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Abstract

:

Kiwifruit is an economically important horticultural crop with extremely high values in nutrition and health care. However, the molecular mechanisms underlying fruit quality formation remain largely limited for most kiwifruit varieties. Recently, a new kiwifruit cultivar with a high level of soluble solids, Actinidia arguta cv. Qinziyu (full-red flesh) was discovered through the introduction and propagation test. To provide new insights into fruit quality formation in a typical kiwifruit cultivar, we integrated full-length transcriptome surveys based on PacBio single-molecule real-time (SMRT) sequencing, key enzyme genes expression involved in carbohydrate and amino acids metabolism pathways, and bHLH gene family analysis to enhance the understanding of soluble sugar, organic acid, and anthocyanin biosynthesis in A. arguta cv. Qinziyu. A total of 175,913 CCSs were generated, of which 124,789 were identified as FLNC transcripts. In total, 45,923 (86.99%) transcripts were successfully annotated, and more than 76.05% of the transcripts were longer than 1 Kb. KEGG pathway analysis showed that 630 candidate genes encoding 55 enzymes were mainly involved in carbohydrate and amino acid biosynthesis pathways. Further analysis verified the expression of 12 key enzyme genes (e.g., pyruvate kinase (PK), enolase (ENO), hexokinase (HK), and phosphoglycerate kinase (PGK)) in flowers using quantitative real-time PCR. Furthermore, we also screened 10 AabHLH proteins’ function in anthocyanin biosynthesis and characterized the AabHLH gene family in A. arguta cv. Qinziyu. Overall, our research data generated by SMRT technology provide the first set of gene isoforms from a full-length transcriptome in A. arguta cv. Qinziyu and more comprehensive insights into the molecular mechanism of fruit quality formation.






Keywords:


anthocyanin biosynthesis; bHLH gene family; full-length transcriptome; kiwifruit; total soluble solids












1. Introduction


Kiwifruit (genus Actinidia, Actinidiaceaeis) is a major liana fruit crop that originated in China and now is planted in temperate areas [1,2,3]. As an indispensable nutrition supplier for daily human consumption, kiwifruit offers abundant nutrients, including high contents of amino acids, minerals, and vitamin C [2,4]. Fruit quality is the most significant breeding goal that highly affects consumer preference and market competitiveness [5]. The most critical agronomic traits of kiwifruit such as taste, color, and size have a major impact on kiwifruit quality [6]. Sweetness is determined by soluble sugars, such as sucrose, glucose, and fructose, and organic acids [2,4], and the ratio of sugars to organic acids has a significant influence on the kiwifruit taste [3], whereas the flesh color is caused by the concentration of chlorophyll, carotenoids, and anthocyanins [7].



In recent years, most research has focused on breeding and evaluations of the horticultural merits of specific germplasms [8]. More than 60 cultivars of Actinidia are grown throughout the world [9]. Commercial cultivars are mainly domesticated or bred from two species: A. chinensis and A. deliciosa due to their various flesh colors (e.g., the green-, yellow-, and red-fleshed kiwifruit), unique flavor, large size, and long storage [10]. Recently, A. arguta, an all-red fleshed kiwifruit, has been domesticated and cultivated successfully in Korea and eastern Russia as well as some cold areas [11]. It is recognized as one of the most popular fruit in the local market, with a distinguishable appearance and flavor and the highest rates of anthocyanin [12,13,14]. At present, a new kiwifruit cultivar, Actinidia arguta cv. Qinziyu (full-red flesh), has been discovered through the introduction and propagation test (Figure 1). A. arguta cv. Qinziyu often has deep purple flesh when ripe with a long shelf life, storing for 2–3 weeks at 3–5 °C, and the fruit size ranges from 16 to 20 g. The advantage properties of A. arguta cv. Qinziyu, such as its unique aroma and its high levels of soluble solids and anthocyanin, are different from other cultivated types. The total soluble solids (TSS) in the fruit of A. arguta cv. Qinziyu are 18~22 Brix higher than that of A. chinensis and A. deliciosa (11.60~19.13 Brix) [3]. In kiwifruit, the TSSs mainly include sugars, acids, vitamins, certain minerals, and other soluble solids [15]. Previous studies have demonstrated that the transport, hydrolysis, and storage courses of sugars from source leaves to fruits are governed by well-understood metabolic pathways, such as central carbon metabolism, sucrose metabolism, glycolysis, and the tricarboxylic acid (TCA) cycle [16]. Moreover, sucrose acts as a signaling molecule and directly mediates amino acid metabolism [17], and other small molecule soluble substances such as organic acids, amino acids, and sugars are synthesized and accumulated [18]. Most studies suggest that carbon metabolism, the TCA cycle, and amino acid metabolism contribute to the accumulation and metabolism of sugars and organic acids, which is an important mechanism for fruit quality, e.g., [2,5,19]. Therefore, studying the soluble sugars and organic acid accumulation and regulation, highly correlated with carbohydrate and amino acid metabolism, of A. arguta cv. Qinziyu has become important for kiwifruit quality.



