Overexpression of Tea CsANR Increases Proanthocyanidin Content and Induces Early Flowering in Transgenic Tobacco
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Abstract 
Procyanidins are polyphenol compounds that are uniquely found in plants, and has been demonstrated that these compounds are natural antioxidants that possess efficient free radical scavenging capabilities. Anthocyanidin reductase (ANR) is a key enzyme within the proanthocyanidins (PAs) biosynthesis pathway that serves play important regulatory role affecting PAs accumulation in plant tissues. In this study, overexpression of the ANR gene of the tea plant Camellia sinensis (CsANR) significantly increased PAs content in tobacco plants and induced early flowering. The transgenic tobacco flowers were white in color, as opposed to the pink of wild-type tobacco, and the transgenic lines flowered 12~16 d early compared to wild type. Gene expression analysis showed that early flowering-related genes were significantly upregulated in the transgenic plants. Moreover, the contents of flavan-3-ols (i.e., gallocatechim and epigallocatechin) were increased in leaf tissues of the transgenic lines. The expression of other endogenous flavonoid biosynthetic pathway genes in the leaves and flowers of CsANR-overexpressing plants were analyzed. As such, it appeared that overexpression of CsANR increased flavan-3-ol and PAs contents by modulating the expression of various flavonoid biosynthetic pathway genes in these transgenic plants.
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Introduction
Proanthocyanidins (PAs), also called condensed tannins, result from the condensation of flavan-3-ols and are found extensively in higher plants (Xu et al. 2015) . PAs are natural antioxidants with efficient free radical scavenging capabilities that demonstrate scavenging activities 50 times that of VE (Vitamin E) and 20 times that of VC (Vitamin C) (Robertson 2001). Furthermore, procyanidin has been implicated in the prevention and cure of cardiovascular disease and has been shown to possess anti-inflammation, anti-cancer, anti-mutagenic, anti-diabetic, anti-inflammatory, and anti-radiation activities (Albert, 2015; Gesell et al. 2014; Liao et al. 2015). Moreover, these compounds have been shown to enhance immunity, and improve the ability. In addition, PAs affect the taste of fruits and the feeding behavior of herbivores in pastures (Bagchi et al. 2000; Dixon et al. 2010). As such, PAs possess a broad development prospective due to their diverse biological functions and extremely high safety profile. 
The biosynthetic pathway for generating PAs is well known, and the outline of the general flavonoid biosynthetic pathway (Supplementary Fig 1). It is a secondary metabolite produced by the metabolic process of phenylalanine. The biosynthesis of PAs is divided into three stages: phenylalanine→4-coumarolyl-CoA→dihydroflavonol→procyanidins. The first and second stages are the same as the biosynthesis of anthocyanins. The product of the second stage, dihydroflavonol, generates leuco anthocyanins under the action of dihydroflavonol 4-reductase (DFR), where it is divided into two branches (Xueqing et al 2017; Springob et al. 2003). One is thatleuco anthocyanins produce catechins under the catalysis of leuco anthocyanin reductase (LAR). The other branch is that leuco anthocyanins are first converted into anthocyanins under the catalysis of enzymes, and then epicatechins are produced under the action of anthocyanin reductase (ANR). The ANR pathway is characterized by the anthocyanin-synthase–catalyzed reduction of non-cyanidins into anthocyanins, followed by ANR-catalyzed oxidation of anthocyanins to flavan-3-ols(Xie et al. 2004).The above two products are all procyanidin monomers, and the two are further polymerized to form procyanidins in different forms and numbers.
Flavan-3-ol, the product of the ANR reaction, can be divided into flavan-3α-ol and flavan-3β-ol. Flavan 3α-ol mainly includes epicatechin, epigallocatechin and gallic acid ester derivatives. Flavan-3β-ol mainly includes catechins, gallocatechins and gallic acid ester derivatives. All of these substances contain 2-phenylbenzopyran structure, so they are all flavonoids. At the same time, for PAs, which are widely present in various plants in the plant kingdom, flavan-3-ol is not only the main component, but also the starting unit of PAs polymerization. Therefore, the catechins, the reaction products of ANR, play a very important role in the physiological functions of various plants.
