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Introduction

Drought is one of the main abiotic stresses affecting plant growth and yield. Sessile plants have evolved various effective mechanisms to cope with drought stress [START_REF] Hu | Genetic engineering and breeding of drought-resistant crops[END_REF]. Most of the regulatory mechanisms pertaining to drought responses are closely related to the abscisic acid (ABA)-dependent pathway [START_REF] Cutler | Abscisic acid: emergence of a core signaling network[END_REF][START_REF] Vishwakarma | Abscisic Acid Signaling and Abiotic Stress Tolerance in Plants: A Review on Current Knowledge and Future Prospects[END_REF][START_REF] Xiong | Cell signaling during cold, drought, and salt stress[END_REF], and ABA has been widely considered as a stress hormone. The ABA signaling pathway has been intensively studied especially after the discovery of the Pyrabactin resistance1 (PYR1)/PYR1-like (PYL) proteins as ABA receptors. Under drought stress conditions, ABA accumulates in plants and forms a complex with PYR/PYL. The ABA-PYR/PYL complex inhibits the phosphatase activities of clade A protein phosphatase 2Cs (PP2Cs), leading to the activation of SNF1-related type 2 protein kinases (SnRK2s), which further phosphorylate and activate the downstream substrates such as transcription factors [START_REF] Cutler | Abscisic acid: emergence of a core signaling network[END_REF][START_REF] Lynch | Direct interactions of ABA-insensitive(ABI)-clade protein phosphatase(PP)2Cs with calcium-dependent protein kinases and ABA response element-binding bZIPs may contribute to turning off ABA response[END_REF][START_REF] Ma | Regulators of PP2C phosphatase activity function as abscisic acid sensors[END_REF][START_REF] Nakashima | Three Arabidopsis SnRK2 protein kinases, SRK2D/SnRK2.2, SRK2E/SnRK2.6/OST1 and SRK2I/SnRK2.3, involved in ABA signaling are essential for the control of seed development and dormancy[END_REF][START_REF] Park | Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of START proteins[END_REF][START_REF] Rodrigues | ABI1 and PP2CA phosphatases are negative regulators of Snf1-related protein kinase1 signaling in Arabidopsis[END_REF][START_REF] Schweighofer | Plant PP2C phosphatases: emerging functions in stress signaling[END_REF][START_REF] Umezawa | Type 2C protein phosphatases directly regulate abscisic acid-activated protein kinases in Arabidopsis[END_REF][START_REF] Zhang | Molecular character of a phosphatase 2C (PP2C) gene relation to stress tolerance in Arabidopsis thaliana[END_REF].

The bZIP (basic region and leucine zipper) transcription factors family, especially members of the ABA-responsive element binding factor (ABF) subfamily, are major targets of SnRK2s in ABA core signaling [START_REF] Banerjee | Abscisic-acid-dependent basic leucine zipper (bZIP) transcription factors in plant abiotic stress[END_REF][START_REF] Nakashima | Three Arabidopsis SnRK2 protein kinases, SRK2D/SnRK2.2, SRK2E/SnRK2.6/OST1 and SRK2I/SnRK2.3, involved in ABA signaling are essential for the control of seed development and dormancy[END_REF]. In rice, many members of the ABF subfamily have been identified and are predicted to be associated with drought resistance regulation.

One of the ABF subfamily members, OsbZIP23, has been reported as a positive regulator of ABA signaling and drought resistance in rice [START_REF] Xiang | Characterization of OsbZIP23 as a key player of the basic leucine zipper transcription factor family for conferring abscisic acid sensitivity and salinity and drought tolerance in rice[END_REF]. SAPK2, a homolog of SnRK2-type protein kinases, can phosphorylate and activate OsbZIP23 for its activation, which thereby directly regulates a large number of reported genes with functions in stress responses, hormone signaling, and developmental processes [START_REF] Zong | Feedback Regulation of ABA Signaling and Biosynthesis by a bZIP Transcription Factor Targets Drought-Resistance-Related Genes[END_REF]. OsbZIP46, another ABF subfamily member, also positively regulates ABA signaling and drought resistance [START_REF] Tang | Constitutive activation of transcription factor OsbZIP46 improves drought tolerance in rice[END_REF]. However, the transcriptional activity of native OsbZIP46 is blocked by a negative regulatory domain in OsbZIP46, but significantly enhanced after being phosphorylated by SAPK-type protein kinases [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF]. In addition to the phosphorylation modification, the activity of transcription factors can be modulated by other post-translational modifications such as dephosphorylation and ubiquitinatation [START_REF] Delong | Switching the flip: protein phosphatase roles in signaling pathways[END_REF][START_REF] Wu | Advances in crop proteomics: PTMs of proteins under abiotic stress[END_REF][START_REF] Zhu | Abiotic Stress Signaling and Responses in Plants[END_REF].

Chromatin modifications have also been demonstrated to play critical roles in transcriptional regulation. The covalent modifications of histones include methylation, acetylation, phosphorylation, ADP-ribosylation, sumoylation, and monoubiquitination [START_REF] Kouzarides | Chromatin modifications and their function[END_REF][START_REF] Turner | Cellular memory and the histone code[END_REF]. Histone monoubiquitination mainly involves histone H2A and H2B [START_REF] Weake | Histone ubiquitination: triggering gene activity[END_REF]. Monoubiquitination of histones has been found to be associated with transcriptional regulation of gene expression and DNA damage response [START_REF] Ramanathan | Cellular strategies for making monoubiquitin signals[END_REF]. Monoubiquitination of H2B (H2Bub1) was first detected in mouse cells and then discovered widely throughout eukaryotes spanning from yeast (Saccharomyces cerevisiae) to humans and plants. In yeast and humans, the E3 ubiquitin ligase Brefeldin A-sensitivity protein1 (BRE1) catalyzes the monoubiquitination of histone H2B, and a yeast bre1 mutant exhibits a developmental defect with increased cell size [START_REF] Hwang | A conserved RING finger protein required for histone H2B monoubiquitination and cell size control[END_REF]. The BRE1 homologs in human, namely RNF20/hBRE1A and RNF40/hBRE1B, act as tumor suppressors through regulation of H2Bub1 [START_REF] Zhu | Monoubiquitination of human histone H2B: the factors involved and their roles in HOX gene regulation[END_REF]. In Arabidopsis, there are two BRE1 homologs, HISTONE MONOUBIQUITINATION 1 (AtHUB1) and AtHUB2, which function non-redundantly as a hetero-tetramer in the monoubiquitination of histone H2B and regulate a wide range of biological processes.

