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Abstract

:

Polyphenols play a crucial role in fruit flavor. To elucidate the mechanism of fruit polyphenol metabolism, we constructed a transcriptome atlas through PacBio single-molecule real-time (SMRT) sequencing and Illumina next-generation sequencing (NGS) using Canarium album (Lour.) Raeusch., which is a fantastic fruit rich in polyphenolic compounds. In this work, PacBio full-length transcriptome assembly generated 135,439 isoforms with an average length of all isoforms of 2687.94 bp and an N50 length of 3224 bp. To gain deeper insights into the molecular mechanisms of polyphenol biosynthesis in C. album, we constructed twelve RNA-Seq libraries from four developmental stages of the fruits. We identified a total of 28,658 differentially expressed genes (DEGs). We found that many DEGs were involved in metabolic pathways, biosynthesis of secondary metabolites, biosynthesis of antibiotics, starch and sucrose metabolism, and plant hormone signal transduction. Here, we report the expression profiles of 215 DEGs encoding 27 enzymes involved in the polyphenol biosynthesis pathway in C. album. In addition, 285 differentially expressed transcription factors (TFs) continuously down-regulated in four developmental periods of C. album fruit, which may indicate their potential role in the response to polyphenol metabolism and phenylpropanoid biosynthesis pathways. This report will help us understand polyphenol biosynthesis’s functions and metabolic mechanism in C. album. The transcriptome data provide a valuable resource for genetic and genomics research. They will facilitate future work exploiting C. album and other fruits used as medicine and food.
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1. Introduction


Canarium album (Lour.) Raeusch., also known as Chinese olive, is a member of the Burseraceae family, which is native to tropical and subtropical regions, including China, Vietnam, Thailand, Malaysia, and Japan [1,2,3]. Canarium album is of great economic importance for its edible and nutrient-rich pulp and kernels [4,5,6]. Different from Olea europaea L., which is mainly used as the extraction source for olive oil, C. album fruits have a relatively low oil content. Its fresh fruit exhibits a unique flavor profile, which is bitter and astringent at first and then becomes sweet and fragrant after chewing [4,7]. The flavor is mainly due to C. album being rich in polyphenols. These fantastic fruits accumulate rich secondary metabolites, such as phenolic compounds [8,9], flavonoids [10], terpenoids [11,12] and polysaccharides [13,14], which are responsible for some pharmacological functions, such as antibacterial, antiviral, and anti-inflammation [15,16,17]. In particular, the fruit has played an important role in antioxidant capacity and free-radical scavenging ability [5,8,18], which benefit from its total phenolic content (TPC). The TPC of C. album is much higher than most fruits [19,20]. The polyphenols of C. album are the primary material basis for the astringent taste of the fruits, and are essential and complex secondary metabolites in plants, including phenolics, flavonoids, flavonols, tannins, lignins, anthocyanins [21,22]. The biosynthesis pathway of polyphenol has been studied in many plants [23]. However, most studies on C. album have focused on determining its phenolic substances. In contrast, few studies have reported on the molecular organisms’ biosynthesis and metabolism, mainly due to the lack of reference genomic and transcriptome information. It is thus necessary to study the polyphenol metabolism at the transcriptome level to guide the development and utilization of C. album worldwide.



Transcriptome sequencing or RNA sequencing is a high-resolution, sensitive, high-throughput next-generation sequencing (NGS) approach. It assembles RNA transcripts from individual or whole functional and developmental stage samples. Presently, NGS technologies have become a standard tool for many applications in basic biology, clinical diagnostics, and agronomical research [24]. During the past two decades, transcriptome sequencing technology has made tremendous progress, which improves gene ontology and understanding of the mechanisms of biological processes, molecular functions, and cellular components. However, there is limited information available on this topic. Short reads and misassembly, which are disadvantages of NGS technology, quickly result in the loss of some vital information and greatly hinder its ability to estimate transcript abundance at a genome-wide scale [25,26].



In recent years, third-generation sequencing (TGS) has overcome the limitations of second-generation sequencing, and long-read sequencing (LRS) technology has significantly increased the length of a single contiguous read from a few hundred to millions of base pairs. LRS technologies enable faster, more efficient, and higher throughput ultralong reads, which allow for direct sequencing of genomes that would be impossible or difficult to investigate using short-read sequencing approaches [27,28]. The Pacific BioSciences (PacBio, Menlo Park, CA, USA) RSII TGS technology has accomplished single-molecule real-time (SMRT) sequencing. The full-length transcripts can significantly increase the accuracy of genome annotation and transcriptome characterization compared to the transcript assembled from short RNA-seq reads [29]. PacBio SMRT sequencing technology is instrumental in capturing entire transcriptomes and constructing a comprehensive transcriptome for species without genomes [30]. However, PacBio sequencing has a relatively high error rate and low throughput. Therefore, combining the two sequencing methods is necessary to correct for uniform coverage and high accuracy [31,32,33,34].



Therefore, we used SMRT sequencing and Illumina high-throughput sequencing to obtain a global overview of the full-length transcriptome of C. album. We identified the genes involved in the polyphenol biosynthesis pathway and analyzed the expression patterns. This study first combined SMRT-Seq and RNA-Seq to generate the complete and full-length transcriptome of C. album. This will help researchers further understand the polyphenol biosynthesis of C. album, which is essential to accumulation and regulation. Our study could lay a foundation for medicinal activity research, astringency mechanism studies, and fruit quality regulation of C. album.




2. Materials and Methods


2.1. Plant Materials


The fruits of C. album cultivar ‘Changying’, cultivated at the C. album plantation located in Minhou county, Fujian Province, China (26°13′ N, 119°02′ E, 127 m altitude), were used as materials. We selected three healthy and approximately uniform trees with the same environmental conditions for the experiment. C. album fruit samples were collected at 20, 40, 70, and 110 days after flowering (DAF). Three biological replicates (three trees) for each developmental stage were harvested. At each developmental stage, 20–30 representative fruits without visible blemishes or diseases were sampled from each tree. The fruit pulp of all samples was cut into pieces, immediately frozen in liquid nitrogen, and stored at −80 °C until RNA isolation, and synchronously, we measured the fruit weight, longitudinal diameter, and transverse diameter. The fruit shape index was calculated, being equal to the longitudinal diameter divided by the transverse diameter. Each index was repeated with 10 fruits.




