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Editorial on the Research Topic 


Insights in plant abiotic stress: 2021


Plants, as a source of food, fuel and oxygen, are the basis of life on Earth. Currently, over a billion people suffer from malnourishment, while a similar number lack basic micronutrients, such as Zn, Fe and Cu, in their diet, which has a major impact on human health, with future forecasts being even more pessimistic; thus global yields could decline by up to 30 percent by 2050 (Hober and Negra, 2020). Soil deterioration and impoverishment, mainly due to environmental pollution and climate change, as well as the massification of cities, contribute to this problem and constitute an important challenge for agriculture in the future. One of the consequences of climate change is an increase in CO2 emissions, temperatures, flooding, drought and soil salinization. Another effect of anthropogenic activity is the accumulation of heavy metals and other contaminants which greatly harm all types of organisms. These processes will lead to a reduction in plant production and product quality. Under these conditions, innovative agronomic practices and genetic crop improvements are required. Given this scenario, it is necessary to deepen our understanding of the mechanisms that regulate plant responses to stress conditions, as well as contaminants, in order to improve plant and food production under these unfavourable conditions through the development and selection of more stress-tolerant cultivars or species.

As sessile organisms, plants have to endure a wide variety of environmental stresses during their entire life cycle. To do this, they have developed complex responses to abiotic stresses, which involve multiple interactions between hormones and other signalling molecules. The physiological, metabolic and molecular responses of crops to combined abiotic stresses appear to be significantly different from individual stresses. The study of the mechanisms involved in plant acclimation to environmental stresses has become one of the most important areas of plant research. Metabolic imbalances induced by external stimuli, such as drought, high light intensity, salinity, flooding, high and low temperatures, promote the generation and accumulation of reactive oxygen species (ROS); this may lead to oxidative damage to proteins, lipids and nucleic acids, although these compounds also act as signal molecules at low concentrations (Mittler, 2017; Phua et al., 2021). The mechanisms available to the cell to perceive environmental and physiological changes are complex and not well known, which is one of the most challenging issues in plant biology.

Although the effects of single abiotic stresses on crops have been widely studied, combined rather than individual abiotic stresses usually occur in the field. Roots, the underground organs directly in contact with the soil, sense many of these abiotic stresses. In this area of research, Sánchez-Bermudez et al. (2022) have drawn up a review which summarizes current knowledge regarding the effects of combined abiotic stress in the root system of crops. The authors describe individual responses to specific abiotic stresses and how these responses are integrated when crops are challenged by combinations of different abiotic stresses. The authors have updated our knowledge of changes in the root system architecture (RSA) and physiology influencing both crop productivity and yields; they also provide the latest information on the key molecular, hormonal and genetic regulatory pathways that underlie root responses to these combinatorial stresses. An emerging approach to this issue is an understanding of plant stress memory and priming and their potential role in cross-stress tolerance (Choudhary et al, 2021), as well as the advantages of natural plant variations and new gene editing techniques (Sanchez-Bermudez et al).

The review by Aggarwal et al. updates information regarding Setaria italica and S. viridis as model plants to study broad-spectrum traits, including abiotic stress tolerance, C4 photosynthesis, biofuel, and nutritional traits. The review enumerates the trend in contemporary research of understanding climate resilience and other essential traits of Setaria, the knowledge gap in the field, and how this information could be applied to crop improvements in related millets, biofuel crops, and cereals. The review also provides a roadmap for studying other underutilized crop species using Setaria as a model.

Leaf rolling, one of the main reactions to water stress in cereals, can be visually estimated in the field (Baret et al., 2018). Moderate leaf rolling in wheat (Triticum aestivum L.) keeps leaves upright and maintains the relatively normal photosynthesis of plants under drought stress (Zhu et al). A candidate gene TaMYB5-3A that regulates leaf rolling has been identified with the aid of a genome-wide association study (GWAS) of a panel of 323 wheat accessions. Leaves from tamyb5 mutants were more flat than wild type leaves under drought conditions. TaMYB5-3A was mainly expressed in leaves and down-regulated by PEG treatment. TaMYB5 induces TaNRL1 gene expression through direct binding to the AC cis-acting element of the target gene promoter. These results provide the theoretical basis and a gene resource for wheat crop breeding.

Besides model plants, another challenge is to identify how signaling pathways have evolved within a species to program responses with different signals and regulatory networks, giving rise to genotypes that are adapted to specific stressful conditions. Due to its excellent drought tolerance, wild barley Hordeum spontaneum is considered a valuable source for barley improvement. Pan et al have analysed stomatal aperture and oxidative stress markers on two barley cultivars and one wild barley accession. The authors have cloned a new HvbZIP21 which plays a critical role in drought tolerance by regulating enzymatic ROS defenses.

There is emerging evidence that biostimulants act as plant priming agents, as demonstrated by the observed effectiveness of these formulations in promoting and sensitizing plant defenses and resistance against different environmental stresses (Nephali et al., 2020). Deciphering the priming mechanism of biostimulants is a challenging issue in agricultural science. As demonstrated by Supriya et al, melatonin (N-acetyl-5-methoxytryptamine), has a priming effect on the promotion of tolerance to drought in Gossypium hirsutum by modulating the antioxidant system, with increased photosynthetic parameters, water-use efficiency, and nitrogen metabolism. The higher content of the autophagosome marker, lipidated ATG8 (ATG8-PE), in melatonin-primed drought-stressed plants of sensitive cultivar L-799 indicates that autophagy plays an important role in alleviating drought stress mediated by melatonin.

Environmental changes can affect flowering and crop yield production. Thus, coffee (Coffea arabica L.) presents asynchronous flowering regulated by endogenous and environmental stimuli, with anthesis occurring once plants are rehydrated after a period of water deficit. López et al. have observed that the interaction of ABA-ACO-ethylene and intercellular ACC transport among coffee leaves, buds, and roots promotes an increase in ACC levels, which is most likely involved as a modulator of coffee anthesis. This study provides evidence that ACC can play an important role independently of ethylene in the anthesis process in a perennial crop. With waterlogging being a major abiotic stress during the growth cycle of maize in China, Hu et al. have observed that the application of 6-benzyladenine (6-BA) increased the yield of summer maize. At the florets differentiation stage, treatment with 6-BA increased the trans-zeatin (tZ) and salicylic acid content of ears of maize, leading to the induction of invertase activity, thus establishing sink strength. During the sexual organ formation phase, the TZ content of ear leaves, spike nodes, and ears was increased by waterlogging treatment, as compared to control conditions. Accordingly, the sugar metabolism of summer maize was also improved.

Heat stress has become a major abiotic challenge to the growth and development of various crops, leading to a reduction in their productivity. Brassica napus, the second largest source of vegetable oil worldwide, experiences a drastic reduction in seed yield and quality in response to heat. Kourani et al. have updated the latest research on the genetic and physiological impact of heat stress on the different developmental stages of B. napus, paying particular attention to the reproductive stages of floral progression, organogenesis, and post flowering. The implications of the polyploidy nature of B. napus and the regulatory role of alternative splicing in priming-induced heat-stress memory are presented. New insights into the dynamics of epigenetic modifications during heat stress are also discussed.

The plant cuticle is an extracellular lipid structure that covers the outer surface of land plants and protects cells from different abiotic and biotic stresses. Fukuda et al. have demonstrated that ECERIFERUM 10/AOD2 plays a crucial role in Arabidopsis osmotolerance through very-long-chain fatty acid (VLCFA) metabolism involved in cuticular wax formation and endocytic membrane trafficking. Kajino et al., in their turn, have analysed the halophyte Eutrema salsugineum and identified EsCYP78A5 as a gene that can confer acquired osmotolerance. EsCYP78A5, an ortholog of Arabidopsis KLU, encodes a cytochrome P450 monooxygenase. Transgenic Arabidopsis plants overexpressing AtKLU (AtKLUox) exhibit acquired osmotolerance and also salt-shock, oxidative, and heat-stress tolerances due to higher cutin monomer and VLCFA levels and reduced endoplasmic reticulum (ER) stress. The study by Chen et al. focus on N-acetylglucosamine-1-P uridylyltransferase (GlcNAc1pUT), encoded by GlcNA.UTs, which catalyzes the last step in the hexose biosynthetic pathway. The authors demonstrate that GlcNAc1pUTs are essential for protein N-glycosylation, fertility, and the response of plants to salt stress through ABA signaling pathways during seed germination and early seedling development.

Nitric oxide (NO) and its derivatives (reactive nitrogen species, RNS) are also produced in cells experiencing biotic and abiotic stress. Together, ROS and NO play key roles as biological messengers that regulate gene expression, hence activating defence responses to biotic and abiotic stresses (Romero-Puertas and Sandalio, 2016). Song et al. have analysed the contribution of S-nitrosoglutathione reductase (GSNOR), considered a critical regulator of plant stress tolerance due to its impact on protein S-nitrosylation, in the thermotolerance of Solanum lycopersicum. The authors conclude that GSNOR plays a role in regulating NADPH oxidase dependent (SlRBOH1) apoplastic H2O2 production in response to high temperatures, while a balanced interaction between S-nitrosothiols (SNO) and H2O2 is critical for maintaining cellular redox homeostasis and thermotolerance.

Poor soil and nutritional imbalance are major concerns worldwide which severely affect crop production and food production. Acidic soils are poor with regard to natural fertilization, thus requiring an exogenous supply of P fertilizers; however, the increase in production and transport costs, leading to an increase in the price of the final product, is a limiting factor for farmers. The study by Tarumoto et al. assesses the physiological and nutritional attributes of two sugarcane varieties in order to evaluate their efficiency against low and adequate P concentrations. Although most of the attributes analysed, including sugarcane yields, were directly influenced by P levels, RB966928 was more sensitive to low P levels and more responsive to P supply than RB867515. RB867515 appears to use the antioxidant enzyme ascorbate peroxidase to overcome P limitations, whereas RB966928 relies on increased levels of proline to increase the efficiency of photoassimilate accumulation. An understanding of these characteristics would facilitate sugarcane crop management and variety selection, especially under conditions in which P is the most limiting nutrient.

Abiotic stresses will remain a challenge to agriculture, food quality and the natural environment in the future. The use of all available phenomic, metabolomic and molecular information will facilitate the identification of gene networks involved in plant defenses against combined stress conditions. CRISPR/Cas9 is a promising tool for the precise and efficient genome editing of crop plants to combat various abiotic stresses. Thus, genetically engineered stable crops obtained by using this technique will result in increased tolerance and yields within the framework of new agronomic strategies adapted to the environment and population growth.
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Melatonin (N-acetyl-5-methoxytryptamine), a biomolecule with multifunctional phyto-protectant activities, enhances the tolerance to broad-spectrum biotic and abiotic stresses in plants. However, little information is available on the effect of melatonin on different morpho-physiological, biochemical, and molecular parameters during drought stress incidence in varieties contrastingly differing in their tolerance levels. The present study is aimed at investigating the drought stress responses of drought-sensitive (var. L-799) and drought-tolerant (var. Suraj) varieties after exogenous melatonin priming and gaining mechanistic insights into drought tolerance in upland cotton (Gossypium hirsutum). Melatonin-priming enhanced the tolerance of L-799 to drought stress by modulating the antioxidant system, with increased photosynthetic activity, water-use efficiency, and nitrogen metabolism. Higher endogenous melatonin content and upregulated expression of candidate stress-responsive genes in primed L-799 suggested their involvement in drought tolerance. The higher expression of autophagosome marker [lipidated (ATG8-PE)] in melatonin-primed drought-stressed plants of L-799 also indicated the role of autophagy in alleviating drought stress. Interestingly, melatonin-priming did not show pronounced differences in the different parameters studied during the presence or absence of drought stress in Suraj. In conclusion, this study showed that melatonin plays an important role in mitigating drought stress effects by modulating several physiological, biochemical, and molecular processes, with the key regulatory factor being the plant tolerance level that serves as the switch that turns the priming effects on/off.

Keywords: cotton, drought tolerance, melatonin, ROS homeostasis, photosynthesis, nitrogen metabolism, autophagy


INTRODUCTION

The non-availability of water for irrigation causes drought, which is a major limitation to agriculture. The loss inflicted by drought stress in crops is higher than the loss caused by all the pathogenic infections combined (Gupta et al., 2020). Water scarcity affects food crops and economically important species, including cotton (Gossypium spp.). Gossypium hirsutum, also known as upland cotton, accounts for 90% of global cotton production (Zahid et al., 2021). Decrease in rainfall, groundwater levels, and reduced soil moisture affect the growth, productivity, and fiber quality of cotton (Parida et al., 2007), and it also surges the incidence of diseases, and pest attacks (Zahid et al., 2021). Berry et al. (2013) estimated that the yield loss due to drought in cotton ranges from 50 to 73% globally. Also, drought affects the quality of fiber, causing a heavy toll on the agro-economy in countries like India, which tops the global production of cotton (Parida et al., 2008). Thus, improving the drought tolerance of cotton to withstand water-deficit conditions has become the primary concern of researchers.

The impact of drought on cotton at morpho-physiological, biochemical, and molecular levels was analyzed to understand the complexity of drought tolerance mechanisms (Ullah et al., 2017). Xeromorphic traits and structures conferring tolerance to drought are well-studied in cotton (Iqbal et al., 2013; Ullah et al., 2017). At the biochemical level, phytohormones, including abscisic acid and jasmonic acid, and production of reactive oxygen species (ROS) and ROS redox homeostasis were reported to play roles in conferring drought tolerance (Chen et al., 2013; Ma et al., 2016; Zahid et al., 2021). In addition, genes and regulatory pathways underlying drought stress response were delineated in G. hirsutum. Mitogen-activated protein kinases (Zhang et al., 2014; Wang et al., 2016), stress-responsive transcription factors (Hu et al., 2016; Liang et al., 2016), and signaling pathway genes (He et al., 2013; Li L. B. et al., 2015) were extensively studied in G. hirsutum for their roles in drought-stress response. The identification of stress-responsive genes facilitated the overexpression of these genes using the transgenic approach for enhancing the drought tolerance in G. hirsutum (Parkhi et al., 2009; Yang et al., 2016; Yu et al., 2016). Gao et al. (2017) reported a CRISPR/Cas9 system for editing genes in G. hirsutum; however, the application of this approach to improving tolerance to drought stress is yet to be explored. In addition to the aforementioned strategies, biostimulants could be exogenously applied through foliar spray, substrate drench, and seed priming to improve stress tolerance. This approach has been proved to be more sustainable and eco-friendlier to mitigate the adverse effects of environmental stresses. Among different approaches, seed priming is the process of imbibing the seeds with biostimulants to activate specific pre-germination physiological and metabolic states, which impart tolerance to environmental cues (Ashraf and Foolad, 2005; Ibrahim, 2016; Savaedi et al., 2019). Noreen et al. (2013) showed that exogenous application of osmoprotectants (salicylic acid, proline, and glycine betaine) enhances drought tolerance in G. hirsutum. Recently, Zhang et al. (2021) have reported the role of melatonin seed priming in enhancing seedling tolerance to salt stress in G. hirsutum.

Melatonin (N-acetyl-5-methoxytryptamine) is a well-known priming agent that confers multi-factorial protection to the plants against several abiotic and biotic stresses (Zhang et al., 2016; Moustafa-Farag et al., 2020; Turk and Genisel, 2020). Melatonin is considered a better antioxidant than any other classical antioxidants (Hacışevki and Baba, 2018) as it scavenges ROS efficiently. Also, priming with melatonin improved germination, root growth, photosynthesis, and yield (Arnao and Hernández-Ruiz, 2009, 2014, 2019). Melatonin can also stimulate autophagy by regulating the expression of autophagy-activated genes (ATGs), as reported in Arabidopsis (Wang et al., 2015) and cassava (Wei et al., 2020). It was found to stimulate plant growth by increasing the uptake and assimilation of nitrogen under high-temperature stress (Zhao N. et al., 2012) and cadmium stress (Erdal and Trunk, 2016). Zhang et al. (2013) reported that melatonin promotes drought tolerance in Cucumis sativus and enhances lateral root formation and seed germination. In Carthamus tinctorius, melatonin priming improved grain yield, harvest index, and oil yield under drought conditions (Akbari et al., 2020). Seeds of Brassica rapa primed with melatonin tolerated drought stress with enhanced morphological traits, seed yield, and seed qualitative attributes (Khan et al., 2019). Melatonin altered the amino acid content in the germinating seeds of Triticum aestivum during drought conditions and conferred tolerance to stress (Li et al., 2020). While these reports suggest the positive regulatory effect of melatonin priming to withstand drought stress, no such studies have been carried out to investigate the role of melatonin in imparting drought tolerance in cotton. Moreover, to our best knowledge, there is a lack of information on melatonin effects on drought-distinguished varieties during exposure to drought stress in relation to plant growth, photosynthesis, nitrogen metabolism, and autophagy. Thus, the present study was focused on understanding how melatonin priming influences drought tolerance in drought-sensitive and -tolerant varieties under drought stress conditions and the underlying effects on morpho-physiological, biochemical, and molecular processes in cotton.



MATERIALS AND METHODS


Experimental Materials and Seed Priming

Seeds of two varieties, viz., L-799 (drought sensitive) and Suraj (drought tolerant), were obtained from Regional Agricultural Research Station, Guntur, Acharya N. G. Ranga Agricultural University (ANGRAU), Andhra Pradesh, India, and ICAR-Central Institute for Cotton Research, Maharashtra, India, respectively. The seeds of two varieties were surface sterilized and imbibed with different concentrations (5, 10, 25, 50, and 100 μM) of melatonin (Sigma-Aldrich, United States) for 24 h in the dark. The seeds imbibed in deionized water served as control. The seeds were then dried by placing in an incubator at 25 ± 2°C for 24 h before germination. The control and treated seeds were then placed on sterile germination paper in Petri dishes and allowed to germinate in the dark at room temperature. The germinated seeds were then transplanted onto pots (7 cm) containing a mixture of autoclaved soil, manure, and sand (4:1:1 ratio). The plants were allowed to grow in a culture room at 25 ± 1°C, 65 ± 2% relative humidity under 16:8-h light and dark photoperiod. Two-week-old plants (with two fully grown leaves and an emerging third leaf) were imposed on drought stress by withholding the irrigation until the soil moisture content reduced to 20%, which took another 8 days. The fully grown leaf samples were further used for various experiments. All the experiments have been carried out with three independent batches of plants, with triplicates per treatment in each batch of plants.



Measurement of Relative Water Content and Reactive Oxygen Species

The fully expanded youngest leaves (true third leaf) after stress treatment were harvested, and relative water content (RWC) was determined by following the protocol of Huang et al. (2019). Histochemical detection of superoxide anion radical (O2–) and hydrogen peroxide (H2O2) was performed using nitrogen blue tetrazolium (1 mg ml–1) and 3,3′-diaminobenzidine stains (0.5 mg ml–1), respectively (Ramel et al., 2009). The H2O2 and O2– contents were determined according to the method described by Okuda et al. (1991) and Elstner and Heupel (1976), respectively.



Determination of Melatonin Content

A direct sample extraction procedure was followed to determine the melatonin content. Fresh leaf samples (a true third leaf) were weighed and sliced into small (3–5 mm) pieces, dipped into vials containing chloroform, followed by overnight shaking at 4°C. The leaf disks were then discarded, and the solvent in the vial was evaporated under N2 gas at 4°C. The residue was then dissolved in acetonitrile, filtered through a 0.2-μm PVDF membrane filter, and used for HPLC analysis. Shimadzu HPLC system (Kyoto, Japan) with a C18 column (Phenomenex KINETEX 250 mm × 4.6 mm) was used for determining the melatonin content. The mobile phase used was water and acetonitrile (50:50) with a 1-ml- min–1 flow rate. The detection was carried out at 280 nm, UV. The melatonin level was quantified in different samples using pure melatonin (Sigma-Aldrich, United States) as a standard by following the method of Arnao and Hernández-Ruiz (2009) with some modifications.



Assay of Antioxidant Enzyme Activities

Frozen leaf samples (a true third leaf) (150–200 mg) were used to extract the crude protein for enzyme activity assays, following the procedure of Cherono et al. (2021). Superoxide dismutase (SOD, EC 1.15.1.1) activity was determined using nitro blue tetrazolium (NBT), following Beauchamp and Fridovich (1971). Catalase (CAT, EC 1.11.1.6) activity was measured spectrophotometrically according to the method described by Patterson et al. (1984). Ascorbate peroxidase (APx, EC 1.11.1.11) and guaiacolperoxidase (GPoX, EC 1.11.1.7) activities were determined using the methods described by Nakano and Asada (1981) and Polle et al. (1994). Similarly, the activities of monodehydroascorbate reductase (MDAR, EC 1.6.5.4) and dehydroascorbate reductase (DHAR, EC 1.8. 5.1) were determined by the methods of Hossain et al. (1984) and Dalton et al. (1986). Glutathione reductase (GR, EC 1.8.1.7) activity was measured as described by Foyer and Halliwell (1976) with minor modifications.



Determination of Non-enzymatic Antioxidants, Electrolyte Leakage, Lipid Peroxidation, and α-Tocopherol Levels

The leaf samples (true third leaf) (0.1 g) were homogenized in 5% metaphosphoric acid, followed by centrifugation (20,000 g for 15 min at 4°C). Reduced ascorbate and glutathione contents were estimated following the standard procedures of Zhang and Kirkham (1996). Electrolyte leakage was estimated by the method of Dionisio-Sese and Tobita (1998). Electrical conductance (EC) was measured using a conductivity meter (Hanna Instruments, India). A lipid peroxidation assay was performed following the procedure of Heath and Packer (1968). α-tocopherol was extracted from the samples as per the procedure described by Munné-Bosch et al. (1999). The analysis was performed in the HPLC (Shimadzu, Japan) with the following conditions: mobile phase methanol (100%), flow rate (1 ml/min–1), and injection (20 μL). The separation was done on a C18 column (Phenomenex, United States), and α-tocopherol was measured at a wavelength (λ) of 295 nm by the DAD. Pure (±) α-tocopherol was used as a standard.



Measurement of Photosynthetic Parameters, Chlorophyll Content, and Soluble Sugar Content

Leaf gas exchange parameters [net photosynthetic rate (Pn), stomatal conductance (gs), intercellular CO2 (Ci), and transpiration rate (E)] were measured in the fully expanded third leaf after the 8th day of drought stress using a portal infrared CO2/H2O gas analyser (IRGA; ADC Bioscientific, United Kingdom). The saturating photosynthetically active radiation (PAR) of 1,600 μmol m–2s–1, temperature (24 ± 2°C), relative humidity (55–60%), and CO2 concentration (360 ± 10 μmol mol–1) were constantly maintained throughout the measurements. Water use efficiency (WUEi) was calculated as a ratio of net photosynthetic rate to the transpiration rate (Pn/E). The concentration of chlorophyll a was measured in a fully expanded true third leaf after the 8th day of drought stress using Dual-PAM 100 (Waltz, Germany). Other photosynthetic parameters measured were Photosystem II yield (Y II), electron transport rate (ETR II), photochemical quenching (qP), non-photochemical quenching (NPQ) regulated heat dissipation [Y(NPQ)], and non-regulated heat dissipation [Y(NO)]. The plants were dark adapted for 20 min before the analysis. The chlorophyll content was estimated using the protocol of Lichtenthaler and Wellburn (1983). The soluble sugar content was estimated by Anthrone method (Li, 2000).



Assay of Enzymes Related to Nitrogen Metabolism and Measurement of Nitrate, Nitrite, and Ammonium Contents

The activity of four enzymes involved in nitrogen metabolism, namely nitrate reductase (NR, EC 1.6.1.1), nitrite reductase (NiR, EC 1.7.7.1), glutamine synthetase (GS, EC 6.3.1.2), and glutamate synthase (GOGAT, EC 1.4.7.1) was analyzed following Erdal (2019). Nitrate content was determined by reducing it to nitrite and measured spectrophotometrically using a standard curve constructed with known concentrations of KNO3 (Cataldo et al., 1975). The nitrite content was determined spectrophotometrically by following the method of Barro et al. (1991). Similarly, ammonium content in the samples was measured using a standard curve constructed with known concentrations of (NH4)2SO4 by following the method of Barro et al. (1991).



RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR

Total RNA was extracted from the leaves of different samples using the CTAB-ammonium acetate method (Zhao L. et al., 2012). RNA integrity was analyzed by gel electrophoresis and NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific, United States). Primers targeted for the genes-encoding enzymes involved in ROS metabolism [respiratory burst oxidase protein D (RBOH D), Cu/Zn superoxide dismutase (Cu/Zn-SOD), Mn superoxide dismutase (Mn-SOD), catalase (CAT), cytosolic ascorbate peroxidise (cAPX), Peroxisomal/glyoxisomal ascorbate peroxidase (gAPX), and glutathione reductase (GR)], photosynthetic electron transport chain [photosystem II D1 (PSII D1), plastocyanin (PC), ferredoxin (PET F), large RUBISCO subunit (rbcL), fructose-1,6-bisphosphatase (FBP) and sedoheptulose-1,7-bisphosphatase (SBP)], nitrogen metabolism [nitrate reductase (NR), nitrite reductase (NiR), glutamine synthase (GS), and glutamate synthase (GOGAT)] and autophagy [target of rapamycin (TOR), autophagy-related proteins (ATG), likewise ATG2, ATG9, ATG18a, ATG5, ATG12, ATG7, ATG8c, ATG8i, and constitutively stressed 1 (COST1)] were synthesized using GenScript1. cDNA was synthesized from the total RNA using Primescript 1st Strand Synthesis Kit (Takara Bio Inc., Japan). Real-time PCR was performed on Mastercycler Realplex (Eppendorf, Germany) in a final reaction volume of 10 μL containing 1 μL of the diluted cDNA, 1 μL of 10 pmol primers (Supplementary Table 1), and 5 μL of SYBR Premix Ex Taq II (TliRNase H Plus) with 0.2 μL ROX (6-carboxy-X-rhodamine) (Takara Bio Inc., Japan). The PCR conditions consisted of initial denaturation at 95°C for 3 min, 40 cycles of amplification [95°C for 30 s, annealing temperature for 20 s, and 72°C for 30 s], and a final elongation stage at 72°C for 5 min. Actin was used as an internal control, and the relative fold-change RNA expression was estimated using the ΔΔCT method (Livak and Schmittgen, 2001).



Total Protein Extraction and Immunoblot Analysis

A fresh leaf sample was macerated in liquid N2 and homogenized in a buffer containing 50-mM Tris–HCl pH 8.0, 150-mM NaCl, 1-mM phenyl-methanesulfonyl fluoride, and 10-mM iodoacetamide) (Chung et al., 2009) and protease inhibitor cocktail. For immunoblot analysis, 15% of SDS-PAGE gel was prepared with 6-M urea (Wang et al., 2019). Following electrophoresis of the samples, the protein-containing SDS-PAGE gel was transferred to a nitrocellulose membrane. The levels of ATG8 and ATG8-PE were determined using an anti-ATG8 antibody (AS14 2769, Agrisera, Sweden) in 1:500 dilution. Histone H3 was used as a loading control. Thus, for determining the His-H3 level, anti-histone-H3 (AS10710, Agrisera, Sweden) was used as primary antibody in 1:2000 dilution. An anti-rabbit antibody conjugated to HRP was used as the secondary antibody.



Statistical Analysis

The data obtained are a mean value of 3 independent treatments with three replicates per treatment in each experiment, which were subjected to one-way ANOVA. The error bars shown in the graph are standard deviation (± SD) of mean values. The significance of differences between treatments was evaluated using Duncan multiple range test (p < 0.05).




RESULTS


Effect of Melatonin on Drought Tolerance in Sensitive and Tolerant Varieties

Priming the seeds of drought-sensitive and -tolerant varieties with different concentrations of melatonin showed that 10 μM was more effective in mitigating the drought stress effects in L-799 as reflected from highest plant height, root length, and leaf area than other concentrations (25, 50, and 100 μM) as compared to unprimed plants under stress conditions. Interestingly, in Suraj, melatonin at the concentrations tested did not have any significant effect on plant height and root length in drought-stressed plants except the leaf area, which showed a significant increase at 10, 25, 50, and 100 μM compared to unprimed stressed plants (Supplementary Figure 1). Thus, 10-μM melatonin was used to prime the seeds of drought-tolerant and -sensitive varieties in further studies for investigating the role of melatonin in drought tolerance in cotton.

Melatonin-primed and control (unprimed) plants of sensitive and tolerant varieties were subjected to drought stress for 8 days, and the changes in morphological parameters were examined (Figure 1A). The control plants of sensitive variety (L-799) showed severe wilting symptoms, whereas melatonin-primed plants were healthy when exposed to drought stress. In drought-tolerant variety (Suraj), the phenotypes of melatonin-primed and unprimed (control) plants were similar in both drought-stressed and control conditions. This distinctly showed that melatonin considerably improved the drought tolerance ability of L-799, whereas it does not have any notable effect on the tolerant variety, Suraj. To further validate the phenotypic observations, relative water content (RWC) was measured in all the samples. The results showed that RWC in L-799 decreased significantly under drought conditions, but the content in melatonin-primed stressed plants was significantly higher than in the unprimed stressed plants (Figure 1B). Although Suraj showed a significant decrease in RWC under stress compared to the control, the content was higher than L-799-stressed plants. Unlike L-799, priming did not significantly change RWC in Suraj compared to unprimed plants under drought stress.
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FIGURE 1. Phenotypic changes in melatonin primed and unprimed plants of drought-sensitive (L-799) and -tolerant (Suraj) varieties of cotton (Gossypium hirsutum) under optimal or drought-stress conditions. (A) C, Plants grown under optimal conditions (control). DS, Plants grown by withholding water for 8 days (drought-stressed). PC, Melatonin primed plants grown under optimal conditions (primed control). PS, Melatonin primed plants grown by withholding water for 8 days (primed stress), and (B) Relative water content (%) in leaves of L-799 and Suraj under drought stress with and without melatonin priming. Data represent mean values ± SD of 3 independent experiments, with 3 replicates per treatment in each experiment. Different alphabets within the group represent significant differences among the treatments according to Duncan multiple range test at P<0.05.




Effects of Melatonin on Reactive Oxygen Species Accumulation and Detoxification

NBT and DAB staining showed a higher accumulation of O2– and H2O2, respectively, in the unprimed L-799 than Suraj during drought stress (Figures 2A,B). A relatively lesser accumulation of O2– and H2O2 was observed during stress conditions in melatonin-primed L-799. Quantification showed at least a threefold and fourfold increase in O2– and H2O2 content in the unprimed L-799 during drought stress, respectively (Figures 2C,D). The melatonin-primed L-799 showed significantly reduced levels of O2– and H2O2 when exposed to drought stress, unlike the tolerant Suraj variety, where the levels of unprimed and primed stressed plants remained similar.
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FIGURE 2. Effect of melatonin on the accumulation of superoxide radicals and hydrogen peroxide in the leaves of drought-sensitive and -tolerant varieties after different treatments. (A,B) Superoxide radical and hydrogen peroxide accumulation in the leaves of different treatments visualized by NBT and DAB staining, respectively, and (C,D) Quantification of superoxide radicals and hydrogen peroxide levels in leaves of drought-sensitive and -tolerant varieties. C, Plants grown under optimal conditions (control). DS, Plants grown by withholding water for 8 days (drought stressed). PC, Melatonin primed plants grown under optimal conditions (primed control). PS, Melatonin primed plants grown by withholding water for 8 days (primed stress). Data represent mean values ± SD of 3 independent experiments, with 3 replicates per treatment in each experiment. Different alphabets within the group represent significant differences among the treatments according to Duncan multiple range test at P<0.05.


To gain further insights into the ROS detoxification mechanism, the activity of enzymes involved in this process was assayed (Figures 3A–D). In the case of SOD, there were no significant differences in the activity of primed L-799 controls and stressed, whereas it was higher in primed Suraj under drought stress than primed controls (Figure 3A). The levels of CAT were comparatively lower in all L-799 samples than Suraj, except the controls of unprimed plants (Figure 3B). GPoX activity was increased in primed stressed plants of L-799, and primed and unprimed plants of Suraj during drought stress (Figure 3C). In the cases of APx and GR, the enzyme activities were significantly reduced in L-799 during drought stress. But primed stressed plants showed the highest activity among all L-799 samples. Unlike L-799, Apx and GR activity was similar in unprimed and primed stressed plants of Suraj (Figures 3D,E).
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FIGURE 3. Effect of melatonin priming on antioxidant enzyme activities in drought-tolerant and drought-sensitive varieties with and without drought stress. (A) SOD activity, (B) CAT activity, (C) GPoX activity, (D) APx activity, and (E) GR activity. Data represent mean values ± SD of 3 independent experiments, with 3 replicates per treatment in each experiment. Different alphabets within the group represent significant differences among treatments according to Duncan multiple range test at P<0.05.


Furthermore, the endogenous melatonin content was estimated in all the samples (Figure 4 and Supplementary Figure 2). The results showed a drastic increase in melatonin levels during drought-stressed conditions in primed L-799 compared to unprimed plants during drought. Unlike L-799, drought caused an increase in melatonin levels in the unprimed Suraj, with the levels being similar to primed plants under drought stress and unprimed stressed plants.
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FIGURE 4. Effect of melatonin priming on endogenous melatonin content in drought-tolerant and -sensitive varieties with or without drought stress. Data represent mean values ± SD of 3 independent experiments. Different alphabets within the group represent significant differences among treatments according to Duncan multiple range test at P<0.05.




Effect of Melatonin on Ascorbate-Glutathione Recycling Reactions

The contents of AsA and GSH as well as the activity of MDAR and DHAR increased in both primed (control and stressed) compared to unprimed stressed plants of L-799 (Figures 5A–D). Drought stress caused an increase of the GSSG level in unprimed L-799 compared to other conditions, whereas no change was observed in primed and unprimed Suraj plants under stress conditions (Figure 5E). In Suraj, the AsA and GSH contents, and MDAR and DHAR activities remained similar in primed plants compared to their respective unprimed plants subjected to drought.
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FIGURE 5. Effects of melatonin priming on antioxidant levels in drought-tolerant and drought-sensitive varieties with or without drought stress. (A) AsA content, (B) MDAR activity, (C) DHAR activity, (D) GSH, and (E) GSSG contents in leaves of melatonin primed and unprimed L-799 and Suraj varieties after exposure to drought stress or optimal conditions. Data represent mean values ± SD of minimum 3 independent experiments. Different alphabets within the group represent significant differences among treatments according to Duncan multiple range test at P<0.05.




Effect on Electrolyte Leakage, Lipid Peroxidation, and α-Tocopherol Contents

A marked increase (14-fold) in electrolyte leakage during drought stress was observed in unprimed L-799, whereas the controls (unprimed and primed) and primed stressed plants did not show any notable differences. Suraj primed plants (both control and stressed) showed a significant decrease compared to unprimed controls (Figure 6A). Drought stress significantly increased MDA content in unprimed stressed plants of L-799, whereas it decreased in primed stressed plants and was comparable to primed unstressed (control) plants. Although Suraj also exhibited higher MDA content under drought in unprimed plants, the levels were lesser than L-799. Primed stressed plants showed a significant change in MDA content compared to unprimed stressed plants (Figure 6B). The α-tocopherol level showed a significant increase in both the varieties under drought stress in primed plants compared to other treatments (Figure 6C and Supplementary Figure 3).
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FIGURE 6. Effect of melatonin priming on electrolyte leakage, lipid peroxidation, and α-tocopherol contents in drought-tolerant and -sensitive varieties with or without drought stress. (A) Electrolyte leakage, (B) lipid peroxidation, and (C) α-tocopherol contents in leaves of different treatments. Data represent mean values ± SD of minimum 3 independent experiments. Different alphabets within the group represent significant differences among treatments according to Duncan multiple range test at P<0.05.




Effect of Seed Priming on Photosynthetic Leaf Gas Exchange Parameters, Photosynthetic Efficiency, Chlorophyll a Fluorescence Parameters, Total Chlorophyll, and Soluble Sugar Contents

The photosynthesis rate (Pn) was significantly decreased by 64.58% in unprimed L-799 under drought, whereas priming showed a significant increase by 121.8% compared to unprimed plants under stress. Suraj also displayed a decrease of 41.19 and 29.3% in stressed and primed stressed plants compared to controls (Figure 7A). Drought stress decreased the transpiration rate of unprimed L-799 by 41.73% compared to the controls, while priming resulted in a 42.56% increase compared to unprimed stressed plants. Suraj showed a 25.52 and 21.52% decrease in stressed and primed stressed plants compared to unprimed controls (Figure 7B). Stomatal conductance of L-799 decreased drastically by 78.5% during drought stress in unprimed compared to controls, but primed stressed showed a 167.4% increase compared to unprimed stressed plants. In Suraj, the stomatal conductance decreased by 32.27% in stressed plants during drought, and melatonin priming was found to have a non-significant effect under stress (Figure 7C). WUE reduced significantly in unprimed L-799 under drought stress, while the changes were non-significant in primed control and primed stressed plants compared to controls. Suraj maintained similar levels of WUE in all samples (Figure 7D). Unprimed and primed stressed plants of L-799 showed a decrease (21 and 11.2%, respectively) in total chlorophyll content compared to the unprimed controls. Although a similar trend was observed in Suraj, the values were comparatively higher than L-799 (Figure 7E). The PAO (Pheophorbide a oxygenase a chlorophyll degrader) transcripts level was downregulated in L-799 primed stressed plants compared to unprimed stressed plants (Supplementary Figure 4). Similarly, in Suraj, the transcript levels of PAO were downregulated in primed stressed plants than unprimed stressed plants, although the transcript levels of unprimed stressed plants remained very low as compared to unprimed stressed plants of L-799. Total soluble sugar content decreased significantly in unprimed stressed L-799 plants but increased with priming during drought (Figure 7F). In Suraj, there was no significant change in total soluble sugar content between unprimed and primed stressed plants.
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FIGURE 7. Effect of drought stress on photosynthetic leaf gas exchanges parameters (A–D) in drought-sensitive and -tolerant varieties with or without melatonin priming. (A) Photosynthetic rate, (B) transpiration rate, (C) stomatal conductance, (D) water use efficiency, (E) chlorophyll content, and (F) total soluble sugar. Data represent mean values ± SD of minimum 3 independent experiments, with 3 replicates per treatment in each experiment. Different alphabets within the group represent significant differences among treatments according to Duncan multiple range test at P<0.05.


Drought stress dramatically decreased the maximum quantum yield (Fv/Fm) in L-799, followed by a pronounced decrease in photosystem II yield [Y(II)], which declined drastically from ≥ 58 PAR (Figures 8A,B). Suraj maintained constant Fv/Fm levels in all conditions. Priming elevated Y(II) values significantly in stressed plants compared to unprimed stressed of both the varieties, more prominently in L-799 (Figure 8B). The electron transport rate (ETR) decremented from ≥ 11 PAR under stress conditions in L-799, whereas unprimed stressed plants of Suraj also showed a decrease in ETR values, although from ≥ 100 PAR. Primed stressed plants exhibited higher ETR (II) than unprimed stressed in both varieties but more significantly in L-799 (Figure 8C). Non-photochemical quenching (NPQ) and regulated heat dissipation [Y(NPQ)] levels were decreased dramatically in stressed plants of L-799 compared to unprimed control plants, but priming significantly elevated both the parameters under stress compared to unprimed stressed plants. Unlikely, in Suraj, unprimed control, unprimed stressed, and primed stressed plants exhibited an almost equivalent level of NPQ (Figures 8D,E). Non-regulated heat dissipation [Y(NO)] levels increased more significantly in unprimed stressed plants of L-799 than controls (Figure 8F). Priming significantly decreased the Y(NO) level under stress compared to unprimed stressed plants. Although Suraj showed a significant increase in the Y(NO) level in unprimed stressed plants from ≥ 58 PAR compared to control plants, the values were considerably lesser compared to L-799 stressed plants, and priming aided a significant decline from ≥ 58 PAR onward (Figure 8F).
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FIGURE 8. Changes in maximum photosynthetic efficiency of PSII (Fv/Fm) and rapid light curves of photosynthetic parameters (A–F) in melatonin primed or unprimed drought-sensitive (L-799) and -tolerant (Suraj) varieties of cotton in optimal conditions (control) or exposure to drought stress. (A) Fv/Fm, (B) effective photochemical quantam yield [Y (II)], (C) electron transport rate of PSII [ETR (II)], (D) Non-photochemical quenching, (E) non-regulated heat dissipation [Y (NO)], and (F) regulated heat dissipation. PAR is photosynthetically active radiation. Data represent mean values ± SD of 3 independent experiments, with 3 replicates per treatment in each experiment. Different alphabets within the group in panel (A) represent significant differences among treatments according to Duncan multiple range test at P<0.05.




Effect of Melatonin on the Nitrogen Cycle and Related Enzymes

Melatonin priming augmented the activity of nitrate reductase (NR), nitrite reductase (NiR), glutamate synthase (GS), and glutamine synthase under stress conditions prominently in the L-799, but no change was observed in Suraj (Figure 9). A significant decrease in NR activity was observed in unprimed stressed plants, but priming increased the activity under stress compared to unprimed stressed in L-799. In Suraj, no change was observed across the samples (Figure 9A). No significant change was observed in NiR among unprimed and primed stressed plants of both L-799 and Suraj (Figure 9B). Glutamine synthase (GS) and glutamine synthase (GOGAT) activities decreased significantly under stress compared to control, but priming showcased significantly higher activity than unprimed plants under stress in L-799. In Suraj, both unprimed and primed stressed plants showed similar GS activity, higher than unprimed control (Figures 9C,D). However, the GOGAT activity showed no significant change in unprimed and primed stressed compared to unprimed control in Suraj (Figure 9D).
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FIGURE 9. Effects of melatonin priming on the nitrogen cycle (A–G) of two drought distinguished cotton varieties, L-799 and Suraj, under drought stress or well-watered conditions. (A) Nitrate reductase (NR), (B) nitrite reductase (NiR), (C) glutamine synthase content (GS), (D) glutamate synthase activity (GOGAT), (E) nitrate, (F) nitrite, and (G) ammonium contents. Data represent mean values ± SD of 3 independent experiments. Different alphabets within the group represent significant differences among treatments according to Duncan multiple range test at P<0.05.


Nitrate and nitrite content decreased significantly in unprimed stressed plants of L-799 compared to control, but a significant increase was observed in primed stressed plants compared to unprimed stressed plants. In Suraj, no significant change was observed in nitrate content across the samples, whereas nitrite content showed a decrease in both unprimed and primed stressed plants compared to unprimed controls (Figures 9E,F). Drought stress caused a significant increase in ammonium content, whereas primed stressed plants showed no significant change compared to controls in L-799. In Suraj, the ammonia content was the same in all conditions (Figure 9G).



Effect of Melatonin on the Expression of Stress-Related Genes

To support the morphological, biochemical, and physiological data, a set of genes of key enzymes associated with drought-stress response, viz. ROS regulation, photosynthesis, nitrogen metabolism, and autophagy was selected for expression profiling (Figures 10A,B). Drought stress increased the RBOH D transcript level in unprimed plants by 2.5-fold and 1.4-fold in L-799 and Suraj (Supplementary Figure 5A). Melatonin priming under stress conditions downregulated the expression by 50-fold in L-799 and 3.5-fold in Suraj compared to unprimed stressed plants. The transcript levels of all the antioxidant enzymes (SOD, CAT, APx, and GR) drastically decreased in unprimed stressed plants of L-799. Melatonin priming significantly elevated the transcripts levels of all antioxidant enzymes compared to unprimed plants under stress in L-799 (Supplementary Figures 5B–G). In the tolerant variety, Suraj, only the Cu/Zn SOD level decreased under stress by threefold in unprimed plants. Moreover, the Mn-SOD and gAPX levels were statistically similar, whereas the CAT, cAPX, and GR levels were elevated 4-, 3-, and 1.75-fold, respectively, under drought stress compared to unprimed controls. Primed stressed plants exhibited similar transcript levels for Mn-SOD, gAPX, and GR compared to unprimed stressed plants, and CAT and cAPX increased in primed stressed plants compared to unprimed stressed plants in Suraj (Supplementary Figures 5B–G).
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FIGURE 10. A differential expression pattern of candidate stress-responsive genes in two drought-distinguished cotton varieties, L-799 and Suraj, under drought condition with and without melatonin priming. (A) Genes involved in antioxidant systems and photosynthesis, (B) genes involved in nitrogen metabolism and autophagy. Values are means of 3 independent experiments.


Water stress is well-known for mitigating the photosynthetic efficiency by hampering the electron transport chain, but the primed stressed plants seemed to have better photosynthetic outcomes. The unprimed stressed plants of L-799 showed a significant downfall in transcripts levels related to chloroplastic ETC, viz, the level of PSII D1 (Supplementary Figure 6A), plastoquinone (Supplementary Figure 6B), plastocyanin (Supplementary Figure 6C), and ferredoxin (Supplementary Figure 6D). But primed stressed plants of L-799 exhibited a significant increase in all the transcripts compared to unprimed stressed plants, respectively. The unprimed Suraj stressed plants also displayed a decreased transcript level, but the fold-changes were 11-fold, 2.7-fold, 11-fold, and 4.5-fold, respectively, which were lesser than the unprimed stressed plants of L-799. The primed stressed plants of Suraj showed a significant increase in PC and Fd transcripts levels, but no significant change in PSII D1 and PQ levels was observed compared to unprimed stressed of Suraj (Supplementary Figures 6A–D). The transcript level of the RUBISCO (rbsL), the first enzyme of the C3 cycle, large subunit decreased 8.7-fold and 1.7 fold in the unprimed plants of L-799 and Suraj, respectively, under stress (Supplementary Figure 6E). But the primed stressed plants showed a 8.4-fold higher transcript level in L-799 compared to the unprimed. The transcripts level of the other two important enzymes of C3 cycle FBP and SBP decreased drastically in the L-799 unprimed stressed plants (Supplementary Figures 6F,G). But, in the primed stressed plants, the transcripts level increased significantly compared to the unprimed stressed plants in L-799. The SBP transcript level decreased 1.7-fold, and the FBP decreased fivefold in the unprimed plants compared to controls in tolerant variety Suraj. Melatonin priming under stress conditions has no significant effect on FBP transcripts level, but the SBP level increased 1.84-fold compared to the unprimed stressed plants of Suraj (Supplementary Figures 6F,G).

The transcript levels of NR (Supplementary Figure 7A), NiR (Supplementary Figure 7B), and GOGAT (Supplementary Figure 7D) decreased fivefold, 2.3 fold, and 5.73-fold, respectively, in the L-799 stressed plants. But the GS (Supplementary Figure 7C) level decreased drastically by 50-fold. On the other hand, in Suraj, the stressed condition upregulated the transcripts level of NR (1.68-fold), NiR (3.15-fold), GOGAT (2.53-fold), GS (4.1-fold) (Supplementary Figures 7A–D). But, in the L-799 primed stressed plants, the transcript levels increased significantly in NR (54-fold), NiR (2.25-fold), GS (65-fold), and GOGAT (9-fold) compared to the unprimed stressed plants (Supplementary Figures 7A–D). Melatonin treatment seemed to have no significant effect on the GS transcript level, but NiR and GOGAT levels were upregulated significantly compared to the unprimed stressed plants of Suraj under drought stress.

The genes related to autophagy showed differential expression patterns under stress and primed stressed conditions (Supplementary Figures 8A–J). The level of TOR (Supplementary Figure 8A), a negative regulator of autophagy, decreased significantly by 8.7-fold in L-799 and threefold in the Suraj primed stressed plants compared to the unprimed stressed plants of respective varieties. The transcript levels of ATG2 (Supplementary Figure 8B), ATG9 (Supplementary Figure 8C), ATG5 (Supplementary Figure 8E), and ATG12 (Supplementary Figure 8F) decreased significantly under stress in L-799, but priming treatment elevated the levels compared to the unprimed plants under stress. In Suraj, ATG2 transcript levels increased, but the ATG9 and ATG12 levels decreased significantly under primed stress conditions compared to the unprimed stressed plants. The transcript level of ATG7 (Supplementary Figure 8G) was significantly reduced in L-799 but increased in Suraj under stress. In primed stressed plants of L-799, the level increased 2.8-folds compared to the unprimed stressed plants, but no significant change was observed in Suraj. ATG18a (Supplementary Figure 8D), an important autophagic regulator in plants under water stress, showed a distinct expression pattern in the two varieties. The level decreased drastically under the stressed L-799 plants, but in Suraj, the expression level increased 3.8-fold in the unprimed stressed plants compared to controls. A significant rise in the expression level of ATG18a was exhibited in both varieties in the primed stressed plants compared to the unprimed stressed plants. The two ATG8 orthologs, i.e., ATG8c (Supplementary Figure 8H) and ATG8i (Supplementary Figure 8I), showed similar expression patterns in both varieties. In L-799, the stressed plants showed decreased expression levels by 3.5-fold and 5.5-fold compared to controls, respectively. Priming increased the expression level significantly compared to the unprimed plants under stress conditions. In Suraj, the transcript levels of ATG8c (Supplementary Figure 8H) were elevated 3.8-fold, but ATG8i showed no significant difference compared to controls in stressed plants. The primed stressed plants of Suraj exhibited a significant increase in the ATG8i transcript level but similar ATG8c levels compared to the unprimed stressed plants. COST1 (Supplementary Figure 8J) is a negative regulator of autophagy but has a positive regulatory function in plant development. The transcript level of COST1 increased 2.7-fold in L-799 and 2.24-fold in Suraj during stress in the unprimed plants compared to controls. The primed plants showed decreased COST1 by 21-fold in L-799, but it increased 2.5-fold under stress in Suraj compared to respective unprimed stressed plants.



Expression Level of Non-lipidated (Free ATG8) and Lipidated (ATG8-PE) Indicators of Autophagy

Two prominent bands, ATG8 (upper band, free ATG8) and ATG8-PE (lower band, ATG8-PE), were found between 15 and 10 KDa, which were highly modulated by both drought stress and melatonin (Figure 11). No or undetectable expression level of ATG8-PE and the relatively lower ATG8 expression level was observed in L-799 stressed plants. In contrast, a relatively higher ATG8-PE expression was detected in the primed stressed plants compared to controls. In Suraj, the ATG8 expression level was similar in control and stressed conditions, whereas the ATG8-PE level was relatively higher in the stressed plants. Surprisingly, the expression level of ATG8-PE was decreased in Suraj primed stressed compared to the unprimed stressed and control plants (Figure 11).
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FIGURE 11. Immunoblot analysis of ATG8 and ATG8-PE in melatonin primed and unprimed drought-sensitive (L-799) and -tolerant (Suraj) varieties under drought stress or optimal conditions. Lane 1- L-799, control; Lane 2- L-799, stressed; Lane 3- L-799, primed control; Lane 4- L-799, primed stressed; Lane 5- Suraj, control; Lane 6- Suraj, stressed; Lane 7- Suraj, primed control; and Lane 8- Suraj, primed stressed.





DISCUSSION

Priming of seeds with different molecules to achieve tolerance against various abiotic and biotic stresses is a well-known practice (Paparella et al., 2015). One such chemical is melatonin, which has a profound effect on ROS homeostasis, plant growth and development, germination, and photosynthetic efficiency. Thus, melatonin is emerging as an answer for withstanding several environmental stress factors in diverse crops and plant species. It also cross-talks with stress-related phytohormones and modulates the expression patterns of genes and transcription factors related to stress (Arnao and Hernández-Ruiz, 2014, 2019). Two upland cotton varieties, distinguished by drought-stress tolerance, were chosen to understand the differential effect of melatonin under drought conditions. The drought-sensitive variety, L-799, showed severe wilting symptoms and stunted growth, but the drought-tolerant variety, Suraj, exhibited a normal phenotype with no wilting under drought stress. Melatonin (10 μM) priming implicated a positive phenotypical effect on L-799 stressed plants that make them morphologically indistinguishable compared to the control plants. But Suraj did not display any notable morphological effect of melatonin priming under the drought-stress condition (Figure 1 and Supplementary Figure 1).


Exogenous Priming Caused an Endogenous Increment in Melatonin Content

The melatonin level counters the stress-induced adverse effects in the plants, as the plants with higher content were found to have better stress tolerance (Bajwa et al., 2014; Antoniou et al., 2017). In this study, decreased melatonin content under stress and elevated levels in the primed stressed plants of L-799 suggests its involvement in stress tolerance. Similar melatonin levels in both the unprimed plants and the primed plants under stress conditions in the Suraj variety are in accordance with Suraj’s inherent stress-tolerance nature. The exogenous priming had no further beneficial effect on drought tolerance (Figure 4). Moreover, a non-significant decrease in melatonin content in the primed stressed plants compared to the unprimed stressed plants of Suraj in this study indicates the feedback inhibition of melatonin on its own biosynthesis (Back et al., 2016) due to higher content.



Priming Alleviated the Oxidative Stress Under Drought Stress by Regulating the Enzymatic and Non-enzymatic Antioxidant Systems

Drought stress has been reported to increase the oxidative stress level in the cell (Mattos and Moretti, 2015) by increasing the ROS production through upregulation of the RBOH D expression (Suzuki et al., 2011) and degradation of the ROS-detoxification system (Ren et al., 2016). Other reports also stated the regulatory role of melatonin in the mitigation of superoxide and hydrogen peroxide levels (Huang et al., 2019) and elevation of antioxidant systems (Li C. et al., 2015). Here, significantly higher superoxide radicals and H2O2 levels signify the unfavorable condition of L-799 under stress, but priming justifies its role by mitigating both levels. However, in Suraj, equivalent levels of both superoxide radicals and H2O2 in the stressed and primed-stressed plants are an add-on over the phenotypical observation (Figure 2). The higher transcript level of RBOH D under stress in both varieties, and notably, in L-799 (Figure 10A), justifies the higher superoxide radical content. Elevated H2O2 with lowered Cu/Zn-SOD and Mn-SOD transcript levels indicates either spontaneous H2O2 generation or the failed downstream processes of quenching H2O2 in the L-799-stressed plants (Figures 2D, 10A). But relatively higher transcript levels of Cu/Zn-SOD, Mn-SOD, and decreased RBOH D, superoxide radicals, and H2O2 in the primed stressed plants of L-799 compared to Suraj are pointing toward the exclusive effectiveness of melatonin in a sensitive variety only. L-799 showed a decrease in CAT activity and a transcripts level under stress (Figure 3B), indicating higher H2O2 content but priming caused upregulation in both the activity and the transcript level, justifying the lowered H2O2. Contrastingly, drought showed no negative impact on GPoX activity in both the varieties under stress, although priming significantly upregulated the activity in L-799 (Figure 3C). The ascorbate-glutathione cycle is a ROS-scavenging pathway that helps mitigate oxidative conditions inside the cell and maintain cellular harmony, where drought stress creates an unbalanced state (Guo et al., 2020). Diminution in ascorbate and a reduced glutathione level along with MDAR and DHAR activity with an increased oxidized glutathione level in L-799 stressed plants (Figure 5) points toward an unbalanced AsA-GSH cycle. The opposite scenario in the Suraj-stressed plants indicates a maintained AsA-GSH cycle. Melatonin priming upregulates the ascorbate, GSH content, and MDAR and DHAR activity, and decreases oxidized glutathione content in L-799 under stress, thus maintaining the AsA-GSH pool under drought stress, which corroborate the findings in maize and wheat (Guo et al., 2020). On the other hand, priming did not show any significant effect on the AsA-GSH cycle, possibly due to its tolerant nature, which is in accordance with the earlier report in wheat (Loggini et al., 1999). The ratio of GSH and GSSG is another grandiloquent factor as it indicates the stress level, and melatonin elevates the ratio to provide better stress tolerance (Bidabadi et al., 2020). In this study, the lowered GSH and higher GSSG in unprimed plants but elevated GSH and decreased GSSG contents in primed plants justifies the melatonin’s effect on drought stress mitigation in L-799 under stress. In Suraj, the egalitarian ratio, irrespective of condition and priming, indicates its inherent stress tolerance capacity, where melatonin was found to be ineffective.



Melatonin Enhances the Photosynthetic Parameters Under Drought Stress

Drought stress has been reported to negatively impact photosynthesis due to decreased chlorophyll content (Wang et al., 2018; Xu et al., 2020), stimulated stomatal closure followed by a decline in stomatal conductance and a transpiration rate (Farooq et al., 2009). Additionally, decreased transpiration leads to RUBISCO oxygenation followed by photorespiration, creating limitations in biomass production, and higher ROS production. Here, the decline in the photosynthesis rate, stomatal conductance, and transpiration rate under stress, predominantly in L-799, correlates with the decreased chlorophyll level (Figure 7), which is linked to an increased transcripts level of PAO, a chlorophyll degrader (Supplementary Figure 4). In the primed stressed plants of L-799, the mitigated level of PAO with higher chlorophyll content justified the higher photosynthesis rate along with stomatal conductance and the transpiration rate as reported by Zhao et al. (2017). Here, unchanged photosynthetic rate, chlorophyll content, and PAO transcripts level in both primed and unprimed stressed plants of Suraj proves that melatonin has no additional beneficial effect in tolerant variety. The decreased total soluble sugar and transcript levels of rbcsL, FBP, and SBP genes under drought in L-799 (Figure 10) indicate a decrease in C3-cycle activity, which might be the cause of lower biomass and lesser growth, which was inversed in both the varieties in the primed stressed plants pointing toward the role of melatonin in positive regulation of C3. Similar to the observation in maize (Huang et al., 2019), priming increased the WUE of both varieties in this study (Figure 7). However, the significant change in L-799 plants depicts the better effect of melatonin priming under drought stress.

Photosynthetic efficiency is an effective way to measure the physiological condition of the plants under drought as it has a detrimental effect on Fv/Fm (Meng et al., 2014). Drought condition also creates hindrance in quantum yield of PS (II) and ETR (II) (Wang et al., 2018). In this report, a significant decrease in the Fv/Fm level in unprimed and increased Fv/Fm in the primed plants under stress in L-799 and unaltered Fv/Fm in Suraj under all conditions (Figure 8) indicates that the shielding effect of melatonin is biased toward L-799. The quantum yield of PS (II) and ETR (II) was also severely decreased in L-799, which could be a result of fatally damaged PS (II). The decrease in photosynthesis might have been due to the absorption of more light energy than needed, resulting in higher ROS generation and hindering D1 protein synthesis (Takahashi and Murata, 2008). Thus, decreased PS (II) D1 transcripts and ETR (II) are linked by cause-effect relationship. In contrast, higher PS (II) D1 indicates the protective role of melatonin in D1 protein in the primed plants, as reported by Huang et al. (2019) in maize under drought. Antoniou et al. (2017) reported an increase in the transcripts level of genes related to electron transport under drought stress in the melatonin primed plants of Medicago sativa. In this study, significant elevation in transcripts levels of PQ, PC, and PET F in L-799 under primed stressed conditions indicates the preference of melatonin toward L-799 (Figure 10). NPQ is a protective mechanism by which a plant quenches excess-absorbed light energy into heat and reduces the photodamage (Zhao et al., 2017). Priming elevated the NPQ level in L-799, which stands for better energy quenching efficiency, but no additional benefit was observed in Suraj under stress (Figure 8). The Y (NO) and Y (NPQ) define the difference in the energy dissipation process between the two varieties, viz. increased Y (NO) reflects a restricted proton gradient across thylakoid membrane (Perreault et al., 2009; Huang et al., 2012). Thus, the increase in the Y (NO) level in L-799 under stress might be the result of a restricted proton gradient, which is another indication of damaged PS (II). Moreover, the decreased Y (NPQ) level dictates either a lower activity of the xanthophyll cycle (Khan et al., 2017) due to a slow rate of energy dissipation (Epron and Dreyer, 1992) or higher membrane damage that reduced the proton gradient as found in L-799 under the stress condition. But, in Suraj, increased Y (NPQ) lowers the pressure of energy dissipation for PS (II) under drought. Similar to the report of Guo et al. (2020) in maize, melatonin has affected Y (NO) mitigation and Y (NPQ) elevation in both the varieties, significantly in sensitive L-799, indicating that melatonin might involve in balancing the pH-gradient across the thylakoid membrane and maintaining the membrane structure.



Melatonin Ameliorates Lipid Peroxidation by Increasing the α-Tocopherol Content Under Drought

Electrolytic leakage indicates membrane damage, which is a common detrimental effect of drought stress, with the primary cause being lipid peroxidation (Cherono et al., 2020; Sadak et al., 2020). Here, elevated MDA and electrolytic leakage levels indicate the pernicious effect of drought stress in L-799, but the non-significant changes in Suraj suggest its stress-tolerance nature (Figure 6). α-tocopherol has the potential to scavenge superoxide and peroxyl radicals and convert them into tocopherol radicals, which are recycled back by ascorbate (Munné-Bosch, 2005). In this study, priming significantly upregulated α-tocopherol content in the stressed plants of both varieties. This could be due to the positive regulatory role of melatonin or the increased ascorbate levels in the varieties under stressed conditions.



Priming Resulted in Better Nitrogen Metabolism by Upregulating the Transcript Levels With a Concomitant Increase in Enzyme Activity of Related Genes

The nitrogen cycle is an essential phenomenon that deals with plant biomass production, growth, and development. Nitrate is one of the dominant forms of nitrogen that plants take up from the soil (Qiao et al., 2019). Decreased nitrate and nitrite contents and related enzyme activities and the transcript level of genes under stress indicate lower uptake and conversion of nitrate in L-799 under stress. However, increased NR activity (Figure 9) and NR transcripts (Figure 10) level indicates higher nitrate uptake and better conversion of nitrate to nitrite, thus preventing over-accumulation of nitrate and better nitrogen metabolism in the primed stressed plants of sensitive variety (L-799). For Suraj, no change in the NR activity, nitrate content, and the increased NR transcript level under stress delineates the stress tolerance capacity and better nitrate uptake and conversion, on which melatonin priming has no further beneficial effect. Contrary to the report in maize (Erdal and Turk, 2016), melatonin priming had no effect on nitrite content as the unprimed and primed plants exhibited similar nitrite content, NiR activity, and a NiR transcript level in L-799 under stress. Ammonium is an inorganic nitrogenous compound, which in a higher amount, creates cellular toxicity (Erdal and Turk, 2016; Ashraf et al., 2018). Higher ammonium content in unprimed plants but lower content in primed plants showcases the melatonin’s effectiveness against ammonium accumulation in L-799 under stress, which corroborates the findings in melon under sub-low temperature stress (Gao et al., 2016). Generally, in the case of higher plants, the assimilation of ammonium into organic compounds occurs by a GS/GOGAT cycle, where ammonium is first converted to glutamine by the activity of glutamine synthase and then from glutamine to glutamate by the activity of GOGAT (Du et al., 2017; Ashraf et al., 2018). The mitigated GS and GOGAT activity and transcript levels in unprimed stressed plants and upregulation in primed stressed plants justify the priming effect against ammonium accumulation by converting it into glutamine, glutamate, and better production of N2-compounds for improved growth and development in L-799. Higher enzyme activities and better nitrate and nitrite contents with decreased ammonium content under drought stress than L-799 indicated better nitrogen metabolism in Suraj. Surprisingly, no change observed in the content and activities of the enzymes related to the nitrogen cycle among stressed and primed stressed plants of Suraj justifies the ineffectiveness of melatonin in it (Figures 9, 10).



Melatonin Priming Has a Positive Regulatory Function in Autophagy Induction Under Drought Stress Conditions

Drought-induced ROS can also cause protein oxidation and the malfunctioning of metabolic processes that may induce autophagy (Pérez-Pérez et al., 2012), which is essential for better tolerance (Liu et al., 2009). The initiation starts with the stress signal perceived by TOR kinase, a negative autophagy regulator (Fu et al., 2020). In both L-799 and Suraj, a significantly lower TOR level in primed plants than unprimed under stress indicates the melatonin involvement for better autophagic induction under stress. TOR also has a positive role in vegetative growth and development in plants (Rexin et al., 2015), which might be the reason for a higher transcripts level in Suraj unprimed stressed plants, or could be the consequence of post-transcriptional modifications (Figure 10). ATG18 is another gene that helps in the formation of autophagosomes (Obara et al., 2008; Watanabe et al., 2012) along with ATG2 (Wang et al., 2001) and ATG9 (Watanabe et al., 2012; Zhuang et al., 2017). A significant decrease of ATG2, ATG18a, and ATG9 in L-799 but an increase in Suraj variety shows the differential gene expression and regulation under drought in two varieties. A significantly higher transcripts level of these genes in primed stressed plants of both varieties compared to respective unprimed control plants indicates the effectiveness of melatonin in autophagosome formation. ATG8-PE, the ultimate form of autophagosome formation, requires the ATG5-ATG12-ATG16 complex (Noda et al., 2013). A significantly lower abundance of ATG5 and ATG12 transcripts under drought in L-799 indicates the inertia in autophagic activity, but the elevated level in primed stressed plants suggests the effectiveness of priming. In Suraj, the already increased transcripts level in unprimed stress plants indicates that Suraj can maintain autophagic activity without melatonin, unlike L-799. ATG7 is an E1-like enzyme that transfers the ATG3, an E2-like enzyme, to ATG8 (Han et al., 2011). Although the transcripts level of ATG7 was similar both in control and stress in L-799, the significant decrease of ATG8c and ATG8i transcripts suggest the negative impact of drought on ATG8-PE formation. But the elevated transcripts level under drought in primed plants justifies the positive effect of melatonin for autophagy induction under drought. Increased ATG7, ATG8c, and maintained ATG8i transcripts levels under stress in unprimed Suraj indicate its instinctive autophagic induction without melatonin treatment. Another noteworthy finding is that, in the primed plants of Suraj, the relative abundance of ATG9 and ATG12 transcripts decreased compared to unprimed plants under stress, which can be explained by a direct effect of melatonin in ROS scavenging. Possibly due to a lower ROS level under melatonin treatment (in Suraj), the autophagic induction was minimized in the primed stressed plants, as a higher ROS level induces autophagy, but melatonin inhibits the ROS (Zhao et al., 2021). COST1 protein renders the formation of ATG8-PE, thus inhibiting autophagy under normal conditions, but it has a pivotal role in the growth and development of the plant, guided mainly by external conditions (especially drought) (Bao and Bassham, 2020; Bao et al., 2020). An increased COST1 transcript level under drought showcases the chances of abated autophagic activity in L-799, which may be correlated with the lower transcript level of ATG8 (ATG8c and ATG8i). Furthermore, the absence of ATG8-PE expression clarifies the above mentioned observation. A significant decrease in COST1 expression in primed stressed plants with a higher expression of ATG8-PE indicates the better autophagic induction under stress, which might be an effect of priming. The higher expression level of COST1 and lower ATG8-PE expression in the primed stressed plants compared to the stressed plants, unlike L-799, justifies the vigorous phenotype and lower autophagy inductive effect of melatonin in Suraj under stress (Figures 10, 11). Thus, the differential regulation of the autophagy process in drought-sensitive and -tolerant varieties could result from differential modulation of ROS levels by melatonin under drought stress. The proposed model showing the melatonin-mediated drought tolerance in sensitive and tolerant varieties of cotton based on the results obtained in the study is presented in Figure 12.
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FIGURE 12. Schematic representation of mechanistic differences of the effects of melatonin priming on drought-tolerant (L-799) and drought-sensitive (Suraj) varieties of upland cotton under drought stress. Improved antioxidant systems, photosynthetic machineries, and nitrogen metabolism substantiate the positive effect of melatonin on L-799 under drought stress. Exogenous melatonin priming did not provide any further beneficial effect on drought tolerant variety possibly due to the higher endogenous melatonin content, which is in itself sufficient for drought tolerance and thus could be turning off the effects of exogenous melatonin due to feedback inhibition. Melatonin priming was found to differentially regulate ROS levels and thus autophagy in drought-sensitive and -tolerant varieties.


In summary, melatonin seed priming imparted drought tolerance in drought-sensitive variety (L-799) of cotton by enhancing the antioxidant system and nitrogen metabolism, which could have improved the plant growth and development under drought stress conditions. Increased photosynthetic efficiency with higher chlorophyll content justifies better light energy utilization and food production in melatonin primed stressed plants. In addition, higher ATG8-PE expression in the primed plants led to better regulation of autophagy, thus justifying better intra-cellular nutrient utilization and management under stress in primed plants of L-799. But, in case of Suraj, a drought-tolerant variety, the differences between unprimed and primed for antioxidant systems activity, photosynthetic characteristics, nitrogen metabolism, and autophagy were nearly similar under drought, unlike in L-799.




CONCLUSION

This study provided insights into the differential regulation of melatonin-induced drought tolerance in drought-sensitive and -tolerant varieties incarnated with antioxidant systems, photosynthesis, nitrogen metabolism, and autophagy. The action of melatonin was found to be variety specific with significant improvement in drought-tolerance response observed in sensitive variety, which was associated with an increase in the antioxidant, improved photosynthetic efficiency and nitrogen metabolism, and autophagy induction, pointing toward their involvement in drought tolerance. The higher endogenous melatonin content in drought tolerant variety could have contributed to its inherent tolerance nature, and exogenous priming had no further beneficial effect. The results also showed differential regulation of autophagy by melatonin in two varieties under drought stress, further substantiating variety-specific effects. Thus, for the first time, the study reported the mechanistic differences of melatonin-induced drought tolerance in drought-sensitive and -tolerant varieties, with distinct beneficial effects conferred in sensitive variety. It would be interesting to evaluate the effect of melatonin in alleviating drought stress in cotton under field conditions at different stages for achieving higher yields in dryland agriculture.
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Given the current rise in global temperatures, heat stress has become a major abiotic challenge affecting the growth and development of various crops and reducing their productivity. Brassica napus, the second largest source of vegetable oil worldwide, experiences a drastic reduction in seed yield and quality in response to heat. This review outlines the latest research that explores the genetic and physiological impact of heat stress on different developmental stages of B. napus with a special attention to the reproductive stages of floral progression, organogenesis, and post flowering. Several studies have shown that extreme temperature fluctuations during these crucial periods have detrimental effects on the plant and often leading to impaired growth and reduced seed production. The underlying mechanisms of heat stress adaptations and associated key regulatory genes are discussed. Furthermore, an overview and the implications of the polyploidy nature of B. napus and the regulatory role of alternative splicing in forming a priming-induced heat-stress memory are presented. New insights into the dynamics of epigenetic modifications during heat stress are discussed. Interestingly, while such studies are scarce in B. napus, opposite trends in expression of key genetic and epigenetic components have been identified in different species and in cultivars within the same species under various abiotic stresses, suggesting a complex role of these genes and their regulation in heat stress tolerance mechanisms. Additionally, omics-based studies are discussed with emphasis on the transcriptome, proteome and metabolome of B. napus, to gain a systems level understanding of how heat stress alters its yield and quality traits. The combination of omics approaches has revealed crucial interactions and regulatory networks taking part in the complex machinery of heat stress tolerance. We identify key knowledge gaps regarding the impact of heat stress on B. napus during its yield determining reproductive stages, where in-depth analysis of this subject is still needed. A deeper knowledge of heat stress response components and mechanisms in tissue specific models would serve as a stepping-stone to gaining insights into the regulation of thermotolerance that takes place in this important crop species and support future breeding of heat tolerant crops.
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INTRODUCTION


Our Changing Climate and the Potential Impacts on Crop Productivity

Over the last century, global warming has become a major environmental challenge triggered anthropogenic emissions of greenhouse gases driving the continuous rise in ambient temperature (Pachauri et al., 2014; Zandalinas et al., 2021). Furthermore, the climate projections for 2100 suggest an increase in the number of drought affected areas by 50% (Battisti and Naylor, 2009). The combination of these environmental changes has the potential to destabilize plant growth and development and could result in drastic yield reductions (Lamaoui et al., 2018). Although the impact of elevated CO2 on crops is still under debate with potential benefits on photosynthesis, Frenck et al. (2011) showed that rising CO2 could not compensate for the negative impact on yield caused by high temperature stress.

On a global scale, environmental climate change is aggravating different abiotic stresses, including heat and water deficit across many biomes. Plants, being sessile organisms, cannot escape their environment and must endure a wide variety of stresses (Saraswat et al., 2017). Although plant stress responses are dynamic and encompass a complex cross-talk between different molecular and cellular interactions to establish physiological and morphological adaptations (Krasensky and Jonak, 2012), temperature exceeding the threshold of adaptation will substantially influence plant survivability (Hasanuzzaman et al., 2014). In particular, this affects cellular functioning, which in turn, hinders plant growth and development and weakens resilience to biotic stresses (Ahmed et al., 2020).

Several studies have demonstrated the effect of heat stress, often in combination with drought or other stresses, on crop production and its impact on plant metabolism, reproduction, and physiology. These studies have reported an extensive reduction in yield of various crops (Frenck et al., 2011; Hasanuzzaman et al., 2014). Lesk et al. (2016) studied the influence of extreme weather disasters on global crop production and found that, between 1964 and 2007, 1.82 and 1.19 billion metric tons of cereals were lost due to droughts and extreme heat respectively. Using four different process-based crop models, Zhao et al. (2017) demonstrated that for each 1°C rise in global mean temperature would cause a reduction in the annual production of wheat, rice, maize and soybean. In addition to its impact on yield, the increase in climate temperature has also been found to negatively impact the quality of oil in oilseed crops such as soybean, oilseed rape and sunflower, where a negative correlation between temperature and the proportion of essential fatty acids such as C18:2 and C18:3 was reported (Werteker et al., 2010; Namazkar et al., 2016). Thus, the effect of climate change is inevitably impeding vital components of human diet and nutrition.

Oilseed rape (Brassica napus L.) is the second-largest source of vegetable oil after soybean worldwide (United States Department of Agriculture [USDA], 2021). Given its eco-physiological adaptations to temperate climates, it is currently considered the predominant oil crop in Europe (Namazkar et al., 2016; Sun et al., 2017). B. napus belongs to the genus Brassica from the mustard Family Brassicaceae (Liu G. et al., 2018), where selection has given rise to several agronomically important lines such as oilseed rape, rutabaga, fodder rape, and kale morphotypes (Chalhoub et al., 2014). These are cultivated globally for vegetables, good quality oil, fodder, and bio-diesel industries (Chalhoub et al., 2014; Pokharel et al., 2020). As a cool-season crop, Brassica crops can be extremely sensitive to increasing temperatures, which significantly affect its production (Yu et al., 2014; Ahmed et al., 2020). Though studies in different Brassica species have found negative relationships between heat stress and seed yield and quality, the underlying mechanisms are still not well understood and require further investigation (Yu et al., 2014). Thus, to increase resilience against adverse environmental growth conditions and to maintain a stable oil supply to the global population, understanding and improving heat tolerance in B. napus is critical.

The acclimation mechanisms of plants to heat stress are complex and mediated by the activation of different physiological, cellular, and metabolic processes depending on their developmental stage (Zandalinas et al., 2018). These mechanisms normally encompass a combination of stress avoidance and tolerance (thermotolerance) approaches that vary with genotypes (Chaves et al., 2002). At a molecular level, the abundance in transcriptomic data facilitates the analysis of the expression of genes that play regulatory roles in different stages and tissues of plant growth and development under various stress conditions. However, the challenge lies in linking this information with the relevant biological processes taking place during stress (Chaves et al., 2009). So, uncovering the controlling mechanisms for heat tolerance is therefore imperative for successful breeding programs and future production sustainability.

In this review, we outline the latest research exploring heat stress responses in B. napus, focusing on the physiological impact at different developmental stages along with their underlying mechanisms. We further explore new insights into the dynamics of epigenetic changes and systems biology approaches of this plant species under heat stress. However, due to the scarcity of information specific to B. napus, many of the reviewed findings stem from research on the model organism Arabidopsis thaliana and other Brassica species.




PHYSIOLOGICAL IMPACT OF HEAT STRESS AT DIFFERENT DEVELOPMENTAL STAGES


Impact of Heat Stress on Seedling and Vegetative Growth

As thermotolerance is regulated both developmentally and tissue-specifically, addressing the impact of high temperature on different developmental stages is imperative to produce heat-tolerant cultivars capable of coping with heat stress (Figure 1). Different optimum temperatures also differ considerably among species or genotypes (Angadi et al., 2000; Baux et al., 2013). In general, heat stress takes place when soil and ambient temperature is beyond a plants’ growth and photosynthetic temperature range such that, permanent harm occurs. A plants performance under heat stress is also influenced by the concomitant presence of other types of stress, such as drought (Frenck et al., 2011).
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FIGURE 1. Physiological impact of heat stress at different developmental stages of Brassica napus.


Under heatwave conditions during early vegetative growth, well-watered B. napus experiences an increase in saturating light (Asat), transpiration (E) and in the ratio of intercellular to ambient CO2 concentration (Ci/Ca) (Dikšaitytė et al., 2019). The increase in ambient temperature enhances photosynthesis performance and increases above-ground growth. However, in the presence of drought, the combined stress conditions lead to severely impaired photosynthesis, which is accompanied by a profound decrease in stomatal conductance (Dikšaitytė et al., 2019). To avoid overheating, plants open their stomata and increase transpiration, thus preventing leaf damage. In contrast, drought triggers stomatal closure as a conservative mechanism to protect plants from excessive water loss (Elferjani and Soolanayakanahally, 2018). During the flowering stage, B. napus responds to combined heat and drought stress by a rapid closure of their stomata. This avoids further loss of water through transpiration at the expense of evaporative cooling. Consequently, this results in an excessive increase in leaf temperature and more photosynthetic damage (Elferjani and Soolanayakanahally, 2018). This s paradox requires plants to maintain a balance between avoiding overheating and minimizing water loss (Zandalinas et al., 2018).

Additionally, impairment of chlorophyll biosynthesis and disruption of the biochemical reactions of photosystems were exhibited in 10-day-old B. napus seedlings subjected to 38°C (Hasanuzzaman et al., 2014). This was manifested through a significant reduction in chlorophyll and leaf relative water content as well as through an inefficient antioxidant defense system (Hasanuzzaman et al., 2014). During heat stress, the physiological changes that occur at the level of photosynthesis and transpiration alter the synthesis and usage of assimilates, which in turn translate into morphological abnormalities in the floral organs (Echer et al., 2014).

At the molecular level, heat stress can either induce structural damage through altering membrane proteins and stability or metabolic damage through disrupting enzymatic activities and production of toxic metabolites (Mittler et al., 2012). In A. thaliana, heat stress induced Reactive Oxygen Species (ROS) production and subsequently a higher lipid peroxidation and membrane injury (Rocco et al., 2013). Moreover, protein degradation, pigment bleaching and disruption of DNA strands are also consequences of heat stress (Mathur and Jajoo, 2014). Therefore, heat stress during vegetative and seedling growth works as an induction point for a cascade of events that can impact on reproductive organs later in development and consequently lead to reduced productivity.



Impact of Heat Stress on Reproduction

Since the developmental progression of plants from seed to seed is bound to the success of sexual reproduction, susceptibility to heat stress at this stage can have deleterious implications on yield potential. Plants exhibit higher sensitivity to extreme temperature fluctuations during the reproductive stage of development than during their vegetative growth, often leading to impaired growth and reduced seed production (Zhang et al., 2017; Lamaoui et al., 2018), especially during meiosis and fertilization (Zhang et al., 2017), with the male reproductive organs being the most vulnerable (Giorno et al., 2013). This sensitivity fluctuates within different reproductive processes, such as: pollen development, pollen tube growth, pollen/pistil interactions, fertilization and embryo development (Erickson and Markhart, 2002; Young et al., 2004; Baron et al., 2012; Giorno et al., 2013; Zhang et al., 2017). The after-effects of heat stress during reproduction influence plant physiology in three main areas: reduction in the number of flowers at pre-anthesis, reduction in flower fertility, and poor pods and seeds development (Morrison and Stewart, 2002). Nevertheless, this has been poorly studied and specific responses at each of these processes remain elusive. Similarly, in A. thaliana only a limited number of reports addressed the effect of heat stress on its reproductive development (Antoun and Ouellet, 2013; Guan et al., 2014; Bac-Molenaar et al., 2015; Chao et al., 2017). Under short-term heat exposure, a genome-wide association (GWA) mapping approach in A. thaliana revealed different QTLs associated with heat response at pre- and post- anthesis, suggesting that these genetic regulators are developmental stage-specific (Bac-Molenaar et al., 2015). Moreover, when A. thaliana was exposed to 37°C for 24 h, it exhibited a severe growth impairment of stamen filaments which prevented pollination (Baron et al., 2012). At the structural level, heat stress caused abnormalities in the reproductive organs including vacuolation, collapse within microspores and abnormally shaped pollen sacs, incapable of accumulating carbohydrates (Baron et al., 2012). In spring wheat, pre-anthesis associated events such as gametogenesis and gamete development appeared highly sensitive to high-temperature treatment as heat stress resulted in reduced floret fertility and consequently a significant reduction in seed number and weight (Bheemanahalli et al., 2019).


Floral Progression

In agriculture, flowering is a key prerequisite stage for the transition from the vegetative phase to reproduction. It is regulated by the expression of a set of floral integrator genes such as FLOWERING LOCUS T (FT), to activate the meristem identity genes LEAFY (LFY), APETALA1 (AP1), SEPALLATA3 (SEP3) and FRUITFULL (FUL), causing the transition from vegetative to a floral meristem (Blümel et al., 2015). Under different stress conditions, plants utilize different mechanisms to alter flowering time (FTi) as a strategy to ensure the success of reproduction (Figure 2; Simpson, 2004; Ko et al., 2010; Blümel et al., 2015; Kazan and Lyons, 2016). However, these mechanisms are known to impact crop productivity (Kazan and Lyons, 2016).
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FIGURE 2. Major flowering time regulators in Brassica napus.


During flowering, energy demand spikes due to different processes, such as: formation of flowers, nitrogen use efficiency and reduced photosynthesis (Schiessl, 2020). Such crucial physiological period has been found sensitive to various biotic and abiotic stress and particularly to heat, which has a pronounced effect on the timing of flowering, depending on its duration, frequency, and intensity (Lohani et al., 2020b). In a split-plot experiment, different genotypes of B. napus were exposed to high-temperature stress (31°C/14°C - day/night) during flowering across two sowing periods (Koscielny et al., 2018). Results showed a reduction in yield by 55% in the heat treatment during winter and by 41% during the subsequent autumn experimental run (Koscielny et al., 2018). At different developmental stages, severe damage to reproductive organs of three Brassica species (B. juncea L., B. napus L., B. rapa L.) occurred when exposed to 35°C/15°C for 7 days resulting in yield reductions (Angadi et al., 2000). It was noted that yield was affected by heat stress at flowering more than at pod development, indicating a vital developmental threshold passed by pods rendering them more heat tolerant. Interestingly, among the three studied Brassica species, only B. napus could not recover completely after heat stress was removed, producing abnormal, plump, and short pods (Angadi et al., 2000). A reduction in seed yield was observed following 29.5°C temperature treatment during flowering, primarily due to the reduction in the number of flowers and in the number and size of seeds produced per flower (Morrison and Stewart, 2002).

During flower opening in rice air temperature is crucial in determining the fate of reproduction (Bheemanahalli et al., 2017) and the resulting earlier or delayed flowering can negatively impact crop growth and quality. In a recent study carried out by Pokharel et al. (2020), high night temperature stress-induced a shift in B. napus peak flower opening time into earlier and cooler morning hours, suggesting an adaptation toward the heat escape response, yet this was accompanied by a significant reduction in yield. Whilst B. napus is not strictly dependent on pollinators, it has been shown that pollinators enhance seed yield and quality (Zou et al., 2017). So, shifting flowering time drives the flower opening out of sync with pollinator activity, and could potentially lead to reductions in yield.

