoxide dismutase (SOD) and peroxidase (POD) activities than non-inoculated seedlings and the enzyme activities increased with increased water stress (Zhang M. et al., 2020). Hence, we can conclude that treatment with the three bacteria enhanced the ability of jujube to scavenge and regulated the expression of antioxidant genes; thus, enhancing the SOD and POD activities under water stress and reducing the MDA content (Zhang Y. et al., 2020). Soil microbes enhance drought tolerance by improving the cell membrane stability through the activation of the antioxidant system (Singh et al., 2020). PGPR eliminates the oxidative damage from drought stress by manipulating the antioxidant enzymes (Singh et al., 2020). A popular plant species, basil, inoculated with a rhizobacterial consortium of Pseudomonas spp., Brachypalpoides lentus, and A. brasilense helped improve the chlorophyll content and antioxidant activity in plants under drought stress, resulting in the synthesis of useful substances instead of producing stress (Gowtham et al., 2020). Among the fixers of atmospheric nitrogen to plants for its nutritional needs, Azospirillum is a farmers’ friend that contributes to the enrichment of the soil and enables the plants to thrive under abiotic stress. A closer look at the biosynthesis of siderophores by Gordonia rubripertincta CWB2 suggests that the GorA gene under expression in E. coli results in the production of GorA hydroxylase enzyme (Esuola et al., 2016). It was observed that maize inoculated with drought tolerance-promoting species like Pseudomonas spp. strains, namely, Pseudomonas entomophila, Pseudomonas stutzeri, P. putida, Pseudomonas syringae, and Prochoreutis montelli displayed the significantly lower activity of antioxidant enzymes compared with non-inoculated plants when exposed to drought stress (Sandhya et al., 2009). Pseudomonas spp. DPB16 enhanced the growth of wheat plants and also modified its antioxidant properties (Chandra et al., 2019). Tomato plants inoculated with B. subtilis Rhizo SF 48 increased the antioxidant activities of SOD and APX enzymes (Gowtham et al., 2020). Streptomyces strains increased the MDA, H2O2, and total sugar content along with APX activity while decreasing the CAT and GPX activities under stress conditions in tomatoes (Abbasi et al., 2020).



Accumulation of Volatile Organic Compounds

Plant growth-promoting rhizobacteria-mediated VOCs play a potential role in stimulating plant growth and induced systemic resistance (ISR) against various biotic and abiotic stresses. However, the study of the interaction between VOC with plant growth-promoting phytohormones is at a preliminary level. The earliest reported plant growth-promoting VOCs were 2,3-butanediol, acetoin, and pentyl furan (Ryu et al., 2003; Zou et al., 2010). A few VOCs described subsequently include 13-tetradecadien-1-01, 2-methy-n-1-tridecene, and 2-butanone produced by P. fluorescens SS101 in tobacco plants (Park et al., 2015). The VOCs formed by biocontrol strains not only help in plant growth but also prevent pathogens of bacterial and fungal nature along with nematodes while promoting resistance against phytopathogens in plants (Cordovez et al., 2018). Genera of specific bacterial species, including Pseudomonas, Bacillus, Arthrobacter, Stenotrophomonas, and Serratia, can produce VOCs that influence plant growth. Two very active VOCs, 2, 3-butanediol, and acetoin, produced by Bacillus spp. not only constrain fungal growth but also enhance the plant biomass (Massalha et al., 2017; Backer et al., 2018). VOCs are factors for provoking plant ISR stated that the VOCs from PGPR strains regulate disease resistance, abiotic stress tolerance, and plant growth (Tahir et al., 2017). Production of VOCs, comprising cyclohexane, 2-(benzyloxy) ethanamine, benzene, methyl, decane, 1-(N-phenylcarbamyl)-2-morpholinocyclohexene, dodecane, benzene (1-methylnonadecyl), 1-chlorooctadecane, tetradecane, 2,6,10-trimethyl, dotriacontane, and 11-decyldocosane, has been reported for various soil microorganisms; however, their concentrations and uniqueness varies among the species (Tahir et al., 2017; Cordovez et al., 2018).



Siderophore Production

Iron deficiency is the major limiting factor causing chlorosis in plants, and it ultimately affects crop quality and yield. The use of synthetic chelates to overcome the deficiency is not feasible mostly because of their poor biodegradability (Ferreira et al., 2019). Siderophores, minor organic molecules produced by microorganisms and a few gramineous plants under iron-deficient conditions, enable the plants to uptake iron from the surrounding environment even in reduced iron availability (Saha et al., 2016; Prabhakar, 2020). They are important compounds for phytostabilization under unfavorable circumstances and provide metal coalescence, improve plant growth, and reduce metal bioavailability in the soil (Qessaoui et al., 2019). Research on siderophores during the previous decade has demonstrated their ability to extract iron ions (Saha et al., 2016; Kumar et al., 2018). PGPR, such as Pseudomonas sp., uses the siderophores produced by other microbes in the rhizosphere to meet their essential ion requirements (Qessaoui et al., 2019). Similarly, P. putida has been reported to accumulate and use heterologous siderophores produced by other microorganisms to overcome their iron deficiency by increasing the level of iron offered in the natural habitat (Gouda et al., 2018). The ferric-siderophore complex, an extremely strong siderophore, plays a vital part in the uptake of iron by plants in the presence of other metals, such as nickel and cadmium (Beneduzi et al., 2012). Research on siderophores and their capability to enhance the iron uptake ability of plants is still inadequate, and extensive studies are required to understand their behavior and mode of action (Prabhakar, 2020). Consequently, finding environment-friendly and appropriate siderophores with precise action, as well as usability as iron enrichers, is a challenge. Among various compounds, siderophores are receiving greater attention because of their role as iron chelators and the positive characteristic of biodegradability over synthetic APCAs (Fazary et al., 2016).

Three bacterial species, Bacillus megaterium, B. subtilis, and A. vinelandii expressed the maximum iron-chelating capacity, suggesting their potential to help overcome the iron deficiency in plants (Ferreira et al., 2019). Recent research described synthetic compounds, including catecholate and hydroxamate groups, as probable iron-chelating compounds that can provide nourishment and growth to plants (Martins et al., 2018; Ferreira et al., 2019). The use of siderophores in agriculture is practically limited because of their complex structure and difficulty to produce owing to a multistep but low yielding process (Leydier et al., 2008; Martins et al., 2018; Table 8).


TABLE 8. Plant growth-promoting rhizobacteria and siderophore production under drought stress.
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Transcriptional Response of Plant Growth-Promoting Rhizobacteria to Drought Stress

Gene expression studies are useful to understand and compare the responses of an organism to its environment (Azeem et al., 2018). Gene expression under drought stress was recently characterized using molecular approaches, and their physiological roles were studied with respect to tolerance induced by PGPR (Ghosh et al., 2019). At the transcriptional level, PGPR-enhanced plant tolerance to drought was observed after inoculation with P. polymyxa B2, with enhanced drought tolerance in Arabidopsis thaliana (Timmusk et al., 2014). RNA display revealed that the mRNA transcription of a drought-response gene ERD15 was augmented as an early response to dehydration in inoculated plants compared with that in non-inoculated plants (Timmusk et al., 2014). Using two-dimensional polyacrylamide gel electrophoresis and differential display polymerase chain reaction, six differentially expressed stress proteins were identified in pepper plants inoculated with B. licheniformis K11 under drought stress. Among them, drought-specific genes sHSP and CaPR-10 exhibited a greater than 1.5-fold increase in treated plants compared with that in control plants (Lim et al., 2013). Using real-time PCR, upregulation of stress-related genes apx-1, sams-1, and hsp 17.8 in wheat leaves and increased activity of enzymes involved in the plant ascorbate glutathione redox cycle, conferring drought tolerance in wheat, were identified when primed with Bacillus amyloliquefaciens 5113 and A. brasilense NO40 (Kasim et al., 2013). Using microarray analysis, a set of drought-signaling response genes were downregulated in the Pseudomonas chlororaphis O6-colonized A. thaliana compared with those without bacterial treatment under drought stress. Although the transcripts of the JA-marker genes vsp-1 and pdf-1.2, SA regulated gene PR-1, and ET-response gene HEL, were upregulated in colonized plants, they differed in their responsiveness to drought stress (Cho et al., 2013). PGPR contains several functional genes, such as IAA production (iaaM), nitrogen fixation (nifU), spermidine (speB), and siderophore (sbnA) biosynthesis, which facilitate plant growth and tolerance under stress conditions (Xiong et al., 2019; Table 9).


TABLE 9. Upregulation of stress-responsive genes by PGPR under drought conditions.
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Interactive Effect of Drought and Other Stresses

Drought and other abiotic stresses, including salinity, temperature extremes, biotic stress, and malnutrition, mostly occur simultaneously. The combination of drought and other stresses causes a severe inhibition of physiochemical activities and growth in food crops. For example, plants demonstrate identical physiochemical and morphological symptoms when subjected to drought and salt stress (Ahluwalia et al., 2021). Higher salt concentration favors the occurrence of drought stress because salt-related solutes reduce the uptake of water, resulting in reduced leaf water content (Sagar et al., 2022). Plants in association with PGPR alleviate salt stress by improving their antioxidative machinery, reducing the level of lipid peroxidation and ROS, enhancing the synthesis of biomolecules and phytohormones, regulating osmosis, and increasing gas exchange attributes (Nadeem et al., 2010; Akram et al., 2019). Similarly, halotolerant PGPR modulates gene expression and osmolyte production to improve salinity tolerance and growth in Capsicum annum (Yasin et al., 2018a; Khan M. A. et al., 2019; Sagar et al., 2022).

The joint stress caused by heat and drought in arid, semiarid, and tropical regions reduces photosynthetic activity, stomatal conductance, and CO2 assimilation in plants. The interactive effect of heat and drought stress reduces RuBisCO, photosystem II, and chlorophyll biosynthesis activities while enhancing the foliage temperature (Raja et al., 2020). It was observed that the synergistic effect of heat and drought stress restricted the development of pollen, pistil, and ovule in grain crops (Ahmad et al., 2021). The increased synthesis of ROS in plants subjected to heat and drought stress denatures the proteins, declines plant nutrition, reduces membranous stability, and deteriorates the antioxidant defense system, leading to decreased growth and biomass production in crop plants (Ahluwalia et al., 2021). However, the increased synthesis of osmoregulators and improvement in the antioxidative system because of PGPR assisted the stressed plants to enhance their tolerance by reducing the level of MDA, ROS, and other toxic elements that may decrease plant growth (Shah et al., 2021a; Tariq et al., 2021).

Drought may enhance the chances of pathogenic attack and infection in crop plants. Drought-stressed plants will close their stomata to reduce water loss through transpiration. Nevertheless, pathogen-infected plants enhance their rate of transpiration (Aung et al., 2018). The toxins produced by Uromyces phaseoli, which causes leaf rust in R. phaseoli, decrease the stomatal openings, leading to conciliated drought resistance (Duniway, 1976). Although a gentle drought triggers the plant defense system to reduce the pathogen infection, severe drought causes enhanced pathogen virulence because plant cells discharge nutritious compounds on their apoplast, which supports the growth and pathogenicity of the plant pathogens (Ahmad et al., 2020; Singh et al., 2020). Wheat plants infected by Fusarium culmorum, which causes seedling blight and root rot disease in wheat, exhibited reduced plant growth and biomass production owing to enhanced levels of MDA content under drought stress regimes (Lastochkina et al., 2020). Several PGPR strains trigger the defense systems of plants to combat diseases. Inoculation with Bacillus and Pseudomonas bacterial strains may induce disease resistance in crop plants through the modulation of antioxidant enzymes and osmoregulators (Yasin and Ahmed, 2016).

Plants growing in areas with metal pollution exhibit curtailed routine physiochemical and molecular activities (Yasin et al., 2018b; Shah et al., 2021b). The interactive effect of drought and metal stress imposes highly pronounced negative effects on the physiology, morphology, growth, and yield of crop plants (Yasin et al., 2018c). However, several PGPR strains are capable of mitigating metal toxicity. Catharanthus roseus plants inoculated with Bela fortis 162 exhibited improved root and shoot growth in addition to oxidative stress tolerance under chromium exposure (Yasin et al., 2018d). Similarly, P. fluorescens RB4 and B. subtilis 189 mitigated the combined stress induced by Cu and Pb in assisted plants (Khan et al., 2017a). Inoculation with Bacillus spp. and B. megaterium MCR-8 in plants growing under nickel stress improved their antioxidative potential and gas exchange attributes (Khan et al., 2017b). In addition to the individual effect of PGPR in stress alleviation, these microbes may enhance the efficacy of exogenously applied stress ameliorants, including nanoparticles, plant nutrients, and phytohormones. The interaction of B. subtilis FBL-10 and silicon reduced the effect of lead toxicity in eggplant (Shah et al., 2021b). The synergistic effect of iron oxide nanoparticles and B. subtilis S4 alleviated arsenic toxicity in Cucurbita moschata (Mushtaq et al., 2020). Application of Bradyrhizobium japonicum EI09 and selenium improved chromium stress tolerance in C. annum (Nemat et al., 2020). Similarly, B. thuringiensis IAGS 199 and putrescine alleviated cadmium-induced phytotoxicity in C. annum (Shah et al., 2020). Furthermore, synergism between Enterobacter sp. CS2 and ethylenediaminetetraacetic acid exhibited positive effects on the growth of plants subjected to Ni stress (Yasin et al., 2018d).




CONCLUSION

Thus, drought stress not only affects the morphological and physiological characteristics of plants, leading to a loss in crop production but also affects the soil microbe interactions. We discussed the ways that PGPR adopt to enhance drought stress resistance. Soil microorganisms associated with the root system of a plant change the cell membrane elasticity of the roots, which eventually increases the drought tolerance capacity. However, during drought stress conditions, plant growth can be improved by the rhizosphere microbial community via an increase in the root surface area and root production. We also enumerated various crop data to demonstrate the way PGPR are involved in managing the metabolic changes, EPS production, 1-aminocyclopropane-1-carboxylate deaminase activity, phytohormone production, antioxidant activities, ROS accumulation, siderophore production, and transcriptional response to drought stress.
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The myeloblastosis (MYB) proteins perform key functions in mediating cadmium (Cd) tolerance of plants. Ipomoea aquatica has strong adaptability to Cd Stress, while the roles of the I. aquatica MYB gene family with respect to Cd stress are still unclear. Here, we identified a total of 183 MYB genes in the I. aquatica genome (laMYB), which were classified into 66 1R-type IaMYB, 112 2R-type IaMYB, four 3R-type IaMYB, and one 4R-type IaMYB based on the number of the MYB repeat in each gene. The analysis of phylogenetic tree indicated that most of IaMYB genes are associated with the diverse biological processes including defense, development and metabolism. Analysis of sequence features showed that the IaMYB genes within identical subfamily have the similar patterns of the motif distributions and gene structures. Analysis of gene duplication events revealed that the dispersed duplication (DSD) and whole-genome duplication (WGD) modes play vital roles in the expansion of the IaMYB gene family. Expression profiling manifests that approximately 20% of IaMYB genes had significant role in the roots of I. aquatica under Cd stress. Promoter profiling implied that the differentially expressed genes might be induced by environmental factors or inherent hormones and thereby execute their function in Cd response. Remarkably, the 2R-type IaMYB157 with abundant light-responsive element G-box and ABA-responsive element ABRE in its promoter region exhibited very strong response to Cd stress. Taken together, our findings provide an important candidate IaMYB gene for further deciphering the molecular regulatory mechanism in plant with respect to Cd stress.

KEYWORDS
 cis-acting element, gene duplication mode, gene expression, heavy metal stress, transcription factor


Introduction

The increasing discharge of heavy metals into the ecosystems has created global environmental problems with the intensification of industrial and agricultural activities. Cadmium (Cd) is an ubiquitous heavy metal contaminant, which poses serious threats to the biosphere due to its long biological half-life, non-biodegradability, water solubility, and high mobility (Sarwar et al., 2010; Cirmi et al., 2021; Kumar et al., 2021). Cd restrains the normal functioning of plants by perturbing the physiological function of plasma membrane, reducing the bioactivity of enzymes, and causing the burst of intracellular reactive oxygen species (ROS) (Janicka-Russak et al., 2008; Singh et al., 2018; Guo et al., 2022). To better adapt to the Cd-contaminated circumstances, plants struggling with Cd have evolved sophisticated regulatory networks to mitigate Cd-induced deleterious effects.

Transcription factors (TFs) act as crucial regulators for plant Cd accumulation and tolerance, which execute their functions by switching “on” or “off” downstream gene expression. Several TFs that involved in plant response to Cd stress have been reported, including basic helix–loop–helix protein (bHLH) (Xu et al., 2017), dehydration-responsive element-binding protein (DREB) (Akbudak et al., 2018), metal-responsive element-binding transcription factor (MTF) (Sun et al., 2015), ethylene-responsive factor (ERF) (Tian et al., 2022) basic leucine Zipper (bZIP) (Lu et al., 2022), WRKY (Sheng et al., 2019), and MYB (Sapara et al., 2019).

Myeloblastosis (MYB) proteins comprise a superfamily of TFs in a broad range of species and perform versatile functions in diverse biological processes. As reported, the first member of the MYB gene family, an oncogene v-MYB, was discovered from the avian myeloblastosis virus more than 40 years ago (Lipsick and Wang, 1999). Subsequently, the proto-oncogene c-MYB, a cellular homolog of v-MYB gene, was identified (Lipsick, 2010). In 1987, the first MYB gene in plants was found in Zea mays (Paz-Ares et al., 1987). Since then, an increasing number of MYB genes in diverse plant species have been widely identified and studied. Structurally, MYB proteins are composed of a highly conserved DNA-binding domain (DBD) that is located at the N-terminus and a variable transcriptional regulation domain (TRD) that is located at the C-terminus. The imperfect repeat (R) sequences of 50–55 amino acid residues are a core component of the DBD within MYB proteins. Each R structure has evolutionarily conserved tryptophan residues (W) and interval sequences which was consisted of 18–19 variable amino acids, forming a helix-turn-helix (HTH) motif to participate in DNA binding. Based on the similarity to the Rs in c-MYB, the Rs of MYB in the plant were designated as R1, R2, and R3, respectively (Saikumar et al., 1990; Dubos et al., 2010). According to the arrangement of the Rs, MYB TFs in the plant can be subdivided into four distinct types, i.e., 1R-type MYB (R1/2/3-MYB), 2R-type MYB (R2R3-MYB), 3R-type MYB (R1R2R3-MYB), and 4R-type MYB (R1R2R2R1/2-MYB). Remarkably, the 2R-type MYB genes are specific to plants and are the richest MYB in most plant species, which underwent a rapid expansion during the evolutionary process and thereby greatly facilitated the evolution of MYB genes in plant realms (Ambawat et al., 2013; Jiang and Rao, 2020). Several studies demonstrated that MYB TFs perform key functions in plant tolerance to Cd stress. For instance, Cd-induced AtMYB49 can significantly increase Cd accumulation in Arabidopsis thaliana by directly or indirectly regulating the expression of heavy metal-associated isoprenylated plant proteins (HIPPs) and ABA-inhibited metal transporter iron-regulated transporter 1 (IRT1), which is also involved in a feedback mechanism to modulate Cd uptake in plants by interacting with the basic region/Leu zipper TF abscisic acid-insensitive 5 (ABI5; Zhang et al., 2019). Genome-wide identification of AtMYB genes and its expression profiling showed that approximately 20% of AtMYB genes were engaged in Cd response. The transcript abundance of a Boehmeria nivea BnMYB2 was highly enhanced by Cd stress. Further study confirmed that the overexpression of 35S:BnMYB2 can impart Cd tolerance to A. thaliana (Zhu et al., 2020). In general, these studies have deepened our knowledge to understand the molecular regulatory function of MYBs in plant response to Cd stress.

Ipomoea aquatica is one of the only two edible plants in the family Convolvulaceae, which is widely distributed in tropical and subtropical areas (Hao et al., 2021). The characteristic of the high capacity of Cd accumulation together with strong adaptability to Cd stress brought I. aquatica into focus for studying plant response to Cd stress (Wang et al., 2007; Shen et al., 2017). However, little is known about the MYB gene family in I. aquatica and its expression patterns in response to Cd stress due to a lack of genomic information. In our previous work, we constructed a high-quality chromosome-level genome assembly of I. aquatica (Hao et al., 2021), which provides excellent sequence resources for comprehensive analysis of the MYB gene family in I. aquatica. In the present study, we performed genome-wide identification of IaMYB genes by conducting the bioinformatic search of I. aquatica genome and analyzed their sequence features, gene duplication modes, selective pressure, expression patterns under Cd stress, and cis-acting elements. Remarkably, 2R-type IaMYB157 with abundant light-responsive element G-box and ABA-responsive element ABRE in its promoter region exhibited very strong response to Cd stress. Our findings provide an important candidate IaMYB gene for further deciphering the molecular regulatory mechanism in plant with respect to Cd stress.



Materials and methods


Identification of MYB genes in Ipomoea aquatica (IaMYBs)

A high-quality chromosome-level genome database of I. aquatica (BioProject: PRJCA002216) that we constructed in our previous work was used for the identification of IaMYBs. The MYB genes in A. thaliana (AtMYBs) were retrieved from TAIR1 and used for the phylogeny analysis in this study. The hidden Markov model (HMM) profile of the MYB protein domain (PF00249) was downloaded from the Pfam database.2 The IaMYB candidates were preliminarily identified using HMM search (E-value < 10−5) according to the previously published methods (Krogh et al., 2001). Subsequently, the putative IaMYBs were further confirmed by using the NCBI CD-search,3 SMART,4 and Pfam5 database.



Analysis of physicochemical parameters of IaMYB proteins

The ExPASy6 and TBtools were performed to analyze the physicochemical parameters of each IaMYB proteins, including the number of amino acids, molecular weight (MW), theoretical isoelectric point (pI), instability index, aliphatic index and grand average of hydropathicity (GRAVY). In addition, the PIant-mPLoc online program7 was employed to predict the subcellular localization of each IaMYB protein.



Analysis of phylogenetic relationships of MYB genes in Ipomoea aquatica and Arabidopsis thaliana

Multiple sequence alignments were carried out using ClustalW with default parameters, and then a neighbor-joining (NJ) method within MEGA-X (Kumar et al., 2018) was conducted to construct a phylogenetic tree. The reliability of the phylogenetic tree was tested by 1,000 bootstrap replications. The Evolview8 program was performed to further manipulate and annotate the phylogenetic tree (He et al., 2016).



Analysis of conserved motifs, gene structures, and chromosome distribution of IaMYBs

The MEME online tool9 was performed to analyze conserved motifs shared among IaMYB genes. The parameters of MEME were set as follows: the site distribution: Zero or one occurrence per sequence; the number of motifs = 10; the width of motifs = 50–53 residues. The WebLogo program10 was used to envision the sequence logo of R2 and R3 domains distributed in 2R-type IaMYB proteins. The TBtools software was employed to map exon-intron structures of IaMYBs based on CDS of each IaMYB gene and its corresponding genomic DNA sequences (Chen et al., 2020). Furthermore, The TBtools software was performed to visualize the information of genome-wide chromosomal density and the distribution of IaMYBs across all chromosomes of I. aquatica based on the genome annotation files. The genes distributed on scaffolds were excluded.



Analysis of syntenic relationships, gene duplication events, and Ka/Ks of MYBs

Syntenic relationships of MYB genes in interspecies (I. aquatica vs. Ipomoea batatas, I. aquatica vs. A. thaliana, and I. aquatica vs. Oryza sativa) and intraspecies were analyzed using TBtools software with default parameters. Gene duplication events of IaMYB duplicated gene pairs were detected by performing the DupGen_finder pipeline, which includes whole-genome duplication (WGD), tandem duplication (TD), proximal duplication (PD), transposed duplication (TRD), and dispersed duplication (DSD; Qiao et al., 2019). In addition, the Nei-Gojobori method within TBtools was used to calculate the non-synonymous substitution rates (Ka) and the synonymous substitution rates (Ks) of IaMYBs.



Analysis of cis-acting regulatory elements

Upstream sequences (2,000 bp) from the start codon of CDS of IaMYB genes were considered as promoter regions, which were extracted from the genome database of I. aquatica. Afterward, the cis-acting elements of those sequences were detected using the PlantCARE program.11



Sampling of plant materials

Seeds of I. aquatica were soaked in 55°C water for 20 min, and washed with tap water 3 times. Subsequently, the seeds were put on the blotting paper and moistened with tap water for germination. Germinated seeds were planted in Hoagland nutrient solution and cultivated for 25 days under the growth conditions of 16 h light (31°C) and 8 h darkness (26°C) with the replacement of fresh nutrient solution by every 3 days. The 25-day seedlings were divided into two groups: Control group (CK), the seedlings were cultivated in Hoagland nutrient solution; Cd-treated group, the seedlings were cultivated in Hoagland nutrient solution supplemented with CdCl2·2H2O to the final concentration of 5 mg/l Cd2+. The roots of seedlings from the control group and Cd-treated group were collected after 4-day treatment, which was immediately frozen in liquid nitrogen and stored at −80°C until use. Each treatment was independently replicated three times.



Transcriptome analysis of IaMYB genes

Based on the RNA-seq data (BioProject: PRJNA812778), the transcriptome analyses were carried out to evaluate the expression patterns of IaMYB genes under Cd treatment. In this section, we quantified the transcript abundances of IaMYB genes by calculating the value of FPKM (fragments per kilobase per million mapped reads) of each gene, and defined the differentially expressed genes (DEGs) by the criteria as follows: |log2FC| > 1, FDR < 0.05, and p-value < 0.05. The TBtools software was used to generate the gene expression heatmap based on the FPKM value of each gene.



Quantitative real-time PCR (qRT-PCR) analysis of randomly selected IaMYBs

Total RNA was extracted from the roots of seedlings in the CK and Cd-treated group by using RNAprep pure Plant Kit (Tiangen, China) according to the manufacturer’s protocol. The concentration, quality, and integrity of total RNA were evaluated on a NanoDrop 2000 (ThermoFisher, United states) and checked by using gel electrophoresis. The high-quality total RNA was used as a template to synthesize cDNA using the Reverse Transcription Kit (Tiangen, China). The specific primers used for quantitative real-time PCR (qRT-PCR) were designed by using Primer5 software (Supplementary Table S9). The total reaction volume of qRT-PCR was 20 μl, containing 10 μl of 2 × SYBR Green Master Mix (TaKaRa, China), 0.5 μl cDNA template, 0.5 μl of forward and reverse primers, and 8.5 μl PCR-grade water. The final results were analyzed by using the 2−ΔΔCt method. The GAPDH gene encoding the glyceraldehyde-3-phosphate dehydrogenase was used as an internal housekeeping gene. GraphPad Prism 8 was used to produce the final figures. Each experiment was independently replicated three times.




Results


Identification and characterization of IaMYB genes

To identify the member of IaMYB TFs, we used PF00249 as seed sequence to conduct the bioinformatic search of I. aquatica genome database. After removing the redundant sequences based on E value and protein structure, a total of 183 IaMYB genes were confirmed, which were renamed as IaMYB1-IaMYB183 based on the order of their distribution on chromosomes and scaffolds (Supplementary Table S1). According to the arrangement of imperfect repeats (Rs), 183 IaMYB genes were classified into distinct four types, namely 1R-type IaMYB, 2R-type IaMYB, 3R-type IaMYB, and 4R-type IaMYB, respectively. As shown in Figure 1A, the number of MYB gene within each type of MYB in I. aquatica was consistent with that in A. thaliana. The 2R-type IaMYB had the largest number of genes with 61.2% (112/183) of the total IaMYB genes, while the 4R-type IaMYB had the lowest number with only one gene. In addition, the 1R-type IaMYB and 3R-type IaMYB had 66 and 4 genes, respectively. Besides, as shown in Figure 1B and Supplementary Table S2, the number of amino acids of IaMYB proteins ranged from 88 (IaMYB23) to 1,106 (IaMYB103), and their molecular weight (MW) varied from 10.11 kDa to 123.94 kDa. The value of the theoretical isoelectric point (pI) is a vital parameter for protein purification, which varied from 4.68 (IaMYB56) to 12.06 (IaMYB19). The instability index of 12 out of 183 IaMYB proteins were lower than 40, while the rest were larger than 40. There are 57 of 183 IaMYB TFs have a value of aliphatic index (Ai) greater than 71. IaMYB5 had the highest Ai with 88.43, while IaMYB24 had the lowest Ai with 45.38. The analysis of the grand average of hydropathicity (GRAVY) showed that all IaMYB proteins had negative hydrophobicity. The prediction of subcellular localization showed that all IaMYB proteins localized in the nucleus.
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FIGURE 1
 Identification of IaMYB genes. (A) The number of MYB gene in Ipomoea aquatica and Arabidopsis thaliana. The MYB genes were classified into four types accordding to the arrangement of MYB repeat in each gene, namely 1R-type MYB, 2R-type MYB, 3R-type MYB, and 4R-type MYB (Dubos et al., 2010). (B) The physicochemical properties of IaMYB proteins.


To illustrate the genomic distribution of the IaMYB genes, their location on each chromosome were marked based on their physical positions. As shown in Figure 2A, 158 of 183 IaMYB genes were mapped across 15 chromosomes (Chr1 to Chr15), while the rest were traced on the scaffolds (Supplementary Table S1). The rank of chromosomes with different number of IaMYB genes were as follows: Chr 1 (containing 24 IaMYBs) > Chr 14 (containing 22 IaMYBs) > Chr 6 (containing 17 IaMYBs) > Chr 10 (containing 12 IaMYBs) = Chr 3 (containing 12 IaMYBs) > Chr 8 (containing 11 IaMYBs) > Chr 12 (containing 9 IaMYBs) > Chr 7 (containing 8 IaMYBs) = Chr 9 (containing 8 IaMYBs) > Chr 13 (containing 7 IaMYBs) = Chr 2 (containing 7 IaMYBs) > Chr 11 (containing 6 IaMYBs) = Chr 4 (containing 6 IaMYBs) > Chr 15 (containing 5 IaMYBs) > Chr 5 (containing 4 IaMYBs).

[image: Figure 2]

FIGURE 2
 Analysis of IaMYB genes at the chromosome level. (A) Chromosome distribution of IaMYB genes and their collinear duplications in I. aquatica genome. The outer circle with different colors show 15 chromosomes of I. aquatica; the inner circle shows the gene density of each chromosome. (B–D) Synteny analysis of IaMYB genes between I. batatas, A. thaliana, and O. sativa genomes, respectively. The gray line linked with each chromosome show all collinear gene pairs between I. aquatica and other plant genomes, while the red line show the collinear gene pairs with respect to IaMYB genes. Please refer to the Supplementary Table S3 for the detailed information of each gene pairs.


To uncover the distribution of IaMYB collinear duplications on each chromosome, synteny analyses were performed. The results showed that a total of 77 IaMYB collinear duplications were identified in the genome of I. aquatica. Of these, 61 IaMYB gene pairs were distributed on almost all chromosomes except for Chr 5, while the rest were spread on the scaffolds (Figure 2A). To provide more insights into the potential evolutionary process of IaMYB genes, the synteny relationships of IaMYB genes with three representative species were investigated at the whole-genome levels, including dicot I. batatas (belongs to the family Convolvulaceae), dicot A. thaliana (belongs to the family Brassicaceae), and monocot O. sativa (belongs to the family Poaceae) (Supplementary Table S3). The largest number of IaMYB homologous gene pairs were detected between I. aquatica and I. batatas (255; Figure 2B), followed by I. aquatica and A. thaliana (187; Figure 2C). While, only 39 IaMYB homologous gene pairs were found between I. aquatica and O. sativa (Figure 2D).



Phylogenetic tree analysis of MYB proteins in Ipomoea aquatica and Arabidopsis thaliana

To predict the possible function of the IaMYB proteins, we constructed a phylogenetic tree using amino acid sequences of MYB proteins in I. aquatica and A. thaliana. As shown in Figure 3A, the phylogenetic tree contained the 117 IaMYB proteins (including 112 2R-type IaMYBs, four 3R-type IaMYBs, and one 4R-type IaMYB) and the 131 AtMYB proteins (including 125 2R-type AtMYB, five 3R-type AtMYBs, and one 4R-type AtMYB). According to the topology of the phylogenetic tree together with the classification of the AtMYB proteins, 117 IaMYBs were subdivided into 23 subgroups (G1–G23). The total number of MYB protein in different subgroups varied to some extent (Figure 3B). The subgroup G1 had the largest number of IaMYB proteins with 21, while the subgroup G3, G4, G13 and G21 had the lowest number with only one IaMYB proteins (Figure 3C). Except for the IaMYB proteins in the subgroup G2, G3 and G15, all the IaMYB proteins in the different subgroups were well matched with the functional defined AtMYB subgroups that associated with four major function including defense, development, metabolism and differentiation (Supplementary Table S4). For example, the AtMYBs in the subgroup S14 were defined as development-related proteins, which were clustered together with the IaMYBs in subgroup G1. The AtMYBs in the subgroup S2 related to defense responses, which were grouped together with the IaMYBs in the subgroup G5. The AtMYB in the subgroup S7 gathered with the IaMYB in the subgroup G9, which was defined as metabolism that mainly involved in phenylpropanoid pathway and flavanol biosynthesis. The four 3R-type IaMYB proteins (IaMYB39, IaMYB40, IaMYB92, and IaMYB120) and the five 3R-type AtMYB proteins were gathered in the subgroup G22. Intriguingly, the phylogenetic distance between the four 3R-type MYB proteins and the development-associated AtMYB proteins in the subgroup S25 was close. The 4R-type MYB protein from I. aquatica and A. thaliana were clustered in the same clade within subgroup G23. Besides, the ten AtMYB proteins were not clustered with any IaMYB proteins.
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FIGURE 3
 Phylogenetic relationships of MYB proteins in I. aquatica and A. thaliana. (A) The phylogenetic tree contains the 117 IaMYB proteins (including 112 2R-type IaMYB, 4 3R-type IaMYB, and one 4R-type IaMYB) and the 131 AtMYB proteins (including 125 2R-type AtMYB, five 3R-type AtMYBs, and one 4R-type AtMYB). (B) The number distribution of MYB proteins in each subgroup. (C) The number distribution of IaMYB proteins in each subgroup. The function of the AtMYB proteins in each subgroup were consistent with previous report in A. thaliana (Dubos et al., 2010). The green circles represent the IaMYB proteins. The red stars represent the AtMYB proteins. The red letters show the 3R-type MYB in I. aquatica and A. thaliana. The blue letters show the 4R-type MYB in I. aquatica and A. thaliana. The green, yellow and gray quadrangle represents the bootstrap value ranged from 80 to 100, 40 to 80, and 0 to 40, respectively.




The sequence features of the R2 and R3 MYB repeat

To clarify the sequence features of the R2 and R3 MYB repeats, we performed multiple sequence alignment using amino acid sequences of 112 2R-type IaMYB proteins. As shown in Figure 4A, the primary structure of the R2 MYB repeat was expressed as [–W–(X19)–W–(X19)–W–], where the W represents the highly conserved tryptophan residues (located on position 6, 26 and 46) and the X19 represents 19 regular interval sequences. In addition, some other highly conserved amino acids with frequency greater than 90% were detected at the different position of the R2 MYB repeat, such as G (position 4, 22 and 39), E (position 10), D (position 11), L (position 14, 44 and 50), R (position 37, 43 and 45), K (position 40), S (position 41), C (position 42), N (position 48), and P (position 52). As shown in Figure 4B, the primary structure of the R3 MYB repeat was expressed as [–F–(X18)–W–(X18)–W–], which contained one relatively conserved phenylalanine (position 54) and two highly conserved W (position 78 and 97) intercalated within 18 regular interval sequences. Furthermore, the results showed that some other amino acids appeared in the R3 MYB repeat with frequency higher than 90%, including E (position 63), G (position 75 and 87), I (position 81), A (position 82), R (position 88), T (position 89), D (position 90), N (position 91 and 95), and K (position 94).
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FIGURE 4
 The sequence characteristics of the R2 and R3 MYB repeats. (A) The sequence logo of the R2 MYB repeat and (B) the R3 MYB repeat. The letters within each stack represent different amino acids and their height indicates the relative frequency of each amino acid at the respective position. The percentage on the histograms show the frequency of the highest conserved amino acid within each stack. The red stars indicate the conserved the highly conserved tryptophan (W) or the relatively conserved phenylalanine (F). The arrows indicate the highly conserved amino acids with frequency greater than 90%.




Conserved motifs, and exon-intron structures of IaMYB genes

To investigate the sequence characteristics of the IaMYB TFs, their conserved motifs were analyzed by using MEME program. As a result, a total of ten conserved motifs (Motif 1–10) were detected in 117 IaMYB proteins (including 112 2R-type IaMYBs, four 3R-type IaMYBs, and one 4R-type IaMYBs). As shown in Figure 5A,B, IaMYB proteins in the same subgroup had similar motifs. The Motif 1 and Motif 2 were detected as the most common motif appeared in the IaMYB proteins. The Motif 8 and Motif 9 were specific to 3R-type IaMYBs in the subgroup G22. The Motif 4 only presented in the 3R- and 4R-type IaMYB proteins. The Motif 6 was only detected in the subgroup G20. The analysis of exon-intron structures showed that the number distribution of intron in the 117 IaMYB genes varied from 0 to 11 (Figure 5C and Supplementary Table S1). More than 67% of IaMYB genes had 2 introns and 3 exons. The 3R-type IaMYB92 in the subgroup G22 and the IaMYB154 in the subgroup G23 had the largest number of introns with 11, while the six IaMYB genes in the subgroup G20 (IaMYB25, IaMYB58, IaMYB59, IaMYB67, IaMYB73, and IaMYB162) were not disrupted by an intron, which were clustered with the defense responsive AtMYB proteins in the subgroup S22.
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FIGURE 5
 The phylogenetic tree, conserved motif, and exon-intron structures of the IaMYB genes. (A) The phylogenetic tree of the 117 IaMYB proteins (including 112 2R-type IaMYBs, four 3R-type IaMYBs, and one 4R-type IaMYB). (B) The conserved motif of the 117 IaMYB proteins. The rectangles with different colors represent the Motif 1–10; the black solid line represents non-conserved regions; the bar scale shows the length of the amino acids. (C) The exon-intron structures of the 117 IaMYB genes. The green ellipses represent the exons; the orange ellipses represent an untranslated region (UTR); the black solid lines among the ellipse represent the introns; the bar scale shows the length of the gene.




Analysis of gene duplication events of IaMYB genes

To understand the primary driven-force in the evolutionary process of IaMYB genes, the five gene duplication events (i.e., WGD, TD, PD, TRD, and DSD) were analyzed by the Dup Gen finder pipeline (Supplementary Table S5). As shown in Figure 6A, the number distribution of the duplicated genes in the five duplication modes varied greatly. The DSD mode had the largest number of duplicated genes with 139, followed by the WGD mode with 77. In addition, 35 duplicated genes were found in the TRD mode, and 5 duplicated genes were detected in the TD mode. The PD mode had the lowest number of IaMYB duplicated gene pairs with only two. The analysis of chromosome distribution showed that the duplicated genes of each gene duplication mode were unevenly spread on the different chromosomes (Figure 6B).
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FIGURE 6
 Gene duplication events of IaMYB genes. (A) The number distribution of the duplicated genes in the five duplication events. (B) Chromosome distribution of the duplicated genes in each event. The blue line, green line, purple line, yellow line, and red line linked with each chromosome show the duplicated genes originated from DSD, PD, TD, TRD, and WGD, respectively. (C–E) The Ka, Ks, and Ka/Ks distribution of the duplicated genes in the five duplication events.


To disclose the direction of evolution, we calculated the value of Ka (non-synonymous substitution rate), Ks (synonymous substitution rate) and Ka/Ks of IaMYB duplicated genes originated from the five duplication events. The results showed that the different modes of duplicated genes presented divergent Ka, Ks, and Ka/Ks distributions (Supplementary Table S5). Overall, the Ka values ranged from 0.035 to 0.86, and the Ks values varied from 0.053 to 4.74. The PD event had the highest median Ka value (0.536), followed by DSD (0.458), TRD (0.456), WGD (0.278), and TD (0.168) (Figure 6C). The rank of the median Ks values were as follows: TRD (2.237) > DSD (2.216) > WGD (1.321) > TD (0.252) (Figure 6D). As shown in Figure 6E, the Ka/Ks ratio of all the IaMYB gene pairs were lower than 1, indicating purifying selection played a vital role in the evolutionary process of IaMYB gene family.



Expression patterns of IaMYB genes in the root under Cd treatment

To illustrate the expression patterns of IaMYB genes in response to Cd stress, we quantified the transcript abundances of IaMYB genes by calculating the value of FPKM (fragments per kilobase per million mapped reads) of each gene based on the RNA-seq data (Supplementary Table S6). As shown in Figure 7A, a total of 36 differentially expressed genes (DEGs) were identified. Of these, more than 70% (26/36) of DEGs belonged to the 2R-type IaMYB. Moreover, 19 DEGs (including the seventeen 2R-type IaMYBs and two 1R-type IaMYBs) were up-regulated in the Cd-treated root, while 17 DEGs (including the nine 2R-type IaMYBs and eight 1R-type IaMYBs) were enhanced in the root of control group. According to the phylogenetic tree analysis, we found that most of DEGs were associated with defense (including drought, salt, hormone-mediated, light, wounding, and pathogen response), metabolism (including phenylpropanoid pathway, lignin biosynthesis), and development (including axillary meristem regulation, Lateral organ formation, and hypocotyl elongation) (Supplementary Table S7). The transcript abundances of four DEGs (IaMYB47, IaMYB86, IaMYB142, and IaMYB147) in the roots of the Cd-treated group were 5-fold higher than that of the control group, while five DEGs (IaMYB7, IaMYB110, IaMYB121, IaMYB173, and IaMYB176) were down-regulated more than five times in the root under Cd treatment.
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FIGURE 7
 The expression patterns of the 36 DEGs. (A) Heatmap showing expression patterns of the 36 DEGs. (B) The expression of the 12 randomly selected DEGs validated by qRT-PCR. The CK represents the root samples in the control group, whereas the Cd represents the root samples in the Cd-treated group. Left Y-axis and black histograms indicate the relative expression levels quantified by qRT-PCR. The right Y-axis and red lines indicate FPKM values obtained by RNA-seq. The statistical analysis was performed using the student’s t-test. Data shows mean ± SD of three replicates (ns: no significance, *p < 0.05, **p < 0.01, and ***p < 0.01).


To verify the accuracy and reliability of RNA-seq data, we randomly selected 12 DEGs for the relative quantification by using qRT-PCR. As shown in Figure 7B, the variation trend of FPKM obtained by RNA-seq datasets were consistent with the relative quantity of qRT-PCR, suggesting the RNA-seq data were accurate and reliable. Remarkably, according to the RNA-seq results together with the qRT-PCR analysis, we found that 2R-type IaMYB157 was dramatically enhanced in the roots under Cd stress.



Analysis of cis-acting regulatory elements of DEGs

To explore the potential regulatory factors of 36 DEGs, the cis-acting regulatory elements of their promoter regions were analyzed by using Plant CARE online program. As shown in Figure 8 and Supplementary Table S8, a total of 43 types of cis-acting elements were found in 36 DEGs, which were classified into four major categories, including light-responsive elements, phytohormone-responsive elements, stress-responsive elements, and plant growth and development-related elements. Of these, the light-responsive elements are prevalent with 22 types (including Box-4, TCT-motif, and GT1-motif), followed by the phytohormone-responsive elements with 11 types (including the abscisic acid-responsive elements such as ABRE; the methyl jasmonic acid-responsive elements such as CGTCA-motif and TGACG-motif; the zeatin-responsive elements such as O2-site; the auxin-responsive elements such as AuxRR-core; the salicylic acid-responsive element such as TCA element; the gibberellin-responsive element such as P-box, TATC-box and GARE-motif; the other phytohormone-related element such as AT-rich and SARE), the stress-responsive elements with 7 types (including the anaerobic responsive elements such as ARE; the drought-responsive element such as MBS; the cold-responsive elements such as LTR; the wound-responsive element such as WUN-motif). While, only two types of the plant growth and development-related elements were detected, namely CAT-box and circadian. Moreover, IaMYB9 had the largest number of light-responsive elements and phytohormone responsive elements, and IaMYB72 had the most stress-responsive elements. IaMYB53 and IaMYB90 had the most plant growth and development-related elements. Remarkably, the 2R-type IaMYB157 varied greatly under Cd stress, which harbored the abundant light-responsive element G-box and ABA-responsive element ABRE.
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FIGURE 8
 Cis-acting elements in the promoter region of the 36 DEGs. The histograms show the total number of the corresponding cis-acting elements in the promoter region of each DEG, whereas the orange dots show the total number of the DEGs containing the corresponding cis-acting elements. The heatmap was generated based on the number of the corresponding cis-acting elements in the promoter region of each DEG.





Discussion

Myeloblastosis TFs are also known as trans-acting elements, which play a crucial role in regulating plant growth and development, biotic and abiotic stress tolerance, and biosynthesis of secondary metabolites. The release of a great deal of plant genome data provides important sequence resources for the genome-wide identification of the MYB genes family in plants. At present, the different numbers of MYB genes have been validated in several plant species with various genome sizes, including A. thaliana (MYB genes: 197; genome size: 125 Mb) (Stracke et al., 2001; Chen et al., 2006), O. sativa (MYB genes: 155; genome size: 466 Mb) (Katiyar et al., 2012) Solanum lycopersicum (MYB genes: 127; genome size: 828.349 Mb) (Li et al., 2016), Solanum tuberosum (MYB genes: 217; genome size: 840 Mb) (Li et al., 2021) Morella rubra (MYB genes: 174; genome size: 313 Mb) (Cao et al., 2021), and Pyrus bretschneideri (MYB genes: 129; genome size: 512 Mb) (Cao et al., 2016). In this study, a total of 183 MYB genes in 550.05 Mb genome of I. aquatica were identified. These results indicated that the number of MYB genes in different plant species were divergent, which were not proportional to the genome size of plant species.

Generally, MYB TFs were classified into four different types namely 1R-type MYB, 2R-type MYB, 3R-type MYB, and 4R-type MYB based on the arrangement of 1–4 incomplete repeats in their DBDs [18]. Among these, the 2R-type MYB genes are predominant in plants, which are probably derived from an ancestral 3R-type MYB gene through loss of the imperfect MYB repeat R1 (Jiang et al., 2004; Katiyar et al., 2012). In conformity with these findings, the 2R-type IaMYB contained the highest number of IaMYB genes, with 61.2% (112/183) of the total MYB genes in I. aquatica. The 4R-type MYB gene is also known as “Atypical MYB gene,” which was detected in diverse plant species. For instance, one 4R-type MYB genes in A. thaliana (Katiyar et al., 2012), two in Gossypium hirsutum (Salih et al., 2016), and four in Brassica rapa (Saha et al., 2016). However, there was no 4R-type MYB gene detected in some plants, including rice (Katiyar et al., 2012), sesame (Mmadi et al., 2017), and pepper (Arce-Rodriguez et al., 2021). In contrast to the 2R-type IaMYBs, the 4R-type IaMYBs constitute the smallest subfamily of MYB TF superfamily in I. aquatica, which contained only one gene. In addition, a MYB gene with five Rs was identified in Arabidopsis (Katiyar et al., 2012) and pepper (Arce-Rodriguez et al., 2021). While, we did not detect any 5R-type MYB gene in I. aquatica. The MYB gene containing only one MYB repeat or two separated MYB repeats are defined as MYB-related gene or 1R-type MYB (Jiang et al., 2004; Islam et al., 2021). 1R-type IaMYB constituted the second largest subfamily of MYB TF superfamily in I. aquatica. This finding is inconsistent with previous reports in sesame and chickpea where the 1R-type MYB was the largest subfamily of MYB genes family (Ramalingam et al., 2015; Mmadi et al., 2017). Additionally, some plants have more 3R-type MYB genes, while some plants have fewer (Qing et al., 2019). Overall, these findings indicate that the expansion level of different type of MYB genes varied in diverse plant species, which may be related to their distinct evolutionary strategies. The versatile functions of most MYB TFs can be comprehensively predicted by performing systematic evolutionary analysis (Wang et al., 2021b). Here, the evolutionary analysis is consistent with the previous report on A. thaliana. Most of IaMYB proteins were clustered together with well-defined AtMYB proteins, providing an excellent reference to predict the biological functions of IaMYB genes. Whereas, ten AtMYB proteins did not fit into any subgroups of IaMYB proteins, indicating the proteins with similar function might be lost in the genome of I. aquatica during its evolutionary process.

The analysis of physicochemical properties are helpful for deciphering the functional properties of proteins. The theoretical isoelectric point (pI) of a protein refers to the pH value at which the total charge carried by the protein is zero, which is a vital parameter for protein purification. Here, we found that pI values of IaMYB proteins were similar to those of MYB proteins in previous reports, suggesting the acidic (pI > 7.0) or basic (pI < 7.0) nature of IaMYBs (Halligan, 2009; Mohanta et al., 2019; Qing et al., 2019). The aliphatic index (Ai) reflects the thermostability of proteins. The protein with Ai value greater than 71 is considered thermostable (Hoda et al., 2021). Here, we found that 57 of 183 IaMYB TFs have a value of Ai greater than 71, indicating a thermostable nature of those IaMYBs. The instability index (Ii) reflects the stability of protein, and protein with Ii value less than 40 is considered stable. Consistent with previous reports, most of IaMYBs (171/183) were considered unstable (Li et al., 2022). The grand average of hydropathicity (GRAVY) reflects the hydrophobic or hydrophilic character of proteins. Proteins are referred to as hydrophobic if their GRAVY value is greater than zero, while hydrophilic if it is less than zero. In this study, we found that all IaMYB proteins had negative GRAVY values, suggesting those protein are soluble, an important nature that is necessary for TFs (Katiyar et al., 2012). As TFs, MYB proteins are mostly localized in the nucleus, where they play a crucial role in regulating downstream gene expression. Nevertheless, some MYB proteins were localized in the cytoplasm, mitochondria, or endoplasmic reticulum, and their roles in these organelles need to be further elucidated (Avila et al., 1993; Zhang et al., 2021; Sabir et al., 2022). Our results showed that all IaMYB proteins were localized in the nucleus. These findings implied that the MYB genes may performs their versatile functions in different organelles of plants. As mentioned above (Figure 4), IaMYB genes in the identical subgroup generally possessed similar motif compositions, which may share a similar function (Wang et al., 2021a). Remarkably, some IaMYB genes contained specific motif, suggesting these motifs may impart specific biological functions to those IaMYB genes. Understanding the exon-intron organizations within gene families allows us to obtain more clues about their evolutionary trajectory. Although the gene structures of each subgroup exist differences, most of IaMYB genes clustered together share similar exon-intron structural patterns, implying pivotal roles of these features in their evolutionary process and functional divergence. As reported, the Trp residues within MYB DBDs play a key role in DNA-binding specificity (Zhang et al., 2021). Here, we found that evolutionarily conserved Trp residues are regularly distributed between variable interval sequences within R2 and R3 MYB repeats of the 2R-type IaMYB, which is in line with previous studies. Noteworthy, the first Trp residue within R3 repeat was replaced by other amino acids, which may affect the sequence-specific binding of the MYB TFs.

The gene duplication events are the driving force for the expansion of gene families (Wang et al., 2012). Our results demonstrated that the DSD and WGD modes play key roles in the expansion of IaMYB gene families, which is similar to previous reports in different plants (Cannon et al., 2004; Liu et al., 2014; Sun et al., 2019). Furthermore, the analysis of Ka/Ks ratio showed that IaMYB duplicated gene pairs endured purifying selection, suggesting highly conserved evolution of IaMYB genes. The analysis of syntenic relationships between IaMYBs and three representative plant species including I. batatas (belongs to the family Convolvulaceae, dicot), A. thaliana (belongs to the family Brassicaceae, dicot), and O. sativa (belongs to the family Poaceae, monocot) confirmed that the same type of angiosperms from the identical family have closer evolutionary distance.

Heavy metal contamination has become a critical environmental problem. The accumulation of heavy metals in plants not only hampers plant yield and productivity, but threatens human health throughout the food chain (Alam et al., 2022). Cd is one of the most toxic heavy metal contaminants due to its long biological half-life and non-biodegradability (Cirmi et al., 2021; Altaf et al., 2022). Previous studies revealed that MYB proteins play a vital role in plant response to heavy metal stress. For instance, R2R3 AtMYB49 can directly or indirectly regulate the expression of HIPP and IRT1 proteins to enhance plant Cd accumulation, which also participate in ABA-mediated repression of Cd accumulation in plants by interacting with ABI5 (Zhang et al., 2019). The BnMYB2 gene from Boehmeria niveaw was greatly enhanced by Cd treatment, which has been further demonstrated to improve plant Cd tolerance (Zhu et al., 2020). The gene encoding the heavy metal transporter (natural resistance associated macrophage protein, NRAMP) harbors MYB binding sites in their promoter region, indicating MYB TF may modulate its expression and thereby affecting heavy metal uptake and transportation in plants (Tian et al., 2021). Like in Arabidopsis, approximately 20% (36/183) of IaMYB genes were dramatically changed when the I. aquatica seedlings were subjected to Cd treatment (Chen et al., 2006). Of these, more than 70% (26/36) of significantly altered genes belonged to the 2R-type IaMYBs, inferring their significant effect on plant response to Cd stress. Analysis of cis-acting elements within the promoter region of the gene helps us to better understand the plant stress response. Studies showed that the light-responsive element G-box had the role of stress-responsive element, and the ABA-responsive element ABRE act as an important regulator of ABA-mediated stress response in plants (Abdullah-Zawawi et al., 2021). Here, we found that the 2R-type IaMYB157 with abundant G-box and ABRE elements in its promoter region exhibited very strong response to Cd stress, indicating the possible function of IaMYB157 in plant response to Cd stress.



Conclusion

In conclusion, 183 MYB genes in I. aquatica were identified at whole-genome level, which were classified into four types (including 66 1R-type MYB, 112 2R-type MYB, four 3R-type MYB, and one 4R-type MYB) and categorized into 23 subfamilies (G1-G23). Bioinformatics analysis was conducted including chromosome distribution, syntenic relationship, sequence features, gene duplication events, and selection pressure. Furthermore, RNA-seq and qRT-PCR results demonstrated that approximately 20% of IaMYB genes had a significant role in I. aquatica roots under Cd stress. Remarkably, the 2R-type IaMYB157 with abundant light-responsive element G-box and ABA-responsive element ABRE in its promoter region exhibited very strong response to Cd stress. Our findings provide an important candidate IaMYB gene for further deciphering the molecular regulatory mechanism in plant with respect to Cd stress.
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A pervasive melatonin (N-acetyl-5-methoxytryptamine) reveals a crucial role in stress tolerance and plant development. Melatonin (MT) is a unique molecule with multiple phenotypic expressions and numerous actions within the plants. It has been extensively studied in crop plants under different abiotic stresses such as drought, salinity, heat, cold, and heavy metals. Mainly, MT role is appraised as an antioxidant molecule that deals with oxidative stress by scavenging reactive oxygen species (ROS) and modulating stress related genes. It improves the contents of different antioxidant enzyme activities and thus, regulates the redox hemostasis in crop plants. In this comprehensive review, regulatory effects of melatonin in plants as melatonin biosynthesis, signaling pathway, modulation of stress related genes and physiological role of melatonin under different heavy metal stress have been reviewed in detail. Further, this review has discussed how MT regulates different genes/enzymes to mediate defense responses and overviewed the context of transcriptomics and phenomics followed by the metabolomics pathways in crop plants.

KEYWORDS
 signaling molecule, sRNAs analysis, transcriptomics, genetic modification, ionomics


Introduction

Heavy metals (HMs) stress has emerged as a major problem in a variety of terrestrial habitats around the globe. Due to heavy metals, widespread industrialization negatively influences the crop and soil productivity (Shahid et al., 2015). Metals presence in the soil disturbed the texture of soil, pH, reduces plant growth directly and/or indirectly by interfering with various molecular and physiological activities in crop plants (Hassan et al., 2017; Wang et al., 2019). Metals like Fe, Mn, Cu, Ni, Co, Cd, Zn, Hg, and As have been accumulating in soils for a long time as a result of anthropogenic activities like the waste of different industries, application of fertilizer, sewage disposal and smelting (Zhang and Wang, 2020). Metals are leached into groundwater or accumulated on the soil surface because of these activities (Dağhan and Ozturk, 2015; Hakeem et al., 2015; Basheer, 2018). Toxic metals cannot be removed from the atmosphere by natural processes; so, these metals are non-biodegradable. Some are static, unable to leave the area where they have gathered, while others are mobile and easily absorbed by plant roots (Ali et al., 2015b, 2018; Dehghani et al., 2016; Burakova et al., 2018).

Bioactive metals are classified into two classes based on their physicochemical properties: redox metals such as Mn, Cu, Fe, and Cr, and non-redox metals such as Zn, Cd, Al, Ni, and Hg (Jozefczak et al., 2012). By undergoing Haber-Weiss and Fenton reactions, redox metals can directly cause oxidative injury in plants, breakage of DNA strands, destruction of cell homeostasis, defragmentation of protein, photosynthetic pigment damage and, damage of cell membrane which can lead to death of cell (Flora, 2009). Non-redox active metals, on the other hand, trigger oxidative stress indirectly through a variety of mechanisms, including glutathione depletion, protein sulfhydryl group binding (Jozefczak et al., 2012), antioxidative enzymes inhibition, and induction of ROS-producing enzymes such as NADPH oxidases (Bielen et al., 2013). Plants use a variety of mechanisms to protect themselves from different sources of metals by developing tolerance. The cutting edge “omic tools” are an excellent model for understanding plants molecular mechanism of tolerance/susceptibility under the impact of various stresses, especially under HMs (Wang et al., 2020). Omic approaches used for HMs stress mainly include transcriptomics, proteomics, metabolomics and ionomics (Liu et al., 2020). Another mechanism is exclusive, meaning plants are only enabled when a certain level of metal toxicity is present. All responses fall into two categories: avoidance or tolerance (Krzesłowska, 2011; Shahid et al., 2015). Metabolomics, proteomics, and transcriptomics are common omics approaches used to interpret regulatory networks involved in responding to HMs tolerance in plants (Singh et al., 2016). The above-mentioned omics approaches, when combined with various functional genomic approaches, help to produce such verities which have the ability to tolerate against various abiotic stress conditions (Mosa et al., 2017). Plant growth regulators are chemical substances that control all aspects of plant production and growth (Ali et al., 2013a, 2013b). Several different plant growth-promoting rhizobacteria (PGPRs) have been used in the past to try to achieve efficient plant growth under abiotic stress (Ali et al., 2013a, 2013c).

Plant hormones (phytohormones) work as a messenger which can be either natural or synthetic chemicals, that control growth and development in response to environmental cues and are much effective even at very low absorptions (Rubio et al., 2009). Phytohormones work in various forms and activate various processes, including cell division (cytokinins) and cell development (auxins). Interestingly, plants have evolved several signaling pathways to overcome various stresses. One of them is mitogen-activated protein kinase (MAPK) synthesis (Arnao and Hernández-Ruiz, 2015, 2020). MAPK production regulates several critical stress-related hormones, genes, and chemicals that ultimately defend plants to survive against abiotic stresses (Arnao and Hernández-Ruiz, 2015). Plant hormones have been shown to promote the growth of non-plant microorganisms such as bacteria and fungi in many studies (Chatterjee et al., 2008; Levy et al., 2018; Kunkel and Johnson, 2021). They significantly affect on different physiological processes such as plant growth, development, and movement. Despite extensive research on the topic, no major breakthroughs have been made until now. The most well-known and essential phytohormones are melatonin, indole-3-acetic acid, gibberellic acid, kinetin, 1-triacontanol and abscisic acid.

Melatonin (MT, N-acetyl-5-methoxytryptamine) is a multi-regulatory chemical involved in seed germination, root growth, fruit ripening, senescence, yield, circadian rhythm, and stress response. Practically, it is found in all plant species (Hernández et al., 2015; Sun et al., 2015; Hardeland, 2016) and it is known as growth promoter and rooting agent (Chen et al., 2009a; Sarrou et al., 2014; Zhang et al., 2021). It plays a significant role in plant stress defense in addition to its role in plant growth. Plants can be exposed to stressful environmental conditions regularly. Plant species high in MT have been shown to have a higher stress tolerance ability. Exogenous therapy or ectopic overexpression of MT biosynthesis genes may also improve tolerance to a range of stressors, such as high temperatures, dehydration, salinity, radiation, and chemical challenges, all of which can produce the reactive oxygen species (Zhang et al., 2015). In this review, we have tried to compile all the knowledge about melatonin regulatory effects in plants and physiological functions of MT under different heavy metal stresses. Keeping in mind the importance of MT and its role in alleviating heavy metal stress in plants, recent knowledge about how MT regulates different genes/enzymes in response to abiotic stress, as well as the transcriptomics and phenomics background of MT in crop plants under stressful conditions, is presented in a trendy manner.



Role of phytomelatonin in plants: An overview

Melatonin is a low molecular weight indole molecule found in all kingdoms of life, from prokaryotes to eukaryotes, from animals to plants (Arnao and Hernández-Ruiz, 2014). It was first discovered as an essential animal hormone involved in antioxidant acts, reproduction, circadian cycles, and innate immunity, among other biological processes (Shi et al., 2015). Since, the discovery of MT in Japanese morning glory (Pharbitis nil) in 1993, much progress has been made in understanding the function of melatonin in plants (Sun et al., 2021). Different studies have indicated that melatonin has unique physiological properties in plants, such as growth promotion and rhizogenesis induction, functioning similarly to indolyl-3-acetic acid (IAA) and auxin (Arnao and Hernández-Ruiz, 2014). Melatonin protects plants from abiotic stimuli such as HMs, UV radiation, salt, drought, and ambient temperature and contributes to the aging of leaves (Reiter et al., 2015). Melatonin is thought to have a primary role in plants as it operates as the first line of defense against internal and external oxidative stress by scavenging the ROS (Park et al., 2013; Arnao and Hernández-Ruiz, 2015; Altaf et al., 2021a). The nitrogen in the phytomelatonin molecule’s carbonyl group triggers the development of a new five-membered ring after it interacts with ROS (Kaur et al., 2015). Further, it enhances plant resilience to environmental challenges such drought, salt, cold, and oxidative stress, as well as delaying leaf senescence, whether exogenously administered or endogenously created (Arnao and Hernández-Ruiz, 2014; Zhang et al., 2014). It has also been considered as a broad-spectrum antioxidant and an endogenous free radical scavenger. It eliminates a variety of free radicals and ROS, such as nitric oxide (NO), peroxynitrite anion (NO3−), hydroxyl radical (OH−), and singlet oxygen (O2−). One of the most attractive features of this molecule, which sets it apart from most antioxidants, is its metabolites can also scavenge ROS and nitrogen species (Kwon et al., 2021).

Exogenously applied MT has various effects, from substantial improvement to ineffectiveness or toxicity. The disagreement among researchers is due to the concentration used. At low and high doses, MT can have diverse roles in controlling plant growth and development in the same species. A low dose of MT (0.1 mM) promotes the root growth in wild leaf mustard (Brassica juncea), whereas a high dose (100 mM) inhibits its growth (Chen et al., 2009b). At low quantities, it promotes roots in cherry tissue culture, but at higher doses, it inhibits the root development (Sarropoulou et al., 2012). The high concentrations employed, specifically, 100 mM, could never be achieved in any plant because plant MT levels range from picograms to micrograms per gram of tissue. These values are several orders of magnitude higher than those in the human body. The toxic effects can occur when concentrations are too high. Melatonin levels were found to have a varied effect at low and high levels. However, high MT did not control any of the genes regulated by low MT (Weeda et al., 2014). This implies that MT can have various effects at low and high concentrations. At high concentrations, melatonin can drastically suppress ROS in cells, affecting ROS-dependent signaling and inhibiting cell development (Afreen et al., 2006). Figure 1 shows the graphical presentation of how MT alleviates abiotic stress in plants.
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FIGURE 1
 Graphical chart depicts the role of melatonin under abiotic stress conditions.




Phenomics

Since, MT is soluble in both water and lipids and rapidly flows throughout the body to any watery area, it is largely employed as an antioxidant (Tan et al., 2013). However, many scientists have suggested that MT promotes plant growth in general (Arnao and Hernandez, 2019a). It has been found to increase the coleoptile length in canary grass, barley, and wheat (Hernández-Ruiz et al., 2005). Previously, maize seeds treated with MT showed greater seed vigor and quality and increased seed storage proteins (Kołodziejczyk et al., 2016). Another study found that coating soybean seeds with MT substantially boosted leaf development, plant height, number of pod plants−1, and number of seeds pod−1 (Wei et al., 2014). Melatonin has been demonstrated to play a comparable role in the promotion of vegetative growth and the regeneration of lateral and adventitious roots in etiolated Lupinus albus (Hernandez-Ruiz et al., 2004; Arnao and Hernández-Ruiz, 2007). While, treatment with MT resulted in increased seedling development, enhanced nutrient uptake efficiency, and improved nitrogen metabolism in cucumber plants, particularly under salt stress conditions (Zhang et al., 2017). According to recent investigations, MT administration also boosted photosynthetic activity, redox homeostasis, root growth and development, and seminal root elongation in barley, wheat, sweet cherry, and rice (Li et al., 2016; Liang et al., 2017; Zuo et al., 2017). Another potential element of MT application is its positive influence on photosynthesis and other growth-related parameters among different crops under various abiotic stress conditions (Meng et al., 2014; Wang et al., 2016a). Auxin, ethylene, cytokinin, gibberellins, IAA (indole 3-acetic acid), and brassinosteroids are all plant hormones that play an important role in maintaining growth and development of crop plants (Denancé et al., 2015). However, exogenous MT application can be used to modulate the effects of these plant hormones (Arnao and Hernández-Ruiz, 2017). Under salt conditions, exogenous MT dramatically increased the levels of endogenous abscisic acid (ABA) and gibberellic acid (GA) in cucumber seedlings, resulting in better salinity resistance (Zhang et al., 2014). The amount of cytokinin is steadily degraded in plants subjected to heat stress. However, once the plants treated with exogenous MT, an increase in the level of cytokinin biosynthesis can be detected, and therefore the increased cytokinin level in the melatonin-treated plants results in enhanced resilience to heat stress (Zhang et al., 2017). In a nutshell, the mechanistic principal of melatonin is to boost the antioxidant defense system; while, also increasing photosynthetic activity. Furthermore, several experts have claimed that MT has a major impact on total plant growth in the face of abiotic challenges with the least amount of impact on the environment (Tiryaki and Keles, 2012; Fan et al., 2015; Zhang et al., 2017; Ali et al., 2021).

Indole acetic acid is comparable in structure and function to the others (Hernández-Ruiz et al., 2005; Pelagio-Flores et al., 2012). In line with this, exogenous MT therapy boosts IAA synthesis (Wang et al., 2016b). On the other hand, both MT and IAA have been shown to enhance root development in a combined and similar manner (Yang et al., 2021). Exogenously administered MT increased IAA levels in Brassica juncea plants, resulting in improved root activity (Chen et al., 2009a). In Mimosa pudica, it showed a favorable effect on root organogenesis (Sun et al., 2021). Hence, MT is thought to play a significant role in plant’s physiological and biological processes. To summarize, MT can be considered a biological plant growth regulator that boosts a plant’s production capability. The concise plant growth alterations by MT in response to HMs stress are given in Table 1.



TABLE 1 Ameliorative effects of MT supplementation on growth, physiological, and biochemical attributes of plants grown under heavy metals toxicity.
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Ionomics

Ionomics is the study of accumulating metalloids, non-metals and metals in living organisms, regarding the accumulated minerals, could be essentials and nonessential (Ayub et al., 2021). Plant ionomics has applied for various kinds of research, such as physiological, evolutionary, and ecological. Furthermore, the elemental analogs measuring can improve data quality with ionomic approaches (Watanabe et al., 2007; Chen et al., 2009b; Campos et al., 2021).


Macro and micro elements

The macro and micro elements present in the plants which efficaciously promoted plants growth and many others boosted plant’s activities at metabolic and physiological levels. Various biotic and abiotic stress conditions can disturb plant behaviors physiologically and genetically. Therefore, these macro and micro elements should be affected by these changes. Thus, ionomics study has provide a reliable presumption regarding the ion concentration changes and various other pathways which control the elements in plant’s body. This accomplished that ionomics can be categorized as a superior tool for distinguishing amendments in the plants physiology with interrelation of environment (Kanwar et al., 2018). Besides that, plant ionomics can be associated to the difference of phylogenetic relationships (Watanabe et al., 2007). The ionomics application (use of mutants) has focused on isolation and gene characterization which were responsible for homeostasis and transmission of different plant elements (Chao et al., 2011; Duan et al., 2017). However, the most important benefit of ionomics implementation in plants has to enhance acomprehensive perception of elemental dynamics.

To reduce the toxicity of HMs, ionome (mineral nutrients) plays a major role, including N, P, K, Ca, S and Mg; along with some trace metals such as Fe, Cu, Mn, Mo, Co, and Zn. Nitrogen (N) is the main essential nutrient, composed of hormones, nucleic acids, proteins, and vitamins. It can alleviate the toxicity of heavy metals by promoting the photosynthetic competency by increasing the chlorophyll synthesis, boosting N-comprised metabolites such as GSH, proline and by increasing of antioxidant enzymatic activities (Lin et al., 2011). The other essential nutrient is phosphorus (P), comprised of nucleic acids and cell membrane, and especially imperative for reaction of phosphorylation. Phosphorus (P) can alleviate metal toxicity by diluting and decreasing metal mobility through metal phosphate complex (Sarwar et al., 2010). Additionally, P can also contribute in the prevention of membrane damage and increase the level of GSH content, thus conferring plant tolerance against metal stress (Wang et al., 2009a). On the other hand, calcium (Ca) has been involved in regulating metabolic activities as well as the intracellular and channel-based Ca-binding sites of Cd2+ and Ca2+ (Lauer Júnior et al., 2008). Further, Ca can take the place of the Cd that is present in the outside medium. Hence, plant development has been influenced, although Ca has shown a reduction in heavy metal-induced deficiencies (Farzadfar et al., 2013). In another study, Khan et al. (2009) reported that AsA–GSH cycle enhanced by 40 mg. S. Kg−1, thereby in mustard plant Cd toxicity reduction was obtained by Anjum et al. (2008). The accumulator plant species were more competitive against the stressed caused by Na, Ni and As based on the different adaptation strategies for excessive stress of these elements, which might form an enlarge variations of their concentration between various kinds of species (Pollard et al., 2014; White et al., 2017). Researchers have revealed that endogenous/exogenous application of MT could contribute in various plant species under salinity environment to enhance K+/Na+ homeostasis (Li et al., 2012). Most of scholars have investigated the strong correlation among salt tolerance and cellular K+ retention of the different kinds of plants, namely sweet potato (Yu et al., 2016), wheat (Cuin et al., 2008), halophytes (Bose et al., 2015), Brassica (Chakraborty et al., 2016), and poplar (Sun et al., 2009b).



Influence of MT on ionomics

The influence of MT on ionomics has been reported in a recent study (Yu et al., 2018a). It was determined that depletive salt effect on the contents of Mg2+, K+, and Ca2+ in the different tissues reversed as MT exogenous application (root/leaf: 0.5/100 mM). Interestingly, MT distinctly reduced the Na+ significantly in the leaf tissues of Xu-32 under the salinized conditions but in the stem and root tissues Na+ content was increased and, MT in the absence of NaCl stress did not show any modifications of elemental levels (Yu et al., 2018b). Additionally, in sweet potato, MT maintained the K+/Na+ homeostasis, contributed to PM HC–ATPase activity and enhanced the energy state.

The effect of water deficits was evaluated on enzymes activities and genes transcriptional abundance included in N metabolism (Meng et al., 2016; Huang et al., 2018a,b). However, MT effect on the regulation of transcriptional genes in terms of N metabolism, uptake, and reduction under the drought stress thoroughly has not been studied. Previously, Dijkstra et al. (2015) investigated the absorption and transformation of N by implementing the 15N tracers. Therefore, Liang et al. (2018) applied some tracers under drought conditions to estimate MT impact on the nutrients uptake in plants. The exogenous MT has a modulating effect on the elements of plants and stress mitigation with the help of regulating those elements. For example, MT improved the reductions in Zn, Mg, Fe, Cu, Mn, K, P, and S concentrations. Meanwhile, it further increased the concentration of Ca and B in maize seedlings at low temperature conditions (Turk and Erdal, 2015). Thus, MT could be the most important hormone which can be helpful for plants to improve the drought tolerance by uptake process of mineral elements. This review proposes that the positive effect of MT prefers more opportunities related to agriculture, plants can be developed with higher drought tolerance and promotes an adaptation capacity for future environmental problems.




Transcriptomics

Plant functional genetics provides new horizons for studying the molecular mechanisms behind the production of critical regulatory molecules (Thao and Tran, 2016; Abdelrahman et al., 2018). Transcriptomic approaches involve the study of the “transcriptome” of an organism. The transcriptome is a set of entire RNA molecules expressed under a particular circumstance spatially and temporally (Milward et al., 2016). Understanding the plant functional genetics by post-translational studies is getting routine research after the high-throughput sequencing technologies became approachable and much cheaper than before. These studies have a great promise to provide critical information about the molecular mechanism of synthesis, regulation, and metabolic pathways of action of products, by-products, and various critical regulatory molecules in plants (Pang et al., 2021). Transcriptomic approaches are one of the main pillars of molecular genetics, by the wealth of which scientists can determine real-time changes happening after the translation of genetic information imprinted in the plant cells (McGowan and Fitzpatrick, 2020).

Transcriptomic studies cover all aspects of RNA transcripts, their synthesis, expression, and their regulation. These studies also include their trafficking, structures, splicing patterns (mediated by spliceosome), and modifications at the post-transcriptional level (Liang, 2013). There are several types of transcripts; out of them, messenger RNA (mRNA), small RNA (sRNA), long noncoding RNA (lncRNA), and micro-RNA (miRNA) are remarkable (Milward et al., 2016). With the advent of cheap sequencing technologies, we can use these high-throughput methods for the expression analysis of transcripts under the particular conditions (Wang et al., 2009b). This knowledge is prime for linking phenotype to genotype. Several studies are available that reports transcriptional changes in plants under the specific physiological or pathological circumstance.

Plants are consistently encountered by various biotic and abiotic stresses (Małkowski et al., 2019). Some of these stresses are natural, while some result from anthropogenic activities. Heavy metals (HMs), the prime source of toxicity in plants, are being prolonged accumulated in soils through various activities (Chai et al., 2019). These activities include improper disposal of industrial waste, extensive fertilizers, non-treated sewage disposal to agricultural soil (Chai et al., 2019; Lominchar et al., 2019). These activities result in immobile, non-biodegradable, and toxic levels of HMs on the soil surface and ground water (Ahmad et al., 2016). Plants can take heavy metals and lead to toxicity in them (Mustafa and Komatsu, 2016). Plants can uptake HMs by different biological processes by their roots, using either diffusion, endocytosis, or metal transporters for this task (Zhao et al., 2021). Plants are also appreciated as bio-accumulators of HMs (Chaffai and koyama, 2011; Nawaz et al., 2016). Nevertheless, some metals are essential for plants, but their accumulation, when exceeding a specific limit, causes toxicity (Zhao et al., 2019). If animals eat these plants, toxicity can also be carried to their bodies, which can be poisonous in several ways. Effects and symptoms of HMs toxicity in plants include chlorosis, reduced growth, root death (browning), and plant wilting (Varma, 2021).

Ever since discovering melatonin in plants, research related to its role in plant homeostasis and regulation of stress-related signals is going on in many laboratories of the world (Kanwar et al., 2018). Its exogenous application is also remedial against infection from various pathogens. There are direct and indirect references that MT involvement in disease resistance in plants. However, its synthesis and regulation at the transcriptomic level is rarely summarized (Hoang et al., 2017; Abou-Elwafa et al., 2019; Liu et al., 2019). Here, this article will present a comprehensive overview of transcriptomic approaches used to understand the molecular genetics of phytomelatonin production, its regulation and involvement in plant regulatory mechanisms.

The cutting edge “omic tools” are an excellent model for understanding plants molecular mechanism of tolerance/susceptibility under the impact of various stresses, especially under HMs (Wang et al., 2020). Omic approaches used for HMs stress mainly include transcriptomics, proteomics, metabolomics and ionomics (Liu et al., 2020). The transcriptome is an entire set of transcripts, transcripted primarily in the form of mRNA, form the genome of an organism under certain conditions. Proteomics is the study of expressed proteins, their modification after translation, their localization, mode of action and their docking, translated from the transcriptome of an organism under a defined environmental condition (Abou-Elwafa et al., 2019). Metabolomic studies include identification, characterization, and quantification of metabolites (produced by cellular regulation, under the effect of external stimuli) and all metabolomic activities, and due to translated proteins, in the effect of conditions provided to plants, likewise economics is the quantitative measurement of production, accumulation of ions in an organism under the effect of external stimuli (Mustafa and Komatsu, 2016). Several biochemical pathways are directly and indirectly activated/suppressed after signal transduction of HMs in plants (Mustafa and Komatsu, 2016; Yu et al., 2021b).


RNA sequencing and HMs tolerance: A prospective of MT-related genes

Plants produce differential expression of a set of the transcriptome under the abiotic stress of HMs, which is of significant interest for determining the genes involved in HMs tolerance and susceptibility (Duhan, 2021). RNA sequencing (RNA-seq) is an essential investigation to elucidate the regulation of gene expression at the molecular level. RNA-seq provides data about differential expression of genes and exposes critical biological processes involved in tolerance mediated by plants for HMs (Shahid et al., 2014; Lee and Back, 2017a). Several studies reported that the large set of genes were involved directly or indirectly in tolerance of HMs. These genes are either directly involved in signal transduction to produce metabolites that result in tolerance or indirectly regulate the production of other transcripts (Lee and Back, 2017b; Duhan, 2021). In broad terms, HMs stress-induced genes (transcripts) can be classified based on their functionality and two distinct groups can be made; one includes the functional genes, and the other is regulatory genes. The functional group of the transcript as a single or whole (without inducing the effect of another gene) encodes important compounds which play a critical role in the tolerance against HMs (Nawaz et al., 2016; Wilson et al., 2019). The functional group includes transcripts that mainly encode sugars, alcohols, and several amines. The second class of transcripts includes the stress-related gene involved in the regulatory network of different transcription factors (TFs) which work in groups or individually and involved in the regulation that led to HMs stress tolerance (Table 2; Wilson et al., 2019). Hence it comprises of gene network and has much more importance in understanding the broader picture. These TFs are often found in clusters in the plant genome and belongs to the multi-gene family (Table 2). These genetic regulators have unique expressional control of a single to several genes by binding at a specific site in promotor, acting as a cis-acting binding element to induce transcription. Otherwise, the gene is not expressed anyway (Cheng et al., 2018). This DNA binding class has a unique protein domain that acts as a cis-regulatory element via protein-to-protein interaction, which ultimately results in oligomerization of these transcriptional factors with several other regulatory genes (Wilson et al., 2019). This transcriptional complex-conjugate system is often referred as “regulon.”



TABLE 2 TFs in response to heavy metal stresses (Li et al., 2022).
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A strong connection exists between raised MT levels and HMs stress tolerance (Zhang et al., 2022). MT greatly scavenges the reactive nitrogen species (RNS) along with reactive oxygen species (ROS; Gao et al., 2020), that produced excessively during routine photosynthesis process and respiration, as a prime functionality of plants. Plants critically utilize raised melatonin levels for scavenging elevated levels of RNS and ROS, hence providing tolerance to HMs stress otherwise which causes severe damage (Aslam et al., 2017; Lominchar et al., 2019; Zhang et al., 2020). The production of MT is also consistent with the upregulation of genes that produce stress-tolerant enzymes. These enzymes include serotonin N-acetyltransferase (SNAT), tryptophan hydroxylase (TPH), N-acetylserotonin O-methyltransferase (ASMT) and tryptophan decarboxylase (TDC), that are constantly produced in HMs stress tolerant plants. Fungal specie, i.e., Exophiala pisciphila, highly tolerant to HMs stress was isolated from smelting site of old mine in China. Yu et al. (2015) also reported that this specie’s transcriptomic analysis proved MTs involvement in the Salinity stress. ASMT, SANT and TDC are the enzymes regulating the biosynthesis of MT, were significantly upregulated under the stress of HMs like Cd (Chandramouli and Qian, 2009), indicating direct evidence of the connection of melatonin in HMs stress tolerance. It strongly suggests that melatonin has positive involvement with the enhanced HMs stress in plants. Figure 2 shows the MTs structure and signal transduction of HMs for its production using SNAT, TPH, ASMT, and TDC enzymes.
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FIGURE 2
 Overview of signaling pathways of melatonin and its metabolites (Back, 2021). MT activates MAPK cascade through OXI1/MAPKKK3–MAPKK4/5/7/9–MAPK3/6. MAPK activation induces translocation of the SA receptor NPR1 into the nucleus to interact with several transcription factors, resulting in abiotic stress tolerance. Exogenously applied MT attenuates endoplasmic reticulum stress damage by increasing the expression of BIP2, BIP3 and CNX1 genes through the bZIP60 transcription factor. Kinase (RLK) works as a MT receptor responsible for further activation of the MAPK cascade. ROS burst occurs from RBOH under stress conditions. Thus, ROS are powerful inducers of de novo melatonin biosynthesis. MT further metabolizes into AFMK, AMK, 5-MT, 2-OHM, 3-OHM, which are potent antioxidants. Melatonin and its metabolites efficiently scavenge a range of ROS/RNS to maintain cellular ROS balance. Unlike ROS-mediated MAPK activation upon stress (Jalmi and Sinha, 2015), melatonin-mediated MAPK activation is independent of ROS, indicating that melatonin functions downstream of the ROS burst (Lee and Back, 2017a). In this figure, solid arrows indicate confirmed functions; dashed arrows indicate steps not yet demonstrated.


Several transcriptional families (TF) families are characterized in response to abiotic stresses in plants like HMs stress (Table 2). Here we provide a critical link between the production of MT and the contribution of these TFs families in response to HMs stress. Several TFs families are involved in MT production as a stress reliever in the plants under HMs stress (Liu et al., 2020). The transcriptional families that are greatly influenced by HMs stress are AREB/ABF, MYB, AP2/EREBP, WRKY, bHLH, bZIP, MYC, HSF, DREB1/CBF, NAC, HB, ARID, EMF1, CCAAT-HAP2, CCAATDR1, CCAAT-HAP3, CCAAT-HAP5, C2H2, C3H, C2C2-Dof, C2C2-YABBY, C2C2-CO-like, C2C2-Gata, E2F-DP, ABI3VP1, ARF, AtSR, CPP, E2F-DP, SBP, MADS, and TUB (Liu et al., 2020). These TFs are also famous for other abiotic stress inductive, and some of them also play a significant role in biotic stress tolerance. These TFs are regulon of various transcriptional activities in the broader picture after HMs stress induction in plants. In addition, these transcriptional activities lead to stress tolerance or stress resistance in plants. Table 2 represents the summary of TFs involved in the regulation of HMs stress in plants.



Genomic approaches for HMs stress tolerance and MT synthesis

Comparative genomic approaches have provided critical inputs for crop improvement, especially by identifying biotic and abiotic stress related genes, quantitative trait loci (QTLs) and figuring out metabolic pathways (Frukh et al., 2020). Melatonin synthesis is directly related to heavy metals stress tolerance and critical for plant survival. Severe loss to crop yield was observed due to HMs stress and, more importantly, cause serious health issues when HMs accumulated plants were eaten up by animals or humans. Genomic approaches use various tools to identify key regulatory genes that are more or less associated with plant melatonin synthesis under the devastating stress of HMs, hence play an important role in plant physiology (Rajasundaram and Selbig, 2016). These approaches are also helpful in understanding the underlying molecular and physiological mechanisms of HMs tolerance. Genomics involve genome-scale studies of genetically diverse plants, using several genome wide transcriptomic approaches, gene expression analysis at the whole genome level, and discovery of novel genes related to various stresses like HMs.

Melatonin synthesis at genome level is controlled by a complex network of enzymes (Singh et al., 2016). Tryptophan, which is an essential amino acid, is responsible for melatonin production using six enzymes. These critical enzymes are tryptophan decarboxylase (TDC), TPH, tryptamine 5-hydroxylase (T5H), serotonin N-acetyltransferase (SNAT), acetylserotonin-Omethyltransferase (ASMT), and caffeic acid O-methyltransferase (Tripathi and Poluri, 2021). The genes responsible to produce these enzymes have been characterized and cloned for several plants. Very first SNAT gene was mapped in rice, which is also a model plant besides Arabidopsis. Several studies reported that SNAT was the penultimate enzyme and involved in final steps of melatonin production (Zhan et al., 2019). As many plants are whole genome sequenced, and researchers have benefited from the availability of high-quality genomic data to find homologs of these enzymes. SNAT homolog was also reported in other species, including alga laver, cyanobacteria, apple, Arabidopsis, grapevine (Tripathi et al., 2021). Furthermore, genome-wide studies have revealed that presence of these enzymes is diversified, with varied in frequency of existence in different plants.

Serotonin N-acetyltransferase is a regulatory enzyme for MT production as it maintains the production level of MT in response to stress (Reiter et al., 2015). Comparative genomic approaches revealed that different species have varied modular activities of SNAT, and it has distinct thermophilic properties. SNAT is primarily regarded as heat resistant enzyme having different temperatures for its catalytic activity in different plant species. Thus, it is anticipated that its part in heat stress tolerance, providing evidence of the role of melatonin in abiotic stress tolerance. Furthermore, ectopic overexpression of MzSNAT5 in Arabidopsis reported increased melatonin concentration and improve drought tolerance. Moreover, when the SNAT production in rice was suppressed, the adverse effects were observed on plant growth, and low melatonin levels (Tripathi et al., 2021). It was certain that low melatonin levels have penalty of increased susceptibility to abiotic stresses and ultimately low yield levels. Melatonin, not only involved in abiotic stress tolerance but also correlated with biotic stresses. Bio-synthetic inhibition of GhSANT1 and other melatonin related genes have compromised the resistance conferred by cotton against phytopathogenic bacteria. Thus, SNAT is an essential compound controlling melatonin synthesis in plants and has a significant role in abiotic stress and biotic stresses (Jayarajan and Sharma, 2021).




Proteomics

Proteomics emerged as cutting-edge tool for understanding the synthesis, functionality, and expressional characterization of proteins at whole genome level (Yu et al., 2018a; Wang et al., 2018). Proteomic studies elucidate differential expression of proteins under various stresses like HMs and characterize them at cell, organ and tissue level as well as provide insights into network modulation of related proteins. Hence, emulating structural models identify HMs stress-tolerant material in other species (Pardo-hernández et al., 2021). Using proteomic approach is one of the prime studies for understanding the fate of a compound and its molecular mechanism of action, interaction at post translational level (Pardo-hernández et al., 2021). This involves whole protein level research related to our molecule of interest. Although genomic analyses significantly contributed to our understanding of basic gene functionality and how genes are translated to proteins, many puzzles for protein fate remained a challenge until we started to study whole proteins at genome level. This is because although the gene is transcribed and translated into protein, but the protein stability, folding, interaction with other proteins, and localization are critical for its functionality. Hence, in depth proteomic studies elucidate the target proteins (Rajasundaram and Selbig, 2016; Tripathi and Poluri, 2021) that directly or indirectly take part in melatonin production, provide interaction pathways, and provide better understanding on HMs stress tolerance.

Direct involvement of proteins in HMs stress tolerance/susceptibility is well known, as tolerance involves proteomic changes in plants. Therefore, with the use of proteomic approaches in plants, we exploited proteins involved in regulating HMs stress (Sage and Kubien, 2007). Furthermore, these studies helped a lot for deciphering the proteomic signals for perception of stress and initiation of signaling cascade that ultimately, with help of network changes at transcriptional and metabolomic level, provides tolerance against HMs-induced phytotoxicity (Mateos-Naranjo et al., 2008; Zhan et al., 2019). It has been categorized as indoleamine compound, synthesized as derivate of tryptophan (Yu et al., 2018a; Kanwar et al., 2018). Tryptophan is dominantly found in almost all higher plants. Besides providing tolerance against HM stress, melatonin also provides tolerance against various other abiotic stresses, like salinity, chilling, and osmatic stresses (Borges et al., 2019; Peharec Štefanić et al., 2019). Many researchers are working on for elucidating the molecular biochemistry of melatonin at proteomic level for its mitigation potential against HMs stress. Melatonin has been reported to improve antioxidant levels in diverse plants like wheat, tomato, and apple, hence reducing the ROS damage, providing tolerance to various stresses (Yu et al., 2018). This review offers insights how melatonin provides tolerance against HMs stress at proteomic level.

Reactive oxygen species (ROS)-scavenging proteins are critical for inducing tolerance against HMs stress. It was observed that under HMs stress, tolerant plants have an abundance of ROS scavenging proteins that performs series of chain reactions to MT homeostasis (Borges et al., 2019). Several metabolic pathways are significantly modulated under HMs stress like rate of respiration, metabolism of sulfur and nitrogen, and rate of photosynthesis. Under HMs stress, the plant power producing apparatus boosts the production of reducing agents like FADH2, NADPH and NADH, which lead to higher production of ATP (energy molecule of plants) to provide HMs stress tolerance. ROS scavenging is also correlated with higher production of reducing agents and increased melatonin production. For example, exogenous application of MT to HMs stressed plants have improved osmoregulation and increment in photosynthetic rate, antioxidants, and carotenoids compounds (Yu et al., 2018b). Heavy metals stress tolerance has evolved many key regulatory processes due to the elevation of MT in planta. These compounds like 1, 2 oxygen enhancer protein (OEP), large subunit binding proteins of RUBISCO, NADPH oxidoreductase and I and II-photosystem proteins were found with a significantly different expression during the HMs toxicity. Interestingly, these proteins are also regulatory to produce MT (Yu et al., 2018,b; Pardo-hernández et al., 2021).



