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Introduction

Humans have utilized natural products derived from plants as medicines for 1,000's of years. A number of plant natural products have economic and pharmaceutical value and are essential for the scent of flowers, the flavor of fruits, and for the protection of plants against stress. Although progress has been made in the discovery of enzymes and genes in plants, the biosynthetic pathways for many natural products remain unclear. In this Research Topic of collection, we are interested in studies on the discovery, biosynthesis, regulation, transport, release, and engineering of plant natural products.



Discovery, biosynthesis, and modification of plant natural products

Correlation analysis of gene expression and metabolite accumulation has been shown to be useful for the discovery of novel genes for the biosynthesis of terpenoids. Wang et al. identified a sesquiterpene synthase (MrTPS3) for the biosynthesis of β-caryophyllene from Red Bayberry (Morella rubra) and a possible monoterpene synthase (MrTPS20) for α-pinene formation through combinational transcriptome and volatile organic compound analyses of samples from four cultivars during fruit development coupled with weighted gene co-expression network analysis. As a reaction two steps downstream of the 15-carbon intermediate farnesyl pyrophosphate in the biosynthesis of sesquiterpenes and triterpenes, Ye et al. identified an oxidosqualene cyclase from Gynostemma longipes. This enzyme was demonstrated to catalyze the conversion of 2,3-oxidosqualene to dammarenediol-II in yeast, by integrating metabolomic and transcriptomic analyses as well as Pearson correlation analysis between triterpene content and gene expression.

Acylation is a general and important modification of plant secondary metabolites. Plant BAHD acyltransferases include a big family consisting of members involved in the catalysis of transferring coenzyme A-activated donors to diverse acceptor molecules. Choi et al. identified a triterpene acetyltransferase (LsTAT1) from Lettuce (Lactuca sativa), which belongs to the membrane-bound O-acyltransferase (MBOAT) family, and found that it can specifically convert free pentacyclic triterpenes to their acetates when characterizing its function in yeast and tobacco. However, it was not able to convert free sterols to their acetates, indicating that LsTAT1 is functionally different from sterol acyltransferases. While Qiang et al. identified a coniferyl alcohol acyltransferase (CFAT) out of 37 BADH genes, from the transcriptome datasets of Schisandra chinensis. In vitro enzyme assays of the recombinant ScBAHD1 revealed that it displayed acyltransferase activity on broad alcohol substrates including coniferyl alcohol using acetyl-CoA as the acetyl donor, but ScBAHD1 cannot use compounds with phenol hydroxyl as substrates.

Genes involved in other modifications such as detoxification and C-3 glycosylation have also been reported. Zhang et al. found two Arabidopsis thaliana glutathione-S-transferases (GSTs), GSTF11, and GSTU20, that play important role in the biosynthesis of aliphatic glucosinolates, which are sulfur-rich secondary metabolites mainly exist in Brassicale plants, known as defense compounds and display anticancer, antioxidant and antimetastatic activities that are beneficial to human health. Anthocyanins are major contributor to flower and fruit color, Sun et al. found that anthocyanidin 3-O-glycosides were the major anthocyanins in flowers of Rhododendron delavayi, suggesting that flavonoid 3-O-glycosyltransferase (3GT) should play an important role for the color formation of R. delavayi. Hence, the authors performed correlation analysis of gene expression and anthocyanin accumulation during floral development and identified two potential 3GT candidates, Rd3GT1, and Rd3GT6. Further in vitro and in vivo experiments demonstrated that they both catalyze the addition of UDP-sugar to the 3-OH of anthocyanidin, with cyanidin as the most efficient substrate and UDP-Gal as their preferred sugar donor.

Hololectins appeared important in pathogenic and stress responses in plants, while also raising health concerns in humans. To understand better on the biosynthesis of cleavable and non-cleavable hololectins in cereals, Loo et al. identified nine hevein-like peptides from Oat (Avena sativa), avenatide aV1-aV9. Bioinformatic analysis of these peptides showed that asparaginyl endopeptidase (AEP)-susceptible linker length determines the maturation of peptides. Detailed analysis of avenatide aV1 showed that it had eight cysteine residues and could generate a structurally compact, metabolic-resistant cystine-knotted framework containing a well-defined chitin-binding site. Moreover, antimicrobial assays revealed that avenatide aV1 display anti-fungal property.



Regulation of plant natural product biosynthetic pathways at the transcriptional level and alternative splicing at the post-transcriptional level

To achieve better outcomes for future metabolic engineering of valuable natural products, it is necessary to better understand how the biosynthesis of certain natural products is regulated. The regulation of a biosynthetic pathway could be mediated by a transcriptional factor at the transcriptional level and by other mechanisms at the post-transcriptional level such as alternative splicing (AS). For instance, an MYB transcription factor MYB113 from eggplant (Solanum melongena L.) has been found to be a key regulator for the anthocyanin composition variation and color diversity in the peels of different cultivars of eggplant (Yang et al.). Besides transcription factors, flavonoid biosynthesis can also be regulated by plant hormone signals such as ethylene, methyl jasmonate and auxin. He et al. recently reported that the overexpression of two CtACO3s, which are key enzyme genes for the ethylene signaling pathway in safflower (Carthamus tinctorius L.), enhanced the production of flavonoids such as flavonols and quinochalcones, respectively. Regarding AS, transcriptomic data of 36 samples of Salvia miltiorrhiza at twelve developmental stages were analyzed to investigate its genome wide AS events (Li et al.). The results showed that some physiological and molecular events including gravity response, lateral root formation, mitogen-activated protein kinase cascade and RNA splicing regulation were highly influenced by AS at the early seedling stage. Moreover, AS events were found to frequently exist for genes in the tanshinone and phenolic acid biosynthetic pathways at the early seedling stage, and a co-expression network including 521 highly expressed AS genes were identified, providing a better understanding of the variable programming of AS. He et al. experimentally demonstrated that CtACO3-2, which is a splice variant of AtACO3, lacked 5' coding sequences and encoded a protein that localized to both the cytoplasm and nucleus, while CtACO3-1 encoded protein was targeted to cytoplasm only. Further analysis of CtACO3-2 using yeast two-hybrid, BiFC and glutathione S-transferase pull-down assays showed that CtACO3-2 interacted with C. tinctorius CSN Subunit 5 (CtCSN5a). CtCSN5a can interact with COI1, which is a subunit of SCF E3 ubiquitin ligase encoding an F-box protein and is required for jasmonic acid responses. These results suggest that CtACO3-2 overexpression increases flavonoid accumulation by activating the expression of genes in flavonoid biosynthesis through CtbHLH3 and related JA signaling.

Moreover, two excellent review articles were covered on the Research Topic of the collection. First, the biosynthetic pathway for xanthones, which are secondary metabolites with pharmacological properties including antidiabetic, antitumor, and antimicrobes, has been comprehensively updated till 2021 (Remali et al.). It is worth noting that the biosynthetic pathways for downstream xanthone derivatives such as gambogic acid, swertianolin, gentisin, α-mangostin, mangiferin, and hyperixanthone A have also been proposed, which would be useful for future pathway mining of these compounds. In the second review, given that the major component of Mint essential oils is monoterpenes such as menthol are useful in the medical, pharmaceutical, cosmetic, and cleaning product industries due to their excellent biological properties. Fuchs et al. summarized the latest progress in metabolic engineering of monoterpene oils in Mint plants and future perspectives to further improve menthol and carvone was presented.

In summary, the collection of articles on this Research Topic provides updated information about the biosynthesis, modification, regulation, and metabolic engineering of plant natural products, which is useful for future improvement of value-added plant natural products through metabolic engineering and synthetic biology.
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Triterpenoids exist in a free state and/or in conjugated states, such as triterpene glycosides (saponins) or triterpene esters. There is no information on the enzyme participating in the production of triterpene esters from free triterpenes. Lettuce (Lactuca sativa) contains various pentacyclic triterpene acetates (taraxasterol acetates, ψ-taraxasterol acetates, taraxerol acetates, lupeol acetates, α-amyrin acetates, β-amyrin acetates, and germanicol acetate). In this study, we report a novel triterpene acetyltransferase (LsTAT1) in lettuce involved in the biosynthesis of pentacyclic triterpene acetates from free triterpenes. The deduced amino acid sequences of LsTAT1 showed a phylogenetic relationship (43% identity) with those of sterol O-acyltransferase (AtSAT1) of Arabidopsis thaliana and had catalytic amino acid residues (Asn and His) that are typically conserved in membrane-bound O-acyltransferase (MBOAT) family proteins. An analysis of LsTAT1 enzyme activity in a cell-free system revealed that the enzyme exhibited activity for the acetylation of taraxasterol, ψ-taraxasterol, β-amyrin, α-amyrin, lupeol, and taraxerol using acetyl-CoA as an acyl donor but no activity for triterpene acylation using a fatty acyl donor. Lettuce oxidosqualene cyclase (LsOSC1) is a triterpene synthase that produces ψ-taraxasterol, taraxasterol, β-amyrin and α-amyrin. The ectopic expression of both the LsOSC1 and LsTAT1 genes in yeast and tobacco could produce taraxasterol acetate, ψ-taraxasterol acetate, β-amyrin acetate, and α-amyrin acetate. However, expression of the LsTAT1 gene in tobacco was unable to induce the conversion of intrinsic sterols (campesterol, stigmasterol, and β-sitosterol) to sterol acetates. The results demonstrate that the LsTAT1 enzyme is a new class of acetyltransferase belong to the MBOAT family that have a particular role in the acetylation of pentacyclic triterpenes and are thus functionally different from sterol acyltransferase conjugating fatty acyl esters.

Keywords: triterpene acetate, triterpene, triterpene acetyltransferase, taraxasterol, lettuce


INTRODUCTION

Triterpenoids are diverse and abundant natural products that consist of six isoprene units, are categorized according to the structures of their triterpene rings and exhibit various biological and pharmacological activities (González-Coloma et al., 2011; Yang et al., 2020). Triterpenoids exist in a free state and in conjugated states, such as triterpene glycosides (saponins) or triterpene esters (Thimmappa et al., 2014). Triterpene glycosylation or acylation is an important phenomenon for diversifying the structure of triterpenes and may affect biological function (Osbourn et al., 2011). Acylated triterpenes esterified by acetic acid and fatty acids are very common in many plant species (Warnaar, 1987; Catharina et al., 2013; Hill and Connolly, 2017; Choi et al., 2020). Triterpene acetates showed higher antifungal and antibacterial activities than free triterpenes (do Nascimento et al., 2014; Javed et al., 2021). Triterpene acetates are found in the soil of plant vegetation and can be used as potential chemotaxonomic markers of Asteraceae to track past vegetation changes (Lavrieux et al., 2011; Nakamura, 2019).

Despite the widespread occurrence of triterpene esters in plants, there is little or no information on the genes participating in the production of triterpene esters from free triterpenes. Only some enzymes responsible for catalyzing the synthesis of sterol esters were identified. Sterols in plants (phytosterols) belong to the family of triterpenes and are composed of a tetracyclic ring and a side chain linked at position C-17 (Moreau et al., 2018). Both triterpenoids and phytosterols originate from a common precursor, 2,3-oxidosqualene (Phillips et al., 2006). Phytosterols also appear as either free sterols or steryl esters (Ferrer et al., 2017). Esterification of sterols is believed to play a role in storage pool of sterols (Korber et al., 2017). Biochemical studies have suggested that phospholipids and/or neutral lipids could serve as acyl donors in sterol ester synthesis (Duperon et al., 1984; Nyström et al., 2012). Sterol acyltransferases in plants can be categorized into two main groups, namely, acyl-CoA:sterol acyltransferases (ASAT; EC 2.3.1.26) and phospholipid:sterol acyltransferases (PSAT; EC 2.3.1.43) (Banas et al., 2005; Korber et al., 2017). An Arabidopsis ASAT enzyme (AtASAT1) acylates sterols using saturated fatty acyl-CoAs as acyl donors and possesses a certain degree of specificity for a sterol substrate, such as cycloartenol (Chen et al., 2007). Recently, Huang et al. (2019) reported that the AtASAT1 (THAA3) enzyme can convert two tricyclic triterpenes (thalianol and arabidiol) into triterpene fatty acid esters. AtASAT1 belongs to the superfamily of membrane-bound O-acyltransferases (MBOATs) composed of gene members encoding a variety of acyltransferase enzymes (Chen et al., 2007). The MBOAT protein family contains multiple transmembrane domains and share two active site residues, histidine and asparagine (Hofmann, 2000). Arabidopsis phospholipid:sterol acyltransferase (AtPSAT1, At1g04010) acylates various sterols (cholesterol, campesterol, sitosterol, and stigmasterol) and sterol intermediates using phosphatidylethanolamine as an acyl donor but does not acylate triterpenes such as lupeol and β-amyrin (Banas et al., 2005). Interestingly, homogenates of rabbit and human liver contain acyl-CoA:triterpene acyltransferase (ATAT) activity, which esterifies triterpenes absorbed from the diet by fatty acids, and has been demonstrated only at an enzymatic level (Tabas et al., 1991).

Serine carboxypeptidase-like (SCPL) proteins have recently been reported as plant acyltransferases. The oat SCPL protein SCPL1 (Sad7) encodes an SCPL acyltransferase needed for the acylation of avenacin (triterpene saponin) (Mugford et al., 2009). The SCPL1 enzyme is able to catalyze the acylation of avenacin into N-methyl anthraniloyl- and benzoyl-derivatized forms. Plant BAHD acyltransferase is a family of acyl CoA-utilizing enzymes involved in the production of volatile esters, anthocyanins, and phytoalexins (D’Auria, 2006). Two BAHD acyltransferases, thalianol acyltransferase (THAA) 1 and THAA2, catalyze the acetylation of the thalianol backbone (tricyclic triterpene) at the C-15 and C-3 hydroxy groups, respectively (Huang et al., 2019). Moreover, THAA2 can accept a broad range of triterpene substrates and specifically targets the C-3 hydroxy group of triterpenes (α-amyrin, β-amyrin, lupeol, and arabidiol) for acetylation (Bai et al., 2021).

In the present work, we isolated a triterpene acetyltransferase gene (LsTAT1) from the lettuce (L. sativa) transcriptome database by screening gene expression after elicitor treatment [methyl jasmonate (MeJA)]. The lettuce LsTAT1 enzyme is functionally characterized as a pentacyclic triterpene acetyltransferase, particularly for the production of taraxasterol acetates and ψ-taraxasterol acetates, based on an analysis of its enzyme activity, its heterologous expression in yeast, and its expression in tobacco plants.



RESULTS


Analysis of Triterpenes and Triterpene Acetates in Different Lettuce Cultivars

The triterpene profiles in the leaves of four different lettuce cultivars (romaine lettuce, iceberg lettuce, red leaf lettuce, and green leaf lettuce) were determined by gas chromatography–mass spectrometry (GC/MS). Among the 12 triterpenes, six compounds were detected as triterpene esters (α-amyrin acetate, β-amyrin acetate, lupeol acetate, ψ-taraxasterol acetate, taraxasterol acetate, and germanicol acetate) as major constituents in the leaves of all four cultivars (Figures 1A,B). The other four compounds were found to be free triterpenes (β-amyrin, α-amyrin, lupeol, and taraxasterol). All six triterpene esters were esterified by acetic acid, as identified by a comparison with standard triterpene acetate compounds (Figure 1). The peak heights and areas of the triterpene acetates were generally higher than those of the free triterpenes (Figures 1A,B), which indicated that triterpene acetates are more highly accumulated than free triterpenes (Figure 1C). The occurrence of various triterpene acetates in lettuce may be due to the presence of triterpene acetyltransferases that convert free triterpenes into triterpene acetates (Figure 2).
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FIGURE 1. Identification of free triterpenes and triterpene esters in the leaves of four lettuce cultivars by gas chromatography–mass spectrometry (GC/MS) analysis. (A) Total ion chromatogram (TIC) of leaf extracts from four different lettuce cultivars. (B) TIC of authentic triterpene and triterpene ester standards. (C) Analysis of triterpenes and triterpene acetates in leaves of four lettuce cultivars.
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FIGURE 2. Biosynthesis of triterpene acetates from free triterpenes by oxidosqualene cyclase and triterpene acetyltransferase in lettuce.




Isolation and Expression of Triterpene Acetyltransferase in Lettuce

We hypothesized that triterpene acetyltransferases in lettuce may be evolutionarily related to sterol O-acyltransferase in plants because sterol and triterpenes are derived from a common biosynthetic precursor (2,3-oxidosqualene). Interestingly, many acyl-CoA:sterol acyltransferase-like sequences in lettuce were registered in the NCBI GenBank database. Initially, the 10 sequences with similarity to acyl-CoA:sterol acyltransferases (AtASAT1 and SlASAT1) were retrieved from the lettuce (crisphead-type lettuce cultivar, Salinas) NCBI database (BioProject: PRJNA432228). A phylogenetic analysis of the deduced amino acid sequences revealed that three sequences (XM_023872407.1, XM_023887114.1, and XM_023885793.1) were grouped into acyl-CoA:sterol acyltransferase (AtASAT1 and SlASAT1) (Figure 3), but the other eight sequences were positioned in subgroups independent of the sequences of AtASAT1 and SlASAT1 (Figure 3).
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FIGURE 3. Phylogenetic trees of the 10 putative sterol O-acyltransferases isolated from lettuce and other functionally characterized acyltransferases in plants. Phylogenetic trees of plant acyltransferase showing the distances between each clone and group were constructed using the program ClustalW. The distance between each clone was calculated by the neighbor-joining method with a bootstrap of 1,000 replications using Mega 5 software. The number at each node is the bootstrap value in percentage.


Methyl jasmonate acts as an effective elicitor of secondary metabolite production in plants (Cheong and Choi, 2003). MeJA treatment can trigger the biosynthesis of a variety of defense chemicals including triterpenes and saponins (Lee et al., 2004; Misra et al., 2014; Singh and Dwivedi, 2018). Seedlings of lettuce were treated with 100 μM MeJA. GC/MS analysis revealed that all triterpene acetates (α-amyrin acetate, β-amyrin acetate, lupeol acetate, ψ-taraxasterol acetate, taraxasterol acetate, and germanicol acetate) were enhanced by treatment with 100 μM MeJA for 3 days (Figure 4A). A qantitative polymerase chain reaction (qPCR) analysis of 10 isolated lettuce sequences in the control and MeJA-treated lettuce seedlings revealed that one sequence (XM023879520.1) was most highly expressed among the other eight genes and strongly responded to MeJA treatment (Figure 4B). Thus, we selected XM023879520.1 as the best candidate sequence to investigate the functional properties of its enzyme.
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FIGURE 4. Accumulation of triterpenes and triterpene acetates and LsTAT1 mRNA in lettuce seedlings treated with and without 100 μM methyl jasmonate (MeJA) for 3 days. (A) GC chromatograms of extracts from control seedlings (blue line) and MeJA-treated seedlings (red line). (B) Qantitative polymerase chain reaction (qPCR) analysis of the expression of 10 selected genes in lettuce seedlings after treatment with 100 μM MeJA for 3 days. The data were normalized to the β-actin gene expression level. The vertical bars indicate the SEs based on three biological replicates. The asterisks indicate significant differences from the control (Student’s t-test, p < 0.01).


Using primer pairs for the XM_023879520.1 sequence, a new open reading frame (ORF) sequence was obtained by sequencing the polymerase chain reaction (PCR) products from cDNAs of a green leaf-type lettuce cultivar (L. sativa var. crispa cv. Cheongchima). The ORF region of the new sequence showed a 2-bp difference from the original XM_023879520.1 sequence from Salinas lettuce, which is registered as the LsTAT1 in GenBank (MZ268019). The full-length cDNA clone of LsTAT1 is 1,062 bp, encodes a protein with 353 amino acids, and has a predicted molecular mass of 40.85 kDa. The deduced amino acid sequence of LsTAT1 was found to exhibit 43% identity with that of AtASAT1 (Supplementary Figure 1).



In vitro Enzymatic Activity of LsTAT1

To examine the enzyme activity of LsTAT1 in triterpene acetate production, microsomal fractions from a yeast strain (INVSc1) expressing the LsTAT1 gene were incubated with various triterpenes using acetyl-CoA as an acyl donor. GC/MS analysis of a control consisting of an assay with the microsomal fractions of yeast cells with an empty vector showed two peaks that were derived from intrinsic sterol compounds of yeast microsomal protein extracts (Figure 5A). GC/MS analysis of extracts from triterpene and enzyme mixtures clearly revealed that the LsTAT1 enzyme is able to convert taraxasterol, ψ-taraxasterol, lupeol, taraxerol, β-amyrin, and α-amyrin into taraxasterol acetate, ψ-taraxasterol acetate, lupeol acetate, taraxerol acetate, β-amyrin acetate, and α-amyrin acetate, respectively (Figures 5B–F). The production of lupeol acetate, taraxerol acetate, β-amyrin acetate, and α-amyrin acetate with tiny peaks was confirmed with the single ion mode (SIM) (Figures 5C–F) and by comparing the mass fraction of the compounds with those of authentic standards (Supplementary Figure 3). All the produced triterpene acetates in the enzymatic reactions were matched with standard triterpene acetates (Figure 5G), all of which have a single acetyl group at the C-3 portion of triterpenes, and this finding indicated that the LsTAT1 enzyme can catalyze the acetylation of the C−3 hydroxyl group in the triterpene backbone. The enzyme exhibited higher activity for taraxasterol- and ψ-taraxasterol acetate formation than other triterpene acetates, and more than 40% of taraxasterol- and ψ-taraxasterol triterpenes were converted into taraxasterol acetate and ψ-taraxasterol acetate, respectively (Figure 6). However, the conversion rate of other triterpenes (lupeol, taraxerol, β-amyrin, and α-amyrin) into their acetate forms did not exceed 10% (Figure 6). To examine the acylation activity of LsTAT1 using fatty acyl-CoA, the enzyme was incubated with palmitoyl-CoA (16:0) and stearoyl-CoA (18:0) as acyl donors and lupeol as an acyl accepter. However, LsTAT1 did not show triterpene acylation activity using fatty acyl-CoA (Supplementary Figure 4).
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FIGURE 5. In vitro conversion of triterpenes to triterpene acetates by the reaction of microsomes from yeast expressing LsTAT1. (A) Gas chromatography–mass spectrometry (GC/MS) chromatograms of the control of an assay with the microsome of yeast cells with an empty vector. (B–F) GC chromatograms of the reaction products of microsomes with taraxasterol and ψ-taraxasterol (B), lupeol (C), β-amyrin (D), α-amyrin (E), and taraxerol (F). (G) GC chromatograms of standards of triterpene acetates. The inserted panels (C–F) are single ion mode (SIM) chromatograms of lupeol acetate, taraxerol acetate, β-amyrin acetate, and α-amyrin acetate.
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FIGURE 6. In vitro conversion rate of triterpenes into triterpene acetates catalyzed by the LsTAT1 enzyme. The enzyme activities are expressed as relative values of the conversion of triterpenes into triterpene acetates, and these values were analyzed by Gas chromatography–mass spectrometry (GC/MS) with selective ion monitoring. The values represent the means (n = 5) ± SEs.




Co-expression of Lettuce Oxidosqualene Cyclase (LsOSC1) and LsTAT1 in Yeast

We previously identified an LsOSC1 enzyme (GenBank accession number, MN107542) in lettuce as a multifunctional oxidosqualene cyclase that produces multiple triterpenes (mainly taraxasterol and ψ-taraxasterol together with minor amounts of β-amyrin, α-amyrin, and dammarenediol-II) (Choi et al., 2020). The LsOSC1 and LsTAT1 genes were cloned into the pESC-URA yeast expression vector with double gene expression cassettes. The total ion chromatogram (TIC) obtained by GC/MS revealed that the expression of LsOSC1 alone in yeast produced four new triterpene peaks at retention times between 32 and 38 min, which were the same retention times as those of the β-amyrin, α-amyrin, ψ-taraxasterol, and taraxasterol standards (Figure 7B). The co-expression of LsOSC1 and LsTAT1 in yeast revealed the production of four additional novel triterpene acetate peaks at retention times between 32 and 38 min, which had the same retention times as ψ-taraxasterol acetate, taraxasterol acetate, β-amyrin acetate, and α-amyrin acetate (Figure 7C). In the control yeast with only an empty vector, no triterpene peak with the exception of yeast products such as ergosterols was detected (Figure 7A). Electron Ionization-mass spectrometry (EI-MS) showed m/z 207 [M-H]+ and m/z 249 [M-H]+ ion fragments characteristic of taraxasterol and taraxasterol acetate, respectively (Figures 7E–G; Choi et al., 2020). The mass spectrum of taraxasterol acetate (Figure 7G) produced in yeast expressing LsOSC1 and LsTAT1 matched that of standard taraxasterol acetate (Figure 7H). To investigate the possible activity of the LsTAT1 enzyme on the production of ergosterol acetate, the TIC obtained in the SIM for the molecular ion (m/z 438.7) of ergosterol acetate was analyzed together with the TIC of the standard compound (ergosterol acetate). However, ergosterol acetate was not detected in yeast expressing LsOSC1 and LsTAT1 (Figure 7D).
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FIGURE 7. Gas chromatography (GC) analysis of triterpene acetates extracted from yeast co-expressing both the LsOSC1 and LsTAT1 genes. (A) Chromatogram of control yeast transformed with the empty vector. (B) Chromatogram of triterpene products (β-amyrin, α-amyrin, ψ-taraxasterol, taraxasterol, and dammarenediol-II) in yeast transformed with LsOSC1. (C) Chromatogram of two triterpene acetates (taraxasterol acetate and ψ-taraxasterol acetate) in yeast transformed with both the LsOSC1 and LsTAT1 genes. (D) GC chromatograph of authentic standards of β-amyrin acetate, α-amyrin acetate, ψ-taraxasterol acetate, and taraxasterol acetate. (E) Structures of taraxasterol and taraxasterol acetate and their mass fragment ions by Electron Ionization-mass spectrometry (EI-MS). (F) MS spectrum of taraxasterol produced in yeast expressing LsOSC1. (G) MS spectrum of taraxasterol acetate produced in yeast expressing LsOSC1 and LsTAT1. (H) MS spectrum of the taraxasterol acetate standard.




Triterpene Acetate Production in Transgenic Tobacco Overexpressing LsOSC1 and LsTAT1

Transgenic tobacco plants co-overexpressing LsOSC1 and LsTAT1 under the control of the CaMV35 promoter were constructed. The transgenic tobacco lines were confirmed by genomic PCR of the BAR (phosphinothricin N-acetyltransferase), LsOSC1, and LsTAT1 genes (Supplementary Figure 5). No signal was detected with wild-type tobacco (Supplementary Figure 5).

The triterpene content in the leaf extracts of transgenic tobacco was analyzed by GC/MS. Transgenic tobacco overexpressing both LsOSC1 and LsTAT1 produced four free triterpenes (α-amyrin, β-amyrin, ψ-taraxasterol, and taraxasterol) and four triterpene esters (α-amyrin acetate, β-amyrin acetate, ψ-taraxasterol acetate, and taraxasterol acetate) (Figure 8C). Transgenic tobacco overexpressing LsOSC1 alone produced four triterpene peaks at retention times between 32 and 38 min (Figure 8B), which were the same retention times as those of the β-amyrin, α-amyrin, ψ-taraxasterol, and taraxasterol standards (Figure 8D). With wild-type tobacco, only phytosterols (campesterol, stigmasterol, and β-sitosterol) were detected (Figure 8A). To review the possible esterification of endogenous free phytosterols (campesterol, stigmasterol, and β-sitosterol) into sterol acetates by the LsTAT1 enzyme, we analyzed the presence of peaks of campesterol acetate, stigmasterol acetate, and β-sitosterol acetate in the GC chromatograms through comparisons with chromatograms of authentic standards of sterol esters. However, no peaks for campesterol acetate, stigmasterol acetate, and β-sitosterol acetate were detected (Figure 8C).
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FIGURE 8. Gas chromatography (GC) analysis of triterpene acetates extracted from leaves of transgenic tobacco co-expressing both the LsOSC1 and LsTAT1 genes. (A) Chromatogram of leaf extracts of control tobacco transformed with the empty vector. (B) Chromatogram of triterpene products (β-amyrin, α-amyrin, ψ-taraxasterol, taraxasterol, and dammarenediol-II) in transgenic tobacco overexpressing the LsOSC1 gene. (C) Chromatogram of triterpene acetates (taraxasterol acetate and ψ-taraxasterol acetate) in transgenic tobacco overexpressing both the LsOSC1 and LsTAT1 genes. (D) GC chromatograph of authentic standards of β-amyrin acetate, α-amyrin acetate, ψ-taraxasterol acetate, and taraxasterol acetate.





DISCUSSION

The types of conjugated triterpenes show variations among different plant taxa. In Compositae (Asteraceae), triterpenes mainly exist as acetated triterpenes compared to free triterpenes (Huber et al., 2015; Bahadir-Acikara et al., 2018; Choi et al., 2020). GC/MS analysis of leaf extracts of four lettuce cultivars revealed the accumulation of various types of pentacyclic triterpene acetates in leaves and these triterpene acetates as major constituents. Triterpene acetates showed higher antifungal and antibacterial activities than free triterpenes (do Nascimento et al., 2014; Javed et al., 2021). Thus, triterpene acetylation from free-triterpenes in plants may be an important biological defense mechanism against microorganisms.

Pentacyclic triterpenes and sterol (cycloartenol) in plants show highly similar triterpene skeletal structures and are derived from the common pathway of terpenoid biosynthesis up to 2,3-oxidosqualene. Arabidopsis sterol acyltransferase (AtASAT1, At3g51970, and THAA3) exhibits a preference for fatty acyl-CoAs as acyl donors and cycloartenol, thalianol, and arabidiol as acyl acceptor molecules (Chen et al., 2007; Huang et al., 2019). Interestingly, many ASAT-like mRNA sequences have been deposited in the lettuce transcriptome in the NCBI database. Among the 10 selected mRNA ASAT-like sequences in the lettuce transcriptome, one gene sequence (XM_023879520.1) was selected as a candidate gene because the expression of the gene was highly enhanced by treatment with MeJA, which is a strong elicitor of triterpene and saponin biosynthesis (Singh and Dwivedi, 2018).

A phylogenetic analysis revealed that the LsTAT1 enzyme was positioned in different subgroups of AtASAT1. The deduced amino sequence of the LsTAT1 enzyme showed only 43% identity with that of AtASAT1. LsTAT1 has catalytic amino acid residues (Asn and His) that are typically conserved in MBOAT family proteins (Supplementary Figure 1). MBOAT enzymes contain multiple transmembrane domains (Hofmann, 2000). The visualization of LsTAT1 protein topology using Protter1 (Omasits et al., 2014) revealed that LsTAT1 is a membrane-bound protein with five transmembrane helices in the protein sequence (Supplementary Figure 2B). These results suggest that LsTAT1 enzyme belongs to the MBOAT family of proteins because they have multiple transmembrane domains and catalytic amino acid residues (Asn and His).

Sterol esters are synthesized in the endoplasmic reticulum and found in lipid bodies in the cytoplasm (Korber et al., 2017). Esterification of sterols is believed to play a role in storage pool of sterols. AtSAT1 protein is localized in the endoplasm reticulum (Lara et al., 2018). In contrast to AtSAT1, tomato (Solanum lycopersicum) SAT1 (SlASAT1) protein resides in the plasma membrane (Lara et al., 2018). The subcellular localization of LsTAT1 was predicted using DeepLoc-1.0 software (Almagro Armenteros et al., 2017), and LsTAT1 was localized in the endoplasmic reticulum (Supplementary Figure 2A). This result indicates that pentacyclic triterpene acetates in lettuce may be synthesized in the endoplasmic reticulum and then accumulated in lipid bodies. Unlike to sterol esters maintaining free sterol homeostasis in the cell membranes, pentacyclic triterpene esters are considered to be act as defensive compounds against microbes and pests (Osbourn et al., 2011). Pentacyclic triterpene acetylation from free triterpenes may confer different antimicrobial properties.

Functional characterization of the LsTAT1 enzyme revealed that LsTAT1 exhibited no activity for triterpene acylation using long-chain fatty acyl-CoA. This result indicates that LsTAT1 is functionally different enzyme from sterol acyltransferases such as AtASAT1. LsTAT1 is a pentacyclic triterpene acetyltransferase with particularly high chemical affinity to taraxasterol and ψ-taraxasterol for acetylation.

An Arabidopsis acetyltransferase (THAA2) enzyme belonging to the BAHD acyltransferase superfamily has thalianol (tricyclic triterpene) acetyltransferase activity (Huang et al., 2019) and can accept various other triterpene substrates (α-amyrin, β-amyrin, lupeol, and arabidiol) for acetylation (Bai et al., 2021). We screened the genes homologous to the Arabidopsis THAA2 enzyme in lettuce transcriptome sequences in NCBI but failed to find suitable genes for further analysis.

The LsOSC1 gene is a multifunctional triterpene synthase that produces five triterpenes, namely, taraxasterol, Ψ-taraxasterol, α-amyrin, β-amyrin, and dammarenediol-II (Choi et al., 2020). The role of the LsTAT1 enzyme in the production of triterpene acetates was also demonstrated by the heterologous expression of both the LsTAT1 and LsOSC1 genes in yeast. The co-expression of LsOSC1 and LsTAT1 in yeast can convert all four free triterpenes (taraxasterol, Ψ-taraxasterol, α-amyrin, and β-amyrin) to triterpene acetates. Transgenic yeasts co-expressing LsOSC1 and LsTAT1 exhibited a conspicuous ergosterol (yeast sterol triterpene) peak in the GC/MS chromatogram. However, no signal for ergosterol acetate was detected in either the TIC or SIM chromatograms obtained from extracts of transgenic yeasts. This result indicates that LsTAT1 may not have activity for yeast sterol acetylation.

The two lettuce genes LsOSC1 and LsTAT1 were overexpressed in transgenic tobacco to investigate the function of the LsTAT1 enzyme in plants. In transgenic tobacco, most taraxasterol and Ψ-taraxasterol were converted into taraxasterol acetate and Ψ-taraxasterol acetate, respectively. However, the remaining α-amyrin and β-amyrin were not fully converted into α-amyrin acetate and β-amyrin acetate, respectively. This result suggests that the LsTAT1 enzyme is mainly responsible for the production of taraxasterol acetate and Ψ-taraxasterol acetate.

Some plants produce various triterpene esters esterified by fatty acids (Ukiya et al., 2001; Fingolo et al., 2013). In tobacco leaf extracts, prominent amounts of phytosterols (campesterol, stigmasterol, and β-sitosterol) were detected in the GC chromatograms. However, no signals for campesterol acetate, stigmasterol acetate, or β-sitosterol acetate were detected in the GC chromatograms of transgenic tobacco overexpressing LsOSC1 and LsTAT1. This result implies that LsTAT1 has no phytosterol esterification activity.



CONCLUSION

In conclusion, the lettuce LsTAT1 enzyme is a new triterpene acetyltransferase belonging to the MBOAT family, particularly for the biosynthesis of taraxasterol acetates, and is functionally different from sterol acyltransferases conjugating long fatty acyl-CoAs.



MATERIALS AND METHODS


Isolation of LsTAT1 Genes in Lettuce Transcriptome and Phylogenetic Analysis

Two functionally characterized acyl-CoA:sterol O-acyltransferases, Arabidopsis AtASAT1 (At3g51970, THAA3) and tomato SlASAT (MG865283.1), and several acyl-CoA-sterol O-acyltransferase-like genes in lettuce (Figure 3) were selected from the NCBI nucleotide sequence database of lettuce registered by Reyes-Chin-Wo et al. (2017). Initially, 10 putative acyl-CoA sterol O-acyltransferase-like genes in lettuce (crisphead-type lettuce cultivar, Salinas, CA, United States) were retrieved from the database. We also isolated one mRNA sequence (XM_0238479520.1) from the lettuce sequence database. Using primer pairs for the XM_023879520.1 sequence, the ORF sequence was obtained by sequencing the PCR products from cDNAs of a green leaf-type lettuce cultivar (L. sativa var. crispa cv. Cheongchima). The ORF region of the new LsTST1 sequence showed a 2-bp difference from that of the original XM_023879520.1 sequence from Salinas lettuce, which is registered as the LsTAT1 gene in GenBank (MZ268019).

Multiple sequence alignments were performed using the CLUSTAL W program (Thompson et al., 1997). The subcellular localization of the selected genes was further predicted using DeepLoc-1.0 (Almagro Armenteros et al., 2017). The predictions of the transmembrane helices and protein topology of the enzyme was analyzed with Protter (Omasits et al., 2014).



Phylogenetic Analysis of Amino Acid Sequences

The deduced amino acid sequences of 10 ASAT-like genes of lettuce and related genes in other plants obtained from NCBI GenBank were subjected to a phylogenetic analysis.

The analysis was conducted using the neighbor-joining method with MEGA 6.0 software (Tamura et al., 2013). A bootstrap analysis with 1,000 replicates was performed to assess the strength of the nodes in the tree (Felsenstein, 1985).



Elicitor (Methyl Jasmonate) Treatment and Qantitative Polymerase Chain Reaction Analysis in Lettuce Seedlings

Two-week-old lettuce seedlings were transferred to liquid medium with 0 and 100 μM MeJA for 3 days. Total mRNA from the lettuce seedlings was isolated and then converted to cDNA using an ImProm-II Reverse Transcription System (Promega, Madison, WI, United States). qPCR was performed using a real-time PCR system with a SYBR Green PCR kit (Qiagen, Germany). The primers for 10 isolated sequences and β-actin are shown in Supplementary Table 1. The expression of target genes was calculated using the –ΔΔ CT method (Livak and Schmittgen, 2001). The lettuce β-actin gene was used for normalization. The data are presented as the means ± SEs from at least three independent experiments.



Ectopic Expression of LsTAT1 in Yeast

Total RNA from the leaves of lettuce (L. sativa var. crispa cv. Cheongchima) was extracted using an RNeasy plant mini kit (Qiagen, Germany) following the manufacturer’s instructions. cDNA was obtained from the extracted mRNA using an ImProm-2 Reverse Transcription System (Promega Co., Madison, WI, United States). To construct an expression plasmid vector for yeast, the ORF from LsTAT1 amplified from cDNA was cloned into the pYES2.1/V5-His-TOPO vector (Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States) and transformed into Escherichia coli. The primer pairs used to isolate the LsTAT1 cDNAs are shown in Supplementary Table 1. The ORF was then ligated to the GAL1 promoter in the sense orientation. After confirmation of the nucleotide sequence of the inserted DNA, LsTAT1 and an empty vector were expressed in the Saccharomyces cerevisiae strain INVSc1 (Invitrogen). INVSc1 yeast cells were transformed using a modified lithium acetate procedure, as described previously (Gietz et al., 1992). Transformed cells were selected by SC-T (SC minimal medium lacking tryptophan) and subcultured on YPG medium (Kribii et al., 1997).



Membrane Protein Extraction and Enzyme Assay

Microsomal proteins were extracted from yeast after galactose induction for 1 day. The yeast culture was centrifuged (2,000 × g, 10 min), and the pellet was resuspended in 50 ml of TEK (100 mM KCl in 50 mM Tris–HCl with 1 mM EDTA) and centrifuged at 6,100 × g and 4°C for 5 min. The yeast pellets were ground by agitation with glass beads in 5 mM EDTA, 5 mM Tris–HCl, and 0.6 M sorbitol, pH 7.5. The resultant homogenate was spun at 10,000 × g for 15 min, and the supernatant was transferred to a new tube and centrifuged by ultracentrifugation at 100,000 × g and 4°C for 60 min. The pellet was resuspended in 0.1 M potassium phosphate buffer (pH 7.4), 20% glycerol, and 20 mM β-mercaptoethanol for enzyme assay. The protein concentration was measured using the Bradford protein assay.

The enzymatic activity of LsTAT1 was tested in a total volume of 400 μl of 0.1 M potassium phosphate buffer (pH 7.4), 1 mM dithiothreitol (DTT), 5 mM MgCl2, 200 μM substrates (α- and β-amyrin, taraxasterol, ψ-taraxasterol, taraxerol, and lupeol), 100 μM acyl donors (acetyl-CoA, palmitoyl-CoA, or stearoyl-CoA), and 200 μg of total microsomal proteins. A reaction without exogenous acetyl-CoA was employed as a control. The reaction mixture was incubated for 1 h at 30°C, and the reaction was extracted twice with the same volume of chloroform. The activity of LsTAT1 was determined by the formation of triterpene acetates from triterpenes per milligram of protein per minute. The reaction mixture was mixed with 100% chloroform by vortexing. After centrifugation, the chloroform layer was transferred to a new tube and filtered using a SepPak C-18 cartridge (Waters, Milford, MA, United States). The in vitro activity of the LsTAT1 enzyme on the conversion of triterpenes to triterpene acetates was monitored by GC/MS analysis.



