Zinc finger protein ZFP36 and pyruvate dehydrogenase kinase PDK1 are key elements in the ABA-mediated aluminum tolerance in rice
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One sentence summary: The pyruvate dehydrogenase kinase OsPDK1 interacts and phosphorylates ZFP36 to participate in ABA-mediated detoxification of aluminum in rice.

Abstract

Aluminum (Al) toxicity is the major limiting factor for plant production and crop yield on acid soils. Previous works revealed that ZFP36 played a key role in plant adaptation to water stress and rice blast. Here, we report another function of ZFP36, which is associated with detoxification of Al toxicity through abscisic acid (ABA)- dependent mechanism, in rice. Al exposure significantly increased ZFP36 expression level in an ABA-dependent manner. Knocking down ZFP36 triggered Al sensitivity, while overexpressing ZFP36 resulted in an increased Al tolerance. Chromatin immunoprecipitation-sequencing (ChIP-seq), yeast one-hybrid assay, and dual luciferase test revealed that a tonoplast-localized Al transporter, OsALS1, and antioxidant defense enzymes were targeted by ZFP36. Moreover, by combining yeast two-hybrid assay, bimolecular fluorescence complement (BiFC), GST pull-down and in vitro phosphorylation assay, we showed that ZFP36 could interact with and be phosphorylated by the pyruvate dehydrogenase kinase OsPDK1. A strong association was found between the expression, protein content and kinase activity of OsPDK1 with the responses to ABA and Al. Using transgenic plants, we have showed that OsPDK1 could inhibit OsALS1 expression via regulating ZFP36. Overall, our data demonstrates a new ZFP36-controlled mechanism of Al defense in rice plants, which is mediated by OsPDK1. 
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Introduction 

Aluminum (Al) is the third most abundant element in the crust of earth. Al toxicity is a major limiting factor for plant growth and yield in acid soils (Riaz et al., 2018). [Al3+] is extremely toxic to cells at micro-molar concentrations by targeting various cellular sites and affecting water and nutrients absorption (Ma, 2007). One of the most important mechanisms underlying Al tolerance is the sequestration of [Al3+] in the vacuole (Huang et al., 2012). This process is mediated by the tonoplast Al transporters, such as ABC transporter, OsALS1 (Huang et al., 2012). Al uptake is mediated by Nramp family aluminum transporter OsNRAT1, whose expression is also critical for Al tolerance (Li et al., 2014). Al-tolerant varieties also possess higher secretion rate of organic acid such as malate (Delhaize et al., 1993; Trejo-Téllez et al., 2010) or citrate (Liu et al., 2018) than sensitive varieties, which will form complexes with Al and reduce its solubility (hence, uptake). Al initiated citrate efflux from the root apices 30 min after the addition of Al (Shen et al., 2004). OsFRDL4 was involved in citrate secretion, and the amount of citrate in the root exudate increased significantly under Al toxicity conditions. Additionally, Al toxicity is accompanied by increased accumulation of reactive oxygen species (ROS) leading to an oxidative stress (Huang et al., 2014), and scavenging ROS by antioxidants can potentially ameliorate Al toxicity (Ribeiro et al., 2012).  

Abscisic acid (ABA) has recently been shown to be involved in a transmission of Al stress signals to the gene expression level  ADDIN NE.Ref.{3BE955A5-BB88-45D1-B7C4-2A484AB3BDDC}(Kopittke, 2016). Various transcription factors (TFs) participate in ABA signaling, such as APETALA2/ethylene-responsive element-binding factor (AP2/ERF) (Chen et al., 2016; Jung et al., 2017), NAM/ATAF1/CUC2 (NAC) (Lee et al., 2012; Kim et al., 2013; Mao et al., 2017), WRKY (Shang et al., 2010; Yan et al., 2014; Ullah et al., 2018), MYB (Kim et al., 2015; Yin et al., 2017), zinc finger proteins ZFP (Zhang et al., 2014; Huang et al., 2018a,b), basic ‘helix-loop-helix’ (bHLH) (Nakata et al., 2013; Yang et al., 2016), and basic leucine zipper (bZIP) families  ADDIN NE.Ref.{665849A6-A432-44DC-89C2-FD2CA645A96B}(Xiong et al., 2002). Zinc finger proteins (ZFPs) have been widely reported in plants including Arabidopsis and rice (Sakamoto et al., 2000; Ciftci-Yilmaz et al., 2007; Wang et al., 2018), and one of the most important types is Cys2/His2 (C2H2)-type ZFP. The C2H2 ZFPs could form a conservative motif together with [Zn2+], with a core fold consisting of an ɑ-helix and an antiparallel double-stranded-sheet to stabilize itself (Ciftci-Yilmaz et al., 2007). The ZFPs, with 176 members in Arabidopsis and 189 members in rice, constitute one of the largest families of transcription regulators in plants (Ciftci-Yilmaz et al., 2007; Ciftci-Yilmaz and Mittler, 2008), implying that they have diversity functions. Intriguingly, a C2H2-type zinc finger protein ZFP36 (BsrD1), has been shown to play a positive role in plant adaptation to oxidative stress (Zhang et al., 2014; Li et al., 2017), which is critical to Al toxicity. By directly targeting promoters of OsAPX1 and Prxs, ZFP36 also participates in ABA-mediated changes in the ROS balance (Zhang et al., 2014; Li et al., 2017). However, whether and how ZFP36 participates in mediating Al toxicity is unknown, a causal link between ZFP36, ABA and Al toxicity is plausible.  

ABA signaling is directly associated with both generation and scavenging of ROS (Jiang and Zhang, 2001; Cao et al., 2014; Zhang et al., 2014; Ni et al., 2019). This links ABA signaling and potentially Al toxicity to redox-related processes. The activity of PDK, the kinase phosphorylating and regulating the pyruvate dehydrogenase complex (PDC), is modified by H2O2 (Hurd et al., 2012)(Tovar-Mendez et al., 2003). PDC is a central metabolic machinery determining the pyruvate level and regulating tricarboxylic acid cycle as well as fatty acid biosynthesis (Hurd et al., 2012). PDC has three important components, pyruvate dehydrogenase (PDH, E1), dihydrolipoamide acetyltransferase (E2), and dihydrolipoamide dehydrogenase (E3), which catalyze the conversion of pyruvate to acetyl-CoA, the primary substrate of TCA . Intrinsic inhibitors of PDCs are PDKs. PDKs from Zea mays (Thelen et al., 1998), Oryza sativa (Jan et al., 2006), Arabidopsis thaliana (Thelen et al., 2000) and Brassica napus (Li et al., 2011) have been reported based on the sequence homology from the molecular characterization of mammalian PDKs. Previous report had revealed that the mitochondrial pyruvate dehydrogenase was Al-stress related (Houde and Diallo, 2008), and the mitochondrial pyruvate dehydrogenase in rice is down-regulated by ABA and up-regulated by gibberellic acid (GA) via OsPDK1 (Jan et al., 2006). Additionally, the structural analyses using NCBI tools have shown that OsPDK1 has many features of proteins dealing with heavy metal metabolism, such as heavy metal sensor kinase domain (cztS_silS_copS from 262 aa to 343 aa). Although Al (molecular weight (MW) = 26.982 g/mol) is not formally classified as a heavy metal (MW above 50 g/mol), it triggers similar types of defense in plant cells (Kochian et al., 2015). Whether OsPDK1 is potentially involved in Al tolerance needs to be determined. 

Here, we used the yeast two-hybrid system and glutathione S-transferase (GST) pull-down, bimolecular fluorescence complementation (BiFC) and kinase activity assay, to demonstrate that OsPDK1 can directly interact with ZFP36 in rice. Expression profiling have shown that ABA can be involved in the regulation of OsPDK1 expression. To establish the relationship between OsPDK1 and ZFP36 in ABA signaling, the CRISPR-Cas9 mediated knock-out of OsPDK1 in a combination with the overexpression of it in rice were conducted. We hypothesized that OsPDK1 could interact with ZFP36 leading to changes in ABA-mediated antioxidant defense against Al toxicity, and our data showed that OsPDK1 functioned as an upstream inhibitor of ZFP36 to regulate ABA-mediated detoxification of Al.

