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Abstract: It is known that the high level of sugar including glucose suppresses seed germination through ABA signal. ABI5 is an essential component to mediate ABA-dependent seed germination inhibition, but underlying mechanism needs more investigation. Previous study demonstrated the PIF4 activated the expression of ABI5 to suppress seed germination in darkness. Here we reported that PIF4 also mediated the seed germination inhibition through ABI5 under high concentration of glucose treatment. Furthermore, we found that PIF4 interacted with PAP1, the central factor to control anthocyanin biosynthesis. Such interaction was confirmed in vitro and in planta. Biochemical and physiological analysis revealed that PAP1 bond the promoter of ABI5 to suppress its expression, thus enhanced seed germination under high concentration of glucose treatment. Specially, PAP1 competed with PIF4 to antagonize the activation of PIF4 on ABI5 expression, thus promoted seed germination under high glucose treatment. Given these, we uncover a novel role for PIF4 and PAP1 in controlling seed germination under high glucose treatment, and reveal their antagonistic mechanism by which coordinates ABI5 expression to control seed germination in response to the glucose signal.

Keywords: Seeds germination; glucose; MYB75; PIF4; ABI5



1  Introduction

Sugar, including sucrose and glucose, not only act as the main product of photosynthesis to affect cellular metabolism, they serve also as signals to coordinate gene expression and enzyme activity in both source and sink tissue [1–3]. Glucose as one of the hexose hydrolytic products of sucrose is associated with various physiological processes, such as seed germination, cotyledon opening, leave greening, root growth and anthocyanin biosynthesis. It is reported that plant exists three glucose signal transduction pathways, the first one is the hexokinase 1 (AtHXK1)-dependent pathway, in which AtHXK1 as the glucose sensor to perceive glucose stimulation and then activate downstream gene expression, the secondary pathway is the glycolysis-dependent pathway that need AtHXK1-catalitic activity to activate the expression of pathogenesis-related genes [4,5]. The last one is the AtHXK1-independent pathway that requires cell wall Cytosolic invertase1 (CINV1) and CINV2 [1,6], genetic experiments also demonstrate that AtHXK1-independent glucose-sensing and signal process is also related to G-protein coupled receptor system in plant [7]. Some evidence reveals that high concentration of sugar induces the biosynthesis of anthocyanin, which can protect plants from excessive environmental stress, or defense from pathogen and herbivores [8,9]. Anthocyanin is biosynthesized from flavonoid, and catalyze by the enzyme encoded by early biosynthesis genes (EBGs) including chalcone synthase (CHS), chalcone isomerase (CHI), and flavonol 3-hydroxylase (F3H). A series of anthocyanin specific biosynthetic gene encoding dihydroflavonol-4-reductase (DFR), leucoanthocyanidin dioxygenase (LDOX), and UDP-glucose: flavonoid-3-O-glycosyl-transferase (UF3GT) is also reported. This gene is controlled by the ternary MYB-bHLH-WD40 (MBW) protein complex containing R2R3-MYB, basic helix-loop-helix (bHLH), and WD40-repeat proteins. Among MBW, the PRODUCTION OF ANTHOCYANIN PIGMENTS 1 (PAP1) is the core component that activates the expressions of DFR, LDOX and UF3GF for anthocyanin biosynthesis [9,10]. The protein stability of PAP1 is degraded by E3 ubiquitin ligase COP1 in the dark [11], while light irradiation stabilizes PAP1 through MPK4 mediated phosphorylation modification [12]. Beside light or sugar induced anthocyanin biosynthesis, the transcriptional level of PAP1 is also regulated by PHR1 under phosphate deficiency stress to induce anthocyanin biosynthesis, during this process, SPX1 can sequestrate the activity of PHR1 to control PAP1 expression in response to phosphate-deficiency signal [13]. However, its detail mechanism by which PAP1 subtly controls anthocyanin biosynthesis to adapt environment remains unknown.