2.2. Measurement of Total Phenolic Content (TPC)


The determination of the TPC in C. album was based on the UV spectrophotometric method previously reported [35], with minor modifications. Samples of frozen flesh were ground to powder with liquid nitrogen, and 500 mg aliquots of ground samples were suspended in 15 mL of prechilled 40% ethanol. The mixture underwent ultrasonication (KQ-600DE Ultrasonic Instruments, Kunshan, China) for 30 min. After centrifugation for 10 min at 10,000 rpm, we obtained the supernatant. The procedure was then repeated. The supernatant was collected and diluted, and UV–vis spectroscopy determined the light absorption value at a 263 nm wavelength (Lambda-25, Perkin Elmer, Waltham, MA, USA). The TPC of C. album fruits was calculated according to the standard curve of gallic acid (GA) (Yuanye Biotech Co., Ltd., Shanghai, China).




2.3. RNA Sample Preparation


Samples of frozen C. album flesh were ground into flour with liquid nitrogen. The total RNA was extracted from each sample using the TRIzol reagent (Life Technologies, Carlsbad, CA, USA) and processed according to the manufacturer’s protocol. The integrity of the RNA was detected on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and agarose gel electrophoresis. The purity and concentration of the RNA were checked using a NanoDrop micro-spectrophotometer (Thermo Fisher, Waltham, MA, USA).




2.4. PacBio Library Construction and Single-Molecule Sequencing


Approximately 6 μg of total the RNA of C. album (pooled into equal amounts from each sample) was used for PacBio library construction. Oligo (dT) magnetic beads were enriched with mRNA and then reverse transcribed into cDNA. The optimal amplification cycle number generated double-stranded cDNA. Then, the BluePippinTM Size-Selection System was used to perform the >4 kb size selection and the next SMRTbell library construction. After DNA damage was repaired and end-repairs were completed, cDNA templates were ligated with sequencing adapters, primer, and polymerase. Gene Denovo Biotechnology Co. (Guangzhou, China) performed the single-molecule sequencing by the PacBio Sequel platform using P6-C4 chemistry with 10 h movies.




2.5. Illumina RNA-Seq Library Construction and Sequencing


Twelve RNA samples from four development stages of C. album fruit were used for Illumina library construction and paired-end sequencing following the standard high-throughput instruction on the Illumina HiSeqTM 4000 platform (Gene Denovo). First, mRNA from each sample was enriched using Oligo (dT) beads, and Ribo-ZeroTM Magnetic Kit (Epicentre) was used to wipe off the rRNA. Second, the enriched mRNA was fragmented into short fragments and reverse transcribed into cDNA with random primers. Third, the cDNA fragments were ligated to Illumina sequencing adapters after purification, end repair was performed, and poly(A) was added. Finally, the ligation products were selected by purified, PCR amplified, and sequenced using Illumina HiSeqTM 4000.




2.6. Data Analyses of Single-Molecule Sequencing Data


The raw sequencing reads from cDNA libraries were classified and subjected to the circular consensus sequence (CCS) reads through the SMRT Link v6.0 pipeline. This was used to classify the raw sequencing reads from cDNA libraries and clustered to transcript consensus [36]. According to cDNA primers and poly-A tail signal, CCS reads could be classified into full-length non-chimeric (FLNC), non-full-length (nFL), full-length chimaera, and short reads that were discarded. Subsequently, the FLNC reads were clustered by ICE (iterative clustering for error correction) algorithm to generate the cluster consensus isoforms. To obtain the FL polished high-quality consensus sequences (accuracy ≥ 99%), the nFL reads were polished by Quiver algorithm, and the low-quality isoforms were further corrected using Illumina short reads obtained from the same samples by the LoRDEC tool (version 0.8) [33]. Ultimately, to filter the final transcriptome isoform sequences, the software CD-HIT-v4.6.7, with a threshold of 0.99 identities, was used to remove the redundant sequences.



Basic annotation of isoforms was performed, including protein functional annotation, pathway annotation, eukaryotic clusters of orthologous groups (KOG) functional annotation, and Gene Ontology (GO) annotation. Isoforms were BLAST-analyzed against the NCBI non-redundant protein (Nr) database (http://www.ncbi.nlm.nih.gov, accessed on 27 August 2021), the Swiss-Prot protein database (http://www.expasy.ch/sprot, accessed on 27 August 2021), the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg, accessed on 27 August 2021), and the COG/KOG database (http://www.ncbi.nlm.nih.gov/COG, accessed on 27 August 2021) with the BLASTx program (http://www.ncbi.nlm.nih.gov/BLAST, accessed on 27 August 2021) at an E-value threshold of 10−5 to evaluate sequence similarity with genes of other species. GO annotation was analyzed by Blast2GO software [37] according to Nr annotation results of isoforms. Then, the GO functional classification of isoforms was performed using the WEGO software [38]. The protein coding sequences of isoforms were aligned by hmmscan to the Plant TF database (PlnTFDB; http://planttfdb.cbi.pku.edu.cn/, accessed on 27 August 2021) and to TF families.




2.7. Quality Assessment of Transcriptome Assembly


To obtain high-quality clean reads of RNA-seq data, we filtered raw reads after eliminating reads with adapters and containing unknown nucleotides (N ≥ 10%); the low-quality reads containing more than 40% of low-quality bases (Q-value ≤ 20) were also discarded. At the same time, the Q20, Q30, and GC content were calculated. After alignment with Ribosome RNA (rRNA), residual rRNA reads were removed, and we acquired high-quality clean reads. Using the full-length isoforms generated from SMRT sequencing as reference sequences, the high-quality clean reads were mapped to the reference transcriptome by the short reads alignment tool Bowtie2 [39] with default parameters, and the mapping ratio was calculated. Only high-quality clean reads with a perfect match were further analyzed. To evaluate the sequencing data’s reliability and operational stability, we calculated the correlation coefficient and the principal component analysis (PCA) among samples. The closer the correlation coefficient approaches to 1 indicated, the better the repeatability between two parallel experiments. PCA was performed using R package models (http://www.r-project.org/, accessed on 27 August 2021).