Conclusion and future perspective

Phytomelatonin has been found to be present in all plants, which has an important role in plants as a biostimulator that improves plant tolerance to both biotic and abiotic stress. The first layer of tolerance in HMs stress tolerance is the signal reception of HMs toxicity then transduction to other cells for HMs stress response. This fundamental communication in response to HMs stress is mediated by protein cipher, which plays a prime role in intracellular signal transduction, and activating signaling cascade. Proteomic analyses of various plants under HMs stress deciphered several molecular mechanisms underlying this cascade in the form of variation in protein level that enable or unable plant species for stress tolerance This work is of critical importance for developing stress-tolerant plants. However, a detailed study involving antioxidant mechanism, metals-regulated differential gene expression, and mineral transporters is needed to understand complex plant responses to metal toxicity.
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The current study considered the climate extreme index (CEI) values originated from extreme environmental events (EEEs) by following the National Oceanic and Atmospheric Administration (NOAA) guidelines. The EEEs were fractionated into six sub-categories (i.e., high temperature, low temperature, high precipitation, low precipitation, drought, and wind), and the combined impact of CEIs was utilized to develop an algorithm for the estimation of the phenology sensitivity index (PSi). Finally, the CEIs, and the PSi were undergone the development of the phenology forcing (PF) model. The developed model showed a high sensitivity at the CEI value of as low as ≥1.0. Furthermore, the uncertainty index varied between 0.03 and 0.07, making a parabolic curvature at increasing CEIs (1.0–15.0). The current study precisely estimates the tendency of EEEs for phenology change. It will assist in policy-making and planning crop cultivation plans for achieving sustainable development goal 2 (SDG2) of the Food and Agriculture Organization (FAO).
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Introduction

Periodic events in the life of plants are very important for their survival and for the production of seeds to enter the next generation (Liu et al., 2021; Chen et al., 2022). Timely completion of the vegetative stage and a scheduled initiation of the reproductive (flowering) stage can warrant the production of healthy fruits and seeds (Yousaf et al., 2015; Liu et al., 2020a). This periodic occurrence of life events is called phenology. All the life events happening in a plant life cycle are studied under phenology, including seedling emergence, seedling growth stages, plant growth stages, initiation of the reproductive stage, transformation in reproductive stages, maturity, etc. These stages can be named differently based on easily different life events of different plants. But, the importance of phenology can never be over-emphasized in the successful completion of a plant life-cycle and to engender the next generation (Shafique et al., 2014; Ibrahim et al., 2017; Shah et al., 2021). The importance of phenology is amplified in agriculture as the farmers are interested in the timely maturity of the crops and the in-between events. A strictly scheduled growth pattern allows them to cultivate multiple crops round the year (Anjum et al., 2017; Yasin et al., 2019), and any deviation in the crop phenology can cause significant crop losses (Fatima et al., 2020).

Climate is the supreme factor affecting the plant life cycle and the timetable of their life events (Pan et al., 2019; Liu et al., 2020a). Generally, the plants grow in an open environment, and they have to face the environmental conditions directly without any protection shield. Therefore, plants are among the most exposed organisms to the environment (Bashir et al., 2016; Khan et al., 2019). On the other side, the environment has become unpredictable, and the frequent extreme events impact the plants the most (Ahmed et al., 2022). Although the climate has been changing over the last few centuries, the frequency of extreme events has been increased over the last few decades, and it continues to increase and challenge the life cycle of the agricultural crops (Abbas et al., 2017; Ahmed et al., 2018).

Generally, the phenology change or the phenophase shift is of two types, (i) transient phenology change (ii) permanent phenology change. Temporary shift in phenophase of the crop plant not persisting to the next year cultivated crops is categorized as transient phenology change (TPC). This type of phenology change is caused by extreme environmental factors under the survival threshold levels of the crop cultivars. Any permanent shift in the phenophase of a crop is categorized as a permanent phenology change (Visser and Both, 2005). It may happen either by (i) an extreme environmental factor exceeding the survival threshold levels of the crop cultivars or by (ii) periodic conterminous events of extreme climate for multiple years causing TPC. The frequent TPCs can influence the ecological timetable of local geographical communities, impacting the connected steps of the food chain, e.g., arthropods feeding on plants (Ettinger et al., 2021). Furthermore, frequent and consecutive phenology shifts can render farmers toward the selection of crop cultivars more tolerant to environmental extremes (Shafique et al., 2011; Khan et al., 2016).

Extreme environmental events (EEEs) that occur for a short period can cause significant crop losses and cause a complete failure of the cultivated crop. Several studies have reported the impact of climate change on crop phenology (Visser and Both, 2005; Ettinger et al., 2021; Liu et al., 2021). Similarly, now it is also a well-proven fact that the EEEs significantly impact crop phenology; however, the EEEs’ tendency to change crop phenology is yet to be disclosed. There is a large knowledge gap about the quantitative measurement of the phenology shift in plants resulting from the abrupt climate changes, as there is no research available to arithmetically estimate the tendency of EEEs for shifting phenophases. Furthermore, there is no reliable way to calculate the differential sensitivity of phenophases toward different types of extreme climates. Previously, researchers have been using some crop models in which the phenophase shift has been used as an input factor (Ahmad and Ashraf, 2016; Zhou et al., 2017; Czernecki et al., 2018; Zhao et al., 2018), e.g., univariate linear regression model, multiple linear regression model, etc. However, there was no model available to determine the potential of the extreme climate to advance or delay plant phenology. Therefore, we designed this study to develop a model to precisely measure the phenology shift tendency of the EEEs on agricultural crops in terms of phenology forcing index (PF). PF is an arithmetic representation of the perturbation tendency of an environmental factor to shift a phenophase of the plant either earlier or delayed. The plant population facing phenophase shift is termed the phenophase shift density (PSD), largely based on the type of phenophase and the type of crop plant determining phenology sensitivity. We have taken into account the phenology sensitivity during the algorithm development for this model. Therefore, the current model is able to provide the closest value of the phenology forcing index for the given EEEs. The model also considers six different classes of EEEs separately and has the capability to give them a share in determining the final values of PF. The study is a unique effort to arithmetically calculate the phenology shift tendency and play a key role in improving the accuracy of existing crop models. It will help to understand crop responses toward climate better and will assist the researchers in developing agriculture policies and future food security.



Methodology


Data used and algorithms development

Earth’s climate was considered stable before the industrial revolution occurred in 1750. Therefore, the change in climate and the climate forcing index are considered zero in 1750. Similarly, the phenology forcing index (PFI) is the arithmetic estimation of the potential of an extreme environmental event to shift a specific phenophase. The data were collected from the world weather & climate extremes archive of the World Meteorological Organization to perform the analyses. The calculation of PFI is carried out in a relative manner, considering it zero in 1750. The PFI is based on an aggregate set of conventional climate extreme indicators which, as described by the National Oceanic and Atmospheric Administration (NOAA)–National Centers for Environmental Information. NOAA climate database has enlisted six extreme climate factors derived from four types of environmental datasets; (i) extreme high temperature, (ii) extreme low temperature, (iii) extreme high precipitation, (iv) extreme low precipitation, (v) wind speed (storm, hurricane, etc.), and (iv) drought. All these six parameters possess their specific share in EEEs and have the tendency for phenology shift. We developed the algorithms to calculate the extent of each EEEs sub-category according to NOAA guidelines and combined them to get their collective impact.



Description of extreme environmental events subclasses

The temperature was taken as the mean temperature value recorded in degrees Celsius (°C), while the precipitation was considered in millimeters (mm). Drought intensity was measured in terms of drought duration, based on the number of days without precipitation by following the palmer drought severity index (PDSI). At the same time, the wind speed was considered in kilometers per hour (km h–1) by neglecting its blowing direction. In this way, the extreme climate factors considered in this model development were the same as used in the calculation of the climate extreme index (CEI) by NOAA, while their detailed description is as follows:


1.Climate extreme index of high temperature (CEIHT) was calculated from the sum of (a) a percentage of the maximum temperatures below average high temperatures (HTAvr) and (b) a percentage of the maximum temperatures much above the HTAvr.

2.Climate extreme index of low temperature (CEILT) was the sum of (a) the percentage of the minimum temperatures much below average low-temperature LTAvr and (b) the percentage of the minimum temperatures much above LTAvr.

3.Climate extreme index of high precipitation (CEIHP) was the sum of (a) percentage of the high precipitation higher than the average high precipitation HPAvr of the area and (b) percentage of the high precipitation lower than the HPAvr.

4.Climate extreme index of low precipitation (CEILP) was the sum of (a) percentage of the low precipitation higher than the average low precipitation LPAvr of the area and (b) percentage of the low precipitation lower than the LPAvr.

5.Climate extreme index of drought (CEID) was calculated as the sum of (a) percentage of the days with no precipitation greater than an average number of days without precipitation (DDAvr) and (b) percentage of the days with no precipitation lesser than DDAvr.

6.Climate extreme index of wind speed (CEIW) was calculated as the sum of (a) percentage of the wind speed greater than average wind speed (WS’) and (b) percentage of the wind speed lesser than WS’.



In each case, the parameters were considered as much below and higher than the maximum and minimum environmental conditions. Furthermore, the representative values were screened as the tenth percentile of the period of record. Furthermore, the CEI values of each subclass of the extreme environment were summed up to calculate the total value of the climate extreme index (CEI).

[image: image]

The zero value of CEI indicated that no fraction of the climatic parameter recorded had extreme conditions. However, the highest CEI value of 100 represented that the entire test area had extreme conditions throughout the recorded period.

The method devised by the National Centers for Environmental Information (NCEI) climate division precipitation and temperature databases were followed to calculate the PDSI (Karl et al., 1986). The PDSI categorized drought conditions in increasing order of intensity as near normal, mild to moderate, severe, or extreme for droughts and wet periods, depending upon the weeks passed under drought conditions, which fitted nicely into the CEI framework. Similarly, it had a large database for tropical storm and hurricane wind data, extracted from the National Hurricane Center’s North Atlantic Hurricane Database (HURDAT), which were added to the CEI.



Impact of climate extreme index on phenology shift

The algorithms derived under NOAA guidelines assisted by NCEI based PDSI was used to calculate the impact of CEI on phenology shift using HURDAT based data in terms of phenology shift index (PSi). Meanwhile, the phenophase data was used to calculate the penology sensitivity (SCEI) by keeping in mind that all the plant species did not respond identically to the extreme environmental conditions in terms of phenophase shift. Taking into account the PSi and SCEI a phenology forcing index (Fp) was devised as per the rate of climate extreme index with respect to phenology sensitivity. The details of the algorithms and the devised model were presented in the equations.



Verification of phenology forcing index

High-resolution datasets about maize crops were procured from the HURDAT database and from the environmental data station of the institution to verify the results of the phenology forcing index. The datasets used in this study were of nClimGrid grade with a spatial resolution of 5 km and temporally distributed from 1979 to 2020. Furthermore, sample maize data of phenophase shift was used to compare the results of the model and the actual field conditions. All the procured datasets were undergone a forest analysis and a funnel plot to estimate the data deviation. The funnel test represented the reliability of the results. At the same time, the main characteristics of the funnel plot were the sample size and its statistical significance. The forest plot estimated the summary effect and analyzed the heterogeneity in the data components. The differential weight of the data components was represented with the square boxes, while horizontal lines represented the weight range. A starred square area showed the total variance of the components. The analysis was performed with a confidence interval (CI) of 95% along with the neutral point shown with a dashed line. The datasets were analyzed by PyCharm V:2021.1.1 × 64 (JetBrains; SRO) as an integrated development environment (IDE), as an extended platform of Python to draw time-course phenology shift plots. Furthermore, the graphical illustrations were presented to give a comparison between devised model and observed data.




Results

The algorithm for the climate extreme index of high temperature was developed in the following form:
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Whereas the deviation from the average of the tenth percentile of these values was considered as the climate CEIHT.
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Similarly, the algorithm representing the climate extreme index of low temperature was as follows:
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However, the deviation from the average of the tenth percentile of these values was considered as the climate CEILT.
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The following equation was the arithmetic representation of the algorithm for the climate extreme index of high precipitation.
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While the deviation from the average of the tenth percentile of these values was considered as the climate CEIHP.
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The algorithm represented the climate extreme index of low precipitation was as follows.
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However, a deviation from the average of the tenth percentile of these values was considered as the climate CEILT.
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Climate extreme index based on drought developed the following equation.
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And a deviation from the average of the tenth percentile of these values was considered as the climate CEILT.
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The climate extreme index of wind was processed to develop the following algorithm.

[image: image] And a deviation from the average of the tenth percentile of these values was considered as the climate CEIW.
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Impact of climate extreme index on phenology shift

After the successful development of the algorithms for all sub-categories of EEEs, the second step was to estimate the relation between the CEI and phenology shift, which was developed in the form of a phenology shift index as described in the following equation.

[image: image]

Where ∑△Pis the sum of all the phenology shifts in a test phenophases; and the Np is the total number of phenophases studied.

The detailed equation to calculate phenology sensitivity was as follows.
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The algorithm devised for the calculation of phenology forcing index and its elaborated equation was as follows.
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Verification with a sample data

The maximum heterogeneity among the datasets was 5.21, while the maximum inclination of the datasets representing perturbation in phenology shift was recorded at 0.13. The average data cover calculated in the analysis was 0.01, as shown in the forest plot (Figure 1A). Besides, no dataset was found with significant deviation compromising the reliability of the results. Almost all the procured datasets were ranged under the limits as calculated by 95% confidence interval, with maximum data points in the funnel’s first quadrate (bottom side). However, each of the second and third quadrates had one data point (Figure 1B).
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FIGURE 1
Forest plot of the procured data for verifying phenology forcing model (A) calculated at a confidence interval of 95%. The funnel plot represents the reliability of the data components based on the log OR-log odds ratio (B).


The phenophase shift modeled by the phenology forcing index revealed the highest phenology shift at both the terminal stages of a plant’s life, i.e., seedling emergence and maturity. These stages showed the highest phenology shift of >15% of their total duration under the influence of almost every sub-class of EEEs. Drought and high temperature were the two parameters that shifted the plant phenophases and changed the rate of PSD per unit time duration. Low temperature prolonged the seedling emergence and silking phenophases up to 32 and 17% of their individual duration, respectively. However, drought had the opposite impact and shortened the plant life by increasing the value of PSD within a short interval of time (Figure 2).
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FIGURE 2
An illustration of the impact of phenology forcing on phenology shift of four phenophases of maize crop. Time considered in the study has been considered in months and mentioned on the x-axis, while the score of phenology shift density (PSD) has been mentioned on the y-axis. The role of each sub-class of EEEs has been represented with differentially colored lines; high temperature (red); low temperature (green); high precipitation (blue) low precipitation (purple); drought (black); wind (gray).




Model verification

The comparison between the sample maize data (observed data) and a data series obtained thorough serial increment showed almost parallel elevations of phenology forcing index in most cases. Especially in the case of low precipitation, there was no point in interception between the two lines representing both of the data classes. Although the observed data values were initially a little less, the area of this difference was lower than the minimum impact limits of the model, which were set at CEI ≥ 1.0. The EEEs of high precipitation and drought showed the highest deviation among all environmental sub-categories; however, their deviation pattern was not identical to each other. The phenological forcing due to drought did not deviate initially, but its value increased with the increasing climate extreme index value (CEID). However, in the case of high precipitation, the phenological forcing values were closer to the model values with the increasing CEIHP. An identical trend (just like high precipitation) was recorded in the case of wind speed (Figure 3).
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FIGURE 3
A phenology forcing comparison between the observed data and the serial increment data of six extreme environmental categories, i.e., high temperature (A), low temperature (B), high precipitation (C), low precipitation (D), drought (E), and wind speed (F). climate extreme index values have been plotted on the x-axis, and the phenology forcing index value has been mentioned on the y-axis. Minimum impact limit (MIL).


The sensitivity index of the devised model was increased from CEI values of 1–4; however, it got stable at later stages. The sensitivity index was recorded as 95.2 at the very initial CEI value of 1.0, and then it was increased up to 99.5 at the CEI value of 4.0. At later stages, it showed slight variability between 99.5 and 99.8 at different CEI values. However, in the case of uncertainty analysis, the first four CEI values showed an opposite trend with remarkably decreasing uncertainty up to CEI = 4.0. However, during CEI 4–12, it remained stable and again showed an increase between CEI 13–15 (Figure 4).
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FIGURE 4
Uncertainty and sensitivity analyses of the phenology forcing model. A trend line colored blue represents the sensitivity index values as mentioned on the right vertical axis. While the orange-colored trend line shows the uncertainty likelihood in the model as mentioned on the left vertical axis. The climate extreme index (CEI) is mentioned on the x-axis.





Discussion

Although climate change is perilous for crop cultivation plans and patterns, it is common to observe that sudden and intense changes in climate could cause more damage to crops than gradual slow changes. Therefore, climate extreme index- CEI was first introduced in early 1996 (Gleason et al., 2008; Liu et al., 2020b; Chen et al., 2022) to summarize the multidimensional and multivariate combinations of environmental conditions. The CEI helped the inexperienced persons to understand the overall environmental impact and to draw the impact on agricultural crops. The CEI concept was so interesting and wide in its application that it was adopted in various fields of research related to the environment. The current study is an advancement to the CEI concept as it introduces the impact of CEI on crop phenology. Furthermore, it is the first effort to apply CEI values for crop modeling. Therefore, the current investigation occupies a unique position in understanding the impact of extreme climate on agricultural crops.

The most important aspect of the current investigation is the consideration of all six sub-categories separately in the development of algorithms. Generally, climate studies related to crop cultivation are restricted to climate change, and they don’t consider the abrupt and short-term changes in the climate, the extreme environmental events (Athar et al., 2021; Chen et al., 2022). However, these extreme environmental events greatly impact crop cultivation and food security. The current investigation has not only been extended to the EEEs, but it also developed separate algorithms for all six sub-categories of the EEEs, and then calculated their combined impact on plants in terms of phenology forcing. It is an implication of the NOAA guidelines to calculate EEEs impact on plant phenology. By using this phenology forcing model, researchers and environmental institutes could estimate an extended shift in crop phenophase and its possible effects on ecological balances and the food chain.

Most of the time, climate change is not a simple interaction between two variables. We have to consider a mesh of interlinked parameters while dealing with climate change (Yasin et al., 2018; Ahmad et al., 2021). For example, the carbon cycle is a multifaceted parameter that impacts the global environment (Fariduddin et al., 2006; Mehmood et al., 2018). It is interlinked with all the major parts of every ecosystem of this earth and continuously affects all types of life. All life control lies in carbon emissions and sequestration processes occurring in ecosystems. Its emission into the environment causes carbon fertilization, positively impacting plant growth and promoting carbon sequestration. At the same time, it is contributing to greenhouse gases and causing global warming (Tariq et al., 2021). Due to the complexity of the interlinked factors with the carbon cycle, its overall impact on the environment is difficult to be determined precisely (Rehman et al., 2020; Li et al., 2021; Abbas et al., 2022). Therefore, most of the time, we get only stochastic measures to estimate environmental factors, which is a major hurdle in achieving sustainable development goal 2 (SDG2) of the Food and Agriculture Organization—FAO (Ahmad et al., 2014; Khan et al., 2015). Moreover, we cannot estimate the precise nutritional distribution in the food chain due to unreliable estimation of the phenology shift of food crops (Amoroso, 2018). Additionally, the increased global warming has boosted the frequency and intensity of EEEs, making it more complex to understand the environment and its impact on agricultural crops. Considering all of these facts, there is a continuous need to develop improved models for a better understanding of plants’ responses toward EEEs. The study contributes a unique model to better understand the climate impact on crop phenology.

Climate change has the ability to alter the energy balance in a multivariate way, and this ability of energy change alterations is calculated in terms of climate forcing (Foster et al., 2017). It corresponds to energy transformation and energy flow from radiation to carbon sequestration, air pressure dynamics, aerosols mechanics, etc. (Foster et al., 2017; Zhao et al., 2019). However, there is no previous mechanism available to understand the tendency of climate change to change crop phenology (Liu et al., 2021; Zhou et al., 2021). The unpredictable phenology change also resulted in a less-reliable estimation of the interrelations among ecological components. Due to this, the overall impact of extreme environmental events could not be fully explained. Being an extremely important aspect of a plant’s life, it was a prominent gap in scientific knowledge that the current investigation has fulfilled. Now, the researchers can easily estimate the ability of the extreme climate to affect the life cycle events of a targeted crop and can devise better crop cultivation policies. Furthermore, the impact of EEEs on the ecological relationships of the plants and their dependent species can be correctly estimated.

Researchers must revise the environment-related model repeatedly with multiple datasets and at different geographical locations (Ahmad et al., 2018; Tan et al., 2021). Most of the time, this task is performed on a set of observed data in comparison to the set algorithms in the model. An example of this revision was the modifications in the CEI index in 2003 when it was improved with experimental and observed datasets (Gleason et al., 2008; Zhao et al., 2017; Yang et al., 2021). Researchers have to collect the observed data from multiple years and compare it with CEI simulations to generate a more reliable algorithm applicable to more diverse geographic regions and climatic conditions. A similar type of activity has also been performed with the current devised model, in which the developed algorithm has been compared with observed datasets to verify its output. Although, there will always be a need for more improvements by running its algorithms on spatially and temporally more distributed datasets. But, the initial verification process results are satisfactory and close to the natural output or phenology shift. Moreover, the sensitivity and uncertainty analyses have also proved that the model consists of a highly reliable set of algorithms and can detect the phenology shift from the fraction of CEI value.

Due to complexities in the EEEs and poor understanding of how they affect agricultural crops, we cannot use the primitive models due to their high error values and increased uncertainty (Wang et al., 2005; Liu et al., 2020a). The main reason for their unsuitability for EEEs is that they were not built for environmental extremes (Pan et al., 2019; Zhang et al., 2021). The researchers made their efforts to develop new models with the least error in the predicted environmental change and related factors. However, there was still a wide gap between the actual impact of EEEs dynamics in an ecosystem and its modeled values. This gap has been a cause of serious uncertainties in predicting EEEs impact on the crops hampering the experts in designing future agriculture policies with substantial confidence. The current study has precisely synchronized the EEEs with the phenophases of the maize crop to narrow this gap of uncertainties and bring more confidence in the predictive operations of agriculture policy-making and crop cultivation. Moreover, the designed model can be practiced in the global fields to get the intended benefits.
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Wastewater from tanneries is a major source of heavy metals in soil and plants when used for crop irrigation. The unavoidable toxicological effects of this contamination, however, can be minimized through two independent steps discussed in the present study. In the first step, a batch sorption experiment was conducted in which Cr was adsorbed through bentonite clay. For this purpose, DTPA extraction method was used to analyze Cr concentration in the soil after regular time intervals (0.5, 1, 2, 6, 8, 9, 10.5, 11.5, and 20.3 h) which reduced Cr concentration from 38.542 mgL–1 for 30 min to 5.6597 mgL–1 for 20.3 h, respectively, by applying 1% bentonite. An increase in the contact time efficiently allowed soil adsorbent to adsorb maximum Cr from soil samples. In the second step, a pot experiment was conducted with 10 different treatments to improve the physiological and biochemical parameters of the Solanum melongena L. irrigated under tanneries’ wastewater stress. There were four replicates, and the crop was harvested after 30 days of germination. It was seen that the application of wastewater significantly (P < 0.01) reduced growth of Solanum melongena L. by reducing root (77%) and shoot (63%) fresh weight when compared with CFOP (Ce-doped Fe2O3 nanoparticles); chlorophyll a and b (fourfolds) were improved under CFOP application relative to control (CN). However, the deleterious effects of Cr (86%) and Pb (90%) were significantly decreased in shoot through CFOP application relative to CN. Moreover, oxidative damage induced by the tannery’s wastewater stress (P < 0.01) was tolerated by applying different soil amendments. However, results were well pronounced with the application of CFOP which competitively decreased the concentrations of MDA (95%), H2O2 (89%), and CMP (85%) by efficiently triggering the activities of antioxidant defense mechanisms such as APX (threefold), CAT (twofold), and phenolics (75%) in stem relative to CN. Consequently, all the applied amendments (BN, BT, FOP, and CFOP) have shown the ability to efficiently tolerate the tannery’s wastewater stress; results were more pronounced with the addition of CFOP and FOP+BT by improving physiological and biochemical parameters of Solanum melongena L. in an eco-friendly way.

KEYWORDS
bentonite, growth parameters, soil chromium, Solanum melongena, wastewater


Introduction

The industrial contamination of air, soil, and water by potentially toxic elements (PTEs) poses a serious threat to human life and the environment (Luo et al., 2020; Awad et al., 2021). In general, it is noticed that PTEs affect the soil’s biological and physiochemical properties, causing issues such as low fertility, low soil organic matter, extreme pH, low nitrogen and phosphorous availability, high electrical conductivity, and micronutrient imbalance (Zaheer et al., 2021, 2022). Similarly, plant growth and its physiology are severely affected by PTEs pollution, a serious global environmental concern (Xie et al., 2016). The main negative impacts on plant growth are nutrient unavailability, stunted root growth, reactive oxygen species (ROS) production, and lower food availability due to lack of photosynthesis (Xie et al., 2016; Nazli et al., 2020). In plants, PTEs toxicity shows a complex series of metal interactions with signal transduction pathways and genetic processes at the cellular level which causes genetic mutation and programmed cell death (Kumari et al., 2016). Among different PTEs, Cr-toxicity in plant tissues may provoke significant changes in biochemical and morpho-physiological processes; this then disturbs their essential metabolic processes (Kamran et al., 2017; Sharma et al., 2020). Cr-toxicity minimizes plant growth by affecting the ultrastructural modifications of chloroplast and cell membrane, reducing pigment content, affecting transpiration, altering different enzymatic activities, and damaging root cells (Farooq et al., 2016; Gill et al., 2016; Anjum et al., 2017; Sharma et al., 2020; Manzoor et al., 2022). Different studies revealed that Cr and Pb stress are also responsible for the production of ROS and MDA contents in plants which cause the damaging effects on their internal structure (Ali et al., 2014a,b; Gill et al., 2015; Aslam et al., 2021).

These threats might be reduced by applying different amendments like bentonite, iron nanoparticles, and bacterial species to boost the soil quality, which ultimately results in better growth of plants. Cost-effective in situ soil remediation techniques are widely used to immobilize PTEs and reduce their bioavailability by precipitation, sorption, and complexation mechanisms (Shrivastava et al., 2018). Clay minerals and inorganic composite materials have been proven as efficient adsorbents of PTEs from wastewater (Wahba et al., 2017). Moreover, bentonite clay is a cost-effective way to remove PTEs in soil due to its permanent charges at its surfaces, isomorphic substitution, and environmental compatibility and ready availability (Xie et al., 2018; Mi et al., 2020). Similarly, literature revealed that the addition of 0.5 g bentonite clay to 10 mgL–1 PTEs solution efficiently decreased the concentrations of Cu (87%) and Pb (89%) ions (Hussain and Ali, 2021). Similarly, the effect of bentonite on the adsorption of PTEs from wastewater is also well known (Li et al., 2016). Microbes immobilize the metals using different ex-situ or in-situ mechanisms such as biosorption, metabolism, precipitation, and bioaccumulation (Kapahi and Sachdeva, 2019). Their interaction with metals depends on different soil physiochemical factors such as pH, temperature, moisture content, available ions, and other competitor organisms/species (Kapahi and Sachdeva, 2019). However, Azotobacter nigricans strain NEWG-1 is widely used because it is an efficient bio-sorbent for metal removal, cost-effective, reliable, and eco-friendly. Azotobacter nigricans strain NEWG-1 (bacterial species) has previously been reported to remove maximum Cu2+ as 80% under 200 mgL–1 CuSO4 solution conditions with a 4-day incubation period of pH 8 (Ghoniem et al., 2020).

In recent years, nanotechnology has emerged as a valuable tool for environmentalists for removing pollutants from the air, water, and soil; indeed, this field has gained more importance than the other traditional methods (Yu et al., 2021). There are two main advantages of using nanotechnology for soil reclamation: higher reactivity due to smaller particle size and larger surface area and easier delivery of small-sized particles into soil pores (Tafazoli et al., 2017). However, researchers have referred to iron-based nanoparticles as good adsorbents of PTEs from soil (Tafazoli et al., 2017; Zand and Tabrizi, 2021). They convert PTEs to less toxic forms, immobilize them, or reduce their availability to plants (Rui et al., 2016). Moreover, CeO2 nanoparticles may also enhance root growth and activate the antioxidant enzymes as well as help in the prevention of ion leakage and membrane peroxidation (Cao et al., 2018). Although literature has explored how to remediate heavy metal toxicity with the applications of nanoparticles, its interaction with bacterial species and bentonite is still lacking. In the present study, two independent experiments were carried out. Firstly, we aimed to optimize the rate of bentonite against concentrated wastewater slurry at different time intervals. Then, the selected rate of bentonite with Azotobacter nigricans was applied to the soil with brinjal (Solanum melongena L.) grown in it and a foliar application of iron oxide nanoparticles given at a later growth stage. More specifically, we aimed to investigate the potential of bentonite clay against industrial wastewater through the application adsorption isotherms and kinetics models and to perform a comparative analysis by assessing the microbial activity of Azotobacter nigricans with the inorganic amendments to combat PTEs in improving Solanum melongena L. growth, physiology, and biochemical properties. It was hypothesized that the proposed research study might significantly enhance soil fertility and overall yield of plant without compromising the environment.



Materials and methods


Wastewater collection and characterization

Wastewater was collected from Siddiq Leather Works Pvt. Ltd., located at 13-km Sheikhupura Road Lahore, Pakistan, at 31°37′48.02 ″E and 74°13′01.25 ″N; characteristics of this water is given Table 1. Before wastewater analysis, the water was passed through a filtration step to remove all solid content (suspended solid, filterable solids, and total dissolved solids). Then, different concentrations of PTEs and heavy metals (Supplementary Table 1) were measured using Atomic Absorption Spectrophotometer (AAS) (Thermo Scientific ICE-3000 series) which used acetylene gas for analysis.


TABLE 1    Characterization of tannery wastewater used in the experiment.
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Batch experiment design (Study I)

A batch experiment was carried out in the Sustainable Agriculture laboratory of the Sustainable Development and Study Center (SDSC) to determine the adsorption of PTEs onto the surface of adsorbent (bentonite) in metal-loaded contaminated soil. The purpose of this experiment was to assess the effects of six varying bentonite rates (1, 2, 3, 4, 5, and 6%) at nine different contact hours (0.5, 1, 2, 6, 8, 9, 10.5, 11.5, and 20.3 h) of the metal removal efficiency. For the experimental set-up, plastic cups were rinsed with distilled water to remove any contamination, and were then air-dried. Each cup was filled with 100 g of sample soil. After filling the cups, each bentonite rate was applied in all the cups and thoroughly mixed with soil; then, the soil was artificially contaminated with 100% concentrated tannery wastewater. All the experimental cups were kept under controlled conditions of 23°C and humidity of 36%.



Soil harvesting and quantification of Cr

After a fixed contact/interval time for each replicate, 10 g of soil was taken out of each cup and then measured through weighing balance. It was mixed with 20 mL of DTPA (Diethylene Triamine Penta Acetic Acid) extraction solution (DTPA Protocol from ICARDA manual) in conical flasks. After shaking for 2 h, the solution was filtered, and the concentration of Cr in samples was detected using AAS (Table 2).


TABLE 2    Concentrations of total Cr for the treatments (T1 = 1% bentonite, T2 = 2% bentonite, T3 = 3% bentonite, T4 = 4% bentonite, T5 = 5% bentonite, T6 = 6% bentonite) in batch adsorption experiment.
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Langmuir and Freundlich adsorption isotherms

Langmuir and Freundlich’s adsorption isotherms were applied with pseudo-first-order and pseudo-second-order kinetics to determine sorption isotherms for adsorbents (Manzoor et al., 2013). Expression for log form of Freundlich and Linear form of Langmuir is given in equations 1 and 2:
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qe is the amount of adsorbed metal ions (mg kg–1), KL is the Langmuir equation constant, and KF and 1/n are Freundlich equation constants.



Adsorption kinetics models

Adsorption kinetics, i.e., pseudo 1st order and pseudo 2nd order, was applied to the experimental data for the best-fitted adsorption model (Angkawijaya et al., 2020).

The expression for pseudo-first-order can be written as shown in equation 3
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where K1 is the pseudo-first-order rate constant (min–1), qe is the adsorption capacity (mg g–1), and qt is the adsorbed metal ion (mg g–1) at time t (interval time). The expression for pseudo-second-order is given in equation 4
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where k2 is pseudo second-order rate constant (mg g–1 min–1).



Preparation of bacterial species, Fe2O3, and Ce-doped Fe2O3 nanoparticles

Pure culture of bacterial species Azotobacter nigricans sp. (FCBP-PB-0422) was acquired from the First Fungal Culture Bank of Pakistan (FCBP) at the Faculty of Agricultural Sciences, University of the Punjab, Lahore. A method suggested by Loutfi et al. (2020) was followed to culture bacterial species in broth for 48 h (to get more biomass of bacterial culture). More than 99% pure iron (III) nitrate non-ahydrate [Fe(NO3)3⋅9H2O), cerium (III) nitrate (Ce(NO3)3⋅6H2O] were purchased from Sigma-Aldrich, and oxalic acid (C2H2O4⋅2H2O) was procured from Duksan. To prepare Fe2O3 and Ce-doped Fe2O3 nanoparticles, the easy and economical autocombustion method (Aruna and Mukasyan, 2018) was used. The Fe2O3 nanoparticles were synthesized by dissolving an 89.7911 g of Fe(NO3)3⋅9H2O in 500 mL of deionized water (DIW). After heating at 120°C for 30 min, 90 g of oxalic acid was added. On heating further for 3 h, a gel-like material was formed that changed into dry ash. The initially prepared material was first calcinated at 250°C for 2 h, then sintered at 800°C for 2 h, and finally pestled. A slightly darker reddish-brown powder of Fe2O3 nanoparticles (FOP) was collected.

The same autocombustion route was followed to prepare 1% Ce-doped Fe2O3 nanopowder. Two solutions, A and B, were prepared by dissolving 88.89 g of Fe(NO3)3⋅9H2O in 500 mL and 0.964 g of Ce(NO3)3⋅6H2O in 50 mL of DW, respectively. After heating separately at 120°C for 30 min, both solutions were mixed and heated further for 30 min at 120°C. At this stage, 90 g of oxalic acid was added to the mixture solution and heated at 120°C. On heating further for 1 h, the mixture solution first emerged as a gel and then became ash-like. The obtained material was first calcinated at 250°C for 2 h and then sintered at 800°C for 2 h. Light reddish-brown Ce-doped Fe2O3 nanoparticles (CFOP) were collected in powder form.



Experimental design for greenhouse trial (Study II)

The pot experiment was carried out in the greenhouse of the Botanical Garden of Government College University Lahore under partially controlled conditions. Solanum melongena L. was taken for the experimental study, considering the morphology and economic importance. For this experiment, the sandy loam soil was used with the following properties: [Soil texture (Clay loam), Sand (37%), Silt (33%), Clay (30%), Organic matter (0.81 %), pH (7.47), EC (1.35 dSm–1), CEC (5.86 cmol Kg–1), DTPA-Cr (0.2018 mg Kg–1), and DTPA-Pb (0.6873 mg Kg–1) (Robertson et al., 1999)]. The 4 kg of soil was filled out in each pot. The treatments used in the pot experiment were: T1 = Control (CN); T2 = Bentonite (BN); T3 = Iron Oxide nanoparticles (FOP); T4 = Cerium doped iron oxide nanoparticles (CFOP); T5 = Azotobacter nigricans (BT); T6 = BN + FOP; T7 = BN + CFOP; T8 = BN + BT; T9 = FOP + BT; and T10 = CFOP + BT. Each treatment was replicated four times and distilled water was frequently applied to maintain soil moisture content. Bentonite was applied at 10 g per kg of soil, iron oxide nanoparticles, and cerium-doped iron oxide nanoparticles was foliar applied at 20 mg L–1. Azotobacter nigricans strain was inoculated with the seeds according to the treatments. After thorough mixing of amendments in soil, PTEs stress in the form of wastewater (1,200 mL per pot with 10% dilution of wastewater slurry) was added into each pot. After 2 days, the seedlings were planted in the soil. After 6 days of seed germination, diammonium phosphate (DAP) and urea fertilizers were applied at 200 and 150 kg acre–1 in every pot to maintain plant nutrients’ balance. After 30 days of germination, plants were carefully harvested and the roots and shoots of each replicate were washed with distilled water to remove the dust particles. Further analysis was carried out in the laboratory using labeled zipper bags.



Determination of potentially toxic elements (Cr and Pb) in plants

The concentrations of Cr and Pb in all plant parts were determined with the acid digestion method. For this purpose, washed plants were sun-dried for 48 h and oven-dried at 75°C to remove moisture content till a constant weight was achieved. For dry weight analysis to assess the nutrients of dry plants, 0.5 g root and shoot were digested using a di-acid mixture (HNO3: HCLO4 = 2:1) at 180°C till white fumes appeared (Dad et al., 2021). The samples were then filtered, and the filtrate volume was raised to 50 mL. Multi-sequential Atomic Absorption Spectrophotometer was used to quantify Cr and Pb uptake by plants after the application of soil amendments.



Determination of chlorophyll concentration in brinjal plant

The chlorophyll content of plants was determined following the method of Strain and Svec (1966). For this purpose, leaf extract was prepared using 0.1 g washed leaf ground with 80% acetone solution. After grinding the leaves, 5 mL of acetone was added to each leaf extract and centrifuged (HERMILE Z167M) at 4,000 rpm for 5 min. The supernatant was then used to determine the absorbance at 663 nm and 645 nm using a spectrophotometer (Shimadzu UV-1201, Kyoto, Japan). The concentration of chlorophyll a and b were calculated using the equation by Strain and Svec (1966).
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A663 = absorbance at 663 nm wavelength and A645 = absorbance at 645 nm wavelength (Strain and Svec, 1966).



Malondialdehyde and hydrogen peroxide

Malondialdehyde (MDA) were measured by taking 0.5 g of fresh root, stem, and leaf and grinding this with 5 mL of trichloroacetic acid (TCA) solution. The prepared extract was centrifuged at 10,000 rpm for 10 min. After centrifugation, 2.5 mL of supernatant was mixed with 1 mL of 0.5% thiobarbituric acid (TBA) in 20% TCA solution. The mixture was then placed in a dry oven (Memmert ULM-400) at 95°C for 30 min. It was allowed to cool down and absorbance was checked at 532 and 600 nm using a spectrophotometer (Jambunathan, 2010).

For measurement of hydrogen peroxide (H2O2) concentration in a sample plant, 0.5 mL of supernatant of roots, stem, and leaf extract was added to 5 mL of potassium phosphate (K-P) buffer. The mixture was centrifuged at 10,000 rpm for 10 min. After centrifugation, the supernatant was mixed with 5 mL of 0.1% TCA (w/v) and 1 mL of potassium iodide (KI) buffer. The absorbance of the mixture was measured at 390 nm using a spectrophotometer (Velikova et al., 2000).



Cell membrane permeability

Cell membrane permeability (CMP) was analyzed by taking 0.5 g tissues of leaves, stem, and roots in 10 mL of distilled water and allowed to shake for 24 h. After continuous shaking for 24 h, electrical conductivity (EC1) was measured using an EC meter (Extech EC300). The heterogeneous mixture was then autoclaved for 20 min at 121°C (Jambunathan, 2010). After autoclaving, EC2 was measured again, and the CMP was calculated using the following formula:
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Determination of antioxidant enzymes (APX and CAT)

Sample extract for the determination of antioxidant enzymes (APX and CAT) was prepared by taking 0.2 g of the fresh root, stem, and leaf, which was then homogenized in 1.2 mL of 0.2 M K-P buffer with pH 7.8, and 20 min were given for the centrifugation at 15,000 rpm and 4°C temperature. Then, the supernatant was separated, and the pellet was collected and re-suspended in the same buffer with 0.8 mL volume. For 15 min, the suspension was again centrifuged at 15000 rpm. Finally, different activities of antioxidant enzymes were measured by combining both supernatants and storing them at freezing temperatures (Cakmak and Marschner, 1992).

To determine APX of root, stem, and leaf, a 40 μL extract was mixed with 1,320 μL of 50 mM KH2PO4 buffer solution, 1,320 μL of 0.5 mM ascorbate, and 0.5 mM H2O2. Absorbance was noted using a spectrophotometer at 290 nm (Nakano and Asada, 1981). For CAT analysis, each plant’s root, stem, and leaf extract was diluted 200 times with 50 mM KH2PO4. Then, 1 mL of supernatant was separated and mixed with 2 mL of H2O2 (Cakmak and Marschner, 1992). Absorbance was determined at 290 nm using a spectrophotometer (Shimadzu UV-1201, Kyoto, Japan).



Total phenolics and protein

Total phenolics content in root, stem, and leaf was determined using protocols as described previously (Singleton et al., 1999; Sultana et al., 2009). For this purpose, 0.1 g of root, stem, and leaf samples were ground using 4 mL of acetone. A 60 μL of sample extract was mixed with 4,740 μL of distilled water, 300 μL of Folin-Ciocalteu reagent, and 900 μL of Na2CO3 (1N). The test tubes were then placed in an oven at 55°C. Absorbance was determined at 760 nm using a spectrophotometer (Shimadzu UV-1201, Kyoto, Japan). The phenolics content was calculated in μg g–1. Protein concentrations of root, stem, and leaf were determined using the Bradford method (1976). A 200 μL extract was mixed with 1,800 μL of distilled water and 2 mL of Bradford reagent. Test tubes were incubated for 15 min at 80°C. The absorbance was determined at 595 nm using spectrophotometer (Shimadzu UV-1201, Kyoto, Japan).



Statistical analysis

Both the experiments were conducted in a completely randomized design and data was analyzed by different statistical analytics. For this purpose, Microsoft Excel 2016 (Microsoft Cooperation, USA) was used to analyze the dataset for different statistical operations such as average and standard deviation. One-way ANOVA and the least significant difference (LSD) were performed on the dataset using Statistix (JMP® Analytical Software 8.1, Tallahassee, USA) to interpret the results (Ramzani et al., 2017a,b). Finally, Sigmaplot (14.0) was used for the graphical representation of the results. The results shown in this manuscript are the average values of four (n = 4) replicates with standard errors (SE).




Results


Adsorption isotherm models

The results indicated that the Langmuir isotherm model was best fitted for this study’s experimental data, which assumes that Cr ions formed a monolayer on the surface of the adsorbent (Table 3). Qmax was highest in T2, while all other treatments represented an exponential decrease in Qmax. To interpret the results and reliability of best-fitted reaction kinetic models for experimental data, the basic criteria used is comparing qe.cal with qe.exp and R2 value. In this methodology qe.cal was closely related to qe.exp for both reaction kinetic models (PFO and PSO). However, coefficient of determination values differs significantly in both models (Table 2). Below coefficient of determination (R2) has higher values for the Pseudo-2nd order than the Pseudo 1st order. This indicates that Pseudo 2nd order is more reliable in describing the experimental data of the study. In most research studies in the past, the 2nd order kinetic model has been more reliable and accurate than Pseudo 1st order in providing correlation with experiment (Simonin and Bouté, 2016).


TABLE 3    Comparison of Langmuir and Freundlich isotherm models for different concentrations of adsorbents and pseudo 1st and 2nd order in terms of their R2-values for the treatments (T1 = 1% bentonite, T2 = 2% bentonite, T3 = 3% bentonite, T4 = 4% bentonite, T5 = 5% bentonite, T6 = 6% bentonite).
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Structural analysis of Fe2O3 and Ce-doped Fe2O3 nanoparticles

X-ray diffraction graphs of Fe2O3 (FOP) and Ce-doped Fe2O3 (CFOP) nanoparticles are shown in Figure 1. The crystalline phase present in FOP and CFOP confirms the successful synthesis. Due to the low Ce amount, the shifting of diffraction peaks is not prominent, as shown in Figure 1Ab. In the diffraction patterns of FOP and CFOP, the peaks at 21.18°, 35.58°, 40.8°, 49.5°, 54.03°, 62.5°, and 63.9° correspond to (102), (104), (110), (113), (024), (116), (214), and (300) crystallographic planes, respectively, and indexed with JCPDS card no. 39-1346 (Wahab et al., 2018). The sharpness of the Bragg peak corresponds to the excellent crystallinity achieved in the synthesis of both materials. Moreover, the absence of any secondary phase confirms the proper doping of the Ce inside the Fe2O3 lattice. The Ce-atoms in the Fe2O3 structure leads to the lattice distortions responsible for the stability of Fe-O bonds in the doped materials (Ning et al., 2021). Based on the Debye-Scherrer relation [image: image], the average crystallite size obtained for the undoped Fe2O3 and Ce-doped Fe2O3 is 37.29 and 39.61 nm, respectively.


[image: image]

FIGURE 1
(A) X-ray diffraction profiles of undoped Fe2O3 and Ce-doped Fe2O3 nanoparticles synthesized by auto combustion method using oxalic acid (a). Slight shifting of Fe2O3 (104) peak, to lower 2θ angles, is due to Ce-atoms doping (b). (B) SEM images of pure Fe2O3 (a) and 1% Ce-doped Fe2O3 NPs (b). Particle size distributions of pure Fe2O3 (a1) and 1% Ce-doped Fe2O3 NPs (b1).




Morphology of nanoparticles

Scanning electron micrographs and particle size distributions of the prepared FOP and CFOP nanoparticles are shown in Figures 1Ba–d, 2. Agglomeration of nanoparticles can be seen in both FOP and CFOP, with an average particle size of 308 and 419 nm, respectively (Ning et al., 2019).


[image: image]

FIGURE 2
(A) X-Ray fluorescence image of bentonite clay presented the elemental concentration while (B) SEM images of bentonite clay presented the structural and physical appearance at 1 um.




Scenario of growth parameters

Wastewater application significantly (P < 0.01) decreased the growth and development of Solanum melongena L. (Table 4). However, the application of BN, BT, FOP, and CFOP both alone and in combinations with each other significantly (P < 0.01) influenced the fresh weight, dry weight, and chlorophyll content of Solanum melongena L. (Tables 4, 5). The fresh weight of root competently increased (threefold) under the treatment of CFOP when compared with CN (Table 4). Interestingly, shoot fresh weight was significantly (P < 0.01) increased (onefold) through the application of FOP + BT as compared with CN, but the maximum fresh weight was also observed under CFOP (twofold) as compared with CN in the shoot of Solanum melongena L. (Table 4). Similarly, total biomass was significantly (P < 0.01) influenced by the application of different soil amendments under wastewater stress (Table 4). The applications of BN and FOP + BT efficiently increased (75%) the root dry weight when compared with CN; however, a maximum increase (onefold) in shoot dry weight was observed under CFOP as compared with CN in Solanum melongena L. (Table 4). Moreover, the chlorophyll contents of the Solanum melongena L. were significantly (P < 0.01) decreased by the application of tannery wastewater (Table 5). However, the application of CFOP and FOP + BT efficiently increased (fourfold) the content of chlorophyll a in Solanum melongena L. when compared with CN (Table 5). Interestingly, the maximum increase (fourfold) in chlorophyll b of Solanum melongena L. was noticed through CFOP application when applied alone compared with CN under wastewater stress (Table 5).


TABLE 4    Dry and fresh weight (g) and length (cm) of root and shoot of brinjal plant (Solanum melongena) as affected by various treatments: Control (CN); bentonite (BN); Iron Oxide nanoparticles (FOP); Cerium-doped iron oxide nanoparticles (CFOP); Azotobacter nigricans sp. (BT); BN + FOP; BN + CFOP; BN + BT; FOP + BT; T10 = CFOP + BT.
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TABLE 5    Proteins, Phenolics, and chlorophyll a, b concentrations in brinjal plant (Solanum melongena) as affected by various treatments: Control (CN); bentonite (BN); Iron Oxide nanoparticles (FOP); Cerium-doped iron oxide nanoparticles (CFOP); Azotobacter nigricans sp. (BT); BN + FOP; BN + CFOP; BN + BT; FOP + BT; T10 = CFOP + BT.
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Scenario of Pb and Cr concentrations in soil and plant

Wastewater application significantly (P < 0.01) induced Cr and Pb stress in soil and their accumulation in Solanum melongena L. (Figure 3). However, it was shown that the Cr and Pb stress was significantly (P < 0.01) tolerated through BN, BT, FOP, and CFOP applications (Figure 3). Bentonite played a vital role in combating tannery wastewater stress in Solanum melongena L. when applied alone and with bacteria. However, the concentration of Pb significantly (P < 0.01) decreased (90%) with the application of CFOP as compared with CN in the shoot of Solanum melongena L. Moreover, the concentration of shoot Cr competently decreased (94%) by the application of FOP + BT when compared with CN; however, Azotobacter nigricans sp. did not demonstrate efficient results when applied alone. However, the maximum decrease (99%) in Cr was observed in the root of the Solanum melongena L. through the foliar application of CFOP when compared with CN.


[image: image]

FIGURE 3
Concentrations of total Cr and Pb (mg L−1) in stem (A,C) and root (B,D) of brinjal plant (Solanum melongena) as affected by various treatments: Control (CN); bentonite (BN); Iron Oxide nanoparticles (FOP); Cerium-doped iron oxide nanoparticles (CFOP); Azotobacter nigricans sp. (BT); BN + FOP; BN + CFOP; BN + BT; FOP + BT; T10 = CFOP + BT. At (P < 0.05) column with changed letters are significantly different.




Scenario of oxidative damage and antioxidants defense system

The application of tannery wastewater significantly (P < 0.01) induced oxidative stress through uncontrolled production of MDA, H2O2, and CMP in the Solanum melongena L. (Figures 4, 5). The addition of different treatments significantly (P < 0.01) influenced the enzymatic defense mechanism of Solanum melongena L., which effectively controlled oxidative damage in plant. However, the results were well pronounced with the foliar application of FOP and CFOP under tannery wastewater stress (Figures 4, 5); however, the application of CFOP revealed maximum reduction (95%) in the production of MDA as compared with CN in the stem of Solanum melongena L. (Figure 4). Interestingly, the application of BN + FOP significantly (P < 0.01) decreased (71%) the production of H2O2 in roots; maximum reduction (89%) in stem H2O2 was observed through CFOP as compared with CN under Cr and Pb stress (Figure 4). Moreover, a similar trend was investigated in CMP, where maximum reduction (85%) in stem cell membrane permeability was noticed under CFOP (Figure 5).
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FIGURE 4
Malondialdehyde (MDA) and hydrogen peroxide (H2O2) concentrations in leaves (A,D), stem (B,E) and root (C,F) of brinjal plant (Solanum melongena) as affected by various treatments: Control (CN); bentonite (BN); Iron oxide nanoparticles (FOP); Cerium-doped iron oxide nanoparticles (CFOP); Azotobacter nigricans sp. (BT); BN + FOP; BN + CFOP; BN + BT; FOP + BT; T10 = CFOP + BT. At (P < 0.05) column with changed letters are significantly different.
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FIGURE 5
Cell membrane permeability [CMP (%)] in leaves (A), stem (B), and root (C) of brinjal plant (Solanum melongena) as affected by various treatments: Control (CN); bentonite (BN); Iron Oxide nanoparticles (FOP); Cerium-doped iron oxide nanoparticles (CFOP); Azotobacter nigricans sp. (BT); BN + FOP; BN + CFOP; BN + BT; FOP + BT; T10 = CFOP + BT. At (P < 0.05) column with changed letters are significantly different.


It was shown that the activities of ROS scavenging enzymes (APX and CAT) were significantly (P < 0.01) triggered by the application of different soil amendments and efficiently defended all parts of Solanum melongena L. under oxidative stress (Figure 6). However, wastewater application significantly caused oxidative damage by suppressing the activities of APX and CAT (Figure 6). So, activities of leaf APX are efficiently triggered (onefold) by the addition of CFOP and CFOP + BT relative to CN, while a competent increase (onefold) was observed in stem APX under the addition of CFOP relative to CN. Similarly, catalase activities were also significantly (P < 0.01) triggered in all parts of the Solanum melongena L. through the application of iron-oxide nanoparticles when applied alone and also after enrichment with cerium (Figure 6). Interestingly, the antioxidant defense mechanism was efficiently triggered by the significant (P < 0.01) increase (twofold) in stem catalase activity through the application of CFOP and FOP + BT when compared with CN (Figure 6). However, the first-order reaction was highly observed through scavenging burst production of reactive oxygen species (Figures 4–6).
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FIGURE 6
Ascorbate peroxidase (APX) and catalase (CAT) concentrations in leaves (A,D), stem (B,E), and roots (C,F) of brinjal plant (Solanum melongena) as affected by various treatments: Control (CN); bentonite (BN); Iron Oxide nanoparticles (FOP); Cerium-doped iron oxide nanoparticles (CFOP); Azotobacter nigricans sp. (BT); BN + FOP; BN + CFOP; BN + BT; FOP + BT; T10 = CFOP + BT. At (P < 0.05) column with changed letters are significantly different.




Scenario of secondary metabolites to regulate oxidative damage

Wastewater application significantly (P < 0.01) reduced the activities of non-enzymatic defense mechanisms, such as total phenolics and proteins (BSA), in all parts of the Solanum melongena L. (Table 5). However, the addition of BN, FOP, CFOP, and BT as heavy metal adsorbents effectively activated the phenolics and proteins to combat oxidative damage in the Solanum melongena L. under Cr and Pb stress (Table 5). Protein content was significantly (P < 0.01) increased (onefold) through the application of CFOP in the leaf of Solanum melongena L. relative to CN; a maximum increase (onefold) in stem protein was observed through the addition of FOP + BT when compared with CN (Table 5). Moreover, phenolic compounds significantly (P < 0.01) scavenged reactive oxygen species in Solanum melongena L. This might occur through more production of hydroxyl groups by applying different amendments. Interestingly, total phenolic compounds were also significantly (P < 0.01) increased (75%) through the application of CFOP in the stem of Solanum melongena L. relative to CN, but results were well pronounced with the application of FOP + BT in the leaf, which increased 35% phenolic content when compared with CN (Table 5).




Discussion


Scenario of different amendments to tolerate stress in soil and Solanum melongena L.

The effect of tannery wastewater was efficiently diminished by applying bentonite in soil (Table 2). This study demonstrated that increase in the concentration of bentonite effectively increased adsorption efficiency (38.54 mg g–1) of Cr removal (Table 2). This might be due to the higher number of available active/exchangeable sites through the addition of the highest rate of bentonite (6%) (Table 2). A similar trend was observed in which Cu and Pb ions were adsorbed onto the bentonite; this might be due to the accessibility of a higher surface area with a greater number of ion exchange locations when the initial concentration is constant (Tian et al., 2014; Hussain et al., 2021). Moreover, bentonite can immobilize PTEs in soil owing to its isomorphic substitution, negative charge, and environmental compatibility (Xie et al., 2018). The adsorption process of Cr was investigated by adding bentonite with 30 min interval (Table 2). Other factors, i.e., initial metal concentration, temperature, adsorbent mass, and pH, were constant throughout the experiment. So, it was revealed that bentonite’s percentage removal efficiency increased by increasing the contact time until equilibrium was attained at 30 h (Table 2). However, in the initial stages, the removal efficiency might be higher due to a larger number of available exchangeable sites (Table 2). Similarly, Hussain et al. (2021) observed that the process of ion exchange (Cu and Pb) is fast at the initial stage due to the presence of a larger number of active sites, which efficiently removed Cu (87%) and Pb (89%) through the application of bentonite relative to control; with time, the reaction reached the equilibrium stage (Bharwana et al., 2014; Khan et al., 2014; Daud et al., 2015).

Moreover, the adsorption process of bentonite was observed by applying Langmuir and Freundlich isotherm models to experimental data (Table 3). Comparison of the correlation factor (R2) of both these models depicted that the Langmuir adsorption isotherm model fitted best for this study (Table 3). However, a similar adsorption isotherm trend was observed in the adsorption of Cd ions on a monolayer of adsorbent (iron-doped biochar) (Dad et al., 2021). The application of tannery wastewater significantly (P < 0.01) induced Cr and Pb stress in Solanum melongena L. (Figure 3). The literature revealed that the compounds of Cr cause toxicity in plants, with negative effects such as wilting, necrosis, chlorosis, and ultimately death of affected plants; similarly, absorption of Pb in plants affects physiological and biochemical functions of plants, negatively affecting water balance and mineral content (Rehman et al., 2021). Moreover, the stress of heavy metals (Cr, Ni, Cd, Mn, As, Pb, Cu, and Hg) induce oxidative stress through uncontrolled production of ROS, which ultimately decreases chlorophyll content and overall growth of plants by suppressing the activities of enzymes (SOD, APX, and CAT), proteins, and phenolic compounds (Rehman et al., 2021). Similarly, Kumar and Pathak (2018) observed that Cu, Pb, Hg, Cr, and As cause structural and physiological changes in plants. However, the applications of CFOP, FOP + BT, and BN significantly (P < 0.01) regulated Cr and Pb ions in the Solanum melongena L. (Figure 3). The findings of this study were highly consistent with a similar study that sprayed iron nanoparticles (730 and 830 mgL–1) on the Solanum villosum plant, thus improving leaf area, antioxidant enzymes, chlorophyll, and protein contents in the plant (Ghaseminezhad et al., 2021). This reduction in metal concentration by CFOP and FOP may be attributed to the Phyto-stabilization of metals. Moreover, the reduction in the bioavailability of heavy metal ions by BN may be attributed to larger active sites of the adsorbent (bentonite) and its high adsorption capacity. Likewise, a recent study revealed that the concentrations of Cd (10 mgL–1) and Pb (20 mgL–1) were significantly reduced (49 and 52%, respectively) by the presence of bacterial strains (Enterobacter bugandensis XY1 and Serratia marcescens X43) through metal ions’ chelation in water spinach (Wang et al., 2022).



Scenario of different amendments to stimulate growth parameters in Solanum melongena L.

Growth and physiology of Solanum melongena L. was significantly (p < 0.01) retarded under the application of tannery wastewater (Table 4). However, the fresh weight, length, and total biomass of Solanum melongena L. was effectively stimulated through BN, BT, FOP, and CFOP applications relative to CN (Table 4). Moreover, Cr and Pb ions in plants cause osmotic stress by binding their cell walls, thus reducing plants’ growth and development (Mauro et al., 2020). In this study, the application of Iron oxide nanoparticles (zero-valent and cerium-doped) significantly (p < 0.01) increased the biomass of the plant as compared to other amendments (Table 4). A similar study revealed that iron-oxide nanoparticles (0, 50, and 500 ppm) significantly improved the growth and physiology of the sunflower plant by binding toxic elements present in the soil during a 7-day experiment (Kornarzyński et al., 2020). Similarly, chlorophyll a and b significantly (p < 0.01) decreased under the application of tannery wastewater (Table 5). The addition of BN, BT, FOP, and CFOP significantly (p < 0.01) improved the chlorophyll content by tolerating Cr and Pb stress (Table 5). According to Morales et al. (2018), PTEs alter the movement of the electron transport chain, disturbing the normality of the thylakoid membrane and chloroplast, further minimizing the chlorophyll content in plants; similar findings were observed in this experiment (Table 5). However, according to literature, Azotobacter sp. acts as a bio-stimulant and bio-fertilizer, which stimulates the plant’s growth by providing some metabolites; moreover, it synthesizes indole acetic acid, phytohormones, gibberellin, and cytokinin which further improve the photosynthetic machinery of plant, hence causing improved growth and yield (Hindersah et al., 2020). Likewise, Rossi et al. (2017) investigated the efficiency of cerium oxide nanoparticles (0 and 500 mgKg–1) through enhanced activity of photosystem II in soybean and also improvement in its biomass and physiological parameters through tolerating Cd (0, 0.25, and 1 mg Kg–1) stress.



Scenario of different amendments to combat oxidative damage through triggering enzymatic (APX and CAT) defense mechanism in Solanum melongena L.

Biotic and environmental factors trigger oxidative stress in plants, causing cell damage and dysfunction (Nawkar et al., 2013). It was investigated that the severe oxidative damage in Solanum melongena L. was caused by tannery wastewater irrigation. However, oxidative stress is mainly caused by disturbance in plant physiology to balance ROS generation and detoxification and overproduction of ROS to signal immunity response for defense and adaptation (Nawkar et al., 2013). A similar trend for bentonite has also been discussed in Tanzeem-ul-Haq et al. (2020), showing a high concentration of MDA reflecting severe PTEs stress conditions. Interestingly, the application of FOP in combination with BT and CFOP showed excellent performance through scavenging the burst production of ROS in the Solanum melongena L. (Figures 4, 5). This can be related to the high accumulation of water and nutrients under iron oxide nanoparticles, which increases plant physiological performance (Rizwan et al., 2019). Similar results were depicted with iron oxide nanoparticles (NPs) to reduce MDA and H2O2 concentration in root and shoot of wheat grown under PTEs stress. The literature revealed that the application of the Ce-NPs is beneficial in maintaining the cell structure as a low concentration of Ce might act as a catalyst in scavenging ROS, which ultimately preserves the chloroplast structure and cell wall (Rizwan et al., 2019; Jurkow et al., 2020).

In this study, APX and CAT were significantly (p < 0.01) influenced by the applications of BN, BT, FOP, and CFOP relative to control under the tannery’s wastewater stress (Figure 6). Among all antioxidant enzymes, CAT and APX are major enzymes for metabolizing ROS and controlling their harmful impacts on cell functioning (Anjum et al., 2016). Studies have shown that Cr-contaminated soil causes oxidative stress in plants, disrupting the oxidants and antioxidants balance of plants (Espina et al., 2014). APX and CAT are responsible for regulating the photosynthetic mechanism of the plant under adverse environmental conditions (Zaheer et al., 2019a,b; Gomes et al., 2022). Activities of APX and CAT enzymes in plants perform important H2O2 scavenging activities through more production of hydroxyl groups (Ahmad et al., 2020; Gomes et al., 2022). Results revealed that APX and CAT, both antioxidant enzymes, worked synergistically to activate plants’ defensive mechanism against ROS through FOP + BT and CFOP applications most competitively under Cr and Pb stress (Figure 6). Likewise, another study also observed significant activation of APX and CAT through the foliar applications of FOP in the Dracocephalum moldavica L. plant under 100 mM of NaCl stress (Moradbeygi et al., 2020).



Scenario of different amendments to combat oxidative damage through triggering non-enzymatic (proteins and phenolics) defense mechanism in Solanum melongena L.

The content of protein and total phenolics significantly (p < 0.01) improved through the applications of BN, BT, FOP, and CFOP in the Solanum melongena L. under tannery wastewater stress (Table 5). Abou-Hassan et al. (2018) observed that the increased rate of proteins denaturation under PTEs stress led to reduced biochemical compounds such as lipids, carbohydrates, nucleic acid, and phenolics in maize plants. While, the addition of BN, BT, FOP, and CFOP significantly (p < 0.01) triggered non-enzymatic mechanisms by producing a greater number of hydroxyl ions (OH–) (Feng et al., 2018), which further regulated the effect of ROS in Solanum melongena L. (Table 5). However, results were well pronounced with CFOP and FOP + BT applications to tolerate Cr and Pb stress by stimulating proteins’ activation in the Solanum melongena L. (Table 5). Similarly, Moradbeygi et al. (2020) revealed that flavonoid, total phenolic, and anthocyanin contents were efficacious with the foliar application of iron oxide nanoparticles in Dracocephalum moldavica L. under NaCl stress (100 mM). So, it would be recommended to utilize FOP and CFOP in association with BT to regulate the toxic effects of tannery wastewater in developing countries, including Pakistan.




Conclusion

The present study verified that tannery wastewater application significantly (p < 0.01) induced Cr and Pb stress in soil, which disturbed the overall growth and physiology of Solanum melongena L.; however, the applications of BN, BT, FOP, and CFOP effectively recovered the oxidative damage in Solanum melongena L., thus improving its growth and physiology. This might cause benefits in stress tolerance, improved cell structures, triggered defense systems, and improved crop yield. Hence, it was demonstrated that the application of CFOP and FOP + BT more competitively resolved the issue of tannery wastewater toxicity by improving soil fertility and crop yield in a sustainable way.
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Environmental pollutants and climate change are the major cause of abiotic stresses. Hexachlorobenzene (HCB) is an airborne and aero-disseminated persistent organic pollutants (POP) molecule causing severe health issues in humans, and temperature extremes and HCB in combination severely affect the growth and yield of crop plants around the globe. The higher HCB uptake and accumulation by edible plants ultimately damage human health through the contaminated food chain. Hence, confining the passive absorbance of POPs is a big challenge for researchers to keep the plant products safer for human consumption. BioClay functional layered double hydroxide is an effective tool for the stable delivery of acidic molecules on plant surfaces. The current study utilized gibberellic acid (GA3) impregnated BioClay (BioClayGA) to alleviate abiotic stress in Brassica alboglabra plants. Application of BioClayGA mitigated the deleterious effects of HCB besides extreme temperature stress in B. alboglabra plants. BioClayGA significantly restricted HCB uptake and accumulation in applied plants through increasing the avoidance efficacy (AE) up to 377.61%. Moreover, the exogenously applied GA3 and BioClayGA successfully improved the antioxidative system, physiochemical parameters and growth of stressed B. alboglabra plants. Consequently, the combined application of BioClay and GA3 can efficiently alleviate low-temperature stress, heat stress, and HCB toxicity.
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Introduction

Persistent organic pollutants (POPs) are one of the major environmental obstacles, which have been gradually intensified during the period of massive industrialization (Ahmad et al., 2021). Now, they are not only harming the environment, but their health hazards have crossed alarming levels. Besides the contaminating nature they are also characterized as quick and passively transmitting pollutants in the environment even in the absence of any anthropogenic activity. POPs possess the tendency to halt in the air, resist environmental degradation, and accumulate in the fat-rich tissues (of plants and/or humans) by passing through the phospholipid membranes (Ibrahim et al., 2016; Berntssen et al., 2017). Considering the health hazards of POPs highlights the disturbed reproductive system, disordered metabolism, and carcinogenicity (Wang et al., 2008). Among POPs, hexachlorobenzene (HCB) is highlighted as a fairly volatile compound with long-range air transportation and lipophilic properties. Although, measures have been taken to control the emission of HCB (e.g., banned in the agriculture sector), some industrial and environmental factors are continuously contributing tonnes of HCB into the air annually. Enlisting the key sources of HCB emission ranks smelting of metals, bleaching of paper pulp, production of cement, impregnation of wood, incineration of solid waste and sewage sludge, etc. Besides, HCB is released as a byproduct of all the chemical industries dealing with or producing chlorinated chemicals/liquids. Vinyl chloride, pentachloronitrobenzene, trichloroethylene, pentachlorophenol, tetrachloroisophthalonitrile, picloram, propazine, mirex, and hundreds of other chemicals add significant HCB quantities into the environment during their synthesis or incineration. HCB is readily absorbed in aerial plant parts, translocated between different tissues, and finally preserved in the lipid-rich areas. High HCB contents have been recorded in plants (e.g., pumpkins) from where they entered into the food chain and traveled in the whole food chain, including fish flesh and fish oil (Berntssen et al., 2017). HCB highly tends to be absorbed in the human body with direct damage to the liver and possesses both acute and subchronic toxicity. It can disrupt the function of glycolysis enzymes and slow down the metabolism (Mazzetti et al., 2004). Whereas, genotoxic effects have also been proven in case of prolonged or frequent exposure to HCB (Ezendam et al., 2004). Most importantly, the pollutant is classified among the carcinogens of group 2B, making its complete avoidance necessarily important, which seems impossible if the pollutant is a part of our daily diet. Limiting HCB contents in agri-food products can be of great assistance in this task. Therefore, some strategies must be developed to control aero-concentration and bioaccumulation of HCB in agricultural crops, especially leafy vegetables, e.g., Brassica alboglabra) which are directly consumed by humans.

Gibberellic Acid (GA3) is the parent molecule of hundreds of gibberellins (GAs) classified as plant growth regulators. Studies have reported multi-directional regulation of plant responses under the influence of GAs. GA3 is a tetracyclic diterpenoid molecule bearing a carboxy group, two hydroxyl groups, and a lactone ring. Researchers have utilized GA3 and its derivatives to control seed germination, plant growth (vigor and height), flowering time, leaf senescence, etc. Considering its diverse physiological effects in plants, GA3 was selected to assess its ability to reduce HCB absorption from the surrounding air. This is the first time the molecule has been tested to limit the absorption and translocation of a POP. However, kinetics models show that the half-life of GA3 is gradually lowered at a temperature higher than 20°C. The half-life of GA3 is only 2 h at 50°C, which is occasionally achieved during the summers of hot regions (Palmer, 1974). However, providing continuous and minute delivery of GA3 to plant cells is a necessary task, rather than spraying larger currents of the growth regulator.

Ever-increasing environmental temperature due to global warming makes the situation more challenging for GA3 delivery. High-temperature fluctuations not only dissipate GA3, but also abnormalize plant development. Temperature is one of the most important phenological stimulators, and induces diverse physiological responses in the plants depending upon their developmental stages (Bahuguna and Jagadish, 2015; Ahmad et al., 2018). Small fluctuations in the temperature cause serious disturbances in the phenological cycle of the crops, which could be a food security threat if the plants are already under stress conditions (Khan et al., 2018; Zaheer et al., 2018). The temperature has been well-documented for its role in regulating almost all the physiological and developmental processes, including stomatal conductivity, water contents, photosynthesis, plant growth, fruit senescence, fruit ripening, etc. (Zandalinas et al., 2018; Farooq et al., 2019). Increased temperature impacts the enzymes’ activities and drives the plants under stress by disturbing evapotranspiration rates (Lamaoui et al., 2018). The modulated enzyme activities become a leading cause of altered protein concentrations, leaf water contents, sugar contents, osmoprotectants, and oxidative enzymes, e.g., superoxide dismutase (SOD), ascorbate peroxidase (APX), and peroxidase (POD) (Sattar et al., 2020). Not only the high temperatures but the low temperature also abnormalizes the plant’s growth, antioxidants activity, chlorophyll contents, reactive oxygen species (ROS), rate of photosynthesis, and several other physiological factors.

Brassica is an oil seed-producing plant that is famous for its consumption as a leafy vegetable and animal feed. Growing such an important crop in an HCB polluted environment causes the pollutant to be absorbed, translocated, and preserved in the lipid-rich plant parts, e.g., seeds. It is very important to restrict the entry of the pollutant into the plant foliage to keep the plant free of HCB contents. On the other side, research on foliar uptake of organic POPs and the way to control their accumulations is dearth studied.

To make plants withstand temperature fluctuations and to release stable and slow release of GA3 on the plant surface, we selected BioClay as a delivery agent. BioClay is a sheet-like clay nanoparticle with functional layered double hydroxide clay nanosheets that precipitates naturally in saline water bodies or through the weathering of basalts. BioClay nanosheets are a family of inorganic layered materials (Ram Reddy et al., 2006, 2008; Xu et al., 2006), which can be synthesized using a cost-effective protocol (Xu et al., 2006). The main features of BioClay are to keep acidic molecules stable and release slowly on the plant surfaces. The BioClay can be topically applied to plants for increased plant growth and defense parameters (Mitter et al., 2017). Therefore, the present research was designed to investigate the role of GA3-coated BioClay (BioClayGA) in alleviating multiple stress (HCB and temperature) conditions in Kale plants and their joint effort to control the bioaccumulation of the toxic organic contaminant. A number of positive physiological impacts have already been documented against the BioClay application (Fletcher et al., 2020). Henceforth, it was hypothesized that the combined application of BioClay with GA3 might have beneficial effects on plant stress alleviation and growth improvement. According to our information, no investigation has been executed to elucidate the role of GA3 or/and BioClay in alleviating the effects of multiple environmental stressors. Therefore, during the current study, the potential of GA3 impregnated BioClay was first time evaluated to alleviate HCB and temperature stress in B. alboglabra plants. This study elucidates the role of BioClayGA on growth, antioxidative system, and gaseous exchange attributes of B. alboglabra plants under HCB and temperature stress.



Materials and methods


Plant material and growth conditions

Brassica seeds were submerged in potassium permanganate (0.1%) for 15 min to ensure their surface sterilization and then washed three times with sterilized deionized water to completely remove any traces of the sterilizing agent. Bedding two Whatman filter papers prepared glass jars, and standard Davtyan (10 mL, 0.75 N) nutrient solution was flooded to maintain the moisture. Then, 10 sterilized seeds were placed into each jar under very low light and placed (Ahmad and Ashraf, 2016). All the jars were exposed to dark and 2°C temperatures for five days in a plant growth chamber. Five-day-old seedlings were transferred to soil pots at the rate of two seedlings per pot, while the pots contained one kilogram of UQ23 pot soil.



BioClayGA synthesis

The method of Mitter et al. (2017) was strictly followed to prepare BioClay nanosheets. The process included non-aqueous precipitation, heat treatment, purification step, and dispersion in water. The complete procedure yielded an average particle size of 45 nm, which was analyzed by a Nanosizer, Nano ZS instrument (Malvern Instruments) to obtain the Z average size and PdI. The chemical composition and crystal structure were verified by powder XRD with five BioClay samples (Rigaku Miniflex X-Ray diffractometer), Fourier transforms infrared spectroscopy (Nicolet 6700 FT-IR; Thermo Electron Corporation) with attenuated total reflection mode (Xu et al., 2006) and imaged by JEOL transmission Electron-microscope, JSM-2010.



Loading of GA3

To define optimal and complete loading of respective GA3 into BioClay nanosheets, the ratio of GA3 to BioClay was adjusted to 1:10. A mixture of GA3 10 mL and BioClay 100 mL was prepared and incubated at room temperature for 30 min with continuous agitation of 120 rpm. Quantifying the residual GA3 was done using Sun et al.’s standard method (Sun et al., 2020). HPLC system equipped with ZORBAX-Eclipse XDB-C18 column (4.6 × 250 mm, 5 μm, Agilent) separated the free GA3 molecules in an aqueous mobile phase of 40% methanol flowing at the rate of 0.4 mL min–1. Samples of 10 μL were separately processed at 40°C, and absorbance readings were recorded at 210 nm. The stable release of GA3 was also ensured at three different incubation temperatures 0, 25, and 50°C for a period of sixty by using the method described above.



Treatment application

GA3 (C19H22O6) was purchased from RPI Research Products International, CAS # 77-06-5. The growth regulator was initially dissolved in ethanol to prepare a stock concentration of (0.5 mM L–1), and then diluted with distilled sterilized water to attain a concentration of 5 μM L–1 as a working concentration recommended by Miao et al. (2017). Similarly, the BioClayGA solution was prepared to get the final working concentration of 0.5 mM L–1 for GA3. However, the concentration of BioClay was 1 g L–1. The third treatment of BioClay nanoparticles was also prepared (1 g L–1). Each seedling received 0.5 mL of the respective spray treatment.

To determine the HCB uptake pathway in the Brassica plants, specially designed incubation chambers (ICs) were introduced in the experimental design. The ICs consisted of glass materials, and the design and manufacturing pattern was adopted from a previous study (Zhu et al., 2016). The design had two separate air inlets, among which one was used for HCB and the second was for air. Both inlets had electrically controlled air pumps wired and connected with polytetrafluoroethylene hoses. The ICs had their own temperature sensing and regulatory system, while an air sampling window was also installed in every IC to collect a sample without significantly disturbing the experimental setup. Fine silica sand with a particle size of 150-380 μm was used to cover the potting soil to avoid direct contact between the HCB-contaminated air and the potting soil (Zhu et al., 2020). The HCB concentration in the air was adjusted to 1,000 mg m–3 as derived from its minimum toxic concentration of 582.4 mg m–3 and kept constant throughout the incubation period (Jarrell et al., 2002). In order to compensate for the time course losses of particulate on the plant surface, the POP dust was sprayed twice a week. Afterward, the growth conditions in ICs were maintained as relative humidity (70-76%), photoperiod (16 h), and light (500-550 mmol m–2 s–1). Five biological replications were used for each treatment.



Temperature treatment

Brassica seedlings were treated with a temperature shock of 0, 5, 15, 25 (experimental temperature), 35, 45, and 50°C for 2 h during the light period (Jiang et al., 2018). By following this design, the experiment contained a total of 124 treatments, including one control treatment (Supplementary Table 1). The entire experiment was incubated until seed production. Plant tissues (roots, shoots, and leaves) were randomly sampled at the age of 8 weeks.



Breakdown of BioClay and release of GA3

Breakdown of BioClay and release of GA3 were necessary to expose plants to GA3 treatment. To detect the degradation, 100 μL of BioClay suspension was dispensed in 20 droplets on detached Brassica alboglabra leaves (four replicates) with a similar surface area. Petri-plates were bedded with moistened filter papers, and the collected leaf samples were placed on them. The leaf petioles were immersed in Murashige-Skoog (MS) basal media (SigmaAldrich) in small glass vials taped to the dish. The Petri-plates were incubated in an incubation chamber with relative humidity (95%), CO2 (5%), and temperature (27°C). Leaf samples were collected after the interval of 1, 3, 5, and 7 days post-application of BioClay. The collected leaf samples were rinsed with a 10 mL aqueous solution of HNO3 (2%) and ethanol (3%). The rinse solutions were collected and analyzed through inductively coupled plasma-optical emission spectrometry (ICP-OES) to determine relative magnesium and aluminium ion concentrations. Four identical samples were processed separately. One sample was maintained outside the chamber at room temperature under normal atmospheric conditions (0.045% CO2). After 7 days of incubation, the tubes were centrifuged at 12,000 rpm for 15 min. The supernatant was pas processed at HPLC to detect the amount of free GA3 contents (Sun et al., 2020). HPLC system equipped with ZORBAX-Eclipse XDB-C18 column (4.6 × 250 mm, 5 μm, Agilent) separated the free GA3 molecules in an aqueous mobile phase of 40% methanol flowing at the rate of 0.4 mL min–1. Samples of 10 μL were separately processed at 40°C, and absorbance was read at 210 nm.



Stability of GA3 bound to BioClay

To check the stability of GA3, the release of the compound was tested at varying temperatures (0-50°C) using the similar HPLC method. Meanwhile, an aqueous GA3 solution of identical concentration was taken as a control treatment under similar temperature conditions. The samples were sprayed on Brassica leaves, and the method of GA3 detection was followed again as described earlier. After an incubation period of 1 month and 2 months, the samples were chromatographically analyzed for GA3 contents (Sun et al., 2020).



Determination of growth, antioxidant, and physiological parameters

After 8 weeks of incubation, all the plants were randomly sampled, and the collected samples were separated into the leaves, roots, and shoots. Each tissue was washed for one minute with the ddH2O and dried on blotting paper prior to its storage at −80°C for further analytical use. The plant samples were estimated for their growth parameters (shoot length, root length, shoot fresh mass, root fresh mass, shoot dry mass, root dry mass, SPAD chlorophyll, and leaf area), soluble sugars, net photosynthetic rate (Pn), photosynthetic pigments (Chl a, Chl b), photosystem quenching (Fv/Fm), gaseous exchange parameters, H2O2 contents, leaf osmotic potential, water potential, electrolyte leakage (EL), membrane stability index (MSI), proline content, lutein, lycopene, β-carotenoids, malondialdehyde (MDA), oxidative and antioxidant enzymatic activities (Carbonic anhydrase (CBH), nitrate reductase (NR), peroxidase (POD), catalase (CAT), superoxide dismutase (SOD), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), ascorbate peroxidase (APX), glutathione-S-transferase (GST), glutathione reductase (GR), and glutathione peroxidases (GPX)) by strictly following the standard optimized protocols (Li et al., 2021).



Determination of hexachlorobenzene in plants

The method of Liu et al. (2013) was adopted to estimate HCB contents in the plants. An accelerated solvent extraction system (ASE 200, Dionex, Sunnyvale, CA) was used to extract and collect chlorobenzenes (hexachlorobenzene and its metabolites) from Brassica plants. Each sample (seeds, shoots, and roots) was weighed (5 g) and homogenized with 5 g of diatomaceous earth. Whereas the physical conditions were kept at the temperature (90°C) and pressure (10 MPa). An extraction solvent was prepared by mixing hexane/acetone with the ratio of (3:1, vol/vol) and used to extract the chlorobenzenes. The extract was collected in the glass flask and evaporated under a vacuum at 45°C using a rotary evaporator (Yarong, Shanghai, China) to achieve the final volume of 2 mL of concentrated extracts. A step of solid-phase extraction was employed to clean the extracts by passing through the extraction cartridges containing Na2SO4 (2 g), and silica gel (1 g). A solvent system of hexane/dichloromethane (15 mL) was used at the ratio of 9:1 (vol/vol), to elute the extracts.

A pre-optimized gas chromatograph (Agilent 6890, Santa Clara, CA) was used to measure the concentrations of HCB and its metabolites. The gas chromatograph was equipped with a DB-5 capillary column (J&W Scientific, Folsom, CA) with the dimension 30-m length × 0.32-mm inside diameter × 0.25-μm film thickness. An HP 7683 auto-sampler (Hewlett Packard, Mississauga, ON) was used to load the sample on the chromatograph, and a 63Ni electron capture detector was used to plot the chromatograms. The carrier gas in the experimental operation was inert nitrogen. The temperature of the injector was 240°C, while the temperature of the detector was 290°C. One microliter of each sample was injected into the chromatograph in a splitless mode. The recovery for HCB in seeds, shoots and roots was 98.9, 97.4, and 93.7%, respectively. The sensitivity of the gas chromatograph to detect trace amounts of HCB was 0.5 pg μL–1.



Calculation of mobility, avoidance efficiency and pollutant tolerance index

The translocation factor (TF), and avoidance efficiency (AE) were used to evaluate the ability of the plants to absorb, translocate, and/or avoid pollutants, according to the following equations (Xiao et al., 2019; Zeng et al., 2019).


(1)TF = Csubstance shoot/Csubstance leaf

(2)AE = (Csubstance shoot × Mshoot × Csubstanceleaf × Mleaf)/(Csubstance air × Mair)



where the Csubstance shoot, Csubstance leaf, and Csubstance air are the contents of HCB (mg⋅kg–1) in shoots, roots, and air, respectively. However, the mass of one cubic meter of air was standardized as 1.29 kg during the experimentation.

Pollutant tolerance index (PTI) from plant biomass was calculated by employing the following formula of Deng et al. (2007):
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Statistical analysis

Data were presented in the form of mean ± SE of the five biological replicates. Analysis of variance (ANOVA) was performed by the MS-Excel add-in statistical package DSAASTAT (Onofri, Italy). The significant differences among treatments were determined by Duncan’s Multiple Range Test (DMRT) at p ≥ 0.5.




Results


Structural estimation of BioClayGA

The structural analysis of BioClayGA revealed a crystalline nature of the nanosheets with 1.7-3.2 μm width and 80-150 nm thickness. An electron diffraction angle of 45°, and an interfacial angle of 43.4° were recorded. The interplanar lattice spacing, atomic plan spacing, and fringe spacing were measured at 0.0272, 0.35, and 0.384 nm, respectively (Supplementary Table 2). Assays clearly showed the GA3 molecules impregnated with BioClay nono sheets. Transmission electron micrograph, FTIR spectrum and XRD analysis collectively revealed a stable adhesion of GA3 with BioClay. The time-course release of GA3 was observed to be greater at a higher temperature (50°C). However, the rate of GA3 release possessed non-significant fluctuation over a period of 60 days (Figure 1).
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FIGURE 1
Electron microscopic image of bioclay nanoparticle with impregnated GA3 (A). X-ray diffraction analysis-XRD of gibberellic acid-GA3, bioclay-LDH, and gibberellic acid impregnated bioclay-LDHGA (B). Fourier-transform infrared spectroscopic-FTIR analysis of GA3, LDH, and LDHGA (C). Time course relesse of GA3 molecules by bioclay nanoparticles at three different temperatures, i.e., (0, 25, and 50 degree celcius (D). Effect of GA3 on photosynthesis-related parameters of Brassica alboglabra under HCB toxicity, and temperature stress. Leaf relative water content (E), Net photosynthesis rate (F), Maximum quality yield of PS-II (G), Stomatal conductance (H), Internal CO2 concentration (I), Transpiration rate (J). Values demonstrate means ± SD (n = 5). Different letters indicate a significant difference among the treatments (P ≤ 0.05). H = HCB; G = GA3, B = Bioclay, T0 = 0°C, T05 = 05°C, T15 = 15°C, T35 = 35°C, T45 = 45°C, T50 = 50°C. All treatments without temperature tags got a continuous incubation temperature of 25°C.




Determination of growth attributes

The results of the current study revealed that GA3 alone had the potential to improve the growth parameters of the plants, i.e., root fresh weight, shoot fresh weight, root dry weight, and shoot dry weight under multiple stress conditions of HCB toxicity, and temperature stress. All these growth credentials were enhanced 1.7 to 1.9 times after GA3 treatment. However, the most interesting observation was the positive support of BioClay toward plant growth. Plant growth parameters were elevated by 1.1 to 1.3 times due to BioClay application. The growth regulator GA3 enabled Brassica plants to overcome HCB toxicity by introducing pollutant tolerance in them. Besides, it also elevated the plant growth parameters up to 150%. However, BioClay could enhance the plant growth up to 120% primed with HCB. The maximum growth enhancement (241%) was recorded in the plants exposed to BioClayGA, and it could be reduced up to 211% under HCB toxicity. On the other side, the toxic effects of HCB caused a 50-57% reduction in growth attributes and leaf area of the plants as compared to the control treatment. GA3, bioclay, and BioClayGA proved effective in augmenting chlorophyll contents in Brassica plants. However, enhancement in chlorophyll contents was documented at 129% by GA3 application, 118% by BioClay treatment, and 143% by BioClayGA. HCB stresses plants also showed a significant increase of 138% in chlorophyll contents when primed with BioClayGA. Extreme temperature fluctuations from 25°C have deleterious effects on Brassica plants, retarding 15% of growth attributes, 18% of leaf area, and 14% of chlorophyll contents (Supplementary Figure 1).



Effect leaf relative water content

The results depicted the transposed effects of extreme temperatures and HCB on LRWC (43.55%, and 15.6%, respectively) as compared to control Brassica plants. Considering the temperature gradient, the maximum LRWC was recorded at 25 and 35°C. However, the GA3 treatment increased the value of LRWC (40.08%) as compared to the control. BioClay treatment also enhanced 32.41% LRWC when applied alone, while a 46.76% increment in LRWC was observed under BioClayGA treatment. The HCB treatment reduced Pn up to 47.62%. However, elevation in Pn due to GA3 and BioClay was 22.75%, and 18.96%, respectively. The BioClayGA application recorded the maximum Pn increase of 34.26%. The individual effect of BioClay and GA3 was found in favor of photosystem quenching Fv/Fm significantly higher than the effect of BioClay (20.62% increment). The most promising treatment providing the maximum increase in stomatal conductance, Ci, and transpiration rate were BioClayGA. However, the stress caused by extreme temperatures and HCB toxicity negatively impacted all these physiological parameters. Both the growth regulator and BioClay positively influenced the cell physiology of B. alboglabra (Figure 1).



Determination of photosynthetic pigments and soluble sugars

Hexachlorobenzene toxicity significantly reduced the photosynthetic pigments up to 42.95% in comparison to the control treatment. An increase of 1.29 times was observed by GA3 and 1.18 times by BioClay treatment. BioClayGA treatment provided more support toward total chlorophyll contents, augmenting them upto 240.94%. Low-temperature stress (0°C) caused a 14.77% chlorophyll reduction in Brassica plants, while 3.02% of chlorophyll contents were reduced due to high-temperature treatment (50°C). HCB signposted a significant decrease in the soluble sugar content of 3.15 mg g–1 as compared to 5.52 mg g–1 of control treatment. GA3 (6.73 mg g–1) and BioClay treatment (6.07 mg g–1) recorded significant mitigation of the sugar content. Whereas, BioClayGA enhanced soluble sugar contents up to (7.62 mg g–1) in the presence of HCB, while the contents were raised upto 7.89 mg g–1 in the absence of toxic HCB. Both low and high-temperature stress exerted deleterious effects on Brassica plants in terms of soluble sugars. However, BioClayGA mg g–1 were recorded at 0°C treatment (Table 1 and Figure 4).


