Zinc finger protein ZFP36 and pyruvate dehydrogenase kinase PDK1 are key elements in the ABA-mediated aluminum tolerance in rice

Short title: PDK1 phosphorylates ZFP36 to modulate aluminum tolerance
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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. 
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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.