Results

Physiological analysis of ZFP36 transgenic plants in Al tolerance

To investigate the role of ZFP36 in Al tolerance, overexpressing ZFP36 plants (ZFP36-OE) and RNA interfering of ZFP36 (ZFP36-RNAi) plants (Zhang et al., 2014) were used, and the Al-tolerance was tested according to the inhibition level of root elongation during 24-h Al treatment. Root elongation in mutants was similar to the WT plants in the absence of Al (Figure 1A, Figure S1C-D). However, upon Al treatment, the root elongation was inhibited more in ZFP36-RNAi plants than in the WT plants, for various Al concentrations tested (Figure 1A，Figure S1C-D). The relative root elongation (RRE) inhibition in ZFP36-RNAi was 27.1%, 64.4%, and 84.7% respectively under 25, 50, and 100 μM Al (at pH 4.5) treatment (Figure 1B), while in WT plants these numbers were 23.3%, 53.6%, and 68%, respectively (Figure 1B). Compared with WT plants, overexpression of ZFP36 increased Al tolerance, with RRE inhibition being 18.1%, 32.3%, and 46.5%, respectively, when treated by 25, 50, and 100 μM Al at pH 4.5 (Figure 1B). These results showed that ZFP36 was an important factor in Al tolerance in rice. No difference in root growth was found in response to various medium pHs (ZFP36-OE, WT, and ZFP36-RNAi were tested; Figure 1C), ruling out the possibility that ZFP36 changes the acidification (as Al solubility-hence, toxicity - decreases dramatically at high pH).

ZFP36 expression pattern and its ABA regulation under Al treatment 

 To further investigate the mechanism of ZFP36 involvement in Al tolerance, we tested the expression pattern of ZFP36 with quantitative real-time PCR (qRT-PCR) and analyzed the quantity of GUS activity triggered by ZFP36 promoter under Al stress. An increase in transcript level of ZFP36 was detected in roots and in shoots after Al treatment; however, the constitutive expression level of ZFP36 was much higher in roots (Figure 1D). The GUS activity results were cosistent with the qRT-PCR, for the content of MUG was higher in roots than in shoots in transgenic pZFP36: GUS plants (Figure S2). In control conditions, the transcript level of ZFP36 was higher in the basal roots (10-20 mm) than in the root apex (0-5 mm) (Figure 1E). Treatments by Al stimulated expression of ZFP36 in roots, particularly, in the intermediate zone (5-10 mm) between apical zone and elongation zone (Figure 1E). ZFP36 expression was also induced by ABA (Figure 1F). The inhibitor of ABA biosynthesis, fluridon (Flu), caused a decrease in Al-induced ZFP36 expression (Figure 1F). These data are indicative of ABA dependence of ZFP36-controlled Al effects on the root elongation. 

OsPDK1 directly interacts with ZFP36 in vivo and in vitro
To explore the interacting proteins of ZFP36, we carried out Y2H-Gold yeast two-hybrid assay to find targets of ZFP36. Result shown in Figure 2A demonstrated that OsPDK1 can directly interact with ZFP36 in yeast (Figure 2A). 

The full-length of OsPDK1 was cloned by PCR with primers (Supplementary Table 1) designed using the database of rice (http://rapdb.dna.affrc.go.jp/). The coding sequence (cds) obtained with an identical sequence of the database is composed of 1092 bp length, encoding a protein with 363 amino acids (aa) (Figure S3). 
To confirm results of Y2H test, we also carried out in vitro and in vivo experiments to demonstrate ZFP36-OsPDK1 interaction. For in vivo tests, the bimolecular fluorescence complementation (BiFC) assays to test YFP signal and luciferase (LUC) imaging experiments and co-immunoprecipitation (CoIP) assay were conducted. To test YFP signal in BiFC assay, ZFP36 was fused to a C-terminal of yellow fluorescence protein fragment (YFPC), and OsPDK1 was fused to a N-terminal of YFP fragment (YFPN). As shown in Figure 2B, YFP was reconstituted when ZFP36-YFPC and YFPN-OsPDK1 were co-expressed in onion epidermal cells. In contrast, we did not observe the YFP fluorescence when the YFPC and YFPN-OsPDK1 or ZFP36-YFPC and YFPN were co-expressed in onion cells. Moreover, a bright fluorescence signal was only observed in the nucleus, implying that OsPDK1-ZFP36 complex was located in the nucleus. To test LUC imaging in BiFC assay, ZFP36 was constructed to a C-terminal of luciferase (LUCC), and OsPDK1 was constructed to a N-terminal LUC fragment (LUCN), and the OsPDK1-LUCN and LUCC-ZFP36 were transiently co-expressed in tobacco cells. As shown in Figure 2C, LUC imaging was detected when the OsPDK1-LUCN and LUCC-ZFP36 were co-expressed in tobacco cells; however, co-expressing OsPDK1-LUCN with LUCC or LUCN with LUCC-ZFP36 did not show the LUC signal (Figure 2C). In CoIP assay, ZFP36 with Myc tag (Myc-ZFP36) and OsPDK1 with Flag tag (OsPDK1-Flag) were transiently co-expressed in rice protoplast via PEG-mediated transformation method. As shown in Figure 2E, Myc-ZFP36 was detected with anti-Myc when the Myc-ZFP36 and OsPDK1-Flag were co-expressed in rice protoplasts (Figure 2E, left column); however, overexpressing OsPDK1-Flag (Figure 2E, middle column) or Myc-ZFP36 alone (Figure 2E, right column) did not show the Myc band. This confirms that OsPDK1 can interact with ZFP36 in vivo. 

To test the interaction between ZFP36 and OsPDK1 in vitro, OsPDK1 fused to His tag (OsPDK1-His) and ZFP36 fused to glutathione S-transferase (GST) (GST-ZFP36) were expressed in E. coli and used in vitro GST pull-down assay. The recombinant GST-ZFP36 protein incubated with OsPDK1-His was able to pull down the His-OsPDK1 protein (Figure 2D, left column). GST-ZFP36 or GST alone did not pull down the His-OsPDK1 protein (Figure 2D, right column). This result revealed OsPDK1 interacted with ZFP36 in vitro.
To confirm whether OsPDK1 can phosphorylate ZFP36 in vitro, an ‘immunocomplex kinase activity assay’ was used to test whether purified His-ZFP36 can act as a substrate (Figure 2F, right panel). As shown in Figure 2F, a phosphorylation band was detected, which is indicative of ZFP36 being a phosphorylation substrate for OsPDK1 in vitro. Taken together, these results imply that the kinase protein OsPDK1 can interact with and phosphorylate a zinc finger ZFP36.

  To further confirm the phosphorylation site of ZFP36 by OsPDK1, we analyzed the potential phosphorylation site via KinasePhos_2.0. His-tagged truncations of ZFP36 containing 1-220 amino acids (T0), 1-162 amino acids (T1), 1-73 amino acids (T2), 1-73 + 162-220 amino acids (T3), 162-220 amino acids (T4) and 73-162 amino acids (T5) were generated. Y2H test and GST pull down analysis showed that only his-tagged truncations of ZFP36 containing 73-162 amino acids (T0, T1, and T5) could interact with OsPDK1 (Figure S4A and B). Further in vitro kinase assay showed that OsPDK1 phosphorylated the site of 73-162 amino acids of ZFP36 (Figure S4C).
Subcellular localization and bioinformatics of OsPDK1

To the best of our knowledge, the function of OsPDK1 in Al toxicity in plants has never been addressed in the literatures. Although Al (molecular weight (MW) = 26.982 g/mol) is not formally classified as a heavy metal (MW above 50 g/mol), it triggers similar types of defense as heavy metals in plant cells (Kochian et al., 2015). Structural analyses using NCBI tools have shown that OsPDK1 has many features of proteins dealing with heavy metal metabolism. This includes the mitochondrial branched-chain alpha-ketoacid dehydrogenase kinase domain (BCDHK_Adom3, from 24 aa to 186 aa) (Figure S3, with black underline) and heavy metal sensor kinase domain (cztS_silS_copS from 262 aa to 343 aa) (Figure S3, with green underline), suggesting potential function in sensing toxic metals. OsPDK1 has three different spliceosomes (http://rapdb.dna.affrc.go.jp/), implying that OsPDK1 can have a number of functions. OsPDK1 has high similarity to all PDKs, showing 91%, 63%, 73%, and 75% identity respectively with ZmPDK2, ZmPDK1, AtPDK and MtPDK (Figure S3A). The Histone kinase domain is conserved among PDK proteins (Figure S3B, with blue box).

