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Abstract

:

Clematis tientaiensis is an ornamental plant with beautiful flowers that belongs to the Ranunculaceae family. C. tientaiensis is endemic to Zhejiang Province in China. Five different colours of the C. tientaiensis flower have been observed, and to explore the reason for this flower colour variation, transcriptome and metabolome sequencing analyses were conducted in this study. The results indicate that 32 metabolites participate in anthocyanin biosynthesis, and that 24 metabolites were differentially accumulated among the five different flower colours. The transcriptome sequencing results enabled the identification of 13,559 differentially expressed genes. Further analysis indicated that cyanidin-3-O-galactosidea and cyanidin-3-O-sophoroside promote anthocyanin accumulation in the flowers of C. tientaiensis, whereas the pelargonidin-3-O-galactoside plays a negative role in anthocyanin synthesis. In addition, a combined transcriptome and metabolome analysis showed that the WDR2 gene plays an important regulatory role in anthocyanin biosynthesis. The results of this study provide a basis for further research into the biosynthesis and regulation of anthocyanins in C. tientaiensis flowers.
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1. Introduction


Clematis is known as the “queen” vine plant due to its flower colour and shape variations; it belongs to the Ranunculaceae family [1,2]. Approximately 355 species of Clematis exist worldwide, and 155 species are distributed in China [3]. Among these species, Clematis tientaiensis is endemic to eastern Zhejiang Province (Yandang Mountain and Tiantai Mountain) in China and has high ornamental value with its beautiful flowers. In addition, C. tientaiensis was listed as a key protected wild plant in Zhejiang Province in 2021 [4].



Flower colour is a vital quality characteristic of flowering plants, largely due to the presence of pigment compounds in the chloroplasts or vacuoles in flower tissues [5]. The currently known plant pigments are mainly divided into three categories: flavonoids, carotenoids, and alkaloids [6]. Anthocyanin is a class of flavonoid compounds that is widely found in the roots [7,8], flowers [9], and fruits [10] of plants and results in their different colours. Anthocyanin results in an increase in both absorbance and in a bathochromic shift of the visible absorption maximum of the latter and is based mainly on hydrogen bond formation between the carbonyl group of the anthocyanin anhydrobase and aromatic hydroxyl groups of the complex-forming flavonoids [11]. In ornamental plants with anthocyanin as the main pigment, which mainly determines the flower colour, different anthocyanins are responsible for presenting different colours: pelargonine can yield colours ranging from orange to red, cyanidin can cause colours ranging from pink to fuchsia, and delphinidin can produce colours ranging from purple to blue [12,13].



In general, anthocyanins are closely related to the expression of structural genes and transcription factors [14]. In the initial stage of anthocyanin synthesis, the CHS protein catalyses the production of p-coumaroyl-CoA into chalcone, which is then transformed into naringenin by the CHI protein. Then, naringenin is catalysed by the F3H protein, which adds a hydroxyl group at position 3 to generate dihydrokaempferol (DHK). DHK is catalysed to produce dihydroquercetin (DHQ) and dihydromyricetin (DHM) by the F3′H and F3′5′H proteins, respectively. Then, the synthesis of anthocyanin glycosides is divides into three branches: DHK is catalysed to protopelargonin aglycone, DHQ is catalysed to leucocyanidin, and DHM is catalysed to leucodelphindin [15]. Mutation of the CHS gene in the flowers of the summer pansy changes the flower colours from the original blue to white and grey [16]. Mutations in the F3H gene prevent the conversion of flavanones to dihydroflavonols. Mutations in the F3H gene locus in petunia and antirrhinum produce white flowers [17]. The inhibition of F3H gene expression in carnation with an antisense RNA yields a series of plants with lighter or even colourless flowers from the original orange varieties [18]. The F3′H and F3′5′H genes play important roles in the synthesis of cyanidin and delphinidin, respectively, which exert important effects on the type and content of anthocyanins. The petals of morning glory usually accumulate cyanidin, and the flowers are generally purple-red in colour. Mutation of the F3′H gene induces the flowers to turn red and causes the accumulation of pelargonin in the petals [19,20]. In Petunia hybrida, insertion of the F3′5′H gene into the transposon results in a change in flower colour [21].



