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A Mini Zinc-Finger Protein (MIF) from Gerbera hybrida Activates the GASA Protein Family Gene, GEG, to Inhibit Ray Petal Elongation
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Petal appearance is an important horticultural trail that is generally used to evaluate the ornamental value of plants. However, knowledge of the molecular regulation of petal growth is mostly derived from analyses of Arabidopsis thaliana, and relatively little is known about this process in ornamental plants. Previously, GEG (Gerbera hybrida homolog of the gibberellin [GA]–stimulated transcript 1 [GAST1] from tomato), a gene from the GA stimulated Arabidopsis (GASA) family, was reported to be an inhibitor of ray petal growth in the ornamental species, G. hybrida. To explore the molecular regulatory mechanism of GEG in petal growth inhibition, a mini zinc-finger protein (MIF) was identified using yeast one-hybrid (Y1H) screen. The direct binding of GhMIF to the GEG promoter was verified by using an electrophoretic mobility shift assay and a dual-luciferase assay. A yeast two-hybrid (Y2H) revealed that GhMIF acts as a transcriptional activator. Transient transformation assay indicated that GhMIF is involved in inhibiting ray petal elongation by activating the expression of GEG. Spatiotemporal expression analyses and hormone treatment assay showed that the expression of GhMIF and GEG is coordinated during petal development. Taken together, these results suggest that GhMIF acts as a direct transcriptional activator of GEG, a gene from the GASA protein family to regulate the petal elongation.
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INTRODUCTION

Petals, as a component of the floral organs of angiosperms, play important roles in attracting pollinators, and in protecting stamens and pistils (Hermann and Kuhlemeier, 2011). Petal growth and final size are determined by coordinated cell division and expansion (Mizukami and Fischer, 2000; Szécsi et al., 2006), and in Arabidopsis thaliana, it has been shown that the early phases of petal growth depend on cell division, whereas later stages of flower opening are largely controlled by cell expansion (Varaud et al., 2011). These two stages are both regulated by environmental stimuli, hormonal signals and gene regulatory networks (GRNs) with the associated transcription factors (TFs) (Alvarez-Buylla et al., 2010; Ó’Maoiléidigh et al., 2014). In A. thaliana, JAGGED, AINTEGUMENTA, and ARGOS, which function as positive regulators, were all shown to affect petal growth by regulating cell division (Mizukami and Fischer, 2000; Hu et al., 2003; Dinneny et al., 2004). Other genes, such as BIGBROTHER, KLUH and DA1 (DA means “large” in Chinese), were shown to affect final petal size by suppressing cell proliferation (Disch et al., 2006; Anastasiou et al., 2007; Li et al., 2008). BIGPETALp (BPEp), a basic helix-loop helix (bHLH) TF, restricts cell expansion and petal size through interaction with the AUXIN RESPONSE FACTOR8 (ARF8) (Szécsi et al., 2006; Varaud et al., 2011). Moreover, the expression of BPEp is also activated by jasmonate, providing another level of hormonal control on petal cell expansion (Brioudes et al., 2009). In horticultural plants, a CYCLOIDEA-like TCP domain TF, GhCYC2, is involved in the control of the identity and radial extent of flower types in Gerbera hybrida (Broholm et al., 2008). Subsequently more TCP transcription factors have been identified in Senecio (RAY1,2,3) and sunflower (HaCYC2c), which all play a specific role in the differentiation of ray and disk florets (Kim M. et al., 2008; Chapman et al., 2012; Garcês et al., 2016). DgSZFP, a C2H2-zinc finger TF, isolated from chrysanthemum, is reported to involve in floral organ development through increasing the width of petal tubes (Liu et al., 2014). While an ethylene-responsive NAC-domain transcription factor from rose (Rosa hybrida), RhNAC100, suppresses cell expansion during petal growth (Pei et al., 2013).

One of the large TF families in plants that are known to be involved in floral development, is the zinc finger domain containing protein (ZFPs) family (Cheuk and Houde, 2016). These proteins play important roles in many developmental processes, such as seed germination, floral organ identity specification, plant size and flowering, cell elongation, secondary cell wall formation and anther development (Li et al., 2001; Kim D.H. et al., 2008; Kim et al., 2014; Chai et al., 2015; Lin et al., 2015). In addition to the ZFPs, a novel putative zinc-finger protein was recently defined (Baek et al., 2015). Due to their small size (approximately 100 amino acid residues), these proteins have been named MINI ZINC FINGER (MIF) proteins (Sicard et al., 2008). In A. thaliana, three MIF proteins, AtMIF1, AtMIF2, and AtMIF3, have been identified. Constitutive expression of AtMIF1 inhibits the development of floral organs, reducing the size of petals, sepals, and stamens through suppression of cell elongation and expansion (Hu and Ma, 2006). The expression pattern of AtMIF3 is similar to that of AtMIF1, and overexpression of AtMIF3 was shown to disrupt determinate leaf growth by inducing ectopic shoot meristems on leaf margins (Hu et al., 2011). The regulatory role of AtMIF2 has not yet been determined. In tomato (Solanum lycopersicum), INHIBITOR OF MERISTEM ACTIVITY (IMA) was identified as a mini zinc-finger gene with high similarity to AtMIF2, and shown to act as a regulator of meristem activity during flower and ovule development (Sicard et al., 2008).

Another protein family that is involved in floral development is the GASA [gibberellin (GA) stimulated Arabidopsis] family, members of which contain a conserved C-terminal region of approximately 60 amino acids, with 12 Cys residues at conserved sites and a putative N-terminal signal peptide for targeting to the secretory pathway (Roxrud et al., 2007). They have been shown to be involved in petal elongation, regulation of plant growth and fruit size, shoot elongation and flower transition, flowering and stem growth, and modulation of the brassinosteroid and gibberellin signaling pathways (Roxrud et al., 2007). GAST1 (the GA-stimulated transcript 1) was first identified as a GA-stimulated gene in tomato (Shi et al., 1992), and subsequently numerous GAST1 homologs are also found in various plant species (Taylor and Scheuring, 1994; Kotilainen et al., 1999; Segura et al., 1999; Bennissan et al., 2004; Fuente and Valpuesta, 2006; Furukawa et al., 2006).

Gerbera hybrida, a member of the Asteraceae family, has a unique inflorescence structure with three special types of florets including the outermost ray florets, the middle trans florets and the inner disk florets (Laitinen et al., 2005), and the size and shape of the petal is genetically determined (Laitinen et al., 2007). Petals of outer ray flowers are long and bilaterally symmetrical, whereas those of disk flowers are short and radially symmetrical in the centermost of the capitulum (Laitinen et al., 2005). These characteristics make it an interesting model system to study petal growth and development. Two GASA genes from G. hybrida that play roles in petal development have been identified: PRGL (Proline-rich and GASA-like), has a higher expression level during early development in ray petals (Peng et al., 2008, 2010), while GEG (Gerbera homolog of GAST1 gene), was shown to inhibit the growth of ray floret corolla by reducing cell length during the later development stages (Kotilainen et al., 1999). Although a number of candidate genes with putative regulatory roles have been found to be involved in petal organogenesis in G. hybrida (Laitinen et al., 2007), the molecular mechanism by which GEG inhibits petal elongation remains unknown.