At present，the genes encoding ANR have been cloned and characterized from numerous plants, including Arabidopsis (Xie et al. 2004), M. truncatula (Pfeiffer et al. 2006), L. corniculatus (Terrier et al. 2009), V. vinifera(Ashton et al. 2005), and C. sinensis (Singh et al. 2009). Expression of ANR has been shown to correlate with the accumulation of flavan-3-ols during development of leaves and flowers in C. sinensis (Kumar et al. 2012); however, the effect of ANR overexpression in tobacco in regard to PAs content in tobacco leaves has not been extensively reported. In the current study, we further characterized the role of ANR in development by isolating an ANR cDNA (CsANR) from Camellia sinensis and expressing it in tobacco plants. In addition to an increased content of flavan-3-ols, we also observed that tobacco plants carrying the 35S::CsANR transgene demonstrated significantly increased PAs content and that these plants flowered 12-16 d earlier than wild-type plants. These results suggested that CsANR is a functional regulator of the PAs synthetic pathway and may be a useful molecular tool for promoting early flowering in plants.
Methods
Plant materials, growth conditions, and isolation of total RNA
Tobacco (Nicotiana tabacun var. xanthine) sterile seedling (provided by Institute of Agro-Bioengineering) were cultivated on MS medium in a growth chamber at 23ºC with a light intensity of 40 µmol/m2/s, and 8-week-old leaves of tobacco plants were used for Agrobacterium -mediated genetic transformation. Place Young fresh tobacco leaves (0.1 g) in pre-cooled mortar, add liquid nitrogen and quickly grind them into powder. After extracting the total RNA according to the RNAiso Plus extraction kit (R6837-02; Omega, USA) instructions, add 50 μL of DEPC to dissolve the RNA, and digest the remaining genomic DNA with DNAse I, and finally detect it by 1.2% agarose gel electrophoresis. Using the RNA of each sample as a template and Oligo(dT)15 (10 μmol/L) as a primer, cDNA was synthesized using M-MLV reverse transcriptase.
Plasmid construction
All DNA manipulations were performed as previously described (Saumweber et al. 1990; Yong et al.2018). The binary plasmid PSH-737 was double digested with Xba Ⅰ and BamH Ⅰ, and the artificially synthesized target fragment was digested with Kpn Ⅰ and EcoR Ⅰ and ligated with T4DNA ligase to form the plant expression vector PSH-CsANR, driven by the cauliflower mosaic virus 35S promoter (CaMV 35S) neomycin phosphotransferase gene (NPT Ⅱ)::β-glucuronidase gene (GUS) fusion gene was used as a selection marker gene and reporter gene (Fig.1).Plasmid pSH737-35S-CsANR was transferred into the Agrobacterium tumefaciens strain LBA4404 (Horsch et al. 1985). Colonies resistant to kanamycin were selected, and enzyme digestion and PCR amplification were employed to ensure the presence of all plasmids.
Plant transformation 
Refer to Yong et al. (2019) tobacco leaves were prepared for transformation using a leaf disk transformation method, genomic DNA was extracted from the leaves of transgenic plants, and positive tobacco plants were screened by ordinary PCR verification, using detection primers designed according to the CsANR sequence (Supplementary Table 1).
Quantitative Real-time PCR
Quantitative Real-time determination of the expression levels of target genes, early flowering-related genes, and key enzyme genes in the anthocyanin synthesis pathway were carried out using SYBR Green dye method (Yong et al., 2019). The total RNA from the leaves of the same part of transgenic tobacco and wild-type tobacco was extracted, and reverse transcribed into cDNA according to ABI (USA) kit. Using β-actin as the internal reference gene, using Primer 5.0 software, design the relevant gene qRT-PCR primers (Supplementary table 1). The qRT-PCR reaction system is 20 μL, including Power SYBR Green PCR Master Mix (2×) 10 μL; forward and reverse primers (10 μ mol/L) each 1.0 μL; cDNA (30 ng/μL) 4 μL and ddH2O 4.0 μL. The PCR amplification program is: 95 ℃ 10 min; 95 ℃ 15 s; 60 ℃ 1 min, 40 cycles in total after the reaction, confirm the amplification curve and melting curve of Real Time PCR, and refer to the operation manual of Step OneTM Real-Time PCR Systems for the data analysis method.Each sample is sampled 3 times, with 3 repetitions set each time.
Relative quantitative formula: ΔΔ Ct = Δ Ct (experimental sample)-Δ Ct (reference sample), where: Δ Ct (experimental sample) = Ct (experimental sample, target gene)-Ct (experimental sample, internal reference gene); Δ Ct (reference sample) = Ct (reference sample, target gene)-Ct (reference sample, internal reference gene); relative expression level = 2-ΔΔ Ct.
Flavonoid analysis
Using the method of Monika (2011) et al., Gallocatechim (GC) and epigallocatechin (EGC) in tobacco plant leaf tissues were analyzed by high performance liquid chromatography.
Proanthocyanidins and anthocyanin content estimations
The content of the PAs in tobacco was measured via the vanillin-hydrochloric acid method (Xue et al. 2018). 
Statistical analysis