In addition, anthocyanins deriving from the flavonoid branch of the phenylpropanoid metabolic pathway have already been proven to contribute to the red color formation in many fruits [7,20]. Most enzyme genes governing anthocyanin biosynthesis have been extensively studied in kiwifruit [5,21,22]. Many important transcription factors, such as MYBs, bHLHs, and WD40s regulating the tissue-specific expression of typical anthocyanins by forming the MYB-bHLH-WD40 (MBW) complex, have also been isolated and functionally identified [5]. However, previous studies have mainly focused on flavor [2], volatile compounds [23], and flesh coloration [4] in various kiwifruit cultivars in China (e.g., A. chinensis cv. Hongyang, A. deliciosa cv. Xuxiang, A. eriantha, A. deliciosa) [2,4,22,23,24], and key biochemical pathways and regulatory genes that affect the accumulation of associated metabolism during fruit development and ripening have been revealed and identified. In addition, other members of the Actinidia genus, namely, A. chinensis, A. chinensis var. chinensis and A. chinensis cv. Hongyang, have more extensive genomic resources, including sequenced genomes [1,25,26]. Whereas little research was carried out in A. arguta cv. Qinziyu, further mechanism studies underlying its characteristic formation have not been performed. Thus, scientific information governing the TSS regulatory network as well as the color characteristics of kiwifruit cultivars is also limited. Therefore, an in-depth investigation is necessary to identify key candidate genes and transcription factors that regulate the soluble sugar, organic acid, and anthocyanins biosynthesis in A. arguta cv. Qinziyu for enhancing the fruit quality.



Transcriptome sequencing can provide valuable means of underlying the molecular basis of the physiological regulation process [23]. It has been used to identify putative genes for the biosynthesis and accumulation of metabolites such as sugars, amino acids, and anthocyanins in apple [5], plum [27], melon [28], and more. Such studies have successfully captured the important genes involved in the biosynthesis of the metabolites of interest [29], which are indispensable for the development and formation of quality fruit pathways. Single-molecule real-time (SMRT) isoform sequencing (Iso-Seq) using the PacBio platform captures a more accurate reference gene set with a high level of assembly completeness [30]. Thereby, PacBio SMRT sequencing technology has been successfully applied in gene annotation, isoform identification, long non-coding RNA (lncRNA) prediction, and alternative splicing (AS) discovery [31,32]. Hence, to enhance the understanding of the soluble sugar, organic acid, and anthocyanins biosynthesis present in typical kiwifruit variety A. arguta cv. Qinziyu, we integrated full-length transcriptome surveys based on PacBio SMRT sequencing, bHLH gene family analysis, and key enzyme gene expression involved in carbohydrate and amino acid biosynthesis pathways to provide new insights into kiwifruit quality formation. The findings from this study provide more comprehensive insights into the molecular regulatory mechanism of fruit quality formation and will be highly useful for the improvement of kiwifruit molecular breeding.




2. Materials and Methods


2.1. Plant Materials and RNA Preparation


Actinidia arguta cv. Qinziyu used in this study was successfully transplanted from the field to the germplasm nursery of Xi’an Botanical Garden of Shaanxi Province (Shaanxi, China, 34°12′ N, 109°1′ E). The fresh flowers, leaves, stem, petioles, fruit exocarp, and endocarp were sampled and frozen for RNA isolation. Total RNA was isolated from six tissues by using the RNAprep Plant Kit (Tiangen Biotech, Beijing, China). RNA purity (OD260/280) and RNA integrity were measured using Nanodrop2000 (ThermoFisher, Waltham, MA, USA) and the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA).




2.2. PacBio SMRT Library Preparation and Sequencing


The high-quality RNA was reverse transcribed into cDNA using the SMARTer™ PCR cDNA Synthesis Kit and prepared cDNA libraries as templates. The BluePippin Size Selection System protocol was further screened to generate PacBio SMRT libraries as described by Pacific Biosciences. Full-length transcriptome sequencing was performed on a PacBio Sequel instrument (Pacific Biosciences, Menlo Park, CA, USA). Subsequently, PacBio SMRT-seq data were processed with the SMRTlink v6.0 (http://www.pacb.com/products-and-services/analytical-sofware/smrt-analysis/ (accessed on 1 May 2022)). The CD-HIT v4.6 was used to remove redundancy in the corrected reads to generate the final transcripts for the subsequent analysis [33].




2.3. Structure Analysis


The completeness of transcriptome assembly was estimated by utilizing benchmarking universal single-copy orthologs (BUSCO) [34]. Coding sequences (CDSs) of the unigenes were predicted using Transdecoder v3.0.1 [35]. Alternative splicing analysis was conducted following Liu et al. [36]. Additionally, simple sequence repeats (SSRs) were predicted using MISA v1.0 [37]. The detection parameters were set as follows: repeat numbers of mono-, di-, tri-, tetra-, penta-, and hexanucleotide SSRs were greater than or equal to 10, 6, 5, 5, 5, and 5, respectively.