Although FTi regulator genes and their associated networks have been well characterized in A. thaliana, the conservation of these genes in other Brassica species indicates that their regulation takes place in the same way as in this model system. However, environmental adaptation has led to the evolution of new FTi regulator genes with no functional equivalence in A. thaliana (Blümel et al., 2015). Moreover, some FTi gene copy numbers were found to either change or lose functionality over evolutionary periods resulting in sub-functionalization (Schiessl, 2020). As a result, it is difficult to functionally characterize crop FTi regulators and pathways based on inferences from this model species. This was manifested in a study by Del Olmo et al. (2019) when B. rapa delayed flowering was associated with reduced BraA.FT.a mRNA levels upon high-temperature treatment. High levels of H2A.Z were also found to occupy the BraA.FT.a locus, which in turn affected chromatin conformation and hindered its accessibility. The same conserved chromatin regulatory mechanism in A. thaliana showed an opposite trend and resulted in accelerated flowering (Del Olmo et al., 2019). This brings attention to the fact that thermosensory pathways perform differently in different crops to alter FTi regulators.

Considering the scarcity of studies addressing the impact of increased ambient temperature on FTi-related signaling pathways in B. napus, the continuous rise in global temperature will need to drive future research to explore these pathways and the underlying regulators under heat stress. Such studies will help identify key regulators, direct genetic modifications to candidate genes involved in these pathways and to provide more reliable data for breeding programmes to deliver heat stress tolerant cultivars.



Organogenesis

The next stage after floral transition is the differentiation of floral organs or organogenesis. In B. napus as in other flowering plants, gametogenesis and reproduction are highly vulnerable to high-temperature stress (Angadi et al., 2000; Young et al., 2004). From inhibition of anther dehiscence and anther shortening to reducing pollen germinability and viability (Rahaman et al., 2018), the impact of heat stress on different reproductive organs has been reported in various species, such as: wheat, soybean, Brassicas and tomato (Giorno et al., 2013; Draeger and Moore, 2017; Djanaguiraman et al., 2019). Moreover, heat stress during microsporogenesis leads either to microspore abortion or pollen sterility (Lohani et al., 2020b). The variety of affected species suggests the existence of common processes involved in heat stress-related infertility (Kim et al., 2001; Rang et al., 2011; Sage et al., 2015) and yield loss (Morrison and Stewart, 2002; Frenck et al., 2011; Zhao et al., 2017). However, in B. napus, such processes are still not very well studied.

In Arabidopsis thaliana, during anther development, heat stress causes male sterility in a stage-specific manner (Kim et al., 2001). Disruption of male meiotic processes was associated with abnormal pollen development and morphological analysis with a failure in the separation of pollen mother cells and a subsequent microspore differentiation (Kim et al., 2001). Heat stress also caused a dramatic down-regulation in membrane transporters required for pollen tube growth such as K+ and carbohydrate co-transporters, which would adversely impact pollination (Poidevin et al., 2020). To discover the effect of heat stress after flowering initiation in B. napus, Young et al. (2004) reported that following heat exposure at 35°C, both micro and megagametophytes were found thermosensitive and resulted in a significant reduction in pollen viability and germinability as well as in seed development. An increase in temperature was also reported to induce sterility and lead to a decrease in fertility rate, pod-setting ratio and seed number per pod (Zhang et al., 2012). Similarly, in a comparative transcriptomic analysis, Tang et al. (2019) found that genes encoding heat shock proteins, skeleton proteins, GTPase and calmodulin were potentially involved in the mechanism of thermosensitive genic male sterility (TGMS) under high temperature inducement. Moreover, genes encoding plant hormone signaling pathways (auxin, gibberellins, jasmonic acid, abscisic acid, brassinosteroid signalings), along with some well-known transcription factors (MADS, NFY, HSF, MYB/C, and WRKY) were also found involved in the regulation of TGMS in the flowers grown under 25°C (Tang et al., 2019).

Although many studies have reported that male reproductive organs are more sensitive to heat stress than female reproductive organs, changes in the female reproductive organs following heat stress have also been documented (Hedhly, 2011). Additionally, according to the identity of the cell, the female gametophyte possesses a unique and differentially mediated response to heat stress (Ambastha and Leshem, 2020). These findings suggest that temperature plays a vital role in affecting the fertility of pollen and the morphology of the flower reproductive organs.



Post-flowering

The thermotolerance of seed setting rate and filling, are also crucial in determining grain yield and composition. During later reproductive growth, the biosynthesis and deposition of oils and proteins in seeds take place at the seed filling stage. Hence, it is imperative to strictly regulate this stage for the generation of high-quality and balanced oil (Brunel-Muguet et al., 2015).

Photosynthesis in B. napus green seeds and pods induces the formation of the necessary components of the fatty acid biosynthesis pathway (Huang et al., 2019). This pathway was found to be regulated by the transcription factor BnWRI1 (Wu et al., 2014). In a recent study, heat stress suppressed oil deposition in developing seeds and impaired fatty acid biosynthesis where the inhibition of the de novo fatty acid biosynthesis pathway was associated with the inhibition of photosynthesis and downregulation of many genes in the BnWRI1 pathway (Huang et al., 2019). These findings have highlighted the crucial function of BnWRI1 as a key regulator within the intricate regulatory systems of heat stress and biosynthesis of storage compounds. Brunel-Muguet et al. (2015) also showed that high temperature during seed development modified seed composition and impaired the acquisition of seed dormancy. This was accompanied by a decrease in abscisic acid/gibberellic acid (ABA/GA) ratio, which plays a role in controlling seed composition and storage capacity (Brunel-Muguet et al., 2015). Similarly, the total lipids and all the fatty acids studied were significantly lower in B. napus seed oil when temperature was raised from 19°C to 24°C, resulting in imbalanced proportions of essential fatty acids (Namazkar et al., 2016).

Interestingly, not only high day temperature was found to impact seed quality and yield, but also high night temperature was reported to have detrimental effect on yield and seed fatty acid composition in B. napus. During flowering and silique-filling stages, Pokharel et al. (2020) reported that high night temperature caused significant alterations in the reproductive organs and led to a substantial reduction in seed yield and number of siliques, which was further explained by the thermal impairment of photosynthetic assimilation enzymes. Likewise, exposure of susceptible B. napus cultivars to high night temperature stress between flowering and seed filling stages also induced a profound reduction in total fatty acids and in fatty acid composition in seeds (Zhou et al., 2018). It is worth noting that the magnitude of heat stress and the cardinal temperature unequivocally contribute to the degree of impact on each crop species (Mittler et al., 2012).

In summary, high-temperature stress induces adverse effects on different processes and organs during B. napus reproduction. From floral transition to seed filling, such environmental threats will eventually translate into unfavorable agronomic and quality traits and ultimately challenge the production of seed oil with strong nutritional values. Knowledge about heat stress during these stages is limited and more insight on this topic will help scientists and breeders to design strategies to protect this important crop species from the impact of the stress potentially caused by climate change presently and in the future.




Impact of Heat Stress on Postharvest Seed Storage

During postharvest storage, high-temperature stress has also been found to impact the safety and nutritional qualities of stored seeds (Krasucki et al., 2002). Brassica seeds are rich in bioactive compounds that exhibit antioxidant action and can play a vital role in reducing blood cholesterol levels (Ratnayake and Daun, 2004). In B. napus seeds, the concentrations of phytosterols can be twice that of sunflower and soybean oils (Vlahakis and Hazebroek, 2000), and the content of phenolic compounds can be 10-fold greater than in seeds of other crops (Siger et al., 2018). The abundance of such important biologically active compounds is sensitive to storage conditions. High temperature and moisture content were associated with the deterioration of seeds and degradation of its biochemical contents (Gawrysiak-Witulska et al., 2012). After 18 days of storage at 25°C and 30°C, the amount of phytosterols decreased significantly, reaching 24 and 58% less in B. napus seeds with a moisture content of 15.5% (Gawrysiak-Witulska et al., 2012). Under similar storage conditions, tocopherols dropped by 14.4% while plastochromanol-8 loss ranged from 4 to 24% (Gawrysiak-Witulska et al., 2011). These natural antioxidants play a crucial role in determining lipid stability and inhibition of auto-oxidation in stored seeds (Olejnik et al., 1997). As a result, the degradation of such compounds not only alters the quality of oil but can also lead to the formation of oxidized derivatives with cytotoxic properties (Rudzińska et al., 2009). To investigate the effect of inappropriate storage conditions (13.5% moisture content and 25°C temperature) on seed quality in B. napus, Siger et al. (2018) reported an intense growth of fungi along with a decrease in sinapic acid derivatives, the main phenolic compounds in B. napus (Siger et al., 2018). The development of fungal growth not only reduces the time of safe storage but also causes a risk of seed deterioration and mycotoxin contamination posing a serious threat to human and animal health (Siger et al., 2018). Furthermore, fungal growth and respiration could also result in the production of additional heat and moisture in the seeds (Mills, 1989), which further exacerbates the problem of temperature stress and microbial infestation.




PLANT RESPONSE MECHANISMS TO HEAT STRESS

Plants respond to environmental adversities, such as changes in ambient temperature through a cascade of signaling pathways, resulting in cellular readjustments at the transcriptome, epigenome, proteome and metabolome levels. Eventually, these adjustments provide the required balance through multiple adaptive strategies to ensure survival under the new conditions. Such intricate machinery involves an interconnected crosstalk between different components of the cell, initiated by stress perception, carried out through stress signaling and ultimately end with the expression of a specific set of downstream stress-induced genes that result in a phenotypic response to the stress.

Different sensors are involved in the initial stress perception (Lamaoui et al., 2018; Baillo et al., 2019), and these include plasma membrane mediated calcium flux, endoplasmic reticulum (ER) and cytosolic unfolded protein response (UPR) sensors, and decreased histone occupancy in the nuclei (Mittler et al., 2012). The generated signals are then integrated through a network of multiple events that includes calcium fluxes, calmodulin, phosphatases, transcriptional regulators, hormones, and protein kinases such as CDPKs, MAPKs (Figure 3; Verma et al., 2016; Lohani et al., 2020a). Hence, the complexity of heat response lies in the broad range of pathways involved, which appear to be tissue and developmental stage specific (Zhang et al., 2017).
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FIGURE 3. Regulatory and signaling events involved in plant heat stress response.



Phytohormones

One of the principal regulators of abiotic stress responses are phytohormones, which encompass several compounds, such as: abscisic acid (ABA), brassinosteroids (BR), salicylic acid, jasmonates (JA), ethylene, auxins, cytokinins, and gibberellins (Verma et al., 2016). These phytohormones have essential roles in protecting plants against environmental stress (Lohani et al., 2020a). The intricate signaling role of these compounds is carried out either directly or through crosstalk between interacting arrays of various secondary messengers (Verma et al., 2016). During biotic and abiotic stress responses, ABA plays a powerful role in mediating plant adaptation to stress (Baron et al., 2012). In A. thaliana, temperature stress induced the differential expression of several ABA biosynthesis genes (ABA1, ABA2, ABA4, AAO3, NCED3) in an organ-specific manner (Baron et al., 2012; Table 1). Moreover, in B. napus, Di et al. (2018) identified 14 differentially expressed pyrabactin resistance 1-like (PYL) genes, which play core roles in ABA signaling networks, at different time points of heat treatment. BnPYR1-3, BnPYL1-2, BnPYL3-1, BnPYL4-2, BnPYL5-4, BnPYL6-1, BnPYL7-2, and BnPYL 9-2 were up-regulated while BnPYR1-4, BnPYL2-2, BnPYL4-6, BnPYL8-5, BnPYL8-6, BnPYL9-1 were down regulated (Table 1). Also, some BnPYL genes such as BnPYR1-3, BnPYL1-2, and BnPYL7-2 had similar expression patterns under drought, salinity, and heat treatments suggesting that these genes might be important candidates for improving tolerance to abiotic stress (Di et al., 2018). In addition to its role during abiotic stress response, tissue ABA concentrations were also found to influence seed components during grain filling (Chandrasekaran et al., 2014). Under high-temperature conditions, changes in ABA content in seeds were involved in the modification of downstream expression of genes associated with the biosynthesis of seed storage compounds in castor beans (Chandrasekaran et al., 2014). Thus, the quality determining characteristics of seeds such as seed germination, vigor and storability can be negatively affected by the impact of heat stress through inducing changes in the concentration of important hormonal signaling molecules (Gao et al., 2010).


TABLE 1. Heat stress responsive genes identified in Brassica napus and related species.
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Although many studies addressed the role of ABA as a major stress-responsive hormone, the role of other stress hormones has also been studied in response to various abiotic stress factors. For example, high concentrations of ABA and BR and low concentrations of gibberellic acid 3 (GA3) significantly induced BnGA1 expression, a gene that encodes a putative G protein α subunit (Gα) in B. napus (Gao et al., 2010). BnGA1 was initially found strongly expressed at the bolting and fruiting stages. However, different abiotic stresses prompted different expression patterns with an apparent low expression in response to heat. This reduction in transcription could be attributed to one of the physiological events in decelerating cellular processes under temperature stress (Gao et al., 2010). BR were also found to enhance seedling tolerance to drought and cold stress and counterbalance the inhibitory impact of salt stress on seed germination in A. thaliana and B. napus (Kagale et al., 2007). Transgenic B. napus overexpressing the Arabidopsis BR biosynthetic gene DWF4 exhibited increased seed yield and enhanced stress response to heat and drought (Sahni et al., 2016). At higher concentrations, stress hormones such as JA inhibit growth as a strategy to mobilize the metabolic reservoir between growth and stress response processes (Heinrich et al., 2013). The overexpression of BR biosynthetic gene DWF4 induced a downregulation of several JA biosynthesis and signaling genes, suggesting a mechanism played by BR to balance the inhibitory effect of JA on growth (Sahni et al., 2016). Furthermore, analysis of global transcription profiles after heat stress showed diverse expression patterns between different hormone signaling pathways. While genes encoding proteins involved in the biosynthesis of ethylene and GAs were all reduced, genes encoding auxin synthesis, binding and transport were all induced in seeds (Yu et al., 2014). These studies suggest a complex interaction among different phytohormones, through switching the activities of certain genes as needed depending on the stress situation. Thereby, functioning as key regulators to achieve a state of homeostasis and maintain a balance between stress tolerance and plant productivity.



Transcription Factors

Different TF families have been identified in plants such as AP2/ERF, MYB, HSP, bZIP, NAC, DOF, MADS-box, etc. (Ghorbani et al., 2020; Table 1). In a recent study, Wang et al. (2018) identified 2,167 TFs belonging to five different families in B. napus with 7.6% identified as novel and unique to B. napus. Interestingly, among the DEG identified in response to different abiotic stresses, 70% were responsive to heat after 12 h of treatment and these include: 62 BnAP2/EREBPs, 32 BnbZIPs, 61 BnMYBs, 40 BnNACs, and 27 BnWRKYs (Wang et al., 2018).

During plant heat stress, the heat shock response is a conserved response during which heat shock transcription factors (HSF) regulate heat shock proteins (HSP) through recognizing and binding to conserved palindromic motifs in the promoter region of heat-stress responsive genes (Scharf et al., 2012). As a result, HSP bind to denatured proteins and inhibit their aggregation, thus maintaining protein homeostasis and eventually thermotolerance (Su and Li, 2008). Unlike the limited number of HSF encoding genes in yeast and animals, plants possess large and diverse HSF gene families with complex species-specific functions (Scharf et al., 2012). There are 21 HSF genes in the A. thaliana genome (Nover et al., 2001), 25 HSF genes in the rice genome (Chauhan et al., 2011), and 56 HSF genes in the wheat genome (Xue et al., 2014). Interestingly, 64 HSF encoding genes were discovered in B. napus, rendering it the largest HSF family in plants identified so far (Zhu et al., 2017). The diversity of HSF genes in plants has likely arisen from whole-genome duplications events that took place during evolution (Chalhoub et al., 2014). In the case of B. napus, it is believed that the allopolyploidy process contributes significantly to the expansion of its HSF gene families, a key element for its adaptation and survivability under different environmental conditions (Zhu et al., 2017).

An example of a novel yet-conserved gene that plays a key role in the thermal resistance in B. napus is Brassica napus thermal resistance gene 1 (BnTR1). BnTR1 belongs to a new type of membrane-bound RINGv (Really Interesting New Gene Variant) protein with E3 ligase activity and was found to control the expression of HSFs related genes such as HSFA1a through the regulation of cytosolic Ca2+ concentration under heat stress, thus enhancing thermotolerance (Liu et al., 2014). It was also noticed that BnTR1 was able to increase heat tolerance in O. sativa without producing any defective growth phenotypes as seen with other thermal-resistant genes, such as: DREB1A, AtHSFA3 and BhHSF1 (Yoshida et al., 2008; Hong et al., 2009; Zhu et al., 2009). Liu et al. (2014) also found that the expression of BnTR1 increased the yield of rice suggesting its role in alleviating adverse environmental impacts on the crop through functioning as a master regulator of heat stress-responsive genes.

Other heat-responsive markers have also been identified in B. napus heat stress tolerance mechanisms. MYB genes were concomitantly reprogrammed and induced in the silique wall and seeds of B. napus following exposure to heat stress (Shamloo-Dashtpagerdi et al., 2018). After constructing a gene regulatory network of key stress regulatory genes that respond to drought and salt tolerance in B. napus, comparative genomic analysis from A. thaliana and Eutrema salsugineum and their B. napus homologs showed that transcription factor MYB44 and its direct regulator VIP1 had the largest number of connectivity and achieved the highest centrality values among the studied genes, implying its pivotal role in the regulatory network and ultimately in the plant stress tolerance system (Shamloo-Dashtpagerdi et al., 2018). At the physiological level, TFs also play important roles in plant growth and development. In A. thaliana, the ectopic expression of transcription factor AtMYB68 in B. napus following severe heat stress at flowering enhanced pollen viability and led to significant improvement in yield (Deng et al., 2020). These findings show the key role of TFs in the reproductive heat tolerance system pertained by A. thaliana and other related species (Yu et al., 2014) and altogether suggest a conserved stress response with key resistance factors in different tissues and plants (Yu et al., 2014; Huang et al., 2019).



Glucosinolates

The involvement of TFs in modulating glucosinolate concentrations under heat stress has also been reported. Glucosinolates are secondary metabolites found almost exclusively in the Brassicaceae (Fahey et al., 2001). Although they are known to be present in all parts of the plant, their concentration varies with different tissues and developmental stages (Fieldsend and Milford, 1994). While seeds are considered the major compartment for their storage, their synthesis takes place after flowering in the leaves and the reproductive tissues such as the silique wall (Nour-Eldin et al., 2012). Some glucosinolates play protective roles in the plant stress defense mechanisms against biotic and abiotic stress (Ludwig-Müller and Krishna, 2000; Martínez-Ballesta et al., 2013). Elevated temperature was found to increase glucosinolate concentrations in B. rapa, with a noticeable involvement of BrMYB28 and BrMYB34 transcription factors in this process (Justen and Fritz, 2013). In A. thaliana, mutants deficient in glucosinolate metabolism experienced reduced expression of cytoplasmic Hsp90 and less thermostability under elevated temperature (Ludwig-Müller and Krishna, 2000), whilst the supply of two exogenous glucosinolate hydrolysis products increased the expression of HSPs and improved thermotolerance (Hara et al., 2013). Conversely, after heat treatment of 20d-old siliques of B. napus, Yu et al. (2014) reported a dramatic decrease in the expression of several transcripts involved in glucosinolate metabolism such as those involved in the indolic and benzenic pathways, suggesting the suppression of glucosinolate biosynthesis in the silique wall due to heat stress. This shows that down-regulation of such pathways under stressful conditions could act as a protective measure to conserve energy (Yu et al., 2014), but also to optimize redistribution of glucosinolates (Martínez-Ballesta et al., 2013), ensuring survival under adverse environmental conditions. Such opposite trends in glucosinolate concentrations in response to heat treatment and the involvement of distinct signaling molecules, such as TFs, reveal a complex stress response powered by various factors such as the intensity and duration of stress as well as the plant developmental stage. As little is known about the biological functions of glucosinolate metabolism under heat stress, there is a need for more research to further understand the auxiliary roles of individual compounds in modulating the plant physiological status. Thus, revealing the interconnectivity between different components and pathways involved in an effective heat tolerance system in B. napus.




IMPACT OF POLYPLOIDY AND ALTERNATIVE SPLICING ON HEAT STRESS

Polyploidy or whole-genome duplication (WGD) is one of the major forces in plant evolution (Soltis et al., 2014). The resulting speciation and biodiversity have influenced the structure and evolution of plant genomics, giving rise to highly dynamic genomes with broad gene expression changes (Wang R. et al., 2019). Most of the world crops have undergone polyploidy including wheat, cotton, tobacco, oats, potato and coffee. A recent allopolyploidy event took place around 7,500 years ago between ancestors of B. oleracea and B. rapa resulting in the formation of the highly adaptive species B. napus. This in addition to earlier polyploidization events, has caused an aggregate of 72x genome multiplication since the origin of angiosperms (Chalhoub et al., 2014). These evolutionary events have led to the acquisition of strong and valuable agronomic traits, giving these species the ability to adapt and survive different climatic conditions. For example, one copy of FLOWERING LOCUS C (FLC), a key adaptive gene controlling vernalization and photoperiod responses, exists in A. thaliana, while four copies exist in B. rapa and B. oleracea and nine or more in B. napus (Chalhoub et al., 2014).

There has been an increasing interest in studying the expression patterns of such duplicated genes. In polyploidy, duplicated genes may also be differentially spliced by the action of alternative splicing (AS) (Wang R. et al., 2019). This mechanism is characterized by the excision of introns and the production of differential exon combinations. The resulting genetic modifications alter transcript abundance and gene expression and eventually produce variant proteins (Liu Z. et al., 2018). During plant growth and development, AS plays key roles in different biological processes and most importantly, in response to biotic and abiotic stress (Guo et al., 2020). It is becoming increasingly evident that AS is not a by-product of stress but a regulatory part of the larger stress response (Kannan et al., 2018). Heat stress was found to induce an increase in AS events in genes that are associated with abiotic stress response such as those relating to protein folding (Chang et al., 2014; Kannan et al., 2018). In a recent study, analysis of differential AS landscape among A, B, and D wheat subgenomes under salt treatment found that homologous genes displayed differential AS responses under salt stress and more AS events were identified in the salt-sensitive cultivar than in the salt-tolerant one. Interestingly, specific AS events were found induced at different time points of salt stress (Guo et al., 2020). When multiple stresses were assessed, combined heat and drought stresses (HD) induced specific AS events compared with those induced by individual stresses. Upon comparison of differentially spliced genes (DSGs) and differentially expressed genes (DEGs), 40% of DSGs were overlapping with DEGs under heat stress and HD conditions (Liu Z. et al., 2018). These findings demonstrate the coordination between AS regulation and transcriptional regulation to orchestrate an effective stress response and ultimately contribute to abiotic stress tolerance. Similarly, in B. napus, RNA-Seq of plants subjected to cold, heat, and drought stress treatments also showed variation in expression and AS levels within the duplicated genes, with an overall AT subgenome biases in gene expression and CT subgenome biases in the extent of AS (Lee and Adams, 2020). Saminathan et al. (2015) hypothesized that polyploidy can influence AS, resulting in transcriptome modifications. In two independently synthesized lines of B. napus, alterations in AS events after polyploidy were reported (Zhou et al., 2011). Also, in response to heat, the number and type of AS events in the two related species A. thaliana and the highly thermotolerant polyploid Boechera depauperate varied significantly, suggesting a role for polyploidy in this variance. Moreover, this also demonstrates that AS responses to heat stress are species-specific (Kannan et al., 2018). In summary, the divergence in gene expression and AS patterns within the homologous genes may contribute to gene functional evolution which explains the flexibility of polyploids when responding to different abiotic stress (Zhang et al., 2010; Lee and Adams, 2020).

To further explore the role of AS in heat stress, Ling et al. (2018) investigated the existence of a “splicing memory” which is thought to be a key factor for achieving thermotolerance in Arabidopsis. As intron retention (IR) is the main AS form present in plants, the study aimed to investigate whether primed plants would preserve the same levels of these events during the recovery and memory-establishment phases and whether their response would differ from the response of non-primed plants after a recurrent exposure to heat. It was observed that heat-stressed plants accumulated unprocessed transcripts through splicing repression with marked levels of IR events, which eventually decreased to normal levels during recovery. In the second heat exposure, primed plants exhibited a very distinct response from non–primed plants. Primed plants remembered to undergo splicing and correctly processed transcripts similar to control plants under normal conditions. As a result, primed plants maintained a “splicing memory” that can carry out correct splicing and produce the necessary transcripts and proteins needed for the growth and development of plants after the cessation of stress, and subsequently ensuring the survivability of plants following another stress event (Ling et al., 2018). This further supports the role of AS an integral component in forming a priming-induced heat-stress memory in Arabidopsis (Sanyal et al., 2018). Further elucidation of this mechanism is needed to explore whether the discovered splicing-linked stress memory can be inherited across generations, or its function is limited somatically within an individual generation. Taken together, the polyploidy nature of B. napus and the regulatory role of AS in response to abiotic stress entail a further exploration of these evolutionary mechanisms under heat stress aiming to unveil novel species-specific interactions and to provide more understanding on its impact on thermotolerance, and more broadly, how polyploidy can impact the organismal response to heat stress.



DYNAMICS OF EPIGENETIC MODIFICATIONS UNDER HEAT STRESS

In plants, high throughput technologies such as whole-genome bisulfite sequencing (WGBS) and chromatin immunoprecipitation (ChIP), and more recently nanopore technology, provide the opportunity to study epigenetic modifications in species and genotypes at genome-wide levels (Laird, 2010). Different types of epigenetic mechanisms exist and the most common are DNA methylation, histone modifications and small RNAs. Along with its vital role in maintaining genome integrity, increasing evidence indicates that epigenetic mechanisms in plants play a substantial part in modulating gene expression under different environmental conditions, including salinity, drought, extreme temperatures and exposure to heavy metals (Gao et al., 2014; Fan et al., 2020; Ueda and Seki, 2020).


DNA Methylation

In higher plants, 30-50% of all cytosine residues of the nuclear DNA are methylated (Gao et al., 2014), and DNA methylation occurs in all three sequence contexts: the symmetric CG and CHG, and the asymmetric CHH, where H stands for A, C, or T (Li et al., 2016; Klungland and Robertson, 2017). Despite the availability of epigenetic research in A. thaliana, these studies are still very limited in Brassica crops. Different methylation levels can produce different profiles of gene expression and transcription, giving rise to different phenotypic responses. In plants, genome methylation status is maintained by the dynamic function of DNA methyltransferase and demethylase enzymes. These enzymes are classified into different categories depending on their protein structure and function (Liu G. et al., 2018). Fan et al. (2020) identified 22 methylase genes and six demethylase genes through studying two varieties of B. napus (YN171 and 93275; Table 1). In addition to the variations in methylation patterns detected at different sequence locations (gene regions and up/downstream regions) and contexts (CHG, CHH, and CG), analysis of gene expression in 22 tissues across different developmental stages showed that these genes have different regulatory roles in plant growth and development.

Several reports have demonstrated that plant adaptations to different abiotic stresses are associated with differences in methylation levels (Marconi et al., 2013; Dhar et al., 2014; Liu et al., 2017). In B. napus, a large set of genes were associated with changes in cytosine methylation in response to heat treatment. More specifically, this variation was prominent at the genotype level where more DNA methylation occurred in the heat-sensitive cultivar and more DNA demethylation occurred in the heat-tolerant one (Gao et al., 2014). The expression level of DNA methyltransferase and demethylase enzymes changed significantly in response to salt and heat stress, indicating that methylation of some genes is essential for the response to abiotic stress in plants (Fan et al., 2020; Table 1). Similarly, position- and context-dependent methylation variations were also seen in B. rapa under heat stress. Analysis of differential methylation and differential gene expression found that low-expressed genes were enriched in genes with high methylation levels and vice versa, except for mCG methylation in exon regions. Interestingly, different sets of differentially methylated DEGs were involved at the early and late stages of heat treatment (Liu G. et al., 2018).

During the reproductive stages, more complex relationships between DNA methylation and gene expression have also been elucidated. During the two pollen pathways (gametophytic development and pollen embryogenesis) and in response to heat treatment, in vitro-cultured microspores of B. napus changed their gametophytic developmental pathway toward embryogenesis through an epigenetic reprogramming control. This was associated with a decrease in global DNA methylation and activation of cell proliferation, while DNA methylation increased with pollen and embryo differentiation in a cell-type-specific manner (Solís et al., 2012). On the contrary, Li et al. (2016) reported that short term heat shock treatment induced a decrease in global DNA methylation in cultured microspores of B. napus, suggesting a lack of trend in the changes of DNA methylation under heat stress in different species or cell types.



Histone Modifications

Histone modifications, including methylation, demethylation, and acetylation, are recognized as ubiquitous epigenetic marks that play a vital role in regulating chromatin structure and modulating gene expression (Xu et al., 2017). Other posttranslational modifications (PTMs), such as phosphorylation and ubiquitination have also been identified in transcriptional regulation in Arabidopsis (Füßl et al., 2018). The presence or absence of methylation on the lysine and arginine residues in histones affects their interaction with reader proteins and results in chromatin conformational changes. Eventually, these changes lead to either transcriptional activation or repression (Teperino et al., 2010). In plants, two Arg methylation sites (H3R17 and H4R3) and five Lys methylation sites (H3K4, H3K9, H3K27, H3K36, and H4K20) have been identified (Liu et al., 2010). In Arabidopsis, histone methylation involves both repressive (H4R3me2, H3K9me2/3, and H3K27me3) and active modifications (H4R3me2, H3K4me3, and H3K36me2/3) (Wang et al., 2016). In contrast to methylation, histone acetylation marks neutralize basic charges in histones, thus weakening histone/DNA interactions and making the DNA more accessible for the transcriptional machinery (Allis and Jenuwein, 2016). Histone modifications involve a complex network of epigenetic modifiers that serve to recognize, add or remove chemical moieties on histone tails or core domains (Xu et al., 2017). In response to stress, the combined activity of writers, readers and erasers regulate the level and type of histone modifications. Because tissue-specific expression is essential for stress response, these modifiers need to be recruited to specific loci for their participation. Various elements, such as: transcription factors and long non-coding RNAs have been proposed to act as recruiters of these regulators into specific chromatin sites (Deng et al., 2018). However, their role is still poorly explored in B. napus.

Recent studies have highlighted the role of histone modifications and their modifiers in response to abiotic stress. Alam et al. (2019) reported 18 B. rapa PHD (Plant homeodomain) finger genes as highly responsive to drought and salt treatments. As “epigenome readers,” PHD finger proteins can bind specifically to several histone modifications and confer activation or repression of the corresponding gene. Interestingly, some of these genes were found to be induced by more than 18-fold and others displayed different expression patterns at different time points of the treatments (Alam et al., 2019). In another study, 15 paralogous pairs of histone methyltransferase and demethylase genes also showed high variation in their expression profile in response to heat and cold stress where dynamic variations also took place in specific tissues and treatments, suggesting a complex role of these genes as robust candidates in the stress tolerance mechanisms of B. rapa (Liu G. et al., 2019).

Adding to this complexity, epigenetic regulators were found to interact with other stress-responsive elements to promote tolerance (Liu C. et al., 2019). To explore this relationship, Liu and colleagues investigated the role of polycomb repressive complex 2 (PRC2) in regulating ABA stress response at a genome level (Liu C. et al., 2019). PRC2 is one of the major families of polycomb group (PcG) factors that functions to induce a state of chromatin inactivation. Its core enzymes are responsible for histone H3 lysine-27 tri-methylation (H3K27me3), which is one of the major epigenetic marks that causes gene silencing (Liu C. et al., 2019). In A. thaliana more than 20% of genes are covered by H3K27me3 in one given organ (Lafos et al., 2011) and around 60% of protein-coding genes are silenced by H3K27me3 in different cell types (You et al., 2017). Therefore, H3K27me3 is considered a hallmark of gene repression, but its exact mechanism of action is not fully understood. H3K27me3 was found to preferentially target ABA-induced senescence-associated genes (SAGs) (Liu C. et al., 2019). ABA-induced senescence allows for the recycling and redistributing of nutrients to new growing organs and seeds, thus boosting the plant’s fitness and tolerance against abiotic stress (Zhao et al., 2016). In their study, Liu and colleagues found that mutants of PRC2 enzymes were hypersensitive to ABA. Accordingly, SAGs were derepressed and appeared highly induced in comparison to the wild type. This indicates that PRC2-mediated H3K27me3 plays a key role in attenuating the ABA response through buffering the expression of ABA-induced genes. Hence, fine tuning of ABA-induced senescence to protect the plant from oversensitive response (Liu C. et al., 2019). The role of PRC2 in regulating stress responses through modification of histones were also previously explored in different abiotic conditions such as drought, cold and salt where H3K27me3 modified the promotors of major stress response genes (Kwon et al., 2009).



Non-coding RNAs

Another component of the epigenetic machinery thought to play a role in the response to abiotic stress are non-coding RNAs, which are involved in the regulation of gene expression, along with other roles in different biological processes (Zhang Y. C. et al., 2014). The short (20-24 nucleotides) small RNAs (sRNAs) and the long (more than 200 nucleotides) non–coding RNAs (lncRNAs) have no or limited discernible protein-coding functionalities.

Small RNAs include micro-RNAs (miRNAs) which are the most thoroughly characterized, and small interfering RNAs (siRNAs) (Bartel, 2009). sRNAs are known to affect gene expression via two main mechanisms: transcriptional (TGS) and posttranscriptional gene silencing (PTGS). To date, several studies have identified both conserved and novel miRNAs from various model plants such as Arabidopsis and rice in response to different abiotic stress, yet there is limited knowledge about the small RNA population in B. napus where only a small number of miRNAs have been identified and their role in response to heat stress is largely unknown (Jian et al., 2016). In a recent study, miRNAs mediated thermotolerance through the action of miR160 which altered the expression of heat shock proteins and improved seed germination and seedling survival under heat stress in A. thaliana (Lin et al., 2018). Additionally, five conserved miRNAs families along with four novel ones were found responsive to heat stress and resulted in either positive or negative regulation of their putative genes in B. rapa (Yu et al., 2012). Using computational prediction methods, Xie et al. (2007) were the first to study miRNAs in B. napus where they detected five miRNAs in response to auxin, cadmium stress and phosphate starvation. However, this study was carried out prior to the availability of a reference sequence which explains the small number of miRNAs detected by their approach. Subsequently, a set of differentially expressed miRNAs in response to sulfate deficiency and cadmium stress have been identified (Huang et al., 2010). High-throughput sequencing revealed a diverse and complex set of core miRNAs in B. napus that were involved in seed imbibition response to salt and drought stresses, suggesting the role of miRNAs in response to stressful conditions during seed germination (Jian et al., 2016). In B. napus, the regulatory role of miRNAs has been explored and detected in response to different abiotic stresses, yet little or no information is available in response to heat stress. Hence, more studies are warranted on this aspect to gain insight about their role in thermotolerance.

Non–coding RNAs were found to function as precursors of small RNAs (Joshi et al., 2016). They are grouped according to their genomic positions and orientations as follows: long intergenic non-coding RNAs (lincRNAs), long non-coding natural antisense transcripts (lncNATs), long intronic non-coding RNAs, and sense lncRNAs. In plants, lncRNAs research is still in its infancy with only a few studies showing their role in plant development and adaptation to abiotic stress (Jha et al., 2020). Nonetheless, lncRNAs have been found highly expressed in a tissue-specific or stage-specific manner, with some having preferential expression in the reproductive stages as well (Zhang Y. C. et al., 2014). There is increasing evidence about the role of lncRNAs as “biological regulators” for various processes including developmental, biotic and abiotic stress in animals and plants (Chekanova, 2015). To explore the current understanding of the participatory role of lncRNAs in the tolerance response to different abiotic stress conditions in plants, Jha et al. (2020) reviewed several studies that identified lncRNAs under drought, heat, cold, nutrient deficiency and metal toxicity. As a result, a plethora of differentially expressed heat stress lncRNAs and their corresponding heat stress-responsive target genes were reported from different crops. Song et al. (2016) identified 9,687 novel lncRNAs in B. rapa in response to heat treatment using RNA-seq. Likewise, two up-regulated lncRNAs (TalnRNA27 and TalnRNA5), which are miRNA precursors, were up-regulated in wheat in response to heat stress (Xin et al., 2010). During pollen development and fertilization, a systematic analysis in B. rapa revealed that 47 cis-acting lncRNAs and 451 trans-acting lncRNAs were highly co-expressed with their target genes (Huang et al., 2018). Furthermore, a co-expression network of B. rapa depicted 210 DEGs, 4 miRNAs and 33 lncRNAs under heat stress, where the biological functions identified through GO enrichment analysis revealed terms such as “brassinosteroid mediated signaling pathway”, “response to stimulus” and “response to heat”, suggesting their contribution in the heat response through these signaling pathways (Wang A. et al., 2019). At the seedling stage, two genotypes of B. napus exhibiting different sensitivity to drought were exposed to drought stress and rehydration treatment. Genome-wide analysis showed that the up-and down-regulated mRNAs co-expressed with lncRNAs participated in different metabolic pathways and were involved in different regulatory mechanisms, which suggested the existence of divergent mechanisms to modulate the response to drought stress and re-watering treatment (Tan et al., 2020). These findings show that lncRNAs in plants could form an additional layer of complexity to other stress response mechanisms during abiotic stress events. In B. napus, only a few studies were found addressing the roles of lncRNAs in response to certain stress conditions such as pathogens (Joshi et al., 2016), cadmium (Feng et al., 2016) and drought stress (Tan et al., 2020), while to the best of our knowledge, no studies have investigated the role of lncRNAs in responses to heat stress in this species. There is a significant knowledge gap concerning the roles of different epigenetic mechanisms in response to heat stress in B. napus. Owing to its complexity and poorly understood mechanisms, a deeper knowledge of these intricate epigenetic components would serve as a stepping-stone to gain insights into the genomic regulation behind heat stress-mediated responses in this important crop species.




SYSTEMS BIOLOGY APPROACHES IN Brassica napus UNDER HEAT STRESS

Omics approaches are now routinely used in helping to understand plant responses and adaptations to different biotic and abiotic conditions. However, their exploitation in B. napus is limited and the knowledge of the impact of heat stress on its yield determining reproductive stages is still fragmentary. Nevertheless, the availability of reference genomes in Brassica species has contributed to major improvements in understanding the genetics of these crops. This has created a foundation for identifying possible interactions that link genotypes and phenotypes. Subsequently, emerging genomics and transcriptomics studies have resulted in the development of transgenic cultivars with potentially stronger agronomic properties than their non-transgenic cultivars (Raza et al., 2021). In B. napus and other related species, several genomic projects have been conducted to study the effect of different abiotic stresses on different genetic and physiological properties. Using GWAS, numerous studies examined genomic regions and quantitative trait loci (QTL) controlling various traits that are affected by heat stress (Bac-Molenaar et al., 2015; Rahaman et al., 2018). Others identified transcription factors that play regulatory roles in abiotic stress responses including heat (Yoshida et al., 2008; He et al., 2016; Wang et al., 2018; Liang et al., 2019; Ghorbani et al., 2020) and some looked at gene families that are involved in controlling different hormonal signaling networks during heat stress (Justen and Fritz, 2013; Di et al., 2018).

At the transcript level, global transcriptome profiling allows for dynamic quantification of gene expression and their isoforms at different developmental stages in different tissues (Wang et al., 2009). For instance, combined RNA-seq and qRT-PCR identified and analyzed the expression patterns of 64 genes encoding BnaHSF proteins in the B. napus genome across different tissues and under heat, drought and high CO2 stresses (Zhu et al., 2017; Table 1). Similarly, organ-specific expression was detected using transcription profiling in B. napus siliques at the seed-filling stage, where some genes were preferentially expressed in heat-stressed silique walls or seeds and others were involved in specific biological functions of each tissue, such as glucosinolate metabolism in silique wall and flavonoid synthesis in seeds (Yu et al., 2014).

Examining the impact of high night temperature on the fatty acid composition of B. napus seeds, in-depth RNA-seq analysis revealed up-regulated gibberellin signaling which was also associated with active expression of genes involved in fatty acid catabolism and glyoxylate metabolism pathways (Zhou et al., 2018). Furthermore, a genome-wide analysis allowed the identification and functional analysis of 321 putative AP2/ERF TFs belonging to five major subfamilies, including DREB, ERF, AP2, RAV, and BnSoloist in B. napus (Owji et al., 2017). Gene expression analysis using RNA-seq revealed a high expression of AP2/ERF genes in the roots as compared to other organs. Gene ontology annotation, regulatory elements identification, and functional association network showed that most of these TFs are responsive to different abiotic stresses such as drought, salinity, and cold and play significant roles in the developmental processes, particularly organ speciation and embryogenesis (Owji et al., 2017).

Plant responses to heat are depicted by many quantitative factors such as time, intensity and duration of stress. At the molecular level, these responses result in profound structural and metabolic modifications, ranging from disruption of membrane and cytoskeleton stability to metabolic alterations of enzyme activity and accumulation of toxic metabolites such as reactive oxygen species (ROS). Although genomic and transcriptomic studies using RNA-seq have offered revolutionary approaches to interpret genomic data, these data do not always reflect the exact proteomic and metabolic state as gene products are also influenced by other processes such as post-translational and co-translational modifications. Hence, integration of metabolic and proteomic approaches will further help to better understand the events taking place at the molecular level (Rocco et al., 2013). Recently, omics approaches have been fine-tuned to elucidate the abiotic stress-related genes and develop tolerant cultivars that are capable to withstand current climatic and environmental changes (Raza et al., 2021). For example, studying the proteome response of a crop species during high-temperature stress will help to reveal the proteins and their corresponding biological mechanisms responding to these stresses. Moreover, as proteins act as direct effectors of phenotype, this proximity allows the prediction of affected phenotypes and hence, improving the breeding outcomes (Kosová et al., 2015). Although the proteome comprises of all protein components in a living organism, this set of proteins varies considerably depending on the developmental stage, growth conditions, tissue and cell type, giving rise to infinite proteomes within one organism (Kosová et al., 2015). Therefore, to gain a comprehensive insight into the protein profiles and pathways that are associated with heat, extensive research needs to be carried out not just at the organismal level but also looking at specific developmental stages and growth conditions.

Although numerous proteomic studies addressing the impact of various abiotic stresses in model species and various crops have been reported and reviewed (Benešová et al., 2012; Hossain et al., 2012; Kosová et al., 2013; Li et al., 2013), there is very limited knowledge to date on the proteome of B. napus under heat stress. The existing studies have identified proteins that are thought to be involved in thermotolerance, redox homeostasis, carbohydrate metabolism and protein synthesis and degradation (Lee et al., 2007; Neilson et al., 2010). In A. thaliana, analysis of the protein repertoire in the rosette leaves after exposing seedlings to short-term heat stress revealed differentially represented proteins that grouped into two main broad classes including energy and metabolism and stress response proteins (Rocco et al., 2013). In the first proteomic report in B. napus in response to heat stress, Ismaili et al. (2015) observed an increase in the abundance of ascorbate peroxidase protein and its corresponding mRNA transcript, suggesting its role in short-term high-temperature stress response. Also, the up regulation of proteins involved in energy and metabolism is thought to have utilized most of the nutritive reserves in the seedlings, resulting in a noticeable reduction in growth as a response to heat (Ismaili et al., 2015). Similarly, the first proteome analysis of B. napus response to drought stress also reported a reduction in growth that was associated with decreased abundance of HSP 70 and tubulin beta-2 proteins in the drought-sensitive and hybrid F1 lines (Mohammadi et al., 2012). Using yeast two-hybrid assay, the interactions among various Calcineurin B-like proteins (CBLs) and CBL-interacting protein kinases (CIPKs) were demonstrated in B. napus under several abiotic stresses (Zhang H. et al., 2014). Furthermore, expression levels of six selected BnaCBLs and 12 BnaCIPKs genes in response to salt, drought, cold, heat, and ABA showed that the two gene families were responsive to multiple stimuli, suggesting that the CBL-CIPK network in B. napus may be a common link for a variety of signaling pathways (Zhang H. et al., 2014). Yan et al. (2016) used a comparative proteomic approach to screen for thermotolerance genes in seeds of B. napus. As a result, a B. napus GLYI gene was identified. GLYI is a member of glyoxalase system that plays a role in methylglyoxal detoxification during carbohydrate and lipid metabolism. Two-dimensional gel analyses showed that the abundance of BnGLYI-3 protein in thermotolerant seeds significantly increased in response to heat stress, suggesting its role in inducing thermotolerance to high temperature stress in B. napus seeds (Yan et al., 2016).

Along with proteomics and other omics approaches, metabolomics has emerged as an exciting scientific discipline where cellular metabolites are profiled to reveal connections among genes, phenotypes and other cellular biomarkers in different biological species (Raza, 2020). The metabolome is the total pool of metabolites present in an organism (Razzaq et al., 2019). Through metabolomics studies, it is now possible to identify and measure primary and secondary metabolites to characterize genetic or environmental variations in plants (Razzaq et al., 2019). Under heat stress conditions, metabolomics provides a systems biology approach to understand complex metabolic networks and enhance thermotolerance and can be a useful tool in distinguishing between genotypes with different heat sensitivity and understanding how changes in the transcriptome and proteome manifest themselves at the cellular and tissue levels. Koscielny et al. (2018) identified 25 metabolic markers that discriminated between the heat-tolerant and -susceptible genotypes of B. napus during the reproduction stage under heat stress, through an untargeted metabolic assessment using gas chromatography-mass spectrometry. The latter finding demonstrates how genetic variations exhibited by different genotypes are translated into distinct agronomic traits that eventually allow its survivability under suboptimal conditions. In addition, metabolome information collected from stressed plants has also helped define the severity and timing of heat stress (Koscielny et al., 2018). In another metabolomic study, numerous unknown potential regulatory relationships involved in glucosinolate metabolism were identified through a doubled-haploid mapping population of B. napus. Feng et al. (2012) demonstrated the impact of genetic variation on the biochemical pathways through combining genetic and metabolic analysis of different glucosinolate components in the leaves and seeds. Subsequently, this has resulted in the identification of 105 metabolite QTLs and the construction of an advanced metabolic network for the glucosinolate composition in both leaves and seeds (Feng et al., 2012). Integration of metabolomic approaches with other omics tools has therefore the potential to reveal crucial interactions and regulatory networks between genes, proteins, and many essential regulatory components, where different responses meet to form a complex machinery of plant stress tolerance.



CONCLUSION

Despite current advances in exploring the impact of different biotic and abiotic stress factors within different Brassica species, this review has identified several knowledge gaps regarding the impact of heat stress on B. napus during its yield determining reproductive stages, where in-depth analysis of this subject is still needed. The opposite trends in expression of key genetic and epigenetic components identified in different species and in cultivars within the same species under various abiotic stresses call for further research in this field. Moreover, variations in intensity, time and duration of heat stress have been found to generate modified responses in plants. Therefore, to understand its impact on B. napus crops in specific geographical areas, regional studies on local cultivars should take place to simulate field conditions specific to these areas. To date, only a few studies have addressed the impact of heat stress on the metabolome and proteome of B. napus, and the underline cellular mechanisms are still poorly understood. On this account, combining genetic studies with different omics approaches will provide the means to explore the intricate responses arising following exposure to heat stress and accomplish a system-level understanding of how heat stress alters the yield and quality of the B. napus crop. It is expected that the findings of these studies will help breeders to produce cultivars with strong thermotolerance traits and to mitigate the detrimental effect of global warming on agriculture through contributing to sustainable food production and security.
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Coffee (Coffea arabica L.) presents an asynchronous flowering regulated by an endogenous and environmental stimulus, and anthesis occurs once plants are rehydrated after a period of water deficit. We evaluated the evolution of Abscisic Acid (ABA), ethylene, 1-aminocyclopropane-1-carboxylate (ACC) content, ACC oxidase (ACO) activity, and expression analysis of the Lysine Histidine Transporter 1 (LHT1) transporter, in the roots, leaves, and flower buds from three coffee genotypes (C. arabica L. cv Oeiras, Acauã, and Semperflorens) cultivated under field conditions with two experiments. In a third field experiment, the effect of the exogenous supply of ACC in coffee anthesis was evaluated. We found an increased ACC level, low ACO activity, decreased level of ethylene, and a decreased level of ABA in all tissues from the three coffee genotypes in the re-watering period just before anthesis, and a high expression of the LHT1 in flower buds and leaves. The ethylene content and ACO activity decreased from rainy to dry period whereas the ABA content increased. A higher number of opened and G6 stage flower buds were observed in the treatment with exogenous ACC. The results showed that the interaction of ABA-ACO-ethylene and intercellular ACC transport among the leaves, buds, and roots in coffee favors an increased level of ACC that is most likely, involved as a modulator in coffee anthesis. This study provides evidence that ACC can play an important role independently of ethylene in the anthesis process in a perennial crop.

Keywords: flowering, LHT1 transporter, drought, ACO, hormonal signaling


INTRODUCTION

Globally, the production of most crops depends on flowering, and particularly, in some species, such as coffee (C. arabica L.), this process can directly influence the quality of the final product (cup quality). Coffee asynchronous flower bud development leads to uneven flowering (de Oliveira et al., 2014), and depending on the geographical location of the plantation, it can result in various flowering events. Flowering is an important step of the coffee reproductive phase, being influenced by different endogenous and environmental signals. In this process, one of the most important elements is water as a signaling transporter, as it has been shown that coffee anthesis occurs after rain events preceded by a period of moderate water stress (Drinnan and Menzel, 1994). Other factors, such as photoperiod, temperature, shade conditions, plant nutritional status, and phytohormones can also affect floral transition and plant development (Camargo, 1985; Ramírez et al., 2010).

Information on the involvement of plant hormones in coffee flowering regulation is scarce. Previous studies have shown that Abscisic Acid (ABA) increases during the dry period (Silva et al., 2018) and is associated with coffee flower bud dormant or “latent state” (Matsumoto and Lopez, 2014). After water withdrawing stress, dormant and non-dormant G4 flower buds (ranging from 3.2 to 6 mm in length) (Morais et al., 2008) could be distinguished based on their ethylene evolution (Schuch et al., 1992). In other species, changes in ethylene levels can either delay or promote flowering, as observed in Rice (Oryza sativa L.) (Wang Q. et al., 2013), Arabidopsis (Arabidopsis thaliana) (Achard et al., 2007), Pineapples (Ananas comosus L.) (Trusov and Botella, 2006), and Roses (Meng et al., 2014).

The relationship between ABA and ethylene in the regulation of different biological processes is well known. Similar to ethylene, ABA accumulation accelerates the senescence of cut flowers and flowering in potted plants (Liu et al., 2014). Exogenous applications of ABA in Roses (Rosa hybrida L.) increased the ethylene sensitivity as well as the expression of some ethylene receptors (Müller et al., 2000). In hibiscus (Hibiscus rosa-sinensis L.), ABA negatively regulates the expression of the ethylene biosynthesis genes during flower development (Trivellini et al., 2011). On the other hand, the exogenous application of ABA positively regulates ethylene biosynthesis, increasing the ACC content in the abscission zone of the Lupine flower (Lupinus luteus L.) (Wilmowicz et al., 2016).

Recently, it was proposed that ethylene can play an important role in coffee flowering, since rehydrating droughted plants can increase ethylene levels and ethylene sensitivity, regulating coffee anthesis (Lima et al., 2020). Ethylene is a volatile compound that can be easily transported by diffusion throughout cells and intercellular spaces (Alonso and Ecker, 2001). Ethylene is produced from the amino acid methionine, which is first converted into S-adenosylmethionine (S-AdoMet) through the S-AdoMet synthetase enzyme, and subsequently, 1-aminocyclopropane-1-carboxylate (ACC) synthase (ACS) converts S-AdoMet into 1-Aminocyclopropane-1-Carboxylic Acid (ACC), that is considered the limiting step of the ethylene biosynthesis pathway. Finally, ACC oxidase (ACO) generates ethylene by oxidizing ACC (Fa Yang and Hoffman, 1984).

The role of ACC, as a signaling molecule independent of ethylene biosynthesis, has been reviewed, showing that ACC is part of many biological processes in plants such as in cell wall metabolism, vegetative development, stomatal development, and pollen tube attraction (Van de Poel et al., 2014; Vanderstraeten and van Der Straeten, 2017; Polko and Kieber, 2019; Mou et al., 2020). In addition, it was also found that ACC has a distinct function than ethylene in the non-seed plant Marchantia polymorpha L. (An et al., 2010; Li et al., 2020; Katayose et al., 2021), and in the induction of sexual reproduction of the Marine red alga (Pyropia yezoensis) (Rhodophyta) (Uji et al., 2020).

These different biological functions attributed to ACC seem to have originated an evolutionarily conserved signal that predates its efficient conversion to ethylene in higher plants (Li et al., 2020). ACC transport throughout the plant occurs by two amino acid transporters, LHT1 and LHT2 (Shin et al., 2015; Choi et al., 2019), having the LHT1 higher activity described in root tissues and flower development (Mou et al., 2020). In light of this knowledge, research on the role of ACC associated with the development and growth of plants should be expanded, including the reconsideration of physiological processes primarily attributed to ethylene.

The main objective of this research was to evaluate the modulation activity of ACC in the coffee flowering process quantifying the evolution of ABA, ACO, ACC, and ethylene in the most critical development period for coffee flower buds, including flower bud development, bud dormancy, and anthesis; and the LHT1 gene expression evaluation as an ACC intracellular transporter. It is possible that ACC, in addition to being the ethylene precursor, may be involved in the regulation of anthesis and fertilization of the coffee flower. To corroborate this hypothesis, field experiments were carried out complemented with laboratory analysis.



MATERIALS AND METHODS

To elucidate the modulation of ACC in coffee anthesis, three field experiments were designed. In each experiment, we sought to answer three complementary hypotheses related to hormonal crosstalk, the role of water, and the response of coffee plants in the exogenous application of ACC in the coffee anthesis process (Supplementary Table 1).


Field Experiment I

To evaluate the evolution of phytohormones (ABA, Ethylene), intermediaries in the ethylene biosynthesis pathway (ACC and ACO), and relative expression of LHT1 gene in coffee flowering development, three coffee genotypes (C. arabica L.) were selected: Oeiras, Acauã, and Semperflorens, classified as early, late, and continuous, respectively, regarding their flowering and fruit ripening pattern. The experiment was conducted in a 5-year-old coffee plantation at the Department of Agriculture of The Federal University of Lavras (UFLA) following a randomized block design with three biological repetitions, each one comprising ten plants. The experiment was carried out from May to August 2020, with samplings happening at the end of the rainy period (May 18th, late fall), end of dry period (-August 18th, winter), and re-watering period (August 28th, late winter, 10 days after the first rain event). For each period, the sampling comprised of roots (15 to 25 cm deep into the soil), leaves (young and fully expanded at the third or fourth node from plagiotropic branches), and flower buds (G2 buds with a broad and flat apex, G3 buds up to 3 mm in length, and G4 buds ranging from 3.2 to 6 mm in length) (Morais et al., 2008), taking place from 8:00 to 10:00 am. Samples were immediately frozen in liquid nitrogen and stored at −80°C to be evaluated for ACC and ABA content, ACO activity, and LHT1 expression analysis. For the ethylene analysis, leaves, buds, and root samples were collected in glass tubes. Plant water status was assessed by measuring predawn leaf water potential (from 03:30 till 05:30) using a Scholander-type pressure chamber (Figure 1A). Both quantifications were made according to Lima et al. (2020).
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FIGURE 1. Predawn leaf water potential for coffee genotypes. (A) Coffee plants from field experiment I in the rainy period (May 18th), dry period (August 20th), and re-watering period (August 28th) for Oeiras, Acauã, and Semperflorens genotypes. (B) Coffee plants from field experiment II in the re-watering period (August 28th) for Paraiso 2 coffee cultivar. Data are the mean ± 95% of SD of the mean (n = 8). Different letters within the same period indicate statistical (P < 0.05) differences within the same period, respectively.




Field Experiment II

Aiming to evaluate the effect of rain and hormonal balance in coffee flowering corroborating the results of the field experiment I, a second experiment was conducted in a 3-year-old coffee (C. arabica cv. Paraiso 2) plantation. The experiment consisted of the evaluation of two treatments, plants under normal field conditions (Uncovered) and plants under rainfall exclusion (Covered), with three biological repetitions, each one composed of 10 plants in each treatment. Rainfall exclusion was achieved by the installation of translucent nylon (polypropylene) fixed on twelve 3.2 m high eucalyptus wood logs, deep 0.60 m in the soil with three wood logs 3 m distant from each other. Every eucalyptus wood log was arranged on each posterior side and in the middle of the coffee line. A translucent nylon piece of 0.2 micrometers was fixed on top of wood logs using a wooden piece of 5 × 7 cm with a small hobnail, covering a total of 81 m2 of rain exclusion area (Supplementary Figure 1). Leaf water potential measurement (Figure 1B) and tissue sampling for the evaluation of Ethylene, ACC and ABA content, ACO activity, and LHT1 expression analysis were performed similarly to field experiment I.



Field Experiment III

To better understand the effect of the ethylene pathway modulating coffee anthesis, exogenous treatments of ethylene and ACC were evaluated. Firstly, a test was carried out to determine the ideal concentrations for ethylene application using Ethrel 720 in three concentrations: (i) 1.3 ml, (ii) 0.50 ml, and (iii) 0.25 ml. The application was carried out using a total volume of 3 L in 3 five-year-old coffee plants (C. arabica cv Catuaí 144) wetting well leaves and flower buds. All concentrations accelerated the leaf senescence process (Supplementary Figure 2) and promoted the abortion of flower buds (data not shown). For this reason, the application of ethylene (Ethrel 720) for flowering analysis was excluded. For ACC, the experiment was carried out in the coffee germplasm collection on adult, 4-year-old coffee cultivar (C. arabica cv. Semperflorens) trees. The experiment was conducted in a randomized design with four treatments (One plant per treatment) and ten replicates per treatment (Ten branches per plant) with 5–6 nodes per branch. Four treatments were applied, ACC (0.1 mm), 1-Methylcyclopropene (1-MCP, 50 mg a.i. L–1), ACC + 1-MCP, and a control (water). It was added to all treatments a surfactant (Tween 20®, at 0.08%) to improve the solutions adherence and penetration in the coffee tissues; 200 mL of total solution per treatment was used during applications.

The ACC concentration applied was determined according to the ACC content found in coffee tissues in the re-watering period of field experiment I [Figures 2(1C)]. 1-MCP concentration applied was determined according to Lima et al. (2020). Each treatment was sprayed carefully in each branch, totally wetting the leaves and flower buds in the upper third of the plant. Three days after the application, a rain event of 35 mm occurred, having all treatments influenced by the same quantity of water in the field. Flower bud differentiation was evaluated 15 days after treatment application (previous to anthesis) counting the number of flower buds in G2, G3, G4, and G6 stages (Morais et al., 2008) from all nodes (5–6) in each branch (240–250 flower buds per treatment).
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FIGURE 2. Plant hormones evolution for coffee genotypes. 1-aminocyclopropane-1-carboxylate (ACC) content (1), Ethylene production (2), ACC oxidase (ACO) activity (3), and abscisic acid (ABA) content (4) in leaves, flower buds, and roots from (A) Oeiras, (B) Acauã, and (C) Semperflorens plants at the rainy period (May 18th), at the dry period (August 18th), and after rain in the re-watering period (August 28th). Data are means ± 95% SD of the mean (n = 6). Different upper-case and lower-case letters indicate the statistical difference of each tissue among the different periods and different tissues within the same period, respectively.




Physiological and Biochemical Analysis


1-Aminocyclopropane-1-Carboxylate Quantification

Leaf, flower bud, and root ACC concentrations were determined by the Bulens method (Bulens et al., 2011) with minor modifications. Coffee tissues were ground in liquid nitrogen using a mortar and pestle. A total of 200 mg were transferred to 2 ml tubes for extraction with 1 ml of sulfosalicylic acid 5% (p/v). After homogenization, tubes were maintained at 4°C for 30 min, being gently mixed with 5 min intervals. After centrifugation at 3,090 g and 4°C for 30 min, 300 μl of the supernatant was transferred, in duplicates for each sample, to 10 ml vacutainer glass followed by 100 μl of 10 mm HgCl2. The tubes were subsequently sealed with a serum cap, and 300 μl of cold NaOH-NaOCl solution (NaOH 0.434 M and NaOCl 0.173 M) was added using a syringe. The mixture was then homogenized for 5 s and incubated for 4 min on ice. After mixing the samples for 5 s, 5 ml of the headspace was withdrawn and ethylene levels were measured using the F-900 Portable Ethylene Analyzer (Felix Instruments, United States) operating under the gas chromatography (GC) emulation mode. The ethylene ppm values were transformed to nmol using the gases equation, and the ACC content was expressed as nmol/g DW.



1-Aminocyclopropane-1-Carboxylate Oxidase Enzymatic Activity Quantification

Leaf, flower bud, and root ACO activity were determined by the Bulens method (Bulens et al., 2011), with some modifications. After tissue grinding in liquid nitrogen, 250 mg were transferred to 2 ml tubes with 50 mg of polyvinylpolypyrrolidone. ACO extraction was performed with 1 ml of extraction buffer [4-morpholinepropanesulfonic acid (MOPS) 400 mm pH 7.2; 30 mm of ascorbic acid, and glycerol 10% (v/v)]. Subsequently, samples were homogenized and centrifuged at 22,000 g for 30 min. Then, 800 μl of supernatant was collected and used for the subsequent analysis. A total of 400 μl of the enzymatic extract was added to 3.6 ml of a reaction buffer containing: 2.8 ml of MOPS buffer (MOPS 64.3 mm pH 7.2; glycerol 12.86% (v/v); sodium bicarbonate 25.8 mM; and iron sulfate 26 μM), 0.4 ml of ascorbic acid 45 mm, 0.1 mL of ACC 36 mm, and 0.3 ml of dithiothreitol (DDT) 12 mm. After sample homogenization, the reaction for ethylene release was carried out for 20 min at 30°C. After homogenization by 5 s, 5 ml of the headspace air was withdrawn and used for the ethylene measurements using the F-900 Portable Ethylene Analyzer (Felix Instruments, United States) operating under the GC emulation mode. The ethylene ppm values were transformed to nmol using the gases equation, and the protein content was determined by the Bradford method (Bradford, 1976) in duplicate, using bovine serum albumin (BSA) as standard. One unit of ACO activity was defined as 1 nmol of ACC converted to 1 nmol of ethylene per min at 30°C (Dong et al., 1992).



Ethylene Measurement

For all sampling periods, leaves, flower buds, and root tissues were immediately incubated in 10 ml vacutainer glass tubes, containing a moist tissue placed on the bottom of each vial, sealed with serum caps, and incubated for 24 h. For each biological sample, ethylene was quantified from the headspace gas using the F-900 Portable Ethylene Analyzer (Felix Instruments, United States) operating under the GC emulation mode in triplicate. Plant material was incubated in two separate vials, and the headspace gas was withdrawn from the vials with a 10 ml plastic syringe. Samples, made of 2.5 ml of gas from each vial, were extracted using the same syringe and subsequently injected into the Ethylene Analyzer. After ethylene measurement, the plant material was weighed and the ethylene production rate was expressed as ppm/g FW. h–1 (Fresh weight per hour).



Abscisic Acid Extraction and Concentration Measurement

The ABA content analysis in the leaves, flower buds, and roots was carried out according to Liu et al. (2014). Samples were ground in liquid nitrogen, then 500 μl of an extraction solution (methanol 90% (v/v) and sodium diethyldithiocarbamate trihydrate 200 mg/L) was added to 200 mg of plant material in a siliconized borosilicate tube. Samples were incubated overnight under dark conditions at 4°C and centrifuged at 8,000 g for 10 min at 4°C. The supernatant was transferred to a pre-cold 1.5 ml Eppendorf tube and evaporated in a vacuum centrifuge at room temperature. The residue was dissolved in a methanolic Tris buffer solution containing methanol 10% (v/v), Tris–HCl 50 mM pH 8.0, MgCl2 1 mm, and NaCl 150 mm. The ABA concentration in all tissues was measured with a Phytodetek ABA enzyme immunoassay test kit (Agdia; Elkhart, IN, United States, Catalog number: PDK 09347/0096), in duplicate according to the manufacturer’s instructions.




Molecular Analysis


In silico Analysis

Genes encoding for Lysine Histidine Transporter (LHT1) in A. thaliana were retrieved from The Arabidopsis Information Resource1 database. The protein sequences from these genes were used as input to perform similarity searches against the genomes of plant species from different orders such as Rubiaceae, Solanales, Rosales, Gentianales, Malpighiales, Vitales, Poales, and Amborellales by the Protein Basic Local Alignment Tool (BLASTp), at the National Center for Biotechnology Information (NCBI2) (Thompson et al., 1994). The sequences with significant similarity (e-value < 10-5) were selected and the predicted proteins in which the inputted sequence identity was below 70% were removed. Protein sequences were aligned using the Clustal W program with the standard patterns. The phylogenetic tree was drawn using the MEGA software version 6.03 (Tamura et al., 2013), with a neighbor-joining comparison model (Saitou and Nei, 1987) and bootstrap values from 5,000 replicate to assess the robustness of the tree. The LHT1 primer (Forward 5′TTCGTCGGTTGCTCATCTCA and reverse: 5′TTGCCTTCTTCAGCCGTT) design was performed using the sequence obtained in the in silico analysis and the Primer Express v2.0 program (Applied Biosystems) (Supplementary Table 2).



RNA Extraction, cDNA Synthesis, and RT-qPCR Assay

The total RNA from the leaves, flower buds, and roots was extracted according to Oliveira et al. (2015), with minor modifications. RNA samples (7.5 μg) were treated with DNase I using the Turbo DNA-free Kit (Ambion)4 to eliminate DNA contamination. The RNA integrity was analyzed in 1% agarose gel, and the RNA content, as well as quality, were accessed by spectroscopy (OD260/280 and OD260/230 > 1.8) (NanoVue GE Healthcare, Munich, Germany). One μg of the total RNA was reverse transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, United States), according to the manufacturer’s protocol.

Real-time quantitative PCR (RT-qPCR) was performed using 15 ng of complementary DNA (cDNA), with a Rotor-Gene SYBR Green PCR Kit (Qiagen)5, using a Rotor Gene-Q(R) thermocycler (Venlo, Netherlands). Reactions were carried out in 15 μl total reaction volume: 7.5 μl of SYBR-green (QuantiFast SYBR Green PCR Kit – Qiagen), 0.3 μl of forward and reverse gene-specific primers, 1.5 μl of cDNA at 10 ng/μl, and 5.7 of RNase-DNase-free water. Three biological repetitions were used, and reactions were run in duplicate as technical replicates. Amplification was performed with the following reaction conditions: enzyme activation with 5 min at 95°C, then 40 cycles of 95°C for 5 s, followed by 10 s at 60°C, and completed by a melting curve analysis to assess the specificity of the reaction by raising the temperature from 60 to 95°C, with 1°C increase in temperature every 5 s. Relative fold differences were calculated based on the ΔΔCT method (Pfaffl, 2001), using MDH and RPL39 as reference genes (De Carvalho et al., 2013; Fernandes-Brum et al., 2017; Supplementary Table 3).




Statistical Analysis

For ACC, ethylene, ACO activity, and ABA, data analysis was performed using the InfoStat software6 (Di Rienzo et al., 2020). The statistical difference was determined by one-way ANOVA, followed by the Tukey test. Results were expressed as the mean ± SD. The values marked with different letters are significantly different at P < 0.05. For the gene expression, statistical analyses were performed by the R software (R Core Team, 2019). The expression rate and the confidence intervals were calculated according to the method proposed by Steibel et al. (2009), which considers the linear mixed model given by the following equation: yijklm = μ + TGijk + Il + eijklm where, yijklm is the Cq (Quantification cycle) obtained from the thermocycler software for the kth gene (reference or target) from the mth well, corresponding to the lth plant subject to the ith treatment (Wet, Dry, and Rainy) at the jth tissues (Leaf, Bud, and Root); TGijk is the effect of the combination of the ith treatment (May 18th, August 18th, and August 28th) at the jth tissues (Leaf, Bud, and Root). Graphics were performed with SigmaPlot v. 14 (Systat Software Inc.)7.




RESULTS


Leaf Water Potential

In field experiment I, the leaf water potential was measured from −0.35 to −0.45 MPa in the rainy period (May 18th), decreasing dramatically at the end of the dry period (August 18th), reaching values from −2.5 to −2.7 MPa. After 22 mm of rain in the re-watering period (August 28th), the leaf water potential values increased to −1.5 MPa (Figure 1A). In field experiment II, the leaf water potential was measured only in the re-watering period, showing that values were higher in covered than in uncovered plants (Figure 1B).



Field Experiment I


1-Aminocyclopropane-1-Carboxylate Content

In general, higher ACC levels were observed in the cultivar Oeiras when compared to the other genotypes (1.5 times more than Acauã and Semperflorens). Within each cultivar, there were different patterns of ACC production across the periods. For Oeiras, ACC showed an increase along the sampling periods for leaves, flower buds, and roots [Figures 2(1A)], whereas, for Acauã, there was a decrease in the levels in the dry period for leaves and flower buds and an increase in the root, with increased levels being observed in all tissues after the rain event [Figures 2(1B)]. As for the cultivar Semperflorens, a pattern of ACC increase in the leaves was observed during the dry period, slightly decreasing in flower buds, and remaining stable in roots. Similar to the previous genotypes, ACC levels increased after the rain event for the leaves, flower buds, and roots [Figures 2(1C)].

Although all genotypes presented different patterns of ACC production in their different tissues between the rainy and dry periods, the first rain after the dry period provided increases of ACC observed in all tissues from the three coffee genotypes [Figure 2(1)]. Oeiras ACC levels increased 0.93, 2.77, and 2.7 times for leaves, flower buds, and roots, respectively, once plants were partially rehydrated. For Acauã plants, ACC also increased greatly in root and leaf (1.19 and 7.13 times, respectively), as well in Semperflorens, rain promoted ACC increases of 0.72 and 3.88 times for the leaves and roots, respectively, related to the dry period. When comparing the production of ACC among the three genotypes, it could be observed that there is a difference between Acauã and Oeiras where, although they showed similar ACC levels until the end of the dry period, ACC levels after the rain ranged from 800 to 1,200 nmol ACC/gr DW (Acauã) and 1,500 to 2,300 nmol ACC/gr DW (Oeiras) (Figures 2A,B). In Semperflorens plants the pattern of ACC production was similar to the one observed for Acauã plants [Figures 2(1C)].



Ethylene Production

Ethylene production showed different patterns among tissues and genotypes. Oeiras ethylene production decreased along the sampling periods for leaves and flower buds, with the opposite being observed for roots [Figures 2(2A)]. Acauã ethylene production decreased in leaves and increased for roots along the sampling periods, whereas for flower buds, an increase was observed during the dry period (0.94 times), decreasing after the rain in the re-watering period (0.54 times) [Figures 2(2B)]. In Semperflorens, ethylene production showed a similar pattern for the three tissues, decreasing during the dry period (2 times) and increasing once plants were partially rehydrated after the rain event (1 time) [Figures 2(2C)]. In general, ethylene production was similar for the three genotypes, showing a decreasing pattern in leaves along the sampling periods and an increasing pattern in roots of Oeiras and Acauã plants [Figures 2(2)].



1-Aminocyclopropane-1-Carboxylate Oxidase Activity

In Acauã and Oeiras, the ACO activity had a similar pattern [Figures 2(3A,B)], decreasing from the rainy period (May 18th) to the re-watering period (1.65 times) (August 28th) for leaves, and increasing in roots (0.87 times). Meanwhile, flower buds decreased ACO in the dry period (August 18th). In Semperflorens plants, ACO activity decreased from the rainy period (May 18th) to the dry period (1.23 times) (August 18th) for all tissues and increased in the re-watering period (August 28th) for leaves and buds but continued decreasing for roots [Figures 2(3C)].



Abscisic Acid Content

The ABA content was different among the analyzed sampling periods. In general, it was low in the rainy period (May 18th), increasing in the dry period (August 18th) and re-watering period (August 28th), observing different behaviors dependent on each cultivar. The ABA content was higher in Semperflorens than Oeiras and Acauã (5 and 10 times, respectively), especially for leaves. For Oeiras, the ABA level was similar for leaves, buds, and roots in the rainy period (May 18th), and showed higher levels for all tissues in the dry period but was even higher in leaves. Furthermore, in the re-watering period (August 28th), the ABA level decreased for all tissues, although was higher in leaves compared to other tissues, having levels similar to the dry period [Figures 2(4A)]. In Acauã leaves ABA content increased from the end of the rainy period to the re-watering period (3 times) (May 18th to August 28th), whereas, buds increased ABA from rainy to dry period (2 times) (May 18th to August 18th) and decreased in the re-watering period (August 28th). ABA in roots was high in the rainy period (May 18th), and stable during the dry and re-watering periods (August 18th and August 28th) [Figures 2(4B)]. In Semperflorens, the ABA content had a similar pattern to Oeiras, having low levels in the rainy period (May 18th), increasing in the dry period (August 18th), and decreasing in the re-watering period (August 28th) [Figures 2(4C)].



Lysine-Histidine Transporter 1 (LHT1) Gene Expression

In field experiment, I, the relative gene expression of the LHT1 transporter was compared for the same tissues (Leaves, buds, and roots) among sampling periods. In general, differences were observed in the relative gene expression for root and bud tissues in the re-watering period (August 28th) when compared to rainy and dry periods (May 18th and August 18th). For leaves tissues, no differences were observed between sampling periods (May 18th, August 18th, and August 28th) (Figure 3A). In field experiment II, the comparison of the LHT1 relative gene expression was made among leaves, buds, and roots for covered and uncovered plants in the re-watering period (August 28th). Results showed that LHT1 expression was higher in uncovered plants for the root and flower bud tissues, whereas, no differences in the relative gene expression were observed in leaves (Figure 3B), similarly to what was observed in leaves for field experiment I.
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FIGURE 3. Relative expression of the lysine histidine transporter (LHT)1. (A) Field experiment I for the leaves, buds, and roots in rainy period (May 18th), dry period (August 18th), and re-watering period (August 28th) for Acauã (A), Oeiras (O), and Semperflorens (SF). (B) LHT1 relative expression in leaves, buds, and roots for field experiment II in re-watering period (August 28th) for Covered and Uncovered plants of coffee cultivar Paraiso 2. Data are means ± 95% SD of the mean (n = 6). ** = significative difference of tissues between periods and *** = high significant difference of tissues between periods.





Field Experiment II

The objective of field experiment II was to evaluate the effect of water on the evolution of ABA, ACC, ACO, and ethylene in the re-watering period (August 28th) using two treatments (Covered and uncovered plants). The content of ACC was higher in uncovered plants than in covered ones (Figure 4A). However, the ethylene production did not vary between treatments, as well as the ACO activity, except for buds that had higher production and activity in both parameters for uncovered plants (Figures 4B,C). On the other hand, the ABA content decreased in the uncovered plants (Figure 4D), possibly as an effect of the rehydration of the plant and the increase in the leaf water potential (Figure 1B).
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FIGURE 4. Phytohormones contents. (A) ACC, (B) Ethylene, (C) ACO, and (D) ABA quantification in leaves, flower buds, and roots in the field experiment II (covered and uncovered plants of Paraiso 2 coffee cultivar). Data are means ± 95% SD of the mean (n = 6). Different upper-case and lower-case letters indicate statistical differences of each tissue among the different treatments and the different tissues within the same treatment, respectively.



Field Experiment III

Coffee plants that had an exogenous application of ACC showed an increase in the number of flower buds (at the G6 stage). The number of flower buds at the G6 stage was higher in the treatment with ACC (14 flower buds – 3.63 times), followed by the treatment with 1-MCP + ACC (8 flower buds – 2.2 times), and 1-MCP (6 flower buds – 1.63 times) compared with the control treatment (3 flower buds) (Figure 5A). These results are congruent with the statistical differences found among treatments for flower buds atG6 stage (Figure 5B). Because all coffee plants had after 3 days of treatments imposition and 35 mm rain, the number of flowers bud at G6 stage in control treatment represent the effect of rain in coffee anthesis and the differences between control and the other treatments [(ACC), (1-MCP + ACC) and (1-MCP)] represent the effect those treatments on coffee anthesis.
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FIGURE 5. Effect of ACC treatment in coffee anthesis. (A) Branches with the opened flower as effect different treatments. (B) Statistical differences among treatments with the application of exogenous ACC and other treatments in flower buds at G6 stage.






DISCUSSION


Water Stress and Flowering

The transition from the vegetative to reproductive phase is a very important event for plants because flowering time is crucial to ensure the success of next-generation and species perpetuity (Romera-Branchat et al., 2014; Song et al., 2015). This phase is marked by different endogenous processes that respond to environmental stimuli. Diverse stress factors can induce, accelerate, inhibit, or delay flowering in many species of plant including water deficit stress (Takeno, 2016). For field experiment, I, coffee plants of Oeiras, Acauã, and Semperflorens genotypes were under water deficit stress and leaf water potential reached −2.5 MPa in the dry period (August 18th) and then the average value of −1.5 MPa after rain in the re-watering period (August 28th) (Figure 1A) with anthesis occurring 10 days after 22 mm of rain (Figure 6A). For field experiment II, covered and uncovered plants showed differences in leaf water potential (Figure 1B), with only uncovered plants having anthesis (Figure 6B). Those results are corroborating that water is an important trigger of the coffee anthesis process.
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FIGURE 6. Coffee anthesis in (A) Oeiras (1), Acauã (2), and Semperflorens (3) in field experiment I. (B) Non-flowering and flowering plants of Paraiso 2 coffee cultivar using treatments of Covered and Uncovered environment at the field experiment II.


This effect can be observed in many tropical and subtropical trees, such as citrus, the most classic example. It was observed that experiments with lemon (Citrus limon L. Burm. f.) under a temperature range of 18–30°C, flowering was controlled by drought stress (Chaikiattiyos et al., 1994), and similar results were reported for “Tahiti” lime (Citrus latifolia Tanaka) as well (Southwick and Davenport, 1986). In Litchi (Litchi chinensis Sonn); the autumnal water stress period increased significantly flowering intensity and yield (Stern et al., 1993), such as in Star fruit (Averrhoa carambola L.) (Wu et al., 2017), Longan (Dimocarpus longan Lour.) (Zhou et al., 2014), and Coffee (C. arabica L.) (Crisosto et al., 1992).

In the agroecological conditions of Brazil, coffee anthesis occurs after a short rainy event preceded by a water deficit period during the winter, which is necessary to break the bud “latent state,” associated with endogenous and external factors (Ronchi and Miranda, 2020). One of the most important factors that contribute to flowering under water deficit stress conditions are phytohormones (Izawa, 2021). The main plant hormone studied in response to water stress is ABA, because it acts as an important signaling mediator for plants’ adaptive response to a variety of environmental stresses regulating many physiological processes, including bud dormancy, seed germination, stomatal development, and transcriptional and post-transcriptional regulation of stress-responsive gene expression (Ali et al., 2020).

For the three coffee genotypes, ABA levels increased from rainy to dry period (May 18th to August 18th) in the leaves and buds, which can be explained by the higher activity for stomatal closure in leaves to cope with the water restriction at this dry period. For Oeiras and Semperflorens, ABA content decreased after a re-watering period (August 28th), whereas in Acauã cultivar, the ABA content increased, as was observed by Martins et al. (2019). This contrast in ABA content can be associated with the intrinsic and phenotypic characteristics of flowering and ripening fruit patterns of each coffee cultivar, where Acauã is considered to be late, Oeiras is early, and Semperflorens is continuous. When the ABA level increases, it negatively modulates ethylene biosynthesis and ABA has shown a positive effect on floral transition under water stress, being able to participate in early flowering known as Drought Escape (Verslues and Juenger, 2011). Despite the ABA variation level between Acauã and the other genotypes, in this experiment for all coffee genotypes, ethylene production decreased from rainy to re-watering periods (May 18th to August 28th) in leaves, possibly due to the interaction of ABA in response to the water stress deficit.



Abscisic Acid-Ethylene Regulation

Abscisic Acid and ethylene are well-known phytohormones involved in the regulation of physiological processes in plants (Müller and Hasanuzzaman, 2021). They participate mainly in plant growth regulation, biotic and abiotic stress responses, bud and seed dormancy, leaf and flower senescence, fruit ripening, germination, and flowering (Binder, 2020; Chen et al., 2020). In our study, in field experiment I, basically, the ABA content was higher in the leaves and flower buds than in the root in the dry period for all genotypes (August 18th) [Figures 2(4)], probably because ABA is very active in leaves and buds due to water deficit to keep stomatal conductance in leaves (McAdam and Brodribb, 2018). Conversely, ethylene production decreased [Figures 2(2)] coinciding with a reduction of ACO activity, which serves as a catalyst in the oxidative process for the conversion of ACC into ethylene. This antagonism in response to water stress has been observed in other species directly related to the closing of the stomata to avoid dehydration (Daszkowska-Golec and Szarejko, 2013).

Concerning flowering, it is known that ethylene could act negatively by inhibiting flowering in A. thaliana (Achard et al., 2007) or delaying in rice (Wang Y. et al., 2013), demonstrating that ethylene signaling is delayed in both species. However, a positive effect on promoting flowering has been observed in pineapple (Ananas comosus L. Merr) (Trusov and Botella, 2006) and lilies (Triteleia laxa Bentham) (Han et al., 1989). Recently, it was proposed that ethylene is involved directly in coffee anthesis by the changes in the biosynthesis pathway and regulatory genes expression (Lima et al., 2020). In other words, the direct effect of ABA in flowering is not well understood, despite there being some reports about positive and negative influences in flowering (Izawa, 2021). Exogenous application of ABA negatively regulates flowering in A. thaliana, represented by AtABI5 overexpression delaying floral transition by upregulating FLOWERING LOCUS C (FLC) expression (Wang Y. et al., 2013).

In the same sense, ABA represses flowering by modulating SOC1 at the apex, when CO is needed by FT in the ABA-dependent floral induction (Riboni et al., 2013). The most known positive effect of ABA on flowering is the drought escape, which is a plant mechanism to avoid drought damage and reflecting in early flowering, to produce seeds before being affected by severe drought stress conditions (Franks, 2011; Gupta et al., 2020). Early flowering is characterized by an ABA increased level in response to water stress (Sherrard and Maherali, 2006; Shavrukov et al., 2017).

At the rainy period (May 18th), coffee plants showed no water deficit stress (−0.25 MPa) and the ethylene levels were higher than ABA, contrasting with the dry period (August 18th), where ethylene level decreased and ABA production increased in coffee plants under water deficit stress (−2.5 MPa) in leaves and flower bud. These results show a clear and opposite behavior in phytohormones content related to water stress conditions in coffee plants (Figure 2). This behavior suggests a direct ABA regulation on ethylene production, possibly by the downregulation of ACO activity. Negative ABA regulation in the ACO activity was observed in Hibiscus (Hibiscus rosa-sinensis L.) when activation of the ethylene biosynthesis pathway was reduced by exogenous ABA treatment (Trivellini et al., 2011). Similar results were observed in Lepidio (Lepidium sativum L.) when ABA inhibited seed germination decreasing ethylene content by the Lepidium ACO2 gene expression regulation (Linkies et al., 2009). Moreover, in Sugar beet, the radicle emergence is regulated by ABA-ethylene antagonism that affects ACC and ACO gene expression (Hermann et al., 2007) and, in Tomato (Solanum lycopersicum L.) was observed upregulation in ripening (Zhang et al., 2009).