The phytochrome interaction proteins (PIFs), including PIF1, PIF3, PIF4 and PIF5 were firstly identified as the core component to perceive the light signal and regulate multiple physiological responses [14,15]. For example, PIF1 negatively control seed germination under red light irradiation [16], PIF1 and PIF3 also affect chlorophyll biosynthesis from dark to light shift [17,18]. PIF4 and PIF5 negatively control phytochrome-dependent inhibition of shade avoidance and dark-mediated leave senescence [19,20]. All of these PIFs also control hypocotyl elongation in an additive pattern as the single mutant presented weak hypocotyl elongation deficiency, but its quadruple mutant showed longer hypocotyl [21]. Exogenous sucrose treatment significantly induced hypocotyl elongation in wild-type, but not in pifs mutant, when the seedling was transferred from light to darkness [22,23]. What is more, sucrose-dependent promotion of hypocotyl elongation requires multiple PIFs, and overexpressing PIF5 shows the similar growth dynamics to those plants exposed to sucrose [22], suggesting the possible link between PIFs and sugar signal.

In this study, we investigated the effect of glucose on seed germination, and found glucose induced the accumulation of PIF4, which bond to the promoter of ABI5 to activate ABI5 expression, subsequently suppress seed germination, furthermore, we found PIF4 interacts with PAP1, and overexpressing PAP1 enhanced seed germination under high level of glucose stress. Biochemical analysis revealed that PIF4 and PAP1 antagonistically regulate ABI5 expression to fine-tune seed germination under glucose stress. Thus, our finding uncovers a novel mechanism by which PFI4 and PAP1 completely control ABI5 expression to sophistically control seed germination under high glucose stress.

2  Material and Method

2.1 Arabidopsis Seeds and Growth

All Arabidopsis (Arabidopsis thaliana) mutants, including pif4-1 and PAP1-D were obtained from the Arabidopsis Biological Resource Center. The transgenic PIF4-TAP line was provided by Professor Michael F Thomashow in Michigan State University [24]. Double mutants or lines carrying two different transgenes were generated by crossing individual lines and selecting homozygous progeny. Seeds were surface-sterilized and sown on 0.8% agar (pH 5.7) plates under white light (50 μmol−2s−1). Adult plants were grown in soil with vermiculite (3:1) at 22°C under long day (16-h light /8-h darkness) conditions for 6–8 weeks, and seeds were harvested at the same time in each batch for germination or dormancy assays.

2.2 Seed Germination Assays

Seeds were harvested and dried for 3−5 weeks at room temperature, and seed germination assays were performed as previously described [25,26]. In brief, seeds were surface-sterilized in a 5% hypochlorite and 0.02% Triton-X100 solution for about 10 min and then rinsed several times with sterile water before being plated on germination medium consisting of half-strength Murashige and Skoog salts with 1% sucrose and different concentration of glucose. After stratification at 4°C for 3 d, plates were placed in constant light to initiate germination, at a constant temperature at 22°C for 5 d. A seed was considered to have germinated when its radicle protruded from the seed coat. For each germination assay, at least three biological replicate experiments were performed.

2.3 Protein Extraction and Immunoblots

We extracted total protein from hydrated seeds using extraction buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8.0, 0.1% [v/v] Triton X-100, 10 mM NaF, 5% [v/v] glycerol) supplemented with phosphatase inhibitor cocktail (Roche) and 1 mM PMSF (Sigma) as previous method [26]. Proteins were cleared by centrifugation at 14,000 g for 10 min at 4°C. Protein concentration was measured using Bradford Quantitative Reagent (Invitrogen). The extracted protein (15 μg aliquot) was separated by electrophoresis on a 12% SDS-polyacrylamide gel and blotted onto polyvinylidene difluoride membranes, which were then probed with the appropriate primary anti-FLAG (1:3,000; Sigma-Aldrich), anti-MYC (1:3,000; Clontech), or anti-tubulin (1:1,000; Sigma-Aldrich) antibody and horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:3,000; Promega). Signals were observed using a ONE-HOUR IP-Western Kit (Genescript).

2.4 Yeast Two-Hybrid Assays

For Y2H, the full-length region of PIF4 and PAP1 was cloned into the pGBKT7 bait vector and the pGADT7 prey vector, respectively, using the In-Fusion cloning system (Clontech). Two-hybrid screening was performed using the mating protocol described in the Matchmaker Gold Yeast Two-Hybrid User Manual (Clontech).

