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Editorial on the Research Topic 


Regulatory Mechanisms of Leaf Senescence Under Environmental Stress


Leaf senescence defines the final stage of the leaf developmental program and is characterized by extensive destabilization of intracellular organelles and decomposition of macromolecules in order to relocate nutrients to the actively developing organs. Over the last two decades, a number of genes associated with leaf senescence have been identified, thus significantly enhancing our understanding of the regulatory mechanisms underlying this phenomenon (Woo et al., 2019; Sakuraba et al., 2020). However, given the complexity of leaf senescence, many molecular mechanisms and associated factors involved in this process might still be unknown.

The purpose of this Research Topic is to identify the genes or regulatory mechanisms associated with environmental stress-induced leaf senescence or the regulatory mechanisms underlying environmental stress responses that are potentially important for the regulation of leaf senescence. In this Research Topic, a total of 10 research articles have been accepted for publication; these articles focus on a wide range of plant species, including the model plant Arabidopsis thaliana and various crops such as rice (Oryza sativa), tobacco (Nicotiana tabacum), and cotton (Gossypium hirsutum).

Light deprivation is one of the many environmental stresses that induce leaf senescence. In Arabidopsis, dark-induced leaf senescence requires phytochrome-interacting transcription factors (TFs), PIF4 and PIF5 (Sakuraba et al., 2014), as well as phytohormones such as abscisic acid (ABA) and ethylene. In this Research Topic, Ueda et al. investigated the relationship between ethylene, ABA, and PIFs in dark-induced leaf senescence in Arabidopsis. The pif4 pif5 double mutant exhibited delayed yellowing during dark-induced leaf senescence. However, they showed that during ABA-induced leaf senescence under light, the pif4 pif5 double mutant did not show decreased sensitivity to ABA, suggesting that PIF4 and PIF5 act upstream of ABA signaling. On the other hand, the triple mutant of pif4 pif5 and ethylene-insensitive ein2 exhibited a stronger delayed senescence phenotype than the ein2 single mutant and pif4 pif5 double mutant, suggesting that EIN2-mediated ethylene signaling and PIF4/PIF5 independently regulate dark-induced leaf senescence.

NAC and WRKY TFs are considered to play important roles in the regulation of leaf senescence. In this Research Topic, Doll et al. reported that Arabidopsis WRKY25 acts as a negative regulator of hydrogen peroxide (H2O2)-mediated promotion of leaf senescence. WRKY25 binds to and enhances the activity of the promoter of the WRKY53 gene, which encodes a key TF that promotes leaf senescence; however, WRKY25 directly represses the activity of its own gene promoter. Additionally, Doll et al. showed that MEKK1, a component of the mitogen-activated protein kinase (MAPK) signaling pathway, enhances the ability of WRKY25 to activate the WRKY53 promoter. Thus, WRKY25 and WRKY53 form a highly complex and robust regulatory network to regulate H2O2-mediated promotion of leaf senescence. On the other hand, Gu et al. reported that in cotton (Gossypium hirsutum), GhWRKY91 acts as a negative regulator of leaf senescence. Constitutive expression of GhWRKY91 in Arabidopsis delayed leaf yellowing during natural leaf senescence and under dehydration stress. Furthermore, they demonstrated that GhWRKY91 activates the promoter of GhWRKY17, which is involved in ABA signaling and reactive oxygen species (ROS) production.

Compared with NAC and WRKY TFs, roles of other TFs in the regulation of leaf senescence remain unclear. Zhang et al. reported that DEAR4, a DREB/CBF family TF, acts as a positive regulator of leaf senescence in Arabidopsis. Transgenic Arabidopsis plants overexpressing DEAR4 exhibited accelerated leaf yellowing during natural and dark-induced senescence. In addition, they also showed that DEAR4 overexpressing plants were more sensitive to high salinity and drought stresses than wild-type plants, and DEAR4 increased the sensitivity to these environmental stresses probably by enhancing ROS production. On the other hand, Lim et al. identified a novel senescence-associated AP2/ERF family TF in rice, ETHYLENE RESPONSE FACTOR 101 (OsERF101). OsERF101 directly activates the transcription of genes encoding OsNAP and OsMYC2 TFs, both of which activate genes associated with chlorophyll degradation and jasmonate (JA) signaling.

A balance between carbon (C) and nitrogen (N) availability is one of the key determinants affecting the progression of leaf senescence. Arabidopsis plants grown under N-deficient conditions with elevated CO2 levels exhibited precocious leaf senescence (Aoyama et al., 2014). Li et al. identified several key components of the C/N-nutrient response including a leucine-rich repeat receptor-like kinase with extracellular malectin-like domain (LMK1) using phosphoproteomics approaches. Further analyses revealed that LMK1 exhibits cell death induction activity in plant leaves. Thus, LMK1 potentially acts as a key regulator of the progression of C/N imbalance-induced leaf senescence.

Cytokinin (CK) negatively regulates leaf senescence and enhances tolerance to environmental stresses, such as drought and high salinity. In tobacco, constitutive expression of ISOPENTENYL TRANSFERASE (IPT), which encodes a key CK biosynthetic enzyme, delayed leaf senescence but also caused negative growth phenotypes, such as dwarfism and root growth inhibition (Smart et al., 1991). In this Research Topic, Avni et al. reported that transgenic tobacco plants overexpressing the IPT gene under the control of the stress-inducible promoter of the Arabidopsis METALLOTHIONEIN gene were tolerant to dehydration and high salinity stresses and showed normal growth and metabolic maintenance. Thus, environmental stress-specific induction of CK biosynthesis is a useful approach for developing plants with improved biomass and yield under environmental stress conditions, and this approach can be applied to various crop species.

The phytohormone ABA is closely associated with the drought stress response. In this Research Topic, three studies identified proteins involved in the ABA-dependent drought stress response in Arabidopsis. Baek et al. reported the role of Arabidopsis PR5 receptor-like kinase 2 (AtPR5K2) in the drought stress response. They showed that AtPR5K2 physically interacts with and phosphorylates Type 2C protein phosphatases, ABA-INSENSITIVE 1 (ABI1) and ABI2, which regulate the initiation of ABA signaling. Baek et al. investigated the role of Arabidopsis RPD3-type HISTONE DEACETYLASE 9 (HDA9) in the ABA-dependent drought stress response. HDA9 physically interacts with ABA-INSENSITIVE 4 (ABI4), a key ABA signaling TF, and the results of chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR) indicated that the HDA9–ABI4 complex directly represses the expression of CYP707A1 and CYP707A2 genes, which encode ABA catabolic enzymes. On the other hand, a previous study showed that the HDA9–POWERDRESS (PWR) complex participates in the regulation of leaf senescence, flowering time, and floral dormancy. Khan et al. showed that both HDA9 and PWR interact with ABI4, probably forming the PWR–HDA9–ABI4 complex, and repress the expression of genes associated with ABA metabolism and signaling.

In conclusion, we believe that studies included within the Research Topic “Regulatory Mechanisms of Leaf Senescence Under Environmental Stress” improve our understanding of the molecular mechanisms of environmental stress-induced leaf senescence. We sincerely appreciate all scientists who kindly allowed us to publish their work in this Research Topic.
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Cell surface receptors perceive signals from the environment and transfer them to the interior of the cell. The Arabidopsis thaliana PR5 receptor-like kinase (AtPR5K) subfamily consists of three members with extracellular domains that share sequence similarity with the PR5 proteins. In this study, we characterized the role of AtPR5K2 in plant drought-stress signaling. AtPR5K2 is predominantly expressed in leaves and localized to the plasma membrane. The atpr5k2-1 mutant showed tolerance to dehydration stress, while AtPR5K2-overexpressing plants was hypersensitive to drought. Bimolecular fluorescence complementation assays showed that AtPR5K2 physically interacted with the type 2C protein phosphatases ABA-insensitive 1 (ABI1) and ABI2 and the SNF1-related protein kinase 2 (SnRK2.6) proteins, all of which are involved in the initiation of abscisic acid (ABA) signaling; however, these interactions were inhibited by treatments of exogenous ABA. Moreover, AtPR5K2 was found to phosphorylate ABI1 and ABI2, but not SnRK2.6. Taken together, these results suggest that AtPR5K2 participates in ABA-dependent drought-stress signaling through the phosphorylation of ABI1 and ABI2.

Keywords: drought stress, abscisic acid, receptor-like kinase, ABI1, ABI2, SnRK2.6, phosphorylation, Arabidopsis thaliana



Introduction

Plant receptors perceive signals from external stimuli and transmit this information to the interior of the cell (McCarty and Chory, 2000). These receptors are typically composed of three major domains: an external ligand-binding domain for detecting the signal, a transmembrane domain for anchoring to the cell membrane, and an intracellular domain for transmitting the signal inside the cell to generate a signaling cascade (Hohmann et al., 2017). To sense and transmit the vast numbers of signals arising from environmental stimuli, plants have functionally evolved a large family of membrane receptor kinases and receptor-like kinases (RLKs) (Shiu and Bleecker, 2001; Hohmann et al., 2017). In the Arabidopsis thaliana genome, the RLKs are represented by 610 proteins divided into 44 subfamilies and at least 16 types, which have unique extracellular domain structures and functions (Shiu and Bleecker, 2001). Plant RLKs have different functions according to the types of motifs in their extracellular domains (Shiu and Bleecker, 2001); for example, the extracellular domains of leucine-rich repeat RLKs (LRR-RLKs) play important roles in the protein–protein interactions required for various signal transduction pathways in plant growth and development (Kobe and Deisenhofer, 1994; Torii et al., 1996; Clark et al., 1997; Yokoyama et al., 1998; Schoof et al., 2000; Mandel et al., 2016). The S-receptor kinases (SRKs) that possess a membrane-spanning serine/threonine kinase motif are involved in the determination of pollen-derived S-haplotype specificity for self-incompatibility (Hatakeyama et al., 2001; Takayama and Isogai, 2003). The lectin RLKs interact with extracellular carbohydrates such as glucose, mannose, fructose, chitobiose, and other sugars, and play roles in plant developmental processes and the signaling responses to plant hormones during various abiotic and biotic stresses (Loris et al., 2003; Vaid et al., 2012; Yang et al., 2016). The CRINKLY4 (CR4) family of RLKs contain a tumor necrosis factor receptor motif and are required for vegetative growth, floral organ development, aleurone formation in seeds, and sex determination (Becraft et al., 1996; Jin et al., 2000; Kang et al., 2002; Tian et al., 2007; Nikonorova et al., 2015), while the wall-associated kinase family of RLKs possess epidermal growth factor-like domains and are essential regulators of cell expansion, immunity resistance, and heavy metal tolerance in Arabidopsis (Verica and He, 2002; Verica et al., 2003; Hou et al., 2005; Wang et al., 2012). The pathogenesis-related 5 (PR5) RLKs (PR5Ks) are activated by several hormones and pathogenic infections (Thomma et al., 1998; Clarke et al., 2000; Durrant and Dong, 2004; van Loon et al., 2006).

Osmotin has been classified into the PR5 family with thaumatin-like domain (Abdin et al., 2011). Osmotin has been identified as the predominant protein (24 kDa protein) from osmotically adapted tobacco cells (Singh et al., 1985; Singh et al., 1987; Yun et al., 1997). In addition, osmotin is synthesized in root in response to exogenous abscisic acid (ABA) and accumulated in the presence of NaCl (Singh et al., 1987). The osmotin and osmotin-like proteins (OLPs), having antifungal activity, are basic isoform of the thaumatin-like proteins (TLPs) and share highly similar amino acid sequences (Yun et al., 1997; Shiu and Bleecker, 2001; Abdin et al., 2011; Misra et al., 2016). In addition to their common thaumatin-like domain, the OLPs and TLPs contain two additional domains to function, protein kinase-like domains and bifunctional inhibitor/lipid-transfer/seed storage 2S albumin domains (Liu J et al., 2010; Abdin et al., 2011). These proteins have been implicated in a wide range of cellular processes, including enzyme activation, the assembly of macromolecules, the cellular localization of proteins, and protein degradation (Liu J et al., 2010; Abdin et al., 2011). Moreover, the expression of OLP and TLP genes is induced by various environmental stresses, such as pathogens, salt, ABA, drought, cold, and wounding, suggesting that they may also function in stress signaling (Singh et al., 1989; Yun et al., 1998; van Loon et al., 2006; Misra et al., 2016). An in silico analysis of the structural features of these proteins suggested that they bind to specific receptors (Misra et al., 2016); however, the nature of their binding partners and the molecular and phenotypic consequences of such interactions remain unknown.

The phytohormone ABA is associated with diverse processes in plant growth and development, including seed maturation, seed dormancy, stomatal closure, and seedling growth (Finkelstein et al., 2002). ABA also plays major roles in plant-adaptive mechanisms to abiotic stresses such as cold, drought, and salinity, principally by regulating stomatal closure (Zhu, 2002; Raghavendra et al., 2010; Roychoudhury et al., 2013). The protein phosphatase type 2C (PP2C) proteins, including ABA-insensitive 1 (ABI1), ABI2, AtPP2CA/ABA hypersensitive germination 3 (AHG3), AHG1, hypersensitive to ABA 1 (HAB1), and HAB2, serve as negative regulators of ABA signaling (Kuhn et al., 2006; Saez et al., 2006; Yoshida et al., 2006b; Fujii et al., 2009a; Nishimura et al., 2009; Nishimura et al., 2010). In the absence of ABA, the activated PP2Cs bind to the SNF1-related protein kinase 2s (SnRK2s) and dephosphorylate their serine residues, preventing them from phosphorylating their targets in the ABA signaling pathway (Yoshida et al., 2006a; Fujii and Zhu, 2009b). ABA signals are detected by the pyrabactin resistance (PYR)/PYR1-like (PYL)/regulatory component of ABA receptor (RCAR) proteins, key ABA receptors that activate ABA signaling by binding both the ABA molecule and the PP2C proteins to inhibit the phosphatase activity of the PP2Cs (Fujii et al., 2009a; Park et al., 2009; Nishimura et al., 2010; Gonzalez-Guzman et al., 2012; Lee et al., 2013). This releases the SnRK2s from the PP2Cs–SnRK2s complex, which enables them to be activated by autophosphorylation and/or phosphorylation by other kinases (Melcher et al., 2009; Yin et al., 2009). The activated SnRK2s phosphorylate and activate several transcription factors involved in ABA signal transduction, such as the ABRE binding factor (ABF) transcription factors (Umezawa et al., 2009b; Xie et al., 2012). The core components, including the PYLs, PP2Cs, and SnRK2s, form a signaling complex known as the “ABA signalosome” or “ABA core signaling module” (Umezawa et al., 2009a and Umezawa et al., 2009b); however, the detailed regulation of the ABA signalosome in RLK-mediated signaling requires further studies.

In plant expressed sequence tag databases, 3 PR5Ks from among 27 proteins in the PR5 family included thaumatin domain in N-terminal region (Liu J et al., 2010). Here, we characterized the roles of the three Arabidopsis PR5-like receptor kinases (AtPR5Ks) in ABA-dependent drought-stress response. The atpr5k2-1 mutant was found to be hypersensitive to drought stress but resistant to exogenous ABA stress. We revealed that AtPR5K2 acts as a negative regulator of ABA signaling during drought stress. AtPR5K2 phosphorylates ABI1 and ABI2 and functions most probably by modulating the phosphatase activity of PP2Cs of the ABA signalosome components.




Materials and Methods



In silico Analysis

The amino acid sequence analysis programs on TAIR (https://www.arabidopsis.org/) were used to search for homologous genes. Multiple sequence alignments of proteins were carried out using ClustalW (http://www.genome.jp/tools/clustalw) and the Plant Protein Phosphorylation DataBase (http://www.p3db.org).




Plant Materials and Growth Conditions

The A. thaliana wild type (WT) used in this study was Col-0 ecotype, and all mutant and gene-overexpressing transgenic plants had a Col-0 background. The pr5k1-1 (Salk_142707), pr5k2-1 (GK_321B01), and pr5k3-1 (GABI_254G07) mutants were obtained from the Arabidopsis Biological Resource Center (pr5k1-1) and the GABI collection (pr5k2-1 and pr5k3-1). Homozygous mutants were identified using a genomic PCR analysis with a T-DNA left border primer (LBb1.3) and two pairs of PR5K-specific primers. The sequences of experimental primers used for genotyping the various mutants are described in Supplemental Table 1.

Arabidopsis seeds were sterilized for 5 min with a 70% ethanol and 2% sodium hypochlorite solution (Yakuri pure chemicals, Kyoto, Japan) and then washed five times with sterilized water. After stratification for 3 days at 4°C in the dark, the seeds were plated on 1/2-strength Murashige and Skoog (MS) plates (pH 5.7) containing 0.6% agar and 1.5% sucrose, and grown in a growth chamber with 16-h light/8-h dark photoperiod at 23°C.




Physiological Assays

To test drought sensitivity, 3-week-old plants grown in soil with sufficient water were not watered for 11 or 13 days. After rewatering, the recovery of the drought-treated plants was monitored. The drought experiments were repeated four times using at least 12 plants for each line in each experiment. To measure the transpirational water loss, leaves were detached from 4-week-old plants grown in soil and placed on Petri dishes. Their fresh weights were measured periodically at the indicated times and the percentage of water loss. The water loss assays were repeated three times using at least 15 plants for each line in each experiment.

To measure the percentage of cotyledon greening, the seeds of all experimental plants were harvested at the same time and grown on 1/2-strength MS plates (pH 5.7) containing 0.6% agar and 1.5% sucrose, without or with different concentrations of ABA (Sigma-Aldrich, St. Louis, MO, USA) and other abiotic stresses such as NaCl, mannitol, KCl, and LiCl. Cotyledon greening was determined after their expansion. The percentage of cotyledon greening was obtained from three biological replications using at least 48 seedlings for each line in each replication.




Generation of PR5K2-Overexpressing Transgenic Plants

To generate the PR5K2-overexpressing transgenic plants, the full length of PR5K2 complementary DNA (cDNA) was amplified from WT using PCR and cloned into pMDC83 gateway vector (Thermo Fisher Scientific, MA, USA), which contained a hygromycin resistance gene and a GFP fusion sequence. Arabidopsis plants were transformed using Agrobacterium tumefaciens-mediated methods (Clough and Bent, 1998). The PR5K2-overexpressing transgenic plants were selected on 1/2 MS medium containing 30 μg/l of hygromycin (Merck, NJ, USA), and their PR5K2 expression levels were analyzed using reverse transcription PCR (RT-PCR) using gene-specific primers listed in Supplemental Table 1.




Quantitative RT-PCR Analysis

Total RNA was extracted and purified from different Arabidopsis tissues using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions, and treated with DNaseI (Sigma-Aldrich, St. Louis, MO, USA) to remove any genomic DNA contaminants. For the RT-PCR and quantitative RT-PCR (qRT-PCR) analyses, 2 µg total RNA was used for cDNA synthesis using SuperScript III (Thermo Fisher Scientific, MA, USA), in accordance with the manufacturer’s protocol. The qRT-PCR analysis was performed using a SYBR Green Supermix kit (Bio-Rad Laboratories, Hercules, CA, USA), and the relative gene expression levels were automatically calculated using the CFX384 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA). The qRT-PCR was performed using the following conditions: 95°C for 10 min, followed by 50 cycles of 95°C for 10 s, 60°C for 30 s, and 72°C for 30 s. The expression of TUBULIN2 was used as the endogenous control. The qRT-PCR experiments were performed in three independent replicates. The gene-specific primers used are listed in Supplemental Table 1.




Transient Assays to Determine the Subcellular Localization of PR5K2

The full-length PR5K2 cDNA was cloned into the XbaI and BamHI sites of a superfolder green fluorescent protein (sGFP) vector plasmid containing the sGFP to create a chimeric GFP-fusion construct under the control of the CaMV 35S promoter. To investigate the subcellular localization of PR5K2, PR5K2-sGFP was introduced into Arabidopsis protoplasts using a polyethylene glycol-mediated transformation (Baek et al., 2013). To confirm the localization of PR5K2 in the plasma membrane, the pMDC83 vector containing PR5K2-GFP was transformed into A. tumefaciens (GV3101 strain). The transformed cells were infiltrated into the leaves of 3-week-old tobacco (Nicotiana benthamiana) plants. The PR5K2-GFP-infiltrated leaves were plasmolyzed by cutting them into small pieces and soaking them in an enzyme solution including osmoticum (mannitol and MgSO4) and a protectant (CaCl2) for 1 h. The fluorescent signals were detected using GFP filter (excitation, 488 nm; emission, 510 nm) and RFP filter (excitation, 543 nm; emission, 581 nm) on a confocal laser-scanning microscope (Olympus FV1000; Olympus, Tokyo, Japan). The wavelength range of bright field was in 30 nm for GFP and 100 nm for RFP. The confocal lasers were used argon for GFP and Green HeNe for RFP.




Kinase Assays

The sequences of the PR5K2 kinase domain (wPR5K2KD) and the mutagenized PR5K2 kinase domain (mPR5K2KD) were amplified from full-length PR5K2 using PCR and sequence-specific primers. The mPR5K2KD kinase domain was generated using site-directed mutagenesis methods that converted the lysine residue of the kinase domain to alanine. The wPR5K2KD and mPR5K2KD sequences were cloned into the EcoRI and SalI sites of the pGEX5X-1 vector, which provided the GST expression. The GST-fused recombinant proteins were expressed in Escherichia coli (BL21 strain) and purified using glutathione sepharose 4B (GE Healthcare, Chicago, IL, USA), according to the manufacturer’s instructions. GST proteins were used as a control. For the in vitro autophosphorylation assays, 2 μg of the recombinant protein was incubated at 30°C for 30 min in a kinase buffer containing 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.5), 20 mM MgCl2, 2 mM MnCl2, and 1 μCi of [γ-32P] ATP (3,000 Ci/mmol). After separating the reaction products on a 10% polyacrylaminde gel using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), the phosphorylated proteins were detected using autoradiography.

The in-gel kinase assays were performed using a 10% polyacrylaminde SDS-PAGE gel embedded with 0.1 mg/ml either ABI1 or ABI2 as a kinase substrate, as previously described (Liu X et al., 2010) and with minor modifications. The mutagenized ABI1 and ABI2 proteins were generated using site-directed mutagenesis methods that converted the serine residue of their kinase domains to alanine. After electrophoresis with GST, wPR5K2KD, or mPR5K2KD, the gels were washed three times with washing buffer containing 25 mM Tris–HCl (pH 7.5), 0.5 mM dithiothreitol (DTT), 0.1 mM Na3VO4, 5 mM NaF, 5% dried nonfat milk, and 0.1% Triton X-100. After removing the SDS, the gels were incubated at room temperature for 30 min in a reaction buffer containing 25 mM Tris–HCl (pH 7.5), 2 mM EGTA, 12 mM MgCl2, 1 mM DTT, and 0.1 mM Na3VO4. The reaction samples were combined with 250 nM ATP and 50 μCi of [γ-32P] ATP (3,000 Ci/mmol) in the same reaction buffer, then incubated at room temperature for 1.5 h. ABI1 and ABI2 phosphorylation were visualized using autoradiography.




Bimolecular Fluorescence Complementation Assays in Tobacco Leaves

Bimolecular fluorescence complementation (BiFC) assays were performed using Agrobacterium-infiltrated methods (Tian et al., 2011). The full-length sequences of PR5K2, ABI1, ABI2, SnRK2.6, and PYR1 were cloned into the binary gateway vectors pDEST-GWVYNE or pDEST-GWVYCE (Gehl et al., 2009). The N-terminal fragment (YFPVN; 1–173 a.a. of eYFP) of Venus eYFP was fused to PR5K2, while the C-terminal fragment (YFPVC; 156–239 a.a. of eYFP) was fused to the putative interaction partners used in the BiFC assay. The leaves of 4-week-old N. benthamiana plants were coinfiltrated with A. tumefaciens (OD600 = 0.5) carrying pDEST-GWVYNE-PR5K2 (PR5K2VN) and either pDEST-GWVYCE-ABI1 (ABI1VC), pDEST-GWVYCE-ABI2 (ABI2VC), pDEST-GWVYCE-SnRK2.6 (SnRK2.6VC), or pDEST-GWVYCE-PYR1 (PYR1VC), together with the p19 plasmid, in infiltration buffer (10 mM MES, 10 mM MgCl2, and 100 µM acetosyringone). After 2 days of incubation, the fluorescence signals were detected using a GFP filter (excitation, 488 nm; emission, 510 nm) on a confocal laser-scanning microscope (Olympus FV1000; Olympus, Tokyo, Japan).




Co-Immunoprecipitation Assays

The full length of ABI1 and ABI2 cDNA was amplified from the WT using PCR and cloned into the pEarleyGate 301 gateway vector (Thermo Fisher Scientific, Waltham, MA, USA), which contained a Basta resistance gene and a HA fusion sequence. The total proteins from equal amounts of N. benthamiana leaves expressing both PR5K2-GFP and ABI1-HA or ABI2-HA proteins were extracted in extraction buffer consisting of 100 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1% NP-40, 1 mM ethylenediaminetetraacetic acid, 3 mM DTT, 2 mM Na2VO3, 2 mM NaF, 50 mM MG132, and protease inhibitor cocktail (Roche, Basel, Switzerland). α-GFP cross-linked to protein A agarose (Thermo Fisher Scientific, Waltham, MA, USA) was added to the total protein extract and incubated for 1 h at 4°C. After electrophoresis, immunoblotting was carried out using rat α-HA antibodies (Roche, Basel, Switzerland) and rabbit α-GFP antibodies (Abcam, Cambridge, UK). The antigen protein was detected using chemiluminescence with the enhanced-chemiluminescence-detecting reagent (GE Healthcare, Chicago, IL, USA) and ChemiDoc™ System (Bio-Rad Laboratories, Hercules, CA, USA).





Results



Identification of the AtPR5K2 Receptor Kinase Involved in Drought-Stress Signaling

The PR5Ks, which exist in both monocots and dicots, are composed of a signal peptide, and a transmembrane domain, an extracellular thaumatin-like domain, and an intracellular Ser/Thr kinase domain (Shiu and Bleecker, 2001; Liu J et al., 2010; Abdin et al., 2011; Supplementary Figure 1A). There are three Arabidopsis PR5K genes: AtPR5K1 (At5g38280), AtPR5K2 (At4g18250), and AtPR5K3 (At1g70250). The amino acid sequence of AtPR5K1 has a 55.0% similarity to AtPR5K2 and a 56.2% similarity to AtPR5K3, while the amino acid sequence of AtPR5K2 has a 50.6% similarity to AtPR5K3 (Supplementary Figure 1B). We analyzed expression of PR5Ks genes by Arabidopsis eFP Browser at BAR website (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Expression patterns of PR5K1, PR5K2, and PR5K3 genes in developmental tissues were very different from each other (Supplementary Figure 2). To understand the biological function of the AtPR5Ks, we identified homozygous T-DNA insertion knockout mutants of the three AtPR5K genes, atpr5k1-1, atpr5k2-1, and atpr5k3-1, using genomic PCR and RT-PCR analyses (Supplementary Figure 3). These three atpr5k mutants did not show any significant phenotypic differences to the WT plants under normal growth conditions (Figure 1A and Supplementary Figure 4A).
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Figure 1 | The phenotypes of the atpr5k2-1 mutant and AtPR5K2-overexpressing (AtPR5K2-OX) plants in response to drought stress. (A) Wild type (WT), atpr5k2-1, and AtPR5K2-overexpressing plants (AtPR5K2-OX #1 and #2) were grown in soil with sufficient water for 3 weeks (upper row). Water was then withheld from the plants for 11 days (middle), after which the plants were rewatered for 1 day (bottom). The survival rates of the WT, atpr5k2-1, and AtPR5K2-OX #1 and #2 lines under drought conditions were assessed in four replicates (n = 48). (B) Transpirational water loss was measured in detached leaves of 4-week-old WT, atpr5k2-1, and AtPR5K2-OX #1 and #2 plants. The fresh weights were measured at the indicated time points, and water loss was normalized relative to a percentage of their initial fresh weight. Error bars indicate the standard deviation from three independent experiments. Asterisks represent significant differences from the WT (*0.01 < p ≤ 0.01, Student’s t test).






We then tested the potential involvement of the PR5Ks with the plant responses to various abiotic stresses, including drought stress. To test their drought tolerance, water was withheld from 3-week-old WT and atpr5k mutant plants for 11 days, after which they were rewatered. After 1 day of rewatering, a drought tolerance phenotype could be observed in the atpr5k2-1 mutant plants (~81.25% survival rate) in comparison with the WT plants (~54.17% survival rate) (Figure 1A); however, the drought responses of the atpr5k1-1 and atpr5k3-1 mutants were similar to the WT plants. This suggests that AtPR5K2 plays a role in drought-stress signaling (Supplementary Figure 4). In additions, the messenger RNA expression of RD29B in atpr5k2-1 mutant was higher than that in WT plants under drought stress condition (Supplementary Figure 5). To further confirm the role of AtPR5K2 in stress signaling, we generated AtPR5K2-overexpressing (AtPR5K2-OX) plants by introducing the full-length AtPR5K2 cDNA into the WT plant. Two independent AtPR5K2-OX lines (#1 and #2) with different levels of AtPR5K2 expression were selected (Supplementary Figure 6). When subjected to 11 days of drought stress and 1 day of rewatering, the AtPR5K2-OX plants exhibited a hypersensitivity to drought response (approximately 2.08–4.17% survival rate) than the WT plants (Figure 1A).

We further examined the transpirational water loss of the WT, atpr5k2-1, and AtPR5K2-OX plants by measuring the changes in the fresh weights of detached leaves from 4-week-old plants over time. Water was lost more slowly from the atpr5k2-1 plants than from the WT, but more rapidly from the AtPR5K2-OX plants (Figure 1B). In addition, in the absence of ABA, stomatal opening in WT, atpr5k2-1, and AtPR5K2-OX plants were not different. However, in the presence of ABA, stomatal aperture in atpr5k2-1 mutant was more significantly decreased than that in WT. The stomatal aperture of AtPR5K2-OX plants was comparable to that of WT (Supplementary Figure 7). We also tested the potential involvement of AtPR5K2 in the responses to other abiotic stresses; however, both the atpr5k2-1 mutant and the AtPR5K2-OX plants did not show any obvious phenotypic differences to WT in response to the NaCl, KCl, LiCl, and mannitol stresses (Supplementary Figure 8). These results suggest that AtPR5K2 plays a role in the regulation of plant responses to drought stress specifically.




AtPR5K2 Plays a Negative Role in ABA Signaling

Water deficiency in plants has huge influences on plant growth and productivity (Bartels and Sunkar, 2005). Under water-deficient conditions, the initial plant response is to regulate the accumulation of ABA (Bartels and Sunkar, 2005). To determine whether AtPR5K2 is involved in ABA signaling, we examined the phenotypes of the atpr5k2-1 mutant and AtPR5K2-OX plants when treated with exogenous ABA. When placed on a medium containing 0.75 µM ABA, the germination of the AtPR5K2-OX seeds was significantly enhanced compared with the WT, although the germination of the atpr5k2-1 seeds was not affected (Figure 2A). After germination in the presence of 0.5 µM ABA, the atpr5k2-1 mutants showed slower (~2.7-fold) cotyledon greening than the WT; however, the cotyledon greening of the AtPR5K2-OX plants was ~1.56-fold faster than that of the WT (Figure 2B). The results indicated that AtPR5K2 functions as a negative regulator of ABA signaling during seed germination.
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Figure 2 | The phenotypes of the atpr5k2-1 mutant and AtPR5K2-overexpressing (AtPR5K2-OX) plants in response to ABA stress. (A) WT, atpr5k2-1, and AtPR5K2-OX #1 and #2 plants were germinated on 1/2 Murashige and Skoog (MS) with and without 0.75 μM abscisic acid (ABA) for 5 days. The ABA sensitivity analysis was performed in triplicate by using at least 50 seeds from each line in each experiment. (B) The cotyledon greening of WT, atpr5k2-1, and AtPR5K2-OX #1 and #2 seedlings germinated on 1/2 MS containing different concentrations of ABA for 5 days. Cotyledon greening was determined as a percentage of the seeds plated (n = 50). Error bars indicate the standard deviation from three independent experiments. Asterisks represent significant differences from the WT (*0.01 < p ≤ 0.01, Student’s t test).








Functional Characterization of AtPR5K2

To study the molecular functions of AtPR5K2, we used qRT-PCR to analyze the expression pattern of AtPR5K2 in various Arabidopsis tissues, including the rosette leaves, roots, stems, cauline leaves, flowers, and siliques. We found that AtPR5K2 is highly expressed in the rosette and cauline leaves (Figure 3A). Furthermore, the messenger RNA level of AtPR5K2 was dramatically induced in response to drought stress (Supplementary Figure 9). To examine the subcellular localization of the AtPR5K2 protein, the full-length AtPR5K2 cDNA was fused with GFP and expressed under the control of CaMV 35S promoter. Aquaporin fused with red fluorescent protein was used as a plasma-membrane marker. 35S:AtPR5K2-GFP and 35S:Aquaporin-RFP were transiently coexpressed in Arabidopsis protoplasts, and the GFP signal was observed to overlap with the plasma-membrane signal, suggesting that the protein is localized to the plasma membrane (Figure 3B). To confirm its plasma membrane localization, we induced plasmolysis in tobacco epidermal cells expressing AtPR5K2-GFP. The GFP fluorescence was still observed at clear separation of the plant protoplast from the cell wall organizing Hechtian strands, which was interrelated cell wall and plasma membrane after plasmolysis (Figure 3C). These data indicated that AtPR5K2 was localized to the plasma membrane.
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Figure 3 | Expression patterns and subcellular localization of AtPR5K2. (A) The expression of AtPR5K2 in various tissues of Arabidopsis thaliana. Total RNA was extracted from the roots, rosette leaves, cauline leaves, stems, flowers, and siliques of the wild-type plants. The transcript levels of AtPR5K2 were measured using quantitative reverse transcription PCR (qRT-PCR) and calculated relative to the expression of the endogenous control gene, TUBULIN2. Error bars represent the ± SD from three independent experiments. (B) Subcellular localization of AtPR5K2 in Arabidopsis protoplasts. 35S:AtPR5K2-GFP and Aquaporin-RFP were coexpressed in Arabidopsis protoplasts, which were analyzed using confocal fluorescence microscopy and photographed after 24 h of incubation at 22°C. Aquaporin-RFP is a plasma-membrane marker. Scale bars represent 10 μm. (C) Subcellular localization of AtPR5K2 in the epidermal cells of tobacco (Nicotiana benthamiana) leave expressing 35S:AtPR5K2-GFP before and after plasmolysis. The epidermal cells were analyzed using confocal fluorescence microscopy and photographed after 48 h of incubation at 25°C. Scale bars represent 20 μm. Red asterisk indicates that AtPR5K2-GFP signal remains in the Hechtian strands. Red arrowheads point to the retracted plasma membrane. (D) In vitro kinase assays of AtPR5K2. The upper panel indicates the schematic structure of the GST-fused AtPR5K2 kinase domain (wPR5K2KD) and the GST-fused mutagenized AtPR5K2 kinase domain (mPR5K2KD). Each kinase domain was individually expressed in Escherichia coli, and 2 μg purified proteins was incubated in kinase assay buffer. Radioactive-labeled products were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and detected using radioactivity (bottom right). After electrophoresis, the purified products were stained with Coomassie brilliant blue (bottom left).






One of the AtPR5Ks, AtPR5K1, was previously been shown to have autocatalytic kinase activity in vitro (Wang et al., 1996). To determine whether AtPR5K2 has autophosphorylation activity, we fused the protein kinase domain-encoding sequence of AtPR5K2 (wPR5K2KD) with GST and expressed it in E. coli. The purified recombinant wPR5K2KD proteins were reacted with radioactive [γ-32P] ATP and separated using SDS-PAGE. A phosphorylated band was detected on the resulting gel at the position approximating a molecular weight of 65 kDa, which corresponded to the molecular weight of the recombinant wPR5K2KD protein (Figure 3D). To impede the kinase activity of AtPR5K2, we substituted the lysine residue (amino acid position 352) in the kinase domain with arginine. This lysine residue is known to be important for ATP binding in many kinases (Carrera et al., 1993). The kinase activity of the mPR5K2KD protein was significantly reduced compared with that of wPR5K2KD (Figure 3D), indicating that AtPR5K2 has a functional kinase activity.




AtPR5K2 Interacts With Protein Phosphatase 2C and SnRK2.6 in the ABA Signaling Pathway

The core components of the ABA signalosome, including the PYR/PYL/RCAR ABA receptors, PP2Cs, and SnRK2s, play a major role in the ABA signal transduction and plant adaptive responses to environmental stresses (Ma et al., 2009; Melcher et al., 2009). The PP2Cs, ABI1 and ABI2, act as negative regulators of ABA signaling (Kuhn et al., 2006; Saez et al., 2006), while SnRK2.6/OST1 acts as a positive regulator of ABA-dependent stomatal closure (Yoshida et al., 2006a; Kulik et al., 2011). To test whether AtPR5K2 is involved in ABA signalosome-mediated signaling, we tested the in vivo interaction between AtPR5K2 and the PP2Cs using BiFC assays. The full-length AtPR5K2 cDNA sequence was fused to the N-terminal fragment of the Venus protein (AtPR5K2VN), while ABI1 or ABI2 was fused to the C-terminal fragment of Venus (ABI1VC or ABI2VC, respectively). Fluorescence signals were detected in the plasma membrane of the tobacco epidermal cells when AtPR5K2VN was coexpressed with ABI1VC or ABI2VC (Figure 4A), while no fluorescence signals were detected when these constructs were coexpressed with the empty YFPVC or YFPVN vectors (Supplementary Figure 10). To further confirm the interaction of AtPR5K2 with ABI1 or ABI2, we conducted in vivo coimmunoprecipitation assays in tobacco leaves. The full-length AtPR5K2 sequence was fused to GFP (AtPR5K2-GFP), while ABI1 and ABI2 were individually fused to the HA tag protein (ABI1-HA or ABI2-HA). The total proteins of tobacco leave coinfiltrated AtPR5K2-GFP and ABI1-HA or ABI2-HA were immunoprecipitated with an α-GFP antibody, and the eluted precipitates were detected using an α-HA antibody, revealing that AtPR5K2 interacts with ABI1 and ABI2 in vivo (Figure 4B).
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Figure 4 | AtPR5K2 interaction with ABI1, ABI2, and SnRK2.6 in vivo and in vitro. (A) Bimolecular fluorescence complementation (BiFC) analysis of AtPR5K2 and PP2Cs coexpressed in tobacco (Nicotiana benthamiana) leaves. VN and VC indicate the N- and C-terminal regions of Venus (eYFP), respectively. The epidermal cells were analyzed using confocal fluorescence microscopy and photographed after 48 h of incubation at 25°C. Scale bars represent 100 μm. (B) AtPR5K2 forms a complex with the PP2Cs. Each combination of 35S:AtPR5K2-GFP, 35S:ABI1-HA, and 35S:ABI2-HA were transiently expressed in tobacco plants. The proteins were immunoprecipitated with an alpha-green fluorescent protein (α-GFP) antibody and resolved with SDS-PAGE. The immunoblots were probed with an α-GFP antibody to detect AtPR5K2 or an α-HA antibody to detect ABI1 and ABI2. The minus (−) indicated empty vectors (35S:GFP or 35S:HA, respectively) as negative controls. (C and D) BiFC analysis of AtPR5K2 and SnRK2.6 (C) or PYL1 (D) coexpressed in tobacco leaves. The epidermal cells were analyzed using confocal fluorescence microscopy and photographed after 48 h of incubation at 25°C. Scale bars represent 100 μm.






The physical interaction of the PP2Cs with the PYLs or SnRK2s was previously identified during ABA signaling (Yoshida et al., 2006a; Park et al., 2009; Nishimura et al., 2010). To test interaction between AtPR5K2 and SnRK2.6 or PYL1, we performed BiFC assays using SnRK2.6 or PYL1 fused to the C-terminal fragment of Venus (SnRK2.6VC and PYL1VC, respectively). Fluorescence signals were detected in the plasma membrane of the epidermal cells coexpressing AtPR5K2VN and SnRK2.6VC (Figure 4C); however, no interaction was detected between AtPR5K2VN and PYL1VC (Figure 4D). Taken together, these results suggest that AtPR5K2 plays an important role in the regulation of ABA core signaling by interacting with the PP2Cs and SnRK2.6.




ABA Affects the Interactions of AtPR5K2 With the PP2Cs and SnRK2.6

In the absence of ABA, the PP2Cs inhibit the autophosphorylation and activation of SnRK2.6 in ABA core signaling, while intracellular ABA enhances the in vivo interaction between the PP2Cs and PYL receptors (Nishimura et al., 2010). Thus, in the presence of ABA, the inhibitory effect of the PP2Cs on SnRK2.6 is removed, activating SnRK2.6 to phosphorylate ion channels or AREB/ABF transcription factors to stimulate the ABA response (Yoshida et al., 2006a; Yoshida et al., 2010). To investigate whether elevated cellular ABA levels affect the interaction of AtPR5K2 with the PP2Cs or SnRK2.6, we performed the BiFC assays in the presence and absence of exogenous ABA, by coexpressing AtPR5K2VN with ABI1VC, ABI2VC, or SnRK2.6VC in tobacco cells. The fluorescence signals in the tobacco leaves coexpressing AtPR5K2VN/ABI1VC, AtPR5K2VN/ABI2VC, and AtPR5K2VN/SnRK2.6VC were weaker in the presence of 10 μM exogenous ABA conditions than in the absence of ABA (Figure 5), suggesting that elevated ABA levels disrupt the interaction of AtPR5K2 with ABI1, ABI2, and SnRK2.6.
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Figure 5 | Influence of the AtPR5K2 complex on ABA stress signaling. BiFC analysis of AtPR5K2 and ABI1, ABI2, or SnRK2.6 transiently coexpressed in tobacco (Nicotiana benthamiana) leaves in the presence of absence of 10 µM exogenous ABA. VN and VC indicate the N- and C-terminal regions of Venus (eYFP), respectively. The epidermal cells were analyzed using confocal fluorescence microscopy and photographed after 48 h of incubation at 25°C in the presence or absence of ABA. Scale bars represent 100 μm








AtPR5K2 Phosphorylates the PP2Cs ABI1 and ABI2

To investigate whether AtPR5K2 could specifically phosphorylate ABI1, ABI2, or SnRK2.6, we performed in-gel kinase assays to test the phosphorylation of ABI1-GST, ABI2-GST, and SnRK2.6-GST by AtPR5K2. The kinase domain of PR5K2 (wPR5K2KD) phosphorylated ABI1 and ABI2 (Figure 6); however, no phosphorylation was detected when SnRK2.6 or GST were used as substrates (Figure 6 and Supplementary Figure 11). In addition, the phosphorylation of ABI1 and ABI2 was strongly attenuated by the mutation of the PR5K kinase domain (mPR5K2KD; Figure 6).
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Figure 6 | In-gel kinase assay of AtPR5K2. The recombinant fusion protein of the AtPR5K2 kinase domain (wPR5K2KD) or the mutagenized AtPR5K2 kinase domain (mPR5K2KD) was denatured and separated on an SDS gel. An in-gel kinase assay was performed using recombinant ABI1 (A; left), ABI1S314A (A; right), ABI2 (B; left), or ABI2S304A (B; right) as an embedded substrate. The GST tag served as a negative control.






To further confirm that ABI1 and ABI2 function as substrates for AtPR5K2, we investigated the putative phosphorylation site of ABI1 and ABI2 by analyzing the amino acid sequences the of PP2Cs using the Plant Protein Phosphorylation DataBase (http://www.p3db.org). The putative phosphorylation sites in ABI1 (Ser-314) and ABI2 (Ser-304) were substituted with alanine (ABI1S314A and ABI2S304A, respectively; Han et al., 2018). We performed in-gel kinase assays using ABI1S314A and ABI2S304A as substrates for the AtPR5K2 kinase domain (Figure 6), revealing that their phosphorylation by wPR5K2KD was greatly attenuated in comparison with the WT ABI1 and ABI2 proteins (Figure 6). These results suggested that AtPR5K2 phosphorylates the ABI1 and ABI2 phosphatases to modulate their activities during ABA core signaling.





Discussion



AtPR5K2 Negatively Regulates ABA Signaling

Several RLKs are known to function in abiotic stress signaling (Osakabe et al., 2005; Bai et al., 2009; Tanaka et al., 2012; Kumar et al., 2017). Some RLKs are involved in ABA signaling; however, the mechanisms by which they interact with the ABA core signaling pathway were not previously understood. AtRPK1 expression is rapidly induced by various abiotic stresses, such as ABA, drought, salinity, and cold, indicating that RPK1 mediates abiotic stress responses (Hong et al., 1997), while proline-rich extensin-like receptor kinase 4, an ABA- and Ca2+-activated protein kinase, was functionally characterized in the initial stages of ABA signaling (Bai et al., 2009). A cysteine-rich repeat RLK36negatively regulates ABA and osmotic stress signaling by interacting with receptor-like cytosolic kinase 1 (Tanaka et al., 2012). BRI1-associated receptor kinase 1 interacts with SnRK2.6 to induce stomatal closure in response to ABA, in contrast with the function of ABI1 during the ABA responses (Shang et al., 2016). Receptor dead kinase 1 is a positive regulator of ABA-dependent abiotic-stress signaling (Kumar et al., 2017). In the present study, we characterized the role of AtPR5K2 in ABA-dependent drought-stress signaling. It was found to interact with ABI1 and ABI2 on the plasma membrane (Figure 4) and phosphorylate them in vitro (Figures 3 and 6). ABI1 and ABI2 are typical PP2C proteins and key negative regulators of the ABA core signaling pathway (Cutler et al., 2010; Raghavendra et al., 2010). In addition, the AtPR5K2-OX plants underwent significantly higher levels of cotyledon greening than the WT when treated with ABA (Figure 2). These findings suggested that AtPR5K2 could act as a negative regulator of ABA signaling that modulates the functions of the PP2Cs.

Age-dependent leaf senescence is associated with various environmental stresses and changes of various plant hormones, such as ABA (Lim et al., 2007). It is recently reported that drought tolerance is enhanced when drought-induced leaf senescence is delayed in plants (Rivero et al., 2007). Arabidopsis RPK1, receptor protein kinase 1, mediates ABA-induced and age-dependent leaf senescence (Lee et al., 2011). The ABA receptor PYL9 improved ability of drought resistance as well as ABA-induced leaf senescence (Zhao et al., 2016). These results suggest the crosstalk between ABA-dependent drought stress signaling and leaf senescence. Based on these observations, it would be possible that AtPR5K2 may play a role in cross-talk between ABA-dependent drought stress signaling and leaf senescence. We intend to test the role of AtPR5K2 in drought- and ABA-mediated leaf senescence in the future study.




AtPR5K2 Directly Phosphorylates the PP2Cs But Not SnRK2.6 in the ABA Signalosome

Although AtPR5K1 was previously reported to have kinase activity (Wang et al., 1996), the function of the closely related AtPR5K2 protein was not previously known. AtPR5K2 comprises a thaumatin-like domain, a transmembrane domain, and a Ser/Thr kinase domain, the latter of which showed high similarity with that of AtPR5K1 (Supplementary Figure 1). Like AtPR5K1, AtPR5K2 has an efficient kinase activity which requires the lysine residue in its kinase domain (Figure 3D).

We investigated several major components of the ABA core signaling pathway as potential target substrates for AtPR5K2. ABI1, ABI2, and SnRK2.6 were previously known to be activated by phosphorylation during the ABA response (Kulik et al., 2011; Ma et al., 2009; Umezawa et al., 2009b; Ng et al., 2011); however, the mechanisms of this phosphorylation remained unclear. We showed that AtPR5K2 phosphorylated ABI1 and ABI2 in vitro (Figure 6), but did not use SnRK2.6 as a substrate (Supplementary Figure 11). In addition, we identified the putative phosphorylation sites of ABI1 (Ser-314) and ABI2 (Ser-304) used by AtPR5K2 (Figure 6). To our knowledge, AtPR5K2 is the first plant novel receptor kinase known to phosphorylate ABI1 and ABI2.




Proposed Working Model of AtPR5K2 in ABA Core Signaling

The ABA-mediated signal transduction pathway has been extensively studied, and many of its regulators have been elucidated (Finkelstein et al., 2002; Cutler et al., 2010; Raghavendra et al., 2010). Here, we added a new key component, AtPR5K2, to the ABA core signaling pathway (Figure 7). In the absence of ABA, AtPR5K2 interacts with the PP2Cs and SnRK2.6, but not with PYL1 ABA receptor. Active AtPR5K2 phosphorylates PP2C phosphatases, such as ABI1 and ABI2, which inhibit the activity of SnRK2.6, a positive regulator of ABA signaling, via dephosphorylation. This means that, in the absence of ABA, AtPR5K interrupts the ABA signal transduction and the expression of the ABA-dependent genes. Under stress conditions, such as drought, increased intracellular ABA dissociates the PP2Cs and SnRK2.6 from AtPR5K2 (Figure 5 and Figure 7). The released PP2Cs directly bind to both ABA and the PYL receptors and become inactivated. Subsequently, the SnRK2.6 kinase is activated by autophosphorylation and phosphorylates the ABRE/ABF transcription factors to induce the expression of ABA-dependent genes, which enhances plant tolerance to various abiotic stresses (Figure 7).
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Figure 7 | Proposed working model of AtPR5K2 in ABA core signaling. AtPR5K2 is single transmembrane protein with an N-terminal thaumatin-like domain (red box), a single transmembrane domain (yellow box), and a C-terminal Ser/Thr kinase domain (green oval). In the absence of ABA, the phosphatase activity of the PP2Cs is enhanced by AtPR5K2-dependent phosphorylation. The activated PP2Cs dephosphorylate the SnRK2s, decreasing their activity. Thus, the ABA-dependent gene expression regulated by SnRK2 is attenuated. In the presence of ABA, the protein–protein interaction affinities among AtPR5K2, PP2Cs, and SnRK2s are weakened. This means that the PP2Cs and SnRK2 are released from AtPR5K2, freeing SnRK2.6 to autophosphorylate itself and phosphorylate the transcription factors regulating ABA-dependent gene expression. In the case of the PP2Cs and SnRK2.6, a vivid coloration indicates an active status, while the gray color indicates an inactive status. The red circle containing the letter “P” indicates phosphorylation.








Conclusion

We identified and characterized the role of AtPR5K2, a PR5-like receptor kinase, in ABA core signaling during plant responses to drought stress. The AtPR5K2-OX plants were hypersensitive to drought stress and tolerant of exogenous ABA, suggesting that AtPR5K2 mediates ABA-dependent drought-stress signaling. Our molecular and biochemical results suggest that, under normal growth conditions, AtPR5K2 probably deactivates ABA core signaling and ABA-dependent gene expression by modulating the phosphorylation status of the PP2Cs and SnRK2.6, a major factor in stomatal closure. In response to abiotic stresses, however, AtPR5K2 turns on the ABA core signaling cascade and ABA-dependent gene expression by releasing the PP2Cs and freeing SnRK2.6 to promote ABA signaling. Our results demonstrate that AtPR5K2 plays an important role as a key negative regulator of ABA core signaling by phosphorylating the PP2C phosphatases, such as ABI1 and ABI2.
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WRKY transcription factors (TFs) play essential roles in the plant response to leaf senescence and abiotic stress. However, the WRKY TFs involved in leaf senescence and stress tolerance in cotton (Gossypium hirsutum L.) are still largely unknown. In this study, a WRKY gene, GhWRKY91, was isolated and thoroughly characterized. Transcriptional activity assays showed that GhWRKY91 could activate transcription in yeast. The expression pattern of GhWRKY91 during leaf senescence, and in response to abscisic acid (ABA) and drought stress was evaluated. β-Glucuronidase (GUS) activity driven by the GhWRKY91 promoter in transgenic Arabidopsis was reduced upon exposure to ABA and drought treatments. Constitutive expression of GhWRKY91 in Arabidopsis delayed natural leaf senescence. GhWRKY91 transgenic plants exhibited increased drought tolerance and presented delayed drought-induced leaf senescence, as accompanied by reinforced expression of stress-related genes and attenuated expression of senescence-associated genes (SAGs). Yeast one-hybrid (Y1H) assays and electrophoretic mobility shift assays (EMSAs) revealed that GhWRKY91 directly targets GhWRKY17, a gene associated with ABA signals and reactive oxygen species (ROS) production. A transient dual-luciferase reporter assay demonstrated that GhWRKY91 activated the expression of GhWRKY17. Our results suggest that GhWRKY91 might negatively regulate natural and stress-induced leaf senescence and provide a foundation for further functional studies on leaf senescence and the stress response in cotton.

Keywords: GhWRKY91, leaf senescence, abscisic acid, drought, GhWRKY17, cotton



Introduction

The WRKY gene family is a large family of plant-specific transcription factors (TFs) that play important roles in various processes, such as stem elongation (Zhang et al., 2011), pathogen resistance (Pan and Jiang, 2014), leaf senescence (Xie et al., 2014), panicle development (Xiang et al., 2017), trichome and seed coat development (Johnson et al., 2002), pollen development (Guan et al., 2014), fruit ripening (Jiang et al., 2017), and biotic and abiotic stress responses (Pan and Jiang, 2014). WRKY TFs have one or two conserved WRKY domains that consist of approximately 60 amino acids, with a WRKYGQK sequence in the N-terminal region and a C2H2 or C2HC zinc finger motif in the C-terminal region. WRKY TFs can be divided into three groups [I, II (IIa-e), and III] on the basis of their structure and evolutionary history (Eulgem et al., 2000; Rushton et al., 2010). WRKY TFs can interact with W-box cis-elements [TTGAC(C/T)] in the promoter regions of downstream genes to regulate the expression of those genes, thus leading to improved plant adaptation to environmental changes (Fan et al., 2017).

In agricultural production, leaf senescence leads to a decline in photosynthesis, which greatly limits the yield potential of crops. As the final stage of plant development, leaf senescence causes changes in plant cell structure, physiological and biochemical parameters, hormone levels, and gene expression (Lim et al., 2007). Genes expression significantly increases during leaf senescence include those that encode TFs such NACs (NAM, ATAF1/2 and CUC2) and WRKYs (Balazadeh et al., 2008; Guo et al., 2010; Lin et al., 2015; Wu et al., 2016). For example, an aging upregulated NAC TF, GhNAP, delays leaf senescence in RNA interference (RNAi) cotton plants via abscisic acid (ABA)-mediated pathways (Fan et al., 2015). A growing number of WRKY TFs are considered senescence regulators in plants (Kim et al., 2017). In Arabidopsis, AtWRKY6 (Robatzek and Somssich, 2002; Zhang et al., 2018), AtWRKY22 (Zhou et al., 2011), AtWRKY45 (Chen et al., 2017), AtWRKY53 (Miao et al., 2004), and AtWRKY75 (Guo et al., 2017a) act as positive regulators during natural leaf senescence, whereas AtWRKY18 (Potschin et al., 2014), AtWRKY54 (Besseau et al., 2012), AtWRKY57 (Jiang et al., 2014), and AtWRKY70 (Ulker et al., 2007) function as negative regulators. Furthermore, AtWRKY22 has been shown to promote and delay leaf senescence in overexpression plants and in T-DNA insertion mutants under dark conditions, respectively (Zhou et al., 2011). Atwrky57 mutants exhibit a jasmonic acid (JA)-induced early leaf senescence phenotype in which auxin functions as an antagonist (Jiang et al., 2014). In rice, OsWRKY23 has been shown to be involved in dark-induced leaf senescence in transgenic Arabidopsis plants (Jing et al., 2009). WRKY TFs are also involved in vegetative and fruit senescence, including BrWRKY65 in Chinese flowering cabbage (Fan et al., 2017) and LcWRKY1 in litchi (Jiang et al., 2017). Two cotton WRKY TFs, GhWRKY27 (Gu et al., 2019) and GhWRKY42 (Gu et al., 2018b), were recently identified to promote leaf senescence in transgenic Arabidopsis plants, suggesting that WRKY TFs have important roles during leaf senescence in cotton.

Drought or water shortage is one of the main environmental factors that reduces crop yields (Cominelli and Tonelli, 2010). Due to global warming and water shortages, water for crop irrigation is becoming increasingly limited and the development of drought-resistant crop species is particularly important (White et al., 2004). The mechanism of drought resistance in plants is very complex and is usually regulated by multiple genes, including those that encode WRKY TFs (Reynolds and Tuberosa, 2008; Pinto et al., 2010; Dou et al., 2014). Previous reports have shown that overexpression of wheat (Triticum aestivum L.) TaWRKY10 confers drought tolerance to transgenic tobacco plants by mediating osmotic balance, the production of reactive oxygen species (ROS), and the expression of stress-responsive genes (Wang et al., 2013). TaWRKY44 positively regulates drought stress in transgenic tobacco plants by scavenging ROS that have accumulated via cellular antioxidant systems or stress-related gene expression (Wang et al., 2015). ABA is an important plant hormone that participates in a variety of signal transduction pathways, especially those involved in plant resistance to adverse environmental stimuli such as drought, salt, and low temperature (Cutler et al., 2010). Adverse environmental conditions can cause the rapid accumulation of ABA, thus leading to stomatal closure and reduced water loss, which together constitute the main factor that leads to drought tolerance in plants (Cominelli and Tonelli, 2010; Krasensky and Jonak, 2012). Overexpression of GhWRKY27a reduces the drought tolerance of transgenic tobacco plants, and this effect is associated with enhanced stomatal opening and attenuated expression of ABA- and drought-associated genes (Yan et al., 2015). The constitutive expression of GhWRKY41 in tobacco improves salt and drought tolerance by enhancing stomatal closure in an ABA-dependent manner (Chu et al., 2015). Together, the results of these studies suggest that WRKY TFs play important roles in the drought stress response mediated by ABA signalling.