Since PDKs inhibit the pyruvate dehydrogenase complex in the mitochondrion (Jan et al., 2006), we investigated the subcellular localization of OsPDK1. Using infiltration by Agrobacterium tumefaciens EHA105, we transiently transformed a fused protein (OsPDK1-GFP) into the epidermal cells of tobacco. The expression of control GFP showed signal in the cytosol and nucleus of cells (Figure S5), and the GFP signal from cells transiently expressing OsPDK1-GFP was widespread in cells, specifically in the nucleus and cytosol (Figure S5). Thus, the subcellular localization points to nucleus and cytoplasm as major sites for OsPDK1 expression in vivo.

Al effects on OsPDK1 via ABA 

We monitored the expression (Figure 3A, B), protein content (Figure 3C) and kinase activity (Figure 3D) of OsPDK1 when subjected to ABA or 50 μM AlCl3 at pH 4.5. As shown in Figure 3A-D, a biphasic response in the expression, protein content and kinase activity of OsPDK1 in rice roots exposed to Al or ABA treatment was observed, in which the down-regulation expression of OsPDK1 occurred during first 45 min (for ABA treatment) or 12 h (for Al treatment). The expression, protein content, and kinase activity of OsPDK1 gradually returned to the control level after 120 min treatment by ABA, and 24 h by Al, and then OsPDK1 was up-regulated after 180 min of ABA treatment (Figure 3A, the down panel of 3C for ABA treatment, the down panel of 3D for Al treatment), 60 h by Al (Figure 3B, the up panel of 3C for ABA treatment, the up panel of 3D for Al treatment). This revealed that ABA and Al could inhibit the expression and kinase activity of OsPDK1 at early stage, then could up-regulate it at late stage.
To identify whether the tissue-specific expression of OsPDK1 was similar with ZFP36, qRT-PCR analysis was performed, and it showed that OsPDK1 was expressed both in roots and shoots (Figure 3E). The expression of OsPDK1 was more pronounced in the shoots comparing to roots, in the absence of Al. In response to Al, OsPDK1 expression decreased. In this case, OsPDK1 was higher in the roots than in the shoots (Figure 3E), thus Al treatment altered the distribution of OsPDK1, and the root expression pattern of OsPDK1 (Figure 3E) was similar to ZFP36 (Figure 1D), under Al stress. 
Under control condition, the transcript level of OsPDK1 was lower in the root tip (0-5 mm) than basal zones (10-20 mm) (Figure 3F). Al-treatment did not have effect on the expression of OsPDK1 in the root tip (0-5 mm), however, Al-inhibited OsPDK1 expression was detected in the basal zones (10-20 mm), and the intermediate zone between apical and mature zone had higher expression of OsPDK1 than other zones (Figure 3F). Al inhibitory effect saturated at 50 µM concentration (Figure 3G). The transcript level of OsPDK1 in the roots was not affected by high acidity (Figure 3H), suggesting that OsPDK1 is specifically modulated by Al. 

To test whether ABA can be involved in the Al response in rice, we measured Al effects on the endogenous ABA level in root tips. The results shown in Figure 3G     demonstrated that ABA accumulated after exposure to Al concentrations from 10 to 50 μM at pH 4.5 (Figure 3G). The ABA content did not increase at higher Al levels (Figure 3J) but increased rapidly within 6 h in response to 50 μM AlCl3 at pH 4.5, and it remained relatively stable thereafter (Figure 3I). This reveals that ABA is involved in the Al response.

 The inhibitor of ABA biosynthesis, fluridone (Flu), decreased the ABA inhibitory action on the expression of OsPDK1 (Figure 3K). This is indicative of Al effect on OsPDK1 via ABA.

OsPDK1 is involved in ABA-induced antioxidant defense, citrate secretion and Al transporter activity to participate in Al response
To verify the role of OsPDK1 in Al stress, we obtained OsPDK1 overexpression (OsPDK1-OE), and CRISPR-Cas9 mediated knock-out of OsPDK1 (OsPDK1-KO) plants. The expression of OsPDK1 in OsPDK1-OE was measured, and the transcript level of OsPDK1 was 5, 14, and 30 times higher than control in the line #1, #2, and #3 of OsPDK1-OE plants (Figure S6A). The genome of the two lines of OsPDK1-KO was 1 bp insertion (OsPDK1-KO1) and 2 bp deletion (OsPDK1-KO2) in the first exon compared with the WT genome (Figure S6B). Root elongation of mutants with or without Al stress were tested. The root length of OsPDK1-OE and OsPDK1-KO plants were similar to the WT plants without Al treatment (Figure S1A-B). However, under Al treatment, the root elongation was more inhibited in OsPDK1-OE (#1 and #2) plants than in the WT plants (Figure S1 A-B). The RRE inhibition in #1 and #2 was 67.1%, 68.4% respectively upon 50 μM Al (at pH 4.5) treatment (Figure S1B) than 50.6% in WT plants (Figure S1B), while knock-out of OsPDK1 (KO1 and KO2) plants showed increased Al tolerance, with 28.1% and 30.5% of RRE inhibition respectively when treated by 50 μM Al at pH 4.5 (Figure S1B). These results revealed that OsPDK1 played a key role in Al tolerance in rice. 

To explore the mechanism of OsPDK1 in Al tolerance, the expression of SodCc2, OsAPX1, and CatB and activities of key antioxidant enzymes such as superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) were determined. The results showed overexpression of OsPDK1 resulted in a pronounced decrease in the expression of SodCc2, OsAPX1, and CatB (Figure 4A, C, E) and activities of SOD, CAT  and APX (Figure 4B, D, F). Knock-out of OsPDK1 in rice significantly increased the expression of OsAPX1, CatB, and SodCc2 (Figure 4A, C, E) and activities of APX, CAT, and SOD compared with that in control group (Figure 4B, D, F). ABA treatment led to a further significant increase in the expression of OsAPX1, CatB, and SodCc2, and activities of APX, CAT, and SOD in the control group, and the response to ABA treatment was increased in OsPDK1-KO1 (Figure 4). These results show that OsPDK1 is involved in ABA-controlled antioxidant defense against Al toxicity. Moreover, we found the expression of OsALS1, OsFRDL4, and Nrat1 were induced by ABA (Figure S7). The expression of OsALS1 and Nrat1 was lower in OsPDK1-OE rice plants than in WT plants (Figure S8A, C), while knock-out of OsPDK1 in rice caused an increase in the expression level of OsALS1, and Nrat1 than in WT plants (Figure S8A, C), suggesting OsALS1, and Nrat1 are regulated by OsPDK1. In according with this, the Al content in root apex was the highest in OsPDK1-OE rice plants and lowest in OsPDK1-KO plants (Figure S8E). On the contrary, expression of OsALS1 and Nrat1 was increased in ZFP36-OE rice plants and reduced in ZFP36-RNAi rice plants, and ZFP36-RNAi rice plants accumulated the most Al, while ZFP36-OE rice plants accumulated the least Al in root apex (Figure S8B, D, F).
OsFRDL4 expression and the citrate secretion were decreased in OsPDK1-OE and ZFP36-RNAi rice plants and increased in OsPDK1-KO and ZFP36-OE plants, especially under Al treatment (Figure S9), implying that OsFRDL4 was down-regulated by OsPDK1 but up-regulated by ZFP36.