Here, a MIF from G. hybrida, GhMIF, was identified through a yeast one-hybrid (Y1H) screening system, as a protein interacting with the core region of the GEG promoter. A range of molecular and genetic technologies were then used to examine its regulatory role and association with GEG to inhibit ray petal elongation. Moreover, expression analysis showed that the expression of GhMIF and GEG is coordinated during petal development. Therefore, our work presented a new picture in which the GhMIF/GEG module plays an important role in petal growth of G. hybrida.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Gerbera hybrida “Shenzhen No. 5” seedlings were grown under standard greenhouse conditions at 26/18°C (day/night temperature) and a relative humidity of 65–80%. Ray petals at different developmental stages (Meng and Wang, 2004), and other tissues and organs were sampled for the following experiments.

Arabidopsis thaliana seeds (Col-0) were surface sterilized, plated on Murashige and Skoog medium (MS) (Sigma–Aldrich), and imbibed in darkness at 4°C for 3 days for vernalization. The plates were transferred to a growth room (21–22°C, 60% relative humidity) under long-day conditions (16 h light/8 h dark) for 7 days, then seedlings were transplanted into pots containing peat:vermiculite (3:1) and grown under the same conditions.

Cloning and Bioinformatic Analysis of the GEG Promoter

The promoter sequence of GEG was obtained by high-efficiency thermal asymmetric interlaced PCR (Hi-TAIL PCR) as previously described (Liu and Chen, 2007). The promoter sequence was analyzed using PLACE1 and PlantCARE2. The primers used for this experiment are listed in Supplementary Table S1.

Protoplast Transformation and Dual-Luciferase Reporter Assay

Protoplasts were isolated from the rosette leaves of 4-week-old Col-0 as previously (Sun et al., 2013). The dual-luciferase assay was performed according to (Hellens et al., 2005). To characterize the core GEG promoter sequences, four fragments of the GEG promoter, named P1365, P880, P580, P260 (with the numbers representing the base pairs to the start of each fragment upstream from the ATG translational start site) were fused into pGREEN0800-LUC to generate reporter vectors. The modified pBluescript vector (pBS) (Paul et al., 2016) was used as an effector. For the interaction study of GhMIF and the GEG promoter, the pGREEN0800-LUC plasmid incorporated with pGEG320 (-580∼-261) was used as the reporter, and the pBS-GhMIF was used as an effector. Meanwhile, the pGREEN0800-LUC plasmid incorporated with pGEG170 (-430∼-261) was used as the unspecific binding control. The effectors were co-introduced with the reporters into the protoplasts as previously described (Yoo et al., 2007) and the transformed protoplasts were incubated at room temperature for 20–22 h. The dual-luciferase assay was performed as described by the manufacturer (Dual-Luciferase® Reporter Assay, Promega, United States), and the Firefly and Renilla luciferase activities were detected using an Enspire multi-mode microplate reader (PerkinElmer Inc., United States). Three biological replicates were performed for all experiments.

cDNA Library Construction and Yeast One-Hybrid (Y1H) Screen

For the preparation of cDNA library of G. hybrida, total RNA was extracted from ray petals at stage 1 to 6 (S1–S6) (Meng and Wang, 2004) with a RNA extraction kit (Waryong, Beijing) according to the manufacturer’s instructions. A cDNA library of a storage capacity of 1.05 × 107 CFU was established after a series of steps: mRNA purification, cDNA synthesis, 5′ adaptor ligation, homogenization treatment, fusion with AD vector and transformation to Escherichia coli. To obtain the interaction proteins with pGEG320, the cDNA library was introduced into bait strains carrying the pGEG320-AbAi vectors. Screening and identification of interaction colonies were carried out as described in the Matchmaker Gold Yeast One-Hybrid Library Screening System kit (Clontech, United States). GhMIF, a potential interaction protein, was selected for further analysis.

To confirm the interaction between the pGEG320 and GhMIF, the pGEG320 region (from -580 to -261 bp upstream of the initial codon ATG) and pGEG170 (-430∼-261) were inserted into the pAbAi vector, which was linearized by BstBI digestion and transformed into a Y1HGold strain to generate the Y1H bait strain and the GhMIF ORF (309 bp) was inserted into the pGADT7 vector as the prey plasmid. Y1HGold transformed with pGEG320-AbAi was grown in SD-Ura medium to screen for successful transformation, then the pGADT7 prey vector harboring GhMIF was integrated into Y1HGold [pBait-AbAi] yeast strains, and the yeast cells were grown on SD-Leu medium with 200 ng/mL AbA (Aureobasidin A, Clontech, United States) to test the interaction. The plates were cultured at 30°C for 3–5 days. Primers used for the Y1H assay are listed in Supplementary Table S1.

Yeast Two-Hybrid (Y2H) Assay

A Y2H assay was performed using a Clontech (Matchmaker® Gold Yeast Two-Hybrid System, Cat. No. 630489) kit with the AH109 yeast strain. The GhMIF ORF was sub-cloned into the EcoRI/BamHI sites of the pGBKT7 vector (Gal4 DNA binding domain, Clontech) as the bait. The bait construct and empty pGADT7 (Gal4 activation domain, Clontech) were co-transformed into AH109 as previously described (Gietz and Schiestl, 2007). Transformed monoclonal yeast cells were identified on SD-Trp/-Leu medium and transferred to SD-Leu/-Trp/-His medium containing 20 mg/ml 5-Bromo-4-chloro-3-indolyl-D-galactopyranoside (X-Gal, Clontech) to test the transcription activation activity and images were acquired after incubation at 30°C for 3 days. Primers used for the Y2H assay are listed in Supplementary Table S1.

Electrophoretic Mobility Shift Assay (EMSA)

Recombinant pET28a-SUMO-GhMIF proteins were expressed in E. coli BL21 cells induced by the addition of 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) overnight at 22°C, and purified on Ni-NTA columns (Qiagen, Germany). The core region of the GEG promoter pGEG320 (-580∼-261) was used as a 5′ end biotin labeled probe using T4 polynucleotide kinase and the same fragment, but unlabeled, was used as a competitor. Meanwhile, pGEG150 (-580∼-431) and pGEG170 (-430∼-261) from the truncation of pGEG320 (-580∼-261) were used as 5′ end biotin labeled probes for specific interaction verification. An EMSA analysis was conducted using the LightShift Chemiluminescent EMSA kit (Thermo Scientific, United States). After incubation at room temperature for 20 min, the reaction mixture containing 1 μg of purified fusion protein and 50 nmol/mL biotin-labeled probe for the binding reaction were electrophoresed on a 6% polyacrylamide mini-gel, and then transferred onto a positively charged nylon membrane (GE Healthcare, United States) and the transferred DNA cross-linked to the membrane with an ultraviolet lamp. The primers used for EMSA are listed in Supplementary Table S1.

Subcellular Localization Assay

GhMIF was amplified and cloned into the modified vector pBluescript II SK carrying a yellow fluorescence protein (YFP) to generate the YFP-GhMIF construct. The construct was then transformed into A. thaliana protoplasts (generated as above) and the fluorescence was detected with a laser confocal scanning microscope (LSM710, CarlZeiss, Germany) approximately 12 h after transformation. The empty YFP vector was used as a control. Primers used for the experiment are listed in Supplementary Table S1.

