Identification and characterization of a tea plant (Camellia sinensis ) euAGAMOUS-like MADS-box Gene
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Abstract: Tea plant (Camellia sinensis (L.) O. Kuntze), as an economically important crop, has received less attentions on molecular biology, especially, in flowers. However, AGAMOUS (AG) lineage proteins, which possess euAG and PLE lineages in core eudicots, are key MADS-box transcription factors involved in the development of stamen and carpel, which directly links the reproductive characteristics. In this work, we isolated and characterized CsAG, which encoded a transcription factor harboring nuclear-localized but not transactiviation ability in Camellia sinensis cv. Ziyangzhong. CsAG was a euAG-like gene, which resulted in the homeotic conversion of sepals and petals into carpels and stamens, respectively, when ectopically expressed in Arabidopsis, and the encoding protein of which was capable to interact with two GLOBOSA-like paralogs in tea plant, showing a conserved C-function activity, concomitant with its accurate spatial expression profile, predominantly in the third and fourth whorls. To our knowledge, this is the first report providing insight into the characterization of an AG-like gene in tea plant.
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Introduction

  In flowering plants, the different types of floral organs (i.e., sepals, petals, stamens, and carpels) are specified by the activities of a small set of master regulators, termed floral organ identity genes [1-3]. Genetic regulation of flower development has been subject of study over the last three decades, particularly in the model species Arabidopsis thaliana and Antirrhinum majus. These studies have revealed a general molecular mechanism of floral organ development and led to the proposal of the ABC model that the floral organ identity genes control organ fate in a combinatorial manner [3-6]. According to this so-called ABC model, Sepals are specified by A function genes, petals by a combination of A and B function activities, stamens by B and C function genes, and carpels by C function gene activity alone. The molecular characterization of these floral organ identity genes in different species showed that most of them encode MADS-box transcription factor [7]. Moreover, these floral organ factors preferentially bind to so-called CArG-box sequences (consensus: 5'-CC(A/T)6GG-3') by forming higher-order complex together with members of the SEPALLTA (SEP) family of transcriptional cofators [8-10].

  Male and female sexual organs, the most pivotal organs formed in the center of flowers, which are directly involved in the determination of reproductive characterizations. Based on the ABC model, the C-function genes are required for the development of both stamens and carpels. In Arabidopsis, the C function is occupied by AGAMOUS (AG), which is known to control several processes in addition to specification of stamen and carpel identity. These include the control of floral meristem determinacy and pattering, microsporogenesis, and organ maturation [1, 11, 12]. In contrast, the C-function genes PLENA (PLE) and FARINELLI (FAR) make an unequal contribution to specification of male and female organs in Antirrhinum[5, 6, 13]. As AG in Arabidopsis, PLE essentially represents the C-function and encodes a closely related gene whose expression commences in incipient stamen and carpel primordia and is maintained throughout most of their development [1, 6, 14]. Mutations of AG and PLE in their respective species produce identical phenotypes characterized by developing flowers with petals in whorl 3 instead of stamens, and sepals in whorl 4 instead of carpels, that is, a abnormal flower without reproductive ability. In addition, the floral meristem is not determinated [1, 5, 6, 14]. 

  AG and PLE belong to the MADS-box C lineage (AG lineage) and actually represent two paralogous lineages derived from a duplication in a common ancestor early in the history of the core eudicots [15, 16]. This duplication gave rise to the euAG lineage including AG and FAR, and the PLENA lineage (PLE), where SHATTERPROOF1 (SHP1)/SHATTERPROOF2 (SHP2) [17, 19] and PLENA are placed in Arabidopsis and  Antirrhinum, respectively. In core eudicots, representatives of both euAG and PLE lineage of the AG lineage identified from Petunia hybrida, tomato (Solanum lycopersicum), Nicotiana benthamiana, and Medicago truncatula showed various degrees of redundancy, subfunctionalization and neofunctionalization [20-24]. As AG and PLE, different members of a duplicated gene pair retained the primary homeotic functions in differet lineages. Their respective orthologs have taken completely new roles in fruit dehiscence, as the case of SHP1/SHP2 genes, or contribute redundantly in male reproductive development, as the case of FAR. 