OsPDK1 inhibits ZFP36 transcription activity

OsPDK1 directly interacts with ZFP36 and phosphorylates this protein (Figure 2). Chip-seq revealed many antioxidant defense enzymes and Al transporters were targeted by ZFP36. Previous work showed ZFP36 was a transcription enhancer of OsAPX1 (Huang et al., 2018a,b), and OsPDK1 participates in regulating OsAPX1, CatB, and SodCc2 (Figure 4A, C and E) and APX, CAT, and SOD activities (Figure 4B, D and F). Thus, OsPDK1 can potentially control ZFP36 and the promoter of OsAPX1, CatB, and SodCc2 activities. We investigated ZFP36 transcriptional activity by Agrobacterium-mediated GUS exhibiting assay with effector and reporter plasmids in tobacco (Figure 5E-F). ZFP36 increased the promoter activity of OsAPX1 (Figure 5E, and F), which was consistent with the results reported previously (Huang et al., 2018a). However, the activity of GUS in tobacco transfected with the effectors, OsPDK1 and ZFP36, showed a significant reduction compared with effector ZFP36 (Figure 5F). This demonstrates that OsPDK1 can cause silencing of OsAPX1 promoter activity via repressing ZFP36. 

Huang et al. (2012) have shown that OsALS1 is involved in Al tolerance; this protein is also a potential target for ZFP36 by ChIP-Seq (Huang et al., 2018a), and the promoters of OsALS1 and OsAPX1 genes contain a conserved binding site of C2H2 overlapped in ChIP-seq (Figure 5I). We have carried out the qRT-PCR survey of the expression of OsALS1 in ZFP36 mutants (Figure 5B). Additionally, in planta ChIP RT-PCR in ZFP36-overexpressing plants immunoprecipitated with anti-ZFP36 antibody (Figure 5D) and yeast one-hybrid assay (Figure 5C) were used to support findings by ChIP-Seq. As shown in Figure 5B, ZFP36 changed OsALS1 expression acting as a positive transcriptional regulator of this gene. ChIP RT-PCR (Figure 5D) and yeast one-hybrid assay (Figure 5C) revealed that ZFP36 directly binds to the upstream segment from (-400 bp) to (+1 bp) (P2) of OsALS1. 
To further investigate the role of OsPDK1 in regulating OsALS1, we performed the dual luciferase assay in rice protoplasts. The upstream segment from (-400 bp) to (+1 bp) (P2) of OsALS1 was inserted in front of the translational initiation site of the renilla luciferase (REN) reporter and acted as a putative cis-acting element. As shown in Figure 5G and H, the LUC/REN ratio was significantly upregulated by ZFP36 and downregulated by OsPDK1. The increase of LUC/REN ratio caused by ZFP36 decreased in the presence of OsPDK1, indicating that OsPDK1 suppresses ZFP36 transcription activity to suppress the promoter activity of OsALS1 (Figure 5G, H). 
These results reveal OsPDK1 suppresses ZFP36 transcription activity and can potentially change the expression of OsAPX1 and OsALS1 via affecting the promoter activities of OsAPX1 (Figure 5E, F) and OsALS1 (Figure 5G, H).
OsPDK1 functions upstream of ZFP36 to down-regulate antioxidant enzymes activated by ABA pathway

High levels of [Al3+] can down-regulate the expression of OsPDK1 (Figure 3B-G) and up-regulate ZFP36 expression dependent on ABA (Figure 1D-F). Both OsPDK1 (Figure 4) and ZFP36 (Zhang et al., 2014) were required for ABA-triggered antioxidant defense. Considering the physical interaction between ZFP36 and OsPDK1 (Figure 2), it can be expected that OsPDK1 influences the ABA-induced antioxidant defense to alleviate Al toxicity via interacting with ZFP36. To determine the upstream or downstream relationship between OsPDK1 and ZFP36 in the regulation of antioxidant systems, overexpressing both of OsPDK1 and ZFP36 rice plants (OsPDK1/ZFP36), overexpressing of OsPDK1 and knock-down of ZFP36 (OsPDK1/zfp36), knock out of OsPDK1 and silenced of ZFP36 rice plants (ospdk1/zfp36) were generated via hybridization. The results revealed that there was a decrease in the activities of SOD, CAT, and APX in OsPDK1/ZFP36 rice plants comparing to overexpressing of ZFP36 (ZFP36) under ABA treatment (Figure 6A, B, C). This implies that OsPDK1 interacting with ZFP36 inhibited ZFP36-induced ABA-triggered antioxidant defense. OsPDK1-KO1 rice plants had an increase in activities of SOD, CAT, and APX (Figure 6 D, E, F). However, there was no significant increase in the activities of APX, CAT and SOD in ospdk1/zfp36 rice plants comparing to control (Figure 6D, E, F). ABA-induced elevations of APX, CAT, and SOD activities were inhibited in ZFP36-RNAi mutants and ospdk1/zfp36 mutants (Figure 6D, E, F). Overexpressing of OsPDK1 and silencing ZFP36 (OsPDK1/zfp36) had more pronounced decrease of APX, CAT and SOD activities comparing to individual overexpressing of OsPDK1 (OsPDK1) or ZFP36-RNAi (zfp36) (Figure 6G, H, I). 

Thus, taken together these results show that OsPDK1 can interact with and act upstream of ZFP36 to modulate ABA homeostasis and the activities of antioxidant enzymes in ABA-signaling. 

Discussion

Damage of plants grown in acid soils is associated with an increased activity of [Al3+], a major ionic form of aluminum, which inhibits root growth and interferes with cell metabolism (Ma, 2007; Wu et al., 2017; Li et al., 2018). Moreover, being taken by plants, Al enters the food chain, and its accumulation in human bodies comes with significant health issues. Plants have evolved several sophisticated strategies to cope with [Al3+]-induced toxicity and decrease Al content (Zhang et al., 2018; Li et al., 2018). This includes both physiological and genetic adaptive reactions, such as production and excretion of organic ligands to bind [Al3+] (Ma, 2007; Zhang et al., 2018), removal of [Al3+] from the cytoplasm to the apoplastic space and vacuole (Huang et al., 2012; Ma et al.; 2014), adjusting metabolic activities (Kochian, 1995), enhancing free radical defense (Ryan et al., 2001) and switching to ‘adaptive’ genetic programs (Ma et al., 2001). One of the strategies is an ABA-dependent upregulation of the antioxidant gene expression (Kopittke, 2016). The transcriptomic analysis has recently demonstrated that nearly one-third of responsive genes are shared between Al and ABA treatments, suggesting that ABA signaling can be involved in the onset of Al tolerance (Fan et al., 2019). Previous studies have examined the endogenous accumulation of ABA in response to Al in buckwheat (Reyna-Llorens et al., 2015), soybean (Shen et al., 2004), and barley (Kasai et al., 1993). It was hypothesized that ABA signaling system provides an additional layer of regulatory control over Al tolerance in plants (Hou et al., 2010); the molecular mechanism underlying this phenomenon however remains obscure (Kim et al., 2016). 

Here, using an integrated physiological, biochemical and molecular approach, we have shown that, in rice plants, ABA-controlled Al tolerance is based on the expression and function of zinc finger ZFP36. Several lines of evidence support this conclusion. High levels of [Al3+] inhibited root elongation and induced ABA accumulation in the roots (Figure 1A-B and Figure 3I-J). [Al3+] and ABA treatments triggered ZFP36 expression (Figure 1D-F). Roots of plants overexpressing ZFP36 elongated better under Al treatment comparing to WT, while plants having decreased ZFP36 level (RNAi-mediated ZFP36 knockdown mutants) showed increased sensitivity to Al (Figure 1). C2H2 zinc fingers can directly interact with other proteins (Brayer and Segal 2008). Using yeast two-hybrid screening, a candidate target for ZFP36 was identified, which was a pyruvate dehydrogenase kinase, OsPDK1, could directly interact with ZFP36 in vitro and in vivo and reduce its activity and stability after this interaction (Figure 2, Figure 5, and Figure S4). OsPDK1 was shown to be inhibited firstly and then activated by the exogenously applied ABA and [Al3+] (Figure 3). The gain- and loss-of-function analysis demonstrated that high OsPDK1 activity is central to the down-regulation of superoxide dismutase (SODCc2), catalase (OsCatB), ascorbate peroxidase (OsAPX1) and transporter removing [Al3+] to the vacuole (OsALS1) (Figure 4 and Figure S8). ABA/ZFP36-induced inhibition of OsPDK1 activity leads to an increase in an antioxidant and Al sequestration capabilities in rice root cells (Figure 4 and Figure S8). One of the mechanisms dealing with Al toxicity is the removal of [Al3+] from the cytosol and its sequential sequestration in the vacuole (Ma, 2007). Two transporters play major roles in catalyzing this process, namely the tonoplast OsALS1 transporter (Huang et al., 2012) and plasma membrane Nrat1 transporter (Xia et al., 2010; Li et al., 2014), and we found they were regulated by OsPDK1 (Figure S8).