Long noncoding RNAs (lncRNAs) regulate the transcriptional and post-transcriptional gene expression through numerous and complex molecular mechanisms in plants [38]. Four computational tools, a Coding Potential Calculator (CPC) with an e-value of 1 × 10−10 [39]; a Coding–NonCoding Index (CNCI) [40], a Coding Potential Assessment Tool (CPAT) with a minimum length of 200 [41]; and Pfam (E 0.001 -domE 0.001) [42] were combined to predict the candidate lncRNAs.




2.4. Genes Functional Annotation


The functional annotation of the transcripts was performed by blasting against the following eight databases: NCBI non-redundant protein sequences (NR) [43]; protein family (Pfam) [42]; Swiss-Prot protein sequence database (Swiss-Prot) [44]; Clusters of Orthologous Groups (COG) [45]; euKaryotic Ortholog Groups (KOG) [46]; Clusters of Orthologous Groups of proteins (eggNOG) [47]; Gene Ontology (GO) [48]; and the Kyoto Encyclopedia of Genes and Genomes (KEGG) [49].




2.5. Analysis of bHLH Gene Family in A. arguta cv. Qinziyu


Transcription factors (TFs) were identified by iTAK v1.7a [50]. As one of the largest TF families in A. arguta cv. Qinziyu, according to the TF prediction results, the bHLH gene family was identified for subsequent analysis. In detail, a hidden Markov model of the bHLH domain (PF00010) was downloaded from Pfam [42] and utilized to screen candidate bHLH genes using HMMER [51]. The kiwifruit AabHLH protein sequences were extracted from A. arguta cv. Qinziyu transcriptome using TBtools [52]. Subsequently, these identified AabHLH proteins were further verified using BLASTP with default parameters in the NCBI database.



In order to identify kiwifruit anthocyanin biosynthesis-related bHLH proteins, the identified AabHLH proteins were further mapped to the reported anthocyanin biosynthesis-related bHLHs from Actinidia chinensis [53], Arabidopsis thaliana [54], and Solanum lycopersicum [55]. The basic characteristics of the AabHLH proteins, such as the coding sequence length (CDS), theoretical molecular weights (Mw), and isoelectric point (pI), were determined by ExPASy [56]. The conserved motifs in AabHLH related to anthocyanin synthesis were predicted using MEME [57]. The phylogenetic analysis of anthocyanin-related bHLH proteins was constructed using MEGA v6.0 based on the maximum likelihood (ML) method with 1000 bootstraps [58]. Based on the A. chinensis protein database [53], the gene interaction network was performed using STRING with a required confidence score > 0.7 (https://string-db.org/ (accessed on 10 October 2022)).




2.6. Quantitative RT-PCR Validation


We selected 12 key enzyme genes involved in carbohydrate and amino acid biosynthesis pathways for qRT-PCR and verified the accuracy of the transcriptome results (Table S1). Total RNAs were isolated from Qinziyu flowers using an RNAprep Plant Kit (Tiangen, Beijing, China), and cDNA was synthesized as previously described by Jia et al. [59]. The qRT-PCR was carried out with SuperReal PreMix Plus (Tiangen, Beijing, China) by an ABI Prism 7500 system (Applied Biosystems, Foster City, CA, USA). Each PCR was repeated three times, and the data were analyzed as means ± SDs (n = 3).





3. Results


3.1. Characterization of PacBio SMRT Sequencing Data


A total of 517,297 polymerase reads were obtained from the full-length transcriptome sequencing using the PacBio Sequel platform. Circular consensus sequence (CCS) analysis was performed to further reduce the error rate. A total of 175,913 CCSs were generated with a mean length of 1683 bp (Table 1, Figure S1). In addition, 124,789 full-length non-chimeric (FLNC) sequences were identified, accounting for 70.94%, of which, the number of high-quality consensus isomers was 71,637 with an average length of 1470 bp. After removing the redundant sequences using CD-HIT, 52,793 transcripts were finally obtained with N50 of 2003 bp for subsequent analysis (Table 1). Based on BUSCO analysis, a total of 962 (66.81%) genes from the transcriptome were identified as complete, with 544 (37.78%) single-copy genes and 418 (29.03%) duplicated; 100 (6.94%) were fragmented and 378 (26.65%) were missing BUSCOs (Figure S2).




3.2. Prediction of AS, LncRNA, and SSRs


In total, 46,252 coding sequences (CDSs) were predicted using TransDecoder sequencing data, of which, 27,753 coding sequences had initial and termination codons, and these sequences were defined as a complete open reading frame (ORF). The number of candidate alternatively spliced (AS) events that met all the criteria in Qinziyu was 657. Additionally, four computational approaches (CPC, CNCI, CPAT, and Pfam) were combined and predicted 52,793, 12,977, 13,921, and 9541 as lncRNAs, respectively. There were 9037 common sequences identified in four tools at the same time (Figure S3).