Co-expression of LsTAT1 and LsOSC1 in Yeast

The ORF of LsOSC1 (GenBank accession number, MN107542.1) was amplified using PCR primers, as shown in Supplementary Table 1. The PCR products were cloned into a pYES2.1/V5-HIS-TOPO expression vector (Invitrogen, United States) under the control of the GAL1 promoter. E. coli were transformed with the recombinant vectors. Gene insertion into the vectors was confirmed by nucleotide sequencing of plasmids isolated from each colony. The isolated plasmid was inserted into yeast strain INVSc1 (MATa his3Δ1 leu2 trp1-289 ura3-52/MATα his3Δ1 leu2 trp1-289 ura3-52), which was obtained from Invitrogen (Carlsbad, CA, United States). The transformed yeasts were grown in 50 ml of synthetic complete medium without uracil (SC-U) containing 2% glucose. After 2 days, cells were collected and resuspended in SC-U medium with 2% galactose and then inducted at 30°C for 16 h. Thereafter, the cells were collected, refluxed with 80% MeOH and sonicated for 30 min at 40°C. After centrifugation, the supernatant was transferred to chloroform and vortexed. The chloroform layer was subsequently filtered using a SepPak C-18 cartridge (Waters Co., Milford, MA, United States) and analyzed by GC/MS.

The coding region of LsTAT1 (GenBank accession No. GU183405) was amplified using the primer pairs mentioned above, subcloned into the pGEM-T Easy vector and sequenced. The ORF fragments were excised through NotI and inserted into the NotI site of the pYES3/CT vector by ligation to construct an expression vector (promoter: GAL1, selection marker: TRP1) (Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States). The vector was introduced into yeast. Gene insertion into the vectors was confirmed by nucleotide sequencing of plasmids isolated from each colony. For cotransformation of the LsTAT1 and LsOSC1 genes in yeast, plasmids containing LsTAT1 were transformed into INVSc1 yeast expressing LsOSC1, and the cells were cultured on medium without uracil and tryptophan. The culture conditions and methods for galactose induction and preparation of the triterpene fraction were the same as those described above. To analyse the production of triterpenes in transgenic yeasts, transgenic yeast cells harvested after centrifugation were mixed with 80% methanol and sonicated for 10 min. After centrifugation, the supernatant was mixed with 100% chloroform by vortexing. The chloroform layer was transferred to a new tube and filtered using a SepPak C-18 cartridge (Waters).



In planta Expression of the LsTAT1 and LsOSC1 Genes

The ORF regions of LsTAT1 (GenBank accession number, MZ268019) and LsOSC1 (GenBank accession number, MN107542.1) were amplified using PCR primers, as shown in Supplementary Table 1. Both genes were cloned into the pCR8/GW/TOPO (Invitrogen, Carlsbad, CA, United States) vector and transferred into the destination vector pPZIP-Bar under the control of the double 35S CaMV promoter. Eventually, the overexpression construct harboring both the LsTAT1 and LsOSC1 genes was introduced into Agrobacterium tumefaciens GV3101 competent cells by the heat shock method. The construction of transgenic tobacco with the LsTAT1 and LsOSC1 genes was performed by A. tumefaciens-mediated transformation.



Gas Chromatography–Mass Spectrometry Analysis

Seeds of four cultivars (romaine lettuce, iceberg lettuce, red leaf lettuce, and green leaf lettuce) of lettuce were purchased from Asia Seed Co. (Seoul, South Korea). At the two- to three-true-leaf stages, germinated plants were transplanted into plastic pots containing peat moss and perlite (3:1 v/v). The plants were grown in a greenhouse with a 16-h photoperiod and day and night temperatures of 24 and 18°C, respectively. When the plants had grown to the 10- to 12-leaf stage, the third leaves from the top were sampled for triterpene analysis.

To analyse the triterpene profiles in leaves of four lettuce cultivars, MeJA treated lettuce seedlings, and leaves of transgenic tobacco with the LsTAT1 and LsOSC1 genes, the leaves were air dried at 50°C in a drying oven. The milled powders (200 mg) from each of the samples were soaked in 100% methanol (1 ml) and sonicated for 30 min at a constant frequency of 20 kHz and a temperature of 40°C. The supernatant was collected by centrifugation and subsequently filtered using a SepPak C-18 cartridge (Waters Co., Milford, MA, United States).

For the GC/MS analysis prepared from the extracts mentioned above, an aliquot (5 μl) with a split injection (5:1) was obtained for analysis using a gas chromatograph (Agilent 7890A) equipped with an inert MSD system (Agilent 5975C) with a triple-axis detector and an HP-5 MS capillary column (30 m × 0.25 mm, film thickness of 0.25 mm). The inlet temperature was set to 250°C, and the column temperature was programmed to start at 150°C for 5 min, increase to 300°C at a rate of 5°C/min, and remain at 300°C for 20 min. The GC/MS conditions were set as follows: ionizing energy, 70 eV; ion source temperature, 230°C; and MS quad temperature, 150°C. The chromatogram peaks in the GC analysis were identified by comparison with a library database and authentic triterpene and triterpene acetate standards. Triterpenes and triterpene acetates were identified by comparing their retention times with those of authentic standards and mass fragmentation spectra.



Ultra-Performance Liquid Chromatography Analysis

The in vitro activity of the LsTAT1 enzyme on the conversion of lupeol to lupeol palmitate by the reaction of palmitoyl-CoA (16:0) as an acyl donor and lupeol as an acyl accepter was monitored by an ACQUITY ultra-performance liquid chromatograph (UPLC) (Waters Co., Milford, MA, United States) equipped with a Photodiode Array (PDA) detector.

A binary gradient method was used to vary the mobile phase composition over time. Mobile phase solvents A and B consisted of water and acetonitrile, respectively. Linear gradient elution at a flow rate of 0.5 ml/min was performed for analysis: initial 15% B from 0 to 0.5 min, linear gradient 15–45% B from 0.5 to 8 min, linear gradient 45–100% B from 8 to 10 min, and a final return to 15% B, which was maintained until 2 min. The total run time was 18 min, and the sample injection volume was 2 μl.
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Red bayberry is a sweet, tart fruit native to China and grown widely in the south. The key organic compounds forming the distinctive aroma in red bayberry, are terpenoids, mainly β-caryophyllene and α-pinene. However, the key genes responsible for different terpenoids are still unknown. Here, transcriptome analysis on samples from four cultivars, during fruit development, with different terpenoid production, provided candidate genes for volatile organic compound (VOC) production. Terpene synthases (TPS) are key enzymes regulating terpenoid biosynthesis, and 34 TPS family members were identified in the red bayberry genome. MrTPS3 in chromosome 2 and MrTPS20 in chromosome 7 were identified as key genes regulating β-caryophyllene and α-pinene synthesis, respectively, by qRT-PCR. Subcellular localization and enzyme activity assay showed that MrTPS3 was responsible for β-caryophyllene (sesquiterpenes) production and MrTPS20 for α-pinene (monoterpenes). Notably, one amino acid substitution between dark color cultivars and light color cultivars resulted in the loss of function of MrTPS3, causing the different β-caryophyllene production. Our results lay the foundation to study volatile organic compounds (VOCs) in red bayberry and provide potential genes for molecular breeding.

Keywords: TPS, VOC, β-caryophyllene, α-pinene, transcriptome, functional differentiation


INTRODUCTION

Red bayberry (Morella rubra, formerly Myrica rubra), an evergreen plant belonging to Myricaceae, Fagales, is one of the most economically important fruits in southern China, with a production of over one million tons each year. It is also distributed in Korea, Japan, Southeast Asia and Australia (Chen et al., 2003). It is rich in anthocyanins, proanthocyanidins, vitamin C, and volatile organic compounds (VOCs), and is known as the “treasure fruit of Jiangnan,” highly appreciated by the vast number of consumers. There are over 100 cultivars or varieties in this species (Wu et al., 2020). Normally, the cultivar is identified by the color and size of the fruit. The dark color fruit cultivars, such as ‘Biqi’ (in the ‘Biqi’ series) and ‘Dongkui’ (in the ‘Dongkui’ series) contain the highest level of anthocyanin while the light color varieties, including ‘Xiazhihong’ and ‘Y2012-145’ (both belong to the ‘Fenhong’ series) have the lowest level of anthocyanin (Jiao et al., 2012; Jia et al., 2014). VOCs are mainly secondary metabolites, with terpenoids being a major part of them. Cheng et al. (2016) identified the component of VOCs and their content in 11 cultivars of red bayberry fruit by headspace solid-phase extraction. They found that the main aroma components in red bayberry were β-pinene, α-pinene (monoterpenes), D-limonene and β-caryophyllene (sesquiterpenes), with different cultivars having different kinds of terpenoids (Cheng et al., 2016).

The main products of the terpenoid pathway are monoterpene (C10), sesquiterpene (C15), and diterpene (C20). There are two conserved pathways for the biosynthesis of plant terpenoids: the mevalonate (MVA) and the methyl erythritol phosphate (MEP) pathway. The MVA pathway produces farnesyl diphosphate (FPP) that can be transformed to sesquiterpene on catalysis with sesquiterpene synthase in the cytoplasm while the MEP pathway produces geranyl diphosphate (GPP) that is catalyzed by monoterpene synthase to monoterpenes in plastids (Enfissi et al., 2005; Wang et al., 2018; Zhou and Pichersky, 2020).

Terpene synthases (TPS), also known as cyclases, are key enzymes for terpenoid biosynthesis. TPS family members are divided into seven subfamilies, TPS-a, TPS-b, TPS-c, TPS-d, TPS-e/f, TPS-g, and TPS-h (Chen et al., 2011). TPS-a, TPS-b, and TPS-g are unique to angiosperms. TPS-a mainly synthesizes sesquiterpenes and TPS-b mainly monoterpenes, while TPS-g can synthesize monoterpenes, sesquiterpenes and diterpenes (Chen et al., 2011). TPS family members could improve the aroma quality and resistance in fruit. In tomato, the content of linalool in mature fruit could be increased by introducing a linalool synthase under the control of the tomato late-ripening-specific E8 promoter (Lewinsohn et al., 2001). Similarly, the content of geraniol and citronellol in tomato was significantly increased while expressing the Ocimum basilicum geraniol synthase gene under the control of the tomato ripening-specific polygalacturonase promoter (Davidovich-Rikanati et al., 2007). Limonene is the volatile substance in the oil cell layer of citrus fruit, and the inhibition of limonene synthase has been shown to enhance their resistance to Penicillium (Rodríguez et al., 2014). UV-B treatment resulted in the downregulation of PpTPS1 and upregulation of PpTPS2, causing a reduction in linalool and an increase in (E,E)-α-farnesene in peach, respectively (Liu et al., 2017). Transcription factors, including MYB, NAC, WRKY, EIN3, have been reported to regulate TPS genes, involved in terpenoid biosynthesis in many species (Nieuwenhuizen et al., 2015; Li et al., 2017; Jian et al., 2019). In two kiwifruit species with different terpenoid production (Actinida arguta and A. chinensis), AaNAC2, AaNAC3, and AaNAC4 were found to bind to the AaTPS1 promoter but not to the AcTPS1 promoter because of one SNP at the NAC binding site, leading to lower expression of AcTPS1 and lower terpenoid content in A. chinensis (Nieuwenhuizen et al., 2015). However, the mechanism of terpenoid biosynthesis is still unclear, as is which TPS protein is responsible for the major aroma formation in red bayberry.

Here, red bayberry mainly produced β-caryophyllene or α-pinene in the studied four cultivars, so comprehensive RNA-seq analysis during fruit development was used and candidate genes screened for the accumulation of β-caryophyllene and α-pinene, respectively. The TPS gene family was extensively analyzed and two key TPS proteins, MrTPS3 and MrTPS20, were functionally characterized for aroma production in red bayberry.



MATERIALS AND METHODS


Plant Materials

Fruit samples of ‘Biqi,’ ‘Dongkui,’ ‘Xiazhihong,’ and ‘Y2012-145’ cultivars were collected for RNA-seq at 44 days (S1), 54 days (S2), and 66 days (S3) after full blooming, in 2015, based on the fruit shape and color according to previous observations, and were immediately frozen in liquid nitrogen. Ten fruits were grouped as one biological replicate and stored at −80°C until use. In addition, 30 fruits were collected separately to determine physiological indexes of fruit quality such as single fruit weight, anthocyanins, soluble sugars, and soluble organic acids. Samples for qRT-PCR and gene cloning were collected in 2017 at the same stages as in 2015.



Measurement of Soluble Sugars and Organic Acids

High performance liquid chromatography (HPLC) was used to determine soluble sugars and organic acids in fruit. The soluble sugars and organic acids were extracted from three gram of fruit powder in a 10 ml tube with 6 ml 80% ethanol, at 35°C in a water bath for 20 min, followed by centrifugation at 6,500 rpm for 15 min. The supernatant was collected while the pellet was resuspended in another 6 ml of 80% ethanol, and the extraction repeated three times. The supernatant mixture was diluted to 25 ml with 80% ethanol. One ml of extracts was dried by vacuum concentration at 45°C for 4 h. The crystal was dissolved with 1 ml ultrapure water and the solution centrifuged at 12,000 rpm for 15 min. The resulting supernatant was filtered through a 0.22 μM filtration membrane into sample vials for HPLC detection. The glucose, fructose, sucrose, and citric acid standards were from Sangon Biotech Co., Ltd. (Shanghai, China) and Shanghai Hushi Laboratorial Equipment Co., Ltd. (Shanghai, China).

The HPLC conditions for determination of soluble sugars were as follows: The mobile phase was acetonitrile: ultrapure water = 9:1 (v:v), with a flow rate of 1 ml min–1. The sample injection volume was 10 μl and the column temperature was set at 30°C. The Waters Spherisorb NH2 column was used for the separation and the RID detector (Waters, United States) was used for the detection.

The HPLC conditions to determine the organic acids were as follows: The mobile phase was 0.01 M (NH4)2HPO4: methanol = 97:3 (v:v), with a flow rate of 1 ml min–1. The sample injection volume was 10 μl and the column temperature was set at 35°C. The Waters SunFire C18 column was used for the separation and the SPD-M20A VWD detector (Agilent, United States) was used for detection.



Measurement of Anthocyanins in Fruits

The measurement of anthocyanins was as previously described (Bai et al., 2019). In brief, 1 g of fruit powder was added to 5 ml of precooled HCl-methanol solution (1:999, v:v) for 24 h at 4°C in the dark, then centrifuged at 12,000 rpm for 20 min at 4°C. The anthocyanin was measured at 510 nm and 700 nm absorbance using a UV-VIS spectrophotometer.



Measurement of Volatile Organic Compounds in Red Bayberry Fruits

The VOCs were extracted following the method previously described (Zhang et al., 2018). In brief, 1 g fruit samples was added to 2 ml of 20% NaCl (m/v) solution and mixed by vortex. 20 μl of 2-octanol (0.766 μg μl–1), as an internal standard, and 300 μl of CH2Cl2 was added and vortexed thoroughly. After 20 min incubation at room temperature, samples were centrifuged at 10,000 rpm for 5 min, and the supernatant transferred to a 1.5 ml centrifuge tube, to which 50 mg anhydrous sodium sulfate was added, and incubated for a further 30 min until the water was fully absorbed. For detection, 150 μl of the solution were transferred to GC vials, in a gas chromatography–mass spectrometry (GC-MS) (Agilent, 7890a, United States) equipped with a CTC-PAL2 (United States) autosampler.



RNA Isolation and RNA Sequencing

RNA isolation and sequencing were as described previously (Jia et al., 2019). A modified cetyltrimethylammonium bromide method was used for RNA extraction. The RNA-seq library was constructed and sequenced by 1 gene Co., Ltd. (Hangzhou, China) on Illumina Hiseq 4000 platform with pair-end sequence (PE150). The raw data were generated and processed in a quality control step using FastQC and Trim-galore to trim the adaptors and low quality reads to produce clean data. Per sample was an average of 7.43 giga bases (Gb) of clean data.



RNA-Seq Analysis

Next-generation sequencing clean reads were mapped to the red bayberry genome (Jia et al., 2019) using HISAT2 (Kim et al., 2019). Additionally, SAMtools (Danecek et al., 2021) was used to convert SAM files to BAM files. The reads covering transcripts were counted with featureCounts (Liao et al., 2014) and then used to identify DEGs with DEseq2. Genes with a false discovery rate (FDR) < 0.05, P < 0.05 and | log2Ratio| ≥ 1 were designated as DEGs, and the FPKM value for each gene was calculated. Heatmaps (scaled by row) were prepared using TBtools (Chen C. et al., 2020), and the R packages were used for Mfuzz and WGCNA analysis (Kumar and Futschik, 2007; Langfelder and Horvath, 2008).



First Strand cDNA Synthesis and Quantitative Real-Time PCR

Samples for qRT-PCR were collected in 2017 as described above. First strand cDNA synthesis was with 1 μg total RNA with the HiScript II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme, China), and the qRT-PCR assay was completed with the iTaq™ Universal SYBR® Green Supermix (Bio-Rad, United States) as described by Yang et al. (2020). The MrPP2A (KAB1212620.1), homologous to AtPP2A, was selected from the RNA-seq data and used as a reference control because it is constitutively expressed during fruit development in different cultivars and the primer efficiency is 96.6%. The qRT-PCR primers are listed in Supplementary Table 1.



Identification, Phylogenetic Analysis, Conserved Motifs, and Cis-Element Prediction of Terpene Synthases Genes

A hidden Markov model (HMM) profile was constructed with the Terpene synthase N terminal domain (PF01397) and Terpene synthase C terminal domain (PF03936) from the Pfam database1 (El-Gebali et al., 2018). An HMM search was carried out in red bayberry protein databases using the HMM profiles that had been constructed. Protein sequences encoded by the TPS family genes were used as query with the HMMER 3.0 software package (Finn et al., 2015). After manually refining incorrect predicted genes, 34 MrTPS proteins were identified. Chromosomal locations of the red bayberry TPS genes were obtained based on the red bayberry genome information (Jia et al., 2019).

Phylogenetic and molecular evolutionary analyses were using MEGA 7.0 (Kumar et al., 2016). Red bayberry TPS protein sequences identified above were aligned with TPSs from other species using ClustalW with the default settings in MEGA 7.0. The Neighbor-Joining method in MEGA was used to construct the phylogenetic trees with 1,000 bootstrap replicates as previously described (Yang et al., 2019). To identify shared motifs and structural divergences among the predicted TPS family proteins, the MEME online tool2 was used with the following parameters: maximum number of motifs, 6; minimum motif width, 10; and maximum motif width, 60. TBtools (Chen C. et al., 2020) was used for motif visualization and gene structure analysis. Putative promoters of TPS genes, which were 2,500 bp upstream of the transcription start site or start codon, were extracted from the genome sequence (Jia et al., 2019). About 2,400 and 1,350 bp were cloned for proMrTPS3 and proMrTPS20, respectively. Cis-elements were predicted using an online tool PlantCARE (Lescot et al., 2002) and visualized using TBtools (Chen C. et al., 2020).



Subcellular Localization Assay and 3D Protein Model Prediction

Agrobacterium tumefaciens GV3101 were transformed with the 35S:MrTPS3-GFP, 35S:MrTPS20-GFP, and 35S:GFP (free GFP) constructs. The encoded proteins and AtRUBISCO-RFP, which was used as a chloroplast marker, were co-expressed in transgenic tobacco leaves as previously described (Yang et al., 2018). In detail, the positive clones were picked and cultured in 5 ml liquid LB medium (containing 50 mg/L hygromycin and 50 mg/L rifampicin) at 28°C overnight with shaking. The agrobacteria were centrifuged at 5,000 rpm for 5 min and resuspended with an infection solution [containing 10 mM MgCl2, 10 mM MES (pH = 5.6), and 100 μM acetosyringone] to adjust the OD600 to 1.0. Agrobacteria harboring GFP constructs were mixed in equal volume with the agrobacteria harboring AtRUBISCO-RFP. After 1 h at room temperature, the infection solution was injected with a 1 ml syringe into the back of the 4th–6th leaves of tobacco. The tobacco plants were incubated at 25°C (day)/23°C (night) for 36–48 h, and fluorescence detected with a laser confocal microscope (Nikon, Japan). Primers used for constructing plasmids are listed in Supplementary Table 2.

Protein 3D models were predicted using the online tool SWISS-MODEL.3 The full length of MrTPS3 and MrTPS20 proteins were uploaded using the sequences obtained from cloning.



Prokaryotic Protein Expression and Enzyme Activity Assay

The full CDS of MrTPS3 was cloned into pET-32a and the protein was expressed in Escherichia coli strain BL21 (Rosetta) and purified using Ni-NTA Sefinose Resin (Settled Resin) (Sangon Biotech, China) and Econo-Pac® Disposable Chromatography Columns (Bio-Rad) as previously described (Yang et al., 2020). The purified His-MrTPS3 protein was dialyzed with 1M Tris-HCl [containing 10% glycol and 20 mM dithiothreitol (DTT)] solution. The enzyme activity assay was carried out according to methods described in Liu et al. (2017). Primers used for constructing plasmids are listed in Supplementary Table 2.




RESULTS


Fruit Development and Major Volatile Organic Compounds in Cultivars of Red Bayberry

The fruits of four red bayberry cultivars (‘Biqi,’ ‘Dongkui,’ ‘Xiazhihong,’ and ‘Y2012-145’) were collected at three developmental stages (Figure 1A). The most obvious differences among the four cultivars were fruit size and color. The fruit of ‘Biqi’ was small (mean weight per fruit was 9.86 g), with the darkest color and the highest anthocyanin content (Supplementary Figures 1A,B). The fruit of ‘Xiazhihong,’ medium in size (mean weight per fruit was 13.73 g), was a lighter color and had lower anthocyanin content while the fruit of ‘Y2012-145,’ also medium in size (mean weight per fruit was 12.23 g), was the lightest color and had the lowest anthocyanin content (Supplementary Figures 1A,B). The fruit of ‘Dongkui’ was the largest in size (mean weight per fruit was 20.08 g) with high anthocyanin content (Supplementary Figures 1A,B). The single fruit weight of fruit at the S2 to S3 developmental stage suggested that the weight of ‘Biqi’ (small fruit cultivar) changed little, while that of ‘Dongkui’ more than doubled (Supplementary Figure 1A). The content of three soluble sugars, sucrose, fructose, and glucose, increased continuously during fruit development in the four cultivars (Supplementary Figure 1C), while the content of citric acid, the most abundant organic acid in red bayberry fruits, gradually decreased (Supplementary Figure 1D), during the maturation of fruits.
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FIGURE 1. Fruit appearance and VOC contents in four cultivars of red bayberry. (A) Photos of red bayberry fruits at three stages in four cultivars. S1, S2, S3 show the three fruit developmental stages. (B) Main VOCs in red bayberry. “ND” indicates not detectable. “BQ,” “DK,” and “XZH” indicate ‘Biqi,’ ‘Dongkui,’ and ‘Xiazhihong’ cultivars, respectively. Error bars indicate standard deviation of three biological replicates. Different letters indicate significant difference among stages and cultivars (one-way ANOVA, p < 0.05). (C) Heatmap of VOC contents at three development stages in the four cultivars. Normalized contents are showed in blue (low) to red (high).


As the main VOCs in red bayberry differ between cultivars (Cheng et al., 2016), the VOCs in fruits of the four cultivars was measured using GC-MS. The results showed that the fruits with high anthocyanin contents (‘Biqi’ and ‘Dongkui’) mainly produced β-caryophyllene while the fruits with low anthocyanin contents (‘Xiazhihong’ and ‘Y2012-145’) mainly produced α-pinene (Figures 1B,C). In addition, both β-caryophyllene and α-pinene decreased with fruit development, with the highest concentration at the S1 stage (Figures 1B,C). Notably, in ‘Biqi’ and ‘Dongkui’ fruit, α-pinene, β-pinene, and D-limonene were almost not detectable (Figure 1C).



Changes in Transcript Levels and Genes Related to Volatile Organic Compound Biosynthesis

To investigate the mechanism of VOC biosynthesis in red bayberry, RNA sequencing was used to reveal the different biosynthetic mechanisms of β-caryophyllene and α-pinene in red bayberry. A total of 267.57 G bases of clean data were obtained with 36 samples (Supplementary Table 3). Reads were mapped to the reference genome (Jia et al., 2019), with a mapping rate of more than 75% for all samples (Supplementary Table 3). A total of 26,809 DEGs were identified according to the conditions of P < 0.05, FDR < 0.05 and | log2Ratio| ≥ 1. Statistical analysis of DEGs showed that in the transition from S1 to S2, the number of up-regulated genes was more than that of down-regulated genes in four cultivars (Supplementary Table 4).

For further clarification, the Mfuzz R package was used to cluster the expression patterns of the DEGs from ‘Biqi,’ ‘Dongkui,’ ‘Xiazhihong,’ and ‘Y2012-145’ at the three stages. Four expression clusters were obtained in each cultivar during the three developmental stages (Supplementary Figure 2). Cluster 1 in ‘Biqi,’ Cluster 2 and 3 in ‘Dongkui,’ Cluster 4 in ‘Xiazhihong’ and Cluster 2 in ‘Y2012-145’ showed continuous downregulation of gene expression (Supplementary Figure 2), consistent with the changes in the β-caryophyllene and α-pinene content, suggesting that some of these DEGs might be involved in β-caryophyllene or α-pinene biosynthesis. A Venn diagram was constructed and the genes shared in all of the groups and genes specific to ‘Biqi’ and ‘Dongkui’ or ‘Xiazhihong’ and ‘Y2012-145’ identified (Supplementary Figure 3). From the heatmap of the expression profiles of the gene set (Figure 2), two bHLHs (KAB1224803.1 and KAB1224716.1) genes showed continuous downregulation and the expression of the two bHLHs were higher in ‘Biqi’ and ‘Dongkui’ but lower in ‘Xiazhihong’ and ‘Y2012-145’ (Figure 2A). This suggests that these two bHLHs are candidate transcription factors regulating β-caryophyllene biosynthesis. The transcription factors WRKY22 (KAB1219498.1), ERF1A (KAB1216970.1), and BZR1 (KAB1221548.1) also had a specific expression pattern in ‘Biqi’ and ‘Dongkui’ (Figure 2B), suggesting the possible role of brassinosteroids in VOC biosynthesis.
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FIGURE 2. Expression profiles of the selected gene set. (A) Expression files of genes that were specifically downregulated in ‘Biqi’ and ‘Dongkui.’ (B) Expression files of genes that were specifically downregulated in ‘Xiazhihong’ and ‘Y2012-145.’ Gene IDs in red font indicate the genes mentioned in the main text. Genes were clustered according to their expression patterns.


Weighted gene co-expression network analysis (WGCNA) is an effective way to mine the genes related to a specific phenotype. WGCNA with all the genes obtained in the RNA-seq data gave a total of 78 modules, grouped according to the co-expression with the content of anthocyanin, β-caryophyllene and α-pinene (Figure 3). Interestingly, many modules showed the opposite correlations between β-caryophyllene and α-pinene content, including “MEdarkgreen,” “MEmagenta,” “MEnavajowhite2,” “MElightgreen,” and “MEsienna3” (Figure 3). The modules with the highest confidence level, “MEmagenta” (cor = 0.81, p = 0.002) and “MEsienna3” (cor = 0.75, p = 0.005), were chosen for further analysis. “Module membership vs. gene significance” analysis showed the linear correlation between gene expression and VOCs content, and genes with module membership higher than 0.9 were considered as candidate genes for β-caryophyllene and α-pinene accumulation (Supplementary Figures 4A,B and Supplementary Tables 5, 6). Among the 26 genes identified in “MEsienna3,” the expressions of CASP-like genes were higher in ‘Biqi’ and ‘Dongkui’ than in ‘Xiazhihong’ and ‘Y2012-145’ (Supplementary Table 5). Acid phosphatase 1-like (KAB1212067.1) had very high expression compared to other candidate genes and was also more highly expressed in ‘Biqi’ and ‘Dongkui’ (Supplementary Table 5), indicating the possible role of acid phosphatase 1-like in β-caryophyllene production. In “MEmagenta,” 100 genes were identified as candidate genes negatively related to β-caryophyllene production and positively related to α-pinene production (Supplementary Table 6).
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FIGURE 3. Module-trait relationship of WGCNA. Seventy-eight different modules were grouped for all expressed genes. Colors and numbers indicate the correlation coefficient between gene expressions and compound contents. Numbers in the brackets show the p-values of the significance.


As terpenoids are synthesized in the cytosol via the MVA pathway or in the plastid via the MEP pathway, the expression of the structural genes in both terpenoid biosynthetic pathways in the four cultivars was further checked. Structural genes were identified using the BLASTp program with proteins in Arabidopsis as query. However, there was no significant difference between these structural genes in the four cultivars at the three developmental stages (Supplementary Figure 5).



Genome-Wide Identification of Terpene Synthases Genes in Red Bayberry

In order to clarify why the different types of VOCs were biosynthasized in the different cultivars, genome-wide identification of the terpenoid synthases family, the key enzymes for terpenoids production, was conducted. A total of 34 MrTPS genes were identified by searching Pfam domain in the red bayberry genome (Jia et al., 2019), named MrTPS1-MrTPS34 according to the order of the TPSs location on the chromosomes (Supplementary Table 7). The MrTPS genes were distributed on six chromosomes, except chromosome 3 and 5 (Supplementary Table 7 and Supplementary Figure 6). MrTPS4-MrTPS9 were tandemly located on chromosome 4, MrTPS13-MrTPS17 on chromosome 6 and MrTPS19-MrTPS23 were tandemly located on chromosome 7 (Supplementary Figure 6). The phylogenetic analysis of MrTPSs and TPSs in other species showed that 12 MrTPS proteins belonged to the TPS-a subfamily; 13 belonged to the TPS-b subfamily; two belonged to the TPS-c subfamily; three MrTPS belong to the TPS-e/f subfamily; four belong to the TPS-g subfamily (Figure 4A). No MrTPS proteins was found belonging to the TPS-d subfamily (Figure 4A).
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FIGURE 4. Phylogenetic analysis of TPSs and their expression patterns in different cultivars. (A) Phylogenetic tree of TPS family members in different species. Neighbor-Joining method in MEGA was used to construct the phylogenetic trees with 1,000 bootstrap replicates. Red dots indicate the TPS members in red bayberry. Lines with different colors show the different subfamilies. Bootstrap values higher than 50 are shown. (B) qRT-PCR analysis of the three selected candidate TPS genes. Error bars indicate standard deviation of three biological replicates. S1, S2, S3 show the three fruit developmental stages.


To further identify the MrTPS family members, motifs were searched by the MEME tool. The results showed that most of the MrTPS proteins had motif 1, motif 2 and motif3, while MrTPS21 only had motif 3, identified as the key domain (DDxxD) for identification of most TPS family members (Supplementary Figure 7).



Expressions and Cis-Element Analysis of MrTPS3 and MrTPS20

In order to screen the specific MrTPS genes that regulate the biosynthesis of α-pinene and β-caryophyllene in red bayberry fruits, the differentially expressed genes annotated as TPS by KEGG in the transcriptome data were analyzed. Based on the difference of the main VOCs in the four cultivars, the differentially expressed MrTPSs between ‘Biqi’ and ‘Xiazhihong,’ ‘Biqi’ and ‘Y2012-145,’ ‘Dongkui’ and ‘Xiazhihong,’ and ‘Dongkui’ and ‘Y2012-145’ were compared at the three developmental stages. 34 differentially expressed TPS genes were obtained at the S1 stage, 32 at the S2 stage, and only 21 at the S3 stage (Supplementary Figure 8). Among them, 15 TPS genes were obtained as DEGs at the three stages. By overlaping these genes with 34 MrTPS genes identified by Pfam domain and removing genes with no expression in the RNA-seq, six candidate MrTPS genes were taken out: MrTPS1, MrTPS3, MrTPS10, MrTPS11, MrTPS16, and MrTPS20. The expression of the six MrTPS genes were validated by qRT-PCR and the results showed that the expression of MrTPS1, MrTPS10, and MrTPS11 were too low for qRT-PCR and cloning (Ct value > 35) in four cultivars at almost all stages. Only MrTPS3, MrTPS16, and MrTPS20 had a high and stable expression in qRT-PCR in certain cultivars. As both MrTPS16 and MrTPS20 belonged to TPS-b subfamily and the expression of MrTPS20 was much higher than that of MrTPS16 in all the samples, the focus was on MrTPS3 and MrTPS20 for further analysis. Notably, the expression of MrTPS20 was higher in ‘Xiazhihong’ and ‘Y2012-145’ than that in ‘Biqi’ and ‘Dongkui’ at all stages (Figure 4B). MrTPS3, which belonged to TPS-a, had much higher expression in ‘Xiazhihong’ and ‘Y2012-145.’

To explain the expression patterns of MrTPS3 and MrTPS20, we cloned the promoter of MrTPS3 and MrTPS20 in the four cultivars. The results showed only SNPs difference in the promoter of MrTPS3 and MrTPS20. For the MrTPS3 promoter, cis-element analysis showed that ‘Biqi’ and ‘Dongkui’ had the same cis-element pattern while ‘Xiazhihong’ and ‘Y2012-145’ shared a different pattern with one more SA-responsive cis-element, indicating that salicylic acid might regulate the expression of MrTPS3 (Supplementary Figure 9A). However, no consistent change of the MrTPS20 promoter in the four cultivars was observed (Supplementary Figure 9B).



Functional Characterization of MrTPS3 and MrTPS20

As α-pinene and β-caryophyllene are synthesized in different parts of a cell, the subcellular localization of MrTPS3 and MrTPS20 was verified. Transient expression of MrTPS3-GFP and MrTPS20-GFP in tobacco leaves showed that MrTPS3 was localized in the cytoplasm and nucleus while MrTPS20 was localized only in the chloroplast (Figure 5), indicating the different functions of these two TPS proteins. As β-caryophyllene is synthesized in cytoplasm and α-pinene is produced in chloroplasts, the results indicate that MrTPS3 is responsible for β-caryophyllene synthesis, while MrTPS20 produced α-pinene in red bayberry. Intriguingly, the CDS sequences of MrTPS3 were the same in the dark color cultivars ‘Biqi’ and ‘Dongkui’ (MrTPS3-BD), and two SNPs were found in both light color cultivars ‘Xiazhihong’ and ‘Y2012-145’ (MrTPS3-XY) as compared to MrTPS3-BD (Supplementary Figure 10A). The similar phenomenon was observed in MrTPS20. Five SNPs were observed between MrTPS20-BD and MrTPS20-XY (Supplementary Figure 10B). The SNPs in MrTPS3 caused the asparagine (N413) to tyrosine (Y413) non-synonymous mutation (Figure 6A). The single amino acid substitution caused the conformational change at 503th glutamic acid (E503) in ‘Xiazhihong’ and ‘Y2012-145,’ leading to the change of the protein function (Figure 6B). The SNPs in MrTPS20 also resulted in single amino acid substitution (Supplementary Figure 10C), leading to the protein structure change (Supplementary Figure 10D), which might cause the loss of function of MrTPS20 in ‘Biqi’ and ‘Dongkui’ with no α-pinene production (Figure 1B).
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FIGURE 5. Subcellular localization of MrTPS3 and MrTPS20. Free GFP served as a positive control and Arabidopsis RUBISCOA-RFP served as a marker located in chloroplast. Bars indicate 50 μm.
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FIGURE 6. Functional characterization of MrTPS3. (A) Protein sequence alignment of MrTPS3 in ‘Biqi’/‘Dongkui’ (MrTPS3-BD) and in ‘Xiazhihong’/‘Y2012-145’ (MrTPS3-XY). (B) Protein 3D models for MrTPS3-BD and MrTPS3-XY. Pictures in the red box showed the zoom in of the picture. Arrows indicate the amino acid substitution and the structure change. (C) Enzyme activity assays of MrTPS3 using prokaryotic-expressed protein. GPP and FPP served as substrates and β-caryophyllene was the product. GC-MS was used to detect the reaction. Boiled MrTPS3 protein served as a negative control. The arrows show the peak of β-caryophyllene. The stars show the locations of amino acid sequence and the interval is 20 aa.


To further confirm the functional differentiation of MrTPS3 between ‘Biqi’/‘Dongkui’ and ‘Xiazhihong’/‘Y2012-145,’ enzyme activity analysis of recombinant MrTPS3 proteins was conducted. The products were identified by GC-MS, which were compared to NIST libraries and authenticated compounds. The results showed that MrTPS3-BD could convert FPP to β-caryophyllene, while β-caryophyllene was not detected by MrTPS3-XY catalytic reaction (Figure 6B). Interestingly, MrTPS3-XY converted FPP to limonene (Supplementary Table 8) suggesting that the amino acid mutation in MrTPS3 changed the protein function. In addition, GPP was not recognized by MrTPS3 and there was no α-pinene production (Supplementary Figure 11). These results indicate that MrTPS3-BD is a sesquiterpene synthase for β-caryophyllene and the single amino acid substitution, N413 to Y413, results in the loss of function of MrTPS3-XY for β-caryophyllene production in red bayberry.




DISCUSSION

Aroma, which is mainly due to VOCs, is an important trait for fruit quality. Terpenoids are the most important VOCs in red bayberry and they are synthesized as a defense mechanism against pathogens and animals during fruit development (Zhou and Pichersky. 2020). TPS is considered as a key enzyme for VOCs production, and its identification and functional characterization would give a better understanding of its biosynthesis. With the publication of genomes of more and more species, the TPS family genes have been identified in many species in recent years. In citrus, a total of 55 CsTPS genes have been identified, and seven TPS genes are related to sesquiterpene biosynthesis, including one related to β-farnesene biosynthesis and two related to β–caryophyllene biosynthesis (Alquézar et al., 2017). More recently, 52 TPS family genes have been identified in wintersweet (Chimonanthus praecox), indicating a possible mechanism for the formation of flower aroma (Shang et al., 2020), while 100 TPS genes have been found in the lavender genome (Li et al., 2021). Here, the identification of 34 TPS genes in the red bayberry genome (Supplementary Table 7), much less than those in the genomes mentioned above, supports red bayberry not having had a whole genome duplication event (Jia et al., 2019). Similarly, in lily, 32 LsTPS genes have been identified, five of which are involved in the synthesis of three monoterpenes: ocimene, pinene, and limonene (Du et al., 2019).

Integrating the transcriptome and qRT-PCR data, MrTPS3 and MrTPS20 were identified as candidate genes for β-caryophyllene and α-pinene, respectively. SNPs in different cultivars often cause changes in protein functions, leading to different phenotypes. Intriguingly, ‘Biqi’ and ‘Dongkui’ have the same CDS sequences of MrTPS3 while the sequences of MrTPS20 are the same in ‘Xiazhihong’ and ‘Y2012-145,’ leading to a similar production of β-caryophyllene in ‘Biqi’ and ‘Dongkui’ and of α-pinene in ‘Xiazhihong’ and ‘Y2012-145.’ Our results showed that the single amino acid substitution from N413 to Y413 caused the loss of function of MrTPS3 (Figure 6), similar to the results from a study in rice, where one amino acid substitution from D to Y in TPSOg080 has been shown to cause the loss of activity of the TPS protein (Chen H. et al., 2020). The results obtained here confirmed that MrTPS3 is the essential gene for β-caryophyllene production in ‘Biqi’ and ‘Dongkui.’ In a previous study, ‘Xiazhihong’ and ‘Y2012-145’ were found to have a very close relationship, both belonging to the ‘Fenhong’ series while the relationship between ‘Biqi’ and ‘Dongkui’ is more distant (Jia et al., 2014, 2015). Combining the results in this study, we clarified the close relationship between ‘Xiazhihong’ and ‘Y2012-145’ in aspects of aroma biosynthesis. As the offspring of the F1 population of ‘Biqi’ × ‘Dongkui’ have already produced fruits (Wang et al., 2020), further study could reveal the detailed mechanism of β-caryophyllene biosynthesis by using the genetic population. Meanwhile, other cross combinations could help to further characterize the differentiation of β-caryophyllene and α-pinene production by QTL mapping.

PpTPS2 in peach, belonging to the TPS-b subfamily and localized in the cytoplasm, has been induced by UV-B and participates in the biosynthesis of α-farnesene (Liu et al., 2017). Studies have shown that TPS genes are induced by JA and SA. Transcription factors involved in the JA and SA signaling pathways such as WRKY, MYC2, NAC, and MYB, participate in the regulation of expression of TPS genes in many plant species (Nieuwenhuizen et al., 2015; Li et al., 2017; Aslam et al., 2020). However, how TPS genes are transcriptionally regulated is still unclear in red bayberry. Here, WRKY22, ERF1A, and BZR1 were identified as candidate transcription factors regulating VOC biosynthesis (Figure 2). These transcription factors might regulate the expressions of TPS genes, with several related cis-elements (e.g., MBS, G-box, JA-responsive, and SA-responsive cis-elements) in the promoter of MrTPS3 and MrTPS20 identified (Supplementary Figure 9).

We observed that cultivars with high anthocyanin content mainly produced β-caryophyllene while cultivars with low anthocyanin content mainly produced α-pinene, which is consistent with a previous study (Cheng et al., 2016). Recent studies have shown the relationship between anthocyanin and terpenoids accumulation. In tomato, SlMYB75 promotes anthocyanin accumulation and enhances VOCs production in the fruits, while overexpression of wintersweet CpMYC2 causes higher linalool and β-caryophyllene production in Arabidopsis but less anthocyanin accumulation in transgenic tobacco flowers (Jian et al., 2019; Aslam et al., 2020). Further study is needed to verify the potential crosstalk between anthocyanin and terpenoid biosynthesis in red bayberry fruits as higher β-caryophyllene production was found to be related to the higher anthocyanin accumulation.