  Tea plant [Camellia sinensis (L.) O. Kuntze] is a important woody plantation crop yielding a non-alcoholic beverage, attributed to the possible protective effects of tea polyphenols in tea leaves [25, 26]. Currently, contrasted with leaf and root, molecular mechanism in flower development is not well understood. As the most angiosperm flowers, which of tea plant displays canonical floral structures consisted of sepal, petal, stamen and carpel. Meanwhile, the reproductive organs, stamens and carpels, are directly and indirectly involved to characteristics, such as self-incompatibility and various fruit-bearing rates in different cross-parent combinations, which slow the progress of tea plant breeding [27, 28]. Thus, to dissect the molecular mechanism of  reproductive organs development is of great significance in tea plant.

  In this study, we isolated and characterized an euAG-like MADS-box genes, CsAG, in Camellia sinensis cv. Ziyangzhong. To gain insight into the specific contribution of the CsAG gene in the control of the C-function, we analyzed the spatial expression pattern in different organs including flower organs and fruit. The capacity to specify reproductive organ identity has been investigated by overexpression in Arabidopsis. Besides, we identified the properties of CsAG encoding protein in vivo. Our results indicate that CsAG conserved as a C function gene involving in the specification of reproductive organs in tea plant. Meanwhile, it might be critical to the development of fruit, which requires a exactly set of works to further define. 

Materials and methods

Plant materials and growth conditions

  Camellia sinensis cv. Ziyangzhong (ten-year-old plants) was grown in the germplasm nursery of tea plant institute of Ziyang in Ankang (Ankang, Shaanxi, China) under natural light condition. Flower buds and bud leaves (one bud one leaf) were collected in May to June. Four types of organs, namely sepals, petals, stamens and carpels, from mature flowers which do not open and one-year-old fruits were collected in October. All samples were frozen in liquid nitrogen and stored at -80℃ until analysis. 

  Arabidopsis thaliana Columbia (Col), both wild-type and transgenic plants, were grown in a growth room at 22℃ under a 16h light/8h dark photoperid.

Isolation of CsAG cDNA from tea plant
  Total RNA was extracted from floral buds by using Wolact® Plant RNA Isolation Kit (Hongkong, China). First-strand cDNA was synthesized with M-MLV-Reverse Transcriptase (Takara, Japan) following the manufacturer’s instructions.
  Conserved fragements of CsAG was amplified from differentiated flower buds cDNA with the following primers (Forward: 5'-CTAATCGTCTTCTCCACCCG-3'; Reverse: 5'-CGAATCCTGCTAATGCCTCT-3'), which were designed based on the conserved sequence of AGMAOUS orthologs from other plants using Primer Premier 5.0, by performing a PCR procedure (1 cycle at 94℃for 5min; 55 cycles at 94℃ for 30 sec, 49℃ for 30 sec, and 72℃for 1 min; 1cycle at 72℃for 10 min; 4℃for ever). PCR products were purified and cloned into pGEM®-Teasy vector (Promega, USA) followed by sequencing (BGI, China).
  To obtain a complete cDNA sequence, the RACE (Rapid amplification of cDNA ends) strategy was employed. The purified total RNA was reverse transcribed by adapted primers according to the the manufacturer’s instructions (Clontech, USA). Based on the partial sequences obtained, the gene-specific primers were designed for successively 3'RACE ( 5'-TGCTCAGACTCGTCCAATACTGGATCGG-3') and 5'RACE (5'-TCA

AAGACGTGATTGATGAG-3'). All products were isolated and cloned into pGEM®

-Teasy vector for sequencing.

  All obtained sequences were assembled and the open reading frames (ORF) was confirmed by PCR amplification and sequencing with following primers (Forward: 5'-CAACCATGTCGTATCTGAATCAATCG-3';Reverse:5'-TTAAACTAGCTGGAGGGCTGTTTGG-3). 

Sequence and phylogenetic analysis

  Conserved domains prediction was searched with prosite (http://prosite.expasy.org/). BLAST was performed in the National Center for Biotechnology Information Blast Suite (http://www.ncbi.nlm.nih.gov/). All sequences used in this analysis, with their respective species and accession numbers, are available in table S1. Deduced amino acid sequence of CsAG was aligned with protein sequences of other AG othologous genes using DNAMAN. The phylogenetic tree was constructed by MEGA 5.1 using the Neghbor-Joining method based on the alignment amino acid sequences according to the manual [29].