Plant growth and crop productivity are severely influenced by external environmental factors (such as biotic stress, abiotic stress, and signalling molecules) and internal growth factors (Gustafson, 1946). Leaf senescence, an internal factor, is a common phenomenon during plant development (Lim et al., 2007). In agricultural production, some early-maturing cotton varieties tend to age prematurely, which severely affects their fibre yield and quality (Yu et al., 2005). We previously performed a genome-wide analysis of the WRKY gene family and found that WRKY TFs in cotton were differentially expressed during different stages of leaf senescence and under various stresses (Lin et al., 2015). These findings provide a basis for further exploring the involvement of WRKY TFs in leaf senescence- and stress-associated regulatory pathways in cotton.

The objective of our study was to examine the functional role of the GhWRKY91 TF in the regulation of leaf senescence and the drought stress response. Therefore, we isolated and characterized the GhWRKY91 gene and analyzed its expression pattern. Our results showed that GhWRKY91 is involved in delayed natural and drought-induced leaf senescence, and increases drought tolerance in transgenic Arabidopsis plants. Furthermore, GhWRKY91 activates expression of its target gene GhWRKY17. Our findings reveal important functions of GhWRKY91 in leaf senescence and the response to drought stress, and provide a theoretical basis for developing cotton materials that present non-premature senescence and are stress tolerant.




Materials and Methods



Plant Materials and Growth Conditions

The cotton varieties CCRI10 (prematurely senescent), CCRI74 (prematurely senescent), and Liao4086 (non-prematurely senescent) were used in this study. Different tissues were sampled from the CCRI10 variety. To examine the functional role of GhWRKY91 during leaf senescence, the expression profile of GhWRKY91 was detected in 15-, 25-, 35-, 45-, 55-, and 65-day-old CCRI36 cotton leaves using transcriptome data (Lin et al., 2015). The data were normalized using the transcripts per million clean tags (TPM) algorithm (Lakhotia et al., 2014). The expression pattern of GhWRKY91 was also measured in the top four leaves of the CCRI10 and Liao4086 varieties; the leaves were marked at the flowering stage and collected after one week at five notable development phases (7, 14, 21, 28, and 35 days). In addition, the expression patterns were measured in CCRI74 cotton leaves, which included newly flattened to nearly completely senescent leaves at five different development stages (stages 1–5) (Gu et al., 2018a).

With respect to ABA and drought treatments, CCRI10 seeds were germinated in soil in a greenhouse at 25 ± 1°C under a 16 h light/8 h dark photoperiod. Ten-day-old seedlings were treated with 200 μM ABA and 20% (w/v) polyethylene glycol 6000 (PEG6000) according to Gu et al. (2018b). The cotyledon samples were harvested at 0, 2, 4, 6, 8 and 12 h. Each sample contained three biological replicates.

The Arabidopsis thaliana Columbia ecotype (Col-0) was used as the wild type (WT). Transgenic plants expressing 35S::GhWRKY91 or ProGhWRKY91::GUS were obtained using WT background plants. The seeds were surface sterilized and germinated on 1/2 Murashige and Skoog (1/2MS) (Murashige and Skoog, 1962) agar media in a growth chamber at 22°C under a 16 h light/8 h dark photoperiod. Two-week-old seedlings were then transplanted into soil in a greenhouse at 22 ± 1°C under a 16 h light/8 h dark photoperiod.




Gene Cloning and Sequence Analysis

The full-length cDNA, genomic DNA, and promoter fragments of GhWRKY91 were amplified from the cDNA and DNA products of CCRI10 cotton leaves. The PCR products were inserted into a clone vector, and the recombinant constructs were transferred into the DH5α strain for sequencing. The intron-exon structure was generated using GSDS 2.0 (http://gsds.cbi.pku.edu.cn/). The cis-elements were predicted using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html). A multiple sequence alignment was carried out using DNAMAN software. Phylogenetic analyses were performed using the MEGA 7 program and the neighbour-joining method. All primers used in this study are listed in Supplementary Table 1.




DNA, RNA Extraction, and Quantitative Real-Time PCR (qRT-PCR)

Genomic DNA was extracted via the cetyl-trimethylammonium bromide (CTAB) method as described previously (Porebski et al., 1997). Total RNA was isolated using an RNAprep Pure Plant Kit (DP441) (Tiangen, Beijing, China). The RNA was used as a template for cDNA synthesis via a PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time) (RR047A) (TaKaRa, Dalian, China). qRT-PCR was performed using SYBR® Premix Ex Taq™ (Tli RNaseH Plus) (RR420A) (TaKaRa, Dalian, China) and an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The thermocycler programme consisted of pre-denaturation at 95°C for 30 s followed by 40 cycles at 95°C for 5 s and then 60°C for 34 s. Each sample was analyzed based on three technical replicates and the data were calculated in accordance with the 2-ΔΔCt formula (Livak and Schmittgen, 2001). Gossypium hirsutum Actin (GhActin) and Arabidopsis thaliana UBQ10 (AtUBQ10) were used as reference genes.




Transcription Activation Assays

The GhWRKY91 gene was cloned and inserted into the EcoRI and BamHI sites of pGBKT7 to create pGBKT7-GhWRKY91 plasmids. The pGBKT7-GhWRKY91 and pGADT7 plasmids were co-transformed into Y2HGold cells. The transformed products were cultured and detected on SD-Trp-Leu (DDO), SD-Trp-Leu-His-Ade (QDO), and QDO/X-a-Gal (QDO/X) medium. The detailed protocol followed that of the Matchmaker™ Gold Yeast Two-Hybrid System (Clontech).




Vector Construction and Genetic Transformation of Arabidopsis thaliana

The GhWRKY91 gene was inserted into the BamHI and SacI sites of the binary vector pBI121 to generate 35S::GhWRKY91 plasmids. To measure the promoter activity of GhWRKY91, a 2009 bp promoter fragment was inserted into the HindIII and BamHI sites of the pBI121 vector to generate ProGhWRKY91::GUS plasmids. The 35S::GhWRKY91 and ProGhWRKY91::GUS recombinant plasmids were subsequently introduced into Agrobacterium tumefaciens strain LBA4404. The LBA4404 cells harboring the fusion constructs were transformed into WT plants via the floral dip method (Clough and Bent, 1998). The positive plants were selected on 1/2MS medium containing kanamycin (100 mg/L), and further confirmed via PCR and qRT-PCR. T3 generation plants were used for phenotypic observation of leaf senescence and stress treatments.




Analysis of Transgenic Arabidopsis Plants Under Normal, ABA, and Drought Conditions

To observe the phenotypes of transgenic plants under normal conditions, the seeds of the WT and three independent 35S::GhWRKY91 lines (OE91-12, OE91-13, and OE91-20) were surface sterilized and germinated on 1/2MS agar medium. After two weeks, the seedlings were transplanted to soil, and the natural growth phenotype was observed. The rosette leaves from 50-day-old plants were sampled for qRT-PCR detection of senescence-associated genes (SAGs).

To investigate the ABA and drought tolerance of plants, each pot was divided into four sections on average. WT, OE91-12, OE91-13, and OE91-20 seedlings (8 seedlings per line) were planted in each section of the same pot to maintain the same growth conditions until the seedlings were three weeks old. Afterward, the seedlings were sprayed with 50 μM ABA and irrigated with 15% (w/v) PEG6000 (to mimic drought). Untreated seedlings were used as controls. Because of the different concentration sensitivities of different species to stress treatments, the treatment concentration of Arabidopsis was different from that of the cotton. The rosette leaves were collected and used to analyze the expression of SAGs, and ABA- and stress-related genes. In addition, the plants were subjected to a water shortage treatment. Irrigation was withheld for four-week-old WT, OE91-12, OE91-13, and OE91-20 plants for approximately 2 weeks. The plants were imaged after their main stems were cut and removed. Three replicates were included per treatment.




β-Glucuronidase (GUS) Histochemical Staining

To investigate the promoter activity in different tissues, 8-day-old seedlings, stems, leaves, flower buds, flowers, and fruit pods from ProGhWRKY91::GUS plants were used for GUS staining. For the stress treatments, two-week-old ProGhWRKY91::GUS seedlings were treated in 1/2MS liquid medium that was supplemented with or without 100 μM ABA and 200 mM mannitol. Due to the difference in experiment purposes, the stress concentration was different from that of overexpression lines. GUS staining was performed as described previously (Jefferson et al., 1987). The treated samples were immersed in GUS histochemical staining buffers [0.1 mM NaPO4 (pH 7.0), 10 mM EDTA-Na2 (pH 8.0), 0.1% Triton X-100, 1 mM K3Fe(CN)6, and 2 mM X-Gluc], and subsequently incubated at 37°C overnight. After staining, the samples were decolorized in 75% ethanol until the color of the negative control turned white. GUS activity was estimated based on the presence of blue. In addition, the GUS staining assay is representative of the results in two independent transgenic lines.




Yeast One Hybrid (Y1H) Assays

The GhWRKY91 gene was cloned into pGADT7 vector at the EcoRI and BamHI sites to create pGADT7-GhWRKY91 prey plasmids. Three copies of specific fragments from the promoter regions of GhWRKY3, GhWRKY17, GhWRKY25, GhWRKY27a, GhWRKY68, ASCORBATE PEROXIDASE 1 (GhAPX1), and RESPONSIVE TO DESICCATION 22 (GhRD22) were cloned into a pHIS2 vector to generate bait carriers (Supplementary Table 2). The pGADT7-GhWRKY91 construct and each bait carrier were subsequently co-transformed into Y187 yeast cells. The transformed yeast cells were grown and detected on DDO and SD-Trp-Leu-His (TDO) medium that were supplemented with 200 mM 3-amino-1,2,4-triazole (3-AT) (TDO + 200 mM 3-AT) to evaluate protein-DNA interactions based on growth ability.




Electrophoretic Mobility Shift Assays (EMSAs)

The GhWRKY91 gene was cloned into pGEX-4T-1 to produce pGEX-4T-1-GhWRKY91 constructs, which were fused to a glutathione S-transferase (GST) tag at the N-terminus. The pGEX-4T-1-GhWRKY91 constructs were transformed into the E. coli strain Arctic-Express™, after which, the cells containing the fusion plasmids were induced by 0.5 mM isopropyl-β-D-thiogalactoside (IPTG) at 20°C for 4 h at 220 r/min. The fusion proteins were purified with a GST Fusion Protein Purification Kit (GenScript) and digested to remove any GST tags. Any biotin end-labelled probes containing a W-box originated from the promoter regions of GhWRKY17, GhWRKY27a, GhWRKY68, and GhAPX1. Unlabelled probes were used as cold competitors. We performed the EMSAs using a LightShift® Chemiluminescent EMSA Kit (Thermo Scientific, Waltham, MA, USA).




Dual-Luciferase Reporter Assay

The GhWRKY91 gene was cloned into the pGreenII 62-SK effecter vector, and the GhWRKY17 promoter was cloned into pGreenII0800-LUC reporter vector. The recombinant plasmids were transformed into the GV3101 (pSoup-p19) strain. The culture was incubated to an OD600 value of 0.8 and adjusted to an OD600 value of 0.6 with the infiltration buffer (10 mM MgCl2, 10 mM MES, and 100 μM acetosyringone). After resting at room temperature for 3 h, the suspensions of effecter and reporter were mixed in a 9:1 ratio and co-infiltrated into tobacco leaves according to the method by Hellens et al. (Hellens et al., 2005). Three days later, the LUC and REN values were obtained using a Dual-Luciferase® Reporter Assay System (Promega, USA) on a GloMax 20/20 Luminometer (Promega, USA). The trans-activation of the GhWRKY91 TF to GhWRKY17 promoter was indicated by the LUC/REN ratio. At least six independent repeats were performed.





Results



Cloning and Sequence Analysis of GhWRKY91

The genomic DNA and full-length cDNA sequences of GhWRKY91 (GenBank accession number: KF669793) were amplified from the cotton variety CCRI10. The GhWRKY91 gene contained three exons and two introns, and the genomic DNA sequence was interrupted by two introns of 105 and 97 bp at the 'GG' and 'GT' sites (Figure 1A). The open reading frame of GhWRKY91 was 822 bp in length and encoded 273 amino acid residues. The estimated molecular mass of the GhWRKY91 protein was 29.82 kDa, and the isoelectric point was 5.13. A comparison of the protein sequences of GhWRKY91 with its related proteins from different species demonstrated that GhWRKY91 was 98.53% homologous to GhWRKY65 (Gh_D10G0329.1), 50.71% homologous to AtWRKY65 (AT1G29280.1), 39.16% homologous to AtWRKY69 (AT3G58710.1), and 33.54% homologous to OsWRKY65 (XP_015647591.1). A multiple sequence alignment revealed that the GhWRKY91 protein includes one WRKY domain that comprises approximately 60 amino acids with a highly conserved amino acid sequence (WRKYGQK) and a C2H2 putative zinc finger motif, indicating that GhWRKY91 belongs to the group II family (Figure 1B). According to the phylogenetic tree, group II members could be divided into five subgroups (IIa-IIe), and GhWRKY91 was closely related to group IIe members (Figure 1C).
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Figure 1 | Sequence and phylogenetic analyses of GhWRKY91. (A) Exon-intron structure of the GhWRKY91 gene. The thick red line represents an exon, and the black line represents an intron. (B) Sequence alignment of the GhWRKY91 protein with the closely related proteins GhWRKY65 (Gh_D10G0329.1), AtWRKY65 (AT1G29280.1), AtWRKY69 (AT3G58710.1), and OsWRKY65 (XP_015647591.1). The WRKY domain is indicated by a double-headed arrow. The highly conserved core sequence WRKYGQK in the WRKY domain is represented by a red box. The C and H residues in the zinc finger motif are indicated by downward arrows. (C) Phylogenetic relationship of the GhWRKY91 protein with other group II WRKY proteins from Arabidopsis. GhWRKY91 is indicated by the black dot. The abbreviations before the gene names are as follows: Gh, Gossypium hirsutum; At, Arabidopsis thaliana; and Os, Oryza sativa.








Transcriptional Activity of GhWRKY91

A transcriptional activation assay was performed in vitro to demonstrate whether GhWRKY91 has transcription activation activity in yeast cells. The plasmids of the experimental group (pGADT7+pGBKT7-GhWRKY91), positive group, and negative group were transformed into Y2HGold yeast cells and assayed on DDO, QDO, and QDO/X agar medium. The results showed that all transformation products can grow normally on DDO medium (Figure 2). The experimental group and positive group grew well on QDO medium and turned blue on QDO/X medium, whereas the negative group could not; indicating that GhWRKY91 could autonomously activate the reporter genes in the absence of a prey protein (Figure 2).
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Figure 2 | Transcriptional activity of GhWRKY91 in Y2HGold yeast cells. Yeast cells were assayed on DDO (SD-Trp-Leu), QDO (SD-Trp-Leu-His-Ade) and QDO/X (SD-Trp-Leu-His-Ade/X-a-Gal) medium. The combination of the pGADT7-large T and pGBKT7-p53 plasmids was used as a positive control. The combination of the pGADT7-large T and pGBKT7-laminC plasmids was used as a negative control.







Expression Patterns of GhWRKY91 During Leaf Senescence and Under Stress Treatments

The transcriptome data (Lin et al., 2015) showed that GhWRKY91 transcripts increased as the CCRI36 cotton leaves aged and was highly expressed in senescent leaves (Figure 3A). In addition, the expression of GhWRKY91 increased gradually with leaf senescence and was more prevalent in the premature-senescence cotton variety CCRI10 than in the non-premature-senescence variety Liao4086 (Figure 3B). With respect to ABA stress, ABA treatment repressed the expression of GhWRKY91 in a time series of 2–12 h (Figure 3C). With respect to the drought treatment, the GhWRKY91 transcripts accumulated immediately and peaked at 2 h after the initial treatment, followed by a decrease in accumulation throughout the remaining 4–12 h (Figure 3D).
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Figure 3 | Expression patterns of GhWRKY91 during leaf senescence and under stress treatments. (A) Expression profiles of GhWRKY91 in 15-, 25-, 35-, 45-, 55-, and 65-day-old CCRI36 cotton leaves using the transcriptome data (Lin et al., 2015). TPM, transcripts per million clean tags. (B) Transcript levels of GhWRKY91 at different stages of leaf senescence in CCRI10 and Liao4086 varieties. (C–D) Transcript levels of GhWRKY91 under ABA and PEG6000 treatments. GhActin served as the reference gene. The data are the means ± standard errors (SEs) of three biological replicates.








GhWRKY91 Promoter Analysis

The cis-elements in the GhWRKY91 promoter were predicted using PlantCARE. The results revealed that stress response-, light response-, and development-related elements were present in this region (Supplementary Table 3). The stress responsive elements included ABA (ABRE, ACGTG), low temperature (LTR, CCGAAA), and anaerobic (ARE, AAACCA) associated elements (Supplementary Table 3).

In eight-day-old seedlings, GUS staining was observed mainly in the cotyledons, hypocotyls, and upper parts of the roots (Supplementary Figure 1A). At the vegetative stage, GUS staining was found in the stems and leaves, especially at the edge of the leaves (Supplementary Figure 1B, C). However, during the generative growth phase, GUS activity was almost undetectable in the flower, buds, and fruit pods (Supplementary Figure 1D–F).

GUS activity was strongly expressed in cotyledons but weakly expressed in rosette leaves in the control (Figure 4A). After the ABA and mannitol treatments, the GUS signal was weak in the cotyledons and rosette leaves compared with the control seedlings (Figures 4B, C). Similarly, GUS staining was inconspicuous in the roots treated with ABA and drought compared with the control (Figures 4D–F).
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Figure 4 | Histochemical GUS assays in ProGhWRKY91::GUS transgenic Arabidopsis plants. (A–C) GUS staining of the leaves under control, ABA, and mannitol treatments. (D–F) GUS staining of the roots under control, ABA, and mannitol treatments. Bar = 0.2 cm.






Overexpression of GhWRKY91 Delayed Leaf Senescence in Transgenic Arabidopsis Plants

To evaluate the influence of the GhWRKY91 gene on plants, we overexpressed GhWRKY91 in Arabidopsis plants. The transgenic lines (OE91-12, OE91-13 and OE91-20) containing T-DNA with 35S::GhWRKY91 were generated (Figure 5A) and confirmed by PCR (Supplementary Figure 2A) and qRT-PCR (Figure 5B). The 21-day-old transgenic plants were relatively smaller in size than the WT plants (Supplementary Figure 2B). The 35-day-old transgenic Arabidopsis plants exhibited delayed flowering and leaf senescence compared with the WT plants (Supplementary Figure 2B). When the plants were 50 days old, the WT plants became severely senescent and yellow, while the transgenic plants were still green with only a small amount of yellowing (Figure 5C). In addition, we assessed the transcript levels of SAGs that are up-regulated factors during leaf senescence in the 50-day-old plants. The results showed that the transcript levels of SAGs AtNAP/ANAC029 (AT1G69490), AtSAG12 (AT5G45890), AtSAG13 (AT2G29350), AtORE1/ANAC092 (AT5G39610), AtWRKY6 (AT1G62300), STAY-GREEN1 (AtSGR1) (AT4G22920), and PHEOPHYTIN PHEOPHORBIDE HYDROLASE (AtPPH) (AT5G13800) were significantly lower in the transgenic plants than in the WT plants (Figure 5D–J). However, there was no difference in the transcript levels of NON-YELLOW COLORING 1 (AtNYC1) (AT4G13250) between the WT and transgenic plants (Figure 5K).
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Figure 5 | Overexpression of GhWRKY91 in Arabidopsis plants delayed leaf senescence. (A) The T-DNA construction diagram used for Arabidopsis transformation. (B) Transcript levels of GhWRKY91 in WT and transgenic plants. (C) Phenotypic characteristics of WT and transgenic plants grown for 50 days. The seeds of WT and transgenic lines were germinated on 1/2MS agar media in a growth chamber at 22°C under a 16 h light/8 h dark photoperiod. Two-week-old seedlings were then transplanted into soil in a greenhouse at 22 ± 1°C under a 16 h light/8 h dark photoperiod, and the natural senescence phenotype was observed in 50-day-old plants. (D–K) Transcript levels of SAGs in the rosette leaves of WT and transgenic plants grown for 50 days. AtUBQ10 served as the reference gene. The data are the means ± SEs of three biological replicates. **P < 0.01 and *P < 0.05.







Overexpression of GhWRKY91 Improved Drought Tolerance in Transgenic Arabidopsis Plants

Four-week-old plants in pots were used for the water deficit treatment. After water was withheld for two weeks, the WT plants showed definitive wilting and yellowing, while the transgenic plants were still very green (Figure 6A). Three-week-old plants were subjected to a 15% PEG6000 treatment, and after one week, the WT plants displayed a greater extent of yellow leaves than the transgenic plants (Figure 6B).
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Figure 6 | Overexpression of GhWRKY91 in Arabidopsis plants improved drought tolerance. (A) Phenotypic characteristics of six-week-old WT and transgenic plants under water deficit conditions. Four-week-old WT and transgenic plants grown in soil were subjected to a water shortage treatment for approximately two weeks. (B) Phenotypic characteristics of four-week-old WT and transgenic plants under the control and PEG6000 treatments. Three-week-old WT and transgenic plants grown in soil were irrigated with 15% PEG6000 for one week. Plants grown under normal growth conditions severed as controls. All the plants were grown in a greenhouse at 22 ± 1°C under a 16 h light/8 h dark approximately. (C–F) Expression levels of the stress-related genes AtP5CS, AtP5CS1, AtRD29A, and AtCOR15A in four-week-old WT and transgenic plants. (G–H) Expression levels of the SAGs AtSAG12 and AtSAG13 in the WT and transgenic plants. AtUBQ10 was used as the reference control. The data are the means ± SEs of three biological replicates. ** P < 0.01 and * P < 0.05.




The expression levels of stress-inducible genes (DELTA-1-PYRROLINE-5-CARBOXYLATE SYNTHETASE (AtP5CS), AT2G39800; AtP5CS1, AT2G39800; AtRD29A, AT5G52310; and COLD-REGULATED 15A (AtCOR15A), AT2G42540) and SAGs (AtSAG12; AtSAG13) were examined in the presence and absence of 15% PEG6000. Generally, the expression levels of AtP5CS, AtP5CS1, AtRD29A, and AtCOR15A were similar or higher in the transgenic plants than in the WT plants under normal conditions but were significantly elevated in the transgenic plants compared with the WT plants in response to the PEG6000 treatment (Figures 6C–F). The expression levels of AtSAG12 and AtSAG13 were markedly lower in the transgenic plants than the WT plants under normal conditions. However, although the expression levels of the two genes were elevated in the presence of 15% PEG6000, they were still significantly lower in the transgenic plants than in the WT plants (Figures 6G, H).




GhWRKY91 Bound Directly to the Promoter of GhWRKY17 and Trans-Activated GhWRKY17 Expression

Previous studies showed that GhWRKY3 (Guo et al., 2011), GhWRKY17 (Yan et al., 2014), GhWRKY25 (Liu et al., 2016), GhWRKY27a (Yan et al., 2015), and GhWRKY68 (Jia et al., 2015) were involved in the regulation of salt, drought, and ABA responses through mediating ROS production and ABA signalling. The APX gene encodes an ROS-scavenging enzyme that catalyses the reduction of hydrogen peroxide (Ozyigit et al., 2016), and RD22 is involved in drought tolerance (Harshavardhan et al., 2014). To identify the regulatory mechanism of GhWRKY91, we predicted the W-boxes in the promoters of these genes and found that W-boxes were present in their promoters, indicating the potential roles of these genes as targets. In the Y1H system, the transformation product containing GhWRKY91 and the special fragment in the promoter region of GhWRKY17 grew well on TDO + 200 mM 3-AT selective medium, whereas the others did not grow or only displayed defective spots (Figure 7A).
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Figure 7 | GhWRKY91 directly targets the promoter of GhWRKY17 and trans-activates GhWRKY17 expression. (A) Interaction between GhWRKY91 and the promoters of candidate target genes GhWRKY3, GhWRKY17, GhWRKY25, GhWRKY27a, GhWRKY68, GhAPX1, and GhRD22 in Y1H system. The combination of pGADT7-GhWRKY91 and pHIS2 plasmids was used as a negative control. (B) Probe sequences of GhWRKY17, GhWRKY27a, GhWRKY68, and GhAPX1 for the EMSA assays. (C) Binding of GhWRKY91 to the W-boxes in the promoters of GhWRKY17, GhWRKY27a, GhWRKY68, and GhAPX1 in EMSA assays. '–' indicates absence, while '+' indicates presence. (D) GhWRKY91 trans-activates GhWRKY17 promoter in transient dual-luciferase reporter system. The LUC/REN ratio of the combination of pGreenII-62-SK empty vector and GhWRKY17 promoter was set as 1. The data are the means ± SEs of six biological replicates. **P < 0.01.





For the EMSA assays, the probes and sequence locations in the region upstream of the ATG initiation site of the genes (GhWRKY17, GhWRKY27a, GhWRKY68, and GhAPX1) are presented in Figure 7B. The lanes containing only biotin-labelled probes were used as negative controls (Figure 7C; lanes 1, 4, 6, and 8). None of the probes from the GhWRKY27a, GhWRKY68, or GhAPX1 genes were bound by the GhWRKY91 protein to produce delayed bands (Figure 7C; lanes 5, 7, 9). However, the labelled probes of GhWRKY17 could be recognized and bound by the GhWRKY91 protein, thus causing a mobility shift (Figure 7C; lane 2). The unlabelled probes of GhWRKY17 were overdosed as cold competitors; in these cases, most of the labelled wild probes bound by the GhWRKY91 protein were competitively replaced by unlabelled wild probes, resulting in the disappearance of the bands (Figure 7C; lane 3), indicating that GhWRKY91 could bind to the promoter of GhWRKY17.

To elucidate the relationship of GhWRKY91 in the regulation of GhWRKY17 expression, a transient dual-luciferase assay was conducted in tobacco. The control data (pGreenII 62-SK empty vector pus the GhWRKY17 promoter) were set to 1, and the experimental group data were the ratio to the control group. As a result, as shown in Figure 7D, the LUC/REN ratio was extremely significantly increased in the experimental group and 4.61 times that of the control group.





Discussion

Growing evidence has shown that WRKY TFs are widely involved in plant development, leaf senescence and various abiotic/biotic stress responses (Lim et al., 2007; Yu et al., 2012; Xiao et al., 2013; Pan and Jiang, 2014). However, the function roles of WRKY TFs remain to be explored in cotton plants. In the present study, we isolated the WRKY TF GhWRKY91 from cotton and characterized its functional roles. A sequence analysis revealed that the GhWRKY91 protein has one WRKY domain with a C2H2 zinc finger motif, indicating that GhWRKY91 is a group II member according to the criteria of Eulgem et al. (2000). A phylogenetic analysis revealed that GhWRKY91 clustered with group IIe WRKY TFs from Arabidopsis, which were further classified into the group IIe subfamily.

Some of WRKY TFs were shown to be important senescence regulators in plants (Lim et al., 2007; Besseau et al., 2012). To characterize the functional role of GhWRKY91 in leaf senescence, we examined the transcripts of GhWRKY91 at different stages of leaf senescence in cotton. We observed that the expression of GhWRKY91 increased as leaf senescence progressed and was highly expressed in senescent leaves, implying that GhWRKY91 may serve as a senescence-related gene in cotton. In addition, the expression level of GhWRKY91 was higher in the premature-senescence variety CCRI10 than in the non-premature-senescence variety Liao4086. Previous studies have shown that GhNAC79 (Guo et al., 2017b) and GhNAC12 (Zhao et al., 2016) are highly expressed in premature-senescence varieties, and that Arabidopsis plants transformed with these genes positively regulate age-triggered leaf senescence, which prompted us to explore the relationship between GhWRKY91 and leaf senescence in transgenic materials further.

Previous studies shown that the senescence characteristics of Arabidopsis plants can be further verified by the expression of SAGs (Kim et al., 2013; Chen et al., 2017). In our study, the senescence-positive SAGs including AtNAP/ANAC029 (Guo and Gan, 2006), AtWRKY6 (Robatzek and Somssich, 2002), and AtORE1/ANAC092 (Kim et al., 2009) and the chlorophyll degradation-related genes AtSGR1 (Sakuraba et al., 2014b) and AtPPH (Schelbert et al., 2009), AtSAG12 (James et al., 2018), and AtSAG13 (Chen et al., 2017) were investigated. Transgenic Arabidopsis plants overexpressing GhWRKY91 display a delayed-leaf senescence phenotype that corresponded with the reduced expression of these SAGs, suggesting that GhWRKY91 might negatively regulate leaf senescence. In addition, among these genes, AtWRKY6 interacts with the gibberellin (GA) signalling component/DELLA protein RGA to repress the transcriptional activation of AtWRKY6 on downstream SAGs in dark-induced leaf senescence in Arabidopsis (Robatzek and Somssich, 2002; Zhang et al., 2018). AtORE1/ANAC092 is regulated by ethylene signalling (Kim et al., 2009), ABA signalling (Sakuraba et al., 2014a), and the circadian rhythm (Kim et al., 2018), and it directly regulates a number of genes related to SAGs (Woo et al., 2019). These studies suggest that GhWRKY91 might affect hormone-related signalling pathways during leaf senescence. Moreover, differential SAG expression detected in the different transgenic lines may be due to independent transformation events and positional effects of the T-DNA insertions (Negi et al., 2015). AtNYC1 encodes a chlorophyll b reductase that is involved in the degradation of chlorophyll b and LHCII (light harvesting complex II) (Horie et al., 2009). However, the expression of AtNYC1 did not differ between WT and transgenic lines, indicating the complexity of the regulatory mechanism of leaf senescence. In addition, some studies have linked ABA and drought to plant leaf senescence (Woo et al., 2019). For example, the SNAC-A (A subfamily of stress-responsive NAC) septuple (anac055anac019anac072anac002anac081anac102anac032) mutant exhibits delayed ABA-induced leaf senescence in Arabidopsis (Takasaki et al., 2015). In barley, WHIRLY1 knockdown lines exhibit delayed drought-induced leaf senescence (Janack et al., 2016). However, leaf senescence associated with WRKY TFs under ABA and drought stress conditions is largely unknown in cotton. Here, GhWRKY91 was found to delay ABA- and drought-induced leaf senescence in transgenic Arabidopsis plants (Supplementary Figure 3 and Figure 6). Taken together, our results suggest that GhWRKY91 might serve as a negative regulator during natural leaf senescence and during ABA- and drought-induced leaf senescence, thus expanding the functional roles of WRKY TFs during leaf senescence in cotton. Our results also showed that the maximum expression of GhWRKY91 occurred in the roots and not in the leaves, indicating that this gene may have other functions yet to be discovered.

The expression of GhWRKY91 was downregulated by ABA and drought treatment in cotton and verified by GUS activity in transgenic Arabidopsis plants containing the GhWRKY91 promoter, indicating that GhWRKY91 expression might be suppressed by ABA and drought. To further study the relationship of ABA and drought stress with GhWRKY91, GhWRKY91-overexpressing plants were subjected to ABA and drought treatments and the transgenic plants exhibited delayed ABA-induced leaf senescence and improved drought tolerance. To gain further insight into the mechanism of GhWRKY91 in the ABA response, the transcripts of positive senescence regulators (AtWRKY53, AtSAG13, and AtPPH) and ABA-responsive genes (HYPERSENSITIVE TO ABA1 (AtHAB1), ABA INSENSITIVE 1 (AtABI1), ABA-RESPONSIVE ELEMENT BINDING PROTEIN 1 (AtAREB1/ABF2), and AtAREB2/ABF4) were investigated. After ABA treatment, the expression levels of AtWRKY53, AtSAG13, and AtPPH were significantly lower in transgenic plants than in WT (Supplementary Figure 3B–D), indicating that GhWRKY91 could delay ABA-induced leaf senescence. Exogenous ABA application can alter the expression of ABA-responsive genes (Himmelbach et al., 2003). AtHAB1 and AtABI1 are members of the protein phosphatase 2C (PP2C) family and involved in the negative regulation of ABA signalling (Merlot et al., 2001; Saez et al., 2004). AREB/ABFs, which are positive regulators in the ABA signalling pathway, bind to ABA-responsive elements in the promoter of ABA-inducible genes (Leite et al., 2014). The transcript levels of negative regulators AtHAB1 and AtABI1 were significantly higher in transgenic plants than WT (Supplementary Figures 3E, F). However, the expression levels of positive regulators AtAREB1/ABF2 and AtAREB2/ABF4 were also higher in transgenic plants than in WT (Supplementary Figure 3G–H), suggesting a contradictory mechanism in delayed leaf senescence. In our study, overexpression of GhWRKY91 in Arabidopsis caused marginal stunting (Supplementary Figure 2B). In our study, the transcript levels of AtAREB1/ABF2 and AtAREB2/ABF4 were upregulated in transgenic plants. Previous studies showed that the overexpression of the Arabidopsis AtAREB1/ABF2 or AtAREB2/ABF4 genes in potato plants caused short and stunted growth (Garcia et al., 2014). Therefore, high expression of AtAREB1/ABF2 and AtAREB2/ABF4 may be associated with stunting in transgenic plants, thus leading to delayed leaf senescence. Moreover, the ABA responsive cis-element ABRE (ACGTG) was presented in the promoter region of GhWRKY91, suggesting the probable role of GhWRKY91 in plant development by ABA signalling.

To explore the mechanism of GhWRKY91 in drought tolerance, the stress-related genes AtP5CS, AtP5CS1, AtRD29A, and AtCOR15A were identified. Plants invoke various resistance mechanisms to manage various environmental stresses (Ashraf and Foolad, 2007; Shi et al., 2014). P5CS is a key enzyme involved in the synthesis of proline (Hu et al., 1992; Ashraf and Foolad, 2007), which can stabilize metabolic processes in protoplast colloids and prevent dehydration of cells (Hu et al., 1992; Ashraf and Foolad, 2007). Increased enzymatic activity of P5CS leads to increased biosynthesis of proline, thus improving plant resistance to stress (Yamchi et al., 2007). RD29A, which encodes a hydrophilic protein, is strongly induced by ABA, drought, and salt stress (Msanne et al., 2011). In addition, DRE and ABRE motifs are present in the promoter of RD29A, suggesting important roles for RD29A during drought and the ABA response (Yamaguchi-Shinozaki and Shinozaki, 1993). The COR15A gene is considered a marker for drought stress and participates in stress responses via an ABA-dependent signalling pathway (Meng et al., 2015). In our study, GhWRKY91-overexpressing plants exhibited improved drought tolerance, and the expression levels of stress-related genes were significantly higher in the transgenic plants, indicating that GhWRKY91 may positively regulate drought tolerance via ABA signalling pathways and some small molecules.

WRKY TFs can specifically bind to W-box [TTGAC(C/T)] elements in the promoters of target genes to activate or inhibit their expression (Rushton et al., 2010). WRKY genes usually contain W-box cis-elements that can combine with other WRKY TFs or the gene itself (Skibbe et al., 2008; van Verk et al., 2011). Previous reports showed that ectopic overexpression of GhWRKY17 increases transgenic tobacco plant sensitivity to ABA, drought, and salt stress by participating in the ABA signalling pathway and affecting the antioxidant enzyme system (Yan et al., 2014). Our results showed that W-box elements are indeed present in the GhWRKY17 promoter. In addition, GhWRKY17 was targeted directly by GhWRKY91, suggesting that GhWRKY91 may regulate the transcriptional expression of GhWRKY17. The dual-luciferase reporter assay demonstrated that GhWRKY91 activates the expression of GhWRKY17. Thus, GhWRKY91 may be involved in the ABA regulatory network and may mediate the intracellular ROS balance via transcriptional activation of GhWRKY17 expression. Expression analysis revealed that the GhWRKY17 transcripts were downregulated by leaf senescence (Supplementary Figure 4), but induced in response to ABA and drought treatments (Yan et al., 2014). The expression of GhWRKY91 was upregulated by leaf senescence and downregulated by ABA and drought. We found that GhWRKY91 and GhWRKY17 presented opposite expression trends under leaf senescence, ABA and drought stress. Therefore, we speculated that there may be some genes that inhibit GhWRKY17 expression activated by GhWRKY91. However, additional experiments are needed to validate this hypothesis.

In summary, we assumed that GhWRKY91, which contributes to delayed natural leaf senescence and stress-induced (ABA and drought) leaf senescence in transgenic Arabidopsis plants, activates the expression of GhWRKY17, a gene associated with ABA signalling pathways and ROS production (Figure 8). However, the complex regulatory mechanisms underlying these phenomena remain to be clarified in further studies. Our results provide valuable information for helping understand the relationships among WRKY TFs and increase our understanding of the molecular mechanisms of GhWRKY91 during leaf senescence and stress responses in cotton. In addition, these findings provided a theoretical basis for cultivating cotton varieties with non-premature senescence and stress resistance.
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Figure 8 | Proposed model for the regulatory mechanism of GhWRKY91. The expression of GhWRKY91 and GhWRKY17 is influenced by leaf senescence, ABA, and drought stresses. GhWRKY91 actives the expression of GhWRKY17, which is associated with ABA signalling pathways and ROS production. The solid arrows indicate results that have been experimentally determined, whereas dashed arrows indicate speculated effects supported by the literature.
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Senescence is the last developmental step in plant life and is accompanied by a massive change in gene expression implying a strong participation of transcriptional regulators. In the past decade, the WRKY53 transcription factor was disclosed to be a central node of a complex regulatory network of leaf senescence and to underlie a tight multi-layer control of expression, activity and protein stability. Here, we identify WRKY25 as a redox-sensitive up-stream regulatory factor of WRKY53 expression. Under non-oxidizing conditions, WRKY25 binds to a specific W-box in the WRKY53 promoter and acts as a positive regulator of WRKY53 expression in a transient expression system using Arabidopsis protoplasts, whereas oxidizing conditions dampened the action of WRKY25. However, overexpression of WRKY25 did not accelerate senescence but increased lifespan of Arabidopsis plants, whereas the knock-out of the gene resulted in the opposite phenotype, indicating a more complex regulatory function of WRKY25 within the WRKY subnetwork of senescence regulation. In addition, overexpression of WRKY25 mediated higher tolerance to oxidative stress and the intracellular H2O2 level is lower in WRKY25 overexpressing plants and higher in wrky25 mutants compared to wildtype plants suggesting that WRKY25 is also involved in controlling intracellular redox conditions. Consistently, WRKY25 overexpressers had higher and wrky mutants lower H2O2 scavenging capacity. Like already shown for WRKY53, MEKK1 positively influenced the activation potential of WRKY25 on the WRKY53 promoter. Taken together, WRKY53, WRKY25, MEKK1 and H2O2 interplay with each other in a complex network. As H2O2 signaling molecule participates in many stress responses, WRKK25 acts most likely as integrators of environmental signals into senescence regulation.


Keywords: Arabidopsis, transcription factor network, WRKY factors, oxidative stress tolerance, redox-dependent DNA-binding, leaf senescence



Introduction

Senescence is the last step during plant development and is genetically programmed to maximize the remobilization of nutrients out of the senescing tissue into developing parts of the plants before organs finally die. Before anthesis, sequential leaf senescence leads to the reallocation of mineral, nitrogen and carbon sources from older leaves to newly developing non-reproductive organs. After anthesis, monocarpic leaf senescence is launched and governs the nutrient repartitioning to the now developing reproductive organs and, therefore, has a critical impact on yield quality and quantity. Induction and progression of leaf senescence is mainly achieved by switching-on genes involved in degradation and mobilization of macromolecules and turning-off genes related to photosynthesis. A temporal transcript profiling, using microarrays with high-resolution covering 22 time points of a defined leaf of Arabidopsis thaliana during onset and progression of leaf senescence, revealed a distinct chronology of events (Breeze et al., 2011). Remarkably, the first processes to be activated are autophagy and transport followed by reactions to reactive oxygen species (ROS) and subsequently to abscisic acid (ABA) and jasmonic acid (JA). This clearly indicates that ROS, ABA and JA are important early signals in leaf senescence. In consistence, intracellular hydrogen peroxide contents increase during bolting and flowering of Arabidopsis plants when monocarpic senescence is induced (Zimmermann et al., 2006) while decreasing hydrogen peroxide levels lead to a delay of the onset of leaf senescence (Bieker et al., 2012).

These massive changes in the transcriptome suggest a central role for transcriptional regulators. The two transcription factor families of WRKY and NAM-, ATAF-, and CUC-like (NAC) factors, which largely expanded in the plant kingdom, are overrepresented in the senescence transcriptome of Arabidopsis (Guo et al., 2004) and appear to be ideal candidates for regulatory functions. Several members of both families play important roles in senescence, not only in Arabidopsis but also in other plant species (Miao et al., 2004; Uauy et al., 2006; Ülker et al., 2007; Kim et al., 2009; Breeze et al., 2011; Yang et al., 2011; Besseau et al., 2012; Wu et al., 2012; Gregersen et al., 2013).

The WRKY transcription factor family of A. thaliana consists of 75 members, subdivided into three different groups according to their protein motifs and domains (Eulgem et al., 2000; Rushton et al., 2010). Many WKRY factors are activated after pathogen attack but also in response to abiotic stress (for review see Birkenbihl et al., 2017; Jiang et al., 2017). Moreover, members of all three groups are involved in senescence regulation and many of these react to ROS, SA and JA signals indicating a cross-talk between stress responses and senescence. Besides this cross-talk to stress responses, the WRKY53 upstream regulator REVOLUTA mediates a redox-related communication between early leaf patterning and senescence as REVOLUTA is involved in both processes (Xie et al., 2014; Kim et al., 2017).

Interestingly, almost all members of the WRKY family contain one or more W-boxes (the consensus binding motif TTGACC/T of all WRKY factors) in their promoters, pointing to a WRKY transcriptional network (Dong et al., 2003; Llorca et al., 2014). Even though all WRKYs bind to these consensus sequences, there appears to be a selectivity of specific factors for specific boxes most likely due to the surrounding sequences (Rushton et al., 2010; Brand et al., 2013; Potschin et al., 2014). However, besides regulating transcription of each other, WRKY factors are also able to form heterodimers, leading to a change in DNA-binding specificity (Xu et al., 2006). In addition, many other proteins interact physically with WRKY proteins influencing their activity and stability (for review see Chi et al., 2013). One central node in the WRKY network regulating early senescence is WRKY53. WRKY53 underlies a tight regulation governed by multi-layer mechanisms to control expression, activity and protein stability. When leaf senescence is induced, the WRKY53 gene locus is activated by the histone modifications H3K4me2 and H3K4me3 (Ay et al., 2009; Brusslan et al., 2012), whereas DNA methylation remains unchanged and overall very low (Zentgraf et al., 2010). At least 12, most likely even more, proteins are able to bind to the promoter of WRKY53 (GATA4, AD-Protein, WRKY53 itself, several other WRKYs, MEKK1, REVOLUTA, WHIRLY1) and influence the expression of WRKY53 (Miao et al., 2004; Miao et al., 2007; Miao et al., 2008; Potschin et al., 2014; Xie et al., 2014; Ren et al., 2017, unpublished results). All these factors are involved in senescence regulation but it is still unclear whether they all bind at exactly the same time, whether they compete with each other, or whether they form higher order complexes. Except for the WRKYs that bind to the W-boxes in the WRKY53 promoter, all other proteins have different binding motifs so that in principle a simultaneous interaction would be possible. The WRKY53 promoter contains at least three W-boxes, which show preferential binding activities for different WRKY factors but competition would be also a mean of regulation. Moreover, WRKYs can also form heterodimers, which makes the situation even more complicated. However, all these aspects need further investigations. For MEKK1, it has already been shown that it can interact with WRKY53 and AD-Protein on the protein level (Miao et al., 2007; Miao et al., 2008). Whether WRKY53 or other WRKYs compete with AD-protein for MEKK1 interaction or whether they form higher order complexes is currently analyzed in more detail. These findings have been compiled in a model (Zentgraf et al., 2010) und smaller subnetworks have already schematically drawn for some candidates like WRKY18, REVOLUTA or WHIRLY1 (Potschin et al., 2014; Xie et al., 2014; Ren et al., 2017).

Moreover, the WRKY53 protein also directly interacts with a histone deacetylase 9 (HDA9) to recruit POWERDRESS and HDA9 to W-box containing promoter regions to remove H3 acetylation marks and thereby suppress the expression of key negative senescence regulators (Chen et al., 2016). This clearly suggests that WRKY53 itself is also involved in changing epigenetic marks of senescence regulators in a feedback loop. Phosphorylation by the MAP kinase kinase kinase MEKK1 or the interaction with the epithiospecifier ESP/ESR directly influences the DNA-binding activity of WRKY53 (Miao et al., 2007; Miao and Zentgraf, 2007). On top of that, the E3 ubiquitin ligase UPL5 tightly controls the protein amount of WRKY53 (Miao and Zentgraf, 2010). The complexity of the WRKY network is illustrated by the fact that one and the same WRKY factor, namely WRKY18, acts as upstream regulator, downstream target and protein interaction partner of WRKY53 (Potschin et al., 2014).

In order to unravel the molecular mechanisms of the senescence-regulating WRKY network in more detail, we screened the W-boxes of the WRKY53 promoter for DNA-protein interactions with other leaf senescence-associated WRKY proteins and tested their impact on WRKY53 expression using a transient expression system in Arabidopsis protoplasts. Here we used WRKYs which are expressed in leaves during onset and progression of senescence and which belong to the three different subgroups of the WRKY family, namely WRKY18 (group IIa), WRKY25 (group I) and WRKY53 itself (group III). Out of the 15 WKRYs analyzed by an ELISA-based DNA-protein interaction assay and reporter gene expression assays, WRKY18 had a very strong binding affinity to all W-boxes of the WRKY53 promoter but a very low selectivity. Moreover, WRKY18 was characterized to be the strongest negative regulator of WRKY53 expression (Potschin et al., 2014). Besides WRKY18, WRKY25 was one of the strongest interaction partners of the WRKY53 promoter but in this case turned out to be a strong positive regulator of WRKY53 expression. Therefore, we wanted to analyze the interplay between WRKY53 and WRKY25 in more detail. Here we could show that DNA-binding as well as transcriptional activation potential of WRKY25 is dependent on the redox conditions. Intracellular hydrogen peroxide concentrations are altered in plants with altered WRKY25 expression and the WRKY25 overexpressing plants are more tolerant against oxidative stress. WRKY25 appears to foster the activation of the H2O2-mediated expression of the transcription factors WRKY18 but dampens the H2O2-response of WRKY53, ZAT12, and ANAC092 in mature leaves. However, contradicting its positive effect on WRKY53 expression and the senescence phenotype of the WRKY53 overexpressing plants, WRKY25 overexpressing plants exhibited a delayed senescence phenotype, whereas wrky25 mutant plants showed slightly accelerated senescence. This clearly points to a more complex regulatory network. Moreover, the influence of MEKK1 as modulator of WRKY53 activity on the action of WRKY25 was tested.



Results


WRKY25 Binds Directly to the Promoter of WRKY53 in a Redox-Sensitive Manner

Out of the 15 WKRYs analyzed by an ELISA-based DNA-protein interaction assay, WRKY18 (group IIa) and WRKY25 (group I) had a very strong binding affinity. In contrast to WRKY18, which strongly binds to all W-boxes in the WRKY53 promoter (Potschin et al., 2014), WRKY25 also had a strong binding activity but selectively bound to W-box1, to a much lesser extend to W-box2 and 3, the TGAC cluster and an artificial 3× W-box (Figures 1A, B). Binding was completely abolished when W-box1 was mutated or an unrelated G-box motive was coupled to the ELISA plates. All binding reactions increased with protein concentrations and no binding could be detected with crude extracts of E. coli cells expressing no recombinant protein. Both proteins were present approximately to the same extent in E. coli crude extracts (Figure S1). As many WRKY factors signal back to their own promoters in positive or negative feedback loops, we also tested whether WRKY25 can bind to the W-boxes in its own promoter. Here, WRKY25 was able to bind to W-box1 and 4, whereas W-box2 and 3 exhibited lower binding affinities. Vice versa, WRKY53 also bound preferentially to W-box 1 of the WRKY25 promoter but to W-box2 of its own promoter, as already shown before (Figure 1C, Potschin et al., 2014). This indicates that according to DNA-binding, there is a cross-regulation between both genes and both genes are regulated by feedback mechanisms.





Figure 1 | WRKY25 is able to bind directly to the WRKY53 promoter. (A) Schematic drawing of positions and sequences of the W-boxes in the WRKY53 and WRKY25 promoters used for DPI-ELISAs; perfect W-box motifs are highlighted in red; the TGAC core sequence is indicated in bold and underlined; the direction of the motif is indicated by the arrows. An artificial sequence containing three perfect W-boxes was used as a positive control (Art. W-box), a G-box of the CATALASE2 promoter was used as a negative control. (B) DPI-ELISA with different amounts of crude extracts of E. coli BL21 cells expressing WRKY25 proteins and different biotinylated DNA fragments. (C) DPI-ELISA with different amounts of crude extracts of E. coli BL21 cells expressing WRKY53 proteins and different biotinylated DNA fragments. Absorbance values are indicated relative to values of 25 μg WRKY25 or WRKY53 to W-box2 PW53, respectively, (mean values ± SD, n = 3-4). Kruskal–Wallis-test was performed for statistically significant differences of all values compared to 25 μg BL21 control (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).



We already know for a long time that WRKY53 expression can be induced by H2O2 treatment (Miao et al., 2004; Xie et al., 2014). As the WRKY25 protein contains two potentially redox-sensitive zinc-finger DNA-binding domains, it is an excellent candidate for direct redox regulation (Arrigo, 1999). Therefore, we wanted to test whether the WRKY25 DNA-binding reaction is sensitive to reducing or oxidizing agents and analyzed the ability of WRKY25 to bind to W-box1 of the WRKY53 promoter and W-box1 of the WRKY25 promoter under different redox conditions. Whereas reducing conditions (DTT addition) clearly and significantly increased DNA-binding ability to both W-boxes, oxidizing conditions (H2O2 addition) significantly reduced the binding activity in comparison to standard binding conditions (Figure 2). In order to test whether this redox-dependent binding can be driven back and forth when redox conditions change, we added increasing amounts of H2O2 to the DTT pre-treated binding reactions and vice versa. Both redox-related changes in DNA-binding activity of WRKY25 were reversible indicating that WRKY25 can directly adapt its DNA-binding activity to the redox status of the cell. However, not all WRKYs show this redox-sensitivity, e.g. WRKY18 appears to be insensitive, whereas WRKY53 DNA-binding seems to be diminished under oxidizing and reducing conditions, but this reduction was not statistically significant (Figure S2).




Figure 2 | WRKY25 binding to the WRKY53 promoter is redox-dependent. Redox-DPI-ELISA with 25 μg of crude extracts of E. coli BL21 cells expressing WRKY25 proteins and the 5'biotinylated annealed oligonucleotides W-box1 PW53 and W-box1 PW25. Protein extracts were reduced or oxidized by addition of either DTT or H2O2 to examine a redox-dependent binding of WRKY25. A fraction of the DTT-reduced proteins was re-oxidized by addition of increasing H2O2 concentrations to prove the reversibility of the redox effect. The same procedure was applied to the H2O2-oxidized proteins using increasing amounts of DTT. Absorbance values are indicated relative to control without treatment (mean values ± SD, n = 4). Kruskal–Wallis-test was performed for statistically significant differences of all values compared to control (*P ≤ 0.05, **P ≤ 0.01).





WRKY25 Acts as Positive Regulator of WRKY53 Expression Under Non-Oxidizing Conditions

To investigate, how WRKY25 affects the expression of WRKY53 and vice versa, we performed a transient co-transformation of WRKY53 or WRKY25 promoter:GUS constructs with 35S:WRKY25 and 35S:WRKY53 effector constructs, respectively, using an Arabidopsis protoplast system (Figure 3A). The protoplast system was used to confirm the identified DNA-Protein interactions of the in vitro assay also in vivo. However, it is clear that the protoplast system is still an artificial system not taking into account development cues, but it can provide inside into the possible basic regulatory mechanisms. Using this in vivo system, the WRKY25 effector significantly up-regulated promoter WRKY53-driven GUS expression. In contrast, it down-regulated GUS expression driven by its own promoter pointing to a negative feedback regulation. The WRKY53 effector slightly activated reporter gene expression driven by its own promoter as already described before (Potschin et al., 2014). Surprisingly, WRKY53 had only low effects (1.4-fold) on reporter gene expression driven by the promoter of WRKY25 (Figure 3A), even though WRKY53 is able to bind strongly to the W-boxes of this promoter (Figure 1C) indicating that strong binding does not necessarily mean that gene expression is highly affected. If both effector constructs were co-expressed, additive effects were detected leaving the question open whether or not heterodimers are formed.




Figure 3 | WRKY25 positively regulates WRKY53 under non-oxidizing conditions. (A) Arabidopsis protoplasts were transiently transformed with 5 µg of effector-, 5 µg of reporter-plasmid DNA and 0.1 µg of a luciferase construct for normalization. A 2.8-kbp-fragment of the WRKY53 promoter and a 3.0-kbp-sequence of the WRKY25 promoter fused to the GUS gene were used as reporter constructs. 35S:WRKY25 and 35S:WRKY53 constructs were used as effector plasmids. GUS activity was measured on the next day. The values are presented relative to the empty vector control (mean values ± SD, n = 6 independent transfromations). One sample t-test was performed, (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001) (B) GUS assays were performed with protoplasts, which were simultaneously incubated overnight with 10 mM 3'-AT to inhibit catalase activities leading to higher H2O2 level. The values are presented relative to the untreated control transformations (mean values ± SD, n = 3–7 independent transformations). One sample t-test was performed, (*P ≤ 0.05, **P ≤ 0.01). (C) Co-transformation assays with 35S:MEKK1 were performed. The values are presented relative to transformation without MEKK1 (mean values ± SD, n = 4–5 independent transformations). Kruskal–Wallis-test was performed, (*P ≤ 0.05, **P ≤ 0.01).



As DNA-binding of WRKY25 was redox-sensitive, we wanted to find out, whether also target gene expression is affected by the redox conditions. Since we wanted to change the redox conditions within a physiological range, we did not treat protoplasts directly with high amounts of H2O2. Instead, we developed a transient expression system using Arabidopsis protoplast in the presence of 3-Amino-Triazol (3´-AT), which inhibits catalase function, and would therefore provoke physiological changes in intracellular H2O2 levels. Inhibition of catalase activity was almost complete and leads to increasing concentrations of H2O2 in the cells, but had no effect on the GUS activity measurement (Figure S3). Using this assay, WKRY25 effector proteins were significantly less efficient under oxidizing conditions, most likely due to lower DNA-binding affinity. WRKY53 effector proteins appeared also to be less efficient, but the effect was only significant for the WRKY25 promoter, not for its own. The effects were still significant when a combination of both effectors constructs was used (Figure 3B).



MEKK1 Increases the Effect of WRKY25 Proteins on Promoter of WRKY53 Driven Gene Expression

As expression of WRKY53 is enhanced by a direct binding of MEKK1 to the promoter region of WRKY53 and a protein–protein interaction between WRKY53 and MEKK1 leads to phosphorylation of WRKY53 (Miao et al., 2007), we tested whether WRKY25 activity can also be enhanced by adding a 35S:MEKK1 construct as additional effector in a protoplast co-transformation assay. Indeed, the presence of the MEKK1 protein significantly increased WRKY53 promoter-driven reporter gene expression by WRKY25 to approximately the same extent as MEKK1 presence exhibits on WRKY53 activity itself (Figure 3C). Thus, MEKK1 interplay with WRKY factors is not restricted to WRKY53, but appears to be a more general phenomenon. First evidence for a direct protein-protein interaction between several WRKY factors and MEKK1 was obtained in a Yeast-Split-Ubiquitin system, in which many, but not all tested WRKYs could interact with MEKK1 (data not shown). WRKY18, which acted as a repressor on promoter WRKY53-driven reporter gene expression (Potschin et al., 2014), even changed its activity in the presence of MEKK1 from a repressor to an activator (Figure S4A). Moreover, we tested the role of MEKK1 in senescence regulation. As MEKK1 knock-out plants die before they develop the first true leaves, we used an estradiol-inducible amiRNAMEKK1 line to knock-down MEKK1 by treatment with 3 µM ß-estradiol or mock every 7 days starting on day 25 after germination. In this system, knock-down of MEKK1 can be controlled by GFP expression, which is under the control of the same amiRNA (Li et al., 2013). Here we could show that conditional knock-down of MEKK1 in plants exhibit an accelerated senescence phenotype (Figures S4B–D). Taken together, MEKK1 appears to act as negative regulator of senescence at least in part by modulating the activity of different WRKY factors. However, whether the interaction with WRKY25 or WRKY18 is direct as it is for WRKY53, or is mediated by the classical MAPK pathway, still has to be elucidated.