Compared with the wild type, the athub mutants exhibited diverse phenotypic changes including pale leaves, modified leaf shape, reduced rosette biomass and root growth, and early flowering [START_REF] Fleury | The Arabidopsis thaliana homolog of yeast BRE1 has a function in cell cycle regulation during early leaf and root growth[END_REF]. Moreover, the cutin and wax composition, seed dormancy and circadian clock were also affected in the athub mutants [START_REF] Himanen | Histone H2B monoubiquitination is required to reach maximal transcript levels of circadian clock genes in Arabidopsis[END_REF][START_REF] Liu | The absence of histone H2B monoubiquitination in the Arabidopsis hub1 (rdo4) mutant reveals a role for chromatin remodeling in seed dormancy[END_REF][START_REF] Menard | Histone H2B monoubiquitination is involved in the regulation of cutin and wax composition in Arabidopsis thaliana[END_REF]. H2Bub1 plays important roles in plant defense responses to pathogens as well. AtHUB1 and AtHUB2 have been reported to regulate disease resistance via histone monoubiquitination at disease resistance gene loci [START_REF] Zou | Monoubiquitination of histone 2B at the disease resistance gene locus regulates its expression and impacts immune responses in Arabidopsis[END_REF]. Specifically, athub1 mutant plants showed susceptibility to necrotrophic fungal pathogens, but no obvious response to Pseudomonas syringae pv tomato (Pst) DC3000 [START_REF] Dhawan | HISTONE MONOUBIQUITINATION1 interacts with a subunit of the mediator complex and regulates defense against necrotrophic fungal pathogens in Arabidopsis[END_REF]. The tomato histone H2B monoubiquitination enzymes SIHUB1 and SIHUB2 contribute to the resistance against B.cinerea through balancing the salicylic acid and jasmonic acid/ethylene-mediated signaling pathways [START_REF] Zhang | Tomato histone H2B monoubiquitination enzymes SlHUB1 and SlHUB2 contribute to disease resistance against Botrytis cinerea through modulating the balance between SA-and JA/ET-mediated signaling pathways[END_REF]. In rice, OsHUB1 and OsHUB2, the homologs of Arabidopsis AtHUB1 and AtHUB2, have been reported to be involved in regulating growth and development. H2Bub1 mediated by OsHUB1 and OsHUB2, in concert with H3K4me2, modulates the transcriptional regulation of genes involved in anther development [START_REF] Cao | Histone H2B Monoubiquitination Mediated by HISTONE MONOUBIQUITINATION1 and HISTONE MONOUBIQUITINATION2 Is Involved in Anther Development by Regulating Tapetum Degradation-Related Genes in Rice[END_REF]. In addition, OsHUB2

regulates flowering time and yield potential in rice by affecting histone H2B monoubiquitination and gene expression [START_REF] Du | Flowering-Related RING Protein 1 (FRRP1) Regulates Flowering Time and Yield Potential by Affecting Histone H2B Monoubiquitination in Rice (Oryza Sativa)[END_REF].

Monoubiquitination of histone H2B is dynamically regulated and can also be reversed by histone deubiquitinases [START_REF] Huang | Regulation of deubiquitinase proteolytic activity[END_REF]. Among the 50 deubiquitination enzymes in Arabidopsis, ubquitin-specific protease (UBP) 26, UBP22 and OTLD1 are known to target histones H2B [START_REF] Isono | Deubiquitylating enzymes and their emerging role in plant biology[END_REF][START_REF] Komander | Breaking the chains: structure and function of the deubiquitinases[END_REF][START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF]. UBP26 acts as a transcriptional repressor involved in seed development, and also acts as a transcriptional activator in flowering by activating FLOWERING LOCUS C (FLC) [START_REF] Luo | UBIQUITIN-SPECIFIC PROTEASE 26 is required for seed development and the repression of PHERES1 in Arabidopsis[END_REF][START_REF] Schmitz | Histone H2B deubiquitination is required for transcriptional activation of FLOWERING LOCUS C and for proper control of flowering in Arabidopsis[END_REF]. UBP22, regulated by a light signaling factor DE-ETIOLATED 1, may contribute to the light-dependent control on H2Bub homeostasis and photomorphogenesis [START_REF] Nassrallah | DET1-mediated degradation of a SAGA-like deubiquitination module controls H2Bub homeostasis[END_REF]. OTLD1 has been reported to be involved in plant organ growth and development by repressing the expression of GA20OX, WUS, OSR2, ARL, and ABI5. And it may associate directly and function together with the KDM1-type lysine demethylases to regulate gene expression [START_REF] Keren | The histone deubiquitinase OTLD1 targets euchromatin to regulate plant growth[END_REF][START_REF] Krichevsky | Involvement of KDM1C histone demethylase-OTLD1 otubain-like histone deubiquitinase complexes in plant gene repression[END_REF]. H2Bub1 is involved in the regulation of plant growth, development, light signaling and immune responses. However, whether H2Bub1 is implicated in plant responses to drought stress, and if yes, the underlying molecular mechanisms remain unknown.

Previously, we reported that the transcription factor OsbZIP46 positively regulates ABA signaling and drought resistance in rice [START_REF] Tang | Constitutive activation of transcription factor OsbZIP46 improves drought tolerance in rice[END_REF]. The activity of native OsbZIP46 is suppressed by the negative regulatory region domain D which is required for the interaction of OsbZIP46 with the repressor MODD (Tang et al., 2016). MODD, a homolog of Arabidopsis thaliana ABSCISIC ACID-INSENSITIVE 5 (ABI5) binding protein (AFP), negatively regulates ABA signaling and drought resistance via deactivation and degradation of OsbZIP46.

MODD represses OsbZIP46 activity by interacting with the OsTPR3-HDA702 co-repression complex and down-regulating histone acetylation level at the target genes of OsbZIP46, and MODD can also promote OsbZIP46 degradation via interaction with the E3 ligase OsPUB70 [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF]. Here, we report that OsHUB2, a H2B monoubiquitinase in rice, interacts with OsbZIP46 and plays a positive role in ABA signaling and drought resistance via increasing the H2Bub1 modification on OsbZIP46 target genes. Furthermore, we found that the H2Bub1 levels at the OsbZIP46 target genes can be repressed by MODD, which interacts with OsOTLD1, a homolog of Arabidopsis deubiquitinase OTLD1. Our study reveals a novel epigenetic regulatory mechanism on ABA and drought responses through reversible H2B monoubiquitination.

Results

OsbZIP46 physically interacts with OsHUB2

Our previous studies suggest that OsbZIP46 is a key regulator in ABA signaling and drought resistance [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF][START_REF] Tang | Constitutive activation of transcription factor OsbZIP46 improves drought tolerance in rice[END_REF]. In order to further unveil the regulatory mechanism of OsbZIP46, a yeast two-hybrid (Y2H) screening was performed to probe interacting proteins of OsbZIP46. Full-length OsbZIP46 fused with the GAL4 DNA-binding domain was used as a bait to screen approximately 10 6 yeast transformants. Two positive clones were identified to contain the same cDNA with its full-length sequence encoding a protein identical to OsHUB2 (LOC_Os10g41590) (Figure 1A), which has been reported as an E3 ligase mediating H2B monoubiquitination (H2Bub1) [START_REF] Cao | Histone H2B Monoubiquitination Mediated by HISTONE MONOUBIQUITINATION1 and HISTONE MONOUBIQUITINATION2 Is Involved in Anther Development by Regulating Tapetum Degradation-Related Genes in Rice[END_REF].

The interaction between OsHUB2 and OsbZIP46 was further confirmed by bimolecular fluorescence complementation (BiFC) and co-immunoprecipitation (Co-IP) in rice protoplasts. In BiFC assays, OsbZIP46-pVYCE(R) and OsHUB2-pVYNE(R) were co-transformed into rice protoplasts. A strong fluorescence signal was observed in cells co-expressing OsbZIP46-cYFP and OsHUB2-nYFP, but no signal was detected when each construct was co-expressed with an empty vector (Figure 1B; Figure S1A). This result indicated an interaction between OsbZIP46 and OsHUB2 in rice protoplasts. In the Co-IP assays, 35S:OsHUB2-HA and 35S:OsbZIP46-Myc were transiently expressed in rice protoplasts. The transformation of 35S:HA and 35S:OsbZIP46-Myc was used as a negative control. Anti-HA beads could successfully precipitate OsbZIP46-Myc only when OsHUB2 was present, suggesting that OsbZIP46 physically interacted with OsHUB2 in vivo (Figure 1C). Furthermore, OsbZIP46 constitutive active forms (CA1, ∆D and PA), with deletions of domain D or phosphomimetic mutations [START_REF] Tang | Constitutive activation of transcription factor OsbZIP46 improves drought tolerance in rice[END_REF][START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF], were investigated for their potential interactions with OsHUB2 by Y2H assays. The results revealed that OsHUB2 could interact with OsbZIP46 not only in the native form but also the constitutive active forms (Figure S1B), implying that OsHUB2 might be substantially associated to the functional regulation of OsbZIP46. Since OsbZIP46 is a major regulator in ABA signaling and drought resistance, we checked the expression levels of OsHUB2 under ABA or drought stress conditions using quantitative reverse transcription PCR (RT-qPCR). The ABA (100 µM) treatment was applied on 14-day-old seedlings of rice Zhonghua 11 and leaf samples were collected at 0 , 1 , 3 , and 6 h after the treatment. The drought stress treatment was applied to 4-leaf-stage seedlings, and the leaf samples were collected at 0 (when the fluidic water in soil was removed), 1, 3, and 5 d (when all the leaves were completely rolled). The results showed that the transcript abundance of OsHUB2 was up-regulated by exposure to ABA treatment and drought stress treatment, and the regulation appeared at the early stages of ABA treatment and drought stress (Figure 1D). This result, together with the interaction of OsHUB2 with OsbZIP46, implies that OsHUB2 may be involved in the regulation of ABA signaling and drought responses.