In our previous work, C. tientaiensis varieties presented five different flower colours. Each flower colour trait was stable under three consecutive flowering cycles. This phenomenon not only provides important Clematis flower colour germplasm resources, but also provides ideal materials for studying the colour variation mechanism in C. tientaiensis. To explore this flower colour variation, we used the C. tientaiensis plants of five different flower colours to conduct transcriptome and metabolome sequencing. These results of this sequencing reveal new insights into the role of metabolites and genes in modulating the flower colour of C. tientaiensis.




2. Materials and Method


2.1. Plant Materials


The flowers of C. tientaiensis used in this study were provided by the Zhejiang Institute of Subtropical Crops, Wenzhou, Zhejiang Province, China. These species were preserved in the National Clematis Germplasm Resource Center, Wenzhou, Zhejiang Province, China (C. tientaiensis voucher code: W-2017–12). Five flower colours of C. tientaiensis, namely, white (TTCB), lilac and white (TTJD), purple and white (TTJ), dark purple alternate (TTJZ), and dark purple (TTSZ) (Figure 1), were selected to explore the colour variations related to anthocyanin metabolic content. Fresh flowers of C. tientaiensis were collected, stored in liquid nitrogen, and then immediately stored at −80 °C.




2.2. Metabolite Extraction


Liquid chromatography/tandem mass spectrometry (LC‒MS/MS) was performed to detect compounds with high polarity and poor thermal stability and to accurately quantify the substances. The samples were treated using the following steps: the samples were vacuum freeze-dried and then ground (30 Hz, 5 min) to a powder using a ball mill, and 50 mg of powder was weighed, dissolved in 500 μL of extraction solution (50% aqueous methanol solution containing 0.1% hydrochloric acid), vortexed for 5 min, ultrasonicated for 5 min, and centrifuged for 3 min at 12,000 r/min and 4 °C. The supernatant was collected, and the process was repeated 1 time. The supernatant samples were combined, filtered through a microporous filter film (pore size of 0.22 μm), and stored in a sample bottle for LC‒MS/MS analysis [22].




2.3. Metabolome Analysis


Significantly regulated metabolites between groups were determined by VIP ≥ 0, and absolute Log2FC (fold change) ≥ 1.0. VIP values were extracted from the orthogonal projections to latent structures discriminant analysis (OPLS-DA) result, which also contained score plots and permutation plots, and were generated using the R package MetaboAnalystR. The data were log-transformed (log2) and mean-centered before OPLS-DA. To avoid overfitting, a permutation test (200 permutations) was performed [23]. ChemStation (version E.02.02.1431, Agilent, CA, USA) software and ChromaTOF software (version 4.34, LECO, St Joseph, MI, USA) were used to analyse the processed data [24], and the Fiehn or National Institute of Standard and Technology (NIST) database was used to annotate the metabolites [25]. Unsupervised principal component analysis (PCA) was performed by the statistics function prcomp within R (www.r-project.org, accessed on 1 March 2022) [26]. The data were unit-variance-scaled before unsupervised PCA. Differentially accumulated metabolites were identified by the fold change, which represents the ratio of expression amount between two samples (groups), and the p value was calculated by the t test. The metabolites with fold change ≥ 2 and fold change ≤ 0.5 were selected as the final differentially accumulated metabolites [27]. A Venn diagram and a heatmap were generated using the Lianchuan Bio Cloud Platform (https://www.lc-bio.cn/overview, accessed on 22 March 2022) with the default model.