In addition, 27,717 SSR candidates were detected from 17,932 transcripts; the di-nucleotide repeat motifs (17,509, 63.17%) were the most abundant, followed by mono-nucleotide repeats (5948, 21.46%) and tri-nucleotide repeats (3299, 11.90%) (Table S2).




3.3. Functional Annotation


To generate a comprehensive annotation of A. arguta cv. Qinziyu, there were 45,762, 33,927, 36,258, 28,850, 18,257, 45,049, 34,444, and 22,522 transcripts annotated by searching against the NR, Swissprot, Pfma, KOG, COG, eggNOG, GO, and KEGG databases, respectively (Figure 2A, Table S3). Among the eight databases, 45,923 transcripts were functionally annotated, interactively generating 71,646 annotated transcripts (64.11%) (Table S3). In addition, the NR alignment indicated that 8524 transcripts had the highest homology with Vitis vinifera, accounting for 18.67% of the total transcripts. Quercus suber, Juglans regia, and Coffea canephora accounted for 4.51%, 3.56%, and 3.53% of the total, respectively (Figure 2B).



GO terms were classified into three main functional categories: biological processes, cellular components, and molecular functions (Figure 2C). In the biological processes, ‘metabolic process’ (17,794, 51.66%), ‘cellular process’ (17,584, 51.05%), and ‘single-organism process’ (11,257, 32.68%) were the most prominent subcategories. Within the cellular components, the first three components were ‘cell’ (17,527, 50.89%), ‘cell part’ (17,452, 50.67%), and ‘membrane’ (12,318, 35.76%). For the molecular functions, the largest subcategories were ‘catalytic activity’ (16,989, 49.32%), ‘binding’ (16,960, 49.24%), and ‘transporter activity’ (2148, 6.24%) (Figure 2C).



To further predict and classify the transcripts’ functions, the annotated transcripts were analyzed according to KEGG pathway assignments. There were 34 primary pathways assigned to five categories including cellular processes, environmental information processing, genetic information processing, metabolism, and organismal systems (Figure 2D). The most common pathways were ‘signal transduction’ (4281, 19.01%), ‘carbohydrate metabolism’ (2818, 12.51%), ‘translation’ (2413, 10.71%), and ‘global and overview maps’ (2046, 9.08%) (Figure 2D). In addition, eggNOG domains could be divided into 25 groups according to eggNOG functional classification. Among them, the transcripts belonging to ‘posttranslational modification, protein turnover, chaperones’ were the most common with a total of 3986, accounting for 8.66%. There were 2988 ‘Transcription’ and 2758 ‘Signal transduction mechanisms’ accounting for 6.49% and 5.99%, respectively (Figure S4).




3.4. Candidate Genes Related to Soluble Sugar and Organic Acid Biosynthesis in A. arguta cv. Qinziyu


To address the regulatory roles of the key enzymes and the encoding genes potentially controlling soluble sugar and organic acid biosynthesis, we selected the regulatory network of carbohydrate metabolism and amino acid metabolism pathways considering their major contribution to quality formation in A. arguta cv. Qinziyu, e.g., [2,5,19]. In this study, KEGG pathway analysis indicated that 630 candidate genes encoding 55 enzymes were mainly involved in the carbohydrate and amino acid synthesis pathways (Table 2, Table S4 and Figure 3). The important screened enzyme gene families from all major steps of the carbohydrate and amino acid biosynthesis pathways were mainly distributed as follows: pyruvate kinase (PK, 43 members), malate dehydrogenase (MDH, 32 members), glyceraldehyde 3-phosphate dehydrogenase (GAPD, 27 members), enolase (ENO, 19 members), transketolase (TKT, 18 members), hexokinase (HK, 17 members), 6-phosphofructokinase 1 (PFK1 16 members), aconitate hydratase (ACON, 15 members), phosphoglycerate kinase (PGK, 14 members), citrate synthase (CS, 11 members), and alanine transaminase (ALT, 9 members) (Table 2).



Furthermore, the expression patterns of 12 representative key genes, AaPK (dazi_transcript_3491), AaMDH (dazi_transcript_14608), AaGAPD (dazi_transcript_62211), AaENO (dazi_transcript_4206), AaTKT (dazi_transcript_1017), AaHK (dazi_transcript_37294), AaPFK1 (dazi_transcript_38033), AaACON (dazi_transcript_46018), AaPGK (dazi_transcript_36237), AaCS (dazi_transcript_3928), AaALT (dazi_transcript_4056), and AaGPI (dazi_transcript_45611) were performed via qRT-PCR to verify the accuracy of the transcriptome results (Table S1, Figure 4).