By using the least significant difference test (LSD test) to analyze the significance of PA, EGC, GC, polyphenol content, the relative expression of flavonoid biosynthesis pathway genes and early flowering genes. For qRT-PCR, three biological replicates were assessed. Microsoft Excel and Graph Pad Prism 5.0 software were employed in the data analysis. One-way ANOVA with Duncan’s multiple range test (post hoc) was used for the comparison of multiple variables. 
Results
Confirmation of transgenic tobacco plants overexpressing the CsANR 
The open reading frame (ORF) of CsANR was obtained from Camellia sinensis and was 1233 bp in length and encoded 410 putative amino acids. The sequence was deposited in GenBank under accession number AY641729.1. We constructed a plant expression vector, pSH-CsANR, and transferred the vector into tobacco (Nicotiana tabacum) via leaf Agrobacterium-mediated transformation. The integration of the CsANR cDNA in the genomes of the transgenic lines was confirmed by PCR (Fig.1). We obtained a total of 30 transgenic strains and harvested T1 generation seeds. TP-6, TP-9, and TP-16 demonstrated the highest expression levels of CsANR among all the transgenic plants. T1 homozygous lines of these transgenic plants were selected and confirmed, and these three lines were used for further phenotypic and expression analysis.
Tobacco plants overexpressing CsANR showed early flowering and altered expression of flowering-related genes
In addition to affecting the color of the tobacco flowers (see below), flowering time was also altered in the transgenic lines compared to the wild-type plants. The relative growth of the transgenic lines overexpressing CsANR compared with wild-type tobacco is shown in Fig.2A. The transgenic lines flowered early and completed their life cycle 12-16 days in advance compared to wild-type plants (Fig.2B). In order to explore the reasons for the early flowering of the transgenic lines, we analyzed the key genes that affect tobacco flowering in transgenic tobacco leaves and flowers. As shown in Figure 2, gene expression analysis via qRT-PCR revealed that the expression of SOC1, NFL1, AP1, CMB1, and MADS were all upregulated in the leaves and flowers of the TP-6, TP-9, and TP-16 lines compared to wild-type tobacco plants. Of note, the expression of FT4 was upregulated in leaves and downregulated in flowers compared to wild-type plants. These results implied that overexpression of CsANR in tobacco regulated the expression of SOC1, NFL1, AP1, CMB1, MADS, and FT4 in both leaves and flowers.
Floral development and flavonoid content in CsANR transgenic and wild-type plants
Flowers of the CsANR-overexpression lines and wild-type plants were analyzed for their morphological features. The flowers of transgenic tobacco are white (Fig.3A,B), and this was consistent with a decline of anthocyanin content (Fig.3I). Compared with the corolla and calyx, there was the smallest difference between transgenic plants and wild-type plants (Fig.3D-H). Among the interior floral parts, the stamens were present in a 4+1 orientation and showed no variation (Fig.3F, G), and the gynoecium also showed no significant difference in appearance or length between the transgenic lines and wild-type plants (Fig.3E). We also measured the content of PAs, and the result indicated that the PAs contents of the transgenic plants were increased significantly compared with wild-type, with the PAs contents of the three positive transgenic plants increasing 87.30%, 77.48%, and 107.56% (Fig.3J), respectively.
Expression analysis of endogenous flavonoid biosynthetic pathway genes in CsANR-overexpression transgenic tobacco plants
Compared the expression of key genes related to flavonoid synthesis in CsANR-overexpression transgenic tobacco plants using qRT-PCR. The data showed that overexpression of CsANR greatly influenced expression of flavonoid structural genes in the leaves and flowers. The expression of the CHS, CHI, PAL, DFR, and FLS genes were all altered in the leaves and flowers of the transgenic lines compared to wild-type tobacco plants (Fig.4A-F). The transcript levels of the CsANR gene were evaluated in the leaves and flowers of the TP-6, TP-9, and TP-16 transgenic lines, and the expression of CsANR in the flowers of TP-6, TP-9, and TP-16 were higher than that observed in the leaves (Figure 4A), suggesting a possible positional effect of transgene integration in the host genome.
The relative expression of the CHI and FLS genes were increased in the leaves and decreased in the flowers of TP-6, TP-9, and TP-16 compared to wild-type tobacco (Fig. 4C-F). In addition, the relative expression of CHS gene in transgenic tobacco decreased in leaves, while the expression of TP-6, TP-9 and TP-16 increased in flowers. (Fig.4B). Compared with wild-type plants, the transcription levels of PAL and DFR genes are increased in the leaves and flowers of transgenic lines (Fig.4E). Among all the genes investigated, CsANR, CHI, FLS, PAL, and DFR were all upregulated in the leaves of transgenic plants. Moreover, CHI and FLS, showed decreased levels of expression in the flowers of the transgenic lines compared to wild-type control plants, while transcript accumulation of the CsANR, CHS, and PAL genes was significantly higher in the flowers of the transgenic plants compared to wild type.