WRKY25 Is Involved in Senescence Regulation

To evaluate the participation of WRKY25 in senescence regulation, we analyzed plants with a T-DNA insertion in the WRKY25 gene lacking a functional WRKY25 protein and WRKY25 overexpressing plants. A T-DNA insertion in the last of five exons of WRKY25 (SAIL_529_B11) was confirmed by PCR and expression of WRKY25 was analyzed by qRT-PCR (Figure S5B). Moreover, for overexpression of WRKY25, we first transformed plants using a 35S:WRKY25 construct. However, qRT-PCR revealed that WRKY25 was not overexpressed; in contrast, the endogenous gene expression was severely silenced throughout plant development (Figure S5A) so that we used this line as knock-down line (35S:WRKY25si) to confirm the results of the wrky25 mutant plants. In a second attempt, we used the UBIQITIN10 promoter for more moderate overexpression and we created two independent plant lines overexpressing WRKY25 to different extents with different transgene expression levels (Figure S5B). In addition, double-knock-out mutants were created by crossing the single mutant lines wrky25 (SAIL_529_B11) and wrky53 (SALK_034157; Miao et al., 2004) with each other. F2 progenies were screened for homozygous double-knock-out plants. In order to compare leaves of the same position within the rosette for senescence symptoms, leaves were color-coded during development (Bresson et al., 2018). Altered WRKY25 expression had almost no effect on the speed of the general development of the plants (Figure S6). Bolts appeared at approximately week 5 in all lines, first flowers at approximately week 6 and first siliques also developed synchronously. However, leaf size slightly increased in the overexpression lines whereas leaves of the wrky25 mutant, the wrky25/wrky53 double-knock-out plants and the WRKY25 silenced line were slightly smaller. To evaluate senescence in detail, we sorted the rosette leaves of all lines by the color code according to their age to compare the respective leaves with each other. A typical example of rosette leaves of 8-week-old plants is shown in Figure 4A. However, as there are always differences between individual plants of one line, a statistical analysis of at least six plants was done by grouping the leaves into four categories by an automated colorimetric assay (ACA; Bresson et al., 2018) according to their leaf color (green; green/yellow; fully yellow and brown/dry) from weeks 5 to 8 (Figure 4B). The photosynthetic status of the plants was analyzed using a Pulse-Amplitude-Modulation (PAM) method (Figure 4C). Amongst the chlorophyll fluorescence imaging parameters, the Fv/Fm ratio is reflecting the maximal quantum yield of PSII photochemistry. Moreover, the expression of the senescence marker genes CHLOROPHYLL A/B BINDING PROTEIN 1 (CAB1) being downregulated, the NAC transcription factor ANAC092, and SENESCENCE-ASSOCIATED GENE 12 (SAG12) being upregulated were analyzed by qRT-PCR (Figure 4D). In comparison to Col-0 wildtype plants, WRKY25 overexpressing plants showed significantly delayed visible senescence symptoms, which was in consistence with a delay in the decrease of the Fv/Fm ratio measured in leaf No. 5 and leaf No. 10 (Figure 4C, Figure S7). Furthermore, a higher expression of CAB1 in 7-week-old plants as well as a lower expression of ANAC092 and SAG12 in 6-week-old plants of WRKY25 overexpressing line compared to wildtype confirmed a delayed senescence phenotype. In contrast, senescence and loss of photosynthetic activity was accelerated in the wrky25 mutant plants and the 35S:WRKY25si line (Figures 4A–C). Higher up-regulation of ANAC092 and SAG12 expression in 6-week-old plants and lower CAB1 expression in 7-week-old plants in wrky25 mutant line clearly indicate an accelerated senescence phenotype (Figure 4D). Remarkably, the expression of WRKY53 was lower in the WRKY25 overexpressing as well as in the wrky25 mutant lines in comparison to WT (Figure 5), suggesting a more complex regulation of WRKY53 expression during development. Moreover, the expression of two tested WRKY genes (WRKY18 and WRKY40) was antagonistic in WRKY25 overexpressing and mutant plants, but only at week 5; at later stages also these two WRKY genes were down-regulated in both lines. We have chosen WRKY40 as it is also expressed in senescent leaf tissue. WRKY40 was also shown to regulate WRKY53 expression in a negative way, but to a lesser extent. Moreover, it is the closest relative of WRKY18 also belonging to group IIa so that we can see whether regulatory processes are group specific which appears to be the case. This clearly indicates that no simple regulatory circuits are in place between these WRKY proteins and genes. WRKY25 as well as WRKY53 and WRKY18 appear to be part of a WRKY subnetwork, which is embedded in the overall complex senescence regulatory network. Interfering on the expression of one WRKY gene can lead to an imbalance in the subnetwork, which might explain that mutant and overexpressing plants showed the same effects on the expression of specific WRKYs. Taken together, WRKY25 appears to be part of the WRKY subnetwork and a redox-sensitive negative regulator of senescence.




Figure 4 | Senescence phenotypes of WRKY25 transgenic and mutant lines. (A) Col-0 wildtype (WT), wrky25 mutant (wrky25), WRKY25 overexpressing (UBI:W25-1 and UBI:W25-2), WRKY25 silenced (35S:W25si) and wrky25-wrky53 double-knock-out (w25/w53) plants were analyzed over development. A photograph of rosette leaves of 8-week-old plants sorted according to their age is shown. (B) Quantitative evaluation of leaf senescence by categorizing individual leaves of at least six plants into four groups according to their color: green, green leaves starting to get yellow (green-yellow), completely yellow leaves (yellow) and dead and/or brown leaves (brown/dry). The percentage of each group with respect to total leaf numbers are presented (mean values ± SE, n = 6). (C) Fv/Fm values were measured with PAM for leaves of position 5 of 7-week-old plants (mean values ± SE, n = 6). One sample t-test was performed for statistical differences of all values compared to Col-0 (*P ≤ 0.05) (D) Expression of the senescence associated marker genes ANAC092, CAB1, SAG12 were analyzed by qRT-PCR and normalized to the expression of the ACTIN2 gene. SAG12 in 6-week and ANAC092 and CAB1 in 7-week-old plants. Shown are wrky25 and UBI:W25-1 plants normalized to Col-0 (mean values ± SE, n = 3). Kruskal–Wallis-test was performed for statistically significant differences (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).






Figure 5 | WRKY genes expression analyses. Expression of different WRKY genes (WRKY53, WRKY18, WRKY40) were analyzed in Col-0 (WT), wrky25 mutant and WRKY25 overexpression line (UBI : WRKY25-1) by qRT-PCR and normalized to the expression of the ACTIN2 gene. Three pools were analyzed; one pool consists of leaf No. 6 and 7 of two different plants. In week 7, only two pools of the 35S:W25si plant line and of the wrky25 line were analyzed but here with six technical replicates. Expression values were normalized to Col-0 and Col-0 was set to 1 (mean values, n = 3, ± SE). Kruskal–Wallis-test was performed for statistically significant differences of all value compared to Col-0 (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).





WRKY25 Mediates Tolerance Against Oxidative Stress

As WRKY25 action appears to be redox-sensitive, we wanted to analyze whether WRKY25 is also involved in the response to oxidative stress or plays a role in the signaling of H2O2 in planta. Therefore, we germinated seeds of WT, wrky25 mutant, wrky53 mutant, 35S:WRKY25si, the WRKY25 overexpressing lines as well as the double mutant wrky25/wrky53 on plates containing 10 mM H2O2 (Figure 6A). After 7 to 10 days, the percentages of green seedlings per total seedling numbers were counted. The experiment was repeated six times and the outcome of these series were summarized in a heat map showing the tolerance against H2O2 (Figure 6B). The germination rate on the control plates without H2O2 was almost 100% for all plant lines used. The 35S:WRKY25si and the WRKY25 overexpressing lines (UBI:W25-1 and UBI:W25-2) germinated much better on H2O2 plates in comparison to WT as well as the wrky53 single mutant. In contrast, the wrky25 as well as the wrky25/wrky53 mutant seeds germinated significantly worse compared to WT. Therefore, WRKY25 seems to mediate a higher tolerance against H2O2. Even though gene silencing was clearly shown from the late seedling stage until the end of leaf development (Figure S5), the wrky25 mutant and the 35S:WRKY25si knock-down line behave different in this experiment. This behavior can only be explained by the assumption that during very early stages of germination, the 35S:WRKY25 line overexpressed the transgene but gene silencing was not yet established at this very early time points. This could indeed be confirmed by expression analyses of WRKY25 in the 35S:WRKY25si line using qRT-PCR in very early germination states (4 and 7 day old seedlings, Figure S5A).




Figure 6 | WRKY25 mediates H2O2 tolerance. (A–B) Col-0 (WT), wrky25 mutant, wrky53 mutant, WRKY25 overexpressing (UBI:W25-1; UBI:W25-2) and WRKY25 silenced (35S:W25si) as well as the double-knock-out plants (w25/w53) were sown on ½ MS plates with and without 10 mM H2O2. A minimum of 30 seeds were put onto the plates and the experiment repeated 6 times (n = 6) (A) shows a representative sector of the plates with and without H2O2 in media. (B) summarizes the six independent experiments in a heat map. Dark green means the most tolerant against H2O2, dark red the most sensitive towards H2O2. (C) H2O2 content was measured over plant development using H2DCFDA fluorescence; leaves No. 8 of 8-week-old plants are shown. Fluorescence is indicated in arbitrary units (a.u.), normalized to leaf weight and expressed relative to WT ( ± SE, n = 4). One Sample t-test was performed for statistical differences of all values compared to WT (*P ≤ 0.1) (D) Leaf discs of leaf No. 5 of 6-week-old plants were incubated in a 30 mg/l H2O2 solution. As control H2O2 solution without leaf discs was measured. At timepoint 0 min and 2 h the decomposition of H2O2 was determined using commercially available peroxide sticks, color scale for H2O2 content is provided on the right.



In order to test whether this tolerance is due to higher antioxidative capacities in these lines, we measured intracellular H2O2 contents of leaf No. 8 in 8-week-old plants of these lines (Figure 6C). Less intracellular H2O2 was measured in the overexpressing lines, while more H2O2 appears to be present in the mutants and the silenced line in comparison to WT (Figure 6C). Moreover, the H2O2 scavenging capacity of leaf discs of the different lines was tested by incubating these discs for 2 h in H2O2 solution and measure the remaining H2O2 using peroxide strips (Figure 6D). As expected, the antioxidative capacity of the WRKY25 overexpressing lines was slightly higher, whereas scavenging in the mutant and silencing lines was lower. Taken together, WRKY25 does not only mediate a higher tolerance against oxidative stress but is also involved in the regulation of intracellular H2O2 levels, at least in later developmental stages. This might also contribute to the negative effect of WRKY25 on senescence since H2O2 acts as signaling molecule to induce senescence and, most likely, also participates in membrane deterioration and lipid peroxidation processes in later stages (Chia et al., 1981). The conclusions on the role of WRKY25 in senescence-related redox signal transduction is further supported by a dark-induced senescence experiment including wrky25, catalase2 (cat2) and wrky25/cat2 double-knock-out plants (Figure S8). As expected, cat2 and wrky25 had lower H2O2 scavenging capacity than wildtype plants resulting in a higher H2O2 content in the mutant lines (Figures S8B, C). Remarkably, wrky25/cat2 double mutants showed an additive effect indicating that higher H2O2 content in wrky25 mutant plants is not due to lower catalase activity. This was also visualized by the CAT-activity staining of a native PAGE, in which CAT2 activity of wildtype and wrky25 mutant plants appear to be very similar (Figure S8A). Moreover, dark-induced senescence was more pronounced in wrky25 or cat2 mutant compared to wildtype leaves and was enhanced in the wrky25/cat2 double mutant, correlating with their intracellular H2O2 contents (Figures S8B, D).



WRKY25 Enhances WRKY53 Response to Oxidizing Conditions

Because WRKY53 is strongly up-regulated after treatment with H2O2 in Arabidopsis (Miao et al., 2004; Xie et al., 2014), WRKY25 DNA-binding is redox-sensitive (Figure 2A) and its positive effect on WRKY53 expression is diminished under oxidizing conditions (Figure 3B), we wanted to find out, whether WRKY25 is required for the induction of WRKY53 expression after H2O2 treatment. Therefore, leaves of wrky25 and wrky53 single as well as double mutants and WT plants were detached and incubated in 10 mM H2O2. The expression of WRKY53 and several other H2O2-responsive genes (WRKY25, ANAC092, WRKY18 and ZAT12) was determined after 0 min, 30 min, 1 h and 3 h using qRT-PCR (Figure 7). All tested genes were responsive to H2O2 in wildtype. WRKY53 expression increased most prominently in 7-week-old plants after 1 h of H2O2 treatment. This response is clearly dampened in wrky25 mutant leaves. In contrast, the WRKY25 mRNA level highly increased in leaves of young 5-week-old wildtype plants 1 h after H2O2 treatment and responsiveness becomes lower with age. Again, this response is diminished in wrky53 mutant leaves in all tested developmental stages indicating that WRKY25 is involved in H2O2 response of WRKY53 and vice versa. ANAC092 responded most prominent also in 7-week-old leaves, similar to WRKY53. This response is also suppressed in the wrky25 and in the wrky53 leaves, and even more in the double mutant suggesting that both factors are involved in the H2O2 responsiveness of ANAC092. The same held true for ZAT12 expression, here a higher basal expression could be observed in 7-week-old leaves of wrky53 so that the H2O2 treatment did not lead to a further induction. In contrast, induction of WRKY18 expression by H2O2 was much more pronounced in 5-week-old wrky25, wrky53 and the double mutant compared to wildtype leaves, whereas the response was attenuated in older stages in all mutant lines. This supports the idea of a variable function of WRKY53 and WRKY25 on the WRKY18 promoter: in early developmental stages, they act as repressors, in later stages as activators. Taken together, WRKY25 as well as WRKY53 are involved in H2O2 induction of variable genes including each other and, depending on the developmental stage of the plants; they can have opposing effects on the same gene promoters, again indicating a very complex regulatory interaction.




Figure 7 | Influence of oxidizing conditions on gene expression. Leaves of position 10 were harvested of six plants of Col-0 (WT), wrky25 (orange) and wrky53 (blue) single and double (purple) mutant plants, respectively. Leaves of 5, 6 and 7 week-old-plants were incubated in 10 mM H2O2 for 0–3 h. After incubation, three leaves were pooled and expression of WRKY18, WRKY25, WRKY53, ZAT12 and ANAC092 was determined by qRT-PCR in these two pools. Expression values normalized to ACTIN2 expression are presented (mean values ± SD, n = 2, one biological replicate consists already of a pool of three plants for each timepoint). Kruskal–Wallis-test was performed for statistically significant differences of all values at each timepoint compared to Col-0 (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).






Discussion

ROS, especially hydrogen peroxide, act as signaling molecules during senescence and/or stress responses. However, how this signal is perceived and transmitted into senescence onset and progression or stress response activation is still far from being understood. One of the central features of senescence is a massive change in the transcriptome, in which photosynthesis related genes are shut down and genes related to degradation and remobilization processes are turned on. Therefore, transcription factors would be ideal candidates to take up ROS signals directly. Indeed, for some transcription factors of different families such as class I TCP factors (Viola et al., 2013), HSF8 (Giesgut et al., 2015) or the bZIP factor GBF1 (Shaikhali et al., 2012), a redox-sensitive action has already been disclosed. Moreover, the plant specific protein GIP1 enhances DNA-binding activity of GBF3 and reduces DNA-binding activity of other members of the G-group bZIP factors in Arabidopsis, namely bZIP16, bZIP68, and GBF1, under non-reducing conditions through direct physical interaction. Whereas reduced GIP1 predominantly exists in a monomeric form and is involved in formation of DNA–protein complexes of G-group bZIPs, oxidized GIP1 is released from these complexes and instead performs chaperone function (Shaikhali, 2015). Due to space limitation, not all examples can be mentioned here, but taken together redox conditions can influence gene expression through the action of transcription factors in several ways: changing DNA-binding activity or activation potential or intracellular localization or interaction with specific partners or proteolytic degradation or a combination of those. He et al. (2018) just recently reviewed this topic very nicely. Here, we could show that WRKY25 DNA-binding activity is redox-sensitive, and that these redox-sensitive changes in activity are reversible as a function of the redox conditions (Figure 2). Not all WRKY factors show these features, as e.g. WRKY18 DNA-binding activity appears not to be redox-sensitive at all and WRKY53 DNA-binding activity was only very slightly influenced by changes in the redox environment (Figure S2). Redox sensitivity often relies on the alteration of the redox state of certain Cys residues. In WRKY25 belonging to the group I WRKY factors, two DNA-binding domains including CX4-5CX22-23HXH zinc fingers are present. Moreover, an additional Cys can be found very closely to the N terminus, which cannot be detected in WRKY53 or WRKY18 proteins and could therefore be involved in redox sensitivity. Whereas WRKY53 has no other Cys besides the Cys of the zinc finger, WRKY18 has three additional Cys residues but is not redox sensitive at all (Figure S9). Hence, we speculate that either the two zinc fingers are necessary to confer redox sensitivity or an additional Cys has to be at a certain position within the protein to contribute to redox sensitivity. However, this will be subject of further investigations. Currently, we are mutating the additional Cys in WRKY25 to see whether this residue is involved or responsible for the redox sensitivity of WRKY25. Moreover, we will include an additional Cys at the N terminus of WRKY18 to see whether we can render WRKY18 redox sensitive. In contrast to WRKY18, which strongly binds to all W-boxes of the WRKY53 promoter (Potschin et al., 2014), WRKY25 binds selectively to a specific W-box in the promoter of WRKY53 and can positively influence its expression (Figures 1 and 3). Under oxidizing conditions, activation of WRKY53 expression by WRKY25 is dampened (Figure 3). Even though binding and transactivation is lower under oxidizing conditions, WRKY25 is still involved in the response of the WRKY53 promoter to oxidizing conditions in planta, as H2O2 response of WRKY53 was much lower in the wrky25 mutants compared to WT plants, especially in later stages (Figure 7). At the first glance, this appears to be a contradiction, but as WRKY25 is also involved in down-regulation of H2O2 contents and negatively regulates its own expression, two negative feedback loops are at work. This indicates that WRKY25 function might be to prevent an overshooting of the reaction to H2O2. In addition, not only WRKY53 response to oxidative stress appears to be attenuated by WRKY25 but also ZAT12 and ANAC092 response. In contrast, WRKY18 reaction appears to be enhanced, but only in young plants (Figure 7). As already mentioned before, WRKY25 expression is induced by H2O2, whereas WRKY25 at the same time reduces intracellular H2O2 contents, especially in later stages of senescence, as lower or higher H2O2 levels were measured in WRKY25 overexpressing plants and wrky25 mutant or knock-down lines, respectively (Figures 6 and 7). High H2O2 contents in later stages of senescence are most likely involved in membrane deterioration and lipid peroxidation processes as part of the senescence degradation processes (Chia et al., 1981). This is in line with the senescence acceleration or delay of the WRKY25 overexpressing plants and wrky25 mutant or knock-down lines, respectively (Figure 4, Figure S8).

A simple gene for gene relationship between WRKY25 and WRKY53 would suggest opposite phenotypes. As WRKY53 has been characterized as positive regulator of leaf senescence (Miao et al., 2004), overexpression of WRKY25 should lead to increased WRKY53 levels and to the same senescence phenotype as WRKY53 overexpression. Vice versa, knock-down or mutation of WRKY25 should exhibit the same phenotype as knock-down or mutation of WRKY53. However, the senescence phenotype of WRKY25 overexpressing plants and wrky25 mutant or knock-down lines was found to be exactly opposite to the expected phenotype of a positive WRKY53 regulator. This can be explained by the fact that WRKY25 and WRKY53 are not acting in a simple signal transduction pathway but in a complex regulatory network between many members of the WRKY transcription factor family showing multilayer feedback regulations. In the same line of evidence, WRKY18 was characterized to be a negative up-stream regulator as well as a down-stream target and a protein interaction partner of WRKY53 (Potschin et al., 2014). Here, we could show that WRKY25 is also a redox sensitive up-stream regulator and down-stream target gene of WRKY53 (Figures 3 and 7). Moreover, WRKY25 appears to be involved in the H2O2 response of WRKY18 and WRKY53 expression but in opposite directions and at different times (Figure 7). In addition, MEKK1 action brings in a further layer of complexity. Co-expression of MEKK1 led to a reversal of WRKY18 action on WRKY53 expression, since a 35S:MEKK1 construct as co-effector to 35S:WRKY18 reversed the repressor function of WRKY18 on the WRKY53 promoter to an activator (Figure S4A). In contrast, the activator function of WRKY25 on the expression of the WRKY53 promoter is enhanced approx. 2-fold by the addition of 35S:MEKK1 as co-effector construct (Figure 3C). Whether this is due to a direct phosphorylation of WRKY25 by MEKK1, taking the same short cut as already shown for WRKY53 (Miao et al., 2007), or through classical MAPK signal transduction will be subject of further investigations. Noteworthy, WRKY25 and WRKY33 interact with many VQ proteins (Cheng et al., 2012), one of which is MKS1 (MAP KINASE SUBSTRATE 1), a substrate of MAPK4 (Andreasson et al., 2005). For WRKY33 it was shown that it exists in nuclear complexes with MPK4 and MKS1. Upon activation of MPK4 via MEKK1 and MKK1/2 signaling, MKS1 is phosphorylated by MPK4 and WRKY33 is released from MPK4 interaction and activates its downstream genes such as PAD3 encoding an enzyme required for antimicrobial camalexin production (Qiu et al., 2008). Moreover, WRKY25 negatively regulates SA-mediated defense responses against Pseudomonas syringae (Zheng et al., 2007) and MPK4 is a repressor of SA-dependent defense responses (Petersen et al., 2000). Furthermore, MEKK1 kinase activity and protein stability is regulated by H2O2 in a proteasome-dependent manner and mekk1 heterozygous mutants were compromised in ROS-induced MPK4 activation. Like WRKY25, MEKK1 regulates accumulation of intracellular H2O2 and alters expression of genes related to ROS signaling and homeostasis such as ZAT12 (Nakagami et al., 2006). Like WRKY25 and WRKY53, MEKK1 expression is up-regulated by H2O2 treatment and mRNA levels start to increase with onset of senescence in parallel to WRKY53 (Miao et al., 2007). Therefore, the influence of MEKK1 on the transactivation activity of WRKY25 provides another link to redox signaling. Moreover, we could show by conditional knock-down of MEKK1 in plants that MEKK1 is part of the complex senescence regulation (Figure S4).

Expression of WRKY25 is not only induced by oxidative stress but also during heat or salt stress. Moreover, WRKY25 overexpressing plants were not only more tolerant to oxidative stress (Figure 6) but also to salt stress (Jiang and Deyholos, 2009) as well as to high temperatures (Li et al., 2011). During heat stress, WRKY25, WRKY26, and WRKY33 were positively cross-regulated, which confirms the complexity of the WRKY network (Li et al., 2011). Remarkably, ROS levels increase during salt and heat stress pointing to the possibility that WRKY25 induction under salt and heat stress is mediated by oxidizing conditions. Many WRKY factors including WRKY25 and WRKY53 are up-regulated more than 5-fold in various plant lines with altered intracellular levels of specific ROS (Gadjev et al., 2006). In the same line of evidence, expression of WRKY18, WRKY25 and WRKY53 was also increased in cat1,2,3 triple mutant plants (Su et al., 2018). Moreover, not only WRKY25 gene expression and its DNA-binding activity are altered by higher ROS levels but WRKY25 is also involved in the regulation of the intracellular H2O2 content, especially in later stages of development (Figure 6) creating a feedback loop.

A further level of complexity is installed by epigenetic control of the WRKY gene expression. JMJ27, a jumonji-family demethylases, removes repressive H3K9me2 and H3K9me1 marks and thereby activates transcription. ChIP analysis revealed that the chromatin at the WRKY25 promoter was hyper-methylated in jmj27 mutants indicating that JMJ27 regulates WRKY25 expression at least in part by directly controlling methylation levels of H3K9 histones (Dutta et al., 2017). WRKY53 expression is also regulated by epigenetic changes in histone methylation (Ay et al., 2009). Moreover, the WRKY53 protein was detected in a complex with histone deacetylase 9 (HDA9) and POWERDRESS to recruit this complex to W-box containing promoter regions of key negative senescence regulators to remove H3 acetylation marks (Chen et al., 2016). Therefore, WRKY53 expression is regulated by epigenetic changes on its own promoter but the WRKY53 protein is also involved in changing epigenetic marks on other promoters.

We have summarized our data in a model, which describes a small subnetwork between WRKY18, WRKY25 and WRK53 and the role of H2O2 in this subnetwork at the onset of senescence (Figure 8). Several feedback loops are installed to control an overshooting of the system and to supply a high plasticity, which is needed to constantly integrate all kinds of incoming intracellular and environmental signals. The complex interactions within this subnetwork of just three WRKY factors illustrates the high complexity of the whole WRKY network, which is not only regulated by H2O2 as signaling molecule but also highly controlled by salicylic and jasmonic acid. Moreover, the WRKY network is just a subsection of the higher order regulatory network of leaf senescence. Nevertheless, understanding the regulation of single components or subnetworks will in the long run help to decipher the different mechanisms acting in the whole network and contribute to modeling approaches.




Figure 8 | Model of H2O2 and the WRKY18-53-25 subnetwork. A model summarizing the impact of H2O2 and WRKY25 on senescence in 7 week-old plants is presented. Solid lines show direct interactions whereas dotted lines show interaction, which may be direct or indirect. Black arrows describe the effects on gene expression, red arrows effects on protein activity, and the grey line effects on the intracellular hydrogen peroxide level. The expression of all three WRKY genes of the small WRKY53-25-18 subnetwork are controlled by hydrogen peroxide contents and hydrogen peroxide has a direct negative effect on the binding activity of WRKY25 to DNA. All three genes are under feedback control of their own gene products. In addition, MEKK1 increases the activity of all three WRKY factors. Moreover, WRKY25 can form heterodimers with WRKY53 and the heterodimer has a lower transactivation activity compared to the WRKY25 homodimer. This interplay determines in the end whether leaf senescence is accelerated or delayed.





Materials and Methods


Protein Expression and Extraction for DPI-ELISA

For protein expression of WRKY25 and WRKY53 in the E. coli strain BL21-SI, the coding sequences of WRKY25 (1,182 bp) and WRKY53 (975 bp) were cloned into the vector pETG-10A to be coupled with an N-terminal fused 6×His-tag. The E. coli cells were grown in 10 ml selective medium overnight. One hundred milliliter LB-medium were inoculated with 3 ml of this pre-culture and, after shaking for 1.5 h at 37°C, a final concentration of 1 mM IPTG was added for induction of protein expression. After 1 h of shaking at 18°C, cells were harvested (2,500 g, 20 min, 4°C) and suspended in protein extraction buffer (4 mM Hepes pH 7.5, 100 mM KCl, 8% (v/v) glycerol, 1× complete proteinase inhibitor (Roche) without EDTA). Proteins were extracted by sonication to keep native conditions. The protein concentrations of the crude extracts were detected by Bradford assays (Bradford, 1976; Bio-Rad).



DPI-ELISA

The ELISA-based DNA–protein interaction assay was performed as described by Potschin et al. (2014). In brief, the 5' biotinylated double-stranded oligonucleotides were added to streptavidin-coated ELISA plates (Thermo Scientific). After blocking the plate with blocking solution (Roche, blocking reagent for ELISA), crude extracts were diluted with protein dilution buffer (4 mM Hepes pH 7.5, 100 mM KCl, 8% (v/v) glycerol) and increasing protein concentrations (5, 10, 25 µg) were added to the DNA bound to the plates. The plates were incubated 1 h with mild shaking so that the biotinylated DNA–protein complexes were formed. Subsequently, wells were washed at least twice (Qiagen blocking buffer, Anti-His-HRP conjugate kit) and incubated for another hour with Anti His-HRP conjugate antibodies (Qiagen) diluted 1:1,500. After washing several times, positive interactions were detected by a peroxidase reaction with ortho-phenylenediamine (OPD-tablets, Thermo Scientific). The yellow color was measured using a plate-reader (TECAN, Safire XFluor4). For Redox-DPI-ELISAs, 25 µg of the protein crude extracts were used. Reduction or oxidation of the protein extracts was performed by adding either DTT or H2O2 (final concentration 5 mM). In order to show reversibility of the redox effects, a fraction of the DTT-reduced proteins was oxidized again by addition of increasing amounts of H2O2 (final concentration 5, 10 and 20 mM). Similarly, the oxidized proteins were reduced again by adding increasing amounts of DTT. After these redox-treatments, a DPI-ELISA was performed as described above. To conserve the redox-state of the proteins bound to the biotinylated DNA, the same DTT or H2O2 concentrations were added to the washing buffer and the antibody solution. The antibody reaction was not altered by these treatments.



Protoplast Preparation and Transformation

Protoplasts derived from a cell culture of A. thaliana var. Columbia 0 were prepared following a standard protocol (for details see http://www.zmbp.uni-tuebingen.de/c-facilit/plant-transformation.html). These protoplasts were then treated with PEG1500 and transiently transformed with different constructs following the protocol published in Mehlhorn et al. (2018). Effector and reporter constructs were co-transfected with a luciferase construct for GUS reporter assays (for details see GUS Reporter Assay).



GUS Reporter Assay

Arabidopsis protoplasts were transformed using 5 µg of effector and 5 µg of reporter plasmid DNA. As an internal transformation control, a luciferase construct (pBT8-35SLUCm3) was co-transfected. After incubation overnight in the dark, GUS activity assays were performed with the protoplast as described by Jefferson et al. (1987). To correct for transformation efficiency, GUS activity was normalized to luciferase fluorescence. As effector constructs, the coding sequences of WRKY25 (1182 bp), WRKY53 (975 bp) and MEKK1 (1827 bp) cloned into the vector pJAN33 were used. As reporter construct, a 3,000-bp-fragment upstream of the WRKY25 start codon and a 2,759-bp-sequence upstream of the start codon of WRKY53 was cloned into the binary vector pBGWFS7.0. The 3'-AT (3-Amino-1,2,4-triazole) GUS assays were performed as described above except that 10 mM 3'-AT or the same volume of water was added before overnight incubation.



Plant Material and Cultivation

All experiments were performed with A. thaliana Ecotype Columbia 0 (Col-0). Plants were grown on standard soil under long day conditions (16 h of light) with only moderate light intensity (60–100 μmol s−1 m−2) in a climatic chamber at 20°C (day) and 18°C (night). Bolts and flowers developed within approx. 4–5 weeks. Individual leaf positions within the rosettes were coded with different colored threads, so that individual leaves could be analyzed according to their age even at very late stages of development (Hinderhofer and Zentgraf, 2001; Bresson et al., 2018). Numbering started with No. 1 for the first true leaf without taking the cotelydones into account. Plant material was harvested always at the same time to avoid circadian effects. The Nottingham Arabidopsis Stock Centre (NASC) kindly provided the T-DNA insertion line of WRKY25 (SAIL_529_B11; previously characterized in Jiang and Deyholos, 2009), of WRKY53 (SALK_034157, previously characterized in Miao et al., 2004), and CAT2 (SALK_057998, previously described in Queval et al., 2007). Using PCR, homozygous plants were characterized with different combinations of gene specific and T-DNA left border primers. Double-knock-out mutants (wrky25/wrky53) were generated by crossing wrky25 and wrky53 mutants. F2 progenies were selected for homozygous double-knock-out plants by PCR. Dr. Changle Ma, Shangdong Normal University, China (Su et al., 2018), kindly provided seeds of the homozygous wrky25/cat2 double-knock-out plants. The WRKY25 overexpressing plants were transformed by floral dip of Col-0 wildtype plants into Agrobacterium tumefaciens cultures in two different attempts. First, a 35S:WRKY25 construct was transformed leading to plants in which the transgene induced gene silencing (plant line 35S:W25si; pB7RWG2) and, therefore, was used as a knock-down line. Second, a UBQ10:WRKY25 construct was transformed (plant line UBI:W25-1 and UBI:W25-2; pUBN-GFP-Dest) and overexpression was confirmed by qRT-PCR. For the germination experiments, seeds of different plant lines were sterilized by sodium hypochlorite and plated on ½ MS-plates (1 L: 2.15 g MS micro and macro elements (Duchefa), 15 g sucrose, pH 5.7–5.8, 8 g agar).



Senescence Phenotyping

For the evaluation of leaf senescence phenotypes, rosette leaves were aligned according to the age of the leaves with the help of a color code and a variety of parameters indicating the state of senescence were measured (Bresson et al., 2018). Leaves of six plants per timepoint were analyzed. At position 5 and 10, Fv/Fm values were determined using the Imaging-Pulse-Amplitude-Modulation (PAM) method, indicating the activity of the photosystem II (PSII) (Chlorophyll fluorometer Maxi version; ver. 2-46i, Walz GmbH, Effeltrich, Germany). Leaves were photographed according to their age and by an automated colorimetric assay (ACA) pixelwise grouped into four categories: green leaves (green), leaves starting to get yellow (green-yellow), completely yellow leaves (yellow) and brown and/or dead leaves (brown/dead). (ACA; Bresson et al., 2018; http://www.zmbp.uni-tuebingen.de/gen-genetics/research-groups/zentgraf/resources.html)

In addition, RNA was extracted from leaves No. 6 and 7 and qRT-PCR analyses were performed for the senescence-associated marker genes ANAC092 (At5g39610) encoding a NAC-domain transcription factor, CAB1 (At1g29930) encoding a subunit of light-harvesting complex II, SAG12 (At5g45890) encoding a cysteine protease and different WRKY genes (WRKY53 (At4g23810), WRKY18 (At4g31800), WRKY40 (At1g80840)). Expression was normalized to ACTIN2 (At3g18780).



Quantitative RT-PCR

Total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen). Subsequent cDNA synthesis was performed with RevertAid Reverse Transcriptase (Thermo Scientific. For the qRT-PCR, KAPA SYBR® Fast Biorad iCycler (KAPA Biosystems) master mix was used following the manufacturer´s protocol. Expression of analyzed genes was normalized to ACTIN2. In order to keep the results comparable to former results, we only used ACTIN2 as reference gene since ACTIN2 has been proven to be very stably expressed all over leaf development (Panchuck et al., 2005). Relative quantification to ACTIN2 was calculated with the ΔΔCT-method according to Pfaffl (2001). Primers and Atg numbers are indicated in Table S1.



H2O2 Measurement and Treatments

For oxidative stress treatment during germination, 10 mM H2O2 was added to the 1/2 MS agar (1 L: 2.15 g MS micro and macro elements (Duchefa), 15 g sucrose, pH 5.7–5.8, 8 g agar) and seeds were spread on plates with and without H2O2. After 3 days in darkness, the plates were incubated in light in the climate chambers and the number of green seedlings was counted after 7–10 days. This experiment was repeated six times, plates were photographed, green seedlings counted and summarized according to their tolerance against H2O2 in a heat map.

For intracellular H2O2 measurement, carboxy-H2DCFDA (2',7'-Dichlordihydrofluorescein-diacetat) was chosen, which is able to passively diffuse across cellular membranes as non-polar dye. After deacetylation by an intracellular esterase, the molecule gets polar and is trapped inside the cells. The deacetylated carboxy-H2DCFDA can then be oxidized by H2O2 and converted to the highly fluorescent di-chlorofluorescein (DCF). Therefore, only intracellular H2O2 is measured. Leaves of position 8 of 4- to 8-week-old plants were harvested and incubated for exactly 45 min in carboxy-H2DCFDA working-solution (200 µg in 40 ml MS-Medium pH 5.7–5.8). Subsequently, the leaves were rinsed with water and frozen in liquid nitrogen. After homogenization in 500 µl 40 mM Tris pH 7.0, the samples were centrifuged at 4°C for 15 min. Fluorescence of the supernatant was measured in a Berthold TriStar LB941 plate reader (480 nm excitation, 525 nm emission).

For testing the response to H2O2 treatment, leaves of position 8 of 5, 6 and 7-week-old plants were incubated for 0, 30 min, 1 h and 3 h in 10 mM H2O2 including 0.1% Tween. After incubation time, leaves were washed in water and immediately frozen in liquid nitrogen. Gene expression was determined by qRT-PCR.

The decomposition of H2O2 was examined using commercially available peroxide strips (Dosatest peroxide test strips 100, VWR Chemicals). Therefore, leaf discs were excelled of leaves of position 5 of 6- and 7-week-old plants and were incubated into a 30 mg/l H2O2 solution. Strips were submerged for 1 s into the solution immediately after placing the leaf disc into the solution (timepoint 0 min) and again after 2 h. The amount of peroxide can be read out by the given control color scale. The weaker the blue color the less peroxide is present in the solution.
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Drought stress, a major environmental factor, significantly affects plant growth and reproduction. Plants have evolved complex molecular mechanisms to tolerate drought stress. In this study, we investigated the function of the Arabidopsis thaliana RPD3-type HISTONE DEACETYLASE 9 (HDA9) in response to drought stress. The loss-of-function mutants hda9-1 and hda9-2 were insensitive to abscisic acid (ABA) and sensitive to drought stress. The ABA content in the hda9-1 mutant was reduced in wild type (WT) plant. Most histone deacetylases in animals and plants form complexes with other chromatin-remodeling components, such as transcription factors. In this study, we found that HDA9 interacts with the ABA INSENSITIVE 4 (ABI4) transcription factor using a yeast two-hybrid assay and coimmunoprecipitation. The expression of CYP707A1 and CYP707A2, which encode (+)-ABA 8′-hydroxylases, key enzymes in ABA catabolic pathways, was highly induced in hda9-1, hda9-2, abi4, and hda9-1 abi4 mutants upon drought stress. Chromatin immunoprecipitation and quantitative PCR showed that the HDA9 and ABI4 complex repressed the expression of CYP707A1 and CYP707A2 by directly binding to their promoters in response to drought stress. Taken together, these data suggest that HDA9 and ABI4 form a repressive complex to regulate the expression of CYP707A1 and CYP707A2 in response to drought stress in Arabidopsis.
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Introduction

Drought stress causes serious damage to plant growth, survival, and productivity (Zhu, 2001). Plants have evolved a variety of complex signaling mechanisms to sense and acclimate to drought stress (Bohnert and Sheveleva, 1998). Accumulation of the phytohormone, abscisic acid (ABA), helps to protect plants from drought stress by controlling seed maturation and dormancy during seed development and seedling growth (Finkelstein and Lynch, 2000; Lopez-Molina et al., 2001). ABA also plays a major role in regulating physiological processes in the drought stress signaling pathway, primarily by controlling stomatal aperture and modulating the expression of many ABA-responsive genes that function in drought tolerance (Yamaguchi-Shinozaki and Shinozaki, 2006; Cutler et al., 2010; Raghavendra et al., 2010).

The levels of endogenous ABA are regulated by the balance of ABA biosynthesis and catabolism (Xiong and Zhu, 2003; Nambara and Marion-Poll, 2005). When plants are exposed to drought stress or exogenous ABA, most of the major enzymes of the ABA biosynthesis pathway, including a zeaxanthin epoxidase (ZEP/AtABA1), 9-cis-epoxycarotenoid dioxygenase3 (NCED3), molybdenum cofactor (moco/AtABA3), and Arabidopsis aldehyde oxidase3 (AAO3), are activated, with the exception of short-chain dehydrogenase/reductase (SDR/AtABA2) (Xiong and Zhu, 2003; Dong et al., 2015). In ABA catabolism, endogenous ABA is converted from the active to the inactive form through degradation to generate phaseic acid (PA) by ABA 8′-hydrolases, a key enzyme in ABA catabolic pathways (Kushiro et al., 2004; Dong et al., 2015). During seed imbibition, reduction of ABA levels is associated with increasing levels of PA in plants (Jacobsen et al., 2002; Kushiro et al., 2004). The ABA 8′-hydroxylase family includes four members, CYP707A1 to CYP707A4, which increase in abundance during seed dormancy and germination (Jacobsen et al., 2002; Kushiro et al., 2004). CYP707A1 and CYP707A2 cause a sharp reduction in ABA levels during seed maturation and germination (Jacobsen et al., 2002; Okamoto et al., 2006). However, CYP707A4 diurnally regulates ABA levels through conjugation/deconjugation (Pan et al., 2009). In plants, large amounts of ABA are converted into the ABA-glucose ester, the inactive glucose conjugate form, and are transported to the vacuoles by the β-glucosidase AtBG1 (Lee et al., 2006).

ABA signaling pathways for seed maturation and dormancy are controlled by ABA-responsive transcription factors that regulate gene expression (Finkelstein et al., 2002). The representative transcription factors (e.g., ABA INSENSITIVE 3 (ABI3), ABI4, and ABI5) are associated with regulating sensitivity to ABA (Finkelstein et al., 2002; Shu et al., 2016). In addition, ABI3, ABI4, and ABI5 have distinct roles in ABA-dependent seed maturation and dormancy (Shu et al., 2016). ABI3 is a negative regulator of seed germination in both the ABA and gibberellic acid signaling pathways (Yuan and Wysocka-Diller, 2006). Although ABI5 interacts with ABI3, ABI5 is epistatic to ABI3 (Lopez-Molina et al., 2002). ABI5 affects the ubiquitin ligase activity of KEEP ON GOING (KEG) following germination (Stone et al., 2006). ABI4, which is specifically expressed in the embryo, plays a unique and important role in the catabolism of embryonic lipids during seed germination (Penfield et al., 2006).

Epigenetic modifications are important regulatory mechanisms of gene transcription and play essential roles in plant development and stress responses (Yuan et al., 2013). The reversible process of histone acetylation and deacetylation by histone acetyltransferases (HATs) and histone deacetylases (HDACs) has been implicated in genome expression, chromatin structural organization, and gene function (Wang et al., 2014; Verdin and Ott, 2015). The HDAC family in Arabidopsis is made up of 18 members and is categorized into three groups: twelve REDUCED POTASSIUM DEPENDENCY PROTEIN 3 (RPD3/HDA1), four HISTONE DEACETYLASE 2 (HD2), and two SILENT INFORMATION REGULATOR PROTEIN 2 (SIR2) (Pandey et al., 2002; Hollender and Liu, 2008). HDACs in the RPD3/HDA1 group have multiple functions, including plant development, DNA methylation, and pathogen defense signaling (Aufsatz et al., 2002; Zhou et al., 2005; Liu et al., 2013; Cigliano et al., 2013; Ryu et al., 2014). HD2 HDACs are plant-specific and are involved in developmental processes and stress responses (Zhou et al., 2004; Sridha and Wu, 2006; Luo et al., 2012a). HDACs in the SIR2 group are associated with energy metabolism in the mitochondria and the transition of leaf tissue to callus (König et al., 2014; Lee et al., 2016).

The RPD3 group is further classified into three classes based on sequence similarity and phylogenetic analysis, with four HDACs belonging to class I (HDA19, HDA6, HDA7, and HDA9), three to class II (HDA5, HDA15, and HDA18), and one to class III (HDA2). HDA8, HDA14, HDA10, and HDA17 of the RPD3 group are unclassified members (Pandey et al., 2002; Hollender and Liu, 2008). Recent studies have suggested that the HDACs in class I are involved in abiotic stress signaling, responding to salt, ABA, and drought stress (Song et al., 2005; Sridha and Wu, 2006; Chen and Wu, 2010; Luo et al., 2012a; Ryu et al., 2014). HDA6 and HDA19 play an important role in modulating seed germination during salt stress responses and in response to ABA, as well as abiotic stress-induced gene expression in Arabidopsis (Chen and Wu, 2010; Luo et al., 2012b; Ryu et al., 2014). Furthermore, HDA19 acts as a transcriptional repressor through the formation of a protein complex with AtERF7 and AtSin3 (Song et al., 2005). In contrast to the hda19 and hda6 mutants, the HDA9 mutants, hda9-1 and hda9-2, were insensitive to salt stress and ABA during seedling root growth and seed germination (Zheng et al., 2016). Moreover, HDA9 forms a complex with PWR and transcription factor WRKY53, and PWR plays an important role as a regulator for HDA9 nuclear accumulation (Chen et al., 2016). Several class I HDACs function as positive regulators of stress responses; however, a few others negatively regulate plant stress responses by repressing the expression of stress-responsive genes (Zheng et al., 2016).

Although the function of HDA9 in salt and drought stress responses can be explained by its negative effects on the expression of stress-responsive genes, the mechanism by which it affects other aspects of stress signaling pathways remains unknown. Here, we show that HDA9 acts in association with an ABA-related transcription factor to repress gene expression through histone deacetylation. HDA9 interacts with ABI4 in vivo, and the HDA9–ABI4 complex acts together on AtCYP707A1 and AtCYP707A2 in the regulation of drought stress. Furthermore, the HDA9-ABI4 complex regulates the levels of endogenous ABA during drought stress. These findings revealed that the HDA9–ABI4 complex regulates histone deacetylation to control a wide variety of biological processes during drought stress responses.



Materials and Methods


Plant Materials and Growth Conditions

The wild type (WT) Arabidopsis thaliana used in this study was Col-0 ecotype, and all mutants were on the Col-0 background. Seeds were grown on 1/2 Murashige and Skoog (MS) media with 1.5% (w/v) sucrose, pH 5.7 under a long-day photoperiod (16 h light/8 h dark) at 23°C. The hda9-1 (SALK_007123) mutant was obtained from NASC (http://arabidopsis.info/), and hda9-2 (Gk_305G03) mutant from ABRC (http://www.arabidopsis.org/) (van Zanten et al., 2014). Dr. Nho kindly provided two seeds of hda9-1/HDA9 complementation plant (#7 and #11 lines) with a C-terminal HA tag (Kang et al., 2015).

We generated the hda9-1abi4 double mutant by crossing the homozygous hda9-1 and abi4 (CS8104; Zhang et al., 2013) single mutant and then self-pollinated the F1 generation. To select the compatible lines of F2 (10 lines) and homozygous F3 (5 lines) generation, we performed PCR genotyping analysis and DNA sequencing (Supplemental Table S2).



Physiological Assay

For ABA germination assays, seeds were grown on 1/2 MS medium containing 1.5% sucrose with various concentrations of ABA (Sigma, St. Louis, MO, USA). Successful germination in the presence of ABA was determined by the presence of green cotyledons 5 d after sowing. Four experimental repeats were carried out, each one containing at least 32 seeds. For drought tests, one-week-old seedlings grown on MS medium were transferred to the soil. Transferred seedlings were adapted to the soil for one week under identical conditions followed by withholding water for 11 d. After rewatering for 1 d, recovery of WT, mutants and transgenic plants was monitored. Three experimental repeats were carried out each one containing at least 36 plants. For water loss assays, one-week-old seedlings grown on MS medium were transferred to the soil. After growing for two weeks, plant shoots were cut and placed in petri dishes. The dishes were maintained in the growth chamber and the loss of fresh weight was determined at the indicated times. The experiments were performed with three independent replicates with eight plants per replicate.



Stomatal Aperture Bioassays

Developmentally similar leaves were detached from 10-day-old seedlings and floated on stomatal opening buffer (5 mM MES, 5 mM KCl, 50 µM CaCl2, pH 5.6) under light for 2 h and then treated with 5 µM ABA for 2 h. After ABA treatment, the leaves were fragmented using a scalpel, and the epidermal fragments were quickly mounted for visualization in a scanning electron microscope (JSM-6380LV; JEOL, Akishima, Japan). The stomatal aperture was determined from measurements of 50 to 80 stomata per treatment. Each experiment was repeated four times.



Yeast Two-Hybrid Assay

For yeast two-hybrid experiments, pDONR™/Zeo-HDA9 and pDONR™/Zeo-ABI4 were fused in the yeast two-hybrid destination vector pDEST22 (harboring activation domain) and pDEST32 (harboring DNA binding domain) to generate construct vector, pDEST22-HDA9 and pDEST32-ABI4, respectively. These plasmids were transformed into the Saccharomyces cerevisiae (YRG2). Protein–protein interactions were determined by the growth of yeast colonies on SD/-Trp-Leu (Sc-TL) or SD/-Trp-Leu-His (Sc-TLH; Takara Bio, Kusatsu, Japan) agar media containing 3-amino-1,2,4-triazole (3-AT; 25 mM). Empty vector was used as a negative control.



Protein Extraction and CoImmunoprecipitation Assay

Total protein was extracted from three-week-old Nicotiana benthamiana leaves and the extraction buffer contained 100 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 3 mM DTT and protease inhibitors (1 mM PMSF, 5 μg ml−1 leupeptin, 1 μg ml− aprotinin, 1 μg/ml pepstatin, 5 μg/ml antipain, 5 μg/ml chymostatin, 2 mM Na2VO3, 2 mM NaF, and 50 mM MG132) (Park et al., 2018). For coimmunoprecipitation assays of N. benthamiana, leaves were coinfiltrated with Agrobacterium tumefaciens (GV3101) cell expressing the indicated plasmid combination using 35S:HDA9-3xHA and 35S:ABI4-GFP. Total protein reacted for immunoprecipitation using rabbit anti-GFP polyclonal (Abcam, Cambridge, MA, USA) and protein A agarose (Invitrogen, Carlsbad, CA, USA). For immunoblotting, membranes were incubated with the appropriate anti-HA (Roche, Indianapolis, IN, USA), and detected using ECL-detection reagent (GE Healthcare, Little Chalfont, Buckinghamshire, UK). For the coimmunoprecipitation assays three independent replicates were carried out.



RNA Isolation and Quantitative PCR Analyses

Total RNA was extracted from plants (harvest timing is described in each experiment) with the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and treated with DNase (Sigma, St. Louis, MO, USA). 2 µg RNAs were used for the synthesis of the first-strand cDNA using the Thermoscript™ RT-PCR System (Invitrogen, Carlsbad, CA, USA). Quantitative PCR was performed using SYBR Green PCR Master Mix kit (SYBR Green Supermix; Bio-Rad, Hercules, CA, USA) according to instructions with the CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA, USA). The expression of TUBULIN8 was used as the endogenous control. The qRT-PCR experiments were performed in three independent replicates. The sequences of primers used in qRT-PCR are listed in Supplemental Table S2.



Quantitative Determination of Abscisic Acid

Endogenous ABA was extracted from 10-day-old plants with/without dehydration stress and analyzed using Phytodetek ABA test Kit (Agdia Incorporated, IN, USA) according to the manufacturer's instruction. Three biological repeats and three technical repeats were performed and measured for each sample.



Chromatin Immunoprecipitation Assay

The ChIP assays were performed as previously described (Saleh et al., 2008). Nuclei from two-week-old hda9-1HDA9-HA plants were extracted with CelLytic™ PN Isolation/extraction Kit (Sigma, St. Louis, MO, USA) and sonicated (Bioruptor, Tokyo, Japan). Immunoprecipitations were carried out using an anti-HA antibody (Roche, Indianapolis, IN, USA) with salmon sperm DNA/protein A agarose (Upstate, New York, USA) beads. Treatment with antirat IgG was used as a negative control to detect background levels in each ChIP experiment. The immunoprecipitated DNA was quantified by qRT-PCR analysis. The expression of TUBULIN4 was used as the internal control. The ChIP experiments were performed in three independent replicates. The specific primer sequences are provided in Supplemental Table S2.




Results


HDA9 Mediates in Seed Germination and Stomatal Closure by ABA

To investigate functional characterization of HDA9, two independent mutants, hda9-1 (SALK_007123) and hda9-2 (CS370750), were obtained from the Arabidopsis Biological Resource Center (Supplementary Figure S1). The hda9-1 and hda9-2 mutants have T-DNA insertions in the first intron and fifth exon of HDA9, respectively (Supplementary Figure S1A). The presence of the T-DNA at the expected location in the hda9 mutants was verified by genome diagnostic PCR (Supplementary Figure S1B). Quantitative reverse transcription PCR (qRT-PCR) analyses indicated that hda9-1 and hda9-2 were RNA null mutants (Supplementary Figure S1C). Although HDA9 is involved in seed dormancy and germination, the ABA sensitivity of hda9 mutant is similar compared to that of WT (van Zanten et al., 2014). ABA enhances seed dormancy and inhibits germination and root growth by regulating the balance of endogenous phytohormones (Finkelstein et al., 2008). To investigate the function of HDA9 in ABA signaling, we examined the physiological responses of the hda9 mutants (hda9-1 and hda9-2), and HDA9 promoter:HDA9-HA in the hda9-1 mutant (#11 line; hda9-1/HDA9) complemented transgenic plants in response to ABA. Compared to the WT plants, seed germination of the hda9 mutants was significantly enhanced when exposed to exogenous ABA. However, the hda9-1/HDA9 plant showed a similar phenotype to the WT plants (Figure 1A). The percentage of fully opened green cotyledons in WT, hda9 mutants, and hda9-1/HDA9 were similar in the absence of ABA (Figure 1B). However, in the presence of 0.5 µM ABA, the percentage of green cotyledons in the hda9 mutants were approximately 70–80%, compared to 35–40% for the WT and the hda9-1/HDA9 seedlings (Figure 1B).




Figure 1 | hda9 mutants are insensitive to ABA. (A) Seeds of WT, hda9-1, hda9-2, and hda9-1/HDA9 were germinated on MS media supplemented with and without 5 μM ABA. Photographs were taken 5 d after sowing. (B) Quantification of germination rate of WT, hda9-1, hda9-2, and hda9-1/HDA9 on different concentrations of ABA. The values indicated means ± SE of n = 4 biological replicates of at least 32 seeds for each experiment. Asterisks represent significant differences from the WT (*, 0.01 < p-value ≤ 0.05; **, p-value < 0.01; Student's t-test). (C) ABA-induced stomata closure. Leaves of 10-d-old seedling of WT, hda9-1, hda9-2, and hda9-1/HDA9 were floated in stomatal opening solution for 2 h and then incubated in the 5 μM ABA for 2 h in the light. Stomata on the abaxial surface were observed using scanning electron microscopy. (D) Measurement of stomatal aperture (the ratio of width to length) after ABA treatment. The values indicated means ± SE of n = 4 biological replicates of 50 to 80 stomata for each experiment. Asterisks represent significant differences from the WT (*, 0.01 < p-value ≤ 0.05; Student's t-test).



Upon sensing abiotic stress, plants increase their endogenous ABA content to induce stomatal closure (Vishwakarma et al., 2017). To investigate whether HDA9 influences ABA-mediated changes in the stomata, stomatal closure responses were determined in the WT, hda9 mutants, and hda9-1/HDA9 plants under exogenous ABA treatment. The guard cell sizes, stomatal density, and stomatal apertures were similar in the leaves of the WT, hda9 mutants, and hda9-1/HDA9 plants at the same developmental stage (Figures 1C, D). However, the stomata closing in hda9 mutants was delayed in response to ABA compared to those in WT and the hda9-1/HDA9 plants (Figures 1C, D). Therefore, these results suggested that HDA9 plays a critical role in regulating ABA-dependent stomatal closure and ABA sensitivity during seed germination.



HDA9 Regulates ABA-Dependent Hypersensitivity to Drought Stress

Stress phytohormone ABA quickly accumulates in plant tissues that are exposed to drought stress (Xu et al., 2013). Increased endogenous ABA leads to stomatal closure to minimize water loss through transpiration (Blatt, 2000). As ABA-induced stomata closing was partially suppressed in hda9 mutants, we compared the drought tolerance of the WT, the hda9 mutants, and hda9-1/HDA9 plants by counting the number of plants that survived following water deficit (Figure 2). Three-week-old WT, hda9 mutants, and hda9-1/HDA9 plants were deprived of water for 11 d. One day after rewatering, approximately 30% of the WT and hda9-1/HDA9 plants survived, whereas only 5% of the hda9 mutants survived (Figure 2A). In addition, the hda9 mutants showed wilted and purple tint leaves (Figure 2A). The water loss in the hda9 mutant leaves was approximately 25% more rapid than in the WT plants as measured by the progressive water loss from detached leaves (Figure 2B). Also, the transcriptional expression of HDA9 was weakly induced under drought stress condition (Supplemental Figure S2). These results demonstrated that HDA9 plays a positive role in plant responses to drought stress.




Figure 2 | hda9 mutants are sensitive to dehydration. (A) One-week-old plants were transferred to soil and grown for an additional one week. Photographs of plants before and after stress treatment. Water was withheld from two-week-old plants for 11 d, and then plants were rewatered for 1 d before the photograph was taken. Quantitation of the survival rate of WT, hda9-1, hda9-2 and hda9-1/HDA9 plants. The values of survival rate indicated means ± SE of n = 3 biological replicates of at least 36 plants for each experiment. (B) Water loss assay. Water loss is presented as the percentage of weight loss versus initial fresh weight from three-week-old WT, hda9-1, hda9-2 and hda9-1/HDA9 plants. Water loss was calculated from the results of three independent experiments. The values of survival rate indicated means ± SE of n = 3 biological replicates of at least 8 plants for each experiment. Asterisks represent significant differences from the WT (*, 0.01 < p-value ≤ 0.05; **, p-value < 0.01; Student's t-test).