Transient Transformation of Ray Petals

A transient petal transformation assay was performed as previously described (Pei et al., 2013). The GhMIF ORF (309 bp) was used to generate an overexpression vector (pCANG-GhMIF) which is derived by the 35S promoter and a virus-induced gene silencing vector (pTRV2-GhMIF). pTRV2-GhMIF, pTRV1 and pCANG-GhMIF were separately transformed into Agrobacterium tumefaciens strain C58C1. A. tumefaciens was grown in Luria-Bertani broth (LB) containing 75 μg mL-1 kanamycin and 60 μg mL-1 rifampicin at 28°C with shaking at 200 rpm overnight. The cultures were then diluted 1:50 (v/v) in fresh LB containing 10 mM of 2-morpholinoethanesulfonic acid (MES), 20 mM acetosyringone, 75 μg mL-1 kanamycin and 60 μg mL-1 rifampicin and grown overnight (12–14 h). The cultures were centrifuged at 1,000 g for 10 min and resuspended in an infiltration buffer (10 mM of MES, 10 mM of MgCl2, 20 mM acetosyringone, pH = 5.6) to an OD600 of ∼1.2. A. tumefaciens cultures containing pTRV2-GhMIF and pTRV1 at a ratio of 1:1 (v/v), and a mixture containing pTRV2/pTRV1 as a negative control, were stored at 28°C for 4 h in the darkness prior to infiltration.

Detached ray petals at stage 3 in length of 1.5–2.0 cm (Meng and Wang, 2004) were submerged into infiltration solution with a vacuum of -0.09 MPa for 5 min, then the vacuum was slowly released within 2 min to ensure A. tumefaciens entering ray petals. After infiltration, ray petals were rinsed with sterile distilled water (ddH2O) to remove the remnants and then placed in the glass dish with filter papers. After incubation at 8°C for 3 days, the transformed petals were transferred to a growth chamber at 23–25°C for 8 days with 50–60% humidity under long-day conditions (16 h light/8 h dark) and sprayed 1 mL ddH2O once a day. For each treatment, at least 90 petals with three technical replicates were infiltrated and three biological replicates were performed for the experiment. The sequences of the primers used are listed in Supplementary Table S1.

Measurement of Ray Petal Length and Cell Size

Ray petal and cell lengths were measured as previously described (Li et al., 2015). After transient transformation, petals from different treatments (mock, 35S::GhMIF, and pTRV2-GhMIF/pTRV1) were cultivated in normal growth conditions for 8 days. And photographs were taken each day with a digital camera (Nikon, D7200, Japan). A total of 90 petals for each treatment with three technical replicates were analyzed using ImageJ software3 (NIH, Bethesda, MD, United States) and data were used to evaluate the elongation rate of the basal and whole petals. The elongation rate was calculated according to the following equation: Elongation rate = (Lt–Li)/Li × 100%, where Lt is the petal length at the 8th day after normal cultivation while Li is the initial petal length at the 1st day after transferred to the normal growth conditions. For measurements of epidermal cell length and number, the basal regions of 10 petals from each treatment were stained with propidium iodide (0.1 mg mL-1) for 5 min at room temperature, then immediately washed with deionized water. Images of the epidermal cells were taken using a laser confocal scanning microscope (LSM710, CarlZeiss, Germany). To determine the average cell length, 20 epidermal cells from each photograph were measured using ImageJ. To determine the mean cell number, all epidermal cells in the visual field were counted. The average cell number was used to represent the total number of epidermal cells in each petal.

Quantitative RT-PCR (qRT-PCR)

The tissue samples of G. hybrida were lyophilized and stored at -80°C until use. Total RNA was extracted with a RNA extraction kit (Waryong, Beijing) according to the manufacturer’s instructions. Extracted RNA was treated with DNase to remove contaminating DNA and the gene specific primers were designed by the Primer Premier 5. The first-strand cDNA was synthesized from the 0.5 μg of total RNA using the 5 × RT Master Mix (Toyobo, Japan). The synthesized cDNA (10 μl) was diluted into 50 μl with ddH2O and then used as template for qRT-PCR with the 2 × Realstar Green Fast Mixture (GeneStar, Beijing). Each PCR reaction (20 μl) contained 0.4 μl cDNA template, 10 μl 2 × RealStar Green Mixture, 0.4 μl (0.2 μM) gene-specific primers and 8.8 μl ddH2O. qRT-PCR was performed on a Bio-Rad CFX96TM qRT-PCR system using the following procedure: 95°C for 60 s, followed by 40 cycles of 95°C for 15 s, 60°C for 15 s and 72°C for 45 s. Melt curve analysis was performed on the end of PCR using the following procedure: 65°C for 5 s, then to 95°C with the increment of 0.5°C/s, to determine the specificity of reactions. The PCR amplification efficiency of ACTIN, GhMIF and GEG is 93.5, 94.8, and 98.2%, respectively. The relative expression levels were calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001). All reactions were performed with three technical and three biological replicates. The data were normalized to the ACTIN (AJ763915) gene as previously described (Kuang et al., 2013). The primers used are shown in Supplementary Table S1.

Hormone Treatments of Ray Petals

Ray petals detached from inflorescences at stage 5 were placed on two layers of Whatman filter papers that were immersed in GA3 (10 μM), ABA (50 μM), GA biosynthesis inhibitor paclobutrazol (PAC) (10 μM) and ABA biosynthesis inhibitor fluridone (FLU) (0.1 μM), respectively, for 0, 4, 8, 12, 16, and 24 h at 23°C with 50–60% humidity under the long-day condition (16 h light/8 h dark). Petals treated with 0.1% ethanol in deionized water were used as a control. Approximately 0.1 g petal tissue from the different treatments for each time point were sampled in parallel then frozen in liquid nitrogen prior to processing for qRT-PCR analysis. Hormones and inhibitors were acquired from the Sigma–Aldrich Chemical Co. (Shanghai, China). The experiment was performed with three biological replicates.

Statistical Analysis

One-Way ANOVA was used to analyze the data from the three biological replicates with SPSS 13.0 software (SPSS Inc., Chicago, IL, United States). Tukey’s honestly significant difference (HSD) test was applied to evaluate the statistical significance (∗p < 0.05, ∗∗p < 0.01).

RESULTS

Cloning and Activity Analysis of GEG Promoter

GEG (AJ005206) from G. hybrida has been identified as a suppressor of ray petal growth in the later developmental stages (Kotilainen et al., 1999). However, the underlying molecular regulatory mechanism is not clear. Here, we first cloned 1,365 bp of the GEG promoter region by Hi-TAIL PCR (Supplementary Figure S1A), and showed by histochemical staining of P1365::GUS transgenic Arabidopsis seedlings that GEG expression was induced by GA (Supplementary Figure S1B) as previously reported (Kotilainen et al., 1999).

GEG promoter was analyzed using PLACE4 and PlantCARE5 and the result showed that there distribute hormones (GA, ABA, and Auxin) responsive elements, binding elements for transcription factors (MYB, MADS, WRKY71, C2H2 ZFP, and TCP-domain protein) and cell division related elements in the 1,365 bp promoter (Figure 1A). To identify the core region in the 1,365 bp promoter that influence the expression level of GEG, four 5′ truncated fragments (P1365, P880, P580, and P260) of the GEG promoter (Figure 1A) were used to generate reporter constructs for a dual-luciferase assay in A. thaliana Col-0 protoplasts. The result showed that P1365, P880, and P580 all exhibited similar LUC/REN ratios (2.14- to 2.19-fold), which were significantly different from the control. However, P260 showed much lower reporter activity than P580 although it was higher than the control (1.73-fold) (Figure 1B). These data indicated that the region from -580 to -261 bp (pGEG320) in the GEG promoter is of importance for GEG expression, which was also supported by the results from the transient expression assay in rice callus (Supplementary Materials and Methods and Figure S1C).
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FIGURE 1. Bioinformatic prediction of transcription factor binding sites (TBS) in the GEG promoter and experimental verification of the core region that affects expression. (A) A series of 5′-truncated GEG promoter fragments (P1365, P880, P580, and P260) and the distribution of predicted TBS. The length of the fragments is indicated on the left side of each fragment. (B) Relative reporter activity of each promoter fragment in a dual-luciferase assay. Values are the means ± SD from three biological replicates. The LUC/REN fold value of the control was set to 1.0. The significant difference was analyzed by Tukey’s HSD: ∗p < 0.05, ∗∗p < 0.01.