TABLE 1    Effect of GA3 on chlorophyll a, chlorophyll b, total chlorophyll, and soluble sugars of Brassica alboglabra under temperature stress, and hexachlorobenzene (HCB) toxicity.
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FIGURE 2
Effect of GA3 on antioxidant defense parameters of Brassica alboglabra under HCB toxicity, and temperature stress. Nitrate Reductase Activity (A), Catalase Activity (B), Peroxidase Activity (C), and Superoxide Dismutase Activity (D). Values demonstrate means ± SD (n = 5). Different letters indicate a significant difference among the treatments (P ≤ 0.05). H = HCB; G = GA3, B = Bioclay, T0 = 0°C, T05 = 05°C, T15 = 15°C, T35 = 35°C, T45 = 45°C, T50 = 50°C. All treatments without temperature tags got a continuous incubation temperature of 25°C.
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FIGURE 3
Effect of GA3 on physiological parameters of Brassica alboglabra under HCB toxicity, and temperature stress. Proline content (A), Lycopene content (B), β-carotene content (C), and Lutein content (D), Electrolyte leakage (E), Malondialdehyde content (F), and H2O2 content (G). Values demonstrate means ± SD (n = 5). Different letters indicate a significant difference among the treatments (P ≤ 0.05). H = HCB; G = GA3, B = Bioclay, T0 = 0°C, T05 = 05°C, T15 = 15°C, T35 = 35°C, T45 = 45°C, T50 = 50°C. All treatments without temperature tags got a continuous incubation temperature of 25°C.
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FIGURE 4
Nanotoxicity assessment of bioclay nanoparticles alone and in combination with gibberellic acid on Brassica alboglabra plant growth (A), photosynthesis (B), antioxidant machinery (C), and enzyme activities (D). The relation of nanotoxicity of bioclay under ambined application with gibberellic acid with HCB (E), and temperature (F). Values demonstrate means ± SD (n = 5). Different letters indicate a significant difference among the treatments (P ≤ 0.05). T0 = 0°C, T05 = 05°C, T15 = 15°C, T35 = 35°C, T45 = 45°C, T50 = 50°C. All treatments without temperature tags got a continuous incubation temperature of 25°C.




Antioxidant defenses

The activity of nitrate reductase was significantly reduced by toxic HCB contents, and elevated by the application of GA3 and bioclay. The most effective mitigation was resulted by BioClayGA, which elevated the enzyme activity by 238.4%. The extreme temperatures adversely affected the enzyme activity, and BioClayGA significantly mitigated temperature stress and HCB toxicity resulting in a 209.92% increase in nitrate reductase activity. Similar trends were observed in the case of other enzymes studied catalase, peroxidase, superoxide dismutase, and carbonic anhydrase. The activities of the enzymes were negatively affected by HCB toxicity and temperature fluctuations. Still, BioClayGA successfully alleviated the hazardous effects and elevated the enzyme activities up to 216%, strengthening the antioxidant defense of the plant (Figures 2, 4).



Enzymatic analysis

A significant increasing effect of GA3 was recorded in the enzymatic contents of monodehydroascorbate reductase (MDHAR), and dehydroascorbate reductase (DHAR), glutathione-s-transferase (GST), glutathione peroxidase (GPX), glutathione reductase (GR), and ascorbate peroxidase (APX) in B. alboglabra. BioClay treatment alone also enhanced the enzyme activities, but the extent of upregulation was significantly lower than GA3. The quantities of all these enzymes shared a similar trend of being elevated after BioClay and GA3 exposure and being reduced under toxic and stress conditions of fluctuated temperatures and the toxic environment of HCB. However, the mitigation role of BioClayGA was dominant and elevated all the tested stress factors (Table 2 and Figure 4).


TABLE 2    Effect of GA3 on dehydroascorbate reductase (DHAR), monodehydroascorbate reductase (MDHAR), glutathione-s-transferase (GST), glutathione reductase (GR), glutathione peroxidase (GPX), and ascorbate peroxidase (APX), in Brassica alboglabra under temperature stress, and hexachlorobenzebe (HCB) toxicity.
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Proline, lycopene, β-carotene and lutein contents

Results showed that proline contents were significantly retarded (35.21%) in the plants exposed to HCB. On the other side, GA3 increased proline contents 1.39 times as compared to the control treatment. BioClay treatment also exhibited positive effects on proline contents comparable with GA3. Lycopene, β-carotene, and lutein were also negatively regulated by the temperature extremes (low and high temperatures). However, the three treatments, i.e., GA3, BioClay, and BioClayGA, significantly enhanced all these biochemicals (Figure 3).



Electrolyte leakage MDA and H2O2

The EL was increased by HCB treatment and extreme temperatures, either low or high temperatures. An increase of 210.36% was recorded in EL due to HCB. However, the increased EL due to extreme temperatures was non-significant as compared to the control treatment. MDA was also increased by two times under the toxic influence of HCB. A similar trend was followed by H2O2 contents, which were elevated by toxic HCB and extreme temperatures (215.37 and 10.23%, respectively). Plant growth regulator GA3 and BioClay treatments successfully downregulated H2O2 contents reducing the risk of oxidative damage to plant cells (Figure 3).



Water potential, leaf osmotic potential, and membrane stability index

Exogenously applied GA3 caused a 128.57% enhancement in the leaf water potential of B. alboglabra. However, plants grown in HCB toxic environment contained 57.14% less leaf water potential. Similarly, extreme temperatures also adversely affected leaf water potential. Whereas, significant enhancement in leaf water potential and mitigation of HCB toxicity were observed by BioClay and BioClayGA treatments. A similar trend was found in leaf osmotic potential and membrane stability index (MSI). BioClayGA successfully mitigated the stress effects of extreme temperatures and HCB toxicity (Table 3).


TABLE 3    Effect of GA3 and BioClay nanosheets on water potential, leaf osmotic potential, membrane stability index (MSI), root, shoot, leaf and seed HCB uptake, translocation factor (TF), avoidance efficacy (AE) and pollutant tolerance index (PTI) of Brassica alboglabra under temperature stress, and hexachlorobenzebe (HCB) toxicity.
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Hexachlorobenzene contents, translocation factor and pollutant tolerance index

During the current study, the HCB accumulation was recorded higher in roots (89.0 μg g–1) as compared to shoots (2.67 μg g–1) and leaves (2.33). An interesting observation was of 1.96 μg g–1 HCB contents in the Brassica seeds. In extreme temperatures, especially the low temperature, was HCB accumulations enhancer facilitating HCB aero-concentration in the plant tissues as well as in seeds (0.86 μg g–1). Both the GA3 and BioClay significantly reduced the deleterious effect of HCB, and extreme temperatures lowering down the HCB accumulations in Brassica roots, shoots, leaves, and seeds. The most promising stress alleviation was inherited by BioClayGA treatment resulting in 0.75 μg g–1 HCB concentration in Brassica seeds. Three treatments, GA3, BioClay, and BioClayGA, bear an optimistic activity with respect to the TF of HCB. Brassica plants primed with GA3 showed a TF value of 0.65 in comparison to the 1.32 TF value of the control treatment. The minimum translocation of HCB (0.5) occurred in BioClayGA treated plants. Pollutant tolerance index in BioClayGA treated plants was also recorded at the maximum (124.49), followed by GA3 (81.42) and BioClay (66.08). However, extreme temperatures have detrimental effects on plants’ ability to tolerate the pollutant. Similarly, the plants’ avoidance efficacy (AE) was negatively impacted by the temperature fluctuations, whereas BioClay, GA3, and BioClayGA elevated the avoidance of the plants against HCB (Table 3 and Figure 4).




Discussion

For the first time, the present investigation sets a procedure for sustainable exogenous delivery of GA3 to a plant surface through impregnating with bioclay. GA3 is a plant hormone that is mainly responsible for cell elongation, internodal length, and defining plant height (Montague, 1993). The plant response toward GA3 is truly dose and duration dependent, making the exogenous application of GA3 to attain the desired results (Chandra et al., 2019). In this way, sustained availability of the fixed hormonal portion is essential to involve GA3 in field conditions to get the wanted results. The present research makes it simpler to support the GA3 portion of the plants during longer development periods by utilizing BioClay impregnated with GA3. Besides, GA3 bears the propensity to tune the genetic controls of the plant. The growth hormone is engaged with initializing the expression of starch and sugar-related h genetic cascade, which at last characterizes the plant’s energy economy (Chandra et al., 2019). This property of the phytohormone has been utilized to harmonize the physiological balances during stress conditions.

The stress factors (e.g., HCB) incite physiological imbalances and promote EL, and oxidative stress, leading to adaptive cellular responses in the form of solute accumulation (Shaddad et al., 2013). This establishes a groundwork for the expanded air fixation coefficient of HCB in various tissues of Brassica plants. Furthermore, the study first time decides the movement variable of HCB in B. alboglabra plant tissues, expounding the destiny of the toxin when consumed in the eatable plant. Additionally, the scientific investigation explored the mitigation behavior of BioClay, and GA3 by reharmonization of the stress indicators, e.g., EL, LRWC, gaseous exchange, antioxidant defenses, and enzymes’ activities. Ci, EL, Pn, leaf water potential, etc. are the main tools of environmental toxicants to retard plant growth and disturb metabolism (Khan et al., 2017; Yasin et al., 2018; Li et al., 2021). The study recommends BioClayGA as a resilient stress alleviator that can reharmonize the plant metabolism and rehabilitate plant cell homeostasis. The current study reports the BioClayGA as an effective stress alleviator that elevates the Pn, photosynthetic pigments (Chla, and Chlb), and total soluble sugars. This multitude of variables mutually restored the physiological elements and growth parameters because of work on the photosynthetic action of Brassica. Then again, temperature stress and HCB harmfulness are the significant stressors of the present climate that can shorten plan development and physiological properties. The augmented biosynthesis of chlorophyll contents positively affected the photosynthesis and growth of the plants treated by BioClayGA.

During stress conditions, the minimal objective of a plant is to make due through the shocking time, and the minimal objective of a rancher is to get sufficient respect to meet the development costs. This is achieved through the plant tolerance mechanism against stress factors (Ahmad et al., 2014b; Li et al., 2021). The study calculated the PTI for HCB-affected plants of B. alboglabra. Additionally, the AE of Brassica plants against toxic HCB was a prime finding of the current research work, which was calculated against twice the concentration of the pollutant reported harmful to the plants. Evasion is the best methodology to remediate the environmental pollutants, letting them out of the food chain for normal debasement (Waheed Ullah Khan et al., 2017). Using GA3 impregnated BioClay has been proved a unique technique, hampering the entry of HCB into the food chain, which would surely be detoxified by natural degradation with the passage of time.

Moreover, the alone and combined effect of BioClay with the phytohormone resulted in positive physiochemical alterations in plants. Beforehand a couple of studies involved BioClay for the effective conveyance of RNAi to get the plants safe against microorganisms (Fletcher et al., 2020). In any case, there was no extreme end in regards to the development guideline conduct of the nanosheets. The ongoing concentrate first time featured the steady job of the earth nanosheets toward plant development. It not only supported the growth parameters of B. alboglabra but also augmented antioxidant enzymes and other physiological factors. The study proved that the BioClay was of immense potential to be used as a plant growth enhancer under stress conditions. Having no negative cross-talk with GA3 is an advantageous feature of BioClay explored in this study.

LRWC value acts as a biomarker for plant-water relationships. High-temperature stress has negative effects on osmotic potential as well as water. Low temperature also negatively impacted LRWC values of Brassica plants, indicating reduced drought resistance (Wang et al., 2019). During current research, all the three test treatments, i.e., BioClay, GA3, and BioClayGA, significantly improved LRWC proving a good choice for low rainfall areas and areas adversely affected by global warming. Lipid peroxidation is one of the major reasons of membrane injuries, is one of the leading causes of disrupted metabolic patterns in the plant cells, and is considered a biomarker of cellular injuries for a plant under stress (Ayala et al., 2014). A majority of writing accessible fosters an association between expanded biosynthesis of H2O2 with oxidative wounds of the phones and extreme driving toward putrefaction (Ayala et al., 2014). Yet, BioClay and GA3 inhibited the biosynthesis of the oxidative stressor H2O2. Moreover, the utilization of BioClayGA decreased the MDA, the last result of lipid peroxidation, and demonstrated the proficiency of the treatment against natural stressors. The EL caused by damaged cellular membrane reduces plant growth and biomass production. A few examinations uncovered that the up-directed exercises of antioxidative hardware decline the blend of ROS in focused plants. Superoxide is detoxified into a less injurious H2O2 by the activity of SOD, which is subsequently converted into H2O through the activity of POD, CAT, and APX (Chen and Heuer, 2013). The exogenous utilization of BioClayGA upgraded pressure resistance by working on the action of the antioxidative framework in focused plants.Henceforward, the up-regulation in antioxidative machinery besides the decreased level of EL, H2O2, and MDA highlighted the favorable role of BioClayGA in the reduction of oxidative injuries and regulation of redox homeostasis in stressed plants.

Superoxide dismutase is ranked among the primary antioxidant defenses of the plant cell, crucial to surviving under stress conditions. Although SOD and CAT are mainly localized in peroxisomes and mitochondria of the plant cells (Zaheer et al., 2018), they still showed a significant response to stress conditions. However, BioClayGA treatment mitigated the stress physiology of B. alboglabra. The ongoing study gives nitty-gritty interrelation between GA3, bioclay, BioClayGA, H2O2, MDA, and cell reinforcements catalyst exercises. By taking into account the by and large physiological reactions of the plant, it tends to be presumed that every one of the three medicines (GA3, bioclay, and BioClayGA) strengthened plant defenses against environmental stresses and HCB toxicity. However, BioClayGA was the most promising formulation in this regard. The scavenging of reactive oxygen species (ROS) is a prime function in a plant cell to thrive under stress conditions (Abbas et al., 2020). H2O2 is the main source of ROS, and ascorbate is one of the most powerful substrates for scavenging H2O2. The higher ROS biosynthesis than it is being scavenged (by the antioxidant system) leads to irreversible oxidative damages (Ahmad et al., 2014a). Ascorbate, glutathione, and carotenoids belong to the non-enzymatic antioxidant defense system. However, DHAR, MDHAR, GST, GR, GPX, APX, SOD, and CAT are key components of the enzymatic antioxidant system (Konieczny et al., 2014). BioClayGA has carried out a double role to reinforce the oxidative guard arrangement of B. alboglabra while lifting the movement of cell reinforcements to build the guarded layers of the plant further.

Researchers have always been interested in increasing edible plants’ proline and carotenoids (lycopene, β-carotene, and lutein) contents. Carotenoids are the pigmented elements of plants which contribute to the photosynthetic machinery and perform a protective function against photo-damage (Singh and Sahota, 2018). Foods rich in carotenoid contents protect humans from age-related diseases. Lycopene is a major carotenoid in Brassica with characteristic red color and special antioxidant properties (Elbadrawy and Sello, 2016). Proline is an excellent part of protein biosynthesis hardware, which characterizes the cell structure, digestion, sustenance profile, wound recuperating, antioxidative responses, and protection reactions (Wu et al., 2011). Particularly proline plays a vital role in the stability of macromolecules structure and turgidity of cellular membrane structure in stressed plants. Proline scavenges ROS and attenuates stress in plants. During the present study, BioClayGA successfully enhanced proline and carotenoid contents in Brassica plants under multiple stress conditions. It hardened the plants and made them tolerant against temperature stress and HCB toxicity.

The increased HCB concentration in roots of plants growing in a POP toxic environment is because vacuole and cell walls of roots may amass and hold higher HCB contents compared to shoot cells (Dong et al., 2017). The exogenous application of BioClayGA decreased HCB contents in plants due to modified homeostasis. Moreover, every one of the advantages of lessening HCB contents in foliage and seeds of B. alboglabra is the principal accomplishment of the study, which lies with the limited section of HCB in the plant. Taking into account the exchange nature, persistance, bioaccumulation, and deadly impacts of HCB, the BioClayGA treatment accomplished a sign of hindering airborne contamination from entering the human food chain. Also, BioClayGA application decreased the ACF of the Brassica shoots, obstructing the HCB move at the initial step from air to food. The study can be expanded to seek the bio-concentration conduct of different POPs in food plants.



Conclusion

This study revealed that the combination of BioClay and GA3 successfully improved the plant growth and physiological performance of B. alboglabra under multiple stresses (hexachlorobenzene and temperature extreme). Moreover, exogenously applied BioClayGA3 ameliorated the combined stress of hexachlorobenzene and temperature extremes through decreased production of ROS, modulated synthesis of osmoregulators, and improved antioxidative system. BioClayGA3 inhibited air absorption of HCB and reduced its transfer coefficient among different plants. Accordingly, we are confident that the stress alleviation behavior of BioClayGA3 offers an innovative approach to sustainable agricultural practice for future food security.
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Drought is one of the major environmental limitations in the crop production sector that has a great impact on food security worldwide. Coriander (Coriandrum sativum L.) is an herbaceous angiosperm of culinary significance and highly susceptible to rootzone dryness. Elucidating the drought-induced physio-chemical changes and the foliar-applied folic acid (FA; vitamin B9)-mediated stress tolerance mechanism of coriander has been found as a research hotspot under the progressing water scarcity challenges for agriculture. The significance of folic acid in ameliorating biochemical activities for the improved vegetative growth and performance of coriander under the mild stress (MS75), severe stress (SS50), and unstressed (US100) conditions was examined in this study during two consecutive seasons. The results revealed that the plants treated with 50 mM FA showed the highest plant fresh biomass, leaf fresh biomass, and shoot fresh biomass from bolting stage to seed filling stage under mild drought stress. In addition, total soluble sugars, total flavonoids content, and chlorophyll content showed significant results by the foliar application of FA, while total phenolic content showed non-significant results under MS75 and SS50. It was found that 50 mM of FA upregulated the activity of catalase, superoxide dismutase, and ascorbate peroxidase enzymes in MS75 and SS50 plants compared with untreated FA plants. Thus, FA treatment improved the overall biological yield and economic yield regardless of water deficit conditions. FA-accompanied plants showed a decline in drought susceptibility index, while it improved the drought tolerance efficiency, indicating this variety to become stress tolerant. The optimum harvest index, essential oil (EO) percentage, and oil yield were found in MS75 followed by SS50 in FA-supplemented plants. The gas chromatography–mass spectrometry analysis revealed a higher abundance of linalool as the major chemical constituent of EO, followed by α-terpeniol, terpinene, and p-Cymene in FA-treated SS50 plants. FA can be chosen as a shotgun tactic to improve drought tolerance in coriander by delimiting the drastic changes due to drought stress.




Keywords: antioxidants, economic yield, field capacity, osmolytes, oil constituents, net photosynthesis, susceptibility index, principal component analysis



Introduction

The average global temperature is rising, and the environment is becoming more unpredictable with severe droughts occurring (Sheoran et al., 2022; Stocker et al., 2014). According to predictions, water scarcity would affect 1.5–1.7 billion people in South Asia by 2050 (Sheoran et al., 2021). Agriculture is the most vulnerable sector to this rapid climate change. Among many unprecedented challenges, drought is the most devastating abiotic stress caused by temperature dynamics, light intensity, and inadequate rainfall (Sheoran et al., 2022). According to FAO estimates, drought caused a direct loss of USD 29 billion to agriculture in developing countries between 2005 and 2015 (Canton, 2021). Each year, the global population and agriculture endure crucial agricultural output losses because of severe drought catastrophe. Despite this, its cumulative, subtle influence and multifaceted nature have a significant impact on plant morphological, physiological, biochemical, and molecular properties, with a negative impact on photosynthetic capacity (Bijalwan et al., 2022). Drought stress has a multidimensional impact on plant development, resulting in intricate and often spontaneous physiological and cellular responses leading to a substantial reduction in crop yield (Rehman et al., 2022).

Plants have acquired considerable physiological and biochemical adaptations in response to a variety of environmental stressors (Sharma et al., 2022). Drought can influence stomatal activity, which impacts CO2 absorption and, ultimately, the rate of photosynthesis and plant development. In response to a water scarcity, ion and water transport systems across membranes work to regulate fluctuations in guard cell turgor pressure and induce stomatal closure (Qi et al., 2018). During drought, endogenous ABA is rapidly produced, generating a cascade of physiological events, most notably the closure of stomata, which is controlled by a network of signaling molecules such as in Arabidopsis wherein drought stress activates 9-cis-epoxy carotenoid dioxygenase 3, which catalyzes a critical step in ABA synthesis (Endo et al., 2008; Behnam et al., 2013).

The overproduction of reactive oxygen species (ROS) causes decreased CO2 assimilation rates, while increased light absorption is another prevalent event under a drought environment, causing lipid peroxidation, DNA mutation, and cell damage (Kumar et al., 2019). These low levels, in turn, have an impact on the Calvin cycle processes, resulting in a decreased consumption of NADPH and ATP. As a response, the regeneration of electron acceptors declines, resulting in excessive ROS production (Chiappero et al., 2019; Rahimi et al., 2022). When ROS, such as hydrogen peroxide (H2O2), singlet oxygen (1O2), superoxide (O2), and the hydroxyl radical (OH), are present in minute amounts in plant tissues, they act as secondary messengers. However, when their production increases, the consequences of ROS become detrimental. The over-accumulation of ROS causes peptide chain fragmentation, deoxyribose oxidation, strand breakage, nucleotide elimination, and cell death (Cruz de Carvalho, 2008; Miller et al., 2010; Sharma et al., 2012). Plants have non-oxidative and oxidative enzymes, called scavenging enzymes, that assist in reducing this surplus. These include SOD, APX, CAT, glutathione reductase, and peroxidase (POX). These enzymes reduce the effects of ROS overabundance by oxidizing, reducing, and dismutating O2 to H2O2. However, during drought, the activity of these enzymes is changed and lowered, rendering them unable to carry out ROS-regulating tasks (Etesami and Maheshwari, 2018; Chiappero et al., 2019; Ilyas et al., 2021).

Recently, much emphasis has been made on the potential of using natural and safe compounds to boost plant development. FA (vitamin B9) is a well-known vitamin which is naturally synthesized in higher plants and influences plant growth and development (Ibrahim et al., 2021). It has a melting point of 482°F, and its molecular formula is C19H19N7O6. It is hydrophilic and slightly soluble in methanol, ethanol, and butanol-like organic solvents.

Folic acid is a collective term for pteroylglutamic acids and their oligoglutamic acid conjugates and natural water-soluble substance. It is N-acyl-amino acid that is a form of the water-soluble vitamin B9. Functionally, it relates to pterotic acid as a conjugate acid of folate.

Folic acid also has an auxinic function, which contributes to the growth, yield, and yield quality of many plant species. It is effective at capturing free radicals or active oxygen generated during photosynthesis and respiration processes (Hassan et al., 2016). FA-derived folates operate as glutamate residues, bridging the nitrogen and glucose metabolic processes (Stakhova et al., 2000). As a consequence, any interference with plant folate metabolism may result in a dramatic reduction in growth, development, and productivity by a considerable decrease in cell division and genome stability (Gorelova et al., 2017). Furthermore, it has been observed that the downregulation of genes involved in folate synthesis resulted in a considerable reduction or depletion of endogenous folates in many plant species in response to biotic and abiotic challenges (Higa et al., 2021). This response could indicate how essential the exogenous application of FA is for boosting plant tolerance to diverse stressors (Ibrahim et al., 2015; Kilic and Aca, 2016).

FA may be significant in regulating protein and nucleic acid synthesis, boosting cell division and expansion, stimulating the production of natural hormones and chlorophyll, and improving nutrition intake. These effects may explain why folic acid foliar spray enhances plant growth characteristics (Kilic and Aca, 2016). Increasing resilience to abiotic stress is also significant (Poudineh et al., 2015). A raise in the size of the entire vegetative development, as evidenced by an increase in plant biomass and dry matter accumulation, demonstrated the significance of folate in these activities (Khan et al., 2021). FA foliar spray to bean plants dramatically boosted the amount of total chlorophyll in Faba bean leaves. FA increased the amount of chlorophyll in leaves, which could be because it promoted the manufacture of glycine. Glycine is required for the formation of chlorophyll and porphyrins in chloroplast membranes (Stakhova et al., 2000).

In previous studies, it has been reported that the application of FA inhibited the negative impact of drought stress on plant development due to the production of proline under drought stress, which helps the plant to prevent turgor loss (Ibrahim et al., 2021). Moreover, proline is an amino acid that acts as osmo-protectant and molecular chaperons produced under the influence of the glutamate pathway during drought conditions, whereas, FA (pteroylglutamic acid) that naturally exhibits glutamic acid is directly involved in the formation of glutamate. This reaction is catalyzed by two enzymes (pyrroline-5-carboxylate synthetase and pyrroline-5-carboxylate reductase) in plants for the synthesis of proline. The production of proline in the cytosol dilutes the cell and prevents the dehydration of plant tissues (Sekhar et al., 2007; Shamsul et al., 2012), so this connection demonstrated a significant role of FA in biochemical and molecular processes and the development of plants (Esfandiari et al., 2012).

Coriandrum sativum L. is a medicinal annual plant in the Apeaceae family, which is useful in the pharmaceutical, food, cosmetic, and health sectors. It is of a herbaceous nature which, under abiotic stress, shows poor growth and develops a reduced leaf area (Drunasky and Struve, 2005). Under the progressing water shortage scenario across the globe, understanding the drought-induced physio-chemical changes and foliar-applied folic acid (FA; vitamin B9)-mediated stress tolerance mechanism of coriander has been found as a research hotspot which needed to be addressed on scientific grounds. Moreover, the literature was deprived of the revealing significance of foliage-applied folic acid in ameliorating the biochemical activities for the enhanced vegetative growth and performance of coriander under various intensities of drought stress. Therefore, a bi-seasonal experimentation was carried out using three irrigation levels with the following particular objectives: (i) to assess and quantify the physiological and biochemical performance and (ii) to evaluate the effectiveness of foliar FA in drought stress tolerance mechanism, physiological betterment, and metabolic enhancement of coriander for sorting out an optimal level of irrigation. This study would be an important addition to the knowledge of sustainable cultivation of Coriander with FA application under limited availability of water in the scenario of declining water resources across the globe.



Materials and methods


Description of the experimental site

The present study was carried out at the experimental area of the Department of Botany, University of Education Lahore Campus, Dera Ghazi Khan, Pakistan, during the crop seasons of 2019/2020 and 2020/2021 under natural conditions. This site lies at 30°06′ N (longitude) and 70°62′ E (latitude) at an elevation of 129 m above sea level. The climate of this vicinity is subtropical dry arid that is characterized by an annual average maximum temperature throughout summer of 42°C, while in winter the average minimum temperature is 4°C, with 104 mm average annual rainfall. The average temperature from November to April of the first and second season was 25 ± 3 and 23 ± 1°C, respectively. The total annual precipitation was 173 mm in the first season and 104 mm in the second season.



Assessment of the physio-chemical properties of soil and water

The soil was clay loamy in texture, whereas the other characteristic properties are as follows: pH, 7.33; electrical conductivity, 2.13 ms/cm; field capacity, 37.27%; bulk density, 1.15 g/cm-3; organic matter, 0.78%; saturation, 32%; cations (K+, 0.01 meq/100 g; Na+, 0.29 meq/100 g; Ca++, 0.33 meq/100 g); anions (Cl-, 0.50 meq/100 g; CO3-2, 0 meq/100 g; HCO-3, 0.31 meq/100 g); and particle size distribution (sand, 37.9%; silt, 33.6%; and clay, 28.5%).

The characteristic properties of irrigated water were measured as follows: electrical conductivity (0.4 dS/m), cations (8.6 miliEq/L), anions (8.6 miliEq/L), sodium (1.29 miliEq/L), calcium (3.7 miliEq/L), magnesium (2.1 miliEq/L), chlorides (1.13 miliEq/L), sulphates (1.02 miliEq/L), total dissolved salts (256 ppm), carbonates (0.02 miliEq/L), bicarbonate (2.17 miliEq/L), sodium absorption ratio (0.98), and pH (7.11).


Calculation of the field capacity of soil

The field capacity (FC) of the two seasons was measured by the given formula in Equation 1. The calculated % of soil FC was 37.27 and 39.62% in 2019/20 (first season) and 2020/2021 (second season), respectively, in clay loamy-textured soil.

 

where γw is the weight of water, V is the volume of water, γd is the density of soil, and D is the root zone depth.




Seed assortment and conditions for sowing

Certified seeds of coriander var Dilpazeer (lot no. FD-898602) were obtained from Ayub Agriculture Research Institute, Faisalabad, Pakistan. Sterilized seeds were sown on November 12, 2019 and November 18, 2020 at a depth of 1.5 cm with a density of 10–12 seeds per pot, and five plants per pot were maintained until seedling establishment. The pots were at all times irrigated to their respective field capacity with tap water after seedling establishment. Then, 50% FC was opted as benchmark for water replenishment in the experiment because coriander plants instantly wilt below this FC due to their drought-susceptible nature. To avoid the effects of the surroundings, the location of the pots was changed every week. Destructive sampling of plants was done at three different growth stages (vegetative stage after 45 days of sowing, bolting stage after 60 days of sowing, and seed filling stage after 75 days of sowing), and tissue and biochemical analyses were conducted before the seed filling stage, while the yield attributes were measured after harvesting. The pots were kept under natural conditions to match the almost field conditions. Weather forecast was monitored after every 4 h to make necessary arrangements before the account of a rainfall. Therefore, a rain-protector sheet (transparent) was used to prevent the effects of precipitation on the experiment.



Procedure for water replenishment and FA application

After seedling establishment, the plants were subjected to drought stress based on maintenance of moisture content at field capacity (MCFC) by the replenishment method. The FC of soil was measured by saturating 7.2 kg potted test soil without plants with water and allowing the water to drench off completely for 24 h before weighing to take the initial weight (Iw). Then, this soil was dried at 105°C for 24 h and weighed for its final weight (Fw). Thereafter, the MCFC % was calculated by the given formula in Equation 2.

 

The point of reference for the next irrigation was 50% of MCFC of full irrigation (US100). Therefore, setting 50% MCFC in US100 (control), 75 and 50% irrigation was applied to the rest of the plants, corresponding to 50% MCFC of full irrigation to generate water stress regimes (MS75—moderate level and SS50—intense level). Therefore, the depletion of water from field capacity was examined throughout the season by the usual soil sampling on a weekly basis through the gravimetric method (105°C and 24 h). In total, 7.2 kg of soil per pot contained 2.68 L of water in the first season, while it was 2.77 L water in the second season with respect to their soil moisture content at FC (%) that was used as full irrigation or control (US100). Thus, 50% of soil moisture at FC of the first and second seasons was 1.34 and 1.39 L of water, respectively. Hence, setting 50% FC of soil in pots of control plants (US100), 50% (0.67 and 0.70 L) and 75% (1.005 and 1.042 L) irrigation was applied to rest of the plants to generate water deficit regimes SS50 and MS75 in the first season and the second season. The same protocol was followed in maintaining the irrigation throughout the experiment until harvest. Drought stress was applied on December 9, 2019 and December 15, 2020 after seedling establishment. Foliar application of FA was initiated from the 10th day (December 19, 2019 and December 25, 2020) of applying drought stress and continued at a regular interval of 10 days for three times (6 ml for each pot).



Pilot design and growth conditions

In this experiment, the influence of irrigation regimes including drought stress (US100, MS75, and SS50) on the growth, physiological, biochemical, metabolic, and essential oil characteristics of coriander and its adaptive response to drought stress under foliar-applied FA were examined. In our previous study, 50 mM FA showed a positive impact on coriander growth attributes in the pot experiment (Khan et al., 2021). By opting for 50 mM FA, the current experiment was designed, consisting of six treatments (TRT1 = US100, TRT2 = US100 + FA, TRT3 = MS75, TRT4 = MS75 + FA, TRT5 = SS50, and TRT6 = SS50 + FA) with four replicates. To evaluate the performance of three irrigation regimes and two levels of FA (control and 0 and 50 mM), the distance of each pot was 10 in. from each other in rows and 15 in. in columns. The size of the pot was 502 in.3, and all pots were replicated under natural conditions. Each pot was supplemented with 0.5 g urea and 0.3 g Di ammonium phosphate before sowing and first irrigation. Furthermore, it was evident from literature that FA is extremely susceptible to photolysis in aqueous solutions exposed to sunshine, so we chose to treat the plants in the evening when light is poor (Stakhova et al., 2000).



Assessment of coriander growth at different stages

The growth attributes of C. sativum such as plant fresh biomass (PFB), plant dry biomass (PDB), leaf fresh biomass (LFB), leaf dry biomass (LDB), shoot fresh biomass (SFB), and shoot dry biomass (SDB) were studied at the vegetative, bolting, and seed filling stages through destructive plant sampling, weighing fresh samples, and oven drying.



Estimation of gaseous exchange and water scenario

Portable Photosynthesis System of CID Bio-Science Inc. (model: CI 340, USA) was used to measure the photosynthetic rate (PN), transpiration rate (E), and stomatal conductance (C) from two totally expanded leaves of the upper canopy (Mitchell, 1992). These measurements were obtained from 9:30 a.m. to 11:30 a.m. The quantum flux of the photosynthesis system was customized according to a sunny situation so that sunlight was used as the light source.

Two completely expanded young leaves were used to measure the leaf water potential (Ψw) and the relative water content (RWC) from 10:30 a.m. to 12:00 p.m. Water potential was measured by using a pressure chamber (model: 610, PMS INSTRUMENT Co. USA). Leaf discs (5 mm in diameter) were taken—having a fresh weight (Wf) of 0.5 g—from each treatment and put into test tubes containing distilled H2O for 4 h at 4°C to determine the RWC. The saturated leaves were weighed (Wt) and then dried for 72 h at 65°C for the dry weight. RWC was estimated by using the formula given by González and González-Vilar (2001):

 



Quantification of antioxidant enzyme activity

One gram of plant leaf tissue was homogenized in 1 ml of 0.1 M sodium phosphate buffer (pH 6) at 4°C and centrifuged at 12,000 rpm for 15 min, and the supernatants were stored at −80°C until use for the assay of peroxidase (POD) and catalase (CAT) activities. The POD activity was evaluated by following the (Hammerschmidt et al., 1982) protocol using guaiacol as substrate and considering that an increase in absorbance at 470 nm min-1 equals the POD activity (Liang et al., 2011). The CAT activity was assayed by calculating the decrease in H2O2 at an optical density of 240 nm considering that one unit of activity is equivalent to the CAT quantity that breaks down 1 μmol of H2O2 in 1 min (Worthington, 1988; Weisany et al., 2012). The activity of Superoxide Dismutase (SOD) enzyme was assayed as described by McCord and Fridovich (1969) and Paoletti et al. (1986) and calculated as Zhang et al. (2016). The activity is indicated as the number of units. One unit is defined as the amount of SOD that inhibits 50% of NADH oxidation. The method of Nakano and Asada (1987) was used to measure the activity of APX due to ascorbate oxidation based on H2O2. This decomposition of ascorbate determined the decrease in absorbance at 290 nm. Moreover, 1 ml of the mixture (potassium phosphate = 50 mM, ascorbate = 0.5 mM, and EDTA = 0.1 mM) reacted with H2O2 (0.1 mM) for the oxidation of ascorbate. The APX activity was evaluated as the quantity of enzymes responsible for the production of oxidized ascorbate at the rate of 1 µmol/min.



Estimation of chlorophyll a and b

Chlorophyll a and b content (mg/g) was calculated using the method of Arnon (1949) before the seed filling stage. In total, 1 g of finely diced fresh leaves was crushed with a solution of one part of 0.1 normal (N) ammonium hydroxide solution to nine parts of acetone (v/v, volume to volume). Then, it was centrifuged (model; HC-1014, ZONKIA, China) for 5 min at 5,000–10,000 rpm, and the supernatant was diluted to a quantity that produces an absorbance value of between 0.2 and 0.8 at wavelengths of 663 and 645 nm. The absorbance of each solution is measured compared with a blank solvent, and the content of chlorophyll a and b was determined through a spectrophotometer (model; UV-2505, Lambomed Spectro, England).

 

 



Assessment of osmolytes (proline and TSS)

Proline (PRO) content (µM/g.f.wt.) estimation was carried out using the method described by Bates et al. (1973). In total, 250 mg of leaves was blended in 5 ml of 3% sulpho salicylic acid and centrifuged (model; HC-1014, ZONKIA, China) at 10,000 rpm for 10 min. Moreover, 2 ml of the supernatant was combined with 2 ml of glacial acetic acid and 2 ml of acid ninhydrin reagent and then incubated at 100°C for 1 h. The reaction was stopped by immersing the tubes in an ice bucket, and the reaction mixture was extracted with 5 ml of toluene and thoroughly mixed with a vortex (model; Vortex Mixer XH-D, Wincom Co., China) for 15–20 s. The toluene from chromophore was extracted from the aqueous medium and kept at room temperature, and the absorbance at 520 nm was measured using toluene as a blank. The PRO content was calculated from a standard curve (as μmol PRO g Fw−1) using L-PRO as standard.

TSS was measured by following the method of Jayaraman and Jayaraman (1981). In total, 0.5 g of fresh leaves was taken and ground to liquid nitrogen along with 5 ml of ethanol (95%) to discharge out sugar, and then 5 ml of ethanol (75%) was added; the mixture was centrifuged at 4,000 rpm for 15 min. This solution was kept in the refrigerator at below 4°C for 1 week. The fresh anthrone reagent was prepared by adding 150 mg of anthrone into 100 ml of H2SO4 (72%). Then, 0.1 ml of stored ethanolic extract was taken and mixed with anthrone reagent of 3 ml, and this was put into the water bath at 95°C. A UV spectrophotometer was operated to measure the absorbance at 625 nm.



Measurement of TPC

Dried leaves (10 g) from each treatment were obtained for the preparation of leaf extract. The samples were added with 75 ml of ethanol (95% v/v) for 10 min at 40°C. This extraction method was carried out three times. The extract was heated to evaporate the solvent at 40°C. The dried extract was used for further analysis. About 20–50 mg of the dried extract was added in 5 ml methanol and sonicated for 45 min (Ultra-sonicated bath, Branson 2510) at 40°C trailed by centrifugation for 10 min at 1,200 rpm. A clear supernatant was obtained and stored it amber glass bottle for further analysis.

Singleton and Rossi in 1965 measured the TPC of leaf extract by using the Folin–Ciocalteu reagent, with some modifications. Sample and standard curve readings were measured through a spectrophotometer (model; UV-2505, LambomedSpectro, England) at 765 nm against the blank (reagent). A given sample (0.2 ml) was mixed well with the Folin–Ciocalteu reagent (0.2 ml) and added with water (0.6 ml) by 1:1. Now, after passing for 5–8 min, a saturated solution of NaCO3 (8% w/v) was obtained. Then, 1 ml of saturated solution was taken and supplemented into the mixture. Now, distilled water was added to adjust the volume up to 3 ml. This reaction combination was placed in the dark for 35 min. Afterwards, the solution was centrifuged for 8 min at 4,000 rpm. The absorbance peaks of the supernatant (blue color) were observed at 765 nm. The TPC was measured as GA. Eq/g d. wt. (gallic acid equivalent) with respect to the standard calibration curve of GA (0 to 100 mg/ml).



Quantification of TFC

The TFC was measured through the aluminum colorimetric method (Meda et al., 2005). For the determination of TFC, the standard calibration curve of quercetin (C15H10O7) was used. A stock solution of quercetin was formed by adding 5 mg C15H10O7 in 1 ml methanol (CH4OH); then, a standard concentration of C15H10O7 (0.25 to 1 mg/ml) was prepared by serial dilutions using CH4OH. Furthermore, 1 ml of each concentration was taken in a test tube and poured with distilled water (4 ml). Now, 5% of NaNO2 (0.3 ml) and 10% of AlCl3 (0.3 ml) water were added into the test tubes after 5 min. Then, 1 M of NaOH (2 ml) was added after 5 min, and the volume was increased to 10 ml by adding distilled water. After stirring, the mixture was placed for 60 min at 25°C. A UV spectrophotometer was used to calculate the absorbance at 510 nm against blank. The amount of TFC in the test samples was estimated from the standard calibration curve and expressed as milligram quercetin equivalent (QE)/g of dried weight.



Measurements of agronomic parameters

The yield attributes were estimated as BY = seed + dry biomass, EY = seed yield, and HI = (EY/BY) × 100 (Donald and Hamblin, 1976).



Assessment of DSI

DSI was estimated by the given equation with some modifications (Fischer and Maurer, 1978):

 

whereas EYs = economic yield under drought stress, EYi = economic yield under full irrigation, and A = average economic yield of all treatment under drought stress/average economic yield of all treatments under full irrigation.



Magnitude of DTE

The formula of Fischer and Maurer (1978) was employed for the estimation of DTE as given below:

 



Isolation and determination of EO

One hundred grams of air-dried coriander seeds of the first and second seasons were used for hydro-distillation (2.5 h) for the extraction of oil by using Neo type Clevenger apparatus (Guenther, 1972). EO was expressed in percentage. EO% and OY (oil yield L/ha) were determined through the given formulas:

 

 

where VEO = volume of essential oil extracted, WEO = weight of seed used for essential oil extraction, and EY = economic yield (kg/ha).

The content of essential oil was measured through gas chromatography and mass spectrometry (GC–MS).



Elucidation of the GC–MS of EO

The chemical component of EO was determined through gas chromatography together with mass spectrometry accomplished by using TRACE 1300 GC–MS (Single Quadrupole MS) of Thermo Scientific (USA) along with an auto-sampler (AI 1310). The column was of a non-polar phase, 5% polysilphenylene siloxane, and has the following dimensions: 30 m × 0.25 mm (i.e., film depth of 0.25 μm); TR-5MS (same as D-5MS) was used. The temperature program was adjusted initially at 60°C with increases of 4°C/min to 250°C/min (final temperature). The temperature of the injector was adjusted to 270°C, and the interface temperature was 280°C. The spectral scan range of the detector was 55–600 amu. The carrier gas was helium (He), with movement of 1.4 ml/min. The ionization voltage was 70 eV. Compounds were detected and identified by comparing their spectra to those in the Wiley NBS75K MS library and then verified by comparison.



Statistical analysis/retrospective

This study laid out in a randomized complete block factorial design and the recorded data were analyzed statistically by using STATISTICS 8.1 and MS Excel 2016. The values were reported as means of four replications with standard error of the means (SE). By using analysis of variance (ANOVA), the raw data of the replicates of each treatment was analyzed at 5% probability to see the independent as well as combined effect of treatments. Both treatments (irrigation regimes and folic acid) were equally important—that is why factorial design was used. In ANOVA, the independent as well as correlative statistical means of each treatment were sorted for better comparison in least significant difference (LSD) test and vice versa. Therefore, LSD based on ANOVA test was applied at probability P <0.05 to treatment means for ranking and comparison. Bars exhibited with different letters indicate a significant difference between treatments by LSD (p ≤ 0.05). Principal component analysis (PCA) was performed using Origin 8.1 Pro software.




Results


Assessment of aerial growth parameters

The growth parameters like PFB, LFB, SFB, PDB, LDB, and SDB were measured at the vegetative, bolting, and seed filling stages. The ANOVA showed significant results of two levels of drought as shown in Figures 1, 2 followed by LSD. Drought stress decreased the PFB by 40% (0.24 g) and 45% (0.22 g) and PDB by 43% (0.11 g) and 37% (0.12 g) of coriander L. in MS75 and SS50 plants with respect to US100 plants (0.40/0.19 g) in the first season at the vegetative stage. Similarly, in the second season, drought stress significantly decreased the PFB by 34% (0.23 g) and 46% (0.19 g) and PDB by 40% each (0.09 g) in MS75 and SS50 compared with control plants (0.35 and 0.15 g) at the vegetative stage.




Figure 1 | Effect of foliar application of folic acid (50 mM) at the vegetative stage on (A, D) plant fresh biomass/plant, (B, E) leaf fresh biomass/plant, and (C, F) shoot fresh biomass in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).






Figure 2 | Effect of foliar application of folic acid (50 mM) at the vegetative stage on (A, D) plant dry biomass/plant, (B, E) leaf dry biomass/plant, and (C, F) shoot dry biomass/plant in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).



The foliar application of 50 mM FA significantly increased the fresh biomass of plant (9% and 32%) in the first season (4 and 32%) and second season under both drought regimes (MS75 and SS50) as well as in US100 (20 and 29%) compared with untreated FA plants as presented in Figures 1A, D. The PDB of coriander significantly increased in US100 (43 and 47%) and MS75 (19 and 23%) on account of foliar spray of FA in the first and second seasons corresponding to untreated FA plants as presented in Figures 2A, D. The FA-treated plants made no change in SS50 in both seasons compared with control plants. These findings proposed that FA has an interactive effect that enhanced the PFB of coriander remarkably in SS50 plants followed by MS75 plants, but no significant affect was found in the PDB of SS50 plants at the vegetative stage.

Furthermore, LDB significantly decreased by 39 and 55% in MS75 plants and 62 and 46% in SS50 plants in both seasons, respectively (Figures 2B, E). LFB significantly increased in the first season by 19% (0.19 g) in MS75 and 59% (0.19 g) in SS50 plants in drought compared with the control plants (0.16 and 0.12 g) as presented in Figure 1B. Meanwhile, in the second season, the increase was 8% (0.15 g) in MS75 plants and 23% (0.16 g) in SS50 plants set against untreated FA plants (0.14 and 0.13g). The LDB significantly increased in all levels of drought stress, including in the control. The maximum increase was found in SS50 plants (60%) followed by US100 plants (54%) in the first season compared with untreated FA control (Figure 2B). In the second season, the maximum increase was found in US100 (55%) trailed by MS75 (40%) in comparison with the control at the vegetative stage as shown in Figure 1E.

The SFB showed significant effects in results compared with the control plants (0.12 and 0.09 g) in the first and second seasons at the vegetative stage. Under drought stress, the vegetative stage plants of MS75 and SS50 showed that SFB decreased to 42% (0.07 g) and 17% (0.10g) in the first season, while in the second season this decrease was 23% as shown by SS50 only (Figures 1C, F). After the foliar spray of FA, SFB showed a significant increase in US100 plants (59%) and MS75 plants (15%), while there was no change at SS50 with respect to untreated FA plants in the first season (Figure 1C). In the second season, non-significant results were observed in US100 (34%) and SS50 plants (29%), and no changes were found in MS75 compared with control plants as shown in Figure 1F. The statistical analysis showed that the main effect of both drought regimes was non-significant in the case of SDB at the vegetative stage, while the main effect of FA and the interaction between drought levels and FA were significantly different from each other in both seasons as presented in Figures 2C, F.

Meanwhile, Figures 3A, 4A showed a decrease of PFB by 32% (5.56 g) and 53% (3.82 g) and of PDB by 27% (0.83 g) and 54% (0.58 g) of coriander L. in MS75 and SS50 compared with US100 plants (8.11g/1.14g) in the first season at bolting stage. Similarly, in the second season drought stress significantly decrease the PFB by 39% (5.56g) and 58% (3.77g) and PDB by 35% (0.82g) and 55% (0.57) in MS75 and SS50 compared with fresh (9.01g) and dry biomass (1.26g) of control (US00) plants (Figures 3D, 4D). The foliar application of 50 mM FA significantly increased the fresh biomass of plant in the first season (32 and 35%) and in the second season (36 and 28%) in both drought levels (MS75 and US50) as well as in US100 (6 and 9%) compared with untreated FA drought-stressed and unstressed plants as presented in Figures 3A, D. The PDB of coriander significantly increased in MS75 plants (24 and 27%) and SS50 plants (38 and 32%) on account of foliar spray of FA in the first and second seasons in comparison with untreated FA plants as presented in Figures 4A, D. These findings proposed that FA enhanced the PFB of coriander remarkably in MS75, and ANOVA indicates a significant effect of FA on PDB in SS50 plants at the bolting stage.




Figure 3 | Effect of foliar application of folic acid (50mM) at bolting stage on (A, D) plant fresh biomass/plant, (B, E) leaf fresh biomass/plant, and (C, F) shoot fresh biomass in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).






Figure 4 | Effect of foliar application of folic acid (50 mM) at bolting stage on (A, D) plant fresh biomass/plant, (B, E) leaf fresh biomass/plant, (C, F) and shoot fresh biomass in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).



Water deficit conditions lessened the LFB in MS75 plants (38 and 51%) and SS50 plants (63 and 75%) in two seasons (Figures 3B, E) at the bolting stage. Furthermore, LDB was significantly reduced (38 and 52%) in MS75 and SS50 (63 and 75%) in both seasons, respectively (Figures 4B, E). LFB significantly increased on the application of FA in the first season 21% (4.50 g) in MS75 and 81% (4.04 g) in SS50 under drought regimes compared with control plants (3.71 and 2.23 g) as presented in Figure 3B for the bolting stage, whereas in the second season the increment was 59% (5.35 g) in MS75 plants and 44% (2.47 g) in SS50 plants w.r.t untreated plants (3.37 and 1.72 g) as presented in Figure 3E. The LDB significantly increased in all regimes as in MS75 plants (21 and 60%), SS50 plants (84 and 46%), and control plants (20 and 11%). Overall, the maximum improvement was found in SS50 followed by MS75 in the first season and vice versa in the second season in the case of LFB as well as LDB compared with untreated FA plants at the bolting stage.

The SFB and SDB showed significant results at the bolting stage compared with the control in the first (2 and 0.28 g) and the second (2.06 and 0.29 g) seasons. The plants of MS75 and SS50 decreased the SFB by 4% (1.92 g) and 31% (1.39 g) in the first season, while in the second season this decline in SFB was 9% (1.87 g) and 35% (1.35 g) as shown in Figures 3C, F. After the foliar spray of FA, the SFB showed significant results in MS75 plants (61%) and SS50 plants (53%) with respect to untreated FA plants in the first season, whereas in the second season, better results were observed by improving the SFB in MS75 plants (76%) and SS50 plants (58%) related to control plants at the bolting stage. The statistical analysis showed that the main effect of both drought levels was significant in the case of SDB. Statistically, the main effect of drought regimes and foliar application of FA and the interaction between them were significantly different in both seasons as presented in Figures 4C, F. FA treatment enhanced the SDB in MS75 plants (almost onefold and more than onefold) and SS50 plants (58% each) in both seasons associated to untreated FA plants at the bolting stage. In US100 plants treated with FA, it reduced the SFB and SDB in consecutive seasons with respect to untreated plants. These results showed that FA potentially increased the SFB and SDB at the bolting stage under drought stress with a maximum increase in MS75 followed by SS50.

Statistically significant effects of drought regimes were obtained at the seed filling stage as shown in Figures 5, 6. Drought stress decreased the PFB by 27% (8.07 g) and 53% (5.53 g) and PDB by 25% (1.71 g) and 50% (1.13 g) of coriander L. in MS75 and SS50 with respect to US100 plants (11.70/2.28 g) in the first season. Similarly, in the second season, drought stress significantly decreased the PFB by 32% (8.25 g) and 51% (5.97 g) and PDB by 26% (1.75 g) and 48% (1.22 g) in MS75 and SS50 compared with the control plants at the seed filling stage. Foliar application of 50 mM FA increased the PFB in the first season (12 and 12%) and in the second season (12 and 7%) in both drought regimes (MS75 and SS50) as well as in US100 (10 and 7%) compared with the untreated FA and fully irrigated plants as presented in Figures 5A, D on the set of seed filling stage. The PDB of coriander significantly increased in US100 (27 and 24%), MS75 (6 and 15%), and SS50 plants (12 and 7%) after FA supplementation in both seasons in contrast to untreated FA plants as presented in Figures 6A, D. These findings proposed that, at the seed filling stage, FA and drought regimes have a strong interaction that enhanced the PFB of coriander remarkably in MS75 followed by SS50, but the maximum significant increment in PDB was found in US100.




Figure 5 | Effect of foliar application of folic acid (50 mM) at seed filling stage on (A, D) plant fresh biomass/plant, (B, E) leaf fresh biomass/plant, and (C, F) shoot fresh biomass in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).






Figure 6 | Effect of foliar application of folic acid (50 mM) at seed filling stage on (A, D) plant fresh biomass/plant, (B, E) leaf fresh biomass/plant, and (C, F) shoot fresh biomass in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).



The results showed that drought stress significantly decreased the LFB in MS75 plants (38 and 39%) and SS50 plants (69 and 67%) at the seed filling stage. LFB significantly increased on the usage of FA in the first season by 20% (0.06 g) in MS75 and 27% (3.21 g) in SS50 related to US100 plants as presented in Figure 5B, whereas in the second season the increase was 35% (7.07 g) in MS75 and 14% (3.26 g) in SS50 with respect to the control plants (5.25 and 2.87g) during the seed filling stage. While under full irrigation (US100 plants), the increment in LFB was 18% in the first season and 16% in the second season in FA-treated plants. The application of FA significantly increased the LDB in both regimes of drought stress including in the control. The maximum increase was found in SS50 plants (29%) followed by US100 (20%) in the first season compared with untreated FA plants. In the second season, the maximum increase was found in MS75 plants (35%) trailed by US100 (16%) in comparison with the control plants as shown by Figures 6B, E.

The SFB showed a significant effect in the results compared with US100 plants (0.12 and 0.09 g) in the first and second seasons at the seed filling stage. MS75 plants showed non-significant results, while SS50 plants decreased the SFB to 5% (2.71 g) and 10% (2.63 g) in both seasons, respectively, compared with the fully irrigated plants (Figures 5C, E). Plants treated with FA showed a significant increase in SFB to 6, 19, and 16% in US100, MS75, and SS50 with respect to their untreated FA plants in the first season (Figure 5C). In the second season, a similar trend was observed in US100 (10%), MS75 (11%), and SS50 plants (18%) compared with the control as shown in Figure 5F. The statistical analysis showed that the main effect of both drought levels was non-significant in the case of SDB, while those plants treated with FA showed that the main effect of treatments and the interaction between drought regimes were significantly different from each other in both seasons as presented in Figures 6C, F.



Effect of different treatments on gaseous exchange parameters and water status

The gaseous exchange parameters like photosynthetic active radiation (PAR), transpiration rate (E), stomatal conductance (S), internal carbon dioxide (Int. CO2), and net photosynthetic rate (Pn) were measured at three different growth stages to evaluate the effect of FA (50 mM) under two regimes of drought (MS75 and SS50) and in the control plants. The maximum value of PAR at the vegetative stage was found in TRT2, and the minimum value was observed in TRT5 in the first season. Meanwhile, in the second season, the maximum value of PAR was in TRT1, and the minimum value was observed in TRT5 at the vegetative stage. At the bolting stage, the TRT4 plants showed optimum results followed by TRT6 plants when treated with FA under stress regimes MS75 and SS50 (Table 1) in both seasons. The values of PAR are drastically decreased at the seed filling stage. Significantly different values were found in each treatment in both seasons as shown in Table 1. The range of PAR was 456.55 and 407.25 µm/m2/s (TRT2) to 379.75 and 329.25 µm/m2/s (TRT4) in the first and second seasons.


Table 1 | Effect of different treatments on the gaseous exchange parameters of coriander at different stages under drought stress.



The transpiration rate (E) in US100 and MS75 is non-significant, while SS50 showed significant results in the first season, whereas in the second season US100 and SS50 showed significant results as shown in Table 1. The maximum rates of transpiration (4.60 and 4.49 mmol/m2/s) were found at the vegetative stage in TRT3 and TRT4 when treated with FA (50 mM) followed by TRT5 as indicated in Table 1 in both the first and second seasons. The minimum rate of transpiration was observed in TRT1 and TRT2 in both seasons. However, the transpiration rate showed a non-significant effect in all treatments in the bolting stage except TRT4 plants. The maximum rate of transpiration (4.59 and 4.54 mmol/m2/s) was found in MS75 plants when treated with FA as indicated in TRT4 at the bolting stage in both the first and second seasons. The minimum rate of transpiration was observed in TRT1 plants (control), whereas the optimum rate of transpiration at the seed filling stage was found in US100 plants when treated with FA (50 mM) as indicated in TRT2 in both seasons. The lowest rate of transpiration was observed in SS50 untreated plants (TRT5).

The stomatal conductance (C) at the vegetative stage was found to be maximum in TRT1 and TRT2 plants in both seasons, followed by TRT3 and TRT4, as presented in Table 1. The minimum C was found in TRT6 when SS50 was treated with FA respectively. Significant results were found of C in MS75, US50, and US100 plants at the bolting stage. The optimum stomatal conductance (456.11 and 255.34 mmol/m2/s) was found when MS75 plants were treated with FA in both seasons, followed by the plants of US100, as presented in TRT4 in Table 1. The highest C was found in TRT4 plants, followed by TRT2 plants, at the seed filling stage.

The highest amounts of Int. CO2 was 734.0 and 692.6 µmol/mol were found when SS50 plants were treated with FA (50 mM), as indicated in TRT6 in Table 1, at the vegetative stage in the first and second seasons, while the lowest amount of Int. CO2 was found in US100 plants. When plant came across the bolting stage, the maximum value was found in TRT4 (585.2 and 590.8 µmol/mol) plants, followed by TRT6 plants, and the least value was found in TRT5. The amount of Int. CO2 in leaves was significantly different in US100 plants and drought stress regimes (MS75 and SS50) in both seasons at the seed filling stage. The highest average mean of Int. CO2 was found in SS50 plants compared with untreated FA plants, followed by US100 plants.

A considerable increase in Pn was observed at the vegetative stage in TRT1 (36.40 and 36.55 µm/m2/s) and TRT2 (treated with FA, 50 mM) plants in both seasons. Under drought stress, the maximum Pn was observed in MS75 plants as indicated in TRT4 in Table 1 for both seasons when plants were treated with FA (50 mM). The minimum Pn was measured in SS50 plants (TRT5). At the onset of the bolting stage, significant results were found between US100 plants as well as under drought stress regimes (MS75 and SS50) related to Pn. US100 plants treated with FA (50 mM) showed a substantial improvement in Pn in two consecutive seasons, followed by moderate drought stress plants (MS75), as indicated in Table 1. The lowest Pn was calculated in untreated SS50 plants. Furthermore, under drought stress regime, MS75 plants treated with FA showed a remarkable Pn rate compared with SS50 plants. Hence, the optimum Pn was found in TRT2 at the seed filling stage.

The water potential (Ѱw) of leaf at the vegetative stage significantly decreased in MS75 plants (-0.19 and -0.18 MPa) and SS50 plants (-0.42 and 0.48 MPa) in TRT3 and TRT5 compared with US100 plants (-0.07 and -0.05 MPa), as presented in Table 1, in the first and second seasons, while the foliar application of FA improved the Ѱw to 21 and 23% in both water deficit regimes under treatment TRT4 and TRT6 (MS75: -0.15 MPa and SS50: -0.32 MPa) in the first season compared with untreated FA plants at the vegetative stage. Similar results that enhanced the Ѱw—33% in MS75 plants (-0.12 MPa) and 23% in SS50 plants (-0.37 MPa)— were obtained in the second season after the application of FA, whereas at the bolting stage, Ѱw was significantly decreased in MS75 plants (-0.27 and -0.30 MPa) and SS50 plants (-0.53 and -0.56 MPa) compared with the fully irrigated plants (-0.20 and -0.16 MPa) of the first and second seasons. Meanwhile, the foliar application of FA improved the Ѱw to 26% (MS75) and 11% (SS50) in both water deficit regimes (-0.20 and -0.47 MPa) in the first season compared with the untreated FA plants. Significant results were obtained after the application of FA that enhanced the Ѱw—17% in MS75 plants (-0.25 MPa) and 9% in SS50 plants (-0.51 MPa)—in the second season compared with their respective control plants (-0.30 and -0.56 MPa). Similarly, FA improved the Ѱw to 12% (MS75) and 13% (SS50) in both water deficit regimes under treatment—TRT4 and TRT16 (-0.58 and -0.67 MPa)—in the first season (Figure 4C). compared with the untreated FA plants (TRT3 and TRT5) at the seed filling stage. Significant results were obtained after the application of FA that enhanced the Ѱw—11% in MS75 plants (-0.63 MPa) and 13% in SS50 plants (-0.69 MPa)—in the second season (Table 1) compared with the control plants (-0.71 and -0.79 MPa). Overall, foliar-applied FA showed a significant improvement in the Ѱw at different growth stages.

The results presented in Table 1 indicate that RWC decreased significantly at the vegetative stage under drought stress. This decrease was 8 and 9% in MS75 plants and 31% in SS50 plants compared with US100 plants in two consecutive seasons. Remarkably, the plants treated with FA (50 mM) increased the RWC of the leaves of coriander in 3 and 8% in MS75 and 1R50 in both seasons, although RWC decreased significantly at the bolting stage under drought stress. The reduction in RWC was 13% in MS75 and 34% in IR50 in contrast to US100 plants during the bolting stage in the first season and 15 and 36% in the second season. The FA-treated plants showed an increment in RWC of the leaves of coriander in MS75 plants (16 and 14%) and 1R50 (17 and 14%) in both seasons compared with the untreated FA plants. Additionally, the well-watered plants also showed a significant increase of 7 and 5% in TRT2 compared with TRT1 plants in both consecutive seasons. At the seed filling stage, the decline in RWC was 18 and 19% in MS75 and 33 and 35% in SS50 compared with the control plants in the first and second seasons, respectively. The foliar application of FA enabled the coriander plants to retain water in the leaves of MS75 and SS50 in the first season (67 and 54%) and in the second season (69 and 56%) at the seed filling stage. The suggested results indicate that FA has the potential to improve the RWC under drought stress.



Assessment of antioxidative enzymes

The presented results revealed that the activity of POD significantly increased to 32% (172.33 units/g. f. wt.) and 42% (180.00 units/g. f. wt.) in MS75 and SS50 plants compared with the well-watered plants (130.50 units/g. f. wt.) under drought stress in the first season (Figure 7A). Similar results that showed a substantial increase in POD activity to 40% (205.07 units/g. f. wt.) and 49% (217.77 units/g. f. wt.) in MS75 and SS50 plants compared with control plants (146.16 units/g. f. wt.) were obtained in the second season. Plants of MS75 treated with FA revealed that the activity of peroxidase enzyme increased to 29% (222.43 units/g. f. wt.) and 20% (246.89 units/g. f. wt.), while under intense drought stress (SS50), FA treatment decreased the activity of POD to 53% (86.75 units/g. f. wt.) and 50% (108.44 units/g. f. wt.) in the first and second seasons compared with the untreated FA plants (as indicated in Figure 7A).




Figure 7 | Effect of foliar application of folic acid (50 mM) on antioxidative enzymes (A) peroxidase, (B) catalase, (C) ascorbate peroxidase, and (D) superoxide dismutase in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).



The activity of CAT was likewise prominently enhanced to 78% and more than onefold in MS75 and SS50 plants in the first season, while the same activity at 32% and more than onefold was observed in the second season compared with the control plants. The foliar application of FA enhanced the activity of CAT to 55% (0.0680 units/g. f. wt.) and 17% (0.0760 units/g. f. wt.) in MS75 and SS50 plants in the first season. However, in the second season, the activity of CAT was increased to 47% (0.0613 units/g. f. wt.) in MS75 plants and 4% (0.0623 units/g. f. wt.) in SS50 plants compared with the control plants (Figure 7B).

However, the APX enzyme also showed a high activity under drought stress at nearly 81 and 74% in MS75 plants (0.440 and 0.473 units/g. f. wt.) and more than one-and-a-half-fold in SS50 plants of water deficit regimes compared with fully irrigated plants in both consecutive seasons. Furthermore, the results revealed that the FA-treated plants had an improved APX activity in MS75 plants (32%) plants in both seasons, non-significant results in SS50 plants were shown in the first season and a decreased activity of APX to 7% in the second season as presented in Figure 7C.

Similarly, under moderate drought stress, a marginal increase in the activity of SOD was found in MS75 plants. Nevertheless, a noticeable increment was found in severe drought stress (SS50). The maximum increase in SOD activity was 64 and 83% in SS50 plants, followed by 9 and 21% in MS75 plants under drought stress in both seasons. The activity of SOD was prominently enhanced in the FA-treated plants to 58 and 39% in MS75 and SS50 plants in the first season, while 27 and 30% improvement was observed in the second season compared with the US100 plants (Figure 7D). These results indicated that improvement in the activity of antioxidative enzymes under the influence of FA treatment alleviates the drought tolerance in coriander plants with respect to different drought regimes.



Determination of Chla and Chlb content

The plants of MS75 showed a decrease of 3% (31.71 mg/g f. wt.) and 11% (34.56 mg/g f. wt.) in Chla content in the first and second seasons, respectively. However, the SS50 plants had a decreased Chla content to 7% (30.49 mg/g f. wt.) and 23% (29.88 mg/g f. wt.) in the first and second seasons compared with the US100 plants as indicated in Figure 8A. Similarly, Chlb also decreased under drought stress. In the first season, Chlb was reduced to 15% (20.63 mg/g f. wt.) in MS75 plants and 34% (15.88 mg/g f. wt.) in SS50 in comparison with the control plants. Furthermore, the results revealed that the FA-treated plants showed a non-significant effect on Chla content in MS75 plants in the first season, while in the second season FA improved the Chla content to 17% (40.60 mg/g f. wt.) in MS75 plants compared with the untreated plants. Furthermore, when the SS50 plants were treated with FA, the Chla content increased to 2% (31.20 mg/g f. wt.) and 25% (37.41 mg/g f. wt.) in the first and second seasons compared with the untreated FA plants as indicated in Figure 8A.




Figure 8 | Effect of foliar application of folic acid (50 mM) on chlorophyll content (A) chlorophyll a and (B) chlorophyll b in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).



The plants of MS75, when treated with FA, showed that the content of Chlb improved to 7% (22.12 mg/g f. wt.) and 5% (21.01 mg/g f. wt.) in contrast to untreated FA plants in the first and second seasons, respectively. However, when the SS50 plants were treated with FA, Chlb significantly increased to 42% (22.53 mg/g f. wt.) and 38% (21.43 mg/g f. wt.) in the first and second seasons compared with the untreated FA plants as indicated in Figure 8B.



Quantification of PRO and TSS

The presented results revealed that the concentration of PRO significantly increased to 66% (22.59 µM/g f.wt.) and 74% (21.57 µM/g f. wt.) in MS75 and SS50 plants compared with well-watered plants (12.43 µM/g f. wt.) under drought stress in the first season (Figure 9A). Similar results that showed a substantial increase in the concentration of PRO to 51% (19.30 µM/g f. wt.) and 88% (24.02 µM/g f.wt.) in MS75 and SS50 plants compared with control plants (12.78 µM/g f. wt.) were obtained in the second season, while the plants of MS75 treated with FA revealed that the concentration of PRO decreased to 20% (16.38 µM/g f. wt.) and showed a non-significant effect (20.48 µM/g f. wt.) in the first and second seasons, respectively. Nonetheless, when the SS50 plants were treated with FA, the concentration of PRO was decreased to 31% (14.81 µM/g f.wt.) and 27% (17.61 µM/g f. wt.) in the first and second seasons compared with the untreated FA plants as indicated in Figure 9A.




Figure 9 | Effect of foliar application of folic acid (50 mM) on osmolytes (A) proline and (B) total soluble sugars in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).



Further results revealed that the concentration of TSS significantly increased to 40% (72.42 mg/g d. wt.) and 64% (84.69 mg/g d. wt.) in MS75 and SS50 plants compared with the control plants (51.60 mg/g d. wt.) under drought stress in the first season (Figure 9B). Comparable results were obtained in the second season, which showed a substantial increase in the concentration of TSS to 20% (75.90 mg/g d. wt.) and 44% (90.71 mg/g d. wt.) in MS75 and SS50 plants compared with the control plants (63.05 mg/g d. wt.). However, the plants of MS75 treated with FA revealed that the concentration of TSS increased to 13% (82.07 mg/g d. wt.) and 7% (81.12 mg/g d. wt.) in the first and second seasons, respectively. Nonetheless, when SS50 plants were treated with FA, the concentration of TSS increased to 27% (107.34 mg/g d. wt.) and 6% (95.76 mg/g d. wt.) in the first and second seasons compared with the untreated FA plants as indicated in Figure 9B.



Evaluation of TPC and TFC

Under drought stress regimes, TPC and TFC significantly increased to 58% (8.01 mg GAL Eq/g d. wt.) and 66% (7.15 mg QE/g d.wt.) in MS75 plants and 8% (5.44 mg GAL Eq/g d. wt.) and 15% (4.94 mg QC Eq/g d. wt.) in SS50 (TRT9) plants in the first season. A similar trend of significant increment in TPC and TFC was observed in MS75 plants (77 and 72%) and SS50 plants (17 and 37%) in the second season compared with fully irrigated US100 plants (Figures 10A, B).




Figure 10 | Effect of foliar application of folic acid (50 mM) on total phenolic content and total flavonoids content in the first season (A) and the second season (B) under different treatments. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters show a significant difference by least significant difference (p ≤ 0.05).



The FA-treated plants significantly improved the TPC to 3% (8.28 mg GAL Eq/g d. wt.) and 3% (9.11 mg GAL Eq/g d. wt.) in MS75 plants, while 7% (5.82 mg GAL Eq/g d. wt.) and 17% (7.05 mg GAL Eq/g d.wt.) were observed in SS50 plants compared with the untreated FA plants in both consecutive seasons (Figure 10A). However, the TFC, because of the foliar application of FA in TRT4 (MS75), showed non-significant results compared with the untreated FA plants in both consecutive seasons. Furthermore, the plant of TRT6 (SS50) showed 8% (5.35 mg QC Eq/g d. wt.) increase in the first season and provided a non-significant result in the second year compared with the untreated FA plants under drought stress regimes (Figure 10B).



Effects of different treatments on yield attributes

Under drought stress, BY significantly reduced to 63 and 72% in MS75 plants (TRT3) and 73 and 71% in SS50 (TRT6) plants in the first season and the second season compared with the US100 plants (Figures 11A, B). The foliar application of FA significantly increased BY to 63% (1,054 kg/ha) and more than onefold (1,115 kg/ha) in MS75 plants (both consecutive seasons), while an increment of 66% (792 kg/ha) in SS50 plants was observed in the first season and showed non-significant results (534 kg/ha) in the second season compared with the untreated FA plants.




Figure 11 | Effect of foliar application of folic acid (50 mM) on biological yield, economic yield, and harvest index in the first (A, C, E) and second (B, D, F) seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).



Drought stress showed a significant effect and reduced the EY to 58% (286 kg/ha) and 70% (260 kg/ha) in MS75 plants (TRT3), while the reduction in SS50 plants (TRT5) was 84% (110 kg/ha) and 86% (122 kg/ha) in the first season and the second season compared with US100 plants (Figures 11C, D). In addition, under drought stress, HI in MS75 was 45 and 23% in SS50 of the first season. However, the HI of the second season was 51 and 30% in MS75 and SS50 plants (Figures 11E, F).

Under drought stress, the foliar application of FA significantly increase EY to 81% (518 kg/ha) and 83% (477 kg/ha) in MS75 plants (TRT4) and more than onefold (289 kg/ha) and 26% (154 kg/ha) in SS50 (TRT6) plants compared with the untreated FA plants in both consecutive seasons (Figures 11C, D). Plants treated with the foliar application of FA showed HI of 49 and 44% in MS75 plants (TRT4) and 37 and 35% in SS50 (TRT6) plants in both consecutive seasons (Figures 11E, F).



Examination of DSI and DTE under water deficit conditions

The results demonstrated that plants of SS50 showed a high DSI compared with MS75 plants under the control conditions. The lowest DSI was found when SS50 plants were treated with FA. It was found that SS50 plants treated with FA (65 and 80%) showed a low DSI in both seasons compared with the control plants. Furthermore, the highest DSI (37 and 39%) was observed in MS75 plants in two consecutive seasons, respectively (Figures 12A, B). Hence, plants that faced severe drought stress (SS50) showed a high percentage of DSI compared with moderate stress (MS75) under the controlled environment, while FA-treated plants have the efficacy to ameliorate drought stress.




Figure 12 | Effect of foliar application of folic acid (50 mM) on (A, B) drought susceptibility index and (C, D) drought tolerance efficiency in the first and second seasons.



Data revealed that plants treated with FA showed better DTE in both stress regimes—MS75 as well as SS50 compared with unstressed plants. The greater DTE was found in MS75 plants when treated with FA (63 and 61%) in both seasons. Similarly, plants of SS50 treated with FA showed an improvement in DTE compared with the other treatments (Figures 12C, D).



Production of EO% and OY under drought stress

The maximum EO% (47 and 43%) was observed in US100 plants when treated with FA, followed by untreated plants, in two consecutive seasons (Figure 13A). The EO% of MS75 and SS50 plants showed non-significant results in the first season and slightly significant results in the second season with 34 and 22% of EO.




Figure 13 | Effect of foliar application of folic acid (50 mM) on (A) % essential oil and (B) oil yield in the first and second seasons. The graph values are the mean ± SE of four replicates. The bars exhibited with different letters indicate a significant difference between samples by least significant difference (p ≤ 0.05).



The production of oil in terms of yield depicted that the maximum values, 3.86 and 3.63 L/ha, were obtained in US100 plants treated with FA (4 L/ha). As for MS75 plants, they showed enhanced OY of 1.88 and 1.61 L/ha compared with the untreated plants (1 and 0.67 L/ha) in both seasons (Figure 13B). Under severe drought stress (SS50), plants treated with FA showed a significant OY: more than three quarters L/ha and one quarter L/ha in the first and second seasons corresponding to the untreated plants.



Upshot of treatments on the chemical constituents of EO through GC–MS analysis

The GC–MS data described the different constituents of EO with respect to their optical absorbance as mentioned in the “Materials and methods” section. The optimum abundance of linalool that was observed in all treatments indicates the major component of EO of coriander at RT (retention time). The GC–MS results revealed a higher abundance of linalool in all treatments regardless of water deficit conditions at RT 6.25. The maximum abundance of linalool (more than 60%) was found in MS75 and SS50 plants treated with FA under drought conditions in both seasons as indicated in Table 2. The second most abundant chemical component was α-terpeniol in the control plants as well as drought stress regimes at RT 21.32, followed by terpinene and p-cymene at RT 10.83 and 5.94, respectively. However, in US100 plants, α-terpeniol was relatively more abundant than in the water deficit regimes, although β-pinene was found to be the lowest chemical component found in EO.


Table 2 | Relative (%) abundance of chemical constituents of EO detected through gas chromatography–mass spectrometry affected by different treatments under drought stress in the first and second seasons.





Interpretation of PCA

Eigenvalues within the scree plots indicated three PCs that explained the 89.76 and 89.13% variation within the presented dataset of six treatments of the first and second seasons. The extracted eigenvector values showed the impact of PCs (biochemical and yield attributes) in drought tolerance within different treatments. The biplot results revealed that seven variables (Chla, Chlb, BY, EY, HI, EO, and OY) in PC1, five variables (POD, PRO, TPC, TFC, and HI) in PC2, and eight variables (CAT, SOD, Chla, Chlb, TSS, TPC, TFC, and HI) in PC3 showed significantly weak to moderate positive loadings out of the total of 15 variables for the determination of drought tolerance within six treatments; the rest of them showed negative loadings. Large positive loadings (EY, POD, and Chla) and large negative loadings (APX, SOD, and POD) determined the strong relationship and major contribution particularly to PC1, PC2, and PC3 in terms of drought tolerance in both consecutive seasons as shown in the supplementary material (Supplementary Figure S1). Thus, with reference to PC analysis, PC1 and PC2 exhibited 51 and 24% variation in the first season and 62 and 17% in the second season variation within the dataset of 15 variables. Hence, these two PCs described 75 and 79% of variance. Further results suggested that the foliar application of FA improves the stress tolerance in MS75 plants (TRT3 and TRT4, where both treatments fall in the positive part of the bi-plot) rather than in SS50 plants (TRT5 and TRT6, where both treatments fall in the negative part of the bi-plot) of PCA.




Discussion

Global climate is the key cause of drought stress mainly due to water shortage as a result of altered rainfall patterns and distribution across the wide regions of the world (Mostofa et al., 2018). In addition to shortage of water input from rainfall, the loss of water from soil surface due to evaporation, further intensified by high temperature events, high light intensity, and dry wind, can aggravate an already existing drought stress condition (Ilyas et al., 2021). Thus, drought stress exhibits a prolonged multifaceted nature and has an adverse impact on the morphological, biochemical, molecular, physiological, and photosynthetic properties of herbaceous plants like coriander (Kaur and Asthir, 2017). As a result, a study of the agronomic performance of selected coriander was done in order to find improvement in drought tolerance and yield under stress conditions. The effect of drought stress regimes on coriander development at different growth stages has not been extensively researched. Drought stress affects the coriander at several phases of development—particularly at the vegetative, bolting, and seed filling stages (Kadhim, 2021). The vegetative stage manages the overall phenotypic expression of coriander and prepares for the upcoming reproductive phase. However, in the case of this study, we found that the most sensitive stage of growth with respect to drought stress regimes (MS75 AND SS50) was the seed filling stage (Sachdeva et al., 2022). The amount of reduction of plant and leaf fresh and dry biomass was greater and significant (p ≤ 0.05) during the seed filling stage rather than the bolting and vegetative stages (Khatun et al., 2021) as indicated in Figures 5, 6, while shoot fresh and dry biomass showed non-significant results. Our findings indicating that the reproductive stage is the most vulnerable to SS50 in yield production is consistent with previously reported results (Rani et al., 2020). When plants are first exposed to MS75 and SS50, reduction in aerial growth rate occurs due to the restricted supply of water that initially generates the ROS in coriander and subsequently affects the plant metabolic machinery through physiological and biochemical changes (Khan et al., 2021).

In lieu of the above-mentioned context, gaseous exchange features were also affected under drought stress regimes (MS75 and SS50) in coriander plants, particularly the stomatal conductance (C) that may decrease the other associated physiological traits at different growth stages (Yan et al., 2016). Our results showed that C decreased gradually from vegetative to bolting and bolting to seed filling stages. The earliest response of the plant to prevent from desiccation might be through stomatal closure under drought stress conditions (Hura et al., 2007). As water deficit conditions prolonged during the development of the plant, severe effects have been observed on gaseous exchange attributes like transpiration rate (E), net photosynthesis (Pn), and concentration of internal carbon dioxide (Int. CO2). Initially at the vegetative stage, the decline in C did not affect the E and Pn significantly, but as the plant attained the bolting stage, the effect of C considerably decreased the E and Pn, which continued to the seed filling stage. Furthermore, we found that the C value showed a greater response than those of E and Pn at different growth stages under different intensities of drought stress, indicating that the vital role of C in regulating E and Pn is consistent with the findings of previous studies (Yan et al., 2016; Soto et al., 2022). However, there is a high extent of co-regulation that was observed between C, E, and Pn—the decrease in E and Pn was smaller compared with C due to osmotic adjustment on account of the FA application (Rouhi et al., 2007).

The RWC of coriander indicated a slight decrease in MS75, followed by a significant decrease under SS50, which is in harmony with the results of Galmes et al. (2007). RWC, being metabolically accessible in water, may specify the metabolic role in leaf tissues, and it decreases with mild (MS75) to severe drought (SS50) stress regimes. LWP, which could indicate water availability to leaves, similarly decreases with mild to severe drought stress; hence, both RWC and LWP could serve as drought stress indicators for coriander. In this study, we discovered that the RWC values were lower than the LWP, indicating that LWP was more sensitive than RWC. This study supports LWP as an earlier indication of drought than RWC, which was in contradiction to the report of Sinclair and Ludlow’s assumption that RWC was a better option to assess drought tolerance.

Gas exchange is documented to be closely linked to leaf water scenario, which might be interpreted as a sign of stress under drought conditions (Jones, 2007). In the current study, we observed that gas exchange had a close association to leaf water attributes since prior research revealed that Pn in plants declined when RWC and LWP decreased (Lawlor, 2002; Yan et al., 2016; Soto et al., 2022).

All the above-mentioned quality parameters discussed are associated with each other for the operation of a metabolic machinery in plants. Therefore, a Pearson correlation was obtained for the evaluation of inter-relationship of growth and water and gaseous exchange features. Initially, the vegetative stage showed a strong to weak negative correlation of E with plant biomass and water attributes that could be the result of ambient temperature, air current movements, and relative humidity and PAR. A higher relative humidity lowers the E. However, all the quality parameters showed a weak to strong positive correlation from the bolting stage to the seed filling stage as indicated in Supplementary Tables S2A, B, 3A, B, which demonstrated an overall improvement in water status, gaseous exchange features, and biomass of the plant.

Reports have demonstrated that the modulation of antioxidant activity of plants takes place by producing antioxidant enzymes under water deficit regimes to restrict the damage of cellular integrity (Laxa et al., 2019). In addition, drought conditions may lead to oxidative stress primarily produced due to free radicals such as superoxide anions and hydroxyl radical and non-radical molecules singlet oxygen and hydrogen peroxide as mentioned by Gorelova et al. (2017). Therefore, to mitigate the effects of oxidative stress triggered by drought stress, plants have developed an antioxidant system that contains antioxidant enzymes like APX, CAT, POD, and SOD which scavenge ROS (Seleiman et al., 2021). Figure 7 demonstrates that MS75 and SS50 significantly enhanced the enzymatic activity of antioxidants (APX, CAT, POD, and SOD) compared with US100 plants. This increment in antioxidant activities could indicate the production of ROS and the development of a coping strategy to counteract the oxidative injury induced by drought stress (Kaur and Asthir, 2017). The production of SOD is the frontline defensive mechanism against ROS, as it is the unique antioxidant enzyme that dismutates superoxide anions and converts them to H2O2, later on scavenged by CAT and APX—thus, protecting plants from the negative impact of ROS (Emam and Helal, 2008; Cui et al., 2018). It is well documented that the accumulation of H2O2 can cause cytotoxic effects in plant tissues. Furthermore, it triggered the programmed death of peroxisome and photosynthetic pigments like chloroplast (Smirnoff and Arnaud, 2019). As a result, a higher SOD activity increases the expression of other antioxidative enzymes such as POD, CAT, and APX under MS75 and SS5 (Boguszewska et al., 2010; Belay et al., 2021; El-Yazied et al., 2022; Sheikhalipour et al., 2022). POD, on the other hand, accelerates the dehydration of phenolic and endolic compounds along with the diminished properties of H2O2 (Pandey et al., 2010). Furthermore, plants treated with 50 mM FA demonstrated a considerable increase in H2O2 scavenging ability, as shown by a significant improvement in APX and SOD activity under MS75 and SS50 (Figure 7), thus resulting in the reduction of H2O2 concentration. Therefore, in the current study, the foliar treatment of FA can alleviate the oxidative stress caused by drought stress, significantly improving the status of antioxidant enzymes as reported by Khan et al. (2021). A significant increase was observed in APX, SOD, and POD activity in coriander plants treated with FA as indicated in the study of Badawi et al. (2004) and Al-Elwany et al. (2022). It could be the constructive role of FA in the production of NADPH and transformation of homocysteine to methionine that is involved in the detoxification of ROS production (Gorelova et al., 2017). These findings endorsed the key role of FA in regulating the antioxidant enzyme activity and ROS scavenging under drought conditions.

Water deficit conditions suppress the photosynthetic rate by limiting the pigments like Chla and Chlb. A number of studies reported the reduction in chlorophyll content and photosynthetic activity under abiotic stress (Rasheed et al., 2020; Diaz-Valencia et al., 2021; Mehak et al., 2021), although this study revealed that Chla had non-significant results, while Chlb showed a significant decline under MS75 and SS55 during both seasons (Figure 8). The reduction in Chlb might be attributed to the generation of ROS and activity of Chlb-degrading enzymes (Reddy and Vora, 1986; Taiz and Zeiger, 2010; Semida et al., 2021). Furthermore, the foliar nourishment of FA which improved the content of Chlb in coriander could be the result of the induction of the synthesis of glycine that is directly linked with the development of chromophores and chlorophyll as mentioned by Al-Maliky et al. (2019). It is well established that FA has a key role in the production of Chl content, which may coherently enhance the chlorophyll content in C. sativum under drought stress regimes (Gorelova et al., 2017). This finding was reinforced by the reports of Stakhova et al. (2000); Van Wilder et al. (2009); Kilic and Aca (2016), and Youssif and Youssif (2017) who found coherent results in pea, barley, and potato plants.

The properties possessed by osmolytes play a dynamic role towards drought tolerance as evidenced by the outcomes of the current study (Figure 9). The data presented showed that the PRO and TSS increased at high regimes of drought as in the cases of MS75 and SS50. Under water deficit conditions, both osmolytes (PRO and TSS) act as respiratory substrates to alleviate stress tolerance (Yooyongwech et al., 2016; Melaouhi et al., 2021). It could be the neutral nature of osmolytes that accumulates to prevent the denaturation of protein and cell membrane in the cytosol during drought conditions for osmotic adjustments and conservation of turgor pressure as described by Hebbache et al. (2021). The primary reason for the accumulation of proline may be the degradation of protein or the restriction of proline conversion under the action of drought stress (Sánchez et al., 1998). To counteract the prevalent condition of drought, PRO acts as ROS scavenger—maintaining the membrane integrity and structure of proteins and performing the function of molecular chaperones for osmotic balance to prevent cells from desiccation as reported in a number of studies (Parida et al., 2007; Ayub et al., 2021; Ibrahim et al., 2021; Singh et al., 2021; Rahimi et al., 2022). Similarly, TSS ameliorates drought tolerance through the process of osmoregulation and regulation of membrane integrity (El Sabagh et al., 2019). The foliar application of 50 mM FA significantly increased the content of TSS in coriander, while PRO showed a non-significant effect except at the moderate stress regime (Figure 9), which are in harmony with the findings of Rahimi et al. (2022). The possible mechanism behind the increment of osmolytes could be the involvement of FA in the biosynthesis of α-ketoglutaric acid, which reacts with ammonia to produce amino acids for protein synthesis and the production of plant hormones (IAA, CK, GAs, SA, and JA). It promotes plant metabolism, enzyme accumulation, cell division, and the production of osmolytes (Ibrahim et al., 2021; Khan et al., 2021).

With relevance to the abovementioned facts, the results of the present study demonstrated the increased production of bioactive compounds like TPC and TFC under MS75 and SS50 due to water deficit conditions. These are the secondary metabolites that assist the plant to maintain the osmotic balance and thus cope with water stress scenarios (Mashkor and Muhson, 2014; Bibi et al., 2022; Rahimi et al., 2022). Hence, the foliar supplementation of FA presented non-significant results of TPC and TFC at all levels of irrigation regimes (Figure 10). These results are contradictory to the findings of Dawood (2017). This could be due to the earliest mode of action of FA to activate the antioxidant system of coriander against drought stress to scavenge ROS rather than to promote the production of secondary metabolites (TPC and TFC) for water shortage conditions (Taghizadeh and Valizadeh Kaji, 2020).

Agricultural production in terms of BY and EY is devastatingly decreased due to drought stress as presented in Figure 11. The EY and BY of coriander significantly decline under the action of drought stress regimes. This reduction could be the consequence of modification in the functions of metabolic machinery. It includes reduction in leaf biomass, reduction in chlorophyll content, decline in photosynthetic rate, distorted gene expression under water stress, and limited distribution of photo-assimilates during seed filling that affects the overall EY and BYof coriander under MS75 and SS50 (Sah et al., 2020). Furthermore, the results revealed that HI was significantly reduced in SS50 rather than US100 and MS75 (Figure 11). It could be due to the effect of extreme water shortage on the different development stages that adversely decreased the overall yield (Sun et al., 2020). The increment in BY and EY may be attributed to the overall performance of FA under drought conditions during the growth of coriander metabolically, biochemically, and morphologically. Furthermore, HI was significantly reduced in severe water stress (SS50) rather than well or moderate water stress. It could be due to the effect of water shortage on the different development stages that adversely decreased the overall yield (Sun et al., 2020). These findings are inconsistent with previous reports about the significantly improved yield attributes of potato and sunflower when the water deficit regimes were treated with 50 mM FA (Ibrahim et al., 2015; Poudineh et al., 2015).

DSI is one of the scales that represent a decline in yield under drought stress treatment compared with the mean reduction of all the treatments and varieties (Fischer and Maurer, 1978). Moreover, this parameter confirms the drought tolerance of plants (Batieno et al., 2016). The presented results in Figures 12A, B revealed that the FA-treated plants showed a lower DSI compared with the untreated FA plants (control). Therefore, FA (50 mM) has the efficacy to ameliorate the drought tolerance in both MS75 and SS50 stress regimes. These suggested results followed the findings of Zdravković et al. (2013) and Golestani and Pakniyat (2007). Similarly, DTE is one of the other scales that measure the capability of plants to sustain the production of biological mass on the account of drought stress (Senthilkumar et al., 2021). Hence, FA-treated plants showed a significant improvement in DTE compared with the control due to better performance during the growth of coriander under drought conditions (Figures 12C, D).

It was well established that EO% and OY were remarkably increased under drought stress due to the accumulation of secondary metabolites (Afshari et al., 2021). However, the current study presented that well-watered plants revealed a higher EO% that further boosted up when plants were treated with FA as described by Unlukara et al. (2016) in Figure 13A. Overall, the EO% showed a non-significant effect of the different treatments in the present study except that a marginal improvement was observed under drought stress regimes when the plants of MS75 and SS50 were treated with FA. The results presented in Figure 13B revealed the valuable role of FA in the improvement of OY with respect to quality and quantity. These findings are in line with a previous study of Al-Elwany et al. (2022). The improvement in OY could be due to betterment in the water status of FA-nourished plants, leading to appropriate nutrient uptake, in response of which are the enhanced EO and OY contents (Rahimi et al., 2022). The chemical components of EO in all treatments showed a significant production of linalool in the drought regimes as well as in well-watered plants from 60 to 66% (Table 2), specifically in the case of FA treatment. This increment was according to the range described by Kaya et al. (2000). In addition, the other chemical constituents of EO, like limonene, α-pinene, terpinolene, p-cymene, nerol, thymol, camphor, undecanal, geranyl acetate, terpineol, and geraniol, did not cause any substantial change in the composition of EO under drought stress in both consecutive seasons (Pirbalouti et al., 2017). This may be due to the impact of FA in the modulation of the metabolic machinery of plants by increasing the concentration of secondary metabolites that are held responsible for the chemical composition of EO in drought stress regimes (Heydarnejadiyan et al., 2020; Mirzaie et al., 2020).