Quantitative reverse-transcription PCR (qRT-PCR) analysis

  Total RNA was extracted from different organs using Wolact® Plant RNA Isolation Kit according to the manufacturer’s instructions (Hongkong, China). The integrity and quantity of RNA samples were analyzed by 1.2% agarose gel electrophoresis and using a NanoDrop 2000C Spectrophotometer (Thermo Scientific, USA), respectively. First-strand cDNA was synthesized from 500 ng RNA with PrimeScript® RT Master (Takara, Japan). CsCLATHRIN1 was selected as the reference gene as described before [30]. Gene-specific primers (CsAG, Forward:  5'TTGGACTCCCCCCAGAGAAAAA

T3', Reverse: 5'TCGGCATCGCAAAGAACAGACA3'; CsCLATHRIN1, Forward: 5'TAGAGCGGGTAGTGGAGACCTCGTT3', Reverse: 5'TACCAAAGCCGGCTCGT

ATGAGATT3') were designed using Primer Premier 5.0 and tested the amplification specificity before quantification experiment. The qRT-PCR reaction was performed in three technical replicates for each of the three biological samples using Maxima SYBR Green/Fluorescein qPCR Master Mix (Thermo Scientific, USA) according to the manufacturer’s manuals of the StepOne Real-Time PCR system (ABI, USA). The amplification conditions were 10 min at 95°C, one cycle, followed by 40 cycles of 15s at 95°C and 60s at 59°C. After completion of the amplification steps, the melting cure was determined and relative expression levels were calculated with the 2-ΔΔCt method [31]. Date were presented as mean ± standard deviation (SD) and analyzed with SPSS 20 software. Statistical comparisons were made using Duncan test. P < 0.05 was considered statistically significant.

Transient Protein Expression Assay

  The WoLF PSORT Prediction (http://wolfpsort.org) was employed to predict the subcellular localization of CsAG. For subcellular localization studies, the ORF without the stop codon of CsAG was amplified with primers (Forward, 5'CCATGGCCATGTCGTATCTGAATCAATC3', Reverse, 5'ACTAGTTACAAGCTG AAGGGCAGTTTGG3') by using high fidelity Prime STAR®HS DNA Polymerase (Takara, Japan). The amplified fragment was cloned into the pMD-19 T vector simple (Takara, Japan) and sequenced. Then, the CsAG fragment in the pMD-19 T vector was digested and inserted into the binary pCAMBIA1302 plasmid with NcoI and Spe I (Takara, Japan), resulting in an in-frame fusion of CsAG to N-terminal of green fluorescence protein (GFP) verified by sequence analysis. This construct was agroinfiltrated into onion epidermal cells by Agrobacterium tumefaciens strain GV3101 [32]. Cells harboring the empty pCAMBIA1302-GFP were used as a control. Forty-eight hours after transfer, the tissues were visualize and photographed under a laser scanning confocal microscope (Leica TCS SP5, Germany).

Transcriptional Activites Assay

  The GAL4 DNA-binding domain vector, pGBKT7 (Clontech, USA), was used for transcriptional activities analysis. The ORF of CsAG was amplified with primers (Forward: 5'CCATGGAGATGTCGTATCTGAATCAATCG3', Reverse: 5'GGATCCC

TACAAGCTGAAGGGCAGTTT3') and then inserted into the NcoI -BamHI sites of the vector, carrying an in-frame fusion of CsAG. The recombinant plasmid was transfered into the yeast (Saccharomyces cerevisiae ) AH109 strain according to the Yeast Protocols Handbook (Clontech, USA), and plated on the synthetic dextrose lacking leucine and (or) tryptophan (SD/-Leu-Trp or /-Trp) plates. Then the survived cells were spotted on selective medium lacking histidine and adenine (SD/-His-Ade) and incubated at 28°C for 2 to 5 d. The transactivation activities were evaluated according to the growth status of these cells. The pGBKT7 empty vector and pGBKT7-53+pGADT7-T (Clontech, USA) were transformed into yeast cells and the transformants were streaked on plates, as negative and positive controls, respectively. 