OsHUB2 positively regulates ABA signaling and drought resistance

OsbZIP46 has been reported as a positive regulator of ABA signaling and drought resistance in rice. To investigate whether OsHUB2 also regulates ABA signaling and drought resistance, OsHUB2 was overexpressed in rice Zhonghua 11. We randomly selected two independent overexpression lines which contained a single copy of the transgene (Figure S2) for further phenotypic and molecular analyses. These overexpression lines showed significantly shorter shoots and roots than the negative transgenic lines under ABA treatment, while there were no significant differences under normal growth conditions (Figure 2A and2B). Furthermore, the OsHUB2 overexpression lines exhibited greater survival rates than the negative transgenic lines after drought stress treatment (Figure 2C and2D). These results indicated that overexpressing OsHUB2 could increase ABA sensitivity and drought resistance.

To further confirm the role of OsHUB2 in ABA signaling and drought response, we collected two allelic rice T-DNA insertion mutants, a knock-down line oshub2-1 (03Z11AY86-3 with a background of rice Zhonghua 11) and a knockout line oshub2-2 (PFG_2A-00426.R with a background of rice Dongjin), with the insertions in the 5'-untranslated region and the 17 th exon, respectively (Figure S2). In contrary to the results of the OsHUB2 overexpression lines, oshub2-1 and oshub2-2 both showed decreased sensitivity to ABA (Figure 2E and 2F; Figure S3). Furthermore, the knock-down line oshub2-1 showed increased sensitivity to drought stress treatment (Figure 2G and 2H), while the knockout line oshub2-2 produced not enough seeds for the evaluation of the drought resistance, which may be partially due to the indispensable function of OsHUB2 in reproductive development such as anther development as previously reported [START_REF] Cao | Histone H2B Monoubiquitination Mediated by HISTONE MONOUBIQUITINATION1 and HISTONE MONOUBIQUITINATION2 Is Involved in Anther Development by Regulating Tapetum Degradation-Related Genes in Rice[END_REF]. These results together suggest that OsHUB2 positively affects ABA sensitivity and drought resistance.

Positive correlation between H2Bub1 and gene expression in response to drought

In light of the fact that OsHUB2 acts as an E3 ligase for H2Bub1 and plays a pivotal role in drought resistance, it's tempting to explore the general role of H2Bub1 in drought response. We first examined the overall H2Bub1 levels in wild-type rice Zhonghua 11 under moderate drought stress (the relative soil water content at about 20%), severe drought stress (the relative soil water content at about 10%), and ABA treatments. The results showed that the H2Bub1 level was significantly increased under drought stress and ABA treatments (Figure 3A andB). To answer whether the change of the H2Bub1 level is associated with the regulation of drought response, we applied chromatin immunoprecipitation sequencing (ChIP-Seq) to obtain the genome-wide H2Bub1 profiles by using anti-ubiquitinated-histone H2B antibody. The DNA fragments were immunoprecipitated from leaf tissues of rice Zhonghua 11 under normal growth conditions, moderate drought stress treatment, and severe drought stress treatment (each with three biological replicates). Meanwhile, the transcriptomes in those plants were investigated using RNA-seq. The ChIP-Seq generated 25-30 million unique mapped reads and more than ten thousand peaks for each sample.

Genomic distribution analysis revealed that more than 88% of the peaks were located within the transcribed regions (Figure S4A to D), in line with a previously characterized predominant distribution for H2Bub1 over gene bodies in Arabidopsis [START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF]. By comparing the peaks between normal and moderate drought stress conditions, we found that 555 genes (fold change≥ 2, FDR< 0.05) exhibited a significantly difference in H2Bub1 level. Taking into account the RNA-Seq results, we further classified these genes into four groups based on their H2Bub1 level changes under moderate drought stress treatment and their responsiveness to the drought stress (Figure 3C, Figure S4E and Supplemental Data Set 1). Interestingly, more than half of the differentially H2Bub1 modified genes under moderate drought stress conditions were drought-responsive genes. Among the genes with H2Bub1 levels significantly increased, almost all (218 genes, Group 1) were significantly up-regulated by drought stress, and only a few of them were down-regulated (6 genes, Group 3). All of the 80 genes with H2Bub1 levels significantly decreased were significantly down-regulated (Group 2) by drought stress treatment. Among the other differentially H2Bub1 modified genes (Group 4), most of the genes with H2Bub1 levels significantly increased (171 genes) or decreased (80 genes) were also slightly up-regulated or down-regulated by drought stress treatment. Similar patterns were observed for the differential H2Bub1 modification and differential gene expression between normal growth and severe drought stress conditions (Figure 3D, Supplemental Data Set 2). Besides, our data showed that there was a significant positive correlation between the differential H2Bub1 modification and gene expression levels (Figure 3E, Figure S4F andG), in agreement with a generally recognized positive role of H2Bub1 on gene expression [START_REF] Cao | Histone H2B Monoubiquitination Mediated by HISTONE MONOUBIQUITINATION1 and HISTONE MONOUBIQUITINATION2 Is Involved in Anther Development by Regulating Tapetum Degradation-Related Genes in Rice[END_REF][START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF]. Among these differentially H2Bub1-modified genes, at least 60 genes were ABA-responsive according to the transcriptome data [START_REF] Garg | Microarray analysis reveals overlapping and specific transcriptional responses to different plant hormones in rice[END_REF] under ABA treatment (Supplemental Data Set 3). These results implied that H2Bub1 is involved in the regulation of both ABA and drought responses. In addition, we noticed that there were more genes (394 vs 220) with significantly increased H2Bub1 levels but fewer genes (160 vs 1114) with significantly decreased H2Bub1 levels under moderate drought stress conditions compared to severe drought stress conditions, which suggested that the H2Bub1 modification under drought stress conditions may be dynamically regulated.

The role of H2Bub1 in drought responsiveness largely depends on OsbZIP46

Since H2Bub1 is associated with the expression of drought-responsive genes and OsHUB2 can interact with OsbZIP46, it would be intriguing to further examine the expression levels of OsbZIP46 target genes in the OsHUB2-overexpression lines. We found that the expression levels of OsbZIP46 and its target genes such as RAB21 were up-regulated in the OsHUB2-overexpression lines, especially after 3 h of ABA treatment or under moderate drought stress treatment (Figure 4A-4D). Meanwhile, the H2Bub1 levels at OsbZIP46 and its target gene RAB21 were also significantly increased under drought stress treatment (Figure 4E). On the other hand, the H2Bub1 levels at several target genes of OsbZIP46 (randomly selected based on the results by [START_REF] Tang | Constitutive activation of transcription factor OsbZIP46 improves drought tolerance in rice[END_REF] and our unpublished ChIP-Seq data of OsbZIP46) were significantly decreased in the oshub2-1 and oshub2-2 mutants (Figure 4F andG) and increased in the OsHUB2 overexpression line (Figure 4H). These results indicate that both the H2Bub1 and expression levels of the OsbZIP46 target genes may be affected by OsHUB2, probably due in part to its interaction with OsbZIP46 and, apparently, its general effects on H2Bub1 regulation (Cao et al., 2015 and this study).