CONCLUSION

In conclusion, we obtained transcriptome data during development of fruit in red bayberry and carried out comprehensive analysis of the TPS gene family, identifying MrTPS3 and MrTPS20 as the central candidate genes for β-caryophyllene and α-pinene biosynthesis, respectively (Figure 7). One amino acid substitution causes the loss of function of MrTPS3 in ‘Xiazhihong’ and ‘Y2012-145’ cultivars with lower β-caryophyllene production. These results lay the foundation for molecular biology studies during fruit development and give new insight into the molecular mechanism of VOC biosynthesis in red bayberry.
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FIGURE 7. Summary of terpenoid biosynthesis in the four red bayberry cultivars. The outer green circle indicates a cell while the inner green circle indicates the plastid. ‘Xiazhihong’ and ‘Y2012-145’ mainly produce α-pinene in plastid, for which MrTPS20 is responsible. ‘Biqi’ and ‘Dongkui’ mainly produce β-caryophyllene in cytoplasm, for which MrTPS3 is responsible.
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Alternative splicing (AS) is an essential post-transcriptional process that enhances the coding and regulatory potential of the genome, thereby strongly influencing multiple plant physiology processes, such as metabolic biosynthesis. To explore how AS affects the root development and synthesis of tanshinones and phenolic acid pathways in Salvia miltiorrhiza roots, we investigated the dynamic landscape of AS events in S. miltiorrhiza roots during an annual life history. Temporal profiling represented a distinct temporal variation of AS during the entire development stages, showing the most abundant AS events at the early seedling stage (ES stage) and troughs in 45 days after germination (DAG) and 120 DAG. Gene ontology (GO) analysis indicated that physiological and molecular events, such as lateral root formation, gravity response, RNA splicing regulation, and mitogen-activated protein kinase (MAPK) cascade, were greatly affected by AS at the ES stage. AS events were identified in the tanshinones and phenolic acids pathways as well, especially for the genes for the branch points of the pathways as SmRAS and SmKSL1. Fifteen Ser/Arg-rich (SR) proteins and eight phosphokinases (PKs) were identified with high transcription levels at the ES stage, showing their regulatory roles for the high frequency of AS in this stage. Simultaneously, a co-expression network that includes 521 highly expressed AS genes, SRs, and PKs, provides deeper insight into the mechanism for the variable programming of AS.

Keywords: alternative splicing, Salvia miltiorrhiza, root development, life cycle, ingredients biosynthesis


INTRODUCTION

Alternative splicing (AS) is a pivotal precursor mRNA (pre-mRNA) regulatory process, by which the two or more different mRNAs are produced from a single gene locus, which dramatically improves the complexity and flexibility of the transcriptome and proteome (Reddy, 2004; Reddy et al., 2012; Li et al., 2017; Laloum et al., 2018). In AS process, spliceosomes are usually recruited by splicing factors that combine with the 3′ and 5′ splice sites, then completing splice by two successive transesterification reactions (Zhang et al., 2010; Shang et al., 2017). It typically leads to four types of AS events: alternative 3′splice site choice (Alt.3′), alternative 5′ splice site choice (Alt.5′), exon skipping (ES), and intron retention (IR). In contrast to events in animals with ES as the most prevalent AS type, IR is the most common type in plants (Simpson et al., 2008; Shen et al., 2014). The first confirmation for the markedness of AS in plant development came from differential expression of Ser/Arg-rich (SR) protein splicing factors in different organs and development stages (Reddy et al., 2013). As molecular adaptors, SR proteins modulate the constitutive and AS of pre-mRNAs, which play critical roles in the RNA metabolism of higher eukaryotes (Palusa and Reddy, 2010). They are characterized by the presence of one or two terminal RNA recognition motif (RRM) and a C-terminal domain rich in arginine-serine dipeptides (RS domain) (Rosenkranz et al., 2021). The RRM motif could recognize and bind with the target sequence, the RS domain is involved in the interaction between proteins, sub-nuclear location, and regulation of RNA binding, modulated by the phosphorylation status (Ngo et al., 2005; Palusa et al., 2007; Sahebi et al., 2016).

Alternative splicing has been shown to influence plant growth, development, signal transduction, and the response to various situations (Simpson et al., 2008; Reddy et al., 2013). Due to rapidly occurring AS in response to cold, hundreds of genes showed changes in expression, such as numerous novel cold-responsive transcription factors and splicing factors/RNA-binding proteins (Calixto et al., 2019). PtrWND1B, an No Apical Meristem/Arabidopsis Transcription Activation Factor/Cup-shaped Cotyledon (NAC) domain transcription factor associated with black cottonwood (Populus trichocarpa) wood, produced two isoforms by AS, which played antagonistic roles in regulating cell wall thickening during fiber cell differentiation in Populus spp. It indicated that AS may enable more specific regulation of processes, such as fiber cell wall thickening during wood formation (Zhao et al., 2014). Besides, AS is also involved in the synthesis and regulation of plant secondary metabolites. Significant differences emerged for SlAN2like, an R2R3 MYB transcription factor-encoding gene has ability to accumulate anthocyanins in fruit peel, with splicing mutations determining a complete loss of function of the wild-type protein (Colanero et al., 2020). AS of EsMYBA1 resulted in three transcripts, two of them encode a MYB-related protein, which could interact with several bHLH regulators to activate the promoters of dihydroflavonol 4-reductase and anthocyanidin synthase (Huang et al., 2013).

Salvia miltiorrhiza (S. miltiorrhiza; Danshen in Chinese), a well-known member of the Labiatae family, has significant medicinal values, published genome data, massive RNA-seq, and metabolism libraries and is emerging as a model plant system for studying the regulation of secondary metabolites (Xu et al., 2016; Zhou et al., 2016; Du et al., 2018; Wu et al., 2018; Ma et al., 2021). The dried roots and rhizomes are medicinal parts harvested in spring or autumn. The main active components hydrophilic salvianolic acids (SAs) and components accumulate during the whole development process, especially in the later developmental stages. Current research studies that involve S. miltiorrhiza mainly focused on the discovery of new functional enzymes and transcription factors. However, related pre-mRNA regulation studies are lacking systematic characterization and lagging behind compared with model plants. There is only one report related to AS analysis in S. miltiorrhiza. Based on the next-generation and single molecular real-time sequencing of S. miltiorrhiza root transcriptome at maturity, four enzyme-coding genes involved in the biosynthesis of rosmarinic acid were found to undergo AS process (Xu et al., 2016). However, the AS landscape of S. miltiorrhiza during its entire developmental stages remains unexplored.

To investigate genome-wide AS events during its annual lifecycle of S. miltiorrhiza, transcriptomes of 36 samples from twelve developmental stages were examined by Illumina-based RNA-seq. AS landscape in the lifecycle of S. miltiorrhiza showed variability and flexibility accompanied by different developmental states and 521 active AS genes were selected. Then, thirteen genes related to the two-class active substances biosynthesis were predicted experience of AS. In particular, a potential regulatory network was constructed to characterize the associations among splicing factors, PKs, and the active AS genes. In conclusion, these results highlight the importance of AS during the life-cycle of S. miltiorrhiza and provide a new perspective and value database for plant growth regulation.



RESULTS


The Alternative Splicing Landscape in Salvia miltiorrhiza Roots During Its Annual Lifecycle

We studied the AS dynamic of S. miltiorrhiza during an annual lifecycle [from 5 days after germination (DAG) to fruit stage] according to a temporal transcriptional profiling of S. miltiorrhiza roots. All samples were classified into four successive developmental stages as a seedling (5–30 DAG), elongation (45–75 DAG), swelling (90–120 DAG), and wilting (150–210 DAG), respectively. SpliceGrapher was performed to detect AS (Rogers et al., 2012). In total, 81,318 AS events were identified to distribute among 14,885 loci, which accounted for 56% of all loci in the S. miltiorrhiza genome. There were four major AS types identified (Figure 1A), with IR representing the most prevalent (51%), followed by Alt.3′ (28%), Alt.5′ (18%), and ES (3%) (Figure 1B). This result is consistent with findings in other plant species, such as Arabidopsis thaliana (Sugliani et al., 2010), soybean (Shen et al., 2014), and maize (Thatcher et al., 2016). In addition, half of the loci showed to undergo multiple AS types, showing that 5% of the genes went through four types of AS, 14% underwent three types, 31% experienced two types, and the rest (50%) showed just one type (Figure 1C).
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FIGURE 1. AS dynamics during the life-cycle of Salvia miltiorrhiza. (A) The representative forms of alternative splicing (AS), namely, exon skipping (ES), intron retention (IR), alternative 5′ splice sites (Alt.5′), and alternative 3′ splice sites (Alt.3′). (B) The proportion of each type of alternative splicing event. (C) The proportion of genes with multiple alternative splicing types. (D) Numbers of AS events in temporal dynamics. (E) Number and proportion of four types of AS events in temporal dynamics. (F) Violin plot of all expressed AS genes in the whole developmental stages. (G) Most significantly enriched GO terms for the first three period genes. Bar plots of –log10 transformed p are shown. BP, biological process; CC, cellular component; MF, molecular function.


We further analyzed the dynamic change of AS, showing a significant verified accumulation of AS events in different developmental stages of S. miltiorrhiza roots. The frequency of AS was first conducted in each sample (Figures 1D,E). As a result, ASs were abundant in the early seeding (ES) stage (5–30 DAG). Notably, AS counts showed a dramatic decrease in samples of 45 and 120 DAG, respectively. To analyze all four types of AS separately, they all showed similar enrichment trends and represented a consistent proportion (Figure 1E). To explore the origin of AS variation, the general transcription level and the number of transcripts were analyzed. As expected, the fewer transcripts were detected in samples of 45, 120, and 150 DAG (Supplementary Table 1) with the lower overall transcription level (Figure 1F). Besides, the variation trends of AS number were consistent with that of transcripts during the whole developmental stages of S. miltiorrhiza roots, indicating the positive correlation between AS and the transcription landscape.

The statistical results demonstrated that AS was abundant in the ES processes, indicating its essential regulation role in these developmental stages. GO enrichment was performed to reveal the major functions that AS contributes (Figure 1G). A total of 6,585 AS genes were identified at the ES stage. Their GO terms were mainly related to early root development and splicing mechanisms, such as lateral root formation (GO:0010311), response to gravity (GO:0009629), regulation of RNA splicing (GO:0043484), and MAPK cascade (GO:0000165) (Figure 1G). Among those AS genes, some have homologies that execute their regulating functions via AS forms. For example, AUXIN RESPONSE FACTOR7 (ARF7) from A. thaliana is spliced into three splicing variants to control lateral root formation (Zhang F. et al., 2020). The AS events of its homology in S. miltiorrhiza were identified, indicating its similar functional role in lateral root development.



Genes With Alternative Splicing Switching at Specific Developmental Stages

The AS profiling presented two stages with a sharp decrease of AS at 45 and 120 DAG, respectively, suggesting two distinct stages for exploring the major physiological functions that AS involved. We compared the differential genes with AS and their GO terms between 45 DAG, 120 DAG, and their immediate stages (Figure 2). In total, 521 genes with AS and differently expressed were identified in both two stages (Figures 2A,B), which were grouped into three clusters according to their transcription profiling (Figure 2C). GO enrichment was further employed to investigate the function categories of each cluster, showing that cluster1 was mainly consisted of genes that involved in the biological processes responses to stress and root development, as a cellular response to stress (GO:0033554), the biological process involved in symbiotic interaction (GO:0044403), root morphogenesis (GO:0010015), and plant organ morphogenesis (GO:1905392). In cluster2, GO terms involved in the organonitrogen compound biosynthetic process (GO:1901566), sulfur compound metabolic process (GO:0006790), and cellular amide metabolic process (GO:0043603) had the most significant enrichment. Genes in cluster3 fell into the terms response to endoplasmic reticulum stress, inorganic substance, humidity, and heat (GO:0034976, GO:0071241, GO:0009270 and GO:0009408). Taken together, these selected active AS genes were probably to regulate the root development and coordinate the external clues through AS switching, which will provide potential targets for the development regulation of S. miltiorrhiza.
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FIGURE 2. Selection and annotation of active AS genes relevant to splicing switch. (A) The Venn diagram of differentially expressed genes (DEG) and differentially spliced genes (DAS) genes at developmental nodes before and after 45 DAG and 120 DAG (B). (C) Hierarchical clustering and GO enrichment of 521 active AS. The active genes showed three co-expressed modules. The z-score scale represents the mean-subtracted regularized log-transformed FPKM. AS, alternative splicing; GO, gene oncology.




Alternative Splicing Involved in the Biosynthesis Pathway of Active Ingredients of Salvia miltiorrhiza

To study how AS influences the biosynthesis of effective metabolites of S. miltiorrhiza, the AS of genes involved in the biosynthetic pathways of tanshinones and SAs were analyzed, i.e., the genes coding catalytic enzymes and known transcriptional factors (TFs). Totally, thirteen genes were shown to undergo the AS process, i.e., ten catalytic genes and three TFs. There were seven catalytic genes and two TFs of the tanshinone pathway (Figure 3), and three pathway genes, and one TF in the SA pathway (Figure 4), most of which were in IR splicing pattern. To verify the AS we identified, they were compared to the AS that was previously identified according to a full-length transcriptome of S. miltiorrhiza (Xu et al., 2016). 4CL7 was spliced through IR, which is consistent with the previous finding. Whereas, the other AS events represented in this study were not identified. The differences might be due to the different developmental stages of roots or the genetic variation of S. miltiorrhiza accessions.
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FIGURE 3. Transcript levels and alternative splicing isoforms of tanshinones biosynthetic genes and TFs. The green font means the gene has undergone AS process. The yellow boxes, purple boxes, blue frames, and green frames indicate Alt.3′, Alt.5′, IR, and ES splicing patterns, respectively. The black lines indicate the known enzymes, the pink line indicates the unknown enzymes. The gay lines indicate introns, gray squares represent exons. Alternative splicing.
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FIGURE 4. Transcript levels and alternative splicing isoforms of RA biosynthetic genes and TF. The yellow boxes, purple boxes, blue frames, and green frames indicate Alt.3′, Alt.5′, IR, and ES splicing patterns, respectively. The black lines indicate the known enzymes, the pink line indicates the unknown enzyme. The gay lines indicate introns, gray squares represent exons.




Identification and Phylogenetic Analysis of Ser/Arg-Rich Genes in Salvia miltiorrhiza

Ser/Arg-rich is one of the determinants of splicing patterns (Kalyna et al., 2006; Zhou and Fu, 2013; Sahebi et al., 2016). We identified SR proteins from the S. miltiorrhiza genome. Totally, fifteen SR coding genes were identified with predicted peptides length ranging from 156 to 630 amino acids (Supplementary Table 2). The chromosomal distribution map showed that the fifteen SR proteins were successfully mapped to 8 chromosomes (Figure 6A). Chr3 contained five SR proteins, chr2, chr6, and chr7 contained two SR proteins, and the other four chromosomes contained one SR protein. They were clustered into six sub-groups according to a phylogenetic tree that includes 52 SR proteins (18 in A. thaliana, and 19 in Oryza sativa) (Figure 5A), which was consistent with the known sub-families in plants (SCL, SR, SC, RSZ, RS2Z, and RS) (Rosenkranz et al., 2021). All SR genes showed variant gene structures with different introns numbers from 4 to 14. Multiple sequence alignment of these SR proteins showed that all of them contained at least one RRM, for example, the conserved ribonucleoprotein-type (RNP-type) RNA-binding domains “GFAFVEFEDPRDAEDA,” “SWQDLKD,” and “RGG.” Overall, their expressions in the ES stage were higher compared with other periods, which was consistent with the highest abundance of AS events in these periods (Figure 5C).
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FIGURE 5. Identification of SR proteins and phosphokinases in S. miltiorrhiza genome. (A) Phylogenetic analysis of SR proteins from Arabidopsis, rice, and S. miltiorrhiza using the complete protein sequences. Alignments of 52 SR proteins from A. thaliana, rice, and S. miltiorrhiza were performed and the Neighbor-joining tree was constructed using MEGA 7.0 software. (B) The transcript levels of eight PKs. (C) The transcript levels of SR proteins coding genes and gene structure analyses were performed by TB tools software. The green boxes, pink boxes, and black lines indicate upstream/downstream UTR, exons, and introns, respectively.



[image: image]

FIGURE 6. Chromosomal distribution and multiple sequence alignment of SR proteins. (A) Chromosomal distribution of SR proteins coding genes. (B) Multiple sequence alignment was obtained by the DNAMAN software. The family-specific conserved motifs were indicated.


The phosphorylation/dephosphorylation cycle of SR proteins is linked to all of their activities in the cell, such as spliceosome assembly, splice site selection, protein-interacting, and RNA-binding properties (Zhou and Fu, 2013). The Clk/Sty family members were phosphorylated and interacted with SR proteins and other splicing factors to participate in the modulation of pre-mRNA splicing (Reddy, 2007). The SR protein kinases (SRPKs) could phosphorylate SR proteins with outstanding efficiency and specificity (Ngo et al., 2005). Herein, three SRPKs and five Clk/Stys were selected according to genome annotation. The trend of their transcript levels was consistent with that of SR proteins, which was higher in the ES stages, and lower in 45 and 120 DAG (Figure 5B).



Network of Ser/Arg-Rich Splicing Factors, Phosphokinases, and the Active Alternative Splicing Genes

To determine potential associations between the 521 active AS genes, SR splicing factors, and PKs, we constructed a network based on the Spearman correlation of their transcriptional levels. Significant correlations (correlations > 0.95, p < 0.05) were summarized in the network (Figure 7 and Supplementary Table 3). The results showed that nine SR proteins and seven PKs were significantly associated with 140 active AS genes, and all represented a positive correlation. Splicing factors SmSC35b had the most significant correlation with 39 AS genes. The SmSRPK3, SmAFC3, SmSRPK2, and SmAFC1 were the PKs most frequently associated with the active AS genes, accounting for 61, 47, 41, and 32 AS genes, respectively. Besides, ASs of SmSRPK2 and SmSRPK1 were identified as well, showing the interaction between AS processes and PKs.
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FIGURE 7. The potential regulatory network of SR splicing factors, phosphokinase, and AS genes. The gray lines represent the correlation between SR proteins or PKs and the active genes. The green lines represent the correlation between PKs and SR proteins or PKs. AS, alternative splicing.


Of note, SmSC35b was associated with SmAFC1, and both of them are related to 22 active AS genes. It intimated that SmSC35b was probably phosphorylated by SmAFC1 and further regulated the AS processes of 22 target genes. The same situation occurred in SmSRPK3, SmAFC3, SmSRPK2, and SmRSZ23, implying SmRSZ23 was probably phosphorylated by SmSRPK3, SmAFC3, and SmSRPK2, and further regulated the AS processes of seven target genes. The above results provided targets for the further research of the mechanism of AS in S. miltiorrhiza.




DISCUSSION

Alternative splicing phenomenon is ubiquitous in eukaryote genomes, which offers the chance to generate novel protein variants from a single gene locus (Syed et al., 2012; Yang et al., 2014). Previous studies showed that AS played important roles in many biological processes, such as photosynthesis, defense responses, flowering timing, and stress responses of the model plant A. thaliana (Sugliani et al., 2010; Martin et al., 2021) and crops, such as soybean (Shen et al., 2014), cotton (Wang et al., 2018, 2019), and maize (Thatcher et al., 2016), but little reports on herbs. Here, we reported the AS dynamic landscape of S. miltiorrhiza root during the developmental process from seedling to maturation. Temporal transcriptome profiling revealed that AS displays malleability during its annual lifecycle. In agreement with results from large-scale studies in plants, IR was the most prominent among the four AS types (Gulledge et al., 2012; Syed et al., 2012; Eckardt, 2013; Zhou and Fu, 2013; Sahebi et al., 2016). Besides, there were more than half of S. miltiorrhiza AS genes experienced only a single type of AS event. This phenomenon was also reported in Gossypium austral (Feng et al., 2019), grapevine (Aleynova et al., 2020), and peanut (Ruan et al., 2018). It indicated that many AS genes prefer only one splicing type to regulate pre-mRNA expression patterns in plants. In particular, AS events occurred more in the early seedling stage and less in the late development stages, especially in 45 and 120 DAG. Although there were significant differences in the number of AS events, the ratios of the four AS types were stable overall. Splicing dynamics in the seed of A. thaliana during dehydration showed that gene expression level and AS had a slightly opposite trend. Overall transcription was reduced between 14 and 20 days after pollination, while AS was increased (Srinivasan et al., 2016). Here, we found the gene expression levels were consistent with the occurrence of AS events, which was high in the first three developmental stages and reached troughs at 45 DAG and 120 DAG. The dramatic decrease of AS and transcripts in these developmental stages might be correlated to the biomass allocation between above and below-ground organs of S. miltiorrhiza in certain developmental stages. For example, plants at 45 DAG in this study were in the initial stage of the reproductive growth study, indicating a biomass allocation shift toward the above part to form reproductive organs (Poorter et al., 2012; Mason et al., 2017). Relatively, a massive of biological processes in roots might be reduced, including the transcriptional aspect.

The early stages of seedling development are essential to execute the correct body plan and initiate a new reproductive cycle (Szakonyi and Duque, 2018). Plant physiological functions are activated in this process, for example, hypocotyls gradually elongate and lateral roots germinate. It is well known that hormones are important regulators of early plant development. Genes involved in auxin biosynthesis also have a role in root formation, from the initiation of a root meristem during embryogenesis to a functional root system with a primary root, secondary lateral root branches, and adventitious roots (Kriechbaumer et al., 2012; Olatunji et al., 2017). Low external abscisic acid (ABA) concentrations stimulated root growth of A. thaliana while high ABA concentrations inhibited it in drought stress (Lorkovic, 2009). There are complex cross-talking among different kinds of hormones, which regulate the development of plant roots precisely. Comparably, GO terms enrichment analysis revealed that functions of the AS genes in the ES stage of S. miltiorrhiza were mainly enriched in typical seedling physiological processes, such as cellular response to hormone stimulus (GO:0032870), response to gravity (GO:0009629), and lateral root formation (GO:0010311), indicating that AS is essential in the regulation of plant seedling development. Recently, a JA-inducible rice gene (OsPDR1) that encodes a member of the pleiotropic drug resistance (PDR) subfamily of ABC transporters was found to produce three splice isoforms. The three OsPDR1 transcripts were developmentally controlled and differentially regulated by jasmonates and pathogen infection. The OsPDR1.2- and OsPDR1.3-overexpressing plants exhibited higher JAs content and stronger growth inhibition and disease resistance than OsPDR1.1-overexpressing plants. These results indicated that AS affects the function of the OsPDR1 gene in the regulation of growth, development, and disease resistance (Zhang H. et al., 2020). In addition to the GO terms related to the AS mechanism, we also found that AS genes in the ES stage were significantly enriched in ABC-type transporter activity (GO:0140359). This indicated that the ABC family transporter proteins also participated in the growth regulation of the seedling stage undergone AS process in S. miltiorrhiza. Further study is needed to reveal the biological function of different isoforms.

The biosynthetic pathways of the two types of active ingredients can be divided into upstream pathways and downstream pathways. The upstream pathway forms a skeleton structure, and the downstream pathway is post-modified on the skeleton to form a cluster of abundant compound species. So far, the upstream pathways are basically clarified, but the gene functions of the downstream pathways are rarely reported. Studies mainly focused on the CYP76A and CYP71D subfamilies in the downstream pathway of tanshinones, and the CYP98A subfamily in phenolic acids. The content of the two types of compounds is lower in the seedling stage. With the growth and development of S. miltiorrhiza, the content gradually increases and accumulates. Here, ten catalytic genes and three TFs of S. miltiorrhiza were predicted to experience AS processes. All of them were upstream pathway genes, which participated in forming the framework of compounds, especially the SmKSL1 in the tanshinone pathway and SmRAS in the RA pathway. Except 4CL7, the other twelve genes were not identified in the known full-length transcriptome data of S. miltiorrhiza (Xu et al., 2016). They were very likely the new variations and mediated the two-class compounds biosynthesis pathway. Besides, they were also possibly caused by the short reads of next-generation sequencing and further identity was necessary.

Limited studies with plant SR proteins suggested pivotal roles in growth and development and plant responses to the environment. AtRSZ33 is expressed during embryogenesis and early stages of seedling formation, as well as in flower and root development. Ectopic expression of atRSZ33 caused pleiotropic changes in plant development, resulting in increased cell expansion, and polarization changes in cell elongation and division (Kalyna et al., 2003). The RS domain of A. thaliana splicing factor RRC1 is required for phytochrome B signal transduction (Shikata et al., 2012). Here, we identified fifteen SR proteins distributed in six sub-families from the genome of S. miltiorrhiza. Three SRPKs and five Clk/Stys were selected based on the genome annotation. Both of their expression tendencies were higher in the ES stage, which was consistent with the more AS events in this stage. Therefore, there was a tight regulatory network among AS events, SR proteins, and PKs.

The detection of prominent AS switches and development-specific splice events has endorsed an important regulatory function at the splicing level (Szakonyi and Duque, 2018; Li et al., 2020; Ganie and Reddy, 2021; Martin et al., 2021). Here, we screened 521 AS genes with significant splicing switches in the development process of S. miltiorrhiza. Their functions were mainly enriched in the biological processes related to plant development and responses to environmental clues, such as root morphogenesis and response to humidity. These genes were more active after the AS process to mediate the root growth and development. Further network analysis showed that there were 140 active AS genes significantly correlated to the expression of nine SR transcripts and seven PK transcripts. These target splicing factors and PK candidates will provide a basis for the research on the AS regulation mechanism of S. miltiorrhiza.

In summary, we characterized the AS dynamic landscape in an annual lifecycle of S. miltiorrhiza, selected 521 active AS genes, and predicted ten catalytic genes and three TFs undergo AS process. Then we identified the SR proteins genome-wide and constructed a network between the active AS genes, SR proteins, and PKs. It proposed a new perspective and reference data for the growth and development regulation of S. miltiorrhiza.



MATERIALS AND METHODS


Plant Materials

Salvia miltiorrhiza plants were cultivated at the Zealquest Scientific Technology Co. Ltd. Roots were collected at 5, 15, 30, 45, 60, 75, 90, 105, 120, 150, 180, and 210 DAG, with three repeats for each developmental stage. The harvested samples were put into liquid nitrogen immediately and then stored in a refrigerator at −80°C for RNA-seq.



mRNA-Seq and Alternatively Spliced Isoform Analysis

Paired-end libraries were sequenced by Illumina NovaSeq6000 sequencing (150 bp*2, Shanghai Biozeron Co., Ltd, Shanghai, China). The raw paired-end reads were trimmed and quality controlled by Trimmomatic with parameters. Then clean reads were separately aligned to reference genome with orientation mode using hisat21 software with default parameters. The expression level for each gene was calculated using the fragments per kilobase of exon per million mapped reads (FRKM) method. R statistical package edgeR was used for differential expression analysis. Next, SpliceGrapher was used to detect AS events by taking gene models and RNA-seq alignments as input and converting detected splice isoforms into splice graphs (Rogers et al., 2012). Introns fully subsumed by an exon were labeled as intron retention. Overlapping exons that differed at their 5′ or 3′ splice junctions were considered as Alt.3′ or Alt.5′ splicing events, respectively. Finally, exons absent in other isoforms were considered as ES events.



Ser/Arg-Rich Proteins Identification and Evolutionary Analyses

Protein sequences of AtSRs and OsSRs were downloaded from TAIR and JGI databases, respectively. Candidate SR genes were firstly acquired with The Basic Local Alignment Search Tool (BLAST) search from the Danshen genome database using A. thaliana and Oryza sativa SRs as queries. Subsequently, SR candidate genes were further checked with PFAM and CDD databases. All the protein sequences of three species were used to construct a neighbor-joining (NJ) phylogenetic tree using MEGA 7.0 software. ExPASy proteomics server was used to predict the molecular weight and isoelectric points (pI) of Danshen SR proteins2. The MEME program was used to identify the conserved proteins motifs3. Furthermore, all identified motifs were annotated according to InterProScan4, visualized genes structure with TBtools software (Chen et al., 2020).



Screening of the Active Alternative Splicing Genes

Establish the parameters of each group according to whether the gene experienced AS and the number of AS events. If the gene did not occur AS at this period, the value was 0, and if two AS events occurred, it was 2. Then applied the rank-sum test with p < 0.05 as the standard to screen differential AS events. Simultaneously, the limma R package was used to screen differentially expressed genes with p < 0.05 and | logFC| > 1.5 as the screening criteria. Here, we defined the intersection of differentially expressed genes and differentially spliced genes as the important analysis targets.



Construction of a Correlation Network

Spearman correlation tests were used to evaluate the relationships between the expression of splicing factor genes and PK and AS genes selected. A significant correlation was filtered with correlations > 0.95 and p < 0.05. Then, correlation plots were generated using Cytoscape (3.8.1).
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Glutathione (GSH) conjugation with intermediates is required for the biosynthesis of glucosinolate (GSL) by serving as a sulfur supply. Glutathione-S-transferases (GSTs) primarily work on GSH conjugation, suggesting their involvement in GSL metabolism. Although several GSTs, including GSTF11 and GSTU20, have been recently postulated to act in GSL biosynthesis, molecular evidence is lacking. Here, we demonstrated that GSTF11 and GSTU20 play non-redundant, although partially overlapping, roles in aliphatic GSL biosynthesis. In addition, GSTU20 plays a more important role than GSTF11, which is manifested by the greater loss of aliphatic GSLs associated with GSTU20 mutant and a greater number of differentially expressed genes in GSTU20 mutant compared to GSTF11 mutant. Moreover, a double mutation leads to a greater aggregate loss of aliphatic GSLs, suggesting that GSTU20 and GSTF11 may function in GSL biosynthesis in a dosage-dependent manner. Together, our results provide direct evidence that GSTU20 and GSTF11 are critically involved in aliphatic GSL biosynthesis, filling the knowledge gap that has been speculated in recent decades.

Keywords: Arabidopsis, aliphatic glucosinolate, glutathione S-transferase, GSTF11, GSTU20


INTRODUCTION

Glucosinolates (GSLs) are sulfur-rich secondary metabolites primarily present in Brassicale plants and well-known as important defense compounds that are beneficial to human health (Petersen et al., 2018). GSLs share a common core structure with an S-β-D-glucopyranose connected to an O-sulfated (Z)- thiohydroximate ester via a sulfur atom and are originally derived from amino acids (Agerbirk and Olsen, 2012; Blažević et al., 2020). Depending on the precursor amino acid, GSLs are grouped into three categories, including aliphatic GSLs (derived from alanine, isoleucine, leucine, methionine, and valine), indolic GSLs (derived from tryptophan) and aromatic GSLs (derived from phenylalanine and tyrosine) (Fahey et al., 2001; Halkier and Gershenzon, 2006).

The GSL biosynthetic pathway has been almost completely elucidated in recent decades (Halkier and Gershenzon, 2006; Sønderby et al., 2010; Nguyen et al., 2020). In brief, the biosynthesis of GSLs involves three key steps: side chain elongation with precursor amino acids, construction of a GSL core structure including sulfate assimilation, and secondary modifications of the side chain (Grubb and Abel, 2006; Sønderby et al., 2010; Petersen et al., 2018). The elongation process initiates with a transamination reaction catalyzed by branched-chain amino acid aminotransferases (BCATs). The side chain is then subjected to condensation with acetyl-CoA by methylthioalkylmalate synthases (MAMs), followed by isomerization and oxidative decarboxylation by isopropylmate isomerases (IPMs) and isopropylmalate dehydrogenases (IMDHs) (Kliebenstein et al., 2001; Schuster et al., 2006; Textor et al., 2007; He et al., 2009, 2011; Kroymann, 2011). Later, several biochemical reactions facilitate the production of the GSL core structure: oxidation by cytochrome P450 monooxygenases (cytochrome P450) of the CYP79 family, oxidation with conjugation by the CYP83 family, C-S cleavage by C-S lyase SUR1, glucosylation by glucosyltransferases of the UGT74 family and sulfation by sulfotransferases (SOT) (Bak and Feyereisen, 2001; Grubb et al., 2004; Mikkelsen et al., 2004; Piotrowski et al., 2004; Sønderby et al., 2010; Harun et al., 2020). Ultimately, the secondary modification of side chains undergoes oxidation, elimination, alkylation or esterification according to the distinct categories of GSLs (Harun et al., 2020).

As multifunctional enzymes, glutathione-S-transferases (GSTs) are primarily involved in the conjugation of the tripeptide glutathione (GSH) to the electrophilic center of lipophilic compounds (Labrou et al., 2015). Based on the similarity of amino acid sequences, plant specific GSTs are classified into the tau (GSTU) and phi (GSTF) types (Wagner et al., 2002). GSH contributes to the core structure synthesis of GSLs as a sulfur donor, raising the probability that GSTs are involved in the biosynthesis of GSLs. Indeed, GSTF9, GSTF10, and GSTU13 have been recognized to participate in the indolic GSLs biosynthesis (Piślewska-Bednarek et al., 2018). In contrast, it remains unclear that which GSTs function in aliphatic GSL biosynthesis, although GSTF11 and GSTU20 (Supplementary Figure 1) have been identified through multifaceted gene co-expression network analysis (Hirai et al., 2005, 2007; Wentzell et al., 2007; Czerniawski and Bednarek, 2018). The assumption of GSTF11 and GSTU20 are involved in GSL biosynthesis relies completely on in silico prediction, and molecular evidence is lacking.

In this study, we created GSTF11 and GSTU20 mutants using the CRISPR/Cas9 approach to ascertain the biological roles of GSTF11 and GSTU20 in GSL biosynthesis. Our results demonstrate that GSTF11 and GSTU20 are involved in aliphatic GSL biosynthesis with partially overlapping but non-redundant functions. Moreover, the aggregate loss of aliphatic GSLs observed in the double mutant implies that GSTF11 and GSTU20 also work in a dose-dependent manner. However, a substantial amount of aliphatic GSLs remain presence in the double mutant, suggesting that other GST family proteins are involved in aliphatic GSL biosynthesis, which awaits further exploration.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The Columbia accession of Arabidopsis thaliana was used as the wild-type plant. Seeds were surface-sterilized and germinated on 1/2 Murashige and Skoog medium containing 2% sucrose and 0.8% Phytagar and grown in a 22°C growth chamber with a 16-h light and 8-h dark photoperiod after vernalization at 4°C for 3 days. One-week-old seedlings were then transferred to soil and grown under the aforementioned conditions.

To generate knockout mutants of GSTF11 (AT3G03190) and GSTU20 (AT1G78370) based on the CRISPR-Cas9 system, the online website CRISPR-PLANT was used to design the gRNA spacer sequences (Xie et al., 2014), and the CRISPR/Cas9 vector was constructed as described previously (Wang et al., 2015). The full-length CDS of GSTF11/U20 was amplified and then integrated into pDONR222 (entry vector) and pGWB551 (destination vector) to generate overexpression lines. For plant transformation, all binary vectors were transformed into Agrobacteria strain GV3101 and subjected to the floral dipping method. Double mutants for GSTF11 and GSTU20 were created by crossing between gstf11-2 and gstu20-2 single mutants which use gstf11-2 as pollen supplier. The primers used for constructs cloning and genotyping are listed in Supplementary Table 1.



Co-expression Analysis

Glutathione-S-transferases and well-known aliphatic GSL synthesis genes (Supplementary Table 2) were retrieved from The Arabidopsis Information Resource (TAIR).1 Co-expression analysis was performed using ATTED 10.12 and STRING3 platforms. Gene co-expression networks were drawn using the online tool NetworkDrawer.4



Construction of β-Glucuronidase (GUS) Reporter and GUS Staining

Arabidopsis genomic DNA was extracted using the CTAB method and treated with RNase to remove RNA. For the generation of GUS reporter constructs, a genomic fragment of 668 and 1,454 bp upstream of translational start codon ATG of GSTF11 and GSTU20 was amplified, then cloned into pCAMBIA1305 using SalI and NcoI restriction sites. The primers used in these experiments are listed in Supplementary Table 1. Histochemical GUS assays were performed on T3 generation of GUS stable expression lines by GUS staining solution (Solarbio) according to the instruction. The sample were firstly fixed in the fixation buffer for 45 min and washed by diluted GUS Buffer A with three times. Then immersed the tissues in 500 mL GUS staining buffer and incubated at 37°C for 24 h. The pictures of GUS expression in different tissues were captured by optical microscope (Olympus SZX10).



Gene Expression Analysis

Total RNA was extracted from 100 mg leaf, stem and root of 3-week-old seedlings or flower and silique of mature plants with TRIzol reagent and then treated with gDNA Eraser to remove DNA contamination. cDNA was synthesized by Maxima H Minus reverse transcriptase (Thermo Scientific). SYBR Premix Ex TaqTM (Takara) was used for qRT-PCR analysis. The relative expression level of genes was calculated following the 2–ΔΔCt method and normalized to the expression level of ACTIN2. Three technical replications were conducted for each biological experiment. The primers used in the qRT-PCR analysis are listed in Supplementary Table 1.



Protoplast Isolation and Transfection

Two-week-old seedlings grown on 1/2 MS were used to isolate protoplasts as described previously with minor modifications (Jung et al., 2015), 10 g seedlings were used to generate more protoplast cells. The full-length coding sequences of GSTF11/U20 without stop codon was PCR amplified and cloned into pDONR222 vector by gateway BP Clonase (Invitrogen, 11789020), then inserted into the pSAT6-EGFP vector (Tzfira et al., 2005) by gateway LR Clonase (Invitrogen, 11791020). Approximately 10 μg DNA of recombined constructs (GSTF11/U20 fused with EGFP driven by 35S promoter) was transformed into protoplast cells as described by Yoo et al. (2007), incubated at room temperature for 16 h or longer, and observed for GFP signal under an Olympus BX53 microscope with a 40× objective to assess the subcellular localization of GSTF11/U20.



Transcriptome Analysis

Total RNA was extracted from 3-week-old plants with TRIzol (Invitrogen) and purified using a GeneJET plant RNA purification kit (Thermo Fisher Scientific). RNA integrity and concentration were assessed by gel electrophoresis and using the Qubit® 2.0 Fluorometer (Thermo Fisher Scientific). RNA (1.5 μg) was used for cDNA library preparation with the NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (New England Biolabs, NEB) following the manufacturer’s protocol. Library quality was monitored using an Agilent Bioanalyzer 2100 (Agilent Technologies). The cDNA libraries were sequenced on an Illumina HiSeq 2500 platform, and 150-bp paired-end reads were generated.

Gene functional annotation was conducted by aligning reads to the Arabidopsis genome sequence (TAIR 10). Following alignment, the count of mapped reads from each sample was derived and normalized as RPKM (reads per kilobase of exon model per million mapped reads). Differentially expressed genes (DEGs) were identified using the DESeq R package (1.10.1). Genes with log2 fold change ≥ 1 and an FDR adjusted p value less than 0.05 were considered DEGs. GO term enrichment of DEGs was analyzed using tools in TAIR.



Ultra-Performance Liquid Chromatography (UPLC) Analysis of Glucosinolates

Total GSLs were extracted from 150 mg leaves of 3-week-old seedlings or 20 mg mature seeds according to previously reported protocols (Chen et al., 2003; Alvarez et al., 2008). The sample were ground after adding 1 mL preheated 70% MeOH and vortex for 1 min, further incubated at 80°C for 10 min and centrifuge at 4,000 g for 10 min, collect supernatant and repeat the extraction one more time. Loading 1 mL DEAE-Sephadex A-25 (Sigma-Aldrich) into chromatographic column and cover with some quartz sand, add the extracted GSL sample into column then wash the column successively by 70% MeOH, ddH2O and 20 mM acetate solution, incubated the sample overnight at RT after adding 0.5 mL sulfatase (Sigma-Aldrich), collect GSL extraction by 1.5 mL ddH2O washing for further analysis. Each component of GSLs was analyzed using ultra-performance liquid chromatography (Waters ACQUITY UPLC M-Class) with an Atlantis T3 C18 column (2.1 mm × 150 mm, 3 μm, Waters) based on UV detector. The flow rate was kept at 0.4 mL/min, the column temperature was maintained at 25°C and the injection volume was 5 μL. 0.1% Trifluoroacetic acid in water as eluent A and methanol as eluent B was set as the mobile phase. Gradient elution conditions were as follows: 0–7.6 min, 0–60% B; 7.6–8.2 min, 60–100% B; 8.2–8.8 min, 100% B; 8.8–9.6 min, 100–0% B). Ten μL of 5 mM desulfonated benzyl GSL were added in each sample as the internal standard, quantification was obtained according to integrative peak areas using known relative response factors at 229 nm. Data presented are the means of three biological repeats.

The abbreviations of each component of GSLs described as follows: 3MSOP, 3-methylsulfinylpropyl GSL; 3BOP, 3-benzoylpropyl GSL; 3OHP, 3-hydroxylpropyl GSL; 4MTP, 4-methylthiobutyl GSL; 4MSOB, 4-methylsulfinylbutyl GSL; 4BOB, 4-benzoylbuthyl GSL; 5MSOP, 5-methylsulphinylpentyl GSL; 5MTP, 5-methylthiopentyl GSL; 6MSOH, 6-methylsulphinylhexyl GSL; 6MTH, 6-methylthiohexyl GSL; 7MTH, 7-methylthiohepthyl GSL; 8MSOO, 8-methylsulphinyloctyl GSL; 8MTO, 8-methylthiooctyl GSL; I3M, indolyl-3-methyl GSL; 1MOI3M, 1-methoxyindol-3-ylmethyl GSL; 4MOI3M, 4-methoxyindol-3-ylmethyl GSL; 4OHI3M, 4-hydroxyindol-3-ylmethyl GSL.