In our research, anthesis occurred after a re-watering period (August 28th) by rain, the ethylene content continued to decrease, coinciding with a decrease in the ACO activity. Under Brazilian environmental conditions, coffee flowering is expected after a re-watering period (Lima et al., 2020). This behavior was observed for the leaves and buds, whereas in the roots, it was the opposite. The ABA content decreased in the leaves and flower buds for the Oeiras and Semperflorens genotypes, possibly because the water content for their rehydration was sufficient enough to reduce the water deficit stress in the plant, whereas in the Acauã cultivar, the ABA content increased in the leaves due to persistent water deficit stress. The regulation of stress response in plants by ABA and ethylene depends on the duration of stress, its genetic potential, the environmental conditions, and the developmental stages of the plant (Müller and Hasanuzzaman, 2021).

In field experiment II, the data from ACC, ABA, ethylene, and ACO were taken only after a re-watering period (August 28th) to support the previously hypothesized behavior in the coffee plant after rain. The results showed an increased level of ACC and decreased level of ethylene and ACO activity whereas ABA decreased after rain in response to rehydration of coffee plants (Figure 4). It is known that ABA is associated with drought tolerance in coffee since exogenous ABA applications in seedlings increase the relative water content in the soil and delayed the wilting point of coffee plants (Vu et al., 2020). These results corroborate with the results obtained in field experiment I, where an increased level of ACC was observed over an antagonistic relation between ABA and ethylene, participating in coffee anthesis after a water stress period. This is the first report of increased ACC levels associated with coffee flowering, supporting the theory that ACC is involved in many metabolic processes in plants (Vanderstraeten and van Der Straeten, 2017). Also, principal component analysis (PCA) and correlation analysis reinforce the antagonism in the evolution of ABA and ethylene compared in the three sampled periods (Supplementary Figure 3).



1-Aminocyclopropane-1-Carboxylate Beyond Ethylene Precursor, Acting as a Possible Flowering Signaling

Since ACC was discovered (Adams and Yang, 1979), it has always been described as an ethylene precursor, and external applications of ACC are used for many experiments with ethylene (Elías et al., 2018). However, new pieces of evidence and recent discoveries showed that ACC can act as a signaling molecule in plants, independently of ethylene. One of the most remarkable results of our experiment is the increase of ACC in all tissues and coffee genotypes after rain in the re-watering period (August 28th) [Figure 2(1)]. In our initial hypothesis, we believed that ACC accumulated in the root during the dry period and transported to the plant aerial part to become ethylene after the rain would be involved in the coffee anthesis (Lima et al., 2020).

However, this study showed that the increase in ACC found in all tissues does not have a positive correlation with the ethylene production in the coffee plant aerial part (buds and leaves), which coincides with a low activity of the ACO enzyme in the field experiment I and corroborated with the results in the field experiment II. It is possible that ACC, in addition to being a precursor molecule of ethylene, is involved in the fecundation and anthesis process in coffee. The results of the field experiment III allow us to confirm this hypothesis because the treatment imposition with exogenous ACC showed a higher number of flower buds at the G6 stage as compared with control treatment (Water) (Figures 5A,B). This high level of ACC observed in all tissues, after rain in the re-watering period (August 28th) [Figure 2(1)], could be derived from the amino acid methionine (Precursor of ACC) accumulated during the dry period, as a plant response to alleviate the water stress period as observed in previous studies in coffee (Marcheafave et al., 2019), wheat (le Roux et al., 2020), and Bitter gourd (Akram et al., 2020).

In the III field experiment, the number of opened and G6 stage flower buds of the treatment with 1-MCP were higher than that of control treatment, agreed with Supplementary Figure 2 and, indicating that ethylene inhibited coffee anthesis. There was no difference in flowering number between the 1-MCP + ACC treatment and 1-MCP treatment, the reason may be that the 1-MCP treatment promoted ethylene synthesis and decreased ACC concentration; or/and 1-MCP treatment inhibited the expression of LHT1. However, the number of flowering in ACC treatment was higher than that in 1-MCP treatment and 1-MCP + ACC treatment, the mechanism may be that the inhibition of LHT1 expression by 1-MCP was relieved, or the signal effect of ACC was stronger than that of ethylene. To confirm the regulatory effect of ACC on coffee flowering, co-treatment with Co2+, AIB and 1-MCP in the presence or absence of ACC could allow the study of the signaling effect of ACC (Le Deunff and Lecourt, 2016). In Arabidopsis, Mou et al. (2020) found that ACC in ovules stimulates transient Ca2+ elevation and Ca2+ influx, and this signaling in ovular sporophytic tissue is involved in pollen tube attraction. ACC may participate as signaling in pollen tube attraction in the coffee flower fecundation process. This process is very important in the coffee crop since the anthesis only occurs between 10 and 12 days after the rain, at which time flower fecundation has already occurred in a 90% because the coffee plant is self-pollinated (Veddeler et al., 2006).

1-aminocyclopropane-1-carboxylate has been shown to regulate some physiological mechanisms in plants such as stomatal development by guard cell differentiation (Yin et al., 2019), cell wall metabolism (Hofmann, 2008; Xu et al., 2008; Tsang et al., 2011), and vegetative development (Tsuchisaka et al., 2009; Vanderstraeten et al., 2019). In addition, it has been found that ACC has a distinct function than ethylene in the non-vascular plant Marchantia polymorpha (Li et al., 2020; Katayose et al., 2021) and sexual reproduction induction in the Marine red alga Pyropia yezoensis (Uji et al., 2020). In our study, the LHT1 expression, an intracellular amino acid transporter that also transports ACC (Shin et al., 2015), was evaluated. Although its best-known function is amino acid transporters of ACC, it might be involved in many biological processes related to ethylene (Yang et al., 2020).

In field experiment I, the LHT1 expression was higher in all coffee genotypes after rain in the re-watering period (August 28th), especially for roots and buds (Figure 3A), as well as in the field experiment II, wherein the uncovered coffee plants the LHT1 expression was higher for buds and roots than in covered plants, whereas, in leaves, it did not show the difference (Figure 3B). Notably, there was an increase in ACC in the coffee plant tissues [Figure 2(1)], which coincides with a higher LHT1 expression after the rain (Figure 3A), showing that LHT1 transporter might be associated with ACC intracellular transportation (Figure 4A). The LHT amino acid transporters family are linked with flower development because LHT2 and LHT4 were expressed in the tapetum, suggesting their role in delivering amino acids to pollen grains in Arabidopsis (Lee and Tegeder, 2004; Foster et al., 2008). Moreover, LHT5 and LHT6 expressions were detected along the transmitting tract of the pistil and the pollen tube, pointing to a function in amino acid uptake for successful fertilization (Foster et al., 2008). The study represents the first report of LHT1 transporter gene expression associated with ACC in coffee, suggesting intracellular transport and most likely, participating in the coffee anthesis. In light of these results, we propose that ACC participates in the anthesis process in the coffee plant, as represented in Figure 7.


[image: image]

FIGURE 7. Proposed model of ABA-ACO-Ethylene regulation favoring ACC increased level influencing coffee anthesis in the ethylene biosynthesis pathway. (A) Evolution of phytohormones (ABA, ACC, ACO, Ethylene) and LHT1 transporter measured in this study by the sampling times (May 18th, August 18th, and August 28th). The color intensity in the chart means the level of plant hormone in the coffee plant as a whole (Light blue = low, blue = medium, dark blue = high). (B) Relationship among phytohormones according to our proposal, the black arrow means established plant hormones relation in this study, gray ones mean part of ethylene biosynthesis process described in the literature, the red arrow means a proposal of this study of ACC acting in coffee anthesis.





CONCLUSION

The results of this study showed that ACC acts as a modulator in the coffee flowering process, displaying more concentration in the anthesis period. We suggest that ACC has its activity modulated independently of the ethylene biosynthesis pathway. Furthermore, ABA is involved in the process, especially, because coffee anthesis is preceded by a water stress deficit period in which this plant hormone plays an important role in stomatal closure. On the other hand, this is the first report of LHT1 as an ACC transporter in coffee associated with anthesis. These results suggest that the increased ABA level during the dry period regulates the ACO activity decreasing the ethylene content and increasing the ACC level throughout an intracellular transport in roots, flower buds, and leaves, this may be directly associated with both fecundation and anthesis process in coffee in the re-watering period. Re-watering is an inductive stimulus for coffee anthesis after a water deficit period. Our results corroborate that making the water an important trigger for physiological processes of coffee anthesis is proven by covered plants not presenting anthesis while uncovered coffee plants bloomed.
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Waterlogging (W-B) is a major abiotic stress during the growth cycle of maize production in Huang-huai-hai plain of China, threatening food security. A wide range of studies suggests that the application of 6-benzyladenine (6-BA) can mitigate the W-B effects on crops. However, the mechanisms underlying this process remain unclear. In this study, the application of 6-BA that effectively increased the yield of summer maize was confirmed to be related to the hormone and sugar metabolism. At the florets differentiation stage, application of 6-BA increased the content of trans-zeatin (TZ, + 59.3%) and salicylic acid (SA, + 285.5%) of ears to induce the activity of invertase, thus establishing sink strength. During the phase of sexual organ formation, the TZ content of ear leaves, spike nodes, and ears was increased by 24.2, 64.2, and 46.1%, respectively, in W-B treatment, compared with that of W. Accordingly, the sugar metabolism of summer maize was also improved. Therefore, the structure of the spike node was improved, promoting the translocation of carbon assimilations toward the ears and the development of ears and filaments. Thus the number of fertilized florets, grain number, and yield were increased by the application of 6-BA.

Keywords: summer maize, waterlogging, ear differentiation, yield, sucrose-cleaving enzymes


INTRODUCTION

Given the ongoing increases in global temperature, the frequency and intensity of extreme climate weather have increased, which cause marked damage to crops and food system infrastructure, with the potential to destabilize food systems and threaten local to global food security, especially the developing countries (Lesk et al., 2016). Changes in temporal and spatial patterns of precipitation directly influence the crop water cycle, and consequently, drought and waterlogging (W-B) stresses are increasingly becoming important factors that constrain crop yield (Tao et al., 2003a,b). Globally, around 12% of the world’s arable lands were affected by extreme rainfall events-induced W-B leading to approximately 20% of crop yield reduction (Setter and Waters, 2003). A continuous increase in population coupled with the increasing frequency and intensity of extreme rainfall events results in serious food security problems. Therefore, there is an urgent need for mitigation strategies to reduce the reduction of yield induced by W-B.

Maize is most vulnerable to climate variability and changes among the staple crops as the maize yields are significantly correlated with the seasonal precipitation in the North China Plain (Tao et al., 2008). Therefore, developing effective strategies to cope with the climatic risk in maize production is of great significance to ensuring food security. Previous studies suggested that W-B impedes maize roots’ growth and decreases the photosynthetic capability of the shoot and plant productivity. However, plant productivity is also determined by carbohydrate allocation, other than photosynthetic capacity (Moore et al., 2021). The ear is the main harvesting organ of maize, thus the growth and development of ears largely reflect the plant productivity of maize. The formation of maize ears is a dynamic development process of sequential differentiation. The maize ear is composed of spikelet pairs arranged in rings sequentially initiated at the ear apex. The ear growth cone can continuously differentiate into spikelet pairs until the sexual organ formation period (Bonnett, 1940; Kiesselbach, 1949). However, under adversity conditions, the insufficient supply of nutrients may reduce the differentiation time and the differentiation rate of spikelets, decreasing the total number of florets. Therefore, the ability of carbohydrate translocation to ears is a key for plant productivity.

Carbohydrate translocation from photosynthetic source tissues to non-photosynthetic sink tissues is in the form of sucrose. The entry of carbon from sucrose into cellular metabolism such as the synthesis of starch, protein, and cellulose in plants can potentially be catalyzed by either sucrose synthase or invertase. Sucrose translocation and sink strength are mediated by the sucrose-cleaving enzymes (sucrose invertase and sucrose synthase). The high activity of sucrose invertase is pivotal to ensure sufficient reducing sugar for spike differentiation and development in summer maize, thus ensuring sufficient florets to develop into grains (Hu et al., 2021a). It has been confirmed that increasing the sucrose invertase is an effective strategy to improve the source and sink relationship, thus increasing the crop yield in the context of adverse conditions (Julius et al., 2017; Xu et al., 2020).

Many investigations have recently been conducted to provide insights into sugar signaling and its interplay with hormones in the fine-tuning of plant growth, development, and survival (Sakr et al., 2018). Abscisic acid (ABA) regulates many plant adaptive responses to environmental constraints (Rohde et al., 2000; Finkelstein et al., 2002; Vishwakarma et al., 2017). Additionally, many mutations affecting sugar sensing and signaling are allelic to genes encoding components of the ABA synthesis or ABA transduction pathways suggesting that ABA and sugars can cross-influence each other (Laby et al., 2000; Rook et al., 2001; Brocard-Gifford et al., 2004; Akihiro et al., 2005). Moderate drought can increase the ABA content of stems, thus promoting the remobilization of carbohydrates into ears, increasing the grain-filling rate (Abid et al., 2017). GAs can mediate the photosynthetic (Tuna et al., 2008; Jiang et al., 2012) and sugar metabolic activities (Miyamoto et al., 1993, 2000; Chen et al., 1994; Mehouachi et al., 1996; Ranwala and Miller, 2008; Choubane et al., 2012; Liu et al., 2015; Machado et al., 2017), thus directly regulating the plant carbon status. Additionally, cytokinins and sugars acted both agonistically and antagonistically on gene expression, cross-influencing their metabolism and transport (Barbier et al., 2015; Wang et al., 2016), which may impinge on signaling pathways. Glucose has been confirmed to strongly affect genes involved in cytokinin metabolism and signaling (Kushwah and Laxmi, 2014). Besides, extensive crosstalk between sugars and other hormones such as brassinosteroids, ethylene, strigolactones, and auxin also function in regulating plant growth and development (Sakr et al., 2018).

The plant growth regulators are widely used in plant adaption to abiotic stresses in recent years. They can modulate the content and balance of endogenous hormones, regulate the synthesis and translocation of carbohydrates, and improve the source and sink relationship, thus playing a wide range of roles in plant growth and development. For example, the application of cytokinins can increase the florets of maize by counteracting the inhibition of ABA on sucrose translocation; application of SA can promote the translocation of photosynthesis assimilates toward ears, thus increasing the grain yield (Thompson, 2014; Kang et al., 2021). Our previous studies suggested that the application of 6-benzyladenine (6-BA) increased the yield of waterlogged summer maize from many aspects such as improving photosynthesis, balancing the metabolism of carbon and nitrogen, and delaying the leaf senescence (Ren et al., 2017). In addition, the 6-BA effects on endogenous hormones have been widely discussed. Moreover, the hormonal regulation of the source-sink relationship has been studied (Albacete et al., 2014). However, less is known regarding the effects of 6-BA on carbon translocation and spike differentiation of waterlogged summer maize that are directly related to the grain yield. Therefore, in this study, we focused on the effects of 6-BA on the ear differentiation processes, the changes of endogenous hormones, the carbon partitioning between source and sink tissues, and the cross-talk between hormones and sugars to find out the underlying mechanism of 6-BA, improving the grain yield of waterlogged summer maize.



MATERIALS AND METHODS


Experimental Site and Conditions

Field experiments were conducted at an experimental farm of Shandong Agricultural University (36.09°N, 117.09°E) in the 2017 and 2018 cropping seasons. The effective cumulative temperatures (temperature > 10°C was defined as effective temperature) of summer maize growth periods during 2017 and 2018 were 1,857.5 and 1,836.2°C day, respectively. On average, 479.6 mm of precipitation occupied 72.8% of the total annual precipitation that occurred during the summer maize growth periods. N, P, and K fertilizers were applied as base fertilizer: 210 kg ha–1 N (urea, 46% N), 75 kg ha–1 P2O5 (calcium superphosphate, 17% P2O5), and 150 kg ha–1 K2O (muriate of potash, 60% K2O). Disease, weeds, and pests were well controlled in each treatment according to the management of the local farmers.

The experiment was designed as a randomized block experiment using the summer maize hybrid DengHai 605 (DH605). Four treatments, namely, waterlogging (W), spraying 6-BA after W-B, no waterlogging stress (CK), and spraying 6-BA on non-waterlogged plants (CK-B) were set in this study. The W-B stress was imposed at the third leaf stage, and the duration of W-B treatment was 6 days. In total, 100 mg L–1 6-BA was applied as foliar sprays at the rate of 150 ± 5 ml per plant on all leaves, from 16:00 to 18:00 the next day after W-B, whereas the remaining plots were sprayed with deionized water. Each treatment was replicated three times. The plot size was 4 m × 4 m. Each plot was separated by polyvinyl chloride boards partitions. The water used to maintain the W-B condition was applied through water pipes. The water level was maintained at 2–3 cm above the soil surface in waterlogged treatments. Diseases and pests were well monitored and controlled.



Ear Differentiation Characteristics

Maize was sown on 15 June 2017 and 8 June 2018 with a plant density of 67,500 plants ha–1. Five representative plants were sampled from each plot at the jointing growth stage (5th–6th leaf stage, V5–V6), booting stages (12th–13th leaf stage, V12–V13), and sexual organ formation stage (13th leaf stage to tasseling stage, V13–VT) to determine the stages of tassel and ear development. The husks around the growth cone were stripped with a dissecting needle, and then the development processes of ears were observed and photographed with a stereoscopic microscope.

On the fifth day after fertilization, five ears from each plot were sampled to measure ear floret differentiation. The fertilized florets, degeneration florets, and well-developed florets were distinguished and recorded according to the method described by Cui et al. (2015).



The Structure of Filaments

Before the fertilization of the filaments, filaments of apical florets from three plants of each plot were sampled and preserved in stationary liquid for structural analysis using a scanning electron microscope.



The Structure of Spike Node

Three spike nodes were sampled from each plot and preserved in the formaldehyde-acetic acid-ethanol fixative (40% formalin: glacial acetic acid: 70% ethanol, 1:1:18, by vol). The samples were dehydrated in a graded alcohol series. The materials were cut using a thin blade and stained with safranine. The slices were observed and photographed using a biological microscope (NI-u; Nikon, Tokyo, Japan). The number and area of bundles were measured. A total of 30 slices were observed and measured per plot.



13C Pulse Labeling, Sampling, and Analysis

At the 12th leaf stage, five plants from each plot were labeled according to the method described by Hu et al. (2021b) using 13CO2. At the VT stage, three 13CO2 labeled plants were sampled and separated into stems, leaves, ear leaves, spike nodes, shanks, ears, and tassels. These samples were dried, weighed, and ball-milled for analysis (Schussler and Westgate, 1994).



Assays for the Activities of Superoxide Dismutase, Peroxidase, Catalase, and the Content of Malonaldehyde

Before the fertilization of the filaments, filaments from three plants of each plot were sampled. The activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) and the content of malonaldehyde (MDA) were measured according to the method described by Hu et al. (2021).



Extraction and Quantification of Abscisic Acid, Trans-Zeatin, Salicylic Acid, and Jasmonic Acid

At the florets differentiation processes, eight ears from each plot were sampled; during the phase of sexual organ formation, ear leaves, spike nodes, spike handles, and ears from three plants of each plot were sampled. These samples were frozen in liquid nitrogen and stored at –80°C for the quantification of hormones. The contents of hormones were extracted and quantified using a triple quadrupole mass spectrometer (ACQUITYUPLCI-Class/XevoTQ-S, Waters, Milford, MA, United States) equipped with an electrospray ion source according to the method described by Engelberth et al. (2003).



Activity Assays for Invertase and Sucrose Synthase

Before the phase of sexual organ formation, eight ears from each plot were sampled; during the phase of sexual organ formation, ear leaves, spike nodes, shanks, and ears from three plants of each plot were sampled. The activities of sucrose invertase and sucrose synthase were measured according to the method described by Hu et al. (2021b).



Assay of Soluble Sugar, Sucrose, and Starch Contents

During the phase of sexual organ formation, three plants were sampled from each plot and separated into stems, leaves, ear leaves, spike nodes, shanks, ears, and tassels. The ear leaves, spike nodes, shanks, and ears were dried, weighed, and ball-milled for the determination of sugar contents. Sugars were extracted by deionized water through the boiling water bath, and the starch was extracted using 2N HClO4 by boiling water bath according to the method described by Hanft and Jones (1986).



Yield and Yield Components

A total of 30 ears from the middle three rows of each plot were harvested to measure yield and yield components (moisture content was approximately 14%).



Data Analysis

IBM SPSS Statistics 21.0 (IBM Corporation, Armonk, NY, United States) was used for data statistics and analysis. Sigma plot 10.0 (Systat Software, Inc., Richmond, CA, United States) was used for data processing and plotting. Comparisons among groups were tested by one-way ANOVA and LSD tests, and differences between the means were considered significant at P < 0.05.




RESULTS


The Effects of 6-Benzyladenine on the Grain Yield of Waterlogged Summer Maize

W-B significantly impaired the plant growth, resulting in a decrease in grain yield. However, the application of 6-BA could improve the plant growth and grain yield of waterlogged summer maize (Supplementary Figure 1). W-B decreased the kernels per ear and 1,000-kernels weight by 20.6 and 5.1%, respectively, thus leading to 24.1% grain yield losses. The application of 6-BA effectively increased the grain yield of waterlogged summer maize. The kernels per ear and grain yield of CK-B were 7.5 and 13.3%, respectively, higher than those of CK; the kernels per ear, 1,000-kernels weight, and grain yield of W-B were 18.6, 5.4, and 25.0%, respectively, higher than those of W (Table 1).


TABLE 1. The effects of 6-BA on the yield of waterlogged summer maize.
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The Effects of 6-Benzyladenine on the Ear Differentiation Characteristic of Waterlogged Summer Maize


The Ear Differentiation Processes

W-B significantly decreased the ear differentiation processes; the initiation of spike differentiation was delayed by 4 days after W-B. In addition, the period of spike differentiation to initiation of filament elongation was shortened around 1 day. Application of 6-BA had no significant effects on the ear differentiation process. Moreover, W-B impeded the development of the apical florets and decreased the elongation rate of filaments. However, the application of 6-BA promoted apical florets development and filament elongation of waterlogged summer maize (Supplementary Figures 2, 3).



The Total Florets and Fertilized Florets

On average, there were 493, 524, 399, and 459 florets differentiated before the initiation of filament elongation in CK, CK-B, W, and W-B, respectively. Accordingly, W-B decreased the total florets by 15.2%, compared with that of CK. Application of 6-BA increased the total florets by 2.5% in CK-B, compared with that of CK. In addition, the total florets of W-B were 12.0% higher than that of W. Besides, the fertilized florets were decreased by 21.0% in W, compared with that of CK. Application of 6-BA increased the fertilized florets by 21.6%, compared with that of W (Table 2).


TABLE 2. The effects of 6-BA on the differentiation and fertilization of florets.
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The Activities of Superoxide Dismutase, Peroxidase, and Catalase; The Content of Malonaldehyde; And the Structure of Filaments

The activities of SOD, POD, and CAT of filaments were reduced by 30.7, 25.8, and 74.8%, respectively, in waterlogged summer maize, compared with those of CK. However, their activities were 35.0, 44.0, and 74.1% higher in W-B, respectively, than those of W. Accordingly, the MDA content was increased by 47.3% in W, compared with that of CK, while decreased by 24.2% in W-B, compared with that of W. In addition, W-B damaged the structure of filaments (Figure 1). In W treatment, the surface of filaments was horizontally wrinkled, the floral hairs fall on the filament surface, and the structure of stigma was wrinkled. However, the application of 6-BA mitigated the adverse effects of W-B on the filament structure (Supplementary Figure 4).
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FIGURE 1. The effects of 6-BA on the activities of antioxidant enzymes and the content of MDA in the filaments of apical florets. (A) SOD; (B) POD; (C) CAT; (D) MDA. CK, control, no waterlogging stress; CK-B, spraying 6-BA on non-waterlogged plants; W, waterlogging; W-B, spraying 6-BA after waterlogging. Different letters on bars indicate the significant differences among treatments at P < 0.05 using the LSD test.





The Effects of 6-Benzyladenine on the Carbohydrate Partition and Spike Node Structure


The 13C Translocation

W-B significantly increased the proportion of 13C in ear leaves by 17.7%, compared with that of CK, but decreased the proportion of 13C in spike node, shank, and ear by 71.5, 46.5, and 53.1%, respectively. However, the application of 6-BA increased the proportion of 13C in spike node, shank, and ear by 7.9, 50.4, and 62.3%, respectively, in CK-B, compared with that of CK. The proportion of 13C in spike node, shank, and ear of W-B was increased by 105.2, 64.0, and 135.9%, respectively, in W-B, compared with that of W (Figure 2).
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FIGURE 2. The effects of 6-BA on the 13C distribution in summer maize. CK, control, no waterlogging stress; CK-B, spraying 6-BA on non-waterlogged plants; W, waterlogging; W-B, spraying 6-BA after waterlogging. Different letters on bars indicate the significant differences among treatments at P < 0.05 using the LSD test.




The Structure of Spike Node

W-B significantly decreased the large and small bundles of spike nodes by 18.1 and 18.9%, respectively, compared with that of CK. Application of 6-BA increased the large and small bundles by 21.8 and 7.4%, respectively, in CK-B, compared with that of CK. Similarly, the large and small bundles of W-B were increased by 17.1 and 17.2%, respectively, compared with that of W (Table 3 and Supplementary Figure 5).


TABLE 3. The effects of 6-BA on the structure of spike nodes.

[image: Table 3]



The Effects of 6-Benzyladenine on Hormones of Summer Maize Plant

At the T1 stage, the content of trans-Zeatin (TZ) in waterlogged summer maize was 58.8% lower; however, the contents of jasmonic acid (JA) and salicylic acid (SA) were 75.0 and 96.1%, respectively, higher than those of CK. The ratio of ABA/TZ, JA/TZ, and SA/TZ was significantly increased by 145.2, 324.3, and 375.6%, respectively, in W treatment, compared with that of CK. Application of 6-BA mitigated the decrease of TZ in ears of waterlogged summer maize. Additionally, the JA content of W-B was 28.8% lower than that of W, but the content of SA was 285.5% higher than that of W. The ratio of ABA/TZ and JA/TZ was significantly decreased by the application of 6-BA (Figure 3).
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FIGURE 3. The effects of 6-BA on the hormones metabolism of ears at the T1 stage. CK, control, no waterlogging stress; CK-B, spraying 6-BA on non-waterlogged plants; W, waterlogging; W-B, spraying 6-BA after waterlogging. Different letters on bars indicate the significant differences among treatments at P < 0.05 using the LSD test.


At the T2 stage, the content of TZ (–30.3%) was decreased; however, the contents of ABA (+57.8%) and SA (+25.4%) were increased in ear leaves of W treatment, compared with those of CK. Additionally, the contents of TZ in W treatment were decreased by 61.6 and 17.7%, respectively, in spike node and shank. However, the contents of ABA, JA, and SA were increased. While the content of TZ was decreased by 19.0% in the ear, the contents of ABA, JA, and SA were increased by 81.4, 94.2, and 71.5%, respectively. Application of 6-BA increased the contents of TZ and SA but decreased the ABA and JA contents of spike node, shanks, and ear in W-B, compared with those of W. The ratio of ABA/TZ and JA/TZ was effectively decreased, but the ratio of SA/TZ of W-B was increased, compared with that of W (Figure 4).
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FIGURE 4. The contents of hormones in different organs at the T2 stage. CK, control, no waterlogging stress; CK-B, spraying 6-BA on non-waterlogged plants; W, waterlogging; W-B, spraying 6-BA after waterlogging. Different letters on bars indicate the significant differences among treatments at P < 0.05 using the LSD test.




The Effects of 6-Benzyladenine on Sucrose-Cleaving Enzymes Activities

At the T1 stage, the activity of sucrose invertase and sucrose synthase of ears was decreased by 54.7 and 15.9%, respectively, in waterlogged summer maize, compared with that of CK. However, the application of 6-BA increased their activities of ears by 79.2 and 23.4%, respectively, in W-B, compared with that of W (Figure 5). At the T2 stage, W-B increased the activities of sucrose invertase and synthase enzymes in ear leaves but decreased their activities in spike node and ear. Application of 6-BA effectively mitigated the increases in sucrose invertase (–61.1%) and synthase activity (–32.5%) in ear leaves and the decreases in waterlogged summer maize in spike node and ear (Figure 6).
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FIGURE 5. The effects of 6-BA on the activities of sucrose-cleaving enzymes at T1 stage. CK, control, no waterlogging stress; CK-B, spraying 6-BA on non-waterlogged plants; W, waterlogging; W-B, spraying 6-BA after waterlogging. Different letters on bars indicate the significant differences among treatments at P < 0.05 using the LSD test.
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FIGURE 6. The effects of 6-BA on the activities of sucrose-cleaving enzymes at T2 stage. (A) (2017), (C) (2018), The activities of sucrose invertase enzyme in 2017 and 2018; (B) (2017), (D) (2018), The activities of sucrose synthase enzyme in 2017 and 2018. CK, control, no waterlogging stress; CK-B, spraying 6-BA on non-waterlogged plants; W, waterlogging; W-B, spraying 6-BA after waterlogging. Different letters on bars indicate the significant differences among treatments at P < 0.05 using the LSD test.




The Effects of 6-Benzyladenine on the Sugar Contents and Starch Content of Summer Maize at the T2 Stage

The content of sucrose in ear leaves was not significantly affected by W-B, while the content of soluble sugar was increased. In addition, W-B significantly increased the sucrose contents of the ear shank (+35.5%) and ear (+50.3%) but decreased their soluble sugar contents (–3.7 and –17.4%, respectively), compared with those of CK. The contents of starch in the spike node, ear shank, and ear were also significantly decreased by W-B. Application of 6-BA effectively decreased the soluble sugar contents of ear leaves (–20.0%) and increased the soluble sugar contents of the spike node and ear by 78.3 and 17.6%, respectively. Additionally, the starch contents of spike node, ear shank, and ear in W-B were increased by 27.3, 19.7, and 18.9%, respectively, compared with those of W (Figure 7).
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FIGURE 7. The effects of 6-BA on the contents of sugars and starch in 2017 and 2018. (A) (2017), (C) (2018), The contents of sucrose in 2017 and 2018; (B) (2017), (D) (2018), The contents of soluble sugar in 2017 and 2018. (E) (2017), (F) (2018), The contents of starch in 2017 and 2018. CK, control, no waterlogging stress; CK-B, spraying 6-BA on non-waterlogged plants; W, waterlogging; W-B, spraying 6-BA after waterlogging.




The Correlation Analysis

At the T1 stage, the activities of sucrose-cleaving enzymes were positively correlated with the content of cytokinin in ears and negatively correlated with the content of JA, the ratio of ABA/TZ, and JA/TZ. Significantly, the number of florets was positively correlated with the activities of sucrose-cleaving enzymes in the ears. At the T2 stage, the number of total and fertilized ear florets and the kernels per ear were positively correlated with the number and area of bundles in spike nodes. The number and area of bundles in spike nodes were positively correlated with the proportion of 13C in spike nodes. In addition, the proportion of 13C in the spike node was positively correlated with the activity of sucrose invertase in the spike node. Moreover, the activity of sucrose invertase in spike nodes was positively correlated with the content of cytokinin in spike nodes and negatively correlated with the ratio of JA/TZ and SA/TZ (Figure 8).
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FIGURE 8. Correlation heat maps. According to the correlation coefficient value of hormones contents, sucrose-cleaving enzymes, sucrose contents, 13C distributions, and yields and yield components, the thermal map (heat map) was drawn. Red (1) represents a significant positive correlation and blue (-1) represents a significant negative correlation. The darker the color of the color block, the stronger the correlation. (A) Correlation heat map of hormone contents with sucrose cleaving enzymes and ear traits in ears at the T1 stage, (B) correlation heat map of hormone contents with sugar metabolism and 13C distribution characteristics in spike nodes and ears at the T2 stage, (C) correlation heat map of sugar metabolism and 13C distribution characteristics with spike node structure and ear characteristics at T2 stage. INV, sucrose invertase; SS, sucrose synthase enzyme; T1, florets differentiation stage; T2, sexual organ formation stage; * and ** respectively indicate the significant differences among treatments at P < 0.05 and P < 0.01 using the LSD test.





DISCUSSION

Grain yield of maize was mainly determined by the kernels per ear and 1,000-kernel weight. Significantly, the kernels per ear were more vulnerable to climate variability and change (Gao et al., 1989). The decrease of kernels per ear contributed to about 70% of W-B-induced grain yield losses (Hu et al., 2021a). The kernels were developed from florets. Therefore, the florets’ differentiation processes were the key to the formation of final mature kernels per ear. The paired spikelets and florets differentiated before the T2 stage can grow well and were likely to develop into mature kernels. However, after entering the sexual organ formation period, especially in the meiotic period, the differentiation of spikelets and florets tends to be unbalanced and more florets tend to develop into degradation or deformed florets (Zheng et al., 1990). In this study, W-B significantly decreased the number of florets at the T1 stage. Although W-B had less effect on the number of florets that formed during the period of sexual organ formation, the development of apical florets and the growth of filaments were significantly affected by W-B, leading to an increased pollination time gap between the basal and apical kernels. As a result, the ability of florets differentiated at the T2 stage to develop into kernels was significantly decreased. Therefore, promoting the florets differentiation during the T1 stage and balancing the differentiation of spikelets and florets at the T2 stage were crucial to determining the final mature kernels per ear. Interestingly, we found that the application of 6-BA could effectively increase the number of florets at the T1 stage, promote the growth and development of apical spikelets and florets, and improve the growth and structure of filaments, thus increasing the locus of effective florets and grain yield of waterlogged summer maize.

The ear differentiation processes are extensively regulated by hormones. Studies have proved that the content of cytokinins in ears of summer maize was peaked at the spikelet differentiation stage suggesting the pivotal role of cytokinin in florets differentiation. In addition, the high ratio of JA/CTK, ABA/CTK contributed to the abortion of florets (Wang, 2019). Besides, SA has been reported to act as a positive role in florets differentiation. In this study, W-B significantly decreased the content of cytokinin and SA in the ears, but increased the content of JA, which contributed to the impediment of florets differentiation. Previous studies have confirmed that the application of 6-BA could effectively mitigate the W-B effects on hormones (Hu et al., 2021b). In consistent with our previous study, Gao et al. (2007) reported that the application of 6-BA could modulate the endogenous cytokinin and ABA contents by promoting and inhibiting their biosynthesis. Additionally, cytokinin treatment has also been reported to elevate SA production by directly inducing the expression of isochorismate synthase (Wildermuth et al., 2001; Gaille et al., 2002, 2003; Choi et al., 2010). Moreover, the interplay between hormones is extensively established (Takei et al., 2004; Tsai et al., 2012), suggesting that the application of 6-BA could affect the metabolism of endogenous hormones in a wide range. Furthermore, the application of 6-BA could regulate MAPK and phosphorus signals to do a long effect on the synthesis and signal transduction pathways of hormones (Hu et al., 2021b). In consistent with these studies, in this study, application of 6-BA effectively mitigated the decrease or increase of cytokinin, SA, and JA in ears at the T1 stage, which further proved that application of 6-BA could promote the differentiation of florets contributing to the improvement of grain growth by doing a long effect on the metabolism of hormones.

Moreover, since florets differentiation was associated with active growth or the activation of biological processes, a possible link to the carbohydrate supply had been suggested (Kuiper, 1993). Carbohydrates were translocated from source (leaf) toward sink (ear) in the form of sucrose (Evert, 1982). The ability of an organ or a tissue to unload carbohydrates from the phloem defined its sink strength. Enzymes involved in the immediate sucrose metabolism are expected to be important both for phloem unloading and for the import of sucrose into sink organs (Ho et al., 1991). The sucrose must be cleaved into glucose and fructose to function in sink metabolism pathways. In this study, the number of florets at the T1 stage was positively correlated with the sucrose-cleaving enzymes of the ears. However, the activities of sucrose-cleaving enzymes in ears at the T1 stage were substantially lower in waterlogged summer maize, thus impeding the entry of carbon from sucrose into cellular metabolism. The cross-talk of sugar metabolism and hormones had been widely discussed. Cytokinin and SA have been confirmed to induce invertase activities, thus particularly participating in regulating sink strength, photosynthate partitioning, and phloem unloading (Ehness et al., 1997; LeClere et al., 2008). However, the high content of ABA and JA could inhibit the activities of sucrose invertase and transporters, thus impeding the long-distance transport of carbohydrates (Parish et al., 2012). In this study, the activity of sucrose invertase in the ears was positively correlated with the content of cytokinin but negatively correlated with the ratio of JA/CTK and ABA/CTK. These results underlie a close connection between hormones, the activities of sucrose-cleaving enzymes, and the floret differentiation processes. To some extent, it confirmed that the application of 6-BA improved the metabolism of endogenous hormones to regulate the activities of sucrose-cleaving enzymes, thus promoting the differentiation of florets at the T1 stage.

For increasing the effective florets differentiated during the T2 stage, it was critical to improve the plant nutrition status. The blocked nutrient supply to ears during this period affected the development of florets, especially the apical florets as the supply of assimilates to the apical kernels was inferior to the supply to the middle and basal kernels (Shen et al., 2018). Furthermore, the fertilization of the basal, oldest ovaries can stop the development of younger, apical ovaries and cause their abortion (Freier et al., 1984; Cárcova and Otegui, 2001). In this study, W-B significantly decreased the content of cytokinin and increased the content of JA and SA, thus decreasing the activities of sucrose invertase and synthase, leading to the lower proportion of 13C in spike nodes. Accordingly, the contents of sucrose, soluble sugar, and starch in the spike node were all decreased suggesting that the carbohydrates supporting the growth and development of the spike node were insufficient. Therefore, the number of large and small bundles, the area of large bundles, and sieve elements in spike nodes were decreased. As a result, the translocation ability of spike nodes was decreased. In addition, the activities of sucrose invertase and synthase in ears were also significantly decreased by W-B, which suggested that the capacity of ears to utilize sucrose was decreased. Thus the carbohydrate flux to ears was significantly impeded by W-B. Moreover, the competitive ability of apical florets was weaker than that of basal florets. Therefore, W-B inhibited the development of apical florets and reduced the growth rate of apical ovaries filaments more significantly than it impeded the growth rate of basal florets. As a result, the pollination time gap between basal and apical florets may be increased, leading to the abortion of apical kernels and the decrease in grain weight.

Significantly, the application of 6-BA effectively increased the content of cytokinin and decreased the JA content in the spike node and ears, thus increasing the activities of enzymes involved in the immediate sucrose metabolism. As a result, the structure of the spike node was improved, promoting the translocation of sucrose into the ears. Moreover, the ability of ears to unload and metabolize sucrose was increased. Therefore, the growth and development of spikelets and florets were more coordinated and synchronized. Consequently, the structure of filaments of apical florets was improved, the fertilization ability of apical florets was increased, and the fertilized florets, kernels per ear, and grain yield were increased.



CONCLUSION

The application of 6-BA increased the contents of cytokinin and SA and decreased the JA content during the crucial phase of floret differentiation, thus inducing the sucrose-cleaving enzymes and establishing the sink strength. Therefore, the number of florets was increased. Additionally, the application of 6-BA regulated the hormones during the phase of sexual organ formation, thus improving the carbon translocation ability of the spike node and increasing the utilization ability of the ears. Consequently, the spikelets and florets were developed coordinately and synchronously, thus improving the development of apical florets and the structure of filaments and increasing the fertilized florets, kernels per ear, and grain yield of summer maize (Figure 9).


[image: image]

FIGURE 9. The mechanism of 6-BA improving the grain yield of summer maize. The application of 6-BA significantly improved the hormone and sugar metabolism, thus establishing the sink strength and improving the spike node structure to promote carbon translocation. As a result, the number of florets was increased; the spikelets and florets were developed coordinately and synchronously, leading to a higher grain yield of waterlogged summer maize.
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S-nitrosoglutathione reductase (GSNOR) is considered as a critical regulator of plant stress tolerance for its impacts on protein S-nitrosylation through regulation of the S-nitrosothiol (SNO) level. However, the mechanism of GSNOR-mediated stress tolerance is still obscure. Here, we found that GSNOR activity was induced by high temperature in tomato (Solanum lycopersicum) plants, whereas mRNA level of SlGSNOR1 exhibited little response. Suppressing SlGSNOR1 expression by virus-induced gene silencing (VIGS) increased accumulation of SNO and nitrites under high temperature and reduced thermotolerance. The compromised thermotolerance was associated with less accumulation of abscisic acid (ABA) and salicylic acid (SA), attenuated activation of mitogen-activated protein kinase (MAPK) and reduced expression of heat shock protein. Intriguingly, SlGSNOR1 silencing impaired upregulation of RESPIRATORY BURST OXIDASE HOMOLOG1 (SlRBOH1) and apoplastic H2O2 accumulation in response to high temperature, whereas SlRBOH1 silencing abolished activation of GSNOR and led to a similar decline in thermotolerance as in SlGSNOR1-silenced plants. Importantly, H2O2 treatment recovered the thermotolerance and improved antioxidant capacity in SlGSNOR1-silenced plants. Our results suggest that GSNOR plays a role in regulating the SlRBOH1-dependent apoplastic H2O2 production in response to high temperature, while a balanced interaction between SNO and H2O2 is critical for maintaining the cellular redox homeostasis and thermotolerance.

Keywords: GSNOR, nitric oxide, RBOH, reactive oxygen species, S-nitrosylation, thermotolerance


INTRODUCTION

Nitric oxide (NO), a reactive compound derived from cellular metabolism, acts as a ubiquitous signaling molecule in plants (Wilson et al., 2008). NO regulates seed germination, root architecture, nitrogen assimilation, stomatal movements, photosynthesis, and pathogen defense (Delledonne et al., 1998; Beligni and Lamattina, 2000; Desikan et al., 2002; Correa-Aragunde et al., 2004; Du et al., 2008; Wodala et al., 2008). NO is also a pivotal molecular regulator of abiotic stress response (Fancy et al., 2017). The large functional overlap between NO and hormones underpins substantial crosstalk between NO and hormonal signaling (Paris et al., 2013). NO acts downstream of NADPH oxidase-dependent H2O2 in mediating abscisic acid (ABA)-induced stomatal closure (Bright et al., 2006). However, it inhibits H2O2 synthesis and expression of wounding responsive genes downstream of jasmonic acid (JA) synthesis in tomato (Orozco-Cardenas and Ryan, 2002). NO is also a second messenger in auxin signal transduction during lateral and adventitious root formation (Correa-Aragunde et al., 2004). In addition, NO is involved in auxin biosynthesis, transport, and signaling for the maintenance of root stem cell niche in Arabidopsis (Sanz et al., 2014).

To be involved in signaling pathways, the production of NO needs to be under strict control. Until now, several potential routes of NO production have been unraveled in plants. Although in animals nitric oxide synthase (NOS)-mediated conversion from L-arginine to L-citrulline is the primary pathway for NO release, the counterparts in plants with similar biochemical characteristics as NOS have not yet been identified (Guo et al., 2003; Moreau et al., 2008). Importantly, nitrate reductase (NR) is the major player of NO production in plants (Bright et al., 2006; Wilson et al., 2008). In addition, NO can be synthesized in chloroplast, mitochondria, and peroxisome (Planchet et al., 2005; Jasid et al., 2006; Corpas et al., 2009).

In contrast to the controversy regarding the NO production pathways, the metabolism of NO is relatively clear. NO can react with reactive oxygen species (ROS), forming peroxynitrite, or can be scavenged by hemoglobin (Delledonne et al., 2001; Perazzolli et al., 2004). Furthermore, glutathione (GSH) which exists in large abundance in cells can react with NO to form S-nitrosoglutathione (GSNO), which can then be metabolized by the enzyme GSNO reductase (GSNOR; Astier et al., 2011). Interestingly, GSNO is a reservoir of NO in plant cells and can mediate protein S-nitrosylation (Wang et al., 2006). It is clear that dynamic S-nitrosylation is a regulatory mechanism comparable to phosphorylation in signal transduction (Perazzolli et al., 2004; Belenghi et al., 2007; Paris et al., 2013). In recent past, several targets of protein S-nitrosylation with confirmed physiological functions have been identified (Lindermayr et al., 2006; Romero-Puertas et al., 2007; Tada et al., 2008; Palmieri et al., 2010; Yun et al., 2011, 2016; Terrile et al., 2012; Wang et al., 2015; Yang et al., 2015). The identified S-nitrosylated proteins are involved in hormone signaling, defense, antioxidant, and metabolism. Recent studies found that S-nitrosation is a ubiquitous NO-dependent signaling mechanism (Astier et al., 2019), which means NO is not only a signaling molecule, but also as a free radical determines the posttranslational modifications through cysteine S-nitrosylation and tyrosine nitration (León and Costa-Broseta, 2020). In addition, NO bioactivity regulates a lot of post-translational modifications, such as SUMOylation, phosphorylation and acetylation (Mengel et al., 2017; Del Castello et al., 2019; Skelly et al., 2019; Gupta et al., 2020). As the research in NO signaling advances, the list of S-nitrosylation targets and related physiological functions are still increasing.

It is to be noted that denitrosylation, one another facet of signaling is less understood. Recently, the roles of GSNOR that modulates protein S-nitrosylation by regulating the spatial-temporal availability of GSNO, in plant development and stress response are clear (Malik et al., 2011). Loss of GSNOR1 function in Arabidopsis results in higher level of GSNO and reduced basal and R-gene- mediated resistance (Feechan et al., 2005). The compromised resistance is associated with downregulation of defense genes (Xu et al., 2013). However, reducing GSNOR1 activity in transgenic antisense lines enhanced basal resistance against oomycete (Rusterucci et al., 2007). The seemingly contrasting role of GSNOR in plant defense may be caused by different level of S-nitrosylated proteins such as NPR1 (Malik et al., 2011). Apart from defense against pathogens, GSNOR also seems to play roles in abiotic stress response. GSNOR activity has been shown to be induced by chilling, high temperature and wounding in different crop species (Corpas et al., 2008; Airaki et al., 2012; Kubienova et al., 2014). Of particular interest, Arabidopsis GSNOR1 loss-of-function mutant failed to acclimate to high temperature (Lee et al., 2008). However, high temperature inhibited GSNOR activity in hypocotyl of sunflower seedlings (Chaki et al., 2011), suggesting that responses of GSNOR to high temperature may differ according to plant species and/or tissues.

Despite an established role of GSNOR in thermotolerance in model plants, the critical roles of GSNOR in thermotolerance as well as the underlying mechanism of GSNOR-mediated thermotolerance in economically important crops still remain elusive. In this study, we used virus-induced gene silencing (VIGS) to suppress the expression of GSNOR in tomato plants and studied its role in thermotolerance. In addition, we examined activity of mitogen-activated protein kinase (MAPK), stress hormone levels and ROS metabolism during heat stress. This study unveiled the role of apoplastic H2O2 in GSNOR-mediated thermotolerance in tomato.



MATERIALS AND METHODS


Plant Materials, Virus-Induced Gene Silencing, and Growth Conditions

The germinated tomato (Solanum lycopersicum L. cv. Ailsa Craig) seeds were grown in a mixed medium comprised of peat and vermiculite (2:1; v/v) in an incubation room under the condition of 12 h light (PPFD, 200 μmol m–2 s–1) at 21°C and 12 h dark at 16°C. When the cotyledons fully expanded, VIGS was performed as described previously (Xia et al., 2014). Briefly, fragments of genes encoding S-nitrosoglutathione reductase1 (SlGSNOR1, SGN accession Solyc09g064370.2.1) and RESPIRATORY BURST OXIDASE HOMOLOG 1 (SlRBOH1, SGN accession Solyc08g081690.2.1) were amplified using gene-specific primers: SlGSNOR1, 5′-tgctctagaAGCAACCCATTCAGCAAGTC-3′ and 5′-cgc ggatccTGTTTATGTCCGCAAGTGTC-3′ (with XbaI and BamHI restriction sites); SlRBOH1, 5′-atacggagctcAAGAA TGGGGTTGATATTGT-3′ and 5′-ataccgctcgagCTCTGACTTAT TCCTTAC-3′ (with SacI and XhoI restriction sites). The fragments were cloned into the pTRV2 vector. Empty pTRV2 vector was used as a control. All constructs were confirmed by sequencing and subsequently transformed into the Agrobacterium tumefaciens strain GV3101. A mixture of A. tumefaciens carrying pTRV1 and pTRV2 derivative (1:1, v/v, OD600 = 0.6) was infiltrated into the fully expanded cotyledons. pTRV1 encodes the replication and movement viral functions that help gene silencing through pTRV2. Seedlings were then covered with plastic films and kept in dark for 3 days. When the second true leaves fully expanded, the seedlings were transplanted into pots (15 cm diameter and 15 cm height).

For evaluating the thermotolerance, plants at five-leaf stage were transferred into growth chambers. Plants were first kept in control condition for 2 days for acclimation. Thereafter, plants were exposed to high temperature 42°C/38°C (day/night). The photoperiod and PPFD were the same as control growth condition. The plants used for control were maintained in growth chambers at 21°C/16°C. Stress tolerance was measured based on changes in the maximal quantum yield (Fv/Fm), electrolyte leakage and malondialdehyde (MDA) content. To study the effects of H2O2 on thermotolerance, 5 mM H2O2 solution was sprayed onto the leaves.



Analysis of Chlorophyll Fluorescence, Electrolyte Leakage, and Malondialdehyde Contents

Chlorophyll fluorescence was measured using an Imaging-PAM Chlorophyll Fluorometer (IMAG-MAXI, Heinz Walz, Effeltrich, Germany). Before measurements, the plants were dark-adapted for 30 min. The initial fluorescence (Fo) was obtained after switching on the measuring beam, and then the maximum fluorescence (Fm) was obtained after applying a 0.8s saturating pulse (>4,000 μmol m–2 s–1). Fv/Fm was calculated as (Fm-Fo)/Fm and was determined using whole leaflet as area of interest.

Lipid peroxidation was determined by quantifying the MDA equivalents using 2-thiobarbituric acid (TBA) as described by Hodges et al. (1999). Electrolyte leakage in leaves was determined according to the method described by Bajji et al. (2002).



Determination of Total S-Nitrosothiols and Nitrites Content

Total S-Nitrosothiols (SNO) content was measured using the Saville-Griess assay as described by Lin et al. (2012). Briefly, plant tissues were powdered in liquid nitrogen and lysed with 600 μL of extraction buffer (50 mM Tris-HCl, pH 8.0, and 150 mM NaCl) containing 1 mM phenylmethanesulfonyl fluoride (PMSF) and incubated on ice for 20 min. After incubation, samples were centrifuged at 10,000 g for 15 min at 4°C. Then, 160 μL of supernatant was incubated with the same volume of 1% sulfanilamide and 0.1% N-(1-naphthyl)-ethylenediamine with or without the addition of 3.75 mM HgCl2 for 20 min in the dark. Then, SNO content was measured spectrophotometrically at 540 nm and calculated by using GSNO concentration standard curve.

To determine the accumulation of nitrites, 0.3 g tomato leaves were homogenized using 50 mM glacial acetic acid (pH 3.6) in ice bath and centrifuged at 12,000 g for 15 min. Aliquot supernatant was mixed with Griess reagent (Sigma-Aldrich, United States) and reacted for 30 min in 25°C. The content of nitrites was calculated based on the absorbance of the reaction mixture at 540 nm.



H2O2 Quantification, Histochemical Staining, and Subcellular Localization

For determination of H2O2 content in leaves, 0.3 g samples were homogenized in 3 mL of pre-cooled HClO4 (1.0 M) using pre-chilled mortar and pestle. The content of H2O2 in the extracts was determined according to the method described by Willekens et al. (1997).

Histochemical staining of H2O2 was performed as described previously (Thordal-Christensen et al., 1997) with minor modifications. Leaflets were vacuum infiltrated with 1 mg mL–1 3,3’-diaminobenzidine (DAB) in 50 mM TRIS-acetate buffer (pH 3.8) and incubated at 25°C in the dark for 6 h. Samples were rinsed in 80% (v/v) ethanol for 10 min at 70°C and mounted in lactic acid/phenol/water (1:1:1, v/v/v). H2O2 accumulation was detected by an Olympus motorized system microscope (BX61, Olympus, Tokyo, Japan).

Subcellular localization of H2O2 was visualized using CeCl3. Sections were prepared as described previously (Zhou et al., 2014). As the negative control, leaf segments were incubated with 1 mM ascorbate for 2 h (Supplementary Figure 1). Electron-dense CeCl3 deposits which are formed in the presence of H2O2 are examined by a transmission electron microscope (JEOL TEM-1230EX) at an accelerating voltage of 75 kV.



Determination of Salicylic Acid and Abscisic Acid

Determination of Salicylic Acid (SA) was performed using a biosensor method according to DeFraia et al. (2008). Leaf tissue of 0.1 g was grounded into powder with liquid nitrogen, and then 200 μL of acetate buffer (0.1 M, pH 5.6) was added. Samples were then mixed thoroughly and centrifuged for 15 min at 16,000 g. Half of the supernatant was stored on ice for free SA measurement and half was incubated at 37°C for 90 min with 4 U of β-glucosidase (Sigma-Aldrich, St. Louis, MO, United States) for conjugated SA measurement. Culture of Acinetobacter sp. ADPWH_lux was diluted in 37°C LB (1:20) and grown for 3 h at 200 rpm to an OD600 of 0.4. Leaf extract (20 μL), LB (60 μL), and biosensor culture (50 μL) were added to the wells of a black 96-well black plate. The plate was incubated at 37°C for 1 h without shaking and then the luminescence was read with a Perkin Ellmer EnSpire Multilabel Plate Reader (PerkinElmer, Waltham, MA, United States).

For ABA measurement, sample of 1 g was homogenized in extraction solution (80% methanol, v/v). The extracts were centrifuged at 10,000 g for 20 min. The supernatant was eluted through a Sep-Pak C18 cartridge (Waters, Milford, MA, United States) to remove the polar compounds and subsequently stored at -20°C for an ELISA. ELISA was performed following the manufacturer’s instructions (China Agricultural University, Beijing, China). ABA was determined using a Perkin Ellmer EnSpire Multilabel Plate Reader (PerkinElmer, Waltham, MA, United States).



Mitogen-Activated Protein Kinase Assay

Samples were ground to fine powder in liquid nitrogen and solubilized in extraction buffer (100 mM HEPES, pH 7.5, 5 mM EDTA, 5 mM EGTA, 10 mM DTT, 10 mM Na3VO4, 10 mM NaF, 50 mM β-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 5 μg mL–1 antipain, 5 μg mL–1 aprotinin, 5 μg mL–1 leupeptin, 10% glycerol, and 7.5% polyvinylpolypyrrolidone). The extracts were centrifuged at 12,000 g for 20 min. Denatured protein extracts were then separated by SDS-PAGE and blotted onto PVDF membrane (Biorad). Immunoblots were blocked in 5% (w/v) BSA (Sigma) in TBS-Tween (0.1%) for 1–2 h. The activated MAP kinases were detected using anti-phospho-p44/42 MAPK (Erk1/2) primary antibody according to our previous study (Wang et al., 2019) (1:1000, Cell Signaling Technology) overnight, followed by anti-rabbit-HRP conjugated secondary antibodies (Cell Signaling Technology).



Assays of S-Nitrosoglutathione Reductase and Antioxidant Enzymes

The activity of S-nitrosoglutathione reductase (GSNOR) was measured as described previously (Sakamoto et al., 2002). GSNOR was extracted using buffer (50 mM HEPES, pH 8.0; 20% glycerol; 10 mM MgCl2; 1 mM EDTA; 1 mM EGTA; 1 mM benzamidine; and 1 mM ε-aminocaproic acid). The homogenate was centrifuged at 4°C, 16,000 g for 15 min and the supernatant was desalted using spin columns (Thermo Fisher Scientific, Rockford, IL, United States). The reaction system was as follows: 30 μL protein samples, 300 μL reaction buffer (20 mM Tris-HCl, pH 8.0, 0.2 mM NADH, 0.5 mM EDTA), and 400 μM GSNO. The activity of GSNOR was determined by monitoring the decomposition of NADH.

For extraction of antioxidant enzymes, 0.3 g samples were homogenized in 50 mM potassium phosphate buffer (pH 7.0) containing 0.1 mM EDTA and 1% polyvinylpyrrolidone (w/v). The homogenate was centrifuged at 12,000 g for 15 min at 4°C. The supernatant was used to measure the activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), and glutathione reductase (GR). SOD activity was assayed by its ability to inhibit the photochemical reduction of NBT as described by Ahammed et al. (2013). The APX activity was determined by the method of Nakano and Asada (1981). The CAT activity was measured by the method as described by Cakmak and Marschner (1992). The GR activity were measured and calculated as previously described (Foyer and Halliwell, 1976).



Total RNA Extraction and Gene Expression Analysis

RNA was extracted using RNAprep pure Plant Kit (TIANGEN, Beijing, China) according to the operation manual. Total RNA (0.5 mg) was reverse transcribed to cDNA using ReverTra Ace qPCR RT Kit with genome-DNA-removing enzyme (Toyobo, Osaka, Japan). Quantitative real-time PCR was performed using the iCycler iQ real-time PCR detection system (Bio-Rad, Hercules, CA, United States). The reaction system (20 mL) was as follows: 10 mL SYBR (Takara, Japan), 0.2μL sense and antisense primer, 1 mL cDNA and 8.6 mL ddH2O. The PCR conditions consisted of denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s. Relative transcript level was calculated according to the method of Livak and Schmittgen (2001). Actin was used as a reference gene. Primers for qRT-PCR were listed in Supplementary Table 1.



Statistical Analysis

The experimental design was a completely randomized design. Data were subjected to statistical analysis of variance (ANOVA) using the SAS package (SAS9.4). The differences between the means were separated by Tukey’s test at a level of P < 0.05 (Supplementary Table 2).




RESULTS


Silencing of SlGSNOR1 Disrupted S-Nitrosothiol Metabolism

To study the mechanism by which SNO metabolism regulates thermotolerance, we silenced SlGSNOR1 using VIGS in tomato plants and first studied the SNO metabolism in response to high temperature. Gene expression analysis confirmed that the expression of SlGSNOR1 was suppressed by c.a. 70% following VIGS (Figure 1A). The expression of SlGSNOR1 was not significantly affected by high temperature during initial phase (<3 h) of heat treatment, but was slightly downregulated at later time in both silenced and TRV plants (TRV-empty vector infiltrated). The basal activity of GSNOR at normal temperature was generally reduced by gene silencing during the experiment (Figure 1B). In contrast to the transcriptional changes, activity of GSNOR was significantly induced by high temperature during the initial phase (<3 h), and then declined rapidly. However, the temporary increase in GSNOR activity was inhibited by silencing. Silencing of SlGSNOR1 did not significantly affect total SNO content at normal temperature (Figure 1C), whereas it led to higher accumulation of total SNO at high temperature. By contrast, total SNO content was less affected by high temperature in TRV plants. The changes in nitrites content followed the same trend as of total SNO except for the nitrites content in TRV plants under high temperature which was evident by a significant increase (Figure 1C). These results indicate the importance of SlGSNOR1 in SNO metabolism at high temperature.
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FIGURE 1. Relative transcript level of SlGSNOR1 (A), enzymatic activity of GSNOR (B), total S-nitrosothiol (SNO) content (C), and nitrites content (D) in SlGSNOR1-silenced or TRV-empty vector infiltrated plants in response to heat stress. Plants in the five-leaf stage were exposed to high temperature (42°C/38°C) or normal temperature (21°C/16°C). Data are means of five replicates (±SD). NT, normal temperature; HT, high temperature.




Silencing of SlGSNOR1 Inhibited Thermotolerance

The maximum quantum yield (Fv/Fm), which indicates the functional integrity of photosystem II (PSII), was significantly reduced by high temperature (Figures 2A,B). Meanwhile, high temperature stress caused significant increase in electrolyte leakage and malondialdehyde (MDA) content (Figures 2C,D), both as indicators of membrane damage. Importantly, SlGSNOR1 silencing exacerbated the inhibition of Fv/Fm and increase of electrolyte leakage and MDA content. The results confirmed the role of GSNOR in thermotolerance in tomato.
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FIGURE 2. Silencing of SlGSNOR1 compromised thermotolerance. (A) Images of maximum quantum yield (Fv/Fm) of leaves after 24 h exposure to high temperature (42°C/38°C) or normal temperature (21°C/16°C). The pseudocolor scale at the bottom of the image ranges from 0 (black) to 1 (purple). (B–D) Fv/Fm values, electrolyte leakage and malondialdehyde (MDA) content in leaves after 24 h exposure to high temperature. Data are means of five replicates (±SD). Means denoted by the same letter did not significantly differ at P < 0.05, according to Tukey’s test. NT, normal temperature; HT, high temperature.


Heat shock proteins (HSPs) are critical for thermotolerance. HSP90 was rapidly induced by high temperature at 1 h (Figure 3A). Then, the expression gradually declined to the control level at 12 h, and was induced again at 24 h. By contrast, SlGSNOR1 silencing compromised the biphasic induction of HSP90. Although the first peak of HSP90 induction was less affected, the expression at later time points was inhibited and the second peak was completely blocked.
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FIGURE 3. Relative transcript level of HSP90 (A), activation of MAP kinase (B), accumulation of ABA (C), and accumulation of free and glucose-conjugated SA (D) in SlGSNOR1-silenced or TRV-empty vector infiltrated plants in response to high temperature (42°C/38°C) or normal temperature (21°C/16°C). For SA measurement, samples were taken at 24 h after heat stress. Data are means of five replicates (± SD). Means denoted by the same letter did not significantly differ at P < 0.05, according to Tukey’s test. NT, normal temperature; HT, high temperature.


MAPK are upstream regulators of stress response. MAPK was activated by high temperature (Figure 3B). Intriguingly, the activation of MAPK was delayed and attenuated by SlGSNOR1 silencing. Only a moderate activation of MAPK was observed at 24 h after high temperature stress.

ABA and SA are stress hormones, which play critical roles in thermotolerance. Consistent with the expression of HSP90, ABA showed a biphasic change in response to high temperature, showing accumulation peaks at 3 and 24 h (Figure 3C). Importantly, silencing of SlGSNOR1 strongly inhibited accumulation of ABA during high temperature stress. Similarly, accumulations of free and conjugated SA at 24 h after high temperature stress were inhibited by SlGSNOR1 silencing (Figure 3D).



Silencing of SlGSNOR1 Impaired Apoplastic H2O2 Accumulation and Antioxidant Metabolism at High Temperature

To further study the mechanism of how GSNOR regulates thermotolerance, we analyzed the production and metabolism of ROS, which should be strictly controlled in response to stress. SlRBOH1, encoding NADPH oxidase which is responsible for apoplatic H2O2 accumulation, was rapidly upregulated by high temperature at 1 h (Figure 4A). Thereafter, its expression declined and was maintained at a moderately high level. However, silencing of SlGSNOR1 compromised the upregulation of SlRBOH1 during high temperature stress. Consistent with the expression of SlRBOH1, H2O2 content was significantly increased within the first 3 h following high temperature stress (Figure 4B). Then H2O2 content declined to a basal level. Interestingly, SlGSNOR1 silencing inhibited the initial increase of H2O2 accumulation; however, significantly increased H2O2 content 24 h after stress. Next, we detected ROS accumulation at tissue and cellular level by DAB and CeCl3 staining, respectively. High temperature induced a strong accumulation of H2O2 in vascular tissue (Figure 4C), especially in the initial phase (<3 h). Further analysis indicated that high temperature-induced H2O2 was mainly localized in apoplast (Figure 4D). However, the initial induction of H2O2 in the vascular tissue and apoplast following high temperature stress was strongly inhibited by SlGSNOR1 silencing.
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FIGURE 4. Silencing of SlGSNOR1 impaired apoplastic H2O2 accumulation in response to high temperature. (A) Relative transcript level of SlRBOH1, encoding NADPH oxidase. (B) Chemical quantification of H2O2 in leaves. (C) Histochemical detection of H2O2 in leaves using 3, 3’-diaminobenzidine (DAB). (D) Subcellular localization of H2O2 leaf cells using CeCl3. Black arrows indicate apoplastic H2O2 accumulation. Samples were taken at 3 h after heat stress. C, chloroplast; CW, cell wall; IS, intercellular space; V, vacuole. Data are means of five replicates (±SD). NT, normal temperature; HT, high temperature.


ROS trigger the upregulation of antioxidant system. Along with the H2O2 production, the activity of antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR), were significantly increased by high temperature stress (Figure 5A). The maximum induction of these enzymes occurred at 12–24 h after high temperature stress, which was preceded by the initial increase of H2O2 content. In analogy to the changes of enzyme activity, the expression of antioxidant genes, Cu/Zn-SOD, CAT, cAPX and GR, were also upregulated (Figure 5B). However, SlGSNOR1 silencing strongly inhibited the induction of both activity and gene expression of the antioxidant enzymes, especially from 12 to24 h during high temperature stress.
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FIGURE 5. Silencing of SlGSNOR1 compromised upregulation of antioxidant capacity in response to high temperature. (A) Changes in the activity of antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR). (B) Changes in the relative transcript levels of antioxidant genes, Cu/Zn-SOD, cAPX, CAT and GR. Data are means of three to five replicates (± SD). NT, normal temperature; HT, high temperature.




Silencing of SlRBOH1 Impaired S-Nitrosothiol Metabolism and Thermotolerance

The above results provided an assumption that the compromised thermotolerance in SlGSNOR1-silenced plants might be related to failure of rapid induction of SlRBOH1 expression and H2O2 accumulation in response to high temperature. Next, we analyzed the response of SlRBOH1-silenced plant to high temperature. Silencing of SlRBOH1 led to stronger decline in Fv/Fm and higher accumulation of MDA as compared to TRV plants following high temperature stress (Figures 6A–C). Interestingly, compromised thermotolerance of SlRBOH1-silenced plants was associated with disrupted SNO metabolism. Induction of GSNOR activity by high temperature was significantly compromised by SlRBOH1 silencing, whereas GSNOR activity at normal temperature was not affected (Figure 6D). Accordingly, silencing of SlRBOH1 led to higher accumulation of total SNO and nitrites at high temperature (Figures 6E,F). The results confirmed the involvement of NADPH oxidase in thermotolerance and supported the notion that GSNOR contributes to thermotolerance by regulating NADPH oxidase-dependent ROS.
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FIGURE 6. Silencing of SlRBOH1 compromised thermotolerance and impaired SNO metabolism. (A) Images of the maximum quantum yield (Fv/Fm) of leaves after exposure to high temperature (42°C/38°C) or normal temperature (21°C/16°C). The pseudocolor scale at the bottom of the image ranges from 0 (black) to 1 (purple). (B,C) Fv/Fm values and malondialdehyde (MDA) content in leaves after exposure to heat stress; (D–F) Enzymatic activity of GSNOR, total S-nitrosothiol (SNO) content and nitrites content after heat stress. Data are means of five replicates (±SD). Means denoted by the same letter did not significantly differ at P < 0.05, according to Tukey’s test. NT, normal temperature; HT, high temperature.




H2O2 Treatment Recovered the Thermotolerance of SlGSNOR1-Silenced Plants

To further study the role of ROS in SlGSNOR1-mediated thermotolerance, we analyzed the effects of H2O2 treatment on thermotolerance in SlGSNOR1-silenced plants. Interestingly, Fv/Fm and MDA content at high temperature were dramatically increased and decreased, respectively by H2O2 treatment in SlGSNOR1-silenced plants. In addition, H2O2 treatment slightly increased Fv/Fm and decreased MDA content in TRV plants following high temperature stress (Figures 7A,B).
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FIGURE 7. H2O2 recovered the thermotolerance in SlGSNOR1-silenced plants. (A) Images of the maximum quantum yield (Fv/Fm) of leaves after 24 h exposure to high temperature (42°C/38°C) or normal temperature (21°C/16°C). The pseudocolor scale at the left side of the image ranges from 0 (black) to 1 (purple); (B,C) Fv/Fm values and malondialdehyde (MDA) content in leaves after 24 h exposure to heat stress. Data are means of five replicates (±SD). Means denoted by the same letter did not significantly differ at P < 0.05, according to Tukey’s test. NT, normal temperature; HT, high temperature.


The improved thermotolerance in SlGSNOR1-silenced plants after H2O2 treatment was accompanied by increase in antioxidant capacity. In TRV plants, activity of SOD, CAT, and GR was induced by high temperature, whereas the induction was enhanced by H2O2 treatment (Figures 8A–C). By contrast, high temperature failed to induce the activity of antioxidant enzymes in SlGSNOR1-silenced plants. Interestingly, H2O2 significantly increased the activity of antioxidant enzymes at high temperature in SlGSNOR1-silenced plants. Similarly, expression of corresponding antioxidant genes was significantly enhanced by H2O2 at high temperature (Figures 8D–F). Taken together, the results indicated that H2O2 treatment recovered the thermotolerance in SlGSNOR1-silenced plants.
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FIGURE 8. H2O2 recovered the upregulation of antioxidant capacity in response to high temperature in SlGSNOR1-silenced plants. (A–C) Changes in the activity of antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR). (D–F) Changes in the relative transcript levels of antioxidant genes, Cu/Zn-SOD, CAT, and GR. Plants in the five-leaf stage were exposed 24 h to high temperature (42°C/38°C) or normal temperature (21°C/16°C). Data are means of three to five replicates (±SD). NT, normal temperature; HT, high temperature.





DISCUSSION

A balanced production and turnover of GSNO is critical for the overall status of protein S-nitrosylation, which affects plant growth and stress response (Wang et al., 2006; Astier et al., 2011). High temperature has been shown to induce accumulation of NO and SNO in different plant species, leading to nitrosative stress as indicated by tyrosine-nitrated proteins including those involved in CO2 assimilation (Chaki et al., 2011; Airaki et al., 2012; Leterrier et al., 2012; Cheng et al., 2018). In addition, in vivo evidence shows that PSII photochemical reaction is inhibited by GSNO (Wodala et al., 2008). Here, our experiment using intact plants showed that inhibition of GSNOR by VIGS led to excessive accumulation of SNO and nitrites, which was associated with photoinhibition as shown by decline in Fv/Fm at high temperature (Figures 1, 2). This is consistent with previous study using detached leaf disks in Arabidopsis and confirms the roles of GSNOR in protecting photosynthetic apparatus at high temperature (Lee et al., 2008; Chaki et al., 2011). In contrast to the thermotolerance, suppressing GSNOR activity by VIGS in tomato did not cause aberrant development as observed in GSNOR loss-of-function mutant of Arabidopsis (Lee et al., 2008). Silencing of SlGSNOR1 in tomato did not completely eliminate the expression of GSNOR, thus the basal activity may be sufficient for growth and development in normal conditions.

Regarding the regulation of GSNOR, different results have been reported, showing that GSNOR protein/activity was either not affected or inhibited by high temperature (Corpas et al., 2008; Chaki et al., 2011; Airaki et al., 2012; Kubienova et al., 2014). In our study, transcript of SlGSNOR1 was not significantly affected and even was slightly inhibited by high temperature. However, GSNOR activity was induced by high temperature during early hours of stress imposition (Figure 1). The discrepancy regarding GSNOR activity may be due to different sampling time after stress. Alternatively, the regulation of GSNOR activity by high temperature may be species specific. Our results combined with previous study suggested that GSNOR may not be regulated at transcriptional or translational level, but most probably at posttranslational level. Interestingly, induction of GSNOR activity by high temperature was abolished in SlRBOH1-silenced plants (Figure 6), indicating that NADPH oxidase-dependent ROS play a role in regulating the GSNOR activity. Recent studies found that calmodulins and redox signal are involved in the regulation of GSNOR activity (Zhang et al., 2020; Chae et al., 2021; Li et al., 2021). It was found that NADPH-dependent glutaredoxin (GRX) and thioredoxin (TRX) as transmitters of ROS signal regulate the function of proteins through thiol redox exchanges (Meyer et al., 2012). In addition, calcium signaling is closely associated with RBOH-mediated ROS signaling (Xia et al., 2015). Taken together, these results suggested that GSNOR activity may be posttranslationally regulated by RBOH mediated calcium and redox signals.

Apart from protection against nitrosative stress, GSNOR plays a role in signaling processes in response to high temperature. S-nitrosylation-mediated NO signaling converges with plant hormone networks through regulating hormonal biosynthesis and signaling (Paris et al., 2013). Loss-of-function of GSNOR leads to impaired biosynthesis of SA in Arabidopsis when plants are challenged with pathogens (Feechan et al., 2005). In this study, silencing of SlGSNOR1 compromised the biosynthesis of ABA and SA in response to high temperature (Figure 3). ABA is the major player mediating plant adaptation to diverse abiotic stresses (Roychoudhury et al., 2013). Emerging evidence also supports the role of SA in thermotolerance (Larkindale et al., 2005; Clarke et al., 2009). Attenuated increase of ABA and SA accumulation was associated with compromised upregulation of antioxidant system, which is critical for preventing oxidative damages (Figure 5). Although the mechanism of decreased accumulation of ABA and SA in SlGSNOR1-silenced plants at high temperature is not clear, the effects of SNO on hormone biosynthesis are thought to be mediated at the transcriptional level (Malik et al., 2011). Interestingly, activation of MAPK, the upstream regulator of stress response, was inhibited by SlGSNOR1 silencing at high temperature (Figure 3). When plants are exposed to environmental stimuli, transcription factors controlling the expression of early response genes are targets of MAPK-mediated phosphorylation (Andreasson and Ellis, 2010), whereas MAPK itself is a target of redox regulation (Matern et al., 2015). It appears that GSNOR-mediated redox homeostasis contributes to regulation of MAPK, which in turn plays roles in gene expression and stress response.

A striking feature of high temperature response in SlGSNOR1-silenced plants is the inhibition of apoplastic H2O2 accumulation (Figure 4). The wide source of ROS production and feedback mechanism involving interplay between hormones and ROS make it difficult to interpret the primary target sites responsible for the decreased ROS production (Xia et al., 2015). From the apoplastic localization and expression of SlRBOH1 gene, we hypothesized that NADPH oxidase may be inhibited due to SlGSNOR1 silencing. NADPH oxidase-dependent ROS are second messengers mediating signaling processes, such as MAPK activation, hormone biosynthesis and gene expression in response to a wide range of stresses (Mittler et al., 2011; Baxter et al., 2014). Indeed, SlRBOH1 silencing led to similar inhibition in thermotolerance as observed by silencing of SlGSNOR1 (Figure 6). Therefore, SlGSNOR1 silencing may trigger a putative mechanism that results in S-nitrosylation of NADPH oxidase, which compromised thermotolerance. Actually, NADPH oxidase has been shown to be directly inhibited by S-nitrosylation during pathogen defense in Arabidopsis (Yun et al., 2011). Although detailed mechanism for inhibition of apoplastic H2O2 production by silencing of SlGSNOR1 has not been revealed in this study, it is clear that H2O2 treatment recovered the thermotolerance of SlGSNOR1-silenced plants (Figure 7). This highlights the importance of maintaining appropriate level of ROS for adaptation to high temperature. More importantly, it added complexity to the crosstalk between ROS and NO in response to high temperature. NO is essential and acts downstream of RBOH-dependent ROS for heat shock response in Arabidopsis (Wang et al., 2014). However, SNO accumulation due to SlGSNOR1 silencing inhibited early production of ROS in response to high temperature in this study. In addition, suppression of apoplastic H2O2 production through SlRBOH1 silencing inhibited the induction of GSNOR activity, leading to SNO accumulation at high temperature (Figure 6). In this sense, ROS and SNO antagonistically regulate the accumulation of each other. Previously, a balance model for NO and ROS interactions was proposed, where the presence of both NO and ROS is critical for defense response, whereas direct chemical reaction between NO and ROS attenuated defense response (Delledonne et al., 2001). Similarly, a higher NO level as a result of GSNOR mutation counteracts the paraquat-mediated superoxide, resulting in reduced cell death in Arabidopsis (Chen et al., 2009). In this study, it appears that GSNOR is important for maintaining a balanced NO/ROS interaction in response to high temperature. When excessive SNO accumulates in SlGSNOR1-silenced plants at high temperature, the accumulation of apoplastic H2O2 was inhibited, leading to attenuated heat stress response. Environmental stress triggers a ROS wave which harbors stimulus-specific information for initiation of an appropriate response (Mittler et al., 2011; Xia et al., 2015). Considering the NO/ROS interaction, we hypothesize that the level of NO relative to that of ROS is actively regulated through robust downregulation or upregulation of GSNOR in plant stress response. This may explain why response of GSNOR varied, depending on stress types and plant species (Corpas et al., 2008; Chaki et al., 2011; Airaki et al., 2012).

In summary, GSNOR contributes to thermotolerance through regulation of RBOH-dependent apoplastic H2O2 (Figure 9). Heat stress induces accumulation of SNO, whose level is controlled by GSNOR. Excessive accumulation of SNO due to loss of function of GSNOR leads to inhibition of RBOH activity. Conversely, RBOH-mediated apoplastic H2O2 is essential for activation of GSNOR, which prevent nitrasative stress. On the other hand, apoplastic H2O2 activates MAPK, antioxidants and stress hormones, which are all involved in thermotolerance.
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FIGURE 9. The model of S-nitrosoglutathione reductase contributing to thermotolerance by modulating high temperature-induced apoplastic H2O2.
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Drought stress is a common environmental stress, which adversely affects the yield and quality of crops. Due to its excellent drought tolerance, wild barley from the Middle East region is considered a valuable source for barley improvement. Here, we compared the growth rate, stomatal regulation and capacity to metabolize reactive oxygen species (ROS) of two barley cultivars and one wild barley accession. The results indicated the wild barley EC_S1 showed a more significant decline in stomatal aperture and less ROS production. Transcriptomic analysis revealed that EC_S1 has slower transcriptional regulation (5,050 DEGs) in the early stage of drought stress (14 days) than Baudin (7,022 DEGs) and Tadmor (6,090 DEGs). In addition, 30 hub genes, including nine known drought-related genes were identified by WGCNA analysis. Then, we cloned a novel bZIP transcription factor, HvbZIP21, from EC_S1. HvbZIP21 was subcellularly targeted to the nucleus. Overexpression of HvbZIP21 in Arabidopsis enhanced drought tolerance due to increasing activities of superoxide dismutase, peroxidase, and catalase activities as well as glutathione content. Silencing of HvbZIP21 in EC_S1 suppressed drought tolerance in BSMV:HvbZIP21-inoculated plants. Taken together, our findings suggest that HvbZIP21 play a critical role in drought tolerance by manipulating ROS scavenging.
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INTRODUCTION

Water is the most essential condition for living matter. It is the medium, raw material, and place of life activities implicated in the two most important physiological processes: photosynthesis and transpiration. Drought induces several physiological changes in plants that can result in permanent wilting. In recent years, drought has intensified across the globe due to climate change, threatening crop productivity and potentially affecting economic stability and food security in vulnerable countries (Abou-Elwafa and Shehzad, 2021).

The effect of water deficit on plants involves almost all physiological and biochemical activities. Water moves through plants by the cohesion-tension created by vapor pressure demand (Kholová et al., 2012; Belko et al., 2013). When the available water in the soil is reduced, the transport chain is interrupted, triggering several signals. These signaling pathways, broadly classified into hydraulic and chemical signals, can be initiated by a high vapor pressure deficit within the shoots. Here, stomatal conductance and photosynthesis are hindered since the roots start abscisic acid (ABA) production, transporting it through xylem vessels to induce stomatal closure. As a result, the transpiration rate and photosynthesis are diminished. Under drought conditions, leaf water content is also affected, potentially decreasing by 60%, leading to an increase in internal soluble solutes. Under these conditions, apoplastic production of reactive oxygen species (ROS) promotes lipid peroxidation, increases electrolyte leakage, and increases the quantity of malondialdehyde (Møller et al., 2007). In early drought stress, root expansion was recorded. However, with the extension of drought stress, root expansion, plant growth, and plant reproduction are restrained (Wilkinson and Davies, 2010). Transpiration is an important variable in crop drought tolerance. For instance, rice and wheat drought-tolerant varieties were improved by maximizing mesophyll conductance (gm) and minimizing stomatal conductance (gs). Thus, improved transpiration efficiency is achieved. Basically, low stomatal density accompanied by a thick mesophyll and thin cell walls is considered a measurable variable to develop drought-tolerant varieties (Ouyang et al., 2017).

Abscisic acid (ABA) is also called a stress hormone and is a key hormone involved in abiotic stress resistance in plants, coordinating an array of functions (Wani and Kumar, 2015). ABA accumulation prompts stomatal closure to avoid water loss through transpiration and induces changes in gene expression (de Dorlodot et al., 2007; Finkelstein et al., 2008; Harris, 2015). Since the discovery of ABA, many experiments have been conducted to understand its synthesis and function under stress conditions. The ABA signaling pathway is composed of three main sections, pyrabactin resistance (PYR)/pyrabactin resistance-like (PYL)/regulatory component of ABA receptors (RCAR). It is also regulated by two important enzyme families, protein phosphatase 2C (PP2C, a negative regulator) and sucrose non-fermenting (SNF1)-related protein kinase 2 (SnRK2, a positive regulator). Under stress conditions, the accumulation of ABA and the formation of the PYR/PYL/RCAR-PP2C complex lead to PP2C inactivation, followed by SnRK2 activation. Activated SnRK2 facilitates the transcription of ABA-responsive genes by phosphorylating downstream substrates (Sah et al., 2016). Thus, ABA signaling is activated.

The basic leucine zipper (bZIPs), a transcription factor dependent on ABA, is considered to play an important role in plant response to water deficits (Xiang et al., 2008; Lu et al., 2009; Liu et al., 2014). There are 75 bZIP gene family members reported in the Arabidopsis genome (Jakoby et al., 2002). Among these genes, ABA-responsive element-binding (AREB) is an important cis-acting element in ABA-responsive gene expression, which increases drought stress tolerance at the transcriptional and posttranscriptional levels (Nakashima et al., 2014). A previous study shows that two AREB motifs in the promoter of the responsive to dehydration (RD29B) gene are important cis-acting elements that enhance ROS scavenging and osmotic adjustment (Yang and Tan, 2014). The overexpression of the bZIP family genes ABF3 and ABF4 significantly increased drought tolerance in Arabidopsis (Kang et al., 2002). Likewise, some bZIP genes have been reported to respond to drought stress in rice (Xiang et al., 2008; Lu et al., 2009; Liu et al., 2014), soybean (Yang et al., 2020), cotton (Liang et al., 2016) and other crops. In addition, HvZIP1 is associated with the adaptability to water deficits in barley (Mezer et al., 2014).

Barley (Hordeum vulgare L.), the fourth most important cereal crop in the world, originating in the Middle East with a desert climate. Wild barley (Hordeum spontaneum) has maintained aptitudes to survive hard environmental conditions. Because wild and cultivated barley share a common genome and are cross compatible, valuable alleles are available in the wild barley to breeders for crop improvement (Dai et al., 2012; Zeng et al., 2015, 2016; Sallam et al., 2019). Several studies have been carried out in wild barley to understand its capacity to survive under abiotic stresses. As a result, a list of important enzymes affected by water deprivation has been identified, including superoxide dismutase, ascorbate peroxidase and catalase (Sallam et al., 2019). Wang et al. (2018) identified 77 different genes related to drought tolerance in wild barley. Among this pool of genes, there are genes coding for PP2C, such as MIZUKUSSEI 1 (involved in lateral root development by maintaining auxin levels), alkaline neutral invertase CINV2 (regulator of sugar-mediated root development by controlling sucrose catabolism in root cells) and ECERIFERUM 1 (involved in epicuticular wax biosynthesis). Recently, HvMYB1 and HvSNAC1 have been isolated from more than 39,000 genes from barley, and their expression has been shown to confer enhanced drought tolerance to plants (Al Abdallat et al., 2014). Additionally, low stomatal density has been shown to promote better performance under water-limited conditions via the overexpression of epidermal patterning factor (HvEPF1) without adverse effects on normal growth (Hughes et al., 2017). Nevertheless, there are likely many of these genes that have not been fully explored.