Next, we wondered whether the changes of H2Bub1 modification in response to drought stress are associated with OsbZIP46. We compared the genes with significantly changed H2Bub1 modification levels and the genes directly targeted by OsbZIP46 in drought response. We found that 140 of 555 H2Bub1 level-changed genes were directly target genes of OsbZIP46 under drought stress treatment (Supplemental Data Set 4; Figure S4E andH). Furthermore, we checked the H2Bub1 levels of several OsbZIP46 target genes in the osbzip46 mutant and wild-type lines by ChIP-qPCR. The results showed that the H2Bub1 levels of these genes were decreased in the osbzip46 mutant (Figure 4I). To establish this point further, global H2Bub1 profile in the osbzip46 mutant was examined using ChIP-seq (Figure S5). In comparison with the wild type, 1287 genes exhibited differential H2Bub1 levels in the osbzip46 mutant under drought stress condition (Supplemental Data Set 5). Notably, all of these genes were down-regulated in the mutant, and 223 of them were directly target genes of OsbZIP46, among which 83 genes were drought-responsive (Figure 4J, Figure S5). Consistent with this, Gene Ontology analysis for the 223 target genes showed significant enrichments in the functional category of "response to stress" (Figure 4K). These results support that OsbZIP46 significantly regulates the H2Bub1 levels at its target genes in response to drought stress. Nevertheless, the target-binding capability of OsbZIP46 in oshub2-1 plants showed no difference when compared to the wild-type plants (Figure S6), suggesting that OsHUB2 may not affect the binding of OsbZIP46 to its target genes.

To further elucidate the association between OsbZIP46 and H2Bub1 regulation, we investigated the potential functional dependency of OsHUB2 on OsbZIP46 using a transient expression system in rice protoplasts. The activation of RAB21 by OsHUB2 was evaluated in protoplasts isolated from wild-type or osbzip46 knockout mutant plants. The results showed that OsHUB2 significantly activated the expression of RAB21 in wild type, whereas the activation was greatly attenuated in osbzip46 mutant (Figure 4L), implying that the function of OsHUB2 on gene expression regulation could be, at least partially, dependent on OsbZIP46. Taken together, the results in this section suggest that the H2Bub1 modification at the OsbZIP46 target genes in response to drought stress is largely dependent on OsbZIP46 and its interaction with OsHUB2.

MODD negatively regulates the H2Bub1 level

Although the H2Bub1 level was significantly up-regulated under drought stress, it was decreased under severe drought treatment compared to moderate drought stress (Figure 3A), and it was also decreased at 9 h after ABA treatment compared to 3 h after ABA treatment (Figure 3B). Meanwhile, the H2Bub1 levels of about a thousand of genes were decreased under severe drought stress condition (Figure 3D, Supplemental data set 2). Therefore, we speculated that there may be some negative regulators involved in the H2Bub1 modification. Our previous study reported that MODD negatively regulates ABA signaling and drought response via deactivation and degradation of OsbZIP46, we wondered whether MODD is also involved in the H2Bub1 changes in drought response. Firstly, we examined the expression of RAB21, a typical target gene of OsbZIP46, in rice protoplast with OsHUB2 or MODD transformed, or with OsHUB2 and MODD co-transformed under normal and ABA treatment. The results showed that the RAB21 was up-regulated in the protoplast with OsHUB2 transformed under ABA treatment, but it was down-regulated when MODD and OsHUB2 were co-transformed (Figure 5A). To answer whether MODD affected the H2Bub1 modification, we further checked the H2Bub1 levels in the modd mutant and the wild type using the anti-ubiquitinated histone H2B specific antibody. The results showed that the H2Bub1 level was significantly higher in the mutant than wild type (Figure 5B), suggesting that MODD could also affect the H2Bub1 level. Then we quantified the H2Bub1 levels of several OsbZIP46 target genes in the modd mutant and MODD-overexpression lines by ChIP-qPCR. The H2Bub1 levels at several random chosen target genes were significantly decreased in the MODD overexpression lines compared to the wild-type rice Zhonghua 11 (Figure 5C). On the contrary, H2Bub1 levels at these genes were significantly increased in the modd mutant lines compared to the corresponding wild-type rice Dongjin (Figure 5C).

These results implied that MODD could down-regulate the H2Bub1 levels at the OsbZIP46 target genes.

MODD interacts and functions together with histone deubiquitinase OsOTLD1 to regulate H2Bub1

To explain how MODD attenuates the H2Bub1 levels of OsbZIP46 target genes, we explored the potential link between MODD and the removal of ubiquitin on H2B.

OTLD1 is a transcriptional repressor of ABI5, a close homolog of OsbZIP46 in Arabidopsis, via deubiquitination of H2B [START_REF] Keren | The histone deubiquitinase OTLD1 targets euchromatin to regulate plant growth[END_REF]. We cloned the only homologous gene of OTLD1 in rice for further study. It was exciting to discover that MODD interacted with OsOTLD1 (LOC_Os04g33780) in yeast (Figure 6A), and the interaction was confirmed by BiFC and Co-IP assays in rice protoplasts (Figure 6B and 6C; Figure S7).

Then we examined the function of OsOTLD1 in H2Bub1 modification along with MODD in rice. We checked the transcript levels of OsOTLD1 under ABA and drought stress treatments. The results showed that OsOTLD1 transcript abundance was up-regulated by ABA and drought treatments, but the regulation appeared at the late stages of the treatments (Figure 6D), which is quite similar to the regulation pattern of MODD at the late stages [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF], implying that MODD and OsOTLD1 may work together to turn down the H2Bub1 levels during the late stages of the ABA and drought stress treatments. Then, we investigated whether OsOTLD1 possesses the histone deubiquitination function. Purified OsOTLD1 was incubated with bovine histones, and the H2B ubiquitination levels were checked by Western blot.

The results showed that the monoubiquitinated histone H2B levels were gradually decreased with the presence of increasing concentrations of OsOTLD1 (Figure 6E). These results confirmed that OsOTLD1 could deubiquitinate histone H2B in vitro just like the homologous protein OTLD1. The function of OsOTLD1 was further checked in rice protoplasts. When the OsOTLD1 was co-transformed with OsbZIP46 into the protoplasts, the expression of RAB21 was slightly suppressed under both normal and ABA treatment conditions, but the expression of RAB21 was dramatically suppressed when MODD was co-transformed with OsOTLD1 and OsbZIP46 (Figure 6F). In contrast, the suppression was abolished in modd-2 mutant protoplasts (Figure 6G), suggesting that OsOTLD1 negatively regulates the transactivation activity of OsbZIP46 in a MODD-dependent manner. In addition, we attempted to suppress the expression level of OsOTLD1 in rice protoplasts using the CRISPR-CAS9 technique to delete a fragment from the coding region of OsOTLD1. The deletion of the fragment was detected in part of the protoplasts by PCR (Figure S8A andB).