Statistical Analysis

All claims of statistical significance (p < 0.05) were assessed by two-way ANOVA (p < 0.05) with Tukey’s HSD post hoc test.




RESULTS


GSTF11 and GSTU20 Are Co-expressed With Numerous Genes Involved in Aliphatic Glucosinolate Biosynthesis

Many former gene co-expression analyses have identified GSTF11 and GSTU20 as candidate genes involved in the biosynthesis of aliphatic GSLs (Hirai et al., 2005, 2007; Wentzell et al., 2007; Hirai, 2009). To better interpret the co-expression, we constructed a gene regulatory network (GRN) of GSTF11 and GSTU20 with a total of 20 well-characterized genes involved in aliphatic GSL biosynthesis using the ATTED-II platform (Obayashi et al., 2018; Supplementary Table 2). As shown in Figure 1A, although all of the genes tested could be classified into a complex GRN module, a distinct but direct connection of genes with GSTF11 or GSTU20 was observed. In addition, the solid connections of GSTF11 and GSTU20 with a few known genes involved in aliphatic GSLs were further visualized after performing gene co-expression analysis using STRING co-expression viewers (Szklarczyk et al., 2019; Figure 1B). Moreover, GSTF11 and GSTU20 also displayed intimate correlations with aliphatic GSL biosynthetic genes in the protein-protein interaction network generated using the STRING program (Supplementary Figure 2). Overall, the integrative multiple in silico analyses support the putative involvement of GSTF11 and GSTU20 in aliphatic GSL biosynthesis.
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FIGURE 1. GSTF11/U20 correlated with glucosinolate (GSL) biosynthesis genes. (A) The regulatory network of GSTF11/U20 with genes involved in the biosynthesis of aliphatic GSLs. GSTF11/U20 are highlighted by red squares connected with several detected aliphatic GSL genes. The genes present in the network image are listed in Supplementary Table 1. Different color nodes represent the predicted or experimental subcellular information of each gene. (B) Co-expression strength predicts the functional association between GSTF11/U20 and aliphatic GSL genes. The intensity of the color in the triangle matrices indicates the level of confidence that two proteins are functionally associated, and more confidence was noted when the score approached 1.




GSTF11 and GSTU20 Localize to the Cytosol and Display Distinct Tissue-Specific Expression Patterns

To gain insights into the subcellular localization of GSTF11 and GSTU20, the full-length coding sequences of GSTF11 and GSTU20 fused to enhanced green fluorescent protein (EGFP) under the control of 35S promoter were transformed into Arabidopsis protoplast cells. Using fluorescence microscopy, both GSTF11 and GSTU20 were observed primarily in the cytoplasm (Figure 2A).
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FIGURE 2. The expression pattern of GSTF11/U20 in Arabidopsis. (A) Subcellular localization analysis of GSTF11/U20. Fluorescent signals of GSTF11-GFP and GSTU20-GFP fusion protein expressed in protoplasts of Arabidopsis. Green denotes the GFP signal, and red indicates the chlorophyll signal. (B) GSTF11/U20 expression analysis by qPCR in different tissues. The tissue with the lowest expression was considered the standard and used to quantify the relative expression.


The spatiotemporal expression patterns of GSTF11 and GSTU20 were first investigated by performing quantitative RT-PCR analyses. The results showed that GSTF11 was highly expressed in rosette leaves, moderately expressed in siliques, and weakly expressed in stems, roots and flowers (Figure 2B). Compared with GSTF11, GSTU20 seemed to be expressed in a complementary pattern, which was highly expressed in siliques but weakly expressed in leaves (Figure 2B). The tissue-specific expression patterns of GSTF11 and GSTU20 were also analyzed by generating transgenic Arabidopsis plants carrying GUS (β-glucuronidase) as a reporter gene driven by the native promoter of GSTF11 and GSTU20 for histochemical analysis. Consistent with the RT-PCR results, intense GUS staining of the GSTF11 promoter was observed in leaves and siliques, but GSTU20 promoter activity was mainly detected in siliques (Supplementary Figure 3). Overall, these results indicate that although the subcellular localization is the same, GSTF11 and GSTU20 exhibit distinct tissue- and organ-specific expression patterns in Arabidopsis.



GSTF11 and GSTU20 Deficiencies Substantially Affect Aliphatic Glucosinolate Profiles

To ascertain the biological roles of GSTF11 and GSTU20 in GSL biosynthesis, we knocked out GSTF11 and GSTU20 using the CRISPR/Cas9 technique to obtain two mutant alleles for each gene. The gstf11-1 and gstf11-2 mutants contain an 18- or 41-bp deletion in the third exon of GSTF11, respectively. The deletion in gstf11-1 begin the 486th base result in a frameshift mutation. The mutation in gstf11-2 lead to the presence of a premature stop codon in the third exon (Figure 3A). Two GSTU20 mutations, gstu20-1 and gstu20-2, contain a 23- or 34-bp deletion in the first exon respectively, both of which lead to the presence of a premature stop codon in the first exon (Figure 3A). The gstf11 and gstu20 mutants generated in this study exhibited no obvious morphological phenotypes (Figure 3B), indicating that neither GSTF11 nor GSTU20 is critically required for plant growth and development.
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FIGURE 3. Morphological phenotypes of gstf11 and gstu20 mutants. (A) Diagram of mutations in GSTF11/U20 genes generated by CRISPR-Cas9. Exons are represented by filled boxes, and introns are noted by lines. The red box indicates the deletion region in GSTF11/U20, and the red asterisk indicates a premature stop codon. (B) Rosette leaves, inflorescences and siliques of gstf11 and gstu20 mutants compare to wild type Col-0. Scale bars = 1 cm.


To ascertain the roles of GSTF11 and GSTU20 in GSL biosynthesis, GSL profiles were determined in the mutants described above (Supplementary Figure 4). Compared to wild-type plants, both gstf11 and gstu20 mutants exhibited substantial reduction in almost all categories of aliphatic GSLs with different side chain lengths in both 3-week-old leaves (Figures 4, 5). In contrast, no significant changes in the abundance of indolic GSLs were noted in gstf11 (Figures 4A,B) and gstu20 (Figures 5A,B) mutants, suggesting that GSTF11 and GSTU20 are not required for indolic GSL biosynthesis. For aliphatic GSLs, the formation of 3MSOP (3-methylsulfinylpentyl GSL), 4MTB (4-methylthiobutyl GSL), 7MTH (7-methylsulfinylheptyl GSL), and 8MTO (8-methylthiooctyl GSL) were significantly affected by GSTF11 deficiency (Figure 4C). In the leaves of gstu20 mutant plants, the accumulation of aliphatic GSLs exhibited a striking defect in both mutant alleles, which was more severe in gstu20-2 than gstu20-1 (Figure 5C). Except 5MSOP (5-methylsulphinylpentyl glucosinolate), the accumulation of all types aliphatic GSLs were reduced in gstu20 mutant, and gstu20-2 accumulated less these GSLs than gstu20-1 that is more likely a weak allele (Figure 5C). To sum up, the content of aliphatic GSLs with 3C, 4C, 7C, and 8C side chains were both affected by GSTF11 and GSTU20 mutation, and the accumulation of 6C aliphatic GSL only changed in gstu20 mutant (Supplementary Figure 5A). To test whether GSTF11 and GSTU20 also play synergistic functions in GSL biosynthesis, we constructed gstf11 and gstu20 double mutant (Supplementary Figure 6). Interestingly, compared to the two single mutants, the reduction in aliphatic GSLs was further exaggerated in the double mutant (Figures 6A,C). Like the measurement in single mutants, there is no significant change of indolic GSLs content in gstf11gstu20 double mutant (Figures 6A,B).
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FIGURE 4. Glucosinolates content in the leaves of gstf11 mutant lines. (A) Total aliphatic and indolic GSLs concentration in leaves from Col-0 and gstf11 mutant lines. (B) Quantification of each component of aliphatic GSLs in gstf11 mutant. (C) Quantification of each component of indolic GSLs in gstf11 mutant. Values were obtained from three biological repeats. Letters indicate significant differences between wild type Col-0 and gstf11 mutant lines as determined by two-way ANOVA (p < 0.05) with Tukey HSD post hoc test.
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FIGURE 5. Glucosinolates content in the leaves of gstu20 mutant lines. (A) Total aliphatic and indolic GSLs concentration in leaves from Col-0 and gstu20 mutant lines. (B) Quantification of each component of aliphatic GSLs in gstu20 mutant. (C) Quantification of each component of indolic GSLs in gstu20 mutant. Values were obtained from three biological repeats. Letters indicate significant differences between wild type Col-0 and gstu20 mutant lines as determined by two-way ANOVA (p < 0.05) with Tukey HSD post hoc test.
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FIGURE 6. Glucosinolates accumulation in gstf11gstu20 double mutant. (A) Total aliphatic and indolic GSLs concentration in leaves from Col-0 and gstf11gstu20 mutant. (B) Quantification of each component of aliphatic GSLs in Col-0 and gst mutants. (C) Quantification of each component of indolic GSLs in Col-0 and gst mutants. Values were obtained from three biological repeats. Asterisks indicate significant differences between wild type Col-0 and gst mutants as determined by one-way ANOVA (p < 0.05) with Student’s t-test.


To further determine the correlation between the tissue specific-expression pattern of GSTs and GSL biosynthesis, we also detected the GSLs content in mature seeds of gstf11-2 and gstu20-2 mutants. As shown, the mutation of GSTF11 and GSTU20 significantly affected total content of aliphatic GSLs but not indolic GSLs in the seeds, and more aliphatic GSLs were lost in gstf20 (Figures 7A,B). Among aliphatic GSL components, the accumulation of 3OHP (3-hydroxylpropyl GSL), 3BOP (3-benzoylpropyl GSL), 4BOB (4-benzoylbuthyl GSL), 5MTP (5-methylthiopentyl GSL), and 6MTH (6-methylthiohexyl GSL) decreased in gstf11 and gstf20, and most of them were lost more in gstf20, but we found the content of 4MTB and 8MTO in seeds were only affected by GSTU20 mutation (Figure 7C). The results showed that GSTF11 and GSTU20 regulate the accumulation of aliphatic GSLs in both leaves and seeds, which is not directly correlated with the gene expression abundance in the particular tissues (Figure 2B), it is more likely GSTU20 play a primary role in the biosynthesis of aliphatic GSLs no matter the transcript level high or low in seed and leaf. Similar with the accumulation in leaves, the aliphatic GSLs content in gstf11 gstf20 was lower than single mutants (Figure 6C), also showed a synergistic effect between GSTF11 and GSTU20.
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FIGURE 7. Glucosinolates content in the seeds of gst mutants. (A) Total aliphatic and indolic GSLs concentration in seeds from Col-0 and gst mutants. (B) Quantification of each component of aliphatic GSLs in gst mutants. (C) Quantification of each component of indolic GSLs in gst mutants. Values were obtained from three biological repeats. Letters indicate significant differences between wild type Col-0 and gst mutant lines as determined by two-way ANOVA (p < 0.05) with Tukey HSD post hoc test.


These results indicated that both GSTF11 and GSTU20 are non-redundantly involved in aliphatic GSL biosynthesis, GSTF11 and GSTU20 act on aliphatic GSL biosynthesis in a dosage-dependent manner. Moreover, the reduction in aliphatic GSLs was more severe in gstu20 compared to gstf11 mutant. Three components of aliphatic GSLs like 4MSOB (4-methylsulfinylbutyl glucosinolate), 6MSOH (6-methylsulphinylhexyl glucosinolate) and 8MSOO (8-methylsulphinyloctyl glucosinolate) reduced in gstu20 mutant but maintained wild type level in gsts11 leaves (Figures 4, 5), indicating that GSTU20 plays a greater role in GSL biosynthesis than GSTF11.



GSTF11 and GSTU20 Deficiencies Caused Partially Overlapping Transcriptome Alterations

To understand molecular changes in response to the perturbation of GSTF11 and GSTU20, RNA-seq analysis was performed to examine the transcript profiles in both gstf11-2 and gstu20-2 mutant leaves with three biological replicates (Supplementary Table 3). By applying a false discovery rate (FDR) ≤ 0.05 and fold change ≥ 2, a total of 463 differentially expressed genes (DEGs) were identified, including 298 up- and 165 downregulated genes in gstf11 compared to wild-type plants (Figure 8A and Supplementary Table 4). In gstu20, 1,232 genes were identified as DEGs, including 567 up- and 665 downregulated genes (Figure 8B and Supplementary Table 5). The larger number of DEGs observed in the gstu20 mutant compared with the gstf11 mutant suggests that defective GSTU20 causes a greater extent of cellular response relative to GSTF11. These DEGs were enriched in various biological terms shown in Supplementary Figures 7, 8, the metabolic processes related to plant growth and development, stress response were also enriched, suggesting that GST mutation results in perturbation of multiple metabolic processes. More importantly, a large proportion of DEGs overlapped in the gstf11 and gstu20 mutants, accounting for 62% (n = 298) and 63% (n = 165) of the up- and downregulated DEGs in gstf11, respectively (Figure 8C).
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FIGURE 8. Gene expression profiles identified in gst mutant lines. The number of differentially expressed genes (DEGs) identified in gstf11 (A) and gstu20 (B) mutants. (C) Overlap of up- or downregulated genes between the gstf11 and gstu20 mutant. Venn diagrams were drawn in BioVenn (http://www.biovenn.nl/). Asterisks indicate the statistical significance (p < 0.01) of overlap, which was calculated using the online tool at http://nemates.org/MA/progs/overlap_stats.html. KEGG pathways were enriched for (D) up- and (E) downregulated DEGs expressed in the gstu20 mutant. A plot diagram was drawn by ggplot2 (https://rdocumentation.org/packages/ggplot2/versions/2.1.0). The Rich factor indicates the number of identified DEGs versus the total genes involved in the metabolic pathways and describes the significance of pathway enrichment. The dot size represents the number of identified DEGs in each pathway and p value was indicated by a color bar.


As the majority of DEGs in gstf11 were included in the gstu20 mutant, we performed Gene Ontology (GO) enrichment analysis (Mi et al., 2019) using DEGs in gstf20 as the representative mutant. The results showed that the upregulated DEGs were mainly enriched in response to stimulus, transcription factor activity, and metabolic processes (Supplementary Figure 7A and Supplementary Table 5). In contrast, the downregulated DEGs were primarily enriched in translation and rRNA processing (Supplementary Figure 7B and Supplementary Table 5). Moreover, KEGG pathway analysis (Kanehisa et al., 2016) revealed that upregulated DEGs were highly enriched in multiple primary and secondary metabolic processes (Figure 8D). Surprisingly, the downregulated DEGs were principally enriched in ribosome and ribosome biogenesis (Figure 8E). These results suggest that the perturbation of GSTF11 and GSTU20 caused a wide range of cellular alterations likely result from the disrupted GSL biosynthesis.




DISCUSSION

The formation of the GSL core structure requires an intermediate with a GSH conjugate serving as a sulfur supply. The enzymatic activity of GST family proteins in conjugating GSH into substantial metabolic intermediates has enabled researchers to postulate that some GST proteins are involved in GSL biosynthesis. Indeed, GSTF9, GSTF10, and GSTU13 have been recently identified to participate in indolic GSL biosynthesis (Piślewska-Bednarek et al., 2018). In contrast, which GSTs undertake a function in aliphatic GSL biosynthesis is merely conceptual and simply based on in silico transcriptional co-expression analysis (Wentzell et al., 2007; Bednarek et al., 2009; Geu-Flores et al., 2011; Klein and Sattely, 2017). In this study, we provide evidence in planta demonstrating that both of GSTF11 and GSTU20 are involved in aliphatic GSL biosynthesis with two unanticipated but intriguing features.


GSTU20 Plays a Greater Role in Aliphatic Glucosinolate Biosynthesis Than GSTF11

The greater loss of aliphatic GSLs in the loss-of-function of gstu20 mutants compared to gstf11 mutants in both leaves and seeds supports the notion that GSTU20 plays a more important role than GSTF11 in aliphatic GSL biosynthesis. This conclusion is further corroborated by the finding that more severe alteration of the transcriptome profile occurs in gstu20 mutant compared with gstf11 mutant. However, based on tissue-specific patterns, GSTFU20 was expressed at a lower level relative to GSTF11, which seems contradictory to its superior function in comparison to GSTF11. Three possibilities might explain this phenomenon. First, the deletion in gstf11 mutants happened at the last exon of GSTF11, which may generate a truncated protein and still remain function in GSL biosynthesis. Second, similar to other enzymes, the in vivo catalytic activity of GSTFU20 and GSTF11 is derived from proteins, the cellular content of which is determined by multiple steps of gene expression regulation, including transcription and posttranscription. In this context, the low level of GSTFU20 transcripts may be accompanied by a high extent of translational efficiency, leading to an increase in protein abundance. The main alternative possibility is that the enzymatic activity of distinct member of GSTs is variable and influenced by protein structure in planta. GSTU20 has been assayed for activity toward model xenobiotic substrate CDNB and BITC which are the typical GST substrates, revealing high GSH-conjugating activity (Gil and MacLeod, 1980; Edwards and Dixon, 2005; Dixon et al., 2009). The enzymatic activity of GSTF11 was undetectable because of the protein could not be isolated and purified in vitro due to the rare abundance. The metabolic engineering in tobacco and yeast indicated that the expression of GSTF11 is not essential for GSL production, even though it could increase GSL accumulation level (Mikkelsen et al., 2010, 2012). In this scenario, GSTU20 may have higher degree of GSH-conjugating activity than GSTF11. Regardless of which possibility is true, the levels of protein and its derived enzymatic activity should be validated in future studies.



GSTF11 and GSTU20 Function in Aliphatic Glucosinolates Biosynthesis in a Dosage-Dependent Manner

In both the gstf11 and gftu20 mutants, the total abundance of aliphatic GSLs decreased, indicating that GSTF11 and GSTU20 are not redundant to each other. In addition, the altered pattern in terms of GSLs with different side chains was similar between the gstf11 and gftu20 mutants, suggesting that GSTF11 and GSTU20 functionally overlap. This overlap is further reflected by the fact that a large number of DEGs also overlapped in the gstf11 and gftu20 mutants. These characteristics of non-redundance and overlap seem mutually contradictory. However, this finding could be simply explained if we consider that both GSTF11 and GSTU20 work in aliphatic GSL biosynthesis in a dosage-dependent manner, and the loss of GSTF11 or GSTU20 could result in reduced GST activity required for the GSH-conjugation step. This assumption is further corroborated by the aggregate loss of aliphatic GSLs in the gstf11 gftu20 double mutants. In addition, it is worth mentioning that the double mutation of GSTF11 and GSTU20 caused a dramatic decrease but did not completely abolish the formation of aliphatic GSLs, implying the existence of other isoforms like another unknown GST members that additionally functions in aliphatic GSL biosynthesis. Moreover, both GSTF11 and GSTU20 showed tissue-specific expression patterns but the content of GSLs was not intimately connected with the transcript abundance, enhancing the prospect that other GST family proteins also work on GSL biosynthesis in different tissues besides GSTF11 and GSTU20, maybe these GST members make distinct contribution on the accumulation of GSLs in the tissues including leaf, stem, root, flower and seed, which deserves further investigation in the future.
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To understand the color formation mechanism in eggplant (Solanum melongena L.) peel, a metabolomic analysis was performed in six cultivars with different peel colors. A total of 167 flavonoids, including 16 anthocyanins, were identified based on a UPLC-MS/MS approach. Further analysis revealed that the delphinidins/flavonoids ratio was consistent with the purple coloration of eggplant peels, and SmF3′5′H expression level was consistent with the delphinidin 3-O-glucoside and delphinidin 3-O-rutinoside contents, the main anthocyanins in the purple-peels eggplant cultivars identified in this study. SmMYB113 overexpression promoted anthocyanins accumulation in eggplant peels and pulps. Metabolomic analysis revealed that delphinidins were still the main anthocyanins class in the peels and pulps of SmMYB113-OE4, but most anthocyanins were glycosylated at the 5-position of the B-ring. Our results provide new insights into the anthocyanin composition of eggplant peels and demonstrate the importance of SmMYB113 in stimulating anthocyanin biosynthesis in eggplant fruits.
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INTRODUCTION

Anthocyanins are colored water-soluble pigments that give flowers, fruits, and tubers blue, red, or purple coloration. Studies have reported that anthocyanins can have anti-diabetic, anti-cancer, anti-inflammatory, anti-microbial, and anti-obesity effects and prevent cardiovascular diseases (Khoo et al., 2017). Therefore, anthocyanin-rich flowers, fruits, and tubers, such as red rose, blue chicory, purple mint, red cabbage, purple eggplant, and purple potato are popular with consumers.

Recently, eggplant (Solanum melongena L.) has received much attention as a functional food. The eggplant extracts have potent antioxidative properties, suggesting their possible involvement in reducing the risk of various disorders (Noda et al., 2000; Sadilova et al., 2006; Akhbari et al., 2019; Condurache et al., 2021). The anthocyanin composition of purple eggplant peels has been reported, however, eggplant peels can be a variety of colors, including black-purple, reddish-purple, lavender, white, orange, or green (Sadilova et al., 2006; Todaro et al., 2009; Ferarsa et al., 2018; Yong et al., 2019; Condurache et al., 2021).

Plants anthocyanins have different grades of glycosylation, hydroxylation, methoxylation, and acylation. Anthocyanidins are the basic anthocyanin structure, and can be divided into six most common types, cyanidin, delphinidin, pelargonidin, peonidin, petunidin, and malvidin. Cyanidin gives plants a reddish-purple (magenta) pigment, while delphinidin appears blue-red or purple. Pelargonidin gives an orange hue to flowers and red to some fruits and berries. Glycosylated cyanidin, delphinidin, and pelargonidin are the most common pigments in nature (Castañeda-Ovando et al., 2009). Peonidin, petunidin, and malvidin are methylated anthocyanidins with the visible color magenta. Peonidin is found abundantly in berries, grapes, and red wines. Malvidin is abundant in blue flowers and red wines. Petunidin has been detected in black currants and purple flowers. The distribution of the six common anthocyanidins in fruits and vegetables is: cyanidin 50%, delphinidin 12%, pelargonidin 12%, peonidin 12%, petunidin 7%, and malvidin 7% (Castañeda-Ovando et al., 2009; Khoo et al., 2017). However, the anthocyanidins antioxidant activities are different. Seeram and Nair (2002) ranked the ability of the six common anthocyanidins to inhibit the Fe(II)-induced lipid peroxidation as delphinidin (70%) > cyanidin (60%) > peonidin (45%) > malvidin (43%) > pelargonidin (40%). Xie et al. (2021) found that delphinidin-3-O-sambubioside has the most potent xanthine oxidase inhibitory activity among 18 anthocyanins examined, and could be used for the prevention and treatment of hyperuricemia. Understanding the anthocyanidin composition of plants can lead to the development of anthocyanin applications to human health.

The technology behind transgenic crops in breeding programs constantly develops and elevates many excellent genotypes. MYB transcription factors (TFs) have been identified to be one of the most important transcriptional regulators in anthocyanins biosynthesis, acting as activators or repressors (Ma and Constabel, 2019; Yan et al., 2021). Anthocyanins content increases when activators MYBs are overexpressed through transient transactivation experiments or transgenic calluses in tobacco leaves and strawberry. Previous studies have reported that SmMYB113, orthologous to AtMYB75, promote anthocyanins biosynthesis in tobacco leaves in transient expression assays (Li et al., 2017) and eggplant calluses through experimental transformation (Shi S. et al., 2021). However, whether the anthocyanins profile induced by SmMYB113 is consistent with the original profile in wild-type plants has been rarely reported.

In this study, we report the metabolic profiles of flavonoids that may contribute to different pigmentation in eggplants. Six eggplant cultivars with different peel colors representing all possible eggplant colors were examined (Duan et al., 2021). In addition, the anthocyanin composition of eggplant peels and pulps activated by transgenic overexpression of SmMYB113 were also investigated using metabolome technology. This study aimed to improve our understanding of the mechanisms of eggplant coloration and to explore whether overexpression of SmMYB113 alters their anthocyanin profiles.



MATERIALS AND METHODS


Sampling

Six eggplant cultivars (Numbers 44, 64, 76, 108, 109, and 133) (Duan et al., 2021) including five S. melongena and one Solanum aethiopicum (mainly cultivated and popular in Africa), and SmMYB113-OE transgenic eggplants were planted in the solar greenhouse at Shandong Agricultural University. Peels of the six eggplant cultivars and peels and pulps of SmMYB113-OE transgenic eggplants were harvested from nine representative fruits of each type in triplicate. The samples were immediately frozen in liquid nitrogen after harvest, and the frozen samples were subjected to anthocyanin content measurement, gene expression analysis, and flavonoids metabolomic analysis.



Anthocyanins Content Analysis

The anthocyanin contents were extracted using methods detailed in Neff and Chory (1998).



Ultra Performance Liquid Chromatography-MS/MS Analysis of Flavonoids Metabolomes

Peels or pulps samples were prepared for flavonoid metabolomic analysis according to Chen et al. (2013). The sample extracts were analyzed using the UPLC-MS/MS system (UPLC, Ultra Performance Liquid Chromatography, Shim-pack UFLC SHIMADZU CBM30A system,1; MS, Tandem mass spectrometry, Applied Biosystems 6500 QTRAP2). The column contained water ACQUITY UPLC HSS T3 C18 (pore size 1.8 μm, length 2.1 × 100 mm). The solvent system contained water (0.04% acetic acid) and acetonitrile (0.04% acetic acid). The gradient program was 95:5 V/V at 0 min, 5:95 V/V at 11.0 min, 5:95 V/V at 12.0 min, 95:5 V/V at 12.1 min, and 95:5 V/V at 15 min. The flow rate was 0.4 ml min–1 at 40°C and the injection volume was 2 μl. Data were acquired using multiple reaction monitoring (MRM) with a triple quadrupole tandem mass spectrometer and processed using Analyst 1.6.1 software.



RNA Extraction and Quantitative Real-Time PCR Analysis

The total RNA was extracted from each sample using TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa, Otsu, Shiga, Japan). Next, 1 μg RNA was reverse-transcribed into cDNA using a PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa). Quantitative real-time PCR (QRT-PCR) analysis was performed using SYBR Premix Ex Taq II Kit (TaKaRa) and LightCycler 96 system (Roche, Basel, Switzerland). The Actin gene (GU984779.1) was used as a standard. The relative expression was calculated using the 2–ΔΔCt method (Livak and Schmittgen, 2001).



Plasmid Construction and Plant Transformation

The SmMYB113 coding sequence was inserted into the pRI 101 vector containing the 35S-CaMV promoter. The fusion vector was transferred into Agrobacterium strain LBA4404 and introduced into cultivar No. 108. The cut-cotyledons were pre-cultured on MS medium in the dark for 2 days. Then the cotyledons were infected with Agrobacterium (OD600 about 0.6) for 15–20 min. The infected-cotyledons were placed on the differentiation MS medium without Kan and co-cultured in the dark for 2–3 days. The differentiation MS medium consisted of 200 mg L–1 carbenicillin (Cb), 3.0 mg L–1 6-benzylaminopurine (6-BA), 0.1 mg L–1 thidiazuron (TDZ), 7 g L–1 agar, 30 g L–1 sucrose, and 100 mg L–1 kanamycin. After the shoots were differentiated, the explants were placed on MS medium with 200 mg L–1 carbenicillin (Cb) for roots differentiation.




RESULTS AND DISCUSSION


The Anthocyanin Contents in the Peels of Six Different Eggplant Cultivars

Eggplant is a widespread vegetable bearing different colored peels (Koley et al., 2019). Anthocyanins are the main phenolic compounds in eggplant peels. To explore the relationship between anthocyanin composition and color in eggplant, six eggplant cultivars representing all eggplant cultivar colors were examined (Duan et al., 2021). As shown in Supplementary Figure 1A, the six peel colors covered lavender in No. 44, reddish-purple in No. 64, black-purple in No. 76, white in No. 108, orange in No. 109, and green in No. 133. Peels samples were collected during fruit setting (fruiting), rapid growth (growth), and commodity maturity (maturity), and their relative anthocyanin contents were measured (Supplementary Figure 1B). Anthocyanin content increased along with fruit development. The anthocyanin contents were highest in cultivar No. 76, followed by No. 64, and No. 44. The anthocyanin contents of cultivars No. 133, No. 109, and No. 108 were the lowest, and did not differ significantly. These results indicated that higher anthocyanin contents corresponded to a deeper purple peel color, consistent with results in the distinct purple leaves of the novel tea cultivar ‘Ziyan’ (Lai et al., 2016).



The Delphinidin/Flavonoid Ratio Could Better Explain the Purple Peel Color of Eggplants

Anthocyanin biosynthesis is a branch of flavonoid biosynthesis, and colored flavonoids (flavones, flavanols, and isoflavonoids) and their glycosides contribute to the diversity of colors in leaves, fruits, and flowers (Ono et al., 2010; Zhang et al., 2014; Shi J. et al., 2021). In eggplant, anthocyanins accumulated with fruit development and peaked at fruit maturity (Supplementary Figure 1). Therefore, flavonoid-targeted metabolism analysis was conducted on methanolic extracts of mature eggplant peels using UPLC-MS/MS. A total of 167 flavonoids were identified and divided into eight categories, including proanthocyanidins, anthocyanins, catechin derivatives, flavanone, flavone, flavone C-glycosides, flavonol, and flavonolignan (Supplementary Table 1 and Figure 1A). Among the 167 flavonoids, 16 anthocyanins, including 10 in No. 44, 10 in No. 64, 14 in No. 76, 9 in No. 108, 12 in No. 109, and 11 in No. 133, were identified. These results suggested that the eggplant cultivars without purple peels can also synthesize anthocyanins. Further analysis showed that the relative total flavonoid content ranked from highest to lowest as No. 109 > No. 76 > No. 64 > No. 44, No. 133, No. 108. The relative anthocyanin content was highest in No. 76, followed by No. 64, and No. 44, No. 133, No. 109, No. 108 (Figure 1B). Notably, the relative flavonoid content of No. 109 was greater than the other eggplant cultivars, but it contained almost no anthocyanin. Approximately 50% of the flavonoids in No. 64 and 70% of the flavonoids in No. 76 were anthocyanins (Figure 1C), resulting in purple peels. According to the “anthocyanins biosynthesis pathway (00942)” in the Kyoto Encyclopedia of Genes and Genomes (KEGG), the identified anthocyanins consisted of “cyanidins” (including cyanidins and peonidin derivatives), “delphinidins” (including delphinidins, malvidins, and petunidin derivatives), and “pelargonidins.” The delphinidin/flavonoid ratios of No. 76, No. 64, and No. 44 (purple peels), were higher than those of No. 133, No. 109, and No. 108 (no purple peels), particularly No. 76 and No. 64 (Figure 1D). Differently, the cyanidin/flavonoid ratios of No. 133, No. 109, and No. 108 were higher than No. 64 but lower than No. 44. The cyanidin/flavonoid ratio of No. 76 was higher than No. 109 but lower than No. 133 and No. 108. Together, a correlation was found between the delphinidin/flavonoid ratio and purple peel color among the six eggplant cultivars, meaning that the delphinidin/flavonoid ratio could better explain the purple coloration of eggplant peels.


[image: image]

FIGURE 1. Overviews of the flavonoid-targeted metabolism data from the peels of six eggplant cultivars. (A) The identified number of total flavonoids and anthocyanins; (B) the relative contents of total flavonoids and anthocyanins; (C) the ratio of anthocyanins in the total flavonoids; (D) the ratio of cyanidins, delphinidins, and pelargonidins in the total flavonoids, respectively. Values are means ± SD (n = 3), same as following. Means denoted by the same letter did not differ significantly at P < 0.05 according to Duncan’s multiple range test.


Considering that No. 109 had the highest relative content of total flavonoids, but the lowest anthocyanin/flavonoid ratio, it was speculated that orange peel color resulted from flavones, flavanols, and isoflavonoids (Ono et al., 2010; Shi J. et al., 2021). As shown in Supplementary Figure 2A, the relative contents of flavones, flavanols, and isoflavonoids were highest in No. 109, followed by No. 76 and No. 64, No. 44 and No. 133, and No. 108. In addition, the ratio of flavones, flavanols, and isoflavonoids in the total flavonoids [(flavones and flavanols and isoflavonoids) / flavonoids)] was highest in No. 109 (Supplementary Figure 2B).



SmF3′5′H Is Responsible for Purple Peel of Eggplant at the Transcriptional Level

To find the direct mechanism underlying the different purple peel colors of No. 76, No. 64, and No. 44, the 16 anthocyanin structures were further analyzed according to the anthocyanin biosynthesis pathway in the website of KEGG. Eight anthocyanins were found in the six eggplant cultivars, while “pelargonin” was found only in No. 76 and “cyanidin 3,5-O-diglucoside” was found both No. 76 and No. 44 (Figure 2A). Therefore, it was speculated that the eight anthocyanin structures cause purple peel colors. In the peels of No. 76 and No. 64, delphinidin 3-O-glucoside (Mirtillin) and “Tulipanin” contents were highest (Figure 2B and Supplementary Table 1). In the peels of No. 44, “Cyanidin 3-O-glucoside (Kuromanin)” content was highest, followed by “Mirtillin,” “Cyanidin,” and “Pelargonidin 3-O-beta-D-glucoside.” Based on the anthocyanin biosynthesis pathway in the KEGG website, we concluded that the “delphinidin” biosynthetic branch was significantly more active than the “cyanidin” and “pelargonidin” biosynthetic branches in No. 76 and No. 64, while the cyanidin biosynthetic branch activities were the strongest in No. 44. Flavonoid 3′-hydroxylases (F3′Hs) and flavonoid 3′,5′-hydroxylases (F3′5′Hs) competitively control the biosynthesis of cyanidin and delphinidin (Bogs et al., 2005; Castellarin et al., 2005). Castellarin et al. (2007) found that F3′H expression did not show a clear pattern associated with anthocyanin accumulation, but variation in the F3′5′H/F3′H expression ratio was consistent with anthocyanin biosynthesis in grape varieties. Therefore, the expression levels of SmF3′H and SmF3′5′H in the peels of eggplant fruits were analyzed using qRT-PCR. The expression ratio between SmF3′5′H and SmF3′H was also calculated. The SmF3′5′H/SmF3′H expression ratio was associated with the anthocyanin profiles variation among the six eggplant cultivars (Figure 2C). Notably, no significant difference in the relative expression level of SmF3′H was found among the six eggplant cultivars. However, SmF3′5′H expression level during the growth stage was highest in No. 76, followed by No. 64, No. 44, No. 133 and No. 109, and No. 108, consistent with the purple peel color pattern. Altogether, we speculated that the variation in purple peels of eggplant were mainly determined by the “Mirtillin” and “Tulipanin” contents, and that SmF3′5′H expression was a critical factor.
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FIGURE 2. Veen analysis and heat map analysis of the identified anthocyanins, and the expression analysis of SmF3′H and SmF3′5′H in the peels of six eggplant cultivars. (A) Four-way Venn diagram analysis of the identified anthocyanins in the purple-peels colored eggplant cultivars with the sum of identified anthocyanins in the other three eggplant cultivars without purple peels color; (B) heat map of anthocyanins biosynthesis pathway. This pathway is constructed based on the KEGG pathway and literary references. Each colored row represents the log10 (content) of a metabolite; (C) the transcript ratio of SmF3′H and SmF3′5′H, and the relative expression level of SmF3′5′H in the peels of six eggplant cultivars at fruiting, growth and maturity stages. * represents significance at P < 0.05 comparing with those in No. 108.




Anthocyanins Accumulate in Eggplants After SmMYB113 Overexpression

SmMYB113 is an important regulator promoting anthocyanin biosynthesis in eggplant (Li et al., 2017; Shi S. et al., 2021). The eggplant SmMYB113 gene was grouped with homologous R2R3MYBs from other plant species, including AtPAP1 from Arabidopsis (Borevitz et al., 2000), AmRosea1 and AmDelila from Antirrhinum majus (Sharma et al., 2020), AN2 from petunia (Quattrocchio et al., 1999), DcMYB113 from carrots (Xu et al., 2019), and OsMYB3 from black rice cultivar (Zheng et al., 2021). Deletion of R2R3MYBs homologous results in tissue color loss (without anthocyanin enrichment or decrease), while overexpression results in more vivid coloration (anthocyanin enrichment or increase). Here, qRT-PCR analysis showed that SmMYB113expression levels in cultivars No. 108, No. 109, and No. 133 were significantly lower than those in No. 44, No. 64, and No. 76, corresponding to their anthocyanin contents (Supplementary Figure 3A). The SmMYB113full-length coding sequence was constructed into the overexpression pRI vector with the CaMV 35S promoter, obtaining 35S:SmMYB113 transgenic eggplant lines (Figure 3A and Supplementary Figure 3C). PCR and qRT-PCR analysis were used to confirm SmMYB113 integration into the transgenic eggplant lines (Figures 3B,C). Compared with the WT, all the aboveground plant parts were purple. Anthocyanin contents measurement confirmed that the SmMYB113-OE plants produced more anthocyanins (Figure 3D). These results suggested that the SmMYB113function on regulating anthocyanin biosynthesis in eggplant is similar to that of R2R3MYB in other plant species.
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FIGURE 3. SmMYB113 controls anthocyanin biosynthesis in eggplants. (A) The process of eggplant transformation and phenotypes of SmMYB113-OE eggplant line; PCR verification (B) and expression analysis (C) of SmMYB113 in the four SmMYB113-OE eggplant lines. M represents 2,000 bp marker; P represents positive control using the pRII-SmMYB113 vector; WT represents negative control using the DNA of No. 108; (D) the anthocyanin content in the peels and pulps of WT and the four SmMYB113-OE eggplant lines. Asterisk represents significance at P < 0.05 comparing with WT.




The Flavonoid Profiles in the Peels and Pulps of SmMYB113-OE Eggplants

To reveal the flavonoid profiles regulated by SmMYB113 in eggplant fruits, UPLC-MS/MS analysis was performed on the peels and pulps of WT and SmMYB113-OE4 plants. A total of 228 flavonoids were identified from peels and pulps, which could be classified into eight classes, including 23 flavonoids, 27 anthocyanins, 2 proanthocyanidins, 11 polyphenols, 91 flavones, 40 flavonols, 14 isoflavones, and 20 flavanones (Supplementary Table 2). Based on |log2(fold change)| ≥ 1 and VIP ≥ 1, 147 (in the peels) and 128 (in the pulps) flavonoids differed significantly between SmMYB113-OE4 and WT plants. Most flavonoids contents were primarily increased via SmMYB113 overexpression, except for 10 in peels and 11 in pulps which were downregulated (Figure 4A). More than 70% of anthocyanins and flavonols changed significantly via SmMYB113 overexpression in both peels and pulps (Figure 4C), including 95 flavonoids changed in both peels and pulps, 52 in peels only, and 33 in pulps only (Figure 4B). Compared with WT, the delphinidin/flavonoid ratio in peels and pulps increased significantly in SmMYB113-OE4 (Figure 4D). Delphinidin 3,5-diglucoside (Delphin chloride) and “Tulipanin” were the most significantly increased by SmMYB113, and their contents were highest in both peels and pulps (Supplementary Table 2). In addition, SmF3′H and SmF3′5′H relative expression levels in peels and pulps of SmMYB113-OE4 and WT were analyzed using qRT-PCR (Supplementary Figure 4). The SmF3′5′H/SmF3′H expression ratio was significantly increased by overexpressing SmMYB113, associated with the increased delphinidin/flavonoid ratio.


[image: image]

FIGURE 4. Overviews of the flavonoid-targeted metabolism data from the peels and pulps of SmMYB113-OE4, and heat map of flavonoid biosynthesis pathway. (A) The number of flavonoids different accumulated in the peels and pulps of SmMYB113-OE4 compared with WT at a level of |log2(fold change)| ≥ 1 and VIP ≥ 1; (B) Venn diagrams of different accumulated flavonoids by overexpression SmMYB113 in the peels and pulps of eggplants; (C) the changed ratio of eight flavonoids classes by overexpression SmMYB113; (D) the ratio of cyanidins, delphinidins, and pelargonidins in the total flavonoids, respectively; (E) heat map of flavonoids biosynthesis pathway. This pathway is constructed based on the KEGG pathway and literary references. Each colored row represents the log10 (content) of a metabolite.


According to the KEGG pathway, anthocyanins and flavonols are two neighboring branches of flavonoid biosynthesis, catalyzing dihydroflavonols via DFR and FLS, respectively (Figure 4E). Strikingly, most anthocyanins and flavonols biosynthesis depends on SmMYB113. Similarly, following the knockout of OsMYB3 in black rice, 12 anthocyanins were completely undetected (Zheng et al., 2021). These results implied that R2R3MYBs play a critical role in anthocyanin biosynthesis. In addition, the anthocyanins in SmMYB113-OE4 were primarily glycosylated at the 5-position of the B-ring, leading to the formation of highly stable and soluble anthocyanidin 3,5-diglucoside, such as delphinidin 3,5-diglucoside, malvidin 3,5-diglucoside, peonidin 3,5-diglucoside, and petunidin 3,5-diglucoside. Similarly, Sharma et al. (2020) reported that cyanidin 3-xylosyl(sinapoylglucosyl)galactoside was the main anthocyanin present in AmRosea1- and AmDelila-overexpressed taproots, while cyanidin 3-xylosyl(feruloylglucosyl)galactoside was the main anthocyanin present in the black carrot cultivar ‘Deep Purple’. The study of R2R3MYBs promoting anthocyanin biosynthesis has mainly focused on regulating structural gene expression (Karppinen et al., 2021), however, little is known about the regulation of modified genes.