2.8. Differentially Expressed Genes (DEGs) Analysis and Functional Annotation


The gene abundances were calculated and normalized to FPKM (fragments per kilobase of transcript per million fragments mapped) [40]. The unigene expression levels among the different development stages of C. album were further analyzed based on RNA-seq. The edgeR package (http://www.r-project.org/, accessed on 27 August 2021) identified DEGs across four periods with a fold change (FC) ≥ 2 and a false discovery rate (FDR) < 0.05 in comparison. Then, all DEGs were subjected to enrichment analysis of GO functions and KEGG pathways to identify significantly enriched GO terms and metabolic pathways.




2.9. Gene Validation and Quantitative Real-Time PCR (RT-qPCR) Analysis


RT-qPCR characterized the expression profiles of 9 DEGs to validate the reliability of RNA-seq. The total RNA of each sample was firstly extracted and used for first-strand cDNA synthesis according to the instructions provided with the RNAprep Pure Plant Kit (Polysaccharides & Polyphenolics-rich) and the FastKing gDNA Dispelling RT SuperMix (TIANGEN, Beijing, China).



The corresponding primer pairs were designed using Primer 5.0 software, and the primer sequence information is given in Table S1. RT-qPCR was performed on a Roche LightCycler96 instrument (Kanton Basel, Basel, Switzerland) using SYBR-green to detect gene expression abundances according to the protocol of RealUniversal Color PreMix (SYBR Green) (TIANGEN). Briefly, 20 μL of the reaction mixture was added to each well. The PCR reactions were performed by a predegeneration at 95 °C for 15 min followed by 40 cycles at 95 °C for 10 s and 60 °C for 20 s. The dissociation curves identified nonspecific PCR products. Three biological replicates with three technical replicates were carried out.



The RT-qPCR output data were generated by the instrument’s on-board software LightCycler® 96 SW 1.1 (Roche). The beta-actin gene (ACT7) was used as an internal control [41]. The 2−∆∆CT method was used to determine the relative expression levels of the genes that were calculated for development time points relative to the first sampling time point [42].





3. Results


3.1. Growth and Development and TPC of C. Album Fruits


The developmental phenotypic characteristics of C. album fruits are shown in Figure 1A. During the rapid growth period, from 20 DAF to 70 DAF, the longitudinal and transverse diameters of the fruit increased significantly (Figure 1B), and the fruit expanded. Until 110 DAF, the fruit grew steadily. During fruit growth and development, the longitudinal diameter increased from 17.39 mm to 40.04 mm, while the transverse diameter grew from 9.34 mm to 22.45 mm, and the fruit weight gained from 0.83 g to 10.76 g. Polyphenols are essential components affecting fruit quality [43,44]. The fruit shape index remained relatively stable throughout the entire growth period. As shown in Figure 1C, in the early stage of C. album fruit development, the TPC decreased significantly from 5001.24 mg/100 g·FW (20 DAF) to 1855.26 mg/100 g·FW (70 DAF) and increased slightly to 2355.32 mg/100 g·FW in the 110 DAF.




3.2. PacBio SMRT Sequencing Captures Full-Length Transcripts of C. album


Full-length cDNA sequences are essential for correct annotation and identification of authentic transcripts from fruits. We used SMRT technology to construct the complete and full-length C. album transcriptome. We generated 9,196,552 subreads (20 billion bp) using the PacBio Sequel platform (Table S2). We obtained approximately 35.2 Gb of subreads data. All the raw read data have been deposited into the NCBI Sequence Read Archive database (PRJNA749395). A total of 378,289 FLNC reads with an average size of 2670 bp were identified, accounting for 87.19% (Table S3, Figure S1). After filtering the short reads, removing 5′ primer, 3′ primer, and poly-A of FLNC, and clustering and polishing, we obtained high-quality consensus isoforms (Figure S2). Meanwhile, the Illumina RNA-seq library corrected errors to improve the accuracy of sequences further. We acquired a total of 135,439 isoforms as the final full-length transcriptome isoform sequences (Table 1) and the length distribution of the isoform sequences, as shown in Figure S3. The average length of all isoforms was 2687.94 bp, N50 length was 3224 bp, and the GC content was 40.47% (Table 1, Figure S3).



All full-length isoforms were analyzed based on Blastx (E-value ≤ 10−5) searches against the public database to predict the function of these unigenes. According to the results of four database annotations (Figure 2A, Table S4), up to 131,258 isoforms (96.91%) were annotated for function. The number of isoforms assigned to these four databases ranged from 59,342 (43.81%, KEGG) to 131,160 (96.84%, Nr). As shown in Figure 2B, Citrus sinensis has the highest similarity to C. album with 59,834 isoforms (45.62%), followed by Theobroma cacao (8.95%) and Cephalotus follicularis (6.57%). We allocated 70,942 isoforms (52.38%) to GO databases, which were distributed across three main categories: biological process (49.49%), cellular component (29.38%), and molecular function (21.13%) clusters, and further classified them into 47 subcategories (Figure 2C). The candidate genes involved in metabolic and cellular processes of the biological process were the most represented, followed by the catalytic activity of the molecular function. In addition, 95,019 isoforms (70.16%) were allocated to KOG databases (Figure 2D). Among the 25 KOG categories, general function prediction only represented the largest group (33,501 genes, accounted 17.74%), followed by signal transduction mechanisms (25,560, 13.54%) and posttranslational modification, protein turnover, and chaperones (21,886, 11.59%). Moreover, 111,664 isoforms (82.45%) and 59,342 isoforms (43.81%) were allocated to the Swiss-Prot and KEGG databases, respectively (Table S4).




3.3. Quality Evaluation of Illumina RNA-Seq


We designed twelve cDNA libraries (three for each stage) for RNA-Seq. In total, 523,412,216 raw reads were generated by the Illumina HiSeqTM 4000 platform (PRJNA749395), yielding a total of 522,724,448 high-quality clean reads (78 billion bp) with an average of 43,560,370 clean reads for each library (Table S5). The Q20 and Q30 of all libraries were more than 97% and 93%, respectively. The average GC content was 44.61%.