RT-qPCR suggested that the OsOTLD1 expression level, with the amplification region covering the deleted region, was suppressed, and the expression levels of OsbZIP46 and its target genes were up-regulated (Figure 6H). Meanwhile, the H2Bub1 levels at these genes were increased in the OsOTLD1-suppressed protoplasts (Figure 6I). Furthermore, we identified a T-DNA insertion line osotld1, which appeared to be a loss-of-function mutant (Figure S8C andD). osotld1 exhibited increased ABA sensitivity in comparison with wild type (Figure 6J), suggesting that OsOTLD1, in contrast to OsbZIP46, negatively regulates ABA signaling. All these results demonstrate that the OsOTLD1 functions as a deubiquitinase of histone H2B to repress the expression of OsbZIP46 and its target genes by decreasing the H2Bub1 level. The results in this section together suggest that MODD negatively regulates the H2Bub1 level via interacting with the deubiquitinase OsOTLD1.

Discussion

H2Bub1 participates in the regulation of ABA signaling and drought response

The modification of histone H2Bub1 is well conserved from yeasts to humans and plants, and involved in various biological processes. E3 ligases OsHUB1 and OsHUB2 constitute major determinants of H2Bub1 in rice, and they have been importantly recognized for functions on growth and developmental regulation [START_REF] Cao | Histone H2B Monoubiquitination Mediated by HISTONE MONOUBIQUITINATION1 and HISTONE MONOUBIQUITINATION2 Is Involved in Anther Development by Regulating Tapetum Degradation-Related Genes in Rice[END_REF][START_REF] Du | Flowering-Related RING Protein 1 (FRRP1) Regulates Flowering Time and Yield Potential by Affecting Histone H2B Monoubiquitination in Rice (Oryza Sativa)[END_REF]. In the present study, we found that OsHUB2 interacts with the key regulator OsbZIP46, and plays a positive role in ABA signaling and drought stress resistance, thereby substantiating the link between H2Bub1 modification and plant stress response. The previous study revealed that OsHUB1 can interact with OsHUB2 and each of them can interact with itself [START_REF] Cao | Histone H2B Monoubiquitination Mediated by HISTONE MONOUBIQUITINATION1 and HISTONE MONOUBIQUITINATION2 Is Involved in Anther Development by Regulating Tapetum Degradation-Related Genes in Rice[END_REF]. Accordingly, OsHUB1 may also function in ABA signaling and drought stress response via the formation of a hetero-tetrameric complex with OsHUB2 or the interaction with transcriptional regulators. In fact, we found that overexpression of OsHUB1 also enhanced the ABA sensitivity and drought stress resistance just like OsHUB2 (Figure S9), suggesting that both OsHUB2 and OsHUB1 positively regulates the ABA signaling and drought stress resistance.

H2Bub1 was induced under drought stress conditions, especially under moderate drought stress (Figure 3A). The ChIP-Seq profiles showed that a large proportion of genes with increased H2Bub1 levels under moderate drought stress treatment were drought-responsive and/or ABA responsive (Figure 3C, Supplemental Data Set 3), indicating that H2Bub1 plays an important role in the regulation of ABA signaling and drought stress response. Notably, a significant proportion of the genes with H2Bub1 levels changed under moderate drought stress treatment are OsbZIP46 target genes.

We further confirmed that the H2Bub1 modifications on target genes may be largely dependent on the presence of OsbZIP46 (Figure 4, Figure S5 and Supplemental Data Set 5). Although a definitive analysis for the genetic interaction remains to be done, our results based on transient expression system suggest that the function of OsHUB2 may be partially dependent on OsbZIP46. These data imply that the role of H2Bub1 in ABA and drought stress responses may be fulfilled mainly through the interaction with OsbZIP46, although it cannot be excluded that the H2Bub1 may be involved in the regulation of ABA and drought responses through the coordination with other regulators.

Moreover, the transcript abundance of AtHUB1, AtHUB2 and AtOTLD1 in Arabidopsis were also up-regulated by drought stress treatments (Figure S10), with patterns similar to that for their homologs in rice. Interestingly, the H2Bub1 level was also induced in Arabidopsis under drought stress treatments (Figure S10). Consistent with this, a newly published work pointed to substantial roles for AtHUB2 and GhHUB2 (a homolog of AtHUB2 in cotton) in drought stress response [START_REF] Chen | An Arabidopsis E3 ligase HUB2 increases histone H2B monoubiquitination and enhances drought tolerance in transgenic cotton[END_REF]. The overall data suggest that H2Bub1 may function as a general epigenetic regulatory mechanism in response to drought stress.

Dynamic and reversible H2Bub1 modification in response to drought stress

The overall H2Bub1 level was induced by drought stress treatments, but it showed a dynamic change during the drought stress treatment (Figure 3A). For example, the H2Bub1 levels at the OsbZIP46 and RAB21 genes were induced by drought stress treatment, but the H2Bub1 levels were significantly lower under severe drought stress than moderate drought stress conditions (Figure 4E). Although the overall H2Bub1 level was increased compared to normal conditions, the proportion of drought-responsive genes with increased H2Bub1 levels was obviously lower under severe drought stress than moderate drought stress conditions (Figure 3C and3D). For many genes, the H2Bub1 levels were decreased under severe drought conditions compared to the levels under moderate drought stress conditions. These results indicate that the H2Bub1 levels at different genes may be differentially and dynamically modulated during the drought stress treatment. In agreement with our observations, a similar dynamical regulation of H2Bub1 was described for Arabidopsis in response to light treatments [START_REF] Bourbousse | Histone H2B monoubiquitination facilitates the rapid modulation of gene expression during Arabidopsis photomorphogenesis[END_REF], indicating a potential general regulatory mechanism in plant adaptive response. Presumably, the global low H2Bub1 level under severe drought stress may down-regulate transcription through interplay, to some extent, with H3K4me2 [START_REF] Cao | Histone H2B Monoubiquitination Mediated by HISTONE MONOUBIQUITINATION1 and HISTONE MONOUBIQUITINATION2 Is Involved in Anther Development by Regulating Tapetum Degradation-Related Genes in Rice[END_REF], in a complex context of transcriptional regulatory network and chromatin remodeling [START_REF] Kouzarides | Chromatin modifications and their function[END_REF]. Interestingly, the expression levels of most genes with decreased H2Bub1 levels under severe drought stress treatment were also down-regulated by the stress. GO analysis suggests that these genes belong to drought stress-related categories including "response to hormone", "response to stimulus", and "response to abiotic stimulus" (Figure S11), implying that the dynamic change of the H2Bub1 level is consistent with the dynamic change of the expression levels for many drought-responsive genes. Although it is difficult to completely explain how H2Bub1 is dynamically regulated during the drought stress treatment, OsOTLD1, encoding a H2B deubiquitinase, may crucially account for the decreased H2Bub1 levels under severe drought stress conditions.

Reversible histone modifications, such as acetylation and methylation, have been reported to be involved in the regulation of stress-responsive genes [START_REF] Chinnusamy | Abscisic acid-mediated epigenetic processes in plant development and stress responses[END_REF][START_REF] Kim | Chromatin changes in response to drought, salinity, heat, and cold stresses in plants[END_REF]. These modifications are established or erased by specific enzymes. For histone ubiquitination, histone H2B is monoubiquitinated by E3 ligases [START_REF] Cao | Histone H2B Monoubiquitination Mediated by HISTONE MONOUBIQUITINATION1 and HISTONE MONOUBIQUITINATION2 Is Involved in Anther Development by Regulating Tapetum Degradation-Related Genes in Rice[END_REF][START_REF] Liu | The absence of histone H2B monoubiquitination in the Arabidopsis hub1 (rdo4) mutant reveals a role for chromatin remodeling in seed dormancy[END_REF] and the modification can be removed by histone deubiquitinases [START_REF] Krichevsky | Involvement of KDM1C histone demethylase-OTLD1 otubain-like histone deubiquitinase complexes in plant gene repression[END_REF][START_REF] Luo | UBIQUITIN-SPECIFIC PROTEASE 26 is required for seed development and the repression of PHERES1 in Arabidopsis[END_REF]. Here, we found that the H2Bub1 level in rice was increased at the early stages of drought stress treatment, in which the OsHUB2 transcript abundance was strongly up-regulated, and it declined at the late stages of drought stress treatment when the OsOTLD1 gene was strongly up-regulated. The elaborate adjustments of transcript abundance for OsHUB2 and OsOTLD1 could be attributed to regulation of mRNA synthesis and/or decay, while the underlying mechanisms remain to be further explored. These dynamic changes suggest that a reversible histone H2B monoubiquitination is involved in the fine-tuning of drought response.