Yeast Two-Hybrid Assay 

  To reveal whether there is a interaction between CsAG with two B class GLOBOSA-like proteins, CsGLO1 and CsGLO2, GAL4 system was applied for. The bait and prey recombinant construct combinations were cotransformed into the yeast AH109 strain and plated on SD/-Leu-Trp plates. Then the survived cells were streaked on selective medium, SD/-Leu-Trp-His-Ade, and incubated at 28°C for 2 to 5d. The interactions was evaluated based on the growth status of these cells. The pGBKT7-lam+pGADT7-T and pGBKT7-53+pGADT7-T (Clotech, USA) were cotransformed into yeast cells, as negative and positive controls, respectively. 

Bimolecular Fluorescence Complementation（BiFC）Assay
  With the BiFC technique, which is an emerging technology that would be rapid and intuitional to observe the interaction between target proteins in living cells [33]including plants[34-36], the interaction between CsAG with MADS-box family B gene, CsGLO1 and CsGLO2, is further certified. Four BiFC expression vectors were constructed, pSPYNE-CsGLO1、pSPYNE-CsGLO2、pSPYNE-CsAG、pSPYCE-CsAG, respectively. All of those expression vectors were introduced into Agrobacterium tumefaciens GV3101 by freezee-thawing. Then the recombinant plasmid by reference to Waadt[37]were transiently cotransformed into N.benthamiana leaf epidermal cells through pressure-injection. After 48 hours in the darkroom, the fluorescence(yellow) signal was observed with confocal laser scanning microscope at 514 nm excitation light, so as to determine the interaction of the protein. pSPYNE+pSPYCE was cotransformed into N.benthamiana cells, as a negative control. 

Transformation of Arabidopsis and analysis of transgenic plants

  To generate overexpression vector of CsAG, ORF was amplified with following primers (Forward: 5'CGGGATCCTCAACCATGTCGTATCTGAATC3', Reverse: 5'GGGGTACCCACAGTCCCTTTGAGCATATAA3') and cloned into the BamHI-KpnI sites of the pCAMBIA2300 binary vector under the control of Cauliflower Mosaic Virus (CaMV) 35S promoter. The resultant constructs, 35S::CsAG, were transformed into Agrobacterium tumefaciens GV3101 by freeze-thaw method [38]. Then they were transformed into Arabidopsis thaliana ecotype Columbia plants using the floral dip method as described with minor modification [39]. Transformants survived in the 1/2MS (Murashige and Skoog) medium containing kanamycin (50mg/L) were further verified by genomic PCR and RT-PCR analyses.  

Results

Identification and sequence analysis of euAGAMOUS-like gene in tea plant

  In order to identify the C-class MADS-box gene in tea plant, we successively performed PCR-based homology cloning and RACE. A full-length sequence of euAGAMOUS-like MADS-box gene, named CsAG, with an ORF of 738 bp and a deduced protein of 245 amino acids, was screened from differentiated flower bud and deposited in GenBank (Accession number: KJ630566). The deduced amino acids sequence of CsAG was used to search for homologs against NCBI database, and CsAG was shown to be a member of AG family of MADS-box genes. Meanwhile, alignment analysis indicated that CsAG was highly conserved by sequence alignment analysis. Two short, highly conserved regions, termed AG motif I and AG motif II, located at the C-terminal were also identified in addition to MADS and K domains [40] (Figure1). 

   To further characterize the phylogenetic relationships relevant to CsAG, we retrieved 19 previously reported C and D lineage genes of core eudicots from GenBank and the new sequence CsAG. The tree was rooted using the Arabidopsis D-class gene SEEDSTICK (STK) sequence. Phylogenetic analysis showed that CsAG was grouped together with CjAG within the euAG lineage (Figure 2). 
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Figure 1. Alignment of the deduced protein sequence of CsAG and other angiosperm AG proteins. The highly conserved region, MADS domain, K domain and AG motif I and AG motif II are underlined. Bipartite NLS are double-underlined. Identical, 75% or more similar and 50% or more similar amino acid residues in this alignment are shaded in black, dark grey, and light grey, respectively. 
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Figure 2. Phylogenetic analysis of euAG and PLENA homologs from a selection of diverse species. Numbers on major branches indicate bootstrap percentages for 1,000 replicate analyses, and the branch lengths are proportional to the distance. AtSTK was used as an outgroup. 