2.4. Full-Length Sequencing and Analysis


Total RNA of the mixed flower sample was extracted by Tiangen Kit (Beijing, China) according to its manufacturer’s instructions. The degradation and quality of total RNA were analysed by separation on a 1% agarose gel and by using a Nanodrop spectrophotometer (IMPLEN, CA, USA), respectively. The Iso-Seq library was prepared according to the isoform sequencing protocol (Iso-Seq) using the Clontech SMARTer PCR cDNA Synthesis Kit and the BluePippin Size Selection System protocol, as described by Pacific Biosciences (PN 100-092-800-03). SMRTlink (an official PacBio software package) was used to process the original data. First, the subread sequences were obtained, and the subreads were calibrated to obtain the annular circular sequence (CCS) that contained 5′ and 3′ end primers and poly (A) tails. Then, the hierarchical N * log (n) algorithm was used to cluster the full-length sequences; finally, the resulting full-length sequences were polished to obtain a high-quality consensus for subsequent sequence analysis. The second-generation data were used to calibrate the polished consensus sequences, and then Cluster Database at High Identity with Tolerance (CD-HIT) software was used to remove redundancy. Unmapped transcripts and novel gene transcript functions were annotated based on the following databases: NR (NCBI nonredundant protein sequences); NT (NCBI nonredundant nucleotide sequences); Pfam (Protein family); KOG/COG (Clusters of Orthologous Groups of proteins); Swiss-Prot (a manually annotated and reviewed protein sequence database); KO (Kyoto Encyclopedia of Genes and Genomes (KEGG) Ortholog database); GO (Gene Ontology). We used Basic Local Alignment Search Tool (BLAST) software and set the e-value to ‘1e-10’ in the NT database analysis. We then used the Diamond BLASTX search tool and set the e-value to ‘1e-10’ in the NR KOG Swiss-Prot KEGG databases’ analysis. We used the Hmmscan software in the Pfam database analysis.




2.5. Transcriptome Data Analysis


Total RNA of each flower sample was extracted according to the protocol (Tiangen, Beijing, China), and degradation and quality were analysed by separation on a 1% agarose gel and using a Nanodrop spectrophotometer (IMPLEN, CA, USA), respectively. The first strand of cDNA was synthesised in the M-MuLV reverse transcriptase system using fragmented mRNA as a template and random oligonucleotides as primers. Then, the RNA strand was decomposed by RNaseH, and the second strand of cDNA was synthesised using deoxynucleoside triphosphates (dNTPs) as raw material in the DNA polymerase I system. After terminal repair, an A-tail was added to the purified double stranded cDNA, and sequencing joints were connected. cDNA of approximately 250–300 bp was screened with AMPure XP beads for PCR amplification. PCR products were purified again with AMPure XP beads to ultimately obtain the library. The database building kit was the NEBNext® Ultra™ RNA Library Prep Kit for Illumina® [28]. Raw data from sequencing included a small number of reads with sequencing connectors or with low sequencing quality, as shown in the figure below. Then, we mapped the read counts onto the transcriptome we assembled with PacBio. We used those reads for CCS error correction. The DESeq2 R package was used to identify the differentially expressed genes with specific parameters [29]. The differentially expressed metabolites were identified by the fold change, which represents the ratio of the expression amount between two samples (groups), and the p-value was calculated by the t test. The metabolites with fold change ≥ 2 and fold change ≤ 0.5 were selected as final differential metabolites.




2.6. Integrated Transcriptome and Metabolome Analysis


The Lianchuan Bio Cloud Platform (https://www.lc-bio.cn/overview, accessed on 22 March 2022) was used to analyse Spearman’s correlations in the dataset of differentially accumulated metabolites and DEGs in flowers of different colours. Spearman’s correlation coefficient |r| > 0.9 and a significant p-value < 0.01 were considered to indicate a strong correlation between the differentially expressed metabolites and DEGs. In addition, a clustering correlation heatmap was drawn with signs, and a correlation network was constructed.