3.5. Identification of bHLH Gene Family


A total of 4657 TFs were confirmed belonging to 56 TF families based on the iTAK. The largest group of TFs was the bHLH family (1782), followed by the MYB-related (1326) and NAC (1069), whereas other TFs belonged to the WRKY (1063) and FAR1 (1021) families (Figure 5). To identify bHLH proteins for A. arguta cv. Qinziyu, 107 candidate bHLH members were originally generated using HMMER and BLASTP with default parameters. After removing redundant sequences, 64 AabHLH proteins were identified in A. arguta cv. Qinziyu (Table S5).




3.6. Screening Potential Anthocyanin Biosynthesis-Related AabHLH Proteins


In total, 10 AabHLH proteins that function as anthocyanin regulators have been identified in A. arguta cv. Qinziyu using homologous protein sequence alignment (Table 3). The similarity between AabHLH15 and AcbHLH42 (A. chinensis) was higher than 93.68%, whereas other AabHLH protein similarities with AtEGL3, AtGL3, AtTT8, and SlAH were all more than 50%. These AabHLH proteins range in size from 138 (AabHLH39) to 520 (AabHLH15) amino acids (aa), with molecular weights ranging from 14,914.02 Da to 57,493.60 Da and the isoelectric point ranging from 5.06 to 9.89 (Table 3). All the AabHLH proteins were localized in the nucleus (Table 3).



In addition, conserved motif analysis showed that six putative conserved protein motifs were predicted in the AabHLH proteins by MEME (Motifs 1–6, Figure 6A). Among them, Motif1 contains most of the AabHLH domain, and adjacent Motif 2 only co-existed in AabHLH 4, 13, 25, and 31. Whereas Motif 5 was specifically distributed in AabHLH9 and AabHLH10, Motif 1 and Motif 3 were only contained in AabHLH15 and AabHLH39, respectively (Figure 6A).




3.7. Phylogenetic and Protein Interaction Network Analysis


Phylogenetic analysis indicated that the 10 anthocyanin biosynthesis-related AabHLHs could be divided into two groups, which was consistent with the results of protein similarity and conserved motif analysis (Figure 6A). AabHLH15, AcbHLH42, AtEGL3, AtGL3, AtTT8, and SlAH were clustered into one group; this group of AabHLH15 showed the highest similarity to well-known anthocyanin biosynthesis-related kiwifruit AcbHLH42 (A. chinensis), and the remaining AabHLHs were clustered into another group (Figure 6B).



In order to further confirm the function of 10 anthocyanin biosynthesis-related AabHLH, protein interaction network analysis was performed to reconstruct the interaction network of the AabHLH using STRING. Only two AabHLHs (AabHLH39 and AabHLH13) were proved to be able to predict the interacting proteins (Figure 7). AabHLH39 was identified to be a homologous protein of AtTT8 (A. thaliana), while AabHLH13 was defined as a homologous protein of SlAH (S. lycopersicum). In addition, four anthocyanin-related proteins, including dazi_transcript_66562, dazi_transcript_5715, dazi_transcript_5480, dazi_transcript_17686, and dazi_transcript_59720, were also presumed to interact with bHLH proteins (Figure 7).





4. Discussion


The regulatory mechanisms underlying fruit quality are complicated, and the genes and regulatory factors that control agronomic traits are distributed genome-wide [60]. Transcriptomic analyses have been widely employed to identify genes that affect various fruit quality traits, such as flavor, size, and color [61,62,63]. SMRT technology can produce more accurate full-length transcripts and improve the annotation information of the genome [64,65,66]. Here, 45,923 (86.99%) transcripts were successfully annotated to the Nr, COG, eggNOG, KOG, Pfam, Swiss-Prot, KEGG, and GO databases (Table S3). Moreover, 657 AS events, 9037 lncRNAs, and 27,717 SSR were identified (Table S2). Those new findings provided important information for improving the draft genome annotation and full characterization of the A. arguta cv. Qinziyu transcriptome.