2.5 In Vitro Pull-Down Assays

The coding regions for PIF4 and PAP1 were cloned into the pGEX-4T-1 (Pharmacia) and pET28a (Merck) vectors to generate the pGST-PIF4 and pHis-PAP1 constructs, respectively. The primers used for constructions are listed in Supplemental Table S1. For prokaryotic protein expression, the constructs were transformed into E.coli Rosetta strain, and protein accumulation was induced by Isopropyl β-d-1-thiogalactopyranoside (IPTG). Soluble GST-PIF4 protein was extracted and immobilized onto Glutathione Sepharose Beads (GE healthcare), while the soluble His-PAP1 was extracted and immobilized onto Ni-NTA agarose beads (QIAGEN). For pull-down assays, 2 μg His-PAP1 was incubated with GST alone or GST-PIF4 in binding buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 1 mM EDTA) at 4°C overnight. Pulled-down proteins were extensively washed with buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 0.6% Triton X-100) before the samples were resolved on 8% SDS-PAGE gels and analyzed by immunoblot analysis using anti-His antibody (Abmart) or anti-GST antibody (Abmart) followed by a mouse secondary antibody (1:5,000; Promega).

2.6 Co-Immunoprecipitations

For the in vivo Co-IP using PIF4-TAP as bait, the 1-week-old PIF4-TAP seedling was ground to a fine powder in liquid nitrogen as previous method [27]. Total proteins were extracted in MOPS buffer (100 mM MOPS, pH 7.6, 150 mM NaCl, 0.1% Nonidet P-40%, 1% Triton X-100, 20 mM iodoacetamide, 1 mM phenylmethylsulfonyl fluoride, 2 μg/L aprotinin, 5 μg/L leupeptin, 1 μg/L pepstatin, 2 × Complete Protease Inhibitor Cocktail, and PhosStop Cocktail from Roche), centrifuged at 13,000 rpm at 4°C for 10 min, and filtered through two layers of Miracloth. Supernatant (1.0 mL) was incubated with anti-Flag resin (Sigma Chemical) overnight under gentle rotation at 4°C. Beads were washed four times with wash buffer (50 mM Tris, pH 8.0, 150 mM NaCl, and 0.1% [v/v] Triton X-100), and the proteins were eluted at 95°C for 10 min in 2× loading buffer (100 mM Tris-HCl, pH 6.8, 200 mM DTT, 2% SDS, 20% glycerol, and 0.2% bromophenol blue) and analyzed by immunoblotting with anti-FLAG (1:3,000; Sigma-Aldrich) or anti-PAP1 (1:1,000; PhytoAb) antibodies.

2.7 ChIP-qPCR Analysis

Chromatin affinity purification was performed as described previously [28]. Seeds were cross-linked with a 1% formaldehyde solution under a vacuum for 1 h. The chromatin was extracted and sheared to an average length of 300–500 bp by sonication and then immunoprecipitated with anti-PAP1 (Catalog no PHY1193S, PhytoAb). The crosslinking was then reversed, and the amount of each immunoprecipitated DNA fragment was determined by quantitative PCR using gene-specific primers (Supplemental Tab. S1).

2.8 BiFC Analysis

The coding regions of PIF4 and PAP1 were cloned into pGreen binary vectors to add each half of the YFP coding sequence (nYFP and cYFP) upstream of and in-frame with PIF4 or PAP1, to generate nYFP-PIF4 and cYFP-PAP1. Combinations of nYFP-PIF4/cYFP-PAP1 or their corresponding control combinations were co-infiltrated into Nicotiana benthamiana leaves by Agrobacterium-mediated transient transfection. After 48 h, YFP fluorescence in N. benthamiana leaf cells was observed with a Zeiss LSM710 confocal microscope as previously.

2.9 RT-qPCR Analysis

Total RNA was extracted from hydrated seeds using TRIzol reagent (Invitrogen) as previous method [26]. RT-qPCR was performed as described. Briefly, first-strand cDNA was synthesized from 1.5 μg DNase-treated RNA in a 20 μl reaction volume using M-MuLV reverse transcriptase (Fermentas) with oligo (dT) 18 primer. For qPCR, cDNA samples were diluted to 2 to 10 ng/mL, and PCR was performed in the presence of SYBR Green I Master Mix on a Roche LightCycler 480 real-time PCR machine according to the manufacturer's instructions. All RT-qPCR experiments were independently performed in triplicate, and representative results are shown. PP2A was used as an internal control. The primer pairs for quantitative RT-qPCR are listed in Supplemental Tab. S1.