Conclusion

The data presented in the results clearly showed that the foliar application of FA reduces the inhibitory impact of drought stress regimes in vegetative, bolting, and seed filling stages, thereby improving the growth traits (fresh and dry biomass), water attributes (Ψw and RWC), and gaseous exchange parameters. We found an increment in the antioxidant activity of enzymes (POD, SOD, and APX) and improvement in chlorophyll content (Chlb), osmolytes (TSS), and TFC that protect the metabolic machinery and cell integrity of coriander due to water deficit conditions. FA potentially improved BY, EY, and HI in moderate to severe stress plants compared with US100 plants. Furthermore, FA improved OY from 60 to 66% in two consecutive season experiments. The treatment of 50 mM substantially recovered the chemical constituents of EO, with an optimum concentration of linaloon followed by limonene, α-pinene, terpinolene, p-cymene, nerol, thymol, camphor, undecanal, geranyl acetate, terpineol, and geraniol. Generally, the findings indicated that foliar application of stress FA might ameliorate the negative impact of water deficit conditions on C. sativum development. Therefore, our study suggest that foliar supplementation of 50 mM FA can alleviate the harmful effects of water stress, which could be an appropriate method for reducing the harmful impact of water scarcity, mainly in arid regions where water scarcity is the core impediment to plant growth and performance. Furthermore, for a future perspective, we envision an important role of FA supplementation in drought stress tolerance in plants and thus push forward a new level of understanding of FA to cope with abiotic stress.
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The present study investigated the brassinosteroid-induced drought resistance of contrasting drought-responsive maize genotypes at physiological and transcriptomic levels. The brassinosteroid (BR) contents along with different morphology characteristics, viz., plant height (PH), shoot dry weight (SDW), root dry weight (RDW), number of leaves (NL), the specific mass of the fourth leaf, and antioxidant activities, were investigated in two maize lines that differed in their degree of drought tolerance. In response to either control, drought, or brassinosteroid treatments, the KEGG enrichment analysis showed that plant hormonal signal transduction and starch and sucrose metabolism were augmented in both lines. In contrast, the phenylpropanoid biosynthesis was augmented in lines H21L0R1 and 478. Our results demonstrate drought-responsive molecular mechanisms and provide valuable information regarding candidate gene resources for drought improvement in maize crop. The differences observed for BR content among the maize lines were correlated with their degree of drought tolerance, as the highly tolerant genotype showed higher BR content under drought stress.
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Introduction

Maize (Zea mays L.), the most significant grain crop on the earth, is generally cultivated for food, feed, and biofuel production  (Ansari et al., 2022). Climatic changes have significantly affected crop growth and yield in recent times (Fàbregas et al., 2018; Singhal et al., 2022). Moreover, different climate-induced abiotic stresses severely affect the growth and yield of major crops worldwide.

Among these abiotic constraints, drought is of prime importance because of its rapidly increasing severity in the coming future (Chen Y. et al., 2019). Drought stress inhibits maize seedling growth and crop development and reduces yield, particularly at the grain filling stage. However, yield losses caused by water scarcity in maize may vary depending on drought severity and the phenological stage of the crop (Hu et al., 2018). In this regard, plant growth-promoting hormones play a key role in safeguarding maize growth under drought stress, as evidenced by an earlier study, which showed that ABA levels speed up the kernel filling process (Jin et al., 2019).

The maize plant has a simple structure, and its unique germplasm makes it a more valuable crop than other cereals (Corso et al., 2015). Although significant progress has been made in investigating maize response to drought stress, previous studies have focused on physiological and metabolic or single-trait responses (Estrella-Maldonado et al., 2021). The high-throughput sequencing frameworks that rely on the RNA level and their analysis results have profoundly changed our viewpoint on the extent and heterogeneity of the maize transcriptome to a substantial degree over the last decade (Faghani et al., 2015). Whatever the case, most transcriptomic studies focused on the vegetative stage of the tested crop plants. Our perception of maize drought stress response structures and attributes highlights the need for further studies (Kosová et al., 2016).

Plants experience various environmental challenges during their life cycle that impact their growth and development (Anjum et al., 2017a). Drought is one of the most detrimental environmental conditions, eventually lowering agricultural yields (Anjum et al., 2016). During the vegetative phase, drought stress can limit growth rate, extend the vegetative development stage, and change the distribution of carbohydrates in maize (Aleem et al., 2021).

It has been demonstrated that short-duration water deficiencies result in 28%–32% losses in dry weight 66%–93% during the tasseling and ear formation stages of the maize crop, respectively. The number of kernel rows is established at the V9 stage when several ear shoots appear (Fracasso et al., 2016).  The maize plant starts accumulating nutrients and dry weight quickly and steadily at the V10 stage and keeps doing so throughout the reproductive period (Hao et al., 2020). Long-term dryness during the pre-flowering stage has also been demonstrated to decrease the ultimate size of certain leaves and internodes, postpone the development of tassels and silk, and result in 15% to 20% yield losses (Haider et al., 2017).

Different agronomic and physiological techniques are used to reduce the negative effects of drought and to help plants develop a resistance to it (Janiak et al., 2018). The use of plant growth regulators is one of the potential methods to increase agricultural output under difficult conditions. Exogenously administered growth regulators have been shown to enhance plants’ ability to withstand a variety of abiotic stressors, including drought and heavy metal salt pressure (Tanveer et al., 2019). Brassinosteroids (BRs) serve various crucial functions in plant growth and belong to a novel family of phytohormones and development. On the steroidal side, each of these BRs has a 22R, 23R-diol structural characteristic. In light of this, molecules with 22R and 23R hydroxyls are much more active than their synthetic equivalents with 22S and 23S hydroxyls. In contrast, BR members with a 24S-methyl or -ethyl group exhibit 10 times more bioactivity in the native 22R, 23R configuration than do hormones with a 24R-alkyl function, highlighting the importance of the stereochemistry at this asymmetric center (Kang et al., 2019).

The steroidal phytohormones known as brassinosteroids (BRs) control the growth and development of plants. While the network-like pathways for BR production in Arabidopsis have been well characterized, it is still unclear what functions some biosynthetic enzymes play in the various sub-pathways (Kumar et al., 2018). Broad substrate specificities of the involved enzymes enable metabolite flow across a number of routes during BR production, which takes place along a metabolic grid. In the plant kingdom, three substances—cholesterol, sitosterol, and campesterol—are used to create BLs. The two sterols most prevalent in plant membranes are sitosterol and campesterol; however, there have been two methods for the biosynthesis of brassinolides that start with campesterol (Tanveer et al., 2018).

Similarly, around the time of pollination, 5 days of drought stress causes abnormal embryo development and a significant reduction in kernel number. The maize ear leaf makes a significant contribution to the buildup of biomass as a result of photosynthesis (Liu et al., 2019). Five or six leaves close to and above the ear generate most of the photosynthate for kernel production. The size of the “source” in plants is reduced due to drought stress, which causes a sharp reduction in the photosynthetic rate. Plants at the seedling stage were primarily used to survey and describe gene regulatory networks of the drought stress response (Wang et al., 2014).

Different plants face osmotic and drought stress, which leads to the expression of many genes. They may generally be separated into ABA-dependent and other signaling pathways. Since it affects stomatal closure and the production of stress-responsive genes, ABA is a key phytohormone in the drought stress response in plants. Hormones play a key role in plant response to abiotic stresses; osmotic stress signaling, the calcium-dependent route, mitogen-activated kinase-mediated signaling, phospholipid signaling, and reactive oxygen species (ROS) signaling are some other signaling mechanisms for drought stress tolerance (Anjum et al., 2017b).

In national plants, maize cross varieties are often preferred over homozygous regular lines since they are the most heterosis-rich crop in modern agricultural production. Separated from the normal line, the cross-variety plant is more rooted (Luo et al., 2018). The improvement steps are not performed in comparable field circumstances. There were not as many features passed on to the cultivars by the drought treatment as there would have been under normal conditions. Samples showed enormous rates of vegetation when exposed to the stress of the drought. Like all other samples, these exhibited the most pronounced leaves (Li et al., 2017).

While the more established leaves of different plants exposed to dry solid season areas showed signs of aging (the lower two leaves were dry or yellow, and the third leaf also started to senesce), this did not significantly affect other samples, which commonly developed under stress conditions (just toning down) (Liu et al., 2021). Our findings have improved the translation of maize drought response instruments and provided a theoretical foundation for breeding novel maize cultivars resistant to dry periods (Singh et al., 2017).

As normal biological changes occur, the significant financial difficulties caused by drought in agricultural productivity will get worse, and the financial difficulties caused by droughts in agricultural productivity will worsen (Dossa et al., 2017). Several cutting-edge technologies are being used and exploited to forecast these shifts (Mishra et al., 2022). It has been recommended to use polyethylene glycol (PEG), amino acids, cell protectors, phytohormones, minerals, typical eccentric treatments, and so on (Muthusamy et al., 2016). Brassinosteroids are a group of steroidal phytohormones included in combinations (BR). Due to their non-toxicity, non-mutagenicity, and eco-friendly nature, as well as their effectiveness at low concentrations, ease of use, and potential for deceptive mixing on a commercial scale, the BRs are a good choice for agricultural use (Zhao et al., 2020). Drought tolerance is a complex polygenic trait and is still not fully understood. This study aimed to investigate the drought tolerance of two contrasting maize lines. We performed the transcriptome analysis to identify the different genes controlling drought tolerance in maize and also checked the role of BRs in mitigating the drought-induced changes in plants.



Material and methods


Plant material, experimental design, and BR treatment

Seeds of two maize inbred lines (ILs), drought-sensitive (H21) and drought-tolerant (478), were provided by the Gansu Provincial Key Lab of Arid Land Crop Science, College of Agronomy, Gansu Agricultural University, Lanzhou, China, and were sown in pots. Two inbred lines were chosen to identify the tolerant genes and to check the Br role in drought tolerance. Br hormones also improve the plant growth in maize inbred lines; this showed that Br hormones could improve drought tolerance in sensitive lines, and tolerant genes identified in tolerant inbred lines can be used in molecular breeding. The pots were placed in a temperature-controlled environment in the laboratory (temperature 25 ± 5; relative humidity 65 ± 5; light/dark: 16/8 h). Up to 10 days following emergence, all the plants received enough water to maintain a steady moisture level; at that point, the application of treatments started. Treatments consisted of two levels of drought stress (20% and 0.3%) and three levels of BR (0, 25, and 50 ml). Fifty milliliters of 20% PEG 6000 was applied every 3 days to induce drought, and distilled water was applied in control. Seedlings at the four fully developed leaf stages were selected to determine morphological and physiological parameters. For transcriptome analysis, samples were stored at -80°C in liquid nitrogen. The experiment was carried out under a completely randomized design (CRD) with three replications. The BRs (including castasterone, 24-epicastasterone, brassinolide, and 24-epibrassinolide) have been extracted with ice-cold 80% aqueous methanol solution. The stock solutions of BRs were prepared at a concentration of 100 mg/l in methanol and stored at -18°C in the dark. Standards of lower concentrations were prepared weekly by the serial dilution of the stock solution with methanol and were stored at 4°C in the dark. During this analysis, a number of physiological and morphological parameters were analyzed, some of which involved growth parameters, for example, plant height, root dry weight, shoot dry weight, the number of leaves, leaf area, the specific mass of the fourth leaf, antioxidant activity, and malondialdehyde and chlorophyll contents.



Transcriptomic analysis


RNA extraction library construction and sequencing

The outright RNA was removed using a TRIzol reagent (Thermo Fisher, 15596018). The total amount of RNA and its quality were determined using the Bioanalyzer 2100 and the RNA 6000 Nano LabChip Kit (Agilent, California, United States of America, 5067-1511), and first-rate RNA tests with RIN numbers greater than 7.0 were used in the construction of the sequencing library. After the total RNA had been removed, the mRNA remaining in the pure RNA (5 μg) was cleaned using two rounds of filtering with Dynabeads Oligo (dT) (Thermo Fisher in California, USA). After being filtered, the mRNA was fragmented into shorter portions by utilizing divalent cations at a higher temperature (using the Magnesium RNA Fragmentation Module from NEB, cat. e6150, USA) for 5–7 min at 94°C. After that, the cut RNA pieces were inversely unraveled to make the cDNA using SuperScript™ II Reverse Transcriptase (Invitrogen, cat. 1896649, USA). The cDNA was then utilized to incorporate U-named second-deserted DNAs with E. coli DNA polymerase I (NEB, cat.m0209, USA) and RNase H (NEB, cat.m0297, USA) and dUTP Solution (Thermo Fisher, cat. R0133, USA). The unpolished terminations of each strand were given an A-base coating, which prepared the strands to be ligated to the recorded connectors.

Each connector had a T-base shade built into it to ligate the connection to the A-followed partitioned DNA. After affixing twofold document connections to the parts, AM Pure XP dabs were used to carry out size verification. After the power labile UD Genzyme (NEB, cat.m0280, USA) treatment of the U-named second-deserted DNAs, the ligated things were escalated with PCR using the following conditions: starting denaturation at 95°C for 3 min; eight examples of denaturation at 98°C for 15 s, treating at 60°C for 15 s, and increase at 72°C for 30 s; and a short-time later last extension at 72°C for 5 min. The preceding cDNA libraries had expansion sizes that ranged from 300 to 50 bp on average. Following the manufacturer’s instruction, we completed the 2 × 150 bp matched end sequencing (PE150) using an Illumina NovaSeq™ 6000 (LC-Bio Technology Co., Ltd., Hangzhou, China).



Sequence and filtering of clean reads

A cDNA library constructed by invention using the pooled RNA from the tests done with the Illumina NovaSeq™ 6000 succession stage was sequenced. We sequenced the transcriptome using the Illumina paired-end RNA-seq approach; reads obtained from the sequencing machines include raw reads containing adapters or low-quality bases, affecting the following assembly and analysis (Martin, 2011). Thus, to get high-quality clean reads, reads were further filtered by Cutadapt. The parameters were as follows: 1) removing reads containing adapters; 2) removing reads containing polyA and poly; 3) removing reads containing more than 5% of unknown nucleotides (N); 4) removing low-quality reads containing more than 20% of low-quality (Q-value ≤ 20) bases. After that, the quality of the sequence was checked using FastQC. It was observed that Q20, Q30, and GC content of the data had not been contaminated. Following that, a total of gigabase pairs worth of reads with clean ends was generated (Thompson et al., 2020). The raw sequencing data have been submitted to the NCBI Gene Expression Omnibus (GEO) databases or the NCBI Short Read Archive (SRA) with accession numbers. Both of these archives have been given accession numbers.




Pathway enrichment analysis (KEGG)

Qualities generally cooperate in assuming parts in specific organic capacities. Pathway-based investigation assists with understanding the rates of different physical processes. KEGG is a significant public pathway-related information base. Pathway improvement examination distinguished enhanced metabolic pathways or sign transduction pathways in DEGs in contrast with the entire genome foundation. Pathway advancement examination utilized Omic Share to determine extraordinarily upgraded metabolic pathways or sign transduction pathways in differentially communicated qualities. A hypergeometric test-taking FDR characterized extensively improved pathways in differentially communicated qualities (Aleem et al., 2021).



RT-PCR

The PCR assays were performed on the Rotor-Gene 3000 detection system (Corbett Research, Singapore) using One-Step PrimeScript™ RT-PCR Kit (Perfect Real Time) (Takara). All sets of reactions were carried out in a final volume of 20 l, each containing 10 l of 2× One-Step RT-PCR Buffer III, 0.4 l of MCMVf (10 M), 0.4 l of MCMVr (10 M), 0.8 l of probe (10 M), 0.4 l of Ex Taq™ (Takara) HS (5 U/l), 0.4 l of PrimeScript™ RT Enzyme Mix II, 1.0 l of total RNA or 1.0 l of RNA transcripts, and 6.6 l of RNase-free dH2O. Amplification reactions were performed as follows: 42°C for 5 min; 95°C for 10 s; 40 cycles of 95°C for 5 s, and 60°C for 20 s. The specificity of this TaqMan assay was evaluated using six different reactions, including water control. Using the TaqMan probe, strong fluorescent signals were detected only from reactions with samples, while the signals from four other samples along with the water control were superposed to the baseline under optimized reaction conditions. These samples can be differentiated from the four other maize samples by comparing the signals of different levels. The PCR products were analyzed further by agarose gel electrophoresis. The assay with the sample displayed the expected band of 67 bp and an unexpected faint band above the 67-bp band, whereas those of the four others did not.



Statistical analysis

Statistical significances between control and drought treatment were tested using the Newman–Keuls method at P < 0.05 by IBM® SPSS®, and data were generated by SigmaPlot 12.5. PCA was performed with the help of XLSTAT statistical software.




Results


Morphological and physiological traits of maize cultivars

During this analysis, a number of physiological and morphological parameters were analyzed, some of which involved growth parameters, for example, plant height, root dry weight, number of leaves, leaf area, and number of stems. Similarly, as far as functional parameters are concerned, they involve photosynthetic activity, leaf hydration, chlorophyll content, carbon dioxide diffusion, and CAT and pigment content. Phenotypic diversity for all traits was found under control and drought. Chlorophyll content and dry load were reduced by 90% during the drought, but a 40% reduction was seen in plant height. The two maize cultivars have been growing under identical circumstances, except for certain drought treatments. In both cultivars, as shown in the figure, there is a noticeable difference in plant height under two treatments; plants in drought treatment are shorter than those in water treatment. Both cultivars of drought-treated plants displayed withered leaves. However, under the two treatments, there was no visible variation in the shape of the ears between the two cultivars. When drought stress was applied to the samples under observation, they showed visible variations. According to the data obtained after analysis, root dry weight showed rough and symmetric results under the two conditions. Exceptions of plant height and any other variables’ phenotypic advantages were obtained in two situations. A couple of layouts look at each boundary where H21 displayed a more pronounced plant height. Additionally, while talking about root dry weight, 478 performs better than H21. A comparison of results for all boundaries is shown in Tables 1, 2.


Table 1 | Advanced test results of ANOVA.




Table 2 | ANOVA test result.





Pathway enrichment analysis (KEGG)

The results of BRs were significantly different between the two genotypes, and occasionally, H21 displayed more BRs in contrast to 478 in its leaves. The DEGs were subjected to KEGG pathway improvement investigation in the systems of 2 versus 0 h, 16 versus 2 h, and 16 versus 0 h. The paths for plant height and root dry weight, chlorophyll content, number of leaves, shoot dry weight, and many more were improved in the DEGs with wider articulation. Numerous DEGs were improved into signal transduction pathways following the treatment for drought stress, including the calcium flagging pathway-plant and plant chemical signal transduction. Contrarily, under the drought treatment, only a small number of DEGs independently enhanced the KEGG pathway in drought-sensitive maize (Figure 1) and drought-tolerant maize (Figure 2). The x-hub shows improvement in KEGG pathway examination of DEGs of drought-sensitive (Figure S1) and drought-tolerant lines (Figure 3) under the drought treatment, individually (Figure 4). The x-hub shows an improvement score, while the y-hub demonstrates the pathway name (Figure 5). The size of the speck addresses the quantity of DEGs. The various shades of specks address different p-values (Figure 6).




Figure 1 | KEGG pathway enrichment scatter plot. The color of the point represents the size of the q-value. The smaller the q-value, the closer the point color to the red color. The point size expresses the number of differential genes in each pathway.






Figure 2 | KEGG enrichment axial plot shows the DEG enrichment analysis results in the KEGG pathway.






Figure 3 | Classification of differentially expressed genes. Total gene counts of KEEG terms are associated with all genes.






Figure 4 | KEGG pathway enrichment scatter plot. The vertical axis represents the path name, and the horizontal axis represents the path factor corresponding to the rich factor.






Figure 5 | KEGG pathway enrichment scatter plot. The vertical axis represents the path name, and the horizontal axis represents the path factor corresponding to the rich factor.






Figure 6 | The differentially expressed genes or proteins are grouped hierarchically stretched GO terms, biological process, cellular components, and molecular functions.





Transcriptome analysis for drought tolerance

The results obtained for normal conditions and drought or comparatively different as the sample show different results under normal conditions and similarly different under drought stress. The point at which they are linked showed that 18,184 rates divided among every treatment went from 83.86% to 90.21%. Two hundred nine characteristics could only be found in the drought-resistant cultivar (H21) after receiving drought treatment. H21 displayed a better plant height under drought stress conditions than 478. This cultivar (H21) had more apparent leaves than 478 (Figure 7). Even though the more mature leaves of 478 plants that were subjected to dry-season areas of strength showed signs of aging (the first two leaves were dry or yellow, and the third leaf additionally began to show signs of aging), this did not have any significant impact on H21, which consistently grew (just slightly toning down) significantly even when subjected to stress conditions.




Figure 7 | Transcriptomic profiling reveals shared signaling networks in different samples of maize.



Twelve cDNA libraries of the over two maize genotypes at the control and drought stress were built and sequenced with three organic duplicates to uncover the subatomic system of maize reaction to drought stress at the seedling stage. A sum of 20 G of clean information was obtained utilizing a reasonable stage. The complete base of each example was dispersed between 6.87 and 6.94 G, Q30 bases were circulated between 92.94% and 93.86%, and the typical GC content was 45.45%. By contrasting checks with the reference genome, the genomic arrangement of each example was obtained, and the arrangement rate was 96.25%–97.50% (Figure 7).



PCA

It has been seen in Figure 8 that PCA showed different values for H21 and different control values for 478, and the overall PCA value was found to be 13.98%, but on another note, they showed some values which are 4.87% for H21L0R1, 20.21% for control 478, and 10.67% for H21L2R3; similarly, values of 15.87%, 20.01%, 20.09%, 22.5%, and 17.5% for many other variables.




Figure 8 | Categorization of different maize genotypes for drought tolerance and sensitivity. PCA with 78.95% values on the x-axis and 13.98% values on the y-axis.



The number of H21 plants in stressful circumstances was much higher than in the control plants. This improvement was less notable in H21 than in 478. The 478 line exhibited greater peroxidation of membrane lipids based on the PCA content than in genotype H21, while lipid peroxidation appeared to rise more in H21 than in 478 following drought exposure (Figure 9).




Figure 9 | Categorization of different maize genotypes for drought tolerance and sensitivity. Principal component analysis of maize varieties based on different parameters visible in the form of colored spots with different values.



The vital part examination has been displayed in (Figure S2), which shows that drought additionally decreased the effectiveness of the essential photosynthetic cycles. There were obvious contrasts between the control and drought-pushed plants, especially for the boundaries portraying plant height, chlorophyll content, etc. In any case, no obvious contrasts were traced between the genotypes for the various limitations of the PCA examination.

With drought stress, the distribution of excess energy was effectively extended (boundaries, plant height, and dry root weight). According to the extent of the red spots, which were concentrated on plants of one or the other genotype, the specific mass of the fourth leaf did not seem to be negatively impacted during the drought. The drought negatively influenced the availability of the individual plant units, as inferred from the blue areas on the figure, but the two genotypes did not differ. Our samples remained unaffected by drought for dry root weight H21. In any event, 478 demonstrated a more noticeable decline in the rate of chlorophyll content due to drought at the end of the chain because of the observed differences in the location of the specific orange spots (Figure S3)

Similarly, although transcriptome analyses are widely used, they can only provide a limited picture of substantial changes in value clarity. There is no need to be concerned about changes in plant cell transcriptome brought by drought reflecting in the cell proteome (because of many advances and factors affecting quality verbalization among RNA and protein levels); at the same time, it was evident that there was no undeniable connection between these two strategies for substantial value verbalization information, as the drought’s administration of alterations in plant proteome was segregated from the transcriptome’s advancements. For further evaluation, it may be helpful to examine the relationship between the transcriptional, translational, and posttranslational degrees of articulation of BR-related qualities in plants familiar with the dry period and their effects on the components of intracellular BRs and the overall plant response to this strain component.



RT-PCR

RT-PCR gave us information to identify differentially expressed genes that are mapped; reads of the genes were calculated using the sequence alignment/map (SAM) files created by Tophat2. Then, differential expression analyses between two groups of samples were performed using the R package “DESeq2.” DEGs can be considered the best method for a graphical or visual representation of RT-PCR. Genes with |log2 (fold changes) |>1 and false discovery rate (FDR) <0.02 were recognized as differentially expressed. To detect the DEGs, four comparison groups, i.e., LMC_LMD (Lv28 under moderate drought control vs. Lv28 under moderate drought), LSC_LSD (Lv28 under severe drought control vs. Lv28 under severe drought), HMC_HMD (H21 under moderate drought control vs. 478 under moderate drought), and HSC_HSD (H21 under severe drought control vs. 478 under severe drought), were included as shown in Figure 10. Differential expression analysis was performed by comparing the gene expression profiles between different drought conditions to identify genes responding to drought in the two lines. In total, 100% and 51% of genes showed drought response under MD and SD in 478, respectively, among which 28% and 26% were upregulated under MD and SD, while 16% and 12% of genes were downregulated, respectively (Figure 11). In the drought-tolerant line H21, 68% and 33% of genes showed response to drought stress under MD and SD, respectively, among which 62% and 59% genes were upregulated, while 16% and 15% genes were downregulated, respectively (Figure 12). Remarkably, the number of the DEGs increased in 478 from MD to SD while it decreased in Lv28. In addition, the results of RT-PCR displayed as DEGs in H21 showed intensively upregulated under MD, with 82% genes upregulated but only 32% genes downregulated. Among these DEGs, 84% of genes responded to drought in H21 and 478 (Figure S4).




Figure 10 | A variable peak with the second minor peak showing gene expression density; the gene density indicated the change in morphological parameters that were very clear during and after the whole analysis.






Figure 11 | Results of different samples showing gene expression in the form of violin; the violin having different colors, indicating different samples analyzed at regular intervals.






Figure 12 | Differently expressed genes displayed as a bar graph in the different groups; the two bars showed higher and lower gene expression values in maize samples.






Discussion

In the current work, we have presented comprehensive details of maize’s physiological and transcriptomic data under drought stress. Under simulated drought stress, it may be generalized that maize demonstrates stress tolerance mechanisms. The levels of activity arise following stress treatment, along with conductivity and soluble sugar content, suggesting that maize had improved scavenging abilities to withstand drought (Table 1). It was displayed that a rise in enzyme activity might remove peroxides produced by stress, preventing the plasma membrane’s oxidation and safeguarding cells against injury. According to our findings, maize controls the activity of defense enzymes, to reduce the accumulation of harmful substances (Zenda et al., 2018).

Additionally, we have also performed many analyses that gave us graphical results (Muthurajan et al., 2018). The results were incredibly significant and demonstrated that hormones could reduce growth under drought stress (Chen G. et al., 2019). Moreover, although transcriptome analyses are widely used, they only provide a very restricted result that causes changes (Table 3). According to the results of the KEEG improvement analysis, a total of the top 20 results were improved in the BRs of H21 and 478, including 15 in the cosmology of “organic cycle,” nine in the philosophy of “sub-atomic capacity,” and seven in the metaphysics of “cell component (Tiwari et al., 2021).” The DEGs of H21 and 478 had several advanced results, including eight organic cycle terms affecting the stress response (Chen G. et al., 2019).


Table 3 | Morphological and physiological trait analysis.



At the same time, if we talk about the results of our samples, i.e., H21 and 478, they did not show similar changes that were related to KEEG results (Xuan et al., 2022). Furthermore, all four sets of BRs showed that the “extracellular region” and “starch metabolic cycle,” showing two lines, included similar drought blockage components (Zenda et al., 2018). PCA revealed the identical characteristics of both plants, including the relevance of numerous limitations (Estrella-Maldonado et al., 2021). Each rate is shown with the eigenvalues in the PCA evaluation, indicating that these characteristics are accurate and connected to the other rates (Table 3).

Drought significantly reduced the growth of maize lines. We used seedlings of the maize line under controlled and drought conditions for a time-series transcriptomics study to identify DEGs and their patterns of response to increasing drought imposition (Zenda et al., 2019). In conclusion, drought stress inhibited enzyme activity linked to the production of cellular components, which is consistent with the suppression of plant growth (Yang et al., 2015). On the other hand, stress resistance mechanisms and regulatory activities are enhanced. We can evaluate dynamic gene responses to steadily rising drought stress using time-series transcriptomic data (Zeng et al., 2019). The samples, significance to drought tolerance, and interactions with sRNAs are other ways to define DEGs (Ghodke et al., 2020).

These results showed that the drought resistance of H21 may be increased by the root development, stability of the cytoskeleton, and performance of various cell cycles during drought. According to the KEGG enhancement analysis, 10 metabolic pathways were enhanced in the two lines (Wang et al., 2019). Starch and sucrose digestion, as well as plant chemical signal transduction, were fully developed in both lines. Still, their levels in H21L0R3 were typically greater than those in 478. Many researchers who worked with exogenous BR samples, transgenic plants, and earlier plants that had been kept with BRs before being exposed to lack of circumstances investigated the heights of numerous express records that were linked with drought reaction (Table 3).

Arabidopsis thaliana, Brassica napus, Cucumis sativus, Nicotiana tabacum, Solanum tuberosum, Brachypodium, or grains were the subjects of these tests (Ghodke et al., 2020). Even while the levels of CPD recordings dynamically increased over the first 24 h of PEG-induced osmotic stress in potatoes, it has not been thoroughly investigated whether drought-stressed plants exhibit increased BR biosynthetic properties or not (Wang et al., 2016). The early C-22 oxidation pathway and the late C-6 oxidation pathway both include several catalyzed stages (Qiu et al., 2019). In maize coding for H21, supplementary BR biosynthetic quality was dispersed.

This rate-limiting protein catalyzes different hydroxylation reactions at the beginning of early and late C-6 corrosion trials and the first H21. A vast phenotypic variability was discovered for all traits to handle the circumstances and start a dry phase (He et al., 2020). Chlorophyll content and the dry load decreased by 90% during the dry spell, while plant height decreased by 40%. Except for plant height, the variety ranges were smaller under drought stress compared to control circumstances, and the base was zero for all characteristics (Wang et al., 2015). Information obtained indicated that the properties were transported in a symmetrical manner (Tang et al., 2017).

In addition to identifying genes that may be involved in drought tolerance and other abiotic stresses, our research provides extensive transcriptome data enabling comparisons with gene responses to drought in other tissues under various drought circumstances (Zhang et al., 2017). Our results show that early and middle DEGs have greater genetic diversity and are more likely to be associated with drought resistance (Hu et al., 2018). The role of early and middle DEGs in drought tolerance involves huge levels of genetic variability. They include the gain and loss of gene function that may emerge from maize lines’ adaptability to changing growth circumstances (Jin et al., 2019).

A type of CNV called presence and absence variation (PAV) results from the lack of stress-responsive genes in the pathways that respond to environmental stressors under specific circumstances to reduce fitness costs. The discovery corroborates this that several crop species, including maize, soybean, and grape, have genes with CNV overrepresentation in the pathways of stress responses (Thirunavukkarasu et al., 2017).

Under drought circumstances, genetically speaking, the tolerant genotype H21 showed greater levels of metabolites, lower levels of lipid peroxidation, and better cell water retention than the sensitive genotype 478. In all, sample genomes analyzed with the help of RT-PCR in the form of DEGs were identified in our RNA-seq data as being expressed in response to drought (Zhang et al., 2019), with many DEGs being specifically discovered in H21. We discovered that genes linked to previously described pathways implicated in the drought stress response, such as those linked to the production of secondary metabolites, transcription factor regulation, detoxification, and stress defense, were changed upon exposure to drought stress.

The contribution of H21's characteristics associated with cell wall biosynthesis to the water maintenance of cell wall mix has regions of strength thanks to the input of a coordinated multienzyme complex in polysaccharide production. The raised articulation of glycosyltransferase added to the drought barrier of Arabidopsis thaliana cytokinin-inadequate freaks (Zenda et al., 2018). GO advancement examination uncovered that numerous H21 DEGs were connected with cell wall association and RT-PCR, particularly the expansion family prompted by different abiotic stresses and ABA. Stomatal thickness was displayed to diminish by overexpression. Furthermore, RT-PCR functional validation analysis supported the discovered genes’ differential expression. Our discoveries not only increase our understanding of the mechanisms that allow maize to withstand drought stress but also offer a priceless genetic resource or selection target for maize’s genetic advancement (Yang et al., 2015).

Additionally, GO and KEGG enrichment analyses on DEGs showed that several differentially expressed genes were most strongly enriched in biological processes, such as citrate cycle (TCA cycle), fatty acid metabolism, carbon fixation in photosynthetic organisms, and ribosome, enzymes distributed with a high proportion (Lei et al., 2022), indicating that a variety of metabolites were synthesized via active metabolic processes in leaves of maize. The RNA-seq technique can potentially identify novel genes from non-model organisms.

These observations have also provided a helpful resource for studying specific processes and pathways involved in growth and development of various plants and other plant species. The pathway-based analysis helps in comprehending the traits and subsequent real cycles. Maize has economic and conventional significance due to its distinct model and unique germplasm (Ereful et al., 2020). Additionally, it serves as a model plant for research on regulatory interactions. The investigation of maize drought tolerance has produced incredible advances in understanding this complex trait (Xia et al., 2020).

The results obtained after the analysis will help further research in the same area related to drought or any other similar plant that showed the same mechanism. Finding genes from maize that are connected to drought resistance and using them to increase the yield in various drought environments becomes a crucial breeding goal. It is theoretically and practically very important to analyze maize’s mechanism for drought tolerance (Vojta et al., 2016). Numerous regulatory mechanisms, including increased proline, soluble sugar, malondialdehyde, superoxide dismutase, potential operational delineations, and catchment area treatment content buildup were evolved in maize to deal with drought and to prevent or limit cellular damage induced by drought stress. Improved metabolic pathways were identified by pathway improvement assessment in distinct DEGs and the establishment of the entire genome. Omic Share was used for pathway headway evaluation to identify drastically altered metabolic or signal transduction pathways in several features (Tarun et al., 2020). Our study showed that applications of Br hormone could reduce the toxic effects in maize in inbred lines Br application increased the gene expressions and increased the drought tolerance in maize inbred lines.



Conclusions

The transcriptome analysis uncovered the differential expression of genes controlling drought tolerance in maize. Two contrasting maize genotypes performed differently under drought stress conditions. Drought stress leads to noticeable changes in maize genotypes. Results indicated that the drought-responsive maize genotype performed well under drought stress and as indicated by a differentially expressed gene network. DEGs are involved in different stress-responsive pathways and control several vital traits under drought stress. BRs played a key role in promoting plant growth under drought-stress conditions. The application of BRs improved the growth of maize genotypes and activated several stress-responsive genes. BRs compensated for the drought-induced toxic changes in maize genotypes and improved root growth, shoot growth, and chlorophyll contents. Using maize lines with reciprocal drought resistance, transcriptomes were examined under dry periods to identify several BRs. The BRs linked with plant chemical sign transduction, osmotic change, root advancement, and receptive oxygen rummaging were enhanced under drought lenient lines. Our outcomes showed drought-responsive components and gave new insights into understanding drought resistance in maize.
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Rising atmospheric CO2 concentrations are known to influence the response of many plants under drought. This paper aimed to measure the leaf gas exchange, water use efficiency, carboxylation efficiency, and photosystem II (PS II) activity of Datura stramonium under progressive drought conditions, along with ambient conditions of 400 ppm (aCO2) and elevated conditions of 700 ppm (eCO2). Plants of D. stramonium were grown at 400 ppm and 700 ppm under 100 and 60% field capacity in a laboratory growth chamber. For 10 days at two-day intervals, photosynthesis rate, stomatal conductance, transpiration rate, intercellular CO2 concentration, water use efficiency, intrinsic water use efficiency, instantaneous carboxylation efficiency, PSII activity, electron transport rate, and photochemical quenching were measured. While drought stress had generally negative effects on the aforementioned physiological traits of D. stramonium, it was found that eCO2 concentration mitigated the adverse effects of drought and most of the physiological parameters were sustained with increasing drought duration when compared to that with aCO2. D. stramonium, which was grown under drought conditions, was re-watered on day 8 and indicated a partial recovery in all the parameters except maximum fluorescence, with this recovery being higher with eCO2 compared to aCO2. These results suggest that elevated CO2 mitigates the adverse growth effects of drought, thereby enhancing the adaptive mechanism of this weed by improving its water use efficiency. It is concluded that this weed has the potential to take advantage of climate change by increasing its competitiveness with other plants in drought-prone areas, suggesting that it could expand into new localities.




Keywords: gas exchange, photosystem II activity, fluorescence, water use efficiency, electron transport rate



Introduction

Since the Industrial Revolution, atmospheric CO2 has been increasing and is predicted to reach 800 ppm at the end of this century (Valone, 2021). Elevated CO2 (eCO2) stimulates global warming, causing rapid changes in the climate of the earth, affecting variations in temperature, precipitation amounts and intensity patterns (Skendžić et al., 2021). Moreover, it has been reported that global warming acts to cause deficits in atmospheric vapor pressure, resulting in drought stress in plants (Song et al., 2021). This rapid climate change may also alter the geographical ranges of species (Skendžić et al., 2021), and it is, therefore, predicted that species that can tolerate warmer and drier weather will have competitive benefits over non-tolerant species (Karimizadeh et al., 2021). Changes in precipitation patterns will also affect the success of species invasion and the nature of ecosystems in general. It has been reported that crop species under eCO2 act to enhance photosynthesis when other factors like light, water, and nutrients are not limiting (Boucher et al., 2009; AbdElgawad et al., 2015; AbdElgawad et al., 2016; Cruz et al., 2018; Alba et al., 2019). Dusenge et al. (2019) concluded that the current ambient CO2 concentration is a limiting factor to growth, so an increase in CO2 concentration clearly has the potential to increase the growth and yield of plants.

Elevated CO2 increases the activity rate of Rubisco, which results in increased plant growth (López-Calcagno et al., 2020). This will be beneficial for agriculture because of greater crop productivity, but the growth of weeds, especially invasive species, will also be enhanced (Wu et al., 2017). Physiologically, elevated CO2 increases biomass production by reducing water loss through the stomata, in conjunction with an increase in root growth and improved root structure (Li et al., 2020). Stomatal conductance is based on CO2, which reduces the transpiration rate of crop species grown under elevated CO2 with ample water supplies (Kimball, 2016). However, the response of stomata to eCO2 is dependent on the interactive effect of elevated CO2 and soil water content (Xu et al., 2016). It is well documented that an increase in CO2 concentration causes partial stomatal closure, which reduces leaf transpiration and increases net carbon assimilation (Dai, 2013; AbdElgawad et al., 2015; Cruz et al., 2018).

Elevated CO2 increases the net assimilation rate by up to 30%, which can lead to a significant increase in dry matter and yield of crops (Robredo et al., 2007; Cruz et al., 2018; Pan et al., 2018). Wheat crops grown under 550 ppm CO2 concentration have been shown to increase their yield by 15%, the canopy temperature by 0.85°C, and have reduced their evapotranspiration by 13%, consequently increasing the water use efficiency by 18%. Rising levels of CO2 have, therefore, potential beneficial effects on the growth and yield of plants, especially in areas where drought causes crop failure (Jin et al., 2019). According to AbdElgawad et al. (2016), eCO2 has been shown to mitigate the stress impact of drought, and they quoted examples of barley and alfalfa crop growth reduction under drought stress (Zeid and Shedeed, 2006; Robredo et al., 2007). However, despite these beneficial effects on crops, the rising level of atmospheric CO2 may have negative consequences for yield losses due to weed-crop competition (Ziska et al., 2019). Observations have shown that while vegetative growth of C3 crops is favored over C4 weeds under elevated CO2 (Ziska and Caulfield, 2000), C3 weeds may be favored over C3 crops (Ziska et al., 2019). It has recently been suggested that the effect of drought may be overcome by some compensatory mechanism within the plants (Qi et al., 2021). Numerous reports showed that plants that were grown under eCO2 dried more slowly as water was withheld due to lower stomatal conductance and transpiration rate (Yan et al., 2017; Dikšaitytė et al., 2019; Pastore et al., 2020). It is postulated that the benefit gained by weeds from eCO2 under drought conditions is linked to physiological traits like chlorophyll content, gas exchange, water use efficiency, and PSII activity of plants (Li et al., 2019). Elevated CO2 increased the growth and reproduction of both indigenous and non-indigenous weeds, which has resulted in an enhancement of their competitive ability. This outcome supports the hypothesis of Blossey and Notzold (1995), who hypothesized that there is an evolution of increased competitive ability in invasive plants. It is well documented that invasive species affect the growth, development, and reproduction of native species by altering the ecosystem and introducing direct competition for essential resources (Werner et al., 2008). Although gaining an understanding of the effect of increased atmospheric CO2 combined with drought on the growth and yield of crops has a priority over weed studies (Nguyen et al., 2017), weed infestation is, nevertheless, an important impediment to crop productivity and needs to be investigated in its own right.

Datura stramonium, commonly known as thorn apple or Jimson weed, is an invasive C3 weed species belonging to the family Solanaceae (Chadha et al., 2020). It is grown in subtropical and temperate regions worldwide (Chadha et al., 2020). It has fast seedling growth with a short vegetative stage and is characterized by indeterminate growth habits. Broad leaves and sympodial branches allow this weed to shade the surrounding areas and increase its competitive ability. It is a common weed found in soybean, potato, tomato, and tobacco crops. D. stramonium has narcotic properties and contains tropane alkaloids, mainly scopolamine, hyoscyamine, and atropine chemicals, which are known to be poisonous for humans, cattle, and horses (Baloch et al., 2017). These characters restrict the agricultural use of this species, but some studies have shown the potential of D. stramonium for bio-oil production (Aysu and Durak, 2015; Durak and Aysu, 2016). Therefore, it is important to develop a good understanding of how D. stramonium is likely to respond to changing environments, indicating that the lack of scientific literature regarding the effect of eCO2 concentration on the physiological processes of D. stramonium is a significant problem. The current study focuses on an understanding of the regulation of gas exchange, photosynthetic efficiency of PSII, and water use efficiency of D. stramonium at 400 and 700 ppm CO2 grown under normal irrigation and drought conditions, and reflects on the implications of these results for their growth and invasive characteristics.



Materials and methods


Seed collection

Seeds of D. stramonium were obtained by removing the heads from mature plants, and subsequently drying and threshing them to remove extraneous material. These heads were collected from more than 100 different plants in Ballarat, Victoria, Australia. The cleaned seeds were stored in a dried amber glass bottle at 19°C in the seed ecology laboratory of Federation University, Mt. Helen, Australia, until used in the experiment.



Condition of the experiment

Experiments were conducted at Federation University (37°37.39°S, 143°53.27°E) in two CO2 chambers (2.1 m length, 2.1 width, and 2.0 m height) (Steridium Pty. Ltd., Brendale, Qld, Australia). One CO2 chamber was set at 400 ppm CO2 concentration (aCO2), while the other was set at 700 ppm CO2 concentration (eCO2). The average chamber temperature was maintained at 22/18°C day/night alternating temperature with 60% humidity. Twenty plastic pots (13 cm wide and 14 cm high) were filled, each with 1.2 kg of a 2:1 mixture of garden soil and a commercially available potting mixture. Three seeds of D. stramonium were sown in the center of each pot. Out of the twenty pots, 10 randomly selected samples were kept in the cabinet maintained at an ambient CO2 level (400 ppm), and the remaining 10 pots were kept in the second cabinet maintained at an elevated CO2 level (700 ppm). The pots were watered daily, and seedlings were thinned at the four-leaf stage, leaving one seedling in each pot. Two moisture levels (well-watered and drought) were also maintained in each CO2 chamber. The well-watered treatments were maintained at 100% field capacity and drought treatments at 60% field capacity. Drought treatment commenced 25 days after sowing. These water regimes were selected as different plant species showed variable responses to eCO2 concentrations under drought conditions. Water holding capacity was determined according to Bajwa et al. (2019). Briefly, 10 kg of the soil was placed into three pots and saturated with tap water. The pot surface was covered with black plastic, and the pots were allowed to drain for 48 h to determine the water hole. After this time, the plastic sheet was removed and three soil samples (each weighing 300 g) were taken from the mid position of each pot. These samples were weighed (wet weight of soil, A) before being oven-dried (90°C for 72 h) and reweighed (dry weight of soil, B). The field capacity was then calculated by the formula (A − B) × 100/B. The 60% field capacity was determined based on that fraction of the water holding capacity.

Of the 10 pots in each chamber, half were subjected to well-watered conditions and the remaining half were subjected to a drought regime. The pots were weighed to maintain an accurate amount of water field capacity levels, noting that the weight of the growing plant was much smaller than that of the soil in the pot. There were five replications (one pot for each replication) for each treatment and each replication consisted of one plant. In drought treatments, water was withheld until Day 8 in both CO2 chambers, after which drought treatment pots were re-watered to investigate the recovery response of the D. stramonium plants. The amount of water added was calculated based on pot weight, and 60% field capacity was maintained till Day 10. In the well-watered treatments, water was added on alternate days.



Gas exchange and fluoresence

To evaluate the effect of CO2 and drought on physiological parameters, the LI-COR portable infrared CO2 gas analyzer was used (LI-6400 XT portable photosynthesis system, LI-COR, Biosciences, Lincoln, Nebraska, USA). Measurements were recorded with the following adjustments by LI-COR: The block temperature was set at 20°C, the photosynthetic photon flux density (PPFD) was 1,000 µmol m−2 s−1 with a red-blue light source, the leaf cuvette area was set at 2 cm2 and the flow rate was adjusted to 500 µmol m−2 s−1. The light conditions in the chamber were set for 12 h and 12 h dark. The mean value of VPD in the leaf cuvette was 1.75 ± 0.03 kPa. The CO2 concentration in the chamber was noted before each measurement, and adjusted to within ±10 ppm of the stated level. On alternate days, net photosynthesis rate, stomatal conductance, transpiration rate, and intercellular CO2 concentration were measured and the parameters were started to measure at 9:30 am. Water use efficiency was calculated by dividing the net photosynthesis rate with the transpiration rate; intrinsic water use efficiency was calculated by dividing the net photosynthesis rate with stomatal conductance; and instantaneous carboxylation efficiency was calculated by dividing the net photosynthesis rate by the intercellular CO2 concentration. Photosystem II (PSII) activity, such as minimum fluorescence, maximum fluorescence, the effective quantum efficiency of PSII, photochemical efficiency of PSII, photochemical quenching, and photosynthetic electron transport rate, were calculated according to the methods described by Maxwell and Johnson (2000). Maximum fluorescence was determined by applying a saturating light pulse of 7,000 µmol m−2s−1. The effective quantum efficiency of PSII was measured under actinic light of 180 µmol m−2s−1.

The effective quantum efficiency of PSII was calculated as

 

Where ΦPSII is the effective quantum efficiency of PSII,   is the maximum fluorescence and Fs is the steady state fluorescence prior to the flash.

Photochemical efficiency of PSII    was determined in terms of efficiency of energy harvesting by oxidized PSII using the following equation

 

Where   is the maximum fluorescence and   is the minimum fluorescence.

The photochemical quenching was computed from

 

Where Fs is the steady-state fluorescence and   is the minimum fluorescence.



Statistical analysis

Data for gas exchange parameters were presented in graphs along with the standard error of each mean, and the graphs were prepared using the SigmaPlot 11 software. Regression analysis was performed on the data of photosynthesis rate, stomatal conductance, and transpiration rate under 8 days of drought conditions. To investigate the effects of time of observation (time), water conditions (water), and CO2 levels (CO2), physiological parameters were analyzed with Statisix 8.1 using three-factor ANOVA. All the main effects and two- and three-way interactions were examined using Tukey’s HSD test at a 5% probability level.




Results


Gas exchange parameters

Photosynthesis activities were recorded for D. stramonium under two moisture conditions (well-watered and drought) at 400 ppm and 700 ppm CO2 concentrations (Figure 1A). These measurements were recorded for 10 days at two-day intervals. It is depicted in Figure 1A that elevated CO2 increased the photosynthesis rate by 2–3 µmol CO2 m−2 s−1 when compared to that with ambient CO2. However, the photosynthesis rate was variable under drought conditions with the two CO2 concentrations. Under drought conditions, the photosynthesis rate under aCO2 decreased from 14 to 1 µmol CO2 m−2 s−1 at Day 8, while with eCO2 this reduction was less, being 2.8 µmol CO2 m−2 s−1 photosynthesis rate at Day 8. This clearly indicates that eCO2 mitigated the adverse effects of drought on D. stramonium. After the measurement, water was added to the drought-treated plants to investigate the recovery response. The photosynthesis rate was seen to recover, showing a higher rate with eCO2 compared to that under aCO2. Figure 1 showed that the photosynthesis rate increased from 2.86 to 8.4 µmol CO2 m−2 s−1 with eCO2, while the corresponding recovery under aCO2 was 5.4 µmol CO2 m−2 s−1. The ANOVA table indicated that CO2 (p<0.001), time (p<0.001), water (p<0.001), CO2 × time (p<0.001), and time × water (p<0.001) interactions were significant for photosynthesis rate, while the interactions of CO2 × water and CO2 × time × water were non-significant for this parameter.




Figure 1 | Effect of CO2 concentrations and moisture conditions on (A) photosynthesis rate, (B) stomatal conductance, and (C) transpiration rate, of Datura stramonium. The vertical line on the data point represents the standard error of the mean and the vertical arrow line after Day 8 represents the addition of water in the drought treatments. WW, well-watered.



When D. stramonium was grown under well-watered conditions, the stomatal conductance was higher with aCO2 compared to that with eCO2 (Figure 1B). Moreover, the stomatal conductance under drought conditions showed variable responses to both CO2 concentrations (400 ppm and 700 ppm). The decline in stomatal conductance due to drought conditions was higher with aCO2 and reached 0.03 mol H2O m−2 s−1 on Day 8. Stomatal conductance with eCO2 on Day 8 was 0.07 mol H2O m−2 s−1. Re-watering the D. stramonium sample after the Day 8 measurement did not significantly improve the stomatal conductance and recorded only 0.05 mol H2O m−2 s−1 conductance. The ANOVA results in Table 1 showed that time (p<0.001), water (p<0.001), CO2 × water (p<0.001), and time × water (p<0.001) were all significant for stomatal conductance. The rest of the effects were non-significant for this parameter.


Table 1 | Summary of the analysis variance for physiological parameters of Datura stramonium in response to CO2 levels, water condition and time of observation.



D. stramonium exhibited a significant difference in transpiration rate under eCO2 and aCO2 when grown under well-watered or drought conditions (Figure 1C). Elevated CO2 reduced the transpiration rate compared to that with aCO2 under well-watered conditions. Under this water regime, transpiration rate with aCO2 was recorded up to 4.6 mmol H2O m−2 s−1 while it was 3.8 mmol H2O m−2 s−1 with eCO2. Drought stress resulted in a progressive decline in transpiration rate under both concentrations of CO2 until Day 8, but this decline was significantly less with eCO2. The transpiration rate was 0.97 mmol H2O m−2 s−1 at Day 8 with eCO2, whereas it was 0.41 mmol H2O m−2 s−1 with aCO2. Moreover, recovery in transpiration was higher with eCO2 upon re-instating the water to drought treatments (Figure 1C). The main effects of time (p<0.001) and water (p<0.001) and the interaction of CO2 × water (p<0.001) and time × water (p<0.001) were significant for the transpiration rate.

Elevated CO2 concentration increased the intercellular CO2 concentration compared to that with aCO2 (Figure 2). D. stramonium grown under well-water conditions recorded about 430–586 µmol mol−1 intercellular CO2 concentration with aCO2 compared with eCO2, where it was 249–304 µmol mol−1. Drought conditions were seen to have drastic effects on intercellular CO2 concentration, and this was increased with an increase in drought duration. The ANOVA values in Table 1 showed that the main effects (CO2 and time) and interaction of time × water were significant for intercellular CO2 concentration (p<0.009).




Figure 2 | Effect of CO2 concentrations and moisture conditions on intercellular CO2 concentration of Datura stramonium. The vertical line on the data point represents the standard error of the mean and the vertical arrow line after Day 8 represents the addition of water in the drought treatments. WW, well-watered.





Water use efficiency

Under well-watered conditions, water use efficiency was 5–6 with eCO2 compared to that of aCO2, which recorded 3–4 mmol CO2 mol−1 H2O (Figure 3A). The response of D. stramonium towards water use efficiency under drought conditions was variable, with water use efficiency decreasing with an increase in drought duration until Day 8. The decline in water use efficiency with eCO2, was lower than that with aCO2. Water use efficiency was reduced from 4 to 1.6 mmol CO2 per mol of water under eCO2 whereas this decline was up to 2.1 mmol CO2 per mol of water with aCO2 concentration under drought conditions. The re-instatement of water in drought treatment at Day 8 led to a significant recovery in water use efficiency, reaching 4.8 mmol CO2 mol−1 H2O in the treatment where a 400 ppm CO2 concentration was maintained. By comparison, water use efficiency reached 5.7 mmol CO2 mol−1 H2O when the CO2 concentration was maintained at 700 ppm. Statistical analysis of water use efficiency in Table 1 showed that the mean effects of CO2 (p<0.001) and water (p<0.024) were significant, whereas the main effects of time and all interactions were non-significant.




Figure 3 | Effect of CO2 concentrations and moisture conditions on (A) water use efficiency and (B) intrinsic water use efficiency of Datura stramonium. The vertical line on the data point represents the standard error of the mean and the vertical arrow line after Day 8 represents the addition of water in the drought treatments. WW, well-watered.



Similar to water use efficiency, the intrinsic water use efficiency of D. stramonium was higher with eCO2 compared to that with aCO2 under well-watered conditions (Figure 3B), while the intrinsic water use efficiency under drought conditions with aCO2 or eCO2 was reduced at variable rates. A progressive decline in intrinsic water use efficiency under eCO2 in drought treatment conditions started at Day 6 and reached a minimum (49 mmol CO2 per mol of water) at Day 8. With aCO2 in drought conditions, the progressive decline started on Day 4 and reached 31 mmol CO2 per mol of water on Day 8. The addition of water at this date significantly recovered intrinsic water use efficiency. Elevated CO2 and aCO2 resulted in 162.2 and 110.5 mmol CO2 per mol of water as their intrinsic water use efficiency, respectively. Data from ANOVA showed that the main effects of CO2 (p<0.001), time (p<0.001), and water (p<0.0001), plus interaction of CO2 × water (p = 0.006), and time × water (p<0.001), were significant for the intrinsic water use efficiency of D. stramonium. The three-way interaction was non-significant for this parameter.



Carboxylation efficiency

Under well-watered conditions, elevated CO2 caused a significant reduction in instantaneous carboxylation efficiency when compared with aCO2 (Figure 5). The instantaneous carboxylation efficiency values were between 0.05 and 0.07 µmol m−2 s−1 Pa−1 under eCO2, whereas it was 0.03–0.04 µmol m−2 s−1 Pa−1 under aCO2. Drought conditions resulted in a variable response for instantaneous carboxylation efficiency for D. stramonium. Drought caused reductions in instantaneous carboxylation efficiency with an increase in the duration of drought, but this decline was much more progressive under aCO2 compared to that with eCO2. Figure 4 shows that the instantaneous carboxylation efficiency decline started at the second day of drought stress, compared with the decline starting at Day 4 with eCO2 under drought conditions. The addition of water at Day 8 to drought treatments increased the instantaneous carboxylation efficiency under both CO2 concentrations but instantaneous carboxylation efficiency reached 0.04 µmol m−2 s−1 Pa−1 with aCO2 after water addition to the drought treatment. The ANOVA results presented in Table 1 showed that the main effects of CO2 (p<0.001), time (p<0.000), water (p<0.000), and interaction of time × water (p<0.000) were significant for instantaneous carboxylation efficiency of D. stramonium, whereas the rest of the interactions were non-significant.




Figure 4 | Effect of CO2 concentrations and moisture conditions on instantaneous carboxylation efficiency of Datura stramonium. The vertical line on the data point represents the standard error of the mean and the vertical arrow line after Day 8 represents the addition of water in the drought treatments. WW, well-watered.





Photosynthetic electron transport

Under well-watered conditions, the photosynthetic electron transport rate was higher with an eCO2 concentration than with aCO2 (Figure 5). Drought significantly affected the photosynthetic electron transport efficiency with every increment in the drought days and the photosynthetic electron transport rate reached a minimum value (44 µmol e−1 m−2 s−1 for aCO2 and 38 µmol e−1 m−2 s−1 for eCO2) on Day 8 of measurement under both CO2 concentrations. Water addition to drought treatments recovered the photosynthetic electron transport rate under both CO2 concentrations. The photosynthetic electron transport rate of D. stramonium was significant in response to time and water, and the interaction time × water. The rest of the interactions were seen to be non-significant (Table 1).




Figure 5 | Effect of CO2 concentrations and moisture conditions on the photosynthetic electron transport rate of Datura stramonium. The vertical line on the data point represents the standard error of the mean and the vertical arrow line after Day 8 represents the addition of water in the drought treatments. WW, well-watered.





Fluorescence

The minimum and maximum fluorescence values of D. stramonium grown in well-watered conditions were higher with eCO2 compared to with aCO2 (Figures 7A, B). The effect of drought was more pronounced on minimum fluorescence under aCO2 as the minimum fluorescence decreased linearly until Day 8 of observation with an increase in drought duration. By comparison, eCO2 under drought conditions had no effect on minimum fluorescence until Day 6, and after that, it declined to 319 (Figure 6A). Maximum fluorescence under drought conditions was higher with eCO2 compared to that with aCO2, and a decline in maximum fluorescence occurred with both CO2 concentrations with an increase in drought conditions until Day 8 of the observation (Figure 6B). Water addition to drought treatment significantly recovered the minimum fluorescence under both CO2 concentrations, while water addition to drought treatments slightly recovered the maximum fluorescence. The ANOVA table results showed that the interaction of CO2 × time (p = 0.03) was significant for the minimum fluorescence of D. stramonium while the effects of CO2 (p<0.001), time (p<0.001), water (p<0.001), and the interaction of CO2 × time (p<0.001), and time × water (p<0.001) were significant for the maximum fluorescence of D. stramonium.




Figure 6 | Effect of CO2 concentrations and moisture conditions on (A) minimum fluorescence and (B) maximum fluorescence of Datura stramonium. The vertical line on the data point represents the standard error of the mean and the vertical arrow line after Day 8 represents the addition of water in the drought treatments. WW, well-watered.





PSII activity

The effective quantum efficiency of PSII with both CO2 concentrations was similar when D. stramonium was grown under well-watered conditions (Figure 7A). However, drought conditions showed the variable response of the effective quantum efficiency of PSII under tested CO2 concentrations. Elevated CO2 concentration slightly mitigated the adverse effects of drought, and the effective quantum efficiency of PSII was sustained up to Day 4 with an increase in drought duration. By comparison, aCO2 linearly decreased the effective quantum efficiency of PSII with an increase in drought duration until Day 8. Addition of water to drought treatments recovered the effective quantum efficiency of PSII of D. stramonium in the same way under both CO2 concentrations. The main effects of time (p<0.001), water (p<0.001), and interaction of time × water (p<0.001) were non-significant for the effective quantum efficiency of PSII.




Figure 7 | Effect of CO2 concentrations and moisture conditions on (A) effective quantum efficiency of PSII and (B) photochemical efficiency of PSII of Datura stramonium. The vertical line on the data point represents the standard error of the mean and the vertical arrow line after Day 8 represents the addition of water in the drought treatments. WW, well-watered.



The photochemical efficiency of PSII was significantly higher with eCO2 compared to that with aCO2 (Figure 7B). Drought had significant effects on this parameter and effects were more pronounced on the photochemical efficiency of PSII under aCO2, significantly decreasing with the initiation of drought and declining from 0.56 to 0.40 from drought Day 1 to Day 8. On the other hand, drought effects were slight on the photochemical efficiency of PSII until Day 4 of the drought, and after that, it declined to 0.40 at Day 8 of the drought duration. Water addition to drought treatment grown under both CO2 concentrations recovered the photochemical efficiency of PSII in the same way (Figure 7). Results of the ANOVA showed that time (p<0.001), water (p<0.001), CO2 (p<0.001), and time × water (p = 0.001) have significant effects on the photochemical efficiency of PSII (Table 1).



Photochemical quenching

Photochemical quenching was higher with aCO2 compared to that with eCO2 when D. stramonium was grown under well-watered conditions (Figure 8). Drought stress significantly reduced photochemical quenching with an increase in drought duration, and this decline was in a similar way under both CO2 concentrations. The addition of water to drought treatments on Day 8 recovered photochemical quenching, with this recovery being higher with aCO2. The ANOVA results indicated that the effects of time (p<0.001), water (p<0.001), and time × water (p<0.001) were significant for photochemical quenching of D. stramonium (Table 1).




Figure 8 | Effect of CO2 concentrations and moisture conditions on photochemical quenching of Datura stramonium. A nail on the data point represents the standard error of the mean and the vertical arrow line after Day 8 represents the addition of water in the drought treatments. WW, well-watered.






Discussion

Climate change has led to significant variation in rainfall patterns, and this, together with increased atmospheric CO2 concentrations, will increase wheat-crop competition for available resources (Ramesh et al., 2017; Bajwa et al., 2019; Chadha et al., 2020). This study revealed that atmospheric CO2 concentrations (400 ppm and 700 ppm) and limited water conditions had variable effects on gas exchange parameters, photosynthetic electron transport rate, and water use efficiency of D. stramonium. Drought conditions had negative effects on the photosynthesis rate of D. stramonium, but elevated CO2 concentrations mitigated the adverse effects of drought on the photosynthesis rate of D. stramonium. Moreover, eCO2 increased the photosynthetic rate under normal irrigation conditions. It is well documented that drought causes a range of responses in photosynthesis mechanisms, depending upon species and season (Alba et al., 2019; Dusenge et al., 2019). Ji et al. (2015) reported that eCO2 increased the leaf photosynthetic rate. In our study under well-watered conditions, the photosynthesis rate was increased by about 25% with eCO2 compared to that of ambient CO2 concentration. Similarly, eCO2 also mitigated the adverse effects of drought and increased the net photosynthesis rate by 12% under drought conditions, and the net photosynthesis rate was 50% higher with elevated CO2 under severe drought conditions. Furthermore, it is generally believed that photosynthesis increases with eCO2, even under stressful environments (Ghahramani et al., 2019; De Kauwe et al., 2021). D. stramonium grown under eCO2 exhibited lower stomatal conductance compared to that which was grown under aCO2. According to Habermann et al. (2019), plants grown under eCO2 in drought conditions resulted in greater stomatal closure than those grown under aCO2. Stomatal conductance is considered to decrease both photosynthesis rate and CO2 concentration in intercellular spaces of the leaf which inhibits metabolism (Cornic, 2000). However, the relative importance of stomatal conductance in restricting the supply of CO2 to metabolism (stomatal limitation) and impairment, which decreases the potential rate, of photosynthesis rate is unclear. Moreover, metabolic limitation is often observed and correlates with loss of ATP, which stands to decrease with mild water loss (Lawlor, 2002). In our study, elevated CO2 maintained stomatal functioning under water stress.

The study by Khalid et al. (2019) found that the stomatal conductors of D. alba decreased due to an increase in CO2 concentration along roadsides. Our results showed a progressive decline in transpiration rate under both CO2 concentrations, but this decline was significantly less with eCO2. The decline in transpiration rate might be due to stomatal closure, stimulated by a combination of eCO2 and drought stress. A study by Walia et al. (2022) showed that elevated CO2 decreased stomatal and transpiration rates by partial closure of stomata, resulting in increased water use efficiency and lower water stress in the plant. Robredo et al. (2007) found that plants grown under eCO2 have more water use efficiency and developed water stress more slowly than those grown under ambient CO2 concentration. Moreover, eCO2 reduced the drought-induced damage in D. stramonium, with plant recovery being significant upon re-commencement of water and drought condition treatments. In previous work, it was noted that the degree of recovery depends upon species and drought duration (Duan et al., 2022). Robredo et al. (2007) also noted that barley plants were not able to recover stomatal closure upon re-watering after 16 days of drought stress. In our study, intercellular CO2 concentration increased with an increase in CO2 concentration, and also that drought stress has drastic effects on intercellular CO2, which increases with an increase in drought duration. Our findings are in line with those of Wang et al. (2018) and Dregulo (2022), who reported that stomatal closure and reduced transpiration rate were found under an enriched CO2 environment. In another study, it was clearly shown that limitations on photosynthesis rate due to drought stress are based on the significant decrease in stomatal conductance and intercellular concentration (Salmon et al., 2020).

The water use efficiency of D. stramonium was 40% higher with eCO2 compared to that with aCO2 under well-watered conditions, suggesting that eCO2 mitigates the adverse effects of drought on the water use efficiency of D. stramonium. This might be due to the reduced transpiration rate as stomatal closure is seen under eCO2. Indeed, as is broadly understood from our results together with other research, water use efficiency enhancement is the result of reduced stomatal conductance and enhanced net photosynthesis rate under a CO2-enriched environmental context (Wei et al., 2022; Wu et al., 2022). Similar to water use efficiency, the intrinsic water use efficiency of D. stramonium shows similar trends under eCO2 and drought conditions. Soil moisture conservation of many species has been reported when they are grown under elevated CO2 concentrations. Our results are further supported by Hassan et al. (2022), who reported that eCO2 reduced the impact of limited water conditions on the physiological traits of a number of plants. Drought conditions caused a reduction in instantaneous carboxylation efficiency with an increase in the duration of drought, but this decline was much lower with eCO2 when compared to that of aCO2. Our findings are in line with those of Wang et al. (2015) and Pérez-López et al. (2013), who showed a significant decline in instantaneous carboxylation efficiency with eCO2. Under well-watered conditions, photosynthetic electron transport rate was higher with aCO2, whereas photosynthetic electron transport rate decreased with the length of drought duration. This suggests that a higher rate of electron transport occurs in drought-stress environments coupled with elevated CO2 concentrations. These results are in line with the studies of the responses of Japanese white birch (Betula platyphylla var. japonica) to elevated carbon dioxide and drought, where photosynthetic electron transport rate was decreased by elevated CO2 but was elevated under drought in ambient CO2 conditions (Kitao et al., 2007). The minimum and maximum fluorescence values of D. stramonium grown in well-watered conditions were higher with eCO2 compared to those with aCO2. The results are in line with those of Chadha et al. (2020) and Weller et al. (2021), who suggested that fluorescence increased with an increase in atmospheric CO2.

The effective quantum efficiency of PSII was decreased in D. stramonium under drought in both CO2 treatments. However, elevated CO2 slightly mitigated the adverse effects on the effective quantum efficiency of PSII. Such trends have been observed in previous studies (Perveen et al., 2010; Wang et al., 2018), where it was concluded that elevated CO2 and drought decreased the effective quantum efficiency of PSII. However, the photochemical efficiency of PSII of D. stramomium was slightly increased with elevated CO2, indicating that a CO2-enriched environment reduces the risk of damage to PSII by abiotic stress. Similarly, Zhao et al. (2010) showed an increase in the photochemical efficiency of PSII in Betula platyphylla seedlings under 700 ppm CO2.

In conclusion, drought affects different physiological traits of D. stramonium. Nevertheless, eCO2 generally increased the leaf gas exchange parameters, water use efficiency, and PSII activity of D. stramonium, by comparison with ambient CO2. This would have contributed to maintaining a higher leaf water potential, so the improved water status of drought-treated plants at elevated CO2. As a result, plants exposed to high CO2 increased their net photosynthesis rate, which, when coupled with reduced stomatal closure and transpiration rate, led to increased water use efficiency. It therefore appears that when D. stramonium grows under elevated CO2 conditions, this mitigates or delays the effects of water stress. Therefore, under the anticipated changes in drought and rainfall patterns, this species may be found to be more competitive, thereby increasing its invasive range, which will result in its having a more serious agricultural impact in the future.
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Waxy maize has many excellent characteristics in food and nonfood industries. However, post-silking low temperature (LT) has severe limitations on its grain yield and quality. In this study, field and pot trials were conducted to investigate the effects of post-silking LT on the physiological, biochemical, and functional characteristics of two waxy maize grains. The field and pot trials were performed with sowing date and artificial climate chamber, respectively, for LT treatment from silking stage to maturity. Results in pot trial were used to explain and validate the findings in field trial. Compared with the ambient treatment, the LT treatment significantly reduced kernel weight during the grain filling stage (P < 0.05). LT treatment in both environments resulted in an average decrease in dry weight of SYN5 and YN7 at maturity by 36.6% and 42.8%, respectively. Enzymatic activities related to starch and protein biosynthesis decreased under the LT treatment during the filling stage, accompanied by a decrease in the accumulation amounts and contents of soluble sugar and starch, and a decrease in protein accumulation amount. Meanwhile, the contents of abscisic acid, indole-3-acetic acid, and gibberellin 3 in grains decreased under the LT treatment during the filling stage. Peak, trough, breakdown, final, and setback viscosities of grains decreased by LT. LT treatment decreased the gelatinization enthalpy of grains and increased the retrogradation percentage. In conclusion, post-silking LT stress altered the content of grain components by inhibiting the production of phytohormones and down-regulating the enzymatic activities involved in starch and protein metabolism, which resulted in the deterioration of grain pasting and thermal properties.




Keywords: waxy maize, low temperature, grain physicochemical property, hormone content, starch and protein metabolism



Introduction

Low temperature (LT) is an important abiotic stress that seriously affects the production and development of global cereal crops (Huang et al., 2021; Zhang et al., 2021). Several studies have found that the post-silking/grain filling stage is very sensitive to LT during the growth cycle of cereal crops (Thakur et al., 2010; Luo, 2011). LT stress at this stage could slow down plant growth and reduce the grain filling rate, grain weight and grain setting rate, ultimately decrease the grain yield and quality (Kabir et al., 2014; Koga et al., 2015; Ali et al., 2021).

Starch and protein are important components in grains, and the dynamics of their content and accumulation determines the yield of cereal crops (Lu et al., 2014a; Huang et al., 2021; Zhang et al., 2021). In cereal grains, starch and protein biosynthesis is a complex process determined by the coordinated action of enzymes (Marschner, 2011; Ran et al., 2020). LT at the booting stage reduces the enzymatic activities of ADP-glucose pyrophosphorylase (ADPase), soluble starch synthase (SSS), and starch branching enzyme (SBE) and decreases the content and accumulation of starch, which consequently decline wheat grain dry matter accumulation (Zhang et al., 2021). A previous study found that LT during the flowering period alters the protein content and grain quality by affecting the source-sink relationship in rice (Huang et al., 2021). Meanwhile, phytohormones play essential roles in promoting and regulating cold tolerance of plants (Khan et al., 2017). The mutual regulation of endogenous hormones and enzymes and the balance of endogenous hormones play a crucial role in the grain filling process and the dry matter accumulation in grains (Yu et al., 2020). A previous study confirmed that LT at the booting stage induces a decrease in auxin and gibberellins in young ears of winter wheat, which alters the activities of enzymes involved in sucrose metabolism and cause yield loss (Zhang et al., 2019). Changes in endogenous hormones under LT stress are involved in regulating not only the grains development but also the plants LT resistance (Eremina et al., 2016; Gao J. et al., 2018). Furthermore, changes in the contents of grain components (i.e., sugar, starch, lipid, and protein) of cereal crops can alter the starch crystallinity and starch granule morphological characteristics, thereby affecting the thermal and pasting properties of flour (Lu and Lu, 2013; Lu et al., 2014b; Lin et al., 2020). Liu et al. (2019) found that LT during the jointing and booting stages increase protein content and decrease starch content in wheat grains, resulting in poor appearance quality. A study has reported that LT during the reproductive period causes deterioration of grain appearance, milling, and cooking quality traits in rice (Siddik et al., 2019). LT stress during the grain filling stage deteriorates flour functionality and eating quality in rice by increasing the amylose content and affecting the crystalline structure and pasting property of starch (Hu et al., 2020).

Waxy maize (Zea mays L. var. ceratain Kulesh), also known as sticky maize, features high viscosity and digestibility. Waxy maize has high economic, nutritional, and processing value; thus, its production has increased dramatically in recent decades (Singh et al., 2006; Lei et al., 2016; Yang L. et al., 2021). It is also an important industrial raw material in the textile, adhesive, brewing, and paper industries (Klimek-Kopyra et al., 2012; Liu et al., 2021). In China, summer maize is the second largest among six maize ecological regions and is seeded in late May and June after harvesting wheat and canola (Shu et al., 2021). The widely planted summer waxy maize frequently experiences high temperatures during the grain formation stage of its life cycle, resulting in reduced grain yield and quality (Lu et al., 2014b). Thus, postponing the sowing date of summer maize has become an important cultivation measure to avoid extreme heat damage (Tao et al., 2016; Lv et al., 2020). However, postponing the sowing date of summer maize is inappropriate because it increases the risk of chilling injury in the later growth stage (Tsimba et al., 2013; Tian et al., 2019). For summer maize in the North China Plain sown from June to July, the grain filling rate decreases rapidly because of the decrease in temperature and solar radiation during the late growth stage (late September), which consequently affects yield (Gao Z. et al., 2018). At present, few studies have documented the effects of LT stress at the late growth stage on grain development and quality formation in waxy maize. Therefore, understanding the effects of LT stress on the physiological, biochemical, and functional properties of waxy maize grains is important to increase yield and quality.

In this study, two waxy maize varieties were used in pot and field experiments to conduct LT experiments during the post-silking stage of waxy maize. The main objective was to investigate the effects of the post-silking LT on starch and protein metabolism, endogenous hormone contents, and function properties in grains. The results of these two experiments can provide a basis for studing the effect of LT on the grain development and quality of waxy maize. Combined field and pot trials are important for developing adaptive strategies for maize production under future climate conditions.



Materials and methods


Experimental design

The experiments were carried out at the experimental farm of Yangzhou University (Yangzhou, China) from July to November 2020. Two waxy maize varieties, Suyunuo5 (SYN5) and Yunnuo7 (YN7), provided by Jiangsu Yanjiang Institute of Agricultural Sciences (Nantong, China) and widely planted in Southern China, were as materials.

The combination of pot and field planting methods was used in our experiment. For the pot trial, plants were placed in pots 38 cm in height and 43 cm in diameter. Potting soil was sandy loam soil obtained from the 0–20 cm tillage layer of the experimental farm and had an organic matter content of 9.87 g/kg, a total nitrogen content of 1.12 g/kg, and available nitrogen, phosphorus, and potassium contents of 83.78, 7.14, and 68.51 mg/kg, respectively. Three waxy maize seeds were sowed on July 1, and one plant was retained at the six-leaf stage. After planting, 10 g commercial fertilizer (N:P2O5:K2O=15%:15%:15%) was applied to each pot, with an additional 6.6 g of urea (N= 46%) applied at the six-leaf stage. The pots were placed in the experimental plots until the maize silking stage. After manual pollination, these pots were moved into a controlled climatic chamber on the same day for the following temperature treatments: ambient temperature (AT), 28°C (light)/20°C (dark); low temperature (LT), 23°C (light)/15°C (dark). The photoperiod was 12 h (light, 06.00–18.00 h)/12 h (dark, 18.00–06.00 h). There were 50 pots for each temperature treatment, and these pots were stored in the chambers until maturity.

For the field trial, the two waxy maize varieties were sown on July 1 (AT treatment) and August 1 (LT treatment) with a density of 60,000 plants/ha. Three replications with a random complete block design were prepared in the present experiment. The soil properties of the field trial were consistent with those of the pot trial. Each plot area was 24 m2 (3.2 m × 7.5 m) with a total of 12 plots. Meanwhile, 500 kg/ha commercial fertilizer (N:P2O5:K2O=15%:15%:15%) and 150 kg/ha urea (N=46%) were applied at the planting and jointing stages, respectively. The meteorological data of the field trial in the growing season in this study are summarized in Figure 1. The post-silking stage for the early and late sowing data was September 2 − October 8 (with a mean daily temperature 24.2°C) and September 29 – November 11 (with a mean daily temperature 17.7 °C), respectively. The post-silking cumulative monthly rainfall amounts were 39.6 and 36.0 mm in the early and late sowing dates, respectively.




Figure 1 | Average daily temperatures and cumulative monthly rainfall during the waxy maize-growing seasons from July1 to October 31.





Sampling and grain yield determination

From 5 days after pollination (DAP), three uniform ears of each treatment were selected every 5 days until maturity. Approximately grains at the middle position were stripped from the ears, frozen in liquid nitrogen, and then stored at −80°C to analyze enzymatic activity and endogenous hormone content. Some remainder kernels were weighed to obtain the kernel fresh weight (mg). These kernels were fixed at 105°C for 30 min, dried to constant weight at 60°C, and then weighed to obtain the kernel dry weight (mg). All measurements were performed in triplicate.



Soluble sugar, starch, and protein extraction

After drying, the grains at different stages (5, 10, 15, 20, 25, 30 DAP, and maturity) of each treatment were ground into a powder and passed through a 100-mesh (0.149 mm) sieve for physicochemical analysis. The contents of soluble sugar (mg/g) and starch (mg/g) in the grains were determined with an anthrone-sulfuric acid method (Hansen and Møller, 1975). The nitrogen content in the grains was determined using the Kjeldahl method (AACC International Approved Method 46-10.1), and protein content was calculated using the formula: protein content (mg/g) = nitrogen content × 6.25 (AACC International, 1990). Soluble sugar, starch, and protein accumulation (mg/kernel) were calculated using the formula: soluble sugar accumulation = kernel dry weight × soluble sugar content, starch accumulation = kernel dry weight × starch content, and protein accumulation = kernel dry weight × protein content, respectively. All measurements were performed in triplicate.



Enzymatic activity assays for soluble sugar, starch, and protein biosynthesis

The activities of sucrose phosphate synthase (SPS), sucrose synthase (SuSy), AGPase, SSS, SBE, starch-debranching enzyme (SDBE), nitrate reductase (NR), glutamine synthetase (GS) and glutamate synthase (GOGAT) in grains at different stages (5, 10, 15, 20, 25 and 30 DAP) were determined by enzyme-linked immunosorbent assay (ELISA) using reagent kits ml10724, ml10561, ml20341, ml10983, ml076664, ml10726, ml076501, ml076529, and ml076499, respectively, which were obtained from Shanghai Enzyme-linked Biotechnology Co., Ltd (Shanghai, China) (Guo et al., 2021). All enzymatic activities were performed in triplicate.



Quantification of endogenous hormone content

The contents of abscisic acid (ABA), indole-3-acetic acid (IAA), and gibberellin 3 (GA3) in grains at different stages (5, 10, 15, 20, 25, and 30 DAP) were determined by ELISA reagent kits ml077235, ml077231 and ml077232, respectively. These ELISA kits were purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd (Shanghai, China) (Han et al., 2022). All endogenous hormones contents were performed in triplicate.



Pasting property

The grains at mature stage were dried and ground with a high-speed disintegrator and passed through a 100-mesh sieve, and then the pasting property of the flour was determined. The pasting property of the waxy maize flour was measured by using a rapid viscosity analyzer (RVA-3D; Newport Scientific, Warriewood NSW, Australia) according to the method of Lu and Lu, 2013. The mature flour of 2.8 g (dry weight) was mixed with 25.2 mL of distilled water in an aluminum crucible. There are three steps involved in this process: firstly, the mixture sample was heated at 50°C for 1 min; secondly, the mixture sample was heated from 50 to 95°C at 12°C/min, maintained at 95°C for 2.5 min, and was cooled to 50°C at 12°C/min; thirdly, the mixture sample was cooled to 50°C at 12°C/min for 1 min. The paddle rotated at 960 rpm for 10 s and then decreased to 160 rpm. The pasting properties included peak viscosity (PV), trough viscosity (TV), breakdown viscosity (BD = PV - TV), final viscosity (FV), setback viscosity (SB = FV - PV) and pasting temperature (Ptemp). All of the measurements were performed in triplicate.



Thermal property

The samples that were used for determining the pasting property were also used for the analysis of thermal property. The thermal characteristics of the waxy maize flour were measured by using a differential scanning calorimetry (DSC, Model 200 F3 Maia, NETZSCH, Germany) according to the method of Lu and Lu, 2013. The mature flour 5.0 mg (dry weight) was mixed with 10 μL of distilled water in an aluminum crucible and sealed hermetically. The mixture sample was equilibrated at 4°C for 24 h. Then the mixture sample was heated from 25°C to 100°C at 10 °C min-1. The gelatinization enthalpy (ΔHgel), onset temperature (To), peak gelatinization temperature (Tp), and conclusion temperature (Tc) were obtained through data recording software. After thermal analysis, the samples were stored at 4°C for 7 d for the measurement of retrogradation enthalpy (ΔHret) and retrogradation percentage (%R = 100 × ΔHret/ΔHgel). All of the measurements were performed in triplicate.



Statistical analysis

Statistical analyses of experimental data were performed using ANOVA in SPSS v. 19.0 (IBM, Armonk, NY, USA). The levels of statistical significance were determined using the least significant difference at the P < 0.05 level. Figures were made by GraphPad Prism 8 (GraphPad, San Diego, CA, USA). The correlation coefficient was calculated using Pearson’s correlation coefficient, and software R (v.3.6.1) was used to generate heatmaps of the data.




Results


Dynamic changes in kernel development under low temperature

Post-silking LT significantly reduced the fresh and dry weights of grain (P < 0.05) during kernel development compared with the AT treatment in both varieties and experimental environments. In the field trial, the kernel fresh weight during kernel development in the LT treatment of SYN5 and YN7 decreased by 9.4%–24.9% and 19.9%–34.1%, respectively, compared with that in the AT treatment (Figure 2A). In the pot trial, for SYN5 and YN7, the kernel fresh weights under the LT treatment were 10.5%–37.1% and 26.9%–38.6% lower than those under the AT treatment, respectively (Figure 2A). The kernel dry weights of SYN5 and YN7 from 5 DAP to maturity in the field trial decreased by 15.8%−40.1% and 35.9%−46.5%, respectively, compared with the AT treatment (Figure 2B). In the pot trial, the decreases in kernel dry weight of SYN5 and YN7 were 5.9%–37.3% and 14.4%–43.9% under the LT treatment, respectively.




Figure 2 | Effect of post-silking LT on the kernel fresh and dry weights of waxy maize during grain filling stage. (A), kernel fresh weight; (B), kernel dry weight. Error bars denote standard errors from three replicates, and different letters at the same sampling date indicate significant difference at P < 0.05.





Dynamic changes in grain soluble  sugar, starch, and protein accumulation under low temperature

The soluble sugar contents of both varieties and all samples initially increased and then decreased with kernel development (Figure 3A). Compared with the AT treatment, the LT treatment significantly decreased the soluble sugar content in the field trial at maturity in both varieties but did not affect the other stages (P < 0.05). In addition, the LT treatment significantly decreased the soluble sugar contents of SYN5 in the pot at 10, 15, 20 DAP, and maturity and those of YN7 at 5, 20, 30 DAP, and maturity. The amount of soluble sugar accumulation gradually increased with the advancement of grain filling and then decreased from 25 DAP to maturity (Figure 3B). Meanwhile, the LT treatment significantly decreased the soluble sugar accumulation in both varieties and trials (P < 0.05). At maturity, the reduction rates of the soluble sugar accumulation of SYN5 and YN7 under the LT treatment were 45.9% and 41.3% in the field trial, respectively, and 49.5% and 49.1% in the pot trial, respectively.




Figure 3 | Effect of post-silking LT on the soluble sugar, starch and protein contents and accumulation in waxy maize grains during grain filling stage. (A), soluble sugar content; (B), soluble sugar accumulation; (C), starch content; (D), starch accumulation; (E), protein content; (F), protein accumulation. Error bars denote standard errors from three replicates, and different letters at the same sampling date indicate significant difference at P < 0.05.



The starch content and accumulation of both varieties in all the treatment groups gradually increased with kernel development (Figures 3C, D). Compared with the AT treatment, the LT treatment during the grain filling stage significantly decreased starch content and accumulation in both varieties and environments (P < 0.05). At maturity, the starch contents of SYN5 and YN7 under the LT treatment decreased by 14.6% and 9.7% in the field trial, respectively. In the pot trial, the starch contents of SYN5 and YN7 at maturity were 13.4% and 8.5% lower under the LT treatment than under the AT treatment (Figure 3C). Similarly, the starch accumulation at maturity of SYN5 under the LT treatment decreased by 48.9% and 49.2% in the field and pot trials, respectively, and the starch accumulation at maturity of YN7 decreased by 39.5% and 46.5%, respectively (Figure 3D).

The protein content decreased during kernel development for all treatments in both varieties (Figure 3E). Compared with the AT treatment, the LT treatment significantly increased the protein content of SYN5 at 30 DAP and maturity and that of YN7 at 25 DAP and maturity in the field trial (P < 0.05). At maturity, the protein contents of SYN5 and YN7 under the LT treatment increased by 1.5% and 1.3%, respectively. In the pot trial, the protein contents of SYN5 and YN7 at maturity increased by 2.2% and 2.8%, respectively, under the LT treatment. By contrast, the LT treatment significantly reduced protein accumulation during grain filling in both varieties and environments (P < 0.05) (Figure 3F). In the end, the LT treatment reduced the protein accumulation of SYN5 and YN7 by 31.2% and 23.4% in the field trial at maturity, respectively, and by 39.6% and 36.3% in the pot trial, respectively.



Effect of low temperature on the activities of enzymes involved in soluble sugar and starch syntheses

In the field trial, the LT treatment decreased the SuSy activity of SYN5 at 15, 20, and 30 DAP and that of YN7 during grain filling (Figure 4A). In the pot trial, the LT treatment decreased the SuSy activity of SYN5 at 10, 20, and 25 DAP and that of YN7 at 5, 10, and 20 DAP (Figure 4A). Compared with those under the AT treatment, the activities of SPS, SBE, and SDBE under the LT treatment significantly reduced during kernel development in both varieties and experimental environments (P < 0.05; Figures 4B, E, F). The AGPase of SYN5 in the field trial significantly decreased under the LT treatment during kernel development, and that of YN7 decreased at 5 and 20 DAP (P < 0.05; Figure 4C). The LT treatment in the pot trial almost unaffected AGPase in both varieties. Meanwhile, the SSS activities of both varieties were almost unaffected by the LT treatment (Figure 4D). On average, the enzymatic activities related to the soluble sugar and starch syntheses of SYN5 decreased less than YN7 under LT treatment.




Figure 4 | Effect of post-silking LT on the enzymatic activities of soluble sugar and starch synthase in grains during grain filling stage. (A), SPS (sucrose phosphate synthase); (B), SuSy (sucrose synthase); (C), AGPase (ADP-glucose pyrophosphorylase); (D), SSS (soluble starch synthase); (E), SBE (starch branching enzyme); (F), SDBE (starch-debranching enzyme). Error bars denote standard errors from three replicates, and different letters above the bars in same sampling date are significantly different at P < 0.05.





Effect of low temperature on the activities of enzymes involved in protein synthesis

Compared with the AT treatment, the LT treatment significantly decreased the activity of NR at 5, 10, 15, and 30 DAP in SYN5 and 10 DAP in YN7 in the field trial (P < 0.05; Figure 5A). However, the LT treatment exerted no effect on NR activity in both varieties in the pot trial. LT treatment also significantly decreased the activity of GS in both varieties in the field trial (P < 0.05) (Figure 5B). In the pot trial, the LT treatment decreased GS activity during kernel development, except for 10, 20, and 30 DAP of SYN5 and 20 DAP of YN7. Meanwhile, LT treatment significantly reduced the activity of GOGAT in both waxy maize varieties and both experimental environments (P < 0.05). The reduction of GOGAT activity was greater in YN7 than in SYN5 (Figure 5C).




Figure 5 | Effect of post-silking LT on the enzymatic activities of protein synthase in grains during grain filling stage. (A), GS (glutamine synthetase); (B), GOGAT (glutamate synthase); (C), NR (nitrate reductase). Error bars denote standard errors from three replicates, and different letters above the bars in same sampling date are significantly different at P < 0.05.





Effect of low temperature on the contents of endogenous hormones in grains

The ABA content of all treatments initially decreased and then gradually increased with grain filling in both varieties and experimental environments and was the lowest at 20 DAP (Figure 6A). By contrast, the IAA and GA3 contents in the grains initially increased and then decreased with the kernel development under AT and LT treatments in both varieties and experimental environments (Figures 6B, C). Compared with the AT treatment, the LT treatment significantly decreased the ABA, IAA, and GA3 contents in both varieties and experimental environments (P < 0.05). On average, the decline rates of ABA, IAA, and GA3 in grains were greater during the kernel development of YN7 than during the kernel development of SYN5 under the LT treatment.




Figure 6 | Effect of post-silking LT on the contents of endogenous hormones in grains during grain filling stage. (A), ABA (abscisic acid); (B), IAA (indole-3-acetic acid); (C), GA3 (gibberellin 3). Error bars denote standard errors from three replicates, and different letters at the same sampling date indicate significant difference at P < 0.05.





Effects of low temperature on flour pasting properties

The LT treatment significantly decreased the PV, TV, and FV of grains compared with the AT treatment in both varieties and experimental environments (P < 0.05). The BD of SYN5 was increased under LT treatment in both experimental environments compared with the AT treatment, whereas the opposite was observed in YN7 (P < 0.05). Compared with the AT treatment, the SB of both varieties increased under LT treatment in the field trial but decreased in the pot trial. The LT treatment significantly reduced the Ptemp of SYN5 in both experimental environments (P < 0.05). Meanwhile, the PV, TV, BD, FV, and SB of grains were lower in the field trial than in the pot trial in both varieties, and no effect was observed on Ptemp (P < 0.05).