The clean reads were then mapped to the reference genes of the C. album full-length transcriptome database via the Bowtie2 software. This would significantly enhance the accuracy of gene annotation and transcriptome characterization [45]—an average of 94.66% of clean reads mapped to the full-length transcripts (Table S6). We evaluated the relative abundance values by calculating the FPKM. Finally, 113,803 genes were identified in all samples, accounting for 84.03% of all reference genes, with more than 88,000 genes from each library (Table S7). The correlation and PCA analyses indicated that the sample had good repeatability, stable operation, and reliable sequencing data (Figure S4).




3.4. DEGs Analysis


The DEGs between groups that met the criteria with FDR < 0.05 and |log2FC| > 1 were screened. Comparative analysis of DEGs at different development stages of C. album fruits (Figure 3A) was performed. In the DAF20-vs-DAF40, DAF40-vs-DAF70, and DAF70-vs-DAF110 groups, 10,365, 4272, and 6956 DEGs were detected, respectively. In the DAF20-vs-DAF40 group, the number of up-regulated and down-regulated DEGs was the highest, with 4836 and 5529 DEGs, respectively. This indicated that more physiological and biochemical activities occurred in C. album fruits during 20~40 DAF. In general, there were more down-regulated DEGs than up-regulated DEGs in each comparison group, especially in the DAF70-vs-DAF110 group, where the number of down-regulated DEGs was 2.4 times as large as that of the up-regulated DEGs, indicating that more genes had adverse regulation effects on C. album fruit development. In total, 492 genes exhibited significant expression changes in all comparison groups, indicating that these genes have a critical regulatory role in fruit growth (Figure 3B). There were 7422, 1548, and 3989 DEGs in DAF20 vs. DAF40, DAF40 vs. DAF70, and DAF70 vs. DAF110, respectively, which may play a unique role in different developmental stages of C. album fruit.




3.5. Functional Annotation of DEGs


Functional annotation was performed on the GO database for DEGs in each group to reveal the functions of these genes involved in fruit development. As shown in Figure 4, DEGs of the DAF20 vs. DAF40, DAF40 vs. DAF70, and DAF70 vs. DAF110 groups were mainly involved in the following functional categories: ‘metabolic process’, ‘cellular process’, and ‘single-organism process’ of the biological progress term; ‘catalytic activity’ and ‘binding’ of the molecular function term; and ‘cell’ and ‘cell part’ of the cellular component term. The DAF20 vs. DAF40 group had more DEGs in each function category. There were more down-regulated DEGs than up-regulated DEGs in each group, especially in the DAF70 vs. DAF110 group, where the number of down-regulated DEGs was almost twice as large as the number of up-regulated DEGs in major subcategories. The results showed that the physiological activities from 20 DAF to 40 DAF and 70 DAF to 110 DAF were more active than those at the 40 DAF to 70 DAF stages during the development of C. album fruits, mainly in terms of metabolism and catalytic function.



We performed KEGG pathway enrichment analysis to understand the characteristics of the complex biological behavior observed in the transcriptome profiles. The overall response pathways of DEGs were presented (Figure 5). In each comparison group, many DEGs concentrated on metabolic pathways and biosynthesis of secondary metabolites. In the up-regulated DEGs, ‘protein processing in endoplasmic reticulum’, ‘circadian rhythm-plant’, ‘glycolysis/gluconeogenesis’, ‘biosynthesis of antibiotics’, and ‘starch and sucrose metabolism’ were significantly enriched in DAF20 vs. DAF40. Meanwhile, ‘brassinosteroid biosynthesis’, ‘riboflavin metabolism’, and ‘biotin metabolism’ were significant from DAF40 to DAF110. In the down-regulated DEGs, the most substantial enrichment pathways of DAF20 vs. DAF40 were ‘phenylpropanoid biosynthesis’, ‘starch and sucrose metabolism’, ‘plant hormone signal transduction’, and ‘phenylalanine, tyrosine and tryptophan biosynthesis’. In addition, ‘cutin, suberine and wax biosynthesis’ and ‘glucosinolate biosynthesis’ were also significantly enriched. Compared with DAF20 vs. DAF40, ‘phenylalanine, tyrosine and tryptophan biosynthesis’, ‘protein processing in endoplasmic reticulum’, ‘phenylpropanoid biosynthesis’, and ‘pentose and glucuronate interconversions’ got richer enrichment in DAF40 vs. DAF70. Interestingly, ‘flavonoid biosynthesis’ was the significantly enriched pathway in DAF70 vs. DAF110. The results indicate that the metabolism in the development of C. album fruit is a very complex biological process. Among thesis pathways, ‘phenylpropanoid biosynthesis’, ‘phenylalanine, tyrosine and tryptophan biosynthesis’, and ‘flavonoid biosynthesis’ were significantly enriched, and were most closely related to the polyphenol metabolism of C. album fruit and deserved further attention.




3.6. Identification of DEGs in Major Polyphenol Biosynthetic Pathway


Polyphenol metabolism mainly includes three main biosynthetic pathways: the hydrolysable tannin (HT) biosynthesis pathway, the phenylpropanoid biosynthesis pathway, and the flavonoid biosynthesis pathway, which also refers to the biosynthesis of hydrolysable tannins (HTs), lignins, lignans, flavones, flavonols, anthocyanins, and condensed tannins (CTs). Among them, the HT biosynthesis pathway is a branch of the shikimic acid pathway. Here, we analyzed DEGs related to polyphenol biosynthesis pathways in C. album fruits and their expression patterns at four developmental stages. We further analyzed the three main metabolic pathways.



3.6.1. Identification of DEGs Related to HT Biosynthesis Pathway


As shown in Figure 6, the shikimic acid pathway is upstream of the HT biosynthesis pathway. It started from the initial enzyme 3-deoxy-7-phosphoheptulonate synthase (DAHPS, EC 2.5.1.54), which combined erythrose-4-phosphate (E4P) from glycolysis and phosphoenolpyruvate (PEP) from the pentose phosphate pathway to produce 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP). We found twelve DAHPS, continuously down-regulated through the four stages of C.album fruit, highly correlated with TPC. Among them, nine unigenes were highly expressed. We identified seventeen unigenes encoding 3-dehydroquinate dehydratase I (DHQD/DHQ, EC 4.2.1.10) or shikimate dehydrogenase (SDH, EC 1.1.1.25), only two of them negatively correlated with TPC. DHQ-SDH is a bifunctional enzyme in many plants [46]. On the one hand, SDH contributes to producing shikimic acid; on the other hand, SDH also forms GA.