Accumulation of flavan-3-ols in transgenic and wild-type plants
To further elucidate the influence of CsANR overexpression on flavan-3-ol content in transgenic and wild-type plants, we surveyed the GC and EGC contents in leaf tissues of the TP-6, TP-9, and TP-16 transgenic lines as well as wild-type tobacco plants. The results showed that the GC content was 4.214% DW, 4.347% DW, and 4.817% DW in TP-6, TP-9, and TP-16 lines, respectively, as compared with 3.454% DW in wild-type tobacco plants (Fig.5A). The EGC content of TP-6, TP-9 and TP-16 strains is estimated to be 0.869% DW, 1.238% DW and 2.413% DW, respectively, while the EGC content of wild-type tobacco plants is only 0.606% DW (Fig.5B).
Discussion
Phenolic compounds are widely distributed among plant species and are know to possess potent antioxidant activities; as such, they are important biological and medicinal compounds. Flower color and flowering time are important characteristics of ornamental plants, and among phenolic compounds, anthocyanins and flavonoids are the most important determents of flower color, resulting in variations of colors, including white, yellow, red, and purple (Tanaka et al. 2008; Morita et al 2014). Overexpression of the Pueraria montana CHR gene results in changes in flavonoid content and flower color in transgenic tobacco plants (Nishihara et al. 2011). The primary function of ANR is to catalyze the synthesis of flavan-3-ols from anthocyanin (Zhang et al. 2012), competing with the common substrate of UFGT, anthocyanidin, which it converts to anthocyanin (Ashton 2005). Moreover, ANR catalyzes the synthesis of flavan-3-ols from the substrates cyanidin and leucoanthocyanidin. As flavan-3-ols are the initiating monomers of PAs synthesis, these ANR-catalyzed reactions play a crucial role in the levels of both flavan-3-ols and PAs in plants. 
Vinay Kumar's research showed that overexpression of CsANR can increased the content of Flavan-3-ols and reduced anthocyanins, which makes the flowers of transgenic tobacco white (Kumar et al. 2012). In this study, our results are basically the same as Vinay Kumar, but the overexpression of CsANR not only regulated the conversion of anthocyanins to flavan-3-ols, reduced the content of anthocyanins, but also significantly increased the content of PAs in transgenic tobacco plants (Fig.3I, J and 5A, B). Furthermore, we compared the expression of key endogenous genes related to flavonoid synthesis in CsANR-overexpression transgenic tobacco plants. The data showed that the relative expression of the CHI and FLS genes were downregulated in the flowers of transgenic lines (Fig. 4C, F) compared to wild-type tobacco, which is consistent with the observation that overexpression of apple ANR genes inhibits expression of CHI genes in flowers, leading to a loss of anthocyanin in tobacco, as reported by Han et al (Han et al. 2012). Moreover, we analyzed the expression of the CHS, PAL, and DFR genes in the leaves and flowers of CsANR transgenic lines relative to wild-type tobacco plants. Overexpression of CsANR resulted in upregulated expression of the endogenous PAL, CHS, and DFR genes in the flowers of these plants (Fig.4C-E). Previously, the expression of the CHS and DFR genes in Capsicum annuum were shown to be higher in pigmented flowers than in white flowers (Stommel et al. 2009). Additionally, the co-suppression of tobacco chalcone synthase using a petunia chalcone synthase construct results in white flowers (Wang et al. 2006). As such, these observations indicate that CHS and DFR play a role in regulating the content of anthocyanin. 
CsANR-overexpression transgenic lines flowered early and completed their life cycle 12-16 days in advance compared to wild-type tobacco (Fig.2A, B). In order to determine the key positive or negative regulators influencing this early flowering, we assessed the expression of endogenous flowering-related genes in transgenic tobacco leaves and flowers. To this end, we analyzed the expression of the FT4, SOC1, NFL1, AP1, CMB1, and MADS genes in leaves and flowers of CsANR transgenic lines compared to wild-type tobacco plants. Previously research has shown that overexpression of FT orthologs can induce early flowering in different plants, such as tomato(Shalit et al. 2009), spring orchid(Lin et al. 2012), fig(Hidetoshi et al. 2013), and tobacco(Harig et al. 2012; Wickland et al. 