Effects of low temperature on flour thermal properties

Compared with the AT treatment, the LT treatment significantly reduced the ΔHgel of grains in both varieties and trials (P < 0.05). The LT treatment significantly decreased To in the field trial of SYN5 and the pot trial of both varieties (P < 0.05). In addition, the LT treatment significantly increased Tp in the field trial of SYN5 and decreased it in the pot trial of both varieties (P < 0.05). The LT treatment significantly decreased the Tc of YN7 in both trials and that of SYN5 in the pot trial. The ΔHret under the LT treatment increased in SYN5 in the field trial and decreased in both varieties in the pot trial compared to that under the AT treatment. The %R under the LT treatment was higher in both varieties in the field trial than in the AT treatment. In addition, the ΔHgel, Tp, To, and Tc in the pot trial were lower than those in the field trial. By contrast, the %R in the pot trial was higher than that in the field trial, except for SYN5 under the LT treatment.




Discussion

LT during the grain filling stages causes great yield loss of cereal crops (Gao Z. et al., 2018; Huang et al., 2021). Ji et al. (2017) investigated the effects of LT stress at the booting stage on wheat yield and found that the grain yield and spike number per plant and the grain number per spike significantly reduce under LT stress. In the present study, the kernel fresh and dry weights of both waxy maize varieties were reduced under the post-silking LT treatment during kernel development (Figure 2). LT during the grain filling stage mainly reduces the filling rate and delays the filling process, resulting in insufficient grain dry matter accumulation and reduced grain weight (Ali et al., 2021). A previous study has found that LT can damage the green leaves of plants, thereby reducing the source and content of assimilates, and weakening the transportation and distribution of assimilates (Ying et al., 2000). Furthermore, LT may also reduce the assimilate capacity of kernel sink by restricting grain development (Zhao et al., 2022). The change of source-sink relationships under LT stress leads to the decrease of grain filling rate and grain weight (Huang et al., 2019; Huang et al., 2021). In this study, Pearson’s correlation analysis showed that the accumulation of soluble sugar, starch, and protein were positively correlated with the changes in of fresh and dry weight of grain (Figure S1), which was consistent with previous studies (Zhang et al., 2021; Zhao et al., 2022). Changes of grain yield under LT stress were also affected by cellular carbohydrates, lipids, cell viability, and gene expression (Laudencia-Chingcuanco et al., 2011; Skinner et al., 2014). The decrease in the kernel weight of YN7 under the LT treatment was greater than that of SYN5, indicating that YN7 was more sensitive than SYN5.

Starch and protein biosynthesis and accumulation are significantly influenced by genetic and environmental factors (Zhang et al., 2021). This study proved that post-silking LT treatment significantly decreased the accumulation of soluble sugar and starch during grain filling (Figure 3). The decrease of sugar and starch contents in grains under LT treatment may be related to the decrease of photosynthetic rate and assimilation accumulation (Zeng et al., 2011; Zhang et al., 2015). In starch and protein syntheses, various enzymes participate in the metabolism of carbohydrates and nitrogen during kernel development in cereal crops (Marschner, 2011; Dong and Beckles, 2019). The activities of SPS, AGPase, SuSy, SSS, and SBE decreased significantly during grain filling in late sown  date (Mahla et al., 2017), and similar results was found in this research (Figure 4). The reduction of these enzymatic activities leads to a decrease in the conversion of starch synthesis substrates and starch accumulation efficiency (Zhang et al., 2018). Additionally, LT also reduced the starch biosynthesis rate and starch content by down-regulating the expression of starch synthesis-related genes, thus inhibiting the grain filling rate (Xu et al., 2021). In this study, Pearson’s correlation analysis further revealed that the enzymatic activities related to starch synthesis were positively correlated with starch content, starch accumulation, and dry matter accumulation in grain (Figure S1). LT stress also reduces total aboveground N and increases the rate of grain N accumulation (Huang et al., 2021). In the present study, LT stress increased the protein content at the maturity stage but decreased the protein accumulation during grain filling (Figure 3). The relative increase in protein content is due to a large reduction in grain starch (Seebauer et al., 2010; Akter and Islam, 2017). Another reason is that the increase of protein content in the grain may be a compensatory mechanism to offset the decrease of starch content (Wang et al., 2018). LT stress reduced the activities of GOGAT and GS in both trials and NR in the field trial during grain filling (Figure 5), resulting in a decrease in protein accumulation (Figure S1). GS/GOGAT cycles are the first step of ammonium assimilation in higher plants, and the reduction of their activities directly affects N uptake, translocation, remobilization, and amino acids conversion (Miflin and Habash, 2002). Thus, LT stress may decrease the production and supply of protein synthesis substrates in the grains by reducing N utilization efficiency (Andersson and Holm, 2011). In the present study, the effect of LT on the enzymatic activities related to starch and protein synthesis of YN7 was greater than that of SYN5, which indicated that SYN5 has a strong LT tolerance.

Phytohormones, as signaling factors under LT stress, play important roles in regulating balance (Zhang et al., 2019). The changes and interactions of various phytohormones in the grains affect grain development and grain filling process (Gao J. et al., 2018). Zhang et al. (2019) found that LT stress inhibited ears development and grain yield formation of wheat by increasing ABA contents and reducing IAA and GA contents in spikelets. Previous studies suggested that ABA in grains is a key factor regulating the expression of starch synthesis genes and grain filling under abiotic stresses (Yang et al., 2004; Tsukaguchi et al., 2018). In the present study, post-silking LT treatment decreased the ABA content during grain filling in both varieties and environments (Figure 6). The decrease of ABA content can limit the division of endosperm cells, reduce the storage capacity and grain filling rate (Huang et al., 2016). IAA promotes grain filling and grain size initiation by regulating endosperm cell division and expansion (Yu et al., 2020). A decrease of IAA level in endosperm induced by temperature stress leads to abnormal grain filling, lower grain mass in inferior spikelets, and reduced grain weight of rice (Cao et al., 2016). Similarly, post-silking LT treatment reduced the IAA content during kernel development (Figure 6), which may affect the transport of assimilates to the developing kernels and starch accumulation (Lur and Setter, 1993; Abu-Zaitoon et al., 2012). GA3 is one of the important hormone that regulate the grain filling rate and duration (Zhang et al., 2019). It is reported that LT stress reduces GA3 content in pollen and spikelet, which results in a decrease in rice and wheat yield (Sakata et al., 2014; Zhang et al., 2019). In the present study, the content of GA3 during kernel development significantly decreased under the LT treatment in both varieties and environments (Figure 6). The decrease of GA3 content under LT treatment may affect grain yield by inhibiting embryogenesis and embryo enlargement (Zhang et al., 2016). These results suggest that the growth and development of grain depends not only on the regulation of one hormone type but also on the balance among various hormones. Correlation analysis further indicated that the reciprocal regulation between endogenous hormones and enzymes jointly regulates the synthesis and accumulation of starch and protein in grains (Figure S1). Furthermore, the decrease in ABA, IAA, and GA3 contents caused by the LT treatment in YN7 was greater than that of SYN5, suggesting that growth inhibition was more severe in YN7 than in SYN5.

Gelatinization and retrogradation are important indicators to evaluate the physicochemical and functional properties of flour (Ketthaisong et al., 2013; Bhat and Riar, 2019). Previous studies indicated that the occurrence of temperature stress during the grain filling of wheat, rice, and waxy maize would greatly affect the grain plumpness and grain functional properties (Lu and Lu, 2013; Hu et al., 2020; Zhang et al., 2021). Hu et al. (2020) suggested that LT stress during grain filling increases amylose content in grains of both rice varieties, reduces thermal properties (To, Tp, and Tc) and pasting properties (PV, TV, FV, and BD), and decreases eating quality of rice. In the present study, similar declines in PV, TV, FV, and Ptemp in flour were observed following two environmental LT stresses in both varieties (Table 1). Our previous study found that flour pasting properties are positively correlated with starch content in grains and negatively correlated with protein content and starch grain size (Wen et al., 2019), and this study also found similar results (Figure S2). The increase of protein content under LT stress will limit the swelling of starch in flour under heating, resulting in a decrease in flour pasting properties (Noisuwan et al., 2008). Additionally, the deficiency of starch synthesis-related enzymatic activities and the reduction of starch content under LT stress may also inhibit flour swelling (Bhat and Riar, 2019; He and Wei, 2020; Yang H. et al., 2021). LT stress decreased the ΔHgel, To, Tp, Tc, and ΔHret in both varieties in pot trial and ΔHgel in both varieties in field trial (Table 2). Correlation results indicated that ΔHgel, Tp, To, and Tc positively correlated with starch content and negatively correlated with protein content at maturity in both varieties (Figure S2). The low gelatinization temperatures may be due to LT stress restricting endosperm cell division and the number of amyloplasts, resulting in a decrease in starch content and an increase in starch granule size, which results in poorer structure stability of flour (Li et al., 2010; Wani et al., 2012; Jing et al., 2014). The increase in starch granule volume interferes with the formation of gel network during flour retrogradation (Martinez et al., 2018; Li et al., 2020). LT treatment increases the %R of flour because the high protein content easily forms matrix during sample cooling and more energy is required for reheating (Noisuwan et al., 2008). Thus, the gelatinization and retrogradation properties of flour are closely related to starch and protein metabolism. Compared with YN7, SYN5 has a higher viscosity, which indicates that it has an advantage in products that require high viscosity. The %R of SYN5 was higher than that of YN7 under LT treatment, indicating that the starch of YN7 is more dominant than SYN5 in retrograde tendency. The differences in the functional properties of SNY5 and YN7 grains may be related to their grain component content (Lu et al., 2014b; Wen et al., 2019). Therefore, the present study suggests that post-silking LT stress not only affects physiological and biochemical characteristics but also ultimately affects grain quality.


Table 1 | Effects of post-silking low temperature on flour pasting properties of waxy maize.




Table 2 | Effects of post-silking low temperature on flour thermal properties of waxy maize.



Sowing time experiments is an important means to explore the effects of temperature changes in natural environments (Isobe et al., 2022). Meanwhile, the pot trial can strictly control the growth environment of plants, which is beneficial to accurately determine the influence of experimental factors (Gheysari et al., 2021). Previous study have shown that the results from pot trial can not only explain and verify the findings from field trial, but also help to explore the physiological and biochemical mechanisms (Li et al., 2019). In the present study, the effects of LT during grain filling stage on the physiological, biochemical and functional properties of the two waxy maize varieties showed the same trend in both pot and field trials, and the results of these two trials were mutually verified. Additionally, compared with the pot trail, the field trial had a greater effect on the carbon and nitrogen metabolism-related enzymatic activities, hormones contents, starch content and yield. The reasons for the difference between the two experiments are (1) the temperature at the second sowing date in the field is lower than that in the greenhouse (Figure 1), and (2) the environment of the field trial is more complicated than that of the pot trial. Overall, multi-environmental experiments can more accurately explore the effects of LT stress on grain development.



Conclusion

Post-silking LT stress has significant negative effects on grain filling process and dry matter accumulation in waxy maize grains during grain filling. LT stress reduced the accumulation of starch and protein and yield by reducing the activities of key starch and protein synthesis enzymes and the contents of various endogenous hormones during grain filling. Changes in starch and protein contents under LT treatment in pot and field trials decreased the PV, TV, FV, Ptemp, and ΔHgel, and increased the %R, which ultimately changed the grain quality. Meanwhile, the results of the two environments were slightly different, which may be that the environment of the field is more complex than that of the controlled climatic chambers. Furthermore, physiological and biochemical characteristics of grain indicated that SYN5 had stronger cold tolerance than YN7. Our findings suggest that grain filling process and quality formation in waxy maize grains under LT stress were affected by complex regulatory mechanisms. Therefore, this study could generally reflect the effects of post-silking LT on the grain development and quality formation of waxy maize.
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Supplementary Figure 1 | Heatmap of correlation coefficients between kernel weight, grain component content and accumulation, starch and protein synthesis-related enzymatic activity, and endogenous hormone content under LT treatment. (A), SYN5; (B), YN7. Circles of different sizes reflect the correlation coefficient. Red represents negative correlation and blue represents positive correlation. KFW, kernel fresh weigh; KDW, kernel dry weight; SUC, soluble sugar content; SUA, soluble sugar accumulation; STC, starch content; STA, starch accumulation; PRC, protein content; PRA, protein accumulation; SuSy, sucrose synthase; SPS, sucrose phosphate synthase; AGPase, ADP-glucose pyrophosphorylase; SSS, soluble starch synthase; SBE, starch branching enzyme; SDBE, starch-debranching enzyme; GS, glutamine synthetase; GOGAT, glutamate synthase; NR, nitrate reductase; ABA, abscisic acid; IAA, indole-3-acetic acid; GA3, gibberellin 3. The correlation analysis was performed in triplicate (n = 3).

Supplementary Figure 2 | Heatmap of correlation coefficients between pasting properties, thermal properties, starch and protein contents at maturity under LT treatment. (A), SYN5; (B), YN7. Circles of different sizes reflect the correlation coefficient. Red represents negative correlation and blue represents positive correlation. MSC, starch content at maturity; MPC, protein content at maturity; PV, peak viscosity; TV, trough viscosity; BD, breakdown viscosity; FV, final viscosity; SB, setback viscosity; Ptemp, pasting temperature; ΔHgel, gelatinization enthalpy; To, onset temperature; Tp, peak gelatinization temperature; Tc, conclusion temperature; ΔHret, retrogradation enthalpy; %R, retrogradation percentage. The correlation analysis was performed in triplicate (n = 3).
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Rice (Oryza sativa L.) is a major cereal crop and a staple food across the world, mainly in developing countries. Drought is one of the most important limiting factors for rice production, which negatively affects food security worldwide. Silica enhances antioxidant activity and reduces oxidative damage in plants. The current study evaluated the efficiency of foliar spray of silica in alleviating water stress of three rice cultivars (Giza178, Sakha102, and Sakha107). The seedlings of the three cultivars were foliar sprayed with 200 or 400 mg l-1 silica under well-watered [80% water holding capacity (WHC)] and drought-stressed (40% WHC)] conditions for two summer seasons of 2019 and 2020. The obtained results demonstrated that drought stress caused significant decreases in growth, yield, and physiological parameters but increases in biochemical parameters (except proline) of leaves in all rice cultivars compared to well-irrigated plants (control). The roots of drought-stressed seedlings exhibited smaller diameters, fewer numbers, and narrower areas of xylem vessels compared to those well-watered. Regardless of its concentration, the application of silica was found to increase the contents of photosynthetic pigments and proline. Water relation also increased in seedlings of the three tested rice cultivars that were treated with silica in comparison to their corresponding control cultivars when no silica was sprayed. Foliar application of 400 mg l-1 silica improved the physiological and biochemical parameters and plant growth. Overall, foliar application of silica proved to be beneficial for mitigating drought stress in the tested rice cultivars, among which Giza178 was the most drought-tolerant cultivar. The integration of silica in breeding programs is recommended to improve the quality of yield and to provide drought-tolerant rice cultivars under drought-stress conditions.
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1 Introduction

Rice (Oryza sativa L.) is the second most critical commercially farmed cereal crop in the world. More than half of the world’s people rely on rice for their primary nutrition and energy (Muthayya et al., 2014). Thus, more rice is needed to achieve food security and satisfy the increasing demand of the growing population. Growing rice in flood irrigation systems accounts for over 75% of the global production (FAOSTAT, 2017). In contrast with other crops, rice is relatively more sensitive to water scarcity (drought) especially at critical growth stages (Panda et al., 2021). Drought stress, at the flowering stage, has a strong influence on rice physiological traits and yield (Panda et al., 2021).

In general, drought is one of the most devastating climate events that threaten agricultural production worldwide. Water deprivation inhibits cell division, resulting in short stems, reduced internodal length, truncated tilling capability, and a compromised root system (Hannan et al., 2020) and causes reduction in dry and fresh biomass (Sikuku et al., 2012). It has been reported that drought stress causes varying root lengths, altered root morphology, and reduced root development in rice plants (Kim et al., 2020). In addition, many metabolic processes, including photosynthesis, respiration, ion absorption, development of hormones, and nutrient uptake are negatively affected by drought stress conditions (Farooq et al., 2008; Usman et al., 2013; Lee et al., 2015). Drought stress may also cause considerable damages to photosynthetic pigments, gas exchange systems, electron transport systems, photosystems, carbon reduction routes, and enzyme systems (Ashraf and Harris, 2013). In rice, water deficiency typically occurs in leaves resulting in the loss of chlorophylls (Chl) a and b and carotenoids that are essential for photosynthesis (Farooq et al., 2009). Generally, drought stress is one such abiotic stress which causes major setbacks to agricultural productivity. Thus, cereal crops (e.g., rice) have contrasting adaptive responses to cope with drought (Javaid et al., 2022).

Plants display a variety of morphological, physiological, biochemical, and molecular attributes to mitigate the effects of drought stress. Such morphological mechanisms of drought avoidance and phenotypic flexibility can help crop plants to survive under drought stress (Choudhary et al., 2009). The architecture of the root system allows reserve of more water quantity for drought tolerance (Choudhary et al., 2009). Cell and tissue water preservation, cell membrane stability, and endogenously produced growth regulators are some of the physiological mechanisms associated with plant response to drought stress conditions. At the molecular level, plants alter gene expression to avoid hazardous effects of low water availability. Thus, these adaptive responses are controlled by genetic factors at different stages of plant growth (Choudhary et al., 2009). Relative water content (RWC) is an important indicator of water status and represents a screening tool for drought tolerance in plants (Liang et al., 2007; Choudhary et al., 2009). In rice, the leaf rolling factor under drought stress is considered as one of the best criteria to estimate the levels of drought tolerance in a large-scale screening (Pandey and Shukla, 2015).

Silica has been widely used in improving plant tolerance against environmental stresses. Although it is not classified as an essential element for plants, it has beneficial effects in alleviating diverse forms of abiotic and biotic stresses (Liang et al., 2007; Hamayun et al., 2010). Many studies have reported that application of silica on plants can not only activate the plant defense system but also regulate RWC, net photosynthetic ratio, intercellular CO2 level, stomatal conductance, and transpiration ratio (Romero-Aranda et al., 2006; Gong et al., 2008; Chen et al., 2016; Hussain et al., 2021). In addition, silica  plays a vital role in improving the physiological activities and enhancing the cellular metabolic rates in plants in response to drought stress, thus enhancing water use efficiency, growth, and biomass (Gong et al., 2003; Ahmad et al., 2007; Li et al., 2018). 

In the present study, we hypothesized that the rice cultivar Giza178 in Egypt could be a potential drought-tolerant cultivar combined with high yielding upon the application of silica under drought stress conditions. Therefore, the current study aimed to evaluate the level of drought tolerance among the three Egyptian rice cultivars (Giza178, Sakha102, and Sakha107) sprayed with two dosages of silica (200 or 400 mg l-1) via assessing the morphophysiological and biochemical parameters, including productivity, photosynthetic pigments, RWC, proline content, and total antioxidant activity. This study could also provide basic principles useful for the management of phenotyping practices for the genetic dissection of drought tolerance and hence the release of drought-tolerant rice cultivars.



2 Materials and methods


2.1 Soil analyses of the experimental site

Soil samples were taken from the major root zone before rice was planted  at the end of the two growing seasons. The soil samples were air-dried, crushed, passed through a 2-mm sieve, and analyzed for various physicochemical properties. Soil texture was determined using the hydrometer method (Jackson, 1973). Rice was the preceding crop in both seasons. The type and chemical and physical characteristics of the soil are presented in Table (S1).



2.2 Plant material and treatments

Silica, in the form of potassium silicate 10% K2O and 25% SiO2 (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) sprayed on leaves of three native rice cultivars (Giza178, Sakha102, and Sakha107), were evaluated in response to drought stress. Rice plants were foliar sprayed twice during the vegetative growth stage [100 and 120 days after sowing (DAS)] with the aqueous potassium silicate solutions at 200 and 400 mg l-1. These cultivars were provided by the Agricultural Research Center, Rice Research and Training Center, Kafr El-Sheikh, Egypt. This study was carried out at Sakha Agricultural Research Station, Kafr El-Sheikh, Egypt, using the lysimeter technique during two summer rice growing seasons 2019 and 2020. The Lysimeter consisted of concrete beds (1 meter width x 2 meter length x 1 meter depth) filled with soil to a depth of 100 cm in three layers: 60 cm clay at the surface, 20 cm sand in the middle, and 20 cm gravel at the bottom. Seeds were surface sterilized with 2% sodium hypochlorite for 5 min, followed by multiple rinses with sterile water. Seeds of the rice cultivars were separately sown in plots containing equivalent quantities of homogenous clay:sand (2:1) on May 15 and 19 of the first and second seasons, respectively.

All plants in plots received the recommended dose of NPK fertilizers. Nitrogen (N) was applied in three split doses: the first split dose of 30 kg ha-1 N was applied as basal application along with the full dose of phosphorus (30 kg ha-1) and potassium (30 kg ha-1), followed by top dressing of two split doses of 15 kg ha-1 N each at the tillering and panicle initiation stages. Seeds were sown manually by the dibbling method maintaining plant spacing of 20 × 15 cm. A split–split plot model was applied in this study with three replications. The pedigree, salience, and feature of rice genotypes used in the study are listed in Table (S2).

The performance of the three rice cultivars was evaluated under normal (well-irrigated) conditions [80% water-holding capacity (WHC)] or drought stress (40% WHC). All plots received adequate irrigation until 30 days before transplantation. Then, by withholding water from half of each group, drought stress was imposed (irrigation every 10 days) for 5 months. Drought tolerance was defined as the ability of plants to survive under drought conditions, endure drought without injury, or be efficient in their use of water (Arnon, 1972), and upon the foliar application of silica at the concentration of 200 or 400 mg l-1. Plants with no silica treatment served as control.



2.3 Morphological characteristics and yield parameters

At 60 DAS, growth parameters, such as plant height (PH, cm), root volume (RV, cm3), and flag leaf area (FLA) plant-1 (cm2), were measured using a portable meter.

At maturity (150 DAS), the plants from each treatment were individually harvested, and their grains were manually counted to measure the 1000 grain weight or grain index (GI, g) of each treatment. Yield components, including the number of tillers, panicle length (PL; cm), and panicle weight (PW; g), were determined. From each treatment, three plants were chosen and separated by their tillers to manually estimate their average values.



2.4 Physiological and biochemical parameters


2.4.1 Assessment of photosynthetic pigments

In both seasons, the photosynthetic pigments, Chl a and b and total Chl, were determined using the fourth leaf from the tip of the rice plants at 60 DAS. Chl concentrations were calculated as μg cm-2 fresh area of 1 cm2 of the leaf. The pigments were extracted with 5 ml of N,N-dimethylformamide before being stored in the refrigerator for 24 h in the dark. Absorbance at wavelengths of 664 and 647 nm in samples were estimated by the spectrophotometer (UV-2101/3101 PC; Shimadzu Corporation, Analytical Instruments Division, Kyoto, Japan). The photosynthetic pigment level was determined according to Moran (1982), with the following equations and the pigment contents were calculated as µg cm-2:

	

	

	



2.4.2 Assessment of RWC

The fresh weight (FW) of the second youngest leaf was used to determine the RWC in leaves. This was done by removing 1-cm disks from the upper part leaf of each plant, where remotely sensed data were collected. The five disks were immediately weighed, providing a measure of FW. The disks were then soaked in deionized water for 24 h before being weighed again to obtain a fully turgid weight (TW). Finally, the leaf disks were dried at 85°C and weighed to determine their dry weight (DW). The RWC of a leaf was calculated according to the equation provided by Salisbury and Ross (1992):

	



2.4.3 Anatomical features of rice tissues

A minimum of five samples of roots and stems were taken at random 10 days after the application of silica. One cm-long specimens were taken from the fourth upper internode. The sampled material was fixed for 48 h, in formaldehyde:alcohol: acetic acid (FAA) solution (50% ethanol + 5% formaldehyde + 10% glacial acetic acid in water). Two washes in 70% ethyl alcohol were performed on the samples. Dehydration was achieved by passing the samples through a series of ethyl alcohol concentrations (75%–100%). Each sample was passed through a mixture of xylol and absolute ethyl alcohol in the following percentages: 25%, 50%, and 75%, and pure xylol in the final two changes for each dilution. Within 12 h, a paraffin shaving reagent containing samples was saturated. To remove all traces of xylol, two changes of paraffin were performed. Samples were immersed in melted paraffin in embedding paper trays, and then quickly cooled in cold water.

Rotary Microtome (Leica RM 2125, Vienna, Austria) sections (10–12 µm thick) were cut, and paraffin sections were fixed to the slides with albumin. Slides were dried completely in a dry oven at 50°C for 24 h. The slides were first immersed in two changes of xylol for about 10 s before being transferred to a jar containing equal parts of absolute ethyl alcohol and xylol for 5 min. The sections were immersed in a series of descending ethyl alcohol dilutions ranging from absolute to 5%. The sections were stained for 10 min in a jar containing 1% safranin, and the excess stain was washed away. Sections were then stained in a jar containing 1% light green for 1 min, then cleared in xylol, mounted in Canada balsam (Ruzin, 1999). Samples were examined using a Olympus BH-2 (Olympus Optical Co., Ltd., Tokyo, Japan) light microscope equipped with a digital camera and software (Jenoptik ProgRes Camera, C12plus, Frankfurt, Germany).



2.4.4 Measurement of proline

The amount of free proline was estimated as described by Bates et al. (1973). Half-gram FW of plant cells was homogenized in 10 ml of 3% sulfosalicylic acid (Sigma-Aldrich), and the homogenate was filtered using Whatman No. 1 filter paper (Whatman, Maidstone, England). The filtrate was made up to 10 ml, and 2 ml of the filtrate was mixed with 2 ml of ninhydrin reagent (Sigma-Aldrich) and glacial acetic acid (Sigma-Aldrich).

After 1 h of incubation, the mixture was immersed in a boiling water bath. Subsequently, the mixture was cooled in an ice bath. The reaction mixture was then extracted with 4 ml of toluene (Sigma-Aldrich) and vigorously shaken for 15–20 s. The mixture was separated in a separating funnel. The upper phase was taken, and absorbance was determined at 520 nm. Toluene was used as a control. The proline level was calculated as g g-1 FW via a proline standard calibration curve.



2.4.5 Measurement of malondialdehyde content

The lipid peroxidation level was determined using the malondialdehyde (MDA) measurement method (Heath and Packer, 1968). Leaf samples (1 g FW) were homogenized in 10 ml of trichloroacetic acid (Sigma-Aldrich). The homogenate was centrifuged for 5 min at 15,000 × g. A 1-ml aliquot of the supernatant was mixed with 4 ml of thiobarbituric acid containing 20% (w/v) trichloroacetic acid (Sigma-Aldrich). The mixture was heated at 95°C for 30 min before cooling quickly in an ice bath and then centrifuged at 10,000 × g for 10 min.

Using the spectrophotometer (Shimadzu Corporation), the absorbance of the supernatant was recorded at 532 and 600 nm. The MDA level was calculated by multiplying the absorbance difference (A532–A600) by the molar extinction coefficient (155 mM−1 cm−1) and the results were expressed in nmol g-1 FW.



2.4.6 Assays of the enzymatic antioxidant compounds

The catalase (CAT; EC: 1.11.1.6) activity (U mg–1 protein) was assayed according to the method described by Aebi et al. (1974), whereas peroxidase (POD; EC: 1.11.1.17) activity (U mg–1 protein) was measured as described by Pütter (1974). The total soluble protein content of the enzyme extracts from leaves was determined following the method of Bradford (1976), using bovine serum albumin (BSA) as a protein standard.



2.4.7 Assays of the total antioxidant compounds

Seed powder (100 mg) was mixed with 2 ml of methanol (Sigma-Aldrich), and the mixture was kept overnight at room temperature to determine the radical scavenging activity. One milliliter of the filtrate was added to 3 ml of 0.1 mM of 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma-Aldrich) and incubated for 30 min in the dark. Absorbance at 515 nm was measured with a spectrophotometer (Shimadzu Corporation), and the percentage of DPPH scavenging activity was calculated as previously mentioned by Sullivan and Ross (1979) using the subsequent formula:

	




2.5 Statistical analysis

All data were expressed as the means with the standard error of three replicates and analyzed by analysis of variance (ANOVA) using SPSS software (version 13.0; SPSS Inc., Chicago, USA). Statistical differences between treatments within the same rice line were determined using the least significant difference (LSD) at a 0.05 probability level. Correlation analysis was carried out using the Spearman coefficient between each pair of the studied traits over control and drought stress separately, as well as all over the two treatments in the upper triangle of the produced plot. Path analysis was determined using the R statistical software version 4.1.0, (R Core Team, 2021) using the (lavaan) package and the function (sem), which stands for structural equation modeling (Tabachnick and Fidell, 1996). A path diagram was drawn by using the (semPaths) function in the same package. The results of the path analysis are shown on the path diagrams. Heatmap was produced to show the relation among the treatments and the studied traits on the base of color scale using the standardized data by subtracting the mean from each value and divided by the standard deviation.




3 Results


3.1 Effects of drought stress and silica application on growth and yield of rice

The morphological features of the three rice cultivars, in terms of PH, FLA, and RV, were affected by drought (Tables 1, S3). At vegetative and flowering stages, drought considerably lowered the PH in all the studied cultivars. Under drought stress, the cultivars Sakha107 and Sakha102 had the least noticeable decrease in PH with 27.8% and 27.9%, respectively, less than its corresponding cultivar under well-watered (control) conditions, followed by Giza178 with a 11.17% and 11.9 decrease more diminutive than the control, in both seasons (Table 1).


Table 1 | Effects of foliar application of silica on some morphological parameters at vegetative stage  in response to drought stress during the growing seasons of 2019 and 2020.



Furthermore, drought stress had an adverse impact on FLA of Sakha102, with 3.11%, and 3.07% decrease in FLA, respectively, compared with the control in both seasons (Table 1). For the RV trait, cultivars Sakha102, Giza178, and Sakha107 were arranged in ascending order (12.62%, 11.12%, and 7.65%, respectively). Moreover, drought treatment has a negative impact on RV (Tables 1, S3). In general, Giza178 and Sakha107 were the least affected by drought, followed by Sakha102 in both seasons.

Exposure to drought stress disturbs all these factors in plants; however, application of silica may mitigate the negative effect. Spraying with 400 mg l-1 silica resulted in better plant development factors (PH, FLA, and PW) than the other silica treatments. Regarding PH in both seasons, there was a significant interaction between rates of silica application and rice genotypes (Table 1). It was evident that the Sakha102 cultivar with no silica treatment produced the shortest plants. However, the cultivar Giza178 was the tallest when 400 mg l-1 silica was applied in both growing seasons. In response to drought stress, Giza178 cultivar sprayed with 400 mg l-1 silica showed the best performance in PH (124.33 and 123.00 cm in 2019 and 2020, respectively) and FLA (21.87 and 22.24 cm2 in 2019 and 2020, respectively) at the flowering stage, (Tables 1, S3), and PW (136.60 g in 2019 and 133.37 g in 2020) (Table 2).


Table 2 | Effects of foliar application of silica on some yield components in response to drought stress during the growing seasons of 2019 and 2020.



Drought significantly reduced yield and yield elements in any of the three rice cultivars (Table 2). Drought stress had negative effects on yield-contributing traits, such as PW, PL, and the number of productive tillers. In both seasons, Sakha102 had the lowest PW (72.73 and 72.70 g), with a decrease in PL (16.73 and 16.27 cm) and the number of productive tillers (8.67 and 9.33) (Table 2). The rice cultivar Giza178 showed a tremendous increase in the PW, PL, and number of productive tillers under drought stress conditions in the two growing seasons tested (Table 2).

In addition, drought stress severely reduced the yield and grain yield (GY) plant-1 during the reproductive stage in the rice cultivars tested in this study (Table 3). Drought stress significantly reduced straw and grain production and the harvest indices (HI) compared with the well-watered control (Table 3). Rice cultivars showed significant seasonal variations in GY and its characteristics. The maximum values of PL, PW, and GI were significantly recorded in Giza178 cultivar. On the other hand, Sakha102 produced the lowest GY (Table 3). In general, the application of silica increased the values of rice PL, PW, GY, and straw yield (SY) in the two seasons under consideration (Table 3). Thus, the highest values were observed at the rate of 400 mg l-1 silica.


Table 3 | Effects of foliar application of silica on the yield in response to drought stress during the growing seasons of 2019 and 2020.





3.2 Effects of drought stress on physiological and biochemical characteristics of rice plants

Drought stress reduced RWC in the leaves of rice cultivars (Table 4). At 80% and 40% WHC, the reduction in RWC (average of the two seasons) was 96.28% and 86.81%, respectively, in Giza178 compared to 80.33% and 72.81% in Sakha102. The RWC of Sakha102 was the most affected cultivar to drought stress among the three rice cultivars (Table 4). Similar observations were recorded in the second growing season (Table 4).


Table 4 | Effects of foliar application of silica on RWC and proline content in response to drought stress during the growing seasons of 2019 and 2020.



The three tested rice cultivars increased proline content in their leaves when water was deficit (Table 4). In the 2019 and 2020 growing seasons, there was an increase of 199.18% and 187.68% in proline content in their leaves, respectively, in Giza178 cultivar plants exposed to drought compared to those that were well-watered. Sakha102, on the other hand, showed the lowest increase (121.20% in 2019 and 124.00% in 2020 more than the well-watered control plants) (Table 4).

Photosynthetic pigment contents were altered in leaves of rice plants in response to drought treatment (Table 5). Commonly, the leaves showed significant reductions in the total Chl content. Using flood irrigation, Giza178, Sakha102, and Sakha107 had 57.99%, 51.77%, and 56.70% of the total Chl content in the first season and 51.15%, 48.07%, and 49.07% in the second season, respectively (Table 5). Drought stress reduced the total Chl content in Giza178 (from 51.70 to 49.99 mg cm-2); Sakha102 (from 44.78 to 41.32 mg cm-2) and Sakha107 (from 51.92 to 48.32 mg cm-2) in the first and second season, respectively (Table 5). These findings revealed that Giza178 experienced a modest decrease in the total Chl content when subjected to drought stress. In contrast, Sakha102 was more sensitive to drought. It is worth mentioning that a similar pattern was found in Chl a and b contents of the three examined rice cultivars in response to well-watered and drought stress treatments in both seasons (Table 5).


Table 5 | Effects of foliar application of silica on photosynthetic pigments in response to drought stress during the growing seasons of 2019 and 2020.



Furthermore, drought caused activation of the antioxidant system in plant tissues of the three rice cultivars. These findings revealed a significant increase in POD and CAT activities. The enzyme activity of POD, measured at the flowering phase, varied from 0.411 in Sakha107 to 0.665 in Sakha102 under well-irrigated conditions in the first season and from 0.421 to 0.675 in the second season for the same cultivars (Figure 1A). When water stress was imposed by withholding water, the POD enzyme activity increased from 0.989 to 1.098 in Giza178 cultivar, and from 0.888 to 1.112 in Sakha102 cultivar (Figure 1B). The cultivar Giza178 treated with silica at 400 mg l-1 significantly reduced the POD activity in both seasons when drought stress was applied (Figure 1B).




Figure 1 | Effects of silica (Si) on enzyme activities, lipid peroxidation, and antioxidant potential of rice under drought conditions. Estimation of the antioxidant enzyme activities of (A, B) POD (U mg–1 protein) and (C, D) CAT (U mg–1 protein); measurement of (E, F) MDA content (nmol g-1 FW); and (G, H) DPPH radical scavenging activity (%) under well-watered (A, C, E, G) and drought stress (B, D, F, H) conditions. Values are means of six replicates ± standard deviation. Different letters in black and red indicated significant differences during the 2018/2019 and 2019/2020 seasons, respectively. POD, peroxidase; CAT, catalase; MDA, malondialdehyde; DPPH, and 2,2-diphenyl-1-picrylhydrazyl.



The tissue antioxidant enzyme CAT (Figures 1C, D) was also checked in the three rice cultivars. In general, the higher the antioxidant enzyme activity during drought stress, the lower the lipid peroxidation degrees the cultivar had. A significant increase in CAT activity was noticed when rice cultivars were supplied with silica. In general, Sakha102 showed a higher CAT activity than Giza178 and Sakha107 in both seasons (Figures 1C, D).

The content of MDA was also assessed at the flowering stage for the three rice cultivars under well-watered (Figure 1E) and drought (Figure 1F) conditions. Except for Giza178, MDA showed increased content levels in stressed plants. However, the lipid peroxidation rate increased regardless of the stage; thus, the maximum increase was recorded in Sakha102 in both seasons (Figures 1E, F).

Free radical scavenging in unstressed and stressed rice cultivars was also monitored (Figures 1G, H). Our results showed that the antioxidant activities of rice were enhanced under water-stressed conditions, and the antioxidative strength was proportional to drought tolerance levels. DPPH radical scavenging was used as a tool to determine the total antioxidant capacity in rice cultivars. The rapid increase in DPPH radical scavenging capacity could also be related to the level of stress tolerance in plants. The lower the value, the greater the activity. Thus, Sakha102 demonstrated more DPPH radical scavenging activity than Giza178 and Sakha107, suggesting that Sakha102 could be considered as drought-sensitive cultivar (Figures 1G, H).



3.3 Effect of foliar application of silica on physiological and biochemical characteristics of rice plants

Under drought conditions, silica-treated plants had higher water potential and RWC than those without silica treatment (Table 4). Among all cultivars, the best results were obtained with Giza178 with Si400 treatment. All tested cultivars had significant increases in the proline contents as silica was applied on plants whether they were well-watered or drought-stressed (Table 4). We also found that the treatment  which included 400 mg l-1 of silica with Giza178 under drought stress conditions increased the contents of Chl a and b content compared with those of untreated stressed plants of the same cultivar in both tested seasons (Table 5).

The application of silica reduced oxidative damage and enhances drought tolerance in rice plants during the stressful conditions of drought. When compared to well-watered treatments, the activities of POD and CAT in drought-stressed plants without silica application (control) were clearly reduced (Figures 1A, C). However, the application of silica increased their activities under drought (Figures 1B, D). In response to drought stress, spraying rice plants of Giza178 cultivar with 400 mg l-1 of silica slightly increased the activities of POD and CAT. In addition, silica considerably reduced the MDA content in leaves of rice plants that belong to Giza178 cultivar upon the exposure of drought stressed (Figure 1F).



3.4 Anatomical features of rice roots and stems

Under well-irrigated and drought conditions, anatomical features of transverse sections of rice roots clearly distinguished the tolerant and sensitive rice cultivars. In general, rice roots consisted of more aerenchyma and air spaces when plants were well-irrigated than the drought-stressed plants (Figure 2A). We observed increase in the size and number of aerenchymatous tissues as well as in secondary cell walls (Figure 2A). In response to drought stress, the rice roots in the three cultivars showed a proportional decrease in the cortex area destined for the aerenchyma, in addition to thickening of the cell walls of the endodermis and sclerenchyma layer cells (Figure 2A).




Figure 2 | Transverse sections of the formation of root layers in rice cultivars affected by the application of silica and drought stress. Layer formation of aerenchyma, parenchyma, endodermis, and sclerenchyma in Giza178 cultivar in response to (A) well-watered (control); (B) drought stress for 4 months. Giza178, Sakha102, and Sakha107 were treated with or without silica under drought stress conditions. Response of the drought-tolerant Giza178 cultivar to no silica treatment under (C) well-watered irrigation (control) and (D) drought stress conditions. Response of the (E) moderate tolerant cultivar Sakha107 and (F) drought-sensitive Sakha102 cultivars to no silica treatment and drought stress. Alternations in root system architecture of Giza178 upon the application of silica at 400 mg l-1 under drought stress conditions. In (A, B), cross sections were obtained at 20 mm from the root tip. In (C–G), roots were stained with safranin and fast green. Notice the cell wall thickness of pith and xylem under drought conditions. E, endodermis; MX, metaxylem.



The outer layers were made up of unicellular epiblema, followed by the cortex region, which was made up of multilayered cortical parenchymatous tissue and vascular bundles of xylem and phloem tissues. In drought-tolerant cultivars, the rate of aerenchyma disappeared in drought-stressed plants, indicating different morphological alternations in the tested cultivars. Giza178 and Sakha107 showed a significant reduction in aerenchyma tissue when plants were under drought stress. The shortage of water resulted in more sclerenchyma layers in the cell walls in the roots of the 4-month-old rice plants in Giza178 or Sakha107 cultivars. The thicknesses of xylem vessels (XV) under well-watered (control) and drought conditions were 4.6 and 8.9 μm, respectively, in Giza178 cultivar (Table S4). In Giza178 cultivar, the thicknesses of the endodermis cell wall in roots ranged from 4.6 under well-irrigated water regimes to 10.8 μm under drought stress conditions, whereas Sakha102 cultivar showed less thicknesses in the endodermis cell wall (Figure 2B). In general, drought stress also affected the lignification process in the epidermis (ET), exodermis, and sclerenchyma of roots (Figure 2B).

Under control and drought conditions, the anatomical features of transverse rice roots differentiated tolerant and sensitive cultivars (Table S4). In comparison to the root system of well-watered plants (Figure 2C), the stele diameter increased and was positively connected with the XV area under drought stress conditions (Figures 2D–F). Thus, this was essential for the water conductance from the soil to the top regions of the plants to satisfy evaporative need. In response to drought stress, the vascular cylinder area was affected differently in the three rice varieties. For example, the area of the vascular cylinder was highly affected in Sakha107 (Figure 2E), whereas the same area continued to expand in Giza178 (Figure 2D) by drought stress.

When plants of Giza178 cultivar were exposed to water stress, Casparian strips known for the endodermis suberization in roots were primarily made of suberin, a waxy substance surrounding the endodermis that could potentially help the root system resist water (Figure 2D). In addition, we observed that the expansion in the vascular cylinder area in the roots of Giza178 cultivar increased metaxylem (MX) vessel numbers in the small-diameter vessels in response to drought (Figure 2C) compared to well-irrigated treatments (Figure 2D). In Sakha102, the area of the vascular cylinder was limited when drought stress was applied on these plants (Figure 2F). Thus, this susceptible variety had the least amount of MX within the roots.

On the other hand, the increased levels of silica in combination with the drought-tolerant cultivar Giza178 resulted in a significant increase in the diameter of the vascular cylinder of roots even under drought stress conditions (Figure 2G). The root of the examined cultivars produced thicker cell walls in the endodermis, xylem vessels, and sclerenchyma layer cells in response to the drought conditions; thus, this response was noticed more frequently in Giza178 cultivar. This suggests that the Giza178 cultivar may most probably be more tolerant to drought stress than Sakha107 or Sakha102 cultivars (Figure 2). In conclusion, this study demonstrated that the root anatomical features of the cultivar Giza178 seemed to have a better response to tolerate drought stress when compared to other rice cultivars, i.e., Sakha102.

In the current study, well-irrigated and water-deficient treatments reduced most of the Sakha102 cultivar stem anatomical features compared with the control (Table S5 and Figure S1). A significant reduction in ET, phloem tissue (PhT), and inner vascular bundle thickness (VBT; µm) was observed. However, it was clear from the results that all stem anatomical features of the rice cultivar Giza178 increased significantly in response to drought stress compared to well-watered control plants (Table S5).

In comparison to plants that were or were not exposed to drought stress, the application of silica at 400 mg l-1 increased the diameter of the metaxylem vessels and the thickness of the stem ground tissue (Table S5).



3.5 Economic indicators of land and yield components

Food security is necessary for the economic and social stability as well as for sustainable development. In Egypt, the rice crop is of further importance to farmers for profitable purposes. Because it is grown mainly in the Nile River Delta (e.g., the city of Kafr Sheikh), the rice growing areas face common water shortage during the production season. Such area can be used for rice cultivation to alleviate the effect of salinity stress. One effective strategy to overcome such problem is to develop improved varieties with a better genetic composition for low water consumption.

Drought stress had a negative impact on yield-contributing traits, such as PW, PL, and the number of productive tillers. In both seasons, Sakha102 had the lowest PW, and PL and the number of productive tillers were reduced. Under drought stress conditions, the rice cultivar G178 showed a tremendous increase in these traits in both seasons. In addition, SY and GY were severely reduced in the tested rice genotypes under drought stress conditions (Table 3).

The various improvement techniques of rice varieties play a pivotal role in increasing productivity per unit area of land and in the amount of water used to produce. The average annual land and water productivity of rice varieties were analyzed in this study. The Earth’s average productivity for these varieties was estimated at 9.58 MT ha-1. The two cultivars, Giza178 and Sakha102, recorded the highest and lowest average production ha-1, respectively. These results indicated that Giza178 presents a 2% higher productivity compared to the average production of the other varieties. This is equivalent to an increase in rice production of 31,000 MT year-1, which can be due to its high production capacity with a shorter maturity duration compared to other rice cultivars. According to the current findings, the cultivar Giza178 was found to be drought tolerant, producing higher GY and SY than all other cultivars tested under drought stress conditions. However, Sakha102, the drought-prone cultivar, had the lowest GY and SY (Table 3).



3.6 Correlation analysis

The upper triangle revealed that GY was significantly correlated with all other traits under control and drought treatments except for PL and FLA under control treatment only (Figure 3). In addition, the diagonal showed the density plots of the investigated traits (Figure 3). The X-axis of each density plot represents the values of the trait, while the Y-axis represents the relative probability of an area under the curve (Figure 3).




Figure 3 | Spearman correlation matrix among the studied traits under well-watered (control) and drought treatments. The diagonal part of the produced plot represents the density plots of the studied traits, while the lower triangle represents the regression relationship with confidence interval between each pair of the studied traits. *, ** and *** refer to significant difference at P<0.01, 0.05 and 0.001, respectively.



The highest density of the values of the trait is referred by the area under the curve around the peak of the density plot. From the density plots, it was observed that all the studied traits were affected by the drought treatment mainly in its density as well as its magnitude, where the peaks of the studied traits under drought treatment (blue plots) were at lower values than the peaks under control treatment (red plots) (Figure 3).



3.7 Path analysis

The four direct effects and the three indirect effects are included in Figure 4. Concerning the direct effects, the first was the direct effect of reproductive tiller number (RTN), FLA, and RV on PW (R2 = 0.654 and 0.743 under control and drought treatments, respectively; Figure 4A). The second was the direct effect of RTN and FLA on GI (R2 = 0.069 and 0.441 under control and drought treatments, respectively). The third was the effect of RTN and PH on PL (R2 = 0.128 and 0.533 under control and drought treatments, respectively). The fourth was the direct effect of PW, PL, GI, and PH on GY (R2 = 0.814 and 0.955 under control and drought treatments, respectively).




Figure 4 | Path diagram of the direct and indirect effects of water irrigation regimes on rice traits. Response traits in rice plants under (A) well-watered (control) and (B) drought stress conditions. Each diagram has three types of arrows. The first is the path of a single-headed arrow that is used to define the causal relationships between two variables, where the variable at the tail of the arrow (independent variable) affects the variable at the head (dependent variable). The second is the covariance, which is a double-headed arrow connecting two variables and defining the covariance between them. The third is the variance, which is a double-headed arrow pointed at the same variable and defining the variance of that variable.



On the other hand, the first was the indirect effect of RTN, FLA, and RV on GY via PW, and the second was the indirect effect of RTN and PH on GY via PL (Figure 4B). The third was indirect effect of RTN and FLA on GY was via GI. The significant direct effects were RV on PW and PH on GY under control treatment, while under drought treatment, the significant direct effects were RTN on GI and both PW and PH on GY. All the indirect effects were not significant either under control or under drought treatment (Figure 4).

From the heatmap, it was clear that the lower GY (blue color) was mainly due to the lower values of all the traits except for GI (Figure 5). In addition, the higher GY (red color) was associated with the high values of all traits except for GI (Figure 5).




Figure 5 | Heatmap of the relationship among the treatments and the studied traits. Cells with red color represents elevated values, while cells with blue color represents reduced values of the traits. G178, Giza178; SK102, Sakha102; SK107, Sakha107; GI, grain index; RV, root volume; RTN, reproductive tiller number; PW, panicle weight; HI, harvest index; GY, grain yield; FLA, flag leaf area; PL, panicle length.





3.8 The goodness-of-fit model

As the characteristics of the goodness of fit were as shown in Table 6, almost all indices meet the criteria such as the ratio of chi-square to degrees of freedom (CMIN/df) = 0.003/11 (<2). It was demonstrated that the normed fit index (NFI) = 0.987, comparative fit index (CFI) = 0.989, Tucker–Lewis index (TLI) = 0.978, and relative fit index (RFI) = 0.973.


Table 6 |  Goodness-of-fit measures for model evaluation.



Another way to fit this model was to calculate the approximate high goodness-of-fit index (GFI) = 0.975, and the estimated root mean square error of approximation (RMSEA) = 0.004 (<0.05), confirming the fitness of the model and representing the best fit to the model.




4 Discussion

Drought stress is one of the significant environmental stress factors affecting plant growth and development (Singh et al., 2017). The lack of soil moisture may partially contribute to the negative impact on plant growth and development (Gong et al., 2003; Singh et al., 2017; Abd El-Mageed et al., 2022). This was evidenced by the reduction in all growth parameters reported in the current study. In alignment with other studies (Henry et al., 2016; Elnahal et al., 2022; Fouda et al., 2022), our results showed that water stress reduced PH and the number of tillers. This could be due to the decrease in cell turgor, which inhibited cell division and expansion. The PH and number of tillers varied among the three rice  cultivars tested in the present study.

Leaf area is a critical factor that influences crop development and production and is primarily responsible for the plant’s photosynthetic activity. The decline in FLA in our study might have resulted from the compact size and senescence of leaves, as well as the short growing season (Zewdie et al., 2007; Prasad et al., 2021; Naiem et al., 2022a; Naiem et al., 2022b). It was found that Giza178 was the least influenced rice  cultivars tested in this study under drought stress conditions in both seasons (Table 1). Thus, Giza178 was considered to be a drought-tolerant cultivar producing the highest GY and SY under drought stress conditions among the tested cultivars, whilst  Sakha102 yielded the least grains and straws, and it was regarded as drought-sensitive cultivar.

During the reproductive stage of rice, the increase in soil–water tension increased spikelet abortion, resulting in a reduction in the spikelet counts panicle-1 (Kikuta et al., 2016). In addition, the decrease in GY decreased the FLA and photosynthetic ratio (Kumar and Dey, 2011; Lemoine et al., 2013). In the current study, GY was proportionally reduced in response to the water-deficit treatment in both seasons (Table 2) and this could be because of the shortage in water supply. In the current investigation, low GY was associated with low GI.

According to Ahmed et al. (2011), drought tolerance in plants can be enhanced by the application of silica. When plants are exposed to drought stress, their leaf water potential and RWC decreases (Farooq et al., 2009). Therefore, silica application can improve water status in rice and other crops under drought conditions (Farooq et al., 2009; Gong and Chen, 2012). Similar observations have been reported by Sonobe et al. (2011) in sorghum plants treated with silica under water-deficit stress conditions. It has been proposed that incorporating silica into the culture solution may improve root water uptake by the root system under drought stress by the active deposition of total soluble sugars and amino acids.

To reverse the harmful effects of drought injuries, plants can maintain cell turgor by accumulating different types of organic and inorganic solutes (sugars, amides, amino acids, and proline) in the cytosol (Joseph et al., 2015). The increased proline content can help maintain the tissue water status and prevent cell damage caused by the drought. This is consistent with the results reported by Huang et al. (2004) who demonstrated that low water potential can cause cell membrane destruction and enzyme deactivation, thereby leading to electrolyte loss. Proline deposition takes place typically in the cytosol, resulting in cytoplasmic osmotic adjustment. In the current study, an elevation in proline contents was shown in drought-stressed rice plants. Giza178 accumulated more proline in response to drought stress than any other rice cultivar (Table 4). This could be attributed to its high efficiency in drought tolerance. This is in agreement with the reported findings of Khedr et al. (2022), when they showed that the rice cultivar Misr 3 exposed to high salt stress resulted in higher proline content, compared to plants not suffering from salt stress.

Proline levels increased when wheat leaves were exposed to water stress, whereas silica application reduces accumulation of proline (Khedr et al., 2022). We argue that the accumulation of proline can be an indicator of drought stress-related damage. More research is required to understand the role of the regulative role of silica in the accumulation of compatible cellular solutes in drought tolerance.

One strategy to ameliorate the detrimental effects of oxidative stress through the overaccumulation of reactive oxygen species (ROS) in drought-tolerant plants is the generation of both enzymatic and non-enzymatic antioxidant defense systems under harsh environmental conditions (Cui et al., 2010). Our data in the three tested cultivars showed an elevation in antioxidant capacity in response to drought, of which Giza178 had the highest and Sakha102 the lowest  values. These data were in agreement with those previously reported by Dominguez-Perles et al. (2011).

It has been reported that water deficiency also alters the biochemical responses in plants by increasing the antioxidant capacity (Anjum et al., 2012; Lum et al., 2014; Abd El-Aty et al., 2022; Abo Sen et al., 2022). For instance, drought stress can enhance the activities of the antioxidant enzymes, superoxide dismutase (SOD), CAT, and POD, thus developing defense mechanisms against ROS (Khedr et al., 2022). SOD catalyzes the dismutation of superoxide radicals to molecular oxygen and H2O2, providing cellular defense against ROS. The majority of the H2O2 produced by the catalysis of SOD remained biologically toxic. Following drought stress, the increased rate of SOD activity was lower in drought-tolerant genotypes than in drought-sensitive genotypes; however, the increased rate of CAT and POD activity and total antioxidant capacity was higher in the drought-tolerant genotypes (Simova-Stoilova et al., 2008; Hussain et al., 2021; El-Ashry et al., 2022; Khedr et al., 2022). Thus, the production of H2O2 due to the activated SOD enzyme can function in oxidative stress signaling and can act as a secondary messenger to protect reactions leading to induced CAT and POD activity in plants (Anjum et al., 2011; Hussain et al., 2021; Abd El-Mageed et al., 2022; El-Ashry et al., 2022). The drought-induced oxidative stress tolerance may be conferred by the high stability and increased CAT and POD activities (Tian et al., 2012).

MDA which is produced by membrane lipids in response to ROS can be used as a drought indicator to evaluate the degree of plasma membrane damage and the ability of plants to tolerate drought stress (Zhang et al., 2021). The high contents of free proline and MDA were also associated with rice productivity under drought stress conditions, despite the cultivar used.

Silica mitigates drought stress in many plants, including rice, wheat, maize, tomato, sorghum, sugarcane and broad bean, which is largely due to improved water retention and photosynthesis (Gong and Chen, 2012; Malik et al., 2021). In wheat, silica partially reduced the detrimental effect of drought by enhancing the activities of SOD, CAT, and glutathione reductase while decreasing the H2O2 concentration and oxidative protein destruction (Gong et al., 2005). In addition, the activity of acid phospholipase, which hydrolyzes phospholipids, was reduced in wheat plants treated with silica and exposed to drought stress, thus indicating that silica can lower the phospholipid de-esterification damage in drought-stressed wheat. In grapevine rootstock, silica reduces the MDA content (Soylemezoglu et al., 2009). DPPH free radicals were also investigated for screening plant cultivars for stress tolerance (Dominguez-Perles et al., 2011). The increase in the DPPH radical scavenging capacity can be correlated with the degree of stress tolerance in plants (Huang et al., 2004; Joseph et al., 2015).

Lignification and suberization of plant structures can also help in maintaining deep soil horizon water uptake while avoiding losses to dry soil at shallower levels. It has been reported that silica is involved in the formation of Casparian strip in the root endodermis and exodermis and increased suberization and lignification of sclerenchyma in rice cells (Fleck et al., 2011). These characteristics warrant further study before they can be used in agricultural settings. Drought increased the lignification of the stele while decreasing the lignification of the cortex and outer layers (ET, exodermis, and sclerenchyma) in roots. In rice roots, the distribution and reactivity of suberized and lignified endodermal and outer cell layers in wet and dry soils play important roles in controlling water and nutrient homeostasis (Barberon, 2017). Their significance in establishing a barrier to radial oxygen loss during floods has been well documented (Colmar, 2003). Despite the significant reduction in root permeability of rice to drought, the increased lignification and suberization of the exodermis and endodermis have led to the formation of a barrier to radial O2 loss which did not affect root hydraulic conductivity (Garthwaite et al., 2006; Ranathunge et al., 2011).

In contrast to sensitive varieties, vascular bundles of drought tolerant cultivars were found to be highly responsive to water deficiency. For example, the vascular bundle diameter has contributed to the maintenance and transport of water (Kadam et al., 2015). In order to preserve stele area under drought stress, it is advantageous to retain root penetration (Kikuta et al., 2016). In the current study, the drought tolerant cultivar Giza178 had a total of five metaxylem vessels; whilst Sakha102, which is far more sensitive, possessed only three vessels. Similar pattern was observed in the number of xylem tissues. As a result, the diameter and quantity of xylem along the root length of tolerant rice types increase water efficiency under water scarcity stress (Kadam et al., 2015). The structures in the root metaxylem can be considered as morphological characteristics in drought stressed plants (Kadam et al., 2015).

Conservation of the stele area under drought stress can be advantageous for maintaining root penetration ability (Kikuta et al., 2016). Smaller vessels can protect the xylem from cavitation, moderate water movement to the shoot, and maintain the rhizosphere wetness for roots to continue growth and water and nutrient uptake. Plasticity in vessel size may provide advantages under drought, while allowing sufficient water transport to the shoot to support growth under well-irrigated conditions. In corn, the stele area was positively associated with root tensile strength (Delavar et al., 2017). In rice, the maintenance of the stele area and fortification of the stele with lignin during drought can help roots to continue growing when soils become harder. In drought tolerant cultivars, the lignification of epidermal tissues and the thickness of vascular and dermal tissues increase in stems of plants under water stress conditions (Dolatabadian et al., 2011). It has also been reported that silica can be involved in the formation of Casparian strips in the root endodermis and exodermis; in addition to the increased suberization and lignification of sclerenchyma tissues in rice plants exposed to drought stress (Fleck et al., 2011). In the present study, the insignificant correlation between GY, PL, and FLA was due to that PL and FLA were not significantly correlated with all the other traits. In general, the correlation coefficients among the studied traits under drought treatment tended to be higher than under control treatment with exception to the correlation between RV and both GY, GI, and PH.

In our path analysis, the direct effect of RV on PW was significant under control treatment; however, it was not significant under drought treatment. This may be due to the adverse effect of drought on root growth. The heatmap showed that Giza178 was superior to Sakha102 and Sakha107 in PH, PW, RTN, GI, and GY. This suggests that GY and its attributes were less adversely impacted by drought than the other cultivars.



5 Conclusion

From the results, we conclude that drought stress negatively affects the morphological, physiological, biochemical characteristics of the tested rice cultivars. Silica could promote growth and development in rice by increasing water interactions and enhancing physiological properties. Our results showed that the application of silica on rice plants can not only ameliorate the impact of drought stress but also improve the quality features of the grain. In conclusion, Giza178 was the most drought tolerant, whereas Sakha102 was the most drought sensitive among the tested rice cultivars in this study. Future direction to determine the main biomarkers of drought stress and how these are mitigated by the exogenous application of silica is underway.
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Drought and salinity stress severely inhibits the growth and productivity of crop plants by limiting their physiological processes. Silicon (Si) supplementation is considerd as one of the promising approaches to alleviate abiotic stresses such as drought and salinity. In the present study, a field experiment was conducted over two successive growth seasons (2019-20) to investigate the effect of foliar application of Si at two concentrations (1 and 2 kg Si ha-1) on the growth, yield and physiological parameters of three maize cultivars (ES81, ES83, and ES90) under three levels of irrigation salinity) [1000 (WS1), 2000 (WS2) and 3000 (WS3) mg L-1NaCl]. In this study, A trickle irrigation system was used. Si application significantly mitigated the harsh effects of salinity on growth and yield components of maize, which increased at all concentrations of Si. In irrigation with S3 salinity treatment, grain yield was decreased by 32.53%, however, this reduction was alleviated (36.19%) with the exogenous foliar application of Si at 2 kg Si ha-1. At salinity levels, Si application significantly increased maize grain yield (t ha-1) to its maximum level under WS of 1000 mg L-1, and its minimum level (Add value) under WS of 3000 mg L-1. Accordingly, the highest grain yield increased under Si application of 2 kg Si ha-1, regardless of salinity level and the cultivar ES81 achieved the highest level of tolerance against water salinity treatments. In conclusion, Application of Si at 2 kg Si ha-1 as foliar treatment worked best as a supplement for alleviating the adverse impacts of irrigation water salinity on the growth, physiological and yield parameters of maize.




Keywords: water salinity, silicon, trickle irrigation system, tolerance, Zea mays L.



Introduction

The main challenge for modern agriculture is to meet the nutritional needs of the world’s growing population in an economically and environmentally sustainable manner. Food production is required to increase by 70% to satisfy the growing population demand by the year 2050 (Godfray et al., 2010). Among the most cultivated food crops worldwide, maize (Zea mays L.) ranks third after wheat and rice (Malcovska et al., 2014). It is a staple and primary food for most people in developing countries, while it is used as animal feed and other byproducts in developed countries. Due to its higher-yielding nature, maize is a key crop for densely populated countries to ensure food security. Several countries have also made it one of their most important forage and cereal crops (FAO, 2017). Maize production needs to be increased worldwide for many purposes including human nutrition, fodder, pharmaceuticals, and industrial manufacture (Ayyar et al., 2019). In addition to being used as a raw material for antibiotics, it is used in the manufacturing of starch, ethanol, and plastics (Abd El-Wahed and Ali, 2013). However, to meet the increasing demand for animal and human consumption in many ways, studies have suggested that maize production must double especially in developing countries. The global food demand is increasing due to expanding population and their subsequent consumption, and it will be a great challenge for food security under climate change and changes in land-use scenarios (Islam et al., 2022), which comes with direct and indirect adverse effects on the form of abiotic stresses on crops (Shahzad et al., 2019; Ullah et al., 2020; Hamid et al., 2021; Naveed et al., 2021). The production of maize in many arid and semi-arid regions, including Saudi Arabia, is sverely affected by abiotic stress factors (Ahmad et al., 2019; Nazir et al., 2021; Thind et al., 2021).

Salinity stress is one of the most detrimental abiotic stresses severely affecting the agricultural productivity and threatening global food security (Daliakopoulos et al., 2016; Niamat et al., 2019; Islam et al., 2022). Salinity affects approximately 62 million hectares (20%) of the agricultural area around the world (Yoon et al., 2009). More than half of irrigated land is predicted to be salt affected by 2050 (Hamayun et al., 2010). Maize is a moderately sensitive crop to salinity stress (Carpici et al., 2010). Generally, salinity has an impact on seed germination, plant growth, and development, as well as reducing osmotic potential, increasing ionic toxicity, and disrupting water balance, nutrient absorption, and hampering the biochemical and microbial activities which severely reduce the productivity of various crops (Thorne et al., 2020; Askari-Khorasgani et al., 2021; Yasir et al., 2021). Higher NaCl concentration decreased fresh and dry biomass, and relative growth rate, as well as leaf area ratio in two Zea mays cultivars (salt sensitive Trihybrid 321 and salt tolerant Giza 2) Mansour et al. (2005). Hence, to reduce the future impact of salt-induced challenges, an environment friendly management strategy must be implemented. In this regard, application of silicon (Si) has emerged as an emerging and promising option to mitigate salt stress (Dhiman et al., 2021).

Si is the second most abundant element in the earth’s crust after oxygen, and it is mainly present in the form of SiO2 in soil (Sommer et al., 2006). Plants can absorb Si in the form of silicic acid [Si(OH)], which is often limiting in the soil (Coêteí-Beaulieu et al., 2009). It has been reported that soils contain 100-500 μmol L-1 silicic acid, although its exact availability varies depending on soil type, temperature, and pH (Sommer et al., 2006). Si applied to the plants alleviates drought and salinity stress (Olivera et al., 2019). It has been documented that Si can promote maize growth under saline conditions (Sattar et al., 2016). According to Zhu and Gong (2014), the mechanisms underlying the mitigation of Si-mediated salt stress include: (a) maintaining optimal water content; (b) enhancement of photosynthesis and curbing the rate of transpiration; (c) Reducing oxidative stress by mitigating ion toxicity and (d) biosynthetic regulation of solutes and plant hormones. In this context, Al-aghabary et al. (2005) observed the increased activities of antioxidant enzymes with significant photochemical efficiency of photosystem II (PSII) with the application of Si under salt stress. Si fertilization might be a quick and economical method for improving crop yields under salt stress as compared to any other method for implementation of small-holder farmers. In this study, we evaluate the effects of foliar application of Si on maize growth, development, and water use efficiency (WUE) in response to salinity stress, and determined the optimum level of exogenous Si application to mitigate water salinity for maize production in pedoclimatic conditions of arid regions.



Materials and methods


Study area

Field trials were conducted at the Agricultural Research Station, Hada Al-Sham (21°48’ 3” N, 39°43’25”E), Jeddah, Saudi Arabia during 2019-20 and 2020-21. Weather data on the monthly average temperature, relative humidity, and rainfall in the field during the experimental period were recorded regularly. During the growing period, the temperature fluctuated from 11.05 to 39.89°C. The average temperature was around 24.4775°C. The minimum humidity of those days was 12.83% and the maximum was 98.96%. similarly, the maximum rainfall was 6.33 mm and the minimum was 2.35 mm. Data are presented in Figure 1.




Figure 1 | The average meteorological data of the field during the experimental period.





Soil analysis

Before the start of the experiment, composite soil samples (0-15 cm) were taken from the experimental site and analyzed regarding physicochemical properties (Table 1).


Table 1 | Physical and chemical properties of the experimental soil.





Field experiment

Field experiments were laid out in a randomized complete block design with a split-split plot arrangement in triplicates, with saline irrigation as the main plot (WS1 = 1000, WS2 = 2000, and WS3 = 3000 mg L-1 NaCl), and subplots contained three cultivars (ES 81, ES 83 and ES90) of maize and foliar application of Si as CaSiO4 (0, 1, and 2 kg Si ha-1) as the sub-sub plots. Table 2 shows the characteristics of the three different cultivars of maize.


Table 2 | The type and strain of maize cultivars used in the experiment.



7The sub-sub plot size was 6 m2 (2 ×3 m) with a row to row distance of 50 cm and hill spacing of 30 cm with one plant/hill. At the start of the experiment, chemical fertilization (NPK) was practiced at the recommended rate for corn production in this area. NPK fertilizer (20-20-20) at a rate of 500 kg ha-1 was appied in five splits the first dose was applied 15 days after sowing. The second, third, fourth, and fifth doses were administered after 15, 30, 60, and 90 days following the first dose, respectively. Three doses of Si were sprayed at 15, 45, and 75 days after germination.



Irrigation system

The experimental area was plowed twice, leveled, and then irrigated by a drip irrigation system which contained three plastic tanks (6000 L capacity each), a disk filter, pump, controller, and solenoid valve to control flow time. Each lateral had a diameter of 16 mm and emitters were placed 30 cm apart. Each emitter had a flow rate of 4 L h-1 at a pressure of 1bar. The laterals were spaced at 50 cm. Plots involving WS treatments were isolated with 2 m fallow land to avoid the lateral movement of water from one plot to another. Subplots within each WS treatment were isolated by a distance of 0.5 m of fallow land. The water source from the installed container was always full of water via the main irrigation network of the farm. The required irrigation water was calculated based on maize crop water requirements.



Application of irrigation water

Maize plants were irrigated at 2 days intervals by applying the amount of irrigation water required. The daily ETo was computed according to Eq. (1) (Allen et al., 1998) as follows:

 

Where ETo: is the reference evapotranspiration (mm day−1), Δ the slope of the saturation vapor pressure curve at air temperature (kPa C−1), Rn the net radiation at the crop surface (MJm−2 d−1), G Soil heat flux density (MJm−2 d−1), γ psychometric constant = (0.665×10−3 ×P), kPa C−1 (Allen et al., 1998), P is the atmospheric pressure (kPa), U2 wind speed at 2 m height (m s−1), es is the saturation vapor pressure (kPa), ea actual vapor pressure (kPa) (es −ea) is the saturation vapor pressure deficit (kPa), and Tmean mean daily air temperature at 2 m height (°C). The average of daily ETo was 7.85, 6.31, 6.65, 8.69, 10.73 and 12.83 mm day−1 in November, December, January, February, March and April, respectively.

Based on reference evapotranspiration and crop coefficient, crop evapotranspiration of maize was calculated according to Eq. (2):

 

Where ETc is the crop water requirement (mm. day−1) and Kc is the crop coefficient. The lengths of the different crop growth stages were 25, 40, 45, and 30 days for initial stage, crop development stage, mid-season stage and late season stage, respectively and the crop coefficients (Kc) of initial, mid and end stage were 0.70, 1.20 and 0.35, respectively, according to Allen et al. (1998).

The amount of irrigation water applied for each treatment during the irrigation regime was determined by using Eq. (3):

 

Where IWA is the irrigation water applied (m3), A is the plot area (m2), ETc is the crop water requirements (mm. day−1), Ii is the irrigation intervals (day), Ea is the application efficiency (%) (Ea = 85), Kr covering factor and LR is the leaching requirements.

The amount of irrigation water applied was 7764 and 7700 m3 ha-1 for the first and second seasons, respectively. Irrigation treatments were started after full emergence at which each treatment was irrigated according to prescribed irrigation salinity treatments.



Evaluation of agronomic traits

At harvesting, 10 plants were randomly chosen from each experimental unit to determine cob fresh and dry weight (g), total fresh and dry weight (g), 100-kernel weight (g), grain yield (t ha-1), cob dry weight (t ha-1), stover yield (t ha-1), harvest index and shelling percentage.

The harvest index (HI) for each treatment was calculated by using Eq. (4):

 

The shelling percentage for each treatment was calculated by using the Eq. (5):

 



Measurement of grain and other biological yields

Data on biological yield were recorded by harvesting three central rows in each plot, the material was sun-dried for several days and weighed, and then converted into biological yield (kg ha-1). The ears of the three central rows were separated from the harvested material for the biological yield. The ears were threshed, cleaned and weighed, and then converted into grain yield (kg ha-1).



Water use efficiency

The water use efficiency of the maize was calculated by using Eq. (6) according to Jensen (1980):

 



Data analysis

All the data associated with physiological indices and agronomical yield were statistically analyzed using analysis of the variance (ANOVA). ANOVA of the treatment means was conducted using the SAS program (SAS Institute, 2006). The statistical comparison of the treatment means was tested by LSD at (p ≤ 0.05) according to Steel (1997). All measurements were carried out using three independent biological replicates.




Results


Plant fresh and dry weight

Results in Table 3 showed a significant decrease in cob fresh weight up to 28.36 and 29.82%, in cob dry weight up to 27.54 and 29.13%, in total fresh weight up to 23.11 and 24.56%, and total dry weight up to 22.86 and 24.51% during 1st season and 2nd season, respectively under an increase in WS from 1000 to 3000 mg L-1. On the other hand, the results indicated an increase in means of all these parameters with an increase of Si from 0 to 2 kg ha-1 up to 20.68 and 22.07% in cob fresh weight, 22.22 and 23.64% in cob dry weight, and 20.11 and 21.39% in total fresh weight, and 19.70 and 21.11% in total dry weight during the two seasons, respectively.


Table 3 | Fresh and dry weight cob and plant of maize cultivars under salt and Si application during 2019-20 and 2020-21 seasons.





Interaction between silicon and maize cultivars on the plant fresh and dry weight

The interaction effect between Si and different maize cultivars indicated significant differences in the fresh and dry weight of cobs, but it was noted no significant difference in the total fresh and dry weight. As shown in Figure 2, spraying Si on the maize leaves at rates of 0, 1, and 2 kg ha-1 reduced the adverse effects of salinity on the cob fresh weight of maize cultivars under all concentrations of salt levels. Cultivar ES83 gave the highest cob fresh weight under Si 1 kg ha-1 concentration compared to the two other maize cultivars, but the cultivar ES81 exceeded in cob fresh weight under 2 kg ha-1 Si concentration. Cultivar ES81 resulted in the highest cob dry weight under Si 2 kg ha-1 concentration compared to the two other cultivars, while cultivar ES83 exceeded in cob dry weight under 1 kg ha-1 Si concentration (Figure 3).




Figure 2 | Effect of silicon application on the cob fresh weight of maize cultivars during 2019-20 (A) and 2020-21 (B).






Figure 3 | Effect of silicon on the cob dry weight of maize cultivars during 2019-20 (A) and 2020-21 (B).



The results indicated there was non-significant (p ≤ 0.05) effect of WS and maize cultivars on plant fresh and dry weight of the different components (cob fresh weight, total fresh and dry weight) at all salinity levels of 1000, 2000, and 3000 mg L-1. However, the ES81 cultivar showed a statistically significant difference (p ≤ 0.05), as it achieved the highest mean dry weight at all WS levels compared to the other two cultivars (Figure 4).




Figure 4 | Effect of salinity on the cob dry weight of maize cultivars during 2019/2020 (A) and 2020/2021 (B).





Yield and its components

Maize grain yield (t ha-1), cob dry weight (t ha-1), stover yield (t ha-1), and total biomass yield (t ha-1) were significantly decreased with WS levels and reduction increased with an increase in salinity level from 1000 to 3000 mg L-1 up to 32.53 and 31.28% for grain yield, in cob dry weight up to 42.97 and 42.80%, stover yield up to 23.81 and 23.85%, and in total biomass yield up to 31.78 and 31.62% during 1st and 2nd season, respectively (Table 4). On the other hand, the results indicated a significant increase in grain yield up to 36.19 and 36.01%, in cob dry weight up to 27.12 and 27.05%, in stover yield up to 17.28 and 17.33%, and in total biomass yield up to 21.07 and 20.92% during 1st and 2nd season, respectively under an increase in Si concentration from 0 to 2 kg ha-1 (Table 4), with no significant differences among the maize cultivars in mean values of these parameters were recorded.


Table 4 | Effect of silicon on the yield and its components and water use efficiency of the maize cultivars under irrigation water salinity during 2019-20 and 2020-21 seasons.





Interaction between irrigation water, salinity, and different maize cultivars on yield and its components

The interaction results between the WS and maize cultivars had a major effect on the grain yield but not on cob dry weight, stover yield, and total biomass yield in both seasons. The reduction in values of the parameters means an increase with an increase in salinity level to reach its lowest values at 3000 mg L-1 in all cultivars. The interaction effect of WS and maize cultivars ES81, ES83, and ES90 on the grain yield shows that the three cultivars attained the highest grain yield under 1000 mg L-1 salinity level and their minimum grain yield at salinity level 3000 mg L-1 (Figure 5). Cultivar ES81 resulted in the highest grain yield than other cultivars under salt stress.




Figure 5 | Effect of salinity on the grain yield of maize cultivars during 2019-20 (A) and 2020-21 (B).





Interaction between irrigation water salinity and silicon on yield and its components

Mean values of maize grain yield (t ha-1), cob dry weight (t ha-1), stover yield (t ha-1), and total biomass yield (t ha-1) were significantly decreased with an increase in WS levels. But Si foliar application at the rate from 0 to 2 kg ha-1 significantly increased and improved the mean values of these parameters under all salinity levels to 40.18, 33.33, and 24.10% during 1st season, and 40.67, 38.66, and 27.23% during 2nd season for the grain yield; 37.80, 15.81, and 15.91% during 1st season, 34.44, 25.58, and 25.43% during 2nd season for cob dry weight; 10.01, 17.86, and 16.66% during 1st season, and 9.93, 27.29, and 27.31% during 2nd season for the stover yield; 20.75, 17.07, and 17.10% during 1st season, and 20.52, 26.60, and 20.00% during 2nd season for the total biomass yield under salinity level 1000, 2000 and 3000 mg L-1, respectively.

The mean values of these parameters were increasing with an increase in Si concentration under all salinity levels. Si application at all concentration levels of 0, 1, and 2 kg ha-1 increased the maize grain yield to the maximum level under salinity level 1000 mg L-1, and the minimum increases were under salinity level 3000 mg L-1. Under all salinity levels, the highest grain yield was under the Si concentration of 2 kg ha-1 (Figure 6).




Figure 6 | Effect silicon on the grain yield under salinity during 2019-20 (A) and 2020-21 (B).



The interaction between salinity and Si effect on the cob dry weight indicated that the improvement of cob dry weight due to Si under salinity stresses was most prominent at salinity level 1000 mg L-1 and the least at 3000 mg L-1. The most effective Si concentration was 2 kg ha-1 resulting in the highest cob dry weight under all salinity levels (Figure 7).




Figure 7 | Effect of silicon on the cob dry weight under salinity 2019-20 (A) and 2020-21 (B).





Regulation of maize yield components in response to salinity

The 100 kernel weight, shelling percentage, and WUE were significantly decreased by the WS levels, and the reduction gradually increased with an increase in salinity levels from 1000 to 3000 mg L-1 up to 38.54 and 38.57% for 100 kernel weight, 7.90 and 7.96% for shelling percentage and 32.71 and 31.81% for WUE during 2019-20 and 2020-21, respectively. However, there was no significant difference in the harvest index (HI) during 2019-20 and 2020-21 (Table 5). Conversely, the results indicated a significant increase in 100 kernel weight up to 32.58 and 32.59%, HI up to 10.34 and 12.90%, shelling percentage up to 7.90 and 7.96%, and WUE up to 36.00 and 36.36% during 1st and 2nd seasons, respectively due to increase of Si concentration from 0 to 2 kg ha-1, and with no significant differences were recorded among the maize cultivars in mean values of these parameters.


Table 5 | Number of 100 kernel weight, harvest index, shelling percentage, and water use efficiency under the effects of irrigation water salinity, maize cultivars, and silicon application during the 2019-20 and 2020-21 seasons.





Interaction among irrigation, water salinity, and silicon

There were no significant differences regarding the interaction effect between WS and Si on the HI, and shelling percentage, whereas 100-kernel weight (Figure 8) and WUE (Figure 9) were significant. The mean values of WUE and 100-kernel weight increased with an increase in Si concentration under all salinity levels. Si application at all concentrations of 0, 1, and 2 kg ha-1 increased the 100-kernel weight, and the maximum WUE of maize was observed under a salinity level of 1000 mg L-1, and the minimum values were under a salinity level of 3000 mg L-1. However, the highest WUE was recorded with the highest concentration of Si (2 kg ha-1) under all salinity levels.




Figure 8 | Effect of silicon on the 100 kernel weight under salt stress during 2019-20 (A) and 2020-21 (B).






Figure 9 | Effect silicon on the WUE under salt stress during 2019-20 (A) and 2020-21 (B).






Discussion

In this study, irrigation with saline water had negative effects on all the components of growth and yield. The severe impacts of irrigation water salinity on theyield components are compatible with Schubert et al. (2009) who found that, salinity resulted in poor kernel setting with reduced grain number, weight, and low grain yield of maize. Irrigation of maize plants with saline water resulted in significant reduction in cob length, cob diameter, number of seeds per cob and 100 seed weight at high salinity levels (Ashrafuzzaman and Khan, 2000). Reduction in maize yield by salinity is attributed to many factors; it may be due to osmotic problems, or due to difficulty in plant absorption of water from the soil (Schubert et al. (2009). Also, Hussain et al. (2019) reported that, plant growth under salinity stress is affected in three ways, the osmotic stress and increase of phytotoxic ions, the ionic stress in the cytosol, and the oxidative stress by reactive oxygen species (ROS), and these factors cause a reduction in plant water uptake, in ion and hormone imbalance, reduction of photosynthesis, and finally reduction of the plant growth and yield. Furthermore, an imbalance in Na and K ions uptake by plants under salinity stress particularly when reaching high levels causes many physiological problems in plant roots, leaves, grains, and fruits (James et al., 2011).

It was noted that results in this study had similarities with Amin et al. (2018), in that Si application resulted in significant increases in cob fresh and dry weight, and total fresh and dry weight. In addition, there was a significant highest green and dry shoot yield of maize plants with the application of Si at a rate of 300 mg Si kg-1 soil (Meena et al., 2014). Similarly, Janislampi (2012) also recorded significant increase in maize dry mass by up to 18% after the application of Si as findings. This was due to the deposition of Si in plant leaves and reduction of the transpiration rate due to stomata closure, dilution of the salts accumulated in the saline environment, and an increase in crop production (Ali et al., 2012).

The results in this study indicate that the foliar application of Si contributed significantly in alleviating salinity stress on maize biomass (Fresh and dry weight of cob and total biomass) which is consistent with findings by Raza et al. (2019), who found Si application increased maize plant growth parameters that were otherwise reduced under saline conditions. Sattar et al. (2020), found that applying and spraying Si on the leaves alleviated salinity stress in wheat and mungbean plants. Ahmad et al. (2013), found significant increases after applying Si in the chlorophyll content, leaf area index, root dry weight, leaf dry weight, shoot dry weight, total dry weight, and specific leaf weight, compared with control. Whereas, Ahmed et al. (2011), ascribed that the important role of Si application as regards plant growth is that it enhances and improves water uptake by plants, and by this means plants can withstand salinity and drought stress. Shi et al. (2014) added that Si enhances and balances plant uptake of nutrients from the soil under salinity and drought stress. Also, Sonobe et al. (2017) found that the treatment of sorghum plants growing under salinity stress with Si absorbed more water due to reduced osmotic potential in the roots compared with the control, and this resulted in increased dry weight of the Si treated plants.

The results obtained in this research work emphasizing the positive and alleviating effects of foliar application of Si on yield components of maize grown under salinity effects agree with the findings by Kaya et al. (2006) who found that Si has enhanced the morphological characteristics and net yield.

Mean values of water use efficiency (WUE) were significantly decreased with an increase in WS levels. Similar results were also found by Amer and El-Emary (2018), who reported that the WUE of maize was decreased due to increasing irrigation water salinity. Si application in this study resulted in significant increases in WUE which agreed with the results obtained by Janislampi (2012), who reported that Si increased WUE in maize by up to 36%. Also, Gao et al. (2005) reported that the influence of Si on WUE in maize plants was investigated and the results showed that plants treated with 2 mmol L-1 Si had 20% higher WUE than that plants without Si application. The WUE of maize increased by foliar Si application by 17.65 and 18.75 compared to the control treatment in the first and second seasons, respectively (Amer and El-Emary, 2018). These increases in WUE may be due to the positive effects of Si application on increasing the grain yield of maize and reducing the adverse effects of irrigation water salinity on the growth and yield of maize according to Roohizadeh et al. (2015). Furthermore, this improvement is because Si improved the performance of defense mechanisms in maize plants under salinity stress and this led to the alleviation of both osmotic and oxidative stress in maize crops (Khan et al., 2018).



Conclusions

In the present study, irrigation with saline water had negative effects on WUE and resulted in a significant decrease in all components of growth and yield in all maize cultivars. In contrast, the application of foliar Si to the salt-stressed maize cultivars significantly attenuated the harsh and adverse effects of salinity and increased the WUE, plant growth, yield components, and yield of maize cultivars. From this study, it is concluded that foliar application of Si (2 kg Si ha-1) alleviates the detrminal impacts of irrigation water salinity on the growth and yield parameters of maize under natual field conditions.
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Introduction

Drought has become more prevalent due to dramatic climate change worldwide. Consequently, the most compatible fungal communities collaborate to boost plant development and ecophysiological responses under environmental constraints. However, little is known about the specific interactions between non-host plants and endophytic fungal symbionts that produce growth-promoting and stress-alleviating hormones during water deficits.



Methods

The current research was rationalized and aimed at exploring the influence of the newly isolated, drought-resistant, ACC deaminase enzyme-producing endophytic fungi Trichoderma gamsii (TP), Fusarium proliferatum (TR), and its consortium (TP+TR) from a xerophytic plant Carthamus oxycantha L. on Moringa oleifera L. grown under water deficit induced by PEG-8000 (8% osmoticum solution).



Results

The current findings revealed that the co-inoculation promoted a significant enhancement in growth traits such as dry weight (217%), fresh weight (123%), root length (65%), shoot length (53%), carotenoids (87%), and chlorophyll content (76%) in comparison to control plants under water deficit. Total soluble sugars (0.56%), proteins (132%), lipids (43%), flavonoids (52%), phenols (34%), proline (55%), GA3 (86%), IAA (35%), AsA (170%), SA (87%), were also induced, while H2O2 (-45%), ABA (-60%) and ACC level (-77%) was decreased by co-inoculation of TP and TR in M. oleifera plants, compared with the non-inoculated plants under water deficit. The co-inoculum (TP+TR) also induced the antioxidant potential and enzyme activities POX (325%), CAT activity (166%), and AsA (21%), along with a lesser decrease (-2%) in water potential in M. oleifera plants with co-inoculation under water deficit compared with non-inoculated control. The molecular analysis for gene expression unraveled the reduced expression of ethylene biosynthesis and signaling-related genes up to an optimal level, with an induction of antioxidant enzymatic genes by endophytic co-inoculation in M. oleifera plants under water deficit, suggesting their role in drought stress tolerance as an essential regulatory function.



Conclusion

The finding may alert scientists to consider the impacts of optimal reduction of ethylene and induction of antioxidant potential on drought stress tolerance in M. oleifera. Hence, the present study supports the use of compatible endophytic fungi to build a bipartite mutualistic symbiosis in M. oleifera non-host plants to mitigate the negative impacts of water scarcity in arid regions throughout the world.
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Introduction

Plants being sessile are vulnerable to a variety of environmental stresses, including low temperature, excessive salt, and drought, which progressively limit plant growth and development (Dawood et al., 2022). From seed germination to senescence, ethylene is one of the fundamental phytohormones and regulators of plant developmental and physiological processes. It also serves as an important signaling molecule in the abiotic stress tolerance mechanism whereby plants control ethylene to activate signaling pathways that protect them from the negative effects of abiotic stress (Sadiq et al., 2020). Many studies have found that ethylene or its precursor 1-aminocyclopropane-1-carboxylate (ACC) improves stress tolerance in a variety of plant species, including corn, Arabidopsis (Rauf et al., 2013), tomato (Gharbi et al., 2017), grapevines (Sun et al., 2016), and wheat (Rauf et al., 2021). Other studies, however, stated that ethylene played a detrimental influence on the growth and development of plants including tomato, Cucurbita pepo, tobacco, and Arabidopsis, under abiotic stress (Cebrián et al., 2021). Interestingly, this differential impact of ethylene in response regulation to abiotic stress is dependent on its optimal biosynthesis level in plant tissue and plant susceptibility to it, as the ideal ethylene level for proper plant development varies at different stages and in different plant species (Tao et al., 2015).

Ethylene biosynthesis initiates by precursors S-adenosyl-L-methionine (SAM) and 1-aminocyclopropane-1-carboxylic acid (ACC), and the key synthesizing enzymes catalyzing this route including SAM, ACC synthase (ACS), and ACC oxidase (ACO) (Kende, 1993). Ethylene production in response to a variety of environmental constraints is suggestive of a link between environmental change and developmental adaptability. Moreover, ethylene as a signaling molecule influences the chemical linkages between other phytohormones and plant growth. Flooding, submergence, shade, heat, heavy metal exposure, salt, reduction in nutrient availability, and drought are paradigms of abiotic constraints that induce ethylene production (Rauf et al., 2013a; Dubois et al., 2017; Savada et al., 2017).

Drought is a severe threat and a highly unanticipated constraint, hindering crop cultivation and agroforestry worldwide. It is inevitable to avoid the water deficit for plants growing in arid zones, as drought is limiting plant development and agricultural production by interfering with plant growth from germination through maturity (Han et al., 2020). Some plants have acquired defense mechanisms (morphological, physiological, and molecular flexibility and adaptation) against stressors during the evolutionary process. Such drought-tolerant plants are known as xerophytics due to the adaptive mechanisms to endure water deficit, such as biogenesis and accumulation of osmolytes in controlling the turgor pressure, which averts structural membrane injury, regularizes ionic homeostasis, modulates water uptake and use efficiency, flexibility in overall growth and its plasticity (morpho-physiological flexibility and plasticity, enhanced photosynthetic and antioxidant potential, phytohormones biosynthesis and reshuffling, as well as inherited adaptability to modify the gene expression that controls stress signaling upon perception to provoke the metabolite and hormonal biosynthesis and signaling pathways for ultimate stress alleviation process (Bernstein, 2019). Nonetheless, these modifications are insufficient to provide endurance against globally prevalent drought, since not all plant species are fully capable of dealing with water deficit (Kogan et al., 2019). In addition to this, not all plant species can restore their natural and optimal hormonal level required for survival and growth under stressful environments. As a result, water deficit has been demonstrated to have a detrimental impact on the growth and development of plants (Sadak et al., 2020).

Researchers have been investigating several ways that may be effective in improving drought tolerance in plants. Apart from investigating the morpho-physiological changes, multiple gene expression studies have been useful to understand drought-responsive processes in various crops. Genetic engineering looks to be a powerful technique for developing ideal plants with desired characteristics. Investigating the molecular drought stress tolerance-associated pathways may thus be beneficial for enhancing stress resistance efficiency in plants. Recent developments in high-throughput sequencing technology have expedited genetic research by lowering the cost of genome-wide marker discovery dramatically. This allowed a genome-wide association study (GWAS) to be used to analyses the genetic mechanism underlying agronomically significant characteristics and find marker-trait associations (MTAs) to be employed in breeding programmed to generate superior cultivars with biotic and abiotic stress-resistant traits. GWAS has been conducted in maize, sorghum, rice, perennial ryegrass, and tall fescue, for the selection and improvement of desirable phenotypic traits (Talukder et al., 2021).