The genes encoding glycosylation-modifying enzymes, including Sm3GT and Sm5GT, were analyzed according to the KEGG pathway annotation. Firstly, Sm3GT and Sm5GT relative expression levels in the peels and pulps of SmMYB113-OE4 and WT lines were analyzed by RT-qPCR (Supplementary Figures 5A,B). The results showed that Sm3GT and Sm5GT expression levels in the peels and pulps of the SmMYB113-OE4 line were significantly increased compared to WT. Subsequently, yeast one-hybrid assays (YIH) assay were performed between SmMYB113 and Sm3GT and Sm5GT promoters. However, no transcriptional regulation was found (Supplementary Figure 5C).



Comprehensive Comparison of the Two Metabolomic Data in Eggplant

Although the two metabolomic analyses were not performed simultaneously, the peels of No. 108 were included in both, and the metabolomics data could be connected by calculating the relative content of each sample to reference No. 108. The relative anthocyanin contents of purple peel cultivars No. 44, No. 64, and No. 76 were approximately 2-, 63-, and 109-fold greater than the anthocyanin content of No. 108. However, the relative anthocyanin contents in the peels and pulps of SmMYB113-OE4 were approximately 249- and 183-fold greater than the anthocyanin content of No. 108 (Figure 5A). This implied that molecular genetic breeding technology could make supernatural phenomena, one major advantage of molecular genetic breeding. However, the contents of the other flavonoids (flavonoids without anthocyanins) in the peels of purple cultivars No. 44, No. 64, and No. 76 were approximately 1-, 4.4-, and 4.5-fold greater than in No. 108. The other flavonoid contents in the peels and pulps of SmMYB113-OE4 were approximately 23- and 13-fold greater than in No. 108 (Figure 5B). Therefore, the anthocyanin biosynthesis regulation could affect the biosynthesis of other flavonoids. In addition, the amounts of the other flavonoids in No. 64 and No. 76 were similar (Figure 5B), suggesting that the different anthocyanin contents could mainly explain the color differences between No. 64 and No. 76. Furthermore, the anthocyanin structures in No. 64 were found in No. 76, and most anthocyanins’ content in No. 64 was less than in No. 76 (except “Tulipanin” and cyanidin) (Supplementary Table 1). Since cyanidin is an upstream product in anthocyanin biosynthesis, and the “Tulipanin” content was the highest in the peels of No. 64, we speculated that “Tulipanin” directly causes the reddish-purple peel coloration in No. 64.
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FIGURE 5. Comprehensive comparison of the two metabolomic data in eggplant. (A) The ratio of anthocyanins in the peels or pulps of three purple peels colored cultivars and SmMYB113-OE4 compared with those in No. 108; (B) the ratio of flavonoids (without anthocyanins) in the peels or pulps of three purple peels cultivars and SmMYB113-OE4 compared with those in No. 108; the ratio of cyanidins, delphinidins, and pelargonidins in the total anthocyanins in the peels three purple peels colored cultivars (C) and in the peels and pulps of SmMYB113-OE4 (D).


Further analysis showed that the delphinidins were the main anthocyanins in the peels of No. 64, No. 76, and SmMYB113-OE4, and the pulps of SmMYB113-OE4 (Figures 5C,D), indicating that SmMYB113 was indeed a critical transcript factor regulating anthocyanin biosynthesis in eggplant. However, the delphinidins structures differed between No. 64/No. 76 and SmMYB113-OE4 (Figures 2B, 4E). Compared with No. 64 and No. 76, SmMYB113 overexpression induced anthocyanins glycosylation at the 5-position of the B-ring. Similar results were reported by Sharma et al. (2020), who reported that overexpression of AmRosea1 and AmDelila (R2R3-MYB and bHLH TFs from A. majus) in taproots resulted in cyanidin 3-xylosyl(sinapoylglucosyl)galactoside accumulation and not cyanidin 3-xylosyl(feruloylglucosyl)galactoside accumulation. Although R2R3-MYB played a critical role in anthocyanin accumulation in plant tissues, other anthocyanin regulators also establish anthocyanin biosynthesis equilibrium. R2R3-MYB overexpression in plants cannot change the main anthocyanin class. However, it can disrupt their equilibrium by activating or enhancing the expression of downstream modifier genes, resulting in anthocyanin structure change.

In addition, previous studies have reported that delphinidin-3-(p-coumaroylrutinoside)-5-glucoside(nasunin) (Noda et al., 2000; Azuma et al., 2008), “Tulipanin” (Sadilova et al., 2006; Azuma et al., 2008; Todaro et al., 2009; Ferarsa et al., 2018; Yong et al., 2019; Condurache et al., 2021), “Mirtillin” (Azuma et al., 2008), delphinidin-3-[4-(cis-p-coumaroyl)-rhamnosyl-glucopyranoside]-5-glucopyranoside, and delphinidin-3-[4-(trans-p-coumaroyl)-rhamnosyl-glucopyranoside]-5-glucopyranoside (Li et al., 2017) were the major anthocyanins in eggplants with purple peels. Although the anthocyanin structures identified by these authors differed, they are all delphinidins.




CONCLUSION

Anthocyanins are important chemical components leading to the purple coloration of eggplant peels. This study used targeted metabolic profiling of flavonoids to investigate the flavonoid and anthocyanin structures of six eggplant cultivars with different peel colors. This method detected 167 flavonoid metabolites, including 16 anthocyanins, with various modifications. The 16 anthocyanins could be classified in cyanidins, delphinidins, and pelargonins. According to our data, the purple color of eggplant peels was positively correlated with the delphinidin/flavonoid ratio, and “Mirtillin” and “Tulipanin” were the major anthocyanins in the purple eggplant peels. In addition, SmF3′5′H expression level in eggplant peels was sufficient to explain the purple color, so the SmF3′5′H/SmF3′H expression ratio was unnecessary. Simultaneously, targeted metabolic profiling of flavonoids was performed on the fruit peels and pulps of SmMYB113 overexpressing eggplant lines. SmMYB113 overexpression significantly increased the anthocyanins and flavonols contents in peels and pulps. Compared with WT, the delphinidin/flavonoid ratio was significantly increased, while no difference or small decreases in the cyanidin/flavonoid and pelargonin/flavonoid ratios were found. The delphinidins significantly accumulated as a result of SmMYB113 overexpression in this study differed slightly from the data reported in other studies. Altogether, our data provide a glimpse into the flavonoid metabolites in eggplant peels with different colors and SmMYB113-overexpressed eggplant peels.
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Supplementary Figure 1 | Fruit colors and the relative anthocyanins content of the six eggplant cultivars (Duan et al., 2021). (A) Fruit colors of the six eggplant cultivars at the commodity maturity stage; (B) the relative anthocyanins content in the eggplant peel at fruit setting (fruiting), rapid growth period (growth), and commodity maturity stage (maturity). Values are means ± SD (n = 3), same as following.

Supplementary Figure 2 | Analysis of the colored flavonoids content in the peels of six eggplant cultivars. (A) The relative contents of the flavones, flavanols and isoflavonoids; (B) the ratio of the flavones, flavanols, and isoflavonoids in the total flavonoids.

Supplementary Figure 3 | Expression analysis of SmMYB113 and the phenotypes of WT and the four SmMYB113-OE eggplant lines. (A) The relative expression level of SmMYB113 in the peels of six eggplant cultivars at fruiting, growth and maturity stages; the phenotypes of WT (B) and the four SmMYB113-OE eggplant lines (C).

Supplementary Figure 4 | Expression analysis of SmF3′H and SmF3′5′H in the peels and pulps of SmMYB113-OE4 line and WT.

Supplementary Figure 5 | Expression analysis of Sm3GT and Sm5GT and transcriptional regulation analysis between SmMYB113 and Sm3GT, Sm5GT. The relative expression levels of Sm3GT (A) and Sm5GT (B) in the peels and pulps of SmMYB113-OE4 line and WT; (C) yeast one-hybrid assays indicating SmMYB113 could not bind the promoters of Sm3GT and Sm5GT. The combinations of p53-pABAi and 53-pGADT7 were used as positive control.
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Integrated Metabolomic and Transcriptomic Analysis and Identification of Dammarenediol-II Synthase Involved in Saponin Biosynthesis in Gynostemma longipes
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Gynostemma longipes contains an abundance of dammarane-type ginsenosides and gypenosides that exhibit extensive pharmacological activities. Increasing attention has been paid to the elucidation of cytochrome P450 monooxygenases (CYPs) and UDP-dependent glycosyltransferases (UGTs) that participate downstream of ginsenoside biosynthesis in the Panax genus. However, information on oxidosqualene cyclases (OSCs), the upstream genes responsible for the biosynthesis of different skeletons of ginsenoside and gypenosides, is rarely reported. Here, an integrative study of the metabolome and the transcriptome in the leaf, stolon, and rattan was conducted and the function of GlOSC1 was demonstrated. In total, 46 triterpenes were detected and found to be highly abundant in the stolon, whereas gene expression analysis indicated that the upstream OSC genes responsible for saponin skeleton biosynthesis were highly expressed in the leaf. These findings indicated that the saponin skeletons were mainly biosynthesized in the leaf by OSCs, and subsequently transferred to the stolon via CYPs and UGTs biosynthesis to form various ginsenoside and gypenosides. Additionally, a new dammarane-II synthase (DDS), GlOSC1, was identified by bioinformatics analysis, yeast expression assay, and enzyme assays. The results of the liquid chromatography–mass spectrometry (LC–MS) analysis proved that GlOSC1 could catalyze 2,3-oxidosqualene to form dammarenediol-II via cyclization. This work uncovered the biosynthetic mechanism of dammarenediol-II, an important starting substrate for ginsenoside and gypenosides biosynthesis, and may achieve the increased yield of valuable ginsenosides and gypenosides produced under excess substrate in a yeast cell factory through synthetic biology strategy.

Keywords: gypenosides, oxidosqualene cyclase, cytochrome P450 monooxygenase, dammarenediol II synthase, Gynostemma longipes


INTRODUCTION

Ginsenosides are valuable natural compounds found throughout species of the Panax genus that have the ability to treat cardiovascular and cerebrovascular diseases (Liu et al., 2017). Based on the different skeletons, three types of ginsenoside have been found in the Panax genus: dammarane-, ocotillo-, and oleanane-type ginsenosides (Christensen, 2008; Hou et al., 2021). Previous studies have shown that dammarane ginsenosides exist only in the Panax genus, such as Panax ginseng (ginseng), Panax quinquefolium (American ginseng), and Panax notoginseng (Sanqi), which are the three main species of the Panax genus cultivated worldwide. The global market demands for this high-value medical plant cannot be met due to the 4- to 7-year planting cycle and low yield (He et al., 2019).

Species in the Gynostemma genus, a member of the Cucurbitaceae family, have similar dammarane ginsenoside content to those in the Panax genus (Gantait et al., 2020). Gynostemma longipes has the highest content of dammarane ginsenoside, reaching 25%, which is even higher than Panax plants (Razmovski-Naumovski et al., 2005). Gypenosides in G. longipes have panaxadiol and 2α-hydroxypanaxadiol skeletons, which are similar to those of dammarane ginsenosides and have similar pharmacological effects, such as anticancer, cardioprotective, hepatoprotective, neuroprotective, and anti-inflammatory activities (Nagai et al., 1976; Li et al., 2019; Nguyen et al., 2021; Su et al., 2021). Unlike the medicinal root of Panax genus, the main medical parts of G. longipes are the stolon and the leaf, which can be harvested for many years from a single planting, indicating it was more convenient to obtain dammarane-type saponins from Gynostemma plants than from Panax species. G. longipes has become an alternative plant to support the deficiencies in the ginsenoside extract market (Ky et al., 2010). In China, 3.2 billion tons of G. longipes are processed for pharmaceutical extraction, with an annual production of 803 billion RMB in 2018 (Cheng and Cheng, 2019).

In the past decade, researchers have employed synthetic biology techniques to produce valuable natural compounds from microorganism that are difficult to product through chemical synthesis to satisfy the demands of the market. The ginsenosides R0, Rh2, Rg3, Rg1, and Rb1 have been biosynthesized in Escherichia coli and yeast (Wang et al., 2015; Lu et al., 2018; Tang et al., 2019, 2021). Previous studies have described the biosynthesis of dammarenediol-II from 2,3-oxidosqualene under the catalysis of dammarenediol-II synthase. PgCYP716A47 catalyzed the hydroxylation at the C-12 of dammarenediol to form protopanaxadiol (Han et al., 2011). After the formation of the protopanaxadiol skeleton, UDP-dependent glycosyltransferases add glucose to different positions to generate various ginsenosides: Pq-O-UGT1, PgUGT45, or PgUGT74AE2 catalyzed the glycosylation of protopanaxadiol to form ginsenoside Rh2; Pq-O-UGT2 and PgUGT94 catalyzed Rh2 to form Rg3 (Yang et al., 2020); Rd was formed under the catalysis of PgUGT71; PgUGT1 and PgUGT71A27 catalyzed protopanaxadiol to form compound K (CK), which was subsequently catalyzed by PgUGT74AE2, PgUGT71A27, Pq-O-UGT2, and PgUGT71A27 to produce F2 and Rd. PgUGTdGT and PgUGT71A29 could utilize Rd as substrate to generate Rb1 (Yang et al., 2018; Figure 1). These ginsenosides mentioned above were found in Gynostemma plants, indicating Gynostemma was the best resource for ginsenosides after Panax plants (Qin et al., 1992).
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FIGURE 1. Proposed Biosynthesis pathway of gypenosides and ginsenosides, the main triterpenes were colored in red, the broad arrows presented the enzymes already identified, dotted arrows presented the assumed enzymes in gypenosides analysis. Pathways in green background only found in Gynostemma plants, pathways in blue back ground could appear both in Gynostemma plants and Panax plants.


The genes involved in biosynthesis of gypenosides were remain large unknown, few studies analyzed and predicted the possible candidate genes involved in gypenosides biosynthesis in G. pentaphyllum (Huang et al., 2021; Zhang et al., 2021). Recently, 5 UDP-glycosyltransferases were elucidated in ginsenoside biosynthesis which could form F1, Rh2, Rg3, CK, F2 and Rd with UDP-glucose as sugar donor in G. pentaphyllum (Le et al., 2021). The biosynthesis of gypenoside starts with the formation of 2,3-oxidosqualene through the mevalonate (MVA) pathway in the cytoplasm and the methylerythritol phosphate (MEP) pathway in plastids. 2,3-Oxidosqualene forms different triterpenoid skeletons under the catalysis of oxidosqualene cyclase (OSCs), which are subsequently modified by CYPs and UDP-dependent glycosyltransferases (UGTs), forming different ginsenosides (Kim et al., 2015; Yang et al., 2018). However, compared with ginsenosides, the structural diversity of gypenosides was more abundant owing to multiple levels of oxidation (CH2OH or CHO) at C-2 and C-19 sites, as well as the side chains in gypenosides (Figure 1; Yoshikawa, 1986; Razmovski-Naumovski et al., 2005; Nguyen et al., 2021). However, the specific genes involved gypenoside biosynthesis and their functions remain largely uncharacterized.

To elucidate the biosynthesis pathway of gypenosides in Gynostemma plants, an integrated analysis of transcriptomics and metabolomics was performed in this study to provide more information on various specific genes and gypenosides. The solon and leaf of Gynostemma longipes, the main resource for commercial gypenoside extraction in China, were collected and analyzed by high-throughput omics techniques. Three non-steroidal-type triterpene synthases that catalyze oxidosqualene through dammarenyl cations were found after comparison of amino acids and phylogenetic analysis. Twelve candidate CYPs were found to participate in gypenoside biosynthesis by performing gene co-expression analysis between CYPs and triterpenes. Moreover, a dammarenediol-II synthase that catalyzed 2,3-oxidosqualene to form dammarenediol-II was found and verified in yeast. These results provide insight into gypenoside biosynthesis in Gynostemma plants to allow better development of gypenosides using synthetic biology techniques.



RESULTS


Illumina Sequencing and de novo Assembly

cDNA libraries were constructed from the total RNA of the leaf, rattan, and stolon to characterize transcriptome of G. longipes. Three biological replicates of each tissue were processed and sequenced on an Illumina Hiseq™ 2000 platform. In total, 438,908,642 (65,385,856,136 bp) clean reads were generated with 44.5429% GC after filtering out adaptor sequences, ambiguous reads, and low-quality reads (Q20 < 20). All clean reads were assembled into 1,290,066 unigenes within a total length of 96,791,710 bp. The number order of unigenes contig N50 was 23114; the length was 1184 bp. The size of unigenes ranged from 201 bp to 16470 bp with an average length of 749 bp (Table 1). The high-quality reads in this research have been deposited in NCBI SRA database (accession number: PRJNA784129).


TABLE 1. Summary of Illumina sequencing and assembly of G. longipes.
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Gene Annotation and Expression Analysis

BLASTx was applied to annotate unigenes based on four databases: NCBI non-redundant protein (Nr), Kyoto Encyclopedia of Genes and Genomes (KEGG), the Clusters of Orthologous Groups/Clusters of orthologous groups for eukaryotic complete (COG/KOG), and the Swiss-Prot protein database. In total, 81,721 (63.32%) unigenes were annotated; among them, 78,398 (60.74%) unigenes were matched in the Nr database, 66,100 (51.21%) unigenes were matched in the KEGG database, 49,036 (37.99%) unigenes were matched in COG/KOG database, and 58,300 (45.17%) unigenes were matched in the Swiss-Prot database. Overall, 41,791 (32.38%) unigenes were matched in all databases (Table 2).


TABLE 2. Summary of annotation of G. longipes unigenes.
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The comparison of unigenes from the three tissues identified 4883, 2374, and 4480 unigenes specifically annotated in the rattan, stolon, and leaf, respectively, with 15,015 unigenes annotated in all tissues (Supplementary Figure S1B). The results showed that 59,894 unigenes were classified in biological process ontology (GO: 008150), the major terms were metabolite process (15,454, 25.80%), cellular process (12,824, 21.41%), and single-organism process (9791, 16.35%); 26,224 unigenes belonged to cell component ontology (GO:0005575) (Supplementary Figure S1A). In this ontology analysis, catalytic activity (13,234, 50.47%) and binding (10380, 39.58%) were the major terms; 43,190 unigenes belonged to molecular function ontology (GO: 003647), cell (10701, 24.78%), cell part (10687, 24.74%), and organelle (6710, 15.53%) (Supplementary Figure S1C). Moreover, based on KEGG annotation, 8877 unigenes were divided into five categories, including organism system, cellular processing, environment information process, genetic information process, and metabolism. It is notable that 491 unigenes (3.5% of the metabolism category) participated in the metabolism of terpenoids and polyketides (Supplementary Figure S1A). These data provided basic information for mining candidate genes involved in gypenoside biosynthesis. The original data of RNA-seq annotation and expression could be downloaded in Medicinal Plants multi-Omics Database1 (He et al., 2022).



Analysis of Triterpene Content and Gene Expression Profile in Gynostemma longipes

The metabolomic analyses of the leaf, stolon, and rattan detected 46 triterpenes in G. longipes. Seventeen triterpenes (ginsenoside Rd2 to 2-3-O-acetyl-3,12,23,24-tetrahydroxy-20,25-epoxydammarane-3-O-xylopranosyl-glucopyranoside) had the highest content in the leaf, followed by the rattan (*indicates isomers exist). For nine triterpenes (from gypenoside 16 to m-Gin-Rd), the content was higher in the rattan than in the stolon. The relative content of 20 triterpenes in the stolon was higher than in the rattan and the leaf (from gypenosides LXXVI to ginsenoside Rb2). The results showed that the content of 29 triterpenes was relatively high in the stolon, suggesting it might be a potential tissue in which triterpene accumulation occurs (Figure 2). Otherwise, the relative contents of gypenoside LXI, gypenoside A, and gypenoside LXVIII were relatively high in the whole plant, indicating these two triterpenes may be the main triterpenes in G. longipes.
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FIGURE 2. The heatmap of triterpene content level in leaf, rattan, stolon and whole plant of G. longipes.


From the transcriptome analysis, 16 genes were considered to encode key enzymes involved in triterpene biosynthesis through the MVA pathway: four HMGRs (3-hydroxy-3-methylglutaryl-coenzyme A reductases), one FPS (farnesyl diphosphate synthases), one SS (squalene synthase), four SQEs (squalene epoxidases), and six OSCs (2,3-oxidosqualene cyclases). The expression of SS, FPS, HMGR2, SQE1, SQE2, GlOSC1, and GlOSC2 was extremely high in the leaf, whereas GlOSC5, HMGR3, and GlOSC6 were highly expressed in the stolon. The expression of SQE3, SQE4, and GlOSC5 was highest in the rattan, followed by the stolon (Figure 3A). Genes in the triterpene biosynthesis pathway were co-expressed; the expressions of SS, FPS, HMGR2, SQE1, SQE2, GlOSC1, and GlOSC2 in the leaf were highly correlated and therefore the leaf is a possible tissue for the biosynthesis of triterpene skeletons. Real-time quantitative polymerase chain reaction (PCR) analysis was performed to uncover the expression of candidate genes in triterpenoid biosynthesis. The expression pattern of other 14 genes was similar to those in the transcriptome data, except HMGR5 and GlOSC4 (Figure 3B).
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FIGURE 3. (A) Expression analysis of the candidate genes, expression level of HMGRs, GlOSCs, SSs, FPS, SE in leaf, rattan and stolon of G. longipes. (B) Real-time quantitative polymerase chain reaction (PCR) validation of candidate unigenes involved in gypenosides biosynthesis by RNA-seq. The histogram indicated the relative gene gypenosides biosynthesis by RNA-seq, the right y-axis was gene expression level calculated as RPKM value, the left y-axis was relative gene expression obtained via real-time PCR. The relative expression obtained from real-time PCR calculated by 2–ΔΔCt method.




Phylogenetic Analysis of Candidate Oxidosqualene Cyclase Involved in Gypenoside Biosynthesis

While OSCs are the key enzymes that determine the skeleton diversity of triterpenes (Phillips et al., 2006). Seven candidate OSCs were obtained and named GlOSC1 to GlOSC7; the number of amino acids ranged from 777 to 583. The results of the alignment analysis showed that all candidates contained a DCTAE motif that is highly conserved in OSCs families and is responsible for initiating the cyclization reaction (Abe and Prestwich, 1995; Ito et al., 2013). GlOSC1, GlOSC5, and GlOSC7 had conserved Y257, T364, D474, and E556, whereas four others OSCs had conserved H257, C364, T474, and D556. These residues were found to differentiate the steroidal-type triterpene synthases from the non-steroidal-type (Corey et al., 1997; Forestier et al., 2019). In this case, GlOSC1, GlOSC5, and GlOSC7 were the most likely OSCs to cyclize oxidosqualene through reaction with the dammarenyl cation (Supplementary Figure S2).

The phylogenetic relationship between GlOSCs and known OSCs from plants was analyzed to support further prediction of the function of these OSCs. Two exogenous OSCs (RatLAS and BosLAS) were added for the construction of phylogenetic relationships (Figure 4A). Based on the different catalyzed cyclization reaction formation, the sequences were divided into two groups. The first group (GlOSC2, GlOSC3, GlOSC4, and GlOSC5) contained CAS (cycloartenol synthase), LAS (lanosterol synthase), CbQ (cucurbitadienol synthase), and PS (parkeol synthase), which were able to fold 2,3-oxidosqualene into the chair-boat-chair conformation through the protosteryl cation when initiating the cyclization reaction. The second group (GlOSC5, GlOSC1, and GlOSC7) contained βAS (β-amyrin synthase), DDS (dammarenediol II synthase), LUS (lupeol synthase), MS (mix-triterpene synthase), these were capable of folding substrates into chair–chair–chair (CCC) conformation through dammarenyl cation (Phillips et al., 2006; Thimmappa et al., 2014). This result was consistent with the results of the amino acid sequence comparison mentioned above. The first group was steroidal-type triterpene synthases; the second group was non-steroidal-type triterpene synthase.
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FIGURE 4. (A) Phylogenetic analyses of the GlOSCs from G. longipes and characterized OSCs from other plants. Their catalytic functions were classified in colors, green: parkeol synthase, light orange: β-amyrin synthase, light blue: Mix-triterpene synthase, light green: cycloartenol synthase, purple: lupeol synthase, red: dammarenediol synthase, orange: triterpene synthase with other functions, light yellow: cucurbitadienol synthase. (B) Pearson correlation analysis between expression level of GlOSCs and content level of triterpenes, the red cycle presented positive correlation, the blue cycle presented negative correlation, and size of cycle presented the degree of correlation.


Additionally, we performed Pearson correlation analysis between the candidate OSCs and all triterpenes using SPSS 26 (Figure 4B); the results showed that GlOSC1, GlOSC2, and GlOSC4 had the same correlation pattern between gene expression and triterpene content. The expression was highly positively correlated with the content of P7370, P1331, P12364, P5590, and P5800, and negatively correlated with the content of P6472. The expression of GlOSC5 was negatively correlated with the content of P1331, P12364, P5590, and P5800, however, positively correlated with the content of P6472 (Supplementary Table S3). The expression of GlOSC3 and GlOSC6 was negatively correlated with the content of P6618, but positively correlated with the content of N14062 and P7106. The correlation pattern between GlOSC7 expression and the content of triterpenes is different from others; the expression of GlOSC7 is positively correlated with the content of Lmzn004497, msw4020, and N7918, but negatively correlated with the content of P8042. All correlations mentioned above were under the conditions of a Pearson correlation coefficient (PCC) of ≥0.9 and a p-value of ≤0.05. These results suggest that GlOSC1, GlOSC2, and GlOSC4 are likely connected to the biosynthesis of triterpene skeletons in the leaf.



Candidate Cytochrome P450 Monooxygenase Involved in Gypenoside Biosynthesis

As the third largest family of plant genes, CYPs play an essential role in the formation and evolution of metabolism in plants (Nelson and Reichhart, 2011). CYPs are crucial enzymes in natural product biosynthesis and metabolism in plants; they catalyze a wide range of reactions, including hydroxylation, decarboxylation, epoxidation, C–C bond formation, N- and O-demethylation, and other oxidizing reactions (Jeffreys et al., 2018; Li et al., 2020). In terpenoid biosynthesis, CYPs determine the structural diversity and bioactivity of terpenoids upstream, with more than 97% of terpenoids modified under catalysis by CYPs (Guo et al., 2016; Xiao et al., 2018). In this study, 250 CYPs were identified by HMMER 3.0. The phylogenic tree was constructed with 250 candidate CYPs, 74 reference CYPs, and 245 AtCYPs by iqtree (Figure 5A). To date, 11 clans of plant CYPs have been found, and the CYPs of G. longipes are categorized into 10 clans. Seven unigenes between clan 97 and clan 711 and one unigene between clan 74 and clan 71 did not belong to any clans. Clan 71 contains the highest number of CYP unigenes involved in gypenoside biosynthesis. PgCYP716A47 and PgCYP716A53v2 are important enzymes that catalyze dammarenediol to protopanaxadiol and protopanaxadiol to protopanaxatriol, respectively (Figure 5B; Han et al., 2011, 2012). According to the results of the phylogenetic analysis, Unigene0005406 and Unigene0122930 had 51.8% identity to PgCYP716A53v2; thus, Unigene0005406 and Unigene0122930 are potential protopanaxadiol synthases in G. longipes.


[image: image]

FIGURE 5. (A) Phylogenetic analyses of the GlCYPs from G. longipes and other reference CYPs, their catalytic functions were classified in colors, blue part related to terpenoids modification, green part related to cyanoamino acid modification, yellow part related to flavonoids modification, light blue part might have other functions, lawngreen part were unidentified. (B) Local zoom of Figure 5A. The phylogenetic analysis of several GlCYPs and PgCYP716As.




Integrated Transcriptome and Metabolite Analysis

For a better understanding of the association between genes and gypenosides, the integrated transcriptome and metabolite data were analyzed by applying a correlation analysis, and the network was constructed. Pearson correlation analysis was conducted between the expression of 209 CYPs and the content of 46 triterpenes using SPSS 26; only correlation pairs satisfying the conditions of PCC ≥ 0.8 and p-value ≤ 0.05 were selected. In total, 214 pairs were identified and visualized by Cytoscape (Figure 6 and Supplementary Table S3). In the network, 91 nodes were connected by 214 edges. These 91 nodes included 38 triterpenes and 53 unigenes; here, 60 pairs were negatively correlated and 154 pairs were positively correlated. From the metabolism data, P6441 (gymnemaside III), P6014 (gypenoside LVI), and P5025 (gypenoside LXI) were all hydroxylated at the C-2 position. The results of the correlation analysis showed that the content of P6441 was positively correlated with the expression of Unigene0032271 (PCC = 0.818), Unigene0067788 (PCC = 0.908), and Unigene0081102 (PCC = 0.892); the content of P6014 was positively correlated with the expression of Unigene0114879; and the content of P5025 was positively correlated with the expression of Unigene0001688 (PCC = 0.803), Unigene0039203 (PCC = 0.801), and Unigene0086841 (PCC = 0.885). Thus, these unigenes are likely to catalyze the hydroxylation at the C-2 position. In addition, P6684 [(23S)-21-O-ethyl-3,20,21-trihydroxy-19-oxo-21,23-epoxydammar-24-ene-3-O-rhamnopyranosyl-xylopyranosyl-arabinopyranoside*] and P5382 (gypenoside XLVIII*) with an aldehyde group at the C-19 position, were also in a distinct position from the gypenosides. The content of P6684 was positively correlated with the expression of Unigene0043066 (PCC = 0.812), Unigene0067788 (PCC = 0.937), and Unigene0081102 (PCC = 0.926); the content of P5382 was positively correlated with the expression of Unigene0015374 (PCC = 0.818) (Supplementary Table S2). Therefore, these three unigenes were highly likely to be related to the oxidation at the C-19 position.
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FIGURE 6. Co-expression network of candidates CYPs and triterpenes in G. longipes. Blue nodes represented genes, yellow nodes represented triterpenes, red edges presented positive correlation, blue edges presented negative correlation. Compounds marked with purple * had oxidization at C-19, unigene marked with purple * possibly catalyzed oxidization at C-19; compounds marked in green * had hydroxylation at C-2, unigene marked with green * possibly catalyzed hydroxylation at C-2.




Heterologous Recombination and Protein Expression in Yeast

The full-length open reading frame of GlOSC1 was successfully cloned from G. longipes cDNA and inserted in the pYES2 expression vector under the control of the GAL1 promoter. The transgene vectors were transformed into Saccharomyces cerevisiae BY4742 by addition of galactose. The final product of the yeast extracts was analyzed by LC chromatogram and liquid chromatography–mass spectrometry (LC–MS) after incubation for 24 h. The results showed that the extract from transgenic yeast expressing GlOSC1 appeared a peak at 23.56 min, which matched the retention time of the dammarenediol-II standard peak at 23.55 min. In contrast, the LC–MS of extracts from the empty vector showed no dammarenediol-II product (Figure 7). In addition, the LC–MS was performed to verify the molecular weight of the dammarenediol-II product. The spectrum of GlOSC1 transgenic yeast showed LC/APCIMS fragmentation ion values of the dammarenediol II product at m/z 427 [M+H–H2O]+, m/z 409 [M+H–2H2O]+, m/z 219, and m/z 191, (Supplementary Figures S3, S4) which were consistent with dammarenediol-II standard previously described (Han et al., 2006). The peak at 23.56 min from the extract of transgenic yeast GlOSC1 also had the same LC/APCIMS fragmentation ion values as those in authentic dammarenediol-II. These data indicated that the Unigene0012275 (GlOSC1) could catalyze 2,3-oxidosqualene to produce dammarenediol-II via cyclization.
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FIGURE 7. Three chromatograms of the analysis: (A) authentic dammarenediol II, (B) the extracts of the yeast with empty vector, and (C) dammarenediol II biosynthesized by GlOSC1 in yeast.





DISCUSSION

Triterpenoids are not only crucial compounds for plant development and growth, but are also important sources of drugs and antibiotic for humans and other creatures (Haralampidis et al., 2002). Owing to their various biological properties, researchers are interested in their molecular structures. Currently, more than 100 distinct skeletons of triterpenoids are found in plants (Xu et al., 2004). OSCs are the key enzymes that determine the diversity of triterpene skeletons (Phillips et al., 2006; Cardenas et al., 2019).

Previous transcriptome studies showed that FPS, SS, SE, and βAS were highly expressed in the leaf of G. pentaphyllum (Chen et al., 2016; Liang et al., 2019; Xu et al., 2020). In this study, based on gene expression profiling, the expression patterns of upstream genes (SS, FPS, HMGR2, SQE1, SQE2, OSC1, OSC2, and OSC4) in the biosynthesis of gypenosides were highly correlated in the leaf. This result indicated that the leaf was the main tissue for biosynthesis of terpene skeletons in G. pentaphyllum. Meanwhile, the metabolism profile indicated that the content of 17 triterpenes and 20 triterpenes was relatively high in the leaf and the stolon, respectively. In addition, the content of only nine triterpenes was high in the rattan; thus, the leaf and stolon may be the main tissues for biosynthesis and modification of triterpene skeletons and the accumulation of gypenosides.

Based on their functions, the OSCs can be classified as steroidal synthases or non-steroidal synthase (Thimmappa et al., 2014). In this study, seven OSCs were obtained from the G. longipes transcriptome; according to the phylogenetic analysis, all candidate OSCs had a conserved DCTAE motif that indicated triterpene synthase activity. Unigene0012275 (GlOSC1), Unigene0060087 (GlOSC5), and Unigene0070838 (GlOSC7) contained conserved residues Y257, T364, D474, and E556, which belong to non-steroidal-type triterpene synthases (Ito et al., 2013). Since 2006, PgDDS was first identified from P. ginseng (Tansakul et al., 2006), and PqDS, CaDDS, and PnDS were subsequently identified (Kim et al., 2009; Niu et al., 2014; Wang et al., 2014). Candidate OSCs in this research shared low homology with these four DDSs. A multi-functional triterpene synthase LsOSC1 was reported that could catalyze the formation of dammarenediol-II in Lactuca sativa. TcOSC1 and TcOSC2 were also identified in Taraxacum coreanum (Han et al., 2019; Choi et al., 2020). GlOSC1 showed high homology with LsOSC1, TcOSC1, and TcOSC2, and the results of the functional expression experiment proved that GlOSC1 had the ability to catalyze the formation of dammarenediol-II; this was the first OSC reported in the Gynostemma genus.

To date, 328 dammarane-type saponins from Gynostemma plants have been reported (Nguyen et al., 2021). The downstream CYPs and UGTs genes were also determined to affect the diversity of gypenosides. During terpenoid biosynthesis processes in plants, more than 97% CYPs catalyzed the structural diversity of terpenoids via oxygenation reactions (Guo et al., 2016). A previous study showed that 25% of gypenosides shared similar structures to ginsenosides; in the case of panaxadiol and 2α-hydroxypanaxadiol, this was the basic structure of gypenosides (Nagai et al., 1976; Subramaniyam et al., 2011). In this study, GlCYPs were categorized according to their catalytic functions in metabolism (Liu et al., 2020). The results identified a total of 123 CYPs that could possibly catalyze the modification of terpenoids: 7 CYPs may be related to the catalysis of cyanoamino acid, 5 CYPs might catalyze the modification of flavonoids, 29 CYPs might be related to the catalysis of fatty acids, 28 CYPs may have other catalytic functions, and 11 CYPs might have multiple functions when catalyzing terpenoids in plants. The catalytic function of 47 CYPs are still unidentified.

The homologous gene of PgCYP716A47 that catalyzed dammarenediol-II to panaxadiol in G. longipes was the very first step in gypenoside biosynthesis. According to the phylogenetic analysis, Unigene0005406 and Unigene0122930 had higher homology with PgCYP716A47; thus, these two unigenes were responsible for catalyzation of the hydroxylation at C-12. Hydroxylation at C-2α and oxidization at C-19 are also important sites for gypenoside diversity. The integrated analysis of transcriptome and metabolism was performed to narrow down possible candidate genes that catalyzed the C-12 and C-19 positions. According to the co-expression network describing triterpenes content and gene expression, Unigene0032271, Unigene0067788, Unigene0081102, Unigene0114879, Unigene0001688, Unigene00392303, and Unigene0086841 were in the pool of candidate genes that could catalyze hydroxylation at C-2 position, whereas Unigene0043066, Unigene0067788, Unigene0081102, and Unigene0015374 were classified in the candidate gene pool for the catalysis of oxidization at C-19.

In the past decade, G. pentaphyllum has served as an alternate candidate for Panax genus to fulfill the market demands for these types of compounds. Recently, the noteworthy pharmacological effects of gypenosides have opened a brand-new market in China, resulting in increasing demand for gypenosides (Su et al., 2021). However, gypenoside biosynthesis and heterologous expression is rarely studied compared with ginsenosides. In this study, the key OSC and CYP enzymes involved in gypenoside biosynthesis were illustrated and an integrated transcriptome and metabolic analysis was conducted for gypenosides. A series of genes that participated in gypenoside biosynthesis was located, offering significant input to the further characterization of the molecular mechanisms of dammarenediol-type gypenoside biosynthesis in G. pentaphyllum. Moreover, the first GlOSC1 to catalyze the formation of dammarenediol-II in the Gynostemma genus was found. In summary, comprehensive information on the transcriptional regulation and metabolic content in G. pentaphyllum has been discovered, helping to advance the study of dammarenediol-type saponin biosynthesis and creating opportunities to engineer microorganisms for the de novo production of valuable gypenosides.



MATERIALS AND METHODS


Plant Materials

Wild G. longipes plants were collected from Ankang county, Shaanxi province (Supplementary Figure S5). The leaf, rattan, and stolon were collected separately, frozen in liquid nitrogen, and stored at −80°C. Three replicates of each tissue were collected and divided into two parts for metabolism and transcriptome analysis.



Transcriptome Sequencing and Functional Annotation

RNA from the leaf, rattan, and stolon was extracted and reversed transcribed into cDNA. A Poly(A) tail was added after purification of the cDNA fragment and Illumina sequencing adapter ligation was applied. The final sequences were sequenced using Illumina Hiseq™ 4000 by Gene Denovo Biotechnology Co. (Guangzhou, China). Three biological repetitions of each tissue sample were processed. The raw reads obtained from sequencing machines; after filtering out low-quality reads (those containing more than 40% of low-quality (Q-value ≤10) bases), the clean reads were assembled by Trinity using default parameters (Grabherr et al., 2011).

For the functional annotation of unigenes, the BLASTx program2 was used with an E-value threshold of 1e-5 in the NCBI non-redundant protein (Nr) database3, the Swiss-Prot protein database4 the Kyoto Encyclopedia of Gens and Genomes (KEGG) database5, and the COG/KOG database6. Based on the Nr annotation results, the GO annotation was analyzed by Blast2GO software. Then, the functional classification of unigenes was performed using WEGO software (Ashburner et al., 2000; Ye et al., 2006). The Nr, Swiss-Prot, KEGG, and COG/KOG databases, BLAST and ESTscan programs were used for protein coding sequence (CDS) prediction (Iseli et al., 1999).



Phylogenetic Analysis

The phylogenetic analysis of GlOSCs and GlCYPs was performed on the deduced amino acid sequences to avoid other referential sequences from plants and two exogeneous sequences from animals. All deduced acid sequences were aligned with Clustal X under default parameters (Jiang et al., 2014). The preferred IQ-TREE version 1.6.12 on alignments was used to calculate the best model according to the software instructions, as described by Kalyaanamoorthy et al. (2017). From the results of the modelfinder, LG+I+G4 was the most suitable model for the construction of phylogenetic trees for this study. Figtree version 1.4.4 was used for data visualization.



Metabolite Extraction, Multiple Reaction Monitoring, and Parameter Setting

Multiple reaction monitoring (MRM) was performed by Metware Biotechnology Co. Lit (Wuhan, China). After the addition of zirconia beads, samples of the leaf, rattan, and stolon from G. longipes were processed, each tissues had three biological duplicates. The samples were freeze-dried and ground into a fine powder by a mixing mill (MM400, Restch, Haan, Germany). Then, 100 mg of sample powder was dissolved in 1 mL of 70% methanol. The sample was held at 4°C overnight and then centrifuged for 10 min at 12,000 × g to obtain the filtrate. The extracts were analyzed by UPLC-ESI-MS/MS (UPLC, SHIMADZU Nexera X27; MS, Applied Biosystems 4500 Q TRAP8). The following analysis conditions were used: UPLC column, Agilent SB-C18 (1.8 μm, 2.1 mm × 100 mm); mobile phase solvent A, water with 0.1% formic acid, solvent B acetonitrile with 0.1% formic acid; gradient program, starting at 95:5 (A:B), then at 9 min 5:95 (A:B) and held for 1 min, 95:5 (A:B) at 10 min, from 95:5 (A:B) from 11.1 to 14 min; flow rate 0.35 mL/min; temperature 40°C; and injection volume 4 μL. The effluent was connected to an ESI-triple quadrupole-linear ion trap (Q-TRAP)-MS. LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (Q TRAP), AB4500 Q TRAP UPLC–MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion mode and controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operation parameters were as follows: ion source, turbo spray; source temperature 550°C; ion spray voltage (IS) 5500 V (positive ion mode)/−4500 V (negative ion mode); ion source gas I (GSI), gas II (GSII), curtain gas (CUR) pressure of 50, 60, and 25.0 psi, respectively; collision-activated dissociation (CAD), high. Instrument tuning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ scans were acquired as MRM experiments with the collision gas (nitrogen) set to medium. The decluttering potential (DP) and collision energy (CE) for individual MRM transitions was performed with further DP and CE optimization. A specific set of MRM transitions was monitored for each period according to the metabolites eluted within this period. The metabolites were annotated by Metware datebase9).