2.10 Protoplast Transient Expression Assay

For the transient expression assay, a 3-kbp ABI5 promoter fragment was inserted into the pGreenII 0800-LUC vector to generate a series of ABI5pro:LUC reporter constructs. The coding sequences of PIF4 and PAP1 were inserted into the pGreenII 62-SK vector and placed under the control of the 35S promoter. All primers used for these constructs are listed in Supplemental Tab. S1. After protoplast preparation and subsequent transfection, firefly LUC and renilla luciferase (REN) activities were measured using the Dual-Luciferase Reporter Assay System (Promega), and the LUC/REN ratio was presented.

3  Result

3.1 High Glucose Induces the Accumulation of PIF4 to Suppress Seed Germination

It is reported that ABA suppresses the hypocotyl elongation through PIF4 under dark, and several ABA insensitive mutants also show tolerance to high glucose stress [29]. Thus we wonder whether the possible function of PIF4 during seed germination under high glucose. As shown in Figs. 1A and 1B, the MS medium containing 3% glucose partially reduced seed germination of wild-type Col, and the glucose at 5% suppressed the seed germination. In contrast to Col, the pif4-1 mutant showed more seed germination percentage, but the transgenic line overexpressing PIF4 (expressing PIF4-TAP fusion under the control of constitutive 35S promoter) showed lower seed germination. These data suggest that PIF4 negatively control seed germination in response to high glucose stress. Thus, these data suggest the necessary role of PIF4 in controlling seed germination under high glucose stress. We further tested the effect of high glucose on PIF4 expression. Using the total protein extracted from the imbibition seeds from wild-type Col, we found high glucose did not obviously affect the protein accumulation of endogenous PIF4 protein by anti-PIF4 antibody (Fig. 1C). Meanwhile, our RT-qPCR result also showed that high glucose did not obviously change the transcriptional level of PIF4 (Fig. 1D), these data indicate the new mechanism for PIF4 in controlling seed germination independent on its expression level under high glucose stress.
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Figure 1: The different seed germination percentage among wild type Col, PAP1-D, pif4-1, PIF-TAP and the crossed pap1-D/PIF4-TAP under gradient glucose stress These seeds were cold stratificated for 3 days at 4°C and then placed at 22°C on the medium containing indicated concentration of glucose, the photo was taken after 6 days of germination (A), and the seed germination among Col, pif4-1 and PIF4-TAP on the gradient glucose treatment was calculated after 5 day of germination (B). The values are shown as means ±SD of triplicate experiments. Asterisks indicate significant difference by Student’s t-test (**P < 0.01). Protein accumulation of PIF4 (C) and the transcriptional level of PIF4 (D) and in the seedling after gradient glucose treatment for 3 days was also measured by RT-qPCR and western blotting analysis, respectively. For RT-qPCR analysis, the PP2A was used as the internal control. For western blotting analysis, anti-Tubulin was used as the loading control. Bars with different letters are significantly different at P < 0.05 (Tukey’s test)

3.2 PIF4 Activates ABI5 Expression to Suppress Seed Germination under High Glucose Stress

ABI5 acts as a negative regulator to suppress seed germination in response to ABA stress [30,31], and PIF4 can bind to the ABI5 promoter to activate ABI5 expression [29]. To determine the genetic relationship between PIF4 and ABI5 during seed germination after high glucose stress, we introduce PIF4-TAP into abi5-7 mutant to obtain PIF4-TAP/abi5-7, and introduced pif4-1 into abi5-7 to obtain pif4-1/abi5-7 line. Similar to abi5-7, both of the PIF4-TAP/abi5-7 and pif4-1/abi5-7 showed similarly higher seed germination. On the contrary, both of ABI5-MYC and ABI5-MYC/pif4-1 showed lower seed germination, though the seed germination of pif4-1 was higher under high glucose stress (Fig. 2A). Based on this genetic analysis, we propose that ABI5 is epistatic to PIF4 to control seed germination under high glucose stress.
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Figure 2: PIF4 suppresses seeds germination on the medium containing 5% glucose through activating ABI5 expression A) The seed germination percentage of Col, abi5-7, pif4-1, PIF4-TAP, pif4-1/abi5-7 and PIF4-TAP/abi5-7 on the medium containing 5% glucose were calculated. The values are shown as means ±SD of triplicate experiments. Bars labelled with different letters are significantly different at P < 0.05 (Tukey’s test). B) PIF4 activates the expression of ABI5 by transient protoplast analysis. Upper panel: Schematic diagram of the PIF4 effector and the ABI5pro: LUC reporter constructs used in the transient transactivation assay. Lower panel: The ABI5pro:LUC reporter was coexpressed with PIF4 effectors for 24 h; the firefly luciferase and Renilla luciferase (LUC/REN) ratio represents ABI5pro:LUC activity relative to the internal control (35Spro:REN). Data is meant SD of three biological replicates. Asterisks indicate significant difference by Student’s t-test (**P < 0.01)