OsOTLD1 possessed the enzymatic activity of H2B deubiquitination in vitro and the H2Bub1 levels were increased at OsbZIP46 target genes in the rice protoplast when OsOTLD1 was suppressed, which further supported the role of OsOTLD1 in the removal of H2B monoubiquitination. Interestingly, we found that OsOTLD1 interacts with MODD, a key suppressor protein mediating the deactivation and degradation of OsbZIP46. This implies that the reversal of H2Bub1 under severe drought stress conditions by OsOTLD1 may be associated with MODD. A few additional pieces of evidence can support this hypothesis. First, the H2Bub1 levels of the OsbZIP46 target genes are lower in the MODD-overexpression plant but higher in the modd mutant (Figure 5C). Second, MODD and OsOTLD1 showed similar late responsiveness to the drought stress (Tang et al., 2016, Figure 6D). Third, the expression of the target gene RAB21 was dramatically reduced in the rice protoplasts con-transformed with MODD and OsOTLD1 compared to the transformation of OsOTLD1 alone (Figure 6F). Last, OsOTLD1 deactivates OsbZIP46 in a MODD-dependent manner (Figure 6G).

Presumably, the OsbZIP46-interacting protein MODD may recruit OsOTLD1 to erase the H2Bub1 modification on OsbZIP46 target genes, and thereby repress the transactivation activity of OsbZIP46 (Figure 7). In particular, the late responsiveness for OsOTLD1 to drought stress hinted a potential role during late stress or recovery stage. OsOTLD1 and MODD may cooperatively contribute to the timely erasure of H2Bub1 enrichment when the stress is alleviated or removed, so as to coordinate plant stress responses with development and growth. Plants exhibit arrays of dynamic changes at different levels in responses to drought stress. At the transcriptional level, the dynamic changes of stress-responsive genes are regulated by a line of molecular mechanisms. Our results together suggest that the reversible and dynamic H2Bub1 modification mediated by the OsbZIP46-OsHUB2 complex (deposition) and MODD-OsOTLD1 complex (removal) provides a novel and elaborate mechanism to regulate the expression of drought responsive genes (Figure 7).

OsbZIP46 may integrate different epigenetic modifications to fine-tune ABA signaling and drought response

OsbZIP46 is a key transcription factor "translating" the upstream ABA signaling into the activation of downstream drought resistance-related genes [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF]. In the previous study, we proposed a model pertaining to the coordination of OsbZIP46 and MODD in ABA signaling and drought response: OsbZIP46 is induced and activated by SnRK2-type protein kinases at early drought stress stages, but MODD is not induced at the early stages, so that the function of activated OsbZIP46 is not significantly affected by the low levels of the MODD protein; When the stress strength continues, MODD is induced and interacts with OsbZIP46 (via its D domain) to attenuate the activity and stability of OsbZIP46 [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF]. MODD represses OsbZIP46 activity via interaction with the OsTPR3-HDA702 corepressor complex to turn down the histone acetylation level at OsbZIP46 target genes (Tang et al., 2016). Histone acetylation is a well-known epigenetic modification affecting the expression of stress-responsive genes. In this study, we found that OsbZIP46-OsHUB2 and MODD-OsOTLD1 complexes antagonistically regulate the H2Bub1 and expression levels of OsbZIP46 target genes in response to drought stress.

These findings allow us to update our previous model, centered on OsbZIP46 and its interacting proteins in the regulation of ABA signaling and drought response, by adding the reversible H2Bub1 modification (Figure 7). In this updated model, the key transcription factor, OsbZIP46, fine tunes ABA signaling and drought response by integrating at least two epigenetic regulation mechanisms: histone monoubiquitination and acetylation. At the early stages of drought stress, OsbZIP46 phosphorylation, activated by ABA signaling, and an increase in H2Bub1, mediated by OsbZIP46-OsHUB2, jointly up-regulate the expression of drought-responsive genes which are mainly targeted by OsbZIP46. At the late drought stress or recovery stage, increased MODD and OsOTLD1 levels lead to down-regulation of the genes through deacetylation and H2B deubiquitination, mediated by the MODD-OsTPR3-HDA702 20 complex and the MODD-OsOTLD1 complex, respectively. It should be noted that the stability of OsbZIP46 can also be down-regulated via degradation mediated by MODD-OsPUB70 [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF], which is not included in the updated model.

The joint regulation by histone deacetylation and H2Bub1 in stress responses maybe conserved in plants. In Arabidopsis, AFP (a homolog of MODD) interacts with the co-repressors TOPLESS-HDAC, similar to OsTPR3-HDA702 in rice, inhibits ABA-regulated gene expression, and AFP can also modulate ABA response via TOPLESS-independent chromatin modification [START_REF] Lynch | ABI5-binding proteins (AFPs) alter transcription of ABA-induced genes via a variety of interactions with chromatin modifiers[END_REF]. In view of the homologous relationship between AFP and MODD, H2Bub1 is likely one of the TOPLESS-independent chromatin modifications in stress responses. A previous study showed that the OTLD1 in Arabidopsis most likely functions as a part of a repressor complex, and the complex may contain some common chromatin modification members, such as histone deacetylases, histone methytransferases, and histone lysine demethylases, based on the effects of OTLD1 on its target chromatin [START_REF] Keren | The histone deubiquitinase OTLD1 targets euchromatin to regulate plant growth[END_REF]. This knowledge further supports our model on the integration of histone deacetylation and H2Bub1 in the regulation of ABA and drought stress response. In addition, as discussed earlier, there are also evidences to link AtHUB1, AtHUB2, and OTLD1 to drought response in Arabidopsis. Collectively, the findings indicate that the model (Figure 7) we proposed may be a general regulation mechanism in plants.

In conclusion, this study reveals that a reversible H2Bub1 epigenetic modification, mediated by OsbZIP46-OsHUB2 (for H2Bub1 deposition) and MODD-OsOTLD1 (for H2Bub1 removal), fine-tunes ABA and drought stress responses in rice, and this mechanism may be conserved in other plants.

Methods

Plant materials and growth conditions

The full-length coding regions of OsHUB1 and OsHUB2 were cloned into the pCAMBIA1301U (driven by a maize ubiquitin promoter) vector using the KpnI and BamHI sites, and introduced into Zhonghua 11 (Oryza sativa ssp, japoniaca) by Agrobacterium tumefaciens-mediated transformation. T-DNA insertion mutants oshub2-1 (03Z11AY86-3, in Zhonghua 11 background), oshub2-2 (PFG_2A-00426.R, in Dongjin background), osbzip46 (PFG_1B-09829.L, in Dongjin background) and osotld1 (PFG_1C-11130.R, in Hwayoung background) were obtained from the RMD or POSTECH mutant database [START_REF] Jeon | T-DNA insertional mutagenesis for functional genomics in rice[END_REF][START_REF] Jeong | Generation of a flanking sequence-tag database for activation-tagging lines in japonica rice[END_REF][START_REF] Zhang | RMD: a rice mutant database for functional analysis of the rice genome[END_REF]. The plants were grown in the field from April to October under natural conditions at Wuhan, China, or in the greenhouse with a 12-h-light/12-h-dark cycle at 25-30 °C in winter.