Spatial expression patterns of CsAG
  To explore the role of CsAG in the development of tea plant, the expression patterns were examined by qRT-PCR. As shown in the result (Figure 3), CsAG was predominantly expressed in stamens and carpels of flower, and also in the fruit, although there were expression with different degrees in all detected tissues. Meanwhile, the expression levels in the stamen and fruit were similar, with almost a half of that in carpels. It supported that CsAG might function conserved in flower development as a C-function gene specifying the stamen and carpel identity, in addition, be involved in the development fruit.
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Figure 3. Relative expression of CsAG. The experiments were repeated three times using three independent biological samples. Mean expression values and ±SD are presented. 
Subcellular localization 

  CsAG contained the putative conserved bipartite NLS consensus sequence, ‘‘PP(N)10(P3N2)’’, in which ‘‘P’’ is a positively charged amino acid and ‘‘N’’ represents any amino acid, in the MADS domain (Immink et al., 2002) (Figure 1). Based on this finding, CsAG was predicted to be located in the nucleus. To determine the subcellular location of CsAG in vivo, we made a CsAG-GFP chimeric gene construction under the control of the cauliflower mosaic virus (CaMV) 35S promoter, which was transiently expressed in onion epidermal cells. The CsAG-GFP fusion protein was preferentially localized to the nucleus of onion epidermal cells, which is consistent with property of transcription factor, whereas the control construct, 1302:GFP alone, was uniformly distributed throughout the whole cell (Figure 4). 
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Figure 4. Subcellular localization of CsAG. 1302:GFP and 1302:CsAG-GFP represents the Onion epidermal cells transiently expressing GFP protein and CsAG-GFP chimeric protein, respectively. From left to right are images with green fluorescence, bright-field images, and the merged images. The arrow marks the location of nucleus, Bars = 250µm.

Transactivation Activity 

  Transcription factor generally contained binding domain and activation domain, which confers protein specificity of binding sequences and trans-activation of downstream target genes, respectively. To investigate the transcriptional activity of CsAG, a yeast hybrid assay was performed. All plasmids were separately transformed into yeast strain AH109, which harbors two reporter genes, His3 and ADEL2. The transformed yeast cells harboring pGBKT7-53 + pGADT7-T (the positive control) showed good growth on the selective medium of SD/-His/-Ade, whereas the yeast cells harboring pGBKT7-CsAG and pGBKT7 (the negative control) did not grow well on the same selective medium compared with on medium of YPDA (Figure 5). The result indicated that CsAG didn’t possess transactivation activity.
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Figure 5. Assay of CsAG transcriptional activation activity. (A) Schematic diagram of reporter gene expression activated in a yeast cell. USA represents upstream activating sequences; GAL4-BD represents the binding domain of GAL4; IP represents the interest protein. The arrow indicates the direction of reporter genes. (B-C) The transformed yeast cells AH109 were streaked on YPAD and SD/-His/-Ade for examination of growth. (D) A sketch panel indicating the position of each yeast strain.
Yeast Two Hybird 

  Protein-protein interactions are essential for MADS-box protein function. Yeast two-hybrid assay was performed to explore the interaction between CsAG and two B class GLOBOSA-like MADS-box factors. Yeast strain AH109 was cotransformed with different combination of the fusion plasmid, pGBKT7-CsAG + pGADT7-CsGLO1, pGBKT7-CsAG + pGADT7-CsGLO2, pGBKT7-53 + pGADT7-T (the positive control), and pGBKT7-lam + pGADT7-T (the negative control), respectively. With exception of the negative control, all of these transformed yeast cells showed growth on the selective medium of SD/-Trp-Leu-His/-Ade (Figure 6). However, contrasted with CsGLO1, a limited yeast growth was detected in the CsAG/CsGLO2 combination in the initial  incubation of 5 d at 30℃. Our data indicated that CsAG was capable of interacting with CsGLO1 and CsGLO2 in yeast, although a relative weakly interaction occupied in the CsAG/CsGLO2 combination. Nevertheless, these results suggested that CsGLO1 might be the preferred interaction partner of CsAG, although we cannot exclude the possibility that in vivo additional factors are present, which may stabilize CsAG/CsGLO2 heterodimers.  
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Figure 6. Yeast two hybrid assay. (A) Schematic diagram of reporter gene expression activated in a yeast cell. GAL4-BD and GAL4-AD represents the binding domain and the activation domain of GAL4, respectively; X and Y represent the interest proteins. (B-C) The transformants were streaked on YPAD and SD/-Trp-Leu-His-Ade for examination of growth. (D) A sketch panel indicating the position of each yeast strain.