The hormonal action of ABA in plants is controlled by the precise balance between its biosynthesis and catabolism. Moreover, ZFP36-OsPDK1 complex could modulate ABA synthesis and catabolism via regulating 9-cis-epoxycarotenoid dioxygenase 1 (NCED1) and ABA 8’-hydroxylase (a cytochrome P450 and a source of ROS) separately. The regulation is probably more complex because ZFP36 is a substrate of OsPDK1; this means that ZFP36 can be phosphorylated by OsPDK1 that additionally changes its activity (Figure 2 and Figure 5).    

Our results also show that, in addition to known PP and PDC, ZFP36 can be considered as a new interacting and regulating protein for OsPDK1, and OsPDK1 is a new regulator of ZFP36, apart from OsLEA5 and its homologs (Huang et al., 2018a,b). Our study demonstrated that OsPDK1 is expressed in the nucleus (Figure S5), and ZFP36 is also expressed there  ADDIN NE.Ref.{6D3638FC-5818-4D8A-9F61-5ED15035B366}(Li et al., 2017). This is an important fundamental advance for the general plant biology because both ZFP36 and OsPDK1 are crucial for a multitude of plant functions. 
Pyruvic acid is the end product of glycolysis and a substrate for TCA cycle; both of the processes are central metabolic processes cross-talking with ABA and ROS signaling (Shen et al., 2017). The pyruvate dehydrogenase complex (PDC) contains three proteins and plays a vital role in determining the pyruvate level thus in regulating TCA cycle, cell energetics and biosynthesis of key macromolecules (Thelen et al., 2000). The activity of PDC is regulated by phosphorylation (inhibition) and dephosphorylation (activation) controlled via activities of corresponding kinases (PDKs) and phosphatases (PP) (Budde et al., 1988; Tovar-Mendez et al., 2003). Here, we report that OsPDK1 is a downstream inhibitor of ABA-induced antioxidant defense, which aimed at ameliorating Al toxicity, and we also show a physical interaction between OsPDK1 and ZFP36 proteins - a potential mechanism of blocking OsPDK1 under Al stress conditions (so releasing antioxidant defense and Al sequestration). Some target genes for ZFP36 were previously identified by Zhang et al. (2014) and Li et al. (2017), and several genes involved in ABA-induced antioxidant defense were feedback regulated by ZFP36 (Zhang et al., 2014; Wen et al., 2015; Li et al., 2017; Huang et al., 2018b). This means that a full mechanism of Al defense via ZFP36 can potentially be even more complicated.  

There is a mechanism of ABA-controlled Al tolerance, which can be related to the up-regulation of antioxidant defense Al-induced redox imbalance (Kopittke, 2016). OsPDK1 can modify the ABA/redox-related Al defense in rice (Figure 4).
ZFP36 is one of the large family of zinc finger proteins which have been widely reported in plants including Arabidopsis, petunia, soybean and rice, and a number of them seem to be involved in the Al tolerance  ADDIN NE.Ref.{F873B5B3-D168-4B6E-8B61-85BFEC6A36B5}(Sakamoto et al., 2000; Ciftci-Yilmaz et al., 2007; Wang et al., 2018; Zhang et al., 2018). For example, two ARTs (aluminum resistance transcription factor; ART1 and ART2) play a key role in Al tolerance in rice via regulating some Al-resistance genes (Tsutsui et al., 2011; Che et al., 2018). GhSTOP1 is required to regulate the transcript level of several genes, which are necessary for acid soil tolerance and lateral root initiation (Kundu et al., 2018). According to the phylogenetic tree of rice C2H2 type zinc finger, ART1 belongs to the cluster I while ZFP36 belongs to Cluster II (Agarwal et al., 2007), implying they have different mechanism in detoxifying Al. Intriguingly, OsALS1 can be regulated both by ART1 (Huang et al., 2012) and ZFP36 (Figure S8). This suggests that OsALS1 has redundant regulatory elements (various TFs), it was probably activated by these ZFPs at different conditions. It is also interesting that Nramp aluminum transporter (Nrat1) and OsFRDL4 are controlled by ABA level (Figure S7), but they are also the targets for ART1 (Xia et al., 2010), however, ZFP36 could not directly bind to Nrat1 or OsFRDL4 (data not shown). Additionally, OsPDK1 could negatively modulate OsFRDL4 expression and the citrate secretion (Figure S9), these results implied that OsPDK1 could regulate rice response to aluminum via different ways. Pyruvate dehydrogenase kinase and pyruvate phosphate dikinase play opposite role in the citric acid cycle, and previous work showed the transgenic tobacco plants overexpressing pyruvate phosphate dikinase could increase exudation of organic acids and decrease accumulation of aluminum in the roots (Trejo-Téllez et al., 2010). In our work, we found pyruvate dehydrogenase kinase (OsPDK1) could decrease exudation of citric acid and increase accumulation of aluminum in the roots.

This work has also elucidated a new role of ZFP36 in the tolerance to [Al3+], in addition to previously known roles for drought and rice blast tolerance (Zhang et al., 2014; Li et al., 2017). Our studies support a novel mechanism for plant adaptation to increased [Al3+]. 

In the light of above, we present a schematic model to summarize our hypothesis (see scheme in Figure 7).[Al3+] in the rhizosphere enters the root cytosol through OsNRAT1 transporter, where some [Al3+] (either free [Al3+] or an Al-chelate complex) is transported into the vacuole via OsALS1 transporter, ABA accumulation (via some unknown mechanism) could induce ROS. We firstly report that OsPDK1 is involved in Al tolerance as a negative factor, where OsPDK1 is up-regulated by Al-increased ABA. On one hand, OsPDK1 inhibited the TCA cycle and further inhibited the citrate acid exudation possibly via OsFRDL4 transporter. On the other hand, OsPDK1 could directly interact with and inhibit the transcriptional activity of ZFP36, which induces a down-regulation of antioxidant enzymes (APX, SOD and CAT) and decreased Al sequestration in the root cell vacuole via OsALS1. The more inhibition of OsPDK1 occurs, the more activation of ZFP36 takes place under Al stress conditions. Increased ZFP36 activity directly activates ABA-controlled antioxidant defense and Al transporter activity thus ameliorating redox imbalance and removing [Al3+] from the cytosol (Figure 7). 

In this study, however, the expression of OsPDK1, the protein level and the kinase activity of OsPDK1 in leaves of rice plants were also shown to be up regulated following a transient down-regulation by the ABA and Al (Figure 4A-D). But why can ABA and Al also induce the activation of OsPDK1? This may be associated with the inactivation of TCA cycle of OsPDK1 to maintain the metabolism homeostasis. At early stage under Al stress conditions, the inhibition of OsPDK1 mediated by Al-induced ABA could release the inhibition of the generation of citric acid via TCA cycle, and FRDL4 could exports citrate immobilizing [Al3+] to alleviate Al toxicity. As time goes on, increased citric acid was toxic to cell, enhanced OsPDK1 then was activated to inhibit TCA cycle. Moreover, previous work showed OsPDK1 was regulated by calcium-dependent protein kinases OsCPK4 in ABA-signaling (Campo et al., 2014), so we conclude OsCPK4 acts as upstream factor participating in modulating the activity of OsPDK1. However, the exact mechanism for the up-regulation of OsPDK1 in Al-induced ABA signaling remains to be determined.
Experimental procedures

Plant materials and treatments

Seeds of rice (Oryza sativa L. sub. japonica cv. Nipponbare) were grown hydroponically with a Hoagland nutrient solution in a light chamber at standard conditions. The growth temperature was 28°C (day) and 22°C (night), with continuous 200 µmol m-2 s-1 photosynthetic active radiation, and 14 h (day)/10 h (night) photoperiod. 50 μM ABA, or different concentration of [Al3+] at pH 4.5 (containing 0.5 mm CaCl2), were used to pretreat three-day-old plants for the indicated time. 