HDA9 Interacts With the ABI4 Transcription Factor In Vivo

HDACs are known to interact with DNA-binding proteins to modulate gene transcription in abiotic stress responses (Song et al., 2005; Song and Galbraith, 2006). ABI3, ABI4, and ABI5 are important regulatory transcription factors during seed dormancy, germination, and development (Lopez-Molina et al., 2001; Nambara and Marion-Poll, 2005; Shu et al., 2013). To identify the mode of HDA9 function during seed germination, we tested its interaction with several known ABA-mediated transcription factors, including ABI3, ABI4, and ABI5, using the yeast two-hybrid system. Full-length cDNAs of ABI3, ABI4, and ABI5 were fused to the GAL4 activation domain and HDA9 was used as bait. The empty vectors were used as a negative control. The yeast two-hybrid assay showed that HDA9 interacts with ABI4 but not with ABI5 (Figure 3A and Supplementary Figure S3). However, HDA9 did not interact with other transcription factors, which were related in ABA responses, such as ABF1, ABF2, and ABF3 (Supplementary Figure S3). Also, it is not clear whether HDA9 interacts with ABI3 and/or ABF4 because of auto-activation activities of ABI3 and ABF4 in the yeast two-hybrid system using pDEST22 and pDEST32 vector (Supplementary Figure S3). To confirm the interaction of HDA9 with ABI4, we performed coimmunoprecipitation assays by using the C-terminal HA-tagged HDA9 (HDA9-HA) and the N-terminal GFP-tagged ABI4 (GFP-ABI4). Briefly, we transiently coexpressed HDA9-HA and GFP-ABI4 in N. benthamiana leaves using agro-infiltration. We used anti-GFP antibodies to immunoprecipitate GFP-ABI4 and performed western blots with anti-HA antibodies for analysis of the HDA9 immunocomplexes (Figure 3B). These results indicate that HDA9 binds specifically to ABI4 transcription factor in vivo.




Figure 3 | HDA9 interacts with ABI4 in vivo. (A) Interaction between HDA9 and ABI4 by yeast two hybrid assay. BD, pDEST32 is the bait plasmid; AD, pDEST22 the prey plasmid. The cotransformed yeast strains were plated on the control SD-TL and selective medium SD-TLH plus 25 mM 3-AT. The combinations with empty plasmid were used as negative controls. (B) Coimmunoprecipitation assay between HDA9 and ABI4 proteins. Protein extracts obtained from tobacco leaves infiltrated with Agrobacterium harboring 35S::HDA9-HA and 35S::ABI4-GFP were analyzed using anti-GFP and anti-HA antibodies. Input levels of epitope tagged proteins in crude protein extracts were analyzed by immunoblotting. Immunoprecipitated epitope GFP-tagged proteins were probed with anti-HA antibodies to detect coimmunoprecipitation of ABI4-GFP with HDA9-HA.





HDA9 Alters the Expression of ABA Catabolism-Related Genes in Drought Stress Response

ABI4, an AP2/ERF transcription factor, acts both as a positive and a negative regulator in ABA signal transduction during seed dormancy and germination (Finkelstein and Rock, 2002). To investigate the regulatory functions of HDA9 in drought stress response, we tested the transcript levels of six genes, Lhcb1.2, AOX1a, CYP707A1, CYP707A2, ACS4, and ACS8, which were negatively regulated by ABI4, in the WT, hda9-1 mutant, and the hda9-1/HDA9 plants under drought stress conditions (Koussevitzky et al., 2007; Giraud et al., 2009; Shu et al., 2013; Dong et al., 2016; Supplementary Table S1). The transcripts of CYP707A1 and CYP707A2 were significantly up-regulated in the hda9-1 and hda9-2 mutants compared to those in the WT under drought stress conditions, whereas the hda9-1/HDA9 plant showed a similar expression patterns of CYP707A1 and CYP707A2 to the WT (Figure 4). However, the transcripts of Lhcb1.2, AOX1a, ACS4, and ACS8 were not affected by drought stress in the WT, hda9-1 mutant, and hda9-1/HDA9 plants (Supplemental Figure S4). In addition, because CYP707A1 and CYP707A2 played important roles in ABA catabolism, we measured ABA content in the WT, hda9-1 mutant, and hda9-1/HDA9 plants under drought stress conditions. The ABA content in the hda9-1 mutant seedlings was approximately 1.5-fold lower than that in the WT and hda9-1/HDA9 seedlings (Figure 5), and the ABA content in seeds of hda9 mutant was lower than that in seeds of WT (Supplemental Figure S5). These results confirmed that HDA9 negatively regulated transcriptional expression of ABA catabolism-related genes for maintaining ABA level in drought stress response.




Figure 4 | HDA9 regulates CYP707A1 and CYP707A2 expression to dehydration. Quantitative RT-PCR analyses of CYP707A1 and CYP707A2 in WT, hda9-1, hda9-2 and hda9-1/HDA9 after dehydration stress treatment. Total RNA was extracted from 10-d-old seedlings treated with dehydration stress for indicated times. Expression of TUBULIN8 was used for normalization. Bars represent mean ± SD of three biological replicates with three technical replicates each. Asterisks represent significant differences from the WT (*, 0.01 < p-value ≤ 0.05; **, p-value < 0.01; Student's t-test).






Figure 5 | HDA9 regulates intracellular ABA levels under dehydration stress. ABA content in detached 10-d-old WT, hda9-1, hda9-2, and hda9-1/HDA9 plants during a 1-h dehydration. ABA content was measured from 20 whole seedlings of each genotype. Error bars represent the SD from four independent experiments. Asterisks represent significant differences from the WT (*, p-value ≤ 0.05, **, p-value ≤ 0.01, Student's t-test).





HDA9 Associated With CYP707A1 and CYP707A2 Promoters

ABI4 directly binds to the CACCG motif to activate the transcription of target genes, and to the CCAC element to repress the target genes (Finkelstein and Rock, 2002; Bossi et al., 2009). ABI4 represses the expression of CYP707A1 and CYP707A2 by directly binding to the CCAC elements in their promoter regions (Shu et al., 2013). To examine whether HDA9 binds to the promoter regions of CYP707A1 and CYP707A2, we performed chromatin immunoprecipitation (ChIP) assays using fragments A1-1 to A1-3 and A2-1 to A2-2 of the CYP707A1 and the CYP707A2 promoter, respectively, both of which contained several CCAC motifs (Shu et al., 2013; Figure 6). ChIP experiments were conducted using the hda9-1/HDA9 (HDA9 promoter:HDA9-HA in the hda9-1 mutant) complementation plant with an anti-HA antibody under drought stress conditions. ChIP-qPCR using the chromatin-immunoprecipitated DNA showed that three amplicons of the CYP707A1 promoter under drought stress conditions were more strongly enriched than under normal conditions (Figure 6A). However, in the CYP707A2 promoter, only the A2-1 amplicon was strongly enriched during drought stress (Figure 6B). We found that HDA9 associates with the CCAC motifs in the promoters of CYP707A1 and CYP707A2. These results indicated that HDA9, together with ABI4, played an important role in ABA catabolism-mediated drought stress response by negatively regulating transcription of CYP707A1 and CYP707A2.




Figure 6 | HDA9 is associated with the promoters of CYP707A1 and CYP707A2 in dehydration response. The ChIP assays of the CYP707A1 and CYP707A2 chromatin regions associated with HDA9. The ChIP assays were performed on nuclear proteins extracted from two-week-old seedling hda9-1/HDA9 (with HA tag) plants with/without dehydration stress. Chromatin complex was immunoprecipitated with anti-HA antibody. Samples were quantified by real-time qPCR using specific primers for the amplicons on the different regions of the CYP707A1 and CYP707A2 promoter. Schematic drawing of the CYP707A1 (at the top of A) and CYP707A2 (at the top pf B) locus and locations of the ChIP assay amplicons (A1-1 to A1-3, A2-1 and A2-2). TUBULIN4 expression was assessed as the internal control. The ChIP results were presented as fold enrichment of nontarget DNA. Bars represent mean ± SD of four biological replicates with three technical replicates each. Asterisks represent significant differences from the WT (**, p-value < 0.01; Student's t-test).





Both HDA9 and ABI4 Act in ABA-Dependent Drought Stress Response

We found that ABA-dependent signal transduction regulated by the HDA9-ABI4 complex is essential for the ABA-mediated plant responses to drought stress. To confirm the genetic interaction between HDA9 and ABI4, we generated an hda9-1abi4 double mutant by crossing an hda9-1 and an abi4 single mutant. To investigate the hypersensitivity of the hda9-1abi4 double mutant to drought stress, we tested the phenotypes of WT, hda9-1, abi4 single mutants, and the hda9-1abi4 double mutant under drought stress conditions. When exposed to drought stress, the survival rates of the hda9-1 and hda9-1abi4 mutants were approximately 14.58 and 9.72%, respectively, while that of WT was approximately 43.06% (Figure 7A). However, drought sensitivity of abi4 single mutant was similar with that of WT (Figure 7). In response to drought stress, leaf chlorosis in the hda9-1abi4 double mutant appeared faster than in the hda9-1 mutant (Figure 7A). In addition, water loss in the hda9-1 (approximately 12.39 to 20.87%) and hda9-1abi4 (approximately 12.21 to 23.31%) mutants was faster than in the WT and abi4 mutant (Figure 7B). Water loss in the hda9-1abi4 double mutant increased by approximately 1.51 to 4.98% than that of hda9-1 single mutant (Figure 7B). Moreover, the hda9-1 and hda9-1abi4 mutants had more significant effects on drought-induced leaf senescence than the abi4 mutant (Figure 7A and Supplemental Figure S6). These results suggested that HDA9 and ABI4 function together to mediate plant tolerance to drought stress.




Figure 7 | The hda9-1abi4 double mutants are sensitive to dehydration. (A) One-week-old plants were transferred to soil and grown for an additional one week. Photographs of plants were taken before and after dehydration treatment. Water was withheld from two-week-old plants for 13 d, and then plants were rewatered for 1 d before the photograph was taken. Quantitation of the survival rate of WT, hda9-1, abi4, and hda9-1abi4 plants. The values of survival rate indicated means ± SE of n = 3 biological replicates of at least 36 plants for each experiment. (B) Water loss assay. Water loss is presented as the percentage of weight loss versus initial fresh weight from three-week-old WT, hda9-1, abi4, and hda9-1abi4 plants. Water loss was calculated from the results of three independent experiments. The values of survival rate indicated means ± SE of n = 3 biological replicates of at least eight plants for each experiment. Asterisks represent significant differences from the WT (**, p-value < 0.01; Student's t-test).



To investigate the transcripts patterns of CYP707A1 and CYP707A2 in the hda9-1abi4 double mutant under drought stress conditions, we performed qRT-PCR assays in WT, hda9-1, abi4 single mutants, and the hda9-1abi4 double mutant. The transcription of CYP707A1 and CYP707A2 was significantly up-regulated in hda9-1 and hda9-1abi4 double mutants compared to that in the WT (Figure 8). Their expression was also induced in abi4 mutant even though the induction level is lower than that in hda9-1 and hda9-1abi4 double mutants. However, the transcript levels of Lhcb1.2, AOX1a, ACS4, and ACS8 were not affected in the hda9-1abi4 plants by drought stress (Supplemental Figure S7). These results demonstrated that HDA9 act as a key component in the ABA-dependent drought stress response.




Figure 8 | HDA9 and ABI4 regulate CYP707A1 and CYP707A2 expression to dehydration. (A, B) Quantitative RT-PCR analyses of CYP707A1 (A) and CYP707A2 (B) in WT, hda9-1, abi4, and hda9-1abi4 after dehydration stress treatment. Total RNA was extracted from 10-d-old seedlings treated with dehydration stress for indicated times. Expression of TUBULIN8 was used for normalization. Bars represent mean ± SD of three biological replicates with three technical replicates each. Asterisks represent significant differences from the WT (*, 0.01 < p-value ≤ 0.05; **, p-value < 0.01; Student's t-test).






Discussion

Members of the RPD3/HDA1 family of HDACs act as crucial components for negative regulation of gene expression in diverse developmental processes and environmental stress signaling (Tian and Chen, 2001; Tian et al., 2003; Zhou et al., 2005; Long et al., 2006; Chen and Wu, 2010). Arabidopsis HDA6 and HDA19 are well known for their roles in abiotic stress signaling via the formation of repressive complexes. HDA6 associates with HD2C and regulates the expression of abiotic stress-responsive genes, including ABI1, ABI2, and ERF4, through histone modifications (Luo et al., 2012b). The repressive complexes of HDA19 with ERF3, ERF4, ERF7, SIN3, and SAP18, are core chromatin remodeling complexes in abiotic stress responses, acting by mediating histone deacetylation (Song et al., 2005; Song and Galbraith, 2006). Compared with HDA6 and HDA19, less was known about how HDA9 acts in signal transduction during abiotic stress responses. Based on our results, we propose a model for the mechanism by which HDA9 modulates ABA-dependent drought stress signaling in plants (Figure 9). In WT plants, the expression of ABA catabolism-related genes (CYP707As; e.g., CYP707A1 and CYP707A2), changed ABA from an active to an inactive form, 8′-hydroxyl ABA, to regulate ABA homeostasis during seed germination and plant growth. However, in plants exposed to drought stress, HDA9 together with ABI4, directly represses the expression of CYP707As, which improved drought tolerance through the maintenance of ABA levels in the plant. Moreover, ABA levels by ABA catabolism-related genes are enough to efficiently activate drought stress-responsive gene expression, although ABA levels rapidly increased through ABA biosynthesis under drought stress. Therefore, the HDA9–ABI4 complex most likely affects a subset of the early stages of ABA-dependent signal transduction in drought stress tolerance.




Figure 9 | Proposed working model of HDA9 function in drought stress response. In the absence of dehydration stress, CYP707s are expressed and regulate ABA hydroxylation. Drought stress triggers HDA9 and ABI4 binding to promoters of CYP707A1 and CYP707A2 to repress expression of CYP707s. ABA accumulates in the plant and activates dehydration tolerance.




Physiological Action of HDA9 in ABA-Dependent Drought Stress Responses

Histone modifications, such as histone acetylation and deacetylation, play crucial roles in a wide range of developmental processes in plants by regulating gene expression (He et al., 2003). In particular, class I members of the RPD3/HDA1 superfamily include well-characterized HDACs, such as HDA6 and HDA19 (Hollender and Liu, 2008; Liu et al., 2014). Recent studies reported that hda9 mutants exhibited various developmental abnormalities, including early flowering, small seedlings, slightly bulged silique tips, and reduced seed dormancy (Kim et al., 2013; van Zanten et al., 2014; Kang et al., 2015; Kim et al., 2016). The hda9 mutant showed significant insensitivity to ABA in seed germination (Figures 1A, B). Consistently, it was previously reported that the seed germination of the hda9-1 mutant was slightly enhanced compared to that of WT under 0.1 µM ABA conditions (van Zanten et al., 2014). We found that HDA9 regulated stomatal closure in the presence of exogenous ABA (Figures 1C, D). Moreover, the hda9 mutants were hypersensitive to drought stress (Figure 3). These facts suggested that HDA9 plays an indispensable role in drought stress signal transduction by the histone modifications that determine the rate and sensitivity of downstream processes.

Drought stress promoted premature leaf senescence by phytohormone regulatory factors, particularly ABA homeostasis mechanisms (Asad et al., 2019). ABA acts as an important regulator in age-dependent physiological processes from seed germination to leaf senescence (Nambara and Marion-Poll, 2005; Wang et al., 2016; Liao et al., 2018). ABA homeostasis mechanism in ABA-mediated leaf senescence initiates from ABA biosynthesis and catabolism, ABA transport, and ABA signaling receptors (Asad et al., 2019). Then, the mechanisms of ABA-dependent leaf senescence occurred following chloroplast degradation, decline of photosynthesis, reactive oxygen species (ROS) generation, and accumulation of secondary messenger Ca2+ (Asad et al., 2019). We showed that leaf senescence in the hda9-1 and hda9-1abi4 mutants quickly progressed due to chloroplast degradation and reduced photosynthesis during drought stress (Figure 7A and Supplemental Figure S6). This suggests that HDA9 may participate in modulating leaf senescence in response to drought stress.



HDA9–ABI4 Complex Regulates Transcriptional Cascades in ABA-Dependent Signal Transduction

ABA responses in plants were mediated by numerous diverse transcription factors, indicating that transcriptional cascades are essential in ABA signal transduction and likely involved formation of a complex with ABA-dependent cis-regulatory element, such as ABA response element (ABRE) and ABRE-coupling element (ABRE-CE) (Busk and Pagès, 1998; Mitsuda and Ohme-Takagi, 2009; Hubbard et al., 2010; Baldoni et al., 2015). The most common transcription factors in ABA-dependent signal transduction were ABI3, ABI4, and ABI5, which regulated ABA levels during seed dormancy and germination (Söderman et al., 2000; Nakamura et al., 2001). We showed that HDA9 physically interacts with ABI4 but does not associate with other major transcription factors in ABA responses (Figure 3 and Supplementary Figure S3). ABI4 transcription factor mediates phytohormone homeostasis during seed germination by regulating ABA catabolism-related and gibberellic acid (GA) biosynthesis-related gene expressions (Shu et al., 2013). In addition, the ABI4 loss-of-function mutant (abi4-101) exhibits highly tolerant phenotypes to several abiotic stress, such as ABA, salt, mannitol and sugar stress (Daszkowska-Golec et al., 2013). We showed that transcriptional expression of CYP707A1 and CYP707A2 in the hda9-1, hda9-2, and hda9-1abi4 mutants were significantly increased compared to that in the WT under drought stress (Figures 4 and 8). In addition, the ABA level in the hda9 mutant was decreased under both non-stress and drought stress conditions (Figure 5). Therefore, our results demonstrated that the effect of ABA in increasing the expression of CYP707A1 and CYP707A2 was largely impaired in the hda9 mutants, indicating that HDA9 is a transcriptional regulator required for the proper expression of ABA catabolism-related genes in an ABA signaling pathway.




Conclusion

We characterized the function of HDA9, a RPD3-type HISTONE DEACETYLASE 9, in ABA-dependent drought stress response. The hda9 mutants were tolerant during seed germination and stomata irregularity to exogenous ABA. The hda9-1 mutants and hda9-1abi4 double mutant were hypersensitive to drought stress, suggesting that HDA9 negatively regulates ABA catabolism-related genes, CYP707A1 and CYP707A2. Our results demonstrate that HDA9 acts as an important negative regulator in transcriptional regulation of ABA catabolism-related genes, such as CYP707A1 and CYP707A2 in plant response to drought stress.
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Leaf senescence is a programmed developmental process regulated by various endogenous and exogenous factors. Here we report the characterization of the senescence-regulating role of DEAR4 (AT4G36900) from the DREB1/CBF (dehydration-responsive element binding protein 1/C-repeat binding factor) family in Arabidopsis. The expression of DEAR4 is associated with leaf senescence and can be induced by ABA, JA, darkness, drought and salt stress. Transgenic plants over-expressing DEAR4 showed a dramatically enhanced leaf senescence phenotype under normal and dark conditions while the dear4 knock-down mutant displayed delayed senescence. DEAR4 over-expressing plants showed decreased seed germination rate under ABA and salt stress conditions as well as decreased drought tolerance, indicating that DEAR4 was involved in both senescence and stress response processes. Furthermore, we found that DEAR4 protein displayed transcriptional repressor activities in yeast cells. DEAR4 could directly repress the expression of a subset of COLD-REGULATED (COR) and RESPONSIVE TO DEHYDRATION (RD) genes which have been shown to be involved in leaf longevity and stress response. Also we found that DERA4 could induce the production of Reactive oxygen species (ROS), the common signal of senescence and stress responses, which gives us the clue that DEAR4 may play an integrative role in senescence and stress response via regulating ROS production.
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INTRODUCTION

Senescence is the last stage of leaf development which is influenced by intrinsic and environmental factors including age, nutrients, hormones, darkness, osmotic stress, extreme temperature and pathogens (Lim et al., 2007; Guo and Gan, 2014). Most of the major plant hormones have been reported to affect leaf senescence process: abscisic acid (ABA), ethylene (ETH), jasmonic acid (JA), salicylic acid (SA) and strigolactones function in promoting senescence, while cytokinins (CK), gibberellic acid (GA) and auxin inhibit senescence (Jibran et al., 2013; Li et al., 2013; Penfold and Buchan-Wollaston, 2014; Mostofa et al., 2018). During the process of leaf senescence, cellular metabolism and structure undergo significant changes, resulting in leaf yellowing. Meanwhile, degradation of macromolecules in senescing leaves functions to remobilize nutrients to support young vegetative organs and reproductive growth. As a mechanism of evolutional fitness, unfavorable environmental conditions can induce precocious senescence leading to reduced yield and quality of crop plants (Wu et al., 2012; Gregersen et al., 2013; Zhang and Zhou, 2013; Yolcu et al., 2017). Senescence execution requires differential expression of a large number of genes a subset of which is called senescence-associated genes (SAGs). A number of SAGs have been identified to play a regulatory role in leaf senescence. These include genes encoding transcription factors of WRKY, NAC, DREB, MYB, and bZIP family (Woo et al., 2001; Yang et al., 2011; Lee et al., 2012; Vainonen et al., 2012).

Dark-induced senescence (DIS) has been widely used as a model system in leaf senescence study (Liebsch and Keech, 2016). Differential expression of a large number of transcription factor genes during dark-induced leaf senescence have been reported (Song, 2014; Song et al., 2014; Yasuhito et al., 2014) and some of them have been studied for their function in regulating senescence. AtWRKY22 is induced by darkness, but suppressed by light. Further study reveals that AtWRKY22 over-expressing plants displayed accelerated senescence, whereas AtWRKY22 loss-of-function plants showed a delay of senescence under dark condition (Zhou et al., 2011b). RD26 loss-of-function plants displayed significantly delayed senescence under normal or dark-induced conditions with a higher chlorophyll level detected. By contrast, over-expression of RD26 led to early leaf senescence (Takasaki et al., 2015; Kamranfar et al., 2018). Over-expression of CBF2 and CBF3, two members of the DREB family in Arabidopsis, significantly delayed the onset of leaf senescence and also delayed leaf senescence induced by hormones and darkness (Sharabi-Schwager et al., 2010a, b). Phytochromes regulate light responses by promoting the degradation of PIFs (Phytochrome-interacting factors). PIF3, 4, and 5 play an important role in natural and dark induced senescence (Yasuhito et al., 2014). Mutations of the PIFs genes resulted in a significant delay of natural and dark induced senescence, whereas over-expression of these genes accelerated senescence. Further study revealed that PIF4 can bind the promoter of NYE1, the chlorophyll degradation regulatory gene, and GLK2, the chloroplast activity maintainer gene, resulting in induction and repression of their expression, respectively (Song et al., 2014; Shi et al., 2017a).

Jasmonic acid is involved in multiple processes including root inhibition, trichome initiation, anthocyanin accumulation, leaf senescence and biotic and abiotic stress responses (Balbi and Devoto, 2008; Wu et al., 2008; Hu et al., 2017; Song et al., 2017; Ono et al., 2019). JA signaling can be initiated by perception of jasmonoyl-L-isoleucine (JA-Ile), which binds to its receptor COI1 (CORONATINE INSENSITIVE1), an F-box domain-containing protein (Balbi and Devoto, 2008; Shan et al., 2011). It has been reported that endogenous JA content increases during leaf senescence and JA biosynthetic genes such as LOX1, LOX3, and LOX4 are up-regulated during leaf senescence (Wasternack, 2007; Seltmann and Berger, 2013). Attached or detached leaves displayed precocious senescence under exogenous application of MeJA (Shan et al., 2011; Hu et al., 2017). Further study revealed that MYC2, 3, and 4 redundantly bind to the SAG29 promoter and activate its expression, leading to activation of JA-induced leaf senescence (Zhu et al., 2015). In contrast, the bHLH family members including bHLH03, bHLH13, bHLH14, and bHLH17 attenuate MYC2/MYC3/MYC4-activated JA-induced leaf senescence by binding to the promoter of SAG29 and repress its expression. It has been suggested that the activators and repressors mediated in JA-induced leaf senescence can enhance the plant survival rate in various environmental conditions (Qi et al., 2015). In addition, the NAC transcriptional factors ANAC019, ANAC055, and RD26 are also direct targets of MYC2 in mediating JA-induced leaf senescence (Zhu et al., 2015). The JA signaling proteins JAZ4 and JAZ8 interact with transcription factor WRKY57 to negatively regulate leaf senescence induced by JA (Jiang et al., 2014). Additionally, the expression of JAZ7 was significantly increased during darkness. jaz7 mutant exhibited precocious senescence induced by darkness, suggesting that JAZ7 plays a negative role in dark-induced leaf senescence (Yu et al., 2016). The Evening Complex (EC), a core component of the circadian oscillator, comprising EARLY FLOWERING3 (ELF3), EARLY FLOWERING4 (ELF4) and LUX ARRHYTHMO (LUX), plays essential roles in the plant circadian clock and negatively regulates leaf senescence in Arabidopsis. It has been reported that EC represses the expression of MYC2 by directly binding to its promoter. myc2myc3myc4 triple mutants abrogate the accelerated leaf senescence induced by JA in EC mutants (Zhang et al., 2018; Thines et al., 2019). Additionally, JA can positively regulate the ICE-CBF signal to enhance cold stress tolerance in Arabidopsis. Interestingly, endogenous JA content was increased under cold stress conditions. Exogenous application of MeJA enhanced cold stress tolerance. Further study revealed that JAZ1 and JAZ4 play negative roles in the ICE-CBF pathway (Hu et al., 2013, 2017).

As sessile organisms, plants have developed sophisticated mechanisms that are activated and integrated by the expression of thousands of genes to cope with variety of environmental stresses (Yeung et al., 2018; Asad et al., 2019). Many transcriptional factors were found to play key roles in stress response and tolerance. As the largest transcription factor family in Arabidopsis, the AP2/ERF family contains 147 members functionally categorized into the development-associated AP2 and RAV subgroups and the stress response-associated DREB and ERF subgroups (Liu et al., 1998; Sakuma et al., 2002). The DREB/CBF proteins are known to directly regulate target genes in response to various stresses including high salinity, drought and cold stress by directly binding the conserved DRE (Dehydration responsive element)/CRT(C-repeat) cis-acting regulatory elements which contains the core sequence CCGAC (Sakuma et al., 2002; Sun et al., 2008). DREB homologs have been identified in a variety of plants species including rice (Dubouzet et al., 2003), cotton (Huang and Liu, 2006; Ma et al., 2014) and soybean (Mizoi et al., 2013). In Arabidopsis, there was 57 DREB transcription factors classified into six groups termed A-1 to A-6 based on the similarities of the AP2/ERF domain (Sazegari et al., 2015). DREB1 including CBF1, CBF2, and CBF3 belongs to the A-1 clade that play an important role in cold stress response and dark induced senescence process (Xu et al., 2010; Wang et al., 2018). Over-expression of CBF1 or CBF3 can also confer plant more capacity of freezing tolerance (Novillo et al., 2004; Zhou et al., 2011a). DREB2 proteins belong to the A-2 clade which is involved in regulation of drought and heat response. Over-expression of DREB2A improved survival rate under drought or heat stress (Schramm et al., 2008). In the A-6 clade, RAP2.4 was induced by salt stress. Over-expression of RAP2.4 can enhance drought tolerance in Arabidopsis. Moreover, RAP2.4A is involved in regulating expression of several chloroplast-targeted antioxidant genes. The expression of RAP2.4B was increased under heat stress conditions. Plants over-expressing RAP2.4B or RAP2.4 were hypersensitive to exogenous ABA at germination. Over-expression of Rap2.4f (At4g28140) caused precocious senescence according to the detection of increasing chlorophyll degradation and up-regulation of many SAGs (Lin et al., 2008; Xu et al., 2010; Rae et al., 2011).

There are six DEAR genes named DEAR1 to DEAR6 within the Arabidopsis genome that contain sequences with homology to the DREB domain and EAR motif. Plants over-expressing DEAR1 displayed phenotypes of cell death, increased resistance to pathogen infection and reduced freezing tolerance. Additionally, DEAR1 suppressed the expression of DREB1/CBF family genes induced by cold treatment, which resulted in reduced freezing tolerance (Wang et al., 2008; Tsutsui et al., 2009). DEAR4 was identified as a regulator of cell death in the hypocotyls-root transition zone using the inducible over-expression strategy (Coego et al., 2014). In this study, we characterize the function of DEAR4, a member of DREB/CBF family, in leaf senescence and stress response. The expression of DEAR4 was strongly induced by developmental stage, darkness and multiple stresses. Phenotype analysis revealed that DEAR4 was involved in the senescence process induced by age and darkness. Further study revealed that over-expression of DEAR4 led to reduce expression of COR and RD genes which are involved in senescence and stress regulation. Our findings suggest that DEAR4 is a transcriptional repressor and plays a role in regulating leaf senescence and stress response by repressing the expression of COR and RD genes.



MATERIALS AND METHODS


Plant Materials, Growth Conditions

Arabidopsis seeds were surface-sterilized by 75% (v/v) ethanol followed by 3 washes with water. Then the seeds were sown on 0.5× Murashige and Skoog medium (MS) and kept at 4°C for 3 day. One-week-old seedlings were transferred into soil. Plants were grown in growth chambers at 22°C under continuously light. The mutant dear4 (Salk_010653c), dear4-1(Salk_045347) and DEAR4 inducible over-expression lines DEAR4-ind-1(cs2102284) and DEAR4-ind-2(cs2102286) used in this study were obtained from the Arabidopsis Biological Resource Center (ABRC).



Detached Leaf Phenotype Investigation

For natural leaf senescence evaluation, the fifth and sixth rosette leaves of 4-week-old plants were detached for measurements of chlorophyll content and ion leakage rate. In the hormone induced leaf senescence assay, the fifth and sixth rosette leaves of 4-week-old plants were detached and floated on 3 mL of treatment buffer (0.5× MS, 3 mM MES, PH: 5.8) supplemented with 50 μM MeJA. Petri dishes were sealed with parafilm tape, wrapped with double-layer aluminum foil. In the dark induced senescence assay, the fully expanded fifth and sixth rosette leaves were detached from 4-week-old plants grown in soil. Then, detached leaves were placed in petri dishes containing two layers of filter paper soaked in 10 mL of treatment buffer (0.5× MS, 3 mM MES adjust PH to 5.8). Then the petri dishes were wrapped in aluminum foil for 5 days. Three biological replicates were performed.



Chlorophyll Content, Ion Leakage Measurement

For chlorophyll content measurement, detached leaf was weighted and soaked in 96% (v/v) ethanol (3–4 mg of tissue in 1 mL of ethanol) overnight at room temperature in the dark condition. Total chlorophyll content was determined by measuring the absorbance at 646.6 and 663.6 nm as described (Zhang and Guo, 2018). For ion leakage measurement, detached leaves were washed three times with deionized water followed by immersion in deionized water, then gentle shaking for 1–2 h at room temperature. Total conductivity was measured as initial readings data, then samples were boiled and cooled down to room temperature and measured again with a bench-top conductivity meter (CON500, CLEAN Instruments) to get the final total conductivity. Total electrolyte leakage is determined by the following formula: Ions leakage (%) = initial / final conductivity ∗100 (Zhang and Guo, 2018). Three biological replicates were performed.



Hormone and Stress Treatments for Gene Expression Analysis

The fifth leaf was detached from 4-week-old plants grown in continuously light condition, then transferred into 0.5× MS liquid culture containing the plant hormones ABA (1 μM), SA (20 μM), IAA (20 μM), MeJA (20 μM), ACC (20 μM) or GR24 (5 μM), incubated for 6 and 8 h, respectively. In environmental condition treatments, the leaves were transferred into 0.5× MS liquid culture containing NaCl (100 mM), mannitol (200 mM) or transferred to 4°C from room temperature for 12 and 24 h.



qRT-PCR

Total RNA was isolated from frozen leaf samples using trizol according to instructions of the manufacturer. The RNA was treated with RNase-free DNaseI to release the genomic DNA. First-strand cDNAs were generated from total RNA by reverse transcription using an AMV reverse transcriptase first-strand cDNA synthesis kit (Life Sciences, Promega). Next, cDNA samples were used for the following qRT-PCR. Triplicate quantitative assays and three biological replicates were performed using the SYBR Green Master mix using an ABI 7500 sequence detection system (Applied Biosystems). The relative quantitation method (ΔΔCT) was used to evaluate quantitative variation among replicates. Actin2 were applied as internal controls to normalize all data. The primers used in this study are as follows: Q_SAG12_F:5′-TCCAATTCTATTCGTCTGGTGTGT-3′; Q_SAG12_R: 5′-CCACTTTCTCCCCATTTTGTTC-3′; Q_SEN4_F: 5′-GACTC TTCTCGTGGCGGCGT-3′;Q_SEN4_R 5′-CCCACGGCCATTC CCCAAGC-3′ Q_ACT2_F: 5′-TGTGCCAATCTACGAGGGTT T-3′; Q_ACT2_R: 5′-TTTCCCGCTCTGCTGTTGT-3′; Q_RBC S3B_F: 5′-AGTAATGGCTTCCTCTATGC-3′; Q_RBCS3B_R: 5′-GTGATGTCCTTGTTGGTCTTG-3′; Q_DEAR4_F:5′-GAGG TCCTTCTGCTCGGCTT-3′; Q_DEAR4_R:5′-CCGCCGACAT ATCTCCACCA-3′.



Stress Response Assays

For seed germination assays in different stress conditions, seeds of DEAR4 over-expression and Col-0 were surface-sterilized and incubated in 70% (v/v) ethanol for 5 min, and then washed five times quickly with water. Then, seeds were distributed on 0.5× MS solid media supplemented with 0 mM, 50 mM, 80 mM NaCl or 0.5 μM, 0.7 μM ABA. Seeds were stratified at 4°C for 3 days then transferred to 22°C under continuously light condition. Germination was monitored every 24 h as percentage of seeds with radicles completely penetrating the seed coat, for up to 5 days. Representative graphs are shown indicating germination up to 5 days. For drought adaption measurement assay, seeds of DEAR4 over-expression and Col-0 were sowed into soil and normally watered for 4 weeks. Then, phenotypes were observed after an additional 10 days without watering. When the Col-0 plants showed lethal phenotypes, watering was resumed, and phenotypes were observed again after an additional 5 days. The survival rate was measured based on three replicates.



Inducible Expression of DEAR4

A total of 3-week-old plants grown in pots were sprayed with 10 μM β-estradiol (EST) once a day for 2 days and incubated for 6 additional days. Phenotype analysis and chlorophyll content measurement were carried out as above described. Three biological replicates were performed.



Determination of H2O2 Accumulation

For NBT staining, the 5th leaves of 4-week old plants were detached, then, soaked in the NBT staining buffer (0.5 mg/mL NBT in 10 mM potassium phosphate buffer, pH 7.6) overnight. Leaf chlorophyll was removed in the fixative solution (ethanol: acetic acid: glycerol, 3:1:1) and then kept in the ethanol: glycerol (4:1) solution at 4°C until photographed. Endogenous hydrogen peroxide content was measured following the instructions of the manufacturer (Nanjing Jiangcheng Company, China). Three biological replicates were performed.



Dual-Luciferase (LUC) Assay

In the dual-LUC reporter assay, CaMV35S:DEAR4 was used as the effector construct. The reporter construct pGreenII 0800-LUC harboring the firefly LUC driven by promoters of COR15a, COR15b, RD29a or RD29b which contains the DRE/CRT element with the length of 481 bp, 361bp, 415 bp, and 429 bp, respectively. Renilla LUC gene driven by the CaMV35S promoter was used as an internal control. The reporter construct was co-transformed with the helper plasmid p19 into Agrobacterium GV3101. The Agrobacterium culture harboring the reporter construct was either incubated alone or as a mixture with the Agrobacterium culture containing the effector construct, and infiltrated manually into the leaves of Nicotiana benthamiana, then the plants were moved into darkness for 3 days. Firefly and Renilla luciferase activities were measured using the Dual Luciferase Reporter Assay System (Promega) according to the instruction of the manufacturer. The Firefly/Renilla luciferase ratio indicates transcriptional activity. Three biological replicates were performed.



proDEAR4::GUS Construct and GUS Activity Detection

Firstly, we cloned the 1.4 kb promoter of DEAR4 using primers: proDEAR4-EcoRF:5′-CCGGAATTCattaccgcctcttccct att-3′ and proDEAR4-NcoIR:5′-CATGCCATGGagtggttttc tccggagatttc-3′, then the empty construct pcambia3301 was digested by restriction enzymes Hind III and Nco I, forming the proDEAR4::GUS construct after ligation reaction using T4 ligase (NEB No. M0202). According to the method described by Jefferson et al. (1987), leaves at different developmental stages were detached, then immersed in the histochemical staining buffer (1 mM 5-bromo-4-chloro-3-indolyl-b-glucuronic acid (Gluc) solution in 100 mM sodium phosphate, pH 7.0, 10 mM EDTA, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferricyanide and 0.1%Triton X-100), and then incubated at 37°C for 12 h. The leaves were destained in 70% ethanol before photographed.



Transcriptional Repression Assay in Yeast Cells

To detect the transcriptional repression activity of DEAR4, yeast one-hybrid assay was employed in this study. The DEAR4-BD, shDEAR4 (without EAR domain)-BD, DEAR4-BD-VP16, shDEAR4-BD-VP16 constructs were transformed into the yeast strain Y190. To measure the strength of the X-Gal activity, liquid assay was carried out using CPRG as substrate. Three biological replicates were performed.



Plasmid Construction and Transformation of Arabidopsis

To generate the DEAR4 over-expression constructs, the full length of DEAR4 CDS was amplified by nest PCR method using primers (First round primers: DEAR4-BP-F: 5′-TACAAAAAAGCAGGCTTCATGGAGACGGCGACTGAAGT GG-3′; DEAR4-BP-R:5′-GTACAAGAAAGCTGGGTCATCGT CATCTGAAGTTTCCGG-3′; second round primers: attB-F:5′-GTGGGGACAAGTTTGTACAAAAAAGCAGGCTTC-3′; attB-R:5′-GTGGGGACCACTTTGTACAAGAAAGCTGGGTC-3′). According to the instructions of the invitrogen gateway kit (kit No.11789 (BP Clonase); No.117910 (LR Clonase), the PCR products were cloned into pDnor-207 vector using the BP enzyme. Subsequently, according to Earley et al. (2006), DEAR4 CDS was sub-cloned into pEarleyGate202 using the LR enzyme to form the 35S::DEAR4 construct. Then the constructs was transformed into Agrobacterium tumefaciens strain GV3101. The binary constructs were transformed into Arabidopsis plants via the floral dip method (Clough and Bent, 1998). Transgenic plants were selected by glyphosate resistance.



RESULTS


The Expression Pattern of DEAR4

To identify new genes regulated by both senescence and light, the GENEVESTIGATOR database1 was screened and DEAR4 was found to be highly expressed in senescing plant tissues, meanwhile induced by dark conditions. To confirm the in silico data, we performed qRT-PCR to measure the expression of DEAR4. The results showed that expression levels of DEAR4 increased significantly from young leaf to late senescence stage (Figure 1A). In Arabidopsis, senescence proceeds from the tip toward the base of a leaf. When approximately 30% of the leaf area was yellow, the sixth leaves from 4-week-old Arabidopsis plants were detached and dissected into three parts including basal, middle and tip parts (Figure 1B). The expression of DEAR4 in these three parts was determined by qRT-PCR and the results showed that expression of DEAR4 exhibited higher in the tip but lower in the base region of these senescing leaves (Figure 1B).
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FIGURE 1. The expression pattern of DEAR4. (A) The expression pattern of DEAR4 at different developmental stages. YL, young leaves of 2-week old seedlings; NS, fully expanded mature leaves without senescence symptoms; ES, early senescent leaves, with <25% leaf area yellowing; LS, late senescent leaves, with >60% leaf area yellowing. (B) The DEAR4 expression pattern in different parts of a senescing leaf; B, Base; M, Middle; T, Tip. (C) GUS expression detection in different stage rosette leaf of proDEAR4::GUS transgenic plants. Top Leaf, before GUS staining; bottom leaf, after GUS staining. (D) GUS staining results in different parts of a senescing leaf. (E) Effects of plant hormones on DEAR4 expression. (F) Effects of different stress conditions on DEAR4 expression. The bars are standard deviations (SD) of three biological replicates. The one and double asterisks indicate significant difference to control at the levels of 0.01 < P < 0.05 and P < 0.01 using student’s t-test, respectively.


To further examine the expression pattern of DEAR4, we generated proDEAR4::GUS transgenic plants that harbor the 1.4 kb long DEAR4 promoter driving the GUS coding sequence. Analyses of the transgenic plants revealed that strong GUS activity was detected mainly in senescent leaf tissues, which is consistent with the qRT-PCR results (Figures 1C,D). These data indicated that expression of DEAR4 is associated with natural leaf senescence.

The expression changes of DEAR4 after exogenous phytohormones application were also studied. DEAR4 expression was significantly up-regulated to 8 folds higher 6 h after ABA treatments and to 4 folds higher at 6 h after MeJA treatments. But no significant differences in expression of DEAR4 were observed after SA, ACC or IAA treatment (Figure 1E).

To obtain insight into whether DEAR4 was also involved in stress response, the expression pattern of DEAR4 was examined in response to environmental stimuli. As shown in Figure 1F, the transcript levels of DEAR4 increased significantly in response to NaCl, darkness and drought treatments.



DEAR4 Is Involved in Age-Dependent Leaf Senescence

To investigate the function of DEAR4, we obtained two DEAR4 T-DNA insertion mutant lines from ABRC named dear4 (SALK_010653c) and dear4-1 (Salk_045347). The T-DNA insertion in the dear4 mutant is located at the 5′UTR region of DEAR4 (Supplementary Figure 1A) and the qRT-PCR results showed that the transcript of DEAR4 was significantly reduced in the dear4 mutant (Supplementary Figure 1B). Plants of dear4 displayed a delayed senescence phenotype assessed by comparing the degree of leaf yellowing with Col-0 (Figure 2A). In 6-week-old plants, most leaves of Col-0 turned yellow with drying, yet dear4 mutant leaves retained their integrity and displayed only partial yellowing (Figures 2A,B). Consistent with the visual phenotype, the chlorophyll content of Col-0 leaves decline faster in comparison with the counterpart of dear4 mutant plants (Figure 2C upper). Leaf senescence often involves reduction of plasma membrane integrity, as indicated by membrane ion leakage. The delayed senescence symptoms of dear4 can also be evidenced by lower membrane ion leakage of the leaves compared with Col-0 (Figure 2C lower). As seen in Supplementary Figure 2, dear4-1 displayed a similar phenotype with dear4 in delaying leaf senescence. These results demonstrated that DEAR4 plays a potential role in promoting leaf senescence.
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FIGURE 2. A DEAR4 T-DNA insertion delays leaf senescence process. (A) Leaf phenotype of 6-week-old Col-0 and dear4 mutant plants. (B) Senescence symptoms of detached leaves of Col-0 and dear4 plants. (C) Total chlorophyll content (1th–12th leaf) and ion leakage rate (the leaf position as indicated) in different genotype plants as indicated. The bars are standard deviations (SD) of three biological replicates. The one and double asterisks indicate significant difference to control at the levels of 0.01 < P < 0.05 and P < 0.01 using student’s t-test, respectively.




Over-Expression of DEAR4 Leads to Precocious Senescence

To further explore the biological function of DEAR4, we generate multiple independent DEAR4 over-expression transgenic lines harboring the DEAR4 CDS under control of the CaMV 35S promoter (35S::DEAR4). qRT-PCR analysis showed that DEAR4 transcript levels in DEAR4-OE-3 and DEAR4-OE-5 were 8 to 10 folds higher than that of Col-0 (Supplementary Figure 3A). Phenotypic analysis showed that DEAR4 over-expressing lines displayed precocious leaf senescence judged by the progression of leaf yellowing (Figures 3A,B). Consistent with the visible phenotype, the reduction in chlorophyll contents of leaves from the DEAR4 over-expression lines were greater than in Col-0 (Figure 3D). The precocious senescence of DEAR4 over-expression plants were supported by higher membrane ion leakage of the leaves compared with Col-0 (Figure 3E). These results demonstrated that DEAR4 plays an important role in promoting leaf senescence. In addition, we stained the fully expanded rosette leaves of different genotype plants via Trypan blue staining to assess dead cell rates. As shown in Figure 3C, the staining of dead cells in DEAR4 over-expression lines was higher than that in Col-0. We further examined the expression of senescence marker genes. As showed in Supplementary Figure 4, compare with Col-0, the expression levels of SAG12, SEN4 were dramatically up-regulated in DEAR4 over-expression lines but lower in dear4 mutant, whereas the expression levels of photosynthetic gene such as RBCS were clearly down-regulated in DEAR4 over-expression lines but up-regulated in the dear4 mutant.


[image: image]

FIGURE 3. Over-expression of DEAR4 accelerates leaf senescence. (A) The phenotypes of DEAR4 over-expression lines. (B) Detached leaf phenotypes of Col-0, DEAR4-OE-3, and DEAR4-OE-5 described in (A). (C) Trypan blue staining of the sixth leaf of 6-week-old Col-0 and DEAR4 over-expression lines. (D) Total chlorophyll content of 1th–12th leaf from 6-week-old Col-0 and DEAR4 over-expression lines. (E) Leakage rate of Col-0 and DEAR4 over-expression lines. (F) Inducible over-expression of DEAR4 causes precocious senescence. (G) Chlorophyll content of different genotype plants that were treated with EST. (H) Trypan blue staining of different plants as indicated. The bars are standard deviations (SD) of three biological replicates. The one and double asterisks indicate significant difference to control at the levels of 0.01 < P < 0.05 and P < 0.01 using student’s t-test, respectively.


To further confirm the DEAR4 gain-of-function phenotype, we investigated the phenotypes of DEAR4 inducible over-expression lines which express DEAR4 under the control of a β-estradiol (EST) inducible promoter (DEAR4-ind-1 and DEAR4-ind-2). The expression of DEAR4 was detected by qRT-PCR (Supplementary Figure 3B). The phenotype analysis revealed that the DEAR4-ind lines displayed precocious senescence after treatment with 10 μM EST compared with Col-0 (Figure 3F). A decline in chlorophyll content was observed in leaves of DEAR4 inducible lines treated with EST (Figure 3G). Moreover, treatment with EST displayed significantly higher cell death ratio in DEAR4 inducible gain-of-function leaves than that of control as revealed by trypan blue staining (Figure 3H). Taken together, these results indicated that DEAR4 functions in accelerating leaf senescence.



DEAR4 Is Involved in Senescence Induced by Darkness and JA

Given that DEAR4 was increased at the transcriptional level under dark condition, we investigated the phenotypes of DEAR4 over-expression plants during dark treatment. Detached leaves of Col-0 and DEAR4 over-expression plants were covered with aluminum foil. Five days after treatment leaves from the two DEAR4 over-expression lines exhibited an accelerated yellowing phenotype compared with those from Col-0 (Figure 4A). Consistent with the visible phenotype, DEAR4 over-expression plants exhibited higher ion leakage rate compared with Col-0 (Figure 4B).
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FIGURE 4. Precocious senescence phenotypes of DEAR4 over-expression lines in dark conditions. (A) Phenotypes of detached leaves in response to dark condition. (B) Ion leakage rate in Col-0, DEAR4-OE-3, and DEAR4-OE-5. (C,D) DEAR4 over-expression plants showed enhanced sensitivity to JA. The bars are standard deviations (SD) of three biological replicates. The one and double asterisks indicate significant difference to control at the levels of 0.01 < P < 0.05 and P < 0.01 using student’s t-test, respectively.


Since expression of DEAR4 could be enhanced by JA treatments (Figure 1E), we sought to explore the relationship between DEAR4 and JA under dark condition. Detached leaves from 4-week-old plants of different genotypes were incubated with MeJA. After 5 days’s MeJA treatment, DEAR4 over-expression leaves displayed serious yellowing compared with Col-0 (Figure 4C). Consistent with the visible precocious senescence, the results of ion leakage rate measurement showed that conductivity in DEAR4 over-expression lines was higher compared with Col-0 after MeJA treatments (Figure 4D). The two independent overexpression lines displayed the similar phenotype.



DEAR4 Functions in Response to Drought, NaCl and ABA

Based on the expression data, DEAR4 expression can be induced by NaCl and ABA (Figures 1C,D). Seeds from DEAR4 over-expression lines and Col-0 were sowed on 0.5× MS plates supplied with different concentrations of NaCl or ABA and the percentages of seed germination were calculated based on the number of seeds showing the radicle emergence. The results showed that the percentage of germination between the Col-0 and DEAR4 over-expression seeds were similar under normal condition. However, in the 50 mM NaCl treatment, the radicle emerged in 71.9 and 93.2% of DEAR4-OE-3 and Col-0 seeds, respectively. Whereas, only 40.6 and 59.9% germination rates were observed in DEAR4 over-expression and Col-0 seeds in the 80 mM NaCl treatment. In the 0.5 μM ABA treatment, 62% of the Col-0 seeds germinated, while this rate was reduced to 53% for DEAR4 over-expression seeds (Figures 5A,B), the two independent overexpression lines displayed the similar results. In the drought treatment, plants of the DEAR4-OE-3, DEAR4-OE-5 lines and Col-0 were grown in soil for 4 weeks under normal condition. Then, drought stress was applied by withholding watering. Survival rates of plants from different genotypes were calculated after15 days of drought stress treatment. Plants of Col-0 exhibited the survival rates of over 34.37%, which was significantly higher than DEAR4-OE-3 and DEAR4-OE-5 transgenic plants with the survival rates of 25 and 21.87%, respectively (Figures 5C,D). Taken together, these results demonstrated that DEAR4 conferred plant more sensitive to drought and salt stress.
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FIGURE 5. Responses of DEAR4 over-expression plants to NaCl, ABA and drought. (A,B) The effect of different concentrations of NaCl and ABA on germination of Col-0 and DEAR4 over-expression plants. (C,D) DEAR4 over-expression plants were sensitive to drought treatment. The bars are standard deviations (SD) of three biological replicates. The one and double asterisks indicate significant difference to control at the levels of 0.01 < P < 0.05 and P < 0.01 using student’s t-test, respectively.




DEAR4 Regulates ROS Production

Reactive oxygen species are considered signaling molecules during leaf senescence and stress responses. To further understand the role of DEAR4 in leaf senescence and stress response, we employed NBT staining to visualize the levels of ROS. The fifth leaf from 4-week-old plants of different genotypes including DEAR4 over-expression and Col-0 were detached and analyzed. As shown in Figure 6A, compared with Col-0, leaves of DEAR4-OE-3 and DEAR4-OE-5 were densely stained with dark blue and brown color by NBT staining, suggesting that DEAR4 enhanced ROS production. To further confirm the staining results, quantitative measurement was carried out to determine the endogenous H2O2 levels in plants of different genotypes. The results revealed that DEAR4 over-expression plants accumulated significantly more H2O2 compared with Col-0 (Figure 6B).


[image: image]

FIGURE 6. DEAR4 promotes ROS production. (A) NBT staining. The 5th leaves of 4-week-old plants were used in NBT staining. (B) Measurement of temporal accumulation of H2O2 in detached leaves of plants with different genotypes. The one and double asterisk indicate significant difference to control at the levels of 0.01 < P < 0.05 and P < 0.01 using student’s t-test, respectively. The bars are standard deviations (SD) of three biological replicates.




DEAR4 Is a Transcriptional Repressor

The Arabidopsis DEAR4 protein contains homology to the DREB1/CBF domain and the EAR motif. EAR motifs commonly played as transcriptional repression roles in plants (Yang et al., 2018). Thus, we supposed that DEAR4 has the potential of functioning as a transcriptional repressor. To verify this point, we carried out yeast one-hybrid assay. The full-length or truncated DEAR4 (shDEAR4, without EAR domain, 1-181aa) cDNA was fused to VP16, the activation domain of a potent viral transcriptional activator. The DEAR4 (or shDEAR4)-VP16 component group was then fused downstream of the GAL4 DNA-binding domain (GAL4-BD) in the pGBT9 vector to generate the BD-DEAR4 (or shDEAR4)-VP16 construct (Figure 7A). As a positive control, yeast strain Y190 carrying the reporter genes LacZ transformed with pGBT9-VP16 showed strong blue reaction (Figure 7B). Similar to pGBT9-VP16, Y190 transformed with pGBT9-shDEAR4-VP16 also displayed strong blue reaction. However, Yeast strain harboring pGBT9 empty vector displayed white reaction, similar to yeast transformed with DEAR4 fused with or without VP16 (Figure 7B). These results suggest that the full length DEAR4 protein plays transcriptional repression role which is dependent on the functional EAR domain.
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FIGURE 7. Transcriptional repression activities of DEAR4 in yeast cells. (A) Schematic diagram of pGBT9-DEAR4-VP16 and pGBT9-shDEAR4-VP16. (B) Comparison results of the Y1H assay using full length DEAR4 or shDEAR4 (truncated sequence absenting EAR domain coding region) fused with vp16 and control. (C) Liquid assay to measure x-gal activities in yeast containing different construct using CPRG as substrate. The bars are standard deviations (SD) of three biological replicates. The triple asterisk indicates significant difference to control at P < 0.001 using student’s t-test.


We also carried out liquid assay using CPRG as substrate to quantify the x-gal activities from the above described yeast one-hybrid assays. Consistent with the results from blue-white reactions, the reporter gene activity in the yeast transformed with pGBT9, BD-DEAR4, BD-DEAR4-VP16, and BD-VP16 was 5.57 ± 0.68, 4.24 ± 0.67, 6.29 ± 0.37, and 79.13 ± 13.28, respectively. However, once the EAR domain was deleted, the reporter gene activity in yeast transformed with BD-shDEAR4-VP16 was up to 88.82 ± 6.44 (Figure 7C). Taken together, BD-VP16 protein was able to induce lacZ expression but DEAR4 protein repressed this process. However, DEAR4 protein with EAR domain deleted lost its transcriptional repression ability.



DEAR4 Directly Repress the Expression of COR and RD29

DEAR4 protein contains homology to the DREB1/CBF domain which binds to the DRE/CRT element containing an A/GCCGAC motif within gene promoters to regulate transcription. To further understand the molecular mechanisms underlying DEAR4’s role in leaf senescence and stress responses, we investigated whether DEAR4 could regulate some downstream genes in the DRE/CRT-mediated signaling pathway. There are two putative DRE/CRT elements (−444 to −438 bp, −267 to −261 bp) upstream of the translation start site on the COR15a promoter and one DRE/CRT element at −266 to −260 bp from the translation start site on the promoter of COR15b. Meanwhile, we identified four putative DRE/CRT elements (−353 to −347 bp, −303 to −297 bp, −246 to −240 bp, −209 to −203 bp) upstream of the translation start site on the RD29a promoter and one DRE/CRT element (−321 to −315 bp from the translation start site) on the promoter of RD29b. The expression of the COR and RD genes were significantly decreased in the DEAR4 over-expression transgenic plants (Figure 8A), two independent overexpression lines displayed the similar results, suggesting that DEAR4 is required for reduction of the COR and RD gene expression in leaf senescence regulation.
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FIGURE 8. Transcriptional repression of DEAR4 on COR and RD genes. (A) The expression of COR15a, COR15b, RD29a, and RD29b in Col-0 and DEAR4 over-expression lines. (B) Dual luciferase (LUC) constructs used in this study. Dual LUC constructs contain the double reporter and effector plasmids. In the double reporter construct, Renilla LUC expression was used to normalize the firefly luciferase activities. The effector construct in this study contains DEAR4 driven by the CaMV35S promoter. (C) DEAR4 directly represses the expression of COR15 and RD29. The firefly LUC gene was driven by the COR15 and RD29 promoters, ratio of firefly and RenLuc indicates the relative activities of promoters. The bars are standard deviations (SD) of three biological replicates. The one and double asterisk indicate significant difference to control at the levels of 0.01 < P < 0.05 and P < 0.01 using student’s t-test, respectively.


Next, we tested whether DEAR4 directly regulates the COR and RD genes. We employed the dual luciferase strategy to investigate the direct regulation of COR and RD genes by DEAR4 in Nicotiana benthamiana leaves. Agrobacterium harboring the firefly luciferase-encoding gene driven by the promoter of COR (or RD) was co-transformed with or without 35S::DEAR4. As an internal control, the renilla luciferase gene was driven by the 35S promoter (Figure 8B). The ratio of Firefly/Renilla luciferase activities indicates the transcriptional activity of COR or RD genes. The results showed that the Firefly/Renilla luciferase ratio was significantly lower in leaves co-transformed with DEAR4 compared to that without DEAR4, indicating that DEAR4 repress the expression of COR and RD genes directly (Figure 8C).