As a branch of the shikimic acid pathway, the GA pathway to HT is rarely mentioned and does not seem to be characterized in KEGG. However, previous studies have shown that HT is a crucial component of C. album fruit [47]. Therefore, based on the existing research on HTs [48,49,50,51,52], we mapped the HT biosynthetic pathway in C. album and searched several essential enzyme genes involved in it from our transcriptome database. GA is first catalyzed to form β-glucogallin (βG) by UDP-glucosyltransferases (UGTs) with the UDPGT domain (PF00201) [53]. The pentagalloylglucose (PGG) is then synthesized under the continuous action of galloyltransferases (GLTs, EC 2.3.1.-). GLT belongs to the acyltransferase family with the acyltransferase domain of Pfam (PF01553) [54]. PGG is subsequently converted to ellagitannins via a reaction catalyzed by laccases (LACs, EC 1.10.3.2). LAC contained the characteristic domains Cu_oxidase (PF00394, PF07731, and PF07732) [55]. According to Pfam, we preliminary identified 177 UGTs, 70 acyltransferases, and 164 LACs from the PacBio full-length transcriptome. Among these, 77, 24, and 104 unigenes were differentially expressed, respectively. These genes belonged to large families, and it is still necessary to further determine which genes are crucial to the synthesis of HT in C. album.



Additionally, the C. album transcriptome dataset also contained enzymes like shikimate kinase (SK, EC 2.7.1.71), 3-phosphoshikimate 1-carboxyvinyltransferase (EPSP, EC 2.5.1.19), and chorismate mutase (CM, EC 5.4.99.5). There were 11 SKs, 2 ESEPs, and 6 CMs differentially expressed, respectively. These enzymes helped shikimic acid further produce phenylalanine, the initiator of phenylpropanoid biosynthesis.




3.6.2. Identification of DEGs Related to the Phenylpropanoid Biosynthesis Pathway


KEGG analyses of C. album transcriptome sequences revealed many DEGs involved in the phenylpropanoid biosynthesis pathway (Figure 7). Firstly, the phenylpropanoid biosynthesis pathway starts with the formation of cinnamic acid from phenylalanine by a reaction catalyzed by phenylalanine ammonia-lyase (PAL, EC 4.3.1.24), and cinnamic acid then forms 4-coumarinic acid via a reaction catalyzed by cinnamic acid-4-hydroxylase (C4H, EC 1.14.13.11/1.14.14.91). Here, we identified 12 PALs and 3 C4Hs in C. album, most unigenes coding PAL were positively correlated with TPC. 4-Coumaric acid, which produces 4-coumaryl CoA through a reaction catalyzed by 4-coumarate CoA ligase (4CL, EC 6.2.1.12). There were 19 DEGs encoding 4CL in C. album. Notably, the isoforms of the same gene family may exhibit different expression trends. The expression patterns of some unigenes were consistent with the variation patterns of TPC in C. album fruits. These genes may play a role in phenylpropanoid biosynthesis in C. album fruits.



These CoA-activated compounds, such as 4-coumaroyl-CoA, are starting metabolites for synthesizing lignins, flavonoids, and flavones. Lignins are the principal structural component of plant cell walls, produced by the general phenylpropanoid pathway [56]. During the development of C. album fruit, multiple unigenes encoding the same enzyme involved in lignin biosynthesis showed diverse responses. Here, five shikimate O-hydroxycinnamoyltransferase (HCT, EC 2.3.1.133) were identified and positively correlated with TPC. Meanwhile, the main reductases in the lignin biosynthesis pathway, the cinnamyl alcohol dehydrogenase (CAD, EC 1.1.1.195), were identified with 12 unigenes. Two of them, CAD1 and CAD4, were highly expressed during the growth of C. album fruits, while CAD3 and CAD6 were highly positively correlated with TPC. Generally, CAD has multiple substrates, resulting in a reticulate structure pathway [56]. Moreover, 53 differentially expressed Prx2540 encoding peroxidase (EC 1.11.1.7) was identified with two unigenes (Prx2540-28 and Prx2540-37) up-regulated across the four developmental stages of C. album fruit. These genes may regulate lignin synthesis in C. album fruit, causing the fruit to harden at ripening. In short, these results suggest that the lignin or lignin biosynthesis in C. album fruits is usually active and thus complements the texture characteristics of the fruit.




3.6.3. Identification of DEGs Related to the Flavonoid Biosynthesis Pathway


Flavonoids, a class of vital secondary metabolites in plants, are polyphenolic compounds synthesized via the flavonoid pathway [57]. We chose and studied the related pathway DEGs that were detected and involved in flavonoid biosynthesis in the present study (Figure 8).



Chalcone synthase (CHS, EC 2.3.1.74) serves as the initial rate-limiting enzyme in the flavonoid biosynthesis pathway [58]. It catalyzes the conversion of 4-coumaryl CoA and 3-malonyl CoA to produce naringenin chalcone. In this study, three DEGs encoding CHS were identified, with CHS3 exhibiting the highest expression levels. Interestingly, the expression of CHS3 was found to be positively correlated with TPC, suggesting that this gene may regulate key points in flavonoid metabolism. Additionally, chalcone isomerase (CHI, EC 5.5.1.6) catalyzed naringenin chalcone into naringenin. And the naringenin 3-dioxygenase (F3H, EC 1.14.11.9) is required for naringenin conversion to form dihydrokaempferol. This study found one CHI and two F3H with differential expression and showing down-regulation.



As a branching pathway in flavone and flavonol biosynthesis, we found only one flavonol synthase (FLS, EC 1.14.11.23/1.14.20.6) and three flavonoid 3′-monooxygenases (F3′H, EC 1.14.13.21/1.14.14.82). They catalyzed the formation of kaempferol and quercetin. F3′H-2 was highly expressed and down-regulated.