GhMIF Acts as a Transcription Activator of GEG by Direct Binding to Its Promoter

To identify TFs that interact with the GEG promoter, a Y1H screen was performed (Supplementary Figures S2A,B). Using the core GEG promoter region pGEG320 (-580 to -261 bp) as a bait, an interacting mini zinc-finger protein (MF370885, GhMIF) was identified, which shares 69% sequence identity with the AtMIF2 protein from A. thaliana (Supplementary Table S2). To confirm the interaction between GhMIF and the bait, a Y1H assay was performed, which further indicated that GhMIF could induce the expression of the reporter gene driven by the GEG promoter (Figure 2A), and suggested that GhMIF specifically binds to the GEG promoter.
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FIGURE 2. GhMIF acts as a direct activator of GEG transcription. (A) Yeast one-hybrid analysis showing the interaction between GhMIF and the GEG promoter. pGADT7-Rec-p53/p53-AbAi and pGADT7/pGEG320 were used as positive and negative controls, respectively. GhMIF/pGEG170 was used as the unspecific binding control. The black triangle indicates a gradient of bacterium concentration: 100, 10-1, 10-2, and 10-3 from the left. (B) Electrophoretic mobility shift assay (EMSA) analysis showing the binding of GhMIF to the GEG promoter in vitro. The black arrow indicates the binding of GhMIF to the biotin-labeled GEG promoter. The + and – represent the presence and absence of corresponding components, respectively. (C) Dual-luciferase (LUC) assay indicating the interaction between GhMIF and the GEG promoter in vivo. As the unspecific binding control, the GhMIF/pGEG170 exhibited the similar LUC/REN ratio with the control (EV/pGEG170). The relative LUC activity of the control was set to 1.0. Values are the means ± SD from three biological replicates. ∗∗Indicates the significant difference (p < 0.01) by Tukey’s HSD test. (D) Subcellular localization of GhMIF in Arabidopsis thaliana protoplasts. Scale bar = 10 μm. (E) Transcriptional activation of GhMIF in yeast cells. GhMIF was fused to the yeast GAL4 DNA-binding domain, and its ability to activate the His or LacZ reporter gene was evaluated in yeast. The vectors pGBKT7/pGADT7 and pGBKT7-53/ pGADT7-Rec T were transformed into yeast cells and used as negative and positive controls, respectively.



We then performed an EMSA analysis to validate the physical interaction between GhMIF and the GEG promoter in vitro. The core GEG promoter region pGEG320 (-580 to -261 bp) was used as a biotin-labeled probe, and the same oligonucleotide, but unlabeled, was used as a competitor. The competition assay was carried out by adding excess amounts of the unlabeled probe. As shown in Figure 2B, the GhMIF protein bound to the DNA probes. Furthermore, increasing the concentration of unlabeled probe in the binding reactions resulted in weaker bands, suggesting that the GhMIF protein directly bound to the core region of the GEG promoter in vitro. The truncation assay further found that GhMIF protein binds to the pGEG150 region that contains the C2H2 ZFP binding motif (TACAAT), not to the pGEG170 (Supplementary Figure S3), which suggested that GhMIF has a specific binding to GEG promoter.

We also performed a dual-luciferase assay with A. thaliana Col-0 leaf protoplasts. The recombinant pGREEN0800-GEG320 and pGREEN0800-GEG170 as reporters, respectively, and the fused protein with GhMIF as an effector, were co-introduced into the protoplasts. Co-transformation of pGEG320 and the GhMIF protein resulted in a higher LUC/REN ratio compared with the control, but the LUC/REN ratio for pGEG170 and GhMIF protein was similar to the control (Figure 2C). The result indicated that GhMIF specifically binds to the GEG promoter in vivo and can activate the expression of the reporter gene. Meanwhile, we performed a subcellular localization analysis of GhMIF and a transactivation assay using a Y2H assay. The results showed that the YFP-GhMIF fusion protein accumulated in both the nucleus and cytoplasm (Figure 2D) and GhMIF acts as a transcriptional activator by the detection of β-glucosidase activity (Figure 2E). Taken together, these data indicated that GhMIF acts as a transcriptional activator of GEG.

GhMIF Inhibits Ray Petal Elongation by Activating GEG Expression

To characterize the function of GhMIF in petal growth, transient transformation assays of ray petals were performed. After transformation and incubation at 8°C for 3 days, ray petals were transferred to a growth chamber at 23–25°C for 8 days. From days 1 to 8, the elongation rate in petals over-expressing GhMIF (35S::GhMIF) was lower than in control petals, but was higher in petals in which GhMIF expression was suppressed using virus induced gene silencing (VIGS) (pTRV2-GhMIF/pTRV1). For the whole petals (including top, middle, and basal regions), the elongation rates of ray petals were 0.23 ± 0.06 in 35S::GhMIF and 0.55 ± 0.05 in pTRV2-GhMIF/pTRV1, which corresponds to a decrease of 47% and an increase of 27%, respectively, compared with the elongation rate of 0.43 ± 0.03 in the mock control (Figures 3A,B). Because the basal region of ray petals was the main zone of elongation during treatment with GA3 (Li et al., 2015), we then focused on this area. As shown in Figure 3B, the elongation rates of basal petals were 0.22 ± 0.02 in 35S::GhMIF and 0.54 ± 0.04 in pTRV2-GhMIF/pTRV1, with a decrease of 50% and an increase of 24%, respectively, compared with that of the mock control.
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FIGURE 3. Overexpression and silencing of GhMIF in Gerbera hybrida petals. (A) Ray petal phenotypes and determination of (B) the whole and basal ray petal elongation rate. (C) Epidermal cell images of mock controls, GhMIF-OE and GhMIF-VIGS lines. (D) Cell length and (E) cell number of mock controls, GhMIF-OE and GhMIF-VIGS lines. (F) The expression level of GhMIF and GEG in mock control, GhMIF-OE and GhMIF-VIGS petals. The experimental petals were collected after 8 days cultivation in growth conditions. All values indicate means ± SD from at least three biological replicates. Tukey’s HSD: ∗p < 0.05, ∗∗p < 0.01. Scale bars represents 1 cm (A) or 20 μm (C).



To determine whether the change in petal length was caused by cell elongation or cell division, we measured the number and size of the basal cells in ray petals after cultivation for 8 days. As shown in Figures 3C,D, the average length of the epidermal cells was 32 μm in 35S::GhMIF petals compared with 60 μm in the mock controls. In contrast, the average length of the epidermal cells from pTRV2-GhMIF/pTRV1 lines was approximately 89 μm. No significant differences in cell numbers were observed in the transiently transformed petals (Figure 3E). The data suggested that GhMIF inhibits petal elongation primarily by affecting cell elongation, rather than cell division.

Quantitative RT-PCR assays were also performed to detect the expression level of GhMIF and GEG in the transient transformation lines (Supplementary Figure S4). The result showed that the expression level of GhMIF was significantly upregulated (∼2.40-fold) in the overexpression lines and downregulated (∼0.40-fold) in the silenced lines compared with the mock control (Figure 3F), which indicated that the GhMIF expression level was inversely proportional to the petal elongation rate and cell length (Figures 3B–D). Besides, the GEG expression was significantly upregulated (∼1.95-fold) in petals of the GhMIF overexpression lines, but decreased (∼0.43-fold) in silenced lines, compared with the mock control (Figure 3F). Taken together, these results showed that GhMIF inhibits petal growth by activating the expression of GEG.