Analysis of Gene Expression

In the transcriptome, the expression of unigenes was calculated and normalized to RPKM (reads per kb per million reads) values by BWA program (Mortazavi et al., 2008). TBtools version 1.0 was used for gene expression profiling (Chen et al., 2020).



Real-Time Quantitative Polymerase Chain Reaction

Six GlOSCs and 10 other unigenes that participated in the MVA pathway were selected for RT-qPCR analysis relative to the reference gene ACT1. One microgram of RNA of each sample was reverse-transcribed to cDNA by using PrimeScript™ RT Reagent kit with gDNA Eraser (Takara, Dalian, China). The specific primers were designed through online Primer3Web version 4.0.010 (Supplementary Table S1). The quantitative reactions were performed in a volume of 20 μL, which comprised 1 μL of cDNA, 0.4 μL of primer1, 0.4 μL of primer2, 10 μL of 2 × Taq Pro Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) and 8.8 μL of ddH2O and analyzed by Quantstudio 5K Flex Real-Time polymerase chain reaction System (Applied Biosystems, Foster City, CA, United States) under the following conditions: 1 cycle of 95°C (30 s), 40 cycles of 95 (10 s) and 60°C (30 s), 1 cycle of 95°C (15 s), 60°C (60 s), and 95°C 15 s. The relative gene expression was calculated using the 2–ΔΔCt method (Livak and Schmittgen, 2001).



Statistical Analysis and Gene Metabolism Network Construction

The Pearson model was used to determine the correlation analysis between gene expression and chemical content; the analysis was performed using SPSS version 26. Correlation pairs under the conditions of PCC ≥ 0.9 and p-value ≤ 0.05 were selected and visualized by Cytoscape 3.8.2.



Vector Construction and Functional Expression in Saccharomyces cerevisiae BY4742

The protein coding sequences (CDS) of GlOSC1 (Unigene0012275) were obtained from G. longipes transcriptome. The primers for fragment PCR were designed using SnapGene. The PCR reactions were performed with Phanta Super-Fidelity DNA Polymerase (Vazyme Biotech Co., Ltd. Nanjing, China), processed in accordance with the user manual11. The PCR fragments were ligated into the BamHI site of the PYES2 vector under the control of the GAL1 promoter by the ClonExpress II One Step Cloning Kit (Vazyme Biotech Co., Ltd., Nanjing, China) and then transferred into the mix buffer into Escherichia coli line DH5α (TransGen Biotech. Co., Ltd., Beijing, China) for cloning. After incubation at 37°C overnight in LB medium with ampicillin, the reconstructed plasmids were extracted by EastPure Hipure Plasmid Maxiprep Kit (TransGen Biotech. Co., Ltd., Beijing, China).

GlOSC1-PYES2 and an empty vector yeast strain BY4742 (Miaoling Biotechnology Co., Ltd., Wuhan, China) were transformed by the lithium acetate method (Kushiro et al., 1998). A single clone was incubated in complete medium without uracil (CM-U) at 30°C with shaking at 220 g for 48 h; otherwise, 13 mg/L hemin and 5 g/L Tween 80 were included in CM-U. The glucose medium was replaced with galactose medium for induction for 48 h at 30°C, 220 g further incubated in 0.1 M potassium phosphate for 1 day. Finally, 50 mL of methyl alcohol was refluxed into the cells and then ultrasound treatment was applied for 30 min.



Identification of Products by High Performance Liquid Chromatography and Liquid Chromatography–Mass Spectrometry Analysis

The yeast extracts were analyzed by UPLC-QTOF-MS performed on an Agilent UPLC time-of-flight mass spectrometer (UPLC/MS-TOF) under a fragment dissociation voltage of 135 V. A high performance liquid chromatography (HPLC) Agilent Zorbax SB-C18 column (250 mm × 4.6 mm, 5 μm) was used for chemical separation, with a column temperature of 25°C. The mobile phase solvent A was water with 0.1% formic acid, solvent B was acetonitrile, and the following linear gradient elution was applied: 0–20 min, 20%→10% A; 20–28 min; 10% A; 28–29 min, 20%→10% A; 29–31 min, 20% A; the flow rate was 0.5 mL/min, the wavelength was 210 nm, and the injection volume was 10 μL.




CONCLUSION

The saponins and related genes involved biosynthesis were analyzed by the integrated analysis of the metabolome and transcriptome in the leaf, stolon, and rattan of G. longipes. The saponin skeletons were mainly biosynthesized in the leaf by OSCs, and then modified via CYPs and UGTs to form various ginsenoside and gypenosides in the stolon. The catalytic function of GlOSC1 encoded by Unigene0012275 was heterologous expression in yeast to verify the ability of 2,3-oxidosqualene to catalyze the formation of dammarenediol-II via cyclization. The study has also provided essential information for the better utilization of G. longipes to produce valuable ginsenosides and gypenosides with excess substrate in a yeast cell factory through a synthetic biology strategy.
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Both Two CtACO3 Transcripts Promoting the Accumulation of the Flavonoid Profiles in Overexpressed Transgenic Safflower
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The unique flavonoids, quinochalcones, such as hydroxysafflor yellow A (HSYA) and carthamin, in the floret of safflower showed an excellent pharmacological effect in treating cardiocerebral vascular disease, yet the regulating mechanisms governing the flavonoid biosynthesis are largely unknown. In this study, CtACO3, the key enzyme genes required for the ethylene signaling pathway, were found positively related to the flavonoid biosynthesis at different floret development periods in safflower and has two CtACO3 transcripts, CtACO3-1 and CtACO3-2, and the latter was a splice variant of CtACO3 that lacked 5’ coding sequences. The functions and underlying probable mechanisms of the two transcripts have been explored. The quantitative PCR data showed that CtACO3-1 and CtACO3-2 were predominantly expressed in the floret and increased with floret development. Subcellular localization results indicated that CtACO3-1 was localized in the cytoplasm, whereas CtACO3-2 was localized in the cytoplasm and nucleus. Furthermore, the overexpression of CtACO3-1 or CtACO3-2 in transgenic safflower lines significantly increased the accumulation of quinochalcones and flavonols. The expression of the flavonoid pathway genes showed an upward trend, with CtCHS1, CtF3H1, CtFLS1, and CtDFR1 was considerably induced in the overexpression of CtACO3-1 or CtACO3-2 lines. An interesting phenomenon for CtACO3-2 protein suppressing the transcription of CtACO3-1 might be related to the nucleus location of CtACO3-2. Yeast two-hybrid (Y2H), glutathione S-transferase (GST) pull-down, and BiFC experiments revealed that CtACO3-2 interacted with CtCSN5a. In addition, the interactions between CtCSN5a and CtCOI1, CtCOI1 and CtJAZ1, CtJAZ1 and CtbHLH3 were observed by Y2H and GST pull-down methods, respectively. The above results suggested that the CtACO3-2 promoting flavonoid accumulation might be attributed to the transcriptional activation of flavonoid biosynthesis genes by CtbHLH3, whereas the CtbHLH3 might be regulated through CtCSN5-CtCOI1-CtJAZ1 signal molecules. Our study provided a novel insight of CtACO3 affected the flavonoid biosynthesis in safflower.

Keywords: safflower (Carthamus tinctorius L.), flavonoids biosynthesis, HSYA, regulating mechanism, CtACO3


INTRODUCTION

Flavonoids, as a group of secondary metabolites widely existing in plants, improve the adaptation ability in the volatile and complex environment of plants (Tahara, 2007; Petroni and Tonelli, 2011). Meanwhile, the flavonoid content in medicinal plants received much attention because of its beneficial health properties against a number of diseases (Rukh et al., 2019). Carthamus tinctorius L., commonly known as safflower, is an important medicinal plant and widely used in treating cardiocerebral vascular disease in China. The flavonoids in safflower are the main pharmacologically active compounds, especially the unique quinochalcones, such as hydroxysafflor yellow A (HSYA) and carthamin, which have high commercial and medicinal value (Tu et al., 2015). For the deep investigation and wide application of flavonoids in safflower, it is important to explore their biosynthesis mechanism and further improve the flavonoid content in plants.

The biosynthesis pathway of basic flavonoids skeleton and the enzymes related to it have been well characterized, including phenylalanine ammonia lyase (PAL), cinnamic acid 4-hydrolase (C4H), 4-coumarate:CoA ligase (4CL), chalcone synthase (CHS), 2-hydroxyisoflavanone synthase (IFS), 2-hydroxyisoflavanone dehydratase (HID), chalcone isomerase (CHI), flavone synthase (FNS), flavanone 3-hydroxylase (F3H), flavonol synthase (FLS), flavonoid 3’-hydroxylase (F3’H), flavonoid 3’,5’-hydroxylase (F3’5’H), dihydroflavonol 4-reducatase (DFR), anthocyanidin synthase (ANS), leucoanthocyanidin 4-reductase (LAR), especially in model plant Arabidopsis thaliana, and a range of crop species, such as bean, tomato, maize, and rice (Tohge et al., 2017). The most of channel enzyme genes in flavonoids biosynthesis have been identified depending on transcriptome of safflower, and the function in the HSYA accumulation of CtCHS1, CtCHS4, CtCHI1, and CtF3H have been proved in vivo of safflower (Tu et al., 2016; Guo et al., 2017, 2019; He et al., 2018). There is broad consensus that the flavonoid pathways are regulated mostly through the coordinated transcription of structural genes by the interaction of MBW complex, such as R2R3 MYB transcription factors, basic helix–loop–helix (bHLH) transcription factors, and WD40 proteins (Payne et al., 2000; Ramsay and Glover, 2005). Some studies have reported that bHLH3, a bHLH transcription factor, played an important role in regulating the anthocyanins, flavones, and flavonols biosynthesis through the downstream channel enzyme genes (Rahim et al., 2014; Li et al., 2020; An et al., 2021).

In addition to the regulation of flavonoid metabolism channel enzyme genes and transcription factors in plants, flavonoid biosynthesis is also affected by plant hormones signaling pathway, such as methyl jasmonate (JA), auxin, and ethylene. Ethylene participates in many plants’ developmental processes and stress responses, such as plant growth, germination, flowering, fruit ripening, and senescence (Lin et al., 2009; Van de Poel et al., 2015; Wen, 2015). It is worth to mention that ethylene positivity regulates the accumulation of flavonoids implicated with various evidence. Treatment with ethylene and its precursor, 1-aminocyclopropane carboxylic acid (ACC), induced the flavonol and anthocyanin accumulation in Arabidopsis, apple, black carrot, and tea (Watkins et al., 2014; Barba-Espín et al., 2017; An et al., 2018; Ke et al., 2018), and isoflavone accumulation in soybean (Yuk et al., 2016). In A. thaliana, the anthocyanin levels were lower in the ein1-1, ein2-1, and the ein3/eil1 double mutant than in normal plants. In apple, EIN3-like1, MYB1, and ERF3 together modulate anthocyanin accumulation (An et al., 2018). Meanwhile, others reported that ethylene negatively affects anthocyanin biosynthesis. The inhibition of ethylene synthesis by aminoethoxyvinylglycine treatment increased the anthocyanin content in black rice at dark (Kumar et al., 2019). ACC acid treatment suppressed the sugar and light-inducible anthocyanin synthesis in Arabidopsis plants (Jeong et al., 2010). Ethylene treatment inhibited the light-induced anthocyanin and biosynthesis through the PpCTR1/PpETR1 system in the red pear fruits (Ni et al., 2020). Tobacco plant carrying the mutated melon CmETR1/H69A showed higher anthocyanin level than normal plant (Keita et al., 2005). The ethylene treatment influenced the accumulation of anthocyanin in blueberry, which might depend on the cultivar (Costa et al., 2018). Accordingly, ethylene regulated the biosynthesis of flavonols and anthocyanins, in which ethylene signaling pathway has been suggested to be a regulator of anthocyanin accumulation. However, these studies have not come to an accordant conclusion, and there is little evidence demonstrating the regulatory effect of ethylene on another flavonoid biosynthesis, especially chalcones, which is the principal component in safflower.

Increasing evidence showed that ACO (ACC oxidase) has a rate-limiting role in ethylene biosynthesis, which belongs to a multigene family (Zhang et al., 2012; Houben and Van de Poel, 2019). Most ACOs were the biosynthetic structure genes of ethylene, whereas others displayed some different functions. For instance, SlACO5 and CsACO2, respectively, played vital roles in low oxygen response in tomato (Sell and Hehl, 2005) and sex determination in cucumber flowers (Chen et al., 2016). In addition, the overexpression of PtACO1 in poplar caused cambial cell division (Jonathan et al., 2009). In our previous study, the possibility of ethylene synthesis pathway regulating the accumulation of flavonoids was concerned in safflower. The overexpression of CtACO1 reduced the accumulation of quinochalcone HSYA and carthamin, kaempferol, and its glycosylated derivatives, whereas it increased quercetin and its glycosylated derivatives (Tu et al., 2019). In the present study, it was found that the expression of CtACO3 was closely associated with flavonoid accumulation in the floret of safflower at different development periods. The overexpression of two CtACO3 splice variants, CtACO3-1 and CtACO3-2, significantly increased the accumulation of quinochalcone HSYA and carthamin, flavonol kaempferol glycosylated derivatives, and quercetin glycosylated derivatives. An interesting phenomenon for CtACO3-2 protein suppressing the transcription of CtACO3-1 was also found. Furthermore, a possible route of CtACO3-2 influenced flavonoid biosynthesis pathway was preliminarily explored. The following is our first report of the study.



MATERIALS AND METHODS


Plant Materials

The safflower plant ZHH0119 (C. tinctorius L.), which floret with orange-yellow color and major quinochalcones, was collected from the Chinese Safflower Germplasm Resources in the Academy of Agricultural Sciences of Xinjiang. The safflower was identified by Prof. Meili Guo. It was repeatedly purified in our laboratory. The plant was grown in the greenhouse at 23 ± 2°C under the light of circadian rhythm (16-h/8- light–dark cycle) in the Naval Medical University (Shanghai, China). The voucher specimen was SMMU171201 and deposited at the Naval Medical University.



Plasmid Construction and Safflower Transformation

The CDS of CtACO3-1 was cloned with primers (PMT39-CtACO3-1F and CtACO3-1-PMT39R; Supplementary Table 1); CtACO3-2 was cloned with primers (PMT39-CtACO3-2F and CtACO3-2-PMT39R; Supplementary Table 1), and empty vector PMT39 (pCAMBIA-1380-CaMV35S-MCS-EGFP-NOS) was digested by NcoI and made a green fluorescent protein (GFP) tag fused to the CDS of CtACO3-1 and CtACO3-2 and downstream of 35S promoter (Guo et al., 2017). The Agrobacterium strain (GV3101) including the above vector was introduced into safflower plants according to previous methods to generate overexpressing safflowers (Guo et al., 2017). Then, initial screening analyzed T1 transformants according to previous methods, the identification using primers (35SIDF, CtACO3-1IDR1, and CtACO3-2IDR1; Supplementary Table 1), the forward primer is on CaMV35S promoter, and reverse primer is on the CDS of target gene (Tu et al., 2019).



Bioinformatics Analysis

Multiple sequence alignment was aligned in Geneious (v9.1) by the MUSCLE plugin. Then, the best-scoring maximum likelihood tree was built with 1,000 bootstrap replicates using Geneious (v9.1). Conserved protein domains were identified using SMART (Letunic et al., 2015).



Subcellular Localization

The CDSs of CtACO3-1 and CtACO3-2 were cloned into the PMT-39 vector; the recombinant and control plasmids were transformed into the Agrobacterium strain GV3101. Positive Agrobacterium was cultured and cocultured with onion epidermal layers, and N. benthamiana leaves were injected according to previous methods (Guo et al., 2019; Tu et al., 2019). The GFP fluorescence of CtACO proteins was confirmed by a confocal microscope (Leica TCS SP5).



RNA Extraction and Expression Analysis

The florets of CtACO3-1, CtACO3-2 transgenic safflowers plants, and untreated safflower plants were collected at stage IV. Total RNA was extracted from safflower floret samples by TransZol reagents (the tubular flower without the ovary); first-strand cDNA was synthesized with the manufacturer’s instruction (TransGene Biotech, Beijing, China). Quantitative real-time PCR (qRT-PCR) was worked using TransStart Green qPCR Supermix (TransGene Biotech, Shanghai, China) with ABI7300 Real-Time PCR system (Applied Biosystems, Foster City, CA, United States). When designing Real-Time PCR primers for the transcription levels analysis of CtACO3-1 and CtACO3-2, there is one pair of primers in their same region and one in the CtACO3-1-specific region. The relative expression level of CtACO3-2 was confirmed by the difference between the expression level of CtACO3-1 and CtACO3-2 shared region and the expression level of the CtACO3-1-specific region. Primers used are listed in Supplementary Table 1. A quantitative reverse transcriptase–PCR thermal cycle was followed as per manufacturer’s instruction (Tm at 58°C). The results were calculated according to 2–ΔΔCt, whereas Ct60s gene (GenBank accession no. KJ634810) was used as a housekeeping gene.



Ultra-High Performance Liquid Chromatography With Quadrupole Time-of-Flight Mass Spectrometry Detection in Safflower Samples

The preparation of above plant samples, chemicals, and reagents was followed according to previous methods (Tu et al., 2019). Agilent 6538 Accurate Mass Quadrupole Time-of-Flight MS and Agilent 1290 Infinity LC System (Agilent, Santa Clara, CA, United States) was used for Ultra-high performance liquid chromatography with quadrupole time-of-flight mass spectrometry (UHPLC-QTOF-MS) analysis. XBridge TM BEH C18 column (2.5 μm, 2.1 mm × 100 mm; Waters, Milford, MA, United States) was used for chromatographic separations. Previous methods were followed for the methods, mass spectrometer, positive ion mode, and gradient elution used for the quantification (Guo et al., 2017). The eight standard compounds were confirmed, such as D-phenylalanine (m/z 165.079), kaempferol-3-O-glucoside (m/z 448.1006), quercetin-3-O-glucoside (m/z 464.0955), rutin (m/z 610.1534), and HSYA (m/z 612.1690), purchased from Yuanye Bio-Technology (Shanghai, China), and carthamin (m/z 910.2168) was extracted in our laboratory. Agilent MassHunter quantitative analysis software was used for metabolite data.



Yeast One-Hybrid Assay

Yeast one-hybrid (Y1H) assays were performed according to the manufacturer’s instruction of Matchmaker One-Hybrid Library Construction and Screening Kit (Clontech). The safflower cDNA library cloned in the prey vector pGAD-T7 (AD) was made by the OE BioTech. In brief, the promoter fragment of CtACO3 (Figure 4A) was cloned into the pAbAi-bait vector, which was introduced into the yeast strain Y1H GOLD, and were cultured on SD/–Ura medium. Positive clones were sequence-verified by Matchmaker Insert Check PCR Mix 1 (Clontech), the yeast-based transcriptional activation test was followed. The screen was performed by using pAbAi-bait Y1H stain and the safflower cDNA-pGADT7-DEST library. These yeast strains were cultured on SD/–Leu medium containing 100 ng/ml AbA (Clontech). Positive clones were diluted and spotted on SD/–Leu medium containing 250 ng/ml AbA (Clontech), then sequence-verified by Matchmaker Insert Check PCR Mix 2 (Clontech).
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FIGURE 1. The expression pattern of ACO genes in safflower. (A) Different developmental stages of safflower lines. I: the day before flowering, II: the first day of flowering, III: the second to third day of flowering, IV: the full bloom. (B) Four CtACOs expression patterns at different developmental stages of safflower lines, signal values by gene chip. (C) The correlation coefficients between CtACOs and flavone glycoside compounds. The color key was set from –1 to +1. kaempferol-3-G: kaempferol-3-O-glucoside, kaempferol-3-R: kaempferol-3-rutinoside, quercetin-3-G: quercetin-3-O-glucoside. (D) Maximal likelihood phylogenetic tree for ACO protein sequences of Carthamus tinctorius (Ct), Arabidopsis thaliana (At), Solanum lycopersicum (Sl), Malus domestica (Md), Oryza sativa (Os), Ananas comosus (Aco), and Citrus sinensis (Ci). Type I ACO is shown in blue, Type II ACO is shown in yellow, and Type III ACO is shown in green, CtACOs are plotted. (E) Schematic diagram of CtACO3 splice variants indicating introns and exons.
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FIGURE 2. The molecular characterization of CtACO3 splice variants. (A) Relative abundance of CtACO3-1 and CtACO3-2 in different tissues. (B) Relative abundance of CtACO3-1 and CtACO3-2 in different floret developmental stages. (C) Subcellular localization of the CtACO3-1/-2-PMT39 fusion protein in Nicotiana benthamiana leaves. Data were expressed as means ± SD (n = 3).
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FIGURE 3. Stimulatory effect of CtACO3-1 overexpression and CtACO3-2 overexpression on main active compounds content in safflower. (A) Relative expression levels of CtACO3-1 and CtACO3-2 in WT and CtACO3-1 overexpression transgenic lines determined by quantitative PCR (qPCR). (B) Ultra-high performance liquid chromatography with quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS) analysis of main active compounds content in WT and CtACO3-1 overexpression transgenic lines. (C) The expression levels of flavonoid-related genes in WT and CtACO3-1 overexpression transgenic lines determined by qPCR. (D) The relative expression levels of CtACO3-1 and CtACO3-2 in WT and CtACO3-2 overexpression transgenic lines determined by qPCR. (E) UPLC-QTOF-MS analysis of main active compounds content in WT and CtACO3-2 overexpression transgenic lines. (F) The expression levels of flavonoid-related genes in WT and CtACO3-2 overexpression transgenic lines determined by qPCR. Data were expressed as mean ± SEM (n = 3), **p < 0.01, and *p < 0.05.
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FIGURE 4. CtACO3-2 regulate the transcription of CtACO3-1. (A) Diagram of the promoter fragments of the CtACO3 promoter. CtACO3-2 binds to the -500∼-1 fragment of CtACO3 promoter using Y1H assay. Y1H assays were repeated for three times. (B) The effects of CtACO3-2 on CtACO3 promoter deactivation. CtACO3 promoter pCtACO3 (-500∼-1) was fused to LUC reporter and the promoter activity was determined by a transient Dual-LUC assay in N. benthamiana. The relative LUC activity was normalized to the reference Renilla (REN) luciferase. (a): Reporter, (b): effector, c: pGreenII0800-LUC, d: pGreenII 62-SK. Data were expressed as mean ± SD (n = 3), **p < 0.01, and *p < 0.05.




Dual-Luciferase Reporter Assay

To confirm the interaction between CtACO3-2 and the promoter of CtACO3, the CDS of CtACO3-2 was inserted into pGreenII 62-SK, and the promoter pACO3 (-500 to -1) of CtACO3 was cloned into pGreen 0800-LUC.

The constructed effector pGreenII 62-SK-CtACO3-2, reporter plasmids pACO3-LUC and control vector pGreenII 62-SK, and pGreen 0800-LUC were introduced into Agrobacterium strain GV3101 (pSoup-19T), respectively. Mixed bacteria solution harbored the effector and reporter (1:1), which was injected into tobacco leaves. After 4 days, a dual-luciferase assay kit was used to measure LUC and REN luciferase activities (Promega) following Liu et al. (2013) Three biological repeats were assayed for each combination. The results were calculated using the ratio of LUC to REN.



Yeast Two-Hybrid Assay

Yeast two-hybrid (Y2H) screening and Y2H assays were performed following the manufacturer’s instructions (Clontech, Mountain View, CA, United States). The CDS of CtACO3-2, CtCSN5a, CtCOI1, CtJAZ1, and CtbHLH3; the C-terminal of CtCOI1 and CtbHLH3; and the N-terminal of CtCOI1 and CtbHLH3 were inserted into the pGBKT7 or pGADT7 vector to fuse with the DNA-BD and AD, respectively (primers are listed in Supplementary Table 1). Autoactivation and suppression of autoactivation of the bait constructs were tested by cultured in SD/-Trp medium 40 mg/ml X-α-Gal. Then, bait constructs without self-activation were transformed into Y2H GOLD strain with prey constructs using the lithium acetate method and cultured in DDO (SD/-Leu/-Trp) medium containing 125 ng/ml AbA and 40 mg/ml X-α-Gal for 5 days. Then, transformed positive colonies were plated onto QDO (SD/-Ade/-His/-Leu/-Trp) medium containing 125 ng/ml AbA and 40 mg/mL X-α-Gal, and positive clones were verified by using a Matchmaker Insert Check PCR Mix 2 (Clontech).



Glutathione S-Transferase Pull-Down Assay

For the construction of GST-CtCSN5a, GST-CtCOI1, GST-CtbHLH3N, His-CtACO3-2, and His-CtJAZ1 expression vectors, the CDS of CtCSN5a, CtACO3-2, CtCOI1, CtJAZ1, and CtbHLH3N was cloned into pGEX-6P-1 or pET-32a, respectively. To test whether CtACO3-2 interacts with CtCSN5a protein, CtCSN5a interacts with CtCOI1, CtCOI1 interacts with CtJAZ1, and CtJAZ1 interacts with CtbHLH3N, according to the manufacturer’s instruction for the Pierce GST Protein Interaction Pull-Down Kit (Thermo Scientific). Briefly, His-bait fusion protein was incubated with GST-prey fusion proteins with slowly shaking for a night. Then, beads were washed five times and heated for 5 min in 100°C. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting were used to confirm the proteins by anti-GST (Beyotime, 1/1,000) and anti-His (Beyotime, 1/1,000) antibodies, respectively.



Bimolecular Fluorescence Complementation Analysis

The CDSs of CtACO3-1 and CtACO3-2 were inserted in the pCAMBIA1300-35S-NY173 vector to create CtACO3-1-nYFP and CtACO3-2-nYFP constructs. Similarly, the CDSs of CtCSN5a were inserted in the pCAMBIA1300-35S-YC155 vector. The specific primers used for CtACO3-1-nYFP, CtACO3-2-nYFP, and CtCSN5a-cYFP construction are described in Supplementary Table 1. Then, the construction was introduced into Agrobacterium GV3101 strain subsequently. The mixed bacteria solution containing nYFP and cYFP pairs was injected into tobacco leaves with a syringe and grown for 4 days. The confocal microscope was used for YFP fluorescence detection (Leica TCS SP5).



Statistics

The data are presented as mean ± standard deviation (SD) or mean ± standard error of mean (SEM) and analyzed using GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, United States). A paired two-tailed Student’s t-test was used to compare group differences. The value of p < 0.05 was regarded as statistically significant.




RESULTS


Expression of CtACOs Was Related to the Accumulation of Safflower Flavonoids

In our previous study, a normalized cDNA library and gene chip data of safflower were analyzed systematically (Guo et al., 2017). Three genes were annotated as ACO enzymes in safflower line, there were two CtACO3 splice variants, CtACO3-1 and CtACO3-2. We analyzed the transcription levels of CtACOs and the contents of main flavonoids at different flowering times (Figures 1A,B). The coexpression analysis of “gene metabolites” is displayed in Figure 1C. Results indicate that CtACO family genes are positively related to most of flavonoid in safflower lines.



CtACOs Phylogeny and Residue Analysis

There were a few reports that classified three distinct phylogenetic groups in the ACOs (Jafari et al., 2012). CtACOs and some homologous proteins from other plants were analyzed by phylogenetic tree analysis, showing three clusters of ACOs (Houben and Van de Poel, 2019). CtACO3 within the type I ACO cluster which exhibits high sequence similarity with AcoACO1, OsACO1, and OsACO2, but CtACO1 and CtACO2 are not within any ACO clusters of these three types (Figure 1D). Furthermore, a detailed residue analysis of these ACO alignments is presented in Supplementary Figure 1. It has been reported that the ACO types can be classified by the intermediate residue presented in the conserved RXS motif, such as type I (R-M-S), type II (R-L/I-S), and type III (R-R-S) (Houben and Van de Poel, 2019). Interestingly, CtACO1 and CtACO2 consist of R-V-S, which was different from those three types. In parallel, all of CtACOs have conserved 2-His-1-carboxylate Fe (II) binding motif. Residues Q273, K284, K321, and F400 are conserved in CtACOs, which are important for ACO activity according to DR (Dilley et al., 2013). This could partially account for the different roles of CtACOs on flavonoid accumulation in safflower.



Molecular Characterization of CtACO3 Splice Variants

The CtACO3-1 (GenBank accession no. MH67444) is a full-length transcript corresponding to the coding sequence of CtACO3 and was predicted to encode a protein of 345 amino acids, with a molecular mass of 36.16 kD and a calculated pI of 6.57. The CtACO3-2 transcript (GenBank accession no. MW075467) encodes a truncated protein of 110 amino acid, with a molecular mass of 12.48 kD and a calculated isoelectric point (pI) of 7.40, in which the start codon is located at the 4th exon, lacking the 235 N-terminal residues (Figure 1E). Conserved domain analyses indicate that in the C-terminal regions, CtACOs contain a conserved C3HC4 RING finger domain (Supplementary Figure 1).

To detect the expression patterns of CtACO3-1 and CtACO3-2 at different flowering times (I, II, III, and IV) and specific tissues (flower, leaf, bracteole, and stem), the plant materials were collected. The transcript levels of CtACO3-1 and CtACO3-2 in flowers increased continuously with the floret flowering, shown in Figure 2A. Both CtACO3-1 and CtACO3-2 showed the highest transcript level in flower (Figure 2B), whereas CtACO1 had the highest level in leaf (Tu et al., 2019).

The CtACO3-1 and CtACO3-2 were coexpressed with GFP in onion epidermal cells and Nicotiana benthamiana leaves to identify the subcellular localization. The result indicates that CtACO3-1 localized to the cytoplasm, and CtACO3-2 localized to the cytoplasm and nucleus (Figure 2C and Supplementary Figure 2), which were different from the cytosol location of CtACO1.



Profiling of Flavonoid Accumulation in CtACO3-1-Overexpression Safflower and CtACO3-2-Overexpression Safflower

To explore the function of CtACO3-1 and CtACO3-2 in vivo of safflower, transgenic safflower plants that overexpressed CtACO3-1 and CtACO3-2 under cauliflower mosaic virus (CaMV) 35S promoter were generated. In total, 10 independent positive CtACO3-1-overexpression transgenic lines and eight independent positive CtACO3-2-overexpression transgenic lines were screened out by genomic DNA PCR (Supplementary Figures 3, 4) and compared with untreated safflower lines (wild type); the relative transcription level of CtACO3-1 increased significantly in CtACO3-1-overexpression plants and had the highest expression level in ovx7 (∼10.5-fold), whereas a higher level was found in ovx2 (∼8.3-fold) and ovx3 (∼6.12-fold) lines (Figure 3A); the relative transcription level of CtACO3-2 showed the highest expression level in ovx10 (∼4.7-fold), whereas a higher level was found in ovx8 (∼3.2-fold) and ovx4 (∼2.5-fold) lines (Figure 3D). As shown in Supplementary Figure 5, there was almost no difference in plant appearance and growth status between the untreated and the transgenic plants. Five CtACO3-1-overexpression lines (nos. 2, 3, 4, 12, 14) and five CtACO3-2-overexpression lines (nos. 4, 5, 8, 10, and 11) were used to further analyze the profiling of flavonoids in safflower. The levels of flavonoid metabolites were measured by UPLC–electrospray ionization–QTOF-MS. It is shown that most of flavonoid accumulation enhanced in CtACO3-1-overexpression safflower lines and CtACO3-2-overexpression ones, especially the four mage compounds, quinochalcones (HSYA and carthamin), and flavonols (quercetin-3-O-glucoside and kaempferol-3-O-glucoside). In CtACO3-1-overexpression safflower lines, HSYA increased 56.79, 36.77, and 21.45% in ovx-2, ovx-3, and ovx-12 lines, respectively. Moreover, carthamin increased most robustly in the ovx-2 line (∼27.29%) and second most robustly in the ovx-7 line (∼26.21%). Quercetin-3-O-glucoside and kaempferol-3-O-glucoside were increased in each overexpression CtACO3 safflower plant (50–160%) (Figure 3B). Besides, in CtACO3-2-overexpression safflower lines, HSYA increased 59.34, 43.67, and 35.69% in ovx-4, ovx-10, and ovx-8 lines, respectively. Moreover, quercetin-3-O-glucoside increased most robustly in the ovx-11 line (∼600%) and second most robustly in the ovx-10 line (∼500%), whereas carthamin was slightly increased in each overexpression CtACO3-2 overexpression safflower plant (Figure 3E). In brief, the overexpression of CtACO3-1 and CtACO3-2 in safflower resulted in the most increase of flavonoids in flowers, and the metabolic flux of the flavonoid pathway was suggested to be directed into both the quinochacone and flavonol branch.



Transcriptional Expression of Associated Genes in CtACO3-1-Overexpression Safflower and CtACO3-2-Overexpression Safflower

To further explore the flavonoid biosynthesis in CtACO3-1-overexpression safflower and CtACO3-2-overexpression safflower, the transgenic plants were used to investigate the transcript abundance of flavonoid biosynthesis–related genes, such as CtPAL1, CtC4H1, CtCHS1, CtCHI1, CtF3H1, CtFLS1, and CtDFR1, which displayed different expression pattern in CtACO3-1-overexpression safflower lines and CtACO3-2-overexpression safflower lines. As shown in Figure 3C, the transcript levels of upstream genes of the flavonoid pathway, such as CtPAL1, CtC4H1, and CtCHI1, shown an upward trend with CtCHS1 significantly increased in the CtACO3-1-overexpression lines. The expression of downstream genes CtF3H1 and CtFLS1 was considerably induced. Similarly, the transcript levels of CtC4H1 and CtCHI1 in CtACO3-2-overexpression safflower lines shown an upward trend as well, the expression of CtCHS1, CtF3H1, CtFLS1, and CtDFR1 was induced (Figure 3F). Overall, the transcript abundance of flavonoid biosynthesis–related genes performed similar trends after CtACO3-1 or CtACO3-2 overexpression. An additional interesting phenomenon was unraveled when we analyzed the transcript levels of other CtACOs in CtACO3-1 or CtACO3-2-overexpression safflower. Interestingly, CtACO3-1-overexpression safflowers had a higher transcript level of CtACO3-2, whereas the level of CtACO3-1 was lower in CtACO3-2-overexpression safflowers. These results indicate a feedback regulation between CtACO3-2 and CtACO3-1, and CtACO3-2 may be the reason that CtACO3-2 and CtACO3-1 overexpression resulted in different flavonoid accumulation.



CtACO3-2 Regulates the Transcription of CtACO3-1 in vitro and in vivo

The promoter of CtACO3-1 contained many cis-elements (Supplementary Figure 6), such as G-box (5′-CACGTG-3′). To determine whether the molecules related to flavonoid biosynthesis directly regulate the transcription of CtACO3-1, Y1H assays were conducted. The promoters of CtACO3 were divided into three fragments, namely, pCtACO3 (-1,500 to -1,000), pCtACO3 (-1,000 to -500), and pCtACO3 (-500 to -1), and fused to the pAbAi vector, respectively; only promoter pCtACO3 (-500 to -1) exhibited no transcriptional activation activity in the yeast-based transcriptional activation test. Moreover, the results showed that CtACO3-2 could specifically bind to the promoter pCtACO3 (-500 to -1) of CtACO3-1 (Figure 4A).

To further clarify the regulatory effect of CtACO3-2 on CtACO3-1 transcription, pCtACO3 (-500 to -1) was fused to the LUC to generate reporter constructs pCtACO3:LUC. Meanwhile, CtACO3-2 driven by CaMV 35S promoter was used as an effector construct. The pairs of effector and reporter were coexpressed in tobacco. When there was a presence of CtACO3-2 protein in the infiltration mixture, the luciferase (LUC)/Renilla (REN) values were significantly decreased by 49% for pCtACO3 (-500 to -1), compared with the control (Figure 4B). This resulted from the dual-luciferase assays that suggested CtACO3-2 downregulated CtACO3-1 at the transcriptional level.



CtACO3-2 Interacts With the COP9 Signalosome Subunit 5

To understand how CtACO3-1 and CtACO3-2 participate in affecting the flavonoid accumulation in safflower, we used the Y2H system to identify its potential interaction partners. The CDS of CtACO3-2 constructed a bait vector [CtACO3-2-binding domain (BD)]. The bait and a library of cDNAs containing inserts for prey proteins fused to GAL4–activation domain (AD) were cotransformed to Y2H GOLD. After screening, 12 independent clones were identified, and the information is shown in Supplementary Table 2 and Supplementary Figure 7. To confirm the interaction of the clones about flavonoid biosynthesis with CtACO3-2 in yeast, the CDS of CtCSN5a was fused to AD vector and cotransformed into Y2H GOLD with CtACO3-2-BD; the interactions were reconstructed (Figure 5A).
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FIGURE 5. CtACO3-2 interacts with the COP9 signalosome (CSN) subunit 5. (A) Yeast two-hybrid (Y2H) assay showing that CtACO3-2 interact with CtCSN5a. (B) Glutathione S-transferase (GST)-pull down assay showing that CtCSN5 associates with CtACO3-2 in vitro. Purified GST-CtACO3-2 or GST proteins were bound to glutathione-sepharose beads, and then incubated with His-CtCSN5a. Here, we show the protein bands of resulting pull-down products after western blotting with anti-GST and anti-His antibodies. (C) Bifc assay showing that CtCSN5 interact with CtACO3-2 but not CtACO3-1 in vivo.


Our research then demonstrated that CtACO3-2 was associated with CtCSN5a (GenBank accession no. MW075465) using pull-down assay in vitro and BiFC assay in vivo (Figures 5B,C). Therefore, these results strongly indicate that CtACO3-2 is physically associated with CtCSN5a in vitro and in plant.



CSN Subunit 5 Interacts With CtCOI1 and CtCOI1 Regulating the Flavonoid Accumulation Through CtJAZ1 and CtbHLH3 in vitro

Wei et al. (2018) have reported that CSN subunit 5 enhanced MYB75 and suppressed GL2 and other genes associated with the TTG1/basic helix–loop–helix (bHLH)/MYB complexes to regulate anthocyanin accumulation. To understand how CtCSN5a participated in flavonoid accumulation regulation in safflower, Y2H screening assay was used to search the proteins that interact with CtCSN5a-BD. After screening and confirming, CtCOI1 (GenBank accession no. MW075466) interacted with CtCSN5a (Supplementary Table 3). COI1 as a subunit of SCF (COI1) E3 ubiquitin ligase encodes an F-box protein, which is required for JA responses. It has been reported that COI1 interacted directly with CSN (Feng et al., 2003). Therefore, we speculated that CtCSN5a regulated the accumulation of flavonoids in safflower through interaction with CtCOI1 (Figures 6A–C).
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FIGURE 6. Preliminary molecular mechanism of CtACO3-2 regulates the biosynthesis pathway of flavonoids. (A) Yeast two-hybrid assay showing the protein–protein interaction of CtCSN5-CtCOI1-CtJAZ1-CtbHLH3. (B–E) Demonstration of CtCSN5-CtCOI1-CtJAZ1-CtbHLH3 interaction by GST pull-down assay. Purified GST-CtCOI1, GST-CtbHLH3N, or GST proteins were bound to glutathione-sepharose beads, and then incubated with His-CtCSN5a or His-CtJAZ1. Here, we show the protein bands of resulting pull-down products after western blotting with anti-GST and anti-His antibodies. (F) The relative transcript levels of CtCSN5a, CtCOI1, CtJAZ1, and CtbHLH3 in CtACO3-2 overexpression lines. Data were expressed as mean ± SD (n = 8), **p < 0.01. (G) Schematic diagram illustrating the preliminary molecular mechanism of CtACO3-2 regulate the biosynthesis pathway of flavonoids. The solid line represents the interactions have been proved in the study, the dotted line represents the interactions have not been proved. Arrowheads indicate activations and “//” on arrow indicate inhibitions. The left of figure is two transcripts of CtACO3, and CtACO3-2 inhibits the transcription of CtACO3-1; the right of figure is the network that CtACO3-2 influence the accumulation of flavonoids through CtCSN5-CtCOI1-CtJAZ1-CtbHLH3.


Jasmonate ZIM-domain (JAZ) protein family as a key regulator of JA signaling has been reported physically interacting with SCFCOI1 (Thines et al., 2007). There is broad consensus that the flavonoid pathways are regulated mostly through the coordinated transcription of structural genes by the interaction of MBW complex, such as R2R3 MYB transcription factors, bHLH transcription factors, and WD40 proteins (Payne et al., 2000; Ramsay and Glover, 2005). An et al. reported that JAZ protein interacts with MdbHLH3, which belongs to MBW complex, to regulate the accumulation of anthocyanins in apple (Ni et al., 2020). In the present study, the overexpression of CtACO3-2 resulted in the higher level of downstream structural genes. It is consistent with previous studies in which bHLH3 increased the transcription of downstream structural genes in mulberry fruits and apples (Li et al., 2020; An et al., 2021). The results therefore provided strong evidence for the hypothesis. To further test the hypothesis that JAZ1 interacts with SCFCOI1 and bHLH3 in safflower, we examined a possible physical interaction between CtCOI1 and CtJAZ1, CtbHLH3, and CtJAZ1 using the Y2H system, respectively (Figure 6A). To determine whether JAZ proteins interact with COI1 or bHLH3 in vitro, CtCOI1-GST and CtbHLH3N-GST were performed with CtJAZ1-HIS (Figures 6D,E). Taken together, it was demonstrated that CtJAZ1 (GenBank accession no. MW075468) could physically interact with CtCOI1 and CtbHLH3 (GenBank accession no. MW075469), respectively. It should be noted that these interactions have been examined only in vitro, and the preliminary model is novel and large (Figures 6F,G). The present study may provide novel ideas for flavonoids regulatory network in safflower, but further research is still required.