Here, transcriptome and WGCNA analyses were performed to compare the molecular mechanisms responding to drought between wild and cultivated barley. We focused on cultivated barley Tadmor (drought-tolerance), Baudin (drought-sensitive) and wild barley EC_S1 (drought-tolerance) and identified drought-related transcription factors and hub genes. HvbZIP21, one of hub gene, was highly expressed in drought tolerant genotypes, therefore, we speculate that it may play a role in drought response by involving in ROS scavenging. To prove this hypothesis, the HvbZIP21 was overexpressed in Arabidopsis and silenced in wild barley to verify its effect on promoting drought tolerance.



MATERIALS AND METHODS


Plant Growth and Drought Stress Treatment

Seeds from the wild barley EC_S1 (drought-tolerant), the cultivated barley Tadmor (drought-tolerant) and Baudin (drought-sensitive) were washed with clean water for 12 h and then soaked in anhydrous ethanol for 30 seconds and 1% sodium hypochlorite for 5 min. Seeds were covered by wet filter papers and germinated in a growth chamber at 25°C and 60% relative humidity (RH). Germinated seeds were sown into plastic pots (9 cm top diameter, 5.5 cm bottom diameter, 8 cm height) filled with 120 g of 3:1 well mixed substrate and vermiculite. Seedlings were then placed into the growth chamber at 20/18°C (day/night) and under natural illumination of 12/12 h day/night cycle. During this stage, 200 ml Hoagland nutrient solution was provided every 3 days until the two-leaves stage. Before drought stress treatment, all seedlings were calibrated for water by weighing. Then, they were divided into two treatments. As a control, the plants were watered every other day. Meanwhile, in the drought-stressed treatment, the water supply was gradually eliminated so that the soil became arid and the relative air humidity was controlled at 40%. Eighteen days after drought treatment, plants were rewatered for recovery.



Data Collection of Biomass and Stomatal Morphology

Data collection was carried out at four time points, i.e., before drought treatment (control treatment, S0), 14 days after drought treatment (S1), 16 days after drought treatment (S2), 1 day after rewatering (recovery period, R1). Plant fresh weight (FW) was determined by weighing the aboveground and underground parts of each plant separately. The turgid weight (TW) was measured by placing aboveground and underground parts into distilled water of 20°C for 8 h until saturated. Plant samples were then placed into kraft bags, and dried in an oven at 105°C for 30 min, followed by 2 weeks at 75°C to estimate the dry weight (DW). The relative water content (RWC) was calculated according to previous methods (Schonfeld et al., 1988) as following:
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For stomatal morphology, the polish (acetone and resin as the main components) was spread on the lower surface of the middle part of the leaf for 2 min. The solidified nail varnish sheet was carefully separated from the leaf using tweezers and then observed and photographed under a microscope (ECLIPSE E600, Japan). The pictures were imported into the ImageJ@1.8.0 software for statistical analysis of multiple parameters analysis. Stomatal size (SS, the total area of stoma), stomatal perimeter (SP, the total length of outer border), stomatal width (SW, the top to the bottom of stoma outer border), stomatal length (SL, the left to the right of stoma outer border), stomatal aperture (SA, the pore area between the upper and lower guard cells) and aperture perimeter (AP, the total length of the internal border) were recorded.



Antioxidant Enzyme Activity and Malondialdehyde Content

The aboveground part of the plants was sampled at the above-mentioned four time points (S0, S1, S2, and R1) and covered in tinfoil and then soaked in liquid nitrogen for antioxidant enzyme activity detection. The SOD, POD, CAT activities and MDA content were estimated according to the previously reported method with slight modification (Denaxa et al., 2020). Briefly, phosphate buffer (PBS, pH = 7.0) was used to extract the initial enzyme solution. The SOD reaction mixture consists of 1.5 ml PBS (0.05 M, pH 7.8), 0.3 ml methionine (130 mM), 0.3 ml nitroblue tetrazolium (NBT, 750 μM), 0.3 ml EDTA-Na2 (100 μM), 0.3 ml riboflavin (VB2, 20 μM) and 0.25 ml ddH2O and it was detected at 560 nm with kinetic scan for 3 min. The POD reaction mixture consists of 2.5 ml PBS (0.1 M, pH 6.0), 2.8 μl guaiacol and 19 μl H2O2 (30%), and it was detected at 470 nm with a kinetic scan for 3 min. CAT reaction mixture consists of 0.5 ml H2O2 (0.1 M) and 2 ml PBS (0.1 M, pH 7.0) and it was detected at 240 nm with a kinetic scan for 3 min. For the determination of MDA content, thiobarbituric acid was dissolved in 10% trichloroacetic acid (TCA) until a concentration of 0.6% was obtained. Then, 1 ml of initial enzyme solution was added to an aliquot of 2 ml of the mixture. MDA content was then measured at 600, 532, and 450 nm by a spectrophotometer (UV-1800, Shimadzu, Japan). To detect the presence of O2–, leaves were soaked in 2 mM nitro-blue tetrazolium (NBT), dissolved in 20 mM phosphate buffered solution (PBS, pH 6.8) for 6 h. Buffer containing 1% (w/v) of 3-diaminobenzidine (DAB, pH 3.8) was used for the detection of hydrogen peroxide (H2O2). The GSH, AsA, O2– and H2O2 contents were measured following the methods reported previously (Yi et al., 2016).



RNA Extraction and Sequencing

Plant samples were collected as described above using, three replicates for each barley genotype, with a total of 36 samples used for RNA sequencing. Total RNA was extracted using the MiniBEST Plant RNA Extraction Kit (Takara, Japan). The RNA Nano 6000 Assay Kit (Agilent Technologies, CA, United States) was used to detect RNA integrity. After extraction, the total RNA was enriched with oligo (DT) magnetic beads. Fragment buffer was added to break the mRNA into short fragments. The first cDNA strand was synthesized with random hexamer primers using mRNA as a template. Then, the second cDNA strand was synthesized by adding buffer, dNTPs, RNase H and DNA polymerase I. After purification by QiaQuick PCR kit and elution with EB buffer, terminal repair and sequencing connectors were performed. Then, agarose gel electrophoresis was used to select fragment sizes. Finally, after PCR amplification, the cDNA library was sequenced with Illumina HiSeq™ (Supplementary Figure 1).



Transcriptome Analysis

The raw data were filtered with fastp (Q < 20 and length < 50 bp, adaptor sequences at the 3′ end) and quality control with fastQC to yield clean data. The genome of barley cv. Morex1 was used for clean read mapping by HISAT2. The mapping files were compressed and sorted by Samtools. Then, StringTie was used for reads assembly and abundance estimation. The fragments per kilobase of exon per million fragments mapped reads (FPKM) and false discovery rate (FDR) were used for the identification of differentially expressed genes (DEGs) with DESeq2 (fold change ≥2 and FDR ≤0.05). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of DEGs were performed by clusterProfiler with FDR ≤ 0.05 (Yu et al., 2012).



Weighted Gene Correlation Network Analysis

All DEGs were merged into a matrix as the input data for the R (v4.0.3) package WGCNA (v1.69). All phenotypic data recorded from plants under drought stress were also imported into the R software as the targets associated with gene co-expression modules. According to the approximate scale-free topology preconditions (R2 = 0.9), the WGCNA parameters of the soft threshold power of the adjacency matrix were defined as 9. The clustering of module eigengenes was cut at a height of 0.25. The networks correlated with agronomic traits were identified with the criterion of stability correlation P ≤ 0.05, and the module with ≥ 0.6 correlation coefficient (Pearson’s correlation coefficient) of traits were used for further analysis. The node and edge of genes in the selected module were loaded in Cytoscope@3.7.2 and analyzed by cytoHubba with Degree value, of which the notes with high connectivity within modules were considered as the hub genes.



Real-Time Quantitative PCR

The Primer Premier 6.0 software was used to design primers for candidate DEGs (Supplementary Table 1). Total RNA was extracted by the MiniBEST Plant RNA Extraction Kit (Takara, Japan), and its quality was assessed using a NanoDrop 2000 device (Thermo, United States) and through 1% agarose gel electrophoresis. Selected samples were reverse transcribed into cDNA by the PrimeScript™ RT reagent kit (Takara, Japan). QuantStudio 6 Flex Real-Time PCR System (Thermo, United States) was used to collect fluorescence quantities with the reaction system of 10 μL of 2 × Powerup SYBR Master Mix (Thermo, United States), 0.5 μL of forward and reverse primers, 3 μL of diluted cDNA and 6 μL DEPC-treated water. Relative quantitation was calculated according to the 2–ΔΔCT method.



Phylogenetic Analysis

For phylogenetic analysis, the sequences of known bZIP transcription factors from Arabidopsis, rice, Zea mays and wheat were downloaded from the UniProt website.2 All bZIP protein sequences were aligned using ClustalW in MEGA7 software, and then an unrooted phylogenetic tree was constructed by the neighbor-joining algorithm with a bootstrap value of 1,500 and the selection parameter p-distance.



Overexpression of HvbZIP21 in Arabidopsis

Sequences of the HvbZIP21 genes from a reference genome (assembly of EC_S1, unpublished) were used for primer design. The coding regions were amplified from EC_S1 cDNA, ligated into a pMD18-T vector and transferred into Escherichia coli competent cells for sequencing. The coding regions were then transferred into the pNC-Cam1304-MCS35S binary vector (Supplementary Figure 2) by homologous recombination. The recombined vector was transferred into Agrobacterium tumefaciens GV1301 competent cells. The flower buds of Arabidopsis were infected by Agrobacterium liquid buffer. Hygromycin B, GFP excitation light source and molecular marker for PCR (Supplementary Table 1) were used to identify the plants where the recombinant vector was integrated. RT-qPCR was used to confirm the presence and expression levels of candidate genes. Finally, homozygous transgenic seeds were sown into pots for 2 weeks. Water was withheld from plants in the drought stress treatment, while 100 ml of water was provided to plants in the control treatment. After 16 days, the phenotypic and physiological parameters were collected.



VIGS and Drought Tolerance Assessment

Barley stripe mosaic virus (BSMV) was used for gene silencing (Supplementary Figure 3). A fragment of 242 bp of HvbZIP21 was amplified by PrimeSTAR® Max DNA Polymerase (Takara, Japan) and then ligated into the pMD18-T vector for sequencing. To avoid off-target effects, the sequence within 3′UTR region was cloned as target fragment. Then, the target sequence was further run by “Blastex” in reference genome (wild barley EC_S1), which suggested that no homologous fragment was detected at E value < 0.05 or identity > 50%. Afterward, RNAγ cDNA was treated with NheI endonuclease, and the target sequence was amplified by primers harboring a homologous fragment of NheI sides 20 bp. Finally, the target sequence was inserted into RNAγ cDNA by In-Fusion Snap Assembly Master Mix (Takara, Japan). The combined RNAγ:HvbZIP21 with reverse insertion was used to silence HvbZIP21. During these steps, HvPDS was also cloned and used as a positive control to test the silencing effect.

The cDNA of RNAα, RNAγ, RNAγ:HvbZIP21 and RNAγ:HvPDS was linearized with MluI, and RNAβ was linearized with SpeI. In vitro RNA synthesis was conducted with a T7 RiboMAX™ Express Large Scale RNA Production System kit and Ribo m7G Cap kit (Promega, United States) based on the manufacturer’s instructions. The mixture solution, containing RNAα, RNAβ and RNAγ/RNAγ:HvbZIP21/RNAγ:HvPDS (1:1:1 in volume) was three times diluted with RNase-free water, and then equal 2 × GKP buffer was added. A total of 8 μl of the final mixture was inoculated into EC_S1 seedling leaves at the two-leaf stage according to the previously reported approach (He et al., 2015). Three inoculation treatments were conducted, i.e., RNAα + RNAβ + RNAγ; RNAα + RNAβ + RNAγ:HvbZIP21; and RNAα + RNAβ + RNAγ:HvPDS. The experiment was performed in three replicates using 10 plants (five plants from each of drought stress and control treatments) for each replicate. The drought treatment was the same as the methods described before.



Statistical Analysis

Analysis of variance (ANOVA) was performed using IBM® SPSS® Statistics 20. Sample groups with significantly different averages were analyzed further using Fisher’s least significant difference (LSD) test at a 5% probability (P-value ≤ 0.05) level (IBM® SPSS® Statistics 20).




RESULTS


The Growth of Wild Barley and Cultivated Barley Under Drought Stress

Water deficiency will reduce the metabolic reaction rate of crops and inhibit their growth. Compared to the well-watered treatment, leaves of the cultivated barley Baudin appeared wilted and yellow under drought conditions, and the leaves of cultivated barley Tadmor were slightly curled, whereas the leaves of the wild barley EC_S1 showed almost no significant change (Figure 1A). The fresh weights of EC_S1, Tadmor and Baudin increased by 72.5, 62.6, and 41.1%, respectively, after 14 days under drought stressed conditions. However, prolonging the drought stress conditions to 16 days has decreased the fresh weights of EC_S1, Tadmor and Baudin by 4.2, 25.3, and 49.2%, respectively. During the recovery stage, the fresh weights of EC_S1, Tadmor and Baudin were increased by 36.2, 64.7, and 85.2%, respectively (Figure 1B). The dry weights were significantly increased in EC_S1 (47.9, 33.8, and 60.1%) and Tadmor (100.1, 14.7, and 11.4%) under drought stress for 14 and 16 days and 1 day after recovered, respectively. However, the dry weight of Baudin was significantly increased by 64.4%, under drought conditions for 14 d, while there were no obvious changes under 16 days of drought stress and 1 days after recovery (Figure 1C). Moreover, water contents of Tadmor and Baudin were slightly decreased by 2.8 and 2.1%, respectively, 14 days after drought stress and significantly decreased by 8.4 and 14.4% after 16 days of drought stress, however, it was increased by 8.4 and 15.2% after 1 days of recovery. The water content of EC_S1 remained at 79.3–86.5% during drought stress (Figure 1D). These results indicated that under drought stress, the reduction in water content was the most serious in the Baudin genotype, and therefore, plant growth was significantly inhibited, while EC_S1 and Tadmor genotypes were more tolerant to drought stress.
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FIGURE 1. The morphology and biomass of EC_S1, Tadmor and Baudin after drought treatment for 16 d. (A) Photo of plants under control and drought treatment conditions; (B) fresh weight; (C) dry weight; (D) water content. S0: drought for 0 day; S1: drought for 14 days; S2: drought for 16 d; R1: drought for 18 days and rewatered for 1 day. * and ** indicate significance levels at P ≤ 0.05 and 0.01, respectively (n = 3 independent replicates).




Genotypic Differences in Stomatal Morphology Under Drought Treatment

Stomata regulate photosynthesis by changing the concentration of intercellular carbon dioxide, and change the plant water content by affecting the transpiration rate. This behavior is one of the most important response strategies of plants in response to drought stress. The wild barley EC_S1 showed larger SS, SP and SW compared to the cultivated barley Baudin and Tadmor. Moreover, SS, SP and SW in the EC_S1 were significantly decreased by 29.6, 17.7, and 20.7%, respectively, after 14 days of drought treatment, then reached the lowest values after recovery. In Tadmor, SS, SP and SW significantly decreased by 26.8, 18.0, and 13.3%, respectively, after 14 days of drought treatment, and then returned to normal their levels after recovery. However, SS and SP did not differ significantly in the Baudin genotype under the drought stress and recovery stage, whereas SW was significantly decreased by 21.8 and 8.9% after 14 and 16 days of drought stress, respectively, and then was increased to its normal level (Figures 2A–C). SL and AP exhibited no significant changes in Baudin but first decreased and then increased in Tadmor and fluctuated in EC_S1 (Figures 2D,E). The SA was significantly decreased in the Tadmor genotype after 16 days of drought stress and increased after 1 day of recovery. However, in EC_S1 genotype, SA was significantly decreased by 61.5% after 14 days and increased at 16 days of drought treatment. There were no obvious changes in SA in the Baudin genotype in response to drought stress (Figure 2F). These results suggest that Baudin had insensitive stomatal regulation, which made Baudin a drought-sensitive genotype. Additionally, differences between the wild barley EC_S1 and the cultivated barley Tadmor in their response to drought stress with respect to measured traits were also observed. In details, Tadmor has smaller initial stomatal morphological parameters than the other two barley genotypes, while EC_S1 genotype has a more flexible stomatal regulation strategy, which can rapidly regulate stomatal aperture to a tiny size under drought stress, although it has larger initial stomatal morphological parameters.
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FIGURE 2. Stomatal morphology of EC_S1, Tadmor and Baudin after drought treatment. (A) Stomatal size; (B) stomatal perimeter; (C) stomatal width; (D) stomatal length; (E) aperture perimeter; (F) stomatal aperture. * and ** indicate significance levels at P ≤ 0.05 and 0.01, respectively (n = 3 independent replicates).




The Activity of Antioxidant Enzymes and MDA Content Under Drought Stress

Abiotic stress usually causes an increase in reactive oxygen species (ROS) in plants. In response, plants increase the activity of antioxidant enzymes to eliminate reactive oxygen species and avoid cellular damage. The SOD and POD activities of all three barley genotypes showed increasing levels, peaked at 16 days after drought stress and decreased during the recovery stage. In addition, Baudin had the highest SOD and POD activities among the three barley genotypes, while the lowest SOD activity was found in the Tadmor genotype and the lowest POD activity was detected in EC_S1 under drought stress (Figures 3A,B). The CAT activity of Baudin peaked at 14 days of drought treatment, and it decreased after 14 days but increased after 16 days of drought treatment in Tadmor and EC_S1 (Figure 3C). The MDA content was significantly increased under drought treatment for 14 and 16 days, and then decreased during the recovery stage in Baudin and Tadmor. However, the MDA content of EC_S1 showed did not change significantly under either the drought stress and recovery stages (Figure 3D). These results suggest that more ROS are produced in Baudin plants and induce higher activity of antioxidant enzymes, however, it also had higher MDA accumulation than the other two genotypes. Moreover, EC_S1 exhibited the lowest MDA accumulation, which may be an important reason for its strong drought tolerance.
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FIGURE 3. The activity of enzymes related to ROS scavenging and MDA content of EC_S1, Tadmor and Baudin after drought treatment. (A) SOD activity; (B) POD activity; (C) CAT activity; (D) MDA content. * and ** indicate significance levels at P ≤ 0.05 and 0.01, respectively (n = 3 independent replicates).




Identification of DEGs in Barley Genotypes Under Drought Stress

When plants sense drought signals, the expression levels of specific genes are induced, resulting in a series of physiological and metabolic reactions. In this study, approximately 283.09 GB of clean data were used for alignment and quantification analysis (Supplementary Table 2). A total of 7,022 (3,107 up-regulated and 3,915 down-regulated), 6,090 (3,153 up and 2,937 down-regulated) and 5,050 (2,511 up and 2,539 down-regulated) DEGs were detected in Baudin, Tadmor and EC_S1, respectively, after 14 days of drought treatment. In addition, 9,733 (4,405 up and 5,328 down-regulated), 6,601 (3,226 up and 3,375 down-regulated) and 7,192 (3,507 up and 3,685 down-regulated) DEGs were detected in Baudin, Tadmor and EC_S1, respectively, after 16 days of drought stress. Obviously, the expression levels of more genes were changed in the drought-sensitive barley genotype Baudin, meaning that the drought-tolerant barley genotypes have more stable gene regulation. In addition, the wild barley EC_S1 has delayed gene regulation compared to cultivated barley Tadmor, although both genotypes were high drought-tolerant. However, during the recovery stage, there were 7,264 (3,651 up and 3,613 down-regulated), 7,671 (4,100 up and 3,571 down -regulated) and 8,562 (4,640 up and 3,922 down -regulated) DEGs in Baudin, Tadmor and EC_S1, respectively (Figure 4A). These results suggest that compared to drought-sensitive genotype, drought-tolerant barley genotypes have more active gene regulation, and that the wild barley genotype was more active compared to cultivated barley genotypes under the recovery stage.
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FIGURE 4. Identification and functional annotation of DEGs in EC_S1, Tadmor and Baudin under drought treatment. (A) DEGs number; B0: 0 day of drought treatment in Baudin; B1: 14 days of drought treatment in Baudin; B2: 16 days of drought treatment in Baudin; B_R: 18 days of drought treatment and 1 days of rewatering in Baudin; S: EC_S1; T: Tadmor; Venn of DEGs in drought and rewater stage of Baudin and Tadmor (B); Baudin and EC_S1 (C); Tadmor and EC_S1 (D) Baudin_vs_Tadmor and Baudin_vs EC_S1 (E); B_D and B_R: DEGs of Baudin in drought and rewater treatment; S_D and S_R: DEGs of EC_S1 in drought and rewater treatment; T_D and T_R: DEGs of Tadmor in drought and rewater treatment; B_D_vs_T_D: DEGs in Tadmor compared to Baudin under drought treatment; B_D_vs_S_D: DEGs in EC_S1 compared to Baudin under drought treatment; (F) GO annotation of DEGs in Tadmor; (G) GO annotation of DEGs in EC_S1; (H) KEGG enrichment of DEG in Tadmor; (I) KEGG enrichment of DEG in EC_S1.


To reveal the difference in drought tolerance mechanisms between wild and cultivated barley, DEGs in the drought-tolerant genotype EC_S1 and Tadmor were compared to those of the drought-sensitive genotype Baudin. Under drought stress and the recovery stage, 1,898 and 1,944 DEGs, respectively, were identified in Tadmor (named T-Drought DEGs), including 798 common genes (Figure 4B). In EC_S1, 1,456 and 1,917 DEGs were detected (named W-Drought DEGs), including 648 common genes (Figure 4C). These results suggest that fewer specific DEGs were detected in EC_S1 than in Tadmor under drought treatment. Moreover, 4,945 and 4,390 DEGs were common genes under drought stress and during the recovery stage. In addition, 2,655 and 2,185 DEGs were identified in Tadmor and EC_S1 under drought stress, respectively, and 2,183 and 2,687 DEGs were identified during the recovery stage (Figure 4D). Among the T-Drought DEGs and W-Drought DEGs, 1,110 and 1,048 DEGs were identified in Tadmor under the drought stress and recovery stages, respectively, from which 415 DEGs were common genes. In contrast, 755 and 996 DEGs were identified in EC_S1, including 327 common genes (Figure 4E). In general, compared to cultivated barley, the number of specific DEGs in wild barley under drought stress was lower but was equivalent to that in cultivated barley under the recovery period, meaning that the regulation of wild barley in response to drought may be stable and efficient.

DEGs in the wild barley EC_S1 and cultivated barley Tadmor were annotated by Gene Ontology (GO) annotation. In total, 30 GO terms, including 3 terms in cellular components, 5 terms in biological processes and 22 terms in molecular function, were significantly enriched in Tadmor. In contrast, only 16 GO terms in EC_S1 were enriched, including 3 terms in cellular components, 2 terms in biological processes and 11 terms in molecular function. The DEGs of Tadmor were significantly enriched in the GO terms “hydrolase activity (GO: GO:0004553),” “response to water (GO:0009415)” and “transmembrane transporter activity (GO:0022857)” and EC_S1 in “hydrolase activity (GO:0004553),” “photosystem II oxygen evolving complex (GO:0009654)” and “transmembrane transporter activity (GO:0022857).” Compared to Tadmor, EC_S1 had a significant GO term of “cell redox homeostasis (GO:0045454)” in biological process, while it lacked biological processes related to cell wall and membrane degradation (GO:0006869; GO:0006629; GO:0006032; GO:0016998). Furthermore, terms related to ATP metabolism (GO:0042626; GO:0016887) and transport activity (GO:0022857; GO:0008483) were only significantly enriched in Tadmor, which indicated that the metabolic process of Tadmor was more active than that of EC_S1 under drought stress (Figures 4F,G and Supplementary Figure 4). KEGG annotation suggested that “plant hormone signal transduction (map04075)” was identified in all three barley genotypes, while “phenylpropanoid biosynthesis (map00940)” was only significantly enriched in the drought-tolerant genotypes EC_S1 and Tadmor (Figures 4H,I and Supplementary Figure 5). In addition, “peroxisome (map04146)” was only significantly enriched in EC_S1, but “glutathione metabolism (map00480)” and “flavone and flavonol biosynthesis (map00944)” were specifically enriched in Tadmor, suggesting that genes related to ROS metabolism respond differently among the three barley genotypes and may be the key factors affecting drought tolerance.

Transcription factors (TFs) are involved in the plant response to drought stress by regulating the expression level of downstream genes. Here, we identified 5 AP2, 1 bZIP, 20 MYB, 2 NAC, 3 DREB and 4 WRKY TFs (Supplementary Figures 6A–E) that were significantly induced by drought stress in the wild barley EC_S1. Moreover, the genes in known pathways were identified (Supplementary Figure 7). The genes related to stomatal closure, such as PYR/PYL and SnRK2 family genes, had obviously higher expression levels in EC_S1 and Tadmor, suggesting that drought-tolerant varieties have stronger stomatal regulation ability.



Mining Hub Genes Involved in the Drought Stress Response

To mine the hub genes in response to drought stress, weighted gene co-expression network analysis (WGCNA) was performed to link gene expression levels with plant morphological and physiological data. The FPKM matrix from the transcriptome was input as a genotype matrix for WGCNA, and the biomass, stomatal morphological parameter, antioxidant enzyme activity and malondialdehyde content data were input as a phenotype matrix. In total, 21 modules were identified by constructing a topological overlap mapping metric (TOM) plot to calculate the similarity matrix of gene expression between two nodes. Among them, the largest module was Blue, with 3,100 DEGs, and the smallest module was Thistle 2, with 88 DEGs (Figure 5A). The drought-response modules were identified with correlation values between module and phenotype of > 0.6 and P < 0.05. Module Tan was considered to play a role in SS, SP and SW regulation, module Blue in FW and DW, module Steelblue in FW, module Bisque4 in MDA, and modules Lightsteelblue1 and Turquoise in SOD, POD and MDA (Figure 5B). Then, the regulatory relationship within each module was used to calculate the Degree value and construct a network. In these six modules, the genes with the top 5 Degree values were identified as hub genes in each module (Supplementary Table 3).
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FIGURE 5. Results of Weight Gene Coexpression Network Analysis (WGCNA). (A) The clustering dendrogram of genes with dissimilarity based on topological overlap computed by WGCNA. The original modules and merged modules are colored below the clustering dendrogram; (B) the relationship between modules and traits; (C) the network within the Tan module. The degree value was mapped as node color and size. More modules are shown in Supplementary Figure 8. (D) The relationship between the transcriptome data and RT-qPCR. TPM: Transcripts per million, used to represent the expression level.


The hub gene in module tan includes four light-harvesting complex binding genes (LHCB3, LHCB1.1, LHCB1.2 and LHCB1.3) and a photosystem I iron-sulfur center (psaC) gene, indicating that genes are involved in the photosynthesis response by regulating stomatal size, stomatal perimeter and stomatal width under drought stress. Genes in Module Blue are involved in RNA transcription (TAF RNA Polymerase I subunit A), protein synthesis and translocation (protein translocase subunit, secA), while genes in module steelblue are involved in ROS metabolism (GH17B, POD1a, POD1b and GH17C), suggesting that ROS, RNA and protein metabolism affect the growth of plants under drought stress. Interestingly, the hub genes of the three ROS-related modules revealed diverse functions, such as bZIP transcription factor (bZIP21), GDSL-like lipase/acylhydrolase (AP22.35), zinc-ribbon (TRIM13), and late embryogenesis abundant (LEA) group 1 (LEA18), suggesting that ROS regulation is complex and is influenced by multiple pathways (Figure 5C, Supplementary Figure 8). The RT–qPCR results showed a correlation coefficient (R2) of 0.863 with the transcriptomic data TPM (Figure 5D), proving the reliability of the transcriptome analysis.



HvbZIP21 Promotes Drought Tolerance in Transgenic Arabidopsis

A total of 30 hub genes were identified by WGCNA, including a bZIP transcription factor gene. The bZIP TF was close to ZmbZIP21 from a phylogenetic perspective, so it was named HvbZIP21 (Figure 6A). The expression patterns showed that HvbZIP21 had a higher expression level in EC_S1 than in Tadmor and Baudin based on both transcriptome and RT-qPCR (Figure 6B). The full-length coding region of HvbZIP21 was cloned from the wild barley EC_S1 (Supplementary Figure 9). The protein sequence of HvbZIP21 was combined with GFP and subcellularly detected to the nucleus (Figure 6C). Sequence analyses found a SNP between EC_S1 (cytosine, C) and Baudin (Thymine, T). The cis-acting element analysis of the promoter region showed that the SNP results in a “CAAT Box” in Baudin and a “MYB binding site” in EC_S1, which may be the reason for the different expression among the three barley genotypes (Figure 6D). To reveal the function of HvbZIP21 during drought stress, we overexpressed this gene in Arabidopsis. After hygromycin screening, GFP excitation light source screening and PCR identification, T3 (third-generation) plants overexpress HvbZIP21 under the control of the cauliflower mosaic virus (CaMV) 35S promoter (35S::HvbZIP21; line 3, 6 and 12 were generated and subjected to drought stress for 16 days (Supplementary Figure 10). The wild-type (WT) plants were wilting and yellowing, while all three transgenic plants showed slight curl of leaf edges, suggesting that the overexpression of HvbZIP21 improved drought tolerance in Arabidopsis (Figure 7A). DAB and NBT staining showed that leaves of WT plants accumulated more H2O2 and O2– than transgenic plants (Figures 7B,C). SOD and POD activities were significantly decreased by 70.00 and 69.29% in WT plants, respectively, but 32.84 and 45.62% in transgenic plants (average data of three transgenic lines), indicating that SOD and POD activities were 2.14 and 1.63 times higher in the 35S::HvbZIP21 transgenic plants compared to WT plants under drought treatment (Figures 7D,E). The CAT activity and AsA content were significantly increased by 65.08 and 66.96%, respectively, in the WT plants, whereas these two parameters were significantly increased by 105.81 and 91.96%, respectively, in the 35S::HvbZIP21 transgenic plants under drought stress (Figures 7F,G). Though it was significantly increased in all plants, the GSH content in 35S::HvbZIP21 transgenic plants was found to be 2.19 times that of the WT plants under drought treatment (Figure 7H). Consistent with the results of histochemical staining, the H2O2 and O2– contents were significantly increased by 284.62 and 180.00% in the WT plants but by 119.66 and 88.36% in the 35S::HvbZIP21 transgenic plants after drought treatment (Figures 7I,J), resulting in an MDA content of 1.67 times higher in the WT plants than in transgenic plants (Figure 7K). Together, the data revealed that the overexpression of HvZIP21 enhanced the drought tolerance in Arabidopsis by improving the activity of oxidative protective enzymes and glutathione content.
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FIGURE 6. The evolution, expression pattern, subcellular localization and gene structure of HvbZIP21. (A) Phylogenetic tree constructed by the neighbor-joining algorithm with a bootstrap value of 1,500; (B) the expression level of HvbZIP21 from transcriptome data (TPM) and RT-qPCR; * and ** indicate significance levels at P ≤ 0.05 and 0.01, respectively (n = 3 independent replicates). (C) the subcellular localization of HvbZIP21; (D) the structure of HvbZIP21 in EC_S1.
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FIGURE 7. Overexpression of HvbZIP21 in Arabidopsis. (A) Photo of WT and transgenic plants; (B) DAB staining of leaves of WT and transgenic plants; (C) NBT staining of leaves of WT and transgenic plants; (D) SOD activity; (E) POD activity; (F) CAT activity; (G) AsA content; (H) GSH content; (I) O2– content; (J) H2O2 content; (K) MDA content. Different lowercase letters indicate significance levels at P ≤ 0.05 (n = 3 independent replicates).




Silencing of the HvbZIP21 Suppresses Drought Tolerance in Wild Barley

To verify the function of HvbZIP21 during drought stress in barley, the gene was silenced in the drought-tolerant barley genotype EC_S1. As a control, the expression level of PDS in BSMV:PDS-inoculated plants was 29.1% of that in BSMV:γ-inoculated plants, causing leaf albinism in the former (Supplementary Figure 11). RT-qPCR results showed that the expression level of HvbZIP21 was knocked down by 71 and 82% in the BSMV:HvbZIP21-inoculated plants compared to the BSMV:γ-inoculated plants under the well-watered and drought-stressed conditions, respectively (Supplementary Figure 12). After 16 days of drought treatment, the BSMV:γ-inoculated plants exhibited leaves drooping from the middle, but the BSMV:HvbZIP21-inoculated plants exhibited severe wilting and curling, and mature leaves were drooped from the base (Figure 8A). Obviously, HvbZIP21-silenced plants had a more drought-sensitive phenotype compared to the HvbZIP21 non-silenced plants, suggesting that HvbZIP21 plays a pivotal role in regulating drought tolerance in barley. DAB and NBT staining showed that the BSMV:HvbZIP21-inoculated plants accumulated more H2O2 and O2– than BSMV:γ-inoculated plants (Figures 8B,C). After drought treatment, the SOD and POD activities were significantly decreased by 38.78 and 46.30%, respectively, in the BSMV:γ-inoculated plants, whereas in the BSMV:HvbZIP21-inoculated plants, the SOD and POD activities were decreased by 51.72 and 65.94%, respectively (Figures 8D,E). The CAT activity and AsA content were significantly increased in both BSMV:γ- and BSMV:HvbZIP21-inoculated plants under drought stress (Figures 8F,G). Interestingly, the GSH content was significantly increased by 13.54% in BSMV:γ-inoculated plants, but it was significantly decreased by 36.88% in the BSMV:HvbZIP21-inoculated plants in response to drought stress (Figure 8H). As a result, H2O2 and O2– contents in the BSMV:HvbZIP21-inoculated plants were 1.67 and 1.29 times those of BSMV:γ-inoculated plants, respectively (P < 0.05, Figures 8I,J). Finally, the MDA content of BSMV:HvbZIP21-inoculated plants was 1.68 times higher than that of the BSMV:γ-inoculated plants (Figure 8K). These results show that silencing the HvbZIP21 reduces the activity of oxidative protective enzymes, and the glutathione content in BSMV:HvbZIP21- and BSMV:γ-inoculated plants showed a completely opposite trend under drought stress. Finally, cell membrane peroxidation caused by the rise in ROS content inhibited growth and physiological metabolic activity in the BSMV:HvbZIP21-inoculated plants. The above results support the idea that HvbZIP21 is involved in drought tolerance in barley by regulating the level of ROS.
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FIGURE 8. Silencing of HvbZIP21 in EC_S1 by VIGS-BSMV. (A) Photo of WT and BSMV:HvbZIP21-inoculated plants; (B) DAB staining of leaves of WT and BSMV:HvbZIP21-inoculated plants; (C) NBT staining of leaves of WT and BSMV:HvbZIP21-inoculated plants; (D) SOD activity; (E) POD activity; (F) CAT activity; (G) AsA content; (H) GSH content; (I) O2– content; (J) H2O2 content; (K) MDA content. Different lowercase letters indicate significance levels at P ≤ 0.05 (n = 3 independent replicates).





DISCUSSION

Plant responses to drought stress can be divided into three strategies: escape, avoidance and tolerance (Gupta et al., 2020). Previous studies have shown that wild barley from the desert areas has stronger drought tolerance (reduced water loss) than wild barley from the Mediterranean grassland areas (Shahmoradi and Mozafari, 2015). In this study, we found that the water content was low in the drought-sensitive Baudin barley and high in the drought-tolerant wild barley EC_S1. This finding suggests that drought avoidance (defined as endurance with increased internal water content and prevention of tissue damage) was an effective strategy for wild barley to cope with drought conditions. Stomatal size, which is negatively correlated with plant drought tolerance, directly affects the plant’s water content by regulating transpiration (Zhou, 2008; Chen et al., 2018). Interestingly, the initial stomatal size (SS), stomatal perimeter (SP) and stomatal width (SW) of the wild barley were significantly higher than those of cultivated barley (Figures 2A–C), but the stomatal length (SL), aperture perimeter (AP) and stomatal aperture (SA) were not significantly different (Figures 2D–F). This can be explained by the morphology of the guard cells, which are larger in size and width in the wild barley EC_S1compared to cultivated barley. Under drought conditions, the stomatal regulation in the wild barley EC_S1 showed two features: (1) a faster response rate and greater amplitude change than cultivated barley; and (2) changes in volatility to balance drought tolerance and growth. These results are in contrast with a previous study, where stomatal aperture width, stomatal density, and stomatal pore area were significantly lower in the drought-sensitive wild barley varieties (Tibetan) (Chen et al., 2018). We speculate that a potential reason for these contrasting results may involve data being sourced from a single time point, whereas stomatal regulation changes dynamically. Importantly, other studies found that drought-tolerant barley varieties had larger guard cell volumes, which is consistent with our results. The observed low values of most stomatal parameters in the drought-tolerant cultivated barley Tadmor under drought stress might be associated with effectively reduction in water loss. Besides, the non-significant changes in stomatal aperture of the drought-sensitive cultivated barley Baudin under drought stress might be the reason for its weak drought tolerance.

Transcriptome analysis has been widely used to mine drought tolerance genes in barley (He et al., 2015; Zeng et al., 2016; Harb et al., 2020), but only a few studies have focused on wild barley from the Middle East. In our study, the number of differentially expressed genes in drought-tolerant barley (6,090 in Tadmor and 5,050 in EC_S1) was significantly lower than that in drought-sensitive barley (7,022 in Baudin) (Figure 4A). These results support the conclusion of previous studies that, compared to drought-sensitive barley genotypes, drought-tolerant barley genotypes have more stable gene expression changes (Janiak et al., 2017). GO annotation analyses also revealed differences between wild and cultivated barley. The plants of the tadmor variety showed strong energy metabolism (ATP metabolism GO:0042626; GO:0016887 and transport activity GO:0022857; GO:0008483), while plants of EC_S1 showed stable redox metabolism (cell redox homeostasis GO:0045454) (Figures 4F,G). KEGG annotation supported similar results, showing that “peroxisome (map04146)” was only significantly enriched in EC_S1 (Figures 4H,J). Interestingly, oxidative protective enzymes, such as SOD, POD and CAT, were higher in the Baudin variety than Tadmor and EC_S1. Likewise, the Baudin variety also exhibited the highest MDA content among the three barley genotypes (Figures 3A–D). The SOD, POD and CAT activities in EC_S1 genotype were significantly lower than those in Baudin, which may be caused by low ROS accumulation in EC_S1. Among the three varieties, the lowest MDA content was observed in EC_S1, suggesting that, compared to Baudin and Tadmor, the cell membrane of EC_S1 was less damaged by ROS accumulation under drought stress.

Through the WGCNA R package (Zaidi et al., 2020), we identified 30 hub genes, including nine known drought-related genes. For example, the LHCB6 gene in Arabidopsis has been reported to play a role in stomatal regulation by responding to ABA signaling in guard cells, and ROS may be involved in this process (Xu et al., 2012). Here, we have identified 4 LHCB family genes (HORVU2Hr1G040780, HORVU7Hr1G058120, HORVU5Hr1G066280 and HORVU1Hr1G088920) related to stomatal parameters, suggesting that the LHCB gene family may also play a role in regulating drought response in barley (Supplementary Figure 6E). Moreover, two peroxidase family genes (HORVU2Hr1G018480 and HORVU2Hr1G044340) were identified as hub genes (Supplementary Figure 6D). Previous studies have shown that the overexpression of extracellular peroxidase CaPO2 in Arabidopsis enhanced tolerance to drought stress (Choi and Hwang, 2012). The hub genes of three modules related to oxidative protective enzyme activity contained some known drought-related genes, such as LEA18 (HORVU6Hr1G054890), ABCB6 (HORVU4Hr1G000620) and bZIP transcription factor (HORVU3Hr1G047180) (Supplementary Figure 6). The overexpression of group 2 of late embryogenesis assistant (LEA) in tomato significantly improved its drought tolerance by distributing Na+ in adult and young leaves (Munoz-Mayor et al., 2012). In addition, the group 4 late embryogenesis abundant protein (LEA) was also reported to play a role in plant tolerance to water deficit in Arabidopsis (Olveracarrillo et al., 2011). In a study by Kuromori et al. (2010), the AtABCG22 mutant showed increased water loss, whereas the AtABCG25 gene was found to be involved in stomatal regulation. In addition, ABCG40 was identified as a plasma membrane ABA uptake transporter involved in the drought regulation (Kang et al., 2010). The identification of these drought tolerance genes not only supports the reliability of transcriptome and WGCNA analyses in candidate gene mining but also provides the implementation of these techniques as powerful tools for the identification of new drought tolerance candidate genes. In our study, we identified another 21 hub genes, but their role in the drought tolerance response is still unknown.

Transcription factors (TFs), such as AP2, ERF, NAC, MYB, WRKY, DREB, and bZIP, have been shown to play roles in the drought response regulation (Gujjar et al., 2014; Gupta et al., 2020; Wang et al., 2022). Here, we identified 35 TFs in total that were significantly increased in EC_S1 under drought treatment (Supplementary Figure 6). Moreover, one bZIP transcription factor was identified as a hub gene of the turquoise module, for which the correlation coefficients with SOD, POD and MDA were 0.83 (P = 3e-10), 0.79 (P = 9e-9) and 0.76 (P = 8e-8), respectively (Figure 5B). Evolutionary analyses found that this gene has the closest phylogenetic relationship to the ZmbZIP21 gene, so it was named HvbZIP21. Interestingly, only bZIP TFs from Arabidopsis and Zea mays, but not from wheat and rice, were detected in the same cluster of HvbZIP21 (Figure 6A), suggesting that it is a novel bZIP TF in barley. At present, the role of bZIP family genes in the drought response has been widely reported, for example, OsbZIP23, OsbZIP71 and OsbZIP72 in rice (Xiang et al., 2008; Lu et al., 2009; Liu et al., 2014) and AREB1, AtTGA4, and AtbZIP62 in Arabidopsis (Furihata et al., 2000; Zhong et al., 2015; Kabange et al., 2020). However, in barley, the functions of the bZIP gene family under drought stress needs to be further investigated. Previous studies reported that HvABI5 was involved in the fine tuning of ABA signaling by a feedback regulation between biosynthetic and signaling events in barley (Collin et al., 2020). Here, we cloned the HvbZIP21 from the drought-tolerant wild barley EC_S1 and found that it was subcellularly targeted to the nucleus (Figure 6C). After overexpressing the HvbZIP21 in Arabidopsis, we found that it enhanced drought tolerance in transgenic plants by increasing the activity of oxidative protective enzymes (SOD, POD and CAT) and glutathione content (Figure 7). Similar results were also found in Poncirus trifoliata that where the overexpression of the bZIP transcription factor PtrABF, resulted in a positive modulation of drought tolerance by scavenging ROS (Huang, 2010). Moreover, the overexpression of the bZIP family gene AREB1 in Arachis hypogaea enhances drought tolerance by modulating ROS scavenging (Li et al., 2013). Finally, we found that silencing of HvbZIP21 significantly restrained drought tolerance and decreased SOD, POD and CAT activities and glutathione content (Figure 8). In this study, a large number of DEGs, especially 30 hub genes, revealed in this study are potential genes that may play roles in drought tolerance. As a case, HvbZIP21 is verified to improve drought tolerance, which doesn’t mean that HvbZIP21 is the only reason why wild barley is more tolerant to drought stress than cultivated barley.

Taken together, the results of this study highlight the excellent gene resources found in wild barley and reveal the available genes for breeding barley with improved drought tolerance. Our study not only identified an effective drought tolerance gene but also identified 29 additional drought-related hub genes, although further experiments should be carried out to verify the function of these candidate genes. Future work will focus on understanding how HvbZIP21 is induced and how to regulate downstream genes to manipulate ROS metabolism under drought stress.
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Phosphorus (P) availability is important for metabolic process, tillering and formation of a vigorous root system in sugarcane, but sugarcane varieties differ in P uptake efficiency. This study evaluated the enzymatic, nutritional, and biometric parameters of two sugarcane varieties under two conditions of P availability by monitoring the initial development of plants grown in nutrient solution. The experiment was performed using randomized complete block design (RCBD) with five replicates and included two varieties, RB966928 (high nutritional requirements) and RB867515 (low nutritional requirements), and two concentrations of P in the nutrient solution: low (2 mg L−1) and suitable (16 mg L−1). Carbohydrate concentrations and partitioning, leaf nutrient concentrations, enzymatic activity, and shoot and root biometric parameters were analyzed. Regardless of sugarcane variety and the part of the plant, reducing sugar were approximately 32.5% higher in RB867515 and 38.5% higher in RB966928 under suitable P compared with low P. Sucrose concentrations were significantly higher in both varieties under suitable P than in low P. According to PCA, the relationship between reducing sugars and sucrose was closer in RB966928 than in RB867515. Under low P, soluble protein content decreased, and the activities of the antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) and the concentrations of hydrogen peroxide (H2O2), and malondialdehyde (MDA). The variety RB966928 under suitable P appears to have a high capacity for proline (120%) upregulation under abiotic stress compared with RB867515 (54%), and thus higher biomass accumulation of this RB966928 variety; however, RB867515 had superior results compared to RB966928 under low P. Suitable P increased leaf concentrations of N, P, Mg, B, and Mg and decreased leaf Zn content. Root and shoot dry matter, root length, plant height, and root and stalk diameter increased by suitable P. Regardless of variety, both nutritional and biometric parameters were directly influenced by P levels, including sugarcane yield. In relation of sugarcane dry matter, RB966928 was less sensitive to low P levels and more responsive to P supply than RB867515 and thus may be more suitable for environments in which P is limiting.

Keywords: sugarcane nutrition, roots, nutrient absorption, P use efficiency, Saccharum spp., antioxidant enzymes, carbohydrate partitioning


INTRODUCTION

Soil phosphorus (P) levels are a major economic and environmental concern worldwide due to the rising price of P fertilizer, which is the result of the growing costs of fossil fuels, mining, processing, transport, and import taxes (Withers et al., 2018; Soltangheisi et al., 2019b; Garske and Ekardt, 2021). P directly impacts plant development, metabolic processes, and crop yield, particularly in soils that are highly weathered, volcanic ash-derived, acidic or P-fixing (Cakmak, 2002; Roy et al., 2017). Due to the low natural fertility of acidic soils, suitable P fertilization management is indispensable to achieve favorable production (Jaiswal et al., 2017), while minimizing negative environmental impacts (Bordonal et al., 2018). P is critical for plant metabolic activity, especially protein synthesis, cell division, photosynthetic processes, energy storage and supply, sugar metabolism, respiration, and sucrose production and transport (Marschner, 2012). In addition, P is a component of essential biomolecules like DNA, RNA, and phospholipids (Plaxton and Lambers, 2015).

In Brazil, sugarcane is of major economic importance due to its uses in biofuel and sugar production and as a source of millions of jobs (Moraes et al., 2015; Cardoso et al., 2018). Restricted soil P availability adversely impacts biomass production and yields and is frequently responsible for low sugarcane production efficiency (Gopalasundaram et al., 2012; Bachiega Zambrosi, 2021). In addition, plants need major quantities of P to improve nutrient uptake strategies and reduce nutrient losses by enhancing P mobility from the bulk soil to rhizosphere (Hamoud et al., 2019; Ning et al., 2019). Consequently, P-based fertilizers and the management of their application in sugarcane crop production have been studied extensively (Cherubin et al., 2016; Borges et al., 2019; Soltangheisi et al., 2019a; Crusciol et al., 2020). P fertilization is generally performed without considering the specific hybrid, even though sugarcane varieties differ in their efficiency of P utilization to maintain adequate growth and yield (Sundara, 1994; Zambrosi et al., 2014) and the rate of sucrose accumulation (Lingle, 1997). Complex hybrid (clone) species of the genus Saccharum are nearly exclusively used in sugarcane cultivation to reduce production costs, while increasing productivity. One approach to improving production sustainability, yields, and plant physiological performance is to identify genotypes that ameliorate the effects of P scarcity on sugarcane development (Zambrosi et al., 2014).

Abiotic stresses such as salinity, heat, and nutritional deficiency lead to the accumulation of reactive oxygen species (ROS; You and Chan, 2015; Aleksza et al., 2017; Choudhury et al., 2017; Gao et al., 2020). ROS such as singlet oxygen (O2−) and hydrogen peroxide (H2O2) are highly reactive and toxic and lead to damage to proteins, lipids, carbohydrates, and DNA (Gill and Tuteja, 2010). ROS accumulation as a result of environmental stress is a major cause of crop yield reduction (Molinari et al., 2007; Cia et al., 2012; Zidenga et al., 2012). Low P levels can also induce ROS production by compromising the use of light energy harvested by reaction centers and the synthesis of ATP and NADPH (Croft et al., 2017), which results in electron transport chain overload (Singh et al., 2019). Antioxidant molecules such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and proline reduce these deleterious effects on plant yield by promoting ROS homeostasis (Decros et al., 2019; Hasanuzzaman et al., 2021). In addition, studies have been shown that abiotic stress can be mitigated by strategies use of plant varieties (He et al., 2017; Li et al., 2019; Sheteiwy et al., 2021; Yang et al., 2021), and adequate varieties face better the environmental stress when have greater metabolism performance to produce these molecules.

The differences in the abilities of sugarcane varieties to use soil P pools and metabolize acquired P are not fully understood. To address this gap, the present study examines the effects of varying conditions of P availability on different sugarcane varieties recommended for the same cropping environment. We hypothesized that the responses of different varieties to low P availability depend on their ability to synthesize antioxidant substances, particularly proline. To test this hypothesis, we monitored the initial development of two sugarcane varieties in nutrient solution under different conditions of P availability. We sought to relate these responses to metabolite biosynthesis and partitioning, enzymatic activity, nutritional content, shoot and root morphological parameters, and P utilization.



MATERIALS AND METHODS


Experimental Setup and Design

The study was carried out in a greenhouse equipped with an internal heating/cooling air circulation system under a climate-controlled environment (temperature between 23 and 32°C with a photoperiod of 14 h of light). The experiment was performed using randomized complete block design (RCBD) and comprised four treatments and five replicates. The treatments comprised two sugarcane varieties (RB966928 and RB867515) and two P concentrations in the nutrient solution, 2 and 16 mg L−1, which are considered “low” and “suitable,” respectively, for sugarcane plant development.



Sugarcane Varieties and P Levels

Sugarcane varieties were selected for this study based on their characteristics (Ridesa, 2010). The variety RB966928 is recommended for cropping environments with medium to high potential and is characterized by excellent germination of the cane plant; excellent ratooning; high tillering of the cane plant and ratoon crop, with excellent inter-row closure; very high crop yield; medium useful period of industrialization (UPI); early ripening; rapid development; and medium sucrose and fiber content; intermediate response to P supply (Ridesa, 2011; da Silveira et al., 2014). The variety RB867515 is characterized by high crop yield; medium to late ripening; good ratooning and inter-row closure; high sucrose and medium fiber content; and medium UPI. Both varieties must be planted in areas with medium natural fertility, and harvesting between July and September is recommended; superior response to P supply (Ridesa, 2011).

Preliminary testing of both varieties with six P levels (0, 2, 4, 8, 16, and 32 mg L−1 of P) using KH2PO4 and H3PO4 showed that performance was similar in the treatments containing 16 and 32 mg P L−1 and that H3PO4 provided better pH stability of the solution. In this study, P rates tested followed the rates tested by Mata-Alvarez et al. (2000) in soil conditions. Among the low P availability conditions, the treatments containing 2 and 4 mg L−1 P had similar performance, whereas plants cultivated under no P application (0 mg L−1 P) did not develop after 2 weeks. Based on these results, P concentrations of 2 mg P L−1 and 16 mg P L−1 using H3PO4 were defined as “low” and “suitable,” respectively.



Seedling Establishment, Trial Setup, and Nutrient Solution

Cane-cutting seedlings (length of 3 cm and one vegetative bud) were harvested from a commercial nursery. The buds were extracted from the upper third of each cane cutting to ensure uniform sprouting. For germination, the cane cuttings were placed in plastic trays containing coarse sand and periodically irrigated with deionized water. The trays were placed on benches inside the greenhouse under controlled air humidity. At 27 days after emergence, seedlings were selected according to their sprouting uniformity and then transplanted into nutrient solution. The seedlings were fixed in foam plates and subsequently transferred to a plastic pot so that only the root system was in contact with the nutrient solution. Each pot contained four sugarcane seedlings and was filled with 4 L of nutrient solution under constant aeration. After 51 days, the plants were transferred to larger pots containing 8 L of nutrient solution.

The nutrient solution composition was as follows (in mg L−1): 138 N-NO3 as Ca(NO3)2.4H2O; 20 N-NH4 as NH4NO3; 141 K as K2SO4; 151 Ca as Ca(NO3)2; 17 Mg as MgSO4.7H2O; 56 S as ZnSO4.7H2O; 0.04 Cu as CuSO4.5H2O; 3.6 Fe as Rexolim M48 (6.5% Fe); 0.04 Mn as MnCl2.4H2O; 0.08 Mo as (NH4)6Mo7O24; 0.15 Zn as ZnSO4.7H2O; 0.003 B as H3BO3; 33 Cl as KCl; and 2 (low) or 16 (high) P as H3PO4. To avoid possible interference from saline effects on the initial growth of the seedling roots, the nutrient solution was diluted to one-third ionic strength during the first week and half ionic strength during the second week and replaced with full ionic strength solution during the third week. The maximum volume variation of the solution was 5%, and water lost to evapotranspiration was replaced with deionized water. The pH was monitored daily and maintained within a range of 5.5–6.5 by adjustment with 0.1 M HCl or 0.1 M NaOH solution when necessary. The nutrient solution was replaced with fresh solution weekly.



Plant Parameters, Root Measurements, and Leaf Nutrient Concentrations

Evaluations were conducted 73 days after the plants were transplanted to nutrient solution. Stalk diameter was measured using a caliper, and a ruler was used to measure both internode length and plant height (from the base to the top of the plant). Tiller number was also determined. Root length and diameter were measured by a digitizer coupled to a computer with WinRhizo software version 3.8-b (Regent Instruments Inc., Quebec, Canada) as described by Tennant (1975). To determine root, shoot, and total dry matter, the plants were divided into roots, stalks, and leaves, washed in running water, dried in paper bags in a forced-air oven at 65°C until reaching a constant weight, and weighed. The middle third of the dry leaves was ground in a Wiley-type mill with a 1-mm screen, and the concentrations of N, P, K, Ca, Mg, S, B, Cu, Zn, Mn, and Fe were determined according to Malavolta et al. (1997).



Carbohydrates

The partitioning of carbohydrates between roots, stalks, and leaves was determined by measuring the reducing sugar, sucrose, and starch concentrations in the respective dry matter mass. The same milled plant material used to nutritional analysis was subjected to reducing sugars (fructose and glucose) and sucrose fractionation by high-performance liquid chromatography (HPLC) on a Shimadzu model 10A chromatograph with an RID-10A refractive index detector and model LC-10AD isocratic pump (Bossolani et al., 2021). The starch concentration was determined according to Somogyi-Nelson (Nelson, 1944; Somogyi, 1952) and the absorbance was measured in a spectrophotometer at 535 nm.



Enzymatic Activity and Proline

Leaf samples were ground in liquid nitrogen in a porcelain mortar to obtain extracts for the analysis of SOD, CAT, and APX activities and protein and proline content.


Superoxide Dismutase

To measure SOD activity, 300 mg of plant material was ground in 3 ml of 100 mmol L−1 potassium phosphate buffer (TFK, pH 6.8) containing 0.1 mmol L−1 EDTA, 0.1% (v/v) 2-mercaptoethanol, 0.1% (v/v) Triton X-100, 30 mg of polyvinylpyrrolidone (PVP) and 20 mmol L−1 ascorbate. The homogenate was centrifuged at 15,000 g for 15 min at 4°C, and the supernatant was collected for further analysis. SOD activity was determined as described by Giannopolitis and Ries (1977). The reaction medium consisted of 52.5 mmol L−1 TFK (pH 7.8), 0.1 mmol L−1 EDTA, 13 mmol L−1 methionine (pH 7.8), 2 mmol L−1 riboflavin, and 0.075 mmol L−1 nitroblue tetrazolium (NBT). A 10-μl aliquot of enzyme extract was added, and the production of blue formazan from NBT reduction in the presence of light was monitored in a spectrophotometer at 560 nm. The results were expressed in units of SOD mg−1 protein, where 1 unit of SOD is the amount of enzyme required to reduce the production of blue formazan by 50%.



Catalase

To measure CAT activity, 300 mg of plant material ground in liquid nitrogen was added to 3 ml of a solution consisting of 100 mmol L−1 trifluoromethyl ketone (pH 7.0), 2 mmol L−1 EDTA, 0.1% (v/v) Triton X100, 0.1% (v/v) 2-mercaptoethanol, 20 mmol L−1 ascorbate, and 30 mg of polyvinylpolypyrrolidone (PVPP). After centrifuging the homogenate at 15,000 g for 15 min at 4°C, a 20-μl aliquot of the supernatant was added to 3 ml of reaction medium containing 50 mmol L−1 TFK (pH 7.0) and 12.5 mmol L−1 H2O2. CAT activity was determined by monitoring the drop in the absorbance of H2O2 at 280 nm in a spectrophotometer (Peixoto et al., 1999) using the molar extinction coefficient of H2O2 (e = 39.4 mmol L−1 cm−1) and expressed as specific CAT activity (mKat).



Ascorbate Peroxidase

Ascorbate peroxidase activity was determined by adding a 100-μl aliquot of crude extract to 2.9 ml of 50 mM potassium phosphate buffer, pH 6.0, containing ascorbate and H2O2 at final concentrations of 0.8 and 1.0 mM, respectively (final volume of 3.0 ml). The decrease in absorbance was monitored at 290 nm, and the specific activity of the enzyme (μKat μg Prot−1) was calculated using a molar extinction coefficient of 2.8 mM-1 cm−1 (Koshiba, 1993).



Hydrogen Peroxide

The concentration of H2O2 was determined according to the method of Alexieva et al. (2001). Frozen leaf material (0.4 g) was ground in liquid nitrogen using a pestle, and 4 ml of 0.1% trichloroacetic acid (TCA) was added for extraction. The material was centrifuged (12,000 rpm) for 15 min at 4°C, and 200 μl of the supernatant was mixed with 200 μl of 100 mM potassium phosphate buffer (pH 7.5) plus 800 μl of 1 M potassium iodide and incubated at 1°C for 1 h. After warming the samples to room temperature, the absorbance was measured in a spectrophotometer at 390 nm. The concentration of H2O2 was determined by reference to a standard curve and expressed as μmol g−1 FW.



Malondialdehyde

Malondialdehyde (MDA, an indicator of lipid peroxidation) was determined according to Heath and Packer (1968). Frozen leaf plant material (0.4 g) was ground in liquid nitrogen using a pestle and suspended in 4 ml of 0.1% (w/v) TCA+ 20% (w/v) PVPP. The homogenate was centrifuged (10,000 rpm) for 15 min at 4°C, and a 250-μl aliquot of the supernatant was mixed with 1 ml of 20% TCA + 0.5% thiobarbituric acid (w/v) solution, heated at 95°C for 30 min, and cooled on ice for 10 min. After centrifugation for 10 min at 10,000 rpm, the absorbance of the supernatant was measured in a spectrophotometer (535 and 600 nm). The results were expressed as nmol MDA g−1 FW.



Soluble Protein

Soluble protein was determined in triplicate by the method of Bradford (1976) with bovine serum albumin (BSA) as the standard. Leaf extracts were obtained by grinding approximately 500 mg of plant tissue previously frozen in liquid nitrogen in 2 ml of phosphate buffer (0.1 M, pH 6.7) containing PVPP to control the oxidation of the material. After centrifugation for 10 min at 5,000 rpm, the supernatant was used as the crude extract. Three 100-μl aliquots of extract and 5 ml of Bradford’s reagent were pipetted into a glass test tube, and the solution was homogenized by agitation on a shaker. After 15 min, the absorbance at 595 nm was measured in glass cuvettes in a spectrophotometer.



Proline

The concentration of proline (μg ml−1 extract) was determined using the colorimetric method of Bates et al. (1973). The reaction comprised 100 μl of crude extract, 2 ml of acidic ninhydrin, and 2 ml of glacial acetic acid and was heated in a water bath at approximately 100°C for 60 min. After cooling, the absorbance at 520 nm was determined. A standard curve was constructed using proline concentrations of 0, 20, 40, 60, 80, and 100 mg L−1 (p.a.).




Statistical Analysis

Data were subjected to ANOVA, and means were compared by the least significant difference (LSD) test (p ≤ 0.05). Sugarcane variety and P level were considered fixed factors. When there was significant interaction between factors, treatments were combined to improve data visualization of treatment differences. Principal component analysis (PCA) was performed by using the statistical software package from Statistica (Statsoft, 2005). To determine the factors in PCA, the Kaiser rule was used, and factors with eigenvalues > 1 or explaining over 85% of the total variance were considered (Kaiser, 1958). Correlations > |0.70| were considered (Manly, 1994).




RESULTS


Carbohydrate Partitioning

Significant differences in carbohydrate partitioning were observed between the treatments, both in plant parts and the total plant (Supplementary Table S1). Regardless of the sugarcane variety or plant part analyzed, RS and sucrose concentrations were significantly higher under suitable P (Figures 1A,B). Compared with low P, the RS concentrations in the roots, stalks, leaves, and total plant were 19, 36, 42, and 33% higher in RB867515 and 12, 41, 58, and 43% higher in RB966928 under suitable P. Sucrose concentrations in the roots, stalks, leaves, and total plant were 67, 60, 55, and 60% higher in RB867515 and 27, 57, 52, and 51% higher in RB966928 under suitable P.
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FIGURE 1. Carbohydrate partitioning into (A) reducing sugars, (B) sucrose, and (C) starch in different plant parts as a function of sugarcane RB966928 and RB867515 varieties and low and suitable phosphorus (P) levels. Different letters for the same plant part indicate significant differences between sugarcane variety and P level by Student’s t-test at p ≤ 0.05.


Conversely, starch concentrations were higher under low P (Figure 1C). In addition, starch concentrations were significantly higher in RB867515 than in RB966928 in all parts of the plant under suitable P and in the roots and stalks under low P. Compared with suitable P, starch concentrations in the roots, stalks, leaves, and total plant were 27, 34, 26, and 28% higher in RB867515 and 57, 64, 71, and 65% higher in RB966928 under low P.



Antioxidant Enzyme Activities and Proline and Protein Concentrations

As shown in Supplementary Table S2, significant differences in antioxidant enzyme activities and proline and protein concentrations were observed between both P levels and varieties (Supplementary Table S2). Compared with suitable P, soluble protein content decreased by 25 and 28% in RB966928 and RB867515, respectively, under low P (Figure 2A). Conversely, compared with suitable P, low P increased the activities of the antioxidant enzymes SOD (by 95% in RB966928 and 56% in RB867515), CAT (by 63% in RB966928 and 67% in RB867515), and APX (by 43% in RB966928 and 220% in RB867515) and the concentrations of H2O2 (by 63% in RB966928 and 32% in RB867515), MDA (by 40% in RB966928 and 20% in RB867515), and proline (by 120% in RB966928 and 54% in RB867515; Figures 2B–G).
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FIGURE 2. Leaf levels of (A) soluble sugars, (B) superoxide dismutase (SOD) activity, (C) catalase (CAT) activity, (D) ascorbate peroxidase (APX) activity, (E) hydrogen peroxide (H2O2), (F) malondialdehyde (MDA), and (G) proline as a function of sugarcane RB966928 and RB867515 varieties and low and suitable P levels. Different letters indicate significant differences between sugarcane variety and P level by Student’s t-test at p ≤ 0.05. The error bars express the SE of the mean (n = 5).




Nutritional Status

Except for K, Cu, and Fe, significant effects of the treatments on all analyzed elements were observed (Supplementary Table S3). The leaf concentrations of Ca and S were affected by variety but not P level (Figure 3). The concentrations of all elements were within the acceptable ranges proposed for sugarcane in all treatments (Spironello et al., 1996; Figure 3). Compared with low P, suitable P increased the leaf concentrations of N (by 29% in RB867515, Figure 3A), P (by 160% in RB966928 and 350% in RB867515, Figure 3B), Mg (by 26% in RB966928 and 37% in RB867515, Figure 3E), B (by 118% in RB966928 and 42% in RB867515, Figure 3G), and Mn (by 25% in RB966928 and 20% in RB867515, Figure 3J). Suitable P decreased leaf Zn concentrations by 38% in RB867515, but the concentration of Zn remained within the acceptable range proposed for sugarcane (Spironello et al., 1996; Figure 3I).
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FIGURE 3. Leaf concentration of (A) N, (B) P, (C) K, (D) Ca, (E) Mg, (F) S, (G) B, (H) Cu, (I) Zn, (J) Mn, and (K) Fe as a function of sugarcane RB966928 and RB867515 varieties and low and suitable P levels. Different letters indicate significant differences in sugarcane variety and P level by Student’s t-test at p ≤ 0.05. The error bars express the SE of the mean (n = 5).




Growth Parameters

All growth parameters except internode length were influenced by the treatments (Supplementary Table S4). Under suitable P, root and shoot dry matter increased by 23 and 96%, respectively, in RB966928 and by 80 and 160% in RB867515. Root dry matter was 120 and 53% higher in RB966928 than in RB867515 under low and suitable P, respectively, and shoot dry matter was 99 and 51% higher in RB966928 than in RB867515 under low and suitable P, respectively (Figure 4A).
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FIGURE 4. Biometrics of (A) root and shoot dry matter, (B) root length and plant height, (C) root and stalk diameter, (D) internode length, and (E) tillering as a function of sugarcane RB966928 and RB867515 varieties and low and suitable P levels. Different lower-case letters indicate significant differences in sugarcane variety and P level interaction by Student’s t-test at p ≤ 0.05. The error bars express the SE of the mean (n = 5).


Compared with low P, plant height was 25 and 36% greater under suitable P in RB966928 and RB867515, respectively, and root length was 38 and 104% greater in these varieties. In addition, under low and suitable P levels, plant height was 32 and 61% greater, respectively, in RB966928 than in RB867515, and root length was 61 and 8% greater in RB966928 than in RB867515 (Figure 4B).

Compared with low P, root and stalk diameters were 15 and 16% higher, respectively, in RB966928 and 8 and 19% higher in RB867515 under suitable P. Only root diameter differed significantly between the varieties and was 12 and 5% higher in RB867515 under low and suitable P, respectively (Figure 4C).

Under suitable P, tillering increased by 24 and 44% in RB966928 and RB867515, respectively. Under low and suitable P, tillering was 82 and 57% greater, respectively, in RB966928 than in RB867515 (Figure 4E).



Principal Component Analysis

Principal component analysis was performed to identify the attributes responsible for the variations in root and shoot dry matter according to P level and variety (Figure 5). Only factor 1 (horizontal axis) presented eigenvalues ≥ 1, and thus factor 2 (vertical axis) was not considered (Table 1). Factor 1 explained 94.15% of the variation in root and shoot dry matter. The RS contents of roots, stalks, and leaves and the sucrose contents of roots, stalks, and leaves were the most important parameters responsible for higher root and shoot dry matter production and were influenced by the variety RB966928 under suitable P. Total soluble proteins explained the influence of variety RB867515 on root and shoot dry matter production under suitable P. By contrast, starch concentrations in roots, stalks, and leaves, the activities of the antioxidant scavenging enzymes SOD and CAT, and H2O2 and MDA content negatively influenced root and shoot dry matter production and were correlated with low P, regardless of sugarcane variety.
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FIGURE 5. Projection of dataset based on correlations between P levels and sugarcane varieties subjected to principal component analysis (PCA).




TABLE 1. Principal component analysis results for plant biometric, metabolites, antioxidant enzymes, and amino acid and their correlations with sugarcane root and shoot dry matter.
[image: Table1]




DISCUSSION


Carbohydrate Partitioning and Antioxidant Molecules

The partitioning of carbohydrates was directly affected by P levels and was highly correlated with root and shoot dry matter yield according to PCA. The synthesis of RS and sucrose is directly proportional to photosynthetic activity and carbohydrate transport (positive feedback; Wang et al., 2013). Due to the relationship between source and sink organs, a high demand for sugars for oxidative processes is expected since every energy-dependent reaction in plant metabolism requires suitable P concentrations (Taiz and Zeiger, 2017). Conversely, the starch concentration increased under low P levels due to the role of P in the regulation of metabolic pathways and sugar transport. Sugar transport into the cytoplasm, where sucrose is synthesized, requires a certain concentration of P in the chloroplast (Cakmak et al., 1994). Therefore, under P deficiency, sugars metabolized in the Calvin cycle remain stored as starch in the stroma of chloroplasts (Fagan et al., 2016). Moreover, stress conditions potentiate carbohydrate accumulation in roots, which act as a preferential sink for sugars, mainly under P deficiency (Wang et al., 2013).

The relationship between sugar production and storage indicates the sucrose yield efficiency of the sugarcane variety. Varieties that produce more sugar likely have greater photosynthetic capacity and are better adapted to local environmental conditions (Zambrosi et al., 2014; Li et al., 2019). According to PCA, the relationship between RS and sucrose was closer in RB966928 than in RB867515. APX activity appeared to be an important modulator of the effect of P availability on the biometric parameters of the sugarcane varieties: compared with suitable P, low P increased APX activity by 50% in RB867515 and 30% in RB966928. APX plays a key role in ROS scavenging, as even very low activity is sufficient for H2O2 decomposition (Anjum et al., 2014; Ozyigit et al., 2016). The differences between the varieties may reflect their genetic characteristics governing nutrient exploitation and use, considering the role of P in the activity and conformation of enzymes involved in carbohydrate metabolism and partitioning (Fredeen et al., 1989; He et al., 2017).

Antioxidant activity was greater under low P than under suitable P. Stresses can act directly on photosynthesis by reducing the assimilation of CO2 (closure of stomata). MDA is frequently used as a biomarker of oxidative damage to cell membranes. MDA content increased under low P, indicating lipid peroxidation (Choudhury et al., 2017). Another potential marker of oxidative stress levels is cellular H2O2 content. H2O2 is an active signaling molecule involved in different cellular responses, such as regulation of plant growth, but high cytosolic concentrations of H2O2 can cause cell damage (Sofo et al., 2015). The increases in plant MDA and H2O2 contents under low P suggest the presence of stress due to lipid peroxidation of cell membranes.

Consistent with the MDA and H2O2 results, the activities of the scavenging enzymes SOD, CAT, and APX were increased in plants grown under low P. PCA also demonstrated an inverse relationship between scavenging enzyme activity and root and shoot yields, which were reduced under low P. SOD is the first line of defense against oxidative stress. SOD dismutates H2O2 into the less toxic molecule O2 (del Río et al., 2018). CAT and APX convert H2O2 into H2O (Leung, 2018; Maruta and Ishikawa, 2018). The activities of these enzymes are elevated in highly stressed plants, such as those under low P. Conversely, under suitable P, the photosynthetic apparatus is capable of consuming any excess energy due to its high efficiency, which reduces ROS production; consequently, the activities of scavenging enzymes are lower in plants under low stress.

The concentration of proline also increased in plants under low P, which reflects the recovery strategy of the plant to transport and use N under stress conditions (Rodrigues et al., 2021). Elevating proline concentrations are also important for maintaining cell turgidity, stomatal opening and increasing the rate of photosynthesis (Hayat et al., 2012). The variety RB966928 appears to have a high capacity for proline upregulation under abiotic stress, which may explain the higher biomass accumulation of this variety compared with RB867515. Higher proline expression capacity reduces the need for protein degradation by plants for ROS scavenging in response to abiotic stresses (Ben Rejeb et al., 2014).

The synthesis of total soluble proteins is controlled by the phosphorylation or dephosphorylation of enzymes, which relies on phosphates from ATP and explains the higher concentration of total protein in plants under suitable P (Sharma and Dubey, 2019). With respect to adaptation to adverse conditions, RB867515 exhibited a greater capacity to upregulate protein synthesis, whereas the osmoregulator proline was present at higher levels in RB966928.



Plant Nutritional and Biometric Parameters

Synergistic, neutral, and antagonistic effects of suitable P on the uptake of other elements were observed. The positive effects of suitable P on plant nutrition were mainly due to greater root development, the energy dependence of active absorption, and increased transport of elements from roots to leaves (Penn and Camberato, 2019). An adequate concentration of P is also essential for the activation of enzymes involved in plant metabolism, such as nitrate reductase and Mg-ATPase, and the assimilation of nutrients required for energy transfer (Fageria and Moreira, 2011).

Only Zn content was lower under suitable P. Zn is absorbed by plants as a cation (Zn2+), whereas P is absorbed as an anion (H2PO4− or HPO42−). These opposing charges can induce P-Zn ionic bond formation [Zn3(PO4)2] in soil and plants, resulting in potential P-induced Zn deficiency (Fageria and Moreira, 2011). Soil–plant dynamics were not examined in this study, but the decrease in Zn content under suitable P was likely due to plant dilution effects (i.e., the increase in plant volume under suitable P) and reduced translocation of Zn from roots to shoots (due to binding of Zn to cell walls or chelation by organic ligands; Barben et al., 2010, 2011; Sacristán et al., 2018; Ghobadi et al., 2020). Although Zn plays a fundamental role in sugarcane tillering and internode length (Crusciol et al., 2021), these parameters were not affected by suitable P, and leaf Zn concentrations were within the range proposed for sugarcane in all treatments (Spironello et al., 1996). The differences in Zn content between the varieties are mainly due to differences in genetic characteristics and adaptive strategies that enhance root exploration to ensure adequate P uptake (Smith et al., 2005).

All biometric parameters except internode length increased under suitable P compared with low P (Figures 4A–D). Plant growth and development are highly P dependent due to the direct participation of P in energy-related metabolic pathways, cell division and elongation, photosynthesis, cellular respiration, organic compound synthesis, ionic absorption, and growth hormone synthesis (Sun et al., 2016). Suitable P positively influenced photosynthetic parameters, carbohydrate synthesis and partitioning, nutritional status, and below- and aboveground biometric parameters. The variety RB966928 performed better than RB867515 in most parameters, indicating greater adaptive capacity of RB966928 regardless of P conditions. The plasticity and environmental adaptability of varieties can govern biometric characteristics such as root mass diameter and quantity and P absorption capacity (Sun et al., 2016, 2017). In general, differences between varieties are mainly dictated by genetic attributes, such as the rate of metabolic processes, hormonal regulation, and meristematic cell division and elongation (Zambrosi et al., 2014). Nonetheless, suitable P led to better yield performance regardless of the sugarcane variety.




CONCLUSION

This study assessed the physiological and nutritional attributes of two sugarcane varieties to evaluate the efficiency of their responses to conditions of low and adequate P concentrations. Most attributes were directly influenced by P levels, including sugarcane yield. Antioxidant activity in response to adverse conditions, i.e., low P supply, was observed in both varieties, but RB966928 was more sensitive to low P levels and more responsive to P supply than RB867515. RB867515 appears to use the antioxidant enzyme ascorbate reductase to overcome P limitation, whereas RB966928 relies on increased levels of proline to increase the efficiency of photoassimilate accumulation. Understanding these characteristics can facilitate sugarcane crop management and variety selection, especially under conditions in which P is the most limiting nutrient.
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N-acetylglucosamine (GlcNAc) is the fundamental amino sugar moiety that is essential for protein glycosylation. UDP-GlcNAc, an active form of GlcNAc, is synthesized through the hexosamine biosynthetic pathway (HBP). Arabidopsis N-acetylglucosamine-1-P uridylyltransferases (GlcNAc1pUTs), encoded by GlcNA.UTs, catalyze the last step in the HBP pathway, but their biochemical and molecular functions are less clear. In this study, the GlcNA.UT1 expression was knocked down by the double-stranded RNA interference (dsRNAi) in the glcna.ut2 null mutant background. The RNAi transgenic plants, which are referred to as iU1, displayed the reduced UDP-GlcNAc biosynthesis, altered protein N-glycosylation and induced an unfolded protein response under salt-stressed conditions. Moreover, the iU1 transgenic plants displayed sterility and salt hypersensitivity, including delay of both seed germination and early seedling establishment, which is associated with the induction of ABA biosynthesis and signaling. These salt hypersensitive phenotypes can be rescued by exogenous fluridone, an inhibitor of ABA biosynthesis, and by introducing an ABA-deficient mutant allele nced3 into iU1 transgenic plants. Transcriptomic analyses further supported the upregulated genes that were involved in ABA biosynthesis and signaling networks, and response to salt stress in iU1 plants. Collectively, these data indicated that GlcNAc1pUTs are essential for UDP-GlcNAc biosynthesis, protein N-glycosylation, fertility, and the response of plants to salt stress through ABA signaling pathways during seed germination and early seedling development.

Keywords: N-acetylglucosamine, hexosamine biosynthesis pathway, protein glycosylation, unfolded protein response, ABA signaling, salt stress, N-acetylglucosamine-1-P uridylyltransferase


INTRODUCTION

Salt stress is one of the major abiotic stressors, which markedly inhibits plant growth and crop productivity. Salt stress, such as saline soil, has been one of the biggest threats to the security of food worldwide; in addition, food demand is increasing, but the arable land is decreasing. In plants, salt stress generates osmotic stress and ion cytotoxicity, which impair new shoot growth and enhance the senescence of mature leaves (Munns and Tester, 2008). Many major cellular processes, such as photosynthesis, protein and lipid synthesis, and energy metabolism, are affected by saline soil (van Zelm et al., 2020; Mansour and Hassan, 2022), and these effects further impair seed germination, plant growth and development. To cope with salt stress, plants must evolve elaborate systems to integrate complicated signaling networks (Deinlein et al., 2014; Zhu, 2016), and these systems perform tasks such as sensing cellular nutrient availability, activating plant stress hormone abscisic acid (ABA), and regulating protein modifications. These systems include pathways that involve changes in certain metabolic fluxes, which reflect the status of cells. One such pathway is the hexosamine biosynthetic pathway (HBP). HBP utilizes several energy units as its substrates, including glucose, acetyl-CoA, glutamine, and UTP, to synthesize its final product uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), an active form of nucleotide sugar GlcNAc (Hanover et al., 2010; Chiaradonna et al., 2018). In this regard, HBP serves as an integrator of these major cellular metabolic pathways (carbohydrates, amino acids, fatty acids, and nucleotides) to better suit deleterious environments.

UDP-GlcNAc, a donor of GlcNAc, is synthesized through HBP, which is catalyzed by four successive reactions (Supplementary Figure S1); these processes are essential for cell growth and stress responses and are conserved across organisms (Milewski et al., 2006). The first committed step of HBP is the transamination of fructose-6-phosphate (Fru-6-P) and glutamine to form glucosamine-6-p (GlcN-6-P) and glutamate, and this step is catalyzed by a glutamine/fructose-6-phosphate amidotransferase (GFAT; Hassid et al., 1959; Durand et al., 2008). Subsequently, GlcN-6-P is acetylated from acetyl-CoA by a GlcN-6-P N-acetyltransferase (GNA) to generate N-acetylglucosamine-6-P (GlcNAc-6-P) and CoA (Nozaki et al., 2012). GlcNAc-6-P is then converted to GlcNAc-1-P by a phosphor-GlcNAc mutase. The final step is the GlcNAc-1-P + UTP ↔ UDP-GlcNAc + PPi reaction, which is catalyzed by an N-acetylglucosmine-1-P-uridylyltransferase (GlcNAc1pUT, Yang et al., 2010), or a UDP-N-acetylglucosamine pyrophosphorylase (UAP; Wang et al., 2015, 2021) to produce UDP-GlcNAc. GlcNAc1pUT and UAP are named after the forward and reverse catalytic reactions, respectively. Disruption of any enzyme activities of HBP virtually leads to severe cellular defects or even lethality in many organisms, such as yeast, mammals, and plants (Milewski et al., 2006; Chen et al., 2014; Pantaleon, 2015; Vu et al., 2019). In plants, defects in the HBP pathway may affect plant growth, alter abiotic stress sensitivity and induce defense responses (Nozaki et al., 2012; Wang et al., 2015, 2021).

Posttranslational modification is a fundamental cellular process that integrates internal and external stimuli and mediates dynamic protein functions. Protein N-glycosylation is among the most common modifications, which is essential for plant growth and stress responses and is conserved across eukaryotes (Banerjee et al., 2007; Bao and Howell, 2017; Nagashima et al., 2018). N-glycosylation begins with a supply of GlcNAc, which is the essential amino sugar moiety that initiates the processing of oligosaccharide precursor at the cytosolic side of the endoplasmic reticulum (ER; Nagashima et al., 2018). Initially, two GlcNAc molecules are transferred to a lipid-linked carrier, dolichylpyrophosphate (Dol-PP) by GlcNAc-1-phosphotransferase, and then, five mannose (Man) residues are sequentially added by mannosyltransferase to form Man5GlcNAc2-Dol-PP (Burda and Aebi, 1999). This oligosaccharide precursor is then transferred to the ER lumen for further modification (Pattison and Amtmann, 2009). Four more Man and three Glc residues are added to the precursor in an orderly manner to form the core oligosaccharide Glc3Man9GlcNAc2-Dol-PP, which is assembled by a series of membrane-bound glycosyltransferases (Snider et al., 1980; Helenius and Aebi, 2002; Nagashima et al., 2018). N-glycosylation occurs in the ER lumen through the transfer of core oligosaccharide to asparagine (Asn- or N-) in the Asn-X-Ser/Thr motif (X, any amino acid except Pro) of a nascent peptide, and this step is mediated by an oligosaccharyltransferase (OST) complex (Burda and Aebi, 1999; Pattison and Amtmann, 2009; Strasser, 2016). The N-linked core oligosaccharide is further processed through the sequential trimming of three Glc residues by glucosidases (Trombetta, 2003; Nagashima et al., 2018), and a Man residue is removed by the ER-α-mannosidase I (MNS3; Liebminger et al., 2009). The modified glycoprotein that is properly folded leaves the ER and moves into the Golgi apparatus, where it undergoes complex glycan modification before secretion (Strasser, 2016). N-glycan plays an important role in the folding, interaction, quality control, and secretion of proteins (Helenius and Aebi, 2001; Aebi, 2013; Shin et al., 2018). Defects in N-glycan processing often affect plant growth and stress responses or even cause lethality (Lane et al., 2001; Koiwa et al., 2003; Lerouxel et al., 2005; Zhang et al., 2009; Fanata et al., 2013; Bao and Howell, 2017; Nagashima et al., 2018).