Bimolecular Fluorescence Complementation（BiFC）

  N.benthamiana cell was cotransformed with different combination of the recombinant plasmid, pSPYNE-CsGLO1+pSPYCE-CsAG, pSPYNE-CsGLO2+pSPYCE-CsAG,  pSPYNE-CsAG+pSPYCE-CsAG and pSPYNE+pSPYCE (the negative control), respectively. The results shown that with exception of the negative control, a clear yellow fluorescence signal could be detected in other experimental groups.we found that not only CsGLO1-CsAG and CsGLO2-CsAG can interact with each other in the cytoplasm to form heterodimer, but also CsAG can interact by themselves in the cytoplasm to form homodimer (Figure 7). Meanwhile, according to the bright degree of yellow fluorescence, we believed that CsGLO1 might be the preferred interaction partner of CsAG compared with CsGLO2, which showed a relatively weak interaction. 
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Figure 7. BiFC assay. Certification of dimers interactions among CsGLO1, CsGLO2 and CsAG in N.benthamiana leaf epidermal cells, Bars = 25µm. (A) pSPYNE-CsGLO1+pSPYCE-CsAG. (B)  pSPYNE-CsGLO2+pSPYCE-CsAG. (C) pSPYNE-CsAG+pSPYCE-CsAG. (D) pSPYNE+pSPYCE
The Ectopic Expression of CsAG Results in the homeotic conversion of sepals and petals 

  The transformation system of tea plant has not yet been successfully established due to various difficulties of its tissue culture and regeneration systems. To investigate the function of CsAG we overexpressed it in Arabidopsis. The coding sequence cDNAs for CsAG was located under the control of the CaMV 35S constitutive promoter. Ten independent T1 transgenic plants survived on the selection medium, which carries 35S::CsAG cassette and bears a efficient transcription, were identified using genomic PCR and RT-PCR with constuct-specific primers (Figure 8). All the identified T1 plants displayed abnormal development of flowers when compared with WT Arabidopsis. Petals, exhibited narrow and asymmetric, were partially or entirely absent and followed with partial homeotic conversions to stamen. Meanwhile, the thicked and curved sepals  contained carpelloid structures with ectopic ovules and stigmatic papillae. These strong homeotic alternations caused by the constitutive expression of CsAG in Arabidopsis are essentially identical those caused by overexpression of other euAG genes, which supported that CsAG possessed the conserved C-class function. In addition, Other phenotypes include early flowering and curling of leaves were observed (data not shown).
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Figure 8. PCR identification of transgenic Arabidopsis plants. M, Marker DL 2000. WT, wild type, EV, ectopic expression vector, 1-10, 35S::CsAG transgenic plants.
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Figure 9. Effects of 35S::CsAG introduction in Arabidopsis. WT and 35S::CsAG are the imageof wild type and CsAG overexpression plants. Upside and downside are vertical and side 

views, respectively. Bars=1mm.

Discussion 

  The proposal and development of ABC-model was the one of successes of the application of molecular genetics to study plant development. To date, the molecular mechanism of flower development was preliminary dissected associated with the isolation of A, B and C class genes based on the ABC-model in various species of plants including core eudicots, basal eudicots and monocots. The tea plant is universally known as a economically corp for leaf-consuming, however, the flower development, which is directly and indirectly related to the yield and qualities of tea, is currently not well understood. In this study, the CsAG, an AGMAOUS-like MADS-box gene in tea plant, was identified for the first time. A duplication event early in the diversification of the core eudicots has led to two AGMAOUS clades, the euAG and the PLE lineages[15]. The presence of CsAG, which was closely grouped with CjAG, a C class gene in Camellia japonica belonged to the genus Camellia [40], was found in the euAG lineage including AtAG and AmFAR, and not in the PLE lineage in the phylogenetic tree (Figure 2). Meanwhile, the deduced CsAG protein conserved characteristic domains of the C-lineage members, as the presence of an N-terminal extension with 17 amino acids, which falls within the range previously described for other members of euAG lineage (from 13 to 52 amino acids), preceding the MADS domain and two short, high conserved motif, AG motif I and AG motif II, within the most variable C-terminal [15, 41] (Figure 1). Thus, these data indicated that CsAG was an member of euAG lineage of C lineage.