GhMIF Is Involved in Petal Growth via a Coordinated Expression with GEG

Previously GA was reported to activate the expression of GEG in ray petals and regulate petal growth antagonistically with ABA in G. hybrida (Kotilainen et al., 1999; Li et al., 2015). We evaluated the expression levels of GhMIF and GEG following treatments with GA, ABA and their respective biosynthetic inhibitors, PAC and FLU, using qRT-PCR. The expression levels of GEG and GhMIF increased after GA3 treatment and decreased in response to PAC treatment over the course of times. While ABA treatment attenuated and FLU treatment enhanced the expression of GEG and GhMIF (Figures 4A,B).


[image: image]

FIGURE 4. Expression analysis of GEG and GhMIF by qRT-PCR. Detection of the expression level of (A) GEG and (B) GhMIF in S5 ray petals under GA (gibberellic acid, 10 μM), ABA (abscisic acid, 50 μM), PAC (paclobutrazol, 10 μM), FLU (fluridone, 0.1 μM) and mock treatments at different time points (0, 4, 8, 12, 16, and 24 h). (C) Relative expression level of GEG and GhMIF during petal developmental phases (S1–S6, “S” represents “stage”) and (D) in different tissues and floral organs of the ray petals. GhACTIN (AJ763915) was used as an internal control. The experiment was repeated three times, the lowest expression in any tissue was set to 1.0, and the expression value indicates mean ± SD. The significant differences were evaluated by Tukey’ HSD test: ∗p < 0.05, ∗∗p < 0.01.



As shown in Figure 4A, the expression of GEG was upregulated significantly after 8 h and 4 h treatment with 10 μM GA3 and 0.1 μM FLU, respectively, compared with the mock control. Although the expression trend of GhMIF in response to GA3 and FLU was similar to that of GEG, GhMIF increased to a lesser extend (Figure 4B). In contrast, the expression of GEG was slightly suppressed from 0 to 16 h treated with 10 μM PAC and 50 μM ABA, which was in accordance with that of GhMIF. These results suggested that GA, ABA and their biosynthetic inhibitors affected the expression of GEG and GhMIF in a similar manner, but to a different extent.

Meanwhile, the expression level of GEG and GhMIF was investigated in the petal developmental stages (S1–S6) and different floral organs and tissues. The spatial–temporal expression assay showed that the expression level of GEG increased in parallel with the expression of GhMIF from S1–S6 (Figure 4C), and these two genes were expressed at higher levels in floral organs than in other tissues (Figure 4D). Taken together, these data are consistent with the expression of GEG and GhMIF being coordinated during petal development, which is also supported by the fact that the expression level of GEG was up-regulated and suppressed significantly in GhMIF over-expression and silenced lines, respectively (Figure 3F).

DISCUSSION

The Mini Zinc-Finger Protein GhMIF Inhibits Ray Petal Elongation in G. hybrida

Petal growth is a complex physiological process that is regulated by complicated GRNs. Previous studies have suggested that zinc finger proteins are important components of GRNs. For example, in A. thaliana, a C2H2-zinc finger transcription factor, RABBIT EARS (RBE), is required for petal development of Arabidopsis, and its action results in the transition from cell division to post-mitotic cell expansion through repression of the CIN-TCP genes (TCP5, TCP13, TCP17) during early petal development (Huang and Irish, 2015). Meanwhile, in the Asteraceae plants, the CYC genes encoding TCP transcription factors have a conserved function in control of the identity of flower type, probably through cell division, cell elongation or organ fused events (Broholm et al., 2008; Kim M. et al., 2008). In addition, in Chrysanthemum morifolium ‘jinba,’ transcriptome and hormone analyses on petals revealed that some zinc finger proteins exhibit obvious up-regulation; a result that is congruent with them influencing petal growth (Wang et al., 2017). Mini zinc-finger proteins (MIF), a subgroup of the ZFP family, have been identified from a few species, namely Arabidopsis and tomato so far, and some of them were found to be involved in the development of floral organs and leaves, consistent with the functions of ZFPs family (Cheuk and Houde, 2016). In respect to the function of MIFs in petal growth, only AtMIF1 has been reported to inhibit the development of floral organs. However, the target genes of MIF or other MIF proteins still need to be explored (Hu and Ma, 2006).

In this study, for the first time we present the experimental evidences that GhMIF, a member of mini zinc-finger protein family, inhibit petal elongation by activating GEG in G. hybrida. This is supported by the following results: (1) For the whole petal, the elongation rate was decreased by 47% in GhMIF overexpression lines and increased by 27% in GhMIF silenced lines, compared with the mock control (Figure 3B), indicating that GhMIF is a negative regulator of petal elongation. Furthermore, our work also revealed that the basal region is the main elongation part of ray petals (Figure 3B), in agreement with previous studies (Li et al., 2015; Wang et al., 2017). (2) It was verified that GhMIF bound directly to the core region of the GEG promoter (Figures 2A,B). Moreover, the expression of GEG was significantly upregulated in petals of the GhMIF overexpression lines and decreased in those of GhMIF silenced lines, compared with the mock control (Figure 3F), which suggested that GhMIF could activate the expression of GEG consistent with the result in Figure 2C.

It’s also well known that petal growth is a complex process that integrates the cell division and cell expansion. And previous studies have revealed that petal size mainly depend upon cell expansion at the later stage of flower opening in G. hybrida (Meng and Wang, 2004; Zhang et al., 2012). In our work, GhMIF was confirmed to limit the cell expansion thereby affecting the petal size (Figure 3C), in which only the cell length is significantly changed, but the cell number remains unchanged compared with the mock control (Figures 3D,E) as previously described (Laitinen et al., 2007). Taken together, GhMIF plays important roles in the growth of ray petals by affecting cell elongation. Although some transcription factors with putative specificity to individual flower types have been identified by a 9k gerbera cDNA microarray, it is found that in disk flowers there only existed several basic TFs related to chromatin assembly, regulation of transcription initiation and mRNA processing (Laitinen et al., 2006). So, whether GhMIF is involved in the growth of disk florets remains to be investigated through various experimental methods, such as the RNA-blot and in situ hybridizations.

GhMIF Is Involved in Petal Growth by the Antagonistic Effect of GA and ABA

Gibberellin and ABA are known to antagonistically regulate various developmental processes throughout the plant life cycle, including stress responses (Yuan et al., 2017), seed germination and seedling growth (Lin et al., 2015; Zhong et al., 2015; Liu et al., 2016), and the formation of arbuscular mycorrhizal symbiosis (Martín-Rodríguez et al., 2016). For example, in rose (R. hybrida), the activity of Rh-PIP2;1, which is involved in ethylene-mediated rose petal expansion, was reported to be enhanced by GA3 at the later stages but suppressed by ABA during the early stages (Ma et al., 2008; Li et al., 2009; Pei et al., 2013). Our previous studies also demonstrated GA and ABA have antagonistic effects on the petal growth in G. hybrida (Li et al., 2015), but the nature of the cross-talk between hormones and elongation promoting genes in this system is still not well defined. Findings from the current study suggest that GA and ABA have antagonistic effects on the expression of GhMIF which acts as a transcription factor to inhibit petal elongation. GA treatment promotes and ABA suppresses the expression of GhMIF with a similar degree. When treated by the biosynthesis inhibitor of endogenous GA and ABA (PAC and FLU), the expression level of GhMIF are reversed (Figure 4B). These results suggest that the disturbance of endogenous GA and ABA biosynthesis contributes, at least partially, to the antagonistic effect of these two hormones on the expression of GhMIF in G. hybrida.