Another pathway, dihydroflavonol 4-reductase (DFR, EC 1.1.1.219), provides one entry step in anthocyanin biosynthesis and may produce a leucoanthocyanidin by utilizing any one of the corresponding dihydroflavonols [59]. We identified three unigenes encoding DFR. Further, while anthocyanidin synthase (ANS) or leucocyanidin dioxygenase (LDOX) (EC 1.14.11.19/1.14.20.4) could convert leucoanthocyanidins to 3-OH-anthocyanidins, only one ANS/LDOX with a down-regulated trend was presented here. We also annotated two unigenes encoding anthocyanidin 3-O-glucosyltransferase (BZ1, EC 2.4.1.115) and one unigene encoding UGT75C1, which were mainly converted from 3-OH-anthocyanidins to stable anthocyanins. Finally, we found two unigenes encoding leucoanthocyanidin reductase (LAR, EC 1.17.1.3) and anthocyanidin reductase (ANR, EC 1.3.1.77), respectively. They promoted the synthesis of CTs, which are also known as proanthocyanidins.





3.7. Identification and Analysis of TFs


TFs are vital components of the transcriptional regulation machinery, which plays a significant role in plant growth and developmental processes by regulating gene expression [60]. Totals of 5860 TFs divided into 56 TF families were predicted from the C. album full-length transcriptome (Figure S5). The top 20 TF families with the most numbers of unigenes are described in Figure 9A. The members of the MYB family were the most abundant (555, 9.47%), followed by the NAC (404, 6.89%) and C3H (353, 6.02%) families. In addition, we also identified several typical TF families, such as GRAS (334, 5.70%), ARF (306, 5.22%), bHLH (302, 5.15%), ERF (289, 4.93%), bZIP (288, 4.91%), and WRKY (267, 4.56%), which are all well known and the most studied plant TFs. We identified 1745 differentially expressed TFs of C. album fruits at different developmental stages. The MYB family, with 151 members, was the richest (counted 8.65%). The ERF family was the second (142, 8.14%), followed by NAC (123, 7.05%), GRAS (118, 6.76%), WRKY (114, 6.53%), bHLH (113, 6.48%), and ARF (109, 6.25%). All had more than 100 differentially expressed members.



Nevertheless, various members have different expression patterns, which suggests that TF families exhibited functional differentiation. Furthermore, we conducted trend analysis on all differentially expressed TFs to find the transcription factors co-expressed with TPC of C. album. As shown in Figure 9B, profile 0 has the most unigenes (285) with a significant expression (p = 2.9 × 10−107). These TFs may play pivotal roles in the characteristic polyphenol metabolism of C. album, so further studies should focus on them.




3.8. RT-qPCR for Validation of RNA-Seq


To confirm the accuracy of the transcriptome data, we randomly selected nine DEGs in C. album fruit for analysis by RT-qPCR in a biologically independent experiment. We determined the gene expression level and compared it with RNA-Seq data. As shown in Figure 10, the results showed a high degree of consistency, which proved that the transcriptome data were reliable and highly reproducible.





4. Discussion


4.1. Combined Sequencing Approaches Provided Comprehensive Transcriptome Information of C. album


Transcriptome sequencing was considered for an understanding of the complexity of mechanisms of fruit growth. PacBio SMRT sequencing has emerged as one of the best third-generation platforms, which provides an opportunity to thoroughly investigate the molecular mechanisms of many metabolisms [30]. At present, the application of PacBio sequence or/and RNA-seq methods has laid a foundation for solving many molecular mechanism problems in many plants without reference genomes. TGS techniques have made it possible to gather invaluable genetic information and develop herbal genomics [27]. For instance, the salinity tolerance in the roots of cultivated alfalfa (Medicago sativa L.) has been evaluated by PacBio Iso-Seq and BGISEQ-500 RNA-Seq [61]. We discovered some putative genes related to aurantio-obtusin biosynthesis in Cassia obtusifolia by combining the SMRT and NGS platforms [62]. SMRT and second-generation sequencing were also applied to generate the complete and full-length transcriptome of D. roosii, and the key genes associated with naringin/neoeriocitrin synthesis were further elucidated [63]. In this context, SMRT technology is an effective approach for further biological analysis of plants without genome and molecular genetic bases.



To date, transcriptomic techniques have been successfully applied in C. album [64,65,66], and the chloroplast genome with a 163,140 bp of C. album has been reported [67], the comprehensive genomic and full-length transcriptomic information is still poorly understood. The importance of fruit quality and the exceptional bioactive properties in C. album have long been recognized; hence, we constructed a full-length transcriptome of C. album by using PacBio Sequel and Illumina RNA-seq here to increase our understanding of the vital and dynamic process of C. album fruit development. In this study, SMRT sequencing yielded a total of 135,439 unigenes of C. album, of which 113,803 (84.03%) were successfully mapped in Illumina RNA-seq. Our transcriptome obtained an average length of all isoforms was 2687.94 bp, which was longer than Camellia sinensis with an average length of 1762 bp [68] and Medicago sativa L. with an average length of 2551 bp [61]. The results suggested that PacBio could capture longer and more complete transcript sequences as reported, and the transcriptome sequences of C. album were reliable.



A total of 28,658 DEGs were identified via the transcriptomic comparison of the C. album fruit at four developmental periods, which greatly enriched the current understanding of the gene expression profile of C. album. The enrichment analysis of the KEGG pathway showed that the DEGs significantly enriched the metabolic pathways and the biosynthesis of secondary metabolites pathways. Simultaneously, we predicted 5860 TFs clustered into 56 TF families, with 1745 TFs differentially expressed. Noteworthy families with high numbers of DEGs included the MYB, ERF, NAC, GRAS, WRKY, bHLH, ARF, SBP, C3H, bZIP, C2H2, and HD-ZIP families. The identification of abundant TFs in our transcriptome indicated that the transcriptional regulation was relatively complex in C. album. The discovery of these TFs will provide reference information for further research on the growth and polyphenol biosynthesis of C. album. Based on these sequence data, we suggest that C. album may have an enormous genome. Our study could provide a valuable reference for gene identification and quality inspection of the whole genome sequencing of C. album in future research.