To confirm ABI5 is the target gene for PIF4-dependent seed germination under high glucose treatment. We performed the transient protoplast transformation analysis to test the effect of PIF4 on ABI5 expression with or without high glucose treatment. As shown in Fig. 2B, overexpressing PIF4 indeed increased the transcriptional level of ABI5, and high glucose further increased the activation effect of PIF4 on ABI5 expression. However, PIF4 did not efficiently induce the expression of ABI5 in the protoplast from abi5-7 mutant line, suggest the synergistic effect of PIF4 and ABI5 on ABI5 expression under high glucose treatment. This data suggests that high glucose dependents on PIF4 to induce ABI5 expression.

3.3 PIF4 Physically Interacts with PAP1

To understand the underlying mechanism by which PIF4 control seed germination under high glucose stress, we performed yeast two hybrid and searched the PIF4-interaction protein from the normalized Arabidopsis cDNA library. After two rounds of screening, we obtained the several positive clones. We focus on one clone encoding PAP1 that is pivotal for anthocyanin biosynthesis. Interaction between PIF4 and PAP1 was confirmed by yeast two-hybrid experiment (Fig. 3A). Pull-down analysis using these purified GST-PIF4 and HIS-PAP1 showed that PIF4-GST, but not GST alone as the control, could be immunoprecipitated by HIS-PAP1 (Fig. 3B). These data suggest that PIF4 interacts with PAP1 in vitro. Furthermore, we performed Co-IP analysis to test the interaction of PAP1 and PIF4 in vivo. Using the transgenic PIF4-TAP and anti-PAP1 antibody, we extracted the total protein from the transgenic PIF4-TAP line and found PAP1 protein could be co-immunoprecipitated with anti-FLAG resin (Fig. 3C). As the control, we extracted the total protein from wild type Col seedling and the PAP1 could be co-immunoprecipitated by anti-FLAG resin, suggesting the interaction of PIF4 and PAP1 in planta. We subsequently adopted BiFC to check the interaction of PIF4 and PAP1 in vivo. We fused PIF4 with nYFP (PIF4-nYFP) and PAP1 with cYFP (PAP1-cYFP), the strong YFP fluorescence could be observed in the tobacco leave co-expressing PIF4-nYFP and PAP1-cYFP, as the control we did not the YFP fluorescence in the tobacco leave co-expressing the recombine of PIF4-nYFP and cYFP, or nYFP with PAP1-cYFP (Fig. 3D). At last, we transiently expressed PIF4-mCherry and PAP1-GFP in the tobacco leaves, and found both of them localized in the nucleus, and also co-colocalized with the nucleus marker H2B-CFP (Fig. 3E), suggesting both of them co-localized in the nucleus. Together, this evidence supports the interaction of PIF4 and PAP1 in planta.
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Figure 3: PIF4 interacts with PAP1 A) The interaction of PIF4 and PAP1 by Y2H analysis. Yeast cells co-transformed with the indicated construct combinations were grown on SD medium lacking Trp/Leu (-LW) or Trp/Leu/His (-LWH) with 100 ng mL−1 Aureobasidin A (AbA). AD: DNA-activation domain of GAL4; BD: DNA-binding domain of GAL4. B) Pull-down assay showing direct interaction between His-PAP1 and GST-PIF4 fusion proteins in vitro. His-PAP1 proteins were incubated with immobilized GST or GST-PIF4 proteins. Immunoprecipitated fractions were observed by anti-His or anti-GST antibody, respectively. C) Co-IP showing the interaction of PIF4 with PAP1 in Arabidopsis. Proteins extracted from hydrated seeds from wild type Col or PIF4-TAP plants were immunoprecipitated by anti-Flag resin beads. Coimmunoprecipitated proteins were detected by anti-PAP1 anti-Flag antibody. Immunoblots show the presence of proteins in total protein extracts from plants (input) and fractions after immunoprecipitation by anti-PAP1 or anti-Flag antibodies. D) The interaction between PIF4 and PAP1 by BIFC analysis BiFC assay showed that PIF4-cYFP interacts with PAP1-nYFP in the nuclei of N. benthamiana epidermal leaf cells. PIF4 was fused to the C-terminal fragment of YFP (cYFP) to form PIF4-cYFP. Full-length PAP1 was fused with the N-terminal fragment of YFP (nYFP) to generate PAP1-nYFP. YFP fluorescence was detected in N. benthamiana leaves co-infiltrated with the indicated constructs. Nuclei were stained with 4, 6-diamidino-2-phenylindole (DAPI). Bar, 50 mm. E) The co-localization of PIF4 and PAP1 in the nucleus Analysis of the colocalization of PIF4 and PAP1 in N. benthamiana leaves. PAP1-GFP and PIF4-mCherry colocalize in the nuclei of N. benthamiana epidermal leaf cells. Bar = 50 μm