  In Arabidopsis and Antirrhinum, in which functional studies are extensive and allelic series are available, it has been shown that the different components of the C-function (carpel identity, stamen identity and meristem determinacy) can be separated genetically [5, 42, 43]. The phenotypes of weak mutant alleles of AtAG or AmPLE support a threshold model in which stamen identity, carpel identity and floral meristem determinacy each require different levels of C-function activity. In addition, temporal requirements can be deduced from the phenotypes of heterochronic alleles of AmPLE, which indicate that an early onset of expression is needed to specify stamen identity, while correct carpel formation and meristem termination may still be achieved if C-function activation is only attained at later stages of floral development [20, 43]. In this work, we showed that CsAG was predominantly attained in the stamen and carpel of mature flower (Figure 3). Although the temporal expression profile was not determinated, the spatial expression profile of CsAG was consistent with that of Nicotiana benthamiana NbAG [20] or Arabidopsis AtAG [44], which not limited to early flower development but continued in fully different differentiated floral organs. Furthermore, the expression pattern of euAG is dynamic, evolving from a uniform distribution throughout stamen and carpel primordia early in development to a restricted pattern with expression in a small number of specific cell types late in flower development. In the mature flower, the expression of NbAG was weak in stamens but strong in the placenta, and which was also observed in the developing ovules in latter stages [20]. Besides, Even as the ovules mature, AtAG still becomes further restricted to just the endothelium, which is the cell layer surrounding the embryo sac [44]. Therefore, the expression level of CsAG in carpels was exhibited almost two times to that in stamens. Moreover, the higher retention of CsAG in the whorl 4 of mature flower, which was still a reflection of carpel formation and meristem termination, supported the quantitative model of AG activity, which suggests that the floral determinacy requires the higher levels of AG, while low levels of AG are sufficient for carpel and stamen specification. Contrasted with whorls 1 and 2, the expression level in whorl 3 might reflect a threshold expression level for C-function activity. In addition, there was a similar CsAG mRNA accumulation to that of stamens in young fruit (Figure 3), which might be a residue of the placenta and mature ovule in young fruit. As the transcript of two Medicago truncatula euAG genes, MtAGa and MtAGb, was also observed in young fruit tissues in addition to along with the development of whorls 3 and 4 [24]. Expression patterns were similar for TAG1 in tomato cv MicroTom, with highest expression levels also seen in stamens and carpels, with lower but detectable levels in later fruit stages, while mature seeds showed no expression [45]. Given to the sterile flowers of these genes silence or mutant, the function of CsAG gene in fruit development requires further investigation, although TAG1 and TAGL1 were considered to be involved to [45].

  In most cases, the ectopic expression of other euAG-like genes gave similar phenotypes, causing sepals to develop as female organs (carpels) and petals to develop as male organs (stamens), in Arabidopsis [24, 40, 42, 46]. However, an exception has been observed, for example, in Antirrhinum, Torenia fournieri and Ipomoea nil, where the presence of additional glutamine residue (Q173) in the K3 helix of FAR orthologous proteins, alters the specificity and affinity of interactions and causes its inability to induce carpel identity in the first whorl [46]. The ectopic expression of CsAG, lacking Q173 (Figure 1), in Arabidopsis was able to cause homeotic alterations in the flowers that are essentially identical to those caused by the constitutive expression of other euAG-like genes. Since C function is known to antagonize A function genes and the ectopic expression of CsAG, the deduced protein sequence of which was showed conserved, after all, in Arabidopsis led to conversion of sepals to carpels, and petals to be (partially or entirely) absent or converted to stamens. In agreement with the idea that one aspect of function of AtAG is the suppression of the leaf development program in emerging floral primordia [47], we found that 35S::CsAG plants exhibited early flowering and curling of leaves, which might resulted from genes targeted by AG disorganized at early floral stages. Together, the concomitant further supported that CsAG possessed the conserved C-class function associated with essentially identical alterations in the flowers. 