The total soluble solids of fruit crops are important criteria for sensory quality and consumer recognition [3]. In general, the total soluble solids of kiwifruit vary from 11.60 to 19.13 Brix, which is mostly composed of soluble sugar and organic acid [3]. Thus, sugar content and organic acid accumulation are essential indicators of the buildup of the flavor quality of kiwifruit. To understand the regulation of soluble sugar and organic acid biosynthesis, 630 candidate genes encoding 55 enzymes were observed in A. arguta cv. Qinziyu based on the full-length transcriptome data. All of the candidate genes (e.g., PK, ENO, HK, PGK) were completely mapped to the carbohydrate and amino acid biosynthesis pathways and covered almost all of the key genes of these pathways (Table 2, Table S4 and Figure 3). In addition to the known candidate genes, a similar synthesis pattern of carbohydrate and amino acid metabolism has been found in other kiwifruit cultivars [2]. For example, glucose and fructose converted by sucrose are phosphorylated into glucose 6-phosphate (G6P) and fructose 6-phosphate (F6P) by HK and FK [67,68]. HK has a significant role in plant metabolism because its substrate, glucose, regulates the expression of different classes of genes [69,70]. Additionally, HK and FK have been proven to be important factors for regulating the glycolytic pathway in fruit development, especially under low oxygen conditions [71]. Pyruvate is produced by phosphoenol-pyruvate through PK and then converted into acetyl-CoA by pyruvate dehydrogenase (PDH) and followed by further oxidation in the TCA cycle [72]. Organic acids (e.g., malate, ketoglutarate, and succinate) are produced via the TCA cycle and provide a carbon skeleton for amino acid biosynthesis [73,74,75]. The complexity of these biosynthesis pathways clearly demonstrated the relationship between metabolites and genes and also laid a potential molecular foundation for further research of soluble sugar and organic acid biosynthesis in A. arguta cv. Qinziyu.



Furthermore, anthocyanins are plant secondary metabolites that act as visual color pigments in plant tissues [7,76]. TFs are well known to play essential roles in plant anthocyanin biosynthesis by triggering structural genes [7]. The bHLH family is one of the largest TFs in plants, and many members have been inferred to regulate anthocyanin biosynthesis [77,78,79]. The flesh of kiwifruit has a variety of colors, and the coloring mechanisms of the green-, yellow-, and red-fleshed kiwifruit have become a special focus for increasing numbers of researchers [4,7]. In this study, we screened 10 anthocyanin biosynthesis-related AabHLH proteins from 64 identified AabHLH TFs in A. arguta cv. Qinziyu based on the full-length transcriptome data (Table 3 and Table S5). These anthocyanin biosynthesis-related AabHLH proteins were highly conserved by homologous alignment, motif structure, and phylogenetics (Figure 6). Additionally, according to the protein interaction network, two AabHLHs members, AabHLH39 and AabHLH13, were confirmed to be homologous proteins of AtTT8 and SlAH, respectively (Figure 7). Arabidopsis TT8 is required for the expression of anthocyanin biosynthesis by forming a stabilized MBW complex with TT2 and TTG1 [80]. Moreover, SlAH controls anthocyanin accumulation by up-regulating the transcript levels of anthocyanin biosynthetic genes in S. lycopersicum [55]. Besides that, the gene sequence of AabHLH15 is highly similar to that of AcbHLH42 (A. chinensis), which has been reported to be involved in anthocyanin biosynthesis [53]. However, other TFs besides AabHLH proteins may participate in regulating anthocyanin accumulation in kiwifruit, and the detailed mechanisms require further investigation.




5. Conclusions


We first report the full-length transcriptome data for the characterization of carbohydrate and amino acid metabolism pathways and the key transcription factors regulating anthocyanin biosynthesis in A. arguta cv. Qinziyu. This knowledge is critical for understanding soluble sugar, organic acid, and anthocyanin biosynthesis to provide more comprehensive insights into the molecular mechanism of fruit quality formation in kiwifruit and will be highly useful for the breeding of horticultural crops.
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Figure 1. The fruit of kiwifruit cultivar A. arguta cv. Qinziyu. 
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Figure 2. (A) Function annotation of the assembled full-length transcripts in the Nr, COG, eggNOG, GO, KEGG, KOG, Pfam, and Swissprot databases. (B) The distribution of homologous species annotated in NCBI nonredundant protein sequences. (C) GO annotation of the assembled full-length transcripts in A. arguta cv. Qinziyu. (D) KEGG classification of the assembled full-length transcripts in A. arguta cv. Qinziyu. 
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Figure 3. Carbohydrate metabolism (Ko01200) and amino acid metabolism pathways (Ko01230) in A. arguta cv. Qinziyu were adapted from the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, available online (http://www.genome.jp/kegg/pathway.html, accessed on 10 October 2022). 
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Figure 4. Expression profiles of key genes involved in carbohydrate metabolism and amino acid metabolism in A. arguta cv. Qinziyu. 
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Figure 5. Distribution of transcription factor types in A. arguta cv. Qinziyu. 
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Figure 6. (A) The amino acid motifs of AabHLH family genes in A. arguta cv. Qinziyu. The motifs, numbers 1–6, are displayed in different colored boxes. (B) The phylogenetic tree was constructed among anthocyanin biosynthesis-related bHLHs. 
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Figure 7. Protein interaction network for the candidate anthocyanin biosynthesis-related AabHLHs according to bHLHs orthologs in A. chinensis. 
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Table 1. PacBio SMRT sequencing data statistics.
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	Item
	Platform
	Number of Sequences