Moreover, higher quality of the genome assemblies of significant plants is need of the time for extracting the valuable genomic traits and stress-resistant marker genes for crop development through genetic engineering. In addition, genomes and transcriptomes have provided vital resources to aid the growth and development of plants under stress. M. oleifera is a well-known plant species for its nutritional and immunity-boosting properties. Shyamli et al. (2021) have recently performed genome assembly of M. oleifera var. Bhagya by long reads (PacBio) and short reads (Illumina) to generate better genome coverage. The phylogenetic study indicated that M. oleifera has drought-induced ethylene biosynthesis and signaling genes related to closest orthologue genes from A. thaliana (DREB1A, ETO1 RAP27, ACS8), O. sativa (CRL5), and P. mume (ACCO). Moreover, orthologue genes for antioxidant enzymes from A. thaliana were also found in M. oleifera, such as PER43, CATA2, and GPX2. In many plants, the conserved nature of these stress-resistant marker genes with their preserved biochemical role in the drought tolerance responses throughout evolution may recognize them as a crucial part of M. oleifera as well, to be exploited for drought stress tolerance induction.

Another method used by researchers to trigger drought resistance in M. oleifera is the use of external priming facilitators (Ezzo et al., 2018). Though, the application and manufacture of these substances are time-consuming, expensive, and, in most cases, hazardous to the natural environment. Furthermore, the efficacy of synthetic fertilizers, chemical-based priming facilitators, and growth inducers differs depending on environmental constraints and plant nature.

The use of extreme-habitat-adapted symbiotic endophytic fungi is another well-known strategy for minimizing the detrimental effects of abiotic stresses on crops. Drought and other harsh environmental conditions have increased the chance of exploring the fungal endophytes capable of inculcating drought resistance in non-host plants. Therefore, scientists have adapted this promising substitute method of utilizing an eco-friendly, low-cost, and non-toxic organic source such as endophytic fungi for persuading drought-stress tolerance as well as effective growth promotion through modulation of phytohormonal biosynthesis, antioxidant potential, and water-retaining capability of plants.

Keeping in view the previous knowledge about the drought stress responses in the role of endophytic fungi, the present research findings enabled us to decipher the rebalancing of the biochemical, physiological, metabolic, antioxidant, phytohormonal, and molecular mechanisms by the influence of endophytic fungal interaction in M. oleifera for alleviation of drought stress. The main rationale of the current research was to unravel the novel drought stress-resistant endophytic fungi from a xerophytic host and investigate the effect of newly isolated ACC deaminase-producing endophytic strains TP and TR, on M. oleifera plants under PEG-induced drought stress.



Materials and methods


Identification, purification, and characterization of endophytic fungi from the host plant

Endophytic fungal isolation and purification were done from the host plant Carthamus oxyacantha L. obtained appropriately from the arid region of Shenki Jalala area, Takht Bhai (34°20’8 N 71°54’10 E) at a height of 339 m (1115 ft), Khyber Pakhtunkhwa Pakistan.

Five fungal strains from stem tissue were isolated and purified on the PDA medium as described previously (Javed et al., 2022) and subsequently stored in the refrigerator till further characterization and exploitation.



Macro and microscopic phenotypying of fungal strains

The apparent morphological characteristics of fungal strains were used to assess them initially. Erdman’s (1952) standard protocols were used for fungal strain microscopy. A small part of the fungal specimen was isolated and placed on the glass slide, shielded with a coverslip to flatten the sample, and visualized at the magnification, i.e., 40x and 100x under the light microscope (Binocular NSL - CX23 Olympus, Japan). Lactophenol cotton blue reagent was utilized to stain and mount the medium for microscopic examination of the fungal parts as described by Shamly et al. (2014).



Assessment of drought resistance trait of fungal endophytes

All pure strains (five) from stem tissues were chosen for preliminary screening, following the water deficit generated by supplementing PEG-8000 (8%), as osmoticum to imitate the osmotic pressure of fungal cells using 50 mL of czapek medium. Among all endophytic fungi, the two strains designated TP and TR were chosen as water deficit-resistant in an 8% PEG-supplemented medium. The endophytic fungus secretes a variety of metabolites to collaborate with the host plant species to promote growth. Plant hormones (IAA, GA, ABA, ACC; ethylene precursor, and SA), primary/secondary metabolites, and antioxidants (enzymatic and non-enzymatic) were all evaluated in fungal culture filtrate. For plant inoculum preparation, the final concentration of spore suspension (∼5x107 spores/mL) was maintained. The supernatant and biomass were separated using sterilized Whatman filter paper followed by centrifugation (Sartorius Modle: 2-16 PK) at 4000 × g, 4°C, for 15 min. The supernatants were then frozen and stored at -80°C refrigerator for further procedures.



Strain identification

The chosen endophytic fungal strains (TP and TR) were identified at the molecular level by amplification of ITS region of 18S rRNA gene with primer pair (F-ITS-1/R-ITS-4) (Lee Taylor and Bruns, 1999). A total of 30 μl of PCR reaction was at least 20 ng of genomic DNA as a template. The cloned and purified PCR products were sequenced by BGI Co. Ltd (Shenzhen, China) using universal primers, as mentioned earlier (Rauf et al., 2021). The reverse and forward reads of sequenced fragments were aligned using a coding codon aligner (version 7.2.1, Codon code corporations), and the resultant homolog sequence was submitted to nucleotide BLAST query in the NCBI (http://www.ncbi.nlm.nih.gov/BLAST) database. The nearest homolog sequences were extracted and evaluated using MEGA 7 (version 7.0.18), for phylogenetic analysis. Sequences (ITS region) of identified isolates TP and TR were submitted to NCBI GenBank.



ACC deaminase gene and enzyme activity of TP and TR endophytic fungal strains

ACC deaminase activity was determined according to the method of Yedidia et al. (1999) as described by Zhang et al., 2019. To this end, fresh fungal culture filtrate was used, and ACC deaminase activity was quantified spectrophotometrically by measuring the absorbance of the final product (ketobutyrate) at 540 nm.. For that purpose, 1 ml of TP and TR spore solution (1x108 spores’ ml 1) was added to the synthetic medium (50 mL), with the addition of the ACC (0.5, 1.0, 1.5, and 2.0 mM).

ACCD gene expression was evaluated by Real Time-quantitative PCR (RT-qPCR) as described earlier by Viterbo et al. (2010). Total RNA was extracted from each fungal sample and DNAase-treated RNA samples were purified with RNeasy Mini columns (Qiagen, Hilden, Germany). An equal amount of RNA (2 µg) was used to prepare the first strand cDNA using SuperScript II reverse transcriptase (Invitrogen, Lyon, France) and oligo (dT) as a primer, as mentioned by the manufacturer’s protocol. SYBR Green (Applied Biosystems Applera, Darmstadt, Germany) to perform RT-qPCR using ABI PRISM 7900HT (Applied Biosystems Applera, Darmstadt, Germany).



Analysis of the TP and TR endophytic fungal culture filtrate

Seven days old fungal culture filtrate was used for biochemical, hormonal, and metabolic quantifications. Total phenols and flavonoids were measured in culture filtrate as described earlier (Khatiwora et al., 2017). The culture supernatant (0.2 ml) was added with Folin-Ciocalteu reagent (0.8 ml) (Sigma Aldrich, Burlington, MA, USA) and Na2CO3 (2 ml of 7.5%) (Sigma Aldrich, Burlington, MA, USA), with subsequent dilution of the samples by adding 7 volumes of dH2O and incubation was done in dark for 2 hours. Catechol (1 to 10 mg) (CellMark AB, Göteborg, Sweden) was used to generate a standard curve, and absorbance was measured at 650 nm with a spectrophotometer (UV/VIZ spectrophotometer; PerkinElmer Inc., USA). Total proteins (Lowry et al., 1951), total soluble sugar content (Mohammadkhani and Heidari, 2008), lipids (Vogel, 1956), and proline (Bates et al., 1973) were all determined. The Salkowski reagent was used to calculate the amount of indole-3-acetic acid (IAA) in the fungal filtrate (Benizri et al., 1998). Gibberellic acid, Abscisic acid (Ergün and Topcuoğlu, 2002), Salicylic acid (Warrier et al., 2013), and Ascorbic acid (Asada, 1992) were quantified as described earlier. In the culture filtrate, oxidative enzymes such as Catalase (Chandlee and Scandalios, 1984), total antioxidants (Yen and Chen, 1995), peroxidase activity (Malik, 1980), and H2O2 (Moloi and van der Westhuizen, 2006) were measured.



Application of TP and TR endophytic fungi on M. oleifera under drought stress

M. oleifera seeds were collected from National Agricultural Research Centre (NARC), Islamabad (33°41′35″N/73°03′50″E), Pakistan. The surface sterilized, stratified seeds were placed on filter papers, imbibed, and kept for 6 days at 4°C. Drought stress induction was done using PEG-8000 (8%). While TP and TR endophytic fungal application were done by single or combined inoculation of an equal volume of culture filtrate to imbibe the seeds.

To assess the response of M. oleifera to PEG-8000-induced osmotic/water deficit in a natural environment, 3 days old, uniformly germination seedlings were transferred to the autoclaved soil pots (1 seed/pot), pre-mixed with TP and TR fungal biomass (3 g/pot). Control pots, on the other hand, lacked active culture biomass and culture filtrate.

The endophytic fungus spore suspension was injected at 1 mL/seedling of each pot 14 days after germination. The density of the spore solution was increased to 5x107 spores/mL. For water deficit induction, 3 ml of PEG-8000 (8%) was administered to the base of evenly growing M. oleifera seedlings on alternate days for 15 days following germination.

The 21-day-old seedlings were subjected to a drought induction by supplementing 8% PEG-8000 with 3 mL per pot for 6 days, followed by a recovery period of 9 days. The experimental setup included three biological replicates, each with 16 pots (6 cm diameter/8 cm height) with consistently one plantlet per pot. For each treatment, pots were filled with 400 g of sterilized sand/soil (8:2 proportion). Various treatments used in this research have been mentioned in Supplementary Table 1. The plants were grown in the natural environment from March 2021 to May 2021 (20 ± 2.4°C to 37 ± 3.2°C) in the Abdul Wali Khan University Mardan Botanical Garden (34° 11’ 54” North, 72° 2’ 45” East).



Analysis of growth attribute in M. oleifera under drought stress

For the assessment of growth response, M. oleifera L. growth parameters such as seed fresh weight of seedlings, total cotyledonary length, total shoot, and root length, and fresh and dry weight, were measured.



3, 3-diaminobenzidine assay

Protocol from Thordal-Christensen et al. (1997) was used for the 3, 3-diaminobenzidine (DAB) test to visualize the H2O2 accumulation. Leaf segments of 1 cm length from the 4th compound leaf of 35-day-old seedlings were vacuum-filtered with DAB staining solution. To eliminate chlorophyll content, samples were incubated in 90% ethanol for 10 minutes at 70°C. To avoid auto-oxidation, the DAB working solution was newly made (Fryer et al., 2002). Similarly, DAB polymerization caused H2O2 to appear brown, and finally, leaf segments were visualized at the magnification, i.e., 40x under the light microscope (Binocular NSL - CX23 Olympus, Japan).



Biochemical analysis in M. oleifera under drought stress

The total chlorophyll contents of M. oleifera seedlings were determined using the methodology used by Maclachlan and Zalik (1963). 3 mL of 80% acetone was used to grind leaf samples. The total soluble sugar concentrations of M. oleifera seedlings were measured using 0.5 g of fresh plant tissue (Mohammadkhani and Heidari, 2008). As described by Lowry et al. (1951), 1 g tissue of fresh leaf samples was taken to assess the protein levels. Total lipids were determined in 1 g of fresh leaf tissue using the procedure (Vogel, 1956).

Using 2 g of fresh leaf tissue, Bates et al. (1973) determined the proline level of M. oleifera. The approach was utilized by Khatiwora et al. (2017) to determine flavonoids and phenolic contents in M. oleifera using 1 g of fresh leaf tissue.



Quantification of phytohormones and antioxidant enzyme activities in M. oleifera

The level of indole-3-acetic acid (IAA) was assessed by adapting the protocol mentioned by Benizri et al. (1998). The method of (Ergün and Topcuoğlu, 2002) was used to determine abscisic acid (ABA) and gibberellic acid (GA3). The Paul and Vinitha (2013) procedure was used to determine the salicylic acid (SA) concentration. The 1-Aminocyclopropane-1-carboxylic acid (ACC) content was measured using the method of Yu et al. (2016).

To quantify catalase activity (CAT), the method proposed by Chandlee and Scandalios (1984) was followed. Ascorbate peroxidase (APX) activity was measured using the approach developed by Asada, (1987).



RT-qPCR analysis for gene expression in M. oleifera

The RT-qPCR analysis was carried out as previously reported (Rauf et al., 2021). The GeneJET Plant RNA Purification Kit (Thermo ScientificTM) was used to extract total RNA from 35-day-old plants (leaf and root tissue). Approximately 2 g of total DNAase-treated RNA was used for reverse transcription using the RevertAid First Strand cDNA Synthesis Kit (Invitrogen, Karlsruhe, Germany). The expression of selected ethylene biosynthesis and signaling genes, as well as antioxidant enzymatic genes, was normalized with the housekeeping gene translation elongation factor 2 (EF2) since Deng et al. (2016) cited EF2 gene for the steady expression under PEG-induced drought stress in M. oleifera.



Statistical analysis

The experiment was carried out using a complete randomized design (CRD). GraphPad Prism 9.0.0 (121) software was used to statistically analyze the data, which represented the means and standard errors of three independent replicates for each treatment, using RM Two-Way Analysis of Variance (ANOVA). The statistical data were double-checked using the statistical software tool SPSS V. 21.0. (SPSS, Chicago IL, USA). Similarly, Duncan’s Multiple Range Test was used to separate the means (DMRT). At p ≤ 0.05, significant differences were depicted by various statistical bars labeled with significant letters.

The principal component analysis (PCA) was accomplished by using OriginPro8 software, to analyze the multivariate effect of drought-tolerant endophytic fungi (TP and TR), and PEG-induced drought stress on plant traits (primary, secondary metabolites, enzymatic and non-enzymatic antioxidants, H2O2, fresh/dry weight, shoot/root length, water potential).




Results


Endophytic fungal isolation and screening for drought tolerance

A total of five strains of endophytic fungi were isolated from the stem segments of the xerophytic plant Carthamus oxyacantha L. The strains were grown on czapek medium and screened against PEG-8000 (8%) for drought stress tolerance, as previously described by Javed et al. (2022) and pure cultures were allowed to grow at 30°C, 7 days, 120 rpm shaking incubator. Finally, the growth of isolates was assessed by harvesting the fungal biomass through filtration. The PEG-mediated drought tolerant strains were then tested for various growth parameters before being administered to M. oleifera plants subjected to PEG-mediated drought stress. Endophytic fungi TP and TR demonstrated the highest drought tolerance response, by producing the maximum biomass in both the control and stressed conditions and were selected for further experimental procedures and plant bioassays.

Preliminary identification of selected strains (TP and TR) of fungal endophytes was done based on visual traits such as colony texture, form, color and growth pattern, hyphae color, and spores’ morphology (Figure 1A).




Figure 1 | (A) Morphological characterization of selected fungal strains TP and TR, (B) genotyping of selected fungal strains by ITS region amplification, (C) ACC deaminase activity and ACC deaminase gene expression of TP and TR. Quantitative data represent means ± SD of three independent experiments and at least six technical replicates, (D) Phylogenetic identification of TP, and (E) TR endophytic strain.





ACC deaminase activity and RT-qPCR for ACCD transcript abundance

By growing in ACC enriched Czapek medium, TP and TR exhibited growth and the potential for ACC deaminase activity (ACCD). The ACC deaminase activity of the TP strain was shown to be up to 135-nmol of ketobutyrate mg-1 h-1, which was later raised to 342-nmol of ketobutyrate mg-1 h-1. While the ACC deaminase activity of the TR strain was shown to be up to 126-nmol of ketobutyrate mg-1 h-1, which was later raised to 302-nmol of ketobutyrate mg-1 h-1 (Figure 1). Moreover, ACC deaminase orthologue gene identification in TP and TR isolates was carried out using NCBI gene search browser and RT-qPCR analysis was used to assess transcript abundance, and the results demonstrated that ACCD transcript was upregulated in an ACC-dependent manner. The abundance of ACCD transcripts was found to be dose-dependent, as illustrated in Figure 1. The ACCD gene expression was induced up to 36% for the TP strain, and 175% for the TR strain compared with the control (Figure 1).



Molecular identification and phylogenetic analyses based on ITS sequences

For TP and TR isolates, the ITS region of 18 S rRNA gene was amplified and sequenced (Figure 1). After sequencing, the discovered sequence was compared to data in the GenBank sequence database to establish the genus or species of the TP and TR isolates. The sequences used in this investigation may be found in the online repository. After a homology search on GenBank indicated 100% similarity to Trichoderma gamsii, the ITS sequence of TP was classified to the species level (TP). As a result, the strain was identified and given the name Trichoderma gamsii. TR’s ITS sequence showed 100% similarity to Fusarium proliferatum, identifying the TR strain as Fusarium proliferatum (Figure 1).

The sequences were deposited in NCBI GenBank as accession No. OP419488 for TP and OP419489 for TR isolate.



Effect of PEG-induced drought stress on the biochemical, hormonal, and antioxidant traits of TP and TR endophytic fungi

Current results showed that endophytic fungal isolate TP significantly (p ≤ 0.05) overproduced the biomass and generated sufficient content of total soluble proteins (25%), total soluble sugars (12%), lipid content (18%), total phenolics (8%), total flavonoids (121%), and proline content (7%), upon PEG-induced drought stress in comparison to control cultures. Under PEG-induced drought stress, TR isolate also significantly (p ≤ 0.05) overproduced the total soluble proteins (6%), total soluble sugars (14%), lipid content (14%), total phenolics (13%), total flavonoids (11%), and proline content (11%) than control (Figure 2).




Figure 2 | Endophytic fungal (TP and TR) characterization. (A) Screening of fungal strains (TP and TR) for PEG-induced drought stress tolerance, (B) Biomass, (C) Total soluble sugars, (D) Total soluble proteins, (E) Total lipids, (F) Proline content, (G) Total flavonoids, and (H) Total phenols, measured in CF of TP and TR isolates. Quantitative data is representing the means ± SE values of at least three independent biological replications. Various letters have been presented to show the statistical differences at significance level of p¾0.05 using Duncan’s Multiple Range Test (DMRT). CF, Culture Filtrate.



Under both normal and PEG-induced water deficit conditions, TP and TR isolates were shown to generate indole acetic acid (IAA), abscisic acid (ABA), gibberellic acid (GA), and salicylic acid (SA) (Figures 3A–D). PEG supplementation significantly (p ≤ 0.05) raised the level of secreted IAA in culture filtrate for TP (26%) and TR (22%) compared to control. In comparison to the control, TP (8%) and TR (12%) significantly (p ≤ 0.05) increased the level of secreted abscisic acid (ABA) production in culture filtrate grown under PEG-mediated drought stress. Endophytic fungi TP (15%) and TR (9%) significantly (p ≤ 0.05) increased the level of secreted GA3 production in culture filtrate grown in PEG supplementation, in comparison to the control. Moreover, free SA levels in PEG-supplemented cultures were also significantly (p ≤ 0.05) increased for TP (21%) and TR (5%) compared to the respective controls (Figure 3).




Figure 3 | Hormonal contents and enzymatic and non-enzymatic antioxidants in CF of TP and TR isolates. (A) IAA, (B) ABA, (C) GA3, and (D) SA content. (E) AsA content, (F) Peroxidase enzyme activity, (G) total antioxidant capacity, and (H) Catalase enzyme activity. Quantitative data is representing the means ± SE values of at least three independent biological replications. Various letters have been presented to show the statistical differences at significance level of p¾0.05 using Duncan’s Multiple Range Test (DMRT). CF, Culture Filtrate.



Under PEG-induced water deficit, TP and TR isolate produced antioxidant enzymes with elevated antioxidant capacity (Figures 3E–H). In comparison to the control, TP (5%) and TR (6%) significantly (p ≤ 0.05) increased the content of ascorbic acid (non-enzymatic antioxidant) in culture filtrate under drought stress. PEG supplementation significantly (p ≤ 0.05) induced the ascorbate peroxidase (POX) activity by TP (100%) and TR (85%), catalase (CAT) activity by TP (129%) and TR (203%), and total antioxidant capacity (TAC) by TP (0.74%) and TR (0.36%) compared with the control culture (Figure 3).



Effect of TP and TR endophytes on growth attributes and growth-related metabolites of M. oleifera under PEG-induced drought stress

Under field circumstances, the plant growth-promoting potential of fungal inoculations was investigated, in terms of increased fresh weight and cotyledon length measured at 7 days after germination (DAG), as well as shoot and root length, and fresh and dry weight assessed at 35 days after germination, M. oleifera plants. Individually, both TP and TR fungal isolates (with and without PEG-induced drought stress), considerably improved growth characteristics. However, combined inoculation of TP and TR isolates, significantly (p ≤ 0.05) increased the cotyledon length (102%), cotyledon fresh weight (32%), dry weight (217%), fresh weight (123%), root length (65%), shoot length (53%), in M. oleifera plants subjected to PEG-induced drought stress vs non-inoculated control plants under stress (Figures 4, 5).




Figure 4 | Assessment of PEG-mediated drought stress tolerance response of M. oleifera seeds by germination test. (A) Seed germination response under PEG-induced drought conditions in the absence (above penal) and presence (lower penal) of endophytic CF inoculation, (B) cotyledon length and (C) fresh weight. Quantitative data is representing the means ± SE values of at least three independent biological replications. Various letters have been presented to show the statistical differences at significance level of p¾0.05 using Duncan’s Multiple Range Test (DMRT).






Figure 5 | Effect of TP and TR inoculation on M. oleifera plant growth. (A) Schematic representation showing work plan of plant bioassay, (B) Phenotypic analysis; upper penal (intact plants) and lower penal (uproots plants), (C) Shoot and root length, (D) Total fresh and dry weight. Quantitative data is representing the means ± SE values of at least three independent biological replications. Various letters have been presented to show the statistical differences at significance level of p¾0.05 using Duncan’s Multiple Range Test (DMRT).



Under field conditions, with and without PEG-induced drought stress exposure, both TP and TR individual inoculation significantly (p ≤ 0.05) increased photosynthetic and accessory pigments (chlorophyll and carotenoid), total soluble protein, total phenolics, total soluble sugars, total flavonoids, lipid content, and proline content in M. oleifera plants at 35 DAG, compared to non-inoculated control plants under stress (Figure 6). However, TP and TR co-inoculation significantly (p ≤ 0.05) has enhanced the production of carotenoids (87%), and total chlorophyll content (76%) in M. oleifera plants under stress, in comparison to non-inoculated control plants. Contrary to this, both TP and TR individual inoculation significantly (p ≤ 0.05) has reduced the chlorophyll a/b ratio in M. oleifera plants at 35 DAG, compared to non-inoculated control plants under stress (Figure 6). Increased values of chlorophyll a/b ratio corresponded to a decline in photosynthetic activity and initial stress symptoms in plants.




Figure 6 | Effect of TP and TR inoculation on M. oleifera growth promoting metabolites. (A) Carotenoids, (B) Chlorophyll a/b ratio, (C) Total chlorophyll content, (D) Total soluble proteins, (E) Total phenols, (F) Total soluble sugars, (G) Total flavonoids, (H) Total lipids, and (I) Proline content. Quantitative data is representing the means ± SE values of at least three independent biological replications. Various letters have been presented to show the statistical differences at significance level of p¾0.05 using Duncan’s Multiple Range Test (DMRT).



Moreover, TP and TR co-inoculation also significantly (p ≤ 0.05) promoted the production of total soluble sugars (56%), total soluble proteins (132%), lipids (43%), total flavonoids (52%), total phenolics (34%), proline content (55%), in M. oleifera plants at 35 DAG, compared to non-inoculated control plants under stress (Figure 6).



Effect of TP and TR endophytes on hormonal contents of M. oleifera under PEG-induced drought stress

Under both drought stress and normal condition, endogenous IAA, GA, SA, and ASA levels were significantly (p ≤ 0.05) raised in response to the individual as well as co-inoculation of TP and TR isolates compared to non-inoculated control plants.

TP and TR co-inoculation significantly (p ≤ 0.05) enhanced the production of GA (86%), IAA (305%), ASA (170%), SA (87%), in M. oleifera plants under PEG-induced drought stress, in comparison to non-inoculated control plants under stress (Figure 7).




Figure 7 | Effect of TP and TR inoculation and colonization in M. oleifera phytohormones and water potential. (A) Root colonization, (B) Stem anatomy, (C) IAA, (D) GA3, (E) SA, (F) ABA, (G) ACC content and, (H) Water potential. Quantitative data is representing the means ± SE values of at least three independent biological replications. Various letters have been presented to show the statistical differences at significance level of p¾0.05 using Duncan’s Multiple Range Test (DMRT).



In contrast, endogenous ABA (-60%) and ACC (-77%) (an ethylene precursor) were significantly (p ≤ 0.05) lowered in response to co-inoculation of TP and TR isolates in M. oleifera plants at 35 DAG, compared to non-inoculated control plants under stress (Figure 7).



Effect of TP and TR endophytes on the stem anatomical features and water potential of M. oleifera under PEG-induced drought stress

Since water perturbances modify the anatomical features of plant parts such as the stem. For a better understanding of the influence driven by fungal endophytes (TP and TR) on the drought stress tolerance of M. oleifera, the cross-sectional investigation of the stem parts was performed by microscopic visualization. The observation of stem cross-section exhibited the conventional characteristics related to drought tolerance such as small cell gaps, water-filled cells, and tight and round cells under normal water conditions, as well as under drought stress conditions, upon co-inoculation by TP and TR. These typical features were lacking in the stem sections obtained from M. oleifera without endophytic association under drought stress, where they showed marginally contorted mesophyll cells, shorter epidermal as well as vascular bundle sheath cells, with narrower, phloem, metaxylem, cortical and pith area (Figure 7). Lactophenol cotton blue staining used to examine the root colonization potential of endophytic fungi, indicated the successful plant microbe-interaction in the root tissue of M. oleifera plants under observation (Figure 7).

Under drought stress, water potential was significantly (p ≤ 0.05) reduced in the absence of individual as well as co-inoculation of TP and TR isolates in M. oleifera plants at 35 DAG, compared to non-inoculated control plants, with the greatest drop in water potential (-302%). While the lesser reduction in water potential was found in the water potential of M. oleifera plants with individual TP and TR isolates, in contrast, to control plants under stress. However, compared with non-inoculated, untreated control plants, the co-inoculation of TP and TR lead to the highest significant (p ≤ 0.05) decline in reduction of water potential (-2%) in M. oleifera plants under drought stress (Figure 7).



Effect of TP and TR endophytes on the antioxidant potential of M. oleifera under PEG-induced drought stress

Drought-induced cellular damage was evaluated in the form of reactive oxygen species (ROS) generation, where H2O2 production was investigated in M. oleifera. The H2O2 production was detected qualitatively, as the intensity of brown spots produced by using DAB (3,3-Diaminobenzidine) staining in M. oleifera leaf tissues. DAB intensity was stronger in the M. oleifera leaf tissues from plants grown under drought stress. This phenotype was reversed by application of TP and TR single as well as co-inoculation in comparison to non-inoculated control plants under drought stress (Figure 8A).




Figure 8 | Effect of TP and TR inoculation on M. oleifera ROS production and antioxidant potential. (A) DAB staining using leaf segment from 35-d-old plants, (B) H2O2, (C) AsA, (D) Peroxidase activity and (E) Catalase activity. Quantitative data is representing the means ± SE values of at least three independent biological replications. Various letters have been presented to show the statistical differences at significance level of p¾0.05 using Duncan’s Multiple Range Test (DMRT).



Likewise, quantitative analysis of the H2O2 production also revealed a significant (p ≤ 0.05) increase in PEG-treated M. oleifera plants, up to 31% higher than in the control. While lower H2O2 accumulation (-45%) was detected in comparison to the control M. oleifera plants upon co-inoculation of TP and TR isolates under drought stress (Figure 8B).

Assessment for antioxidants (enzymatic and non-enzymatic), under drought stress in M. oleifera plants inoculated with individual and combination TP and TR isolates, also showed the differential response under various treatments. M. oleifera plants with combined inoculation of TP and TR isolates showed a significant (p ≤ 0.05) increase in ASA (non-enzymatic antioxidant) level up to 201%, as compared to non-inoculated control under drought stress (Figure 8C).

Similarly, co-inoculation of TP and TR isolates also significantly (p ≤ 0.05) induced the peroxidase enzyme activity (3.25%) as compared to non-inoculated control under drought stress (Figure 8D). Likewise, catalase activity was also increased (166%) in M. oleifera by co-inoculation of TP and TR as compared to non-inoculated control under drought stress (Figure 8E).



Multivariate evaluation of endophytic fungal effects on the M. oleifera growth and stress tolerance

The principal components analysis (PCA) deciphered the overall influence of endophytic fungi (TP and TR), on plant growth and stress tolerance behavior under PEG-induced drought stress. The PCA based on plant morphological, physiological, biochemical, hormonal, and antioxidant traits showed that the first two components PC1 (70.87%) and PC2 (13.89%) with the eigenvalue of 19.844 and 3.889, respectively. The PCA scores revealed a considerable contribution of endophytic fungi to the separation of physio-hormonal and biochemical features of plants under drought stress, as evidenced by the direction and amplitude of the corresponding vectors. The PCA biplot (Figure 9A) showed that all evaluated traits could be distinctively grouped into three major clusters. PC1 was positively and strongly correlated with phenotypic traits (cotyledon fresh weight, cotyledon length, shoot length, root length, shoot fresh weight, shoot dry weight), biochemical, metabolic, and hormonal traits (total chlorophyll, carotenoids, proteins, Phenols, sugars, flavonoids, lipids, proline, IAA, GA3, SA) of M. oleifera. Importantly, PC1 was also positively and strongly correlated with AsA (r = 0.18215), peroxidase (r = 0.21902), catalase (r = 0.21278), water potential (r = 0.17081), but negatively correlated with ABA (r = –0.197), H2O2, (r = –0.213), ACC (r = –0.172), and chlorophyll a/b ratio (r = –0.177).




Figure 9 | (A) Biplot of two dimensions of the principal component analysis (PCA). The scores show the contribution of TP and TR endophytic fungal isolates on reshuffling of M. oleifera plant traits, grown under normal and PEG-supplemented conditions, as indicated by the direction and magnitude of the respective vectors, and (B) Expression profiling of ethylene biosynthesis and antioxidant enzymatic genes by RT-qPCR. Quantitative data represent the means ± SD of three independent experiments and at least three technical replicates each.





Gene expression analysis in M. oleifera co-inoculated with and TR under drought stress

The RT-qPCR study was performed to determine the degree of expression of chosen drought-induced marker genes related to ethylene biosynthesis and signaling (DREB1A, ETO1 RAP27, ACS8, CRL5, ACCO) and antioxidant enzymatic genes (PER43, CATA2, and GPX2) (Supplementary Table 2).

Current results exposed that DREB1A, ETO1 RAP27, ACS8, CRL5, ACCO showed considerably higher gene expression in moringa leaf tissues (>5-fold) in response to water deprivation in the absence of TP and TR association. While consortial inoculation of endophytes (TP and TR) under water deprivation reduced the expression of DREB1A, ETO1 RAP27, ACS8, CRL5, ACCO in leaf tissue to an optimal level compared to the control.

Current results also revealed that PER43, CATA2, and GPX2 had considerably greater expression in moringa leaf tissues (>5-fold) in response to water deprivation by co-inoculation of TP and TR, in comparison to untreated control plants under drought stress (Figure 9B).




Discussion

Environmental changes alter the endogenous phytohormonal levels, which modulate plant growth for better survival under stressful conditions. Unfortunately, not all plant species can quickly optimize their endogenous hormonal level in response to environmental perturbances. Researchers have developed a viable technique for sequestering biotic and abiotic stressors in plants by using Plant Growth Promoting Endophytic Fungus (PGPEF) and fungal communities. PGPEF has been shown to reduce stress in non-host plants as well, by boosting the threshold of tolerance to cope with hostile environments (Aziz et al., 2021a; Rauf et al., 2021; Ali et al., 2022a), however, the investigations are lacking at the molecular level for exposing and deciphering the role of endophytic fungal association with non-host plants to induce the tolerance against environmental stresses.

Endophytic fungi generate and exude a variety of secondary metabolites (alkaloids, phenols, terpenoids, and flavonoids), which increase the activity of antioxidant enzymes and activate a specific metabolic route that is considered to improve resistance against abiotic stresses (Mishra and Chan, 2016; Bilal et al., 2018; Rauf et al., 2022). Moreover, endophytes that produce growth-promoting hormonal contents have long been thought to be the ideal aspirants for plant growth promotion. IAA and GA3 are highly essential phytohormones in plants as it govern their developmental process and growth. While ABA, SA, and ethylene have been involved in abiotic and biotic stress alleviations through various cross-talks in plants (Sehar et al., 2022).

The existing study demonstrated the strong ability of ACC deaminase producing and growth-promoting endophytic fungal isolates, Trichoderma gamsii (TP), Fusarium proliferatum (TR), to exudate the IAA, GA, total phenols, proline, proteins, flavonoid, and lipids, representing its ability for inducing growth responses in non-host plants.

Remarkably, in the current study, it is revealed that IAA, GA, proline, total phenols, flavonoid, proteins, and lipids were considerably generated when TP and TR endophytes were subjected to PEG-mediated water deficit, making them ideal as water deficit ameliorating endophytes for plants. Importantly, both ACC deaminase enzymatic activity and gene expression were enhanced in Trichoderma gammii (TP) and Fusarium proliferatum (TR). There has been no earlier evidence that introduces ACC deaminase generating endophytic strain Trichoderma gamsii or Fusarium proliferatum as osmotic or water stress resistant microorganisms.

Only a few prior studies have shown that endophytes in plants may induce water deficit resistance, such as Epichlo promoted drought tolerance in F. arundinacea and L. perenne (Decunta et al., 2021), consortia of P. chrysogenum, P. Phaeosphaeria, Alternaria sp., brevicompactum, and E. osmophilum provoked drought tolerance response in C. quitensis (Hereme et al., 2020), co-inoculation of fungal isolates (SMCD 2206, 2210, and 2215) from Ascomycota induced resistance against water deficit in wheat (Hubbard et al., 2012). Phoma sp association improved seedling growth of P. tabulaeformis under water deficit, according to Zhou et al., 2021. Previously, the growth improvement and drought resistance of hybrid poplar upon supplementation with endophyte consortia has been reported (Khan et al., 2016). Langeroodi et al. (2020) reported the arbuscular mycorrhiza that protected the chicory (C. intybus L.) against water deficit and resulted in reduced photosynthetic efficiency. Different arbuscular mycorrhizal fungi have been reported to improve the growth and drought tolerance of C. Migao seedlings (Xiao et al., 2022). Halo et al. (2020) found that an endophytic fungus (T. omanensis) enhanced the physiological, biochemical, and anatomical characteristics of tomato plants under drought stress. Recently, Javed et al. (2022) reported a drought tolerance induction response of endophytic fungal consortia M. majus (WA), M. guilliermondi (TG), and A. aculeatus (TL3) supplemented to non-host plant Moringa under water deficit. However, none of these endophytes were investigated for ACC deaminase activity under water deficit. The current study is the first to investigate the newly isolated, water deficit-tolerant potential of ACC deaminase-producing endophytic strains Trichoderma gammii (TP) and Fusarium proliferatum (TR) isolates that demonstrated remarkable PEG-mediated drought resistance by enhancing sufficient biomass and growth-promoting metabolites.

Water deficit produces a significant drop in relative water content, a decrease in leaf water potential, turgor loss, and a reduction in cell expansion, resulting in a reduction in photosynthetic activity, distraction of various metabolic pathways, ROS burst (Boyer, 1982; Kohli et al., 2019) that destroys macromolecules (DNA, RNA, proteins, lipids, and carbohydrates), and eventually cause in irreparable destruction and cell death (Bali and Sidhu, 2019). Nonetheless, antioxidants such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) are vital in the elimination of ROS. During several abiotic stresses like metal and drought, ethylene harmonizes with ROS inventory (Chen et al., 2019). ERFs are involved in the regulation of ROS production and signal transduction. Furthermore, during abiotic stress, AP2/ERF transcription factor mediates ROS and ethylene crosstalk. ROS levels are increased by ERF1, which inhibits the expression of ROS scavenger genes during abiotic stress, causing ROS overaccumulation and a loss of resistance to stresses (Wang et al., 2014). The role of ethylene and ROS in many biological processes such as root and root hair formation, as well as various biotic and abiotic responses, has previously been documented (Steffens, 2014). However, much more research is needed to understand the interplay of ethylene with other signaling events triggered under abiotic stress facilitating the plant-fungal association.

There are several reports of drought-resistant 1-aminocyclopropane-1-carboxylate (ACC) deaminase-producing growth promoting rhizobacteria proficiently hydrolyzing ACC to – ammonia and ketobutyrate leading to reduction in ethylene production and growth promotion under environmental constraints and stressful conditions including drought (Heydarian et al., 2016; Tiwari et al., 2018; Duan et al., 2021). However, there are only a few reports have shown previously for ACC deaminase-producing fungal endophytes associated with the abiotic stress tolerance in plants. For example, the favorable impact of the ACC deaminase generating fungal endophyte Trichoderma asperellum (MAP1) in plant-microbe interaction for improving waterlogging stress tolerance in wheat has recently been examined by Rauf et al. (2021). T. asperellum T203 produces ACC deaminase, which modulates endogenous ACC levels, promotes root elongation, and improves plant tolerance to abiotic stress (Viterbo et al., 2010).

Previously, several fungal species were known to have ACC deaminase ability to cleave the ET precursor ACC to a-ketobutyrate and ammonia due to the presence of the ACCD gene, but their role in inducing drought tolerance in plants is unknown. The presence of the ACC deaminase gene in the genomes of several species of the Penicillium and Trichoderma persuaded the control of ET synthesis by the fungus ACC deaminase, which might be thus associated with the plant resistance response to numerous forms of biotic and abiotic stimuli (Harman et al., 2004).

Endophytic fungi have been widely investigated in terms of their impact on the transcriptome, metabolome, and proteome of nonhost plants (Nogueira-Lopez et al., 2018; Ali et al., 2021; Aziz et al., 2021b; Ali et al., 2022b). Recently, Javed et al. (2022) explored the beneficial impact of endophytic fungus on water deficit mitigation in M. oleifera. However, the involvement of ACC deaminase-generating endophytic fungus associated with the non-host M. oleifera plant for water deficit adaptability has not been explored, particularly through bio-reduction of ET by endophytic microbe’s ACC deaminase activity.

According to the researchers, M. oleifera, a potential pharmacologically and nutritionally rich tree, demonstrated reduced overall growth and development when cultivated under 1.5 MPa water stress induced by polyethylene glycol (PEG-6000) (Boumenjel et al., 2021).

Given the significance of M. oleifera as a worldwide miracle tree, the present work was designed to improve water deficit resistance and growth performance of M. oleifera by efficiently colonizing the Morinaga amid water deficit with non-host ACC deaminase generating endophytic fungi.

Polyethylene glycol (PEG), a long-chain polymer with a wide range of molecular weights, causes water deficit in several plant species. It has been employed by researchers to measure agricultural drought resilience during seed germination because it affects seedling establishment and growth by reducing water potential, and the impact is more visible on shoots than on main roots. Several studies have demonstrated that in vitro screening with PEG is one of the most accurate methods for identifying drought-tolerant genotypes based on germination indices. Previously, PEG-induced water deficit has been shown to decrease the morphological, biochemical, physiological, and photosynthetic traits of plants including Moringa (Gururani et al., 2018; Javed et al., 2022; Mahpara et al., 2022).

Accordingly, current results showed that water deficit (8% PEG) significantly reduced the chlorophyll contents (chlorophyll a, chlorophyll b, and carotenoids) in plants which is attributed to reduced photosynthesis and decreased growth attributes (shoot and root length, fresh and dry weight) of M. oleifera. However, present results have also exposed that co-inoculation of ACC deaminase-producing endophytes (TP and TR) significantly reversed the drastic effect of water deficit and prominently promoted the growth attributes in M. oleifera plants under water deficit. TP and TR inoculation also promoted a decline in chlorophyll a/b ratio, as increased values of chlorophyll a/b ratio correspond to a decline in photosynthetic activity and initial stress symptoms in plants.

Our findings further suggested the induction of phenolics, flavonoids, and H2O2 that may be related to macromolecule breakdown inside plants during drought stress. Similarly, greater proline content in PEG-treated might be owing to faster protein breakdown and/or it is produced as a signal for osmoprotectant function. However, plants co-inoculated with ACC deaminase-producing endophytes (TP and TR) reversed this tendency, with further increased levels of proline (osmoprotectant), phenolics, and flavonoids, and showed improved osmoprotectant and antioxidant activities can be corroborated to enhanced stress tolerance in plants under stress. M. oleifera plants co-inoculated with TP and TR under PEG-stress, also showed higher production of protein, lipids, sugars, and lesser H2O2 content.

Previously, it is known that environmental stresses increase ROS production, especially H2O2, which must be controlled in a homeostatic pool (Ahmad et al., 2019; Mansoor et al., 2022); nonetheless, excessive ROS levels induce oxidative stress that causes protein denaturation, lipid peroxidation (by generating MDA; a product of lipid peroxidation in the destruction of biomembranes), nucleotide disruption, and may change plant physiology, eventually leading to plant death (Zaid and Wani, 2019; Raja et al., 2020). For minimizing the drastic effect of excessive ROS production, the plant system activates either enzymatic or non-enzymatic antioxidant processes. Endophyte inoculation also inhibited ROS formation in the plant cell by activating antioxidant enzymes, according to Redman et al. (2011).

The current study also revealed that co-inoculation of ACC deaminase-producing endophytes (TP and TR) improved the activity of ROS scavenging enzymes (POD and CAT) as well as non-enzymatic antioxidants (ascorbic acid) to overcome the effect of an excess of ROS (H2O2), while total antioxidant capacity was also increased, thereby overcoming oxidative stress in PEG-supplemented M. oleifera plants.

Under diverse abiotic stressors, ethylene biosynthesis is regulated by a feedback system that regulates ACO transcription (Argueso et al., 2007). The optimal level of ethylene aids in the reduction of reactive oxygen species (ROS) formation under different abiotic stimuli such as metal, drought, high salinity, low temperature, and so on (Iqbal et al., 2017). Furthermore, ethylene has a vital function in increasing ROS buildup, which acts as a signaling agent for inducing defensive machinery (Wi et al., 2010). The downregulation of superoxide dismutase (SOD) and peroxidase (POD) (ROS scavenger enzymes) expression by ERF1 is the cause of the higher ROS level (Wang et al., 2014). However, the involvement of ethylene in GSH production in Arabidopsis thaliana under ozone stress has already been established (Yoshida et al., 2009). Thus, ethylene serves a dual purpose in decreasing optimum ROS generation in response to stress. Under water deficit, ethylene regulates stomatal closure via flavonol synthesis in guard cells via an EIN2-mediated mechanism by inhibiting ROS generation (Watkins et al., 2014; Zhang et al., 2016).

In both normal and stress conditions, ethylene guides plant growth and photosynthesis. Water deficit increased the levels of ethylene in several plant species, including faba bean, orange, french bean, and many more (Murti and Upreti, 2007). ROS generation and signaling in plants are principally controlled by ethylene-responsive transcription factors, i.e., the AP2/ERF gene family, which connects ethylene and ROS signaling under diverse abiotic stressors (Wang et al., 2014). In Arabidopsis with a constitutive promoter 35S:ERF1 demonstrated drought tolerance because of ERF protein interaction with the RD29B promoter’s DRE region (Cheng et al., 2013). For ethylene biosynthesis, OsETOL1 interacts with the type II ACS enzyme OsACS2. Rice eto1 mutations have an insensitive ETHYLENE OVERPRODUCER 1-LIKE (OsETOL1) protein with a higher appropriate ethylene level, which assists in plant survival under drought conditions, but rice overexpressing OsETOL1 has lower ethylene, making it less drought-resistant (Du et al., 2014).

However, ethylene is also known to have a deleterious influence on plants when subjected to certain conditions. In Arabidopsis, for example, ethylene production rises under Cd stress due to the accumulation of ACS2 and ACS6 transcripts. Arabidopsis acs2-1 acs6-1 double mutants exposed to Cd had a low amount of ethylene followed by a favorable reaction on leaf biomass (Schellingen et al., 2014).

Furthermore, the detrimental function of ethylene in alfalfa (Medicago sativa) exposed to mercury was investigated using 1-MCP (ethylene response receptor blocker) (Montero-Palmero et al., 2014). Similarly, Cu has been shown to stimulate the expression of ACO1 and ACO3 genes in Nicotiana glutinosa (Kim et al., 1998), which helps in the generation of ethylene (Keunen et al., 2016). The drought-induced metabolic pathways in A. thaliana have been linked to ABA-dependent and ABA-independent mechanisms driving drought-inducible gene expression (Guimarães-Dias et al., 2012), as well as a linkage between both signaling pathways (Kizis and Pagès, 2002).

Furthermore, improved ABA and ethylene signaling research have indicated that when both hormones are stressed, they function antagonistically among yield-impacting activities (Wilkinson et al., 2012). Although ethylene has been widely investigated in the process of plant senescence, its involvement in drought-induced senescence is less well understood.

Under drought circumstances, ethylene has been shown to produce leaf abscission and, as a result, reduced water loss (Aeong Oh et al., 1997). Under water stress, ethylene production was accompanied by a rise and then a drop in ACC, suggesting that water stress encouraged the de novo synthesis of ACC synthase, the rate-controlling enzyme along the ethylene biosynthesis pathway. Furthermore, ethylene and its metabolic pathway have a role in stimulating plant responses to flooding and water scarcity (Habben et al., 2014). It activates a signal transduction network, which results in the creation of many transcription factors that control gene activation/repression under stress, such as ERF1 (Xu et al., 2007).

Several studies have shown that fungal endophytes can provide the plant with long-term resistance to biotic and abiotic stresses by balancing the various phytohormone-dependent pathways, the most important of which are salicylic acid (SA), jasmonates (JA), ethylene (ET), abscisic acid (ABA), auxin (indole-3-acetic acid: IAA), gibberellins (GA), and ethylene (ET), which modulate the levels of growth (Hermosa et al., 2013; Colebrook et al., 2014; Rauf et al., 2021).

Endophytic co-inoculation of ACC deaminase generating endophytes (TP and TR) not only created and supplied IAA, GA, and SA levels but also stimulated their production and accumulation in drought-stressed M. oleifera plants. Furthermore, inoculation of ACC deaminase generating endophytes (TP and TR) lowered ACC content, implying a reduction in ethylene production to an optimum level adequate for controlling the cell signaling initiation for induction of water deficit tolerance in drought-stressed M. oleifera plants.

Water stress caused quick and strong stomatal closure, which was fueled by abscisic acid (ABA) production, leading to photosynthesis suppression and negative effects on biomass production in M. oleifera, as stated previously (Brunetti et al., 2018). The phytohormone ABA regulates stomatal movements in plants, allowing them to preserve their leaf water potential and relative water content during drought stress (Coupel-Ledru et al., 2017).

Current research has consistently demonstrated that ABA overproduction in M. oleifera plants growing under drought stress may undergo extended stomatal closure, which inhibits photosynthesis, resulting in poor sugar production and producing less biomass. Endophytic inoculation of TP and TR isolates ably modulated the ABA production in M. oleifera plants under drought stress might be leading to optimally activated stomatal closure, leading to sufficient photosynthetic activity in plants under drought stress, as recently discussed by Javed et al. (2022).

The principal components analysis (PCA) is perfect for analyzing and exposing relationships between a large number of observable variables and a smaller number of elements. Inoculation of endophytes and plant characteristics under water deficit (Tabachnick and Fidell, 2007). The statistical assessment of the influence of endophytic fungal strains (TP and TR) on M. oleifera plants under water deficit and normal conditions was evaluated using the PCA approach, revealing differential responses of M. oleifera plants driven by ACC deaminase producing endophytic fungi under normal and water deficit conditions.

It is exposed from the PCA outcome that the first two major components offered sufficient information to support the main findings of the current study. Previous research has shown that chlorophyll a/b ratio, antioxidants, ROS, proline, ACC, ABA, phenolics, and flavonoids are good predictors of water deficit tolerance in plants.

This study also shows that rebalancing POX, CAT, and H2O2 levels are substantially linked with a variety of biochemical and physiological markers, including ACC levels. Furthermore, proline, photosynthetic pigments, peroxidase, catalase, ascorbate, phenols, flavonoids, carotenoids, lipids, sugars, proteins, and phytohormones (GA3, IAA, and SA) might be employed as further water deficit resistance markers.

The characteristics were shown in a biplot at the control and water deficit conditions. When compared to non-inoculated plants, M. oleifera associated with endophytes grown under control and water deficit circumstances projected diametrically opposite ends of the biplots.

More recently, the molecular analysis revealed that the expression levels of the genes associated with antioxidant, proline synthesis, ABA synthesis/signaling, and ethylene synthesis/signaling differed significantly between the wild-type and ACC oxidase mutants of petunia, indicating the role of ethylene in the transcriptional regulation of the genes associated with abiotic stress tolerance including drought stress (Naing et al., 2022). Consistently, the present research also showed the expression modulation of drought stress-responsive marker genes including ethylene biosynthesis and signaling-related genes such as DREB1A, ETO1 RAP27, ACS8, CRL5, ACCO. Moreover, orthologue genes for antioxidant enzymes such as PER43, CATA2, and GPX2 were found to be predominantly induced by ACC deaminase-producing endophytic fungi (TP and TR) in M. oleifera under drought stress.

This modulation in ethylene biosynthesis and signaling genes as well as antioxidant enzymatic gene expression by ACC deaminase-producing endophytic fungi, to an optimal level, might be crucial for the M. oleifera plants under drought stress, hence is suggestive of a critical role in regulating the drought stress tolerance.



Conclusion

In the present study that ACC deaminase-producing fungal endophytes (TP and TR) not only sufficiently produced endogenous growth-promoting regulators but also induced the basal level of growth-promoting and stress alleviating metabolites in M. oleifera plants under drought stress. The current study concludes with an emphasis on the potential of TP and TR endophytic fungi in the growth promotion of M. oleifera by adequate production of IAA, GA3, phenols, flavonoids, with increased chlorophyll content, resulting in greater biomass. Drought stress tolerance was also found to be induced due to the lowering of ethylene production to an optimal level, and accelerating antioxidant activities of enzymatic and nonenzymatic entities such as AsA, POD, and CAT in M. oleifera plants under drought stress. These findings also revealed the reshuffling of gene expression and modulation in the result of the fungal-plant association triggering the optimal ethylene biosynthesis and increased POX and CAT activity in M. oleifera plants under drought stress.

Finally, the current findings may be useful not only for the scientific communities of the pharmacological and pharmaceutical industries but also for farmers and forest scientists in the agroforestry industry to use this newly reported endophytic consortium as a bioengineer and bio-stimulant for the alleviation of drought stress in M. oleifera to promote sustainable agroforestry in drought-prone regions around the globe. Moreover, the current study also suggests that TP and TR endophytic fungi could be employed as biofertilizers for active crop production and stress reduction, particularly in arid regions with dry and xeric conditions.
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In this study, daily changes over a short period and diurnal progression of spectral reflectance at the leaf level were used to identify spring wheat genotypes (Triticum aestivum L.) susceptible to adverse conditions. Four genotypes were grown in pots experiments under semi-controlled conditions in Chile and Spain. Three treatments were applied: i) control (C), ii) water stress (WS), and iii) combined water and heat shock (WS+T). Spectral reflectance, gas exchange and chlorophyll fluorescence measurements were performed on flag leaves for three consecutive days at anthesis. High canopy temperature (HCT) genotypes showed less variability in their mean spectral reflectance signature and chlorophyll fluorescence, which was related to weaker responses to environmental fluctuations. While low canopy temperature (LCT) genotypes showed greater variability. The genotypes spectral signature changes, in accordance with environmental fluctuation, were associated with variations in their stomatal conductance under both stress conditions (WS and WS+T); LCT genotypes showed an anisohydric response compared that of HCT, which was isohydric. This approach could be used in breeding programs for screening a large number of genotypes through proximal or remote sensing tools and be a novel but simple way to identify groups of genotypes with contrasting performances.
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1 Introduction

Climate change is intensifying local environmental constraints. For many areas, it is predicted that rainfall will progressively decrease, and extreme heat events will become increasingly common (Dixon et al., 2009; Rebetzke et al., 2012; Hernández-Barrera et al, 2017). In addition, the competition for water resources between human and industrial consumption will increase, affecting food security (e.g., grain production) in the coming decades (Trethowan et al., 2005; Tilman et al., 2011; Mohanty et al., 2020).

Bread wheat (Triticum aestivum L.) is one of the most important crops for the human diet, and one of the most widely cultivated in the world (Braun and Payne, 2013). In Mediterranean-climate areas, drought and heat have detrimental consequences during anthesis and grain filling, affecting grain yield (GY) and its components (Thomas and Ougham, 2014; Pinto et al., 2016; Velu et al., 2016; del Pozo et al., 2019). Breeding is one of the pillars for wheat adaptation to the threats imposed by climate change, with phenotyping being considered the bottleneck, in terms of the management of the huge information of the phenotype generated, limiting genetic advance (Araus and Kefauver, 2018; Yudina et al., 2020).

Plant phenotyping using different remote sensing approaches is receiving increasing interest among plant breeders and their users in agriculture. Among remote sensing methods, canopy, or even single leaf reflectance (represented graphically by the spectral signature) is closely related to the ability to absorb and transmit incident radiation under a particular environmental condition (Garbulsky et al., 2011), therefore a useful indicator of the plant physiological status (Peñuelas and Filella, 1998) and the Genotype by Environment (GxE) effect (Vilmus et al., 2014; Garriga et al., 2017). For instance, in a single scan, high-resolution field spectrometers acquire the reflectance of a wide range of wavelengths (350 – 2,500 nm), and this spectral signature can be related to various leaf, plant or crop traits using spectral reflectance indices (SRIs; relationships between particular wavelengths or spectrum bands), such as the normalized difference vegetation index (NDVI), which is related to leaf or canopy greenness (Babar et al, 2006a), and the photochemical reflectance index (PRI), associated to the xanthophyll’s activity (Gamon et al., 1992; Hernandéz-Clemente et al, 2011). Another approach to using reflectance information is through multivariate regression models to predict physiological or productive traits, that include part or the whole spectral signature (Graeff and Claupein, 2007; Sridhar et al., 2007; Winterhalter et al., 2011; Mullan, 2012; Fallon et al, 2020; Xie et al., 2020), and classification methods for direct identification of the elite genotype group (Garriga et al., 2017). Changes in the spectral signature have been associated with modifications in plant tissue properties like the hydration state or chemical composition of oak leaves (Quercus spp.) (Cavender-Bares et al., 2016), stomatal conductance of cotton plants (Gossypium hirsutum) (Vitrack-Tamam et al., 2020), or leaf photosynthetic traits (Peñuelas and Filella, 1998; Silva-Pérez et al., 2020) and carbon isotopic discrimination in the grains of wheat (Lobos et al., 2014; Garriga et al., 2021).

Nevertheless, the leafe spectral signature not only describes the biochemical an physiological state of a genotype at a certain or punctual moment, but it also integrates of environmental events throughout the growing season until the day of measurement (Marcińska et al., 2013; Lobos et al., 2019; Banerjee et al., 2020; Vitrack-Tamam et al., 2020); without ignoring the possible epigenetic effect of environmental characteristics that have impacted the seeds used for the crop (Crisp et al., 2016). Since both the uniqueness of each season’s environmental characteristics and the plasticity of the genotype are reflected in the morpho-physiological and physico-chemical traits (Elazab et al., 2012; Jäger et al., 2014; Petrov et al., 2018; Kanbar et al., 2020; Yan et al., 2020). Also, since the hydric state of the plant is closely associated with the ability to satisfy the atmospheric demand for evapotranspiration (Kudoyarova et al., 2011; Zhang et al., 2018), changes in the daily and diurnal vapor pressure deficit (VPD) should be accompanied by changes in the spectral signature (Magney et al., 2016). Thus, genotypes with contrasting tolerance to abiotic stresses should have different responses in their spectral signature to changing environmental conditions.

Thus, the aim of this work was to evaluate the daily changes (three consecutive days) in the leaf spectral reflectance, leaf gas exchange, chlorophyll fluorescence and pigment content, of spring wheat genotypes exposed to water stress (WS) and WS combined with heat stress (WS+T). It was hypothesized that genotypes more affected by environmental conditions should exhibit larger differences in spectral signature among the evaluated days. Furthermore, if the above is true, the analysis of its diurnal spectral signature should be consistent with the pattern observed in the day comparison, due to diurnal changes in air temperature and VPD.



2 Materials and methods


2.1 Selection of four genotypes for the study

Four spring wheat genotypes of contrasting canopy temperatures (CT) and GY under rainfed conditions (Table 1) were selected from a panel of 384 cultivars and advanced lines from CIMMYT Mexico, INIA Uruguay and INIA Chile. The panel was previously evaluated under rainfed (and high VPD) and irrigated (and reduced VPD) Mediterranean conditions, in 2011 and 2012 (del Pozo et al., 2016); the four genotypes were chosen among a subset of 104 genotypes, having a range of 80 – 83 d from sowing to earing, 4.3 – 5.6 of leaf area index at anthesis and 93 – 100 cm of plant height at anthesis.


Table 1 | Original phenotypic characterization of the four genotypes studied (from a panel of 384 individuals under severe water deficit and high VPD conditions) grown under field conditions, during the 2011 and 2012 seasons.





2.2 Experimental setup

The four spring bread wheat genotypes were assessed in two controlled condition experiments, one in conventional glasshouses at the Universidad de Talca - Chile (UTALCA experiment: 35°24’20” S, 71°38’5” W) in 2018, and the second in plastic growth chambers placed outdoors at the Universidad de las Islas Baleares – Spain (UIB experiment: 39°38′ 17″ N, 2°38′54″ E) in 2019.

At UTALCA, two glasshouses were used (12 × 9 m and enclosed with alveolar polycarbonate sheets of 6 mm thickness and 86% solar transmission); one was open laterally (only the roof covered to shield plants from rain or fog), representing ambient temperature conditions (At), and the other was fully enclosed, and temperature controlled to ~8°C above At (At+8). At UIB growth chambers (1.7 × 5 m; transparent polyethylene film) were set up to provide both the At and At+8 conditions. Temperature and relative humidity (RH) were recorded with HOBO® Series H8 sensors (Onset Computer Corporation, MA, USA) at UTALCA and HOBO® UX100-003 sensors at UIB. Temperature and RH data were used to calculate VPD during the experiments (Table 2).


Table 2 | Environmental vapor pressure deficit (VPD) and air temperature during the three days of evaluations (D1, D2, and D3) under controlled conditions at ambient temperature (At; only the glasshouse roof covered) and at increased ambient temperature of 8°C (At+8).



Genotypes were exposed to the following growing conditions during anthesis: i) control (C: substrate ~75% pot water capacity and ambient temperature); water stress (WS: under At, substrate ~30 and 50% of pot water capacity at UTALCA and UIB experiments, respectively); and iii) water and heat shock combined (WS+T: water deficit and ambient temperature increased by around 8°C).

For the UTALCA experiment, 40 seeds of each genotype were sown in 20 L plastic containers (radius: 15 cm; height: 50 cm), filled with a 6:1:1 mixture of river sand, organic soil and perlite. For the UIB experiment, 20 seeds of each genotype were sown in 10 L plastic containers (radius: 12.5 cm; height: 19.5 cm), filled with a 1:1 mixture of river sand and perlite. In both experiments, the seeds were distributed in concentric circles, sowing an outer ring to minimize edge effects at the root level (i.e., plants growing in contact with the wall of the pot; 10 and 5 seeds in UTALCA and UIB, respectively) and the inner rings with seeds of plants that were to be measured (30 and 15 seeds in UTALCA and UIB, respectively). Both in UTALCA and UIB, fertilizer was applied weekly, comprising 1,000 ml of full-strength Hoagland’s nutrient solution (Hoagland and Arnon, 1950).



2.3 Experimental design and measurements

The two trials were conducted as a completely randomized design, with three replicates (pots) per treatment and genotype. To determine the maximum water holding capacity, each pot was watered until saturation and weighed after 24 h of drainage to determine the amount of water required to reach 100% pot capacity. During the experiments, pots were weighed daily. All pots were treated as control plants (C) until flag leaf blades were fully unfolded (Z41; Zadoks et al., 1974). From Z41 to anthesis (Z68), plants of each genotype were divided in two groups: 1/3 were kept as C and 2/3 were exposed to WS conditions. At Z68, plants under WS were again divided in two groups, half continued in WS while the other plants were exposed to WS+T in the At+8 environment.

The leaf spectral signature and gas exchange was determined for each genotype and treatment. In the UTALCA and UIB experiments, once the combined stress (WS+T) was imposed, measurements were performed immediately on three consecutive days (D1, D2, and D3), at solar zenith, just before the plateau of the maximum daily atmospheric demand for water. In addition, to test whether genotypic differences within the day (diurnal progression) were consistent with those in reflectance observed between days, on D3 the spectral reflectance was evaluated at 10:00, 11:30, 13:00, 14:30, and 16:30 h (UTC - 4), in the UTALCA experiment. Spectral reflectance and gas exchange evaluations were carried out on the middle third of healthy and sun-exposed flag leaves. At UTALCA, three flag leaves per pot were selected for each assessment, while at UIB, two flag leaves were considered per replicate. Different leaves were considered in each evaluation for both progression between days and within the day.


2.3.1 Spectral reflectance

At UTALCA, the reflectance was recorded with a FieldSpec 3 Jr. portable spectrometer (Analytical Spectral Devices ASD Inc., Boulder, CO, USA) over a spectral range 350 – 2,500 nm, and a spectral resolution of 3 nm from 350 to 1,000 nm and 30 nm from 1,001 to 2,500 nm. The fiber was inserted into a contact probe device (ASD Inc., Boulder, CO, USA) equipped with a halogen light (5 W), generating a measuring spot of ~5 mm radius. The spectrometer was calibrated every 15 min with a white reference tile (Spectralon®, ASD Inc., Boulder, CO, USA). The equipment was configured to integrate three samples per scan, and ten scans per leaf (as described in Lobos and Poblete-Echeverría, 2017). The data were extracted using View Spec Pro 2008 software (ASD Inc., Boulder, CO, USA). The exploratory analysis of the spectral reflectance data was performed using SK-UTALCA software (Lobos and Poblete-Echeverría, 2017).

At UIB, reflectance measurements were performed with a Vis/NIR optical spectrometer (Jaz-EL350, Ocean optics, Dunedin, FL, USA) equipped with a halogen tungsten light source (4.75 W) and a QP600-1-SR-BX optical fiber (Ocean Optics, Inc., Dunedin, FL, USA; spectral range 400 – 900 nm), with 0.3 nm spectral resolution. The calibration parameters were adjusted to 10 ms for the integration time, with a light intensity of 2,500 (counts). Before measurement, the spectrometer was calibrated to 100% reflectance using a white reference panel (Ocean Optics, Dunedin, FL, USA), while the dark calibration was obtained with a black panel. The equipment was configured to integrate ten scans per leaf. Because there was not enough space to take measurements in the growth chambers, spectral reflectance was measured in a room (25°C) adjacent to the chambers.



2.3.2 Leaf gas exchange, chlorophyll fluorescence and pigment content

At UTALCA, leaf net CO2 assimilation (An), the stomatal conductance (gs) and the leaf temperature (Tl) were evaluated using a CIRAS 2 infrared gas analyzer (IRGA) (PP Systems, Amesbury, MA, USA), with a narrow-leaf cuvette (1.7 cm2) at a flow rate of 250 ml min-1, CO2 concentration of 400 ppm, cuvette temperature of 25°C, and photosynthetically active radiation (PAR) of 1,500 µmol m-2 s-1. At UIB, measurements were performed with a Li-6400xt portable photosynthesis system (LI-COR Inc., Lincoln, Nebraska, USA). The environmental parameters of the leaf chamber were adjusted to equal those of the UTALCA experiment, except for the temperature of the cuvette, which was set at room temperature.

In UTALCA experiment, chlorophyll fluorescence (Chlf) was assessed using a portable pulse amplitude modulated fluorometer (PAM-2500, Walz, Germany). The minimum and the maximum yield of fluorescence under dark conditions (Fo and Fm, respectively), were measured on leaves adapted to darkness for 20 minutes with a Leaf-Clip (Leaf-Clip Holder 2030- B, Walz, Germany). Then, a rapid light curve (RLC) was performed in the same leaf spot. For that, the equipment was programmed to emit 10 pulses of actinic light at different levels of photosynthetically active radiation (PAR), which increased from 0 to 1,982 μmol m-2 s-1 (the time between each PAR level was six seconds). At each PAR, the minimum calculated and the maximum yield of fluorescence under light conditions (~Fo´ and Fm´, respectively), were automatically recorded.

Anthocyanin content was estimated using a non-destructive portable chlorophyll meter (Dualex, Force A, France); values are given in relative absorbance units from 0 to 1.5.




2.4 Data analyses

The genotypic (G) variability of the spectral signature under each treatment (environment-E) was assessed through direct comparison (ANOVA and p-values < 0.05) of the spectral signatures at the wavelength level (Lobos et al., 2019). Thus, the first reflectance measurements (i.e., measurements of D1 compared with D2 and D3 in case of the daily analysis, and measurement at 10:00 h with each moment of measurement in the diurnal progression analysis) were compared (ANOVA, p-values < 0.05; n = 9 and 6 in UTALCA and UIB experiments, respectively) to the subsequent ones. When significant differences were found (Tukey’s multiple comparison test, p-values < 0.05) between the said spectral signatures, the percentage change with respect to the first measurement was calculated and plotted.

To establish statistical differences in the gas exchange performance of the genotypes and environments, multifactor ANOVA (p-values < 0.05; n = 9 and 6 in UTALCA and UIB experiments, respectively) was carried out on Tl, gs, and An. When significant differences were found, Tukey’s test (p-values < 0.05) was applied. To identify the genotypic variability of biochemical limitations of photosynthesis to the generated environmental conditions, the relationship between An and gs was studied through regression analysis (Medrano et al., 2002; Gago et al., 2020).

Finally, in the UTALCA experiment, the spectral reflectance was also used to calculate the normalized difference vegetation index (NDVI; [R780 - R670]/[R780 + R670], Babar et al., 2006a) and the photochemical index (PRI; [R570 - R531 - R670]/[R570 + R531 + R670], Hernández-Clemente et al., 2011). Pearson correlation analyses were performed using both SRI and vapor pressure deficit (VPD), relative humidity (RH), air temperature (Ta), anthocyanin content (Anth) and leaf temperature (Tl). These SRIs were also used to characterize the behavior of the genotypes, both between and within the day.

Statistical analysis was performed with RStudio v. 1.2.1335 (RStudio Inc.).




3 Results


3.1 Environmental conditions during the experiment

The average temperature and VPD was increased by 8°C and 1.6-2.3 kPa, respectively, at the elevated temperature regime, in both experiments (Table 2). However, temperature at At regime – and, consequently, at all other regimes – was higher in the UIB experiment compared to the UTALCA experiment. During D3 of the diurnal progression study (UTALCA), the ambient temperature and VPD gradient also increased from 09:00 h (At: 14.2°C and 0.65 kPa; At+8: 25.0°C and 2.85 kPa) to a peak between 14:00 and 16:00 h (At: 25.9°C and 2.41 kPa; At+8: 33.2°C and 4.1 kPa).



3.2 Determining spectral signature stability throughout daily progression analysis

The spectral reflectance signature of plants growing under C, WS, and WS+T treatments over time (D1 to D3) varied among genotypes according to the CT performance (Figure 1). The spectral reflectance of low CT genotypes (LCT-HGY and LCT-LGY) showed greater variation between days (Figures 1A–F) than did that of high CT genotypes (HCT-LGY and HCT-HGY) (Figures 1G–L). Although somewhat less evident than under stress conditions, this behavior was also reflected in the control condition. The major changes in high CT genotypes were observed on D2 (red lines in Figures 2G, J), while the greatest changes were found in the low CT genotypes in D3 (blue lines in Figures 2A, D). In addition, genotypes showed different patterns throughout the day according to their CT. The mean reflectance signatures of low CT genotypes continued to decrease from D2 to D3, with respect to D1 (Figures 2A–F), while in high CT genotypes, reflectance stopped changing or increased in the direction of their initial condition in D1 (Figures 2G–L). The effects of WS and WS+T treatments on the spectral signature performance was lower in low CT genotypes compared to high CT genotypes, particularly in the UTALCA experiment (Figure 2). In the case of HCT-HGY, greater differences were observed in the patterns of the spectral signature under WS and WS+T. Under WS treatment (Figure 2H), the reflectance in the VIS and the first part of the NIR increased during D2 and D3 with respect to D1 (negative differences), but at wavelength > 1,400 nm, the reflectance decreased compared to D1 (positive values). While under WS+T conditions, in almost the entire spectra, the reflectance during D2 and D3 increases, compared to D1 (Figure 2J). In the case of HCT-LGY under WS, the spectral reflectance was reduced on D2, compared to D1, but the opposite was observed in D3 (Figure 2K). The same tendency was observed for the WS+T treatment.




Figure 1 | Leaf spectral signatures assessed on three days (D1; red line, D2; yellow line; and D3; blue line) in four spring bread wheat genotypes, growing under control conditions (C, substrate ~75% pot water capacity and ambient temperature) (A, D, G, J), soil water stress (WS, substrate of ~30 and 50% of the pot water capacity in the UTALCA and UIB experiments, respectively; ambient temperature) (B, E, H, K), and combined soil water and heat stress conditions (WS+T, substrate of ~30 and 50% of the pot water capacity in the UTALCA and UIB experiments, respectively; ambient temperature increased by around 5 – 7°C) (C, F, I, L). According to the canopy temperature (CT; high-H and low-L) and productivity (GY; high-H and low-L), genotypes were designated as: LCT-LGY, LCT-HGY, HCT-HGY, and HCT-LGY. Measurements were performed just before the plateau of the maximum daily atmospheric demand for water (13:00 h). Data from the UIB experiment ranges from 400 to 900 nm. For reference purposes only, the horizontal black dashed lines represent 20% and 50% of reflectance; the dashed red line on the WS and WS+T curves represents the D1 leaf spectral signature in C; n = 9 in the UTALCA experiment and n = 6 in the UIB experiment.






Figure 2 | Statistical differences in spectral reflectance calculated as the percentage change in the wavelength level between days of assessment (D1 to D3: D1-D2 red line, and D1-D3 blue line; at each wavelength, interruptions in the lines indicate sections without statistical differences, p < 0.05) in four spring bread wheat. Genotypes and treatments are indicated in Figure 1. Measurements were performed just before the plateau of the maximum daily atmospheric demand for water (~13:00 h). n = 9. The dashed vertical lines indicate the peaks around 380, 680, 1450, and 1950 nm.



Unlike in the UTALCA experiment, where the differences between the reflectance were detected from 350 nm onwards, especially in low CT genotypes, in the UIB experiment, the divergences were evident at 700 – 900 nm. However, in both experiments the electromagnetic spectrum regions with the greatest percentage of change in relation to D1 were 350 – 740 nm (high CT: -33 – 15%; low CT: 2 – 70%), 1350 – 1600 nm (low CT: 8 – 36%; high CT: -17 – 12%), and 1850 – 2500 nm (low CT: 0 - 47%; high CT: -12 – 43%) (Figure 2). There were four peaks that differed in intensity between CT groups: 380, 680, 1,450, and 1,950 nm.



3.3. Determining spectral signature stability through diurnal progression analysis

Spectral signature changes recorded within the day (10:00 – 16:30 h) (Figures 3, 4) followed similar patterns to those described for the daily progression analysis. Low CT genotypes, also showed greater differences than high CT genotypes, when comparing the changes in spectral signatures recorded at 10:00 with those recorded later in the afternoon. The spectral signature performance at 12:30 and 16:30 h appears to be the same in the high CT genotypes (Figures 4H, I, K, L); also, under the control conditions in the four genotypes (Figures 4A, D, G, J).




Figure 3 | Leaf spectral signatures throughout the third day of evaluation (10:00 h: blue line, 11:30 h: red line, 12:30 h: green line, 14:30 h: orange line, and 16:30 h: black line) of four spring bread wheat genotypes. Genotypes and treatments are indicated in Figure 1. For reference purposes only, the horizontal black dashed lines represent 20% and 50% reflectance; the 10:00 h C measurements of each genotype are represented as dashed blue lines on the WS and WS+T signatures; n = 9.






Figure 4 | Statistical differences in the spectral reflectance calculated as the percentage change in wavelength level during the day (10:00/11:30 h red line, 10:00/12:30 h green line, 10:00/14:30 h yellow line, and 10:00/16:30 h black line; at each wavelength, interruptions in the lines indicate sections without statistical differences, p < 0.05) of four spring bread wheat genotypes. Genotypes and treatments are indicated in Figure 1.  n = 9. The dashed vertical lines indicate the peaks around 380, 680, 1450, and 1950 nm.





3.4 Gas exchange assessments

Regarding the initial selection of the genotypes by leaf temperature (Table 1), the results show that these CT characteristics were maintained in the present study when analyzing the gas exchange performance of the genotypes (Figures 5A–C). The ANOVA performed for each day of evaluation, at UTALCA experiment, shows statistical differences between genotypes in gs, An, Fm, Fm´, Fo and ~Fo´ during the three days, meanwhile Tl just on D3. In the case of the treatments, each day shows significant differences among them. For the interaction between genotype and treatment, we found significant differences for the gs and the fluorescence variables (Supplementary Table 2). In the case of the UIB experiment, the genotypes showed statistical differences in An on the three days. During D2, both low CT genotypes showed lower Tl (4°C minus) than high CT genotypes. in terms of the treatments, similar to UTALCA, showed statistical differences at each day. In D1, the three variables have significative interactions (Supplementary Table 2). In general terms, the high CT genotypes had lower gs and An values across both experiments (Figures 5D–I), than the low CT. In consequence, the leaf temperature of both high CT genotypes was higher compared to low CT genotypes. In all genotypes, gs and An were strongly reduced under WS and WS+T (Figures 5 D–I). The two genotypes with lower CT tend to had higher fluorescence level during D1 and D3. Genotypes under C conditions in the UTALCA experiment showed similar gs and An levels during the three days of the experiments (Figures 5D–I).




Figure 5 | Leaf temperature (Tl) (A–C), stomatal conductance (gs) (D–F), and leaf net CO2 assimilation (An) (G–I) of four genotypes evaluated at three days: D1 (A, D, G), D2 (B, E, H), and D3 (C, F, I). Genotypes and treatments are indicated in Figure 1. Fully shaded columns represent data collected in the UTALCA experiment, while partly shaded columns are data collected in the UIB experiment. The genotypes in each figure are ordered from highest to lowest gs according to C in the UTALCA experiment. Values are averages ± standard error (n = 3).



The high CT genotypes were the most affected by the combined stress conditions on D1, however gs and An progressively reached the same values of WS conditions on D3 (Figures 5E, F, H, I). In both trials, HCT-HGY show the greater capacity to overcome the WS+T condition than HCT-LGY, which in the case of the UTALCA experiment achieves almost similar gs values than under C.

The relationship between An and gs indicated that for a given value of gs, An was higher in the UTALCA experiment, in all genotypes (Figure S3). Although with different IRGAs, it is interesting to note that at the same gs level, the differences in An between experiments were lesser in the high-yielding genotypes (Figures S3A, C) than in the low-yielding genotypes (LCT-LGY and HCT-LGY) (Figures S3B, D). Greater genotypic differences were found at values of gs above 150 mmol H2O m-2 s-1 in the UTALCA experiment, while at UIB, genotypic variability was evident at lower gs levels (Figures. S3E, F). In these sense, two groups were identified according to CT (i.e., Lower and High). Despite the dissimilarities associated with experiment location, the HCT-HGY genotype always had a lower ratio An/gs (Figures S3E, F).



3.5 Relationship between spectral reflectance indices with environmental and physiological variables

The results of the correlation analysis between the studied SRIs and both the environmental (VPD, HR, air temperature) and foliar (temperature and anthocyanins) characteristics varied according to the index (Table 3). Thus, at compare NDVI and PRI, the first one showed a wide and significance association in LCT-LGY and LCT-HGY. On the other hand, correlations with the same genotypes showed higher variability with PRI.


Table 3 | Pearson correlation analyses (r and p-values) of the relationships between spectral reflectance indexes (normalized difference vegetation index; NDVI and photochemical index; PRI), with the vapor pressure deficit (VPD), relative humidity (RH), air temperature (Ta), anthocyanins content (Anth), and leaf temperature (Tl) in the UTALCA experiment during the 2018 season, for four spring bread wheat genotypes on three days of evaluation for plants growing under control conditions (C), soil water stress (WS) and combined soil water and heat stress conditions (WS+T).





3.6 Consistency between reflectance and fluorescence assessments

A similar trend of changes was observed when comparing daily mean values of reflectance at 380, 680, 1,450 and 1,950 nm (where differences were most evident when comparing D1 versus D2 and D3), with daily mean values of chlorophyll fluorescence variables. In other words, the low TC genotypes showed greater variability at wavelengths 380, 680, 1,450, 1,950 nm and in Fo, ~Fo’, Fm and Fm’, from D1 to D3 (Figures 6A–D), whereas in the high TC genotypes smaller changes were observed between days. In fact, HCT-HGY had no change in Fm and Fm’ between days, whereas HCT-LGY had the same performance in Fo and ~Fo’ (Figures 6E–H). Also, higher and significative correlations of gas exchange (Tl, gs and An) and fluorescence variables with the wavelength’s reflectance (at 380, 680, 1,450 and 1,950 nm) were found (Supplementary Table 1). During D1, the gas exchange and fluorescence variables have higher correlations with the reflectance of the wavelengths especially under WS and WS+T. The physiological traits correlate better with the 380 and 680 nm; gs and An, correlate better with 380 nm, while fluorescence variables with the four wavelengths.




Figure 6 | The mean value, considering the three treatments, of the selected wavelength reflectance (380 nm; (A), 680 nm; (B), 1,450 nm; (C), 1,950 nm; (D), and chlorophyll fluorescence variables (Fo; E, ~Fo´; F, Fm; G, Fm´; H), at UTALCA experiment, measured in each genotype (LCT-LGY; green, LCT-HGY, red; HCT-HGY; orange, HCT-LGY, blue), on the three days of evaluations (D1, D2, and D3). Values are averages ± standard error per day (n = 9).






4 Discussion

The environmental data (Table 2), and specifically the range of ambient temperatures and VPD, suggest that plants at UTALCA under WS+T were subjected to a moderate atmospheric demand (i.e., 1.5 KPa) and moderate heat stress (i.e., 32°C) (Lizana and Calderini, 2013). It has been reported that gas exchange, specifically gs, is reduced by around 17% in anthesis when plants are subject to an environment with heat shock of 32°C and full irrigation (Djanaguiraman et al., 2020). The results of this study showed a reduction of gs and An higher than 30% due to the plants being subjected to two stressor factors (water and heat shock). In the UIB experiment, in addition to higher VPD (> 3.5 KPa) in WS+T condition, the high night temperatures (night mean of 24°C at UIB, versus 13°C at UTALCA, data not shown) were also involved in the plant response to stress environment (i.e., spectral reflectance and gas exchange variables) (Fleitas et al., 2020; Fakhet et al., 2021). Furthermore, plants were exposed to severe environmental stress than in the UTALCA experiment.

Different studies report an anisohydric and isohydric performance of wheat genotypes, although early works classified mainly as anisohydric species (Henson et al., 1989; Tardieu and Simonneau, 1998), both types of stomatal control have been described in wheat genotypes. The anisohydric stomatal response is related to a less conservative water strategy in terms of transpiration (De Boeck et al., 2011; De Boeck et al., 2016). Genotypes with this type of response have higher rates of transpiration and gs, until drought becomes severe and stomatal closure occurs (Gallé et al., 2013; Liu et al., 2018). Different mechanisms are associated with this response such as ABA synthesis at root level (Gallé et al., 2013; Saradadevi et al., 2014; Saradadevi et al., 2016; Giusti et al., 2017), osmotic adjustment, the increase of osmoprotective compounds (Smirnov et al., 2020) and the increase of antioxidant capacity (Gallé et al., 2008) at leaf level (Smirnov et al., 2020). On the contrary, the isohydric stomatal response has the opposite behavior, more conservative water losses by faster stomatal closure under water stress conditions, due to a higher sensitivity to abscisic acid signals (Blum, 2015). In this study, low CT genotypes maintained higher gs levels in both stress environments, representing a nearly anisohydric stomatal response (Supplementary Figures S4E, F). On the other hand, the high CT genotypes in the WS+T condition, showed an isohydric stomatal regulation, based on a stronger reduction of gs and An at D1, reflecting a greater sensitivity to abscisic acid signals (Blum, 2015). With such stomatal control the dispersion of gs and An across days remains low and constant (Figures S4E, F); a more conservative strategy to maintain tissues water status, at the cost of low CO2 assimilation due to stomatal closure (Davies and Pereira, 1992; Maroco et al., 1997; Negin and Moshelion, 2017; Fallon et al., 2020). As in this study, Bayoumi et al. (2015) compared the plant CT of wheat genotypes at zenith, and were able to recognize the most contrasting isohydric and anisohydric material.

Spectral reflectance performance can be related to anisohydric or isohydric performance. For example, measuring at zenith the PRI and NDVI, Vaz et al. (2016) was able to differentiate between anisohydric and isohydric grapevines cultivars under drought conditions. As in this work, isohydric cultivar did not showed significant variations in their spectral reflectance signatures or in the NDVI and PRI pattern compared to the anisohydric cultivar. Similar results were reported by Sobejano-Paz et al. (2020) comparing species with different stomatal control under water deficit; maize (anisohydric) and soybean (isohydric).

In particular, the changes in the PRI are associated with xanthophyll activity which increase under stress (Gamon et al., 1992). Hence, the change of PRI reflects the variation of photosynthetic activity in a certain period (i.e., through the days and hours), as a response to the stomatal and xanthophylls activity under different environments (Gerhards et al., 2018). Likewise, changes in NDVI could be related to tissue hydric status, the photosynthetic activity considering the total canopy green area, or at the leaves level (chlorophylls content) (Gamon et al., 2015; Duan et al., 2017) and also, by stomatal control. In the present work, the low CT genotypes presented higher correlations of SRIs (NDVI higher than PRI) with both the anthocyanin content and the recorded environmental variables, compared to high CT genotypes (Table 3); nevertheless, the interpretation of NDVI is far from easy, and changes in the NDVI could occur by mechanisms other than chlorophylls loss (Atherton et al., 2020).

In addition, the daily behavior of the spectral signature (Figure 2) and the calculated SRIs (Supplementary Figure S1) were consistent with the pattern during the day (Figure 4 and Supplementary Figure S2); in all tested environmental conditions, increase in VPD and environmental temperature throughout the day resulted in changes in the spectral signature, greater in the low CT genotypes than in high CT ones, mainly in the VIS-NIR region. In fact, Weksler et al. (2020) report the association between changes in the transpiration rate and the spectral signature in pepper plants under different levels of potassium fertilization, evaluated every hour from 07:00 to 17:00 h; leaf spectral reflectance in the morning differed from those in the noon or afternoon, in the VIS-NIR region, as was observed in our results. In the case of the reflectance in the NIR region (700–1300 nm), it has been related to morphological characteristics of the leaf, such as cuticle, intercellular air space, the ratio between palisade mesophyll and spongy mesophyll (Peñuelas and Filella, 1998). In this sense, Willick et al. (2018) determined that, a drought tolerant wheat genotype differs from a susceptible in epidermal characteristics like, higher epicuticular wax density on the adaxial flag leaf surfaces and larger bulliform cells (Uddin and Marshall, 1988). We speculate that the evaluated genotypes in the present work may differ in these types of features, which may partly explain the differences in spectral responses, considering that they originated in different environments (breeding programs Table 1). These structural features have been associated with leaf water status and with several SRIs based on NIR wavelengths (El-Hendawy et al., 2019).

Significant peaks were found in the shortwave‐infrared range (SWIR, ~1,300 – 2,500 nm) that allow to differentiate the genotypes according to their CT (Supplementary Figures S4A−E, S5). The dynamics changes of reflectance peaks at 1,450 and 1,950 nm in the UTALCA experiment (daily and the diurnal progression analysis), could be explained by changes in tissue water content because that wavelength has been reported for estimating plant water status (Curcio and Petty, 1951; Palmer and Williams, 1974; Ihuoma and Madramootoo, 2019; Chandel et al., 2020). For example, El-Hendawy et al. (2019) identified wavelengths associated with changes in relative water content, developing a set of new SRIs for estimating leaf water status and grain yield of spring wheat grown under different irrigation regimes. Nevertheless, they also discuss about the low prediction capacity of SRIs when changes in the traits to be evaluated are slight to moderate (Lobos et al., 2014; Romero-Bravo et al., 2019).

It is well established that plants that maintain gs and An, under mild to moderate drought conditions (i.e., anisohydric stomatal control) have greater CO2 fixation, thus is usually associated with a greater tolerance to abiotic stress (Drew, 2006; Sade et al., 2009; Gallé et al., 2013; Rashid et al., 2018; Pawłowicz and Masajada, 2019). Nevertheless, the result of this work also suggests that the selection of higher CT (HCT-HGY) material not always will turn into a low GY genotype.

New sources of genotypic variability for GY improvement are difficult to find, and this may compromise food security (Ray et al., 2013). If an isohydric genotype is selected in a high GY-based breeding program for tolerance to drought, the genotype might have the capability to mobilize a higher proportion of carbohydrates to the grain; as in the case of HCT-HGY, probably due to an improved harvest index (HI; Carmo-Silva et al., 2017). Nevertheless, according to this study, it appears that GY would be more associated with differences in the intrinsic water use efficiency between locations (UTALCA vs. UIB) than with the CT pattern; high GY genotypes showed a smaller distance between both An/gs regressions (Supplementary Figures S3A, C) compared to the low GY genotypes (Supplementary Figures S3B, D). A similar tendency of lower dispersion in spectral signature and gas exchange parameters (gs and An) was found in both high CT genotypes (isohydrics), which could be associated with their lower response to environmental fluctuation (Supplementary Figures S4 , S5).

Finally, the present methodology, based on daily or diurnal progression analysis of spectral signature, appears to be a simple and consistent alternative to evaluate genotypic variability for a particular environmental condition (G x E), with the ability to discriminate between isohydric and anisohydric material; which is a trait used as selection criteria and for planning new crosses (Medina et al., 2019; Feng et al., 2020). This affirmation is reinforced when comparing the change in the daily and the diurnal progression of spectral signature (Figures 2, 4). In particular, the selected wavelengths (380, 680, 1,450 and 1,950 nm, Figures 6A–D), that allow to differentiate the genotypes performance better than Chlf variables (Fo, ~Fo´, Fm and Fm´) (Figures 6E–H). Also, the wavelengths showed higher and significant correlations with the chlorophyll fluorescence and gas exchange variables (Supplementary Table 1). Chlorophyll fluorescence and gas exchange parameters are widely used for genotype or cultivar selection under abiotic condition in different species (Flexas et al., 2000; Flexas et al., 2002; Estrada et al., 2015), however both measurements, at leaf level, are time consuming and therefore the number of measurements that can be performed is limited. In case of the Chlf measurements, methodologies have been developed to estimate sun-induced Chlf through spectral reflectance (proximally or remotely), to solve the time-consuming problem of measurements made at leaf level (Ni et al., 2019), increasing the number of genotypes evaluated in breeding programs (Azam et al., 2015; Bai et al., 2016; Song et al., 2018). Also, the two peaks of Chlf, centered at 685 nm and 740 nm (Corp et al., 2003; Meroni et al., 2009), have similar trends with Chlfvariables, especially the one at 740 nm (Supplementary Figure S6). It is interesting to note the shape of Fm and Fm´ of HCT-HGY across days, that could be an indicative of PSII photo-activity stability, through a constant capacity for harvesting and transfer of light energy in the mesophyll cells, which is reflected in Fm and Fm´ behavior. On the contrary, gas exchange measurements still to be performed at leaf level, for what they are time consuming evaluation. In this sense, different approximation has been probed through modeling procedures using spectral reflectance information, to predict the stomatal conduce, the net CO2 assimilation and other variables (Garriga et al., 2017; Sexton et al., 2021). One of the advantages of the spectral reflectance measurements it’s that they are faster (seconds per leaf or at canopy level), and the protocols of measurements at the field are easy to implement, at the difference of gas exchange, Chlf and leaf or canopy temperature. In the particular case of the last type of measurement, different works have been developed to predict the canopy temperature by spectral reflectance information under abiotic stress conditions (Babar et al., 2006b; Kumagai et al., 2022); these arguments highlight that the methodology presented in this works, based on the interpretation of spectral signature patterns in a particular environment, is valuable to be used in the genotype selection with desirable characteristics, such as the transpiration regulation.



5 Conclusion

Spectral reflectance analysis showed the possibility of using the spectral signature to differentiate the contrasting responses of wheat genotypes to VPD fluctuations across days and hours. The low CT genotypes were more responsive to the environmental conditions, showing greater differences in their spectral signatures (mainly in the VIS-NIR region) in each environment, when comparing measurements between days and between hours, than the high CT genotypes. Four wavelengths, two in the VIS (380 and 680 nm) and two in the SWIR (1,450 and 1,950 nm) were identified as revealing the highest differences in the low CT genotypes. Spectral reflectance indices were also effective at evaluating the genotype sensitivity to stress conditions. Higher and significant correlations between NDVI and PRI with VPD and RH were obtained in the more sensible low CT genotypes. The spectral signature differences in low CT genotypes were associated with an anisohydric response to WS and WS+T due to higher gs and lower Tl, while the higher CT showed an isohydric response.