DISCUSSION

As the final phase of leaf development, senescence is crucial for plant survival and environmental adaptation. So far, thousands of genes and many signaling pathways have been studied for leaf senescence regulation. Among them, transcription factors are highly effective in engineering stress tolerant plants (Bengoa et al., 2019; Woo et al., 2019). A large number of transcriptional factor genes including NAC, WRKY, MYB, and AP2/EREBP were up- or down-regulated during natural and dark-induced senescence (Zhang and Zhou, 2013). Additionally, transcript profiling studies suggested that many of the genes were affected by senescence and environmental stresses at the same time (Yoshida, 2003; Sharabi-Schwager et al., 2010a; Chen et al., 2017). As the largest transcription factor family in Arabidopsis, the AP2/ERF proteins have roles in the regulation of developmental processes, hormonal signal transduction, and biotic and abiotic stress responses (Smirnoff and Bryant, 1999; Yang et al., 2019b). As one of the AP2/ERF subfamilies, members of the DREB protein family have been extensively studied over the years due to their crucial roles in regulation of abiotic- and biotic-stress responses. It’s well known that DREB protein recognized the dehydration responsive element (DRE)/C-repeat with a core sequence of A/GCCGAC to regulate gene expression (Smirnoff and Bryant, 1999; Sharoni et al., 2011; Kudo et al., 2017). More and more evidence suggested that the DREB proteins play multiple roles during plant development. The CBF genes including CBF1, −2, −3, also known as DREB1b, DREB1c, and DREB1a, respectively, have been identified as key regulators of cold response and drought response (Liu et al., 2004; Novillo et al., 2004). In addition, CBF genes also play important roles in dark induced senescence (Gilmour et al., 2000; Solanke and Sharma, 2008; Zhou et al., 2011a). Here, we investigated the function of DEAR4, which contains the DREB domain but is different from the typical DREB proteins, with an EAR motif at the C terminus. Consistent with in silico data in publically available databases (GENEVESTIGATOR), we found that DEAR4 can be induced by age and dark conditions, as well as multiple abiotic stresses and hormones including ABA, JA, salt, and drought (Figure 1). More and more evidence suggested that plants have the capacity of integrating various signaling pathways to provide a greater regulatory potential for enhancing environment adaption. Our data revealed that DEAR4 was involved in age and dark induced leaf senescence based on phenotype and physiological data (Figures 2–4). At the molecular level, the precocious leaf senescence phenotype is associated with a gradual increase in the transcript levels of SAGs including SAG12, SEN4 and decrease in the expression of the RBCS gene (Supplementary Figure 2). Previous study has reported that DEAR1, one of the DEAR4 homologs, plays roles in mediating crosstalk between biotic and abiotic stresses. DEAR1 expression was enhanced by pathogen infection and cold treatment. Over-expression of DEAR1 caused an activated defense phenotype. Additionally, the induction of DREB1/CBF family genes by cold treatment was suppressed in DEAR1 over-expression lines, leading to a reduction in freezing tolerance (Tsutsui et al., 2009). In addition, DEAR1 is included in the A-5 subgroup of the DREB/family that could form a negative feedback regulation of the DREB1/CBF and DREB2 pathway in response to cold and dehydration (Mizoi et al., 2012). There are five DEAR1 homologs including DEAR4 within the Arabidopsis genome that also contain a DREB domain and an EAR motif. The role of DEAR4 in stress response therefore is not surprising. Interestingly, we found that DEAR4 also plays a role in leaf senescence, suggesting that the DEAR genes may play different roles in plant development and response to environmental stimuli. It will be interesting to find out whether the similar negative feedback mechanism exists in DEAR4’s function in leaf senescence and stress response.

Jasmonic acid acts as a crucial signal to modulate multiple plant processes including senescence and stress responses. JA content was much higher in senescent leaves than in non-senescent ones (Shan et al., 2011; Seltmann and Berger, 2013). Additionally, exogenous application of JA enhances plants’ freezing tolerance with or without cold acclimation. Further study revealed that JA positively regulates CBF to up-regulate downstream cold-responsive genes to enhance cold tolerance (Hu et al., 2013, 2017). JAZ proteins were discovered as repressors of JA signaling through the COI1-dependent 26S proteasome pathway for protein degradation. Once JAZ proteins were reduced, various downstream transcription factors including MYC2, MYC3 and MYC4 were activated (Fernandez-Calvo et al., 2011; Hu et al., 2013). In darkness, the mutant of JAZ7 partially liberated MYC2/MYC3/MYC4 from suppression, resulting in the up-regulation of the downstream genes related to indole-glucosinolate biosynthesis, sulfate metabolism, callose deposition, and JA-mediated signaling pathways (Yu et al., 2016). In this study, we found that DEAR4 was induced by exogenous MeJA (Figure 1E), meanwhile, DEAR4 can enhance the role of MeJA in promoting senescence (Figures 4C,D), which provide clues that DEAR4 may play roles in JA regulating senescence and stress responses. The DEAR4 protein contains the EAR motif which plays an important role in ethylene-responsive transcriptional regulation. Interestingly, previous studies have reported the mechanism of crosstalk between JA and other plant hormones including ethylene in plant growth and stress responses. JA and ethylene antagonize or coordinately regulate plant stress response (Zhu, 2014; Yang et al., 2019a). JA and ethylene pathways most likely crosstalk at the levels of JAZ–EIN3 and JAZ–EIL1 (Zhu et al., 2011; Kazan and Manners, 2012; Zhang et al., 2014). The EAR domain proteins could be involved in JA signal pathway. For example, the NINJA (Novel Interactor of JAZ, an EAR motif containing protein) mediated JAZ pathway to block the activity of MYC2, repressing the JA-dependent root growth inhibition and defense processes (Li et al., 2019). Both JA and ethylene were involved in leaf senescence. So far, the crosstalk between JA and ethylene’s functions in leaf senescence is not clear. Based on our data, DEAR4 could potentially play a role in both JA and ethylene pathways in regulating leaf senescence.

Plant ROS include hydrogen peroxide (H2O2), superoxide anion (O2–), hydroxyl radicals (OH) and singlet oxygen (1O2), which can be produced from chloroplast and mitochondrial electron transport chains, and oxidases and peroxidases located in the peroxisomes or in the plasmalemma/apoplast (Wang et al., 2013). ROS are not only as by-products of metabolic pathways but also play signaling roles during normal plant development. Multiple stresses are known to enhance ROS generation (Apel and Hirt, 2004; Mittler et al., 2004). The senescence process also increases accumulation of ROS (Jajic et al., 2015; Li et al., 2016). Thus, ROS production regulation plays key roles in both senescence and stress responses. Given that DEAR4 was involved in age and dark induced senescence, we hypothesized that DEAR4 may be involved in regulating leaf senescence though the proliferation of ROS. Consistent with this hypothesis, over-expression of DEAR4 can induce the production of ROS. DEAR4 over-expression lines displayed substantially induced ROS production based on the NBT staining and H2O2 content measurement data (Figure 6). Leaf senescence is commonly associated with electrolyte leakage which represents loss of membrane integrity. Excessive production of ROS results in membrane lipid peroxidation. Our results demonstrated that DEAR4 was involved in age- and dark induced leaf senescence and multiple stresses responses all of which are associated with membrane damage and accumulation of ROS, suggesting a crucial role of DEAR4 in these processes potentially via ROS regulation.

Leaf senescence is also regulated by environmental stimuli including salinity, drought, low quality light and darkness (Buchanan-Wollaston et al., 2005). Numerous SAGs were influenced by diverse abiotic and biotic stresses (Quirino et al., 1999; Weaver and Amasino, 2001). Additionally, some of the genes that regulate stress responses may also have an important role in regulating leaf senescence (Binyamin et al., 2001). For example, among the 43 transcription factor genes up-regulated during senescence, 28 were also induced by various stresses (Lim et al., 2007). The DREB protein family is known to regulate abiotic stress responses in plants. The DEAR4 protein contains a DREB domain. The expression of DEAR4 is lower in young leaves, but is up-regulated in senescing leaves. Meanwhile, DEAR4 gene transcript was induced by senescence as well as senescence-stress associated hormones including ABA and JA (Figure 1). Detached leaves of DEAR4 gain-of-function plants accelerated the senescence process induced by age, darkness or MeJA, suggesting that DEAR4 possibly integrates the age-dependent leaf senescence with responses to environmental stimuli including darkness and phytohormones. A large amount of evidence suggested that the DREB genes play a major role in cold- and osmotic-stress signal transduction pathways by recognizing the dehydration responsive element (DRE)/C-repeat with a core sequence A/GCCGAC. In this study, we observed that DEAR4 exhibited transcriptional repression activities in yeast cells depending on its EAR motif (Figure 7). As expected, DEAR4 was demonstrated to be able to directly repress the expression of DRE element genes COR and RD genes (Figure 8). Interestingly, it has been reported that COR and RD genes were involved in senescence and stress responses (Lee and Seo, 2015; Bremer et al., 2017; Shi et al., 2017b).
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Nutrient availability, in particular the availability of sugar [carbon (C)] and nitrogen (N), is important for the regulation of plant metabolism and development. In addition to independent utilization of C and N nutrients, plants sense and respond to the balance of C and N nutrients (C/N-nutrient) available to them. High C/low N-nutrient stress has been shown to arrest early post-germinative growth while promoting progression to senescence in Arabidopsis. Although several signaling components of the C/N-nutrient response have been identified, the inclusive molecular basis of plant C/N-nutrient response remains unclear. This proteome analysis evaluated phosphorylation dynamics in response to high C/low N-nutrient stress. Phosphoproteomics under conditions of C/N-nutrient stress showed a global change in the phosphorylation status of proteins, including plasma membrane H+-ATPase, carbon and nitrogen metabolic enzymes and signaling proteins such as protein kinases and transcription factors. Further analyses suggested that SNF1-related protein kinase 1 (SnRK1) is involved in primary C/N-nutrient signal mediation via the transcriptional regulation of C/N-regulatory kinases. We also identified a leucine-rich repeat receptor-like kinase with extracellular malectin-like domain, named as LMK1, which was shown to possess cell death induction activity in plant leaves. These results provide important insight into the C/N-nutrient signaling pathways connecting nutrition stress to various cellular and physiological processes in plants.
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INTRODUCTION

Plant growth and development are controlled by signaling pathways that are triggered by various environmental conditions and integrated with endogenous cues. Plant growth is dependent on supplies of carbon (C), in the form of sugars, and nitrogen (N) to provide energy and the major components for synthesis of structural components. It is now well-established that C and N nutrients function as signaling molecules in a wide array of cellular processes, enabling plants to coordinate their growth and development with nutrient availability (Rolland et al., 2006; Vidal and Gutiérrez, 2008). Any imbalance between C and N supplies is likely to have a detrimental effect on growth, therefore the C/N ratio in cells is very important, and plants have developed a sophisticated system to sense and respond to the ratio of available C and N nutrients (Coruzzi and Zhou, 2001; Martin et al., 2002; Sato et al., 2009). C/N-nutrient conditions can affect plant phenotypes at all stages in the plant’s life cycle. For example, the post-germination growth of Arabidopsis (Arabidopsis thaliana) plants is markedly inhibited in medium containing excess sugar and limiting nitrogen supplies (high C/low N-nutrient stress). Growth arrest can be lifted by either lowering the sugar concentration or increasing the nitrogen concentration, or both (Martin et al., 2002). Another example of high C/low N-nutrient stress occurs in Arabidopsis plants grown in elevated CO2 concentrations with limiting N, which accelerates the progression of plant senescence, including leaf yellowing and anthocyanin accumulation, during the mature developmental stage (Aoyama et al., 2014). Despite the importance of C/N-nutrient responses for proper growth and development, the underlying mechanisms remain unclear.

Previous mutant screening has led to the isolation of the ubiquitin ligase ATL31, which plays a role in the C/N-nutrient response in Arabidopsis (Sato et al., 2009). ATL31 is a member of the plant-specific RING-type ubiquitin ligase ATL family (Serrano et al., 2006; Aguilar-Hernández et al., 2011). ATL31 overexpression resulted in a phenotype insensitive to high C/low N-nutrient stress and an increase in the number of green-colored cotyledons during the early post-germinative growth stage, whereas the atl31 loss-of-function mutant showed a hypersensitive phenotype. In mature plants, ATL31 negatively regulates the progression of leaf senescence in the presence of elevated atmospheric CO2 and limited N concentrations (Aoyama et al., 2014). Serine (Ser) and threonine (Thr) residues at the C-terminal region of ATL31 were shown to be phosphorylated by CBL-interacting protein kinases 7, 12, and 14 (CIPK7/12/14) (Yasuda et al., 2014, 2017). Phosphorylation of these residues was found to mediate the direct interaction with and ubiquitylation of 14-3-3 protein, resulting in proteasomal degradation of 14-3-3 under high C/low N-nutrient stress (Yasuda et al., 2014, 2017). 14-3-3 protein generally interacts with phosphorylated target proteins and regulates target functions, which modulates a wide range of physiological pathways (Comparot et al., 2003; Mackintosh, 2004; Chevalier et al., 2009; Jaspert et al., 2011). The target proteins of 14-3-3 involved in plant C/N-nutrient responses, however, remain unidentified. The phosphorylation of ATL31 by CIPK7/12/14 also increases the stability of ATL31 protein under high C/low N-nutrient stress condition (Yasuda et al., 2017). Importantly, CIPK7/12/14 are transcriptionally activated in response to high C/low N-nutrient stress, suggesting the existence of an as yet unknown upstream signaling component that mediates primary C/N-nutrient signaling in Arabidopsis plants.

In this study, we carried out phosphoproteome analysis to investigate the primary and global dynamics of C/N-nutrient related phosphorylation signals in Arabidopsis seedlings. We identified 193 proteins, the phosphorylation levels of which were responsive to short-term high C/low N-nutrient stress. Among the 193 identified phospho-regulated proteins, we found that a plasma membrane H+-ATPase was a C/N-responsive 14-3-3 target. Besides, we showed that SNF1-related protein kinase 1 (SnRK1), presumably regulates CIPK7/12/14 gene expressions. We also identified a putative C/N-nutrient responsive receptor-like kinase, which possesses cell death induction activity in plant leaves. In addition, the phosphoproteomics results identified several proteins likely to modulate the progression of senescence in response to C/N-nutrient stress. These results indicate the existence of a comprehensive molecular network involved in primary C/N-nutrient signaling and metabolic adaptation.



MATERIALS AND METHODS


Plant Materials and Growth Condition

Arabidopsis thaliana Columbia ecotype (Col-0) was used as the wild-type (WT) in all experiments. Transgenic Arabidopsis plants constitutively expressing FLAG-tag fused 14-3-3χ (FLAG-14-3-3χ) under the control of a 35S promoter in the WT background (Sato et al., 2011) and the double knockdown mutant of SnRK1α (snrk1α1i/1α2) (Sanagi et al., 2018) have been described. Nicotiana benthamiana plants were used for transient protein expression. Arabidopsis and N. benthamiana seeds were surface-sterilized and sowed on C/N-modified medium indicated in each experiment. After kept in dark at 4°C for 2–4 days to synchronize germination, the plants were grown at 22°C under short-day (8 h light/16 h dark), long-day (16 h light/8 h dark) or continuous light exposure condition as indicated in each experiment. Glucose was used as sugar and, potassium nitrate and ammonium nitrate were used as nitrogen. In most experiments, we added 100 mM Glc in the control C/N medium. To optimize the growth condition of snrk1α1i/1α2 mutant plants, we added 10 mM Glucose in the medium for gene expression analysis using snrk1α1i/1α2 plants.



Phosphoproteome Analysis by LC-MS/MS

Wild-type Arabidopsis seedlings were grown in liquid MS medium containing 100 mM glucose and 30 mM nitrogen (control C/N-nutrient) for 10 days under continuous light exposure. The seedlings were transferred to control C/N-nutrient or MS medium containing 200 mM glucose and 0.3 mM nitrogen (high C/low N-nutrient) for 30 min. Phosphopeptides were enriched as described previously with minor modifications (Nakagami, 2014; Choudhary et al., 2015). LTQ-Orbitrap XL (Thermo Fisher Scientific) coupled with an EASY-nLC 1000 (Thermo Fisher Scientific) was used for nano-LC-MS/MS analyses. A self-pulled needle (150 mm length × 100 μm i.d., 6-μm opening) packed with ReproSil C18 materials (3 μm; Dr. Maisch GmbH) was used as an analytical column with a “stone-arch” frit (Ishihama et al., 2002). A spray voltage of 2,400 V was applied. The injection volume was 6 μl, and the flow rate was 500 nl min–1. The mobile phases consisted of 0.5% acetic acid and 2% acetonitrile (A) and 0.5% acetic acid and 80% acetonitrile (B). A three-step linear gradient of 5 to 10% B in 10 min, 10 to 40% B in 120 min, 40 to 95% B in 5 min, and 95% B for 10 min was employed. The MS scan range was m/z 300–1,400. The top 10 precursor ions were selected in the MS scan by Orbitrap with resolution = 100,000 and for subsequent MS/MS scans by ion trap in the automated gain control mode, where automated gain control values of 5.00e+05 and 2.00e+05 were set for full MS and MS/MS, respectively. The normalized collision-induced dissociation was set to 35.0. A lock mass function was used for the LTQ-Orbitrap XL to obtain constant mass accuracy during gradient analysis (Olsen et al., 2005). Multi-stage activation was enabled upon detection of a neutral loss of phosphoric acid (98.00, 49.00, or 32.66 amu) (Schroeder et al., 2004) for further ion fragmentation. Selected sequenced ions were dynamically excluded for 60 s after sequencing.

Raw data was processed using MaxQuant software (version 1.6.3.41) (Cox and Mann, 2008) with label-free quantification (LFQ) and iBAQ enabled (Tyanova et al., 2016a). MS/MS spectra were searched by the Andromeda search engine against a combined database containing the sequences from Arabidopsis thaliana (TAIR10_pep_201012142) and sequences of 248 common contaminant proteins and decoy sequences. Trypsin specificity was required and a maximum of two missed cleavages allowed. Minimal peptide length was set to seven amino acids. Carbamidomethylation of cysteine residues was set as a fixed modification, and phosphorylation of serine, threonine, and tyrosine residues; oxidation of methionine residues; and N-terminal acetylation of proteins allowed as variable modifications. Peptide-spectrum-matches and proteins were retained if they were below a false discovery rate of 1%. Statistical analysis of the intensity values obtained for the phosphopeptides (“modificationSpecificPeptides” output file) was carried out using Perseus (version 1.5.8.53) (Tyanova et al., 2016b). Quantified peptides were filtered for reverse hits and contaminants. For further processing, only peptides containing a phospho(STY) modification were kept and the intensity values were log2 transformed. After grouping samples by condition, only those peptides were retained for the subsequent analysis that had 6 valid values in one of the conditions. Data was normalized by subtraction of the median (Matrix access = Columns, Subtract = Median). Missing values were imputed from a normal distribution using the default settings in Perseus (width = 0.3, downshift = 1.8, separately for each column). Two-sample t-tests were performed using a p-value cut-off of 0.05. The accession numbers for proteomics data generated in this study are PXD016507 for ProteomeXchange and JPST000703 for jPOST (Okuda et al., 2017). To investigate possible interactions between the C/N-responsive phosphoproteins, we used the STRING database4 for known and predicted protein-protein interactions with the standard setting (von Mering et al., 2005).



Coimmunoprecipitation Analysis

Arabidopsis seedlings constitutively expressing FLAG-14-3-3χ were grown in liquid MS medium containing 100 mM glucose and 30 mM nitrogen (control C/N-nutrient) for 10 days under continuous light exposure. The seedlings were transferred to control C/N-nutrient or MS medium containing 200 mM glucose and 0.3 mM nitrogen (high C/low N-nutrient) for 30 min. Proteins were extracted using protein extraction buffer (50 mM Tris, 0.5% Triton X-100, 150 mM NaCl, 10% glycerol, 5 mM MgCl2, 1 mM EDTA, pH 7.5) supplemented with 10 μM MG132, Complete Protease Inhibitor Mixture (Roche Applied Science) and PhosSTOP phosphatase inhibitor cocktail (Roche Applied Science, Germany). Proteins were immunoprecipitated with anti-FLAG M2 magnetic beads (Sigma-Aldrich, M8823) for 1 h at 4°C with shaking. After washing the beads, the bound proteins were eluted with 150 μg/ml 3x FLAG peptide (Sigma-Aldrich, F4799), followed by precipitation in cold acetone and resuspension in SDS sample buffer (62.5 mM Tris, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.01% bromophenol blue, pH 6.8). The proteins were analyzed by immunoblotting with anti-FLAG (MBL, PM020) and anti-plasma membrane H+-ATPase (Agrisera, AS07 260) antibodies.



Gene Expression Analysis

WT and inducible RNAi knockdown mutant of SnRK1α (snrk1α1i/1α2) plants were grown for 11 days on medium containing 10 mM glucose and 30 mM nitrogen in the absence of dexamethasone (DEX) under 16 h light/8 h dark cycles, transferred to medium supplemented with 10 μM DEX, and grown for 5 days. Total RNA was isolated from indicated plant materials using TRIzol reagent (Invitrogen) and treated with RQ1 RNase-free DNase (Promega) according to the manufacturers’ protocols. First-strand cDNA was synthesized using oligo(dT) primer (Promega) and ReverTraAce reverse transcriptase (TOYOBO) and subjected to qRT-PCR analysis on a Mx3000P system (Agilent Technologies) using TB Green Premix EX Taq (TaKaRa) and the primers listed in Supplementary Table S1, as described by the manufacturer.



Quantification of T6P, G6P, and UDP-Glc

WT plants were grown for 16 days on medium containing 100 mM glucose and 30 mM nitrogen (control) under 16 h light/8 h dark cycles, and transferred to control medium or modified C/N-nutrient medium containing 100 mM glucose and 0.3 mM nitrogen, 300 mM glucose and 30 mM nitrogen or 300 mM glucose and 0.3 mM nitrogen. The seedlings were harvested 1 and 24 h later. T6P, G6P, and UDP-Glc were extracted with chloroform/methanol and measured by anion-exchange high performance liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) as described in Lunn et al. (2006) with modifications as described in Figueroa et al. (2016).



Plasmid Construction

The coding sequence of LMK1 (At1g07650.1) was amplified from Col-0 cDNA. LMK1 with a point mutation (LMK1D805A) and truncated forms of LMK1 (LMK1ΔL, LMK1ΔM, and LMK1ΔLΔM) were generated by PCR-based site-directed mutagenesis using the primers listed in Supplementary Table S1. Amplified fragments were cloned into pENTR/D-TOPO vector and transferred to destination vectors using the Gateway system according to the manufacturer’s protocol (Invitrogen). The sequences of all amplified fragments and inserts were verified by DNA sequencing.



Transient Expression in N. benthamiana Leaves

The surface-sterilized N. benthamiana seeds were sowed on 1xMurashige and Skoog (MS) medium supplemented with 1% sucrose, and grown under 16 h light/8 h dark cycles at 22°C on the plates for 2 weeks, then transferred to flowerpot with soil containing compost and vermiculate in the ratio of 1:6 and grown for additional 2 weeks. The various forms of LMK1 were subcloned into the destination vector pMDC83 (Curtis and Grossniklaus, 2003), with all genes under the control of a CaMV35S promoter and GFP attached to the C-terminal of each encoded protein. These plasmids were introduced into Agrobacterium tumefaciens strain GV3101 (pMP90) by electroporation using a MicroPulser electroporator (Bio-Rad), and the subcloned sequences were transiently expressed in N. benthamiana as described (Yasuda et al., 2014).



Transient Expression in Arabidopsis Mesophyll Protoplast Cells

The surface-sterilized WT Arabidopsis seeds were sowed on 1xMurashige and Skoog (MS) medium supplemented with 1% sucrose, and grown under 8 h light/16 h dark cycles at 22°C on the plates for 2 weeks, then transferred to flowerpot with soil containing compost and vermiculate in the ratio of 1:6 and grown for additional 3 weeks. Full-length LMK1 was subcloned into the destination vector pUGW5 (Nakagawa et al., 2007), with the gene under the control of a CaMV35S promoter and GFP attached to the C-terminal of each encoded protein. The plasmids were introduced by polyethylene glycol-mediated transformation (Yoo et al., 2007) into Arabidopsis mesophyll protoplasts prepared from leaf tissues, and images were taken 16 h later.



Confocal Laser-Scanning Microscopy

Fluorescent images were obtained using a Zeiss LSM510 confocal laser scanning microscope equipped with a C-Apochromat (×40/1.2 water immersion) objective 2 days after the inoculation of Agrobacterium into N. benthamiana leaves. GFP fluorescence was excited by a 488 nm argon laser and detected using a 505–550 nm band-pass emission filter. Images were processed using Image J software.



Preparation of Water-Soluble and Membrane Fractions

Proteins were extracted from N. benthamiana leaves expressing GFP or LMK1-GFP using extraction buffer (50 mM Tris, 150 mM NaCl, 10% glycerol, 1 mM EDTA, pH 7.5) supplemented with 10 μM MG132, Complete Protease Inhibitor Mixture (Roche Applied Science) and PhosSTOP phosphatase inhibitor cocktail (Roche Applied Science, Germany). Lysates were centrifuged at 20,000 g for 5 min at 4°C to remove cell debris, followed by ultracentrifugation (101,000 g, 1 h, 4°C) to separate the soluble and insoluble fractions. Membrane fraction proteins were solubilized by the extraction buffer supplemented with 1% Triton X-100. GFP and LMK1-GFP proteins were enriched by immunoprecipitation using anti-GFP antibody beads (MBL, cat. no. D153-10), followed by SDS-PAGE and western blotting analysis with anti-GFP antibody (MBL, cat. no. 598).



Electrolyte Leakage Analysis

Ion leakage was assayed with infiltrated N. benthamiana leaf discs. Forty-eighth after infiltration, 15 leaf discs, each 6 mm in diameter, were generated from four different leaves of each construct. After washing with Milli-Q water, the leaf discs were transferred to tissue culture plates. Each well-contained five leaf discs and 3 ml fresh Milli-Q water. The conductivity of the water was measured at 0, 24, 48, and 72 h using a conductivity meter (HORIBA, LAQUAtwin-EC-33).




RESULTS


Phosphoproteome Analysis Reveals Protein Phosphorylation Dynamics in Response to High C/Low N-Nutrient Stress in Arabidopsis Plants

To assess the effects of high C/low N-nutrient stress on global protein phosphorylation status in Arabidopsis, 10-day-old seedlings were transiently treated with control (100 mM Glc/30 mM N) or high C/low N-nutrient stress (200 mM Glc/0.3 mM N) medium for 30 min and subjected to phosphoproteome analysis with HAMMOC-TiO2 phosphopeptide enrichment followed by LC-MS/MS analysis. This analysis detected a total of 1785 phosphopeptides, of which 1338 were quantified, with 193 protein groups having significantly changed phosphorylation levels in response to high C/low N-nutrient stress (Table 1 and Supplementary Table S2). The functional networks of the C/N-responsive phosphoproteins were assessed using the STRING (Search Tool for the Analysis of Interacting Genes/Proteins) algorithm (Figure 1). Seven groups of proteins with distinct molecular functions were identified. Metabolic enzymes that function in photosynthesis [rubisco small subunit 1A (RBCS1A), carbonic anhydrase 2 (CA2), phosphoenolpyruvate carboxylases 1/2 (PPC1/2), phosphoenolpyruvate carboxykinase 1 (PCK1), cytosolic invertase 1 (CINV1), phosphoglucomutase (PGM), β-amylase1] and nitrate reductase 2 (NIA2) formed a highly connected network. Proteins involved in RNA metabolism and translational regulation also formed clusters, including RNA-binding Pumilio proteins (APUM2/4), FHA (forhkead) domain-containing protein involved in miRNA biosynthesis (DDL), pre-18S ribosomal RNA processing factor (PWP2), and 40S and 60S ribosomal subunits. Several transporters and membrane trafficking regulators were identified as being C/N-responsive phosphoproteins, including plasma membrane intrinsic protein (aquaporin) 2E (PIP2E), plasma membrane H+-ATPase (AHA1/2), clathrin adaptor, clathrin-interacting ENTH/VHS protein (EPSIN1), golgin candidate 5 (GC5), and brefeldin A-inhibited guanine nucleotide-exchange protein 5 (BIG5/MIN7). Besides, transcription factors TCP domain protein (TCP10) and FLOWERING bHLH (FBH4), as well as several signaling proteins, including protein kinases [SNF1-related protein kinase catalytic subunit alpha (SnRK1α), SnRK2.2, calcium-dependent protein kinase (CDPK19/CPK8), phototropin 1 (phot1)], phosphatases [BRI1 suppressor 1-like 2 (BSL2)] and ubiquitin ligase [Non-phototropic Hypocotyl 3 (NPH3), RING domain ligase 2 (RGLG2)] were identified.


TABLE 1. List of C/N-responsive protein kinases identified by LC-MS/MS analysis.
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FIGURE 1. Interaction networks of the identified C/N-nutrient responsive phosphoproteins. Functional network mapping was performed using the STRING protein interaction algorithm (https://string-db.org/). Shown are the associations among C/N-nutrient responsive phosphoproteins identified by LC-MS/MS analysis (Supplementary Table S2). Nodes with connections are shown. Line thickness indicates the strength of supporting data.




Physical Interaction Between H+-ATPase and 14-3-3 Is Enhanced Under High C/Low N-Nutrient Stress Conditions

Plasma membrane H+-ATPases act as primary transporters of H+, which regulates pH homeostasis and membrane potential and drives several nutrient transport processes. High C/low N-nutrient stress increased the phosphorylation levels of Thr residues at the C-terminal regions of plasma membrane H+-ATPases 1 and 2 (AHA1 and AHA2; Figure 1 and Supplementary Table S2). Phosphorylation of the Thr948 residue in AHA1 and the Thr947 residue in AHA2 has been reported to mediate the binding of 14-3-3 protein, which promotes the activity of H+-ATPases (Kinoshita and Shimazaki, 1999; Svennelid et al., 1999; Palmgren, 2001; Chevalier et al., 2009). Therefore, we asked if there is any link between high C/low N-nutrient stress response and AHA–14-3-3 interaction. The transgenic Arabidopsis seedlings constitutively expressing FLAG-tag fused 14-3-3χ (FLAG-14-3-3χ) were transiently exposed to high C/low N-nutrient stress, and then the interaction was evaluated by co-immunoprecipitation. As shown in Figure 2, AHA protein abundance was not affected after the stress exposure but enhanced interaction between AHA and FLAG-14-3-3χ was observed under high C/low N-nutrient stress conditions. These results suggest that C/N conditions modulate H+-ATPase activity via 14-3-3 binding in Arabidopsis.
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FIGURE 2. Co-immunoprecipitation analysis of plasma membrane H+-ATPase and 14-3-3 proteins. WT and transgenic Arabidopsis plants expressing FLAG-14-3-3χ were grown in control liquid medium containing 100 mM Glc/30 mM N, and 10-day-old seedlings were treated with the control (C) or the high C/low N-nutrient stress medium containing 200 mM Glc/0.3 mM N (S) for 30 min. Proteins were extracted and subjected to immunoprecipitation with anti-FLAG antibody beads, followed by immunoblotting with anti-plasma membrane H+-ATPase and anti-FLAG antibodies. Three independent experiments showed similar results.




SnRK1 Is Involved in the Transcriptional Regulation of C/N-Related Protein Kinases CIPK7/12/14

We previously demonstrated that CIPK7/12/14 kinases directly phosphorylate ATL31 and play important roles in modulating plant growth in response to C/N-nutrient conditions (Yasuda et al., 2017). The expression of CIPK genes was increased under high C/low N-nutrient stress, with these protein products positively regulating the ability of ATL31 to adapt to these conditions, suggesting that upstream components regulate the C/N-responsive expression of CIPK genes. Phosphoproteome analysis showed that high C/low N-nutrient stress significantly reduced the phosphorylation level of SNF1-related kinase 1 (SnRK1) (Table 1). The putative phosphorylation sites of SnRK1 are found to be located in the activation loop conserved in AMPK-family kinases, suggesting that SnRK1 kinase activity can be affected by high C/low N-nutrient stress. This is in line with our previous reports, showing that high C/low N-nutrient stress reduced the expression of marker genes of the SnRK1 pathway (Lu et al., 2015). Taken together, these findings raised the hypothesis that SnRK1 is involved in primary signal transduction of C/N-nutrient availability. To clarify the function of SnRK1, the CIPK7/12/14 gene expression levels were measured in SnRK1α knockdown plant (snrk1α1i/1α2), inducible RNAi knockdown of SnRK1α1 in the background of a SnRK1α2 knockout mutant (Sanagi et al., 2018). Induced SnRK1α1 gene silencing upon DEX treatment resulted in elevated expression of CIPK7/12/14 genes, suggesting that SnRK1 negatively regulates CIPK7/12/14 gene expression (Figure 3). We also measured expression levels of C/N-nutrient responsive maker genes, RUBISCO SMALL SUBUNIT 1A (RBCS1A), a photosynthesis-related gene, and CHALCONE SYNTHASE (CHS), a key enzyme that regulates anthocyanin biosynthesis. RBCS1A gene expression was significantly decreased and CHS expression was significantly increased in the snrk1α1i/1α2 mutant compared with WT (Figure 3), an expression pattern similar to that observed in WT plants grown under high C/low N-nutrient stress conditions (Martin et al., 2002; Sato et al., 2009; Aoyama et al., 2014). These results suggest that SnRK1 functions as an upstream signaling component in plant C/N-nutrient response.
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FIGURE 3. Transcript analysis of CIPK7, CIPK12, CIPK14, and C/N response marker genes in snrk1α1i/1α2 mutant. WT and inducible RNAi knockdown mutant of SnRK1α (snrk1α1i/1α2) plants were grown for 11 days on medium containing 10 mM Glc and 30 mM N in the absence of dexamethasone (DEX) and transferred to medium supplemented with 10 μM DEX. After 5 days, total RNA was purified from each plant. Expression levels of CIPK7/1/14 and C/N response marker genes were analyzed by qRT-PCR and normalized relative to the level of 18S rRNA in the same samples, and the expression in mutant plants was compared with that in WT plants grown in DEX-treated medium. The results shown are the means ± SD of three biological replicates. Letters above the bars indicate significant differences, as assessed by one-way ANOVA with Turkey’s post hoc test.




Trehalose 6-Phosphate Amounts Are Responsive to C/N-Nutrient Availability

Recent studies revealed that SnRK1 could directly bind to trehalose 6-phosphate (T6P), resulting in downregulation of the SnRK1 kinase activity in Arabidopsis (Zhang et al., 2009; Zhai et al., 2018). T6P, an intermediate in trehalose biosynthesis, is an essential signal metabolite in plants, modulating not only carbon metabolism but developmental processes such as flowering and senescence (Paul et al., 2008; Wingler et al., 2012; Wahl et al., 2013; Figueroa and Lunn, 2016). These findings prompted us to hypothesize that T6P level is affected by C/N-nutrient availability. Quantification of T6P amounts in Arabidopsis seedlings exposed to various C/N-nutrient conditions showed that cellular T6P level was increased in response to both high C and low N conditions and was synergistically increased by combined high C/low N treatment (Figure 4). T6P level was slightly but significantly higher in seedlings exposed to high C/low N (300 mM Glc/0.3 mM N) than to control (100 mM Glc/30 mM N) conditions after 1 h and apparently increased after 24 h, about sixfold at end of day and ninefold at end of night, respectively. Interestingly, the amounts of glucose 6-phosphate (G6P) and UDP-glucose (UDP-Glc), the substrates for T6P biosynthesis, did not correlate with C/N-nutrient availability and were not increased in plants exposed to high C/low N-nutrient stress (Figure 4). These results suggest that T6P is involved in the progression of C/N-nutrient responsive senescence via SnRK1.
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FIGURE 4. Amounts of T6P, G6P, and UDP-Glc present in WT plants grown under different C/N-nutrient conditions. WT plants were grown for 16 days on medium containing 100 mM Glc and 30 mM N (control), and transferred to control medium or modified C/N-nutrient medium containing 100 mM Glc and 0.3 mM N, 300 mM Glc and 30 mM N or 300 mM Glc and 0.3 mM N. The seedlings were harvested 1 h [end of day (ED) or end of night (EN)] and 24 h (ED or EN) after treatment, followed by metabolite quantification by LC-MS/MS. The results shown are the means ± SD of four biological replicates. Letters above the bars indicate significant differences, as assessed by one-way ANOVA with Turkey’s post hoc test.




Identification of a Leucine Rich-Repeat Receptor-Like Kinase LMK1 as a C/N-Responsive Protein

Phosphoproteome analysis also showed that high C/low N-nutrient stress affected phosphorylation levels of several other protein kinases (Table 1), including At1g07650, a protein belonging to the leucine-rich repeat receptor-like kinase (LRR-RLK) family (Figure 5). LC-MS/MS analysis showed that the Ser989 residue of At1g07650 (At1g07650.1), located in the cytosolic region and close to the predicted kinase domain, was phosphorylated, with high C/low N-nutrient stress inducing a 2.4-fold higher level of phosphorylation than under control conditions (Table 1). The LRR-RLK family is one of the largest protein kinase family in plants, with over 200 members present in the Arabidopsis genome (Shiu and Bleecker, 2003). LRR-RLKs, which consist of a ligand-binding extracellular LRR domain and a cytoplasmic serine/threonine kinase domain, play critical roles in various cellular processes, directly modulating growth and development, as well as responding to environmental stress (Diévart and Clark, 2004; Macho and Zipfel, 2014). At1g07650 encodes a protein consisting of 1,014 amino acids, including LRR and Ser/Thr kinase domains, as well as an additional extracellular malectin-like domain and a transmembrane-like hydrophobic domain. This protein, named as leucine-rich repeat malectin kinase 1 (LMK1), along with 11 other proteins, formed the LRR-VIII 2 subfamily (Shiu and Bleecker, 2003) (Figure 5). The functions of these proteins remain poorly understood, although one member of this subfamily, At3g14840, also known as LysM RLK1-interacting kinase 1 (LIK1), has been reported to regulate plant innate immunity (Le et al., 2014). Amino acid sequence alignment showed that the kinase domain is highly conserved in this subfamily (Supplementary Figure S1).
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FIGURE 5. Schematic diagram of LMK1 protein and phylogenetic tree of the LRR-RLK class VIII-2 subfamily. (A) Schematic representation of LMK1 protein. S, signal peptide; LRR, leucin-rich repeat domain; malectin, malectin-like domain; TM, transmembrane-like hydrophobic region; kinase, cytosolic Ser/Thr kinase domain. (B) Predicted transmembrane region and topology of LMK1, as determined with the TMHMM server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/). (C) Phylogenetic tree of LRR-RLK class VIII proteins constructed using MEGA X software with the neighbor-joining method.




LMK1 Localizes to Membrane Compartments in Plant Cells

To determine the function of LMK1, we first assessed its subcellular location. Hydropathy plot analysis indicated that LMK1 has two hydrophobic regions, amino acids 7–24 and 624–643 (Figure 5B). Database search predicted that the first hydrophobic region corresponds to a signal peptide sequence (Supplementary Figure S1), suggesting that LMK1 localizes to membrane compartments. To confirm its subcellular location, LMK1 was fused to green fluorescent protein (LMK1-GFP) and transiently expressed in Arabidopsis protoplast cells and N. benthamiana leaves under the control of the CaMV35S promoter. Confocal microscope analysis showed that LMK1-GFP fluorescence signals were mainly detected at the periphery of the cells and partly in cytosolic dot-like structures, whereas GFP alone was present throughout cells, including the cytosol and nucleus, in both Arabidopsis protoplast cells and N. benthamiana leaves (Figure 6 and Supplementary Figure S2). In addition, fractionation analysis with ultracentrifuge followed by immunoblotting detected LMK-GFP signal in membrane fraction (Supplementary Figure S2), together suggesting that LMK1 localizes to the membrane compartments in plant cells.
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FIGURE 6. Subcellular localization of LMK1 protein. Confocal laser microscopy showing the subcellular localization of LMK1-GFP transiently expressed in Arabidopsis mesophyll protoplast cells. GFP was the control for fluorescent protein. Confocal microscopic images were taken 16 h after transfection. GFP fluorescence (GFP), chlorophyll autofluorescence (Chlorophyll) and the merged images of these fluorescence signals (Merge) were shown. DIC, differential interference contrast image. We observed more than 100 protoplast cells for each experiment and representative images are shown.




Overexpression of LMK1 Induces Cell Death in N. benthamiana Leaves

Transient expression of LMK1-GFP in N. benthamiana leaves resulted in macroscopic tissue collapse and electrolyte leakage indicative of programmed cell death (Figures 7A,B). In contrast, mock treatment by infection of Agrobacterium carrying the p19 vector alone showed no indications of cell death. LIK1, a homolog of LMK1, was shown to have kinase activity which requires conserved aspartate (Asp) residue in the kinase catalytic domain (Le et al., 2014) (Supplementary Figure S1). Therefore, we asked if the mutation in the Asp residue of LMK1 (LMK1D805A-GFP) alters the cell death-induction activity. Infiltration of Agrobacterium carrying a plasmid expressing LMK1D805A-GFP did not induce cell death (Figures 7A,B and Supplementary Figure S3), implying that the observed cell death in N. benthamiana leaves is likely to be associated with LMK1 kinase activity. LMK1 has extracellular LRR and malectin-like domains, which are often responsible for ligand binding and protein-protein interactions. To determine roles of these extracellular domains on the cell death induction activity, the LRR domain (LMK1ΔL), the malectin-like domain (LMK1ΔM), or the both domains (LMK1ΔLΔM) were deleted and expressed in N. benthamiana leaves. Deletion of these domains resulted in reduction of the cell death induction activity, and deletion of both the LRR and malectin-like domains showed a synergistic effect (Figure 7C and Supplementary Figure S3). These findings suggest that the LRR and malectin-like domains of LMK1, along with the cytosolic kinase domain, are involved in the cell death induction.
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FIGURE 7. Cell death induction activity of LMK1. (A,B) LMK1-GFP and LMK1D805A-GFP were transiently overexpressed in N. benthamiana leaves. (A) Pictures Staken 6 days after infiltration, (B) Ion leakage 0, 24, 48, and 72 h after the leaf discs preparation. The results shown are the means ± SD of three biological replicates. Mock, mock treatment by infection of Agrobacterium carrying the p19 vector alone. (C) Ion leakage of N. benthamiana leaves transiently overexpressing LMK1-GFP and mutated LMK1 proteins fused with GFP. Ion leakage at 72 h after the cut is shown. The results shown are the means ± SD of three biological replicates. Letters above the bars indicate significant differences, as assessed by one-way ANOVA with Turkey’s post hoc test. Mock, mock treatment by infection of Agrobacterium carrying the p19 vector alone.





DISCUSSION

C/N-nutrient availability has a lifelong effect on plant growth, including during early post-germinative growth and progression of senescence. Our previous study showed that high C/low N-nutrient status, resulting from elevated atmospheric CO2 concentration and limited nitrogen availability, promoted leaf senescence (Aoyama et al., 2014). We also identified several components mediating C/N-nutrient signaling and revealed that altered protein phosphorylation is strongly involved in responses to plant C/N-nutrient imbalance (Maekawa et al., 2012; Yasuda et al., 2014, 2017; Lu et al., 2015; Huarancca Reyes et al., 2015; Huarancca Reyes et al., 2018). However, comprehensive phosphorylation dynamics responsive to C/N-nutrient availability, including proteins targeted by 14-3-3, were unclear. The phosphoproteome analysis in the present study showed that the phosphorylation status of around 200 proteins was altered in response to high C/low N-nutrient stress. Among the proteins altered were key enzymes involved in primary carbon and nitrogen metabolism, several proteins involved in RNA metabolism and translational regulation, transporters and membrane trafficking regulators, and cellular signal transduction proteins, including protein kinases, phosphatases, ubiquitin ligases, and transcription factors.


Plasma Membrane H+-ATPase

Using this approach, we found that plasma membrane H+-ATPases were C/N-responsive 14-3-3 target. Plasma membrane H+-ATPases are essential for plant life and are required for various physiological processes, including stomatal opening, nutrient uptake in roots, phloem loading, and cell expansion (Kinoshita and Shimazaki, 1999; Svennelid et al., 1999; Palmgren, 2001). Of the 11 plasma membrane H+-ATPases in Arabidopsis, two, AHA1 and AHA2, are the most highly expressed in seedlings and adult plants (Haruta et al., 2010). Phosphorylation has been shown to modulate plasma membrane H+-ATPase activities in guard cells. The Thr residues conserved in the C-termini of AHA proteins (Thr948 of AHA1 and Thr947 of AHA2) are phosphorylated in response to light stimuli, with these phosphorylated amino acids mediating direct binding to 14-3-3 and enhancing AHA activity (Kinoshita and Shimazaki, 1999; Svennelid et al., 1999; Palmgren, 2001; Chevalier et al., 2009). Phosphoproteome analysis in the present study showed that high C/low N-nutrient conditions upregulated the levels of phosphorylation of these Thr residues in AHA1 and AHA2 and enhanced the interactions between these plasma membrane H+-ATPases and 14-3-3 proteins, suggesting that high C/low N-nutrient conditions enhance plasma membrane H+-ATPase activity, at least in the short term, in Arabidopsis seedlings. Accordingly, the photosynthetic production of sugar was found to induce the phosphorylation of C-terminal Thr residues in plasma membrane H+-ATPases and to increase the activity of these enzymes in Arabidopsis mesophyll cells (Okumura et al., 2016).



C/N-Related Metabolic Enzymes

Phosphoproteome analysis also revealed the phosphorylation dynamics of several enzymes catalyzing key steps of photosynthesis and primary carbon and nitrogen metabolism, including rubisco small subunit 1A (RBCS1A), carbonic anhydrase 2 (CA2), phosphoenolpyruvate carboxylase 1/2 (PPC1/2), phosphoenolpyruvate carboxykinase 1 (PCK1), cytosolic invertase 1 (CINV1), phosphoglucomutase (PGM), β-amylase1), and nitrate reductase (NIA2). Phosphoenolpyruvate carboxylase (PEPC) is crucial in primary metabolism, irreversibly catalyzing the conversion of phosphoenolpyruvate (PEP) to oxaloacetate (OAA) and inorganic phosphate (Chollet et al., 1996). PEPC plays central roles in glycolysis, respiration and photosynthate partitioning, as well as being an important route for carbon dioxide fixation, particularly in C4 plants. PEPC is also involved in interactions between carbon and nitrogen metabolism thorough OAA production. OAA and 2-oxoglutarate are obligate carbon skeletons that bind NH4+ and export it to other tissues (O’Leary et al., 2011). The Arabidopsis genome encodes three plant-type PEPCs, AtPPC1, AtPPC2 and AtPPC3, and one bacterial type PEPC, AtPPC4 (Shi et al., 2015). Compared with WT, a double mutant, ppc1/ppc2, showed altered amounts of primary carbon and nitrogen metabolites and exhibited growth arrest (Shi et al., 2015). PEPC is also suggested to be involved in carbon metabolism and amino acid remobilization during leaf senescence (Taylor et al., 2010). Due to the irreversible nature of the metabolic reaction catalyzed by PEPC, its activity is strictly regulated at the post-translational level by multiple mechanisms, including allosteric regulation and protein phosphorylation and ubiquitylation (Izui et al., 2004; O’Leary et al., 2011). Plant PEPCs are regulated by phosphorylation of the highly conserved Ser11 residue located near the N termini of PPC1 and PPC2. Phosphorylation of this residue activates PEPC by reducing its sensitivity to allosteric inhibitors while increasing its affinity for PEP (Izui et al., 2004; O’Leary et al., 2011). Our phosphoproteome analysis showed increased phosphorylation of the conserved Ser11 residues in both PPC1 and PPC2, suggesting that PEPC activity is post-translationally promoted in response to high C/low N-nutrient stress.



Senescence-Related Proteins

Phosphoproteome analysis identified several proteins involved in leaf senescence, such as the autophagy related protein ATG13a, the reactive oxygen species (ROS)-producing enzyme RbohD and the transcription factor TCP10. Autophagy is a highly conserved cellular process in all eukaryotes, involving the degradation of intracellular constituents, making autophagy important for recycling essential nutrients under nutrient starvation conditions and during the progression of senescence. The autophagy-related protein ATG13 is involved in regulating the initiation of autophagy. In yeast, ATG13 is an accessory subunit of the ATG1/ATG13 kinase complex and positively regulates ATG1 kinase activity (Mizushima, 2010; Suzuki and Ohsumi, 2010). ATG13 is hyperphosphorylated under nutrient-rich conditions, reducing its affinity for ATG1, but is rapidly dephosphorylated under starvation conditions, resulting in increased ATG1 kinase activity and initiation of autophagy (Mizushima, 2010; Suzuki and Ohsumi, 2010; Alers et al., 2014). In Arabidopsis, ATG13 is encoded by two homologous genes, ATG13a and ATG13b, with the levels of expression of both being induced during leaf senescence (Suttangkakul et al., 2011). Moreover, double mutant of ATG13a/b showed accelerated senescence and was hypersensitive to nutrient limiting conditions (Suttangkakul et al., 2011). Intriguingly, levels of ATG13 phosphorylation were altered in response to sugar and nitrogen availability, although the phosphorylated sites were unknown (Suttangkakul et al., 2011). The phosphoproteome analysis in the present study consistently showed that ATG13 phosphorylation level was reduced in response to high C/low N-nutrient conditions, with Ser248 identified as a C/N-responsive phosphorylation site, suggesting that autophagy is activated via ATG13 dephosphorylation and affects senescence progression under high C/low N-nutrient stress condition.

Respiratory burst oxidase homolog (Rboh) proteins are key enzymes involved in ROS production and function in various physiological processes (Torres and Dangl, 2005). The level of RbohD phosphorylation is upregulated in response to high C/low N-nutrient conditions. Arabidopsis RbohD plays essential roles in ABA-mediated ROS production and stomatal closure (Kwak et al., 2003) and in the ROS burst of plant defense responses to pathogen attacks (Torres et al., 2002; Kadota et al., 2014). RbohD has also been reported involved in ROS production during the process of leaf senescence (Dai et al., 2018; Yang et al., 2018). Together, these results suggest that RbohD phosphorylation mediates ROS production in response to C/N-nutrient availability and may regulate plant growth pathways, including the progression of senescence and responses to biotic stress.

TCP10 is a member of transcription factor Teosinte branched 1/Cycloidea/PCF (TCP) family. TCP10 and other class II TCPs affect cell division activity and regulate leaf development under control of microRNA miR319 (Palatnik et al., 2003; Koyama et al., 2007; Nicolas and Cubas, 2016). These TCPs have also been reported to regulate the progression of senescence by promoting jasmonate biosynthesis (Schommer et al., 2008). A jaw-D mutant, in which levels of TCP2, TCP3, TCP4, TCP10, and TCP24 mRNAs were all strongly reduced, exhibited delayed senescence phenotype, which phenotype was restored by exogenous methyl jasmonate (Schommer et al., 2008). Although expression of these class II TCPs is tightly regulated at the post-transcriptional level by the microRNA, post-translational regulation of the TCP functions remains unclear. We found that the Thr110 residue of Arabidopsis TCP10 is phosphorylated and that its level of phosphorylation was reduced in response to high C/low-N nutrient stress, suggesting an as yet unidentified regulatory mechanism of senescence progression via TCP phosphorylation in response to C/N-nutrient status.



Involvement of T6P-SnRK1 Module in C/N-Nutrient Signal Transduction

SnRK1 kinase, a kinase homologous to yeast sucrose non-fermenting 1 (SNF1) and mammalian AMP-activated kinase (AMPK), is a central regulator of metabolism under conditions of energy limitation and carbon starvation in plants (Baena-González et al., 2007; Smeekens et al., 2010; Emanuelle et al., 2016; Baena-González and Hanson, 2017). In addition, SnRK1 affects plant developmental processes and regulates age-dependent and dark-induced senescence progressions (Baena-González et al., 2007; Cho et al., 2012; Mair et al., 2015; Baena-González and Hanson, 2017; Pedrotti et al., 2018). The proteins SNF1, AMPK, and SnRK1 kinases form heterotrimeric holoenzymes containing a catalytic α-subunit and non-catalytic β- and γ-subunits (the latter being replaced by a hybrid bg subunit in SnRK1) (Emanuelle et al., 2016; Ramon et al., 2019). In Arabidopsis, the AKIN10 (SnRK1α1) and AKIN11 (SnRK1α2) genes encode the catalytic α-subunits, and plants with double knockdown of AKIN10 and AKIN11 showed accelerated senescence (Baena-González et al., 2007). Phosphoproteome analysis in the present study found that high C/low N-nutrient stress markedly reduced the levels of phosphorylation of the Ser/Thr residues conserved in the activation loop of AKIN10 and AKIN11. Subsequent qRT-PCR analysis demonstrated that the expression levels of CIPK7/12/14 genes were increased in the snrk1α1i/1α2 mutants, even under normal C/N-nutrient conditions, similar to the expression pattern found in WT seedlings grown under high C/low N-nutrient stress conditions and suggesting that SnRK1 mediates C/N-nutrient signaling upstream of CIPK7/12/14. In addition, we found that high C/low N-nutrient stress conditions increase the levels of T6P which has been implicated as a signaling metabolite that regulates progression of senescence and modulates SnRK1 activity in plants (Zhang et al., 2009; Wingler et al., 2012; Figueroa and Lunn, 2016). Recent study has demonstrated that T6P directly binds to the SnRK1 α-subunit AKIN10/11, weakening the affinity of the latter for Geminivirus rep-interacting kinases 1/2 (GRIK1/2) which phosphorylate and activate SnRK1 activity, thereby inhibiting SnRK1 activity in Arabidopsis plants (Zhai et al., 2018). Together, these results suggest that, under high C/low N-nutrient stress conditions, the T6P-SnRK1 module mediates C/N-nutrient signaling and regulates the progression of senescence via CIPK7/12/14 transcription.



Isolation of Cell Death Related Receptor-Like Kinase LMK1

This study found that the LMK1 protein was a putative C/N-nutrient related protein kinase belonging to the LRR-RLK class VIII-2 subfamily. LRR-RLK proteins have been reported to play essential roles in various types of cellular signaling, including phytohormone perception, pattern triggered immunity (PTI) and fertilization (Diévart and Clark, 2004; Macho and Zipfel, 2014). We found that transient overexpression of LMK1 induces cell death in N. benthamiana leaves. Induction of cell death is an important process in plant defense against pathogens as well as in the progression of senescence (Lim et al., 2007; Coll et al., 2011; Mukhtar et al., 2016). Although little is known about the function of LRR-RLK class VIII-2 proteins, one of these proteins, LIK1, has been reported to interact directly with and be phosphorylated by Chitin elicitor receptor kinase 1 (CERK1) and to negatively regulate ROS production and chitin-induced immunity (Le et al., 2014).

LMK1 contains expected extracellular LRR and malectin-like domains. Transient expression of LMK1 demonstrated that both of these extracellular domains are involved in LMK1-induced cell death. Malectin protein was first identified as a carbohydrate binding protein localizing to the endoplasmic reticulum and being involved in N-glycosylation of membrane proteins in mammals (Schallus et al., 2008). Although proteins homologous to malectin have not yet been identified in plants, malectin-like domains have been detected in the extracellular regions of several receptor-like kinases. Feronia (FER) is a receptor-like kinase with two malectin-like extracellular domains that plays critical roles in controlling Arabidopsis growth, including in fertilization, senescence progression, pathogen resistance, phytohormone signaling, and starch accumulation (Haruta et al., 2014; Du et al., 2016; Liao et al., 2017; Stegmann et al., 2017; Feng et al., 2018). FER has been shown to bind via its extracellular malectin-like domains to the peptide ligand Rapid alkalinization factor (RLAF), to leucine-rich repeat extension (LRX) protein, and to cell wall pectin (Stegmann et al., 2017; Feng et al., 2018; Dünser et al., 2019). Recently, FER was reported to directly phosphorylate ATL6, the closest homolog of ATL31, and to modulate C/N-nutrient responses (Xu et al., 2019), suggesting that the extracellular malectin-like domains of FER can recognize ligands mediating C/N-nutrient availability. Identification of extracellular ligands and/or interactors is required to further understand LMK1 function in responses to C/N-nutrient stress. Further detailed genetic and physiological analyses of this protein may help to clarify its function and the as yet undetermined physiological processes controlled by C/N-nutrient availability.
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FIGURE S1 | Signal peptide prediction and alignment of the kinase domains of members of the LRR-RLK class VIII-2 subfamily. (A) Predicted signal peptide region of LMK1 protein, as determined by the SignalP-4.1 servers (http://www.cbs.dtu.dk/services/SignalP/). (B) Alignment of the kinase domains of members of the LRR-RLK class VIII-2 subfamily. The arrowhead indicates the position of the conserved Asp residue (LMK1D805), which is essential for kinase activity in these proteins.

FIGURE S2 | Subcellular localization of LMK1 protein. (A) Confocal laser microscopy showing the subcellular localization of LMK1-GFP transiently expressed in N. benthamiana leaves. GFP was the control for fluorescent protein. Confocal microscopic images were taken 48 h after transfection. DIC, differential interference contrast image. (B) Immunoblotting analysis using anti-GFP antibody of water-soluble (supernatant: S) and insoluble membrane (pellet: P) fractions of lysate from N. benthamiana leaves expressing GFP or LMK1-GFP protein. Protein extraction buffer contained no detergent. Closed and open arrowheads indicate the position of GFP and LMK1-GFP, respectively.

FIGURE S3 | Expression check of LMK1 proteins in N. benthamiana leaves. Intact LMK1 and mutated LMK1 proteins fused with GFP were transiently overexpressed in N. benthamiana leaves. Expression of each construct was confirmed by confocal microscopic analysis. Photos were taken 48 h after infiltration. Mock, mock treatment by infection of Agrobacterium carrying the p19 vector alone.

TABLE S1 | Primers used in this study.