4.2. Differentially Expressed Transcripts Reveal the Metabolism and Regulation of Polyphenols of C. album Fruit


We further analyzed the polyphenol biosynthetic pathways’ global gene expression profiles in different development stages; 215 DEGs encoded 27 enzymes involved in polyphenol biosynthesis. The upstream HT biosynthesis pathway genes, such as DAHPS, DHQD/SDH, SK, and EPSP, were generally down-regulated. Moreover, fewer unigenes were encoding the enzymes involved in the flavonoid pathway, one for CHI, FLS, ANS/LDOX, and LAR; two for F3H and BZ1; three for CHS, F3’H, and DFR. They also show a downward trend in expression levels, consistent with the changing polyphenol content in C. album fruit. Previous studies have shown that DAHPS, C4H, CHS, F3H, etc., are the critical enzymes in the flavonoid biosynthesis pathway [22,58,69]. In future research, these unigenes should be investigated to confirm their regulatory effect on C. album polyphenol. In addition, there were many differential genes related to the lignin and lignan pathways. This indicates that lignin or lignan formation seems to be more critical during the growth and development of C. album fruits [70]. Unigenes that increase expression as C. album fruit matures should be considered. In particular, HTs are rich polyphenols of C. album [47]. Three prominent gene families, UGT, acyltransferases, and LAC, play essential roles in the pathway of HT synthesis. According to local blast, 177 UGTs, 70 acyltransferases, and 164 LACs from PacBio full-length transcriptome were identified, with 77, 24, and 104 DEGs, respectively. However, the key unigenes involved in the polyphenol synthesis of C. album need further exploration.



Known TFs like MYB, bHLH, AP2/ERF, WRKY, Zinc finger, DOF, NAC, SPL, and bZIP have been employed to manipulate various metabolic and developmental pathways [60,71]. In the work, a total of 5860 TFs were predicted from the full-length C. album transcriptome (Figure S5). As different members have different expression patterns, we performed trend analysis on all differentially expressed TFs. As shown in Figure 9B, profile 0 was consistent with the trend of TPC in C. album with a significant expression (P = 2.9 × 10−107). Therefore, these 285 differentially expressed TFs may play a central role in regulating fruit development and the polyphenol metabolism of C. album. Subgroup 4 of the MYB family has been proposed to have a negative impact on the accumulation of phenylpropanoid metabolites, functioning as a transcriptional repressor of the phenylpropanoid pathway by inhibiting the transcription of key enzymes [72]. In our study, the TFs that were negatively regulated (profile 19 in Figure 9B) did not show differential expression. As a result, further attention should be given to these down-regulated TFs.



These TF families are related to secondary metabolisms, such as the phenylpropanoid metabolism and the phenolic acid metabolism [72]. MBW regulates the expression of structural genes closely associated with flavonoid biosynthesis: MYB, bHLH, and WDR (WD-repeat) [69]. We detected 151 unigenes for MYB TFs and 113 unigenes for bHLH. Additionally, no differentially expressed WDR was found in our study. MYB TFs represent one of the most prominent family TFs in plants, which have indispensable functions in regulating the biosynthesis of plant secondary metabolites. Recently, other studies have demonstrated that MYB TFs regulate the biosynthesis of phenylpropanoid, flavonoids, lignins, and other primary and secondary metabolic reactions [73]. For instance, SmMYB98 and SmMYB1 could enhance phenolic acid accumulation, like tanshinone and salvianolic acid, by upregulating gene expression in the phenolic acid biosynthesis pathway [74,75]. In our present study, Isoform0032534 encodes MYB with the highest expression abundance. Thus, we speculate that it may have a crucial role in polyphenol metabolites. Another TF family, bHLH, regulates flavonoid biosynthesis and usually interacts with MYB [76]. A total of 17 DEGs coding for bHLH have been identified in the study. The expression levels of Isoform0017495, Isoform0000733, and Isoform0021010 were relatively high. Additionally, ERF, WRKY, ZnF, and bZIP are also involved in the biosynthesis of secondary metabolites, such as phenolic compounds and carotenoids [77,78,79]. These results provide comprehensive information on the genes involved in polyphenol metabolites and biosynthesis of C. album. The DEGs and TFs identified here can be evaluated further. This study has also laid a solid foundation for exploring the functions of DEGs in regulating other physiology and traits.





5. Conclusions


The paper is the first time that third-generation full-length transcriptional sequencing and RNA-seq comprehensive transcriptome analysis have been presented in C. album, which provides a valuable resource for future research on gene discovery, molecular breeding, and metabolic engineering in C. album. PacBio and Illumina identified totals of 135,439 and 113,803 transcripts, respectively. The match rate of RNA-seq to SMRT-seq was 84.03%. The average length of full-length transcripts was 2687.94 bp, the N50 length was 3224 bp, and the GC content was 40.47%. Moreover, we predicted 5860 TFs belonging to 56 TF families. In this study, 28,658 DEGs were identified, and their functions were analyzed using GO and KEGG. Next, we surveyed 215 differentially expressed unigenes encoding 27 enzymes related to polyphenol biosynthesis. While 1745 differentially expressed TFs were trend analyzed, 285 TFs were continuously down-regulated across the four developmental stages of C. album fruit. These unigenes played essential roles in C. album fruit response to polyphenol metabolism. The findings may prove valuable for dissection mechanisms of fruit growth traits and genetic organization, gene cloning, and whole-genome sequencing of C. album for future studies.
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Abbreviations