2015), and in early flowering, the FT4 gene is required to activate AP1 expression, which promotes expression of other genes required for floral meristem differentiation(Lee et al. 2010). Four FT-like genes have been identified in the tobacco genome: FT1, FT2, FT3, and FT4, which act antagonistically to regulate floral initiation (Harig et al. 2012). Our study showed that the expression of FT4 was downregulated and that of AP1 was significantly upregulated in tobacco flowers (Fig.3C, F). Furthermore, overexpression of BpMADS and SOC1 in transgenic tobacco plants has been shown to result in early flowering (Qu et al. 2013; Ma et al. 2011). In this current study, the expression of SOC1, AP1, CMB1, and MADS were all upregulated in the leaves and flowers of transgenic lines overexpressing CsANR compared with wild-type tobacco. These data indicated that the expression of FT4, SOC1, AP1, CMB1, and MADS could be regulated by CsANR. Therefore, CsANR might function to upregulate the genes that regulate flowering in these transgenic tobacco plants, and overexpression of CsANR, thus, may serve to significantly increased the content of PAs and induce early flowering.
Conclusion 
Overexpression of CsANR significantly increased the PAs and flavan-3-ol (i.e., GC and EGC) contents in tobacco and served to induce early flowering. These results indicate that CsANR interacts with the flavonoid biosynthetic pathway to regulate flavonoid biosynthesis, at the same time, CsANR might upregulate endogenous flowering-related genes to regulate flowering in these transgenic tobacco plants. This study contributes to our understanding of the regulation of the PAs biosynthetic pathway in plants and provides a potential molecular tool for inducing early flowering in other plants.
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Figure.1 Structure of the transformation vector pSH-CsANR used in the study (A). Molecular validation of transgenic tobacco plants (B). We constructed the plant expression vector pSH-CsANR and transferred the vector into tobacco using the leaf disc transformation method. After resistance selection and PCR identification, we obtained a total of 25 strains of transgenic plants. The lines TP-2, TP-6, TP-9, and TP-16 demonstrated the highest expression levels of CsANR among all the transgenic plants. The three lines TP-6, TP-9, and TP-16 were used to analyze PA contents. 
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Figure.2 Morphological characterization and gene expression related to early flowering in CsANR overexpressing transgenic lines and wild-type tobacco plants. (A) Plants demonstrated early flowering in transgenic 35S::CsANR lines compared to wild-type tobacco. (B) CsANR-overexpressing transgenic lines underwent early flowering as compared to control tobacco plants. (C-H) Gene expression related to early flowering in transgenic 35S::CsANR lines in leaves and flowers compared to wild-type plants. Error bars indicate SD (n = 4); statistical significance is indicated *P<0.05.
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Figure.3 Morphological characterization and the anthocyanins and procyanidins content of CsANR-overexpressing transgenic lines and wild-type tobacco plants. (A-B) Complete flower from wild-type and transgenic lines. (c-d) Longitudinal section of both wild-type and transgenic lines. (e) Gynoecia of wild-type and transgenic lines. (f) Flower interior of wild-type and transgenic lines. (g) Androecia of wild-type and transgenic lines showing the filament and anthers. (h) Calyx of wild-type and transgenic lines, respectively. (i-j) Anthocyanins and procyanidins content of transgenic lines as compared to wild-type plants. 
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Figure.4 Relative transcript expression of endogenous flavonoid biosynthetic pathway genes and the CsANR transgene in leaves and flowers of CsANR transgenic and wild-type flowers. The CsANR transgene expression was absent in the wild-type flowers. Error bars indicate SD (n = 4). 
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Figure.5 The leaf flavan-3-ols content in transgenic lines. GC (a) and EGC (b) contents in the TP-6, TP-9, and TP-16 transgenic lines and wild-type tobacco plants. Error bars indicate SD (n = 3). Statistical significance is indicated *P<0.05.
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Supplementary figure.1 Schematic diagram of the flavonoid biosynthesis pathway, including the main branches of anthocyanin, proanthocyanidin, and flavonol synthesis. PAL, phenylalanine ammonia lyase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavonone 3-hydroxylase; DFR, dihydroflavonol reductase; FLS, flavonolsynthase; LAR, leucoanthocyanidin reductase; ANR, anthocyanidin reductase; UFGT, UDP-glucose: flavonoid 3-O-glucosyltransferase.