This study highlights some perspectives in the use of spectral reflectance data for evaluating the plant response regarding to the changes in environmental conditions within a short period of time: i) the simple interpretation of the changes in the spectral signature by itself, due to environmental fluctuation, is a powerful tool for contrasting genotype performance (Lobos et al., 2019) related to isohydric or anisohydric responses, and ii) the wavelengths identified (380, 680, 1,450 and 1,950 nm) are interesting candidates to develop new spectral indices that allow evaluating genotypic sensibility to environmental changes.

The methodology used in this work reveals results that can be subsequently validated as a methodology using remote sensing tools in a large number of genotypes, to perform the first evaluations and segregation of genotypes in breeding programs.
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  Wood anatomy and plant hydraulics play a significant role in understanding species-specific responses and their ability to manage rapid environmental changes. This study used the dendro-anatomical approach to assess the anatomical characteristics and their relation to local climate variability in the boreal coniferous tree species Larix gmelinii (Dahurian larch) and Pinus sylvestris var. mongolica (Scots pine) at an altitude range of 660 m to 842 m. We measured the xylem anatomical traits (lumen area (LA), cell wall thickness (CWt), cell counts per ring (CN), ring width (RW), and cell sizes in rings) of both species at four different sites Mangui (MG), Wuerqihan (WEQH), Moredagha (MEDG) and Alihe (ALH) and investigated their relationship with temperature and precipitation of those sites along a latitude gradient. Results showed that all chronologies have strong summer temperature correlations. LA extremes were mostly associated with climatic variation than CWt and RWt. MEDG site species showed an inverse correlation in different growing seasons. The correlation coefficient with temperature indicated significant variations in the May-September months at MG, WEQH, and ALH sites. These results suggest that climatic seasonality changes in the selected sites positively affect hydraulic efficiency (increase in the diameter of the earlywood cells) and the width of the latewood produced in P. sylvestris. In contrast, L. gmelinii showed the opposite response to warm temperatures. It is concluded that xylem anatomical responses of L. gmelinii and P. sylvestris showed varied responses to different climatic factors at different sites. These differences between the two species responses to climate are due to the change of site condition on a large spatial and temporal scale.



 Keywords: cell wall thickness, hydraulic properties, latitudinal gradient, ring width, tracheid size, wood anatomical characteristics 

  1. Introduction.

Environmental changes are likely to affect critical ecological processes that affect key natural resources, especially in northern ecosystems (Baltzer et al., 2014; Carrer et al., 2017). Daxing’anling mountains of Inner Mongolia are major climate change hot spots that belong to the sub-frigid zone with a pronounced cold temperate and continental monsoon climate (Huang et al., 2020; Zheng et al., 2022). Moroever, the Mongolian forests and grasslands of northern regions have also been degraded by dry wind, desertification, soil salinization, and erosion. Environmental changes drastically impact this fragile area and its vicinity, especially in the context of global warming and seasonal water deficit (Bao, 2015; Carvalho et al, 2022). Northeastern region’s forests are affected by reduced rainfall, increased temperatures, and frequent periods of extreme dryness; therefore, studies of forests in northeast China are critical because of their sensitivity and vulnerability to harsh conditions in the frozen ground in the context of regional and global climate change (Zhang et al., 2018).

The key advantage of anatomical features’ are related to tree physiology and their strong connection to hydraulic properties (Souto-Herrera et al., 2018). Wood anatomy and plant hydraulics play a significant role in understanding species-specific responses and the ability to manage rapid environmental changes (Balzano et al., 2020). At the start of the season, earlywood vessels are most efficient for water transfer. At the same time, latewood primarily consists of much smaller vessels developed under the more constrained water conditions of late spring and summer (Aloni, 2015). In coniferous species, most wood components are tracheid, providing both vascular and mechanical support functions (Emanuele et al., 2014). Trees can adapt to changes in external conditions with a high degree of plasticity and variability in newly formed cells. As a result, these changes are recorded in the anatomical characteristics of tree rings (Fonti et al., 2013).

Previous studies have shown that tree ring width depends on changes in climatic conditions and the geographic location of the site (Creasman, 2011). Trees are predicted to increase their elevations; as the environment warms, some changes in treeline elevation have been observed and attributed to global warming (García-Cervigón et al., 2020). In conifers, seasonal environmental conditions hugely determine the ring width and tracheid size; these anatomical parameters affect the intra-annual dynamics of radial growth (Rahman et al., 2016). Mature tracheid is formed at different time intervals, which causes differences in cell size, cell wall thickness, and cell number. Therefore, they are good indicators of intra-annual growth rate and tree-ring structure changes (Fonti et al., 2013; Benkova et al., 2015).

Recently, based on the internal annual characteristics of the tree rings, there has been a growing interest in deciphering the effect of the climate on a whole xylogenetic process, e.g., the sequence of phases that contribute to the environment, through photosynthetic and cambial activities, leads to the creation of new wood tissues ( Rossi et al., 2012; Cuny et al., 2014; 2015). Recent advances in wood anatomy have significantly improved the accuracy and efficiency of xylem structural measurements (Von Arx et al., 2016; Prendin et al., 2017). However, the meristematic processes and mechanisms of radial growth influenced by environmental changes are still poorly understood (Körner, 2015). Tree-ring anatomy is a promising method for uncovering the process of wood formation and exploring the characteristics of cell anatomy. This study analyzed the (1) xylem plasticity of two widespread evergreen tree species Larix gmelinii (Dahurian larch) and Pinus sylvestris var. mongolica (Scots pine), in the Daxing’anling mountains to climatic variability and (2) determine the intra-annual variation of xylem responses to climatic parameters. Xylem anatomical traits such as (lumen area (LA), cell wall thickness (CWt), cell counts per ring (CN), ring width (RW), and cell sizes in rings) were measured of both species at four different sites Mangui (MG), Wuerqihan (WEQH), Moredagha (MEDG) and Alihe (ALH) to investigate their relationship with temperature and precipitation of those sites along a latitude gradient.


 2. Materials and methods.

  2.1 Study area

The Daxing’an Mountains are located in northeast China, extending about 1200 km from north to south. The average width is around 200 km, and the elevation is about 573 m. Its geographical range is between 49.12°N and 52.88°N ( Figure 1 ). The climate of the study area is semi-humid and continental monsoon (Tian et al., 2017). This area has been covered with ice and snow for about half a year. Mean annual temperatures range from -0.8°C to -5.5°C. Annual precipitation varies between 437- 460 mm, with about 80% occurring from June to September ( Figure 2 ). The same study area was also used for our published article (Yasmeen et al., 2019).

 

Figure 1 | Location map of the four sampling sites in northeast China. 



 

Figure 2 | Weather profile of four sampling sites (MG, WEQH, MEDG, ALH) located at the northern Daxing’anling mountains, China. The period of each station used to calculate the monthly mean value was the same as in  Table 1 . 



The study area belongs to the southern margin of the boreal forest. The primary forests are deciduous-coniferous forests having L. gmelinii, P. sylvestris var. mongolica, and other common tree species, including Quercus mongolica, Betula platyphylla, Calamagrostic turczaninowii, Rosa davurica, Pinus pumila, Salix matsudan and Populus davidiana (Gao et al., 2019). Climate data (monthly mean temperature and total precipitation) data set was obtained from the KNMI climate explorer (CRU grid TS 4.01) (http://climexp.knmi.nl). Climatic data and other relevant information about sampling sites are shown in ( Table 1 ) (Yasmeen et al., 2019).

 Table 1 | Information of sampling sites at the Daxing’anling Mountains, northeast China. 




 2.2. Plant material and sampling.

This work was carried out in the central and northern parts of Daxing’an Mountain. P. sylvestris and L. gmelinii species were taken as study material. The targeted species were distributed from 660-842 m above sea level. Two 20 × 20 m experimental plots were delineated at each sampling site for both species. Height and diameter at breast height (DBH) were taken for all the trees in each stand, and five standard trees were selected for tree core sampling from each stand. Tree cores were extracted at breast height (1.3 m) with a Pressler borer close to the local latitudinal limit (i.e., between 660-843 m). From each sampling site, 25 samples were taken (5 from each tree).


 2.3. Anatomical analysis.

A transmitted light microscope (Olympus-IX83, Olympus Co., Ltd., Beijing, China) was used for detailed anatomical studies. Xylem cells were differentiated into different cell types by observing cell division, cell differentiation, and programmed death of a cell. Microcores were split into 4-5 cm long, according to the longitudinal extent of cells. To prepare microcores, hand sliding rotary microtome (KD-2258, Ningbo Hionotek Instrument Co. Ltd., Ningbo, China) was used to obtain 10-20 µm thick sections. It was crucial for cutting microsections to facilitate high-quality sections for image analysis (Gärtner et al., 2015). Depending on the specific aim, sections were cut transverse. Different cell dimensions of the microsections were measured by taking photographs under the microscope using free image analysis software. The following wood-anatomical traits were measured in the transversal xylem sections; mean lumen area (LA) and radial cell wall thickness (CWt). These factors were chosen because of their higher year-to-year variability than the tangential dimensions (Vysotskaya and Vaganov, 1989). The time interval of sample collection was about two weeks.


  2.4 Protocol for the preparation of high-quality slides

For sample collection, we used a trephor with an opening of 2 mm depending on the thickening of the bark of the tree. After removing microcore sections from trees, samples were immediately preserved in an Eppendorf tube filled with the preserving solution of formalin acetic acid-ethanol (500 mL) (Tardif and Conciatori, 2015; Von Arx et al., 2016). For making clear and high-quality images of micro core slides, we dipped micro cores in a series of ethanol solutions, anhydrous ethanol, and dimethyl benzene for 4-days. For that purpose, the tissues were dipped in 30, 50, 70, and 85% ethanol solutions for 90-120 min, while 95% ethanol solution was used for 60-90 min. Anhydrous ethanol solution was used for 60-90 minutes. After that, the dimethylbenzene and ethanol were used at a ratio of 1:1 for an hour. In the end, paraffin blocks were made for cutting the micro-core sections. Softening solutions and stains were also made for slide preparation. It was put into a softening solution (glycerine:70% ethanol) to soften micro-core wood. For good-quality image analysis of xylem cell structures, we selected the Leica® Disposable Microtome Blades 819, and gelatin solution was used (gelatin, glycerol, and water) to fix cores properly. We cut the transversal micro core slices between 10-20 µm thick using Leica rotary microtome (KEDEE, Leica Biosystem, Buffalo Grove, Illinois USA).


 2.5. Paraffin embedding for tissues of micro cores with safranin.

Histological paraffin techniques were used for embedding, and the samples were put in the melted condition of paraffin wax. Micro cores were dipped in dimethyl benzene solution 0.88 g/mL for 12 min. A series of solutions were used i.e., anhydrous ethanol: dimethyl benzene (1:1), anhydrous ethanol, 95% ethanol, 85% ethanol, 75% ethanol for 6 min, subsequently. Afterward, the tissues were dipped in 1% safranin solution for 4 h, followed by 60 s in water, and then used a series of 30%, 50%, 70%, and 80% anhydrous ethanol solutions for 60 s. In the last two steps, anhydrous ethanol and benzene were used at the ratio (of 1:1) for 60 s. After this, the tissues were kept on the slides, and Canada balsam (CAS: 8007-47-4, Sigma-Aldrich, Darmstadt, Germany) was used for preservation and covered with a coverslip for image analysis. Images were captured by an Olympus DP-73 microscope (Olympus U-TV0.5XC-3) SN 4A01028 mounted on a computer. Then measurements of high-quality images were taken by IPWIN-32 (Image-Pro plus). Each micro core included several xylem layers (4-5 in fast-growing and 37-45 in slow-growing seasons). The average number of tree rings in all species was 11, so 2006-2016 was selected for comparison purposes. Moreover, tree rings were visually cross-dated along 5 lines in each annual ring. Anatomical parameters included ring width (RW), early wood width (EW), latewood width (LW), lumen area (LA), and cell wall thickness (CWt). Earlywood and latewood were measured by taking an average of 5 lines of tracheid diameter classified as earlywood and latewood. Intraspecific features were measured by comparing trees of the same species at different elevations and interspecific comparisons of different species at the same or different elevations. Anatomical parameters were calculated separately for earlywood and latewood e.g., lumen area of early wood tracheid (la EW) and latewood tracheid (la LW).


 2.6. Statistics and climate growth relationship.

A two-way analysis of variance (ANOVA) was performed to determine the differences in xylem anatomical features among four sites and species. Results showed significant differences, so Tukey’s pairwise comparison was used by LSD to determine the significance. The relationship between anatomical traits and tree rings was tested by Pearson correlation by using Past software. climatic influence on xylem anatomical features was measured using CRU TS 4.0 monthly climate data of mean temperature and precipitation. The climate growth associations with anatomical parameters were also quantified by Pearson correlation.



 3. Results.

Significant statistical differences (P < 0.05) were observed when La-EW and La-LW were analyzed among all the sites and species treatments. Overall, for both species, the highest La-EW and La-LW were observed at the ALH site, followed by the MG site. For CWt-EW, the highest and lowest values were observed at the MG site for L. gmelinii (1.81 ± 0.26 µm) and P. sylvestris (1.17 ± 0.31 µm), respectively. No significant difference was observed for CWt-EW values of P. sylvestris among WEQH, MEDG, and ALH sites. The same pattern of CWt-EW was observed for CWt-LW; however, significant differences were observed among sites for both species ( Table 2 ). Regarding RW-EW and RW-LW, for L. gmelinii, the highest value was observed at the ALH site and the lowest at MEDG. Whereas for P. sylvestris, the highest value was observed at the WEQH and the lowest at MEDG ( Table 2 ).

 Table 2 | Wood and tracheid properties of Larix gmelinii and Pinus Sylvestris L. 



The correlation of xylem anatomical parameters with temperature indicated significant variations (P < 0.05) for both species in May-September at MG, WEQH, and ALH sites, except MEDG. The correlation of MLa, RW, and CWt with mean temperature reached a higher level at the MG site in P. sylvestris in June, August, and September and MLa, CWt, and RWt showed a significant increase in the current growing season. No significant growth was observed for L. gmelinii at the MG site in June, August, and September; however, at the WEQH and ALH sites, P. sylvestris showed a significant increase in growth rate in these months. At MEDG site, both species showed an inverse relationship with temperature in the growing season ( Figure 3 ). MLa and ring width showed a stronger response than the number of tracheids and cell wall thickness. Cell anatomical traits appeared in a stronger relationship with the temperature at WEQH and ALH. Despite the typical response from May to September, L. gmelinii was slightly more affected by temperature ( Figure 3 ).

 

Figure 3 | Climate growth relationship between the chronologies of xylem anatomical traits and monthly mean temperature (Grid Cru TS.4 for the period 2006-2016) from previous May – to current September. Horizontal dotted line shows most significant level (p ≤ 0.05). The rectangles indicate the period with mostly strong correlations. 



Growth trends were made by comparing MLa, CWt, and tree RW trends of the last five decades. MLa showed a linear trend for both species. However, it was statistically non-significant for P. sylvestris (R2 = 0.12) ( Figure 4 ). The CWt of P. sylvestris showed an increasing trend across the years, whereas L. gmelinii showed a significant decreasing trend in the early years with an upward trend in later years (R2 = 0.02) ( Figure 4 ). For ring width, P. sylvestris showed a continuous negative growth trend, whereas for L. gmelinii no clear pattern was observed, and it continued increasing and decreasing throughout (R2 = 0.19) ( Figure 4 ). Lumen growth of both species at different sites across the years is also shown in ( Figure 5 ).

 

Figure 4 | Mean lumen size, cell wall thickness, and tree ring width chronologies of Pinus sylvestris (Scots pine) and Larix gmelinii (Dahurian Larch) between the period 2000-2016. 



 

Figure 5 | Mean standardized trachediogram of Pinus sylvestris (Scots pine) and Larix gmelinii (Dahurian Larch) during 2000-2016 except for WEQH (P. sylvestris) and ALH (Larix gmelinii) which have 2012-2016 and 2006-2016 data, respectively. 



Earlywood part of L. gmelinii showed a reduced lumen area with the increasing air temperature. In contrast, a positive correlation was found between earlywood and summer precipitation. Latewood showed a similar but weaker relationship with winter temperature for both species ( Figure 6 ).

 

Figure 6 | Relationship between mean lumen area and climatic variables (mean air temperature and total precipitation) during 2006-2012. April-June for earlywood, and July-September of latewood of Pinus sylvestris (Scots pine) and Larix gmelinii (Dahurian Larch) along four sites (MG, WEQH, MEDG, ALH). 



Significant differences were observed for mean, smallest and largest cell sizes among all sites for both species. Mean cell size growth for L. gmelinii represented more consistent growth ( Figures 7A, D ). However, in the smallest cell, there was quite the opposite response. There were much higher values for the smallest cell in the case of P. sylvestris ( Figures 7B, E ). In the case of L. gmelinii, larger cells have a similar growth response with temperature and precipitation at all four sites, while P. sylvestris had little growth of larger cells ( Figures 7C, F ). It was examined that L. gmelinii showed more growth response to temperature and P. sylvestris had a much higher response to precipitation. Images of microcores of the xylem tree ring in L.gmelinii and P.sylvestrris from the four study sites are shown in ( Figure 8 ); differences in the images indicate the growth differences in both species at different sites.

 

Figure 7 | Box plots of mean temperature and precipitation with mean size, smallest cell, and largest cell of Pinus sylvestris (Scots pine) and Larix gmelinii (Dahurian Larch) species along four sites (MG, WEQH, MEDG, ALH). 



 

Figure 8 | Xylem anatomical cross sections of Pinus sylvestris (Scots pine) and Larix gmelinii (Dahurian Larch) from four study sites (MG, WEQH, MEDG, ALH), respectively. Images shows the part of the whole tree of P. sylvestris (A–D) and L. gmelinii (E–H) at four sites in Daxing’an Mountains, respectively. 




 4. Discussion.

Regarding microclimate, temperature and precipitation are the two crucial ecological limiting factors that control the plant cell size by influencing growth parameters. Different studies reported that xylem growth and cambial activity highly respond to microclimatic factors (Deslauriers et al., 2008; Gruber et al., 2009; Fakhrutdinova et al., 2017). The Daxing’an mountains are one of the most apparent regions in China with a warming climate, especially in winter (Gao et al., 2019). Over the past few decades, increasing mean air temperature during May and June improved growing conditions. Even in the winter, the temperature is vital for the growth of trees in the following year.

In this study, the xylem anatomical growth of L. gmelinii and P. sylvestris presented different responses to microclimatic factors at different sites. Overall, mean temperature and precipitation significantly altered both species’ cell size dynamics. However, the effect of temperature on xylem anatomical growth was more prominent than precipitation. Zhang et al. (2018) have reported that variations in L. gmelinii and P. sylvestris were determined by moisture (negative) and temperature (positive) during the growing season. The temperature has the most prominent effect on the growth of L. gmelinii favours the results that the main limiting factor for the growth of L. gmelinii is the summer temperature (Bai et al., 2016; Yasmeen et al., 2019). Bai et al. (2016) also reported that summer temperatures significantly influence the survival and growth of conifers in northeastern China. In contrast, decreased precipitation was more responsive regarding root biomass and changing the soil microenvironment. Furthermore, the impact of water availability on the growth of P. sylvestris was more significant than that of L. gmelinii. Reich et al. (2018) showed that water deficiency in the soil might reduce or even reverse the climate warming benefits on net photosynthesis in cold environments, even with modest drought in the growing season.

The tracheid growth of P. sylvestris in our study area was more sensitive to precipitation. This effect was most significant at low-altitude sites. Eilmann et al. (2009) reported that more significant changes in the tracheid dimension had been observed in P. sylvestris due to increased drought severity in the Iberian Peninsula and some other conifers of the Alps range. Our results indicated that variations in wood density fractions are significant in determining xylem anatomical features and could explain the correlation between climate changes and tree growth (Carvalho et al., 2022). In this study, the high correlation between the earlywood and precipitation indicates a higher proportion of earlywood among the whole wood. Moreover, it was found that tree at higher elevations has double tree ring width than those found at lower elevations (Vaganov et al., 2006). Tree ring width is a sensitive part of the tree, reacting to any variations in growth conditions. Numerous anatomical studies have revealed that ring width changes significantly depend on the geographical region’s climate conditions (Fakhrutdinova et al., 2017).

This study observed a general reduction in the lumen area of cells in north-south directions in both conifer species from early to mid-summer. This is an adaptive strategy of trees to tolerate drought and reduce the risk of cavitation in the xylem. Small lumen areas can also result from the earlier onset of radial growth (Peltola et al., 2002; García-Cervigón et al.,2020). Moreover, a high growth rate and rapid cell division can also cause a narrow lumen area (Atwell et al., 2003). Usually, climatic variations cause an increase in the tracheid lumen area with a decrease in wood density at the end of the tree ring (Balzano et al., 2020).

In this study, the larger proportion consists of earlywood rather than latewood. The results of P. sylvestris growth in northern Finland revealed that 75% of the entire ring width part is earlywood (Seo et al., 2012). Our results are also in accordance with Park and Spiecker. (2005) and Olano et al. (2012) who stated that latewood generally acts as a buffer zone between tree rings in different years. It works like a “sponge” in which nutrients and minerals dissolved in water are reserved. The tree used these minerals in unfavorable weather conditions.

The time windows in which most variations best correlate with precipitation are usually smaller than temperature. April-June and July-September precipitation first increased and then decreased. Earlywood (average size of cell area or maximum length) showed more significant variations than latewood, where the precipitation was most significant. In the case of P. sylvestris, both temperature and precipitation caused an increase in early wood growth; however, in the case of latewood, there was a slight increase in temperature and a decline in precipitation within the months of July-September (Schmitt et al., 2004; Pritzkow et al., 2014). Considering the influence of the previous climate on the current growing season local climate conditions, temperature and precipitation showed the different growth patterns of L. gmelinii and P. sylvestris with the change in latitude (Yasmeen et al., 2019).

Our findings on climate parameters influence from previous July to current September during the period 2000-2016 are also consistent with the pines in Qinling Mountain (Liu et al., 2009), which showed a negative correlation from January and February. Particularly, climate-growth relationships performed separately on early and latewood. Because they were formed at different times, performed different functions, and helped to categorize the fundamental relationship of xylem plastic response and their possible role. Since 1970-1990, both L. gmelinii and P. sylvestris have decreased in growth, consistent with previous studies. Since 1990, there has been a recovery in the tree growth of P. sylvestris. However, the growth rate variation might depend on the ground vegetation thickness, which adjusts heat exchange between air and soil.


 5. Conclusions.

In this study, cell wall thickness and ring width showed a significantly varied response from the previous winter to the current growing season of two conifers species coexisting under boreal frost climate conditions. The positive effect of precipitation in summer, along with increasing latitude, is coordinated with the spatial distribution of precipitation. Drought stress was a secondary tree growth-limiting factor. Wood density parameters were strongly correlated with the temperature of the current year. Furthermore, the lumen size of P. sylvestris revealed a strong precipitation signal in latewood in July-September, which has not been so for observed in other species on that site. Xylem plasticity responses are due to water availability or deficiency conditions, which may be related to the accessibility (root system depth) of soil water reserves for different species, such as L. gmelinii has a shallow root system than P. sylvestris. Therefore, we need to explore further the plasticity of xylem anatomical parameters on more climates and species to determine the accurate range of xylem adjustment in changing environmental conditions. Our findings emphasize that the xylem anatomical-climate relationships of P. sylvestris and L. gmelinii shows a contrasting trend across different sites and climatic parameters, which means that these two coniferous species may exhibit an entirely opposite dendroanatomical response to climate change along the latitude gradient. There is one shortcoming in our study. Usually two cores are taken from one sample tree to avoid the sampling bias. However, in our study we only sampled one core from some sites. The reason is, in some special cases, to deal with topography, protect the integrity of the sample plots, to avoid tree damage, and economic considerations, it is still possible to collect one core per tree.
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Drought stress Survival percentage Root length (cm) Shoot length (cm) Root weight (g) Shoot weight (g)
(% Field

Capacity)
100 (WL1) 93.39 5152 4869 8.07 136.19
80 (WL2) 94.46 5224 5021 584 98.64
60 (WL3) 94.79 48.70 46.49 7.19 65.59
40 (WL4) 9825 50.72 47.00 8.16 94.25
LSD (0.05) NS NS NS NS NS
Salinity stress (dS m™")

5(s1) 93.93 49.48 48.70 10.22a 10190
10(s2) 96.03 49.47 5021 7.50ab 86.06
15 (S3) 91.39 50.28 4552 6680 84.15
20(s4) 9854 53.97 47.95 487b 122,56
LsD NS NS NS 345 NS
Interaction NS NS NS NS NS
(Ws*ss)

Means with different letters in each category are significantly different at « = 0.05. NS, WS, SS, and LSD stand for no significant, drought stress, salinty stress and least significant
difference, respectively. The * symbol indicates the interaction.
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Drought stress (% field
capacity)

100 (WL1)

80 (WL2)

60 (WL3)

40 (WL4)

LSD (0.05)

Salinity stress (dS m~")
5(81)

10(s2)

15 (83)

20 (84)

LsD

Interaction (WS*SS)

Photosynthetic rate (umol m=2 $=7)

23.23
21.24
19.95
17.55
NS

2248
19.90
19.73
2017
NS
Figure 1

Leaf water potential (MPa)

-21.99
—23.90
—28.94
-20.38
6.30

-2030
—2426
~35.01
—24.47
530
Figure 2

Na*' uptake (1 mole g~')

406.9
419.7
4238
4203
NS

398.8b
4287a
404.3b
438.0a
14.50
Figure 3

I~ uptake (u mole g~)

40.42
44.00
43.33
41.83
NS

38.67
42.33
40.63
47.96
584
Figure 4

Means with different letters in each category are significanty cifferent at « = 0.05. NS, WS, SS, and LSD stand for no significant, drought stress, saliniy stress and least significant
difference, respectively. The * symbol indicates the interaction.
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Drought stress (% ABA (kg g™ FW) Proline (Lg g~' FW)
field capacity)

100 (WL1) 1343 7,138
80 (WL2) 1002 6324
60 (WL3) 107.4 2674
40 (WL4) 91.7 4313
LSD (0.05) 318 2333
Salinity stress (dS m™")

5(st) 1024 5969
10(52) 105.6 5453
15 (53) 107.5 5355
20(s4) 118.4 3672
LsD NS NS
Interaction (WS*SS) Figure 5 Figure 6

Means with different letters in each category are significantly different at « = 0.05. NS, WS,
8, and LSD stand for no significant, drought stress, salinity stress and least significant
difference, respectively. The * symbol indicates the interaction.
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Soil properties

Texture
Sand (%)
Silt (%)
Clay (%)

Total carbonate (%)

EC (dSm-")
PH

Cations mg/kg
Ca

Mg

Na

K

Anions mg/kg
cl

HCo3

so4

Mg:Ca Ratio

87.50
5.00
7.50

2453
9.49
7.58

25.00

34.20

53.80
7.52

46.80
20.40
0.64
137
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sv wuy wp Rootishoot sow ROW RL MRD RV sA
G ns ns . ns ) ns ns .

aw ns ns ns ns ns ns ns ns ns

BG-58 15.44a 4412 0.07bcd 68.76a 3.08ab 781.12ab 2.14a 29.07a 526.37ab
BG-78 1504a 4.16a 0.08abod 62.46a 3.22a 700.9abo 25 3561a 548.06ab
ac 15.82a 4.10a 0.1a 67.79 359 813.74a 221a 3269 564.94ab
Philippines 11.33a 3.61a 0.09abc 41.80a 1.94bc 449.07e 2.19%a 18.26a 313.72¢
South Korea 1273 4508 0.06cd s6.27a 2.14abo 564.97cde 21a 20.92a 382,600
llapel 12.60a 398 0.00ab 4653 3.17ab 626.5200d 300 5125a 61092a
Chepica 11.96a 419 0.07bed 47.41a 257abo 591.82cde 3.02a 48.97a 568.88ab
Osorno 13.98a 4.30a 0.06d 66.86a 1.77¢c 500.99de 2.3a 24.72a 382.91bc
w 21.85 4.36 0.04 95.62 331 696.09 268 43.15 591.93
wp 537 3.94 012 18.68 210 543.30 224 23.25 391.77

SV, source of variation. The levels of significance (ns, non-significant; *significant at 5%; **significant at 1%; **'significant at 0.1% using the F-test) are indicated. Means with different

letters within a column are significantly different at p < 0.01 according to the Fisher's LSD test. ns,

and letters are defined in the table foot.
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Genotypes

8G-68
BG-78

Gc
Phiippines
South Korea
liapel
Chepica
Osorno

The levels of significance (ns, non-significant; *significant at 5%; **significant at 1%; using the F-test) are indicated.

wu

19.2
18.65*
2114
13.01*
13.92ns
14.41ns
12.44"
19.1*

wP

1.07 ns
0.42 ns
111ns
0.60 ns
0.79ns
—0.80 ns
—00.34 ns
0.49 ns

Root:shoot

-0.08"
-0.09"
-0.13*
-0.12*
—0.05ns
—0.04 ns
—0.07"*
-0.07 ns

RDW

168"
1.38ns
2.06ns
0.03ns
0.89 ns
1.89ns
0.66 ns
1.10ns

Sbw

96.7"
84.8ns
103.8*
545"
68.6"
520ns
50.1ns
100.7 ns

RV

19.4"
210ns

299"
49ns
179ns
319ns
16.4ns
170ns

RL

299.3ns
419ns
4225%
-30.0ns
2413 ns
200.7 ns
29.7ns
54.8ns

SA

276.4"
178.7ns
404.4*
225ns
260.1 ns.
266.2ns
75.2ns
160.7 ns.

MRD

0.41ns
057 ns
051ns
0.21ns
0.52ns
0.37 ns
0.25ns
0.68ns
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Genotypes

BG-58
BG-78

Gc
Philippines
South Korea
llapel
Chepica
Osomo

WP

0.130
0.09
0.13b
0.12b
0.10b
0.19ab
0.15b
0.27a

root:shoot

0.54ab
0.53ab
0.61ab
0.66a
0.46b
0.26¢c
0.48b
0.52ab

RDW

0.26a
0.20a
0.28a
0.16a
0.20a
0.29a
0.26a
0.34a

sbw

0.70a
0.66ab

0.76a
0.64ab
0.61abc

0.45¢
0.49bc
0.63ab

RL

0.21ab
0.13bc
0.25a
0.07cd
0.21ab
0.17b
0.04d
0.18ab

SA

0.28a
0.18a
0.36a
0.19a
0.32a
0.23a
0.22a
0.31a

RV

0.36a
0.27a
0.44a
0.31a
0.43a
0.40a
0.40a
0.43a

MRD

0.12a
0.13a
0.14a
0.14a
0.13a
0.20a
0.21a
0.18a

G, genotype; genotype means followed by different letters were significantly different (o < 0.01) using Fisher's LSD test. Means with different letters within a column are significantly
different at p < 0.01 according to the Fisher's LSD test.
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1. Synchronization in senescence
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5. Rate of pholem loading and unloading

T N remobilized from

SOUrce organs

Increase assimilate partioning toward
reproductive organs
1. Optimized leaf area, number of brances (primary
and secondary).and plant height
2. Protein and amino acid concentraion in grains
3. Quality attributes of grain

4. Growth attributes such as NAR, LAl and CGR

5. Yield attributes such as number of grains_ grain

weight, and vield
6. Size and number of source and sink organ

Tuned pathways and metabolic activity
1. GS-GOGAT pathway
2. Protein and amino acid profile
3. Higher N assimilation enzymes activity
4. Chlorophyll concentration and photosynthesis
rate
5. Xylem and phloem loading. and unloading of N
6. Redox balance of cell membrane

T N partioning in grain
and reproductive part

N

NOy

Improved NUE

} T N assimilation in the root
and shoot

Root system architecture
1. Optimized root length, volume, density, biomass,
angle and surface area
2. Optimized rhizosecretions and excludes
3. Perfect soil and root interactions
4. Activity of mycorrhiza
5. Root transporters activity

Nitrogen rich soil
1. Higher ion exhange capacity
2. Increase microrganisms activity
3. Reduced level of N leaching
4. Ideal soil physical. and biochemical conditions

NOy

TN acquisition by the roots

A IR
7

NOsy

o R availability in the soil






OPS/images/fpls-13-877544/fpls-13-877544-g004.jpg





OPS/images/fpls-13-877544/fpls-13-877544-t001.jpg
Mineral Effect of N Mechanism References

nutrient concentration/uptake

P (Optimum) Enhance N concentration in plant ~ Synergistic ~ Jiang J. et al.,

2019

P (Deficient) Application of N alone could Antagonistic  Aulakh and
cause a severe reduction in grain Malhi, 2005
yield

K (Optimum) Increase NH, ™ assimilation in Synergistic  Barker and
plant Pilbeam,

2015

K (Deficient) Competes with NHy4 for selective  Antagonistic
binding sites in the adsorption
process

S (Optimum) Increased recovery and NUE Synergistic Jamal et al.,

2010

S (Deficient) Excessive accumulation of toxic Antagonistic Rietra et al.,
levels of N metabolites in the 2017
plant

Ca (Optimum)  Increased water-soluble N and Synergistic ~ Wilkinson
fixed NH4 in the acidic soils, et al., 2000
leading to increased N uptake

Mg (Deficient)  Application of N fertilizers cause  Antagonistic
grass tetany in livestock caused
by low mg concentration in forage

Zn (Optimum)  Nitrogen improved Zn absorption ~ Synergistic ~ Datta and
by plants and vice versa. Meena, 2015

Zn (Deficient) Antagonistic effect either due to Antagonistic
dilution effect (decrease or
dilution in plant nutrient
concentration due to increase in
biomass vyield) effect or poor
translocation of Zn-protein
complex in the roots.

Fe Application of N increased acidity ~ Synergistic ~ Aulakh and
with NHs may enhance the Malhi, 2005
availability of Fe?* by promoting
the reduction of Fe3+.

Mn Application of N leads to Synergistic
reduction of the unavailable
Mn*+ to available Mn?* in soil

Cu (Deficient)  Cu deficiency symptoms became  Antagonistic Barker and
more severe when N was applied Pilbeam,
to Cu deficient soils. 2015

Al Al'inhibit root growth and uptake ~ Antagonistic  Zhao and
of N Shen, 2020

Ce Decrease N assimilation Antagonistic Hille et al.,

2011
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Gene ID Log2 FC Protein description Functional category
(XM55/YM158)
UP-regulated
TRIAE_CS42_2BL_TGACv1_130584_AA0414140.1 1.63 Ubiquinol oxidase 4 Redox
TRIAE_CS42_2BL_TGACv1_131439_AA0427700.2 1.50 Superoxide dismutase [Mn] Redox
TRIAE_CS42_4BL_TGACv1_321826_AA1065960.1 1.18 Heat shock protein 101 Stress response
TRIAE_CS42_3AL_TGACv1_195570_AA0651350.1 0.33 Fe-S cluster assembly factor HCF101 Chloroplast
TRIAE_CS42_3AL_TGACv1_195570_AA0651350.2 0.33 Fe-S cluster assembly factor HCF101 Chloroplast
TRIAE_CS42_3AL_TGACv1_195570_AA0651350.3 0.33 Fe-S cluster assembly factor HCF101 Chloroplast
TRIAE_CS42_3DL_TGACv1_250912_AA0874940.1 0.33 Fe-S cluster assembly factor HCF101 Chloroplast
TRIAE_CS42_3DL_TGACv1_250912_AA0874940.2 0.33 Fe-S cluster assembly factor HCF101 Chloroplast
TRIAE_CS42_2BL_TGACv1_131039_AA0421600.2 0.32 Heat shock cognate 70 kDa protein 2-like Transcription
TRIAE_CS42_6DL_TGACv1_526647_AA1688990.1 0.32 Heat shock cognate 70 kDa protein 2-like Transcription
TRIAE_CS42_3AS_TGACv1_211332_AA0688720.1 0.31 GTP-binding protein SAR1A-like GTP binding
TRIAE_CS42_3DS_TGACv1_272355_AA0919480.1 0.31 GTP-binding protein SAR1A-like GTP binding
TRIAE_CS42_6DL_TGACv1_526455_AA1684150.2 0.29 CBS domain-containing protein
TRIAE_CS42_6DL_TGACv1_526455_AA1684150.3 0.29 CBS domain-containing protein
Down-regulated
AlG90456 -0.26 Photosystem Il reaction center protein H Plastid
TRIAE_CS42_5DS_TGACv1_456540_AA1473460.1 -0.36 Carotenoid 9, 10 (9/, 10')-cleavage dioxygenase-like Stress response
TRIAE_CS42_4BS_TGACv1_330468_AA1107820.2 -0.67 psbP-like protein 1, chloroplastic Metabolic
TRIAE_CS42_4BS_TGACv1_329474_AA1101780.1 -0.87 Mitochondrial ATPase inhibitor Photorespiration
TRIAE_CS42_4BS_TGACv1_329474_AA1101780.3 -0.87 Mitochondrial ATPase inhibitor Photorespiration
TRIAE_CS42_2BL_TGACv1_132610_AA0438610.1 -1.29 Aminomethyltransferase Redox
TRIAE_CS42_6BL_TGACv1_503168_AA1627380.1 -0.78 Uncharacterized protein
TRIAE_CS42_6BL_TGACv1_503168_AA1627380.2 -0.78 Uncharacterized protein
TRIAE_CS42_6BL_TGACv1_503168_AA1627380.3 -0.78 Uncharacterized protein
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Cultivar Treatment DMA1 (g DMA2 (g stem~1) Kernel per spike 1,000-kernel Grain yield weight Harvest index
stem™1) weight (g) (g stem™1)

XM 55 CK 2.07a 3.21b 43.31b 29.33b 1.41b 0.44b
WL 21a 2.81¢c 41.87b 24.02c 1.04c 0.37c
(WL-CK)/CK / 0.125 0.033 0.181 0.262 0.159
YM 158 CK 2.19a 3.57a 45.47a 34.47a 1.63a 0.46a
WL 2.17a 2.84c 41.56b 25.31c 1.03c 0.36¢
(WL-CK)/CK / 0.205 0.108 0.362 0.368 0.218

The lowercase letters indicate significant differences at P < 0.05 among treatments as determined by Duncan’s Multiple Range Test. DMA1, aboveground dry matter
accumulation at anthesis before waterlogging, DMA2, aboveground dry matter accumulation at maturity; CK, Control; WL, Waterlogging.
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Treatment

Hi

Hy
Significance (P)
LSD 5%

N1

N2

Na

Na

Ns.

Mean
Significance (P)
LSD 5%

ov

Linear
Quadratic
Cubic

Stem length (cm)

161.6a
145.7b
<0.01
5.05
107.3e
139.8d
163.6¢
176.3b
191.0a
153.6
<0.001
11.353
6.1

ns

SDE

+32.3
+30.4

*11.9
+15.2
A2
+11.4
+13.9

Thousand grain weight (g)

2423a
220.1b
<0.001
747
190.5d
215.6¢c
2333b
251.0a
26552
231.18
<0.01
16.12
58
ns

ns

sD

+28.3
+30.8

+14.5
£165
+20.9
+17.8
+15.5

Grain yield (g plant")

755a
638b
<0.0001
5.13
434d
64.1¢c
73.8bc
80.4 ab
86.4a
69.60
<0.001
11.53
1.4

ns

SDE

+8.1
+6.1

+4.4
+14.6
+8.5
493
+9.7

Total bio mass (g plant™")

252.1a
227.4b
<0.0001
6.35
1740e
219.0d
250.0c
266.0b
289.8a
2398
<0.0001
14.3
5.1

ns

Values are given as means standard error of the means (n = 4). Means with in columns sharing diferent letters vary significantly at P < 0.05.
Hi = Syngenta 7720, Hp = Mugabla S25W87, N1 = control, Np = 75, Ns = 150, Na = 225 and Ne = 300kg ha™", LSD = Least significance diference, CV = Cosfiicient of veriance,
“Significant at the 0.05 probabilty level.
**Significant at the 0.01 probabilty level, ns = Non Significant.
SDE, Standard Error:

SDE

*17.1
£17.1

+14.73
+24.22
+18.41
+19.33
+19.9
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Treatment

Hy

Hp
Significance (F)
LSD 5%

Ny

N,

Ng

Na

Ns.

Mean
Significance (P)
LSD 5%

ov

Linear
Quadratic
Gubic

Root length (cm)

61.1a
559b
<0.001
21163
47.6¢
54.7b
59.2b
71.5a
59.5b
68.5
<0.01
4.76
5.62

Ns

SDE

+9.23
+9.23

+6.56
+4.83
+4.80
+6.74
+5.58

Root weight (g)

17.8a
16.4b
<0.001
0.54
18.4d
16.3¢
17.0¢c
183b
20.3a
170
<0.01
1.21
4.90

ns

SDE

+26
+25

+1.2
+1.6
+0.9
+1.5
+1.3

Protein content (%)

10.8a
99b
<0.01
037
80e
106d
12.1¢
13.1b
15.0a
11.76
<0.001
0.83
6.52

SDE

+5.4
+4.9

*0.1
+1.2
+0.7
+0.8
+0.9

Nitrogen use efficiency (kg kg™")

130a
84b
<0.0056
3.1084
00c
19.5a
13.4 ab
109b
95b
10.6
<0.01
6.99
525

SDE

+9.8
£5.2

+0.0
+6.7
+3.7
423
*1.5

Values are given as means standard error of the means (n = 4). Means with in columns sharing diferent letters very significantly at P < 0.05.
Hy = Syngenta 7720, Hp =Muqabla S25W87, Ny = control, Ny = 75, N = 150, Ny = 225 and N = 300 kg ha™",
LSD= Least significance difference, CV = Coefficient of variance, " Significant at the 0.05 probabilty level.

** Significant at the 0.01 probabilty level, ns, Non-Significant.
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Crop stages Treatments

Calendar Calendar days Thermal time

date
Sowing Hi 24-08-15
H 24-08-15
Ni 24-08-15
Ny 24-08-15
Ny 24-08-15
N, 24-08-15
Ns 24-08-15
Sowing to Hy 27-08-15
emergence Hz 27-08-15
Ny 27-08-15
Nz 27-08-15
N 27-08-15
Na 27-08-15
Ns. 27-08-15
Emergence to Hy 13-10-15
tasseling Hz 11-10-15
Ny 11-10-15
N, 10-10-15
Ng 12-10-15
Ny 14-10-15
Ns. 14-10-15
Emergence to Hy 19-10-15
siking Hy 18-10-15
Ni 17-10-15
N, 17-10-15
Ns 18-10-15
N 20-10-15
Ns. 20-10-15
Emergence to Hy 02-12-15
crop maturity Hy 30-11-15
Ny 30-11-15
N, 30-11-15
Ny 02-12-15
N 03-12-15
Ns 03-12-15
Hy = Syngenta 7720 (Temperature tolerant),
(Temperature sensitive).

765, N

N1 = control, N2 150, Ng

8888

Hy

(°C days)

13
13
13
13
113

1170
1123

1123
1100
1146
1193
1193

1301
1279

1258
1258
1279
1324
1324

1962
1937

1937
1937
1962
1976
1976

=Mugabla  S25W87

25 and Ns = 300 kg ha~"
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Treatment  50% Emergence (day)

T 50
i 41

Ts 62
Significance P <001
LSD 5% 094
Hy 49
Ha 50
Ha 39
Ha 49
Hs 54
He 50

Hy 68
H 49
Ho 5.1
Hio 5.1
Mean 5.1
Significance P <0001
LSD 5% 060
ov 12.42

Values are given as means = standard error of the means (n = 4). Means with in columns sharing different letters vary significantly at P < 0.05.

SDE

+0.7
+0.8
+0.7

+0.6
+0.9
+0.6
+0.6
+04
+09
+0.9
+0.7
#1.0
+0.6

Mean emergence (day)

6.8
6.3
7.4

P <0031
0.69
6.3
69
5.7
6.6
6.7
6.9
91
6.3
70
6.9
6.8

P <0.001
0.65
10.08

SDE

+1.1
+0.9
*1.2

+1.2
+1.1
+1.0
+1.2
+1.0
+1.2
+0.9
+1.4
+1.1
+1.0

Energy emergence (%)

234
254
210
P <001
220
232
220
349
209
223
202
211
214
238
228
233
P <001
227
10.32

Tt = Normal open air temperature, T = 1°C higher temperature than normal, Ts =1°C lower temperature than normel.
Hy = Syngenta 6621, H, = Syngenta 6654, Hs = Syngenta 7720, Ha = Pioneer 30 Y 87, Hs = SohniDharti 626, He = IC1 339, Hy = Mugabla Seed 25 W 87, Hs = Monsento 6714,

Ho = Rustam 1, Ho = Pak Utghi.
LSD, Least significance difference.
GV, Coefficiont of variance.
SDE, Standard Error; n = 4.

SDE

*2.1
+28
+18

+18
D
+19
+2.7
+19
+1.2
+39
+26
23
+2.1

Full emergence (%)

703
75.2
66.9
P <0.001
1.82
68.0
69.6
82.4
771
728
788
423
71.6
726
728
708
P <001
5.88
8.79

SDE

+55
+5.3
+6.5

+4.2
+5.7
+7.6
+4.9
£5.1
+6.7
+5.6
+7.4
+4.9
+6.6
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Crop

Rice

Wheat

Barley

QTLs

gNUE2.1
gNUP3.1
gNUE4 .1
gNUE6.1
agNUE6.2
gNUP8.1
agNUE10.1
agNUE10.2
Qnr
QaNUE
gNAA4
gNAA5
agNAA10
QNue.151-1D
QNue.151-4A
QNue.151-6A
QNue.151-7D
Nute2
NUES
NUE10
NUE2
NUE2
gNUEg
gNUEb

Chromosome no.

N
23 ©®o oA~ N

A o =

References

Zhou et al., 2017

Nguyen et al., 2016

Dai et al., 2015

Brasier et al., 2020

Cormier et al., 2016

Kindu et al., 2014
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Root traits Crop

Epidermis, phloem-companion cells,  Oryza sativa
and xylem parenchyma

Lateral root primordia and vascular Oryza sativa
tissues of root

Parenchyma cells of root Oryza sativa
Root sclerenchyma, stele, and cortex Oryza sativa
Root epidermis Oryza sativa
Root hairs Arabidopsis
thaliana
Root tissues Brassica

napus

Gene associated Role in improving NUE

OsNPF2.4

OsATM1.3

OsNPF2.2

OsNPF7.2

OsATM1 1

TGA1/TGA4 and

NTR1.1
NRT2

Gene functions in the low acquisition affinity and long-distance
transportation of NO~3

NH** transporter

Mutants of OsNPF2.2 were observed to maintain high nitrate level in
roots than control plants

OsNPF7.2 is a low affinity transporter of nitrates and aids in intracellular
transportation of nitrates in the roots

Dual-affinity transporter of NH+4 as well as root-to-shoot nitrate
transporter

Nitrate increase the density of root hairs which in turn increase the
capacity of nitrate uptake

Out of 17 NRT2 genes almost all were expressed under nitrogen
starvation to enhance the efficiency of nitrogen uptake.

References

Xia et al., 2015

Ferreira et al., 2015

Lietal, 2015

Hu et al., 2016

LiC.etal., 2016

Canales et al., 2017

Tong et al., 2020
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Genes

NRT1.7

GS'1
GS 2
TaNRT2.1
OsNRT2.1
ARET1

GOGAT
AlaAT

GDHA

Nial
Nia2
AtNRT2.1AINRT2.2

OsATGS8b

GIn1-3 and Gin 1-4
ASN1

DEP1

TaVRN1
Transcript factors
ENOD93-1

TOND1

NAC

MADS25

Crop

Arabidopsis
Tobacco
Rice

Rice

Rice

Rice

Rice

Rice

Tobacco
Mustard
Rice

Tobacco

Lettuce
Potato
Arabidopsis

Arabidopsis
Maize

Rice

Rice

Wheat

Rice
Rice

Wheat

Rice

Function

Loading excess nitrate stored and facilitates nitrate
allocation to sink leaves

Glutamine synthetase (cytosol)
Glutamine synthetase (Plastid)
Uptake of nitrate at post-flowering
N-uptake and mobilization
N-uptake and mobilization

Glutamate synthetase
Alanine amino transferase

Glutamate dehydrogenase

Nitrate reductase
Nitrate reductase
Nitrate uptake

N remobilization

Glutamate synthetase
Asparagine synthetase 1

DENSE AND ERECT PANICLES 1
VERNALIZATION1

Early nodulin

Tolerance of Nitrogen deficiency

Influence grain N content, zinc (Zn) and iron (Fe)
concentration

Promote lateral and primary root development and
improve root attributes

Role in improving NUE

Enhancing source-to-sink nitrate
remobilization

Increase in total N and A.A
Increased in photorespiration
high protein and grain yield
Expressed during low N condition

increased NUE, delayed senescence,
increased biomass

Increased in Biomass
Increased in biomass and grain yield

High water potential during drought,
Increased in biomass and dry weight,
Increased in ammonium assimilation.

Nitrate content
Reduced in nitrate level

75% high affinity under scarcity of N
content

Tolerance to nitrogen starvation

30% more grain yield in Low N uptake
Improve N content in grain
Ammonium uptake and assimilation
Improve NUE

Increased in biomass and seed yield
Increased the tolerance to N deficiency
Delaying the senescence period

Increase the expression of nitrate
transporter genes

References

Chen et al., 2020

Cai et al., 2009
Hoshida et al., 2000
Taulemesse et al., 2015
Chenetal., 2016
Zhang J. et al., 2021

Chichkova et al., 2001

Good et al., 2007,
Sisharmini et al., 2019

Ameziane et al., 2000;
Mungur et al., 2005,
2006

Lillo et al., 2003
Djennane et al., 2002
Li et al., 2007

Zhen et al., 2019
Martin et al., 2006
Lee et al., 2020
Sun et al.,, 2014
Leietal., 2018

Bi et al., 2009
Zhang V. et al., 2015
Uauy et al., 2006

Yu et al., 2015
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Genotypes 2017-2018 Mean 2018-2019 Mean

s1 s2 s3 s1 s2 s3

vi 195120662 1502082  2105+0.00a 1853 1885+ 113a  17.02+082b  2331+104a 1973
v2 17.87£047a  1368+125b 1837+ 1.24a 16.48 1671£047a  1302+£082 1704082 1559
v3 18370472  1168=125b  1904+0.82a 16.36 16700472 11.02+142b  1870+1.25a 1548
va 1975+£067a  1286+125b  20.71+047a 17.61 18751752  1286+126b  21.71£18%  17.61
Vs 19.38£099%  1469+047c 2271+ 125a 18.93 1838£094b  1686£125b  2471+£094a 1999
Mean 18:88 13.49 20.38 17.88 14.05 21.10

SEMz: D (5%) SEM: ©D (5%)

Sowing date (S) 0.42 122 0.35 1.02

Genotype (G) 054 1.57 0.45 1.82

SxG 094 272 079 228

#Different date of sowing represented as S1 timely sown (30 October), S2 late sown (15 November) and S3 very late sown (30 November); Varieties symbolize with: V1, PM 25;
V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Unvashi, respectively. The mean = SD data were presented in table and different alphabetical letters in the same row indicate the
significant diference for each variety under different date of sowing (o < 0.05); CD at 5%, and Mean % SEM dta between sowing dates (S), genotype (G), and'S x G interactions were
also highlighted.
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Genotypes 2017-2018 Mean 2018-2019 Mean

s1 s2 s3 st s2 s3
vi 0.93 +0.02 1.41£0.12b 254+ 0,09 152 1.82:£001b 122 +0.05b 2.47 +0.03a 1.67
v2 2.30+0.01a 2.36 +0.01a 1.63 £ 0.04b 210 1.80+0.01b 2.27 +£0.02a 1.71 £0.04c 1.93
V3 1.26+001a 089%001b 0.93 +0.08b 1.02 074 £001c 097 +001a 086+ 0.03b 0.86
va 0.42:0.01a 067 & 0.05a 068+0.17a 059 036 0.020 0.77 +0.03a 075 +0.19% 062
Vs 1.030.03¢ 1.47 £001b 1.57 £ 004a 135 0.84 0,03 1.47 £0.01b 1.65+0.03a 132
Mean 119 1.30 1.47 101 134 1.49
SEM+ CD (5%) SEM+ CD (5%)
Sowing date (S) 002 0.06 0.02 005
Genotype (G) 003 0.08 0.02 0.06
SxG 005 0.13 0.04 011

#Different date of sowing represented as S1 timely sown (30 October), S2 late sown (15 November) and S3 very late sown (30 November); Varieties symbolize with: V1, PM 25;
V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Urvashi, respectively. The mean = SD data were presented in table and different aphabetical letters in the same row indicate the
significant difference for each variety under different date of sowing (b < 0.05); CD at 5%, and Mean  SEM, data between sowing dates (S), genotype (G), and SxG interactions were
also highlighted.
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Genotypes

vi
v2
v3
v4
V5
Mean

Sowing date (S)
Genotype (G)
SxG

s1

0.046 + 0.003a
0.035 + 0.002a
0.027 £ 0.005b
0.037 £ 0.002b
0.041 +0.001a
0.037

2017-2018

s2

0.018 + 0.002b
0.018  0.002b
0.018 £ 0.002¢
0.026 + 0.00c
0.027 + 0.003b
0.022

SEM*
0.0008
0.0010
0.0017

s3

0.046 + 0.001a
0.038 % 0.004a
0.037 £0.001a
0.045 + 0.002a
0.048 £ 0.002a
0.043

Mean

0.037
0.030
0.027
0.036
0.039

D (5%)
0.002
0.003
0.005

s1

0.050 & 0.003a
0.035 + 0.002a
0.027 £ 0.005b
0.038 = 0.002a
0.043 £ 0.001b
0.039

2018-2019

s2

0.018 & 0.002b
0.018 % 0.002b
0.018 & 0.002b
0.026 + 0.00b
0.025 £ 0.001c
0.021

SEM%
0.0008
0.0006
0.0013

Ss3

0.047 + 0.001a
0.041 + 0.00a
0.037 £ 0.001a
0.046 + 0.002a
0.049 £ 0.001a
0.044

CD (5%)
0,002
0,002
0.004

Mean

0.031
0.027
0.037
0.039

#Different date of sowing represented as S1 timely sown (30 October), S2 late sown (15 November) and S3 very late sown (30 November): Varieties symbolize with: V1, PM 25;
V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Urvashi, respectively. The mean = SD data were presented in table and different alphabetical letters in the same row indicate the
significant diference for each variety under different date of sowing (o < 0.05); CD at 5%, and Mean == SEM, data between sowing dates (S), genotype (G, and S x G interactions were

also highlighted.
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Genotypes 2017-2018 Mean 2018-2019 Mean

st s2 s3 st s2 s3
vi 1.96 +0.20a 1.78 £008a 1.95 + 0,052 1.89 1.89+0.17a 181£005a  1.92+005a 1.87
v2 161£0.41a 1.64 £ 005a 1.70 £ 0.08a¢ 1.62 1.65 + 0.09% 1.70£041a 1740042 1.70
v3 1.16 £001b 1.65 +0.10a 178 +0.18a 1.53 1.19.£0.03b 164£007a  1.72£015a 1.52
va 1.90 £0.11a 1.77 £007a 200 0.15a 1.89 1.87 £0.14ba 1.74+004a  1.99:+0.16a 1.87
Vs 189:£005a  206+007a 202+008a 1.99 1.92 +006a 209+0.08a 1.98 £ 004a 2.00
Mean 1.70 1.76 1.89 1.70 1.80 187

SEM D (5%) SEM: ©D (5%)

Sowing date (S) 0.03 0.09 0.04 0.1
Genotype (G) 0.04 0.12 0.08 008
SxG 0.07 021 0.06 0.18

#Different date of sowing represented as S1 timely sown (30 October0), S2 late sown (15 November) and S3 very late sown (30 November 30); Varieties symbolze with: V1, PM 25;
V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Urvashi, respectively. The mean = SD data were presented in table and different alphabetical letters in the same row indicate the
significant diference for each variety under different date of sowing (o < 0.05); CD at 5%, and Mean == SEM, data between sowing dates (S), genotype (G, and S x G interactions were
also highlighted.
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Genotypes 2017-2018 Mean 2018-2019 Mean

s1 s2 s3 s1 s2 s3
vi 476+£018 5290300 10.61 = 0.48a 6.8 487£010c 5620260 10.84 = 0.26a 741
v2 456054  5.06:0600 10.50 £ 0.99% 6.70 445040 5390550 10.28 £0.75a 6.69
v3 52120206 5790300 11.56 = 0.56a 752 511£011c 595008 1141033 749
va 845+022c  8.83+024b 7.84£0.46a 5.04 3610140 4000120 7.97 +0.35a 5.9
Vs 349£020b  3.88:+039% 7934052 5.0 3824068  428+042b 7.93+ 052 534
Mean 429 477 269 437 5.05 968

SEM: D (5%) SEM: D (5%)

Sowing date (S) 014 0.41 0.12 034
Genotype (G) 0.18 053 0.15 0.44
SxG 032 092 026 076

#Different date of sowing represented as S1 timely sown (30 October), S2 late sown (15 November) and S3 very late sown (30 November): Varieties symbolize with: V1, PM 25;
V2, PM 26; V3, BPR-541-4; V4, RH-406; and V5, Unvashi, respectively. The mean = SD data were presented in table and different alphabetical letters in the same row indicate the
significant diference for each variety under diferent date of sowing (o < 0.05); CD at 5%, and Mean  SEM, data between sowing detes (S), genotype (G) and'S x G interactions were

also highlighted.
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Genotypes

vi
v2
v3
v4
V5
Mean

Sowing date (S)
Genotype (G)
SxG

s1

5.51£0.76b
7.21+063b
5.67 £0.54c
4.16 £ 0.88a
4.39 £ 0.67b
5.39

2017-2018

s2

6.62 £ 0.91b
8.66 £ 0.76b
6.80 + 0.65b
4.99 +1.05a
5.26 £ 0.81b
6.47

+SEM
033
0.43
0.74

s3

11.64 + 1.89a
15.89 £ 2.7%
12,02 +0.27a
8.26 + 0.62a
8.82 £ 1.68a
11.33

Mean

792
10.59
8.16
5.80
6.16

©D (5%)
096
1.24
215

s1

5.05 £ 0.43¢c
6.88 + 0.56b
5.33£0.10c
3.83 £ 0.44b
4.09 £0.33b
5.03

2018-2019

s2

6.28 £ 0.70b
7.66 % 0.39b
6.49 £0.22b
4.66 +£0.21b
4.95 £ 0.44b
6.01

SEM*
0.15
0.20
0.34

s3

9.31 £0.23a
11.89 £0.17a
10.36 £ 0.39%a
7.26 +0.62a
8.16 £0.83a
9.39

CD (5%)
0.44
057
099

Mean

8.81
7.39
5.25
5.73

# Different date of sowing represented as S1 timely sown (30 October), S2 late sown (15 November) and S3 very late sown (30 November); Varieties symbolize with: V1, PM 25;
V2, P 26; V3, BPR-541-4; V4, RH-406; and V5, Urvashi, respectively. The mean = SD dta were presented in table and different alphabetical letters in the same row indicate the
significant diference for each variety under different date of sowing (p < 0.08); CD at 5%, and Mean = SEM, data between sowing dates (S), genotype (G), and S x G interactions were

also highlighted.
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Soil characteristics

pH

EC (dS m™)
Sand

Silt

Clay

Soil texture
Organic matter (%)
N (%)

P (%)

K (%)

Ca (%)

Na (%)

Values

7.72
335
84.5
123
32
Loamy Sand
0.5
0.03
0.001
0.06
0.34
0.04
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Treatments ~ DHAR (nmol ~ MDHAR (nmol  GST (nmol g GR(EUmg’ GPX(pmol  APX(EUmg™"
min~! mg~! min~! mg~! FW) protein) g~ FW) protein)
protein) protein)
Control 103 + 1.9fg 60+ 2.6c 38.1 % 1.2fg 412+0.1g 53.240.8fg 216 +0.1g
H 5871341 34243.1e 21717 £ L.1h 235+ 1.0h 30.32 £ 1.0h 1.24+0.03h
G 132.87 £2.9¢ 77.40 £ 3.1ab 63.63 £ 1.2cd 6.88 +0.1de 68.62 % 1.9de 3.61+0.1de
B 121.54+37d 70.80 & 1.8b 4801+ L6e 519+ 0.1f 62.77 £ 09f 720.1f
BG 14729+ 4.1a 8580+ 1.9a 91.82+ 1.5a 9.93+0.2a 7607 +2.2a 5.21%0.2a
HG 125.66 + 3.3cd 73.20 £ 2.2ab 52.58 £ 0.de 5.69 & 0.2ef 64.9 £ 1.8¢f 298 % 0.1ef
HB 113.30 £ 3.6de 66.00 £ 1.7bc 4267 £0.9f 461 £0.1fg 58.52 % 1.7fg 24240.16g
HBG 142.14 £ 5.7ab 82.80 % 1. 80.39 £2.1b 869+02b 7342+ 1.5b 4.56 £0.1b
HBG.To 87.55 £ 2.8h 51.00 £2.7d 3239+ L1g 3.50 £ 0.1gh 4522+ 1.3gh 1.83+0.1gh
HBG.To5 117.42 £ 2.6de 68.40 £ 1.1bc 4267 £ 2.1f 461 £02fg 60.65 + 1.4fg 24210.16g
HBG.T15 12257 £ 3.6d 71.40 £0.9b 70.10 &+ 1.5¢ 7.58 +0.3b 63.31 £2.0b 3.9710.1b
HBG.T35 136.99 + 4.1bc 79.80 + 2.5ab 77.34% 2.1bc 8361 0.2c 70.76 £ 1.6¢ 4383+ 0.2bc
HBG.T45 108.15 £ 2.4f 63 % 1.6bc 65.53 £ 2.4cd 7.09+0.2d 55.86 & 1.3cd 372401d
HBG.T50 88.58 + 2.6h 516+ 1.1d 3734 +12(g 404£0.1g 4575+ 1.7fg 2.12+0.1g

Values demonstrate means < SD (n = 5). Different letters indicate a significant difference among the treatments (P < 0.05). C = control; H = HCB, G = GAs, B = BioClay, T0 = 0°C,
T05 = 05°C, T15 = 15°C, T35 = 35°C, T45 = 45°G, T50 = 50°C. BG treatment was the BioClay doped with GAs (BioClaygs). Duration of the temperature treatments was 2 hours in the
i e kit b T tha ik oEthe sopaduin wes aitiad cal el s contant nbeskira P9 e
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Treatments Chla Chlb Total chlorophyll Soluble sugars (mg g™")

Control 0.98 4 0.05fg 051+£0.03g 149 £0.11fg 5520.14g
H 056 £0.03h 02940.04h 085 £0.13h 31540.14h
G 164 £ 0.06de 0.85 £0.04de 2494007de 7124 0.13de
B 123 £0.07F 064 £0.02f 188 £0.11f 6514015
BG 236004 1.23 £0.06a 3594014 789 £021a
HG 1.35 £ 0.06ef 0.70 £ 0.02¢f 2.06 % 0.09f 6732 0.19f
HB 1.10 £ 0.026g 057 £003fg 167 £0.08g 607 £0.15fg
HBG 20740.08b 108 £0.02b 3.142005b 7.624024b
HBG.To 0.834003gh 0.43 £0.04gh 1.27 £0.05gh 469 £0.19gh
HBG.Tos 1.10 £ 0.06fg 057 £002fg 167 £0.05g 629 £0.13fg
HBG.Ti5 1,80 £0.02b 0.94 £004b 2744005b 657 £0.22b
HBG.T35 1.9 £0.07bc 104 £0.02bc 3024005 7344024
HBG.T45 169 £0.05cd 0.8840.03d 256 £006cd 58040.13d
HBG.T50 0.96 % 0.06fg 0.50 £0.03g 146 £0.02fg 475 £0.18g

Values demonstrate means < SD (n = 5). Different letters indicate a significant difference among the treatments (P < 0.05). C = control; H = HCB, G = GAs, B = BioClay, T0 = 0°C,
T05 = 05°C, T15 = 15°C, T35 = 35°C, T45 = 45°C, T50 = 50°C. BG treatment was the BioClay doped with GA, (BiClaygs). Duration of the temperature treatments was 2 h in the middle
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Treatments

Control

HB

HBG
HBG.TO
HBG.T05
HBG.T15
HBG.T35
HBG.T45
HBG.T50

Values demonstrate means =

Water
potential

0.63 +£0.01d
0.36 +0.1f
0.81 +0.01b

0.74 £ 0.02¢
0.90 £ 0.02a
0.77 £ 0.01bc
0.69 £ 0.02cd

0.87 £ 0.03ab
0.54 £ 0.01e
0.72.4 0.02¢

0.75 £ 0.01bc
0.84 £ 0.03ab
0.66 % 0.02¢cd

0.54 £ 0.02e

Leaf
osmotic
potential

0.88 £ 0.03d
0.50 + 0.05f
1.14 £ 0.03b
1.04 £ 0.02bc

1.26 £0.01a
1.07 £ 0.01bc
0.97 £ 0.02cd
1.21 £ 0.03ab
0.75£0.01e

1.00 £ 0.02¢
1.05 £ 0.01bc
1.17 £ 0.01ab

0.92 4+ 0.01cd
0.76 £ 0.01e

MSI

0.93 £ 0.02d
0.53 4 0L01F
1.20 £ 0.02b
1.10 & 0.02¢

1.33 +0.02a
1.13 £ 0.04bc
1.02 £ 0.05¢d
1.28 £ 0.02ab
0.79 £ 0.03e
1.06 & 0.02c

1.11 £ 0.01bc
1.24 4 0.02ab
0.98 £ 0.02cd
0.80 £ 0.01e

Root HCB
hgg™)

89.00 £ 0.3a

44.00 £ 0.5bc
48.50 + 0.2b
34.00 £ 0.1cd
47.00 £ 0.2bc
39.00 £ 0.3¢

36.50 + 0.4cd
34.50 + 0.3cd
35.50 &+ 0.4cd

39.50 £ 0.4c

Shoot HCB
hgg™")

2.67 £0.03a

1.32 4 0.06bc
1.46 £ 0.04b
1.02 £ 0.02cd
1.41 £ 0.02bc

1.17 £ 0.03¢
1.10 £ 0.01cd
1.04 £ 0.04cd

1.07 £ 0.02cd

1:19:4 0:03¢

Leaf HCB
hgg™")

233+£0.1a

1.15 4+ 0.07¢c
1.27 £ 0.09b
0.89 £ 0.03cd
1.23 4 0.04bc
1.02 +0.03d

0.96 + 0.01de
0.90 £ 0.02e

0.93 + 0.01de

1.03 £ 0.02cd

Seed HCB
hgg™)

196 £0.2a

0.97 £ 0.03¢
1.07 £0.01b
0.75 £ 0.03cd
1.03 & 0.02bc
0.86 £ 0.01d
0.80 £ 0.01de
0.76 £ 0.02e
0.78 £ 0.03de

0.87 £ 0.02d

TF

1.32 £0.02a

0.65 £ 0.07bc
0.72 £ 0.02b
0.50 £ 0.02cd
0.70 £ 0.01bc

0.58 +0.01d
0.54 & 0.02de
0.51 & 0.02de

0.53 & 0.02de
0.58 +0.01d

AE (%)

2.68h

6.58 £ 0.08e
5.42 + 0.06f
10.12 £ 0.05a
4.04 £ 0.04bc

5.41 + 0.05f
8.82 £ 0.07¢
9.72 £ 0.09b
8.25 £ 0.04d

4.73 £0.06g

treatment was the BioClay doped with GA3 (BioClayg, ). Duration of the temperature treatments was 2 h in the middle of light hours. However, rest of the experiment was carried out at a constant temperature of 25°C.

PTI

33.63 +1.8g

81.42 +0.05d
66.08 £ 1.9¢

124.49 £ 2.6a
50.15 £ 1.9f
66.08 £ 2.0e

108.56 + 3.3b
119.77 £ 4.1ab
101.48 + 2.1bc

57.82 £ 2.0ef

£ SD (n = 5). Different letters indicate a significant difference among the treatments (P < 0.05). C = control; H = HCB, G = GA3, B = BioClay, T0 = 0°C, T05 = 05°C, T15 = 15°C, T35 = 35°C, T45 = 45°C, T50 = 50°C. BG
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Colony Fungal colony Fungal colony Microscopic view | Microscopic view
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surface
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Treatments Water use efficiency (kg m)~ Shelling percentage Harvest index (%) 100 kernel weight (g)

Season 1 Season 2 Season 1 Season 2 Season 1 Season 2 Season 1 Season 2
Salinity (mg L)
1000 1.07 a 110 a 77.00 ¢ 83.06 ¢ 0.31a 0.35a 34.85a 33.11a
2000 0.93b 0.96 b 8317 b 91.06 b 0.32a 0.35a 28.06b 26.66b
3000 072 ¢ 0.75 ¢ 89.69 a 98.47 a 031a 0.34a 21.42¢ 20.34c
LSD 0.051 0.055 11.06 11.85 - - 5.02 4.76
Maize cultivars
ES 81 0.92a 094a 83.94a 91.55a 031a 0.34a 28.03a 26.63a
ES 83 0.89a 092a 81.10a 88.52a 03la 0.34a 2941a 27.94a
ES90 091a 093 a 84.82a 92.51a 03la 0.34a 26.89% 25.54a

Silicon application (kg ha™)

0 0.75 ¢ 0.77 ¢ 78.10c 85.19¢ 0.29b 0.31b 24.03¢ 22.83¢
1 0.96 b 0.99 b 87.48a 95.42a 0.33a 0.65a 28.44b 27.01b
2 1.02a 1.05a 84.27b 91.97b 0.32a 0.35 31.86a 30.27a
LSD 0.018 0.019 4.15 4.50 0.01 0.016 2.49 237

Values in the column with identical letter(s) do not substantially differ at the 5% level of probability.
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Treatments Total biomass (t ha™) Stover yield (t ha™) Cob dry weight (t ha!) Grain yield (t ha™")

2019-20 2020-21 2019-20 2020-21 2019-20 2020-21 2019-20 2020-21

Salinity (mg L)

1000 26.40 a 25.11a 1537 a 14.76 a 11.03 a 1035 a 8.36a 8.47a
2000 2235b 2127 b 13.60 b 13.06 b 8.74b 821b 7.23b 7.43b
3000 18.01 ¢ 1717 ¢ 11.71 ¢ 1124 ¢ 6.29 ¢ 592¢ 564 ¢ 582¢
LSD 170 1.60 1.14 109 1.657 1.538 0.405 0415
Maize cultivars

ES 81 2245a 2137 a 1377 a 1322a 8.67 a 8.14a 7.16a 7.33a
ES 83 22.12a 21.05a 1333 a 12.80 a 8.79 a 825a 6.97 a 7.14a
ES90 2220 a 2113 a 1359 a 13.04 a 8.60 a 8.08 a 7.09 a 7.26a

Silicon application (kg ha™)

0 20.07 ¢ 19.12 ¢ 1244 ¢ 1194 ¢ 7.63 ¢ 717 ¢ 583 ¢ 597 ¢
1 2239b 2131b 13.66 b 13.11b 8.73b 820 b 7.46 b 7.64 b
2 2430 a 2312a 1459 a 14.01 a 9.70 a 91la 7.94a 8.12a
LSD 0.948 0.903 0.675 0.648 0.478 0.445 0.145 0.149

Values in the column with identical letter(s) do not substantially differ at the 5% level of probability.
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Treatments Total dry weight (g) Total fresh weight (g) Cob dry weight (g) Cob fresh weight (g)

2019-20 2020-21 2019-20 2020-21 2019-20 2020-21 2019-20 2020-21
Salinity (mg L)
1000 301.04 a 286.16 a 733.50 a 689.64 a 114.33 a 105.00 a 227.15a 21098 a
2000 262.82 b 246.84 b 641.94 b 596.83 b 97.63 b 88.83 b 193.83 b 17837 b
3000 23223 ¢ 216.02 ¢ 563.96 ¢ 520.26 ¢ 82.84 ¢ 74.41 ¢ 162.72 ¢ 148.06 ¢
LSD 18.64 18.13 48.11 44.82 134 1237 26.42 24.60
Maize cultivars
ES 81 261.74 a 257.17 a 648.73 a 616.18 a 102.33 a 94.20 a 201.19 a 187.10 a
ES 83 274.67 a 251.01 ab 656.68 a 604.05 a 98.73 a 90.49 a 196.26 a 180.60 a
ES90 259.69 a 240.84 b 633.99 a 586.50 a 9375a 83.55a 186.26 a 169.70 a

Silicon application (kg ha™)

0 24138 ¢ 22533 ¢ 587.40 ¢ 543.36 ¢ 88.16 ¢ 79.58 ¢ 176.08 ¢ 160.87 ¢
1 265.80 b 250.79 b 646.48 b 603.79 b 98.89 b 90.27 b 195.12 b 180.15 b
2 288.91 a 272.89 a 705.52 a 659.57 a 107.75 a 98.39 a 212,50 a 19638 a
LSD 12.54 11.21 31.37 29.37 6.97 6.36 13.78 12.64

Values in the column with identical letter(s) do not substantially differ at the 5% level of probability.
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Cultivars* Abbreviation
Egaseed 81 ES 81
Egaseed 83 ES 83
Egaseed 90 ES 90

*Source: Egyptian Agricultural for Seed Production, EGAS.

Type

Single hybrid
Single hybrid

Single hybrid

Color

‘White

‘White

‘White

Breeding

$ 2650
S 758
S 5146
$ 1053
$2823
$ 1053
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Source of variation Cob weight (g) 100 Grains weight (g) Grains yield (t ha1) Biomass yield (t ha—1)

S Su S Su S Sy S S
Sl 117.90b 119.72b 29.73b 30.18b 6.07b 6.08b 31.01b 32.09b
DI 138.07a 138.65a 34.95a 35.87a 7.27a 7.30a 37.14a 38.13a
l10o(control) 133.35a 134.37a 34.73a 35.15a 7.47a 7.47a 37.55a 38.54a
Igs 127.36b 128.78b 32.94b 33.83b 6.98b 7.01a 34.02b 35.04b
I70 123.25¢ 124.41¢c 29.36¢ 30.11¢c 5.56¢ 5.58b 30.66¢ 31.76¢
Pro . - . . o . * .
Prog (control) 117.47¢ 118.25¢ 27.97¢c 28.23c 6.11c 6.156¢ 30.13c &1.1%¢
Proq 131.16b 132.16b 33.95b 34.09b 6.80b 6.80b 34.93b 35.85b
Proy 135.33a 137.18a 35.11a 36.77a 7.10a 7.12a 37.17a 38.28a
1S % | o o NS NS x * . o
IS x Pro " o NS NS o o * o
i % Pro . o * . . o * *
IS x I x Pro * NS NS NS * * NS NS

*and ** refer to the significant difference at p < 0.05 and p < 0.01, respectively.

S), first season; Sy, second season; IS, irrigation system; S, surface irrigation; DI, drip irrigation; I, irrigation regime; Pro, proline treatment (Prog = O, control; Pro1 =2 mM;
and Pros =4 mM); NS, not significantly different. In each column the different letters attached to the mean values indicates significant difference according to Duncan’s
multiple range test.
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Source of variation RWC % MSI % Fv/Fm Pl SPAD

S S Sy Su Sy S S S Sy Su
Sl 70.82b 71.76b 59.4b 58.96b 0.72b 0.72b 2.10b 2.12b 34.32b 34.39b
DI 76.67a 77.51a 69.51a 68.76a 0.77a 0.78a 2.46a 2.48a 41.22a 42.1a
l10o(control) 78.94a 80.68a 68.12a 67.85a 0.78a 0.79a 2.68a 2.71a 41.39a 43.41a
Igs 74.11b 73.87b 64.93b 64.69b 0.75b 0.76a 2.22b 2.24b 38.12b 38.51b
170 68.19¢c 69.38¢c 60.34c 59.05¢c 0.71c 0.71b 1.94¢ 1.94¢ 33.79c 32.84c
Pro . * e - . - . * - -
Prog (control) 70.06¢ 69.98¢c 59.94c 60.31c 0.70¢c 0.71¢ 2.09¢c 211e 35.21¢ 35.18¢
Proq 74.48b 75.70b 64.94b 63.58b 0.75b 0.76b 2.24b 2.23b 38.25a 38.37b
Pros 76.71a 78.23a 68.5a 67.68a 0.79a 0.79a 2.52a 2.55a 39.86a 41.24a
IS x | = NS NS NS NS NS NS NS NS NS
IS x Pro * NS NS NS NS NS NS NS NS NS
| x Pro > NS . NS NS * > * NS NS
ISx | x Pro * NS * NS NS NS NS NS NS NS

*and ** refer to the significant difference at p < 0.05 and p < 0.01, respectively.
S), first season; Sy, second season; IS, irrigation system; S, surface irrigation; DI, drip irrigation; I, irrigation regime; Pro, proline treatment (Prog = O, control; Pro1 =2 mM;
and Pros =4 mM); NS, not significantly different. In each column the different letters attached to the mean values indicates significant difference according to Duncan’s

multiple range test.
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Source of variation Plant height (cm) Stem diameter (cm) Number of leaves plant~? Roots weight (g)

S S S Sy Sy Sy Sy Su
Sl 169.51b 171.63b 1.95b 1.97b 12.83b 13.82b 54.4a 55.31a
DI 199.81a 202.13a 2.29a 2.33a 16.25a 16.4a 49.07b 48.99b
l10o(control) 205.22a 204.41a 2.38a 2.41a 14.63a 16.96a 58.56a 57.79a
lss 181.54b 185.01b 2.14b 2.19b 14.23a 16.42a 51.27b 52.11b
I70 167.21¢c 171.21¢c 1.84c 1.87¢c 13.27b 13.95b 45.39¢ 46.98¢
Pro . - - - - . . .
Prog (control) 164.45¢ 166.53¢ 1.77¢c 1.79b 12.54¢c 13.75b 42.67¢ 43.03c
Pro4 189.98b 192.34b 2.21b 2.28a 14.41b 16.59a 54.71b 54.82b
Proo 199.54a 201.78a 2.38a 2.40a 16.18a 16.99a 57.83a 58.61a
IS x| . - . - . . . .
IS x Pro & i » 3 3 3 e NS
% Pro . % . ; ; - ; .
ISx | x Pro * NS NS NS NS NS NS NS

*and ** refer to the significant difference at p < 0.05 and p < 0.01, respectively.

S), the first season; Sy, the second season; IS, irrigation system; S, surface irrigation; DI, drip irrigation; I, irrigation regime; Pro, proline treatment (Prog = 0, control; Pro4
=2 mM; and Prop = 4 mM); NS, not significantly different. In each column the different letters attached to the mean values indicates significant difference according to
Duncan’s multiple range test.
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Soil Particle size distribution pb (Mg Porosity Ks (cm Soil moisture pH (1: 25 ECe (dS CaCO3zg OMg

depth m~3) % h-1) constants % at: soil-water m~) kg1 kg1
(cm) suspension)
Sand %  Silt Clay Texture FC WP AW
% % class
0-20 73.40 11.30 15.30 S.L. 1.42 46.41 256 21.369.41 11.95 7.78 4.24 91.8 16.7
20-60 75.04 10.93 14.03 S.L. 1.62 42.86 212 19.688.32 11.36 7.79 3.25 83.9 10.9
Mean 7423 1111 1466  SL 1.47 44.64 234 2052887  11.66 7.77 3.75 87.85 13.8

SL, sandy loam; pb, bulk density; Ks, hydraulic conductivity; FC, field capacity; WR wilting point; AW, available water; ECe, electrical conductivity; OM, organic matter.
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Species CWt-EW RW-LW (10°

2
(pm) mm)
MG 2117 £422b | 1093 £305b 182£026a 267+039a 136 + 0.28 ab 0.56 + 0.19 ab
WEQH 157.8 £13.0d 72.6 +19.2 be 1.78 £ 0.36 be 2.41 +0.41 be 1.52 +0.50 b 0.88 +0.34 b
Larix gmelinii
MEDG 191.6 +30.1 ¢ 62.6 + 164 ¢ 1.68 £ 0.38 ¢ 247 £0.51 ¢ 0.56 + 0.20 ab 0.21 +0.14 be
ALH 310.6 + 28.9a 1180 +17.7a 1.81+0.13a 254+0.24b 261076 a 174 £ 043 a
MG 2299 +£329b 1229+ 167a 117 £031b 1.75 + 0.32 be 1.96 + 0.63 b 0.59 +0.37 b
Pi z WEQH 140.1+ 16.8 d 56.1 +16.5b 1.38 £ 0.31a 197 £0.19a 3.37 £ 0.35a 151 +£0.24a
inus sylvestris L. var. |
mongolica MEDG | 1701 %174 ¢ 568 +132b 138 +031a 184 %044 b 0.60 +0.18¢ 027 +0.25ac
ALH 30932442 | 1246+ 181a 138 £031a 168 £0.19 ¢ 150+ 0.27ab 0.60 £ 0.21 ¢

Values are means + standard deviations. Different letters within columns indicate significance at p < 0.05 according to Fisher’s least significant difference (LSD) test. La-EW, Lumen area of earlywood, La-LW,
Lumen area of latewood, CWt-EW, Cell wall thickness of earlywood, CWt-LW, Cell wall thickness of latewood, RW-EW, Ring width of earlywood, RW-LW, Ring width of latewood.
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S S S Su S S
IS 7,754 7,786 6,591 6,618 5,427 5,450
D 5,473 5,496 4,652 4,672 3,831 3,847

S), first season; Sy, second season, |, irrigation; IS, irrigation system; D, drought.
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Treatments

Genotype & VPD RH
Statisitics
T 0.82 -0.86 0.77 0.75 0.67 0.74 -0.83 0.67 0.65 0.66
Cc
P value 0.007 0.003 0.016 0.021 0.048 0.022 0.006 0.048 0.060 0.055
r 0.86 -0.55 0.79 0.74 041 0.69 -0.64 0.53 0.59 0.30
LerLoy ws
P value 0.003 0.125 0.011 0.022 0.271 0.039 0.061 0.143 0.091 0.427
r 023 0.79 0.47 0.81 0.63 0.20 0.73 0.43 0.78 0.54
WS+T
P value 0.547 0.012 0.197 0.008 0.071 0.608 0.024 0.252 0.013 0.132
r 0.70 -0.62 0.55 0.78 0.48 0.67 -0.64 0.49 0.76 0.42
C
P value 0.035 0.072 0.127 0.014 0.189 0.050 0.066 0.177 0.017 0.255
T 0.75 -0.78 0.73 0.41 0.80 0.55 -0.59 0.55 0.58 0.91
Ler-Hey ws I I
P value 0.0202 0.012 0.025 0.275 0.009 0.126 0.093 0.123 0.101 0.001
T 0.11 0.81 0.29 0.86 0.73 -0.02 0.83 0.15 0.80 0.65
WS+T
P value 0.778 0.008 0.455 0.003 0.025 0.961 0.006 0.694 0.010 0.061
r -0.72 0.54 -0.46 0.11 -0.39 -0.13 -0.46 -0.61 0.83 -0.81
€
P value 0.028 0.137 0.215 0.785 0.298 0.730 0.208 0.080 0.006 0.009
r 0.38 -0.65 0.30 -0.41 0.23 -0.54 0.63 -0.51 0.46 -0.40
Her-Hgy ws
P value 0.314 0.058 0.433 0.270 0.554 0.132 0.066 0.165 0.216 0.283
r -0.01 0.28 0.09 -0.26 0.31 0.29 -0.75 0.05 0.38 -0.31
WS+T
P value 0.972 0.463 0.822 0.492 0419 0.449 0.020 0.895 0.313 0423
r -0.03 0.41 0.13 -0.04 0.10 -0.36 0.22 -0.31 0.41 -0.40
C
P value 0.945 0.271 0.737 0.928 0.795 0.347 0.570 0.420 0.279 0.288
T -0.55 0.39 -0.38 0.20 -0.06 -0.82 0.57 -0.57 0.08 -0.05
HerLey ws T
P value 0.121 0.296 0.310 0.602 0.885 0.007 0.111 0.112 0.839 0.899
o -0.58 0.18 -0.63 0.63 -0.65 -0.58 -0.06 -0.67 0.87 -0.83
WS+T
P value 0.102 0.644 0.072 0.070 0.057 0.101 0.882 0.047 0.003 0.005

According to the canopy temperature (CT; high-H and low-L) and productivity (GY; high-H and low-L) genotypes were designated as: Ler-Loys Ler-Hays Hor-Hoys and Her-Ley.
Measurements were performed just before the plateau of the maximum daily atmospheric demand for water (~13:00 h); n = 9. significative p-values are denoted in bold.
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Environmental

Erpenisl conditions
Averages D1 Averages
VPD 1354057  1.50£046  1.69+069 = 151+£057 | 300064 = 297+064 & 334081 | 31+070
(kPa) (0.37 - (0.64 - (043 - (0.48 - (122 - (145 - (1.02 - (1.23 -
251) 238) 2.66) 252) 443) 425) 5.00) 4.56)
UTALCA
Air temperature 198491 215+£328 | 214+328 | 209+417 | 295+324 | 295+309 | 304+341 | 298+325
(C) (8.89 - (142 - (118 - (116 - (19.1 - (214 - (183 - (196 -
28.1) 26.6) 27.0) 27.2) 35.3) 34.7) 36.6) 35.5)
VPD 146033 142+030 1594031  149+031 | 361+153  361+125  366+1.09 & 362+129
(kPa) (1.02 - (091 - (0.61 - (0.85 - (072 - (0.76 - (0.60 - (0.69 -
232) 2.00) 2.24) 2.19) 742) 6.00) 6.09) 6.50)
UIB
Air temperature 2624212 260+ 166  260+107 | 261+1.62 | 342+551 | 345+433 | 356+3.34 | 348+439
(0 (230 - (227 - (234 - (23.0- (222 - (236 - (234 - (231 -
29.9) 29.2) 27.7) 28.9) 43.1) 41.6) 41.8) 42.2)

In the UTALCA (Chile) and UIB (Spain) experiments, values represent the average between 9:30 and 16:30 h + standard deviation, with the recorded ranges between brackets.
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Breeding progr. Canopy temperature (°C)°  SDD?
(origin & code) (°C)

INIA - Uruguay ‘ Martha D16 Lep-Loy 187 1.1 S1.4+0.03 ‘ 184024 | 0.15%005
INIA - Uruguay ‘ LE 2388 Ler-Hegy 185+ 14 -17£027 ‘ 4.2 +1.01 0.49 £ 0.16
CIMMYT - Mexico ‘ Fontagro 132 Hcr-Hgy 204 £23 -0.1£0.67 ‘ 39013 0.44 £ 0.05
INIA - Chile ‘ QUP 2569 HerLey 19.6 £ 0.89 -0.5+£0.07 ‘ 20073 0.21 £ 0.06
minimum 18.0 -2.17 ‘ 13 0.11
386 genotypes
maximum 21.6 137 ‘ 55 0.71

! Codification according to canopy temperature (CT; high-H and low-L) and productivity (GY; high-H and low-L).

2 Stress degree day (SDD) = CT- air temperature (Romero-Bravo et al., 2019).

* Yield tolerance index (YTI), calculated as the relative performance of a genotype under drought with its potential yield under irrigated conditions (Ober et al
* Isotopic carbon discrimination.

® Days from sowing to earing.

© Measured at anthesis.

Values are means of two replicates.