	Circular consensus sequences (CCSs)
	SMRT
	175,913



	Full-length non-chimeric (FLNC) reads
	SMRT
	124,789



	High-quality consensus sequence
	IsoSeq
	71,637



	Transcripts
	CD-HIT
	52,793
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Table 2. List of candidate enzymes and genes comprising carbohydrate metabolism and amino acid biosynthesis pathways involved in A. arguta cv. Qinziyu.
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KEGG ID

	
Enzyme

	
Gene ID

	
Enzyme Code

	
Gene Number






	
Carbohydrate metabolism

	

	

	




	
K00025

	
malate dehydrogenase

	
MDH

	
EC:1.1.1.37

	
10




	
K00026

	
malate dehydrogenase

	
MDH

	
EC:1.1.1.37

	
32




	
K00030

	
isocitrate dehydrogenase (NAD+)

	
IDH

	
EC:1.1.1.41

	
23




	
K00031

	
isocitrate dehydrogenase

	
ICD

	
EC:1.1.1.42

	
11




	
K00051

	
malate dehydrogenase (NADP+)

	
MDH

	
EC:1.1.1.82

	
4




	
K00052

	
3-isopropylmalate dehydrogenase

	
IPMDH

	
EC:1.1.1.85

	
4




	
K00134

	
glyceraldehyde 3-phosphate dehydrogenase

	
GAPD

	
EC:1.2.1.12

	
27




	
K00161

	
pyruvate dehydrogenase E1 component alpha subunit

	
PDHE1

	
EC:1.2.4.1

	
14




	
K00162

	
pyruvate dehydrogenase E1 component beta subunit

	
PDHE1

	
EC:1.2.4.1

	
13




	
K00164

	
2-oxoglutarate dehydrogenase E1 component

	
OGDH

	
EC:1.2.4.2

	
5




	
K00234

	
succinate dehydrogenase (ubiquinone) flavoprotein subunit

	
SDH

	
EC:1.3.5.1

	
4




	
K00235

	
succinate dehydrogenase (ubiquinone) iron-sulfur subunit

	
SDH

	
EC:1.3.5.1

	
6




	
K00382

	
dihydrolipoamide dehydrogenase

	
DLD

	
EC:1.8.1.4

	
12




	
K00627

	
pyruvate dehydrogenase E2 component (dihydrolipoamide acetyltransferase)

	
PDHE2

	
EC:2.3.1.12

	
12




	
K00658

	
2-oxoglutarate dehydrogenase E2 component (dihydrolipoamide succinyltransferase)

	
OGDH

	
EC:2.3.1.61

	
8




	
K00811

	
aspartate aminotransferase, chloroplastic

	
AAT

	
EC:2.6.1.1

	
4




	
K00814

	
alanine transaminase

	
ALT

	
EC:2.6.1.2

	
9




	
K00831

	
phosphoserine aminotransferase

	
PSAT

	
EC:2.6.1.52

	
6




	
K00844

	
hexokinase

	
HK

	
EC:2.7.1.1

	
17




	
K00850

	
6-phosphofructokinase 1

	
PFK1

	
EC:2.7.1.11

	
16




	
K00873

	
pyruvate kinase

	
PK

	
EC:2.7.1.40

	
43




	
K00927

	
phosphoglycerate kinase

	
PGK

	
EC:2.7.2.3

	
14




	
K01438

	
acetylornithine deacetylase

	
AOD

	
EC:3.5.1.16

	
1




	
K01623

	
fructose-bisphosphate aldolase, class I

	
FBPA

	
EC:4.1.2.13

	
29




	
K01647

	
citrate synthase

	
CS

	
EC:2.3.3.1

	
11




	
K01679

	
fumarate hydratase, class II

	
FH

	
EC:4.2.1.2

	
4




	
K01681

	
aconitate hydratase

	
ACON

	
EC:4.2.1.3

	
15




	
K01689

	
enolase

	
ENO

	
EC:4.2.1.11

	
19




	
K01810

	
glucose-6-phosphate isomerase

	
GPI

	
EC:5.3.1.9

	
13




	
K01834

	
2,3-bisphosphoglycerate-dependent phosphoglycerate mutase

	
BdpM

	
EC:5.4.2.11

	
2




	
K01899

	
succinyl-CoA synthetase alpha subunit

	
SCS

	
EC:6.2.1.4 6.2.1.5

	
4




	
K01900

	
succinyl-CoA synthetase beta subunit

	
SCS

	
EC:6.2.1.4 6.2.1.5

	
3




	
K05298

	
glyceraldehyde-3-phosphate dehydrogenase (NADP+) (phosphorylating)

	
GAPDH

	
EC:1.2.1.13

	
30




	
K14272

	
glutamate-glyoxylate aminotransferase

	
GGAT

	
EC:2.6.1.4 2.6.1.2 2.6.1.44

	
11




	
K14454

	
aspartate aminotransferase, cytoplasmic

	
AST

	
EC:2.6.1.1

	
4




	
K14455

	
aspartate aminotransferase, mitochondrial

	
AST

	
EC:2.6.1.1

	
5




	
K15633

	
2,3-bisphosphoglycerate-independent phosphoglycerate mutase

	
iPGAM

	
EC:5.4.2.12

	
11




	
K15634

	
probable phosphoglycerate mutase

	
PGAM

	
EC:5.4.2.12

	
5




	
Amino acids metabolism

	