In addition to N-glycosylation, O-linked glycosylation occurs in the Golgi apparatus and plays a critical role in the complex glycan processing (Strasser et al., 2014). The functions of O-linked glycoproteins include intracellular sorting or proteolytic activation and degradation (Seifert, 2020). O-GlcNAcylation is a single O-linked GlcNAc that is attached to the serine or threonine of the cytosolic and nuclear proteins, which are involved in many aspects of cellular processes, including transcription and translation regulation, signal transduction, metabolism, and development (Xu et al., 2017). When Arabidopsis SECRET AGENT (SEC), an O-GlcNAc transferase, loses functionality, multiple hormonal signaling pathways and plant growth and development, such as flowering, are affected through the impairment of O-GlcNAcylation of proteins, such as DELLA proteins, AtACINUS, AtPININ, and ARABIDOPSIS OF TRITHORAXI (ATX1), a histone lysine methyltransferase (HKMT; Hartweck et al., 2002; Zentella et al., 2016; Xing et al., 2018; Bi et al., 2021). Defects in O-GlcNAcylation homeostasis in mammals have been reported to be associated with diabetes, cancers, neurodegeneration, and even lethality (Marshall et al., 1991; McClain, 2002; Schimmelpfeng et al., 2006; Hanover et al., 2010; Slawson et al., 2010; Yang and Qian, 2017). Moreover, in addition to protein glycosylation, GlcNAc serves as a building block of glycoconjugates to modify sphingolipids (Ebert et al., 2018), glycosylphosphatidylinositol (GPI)-anchored proteins (Lalanne et al., 2004), a structural polymer of chitin in the yeast cell wall, an exoskeleton of arthropods or insect cuticles (Maia, 1994; Kato et al., 2002; Arakane et al., 2011).

To date, the functions of HBP-related genes have been largely characterized in plants. For instance, Arabidopsis GFAT1 (At3g24090) is highly expressed in mature pollen but is undetectable in other tissues. No male gamete transmission is observed for the knockout Atgfat1 mutant due to defects in the polar deposition of pectin and callose in the pollen cell wall. However, ROS accumulation, cell death, and protein underglycosylation were observed in the knockdown Atgfat1 mutants grown on glucosamine (GlcN)-free media; these abnormal phenotypes can be rescued by exogenous GlcN. Moreover, transgenic plants overexpressing AtGFAT1 exhibit enhanced GlcN production and resistance to tunicamycin (Tm), an ER stress-inducing agent (Vu et al., 2019). Mutation of Arabidopsis GNA (At5g15700), known as lignescens (lig), impairs plant growth and exhibits high-temperature sensitivity and ectopic lignin deposition under high-temperature (28°C) growth conditions. In addition, high temperature also causes a reduction in UDP-GlcNAc biosynthesis and protein N-glycosylation but induces the expression of LUMINAL BINDING PROTEIN 3 (BiP3), a UPR marker gene, in the lig mutant compared to the wild-type plants (Nozaki et al., 2012). Similar to the lig mutant, the GNA mutation in rice, termed Osgna1, results in short roots and temperature sensitivity. The Osgna1 mutant is deficient in UDP-GlcNAc and protein underglycosylation (Jiang et al., 2005); however, in contrast to lig that shows sensitivity to high temperatures, Osgna1 exhibits more severe root growth defects at lower temperatures (25°C) than at higher temperatures (32°C). Two GlcNA.UTs, i.e., GlcNA.UT1 (At1g31070) and GlcNA.UT2 (At2g35020), which encodes GlcNAc1pUT1 and GlcNAc1pUT2, respectively, were cloned, and their catalytic activities were characterized in Arabidopsis (Yang et al., 2010). Both GlcNAc1pUT1 and GlcNAc1pUT2 utilize GlcNAc-1P, GalNAc-1P, and UTP as substrates to form UDP-GlcNAc, UDP-GalNAc and Pi. In addition, GlcNAc1pUT2 can also use Glc-1-P as a substrate to form its corresponding UDP-sugars (Yang et al., 2010). Mutation of GlcNA.UT1 or GlcNA.UT2 results in no conceivable phenotype; however, the double mutant is lethal. The double mutant with one normal GlcNA.UT1 allele, i.e., GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2, which is derived from the F2 segregating population of the glcna.ut1 x glcna.ut2 cross, reveals the aberrant transmission of (glcna.ut1 glcna.ut2) gametes and defects in the male gametophytes at the pollen mitosis I stage; in addition, female gametophytes are arrested at the uninucleate embryo sac stage. Nevertheless, the double mutant with one normal GlcNA.UT2 allele, i.e., glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2, arrests embryo development at the early globular stage (Chen et al., 2014). In rice, GlcNA.UT was named as UDP-N-acetylglucosamine pyrophosphorylase (UAP) or SPOTTED LEAF 29 (SPL29), which was isolated from screening lesion mimic mutants (Wang et al., 2015). The uap1/spl29 mutant displays early leaf senescence and defense responses in association with the accumulation of reactive oxygen species (ROS) and the induction of jasmonic acid and abscisic acid (ABA) biosynthesis (Wang et al., 2015, 2021). Furthermore, the spl29-2 mutant plants accumulate uridine 5′-diphosphoglucose-glucose (UDPG) and induce the expression of ER stress- and UPR-related genes (Xiao et al., 2018). In contrast, the effect of GlcNA.UTs on UDP-GlcNAc biosynthesis in planta, protein N-glycosylation, and their response to abiotic stress remain less clear.

Because Arabidopsis GlcNA.UT1 and GlcNA.UT2 have functional redundancy and the double mutants are lethal, in this study, we thus used the RNA interference of GlcNA.UT1 expression under the glcna.ut2 knockout mutant background to generate transgenic plants, which are termed iU1s, and their biochemical and molecular functions were examined. The iU1 seedlings exhibited defects in UDP-GlcNAc biosynthesis and protein N-glycosylation under salt-stressed conditions. Moreover, iU1s were hypersensitive to salt and displayed characteristics including a delay in both seed germination and early seedling establishment. The salt sensitivity of iU1s was associated with the induction of ABA biosynthesis and signaling networks. The salt-sensitive phenotypes in iU1s can be abrogated by exogenous treatment with the ABA biosynthesis inhibitor fluridone or through introducing an ABA-deficient mutant allele nced3 (Wan and Li, 2006) into iU1s. These data provide evidence that Arabidopsis GlcNAc1pUTs are essential for UDP-GlcNAc production, protein N-glycosylation and ABA-mediated salt stress response during germination and early seedling growth.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used in this study, and information on the mutant lines used in this study is described in Supplementary Table S1. Unless described otherwise, all seeds were sterilized and subjected to a cold pretreatment at 4°C for 3 days in the dark before being sown on soil or MS plates, which contain half strength of MS basal salts, B5 organic compounds, 1% sucrose, and 0.05% MES [2-(N-morpholino)ethanesulfonic acid monohydrate]. After adjusting the pH to 5.7, 7 g/l phytoagar (Duchefa Biochemie) was added. The plants grown on agar plates were under a 16/8 h day/night photoperiod with a light intensity of ~50 μmol m−2 s−1. The plants grown in soil were under the same photoperiod with a light intensity of ~80–100 μmol m−2 s−1. The germinated seeds were defined as the radical roots with erupted testa at least 0.5 mm in length. In this study, at least three biological replicates were performed in each experiment. Unless stated otherwise, the quantified data represent the means ± SD of at least three biological replicates.



Immunoblot Analyses

The polyclonal antibodies were raised in rabbits against the synthetic peptides of AtPDI5 (amino acids 476–491: FVDKNKDTVGEPKKEE; Andème Ondzighi et al., 2008) and GlcNAc1pUT1 (amino acids 104–121: TVDGRTMEDREKWWKMGL). Affinity-purified polyclonal antibodies were tested by immunoblot analyses. Other antibodies or lectin were purchased from commercial companies as follows: anti-HRP (Sigma-Aldrich), anti-GlcNAc1pUT2 (known as anti-UAGPase in AGRISERA), and Concanavalin A (EY Lab). Proteins were extracted by homogenizing tissues or seedlings with Protein Extraction Buffer (50 mM Tris–HCl pH 7.5, 300 mM NaCl; 5 mM EDTA pH 8.0, 1 mM DTT, 1% Triton X-100, Roche cOmplete EDTA-free Protease Inhibitor Cocktail). Samples were centrifuged at 13,000 × g, and 4°C. After the protein concentration was determined by a Pierce BCA protein assay kit (Thermo Fisher), proteins were denatured by NuPAGE LDS sample buffer (Thermo Fisher). Protein samples were separated by NuPAGE Bis-Tris SDS protein gel (Thermo Fisher) and then transferred to polyvinylidene fluoride (PVDF) membranes, followed by stepwise incubations with primary antibodies, secondary antibodies and chemiluminescent detection (SuperSignal West Pico PLUS, Thermo Fisher) according to the manufacturer’s instructions.



Nucleotide Sugar Analysis

The extraction of nucleotide sugar was performed based on the method of Nozaki et al. (2012) with modifications. In brief, 0.1 g of frozen seedlings was homogenized and extracted with 0.8 ml of extraction buffer (75% ethanol, 25% of 150 mM NaCl in 10 mM sodium-phosphate buffer pH 7.4) containing 2 ng cytidine-5′-monophospho-N-acetylneuraminic acid (CMP-NeuAc) sodium salt (Sigma, C8271) as the internal control. After centrifugation at 16,000 × g at 4°C for 10 min, the supernatant was transferred to a new tube and lyophilized. The lyophilized sample was redissolved in 1 ml of H2O. The Envi-Carb SPE column (Supelco, 57,109-U) was conditioned by 1 ml of elution buffer (60% acetonitrile containing 0.3% formic acid, adjusted pH to 9.0 with ammonia) and then, equilibrated with 1 ml of H2O. The 1 ml sample solution was loaded onto the column and the flow-through was discarded. After washing the column with 1 ml of H2O, the column was eluted with 1 ml of elution buffer. Following lyophilization of the eluent, the sample was reconstituted with 100 μl of 50% acetonitrile. An ACQUITY UltraPerformance LC® (UPLC®) system (Waters, Milford, MA, United States) coupled to an Orbitrap Elite (Thermo Scientific) mass spectrometer (MS) was used for analysis by a HESI interface. The chromatographic separation for samples was carried out on an ACQUITY UPLC BEH Amide Column, 1.7 μm, 2.1 mm × 100 mm column (Waters). The column was maintained at a temperature of 25°C, and 5 μl of the sample was injected per run. Mobile phase A was 40% v/v acetonitrile with 20 mM ammonium acetate pH 9.0, and mobile phase B was 95% v/v acetonitrile with 20 mM ammonium acetate pH 9.0. Gradient elution with a flow rate of 0.4 ml/min was performed with a total analysis time of 6 min. The gradient included 80% B at 0 min, 0.1% B at 3 min, a hold at 0.1% B until 3.5 min, 80% B at 3.51 min, and a hold at 80% B until 6 min. The general instrumental conditions included sheath gas, auxiliary gas, and sweep gas of 30, 15, and 2 arbitrary units, respectively; an ion transfer tube temperature of 360°C; a vaporizer temperature of 350°C; and a spray voltage of 2,500 V for negative mode. For analysis, a full MS scan mode with a scan range m/z 150–615, and a resolution of 15,000 was applied. Xcalibur 4.1 software (Thermo Scientific) was used for data processing.



ABA Assay

For ABA extraction, frozen samples were homogenized, and 0.5 ml extraction solvent (2-propanol/H2O/concentrated HCl = 2:1:0.002) containing 100 ng isotopically labeled d6-ABA was added as an internal standard and incubated at 4°C for 30 min with gentle agitation. Then, 1 ml of dichloromethane was added and agitated for another 30 min at 4°C, followed by centrifugation at 13,000 x g for 5 min at 4°C. The bottom phase was transferred to a new tube and desiccated by a SpeedVac. For the seedling samples, the samples were then dissolved in 60 μl of 80% methanol and subjected to LC/MS analysis. For the germinating seed samples, the desiccated samples were dissolved in 1 ml 5% ammonia solution. The Oasis MAX column (Waters, SKU186000367) was conditioned by 1 ml methanol twice and then equilibrated by 1 ml H2O twice, followed by 1 ml 5% ammonia twice. The sample solution dissolved in 5% ammonia was loaded onto the column, followed by the subsequent washing steps: 1 ml 5% ammonia twice, 1 ml H2O twice, and 1 ml methanol twice. Finally, the column was eluted twice with 1 ml methanol containing 10% formic acid. The eluent was then desiccated by a SpeedVac and dissolved in 60 μl 80% methanol for LC/MS analysis. The LC system used for analysis was an ultra-performance liquid chromatography (UPLC) system (ACQUITY UPLC, Waters, Milford, MA). The sample was separated with an ACQUITY UPLC HSS T3 column (1.8 μm particle size, 2.1 mm × 100 mm, Waters). The flow rate was 0.3 ml/min with an injection volume of 10 μl and a column temperature of 30°C. The composition of mobile phase A was water containing 0.1% acetic acid, and phase B was methanol containing 0.1% acetic acid. The UPLC system was coupled online to a Waters Xevo TQ-XS triple quadrupole mass spectrometer (Waters, Milford, United States). D6-ABA was used as an internal standard. Characteristic MS transitions were monitored using negative multiple reaction monitoring (MRM) mode for ABA (m/z 263 > 153) and D6-ABA (m/z 269 > 159). Data acquisition and processing were performed using MassLynx version 4.2 and TargetLynx software (Waters Corp.).



Microarray Analysis

Total RNA was extracted from the seedlings of Col-0 and iU1-52 that were grown in MS medium with or without 200 mM NaCl for 14 days. After the RNA was reverse-transcribed and labeled, the products were pooled and hybridized to an Agilent Arabidopsis V4 4*44 K Microarray (Agilent Technologies, United States). The microarrays were scanned with an Agilent microarray scanner at 535 nm for Cy3. The array image was analyzed by the Feature Extraction software version 10.7.1.1 using the default setting. The resulting CEL files were analyzed using GeneSpring (version 14.3, Agilent Single Color Technology). The raw signal values employed a cutoff if the values in all samples were <100. Following the cutoff, quantile normalization and baseline transformation to the median of all samples were performed. The normalized genes were then statistically analyzed using two-way ANOVA, and the p values were computed with multiple testing corrections of the Benjamini–Hochberg False Discovery Rate (value of p of 0.05). Three biological replicates were performed in this experiment. The raw data are available in the Gene Expression Omnibus (GEO) database under Accession No. GSE193841. Gene expression that passed 2-way ANOVA (p < 0.05) was applied to fold change (FC) comparisons.



RT-qPCR and Genomic DNA PCR

Total RNA was extracted from 14-day-old seedlings that were grown on half-strength MS plates supplemented with or without 200 mM NaCl. The extraction and RT-qPCR were performed as described previously (Chen et al., 2014). The primers used for RT-qPCR and genomic DNA PCR are listed in Supplementary Tables S2, S3, respectively.




RESULTS


RNA Interference Impairs the Expression of GlcNA.UT1 and Causes Sterility in iU1 Lines

The Arabidopsis genome contains two GlcNA.UT genes, which are named GlcNA.UT1 and GlcNA.UT2 (Yang et al., 2010). Mutation of GlcNA.UT1 or GlcNA.UT2 gene displays no conceivable phenotype; however, the double mutants are lethal, suggesting that the functional redundancy of these genes is essential for plant growth (Chen et al., 2014). To further investigate the function of GlcNA.UT genes in UDP-GlcNAc biosynthesis, protein N-glycosylation, and abiotic stress response, we used the double-stranded RNA interference (dsRNAi) approach to knock down the expression of GlcNA.UT1 in the glcna.ut2 null mutant backgrounds. The dsRNAi GlcNA.UT1/glcna.ut2 transgenic seedlings, termed iU1, that were grown on agar plates for 10 days displayed a seedling phenotype similar to that of the wild type (Figure 1A). Although the mature plants in iU1s that were grown in soil for 37 days showed no conceivable phenotype (Figure 1B, upper panel), they displayed short siliques (Figure 1B, lower panel) and abnormal pollen grains (Figure 1C) compared to that of the wild type and the single mutants, glcna.ut1-1 and glucan.ut2-1. The iU1 plants reduced the expression of GlcNA.UT1 transcript and protein under the glcna.ut2 background (Figures 1D,E), indicating that the targeted gene expression was effectively knocked down by dsRNAi. We observed that the iU1 phenotype is similar to the heterozygous double mutant GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 and displayed fertility defects (Chen et al., 2014). As the heterozygous double mutants GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 were only identified by genotyping the F2 segregating population that was derived from crosses of glcna.ut1 x glcna.ut2, it was difficult to use them for further experiments because segregation occurred in the offspring of these heterozygous double mutants. Thus, the iU1 transgenic plants were used in this study because their offspring phenotypes are stable.
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FIGURE 1. Phenotypic and molecular analyses of glcna.ut single mutants and iU1 transgenic plants. (A) Seedling phenotype comparison. Seedlings were grown on MS medium for 10 days. iU1 lines represent dsRNAi interference of GlcNA.UT1 in the glcna.ut2-1 mutant background. (B) Comparison of the plant phenotype and silique length. Plants were grown in soil for 37 days. (C) Pollen morphology. Pollen grains were derived from the plants shown in (B) and visualized by scanning electron microscopy. Shrunken pollens are indicated by red arrowheads. (D,E) Expression of GlcNA.UT1. Seedlings grown in MS medium for 14 days were used for total RNA or protein extraction, followed by RT-qPCR (D) and Western blot (E) analyses. The values in (D) represent the means ± SD of four biological replicates, each with technical triplicates. *p < 0.01. Student’s t-test. For Western blot analysis, equal amounts of proteins were loaded in each lane and a nonspecific binding band was used as a loading control. GlcNAc1pUT1 proteins are indicated by a red arrowhead.




The iU1 Transgenic Plants Confer Hypersensitivity to Salt Stress

The hexosamine biosynthetic pathway provides nucleotide sugars that are indispensable for organisms, including bacteria, humans and plants. The role of HBP in stress response in mammalian cells has been considerably discussed (Horn et al., 2020), yet it is less clear in plants. To examine whether HBP is involved in the abiotic stress response, iU1 seeds were grown on agar plates supplemented with salt stress. Under normal growth conditions, seed germination and the seedling phenotype in iU1s were generally similar to those of the wild type and single mutants (Figures 2A,C, left panels). Under 200 mM NaCl, the iU1 seedlings showed hypersensitivity to salt as seed germination was delayed (Figure 2C, right panel) and the cotyledons were unexpanded and nongreening, i.e., postgermination developmental arrest (Figures 2A,B). In addition to seed germination delay, the iU1 seeds also displayed a slightly higher germination rate than that in wild type. The mechanism underlying the iU1 seeds showing a higher germination rate than the wild-type seeds remains unknown. One possibility is that the iU1 lines contain fewer inactive seeds relative to wild type so that they display a higher germination rate. However, under salt stress conditions, the iU1 root elongation was similar to that of the wild-type and single mutant plants except that stt3a (stt3a-2), a mutation of a catalytic subunit of the oligosaccharyltransferase (OST) complex, showed a shorter root length than that in the wild type at 140 and 160 mM NaCl concentrations (Koiwa et al., 2003; Supplementary Figure S2), but the seed germination rate and early seedling establishment were similar between the wild type and stt3a-2 (Supplementary Figures S2C–E). However, the salt-sensitive phenotypes of iU1 seedlings were enhanced along with the increased salt concentrations in the media (Supplementary Figure S3A), particularly at 200 mM NaCl, a concentration that most iU1 seedlings displayed postgermination developmental arrest.
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FIGURE 2. Salt hypersensitivity of the iU1 transgenic plants. (A) Salt hypersensitivity. Seedlings were grown on MS or 200 mM NaCl-containing media for 14 days. (B) Analyses of the salt-treated seedling phenotypes. Data are presented as the means ± SD of at least eight biological replicates. Each replicate contained ~45 seeds. (C) Seed germination. Data are presented as the means ± SD of at least 12 biological replicates. Each replicate contained ~40 seeds.


Considering the possibility of off-target effects of the dsRNAi strategy, we verified whether the salt-hypersensitive phenotypes of iU1 lines primarily resulted from the knockdown of GlcNA.UT1 rather than that of other genes. To test this hypothesis, we introduced functional GlcNA.UT2 alleles into the iU1 line by crossing the iU1-52 with the glcna.ut1-1 single mutant, in which the GlcNA.UT2 allele is normal (Chen et al., 2014). Given that GlcNA.UT1 and GlcNA.UT2 are functionally redundant, the introduction of the GlcNA.UT2 allele is sufficient to repress the salt hypersensitivity caused by the iU1. As shown in Supplementary Figures S3B,C, the salt-stressed phenotypes were relieved in the iU1-52 x glcna.ut1-1 seedlings, indicating that GlcNA.UT2 is involved in salt hypersensitivity but not other genes. However, considering that the knockout mutant glcna.ut2 showed no phenotype (Figure 2; Chen et al., 2014) and that the combination of glcna.ut2 with dsRNAi GlcNA.UT1 in iU1s displayed salt hypersensitivity, these data indicate that the salt-sensitive phenotypes observed in iU1s are attributable to functional defects in both GlcNA.UT1 and GlcNA.UT2.

To further examine whether the salt hypersensitivity observed in iU1s is due to osmotic stress response, we sowed seeds on media supplemented with 400 mM mannitol, which provides a similar osmotic strength as that of 200 mM NaCl. The results indicated that the iU1 seeds also showed a lower seed germination rate and less seedling establishment than those in the wild-type seedlings (Supplementary Figures S4A,C). However, the ratio of postgermination developmental arrest was lower in 400 mM mannitol than in 200 mM NaCl in iU1 seedlings (Supplementary Figure S4B vs. Figure 2B). These data indicate that salt hypersensitivity in iU1s is partially due to osmotic stress effects.



Defects in GlcNAc1pUTs Reduce UDP-GlcNAc Biosynthesis Under Salt Stress

GlcNA.UTs encode the protein GlcNAc1pUTs that catalyze the last step of HBP to produce UDP-GlcNAc (Yang et al., 2010). As shown in Figure 1, the expression of both GlcNA.UT1 transcript and GlcNAc1pUT1 protein was reduced, and GlcNAc1pUT2 protein was undetectable in iU1 transgenic plants. We further examined the effect of dsRNAi GlcNA.UT1/glcna.ut2 in iU1 plants on the UDP-GlcNAc biosynthesis under normal and salt stress conditions. Previous studies have demonstrated that HBP can synthesize UDP-GlcNAc and UDP-GalNAc (Yang et al., 2010; Nozaki et al., 2012). For example, GlcNAc1pUTs can utilize GlcNAc-1-P and N-acetylgalactosamine (GalNAc-1-P) as substrates, and GNA can utilize N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc) to synthesize UDP-GlcNAc and UDP-GalNAc, respectively (Yang et al., 2010; Nozaki et al., 2012). In addition, relative to UDP-GalNAc, UDP-GlcNAc is the primary form of UDP-N-acetylhexosamine in Arabidopsis (Nozaki et al., 2012). As UDP-GlcNAc and UDP-GalNAc cannot be distinguished by our liquid chromatography (LC) coupled with mass spectrometry (MS), we thus used LC/MS to assay both UDP-GlcNAc and UDP-GalNAc, which is termed UDP-N-acetylhexosamine (UDP-HexNAc). Fourteen-day-old seedlings that were grown on agar plates were used to assay the levels of UDP-HexNAc. The data indicated that similar UDP-HexNAc contents were observed between the wild-type seedlings and three independent lines of iU1 seedlings when grown under normal conditions; however, UDP-HexNAc was significantly reduced in iU1s but not in the wild-type seedlings under salt stress (200 mM NaCl; Figure 3A). Moreover, the exogenous application of N-acetylglucosamine (GlcNAc), a substrate of N-acetylglucosamine kinase (GNK) that catalyzes GlcNAc to form GlcNAc-6P in the HBP salvage pathway (Supplementary Figure S1; Furo et al., 2015), increased the biosynthesis of UDP-HexNAc in both the wild-type and iU1 seedlings under normal growth conditions, i.e., MS + GlcNAc; however, under NaCl + GlcNAc, UDP-HexNAc biosynthesis was inhibited in the iU1s compared to the wild-type plants (Figure 3A). In addition, the exogenous application of GlcNAc improved the growth of wild-type seedlings but not iU1s under salt stress conditions (Figures 3B,C). These data indicate that UDP-HexNAc biosynthesis in iU1s is limited under salt stress due to defects in the GlcNAc1pUT1 and GlcNAc1pUT2 proteins.
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FIGURE 3. Reduced contents of UDP-N-acetylhexosamines (UDP-HexNAc) in salt-treated iU1 seedlings. (A) Reduction in UDP-HexNAc in iU1 seedlings. UDP-HexNAc was analyzed by LC/MS from 14-day-old seedlings grown on MS agar media supplemented with or without NaCl (200 mM) or NaCl + GlcNAc (100 μM). Data represent the means ± SD of four biological replicates. *p < 0.05. Student’s t-test. (B) Phenotypic comparison. Seedlings were grown under the same conditions as those shown in (A). (C) Seedlings with greening cotyledons in (B) were quantified. Data represent the means ± SD of at least four biological replicates, each with 60–80 seeds. *p < 0.05, Student’s t-test.




Salt Stress Alters N-Linked Glycosylation and Induces ER Stress in iU1 Plants

UDP-GlcNAc is the donor of GlcNAc that is a sugar moiety involved in the initiation of N-glycan processing for protein glycosylation. Thus, a deficit of UDP-GlcNAc might interrupt N-glycan formation and protein N-glycosylation. To test this hypothesis, concavannaA (ConA), which is a lectin that recognizes the terminal high-mannose type of glycans (von Schaewen et al., 1993), and horseradish peroxidase antibody (anti-HRP), which can recognize complex-type N-glycans (Faye et al., 1993), was applied to detect the N-linked glycoproteins. The results indicated that similar glycoprotein patterns were detected either by ConA or anti-HRP among the genotypes tested under normal growth conditions (i.e., MS medium); in contrast, some differences in banding patterns between the wild type, single mutants, and iU1s were observed in ConA or anti-HRP assays under salt stress (200 mM NaCl) conditions (Figure 4A, arrows). The complex glycan less 1–3 (cgl1-3) mutant that shows a severe defect in complex N-glycans (von Schaewen et al., 1993) was used as an internal control. To further confirm the specific defect in N-glycoproteins in iU1 plants, a typical N-linked glycoprotein, protein disulfide isomerase 5 (PDI5), which is commonly used as an N-glycosylation indicator, was examined under both normal growth and salt-stressed conditions. The Western blots indicated that the PDI5 protein showed a single band, which represented the glycosylated form. After N-glycans were removed by peptide/N-glycosidase F (PNGaseF) or endoglycosidase H (Endo H; Tarentino et al., 1974; Tretter et al., 1991), the unglycosylated PDI5 protein showed a band shift with a lower molecular mass. In contrast, the induction of unglycosylated PDI5 proteins in iU1s was observed in the salt-treated seedlings but not in the wild-type and single mutants (Figure 4B). The unglycosylated PDI5 proteins appeared under salt stress, with concentrations ranging from 150 to 200 mM NaCl, and the band intensity was more pronounced at 200 mM NaCl in iU1s (Figure 4C). Likewise, two membrane-associated myrosinases, β-thioglucoside glucohydrolase 1 (TGG1) and TGG2, largely contained similar protein levels among the genotypes tested under normal growth conditions; however, under salt stress, the expression of glycosylated TGGs was suppressed; particularly in iU1, and the unglycosylated TGG proteins were increased in iU1s (Supplementary Figure S5, arrowheads). These data demonstrated that the reduction in UDP-GlcNAc production in iU1s may cause protein underglycosylation under salt-stressed conditions.
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FIGURE 4. Protein N-glycosylation is altered in iU1 seedlings under salt stress. (A) Immunoblot analysis of N-glycoprotein profiles. The blots were hybridized with anti-HRP antibody or ConA (Concanavalin A, a jack bean lectin). Arrows indicate variations in band intensity between Col-0 and the iU1 lines under salt treatment. The cgl1-3 mutant proteins were loaded as an N-glycosylation control. (B,C) Immunoblot analyses reveal the change in the glycosylated state of PDI5 under 200 mM NaCl (B) or other salt concentration treatments (C). PNGase F and Endo H are enzymes that can remove N-glycan chains from glycoproteins and produce unglycosylated proteins. Total proteins were extracted from 14-day-old seedlings subjected to NaCl treatment. At least three independent experiments were performed in this study, and consistent results were obtained. Coomassie blue (CB) staining was used as a loading control.


N-glycosylation is an important posttranslational modification essential for protein folding in the endoplasmic reticulum (ER). Proteins in the ER that are incorrectly folded or unfolded due to stress will not be exported to their destinations. The accumulation of these improperly folded proteins causes ER stress and induces the unfolded protein response (UPR), which further triggers specific gene expressions for the release of ER stress. To test whether ER stress occurs in iU1s under salt stress, the expressions of several ER stress marker genes, calnexin 1 (CNX1), calreticulin 2 (CRT2), PDI-like 2 (PDIL2), and heat shock binding proteins 1 and 2 (BiP1/2), were evaluated. Arabidopsis BiP1 and BiP2 have nearly identical nucleotide sequences; thus, the primers used could not distinguish them (Liu and Howell, 2010). Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis showed that the expression of these genes was largely upregulated in the seedlings of iU1s compared to the wild type under salt stress conditions (Figure 5). These data indicated that N-linked glycosylation of proteins is impeded in the salt-treated iU1 seedlings, and this process is associated with the induction of the ER stress.
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FIGURE 5. Upregulation of ER stress marker genes in iU1s under salt stress. Seedlings grown on MS agar plates supplemented with or without salt stress for 14 days were used for total RNA extraction, followed by RT-qPCR. Data are normalized to PP2A and presented as the means ± SD of four biological replicates, each with technical triplicates. *p < 0.05, Student’s t-test.




Tunicamycin Enhances the Inhibition of Seedling Growth Under Salt Stress

Defects in the early steps of protein N-glycosylation may cause salt-inhibited root elongation (Koiwa et al., 2003; Kang et al., 2008). To further examine whether salt hypersensitivity in iU1s is the consequence of defects in protein N-glycosylation, tunicamycin (Tm), an ER stress inducer agent that blocks the transfer of GlcNAc to the ER membrane-associated lipid dolichol and inhibits N-glycan processing and protein N-glycosylation (Hori and Elbein, 1981), was used in this study. The treatment with Tm indeed reduced protein N-glycosylation, as detected by ConA (Supplementary Figure S6A). However, Tm did not affect the seed germination rate in general (Supplementary Figure S6B) in the wild-type and iU1-52 seedlings under normal and salt-stressed growth conditions. Moreover, the Tm treatment at 100 ng/ml inhibited seedling growth among the genotypes tested, but most seedlings were bleached at the 200 ng/ml concentration in the absence of salt stress (Supplementary Figure S6C) after 14 days of culture. However, the Tm treatments enhanced the bleached seedlings of the wild-type, single mutants and iU1s in the presence of salt stress (Supplementary Figures S6C,D). Thus, the Tm treatment enhances the salt inhibition of seedling growth.



iU1 Seedlings Show ABA Sensitivity and Accumulation Under Salt Stress

Abscisic acid (ABA) is the major plant stress hormone, and its biosynthesis is significantly induced under salt and drought stresses. ABA inhibits seed germination and arrests seedling development (Figure 6A). Moreover, iU1 seed germination was more sensitive to ABA than that of wild type (Figure 6B), and this was similar to the salt stress results (Figure 2C). To examine whether the salt hypersensitivity observed in iU1s is correlated with the function of ABA, the ABA assay was employed in the seedlings of wild type and iU1s grown under normal or salt stress conditions. The results indicated that the ABA levels showed a slight reduction over the days of germination, and there was no significant difference between Col-0 and iU1s when the seedlings grew on MS agar plates for one to 5 days; however, under salt stress for 3 or 5 days, the ABA levels were higher in iU1s than in the wild-type seedlings (Figure 6C, left panel). After 14 days of culture, the ABA levels remained similar between the wild-type and iU1 seedlings under normal growth conditions; in contrast, the ABA levels increased in both the wild-type and iU1 seedlings and were significantly higher in iU1s than in the wild-type seedlings under salt-stressed conditions (Figure 6C, right panel). In this assay, the ABA-deficient mutant glucose insensitive 1–3 (gin1-3), an aba2 mutant allele (Cheng et al., 2002), was used as an internal control and exhibited low levels of ABA contents under normal or salt stress conditions. These data indicated that the salt hypersensitivity of iU1s is associated with higher levels of ABA.
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FIGURE 6. The iU1 plants increased the ABA contents under salt treatments. (A) Inhibition of seed germination by exogenous ABA. (B) Seed germination rate. Seeds were sown on agar plates supplemented with or without ABA. Data are presented as the means ± SD of at least 12 biological replicates. Each replicate contained ~40 seeds. (C) ABA contents of germinating seeds. Seeds germinated on MS or 200 mM NaCl medium for 1, 3, 5, or 14 days were harvested, and ABA was extracted and analyzed by LC/MS. The ABA-deficient mutant gin1-3 (also known as aba2) was used as an internal control. Data represent the means ± SD of three or four biological replicates. *p < 0.05, Student’s t-test.




Exogenous Fluridone and the Introduction of a nced3 Mutant Allele Abrogate Salt Sensitivity in iU1 Seedlings

To further verify whether the salt hypersensitivity of the iU1s is the consequence of the elevated ABA levels, fluridone, an ABA biosynthesis inhibitor, was applied in salt-containing media. The results indicated that fluridone rescued both the germination delay (Supplementary Figures S7A–F) and postgermination developmental arrest (Supplementary Figures S7C,G) in iU1s under salt-stressed conditions. Fluridone is a systemic herbicide that inhibits carotenoid biosynthesis and leads to the interruption of chlorophyll and ABA biosynthesis (Bartels and Watson, 1978). Thus, the fluridone-treated seedlings exhibited an albino-like phenotype (Supplementary Figure S7C). Furthermore, the ABA-deficient mutant allele, 9-cis-epoxycarotenoid dioxygenase 3 (nced3), which is involved in the ABA biosynthetic pathway, was introduced into the iU1-52 plants through the crossing. The nced3 mutant alleles abrogated the low seed germination rate (Figures 7A,C) and postgermination developmental arrest (Figure 7B) of iU1-52 under salt stress. As ABA is a plant stress hormone, ABA deficit in nced3 and iU1-52 x nced3 resulted in an increase in bleached cotyledons under a salt treatment for 14 days. These data provide evidence that the salt hypersensitivity of iU1s is dependent on ABA levels.
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FIGURE 7. The nced3 mutant allele abrogates salt hypersensitivity in iU1 plants (A). Comparison of the seedling phenotypes. The seedlings were grown on agar plates supplemented with or without NaCl (200 mM) for 14 days. (B) Phenotypic quantification derived from (A). (C) Seed germination rate. The seeds were sown on agar plates supplemented with or without 200 mM NaCl. Data are presented as the means ± SD of at least three biological replicates. Each replicate contained ~66 seeds.




GlcNA.UT-Mediated Gene Expression Profiling

To further better understand the GlcNA.UT-mediated downstream gene expression profiles, analyses of Arabidopsis gene expression microarray (Agilent) were performed. The samples used in this assay were derived from the wild-type (Col-0) and iU1-52 seedlings grown on MS or MS + NaCl (200 mM) agar plates for 14 days. Differentially expressed gene (DEG) were defined by the gene signal (iU1-52 normalized to Col-0) over two-fold (≥2 or ≤ −2). Based on these criteria, the majority of gene expression under normal growth conditions displayed a similar pattern between iU1-52 and Col-0 except that 17 DEGs were observed (Figures 8A,B); among them, 6 genes were upregulated and were specific to normal growth conditions (Supplementary Figure S8B). These genes have functions in defense response (DEFL and pectate lyase), GPI-anchored protein (LTPG17), and sterol transport (At5g23840 and At5g23830). Eleven genes overlapped between salt-free and salt-stressed conditions (Supplementary Figure S8A). These genes are primarily involved in defense responses (such as TRAF-like protein, MBP1, WRKY38, PR2 and VSP2), together with iron ion transport [such as IRONMAN 1 (IMA1) and IMA2], response to heat stress (TMS1) and ER stress (TIN1), and metabolic processes [GlcNA.UT1 and FAD/NAD(P) binding oxidoreductase]. Consistent with the function of RNA interference, the expression of GlcNA.UT1 was significantly reduced in iU1-52 under normal or salt-stressed conditions. It is surprising that the gene expression of GlcNA.UT2 was not significantly reduced in iU1-52, in which GlcNA.UT2 lost its function with undetectable protein levels (Figure 1E). This is most likely because the transcript of glcna.ut2-1 is truncated, and its transcript is steadily detectable (Chen et al., 2014) and can be recognized by microarray probes. In contrast, ~1,095 DEGs were observed in the iU1-52 seedlings grown under salt stress (Figures 8A,B). Among them, 1,084 DEGs (375 upregulated and 709 downregulated), which were specifically shown in salt-treated iU1-52 seedlings, were further analyzed through the Gene Ontology (GO) of biological processes. For upregulated DEGs, several biological processes were overrepresented, such as the response to ABA, water deprivation, hypoxia, salt stress, ER stress, and transcription regulation. However, the top nine biological processes from downregulated DEGs were enriched in photosynthesis-related functions (Figure 8C), which support the iU1 phenotype showing post-germination developmental arrest under salt stress. At least 42 DEGs involved in the ABA response, water deprivation, salt stress and ER stress are listed (Figure 8D). These genes included ABA biosynthesis, transport and signaling (such as NCED3, ABI2, ABI5, SnRK2 and ABCG25), salt stress (such as RD29A, RD29B, BGLU25 and ATHB1), and ER stress (such as PDIL and BIP2), which were upregulated in iU1-52 seedlings under salt stress. Some of these genes were verified by RT-qPCR and showed similar expression patterns to that of the microarray data (Supplementary Figure S9). All the mutants used in this study, such as iU1s, were verified by genotyping (Supplementary Figure S10). These data further support that the sensitivity of iU1s to salt is primarily associated with ABA biosynthesis and its signaling networks.
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FIGURE 8. GlcNA.UT-mediated gene expression profiles. (A) Heatmap of differentially expressed gene (DEG) profile. Total RNA was derived from seedlings grown on agar plates supplemented with or without 200 mM NaCl for 14 days. A total of 1,101 DEG genes derived from the microarray assay were used in this analysis. (B) Venn diagram indicating the overlap of DEG genes between salt and salt-free treatments. (C) Gene ontology (GO) analysis of biological processes. (D) Heatmap showing DEG genes involved in ABA, water deprivation, salt and ER stress responses. For the microarray assay, three biological replicates were performed, and the raw data are available in the Gene Expression Omnibus (GEO) database, with accession No. GSE193841.





DISCUSSION


Glcna.UTs Are Necessary for UDP-GlcNAc Biosynthesis and Protein N-Glycosylation

GlcNAc is the fundamental amino sugar moiety essential for protein glycosylation and sugar conjugates of lipids and proteins (Pattison and Amtmann, 2009; Nagashima et al., 2018). Completely blocking the HBP pathway often results in lethality in plants (Riegler et al., 2012; Chen et al., 2014; Vu et al., 2019), bacteria (Mengin-Lecreulx and van Heijenoort, 1993), yeast (Mio et al., 1998), Caenorhabditis elegans (Denzel et al., 2014), and Drosophila melanogaster (Schimmelpfeng et al., 2006), reflecting the vital role of GlcNAc in the normal growth of organisms. For organisms that possess lethal phenotypes due to a loss in function of HBP biosynthetic genes, RNA interference of these genes was frequently used to study their functions in plants (in this study; Vu et al., 2019) and in C. elegans (Denzel et al., 2014). The Arabidopsis genome contains two GlcNA.UTs, i.e., GlcNA.UT1 and GlcNA.UT2, which encode GlcNAc1pUT1 and GlcNAc1pUT2, respectively (Yang et al., 2010). Likewise, the rice genome also contains two GlcNA.UTs, which are referred to as UAP1/SPL29 and UAP2 (Wang et al., 2015, 2021). In general, both proteins in Arabidopsis and rice have a catalytic ability to utilize GlcNAc-1-P and GalNAc-1-P as substrates to form UDP-GlcNAc (Yang et al., 2010; Xiao et al., 2018; Wang et al., 2021). In addition, Arabidopsis GlcNAc1pUT2 may also use Glc-1-P as a substrate to form its corresponding UDP-sugars (Yang et al., 2010). In rice, OsUAP1/SPL29-1 irreversibly catalyzes the decomposition of uridine 5′-diphosphoglucose-glucose (UDPG). The Osuap1/spl29 mutants lose enzymatic activity and result in the accumulation of UDPG, which is implied as an important component involved in ROS accumulation, programmed cell death and leaf lesion mimics (Xiao et al., 2018). It remains unknown whether Arabidopsis GlcNAc1pUTs may use UDPG as a substrate. Interestingly, no conceivable phenotype was observed for the single knockout mutant of Arabidopsis glcna.ut1 or glcna.ut2 (this study; Chen et al., 2014), whereas early leaf senescence and defense-response-related lesion-mimic spotted leaves are observed in a single mutant of rice Osuap1/spl29 (Wang et al., 2015, 2021; Xiao et al., 2018). As the expression of defense-responsive genes was also altered in iU1s (Supplementary Figure S8), this subtle discrepancy in leaf lesion mimics between rice and Arabidopsis reveals the possibility that rice leaves have a greater sensitivity to defense responses than that of Arabidopsis leaves. Further investigation is necessary to determine this discrepancy.

Although both AtGlcNAc1pUTs and OsUAPs have the enzymatic activity to form UDP-GlcNAc, their biochemical effects on UDP-GlcNAc biosynthesis in planta and on protein N-glycosylation are not yet illustrated. It has been reported that compared to UDP-GalNAc, UDP-GlcNAc is the major component of UDP-HexNAc in Arabidopsis, and the ratio of UDP-GlcNAc/GalNAc is maintained in the wild type under normal or high-temperature conditions (Nozaki et al., 2012). It is also implied that epimerization might occur on GlcNAc or GalNAc-derived metabolites in the HBP (Nozaki et al., 2012) because plants possess epimerases that are capable of converting the Glc-moiety of sugar derivatives to the Gal-moiety conjugates (Allard et al., 2001). In this study, we demonstrated that the Arabidopsis UDP-HexNAc (UDP-GlcNAc and UDP-GalNAc) contents were similar between the wild-type and iU1 seedlings under normal growth conditions. This is probably because the residual GlcNAc1pUT1 activity in iU1s is capable of producing a sufficient amount of UDP-HexNAc. In contrast, the UDP-HexNAc contents were lower in iU1 seedlings than those in wild-type seedlings under salt-stressed conditions (Figure 3), indicating that the residual activity of GlcNAc1pUT1 in iU1s did not effectively generate a sufficient amount of UDP-HexNAc in response to salt stress. Consistently, the exogenous GlcNAc enhances UDP-HexNAc biosynthesis under normal growth conditions in both wild-type and iU1 plants (this study; Furo et al., 2015). This supports that GlcNAc can be converted to GlcNAc-6-P by GNK through the salvage pathway, and then, GlcNAc-6-P enters the HBP pathway for UDP-GlcNAc biosynthesis (Supplementary Figure S1). However, under salt-stressed conditions, GlcNAc application enhances UDP-HexNAc biosynthesis exclusively in the wild-type seedlings but not in iU1s (Figure 3), presumably due to the defect in GlcNAc1pUT1 that fails to effectively produce UDP-HexNAc from GlcNAc-1-P. The mechanism by which exogenous GlcNAc improves salt stress tolerance (Figure 3) is likely because the increase in UDP-GlcNAc levels in the wild-type seedlings enhances the capacity of protein glycosylation and attenuates ER stress. In parallel to the normal levels of UDP-HexNAc under normal growth conditions, the pattern of N-glycosylation proteins was also comparable among wild-type, single mutants and iU1 seedlings. In contrast, N-glycosylation patterns were altered in iU1 seedlings compared to wild-type and single mutants under salt stress, based on complex N-glycan assays by ConA and anti-HRP antibody or by detecting specific N-glycoproteins, PDI5 and TGGs (Figure 4). Collectively, our data provided evidence that GlcNAc1pUTs play a vital role in UDP-GlcNAc biosynthesis and protein N-glycosylation, particularly under salt-stressed conditions.



Salt Sensitivity in iU1s Is Distinct From the Mutants Defective in N-Glycan Processing in the ER Lumen or Golgi Apparatus

GlcNAc is essential for N-glycan processing and protein N-glycosylation. Interruption of any step during N-glycan processing or protein N-glycosylation will cause an accumulation of unfolded or misfolded proteins in the ER lumen, resulting in ER stress. Subsequently, ER stress induces an unfolded protein response (UPR) by triggering the expression of genes involved in enhancing the capacity of protein folding, increasing the ER quality control, and maintaining ER homeostasis (Bao and Howell, 2017; Nagashima et al., 2018). Previous studies have indicated that the UPR plays an important role in the response to abiotic stress, such as salt stress (Koiwa et al., 2003; Frank et al., 2008; Kang et al., 2008; Zhang et al., 2009). For example, N-glycan processing mutants, such as staurosporine and temperature sensitive 3a (stt3a) and leaf wilting 3 (lew3), which are defective in a catalytic subunit of the ER oligosaccharyltransferase (OST) complex and in an α-1,2-mannosyltransferase, respectively, induce UPR-mediated gene expression, such as BiPs, and enhance salt stress sensitivity (Koiwa et al., 2003; Zhang et al., 2009). Moreover, transgenic plants overexpressing the UPR-responsive gene BiP in tobacco or soybean confer tolerance to ER stress and drought (Alvim et al., 2001; Valente et al., 2009). These data indicate that the UPR-mediated pathway interplays with osmotic stress signaling pathways.

stt3a causes defects in protein N-glycosylation, which induces UPR in the ER and enhances salt sensitivity (Kang et al., 2008). Similarly, the cgl1 mutant, which lacks N-ACETYL GLUCOSAMINYL TRANSFERASE I activity, shows a deprivation of complex N-glycans and confers salt oversensitivity (Frank et al., 2008). However, unlike stt3a, cgl1 does not exhibit a UPR response because it fails to activate the expression of BiP3, a UPR marker gene. These data indicate that UPR-responsive signaling is not the major mechanism that leads to salt oversensitivity in stt3a. Thus, Kang et al. (2008) proposed that the maturation of N-glycosylated proteins in the Golgi apparatus is essential for salt tolerance. However, mutation of UDP-GlcNAc transporter 1 (UGNT1), which is localized in the Golgi membrane and deprived of complex and hybrid N-glycans in the Golgi, does not result in salt oversensitivity, reflecting that mature complex N-glycans are not the only primary factor in response to salt sensitivity (Ebert et al., 2018). The sites of complex N-glycan attachment within a glycoprotein and additional mechanisms cooperate to make glycoproteins functional (Rips et al., 2014). It was proposed that each mutant defective in N-glycan processing might affect a different set of glycoprotein and/or glycolipid functions, in which the signals integrate to alter plant growth and response to abiotic stress. For instance, the stt3a mutant exhibits mitosis arrest in the root apical meristem and radial swelling in the root tips and alters the abundance and function of KORRIGAN1 (KOR1) /RADIALLY SWOLLEN 2 (RSW2), an endo-ß-1,4-endoglucanase activity involved in cell wall biosynthesis (Kang et al., 2008; Mansoori et al., 2014; Vain et al., 2014). The mns1 and mns2 double mutants, which lack α-1,2 mannosidase activity, exhibit severe inhibition of root growth under salt stress and defects in cell wall biosynthesis, which is mediated by KOR1/RSW2. These salt-sensitive root phenotypes can be partially rescued by the overexpression of KOR1/RSW2 in this double mutant, indicating that trimming of N-glycans is crucial in mediating its targeted glycoprotein abundance to adapt to salt stress (Liu et al., 2018). Consistently, the kor1/rsw2 mutant is defective in root growth, and the correct destination of KOR1/RSW2 in the plasma membrane is associated with salt acclimation (Liu et al., 2018; Nagashima et al., 2020). When comparing iU1s with stt3a, both revealed defects in protein N-glycosylation and induction of the UPR response. However, unlike stt3a, which possessed a short root length under salt stress (Koiwa et al., 2003), iU1 displayed normal root elongation under salt-stressed growth conditions (Supplementary Figure S2). iU1s that exhibited salt oversensitivity were based on seed germination delay and postgermination developmental arrest; instead, these two phenotypes were almost normal in stt3a (Supplementary Figure S2). Thus, it is likely that iU1 and stt3a use different mechanisms to enhance salt sensitivity. It is notable that the UDP-GlcNAc, the product of the GlcNAc1pUT catalytic reaction, is not only used for N-glycan synthesis and maturation in the ER or Golgi apparatus (Ebert et al., 2018) but also for the O-linked GlcNAcylation of cytosolic and nuclear proteins, and sugar moieties of glycolipids and GPI-anchored proteins. Thus, it is conceivable that although both iU1 and stt3a exhibited salt oversensitivity, they displayed different salt-responsive phenotypes.

The ER stress-induced UPR response has been proposed primarily through pathways that are mediated by IRE1-bZIP60 and S1P-bZIP17/or S2P-bZIP28, which are linked to abiotic stress responses and the transport and sensing of phytohormones, such as auxin and brassinosteroid (Fujita et al., 2007; Liu et al., 2007a; Che et al., 2010; Liu and Howell, 2010; Chen et al., 2014; Bao and Howell, 2017; Iwata et al., 2017). The atbzip17 mutant displays salt sensitivity, and this can be complemented by the overexpression of AtbZIP17 gene. However, transgenic plants overexpressing 35S::AtbZIP17∆, a truncated gene without transmembrane and lumen-facing domains, display retarded phenotypes, such as a small size and short roots and hypocotyls, under stress-free conditions. Moreover, the retarded phenotypes can be rescued by the expression of AtbZIP17∆ driven by the RD29A promoter, and transgenic plants enhance salt tolerance, based on the bleached seedlings observed under agar plates and soil-growth conditions (Liu et al., 2007b, 2008). Although the AtbZIP17-activated domain induces the expression of ER stress response genes, such as AtHB7, RD20, and PP2C, the ER marker genes BiP1, BiP2 and BiP3 are not upregulated (Liu et al., 2007b). In contrast, the expression of BiPs is often upregulated in the mutants involved in N-glycan processing, such as iU1s, stt3a, lew3, and lew1 (this study; Koiwa et al., 2003; Zhang et al., 2008, 2009; Nozaki et al., 2012). Moreover, the expression of IRE1, S1P, S2P, bZIP17, bZIP28, and bZIP60 was not significantly induced in our transcriptomic analyses. In addition, although mutants with altered N-glycosylation often enhance the sensitivity of Tm (this study; Zhang et al., 2008, 2009), Tm treatments with wild type and iU1s did not induce salt oversensitive phenotypes in terms of seed germination delay and severe postgermination developmental arrest (Supplementary Figure S6). These data indicated that the response of iU1 to the Tm treatment is different from its response to salt-stressed conditions. Thus, the induction of UPR-responsive gene expression by Arabidopsis activated forms (or N-termini) of bZIP17, bZIP28, or bZIP60 (Liu et al., 2007a,b; Bao and Howell, 2017) or by N-glycan processing mutants, such as iU1s (in this study) and stt3a, might use, at least in part, distinct regulatory signaling pathways.



Salt Sensitivity in iU1s Is Associated With ABA Biosynthesis and Signaling

The plant stress hormone ABA plays a major role in normal plant growth and facilitates the adaptation of plants to abiotic stress (Finkelstein et al., 2002). The LEW3 functions in transferring mannose to the dolichol-linked oligosaccharide in the last two steps on the cytosolic side of the ER (Zhang et al., 2009). Mutation of LEW3 in Arabidopsis enhances salt and ABA sensitivity compared to that of the wild-type plants. Under salt stress conditions, seed germination and the establishment of early seedlings with greening cotyledons are much lower in lew3 seedlings than in the wild-type seedlings. Although these phenotypes resemble iU1s, the lew3 mutants grown in soil display small plant sizes and tend to wilt, which is presumably due to the collapse of xylems and interruption of water transport (Zhang et al., 2009). The LEW2 gene, also known as AtCesA8/IRX1, encodes a subunit of the cellulose synthesis complex. Mutation of LEW2 causes small plant sizes under normal soil-growth conditions. Moreover, the lew2 mutants contain higher levels of ABA, proline and sugars, in association with higher expression of ABA2/SDR1, P5CS (pyrroline-5-carboxylate synthase), and RD29A (Chen et al., 2005) under normal and osmotic stress conditions. However, unlike lew3 showing seed germination delay, the lew2 mutant promotes seed germination under osmotic stress, including salt stress. These data provide evidence that cellulose synthesis is important for the osmotic stress response. ABA accumulation in plants suffering from abiotic stress is mediated primarily by a multistep de novo biosynthesis pathway or by single-step hydrolysis of inactive ABA-glucose ester (ABA-GE; Nambara and Marion-Poll, 2005). Hydrolysis of ABA-GE is catalyzed by ER-localized ß-glucosidase 1 (BG1/BGLU18) or vacuole-localized BG2/BGLU33. The ER dynamics are vital processes when plants face stress environments. One of the most obvious phenomena is the dynamic change of ER bodies in response to environmental stress. BG1/BGLU18 is the main component of ER body and its hydrolysis of ABA-GE may cause early accumulation of ABA that precedes the de novo biosynthesis pathway (Lee et al., 2006; Xu et al., 2012; Han et al., 2020). The stt3a mutant showed salt sensitivity and defect in protein N-glycosylation (Kang et al., 2008). Further studies indicated that stt3a reveals a high transpiration rate, sensitivity to drought stress and abnormal stomatal distribution. Moreover, these phenotypes are associated with the decrease in ABA and IAA, and exogenous ABA and IAA may partially rescue these mutant phenotypes. The lower levels of ABA in stt3a are linked to the underglycosylation of BG1/BGLU18 (Jiao et al., 2020). Consistently, the transcriptomic analyses indicated that the expression of BG1/BGLU18 in iU1 was ~2.9-fold lower than the wild type, but the expression of BGLU25 in iU1 was ~2.8-fold higher than the wild type under salt stress conditions (Figure 8D). These data support that N-glycosylation is involved in abiotic stress response through the release of ABA from ABA-GE hydrolysis. Given that BG1/BGLU18 primarily functions in ABA release in plants exposed to a short-term stress treatment, the effect of this protein and/or BGLU25 on ABA release is likely minor in iU1s because a long-term salt treatment up to 14 days was performed in this study, and the expression of NCED3, a key gene in ABA de novo biosynthesis, was upregulated. In addition, ABA-responsive genes, such as ABCG25, ABI2, ABI5, and RD29A, and other salt-responsive genes, such as RD29B, SNRK2.7, HB12, and FAR1, were also upregulated (Figure 8; Supplementary Figure S9). Moreover, the iU1 seedlings enhanced ABA sensitivity, which showed a phenotype similar to salt hypersensitivity (Figures 6A,B). In addition, salt-sensitive phenotypes could be eliminated by the exogenous ABA biosynthesis inhibitor fluridone and the introduction of a necd3 allele into the iU1 plants (Figure 7; Supplementary Figure S7). Thus, these data provide evidence that GlcNA.UTs play an important role in response to salt stress through ABA biosynthesis and signaling networks, which are different from the known mutants of N-glycan processing. Currently, the mechanism by which the reduced UDP-GlcNAc levels interplay with ABA levels and signaling largely remains unknown. One possibility is that the reduced UDP-GlcNAc levels under salt-stressed conditions alter specific N- and/or O-linked glycoproteins that further regulate ABA biosynthesis and signaling. Thus, further investigation is essential to define these ABA-related glycoproteins in the future.

ER-associated degradation (ERAD) is one of the UPR responses, which mediates the protein quality control to release ER stress and maintain ER homeostasis. One of the major processes in ERAD is the binding of misfolded proteins by the Hrd1 complex to facilitate the ubiquitination of these defective proteins. Subsequently, these ubiquitinated proteins are retrotranslocated into the cytosol for proteasomal degradation. In this study, the expression of Hrd1B, which encodes a component of the Hrd1 complex, showed an ~2.3-fold increase in iU1s under salt stress. Moreover, ABA INSENSITIVE RING PROTEIN 2 (AIRP2), encoding a cytosolic RING-type E3 ubiquitin ligase, was also with induced by approximately 3-fold under salt stress conditions. It has been proposed that AIRP2 and SALT- AND DROUGHT-INDUCED RING FINGER1 (SDIR1), an ER E3 ligase, likely play a combinatory role in ABA signaling and the response to high salt in Arabidopsis (Oh et al., 2017). Thus, these data support the possible involvement of ERAD in salt stress response in iU1s. Furthermore, the salt-treated iU1 seedlings also increased the expression of protein disulfide isomerases, such as PDI6 and PDI10, and heat shock proteins, such as HSP90.7 and BiP2 (Figures 5, 8), which are able to enhance protein folding capacity and release ER stress. Collectively, these data provide evidence that GlcNAc.UTs integrate multiple regulatory pathways into the adaptation of plants to salt stress through protein glycosylation, ER dynamics (protein quality control and protein folding) and ABA synthesis and signaling.




CONCLUSION

Despite the significance of protein glycosylation in plant growth and abiotic stress responses, most studies in the past have extensively focused on the formation of core N-glycans in the ER lumen and the modification of complex N-glycans in the Golgi apparatus. Although functions of HBP-related genes have been reported to have functions in plant growth and development, the effect of GlcNAc on the cytosolic processing of oligosaccharide precursors for protein glycosylation and abiotic stress response is less clear, particularly for GlcNA.UTs. In this study, we demonstrated that GlcNA.UTs play vital roles in UDP-GlcNAc biosynthesis, N-glycosylation and ABA-mediated salt stress responses under salt-stressed conditions. Moreover, GlcNA.UTs also affect the expression of O-GlcNAcylated protein genes, which remain to be further investigated regarding their functions in plant growth and salt stress responses.
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Acquired osmotolerance induced after salt stress is widespread across Arabidopsis thaliana (Arabidopsis) accessions (e.g., Bu-5). However, it remains unclear how this osmotolerance is established. Here, we isolated a mutant showing an acquired osmotolerance-defective phenotype (aod2) from an ion-beam-mutagenized M2 population of Bu-5. aod2 was impaired not only in acquired osmotolerance but also in osmo-shock, salt-shock, and long-term heat tolerances compared with Bu-5, and it displayed abnormal morphology, including small, wrinkled leaves, and zigzag-shaped stems. Genetic analyses of aod2 revealed that a 439-kbp region of chromosome 4 was translocated to chromosome 3 at the causal locus for the osmosensitive phenotype. The causal gene of the aod2 phenotype was identical to ECERIFERUM 10 (CER10), which encodes an enoyl-coenzyme A reductase that is involved in the elongation reactions of very-long-chain fatty acids (VLCFAs) for subsequent derivatization into cuticular waxes, storage lipids, and sphingolipids. The major components of the cuticular wax were accumulated in response to osmotic stress in both Bu-5 WT and aod2. However, less fatty acids, primary alcohols, and aldehydes with chain length ≥ C30 were accumulated in aod2. In addition, aod2 exhibited a dramatic reduction in the number of epicuticular wax crystals on its stems. Endoplasmic reticulum stress mediated by bZIP60 was increased in aod2 under osmotic stress. The only cer10 showed the most pronounced loss of epidermal cuticular wax and most osmosensitive phenotype among four Col-0-background cuticular wax-related mutants. Together, the present findings suggest that CER10/AOD2 plays a crucial role in Arabidopsis osmotolerance through VLCFA metabolism involved in cuticular wax formation and endocytic membrane trafficking.

Keywords: osmotolerance, cuticular wax, enoyl-CoA reductase, very-long-chain fatty acid, ER stress, Arabidopsis thaliana accession


INTRODUCTION

The plant cuticle is an extracellular lipid structure that covers the outer surface of land plants and protects the plant body from abiotic and biotic stresses (Javelle et al., 2011). Cuticle biosynthesis begins in the early stages of embryogenesis and is strictly coordinated with plant growth to supply constant cuticle deposition (Delude et al., 2016). The cuticle is divided into two domains: the underlying cuticular layer, which is a cutin-rich domain with embedded polysaccharides, and the overlying cuticle proper, which is enriched in waxes. A cutin matrix runs through both the cuticular layer and the cuticle proper. Cuticular waxes can be either embedded within the cutin matrix as intracuticular wax or accumulated on the cuticle surface as epicuticular wax crystals or films (Yeats and Rose, 2013; Ingram and Nawrath, 2017). Cuticular wax is a mixture of mostly aliphatic very-long-chain fatty acid (VLCFA; C20–34) derivatives that include alkanes, aldehydes, primary and secondary alcohols, ketones, and esters (Yeats and Rose, 2013). The parent VLCFAs are produced by the activities of four endoplasmic reticulum (ER)-bound enzymes that together form a fatty acid elongase (FAE) complex, and the biosynthesis occurs via the following four successive reactions that together form one reaction cycle: (i) condensation of C18-CoA and malonyl-CoA to form 3-ketoacyl-CoA (mediated by 3-ketoacyl-CoA synthase; KCS); (ii) reduction of 3-ketoacyl-CoA to 3-hydroxy-CoA (mediated by ketoacyl-CoA reductase; KCR); (iii) dehydration of 3-hydroxyacyl-CoA to enoyl acyl-CoA (mediated by 3-hydroxyacyl-CoA dehydratase; HCD); and (iv) reduction of enoyl acyl-CoA to form a saturated fatty acyl-CoA product (mediated by enoyl-CoA reductase; ECR). The reaction cycle synthesizes a two-carbon longer acyl-CoA and can be repeated to yield VLCFAs with various chain lengths ranging from C20 up to C38 or more (Batsale et al., 2021). These VLCFAs are then derivatized and subsequently incorporated into the cuticle as cuticular waxes, or converted to suberin, another plant surface barrier on the root endodermis, to triacylglycerol storage lipids, or to membrane lipids such as phospholipids or sphingolipids (Kim et al., 2013; Batsale et al., 2021).

In A. thaliana (Arabidopsis), several studies have identified genes encoding the enzymes that form the FAE complex. There are 20 KCS-encoding genes in the Arabidopsis genome, among which ECERIFERUM 6 (CER6)/KCS6/CUTICULAR 1 (CUT1) has been shown to play an important role in wax biosynthesis; a cer6/kcs6/cut1 mutant exhibits a severe waxless phenotype characterized by a decrease in longer wax compounds and accumulation of C24 and C26 derivatives (Millar et al., 1999; Fiebig et al., 2000). Complementation assays using yeast mutants have identified 3-KETOACYL-COA SYNTHASE 1 (KCS1) and PASTICCINO2 (PAS2) as Arabidopsis genes encoding a functional KCR enzyme and a functional HCD enzyme, respectively; complete loss of KCR1 or PAS2 activity leads to embryonic lethality, indicating that VLCFA biosynthesis is essential for embryonic development (Bach et al., 2008; Beaudoin et al., 2009). Similar complementation assays using yeast mutants have identified ECERIFERUM 10 (CER10) as an Arabidopsis gene that encodes a functional ECR enzyme (Kohlwein et al., 2001). An Arabidopsis cer10 mutant is reported to show morphological abnormalities such as reduced size of aerial organs as well as a reduction of cuticular wax load and altered VLCFA composition of seed triacylglycerols and sphingolipids; in addition, the Golgi apparatus is larger and tends to form ring-like clusters, resulting in a possible defect in endocytic membrane transport (Zheng et al., 2005).

Arabidopsis plants subjected to drought, salt, or abscisic acid treatments exhibit a significant increase in the amounts of cuticular lipids in their leaves (Kosma et al., 2009). An R2R3-type MYB transcription factor, AtMYB49, has been shown to contribute to salt tolerance in Arabidopsis by increasing cutin deposition in the leaves (Zhang et al., 2020). Ectopic expression of Newhall navel orange CsKCS6, an ortholog of Arabidopsis KCS6, has been shown to increase the amount of VLCFAs in the cuticular wax on the stems and leaves of Arabidopsis plants and to improve drought and salt tolerances (Guo et al., 2020). These reports suggest a relationship between cuticular wax and drought or salt tolerance in Arabidopsis; however, studies are needed to clarify the relationship between FAE complex including ECR and abiotic stress tolerances, and between reduced cuticular wax levels and stress tolerances.

Natural genetic variation in Arabidopsis has facilitated identification of plant genes governing complex traits such as growth, flowering, and stress tolerance (Alonso-Blanco et al., 2009; Weigel, 2012). Previously, we found a wide variation in salt tolerance among Arabidopsis accessions; in addition, we found that while most salt-tolerant accessions also exhibited acquired osmotolerance after salt stress (e.g., Bu-5), others did not (e.g., Col-0; Katori et al., 2010; Ariga et al., 2017); however, little is known about which genes contribute to such acquired osmotolerance. Here, to understand more about the mechanism underlying acquired osmotolerance in Arabidopsis, we isolated and characterized a mutant showing an acquired osmotolerance-defective phenotype (aod2) from the Arabidopsis accession Bu-5.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Arabidopsis seeds (Bu-5 or Col-0) were sown on agar (1%, w/v) plates containing full-strength Murashige and Skoog (MS) medium containing a vitamin mixture (10 mg L−1 of myoinositol, 200 μg L−1 of glycine, 50 μg L−1 of nicotinic acid, 50 μg L−1 of pyridoxine hydrochloride, and 10 μg L−1 of thiamine hydrochloride; pH 5.7) and 1% sucrose. The plates were sealed with surgical tape and the seeds were stratified at 4°C for 4–7 days before being transferred to a growth chamber (80 μmol photons m2 s−1; 16 h/8 h light/dark cycle; 22°C) for germination and growth.

To obtain Arabidopsis mutants, Bu-5 seeds were irradiated in the azimuthally varying field cyclotron at the Japan Atomic Energy Agency (Takasaki, Japan). To select the appropriate dose, we irradiated the seeds with carbon ion beams in a dose range of 25–250 Gy and assessed plant development. Doses of 200 Gy or higher inhibited secondary leaf development or induced sterility. Therefore, we irradiated the seeds at 150 Gy in a single layer within a plastic bag.

Seeds of the following four Arabidopsis mutants were obtained from the Arabidopsis Biological Resource Center (Ohio State University): cer10 (SALK-088645), lcr (SALK-136833C), cer2 (SALK-127158), and cer5 (SALK-036776).



Stress Treatment for the Acquired Osmotolerance Assay

Seven-day-old seedlings grown on nylon mesh (990 μm) on an M&S agar plate were transferred with the underlying mesh (hereafter “mesh-transferred”) to a plate supplemented with 100 mM NaCl for 7 days. The seedlings were then mesh-transferred to a plate supplemented with 750 mM sorbitol for 15 days.



Abiotic Stress Assays

Ten-day-old seedlings grown on nylon mesh (990 μm) on an M&S agar plate were mesh-transferred to a plate supplemented with 200 mM NaCl for 8 days (salt-shock stress), 600 mM sorbitol for 21 days (osmo-shock stress, or 10 μm paraquat for 7 days (oxidative stress). For the long-term heat tolerance assay, the plates with 10-day-old seedlings were placed at 37°C for 4 days and then moved back to 22°C for 5 days. Chlorophyll content was determined as in (Porra et al., 1989).



RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

Total RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) analysis were performed as described in Isono et al. (2020). ACTIN2 was used as the internal standard for qRT-PCR. The primers used are listed in Supplementary Table S1.



Genetic Mapping of the Causative Gene of the aod2 Phenotype

aod2 was crossed with an osmo-tolerant accession, Pog-0, and the resulting F1 progeny were selfed to generate F2 populations. Genomic DNA was prepared from individual F2 plants with the recessive phenotype for use as PCR templates. The simple sequence length polymorphism markers listed in Supplementary Table S2 were used for mapping. The PCR conditions were as follows: (94°C for 2 min) 1 cycle, (94°C for 20 s, 52°C–55°C for 20 s, and 72°C for 20 s) 34 cycles, and (72°C for 2 min) 1 cycle. Microsatellites were fractionated in a 5%–7% agarose gel, and the recombination frequencies (%) were calculated from the band pattern.



DNA Library Construction and Sequencing of aod2 Mutant

DNA library construction and sequencing were performed as described in (Tsukimoto et al., 2021). The read data were submitted to the DNA Data Bank of Japan Read Archive (accession number DRA013622).



Detection of Mutations in the aod2 Mutant

Detection of mutations from the whole-genome sequencing data of the aod2 mutant was performed as described in Tsukimoto et al. (2021). For detection of the 439-kbp insertion from Chr. 4 into the causal region in the aod2 mutant, we designed the primer sets listed in Supplementary Table S3. Primer sets (i) and (ii) were designed to detect DNA bands only in the presence of the 439-kbp insertion, and primer set (iii) was designed to detect DNA bands only in the presence of deletion.



Plasmid Construction and Transformation

For complementation analysis, the genomic region of AOD2/CER10 (2.0-kb upstream of the ATG initiation codon and 1.0-kb downstream of the termination codon of Bu-5) was amplified by PCR using the pRI909 CER10 primers (Supplementary Table S3) and then cloned into the binary vector pRI909. The constructs were introduced into Agrobacterium tumefaciens GV3101, which was used for plant transformation by the floral dip method. Transgenic plants were selected on M&S agar plates containing 200 μg ml−1 Claforan and 25 μg ml−1 kanamycin. Ten-day-old seedlings (T1 plants) were transferred to soil in pots.



Toluidine Blue Test

The aerial parts of 2-week-old seedlings were submerged in aqueous solution of 0.05% (w/v) toluidine blue (TB; Sigma, St Louis, MO, United States). After 20 min on a shaker set at 100 rpm, the TB solution was removed, and the plates were washed gently with water to remove excess TB from the plants. Next, the plants were homogenized in a 1.5-ml tube containing zirconia beads. Then, 200 μl of buffer [200 mM Tris–HCl (pH 8.0), 250 mM NaCl, and 25 mM EDTA] and 400 μl of ethanol was added, with vortex mixing, and plant debris was pelleted by centrifugation (15,000 rpm for 10 min). The supernatant was examined spectrophotometrically, and the amount of TB was determined from the absorbance at 630 nm (A630). The major peak of absorbance due to plant material (A435) was used for normalization. Relative levels of TB were calculated as the ratio of A630 to A435 (Tanaka et al., 2007).



Scanning Electron Microscopy

A 3-cm section from the base of the flower stem 2 weeks after bolting was used for observation of the epidermal surface. The stem was cut into 5–10 mm pieces and coated with Pt + Pd using an E102 ion sputtering system (Hitachi, Tokyo, Japan) and used for scanning electron microscopy (S4800, Hitachi).



Water Loss Assay

Leaves of 4-week-old plants grown in soil under normal growth conditions were detached and then left in ambient conditions. The weight was measured every 10 min for 1 h. The percentage decreases in fresh weight are expressed as percentage water loss.



Extraction of Cuticular Waxes and Gas Chromatography-Mass Spectrometry Analysis

Two-week-old Bu-5, aod2, and Col-0 seedlings grown on MS agar plates (control condition) and salt-acclimated for 1 week were mesh-transferred to MS agar plates containing 750 mM sorbitol for 21 days (osmo-stress condition). The cuticular wax of leaves (six biological replicates) was extracted by immersion in chloroform containing tricosanoic acid as an internal standard for 10 s. The solvent was evaporated in a steam of nitrogen. Free hydroxyl and carboxyl groups were silylated with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA+TMCS, Sigma-Aldrich, St. Louis, MO, United States) for 1 h at 80°C. The wax composition was analyzed by using a GC2020 gas chromatograph (Shimadzu Inc., Kyoto, Japan) with the injector in splitless mode and the following temperature program: increase to 80°C, 15°C per min to 200°C, 3°C per min to 300°C and hold for 10 min at 300°C. Mass spectrum data were obtained on a GCMS-QP2020NX mass spectrometer (Shimadzu) after impact ionization. The peaks were quantified by using the LabSolutions software (Shimadzu). The amount of each wax monomer was determined on the basis of the internal standard and was normalized by leaf surface area. Leaf surface area was calculated by using the ImageJ software (Schneider et al., 2012).




RESULTS


Isolation of aod2

Previously, we found that Arabidopsis accession Bu-5 showed acquired osmotolerance (Katori et al., 2010; Ariga et al., 2017). Using this accession, we screened 30,000 ion-beam-mutagenized seedlings for mutants showing an acquired osmotolerance-defective phenotype and subsequently obtained the mutant aod2. Compared with Bu-5, aod2 showed significantly lower osmotolerance to 750 mM sorbitol after pre-exposure to 100 mM NaCl for 7 days (Figures 1A,B). In addition, soil-grown aod2 plants displayed abnormal morphogenesis in all aerial parts compared with Bu-5 plants grown under the same conditions: the leaves of aod2 plants were narrower and smaller (Figure 2A); the flower stems were shorter and exhibited a zigzag-shaped appearance (Figure 2B); some stamens displayed a zigzag-shaped appearance (Figure 2B); and the leaf trichomes were shorter and crooked (Figure 2C).
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FIGURE 1. Identification of acquired osmotolerance-defective (aod2) mutant. (A) Flow chart of the acquired osmotolerance assay. A total of 30,000 ion-beam-mutagenized, salt-acclimated, 2-week-old seedlings of accession Bu-5 were transferred to Murashige and Skoog agar plates containing 750 mM sorbitol for 15 days. Seedlings showing osmo-hypersensitivity (red circle) were selected as mutants showing an acquired osmotolerance-defective phenotype. The mutant aod2 was identified by using this approach. (B) Chlorophyll content as an index of acquired osmotolerance in Bu-5 (WT) and aod2. FW, fresh weight. Differences between WT (white bar) and aod2 (black bar) were analyzed by Student’s t-test (mean ± SE, n = 3, **p < 0.01).
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FIGURE 2. Morphogenesis of aod2 mutant. Representative images of 4-week-old WT and aod2 plants grown in soil under normal growth conditions; the images show leaves (A), stems and mechanically opened flowers (B), and leaf trichomes (C).




Characterization of aod2

To investigate whether the phenotype of aod2 was specific to acquired osmotolerance, we evaluated the tolerance of aod2 to three other abiotic stresses—osmo-shock, salt-shock, and oxidative stress (paraquat). aod2 showed significantly lower osmo-shock and salt-shock tolerance (Figure 3A) but the same oxidative stress tolerance (Supplementary Figure S1) compared with Bu-5. When we compared the expression of the osmostress-responsive marker genes COR15A, KIN1, RAB18, and RD29A, we found that the mRNA accumulation levels of all four genes were comparable between Bu-5 and aod2 (Figure 3B), indicating that the weakened osmotic stress tolerance in the mutant was not due to defective transcriptional regulation. We also found that aod2 showed significantly greater sensitivity to long-term heat stress (37°C, 4 days) compared with Bu-5 (Figure 3C).

[image: Figure 3]

FIGURE 3. Characterization of acquired osmotolerance-defective (aod2) mutant. (A) Top: flow chart of the salt- and osmo-shock tolerance assay. Two-week-old seedlings were transferred to Murashige and Skoog agar plates containing 200 mM NaCl for 8 days or 600 mM sorbitol for 21 days. Middle and bottom: Chlorophyll content as an index of the salt- and osmo-shock tolerances of aod2 and Bu-5 (WT). FW, fresh weight. (B) Expression of osmostress-responsive marker genes in WT and aod2 under normal (control) and acquired osmotic stress (100 mM NaCl for 7 days and subsequent 750 mM sorbitol for 8 h) conditions; expression levels were determined by quantitative real-time polymerase chain reaction relative to those of Actin2 (mean ± SE, n = 3). (C) Long-term heat tolerance of aod2. Ten-day-old WT and aod2 seedlings were grown initially at 22°C, then at 37°C for 4 days, and then at 22°C for 5 days. Then, chlorophyll content was determined as an index of heat tolerance. Differences between WT and aod2 were analyzed by Student’s t-test (mean ± SE, n = 3, **p < 0.01).




Identification of the Causal Gene of the aod2 Phenotype

To identify the locus responsible for the osmosensitive phenotype of aod2, we crossed aod2 with Pog-0, an accession with acquired osmotolerance (Ariga et al., 2017), and subjected the mutant to high-resolution chromosomal mapping analysis of the locus within a 226-kbp region on the short arm of chromosome 3 (Figure 4A). The sequence variations within this region in the aod2 genome were examined by whole-genome sequencing. There were no non-synonymous mutations in any of the genes within the 226-kbp region; however, there was a 439-kbp insertion whose sequence was identical to that of part of chromosome 4. To verify the insertion, we performed PCR-based genotyping using primers spanning chromosomes 3 and 4 and confirmed that the 439-kbp insertion disrupted genes At3G55340, At3G55350, and At3G55360 (Supplementary Figure S2). To identify which of the disrupted genes was the causal gene of the osmosensitive phenotype aod2, we performed complementation tests in which each of the three disrupted genes derived from Bu-5, with their regulatory region, was introduced into aod2. Only the introduction of At3G55360 (aod2_At3G55360) restored acquired osmotolerance as in Bu-5, indicating that At3G55360 was the causal gene of the osmosensitive aod2 phenotype (Figure 4B). At3G55360 was identical to CER10, which encodes an ECR involved in the final stage of the VLCFA elongation reaction cycle that produces VLCFAs for subsequent derivatization to cuticular waxes, storage lipids, and sphingolipids. In Bu-5, the transcription level of CER10/AOD2 was increased by osmotic stress (Figure 4C).
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FIGURE 4. Identification of the causal gene of the acquired osmotolerance-defective phenotype. (A) High-resolution mapping of the causal locus in aod2 by using F2 progeny from a cross between aod2 and Pog-0. The scores indicate recombination frequencies (%). Arabidopsis Genome Initiative numbers are shown above the genes. The red bar shows the 439-kbp insertion from Chr. 4. (B) Complementation test performed by transforming aod2 with AOD2/At3g55360. T2 plants transformed with the native promoter At3g55360 (aod2_At3g55360) derived from Bu-5 (WT) were used. Top panel: Representative images showing acquired osmotolerance in the complementation lines. Lower panel: Chlorophyll content of WT, aod2, and aod2_At3g55360. Differences between WT and aod2 or between aod2 and aod2_At3g55360 were analyzed by Student’s t-test (mean ± SE, n = 3, **p < 0.01). (C) Expression profiles of CER10 in WT under normal and acquired osmotic stress conditions; expression levels were determined by quantitative real-time PCR relative to those of Actin2 (mean ± SE, n = 3). Differences between normal and acquired osmotic stress conditions were analyzed by Student’s t-test. **p < 0.01.




Content and Composition of the Cuticular Wax

ECR is an enzyme that catalyzes the final step of VLCFA elongation, and VLCFAs are the precursors of all the aliphatic components of cuticular wax. Therefore, to investigate the biochemical basis for the observed morphological phenotypes in aod2, we examined the wax components in the leaves of Bu-5, aod2, and Col-0 (a salt-sensitive accession that does not exhibit acquired osmotolerance). First, we examined total wax content (composite of fatty acids, primary alcohols, aldehydes, and alkanes) and found no differences between Bu-5 and aod2 under control or osmotic stress condition, while Col-0 had less wax content compared to Bu-5 and aod2 under osmotic stress condition (Figure 5A). When we stratified the wax components into fatty acids, primary alcohols, aldehydes, and alkanes, increases in each type were detected in both Bu-5 and aod2 under osmotic stress compared with control (Figure 5B). Stratifying by chain length, the amount of each wax component with chain length ≥ C28 in Col-0 was lower than that in Bu-5 under osmotic stress (Figure 5B). In addition, aod2 had lower amounts of fatty acids, primary alcohols, and aldehydes with chain length ≥ C30 compared with those in Bu-5. The amounts of C26 and C28 fatty acids were higher in aod2 than in Bu-5, although those of C28 primary alcohols and aldehydes were lower in aod2 than in Bu-5. The aod2 exhibited a decrease in C26–C32 fatty acids but an increase in C16 and C18 fatty acids compared to WT (Supplementary Figure S3). No significant difference in alkane content was observed between Bu-5, aod2, and Col-0. Together, these findings suggest that accumulation of cuticular wax components plays an important role in the Arabidopsis response to osmotic stress, and that CER10/AOD2 contributes to the biosynthesis of ≥C26–C30 fatty acids, primary alcohols, and aldehydes.
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FIGURE 5. Cuticular wax content and composition in acquired osmotolerance-defective (aod2) mutant. (A) Total wax content (including fatty acids, primary alcohols, aldehydes, and alkanes) in Bu-5, aod2, and Col-0 seedlings under normal (cont) and osmotic stress (osmo) conditions. (B) Waxes identified in Bu-5, aod2, and Col-0 seedlings under normal (cont) and osmotic stress (osmo) conditions. Data are presented as mean ± SE, n = 6. Letters at the top of columns are grouped with each chain length based on one-way ANOVA and Tukey’s test, p < 0.05.




Wax Layer of aod2

Absence of ECR activity results in a reduction of cuticular wax load in Arabidopsis (Zheng et al., 2005). We therefore examined the integrity of the surface wax layer of the cuticle in aod2 by using the toluidine-blue (TB) test, which was established for detection of cuticular defects in whole leaf; a deficient cuticle allows TB to permeate the epidermal surface (Tanaka et al., 2004). The true leaves of aod2 were significantly stained with TB, whereas those of Bu-5 were not (Figure 6A). To investigate the morphology of the surface wax layer, we observed the epicuticular wax crystals on the stems of Bu-5 and aod2 by scanning electron microscopy; there were many granular wax crystals on the surface of the Bu-5 stems, but much less on the aod2 stems (Figure 6B). The aod2_At3G55360 plants exhibited wax crystals on the surface of stems like Bu-5 WT plants (Supplementary Figure S4). These findings suggest that CER10/AOD2 plays an important role in the development of epicuticular wax crystals. Although there are differences in the wax contents on the leaf surface as shown in Figure 5, there were no clear differences in leaf surface between WT and aod2 (Supplementary Figure S5).
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FIGURE 6. Wax layer of acquired osmotolerance-defective (aod2) mutant. (A) Left: representative images from the toluidine blue (TB) test. Plants with a normal cuticle repel TB, but a deficient cuticle allows TB to permeate the epidermal surface. Two-week-old Bu-5 (WT) and aod2 plants were used for the experiment. Right: TB uptake was examined spectrophotometrically by measuring absorbance at 630 nm (A630). The major peak of absorbance due to plant material (A435) was used for normalization. Relative levels of TB were calculated as the ratio of A630 to A435. (B) Scanning electron microscopy images of the surface of the stems of WT and aod2. Bars = 100 μm.




Water Loss From Detached aod2 Leaves

We examined whether CER10/AOD2 affected the water loss by detaching the whole aerial part of plants and leaving them under ambient conditions. After 9 h under ambient conditions, the aod2 leaves were much more shriveled than the Bu-5 leaves (Figure 7A). In addition, the rate of water loss from aod2 leaves was significantly faster than that from Bu-5 leaves (Figure 7B). These findings indicate that CER10/AOD2 plays an important role in water retention of plants.
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FIGURE 7. Water loss from detached acquired osmotolerance-defective (aod2) mutant leaves. (A) Leaves of 4-week-old plants grown in soil under normal growth conditions were detached (normal condition) and then left in ambient conditions for 9 h (drought). (B) Percentage decreases of fresh weight are expressed as percentage water loss. Differences between Bu-5 (WT) and aod2 were analyzed by Student’s t-test (mean ± se, n = 3, **p < 0.01, ***p < 0.001).