14.7 £ 0.15

155 +0.76

14.4 +0.06

14.8 +0.38 ‘
13.4 ‘

., 2004; del Pozo et al.,

83.0
79.5
83.0
83.5
79.0

84.0

2016).
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Nickel Ni concentration Ni uptake Ni translocation
(mgL™") (Root to shoot)
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Mean + SE of four replicates. The lowercase letters in each column demonstrate a statistically significant difference from one another according to the fisher LSD test at

P < 0.05.
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Nickel Leaves (g kg~! DW) Root (g kg=! DW)
(mgL~")

Nitrogen Phosphorus Potassium Nitrogen Phosphorus Potassium
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20 3289+ 1.14¢c 6.85+0.156¢ 4589+ 1.16¢ 3859+ 1.45¢ 10.7+£0.15¢ 39.54 +£0.97 ¢
30 26.71+1.02d 5.69+0.20d 39.72 £0.90d 31.324+1.184d 9.21£0.11d 32.39+1.27d
50 22.02+09%e 412+ 012e 3329+ 122¢ 23.62+1.09e 7.61+023e 2453+ 1.28¢e
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100 1344 +£045¢g 245+014¢9 19.42+140g 15.66 +£0.859g 4.75 40179 1223+1.24¢9

Mean + SE of four replicates. The lowercase letters in each column demonstrate a statistically significant difference from one another according to the fisher LSD test at
P < 0.05.
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First season Second season
RT  Compound US100 MS75 §S50 US100 MS75

Control FA  Control FA Control FA Control FA Control FA

4.31 B- Pinene 0.12 0.11 0.12 0.14 0.14 0.09 0.16 0.06 0.18 0.19
5.94 P-Cymene 529 5.09 322 298 4.16 4.91 5.88 4.38 4.11 3.99
6.56 Linalool 62.39 63.41 64.04 66.76 60.01 61.31 63.38 63.4 64.31 63.42
9.43 Borneol 0.71 0.69 0.39 041 0.67 0.76 0.58 1.38 124 1.06
1083 Terpinene 4.99 5.11 491 5.81 6.34 5.04 5.76 5.96 5.01 5.95
1248  Nerol 2.55 3.18 312 341 621 52 3.96 4.1 4.12 431
14.85 Limonene 1.86 171 1.51 145 241 23 1.68 1.6 2.06 2.08
1627  Geranyl acetate 1.02 148 1.42 1.21 0.89 0.79 0.71 0.82 0.76 0.81
2132 a-Terpeniol 6.31 6.11 5.83 5.85 533 4.94 7.18 7.43 5.07 6.48
21.97 Geranyl acetate 197 3.02 1.55 1.59 L61 L5 178 3.61 144 121
2347  Camphor 211 1.98 251 261 221 2.1 3.47 1.81 37 28
24.15  Undecanal 3.86 229 421 293 4.02 4.06 221 3.02 3.89 2.68
24.84  Thymol 0.81 0.62 18 0.99 1.67 1.8 0.64 0.26 1.01 0.99
2512  Decanal 1.82 1.96 13 1.62 2.16 2.15 1.25 1.44 1.66 274
2662 n-Octanal 0.72 0.16 037 041 0.09 0.01 0.88 0.39 0.52 0.67
27.56  Dillapiole 0.68 0.32 0.72 03 0.52 0.39 0.41 0.18 0.56 0.11
28.86 Geraniol 2.04 1.87 221 1.19 1.09 1.82 1.55 279 2.09 1.04
Total 99.25 99.11 99.23 99.66 99.53 99.17 99.72 99.86 99.08 99.38

$S50

Control

1.28
5.51
62.87
1.02
5.58
5.02
2.06
1.39
4.6
0.68
1.83
373
1.58
1.86
0.06
0.88
1.22
99.07

FA

0.26
4.6
66.11
1.08
5.61
597
1.01
0.41
5.18
0.7
1.62
371
2.02
141
023
0.21
1.98
99.92

EO, essential oil; RT, retention time; US100, unstressed (full irrigation at field capacity); MS75, moderate stress at 75% field capacity of US100; SS50, severe stress at 50% field capacity of

US100.
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Treatments

TRT1

TRT2

TRT3

TRT4

TRTS

TRT6

TRT1

TRT2

TRT3

TRT4

TRTS

TRT6

Growth stage

rst season (2019-2020)

Vs
BS
SFS.

SES.
Vs
BS
SES.
Vs
BS
SES.

econd season (2020-2021)

Vs

SFS.
Vs
BS
SFS.
Vs
BS
SES.
Vs
BS
SFS.
Vs
BS
SES.

PAR(pm/m*/s)

997.72 + 0.56a
814.05 + 1.14f
44585 +0.76b
99842 + 0.61a
819.12 + 0.9¢

45655 + 099
93372 + 1.05¢
82872 +0.47d
419.65 + 1.34d
95461 +0.73b
87354 + 1240
423.87 + 0.84c
857.27 £ 0.62¢
83307 +1.20c
40025 + 1.65¢
916,65 +0.76d
84255 + 1.71b
37975 + 0.36f

979.97 +031a

808 + 0.88¢
39275 + 1.67b
97642 + 0.5
810,05 + 1.25d
407.25 + 0.41a
883.05 +0.94d
81953 +0.47c
357.72 £ 091c
866.82 +0.97¢
83195 +0.73a
359.56 + 1.37¢
787.85 + 0.17F
82213 +0.99b
33172 +0.93d
886.72 + 0.69c
823.21 + 0.85b
329.25 +0.73d

he values are the mean + SE of four replicates. Values with different letters indi
I, treatment; TRT1, US100; TRT2, US100 + folic acid (50 mM); TRT3, MS75;

E(mmol/m®/s)

353 £ 0.08¢
149 £ 0.16c
182+ 0.12ab
3624 0.13¢
214+ 0.16b
228+0.15
460 £ 0.30a
150 % 0.14c
099 £ 0.30cd
449 £ 0.22ab
459 £0.12a
137 £ 0.29bc
45+ 0.242b
153+ 0.25¢
065 + 0.05d
394 % 0.41bc
153 £ 0.19¢
146 £ 0.20bc

347 +0.18b
138 % 0.15¢
192 % 0.26b
343 +0.13b
224£023b
2424021
441 %0382
163 % 0.17¢
121 £ 0.26¢
4490172
4544023
152 £ 0.07bc
4.1 £ 0.50ab
144 £ 021c
0.64 +0.04d
3.93 +0.28ab
149 £ 0.19¢
161 0.13bc

C(mmol/m*/s)

526.65 £ 0722
77.16 £ 091c
7192 £ 4.12¢
5269 + 049
98.29 + 137b
9373 +287b

42135 £ L61b
75.16 + 0.88¢
65.93 £333¢

369.99 + 079

456.11 £ 1.13a

122.58 £ 3492

348.68 + 0.6d
65.66 + 108
4135 £ 330d

234.60 £ 0.80¢
6931 £030d
63.17 £3.23c

527 +0.39%
7132% 036c
6330 £ 0.50d

52735 + 04la

102.50 £ 0.32b
9034 £ 0.38b

431.81 £ 0.67b
66.18 + 0.36d
52.01 £ 0.80¢

370.07 +0.77¢

25534 + 0450

119.84 £ 0.67a

338.14 £ 032d
6111 £ 0.26f
38.67 + 0.38f

215.62 + 047¢
63.35 + 0.60¢
75.69 £ 0.49¢

eadiation: . transpiration sate: C. stomatal conductance: Tk, €0 nternal carbon distide: Po. siet photosynthetic: rate.

Int. CO,(umol/mol)

5468 + 038
4246 £ 091c
6462 £ 097b
5467 £ 033
4844 + 1.08b
5468 + 0.82¢
647.6 + 059
4160 £ 071d
5233 £ 149%
5795+ 0.57d
5852+ 0742
5347 £ 103d
619.0 £ 0.11c
3923 £ 084e
3496 + 0.67f
7340 £ 0922
4847 £ 099
7526 0362

5399 % 0.40f
3962 + 0.64d
5747 £ 021b
5449 £ 074
447.1 £ 041c
4913 £ 0.56c
6077 £ 0.30b
3500 + 0.62¢
4734 £ 034d
5773 + 036d
5908 + 0.66a
4485 £ 1.25¢
588.8 + 0.60c
3318 £ 045f
299.3 020
692.6 + 0350
4547 + 0.92b
693.2 % 1.04a

te a significant difference between samples by least significant difference (p < 0.05).
T4, MS75 + folic acid (50 mM); TRTS, $850; TRT6, $550 + folic acid (50 mM); VS, vegetative stage; BS, bolting stage; SSF, seed filling stage; PAR, photosynthetic active

Pn(um/m°/s)

3640172
15.09 + 0242
15.30 + 0.19b
3648 £ 0.122
14.00 + 1332
16.28 + 0332
2236 + 034c

845+ 029b

673+ 022d
28.84 £ 047b
13.94 + 0.80a

755 £ 0.17¢
18.52 + 0.83d

392+ 021d

582 119
18.48 +0.39d

617 £ 027¢

674+ 025d

3655+ 0172
1428 + 0.19b
13.20 + 0.49b
3574+ 012
16.12 + 0.64a
1521 + 058
2512+ 034
895 + 049d
660 + 0.34d
2715 + 047b
11.96 + 0.37c
922 % 0.14c
17.20 + 0.83¢
449 £ 035f
640 + 037d
2037 £ 039d
7.88 + 0.19
675 % 045d

¥..(MPa)

-0.08 £ 0042
020 +0.06b
054 +0.03b
-0.06 + 0.06a
-0.13 0052
042 +0.08a
-0.19 0.02¢
027 +0.14c
067 +0.11d
-0.15 £ 001b
020 + 0.05b
-0.58 % 0.15¢
042 £ 0.02e
053 £ 0.03e
076 £ 0.07¢
032 +0.12d
047 +0.16d
067 +0.1d

-0.06 £ 0.03a
023 +0.02b
-055 + 0.04b
-0.04 £ 0.08a
-0.16 £ 0052
049 008
-0.18 £ 0.16¢
030 +0.18¢
071 +0.04d
-0.12 +0.13b
025 +0.15b
063 £ 0.14c
048 £ 0.11e
056  0.07¢
079 % 0.12¢
037 £ 0.06d
051 % 0.05d
-0.69 +0.05d

RWC(%)

88.6 +0.23
853 + 1.74b
75.1 £ 0.39b
894+ 1.09
909 +0.30a
817 +0.78
817 + 0.48¢
745 +0.71c
616 +0.47d
845 + 0.65b
864 +0.65b
674+ 0.84c
616 +0.79%
565 +0.71e
499 + 0.46f
66.4 + 1.04d
66.0 +0.50d
543 + 0.4de

900 +0.362
868 + 1.48b
741 + 0.68b
896 +0.71a
908 +0.17a
796 +0.94
817 + 0.60¢
734 £ 0.54d
602 +0.45d
84.8 + 0.58b
837 +0.71c
694 +0.72¢
617 + 0.66¢
55.6 + 0.46e
487 + 0.62f
668+ 1.16d
63.4 % 0.46f
55.6 + 0.38e
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Nickel (mg L—1) Biomass yield per plant (g) Growth tolerance Index (%)

Fresh Dry Shoot Root
Shoot Root Shoot Root

0 8.56 + 0.23a 2.88 + 0.063a 2.70 & 0.066a 0.273 £ 0.007a 100 100
10 7.64 +0.20b 2.55 +0.078b 2.37 + 0.063b 0.240 + 0.004b 87 89
20 6.65 + 0.22c 2.26 + 0.058¢c 2.02 4+ 0.066¢ 0.207 £ 0.007¢c 74 75
30 5.76 £0.17d 1.90 £+ 0.063d 1.67 £0.072d 0.165 + 0.007d 61 60
50 4.37 £ 0.15e 1.39 + 0.066e 1.21 £ 0.075e 0.121 £ 0.006e 44 46
75 3.21 £ 0.16f 0.86 & 0.049f 0.81 + 0.057f 0.082 + 0.005f 30 31
100 2.30 +0.16g 0.57 + 0.061g 0.54 + 0.049g 0.051 + 0.004g 20 18

Mean + SE of four replicates. The lowercase letters in each column demonstrate a statistically significant difference from one another according to the fisher LSD test at
P < 0.05.
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Parameter CO,
p- HSD
value  at
0.05
Photosynthesis rate pmol ~ 0.000  0.95
CO, m2 57"
Stomatal conductance mol  0.312 0.03
H,O m2s™!
Transpiration rate mmol 0.752 0.32
H,O m™2s™"
Intercullular CO, 0.000 19.87
concentration pmol mol ™"
Water use efficiency mmol ~ 0.001 0.93
CO, mol ™' H,O
Intrinsic water use 0.000 16.88
efficiency mmol CO, mol ™"
H,O
Instantaneous 0.000 0.04
carboxylation efficiency
umolm ™ s Pa™"
Minimum fluorescence 0.106 16.60
(FO)
Maximum fluorescence (F)  0.000 30.84
Quantum yield of PSIT 0.970 0.02
Photochemical efficiency of ~ 0.000 0.02
PSII (FU/Frh)
Photochemical quenching 0.148 0.03
(qP)
Photosynthetic electron 0.980 7.76

transport rate pmole™ m s

Time
p- HSD
value at
0.05
0000 242
0000 0.06
0000 082
0005 5044
0110 237
0000 4286
0000 001
0093 4213
0000 7827
0000 005
0000 0.2
0000 008
0000 1923

Water CO, x Time
p- HSD p- HSD
value at value at

0.05 0.05
0.000 095 0040  3.94
0.000 003 0788  0.10
0000 032 0352 133
0711 1987 0165  82.14
0024 093 0322  3.86
0.000 1688  0.107  69.76
0917 004 0150  0.02
0522 1660 0033  68.60

0.000 3084 0000 127.46
0.000 002 0060  0.07
0.000 002 0031  0.09
0.000 003 0422 133
0.000 776 0626 3132

CO, x Water
p- HSD
value at
0.05
0158 177
0000 047
0.000  0.60
0.140  37.03
0.580 174
0006 3145
0433 007
0339 3093
0280  57.46
0080  0.03
0400 0.04
0.167  0.06
0822 1412

Time x
Water
p- HSD
value  at
0.05
0.000 394
0.001  0.10
0.000  1.33
0.008  82.14
0216 3.86
0.000 6976
0.000  0.02
0.126  68.60
0.000 12746
0.000  0.07
0.001  0.09
0.000 133
0.000 3132

CO,xTimexWater

-

value

0.057

0.579

0.629

0.105

0.172

0.240

0.330

0.362

0.977
0.419
0.040

0.676

0.413

HSD at
0.05

6.23

0.17

211

129.86

6.10

110.28

0.03

108.45

201.50
0.11
0.14

0.21

49,51

CO, was 400 and 700 ppm; water condition was 100 and 60% field capacity; time of observations was 0 to 10 days at two days intervals from the start of drought conditions.
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Soil microbe/Strain

Plant species

Effect under drought

References

Bacillus amyloliquefaciens 5113
P, chloroaphis O6

Bacillus licheniformis K11
Azospirillum brasilense SP-7,
H. seropedicae Z-152

P, putida

B. subtilis LDR2

P, flourescens Pf1

B. subtilis strain SYST2

Bacillus amyloliquefaciens FZB42

Bacillus amyloliquefaciens

Streptomyces sp.
F. crocinum HYNOO56

Trichoderma sp.
Pseudomonas sp.

Wheat
Arabidopsis

Pepper

Maize

Chickpea

Wheat

Rice

Tomato

Arabidopsis
Tomato
Tomato

Arabidopsis
Rice

Upregulation of stress related genes APX7, SAMS1, and HSP17.8
Transcription of JA biosynthesis (VSP1, pdf-1.2) and salicylic acid
regulated gene (PR-1)

Inoculation increased the expression of stress responsive genes Caadhn,
VA, sHSP, and CaPR-10

Upregulation of ABA biosynthesis gene ZmVP14

Activation of ethylene, salicylic acid (PR7) and jasmonate (MYC2)
biosynthesis genes under drought

Upregulate the expression of TaCTR1/TaDREB2 TFs under drought
stress

The activations of ABA mediated signaling pathway genes like bZIP1,
AP2-EREBP, and Hsp20

Enhanced the expression of auxin (SIAAT. SIIAA3), gibberellin
(GA200x-1), CK (SICKXT), expansion (Exp2, Exp9. Exp 18), and
ethylene (ACOT) biosynthesis genes

Expression of drought defense related genes such as RD29A, RD17,
ERD1, and LEA14

Elevated expression of stress responsive genes, i.e., lea, tdi65, and
Itpg2, increased in

Modulate the expression of TF ERF1 and WRKY70 under drought stress
Upregulation of drought responsive genes RD29A and RAB18

Over expression of water permeability (OSPiP), drought adaptation
(DHN) and dehuderation genes (DREB)

Kasim et al., 2013
Cho et al., 2013

Lim and Kim, 2013

Curd et al., 2017

Tiwari et al., 2016

Barnawal et al., 2017

Saakre et al., 2017

Tahir et al., 2017

Lu et al., 2018

Wang et al., 2019

Abbasi et al., 2020
Kim et al., 2020
Singh et al., 2020
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Soil microbe/Strain

Bacillus sp. KB122, KB129, KB133, and KB14
A. chroococcum 67B

B. phytofirmans PsJN

Bacillus amyloliquefaciens FZB42

O. pseudogrignonense RJ12,

Pseudomonas sp. RJ15,

B. subtilis RJ46

A. aneurinilyticus WBC1,

Aeromonas sp. WBC4,

Pseudomonas sp. WBC10

Pseudomonas sp. Q6B, Q14B, Q7B, Q1B, and
Q13B

Azotobacter sp. Az63, Az69, and Az70

Bacillus amyloliquefaciens 54

V. paradoxus RAA3,

O. anthropi DPC9,

Pseudomonas sp. DPB13
Pseudomonas sp. DPB15
Pseudomonas sp. DPB16

P, aeruginosa JHAG

Bacillus amyloliquefaciens ROH14
Rhizobacteria sp.

AV-1, AV-2, and AV-7

Plant species

Sorghum
Tomato
Arabidopsis
Arabidopsis
Black gram

Wheat

Tomato

Maize

Tomato
Wheat

Pepper

Pulses

Effect under drought

Production of siderophore IAA and solubilization of phosphate.
Siderophore synthesis, No-fixing activity

Biosynthesis and transport of siderophore genes

Effect the formation of biofilm under drought

Synthesis of siderophore and phosphate solubilization

Production of siderophore

Phosphate solubilization, production of ammonia and
siderophore

Enhanced siderophore production along with phosphate and
potassium solubilization

Enhanced the biofilm-forming ability
Synthesis of siderophore and phosphate solubilization

Synthesis of siderophore, ACC deaminase activity and IAA
production.

Siderophore production

References

Grover et al., 2021
Viscardi et al., 2016
Zhao et al., 2016
Luetal., 2018
Saikia et al., 2018b

Kumar et al., 2018

Qessaoui et al., 2019

Shirinbayan et al., 2019

Wang et al., 2019
Chandra et al., 2019

Gupta and Pandey, 2019
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Soil microbe/Strain

Bacillus megaterium XTBG34
P, fluorescens SS101

B. subtilis SYST2
Microbacterium sp. EC8

Plant species

Arabidopsis

Tomato
Arabidopsis and tomato

Effect under drought

Production of VOC (pentyl furan) and promoting of plant growth

Production of VOCs 13-tetradecadien-1-01, 2-methy-n-1-tridecene, and 2-butanone
Decrease ethylene level, increase auxin, gibberellin, and cytokinin

Increased root and shoot biomass

References

Zou et al., 2010
Park et al., 2015
Tahiretal., 2017
Cordovez et al., 2018
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Parameters

pH
EC (nScm-~1)

DS (mgkg™")
Carbonates (mgkg™")
Bicarbonates (mgkg™")
Galcium (mgkg™")
Magnesium (mgkg~")
Potassium (mgkg™")
Sodium (mgkg™")
Nitrogen (mgkg™")
Phosphorous (mgkg™")
Organic carbon (%)
Cadmium (mgkg™")
Chromium (mgkg™")
Lead (mgkg™")

0%

7.9°£005
599 & 055
802¢ + 0.62
0
1,250% + 095
467° £0.24
959 £0.90
599 £ 055
149¢ + 0.60
35¢£0.70
149 £00.67
0.99° 4 0.07
0.0015¢ 0,01
0.001¢ + 0.001
0.002¢  0.001

Paper sludge concentrations

5%

8.0° £0.52
99° +0.65
1,346° £ 0.73
0
1,569 °+ 0.97
645° £ 0.56
112° £097
63° £0.61
230° +£0.64
67¢ +0.80
20° £0.81
1.00° +0.10
10° +0.60
180° +0.68
22° £ 0.67

10%

80720062
110° +£0.95
1,496° £ 0.89
0
1,890° 098
890°  0.80
149° +0.98
84° £0.79
4610 £0.72
74° £0.85
39° £1.31
1.500 +0.20
16° £ 0.89
280° +£0.71
80° £ 0.82

15%

8122 £ 1.07
145% £ 1.00
1,972% £1.01
[
2,589 +0.99
1,032% £ 0.90
199° +£0.99
98 + 0.85
690% £ 1.00
892 £ 1.01
512+ 1.68
1.80° + 0.50
222 +0.93
3012 +0.76
105° £+ 1.00

Each value is @ mean ++ standard deviation of 3 replicates, and different superscript letters in each column show significant differences according to DMRT at p < 0.05.

0¢

Control (Soil); PS, Paper Sludge.
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Soil microbe/Strain

P, fluorescens
B. thuringiensis

B. phytofirmans PsJN
Bacillus megaterium BOFC15

O. pseudogrignonense RJ12,
Pseudomonas sp. RJ15, B. subtilis
RJ46

B. subtilis

Pseudomonas sp. Strains DPB13,
DPB15, and DPB16

Bacillus amyloliquefaciens 54

Bacillus megaterium STB1

Pseudomonas lini
Serratia Bizio plymuthica

A. chroococcum,
Azospirillum brasilense

B. Subtilis Rhizo SF 48

Pseudomonas sp. Strain N66
Bacillus licheniformis FMCHOO1
B. subtilis DHK and B1N1

Plant species

Green gram
Maize

Wheat
Arabidopsis
Mungbean

Maize, common bean

Wheat

Tomato

Tomato
Jujube

Mint

Tomato

Sorghum
Maize
Maize

Effect under drought

Production of catalase enzyme

Improved nutrient content and water transport protein as well as reduce
lipid oxidation in the stressed plant

Reduced oxidative stress and increased mineral components of wheat.
Scavenges ROS, Upregulates ABA biosynthesis

Elevated production of ROS scavenging enzymes and cellular
osmolytes

Decreased antioxidant activities under drought stress

Improved plant growth and significantly enhanced antioxidant
properties of the plants

Decrease the malondialdehyde concentration and improved antioxidant
activities

Biosynthesis of CK, auxins as well as modulation of polyamines
Decreased malondialdehyde, ABA and increased antioxidant enzyme
activities

Higher ABA, proteins and soluble sugars, phenolic, flavonoid, and
oxygenated monoterpenes contents

Enhance plant growth, Enhance SOD, APX and ACC deaminase activity
and

Augmented antioxidant capacity under drought
Regulates the ROS level and increase CAT activities in root

Increase antioxidant enzymatic activities and decrease reactive oxygen
species

References

Saravanakumar et al., 2011
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Naveed et al., 2014
Zhou et al., 2016
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Wang et al., 2019
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Sood et al., 2020
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Soil microbe/Strain

P, brassicacearum STM196
G. diazotrophicus PALS

Azospirillum sp.

Bacillus amyloliquefaciens S-134
M. luteus S4.43
H. huttiense RCA24

B. endophyticus J13
B. tequilensis J12

B. subtilis DHK

Plant species
Arabidopsis
Sugarcane

Wheat

Wheat
Sunflower
Rice
Tomato

Maize

Effect under drought

Enhanced ABA decreased leaf transpiration

Inoculation activated the ABA-dependent signaling genes conferring drought
resistance

IAA enhanced root growth, lateral roots formation, and increased uptake of
water and nutrients

Higher IAA production under water stress
Enhanced the IAA production under drought
IAA producer under drought stress

Stress-induced increase in the levels of phytohormones, gibberellic acid, auxin,
and cytokinin
Production of IAA and stimulates the transcription of ACC synthase enzyme

References
Bresson et al., 2013
Vargas et al., 2014

Hosseini et al., 2017

Raheem et al., 2018
Namwongsa et al., 2019
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Sood et al., 2020
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Metal contents (mgkg™')

Cadmium

Chromium

Lead

Plant part

Root
Shoot
Root
Shoot
Root
Shoot
Root
Shoot
Root
Shoot
Root
Shoot
Root
Shoot
Root
Shoot
Root
Shoot
Root
Shoot
Root
Shoot
Root
Shoot

Con.

0%
0%
5%
5%
10%
10%
15%
16%
0%
0%
5%
5%
10%
10%
16%
16%
0%
0%
5%
5%
10%
10%
15%
15%

o

0.15% £ 0.05
0.004% £+ 0.01
6.112 £ 0.49
2072 £0.31
7.08* +£0.35
2812 +£0.07
11192 £0.14
6.08" +0.20
0.05* £ 0.01
0.004% £ 0.01
8.72* £ 0.06
5.612 +£0.32
6.92° +0.00
4.04* £0.24
44112 £0.10
34.422 £0.27
0.08* £ 0.01
0.019° £0.04
10.66% + 0.06
6.37% £ 0.08
8.06% +0.47
5.04* £0.12
86.15° +0.48
20.6* £0.10

Treatments of FA
10%

0.01° 0005
0.002% = 0.002
5.08° £0.13
1.97° £0.14
5.05° £0.16
2.03° £0.06
8.45° £0.05
5.87° £0.08
0.02% +0.007
0.002% = 0,003
799° £0.05
3.88° £0.09
6.08° +0.06
2.11° £0.10
38.09° & 0.09
22.34° +0.28
0.02°  0.007
0.001° 0.001
8.66° +0.05
5.67° £0.05
7.06° 036
2,99 £0.07
20.88° £0.14
18.44° +0.07

20%

0.05°  0.007
0.001° +0.002
323 £0.11
1.23° £0.12
3.98° 0,09
1.09° £0.08
7.88°£0.04
362° 0,06
001° +0.006
0.001® & 0.001
5.76° 0,03
2.07° 0,08
4.80° £0.05
1.06° £0.08
27.01° £0.06
17.33° +0.22
0.01° £0.02
0.002° & 0.001
577004
256° 0,04
411°£0.26
1.01° £0.06
24.02° £0.12
15.22° £ 0.06

Each value is a mean =+ standard deviation of 3 replicates, and different superscript letters in each column show significant differences according to DMRT at p < 0.05.

FA, Fulvic acid; PS, Paper sludge.
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Antioxidant Concentrations Treatments of Fulvic acid
Enzyme of paper

activity sludge (%) 0 10% 20%
POD Activity 0 474° £156 526 +£0.86 591+ 102
g’;f:;)“ 5 416 £ 173 406%8 £1.21 5424 £153
10 383%° £076 393102 4.60° +1.00
15 208 £089 3119 £107 3934 %167
CAT Activity 0 1433 +£1.00 156+ 1.77 16.19%" + 1.64
(UL~ of 5 10.38% £ 170 11,06 £2.07 11.66%+ 1.78
enzyme)
10 9.03® £1.14 9.30%+ 1.01 1016 £ 1.77
15 725%£123 810%£101 891 £152
SOD Acti 0 1333 +1.05 14.33% £221 14.93% +088
‘F‘,’r:::‘; . 5 966 £1.10 11.0°£281 132%4 105
10 766106 906Bk142 9934 x082
15 686% £081 80%+107 8.13%+£008

Each value is a mean = standard deviation of 3 replicates, and different superscript
lowercase letters in each column and capital letters within rows show significant
differences. Values with similar letters are significantly not different from each other
according to DMRT at p < 0.05.
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Soil microbe/Strain

A. piechaudii
B. thuringiensis AZP2

Paenibacillus polymyxa B

P, fluorescens DR7

B. Brevibacterium S91
Pseudomonas sp. N66
E. aerogenes

Plant species

Tomato
Wheat

Wheat

Millet
Tea
Sorghum
Rice

Effect under drought

Reduce the Ethylene production

High Phosphate solubilizing efficiency, ACC deaminase activity, improved crop growth
and biomass

High Phosphate solubilizing efficiency, ACC deaminase activity, improved crop growth
and biomass

Promote plants growth under drought stress, ACC deaminase activity

Improved ACC deaminase activities and IAA production

Lower the ethylene level by improving the ACC deaminase activities

Improves rhizosphere health under mild drought stress through ACC deaminase activity

References

Mayak et al., 2004
Timmusk et al., 2014

Timmusk et al., 2014

Niu et al., 2018
Borah et al., 2019
Carlson et al., 2020
Zhang V. et al., 2020
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Growth parameters Concentrations of paper Treatments of FA
sludge (%)

0 10% 20%
Root length (om) 0 40 £ 156 6168 £ 2.86 6.7 £252
5 6.0°8+1.73 6.66 & 2.51 70PA £253
10 6.83% £0.76 7.38% +1.52 8.0% £1.00
15 3.0% +1.89 3.8 £2.37 3.93% +2.67
Shoot length (cm) 0 24.33%8 £ 2.69 286" +2.77 29 +264
5 27.33% 279 28.16° + 2,67 31.66% +£2.78
10 17.83°C £2.14 20.0°® +2.01 26" £2.77
15 75% £1.23 13.0% & 1.01 1459 £ 152
Number of leaves o 9.33% +1.06 12.33%4 £ 221 13.33% +2.88
5 9.66% + 1.30 11.0° +£2.81 1894 +£2.55
10 7.66% £ 1.86 9.66% + 2.42 9.93% +2.82
15 5.86% + 0.80 80% £ 257 8.13% +208
Numnber of flowers o 2.38% £1.20 2.66% +1.30 3.0 £2.10
5 2.66* + 230 2.99% % 1.40 3.06* +1.99
10 20015 2338 £2.11 31 4154
15 2.0°8 +0.05 25805 2.0°8 & 1.00
Fresh weight of shoot (g) o] 15.42%C + 1.04 16.03%8 +2.09 18.86% +20.38
5 14.55% +1.02 14.94%8 +2.40 1884 £1.12
10 10.08% 127 12.93® 185 13.99% & 1.49
15 336 4 1.94 5.18% & 1.47 6724 £1.47
Fresh weight of oot (q) o 2.39% +027 2.90% +1.03 3.00% 1.10
5 2.13% + 064 268" +1.09 2.98% + 257
10 1.77%¢ £085 2.05% £ 031 283" 1138
15 064 £0.11 169 +0.13 1924 £1.73
Dry weight of shoot (g) 0 2.49% +1.10 2.87%% £0.76 6.84% £1.75
5 2.20% + 050 2.77%8 £0.64 533" %161
10 2.74% £0.60 3.53% £028 5.05% +1.33
15 0.48% +0.10 0.53% +0.20 0.59% + 0.60
Dry weight of root (g) 0 0,68 020 093 0,96 1.04% £0.23
5 0.46%° +0.85 0.80°® 0,03 0.96* 0,96
10 039 +0.77 0.65% 4 0.66 0.80% £ 0.41
15 031 £0.17 0.64% 0,02 0.69% % 0.50

Each value is a mean  standard deviation of 3 replicates, and different superscriot lowercase letters in each column and capital letters within rows show a significant difference. Values
with similar letters are significantly not different from each other according to DMRT at p < 0.05.
FA, Fulvic acid; PS, Paper sludge.
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Soil microbe/Strain

P, putica

GAP-P45

P, putida

GAP-P45

Proteus penneri (Pp1),

P, aeruginosa (Pa2),
Alcaligenes faecalis (AF3)
Bacillus amyloliquefaciens
HYD-B17,

Bacillus licheniformis HYTAPB18,
B. subtilis RMPB44
Bacillus amyloliquefaciens
FzB42

B. methylotrophicus

5.18

P, chinense P1

B. cereus P2

P, aeruginosa ZNP1

B. endophyticus J13

Plant species

Sunflower

Maize

Maize

Arabidopsis

Arabidopsis

Sunflower

Wheat

Arabidopsis

Effect under drought

Alleviation of drought stress and exopolysaccharide production

Improve water holding capacity and exopolysaccharide production

Improve EPS production, leaf area, and plant biomass

Enhanced EPS production under drought

Exopolysaccharide production and induce systemic drought tolerance
Enhanced EPS production along with other drought tolerance traits
Improved production of EPS, enhanced plant growth, and drought

tolerance
Exhibited increased EPS production under osmotic stress

References
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Sandhya and Ali, 2015

Naseem et al., 2018

Vardharajula and Ali Sk, 2014

Luetal, 2018
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Khan and Bano, 2019

Ghosh et al., 2019
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Parameters

pH

EC (S em™)

DS (mg kg™")
Garbonates (mg kg™")
Bicarbonates (mg kg™ ")
Galcium (mg kg~")
Magnesium (mg kg™")
Potassium (mg kg™ ")
Sodium (mg kg~')
Nitrogen (mg kg™")
Phosphorous (mg kg~')
Organic matter (%)
Cadmium (mg kg™")
Chromium (mg kg~")
Lead (mg kg™")
Moisture content (%)
Ash (%)

Organic matter (%)
Volatile matter (%)

0%

7.18° £0.65
69' £0.70
938 £ 05
0
1,400' £0.5
6417+ 0.55
145' £ 0.60
67'+0.45
300 £ 05
78'£0.75
30'+050
1284025
0.02' & 0.001
0.015 & 0.006
0.04' 4 0.005
8.29' £0.20
97.67% £ 0.31
2.32'+0.16
81.412 £0.45

5%

8.14° £0.48
105° £0.75
1,4268° £ 0.60
0
2,000° £ 0.62
802° £ 0.60
198° & 0.68
93° 055
420° £06
110° +0.80
50° +0.55
1.77° £031
15° £ 0.60
250° + 0.50
50° & 1.12
9.45° £0.24
96.81° +0.35
8.19° 031
75.88° £0.48

Paper sludge concentrations

10%

8.16° £059
123 £0.76
1,672% + 068
0
2,600° £ 0.76
1,042% + 065
2509 £0.76
1209 +0.64
810907
1507 £ 0.85
80° £ 0.60
269° £0.12
239+ 056
337¢ £0.72
199 +1.13
10.36% +0.25
96.15° £ 0.36
4.85¢ £0.36
74.78° £ 0.49

15%

8.19° £ 061
165° +0.70
2244° £ 076
0
3,400° £ 0.77
1,283° % 0.70
291° £ 095
160° +0.72
1,020° £ 0.8
200° £ 0.9
100° £ 0.65
4.2°40.40
34° £061
498° £ 0.79
154 & 1.20
14.15° £0.30
92.44% 0,42
7.56° % 0.42
63.62% & 0.56

20%

8.2°+0.65
197> £0.76
2,679 +0.85
0
4,000 & 0.87
1,443 £0.75
340°s  1.00
201° +0.85
1,260° +0.85
290° £ 0.95
150° +0.70
4.89° £0.13
48° £0.70
576° £ 0.87
209° £ 1.28
15.32° 035
91.19° £ 0.47
8.81°+0.45
69.36° + 065

100%

8.31% +0.66
475° +0.81
6,460 + 0.95
0
4,400° £ 0.90
1,684° £0.85
388 +£1.05
220" +0.9
1,320° £0.95
350° £ 1.00
200* £0.75
12.83% £0.67
56% +£1.00
680° + 1.01
400* £2.5
31.08% £0.42
76.89' £0.48
23.10° £0.56
13.101 £0.70

Each value is @ mean :+ standard deviation of 3 replicates, and different superscript letters in each column show significant differences according to DMRT at p < 0.05.
FA, Fulvic acid; PS, Paper sludge.
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Soil microbe/Strain

Azospirillum brasilense

A. lipoferum
P, putida GAP-P45

B. subtilis GBO3

P, aeruginosa JHAG

Bacillus amyloliquefaciens ROH14

P, putida H-2-3
P, aeruginosa GGRJ21

P, putida
B. thuringiensis

B. aquimaris S 4.43
Rhizophagus irregularis
B. velezensis 5113

P, chinense (P1), B. cereus (P2)
P, fluorescens (P3)

Pseudomonas sp. N66
A. xylosoxidans

Mesorhizobium ciceri CP41
P, fluorescens G.

Plant species

Maize

Maize
Maize

Arabidopsis
Pepper
Pepper

Soybean
Mungbean
White clover

Sunflower
Cowpea
Wheat
Wheat

Sorghum
Maize

Chickpea

Effect under drought

Trehalose translocated to the maize roots and triggered stress
tolerance pathways in the plants

Increase gibberellins synthesis and alleviate drought stress

Accumulation of proline improved plant biomass, relative water
content, and leaf water potential

Enhance metabolic level of choline and gerbilline, improve leaf RWC
under drought stress

Increased biomass production as well as chlorophyll content of
inoculated plants and nutrient uptake

Increased biomass production as well as chlorophyll content of
inoculated plants and nutrient uptake

Secretion of gibberellins and improved plant growth
Accumulation of proline and GB under drought stress

Decreased stomatal conductivity, electrolyte leakage, and proline
content

Improved the chlorophyll level and photosynthesis rate under drought
Enhanced chlorophyll and carotenoid contents under drought stress
Higher chlorophyll contents, plants survival under drought stress

Enhanced production of proline, antioxidant enzymes, and lipid
peroxidation

Production of proline, glutamic acid, and choline

Enhances photosynthetic rate, stomatal conductance, chlorophyll a,
total chlorophyll, and carotenoids contents

Improved relative water content, proline, total soluble sugar, total
chlorophyll, and carotenoid contents
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Soil microbe/Strain

Azospirillum brasilense
Azospirillum brasilense Az39
Paenibacillus polymyxa
Azospirillum brasilense Sp245

Paenibacillus polymyxa B2

B. thuringiensis NEB17
Bacillus megaterium BOFC15
P, putida FBKV2

Azospirillum brasilense SP-7
H. seropedicae Z-152
Azospirillum sp. Az19

O. pseudogrignonense RJ12,
Pseudomonas sp. RJ15,

B. subtilis RJ46

B. subtilis

M. luteus 3.13 and 4.43

V. paradoxus RAA3

O. anthropic DPC9

P, palleroniana DPB13

P, fluorescens DPB15

P, palleroniana DPB16

B. subtilis GOT9

Pseudomonas lini and Serratia Bizio

plymuthica
Bacillus licheniformis FMCHOO1

Plant species

Tomato
Rice
Wheat
Wheat

Arabidopsis
Soybean
Arabidopsis
Maize

Maize
Maize
Maize
Mungbean

Maize, Common bean
Sunflower
Millet

Arabidopsis, Canola
Jujube

Maize

Effect under drought

Enhanced lateral root and root hair development
Improved root growth and mitigated osmotic stress
Enhance plant survival and biomass production under osmotic stress

Increased growth and expansion of xylem in the coleoptile of inoculated plant
for easy conduction of water

Induction of early response to dehydration stress
Modification of root structure, root length, root ABA
Alter root architecture system

Encouraged root and shoot growth, dried biomass weight and reduced
stomatal conductance in the plant

Higher drought tolerance, higher biomass production and chlorophyll contents
Higher drought tolerance, higher biomass production and chlorophyll contents
Improve the growth and productivity of the plant under water stress

Increase root length, shoot length, plant dry weight and root recovery intension

Improved water use efficiency and growth
Enhanced the weight, area, volume, length, diameter, and surface

Improve the growth and nutrient concentrations in plant leaves under drought
conditions

Drought stress tolerance, growth, and development of lateral roots
Improve plant height, RWC, root, and shoot dry weight

Improved water use efficiency and increased root dry weight
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Year of seed Crude Monomeric Polymeric Monomeric/  «, w-gliadin HMW- LMW- Ratio

sample protein (Gliadins)  (Glutenins) polymeric y-gliadin (%) GS GS HMW-
(mg/g (%) (%) (%) (%) (%) GS/LMW-
flour) GS

1951 130 63.64 36.36 1.73 60.29 3.84 15.14 20.73 0.73

1955 112.50 80.12 19.88 4.03 80.89 2.62 6.13 10.36 0.59

1955 141.20 67.65 3235 2.09 59.82 10.56 10.67 18.96 0.56

1955 149.5 61.61 38.39 1.6 55.12 543 19.04 20.41 0.93

1961 136.20 75.50 24.50 3.08 74.88 4.47 8.40 12.26 0.69

1973 111.60 72.71 27.29 2.66 75.06 2.02 10.22 12.71 0.80

2016 146.10 64.32 35.68 1.80 60.49 523 17.07 17.21 0.99

2020 162.80 57.15 42.85 1.33 53.31 4.65 18.90 23.15 0.82

2020 123.4 67.9 32,1 2.12 65.8 465 1832 11.23 1.63

Pearson’s r with 0.44 —0.82* 0.29 —0.5 0.28 0.9* 0.53 0.83*

1st May-15th

June CGDDs

Spearman’s r —0.77

with 1st

May-15th June

CGDDs

Pearson’s or Spearman’s r correlation value with 1 May-15 June CGDDs are reported (for 1955 and 2020, average year values were used).

*Significant at 0.05 level.
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Treatment Cultivar

Water status Silica
(mgI')

Well-watered (80% WHC) 0 G178
SK102
SK107
200 G178
SK102
SK107
400 G178
SK102
SK107
Drought (40% WHC) 0 G178
SK102
SK107
200 G178
SK102
K107
400 G178
SK102
SK107

GI (g)

2019 2020
31.67 + 0.64° 35.67 + 0.64°
20,00 £ 058" 20,00 £ 058"
2584 003 27.84 £ 003"
31.67 + 0.64° 35.67 + 0.64
2233 £ 0.06* 2233+ 006
27.00 £ 0.29° 29.00 £ 0292
31.67 + 0.64° 3534 + 0.94%
26,67 +0.64" 26,67 + 064"
29.17 £ 0.64% 31.00 + 0.79%
30.00 £ 058 33.00 £ 058
16.67 + 0.06' 16.67 £ 0.06*
2334 +0.32¢ 24.84+032'
4000 + 058 4333+ 088"
20,00 £ 0.58" 20.00 + 0.58
3000 +0.50% 3167 £ 067"
53.99 £ 0.67" 57.99 + 067"
2167 + 0.648" 21.67 + 0.64
37.84 + 046" 39.84 + 0.46°

GY (8)

2019 2020
25.64 £ 0.58 2614 +058%
20,53 + 0.06" 2068 + 0.06™"
2659 +0.55% 2691+ 0.55%
2828 +032% 2860+ 032"
2134 £ 0.00¢ 2149 £ 0.00°
2721 +0.00 27.71 % 000
3002 + 0,03 3034 % 003"
2292 £ 0.07° 23.07 £ 007
29.11 4 001" 29.61 001"
2319 + 031" 2352+ 0314
1805 £ 0.58' 18.55 £ 0.58'
1959 +0.00" 19.74 + 0.00"
27.44 £ 031 27.77 £ 031
2086 +0.04% 2101 + 004
27.02 £ 0.02 27.52 £ 002
30.19 +0.00" 30.52 £ 000"
22.74 + 0.00° 2289+ 000"
2965 + 0.00" 30,15+ 0.00"

SY (g)

2019

20,53 +0.06"%
2753 £ 051
2053 +0.00"%
2028 + 0.08°"
2934 £ 0.64°
1921 £ 0,178
2151 £ 0.02%
3092 +0.06"
2010 + 012"
1532 £ 0.00"
11.05  0.00'
28.33 +0.06™
1994 £ 0.27%
2786+ 0.61°
19.03 £ 0.58"
2170 +0.32*
3073 + 0.00*
2065 + 0.64%

2020

21.03 + 0065
27.68 £ 051
2086 +0.00""
2061 + 0.08°"
2949 + 064"
1971 £ 017
2184 £ 0.03%
3107 £ 006"
2060 +0.12"
15,65 £ 000"
1155 +0.00°"
28.48 +0.06™
2027 £027%
2801 £061°
1953 + 058"
2202 +032¢
30.88 + 000"
2115 + 0.64%"

2019

4448+ 048"

4272+ 064™
4359+ 051"
41.77 £ 037"
42.11 + 064"
4138 £ 021
4175 + 0.00°"
4242+ 078"
40.85 + 0.14°%
3979+ 032¢

38.00 + 076"

40.66 + 0.64%

4209+ 061"
4282+ 0.64"F
4130 £ 0757
4181 £ 036"
42,52 + 064"
4103+ 075"

2020

446 + 047"
42.77 053>
43.67 £ 050"
4189 + 036
4217 + 053"
4157 £ 021
4185 £ 000"
42,61 + 012"
4103 £ 0.14°
39.96 + 03157
3840 £ 0747
4094 + 0,05
4220 + 061
42.87 + 049"
4149 £ 073
4191 036
4257 + 000"
4121 £ 073%"

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P>0.05) different. WHC, water-holding capacity; G178, Giza178; SK102, Sakha102; SK107, Sakhal07; GI, weight of 1000 grains or grain index; GY,

qrain yield: SY, straw vield: HI harvest index.
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Scenario Treatment LAI (m2m—2) SLW(mg cm—2) Leaf/sink ratio (cm?2 g—) Steam-sheath/sink ratio (mg g=1)

A J565-HRT 6.23 £0.05b 5.03 £ 0.09b 49.8 £1.5a 530.3+ 19.1a
J565-LRT 6.77 £+ 0.25a 6.47 £0.15a 42.2+£2.7b 511.1 £13.8ab
NJ9108-HRT 6.32 £0.05b 5.03+0.19b 42.4+£0.2b 473.9 £33.9b
NJ9108-LRT 7.43+0.81a 6.30 +0.09a 44.5 £2.4b 549.1 £ 17.2a
B J565-HGT 6.77 £ 0.25¢ 6.47 £0.15a 42.2+£2.7b 511.1 £13.8b
J565-LGT 6.30 £ 0.25¢ 5.43 £0.52b 43.6 £3.9b 373.7 £12.0c
J4466-HGT 8.16+£0.01a 5.62 £0.07b 61.9+4.3a 615.6 +24.8a
J4466-LGT 7.40£0.11b 5.37 £0.05b 36.4 +£0.9¢c 334.2 +£5.1d

LAl leaf area index; SLW, specific leaf weight. Different letters denote significant difference within the same column according to the LSD (0.05). J565, NJ9108 and J4466
mean Jing 665, Nanjing 9108, and Jing liangyou 4466, respectively. HRT and LRT indicate hot (high temperature) and normal (low temperature) growth season during
reproductive stage, respectively. HGT and LGT mean hot (high temperature) and normal (low temperature) growth season during grain filling stage, respectively.
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Treatment Cultivar PW (g) PL (cm) Number of productive tillers

Water status Silica (mg ) 2019 2020 2019 2020 2019 2020
Well-watered (80% WHC) 0 G178 12517 + 0.64° 12430 £ 0.65° 22,60 + 0.61°  23.50 = 0.52" 15.67 £ 033" 18.67 + 0.338"
SK102 88.07 001 89.51 £0.0U 19.50 +0.06  21.00 + 0.06*%  13.67 +0.33" 14.67 + 033
SK107 106.59 + 0.325  106.91 +0.33%  21.05 +0.28° 2225 +023"¢ 14,67 + 0.17" 1633 + 033"
200 G178 117.73 + 0.64°  116.73 £ 0.64° 21.60 + 0.00°¢ 22.40 = 0.00™! 2633 + 0.33" 28.33 +0.33"
SK102 106.95 + 0.755  108.45 + 0.75% 19.00 + 0.58%  20.50 + 0.58"" 22,67 +0.33¢ 23.67 +0.33°
SK107 11234 + 0677 11259 +0.67° 2030 + 0.29°% 21.45 + 0298 24.50 + 0.29° 25.67 + 0.33¢
400 G178 11873 + 0.64° 11773 +0.64° 2428 +0.36°  25.08 + 0.36° 21.33 +0.33° 2433 +0.33%
SK102 10838 + 0.05¢  109.88 + 005" 17.77 £ 0.062" 19.27 + 0.06"  18.00 + 0.00¢ 19.00 + 0.00"
SK107 11356 + 0327 113.81 +0.32° 2102 +0.21% 22,18 021> 19.67 + 0.17" 21.33 + 0.33f
Drought (40% WHC) 0 G178 12147 + 0640 12047 + 0.64°  19.50 + 0.007  20.30 + 0.008" 16.67 + 033" 19.67 + 0.33%
SK102 7274 007" 7424007 1674 +0.01" 1824 + 0,01 8.67 +0.33™ 9.67 +0.33
SK107 9710 £ 036 97.35+036 1812 +0.00%" 19.27 +0.00" 12,67 +0.33' 14.67 + 033
200 G178 122.33 + 0.64° 12133 +0.64° 2174 +0.61% 2254 +0.61% 2033 + 033 23.33 £ 0.33¢
SK102 7591 064° 7741 £0.64° 1622 +0.06  17.72 + 0.06 13.00 + 0.00' 14.00 + 0.00'
SK107 99.12 056  99.37 £0.56' 1898 + 0.32"%  20.13 £ 0.32¢" 16,67 + 0.17" 18.33 = 0.33%"
400 G178 1366 + 0.64° 13560 £ 0.64° 2110 £ 0.49%  21.90 £ 049" 29.00 = 0.00° 32.00 + 0.00"
SK102 102.94 + 0.65" 10444 +0.65" 1927 + 0.64°®  20.77 £ 0.64®  17.00 + 0.008" 18.00 = 0.00"
SK107 11977 + 0.01% 120,02 0.01°  20.19 +0.32%  21.34 + 0.32°8  23.00+ 0.00" 25.00 £ 0.00¢

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P > 0.05) different. WHC, water-holding capacity; G178, Gizal78; SK102
Sakha102; SK107, Sakhal07; PW, panicle weight; PL, panicle length.
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Scenario Treatment Breakdown (cP) Setback (cP) Consistence (cP)

A J565-HRT 2116.0+35.2a —388.0 + 88.6a 1728.0 £53.5a
J565-LRT 1759.0 £125.5b —6156.5 £53.0b 1025.7 + 37.6b
NJ9108-HRT 2168.3 £+ 153.5a —1142.0+ 98.7¢ 1026.3 + 45.8b
NJ9108-LRT 2231.3+£107.2a —1670.0 £ 122.5d 661.3 £26.3c
B J565-HGT 1759.0 + 125.5¢ —615.5 £ 563.0a 1025.7 + 37.6b
J565-LGT 1748.5 £12.0c —627.7 £ 7.5a 1125.0+ 7.0a
J4466-HGT 2225.7 £79.1a =1177.7 £121.76 1048.0 + 46.4b
J4466-LGT 2071.0 £ 30.0b —1032.5 £ 27.5b 1032.7 + 10.5b

HRT and LRT indicate hot (high temperature) and normal (low temperature) growth season during reproductive stage, respectively. HGT and LGT mean hot (high
temperature) and normal (low temperature) growth season during grain filling stage, respectively. Different letters present significant difference within the same column at
P < 0.05. J565, NJ9108 and J4466 mean Jing 565, Nanjing 9108, and Jing liangyou 4466, respectively.
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Treatment

Water status Silica (mg 1)

Well-irrigated (80% WHC) 0

200

400

Drought (40% WHC) 0

200

400

Cultivar

G178
SK102
SK107
G178
SK102
SK107
G178
SK102
SK107
G178
SK102
SK107
G178
SK102
SK107
G178
SK102
SK107

PH (cm)
2019 2020
95.17 + 0.6%" 93.17 + 0.6°
10200 £ 058" 102.17 + 0.6

98.58 + 0.46¢
97.00 + 0.58%¢
101.67 + 0.88"
99.33 + 0.17"
103.00 + 0.58"
104.00 + 0.58*
103.50 + 0.50°
84.00 + 0.58"
73.67 + 0.88
78.83 + 0.73'
84.17 + 0.73"
88.50 + 0.29%
86.33 + 0.33¢"
97.00 + 0.58%
92.5 + 1.89"
94.75 + 1.09°"

97.67 + 042
95.00 + 0.58%
101.67 + 0.88™
98.33 % 0.17°
101.00 + .58
104.00 £ 058"
102.50 + 0.50*
82.00 + 0.588
73.67 + 0.88'
77.83 + 0.73"
82.17 + 0.73
88.50 + 0.29°
85.33 + 0.33%
95.00 + 0.58%
92.50 + 1.89°
93.75  1.09°

FLA (cm?)

2019

1824  0.57%
17.60 + 0.06°"
17.92 + 0.27%
2021 £ 0.59°
1848 + 0.10%
1935 + 034
30.06 + 006
18.90 + 0.02°%
2448 + 0.04°
1827 + 0.64%
1243 £ 023'
14.82 + 0458
18.28 + 0.36%
14.11 + 0.00"
1620 + 0.10%
20.19 £ 0.71°
1473  0.108
1747 + 0.40%

2020

1849 + 0.57%
18.10 + 0.06%
1830 + 0.28%
20.46 £ 0.59°
1898 +0.10%
1972 + 0.34°
3031 + 0.06"
19.40 + 0.02°
24.86 + 0.04°
18552 + 0.64%
1293 +0.23"
1573 + 0.38'%
1853 £ 0.36%
14.61 + 0.008
1657 + 0.18"
2044 £ 0.71°
1523 +0.10%
17.84 + 0.40°

RV (cm?)

2019

60.14 = 0.58"
28.33 £ 0.50¢
4424 +0.05
67.33 £ 0.60"
51.00 + 0.58"
59.17 + 0.58"
7150 + 0.58°
47.66 + 0.06
59.58 + 0.28"
71.00 + 0.58°
22.29 + 0.00'
4665 + 0.26'
7633 +0.88"
4729 +0.10'
61.81 + 0.48°
87.67 + 0.64"
55.07 £ 0.01%
71.34 £ 0.32°

2020

60.81 = 0.58"
29.83 + 0.51%
4532 £ 005
68.00 + 0.60°
52.50 + 0.58"
60.25 + 0.58"
72.17 + 0.58°
49.16 + 0.06'
60.67 + 0.28"
71.67 + 0.58°
23.79 = 0.10'
47.73 + 026
77.00 + 0.88°
4879 % 0.10°
62.90 + 0.49°
88.34 + 0.64°
56.51 + 0,018
7243 £0.32°

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P>0.05) different. WHC, water-holding capacity; G178, Giza178; SK102,
Sakha102; SK107, Sakhal07; PH, plant height; FLA, flag leaf area; RV, root volume.
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Scenario  Treatment Protein content (%, w/w)  Total starch content (%, w/w)  Amylose content (%, w/w)  Chalky grain ratio (%) Chalkiness level (%) Pasting temperature (°C)

A J565-HRT 7.59 £ 0.30a 71.56£0.6¢c 16.9+0.1a 81.56+2.8b 41.3+2.1b 81.2+0.5a
J565-LRT 6.66 +0.13b 76.1 £0.2b 16.0£0.2a 79.9 £4.6b 36.6 +£1.9¢ 75.9+1.4b
NJ9108-HRT ~ 7.18 +0.30a 71.4+£1.2¢c 10.4+£0.2b 92.9+2.9a 63.1 £2.4a 77.8+£0.90
NJ9108-LRT 6.11 £0.37¢c 77.6+0.8a 10.4+£0.2b 89.8+1.3a 40.7 £2.1b 71.3+£0.9¢c

b J565-HGT 6.66 £0.13a 76.1£0.2a 16.0+£0.2b 79.9+ 4.6a 36.6 +£1.9a 75.9+1.4a
J565-LGT 6.80 £ 0.09a 76.8 £0.4a 17.8 £0.4a 40.0+£4.3b 10.8£1.7b 73.1+£0.5b
J4466-HGT 6.07 +£0.05b 74.5+£0.5b 16.2+0.2¢c 12.6+0.8c 2.3+0.3c 71.2+0.8c
J4466-LGT 5.90 +0.33b 76.2 £0.4a 16.5+0.2b 4.6+0.3d 1.1+0.2d 69.9 +0.5¢

HRT and LRT indicate hot (high temperature) and normal (low temperature) growth season during reproductive stage, respectively. HGT and LGT mean hot (high temperature) and normal (low temperature) growth
season during grain filling stage, respectively. Different letters indicate that significant difference within the same column at P < 0.05. J565, NJ9108 and J4466 mean Jing 565, Nanjing 9108, and Jing liangyou
4466, respectively.
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Total

Organelle Samples
Chloroplast CD 267
CDT 39
WD 18
WDT 21
Mitochondrial CD 953
CDT 677
WD 594
WDT 767

CD, Caidao in control; CDT, Caidao in treatment; WD, WD20342 in

control; WDT, treated.
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Mitochondria

Chloroplast

Sample ID Type Total reads Raw base (bp) GC% Uniquely mapped Multiple mapped Uniquely mapped Multiple mapped
SRR6168973 CD1 17,553,050 2,632,957,500 54 3372 (0.02%) 7827 (0.04%) 109763 (0.63%) 11837 (0.07%)
SRR6168974 CD2 19,525,592 2,928,838,800 53 4008 (0.02%) 6170 (0.03%) 104658 (0.54%) 8880 (0.05%)
SRR6168975 CD3 16,981,675 2,547,251,250 55 5422 (0.03%) 15708 (0.09%) 185979 (1.10%) 29909 (0.18%)
SRR6168976 CDT1 13,856,046 2,078,406,900 52 2190 (0.02%) 5502 (0.04%) 65959 (0.48%) 10551 (0.08%)
SRR6168977 CDT2 13,536,683 2,030,502,450 52 3871 (0.03%) 3936 (0.03%) 106303 (0.79%) 7809 (0.06%)
SRR6168978 CDT3 18,341,629 2,751,244,350 53 2640 (0.01%) 6317 (0.03%) 98310 (0.54%) 10989 (0.06%)
SRR6168979 WD1 18,719,664 2,807,949,600 56 4546 (0.02%) 5188 (0.03%) 104072 (0.56%) 7306 (0.04%)
SRR6168980 WD2 20,898,805 3,134,820,750 57 1597 (0.01%) 2219 (0.01%) 49513 (0.24%) 5517 (0.03%)
SRR6168981 WD3 20,627,635 3,094,145,250 55 1120 (0.01%) 2209 (0.01%) 47692 (0.23%) 3782 (0.02%)
SRR6168982 WDTH1 20,989,565 3,148,434,750 56 2561 (0.01%) 5109 (0.02%) 96742 (0.46%) 11753 (0.06%)
SRR6168983 WDT2 24,277,815 3,641,672,250 55 2309 (0.01%) 5561 (0.02%) 90751 (0.37%) 14109 (0.06%)
SRR6168984 WDT3 20,905,666 3,135,849,900 55 1431 (0.01%) 2898 (0.01%) 54833 (0.26%) 8597 (0.04%)

Three replicates of two genotypes of rice (CD, Caidao and WD, WD20342) under control and alkaline treatment.





OPS/images/fpls-13-961335/cross.jpg
@ Check for updates.





OPS/images/fpls-13-892729/fpls-13-892729-g004.jpg
LOC_0s02g17470
LOC_0s02g07070
LOC_0s04g02000 -2
N LOC_0s08g41010 ||~
ﬁ | LOC_0s06g04920

LOC_0s07930820 I6

| LOC_0Os01g59980

LOC_0s07g22024
] LOC_Os01g37460
LOC_0s03g50120
LOC_0s03g50430
LOC_Os01g10630

CDT WDT CD WD

i LOC_0s11g11020 |§
6

LOC_0s03g38490 3

 LOC_0s09504670 >
| i

LOC_0s04g51280

LOC_0s06g02600

LOC_0s09g33480

LOC_0s08g04450

CD WD CDT WDT

D
PPR 071 MORF
25 - 1.6 1.3 =
% LS
1.4 =1 *
2 24 E i 3 !
2 o8 127 5
& = = 0.8 -
2 15 4 2 1- 2 e
D) D) D)
= a0.8 - 5 0.6 - g
5 1 > S
O O 0.6 | O
= = 2
= =04 - 5 53k
(D) (D) (D]
7 &2 - s
0 -
C T C T
N Nl
) \g¢ Q
6\% 0P Qoo‘?o
o° o°
/ r 4
‘p \) \/o \)0






OPS/images/fpls-13-936747/fpls-13-936747-t002.jpg
Family
WRKY

MYB

bZIP

HSF

Gene

AWRKY12

AtWRKY13

AtWRKY13

AtWRKY47

AtWRKY6

OsMYB45

SbMYBIS

AtMYB4

AMYB72

DwMYB2

GubZIP

b2IP19,23
RsbZIPO10

VUNARI

ZATS

PVERFIS

HIPP22

Heavy metal

Cadmium
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Cadmium
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Arsenic

Cadmium

Cadmium, Nickel

Cadmium

Zincand Iron
Iron
Cadmium

Zine
Lead

Aluminum
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Function

It represses GSHI expression to
negatively regulates Cd tolerance i
Arabidopsis

Itactivates PDRS expression to
positively regulate Cd tolerance in
Arabidopsis.

Itactivates DCD during cadmium
stress.

Tt confers aluminum tolerance via

regulation of cell wall mo

g genes.
It restricts arsenate uptake and

transposon activation in Arabidop:

Ttis highly expressed under Cd stress
Mutation of OsMYBA5 resulted in
hypersensitivity to Cd treatment

It confers Cd and Ni tolerance in
transgenic tobacco.

It regulates Cd-tolerance via the
coordinated activity of improved anti-
oxidant defense systems.

Itis more sensitive to excess Zn or Fe
deficiency than wild-type

“The translocation of iron from root to
shoot is affected by the DwMYB2.
Itis expressed specifically in different
tissues under Cd stress.

It controls the plant zinc status

It downregulates the expression under
Pb stress.

It regulates Al resistance by regulating
cell wall pectin metabolism.

Itactivates PC-related gene expres

n
and directly targets GSHI to positively
regulate Cd accumulation in
Arabidopsis.

It forms a Cd-stress transcriptional
pathway.

Tt binds to the promote the regions of

the HIPP22 and HIPP44,

References

Han etal. (2019)

Sheng et al. (2019)

Zhang et al. (2020)

Lietal. (2020)

Castrillo et al. (2013)

Huetal. (2017)

Sapara etal. (2019)

Agarwal etal. (2020)

Van de Mortel et al. (2010)

Chen etal. (2006)

Han etal. (2021)

Lilay etal. (2018, 2021)
Fan etal. (2019)

Lou etal. (2020)

Chen etal. (2016)

Lin etal. (2017)

Zhang etal. (2019)





OPS/images/fpls.2022.935090/fpls-13-935090-g003.jpg
A o om | rR L w
006 Corr: 0.818™ Corr: 0.530™ Corr: 0.684™ Corr: 0.737™
0041 Control: 0.827*** Control: 0.472* Control: 0.827*** Control: 0.866"™
= Drought 0860"*  Drought 0581*  Drought 0655™  Drought 0.775

] Corr 0.572"* Corr: 0,695 Corr: 0612

Control: 0.536* Control: 0.542* Control: 0.585*
Drought: 0.676* Drought: 0.808"** Drought: 0.746™**
Corr: 0,554 Corr 0.452""
Control: 0.265 Control: 0.344
Drought 0.901**  Drought: 0.818™**
Corr; 0.797™
Control: 0.872"**

Drought 0.794™**

3 385333333V 3

—
o
A

"o 120

20 1

PL
Corr: 0.590™
Control: 0.366
Drought: 0.736***

Corr: 0.492*
Control: 0.133
Drought: 0.711**

Corr: 0.527*
Control: 0.121
Drought: 0.703**

Corr: 0.584™
Control: 0.346
Drought: 0.831***

Corr. 0.585*
Control: 0.463.
Drought: 0.837**

1 |

i)

8 20 2 24 2

G
Corr: 0.600™
Control: 0.447.
Drought: 0.546*

Corr: 0.480*
Control: 0.278
Drought: 0.579*

Corr. 0.306.
Control: 0.005
Drought: 0.579*

Corr: 0.569"
Control: 0.633*
Drought: 0.552*

Corr: 0.634™
Control: 0.622™
Drought: 0.626"*

Corr. 0.503*
Control: 0.401.
Drought: 0.612*

.

0 40 5 60

Com: 0.921™
Control: 0.953**
Drought: 0.967***

Corr: 0.790™
Control: 0.715*
Drought: 0.876™**

Corr: 0.461*
Control: 0.441.
Drought: 0.746***

Corr: 0.781™
Control: 0.851**
Drought: 0.787***

Corr: 0835
Control: 0915
Drought: 0.886**

Corr: 0.590***
Control: 0.432.
Drought: 0.818™**

Corr: 0.590*
Control: 0.515
Drought: 0.604™*

5 2

]






OPS/images/fpls-13-892729/fpls-13-892729-g003.jpg
mitochondrial small ribosomal subunit
mitochondrial ribosome
mitochondrial matrix

organellar small ribosomal subunit
small ribosomal subunit
mitochondrial part

ribosomal subunit

intracellular organelle lumen
organellar ribosome

organelle lumen

ribosome

ribonucleoprotein complex

0.00 2.00 4.00 6.00 8.00
Number of Genes

NADH dehydrogenase activity

NADH dehydrogenase (ubiquinone) activity
monovalent inorganic cation transmembrane transporter activity
hydrogen ion transmembrane transporter activity
oxidoreductase activity, acting on NADH or NADPH
oxidoreductase, acting on NADH or NADPH
inorganic cation transmembrane transporter activity
NADH dehydrogenase (quinone) activity

organellar ribosome

mitochondrial envelope

mitochondrial inner membrane

mitochondrial respiratory chain

mitochondrial respiratory chain complex I
mitochondrial matrix

mitochondrial ribosome

organelle inner membrane

NADH dehydrogenase complex

organelle membrane

mitochondrial membrane

organelle envelope

envelope

organelle lumen

ribosomal subunit

mitochondrial part

intracellular organelle part

mitochondrial membrane part

respiratory chain complex

intracellular organelle lumen

respiratory chain

oxidative phosphorylation

mitochondrial electron transport, NADH to ubiquinone
protein complex assembly

energy derivation by oxidation of organic compounds
cytochrome complex assembly

cellular component assembly

respiratory electron transport chain

cellular macromolecular complex subunit organization
cellular macromolecular complex assembly

ATP synthesis coupled electron transport
mitochondrial ATP synthesis coupled electron transport
cellular protein complex assembly

macromolecular complex subunit organization
cellular respiration

macromolecular complex assembly

protein complex biogenesis

protein complex subunit organization

cellular component organization at cellular level
cellular component assembly at cellular level

10.00

HCC
BMF
W BF

12.00

0.00 2.00 4.00 6.00 8.00 10.00
Number of Genes

12.00

14.00

16.00





OPS/images/fpls-13-936747/fpls-13-936747-t001.jpg
Heavy metals

HMs dose

Plant species

Melatonin
doses

Experiment
type

Protective effect

References

Cadmium

Cadmium

Copper

Chromium

Lead

Vanadium

Boron

Nickel

[ron

Selenium

Cadmium

Arsenic

Lead

Cadmium and

Aluminum

Cadmium

Copper

Copper

10mg/1

200 mM

80 umol/l

50pM

800 mg/1

40mg/1

50, 200 pM

50pM

low-Fe (1/10" of
normal supply)
and High-Fe
(3-times of
normal supply)
50, 100 and

200 M

35pM

25uM

50pM

Cd (25uM), and
Al (25uM)

100 pM

100 pM

80 uM

Cyphomandra

betacea

Triticum aestivum

Cucumis sativus

Brassica napus

Exophilic pisciphila

(isolated from the

roots of Arundinella

bengalensis)
Solanum

lycopersicum

Triticum aestivum

Solanum

lycopersicum

Cucumis sativus

Brassica napus

Solanum

lycopersicum

Camellia sinensis

Carthamus tinctorius

Brassica napus

Solanum

lycopersicum

Brassica napus

Cucumis satvus

0, 50, 100, 150, and

200 pmol/1

50 mM

10 pmol/1

10 pM

50, 100, and 200 pM

100 pM

100 pM

100 pM

100 pM

50 and 100 pM

100 pM

100 pM

100, 150, 200 and
300 pM

50, 100 pM

100 pM

100 pM

10 pM

Nutrient solution

cultivation

Petri dish experiment

Hydroponic culture

Sand culture

Fungus growth

medium

Hydroponic

conditions

Modified nutrient

media

Hydroponics culture

Hydroponics

Nutrient solution

Nutrient solution

Nutrient solution

Nutrient solution

Nutrient solution

Hydroponic

conditions

Nutrient solution

Nutrient solution

Low levels of MT (50 pmol/1)
promoted the growth, while others
behaved oppositely.

MT caused an increment in
reduced glutathione content and
the oxidized glutathione ratio.
MT improved Cu sequestration,
carbon metabolism and ROS
scavenging ability.

Promoted ROS scavenging and
chlorophyll stability, and
modulated PSII stability.
Significant reduction in
malondialdehyde and oxygen free
radicals; while, enhanced the
activity of SOD.

Restricted the production of ROS,
improved photosynthesis, yield
production, redox balance,
mineral nutrients uptake and
regulation of enzymes.

Scavenged ROS, improved
contents of N, P, total soluble
carbohydrates, enzymatic and
non-enzymatic antioxidants.
Reduced Ni-induced growth
damage and ROS production,
boosted root architecture, nutrient
uptake, and gas exchange
attributes, and reduced Ni-
accumulation.

MT played dual role in iron uptake
by increasing the levels of FRO2
and IRT1 under low and high Fe

stress, respectively.

MT improved biomass gain,
pigment contents, PSII
photochemical efficiency (Fv/Fm),
boosted enzymatic antioxidants,
proline, and free amino acids.

MT application effectively reduced
the cadium-induced phytotoxicity
by enhancing root activity, growth
attributes, and root morphological
features.

Melatonin reduced As
accumulation, ameliorated
oxidative stress, boosted
biosynthesis of anthocyanin.

MT reduced translocation roots
and Pb uptake to above-ground
parts of saftlower seedling.

MT protectEthe photosynthetic
apparatus from Al and Cd induced
harms and limits the transfer of Al
and Cd.

MT encouraged the biosynthesis
of downstream sulfur metabolites
such as y-EC, cysteine, -EC, 2-CP,
GSH, 2-CP, and PCs under Cd
stress.

MT reduced the levels of CuSO,-
induced proline content and
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MT reduced copper toxicity by
enhancing carbon metabolism,
copper sequestration, and ROS

scavenging.
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Trial Variety

Field SYN5
YN7

Pot SYN5
YN7

Treatment

AT
LT
AT
LT
AT
LT
AT
LT

AHg (/)

7.4 +0.2b
6.8 +0.0cd
7.3 + 0.2bc
6.8 £ 0.0de
7.1 + 0.2bed
6.4 £ 0.2¢ef
7.9 = 0.4a
6.3 £ 0.8f

T, (°C)

68.9 + 0.6b
66.0 £ 0.7¢
70.7 + 0.3a
721 £0.7a
67.7 £ 1.7b
65.1 + 0.8cd
64.3 + 0.8de
63.0 = 0.6e

T, (°C)

75:9:£07¢
77.9 £ 0.5b
79.8 + 1.3a
78.4 + 0.2ab
73.8 + 1.0d
7151:+:1:5¢
713+ 0.7e
69.4 = 0.9f

T. (°C)

824 +0.7b
83.0 + 0.1b
85.8 +0.9a
83.7 + 0.4b
82.0 + 1.4b
794 + 1.3¢c
80.3 + 1.3¢
77.0 £ 0.6d

AH, (J/g)

2.8 £0.0c
33 +0.2ab
25£0,1¢
2.7 £ 0.0c
33 £0.3ab
27 +£0.2c
34 0.5
29 +0.2bc

%R (%)

38.2 +0.8cd
47.5 +2.8a
352 +1.3d
39.9 +0.8¢
45.6 + 4.2ab
41.4 + 3.1bc
42.7 + 4.7bc
45.7 + 0.7ab

AHgq, gelatinization enthalpy; T, onset temperature; Ty, peak gelatinization temperature; T, conclusion temperature; AH e, retrogradation enthalpy; %R, retrogradation percentage. Mean
values in the same column followed by different letters are significantly different (P < 0.05).
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Trial Variety Treatment PV (mPa.s) TV (mPa.s) BD (mPa.s) FV (mPa.s) SB (mPa.s) Premp(°C)

Field SYN5 AT 741.7 + 16.5d 727.7 + 20.1c 16.3 + 0.6fg 9753 £ 8.1c 247.7 £ 13.7b 77.3 + 0.5¢

LT 524.0 + 17.4e 467.7 + 29.3g 48.0 £ 5.6¢ 620.3 + 38.6g 152.7 £9.3d 754 + 0.5d
YN7 AT 718.7 + 14.7d 619.3 + 22.5¢ 35.0 +2.0d 9237 £ 11.5d 371.0 + 10.3a 76.2 + 1.7cd

LT 521.7 + 13.0e 509.7 + 6.1f 15.3 £ 5.0g 6823 + 2.5 172.7 + 4.6cd 75.7 £ 0.9d

Pot SYN5 AT 864.7 + 21.9b 845.0 + 17.1a 23.0 £ 1.0ef 1085.0 + 7.0a 230.0 + 4.0c 81.6 + 0.1a
LT 814.7 + 16.8¢ 788.3 + 25.8b 29.7 + 3.5de 1046.7 + 28.1b 258.3 + 5.0b 78.0 £ 0.9bc

YN7 AT 895.7 + 6.7a 785.3 + 12.5b 1103 +7.2a 952.7 + 15.1cd 167.3 + 5.7cd 78.6 £ 0.5b

LT 730.3 + 26.1d 668.7 + 25.0d 61.7 £ 3.1b 841.0 + 25.0e 1723 + 3.1cd 77.8 £ 0.5b

PV, peak viscosity; TV, trough viscosity; BD, breakdown viscosity; FV, final viscosity; SB, setback viscosity; Premp» pasting temperature; mPa.s, centipoise. Mean values in the same column
followed by different letters are significantly different (P < 0.05).
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Major policy sectors

Development Banking

Regional Cooperation

Development and Policy

Agriculture and Food

Human Migration
Security and Peace

Marketing and Trade
Health Security
Risk Management

Organizations and institutions

Asian Development Bank, African Development Bank, European Bank for Reconstruction and Development,
Inter-American Development Bank, World Bank Group

African Union, East African Community, European Union, American States Organization, Pacific Islands Forum, South
Asian Association for Regional Cooperation

Organization for Economic Cooperation and Development, South African Development Community, Asian Development
Community, United Nations Children Emergency Fund, United Nations Development Program

Food and Agriculture Organization, West Africa Rice Development Authority, World Food Program, International Fund
for Agricultural Development

International Organization for Migration, United Nations Commission for Refugees

United Nations Security Council, Organization for Security, Defense, and Cooperation in Europe, North Atlantic Treaty
Organization

World Trade Organization, Economic Community for West African States
United Nations Populations Fund, World Health Organization
United Nations Office for the Coordination of Humanitarian Affairs, United Nations Office for Disaster Risk Reduction
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Financing in climate change mitigation and adaptation programs ensuring food security

Financing in water conservation infrastructure

e Innovations in irrigation infrastructures

o Different water-based projects across the country

e Proper land-use (contouring, terracing, water storage mini dams)

e Integrated land, and water drainage systems

Financing in agricultural farming (fisheries, livestock, crops, agroforestry) and technology

e Financing research projects for better investigation of climate change impacts on food security components, vulnerabilities, and risks
e International and local technology transfer through financing in extension services

e Financing for development of stress tolerant crop, fisheries and livestock varieties

e Financing in breeding programs, water saving technologies, encouraging organic farming

e Financing for eco-efficient ecological and agricultural practices across the state

Financing for capacity building

e Financing for trainings, workshops, awareness agendas, education, print and electronic media at local community scale
e Financing for capacity building to better development and implementation of approaches to reduce the negative impacts of climate change on food security
components

e Financing for proper planning, implementation and management of capacities at local community level

e Financing to improve food producer’s capacities by encouraging local association setups at local community scale
Financing to reduce vulnerabilities and risks management in face of climate change

e Financing for disaster insurance programs

e Financing for subsidized agricultural and agroforestry systems

e Encouraging extreme events release and food help systems

e Financing for technology systems to provide timely information and early warning systems, thereby for early management against weather predictions and
projections

e Financing to restore the natural capacities to buffer climate change impacts on food security determinants

Financing to reduce GHGs emissions from agricultural farming

e Financing for increasing fertilizer use efficiency

e Financing for provision of trainings

e Encouraging technology transfer

e Financing for extension services

Financing for agricultural mitigation to reduce negative impacts of climate change

¢ Financing for increasing fertilizer use efficiency

e Financing for provision of trainings

e Encouraging technology transfer

e Financing for extension services

e Financing to educate for reducing GHGs emissions from livestock and cropping systems

e Financing for energy saving technologies

e Financing for soil carbon sequestration
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Climatic Livestock Food and feed crops Labor and capital
components
Precipitation 1. Drinking water shortage 1. Reduced yield 1. Shifts in human health
variation 2. Pests and diseases 2. Reduced food and food quality 2. Migration
3. Shifts in production systems 3. Reduced yield
4. Conflicts among and within a
community
Temperature 1. Heat stress 1. Reduced yield
e Reduction in livestock productivity 2. Reduced food and food quality
e Enhanced mortality 3. Shifts in production systems
2. Pests and diseases
e Reduced resistance against pests
o Biodiversity loss
COo 1. Partial or total stomata closure

2. Shifts in production systems
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Goodness-of-fit index Indicator value Critical (acceptable) value Status

CMIN/df 0.003/11 <2 Goodness of fit
NFI 0.987 >0.9 Goodness of fit
CFI 0.989 >0.9 Goodness of fit
TLI 0.978 >0.9 Goodness of fit
RFI 0.973 >0.9 Goodness of fit
GFI 0.975 >0.9 Goodness of fit
RMSEA 0.004 <0.05 Goodness of fit

CMIN/df, chi-square to degrees of freedom; NFI, normed fit index; CFI, comparative fit index; TLI, Tucker-Lewis index; RFI, relative fit index; GFI, goodness-of-fit index; RMSEA, root
mean square error of approximation.
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Treatment
Water status Silica (mg 1)

Well-watered (80% WHC) 0

200

400

Drought (40% WHC) 0

200

400

Cultivar

G178
SK102
SK107
G178
SK102
SK107
G178
SK102
SK107
G178
SK102
SK107
G178
SK102
SK107
G178
SK102
SK107

Chl a (ug cm™)

2019

29.58 + 0.19%
29.40 + 0.06%
29.49 + 0.09%
32.33 £0.23%
30.38 + 0.64%
3136 + 0.228
3544 +0.26°
3233 0.07°
33.89 +0.13
29.79 + 0.09°
25.13 + 0.05°
27.46 + 0.06°
35.66 + 0.22°°
29.36 £0.00'
3251 011"
36.68 + 0.08"
30.55 + 0.73¢
33.62 £ 0.29°

2020

3245 = 0.18%"
313 + 006"
31.88 + 0.06™
3351 £021%
32.28 + 0.64"
32.89 + 0.428"
36.3 +0.08°
34.23 £ 0,07
3527 +0.04%

28.15 + 0.02/
27.03 + 0.05
27.59 + 0.02
39.24 £ 0.12°
31.26 £ 0.00°
35.25 + 0.06%
41.44 £ 0,03
3245 £ 0.73%
36.95 + 0.37°

Chl b (ug cm™)

2019

14.34 £ 0.08"
14.76 + 0.64"
14.75  0.04"
15.49 + 0.228"
16.22 + 0.06°%
15.68 £ 0.11%"
17.23 £ 0.27°%
17.58 + 0,064
16.95 £ 0.07%
1451 + 0.16"
12.71 + 0.00%
13.73 £ 0.03%
18.65 + 0.16
17.59 + 0.39°4
16.26 + 0.05°%
21.63 £ 0.12°
1833 + 0.64*
16.81 + 0.14%

2020

1459 £ 0.08"
1326 + 0.647
13.93 + 0.347
1574 + 0228
1472 + 0.06
1523 £ 0.14%
17.48 + 027%
16.08 + 0.06°
16.78 + 0.16°
14.05 £ 0.03"
1121 + 0.00%
12.98 + 0.08"
1890 + 0.16™
16.09 + 0.39%
1749 + 0.18%
21.88 £ 0.12°
16.83 + 0.64°%
1935 + 031%

Total Chl (ug cm™)

2019

57.92 +0.12°

51.77 + 0.06"
54.85 + 0.08™
50.15 + 0.07
4665 + 0.01¢
5240 + 3.05%
51.68 + 0.15%
52.51 +0.64
51.09 + 1.04%
5249 +0.26%
44.48 + 0.06"

3821 + 0.028

52.64 + 0.07
51.78 + 0.64
5221 + 0.29%
6431 0.18°

52.36 + 0.01
58.33 + 0.08"

2020

51.45 + 0,18
51.27 + 0.06™
53.15 + 0.08°
49.33 +0.08°
46.15 £ 0.01°
50.87 + 1.56°
51.65 £ 0.17¢
52.01 + 0.64°
51.37 + 0.58%
4941 £ 0.16%
43.98 + 0.06
43.81 + 009
58.64 + 0.19"
51.28 + 0.64°
5543 + 0.24°
60.19 = 0.00°
51.86 + 0.01°
59.26 + 0.04"

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P>0.05) different. WHC, water-holding capacity; G178, Giza178; SK102,

Sakha102; SK107, Sakhal07; Chl, chlorophyll.
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Treatment Cultivar

Water status Silica (mg 1™")

Well-atered (80% WHC) 0 G178
SK102
SK107
200 G178
SK102
SK107
400 G178
SK102
SK107
Drought (40% WHC) 0 G178
SK102
SK107
200 G178
SK102
SK107
400 G178
SK102
SK107

RWC (%)

2019 2020
96.28 + 0.64* 96.63 + 0.64°
68.18 + 0.04% 69.06 + 0.048
82.23 +0.32° 82.85  0.32°
75.65 + 0.64° 76.00 + 0.64°
70.10 + 0.06 70.98 + 0.06%
72.88 + 0.34" 7349 + 0.34°"
7861 £ 0.61¢ 78.96 + 0.61
81.44 + 0.06° 82.32 £ 0.06°
80.03 + 0.29° 80.64 + 0.29%
53.55 + 2.80' 53.90 + 2.80'
37.94 + 0.09* 38.82 + 0.09%
4575 + 136/ 4636 + 136
71.10 + 0.64" 7145 + 0.64%
39.66 + 0.06" 40.54 = 0,06
63.24 031" 63.85 = 030"
86.81 + 0.64° 87.16 = 0.64°
40.00 = 0.00 40.88 £0.00"
55.55 +0.32' 56.17 + 0.32'

Pro (ug g FW™)

2019

1.24 £0.01%
1.14 + 0,078
1.19 + 0,03
253 +0.01°¢
1.85 + 0.06%"
219 + 003"
2.84+051°
2.09 + 0.00°
247 +0.25%¢
243 + 030"
1.37 + 0,068
1.9 +0.12%
276 + 0.00*
1.92 + 0.06°
234 003
4.54 +0.06°
393 +007°
424 £ 000

2020

141 £ 0.01°
1.26 + 0.07%
1.33 +0.04'
270 +0.01c¢*
1.97 + 0.06%
234 +0.03%
3.00 +0.51°
221 £ 0.00
261 +0.25°
2559 +0.30°
1.49 + 0.06
2,04 £0.12¢
292 +0.00"
2.04 +0.06°7
248 +0.03
470 +0.06*
4.05 +0.07*
438 +0.00°

Data are presented as mean + SE. Within columns, values followed by the same letter are not significantly (P>0.05) different. WHC, water-holding capacity; G178, Gizal78; SK102,

Sakha102; SK107, Sakha107; RWC, relative water content; Pro, proline.
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Treatment Total carbohydrates

(mg/g FW)
Control 78818 + 8.983°
200mM NaCl 54.749 + 0.9*
W 81.850 + 7.984°
200mM NaCI* PW 59.757 + 4.951°
Probabity level p <005

Means presented with +SE and followed by different letters are significantly different at p < 0.05. FW, Fresh weight.

Total proteins
(mg/g FW)

2.189  0.399°

1.417 + 0.059*

2.280 = 02459

1.662  0.269°
p =005

Total lipids
(mg/g FW)

0717 £0.201°

0.541 + 0.003*

1.227 £ 0.05°

0570+ 0257
p <005

Proline
(ng/g FW)

0.185 +0.107°
0.085 + 0.002*
0.145 £ 0,05
0.169  0.008°
p=<005
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Soil variables

Texture
Sand (%)

Silt (%)

Clay (%)

CEC (dS/cm)

ECe (dS/m)

pH

Organic matter (%)
Organic carbon (%)
Carbonates (mea/))
Bicarbonates (meqy))
Chiorides (meq/)

Values

Sandy-loam
736
124
144

a1
1.28

74
1.32
398
1.38
264
1.29
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Treatments

CN

BN

FOP

CFOP

BT

BN + FOP
BN + CFOP
BN + BT
FOP + BT
CFOP + BT

Values are average of 2 replicates = SE. Different letters shows that the values are significantly different from each other.

Protein content (j. g g~ !)

Phenolics content (. g g~!)

Root

891 + 0.02i
111+ 0.17g
10.7 £ 0.15h
19.8 + 0.05a
9.05 %+ 0.12i
12.0 £ 0.05f
124+ 0.02
149 £ 0.07c
17.4 £+ 0.02b
14.5+ 0.05d

Stem

850+ 0.10h
11.7 + 0.07c
9.02 £ 0.07f
1324 0.07b
9.59 + 0.02¢
8.87 + 0.05g
8.05+ 0.02i
873 + 0.07g
172+ 0.05a
11.1+ 0.15d

Leaf

655+ 0.12h
859 + 0.22g
102 + 0.20e
144+ 0.152
8.84 + 0.07fg
115 + 0.05¢
108 + 0.17d
9.05+ 0.07f
120+ 0.16b
112+ 0.12cd

Root

51.6 £ 0.14e
523+ 1.13de
53.8 £+ 0.49cd
66.5+ 0.14a
54.8 £ 091c
539 + 1.06cd
54.1 £ 0.14c
54.1 £ 1.55¢
61.2+ 0.26b
53.7 £ 0.63cd

Stem

5224 1.20f
56.4 £ 1.83d
533+ 0.77ef
91.5 + 0.42a
539 £ 0.35ef
52.7 £ 0.07ef
59.5+0.21c
54.2 4+ 0.14e
65.4 + 1.41b
83.0 £ 0.35ef

Leaf

5324 021d
55.8+ 0.91cd
58.5 + 4.87c
63.6 £ 0.14b
53.4+ 0.28d
56.1 £+ 0.14cd
582+ 0.91c
55.2:4: 0.28¢
72.6 £ 0.07a
56.1+ 0.14cd

Chlorophyll a
(mg mL™1)

Leaf

1.20 £ 0.11e
4.88 + 0.25b
3.85+ 0.07c
6.22 + 0.05a
2.29 + 0.20d
4.04 £ 0.49b
4.53 £ 0.11e
4.53+ 0.34b
572+ 0.22a
219+ 0.17d

Chlorophyll b
(mg mL~1)

Leaf

2.15+ 0.09f
471+ 0.14bc
4.29 + 0.29cd
7.73 £ 04la
3.25+ 0.02e
4.16 + 0.33d
323+ 0.11e
4.71 £+ 0.40bc
5.14 £ 0.16b
2.81 &+ 0.20e
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Treatments

CN

BN

FOP

CFOP

BT

BN + FOP
BN + CFOP
BN + BT
FOP + BT
CFOP + BT

Fresh weight (g)

Root

0.76 £+ 0.36d
1.64 £ 0.28d
0.87 £+ 0.24d
3.34 4+ 0.06a
1.85 £ 0.22bc
1.75=+ 0:22¢
1.01 £ 0.05d
0.77 £ 0.09d
2.33 £ 0.16b
1.07 £ 0.16d

Shoot

3.02+ 0.01d
5.16 = 0.02¢
5.39 + 0.42c
8.12+ 0.02a
6.47 £ 0.28b
5.03 £+ 0.49¢
324+ 0.41d
3.09 £ 0.44d
7.41 + 0.26a
5.36 + 0.28¢

Dry weight (g)

Root Shoot
0.04 +0.31h 0.23 £ 0.02i
0.07 = 0.25b 0.43 4 0.02¢
0.06 == 0.24d 0.33 4 0.41f
0.08 = 0.09a 0.55 = 0.03a
0.06 £ 0.24 ¢ 0.43 +0.27¢
0.06 = 0.1% 0.24 = 0.48h
0.04 4 0.08h 0.38 £ 0.41d
0.05 + 0.13g 0.34 4 0.4le
0.07 £ 0.13b 0.46 == 0.25b
0.05 = 0.16f 027 + 0.24g

Values are the average of 2 replicates + SE. Different letters shows that the values are significantly different from each other.

Length (cm)

Root

24.4 £ 0.63f
43.5 £+ 141bc
32.7 £ 1.06d
46.5 + 1.41a
41.5+ 0.14c
27.2+ 0.42e
31.2 £+ 0.49d
327+ 1.69d
44.6 £ 0.56ab
442 + 1.41ab

Shoot

32.7 £ 1.55e
40.5 £ 2.19¢
40.5 £ 2.05¢
49.5+ 0.7a
45.0 + 1.41b
344 + 1.90de
40.0 £ 1.48¢
36.5+ 0.70d
48.5+ 0.70a
40.5 £ 141c
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Treatments

Langmuir

Qmax (mg/kg)

12.99
5291
36.99
14.99
16.96
10.93

Freundlich

Q(max) (mg/kg)

3.07
3.09
3.05
3.05
3.05
3.06

0.93
091
0.94
0.93
0.98
0.94

1st order
K; R?
0.01 0.80
0.01 0.88
0.01 0.78
0.01 0.79
0.01 0.90
0.01 0.88

qe (mg/g)

17.40
1.34
0.97
0.74
7.14
0.14

2nd order

K>

0.78
0.77
0.78
0.57
0.76
0.64

RZ

qe (mg/g)

20.1
94.14
54.27
43.74
27.17
23.43
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Time (h) Time (min) T; (mgL~1) T, (mg L) T; (mgL~!) T4 (mgL~1) Ts (mg L) Te (mg L)

0.5 30 38.54 29.75 27.30 29.12 29.81 29.17
1 60 27.00 20.92 24.40 23.81 21.07 24.47
2 120 15.04 1545 12.09 14.53 17.57 16.27
6 340 1271 11.83 11.01 1327 15.86 13.88
8 480 11.39 9.32 10.78 12.87 12.78 11.20
9 540 8.83 8.75 9.57 6.75 10.10 10.71
10.5 630 7.11 6.08 6.14 5.88 7.07 977
11.5 690 7.58 511 5.94 5.19 491 7.29

20.30 1,218 5.65 4.12 5.31 4.96 3.66 6.10
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Parameters

DO (mg/L)
TDS (mg/L)
TSS (mg/L)
BOD (mg/L)
EC (uS/cm)
COD (mg/L)
pH

Cl- (mg/L)

Tanneries
wastewater

2.65
21,100
1,243
4,404
43,200
12,670
8.4
13.5

Parameters

Pb (mg/L)
Cu (mg/L)
Fe (mg/L)
Na (mg/L)
Cr (mg/L)
Cd (mg/L)
Zn (mg/L)
Ni (mg/L)

Tanneries
wastewater

0.1815
0.4211
14.654
12,002
11.122
0.0031
1.4753
0.1525
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8. Iycopersic! PV

8. Iycopersicl WY

[ Coptrel  200mM NaCl |

(5. ycopersici (PW)

(%) S. Iycopersici (PW)
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