The seeds of tobacco (Nicotiana benthamiana) were sown in pots of soil substrate in an illumination incubator at 25 °C with a 16 h (day) and 8 h (night) photoperiod, and were watered daily for 20-30 d, then the fresh seedlings were used for agrobacterium transformation.
Transgenic mutants were generated by the transgenic system of Boyuan Company (Hangzhou, China).
For the physiological analysis of transgenic mutants, seeds were germinated for 3 d at 25°C. The seedlings were then transferred to black 96-well-plates in a 3 L plastic box. After one day, the seedlings were exposed to solutions containing 0, 10, 25, 50, and 100 μM Al at pH4.5 for 24 h. Al tolerance was determined based on the relative root elongation (RRE) after treatment with Al stress or control solution. Root lengths were measured at 0 and 24 h with a ruler and RRE calculated with the following formula: (root elongation with Al)/(root elongation without Al) ×100. Additionally, the influence of pH value on root elongation was also performed in a solution at different pH value (ranging from 4.0 to 6.5). RRE of 50 seedlings per treatment were calculated after monitoring at 0 and 24 h with Root Scanner (Wseen detection technology Co. Ltd, Hangzhou, China).

In fluridone pretreatment, rice seeds were soaked in 80 μM fluridone (Flu) overnight, then germinated and grown under the same conditions as described above. Seedlings were treated with the nutrient solution alone under the same conditions for the whole period and served as controls for the above. Seedlings were then sampled and immediately frozen under liquid N2 for further analysis.

RNA Isolation and qRT-PCR analysis

Total RNA was extracted from leaves using a RNAiso Plus kit according to the instructions (TaKaRa) and processed with RNase-free DNase (TaKaRa) to remove contaminated genomic DNA. About 2 µg of total RNA was obtained and reversely transcripted with an oligo (dT)16 primer and Moloney murine leukemia virus (M-MLV) reverse transcriptase (TaKaRa). Genes expression were detected by the real-time quantitative reverse transcriptase-PCR (qRT-PCR) using Bio-Rad DNA Engine Option 2 real-time PCR detection system (Bio-Rad, USA) with SYBR® Premix Ex Taq™ (TaKaRa) according to the manufacturer’s instructions and normalized against a rice Actin or Histone H3 gene. 

Subcellular localization of OsPDK1

Four-week-old Nicotiana benthamiana leaves were co-infiltrated with Agrobacterium tumefaciens strain GV3101 carrying the 35S: OsPDK1-YFP fused construct or 35S:YFP. The microscopy was performed using a Zeiss LSM710 device as previously described by (Zhu et al., 2016). 
ChIP-Sequencing and ChIP RT-PCR
  The seeds of transgenic ZFP36 plants were germinated, the rice seedlings were harvested at different stage, and minced to powder with crusher under low temperature. The powder was immersed in 1% formaldehyde solution (50 mM Hepes-KOH, 100 mM NaCl, 1mM EDTA, 0.5 mM EGTA, 11% formaldehyde) and swirled briefly for crosslinking of protein-DNA interactions at room temperature for 10 min. 1/20 volume of 2.5 M glycine was used to quench formaldehyde immediately, and ZFP36-interacting DNA sequence was determined by ChIP protocol described as  Schmidt et al. (2009), and Anti-ZFP36 antibody was used to immunoprecipitate ZFP36 proteins with nuclei complex. ZFP36-interacting DNA sequence was determined by high-throughput sequencing method (Beijing Biomarker Biotechnology Co., Ltd.) 

    In ChIP RT-PCR experiment, ZFP36-interacting DNA sequence was obtained as above. Two parts DNA sequences of OsALS1 promoter (P1 and P2) was analyzed by RT-PCR with primers (Supplementary Table 1)
Y2H-gold yeast two-hybrid screening and yeast one-hybrid assay
Yeast two-hybrid assay were carried out using the Clontech Yeast Y2H-Gold Two-Hybrid System according to the manufacturer’s instructions (ClontechTM). The coding sequence (cds) of OsPDK1 was cloned to the pGBKT7 with NcoI and SmaI sites to form the bait vector and transformed into Saccharomyces cerevisiae strain Y2H gold. The prey cDNA library from rice leaves were fused to pGADT7. The transformants were screened for growth on the SD/-Leu/-Trp/-His-Ade. The potential positive transformants were determined via antibiotic assay using Aureobasidin A (AbAr), and α-galactosidase activity by the chromogenic substrate X-a-gal (5-Bromo-4-chloro-3-indolyl α-D-galactopyranoside). The pGADT7 plasmids encoding putative OsPDK1-interacting proteins were isolated and sequenced by Genewiz (Genewiz Biotech, Co., Ltd, Suzhou, China). 

Yeast one-hybrid test was performed using AH109. The candidate ZFP36 binding site to OsALS1 promoter were P1 ((-1400 bp) to (-900 bp)) and P2 ((-400 bp) to (+1 bp)) by ChIP-seq, and the two segments (P1, P2) were fused to the pAbAi vector to construct baits. The coding sequence of ZFP36 was fused to pGADT7 to construct the prey. The bait and prey were co-transformed to yeast strain AH109, and the transformed yeasts were transferred to the selective medidum (SD/-Leu). The positive clone was then confirmed by the growth on the SD/-Leu medium with indicated content of AbAr (Aureobasidin A).
Protein expression

ZFP36 was amplified and cloned into pGEX-4T-1 vector (Amersham Pharmacia Biotech) with the GST tag to form the GST-ZFP36 construct. To express the fusion protein, E. coli strain BL21 (DE3) harboring the plasmids or empty vector were induced with 0.5 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG) in Luria-Bertani broth for 5-6 h at 25 °C on a shaker at a speed of 160 rpm. OsPDK1 was fused into the pET-30a (Novagen) vector in frame with the His tag to construct OsPDK1-His. Expression of these recombinant proteins in E. coli strain BL21 (DE3) were induced by adding IPTG to a final concentration of 0.1 mM at 22 °C for 6 h on a shaker at a speed of 160 rpm. 

GST Pull-down Assay

The assay was performed described as (Zhu et al., 2016). OsPDK1 fused with His-tag were purified with High Affinity Ni-NTA MagneticTM beads following to the manufacturer’s instructions (Genescript, China). GST and GST-ZFP36 were tethered on glutathione-Sepharose-4B MagneticTM beads, and the purified His-OsPDK1 was added into the MagneticTM beads bound with GST or GST- ZFP36. The reaction solutions were purified with binding buffer (140 mM NaCl, 10 mM KCl, 4.2 mM Na2HPO4, 2 mM KH2PO4, 10% BSA, pH 7.2) and incubated at 4 ℃ for at least 2 h. Subsequently, the beads were washed with wash buffer (400 mM NaCl, 10 mM KCl, 4.2 mM Na2HPO4, 2 mM KH2PO4, pH 7.2) for at least five times. The samples were subject to 12% SDS-PAGE and were detected by Western Blotting using anti-His antibody extracted from Mouse (Sigma-Aldrich, USA), and goat-anti-mouse horse radish peroxidase (HRP)-conjugated secondary antibody was followed to color (Sigma-Aldrich, USA).
BiFC assays 

To investigate the interaction of ZFP36 with OsPDK1 in vivo, we performed BiFC by split YFP (yellow fluorescent protein) and LUC (firefly luciferase). For YFP recombination, ZFP36 coding region was cloned into the pSPYCE vector to form YFPC-ZFP36 construct (Huang et al., 2018a,b), whereas the OsPDK1 was cloned into the KpnI and SmaI sites of the pSPYNE vector to form YFPN- OsPDK1 plasmid. The onion (Allium cepa) epidermal layer were placed on the Murashige and Skoog medium (MS) solid medium, and the two YFPN/YFPC or fusion proteins were transiently introduced in the onion cells by gene-gun bombardment method (Biolistic PDS-1000/He Particle Delivery System; Bio-Rad) as described previously (Zhu et al., 2016). Briefly, the epidermal cells were co-transfected with the following combinations of plasmids: YFPC-ZFP36 and YFPN-OsPDK1, YFPC-ZFP36 and YFPN, or YFPC and YFPN-OsPDK1, and yellow fluorescence protein (YFP) signal was detected after 16 h of transfection by a confocal microscope (ZEN 2012, Zeiss). 