Yeast two-hybrid assay

Yeast two-hybrid (Y2H) assays were performed using the ProQuest two-hybrid system (Invitrogen) as described previously [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF]. For the Y2H screening, the full-length coding region of OsbZIP46 was cloned into pDEST32 to generate a bait construct, which was further co-transformed into the yeast strain Mav203 with a prey cDNA library of rice. For the other Y2H assays, the full-length coding region of OsHUB2 was fused to the GAL4 activation domain by constructing it in the pDEST22 vector, while OsbZIP46 and MODD were cloned into the pDEST32 vector. For the interaction test, pDEST32 and pDEST22 constructs were co-transformed into the Mav203 yeast strain, and selected on the SD/-Leu-Trp-His medium. The β-galactosidase activity assay was further conducted according to the Invitrogen manufacturer's manual.

Rice protoplast preparation and transformation.

Rice protoplasts were prepared from 13-day-old seedlings of rice Zhonghua 11 as described previously [START_REF] Shen | Translational repression by a miniature inverted-repeat transposable element in the 3' untranslated region[END_REF][START_REF] Xie | RNA-guided genome editing in plants using a CRISPR-Cas system[END_REF]. The protoplasts were isolated by digesting rice sheath strips in Digestion Solution for 4 h. The protoplasts were collected and incubated in W5 solution at room temperature for 60-90 min.

Finally, the protoplasts were collected by centrifugation at 100 g for 8 min and re-suspended in MMG solution to a final concentration of 0.5-1.0 × 10 7 ml -1 .

For transformation, 5-20 µg of plasmids was gently mixed with 100 µl protoplasts and 110 µl PEG-CaCl 2 solution (0.6 M mannitol, 100 mM CaCl 2 , and 40% PEG4000), and incubated at the room temperature for 15 min. Then, two volumes of W5 solution was added to stop the transformation, and the protoplasts were collected by centrifugation again followed by re-suspension in WI solution and incubation in 24-well culture plates for 20 h in the dark. Then the protoplasts were collected by centrifugation at 200 g for 5 min for the next assay.

The BiFC assays

For the BiFC assays, the coding regions of OsbZIP46 and MODD were cloned into pVYCE(R) and fused with the C-terminus of YFP, and OsHUB2 was cloned into pVYNE(R) and fused with the N-terminus of YFP [START_REF] Waadt | Multicolor bimolecular fluorescence complementation reveals simultaneous formation of alternative CBL/CIPK complexes in planta[END_REF]. The recombinant constructs were co-transformed in pairs into rice protoplasts, and Ghd7-CFP as a marker for nuclear localization [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF] was also co-transformed. The fluorescence signal was observed using Olympus FV1200 confocal microscopy.

The Co-IP assay

The total proteins were extracted from the rice protoplasts, in which two proteins with HA and Myc tags respectively were co-expressed. Then the total proteins were incubated with anti-HA agarose beads (Roche) in Co-IP buffer (50 mM Tris-HCl pH 8.0, 150 mM KCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM DTT, 1 mM PMSF, and protease inhibitor cocktail tablets [Roche]). The Co-IP samples were detected with the anti-Myc and anti-HA antibodies (ABclonal).

Stress treatments

The ABA sensitivity and drought resistance of the materials were tested as described previously [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF]. Briefly, the seeds were germinated on 1/2 MS medium for 3 days and then transplanted to 1/2 MS medium containing 0 μM or 3 μM ABA.

After 7-10 days, the shoot and root length were measured and analyzed. For the drought resistance testing, half transgenic and half control plants (10-12 plants each line and 3 repeats) were grown in the pots. At the 4-leaf stage, watering was stopped for 5-7 days until the leaves completely rolled, then the plants were recovered for 5-7 days and the survival rates were calculated.

To define the moderate and severe drought stresses treatment, rice plants at 4-leaf stage growing in the paddy soil from natural rice field were subjected to progressively (slowly developed) drought stress with the soil water content monitored. It was regarded as moderate drought stress when the relative soil water content was about 20% and severe drought stress when the relative soil water content was about 10%. The relative soil water content was calculated as followings: 100% × (the weight of soil after stress -the weight of air-dried soil) / the weight of soil after stress [START_REF] Gonzalez | Phytochrome B increases drought tolerance by enhancing ABA sensitivity in Arabidopsis thaliana[END_REF].

ChIP-qPCR and ChIP-Seq

The chromatin immunoprecipitation (ChIP) assays were conducted as described previously [START_REF] Huang | Down-regulation of a SILENT INFORMATION REGULATOR2-related histone deacetylase gene, OsSRT1, induces DNA fragmentation and cell death in rice[END_REF]. Briefly, 2 g of mutant and wild-type seedlings (each with three biological replicates) were harvested and crosslinked in 1% formaldehyde under vacuum, and chromatin was extracted and fragmented by sonication. For the immunoprecipitations, specific antibodies (anti-H2Bub1, Millipore, 05-1312; anti-OsbZIP46, produced by ABclonal company in China), together with Dynabeads TM protein A or G (Invitrogen, 10002D/10004D), were added to the sonicated chromatin followed by incubation overnight. The precipitated and input DNAs were further analyzed using qPCR with specific primers (Supplemental Data Set 6) or sequencing. OsACTIN (Os11g06390) was used as a negative control locus in the ChIP-qPCR assays. For the ChIP-Seq, chromatin-immunoprecipitated DNA were used to construct sequencing libraries following the protocol of TruSeq ChIP Library Preparation Kit (Illumina), and sequenced by Novogene Bioinformatics Technology (China) with Hiseq-PE150 (Illumina). Raw sequencing reads were filtered by FASTP and mapped to the rice genome (MSU RGAP, release 7) using Bowtie 2 (version 2.3.4) with default parameters, and only uniquely mapped reads were used for peak calling.

Peaks that significantly enriched in ChIP-seq tags were identified by Model-based Analysis of ChIP-Seq (MACS, version 2.1.1) with default parameters, and visualized using the Integrated Genomics Viewer (V.2.3.26). Genes (including gene body and the 3-kb upstream and 3-kb downstream regions) overlapping with the peaks were considered to have the H2Bub1 occupancy, and the differential modification of H2Bub1 was determined with a standard of Fold change ≥2 and P-value< 0.05, based on analyses with R package DiffBind (http://bioconductor.org). Gene Ontology (GO) analysis was performed on an online platform named BMKClould (http://www.biocloud.net), and the significance threshold was set at a P-value of 0.005.

RNA-Seq analyses

Total RNA samples were extracted from wild-type rice Zhonghua 11 at the 4-leaf-stage under normal growth conditions, moderate and severe drought stress treatments (each with three biological replicates) using TRIzol reagent (Invitrogen) according to the manufacturer's instruction. For each sample, mRNA purified from 10 µg total RNA was used for constructing sequencing libraries with the TruSeq RNA Sample Preparation Kit (Illumina). The libraries were sequenced by Novogene Bioinformatics Technology (China) with Hiseq-PE150 (Illumina). Raw sequencing reads were filtered by FASTP and mapped to the rice genome (MSU RGAP, release 7) using HISAT2 (version 2.0.5) with default parameters. Differentially expressed genes, which were defined with an expression change fold ≥ 2 with P < 0.05, were analyzed using DESeq2 (version 1.20.0). The comparative analyses between RNA-seq and ChIP-seq data were conducted using EXCEL.