TABLE S2 | List of C/N-nutrient responsive phosphoproteins identified by LC-MS/MS analysis.


FOOTNOTES

1http://www.maxquant.org/

2ftp://ftp.arabidopsis.org/home/tair/Proteins/TAIR10_protein_lists/

3http://www.maxquant.org/

4https://string-db.org/
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Leaf senescence is induced by various internal and external stimuli. Dark-induced senescence has been extensively investigated, but the detailed mechanism underlying it is not well understood. The red light/far-red light receptor phytochrome B and its downstream transcription factors, PYHTOCHROME INTERACTING FACTORs (PIFs) 4 and 5, are known to play an important role in dark-induced senescence. Furthermore, the senescence-inducing phytohormones, ethylene and abscisic acid (ABA) are reported to be involved in dark-induced senescence. In this study, we analyzed the relationship between ethylene, ABA and PIFs in dark-induced leaf senescence. A triple mutant of the core ABA signaling components; SNF1-related protein kinases 2D (SRK2D), SRK2E, and SRK2I, displayed an ABA insensitive phenotype in ABA-induced senescence, whilst the ethylene insensitive mutant ein2 demonstrated low sensitivity to ABA, suggesting that ethylene signaling is involved in ABA-induced senescence. However, the pif4 pif5 mutant did not display low sensitivity to ABA, suggesting that PIF4 and PIF5 act upstream of ABA signaling. Although PIF4 and PIF5 reportedly regulate ethylene production, the triple mutant ein2 pif4 pif5 showed a stronger delayed senescence phenotype than ein2 or pif4 pif5, suggesting that EIN2 and PIF4/PIF5 partially regulate leaf senescence independently of each other. While direct target genes for PIF4 and PIF5, such as LONG HYPOCOTYL IN FAR-RED1 (HFR1) and PHYTOCHROME INTERACTING FACTOR 3-LIKE 1 (PIL1), showed transient upregulation under dark conditions (as is seen in the shade avoidance response), expression of STAY GREEN1 (SGR1), ORESARA1 (ORE1) and other direct target genes of PIF5, continued to increase during dark incubation. It is possible that transcription factors other than PIF4 and PIF5 are involved in the upregulation of SGR1 and ORE1 at a later stage of dark-induced senescence. Possible candidates are senescence-induced senescence regulators (SIRs), which include the NAC transcription factors ORE1 and AtNAP. In fact, ORE1 is known to bind to the SGR1 promoter and promotes its expression. It is therefore inferred that the phytochrome-PIF pathway regulates initial activation of senescence and subsequently, induced SIRs reinforce leaf senescence during dark-induced senescence.
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INTRODUCTION

Leaf senescence is a system to recover nutrients from unnecessary leaves, which is accompanied by drastic changes in metabolism, gene expression and cell structure. Leaf senescence is induced, not only by internal factors such as aging and flowering, but also by various external stimuli such as prolonged dark incubation, drought, and salinity (Schippers, 2015). However, common phenomena such as yellowing (chlorophyll degradation) and reduction in photosynthetic activity, known as “senescence syndrome” occur irrespective of stimuli that cause leaf senescence (Noodén, 2004).

Leaf senescence is regulated by several phytohormones (Kusaba et al., 2013). For example, ethylene, which is well known to be an important senescence-inducing phytohormone (Grbić and Bleecker, 1995; Oh et al., 1997). Impairment of ethylene signaling components, such as ETHYLENE INSENSITIVE2 (EIN2) and EIN3/EIN3 LIKE1 (EIL1), severely represses leaf senescence in dark-induced senescence. Mutants of strigolactone synthesis genes, such as MORE AXILLARY GROWTH1 (MAX1), MAX3, and MAX4 and the signaling genes ARABIDOPSIS DOWARF 14 (AtD14) and MAX2, also exhibit a delayed senescence phenotype, suggesting that strigolactone is a senescence-promoting phytohormone (Woo et al., 2001; Ueda and Kusaba, 2015). Abscisic acid (ABA) also induces leaf senescence, and overexpression of its receptor genes PYR1-LIKE 8 (PYL8) and PYL9 confers an early senescence phenotype (Lee et al., 2015; Zhao et al., 2016). In addition, the ABA signaling transcription factors ABA INSENSITIVE5 (ABI5) and ENHANCED EM LEVEL (EEL) are reportedly involved in leaf senescence (Sakuraba et al., 2014). Further phytohormones such as jasmonic acid (Zhuo et al., 2020) and salicylic acid (Yoshimoto et al., 2009) are also known to be involved in leaf senescence. These phytohormones are thought to function downstream of senescence-inducing stimuli. The examination of crosstalk between phytohormones is important in order to clarify the complete picture of regulation of leaf senescence in plants. For example, the senescence promoting function of strigolactone is strongly associated with ethylene signaling (Ueda and Kusaba, 2015).

Among several leaf senescence-inducing stimuli, prolonged dark incubation has been the most extensively studied (Liebsch and Keech, 2016). Under dark conditions, limitation of photosynthesis causes sugar starvation in the plant. Reportedly, sugar plays an important role in natural leaf senescence, but its role in dark-induced senescence remains unclear (Moore et al., 2003; Pourtau et al., 2006). On the other hand, it is well established that dark-induced senescence is regulated by the core components of the shade avoidance response, which allows plants to escape from shade in order to acquire light energy (Whitelam and Smith, 1991; Franklin and Whitelam, 2005). The red/far-red light receptor phytochrome degrades its downstream bHLH transcription factors; PHYTOCHROME INTERACTING FACTORs (PIFs) to repress the shade avoidance response (Quail et al., 1995; Legris et al., 2019). HFR1, PIL1, and ARABIDOPSIS THALIANA HOMEOBOX PROTEIN2 (AtHB2) are known to be the direct targets of PIFs and function in shade avoidance responses. Since mutants of PIF4 and PIF5, which are degraded by Phytochrome B (phyB) (activated by red light), show a strong delayed senescence phenotype in the dark-induced senescence, PIF4 and PIF5 are considered as the central regulators of dark-induced senescence (Sakuraba et al., 2014; Song et al., 2014; Zhang et al., 2015).

During dark-induced senescence, ethylene production is increased, but has been found to be reduced in pif4, suggesting that ethylene production is regulated by the phyB-PIF pathway (Song et al., 2014; Ueda and Kusaba, 2015). Consistent with this, the expression of several ACC synthase genes, which are the rate-limiting enzymes in ethylene production, is upregulated during dark incubation, but this upregulation is repressed in pif mutants (Song et al., 2014; Qiu et al., 2015). Furthermore, PIF5 directly regulates transcription of the master transcription factor of ethylene signaling, EIN3, suggesting that PIFs regulate ethylene signaling (Sakuraba et al., 2014).

In addition to PIFs and EIN3, NAC and WRKY transcription factors are known to be involved in dark-induced senescence (Kusaba et al., 2013; Kim et al., 2016). Among such NAC transcription factors, ORE1 has been the most intensely analyzed. ORE1 is induced during leaf senescence and promotes leaf senescence (Kim et al., 2009). EIN3 and PIF4/PIF5 directly regulate expression of ORE1, and at the same time, EIN3 represses expression of miR164 targeting ORE1 (Li et al., 2013; Sakuraba et al., 2014; Qiu et al., 2015). ORE1 is also involved in a wide spectrum of leaf senescence, including aging (Kim et al., 2009), reactive oxygen species (Woo et al., 2004), ethylene (Kim et al., 2009, 2014), jasmonic acid (Kim et al., 2014), salinity (Balazadeh et al., 2010), the circadian clock (Kim et al., 2018) and nitrogen starvation (Park et al., 2018). Another senescence-induced NAC transcription factor, AtNAP, is also known to be involved in natural senescence (Guo and Gan, 2006) and drought (Zhang and Gan, 2012; Sakuraba et al., 2015) and dark-induced senescence (Yang et al., 2014). In addition, a class of NAC transcription factors, sNACs, are reportedly required for ABA-induced senescence (Takasaki et al., 2015). Furthermore, VND-INTERACTING2 (VNI2) and JUNGBRUNNEN1 (JUB1) are also senescence-induced NAC transcription factors, however, they represse the progression of leaf senescence (Yang et al., 2011; Wu et al., 2012). Since these NAC transcription factor genes are induced during leaf senescence and regulate leaf senescence, they can be referred to as senescence-induced senescence regulators (SIRs). Senescence-regulating WRKY genes such as WRKY53 are also thought to belong to the SIRs group (Hinderhofer and Zentgraf, 2001).

Senescence syndrome is eventually caused by senescence-related enzymes, which is generally induced or activated during leaf senescence. Such enzymes include the chlorophyll-degrading enzymes SGR/NON-YELLOWING1 (NYE1), NON-YELLOW COLORING1 (NYC1), NYC1 LIKE (NOL) and PHEOPHYTINASE (PPH) /NYC3 (Kusaba et al., 2007; Ren et al., 2007; Sato et al., 2007, 2009; Horie et al., 2009; Morita et al., 2009; Schelbert et al., 2009; Shimoda et al., 2016), the cysteine protease SENESCENCE ASSOCIATED GENE12 (SAG12) (Weaver et al., 1998), and the organelle endonuclease DEFECTIVE IN POLLEN ORGANELLE DNA DEGRADATION1 (DPD1) (Takami et al., 2018). These enzymes are thought to execute cellular senescence. Such senescence-induced genes can be referred to as senescence-induced senescence executers (SIEs), whose expression may be controlled by senescence-regulating transcription factors.

Thus, leaf senescence progresses through complex interactions between senescence-related factors. The molecular basis of leaf senescence is not yet completely understood. Such processes have been analyzed utilizing delayed/early senescence mutants. However, there are few reports that examine the genetic interaction of these mutants. In this study, we genetically and physiologically dissect the roles of senescence-inducing-pathways in dark-induced leaf senescence using several delayed senescence mutants and their multiple mutants to better understand the complete picture of regulation of dark-induced leaf senescence in plants.



MATERIALS AND METHODS


Plant Material and Growth Conditions

The Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild type plant. The mutant lines pif4-102 (SALK_140393; Sun et al., 2013), pif5-3 (SALK_087012; Sun et al., 2013), ein2-5 (CS16771; Alonso et al., 1999), ore1-3 (SALK_090154; Kim et al., 2014), and atnap (SALK_005010; Guo and Gan, 2006) were obtained from the Arabidopsis Biological Resource Center (ABRC). pif4 pif 5 double mutant was generated by a cross between pif4-102 and pif5-3. The srk2d/e/i triple mutant (Fujita et al., 2009; Umezawa et al., 2009) was kindly provided by Kazuo Shinozaki (RIKEN Center for Sustainable Resource Science). Typically, plants were grown on soil in a growth chamber for a 4-week period under the following conditions: 22°C, 10 h light/14 h dark (short-day) photoperiod, and 80 μmol⋅photons m–2⋅s–1. For the natural senescence experiments, plants were grown under long-day conditions (16 h light/8 h dark).



Dark and Phytohormone Treatments

For the dark treatment, the 7th or 8th leaves from the top of 4-week-old plants with 16 leaves were detached and incubated in a box with constant high humidity, in the dark at 22°C. For the light (control) and phytohormone treatments, leaves were incubated under continuous white light conditions (5 μmol m–2 s–1) at 22°C. For the physiological treatment, leaves were incubated in 0.5% (w/v) agar media containing 3 mM 2-(N-morpholino) ethanesulfonic acid (MES, pH 5.8) supplemented with abscisic acid (Sigma-Aldrich; St. Louis, MO, United States), glucose, or mannitol.



Measurement of Senescence Parameters

Chlorophyll content was measured using a SPAD-502 chlorophyll meter as SPAD value (Konica-Minolta, Japan). Average of SPAD values of three positions in a detached leaf were used. Fv/Fm values were measured using a Junior PAM chlorophyll fluorometer (Walz; Germany) according to Kohzuma et al. (2017). Detached leaves kept in dark for 30 min were subjected to measurement of Fv/Fm.



RNA Extraction and qRT-PCR Analysis

Total RNA was extracted using an Isospin with a spin column (Nippon Gene, Japan). First-strand cDNA was synthesized from 100 ng total RNA using ReverTra Ace qPCR RT Master Mix (Toyobo, Japan). Quantitative, reverse-transcriptase polymerase chain reaction (qRT-PCR) was performed using a KAPA SYBR FAST qPCR kit (Nippon Genetics; Tokyo, Japan) and a Roter-Gene Q 2PLEX (Qiagen; Venlo, Netherlands). qRT-PCR conditions are as follows: initial denaturation at 94°C for 3 min, followed by 40 cycles at 95°C for 5 s, and then 60°C for 10 s. The transcript level of each gene was normalized to that of ACTIN8 (ACT8). Data analysis was performed using the Comparative CT Method, ΔΔCT Method (Livak and Schmittgen, 2001). The sequences of primers used for qRT-PCR are shown in Supplementary Table S1.



Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome Initiative under the following accession numbers: PIF4(AT2G43010), PIF5(AT3G59060), HFR1(AT1G02340), PIL1(AT2G46970), AtHB2(AT4G16780), EIN2 (At5g03280), SRK2D(AT3G50500), SRK2E(AT4G33950), SRK2I(AT5G66880), ORE1 (At5g39610), MAX4(AT4G32810), SGR1(At4 g22920), SAG12 (At5g45890), AtNAP (At1g69490), and ACT8(AT1G49240).



RESULTS


Effect of Sugar on Dark-Induced Senescence

In the majority of plant species, prolonged dark treatment induces leaf senescence. Under dark conditions, photosynthesis is not performed, resulting in sugar starvation. To investigate the role of sugar starvation on dark-induced senescence, we analyzed leaf senescence during dark incubation in the presence of sugar (Supplementary Figure S1). Leaves that were the 6th from the top were selected from 4-week-old A. thaliana plants and incubated in mock medium or media containing either 50 mM glucose or 50 mM mannitol under dark conditions. Almost no reduction in chlorophyll contents and Fv/Fm values, which reflect photosystem II activity, was observed under light conditions but chlorophyll was severely degraded during dark incubation (Supplementary Figures S1A,B). Degrees of reduction of chlorophyll contents and Fv/Fm values were similar across dark-incubated mock medium, 50 mM glucose, and 50 mM mannitol-treated leaves during dark incubation. However, the chlorophyll content of 50 mM glucose-treated leaves 3 days after the start of treatment (DAT) and the Fv/Fm value of 50 mM mannitol-treated leaves at 5 DAT were slightly higher than those of the dark-treated mock condition (Supplementary Figure S1A,B). Expression of DIN6, a marker gene for sugar starvation (Baena-González et al., 2007), was drastically upregulated in the dark-treated mock condition, but this upregulation was repressed by 50 mM glucose treatment, suggesting that repression of sugar starvation could not fully repress dark-induced leaf senescence. In addition, the 50 mM mannitol treatment, which does not fully repress sugar starvation, evoked similar responses to simple dark treatment, confirming that sugar starvation is not the major cause of dark-induced senescence.



PIF4/PIF5- Dependent Gene Expression in Dark-Induced Senescence

Reportedly, PIF4 and PIF5 play an important role in dark-induced leaf senescence in A. thaliana. To confirm this, we detached and incubated leaves from between the 7th to 12th position from the top of 4-week-old plants in the dark. At 6 DAT, upper (7th to 9th) leaves of Col-0 turned yellow but those of pif4-102 and pif5-3 remained green, and in pif4 pif5 even lower (10th to 12th) leaves remained green (Figures 1A,B), confirming that pif4 and pif5 are delayed senescence mutants and pif4 pif5 shows a stronger phenotype.
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FIGURE 1. Analysis of the function of PIF4 and PIF5 in dark-induced senescence. (A) Dark-induced leaf senescence in pif4⋅pif5. Leaves in the 7th to 12th positions from the top of 4-week-old plants were incubated in the dark for 6 days. (B) Changes in chlorophyll content over time in pif4 pif5 during dark incubation. Detached 8th leaves were used for the analysis. Data for the same day after the start of treatment were statistically compared using Tukey’s multiple comparison method (p < 0.05). (C) qRT-PCR analysis of transcript levels of direct target genes of PIF5 and senescence-induced genes. 8th leaves were used for the analysis. Solid and open bars indicate Col-0 and pif4 pif5 leaves, respectively. Transcript levels were relative to that in Col-0 leaves at 5 DAT. ACT8 was used as a reference. Bars indicate standard error (n = 3).


PIF4 and PIF5 play an important role in shade avoidance and their direct target genes, such as HFR1, PIL1 and AtHB2 have been identified (Kunihiro et al., 2011; Hornitschek et al., 2012). We examined the expression of these genes in Col-0 leaves during dark incubation and found that expressions of all of them are transiently upregulated at 1 DAT (Figure 1C). Such behavior is similar to that observed in high red light/far red light (R/FR) to low R/FR shift in young seedlings, which is thought to reflect a negative feedback regulation of shade avoidance (Sessa et al., 2005; Hornitschek et al., 2012). In pif4 pif5, such upregulation of HFR1, PIL1, and AtHB2 is not observed, confirming that they are also regulated by PIF4 and PIF5 in dark-treated leaves (Figure 1C). Expression of the senescence-induced genes, SGR1, SAG12, ORE1, and MAX4, is severely repressed in pif4 pif5, confirming that they are regulated by PIF4 and PIF5 (Figure 1C). Among them, ORE1 and SGR1 are thought to be direct targets of PIF4/PIF5 (Sakuraba et al., 2014; Song et al., 2014; Zhang et al., 2015). However, ORE1 and SGR1 demonstrated a continuous increase in expression rather than the transient upregulation observed in HFR1, PIL1 and AtHB2. Meanwhile, the expression of PIF4 and PIF5 was not upregulated during dark incubation (Supplementary Figure S2).



Roles of ABA in Dark-Induced Senescence

Although ABA is known as a phytohormone that promotes leaf senescence, its genetic contribution to dark-induced senescence has not been examined in detail. To understand its contribution to dark-induced senescence, we analyzed the triple mutant of SRK2D/E/I, which encode protein kinases that play a central role in core ABA signaling (Fujii and Zhu, 2009; Fujita et al., 2009). First, we examined the effect of ABA on leaf senescence under light conditions. The 8th leaves from the top of 4-week-old Col-0 and srk2d/e/i plants were treated with 100 μM ABA. Col-0 leaves turned yellow but srk2d/e/i did not show any yellowing at 3 DAT (Figure 2A). Expression of senescence-induced genes was upregulated in Col-0 but not in srk2d/e/i at 3 DAT (Figure 2B), suggesting that srk2d/e/i is insensitive to ABA in leaf senescence.
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FIGURE 2. Roles of ABA in dark-induced leaf senescence. (A) Sensitivity of srk2d/e/i to ABA in leaf senescence. Left, leaves in the 8th position from the top of 4-week-old plants were incubated on the medium containing 100 μM ABA for 3 days under light conditions. Right, Changes in chlorophyll content by ABA treatment. (B) qRT-PCR analysis of changes in transcript levels of senescence-induced genes during ABA treatment. Detached 8th position leaves were used for the analysis. ACT8 was used as a reference. Solid and open bars indicate Col-0 and srk2d/e/i, respectively. Transcript levels were relative to that in Col-0 leaves 4 days after ABA treatment. ACT8 was used as a reference. (C) Changes in chlorophyll content over time in srk2d/e/i during dark incubation. Detached 8th position leaves were used for the analysis. Chlorophyll content is indicated in SPAD value in the left panel and those relative to day 0 are shown in the right panel. Data for the same day after the start of dark incubation were statistically compared using Tukey’s multiple comparison method (p < 0.05). Bars indicate standard errors (n = 6, 4, and 8 in A, B, and C, respectively).


Next, we incubated srk2d/e/i leaves in the dark. srk2d/e/i also showed delayed senescence phenotype during dark incubation, but it was much weaker than the ethylene-insensitive mutant ein2-5, suggesting that its contribution of ABA to dark-induced senescence is limited (Figure 2C).



Crosstalk Between ABA and Ethylene in Leaf Senescence

To investigate the crosstalk between ABA and ethylene, ein2-5 was treated with 1 μM or 100 μM ABA for 3 days under light conditions. Chlorophyll content was slightly reduced under 1 μM ABA and leaves turned yellow under 100 μM ABA in Col-0 (Figure 3A). Unexpectedly, ein2-5 was resistant to ABA. Almost no reduction in chlorophyll content was observed in the 1 μM ABA treatment, and only a slight reduction in chlorophyll content was observed under the 100 μM ABA treatment (Figure 3A). These observations suggest that ein2-5 is hyposensitive to ABA in leaf senescence, and that activation of ethylene signaling is necessary for efficient induction of leaf senescence by ABA. Consistent with this idea, ein3-1 eil1-3 was also hyposensitive to ABA in leaf senescence (Supplementary Figure S3).
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FIGURE 3. Sensitivity of ein2and pif4 pif5 to ABA in leaf senescence. (A) Sensitivity of ein2-5 and srk2d/e/i to ABA in leaf senescence under light conditions. Leaves positioned 8th from the top of 4-week-old plants were incubated on the medium containing 1 or 100 μM ABA for 3 days under light conditions. Lower panel shows chlorophyll content (SPAD value) relative to those of mock condition in each genotype. (B) Sensitivity of ein2-5 and pif4 pif5 to ABA in leaf senescence under dark conditions. The 8th leaves were incubated on the medium containing 1 or 100 μM ABA for 3 days under dark conditions. Chlorophyll content (SPAD value) were relative to those before ABA treatment in each genotype. Data were statistically compared using Tukey’s multiple comparison method in each genotype in A and in all genotypes in B (p < 0.05). Bars indicate standard errors (n = 8 in A, and n = 4 in B).


Next, the crosstalk between ABA and PIF4/PIF5 was investigated. Because PIF4 and PIF5 degrade under light conditions, we examined ABA-induced leaf senescence under dark conditions where PIF4 and PIF5 proteins are stable (Figure 3B). ABA accelerated chlorophyll degradation in Col-0 under dark conditions, and the acceleration of chlorophyll degradation is significantly inhibited in ein2-5, consistent with the observation in Figure 3A. Meanwhile, chlorophyll degradation was not delayed in pif4 pif5 (Figure 3B and Supplementary Figure S4), suggesting that ABA does not promote leaf senescence through the function of PIF4 and PIF5. In contrast to our observations, Zhao et al. (2016) did not observe a delay of ABA-induced senescence in ethylene insensitive mutants. However, one difference is the lines which were used in the experiments. Zhao et al. (2016) used ein2-1, which is a leaky allele of ein2, and ein3-1, which shows complete ethylene insensitivity only when accompanying a mutation of its paralog EIL1, whilst, in this study, we used the null allele ein2-5 and ein3-1 eil1-3. We then treated ein3-1 with ABA, but found that ein3-1 also shows a delayed senescence phenotype, although it is slightly weaker than ein3-1 eil1-3 (Supplementary Figure S3). Therefore, the difference of results between our and Zhao et al.’s study could be attributed to the differences in experimental conditions.



Relationship Between PIF4/PIF5 and Ethylene in Dark-Induced Senescence

Next, we investigated the genetic interaction between ethylene signaling and PIF4/PIF5 in dark-induced senescence. pif4 pif5 shows a delayed senescence phenotype, but the 7th leaf turned completely yellow under dark conditions at 14 DAT (Figures 4A,B). ein2-5 showed a stronger delayed senescence phenotype, with the 7th leaf remaining green at 14 DAT and tuning yellow at 18 DAT. The ein2-5 pif4 pif5 triple mutant had an even stronger delayed senescence phenotype, retaining a high chlorophyll content even at 18 DAT (Figure 4B). The ein2-5 pif4 pif5 triple mutant also retained relatively high Fv/Fm values and low SGR1 expression even at the stage that ein2-5 turned yellow, confirming that ein2-5 pif4 pif5 is a very strong delayed senescence mutant (Supplementary Figure S5). These observations suggest that ethylene has a major role in dark-induced senescence and that PIF4/PIF5 also promotes dark-induced senescence through another pathway in addition to the ethylene signaling pathway.
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FIGURE 4. Genetic interaction between EIN2 and PIF4/PIF5 in dark-induced senescence. (A) Delayed leaf senescence phenotype of the ein2 pif4 pif5 triple mutant. Leaves in the 5th to 9th positions from the top of 4-week-old plants were incubated in the dark for 14 days. (B) Changes in chlorophyll content (SPAD value) over time in the ein2 pif4 pif5 triple mutant during dark incubation. Detached 7th position leaves were used for the analysis. Data for the same day after the start of dark incubation were statistically compared using Tukey’s multiple comparison method (p < 0.05). Bars indicate standard errors (n = 3).




DISCUSSION


The Phytochrome-PIF-Ethylene Cascade Is the Major Pathway Regulating Dark-Induced Senescence

There could be two main factors that induce dark-induced leaf senescence. The first is the inactivation of photoreceptors by light depletion. Analyses of phytochrome b (phyb) and pif mutants have suggested that it is the major cause of dark-induced leaf senescence (Sakuraba et al., 2014; Song et al., 2014; Zhang et al., 2015). The second is the starvation of energy (sugar) caused by a repression of photosynthesis. This study suggests that this may contribute minimally to the promotion of dark-induced senescence. Meanwhile, in natural leaf senescence, defects in sugar signaling delays, whilst sugar application promotes, leaf senescence during natural senescence (Moore et al., 2003; Pourtau et al., 2006). Taken together, this suggests that sugar starvation does not promote leaf senescence in dark-induced senescence and sugar accumulation promotes leaf senescence in natural senescence.

While a number of phytohormones are known to be involved in the regulation of leaf senescence, the degree of contribution of each phytohormone varies. The observations indicating that ABA accumulates during dark-induced leaf senescence (Yang et al., 2014), and that the addition of ABA and overexpression of the ABA receptors PYL8 and PYL9 promote leaf senescence (Lee et al., 2015; Takasaki et al., 2015; Zhao et al., 2016) suggest that ABA is involved in dark-induced leaf senescence. In this study, the core ABA-signaling mutant srk2d/e/i, which showed ABA insensitivity in ABA-induced senescence, exhibited a delay of dark-induced senescence, confirming that ABA is involved in dark-induced senescence. However, the strength of repression of leaf senescence in srk2d/e/i is apparently weaker than that of ein2-5. Woo et al. (2001) and Ueda and Kusaba (2015) demonstrated that strigolactone synthesis and signaling mutants exhibit delayed senescence phenotypes, but the degree is also smaller than that of ein2-5. These observations suggest that ethylene is the central phytohormone regulating leaf senescence during dark incubation.

In this study, we also analyzed the genetic interaction of PIF4/PIF5 and ethylene signaling. The ein2 pif4 pif5 triple mutant showed a stronger delayed leaf-senescence phenotype than ein2, suggesting that PIF4/PIF5 could promote leaf senescence independent of ethylene signaling although ethylene is the major regulating factor of dark-induced senescence. In fact, it is known that PIF5 directly regulates expression of the senescence regulating transcription factor gene ORE1 and chlorophyll-degrading enzyme genes such as SGR and NYC1 (Sakuraba et al., 2014; Song et al., 2014; Zhang et al., 2015).

Meanwhile, ein2 pif4 pif5 showed a stronger delayed senescence phenotype than pif4 pif5, suggesting that ethylene signaling could be activated by another signaling pathway instead of PIF4/PIF5 in dark-induced senescence. It is possible that another member of the PIF family or non-red light regulates ethylene signaling in dark-induced senescence. For example, the blue-light receptor cryptochrome (CRY) and its downstream transcription factor cryptochrome-interacting basic-helix-loop-helix (CIB) are reportedly involved in leaf senescence in soybean (Meng et al., 2013). Although the effect of blue light on dark-induced senescence was not directly examined in the study, this could be an interesting potential avenue of research in A. thaliana.



Crosstalk Between ABA and Ethylene in Dark-Induced Senescence

ein2-5 and ein3 eil1 are hyposensitive to ABA in leaf senescence, suggesting that ABA promotes leaf senescence through ethylene signaling. However, leaf senescence induced by ABA progressed in ein2-5 to some extent, suggesting the presence of an ethylene-independent pathway. pif4 pif5 did not show hyposensitivity to ABA in leaf senescence, suggesting that ABA does not promote leaf senescence through the function of PIF4 and PIF5. PIF4 and PIF5 may act upstream of ABA in leaf senescence as previously suggested by Sakuraba et al. (2014). Thus, ABA promotes dark-induced senescence in concert with ethylene, though it has less impact on dark-induced senescence than ethylene. Furthermore, the senescence-induced NAC transcription factor AtNAP promotes ABA synthesis via regulation of the expression of ABSCISIC ALDEHYDE OXIDASE3 (AAO3), suggesting a complex regulation of ABA signaling during dark-induced senescence (Yang et al., 2014).



Roles of Senescence-Induced Senescence Regulators

Genes induced during senescence are called senescence-associated genes (SAGs) (Weaver et al., 1998). SAGs can be classified into two classes, SIEs and SIRs. SIEs include chlorophyll degradation enzymes such as SGR and NYC1 and proteases such as SAG12, which directly cause senescence syndromes. SIRs include NAC transcription factors such as ORE1, AtNAP and WRKY transcription factors such as WRKY53. SIRs are induced along with the progression of leaf senescence and regulate the progression of leaf senescence. Strigolactone synthesis enzyme genes MAX3 and MAX4 (Ueda and Kusaba, 2015), ethylene synthesis genes encoding 1-aminocyclopropane-1-carboxylic acid synthase (ACS) (Qiu et al., 2015), and ABA synthesis genes AAO3 (Yang et al., 2014) might be included in the SIRs group, in the context that they could regulate leaf senescence.

Among transcription factors that regulate leaf senescence, PIF4 and PIF5 are not included in the SIRs as the stabilization of PIF4 and PIF5 proteins is due to deprivation of light and is not associated with senescence. Genes involved in shade avoidance are known to be under the control of negative feedback regulation to avoid excess signaling (Roig-Villanova et al., 2007; Hornitschek et al., 2009). We revealed that the expression of the shade avoidance genes HFR1, PIL1, and AtHB2, which are directly regulated by PIF5, was upregulated at 1 DAT, but downregulated at 2 DAT and later on during dark incubation. This observation suggests that the expression of these genes is also under the control of negative feedback, which is mediated by hetero-dimerization between PIF5 and HFR1, in the detached leaves during dark incubation. This means that the transcription activation activity of PIF4/PIF5 is limited at 1–2 DAT during dark incubation. In contrast, the expression of senescence-inducible genes SGR1 and ORE1, that are also direct targets of PIF4/PIF5, continues to increase at 2 DAT and later, which appears to inconsistent the expression pattern of HFR1, PIL1 and AtHB2.

This contradiction might be explained by the hypothesis that, in addition to PIF4 and PIF5, another factor(s) regulates the expression of SGR1 and ORE1. The stabilized PIF4 and PIF5 enhance the transcription of PIL1, AtHB2, and HFR1 and SGR1 and ORE1 in the early stage of dark-induced senescence. In the later stage, transcriptional activity of PIF4 and PIF5 are downregulated by the negative feedback regulation and consequently, PIL1, AtHB2, and HFR1 are downregulated. On the contrary, expression of SGR1 and ORE1 might be further upregulated by other transcription factors, possibly SIR transcription factors. The observation that SGR1 and ORE1 were induced, albite slightly, on the first day of dark incubation is consistent with the notion that PIF4 and PIF5 regulate these genes in the early stage.

Liebsch and Keech (2016) present a feedforward loop model of dark-induced senescence. They hypothesize that PIFs play a major role in initial light deprivation, that EIN3 in addition to PIFs enhances the expression of senescence-related genes in “prolonged light deprivation,” and that ORE1 further promotes senescence in “persistent darkness.” Our observations are largely consistent with their hypothesis. PIF4 and PIF5 stabilized by dark incubation induce the expression of SIR transcription factors and some SIEs in the early stage of dark-induced senescence. In the later stages, SIR transcription factors may mainly function in promotion of leaf senescence.

The majority of SIRs represented by ORE1 and AtNAP are positive regulators of leaf senescence. However, some SIRs such as VNI2 and JUB1 are negative regulators of leaf senescence that are induced during the senescence (Yang et al., 2011; Wu et al., 2012). Although each SIR has a specific function, leaf senescence may be regulated by “total activity” of SIRs to enhance SIE function and cause senescence syndrome. Such total activity of SIRs could be referred to as senescence signaling (Ueda and Kusaba, 2015).



A System Eliminating External Noises That Induce Accidental Leaf Senescence

Leaf senescence can act as a suicide signal, and therefore must be strictly regulated in plants. Plants are exposed daily to external noises that could induce senescence, such as subtle stresses that induce ethylene production and diurnal short-period dark conditions. Such noises must be eliminated to avoid unnecessary premature senescence and plant death. In addition, leaf senescence should progress slowly enough for the plant to salvage nutrients from senescing leaves. Such conditions may be achieved via a multi-step activation system. Figure 5 shows a model of the signal transduction pathway of dark-induced senescence. Dark-stabilized PIFs may mainly function in the early stage of dark-induced senescence. PIFs upregulate SIRs mainly through the function of several phytohormones. SIRs may promote leaf senescence through the induction of SIEs. The initial input of senescence-inducing stimuli may not work effectively, which eliminates external noises, while continuous input leads to the activation of SIRs and the steady progress of leaf senescence. Inhibitory SIRs such as VNI2 may also play a role in its fine tuning. Thus, the multi-step activation system may provide both a kind of robustness for growth and efficient nutrient salvage when required.


[image: image]

FIGURE 5. A proposed signal transduction pathway of dark-induced senescence. Dark-induced senescence is mainly regulated by the red light pathway involving phyB and PIF4/PIF5. PIF4 and PIF5 regulate ethylene synthesis and signaling to progress leaf senescence in addition to ABA signaling. ABA mainly promotes leaf senescence via ethylene signaling. PIF4 and PIF5 also directly regulate senescence-induced senescence regulators (SIRs) including the NAC transcription factor ORE1, and senescence-induced senescence executors (SIEs) such as Chla-degrading enzyme SGR1, at the early stage of leaf senescence. At later stages, SIRs enhance their own expression and activity through a positive feedback regulation, which elevates SIE expression and reinforce leaf senescence (senescence syndrome). Furthermore, blue light is thought to repress dark-induced senescence through cryptochrome (CRY) and cryptochrome-interacting basic-helix-loop-helix (CIB).
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PWR/HDA9/ABI4 Complex Epigenetically Regulates ABA Dependent Drought Stress Tolerance in Arabidopsis
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Drought stress adversely affects plant growth and development and significantly reduces crop productivity and yields. The phytohormone abscisic acid (ABA) rapidly accumulates in response to drought stress and mediates the expression of stress-responsive genes that help the plant to survive dehydration. The protein Powerdress (PWR), which interacts with Histone Deacetylase 9 (HDA9), has been identified as a critical component regulating plant growth and development, flowering time, floral determinacy, and leaf senescence. However, the role and function of PWR and HDA9 in abiotic stress response had remained elusive. Here we report that a complex of PWR and HDA9 interacts with ABI4 and epigenetically regulates drought signaling in plants. T-DNA insertion mutants of PWR and HDA9 are insensitive to ABA and hypersensitive to dehydration. Furthermore, the expression of ABA-responsive genes (RD29A, RD29B, and COR15A) is also downregulated in pwr and hda9 mutants. Yeast two-hybrid assays showed that PWR and HDA9 interact with ABI4. Transcript levels of genes that are normally repressed by ABI4, such as CYP707A1, AOX1a and ACS4, are increased in pwr. More importantly, during dehydration stress, PWR and HDA9 regulate the acetylation status of the CYP707A1, which encodes a major enzyme of ABA catabolism. Taken together, our results indicate that PWR, in association with HDA9 and ABI4, regulates the chromatin modification of genes responsible for regulation of both the ABA-signaling and ABA-catabolism pathways in response to ABA and drought stress.

Keywords: Arabidopsis thaliana, epigenetic regulation, powerdress (PWR), HDA9, ABI4, chromatin remodeling, deacetylation, drought stress


INTRODUCTION

During their life cycles, plants are continuously exposed to environmental challenges including light, heat, cold, flooding, high salinity, and drought stress. Among them, drought stress results in considerable damage to plant growth, and more than 40% of crop production is lost to drought (Guy et al., 1985; May et al., 1998; Hasegawa et al., 2000). Upon exposure to drought stress, plants initiate the expression of resistance genes and subsequent activation of signaling pathways. Plants have developed complex molecular and signaling mechanisms to adapt to water deficit condition. They respond to drought stress either through osmotic adjustment and regulation of ion homeostasis or by controlling the damage repair system and the detoxification and removal of reactive oxygen species (ROS) (Shinozaki and Yamaguchi-Shinozaki, 2000; Zhu, 2002). The phytohormone abscisic acid (ABA) plays a crucial role in plant physiological processes, regulating many aspects of plant growth and development including seed dormancy, seed maturation, and seedling growth. ABA is also required for drought stress tolerance, which regulates stomatal movement during drought stress and helps plants tolerate extreme water-deficient conditions (Finkelstein and Lynch, 2000; Lopez-Molina et al., 2001). However, the molecular and biochemical mechanism of these signaling pathways are not yet fully understood.

The mechanisms of chromatin modification and the constitution of chromatin complexes regulating gene expression are highly conserved in plants, mammals and yeast (Henderson and Jacobsen, 2007). Chromatin structure and its modification form the basic mechanism of genetic and epigenetic regulation of stress-related gene expression (Horn and Peterson, 2002). Histone acetylation is one of the most important features of chromatin remodeling, which removes positive charges by adding an acetyl group to the lysine residues of histone proteins, thereby reducing the histone–DNA affinity and resulting in chromatin decondensation and active transcription (Bannister and Kouzarides, 2011). Histone acetylation levels are dynamically regulated through the combined actions of histone acetyltransferases (HATs) and histone deacetylases (HDACs). HDACs are enzymes conserved in the eukaryotes that function in biological processes including transcription, genome stability, development and in biotic and abiotic stress responses (Haberland et al., 2009; Seto and Yoshida, 2014; Bosch-Presegué and Vaquero, 2015).

Human NCOR1 is a homolog of the Arabidopsis protein powerdress (PWR), which is involved in the floral determinacy network (Yumul et al., 2013). The gene encoding PWR was named Powerdress because of the appearance of the single mutant, which has bulged carpel tips reminiscent of excessively padded suit or dress shoulders. PWR has two conserved SWI3/DAD2/N-CoR/TFIII-B (SANT) domains that together function as a histone-interaction module that couples histone tail binding to enzyme catalysis for the remodeling of nucleosomes. PWR interacts with REDUCED Potassium Dependency Protein 3 (RPD3), a class-1-type Histone Deacetylase 9 (HDA9) and mediates Histone 3 (H3) deacetylation. The complex of PWR–HDA9 also regulates flowering time in Arabidopsis by repressing Agamous-Like 19 (AGL19) transcription (Kim et al., 2016).

HDA9 requires PWR for its nuclear transport and binding to the promoter region of key negative regulator genes involved in leaf senescence (Yumul et al., 2013; Chen et al., 2016). HDA9 interacts with PWR and WRKY53 to regulate leaf aging, and hda9 and pwr loss-of-function mutants exhibit late senescence phenotype (Chen et al., 2016). Furthermore, ABA promotes leaf senescence and loss of function of its receptors PYL8 and PYL9, resulting in delayed leaf senescence (Zhao et al., 2015). To date, approximately 18 Arabidopsis histone deacetylases (HDACs) have been identified. These are divided into three main types. Twelve belong to the reduced Potassium Dependency Protein 3/HDA1 Histone Deacetylase 1 (RPD3) superfamily and are named as HDAs; two are in the histone deacetylase 2 (HD2) family and are named HDTs; and two belong to the silent information regulator protein 2 (SIR2) family and are named SRTs (Pandey et al., 2002; Hollender and Liu, 2008). RPD3-type class 1 HDA6 and HDA19 are involved in the regulation of seed germination, ABA response, salt stress and other abiotic stresses. Unlike hda6 and hda19 mutants, mutants of HDA9 (hda9-1 and hda9-2) are insensitive to ABA and to salt stress during seed germination and root growth (van Zanten et al., 2014; Kang et al., 2015).

Plant endogenous ABA concentration is determined by the rate of ABA metabolism (i.e., biosynthesis, and catabolism). The molecular mechanisms of ABA signaling, biosynthesis, and catabolism have been characterized using genetic and biochemical approaches (Nambara, 2005). Arabidopsis contains several NCED family genes, including AtNCED3, which plays the central role in ABA biosynthesis in response to drought stress (Iuchi et al., 2001). The transcript level of AtNCED3 rapidly increases in response to drought stress, while a nced3 mutant carrying a T-DNA insertion is defective in accumulation of endogenous ABA under drought stress and impaired in drought stress tolerance. For ABA catabolism, at least two crucial pathways have been characterized: the oxidative pathway and the sugar-conjugation pathway (Nambara, 2005). The oxidative pathway is stimulated by CYP707A-induced hydroxylation of ABA C-80 to phaseic acid (Kushiro et al., 2004; Saito et al., 2004). The four Arabidopsis CYP707A-family genes encoding ABA 8′-hydroxylases are induced by exogenous ABA, as well as by dehydration and other abiotic stresses (Kushiro et al., 2004; Saito et al., 2004). By contrast, CYP707A2 transcripts predominantly accumulate in dry seeds, and the gene is immediately upregulated after seed imbibition. The cyp707a2 mutant maintains a high level of ABA and exhibits enhanced seed dormancy as compared to the wild type (WT) (Kushiro et al., 2004). These reports indicate that CYP707A2 is a component in ABA catabolism during seed germination and regulation of seed dormancy. However, the physiological role of other CYP707A genes remained unclear.

The interaction and binding of ABA with PYL/PYR1/RCAR receptors results in the deactivation of protein phosphatase type-2C (PP2C) proteins (ABI1, ABI2, HAB1 and HAB2), thereby releasing SNF1-related protein kinase (SnRK2) kinases. The ABA-mediated disassociation of PP2C from SnRK2s leads to autophosphorylation and subsequently to transphosphorylation, activation of the downstream targets (such as ABI3, ABI4, and ABI5) and ultimately regulation of downstream signaling pathways (Fujii et al., 2009; Umezawa et al., 2009; Antoni et al., 2012). ABI4 is an important transcription factor that was initially identified as a member of the AP2/ERF family and that binds to ABA-responsive cis-regulatory elements (CREs), ABRE and regulates the expression of genes in response to abiotic stresses (Mizoi et al., 2012). ABI4 is also a versatile activator and a repressor of several genes. Beside inducing the expression of genes involved in seed dormancy, ABA signaling, salt stress and floral transition (Söderman et al., 2000; Nakabayashi et al., 2005; Koussevitzky et al., 2007; Bossi et al., 2009; Giraud et al., 2009; Reeves et al., 2011; Shu et al., 2018), ABI4 also represses the expression of genes involved in ABA catabolism (CYP707A genes), ethylene biosynthesis (ACS genes) and retrograde signaling (AOX1a), genes encoding Arabidopsis response regulators (ARRs) (Huang et al., 2017), as well as genes involved in fatty acid biosynthesis, photosynthesis, pigment and wax metabolic processes (Shu et al., 2013; Dong et al., 2016), by directly binding to their promoters.

PWR also interacts with HOS15 (HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 15), a homolog of human transducin-β-like protein 1 (TBL1). HOS15 contains a LisH and a WD40-repeat domain and is involved in histone modification and deacetylation during abiotic stresses. Furthermore, HOS15 also interacts with HISTONE DEACETYLASE 9 (HDA9), as determined by affinity purification of HOS15-interacting proteins (Park et al., 2018). Loss-of-function hos15-2 mutant plants are hypersensitive to ABA during germination and extremely tolerant to drought stress, indicating the importance of HOS15 as a negative regulator (Ali et al., 2019). On the other hand, the function of PWR in abiotic stresses is largely unknown.

Here we report that T-DNA insertion mutants of PWR (pwr-2 and pwr-3) are ABA insensitive and display drought-sensitive phenotypes. Using yeast two-hybrid screening, we observed that both PWR and HDA9 interact with ABI4 along with ABI3. The expression of ABA-responsive genes is downregulated in pwr and hda9 mutants. Transcript levels of genes that are normally repressed by ABI4, such as CYP707A genes, AOX1a and ACS4, are upregulated in the pwr and hda9 mutants. Moreover, in response to drought stress, PWR and HDA9 regulate acetylation at the promoter of CYP707A1, which encodes the major enzyme of ABA catabolism. Taking these results together, we conclude that PWR in association with HDA9 and ABI4 regulates the chromatin modification of genes responsible for ABA catabolism in response to drought stress.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Plants from the Arabidopsis thaliana ecotype Columbia-0 (Col-0) background were used in this study. Seeds of the WT and mutants were surface sterilized in a solution containing 3% sodium hypochlorite solution (Yakuri Pure Chemicals, Kyoto, Japan) for 5 min and then rinsed five times with sterilized water. After stratification for 3 day at 4°C in the dark, the plants were grown on half-strength Murashige and Skoog (1/2 MS) medium or soil at 23°C under a 16-h light/8-h dark condition. The T-DNA insertion mutant pwr-2 (SALK_0718811C) seeds were obtained from ABRC stock center and previously described by Yumul et al. (2013) and the mutant pwr-3 (SALK_006823), was also obtained from ABRC stock center. The T-DNA insertions in these plants were confirmed by genotyping PCR. The hda9-1 (Gk_305G03) and hda9-2 (SALK_007123) mutants were obtained from NASC1 and ABRC2, respectively (Alonso et al., 2003; Rosso et al., 2003; Kang et al., 2015). The pwr-2/hda9-1 double-mutant plants were created by crossing.



RNA Extraction and Quantitative PCR Analysis

Total RNAs (2 μg) from plants (harvested at the time points described in the text for each experiment) were extracted with the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), treated with DNase I (Sigma, St. Louis, MO, United States) and used to synthesize first-strand cDNA using the ThermoscriptTM RT-PCR System (Invitrogen, Carlsbad, CA, United States). Quantitative RT-PCR (qRT-PCR) was performed using SYBR Green PCR Master Mix kit (Bio-Rad SYBR Green Supermix, Hercules, CA, United States) according to the manufacturer’s instructions with the CFX96 or CFX384 Realtime PCR detection system (Bio-Rad, CA, United States). The relative expression levels were calculated using the comparative cycle threshold (2–ΔΔCT) method. The sequences of the primers used in qRT-PCR are listed in Supplementary Table S1.



Physiological and Phenotype Assay

For ABA germination assays, seeds were grown on 1/2 MS medium containing 1.5% sucrose and different concentrations of ABA (Sigma, St. Louis, MO, United States). Successful germination in the presence of ABA was determined by germination rate and the presence of green cotyledons at the indicated concentrations. For drought test, 3-week-old plants were subjected to drought stress by withholding water for 14 day while control plants were watered as before. The drought-stressed plants were then re-watered, and their recovery was monitored. Three experimental repeats were carried out, each involving at least 36 plants from each category.



Plasmid Constructions

The full-length PWR, HDA9 and ABI4 coding sequences were amplified with the primers listed in Supplementary Table S1 to generate the entry vector [PWR, HDA9, ABI4 with or without stop codons in the pDONRTM/Zeo vector (Invitrogen, Carlsbad, CA, United States)]. pDONRTM/Zeo-HDA9 and pDONRTM/Zeo-ABI4 were fused into the pGWB14 destination vectors by in vitro recombination using Gateway BP and LR reaction kits (Invitrogen, Carlsbad, CA, United States) to generate HDA9-3xHA. ABI4 was cloned into the pK7WGF destination vector to construct GFP-ABI4. The specific primer sequences are provided in Supplementary Table S1.



Yeast Two-Hybrid Assay

For yeast two-hybrid experiments, pDONRTM/Zeo-PWR and pDONRTM/Zeo-HDA9 were fused into the yeast two-hybrid destination vector pDEST22 (harboring the activation domain) and pDONRTM/Zeo-ABI4 was fused into the destination vector pDEST32 (harboring the DNA binding domain) to generate the construct vectors pDEST22-PWR, pDEST22-HDA9, and pDEST32-ABI4, respectively. These plasmids were transformed into the Saccharomyces cerevisiae strain PJ-694-A. Individual colonies of transformants were streaked on agar plates containing synthetic complete (SC) medium lacking tryptophan and leucine, and then grown for 48 h. The interaction of PWR, HDA9, and ABI4 was tested on plates containing medium without histidine and further tested in growth medium containing 3-amino-1,2,4-triazole (3-AT). Empty vector was used as a negative control, while the combination of pDEST22-SOS2 and pDEST32-SOS3 was used as positive control.



Nuclear-Cytoplasmic Fractionation Assay

Nuclear proteins were extracted from 2-week-old seedlings treated with dehydration stress for indicated time point by CELLYTPN1 CelLytic PN Isolation/Extraction Kit (Sigma-Aldrich), crude preparation. Anti-H3 (Abcam) and anti-AcH3 (Millipore) antibodies and antigen proteins were visualized by chemiluminescence using ECL detecting reagent (Bio-Rad).



Co-Immunoprecipitation Assay

For co-immunoprecipitation assays, 35S:ABI4-GFP and 35S:HDA9-HA expression cassettes were co-infiltrated into leaves of N. benthamiana, and after 3 day of incubation, total protein was extracted from the leaves, pulled down with α-GFP, and immunoblotted with α-HA. Each immunoblot was incubated with the appropriate primary antibody (α-HA antibody, 1:2000; α-GFP antibody) for 2 h at room temperature or overnight at 4°C. The membranes were developed using peroxidase-conjugated secondary antibody: 1:2000 for α-rabbit antibody (GE, Little Chalfont, Buckinghamshire, United Kingdom) and 1:1000 for α-rat IgG (Sigma, St. Louis, MO, United States).



Chromatin Immunoprecipitation (ChIP) Assay

ChIP assays were carried out following an established method as previously described (Saleh et al., 2008). Two-week-old control and dehydration-treated Arabidopsis plants were treated with 1% formaldehyde for 15 min to fix the chromatin structure and this cross-linking reaction was subsequently stopped by treatment with 0.1 M glycine for 5 min. The DNA-fixed plant tissues were ground with liquid nitrogen and washed with water and then the nuclei were isolated. Nuclear proteins were extracted and sonicated with a Bioruptor (BMS) to fragment the chromosomal DNA. Immunoprecipitation was performed using an antibody to total anti-acetylated H3 (Millipore), with salmon sperm DNA and protein A agarose (upstate Biotechnology).



Measurement of Stomatal Aperture

Leaves of 12-day-old seedlings were floated on stomatal opening buffer (5 mM 2-(N-morpholino) ethanesulfonic acid [MES], 5 mM KCl, 50 mM CaCl2 [pH 5.6]) under light for 3 h. After 5 μM ABA treatment for 2 h, leaves were fragmented in a warning blender. Samples were rinsed with pure water three times for 10 min each. Washed samples were incubated over–night in the secondary fixative solution, 2% OsO4, in the dark at 4C. After fixation, OsO4 was removed by washing the samples three times for 10 min each. The samples were then dehydrated chemically for embedding in a series of EtOH solutions: 20, 50, 70, 90%, and finally 100% EtOH sequentially for 40 min each. Epidermal fragments were quickly mounted for scanning electron microscopy (SEM) (JSM-6380LV; JEOL, Eching, Munchen, Germany) assay. At least 10 stomata from three different plants of each genotype were used to measure the stomatal aperture with three biological repeats. Each experiment was replicated three times.



RESULTS


Mutations in PWR Reduces ABA Responsiveness in Arabidopsis

Powerdress regulates plant growth and developmental processes (Yumul et al., 2013; Chen et al., 2016; Kim et al., 2016); however, we were interested in assessing its involvement in abiotic stresses. Therefore, to investigate PWR possible involvement in ABA signaling, we tested the physiological response of pwr-2 and pwr-3 to exogenously applied ABA. We germinated seeds of WT (Col-0), pwr-2 and pwr-3 lines, as well as the loss-of-function abi2-2 mutant (which is hypersensitive to ABA) as an experimental control, on Murashige and Skoog (MS) medium containing ABA. In the presence of ABA, pwr-2 and pwr-3 seedlings exhibited greater germination than WT seedlings, and abi2-2 seedlings showed even poorer germination and cotyledon greening (Figures 1A–C). After exposure to 0.5 μM ABA for 7 days, the percentages of green cotyledons for pwr-2 and pwr-3 were 62 and 52–55% respectively, compared with 27–30% for WT and 10–15% for abi2-2 while, percentages of green cotyledons for pwr-2 and pwr-3 were 53 and 49% respectively as compared to 25% of WT on 0.8 μM ABA (Figure 1B). Since PWR loss-of-function mutants displayed ABA-insensitive phenotypes, it seemed likely that PWR might play a role in regulating plant response to drought. To test this hypothesis, we exposed 3-week-old WT, abi2-2, pwr-2, and pwr-3 plants to 14 days of drought stress. Plants were re-watered after the drought period and their survival rates recorded 2 days after re-watering. The WT and abi2-2 plants survived the dehydration stress at rates of 80% and 100%, respectively (Supplementary Figure S1A). By contrast, pwr-2 and pwr-3 mutants were unable to tolerate water-deficient condition and survived at rates of only 10 and 15%, respectively (Supplementary Figure S1B). Furthermore, pwr mutants showed impaired stomatal closure in leaf epidermal fragments after treatment with exogenous ABA (Figures 1D,E), indicating that the drought sensitivity of pwr mutants is correlated with reduced stomatal closure. Taken together these results indicating that PWR plays a central role in plant sensitivity to ABA in seed germination and confers tolerance of drought.
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FIGURE 1. pwr mutants are insensitive to ABA. (A) WT, abi2-2, pwr-2, and pwr-3 Arabidopsis seeds were germinated on 1/2 MS medium supplemented with 0.5 μM and 0.8 μM ABA (or without ABA for controls). Photographs were taken 7 day after germination. (B) The numbers of green cotyledons from each line were counted after 7 day. Mean ±SD values were determined from three replicates (n = 144). Significant difference was determined by Student t-test (∗p < 0.01). (C) Germination rates of indicated genotypes from (A). Mean ±SD values were determined from three replicates (n = 144). Significant difference was determined by Student t-test (∗p < 0.01). (D) pwr mutation impairs ABA-induced stomatal closure. Seedlings of WT (Col-0) and pwr mutants were exposed to 2-h ABA (5 μM) treatment. Epidermal peels from WT, pwr-2, and pwr-3 were measured for stomatal aperture in control condition and in response to ABA (arrows indicate stomata). (E) Quantitative analysis of (D) using Image J 1.47V software. At least 10 stomata from three different plants of each genotype were used to measure stomatal aperture. Error bars represent SE. Significant difference was determined by a Student’s t-test (∗p < 0.01).




PWR and HDA9 Work Together in the Same Pathway

As previously described, HDA9 represses the seedling trait and negatively regulates salt and drought stress tolerance; in addition, HDA9 requires PWR for its nuclear transport and promoter association. Furthermore, PWR and HDA9 also regulate flowering through repression of AGL19 (van Zanten et al., 2014; Kang et al., 2015; Kim et al., 2016; Zheng et al., 2016). In this context, we were interested in investigating whether PWR and HDA9 also work together in response to the phytohormone ABA. We therefore tested the physiological response of PWR and HDA9 mutants to exogenous ABA. Compared to WT, pwr, hda9, and pwr/hda9 double-mutant seedlings were relatively insensitive to exogenous ABA (Figure 2A). In the presence of 0.8 and 0.5 μM ABA (in Supplementary Figure S2), the percentages of green cotyledons for pwr-2, pwr-3, hda9-1, hda9-2, and pwr-2/hda9-1 were approximately 83, 85, 82, 84, and 85%, respectively, compared with 55% for WT, 35% for abi2-2 and 98% for abi4-1 (Figure 2B and Supplementary Figure S2). To test root growth phenotypes in the presence of ABA, we transferred 4-days-old seedlings of WT (Col-0), abi2-2, pwr2, pwr-3, hda9-1, hda9-2, and pwr-2/hda9-1 Arabidopsis to MS medium containing 30 μM ABA and allowed them to grow for a further 10 days. Compared to that of the WT, the root growth of single and double mutants of PWR and HDA9 was insensitive to ABA (Figure 2C). The relative reductions in root length were 37.5–43.3% for pwr, 42.8–45.7% for hda9 and 39.4% for the pwr-2/hda9-1 double mutant, as compared to 70 and 85%, respectively, for WT and abi2-2 (Figure 2D). Consistent with phenotypes, the induction of ABA-responsive genes, including RD29A, RD29B, and COR15A, upon ABA was lower in pwr-2, hda9-1 and pwr-2/hda9-1 than in WT plants (Figure 2E). Moreover, we also tested the dehydration responses of PWR and HDA9 mutants by exposing 3-week-old plants to 14-days drought stress, re-watering them and then recording the survival rate 2 days later. As expected, like the pwr-2 and pwr-3 mutants, hda9 mutants were extremely sensitive to drought stress (Figure 3). Taken together, these results suggested that PWR and HDA9 work together and play a critical role in plant ABA response and drought tolerance.
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FIGURE 2. pwr and hda9 mutants are insensitive to ABA. (A) Seeds WT, abi2-2, pwr, hda9, and pwr/hda9 double mutant were germinated on 1/2 MS medium with 0.8 μM ABA. Photographs were taken 7 day after germination. (B) Numbers of green cotyledons were counted after 7 day. Mean ±SD values were determined from three replicates (n = 45). Significant difference was determined by Student t-test (∗p < 0.01). (C) Root growth phenotypes of WT, abi2-2, pwr-2, pwr-3, had9-1, hda9-2, and pwr-2/hda9-1. Photographs were taken 10 day after transfer of 4-day-old seedlings to MS medium with or without 30 μM ABA. (D) Quantification of primary root lengths of the seedling depicted in C. Error bars represent means ± SE of three replicates (n = 20 seedlings per replicate). Significant difference was determined by Student t-test (∗p < 0.01). (E) Expression of three ABA-responsive stress-related genes (RD29A, RD29B, and COR15A) in WT, pwr-2, hda9-1, and pwr-2/hda9-1 Arabidopsis during ABA stress was analyzed by qRT-PCR. The imbibed seeds were germinated and grown on MS medium for 10 days, and then the seedlings were harvested and treated with 50 μM ABA to obtain cDNA for qRT-PCR. Samples were collected at the indicated time points: 0 h (no treatment) and 6 h. Total RNAs were extracted from those seedlings, and RT-qPCR analysis was performed. TUB4 was used as internal control. Error bars show SD.
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FIGURE 3. pwr and hda9 mutant plants are drought sensitive. (A) 3-week-old plants of genotypes WT, abi4-1, pwr, hda9 single, and pwr/hda9 double mutants exposed to drought assay by withholding water for 14 days and subsequently rewatered the plants after drought period. Photographs were taken 2 days after rewatering. (B) Survival rate (percentage) of genotypes shown in (A). Results are means of three independent biological repeats. Significant difference was determined by Student t-test (∗∗p < 0.001).