However, the response of GEG to GA and ABA were not congruent with those of GhMIF. GEG was activated dramatically by GA application but was suppressed weakly by ABA treatment, which is similar to the expression trend of GhMIF with a different extent. One explanation for these observations is that there might be other unknown components that could regulate the expression of GEG during GA and ABA signaling pathways. Actually, we also found three other proteins that putatively interact with the GEG promoter in the Y1H screen: GhBZR1 (MF370884), GhEIL1 (MF370883), and GhMBF1 (MF370886) (Supplementary Table S2). Based on their sequence homology and annotations in A. thaliana, these three proteins may be the components of phytohormone signaling pathways, but whether these proteins influence the expression of GEG need to be verified by further researches.

CONCLUSION

We present a primary regulation module of GhMIF/GEG for ray petal growth of G. hybrida in this study. GhMIF, a mini zinc-finger protein, regulates the petal growth by activating the expression of GEG through a direct binding to the core region of GEG promoter. Although the current data are insufficient to provide a comprehensive view of the role of GhMIF during petal growth due to the unavailability of genomic data of G. hybrida, the results generated through this study provide insights into the mechanisms of petal growth regulation and the antagonistic modes of GA and ABA on petal development.

AUTHOR CONTRIBUTIONS

MH carried out the experiments and drafted the manuscript. MH and WY supplemented the experiment data for revised manuscript. MH, XJ, and LK analyzed the data. GH, WY, and YT participated in figure preparation. LL and XW participated in experiment design and manuscript revision. YW conceived the study, participated in its design and revised the manuscript. All authors read and approved the final manuscript.

ACKNOWLEDGMENTS

We thank two reviewers for their kind and helpful comments and suggestions. We thank PlantScribe (www.plantscribe.com) for manuscript editing. This work was supported by National Natural Science Foundation of China (31672188, 31601784), Science and Technology Plan Project of Guangdong Province (2015A020209156, 2016A020208013, 2015B020231009, 2015B020202007, 2017A030312004).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.01649/full#supplementary-material

FOOTNOTES

1 http://www.dna.affrc.go.jp/PLACE/

2 http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

3 http://rsb.info.nih.gov/ij/

4 http://www.dna.affrc.go.jp/PLACE/

5 http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

REFERENCES

Alvarez-Buylla, E. R., Benítez, M., Corvera-Poiré, A., Chaos Cador,Á., de Folter, S., Gamboa de Buen, A., et al. (2010). Flower development. Arabidopsis Book 8:e0127. doi: 10.1199/tab.0127

Anastasiou, E., Kenz, S., Gerstung, M., Maclean, D., Timmer, J., Fleck, C., et al. (2007). Control of plant organ size by KLUH/CYP78A5-dependent intercellular signaling. Dev. Cell 13, 843–856. doi: 10.1016/j.devcel.2007.10.001

Baek, D., Cha, J. Y., Kang, S., Park, B., Lee, H. J., Hong, H., et al. (2015). The Arabidopsis a zinc finger domain protein ARS1 is essential for seed germination and ROS homeostasis in response to ABA and oxidative stress. Front. Plant Sci. 6:963. doi: 10.3389/fpls.2015.00963

Bennissan, G., Lee, J. Y., Borohov, A., and Weiss, D. (2004). GIP, a Petunia hybrida GA-induced cysteine-rich protein: a possible role in shoot elongation and transition to flowering. Plant J. 37, 229–238. doi: 10.1046/j.1365-313X.2003.01950.x

Brioudes, F., Joly, C., Szecsi, J., Varaud, E., Leroux, J., Bellvert, F., et al. (2009). Jasmonate controls late development stages of petal growth in Arabidopsis thaliana. Plant J. 60, 1070–1080. doi: 10.1111/j.1365-313X.2009.04023.x

Broholm, S. K., Tahtiharju, S., Laitinen, R. A., Albert, V. A., Teeri, T. H., and Elomaa, P. (2008). A TCP domain transcription factor controls flower type specification along the radial axis of the Gerbera (Asteraceae) inflorescence. Proc. Natl. Acad. Sci. U.S.A. 105, 9117–9122. doi: 10.1073/pnas.0801359105

Chai, G., Kong, Y., Zhu, M., Yu, L., Qi, G., Tang, X., et al. (2015). Arabidopsis C3H14 and C3H15 have overlapping roles in the regulation of secondary wall thickening and anther development. J. Exp. Bot. 66, 2595–2609. doi: 10.1093/jxb/erv060

Chapman, M. A., Tang, S., Draeger, D., Nambeesan, S., Shaffer, H., Barb, J. G., et al. (2012). Genetic analysis of floral symmetry in Van Gogh’s sunflowers reveals independent recruitment of CYCLOIDEA genes in the Asteraceae. PLOS Genet. 8:e1002628. doi: 10.1371/journal.pgen.1002628

Cheuk, A., and Houde, M. (2016). Genome wide identification of C1-2i zinc finger proteins and their response to abiotic stress in hexaploid wheat. Mol. Genet. Genomics 291, 873–890. doi: 10.1007/s00438-015-1152-1

Dinneny, J. R., Yadegari, R., Fischer, R. L., Yanofsky, M. F., and Weigel, D. (2004). The role of JAGGED in shaping lateral organs. Development 131, 1101–1110. doi: 10.1242/dev.00949

Disch, S., Anastasiou, E., Sharma, V. K., Laux, T., Fletcher, J. C., and Lenhard, M. (2006). The E3 ubiquitin ligase BIG BROTHER controls arabidopsis organ size in a dosage-dependent manner. Curr. Biol. 16, 272–279. doi: 10.1016/j.cub.2005.12.026

Fuente, J. I. D. L., and Valpuesta, V. (2006). The strawberry gene FaGAST affects plant growth through inhibition of cell elongation. J. Exp. Bot. 57, 2401–2411. doi: 10.1093/jxb/erj213

Furukawa, T., Sakaguchi, N., and Shimada, H. (2006). Two OsGASR genes, rice GAST homologue genes that are abundant in proliferating tissues, show different expression patterns in developing panicles. Genes Genet. Syst. 81, 171–180. doi: 10.1266/ggs.81.171

Garcês, H. M. P., Spencer, V. M. R., and Kim, M. (2016). Control of floret symmetry by RAY3, SvDIV1B, and SvRAD in the capitulum of Senecio vulgaris. Plant Physiol. 171, 2055–2068. doi: 10.1104/pp.16.00395

Gietz, R. D., and Schiestl, R. H. (2007). High-efficiency yeast transformation using the LiAc/SS carrier DNA/PEG method. Nat. Protoc. 2, 31–34. doi: 10.1038/nprot.2007.13

Hellens, R. P., Allan, A. C., Friel, E. N., Bolitho, K., Grafton, K., Templeton, M. D., et al. (2005). Transient expression vectors for functional genomics, quantification of promoter activity and RNA silencing in plants. Plant Methods 1:13. doi: 10.1186/1746-4811-1-13

Hermann, K., and Kuhlemeier, C. (2011). The genetic architecture of natural variation in flower morphology. Curr. Opin. Plant Biol. 14, 60–65. doi: 10.1016/j.pbi.2010.09.012

Hu, W., Feng, B., and Ma, H. (2011). Ectopic expression of the Arabidopsis MINI ZINC FINGER1 and MIF3 genes induces shoot meristems on leaf margins. Plant Mol. Biol. 76, 57–68. doi: 10.1007/s11103-011-9768-y

Hu, W., and Ma, H. (2006). Characterization of a novel putative zinc finger gene MIF1: involvement in multiple hormonal regulation of Arabidopsis development. Plant J. 45, 399–422. doi: 10.1111/j.1365-313X.2005.02626.x