DISCUSSION

As a representative bulk Chinese medicine product, a growing number of research about safflower have been demonstrated from a molecular point of view. Results presented in this study revealed the diverse molecular characteristics of CtACO3-2, which influenced the flavonoid accumulation in safflower.

In safflower, the transcript levels of CtACOs in flower were all increased continuously with the floret flowering. However, the expression of different CtACOs showed tissue specificity; CtACO1 had the highest expression in leaf (Tu et al., 2019), whereas both CtACO3-1 and CtACO3-2 expression peaked in flower. These results were in line with the previous research, that ACO had multiple expression characteristics temporally and spatially (Barry et al., 1996; Nakatsuka et al., 1998; Brady et al., 2007; Park et al., 2018). CtACO3-1 is localized in cytosol, whereas CtACO3-2 is localized not only in cytosol but also in the nucleus. The different residues of CtACOs may be the reason for their different characteristics.

Only a few transcriptional factors have been identified for regulating ACO expression (Houben and Van de Poel, 2019), such as SlHB-1 in tomato (Lin et al., 2008), MaERF11 in banana (Han et al., 2016), CmEIN3-like in melon fruit (Huang et al., 2010), and CsWIP1in cucumber (Chen et al., 2016). In the present study, CtACO3-2 banded to the promoter of CtACO3 and repressed the transcription of CtACO3-1. CtACO3-2 is a splice variant of CtACO3 and lacked 5′ coding sequences, which might be the similar manner of TOC1, an autoregulatory response regulator, in Arabidopsis (Strayer et al., 2000). TOC1 encodes a nuclear protein and participates in a feedback loop to control its own expression, and CtACO3-2 encodes a nuclear protein to control CtACO3-1, the full-length transcript expression (Figure 6G). In present study, CtACO3-1-overexpression safflowers had a higher transcript level of CtACO3-2, whereas the level of CtACO3-1 was lower in CtACO3-2-overexpression safflowers. The above phenomenon may be because of the transcriptional regulation of CtACO3-2, while there is not sufficient evidence regarding the transcriptional factor function of CtACO3-2, but this finding deserves further exploration. In parallel, we do not discount the possibility of that the transcription level of CtACO3-1 and CtACO3-2 were coordinated by a transcriptional network as ACOs.

The overexpression of CtACO3-1 and CtACO3-2 promote the accumulation of quinochalcone and flavonol glycosylated derivatives, such as HSYA, carthamin, quercetin glycosylated derivatives, and kaempferol glycosylated derivatives in the present study, whereas CtACO1 suppressed the flavonoid accumulation (Tu et al., 2019). There have been numerous reports on the synthesis of flavonoids regulated by ethylene, CtACO as the key enzyme genes required for ethylene signaling pathway, which may further affect the flavonoid biosynthesis by regulating ethylene synthesis. Meanwhile, we preliminarily constructed a novel pathway, that CtACO3-2 regulated the biosynthesis of flavonoids by CtCSN5a. That may be the reason why CtACOs play various roles in flavonoid accumulation particularly in HSYA biosynthesis, which may be helpful in further work on studying the functions of ACOs, as well as regulating the metabolic flux of active compounds in safflower by appropriate genetic engineering strategies.

At the last step of the ethylene biosynthesis, ACO interacted with biomolecules mostly about that. For example, the flower senescence was affected by the interaction between ACO1 and GRL2 in petunia (Tan et al., 2014). In this study, we identified that CtEXLB (expansion-like) interacted with CtACO3-2 (Supplementary Table 2 and Supplementary Figure 7), as an effective factor of cell division participating in plant development and senescence. At the same time, CSN subunit 5 was found to interact with CtACO3-2 affecting flavonoid accumulation in safflower. Dohmann et al. (2005) reported that the CSN subunit 5 could enhance anthocyanin production in the loss-function Arabidopsis mutants (Dohmann et al., 2005), and CSN subunit 5 could also enhance MYB75 and suppress GL2 expressions associated with the MBW complexes through anthocyanin accumulation regulation (Wei et al., 2018). From the Y2H and GST pull-down results, it is indicated that CtCSN5a interacted with CtCOI1 protein, mediated the interaction between JAZ1 and bHLH3, directly bound to the promoter of flavonoid biosynthesis structural genes, and regulated their transcription. The protein interaction data in the current study provide CtCSN5a protein as the bridge of CtACO3-2 and CtCOI1 protein, whereas CtACO3-2 belongs to the ethylene biosynthesis pathway, and CtCOI1 belongs to the JA signaling pathway.

Flavonoid biosynthesis is regulated by diverse plant hormones, such as ethylene and JA (Flores and Ruiz del Castillo, 2014; An et al., 2018). Rudell and Mattheis reported that JA and ethylene could induce anthocyanin accumulation in apple fruits, synergistically (Rudell and Mattheis, 2008). Ni et al. (2021) found that ethylene could mediate the branching of the JA-induced flavonoid biosynthesis pathway in the red Chinese pear fruit. In safflower, exogenous application of methyl JA increases the accumulation of mostly flavonoids in safflower shown in our previous study (He et al., 2018). This study offers new insight for the common effects of ethylene and JA on flavonoid accumulation in safflower (Figure 7). The accumulation of active ingredients in botanicals is regulated by extensive networks, such as salvianolic acid in Salvia miltiorrhiza, Artemisinin in Artemisia annua (Lv et al., 2017; Deng et al., 2020a,b; Fu et al., 2020; Hao et al., 2020). Therefore, there is a long way to study the acting factors and regulatory networks of flavonoids biosynthesis in safflower.
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FIGURE 7. The proposed pathway underlying ethylene and jasmonate (JA) pathway induced flavonoid biosynthesis in safflower.


This study is limited by that the genetic background remains unclear, the medicinal ingredients accumulate in flower and the tissue culture system still difficult. So, in the present study, we were unable to achieve the knockout or knockdown to further verify the function of gene from the opposite side. Besides, the principal limitations of the present study were that the validation of the regulatory network that CtACO3-2 regulates flavonoid synthesis via CtCSN5a was performed only in vitro experiments, further research in vivo is required.
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Supplementary Figure 4 | Representative PCR analyses for the specific genes of CtACO3-2-overexpressing plants.
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Xanthones are secondary metabolites rich in structural diversity and possess a broad array of pharmacological properties, such as antitumor, antidiabetic, and anti-microbes. These aromatic compounds are found in higher plants, such as Clusiaceae, Hypericaceae, and Gentianaceae, yet their biosynthetic pathways have not been comprehensively updated especially within the last decade (up to 2021). In this review, plant xanthone biosynthesis is detailed to illuminate their intricacies and differences between species. The pathway initially involves the shikimate pathway, either through L-phenylalanine-dependent or -independent pathway, that later forms an intermediate benzophenone, 2,3′,4,6-tetrahydoxybenzophenone. This is followed by a regioselective intramolecular mediated oxidative coupling to form xanthone ring compounds, 1,3,5-trihydroxyxanthone (1,3,5-THX) or 1,3,7-THX, the core precursors for xanthones in most plants. Recent evidence has shed some lights onto the enzymes and reactions involved in this xanthone pathway. In particular, several biosynthetic enzymes have been characterized at both biochemical and molecular levels from various organisms including Hypericum spp., Centaurium erythraea and Garcinia mangostana. Proposed pathways for a plethora of other downstream xanthone derivatives including swertianolin and gambogic acid (derived from 1,3,5-THX) as well as gentisin, hyperixanthone A, α-mangostin, and mangiferin (derived from 1,3,7-THX) have also been thoroughly covered. This review reports one of the most complete xanthone pathways in plants. In the future, the information collected here will be a valuable resource for a more directed molecular works in xanthone-producing plants as well as in synthetic biology application.
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INTRODUCTION

Xanthones have been studied for more than five decades and are known to possess diverse structures, functions, and biochemical activities (Carpenter et al., 1969; Sultanbawa, 1980; Bennett and Lee, 1989; Peres et al., 2000; El-Seedi et al., 2010). The word “xanthone” originated from the Greek word “xanthos,” meaning yellow. Xanthones are a class of plant phenolic compound with C6-C1-C6 carbon skeletal structure (Figure 1). The two aromatic rings in the xanthone basic skeleton are numbered and designated based on their biosynthetic origins in higher plants. A-ring is acetate-derived and its carbons are numbered 1–4 whereas B-ring is derived from shikimate pathway and the carbons are numbered 5–8 (Ramawat and Mérillon, 2013; Wezeman et al., 2015; Pinto et al., 2021). Both of these rings can fuse together through an oxygen atom and a carbonyl group to form the simplest class of xanthone known as 9H-xanthen-9-one that is also symmetric with the skeleton of dibenzo-γ-pyron (Figure 1; El-Seedi et al., 2009, 2010; Wezeman et al., 2015).
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FIGURE 1. Xanthone is a phenolic compound with a planar dibenzo-γ-pyron scaffold. It contains conjugated aromatic ring system that is composed of two rings; carbons 1–4 (ring A) and carbons 5–8 (ring B) and attached together through an oxygen atom and a carbonyl group (ring C) to form the basic skeleton of xanthone known as 9H-xanthen-9-one.


Xanthones from natural sources contain various substituents on these two benzene rings, thus leading to wide structural diversity with a broad spectrum of activities (Sousa and Pinto, 2005; Tovilovic-Kovacevic et al., 2020). They are mainly classified into six main categories, namely, simple xanthones, glycosylated xanthones, prenylated xanthones, xanthonolignoids, bis-xanthones, and miscellaneous xanthones (Vieira and Kijjoa, 2005; El-Seedi et al., 2009). However, plants mostly produce xanthones in the first three categories (El-Seedi et al., 2009). Xanthones are also organized based on their quantity of oxygenation derivatives, prenylation, and glycosylation patterns. For instance, the simple oxygenated xanthones are further subdivided based on the level of oxygenation, such as non-, mono-, di-, tri-, tetra-, penta-, and hexa-oxygenated substances (Velíšek et al., 2008; El-Seedi et al., 2010; Masters and Bräse, 2012). Such a variety of xanthone structures allow their broad array of valuable pharmacological activities including as anti-microbes, antioxidant, anti-inflammation, antitumor, antidiabetic, anti-arthritis, as well as gastro-, liver- and cardio-protectant (Aizat et al., 2019; Marzaimi and Aizat, 2019).

Although xanthone structures and chromatographic patterns are comparable to that of flavonoids, xanthones are present in only a few restricted species (Jensen and Schripsema, 2002; Vieira and Kijjoa, 2005). For example, xanthones can only be isolated from 20 families of higher plants of which most of them reside within Clusiaceae, Hypericaceae, and Gentianaceae families (Tovilovic-Kovacevic et al., 2020), and to some extent in Calophyllaceae family (Gómez-Verjan et al., 2017; Zailan et al., 2021). Prenylated xanthones can be mainly isolated from different Garcinia species (Clusiaceae). These include α-mangostin, 7-O-methylgarcinone E, gartanin, garcinone E, and tovophyllin A from Garcinia mangostana (mangosteen; Ying et al., 2017; Mamat et al., 2020) and oblongifolixanthone A from Garcinia oblongifolia (also known as Lingnan Garcinia; Shan et al., 2012; Khan et al., 2020). Hypericum spp., such as Hypercium calycinum and Hypercium sampsonii from the Hypericaceae family, also produce prenylated xanthones, such as hyperxanthone E and patulone (Fiesel et al., 2015; Nagia et al., 2019). These prenyl groups can contribute to increasing bioactivities of xanthone due to their increasing lipophilicity to interact with biological membranes (Chen et al., 2017). Pendant sugars are also found as a structural feature of dimers in xanthones, for example, puniceaside C (xanthone glycosides from Swertia punicea; Zafar and Wang, 2018) and tocotrienol quinone dimer isolated from Garcinia nigrolineata (Raksat et al., 2019). In addition to that, C-glycosylated xanthones, such as mangiferin and isomangiferin, can be isolated from Mangifera indica (mango; Haynes and Taylor, 1966) and the aerial parts of Anemarrhena asphodeloides (Chinese herbs; Aritomi and Kawasaki, 1970). Mangiferin is also shown to be present widely among ferns (lower plants), such as Polypodiopsida or Polypodiophyta (Bennett and Lee, 1988). The different xanthone types from plants and their uses are described recently by Tovilovic-Kovacevic et al. (2021), and readers are directed to their review for more details.

Other than plants, xanthones can also originate from fungi, such as Aspergillus, Helminthosporium, Penicillium, and Pyrenochaeta (Bräse et al., 2009; Schätzle et al., 2012; Yoiprommarat et al., 2020), as well as lichens, such as Parmelia (Tuong et al., 2019), and bacteria, such as Streptomyces (Masters and Bräse, 2012). Interestingly, several simple methylated xanthones (1-methylxanthone, 2-methylxanthone, 3-methylxanthone, and 4-methylxanthone) can also be found from fossil fuels (Oldenburg et al., 2002; Masters and Bräse, 2012). The number of xanthone compounds from natural products has risen by 100 times over the last decades (El-Seedi et al., 2009). By July 2020, the number of xanthones recorded in the Dictionary of Natural Product has reached a staggering 2221 compounds1 (Supplementary Table 1), showing the diversity of this compound class. Nevertheless, the source of xanthone from plants remains dominant that counts approximately 80% of total natural xanthones in contrast to non-lichenized fungi (15%) and lichens (5%; Le Pogam and Boustie, 2016), and hence they become interesting subjects for xanthone studies.

Previous xanthone investigation encompassed various studies including structure–activity relationships (Pinto et al., 2005, 2021), xanthone production using biotechnological approaches (Gaid et al., 2019), in vitro and in vivo biological evaluation (Ovalle-Magallanes et al., 2017; Aizat et al., 2019), as well as structural (Wu et al., 2009) and isolation (Wang et al., 2013) studies. Given the increasing global demand for medicinal compounds, it is important to understand the biosynthesis of specialized metabolites, such as xanthones, as complete as possible, so that appropriate plant chemical resources can be established or developed in the future (Rai et al., 2017; Jamil et al., 2020). Thus, in parallel of their intriguing structural, biochemical, and pharmacological properties that they possess, this review aims to focus on gathering and updating the xanthone biosynthetic pathway in plants. This review also highlights the identification of enzymes involved in the pathway and describes their possible arrangement. In the future, this knowledge may improve synthetic biology efforts for a more sustainable production of plant natural products, such as xanthones or their benzophenone precursors, through metabolic engineering.

Several previous plant xanthone reviews have detailed various research aspects, for instance in depth analysis on chemistry/chemical synthesis, phytochemical/biological activities, and/or biotechnological applications through in vitro production of xanthones and their precursors (Mazimba et al., 2013; Li et al., 2017; Gaid et al., 2019; Khattab and Farag, 2020; Tovilovic-Kovacevic et al., 2020; Pinto et al., 2021). Additionally, a review by El-Seedi et al. (2010) covers various biosynthetic pathways in different organisms including plants, but a more updated review is needed considering the current findings in literature within the recent decade. Therefore, this review mainly covers research articles up to 2021, specifically on the topic of xanthone biosynthesis in plants, of which were screened from Web of Science, Scopus, Pubmed and Google Scholar. Furthermore, biosynthetic enzymes related to the xanthone pathway, isolated and/or characterized from xanthone-producing plants are also gathered (Table 1) and discussed to highlight the current advancement, and future direction toward completing the xanthone pathway.


TABLE 1. Enzymes involved in the xanthone pathway characterized from various xanthone-producing plants.
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BIOSYNTHESIS OF XANTHONE CORE STRUCTURES IN PLANTS

Xanthone biosynthesis in plants generally occurs via the established shikimate pathway, which links carbohydrate metabolism to aromatic compound biosynthesis (Supplementary Figure 1; Kumar et al., 2015; Fu et al., 2017; Li et al., 2017). Precursor compounds from glycolysis (phosphoenolpyruvate) and pentose phosphate pathway (erythrose 4-phosphate) are used in the synthesis of shikimate and subsequently L-phenylalanine through an elaborate pathway involving various enzymes and intermediates (Supplementary Figure 1). These precursors are important to generate benzophenone intermediates especially 2,3′,4,6-tetrahydroxybenzophenone (2,3′,4,6-tetraHBP; Figure 2), a central intermediate for xanthone biosynthesis in plants (El-Seedi et al., 2010). Interestingly, classical studies using radioactively labeled precursor compounds, such as [14C]L-phenylalanine, [14C]benzoic acid, and [14C]hydroxybenzoic acid, among others, showed that the pathway to produce the 2,3′,4,6-tetraHBP can vary between plant species (Atkinson et al., 1968; Gupta and Lewis, 1971; Abd El-Mawla et al., 2001; Abd El-Mawla and Beerhues, 2002). For example, Hypericaceae family (e.g., Hypericum androsaemum, H. calycinum, and H. sampsonii) mainly utilizes benzoic acid from  L-phenylalanine to produce the benzophenone, whereas Gentianaceae family (Centaurium erythraea and Swertia chirata) uses 3-hydroxybenzoic acid from shikimate as a precursor compound (Figure 2; Abd El-Mawla et al., 2001; Wang et al., 2003; Singh et al., 2020).
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FIGURE 2. The core xanthone biosynthesis pathway in plants. The shikimate pathway supplies shikimate and L-phenylalanine precursors (detailed pathway is provided in Supplementary Figure 1) to produce benzophenone intermediates, in particular 2,3′,4,6-tetrahydroxybenzophenone isomers used for downstream xanthone biosynthesis. In Gentianaceae family, 3-hydroxybenzoic acid is formed from shikimate and subsequently to 3-hydroxybenzoyl-CoA and later 2,4,5′6-tetrahydroxybenzophenone. Meanwhile, Hypericaceae family utilizes L-phenylalananine-dependent pathway through several more reactions to produce 2,4,6-trihydroxybenzophenone and later the 2,3′,4,6-tetrahydroxybenzophenone. This latter reaction requires B3′H activity of which can be catalyzed by both CYP81AA1 or CYP81AA2 enzymes in Hypericum. Multiple arrows indicate multiple steps between intermediates while dotted arrows indicate hypothesized/proposed pathways. Protein activities that have been detected at molecular level are shown in bold while normal font type indicates protein activities detected at biochemical level (refer to Table 1). The two arrows (one unbroken line and one dotted) for Cinnamoyl-CoA hydratase/lyase (CHL) indicate that the enzymatic reaction has been characterized at the biochemical level from a crude protein extract, but whether this involves one or two enzymatic steps is yet to be validated at the molecular level. 3BZL, 3-hydroxybenzoate-CoA ligase; ATP, adenosine triphosphate; AMP, adenosine monophosphate; BD, benzaldehyde dehydrogenase; BZL, benzoate-CoA ligase; B3′H, benzophenone 3′-hydroxylase; BPS, benzophenone synthase; CHL, cinnamoyl-CoA hydratase/lyase; CNL, cinnamate-CoA ligase; CoASH, coenzyme A; NADPH, reduced nicotinamide adenine dinucleotide phosphate; PAL, phenylalanine ammonia-lyase; PPi, inorganic pyrophosphate.


In the L-phenylalanine-dependent pathway (Hypericaceae), the amino acid is converted to trans-cinnamic acid by the action phenylalanine ammonia-lyase (PAL) enzyme (Abd El-Mawla et al., 2001; Abd El-Mawla and Beerhues, 2002; Figure 2). PAL is the first committed step in the phenylpropanoid pathway, enabling dedicated carbon flux toward specialized metabolism in plants including xanthone biosynthesis (Gaid et al., 2012; Maeda and Dudareva, 2012; Lynch and Dudareva, 2020). However, despite a number of molecular studies (heterologous expression or homologous overexpression) has been conducted in various plant species (Hyun et al., 2011; Castro et al., 2020), PAL detection and characterization have mainly been conducted at the biochemical level in Hypericum spp. (Abd El-Mawla et al., 2001; Abd El-Mawla and Beerhues, 2002; Klejdus et al., 2013). Inhibition of the enzyme using 2-aminoindane-2-phosphonic acid in Hypercium perforatum and Hypercium canariense resulted in the significant reduction of total soluble phenols as well as benzoate and cinnamate derivatives (Klejdus et al., 2013), suggesting the central importance of PAL in the phenylpropanoid metabolism. Subsequently, the synthesis of cinnamoyl-CoA from the trans-cinnamic acid will be catalyzed by cinnamate-CoA ligase (CNL; Gaid et al., 2012). The CNL coding sequence has been previously cloned and characterized from various species including H. calycinum (Gaid et al., 2012), Arabidopsis thaliana (Lee et al., 2012), Petunia hybrida (Klempien et al., 2012) and Malus x domestica “Golden delicious” (Teotia et al., 2019).

The cinnamoyl-CoA intermediate is then synthesized to benzoyl-CoA which requires three more enzymatic reaction steps involving cinnamoyl-CoA hydratase/lyase (CHL), benzaldehyde dehydrogenase (BD) and benzoate-CoA ligase (BZL; Abd El-Mawla and Beerhues, 2002; Singh et al., 2020). Although the three proteins have been proven to exist and functioning at the biochemical level from various species (Abd El-Mawla and Beerhues, 2002; Beuerle and Pichersky, 2002; Gaid et al., 2009, 2019; Saini et al., 2017, 2020), only BD and BZL have been verified at the molecular level (coding sequence isolation followed by in vitro heterologous expression and enzymatic assays) in H. calycinum (Singh et al., 2020, 2021) and in snapdragon (Antirrhinum majus; BD only; Long et al., 2009). The latter BZL gene, also known as HcAAE1 (acyl-activating enzyme 1), has been shown to increase its expression prior to xanthone accumulation post-elicitation, suggesting its role upstream of the xanthone pathway (Singh et al., 2020). Additionally, the enzyme prefers benzoic acid substrate and is localized subcellularly at both peroxisomes and cytosol indicating the activation of CoA-dependent non-β-oxidative route for the benzoyl-CoA production (Singh et al., 2020).

Subsequent reaction by a Type III polyketide synthase called benzophenone synthase (BPS) condenses the benzoyl-CoA molecule with three malonyl-CoA resulting in the formation of 2,4,6-trihydroxybenzophenone (2,4,6-triHBP or also known as phlorbenzophenone; Figure 2; Beerhues et al., 2007; Beerhues and Liu, 2009; Nualkaew et al., 2012). The BPS enzyme was previously cloned from H. androsaemum, H. perforatum, H. sampsonii, and G. mangostana before its enzymatic activity and/or subcellular localization characterized (Liu et al., 2003; Klingauf et al., 2005; Huang et al., 2012; Nualkaew et al., 2012; Belkheir et al., 2016; Tocci et al., 2018; Klamrak et al., 2021). The expression of BPS has been shown to precede the increase in xanthone accumulation and that the protein and xanthone products were majorly localized to the exodermis region of the H. perforatum root, suggesting their roles as the first line of defense against soilborne pathogens (Tocci et al., 2018). Recently, the crystal structures of BPS from both H. androsaemum and G. mangostana were reported, further revealing their function and specificity toward benzoyl-CoA substrate to synthesize 2,4,6-triHBP (Stewart et al., 2017; Songsiriritthigul et al., 2020).

The 2,4,6-triHBP intermediate is then converted to 2,3′,4,6-tetraHBP by a cytochrome P450 (CYP) monooxygenase known as CYP81AA that possesses benzophenone 3′-hydroxylase (B3′H) activity (Figure 2; Schmidt and Beerhues, 1997; El-Awaad et al., 2016). Interestingly, two homologous CYP81AA enzymes exist, CYP81AA1 and CYP81AA2 in Hypericum spp. and have a bifunctional role to catalyze another downstream compound, either 1,3,7-trihydroxyxanthone (1,3,7-THX) or 1,3,5-trihydroxyxanthone (1,3,5-THX), respectively (El-Awaad et al., 2016).

Meanwhile, in the Gentianaceae family, the biosynthetic pathway originates from shikimate to produce 3-hydroxybenzoic acid via L-phenylalanine-independent pathway as confirmed by radioactively labeled precursors (Abd El-Mawla et al., 2001; Wang et al., 2003; Figure 2). The latter compound is then thioesterified to 3-hydroxybenzoyl-CoA by 3-hydroxybenzoate-CoA ligase (3BZL) in the presence of ATP and CoA, and subsequently, sequential condensation by BPS leads to the formation of 2,3′,4,6-tetraHBP (Barillas and Beerhues, 1997; Wang et al., 2003; Li et al., 2017). However, both 3BZL and BPS remain yet to be investigated at the molecular level in the Gentianaceae family, and only the former enzyme (3BZL) had been biochemically validated in C. erythraea (Beerhues, 1996; Barillas and Beerhues, 1997). Furthermore, the 3BZL could only efficiently activate 3-hydroxybenzoic acid rather than benzoic acid as substrates (Barillas and Beerhues, 1997), suggesting the activation of the L-phenylalanine-independent pathway in this Centaurium species. On the other hand, Aquilaria spp. from the Thymelaeaceae family is predicted to produce core xanthone structure through 4-hydroxybenzoyl-CoA, instead of the 3-hydroxybenzoyl-CoA (Li et al., 2021; Supplementary Figure 2).

The 2,4,6-triHBP and 2,3′4,6-tetraHBP are precursor compounds to various benzophenones (Supplementary Figure 3). These compounds, such as sampsonione A, hypercalin A, 2,4′,4,6-tetraHBP and 2,3′,4,4′,6-pentaHBP (maclurin), garcinol, and guttiferone A, are known to exhibit various biomedical and pharmaceutical benefits, such as antitumor (Rukachaisirikul et al., 2005; Koeberle et al., 2009; Lay et al., 2014; Behera et al., 2016) and anti-inflammatory (Liao et al., 2005; Pardo-Andreu et al., 2011), among others.

Oxidative phenol coupling reaction involving 2,3′,4,6-tetraHBP ring closure that occurs either at the ortho or para position of the 3′-OH group forms the two main core xanthone structures, 1,3,5-THX and 1,3,7-THX, respectively (Figure 3A). In C. erythraea, 2,3′,4,6-tetraHBP was shown at the biochemical level to regioselectively cyclize to 1,3,5-THX, whereas in H. androsaemum, (Peters et al., 1997; El-Awaad et al., 2016) and G. mangostana to 1,3,7-THX (Atkinson et al., 1968; Gupta and Lewis, 1971; Beerhues and Liu, 2009). The reaction mechanism that underlies the regioselective intramolecular mediated oxidative coupling during cyclization of the benzophenone is proposed to involve two stages of one-electron oxidation (Figure 3A). The loss of the first one-electron and a deprotonation produces a phenoxy radical, which cyclizes benzophenone through electrophilic attack (Figure 3A). Then, the hydroxy-cyclohexadienyl radical intermediate loses an electron and a proton to generate the 1,3,5-THX and 1,3,7-THX compounds (Peters et al., 1997; El-Seedi et al., 2010).
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FIGURE 3. The reaction mechanisms for the two main precursors of xanthones, 1,3,5-trihydroxyxanthone and 1,3,7-trihydroxyxanthone. This oxidative phenol coupling reaction is present in several plant species including C. erythraea, H. androsaemum, H. calycinum, H. perforatum, and G. mangostana. (A) In addition, 1,3,7-trihydroxyxanthone can be formed through the deglycosidation process of 2,3′,4,6-tetrahydroxybenzophenone-2′-O-glucoside in H. annulatum. (B) Dotted arrows indicate hypothetical/proposed pathways while protein activities detected at the molecular level are in bold (refer to Table 1). CYP, cytochrome P450; THX, trihydroxyxanthone.


The enzymes that catalyze these reactions are originally known as xanthone synthases belonging to the CYP oxidases (Peters et al., 1997). However, they were later renamed to 1,3,5-THX synthase (or CYP81AA2) and 1,3,7-THX synthase (or CYP81AA1), respectively (El-Awaad et al., 2016; Khattab and Farag, 2020). These CYP81AA homologs isolated from H. perforatum and H. calycinum were expressed in yeast by El-Awaad et al. (2016), who showed that six substrate recognition sites are responsible for the regiospecificity of the enzymatic reactions, especially for the CYP81AA2. Interestingly, both enzymes were found in Hypericum spp. transcriptome databases (Gaid et al., 2012; El-Awaad et al., 2016). This suggests that both isomeric products could actually be synthesized in any one species, perhaps dependent upon certain physiological responses or signals. Recently, a metabolomics study in mangosteen also found putative 1,3,5-THX and a derivative of 1,3,7-THX at different tissues and stages of ripening (Mamat et al., 2020), further corroborating that certain species may possess both enzymes for the two different cyclization reactions. In the future, the application of sequencing efforts at either the genomics or transcriptomics levels on these xanthone-producing plants will undeniably help the identification and characterization of these vital biosynthetic enzymes.

Alternatively, 1,3,7-THX is proposed to be generated spontaneously from a different precursor compound such as 2,4,5′,6-tetrahydroxybenzophenone-2′-O-glucoside in Hypericum annulatum (Kitanov and Nedialkov, 2001; El-Seedi et al., 2010; Figure 3B). The glucoside group at the 2′ position of the 2,4,5′6-tetrahydroxybenzophenone-2′-O-glucoside molecule is first removed by enzymatic or acidic hydrolysis before cyclization of both rings (Kitanov and Nedialkov, 2001; Figure 3B).

These xanthones (1,3,5-THX and 1,3,7-THX) are the main precursors of most other xanthones; therefore, this intramolecular cyclization contributes an essential branch point from benzophenone intermediate to xanthone biosynthesis (Figure 3A). However, it is to be noted that most of the downstream xanthone pathway from these core xanthone precursors (Figures 3, 4) are only proposed reactions and only a handful of enzymes have been biochemically characterized previously (Table 1).
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FIGURE 4. Proposed biosynthetic pathways of several xanthone derivatives derived from 1,3,5-trihydroxyxanthone precursor. X6H, xanthone 6-hydroxylase. Dotted arrows indicate hypothetical/proposed pathways while protein activities detected at the molecular level are in bold (refer to Table 1).




BIOSYNTHETIC PATHWAYS OF XANTHONE DERIVATIVES IN PLANTS THROUGH 1,3,5-TRIHYDROXYXANTHONE

One of the xanthone core compounds, 1,3,5-THX, can give rise to many more different xanthone structures (Figure 4). For instance, 1,3,5-THX can be hydroxylated to produce 1,3,5,6-tetrahydroxyxanthone in H. androsaemum and C. erythraea (Schmidt et al., 2000a), a compound known to induce diuresis and saluresis (Mariano et al., 2019, 2021). This process is catalyzed by the plant-specific CYP-dependent monooxygenase known as xanthone 6-hydroxylase (X6H) that has been biochemically determined to require NADPH and O2 (Barillas and Beerhues, 2000; Schmidt et al., 2000b). In S. chirata, 1,3,5-THX is also hydroxylated but at the C-8 position of the ring, contributing to 1,3,5,8-tetrahydroxyxanthone, the key xanthone in this species (Figure 4; Velíšek et al., 2008). The compound is known to be a potent inhibitor for angiopoietin-like protein 3 pathway to regulate ketosis, a metabolic disorder due to ketone body accumulation (Xiao et al., 2012).

On the other hand, the cell cultures of C. erythraea and Centaurium littorale treated with methyl jasmonate as well as yeast extract differentially accumulated other types of xanthones, such as 1,5-dihydroxy-3-methoxyxanthone and 1-hydroxy-3,5,6,7-tetramethoxyxanthone (Figure 4; Beerhues and Berger, 1995). Moreover, the cell cultures of C. erythraea accumulated 3,5,6,7,8-pentamethoxy-1-O-primeverosyl-xanthone (Figure 4), which is in parallel with its cell growth (Beerhues and Berger, 1994). A hypothetical scheme for this compound (3,5,6,7,8-pentamethoxy-1-O-primeverosylxanthone) was proposed by Beerhues and Berger (1995). This includes intermediates, such as 1,8-dihydroxy-3,5-dimethoxyxanthone, 1,8-dihydroxy-3,5,6-trimethoxyxanthone, 1,8-dihydroxy-3,5,6,7-tetramethoxyxanthone, and 1-hydroxy-3,5,6,7,8-pentamethoxyxanthone (Figure 4). However, the full list of enzymes involved in this process is still unknown.

In addition to that, 1,3,5-THX is proposed to form more complex xanthones, such as biyouxanthone D, gambogic acid, psorospermin, and swertianolin with diverse biological activities (Figure 4). For instance, biyouxanthone D, a polyprenylated xanthone isolated from in vitro root cultures of H. perforatum and field-grown roots of Hypercium monogynum has been shown to possess antifungal activity (Tocci et al., 2013) and neuroprotective effects (Xu et al., 2016). Another prenylated xanthone, gambogic acid, the main bioactive compound for Garcinia hanburyi, has been observed to induce apoptosis in many types of cancer cell lines including BGC-823 human gastric cancer line (Liu et al., 2005), human hematoma SMMC-7721 cells (Guo et al., 2004), and prostate tumor (Yi et al., 2008). Recently, gambogic acid has been shown to exert such cytotoxic mechanism against the cancer cell lines by inducing paraptosis, a cell death induced by vacuolization (Seo et al., 2019). Furthermore, psorospermin (Figure 4) isolated from Psorospermum febrifugum also demonstrated a significant antitumor and anti-leukemic activities in mice (Anywar et al., 2021). This woody plant that originated from Africa has been identified to be effective to be used as an anti-pyretic, a leprosy treatment, a poisoning treatment, and a purgative material. Meanwhile, swertianolin (1,5-dihydroxy-3-methoxyxanthone-8-O-ββ-D-glucopyranoside), a glycosylated xanthone, is the active compound isolated from felworts (Swertia paniculata) (Pant et al., 2011). The plant is known for its use as a bitter tonic in Indian traditional medicine as well as for the treatment of certain mental illnesses including melancholia (Pant et al., 2011). Thus, these xanthone compounds could be developed into potential drugs in treating various ailments in the future, but more investigation toward elucidating the identity and activity of respective biosynthetic enzymes may be conducted to allow sustainable in vitro or in vivo production of these compounds.



BIOSYNTHETIC PATHWAYS OF XANTHONE DERIVATIVES IN PLANTS THROUGH 1,3,7-TRIHYDROXYXANTHONE

Many more xanthone derivatives are derived from the other core structure, 1,3,7-THX (Figure 5). For instance, 1,3,7-THX is proposed to be a precursor compound for prenylated xanthones, such as rubraxanthone and scortechinone B, as well as simple xanthones, such as 1,7-dihydroxy-3-methoxyxanthone (gentisin) and 1,3-dihydroxy-7-methoxyxanthone (isogentisin; Figure 5). Rubraxanthone is mainly isolated from Garcinia (Jantan et al., 2002; Susanti et al., 2014) and Calophyllum species (Daud et al., 2021; Zailan et al., 2021) and showed significant ability to inhibit platelet aggregation in human whole blood samples (Alkadi et al., 2013). Meanwhile, scortechinone B extracted from the Garcinia scortechinii’s stem, bark, and latex exhibited surprisingly strong antimicrobial activity toward a methicillin-resistant Staphylococcus aureus strain with minimum inhibitory concentration (MIC = 2 μg/mL) compared to vancomycin antibiotic (MIC = 3.13–6.25 μg/mL; Rukachaisirikul et al., 2005; Araújo et al., 2019). Furthermore, an experiment toward Gentiana lutea rhizome has identified the presence of xanthone compounds called gentisin and isogentisin mainly derived from the 1,3,7-THX (Figure 5; Atkinson et al., 1968; Mudrić et al., 2020). Gentisin exhibited potent inhibition against β-glucuronidase enzyme that plays a critical role in drug metabolism and irinotecan-induced diarrhea (Sun et al., 2020), whereas isogentisin has been shown to protect endothelial injury caused by smoking (Schmieder et al., 2007).
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FIGURE 5. Proposed biosynthetic pathways of several xanthone derivatives derived from 1,3,7-trihydroxyxanthone precursor. Dotted arrows indicate hypothetical/proposed pathways while protein activities detected at the molecular level are in bold (refer to Table 1). CoASH, coenzyme A; DMAPP, dimethylallyl pyrophosphate; PT8PX, 8-prenylxanthone-forming prenyltransferase; PTpat, patulone-forming prenyltransferase; StrAT2, malonyl-CoA acyltransferase; StrGT9, norathyriol 6-O-glucosyltransferase; UDP, uridine diphosphate; X6H, xanthone 6-hydroxylase.


The hydroxylation of 1,3,7-THX also forms 1,3,6,7-tetrahydroxyxanthones in various species including H. androsaemum and G. mangostana (Figure 5; Schmidt et al., 2000a; El-Awaad et al., 2016). This process is catalyzed by the same X6H enzyme that catalyzes hydroxylation of 1,3,5-THX earlier (Barillas and Beerhues, 2000; Schmidt et al., 2000b) and potentially resided in the endoplasmic reticulum (Schmidt et al., 2000a; El-Awaad et al., 2016). In G. mangostana, prenylation of the 1,3,6,7-tetrahydroxyxanthones at the C-2 and C-8 positions is proposed to generate γ-mangostin, and subsequent O-methylation at the hydroxyl group of C-7 produces α-mangostin (Nualkaew et al., 2012; Mazimba et al., 2013), the main xanthone compounds in this species (Mazlan et al., 2019; Mamat et al., 2020). We postulate that another main xanthone in this species called β-mangostin may directly follow the same route of which another O-methylation could occur at the C-3 hydroxyl group position. Whether similar route is present in other β-mangostin-producing species such as Calophyllum spp. (Gómez-Verjan et al., 2017; Zailan et al., 2021) still needs further investigation. These xanthones (α-, β- and γ-mangostin) are known to possess antitumor, antioxidant, antidiabetic, antimicrobial, and anti-inflammatory properties, among others (Aizat et al., 2019; Marzaimi and Aizat, 2019). Unfortunately, specific enzymes that catalyzed these prenylation and methylation reactions in mangosteen have yet to be identified, although ongoing transcriptomics and proteomics work in this species (Abdul-Rahman et al., 2017; Jamil et al., 2021) could shed some lights onto answering this question soon.

The other pathway leading from 1,3,6,7-tetrahydroxyxanthones is the biosynthesis of patulone, hyperxanthone E, and hyperixanthone A that are isolated from Hypericum spp. (Fiesel et al., 2015; Nagia et al., 2019; Figure 5). Recently, aromatic prenyltransferase (aPT) enzymes from H. calycinum and H. sampsonii were transformed into Nicotiana tabacum and Saccharomyces cerevisiae (Nagia et al., 2019). One of the enzymes, 8-prenylxanthone-forming prenyltransferase (PT8PX), was shown to exhibit prenylation activity and mainly localized at the envelope of the chloroplast (Nagia et al., 2019). The reaction product, 8-prenyl-1,3,6,7-tetrahydroxyxanthone, is proposed to be cyclized to become hyperxanthone E or further prenylated by patulone-forming prenyltransferase (PTpat) to patulone (Fiesel et al., 2015; Nagia et al., 2019). Both prenylation reactions by PTpat and earlier PT8PX require dimethylallyl pyrophosphate (DMAPP) as a prenyl donor (Nagia et al., 2019). Interestingly, PTpat has been shown to be able to catalyze patulone directly from 1,3,6,7-tetrahydroxyxanthone via gem-diprenylation, but this reaction is not preferred (Nagia et al., 2019). The patulone compound may then be converted to hyperixanthone A by means of reverse prenylation (Nagia et al., 2019), but further characterization of the responsible enzyme is needed. These xanthone derivatives have also shown pharmaceutical potential, for instance, hyperxanthone E has cytotoxic activity against breast cancer and human lung tumor cell lines (Tanaka et al., 2004) as well as a potent anti-inflammatory agent (Zhang et al., 2014). This compound also can be induced by phytopathogens (Janković et al., 2002; Gaid et al., 2012) and accumulated in plant callus and cell suspension upon hormonal induction (Dias et al., 2000). Meanwhile, patulone was able to inhibit platelet-activating factor responsible for asthma and inflammation (Oku et al., 2005; Singh et al., 2013), whereas hyperixanthone A is a potent anti-bacterial agent against S. aureus (Xiao et al., 2008; Xin et al., 2011).

Additionally, another prenyltransferase from Morus alba called isoliquiritigenin-3′-dimethylallyltransferase (IDT) also has shown regiospecific prenylation of the 1,3,6,7-tetrahydroxyxanthones to generate 2-dimethylallyl-1,3,7-trihydroxyxanthone that can act as a strong neuroprotective agent (Wang et al., 2016). However, M. alba is not known physiologically to produce xanthone which suggests substrate promiscuity property of the IDT enzyme (Wang et al., 2016). Other plant PTs have also been characterized from various species including Cudrania tricuspidata (Wang et al., 2014), Artemisia capillaris (Munakata et al., 2019), Citrus x paradisi (Munakata et al., 2021), Humulus lupulus (Li et al., 2015), and Cannabis sativa (Gülck et al., 2020) but their roles have yet to be elucidated for xanthone prenylation.