	

	




	
K00615

	
transketolase

	
TKT

	
EC:2.2.1.1

	
18




	
K01736

	
chorismate synthase

	
CS

	
EC:4.2.3.5

	
14




	
K01850

	
chorismate mutase

	
CM

	
EC:5.4.99.5

	
7




	
K00815

	
tyrosine aminotransferase

	
TAT

	
EC:2.6.1.5

	
6




	
K15227

	
arogenate dehydrogenase (NADP+), plant

	
ADH

	
EC:1.3.1.78

	
9




	
K01079

	
phosphoserine phosphatase

	
PSP

	
EC:3.1.3.3

	
2




	
K00600

	
glycine hydroxymethyltransferase

	
GHMT

	
EC:2.1.2.1

	
52




	
K01620

	
threonine aldolase

	
TA

	
EC:4.1.2.48

	
2




	
K01738

	
cysteine synthase A

	
CS

	
EC:2.5.1.47

	
14




	
K13034

	
L-3-cyanoalanine synthase/cysteine synthase

	
CAS/CS

	
EC:2.5.1.47 4.4.1.9

	
1




	
K01687

	
dihydroxy-acid dehydratase

	
DHAD

	
EC:4.2.1.9

	
3




	
K00826

	
branched-chain amino acid aminotransferase

	
BCAA

	
EC:2.6.1.42

	
11




	
K00620

	
glutamate N-acetyltransferase/amino-acid N-acetyltransferase

	
NAT

	
EC:2.3.1.35 2.3.1.1

	
3




	
K14682

	
amino-acid N-acetyltransferase

	
DNT

	
EC:2.3.1.1

	
1




	
K14677

	
aminoacylase

	
ACY

	
EC:3.5.1.14

	
4




	
K00611

	
ornithine carbamoyltransferase

	
OCT

	
EC:2.1.3.3

	
3




	
K01755

	
argininosuccinate lyase

	
ASL

	
EC:4.3.2.1

	
3




	
K13832

	
3-dehydroquinate dehydratase/shikimate dehydrogenase

	
DQD/SDH

	
EC:4.2.1.10 1.1.1.25

	
16
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Table 3. Details of candidate anthocyanin biosynthesis-related AabHLH gene family in A. arguta cv. Qinziyu.






Table 3. Details of candidate anthocyanin biosynthesis-related AabHLH gene family in A. arguta cv. Qinziyu.





	Name
	Transcript ID
	Homologous Gene Name
	Protein ID
	Identity/%
	CDS Length/bp
	Protein Size/aa
	Molecular Weight/Da
	Isoelectric Points
	Location





	AabHLH15
	dazi_transcript_50917
	AcbHLH42 (A. chinensis)
	QAT77714.1
	93.68
	2333
	520
	57,493.60
	5.06
	Nuclear



	AabHLH10
	dazi_transcript_36784
	AtEGL3,AtGL3 (A. thaliana)
	NP_001185302.1
	53.85
	1352
	290
	31,530.91
	5.82
	Nuclear



	AabHLH39
	dazi_transcript_65784
	AtTT8 (A. thaliana)
	NP_192720.2
	53.33
	3439
	138
	14,914.02
	9.89
	Nuclear



	AabHLH8
	dazi_transcript_66315
	AtEGL3, AtGL3 (A. thaliana)
	NP_001185302.1
	52.00
	2157
	175
	19,926.09
	5.70
	Nuclear



	AabHLH9
	dazi_transcript_54058
	AtEGL3, AtGL3 (A. thaliana)
	NP_001185302.1
	51.92
	1327
	289
	31,609.09
	5.23
	Nuclear



	AabHLH7
	dazi_transcript_27074
	AtEGL3, AtTT8 (A. thaliana)
	NP_001332706.1
	50.00
	1132
	273
	30,150.45
	5.89
	Nuclear



	AabHLH4
	dazi_transcript_70053
	SlAH (S. lycopersicum)
	ALC74034.1
	50.94
	1661
	320
	35,826.42
	5.88
	Nuclear



	AabHLH13
	dazi_transcript_71260
	SlAH (S. lycopersicum)
	ALC74034.1
	50.00
	1821
	317
	35,412.00
	5.88
	Nuclear



	AabHLH25
	dazi_transcript_56358
	SlAH (S. lycopersicum)
	ALC74034.1
	56.25
	1630
	259
	28,501.88
	6.33
	Nuclear



	AabHLH31
	dazi_transcript_47866
	SlAH (S. lycopersicum)
	ALC74034.1
	56.25
	1535
	264
	29,028.87
	9.19
	Nuclear
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