2.7. Quantitative Real-Time PCR (qRT‒PCR)


qRT‒PCR was performed on the selected candidate genes to identify their expression levels in flowers of different colours. Specific primers for the 8 selected genes were designed by the Oligo 7 and are listed in Table 1, while the GAPDH gene in C. tientaiensis was used as the reference gene. The PCR cycling was denatured using a program of 95 °C for 10 min, 40 cycles of 95 °C for 15 s, and 60 °C for 60 s. The reactions were repeated three times in all experiments, and the 2−ΔΔCt method was used to calculate the relative changes in the gene expression levels.





3. Results


3.1. Metabolite Data Analysis


Thirty-two metabolites were detected in flowers of different colours in this study. Among the metabolites were seven flavonols, seven cyanidins, four delphinidins, four pelargonidins, three petunidins, five malvdins, one procyanidin, and one peonidin, respectively (Table S1). For these metabolites, principal component analysis (PCA) accurately grouped all samples into distinct clusters, which reflected the obvious differences between the differently coloured flowers. The results showed that TTCB had obvious differences from flowers of other colours (Figure 2).



The Venn diagram of the five groups indicated that 16 compounds were expressed in each group of flowers with a different colour (Figure 3a). Then, a heatmap of the coexpressed metabolites was constructed. The results indicated that the five cyanidin numbers (cya-3,5,3′-O-triglucoside, cya-3,5-O-diglucoside, cya-3-O-galactoside, cya-3-O-rutinoside-5-O-glucoside, cya-3-O-sophoroside) were most highly expressed in the dark purple flowers (TTSZ) (Figure 3b).




3.2. Differentially Accumulated Metabolite Analysis


In this study, 24 differentially accumulated metabolites were identified through the fold change, and further analysis was conducted. Comparison of the metabolites among the 10 groups indicated that there were no differentially accumulated metabolites between TTJ and TTJZ, while the greatest levels of increased/decreased metabolites were observed in TTCB compared with TTSZ (Figure 4a). TTCB was a white flower, which was set as the reference group. Then, a Venn diagram of differentially accumulated metabolites among the four groups (TTCB compared with TTJD, TTCB compared with TTJ, TTCB compared with TTJZ, and TTCB compared with TTSZ) was constructed. The results indicated that six differentially accumulated metabolites (cyanidin-3,5,3′-O-triglucoside, cyanidin-3,5-O-diglucoside, cyanidin-3-O-rutinoside-5-O-glucoside, delphinidin-3-O-galactoside, delphinidin-3-O-sophoroside, and kaempferol-3-O-rutinoside) were accumulated in all compared groups. In addition, seven differentially accumulated metabolites (afzelin, dihydrokaempferol, quercetin-3-O-glucoside, rutin, malvidin-3-O-arabinoside, pelargonidin-3-O-galactoside, pelargonidin-3-O-glucoside) were expressed in all the compared groups except in the comparison between TTCB and TTJD (Figure 4b). It is worth noting that procyanidin B2 accumulated differently only in TTCB compared with TTSZ. The heatmap of differentially accumulated metabolites showed that metabolites such as the cya-3,5,3′-O-triglucoside, cya-3,5-O-diglucoside, and malvidin-3-O-arabinoside (Figure 4c) present the opposite expression trend between TTCB and TTSZ.




3.3. Full Transcriptome Sequencing Result Analysis


A total of 822,866 circular consensus sequences (CCSs) were obtained by PacBio Iso-Seq, containing 72.47% (596,333) of the FLNC sequences (average length of 1524 bp) (Table 2). Notably, 84.56 G clean reads were obtained from the 15 samples through RNA-seq, and the GC content distribution was 44.22 to 44.98.




3.4. Differentially Expressed Gene Analysis


The total amount of raw data in 15 flower samples produced by Illumina sequencing was 90.01 G, and the filtered clean data were 84.56 Gb. The error rate was less than 0.03%, while the GC content was between 44.22% and 44.98%.