[bookmark: _Hlk18330807]Supplementary table.1 Oligonucleotide primers used for confirmation of transgenic lines and expression analysis of various endogenous genes.
	[bookmark: _Hlk18330818]Gene 
	Sequence of primers used for expression analysis

	CsANR 
	Forward 5’-GCTGTCAGGCTCAATCTCCAT

	
	Reverse 5’-GACCAGAGGCCGATTCTTTCT

	PAL
	Forward 5’-GGTGTTACTACTGGTTTTGGTGCT

	
	Reverse 5’-TGCCCTTGTTGCTGAATGTG

	CHS
	Forward 5’-GTTGGGCTTACATTCCACTTACTC

	
	Reverse 5’-TGCTTCCACTAGGCTTTTCTCA

	CHI
	Forward 5’-GACTATGATCTTGCCTTTGACGG

	
	Reverse 5’-CATCGGTGTAGGTTCCTATTGCT

	DFR
	Forward 5’-ATAAGGACTTGCCCGTGGTG

	
	Reverse 5’-ATCTGCTGTGCTTTGGGTAGAA

	FLS
	Forward 5’-AGGGAAGCAAATGAGGAATACG

	
	Reverse 5’-CCTAACCCAAGCCCAAGTGA

	AP1
	Forward 5’-AAGGCAATCCAGGAGGAGAAT

	
	Reverse 5’-GTGGTTGTAGGAGGAAAGATGCT

	CMB1
	Forward 5’-ATCGTCAACTCCCTCCACAAA

	
	Reverse 5’-TGCATTAACCTCGTTTCCACC

	FT4
	Forward 5’-CCCAAGCAACCCTAACCTGA

	
	Reverse 5’-TGAAATTCTGACGCCAACCTG

	NFL1
	Forward 5’- AATGTTGGGGCATGGAGACA

	
	Reverse 5’-CCACCAGAAACCGAGCTAGAAG

	MADS4
	Forward 5’-ATCGTCAACTCCCTCCACAAA

	
	Reverse 5’-CATTAACCTCGTTTCCACCCA

	SOC1
	Forward 5’-TCCGAGCACGAAAGATTCAA

	
	Reverse 5’-GCCACCAAACTTCTCCCTCA
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