Hu, Y., Xie, Q., and Chua, N. H. (2003). The Arabidopsis auxin-inducible gene ARGOS controls lateral organ size. Plant Cell 15, 1951–1961. doi: 10.1105/tpc.013557

Huang, T., and Irish, V. F. (2015). Temporal control of plant organ growth by TCP transcription factors. Curr. Biol. 25, 1765–1770. doi: 10.1016/j.cub.2015.05.024

Kim, D. H., Yamaguchi, S., Lim, S., Oh, E., Park, J., Hanada, A., et al. (2008). SOMNUS, a CCCH-type zinc finger protein in Arabidopsis, negatively regulates light-dependent seed germination downstream of PIL5. Plant Cell 20, 1260–1277. doi: 10.1105/tpc.108.058859

Kim, M., Cui, M.-L., Cubas, P., Gillies, A., Lee, K., Chapman, M. A., et al. (2008). Regulatory genes control a key morphological and ecological trait transferred between species. Science 322, 1116–1119. doi: 10.1126/science.1164371

Kim, W. C., Kim, J. Y., Ko, J. H., Kang, H., Kim, J., and Han, K. H. (2014). AtC3H14, a plant-specific tandem CCCH zinc-finger protein, binds to its target mRNAs in a sequence-specific manner and affects cell elongation in Arabidopsis thaliana. Plant J. 80, 772–784. doi: 10.1111/tpj.12667

Kotilainen, M., Helariutta, Y., Mehto, M., Pollanen, E., Albert, V. A., Elomaa, P., et al. (1999). GEG participates in the regulation of cell and organ shape during corolla and carpel development in Gerbera hybrida. Plant Cell 11, 1093–1104. doi: 10.1105/tpc.11.6.1093

Kuang, Q., Li, L., Peng, J., Sun, S., and Wang, X. (2013). Transcriptome analysis of Gerbera hybrida ray florets: putative genes associated with gibberellin metabolism and signal transduction. PLOS ONE 8:e57715. doi: 10.1371/journal.pone.0057715

Laitinen, R. A., Broholm, S., Albert, V. A., Teeri, T. H., and Elomaa, P. (2006). Patterns of MADS-box gene expression mark flower-type development in Gerbera hybrida (Asteraceae). BMC Plant Biol. 6:11. doi: 10.1186/1471-2229-6-11

Laitinen, R. A., Immanen, J., Auvinen, P., Rudd, S., Alatalo, E., Paulin, L., et al. (2005). Analysis of the floral transcriptome uncovers new regulators of organ determination and gene families related to flower organ differentiation in Gerbera hybrida (Asteraceae). Genome Res. 15, 475–486. doi: 10.1101/gr.3043705

Laitinen, R. A. E., Pöllänen, E., Teeri, T. H., Elomaa, P., and Kotilainen, M. (2007). Transcriptional analysis of petal organogenesis in Gerbera hybrida. Planta 226, 347. doi: 10.1007/s00425-007-0486-2

Li, J., Jia, D., and Chen, X. (2001). HUA1, a regulator of stamen and carpel identities in Arabidopsis, codes for a nuclear RNA binding protein. Plant Cell 13, 2269–2281. doi: 10.1105/tpc.010201

Li, L., Zhang, W., Zhang, L., Li, N., Peng, J., Wang, Y., et al. (2015). Transcriptomic insights into antagonistic effects of gibberellin and abscisic acid on petal growth in Gerbera hybrida. Front. Plant Sci. 6:168. doi: 10.3389/fpls.2015.00168

Li, Y., Wu, Z., Ma, N., and Gao, J. (2009). Regulation of the rose Rh-PIP2;1 promoter by hormones and abiotic stresses in Arabidopsis. Plant Cell Rep. 28, 185–196. doi: 10.1007/s00299-008-0629-3

Li, Y., Zheng, L., Corke, F., Smith, C., and Bevan, M. W. (2008). Control of final seed and organ size by the DA1 gene family in Arabidopsis thaliana. Genes Dev. 22, 1331–1336. doi: 10.1101/gad.463608

Lin, Q., Wu, F., Sheng, P., Zhang, Z., Zhang, X., Guo, X., et al. (2015). The SnRK2-APC/CTE regulatory module mediates the antagonistic action of gibberellic acid and abscisic acid pathways. Nat. Commun. 6:7981. doi: 10.1038/ncomms8981

Liu, Q. L., Xu, K. D., Ma, N., Zhao, L. J., and Xi, L. (2014). Overexpression of a novel chrysanthemum SUPERMAN-like gene in tobacco affects lateral bud outgrowth and flower organ development. Plant Physiol. Biochem. 77, 1–6. doi: 10.1016/j.plaphy.2014.01.012

Liu, X., Hu, P., Huang, M., Yang, T., Li, Y., Ling, L., et al. (2016). The NF-YC–RGL2 module integrates GA and ABA signalling to regulate seed germination in Arabidopsis. Nat. Commun. 7:12768. doi: 10.1038/ncomms12768

Liu, Y.-G., and Chen, Y. (2007). High-efficiency thermal asymmetric interlaced PCR for amplification of unknown flanking sequences. Biotechniques 43, 649–650. doi: 10.2144/000112601

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Ma, N., Xue, J., Li, Y., Liu, X., Dai, F., Jia, W., et al. (2008). Rh-PIP2;1, a rose aquaporin gene, is involved in ethylene-regulated petal expansion. Plant Physiol. 148, 894–907. doi: 10.1104/pp.108.120154

Martín-Rodríguez, J. A., Huertas, R., Ho-Plágaro, T., Ocampo, J. A., Turečková, V., Tarkowská, D., et al. (2016). Gibberellin–abscisic acid balances during arbuscular mycorrhiza formation in tomato. Front. Plant Sci. 7:1273. doi: 10.3389/fpls.2016.01273

Meng, X. C., and Wang, X. J. (2004). Regulation of flower development and anthocyanin accumulation in Gerbera hybrida. J. Hortic. Sci. Biotechnol. 79, 131–137. doi: 10.1111/j.1399-3054.2008.01071.x

Mizukami, Y., and Fischer, R. L. (2000). Plant organ size control: AINTEGUMENTA regulates growth and cell numbers during organogenesis. Proc. Natl. Acad. Sci. U.S.A. 97, 942–947. doi: 10.1073/pnas.97.2.942

Ó’Maoiléidigh, D. S., Graciet, E., and Wellmer, F. (2014). Gene networks controlling Arabidopsis thaliana flower development. New Phytol. 201, 16–30. doi: 10.1111/nph.12444

Paul, P., Singh, S. K., Patra, B., Sui, X., Pattanaik, S., and Yuan, L. (2016). A differentially regulated AP2/ERF transcription factor gene cluster acts downstream of a MAP kinase cascade to modulate terpenoid indole alkaloid biosynthesis in Catharanthus roseus. New Phytol. 213, 1107–1123. doi: 10.1111/nph.14252

Pei, H., Ma, N., Tian, J., Luo, J., Chen, J., Li, J., et al. (2013). An NAC transcription factor controls ethylene-regulated cell expansion in flower petals. Plant Physiol. 163, 775–791. doi: 10.1104/pp.113.223388

Peng, J. Z., Lai, L. J., and Wang, X. J. (2008). PRGL: a cell wall proline-rich protein containning GASA domain in Gerbera hybrida. Sci. China C Life Sci. 51, 520–525. doi: 10.1007/s11427-008-0067-z