Transcriptional regulation activity assay in protoplast

Transcriptional regulation activity assays were performed as previously described [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF]. To determine their regulatory effects on the expression of OsbZIP46 target genes, OsbZIP46, OsHUB2, MODD and OsOTLD1 were cloned into effector vectors to generate constructs driven by the CaMV 35S promoter. The effector vectors, together with the construct containing the Renilla luciferase (R-LUC) gene as an internal control, were co-transformed into rice protoplasts followed by culturing for more than 12 hours. The protoplasts were collected to isolate total RNA. Total cDNA was obtained using the EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TRANSGEN BIOTECH) kits. The expression levels of RAB21 and R-LUC were determined by qPCR [START_REF] Hao | Soybean NAC transcription factors promote abiotic stress tolerance and lateral root formation in transgenic plants[END_REF].

In vitro histone deubiquitination assay

Purified GST-OsOTLD1 protein was incubated with 20 μg of total bovine histones (Roche) in the buffer with 50 mM Tris-HCl (pH 8.0) and 50 mM NaCl for 3-4 h at room temperature as previously described [START_REF] Krichevsky | Involvement of KDM1C histone demethylase-OTLD1 otubain-like histone deubiquitinase complexes in plant gene repression[END_REF] with minor modifications. For Western blot, the samples were resolved in 10% SDS/PAGE, blocked with 1% BSA and probed with the anti-ubiquitin H2B antibody (Medimabs, 1:500 dilution) and the anti-H2B antibody (Abcam, 1:5000 dilution).

Micro ChIP (µChIP) assay

The rapid µChIP assay was performed as described previously [START_REF] Dahl | MicroChIP: chromatin immunoprecipitation for small cell numbers[END_REF]. OsOTLD1-pRGE or pRGE empty vector were transformed into rice protoplasts. The protoplasts were cultured for 12h and then harvested and resuspended in PBS buffer at room temperature. The DNA and protein were cross-linked in 1% formaldehyde and stopped by 125 mM glycine. The formaldehyde cross-linked cells were centrifuged and washed three times in PBS buffer. The lysis buffer was added and then the cells were sonicated on ice for 3×30 s. The products were centrifuged at 12,000 g for 10 min at 4°C, and then the supernatant was transferred into a clean 1.5 mL tube chilled on ice. Chromatin extracts were mixed with anti-H2Bub1 beads, incubated in a rotator at 40 rpm for 2h at 4°C and washed with ice-cold RIPA buffer (10 mM Tris-HCl pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% SDS) and TE buffer (10mM Tris-HCl pH8.0, 10mM EDTA). The input and precipitated DNAs were further analyzed using qPCR with specific primers 7. Working model for the H2Bub1 modification in the regulation of stress-responsive genes. H2Bub1 mediated by the OsHUB2 complex plays pivotal roles in stress responses. OsHUB2 can interact with OsbZIP46 when plants are exposed to drought stress conditions, and activate the stress-responsive genes by increasing the H2Bub1 levels. The dotted MODD represents a low expression level of MODD in the early stage of drought stress condition [START_REF] Tang | MODD mediates deactivation and degradation of OsbZIP46 to negatively regulate ABA signaling and drought resistance in rice[END_REF]. At the late drought stress or drought recovery stage, when the expression level of MODD increases, MODD may compete with OsHUB2 to interact with OsbZIP46 and recruit OsOTLD1 to attenuate the stress signaling by decreasing the H2Bub1 level. 

Figure 1 .

 1 Figure 1. OsHUB2 interacts with OsbZIP46. (A) Interaction between OsHUB2 and OsbZIP46 detected by yeast-two hybrid assay. SC-LTH, synthetic complete Leu-Trp-His medium; 3-AT, 3-amino-1,2,4-triazloe; CK+ is the positive control. AD, GAL4 activation domain. BD, GAL4 DNA-binding domain. (B) Confirmation of the interaction of OsHUB2 and OsbZIP46 by BiFC assay in rice protoplasts. Ghd7-CFP as a marker for nuclear localization was co-transformed. Bars= 20µm. (C) Confirmation of the OsHUB2-OsbZIP46 interaction by Co-IP assays in rice protoplasts. Total proteins from the protoplasts expressed with OsbZIP46-Myc and OsHUB2-HA or a vector control (HA) were used. Proteins before (input) and after IP were detected with the anti-HA and anti-Myc antibodies. (D) The expression of OsHUB2 is up-regulated by ABA and drought stress treatment. The x-axis indicates the time course of the sampling (h, hours; d, days). Error bars represent the standard deviations (SD) based on three replicates. REL, relative expression level.

Figure 4 .

 4 The role of H2Bub1 in drought responsiveness largely depends on OsbZIP46. (A) and (B) The relative expression level (REL) of OsbZIP46 and RAB21 in the OsHUB2-OE and wild-type plants under ABA treatment. The x-axis indicates the time course of the sampling (h, hours

MODD can repress the H2Bub1 modification

  ). Error bars represent SD from three replicates. The statistical significance was determined by Student's t-test (*P<0.05, two-sided). (C) and (D) The relative expression level of OsbZIP46 and RBA21 in the OsHUB2-OE and wild-type plants under normal, moderate drought, and severe drought stress conditions. Error bars represent SD (n=3). The statistical significance was determined by Student's t-test (**P<0.01, *P<0.05, two-sided). (E) The H2Bub1 level (relative enrichment, RE) at RAB21 and OsbZIP46 detected by ChIP-qPCR under normal, moderate drought and severe drought stress conditions. The data indicate the mean values ± standard errors of three biological replicates. The statistical significance was determined by Student's t-test . (A) MODD could repress the transcriptional activity of OsbZIP46 in rice protoplasts represent SD from three replicates. The statistical significance was determined by Student's t-test (**P<0.01, n.s.= not significant, two-sided). (H) The expression of OsbZIP46 and its target genes were increased in rice protoplasts with OsOTLD1 silenced by the CRISPR/Cas9 technique. Error bars represent SD from three replicates. The statistical significance was determined by Student's t-test (**P<0.01, *P<0.05, two-sided). (I) The H2Bub1 level of OsbZIP46 and its target genes were increased in rice protoplasts with OsOTLD1 expression suppressed. (J) Performance of the osotld1 mutant and the wild-type seedlings grown on 1/2 MS medium containing 0 µM or 3 µM ABA (Bars= 2cm). The shoot and root lengths were measured at 10 days after germination shown in (I). Error bars indicate SD (n = 24). The statistical significance between the mutant and wild-type plants were determined by Student's t-test (**P<0.01, two-sided).

	(**P<0.01, *P<0.05, two-sided). (F-I) H2Bub1 levels (relative enrichment, RE) at OsbZIP46 target genes in oshub2-1, oshub2-2, OsHUB2-OE, osbzip46 and wild-type (WT) plants. The data indicate mean values ± standard errors of three biological replicates. The statistical significance between mutant and wild-type plants was determined by Student's t-test (**P<0.01, *P<0.05, two-sided). (J) Venn diagram shows 1287 genes with decreased H2Bub1 level in osbzip46 vs WT under moderate drought stress, and its overlapping with OsbZIP46 target and drought responsive genes. (K) Gene Ontology (GO) analysis for the 223 OsbZIP46 target genes shown in (B). Number of genes for each enriched functional category (P<0.005) was shown. Note that the "other categories" consists of the following GO terms (each with two to four genes): starch biosynthetic process, protein heterodimerization activity, regulation of flower development, phosphorelay sensor kinase activity, protein import into peroxisome matrix, glucosinolate biosynthetic process and mitochondrial transport. (L) The expression level of RAB21 was detected in the osbzip46 mutant and wild-type protoplasts co-transformed with OsHUB2 or the empty vector (CK). Error bars represent SD from three replicates. The statistical significance was determined by Student's t-test (**P<0.01, n.s.= not significant, two-sided) Figure 5. Figure
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