3.4 PAP1 Enhances Seed Germination Tolerance to High Glucose Stress

It is well known that high glucose induces the accumulation of anthocyanin and PAP1 is the critical regulator for anthocyanin biosynthesis [32]. As PIF4 interacted with PAP1, and PIF4 also regulates seed germination under high glucose treatment [22,33], hinting the probable role of PAP1 in controlling seed germination under high glucose treatment. To test such possibility, we check the germination percentage of PAP1-D line, which is the dominant mutant with strong PAP1 expression [34]. As shown in Fig. 1A, the PAP1-D mutant still showed higher germination on the high glucose treatment in contrast to wild type line. Genetic analysis showed that the crossed pap1-D/ABI5-MYC line showed the lower germination under high glucose treatment, similar to ABI5-MYC line. These data suggest that ABI5 is epistatic to PAP1 to control seed germination after high glucose treatment.

PAP1 acts as the MYB transcriptional factor that recognizes the 7-bp MYB-recognizing element (MRE) [13,35]. We searched the promoter of ABI5 and found 6 regions containing the MRE element, we named these regions as P1 to P4. Among them, P1 and P4 contained two motifs, respectively. To test which region could be specially recognized by PAP1, we used anti-PAP1 antibody and ChIP analysis to check the interaction of these region with PAP1 protein. As shown in Figs. 4A and 4B, we found P3 region could be specially enriched by anti-PAP1 antibody, and 5% glucose treatment intensified such binding. Thus, these results suggest that high glucose adds the binding of PAP1 to the ABI5 promoter, subsequently suppress ABI5 expression, thereby reducing the inhibitory effect of high glucose on seed germination.
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Figure 4: PAP1 binds to the promoter of ABI5 to antagonize the activation effect of PIF4 on ABI5 expression A&B) ChIP-qPCR assay of the association of PAP1 with the ABI5 promoter in vivo. Hydrated Col-0 with or without 5% glucose treatment were used (B). The diagram of the ABI5 promoter region showing the position of MRE boxes (blue rectangles), and four regions (P1 to P4) for ChIP-qPCR amplification, as indicated by black lines under the MRE boxes. The E1 box was used as the internal control. Anti-PAP1 antibody was used for ChIP. ACTIN2 served as an internal control, and enrichment values were normalized to the level of input DNA. Values are shown as the means ± SD (t-test, **P < 0.01). C&D) PAP1 and PIF4 antagonistically activate the expression of ABI5 by transient protoplast analysis. The ABI5pro: LUC reporter was coexpressed with PIF4 and PAP1 effectors for 24 h; the firefly luciferase and Renilla luciferase (LUC/REN) ratio represents ABI5pro:LUC activity relative to the internal control (35Spro:REN). Data are means ± SD of three biological replicates. Bars labelled with different letters are significantly different at P < 0.05 (Tukey’s test). The schematic diagram of the PIF4 and PAP1 effector, and the ABI5pro: LUC reporter constructs used in the transient transactivation assay (D). Bars with different letters are significant different at P < 0.05