  MADS-box regulatory factors usually form complexes to function in plant development [9, 48]. We discovered that CsAG interacted with both CsGLO1 and CsGLO2, which might be essential to the petal and stamen development, as orthologs of GLOBOSA in Antirrhinum majus and PISTILLATA in Arabidopsis. However, the direct interactions between PFAG with both PFGLO1 and PFGLO2 were observed in Physalis floridana [49], but not between TAG1 and both SIGLO1(LePI) and SIGLO2(TPI) in tomato [50]. Meanwhile, there were different function divergent patterns of both GLO paralogs functional evolved in Physalis floridana and Solanum lycopersicum [44, 45]. Further verification with BiFC, PFGLO1 did interact with PFAG, but PFGLO2 did not [51]. Therefore, whether CsGLO1 and CsGLO2 shared a similar function divergent pattern to both PFGLO, it is obvious that more works are required to define. But in the development of stamens, both CsGLO1 and CsGLO2 should be capable to interact with CsAG. 

  The “tetramer model” of floral organ development suggests that 2A+2SEP determines the development of the first round of floral organ sepal[52], A+2B+SEP determines the development of the second round of floral organ petal, 2B+C+SEP determines the development of the third round of floral organ stamen[53], 2C+2SEP determines the development of the fourth round of floral organ carpel[54]. Class B and C genes in Arabidopsis encode MIKC transcription factors that interact with each other to form heterodimer, such as AP3-PI and AG-SEP. It will combine with other homodimer or heterodimer through the C-terminal to form tetramer complex that acts on the upstream of the target gene, regulates the expression of the downstream gene, and ultimately promotes the formation of the second and third rounds of the floral organ[55]. Therefore, we speculate that CsGLO1, CsGLO2 and CsAG transcription factors could interact with each other to form dimer or tetramer, only in this way, It could activate the downstream target gene and eventually direct the development of floral organs. On the basis of Yeast two-hybrid experiment, the interaction between CsGLO1, CsGLO2 and CsAG was further analyzed by BiFC. The results shown that both CsGLO1, CsGLO2 and CsAG interact with each other in the cytoplasm to form homodimer or heterodimer. However, in past few years, A case of studies have shown that both CsGLO1, CsGLO2 and CsAG are nuclear-localizing proteins but have no transactiviation ability[56]. Thus ,we can surmise that these dimer formed in the cytoplasm could be transported into the nucleus and combined with other dimer to form tetramer, which was activated the dowstream the target gene and initiated the development of the floral organ. The unique position and interaction of CsGLO1, CsGLO2 and CsAG in Tea plant suggessted that these three transcription factors play a pivotal role in the process of floral organ development. The formation of CsGLO1-CsAG and CsGLO2-CsAG dimer not only shows that CsGLO1 and CsGLO2 are partially similar in function, but also indicates that CsAG is indispensable in the growth and development of petal and stamen.

  euAG-like gene coding protein known as transcription factor preferentially bind to the CArG-box sequences to control the regulation of downstream genes [8-10]. CsAG transcription factor showed a nuclear localization ability verified by subcellular localization analysis in onion epidermal cells (figure 3), which might be sufficiently conferred by the bipartite NLS located in MADS domain (figure 1), although there were some exceptions that heterodimerization was aslo required for the nuclear localization of MADS-box transcription factors in addition to the classical bipartite NLS [49, 51, 57]. Moreover, transcriptional activity analysis in yeast cells indicated that CsAG did not possess transactivation ability (figure 4), which was also observed in AtAG in Arabidopsis [4]. These data suggested that CsAG, as a MADS-box transcription factor, need to interact with one factor with an activation domain, which would confer CsAG-containing complex a transcriptional activation ability.

  Overall, our results showed that CsAG gene, as a euAG-like gene, might possess partial or entire components of the C-function (at least including the specification of stamen and carpel identity), provide the first insight on the function of CsAG in flower development of a new core eudicots species, tea plant. In addition, expression analysis indicated that there might be a involvement in fruit development for CsAG, however, which requires more works to define. Further work involving isolation and characterization of PLE ortholog merits in tea plant consideration as a way to advance our understanding of the C-function in flower development and the involvement of C lineage genes in fruit development.
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