Endoplasmic Reticulum Stress in aod2 Under Osmotic Stress

In a Col-0-background cer10 mutant, the loss of CER10 has been shown to decrease the amounts of membrane sphingolipids and to result in the formation of the Golgi stacks that display aggregate, ring-like structures, suggesting that CER10 plays a role in endocytic membrane trafficking (Zheng et al., 2005). Moreover, defective ER-to-Golgi transport has been shown to impair the salt and long-term heat tolerances in Arabidopsis (Isono et al., 2020). To investigate the differences in the ER stress response in Bu-5 and aod2 under normal and osmotic stress conditions, we examined the transcript levels of bZIP17, bZIP28, and bZIP60, which are major activators of the ER stress response (Howell, 2013). The transcript level of bZIP60 in aod2 was significantly higher than that in Bu-5 under osmotic stress (Figure 8A). Moreover, under osmotic stress conditions, the transcript levels of the two genes regulated by bZIP60 (i.e., SAR1A and SEC31A) were also significantly higher in aod2 than in Bu-5 (Figure 8B).
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FIGURE 8. Effect of the sloh4 mutation on expression of endoplasmic reticulum stress-related genes under osmotic stress. (A) Transcript levels of bZIP17, bZIP28, and bZIP60 in Bu-5 (WT) and aod2 plants under normal and acquired osmotic stress (100 mM NaCl for 7 days and subsequent 750 mM sorbitol for 10 days) conditions. (B) Expression of the target genes for the transcription factor bZIP60 in WT and aod2 under normal and osmotic stress conditions; expression levels were determined by quantitative real-time polymerase chain reaction relative to those of Actin2 (mean ± SE, n = 3). Differences between WT and aod2 were analyzed by Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001.




Osmotolerance of Mutants Defective in Wax Biosynthesis

There has been no comparative study of which genes contributing to cuticular wax load play roles in osmotic tolerance. Therefore, we evaluated the osmotolerance of Col-0 and four Col-0-background mutants defective in cuticular wax load: cer10, cer2, cer5, and leaf curling responsiveness (lcr; Millar et al., 1999; Pighin et al., 2004; Voisin et al., 2009; Haslam and Kunst, 2013, 2020; Pascal et al., 2013). Of these four mutants, only cer10 was significantly sensitive to osmotic stress than Col-0 (Figure 9A). To investigate the relationship between the osmotic tolerance of the mutants and wax biosynthesis, the TB-test and observation of epicuticular wax crystals on the stem of the mutants by scanning electron microscopy were conducted. Of the four mutants, cer10 and cer5 were stained with significantly more TB compared with Col-0; cer10 was stained much more than cer5 (Figure 9B). Consistent with the results of the TB-test, cer10, followed by cer5, displayed a marked decrease in the number of epicuticular wax crystals on the epidermal surface of the stem compared with that in Col-0 (Figure 9C). Although cer2 and cer5 have been reported to show reduced amounts of epidermal wax crystals on the stem surface (Xia et al., 1996; Jenks et al., 2002), we did not observe obvious reductions in the present study. These findings suggest that osmotolerance in Arabidopsis is correlated with wax biosynthesis, and that CER10 plays a crucial role in both osmotolerance and wax loading in Arabidopsis.
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FIGURE 9. Osmotolerance of mutants defective in wax biosynthesis. (A) Top: representative images showing osmo-shock tolerance in Col-0 and Col-0-background cer10, cer2, cer5, and lcr mutants. Two-week-old seedlings were mesh-transferred to MS agar plates containing 600 mM sorbitol for 11 days. Bottom: Chlorophyll contents of the mutant plants shown in the top panel. (B) Toluidine blue (TB) test using Col-0 and the Col-0-background mutants. TB uptake was examined spectrophotometrically by measuring absorbance at 630 nm (A630). The major peak of absorbance due to plant material (A435) was used for normalization. Relative levels of TB were calculated as the ratio of A630 to A435. (C) Scanning electron microscopy images of the surfaces of the stems of Col-0 and the Col-0-background mutants. Bars = 100 μm. Data are presented as mean ± SE, n = 3. Letters at the top of columns are based on one-way ANOVA and Tukey’s test, p < 0.05.





DISCUSSION

Here, we isolated a new Arabidopsis mutant, aod2, showing an osmotolerance-defective phenotype. The causal gene of the phenotype is identical to CER10, which encodes an ECR essential for the biosynthesis of VLCFAs. In Arabidopsis, VLCFAs are accumulated in response to osmotic stress, suggesting that VLCFA derivatives, which include components of the cuticular wax and sphingolipids, are an important part of osmotolerance.

It is reported that a defect in CER10 leads to Golgi aggregation (Zheng et al., 2005). In aod2, the expression levels of bZIP60 and the two genes it regulates (SAR1A and SEC31A), which are involved in the ER stress response, were increased under osmotic stress compared to the levels in Bu-5. These results suggest that ER stress is enhanced under osmotic stress in aod2. It is known that enhancement of ER stress impairs salt and long-term heat stress tolerances in Arabidopsis (Isono et al., 2020). In Arabidopsis, unsaturated aliphatic components account for about 60% of total stem cutin, with C18:2 dioic acid being the predominant unsaturated component (Bonaventure et al., 2004). It is known that FATTY ACID DESATURASE2 (FAD2) affected cutin monomer composition, and the fad2 mutation causes a 2-fold reduction in the levels of C18:2 dioic acids. The fad2 mutant exhibited hypersensitivity to tunicamycin, a chemical inducer of ER stress, suggesting that cutin composition and membrane lipid polyunsaturation are involved in ER stress tolerance in Arabidopsis (Nguyen et al., 2019). Very recently, we identified CYP78A5 encoding a cytochrome P450 monooxygenase known as KLU that can confer acquired osmotolerance and heat tolerance to Col-0 WT plants (Kajino et al., 2022). Contrary to the aod2 mutant, the transgenic Col-0 plants overexpressing AtKLU (AtKLUox) developed denser cuticular wax and accumulated higher levels of VLCFAs than WT plants. Furthermore, ER stress induced by osmotic or heat stress was reduced in AtKLUox plants compared to WT plants (Kajino et al., 2022). Taken together, the hypersensitivity of aod2 mutant to osmotic and long-term heat stresses may be related not only to a decrease in cuticular wax content but also to enhancement of ER stress.

Most intracellular VLCFAs in plant have less than 26 carbon atoms (≤C26), whereas plant cuticular VLCFAs and their derivatives generally have about 30 carbon atoms (Hegebarth et al., 2016). We showed that the major components of the cuticular wax, which include fatty acids, primary alcohols, aldehydes, and alkanes longer than C26, were increased in response to osmotic stress after salt acclimation treatment, suggesting that accumulation of wax components plays an important role in osmotolerance in Arabidopsis Bu-5. Although there was no difference in total wax content between Bu-5 and aod2, in the mutant, the amounts of >C30 fatty acids and > C28 primary alcohols and aldehydes were reduced, indicating that these compounds contribute to osmotolerance. The amounts of C26 and C28 fatty acids were notably increased in aod2 compared with those in Bu-5, suggesting that CER10/AOD2 plays a role in the biosynthesis of fatty acids longer than C30. Although the amounts of the individual wax components were reduced in aod2 compared with those in Bu-5, each wax component was still detected, suggesting the presence of other genes possessing ECR activity. Although of the fatty acid elongases, complete loss of KCR1 or PAS2 activity leads to embryonic lethality (Bach et al., 2008; Beaudoin et al., 2009), the loss of CER10 does not, even though it is the sole ortholog of yeast TSC13 encoding an ECR (Kohlwein et al., 2001). Screening for revertant mutants that restore acquired osmotolerance in aod2 or screening for gain-of-function mutants by using approaches such as Full-length cDNA Over-eXpressing gene (FOX) hunting will allow us to identify new genes that encode enzymes with ECR activity (Ichikawa et al., 2006; Higashi et al., 2013; Ariga et al., 2015).

Previously, we reported that Bu-5 was tolerant to salt and osmotic stresses whereas Col-0 was not (Katori et al., 2010). In that study, Bu-5 and Col-0 both showed an increase in wax components under osmotic stress. However, the amounts of >C26 fatty acids and > C28 primary alcohols, C28 and C30 aldehydes, and > C31 alkanes in Col-0 were lower than those in Bu-5. Therefore, the differences in osmotic tolerance between Bu-5 and Col-0 may also be related to the differences in the amounts of these wax components.

When we evaluated the osmotolerance of various mutants lacking in cuticular wax load, we found that the degree of TB staining and the reduction of wax crystals on the epidermal surface were correlated with osmotolerance. However, we also found that the osmotolerance of the lcr mutant, which is defective in the amount of cutin but not in the amount of wax (Wellesen et al., 2001), was similar to that of Bu-5. Loss-of-function myb49 mutants and chimeric AtMYB49-SRDX-overexpressing SRDX49 transcriptional repressor plants exhibit decreased amounts of cutin and hypersensitivity to salt stress, suggesting that the amount of cutin correlates with salt tolerance (Zhang et al., 2020). However, AtMYB49 is involved not only in cutin content but also in the abscisic acid response via interaction with ABI5, and SRDX49 plants show a reduced abscisic acid response (Zhang et al., 2020). Thus, the relationship between reduced cutin content and salt tolerance remains unclear. The osmotolerances of the cer2 and cer5 mutants were similar to that of Bu-5. It is reported that the amount of alkanes is reduced in cer2 compared with that in Col-0, whereas the amounts of fatty acids, aldehydes, and primary alcohols remain unaltered (Pascal et al., 2013). However, we found that there was no difference in the amounts of alkanes in Bu-5, aod2, and Col-0, whereas fatty acids, aldehydes, and primary alcohols were decreased in the osmosensitive accessions aod2 and Col-0 compared with the amounts in the osmotolerant accession Bu-5. These findings suggest that alkanes may not have a significant effect on osmotolerance in Arabidopsis. It has also been reported that the osmotolerance of cer5 is not affected by the presence of ABCG11, a homolog of CER5 that also contributes to the extracellular transport of wax components (Pighin et al., 2004).



CONCLUSION

The Arabidopsis mutant aod2 lacks CER10 and shows not only impaired acquired osmotolerance, but also impaired osmo-shock, salt-shock, and long-term heat tolerances. CER10 encodes an ECR involved in VLCFA biosynthesis. In aod2, the amounts of major wax components were decreased, and ER stress mediated by bZIP60 was enhanced under osmotic stress compared with those in Bu-5, indicating that CER10 plays a crucial role in these abiotic stress tolerances via VLCFA metabolism, which is required for cuticular wax synthesis and endocytic membrane trafficking. However, it remains unclear which VLCFA derivatives are critical for osmotolerance. Comparisons between osmotolerance and the amount of VLCFA derivatives in wax load-defective mutants, or screening for revertant mutants in which acquired osmotolerance is restored, should allow us to address this question.
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Supplementary Figure S1 | Oxidative stress tolerance of acquired osmotolerance-defective (aod2) mutant. Ten-day-old seedlings grown at 22 °C were transferred to Murashige and Skoog agar plates containing 10 μM paraquat for 14 days to induce oxidative stress. Chlorophyll content was determined as an index of the oxidative stress tolerance. Differences between Bu-5 (WT) and aod2 were analyzed by Student’s t-test (mean ± SE, n = 3).

Supplementary Figure S2 | Polymerase chain reaction-based genotyping of the 439-kbp insertion into the mapped region of the aod2 genome. Top: Illustration showing the translocation and primer sets (i, ii, and iii) used to detect the insertion. Primer sets (i) and (ii) were designed to detect DNA bands only in the presence of the 439-kbp insertion, and primer set (iii) was designed to detect DNA bands only in the presence of deletion. Bottom: Results of the polymerase chain reaction-based genotyping.

Supplementary Figure S3 | Fatty acid (C16–C32) contents in WT and aod2 plants. Fatty acid (C16–C32) contents of 4-week-old WT and aod2 plants grown on soil. Differences between WT and aod2 plants were analyzed by Student’s t-test (mean ± SE, n = 6, *p < 0.05, **p < 0.01).

Supplementary Figure S4 | Wax layer of aod2_At3G55360 plants. Scanning electron microscopy images of the surface of the stems of WT, aod2, and aod2_At3G55360_#3, #4 plants. Bars = 10 μm.

Supplementary Figure S5 | Scanning electron microscopy images on leaf surface of aod2. Scanning electron microscopy images of the leaf surface between WT and aod2. Bars = 50 μm.
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Acquired osmotolerance after salt stress is widespread among Arabidopsis thaliana (Arabidopsis) accessions. Most salt-tolerant accessions exhibit acquired osmotolerance, whereas Col-0 does not. To identify genes that can confer acquired osmotolerance to Col-0 plants, we performed full-length cDNA overexpression (FOX) hunting using full-length cDNAs of halophyte Eutrema salsugineum, a close relative of Arabidopsis. We identified EsCYP78A5 as a gene that can confer acquired osmotolerance to Col-0 wild-type (WT) plants. EsCYP78A5 encodes a cytochrome P450 monooxygenase and the Arabidopsis ortholog is known as KLU. We also demonstrated that transgenic Col-0 plants overexpressing AtKLU (AtKLUox) exhibited acquired osmotolerance. Interestingly, KLU overexpression improved not only acquired osmotolerance but also osmo-shock, salt-shock, oxidative, and heat-stress tolerances. Under normal conditions, the AtKLUox plants showed growth retardation with shiny green leaves. The AtKLUox plants also accumulated higher anthocyanin levels and developed denser cuticular wax than WT plants. Compared to WT plants, the AtKLUox plants accumulated significantly higher levels of cutin monomers and very-long-chain fatty acids, which play an important role in the development of cuticular wax and membrane lipids. Endoplasmic reticulum (ER) stress induced by osmotic or heat stress was reduced in AtKLUox plants compared to WT plants. These findings suggest that KLU is involved in the cuticle biosynthesis, accumulation of cuticular wax, and reduction of ER stress induced by abiotic stresses, leading to the observed abiotic stress tolerances.

Keywords: osmotic tolerance, heat tolerance, cuticular wax, CYP78A5, cuticle biosynthesis


INTRODUCTION

Land plants grow under the influence of a wide range of biotic and abiotic stresses. The whole plant body is covered with a cuticle, an extracellular lipid structure acting as a protective barrier against these external stresses (Javelle et al., 2011; Delude et al., 2016). In particular, the plant cuticle plays an important role in limiting water loss (Riederer and Schreiber, 2001; Jenks et al., 2002; Aharoni et al., 2004; Kannangara et al., 2007). The cuticle is divided into a lower layer rich in cutin (cuticle layer) and an upper layer rich in wax (cuticle proper; Ingram and Nawrath, 2017). The cuticular wax is comprised of a mixture of mostly aliphatic very-long-chain fatty acid (VLCFA; C20–C34) derivatives, including alkanes, aldehydes, primary and secondary alcohols, ketones, and esters. VLCFAs are converted into aliphatic derivatives incorporated not only into the cuticle as cuticular waxes but also into another plant surface barrier, suberin, in root endodermis; into storage lipids as triacylglycerols; or into membrane lipids such as phospholipids or sphingolipids (Kim et al., 2013; Batsale et al., 2021). The defect in VLCFA biosynthesis causes not only a decrease in cuticular wax load, but also defects in endocytic membrane transport (Zheng et al., 2005). Thus, targeted manipulation of the biosynthetic pathway of cuticular wax could be a viable option for improving environmental stress tolerance in plants.

Cytochrome P450s (P450s) in plants play an important role in both primary metabolism and a wide variety of secondary metabolisms (Schuler and Werck-Reichhart, 2003). Several P450s are associated with fatty acid synthesis and cuticular wax production. In Arabidopsis thaliana (Arabidopsis), the lacerata (lcr/cyp86a8) mutant has a defect in the synthesis of epidermal cutin (Wellesen et al., 2001). The att1 (cyp86a2) mutant of Arabidopsis reduces epidermal cutin content to 30% of that of wild-type (WT) plants and, unlike WT, is susceptible to Pseudomonas syringae (Xiao et al., 2004). The P450 proteins CYP78A5, CYP78A7, CYP78A10, and CYP86C3 can use lauric acid (C12), myristic acid (C14), palmitic acid (C16), and myristoleic acid (C14) as their substrates (Kai et al., 2009). CYP78A5, also known as KLU, is one of six members of the CYP78A family in Arabidopsis. While the klu mutant shows reduced growth of aerial organs, overexpression of KLU increases floral organ size; however, these phenotypes are not dependent on known phytohormones (Anastasiou et al., 2007; Cornet et al., 2021). Interestingly, KLU-overexpressing Arabidopsis not only shows resistance to various pathogens such as fungal pathogen Rhizoctonia solani and bacterial pathogen P. syringae pv. tomato DC3000 (Maeda et al., 2019), but also improves drought tolerance (Jiang et al., 2020). However, the mechanism underlying the biotic and abiotic stress tolerances of KLU-overexpressing plants has been unclear.

We previously found wide variation in salt tolerance among Arabidopsis accessions. Most salt-tolerant accessions, including Bu-5, exhibited acquired osmotolerance, whereas Col-0 did not (Katori et al., 2010). We later identified ACQOS as the locus responsible for this acquired osmotolerance (Ariga et al., 2017). However, little is known about how the tolerance is established. Eutrema salsugineum (formerly Thellungiella halophila or T. salsuginea) is closely related to Arabidopsis, and its genes show 90% identity to those of Arabidopsis. It is tolerant to extreme salinity stress as well as to chilling, freezing, ozone, and heat stress, suggesting that it is a good genomic resource for studies of tolerance to these abiotic stresses (Inan et al., 2004; Taji et al., 2004; Li et al., 2006; Higashi et al., 2013). We previously developed a full-length cDNA library of E. salsugineum derived from various tissues and whole seedlings subjected to environmental stress treatments (high salinity, chilling, and freezing) and abscisic acid (ABA) treatment (Taji et al., 2008, 2010). We then generated full-length cDNA overexpressing (FOX) plasmids by introducing each cDNA into a binary vector downstream of the CaMV 35S promoter, and produced many Arabidopsis Col-0 transgenic lines (FOX lines) transformed independently with each FOX plasmid (Higashi et al., 2013; Ariga et al., 2015). Here, we performed “FOX hunting,” a high-throughput strategy to analyze the physiological functions of genes (Ichikawa et al., 2006), as a way to identify E. salsugineum genes that could confer acquired osmotolerance to Arabidopsis Col-0. We identified a candidate gene encoding CYP78A5 (KLU) and explored the mechanisms by which this gene promotes osmotolerance.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Arabidopsis thaliana seeds (Col-0) were sown on agar [0.8% (w/v)] plates containing full-strength Murashige and Skoog (MS) salts with a vitamin mixture (10 mg l−1 myoinositol, 200 μg l−1 glycine, 50 μg l−1 nicotinic acid, 50 μg l−1 pyridoxine hydrochloride, 10 μg l−1 thiamine hydrochloride, pH 5.7) and 1% (w/v) sucrose. Plates were sealed with surgical tape. The seeds were stratified at 4°C for 4–7 days and then transferred to a growth chamber (80 μmol photons m−2 s−1; 16 h/8 h light/dark cycle; 22°C) for germination and growth. The production of FOX Arabidopsis lines in a Col-0 genetic background was described in Higashi et al. (2013).



Fox Hunting

To screen the FOX lines for acquired osmotolerance, salt-acclimated 2-week-old seedlings were mesh-transferred to MS agar plates containing 750 mM sorbitol. We considered a gene as a candidate if two or more independent transgenic lines containing that gene were significantly more tolerant than WT plants. Since not many seeds were obtained for the EsKLUox line, a candidate for the FOX line, the AtKLUox, the Arabidopsis KLU homolog lines were used in subsequent experiments.



Generation of AtKLUox Plants

The cDNA region of AtKLU was amplified by PCR with pGH_AtCYP78A5/KLU primers (Supplementary Table S1) and cloned into the binary vector pGreen0029 downstream of the 35S promoter. The constructs were introduced into Agrobacterium tumefaciens GV3101, which was used for plant transformation by the floral dip method. Transgenic plants were selected on MS agar plates containing 200 μg ml−1 Claforan and 25 μg ml−1 kanamycin. Ten-day-old seedlings (T1 plants) were transferred to soil in pots.



Stress Treatment for the Acquired Osmotolerance Assay

Seven-day-old seedlings (WT and EsKLUox or AtKLUox) grown on nylon mesh (990 μm) on an MS agar plate were mesh-transferred to a plate supplemented with 100 mM NaCl for 7 days. The seedlings were then mesh-transferred to a plate supplemented with 750 mM sorbitol for 15 days.



Abiotic Stress Assays

Ten-day-old WT and AtKLUox seedlings grown on nylon mesh (990 μm) on an MS agar plate were mesh-transferred to a plate supplemented with 200 mM NaCl for 7 days (salt-shock stress), 750 mM sorbitol for 21 days (osmo-shock stress), or 10 μm paraquat for 14 days (oxidative stress). The L-heat (long-term) and S-heat (short-term) heat stress tolerance assays were performed as described in Isono et al. (2020). Chlorophyll content was determined as in Porra et al. (1989).



RNA Extraction and qRT-PCR

Total RNA extraction and qRT-PCR were performed as described in Isono et al. (2020). Actin2 was used as an internal standard for qRT-PCR. Primers are listed in Supplementary Table S2.



Determination of Anthocyanin Content

The aerial parts of 2-week-old WT and AtKLUox seedlings were harvested for anthocyanin measurement using the method described by Rabino and Mancinelli (1986).



Toluidine Blue Test

The aerial parts of 2-week-old WT and AtKLUox seedlings were submerged in aqueous solution of 0.05% (w/v) toluidine blue (TB; Sigma, St Louis, MO, United States of America). After 20 min on a shaker set at 100 rpm, the TB solution was removed, and plates were washed gently with water to remove excess TB from the plants. The plants were homogenized in 1.5-ml tubes containing zirconia beads. Next, 200 μl of buffer [200 mM Tris–HCl (pH 8.0), 250 mM NaCl, 25 mM EDTA] and 400 μl of ethanol was added, with vortex mixing, and the plant debris was pelleted by centrifugation. The supernatant was examined spectrophotometrically, and the amount of TB was determined from the absorbance at 630 nm (A630). The major peak of absorbance due to plant material (A435) was used for normalization. Relative levels of TB were calculated as the ratio of A630:A435 (Tanaka et al., 2007).



Scanning Electron Microscopy

A 3-cm section from the base of the flower stem of WT or AtKLUox 2 weeks after bolting was used for observation of the epidermal surface. Each stem was cut into 5 ~ 10 mm pieces and coated with Pt + Pd using an E102 ion sputter (Hitachi, Japan) for scanning electron microscopy (S4800; Hitachi, Japan).



Water Loss Assay

Vaseline (Daiwa Chemical, Osaka, Japan) was applied to the underside of leaves of 4-week-old WT and AtKLUox plants grown in soil under normal growth conditions to reduce evaporation from stomata. The aerial parts were then detached and left under ambient conditions. The weight was measured every 10 min for 60 min. The percentages of decrease in fresh weight were expressed as percentage of water loss.



Extraction of Cuticular Waxes and Gas Chromatography–Mass Spectrometry Analysis

Cuticular wax of leaves from simultaneously grown 5-week-old WT and AtKLUox plants, with six biological replicates, was extracted by immersing the leaves for 10 s in chloroform containing tricosanoic acid as an internal standard. The solvent was evaporated in a stream of nitrogen. Free hydroxyl and carboxyl groups were silylated with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA + TMCS; Sigma-Aldrich, St. Louis, MO, United States of America) for 1 h at 80°C. The wax composition was analyzed by GC2020 gas chromatography (Shimadzu Inc., Kyoto, Japan) with the injector in splitless mode with the temperature programed starting at 80°C, increasing 15–200°C/min, then increasing 3–300°C/min, followed by a 10-min hold at 300°C. Mass spectrum data were obtained on a GCMS-QP2020NX mass spectrometer (Shimadzu) after impact ionization. The peaks were quantified using the Gas Chromatography–Mass Spectrometry (GC–MS) LabSolutions software (Shimadzu). Each wax monomer amount was determined on the basis of the internal standard and normalized by sampled leaf surface area. Leaf surface area was calculated by ImageJ software (Schneider et al., 2012).



Lipid Polyester Monomer Analysis

For polyester analysis, 300 mg of leaves from simultaneously grown plants with six biological replicates were used. Polyester extraction and analysis were performed by the method described previously with slight modification (Delude et al., 2017). Whole leaves were delipidated and followed by methanolysis with sulfuric acid in methanol. Methyl heptadecanoate and ω-pentadecalactone (Tokyo Chemical Industry Co., Ltd., Japan) were added as internal standards. Depolymerized compounds were silylated with BSTFA + TMCS (Sigma-Aldrich Inc.) for 20 min at 100°C and analyzed by GC–MS (GCMS-QP2020NX; Shimadzu Inc.) with a Rtx-5 column (Restek Corporation PA, United States of America) at the temperature programed from 50°C, 25°C/min to 200°C, followed by a 1 min hold, and increased at a rate of 10°C/min to 320°C and an 8 min hold. The mass spectrum data were analyzed as mentioned above.




RESULTS


FOX Hunting for Genes Conferring Acquired Osmotolerance

To screen the FOX lines for acquired osmotolerance, salt-acclimated 2-week-old seedlings were mesh-transferred to MS agar plates containing 750 mM sorbitol. We considered a gene as a candidate if two or more independent transgenic lines containing that gene were significantly more tolerant than WT plants (Figure 1A). FOX351 plants showed distinct acquired osmotolerance (Figure 1B; Supplementary Figure S1). The transgene in FOX351 lines encodes the cytochrome P450 monooxygenase that shows the highest sequence identity to Arabidopsis CYP78A5, also known as KLU, one of six members of the CYP78A family in Arabidopsis. We generated more than 5 independent EsKLUox lines (Supplementary Figure S1). Two independent lines, FOX351 (EsKLUox) #2 and #4, showed significantly higher expression of KLU (presumably encoded by the transgene) than WT plants (Figure 1B). It has been reported that KLU-overexpressing Arabidopsis plants have twisted flower stems, short pods, and extremely reduced fertility (Zondlo and Irish, 1999). As in this previous report, the flower stems of both EsKLUox lines exhibited a twisted, zigzag appearance, and the fertility of both EsKLUox lines was greatly reduced (Supplementary Figure S2A). Therefore, these EsKLUox lines were not used for further analysis.
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FIGURE 1. Acquired osmotolerance of EsKLUox and AtKLUox plants. (A) Flowchart of the acquired osmotolerance assay. Salt-acclimated 2-week-old seedlings of WT and FOX lines were mesh-transferred to Murashige and FIGURE 1 | Skoog (MS) agar plates containing 750 mM sorbitol for 15 days. (B) Top panel: Acquired osmotolerance of EsKLUox plants. #2 and #4 are independent FOX351 lines. Lower left panel: Relative expression of AtKLU or EsKLU in WT or EsKLUox plants, respectively, under normal conditions; expression levels were determined by quantitative real-time PCR relative to those of Actin2 (mean ± SE, n = 3). The numbers on the bars are the relative expressions. Lower right panel: Chlorophyll content of WT and EsKLUox plants following treatment on NaCl and sorbitol as described in (top). (C) Top panel: Two-week-old WT and AtKLUox plants under normal growth conditions (top row) and on 750 mM sorbitol following treatment on 100 mM NaCl (bottom). #4 and #5 are independent AtKLUox lines. Lower left panel: Relative expression of AtKLU in WT and AtKLUox plants under normal conditions; expression levels were determined by quantitative real-time PCR relative to those of Actin2 (mean ± SE, n = 3). The numbers on the bars are the relative expressions. Lower right panel: Chlorophyll content of WT and AtKLUox plants following treatment on NaCl and sorbitol as described in (top). Differences between WT and EsKLUox or AtKLUox plants were analyzed by Student’s t-test (mean ± SE, n = 3, *P < 0.05, ***P < 0.001).


To determine whether transgenic plants overexpressing AtKLU, the Arabidopsis KLU homolog, would show greater acquired osmotolerance than WT plants, we produced more than four independent AtKLUox lines AtKLU-overexpressing (AtKLUox) Arabidopsis Col-0 plants. Under normal growth conditions, AtKLUox plants showed growth retardation in a KLU expression level–dependent manner (Figure 1C). Two independent AtKLUox lines exhibited greater acquired osmotolerance than WT plants, similar to that of EsKLUox plants (Figure 1C; Supplementary Figure S1). Similar to EsKLUox plants, AtKLUox plants displayed growth retardation, twisted flower stems, and reduced fertility (Supplementary Figures S2A,B).



AtKLUox Plants Exhibit Various Abiotic Stress Tolerances

To further characterize the AtKLUox plants, we examined their tolerance to other abiotic stresses. The AtKLUox plants exhibited not only acquired osmotolerance but also osmo-shock, salt-shock and oxidative stress tolerance compared with WT plants (Figures 2A,B). To investigate the osmotic stress response in AtKLUox plants at the transcriptional level, we examined the expression profiles of three osmotic response marker genes: RAB18, RD29A, and COR15A. Expression of all three genes increased under osmotic stress in both AtKLUox and WT plants. Their expression levels were comparable in WT and AtKLUox plants, except for that of COR15A in AtKLUox_#5 plants, which was significantly higher than in WT (Figure 2C).
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FIGURE 2. Osmo-shock, salt-shock, and oxidative tolerance of AtKLUox plants. (A) Flowchart of the osmo-shock, salt-shock, and oxidative tolerance assays. (B) Osmo-shock, salt-shock, and oxidative stress tolerances of AtKLUox plants. Ten-day-old seedlings were mesh-transferred to MS agar plates containing 750 mM sorbitol for 21 days, 200 mM NaCl for 7 days, or 10 μM paraquat (oxidative stress inducer) for 14 days. Right panel: Chlorophyll content of seedlings shown at left. Differences between WT and AtKLUox plants were analyzed by Student’s t-test (mean ± SE, n = 3, *p < 0.05, FIGURE 2 | ***p < 0.001). (C) Expression profiles of osmo-responsive marker genes in WT and AtKLUox plants under normal (0 h) and acquired osmotic stress (100 mM NaCl for 7 days followed by 750 mM sorbitol for 8 h) conditions; expression levels were determined by quantitative real-time PCR relative to those of Actin2. Bars labeled with different letters differ significantly (P < 0.05, one-way ANOVA with post hoc Tukey HSD test, mean ± SE, n = 3).


In addition, we evaluated the tolerance of AtKLUox plants against long-term (L-) heat stress (37°C, 5 days) or short-term (S-) heat stress (42°C, 50 min). The tolerance of AtKLUox plants to both L- and S-heat stresses was significantly higher than that of WT plants (Figure 3A). We investigated the expression profiles of three heat response marker genes: HSP70, HSP17.6, and HsfA2. The induction levels were almost comparable between WT and AtKLUox plants, but the transcript levels under heat stress tended to be higher in AtKLUox, especially in AtKLUox_#5 plants, than in WT (Figure 3B).
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FIGURE 3. Heat stress tolerance of AtKLUox plants. (A) Upper left panel: Flowchart of S-heat tolerance assay. Upper middle panel: S-heat tolerance of WT and AtKLUox plants. Ten-day-old seedlings grown at 22°C (normal conditions) were placed at 42°C for 50 min and then grown at 22°C for 5 days. Upper right panel: Chlorophyll content of seedlings shown at left. Lower left panel: Flow of L-heat tolerance assay. Lower middle panel: 10-day-old WT and AtKLUox seedlings grown at 22°C were placed at 37°C for 5 days and then grown at 22°C for 5 days. Lower right panel: Chlorophyll content of seedlings shown in left. Differences between WT and AtKLUox plants were analyzed by Student’s t-test (mean ± SE, n = 3, *P < 0.05, ***P < 0.001). (B) Expression of HSP70, HSP17.6, and HsfA2 in WT and AtKLUox plants under normal (0 h) and heat stress (37°C for 8 h) conditions; expression levels were determined by quantitative real-time PCR relative to those of Actin2. Bars labeled with different letters differ significantly (P < 0.05, one-way ANOVA with post hoc Tukey HSD test, mean ± SE, n = 3).




KLU Plays a Role in Development of Epicuticular Wax

The leaves of AtKLUox plants were darker green under normal growth conditions than those of WT (Figure 1C). We found that AtKLUox plants accumulated higher amounts of anthocyanins than WT plants (Supplementary Figure S3). Moreover, AtKLUox plants grown in soil under normal conditions displayed a shiny green leaf surface (Figure 4A), which is a known phenotype when cuticular wax is increased (Aharoni et al., 2004; Sajeevan et al., 2017). The TB test was established for the detection of cuticular defects in whole leaves, and a deficient cuticle allows TB to permeate the epidermal surface (Tanaka et al., 2004). Leaves of WT plants were partially stained by TB, whereas those of AtKLUox plants showed almost no staining, suggesting an increase in cuticular wax on the surface of AtKLUox leaves (Figure 4B). To investigate the morphology of the cuticular wax, we observed epicuticular wax crystals on the stem of WT and AtKLUox plants by scanning electron microscopy. Both plant types showed large numbers of granular wax crystals on the stem surface, but the stem of AtKLUox plants was more densely covered than that of WT plants (Figure 4C). These findings suggest that KLU has an important role in the development of epicuticular wax crystals.
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FIGURE 4. Epidermal cuticular wax of AtKLUox plants. (A) Four-week-old WT and AtKLUox plants grown in soil under normal conditions. Lower panel: Magnified view of their leaves. (B) Toluidine blue (TB) test. Left panel: Two-week-old WT and AtKLUox plants stained with TB. Right panel: TB extract was examined spectrophotometrically, and the amount of TB was determined by the absorbance at 630 nm (A630). The major peak of absorbance due to FIGURE 4 | plant material (A435) was used for normalization. Relative levels of TB were calculated as the ratio of A630:A435. Differences between WT and AtKLUox plants were analyzed by Student’s t-test (mean ± SE, n = 3, **P < 0.01). (C) Stem surface of WT and AtKLUox #5 observed by scanning electron microscopy. Bars = 100 mm. (D) Water loss from detached WT and AtKLUox leaves. The entire aerial parts of 4-week-old plants grown in soil under normal growth conditions were detached (0 min) and then left under ambient conditions for 60 min, with measurements taken every 10 min. The percentage decrease in fresh weight was used as the percentage water loss. Bars labeled with different letters differ significantly (P < 0.05, one-way ANOVA with post hoc Tukey HSD test, mean ± SE, n = 3).


It was previously reported that KLU-overexpressing Arabidopsis plants showed enhanced drought tolerance and reduced water loss, which was due to the slight stomatal closure (Jiang et al., 2020). On the other hand, increased cuticular wax is known to suppress water loss from the leaf surface and improve drought tolerance (Aharoni et al., 2004). It is known that more water was lost through abaxial surface than that of adaxial surface, and vaseline application can effectively reduce leaf water loss (Zhang et al., 2020). We tested the drought tolerance and water loss of detached whole aerial parts after applying vaseline to the underside of the leaves to reduce the evaporation from stomata. The AtKLUox plants showed reduced water loss compared to WT plants (Figure 4D). These results suggest that KLU plays an important role in drought tolerance by inhibiting water loss from the leaf surface.



KLU Contributes to Cuticle Biosynthesis

To investigate the biochemical basis of the increased number of epicuticular wax crystals observed on AtKLUox plants, we determined the wax components including fatty acids, primary alcohols, aldehydes, and alkanes on the leaf surface of WT and AtKLUox plants grown under normal growth conditions. The AtKLUox plants showed significantly higher accumulation of most fatty acids (C16–C32) than did WT plants, but notably, the highest levels (and the largest differences) were for VLCFAs with chain length ≥ C26 (Figures 5A,B). VLCFAs are precursors of all the aliphatic components of cuticular wax, and plant cuticular VLCFAs and derivatives generally have around 30 carbon atoms (Hegebarth et al., 2016; Batsale et al., 2021). One or both AtKLUox lines also had significantly higher levels of alkanes with chain length ≥ C33, ketone (C23), aldehydes, and primary alcohols with chain length ≥ C28 than WT plants (Figure 5C; Supplementary Figure S4).
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FIGURE 5. Cuticular wax content and composition of 4-week-old WT and AtKLUox seedlings. (A) Total wax content of WT and AtKLUox plants. (B) Fatty acid (C16–C32) contents in WT and AtKLUox plants. (C) Identified waxes (alkanes, ketones, aldehydes, and primary alcohols) in WT and AtKLUox plants. Data represent means ± SE, n = 6. Within each compound type and chain length, values marked with the same letter are not significantly different based on one-way ANOVA and Tukey’s test, P < 0.05.


To further investigate the function of KLU in cuticular lipid biosynthesis, we quantified cutin monomers including coumaric acid, ferulic acid, fatty acids, dicarboxylic acids, 16, 10 dihydroxy fatty acid, ω-hydroxy fatty acids, and 2-hydroxy fatty acids on the leaf surface of WT and AtKLUox plants grown under normal growth conditions. The AtKLUox plants exhibited significantly higher accumulation of most cutin monomers than did WT plants (Figures 6A,B). These findings suggest that KLU contributes to cuticle biosynthesis.
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FIGURE 6. Cutin monomer content and composition of 4-week-old WT and AtKLUox seedlings. (A) Total cutin monomer content of WT and AtKLUox plants. (B) Identified cutin monomers (coumaric acid, ferulic acid, fatty acids, dicarboxylic acids, 16, 10 dihydroxy fatty acid, ω-hydroxy fatty acids, and 2-hydroxy fatty acids) in WT and AtKLUox plants. The C16 ~ 26 labels on the x axis indicate chain length. Data represent means ± SE, n = 6. Within each compound type and chain length, values marked with the same letter are not significantly different based on one-way ANOVA and Tukey’s test, P < 0.05.




ER Stress Is Suppressed in AtKLUox Plants Under Osmotic Stress

An Arabidopsis enoyl-coenzyme A reductase, ECERIFERUM 10 (CER10) is involved in the elongation reactions of VLCFAs. The Arabidopsis cer10 mutant is reported to show a reduction of cuticular wax load and altered VLCFA composition of seed triacylglycerols and sphingolipids; in addition, the Golgi apparatus is larger and tends to form ring-like clusters, resulting in a possible defect in endocytic membrane transport (Zheng et al., 2005; Batsale et al., 2021). The defect in ER-to-Golgi transport impairs the salt and L-heat tolerances of Arabidopsis plants (Isono et al., 2020). Environmental stress such as high temperature induces the accumulation of misfolded or unfolded proteins in the ER (Liu and Howell, 2010; Isono et al., 2020). ER stress evokes the unfolded protein response (UPR), which lightens the load of such proteins through increased ER chaperone production that aids protein folding (Howell, 2013). bZIP60 is a major activator of the canonical UPR, and genes regulated by bZIP60 have been identified (Kim et al., 2018). To investigate whether ER stress is reduced under osmotic stress in AtKLUox plants, we examined the transcript levels of bZIP60 and two of its regulated genes, SAR1A and SEC31A, in WT and AtKLUox plants under osmotic or heat stress. Expression of all three genes was increased by osmotic or heat stress in both WT and AtKLUox plants, but the transcript levels of SAR1A and SEC31A were significantly lower in AtKLUox plants than in WT (Figures 7A,B). This result suggests that osmotic and heat stresses induce ER stress via bZIP60, but that ER stress was reduced in AtKLUox plants relative to WT as evidenced by the reduced levels of SAR1A and SEC31A expression.
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FIGURE 7. ER stress in AtKLUox plants under osmotic or heat stress. (A) Transcript levels of bZIP60, SAR1A, and SEC31A in WT and AtKLUox plants under normal (0 day) and osmotic stress condition (750 mM sorbitol for 7 days). (B) Transcript levels of bZIP60, SAR1A, and SEC31A in WT and AtKLUox plants under normal (0 day) and heat stress (37°C for 8 h) conditions. Expression levels were determined by quantitative real-time PCR relative to FIGURE 7 | those of Actin2. Bars labeled with different letters differ significantly (P < 0.05, one-way ANOVA with post hoc Tukey HSD test, mean ± SE, n = 3). (C) Trypan blue staining of leaves of WT or AtKLUox plants under normal, osmotic stress (750 mM sorbitol for 7 days), and heat stress (37°C for 5 days) conditions.


It is known that ER stress leads to programmed cell death under severe or long-term stress (Watanabe and Lam, 2008; Howell, 2013). Therefore, WT and AtKLUox plants were exposed to osmotic or heat stress, and cell death was assessed by trypan blue staining. The results showed that cell death was suppressed under both stresses in AtKLUox plants compared to WT plants (Figure 7C).



KLU May Be Able to Use Long-Chain Fatty Acids as Substrates

The substrates of KLU/CYP78A5 are currently unclear. Since KLU does not appear to modulate the levels of known phytohormones, it has been suggested that KLU is involved in generating a mobile growth signal distinct from the classical phytohormones (Anastasiou et al., 2007; Jiang et al., 2020). VLCFA are elongated from C16 and C18 long-chain fatty acids synthesized in the plastid by the fatty acid synthase (FAS) complex (Batsale et al., 2021). The present study revealed a high accumulation of cutin monomers and VLCFA derivatives in KLU-overexpressing plants, suggesting that KLU may function as a member of the FAS complex. However, it is unclear whether KLU directly or indirectly contributes to the biosynthesis of these cuticular wax components. Very recently, AlphaFold2 was developed as a computational method that can regularly predict three-dimensional (3D) protein structures with atomic accuracy (Jumper et al., 2021). When we predicted the protein structure of KLU with AlphaFold2, the 3D model showed a high pLDDT value except for the N-terminus of the membrane binding site, which indicates that the predicted 3D model is reliable (Figure 8A). Then, we searched for a structural homolog of the predicted structure without the N-terminus of KLU by using PDBeFold (Krissinel and Henrick, 2004). The top hit (Z score = 15.1, Root Mean Square Deviation [RMSD] = 1.95 Å [399 aa]) was Arabidopsis CYP97C1 (ID: 6L8H; Figure 8B). CYP97C1 and CYP97A3 catalyze hydroxylation of the β- and e-rings of α-carotene to produce lutein (Quinlan et al., 2012). The crystal structures of retinal-bound CYP97A3 and CYP97C1 in a detergent (octylthioglucoside; OTG)-bound form have been determined (Niu et al., 2020).
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FIGURE 8. Protein structure prediction of AtKLU. (A) The predicted structure of CYP78A5 colored according to the pLDDT values [blue (high) to yellow (low)]. The internal cavity of CYP78A5 is shown as a gray surface. (B) The crystal structure of CYP97C1 (green) with heme and octylthioglucoside (OTG; magenta). The location of retinal (magenta) was modeled by superposing the CYP97A3-retinal complex (PDB ID: 6L8J) onto CYP97C1 (PDB ID: 6L8H). The putative lutein-binding cavity in CYP97C1 is shown as a gray surface. (C) Superposition of CYP78A5 and CYP97C1. (D) The predicted active site of CYP78A5 [enlarged from (C)]. The residues involved in constructing the internal cavity are shown as line models. The location of heme, OTG, and retinal (magenta) were modeled by superposing CYP97C1 onto the CYP78A5 model. (E) Phylogenetic tree created from amino acid sequences of CYP-74, -77, -78, and -97 with root mean square deviation (RMSD) values.


Based on the superposition of KLU/CYP78A5 and CYP97C1 (Figure 8C) and the conservation of P450s, the predicted 3D model of KLU has an internal cavity that we assumed to be partly a binding site for heme (Figure 8D). Similar to CYP97C1, KLU/CYP78A5 has a long cavity (~ 18 Å) in the direction of the predicted binding site of lutein in CYP97C1. Previous biochemical experiments have suggested that KLU/CYP78A5 catalyzes the hydroxylation of short-chain fatty acids such as lauric acid, although lauric acid might not be the substrate in planta because an application of lauric acid could not complement the klu/cyp78a5 mutant phenotype (Kai et al., 2009). The cavity adjacent to the heme-binding site has sufficient space for retinal or lauric acid (which are similar in size) and may also allow the binding of longer-chain fatty acids.

CYP77A6, which shows high similarity to KLU at the amino acid sequence level, has been suggested to contribute to the production of dihydroxy fatty acids that compose cutin (Oshima and Mitsuda, 2016). To investigate the homology between KLU/CYP78A5 and CYP77A6, we constructed a phylogenetic tree of CYP-78, -77, -74, and -97 proteins and compared their 3D structure models using the PyMOL molecular visualization program. In the phylogenetic tree, the CYP78 proteins were closest to each other, followed by CYP-97, -74, and -77 (Figure 8E). On the other hand, in the comparison of RMSD values (which indicate 3D similarity), the closest values were between the CYP78 proteins, followed by CYP-77, -97, and -74. Taken together, these data suggest that KLU/CYP78A5 may be able to use long-chain fatty acids as substrates, although further biochemical and structural analysis are needed.




DISCUSSION

We found that KLU overexpression enhanced tolerance to a wide range of stresses, including osmotic, salt, oxidative, S-heat, and L-heat stresses. AtKLUox plants were densely covered with granular wax crystals and had high accumulation of cutin monomers and VLCFAs compared to WT. The cuticle is strategically located at the plant–air interface and is a major player in plant protection against environmental stressors such as drought, UV radiation, and pathogen or insect attacks (Shepherd and Griffiths, 2006). The epidermal cuticular wax inhibits not only water loss induced by drought stress, but also entry of pathogens (Wang et al., 2020). KLU-overexpressing Arabidopsis plants exhibit resistance to both fungal and bacterial pathogens (Maeda et al., 2019). The mechanism of this resistance is unknown, but may be because the accumulation of cuticular wax prevents the entry of pathogens. In addition, AtKLUox plants accumulated large amounts of anthocyanin under normal growth conditions. Although it remains unclear whether anthocyanin accumulation is due to direct or indirect effects of KLU overexpression, anthocyanin accumulation may also enhance abiotic stress tolerance.

KLU overexpression enhances tolerance to a wide range of environmental stresses, and therefore may be very useful in breeding strategies for stress-tolerant crops. However, AtKLUox plants exhibited growth retardation, twisted flower stems, and reduced fertility. Since these phenotypes are dependent on the expression level, it will be necessary to determine whether KLU can be expressed in crop plants at a level sufficient to enhance stress tolerance while maintaining favorable agronomic and yield traits.

In Arabidopsis, unsaturated aliphatic components account for about 60% of total stem cutin, with C18:2 dioic acid being the predominant unsaturated component (Bonaventure et al., 2004). It is known that FATTY ACID DESATURASE2 (FAD2) affected cutin monomer composition, and the fad2 mutation causes a 2-fold reduction in the levels of C18:2 dioic acids and a 3-fold increase in the levels of C18:1 dioic acids, suggesting that fatty acid desaturation reactions are fundamental to cutin biosynthesis (Bonaventure et al., 2004). The fad2 mutant exhibited hypersensitivity to tunicamycin, a chemical inducer of ER stress (Nguyen et al., 2019). These results suggest that cutin composition and membrane lipid polyunsaturation are involved in ER stress tolerance in Arabidopsis. Very recently, we isolated a mutant showing an acquired osmotolerance–defective phenotype (aod2), which was impaired not only in acquired osmotolerance, but also in osmo-shock, salt-shock, and long-term heat tolerances compared with the WT (Fukuda et al., 2022). The causal gene of the aod2 phenotype was identical to CER10, which encodes an enoyl-coenzyme A reductase that is involved in the elongation reactions of VLCFAs. In aod2, the amounts of major wax components were decreased, and ER stress mediated by bZIP60 was enhanced under osmotic stress compared with those in Bu-5, indicating that CER10 plays a crucial role in these abiotic stress tolerances via VLCFA metabolism, which is required for cuticular wax synthesis and endocytic membrane trafficking (Fukuda et al., 2022).



CONCLUSION

KLU overexpression improved not only acquired osmotolerance, but also osmo-shock, salt-shock, oxidative, S-heat, and L-heat tolerances of Arabidopsis. KLU overexpression led to high accumulation of cutin monomers and VLCFAs, resulting in increased epidermal cuticular wax load. Moreover, the AtKLUox plants suppressed ER stress induced by osmotic and heat stresses. Taken together, our results suggest that the AtKLUox plants exhibited tolerances to a wide range of abiotic stresses by suppressing water loss and ER stress through high accumulation of cutin monomers, VLCFA derivatives, and epidermal cuticular wax. KLU may be able to use long-chain fatty acids as substrates, although further biochemical and structural analyses are needed.
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Supplementary Figure S1 | Acquired osmotolerance of EsKLUox and AtKLUox plants. Two-week-old WT, EsKLUox and AtKLUox plants on 750 mM sorbitol for 15 days following treatment on 100 mM NaCl. #2, #3, #4, #5 and #6 are independent EsKLUox lines, and #1, #2, #4 and #5 are independent AtKLUox lines.

Supplementary Figure S2 | Morphology of EsKLUox and AtKLUox plants. (A) Examples of 7-week-old WT (upper left), FOX351/EsKLUox #4 (upper right), and AtKLUox (bottom) plants grown in soil under normal conditions. (B) Representative phenotypes of WT, AtKLUox #4, AtKLUox #5 plants at different stages. The stems were removed at 56 days stage.

Supplementary Figure S3 | Anthocyanin content of AtKLUox plants. Anthocyanin content of WT and AtKLUox plants. Two-week-old WT and AtKLUox plants grown on agar plates were used as the samples. Differences between WT and AtKLUox plants were analyzed by Student’s t-test. *P < 0.05; ***P < 0.001.

Supplementary Figure S4 | Magnified view of cuticular wax contents described in Figure 5C. Aalkanes, ketones, aldehydes, and primary alcohols in WT and AtKLUox plants. Data represent means ± SE, n = 6. Within each compound type and chain length, values marked with the same letter are not significantly different based on one-way ANOVA and Tukey’s test, P < 0.05.

Supplementary Table S1 | Primers used for cloning.

Supplementary Table S1 | Primer sets used for quantitative real-time polymerase chain reaction.



REFERENCES

 Aharoni, A., Dixit, S., Jetter, R., Thoenes, E., van Arkel, G., and Pereira, A. (2004). The SHINE Clade of AP2 domain transcription factors activates wax biosynthesis, alters cuticle properties, and confers drought tolerance when overexpressed in Arabidopsis. Plant Cell 16, 2463–2480. doi: 10.1105/tpc.104.022897

 Anastasiou, E., Kenz, S., Gerstung, M., MacLean, D., Timmer, J., Fleck, C., et al. (2007). Control of plant organ size by KLUH/CYP78A5-dependent intercellular signaling. Dev. Cell 13, 843–856. doi: 10.1016/j.devcel.2007.10.001

 Ariga, H., Katori, T., Tsuchimatsu, T., Hirase, T., Tajima, Y., Parker, J. E., et al. (2017). NLR locus-mediated trade-off between abiotic and biotic stress adaptation in Arabidopsis. Nat. Plants 3:17072. doi: 10.1038/nplants.2017.72

 Ariga, H., Tanaka, T., Ono, H., Sakata, Y., Hayashi, T., and Taji, T. (2015). CSP41b, a protein identified via FOX hunting using E. salsugineum cDNAs, improves heat and salinity stress tolerance in transgenic A. thaliana. Biochem. Biophys. Res. Commun. 464, 318–323. doi: 10.1016/j.bbrc.2015.06.151

 Batsale, M., Bahammou, D., Fouillen, L., Mongrand, S., Joubès, J., and Domergue, F. (2021). Biosynthesis and functions of very-long-chain fatty acids in the responses of plants to abiotic and biotic stresses. Cells 10:284. doi: 10.3390/cells10061284

 Bonaventure, G., Beisson, F., Ohlrogge, J., and Pollard, M. (2004). Analysis of the aliphatic monomer composition of polyesters associated with Arabidopsis epidermis: occurrence of octadeca-cis-6, cis-9-diene-1,18-dioate as the major component. Plant J. 40, 920–930. doi: 10.1111/j.1365-313x.2004.02258.x

 Cornet, F., Pillot, J., Bris, P. L., Pouvreau, J., Arnaud, N., Germain, A. S., et al. (2021). Strigolactones (SLs) modulate the plastochron by regulating KLUH (KLU) transcript abundance in Arabidopsis. New Phytol. 232, 1909–1916. doi: 10.1111/nph.17725

 Delude, C. M., Mooussu, S., Joubès, J., Ingram, G., and Domergue, F. (2016). Plant surface lipids and epidermis development. Subcell. Biochem. 86, 287–313. doi: 10.1007/978-3-319-25979-6_12

 Delude, C., Vishwanath, S., Rowland, O., and Domergue, F. (2017). Root aliphatic suberin analysis using non-extraction or solvent-extraction methods. Bio-protocol 7:e2331. doi: 10.21769/bioprotoc.2331

 Fukuda, N., Oshima, Y., Ariga, H., Koyama, T., Yukio, Y., Tanaka, K., et al. (2022). ECERIFERUM 10 encoding an enoyl-CoA reductase plays a crucial role in osmotolerance and cuticular wax loading in Arabidopsis. Front. Plant Sci. 13:898317. doi: 10.3389/fpls.2022.898317

 Hegebarth, D., Buschhaus, C., Wu, M., Bird, D., and Jetter, R. (2016). The composition of surface wax on trichomes of A. thaliana differs from wax on other epidermal cells. Plant J. 88, 762–774. doi: 10.1111/tpj.13294

 Higashi, Y., Ohama, N., Ishikawa, T., Katori, T., Shimura, A., Kusakabe, K., et al. (2013). HsfA1d, a protein identified via FOX hunting using T. salsuginea cDNAs improves heat tolerance by regulating heat-stress-responsive gene expression. Mol. Plant 6, 411–422. doi: 10.1093/mp/sst024

 Howell, S. H. (2013). Endoplasmic reticulum stress responses in plants. Annu. Rev. Plant Biol. 64, 477–499. doi: 10.1146/annurev-arplant-050312-120053

 Ichikawa, T., Nakazawa, M., Kawashima, M., Iizumi, H., Kuroda, H., Kondou, Y., et al. (2006). The FOX hunting system: an alternative gain-of-function gene hunting technique. Plant J. 48, 974–985. doi: 10.1111/j.1365-313x.2006.02924.x

 Inan, G., Zhang, Q., Li, P., Wang, Z., Cao, Z., Zhang, H., et al. (2004). Salt cress. A halophyte and cryophyte Arabidopsis relative model system and its applicability to molecular genetic analyses of growth and development of extremophiles. Plant Physiol. 135, 1718–1737. doi: 10.1104/pp.104.041723

 Ingram, G., and Nawrath, C. (2017). The roles of the cuticle in plant development: organ adhesions and beyond. J. Exp. Bot. 68, 5307–5321. doi: 10.1093/jxb/erx313

 Isono, K., Tsukimoto, R., Iuchi, S., Shinozawa, A., Yotsui, I., Sakata, Y., et al. (2020). An ER–golgi tethering factor SLOH4/MIP3 is involved in long-term heat tolerance of Arabidopsis. Plant Cell Physiol. 62, 272–279. doi: 10.1093/pcp/pcaa157

 Javelle, M., Vernoud, V., Rogowsky, P. M., and Ingram, G. C. (2011). Epidermis: the formation and functions of a fundamental plant tissue. New Phytol. 189, 17–39. doi: 10.1111/j.1469-8137.2010.03514.x

 Jenks, M. A., Eigenbrode, S. D., and Lemieux, B. (2002). Cuticular waxes of Arabidopsis. Arabidopsis Book 1:e0016. doi: 10.1199/Tab.0016

 Jiang, L., Yoshida, T., Stiegert, S., Jing, Y., Alseekh, S., Lenhard, M., et al. (2020). Multi-omics approach reveals the contribution of KLU to leaf longevity and drought tolerance. Plant Physiol. 185, 352–368. doi: 10.1093/plphys/kiaa034

 Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al. (2021). Highly accurate protein structure prediction with AlphaFold. Nature 596, 583–589. doi: 10.1038/s41586-021-03819-2

 Kai, K., Hashidzume, H., Yoshimura, K., Suzuki, H., Sakurai, N., Shibata, D., et al. (2009). Metabolomics for the characterization of cytochromes P450-dependent fatty acid hydroxylation reactions in Arabidopsis. Plant Biotechnol. 26, 175–182. doi: 10.5511/plantbiotechnology.26.175

 Kannangara, R., Branigan, C., Liu, Y., Penfield, T., Rao, V., Mouille, G., et al. (2007). The transcription factor WIN1/SHN1 regulates Cutin biosynthesis in A. thaliana. Plant Cell 19, 1278–1294. doi: 10.1105/tpc.106.047076

 Katori, T., Ikeda, A., Iuchi, S., Kobayashi, M., Shinozaki, K., Maehashi, K., et al. (2010). Dissecting the genetic control of natural variation in salt tolerance of A. thaliana accessions. J. Exp. Bot. 61, 1125–1138. doi: 10.1093/jxb/erp376

 Kim, J., Jung, J. H., Lee, S. B., Go, Y. S., Kim, H. J., Cahoon, R., et al. (2013). Arabidopsis 3-ketoacyl-coenzyme a synthase9 is involved in the synthesis of tetracosanoic acids as precursors of cuticular waxes, suberins, sphingolipids, and phospholipids. Plant Physiol. 162, 567–580. doi: 10.1104/pp.112.210450

 Kim, J.-S., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2018). ER-anchored transcription factors bZIP17 and bZIP28 regulate root elongation. Plant Physiol. 176, 2221–2230. doi: 10.1104/pp.17.01414

 Krissinel, E., and Henrick, K. (2004). Secondary-structure matching (SSM), a new tool for fast protein structure alignment in three dimensions. Acta Crystallogr. D Biol. Crystallogr. 60, 2256–2268. doi: 10.1107/s0907444904026460

 Li, P., Mane, S. P., Sioson, A. A., Robinet, C. V., Heath, L. S., Bohnert, H. J., et al. (2006). Effects of chronic ozone exposure on gene expression in A. thaliana ecotypes and in Thellungiella halophila. Plant Cell Environ. 29, 854–868. doi: 10.1111/j.1365-3040.2005.01465.x

 Liu, J.-X., and Howell, S. H. (2010). Endoplasmic reticulum protein quality control and its relationship to environmental stress responses in plants. Plant Cell 22, 2930–2942. doi: 10.1105/tpc.110.078154

 Maeda, S., Dubouzet, J. G., Kondou, Y., Jikumaru, Y., Seo, S., Oda, K., et al. (2019). The rice CYP78A gene BSR2 confers resistance to Rhizoctonia solani and affects seed size and growth in Arabidopsis and rice. Sci. Rep. 9:587. doi: 10.1038/s41598-018-37365-1

 Nguyen, V. C., Nakamura, Y., and Kanehara, K. (2019). Membrane lipid polyunsaturation mediated by fatty acid desaturase 2 (FAD2) is involved in endoplasmic reticulum stress tolerance in A. thaliana. Plant J. 99, 478–493. doi: 10.1111/tpj.14338

 Niu, G., Guo, Q., Wang, J., Zhao, S., He, Y., and Liu, L. (2020). Structural basis for plant lutein biosynthesis from α-carotene. Proc. Natl. Acad. Sci. 117, 14150–14157. doi: 10.1073/pnas.2001806117

 Oshima, Y., and Mitsuda, N. (2016). Enhanced cuticle accumulation by employing MIXTA-like transcription factors. Plant Biotechnol. 33, 161–168. doi: 10.5511/plantbiotechnology.16.0627a

 Porra, R. J., Thompson, W. A., and Kriedemann, P. E. (1989). Determination of accurate extinction coefficients and simultaneous equations for assaying chlorophylls a and b extracted with four different solvents: verification of the concentration of chlorophyll standards by atomic absorption spectroscopy. Biochim. Biophys. Acta Bioenerg. 975, 384–394. doi: 10.1016/S0005-2728(89)80347-0

 Quinlan, R. F., Shumskaya, M., Bradbury, L. M. T., Beltrán, J., Ma, C., Kennelly, E. J., et al. (2012). Synergistic interactions between carotene ring hydroxylases drive lutein formation in plant carotenoid biosynthesis. Plant Physiol. 160, 204–214. doi: 10.1104/pp.112.198556

 Rabino, I., and Mancinelli, A. L. (1986). Light, temperature, and anthocyanin production. Plant Physiol. 81, 922–924. doi: 10.1104/pp.81.3.922

 Riederer, M., and Schreiber, L. (2001). Protecting against water loss: analysis of the barrier properties of plant cuticles. J. Exp. Bot. 52, 2023–2032. doi: 10.1093/jexbot/52.363.2023

 Sajeevan, R. S., Nataraja, K. N., Shivashankara, K. S., Pallavi, N., Gurumurthy, D. S., and Shivanna, M. B. (2017). Expression of Arabidopsis SHN1 in Indian mulberry (Morus indica L.) increases leaf surface wax content and reduces post-harvest water loss. Front. Plant Sci. 8:418. doi: 10.3389/fpls.2017.00418

 Schneider, C. A., Wayne, S. R., and Kevin, W. E. (2012). NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.2089

 Schuler, M. A., and Werck-Reichhart, D. (2003). Functional genomics of P450S. Annu. Rev. Plant Biol. 54, 629–667. doi: 10.1146/annurev.arplant.54.031902.134840

 Shepherd, T., and Griffiths, D. W. (2006). The effects of stress on plant cuticular waxes. New Phytol. 171, 469–499. doi: 10.1111/j.1469-8137.2006.01826.x

 Taji, T., Komatsu, K., Katori, T., Kawasaki, Y., Sakata, Y., Tanaka, S., et al. (2010). Comparative genomic analysis of 1,047 completely sequenced cDNAs from an Arabidopsis-related model halophyte, Thellungiella halophila. BMC Plant Biol. 10:261. doi: 10.1186/1471-2229-10-261

 Taji, T., Sakurai, T., Mochida, K., Ishiwata, A., Kurotani, A., Totoki, Y., et al. (2008). Large-scale collection and annotation of full-length enriched cDNAs from a model halophyte, Thellungiella halophila. BMC Plant Biol. 8:115. doi: 10.1186/1471-2229-8-115

 Taji, T., Seki, M., Satou, M., Sakurai, T., Kobayashi, M., Ishiyama, K., et al. (2004). Comparative genomics in salt tolerance between Arabidopsis and Arabidopsis-related halophyte salt cress using Arabidopsis microarray. Plant Physiol. 135, 1697–1709. doi: 10.1104/pp.104.039909

 Tanaka, T., Tanaka, H., Machida, C., Watanabe, M., and Machida, Y. (2004). A new method for rapid visualization of defects in leaf cuticle reveals five intrinsic patterns of surface defects in Arabidopsis. Plant J. 37, 139–146. doi: 10.1046/j.1365-313x.2003.01946.x

 Tanaka, H., Watanabe, M., Sasabe, M., Hiroe, T., Tanaka, T., Tsukaya, H., et al. (2007). Novel receptor-like kinase ALE2 controls shoot development by specifying epidermis in Arabidopsis. Development 134, 1643–1652. doi: 10.1242/dev.003533

 Wang, X., Kong, L., Zhi, P., and Chang, C. (2020). Update on cuticular wax biosynthesis and its roles in plant disease resistance. Int. J. Mol. Sci. 21:514. doi: 10.3390/ijms21155514

 Watanabe, N., and Lam, E. (2008). BAX inhibitor-1 modulates endoplasmic reticulum stress-mediated programmed cell death in Arabidopsis *. J. Biol. Chem. 283, 3200–3210. doi: 10.1074/jbc.m706659200

 Wellesen, K., Durst, F., Pinot, F., Benveniste, I., Nettesheim, K., Wisman, E., et al. (2001). Functional analysis of the LACERATA gene of Arabidopsis provides evidence for different roles of fatty acid ω-hydroxylation in development. Proc. Natl. Acad. Sci. 98, 9694–9699. doi: 10.1073/pnas.171285998

 Xiao, F., Goodwin, S. M., Xiao, Y., Sun, Z., Baker, D., Tang, X., et al. (2004). Arabidopsis CYP86A2 represses P. syringae type III genes and is required for cuticle development. Embo J. 23, 2903–2913. doi: 10.1038/sj.emboj.7600290

 Zhang, Y., Chen, X., Du, Z., Zhang, W., Devkota, A. R., Chen, Z., et al. (2020). A proposed method for simultaneous measurement of cuticular transpiration from different leaf surfaces in Camellia sinensis. Front. Plant Sci. 11:420. doi: 10.3389/fpls.2020.00420

 Zheng, H., Rowland, O., and Kunst, L. (2005). Disruptions of the Arabidopsis Enoyl-CoA reductase gene reveal an essential role for very-long-chain fatty acid synthesis in cell expansion during plant morphogenesis. Plant Cell 17, 1467–1481. doi: 10.1105/tpc.104.030155

 Zondlo, S. C., and Irish, V. F. (1999). CYP78A5 encodes a cytochrome P450 that marks the shoot apical meristem boundary in Arabidopsis. Plant J. 19, 259–268. doi: 10.1046/j.1365-313x.1999.00523.x


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 Kajino, Yamaguchi, Oshima, Nakamura, Narushima, Yaguchi, Yotsui, Sakata and Taji. 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.










	 
	REVIEW
published: 01 July 2022
doi: 10.3389/fpls.2022.918537





[image: image]

Effects of Combined Abiotic Stresses Related to Climate Change on Root Growth in Crops

Maria Sánchez-Bermúdez, Juan C. del Pozo*† and Mónica Pernas*†

Centro de Biotecnología y Genómica de Plantas (CBGP), Universidad Politécnica de Madrid and Instituto de Investigación y Tecnología Agraria y Alimentaria-Consejo Superior de Investigaciones Científicas (UPM-INIA/CSIC), Campus de Montegancedo, Madrid, Spain

Edited by:
Luisa M. Sandalio, Department of Biochemistry, Cell and Molecular Biology of Plants, Experimental Station of Zaidín (CSIC), Spain

Reviewed by:
Akbar Hossain, Bangladesh Wheat and Maize Research Institute, Bangladesh
Rosa M. Rivero, Center for Edaphology and Applied Biology of Segura (CSIC), Spain
Mukesh Choudhary, ICAR-Indian Institute of Maize Research, India

*Correspondence: Juan C. del Pozo, pozo@inia.csic.es; Mónica Pernas, pernas.monica@inia.csic.es

†These authors have contributed equally to this work and share last authorship

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

Received: 12 April 2022
Accepted: 30 May 2022
Published: 01 July 2022

Citation: Sánchez-Bermúdez M, del Pozo JC and Pernas M (2022) Effects of Combined Abiotic Stresses Related to Climate Change on Root Growth in Crops. Front. Plant Sci. 13:918537. doi: 10.3389/fpls.2022.918537

Climate change is a major threat to crop productivity that negatively affects food security worldwide. Increase in global temperatures are usually accompanied by drought, flooding and changes in soil nutrients composition that dramatically reduced crop yields. Against the backdrop of climate change, human population increase and subsequent rise in food demand, finding new solutions for crop adaptation to environmental stresses is essential. The effects of single abiotic stress on crops have been widely studied, but in the field abiotic stresses tend to occur in combination rather than individually. Physiological, metabolic and molecular responses of crops to combined abiotic stresses seem to be significantly different to individual stresses. Although in recent years an increasing number of studies have addressed the effects of abiotic stress combinations, the information related to the root system response is still scarce. Roots are the underground organs that directly contact with the soil and sense many of these abiotic stresses. Understanding the effects of abiotic stress combinations in the root system would help to find new breeding tools to develop more resilient crops. This review will summarize the current knowledge regarding the effects of combined abiotic stress in the root system in crops. First, we will provide a general overview of root responses to particular abiotic stresses. Then, we will describe how these root responses are integrated when crops are challenged to the combination of different abiotic stress. We will focus on the main changes on root system architecture (RSA) and physiology influencing crop productivity and yield and convey the latest information on the key molecular, hormonal and genetic regulatory pathways underlying root responses to these combinatorial stresses. Finally, we will discuss possible directions for future research and the main challenges needed to be tackled to translate this knowledge into useful tools to enhance crop tolerance.
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INTRODUCTION

Climate change is having a harsh impact on natural ecosystems and agricultural production (Watts et al., 2021). Human activities have increased CO2 accumulation and other greenhouse gases in the atmosphere to dangerous levels during the last century leading to global warming and other climatic consequences (Chaudhry and Sidhu, 2021). Increase in the frequency of extreme weather events such as heat-waves, drought periods, intense precipitations, flooding, and changes in the freezing patterns are having a strong impact on agricultural production and food security worldwide (Dempewolf et al., 2014). A major challenge for agriculture is to feed an increasing human population in the backdrop of production losses provoked by climate change and at the same time mitigate its effects on the environment. Finding sustainable solutions for crop adaptation to changing climatic conditions and to enhance crop production is key to guarantee food security around the globe (St. Clair and Lynch, 2010). Abiotic stress events are more frequent causing extensive yield losses in many crops around the world (Mittler, 2006; Chaudhry and Sidhu, 2021). Wheat, rice, maize, and soybean, which supply two-thirds of the human food worldwide are expected to suffer yield losses of 6.0, 3.2, 7.4, and 3.1% respectively, for each degree-Celsius increase in the global mean temperature (Zhao et al., 2017). Effects linked to high temperature include changes in shoot and root growth, biomass production, flowering time, and seed production that in turn affect crop yield (Li et al., 2015). Drought is one of the major causes hampering agricultural production over the last 50 years. Thus, a severe reduction in global crop yield due to water deprivation is expected in the near future. Yield-related effects of drought in plants are alterations in different phenological stages, root architecture, seed production, crop biomass, harvest index and germination rates (Pervez et al., 2009; Dietz et al., 2021). Major advances have been made to gain knowledge on the effects of abiotic stresses in crop physiology and development. But we still need to fully understand the complex regulatory mechanisms underlying plant response to be able to enhance crop tolerance (Zhang et al., 2022).

In the last few decades, plant researchers have mainly focused on studying the effects of individual abiotic stresses on plants. However, field conditions are usually much more complex and abiotic stresses tend to occur in combination rather than individually (Suzuki et al., 2014). Concurrent abiotic stresses are often more damaging to crop productivity, especially when they occur at particular stages of plant growth related to crop yield, such as flowering time or seed production. They also have a strong effect on the early stages of plant development when roots are crucial for plant anchorage and settling. Crop productivity is differently affected by combinations of stresses than by individual stresses. The global yield of wheat and maize has been reduced due to the effects of high temperature, and this reduction has been intensified in areas also affected by drought (Matiu et al., 2017). Plants seem to perceive and integrate combined stress signals differently according to the nature of the combined interaction (Pandey et al., 2015). Thus, the physiological, metabolic and molecular response of plants to a particular combination of stresses can be different than individual stresses (Mittler, 2006). Even more, some stress combinations might trigger different signaling pathways in the plant interfering or even producing antagonistic responses compare to their response to individual stresses (Atkinson and Urwin, 2012). For example, during heat stress, plants open their stomata to reduce leaf temperature. But when heat stress is combined with drought, the stomata remain closed and leaf temperature cannot be compensated (Reynolds-Henne et al., 2010). Conversely, the production of reactive oxygen species (ROS) under combined drought and O3 stress is lower than under drought stress alone (Iyer et al., 2013). Although some advances have been made, there is still a large gap in our knowledge of the effect of simultaneous stress exposure in crops.

Roots play an essential role in the survival and development of the plant. Roots perform essential functions for the crops such as anchoring them to the soil, providing mechanical support, assimilating water and nutrients and establishing beneficial relationships with the microbiota (Shekhar et al., 2019). Since roots are in direct contact with the soil, they can be considered as the primary sensors of many abiotic stresses, such as drought, salinity or waterlogging (Wells and Eissenstat, 2002; Davies and Bacon, 2003). Roots are also able to trigger specific signaling pathways to adjust their developmental program to survive those stresses (Khan et al., 2016). Abiotic stresses can cause alterations in root morphology and physiology that change their functionality and affect the aerial parts of the plant compromising crop productivity (Ghosh and Xu, 2014). Despite this crucial role of roots, the effects of abiotic stresses on the RSA have been much less studied than on the aerial parts (Koevoets et al., 2016; Calleja-Cabrera et al., 2020). One of the main underlying reasons are the limitations and difficulties associated to the study of the root system in the field (Franco et al., 2015; Atkinson et al., 2019). This limitation has led to the analysis of the root system in controlled conditions, but the environmental setting in enclosed ecosystems tend to underrepresent the climatic conditions that occur in the field (Voss-Fels et al., 2018; Qiao et al., 2019). There has been little research about the effects of abiotic stresses on plant roots and this knowledge is even more limited when it concerns the effects of abiotic stress combination. Consequently, plant breeding has focused primarily on aboveground traits. A change of focus towards the study of the effects of abiotic stress combination in root traits might provide new knowledge and tools for breeding programs focused on improving crop adaptation (Villordon et al., 2014).

This review seeks to summarize the current information on the physiological, hormonal, and molecular effects of abiotic stress combination on the root system. We will provide an overview of the root responses that are shared under different abiotic stresses, and a detailed information about the root responses that are unique to each stress combination. We will describe the main mechanisms regulating crop tolerance and adaptation, focusing on the abiotic stress combinations that are more likely to occur under the scope of climate change. Finally, we will consider future alternatives and venues for research on the root response to combined stresses that could be relevant to tackle the challenge of improving crop tolerance to climate change.



COMMON EFFECTS OF ABIOTIC STRESSES ON THE CROP ROOT SYSTEM

Abiotic stresses have a big impact on root development and functionality, altering the uptake of water and nutrients as well as the root interactions with microorganisms in the rhizosphere (Koevoets et al., 2016; Choi et al., 2021). Under normal conditions, roots absorb water and nutrients from the soil, providing the cells with essential solutes and water to maintain the appropriate cellular homeostasis and nutrient balance. Under abiotic stresses, roots undergo a series of structural and functional alterations to mitigate the adverse effects on the plant growth caused by the alteration of this balance (Ghosh and Xu, 2014). These changes in RSA and functionality also affect the aerial parts of the plant, altering important physiological and developmental processes like stomatal conductance, photosynthesis or carbon allocation (Khan et al., 2016). All these adjustments in the above and below ground must be coordinated to provide a global plant response and enable stress adaptation.

In response to different abiotic stresses, roots display shared or unique physiological and morphological responses. Examples of shared changes on RSA and physiology are alterations in root length and depth, changes in lateral root formation and elongation as well as alterations in root hair development and carbon and nutrient root-shoot allocation (DoVale and Fritsche-Neto, 2015). Drought stress alters RSA decreasing root biomass and subsequent increase on the root/shoot ratio, and the amount of root carbohydrate and nitrogen content in several crops (Pedroso et al., 2014; Xu et al., 2015; Yıldırım et al., 2018). Heat stress also alters root biomass and growth mainly by modifying the number and elongation of lateral roots (Huang et al., 2012). Phosphate starvation produces an increase in lateral root formation and elongation (Waidmann et al., 2020) and the stress caused by root illumination can also lead to changes in RSA and the shoot:root ratio (Miralles et al., 2011; Silva-Navas et al., 2015).

Some metabolic changes are common to several abiotic stresses. One example is the accumulation of osmoprotectants to avoid intracellular water loss caused by several stresses including drought and salinity. Plants accumulate these metabolites inside the cell to reduce the water potential and promote osmotic adjustment that alleviates cellular damage. This accumulation of osmoprotectants, including amino acids like proline, sugars, oxalate and malate acids or other compounds such as glycine betaine and polyamines, has been observed in different crops exposed to salinity, drought, flooding, temperature changes and heavy metals (Hossain et al., 2022). ROS are natural compounds produce during the cellular metabolism that can act as cellular secondary messengers (Jaspers and Kangasjarvi, 2010). Under the vast majority of abiotic stresses, including drought, salinity, temperature stresses, nutrient deficiency, O3 stress or hypoxia, ROS accumulate at much higher levels, causing damage to DNA, carbohydrates and proteins (Moller et al., 2007; Foyer and Noctor, 2009). This accumulation of ROS by abiotic stress has been described in many crops such as wheat, rice, soybean, and tomato (Zhao et al., 2001; Kamal and Komatsu, 2015; Khan et al., 2019; Kushwaha et al., 2019). On the other hand, plant cells contain antioxidative compounds and enzymes to prevent this excessive ROS accumulation and balance the oxidative stress response. Some of those compounds that includes carotenoids, like glutathione and ascorbate, and enzymes such as catalase, superoxide dismutase (SOD) and ascorbate peroxidase (APX) are also induced by abiotic stresses (Desikan et al., 2004). Another common response to abiotic stresses is the increase in cytosolic Ca2+ levels due to the activation of Ca2+ channels produced in turn by increased levels of ROS and H2O2 (Ranty et al., 2016). Although this is a crucial cellular response, the calcium channels involved in abiotic stress-responses in roots are poorly known (Wilkins et al., 2016). These changes in Ca2+ influx are the signal to trigger several cascades of phosphorylation and dephosphorylation by Ca2+-dependent protein kinases. Then, these cascades will transmit the stress signal to the downstream targets of these kinases that includes specific families of transcription factors (TFs) regulating the global stress plant response (Kumar et al., 2020).

Several plant hormones like abscisic acid (ABA), jasmonic acid (JA), ethylene (ET), or salicylic acid (SA) have shown to mediate abiotic stress responses in roots. Thus, ABA acts as intermediary molecule in the root response to stresses such as drought, heat and salinity in wheat, rice, quinoa, cucumber and rice (Talanova et al., 2003; Trapeznikov et al., 2003; Jacobsen et al., 2009; Ding et al., 2016). Moreover, genes involved in the ABA biosynthetic pathway are activated and mediate root growth under difference abiotic stresses (Tuteja, 2007). JA also participates in the crop root response to many abiotic stresses like salinity, drought and thermal stress (de Ollas et al., 2013; Habibi et al., 2019; Ali et al., 2020). Several root responses like salinity in tomato; heat in artichoke; or cold in tomato are mediated by ET (Karni et al., 2010; Klay et al., 2014; Shinohara et al., 2017). SA is also induced in response to drought in barley (Bandurska, 2005). Additionally, root irrigation with exogenous SA induces tolerance to salinity, chilling and heavy metal stress in crops like barley, rice and tomato (Metwally et al., 2003; Stevens et al., 2006; Guo et al., 2009). Other hormones associated with the response to abiotic stresses are cytokinins, brassinosteroids, auxins and gibberellins (Peleg and Blumwald, 2011). For example, barley lines overexpressing a gene encoding for the cytokinin dehydrogenase in roots show more tolerance to drought stress (Pospíšilová et al., 2016) and exogenous application of auxin to salt-stressed strawberry seedlings protects root growth (Zhang et al., 2021).

Abiotic stresses induce global transcriptomic reprogramming to adjust plant growth to the new environmental situation. Several molecular studies have compared the transcriptome of plants exposed to different abiotic stresses and have found overlapping transcriptional patterns in crops like soybean, rice, and barley (Ozturk et al., 2002; Yun et al., 2012; Kidokoro et al., 2015). Plant responses to abiotic stresses also comprise different regulatory gene networks involving specific set of TFs. Members of the MYB family are activated by stresses like drought, UV-light and cold in several crops (Vannini et al., 2007; Schenke et al., 2011; Seo et al., 2011). The NAC family of TFs also plays a role in the response to drought, salinity, cold and dehydration in wheat and rice (Fujita et al., 2004; Nakashima et al., 2007; Seo et al., 2010; Xia et al., 2010). The ERF family of TFs participate in the response to drought, salinity and cold in rice, soybean, and tobacco (Guo et al., 2004; Cao et al., 2006; Zhang G. et al., 2009). The WRKY family is involved in the response to drought and heat rice (Qiu and Yu, 2009; Peng et al., 2011) and the DREB family has been related to drought, salinity and cold stresses in crops like wheat, barley, rice, and soybean (Shen et al., 2003; Li et al., 2005; Wang et al., 2008; Xu et al., 2009). Finally, heat shock factors (HSFs) are crucial TFs involved in the response to numerous abiotic stresses. HSFs regulate the expression of several heat shock proteins (HSPs) that function as molecular chaperons to protect and stabilize essential proteins, preventing their denaturation during stress (Atkinson and Urwin, 2012). Specific HSPs are activated under different abiotic stress conditions and their functional diversity allows plants to respond to a wide range of stresses (Rizhsky et al., 2004). They also mediate the reduction of ROS levels and activate downstream pathways to protect the plant from an excessive oxidative stress (Miller and Mittler, 2006). The role of HSPs as regulators of abiotic stress responses has been reported in several crops like wheat, tomato, or soybean (Mishra et al., 2002; Zhu et al., 2006; Xue et al., 2014).

Lastly, recent investigations have shown that epigenetic mechanisms play an important role in the regulation of abiotic stress responses. DNA methylation and histone modifications are involved in the response to salinity, drought, and temperature stress (Ashapkin et al., 2020; Miryeganeh, 2021). In rice, the gene DRM2, which encodes a DNA demethylase, is upregulated under salinity stress in tolerant cultivars (Ferreira et al., 2015). Cold stress induces the expression of genes encoding histone deacetylases, leading to a global modification of H3 and H4 histones in maize (Hu et al., 2011). In rice, the histone mark H3K4me3 has been related to the response to drought stress (Zong et al., 2020). Another epigenetic mechanism that participates in the response to several abiotic stresses is the regulation by small non-coding RNAs, microRNAs (miRNAs) or small interfering RNAs (siRNAs) (Sunkar et al., 2007). Small RNAs can regulate gene expression by post-transcriptional gene silencing or DNA methylation mechanisms (Waititu et al., 2020). Stresses such as drought, salinity and heat stress induce the expression of many miRNAs in crops like barley, maize and rice, suggesting an active role of these miRNAs in the responses (Wei et al., 2009; Sailaja et al., 2014; Deng et al., 2015). In rice, siRNAs that are involved in oxidation reduction and proteolysis have been associated with the response to drought stress (Jung et al., 2016). In addition, several heat-responsive siRNAs have been identified in Brassica rapa (Yu et al., 2013). However, despite the progress made in this field, the involvement of epigenetic mechanisms in abiotic stress tolerance in roots is still poorly known (Figure 1).
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FIGURE 1. Shared responses of plant roots to abiotic stresses. Roots display different cellular and molecular responses to alleviate the negative effects in their development and functionality provoked by abiotic stresses. Several key sensing, signaling and regulatory networks are shared between different stresses. First, roots are able to sense the stress and activate several physiological adaptive processes. Many abiotic stresses provoke a damage of the membranes and the loss of ionic and osmotic homeostasis that triggers ROS (O2–, H2O2) accumulation within different organelles. ROS is produced at the plasma membrane or the mitochondria by NADPH oxidases (RBOHs). This ROS has a dual function in response to abiotic stresses. Although at high levels, ROS are toxic to the cells, they can also act as a signal transducer activating Ca2+ channels that causes an increase in the intracellular Ca2+ concentration. This flux of Ca2+ triggers a cascade of events that activates calcium-dependent protein kinases (MAPKs) that phosphorylate and activate different TFs in the nucleus. These TFs belong to different families including, DREBs, MYBs, NAC, ERFs, WRKY, and HSFs. These TFs can regulate the expression of downstream genes involved in specific gene regulatory networks modulating each abiotic stress. They also regulate the biosynthesis and the metabolism of different phytohormones that in turn coordinate various signal transduction pathways regulating abiotic-stress response. On the other hand, interplay between ROS and hormone signaling orchestrates the acclimation response of plants to different abiotic stress combinations.




MULTI-STRESS COMBINATION AND ROOTS

Plants have evolved complex acclimation mechanisms that start with the perception and transmission of the stress signals to the cellular machinery, the subsequent triggering of different signaling pathways and the final activation of an adaptive response. Some of these acclimation responses are similar between stresses but plants can also trigger responses that are tailored to a particular stress combination (Pandey et al., 2015). As a consequence, plant response to stress combinations cannot be easily predicted from studying each single stress individually (Zandalinas et al., 2021). Moreover, two abiotic stresses that are occurring simultaneously can either aggravate or benefit plant survival and growth (Suzuki et al., 2014). Although most of stress combinations have an additive negative interaction (Ahmed et al., 2013b; Alhdad et al., 2013; Sales et al., 2013), there are examples of stresses that interact positively like drought and O3 stress or salinity and high CO2 (Iyer et al., 2013; Perez-Lopez et al., 2013). Understanding how crop tolerance mechanisms are adjusted to specific combinations of stresses is important to maintain yield stability under the variable environmental conditions driven by climate change. In this section, we will summarize our current knowledge of the main changes affecting RSA and functionality produced by combined abiotic stresses similar to the ones confronted by crops in the field (Table 1 and Figure 2).