PWR and HDA9 Physically Interact With ABI4

Arabidopsis HDA9 regulates several aspects of biological processes such as seed dormancy and maturation, flowering time, and stress responses. Moreover, previous reports have shown that developmental and stress-related genes are hyperacetylated and upregulated in hda9 mutant. The direct interaction between PWR and HDA9 and the similar type of molecular and morphological defects in pwr and hda9 mutants strongly suggest that PWR and HDA9 are working together in same complex (Kim et al., 2013; van Zanten et al., 2014; Kang et al., 2015; Lee et al., 2016; Zheng et al., 2016). To investigate the interaction of proteins with PWR and HDA9 that are involve in seed germination and response to drought stress, we carried out yeast two-hybrid screening of ABA- and drought-stress-responsive transcription factors, and we observed that PWR and HDA9 specifically interact with ABI3 and ABI4 (Figure 4A and Supplementary Figure S3). To validate the interaction between ABI4 and the HDA9-PWR complex, we performed a co-immunoprecipitation assay using Nicotiana benthamiana leaves transiently expressing 35S:HDA9-HA and 35S:ABI4-GFP. ABI4-GFP successfully pulled down HDA9-HA, indicating that ABI4 forms a complex with HDA9 and PWR (Figure 4B).
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FIGURE 4. PWR and HDA9 physically interact with ABI4. (A) Screening of PWR and HDA9 with ABA transcription factors using yeast two-hybrid assay. BD, pDEST32 (bait plasmid); AD, pDEST22 (prey plasmid). The co-transformed yeast strains were plated on the control −TL medium and selective −TLH + 3-AT medium. The combinations with empty plasmid were used as negative controls and SOS2-AD/SOS3-BD was used as positive control. (B) Co-immunoprecipitation assay between HDA9 and ABI4. Protein extracts obtained from N. benthamiana leaves infiltrated with Agrobacterium tumefaciens harboring 35S:HDA9-HA and 35S:ABI4-GFP were analyzed using anti-GFP and anti-HA antibodies. Protein extracts (input) were immunoprecipitated (IP) with anti-GFP. Immunoblots were analyzed with anti-GFP and anti-HA to detect interaction between HDA9 and ABI4.




Genes Repressed by ABI4 Are Upregulated in pwr Mutants During Dehydration

ABI4 is identified as a member of the AP2/ERF superfamily that binds specifically to ABRE elements and regulates abiotic-stress-related gene expression (Mizoi et al., 2012). ABI4 plays dual function in regulating gene expression, serving both as an activator and as a repressor (Söderman et al., 2000; Nakabayashi et al., 2005; Koussevitzky et al., 2007; Bossi et al., 2009; Giraud et al., 2009; Reeves et al., 2011; Shu et al., 2018). To identify the transcriptional regulatory function of PWR in drought stress response, we monitored the expression of genes repressed by ABI4 in pwr mutants treated with different time point of dehydration stress. Surprisingly, the expression of ABA hydroxylase gene CYCP707A1 was upregulated in pwr-2 and pwr-3 mutants as compared with WT (Figure 5), although the expression of other CYCP707A genes were unchanged. Similarly, the expression of other ABI4 target genes such AOX1a (a retrograde signaling gene) and ACS4 (an ethylene biosynthesis genes) in pwr-2 and pwr-3 in response to dehydration stress was also high (Figure 5). These results indicated that ABI4 alone is not enough to suppress these genes and that ABI4 requires the PWR and HDA9 repressor complex to target different genes in regulating plant stress tolerance.
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FIGURE 5. PWR negatively regulates ABI4-responsible genes. The relative expression of ABA hydroxylase genes analyzed by qRT-PCR. 10-day-old seedlings of WT, pwr-2, and pwr-3 were dehydrated at room temperature for indicated time point. Total RNAs were extracted from those seedlings, and RT-qPCR was performed to analyze the abundance of CYP707A1, CYP707A2, CYP707A3, ACS4, and AOX1a expression. Expression levels were normalized to that of TUB4. Normalized expression is shown as mean ± standard deviation (SD). The experiment was repeated three times.




PWR and HDA9 Regulate Acetylation Level at CYP707A1 Promoter Under Drought Stress

PWR and HDA9 together regulate the acetylation status of numerous genes, specifically at H3K9, H3K14, and H3K27. SANTb-domain proteins such as PWR preferentially bind to acetylated histone H3 but not H4. Moreover, it has been proposed that the SANTb domain of PWR defines the protein’s substrate specificity for binding to HDA9 (Kim et al., 2016). Therefore, we were interested to test the acetylation status of histone H3 in response to dehydration stress in pwr and hda9 mutants. Compare to that in WT, the total AcH3 levels in the pwr and hda9 single mutants as well as the pwr/hda9 double mutant were increased by drought stress (Figure 6A). Since the total acetylation level of AcH3 was increased in pwr and hda9 mutant, we assumed that the hyper-induction of CYP707A1 gene expression in the pwr mutant (Figure 5) was largely due to hyperacetylation of the CYP707A1 promoter. The transcript levels of all four CYP707A genes increase in response to ABA and to abiotic stresses, including dehydration (Kushiro et al., 2004; Saito et al., 2004). To determine whether the increase in CYP707A1 gene expression in pwr and hda9 upon dehydration is due to chromatin remodeling, we carried out chromatin immunoprecipitation (ChIP) assays to assess the AcH3 level of CYP707A1. The level of AcH3 at one region of the CYP707A1 promoter, P1 (Figure 6B), was higher in pwr mutant plants than in WT after 90-min dehydration stress, whereas we saw no differences at the P2 and P3 promoter regions (Supplementary Figures S4A,B). Interestingly, the level of AcH3 at the P1 region was also high in the hda9 mutant after dehydration (Figure 6B). However, we detected no difference in AcH3 levels in the CYP707A2 promoter during dehydration stress in the pwr mutant compared with the WT (Supplementary Figure S4C). Taken together, these results indicated that during drought stress, PWR and HDA9 repress the expression of CYP707A1 through histone deacetylation to allow ABA accumulation, and that the P1 region is important for the activation or repression of CYP707A1 during drought stress.
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FIGURE 6. (A) AcH3 level is increased during drought stress. Nuclear protein was isolated from 2 weeks-old Arabidopsis WT (Col-0), pwr-2, hda9-1, and pwr-2/hda9-1 seedlings after drought stress treatment for 0 or 90 min and then separated by SDS-PAGE. The anti-H3 band from a duplicate gel shows that similar amounts of proteins were loaded. (B) ChIP-qPCR assays of the CYP707A1 promoter using antibody to acetylated histone 3 (AcH3). Chromatin from 2-week-old WT Col-0, pwr-2 and hda9-1 mutant plants subjected to drought treatment for 0 or 90 min was immunoprecipitated with anti-AcH3, and the amount of DNA in the immune complex was determined by qRT-PCR. Error bars representing SE (n = 3 independent experiments). Significant difference was determined by Student t-test (∗p < 0.05, ∗∗p < 0.01).




DISCUSSION

Posttranslational protein/histone modifications such as acetylation, methylation, phosphorylation, and ubiquitination play pivotal roles in plant growth and development, genome integrity, and stress responses. Histone acetylation and deacetylation, mediated by histone acetyltransferases (HATs) or histone deacetylases (HDACs), are reversible processes that promote or repress gene expression (Struhl, 1998). The RPD3/HDA1-type class 1 HISTONE DEACETYLASE 9 (HDA9), among the 18 histone deacetylases (HDACs) identified in Arabidopsis, interacts directly with PWR, a homolog of the human protein NCOR1 (Pandey et al., 2002; Kim et al., 2016). PWR, which was initially identified as being involved in regulating floral determinacy network, contains two important SANT domains known as SANTa and SANTb, which are required for its interaction with HDA9 and mediation of HISTONE (H3) deacetylation. PWR and HDA9 regulate several processes in Arabidopsis, including regulating flowering time by repressing AGAMOUS-LIKE 19 (AGL19). PWR is known for its role in chromatin modification and regulation of developmental processes. Here, we have identified a previously unknown function of PWR regulating abiotic stresses.


Physiological Effect of PWR on ABA and Drought Stress Signaling

PWR regulates plant growth and development, flowering time and the floral determinacy network. Moreover, PWR interacts with HDA9 and regulates flowering time in Arabidopsis by repressing Agamous-Like 19 (AGL19) (Yumul et al., 2013; Kim et al., 2016). While HDA9 requires PWR for its nuclear transport and promoter association, and the HDA9-PWR-WRKY53 complex integrates and regulates multiple signaling pathways to mediate global gene expression responsible for leaf senescence (Chen et al., 2016). To explore the relationship between PWR and HDA9 during abiotic stress, we investigated the phenotypes of loss-of-function mutants of PWR (pwr-2 and pwr-3) in the presence of ABA. Since HDA9 positively regulates plant response to ABA and dehydration (van Zanten et al., 2014; Kang et al., 2015), we expected that PWR might also play a positive role in ABA signaling and dehydration stress. We observed that pwr-2 and pwr-3 mutants were less sensitive than WT (Col-0) to ABA and impaired stomatal closure in the presence of exogenous ABA (Figure 1). Loss of PWR resulted in ABA-associated phenotypes such as ABA insensitivity in seed germination and post-germinative growth (Figure 2 and Supplementary Figure S2) and enhanced water loss, ultimately leading to drought sensitivity (Figure 3). Taken together, these data suggest that unlike HDA9, PWR is a positive regulator of ABA signaling. As previously reported, the phytohormone ABA quickly accumulates in response to stresses and plays a pivotal role in plant survival (Xiong et al., 2002, Xiong and Zhu, 2003). ABA is also a key regulator in stomatal movement that regulates water loss (Luan, 2002; Zhu, 2002). Indeed, ABA-related genes were suppressed in both pwr and hda9 mutants (Figure 2E), indicating that PWR is a central regulator of ABA response. Since PWR and HDA9 physically interact and work together in the same complex (Kim et al., 2016), we tested the genetic interaction of PWR and HDA9. As expected, pwr, hda9, and pwr/hda9 double mutants displayed the same insensitivity toward exogenously applied ABA and hypersensitivity to drought stress (Figures 2, 3). HDA9 binds to the active genes and may either prevent promiscuous cryptic gene expression or compete with other HDACs for binding to the same site. Transcriptome and ChIP-seq analyses have shown that HDA9 also binds the PYL gene promoter (Chen et al., 2016). These results indicated that PWR and HDA9 might work with specific transcription factors to repress their target genes during seed germination and drought stress.



Powerdress and HDA9 Interact With ABI4 and Regulate Histone Acetylation During Drought Stress

HDA9 directly interacts with PWR, and the two proteins work together in the same repressor complex to regulate morphological and developmental processes in plants (Pandey et al., 2002; Kim et al., 2016). Given that the pwr and hda9 mutants were insensitive to ABA and sensitive to drought stress (Figures 2, 3), we assessed the interactions of PWR and HDA9 with the components of the ABA signaling and drought stress pathways. PWR and HDA9 interacted with ABI4 along with ABI3 (Figure 4 and Supplementary Figure S3). ABI4 was initially identified on the basis of the insensitivity of abi4 mutants to ABA, and later to salt and mannitol (Finkelstein, 1994; Quesada et al., 2000). ABI4 binds specifically to ABRE elements and regulates the expression of several genes in response to abiotic stresses (Mizoi et al., 2012). Notably, ABI4 is a versatile activator and a repressor of gene expression (Söderman et al., 2000; Nakabayashi et al., 2005; Koussevitzky et al., 2007; Bossi et al., 2009; Giraud et al., 2009; Reeves et al., 2011; Shu et al., 2018). ABI4 induces the expression of genes involved in seed dormancy and ABA signaling (Reeves et al., 2011), while repressing genes involved in ABA catabolism (CYP707A genes), ethylene biosynthesis (ACS genes), retrograde signaling (AOX1a), ARR genes, which are involved in cytokinin-induced degradation of ABI5 (Finkelstein and Lynch, 2000; Lopez-Molina et al., 2001; Huang et al., 2017) and genes involved in fatty acid biosynthesis, photosynthesis, pigment and wax metabolic processes (Shu et al., 2013; Dong et al., 2016). These lines of evidence indicate that ABI4 both induces and represses target genes. We therefore tested the genes suppressed by ABI4 in loss-of-function mutants of PWR (pwr-2 and pwr-3). In response to dehydration, the transcript levels of CYP707A1, ACS4 and AOX1a in pwr mutants were significantly higher than those in WT (Figure 5), whereas there were no significant differences in the expression of CYP707A2 and CYP707A3 in pwr mutants as compared to WT. As PWR and HDA9 regulate the acetylation status of numerous genes specifically at H3K9, H3K14, and H3K27, we measured the total acetyl histone H3 (AcH3) levels in pwr and hda9 mutants (Figure 6A). The AcH3 level was significantly increased in pwr and hda9 mutants upon dehydration stress, suggesting that the total AcH3 increases in response to dehydration stress in the mutants. However, effects of the acetylation status at the specific promoter regions of target genes responsible for drought stress responses could not be excluded. Therefore, we analyzed the AcH3 level at the CYP707A1 promoter and observed that after dehydration, the association of AcH3 was higher at the P1 region, but not the P2 or P3 regions, of the CYP707A1 promoter in the pwr-2 mutant compared to WT (Figure 6B and Supplementary Figure S4). Surprisingly, AcH3 association at the CYP707A1 P1 region was also increased in the hda9 mutant upon dehydration (Figure 6B). However, there was no difference in the CYP707A2 promoter AcH3 level during dehydration stress in the pwr mutant compared to the WT (Supplementary Figure S4), suggesting that PWR and HDA9 are both required for repression of CYP707A1 in response to drought stress.

Besides its role in regulating plant morphological and developmental processes, little is known about how PWR regulate signal transduction and chromatin modification in response to abiotic stresses. Based on our results, we propose a model for how PWR, together with HDA9 and ABI4, mediates biological functions by negatively regulating the expression of genes through chromatin modification during ABA-dependent drought stress (Figure 7). On one hand, PWR and HDA9 mutants displayed the same phenotype with and without exogenous ABA and interact specifically with ABI4, indicating that PWR, HDA9, and ABI4 might regulate the same set of genes in ABA pathway. On the other hand, in the absence of drought stress, ABA-catabolism-related genes such as CYP707A1 are activated by histone acetylation; the CYP707A1 gene product, (+)-abscisic acid 8′-hydroxylase, then converts active ABA to the inactive form (8′-hydroxy-ABA) inside guard cells, resulting in loss of turgor pressure and stomatal opening (Xiong et al., 2002, Xiong and Zhu, 2003). ABI4 was previously reported to suppress the CYP707A genes by directly binding to their promoters (Shu et al., 2013), and here we report that ABI4 together with PWR and HDA9 may associate with the CYP707A1 promoter. This possible association with the PWR-HDA9-ABI4 repressor complex represses CYP707A1 expression through histone deacetylation and results in drought tolerance. In addition to repressing genes, ABI4 is also involved in the activation of several genes. Since HDA9 and PWR regulate a wide range of genes involved in several key physiological processes including autophagy, pathogenesis and senescence, there might be some other unidentified genes through which HDA9 and PWR regulate ABA signaling and drought stress. Further study is required to uncover whether the PWR-HDA9-ABI4 complex is also involved in activating genes responsible for ABA signaling and drought tolerance.


[image: image]

FIGURE 7. Proposed working model of PWR function in dehydration response. PWR together with HDA9 and ABI4 positively regulate ABA response either by acting at ABA receptors or by repressing negative regulators of the ABA pathway, which results in downstream expression of ABA-responsive genes. In the absence of dehydration stress, CYP707A1 is expressed and regulates ABA hydroxylation, but dehydration stress triggers PWR-HDA9-ABI4-mediated repression of CYP707A1 expression through the process of deacetylation and activates drought response.
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Growth retardation and stress-induced premature plant senescence are accompanied by a severe yield reduction and raise a major agro-economic concern. To improve biomass and yield in agricultural crops under mild stress conditions, the survival must be changed to productivity mode. Our previous successful attempts to delay premature senescence and growth inhibition under abiotic stress conditions by autoregulation of cytokinins (CKs) levels constitute a generic technology toward the development of highly productive plants. Since this technology is based on the induction of CKs synthesis during the age-dependent senescence phase by a senescence-specific promoter (SARK), which is not necessarily regulated by abiotic stress conditions, we developed autoregulating transgenic plants expressing the IPT gene specifically under abiotic stress conditions. The Arabidopsis promoter of the stress-induced metallothionein gene (AtMT) was isolated, fused to the IPT gene and transformed into tobacco plants. The MT:IPT transgenic tobacco plants displayed comparable elevated biomass productivity and maintained growth under drought conditions. To decipher the role and the molecular mechanisms of CKs in reverting the survival transcriptional program to a sustainable plant growth program, we performed gene expression analysis of candidate stress-related genes and found unexpectedly clear downregulation in the CK-overproducing plants. We also investigated kinase activity after applying exogenous CKs to tobacco cell suspensions that were grown in salinity stress. In-gel kinase activity analysis demonstrated CK-dependent deactivation of several stress-related kinases including two of the MAPK components, SIPK and WIPK and the NtOSAK, a member of SnRK2 kinase family, a key component of the ABA signaling cascade. A comprehensive phosphoproteomics analysis of tobacco cells, treated with exogenous CKs under salinity-stress conditions indicated that >50% of the identified phosphoproteins involved in stress responses were dephosphorylated by CKs. We hypothesize that upregulation of CK levels under stress conditions desensitize stress signaling cues through deactivation of kinases that are normally activated under stress conditions. CK-dependent desensitization of environmental stimuli is suggested to attenuate various pathways of the avoidance syndrome including the characteristic growth arrest and the premature senescence while allowing normal growth and metabolic maintenance.

Keywords: abiotic stress, avoidance, cytokinins, stress tolerance, senescence, transgenic plants


INTRODUCTION

Abiotic stresses, such as drought and salinity are key challenges for plant growth and agricultural productivity, leading to an annual loss of billions of dollars (Pereira, 2016; Zhu, 2016). The evolution of adaptive mechanisms in plants to particular environmental stresses involved activation of stress avoidance strategy that allows plants to escape the potentially damaging effects of these conditions. Under stress conditions, plants activate the stress-avoidance strategy resulting in reduced vegetative growth, leaf shedding, early flowering, accelerated senescence, and loss of biomass/yield (Cramer et al., 2011; Maggio et al., 2018). The stress-avoidance mechanism balances water uptake and water loss. Water uptake is maintained by solute accumulation to lower the cell water potential and by increasing root growth, whereas water loss is restricted by closing stomata, reducing shoot growth, early flowering, and accelerating leaf senescence (Maggio et al., 2018). As the response of plants to water deficit limits biomass/yield, the development of crop varieties with near-normal growth under moderate water stress is critical (Debbarma et al., 2019). Although many breeding programs and genetic engineering technologies have been applied during the last decade, only a few were deemed successful in overcoming this response as it is polygenic and redundantly programmed (Maggio et al., 2018). Survival mode, as reflected in the stress-avoidance response, is often needed in natural environments, but not in most agricultural environments where stresses are less intense and do not persist long enough to threaten survival.

Salinity and drought stresses affect most aspects of plant biology. The pathways associated with the stress-avoidance response include those associated with osmotic and ionic homeostasis, detoxification response, and growth regulation. Osmotic stress activates several protein kinases including mitogen-activated protein kinases (MAPKs), which mediate osmotic homeostasis and/or detoxification responses. In tobacco, the two most investigated stress-related MAPKs are SIPK (48 kD) and WIPK (44 kD) (Seo et al., 1995; Zhang and Klessig, 1997; Romeis et al., 1999; Zhang et al., 2000). Abscisic acid (ABA) biosynthesis is regulated by osmotic stress at multiple steps. Both ABA-dependent and -independent osmotic stress signaling modify constitutively expressed transcription factors (TFs), leading to the expression of early response transcriptional activators, which then activate downstream stress tolerance effector genes (Wu et al., 2007; Yoshida et al., 2014; Du et al., 2018). Osmotic stress induces ABA accumulation by activating its synthesis as well as by inhibiting its degradation (Dong et al., 2015). ABA regulates inhibition of germination, seed dormancy and dehydration, stomata closure, roots elongation during drought stress, and stress-related gene regulation (Hoth et al., 2002; Seki et al., 2002; Xiong et al., 2006; Finkelstein et al., 2008; Cutler et al., 2010). In addition, ABA induces senescence as part of plant development or as a stress-induced response (Gepstein and Thimann, 1980). Abiotic stress-induced responses are regulated by activation of the expression of many genes via ABA-responsive elements (ABREs) in their promoter regions. ABA triggers cascaded activation of SnRK2 that positively controls the AREB/ABF TFs and the S-type anion channel SLAC1 (Fujita et al., 2013; Zhang et al., 2018). The activated anion channels release anions, which are accompanied by the activated K+ efflux channels releasing K+. As both anion and cation are released from the guard cell turgor is reduced leading to stomatal closure (Roelfsema et al., 2012; Misra et al., 2019). The Ca2+ signaling pathway is also involved in the regulation of stomatal aperture through Ca2+-dependent protein kinases and CBL (calcineurin B-like protein)-interacting protein kinases. Both kinase systems modulate SLAC1 (Edel and Kudla, 2016).

Drought-responsive genes include effector genes encoding chaperones, enzymes, and ion/water channels, as well as regulatory genes encoding TFs. Several groups of TFs, such as AREB, DREB, NAC, MYB, bZIP, and WRKY, respond to drought stress and act in an ABA-dependent or -independent manner (Joshi et al., 2016). The ABA core signaling pathway largely relies on the activation of SnRK2 kinases to mediate several rapid responses, including gene regulation, stomatal closure, and plant growth modulation. Another kinase, NtOSAK (42 kD), a member of SnRK2 kinase family, is also activated by osmotic stress and ABA in tobacco plants (Kelner et al., 2004; Wawer et al., 2010; Kulik et al., 2011, 2012). Cytokinins (CKs) have a positive role in plant growth and development, but their biosynthesis diminishes during senescence and under water-deficit stress (Chernyad’ev, 2005; Ha et al., 2012). During senescence, applying exogenous CK delays the senescence syndrome (Richmond and Lang, 1957). Since premature senescence negatively impacts yield/biomass, different approaches were used in an attempt to modify the kinetic/severity of the senescence syndrome, especially under stress conditions (Ha et al., 2012; Gepstein and Glick, 2013). Manipulating endogenous CK levels can effectively delay senescence (Gan and Amasino, 1995; Peleg and Blumwald, 2011; Ha et al., 2012; Guo and Gan, 2014). Expression of isopentenyltransferase (IPT), the key gene in CK biosynthesis, under different promoters affected plant development, especially on the last phase of the senescence syndrome. Constitutive or inducible expression of the IPT gene is associated with arrested senescence phenotype, as well as with loss of apical dominance and altered root growth (Smart et al., 1991; Gan and Amasino, 1995; Peleg and Blumwald, 2011). Inhibition of leaf senescence by autoregulated production of CKs has since been applied to different plants including lettuce, petunia, tobacco, maize, and ryegrass (Jordi et al., 2000; McCabe et al., 2001; Chang et al., 2003; Li et al., 2004; Robson et al., 2004; Peleg and Blumwald, 2011; Golan et al., 2016).

We have previously shown that in transgenic tobacco plants expressing the IPT gene under the senescence gene promoter from Phaseolus vulgaris, SARK (Hajouj et al., 2000), CK is maintained at high levels under water-deficit stress, leading to better survival and increased productivity (Hajouj et al., 2000; Rivero et al., 2007). The molecular mechanisms underlying this have not been fully characterized, although comparative gene-cluster analysis performed in our laboratory suggest that CKs prevent the transcriptional reprograming of known molecular processes associated with stress-tolerance responses (Golan et al., 2016). CKs regulate developmental processes as well as responses to environmental stresses via a complex network of CK signaling (Ha et al., 2012). The receptor gene, AHK3 is known to partially mediate delayed senescence by phosphorylation of type B ARR (Kim et al., 2006). CRF6 plants begin to undergo monocarpic senescence sooner than WT plants (Rashotte et al., 2006; Zwack and Rashotte, 2013). CRF6 is induced by CKs and abiotic stresses suggesting possible interaction between CRF6 and ARR2 (Cutcliffe et al., 2011). By an unknown mechanism, stress signals are perceived and transmitted via the His-Asp phosphorelay pathway triggering CK-responsive genes (Ha et al., 2012). Multiple mutually interconnected hormonal signaling cascades act as essential endogenous translators of these exogenous signals in the adaptive responses of plants (Verma et al., 2016). Since CKs and ABA are associated with antagonistic inputs in the context of abiotic stress responses, we considered the possibility of interconnection between the two hormonal signaling cascades. Our technology of improving drought tolerance by IPT gene driven by SARK promoter has been implemented in various crops, including rice, peanuts, creeping-bentgrass, cassava, and tobacco (Rivero et al., 2007; Peleg et al., 2011; Qin et al., 2011; Merewitz et al., 2012).

It is assumed that the main function of leaf senescence is to recycle cellular material accumulated during leaf growth and maturation into exportable nutrients to supply developing organs such as fruits (Avila-Ospina et al., 2014; Maillard et al., 2015). Thus, leaf senescence, due to its role in nutrient management, is essential for plant productivity (Gregersen et al., 2013). Although the transgenic plants (SARK-IPT) display delayed age-dependent senescence and possess an obvious productivity advantage (Rivero et al., 2007), they may also suffer a delay in the optimal harvest timing and a progressive asynchronous fruit ripening and seed set (Lukac et al., 2012). Notably, the timing of triggering senescence is critical for remobilizing mineral nutrients and carbohydrates and may affect fruit quality. The onset of senescence and the rate of its progression also determine the quality of the yield. If the timing is late or the rate is too slow, grains do not dry-down (ripen) completely before harvest, resulting in moisture and nutrients in the harvested material, and consequently, in post-harvest microbial spoilage (Robson et al., 2012).

Since age-dependent senescence is critical for synchronous crop harvest and delaying the normal senescence (by CKs) may interfere with the optimal harvest timing, we decided to focus on delaying the premature stress-induced senescence and allowing normal senescence and proper harvest. Herein, we describe the development of transgenic tobacco plants carrying the IPT gene under a stress-specific promoter of the Arabidopsis metallothionein (AtMT) gene. The rational for choosing the promoter of the MT gene stems from the known functions related to various abiotic stresses of MT genes. Moreover, our previous study which focused on the expression pattern of various senescence-associated genes identified three MT related genes (Gepstein et al., 2003). The AtMT2 promoter was selected since it represents a general abiotic stress promoter and over-expression of MTs in various model systems like Arabidopsis, tobacco, yeast and E. coli established its functional role in homeostasis and tolerance to heavy metal ions, high salinity, drought, low temperature, heavy metal ions, ABA, and ethylene. The MT2a overexpressing transgenic Arabidopsis seedlings had longer roots, larger leaves, and higher biomass accumulation, compared to WT plants under drought, salinity and oxidative stress conditions plants (Patankar et al., 2019). SbMT-2 gene from a halophyte confers abiotic stress tolerance and modulates reactive oxygen species (ROS) scavenging in transgenic tobacco (Chaturvedi et al., 2014). Since the accumulated literature points to the involvement of the MT2a gene in stress-induced senescence phenomenon, we employed the AtMT2a promoter to induce IPT gene expression and to increase CK levels, specifically under abiotic stress.

Our current results combined with our previous findings in Arabidopsis (Golan et al., 2016), suggest that CKs cause desensitization of plants to environmental stress cues and allow plants to escape stress symptoms of the avoidance syndrome, as reflected by sustainable growth and productivity.



MATERIALS AND METHODS


Plants

Nicotiana tabacum plants ecotype SR-1, were grown on water-soaked peat pellets (Jiffy 7, Kappa Forenade Well) in temperature-controlled growth room at 23°C (± 2°C) under fluorescent lamps (75 μE m–2 s–1) under long day conditions (18 h light, 8 h dark). The SR-1 plants were used as a genetic background for the development of transgenic plants. WT and transgenic plants were transferred and transplanted into a greenhouse, using 5 l pots and grown for 25 days (1,200 μmol of photons m–2 s–1, 16 h photoperiod, 23–25°C day/night). The N. tabacum BY-2 cell line (derived from N. tabacum Bright Yellow 2) was generously donated by Dr. S. Yaron from the Technion, Israel and maintained by weekly dilution (1:50) in fresh liquid Murashige and Skoog (MS) media (Sigma, St. Louis, MO, United States) supplemented with 0.2 g L–1 KH2PO4, 1 mg L–1 thiamine, 0.2 mg L–1 2,4-dichlorophenoxyacetic acid (2,4-D), 30 g L–1 sucrose, and 0.2 g L–1 myoinositol at pH 6.2, as previously described (Shirron and Yaron, 2011).



Construction of Transgenic Plants Expressing pMetallothionein:IPT

The plasmid pJHA212K (Yoo et al., 2005) was used as a template to generate the expression vector in which the 35S promoter was replaced by the AtMT promoter. The AtMT promotor (nucleotides 1–1300 bp) selected form the Arabidopsis AtMT2a gene (AT3G09390), was fused to the IPT gene (coding sequence, nucleotides 1301–2100) followed by the NOS terminator nucleotides 2101–2334 generating AtMT promoter-IPT-NOS terminator construct (Supplementary Figure S1, Gepstein, 2013) and transformed into tobacco SR-1 plants as previously described (Rivero et al., 2007; Golan et al., 2016). The transgenic plants were grown under optimal watering conditions (16 h light, 8 h dark). Five lines of the transgenic plants were characterized, and all displayed similar phenotypes including response to abiotic stresses (data not shown). One representative line (mt7) that showed genetic stability in the transgenic fourth generation (t4) plants was selected for detailed characterization of its morphological and developmental behavior under stress conditions.



Stress Conditions


Drought Stress

One-month old tobacco plants were transferred into a greenhouse (25°± 2°C, 18 h light, 8 h dark) for three more months until full maturation, Plants were watered with 500 ml every 2 days and excess water drained immediately. For the drought stress treatment, after three months, of watering, plant watering was withheld for 3 weeks. The plants were photographed and leaf samples were collected into liquid nitrogen for RNA analysis. Afterward, the plants were re-watered for 1 week and photographed again. Experiments were conducted in triplicates as independent experiments.



Salinity Stress

Tobacco plants were grown in 250 ml pots for 3 weeks with tap water watering. Plants were subjected to salinity stress by irrigating every other day with 100 ml of 100 mM NaCl solution during the first 10 days, and with 200 mM NaCl for the subsequent 11 days. Following this period, the plants were photographed and samples from mature leaves were collected into liquid nitrogen for RNA analysis. Experiments were conducted in triplicates as independent experiments. To follow the recovery of the plants after salinity stress, plants were watered with tap water for 2 weeks and photographed.



BY-2 Cells

BY-2 cell suspension was grown for 5 days in a shaker incubator at 25°C in dark as described (Shirron and Yaron, 2011). The suspension was divided into four 250 ml flasks (50 ml suspension in each) and for the CKs treatments, 6-benzyloaminopurine (BAP), a synthetic CK, was added into the suspension solution to a final concentration of 10 μM. After 1 h of pre-treatment incubation, NaCl was added to a final concentration of 50 mM. For the phosphoproteomics analysis, the suspension was collected into 50 ml conical tubes half an hour later, centrifuged at 4,500 rpm for 2 min at 4°C, and frozen immediately until protein extraction was performed. For kinase activity assays, samples were collected at 5, 10, 20, 30, 90, and 120 min following salt addition and treated as indicated above. Both experiments were conducted in triplicates as independent experiments.



RNA Extraction

RNA isolation from approximately 150 mg of plant material was performed using the SV Total RNA Isolation kit (Promega #Z3100, Madison, Wisconsin), according to manufacturer’s instructions. Following freezing in liquid nitrogen, the samples were grounded with mortar and pestle in 2 ml Eppendorf tubes in the kit suspension solution. RNA was kept at -70°C.



Real-Time PCR Reaction

Total RNA was extracted from the leave samples followed by removal of contaminating DNA with RNase-free DNase I. Primers for amplifying selected genes (Supplementary Table S1) were designed using Primer Express software (Applied Biosystems, Foster City, CA, United States). Semi-quantitative expression analyses of RNA were performed by RT-PCR in triplicates under identical conditions using 18S rRNA as an internal control. Concentration, integrity, and extent of contamination by rRNA were monitored using the ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). cDNA was prepared from the total RNA with qScript cDNA Synthesis Kit (Quantabio, Beverly, MA, United States) as described by the manufacturer. qRT-PCR was performed using Absolute SYBR Green ROX Mix (ABgene, Portsmouth, NH, United States) or Real Time SYBR Green FastMix ROX (Quantabio, Beverly, MA, United States) kits based on detection of SYBR Green binding to dsDNA. The reaction consisted of 5 μl cDNA, 10 μl SYBR Green mix, 1 μl forward primer (5 pmol), 1 μl reverse primer (5 pmol), and 3 μl double-distilled water (DDW). Reaction conditions were 2 min at 50°C, 15 min at 95°C, and 40 cycles of 15 s at 95°C followed by 1 min at 60°C.



Protein Extraction

Suspensions of BY-2 cells (5 ml) were centrifuged for 2 min at 4500 rpm at 4°C, and the pellet was quickly frozen with liquid nitrogen. The pellets were re-suspended in 1 ml homogenization buffer [100 mM HEPES pH 8.2, 0.05 mM Sodium Deoxycholate Detergent (Thermo Fisher Scientific, Waltham, MA, United States)] and the samples were sonicated in 3 watt (400,000 J) for 15 s × 4 (TPC-40, Telsonic, Switzerland). Then, samples were centrifuged at 4,500 rpm for 2 min at RT and the supernatant was collected. Protein concentration was determined using Bradford protein assay (Bio-Rad, Hercules, CA, United States) with bovine serum albumin (BSA) as a standard.



In-Gel Kinase Activity Assay

Cell suspension was exposed to BAP, a synthetic CK, for 1 h and were then subjected to salinity stress (50 mM NaCl) for one additional hour. Kinase activity assay was performed as previously described (Wu et al., 2007) using myelin basic protein (MBP) as a substrate which enabled measuring the phosphorylation activity of the selected kinases. In brief, equal amounts of proteins were separated on 10% SDS-polyacrylamid gel embedded with specific kinase substrate (0.5 mg/ml MBP for SIPK and WIPK, or 0.5 mg/ml histone for NtOSAK). After electrophoresis, the gels were washed three times for 30 min in washing buffer at RT. Then, the gel was treated with a re-naturing buffer and re-incubated in a reaction buffer containing 0.5 mM ATP (Sigma #A26209, St. Louis, MO, United States), with the addition of 50 mCi g-32P ATP (PerkinElmer, Waltham, MA, United States). Subsequently, the gels were transferred into stop solution for 5 h. After washing, the gels were dried on 3 mm Whatman paper and auto-radiographed on Fujifilm film. Finally, photos were obtained with Typhoon FLA 7000 (GE Healthcare, Chicago, IL, United States) phosphor imager system.



Immunoblotting

Western blot analysis was carried out as previously described (Ben-David et al., 1983), with protein ladder 10–180 kD (Thermo Fisher Scientific, Waltham, MA, United States). Kinases were identified using specific antibodies reacting with protein extracts of BY-2 cell suspension (Seo et al., 2007; Wu et al., 2007). WIPK and SIPK (members of the MAPK family), are components of the ABA-independent pathway, and have been reported to be activated under abiotic stress (Mikolajczyk et al., 2000; Zhang et al., 2000; Seo et al., 2007). Antibodies against NtOSAK were generously donated by Prof. Grazyna Dobrowolska (Institute of Biochemistry and Biophysics, Polish Academy of Science, Warsaw, Poland), and antibodies against WIPK and SIPK were generously donated by Prof. Shigemi Seo (National Institute of Agrobiological Sciences, Tsukuba, Japan).



Phosphoproteomics

For phosphoproteomics analysis, proteins were isolated and sent to the Technion’s Smoler protein center. The proteins were digested by trypsin and phosphopeptide enrichment was performed using TiO2. The phosphopeptides were analyzed by LC-MS/MS on Q-exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, United States). Data were analyzed with maxQuant 1.4.1.2 against Niben.genome.v0.4.4.proteins.wdesc database of Nicotiana benthamiana (Bombarely et al., 2012). Quantitative analysis was performed using Perseus software (Tyanova et al., 2016). Phosphopeptides with p < 0.05 were analyzed and their function was identified based on their gi number (Sequence Identifier) using NCBI-nr database.



Proline Quantification

Leaf samples (0.1 g) were frozen in liquid nitrogen and grinded. Thereafter, 1 ml of 3% sulfosalicylic acid was added, samples were centrifuged for 5 min at 14,000 rpm, supernatant was collected, and 0.25 ml from the supernatant were added to 2.75 ml of 3% sulfosalicylic acid, 3 ml acetic acid (glacial), and 3 ml 2.5% ninhydrin solution, mixed gently, and boiled at 100°C for 1 h. After cooling, 3 ml toluene was added to each sample. The samples were vortexed and incubated at RT overnight. The following day, the absorbance of 1 ml from the upper phase was read in spectrophotometer at 520 nm with toluene as reference. For quantification, a standard curve of L-proline (Sigma #P0380, St. Louis, MO, United States) was used.



Na+ and K+ Quantification by Optical Emission Spectrometry (ICP) Analysis

Mature, fully expanded, tobacco leaves were dried at 80°C for 2 days. The samples were grounded to fine powder with mortar and pestle. Powder samples (0.1 g each) were heated at 550°C overnight, and 2 ml 67% nitric acid was added. The samples were diluted to a final volume of 25 ml with DDW and were read in ICP, iCAP 6300 (Thermo Fisher Scientific, Waltham, MA, United States) against known standards.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 software (GraphPad Software, La Jolla, CA, United States). Data were analyzed using one tailed t-test; p < 0.05 was considered statistically significant.



RESULTS

We used two complementary approaches to investigate the effect of elevated CK levels on enhanced plant productivity under stress conditions: (A) developing transgenic tobacco plants carrying the IPT gene driven by a stress-induced promoter of the MT gene; and (B) applying exogenous CKs to elucidate the role of CKs in signal transduction of stress responses and the phosphoproteome of tobacco cells incubated under salinity stress.


The MT Promoter Contains Regulatory Elements Associated With Stress Response

We dissected the MT promoter sequence in order to understand the various elements associated with its activation and suppression. Approximately 1.3 Kb genomic sequence upstream of the Arabidopsis MT gene was selected as the region of the putative MT promoter (Supplementary Figure S2). We identified hypothetical stress-response cis-elements in the promoter sequence using PLACE software (Higo et al., 1999)1. The identified cis-elements included: eight ARR1 binding elements (5′-GATT-3′) corresponding to CK responses; two MYB recognition sites (5′-AACGG-3′, 5′-GGATA-3′) found earlier in the promoter of dehydration-responsive gene rd22; five MYC recognition sites (5′-CATGTG-3′, 5′-CACATG-3′ and 5′-CANNTG-3′) necessary for expression of ERD1 (early responsive to dehydration) (Simpson et al., 2003); two WRKY (5′-TGAC-3′) elements (Eulgem et al., 2000); four cupper response elements (5′-GTAC-3′) (Quinn et al., 2000); seven ACGT elements required for etiolation-induced expression of ERD1 (early responsive to dehydration); three GT-1 motifs (5′-GAAAAA-3′) that play a role in pathogen and salinity-induced gene expression (Park et al., 2004); and two anaerobic condition elements (5′-GTTTAGCAA-3′ and 5′-AAACAAA-3′) (Mohanty et al., 2005). These potential regulatory elements suggest that the MT promoter may respond to various stress conditions. The identified functional cis-elements that could be involved in the regulation of MT activation support possible roles in signaling via ABA (the presence of MYB elements), and are also associated with the response to CKs (ARR1). Notably, the cis-element response to different hormones suggests cross-talk between signaling pathways.



IPT

Expression of Transgenic Plants Carrying MT:IPT Under Various Stress Conditions

The selected stress-inducible promoter of Arabidopsis MT gene was isolated and fused to the IPT gene to produce pMT:IPT transgenic tobacco plants (Supplementary Figure S1). The transgenic plants were grown under optimal conditions for 3 weeks (16 h light, 8 h dark). During this period, no significant phenotypic differences were observed between WT and the transgenic tobacco plants. Afterward, the plants were subjected to drought and salinity-stress conditions, each in three independent replications. For the drought stress treatment, watering of mature tobacco plants was withheld for 3 weeks. Plants were subjected to salinity stress by irrigating with 300 mM NaCl solution for 3 weeks. The expression levels of the IPT gene in pMT:IPT transgenic plants was significantly higher under both abiotic stress conditions compared to non-stressed conditions (Figure 1), thereby validating the selective regulatory action of the MT promoter under these stress conditions.
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FIGURE 1. Relative expression of IPT in transgenic pMT:IPT and WT in plants under drought (A), salinity (B), and cold (C) stress conditions as determined by real-time PCR (RT-PCR). Tobacco plants were grown under optimal conditions for 3 weeks, then they were subjected to cold stress of 4°C for a week. For salinity stress, plants were watered with NaCl solution (100 and then 200 mM) for three more weeks. For the drought-stress treatment, watering of mature tobacco plants was withheld for 3 weeks. Leaf samples were collected simultaneously from all plants (in three independent replicates). Gene expression was determined by RT-PCR. Gene expression in the WT plants under control conditions was used as a reference. Asterisk refers to statistically significant difference between treatments (p < 0.05). Values correspond to means ± SE of three independent experiments.




pMT:IPT Plants Exhibit Drought Stress Tolerance

Mature transgenic pMT:IPT and WT plants were grown in a greenhouse under optimal conditions (25°C, 16 h light, and 8 h dark) for 3 months, and were then subjected to drought stress. Following 3 weeks of water withholding, WT plants wilted and turned yellow. In contrast, pMT:IPT plants exhibited partial turgor loss, yet, displayed reduced senescence and wilting symptoms (Figure 2). These results suggest a survival advantage for the transgenic CK overproducing plants in the field especially after short drought episodes.
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FIGURE 2. Responses of transgenic pMT:IPT compared to WT plants during drought-stress treatment. Three-month old tobacco plants were subjected to a drought stress of 2 or 3 weeks. (A) Withholding watering for 2 weeks. (B) Three weeks of withholding watering followed by 1 week of re-watering. Pictures represent one of three independent experiments showing similar results.


The content of proline, known as an osmoprotectant, was determined in leaves of 3-month old plants. Tobacco plants subjected to drought stress conditions were analyzed for proline levels in three independent experiments. The colorimetric assay results indicated, that proline content increased dramatically, as expected, in WT plants under drought stress conditions probably due to enhanced proline biosynthesis (Bates et al., 1973). A minor increase in proline levels was detected in pMT:IPT plants under stress conditions compared to non-stressed plants (Figure 3), further supporting the stress tolerance of transgenic pMT:IPT plants.
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FIGURE 3. Proline content in pMT:IPT and WT tobacco plants under drought stress. Proline content was determined in leaves taken from mature, 3-month old tobacco plants subjected to drought stress (water withholding for 3 weeks). Proline content was determined by colorimetric assay. Asterisk refers to statistically significant difference between treatments (p < 0.05). Values correspond to means ± SE of three independent experiments.




pMT:IPT Transgenic Exhibit High Tolerance to Salinity Stress Conditions

Abiotic stress tolerance of pMT:IPT plants to salinity stress was compared to that of pSARK:IPT and WT plants. Transgenic and WT plants were grown in the temperature- regulated green house for 3 weeks under optimal conditions (16 h light, 8 h dark). The plants were irrigated for three more weeks with salt solution (100 mM NaCl for the first 10 days and 200 mM NaCl for the following 11 days) until yellowing and wilting symptoms appeared in WT plants. Under these conditions, pSARK:IPT transgenic plants displayed mild yellowing, whereas the pMT:IPT plants stayed green (Figure 4) in all the three independent experiments. This observation suggests higher degree of salinity-stress tolerance of the pMT:IPT compared to SARK IPT plants.
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FIGURE 4. Responses of transgenic compared to WT tobacco plants after salinity stress. Three-week old tobacco plants watered with NaCl solution (100 and then 200 mM) for 3 weeks. (A) WT plants, (B) pSARK:IPT plants, (C) pMT:IPT plants. The photo represents one of three independent experiments showing similar results.


In addition, pMT:IPT and WT plants were subjected to salinity stress (100 mM NaCl followed by 200 mM NaCl) for 3 weeks and then irrigated with tap water for recovery. The fast recovery of the transgenic pMT:IPT, as can be seen by the improved growth and biomass development already after 1 week (Figures 5B,C) whereas, WT plants grew much slower and did not seem to recover. These results emphasize the high salinity-stress tolerance of the pMT:IPT tobacco plants.
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FIGURE 5. Recovery of pMT:IPT compared to WT tobacco plants after salinity stress. Three week old tobacco plants watered with NaCl solution (100 and then 200 mM) for 3 weeks then transferred to normal watering for two additional weeks. Plants after: (A) salinity stress; (B) 1 week recovery; (C) 2 weeks of recovery. The photo represents one of three independent experiments showing similar results.


Next, Na+ and K+ levels were determined under salinity-stress conditions in both WT and pMT:IPT plants as well as under non-stressed conditions. A significant decrease in Na+ content was detected in the foliage of pMT:IPT compared to WT plants (Figure 6), whereas no differences were observed between these plants under non-stressed conditions. A slight increase in K+ content was found in pMT:IPT plants compared to WT plants under both conditions. Based on the observed reduction in Na+ accumulation and the increase in the K+/Na+ homeostasis, we suggest that pMT:IPT plants maintain plant productivity under salinity stress.
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FIGURE 6. Na+ and K+ content in pMT:IPT and WT tobacco plants under salinity stress and non-stressed conditions. Three-week old tobacco plants were watered with NaCl solution (100 and then 200 mM) for 3 weeks. Asterisk refers to statistically significant difference between treatments (p < 0.05). Values correspond to means ± SE of three independent experiments.




Expression of Candidate Genes Under Stress Conditions

The expression levels of various candidate stress-related genes, in WT and in pMET:IPT plants under normal and salinity-stress conditions were analyzed. The selected candidate genes represent different pathways known to be related to abiotic stress responses: (1) Chaperones: the NtERD10a (Early Response to Dehydration) containing DRE/CRT element and belong to Group 2 of the LEA gene family (Kasuga et al., 2004), and LEA5 that belongs to the same gene family known to maintain the cell membrane integrity under osmotic stress; (2) TFs: The tobacco WRKY1, the homolog of Arabidopsis WRKY33 reported to respond to abiotic stresses in general and to salinity stress in particular (Jiang and Deyholos, 2009), and the ERF3 (Ethylene responsive factor), an ethylene-related gene, which is known to be upregulated during salinity or drought stresses (Fujimoto et al., 2000; Song and Galbraith, 2006); and (3) Kinases: two MAPK components, SIPK and WIPK whose expression is known to be upregulated during abiotic stresses (Wu et al., 2007). As expected, all examined genes except SIPK were strongly expressed during stress in the WT plants (Figure 7), whereas, their expression levels in the pMT:IPT plants were significantly reduced under the same salinity-stress conditions. WRKY1 expression was lower in pMT:IPT under stress conditions compared to non-stressed plants. The expression level of NtERD10a and ERF3 genes increased dramatically in WT plants when subjected to salinity stress. However the pMT:IPT plants exhibited lower expression levels under salinity conditions as compared to WT. No significant change in the expression pattern of SIPK was observed. These results indicate reversal of the reprograming of the stress responses by CK overproduction as reflected by lowering the expression of LEA5, NtERD10a, ERF3, WRKY1, and WIPK in pMET:IPT under stress conditions.
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FIGURE 7. Relative expression of LEA5, ERD10a, ERF3, WRKY1, WIPK, and SIPK genes in WT and pMT:IPT tobacco plants during salinity stress. Tobacco plants were grown under optimal conditions for 3 weeks and then were watered with NaCl solution (100 and then 200 mM) for three more weeks. Leaf samples were collected simultaneously from WT and pMT:IPT plants (in three independent replicates). Gene expression was determined by real-time PCR. Gene expression in the WT plants under control conditions serves as the reference. Asterisk refers to statistically significant difference between treatments (p < 0.05). Values correspond to means ± SE of three independent experiments.




CKs Deactivate Components of the ABA-Dependent and Independent Pathways in Tobacco Cell Suspension Under Salinity Stress

Under conditions of osmotic stress, ABA is generally considered a stress hormone, and expression of stress-responsive genes in plants is primarily regulated by ABA-dependent and -independent pathways. Kinases are known to play a major role in transducing extracellular stimuli into intracellular responses and are rapidly activated following stress both through the ABA dependent and independent pathways. BY-2 tobacco cell suspensions enabled direct addition of the NaCl solution, easier penetration into cells, and faster response as compared to mature intact plant. Kinetic assay of the kinase activity was employed to track rapid changes occurring during signal transduction after adding the external stimuli. To assess the influence of CKs on the phosphorylation of the components of the MAPK kinase cascade (WIPK and SIPK), and on the NtOSAK, cells were exposed to BAP, a synthetic CK, for 1 h and were then subjected to salinity stress for one additional hour. Kinase activity was determined by in-gel kinase assay (Zhang and Klessig, 1997; Wu et al., 2007) using myelin basic protein as a substrate which enabled measuring the phosphorylation activity of WIPK, SIPK, or histone as a substrate for NtOSAK, the tobacco homolog of the SnRK2 protein kinases. Kinases were identified using specific antibodies reacting with protein extracts of BY-2 cell suspension (Seo et al., 2007; Wu et al., 2007). WIPK and SIPK (members of the MAPK family), are components of the ABA-independent pathway and have been reported to be activated under abiotic stress (Mikolajczyk et al., 2000; Zhang et al., 2000; Seo et al., 2007). Our results indeed confirmed their stress-induced activation, but also demonstrated reduced kinase activity during stress in tobacco cell suspension treated with exogenous CKs (Figure 8). Similar CKs inhibitory effects were demonstrated on the phosphorylation activity of the NtOSAK under salinity stress in the cell suspension incubated with BAP (Figure 8). The in-gel assay showed a clear reduced auto phosphorylation activity of the three identified kinases (WIPK, SIPK, and NtOSAK) as a result of adding BAP to the tobacco cells (Figure 8). These results suggest CK-dependent deactivation of the phosphorylation activity of kinases belonging to both ABA-dependent and -independent pathways acting under abiotic conditions.
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FIGURE 8. SIPK, WIPK, and NtOSAK kinases activity during salinity stress. Tobacco BY-2 cells were grown for 5 days (at dark, 25°C). The suspension was divided into 250 ml flasks (50 ml suspension in each). After 1 h of pre-treatment incubation, NaCl was added to a final concentration of 50 mM and for the CKs treatments, 6-benzyloaminopurine (BAP), a synthetic CK, was added to final concentration of 10 μM. Samples were collected at indicated times (min). (A) In-gel phosphorylation activity of the histone substrate OSAK, and (B) phosphorylation of MBP by SIPK and WIPK. Protein ladder 10–180 kDa (Thermo Fisher Scientific, Waltham, MA, United States) was employed for MW estimation as described in “Materials and Methods” section. Kinases were identified by western blot analysis using specific antibodies (right panel) as described in “Materials and Methods” section.




Modifications in the Phosphoproteome of Stress Response by CKs

A range of post-translational modifications (PTMs) have been linked to plant stress responses. Of these modification, perhaps the most studied is protein phosphorylation, which influences development, metabolism, transcription, translation, proteolysis, homeostasis, and signaling (Hu et al., 2015). We analyzed the phosphoproteome of BY-2 tobacco cells under salinity stress to test the post-translational modifications and to further investigate the effect of CKs on the wide response of protein phosphorylation to the stimuli. Approximately 1547 phosphopeptides were identified, collectively containing 1667 non-redundant phosphorylation sites. Of these sites, 83.8% were phosphorylated at serine residue, 13.5% at threonine, and 2.6% at tyrosine. The distribution of phosphor-Ser (pS), phosphor-Thr (pT), and phosphor-Tyr (pY) was consistent with that of Arabidopsis (Nakagami et al., 2010). Of the unique phosphopeptides, 1430 were singly phosphorylated, 105 were doubly phosphorylated, and 9 were phosphorylated at three sites. To identify the corresponding proteins of these phosphopeptides, we analyzed the data using MaxQuant versous database combined from Nicotiana tabacum, Arabidopis thaliana, Solanum lycopersicum, and Solanum tuberosum. The fold-change was calculated for each phosphopeptide. The total number of differentially changed phosphoproteins was 61 (>4-fold change, p < 0.05). Next, we analyzed their biological function. We were able to predict the identity and function of 26 proteins (Table 1). The remaining proteins were either unidentified proteins (23) or with unknown functions (13).


TABLE 1. Identified phosphoproteins of the BY-2 cells under salinity stressa.

[image: Table 1]The identified phosphoproteins were classified by the biological processes of each gene product according to annotations in the NCBI databases. Among the proteins whose activity was reduced due to BAP addition during salinity stress, four are related to stress signal transduction, seven to stress response, and five to replication and translation. Thus, for 11 stress-related phosphoproteins, CKs lead to clearly reduced activation. Among the proteins whose activity was increased due to BAP addition during salinity stress, four are associated with defense of the photosynthetic system and antioxidant activity, two are related to stress responses, three are related to replication and translation, and two are related to cell division (Table 1). These results reinforce the preceding results that CKs reduce the response to stress conditions.



DISCUSSION


Stress-Inducible Promoter

Applying exogenous CKs as well as enhanced endogenous CK biosynthesis delay the process of plant aging (Gan and Amasino, 1995; Ha et al., 2012). The development of transgenic plants overexpressing CKs by inducible promoters linked to key genes of CK biosynthesis (such as IPT) offer a promising strategy to increase biomass and crop yield by delaying the natural senescence process. While we were studying the delayed aging behavior of the CK-overproducing transgenic tobacco plants (SARK-IPT), we forgot to water the transgenic plants unintentionally and to our surprise, they exhibited dramatic survival under these drought conditions (Rivero et al., 2007). This observation suggested that the phenomenon of CK-induced delayed senescence is also accompanied by an additional advantage of enhanced drought resistance and allowed us to suggest a novel technology for the development of drought-resistant plants (Gepstein et al., 2017). Since then, major crops, including rice, wheat, peanut, cotton etc, have been developed to overexpress CKs under stress conditions (see Hai et al., 2020).

In this study, we designed and developed auto-regulatory CK-overproducing transgenic tobacco plants by expressing the IPT gene under the control of a stress-inducible promoter of the Arabidopsis MT2a gene. It has been reported that although different signals such as biotic and abiotic environmental stress lead to initiation of stress-induced senescence due to distinct signal transduction pathways, they may share common execution events (Guo and Gan, 2012). We presume that a stress-inducible promoter would have an advantage over age-dependent promoter in the context of conferring synchronous seed set and appropriate harvest timing, which are crucial for best yields and post-harvest storage (Lukac et al., 2012). Choosing the suitable promoter for auto-regulated CKs biosynthesis is critical for normal development of plants prior to the senescence stage (Ma, 2008). Constitutive overexpression of IPT under the transcriptional control of CaMV35S promoter showed developmental abnormality probably due to CK supraoptimal levels (Smart et al., 1991; Ma, 2008; Guo and Gan, 2012). pMT:IPT transgenic tobacco plants produced in the present study displayed normal development, but as expected, exhibited enhanced biomass under abiotic stress conditions. Since CK levels are known to decrease under abiotic stress conditions, and optimal CK levels are required for normal plant development, we assume that the MT promoter (in contrast to CaMV35S constitutive promoter) is a suitable promoter for driving the expression of IPT gene under stress conditions, as it resulted in enhancing CK biosynthesis up to the optimal levels for normal development.