Peng, J. Z., Lai, L. J., and Wang, X. J. (2010). Temporal and spatial expression analysis of PRGL in Gerbera hybrida. Mol. Biol. Rep. 37, 3311–3317. doi: 10.1007/s11033-009-9917-4

Roxrud, I., Lid, S. E., Fletcher, J. C., Schmidt, E. D. L., and Opsahlsorteberg, H. G. (2007). GASA4, one of the 14-member Arabidopsis GASA family of small polypeptides, regulates flowering and seed development. Plant Cell Physiol. 48, 471–483. doi: 10.1093/pcp/pcm016

Segura, A., Moreno, M., Madueño, F., Molina, A., and Garcíaolmedo, F. (1999). Snakin-1, a peptide from potato that is active against plant pathogens. Mol Plant Microbe Interact. 12, 16–23. doi: 10.1094/MPMI.1999.12.1.16

Shi, L., Gast, R. T., Gopalraj, M., and Olszewski, N. E. (1992). Characterization of a shoot-specific, GA3- and ABA-regulated gene from tomato. Plant J. 2, 153–159. doi: 10.1111/j.1365-313X.1992.00153.x

Sicard, A., Petit, J., Mouras, A., Chevalier, C., and Hernould, M. (2008). Meristem activity during flower and ovule development in tomato is controlled by the mini zinc finger gene INHIBITOR OF MERISTEM ACTIVITY. Plant J. 55, 415–427. doi: 10.1111/j.1365-313X.2008.03520.x

Sun, L., Yang, Z. T., Song, Z. T., Wang, M. J., Sun, L., Lu, S. J., et al. (2013). The plant-specific transcription factor gene NAC103 is induced by bZIP60 through a new cis-regulatory element to modulate the unfolded protein response in Arabidopsis. Plant J. 76, 274–286. doi: 10.1111/tpj.12287

Szécsi, J., Joly, C., Bordji, K., Varaud, E., Cock, J. M., Dumas, C., et al. (2006). BIGPETALp, a bHLH transcription factor is involved in the control of Arabidopsis petal size. EMBO J. 25, 3912–3920. doi: 10.1038/sj.emboj.7601270

Taylor, B. H., and Scheuring, C. F. (1994). A molecular marker for lateral root initiation: the RSI-1 gene of tomato (Lycopersicon esculentum Mill) is activated in early lateral root primordia. Mol. Gen. Genet. 243, 148–157. doi: 10.1007/BF00280311

Varaud, E., Brioudes, F., Szecsi, J., Leroux, J., Brown, S., Perrot-Rechenmann, C., et al. (2011). AUXIN RESPONSE FACTOR8 regulates Arabidopsis petal growth by interacting with the bHLH transcription factor BIGPETALp. Plant Cell 23, 973–983. doi: 10.1105/tpc.110.081653

Wang, J., Wang, H., Ding, L., Song, A., Shen, F., Jiang, J., et al. (2017). Transcriptomic and hormone analyses reveal mechanisms underlying petal elongation in Chrysanthemum morifolium ‘Jinba’. Plant Mol. Biol. 93, 593–606. doi: 10.1007/s11103-017-0584-x

Yoo, S. D., Cho, Y. H., and Sheen, J. (2007). Arabidopsis mesophyll protoplasts: a versatile cell system for transient gene expression analysis. Nat. Protoc. 2, 1565–1572. doi: 10.1038/nprot.2007.199

Yuan, C., Ai, J., Chang, H., Xiao, W., Liu, L., Zhang, C., et al. (2017). CKB1 is involved in abscisic acid and gibberellic acid signaling to regulate stress responses in Arabidopsis thaliana. J. Plant Res. 130, 587–593. doi: 10.1007/s10265-017-0924-6

Zhang, L., Li, L., Wu, J., Peng, J., Zhang, L., and Wang, X. (2012). Cell expansion and microtubule behavior in ray floret petals of Gerbera hybrida: responses to light and gibberellic acid. Photochem. Photobiol. Sci. 11, 279–288. doi: 10.1039/c1pp05218g

Zhong, C., Xu, H., Ye, S., Wang, S., Li, L., Zhang, S., et al. (2015). Gibberellic acid-stimulated Arabidopsis6 serves as an integrator of gibberellin, abscisic acid, and glucose signaling during seed germination in Arabidopsis. Plant Physiol. 169, 2288. doi: 10.1104/pp.15.00858

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Han, Jin, Yao, Kong, Huang, Tao, Li, Wang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers

in Plant Science

A Mini Zinc-Finger Protein (MIF)
from Gerbera hybrida Activates
the GASA Protein Family Gene,
GEG, to Inhibit Ray Petal
Elongation





OPS/images/fpls-08-01649-g003.jpg
)
e 8 8
) s g ol
H m . g
8 =
°© 5
w w
8 o . 3
* B =] * .
: s s =
5 5 * g
~ - M
g E} 5 3
b > g =
3
.
() gySuay (20 orurapidy Jaquuinu [[20 oraraprdy [2A9] :o_mwu.axu AAnR[Y
o Ll L
©v
8
* = ¢ pE——
= ]
* S = —_—
g q
©] &
S E— l
w GIf'!l&
—— - Q w e
=] Q —
S : 3 & ————
5 z
T 3 © |
e —— 3
- | @
: |
<= 3 ] =
et 2 = H———
— — =0 — >
] w @ - —— ey}
B 9 g
= = > m8 o o= e &~ o
S g & & © 8 © & o )
5 =
A 5} 2 spejad Ke1 jo aje1 uoneduo[gy
©





OPS/images/fpls-08-01649-g004.jpg
S6

S5

S4

S3

S2

S1

A
B —
3
_ m
7]
i ==
Lo &
2 T
E
)
Loy i
Q _
: 5
Lo O
— —=
. —=
i
i —=
g I Am N ok —1=
(2] EX - Il
| | T | | | | // | | | |
2 ) i " S € 8 & 8 8 S & e =
. = W N L e
ATNYD JO [9A9] U0ISSaIdXd 9ANR[OY [2A] UOISSAIAX ATIR[Y
11] o
L}
L3 3
Ay
% % * * | &
* N _ﬁ
m 1
2 1
RN
e -
=
R B
- &
Q
E a=
v § ﬁ
~
L +H
=
2 2
< |0l ﬁ
L} R
& % o« . @ S 8 o s o 2 2 O & W A n
P 5 2 S 8 8 8 ¥ 7 =
DD JO [9AJ] UOISSAIAXD ATIR[Y [2A3] UOISSAIAXD ATIR[Y

< O






OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
’ frontiers
in Plant Science





OPS/images/fpls-08-01649-g001.jpg
Relative LUC/Ren fold

Cl dvson msted

et e
| GArepomsiv demect riatd
TCP demmin e
videgmt
25

=
o

15

. I

o

Control | PI365 PS80

CAG mort, MADS
b ez
WRKY? bndag

[E

=
I |

PS80 P260





OPS/images/fpls-08-01649-g002.jpg
A SD-Ura SD/-Lew/AbAX® c 6
‘-‘_ ~9 S5 b
= 5
-
4.
g 3.5
Q 3
GhMIF/pGEG320 o )
= 2.5
£ s
GhMIF/pGEG170 % ']
~oos
g 0
Nesatlve. .. Effector EV.  GhMIF EV  GhMIF
Reporter  pGEG320 pGEG170
D YFP  Chlorophyll Bright field Merged
B Control
GhMIF-SUMO - % + ¥ E
Competitor - - 50x% 100x 150%
Shift—> E -Trp -Trp/-His ~ X-gal  Activity
Negativeu =
Free prObe_) GhMIFn u