For LUC recombination, the coding sequence (cds) of ZFP36 was bound to the C-terminal while OsPDK1 coding region was cloned to N-terminal of LUC to establish the cLUC-ZFP36 and nLUC-OsPDK1 fusion proteins, and four-week-old Nicotiana benthamiana (N. benthamiana) leaves were mediated by Agrobacterium tumefaciens (A. tumefaciens) strain EHA105 carrying the various constructs. After incubation in the camber for 2-3 d, total leaves proteins were homogenated for LUC activity assay. Figures showed in the paper were representative images from three independent experiments.

Antioxidant enzyme assay

The treated plants were homogenized in 3 mL (for 0.5 g rice seedlings) potassium phosphate buffer (50 mM, pH 7.0) containing 1 mM EDTA and 1% polyvinylpyrrolidone (PVP) under dark. The homogenate was centrifuged at 4 oC with 12000 g for 30 min and the supernatant was immediately used for the subsequent gene expression and antioxidant enzyme assays, the total protein content was determined by Bradford Method with a standard curve, and the total activities of antioxidant enzymes per mg protein were determined as previously described  ADDIN NE.Ref.{11D929B8-EBD7-4D5C-A0DB-32CB667FD3E1}(Jiang and Zhang, 2001).
GUS activity

The activity of ß-glucuronidase (GUS) can be accurately determined in extracts of transgenic pZFP36-GUS plant tissue using 4-methylumbelliferyl ß-D-glucuronide (4-MUG) as a substrate to produce fluorochrome 4-methyl umbelliferone (4-MU), and the kit of the Quantitative GUS Activity Assay of Plant Extracts from Beyotime Biotechnology (Beijing China) was used to measure 4-MU content. Using excitation at 365 nm and measuring emission at 455 nm, the amount of 4-MU can be quantified. 

Immunoprecipitation kinase activity assay

Kinase activity assay was performed in the immunocomplex incubated with 2 µg substrates [maltose binding protein (MBP) or recombinant His-ZFP36] in the reaction buffer [25 mM Tris, pH 7.8, 1 mM dithiothreitol (DTT), 2.5 mM CaCl2, 5 mM MgCl2 with 200 nM ATP plus 1 µCi of [γ-32P]ATP (3000 Ci mM–1) containing 10 µg GST-ZFP36 and OsPDK1-His for 30 min as described like Ma et al.  ADDIN NE.Ref.{9D5BF05A-FFF5-4164-91CB-B6DD4C70F3D1}(2016). For OsPDK1 kinase activity, OsPDK1 was immunoprecipitated with anti-OsPDK1 in different treated rice roots, and the activity was determined by the substrate MBP. The reaction was then terminated with SDS sample buffer, and the reaction mixture was boiled at 100℃ for 5 min and resolved by SDS-PAGE. The unincorporated (γ-32P) ATP was removed by 5% trichloroacetic acid (w/v)/1% sodium pyrophosphate (W/V). The naturally dried gel was exposed to Kodak XAR-5 film. 
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Figure legends
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Figure 1 The root elongation analysis of roots in ZFP36-OE, ZFP36-RNAi plants under Al toxicity, and the expression pattern of ZFP36. (A-B) The influence of Al on the root elongation (A) and relative root elongation (B) of wild-type (WT) rice, ZFP36 overexpressing plants (ZFP36-OE), and ZFP36 silenced plants (ZFP36-RNAi). Seedlings of WT rice, ZFP36-OE, and ZFP36-RNAi were treated with a solution containing 0, 25, 50 or 100 μM AlCl3 at pH 4.5 for 24 h, and the root length was measured at 0 h and 24 h. (C) Response of ZFP36-OE, ZFP36-RNAi plants to solution with different pH. Seedlings of three-day-old wild-type (WT) rice and ZFP36-OE, ZFP36-RNAi plants were treated with solutions with different pH values for 24 h. The root length was measured at 0 h and 24 h. (D) The expression patterns of ZFP36 in roots and shoots. Three-day-old rice plants were treated with or without 50 μM AlCl3 at pH 4.5 for 6 h and the shoots and roots were sampled. (E) The root segments (0-5, 5-10 and 10-20 mm) were excised with a razor after exposed to 50 μM AlCl3 at pH 4.5 for 6 h. (F) Rice seeds were treated with or without fluridon (Flu), an ABA inhibitor, for 8 h, then the plants were treated with 50 μM ABA after exposed to 50 μM AlCl3 at pH 4.5 and the roots were sampled. OsPDK1 level was determined by qRT-PCR, and Histone H3 was used as an internal control. Data are means ± SD (n=50 for A-C, n=3 for D-F). Means denoted by the same letter did not differ significantly at P<0.05 according to Duncan’s multiple range test. 
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Figure 2 The direct interaction of ZFP36 and OsPDK1 in vivo and in vitro. (A) Y2H Gold yeast assay. Yeast transformants with reconstructed BD and AD were plated on control medium [SD/-Leu/Trp (SD/-L-T)] and selective medium [SD-Leu/Trp/-His/-Ade plus X-a-gal (SD-L-T-H-A/X-a-gal/)]. SD, synthetic dropout. (B) Interaction of ZFP36 and OsPDK1 in onion (Allium cepa) epidermal cells. YFP signals were detected by laser confocal scanning microscope (Zeiss, LSM 800). Scale bars =50 μm. (C) Luciferase (LUC) complementation imaging assay. The upper panel shows images and luminescence of Nicotiana benthamiana leaves containing the indicated combinations of nLUC- and cLUC- fusion and empty constructs. The lower panel is the quantification results of LUC activity in these leaves. (D) GST pull-down assay. GST-ZFP36 or GST alone were purified separately (left figure), and OsPDK1-His was detected by Western Blotting. (E) In vitro phosphorylation of OsPDK1 to ZFP36. OsPDK1-His and GST-ZFP36 were obtained by Escherichia coli. GST-ZFP36 or maltose binding protein (MBP) was used as substrate and subjected to in-gel kinase assay. The experiments were repeated at least three times with similar results.
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Figure 3 The expression pattern and protein content, kinase activity of OsPDK1 and ABA content. (A-H, K) The expression pattern of OsPDK1 under ABA (A) and Al (B) treatments. The content of OsPDK1 under Al and ABA (C-D). Three-day-old rice plants were treated with or without dichloroacetate (DCA; panel A), and then exposed to 50 μM AlCl3 at pH 4.5 for 6 h. Whole shoots or roots were sampled (E), root segments were also analyzed (F). Tested AlCl3 levels varied from 10 to 100 µM (G) and a number of pH values were applied (H). The ABA content was detected under Al with different time (I) and different concentration (J). Expression pattern was also characterized in the presence of 50 μM ABA or ABA biosynthesis inhibitor fluridon (Flu; 20 h; K). OsPDK1 relative levels were analyzed using qRT-PCR. Values are means ± SD (n=3). *P < 0.05.
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Figure 4 The expression level of SODCc2, OsAPX1, and OsCatB, and activities of SOD, CAT, and APX in transgenic rice plants of OsPDK1 or ZFP36. Rice plants were treated with (+Al) or without (-ABA) ABA, and the expression of SODCc2, OsAPX1, and OsCatB (A, C, E) and activities of SOD, CAT, and APX (B, D, F) were determined. Data are mean ± SD (n=3). Values labelled by the same letter are not significantly different at P<0.05 according to Duncan’s multiple range test.
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Figure 5 OsPDK1 inhibits ZFP36 activity via targeting OsAPX1 or OsALS1 promoter. (A) Diagram of OsALS1 promoter locus. P1 ((-1400 bp) to (-900 bp)) and P2 ((-400 bp) to (+1 bp)) stand for two segments of OsALS1 promoter. (B) ZFP36 changes OsALS1 expression. Rice plants were treated by 50 μM ABA for 45 min, and the OsALS1 expression was determined by qRT-PCR. (C) Yeast one-hybrid assay. The reconstructed pAbAi vector and pGADT7 were co-transformed to yeast strain AH109, the positive clone was confirmed by the growth on the SD/-Leu medium with 300 ng/mL AbAr (Aureobasidin A). (D) ChIP assay combined with RT-PCR. ZFP36 potentially bound fragmented chromatin DNA were immunoprecipitated with anti-ZFP36 antibody. P1 and P2 segments were measured separately by its specific primers. Input stands for the total chromatin DNA before immunoprecipitation, ZFP36 stands for the DNA segments precipitated with anti-ZFP36 antibody, and IgG stands for DNA segments precipitated by mouse IgG. (E) A schematic diagram of the effectors and reporter in tobacco transformation. (F) Transactivation activity was detected by GUS (β-glucuronidase) activity after the effectors and reporter plasmids (shown in (D)) were co-transformed into N. benthamiana by agrobacterium. (G) A schematic diagram of effectors and reporter in rice protoplast transformation. 35S: ZFP36/OsPDK1 fused to pGREENII 62-SK was used as the effector, and the promoter of OsALS1 was introduced to pGreenII 0800-LUC and used as the reporter, while 35S- was used as control. (H) Transactivation activity was detected by the ratio of LUC to Renilla luciferase (REN) in rice protoplasts co-transformed with combined effector(s) and reporter shown in (F). Experiments repeated three times showed similar results. Data are mean ± SD obtained in three independent experiments. Means denoted by the same low-case letter did not differ significantly at P<0.05 according to Duncan’s multiple range test. (I) Binding motif investigated in the overlapping ZFP36 binding peaks. The conserved motif is found in the promoters of OsAPX1 and OsALS1 genes based on ChIP-seq. 
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Figure 6 OsPDK1 acts upstream of ZFP36 in ABA-induced antioxidant defense. (A-C) The activities of SOD (A), CAT (B), and APX (C) in OsPDK1-OE1 plants (OsPDK1), WT plants (WT), ZFP36-OE plants (ZFP36), and both overexpressing of OsPDK1 and ZFP36 plants (OsPDK1/ ZFP36). (D-F) The activities of SOD (D), CAT (E), and APX (F) in OsPDK1-KO1 plants (ospdk1), WT plants (WT), ZFP36-RNAi plants (zfp36), and knock-out of OsPDK1 and RNA interference of ZFP36 plants (ospdk1/ zfp36). (G-I) The activities of SOD (G), CAT (H), and APX (I) in OsPDK1-OE1 (OsPDK1), ZFP36-RNAi plants (zfp36), and overexpressing of OsPDK1 and RNA interference of ZFP36 plants (OsPDK1/ zfp36). The plants were treated with (+ABA) or without 50 μM ABA (-ABA) for 30 min. The activities of APX, CAT, and SOD were measured as described in the Materials and Methods. Values are means ± SD of three independent experiments. Values labelled by the same low-case letter are not significantly different at P<0.05 according to Duncan’s multiple range test.
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Figure 7 A hypothetical model describing function of OsPDK1-ZFP36 in ABA-mediated response to [Al3+]. Al stimulates ABA accumulation in roots. ABA induces antioxidant defense ascorbate peroxidase (OsAPX1) and tonoplast Al transporter OsALS1 via activating the transcriptional activity of ZFP36 (through inhibition of OsPDK1 at early stage). Taken together, these results elucidate the mechanism of ameliorating Al toxicity via scavenging ROS and promoting [Al3+] sequestration to the vacuole. 