DESeq2 was used to analyse differentially expressed genes (DEGs). The number of DEGs in the C. tientaiensis flowers was statistically analysed, and a Venn diagram was constructed. A total of 13,559 DEGs were detected in the 10 comparison groups. The results of the DEG analysis indicated the largest number of DEGs between TTJD and TTSZ (4025 upregulated and 4655 downregulated DEGs), followed by the comparison between TTCB and TTSZ (3772 upregulated and 4395 downregulated DEGs). In addition, the lowest number of DEGs was observed between TTJ and TTJZ (80 upregulated and 202 downregulated DEGs) (Figure 5a). In addition, a heatmap of some DEGs (structural genes in anthocyanin biosynthesis and transcription factor genes that compose the MBW complex) was constructed (Figure 5b). The results showed that gene expression was divided into two groups: TTCB and TTJ clustered into one group, while other flower colour samples clustered into another group. For further analyses, GO terms on specific DEGs were built, and the result indicated that most genes had molecular function (Figure 5c).




3.5. Quantitative Real-Time PCR (qRT‒PCR) Validation of Select Genes Related to Anthocyanin Biosynthesis


Eight unigenes were selected for qRT‒PCR to identify the reliability of the RNA-seq data, including structural genes and transcription factor genes. The results showed a similar expression pattern of the FPKM level to those genes obtained in the RNA-seq data (Figure 6), indicating that the RNA-seq analysis results were reliable, which would be helpful for further study of anthocyanin biosynthesis among differently coloured flowers of C. tientaiensis.




3.6. Integrated Analysis of the Transcriptome and Metabolome


A correlation analysis was performed to further assess the relationship between anthocyanin genes and differentially accumulated metabolites. The results of transcriptome and metabolome sequencing indicated substantial differences in flower colour between white and dark purple flowers. The combined analysis results indicated that cyanidin-3-O-galactoside, cyanidin-3-O-sophoroside, and pelargonidin-3-O-galactoside had significant correlations with the WDR2 gene. Among them, cyanidi-3-O-galactoside and cyanidin-3-O-sophoroside were not only coexpressed in all samples, but were also differentially accumulated metabolites that had a positive significant correlation with the WDR2 gene. In addition, pelargonidin-3-O-galactoside had a significant negative correlation with the WDR2 gene (Figure 7).




3.7. Expression of Genes Related to the Anthocyanin Biosynthesis Pathway


In the first stage of anthocyanin synthesis, most of the CHS genes were expressed at lower levels in white flowers than in flowers of other colours. The expression of F3H genes in dark purple flowers was lower than that in other flower colours. In the second stage, the FLS genes showed different expression patterns, which warrants future study. In the third stage, ANR genes showed lower expression levels only in the TTJZ and TTSZ samples (Figure 8).





4. Discussion


4.1. Impact of Metabolites on Anthocyanin Biosynthesis


Flowers are the most vital attribute of horticultural flowering plants [30]. Environmental and gene regulation, which are composite biological processes, are the main factors that regulate the colouration of flowers [31,32]. With rapid advances in molecular methods, gene regulation has been identified in many plants [33,34]. Previous studies have shown that flavonoids have a variety of physiological functions, including in the colouration of flowers, in signalling during nodulation, and in auxin transport [35,36]. Anthocyanins are flavonoids [37] that play vital roles in the formation of flower colour [38].



C. tientaiensis, which has large and colourful flowers, was listed as a key protected wild plant in Zhejiang Province in 2021. The pattern of variation in anthocyanin contents and the accompanying flower colouration in C. tientaiensis were analysed in this study. The metabolites appeared to be more active in the TTSZ sample, which contained the highest number of differentially accumulated metabolites. In this study, cyanidin-3-O-galactoside and cyanidin-3-O-sophoside, which are specialised pigments leading to a dark purple colour, were found at the highest expression levels in dark purple flowers [39]. In addition, malvidin-3-O-(6-O-malonyl-beta-D-glucoside) and malvidin-3-O-glucoside were only expressed in the TTJD and TTSZ samples, and the highest expression levels were observed in TTSZ. The flower colour changed from white to lilac and white, and two malvidins began to appear. This result indicated that malvidin-3-O-(6-O-malonyl-beta-D-glucoside) and malvidin-3-O-glucoside may promote the accumulation of the purple pigment in flowers [40]. Furthermore, the contents of flavonoids such as kaempferol-3-O-rutinoside and rutin gradually decrease as the flowers become more purple.