TABLE 1. Individual effects of each stress and each abiotic stress combination in roots.

[image: Table 1]

[image: image]

FIGURE 2. Physiological, biochemical, hormonal and molecular effects of different abiotic stress combinations in plant roots. Red, blue, purple, and green charts show the physiological, biochemical, hormonal and molecular effects that occur in each stress combination. Some of these responses are similar between stresses but plants also trigger specific responses that are tailored to a particular stress combination. In addition, two abiotic stresses that are occurring simultaneously can aggravate or benefit crop survival and growth.



Thermal-Related Stresses


Heat and Drought

The continuous increase in the global mean temperatures together with the constant occurrence of drought episodes foresee that heat and drought stresses are the most likely stress combination affecting agriculture in the near future (Lei et al., 2013). The combination of drought and heat stress causes severe yield reductions in many important crops like wheat, maize, rice, soybean, chickpea, and lentils (Dornbos and Mullen, 1991; Prasad et al., 2011; Awasthi et al., 2014; Obata et al., 2015; Sehgal et al., 2017; Lawas et al., 2018a). Water availability is one of the most limiting factors for crop growth. Roots are essential organs in coping with drought stress because they determine the plant access to water and nutrients (Comas et al., 2013). On the other hand, roots are more sensitive to heat stress than the aerial parts of the plant with usually lower optimal growth temperature (Tuteja and Gill, 2013). High temperatures impair the normal functions of roots by affecting the activities of antioxidant enzymes and carbon partitioning and this negative effect is enhanced by lower soil moisture (Barnabas et al., 2008). Moderate drought stress in rice, maize, wheat, soybean, or tomato plants triggers morphological adaptations such as a deeper root system and more root branching to maximize water uptake (Tahere et al., 2000; Nezhadahmadi et al., 2013; Aslam et al., 2015; Battisti and Sentelhas, 2017; Moles et al., 2018). These root adaptations are cultivar-dependent and genetic variation has been observed in crops like wheat, soybean, and tomato (Fenta et al., 2014; Fang et al., 2017; Moles et al., 2018). However, it has been reported that reductions in root growth take place when the drought is more severe (Aslam et al., 2015; Wu et al., 2017). Similarly, reductions in root growth have also been observed during heat stress in wheat, oilseed rape, pepper, and potato (Aloni et al., 1992; Heckathorn et al., 2013; Wu et al., 2017, 2020). But when drought and heat stress are combined, root growth reductions are more pronounced. Maize plants subjected to the combination of both stresses show higher reductions in root growth and lateral root number than under the individual stresses (Vescio et al., 2021). Reductions in the number of lateral roots have also been reported on canola due to the effects of drought and heat stress combination (Wu et al., 2017). In drought-sensitive wheat cultivars, seedlings treated with drought and heat stress show a higher decrease in the development of seminal roots than seedlings subjected to drought stress alone (Fábián et al., 2008). Likewise, tomato plants exposed to the combination of drought and heat stresses display more reduced root growth than the individual stresses (Zhou et al., 2019). Changes in physiological and metabolic processes under heat and drought stress combination have also been reported. Severe drought conditions together with high temperatures provoke a strong inhibition of root respiration rate as well as a reduction in the partitioning of carbon assimilates to the roots (Prasad et al., 2008). Heat and drought stress treatments cause an increase in oxidative stress that is counterbalance by several ROS-detoxification mechanisms, including the activation of antioxidative compounds and enzymes (Zandalinas et al., 2018). Thus, antioxidant enzymes like CAT, SOD, APX, and glutathione reductase (GR) accumulate in roots after exposure to simultaneous drought and heat stresses in maize (Hu et al., 2010). In tobacco roots, APX accumulates under the combination of drought and heat stress and similarly, an increase of SOD, CAT, and GR levels is detected in barley roots (Torun, 2019). Likewise, the level of antioxidant compounds such as malondialdehyde (MDA) increases in citrus roots (Zandalinas et al., 2017). In cotton, proline also accumulates in roots (Sekmen et al., 2014). But in tobacco plants, drought-induced increase in proline and polyamine root levels are not affected further by the simultaneous application of heat stress and drought treatment (Cvikrová et al., 2013). All these results suggest that, although with differential role, increased antioxidant capacity could be a crucial tolerance mechanism of crops to this stress combination.

Another level of regulation of combined stresses is defined by several hormonal crosstalk pathways. ABA is the major hormone playing a role in plant responses to drought stress. When roots sense soil dehydration, ABA is synthesized to maintain root growth and increase root hydraulic conductivity to enhance water uptake. ABA can also act as a long-distance signaling molecule, being transported through the xylem to the shoots to regulate stomatal behavior and leaf expansion to prevent plant dehydration (Zhang J. et al., 2006). ABA has shown to be induced under the stress combination of drought and heat as well as under the individual application (Li et al., 2014). The role of ABA under heat and drought stresses has shown to be related to the regulation of the water status, and the induction of genes that encode for HSPs and oxidative stress (Suzuki et al., 2016; Zandalinas et al., 2016). In maize, proteomic analysis of roots subjected to a combination of drought and heat stresses identified proteins involved in cell growth and division, ion transport, metabolism and signal transduction that are also positively regulated by ABA. These results suggest that ABA may mediate the regulation of these biological processes in response to this stress combination in roots (Liu et al., 2013). Other hormones are also involved in the response to these combined stresses, including cytokinins and auxins (Basu et al., 2016). In tobacco, cytokinin levels increase in response to heat stress, whereas decrease under drought stress. However, in plants exposed to a combination of drought and heat stress, a strong suppression of bioactive cytokinins is observed in both shoots and roots due to an enhanced induction of a cytokinin oxidase/dehydrogenase activity (Dobra et al., 2010). Coincidentally, cytokinin oxidase/dehydrogenase overexpression in tobacco roots alters the antioxidant response of leaves and roots exposed to simultaneous drought and heat stresses affecting plant tolerance (Lubovská et al., 2014). Interestingly, a coincident increase in auxin and cytokinin has been described in response to both stresses in roots. This accumulation of auxins in roots may contribute to the development of the primary root, leading to a deeper root system (Vieten et al., 2007). Auxins can be transported to the roots with the help of ABA and the crosstalk between auxin and ABA is believed to play a major role in the root elongation during abiotic stresses such as heat stress (Xu et al., 2013; Wang et al., 2016). To summarize, a crosstalk between different hormones seems to coordinate different developmental and physiological responses to combined heat and drought in roots.

In wheat, tobacco, and sorghum, the combination of drought and heat stress has shown to activate specifics sets of genes that are very different from the transcriptional profiles under drought and heat stresses applied separately (Rizhsky et al., 2002; Rampino et al., 2012; Johnson et al., 2014). Transcripts that are specifically expressed under the combination of drought and heat stress correspond mainly to HSPs, MYBs, WRKYs, GTP-binding proteins, ROS detoxification proteins, lipid biosynthesis and starch degradation enzymes. All these changes in transcript levels may represent key programs of regulatory gene expression underlying tolerance (Rizhsky et al., 2004). In other species, like poplar, many genes are deregulated in roots by either drought or heat stresses but very few of them are commonly deregulated. Interestingly, these altered genes are involved in the synthesis of hormones like ABA and auxin, or in RNA regulation and transport (Jia et al., 2017). In maize roots, several HSFs regulated by ABA are activated under heat stress as well as the combination of heat and drought stress, but not under drought stress alone (Liu et al., 2013). All these data uncover the complexity of the molecular response of plants to this stress combination and reveal the interest of studying this process to identify putative targets genes to improve crop tolerance under natural environmental conditions.



Heat and Salinity

Soil salinity is a challenging environmental problem that affects 20% of the irrigated land worldwide (Qadir et al., 2014; Singh, 2022). Soil salinity reduces productivity not only in crops with high salinity sensitivity as sweet potato, wheat or maize but also in highly tolerant crops as cotton, barley and sugar beet (Zorb et al., 2019). Yield losses associated to soil salinity are expected to worsen in many regions because of the effects of climate change. The increase in global population and food demands will require an expansion of cultivated land. This expansion results in higher irrigation demand that often correlates with poor-quality water, leading to increase soil salinization (Yeo, 1998). Soil salinity can cause two different types of stress to the plant: osmotic stress which prevents the plant uptake of water and nutrients such as K+ by the roots; and ionic stress due to the toxic high concentrations of Na+ that can cause severe cellular damage (Conde et al., 2011; Negräo et al., 2017). Na+ enters the roots passively by non-selective cation channels and actively by transporters from the HKT gene family. Na+ can be either pumped-out of the roots or stored into root vacuoles via Na+/H+ antiporters from the high-affinity potassium NHX family. However, Na+ can also be transported to the shoots through the xylem (Munns and Tester, 2008; Maathuis, 2014). High temperatures cause changes in the fluidity of the plasma membrane affecting the transport of some of these ions and modify the expression of ion transporters thus altering ion homeostasis (Los and Murata, 2004; Zhang J. H. et al., 2006).

Several studies have found that the combination of both heat and salinity cause severe reductions in root growth. Tomato plants grown under either salinity, heat or their combination show reductions in root growth. However, these reductions are more pronounced in plants treated with salinity stress alone than in plants treated with either the stress combination or the heat treatment, suggesting that, in this case, heat stress can act as an antagonist of salinity stress (Rivero et al., 2014). This effect has also been observed in barley, where salinity stress causes a larger reduction on root growth than the combination of heat and salinity stresses (Faralli et al., 2015). On the other hand, wheat seedlings treated with the combination of heat and salinity stresses show a greater decrease in root growth than plants treated with salt alone (Hamada and Khulaef, 1995; Keleş and Öncel, 2002). Something similar happened in jatropha, where only plants subjected to this stress combination display a reduction in root growth (Silva et al., 2013). In cherry tomatoes, a reduction in root growth is also observed under combined salinity and heat stress (Liu F. Y. et al., 2014). All these results suggest that the effects of heat and salinity stress combination in roots depend not only on the plant species but also on the crop cultivar.

The combination of heat and salinity stresses have different effects on the plant ion concentrations. These differences may be mediated by alterations in the membrane fluidity that, in turn, affect the activity of membrane ion transporters and their uptake (Fan and Evans, 2015). In jatropha plants, the concentrations of Na+ and Cl– are higher in roots of plants subjected to heat and salinity stresses, than under salinity stress alone (Silva et al., 2013). It has been suggested that this accumulation of Na+ in the root could alleviate salinity damage by decreasing its level in leaves and reducing salt-induced photosynthesis alterations. But in citrus, the combination with heat stress aggravates the negative effects of salinity because the higher transpiration rate caused by heat prevents the protective physiological responses to salt stress and increases Cl-intake in leaves (Balfagon et al., 2019). Similarly, reductions on the K+ concentration in roots are higher under the salinity stress treatment than under the stress combination (Rivero et al., 2014). Some studies suggest that under heat and salinity stress combination Ca2+ channels can also sense perturbations in the plasma membrane caused by stresses leading to a reduction in Ca2+ absorption by the roots (Orvar et al., 2000). Accordingly, in cherry tomatoes, water and Ca2+ absorption by the roots is reduced under combined salinity and high temperatures (Liu F. Y. et al., 2014). The combination of heat and salinity increases the ROS levels in tomato roots and is subsequently compensated with an increase in the amount of proline to counteract ROS negative effects on growth (Rodrigues et al., 2021). In barley, the expression of the SOD and APX genes is induced in roots by salinity stress, and this induction last longer under the combination of heat stress and salinity (Faralli et al., 2015). In barley, the CAT gene is expressed under salinity stress and under the stress combination in the leaves but not in the roots (Torun, 2019). Other mechanism that plants use to cope with osmotic stress is the accumulation of osmoprotectants which can be amino acids polyols or sugars (Yancey, 2005). Accumulation of osmoprotectants has been observed in response to either salinity or heat stress in several crops (Rasheed et al., 2011; Arif et al., 2020; Nadeem et al., 2020). In jatropha, the concentration of free amino acids on roots is higher under the heat stress treatment but not under the salinity or their combination, and root proline and glycine betaine concentration increases under both treatments. On the other hand, sugars concentration in roots is only increased by heat stress, but not by an excess of salt or the combination of both heat and salinity (Silva et al., 2013). Changes in lipid peroxidation have been observed under the combination of heat and salinity in tomato roots (Rodrigues et al., 2021). Studies regarding gene expression in plants exposed to a combination of heat stress and salinity have mainly focused on shoots rather than roots. In Arabidopsis, transcriptomic studies have shown that the transcriptional response to the combination of heat and salinity differs from the response to those stresses applied individually and many of the transcripts involved on the response to this stress combination are related to ABA (Suzuki et al., 2016). In barley roots, the stress combination of heat stress and salinity has shown to activate the expression of some stress-related genes such as HvDRF1 and HvMT2 (Faralli et al., 2015). DRF1 participates in the upregulation of genes involved in ABA response and accumulation in roots, whereas MT2 is involved in metal homeostasis and detoxification (Go and Kim, 2001; Xue and Loveridge, 2004). Together these results suggest an important role of ABA and metal detoxification signaling pathways in the response to the combination of heat and salinity in roots.



Heat and Nutrient Deficiencies

Plants needs to obtain an adequate supply of nutrients to meet the demands of their basic cellular processes. Most of the soils used for agricultural practices worldwide contain limited levels of nutrients or lower nutrient availability for plants (Lynch and St. Clair, 2004). Nutrient uptake and assimilation affects various important processes related with yield such as biomass accumulation, carbon-nitrogen partition, seed and fruit development and seed quality (Pandey et al., 2021). Climate change is having an impact in soil fertility and plant nutrient acquisition and availability, increasing the constraints of crop productivity (St. Clair and Lynch, 2010).

It has been shown that heat stress decreases the amount of nutrients on plant tissues as well as the activity of enzymes involved in nutrient metabolism (Klimenko et al., 2006; Heckathorn et al., 2013; Hungria and Kaschuk, 2014). But temperature effect on nutrient uptake varies depends on the type of nutrient and the crop. Thus, in tomato, warmer soils restrict root growth and nutrient uptake causing a reduction in macro and micro-nutrient levels (Tindall et al., 1990). In Norway spruce, changes in the distribution of the root system and reduction in the root diameter and growth caused by heat stress correlate with less nutrient uptake (Lahti et al., 2005). In other tomato cultivars, as a consequence of poor root growth, heat stress reduces the total N content and assimilation and decreases nitrogen uptake related-proteins in roots (Giri et al., 2017). In two grass species used as fodder for livestock, Agrostis stolonifera and Andropogon gerardii, high temperature treatment of the roots results in a lower number of roots and an increase in the uptake and partitioning of nitrogen, phosphorous and potassium (DeLucia et al., 1992; Huang and Xu, 2000). In contrast, in maize only a moderate decrease in phosphorus and potassium uptake is detected when they are grown at high temperature (Bravo-F and Uribe, 1981; Bassirirad, 2000).

Regarding the effects of the combination of heat stress and nutrient deficiencies in roots, the information is scarce. Morphological and physiological changes caused by the combination of heat stress and nutrient deficiencies, including reductions in root growth and nutrient accumulation, have been observed. Thus, maize and wheat plants exposed to a combination of heat stress and Mg deficiency show reductions in root biomass and yield as well as lower levels of Mg in roots and shoots compared to control plants (Mengutay et al., 2013). Combination of nutrient deficiency with higher temperatures alters HSP synthesis more than high temperature stress alone (Wang et al., 2014). Lettuce plants subjected to a combination of K deficiency and heat show a greater decrease on root length, number of root tips and root surface area than under the individual stresses. Interestingly, a decrease in the root starch concentration is also detected likely due to the starch degradation into sugars which has shown to play an important role as osmoprotectors (Luo H. Y. et al., 2012; Dong and Beckles, 2019). Most of the arable land is poor in nutrients and temperatures are predicted to keep increasing over the next years. Consequently, in the future, crops are likely to simultaneously encounter heat stress and nutrient deficiency more frequently. To confront this challenge, a better knowledge of the regulation of the plant response to this stress combination is urgently needed.



Cold and Drought

Climate change will cause fluctuations in global temperatures and arbitrary weather patterns, including recurrent low temperatures episodes (Gu et al., 2008). Cold stress is one of the main abiotic stress factors that cause important damages to agriculture production (Mboup et al., 2012). Cold stress can be divided into chilling (0 – 20°C) and freezing (<0°C) (Ritonga and Chen, 2020). Cold stress alters root length and morphology, limiting the capacity of the roots to take water and nutrients (Cutforth et al., 1986; Richner et al., 1996). In general, the co-occurrence of cold and drought events worsens crop growth and production. Interestingly, the response mechanisms to cold and drought stresses share some similarities. Low temperatures can negatively affect hydraulic conductance, provoking poor root activity and reducing water uptake that produce a chilling-induced water stress similar to drought stress (Janská et al., 2010; Yadav, 2010). Additionally, it has been reported that both stresses cause a decrease in root biomass and an increase in the amount of antioxidant compounds as MDA in maize roots (Öktem et al., 2008). They also provoke an increase in the activity of root antioxidant enzymes in lentil plants (Hussain et al., 2018). In tobacco roots, both stresses produce an accumulation of dehydrins, a multi-family of very hydrophilic proteins (Beck et al., 2007). Interestingly, Norway spruce plants from freezing-tolerant cultivars display a larger root biomass that correlates with increase drought tolerance (Kang et al., 2003). Something similar happens in Eucaliptus globulus, where drought-tolerant cultivars that are more tolerant to freezing have also increased root biomass (Shvaleva et al., 2008). Other similar effects of both stresses are showed at the biochemical and molecular level. For example, the transcription factor WRKY38 is induced in barley roots after exposure to both drought and cold stresses (Marè et al., 2004). In cassava, overexpression of the AtCBF3 increases cold and drought tolerance and decreases root yield (An et al., 2016). In summary, all these results suggest that some of the physiological and molecular mechanisms controlling root stress tolerance are common to both stresses. Identifying and characterizing these mechanisms might provide a promising biotechnological tool to minimize the negatives effects of both combined stresses in crops.

But although they share common response mechanisms, it is not clear whether the stress combination of cold and drought interacts positively or negatively (Suzuki et al., 2014). Maize plants subjected to drought, chilling or the stress combination show a reduction on root length and biomass, but this reduction is greater in plants treated with either chilling or the stress combination (Hussain et al., 2020). In roots of chickpea plants, the stress combination of cold and drought causes an increase in ROS together with a decrease in the relative water content (RWC) and the amount of polyamines and those responses are more pronounced in the combination than in the single-stress treatments (Nayyar and Chander, 2004). On the other hand, pre-treatment with drought induces chilling-tolerance in a chilling-sensitive variety of maize (Irigoyen et al., 1996). Similar experiments performed in chickpea show that pre-treatment with mild drought improved cold tolerance, enhancing proline content and improving membrane integrity in roots (Kaur et al., 2016). Pre-treatment with drought stress also leads to a lower amount of H2O2 in roots of tomato seedlings grown under chilling stress (Ghanbari and Sayyari, 2018). In common bean, chilling produces a reduction in the root water uptake, provoking stomata opening and causing subsequent loss of water and wilting. However, exogenous application of ABA to the root system prior to the chilling treatment causes stomata closing and enhances chilling tolerance (Pardossi et al., 2020). Similarly, the closing of the stomata to protect the plant from drought stress has been correlated with chilling tolerance in maize (Aroca et al., 2003). Something similar takes place when plants are pre-treated with cold and then subjected to drought stress. Cold treatment increases root dry weight, length, and number of lateral roots in oilseed rape plants subjected to drought stress. Moreover, cold treatment improves oilseed rape drought tolerance by enhancing antioxidant enzyme activities, increasing osmotic-adjustment, and reducing lipid peroxidation (Ling et al., 2015). These results suggest that cold treatment can be used to ameliorative and protect crops against damage caused by drought stress and conversely the pre-treatment with drought could induce chilling-tolerance. Since the plant responses to cold and drought stress resemble each other, it seems that exposure to one of the stresses could activate the subsequent response to the second stress. However, more experiments in different crops will be necessary to probe the benefit and efficacy of these strategies.



Cold and Salinity

Extreme weather events and freeze-thaw cycles and salinity will coexist in certain agricultural areas in the future (Qadir et al., 2014). Several studies seem to indicate that the plant response to salinity and cold stresses might share some similarities. Expression of JERF1, an ABA-induced transcription factor, enhances germination and root growth under salinity and cold stresses in tobacco (Wu et al., 2007). HvPRP, a gene encoding for a proline-rich protein, is expressed in Arabidopsis roots under salinity and cold stress in cotton (Qin et al., 2013). SA also seems to play a role in the response to both salinity and cold stresses in roots (Miura and Tada, 2014). Thus, exogenous application of SA to roots improves chilling tolerance in banana plants (Kang et al., 2003). Similarly, irrigation of maize plants with SA decreases the levels of H2O2 and superoxide radicals in roots, increasing chilling tolerance (Wang et al., 2012). Cellular signaling by Ca2+ might also play a role in the root response to both stresses. Overexpression of the wheat CIPK14, a protein kinase that participates in Ca2+ signaling, enhances salinity and cold tolerance, as well as root elongation in tobacco plants (Deng et al., 2013).

Scarcely any research has been done regarding root responses to this particular stress combination. Consequently, it is not clear whether the combination of cold and salinity interacts negatively or positively (Mittler, 2006; Suzuki et al., 2014). Salinity causes a plasma membrane depolarization of root cells, altering the efflux and influx of K+ (Shabala et al., 2003). Pre-treatment with chilling improves salinity stress in wheat plants, causing an increased K+ and Ca2+ uptake by the roots and a decreased Na+ and Cl– uptake (Iqbal and Ashraf, 2010). Increases in the amount of Ca2+ and K+ in roots caused by chilling treatment could be attributed to an accumulation of intracellular Ca2+ that in turn alters the depolarization of the plasma membrane, leading to changes in the influx and efflux of K+. Several studies have shown that an accumulation of Ca2+ in the plasma membrane is an important factor contributing to salinity tolerance (Iqbal and Ashraf, 2007; El-Hendawy et al., 2009). These results suggest that increases in intracellular Ca2+ caused by pre-treatment with chilling might play a role in subsequent salinity tolerance.



Cold and Nutrient Deficiencies

Climate change is predicted to provoke changes in the snow cover, leading to an increased frequency of freeze-thaw cycles in mid to high latitudes (Song et al., 2017). This soil freeze-thaw process could cause modifications in the soil carbon and nitrogen dynamics and provoke that nutrients such as phosphorous could migrate with runoff and soil water (Henry, 2008; Zhao et al., 2021). Freezing can also lead to losses in inorganic nitrogen from the soil due to leaching, which in turn can decrease the N uptake by the plant roots (Joseph and Henry, 2008). Thus, alterations in N acquisition by roots because of low temperatures have been reported in some crops and forest ecosystems. In maple trees, freezing negatively affects the root uptake of N due to root injury, cellular damage and changes in the root osmotic potential (Campbell et al., 2014). Freezing has also negative effects in the N fixation in soybean by reducing root respiration and causing accumulation of N in root nodules and decreasing N partitioning to young shoot tissues (Walsh and Layzell, 1986). Another aspect of the plants response to cold stress depends on the activity of different phytohormones. It has been described that cold decreases cytokinin levels and increases ABA production by the roots and ABA subsequent transport to the shoots (Tantau and Dörffling, 1991). On the other hand, nutrient deficiencies lead to a decrease in cytokinin production by the roots promoting root growth and nutrient uptake in rice (Wang et al., 2020).

Few studies have focused on the root responses to cold stress in combination with nutrient deficiencies. K deficiency together with cold stress cause a reduction of root length and weight in cabbage (Shi-Heng et al., 2021). Stress combination of P deficiency and low temperature affects the membrane permeability in roots of crotalaria plants (Shen and Yan, 2002). Phosphate deficiency together with cold stress enhance the expression of several photosynthetic genes in plant roots as well as an increase in iron uptake (Gao et al., 2022). Low N and P availability together with chilling stress produce an increase in the amount of CAT, SOD, and POD in roots of cucumber seedlings. This increase in the root activities of antioxidant enzymes have also been observed in cucumber seedlings subjected to chilling stress after exogenous application of N, P, or K (Yan et al., 2012). Several studies have focused on the effects of exogenous nutrient application on plant tolerance to low temperatures (Waraich et al., 2012). The exogenous treatment with N and P seems to affect the freezing tolerance of winter wheat, enhancing root growth and increasing the tissue concentrations of N and P (Gusta et al., 1999). Similarly, the use of Zn improves the tolerance to low temperatures in rice (Liu et al., 2021). Finally, exogenous application of K+ causes an increase in root dry weight and RWC as well as an increase in the expression of genes encoding for antioxidant enzymes such as CAT, SOD, and GPX in ginseng plants subjected to chilling stress (Devi et al., 2012).



Cold and Flooding

Flooding or waterlogging affects around 10% of the agricultural land (Setter and Waters, 2003; Tewari and Mishra, 2018). It is mainly produced by irregular rainfall and poor soil drainage. Depending on the type of crop and the extension of the stress, total yield loss by waterlogging range from 15 to 80% (Patel et al., 2014). Shifts in precipitation and temperatures lead to the possibility of flooding events occurring together with low temperatures episodes (Dempewolf et al., 2014; Matti et al., 2016). Root response to flooding and chilling stresses combination are poorly known. One of the few responses that has been reported is the alteration of the development of adventitious roots by the combination of flooding and chilling stress on Annona glabra and Annona muricata (Ojeda et al., 2004). Hypoxia produced by flood increases the redox potential between waterlogged soil and plants, which leads to the production of ROS. Increased expression of APX in roots seems to contribute to waterlogging tolerance in tomato (Lin et al., 2004). Similarly, the expression in roots of antioxidant enzymes such as APX and SOD are related to the tolerance to the combined chilling and waterlogging stresses in winter squash and sponge gourd (Chiang et al., 2014). Root vacuolar H+ phosphatases are ion pumps that are present on the vacuolar membrane. They have shown to play a role in the tolerance to abiotic stresses by helping the sequestration of ions in the vacuole (Lv et al., 2015). This enzyme is induced in rice under anoxia stress (Liu et al., 2010). Interestingly, a vacuolar H+ – pyrophosphatase is induced under chilling stress combined with anoxia in the roots of rice seedlings, indicating its possible role in the tolerance to this stress combination (Carystinos et al., 1995). More studies on combined flooding and low temperatures in crops are needed to unravel the role of roots in this process.




Soil-Related Stresses


Salinity and Drought

By the year 2025, drought and salinity are expected to affect 50% of the arable land (Wang et al., 2003). Increased salinity can impair the ability of roots to uptake water and produce similar effects to drought (Munns, 2002; Roy et al., 2014). Since salinity disturbs the water uptake by roots, the co-occurrence of drought and salinity in the field can produce serious growth and production problems for crops (Paul et al., 2019). One of the most typical plant adaptations to cope with drought is the allocation of resources to roots in order to enhance its growth and improve the acquisition of water and nutrients (Sharp et al., 2004; Gupta et al., 2020). It has been suggested that salinity could interfere with this response by disturbing root growth and hindering water and nutrients absorption (Srivastava and Singh, 2009). In some cotton cultivars, root biomass declines after exposure to either drought, salinity or the combination of both (Zhang et al., 2013). In poplar cultivars, root biomass decreases more under the stress combination of drought and salinity than under the individual stresses, but root/shoot ratio is maintained in all conditions (Yu et al., 2020). On the other hand, citrus seedlings pre-treated with high level of salt show greater tolerance to drought in later stages of development (Perez-Perez et al., 2007). In wheat, the stress combination of drought and salinity increases the root/shoot ratio as well as the biomass and carbon allocation to roots more than under salinity alone (Shaheen and Hood-Nowotny, 2005). Additionally in this crop, tolerance to the stress combination of drought and salinity seems to be associated with a larger root length in a cultivar-dependent manner (Dugasa et al., 2019). Ion homeostasis could play a role in the tolerance to combined salinity and drought stresses in roots. Thus, accumulation of Na+ and Cl– in the root system is one of the responses observed in several crops after exposure to the combination of drought and salinity. Barley plants subjected to salinity alone or the combination of both stresses, drought and salinity, accumulate higher levels of Na+ and Cl– while reducing the amount of K+ in roots (Ahmed et al., 2013a). In maize, the accumulation of Na+ in roots is greater under salinity than under the combination of drought and salinity (Morari et al., 2015). Salt-tolerant cotton cultivars accumulate higher amounts of Ca2+ and Mg2+ in roots after exposure to the combination of drought and salinity than sensitive cotton cultivars. This increase is accompanied by an increase in the number of vacuoles indicating a possible accumulation of ions in these organelles to avoid their excessive levels in the cytosol (Ibrahim et al., 2019). Similarly, tolerant cultivars treated with the combination of drought and salinity retain more K+ on roots than the sensitive ones indicating that accumulation of K+ in roots might also play a role in the tolerance to theses combined stresses (Dugasa et al., 2019). It has been showed that the biochemical effects of the combination of drought and salinity include the alteration of antioxidant enzymes levels in roots. In cotton roots after exposure to the combination of drought and salinity, H2O2 content and O2– generation increase whereas antioxidant enzymes activity decreases, leading to lipid peroxidation and the modification of the plasma membrane composition. Moreover, the activity of membrane H+-ATPase and Ca2+-ATPase transporters is also more reduced under the stress combination than under each individual stress (Zhang et al., 2013).

Limited information is available regarding the hormonal and molecular effects of the stress combination of drought and salinity. In citrus plants, drought increases ABA synthesis in the roots that is transported to the shoots and produce stomatal closure and leaf abscission (Syvertsen and Garcia-Sanchez, 2014). This drought-induced effect might interact with the plant salinity response since pre-treatment with ABA has shown to increase salt-tolerance in citrus (Gómez-Cadenas et al., 1998). ABA treatment also seems to alleviate salinity stress in other crops such as wheat or tomato (Afzal et al., 2006; Martinez-Andujar et al., 2021). In cotton and wheat, the overexpression of the rice gene NAC1 enhances drought and salt tolerance by enhancing root development (Saad et al., 2013; Liu G. et al., 2014). Similarly, finger millet NAC67 overexpression increases root growth and also confers tolerance in rice (Rahman et al., 2016). Expression of several genes belonging to the AREB and DREB families is increased after exposure to drought and salt individually in grapevine roots (Zandkarimi et al., 2015). Transcriptomic analyses in soybean roots show a significant overlapping between drought-stressed and salt-stressed plants suggesting common gene regulatory networks (Fan et al., 2013). In chickpea roots, transcripts that respond to drought and salinity are associated to carbohydrate metabolism, lipid metabolism, redox homeostasis and cell-wall component biogenesis suggesting the participation of these processes in the plant adaptation to these combined stresses (Garg et al., 2016). Although these studies suggest that the root response to drought and salinity stresses might share similarities, more research is needed to understand the regulatory networks underlying these combined stresses.



Salinity and Nutrient Deficiencies

Salinity stress is a major thread to agriculture worldwide, particularly in arid or semi-arid lands (Gupta and Huang, 2014). Excess of salt in the soil decreases the capacity of the plant to absorb nutrients linking both stresses, salinity, and nutrient deficiency (Acosta-Motos et al., 2017). Consequently, the combination of both stresses will create an exceedingly adverse environment for plant growth and crop yield. As described before, roots play an important role in the plant response to salinity and nutrient deficiencies. An enlarged and expanded root system with better capability to absorb nutrients from the soil has been associated with the tolerance to osmotic stress in several species such as maize and coffee (Ober and Sharp, 2003; Pinheiro et al., 2005; Sharp et al., 2006). The capacity of roots to absorb and retain K+ together with the whole plant K+/Na+ ratio is one of the mechanisms that has been correlated with salt-tolerance (Kumari et al., 2021; Tao et al., 2021). It is already known that soil salinity can induce nutrient deficiency due to the similar chemical properties of Na+ and K+ (Hasanuzzaman et al., 2018). Under high salinity, Na+ can cause the disruption of the activity of root K+ channels and low affinity K+ channels by acting as Na+ transporters (Chinnusamy et al., 2005). Thus, a correlation between roots K+ status and salinity tolerance has been described in barley and wheat (Chen et al., 2007; Cuin and Shabala, 2007). On the contrary, in wild barley, Hordeum maritimum, root growth is equally affected by salinity under either high or low K+ (Hafsi et al., 2007). But in maize, salinity alone has shown to decrease K+ uptake as well as K+ transport from roots to shoots and this effect is worsened under K+ deficiency (Botella et al., 1997). In red beet, low levels of K+ in the soil increase the Na+ uptake under salinity stress (Subbarao et al., 2000). Additionally, salinity stress in combination with K+ deficiency increases the levels of the antioxidant compound MDA in roots of the herbaceous plant Aeluropus lagopoides (Alikhani et al., 2011).

Other nutrient deficiencies that might interact with the root responses to salinity stress are P and N deficiencies. In Arabidopsis, P-starvation influences root responses to salinity affecting mainly the development of the lateral roots (Kawa et al., 2020). Wheat plants subjected to either low P, salinity or the combination of both show reductions in root growth but the effects of low P and the stress combination increase compare to salinity alone. Furthermore, wheat cultivars differing in salt tolerance are similarly affected by either low P or the stress combination (Abbas et al., 2018). On the other hand, P deficiency together with salinity stress decrease the accumulation of P in maize while salinity stress alone tends to increase the root P concentration in soybean (Phang et al., 2009). The detrimental effects of P deficiency and salinity on plant growth are more pronounced in cultivated barley than in wild barley. This lower effect correlates with a larger root system, higher root/shoot ratio and higher root P content under these stresses (Talbi Zribi et al., 2011; Zribi et al., 2014). Moderate salinity seems to alleviate the P-starvation response in barley by increasing root growth and K+/Na+ ratio (Zribi et al., 2012). Conversely, P-starvation increases salinity tolerance by increasing the root/shoot ratio, root length, K+/Na+ ratio and antioxidant capacity in barley (Talbi Zribi et al., 2011). However, another study in barley has shown that exogenous application of P enhances salinity tolerance due to root ion accumulation and root growth induction together with an increase in the levels of proline and soluble sugars in the shoots (Khosh Kholgh Sima et al., 2012). Additionally, the activity of root pyrophosphatases involved in the recycling of free Pi has been involved in the root response to the combination of salinity and nutrient deficiencies. Overexpression of a H+-pyrophosphatase from Salicornia europaea confers tolerance to the combination of salinity and N deficiency by increasing the amount of sugars and the transport of photosynthates to roots in wheat (Lv et al., 2015). Similar results are found in tobacco, where overexpression of a wheat vacuolar H+-pyrophosphatase enhances tolerance to salinity and P and N deficiencies by enlarging the root system and improving nutrient absorption (Li et al., 2014). In maize plants overexpressing a H+-pyrophosphatase, the enlargement of the root system is associated to the upregulation of genes related to auxin transport, suggesting a role of this hormone in the response to this stress combination (Pei et al., 2012). Finally, salinity stress might cause changes in the membrane permeability impeding the uptake of heavy metals. But when salinity is combined with N deficiency this effect seems to be blocked favoring the entrance of heavy metals in the root (Cheng et al., 2012). In summary, interplay between ions homeostasis and root development seems to underlie the tolerance to salinity and nutrient deficiency, revealing root development and function-related traits as promising targets to cope with these combined stresses in crops.



Salinity and Flooding

Another risk for agriculture associated to climate change is related to the increase in extreme rainfall that is raising the frequency of flooding events. Floods aggravate food insecurity by destroying cropping areas and delaying crop planting due to the associated high soil moisture (Lei et al., 2013; Iizumi and Ramankutty, 2015). Flooding causes changes in soil structure, depletes O2, enhances the amount of CO2, and increases the amount of elements such as Mg or Fe in the soil (Kozlowski, 1997). The depletion of O2 in the soil leads to a switch from aerobic to anaerobic metabolism in roots, accelerating root senescence and reducing root and shoot growth (Barrett-Lennard, 2003; Teakle et al., 2006). Flooding can also cause down-regulation of aquaporins expression, thus reducing root hydraulic conductance (Arbona et al., 2009; Gimeno et al., 2012; Rodríguez-Gamir et al., 2012). An increase in the flooding of coastal regions due to the rising of the sea-level and the alteration of climatology has been predicted for the near future. More frequent waves and storm surges are increasing seawater flooding of coastal regions (Vitousek et al., 2017). As a result, anionic and osmotic stress caused by the high salinity of seawater will become an additional problem besides the low O2 and CO2 levels caused by anoxia. The most common developmental root response to flooding is the development of adventitious roots and aerenchyma tissue formation. The expansion of the adventitious roots increases plant biomass and due to its high porosity improves water and nutrients uptake under the submerged state (Zhang et al., 2017). On the other hand, aerenchyma tissues enable the passage of oxygen from shoots to roots assisting the oxygenation of submerged tissues (Colmer, 2003).

Salinity stress in combination with waterlogging causes more damage to crops, including their roots, than salinity stress alone (Barrett-Lennard and Shabala, 2013). In summer squash, the combination of salinity and flooding affects the number and length of adventitious roots, number of lateral roots and root dry weight (NeSmith et al., 1995). Additionally, waterlogging can diminish the adaptation strategies that plants use to cope with salinity, such as the exclusion of Na+ and Cl– (Kahlown and Azam, 2002). An increase in the level of CO2 as a result of flooding is accompanied by phytotoxin accumulation, which inhibits root respiration in soybean (Tewari and Arora, 2016). The absence of O2 in the root-zone as a consequence of flooding events also causes an increase in the uptake of Na+ and a decrease in K+ in roots of several species such as wheat, barley, and cotton (Barrett-Lennard et al., 1999; Pang et al., 2006; Ashraf et al., 2011). Consequently, in barley, a greater increase in root Na+ and a decrease in K+ is produced under combined salinity and flooding than under salinity stress alone (Zeng et al., 2013). As it has been mentioned, the lack of O2 in the soil leads to a switch from aerobic respiration to anaerobic respiration reducing the production of ATP and the activity of root H+-ATPases that participate in Na+ and K+ homeostasis (Zeng et al., 2013). In wheat, it has been showed that salinity intensifies the negative effect of waterlogging at all the growth stages and affects root growth (Saqib et al., 2013).

In addition, hypoxia in combination with salinity stress increases the activities of two enzymes related to anaerobic fermentation, the alcohol dehydrogenase (ADH) and the lactate dehydrogenase (LDH), and reduces aerenchyma formation in roots of wheat cultivars (Akhtar et al., 1998). In alfalfa, the stress combination of flooding and salinity also decreases the root nitrate fixation capacity but increases the production of NO that participates in the formation of lysigenous aerenchyma to enhance O2 diffusion through the roots (Wany et al., 2017; Aridhi et al., 2020). In Arabidopsis roots, the NADPH/respiratory burst oxidase protein D (RBOHD) enzyme mediates H2O2 formation and Ca2+ signaling under salinity and waterlogging, affecting ion homeostasis and reducing Na+ accumulation (Wang et al., 2019). Additionally, the combination of salinity and waterlogging seems to reduce the cytokinin levels in sunflower (Burrows and Carr, 1969). In tomato and rice, expansion of adventitious roots under flooding is regulated by ET as well as root growth under salinity, suggesting a common pathway of ET-mediated regulation of RSA by both stresses (Sauter, 2013; Tao et al., 2015). Finally, proteomic analysis in soybean seedlings has shown that proteins responding to salinity and waterlogging stress combination are mainly involved in the maintenance of energy and N metabolism, osmotic adjustment-related secondary metabolites such as anthocyanins and flavonoids, and protein trafficking and signaling (Alam et al., 2011). Further characterization of this response, specially focused on roots, will shed light on the main processes involved in the tolerance to salinity and flooding.



Nutrient Deficiencies and Drought

Besides the detrimental effects that drought has in plant growth and development, this stress seems to alter mineral nutrition. Nutrient acquisition by roots is highly dependent on soil moisture and nutrient transport from roots to shoots relies mainly on leaf transpiration which is also highly influenced by the water status of the soil (da Silva et al., 2011). Water deficiency leads to the development of deeper root system to absorb water from deeper layers of the soil. This effect might be detrimental under nutrient deficiencies where a shallow and superficial root system needs to be developed to acquire some of the main nutrients that are typically distributed in the superficial areas of the soil (Ho et al., 2005). In wheat cultivars, heterogeneous distribution of nutrients in the soil enhances root growth in the areas where the nutrients are more abundant. Remarkably, the root sections growing in the nutrient-rich zone synthesize higher levels of ABA which has been linked to deeper roots and drought tolerance (Trapeznikov et al., 2003). In catalpa, N deficiency together with drought stress inhibits root growth. Conversely, exogenous application of N greatly reduces the effects of drought on roots by upregulating the expression of genes related to ABA biosynthesis and enhancing ABA signaling as well as the crosstalk with JA and auxin. Moreover, under severe drought stress, N uptake is impaired in maize roots. However, when a moderate drought stress is applied, no reduction in the capacity to acquire N is observed (Buljovcic and Engels, 2001). Adequate supply of N also enhances drought tolerance in poplars, improving the water uptake by the root system (Lu et al., 2019). In maize, the tolerance to the stress combination of N deficiency and drought seems to be cultivar-dependent and correlates with genotypes with enlarged root system (Eghball and Maranville, 1993). Interestingly, drought-tolerant sugar beet cultivars produce more root biomass as well as more root glycine betaine under combined drought and nitrogen deficiency, linking robust roots systems with their tolerance to the combination of both stresses (Shaw et al., 2002). Transcriptome analysis in poplar roots identify several transcripts that are specifically regulated under the combination of low N and drought. Most of the transcripts related to ammonium transporters and uptake are increased suggesting a preference for ammonium as a nitrogen source under these combined stresses (Zhang et al., 2018). Modulation of root length and RSA have shown to play an important role in drought tolerance and P-starvation in common bean (Margaret et al., 2014). Additionally, root hairs are essential for nutrient uptake, especially on P acquisition (Jungk, 2001). Barley genotypes with less root hairs are much more sensitive to the stress combination than wild type plants (Brown et al., 2012). Root hairs also play an important role on tolerance to drought and P-starvation in maize (Klamer et al., 2019). Drought-tolerant maize cultivars develop larger root system, root surface area and volume under P-starvation than drought-sensitive cultivars (Cantão et al., 2008). And in groundnut, the presence of larger roots, higher root density and root dry matter correlates with the tolerance to combined drought and P-starvation indicating the importance of these root traits in the plant adaptation to these stresses (Falalou, 2018).




Environmental and Atmospheric-Related Stresses


High CO2 and Drought

The levels of atmospheric CO2 have been continually raising since the industrial revolution and will continue to increase in the future (Ciais et al., 2013). Apart from its indirect effects on the environment, elevated CO2 levels have direct effects in crops mainly affecting the photosynthesis rate (Dusenge et al., 2019). Elevated CO2 not only affects the aerial parts of the plant but also the root system. High CO2 levels increase root length and diameter and modify root nutrient acquisition (Nie et al., 2013). Drought stress triggers stomatal closure to avoid water loss but also decreases CO2 absorption diminishing photosynthesis and negatively affecting plant growth (Li S. et al., 2020). The effects of elevated atmospheric CO2 in combination with drought stress cause a positive interaction and might mitigate each other’s negative effects (Mittler, 2006; Suzuki et al., 2014). Soybean plants subjected to drought and high CO2 allocated the same biomass to the roots than plants exposed to drought stress alone (Li et al., 2013). Additionally, the increase in photosynthesis and water use efficiency produced by elevated CO2 could improve the amount of C assimilation and carbohydrates synthesis, having a positive effect on root growth (Sun et al., 2012; Yan et al., 2017; Uddin et al., 2018). Thus, elevated CO2 has been correlated with enhanced root biomass, length, area and density due to an increase in carbon assimilation in sorghum (Chaudhuri et al., 1986). An increase in root length, as a consequence of elevated CO2 and drought, has been observed in several crops such as wheat, barley and coffee (Chaudhuri et al., 1990; De Souza et al., 2015; Avila et al., 2020; Bista et al., 2020). In addition to the effect on root growth, elevated CO2 also enhances root respiration in drought-stressed pepper plants (del Amor et al., 2010). In cucumber, elevated CO2 increases root biomass and hydraulic conductivity under moderate drought stress, and regulates the expression of aquaporin-related genes (Li Y. et al., 2020). In barley, the exudation of sugars and carbon is lower in elevated CO2 conditions than in ambient CO2 under well-watered regimes. However, if plants are exposed to drought stress, the exudation of sugars and carbon is higher under elevated CO2 (Zandkarimi et al., 2015). Elevated atmospheric CO2 produces changes in nutrient uptake under drought stress. In barley, drought stress alone significantly reduces the uptake of N and P but the increase of CO2 has no clear effect. However, high levels of CO2 and drought cause a mild increase in the activity of NRT1 and AMT1 which are root transporters for NO3– and NH4+, respectively (Bista et al., 2020). This observation could indicate a positive effect in the uptake of nutrients under drought stress caused by elevated CO2. Finally, epigenetic regulation has shown to play a role in the root responses to the combination of drought and elevated atmospheric CO2. Several drought–induced miRNAs that participate in carbon fixation, starch and sucrose metabolism, and hormone regulation have shown to respond to this stress combination in sweet potato storage- roots (Saminathan et al., 2019).



High CO2 and Salinity

Elevated atmospheric CO2 is likely to interact with salinity in some areas of the agricultural land. Although the combined effects of high CO2 and salinity stress on crops are not well understood, few studies have suggested that they might have antagonistic effects. Thus, high CO2 might mitigate the negative effects of salinity stress on plants. In peanut, root growth under salinity stress is enhanced by elevated CO2 (Ratnakumar et al., 2013). In sorghum, elevated CO2 has beneficial effects in root biomass under saline conditions. High CO2 levels also decrease Na+ and increased K+ on salt-stressed roots compared to plants treated with salinity and ambient CO2 suggesting a positive effect of CO2 in ion homeostasis of salt-stressed roots (Keramat et al., 2020). In olive trees, elevated CO2 decreases the levels of Na+ and Cl– in roots of salt-sensitive cultivars but has no effect on ion concentrations of salt-tolerant cultivars roots (Melgar et al., 2008). In citrus cultivars, the decrease in the levels of Na+ in salt-stressed roots as a consequence of elevated CO2 is also observed (García-Sánchez and Syvertsen, 2006). On the contrary, the levels of Na+ on salt-stressed roots are not affected by high CO2 in tomato (Takagi et al., 2009). In broccoli, enhanced CO2 improves the tolerance to salinity by enhancing the activity of root PIP aquaporins that modulates water balance (Zaghdoud et al., 2013). In tomato, elevated CO2 causes a greater tolerance to salinity stress due to the reduction of ABA and the ET precursor (ACC) levels and enhanced root growth (Brito et al., 2020). In pepper, elevated CO2 also causes a reduction on the amount of ABA and an increase in cytokinin levels in roots under salinity stress when compared to salinity and ambient CO2. This increase in the level of cytokinin could prevent the downregulation of the photosynthesis (Piñero et al., 2014). In summary, although high CO2 seems to mitigate the negative effects of salinity stress more experiments are needed to confirm this conclusion.





CONCLUSIONS AND FUTURE PERSPECTIVES

Roots are essential to detect and respond to many of the abiotic stresses caused by climate change. For this reason, root adaptive traits constitute an attractive target for future breeding programs trying to address cross-tolerance to multiple abiotic stresses related to climate change. As we have summarized in this review, plant research has only recently started to focus on abiotic stress combinations and the role of roots in these abiotic stress responses is still not well understood. To achieve multi-stress tolerance in roots, first, we need to identify the stress signaling and regulatory pathways shared across stresses. Several key TFs and other regulatory factors modulating combined abiotic stress-related gene expression has already been identified and could be potential genetic tools for cross-tolerance (Yoon et al., 2020). Similarly, recent advances in the common role of hormonal crosstalk and epigenetic mechanisms between stresses could also provide new targets for improving crop resilience. Once major genetic targets are identified and characterized, we will need to reliable and sustainable engineer multi-stress tolerance into crops. In this context, genome editing and cisgenesis are being proven to be a straightforward strategy to introduce desirable root traits and genes into different species of crops (Li et al., 2018). Another interesting strategy to use beneficial root traits to enhance multi-stress tolerance is to take advantage of plant natural variation. Wild relatives from important commercial crops that are tolerant to many abiotic stresses constitute an important source of genetic resources that can be used in breeding programs to achieve tolerance to abiotic stresses in commercial cultivars (Nevo and Chen, 2010; Atwell et al., 2014). Another emerging approach with great potential in cross stress tolerance is based on the advances in our understanding of plant stress memory and priming. Induced short or long-term memory enable crops to be tolerant to additional stresses after exposure to a primary stress or priming agent (Choudhary et al., 2021; Srivastava et al., 2021). The next challenge will be to find the way to incorporate concurrent stresses to this type of strategies (Kollist et al., 2019). Climate change is also enhancing the expansion and virulence of crop root-pathogens (Singh et al., 2018; Savary et al., 2019). Combination of abiotic stresses with biotic stresses in the field increase yield losses even further (Daami-Remadi et al., 2009; Suzuki et al., 2014; Anunda et al., 2019). A better understanding of the crosstalk between environmental conditions and pathogen interaction with plants will be required to produce disease-resistant crops also resilient to climate change. In summary, combined abiotic stress tolerance is a fast-developing field due to the urgency of finding solutions to confront climate change impact on crop productivity. In this context, more efforts on discovering new insights and approaches to understand the role of root systems in abiotic stress will be needed to incorporate beneficial root traits as a valuable tool to enhance combined abiotic stress tolerance (Figure 3).


[image: image]

FIGURE 3. New perspectives and approaches to improve crop root adaptation to multiples stress driven by climate change. Climate change is threatening agricultural productivity. High temperatures together with an increase in atmospheric CO2 are leading to changes in the rainfall patterns and increase frequency of extreme weather events like drought, freezing and heat waves. The combination of these environmental changes severely reduce crop yield. To be able to cope with the negative effects of climate change and to guarantee food security is crucial to develop crops that are more resilient to these new combined environmental conditions. In this context, robust and better adapted root systems withhold the potential to reach this goal. Moreover, new perspectives and approaches in the implementation of the knowledge of the role of root traits in the adaptation of crops to combined abiotic stresses will be needed to face this challenge.
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Leaf rolling is an important agronomic trait in wheat (Triticum aestivum L.). Moderate leaf rolling keeps leaves upright and maintains the relatively normal photosynthesis of plants under drought stress. However, the molecular mechanism of wheat leaf rolling remains unclear. Here, we identified a candidate gene TaMYB5-3A that regulates leaf rolling by using a genome-wide association study (GWAS) in a panel of 323 wheat accessions. Phenotype analysis indicated that the leaves of tamyb5 mutants were flatter than that of the wild type under drought condition. A nucleotide variation in the TaMYB5-3A coding region resulted in a substitution of Thr to Lys, which corresponds to two alleles SNP-3A-1 and SNP-3A-2. The leaf rolling index (LRI) of the SNP-3A-1 genotype was significantly lower than that of the SNP-3A-2 genotype. In addition, TaMYB5-3A alleles were associated with canopy temperature (CT) in multiple environments. The CT of the SNP-3A-1 genotype was lower than that of the SNP-3A-2 genotype. Gene expression analysis showed that TaMYB5-3A was mainly expressed in leaves and down-regulated by PEG and ABA treatment. TaMYB5 induces TaNRL1 gene expression through the direct binding to the AC cis-acting element of the promoter of the target gene, which was validated by EMSA (electrophoretic mobility shift assay). Our results revealed a crucial molecular mechanism in wheat leaf rolling and provided the theoretical basis and a gene resource for crop breeding.
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Introduction

Wheat (Triticum aestivumL.) has been one of the most widely cultivated crops in the world since the Neolithic Age and provides about 20% of calorie intake for humans (Shiferaw et al., 2011). Leaf is the primary organ to process photosynthesis in plants, and the photosynthetic rate is directly affected by its morphological characteristics (Zhang et al., 2015). Leaf shape plays a critical role in photosynthesis and plant development by affecting light interception, transpiration, and leaf dehydration (O”Toole and Cruz, 1980). Leaf rolling is a highly complex agronomic trait regulated by genotype and environment (Li et al., 2017). Moderate leaf rolling keeps the leaves upright and improves the population structure, finally enhances light capture and photosynthesis (Zhu et al., 2001; Richards et al., 2002). Under drought stress, moderate leaf rolling maximizes light capture, accelerates dry-matter accumulation, boosts yield, decreases transpiration, changes water uptake capacity, and then affects drought resistance (Lang et al., 2004; Moon and Hake, 2011). In addition, appropriate leaf rolling can decrease the solar radiation on leaves, cumulative transpiration, and water loss, and thus leaf rolling is crucial to improve tolerance of plants to drought stress (Lian et al., 2004; Kadioglu and Terzi, 2007). Therefore, leaf rolling is regarded as a crucial agronomic trait for crop breeding, which is extremely significant for obtaining ideal plant architecture and drought tolerance (Yuan, 1997; Chen et al., 2001).

Due to its agronomic importance, some genes and their pathways involved in controlling leaf rolling have been identified and characterized in crop plants. Most genes could regulate leaf rolling by affecting bulliform cells development or secondary cell wall biosynthesis, for example, srl1 and url1 mutants exhibited adaxial rolling of leaves due to changes in the number and size of bulliform cells (Xiang et al., 2012; Fang et al., 2021). psl1 is a rice photo-sensitive leaf rolling mutant that bulliform cells and cell wall biosynthesis changed significantly, which displayed leaf rolling when exposed to high light intensity (Zhang et al., 2021). NRL1 encodes a cellulose synthase-like protein that is crucial for cell wall formation, and the reduced expression of NRL1 in the mutant displayed adaxially rolled leaves, which was due to the reduction of bulliform cells size in rice (Hu et al., 2010). The loss-of-function mutant of rl14 and cld1 displayed leaf rolling via affecting bulliform cells size, and the cell wall formation was affected by changing the content of lignin and cellulose in the cell wall. The loss of CLD1 function accelerated water loss, reduced leaf water content, and drought resistance of the plant (Fang et al., 2012; Li et al., 2017). The genes of ACL1 and ROC5 have also been reported to regulate leaf rolling by affecting bulliform cell development (Li et al., 2010; Zou et al., 2011). Moreover, the abnormal establishment of adaxial–abaxial polarity also is considered a crucial factor in leaf rolling (Yamaguchi et al., 2012). A maize gene RLD1 encodes an HDZIP III family protein that regulates leaf abaxial establishment (Juarez et al., 2004). Recent studies have shown that rolled fine striped (RFS) gene causes extreme leaf rolling due to the abnormal development of vascular cells on the adaxial side of leaf in rice (Cho et al., 2018). SLL1 and SRL2 were also found to regulate leaf rolling by influencing the development of abaxial sclerenchymatous cells in rice (Liu et al., 2016).

MYB transcription factors (TFs) contain a highly conserved MYB DNA-binding domain (DBD) that generally consists of 1–4 incomplete MYB repeats of approximately 52 amino acids. Based on the number of incomplete repeats in their DBD, the MYB family is divided into four classes, 1R-MYB, R2R3-MYB, 3R-MYB, and 4R-MYB proteins. MYB TFs play an essential role in regulating various developmental processes, primary and secondary metabolism, and a series of stress responses in plants (Dubos et al., 2010; Li et al., 2019a). Interestingly, the MYB TFs are also involved in regulating leaf rolling, such as SLL1 encodes a SHAQKYF class MYB protein belonging to the KAN subfamily and regulates leaf rolling by promoting the development of sclerenchymatous cells. The loss-of-function mutant sll1 displayed defective sclerenchymatous cells due to programmed cell death of the mesophyll cells on the abaxial side (Zhang et al., 2009). In addition, one of the most likely candidate genes in the rolled-leaf mutant (rl10) was also the MYB transcription factor belonging to the KANADI subfamily (Luo et al., 2007). The genes of TaMYB18, OsMYB60, and AtMYB101 have also been reported to regulate leaf rolling (An et al., 2014; Zhang et al., 2016; Liu et al., 2018). Moreover, the MYB TFs regulated leaf rolling by affecting secondary cell wall biosynthesis. Overexpression of OsMYB103L showed that the cellulose content and the expression levels of several cellulose synthase genes (CESAs) were remarkably increased, and resulted in the rolling of leaves in rice (Yang et al., 2014). Recent studies have shown that OsSND2 regulates leaf rolling by promoting the expression of OsMYB61, which affects the biosynthesis of secondary cell walls (Ye et al., 2018).

Several genes that regulate leaf rolling in crops have been reported, but their molecular mechanisms, especially in wheat, remain unclear. In the present study, through genome-wide association study (GWAS), we identified a novel R2R3-MYB gene, TaMYB5, that regulates leaf rolling in wheat. Association analysis showed that TaMYB5 was significantly associated with canopy temperature (CT) in multiple environments, and favorable genotypes of TaMYB5 have been positively selected in different ecological regions of wheat in China. Further studies showed that TaMYB5 directly binds to the promoter through AC cis-acting element to induce the expression of the TaNRL1 gene. The phenotype of tamyb5 mutants under drought stress verified that TaMYB5 was involved in leaf rolling regulation. Our results revealed a crucial molecular mechanism of wheat leaf rolling, and provided the theoretical basis and a gene resource for crop breeding.



Materials and methods


Plant materials and measurement of leaf rolling index

Thirty-two wheat accessions with wide variations (Zhang et al., 2013) were used to detect the nucleotide polymorphism of the target gene. Three winter wheat populations were employed in this study. Population 323 (P323) was used for GWAS. The accessions include 12 landraces, 36 advanced lines, and 275 modern cultivars, most of whose flowering dates occurred within 1 week, mainly planted in the Yellow and Huai River Valleys Facultative Wheat Zone and the Northern Winter Wheat Zone in China (Li et al., 2019b). Population 157 (P157) (157 landraces) and Population 348 (P348) (348 modern cultivars) collected from all 10 wheat production zones in China were used for haplotype analysis (Wang et al., 2019).

The P323 was planted to investigate agronomic traits at Shunyi (SY) (40°23′N; 116°56′E) and Changping (CP) (40°13′N; 116°13′E) in Beijing, China during the 2016–2017 growing seasons. Two water treatments, rain-fed (drought stress, DS) and well-watered (WW), were applied. The WW plot was irrigated with 750 m3 ha–1 (75 mm) water at pre-overwintering, flowering, and grain-filling stages, respectively, if the rainfall in the corresponding period was insufficient. The total precipitation in the growing seasons was 143 mm. Heat stress (HS) treatment was conducted in a polyethylene-covered greenhouse at the 1-week post-anthesis stage (Li et al., 2019b). Each accession was planted in four rows, with row spacing of 30 cm, length of 2 m, and 40 seeds in each row. Five plants were randomly selected for phenotyping.

For GWAS, P323 was planted in Changping, Beijing, during the 2019–2020 and 2020–2021 growing seasons, and the LRI of 323 accessions was measured. Two water regimes DS and WW were applied in this study. The width of the flag leaf was detected one-third away from the leaf sheath, and the natural leaf width (Ln) and fully unfolded leaf width (Lw) were measured with three replicates, respectively. The LRI data were measured from 8:00 to 10:00 and from 15:00 to 18:00 at the 2-week after flowering. The LRI of flag leaves was calculated by the formula: “LRI = [(Lw − Ln)/Lw] × 100%,” Lw means the expanded distance of leaf blade margins, Ln means the natural distance of the leaf blade margins, and the low and high of LRI value represent the slight and severe degree of leaf rolling, respectively (Shi et al., 2007).



Genome-wide association study of leaf rolling

GWAS of wheat leaf rolling genes was performed by analyzing the wheat natural variation population P323. The overall LRI used for GWAS was calculated as the best linear unbiased predictions (BLUPs), which were based on a mixed linear model and performed using the lme4 package in R 3.3.0. Genotyping was performed by using the 660K SNP Array as previously described (Li et al., 2019b). After removing nucleotide variations with missing rates ≥ 0.2 and minor allele frequency (< 0.05), 395,675 SNPs were used for GWAS in this research. On the whole genome scale, in consideration of the population structure (Q) and familial kinship (K), a mixed linear model (MLM) was applied to analyze the association between molecular markers and traits by using TASSEL 5.0 software (Li et al., 2019c).



Generation and phenotypic analysis of wheat mutant

Three wheat mutants (tamyb5) were obtained by exome sequencing (data not published) from a population, which was a wheat variety Aikang58 (AK58) mutant population induced by ethyl methanesulfonate (EMS). These mutants were backcrossed two times with wild-type AK58 to eliminate the noise in the genetic background. To observe the leaf phenotype at the flowering stage, wheat plants were grown in artificial climate chambers under long-day conditions (16 h light, 25°C/8 h dark, 20°C) at 60% humidity. Plants were treated with drought stress at the post-anthesis stage. The leaf phenotyping was performed and the LRI was measured after 18 days of drought treatment.



Functional marker development and association analysis

Wheat DNA was extracted from the young leaves by the CTAB method (Stewart and Via, 1993). TaMYB5 was cloned by performing PCR amplification using TransStart FastPfu DNA Polymerase and subsequently ligated into a pEASY-Blunt vector for sequencing (Trans Gen Biotech, Beijing). The PCR conditions were 95°C for 5 min; 35 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 1 min; followed by a final extension of 72°C for 10 min. Five positive clones were randomly picked for sequencing.

Sequence polymorphism of the TaMYB5 gene was detected in 32 wheat accessions with wide variations. Based on a SNP (C/A) located at 544 bp of the gene coding region, a dCAPS marker was developed to distinguish the C/A genotype by mismatching nucleotide to create the Sal I restriction site. The first-round PCR products were obtained by genome-specific primers and used as the templates for the second round of PCR. Second-round PCR products were digested by Sal I restriction enzyme at 37°C for 2 h and then target fragments were separated by electrophoresis in 4% agarose gel (Wang et al., 2020). Association analyses were conducted by SPSS 16.0 software. P < 0.05 was considered a significant correlation. The primers are shown in Supplementary Table 1.



Gene expression analysis

Gene expression analysis was performed using wheat variety Hanxuan 10 as the plant material. Tissue-specific gene expression was analyzed in leaf, root base, and root of seedling at the two-leaf stage, as well as in leaf, spike, penultimate node, root base, root tissues at different depths of jointing stage plants. Wheat seedlings were cultured by hydroponics. Seedlings at two-leaf stage were treated with PEG-6000 (−0.5 MPa) and 50 μM abscisic acid (ABA), and the leaves were collected at 0, 0.5, 1, 2, 3, 6, 12, 24, 48, and 72 h under the treatments (20 h light/4 h dark). Samples at 0 h served as the control. Total RNA was extracted with a TRIzol reagent (TIANMO, Beijing). cDNA was synthesized with a FastQuant RT Kit (TIANGEN, Beijing). Gene expression levels in plant samples were detected using quantitative real-time PCR (qRT-PCR), which was performed with a SYBR Green PCR Master Mix Kit (TAKARA, Beijing). Five plants were harvested for each replicate, and the three biological replicates were set for each treatment.



Subcellular localization

Full-length ORF of TaMYB5 was cloned and inserted into the pCAMBIA1300GFP vector to generate the p35S-TaMYB5-1300GFP construct. The recombinant plasmid was transformed into Agrobacterium tumefaciens strain EHA105 and then transiently expressed into Nicotiana benthamiana leaves (Zhuang et al., 2021). After 48 h of culture, the green fluorescence signal was detected by a confocal microscope (Carl Zeiss, Germany).



Transcriptional activity analysis

To detect the transcription activity, the full-length cDNA of TaMYB5 was fused into p35S-GAL4DB-NOS to generate the p35S-GAL4-TaMYB5-NOS fusion plasmid. The p35S-5 × GAL4-LUC-NOS, p35S-REN-NOS vectors served as the reporter plasmids, and p35S-GAL4DB-NOS served as the effector plasmids (Liu et al., 2020). The TaMYB5-GAL4DB, the firefly luciferase (LUC), and Renilla luciferase (REN) plasmids were co-transformed into tobacco protoplasts to detect the LUC activity ratios (LUC/REN).



Dual-luciferase reporter assay

The p35S-TaMYB5-1-1300GFP and p35S-TaMYB5-2-1300GFP were used as effectors. proTaNRL1 was fused into the pGreenII 0800-LUC vector to generate the reporter constructs. pCAMBIA1300-GFP served as vector control. They were transformed into Agrobacterium tumefaciens strain GV3101 and then transiently expressed into tobacco leaves (Li et al., 2022). The luciferase activities were tested using Dual-Glo Luciferase Assay System (Promega, United States).



Yeast one-hybrid assays

The CDS sequences of TaMYB5-1 and TaMYB5-2 were cloned and fused into the pB42AD as the effector vector. The promoter fragment of TaNRL1 containing the “ACCTAAC” element was cloned and inserted into the pLacZ vector as a reporter. The effector and reporter plasmids were co-transformed into yeast strain EGY48. Empty pB42AD and pLacZ were used as negative controls. Yeast strain was grown on SD/-Trp/-Ura medium containing X-Gal to detect the interaction at 29°C.



Electrophoretic mobility shift assays

The cDNA sequence of TaMYB5 was fused into vector pGEX-4T1 to construct GST-TaMYB5. The empty GST vector pGEX-4T1 and GST-TaMYB5 were transformed into the Escherichia coli expression strain BL21 (Wang et al., 2020). TaMYB5 protein was induced by 0.2 mM IPTG at 16°C for 10 h and was purified using glutathione-sepharose 4B (GE Healthcare, United States). Biotin-labeled ACC-box and mutant ACC-box, unlabeled ACC-box and mutant ACC-box, and their reverse complementary sequences were synthesized and used as probes. EMSA assay was performed using a LightShift® Chemiluminescent EMSA Kit (Thermo, United States).




Results


TaMYB5-3A is associated with wheat leaf rolling

In order to characterize genes associated with wheat leaf rolling, we assembled a natural population of P323 consisting of 323 winter wheat accessions from 10 major wheat regions in China, which had been used for GWAS (Li et al., 2019c; Wang et al., 2021). The leaf rolling degree of each accession was analyzed by measuring and calculating the LRI at the flowering stage. There was a large variation of LRI in 323 accessions, ranging from 0.17% to 70.63%, which indicates that the leaf rolling at the flowering stage is suitable for genetic analysis. Two extreme phenotypes of leaf rolling in the population are shown in Supplementary Figure 1. On the whole genome scale, in consideration of the population structure (Q) and familial kinship (K), mixed linear model (MLM) with the correction function was applied to analyze the association between markers and traits. A haplotype block (479,471,884 bp–480,575,035 bp) on chromosome 3A was significantly associated with LRI and contained 12 candidate genes (Figure 1 and Supplementary Table 2). It has been reported that the MYB family genes were involved in regulating leaf rolling in plant; therefore, TraesCS3A02G257800 was selected as a candidate gene for regulating leaf rolling. Protein structure analysis showed that TraesCS3A02G257800 is an MYB protein with two incomplete MYB repeats, belonging to the R2R3-MYB family (Supplementary Figure 2A). Further phylogenetic analysis showed that MYB5 was the closest homologous to TraesCS3A02G257800, hence the gene was named TaMYB5-3A (Supplementary Figure 2B).
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FIGURE 1
A natural variation in TaMYB5 was associated with wheat leaf rolling. (A) A regional Manhattan diagram of the TaMYB5-3A genomic region (477,138,673 bp–482,177,523 bp). One hundred twenty-five SNPs were used in the association analysis. The SNP in the TaMYB5 coding region is represented by a red dot. The P-value is shown on a −log10 scale. (B) Linkage disequilibrium (LD) heat map of the chromosome region. These genes within the block region are shown with arrows. The position of TaMYB5-3A (TraesCS3A01G257800) is shown with a red arrow. Red triangle box highlight the strong LD of a haplotype block.




Phenotype of tamyb5 mutants

To verify the relationship between TaMYB5 and wheat leaf rolling, we selected three tamyb5 mutants (Supplementary Table 3) and backcrossed the mutants with the wild type (WT, AK58) two times to eliminate background noise. Under drought treatment, the leaves of tamyb5 mutants were flatter than that of WT at the flowering stage (Figure 2A), and the LRI index of WT was more than 60%, while that of mutant plants was less than 10% (Figure 2B). The phenotype of the tamyb5 mutant further confirmed that TaMYB5 was involved in the regulation of wheat leaf rolling.
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FIGURE 2
The phenotypes of tamyb5 mutants and WT (wild-type AK58). (A) Phenotypes were observed under 18 days of drought treatment at the post-anthesis stage. The leaves of tamyb5 mutants were flatter than that of the WT. There is no significant phenotypic difference in leaf rolling between tamyb5 mutants and WT before drought stress. (B) Leaf rolling index (LRI) of WT and tamyb5. Data are presented as mean ± SE (n = 9). ***P < 0.001.




TaMYB5-3A is associated with leaf rolling and canopy temperature

To further clarify the relationship between TaMYB5 and leaf rolling, we analyzed the polymorphism of TaMYB5 coding regions in 32 wheat cultivars with wide variations (Supplementary Table 4). A SNP (C/A) was detected at 544 bp of the TaMYB5-3A coding region, resulting in a Thr to Lys substitution, corresponding to two alleles SNP-3A-1 and SNP-3A-2 (Figure 3A). Based on the SNP (C/A), a marker of TaMYB5-3A-dCAPS was developed to distinguish the two alleles (Figure 3B). The marker contained a base mismatch in the upstream primer that generated the recognition site for the restriction enzyme Sal I (Figure 3C). TaMYB5-3A-dCAPS was significantly correlated with leaf rolling, and the LRI of SNP-3A-1 was significantly lower than that of SNP-3A-2 (Figure 4A). The results confirmed that TaMYB5 played a role in wheat leaf rolling.


[image: image]

FIGURE 3
Nucleotide polymorphisms and molecular marker development of TaMYB5-3A. (A) Schematic diagram of the TaMYB5-3A structure, including two exons and one intron. One SNP was detected in the coding region of TaMYB5-3A. (B) The TaMYB5-3A-dCAPS marker was developed based on the SNP (C/A) at 544 bp. Red rectangle and dot represent the introduction of the Sal I restriction site by base mismatched (A to T), and red letters represent the different bases at 544 bp of the TaMYB5-3A coding region. (C) PCR products were digested by Sal I. The 153 bp fragment amplified from accessions with SNP-3A-1 could be digested by Sal I into 132 bp and 21 bp, while the 153 bp fragment amplified from accessions with SNP-3A-2 could not be digested. M, 100 bp DNA ladder. SNP-3A-1 (C) was the majority in the wheat population, and this sequence was used in subsequent experiments if not specified.
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FIGURE 4
Comparisons of LRI (leaf rolling index), and CT (canopy temperature) in the two TaMYB5-3A genotypes SNP-3A-1 and SNP-3A-2. (A) LRI comparisons of two TaMYB5-3A genotypes in six environments. LRI data were collected in 2020 and 2021; 20, 2020; 21, 2021; DS, drought stress; WW, well-watered; 1 or 2 after 20DS or 20WW refers to two replicates set for each treatment, respectively. (B) CT comparisons of two TaMYB5-3A genotypes in nine environments. CT data were collected in 2017. Plant growth stages: J, jointing stage; G, grain-filling stage. Planting locations: CP, Changping, SY, Shunyi. Treatments: DS, drought stress; WW, well-watered; HS, heat stress. The significance of data differences is tested by Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001. Error bar, ± SE.


Previous studies suggest that leaf rolling is correlated with canopy temperature (CT) under moderate drought stress (Garrity and O’Toole, 1995). Association analysis was conducted between TaMYB5-3A and agronomic traits in the wheat population P323 and found that TaMYB5-3A was significantly correlated with CT under five environmental conditions. The CT of SNP-3A-1 was significantly lower than that of SNP-3A-2 (Figure 4B).

The frequency distributions of these two alleles in different wheat zones were determined in wheat populations P157 (157 landraces) and P348 (348 modern cultivars). The frequency of SNP-3A-1 in P157 was much higher than SNP-3A-2 in all 10 zones except for Zone VI, especially in Zones I, II, III, V, and X where all accessions were SNP-3A-1 (Figure 5A). The frequency of SNP-3A-1 in P348 was still higher than SNP-3A-2 in all 10 zones (Figure 5B). However, from landraces to modern cultivars in China, SNP-3A-1 with flat leaf and low CT was positively selected in semi-arid areas, including the wheat Zones VI, VII, VIII, and IX, which might have improved drought tolerance of wheat accessions. SNP-3A-2 with rolling leaf and high CT was positively selected in humid and semi-humid areas, such as the wheat Zones I, II, III, IV, and V, which selected for moderate leaf rolling might contribute to photosynthesis in plant development (Figure 5 and Supplementary Figure 3; Zeng et al., 2011). Therefore, the favorable genotype was positively selected in areas with different rainfall levels during the process from landraces to modern cultivars in China.
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FIGURE 5
Frequency and distribution of two TaMYB5-3A genotypes, SNP-3A-1 and SNP-3A-2. Distribution of two TaMYB5-3A genotypes from 157 landraces (A) and 348 modern cultivars (B) in 10 Chinese wheat production zones. I, Northern Winter Wheat Zone; II, Yellow and Huai River Valleys Facultative Wheat Zone; III, Middle and Low Yangtze Valleys Autumn-Sown Spring Wheat Zone; IV, Southwestern Autumn-Sown Spring Wheat Zone; V, Southern Autumn-Sown Spring Wheat Zone; VI, Northeastern Spring Wheat Zone; VII, Northern Spring Wheat Zone; VIII, Northwestern Spring Wheat Zone; IX, Qinghai-Tibetan Plateau Spring-Winter Wheat Zone; X, Xinjiang Winter-Spring Wheat Zone.




Expression pattern of TaMYB5 gene

To explore the role of TaMYB5 in plant growth and development, we detected the expression levels of TaMYB5 in wheat tissues at the seedling stage and jointing stage by real-time quantitative PCR. The results showed that TaMYB5 was widely expressed in all tissues, and was mainly expressed in the leaf (Figure 6A), suggesting that TaMYB5 has a function in wheat leaf.
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FIGURE 6
Expression patterns of TaMYB5 in wheat. (A) Expression patterns of TaMYB5-3A in different plant tissues at seedling and jointing stage. L, leaf; S, stem; PN, penultimate node; RB, root base; R1, R2, R3, and R4 indicate the root section from the ground to 30, 30–60, 60–90, and 90–120 cm depth, respectively. (B) Relative expression of TaMYB5-3A following H2O (Control), PEG, and ABA treatment. Two-week-old seedlings of Hanxuan 10 were treated with PEG-6000 and 50 μM ABA. Leaves were collected for expression experiments. All data are the means ± SE of three independent experiments.


We next performed qRT-PCR to determine whether TaMYB5 is affected by PEG and ABA. The results showed that both ABA and PEG treatments reduced the expression of TaMYB5 in leaves. Under PEG treatment, the expression of TaMYB5 was down-regulated at 0.5 h, and there was no significant change in subsequent expression (Figure 6B). The expression of TaMYB5 decreased significantly after 0.5 h ABA treatment (Figure 6B). Taken together, these results suggest that TaMYB5 may play an important role in plant drought tolerance.



TaMYB5-3A is a nucleus-localized transactivator

To examine the subcellular localization of TaMYB5, we constructed the fusion protein of 35S-TaMYB5-GFP and transiently expressed it in tobacco leaves. The laser scanning confocal microscope images showed that the fluorescence signal of the 35S-TaMYB5-GFP fusion protein was only detected in the nucleus; nevertheless, the fluorescence of the 35S-1300GFP vector was detected across the whole cell (Figure 7A). Moreover, TaMYB5-2 was also localized in the nucleus (Supplementary Figure 4). The result provided that TaMYB5 encoded a nuclear localization protein, which was consistent with its potential localization as a transcription factor.
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FIGURE 7
Subcellular localization and transcriptional activity analysis of TaMYB5. (A) 35S-TaMYB5-GFP and the nuclear localization marker (mCherry) were transiently co-transformed into tobacco leaf cells. Scale bar = 20 μm. (B) Transcriptional activity of TaMYB5. The LUC/REN ratio of TaMYB5. Data are means of three independent experiments. *P < 0.05, ***P < 0.001. Error bar, ± SE.


We further used a dual-luciferase reporter system to detect the transcriptional activity of TaMYB5. The empty GAL4DB vector was used as the negative control, and the fusion vector of VP16 (Herpes Simplex Virus16) was used as the positive control. As shown in Figure 7B, TaMYB5 exhibited stronger transcriptional activity than the empty GAL4DB vector. Together, these data indicate that TaMYB5 is a transcriptional activator of nuclear localization.



NRL1 is a putative target gene promoted by MYB5

To determine the downstream target gene of TaMYB5, TaMYB5-1 and TaMYB5-2 were separately constructed into the pB42AD vector, and the promoters of predicted downstream genes were cloned into the pLacZ vector for yeast one-hybrid assays. We examined whether TaMYB5 binds to the promoter of genes involved in leaf rolling regulation, namely, ACL1, CLD1, ROC5, CESAs, RL14, NRL1, PSL1, and SRL2. Yeast one-hybrid assay showed that both TaMYB5-1 and TaMYB5-2 could bind to and activate the proNRL1 (Figure 8A). A previous study has demonstrated that NRL1 is involved in leaf rolling regulation in rice, and the loss-of-function mutant nrl1 displayed leaf rolling by affecting bulliform cell size (Hu et al., 2010). Yeast one-hybrid assay suggested that TaMYB5 could bind to the proTaNRL1, and the A/C nucleotide variation of the TaMYB5 coding region did not affect the binding to proNRL1.
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FIGURE 8
TaMYB5 binds to the wheat TaNRL1 promoter region. (A) TaMYB5 activated expression in yeast of the LacZ reporter gene driven by the AC box of TaNRL1 promoter. proNRL1 are base pairs from 1,150 bp to 2,000 bp in the promoter of TaNRL1. LacZ and pB42AD were used as negative controls. TaMYB5-1 and TaMYB5-2 correspond to SNP-3A-1 and SNP-3A-2 amino acid sequences, respectively. (B) EMSA (electrophoretic mobility shift assay) of the TaMYB5-GST protein and the AC box probe. The lower bands show the free probes and the upper bands show that the TaMYB5-GST protein binds to the biotin-labeled AC box probe. (C) Dual-luciferase assay of transformed tobacco leaves to detect the interaction between TaMYB5 and the proNRL1. Schematic diagrams of the effector and reporter constructs are shown. Data are means (± SE) of three biological replicates.


The AC box (ACCTAAC) is a specific cis-acting element regulated by the R2R3-MYB transcription factor (Prouse and Campbell, 2012). Notably, the TaNRL1 promoter region contains the AC element (Figure 8A). After the induction and purification of the TaMYB5 protein (Supplementary Figure 5), electrophoretic mobility shift assay (EMSA) was performed to examine whether the TaMYB5 protein binds to the AC element in the TaNRL1 promoter (Figure 8B). The migration rate of the biotin-labeled AC probe was significantly reduced with the addition of TaMYB5-GST protein, whereas the addition of GST protein alone did not affect the migration rate of the AC probe. In the competition experiment, the unlabeled AC probe could compete with the biotin-labeled AC probe, while the mutated probe did not affect the binding of the biotin-labeled probe to TaMYB5 protein, suggesting that TaMYB5 could specifically bind to the AC cis-acting elements.

We also performed a dual-luciferase reporter assay to further verify that TaMYB5 binds to the TaNRL1 promoter and regulates its transcription. The p35S-TaMYB5-1-1300GFP and p35S-TaMYB5-2-1300GFP were constructed as effectors, and the TaNRL1 promoter was inserted into the LUC vector as a reporter. Compared with the negative control, the LUC activities were higher when the effector and reporter were co-expressed in tobacco leaves (Figure 8C). However, the LUC activity between the two alleles of TaMYB5 was not a significant difference. Taken together, the results suggest that TaMYB5 directly binds to its promoter to promote TaNRL1 expression through AC cis-acting element, while the A/C variation of the TaMYB5 coding region does not affect the binding to the TaNRL1 promoter.




Discussion

Leaf is the main organ of photosynthesis in wheat, and its morphology directly affects the photosynthetic rate. Moderate leaf rolling can keep the leaves upright, improve the population structure, and finally enhance the light use efficiency and yield of wheat (Richards et al., 2002; Zhang et al., 2015). Therefore, it is important to reveal the molecular mechanism of wheat leaf rolling. Here, we identified a novel gene TaMYB5 in wheat involved in leaf rolling by using GWAS. A SNP identified in the TaMYB5 coding region was significantly associated with leaf rolling, and the degree of leaf rolling of SNP-3A-2 was significantly higher than that of SNP-3A-1.

MYB proteins in the plant constitute one of the largest TF families involved in diverse processes, namely, plant growth, development, metabolic and stress responses. Previous studies reported that MYB proteins are involved in leaf rolling regulation. Ectopic expression of GhMYB7 in Arabidopsis thaliana led to leaf rolling by activating a suite of genes involved in secondary cell wall formation, resulting in increased cellulose and lignin content (Huang et al., 2016). A MYB gene NbPHAN controlled leaf development by suppressing the NTH20 expression gene and regulating plant tolerance to drought stress. NbPHAN-silenced plants exhibited severe downward rolling and an increased rate of water loss (Huang et al., 2013). Here, the leaves of the tamyb5 mutant did not exhibit a severe curling response to drought stress compared with WT (Figure 2). The results confirmed that TaMYB5 was involved in leaf rolling regulation of wheat. Moreover, we found that NRL1 was a downstream target gene of TaMYB5 (Figure 8). NRL1 plays a critical role in leaf rolling by regulating bubble cell development (Hu et al., 2010). Mature leaves usually showed adaxially leaf rolling under water stress, which may be related to the bulliform cells (Fujino et al., 2008; Li et al., 2010). Under drought stress, dehydration reduces the turgor pressure of bulliform cells, resulting in leaf fold up on both sides and eventually leaf rolling. Once the water is restored, these cells absorb the water and expand again, and the leaves unfold again (Hsiao et al., 1984; Price et al., 1997). Therefore, it is speculated that the regulation of bulliform cells may be an intermediate step of TaMYB5 in regulating wheat leaf rolling under drought stress.

Leaf rolling limited transpiration and increased canopy temperature under drought stress (Lian et al., 2004; Yan et al., 2009). Canopy temperature is negatively associated with yield under water stress (Melandri et al., 2020). These two traits are important considerations for plant development and drought tolerance. However, few studies addressed functional markers for these traits. Based on the SNP locus of 544 bp in the TaMYB5 coding region, we developed a functional molecular marker related to leaf rolling and canopy temperature (Figures 3, 4), which could be used for marker-assisted selection for leaf morphology and drought resistance. These results indicate that TaMYB5 may have multiple effects on plant development and drought tolerance. In addition, we identified two alleles of TaMYB5, SNP-3A-1, and SNP-3A-2, based on the SNP locus of 544 bp. Based on the genotyping analysis of landraces and modern varieties in China, we found that the SNP-3A-1 genotype with low CT was positively selected in arid areas, while the SNP-3A-2 genotype with high leaf rolling was positively selected in humid areas (Figure 5). This may be due to the different breeding objectives of each wheat zone. The SNP-3A-1 genotype in arid areas is associated with increased drought tolerance, while the SNP-3A-2 genotype in humid areas is associated with enhanced photosynthesis. It is reported that the genotypes with a high degree of leaf rolling generally have less water uptake in the field under drought stress (Cal et al., 2019). The SNP-3A-2 genotype with a high degree of leaf rolling may not be selected in arid areas because it absorbs less water.