3.5 PIF4 and PAP1 Antagonistically Control Seed Germination through ABI5

As PIF4 can activate the expression of ABI5 [28], but PAP1 suppresses the expression of ABI5 as described above, we suppose there is an antagonistic effect between PIF4 and PAP1 on ABI5 expression. To test such possibility, we crossed PIF4-TAP with PAP1-D, and compared the expression of ABI5 after high glucose stress. As shown in Fig. 5A, the crossed PIF4-TAP/PAP1-D showed relatively lower ABI5 expression than PIF4-TAP alone under high glucose stress. Similarly, the expression of ABI5 was also lower in PAP1-D mutant, but high in the PIF4-TAP seed, after high glucose treatment. Environment stress, such as strong light, increased the accumulation of PAP1. Thus, this genetic data suggests that PAP1 attenuates the inhibitory effect of PIF4 on seed germination through ABI5 under high glucose stress. Here we also measured the protein abundance of PAP1 after high glucose treatment. As shown in Fig. 5B, we found that high glucose gradually increased the protein accumulation of PAP1. As we described above, high glucose induced, but PAP1 suppressed the expression of ABI5, these data hint possible feedback regulation of PAP1 during seed germination under high glucose stress.
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Figure 5: PAP1and PIF4 antagonistically control the seeds germination under high glucose treatment A) PAP1 and PIF4 antagonistically modulate glucose-induced ABI5 expression by RT-qPCR analysis. The Col, pap1-D, PIF4-TAP and their crossed seeds were incubated on the MS medium with or without 5% glucose treatment for 48 h, and the ABI5 expression level was measured by RT-qPCR analysis. The PP2A was used as the internal control. Values are shown as means ± SD from three biological replicates. Asterisks indicate significant difference by Student’s t-test (**P < 0.01). B) High glucose gradually induced the accumulation of PAP1 protein. The hydrated Col-0 seeds were incubated with 5% glucose for indicated time, and the total protein was extracted for western blotting analysis. Endogenous PAP1 protein was used by anti-PAP1 antibody, and the anti-Tubulin antibody was used for internal loading control. C) PAP1 and PIF4 antagonistically controlled the seed germination. The Col-0, PAP1-D, PIF4-TAP, the crossed PAP1-D/ABI5-MYC and PAP1-D/PIF4-TAP seeds were sowed on the MS with or without 5% glucose for 5 days, and the seed germination percentage was calculated. Values are shown as means ± SD from three biological replicates. Asterisks indicate significant difference by Student’s t-test (**P < 0.01). D) The propose model to demonstrate the antagonistic effect between PIF4 and PAP1 on ABI5 expression and seed germination under high glucose treatment. High glucose activates the expression of ABI5 through PIF4, thus suppresses seeds germination, meanwhile, high glucose also induces the accumulation of PAP1, which antagonizes the activation effect of PIF4 on ABI5 expression, ultimately coordinate the transcriptional level of ABI5 at the appropriate level to fine-tune seeds germination in response to high glucose stress

Furthermore, we utilized the transient protoplast transformation to check the opposition effect between PIF4 and PAP1 on ABI5 expression. The reporter construct contained the LUC driven by ABI5 promoter, while the effect construct expressed PIF4 or PAP1 under the control of the 35S promoter. As shown in Figs. 4C and 4D, solely expressing PIF4 obviously upregulated the LUC activity, suggesting activate the expression of ABI5. Conversely, solely expressing PAP1 suppressed the LUC activity and ABI5 expression. However, co-expressing PIF4 and PAP1 simultaneously attenuated the PIF4 activated LUC expression, confirming our above genetic conclusion that PIF4 and PAP1 antagonistically control ABI5 expression and seed germination under high glucose stress.