4.2. Integrated Transcriptome and Metabolome Analysis


In recent years, metabolite mechanisms and associated genetic mechanisms have been examined to analyse the relationship between key genes and metabolites in biosynthetic pathways in many plants, such as Solanum tuberosum [41], Muscari [42], Osmanthus fragrans [43], and Brassica oleracea L. [44]. In previous studies, the genes controlling the natural variation in flower colour have been analysed and identified in Glycine max [45], Torenia [46], and many other plants. Studies have shown that some genes function specifically to affect anthocyanin synthesis, and these include structural genes involved in anthocyanin synthesis and transcription factors. The DEGs identified in this study also included structural genes (CHI, FLS, ANR, CHS, DFR, F3’5’H1, and UFGT) and transcription factors (MYB, WD40, and BHLH). These genes may help researchers further understand anthocyanin synthesis in C. tientaiensis.



The results of the present study indicated that the WDR2 gene had a significant positive correlation (p < 0.01) with cyanidin-3-O-galactoside and cyanidin-3-O-sophoroside. The WD40 transcription factor family is a superfamily present in all eukaryotes and is involved in a group of multiple protein complexes that regulate growth, development, and abiotic stress. The MYB-bHLH-WD40 (MBW) complex regulates and catalyses the biosynthesis of plant anthocyanidins, which play an important role in the transcriptional regulation of anthocyanin metabolic pathways in plants. According to previous studies, the WD40 transcription factor is involved in anthocyanin biosynthesis in plants [47]. Due to its stable expression, the WD40 transcription factor is a very important participant in anthocyanin biosynthesis and usually acts as an activator of transcription to regulate anthocyanin pigment accumulation. A WD40 protein in apples (MdTTG1) interacts with bHLH, which promotes the accumulation of anthocyanins [48]. A WD40 repeat protein from Medicago truncatula is needed for tissue-specific anthocyanin and proanthocyanidin biosynthesis [49]. In this study, the WDR2 gene had the lowest expression level in the TTCB and TTJD samples, was increased in the TTJ and TTJZ samples, and peaked in the TTSZ samples. This phenomenon indicated that the WDR2 gene had a positive correlation with anthocyanin pigment accumulation.