We tried to find out the reasons for the differences between the two TaMYB5 genotypes by yeast one-hybrid and LUC assays, but no difference was found between them. Meta-analysis of large-scale phosphoproteomic data showed protein phosphorylation mainly through forming an ester bond with Ser (80–85%), Thr (10–15%), or Tyr (0–5%) residues and then modifying the proteins in plants (Champion et al., 2004; Wijk et al., 2014). We observed a difference of Thr and Lys in the amino acids of the two proteins of TaMYB5 and then predicted their phosphorylation. Surprisingly, the differences in phosphorylation sites between the two proteins were identified (Supplementary Figure 6). Then, we selected eight accessions for each of the two extreme leaf rolling phenotypes and identified 13 variations in their promoter sequences. We then detected the expression level, but there was no significant difference in their expression levels (Supplementary Figure 7). So we inferred that the difference between the two haplotypes was caused by variations in the coding region rather than that in the promoter. Therefore, we speculated that a certain kinase might affect the phosphorylation of TaMYB5, resulting in different functions of the two proteins, which requires further experimental verification.

Overall, our research reveals a possible regulatory network, as shown in Figure 9: TaMYB5 modulates leaf rolling by promoting the expression of the TaNRL1 gene in wheat. Under well-watered condition, TaMYB5 did not affect the expression of TaNRL1, which inhibited leaf rolling and showed flat leaf. Under drought stress, the expression of TaMYB5 was reduced, and the expression of TaNRL1 decreased along with the decrease of TaMYB5, which weakened the inhibitory effect of NRL1 on rolling leaves (Hu et al., 2010), thus leaves showed a rolling state.
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FIGURE 9
A proposed model for the TaMYB5 gene in the regulation of adaxial rolling of leaf. Under well-watered, TaNRL1 was expressed normally and inhibited leaf rolling and leaves showed a flat state. Under drought stress, the expression of TaNRL1 decreased along with the decrease of TaMYB5, which reduced its ability to inhibit leaf rolling. The promoting role is represented by →, and ⊣ shows the inhibiting role.


Collectively, we identified a novel MYB gene TaMYB5, which is a transcriptional activator and regulates leaf rolling by promoting the expression of TaNRL1. In addition, TaMYB5 is also associated with canopy temperature. The functional marker TaMYB5-3A-dCAPS will be helpful for future wheat breeding.
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Millets constitute a significant proportion of underutilized grasses and are well known for their climate resilience as well as excellent nutritional profiles. Among millets, foxtail millet (Setaria italica) and its wild relative green foxtail (S. viridis) are collectively regarded as models for studying broad-spectrum traits, including abiotic stress tolerance, C4 photosynthesis, biofuel, and nutritional traits. Since the genome sequence release, the crop has seen an exponential increase in omics studies to dissect agronomic, nutritional, biofuel, and climate-resilience traits. These studies have provided first-hand information on the structure, organization, evolution, and expression of several genes; however, knowledge of the precise roles of such genes and their products remains elusive. Several open-access databases have also been instituted to enable advanced scientific research on these important crops. In this context, the current review enumerates the contemporary trend of research on understanding the climate resilience and other essential traits in Setaria, the knowledge gap, and how the information could be translated for the crop improvement of related millets, biofuel crops, and cereals. Also, the review provides a roadmap for studying other underutilized crop species using Setaria as a model.
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Introduction

Crop productivity, limited by changing climatic conditions such as increasing temperature, drought, soil salinity, etc., imposes a severe threat on food security worldwide. Evidence suggests that expanding our study and utilizing neglected and underutilized cereals for sustainable agricultural production is imperative. Millets collectively form a group of small-grained cereals, including several distantly related species. This group of crops is cultivated in adverse climatic conditions, such as high temperature and drought, with low agricultural inputs. The most widely grown small millets are finger millet (Eleusine coracana), pearl millet (Pennisetum glaucum), proso millet (Panicum miliaceum), foxtail millet (Setaria italica), and barnyard millet (Echinochloa crus-galli). Although less popular than major cereal crops, millets are a rich source of protein, resistant starch, micronutrients, antioxidants, and bioactive compounds (Kumar et al., 2018). The water use efficiency (WUE) and Nitrogen-use efficiency (NUE) of millets are also better than popular cereals. Also, the millets are gluten-free and have a low glycemic index (Muthamilarasan and Prasad, 2021). Foxtail millet is considered an alternative sustainable protein source compared to other cereals and millets (Sachdev et al., 2021). Being a rich source of zinc and iron, the consumption of millets imparts immunity (Kumar et al., 2018). Altogether, small millets are promising cereals with the capability to ensure food security in the future. In the past 2 years, amid the recent COVID-19 pandemic, major emphasis has been shifted to the regular consumption of food that boosts immunity. Millets contain easily digestible proteins and a better essential amino acid profile than other cereal crops. These characteristics make millets nutritionally superior to other major cereals and desirable for ensuring food security amidst pandemics (Muthamilarasan and Prasad, 2021).

The genus Setaria, a group of panicoid grasses, belongs to the tribe Paniceae and is characterized by sterile bristles. This genus comprises more than 125 species distributed in temperate regions worldwide (Kellogg, 2017). However, foxtail millet (S. italica) and its wild progenitor green foxtail (Setaria viridis), remains the most studied millets in this genus. S. viridis is one of the most widely spread weeds. Setaria italica was domesticated from S. viridis ~9–11,000 years back in China near the Yellow River valley. Further, it has been widely cultivated in arid and semi-arid regions (Pant et al., 2016). Tsang et al. (2017) have reported that foxtail millet was domesticated ~5,000 years back in Taiwan. Both S. viridis and S. italica (henceforth, S. italica and S. viridis will be collectively called Setaria) offer several advantages as compared to the established models viz. rice and maize, such as short life cycle (5–6 weeks), small diploid genome (395–500 Mb), short stature (10–30 cm), C4 photosynthesis. Since several millet species are shown to be resilient to adverse climatic conditions and biotic and abiotic stresses (Lata et al., 2013; Muthamilarasan and Prasad, 2015), the study of the Setaria genus has gained popularity in the past decade. In particular, foxtail, pearl, and proso millet have been considered appealing substitutes for small grain production (Pant et al., 2016). Further, C4 metabolism actuates food productivity by efficiently utilizing water, carbon, and nitrogen; therefore, elucidating the C4 metabolic pathways is important. Considering that Setaria is proven valuable for C4 photosynthesis study, it might enable the long-term goal of engineering C4 traits into staple crops, rice and wheat. A rapid-cycling mini foxtail millet mutant, xiaomi, was recently presented as a model system to study the C4 mechanism (Yang et al., 2020).

Altogether, the physiological as well as genetic, and climate resilience attributes of Setaria present it as a valuable model system for research (Peng and Zhang, 2021). Although there have been considerable advances in understanding the unique traits of Setaria, our interpretation of the underlying mechanism of its climate resilience is still in its infancy. Recent advances in genome sequencing, RNA-seq, and the discovery of unique trait-related QTLs have further provided momentum to millet research. Analysis of the available information for Setaria would lead to applying current knowledge to enhance our understanding of other crop species. The present review provides a comprehensive view of genome sequencing of Setaria, transcriptome and proteome analysis, publicly available databases, agronomically important trait-linked markers, and characterization of genes predicted from various platforms.



Setaria omics during the pre-genome sequencing era

Earlier foxtail millet was predominantly cultivated in the Chinese belts. Before the green revolution, the farmers repeatedly cultivated trait-specific landraces. Despite the consumption shift toward rice and wheat, foxtail millet was recognized for its climate resilience among marginal farmers. This led to the development of improved varieties and pure lines of foxtail millet from the “All India Coordinated Improvement Project for small millets” during the 1960s. Preceding the advent of molecular markers, the research in foxtail millet began with morphological markers. Initially, Restriction fragment length polymorphisms (RFLP) markers were used in foxtail millet to group accessions from various countries. These RFLP codominant markers detected the ribosomal DNA variability and grouped the foxtail millet genotypes into European, western European, and Asiatic lines (Schontz and Rether, 1998). The RFLP markers also successfully identified the historical recombination events with three types of length polymorphisms by atp6 probes in the mitochondrial sequences of foxtail millet (Fukunaga and Kato, 2003). Besides RFLP, the most prominent marker utilized in foxtail millet was Simple-sequence repeats (SSR). These markers were implied in varying populations to enumerate the Linkage disequilibrium (LD) values. The association analysis in S. viridis with SSR markers projected a higher LD decay than other cereals. Thus, the SSR markers exhibited novel marker-trait associations in foxtail millet (Wang et al., 2010). A higher diversity with a maximum LD value in various landraces in China’s yellow river detected the genetic richness in landraces than the cultivated species. Hence, these markers helped in understanding the effect of domestication and artificial selection in the cultivated lines. In this series, randomly amplified polymorphic DNA (RAPD) and Inter Simple Sequence Repeats (ISSR) markers were also utilized by Kumari et al. (2011) in analyzing the higher genetic variance in South Indian foxtail millet collections.

In addition to diversity analysis, the molecular markers also resolved the ambiguities in the phylogenetic relationship of foxtail millet. In this aspect, a set of transposon display markers were utilized in the international collection. Transposon display is a modified form of AFLP that focuses on the long terminal repeats of retrotransposons (LTRs) and miniature inverted-repeat transposable elements (MITE). These LTRs are concentrated in the centromeric and peri-centromeric regions. While MITEs are in the euchromatic regions. In foxtail millet, these LTRs and MITEs are identified in the mutant alleles of the Waxy gene (GBSS 1). These mutants have a TE insertion to produce a sticky endosperm and are found in the Asian collections. These TD markers identified in the waxy alleles were grouped into eight clusters by Hirano et al. (2011). In addition, 98 novel intron length polymorphic markers (ILP) from rice were used in the molecular diversity analysis. Of these, 26 ILPs successfully classified 45 accessions in Setaria (Gupta et al., 2011). Further, molecular diversity with 45 SSR markers having di- and tri-nucleotide repeat motifs in 12 populations of Taiwan was shown by Lin et al. (2011). The genetic maps in foxtail millet have been constructed with RFLP, SSR, and SNP markers in trisomics, RILs, and F2 populations. The RFLP-based map with 160 loci was generated from the trisomic lines in S. italica × S. viridis. The total span length of this map was 964 cM. This was the first successful attempt with 80% coverage across the chromosomes, revealing that S. viridis carried a gene for gamete fertility (Wang et al., 1998). After this, SSR markers were used to develop a linkage map, and their presence in the genome was predominant in the intergenic regions. With 100 SSR markers in the F2 population between S. italica × S. viridis, this map was developed with a span length of 1,645 cM. There was an uneven distribution of markers in this map, with three on chromosome 3 and 18 on chromosome 9. The distribution pattern was due to the variations in high and low copy numbers across the genome and constructed in mapmaker version 3 using the kosambi mapping function (Jia et al., 2009).

The morphological traits, namely, anthocyanin pigmentation, length of bristles, plant height, non-glutinous seeds, seed size, and seed color, were used to distinguish the interspecific hybrids (Figure 1). The distribution of these traits in the F2 and their subsequent generations were involved in determining the nature of genes (dominance/recessive). Later, the cytological and isozyme markers were utilized in identifying their homologous pairing and the phylogeny in the related species. Using such an approach, S. pyconoma was found to have eight intermediate and 14 viridis type chromosomes, which provided information about its ancestry. Subsequently, molecular cytogenetics involving, Genomic in situ hybridization (GISH) and Fluorescence in situ hybridization (FISH) elaborated the similarities among the chromosomal structures in S. viridis and S. italica. Although the cultivated and wild species were morphologically different, they had similar cytological features. These molecular cytology tools also successfully distinguished the interspecific hybrids of italica x verticillata complex and facilitated grouping of the species in their respective gene pools (Benabdelmouna et al., 2001; Pallares et al., 2004; Brenner et al., 2015).
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FIGURE 1
 Genetic diversity of various seed-related traits in foxtail millet. Variation in anther color (A–D), panicle density (E–H), husk color (I–N), bristles (O–R), and panicle attitude (S–V) are shown. The names of the accessions are listed in Supplementary Table 1. figure not to scale.


Further, screening of the germplasm based on their seed morphology using seed fluorescence imaging as per ISTA for varietal identification was adopted in the classical genetics’ characterization. Other essential biochemical markers utilized in the classical diversity analysis were based on the phenol test, ferrous sulfate test, and SDS-protein analysis. In the cluster analysis, the proteins quantified through SDS PAGE were implied as isozyme markers to group the accessions. Among all, the enzymes peroxidase and esterase were the crucially utilized isozymes for detecting polymorphism in foxtail millet. Thus, the pre-sequencing era in foxtail millet focused on documenting the wild species and sub-races of S. italica. Overall, these studies laid a foundation for understanding the allelic richness and the course of historical domestication events in the related species (Willweber-Kishiomoto, 1962; Khan, 1997; Haroun, 2002; Upadhyaya et al., 2009).



Genome sequencing and resequencing efforts in Setaria

The foxtail genome was decoded by Bennetzen et al. (2012) and Zhang et al. (2012). These two findings revealed the overall genetic potential of S. italica. The first draft by Bennetzen et al. (2012) comprised 400 Mb across nine chromosomes with a 992-locus genetic map. The sequencing was performed by Sanger sequencing analysis in the seedlings of the cultivar Yugu 1 by Joint Genome Institute, United States. The genetic sequence revealed 40% transposable elements in which long terminal repeat retrotransposons were the most abundant, and there were around 24,000 protein-encoding genes. In addition, a genetic map based on these sequences representing 1,416 cM was constructed from the F2 of B100 × S. viridis. This map had 992 SNP markers identified by sequencing the 247 RIL progenies.

The second high-quality draft genome sequence of S. italica was reported by Zhang et al. (2012). The draft genome of 423 Mb across the nine chromosomes was sequenced by a whole-genome shotgun next-generation sequencing in the foxtail millet cultivar “Zhang gu.” The total number of genes annotated was 38,801, of which ~81% were expressed, and ~46% were transposable repeats (TE: 31.60% and DNA Transposon: 9.40%). Sequencing analysis revealed the presence of chromosome reshuffling events, where the Chr 7, Chr 9, Chr 3, and 10 of rice shared similarity with Chr 2 and Chr 9 of foxtail millet. These results represented the course of domestication events and the phylogenetic relationships of foxtail millet with rice and other cereals. In addition, A2, a photo-thermosensitive male sterile line, was also sequenced by Illumina GA II, and this was used to construct a genetic map. The comparative alignment of this sequence with Zhan gu identified 542,322 SNPs, 33,587 indels, and 10,839 structural variants (Zhang et al., 2012). Later, the draft genome sequence was utilized to tap the stress-regulated gene families in foxtail millet.

With the advancement in sequencing technologies, the resequenced genome assembly of foxtail millet was completed by Ni et al. (2017). Resequencing of 184 foxtail millet recombinant inbred lines updated the Zhang gu reference genome sequence. Approximately 16 Mb was added to the reference genome assembly as unanchored scaffolds, and the error correction with 3,158 gaps in Yugu 1 reference was completed by a bin map construction. The study further determined QTLs for nine agronomic traits with two major QTLs for plant height. These QTLs exhibited 89% similarity to the sd1 gene in rice (Ni et al., 2017). Further, QTL-seq analysis was performed involving whole-genome resequencing using pair-end sequencing with bulk segregants of F2 obtained from Shinanotsubuhime × Yuikogne for heading date (Yoshitsu et al., 2017). Genome-wide comparison of three bulks, viz., early, late, and extremely late heading, revealed two associated QTLs for heading. The first QTL, qDTH2, was identified on chromosome 2 for late heading, whereas the second QTL, qDTH7, was identified on chromosome 7 for extremely late heading (Yoshitsu et al., 2017). Next, a map-based cloning and high-throughput sequencing of loose panicle 1 mutant with increased panicle lengths and grain size encoded a novel WRKY transcription factor. A single shift in the G-A transition of the fifth intron in LP1 resulted in three disorganized splicing events owing to an enlarged panicle attitude which could be explored in developing bold grains in foxtail millet` (Xiang et al., 2017).

Furthermore, the sequencing effort involving dd-RAD sequencing of 142 foxtail millet core collection identified 844 SNPs on chromosome 5–2,153 on chromosome 8 with an average SNP frequency of 25.90 per Mb. The genome-wide association study (GWAS) of this data revealed 81 trait-associated markers for 10 traits across the genome (Jaiswal et al., 2019). Recently, resequencing of 164 RILs generated from Longgu7 × Yugu 1 was also conducted to identify QTLs and SNPs. Approximately 1,047,978 SNPs were detected between the parents. Three thousand four hundred thirteen bin markers were then used to generate a map having 3,963 recombinant breakpoints. Mapping and sequencing analysis depicted 47 QTLs for four traits: straw weight, panicle weight, grain weight per plant, and 1,000-grain weight. It also detected nine stable QTL clusters mapped on chromosomes 3, 6, 7, and 9 (Liu et al., 2020b). Deep sequencing was used to develop a high-density bin map with a 3,477-marker bin, which identified 26 QTLs associated with plant height (He et al., 2021).

Owing to the innovative sequencing technologies, several cost-effective genotyping by sequencing and RNA-seq have been carried out in this era (Supplementary Table 2). Such genotyping by sequencing 328 foxtail millet landraces and 12 green foxtail accessions presented a total of 5,677 single nucleotide polymorphisms for phylogenetic construction (Hunt et al., 2021). Another deep sequencing of long non-coding RNAs (lnRNA) in foxtail millet revealed their responses toward herbicides. Two thousand five hundred forty-seven lncRNAs were identified, of which 787 were known, whereas 1760 were novel. These lncRNAs were differentially expressed across the genotypes and could be utilized in developing herbicide tolerance in foxtail millet (Wang et al., 2020).

Foxtail millet is known as a hardy crop. Deep resequencing of 312 local landraces was performed to dissect its adaptation mechanism to various environmental conditions. Approximately 3.02 million SNPs were detected in this genome-wide scan, and a pseudogene regulator viz., SiPRR37, for heading date was identified. This was produced from a Tc1-Mariner transposon insertion in the first intron, and it was also discovered to be responsible for adaptability to harsh climates in north-eastern ecoregions (Li et al., 2021a). These novel discoveries in foxtail millet accessions enhanced the curiosity to sequence new cultivars for dissecting key traits for manipulation by breeding. In this direction, the de novo genome assembly of Huagu 11 compared to Yugu 1 depicted the nature of imazethapyr tolerance in foxtail millet. The assembly size was 408.37 Mb with a scaffold N50 size of 45.89 Mb. About 627 protein-encoding transcripts were identified in Huagu11 compared to 723 in Yugu 1. Here, Ser-626-Aln substitution was identified in acetohydroxy acid synthase gene to confer imazethapyr tolerance in Hugua 1. The intraspecies comparison revealed 969,596 SNPs and 156,282 indels with four chromosomal inversions (Wang et al., 2021c). The comprehensiveness and accurateness of genome sequence assemblies depend greatly on the techniques used for the task. Currently, Arabidopsis and rice genome sequence is the gold standard for other plant species and crops. Availability of gold standard genome sequence helps generate proper genotype and phenotype information for target gene discovery and prioritization, efficiently facilitating genome editing—however, most crops, including millets, lack gold standard genome assembly. The advancement of NGS technologies has greatly improved the closeness and correctness of genome assemblies (Kersey, 2019). In this context, the contiguity of the existing genome sequence of many crops has been improved through these NGS approaches (Belser et al., 2018). Similarly, applying advanced sequencing techniques might provide an improved genome sequence of foxtail millet, which will give a comprehensive understanding of genome architecture to discover agronomically important genes in this crop. Thus, the transition of sequencing technologies has paved the way to unravel the genomics of complex traits in foxtail millet which could be utilized in developing improved varieties (Figure 2).
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FIGURE 2
 Timeline of advances in Setaria omics pre- and post-genome sequence release. The timeline of events in the breeding and genomics efforts completed for Setaria. The figure describes the significant achievements in classical and modern genetics.




Omics resources in Setaria


Genetics and genomics

Molecular markers are the key tools required for assisting the breeding programs in crops. There are studies on molecular diversity with 40 SSR markers in Taiwan landraces (Lin et al., 2012) and 77 SSR markers in green foxtail accessions (Jia et al., 2013). These programs recorded the advantageous utility of SSRs in marker-assisted breeding of foxtail millet. To facilitate the breeders of foxtail millet, a database of markers in foxtail millet was also developed by Bonthala et al. (2014). This database is a repository for genic SSRs, genomic SSRs, and ILP markers. From the reference genome sequence of Yugu 1, 5,020 highly repetitive microsatellite motifs were successfully utilized to design 788 SSR primers. These primers were analyzed in S. italica and S. viridis, resulting in successful amplicons in 733 primers. These findings were used to analyze the presence of SSRs throughout its genome (Zhang et al., 2014).

Other than SSRs, studies on developing functional miRNA-based markers from the conserved regions of foxtail millet and its related species were also developed with 100% amplification potential (Yadav et al., 2014). Later, implying ISSR markers in Coix and Setaria, their relatedness in cluster analysis was analyzed, suggesting that Setaria could be utilized as a model crop to tap the genetic potential of the non-sequenced crops (Dvořáková et al., 2015). After the accessibility of the whole-genome sequence in S. italica, the GWAS in several accessions was performed to formulate a haplotype map (Bennetzen et al., 2012; Zhang et al., 2012; Jia et al., 2013). Recent studies with SNP markers and GBS were predominantly used in association analysis. Population structure analysis among the races by Upadhyaya et al. (2015) exhibited less diversity in the indica variety. This race was comparatively unique to Moharia and maxima from the international core collection. Chander et al. (2017) incorporated 27 SSR and 4 EST-SSR in foxtail millet core collections.

Apart from analyzing the diversity for general traits, the CNL disease-resistant genes from a group of foxtail millet accessions were also used as markers in rice and Arabidopsis to identify their syntenic relationships. Among them, Si08 was similar to Os11 in rice for disease resistance (Andersen and Nepal, 2017a). Therefore, markers starting from RFLP to SNP were deployed in foxtail millet (Table 1), rendering it a model crop in cereals due to its higher transferability across species (Yadav et al., 2014). Among all the markers that were used in association analysis, it was found that the SNP markers resulted in a higher LD in germplasm. The association analysis with ddRAD approach in GWAS detected 844 SNPs in chromosome 5–2,153 SNPs in chromosome 8 (Jaiswal et al., 2019). Along with SNPs, segregation patterns and polymorphism in M2 mutants were analyzed with RAPD dominant markers (Anittha and Mullainathan, 2019). In addition, novel marker-trait analysis with ISSR markers for chlorogenic acid, catechin naringin, and myricetin concentrations presented a higher diversity for radical scavenging activity in foxtail millet, which could act as a base for stress breeding programs (Ghimire et al., 2019). The current focus with recent studies in hybrid production was also conducted to diversify the male sterile cytoplasm in foxtail millet with cpDNA markers. Four different cytoplasmic groups among the populations from cytoplasmic genetic sequences were identified, which have to be further increased in the near future to overcome cytoplasmic-specific pathogens (Liu et al., 2019a). Further, fingerprinting foxtail millet varieties using SSR and RAPD markers helped assess the genetic purity between CO (Te) 7 and the newly released variety, ATL1 (Natesan et al., 2020).



TABLE 1 List of markers developed in Setaria and their characteristic features.
[image: Table1]

A genetic map with 128 SSR markers was also successfully developed with a span length of 1239.90 cM in RILs (Qie et al., 2014). Further, the reference genome sequence of Yugu 1 was used to develop 1,013 SSR markers. These markers were implied in F2 to construct a high-density linkage map. This map was refined and produced maximum coverage of 1,035 loci across nine chromosomes. The total span length of the map was 1318.80 cM and mapped the position of 29 QTLs for 11 traits in join-map 4.3 (Fang et al., 2016). In addition to SSRs, SNP for linkage map construction in foxtail millet was used in various studies. Initially, with 992 SNP markers in RILs with a span of 1,416 cM, a linkage map was developed by Bennetzen et al. (2012). Successively, another linkage map with SNP markers in RILs identified around 59 QTLs. The total span length of the SNP formulated map was 1934.60 cM. Through multiplexed shotgun sequencing, Zhang et al. (2017a) performed a genome-wide marker discovery genotyping with MSTmap. This study also reported the location of the hybrid sterility gene on chromosome 6. Following this, next-generation sequencing methods were utilized in the reference genome sequence, which detected 2,668, 587 SNP loci across the genome. Using this data, 9,968 SNP markers in F2 were deployed to form a high-density SNP linkage map. Eleven major QTLs for eight agronomic traits were mapped on the chromosomes with MSTmap. The total span length in 9 linkage groups was 1648.80 cM (Wang et al., 2017). These constructed genetic maps could be used to identify candidate genes underlying key traits to carry out the effective marker-assisted selection in foxtail millet.

Further, map-based cloning for SiAGO1b in bulk segregation analysis and fine mapping with SSR and SNP markers refined its location in 46.30 kb region between the SNP markers SNP027326466 and SNP27372797 on chromosome 7 (Liu et al., 2016a). Following this, the positional cloning of SiYGL1 for leaf color was performed by Li et al. (2016a,b). Bulk segregation analysis in F2 for markers on chromosome 9 was focused, and it was mapped to a 288.50 kb region between the SSR markers CAAS9005 and b248. The candidate gene was refined to a 77.10 kb region between CAPS697 and InDel3595. Another approach for SisTL1 locus on chromosome 9 was performed in F2 populations with CAPS marker. This gene was refined to be located at a 91 kb interval between CAPS-8 (4,339,573 on chromosome 4) and CAPS-7 (4,430,449 on chromosome 4). The resequencing of this locus revealed three SNPs, with one in the 15th exon, the second in the intergenic region of chromosome 4 (4412036), and the third in the first exon (Tang et al., 2018). Similar studies with locus SisTL2 were fine mapped to a 12 Mb region from 46.80 Mb to 58.90 Mb on chromosome 9. This gene led to the striped leaves, and it was located in a 1 Mb region with four putative mutants. On chromosome 9, this phenotype was caused due to an alteration in G to A and found to alter a splicing site (Zhang et al., 2017a). Recent studies in S. viridis located the reduced leaf angle phenotype in a homozygous locus at the 800 kb region on chromosome 5. This region contained 104 disruptive SNPs and 687 indels. Also, it was found that the insertion of G at this locus Chr_5:41489494 controlled the ligule development in S. viridis (Mamidi et al., 2020). These gene localizations in maps could be used for determining the key factors in the expression of a phenotype in genomics-assisted breeding (Supplementary Figure 1).

Following genome sequencing and annotation, identifying genes and their functional characterization is imperative to provide researchers with tools for biological research. The summary of gene families examined in Setaria is given in Supplementary Table 3. A study of transcription factor families in Setaria led to the identification of 147 NAC (Puranik et al., 2013), 171 AP2/ERF (Lata et al., 2014), 209 MYB (Muthamilarasan et al., 2014b), 149 bHLH (Wang et al., 2018b), 124 C2H2-ZF (Muthamilarasan et al., 2014a), 110 WRKY (Muthamilarasan et al., 2015a), 44 SCL (Liu et al., 2017a,b), 35 Dof (Zhang et al., 2017b), 47 HD-ZIP (Chai et al., 2018) and 27 Trihelix transcription factors (Wang et al., 2018a). In addition to TFs, 53 members of SET domain-containing proteins known to catalyze histone lysine methylation were also identified (Yadav et al., 2016). Pentatricopeptide repeat (PPR) protein and ADP-ribosylation factors family connected to post-transcriptional processes comprised 486 and 25 members, respectively (Muthamilarasan et al., 2016; Liu et al., 2016a). Further, gene families associated with RNA silencing complex viz. Dicer-like (8), Argonaute (19), and RNA-dependent RNA polymerase (11) were also studied (Yadav et al., 2015). Few of these genes showed altered expression in response to abiotic stress. Another genome-wide study identified 39 Nuclear Factor Y (NF-Y) genes in foxtail millet. Of these, SiNF-YA1 and SiNF-YB8 were responsive to salt and drought stresses (Feng et al., 2015). Genome-wide analysis of the 14–3-3 family in foxtail millet and its downstream characterization revealed that Si14-3-3 proteins interact with SiRSZ21A (a nucleoplasmic shuttling protein) in a phosphorylation-dependent manner and are involved in multiple abiotic stress responses (Kumar et al., 2015). Analysis of different heat shock proteins, such as HSP100, HSP90, HSP70, HSP60, and sHSP, demonstrated that many of the genes were responsive during abiotic stress. In particular, expression of SisHSP-27 was significantly increased in the foxtail millet tolerant cultivar., suggesting its importance for further characterization (Singh et al., 2016). Also, foxtail millet aquaporins viz. 12 plasma membrane intrinsic proteins (PIPs), 11 tonoplast intrinsic proteins (TIPs), 13 NOD26-like intrinsic proteins (NIPs), and 3 small basic intrinsic proteins (SIPs) were classified, and determination of their expression in response to various abiotic stresses highlighted the role of SiPIP3;1 and SiSIP1;1 in stress response (Singh et al., 2019). In addition, 11 Cytokinin oxidase/dehydrogenases linked to hormone metabolism (Wang et al., 2014) and 20 Aldehyde dehydrogenases (Zhu et al., 2014) were also identified through genome-wide analysis in Setaria.

Setaria is considered a valuable experimental system for gene discovery related to biofuel traits. In this regard, Ferreira et al. (2019) reported the analysis of gene families encoding for crucial enzymes linked to various bioenergy generation processes. Muthamilarasan et al. (2015b) described 13 gene families involved in secondary cell wall biosynthesis. In Setaria, 10 Phenylalanine ammonia lyase, 3 Cinnamate 4-hydroxylase, 5 4-Coumarate: CoA ligase, 2 Hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl transferase, 1 p-coumarate 3-hydroxylase, 6 Caffeoyl-CoA 3-O-methyltransferase, 10 Cinnamoyl-CoA reductase, 2 Ferulate 5-hydroxylase, 6 Caffeic acid O-methyltransferase and 11 Cinnamyl alcohol dehydrogenase gene family members were investigated (Ferreira et al., 2019). Furthermore, a recent study identified 56 Laccase family members linked to lignin metabolism (Simões et al., 2020). In addition, various other gene families involved in multiple stress responses, disease resistance, seed storage or transport, such as WD40 (Mishra et al., 2014), 14–3-3 (Kumar et al., 2015), ZIP (Alagarasan et al., 2017), SOD (Wang et al., 2018c), OASTL (Liu et al., 2019b), ATG (Li et al., 2016a,b), LIM (Yang et al., 2019), CDPK (Yu et al., 2018), NBS-LRR (Zhao et al., 2016), CNL (Andersen and Nepal, 2017b), SSP (Gaur et al., 2018), MADS-box (Zhao et al., 2021a), BES/BZR (Liu et al., 2021), SNARE (Wang et al., 2021a), and PTI1 (Huangfu et al., 2021; Supplementary Table 3). Genome-wide identification and in silico analysis of phosphate transporter 1 gene (PHT 1) in Setaria viridis depicted 12 PHT 1 gene families for phosphorous uptake (Ceasar, 2019). Karunanithi et al. (2020) identified 32 terpene synthase (TPS) gene family members in S. italica genome. It was also found that cytochrome P450 monooxygenase (CYP99A17) catalyzes the C19 hydroxylation of SiTPS8 to generate the corresponding diterpene alcohols. Recently, 94 amino acid transporters (AATs) have been identified and divided into 12 subfamilies in the foxtail millet (Yang et al., 2021b). Further, characterization of the chitinase gene family in foxtail millet has identified 40 genes. Of these, a few genes might have a potential role in defense mechanisms under low temperature, drought, and osmotic stress conditions (Motukuri et al., 2021). Genome-wide identification and evolutionary analysis of the ARF gene family in foxtail millet revealed that duplication and purifying selection contribute to functional redundancy (Chen et al., 2021; Supplementary Table 3).



Transcriptomics

Studies examining the dynamics of the whole transcriptome have hinted at the differential expression of several classes of genes playing roles during condition-dependent experimental systems (Figure 3). Earlier, suppression subtractive hybridization (SSH) based transcriptome analysis of S. italica led to the identification of dehydration-responsive transcripts in susceptible and tolerant cultivars (Lata et al., 2010). Another SSH-based differential gene expression analysis identified a Lipid transfer protein, SiLTP, that showed significant involvement in drought and salt response in foxtail millet (Pan et al., 2016). Using reference-based and de novo assembly, various transcripts and simple sequence repeats (SSR) involved in C4 photosynthesis were identified in S. viridis (Xu et al., 2013). In addition, transcriptome analysis of different zones of S. viridis internode uncovered various genes and primary metabolites involved in the transition from primary to secondary cell wall synthesis (Martin et al., 2016). Another transcriptome study of drought-tolerant S. italica cultivar “Yugu1” and drought-sensitive “An04” revealed the altered expression of genes involved in phytohormone metabolism and signaling, detoxification, transcription factors, and stress-related proteins (Tang et al., 2017). RNA-seq was carried out for drought-resistant M79 and its parental lines to understand the relationship between drought stress and photosynthesis. The analysis showed that photosynthetic pathway-related genes were highly expressed in M79 (Shi et al., 2018). Further, spatiotemporal transcriptome analysis of S. viridis inflorescence provided an overview of the regulatory network underlining sequential developmental stages (Zhu et al., 2018). Next, RNA-seq analysis of S. italica during water-deficit stress induced by PEG-6000 identified biological pathways involving ABA-response, proline and soluble sugar synthesis, reactive oxygen species (ROS) metabolism, channel protein genes, and transcription factors (Xu et al., 2019). Leaf transcriptome of S. viridis during high light and low light conditions revealed that HL and LL affect sugar accumulation and photosynthesis in a contrasting manner (Henry et al., 2020). Furthermore, differential gene expression profiling identified various genes and pathways involved in the stress response mechanism during Uromyces setariae-italicae, and Sclerospora graminicola infection in S. italica (Li et al., 2015, 2020).
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FIGURE 3
 Multi-OMICS approach for crop improvement. Various advanced “OMICS” approaches used to understand different biological aspects in foxtail millet, from genotype to phenotype. These large-scale studies lead to the identification of biomarkers that paves the way for OMICS-assisted crop improvement.


Genome-wide gene annotation and non-coding RNA studies for drought responses by deep sequencing exhibited the role of small interfering RNAs and long non-coding RNAs. The transcriptomic sequencing explored the role of 24-nt siRNA flanking genes beneath the upregulated genes under drought stress. The PEG stimulated drought samples were initially subjected to Illumina pair-end sequencing technology. Further RNA seq analysis identified 2,824 genes responsive to drought expression patterns, and among them, 48.23% were upregulated, and 51.77% were downregulated. The key genes expressed encoded the late embryogenesis abundant protein (LEA), heat shock proteins (HSP), and aquaporin phosphatase 2C (PP2c; Qi et al., 2013). Parallel Illumina sequencing was utilized in another study to decode the role of miRNA targets toward drought stress. Degradome sequencing of the An04-4783 inbred line established 81 miRNAs belonging to 28 families. Among these, 14miRNAs were upregulated, and four were downregulated. The sequence information of the miRNAs revealed the role of 56 known genes and 26 novel, unknown genes in response to drought (Wang et al., 2016a,b).

Subsequently transcriptome analysis of mutants such as no pollen 1(NP1) characterized by defective pollen exine revealed that SiNP1 encodes a protein involved in carbohydrate metabolism and fatty acid biosynthesis (Zhang et al., 2021a,b,c). Similarly, the characterization of SiBOR 1 for boron accumulation in foxtail millet revealed a G-A transition at the seventh exon, and it is dominantly expressed in panicles. This mutant resulted in reduced boron with thicker cell walls in Setaria (Wang et al., 2021b). DNA methylation studies and transcriptome analysis revealed the role of epigenetic modifications during grain filling (Wang et al., 2021d). Recently, RNA-seq analysis of two mutants siaux1-1 and siaux-1-2 was performed to identify auxin-responsive factors beneath C4 root system architecture in shaping the root apical meristem (Tang et al., 2022). The findings pave a domain for screening the mutants to understand the C4 mechanism. Transcriptional profiling of foxtail millet seed at different developmental stages depicted dynamic changes in fatty acid and phytosterol content (Yuan et al., 2021).



Proteomics and metabolomics

Proteomics and metabolomics have been employed to elucidate the protein and metabolite complement of a particular molecular network that regulates the biosynthetic, regulatory, and signaling pathways in various plant species (Figure 3). In Setaria, the accountability of global studies based on proteome and metabolome analyses is significantly less. Veeranagamallaiah et al. (2008) reported a 2-dimensional gel electrophoresis proteome analysis of S. italica during the salt stress response. Differential response of green foxtail and yellow foxtail has been studied during the application of Pyroxsulam using metabolite analysis (Satchivi et al., 2017). A proteomic study of Zhangzagu3 was performed, which is known for its climate adaptability and disease tolerance, to evaluate the parental contribution to elite traits (derived from Zhangzagu3fu and A2). This study provided valuable information related to the molecular mechanism of heterosis in hybrid millets (Song et al., 2018). Further, Tandem mass tags (TMT) followed by liquid chromatography coupled mass spectrometry (LC–MS/MS) analysis identified 321 drought-responsive proteins in foxtail millet (Pan et al., 2018). In two recent studies, changes in the proteome of foxtail millet grains during drought stress led to identifying 104 and 83 differentially abundant proteins using 2-DE (Li et al., 2019a; Xu et al., 2020). Comparative proteome profiling after the foliar application of sodium selenite has identified 123 differentially expressed proteins in foxtail millet (Liang et al., 2020). Primary and secondary metabolic profiling of PTGMS and hybrid foxtail millet lines and their comparison with rice led to identifying several species-specific metabolites accumulated during different developmental stages (Li et al., 2018). Recently, metabolome analysis of S. viridis roots colonized with symbiotic bacteria, Herbaspirillum seropedicae revealed that nitrogen, starch, and sucrose metabolism linked metabolites were reduced compared to the uninoculated roots. In contrast, metabolites involved in purine, zeatin, and riboflavin pathways were significantly enriched (Agtuca et al., 2020). Using iTRAQ, 610 and 276 differentially expressed proteins (DEPs) in foxtail millet, Zhangzagu10 and the female/male parent lines were identified (Weng et al., 2020).

Using a system biology-based approach, foxtail millet has also been chosen as a model to gain a deeper insight into the C4 photosynthetic pathway. Metabolic reconstruction, combined with transcriptome and proteome analysis, unraveled similarities and differences in the central metabolism of mature and immature tissues in S. italica (de Oliveira Dal’Molin et al., 2016). Integrated transcriptome and metabolome analysis explained the comprehensive regulatory network underlying drought and salinity stress response in foxtail millet (Pan et al., 2020; Yu et al., 2020). Quantitative determination of 62 volatile compounds has been performed using simultaneous distillation extraction (SDE) and gas chromatography–mass spectrometry (GC–MS) in four foxtail millet varieties, namely Jigu 42, Henggu13, Henglvgu1, and Heinuogu (Li et al., 2021b). Metabolome-based GWAS identified the basis of natural genetic variations in foxtail millet germplasm (Wei et al., 2021).



Functional databases and online resources

After decoding the whole-genome sequence of S. viridis and S. italica (Bennetzen et al., 2012; Zhang et al., 2012), advances were made to generate large-scale genomic resources. The first-ever database for Setaria, the Foxtail millet Marker Database (FmMDb; http://www.nipgr.res.in/foxtail.html), was developed by Dr. Manoj Prasad Laboratory at the National Institute of Plant Genome Research (NIPGR), New Delhi, India (Bonthala et al., 2013). It provides access to genomic-, genic-SSRs, and ILP markers linking basic and applied sciences in foxtail millet. Further, the Foxtail Millet Transcription Factor Database (FmTFDb; http://59.163.192.91/FmTFDb/index.html) comprised 2,297 putative TFs belonging to 55 families (Bonthala et al., 2014). This database encompasses genomic location, sequence features, phylogeny, gene ontology (GO), and tissue-specific expression for all the TFs. In addition, the foxtail millet microRNA Database (FmMiRNADb: http://59.163.192.91/FmMiRNADb/index.html) provided marker information on 355 mature miRNAs, their secondary structure, and putative targets (Khan et al., 2014). Setaria italica Functional Genomics Database, SIFGD1 was established to predict gene function, motif analysis, regulatory modules, and gene family (You et al., 2015). This database represents genome, transcript, and protein sequence information combined with data sources like Beijing Genomics Institute, NCBI, and Phytozome. Furthermore, considering the significance of transposable elements (TE) based markers, Yadav et al. (2015) constructed the Foxtail millet Transposable Element-based Marker Database (FmTEMDb; http://59.163.192.83/ltrdb/index.html) from 30,706 TEs and 20,278 TE-based markers. In addition to the databases solely designed for Setaria, other public data sources, such as Plantgbd, Phytozome, and Gramene, also contain information for genome mining in millets (Duvick et al., 2008; Goodstein et al., 2012; Gupta et al., 2016).



Functional studies on stress tolerance traits

Numerous studies have reported millets adaptation and its molecular mechanism during the abiotic stress response. Investigation of foxtail millet varieties, Zhangzagu 10 and Jingu 21 after herbicide tribenuron-methyl (TBM) treatment revealed that the grain yield decreased with increasing TBM concentration (Ning et al., 2015). In foxtail millet, high-temperature stress was linked to root-shoot growth and metabolism (Aidoo et al., 2016). Using parallel analysis of RNA ends (PARE) approach during drought stress, gene degradation and gene transcription data were combined to study uncapped mRNAs in foxtail millet (Yi et al., 2015). Gene family identification and expression analysis of WRKY transcription factors indicated the putative role of SiWRKY066 and SiWRKY082 in dehydration and salinity stress response (Muthamilarasan et al., 2015a). Drought tolerance of foxtail millet was linked to plant growth-promoting rhizobacteria (PGPR), namely, Pseudomonas fluorescens, Enterobacter hormaechei, and Pseudomonas migulae (Niu et al., 2018). During low-nitrogen conditions, the root system was found to be decreased compared to increased biomass in foxtail millet. Expression of transporters, SiNRT1.1, SiNRT2.1, and SiNAR2.1 in root and SiNRT1.11 and SiNRT1.12 in the shoot was also increased, resulting in enhanced nitrate uptake and remobilization (Nadeem et al., 2018). Recently, an interesting study reported that 30 mg/m3 sulfur dioxide (SO2) application leads to increased tolerance to drought stress by decreased stomatal apertures and a reduced leaf transpiration rate (Han et al., 2019a,b). Also, applying exogenous SO2 derivatives sodium sulfite and sodium bisulfite alleviates heavy metal stress in foxtail millet (Han et al., 2018). Sodium hydrogen sulfide (NaHS) treatment changes the proline content by modulating the activity of proline-5-carboxylate reductase (P5CR) and proline dehydrogenase (PDH) enzymes while combating cadmium (Cd) stress in foxtail millet (Tian et al., 2016). In another study, adding 10 mM Ca2+ to the growth medium regulated superoxide dismutase and catalase expression, thereby increasing tolerance to salt stress (Han et al., 2019a,b). Quantification of polyamines in the salt-tolerant cultivar., Prasad, and susceptible cultivar., Lepakshi revealed that increased level of polyamine during salinity stress was due to enhanced activity of spermidine synthase and S-adenosyl methionine decarboxylase enzymes in the cultivar Prasad (Sudhakar et al., 2015). Plant treatment with polyamines such as putrescine (Put) and spermidine (Spd) revealed their protective effect during salinity stress in foxtail millet (Rathinapriya et al., 2020). The HAK/KUP/KT transporter family protein in S. italica, SiHAK1, was overexpressed in Arabidopsis to understand the K homeostasis during K+ deficiency and salt stress which provided the clue of the potassium homeostasis mechanism in foxtail millet (Zhang et al., 2018a). Also, a study has shown the relation between an enlarged root system, increased expression of phosphate transporters SiPHT1.1, SiPHT1.4, and reduced expression of nitrate transporters SiNRT2.1, SiNAR2.1 in roots during phosphate limitation (Ahmad et al., 2018).

Transcriptome analysis of low potassium stress-tolerant variety Longgu 25 led to identifying 1982 DEGs and 18 candidate genes. Further, heterologous expression of one of the candidate genes, SiMYB3, in Arabidopsis promoted elongation of primary roots and K+ deficiency tolerance (Cao et al., 2019). Overexpression of SiMYB3 also increased low-nitrogen stress tolerance by regulating root growth in rice and Arabidopsis (Ge et al., 2019). Genome-wide identification of core ABA signaling components SvPYL1 to SvPYL8, SvPP2C1 to SvPP2C12, SvSnRK2.1 to SvSnRK2.11 and their expression profiling during salt, drought, and cold stresses have provided targets for C4 plant engineering (Duarte et al., 2019). Overexpression of the SET domain-containing protein SiSET14 in yeast unfolded its role in cold stress response (Yadav et al., 2016). Liu et al. (2019c) showed the relationship between stimulating rhizosheath (layer of soil particles adhered with root surface by root hairs and mucilage) formation and declining soil water content. Recently, conserved miR394 targeted F-box gene SiFBP6 was identified using RLM-RACE (RNA ligase mediated rapid amplification of 5′ cDNA ends), which positively regulated drought resistance in foxtail millet (Geng et al., 2021). Interestingly, P-solubilizing microbes Acinetobacter calcoaceticus EU- LRNA-72 and Penicillium sp. EU-FTF-6 has been shown to mitigate the effect of drought stress by inducing the accumulation of glycine betaine, proline, and sugars, and decreasing lipid peroxidation in foxtail millet (Kour et al., 2020). A recent study discussed various genomic designing approaches for foxtail millet for abiotic stress tolerance (Rana et al., 2021).

Among biotic stress responses, Digital gene expression (DGE) constructed from S. italica cultivar Shilixiang during rust pathogen Uromyces setariae-italicae infection shed light on the mechanism of rust-response in foxtail millet (Li et al., 2015). The transcriptional study of foxtail millet recently revealed various stress-responsive pathways during the early stage of S. graminicola infection (Li et al., 2020). Transcriptional profiling of foxtail millet infected with Ustilago crameri showed that SiCDPK and SiRboh might be positive regulators during stress response (Hao et al., 2020). In another study, two maize insect pests, namely Spodoptera exigua (beet armyworm; BAW) and Spodoptera fugiperda (fall armyworm; FAW), were found to feed on Setaria plants as well. The study further showed that while JA-induced response was similar in both maize and Setaria, secondary metabolites such as benzoxazinoids and volatiles production showed a significant difference in both the plants (Hunter et al., 2020). Foxtail millet varieties exhibit resistance against blight disease caused by Rhizoctonia solani Kuhn (Patro et al., 2020). An ultra-density genetic linkage map identified QTLs linked to blast resistance in foxtail millet (Tian et al., 2021). Further, the current status of blast disease in foxtail millet caused by Pyricularia setariae Nishikado has been shown by Das et al. (2021). Taken together, various studies have been performed elucidating the regulatory mechanisms involved in biotic and abiotic stress response in Setaria. A combination of OMICS-based tools can be employed in the future to decipher the key factors contributing to the stress tolerance trait in foxtail millet, drought stress in particular. This information would help researchers globally to understand the basis of stress response in plants and utilize the knowledge further to inculcate stress tolerance in other important cereal crops.



Functional studies on biofuel traits

The Panicoideae clade comprises commercially important fuel stock grasses, such as maize, sugarcane, sorghum, and switchgrass (Lawrence and Walbot, 2007). However, the polyploid genome is one of the major limiting factors for genetic studies and manipulation of these crops. In the past decade, being genetically closer to the popular fuel stock grasses, S. viridis and S. italica are widely accepted as a promising model for biofuel research (Li and Brutnell, 2011; Muthamilarasan and Prasad, 2015; Muthamilarasan et al., 2015b; Mauro-Herrera and Doust, 2016). Petti et al. (2013) performed a deep analysis of S. viridis cellulose, neutral sugars, lignin, cellulose biosynthesis inhibitor response, and phylogenetic analysis of CESA genes and compared it with sorghum, maize, and switchgrass. Overexpression of PvMYB4 in switchgrass (Panicum virgatum), led to increased cellulosic ethanol yield by suppressing the lignin deposition and phenolic fermentation inhibitors and balancing soluble sugars and pectic polysaccharides (Shen et al., 2013). In S. viridis, silencing of acyl-CoA transferase SvBAHD01 caused enhanced biomass digestibility; therefore, it was found to be a suitable candidate for further investigation (De Souza et al., 2018). Several gene families linked to biofuel traits, namely, PAL, C4H, 4CL, HCT, C3′H, CCoAOMT, CCR, F5H, COMT, and CAD have been identified in Setaria (Ferreira et al., 2019). Due to its small and diploid genome, Setaria, particularly green foxtail, appears to be a promising model to conduct future research deciphering its potential as a biofuel crop. Further, identifying regulatory pathways underlying the potential biofuel trait and an in-depth analysis of candidate genes using reverse genetics approaches have to be done to explore the genetic determinant for the biofuel attribute regulation in Setaria, which can be utilized further for translational research.



Functional studies on photosynthetic traits

Fahlgren et al. (2015) developed the Bellwether Phenotyping Platform for automated recording of plant growth and multimodel phenotyping. Further, an open-source Plant Computer Vision (PlantCV) was developed for qualitative image analysis and used to detect the genotypic and environmental effect of plant height, biomass, water use efficiency (WUE), and architecture (Fahlgren et al., 2015). Various accessions have been studied to determine the WUE and heat stress tolerance in S. viridis (Saha et al., 2016). Thermal imaging and visible–near infrared spectroscopy were proven helpful in evaluating WUE and other physiological responses in S. italica (Wang et al., 2016a,b). The relationship between WUE and plant growth was also determined by Feldman et al. (2018), and the loci linked to pleiotropic components of WUE were identified through linkage mapping. Forward genetics study in S. viridis led to the identification of the SvAUX1 (AUXIN1) gene responsible for sparse panicle1 (spp1) phenotype sharing significant homology with ZmAUX1 in maize (Huang et al., 2017). Depletion of β-carbonic anhydrase (β-CA) in S. viridis indicated that photosynthesis was not affected at normal CO2 partial pressure even after the decreased level of CA. Also, mesophyll conductance was the limiting factor with CA only during low CO2 partial pressure (Osborn et al., 2017). In a similar report, CO2 assimilation was enhanced, and photosynthetic efficiency was increased during low partial pressure due to high mesophyll conductance (Ubierna et al., 2018). In S. viridis and S. italica, the correlation between photoperiod changes and flowering time was studied, indicating that flowering in Setaria is quicker during short-day conditions. Also, long-day conditions employ secondary genetic regulation additional to those employed by short-day photoperiod (Doust et al., 2017).

Carbon isotopic signature (δ13C) from leaf was found to be strongly linked to water use, transpiration rate, biomass, stomatal conductance, and transpiration efficiency in both S. viridis and S. italica (Ellsworth et al., 2017). Further, as an extension to this study, genetic link elucidation of this correlation identified three QTLs for δ13Cleaf (Ellsworth et al., 2020). In S. italica cultivar Yugu1 549 ethyl methane sulfonate-induced mutants were generated and screened for the disruption of Kranz anatomy, associated with C4 photosynthesis in many plants. About 14 mutants with abnormal Kranz structures were identified, which will help elucidate genes involved in the development of the Kranz structure (Luo et al., 2018). SiYGL2, the homolog of AtEGY1, was shown to be involved in the leaf senescence and Photosystem II function in S. italica (Zhang et al., 2018c). The genome-scale metabolic model was constructed in S. viridis that revealed the role of NH+4 and NO−3 ratio in balancing charges and 3-PGA/triosephosphate shuttle in proton balancing (Shaw and Maurice Cheung, 2019). Ermakova et al. (2019) have reported that the overexpression of Rieske FeS protein results in higher Cytochrome b6f content leading to the removal of electron transportation limit in mesophyll and bundle sheath cells. Overall, the C4 photosynthesis and CO2 assimilation level were markedly increased (Ermakova et al., 2019). Higher photosynthetic rates were also observed at elevated CO2 levels, and the response was analogous to C3 plants (Li et al., 2019b). Foxtail millet mutant library was generated, proving a valuable genetic resource for future functional studies. Further, map-based cloning identified deletion mutation in the phytoene synthase encoding WP1 exhibiting reduced chlorophyll and carotenoid in leaf and panicles (Sun et al., 2019). Transcriptome study of S. viridis leaves that serve as a source revealed that high light and low light exposure to a plant causes the contrasting deregulation of sugar sensors HXK and SnRK1 and trehalose pathway genes (Henry et al., 2020). White light exposure increases H2S generation, leading to hypocotyl elongation in foxtail millet (Liu et al., 2019d). Due to C4 photosynthesis, and high water and nitrogen use efficiency, foxtail millet is been a focus of researchers for years. However, genetic dissection of the photosynthetic traits to establish an in-depth understanding of the effect of environmental factors on yield is still in infancy. Advancement in the phenomics tools has provided high-throughput, non-destructive phenotyping platforms that hold the potential to be used for studying yield-related traits more efficiently. Further, identifying and validating molecular players linked to the photosynthetic traits and WUE/NUE is imperative to reduce the environmental impact on foxtail millet production.



Functional studies on nutritional traits

Foliar application of selenite in S. italica exhibited the potential of increasing Selenium and yellow pigment, thus increasing its dietary advantages (Ning et al., 2016). Numerous reports have shown the health benefits of foxtail millet, such as antiproliferative activity, lowering blood pressure, low glycemic index, glucose-lowering effect, multi-drug resistance in human HCT-8/Fu colorectal cancer, antioxidant properties, immunostimulatory activity, attenuation of Atherosclerosis (Zhang and Liu, 2015; Chen et al., 2017; Lestari et al., 2017; Ren et al., 2018a,b; Lu et al., 2018b; Marak et al., 2019; Srinivasan et al., 2020; Liu et al., 2020a). Evaluation of phenolic antioxidants of foxtail millet indicated its potential in regulating postprandial hyperglycemia (Xiang et al., 2019). Characteristics of various elements, GABA and polyphenols, β-glucan (Sharma et al., 2018b,c), and the effect of storage conditions on germination (Sharma et al., 2018a) were analyzed in S. italica. Gel forming ability of foxtail millet was increased significantly with the addition of CaCl2 and FeSO4, adding to its nutraceutical property (Nagaprabha and Bhattacharya, 2016). Further, physiochemical characterization of starch gel from green gram and foxtail millet was also performed by Nagaprabha et al. (2018). Terahertz time-domain spectroscopy (THz-TDS) was employed for qualitative and quantitative analyses of (a) glutamic acid and glutamine from yellow foxtail millet, and (b) ternary amino acid from foxtail millet, highlighting the application of this technique for binary and ternary amino acids measurement as compared to other methods (Lu et al., 2016, 2018a). Soluble dietary fiber content analysis from foxtail millet bran showed several health beneficial properties (Dong et al., 2019; Ji et al., 2019). Aroma compound isolation from foxtail millet grain after boiling, freeze-drying after boiling, or roasting exhibited that unsaturated aldehydes, benzene, and alcohols surged after boiling. At the same time, freeze-drying lowered the content of volatile compounds linked to the aroma. On the other hand, roasting enhanced pyrazine content (Bi et al., 2019).

In a previous study, cooked millet was also shown as promising nutraceutical food for delaying type 2 diabetes (Ren et al., 2016). Nutritional quality comparison elucidated that protein, fat, and fiber were higher in millet food products than in traditional rice products (Verma et al., 2015). Setaria italica resistant starch content and effect of different treatment was determined to analyze the structure and digestibility (Babu et al., 2019). In addition, the difference at the genetic level in starch physiochemical properties was determined in different accessions of Chinese foxtail millet and landraces found in Taiwan (Qi et al., 2019; Yin et al., 2019). Further, foxtail millet has been assessed for yield, quality, and morpho-nutritional traits to explore the genetic variability (Srilatha et al., 2020; Karvar et al., 2021). Sharma and Sharma (2021) showed that bioprocessing, including soaking, germination, fermentation, and a combination of aforesaid treatments, reduced the antinutrients while enhancing the bioactive profile in foxtail millet grains. Also, different milling fractions of foxtail millet were analyzed for their phenolic profiles, antioxidant properties, and α-glucosidase inhibitory effects (Zhang et al., 2021a,b,c). Further, it has been shown that the unsaturated fatty acids are responsible for forming volatiles, thus leading to an unpleasant aroma during germination in foxtail millet (Li et al., 2021b). A recent study identified 18 long non-coding RNAs (lncRNAs) in relation to grain yield and predicted them to function as miRNA target mimics (Zhao et al., 2020). The nutritional quality of foxtail millet was analyzed in response to elevated CO2 levels and found that eCO2 significantly enhanced the accumulation of K, Mn, Zn, and starch and promoted P accumulation. These findings advocate that foxtail millet holds great potential to provide food security and nutrition under eCO2 (Gong et al., 2021). Collectively, these studies emphasize an array of health benefits and nutritional qualities of foxtail millet. However, most of these are only limited to demonstrating the effect of genetic variability, storage, and method of cooking on nutritional qualities. Metabolomics can be employed further to illustrate the primary and secondary metabolic compounds associated with these qualities. In addition, multi-OMICs would help to understand the key players attributing to the health benefits of foxtail millet and other millets.



Functional studies on other unique traits

In situ hybridization mapping revealed that the apospory-specific genomic region (ASGR) of Pennisetum squamulatum has collinearity with chromosome 2 of S. italica (Sapkota et al., 2016). The anatomical study of the abscission zone (AZ) was performed to understand the difference in AZ development in the two closely related species, S. viridis and its domesticate, S. italica (Hodge and Kellogg, 2016). Further, the anatomy of early shoot development was investigated, specifically targeting Kranz anatomy initiation (Junqueira et al., 2018). Phenotyping assays were optimized for S. viridis at three developmental stages, viz. seed germination, early seedling, and adult plant growth, which will be helpful for physiological analysis of Setaria species and other panicoid species grasses (Acharya et al., 2017). Carbon and nitrogen isotope ratios in different tissues (leaves and grain) were determined to implicate the necessity of accounting for it further during paleodietary reconstructions (Lightfoot et al., 2016). Interestingly, the property of the foxtail millet shell as an efficient bio-sorbent was highlighted for the absorption of Cu, Zn, Cd, and Cr ions (Peng et al., 2018). Recently, variation in the utilization of N was shown at the seedling stage in different foxtail millet varieties (Erying et al., 2020). Desai et al. (2018) established S. viridis as a model system to uncover the mechanism underlining the Time of Day of Anther Appearance (TAA) regulation. In situ localization study of phytoliths exhibited species-specific morphotypes in different tissues of Setaria species that could be used for taxonomic characterization of Setaria (Bhat et al., 2018). Root microbiome examination of foxtail millet plants sampled from two geographically isolated locations indicated that the host plant assists the growth of specific bacteria in the rhizosphere (Jin et al., 2017). Metagenomic analysis of rhizoplane and endophytic bacteria in wild S. viridis and domesticated S. italica also classified species-associated microbiome (Chaluvadi and Bennetzen, 2018). While studying the rhizome of dried foxtail millet, a gram-positive bacterial strain, Amnibacterium setariae was isolated and characterized (Kim et al., 2019).

Endophyte isolation from both root and panicle of S. viridis and S. pumila affirmed distinct and conserved microbial taxa across genotypes and geographical distribution (Rodríguez et al., 2018). Aihemaiti et al. (2019) studied the effect of Vanadium (V) concentration on plant growth and the uptake of essential elements. At a concentration lower than 47.4 mg/L, V positively affected the accumulation of elements, such as P, Fe, Cu, Zn, and Mo, while at a higher concentration, accumulation was reduced. Root growth was more susceptible to increasing V concentration than shoot growth in S. viridis (Aihemaiti et al., 2019). In foxtail millet, it was found that Iso-potentials of PEG (used for drought treatment) and laundry detergent had a more adverse effect on seed germination and overall plant growth than PEG (Heidari et al., 2019). In a recent study, iron plaque (IP) formation was observed in the less studied grass S. parviflora which helps plants adapt to an iron-rich environment (Oliveira de Araujo et al., 2020). Transient expression in tobacco leaves revealed that foxtail millet PPLS1, a bHLH transcription factor associated with SiMYB85 controlled the purple color of pulvinus and leaf sheath (PPLS) trait used as an indicative characteristic of the authentic hybrids (Bai et al., 2020). Recently, the extract from foxtail millet leaves and the stem has shown an allelopathic effect on three different weeds (Dong et al., 2019). Interestingly, the peptides derived from foxtail millet have demonstrated antioxidant and anti-inflammatory activity in HaCaT cells and RAW264.7 murine macrophages (Ji et al., 2020).



Breeding, molecular breeding, and speed breeding in Setaria

Foxtail millet is a diploid cereal free of gluten and has several nutritional emoluments. Breeding for foxtail millet to develop elite cultivars began in the 1950s (Paroda and Mal, 1989). Foxtail millet, being a self-pollinated crop with minute inflorescence, the pure-line selection was the most predominantly used method for developing superior cultivars in foxtail millet (Lata et al., 2013). This remained a barrier to exploiting the prevailing genetic richness in its gene pool. Recently, CO 6 and CO (Te) 7 were released as hybrid derivatives by overcoming these constraints by crossing using a standard hot water method of emasculation and approach method for dusting (Pramitha Lydia et al., 2021). Now, advanced molecular breeding tools are being employed to utilize this prevailing diversity in its gene pool. Several genetic diversity analyses represent the variability for all morphological, biochemical, and nutritional traits in its germplasm, proving a way to perform effective selection and hybridization techniques in foxtail millet to meet the key breeding objectives (Ghimire et al., 2019). In addition, the availability of gene-specific and trait-linked markers from association analysis is an essential tool in developing high-yielding resilient varieties in foxtail millet (Vetriventhan et al., 2014).

After the availability of a complete genome sequence (Bennetzen et al., 2012; Jia et al., 2013), the breeding of foxtail millet has accelerated to inducing targeted mutation. Foxtail millet being a diploid crop, is feasible for dissecting observable mutants. Its smaller growth duration (95 DAS) also prefers a favorable condition to raise subsequent generations to develop a homozygous line within a year. Mutation in foxtail millet began in the mid of 70s (Gupta and Yashvir, 1975) and was initially used to develop elite cultivars of the previously released version. Recently with the joined venture of omics, the mutation breeding in foxtail millet has seen a different phase of success (Mamidi et al., 2020). Anittha and Mullainathan (2019) treated CO (Te) 7 with EMS and DES in various concentrations and visualized different chlorophyll and morphological mutations in M2 generation. This study confronted that EMS was more effective in attaining desirable variants in M2 generation (Anittha and Mullainathan, 2019). Generating mutant sources in foxtail millet serves as a new source for functional genomics. Recently, a library of mutants with 1,353 independent M2 lines exhibited varying chlorophyll and morphological types developed from EMS. Of these, 16 M2 lines were resequenced, and by map-based cloning, Wp 1 gene was identified to have a significant role in chlorophyll accumulation. The results depicted an eight-base pair deletion located at the 6th exon in LOC101786849. The wild Wp1 gene was studied to code phytoene synthase; therefore, the wp1 mutants exhibited reduced chlorophyll and carotenoid contents in leaves and panicles due to premature termination (Sun et al., 2019). Later, advanced approaches as a beginning of reverse genetics were initiated by analyzing de novo assemblies of S. viridis. This study identified loci for three traits, viz., response to climate, non-shattering, and leaf angle, which is a major factor for yield. By incorporating CRISPR-Cas 9, the Less shattering 1 (SvLes 1) was validated for its role in controlling seed shattering. Comparative analysis of this gene in S. italica revealed that the same gene was non-functional due to an insertion of retrotransposon on domestication (SiLes1-TE). Thus, this trait could be manipulated in cultivars to prevent shattering losses in foxtail millet.

Developing mutants by spontaneous and induced mutations also serves to study male sterility. Although several Genic Male sterility (GMS), Photoperiod Genetic Male Sterile (PGMS), and Cytoplasmic Genetic Male Sterile (CGMS) were screened in China, the successful male sterile system that is still used in hybrid seed production is Partial Genetic male sterility (PAGMS). Using this, two superior cultivars, Yugu 1 and Zhaogu 1 were developed (Diao and Jia, 2017). Recent studies on mutagenic agents also revealed that lower doses of EMS were more effective in yielding desirable mutants, whereas higher doses resulted in meiotic abnormalities (Kumar and Pandey, 2021). Hence, breeding for desirable traits by a mutation in foxtail millet requires properly handling the mutagenic agents.

The recent avenue of breeding focuses on reducing the cycle of selection in developing superior varieties, reducing the time span of releasing cultivars to the farmers. Speed breeding focuses on inducing haploids, which could be essential in achieving rapid homozygosity. Such double haploid standard and haploid induction are yet to be manifested in foxtail millet. Overcoming this, an initiative for editing of SiMTL gene, which is orthologous to the maize haploid inducer gene, was prompted by Cheng et al. (2021). The study successfully achieved an average haploid induction rate of 2.8%. It was also found that this could be enhanced by developing knock-out mutants of SiMTL. Future approaches to inducing haploids and DH techniques will be more rewarding to millet breeders in developing genetic resources that could alter the phase of foxtail millet cultivation.



Hotspots in Setaria research

In recent years, Setaria has been considered an ideal model system for expanding the identification and characterization of the underlying mechanism of important agronomical traits (Figure 4). The shift in the dietary habits toward foxtail millet further focuses on improving its palatability and consumer preference for marketability. The consumer prefers a yellow-colored grain with a higher concentration of aldehydes which offer a sweet aroma. The yellow-colored grain also has a higher resistant starch content than other varieties. Molecular markers for selecting foxtail millet in rendering a preferable quality have a major thrust. Three genes control the color of seeds in foxtail millet, viz., B, I, and K. The genes B and I are mapped on chromosomes 7 and 9, while K is not mapped yet (He et al., 2015). In addition, a significant focus on reducing the amylose content to improve the cooking quality also plays a significant role in consumers’ choices. Following this, the second primary preference of the consumers is the consumption of unbroken grains in diets. Breeding for bold seeded types in foxtail millet with a maximum grain recovery during threshing is a major issue that must be resolved in the upcoming years. Setaria is highly nutritious and rich in protein and minerals, including iron and zinc. Inclusively, research on improving its folate and selenium content has been initiated to enrich its overall value (He et al., 2015). The Second International Setaria Genetics Conference, held at the Donald Danforth Plant Science Center, St. Louis, MO, United States, has highlighted the progress of research work in Setaria till March 2017 (Zhu et al., 2017). Research in the past decade has uncovered several aspects of Setaria with a major focus on the domesticated variety, S. italica. However, considering the importance and present demand of foxtail millet, extensive work is needed to elucidate the basis of genetic variation among their germplasm and exploit this information further for crop improvement. Precisely, identification of foxtail millet cultivars exhibiting tolerance to multiple stress needs to be conducted. Evaluation of these cultivars holds the potential of using this trait in climate-smart agriculture. In addition to the current reports presenting the transcriptome analysis of Setaria, proteomic and metabolomic investigation should be performed to complement the current information and finally draw a hypothesis. Further, identifying and characterizing genes involved in the biotic, abiotic, and combined stress response in Setaria is important to find the biomarker linked to stress tolerance.
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FIGURE 4
 Foxtail millet as a model crop to translate the information in other crops. Foxtail millet is considered an ideal model system due to its physiological, genetic, and climate resilience attributes.


Exploring the correlation between photosynthetic traits and different climatic conditions with the crop yield is also necessary for nutrient management and yield enhancement. High-resistant starch content is another quality that needs to be investigated in detail to understand how this can be utilized in the regular diet for health benefits and disease prevention. In a previous study, biofortification in millets was proposed as a promising approach for nutritional security (Vinoth and Ravindhran, 2017). However, due to the antinutrients such as phytic acid, tannins, and polyphenols, the bioavailability of important nutrients becomes a limiting factor. Therefore, reducing antinutrients using RNAi or genome editing tools (CRISPER, TALENs, ZFNs, etc.) and/or enhancing the bioavailability of nutrients with the targeted expression of specific promoters can be focused as the area of research to utilize the nutritional potential of foxtail millet efficiently. A major issue with millet flour is rancidity, which persists because of high-fat content and lipase activity. An effective approach should be standardized to decrease the activity of rancidity-causing enzymes, leading to improved shelf life and long-term use of millet flour. Furthermore, our understanding of the biofuel traits of Setaria species has to be expanded to make this trait useful while engineering other crops.



Enhancing experimental design for the improvement of crops under ever-changing climatic conditions

Several studies have been conducted at different developmental stages or in response to multiple stresses and have identified candidate genes, which could be considered markers for crop improvement. Overexpression and knockdown of these genes have been performed in the native or heterologous system to comprehend their function. Methods for stable and efficient transformation of Setaria have been established for reverse genetics analysis of the genes identified from various experiments (Martins et al., 2015a,b; Saha and Blumwald, 2016; Van Eck, 2018; Rathinapriya et al., 2019; Nguyen et al., 2020; Santos et al., 2020; Sood et al., 2020). The shoot tip-based genetic transformation method has also been optimized for foxtail millet (Yang et al., 2021a). Also, the virus-mediated overexpression (VOX) vector based on Foxtail mosaic virus (genus Potexvirus) has been developed for protein expression in Setaria (Bouton et al., 2018). Earlier, foxtail mosaic virus (FoMV)-induced gene silencing (VIGS) was also established for functional genomics studies (Liu et al., 2016b). Further, successful attempts for gene editing and virus-induced flowering (VIF) have been made using the foxtail mosaic virus (Mei et al., 2019). Few studies have also optimized the reference gene for RT-PCR during developmental stages and/or stress responses in Setaria that can be used further for expression analyses (Lambret-Frotté et al., 2015; Martins et al., 2016; Nguyen et al., 2018).

Pan et al. (2014) identified and characterized a seed-specific promoter pF128 in foxtail millet. During genome-wide analysis of the NF-Y gene family and following transcriptome study identified two genes (SiNF-YA1 and SiNF-YB8) were highly responsive to salt and drought stresses. Overexpression of SiNF-YA1 imparted drought and salt tolerance in Arabidopsis plants by regulating the expression of stress-related genes (Feng et al., 2015). Foxtail millet Abscisic acid stress ripening protein, SiASR1 overexpression, leads to enhanced tolerance in tobacco by modulating the expression of oxidation-related genes, viz. NtRbohA, NtRbohB, NtCAT, NtSOD and NtAPX (Feng et al., 2016). Functional characterization of SiASR4 elucidated that ABA-responsive DRE-binding protein (SiARDP) was found to be upstream of the promoter region. Also, overexpression of SiASR4 in Arabidopsis and foxtail millet imparts drought and salt tolerance via an ABA-dependent pathway (Li et al., 2017). Similarly, SiLTP identified through Suppression subtractive hybridization (SSH) analysis was also regulated by SiARDP. Plants overexpressing SiLTP showed enhanced resistance, while RNAi plants exhibited sensitivity to drought and salt stress compared to wild-type foxtail millet plants (Pan et al., 2016). SiCDPK24 overexpression in Arabidopsis improved plant survival rate under drought stress by modulating the expression of genes, viz. RD29A, RD29B, RD22, KIN1, COR15, COR47, LEA14, CBF3/DREB1A, and DREB2A (Yu et al., 2018). Double zinc finger sequence harboring LIM domain-containing protein analysis pointed toward the presence of multiple stress-related cis-elements in the promoter of SiWLIM2b. Overexpression of SiWLIM2b in rice further advocated its possible role in multiple stress responses (Yang et al., 2019), making it an interesting candidate for future studies. In contrast, Kaur et al. (2018) showed the effect of overexpression of Arabidopsis AGG3 gene in S. viridis that positively mediate stress response and yield. During the genome-wide study of autophagy-associated genes gene family, a novel gene SiATG8a was identified whose heterologous expression led to improved drought and nitrogen starvation stress in Arabidopsis and rice (Li et al., 2016a). Expressing SiMYB3 in the heterologous system caused enhanced low-nitrogen stress tolerance by regulating root growth (Ge et al., 2019). Transgenic S. viridis plants overexpressing Brachypodium distachyon MATE gene showed increased tolerance to aluminum stress and higher root citrate exudation (Ribeiro et al., 2017). Overexpression of SiMYB3 in Arabidopsis promoted elongation of primary roots and K+ deficiency tolerance (Cao et al., 2019).

Aquaporins, SvPIP2;1 and SvNIP2;2, were expressed in Xenopus laevis oocyte to determine their water permeability. It was observed that during cell expansion in the stem, SvPIP2;1 serves as a water channel, and SvNIP2;2 mobilizes water and solutes from mature internodes (McGaughey et al., 2016). Map-based cloning identified a gene SiYGL1 linked to yellow leaf mutation that regulates a set of genes involved in photosynthesis, thylakoid development, and chloroplast signaling in S. italica (Li et al., 2016b). Characterization of Argonaute mutant, siago1b, followed by RNA-seq based comparison of wild-type and mutant plants, highlighted SiAGO1b function in energy metabolism, cell growth, programmed death, and abiotic stress responses in foxtail millet (Liu et al., 2016c). Another gene involved in the developmental process, SiTTG1, was also found to regulate salinity and high glucose stress response in foxtail millet (Liu et al., 2017a,b). Mutation in the Loose panicle 1 (LP1) gene in S. italica exhibited aberrant branch morphology, semi-dwarfism, and enlarged seed size (Xiang et al., 2017). Interestingly, brassinosteroid biosynthesis plays an essential role in the underlining alteration in inflorescence architecture (Yang et al., 2018). The transcription factor, SiNAC1, positively regulates leaf senescence in Arabidopsis in an ABA-dependent manner (Ren et al., 2018a,b). Loss of function mutation in both SiSTL1 and SiSTL2 genes leads to growth retardation, reduced chloroplast biogenesis, and leaf vein distances in an irregular manner in foxtail millet (Zhang et al., 2018b; Tang et al., 2019). Phosphate transporter SiPHT1 silencing in foxtail millet promoted several lateral roots and root hair, whereas decreased total and inorganic P accumulation in root and shoot (Ceasar et al., 2017). Further, the expression of PHT1 family genes leads to low phosphate stress tolerance in foxtail millet (Roch et al., 2020). RNAi of SvBAHD01 causes reduced feruloylation of the cell wall in the stem, thus increasing biomass digestibility in S. viridis (De Souza et al., 2018). Identification and characterization of BRASSINOSTEROID INSENSITIVE 1 (BRI1) showed the conserved role of SiBR1 in BR signaling in foxtail millet (Zhao et al., 2021b).




Conclusion

Most of the current research in Setaria focuses on genetic analysis-based QTL identification and transcriptome studies. However, proteome and metabolome analyses, key gene identification, and their characterization are still in infancy. Setaria, an annual diploid, offers scientists amenable features to explore as a model crop for tapping the hidden potential in underexplored crops. Current trends in foxtail millet also focus on its C4 mechanism. Identifying the regulatory genes beneath the C4 system establishes foxtail as a mini C4 model species. A collaborative effort with advanced breeding and phenotyping approaches for various agronomically essential traits is required to develop novel varieties of foxtail millet. There is also a crucial need to further explore the genetic resources of foxtail millet to identify several key molecular markers for performing trait genetics and association mapping. These findings would lead to marker-associated crop improvement in foxtail millet, and analogous markers can be studied in other related crops. Thus, applying advanced omics approaches will unravel the natural genetic variation in foxtail millet germplasm collection and open new opportunities for crop improvement in other crops. Also, foxtail millet could be used as a reference crop to understand the evolutionary relationship among other millet crops. The advancement of research and generated information helps study other panicoid grasses and related food and bioenergy crops.
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SUPPLEMENTARY FIGURE 1  
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+ Drought:
- Increase in ROS and activation of antioxidant enzymes and
osmoprotectants.
- Increase in ABA synthesis and auxins but decrease in cytokinins.
- Induction of TFs (HSFs, MYBs and WRKY's) and HSPs
expression.
+ Salinity:
- High Na* and CI-but reduction in Ca?* absorption and changes
in the activity of ion transporters.
- Increase in ROS and antioxidant enzymes and osmoprotectants
and lipid peroxidation.
- Expression of ABA-related transcripts, and metal homeostasis and

detoxification
+ Nutrient deficiencies:
- Decrease in the activity of nutrient-related enzymes, reduction of
starch and degradation to sugars. J

Drought

+ Salinity:
- Alteration of ion homeostasis and activity of H*-ATPase transporters.
- Increase in antioxidant enzymes and lipid peroxidation.
- Shared genetic and molecular pathways.
+ Nutrient deficiencies:
- Accumulation of osmoprotectants.

- Activation of N transport-related transcripts.

+ High CO2:

- Increase in ABA, decrease in auxins and GAs.
- Expression of aquaporin-related genes, activity of miRNAs
involved in root development.

4 )

- Increase in carbohydrates and C assimilation, activity of N transporters.

/i i Cold b

+ Drought:

~————— - Increase in ROS and antioxidant compounds and dehydrins.

- Decrease in relative water content.
- Regulation mediated by ABA.
+ Salinity:
- Increase in intracellular Ca?*, changes in the
influx/efflux of K*.
+ Nutrient deficiencies:
- Changes in membrane permeability and ion uptake,
and increase in antioxidant enzymes.
+ Flooding:
- Increase in ROS and antioxidant enzymes, and enhanced
activity of vacuolar H*- pyrophosphatase.

r

Salinity

+ Nutrient deficiencies:
- Alteration of Na*/K* ratio and changes in the activity of phosphatases.
+ Flooding:
- Increase of Na* and reduction of K*.
- Increased activity of anaerobic-related enzymes, decrease in the N-fixation
capacity and increase of NO.
- Alteration of proteins related to N-metabolism and secondary metabolites
related to osmotic adjustment.
- Reduction in cytokinins.
+ High CO2:
- Decrease in Na* and increase in K*, decreases in aminoacids.

- Increases in the activity of PIP aquaporins.
- Reductions in ABA and increase in cytokinins.
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and approaches

B Engineer multistress tolerance using key transcription factors
and other key regulatory genes modulating combined stress
abiotic-related gene expression in roots.

B Incorporation of hormonal crosstalk and epigenetic
mechanisms regulating root response into combined stress
abiotic tolerance breeding programmes.

B Genome editing approaches to generate novel desired alleles
based on natural variation of stress-responsive genes.

B Improvement of agronomic management practices and the use
of precise farming: more efficient use of nitrogen and
phosphate fertilizers as well as water.

B priming-induced multistress resilence applied on roots.
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Year Treatment The number The number The areaof The area of

of small of large the large sieve tubes
bundles bundles bundles
2017 CK 243a 118b 0.171b 0.019b
CK-B 263a 149a 0.185a 0.021a
W 198¢c 98c 0.116d 0.012d
W-B 226b 115b 0.160c 0.014c
2018 CK 245a 1290 0.199a 0.020a
CK-B 262a 151a 0.197a 0.021a
W 198¢c 103d 0.126¢ 0.013¢c
W-B 239 121c 0.169b 0.016b

Different letters on bars indicate the significant differences among treatments at
P < 0.05 using the LSD test.
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Thermal-related stresses References

Heat stress
Individual effects - Reduction in root growth - Wu et al., 2020
- Changes in the fluidity of the cell plasma membrane - Los and Murata, 2004
Combination with drought - Reduction in root growth - Vescio et al., 2021
- Reduction in the number of lateral roots -Wuetal., 2017
- Suppression of the development of seminal roots - Fébian et al., 2008
Combination with salinity - Reduction in root growth - Rivero et al., 2014
- Increase in root/shoot ratio -LiuF. Y. etal, 2014
Combination with nutrient deficiencies - Reduction in root growth - Tindall et al., 1990
- Reduction in root length, number of root tips and root surface area -Luo X etal., 2012; LuoH. Y. et al., 2012
- Changes in the distribution of the root system and reductions in diameter - Lahtiet al., 2005
Cold stress
Individual effects - Reductions in root growth - Richner et al., 1996
- Reductions in water uptake - Yadav, 2010
Combination with drought - Pre-treatment with drought leads to enhanced root system under cold stress. - Kaur et al., 2016
- Pre-treatment with cold leads to an increase in root dry weight, length and - Ling etal., 2015
increase in number of lateral roots under drought stress - Hussain et al., 2020
- Cold and drought applied at the same time lead to root growth reduction
Combination with salinity - Pre-treatment with cold decreases ion uptake - Igbal and Ashraf, 2010
Combination with nutrient deficiencies - Combination with K deficiency leads to reductions in root length - Shi-Heng et al., 2021
Combination with flooding - Changes in the development of adventitious roots - Ojeda et al., 2004
Soil-related stresses References
Drought stress
Individual effects - Deeper root system under moderate drought - Moles et al., 2018
- Reductions in root growth under severe drought -Wuetal, 2017
Combination with salinity - Aggravation of the effects of drought, inhibiting root growth - Srivastava and Singh, 2009
- Increase in root/shoot ratio - Shaheen and Hood-Nowotny, 2005
- Changes in the root tips cell ultrastructure - lorahim et al., 2019
Combination with nutrient deficiencies - Inhibition of root growth - Shietal, 2017
- P-starvation and drought cause modifications on root hairs - Jungk, 2001
Salinity stress
Individual effects - Reduction in water uptake - Negréo et al., 2017
Combination with nutrient deficiencies - P-starvation with salinity causes changes in the development of lateral roots - Kawa et al., 2020
and reductions in root growth - Abbas et al., 2018
Combination with flooding - Detrimental effects on the number of adventitious roots, number of lateral - NeSmith et al., 1995

roots and root dry weight
Nutrient deficiencies

Individual effects - N deficiency causes roots to become longer, with larger cells but reduced - Qinetal., 2019
solidity - Mollier and Pellerin, 1999
- P deficiency causes reductions on root growth - Zhang G. et al., 2009; Zhang Z. et al., 2009
- K deficiency causes reductions in root length, area and volume
Flooding stress
Individual effects - Reductions in root growth - Barrett-Lennard, 2003
- Expansion of adventitious roots -Zhangetal., 2017
Atmospheric-related stresses References
- Enhanced root growth - Uddin et al., 2018
- Increase in root mass, length, area and density - Chaudhuri et al., 1986
Combination with drought - Enhanced root biomass compared to individual drought stress -LiY.etal, 2020
Combination with salinity - Enhanced root growth when compared to salinity stress alone - Ratnakumar et al., 2013

Summary of the current knowledge regarding morphological effects of abiotic stress combinations in roots of crops. The table summarizes indivical effects of each
abiotic stress in roots as well as the effects of different stress combinations. The different stresses are divided into three categories: thermal-related stresses, soil-related
stresses and atmospheric-related stresses. The morphological effects showed in this table have been observed among several crops. References for each statement are
'shown in the column at the right side of the table.
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Year Treatment The florets The florets Fertilized

differentiated at differentiated at florets
T1 stage T2 stage

2017 CK 568b 848a 627b
CK-B 632a 909a 672a

W 392c 736b 534d

W-B 544d 832a 615¢

2018 CK 497b 909a 723b
CK-B 525a 924a 776a

W 406d 759¢ 533d

W-B 455¢ 841b 682c

Different letters on bars indicate the significant differences among treatments at
P < 0.05 using the LSD test.
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Year Treatments Kernels per ear 1,000-kernels weight Grain yield

2017 CK 553ab 363a 13,193b
CK-B 582a 370a 14,768a

W 425¢ 349b 9,270d

W-B 522b 368a 12,192¢
2018 CK 540b 364a 13,270b
CK-B 593a 367a 15,205a

W 443d 341b 9,985d

W-B 507¢c 359a 11,872¢

Different letters on bars indicate the significant differences among treatments at
P < 0.05 using the LSD test.
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