Supporting Information

Supporting Table 1 PCR primers used in this study. 
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Figure S1 Phenotype and root length of rice plants with overexpression or knockout of OsPDK1 and ZFP36.
(A) Photos of the phenotype of overexpressing OsPDK1 plants (two lines, OE1 and OE2), knockout of OsPDK1 plants (two lines, KO1 and KO2), and WT plants with (+Al) or without (-Al) 50 μM AlCl3 at pH 4.5 for 7 days. (B) The influence of Al on the root elongation of wild-type (WT) rice, OsPDK1 overexpressing plants (OE1 and OE2), and knockout of OsPDK1 plants (KO1 and KO2). (C) Photos of the phenotype of wild-type (WT) rice and ZFP36-OE, ZFP36-RNAi plants with (+Al) or without (-Al) 50 μM AlCl3 at pH 4.5 for 7 days. (D) The influence of Al on the root elongation of wild-type (WT) rice and ZFP36-OE, ZFP36-RNAi plants .
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Figure S2 GUS activity in transgenic pZFP36: GUS plants.
(A-B) Photos of the phenotype of transgenic pZFP36: GUS plants with GUS staining. The germinated seeds for three days (A), the leave (B). (C) Quantitative analysis of GUS activity of transgenic pZFP36: GUS plants.
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Figure S3 Phylogenic tree and protein sequence comparison of pyruvate dehydrogenase kinases in  various plants. 
(A) Phylogenic tree of various PDKs in Zea mays (ZmPDK1, ZmPDK2), Oryza sativa (OsPDK1), Arabidopsis thaliana (AtPDK1), Panicum hallii (PhPDK), Spirodela intermedia (SiPDK), Brachypodium distachyon (BdPDK), Phalaenopsis equestris (PePDK), Medicago truncatula (MtPDK), Gossypium raimondii (GrPDK), Populus trichocarpa (PtPDK) from sequence alignment of the kinase domains (B) Homologic analysis of various PDKs in (A). BCDHK_Adom3, from 24 aa to 186 aa, is the mitochondrial branched-chain alpha-ketoacid dehydrogenase kinase domain (with black underline); cztS_silS_copS, from 262 aa to 343 aa, stands for the heavy metal sensor kinase domain (with green underline).
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Figure S4 GST pull-down analysis of OsPDK1 interaction with truncations of ZFP36 
Yeast two-hybrid assay (A), GST Pull-down (B), in vitro phosphorylation (C) were performed between truncated ZFP36 with OsPDK1. T1, 1-162 aa; T2, 1-73 aa; T3, 73-162 aa; T4, 162- 220 aa; T5, 73-162 aa. 
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Figure S5 The subcellular localization of OsPDK1 in tobacco.
GFP, green fluorescence; Bright, the tobacco cells under light; Merged, GFP signal was merged with light signal.
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Figure S6 The expression level of OsPDK1 and target site in PDK knockout plants.
PAM, protospacer adjacent motif; Red scissors, the splicing site of Cas9 protein.
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Figure S7 The expression of OsALS1, OsNrat1 and FRDL4 in ABA/Al-treated rice plants.
Left, plants were treated with ABA for the indicated time; Right, plants were treated with Al for the indicated time; 
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Figure S8 The expression of OsALS, OsNrat1, and Al content in Al-treated rice plants with overexpression or knockout of OsPDK1 and ZFP36.
The expression of OsALS1 in OsPDK1 transgenic plants (A) and ZFP36 transgenic plants (B) with or without Al; The expression of OsNrat1 in OsPDK1 transgenic plants (C) and ZFP36 transgenic plants (D) with or without Al; Root apex Al content in OsPDK1 transgenic plants (E) and ZFP36 transgenic plants (F) with or without Al.
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Figure S9 The expression of OsFRDL4, and citrate secretion in Al-treated rice plants with overexpression or knockout of OsPDK1 and ZFP36.
The expression of OsFRDL4 in OsPDK1 transgenic plants (A) and ZFP36 transgenic plants (B) with or without Al; Citrate secretion in OsPDK1 transgenic plants (C) and ZFP36 transgenic plants (D) with or without Al.