5. Conclusions


In this study, RNA-seq and metabolome sequencing were performed to elucidate the differential regulation of anthocyanin biosynthesis in five differently coloured flowers (TTCB, TTJD, TTJ, TTJZ, and TTSZ) of C. tientaiensis. A total of 13,559 DEGs and 24 differentially accumulated metabolites were identified from the 10 comparisons. Four malvidins (malvidin-3-O-galactoside, malvidin-3-O-(6-O-malonyl-beta-D-glucoside), malvidin-3-O-glucoside, and malvidin-3-O-sophoroside) may promote anthocyanin accumulation in the flowers of C. tientaiensis. In addition, the CHI2 gene plays a positive regulatory role in the anthocyanin synthesis process, while the BHLH3 gene plays a negative regulatory role. The study also provides reliable data on anthocyanin biosynthesis during flower colouration in C. tientaiensis.
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Figure 1. Five C. tientaiensis varieties with different flower colours. (a) White (TTCB) flowers; (b) lilac and white (TTJD) flowers; (c) purple and white (TTJ) flowers; (d) dark purple alternate (TTJZ) flowers; (e) dark purple (TTSZ) flowers. 
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Figure 2. Plots of principal component analysis (PCA) of flower of different colours. 
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Figure 3. Analysis of the metabolome results. (a) Venn diagram of metabolite expression in different coloured flower samples. Different groups are represented by different colours. (b) Heatmap of coexpressed metabolites in flower samples of different colour; the numbers are Z-score values of FPKM. 
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Figure 4. Analysis of the differentially accumulated metabolites. (a) Comparison of the metabolite profiles among different flower colours. The metabolites with increased levels are presented in red, and the metabolites with decreased levels are presented in black. (b) Venn diagram of differentially accumulated metabolites. (c) Heatmap of differentially accumulated metabolites. 
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Figure 5. DEG analysis of flowers of different colours in C. tientaiensis. (a) The number of DEGs identified in every comparison group. The blue/red bars represent the numbers of up/downregulated genes. (b) Heatmap of DEGs of flowers of different colours in C. tientaiensis. (c) GO term of specific DEGs. 
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Figure 6. qRT‒PCR identification of selected genes related to anthocyanin biosynthesis. (a) Expression levels of 8 unigenes based on the FPKM level. (b) Relative expression levels of 8 unigenes determined using qRT‒PCR. The error bars represent the standard deviations from three replicates. 
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Figure 7. Correlation analysis of the genes related to anthocyanin and differentially accumulated metabolites. (a) Heatmap of metabolite abundance according to hierarchical clustering analysis. *: p < 0.05, **: p < 0.01. (b) The results of the correlation analysis between anthocyanin genes and differentially expressed metabolites. 
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Figure 8. Expression of genes in the anthocyanin biosynthesis pathway. The expression of related genes in the RNA-seq data (FPKM) is represented by the rectangle. The high/low expression levels are represented by red/blue, respectively. 
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Table 1. Primers for qRT‒PCR.
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	Gene
	Primers





	CHI2-F
	ACGCACAAAACGCCATTCC



	CHI2-R
	TCCGTGTAGGTCCCCTTAGC



	CHS 1-F
	CCAAAAAAGCCTCGTTGAAGC



	CHS1-R
	AATAGCACGCCCCAGTCCA



	ANR2-F
	CGAATCCTGTTGGACGCCT



	ANR2-R
	TCTCCTCCTACTAAACCGCAAA



	DFR2-F
	CTGGGAAGGTTACATCAGGAAA



	DFR2-R
	CACCAAATCCGCCTTTATGC



	F3′5′H1-F
	CGTAAACTTCCCCCAGGTCC



	F3′5′H1-R
	TCGTGGTCCATAATCAGCAAA



	F3H2-F
	CATCTACCTCTGCCTGCTGG



	F3H2-R
	ACTCGGGCTGGAATGTCGT



	FLS1-F
	ACTCGGGGTGAAGGAGGACT



	FLS1-R
	AGCATTGGGAATAATCGGAAC



	MYB3-F
	CCGCAAGTTGAACACAGAGC



	MYB3-R
	GACGAGCGATTGTAGCCCA



	WDR3-F
	CAAGGTAATCCAGGAAGCGTC



	WDR3-R
	CGATGTTGGGTCCATAGGCA



	GAPDH-F
	AACCCTGAGGAGATTCCA



	GAPDH-R
	CACCACCCTTCAAGTGAGCAG
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Table 2. Full length RNA-seq results.






Table 2. Full length RNA-seq results.















	
	Polymerase Reads
	Subreads
	Circular Consensus Sequence (CCS)
	Full-Length Nonchimeric (FLNC)
	Polished Consensus
	Transcripts
	Genes





	Total bases (Gb)
	58.05
	54.21
	/
	/
	/
	/
	/



	Number
	897,735
	49,912,055
	822,866
	596,333
	51,522
	51,522
	18,884



	Mean Length (bp)
	64,659
	1087
	1704
	1524
	1606
	/
	/



	Read N50 (bp)
	123,923
	1598
	2501
	2286
	2293
	/
	/
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