4  Discussion

It is known that PIFs including PIF1/3/4/5 accumulate in the darkness to promote skotomorphogenic development [36,37], however, once light irradiation, the light receptor phytochrome interact with PIFs to induce their degradation through the 26S proteasome pathway. PIF can directly regulate the expression of downstream gene by binding to either G-box (CACGTG) or E-box (CANNTG) motifs in their promoter [37]. ABI5 as the important component of ABA signal pathway mediates seed germination [30,31]. Previous studies have demonstrated the crosstalk between PIFs and ABA signal [38,39]. For instance, PIF1 controls seed germination through ABA and GA pathway [16], ABA suppresses the hypocotyl elongation of wild-type seedling but not for pif4 pif5 mutants [29], indicating that ABA may suppress PIF4/PIF5 function during shade response. PIF1/3/4/5 can also directly bind to the G-box motifs in the ABI5 promoter to activate ABI5 expression in response to ABA [31]. In study we firstly confirmed that high concentration of glucose inhibited seed germination in the wild type Col seeds. However, the pif4-1 mutant seed showed higher germination percentage, but overexpressing PIF4 reduced seed germination under high concentration of glucose stress, suggesting that PIF4 negatively regulates seed germination under high glucose treatment. However, we did not observe the obvious effect of high glucose on the transcriptional level of PIF4 and its protein accumulation (Figs. 1C and 1D), this data suggests the post-translational mechanism of PIF4 in controlling seed germination under high glucose stress. Previous study showed that PIF4 can bind the G-box motif in the promoter region of ABI5 to activate ABI5 expression [31]. We thus compared the ABI5 level before and after glucose treatment. In line with the seed germination phenotype, glucose obviously stimulates the expression of ABI5 in the wild-type Col seed, such activation effect was compromised in the pif4-1 mutant seeds, but aggravated in the PIF4-TAP seeds, suggesting glucose required PIF4 to activate ABI5 expression. Our genetic experiment showed that the PIF4-TAP/abi5-7 and abi5-7 seeds showed relatively higher seed germination under glucose medium, though PIF4-TAP seeds germination were sensitive to glucose stress (Figs. 1A and 1B). We also observed that ABI5-MYC and ABI5-MYC/pif4-1 also show sensitive to high glucose stress, though pif4-1 seeds germination show insensitive to high glucose stress (Fig. 2A). Based on these phenotypes, we propose that ABI5 is genetically epistatic to PIF4 to control seed germination under high glucose stress.

In this study, we further found that PAP1 acts as the interaction protein of PIF4, such interaction was confirmed by several methods, including yeast two hybrid experiment, in vitro pull-down analysis and BiFC analysis. PAP1 is a pivotal regulator for anthocyanin biosynthesis under environmental stress. Previous study pointed out the PIF4 mediates the anthocyanin biosynthesis under red light irradiation [22,33], hinting the possible relationship between PIF4 and PAP1. Here we also check the seed germination of PAP1-D, the dominant mutant with high PAP1 expression and found that PAP1-D showed higher germination than that of wild-type Col seed under glucose stress. In according with it, the ABI5 transcripts in PAP1-D were also lower (Fig. 5A). As the PAP1 as the MYB transcriptional factor can bind the MYE motif to activate its target gene expression [13], there exist one MYE motif in the ABI5 promoter, and the ChIP analysis showed that PAP1 was specially enriched in such MYE motif, RT-qPCR analysis showed that PAP1 repressed the expression of ABI5 (Fig. 4B), these results propose that PAP1 as the negatively regulator of ABI5 to enhance seed germination under high concentration of glucose stress (Fig. 5C). Consistent with this conclusion, our genetic analysis showed that the crossed ABI5-MYC/PAP1-D seed showed relatively lower seed germination than PAP1-D under high glucose treatment, suggest that PAP1 enhances seed germination under high concentration of glucose through suppressing ABI5 (Fig. 5C).

As PIF4 activates the expression of ABI5 to suppress seed germination [28], but PAP1 suppresses the expression of ABI5 to enhance seed germination, under high concentration of glucose stress. These data suggest the antagonistic mechanism between PAP1 and PIF4 in controlling seed germination. Transient transformation analysis showed that PIF4 activated the expression of ABI5, while PAP1 assuaged the activation effect of PIF4 on ABI5 expression (Fig. 4D). Genetic analysis also showed that overexpressing PAP1 in the PIF4-TAP background partially improved the seed germination subjected to high glucose stress, compared with relatively lower ABI5 expression (Fig. 5C). Thereby these data support the antagonistic relationship between PAP1 and PIF4 on ABI5 expression and seed germination.

In summary, our study revealed the novel of PIF4 and PAP1 in controlling seed germination under high concentration of glucose stress. Under the same high concentration of glucose stress, we found PIF4 activated the ABI5 expression to suppress seed germination, reversely, PAP1 suppressed ABI5 to enhance seed germination, furthermore, the genetic and physiological analysis revealed the antagonistically mechanism between PAP1 and PIF4 in controlling seed germination through ABI5. Thus, these data demonstrate that PAP1 interacts with PIF4 to coordinate ABA signal by controlling ABI5 expression, and provide a new mechanism by which PAP1 and PIF4 integrate ABA signal to fine-tune seed germination in response to high glucose stimulation (Fig. 5D).
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