	4CL
	4-coumarate CoA ligase



	ANR
	anthocyanidin reductase



	ANS
	anthocyanidin synthase



	BZ1
	anthocyanidin 3-O-glucosyltransferase



	C4H
	cinnamic acid-4-hydroxylase



	CAD
	cinnamyl alcohol dehydrogenase



	CCS
	circular consensus sequence



	CHI
	chalcone isomerase



	CHS
	Chalcone synthase



	CM
	chorismate mutase



	CTs
	Condensed tannins



	DAF
	Days after flowering



	DAHP
	3-deoxy-D-arabino-heptulosonate-7-phosphate



	DAHPS
	3-deoxy-7-phosphoheptulonate synthase



	DEGs
	differentially expressed genes



	DFR
	dihydroflavonol 4-reductase



	DHQD/DHQ
	3-dehydroquinate dehydratase I



	E4P
	erythrose-4-phosphate



	EPSP
	3-phosphoshikimate 1-carboxyvinyltransferase



	F3H
	naringenin 3-dioxygenase



	F3’H
	flavonoid 3’-monooxygenase



	FC
	Fold change



	FDR
	False discovery rate



	FLNC
	Full-length non-chimeric



	FLS
	flavonol synthase



	FPKM
	Fragments per kilobase of transcript per million fragments mapped



	GA
	Gallic acid



	GLTs
	galloyltransferases



	GO
	Gene Ontology



	HCT
	O-hydroxycinnamoyltransferase



	HTs
	hydrolysable tannins



	KEGG
	The Kyoto Encyclopedia of Genes and Genomes



	KOG
	Eukaryotic clusters of orthologous groups



	LACs
	laccases



	LAR
	leucoanthocyanidin reductase



	LDOX
	leucocyanidin dioxygenase



	LRS
	Long-read sequencing



	nFL
	Non-full-length



	NGS
	Next-generation sequencing



	Nr
	Non-redundant protein



	PAL
	phenylalanine ammonia-lyase



	PCA
	Principal component analysis



	PCC
	Pearson correlation coefficient



	PEP
	phosphoenolpyruvate



	PGG
	pentagalloylglucose



	RT-qPCR
	Quantitative real-time PCR



	SDH
	shikimate dehydrogenase



	SK
	shikimate kinase



	SMRT
	Single-molecule real-time



	TFs
	Transcription factors



	TGS
	Third-generation sequencing



	TPC
	Total phenolic content



	UGTs
	UDP-glucosyltransferases



	βG
	β-glucogallin
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Figure 1. Growth and total phenolic content (TPC) of C. album fruits at 20, 40, 70, and 110 days after flowering (DAF). (A) Phenotypes of C. album fruits. (B) Growth indexes of C. album fruits. Each data point is the average mean of ten fruits ± SD. (C) TPC of C. album fruits. Each data point is the average mean of four biological repetitions ± SD. Based on the Tukey–Kramer test, different lowercase letters indicate significant differences at p < 0.05 levels. 
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Figure 2. Full-length transcriptome sequencing and assembly of C. album by the SMRT method. (A) Venn diagram of the full-length transcripts against four public databases. (B) Distribution and statistics of isoforms in each sample species (only the first ten are shown). (C) The diagram of GO function classification. (D) The diagram of KOG function classification. 
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Figure 3. Analysis of differentially expressed genes (DEGs) among the DAF20 vs. DAF40, DAF40 vs. DAF70, and DAF70 vs. DAF110 groups. (A) Statistical analysis of DEGs at different developmental stages of C. album fruit. (B) Venn diagram showing the distribution of DEGs. 
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Figure 4. GO enrichment analysis of DEGs. Three main categories of GO category enrichment analysis of DEGs in groups of DAF20 vs. DAF40 (A), DAF40 vs. DAF70 (B), and DAF70 vs. DAF110 (C). 
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Figure 5. KEGG pathway enrichment analysis of DEGs. The Top20 pathways with the most significant q-value in the DAF20 vs. DAF40, DAF40 vs. DAF70, and DAF70 vs. DAF110 groups. Up-regulated DEG pathway enrichment analysis based on the differentially up-regulated genes in each comparison group. Down-regulated DEG pathway enrichment analysis based on the differentially down-regulated genes in each comparison group. In the bubble diagrams, the ordinate is KEGG pathways, and the abscissa is the enrichment factor (the number of differences in the KEGG pathway divided by all the quantities; the magnitude represents the quantity; the redder the color, the smaller the p value). 
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Figure 6. Analysis of DEGs involved in the HT biosynthesis pathway in C. album fruit. In the metabolic pathways, the enzymes marked in red indicated that their coding genes were differentially expressed. The heatmap of DEGs encoding each enzyme is shown near the enzymes. The gene expression was based on the log2(FPKM) value. FPKM was the mean of three replicates. The Pearson correlation coefficient (PCC) was used to measure the correlation between the expression of DEGs and TPC. The names of genes in the signaling pathway are presented in the abbreviation list. The solid arrow represents the pathway, the dashed arrow leads to the differentially expressed genes of enzymes in that pathway, and the yellow-green bold arrow represents the explanatory role. This is also applicable to the image that follows. 
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Figure 7. Analysis of DEGs involved in phenylpropanoid biosynthesis pathway in C. album fruit. In the metabolic pathways, the enzymes marked in red indicated that their coding genes were differentially expressed. The heatmap of DEGs encoding each enzyme is shown near the enzymes. The gene expression was based on the log2(FPKM) value. FPKM was the mean of three replicates. 
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Figure 8. Analysis of DEGs involved in the flavonoid biosynthesis pathway in C. album fruit. In the metabolic pathways, the enzymes marked in red indicated that their coding genes were differentially expressed. The heatmap of DEGs encoding each enzyme is shown near the enzymes. The gene expression was based on the log2(FPKM) value. FPKM was the mean of three replicates. 
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Figure 9. Distribution and trend analysis of TF families in C. album. (A) The top 20 TF families and differentially expressed TFs distribution in C. album. According to the C. album SMRT data, the top 20 TF families with the largest number were predicted and their number distribution of differential expression in the RNA-seq. (B) Trend analysis was conducted for all differentially expressed TFs, divided into 20 profiles. They are sorted by the number of genes (bottom left), from the most to the least. The clustered profiles with p-value ≤ 0.05 were considered significant and are colored. 
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Figure 10. Expression analysis and RT-qPCR verification of DEGs in C. album fruit. The column shows the expression level from RNA-seq, and the broken line shows the relative expression level from RT-qPCR. FPKM calculated the relative gene expression levels from RNA-seq data. RT-qPCR was used to examine the relative gene expression, which was determined by the 2−∆∆CT method and normalized with the reference gene ACT7. Each reaction was performed in three biological replicates with three technical replicates. 
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Table 1. Information of the full-length transcriptome isoform sequences in C. album from SMRT data.






Table 1. Information of the full-length transcriptome isoform sequences in C. album from SMRT data.





	Total number
	135,439



	Total length (bp)
	364,052,044



	Maximum length (bp)
	11,994



	Minimum length (bp)
	56



	Average length (bp)
	2687.94



	N50 length (bp)
	3224



	GC content
	40.47%
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