Bioinformatics analysis of the Arabidopsis MT promoter suggests the presence of multiple cis-acting elements (Supplementary Figure S2). Among the identified cis-acting elements is the ACTG. Plant genome studies revealed that the sequence motif ACGT is functionally important in a variety of promoters that respond to different stimuli such as light, anaerobiosis, jasmonic acid, and hormones including salicylic acid (SA), ABA, and auxin. This core element is present at different relative positions in multiple copies upstream of the transcription start site (Rushton et al., 2010; Mehrotra et al., 2013).



Reprograming of Gene Expression in the CKs Overproducing Plants Under Stress Conditions

The role of CKs in the regulation of abiotic stress responses has been elucidated mainly during the last decade (Zwack and Rashotte, 2015; Hai et al., 2020). However, since, surprisingly, plants with exogenous CKs or biotechnological manipulation of CK endogenous levels demonstrated both positive and negative effects on the tolerance to abiotic stresses, generalizations about the effect of manipulating CK levels on overall stress tolerance are currently difficult to make (Zwack and Rashotte, 2015; Hai et al., 2020). Our studies based on employing the SARK or the MT promoter fused to the IPT gene clearly demonstrated positive effect on growth and biomass production under abiotic stresses in model plants such as Arabidopsis and tobacco as well in major crops such as rice, wheat, cotton, etc. (see Gujjar and Supaibulwatana, 2019; Hai et al., 2020). Similar positive regulation of drought stress by CKs has been reported also for transgenic plants containing the SAG12 promoter fused to the IPT gene (Merewitz et al., 2010; Zhang et al., 2010). In apparent contrast to these findings, Arabidopsis IPT mutants, which have rather reduced CK levels, are also more drought resistant compared to WT (Nishiyama et al., 2011). Decreased CK levels achieved by overproduction of the CK-degrading enzyme CK oxidase (CKX) in either a constitutive or root-specific manner, also have a positive effect on drought-stress tolerance (Werner et al., 2010; Nishiyama et al., 2011; Mackova et al., 2013). Plants lacking two CK receptors have enhanced tolerance to drought treatment as well as increased sensitivity to ABA (Tran et al., 2007), suggesting that these receptors and presumably also the downstream output of the CK signal negatively impact drought tolerance. Thus, CK-mediated plant tolerance to drought could be achieved through two seemingly contradictory approaches. This is probably due to the choice of promoter and type of tissue modulated for transgene expression, which led to the regulation of different pathways. Our findings, which led us to the present hypothesis of desensitization of environmental cues followed by CK-dependent reprograming of gene expression under stress is aligned with the positive regulation approach of stress tolerance.

Our data indicate that the stress-induced CK overproduction in the pMT-IPT transgenic plants altered the regular pattern of stress-induced growth inhibition to a more moderated mode of inhibition. To elucidate the molecular events associated with CK influence on plant stress responses, we examined some candidate genes known to be involved in different stress-responsive pathways. Expression levels of selected candidate genes reported to be upregulated under stress conditions (Ingram and Bartels, 1996; Kasuga et al., 2004; Hundertmark and Hincha, 2008), displayed opposite results. The general expression pattern of most of the examined stress-related candidate genes in the present study is characterized by lower expression in the transgenic plants as compared to WT plants exposed to identical environmental stress conditions (Figure 7). LEA5 and ERD10a both belong to group 2 of the LEA family. LEA5 maintains the cell membrane under osmotic stress (Ingram and Bartels, 1996; Hundertmark and Hincha, 2008). ERD10a is induced by DREB1 and it is upregulated during stress (Kasuga et al., 2004). It is thought to be a chaperone that defends the cell from aggregation or inactivation of different elements (Kovacs et al., 2008). The expression of these genes was lower in transgenic plants compare to WT under stress conditions. The results of the present study are consistent with our previous experiments describing the transcriptomic analysis of CK-overexpressing Arabidopsis plants (Golan et al., 2016). It has been shown that under salinity stress CK triggered transcriptional reprograming that resulted in attenuation of gene clusters related to stress-dependent inhibition of growth and delayed premature plant senescence. In contrast, elevated CK levels led to stress tolerance by retaining the expression of gene clusters associated with plant growth and metabolism whose expression typically decreases under stress conditions (Golan et al., 2016). Since several known pathways related to abiotic stress plant responses are regulated by various plant hormones, it would not be surprising to reveal contradicting results related to expression patterns of specific genes. Gupta et al. showed that genes associated with abiotic environmental stresses were differentially induced by CKs which is not consistent with previous reports (Gupta et al., 2013). The peroxidases, several of which were found to be repressed while others were found to be induced by CKs indicate a complex role for CKs in the regulation of abiotic stress related responses (Passardi et al., 2005).



Signal Transduction of Environmental Stress Stimuli

Plants as non-mobile organisms constantly integrate varying environmental signals to flexibly adapt their growth and development. Local fluctuations in water, sudden changes in other abiotic factors, and stresses can trigger changes in the growth of plant organs. The molecular backbones of signaling cascades of individual hormones have been established; however, it is well accepted now that multiple mutually interconnected hormonal signaling cascades act as essential endogenous translators of these exogenous signals in the adaptive responses of plants (Verma et al., 2016). Hormonal pathways connected via multiple levels of interactions form powerful regulatory networks that sensitively react to changes in the environment and drive the relevant adaptive responses (Verma et al., 2016). Upon sensing environmental stresses, plants sacrifice growth and activate protective stress responses such as the avoidance syndrome. These include transcriptional changes, phytohormone synthesis and degradation, and finally the direct/indirect molecular defense mechanisms that are translated into developmental and morphological changes. Kinase (including MAPK) cascade is a conserved signaling pathway involved in modulating many cellular responses in all eukaryotes and plays a major role in transducing the extracellular stimuli into intracellular responses. Accumulated evidence indicates that in plants, MAPKs also regulate TFs at both transcription and protein activity levels. The SA-induced protein kinase (SIPK) of tobacco, which is a MAPK, is activated by various biotic and abiotic treatments and has been found to phosphorylate the transcription factor WRKY1 (Menke et al., 2005). In Addition, the involvement of SIPK/WIPK has been demonstrated in the cell death signaling pathway mediated by phosphorylation of WRKY1 in tobacco plants (Ogata et al., 2015). In general, plant hormones affect similar processes but their signaling pathways act non-redundantly and their signals are integrated at the gene network level (Jaillais and Chory, 2010). Since the interplay between hormone levels and signaling networks plays a crucial role in the trade-off between plant growth and stress adaptation, the antagonistic relationship between ABA and CK signaling should be considered in the context of stress responses. Recent studies provides several lines of evidence showing crosstalk between ABA and CK signaling under abiotic stresses (Huang et al., 2018). Our results emphasizing the inhibitory effect of CKs on the phosphorylation of NtOASK, a homolog of the SNF1-related protein kinases (SnRK2) the key kinase of the ABA signaling pathway. These results are consistent with the study demonstrating that SnRK2 directly interacts with and phosphorylates type-A response regulator 5 (ARR5), a negative regulator of CK signaling (Huang et al., 2018). The results of the kinetic experiments of kinase activities as viewed in the in-gel kinase activity system, suggest a dramatic negative influence of CKs on the rate of phosphorylation of several components of the kinase cascade that are known to be activated under stress conditions. Similar in-gel kinase activity was performed in Nicotiana attenuata and the identity of each of the kinases was validated by specific antibodies in a Western blot analysis (Wu et al., 2007). Activity of NtOASK, SIPK, and WIPK was dramatically reduced by adding exogenous CKs under salinity stress (Figure 8), which may indicate suppression of at least several components of the signal transduction of environmental stress cues. In addition, our previous gene expression study suggested that the major regulatory ABA signaling component SnRK2.3 was among the genes whose expression increased under salinity stress and was attenuated by CK (Golan et al., 2016). The present results confirm previous studies that demonstrated that NtOSAK (Nicotiana tabacum osmotic stress-activated protein kinase), a member of the SnRK2 subfamily, is being activated rapidly in response to hyperosmotic stress (Burza et al., 2006). The elevated phosphorylation activity of NtOSAK due to salinity- stress conditions was reduced upon the addition of CKs (Figure 8). Taken together, not only the NtOSAK phosphorylase activity is dramatically reduced by CKs, the transcription of its Arabidopsis homolog gene SnRK2 is reduced as well (Golan et al., 2016).

We hypothesize that the antagonistic inputs of ABA and CKs balance the survival mode of growth inhibitory responses and allow the productivity mode required for biomass production (Figure 9). Several molecular components of the ABA and CK signaling pathways have been shown to mediate drought stress response and suggest possible regulatory mechanisms responsible for coordinating growth and stress responses. A suggested model depicts how ABA and CKs antagonistically regulate growth processes and environmentally stress responses (Claeys and Inze, 2013). Our assumption that CKs reduce the stress-induced growth and productivity inhibition by desensitization of environmental cues is partially based on the reduced phosphorylation activity of MAPK signaling components (WIPK, SIPK) and of the major component of the core ABA signaling pathway (SnRK2).


[image: image]

FIGURE 9. The balance between stress tolerance and productivity modes is reflected by the antagonistic action of ABA and CK signaling. Schematic representation of the working model demonstrating the regulatory role of CKs in promoting productivity under abiotic stress by inactivating SnRK2 the key component of ABA signaling pathway. Under stress conditions, CKs inactivate SnRK2 and inhibit ABA signaling pathway and the downstream upregulation of stress related genes and growth promotion via CK-responsive genes. The model suggests a molecular mechanism underlying the behavior of CK over-expressing transgenic plants under mild abiotic stress conditions for short periods. This model has been partially adapted from Claeys and Inze (2013).




Phosphoproteome of the CK-Overproducing Plants Under Abiotic Stress

Protein phosphorylation is a widely used mechanism of post-translational modification that controls the protein activity, stability, turnover, subcellular localization, and interaction with partner proteins including signal transduction of external stimuli. Plant growth adjustment during water deficit is a crucial adaptive response. The rapid fine-tuned control achieved at the post-translational level is believed to be of considerable importance for regulating early changes in plant growth reprogramming. ABA-dependent and -independent pathways are responsible for activating many of plant responses to abiotic stresses including post- translational modifications (Zhu, 2016). In the core ABA signaling pathway, ABA binding to the PYL family of receptors causes the receptor to interact with and inhibit the PP2Cs, leading to release of suppression and activation of the SnRK2s. SnRK2 phosphorylates at least several dozens of downstream effector proteins of ABA action. These phosphorylated effector proteins function in regulating gene expression at various steps, including epigenetic and transcription factor regulation, RNA splicing, and mRNA cleavage or translational repression by miRNAs (Zhu, 2016). Aiming at a better understanding of the CKs influence on the responses to salinity stress in tobacco cells, we carried out a survey of protein phosphorylation events following the addition of exogenous CKs. Adding CKs during salinity stress caused extensive changes in phosphorylation status in critical regulators that are either directly or indirectly involved in plant growth and development (Table 1). Among the identified proteins whose activity was reduced due to BAP addition during salinity stress, were those related to major pathways of stress signal transduction, stress responses, and replication and translation. Among the proteins whose phosphorylation status was increased due to BAP addition during salinity stress, were those associated with defense of the photosynthetic system, antioxidant activity, stress responses, replication and translation, and cell division. The systematic phosphoproteomic study related to plant defense mechanisms under abiotic stress could complement the molecular genetic studies and provide novel insights into mechanisms related to post-translational modifications. Our study indicates that alterations in protein phosphorylation may be the result of the elevation in CKs levels and support our notion related to CK role in sustaining growth under abiotic stress as demonstrated in our present and previous study at the level of gene transcription (Golan et al., 2016).



Desensitization of Stress Cues Prevents the Avoidance Syndrome Under Stress Conditions

Plants have evolved the stress avoidance strategy to cope with harsh environmental conditions and to avoid fatal damage of plants. Avoiding extinction is driving the evolution of genes that control growth in threatening stress environments. The stress avoidance strategy is translated in annual plants into reduced vegetative growth, early flowering, accelerated senescence, and fast seed set. The obvious advantage is the survival of plants under environmental stress but it is also accompanied by an enormous reduction in plant productivity. Growth inhibition as a dominant response feature results from being exposed to stress due to the genetic programs that have been adjusted to the external circumstances and are geared toward a survival rather than productivity. While altering the expression of regulators of drought responses has often succeeded in enhancing drought tolerance, at least under laboratory conditions, this usually comes at the cost of growth inhibition, resulting in a significant yield penalty (Yang et al., 2010). Similarly, breeding for enhanced water use efficiency leads to impaired plant productivity (Blum, 2009). Hormones mediate the trade-off between plant growth and stress tolerance throughout the life of the plant (Bohnert et al., 1995). Of special interest is the balance between maintained growth on one hand and ensured survival on the other hand. However, most of the breeding programs and genetic engineering have not succeeded to genetically remove these stress responses because they are polygenic and redundantly programmed (Claeys and Inze, 2013; Maggio et al., 2018). Understanding the molecular basis of these trade-offs would provide novel breeding strategies to optimize crop yield (Claeys and Inze, 2013; Huang et al., 2018). Despite these shortcomings, evidence of drought-tolerant crops are being accumulated reviewed in Huang et al. (2018).

Our results demonstrated the striking phenomenon that CKs allow plants to sustain growth even under unfavorable stress conditions. CKs reprogram plants from the survival mode which is fundamentally based on deactivation of the growth mode to a productive mode. The CK-induced inactivation of the kinase cascade components of the stress signal transduction (Figure 8) might explain the prevention of the expression of stress-related genes (Figure 7) and possibly the reduction in the level of the stress-induced phosphoproteomics (Table 1). Our study suggests that CKs cause desensitization of the environmental cues and as a result prevent the activation of the known avoidance mechanisms and consequently allow sustainable growth and productivity under stress conditions. Plants including high-yield crops react over-cautiously to stress conditions and as a result over-reduce growth to be able to survive stresses for a period of time much longer than a cropping season (Maggio et al., 2018). We hypothesize that we improved yield under stress conditions by removing the premature alarms (stress stimuli) that trigger growth reduction and other unproductive responses. Our results demonstrate that under abiotic stress, CKs antagonize ABA signaling pathway by inactivating NtOASK, a family member of the SnRK2, a key component of the ABA signaling pathway and as a result prevent the ABA-dependent growth arrest (Figures 8, 9). However, under the same conditions, CKs activate the known CK signaling pathway and promote plant growth and productivity. These results are consistent with our Arabidopsis transgenic plants demonstrating growth maintenance even under stress conditions (Golan et al., 2016). This may be true for most crops grown under mild stress conditions for a short cropping season (Figure 9). Although our experiments were performed not under mild stress, they exhibit this phenomenon probably due to the short period experimentation. However, this manipulation will not solve the problem of growing crops under severe stresses for long periods where the avoidance is required for survival (Claeys and Inze, 2013; Maggio et al., 2018). Our present study performed with tobacco plants supports and supplements our previous conclusions in a study carried out in Arabidopsis (Golan et al., 2016), where we showed that CK-dependent desensitization of the stress environmental stimuli might reduce the over sensitivity of plants and allow plants to avoid the evolutionary based avoidance syndrome.



CONCLUSION

We have shown that cytokinins-overexpressing plants regulated by senescence or stress-specific promoter, maintain growth and productivity under abiotic stresses due to desensitization of stress environmental stimuli. We hypothesize that CKs allow sustainable plant growth under unfavorable environmental conditions by deactivating key kinases belonging to the signal transduction of the environmental cues and downstream processes leading to prevention of gene expression related to premature senescence and growth inhibition under stress conditions. Manipulated plants seem to avoid the evolutionary-based avoidance plant strategy and change their survival mode of growth inhibition into productivity mode under stress conditions. This approach, based on the autoregulation of CK biosynthesis, may serve as a generic technology for developing various crops for improved productivity and yield under mild environmental stresses.
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FIGURE S1 | Nucleotide sequence of the metallothionein (Metallo) promoter-IPT-NOS terminator construct. MET::IPT NOS 2334 bp: The metallothionein promoter nucleotides 1–1300 (blue letters); the IPT coding sequence nucleotides 1301–2100 (black letters); and the NOS terminator nucleotide 2101–2334 (red letters)(Gepstein, 2013). GenBank accession number MN862698.

FIGURE S2 | Nucleotide sequence of metallothionein (MT) promoter. Highlight regions correspond to (1) MYC recognition sites (green); (2) ARR1 binding elements (yellow); (3) cupper response elements (double underlined); (4) WRKY elements (blue); (5) ACGT elements (red); (6) GT-1 motifs (grey); (7) MYB recognition sites (violet); and (8) anaerobic condition elements (teal).

TABLE S1 | Real-time PCR primers used for quantification of stress related gene expression.
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Leaf senescence is the final stage of leaf development and an important step that relocates nutrients for grain filling in cereal crops. Senescence occurs in an age-dependent manner and under unfavorable environmental conditions such as deep shade, water deficit, and high salinity stresses. Although many transcription factors that modulate leaf senescence have been identified, the mechanisms that regulate leaf senescence in response to environmental conditions remain elusive. Here, we show that rice (Oryza sativa) ETHYLENE RESPONSE FACTOR 101 (OsERF101) promotes the onset and progression of leaf senescence. OsERF101 encodes a predicted transcription factor and OsERF101 transcript levels rapidly increased in rice leaves during dark-induced senescence (DIS), indicating that OsERF101 is a senescence-associated transcription factor. Compared with wild type, the oserf101 T-DNA knockout mutant showed delayed leaf yellowing and higher chlorophyll contents during DIS and natural senescence. Consistent with its delayed-yellowing phenotype, the oserf101 mutant exhibited downregulation of genes involved in chlorophyll degradation, including rice NAM, ATAF1/2, and CUC2 (OsNAP), STAY-GREEN (SGR), NON-YELLOW COLORING 1 (NYC1), and NYC3 during DIS. After methyl jasmonate treatment to induce rapid leaf de-greening, the oserf101 leaves retained more chlorophyll compared with wild type, indicating that OsERF101 is involved in promoting jasmonic acid (JA)-induced leaf senescence. Consistent with the involvement of JA, the expression of the JA signaling genes OsMYC2/JA INSENSITIVE 1 (OsJAI1) and CORONATINE INSENSITIVE 1a (OsCOI1a), was downregulated in the oserf101 leaves during DIS. Transient transactivation and chromatin immunoprecipitation assays revealed that OsERF101 directly binds to the promoter regions of OsNAP and OsMYC2, which activate genes involved in chlorophyll degradation and JA signaling-mediated leaf senescence. These results demonstrate that OsERF101 promotes the onset and progression of leaf senescence through a JA-mediated signaling pathway.
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Introduction

Leaf senescence is the final stage of leaf development and involves many molecular and physiological events, including chlorophyll degradation, the breakdown of other cellular components, and cell death, thus allowing plants to recycle nutrients from leaf tissues into seeds (Masclaux-Daubresse et al., 2008; Distelfeld et al., 2014; Yang et al., 2019). Environmental stresses, such as deep shade, water deficit, extreme temperatures, and high salinity, accelerate leaf senescence (Munné-Bosch and Alegre, 2004; Mickelbart et al., 2015). Premature leaf senescence shortens the vegetative growth period, inducing the precocious transition from the vegetative to the reproductive stage and reducing the plant’s nutritional capacity, thus negatively affecting crop productivity.

Age-dependent and stress-induced senescence share many regulatory networks and physiological, biochemical, and molecular mechanisms (Gepstein and Glick, 2013; Zhuang et al., 2019). Transcription factors (TFs) participate in the regulatory pathways for leaf senescence and abiotic stress tolerance. For instance, RNA interference (RNAi)-mediated suppression of rice (Oryza sativa) NAC2 (OsNAC2), a member of the NAC family, reduces the expression of chlorophyll-degradation and senescence-associated genes, leading to delayed leaf yellowing during dark-induced senescence (DIS) (Mao et al., 2017). Moreover, OsNAC2-RNAi transgenic plants display enhanced tolerance against drought and high salt stresses due to upregulation of stress-related and abscisic acid (ABA)-signaling genes (Shen et al., 2017). Overexpression of ONAC106 causes delayed leaf yellowing in rice, resulting in extended photosynthetic capacity at the reproductive stage in paddy fields and increased grain production. In addition to the biological function of ONAC106 in leaf senescence, transgenic rice overexpressing ONAC106 exhibit improved tolerance to salt stress (Sakuraba et al., 2015). The gain-of-function mutant prematurely senile 1-D (ps1-D) exhibits upregulated expression of OsNAP, leading to accelerated leaf yellowing during both natural senescence and DIS (Liang et al., 2014). In addition, overexpression of OsNAP confers tolerance to salt and drought stresses (Chen et al., 2014). These distinct phenomena reveal the role of OsNAP in regulating diverse genes involved in chlorophyll degradation and abiotic stress responses.

Plant hormones serve as signal molecules and are involved in the regulation of a variety of cellular processes, including leaf senescence and abiotic stress responses. Among them, jasmonic acid (JA) accumulates to high levels in plant cells when plants enter the senescence phase or in unfavorable conditions (He et al., 2002; Wasternack and Hause, 2013; Hou et al., 2016), JA biosynthesis is catalyzed by enzymes including lipoxygenase (LOX), allene oxide synthase (AOS), allene oxide cyclase (AOC), and 12-oxo-PDA reductase (OPR) (He et al., 2002). Increased JA levels activate the downstream signal transduction pathways that are involved in senescence and abiotic stress tolerance. For instance, elevated JA levels are perceived by the F-box protein CORONATINE INSENSITIVE 1 (COI1), followed by ubiquitination and degradation of JA ZIM-domain (JAZ) proteins (Niu et al., 2011; Song et al., 2011; Qi et al., 2014). JAZ degradation causes the release of downstream TFs such as the basic helix-loop-helix (bHLH) TF family members MYC2, MYC3, and MYC4 (Fernández-Calvo et al., 2011). The oscoi1b mutant leaves retain their green color during DIS (Lee et al., 2015). Transgenic plants overexpressing a truncated OsJAZ8 protein that which lacks the ubiquitin-binding Jas domain also exhibit a delayed senescence phenotype (Uji et al., 2017). OsMYC2/OsJAI1 directly binds to the promoter of senescence-associated genes, and thus its overexpression leads to leaf yellowing during DIS (Uji et al., 2017). In Arabidopsis, MYC2/JAI1 and its homologous proteins MYC3 and MYC4 regulate the expression of the chlorophyll degradation genes NON-YELLOWING 1 (NYE1), NON-YELLOW COLORING 1 (NYC1), and PHEOPHYTINASE (PPH) by binding to their promoters (Zhu et al., 2015).

The APETALA2/Ethylene Response Factor (AP2/ERF) family can be divided into four subfamilies depending on the number of AP2/ERF domains and their amino acid similarity, such as APETALA2 (AP2), Related to ABI3/VP1 (RAV), Dehydration Responsive Element Binding protein (DREB), and Ethylene Response Factor (ERF) subfamilies (Sakuma et al., 2002; Nakano et al., 2006). DREB and ERF subfamilies have a single AP2/ERF domain that can bind to both the C-Repeat/Dehydration Responsive Element (CRT/DRE) and the Ethylene Response Element (ERE) in the promoter regions of their target genes. ERFs regulate the expression of abiotic stress-related genes in various plant species including rice (Fukao et al., 2011), Arabidopsis (Phukan et al., 2017), wheat (Triticum aestivum) (Gao et al., 2018), maize (Zea mays) (Liu et al., 2013), soybean (Glycine max) (Zhang et al., 2009), and tobacco (Nicotiana tabacum) (Park et al., 2001).

A recent study showed that the rice ETHYLENE RESPONSE FACTOR 101 (OsERF101) plays an important role in enhancing tolerance to drought stress in reproductive tissues (Jin et al., 2018). However, the regulatory functions of OsERF101 in leaf senescence have not been understood. In this study, our results substantially showed that OsERF101 positively regulates leaf senescence in rice, and directly activates the expression of OsNAP and OsMYC2 that play a central role in mediating chlorophyll degradation and JA-mediated leaf senescence. Thus, our findings provide a new molecular insight of OsERF101 function in leaf senescence.



Materials and Methods


Plant Materials, Growth Conditions, and Dark, Phytohormone, and Stress Treatments

The T-DNA insertion mutant oserf101 (PFG_2D-00368) was obtained from Crop Biotech Institute at Kyung Hee University, Republic of Korea (Jeong et al., 2002). The Oryza sativa japonica cultivar ’Dongjin’ (parental line) and the oserf101 mutant were cultivated in a paddy field under natural long day (NLD) conditions (>14 h sunlight/day, 37°N latitude) in Suwon, Republic of Korea. The germinated rice seedlings were transplanted in a paddy soil and grown in a growth chamber under long day (LD) conditions (14 h light/10 h dark, 37°N latitude) in Seoul, Republic of Korea. For the dark treatment, the detached leaves of rice plants grown in a growth chamber under LD conditions for 3 weeks were incubated on 3 mM MES (pH 5.8) buffer at 28°C in complete darkness. For phytohormone and stress treatments, the sterilized seeds were germinated on half-strength Murashige and Skoog (1/2 MS) solid medium under continuous light (90 µmol m-2 s-1) at 30°C. The 10-day-old seedlings were transferred to 1/2 MS liquid medium containing 100 µM 1-aminocyclo-propane-1-carboxylic acid (ACC), 100 µM MeJA, 100 µM ABA, 100 mM NaCl, and 20% polyethylene glycol (PEG) or were dehydrated by air drying. Rice seedlings incubated in 1/2 MS liquid medium without additional phytohormones were used as a mock control.



Determination of Total Chlorophyll and Photosynthetic Capacity

To measure the total chlorophyll, pigments were extracted from an equal fresh weight of rice leaves grown in a paddy field, incubated in complete darkness, or treated with 100 µM MeJA using 80% ice-cold acetone. The extracts were centrifuged at 10,000 g for 10 min at 10°C and then the absorbance of the supernatants was measured at 647 and 663 nm using an UV/VIS spectrophotometer (BioTek). The concentration of chlorophyll was calculated as previously described (Porra et al., 1989). To determine the photosynthetic activity, the Fv/Fm ratio was measured using the OS-30p+ instrument (Opti-Sciences). The middle part of each flag leaf of plants grown in a paddy field under NLD conditions was adapted in the dark for 5 min and then the Fv/Fm ratio was determined in the flag leaves.



Determination of Phytohormone Sensitivity

To determine the sensitivity to phytohormones, detached leaves of 3-week-old plants grown in paddy soil were floated on 3 mM MES (pH 5.8) buffer containing 50 µM MeJA and 50 µM ABA and incubated in continuous light conditions (90 µmole·m−2s−1) at 30°C for 4 days. Detached leaves floated on 3 mM MES buffer (pH 5.8) without phytohormones were used as a control. To assess the ABA sensitivity of rice seedlings, the 10-day-old rice seedlings grown in 1/2 MS solid medium were transferred to 1/2 MS liquid medium containing 5 and 10 µM ABA. Seedlings incubated in 1/2 MS liquid medium without additional phytohormones were used as a mock control.



Quantitative Reverse Transcription PCR (qRT-PCR) and Semiquantitative RT-PCR

Total RNA was extracted from rice tissues using an RNA Extraction Kit (Macrogen, South Korea) according to manufacturer instructions. First-strand cDNA was synthesized with 2 µg of total RNA in a 25 µl volume using M-MLV reverse transcriptase and oligo(dT)15 primer (Promega), and diluted with 75 µl of water. The qPCR amplifications were conducted on the LightCycler 2.0 instrument (Roche Diagnostics). The 20 µl of qPCR mixture included 2 µl of the first-strand cDNA mixture, 10 µl of 2X GoTaq PCR Master Mix (Promega), and 1 µl of 10 pM primer pairs (Supplementary Table S1). The qPCR conditions were 95°C for 2 min, followed by 50 cycles at 95°C for 5 s, 59°C for 15 s, and 72°C for 10 s. The rice UBIQUITIN5 (OsUBQ5, AK061988) gene was used as an internal control for normalization. The semi-quantitative PCR was performed in a 20 µl volume containing 2 µl diluted cDNA, 1 unit Ex Taq polymerase (TaKaRa Biotechniques), and 1 µl of 10 pM primers (listed in Supplementary Table S1). The PCR program included initial denaturation at 94°C for 3 min, followed by specified cycles at 94°C for 30 sec, 55°C for 1 min, and 72°C for 40 sec, followed by a final extension at 72°C for 5 min. The PCR products were electrophoresed on a 1% agarose gel. OsUBQ5 was used as an equal loading control.



Plasmid Construction and Rice Transformation

To generate the overexpression construct, a full-length cDNA of OsERF101 was amplified using the primers listed in Supplementary Table S1. The amplified fragments were ligated into the pCR8/GW/TOPO TA cloning vector (Invitrogen) and then inserted into the pMDC32 Gateway-compatible binary vector through the LR recombination reaction. The pMDC32-OsERF101 plasmids were introduced into callus of Dongjin seeds by Agrobacterium tumefaciens (strain LBA4404)-mediated transformation (Jeon et al., 2000). Agrobacterium-infected calli were transferred to 1/2 MS solid medium containing cytokinin and auxin. Plantlets regenerated from the callus were grown under continuous light conditions (90 µmole·m−2 s−1) at 30°C.



Protoplast Transient Transactivation Assays

Reporter plasmids were constructed by the insertion of OsMYC2 (-1529 to -1 bp) and OsNAP (-1502 to -1 bp) promoters into the pJD301 vector (Luehrsen et al., 1992). To construct effector plasmids, OsERF101 cDNA from the WT cultivar was cloned upstream of a sequence encoding six copies of a MYC epitope tag in the pGA3697 vector. Protoplasts were isolated from young rice seedlings as previously described (Zhang et al., 2011). A reporter plasmid (4 µg) and an effector plasmid (8 µg) were co-transfected, together with 1 µg of an internal control plasmid (pUBQ10-GUS), into 5 × 104 protoplasts using the polyethylene glycol (PEG)-mediated transfection method (Yoo et al., 2007). Transfected protoplasts were incubated in protoplast culture solution (0.4 M mannitol, 15 mM MgCl2, 4 mM MES-KOH [pH 5.8]) in the dark at room temperature for 16 h. Luciferase (LUC) activity in each cell lysate was determined using the Luciferase Assay System Kit (Promega). LUC activity was normalized against β-glucuronidase (GUS) activity derived from the internal control plasmid.



Chromatin Immunoprecipitation (ChIP) Assays

For the ChIP assay, the Ubi : OsERF101-Myc and Ubi : Myc were transfected into rice protoplasts as previously described (Zhang et al., 2011). Protoplasts were then subjected to cross-linking with 1% formaldehyde for 30 min under vacuum. Then, nuclei were isolated and lysed, and chromatin complexes were isolated and sonicated, as described (Saleh et al., 2008). DNA was sonicated using a BIORUPTORII (COSMO BIO). Anti-Myc monoclonal antibody (Abcam, Cambridge, UK) and protein A agarose beads (Merck Millipore) were used for immunoprecipitation. DNA recovered from agarose beads was purified using the DNeasy Plant Mini Kit (Qiagen). Quantitative PCR was performed using the KAPA SYBR FAST qPCR Kit (KAPA Biosystems) and gene-specific primers (Supplementary Table S1).




Results


Expression of OsERF101 in Rice

Rice OsERF101 (LOC_Os04g32620) consists of 4366 bp of genomic DNA with an 807-bp open reading frame containing two exons and encoding a 268-amino acid protein belonging to the ERF transcription factor subfamily. Amino acid sequence alignments between OsERF101 and its putative orthologs demonstrated that they have a single AP2/ERF domain, which is highly conserved in plants (Supplementary Figure S1).

To investigate the expression of OsERF101, we measured OsERF101 transcript levels in various organs (root, leaf sheath, leaf blade, lamina joint, node, tiller base, panicle, stem, flag leaf, and internode). We used wild-type (WT; japonica rice cultivar ‘Dongjin’) plants grown in a growth chamber under long-day (LD) conditions (14.5 h light/9.5 h dark) at 21 days after germination (DAG, seedling stage) or in the paddy field under natural LD (NLD) conditions (≥14 h light/day in Suwon, South Korea, 37°N latitude) at 120 DAG (heading stage). Reverse transcription and quantitative real-time PCR (qRT-PCR) analysis revealed that the OsERF101 transcripts were most abundant in root, and then (in order of decreasing abundance), in lamina joint, node, leaf blade, and leaf sheath (Figure 1A).




Figure 1 | Expression profiles of OsERF101. (A) OsERF101 was differentially expressed in various japonica cultivar ’Dongjin’ (hereafter wild type; WT) tissues: root (R), leaf sheath (LS), leaf blade (LB), lamina joint (LJ), node (N), tiller base (TB), panicle (P), stem (S), flag leaf (FL), and internode (IN). WT seedlings were grown in a growth chamber for 3 weeks under long-day (LD) conditions (14 h light/10 h dark). WT plants were cultivated in a paddy field until the reproductive stage at 120 days after seeding (DAS) under natural long-day (NLD) conditions (>14 h light/day). (B) Expression patterns of OsERF101 in response to abiotic stresses and phytohormones. WT seedlings grown in half-strength Murashige and Skoog (1/2 MS) solid medium for 10 d under continuous light at 28°C were incubated in 1/2 MS liquid medium supplemented with 100 µM ACC, 100 µM MeJA, 100 µM ABA, 100 mM NaCl, or 20% PEG or dehydrated by air drying. Seedlings incubated in 1/2 MS liquid medium without treatment were used as a mock control. Total RNA was isolated from the leaves at 0 and 3 h of treatment (HT). Asterisks indicate statistically significant differences between treated samples and the mock control, as determined by Student’s t-test (**p < 0.01, ***p < 0.001). NS, not significant. (C) OsERF101 expression gradually increased in detached leaves of 3-week-old WT plants grown in a growth chamber under LD conditions. Detached leaves were subjected to complete darkness in 3 mM MES (pH 5.8) at 28°C. (D) Expression of OsERF101 was measured in flag leaves divided into three regions from the green sector (a) to the yellow sector (c) at the ripening stage (130 DAS). OsERF101 mRNA levels were determined by qRT-PCR analysis and normalized to that of OsUBQ5 (Os01g22490). Mean and standard deviations were obtained from at least three biological samples. Different letters indicate significantly different values according to a one-way ANOVA and Duncan’s least significant range test (p < 0.05). Experiments were repeated twice with similar results.



To test whether phytohormones and stress treatments affect the expression of OsERF101, we examined the OsERF101 transcript levels in 10-day-old WT seedlings treated with 1-aminocyclo-propane-1-carboxylic acid (ACC), MeJA, ABA, NaCl, PEG, or under dehydration stress for 3 h. qRT-PCR analysis showed that OsERF101 expression increased significantly in response to the MeJA, ABA, NaCl, PEG, and water deficit treatments (Figure 1B). In addition, OsERF101 expression was sharply upregulated in the detached leaves of 2-week-old seedlings during DIS (Figure 1C). In the naturally senescing flag leaves, OsERF101 transcripts accumulated to higher levels in the yellowed tip (c) region than in the yellowing middle (b) or green bottom (a) regions (Figure 1D). These results strongly suggested that OsERF101 is involved in leaf senescence in rice.



OsERF101 Positively Regulates the Onset and Progression of Leaf Senescence

To examine the role of the OsERF101 TF in regulating leaf senescence, we obtained a loss-of-function mutant (PFG_2D-00368) from RiceGE (://signal.salk.edu/cgi-bin/RiceGE), in which a T-DNA fragment was integrated into the second exon of OsERF101 (Figure 2A). To verify the effect of the T-DNA insertion, we performed semi-quantitative RT-PCR analysis and found that in the detached leaves of 3-week-old plants, the OsERF101 transcript was completely absent in the PFG_2D-00368 line (Figure 2B) at 3 days of dark incubation (DDI), indicating that the PFG_2D-00368 line is a knockout mutant (hereafter termed oserf101). We next examined the progress of senescence in WT and oserf101 plants grown in the paddy field under NLD conditions. While there was no significant difference in leaf color between WT and oserf101 plants at 0 days after heading (DAH) (Figure 2C), the oserf101 leaves retained their green color during grain filling much more than the WT (Figures 2D, E). Consistent with the persistence of green leaf color, the chlorophyll levels remained much higher in the flag leaves of the oserf101 mutant compared to the WT (Figure 2F). In addition, the oserf101 mutant maintained a higher Fv/Fm ratio (efficiency of photosystem II) compared to the WT after 20 DAH (Figure 2G), indicating that the prolonged greenness of oserf101 leaves leads to improved photosynthetic activity during grain filling in the autumn fields.




Figure 2 | The oserf101 mutant exhibits delayed natural leaf senescence. (A) Position of the T-DNA insertion in the exon region of OsERF101 (LOC_Os04g32620). Black and white boxes represent exons and untranslated regions, respectively. The black line indicates an intron and the open triangle indicates the location of the T-DNA insertion (oserf101, PFG_2D-00368). (B) Mutation of OsERF101 was confirmed by semi-quantitative RT-PCR. Total RNA was isolated from detached second leaves of a 3-week-old WT (the parental japonica rice cultivar ’Dongjin’) plant and the oserf101 mutant in which senescence was induced for 3 days of dark incubation as shown in Figure 3A. OsUBQ5 (Os01g22490) was used as a loading control. (C, D) The comparison of senescence phenotypes of WT and oserf101 plants at 0 and 40 days after heading (DAH) under natural long-day conditions (>14 h light/day). (E) Senescing flag leaves of WT and oserf101 plants at 50 DAH. The images are representative of five independent experiments. (F, G) Changes in total chlorophyll (Chl) contents (F) and photosynthetic capacity (Fv/Fm) (G) of WT and oserf101 flag leaves after heading. Mean and standard deviations were obtained from more than 10 plants. Different letters indicate significantly different values according to a one-way ANOVA and Duncan’s least significant range test (p < 0.05).



To further examine the effects of OsERF101 on leaf de-greening in DIS, we monitored the color in sections of leaves detached from 3-week-old WT and oserf101 plants grown under LD conditions. The oserf101 leaves retained their green color much longer than the WT leaves (Figure 3A), consistent with their relatively higher chlorophyll contents at 3 and 4 DDI (Figure 3B). To confirm the positive role of OsERF101 in leaf senescence, we generated two independent transgenic rice plants overexpressing OsERF101 (OsERF101-OX1 and -OX2) (Figure 3C). The detached leaves of 3-week-old OsERF101-OX plants exhibited accelerated leaf yellowing compared to those of the WT at 3 DDI (Figure 3D). These results indicate that OsERF101 is a positive regulator of the onset and progression of leaf senescence.




Figure 3 | The oserf101 mutant exhibited delayed leaf yellowing during dark-induced senescence (DIS) conditions. (A, B) Detached leaves of 3-week-old WT and oserf101 plants grown in the greenhouse under natural long-day conditions (>14 h light/day) were incubated in 3 mM MES buffer (pH 5.8) with the abaxial side up at 28°C under complete darkness. The visual phenotypes (A) and total chlorophyll (Chl) contents (B) were observed after 0, 3, and 4 days of dark incubation (DDI). Different letters indicate significantly different values according to a one-way ANOVA and Duncan’s least significant range test (p < 0.05). (C) Expression of OsERF101 measured in the leaves of WT and OsERF101-overexpressing (OsERF101-OX) transgenic plants (OX1, OX2) grown in the greenhouse for one month. (D) Detached leaves of 1-month-old OsERF101-OX plants exhibited accelerated leaf yellowing at 3 DDI. (E–H) Altered expression of OsNAP and chlorophyll degradation genes in detached leaves of 3-week-old WT and oserf101 seedlings during DIS. Total RNA was isolated from detached leaves at 0, 2, 3, and 4 DDI. The transcript levels of OsERF101 (C), OsNAP (E), and chlorophyll degradation genes (F–H) were determined by qRT-PCR and normalized to that of OsUBQ5 (Os01g22490). (C) Asterisks indicate statistically significant differences between WT and OsERF101-OX plants, as determined by Student’s t-test (*p < 0.05). (E–H) Different letters indicate significantly different values according to a one-way ANOVA and Duncan’s least significant range test (p < 0.05). Mean and standard deviations were obtained from at least three biological samples. Experiments were repeated twice with similar results. FW, fresh weight.



Among the rice regulatory genes controlling leaf senescence, OsNAP expression is induced by senescence, and OsNAP directly activates the transcription of chlorophyll degradation genes (Liang et al., 2014) including STAY-GREEN (SGR, Park et al., 2007), NYC1 (Kusaba et al., 2007), and NYC3 (Morita et al., 2009). To investigate whether OsERF101 affects the expression of OsNAP and chlorophyll degradation genes, we measured their transcript levels in the detached leaves of 3-week-old WT and oserf101 seedlings during DIS. The qRT-PCR results showed that, while the transcript levels of OsNAP and chlorophyll degradation genes increased in the WT at 3 DDI, their expression was not altered in the oserf101 mutant during DIS (Figures 3E–G). These results indicate that OsERF101 acts as a positive regulator of leaf senescence by upregulating the expression of OsNAP and chlorophyll degradation genes.



OsERF101 Acts in JA-Mediated Leaf Senescence

In the WT, the expression of OsERF101 increased in response to treatment with ABA or MeJA (Figure 1B), implying that OsERF101 is positively involved in ABA- or JA-mediated leaf senescence. To assess the function of OsERF101 in JA signaling, we observed the progress of leaf yellowing in the detached leaves of 3-week-old WT and oserf101 seedlings incubated in 3 mM MES buffer (pH 5.8) containing 50 µM of ABA or MeJA under continuous light conditions. While there was no significant difference in leaf greenness and chlorophyll contents between the WT and oserf101 seedlings at 4 d of ABA treatment, the oserf101 leaves retained their green color more than WT leaves at 4 d of MeJA treatment and had higher total chlorophyll contents (Figures 4A, B). Consistent with these observations, chlorophyll contents were higher in the whole leaves of 3-week-old oserf101 seedlings than in those of the WT at 4 d of MeJA treatment (Supplementary Figure S2). In addition, we investigated the effects of MeJA on growth of WT and oserf101 seedlings grown on 1/2 MS solid medium for 10 days. MeJA treatment significantly retarded the growth of shoots and roots in WT and oserf101 seedlings (Figure 4C). However, the shoots and roots of the oserf101 mutant were much longer than those of the WT under MeJA treatment (Figures 4D, E). These results suggested that, compared with WT, the oserf101 mutant is less sensitive to MeJA.




Figure 4 | Jasmonic acid (JA) hyposensitivity of the oserf101 mutants. (A, B) Detached leaves of 3-week-old WT and oserf101 plants grown in the greenhouse under natural long-day conditions (>14 h light/day) were incubated in 3 mM MES buffer (pH 5.8) containing 50 µM abscisic acid (ABA) or 50 µM methyl jasmonate (MeJA) under continuous light at 28°C. Detached leaves floated on 3 mM MES buffer (pH 5.8) without phytohormones were used as a mock control. The MeJA hyposensitive phenotype (A) and total chlorophyll (Chl) contents (B) were observed at 0 and 4 days after treatment (DT). (C–E) The WT and oserf101 seeds germinated in half-strength Murashige and Skoog (1/2 MS) solid medium for 3 d were grown in 1/2 MS solid medium containing 5 or 10 µM MeJA for 10 d under long-day (LD) conditions (14 h light at 30°C/10 h dark at 25°C). Seedlings grown in 1/2 MS solid medium without MeJA were used as a mock control. The growth phenotype (C) and relative shoot (D) and root (E) length were observed (n = 10). (F, G) Altered expression of MeJA signaling genes OsMYC2 and OsCOI1a in detached leaves of 3-week-old WT and oserf101 seedlings during DIS. Total RNA was isolated from detached leaves at 0, 2, 3, and 4 DDI as shown in Figure 3A. The transcript levels of OsMYC2 (F) and OsCOI1a (G) were determined by qRT-PCR and normalized to that of OsUBQ5 (Os01g22490). Mean and standard deviations were obtained from at least three biological samples. Different letters indicate significantly different values according to a one-way ANOVA and Duncan’s least significant range test (p < 0.05). FW, fresh weight.



To identify the effect of OsERF101 on JA signaling and biosynthesis during DIS, we investigated the transcript levels of JA related genes in the detached leaves of 3-week-old WT and oserf101 seedlings during DIS (Figure 3A). The expression of JA signaling genes (OsMYC2 and OsCOI1a) and JA biosynthesis genes (OsLOX2 and OsAOS1) was significantly upregulated in WT after 3 DDI, while the transcript levels were not altered in oserf101 mutant during DIS (Figures 4F, G and Supplementary Figure S3). Taken together, our results suggested that promotes the onset and progression of leaf senescence by upregulating JA signaling and biosynthesis pathways.



OsERF101 Binds to the OsNAP and OsMYC2 Promoter Regions

During DIS, the expression of OsNAP and OsMYC2 was downregulated in the oserf101 mutant compared to the WT (Figures 3E and 4F). Therefore, we used protoplast transient transactivation assays to determine if OsERF101 activates the transcription of OsNAP and OsMYC2 in planta. For the reporter construct, the promoter region of OsNAP (-1502 to -1) or OsMYC2 (-1529 to -1) was fused with the luciferase (LUC) reporter (Figure 5A). The LUC activities of the protoplasts transformed with the proOsNAP : LUC and proOsMYC2:LUC plasmids were significantly enhanced when each of them was co-transfected with the 35S:OsERF101:MYC effector plasmid (Figures 5B, C).




Figure 5 | OsERF101 directly activates the transcription of OsNAP and OsMYC2. (A) Reporter and effector constructs used in the transactivation assay. (B, C) The activation of the OsNAP and OsMYC2 promoter (proOsNAP and proOsMYC2) by OsERF101-MYC in the protoplast transient assay. The 35S promoter was used as a negative control. (D, E) Positions of fragments used for the ChIP assay (green horizontal lines) in the promoter regions of OsNAP and OsMYC2. Red and blue bars indicate the position of the DRE/CRT and partial ERE binding motifs, respectively. (F, G) OsERF101 binding affinity assays to the promoter regions of OsNAP and OsMYC2 in planta examined by ChIP assays. OsERF101-Myc was transiently expressed in protoplasts isolated from 10-day-old WT seedlings. Fold-enrichment of the promoter fragments was measured by immunoprecipitation with an anti-Myc antibody (see Methods). The SERINE/THREONINE PROTEIN PHOSPHATASE 2A (PP2A) gene was used as a negative control. Mean and standard deviations were obtained from more than five biological repeats. Asterisks indicate a significant difference compared with the negative control (Student’s t-test, *p < 0.05, **p < 0.01).



We conducted chromatin immunoprecipitation (ChIP) assays to examine whether OsERF101 directly binds to the promoter regions of OsNAP and/or OsMYC2. The 1500-bp region upstream of the transcription start site of OsNAP or OsMYC2 was divided into four or five fragments with 50-bp overlap (Figures 5D, E). OsERF101 strongly bound to the amplicon-c region of proOsNAP, which includes the DRE/CRT motif (GGCCGAC, -447 to -440), and to the amplicon-d region of proOsMYC2, which includes a partial ERE motif (ATTTCA, -483 to -477) (Figures 5F, G). We further checked the expression levels of OsNAP and OsMYC2 in the developing leaves of WT and OsERF101-OX plants grown for one month in the paddy field under NLD conditions. The qRT-PCR analysis revealed that transcripts of OsNAP and OsMYC2 were significantly abundant in two OsERF101-OX lines than the transcript levels in the WT (Supplementary Figure S4). These results demonstrated that OsERF101 functions as an upstream activator of OsNAP and OsMYC2 by directly binding to their promoter regions.



Loss of Function of OsERF101 Negatively Affects Panicle Development and Grain Yield

In addition to exploring the molecular genetic function of OsERF101 in leaf senescence, we examined several agronomic traits in the oserf101 mutant plants grown in the paddy field under NLD conditions. We evaluated the number of panicles per plant, panicle length, number of grains per panicle, fertility, and 500-grain weight. Interestingly, although the panicle length was shorter in the oserf101 mutant than in the WT (Figure 6A), WT and oserf101 plants produced a similar number of spikelets per panicle (Figure 6B), implying that the mutation of OsERF101 led to higher spikelet density (Figure 6H). However, the number of panicles per plant, spikelet fertility, and 500-grain weight were lower in the oserf101 mutant (Figures 6C–E), resulting in reduced grain yield per plant in the mutant (Figures 6F, G). Thus, the defect of panicle development and low spikelet fertility in the oserf101 mutant appear to attenuate the advantage of high spikelet density on improving grain yield.




Figure 6 | Agronomic traits measured in the oserf101 mutant. Agronomic traits were compared between the WT and oserf101 plants after harvest in the autumn. (A) Number of panicles per plant. (B) Panicle length. (C) Number of spikelets per panicle. (D) Fertility. (E) 500-grain weight. (F) Grain yield per plant. (G) The relative abundances of fertile and sterile spikelets in the WT and oserf101 plants. (H) Phenotype of panicles. Mean and standard deviations were obtained from 10 rice plants. Asterisks indicate a significant difference between the WT and oserf101 mutants (Student’s t-test, ***p < 0.001).






Discussion

Leaf senescence largely occurs in an age-dependent manner, but can also be triggered by abiotic stresses. The onset and progression of leaf senescence are controlled by multiple regulatory networks in response to environmental cues. Leaf senescence is accompanied by chlorophyll degradation through phytohormone signaling pathways that are driven by many plant-specific TFs (Buchanan-Wollaston, 1997; Lee et al., 2001; Kim et al., 2016). OsERF101 transcript levels were upregulated by treatment with phytohormones (ABA, MeJA), and by salt (NaCl), osmotic (PEG), and dehydration stresses (Figures 1B–D), implying that OsERF101 is involved in senescence and abiotic stress responses through mediating ABA and MeJA signaling. Overexpression of OsERF101 confers enhanced tolerance to osmotic and drought stresses at vegetative and reproductive stages, respectively (Jin et al., 2018). The finding that ABA-responsive genes such as LATE EMBRYOGENESIS ABUNDANT 3 (LEA3), PEROXIDASE 2 (POD2), and RESPONSIVE TO DEHYDRATION 22 (RD22) are upregulated in OsERF101-overexpressed transgenic rice seedlings in response to osmotic stress treatment (20% PEG) suggesting that OsERF101 participates in the ABA signaling pathway under osmotic stress conditions (Jin et al., 2018). In the present study, we found that overexpression of OsERF101 led to early leaf yellowing during DIS and natural senescence (Figure 3). The detached leaves of the oserf101 mutant were less sensitive to MeJA, but were sensitive to ABA in continuous light (Figure 4 and Supplementary Figure S2), indicating that OsERF101 mediates leaf senescence via the JA signaling pathway, but not the ABA signaling pathway. Indeed, the expression of the JA signaling-associated genes OsCOI1b and OsMYC2 was suppressed in the oserf101 mutant during DIS (Figures 4F, G). Moreover, the ChIP assay showed that OsERF101 directly binds to a partial ERF motif in the promoter region of OsMYC2 (Figures 5E, G). OsMYC2 directly regulates the expression of senescence-associated genes (SIMILAR TO SAG and OsSAG12), leading to rapid leaf yellowing in OsMYC2-OX plants (Uji et al., 2017). Together, these results support the idea that OsERF101 acts as a positive regulator of leaf senescence in response to JA.

In addition to the involvement of OsERF101 in regulation of leaf senescence via the JA signaling pathway, OsERF101 is involved in two independent senescence pathways mediated by OsNAP (Figure 7). The first is the OsNAP-mediated positive feedback loop modulating JA biosynthesis. OsERF101 activates OsNAP transcription by directly binding to the DRE/CRT motif of the OsNAP promoter region (Figures 5D, F). OsNAP is involved in various regulatory pathways regulating abiotic stress responses and leaf senescence. Here, we discussed the regulatory function of OsNAP in JA-regulated leaf senescence. Overexpression of OsNAP led to an increased level of expression of JA biosynthesis genes including OsLOX2 and OsAOC, thereby upregulating endogenous JA levels in the transgenic plants (Zhou et al., 2013). Thus, the downregulation of JA biosynthesis genes (OsLOX2 and OsAOS1) in the oserf101 mutant during DIS suggests that OsERF101 participates in JA biosynthesis (Supplementary Figure S3). Finally, increased levels of JA can enhance the transcription of OsERF101, and consequently activate the JA–OsERF101–OsNAP positive feedback regulatory loop to promote leaf senescence. The second regulatory function of OsNAP is the OsNAP-dependent chlorophyll degradation pathway. In addition, OsNAP is required for the induction of chlorophyll degradation genes including SGR, NYC1, and NYC3 (Liang et al., 2014). Our observations indicated that the oserf101 leaves retained their green color much longer than the WT due to the lower expression of OsNAP and chlorophyll degradation genes during DIS, indicating that OsERF101 upregulates OsNAP-induced chlorophyll degradation.




Figure 7 | Proposed model of the role of OsERF101 in the regulation in leaf senescence through JA signaling pathways involving OsNAP and OsMYC2. Red arrows indicate our findings in this study, and black arrows represent pathways identified in previous studies (Zhou et al., 2013; Liang et al., 2014; Uji et al., 2017).



In higher plants, endogenous JA levels and aqrJA signal transduction play important roles in shoot growth, lateral and adventitious root formation, seed germination, and embryo and pollen development (Ueda and Kato, 1980; McConn et al., 1997; Kang et al., 2010; Dave et al., 2011; Valenzuela et al., 2016). For instance, inhibition of JA signaling by knockdown of OsCOI1a and OsCOI1b expression led to increases in plant height, internode length, and cell length (Yang et al., 2012). Mutation of OsMADS1 causes a defect in spikelet development due to a lack of glume formation (Chen et al., 2006). OsJAZ1 interacts with the OsMYC2 TF to suppress its activity, which leads to downregulation of the expression of OsMADS1 (Cai et al., 2014). Genetic studies have indicated that the gain-of-function mutant of OsJAZ1/EG2, eg2-1D, exhibits downregulated expression of OsMADS1, resulting in low spikelet fertility. Thus, the poor spikelet fertility of the oserf101 mutant appears to be caused by inhibition of JA signaling due to downregulation of OsCOI1b and OsMYC2, ultimately leading to lower grain yield (Figures 6D, F).

Taken together, we concluded that OsERF101 affects multiple aspects of plant development, including leaf senescence and grain yield through regulating OsNAP and JA signaling. These results provide insight into the multiple regulatory mechanisms of OsERF101 in leaf senescence and spikelet development in rice.
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AGI code? Protein description Phosphopeptide® Ratio (log2)® p-Valued
At3g50500 SNF1-related protein kinase 2.2 (SnRK2.2) S(0.1568)S(0.172)VLHS(0.699)QPKS(0.694)T(0.25)VGT(0.026) 2.34 0.02
PAYIAPEILLR
S(0.005)S(0.005)VLHS(0.016)QPKS(0.812)T(0.313)VGT(0.787)
PAY(0.06)IAPEILLR
At1g07650 Leucine-rich repeat malectin kinase (LMK1) S(0.002)LS(0.997)FSTSGPR 1.27 0.01
At3g58640 Mitogen activated protein kinase kinase RS(0.333)IS(0.333)IT(0.333)PEIGDDIVR 1.04 0.01
kinase-like protein
At3925840 Spliceosome-associated kinase (PRP4KA) DIVPET(0.009)GAPVS(0.455)T(0.455)S(0.081)PAVVIAANVGQAK 0.41 0.03
DIVPET(0.001)GAPVS(0.114)T(0.114)S(0.772)PAVWIAANVGQAK
DIVPET(0.751)GAPVS(0.122)T(0.122)S(0.005)PAVVIAANVGQAK
DIVPET(0.007)GAPVS(0.045)T(0.474)S(0.474)PAVVIAANVGQAK
At3g17850 Incomplete root hair elongation 1 (IREH1) VSNSHLTEESDVLS(1)PR —0.46 0.01
At1g18150 Mitogen-activated protein kinase 8 (MPK8) AAAAVASTLESEEADNGGGYS(1)AR —0.56 0.01
At5g19450 Calcium-dependent protein kinase 19 SNPFYSEAYTT(0.003)NGS(0.991)GT(0.006)GFK —0.69 0.03
(CDPK19/CPK8)
SNPFYSEAYTT(0.005)NGS(0.092)GT(0.903)GFK
At1953165 AtMAP4K alphai DSYQNDY(0.001)QEEDDS(0.725)S(0.072)GS(0.072)GT(0.072) -0.76 0.038
WIRS(0.059)PR
DSYQNDY(0.007)QEEDDS(0.099)S(0.099)GS(0.094)GT(0.071)
WIRS(0.63)PR
At3g45780 phototropin 1 (phot1/NPH1/RPT1) ALS(1)ESTNLHPFMTK —-1.28 0.00
At3g01090, SNF1-related protein kinase 1a1, 1a2 DGHFLKT(0.212)S(0.212)CGS(0.576)PNYAAPEVISGK —2.39 0.01
At3929160 (SNRK1a1/AKIN10, SnRK1a2/AKINT1)

aAccession numbers of Arabidopsis genes. ®Phosphopeptide sequences were detected by LC-MS/MS; phosphorylated amino acids with the localization probability
score and are underlined and in bold type when the score is higher than 0.75. Average log2 fold difference between high C/low N-nutrient stress and control condlitions.
dCalculated by Student’s t-tests.
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