Meanwhile, two enzymes responsible for the biosynthesis of two xanthone glucosides, norathyriol 6-O-glucoside(also known as tripteroside or Xt1) and norathyriol-6-O-(6′-O-malonyl)-glucoside (called Xt2) were recently characterized at the molecular level by Sasaki et al. (2021). The first enzyme, norathyriol 6-O-glucosyltransferase (StrGT9) mediates the glucosylation of 1,3,6,7-tetrahydroxyxanthone to Xt1 compound. This reaction requires UDP-glucose as a donor molecule for the glucose moiety. The Xt1 compound will then be malonylated in the presence of malonyl-CoA to Xt2 by the second enzyme called malonyl-CoA acyltransferase (StrAT2). Interestingly, the products of these enzymatic reactions (Xt1 and Xt2) contribute to the red coloration in cultivated Japanese gentians (Gentiana triflora), together with anthocyanin co-pigmentation (Sasaki et al., 2021). Mangiferin, a well-known C-glucoside xanthone, can also be synthesized from 1,3,6,7-tetrahydroxyxanthones (Figure 5). It is originally isolated from mango M. indica L. (Anacardiaceae), and its structure was established as 2-C-β-D-glucopyranosyl-1,3,6,7-tetrahydroxyxanthone after extensive chemical reaction and spectroscopic investigation (Bhatia et al., 1967; Ehianeta et al., 2016). Isomangiferin, its structural isomer isolated from A. asphodeloides, was characterized as 4-C-β-D-glucopyranosyl-1,3,6,7-tetrahydroxyxanthone. Mangiferin was among the first xanthone that was discovered to display a wide range of medicinal properties including activation of the central nervous system (Bhattacharya et al., 1972) and antioxidant, antibiotic, anti-inflammatory, antiproliferative, antidiabetic, chemopreventive, analgesic, and immunomodulatory activities (Khare and Shanker, 2016; Saha et al., 2016). The formation of mangiferin in A. asphodeloides was investigated by means of feeding experiments, and the biosynthetic route for mangiferin and related xanthone C-glycosides has been studied and proposed by Fujita and Inoue (1980). In their route, maclurin 3-C-glucoside is postulated to be an intermediate and has been enzymatically converted to mangiferin and isomangiferin. More recently, an enzyme called C-glycosyltransferase (CGT) that catalyzes this reaction has been isolated and characterized from M. indica (Chen et al., 2015). The enzyme has been shown to exhibit substrate promiscuity to specific benzophenones and xanthones, suggesting its prominent role in catalyzing several biosynthetic reactions within the species (Chen et al., 2015).



CONCLUSION

This review details the biosynthetic process of xanthone in plants, which has yet to be updated comprehensively in the last decade. The biosynthesis of these xanthones can be either originated from shikimate precursor (L-phenylalanine-independent pathway) as shown in Gentianaceae family or through L-phenylalanine-dependent pathway as evidenced in Hypericaceae family. The pathway also involved benzophenone intermediates, followed by a regioselective oxidative mediated intramolecular coupling to form the xanthone ring structures, 1,3,5-THX and 1,3,7-THX. Several xanthone derivatives can be originated from these xanthone precursors and may differ between plants. In the future, this resource will allow genetic engineering of xanthone biosynthesis in microbial cell factory, hence providing sustainable option for producing this valuable bioactive compound.
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Heveins and hevein-containing (hev-) lectins play important roles in stress and pathogenic responses in plants but cause health concerns in humans. Hev-hololectins contain multiple modular hev-peptide domains and are abundantly present in cereals and pseudocereals. However, it is unclear why some cereal hev-hololectins are presented as different forms of proteolytically processed proteoforms. Here we show the precursor architectures of hev-hololectins lead to different processing mechanisms to give either hololectins or hevein-like peptides. We used mass spectrometry and datamining to screen hev-peptides from common cereals, and identified from the oat plant Avena sativa nine novel hevein-like peptides, avenatide aV1–aV9. Bioinformatic analysis revealed that asparaginyl endopeptidase (AEP) can be responsible for the maturation of the highly homologous avenatides from five oat hev-hololectin precursors, each containing four tandemly repeating, hev-like avenatide domains connected by AEP-susceptible linkers with 13–16 residues in length. Further analysis of cereal hev-hololectins showed that the linker lengths provide a distinguishing feature between their cleavable and non-cleavable precursors, with the cleavables having considerably longer linkers (>13 amino acids) than the non-cleavables (<6 amino acids). A detailed study of avenatide aV1 revealed that it contains eight cysteine residues which form a structurally compact, metabolic-resistant cystine-knotted framework with a well-defined chitin-binding site. Antimicrobial assays showed that avenatide aV1 is anti-fungal and inhibits the growth of phyto-pathogenic fungi. Together, our findings of cleavable and non-cleavable hololectins found in cereals expand our knowledge to their biosynthesis and provide insights for hololectin-related health concerns in human.

Keywords: hololectin, hevein, oats, biosynthesis, celiac diseases, anti-fungal, asparaginyl endopeptidase


INTRODUCTION

Asparaginyl endopeptidases (AEPs), also known as legumains and vacuolar protein endopeptidases (VPEs), are cysteine proteases that cleave the carboxyl-terminal side of Asx (Asp/Asn) (Csoma and Polgár, 1984; Kembhavi et al., 1993; Yamada et al., 2020). Functional AEPs are widely distributed in plants, mammals, protozoan parasites, trematodes like Schistosoma mansoni, and insects like ticks, but not in bacteria (Dall and Brandstetter, 2016). In plants, AEPs play important roles in different plant organs and different stages of plant development and death. They are involved in the processing of peptides, proteins and their precursors like seed storage proteins, for growth and development as well as regulating programmed cell death and environmental stress responses (Vorster et al., 2019). In animals, AEPs are pivotal in the endosome/lysosomal degradation system and are implicated in antigen processing (Manoury et al., 1998, 2002).

Asparaginyl endopeptidases (C13 family) share the cysteine and histidine residues in the active site with other cysteine proteases such as papains (C1 family) and caspases (C14 family), but have little sequence similarity to them (Rawlings et al., 2010). Functionally, AEPs can mediate the biosynthesis of peptides and proteins through selective proteolysis of exposed Asx residues in the mature domains. Recent reports include the maturation of cysteine-rich peptides with protease inhibitory and insecticidal activities, such as roseltides from Hibiscus sabdariffa and jasmintides from Jasminum sambac (Loo et al., 2016; Kumari et al., 2018; Kam et al., 2019a,b). Unlike other cysteine proteases which solely break peptide bonds, certain AEPs can reverse their enzymatic direction to act as ligases to form peptide bonds (Nguyen et al., 2014, 2015; Harris et al., 2015; Hemu et al., 2019; Du et al., 2020; Chen et al., 2021; Liew et al., 2021). This highly unusual ligating function assisted the AEP-mediated biosynthesis of cyclic peptides through head-to-tail cyclization, forming cyclotides, sunflower seed trypsin inhibitors, and orbitides from seed storage proteins (Mylne et al., 2011; Fisher et al., 2018; Franke et al., 2018). The dual function of AEPs further enable them to act as a splicing enzyme, through a sequence of post-translational cut-and-join events, in the maturation of the cyclic trypsin inhibitor MCoTI-I/II from Momordica cochinchinese of the squash family, and circular-permutated plant lectins (Carrington et al., 1985; Bowles et al., 1986; Mylne et al., 2012; Du et al., 2020; Liew et al., 2021; Nonis et al., 2021).

Plant lectins are a superfamily of carbohydrate-binding proteins that serve as defense mechanisms against other plants and fungi (Peumans and Van Damme, 1995; Van Damme et al., 2008; Tsaneva and Van Damme, 2020). They are classified based on the number of carbohydrate-binding domains present in their mature sequences (Peumans and Van Damme, 1995; Van Damme et al., 2008). An example is the chitin-binding domain which interacts with chitin, a common naturally-occurring polysaccharide found in the exoskeleton of insects and the cell wall of fungi (Lenardon et al., 2010). Merolectins, chimerolectins, and hololectins represent three main types of plant lectins containing chitin-binding domains (Peumans et al., 2001; Porto et al., 2012).

Merolectins, the simplest and smallest form of lectins, have a single carbohydrate-binding domain of 29-46 amino acid residues (Peumans et al., 2001). A representative example of merolectin is hevein (hev), a cysteine-rich peptide (CRP) which is derived from the rubber tree (Hevea brasiliensis) and was the first reported chitin-binding peptide (Archer, 1960; Rodriguez-Romero et al., 1991; Van Parijs et al., 1991; Andersen et al., 1993; Gidrol et al., 1994). Chimerolectins, such as the Urtica dioica agglutinin (UDA), are chimeras which have singly- or tandemly-arrayed hev-peptide domains with a protein cargo such as chitinases (Does et al., 1999; Peumans et al., 2001). In contrast, hololectins have tandem repeats of hev-peptide domains (2–7 repeats), but lack a protein cargo (Peumans et al., 2001).

Heveins, hev-like peptides, and hev-peptide domains are characterized by a conserved cysteine motif, CXnCXnCCXnCXnC which possesses a tandemly connecting CC motif at CysIII and CysIV, and a cystine-knot disulfide connectivity (Rodriguez-Romero et al., 1991; Andersen et al., 1993). The chitin-binding site of heveins consists of a SXφGφ motif in intercystine loop 3, and in loop 4, a GXXXXφ motif (X represents any amino acid and φ represents aromatic acid residues, Phe, Tyr or Trp) (Tam et al., 2015). The conserved chitin-binding site (accession no. PS00026) recognizes and binds to planar chitin monomers (Kini et al., 2015, 2017).

Common cereals such as wheat, rye, barley, oats, corn, and rice contain a high concentration of hololectins (De Punder and Pruimboom, 2013). Representative examples include wheat germ agglutinin (WGA) from wheat, oryza sativa agglutinin (OSA) from rice, and barley hololectins (Wright et al., 1985; Lerner and Raikhel, 1989; Smith and Raikhel, 1989; Zhang et al., 2000). WGA, a 200-amino-acid protein, is present at ∼0.5 g/kg in wheat germ (Peumans and Van Damme, 1996) and contains four interconnected hev-peptide domains (Wright et al., 1985; Smith and Raikhel, 1989). The multivalent hev-peptide domains in WGA and other hololectins play important roles in their cell agglutination activities (Mishra et al., 2019). In addition, the avidity contributed by the repeating hev-peptide domains in WGA that binds strongly not only to chitin found in fungi, but also sialic acid found in the gastrointestinal tract, could trigger celiac diseases (Shaw et al., 1991; De Punder and Pruimboom, 2013). Thus, the presence of hololectins in edible cereal might be a health concern (De Punder and Pruimboom, 2013).

In general, cereal hololectins are processed and released as a protein with multiple hev-peptide domains from their respective precursors without further bioprocessing by an endopeptidase during their maturation (Peumans et al., 2001). Recently, our laboratory identified a cleavable hololectin from Chenopodium quinoa, a common edible pseudocereal (Loo et al., 2021b). The quinoa hololectin precursor which contains two hev-peptide domains is processed by a cathepsin-like endopeptidase to release hev-like chenotides, which are anti-fungal (Loo et al., 2021b). Thus, unlike most hololectin precursors which are resistant to proteolytic processing during their maturation, the quinoa hololectin precursors are cleaved to give two identical hev-like peptides. Apart from chenotides, the only other known example of cleavable-hololectins is Sm-Amp-1 from Stellaria media (Slavokhotova et al., 2017). However, the molecular basis underpinning the difference between cleavable and non-cleavable hololectins in their biosynthesis remains undetermined.

Here, we report the identification of a novel family of anti-fungal hev-like peptides from oats (Avena sativa) termed avenatides aV1–aV9 which are derived from hololectin precursors. Unlike majority of cereal hololectins which are presented as proteoforms with multiple hev-domains, oat hololectins are presented as proteolytically processed proteoforms with a single hev-domain. A structural feature distinguishing these two families can be found in their precursor architecture and interdomain linkers that contribute to their different mechanisms of biosynthesis.



MATERIALS AND METHODS


Plant Material

All plant materials were purchased from local grocery stores, including Avena sativa, Briza maxima, Cajanus cajan, Coix lacryma, Elymus canadensis, Glycine max, Phaseolus vulgaris, Hordeum jubatum, Hordeum vulgare, Secale cereale, Sorghum bicolor, Triticum aestivum, Vigna umbellate, Vigna radiata, Vigna unguiculata, and Vigna angularis. Authentications were done by Mr. Paul Leong from the Singapore Botany Center based on macroscopic and microscopic analyses. Voucher samples were deposited at the Nanyang Technological University Herbarium, School of Biological Sciences, Singapore.



Isolation and Purification of Avenatide aV1

Small scale screening of oats and other cereals and legumes were performed by vortexing 0.1 g oats with 1 mL water for 1 h. The crude extract was centrifuged at 9,500 rpm for 10 min and the resulting supernatant was subjected to a C18 Zip-tip and eluted with 80% ACN.

For large scale extraction, 2 kg of oats were homogenized in 20 L of water for 3 h. The crude extracts were centrifuged at 9,500 rpm for 20 min at 4°C. The supernatant was filtered before loading on a flash column packed with 500 g C18 powder (Grace, MD, United States) in a Büchner funnel. Elution was performed using increasing concentrations of ethanol (20–80%). Eluents containing avenatide aV1 were pooled and purified using multiple rounds of SCX- and RP-HPLC in which fractions from SCX-HPLC containing avenatide aV1 were pooled and further purified by RP-HPLC. MALDI-TOF MS was used to identify the presence and assess the purity of avenatide aV1 in the eluted fractions.



Sequence Determination

The primary sequences of avenatides were determined by LC-MS/MS sequencing as described previously (Loo et al., 2016). The RP-HPLC-enriched avenatide samples were re-dissolved in 20 mM DTT at 37°C for 1 h followed by S-alkylation with 200 mM iodoacetamide at 37°C for 1 h. The mixture was desalted with a C18 Zip-tip and subjected to analysis on a Dionex UltiMate 3000 UHPLC system equipped with an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific Inc., Bremen, Germany). The composition of mobile phase A and B were 0.1% FA in deionized water and 0.1% FA in 90% acetonitrile with 10% deionized water, respectively. Mass spectra were acquired with LTQ Tune Plus software (Thermo Fisher Scientific, Bremen, Germany) using a positive mode with alternating Full FT-MS as previously described (Kumari et al., 2018). The data analysis were performed using PEAKS studio (version 7.519, Bioinformatics Solutions, Waterloo, ON, Canada) with a precursor ion tolerance of 10 ppm and fragment ion tolerance of 0.05 Da. Carbamidomethylation at Cys was set as a fixed modification. Deamidation of Asp and Glu, oxidation of Met, acetylation at Lys and N-term were set as variable modification. Peptide sequencing was performed using PEAKS DB protein identification which integrates database search of in-house eight-cysteine hev-peptide library with de novo sequencing using the following filtering parameters: peptide hit threshold (-10logP) was set as 30.0 and de novo score (%) threshold was set as 15. The data generated in this study are publicly available via the ProteomeXchange consortium through the partner repository JPOST (Okuda et al., 2017). JPOST accession: PXD033161.



Nuclear Magnetic Resonance Structural Study

All nuclear magnetic resonance (NMR) experiments were conducted on a BRUKER Avance 800 NMR spectrometer with a cryogenic probe at 25°C. The concentration of each peptide was around 1 mM, in a solution containing 5% D2O and 95% H2O (pH 3.5). For 1H, 1H-2D TOCSY and NOESY, the mixing times were 80 and 200 ms, respectively. The spectrum width was 12 ppm for both dimensions. The NMR spectra were processed using NMRPipe software (Delaglio et al., 1995). All data analysis were performed using Sparky software based on results of the 2D NOESY and TOCSY experiment. The proton chemical shift assignments for each amino acid residue were achieved by 2D TOCSY and NOESY while the proton-proton distances restraints were obtained from 2D NOESY based on the intensities of NOE cross-peaks. The solution structures of avenatide aV1 were calculated using CNSsolve 1.3 software. Proton-proton distance restraints and hydrogen bonds were employed in a standard simulated annealing protocol. The distance restraints were divided into three classes based on NOE cross-peak intensities: strong, 1.8 < d < 2.9 Å, medium, 1.8 < d < 3.5 Å and weak, 1.8 A < d < 5 Å. Eight hydrogen bonds were used in the structure calculation. A total of 100 structures were calculated and the 10 lowest energy structures were chosen for data statistics and presentation. The structure was verified using the PROCHECK program (Laskowski et al., 1996) and presented using Chimera version 1.6.2 (Huang et al., 1996; Pettersen et al., 2004). Accession code(s): PDB ID 6M5C.



Chitin-Binding Assay

A chitin-binding assay was performed as described previously (Loo et al., 2021b). Briefly, S-alkylated and purified avenatide aV1 were mixed with chitin beads (80 μL) (New England BioLabs, United Kingdom) in chitin binding buffer and incubated at 25°C for 30 min. After incubation, the mixture was washed with chitin binding buffer to remove unbound compounds. Elution of bound peptide was performed with 1 M acetic acid. The supernatant and eluent were analyzed using RP-UPLC and MALDI-TOF MS to assess binding and elution.



Peptide Stability Assay

Purified avenatides aV1 and S-alkylated aV1 were incubated under the stated conditions and recommended buffer solution. At each time interval, aliquots of samples were taken and RP-UPLC was performed in triplicate.



Exoproteolytic Enzyme Stability Assay

Purified avenatide aV1 (200 μM) were added to 50 mM Tris-HCl, 100 mM sodium chloride with 100 nM carboxypeptidase A or 20 mM tricine and 0.05% bovine serum albumin (pH 8.0) with 20 U/mL aminopeptidase I. The mixture was incubated in a 37°C water bath for 4 h. At each time-point (0 and 6 h), 20 μL of the treated sample was aliquoted and quenched with 5 μL 1 M hydrochloric acid. RP-UPLC was performed to determine the amounts of avenatide aV1 present before and after treatment.



Anti-fungal Assay

Four phyto-pathogenic fungal strains from the China Center of Industrial Culture Collection (Beijing, China) were used to examine the anti-fungal activity of avenatide aV1: Alternaria alternata (CICC 2465), Curvularia lunata (CICC 40301), Fusarium oxysporum (CICC 2532), and Rhizoctonia solani (CICC 40259). Fungal strains were grown on potato dextrose agar plates at 25°C.

The half maximal inhibitory concentration levels (IC50) of avenatide aV1 were determined using a microbroth dilution assay (Loo et al., 2021b). Fungal spores were harvested from a 4-day old, actively growing fungal plate and suspended in half-strength potato dextrose broth. In the 96-well microplate, 1 × 105 cells/mL of spore suspension was mixed with peptides at varying concentrations and incubated at 25°C for 24 h. The cells were then fixed with 100% methanol for 15 min. Staining was done for 45 min with crystal violet dye. MilliQ water was used to remove excess dye. Elution was performed using 1:1 (v/v) ethanol/0.1 N HCl. Absorbance was measured at 570 nm.



Data-Mining and Bioinformatics Analysis

Genes encoding avenatides, hololectin OAT_OCH1-5 (accession number: GO581539.1, GO581912.1, GO582252.1, GO583188.1, GO585827.1) were obtained from the NCBI GenBank and translated using the ExPaSy translation tool. Signal peptide cleavage sites were identified using SignalP 4.0 (Petersen et al., 2011).

Data-mining was performed to collect datasets for hev-peptide domain precursor sequences using a combination of motif searches and BLAST algorithms. For motif searches, the “Search Sequence Database” function in MOTIF Search1 was used to interrogate Genbank, UniProt and RefSeq databases using a common hev-peptide domain input; C-{C}n-C-{C}n-C-C-{C}n-C-{C}n-C-{C}n-C-{C}n-C, where “{C}” represents any amino acid except cysteine. For data-mining using BLAST, avenatide precursor sequences were used to perform BLAST on NCBI Genbank and OneKP. BLAST searches were confined to the taxa “Viridiplantae” (taxid:33090). Full sequences were retrieved from the databases and converted to.fasta formats. Then, sequences were re-interrogated using the “Search Motif Library” function with the Pfam motif library selected in MOTIF Search2 to identify sequences with chitin-binding domains. Sequences were then sorted to identify hololectins containing multiple chitin-binding domains. Bioinformatics analysis was performed by identification of hololectin linkers which are defined as the sequences between two cysteinyl residues of two adjacent hev-peptide domains.




RESULTS


Mass Spectrometry Profiling of Hev-Peptides From Oats, Cereals and Legumes

We used a mass spectrometry (MS)-driven approach to profile hev-like peptides in the aqueous extract of oats, and selected cereals and legumes, including B. maxima, C. cajan, C. lacryma, E. canadensis, G. max, P. vulgaris, H. jubatum, H. vulgare, S. cereale, S. bicolor, T. aestivum, V. umbellate, V. radiata, V. unguiculata, and V. angularis (Loo et al., 2016, 2017, 2021a,b; Tam et al., 2018; Kam et al., 2019a,b; Supplementary Figures 1–19). Since hev-peptides contain 38–42 amino acids and eight cysteine residues, we focused on peaks around 4 kDa in their MS profiles. Also, because hev-peptides are CRPs, we performed a mass-shift assay to determine their mass increase, and in turn, their cysteine content. After S-reduction of cystine residues with dithiothreitol (DTT) and S-alkylation of the liberated cysteine residues with iodoacetamide (IAM), each S-alkylated cysteine residue results in an increase of 58 Da.

Preliminary profiling by MALDI-TOF-MS on 20 crop samples revealed the absence of prominent peaks around 4 kDa with eight cysteine residues in the aqueous extracts of B. maxima, C. cajan, C. lacryma, E. canadensis, G. max, P. vulgaris, H. jubatum, H. vulgare, S. cereale, S. bicolor, T. aestivum, V. umbellate, V. radiata, V. unguiculata, and V. angularis. In contrast, oats displayed prominent clusters of putative CRPs around 4,000 Da (Figure 1A and Supplementary Figures 1–19). From these clusters, five avenatides, termed aV1-aV5, with relative monoisotopic molecular weights [M + H]+ of 3,730, 3,747, 3,767, 3,785, 3,846, and 3,858 Da, respectively, were identified and annotated. Mass-shift assay revealed a mass increase of 464 Da, indicating that avenatide aV1–aV5 are putative eight-Cys hev-peptides (Figures 1B,C).
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FIGURE 1. MALDI-TOF MS profile of (A) aqueous oat extracts. Clusters of peaks between 2,000 and 4,000 Da indicate the presence of putative cysteine-rich peptides. Avenatides aV1–aV5 are labeled at corresponding peaks. (B) MALDI-TOF MS profile of aqueous oat extracts after S-reduction by DTT, and (C) S-alkylation by iodoacetamide (IAM) to give their corresponding linear forms and a gain of 58 Da for each S-alkylated Cys. Based on the increase of 464 Da, each avenatide is calculated to contain 8 cysteine residues.




Primary Sequence of Avenatides

To investigate the identities of avenatides, we used LC-MS/MS de novo sequencing assisted by database search with in-house hev-peptide library for determining the primary sequence of avenatides aV1-aV5 from oat extracts. This combined approach yielded the primary sequence of avenatide aV1 as ACSSSSPCPGNQCCSKWGYCGLGGDYCGSGCQSGPCTGA. In addition to avenatides aV1-aV5 (Supplementary Figures 20, 21), a database search from NCBI revealed the primary sequences of avenatides aV6–aV9 (Figure 2). The primary sequences of avenatides aV1–aV9 have 38–39 residues and are highly homologous (>90% similarity), with an overall charge ranging from -1 to +2. Similar to other hev-peptides and hev-peptide domains, all avenatides are both Cys- and Gly-rich (aV1 contains 9 Gly) and contain an evolutionarily conserved hev-peptide-like cysteine motif (CXnCXnCCXnCXnC) with a tandemly-connecting cysteine at the third and fourth position, and a chitin-binding site characterized by a highly conserved motif SKX(Y/W)GY in intercysteine loop 3 (Table 1), followed by a GLGGDY motif in loop 4 (the three invariable aromatic amino acids lettered in bold). Examples of other 8-Cys hev-peptides with similar cysteine motif and chitin binding site include ginkgotide gB1 from Ginkgo biloba and morintide mO1 from Moringa olfeia (Wong et al., 2016; Kini et al., 2017). In addition, the primary sequence of avenatides showed ∼70% similarity to avesin A, the first and only oat-derived hev-peptide domain, which was reported in 2003 (Li and Claeson, 2003). Avesin A is a 37-residue hev-peptide domain that has the primary sequence of WSGCSPCPGNECCSKYGYCGLGGDYCGAGCQSGPCYG, and an overall -1 charge (Li and Claeson, 2003).


[image: image]

FIGURE 2. Biosynthetic precursors and sequence comparison of avenatides. (A) Alignment of avenatide precursor sequences. Avenatide precursors contain an N-terminal signal peptide, four tandem repeating mature hev-peptide domains, and a C-terminal tail. The signal peptide is cleaved by signal peptidase, whereas the C-terminal domain and linkers are likely cleaved by an asparaginyl endopeptidase at the conserved Asn-Ala dipeptide motif to release the mature avenatide domain with Ala as the N-terminal amino acid in avenatides. (B) Consensus sequence of avenatides. The disulfide connectivity is based on the NMR-determined structure shown in Figure 3 and amino acid residues contributing to the conserved chitin-binding sites are indicated by asterisks.



TABLE 1. Sequence comparison of the mature peptide sequences of avenatides and reported eight-cystine-hevein-like peptides.
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Biosynthesis and Precursor Architecture of Avenatides

From the NCBI database, we identified five full-length avenatide precursors, which we termed oat-cleavable hololectins (OCH1-5). Figure 2A shows the avenatide-precursors OCH1-5 as a three-domain hololectin precursor consisted of: (1) an N-terminal signal peptide, (2) four tandem-repeating mature domains of chitin-binding-avenatides joined by three linkers, and (3) a C-terminal tail. Sequence comparison showed that the tandem domains of OCH1 and OCH2 are identical and consisted of avenatides aV5, aV6, and aV4, with linkers between each avenatide domain. Similar architectural arrangements were found in OCH3-5 which consisted of avenatides aV7, aV2, aV1, aV8, and aV9. The linkers in avenatide precursors OCH1-5, also known as hinges or connecting peptides between two different avenatide domains, have 13–16 residues and are Asn/Asp-rich (> 20%). The presence of cleavage sites located at the N-terminal Asn-Ala residues of each avenatide domain suggests the involvement of asparaginyl endopeptidases in their bioprocessing to give avenatides aV1-9 with Ala as the N-terminus. Indeed, the predicted and calculated masses from the mass spectrometry of avenatides aV1, aV2, aV4, and aV5, further supported the AEP-mediated cleavage at the Asn-Ala dipeptide site. This finding suggested that the hydrolase activity of AEP could be involved in the release of each avenatide.



Structure of Avenatide aV1 and Biochemical Assay Its Chitin-Binding Activity

Avenatide aV1-aV9 contain a chitin-binding motif similar to other hev-peptides (Figure 2B). To confirm the disulfide connectivity of avenantide, we used NMR spectroscopy to determine the solution structure of avenatide aV1 (PDB: 6M5C). All spin-spin systems of avenatide aV1 were identified, and approximately 98% of the proton resonances were unambiguously assigned. The solution structure of avenatide aV1 was determined based on a total of 260 NMR-derived distance restraints and eight hydrogen bonds. The NMR ensemble of the 10 lowest-energy avenatide aV1 structures was determined (Figure 3A). The RMSD value of the 10 best structures for residues Ser3-Gly9 and Gly18-Thr37 was 1.23 ± 0.26 Å, and for all heavy atoms was 1.68 ± 0.27 Å (Supplementary Tables 1, 2). The structure of avenatide aV1 was well-defined by several medium- and long-range NOEs consisting of two short extended anti-parallel beta-strands (B1: Cys13-Ser15 and B2: Try19-Gly21) (Figure 3B). Avenatide aV1 has cystine-knot disulfide connectivity at its N terminus and an additional disulfide-bonded loop at its C terminus (CysI–CysIV, CysII–CysV, CysIII–CysVI, CysVII–CysVIII). The N and C termini of avenatide aV1 are not close in proximity. Surface topography of the chitin binding site of avenatide aV1 (Ser-15, Trp-17, Tyr-19 and Tyr-26) revealed its similarity to morintide mO1, a hev-peptides isolated from Moringa oleifera (Figure 3C; Kini et al., 2017). Notably, the three conserved aromatic residues, Trp-17, Tyr-19, and Tyr-26 in the avenatide aV1 chitin-binding site, play an essential role in binding to planar chitin monomers (Kini et al., 2015, 2017).
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FIGURE 3. Solution structure of avenatide aV1and comparison of the chitin-binding region with morintide mO1 which belongs to hevein-like domain. (A) Superposition of the avenatide aV1 backbone traces from the final 10 ensemble solution structures and restrained energy minimized structure. (B) Ribbon representation of avenatide aV1 structure. (C) Surface topology comparison of avenatide aV1 (PDB: 6M5C), and morintide mO1 (PDB: 5WUZ). Residues highlighted in purple represent the chitin-binding site. Residues highlighted in blue and red are basic (Arg, His, and Lys) and acidic (Asp, Glu), respectively.


To confirm the chitin-binding activity of avenatides, the representative avenatide aV1 together with the control, the linear S-alkylated aV1, were incubated with chitin beads at 25°C for 1 h. Analysis of the elution profiles by C18 reversed phase high-performance liquid chromatography (RP-HPLC) revealed a complete depletion of avenatide aV1 from the incubation solution, indicating its binding to the chitin beads (Figure 4). Avenatide aV1 binding activity was confirmed by elution with ∼40% 1 M acetic acid at 55°C (Figure 4). In contrast, the linear S-alkylated aV1 was not retained by chitin beads, suggesting that the 3-dimensional structure of the aV1 chitin-binding site is important for its chitin-binding activities.
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FIGURE 4. Comparison of chitin-binding activities of (A) S-alkylated aV1 (iodoacetamido-) and (B) avenatide aV1 (iodoacetamido-) using chitin resins. The supernatants were analyzed by RP-HPLC. (C) Elution profile of avenatide aV1 from chitin resin using 1M acetic acid at 55°C. The supernatants were analyzed by RP-HPLC.




Avenatide aV1 Is Hyperstable

Cysteine-rich peptides cross-linked by multiple disulfides are known for their stability against heat, acid, and proteolytic degradation (Kini et al., 2015, 2017; Loo et al., 2016, 2017, 2021a,b; Wong et al., 2016; Tam et al., 2018; Kam et al., 2019a,b). To investigate the involvement of the disulfide scaffold on the stability of avenatides, we performed peptide degradation assays on folded avenatide aV1 and compared with its linearized S-alkylated form. Our results showed that avenatide aV1 is highly stable against heat-, acid-, endopeptidase- (represented by trypsin), and exopeptidase- (representing by carboxypeptidase A) mediated degradation. In all conditions, >80% of the peptides were retained after treatment, as monitored by RP-HPLC (Figure 5). In contrast, under the same conditions, the linearized S-alkylated avenatide aV1 showed substantial reduced stability, indicating the importance of the cystine-knot scaffold in conferring the hyperstability of avenatides.
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FIGURE 5. Stability comparison of avenatide aV1 and S-alkylated aV1 (iodoacetamido-) under (A) heat (95°C), (B) acid (1M HCl), (C) trypsin, and (D) carboxypeptidase A treatment as analyzed by RP-HPLC (n = 3).




Avenatide aV1 Is an Anti-fungal Peptide

To investigate the anti-fungal activities of avenatide aV1, we performed microbroth dilution assay using four phyto-pathogenic fungal strains of A. alternata, C. lunata, F. oxysporum, and R. solani. A microbroth dilution assay showed that avenatide aV1 has anti-fungal activity against all four fungal strains as evidenced by IC50 values of 239, 74, 53, and 77 μM for A. alternata, C. lunata, F. oxysporum, and R. solani, respectively (Figure 6A). To show that avenatide aV1 inhibits hyphae growth, F. oxysporum fungal spores were treated with different concentrations of avenatide aV1. Microscopic analysis revealed that avenatide aV1 stunted hyphae growth (Figure 6B).
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FIGURE 6. Antifungal assays of avenatide aV1. (A) Fungal inhibition of avenatide aV1 against Fusarium oxysporum, Rhizoctonia solani, Alternaria alternata, and Curvularia lunata. The IC50 was calculated based on the dose-response curve obtained from the micro-broth dilution assay. (B) Bright field microscopy of hyphal growth inhibition with avenatide aV1. F. oxysporum treated with different concentrations of avenatide aV1. Formation of stunted hyphae ends indicated that avenatide aV1 inhibits hyphal growth at the ends of the fungal mycelia.




Length of Interdomain Linkers in Protein Precursors Determine Cleavable- and Non-cleavable Hololectins in Cereals

To understand the difference between endopeptidase-susceptible and -resistant hololectins that give cleavable- and non-cleavable hololectins, we performed a BLAST search of hololectins containing hev-peptide domains using the NCBI and OneKP database (Johnson et al., 2008; Matasci et al., 2014). The search criteria include the presence of an evolutionarily conserved cysteine motif (CXnCXnCCXnCXnC) with a tandemly connecting CC motif at the position of CysIII and CysIV typical of a hev-peptide domain, and a chitin-binding site having a SXXG and GXXXXφ motif at the inter-cysteine loop 3 and 4, respectively (Figure 2). We further refined the search to identify putative AEP-susceptible hololectins based on the presence of Asn/Asp residues in their linkers.

A total of 121 hololectin precursor sequences with 280 hololectin linkers were identified from 44 plant species (Supplementary Figure 22 and Supplementary Tables 3–6). After refinement, 194 putatively AEP-susceptible Asn/Asp-containing linkers of varying length were identified (Figure 7). The Asn/Asp-containing linkers were then sorted based on the number of amino acid residues in their linkers. These Asn/Asp-containing linkers formed two major clusters: long and short linkers. The long-linker cluster, containing 13–18 amino acid residues, are found in 32 hololectin linker members that include oats, with OCH1-5 accounting for 15 out of 32 putatively AEP-cleavable and Asn/Asp-containing linkers (Figures 7, 8). In contrast, the short-linker cluster contains 1–6 amino acid residues from 152 hololectin linker members which include wheat, barley and millet (Figures 7, 8). An interesting observation is that short Asn/Asp-containing linkers, but not the long linkers usually contain positive charge amino acids such as Lys and Arg (Figure 7B).
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FIGURE 7. (A) Comparison of linker length of reported cleavable hololectins (13–18 amino acids) and non-cleavable hololectins (4–6 amino acids). (B) Database search revealed a total of 121 hololectin precursor sequences with 280 hololectin linkers from NCBI and Onekp database. 69.2% are Asn/Asp-containing hololectin linkers that are susceptible to AEP processing. Among these Asn/Asp-containing hololectin linkers, 74.8% are classified as short linkers (<6 amino acids), and 16.5% are long linkers (13–18 amino acids). Short linkers, but not long linkers are rich in positive charge amino acids (e.g., Arg and Lys).
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FIGURE 8. Sequence alignment of AEP-resistant hololectin (e.g., WHEAT_AGI1, P10968; WHEAT_AGI2, P02876; WHEAT_AGI3, XP_037472823.1; BARLEY_AGI, P15312; MILLET_K3YJM9, XP_004972860.1) and putatively AEP-cleavable hololectin OAT_OCH1-5 (e.g., GO581539.1, GO581912.1, GO582252.1, GO583188.1, GO585827.1) precursor sequences from common cereals.





DISCUSSION

Cereals such as wheat, barley, rice, sorghum, and rye are a rich source of hev-hololectins, but not oats. This study provides an explanation to this divergence based on their biosynthesis. In contrast to many cereal-derived hololectins, oats have cleavable hev-hololectin precursors in which the mature domains of their gene products could be processed by an AEP and then released as small subunits in the form of hev-like peptides, avenatide aV1–aV9. A determining factor is found in their interdomain linker. Oat hev-hololectin precursors, such as OCH1-5, contain long, flexible and putatively AEP-susceptible linkers connecting the tandem-repeating hev-like domains. In contrast, most other cereals containing non-cleavable hololectin precursors have short linkers of 1-6 amino acid residues and which are resistant to bioprocessing. Thus, the interdomain linkers of hololectin precursors provide a key to distinguish cleavable from non-cleavable hololectins.

Avenatide aV1–aV9 with 8 Cys residues are 38-39 amino acids in length. They share a very high sequence similarity to each other (>90%) and a conserved chitin-binding site. Indeed, avenatide aV1 differs only 1 to 3 residues from the other seven members, aV2–aV9. Like other hev-peptides, avenatides are Gly-rich. Together, the 39-residue avenatide aV1 contains a total of 17 Cys and Gly residues, accounting for >43% of its amino acid composition. Like other hev-peptides, avenatides possess an evolutionarily conserved cysteine motif (CXnCXnCCXnCXnC) that is arranged in a disulfide-dense cystine-knot framework and a characteristic chitin-binding site as shown in Figure 3 (Rodriguez-Romero et al., 1991; Andersen et al., 1993). Also, like other hev-peptides (Tam et al., 2015; Wong et al., 2016, 2017; Kini et al., 2017; Loo et al., 2021b), avenatide aV1 is antifungal and capable in binding to chitin to inhibit phyto-pathogenic fungal strains. Thus, we can firmly conclude that avenatides belong to the family of hev-peptides based on their size (38–39 amino acids), abundance of glycine and cysteine residues, the presence of the characteristic cysteine motif, and the three essential aromatic amino acid residues which form the chitin-binding site.

The biosynthesis of hev-peptides can be broadly categorized into two major types based on their precursor architectures. The first type (type A) has a three-domain arrangement: a signal peptide, a single hev-peptide domain, and a C-terminal tail which can be short or long (protein-cargo carrying type). Examples of short hev-precursors include morintide mO1 and ginkgotide gB1, both of which contain a short C-terminal tail (<20 amino acids) (Wong et al., 2016; Kini et al., 2017). A subtype of the single-hev-peptide domain precursor is the cargo-carrying hev-peptide precursors with a long C-terminal cargo. Examples are hevein and EeCBP-1 whose precursors are significantly larger, and the C-terminal peptide is a functional protein (Lee et al., 1991; Van den Bergh K. et al., 2002; Van den Bergh K. P. et al., 2002).

The second architectural type (type B) belongs to the multi-modular hev-family in which their mature domains contain 2–7 hev-peptide domains (Figure 9). Type B family contains both precursors that are cleavable and non-cleavable (Loo et al., 2021b). Cleavable hev-hololectins are processed by an endopeptidase to release individual hev-peptide domains as hev-peptides. Examples include chenotides from C. quinoa, Sm-Amp-1 from S. media, and, as demonstrated in this study, avenatides from oats (Slavokhotova et al., 2017; Loo et al., 2021b). The type B precursor architecture, such as avenatide OCH1-5 is hololectin-like (>200 amino acid residues), comprising a signal peptide, four tandem repeats of highly similar hev-peptide domains connected by linkers, and a short C-terminal tail (Wright et al., 1985; Smith and Raikhel, 1989). This precursor architecture and length (>200 amino acid residues) is comparable to the cereal hololectins like WGA, OSA, and phytolacca lectins, all of which contain four hev-peptide domains (Wright et al., 1985; Smith and Raikhel, 1989; Yamaguchi et al., 1995, 1996; Yamaguchi et al., 1997; Zhang et al., 2000). However, the bioprocessing of oat hev-hololectin precursors differs from hololectins such as WGA and OSA, both of which are non-cleavable hev-hololectins. WGA and OSA are expressed as a single-chain multi-modular hev-protein proteoform.
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FIGURE 9. Schematic representation of different architectural types of hev-hololectin. Type 1 proteoforms are endopeptidase-resistant hololectins that are presented as tamdemly hev-domains with short linkers. Endopeptidase-resistant hololectins can be found in wheat, barley and millet. Type 2 proteoforms are cleavable hololectins with long linkers which are presented as singly hev-domain. Putatively AEP-cleavable hololectins with flexible and Asx-rich linkers can be found in oats, and putatively cathepsin-cleavable hololectins with flexible Gly/Ala-rich linker can be found in quinoa.


A prominent feature that distinguishes cleavable from non-cleavable hololectins is the length of their linkers, sequences between two cysteinyl residues of two adjacent hev-peptide domains (Figure 9). Non-cleavable hololectins have short linkers that are generally between 1 and 6 amino acids long. In contrast, cleavable hololectins have long linkers of 13–18 amino acids. The avenatide precursors OCH1-5 have linkers of 13–16 amino acids, similar in length to other cleavable hololectins (e.g., chenotides and Sm-Amp-1). The short linkers in non-cleavable hololectins could be crucial to maintain cooperative inter-domain interactions and to improve overall structural protein stability while preventing cleavage by endopeptidases. Long linkers, on the other hand, are likely to be susceptible to proteolytic cleavage, resulting in releasing individual mature tandem-repeating hev-peptide domains as hev-peptides.

The oat precursors OCH1-5 have long linkers that are rich in Asn and Asp (accounting for ∼23% of the total residues) and are susceptible to proteolytic cleavage by AEPs. Our predicted and calculated mass from mass spectrometry for avenatides aV1, aV2, aV4, and aV5 indicate that their N terminus is Ala and cleavage would occur between the conserved Asn-Ala dipeptide at the N-terminus of avenatide precursors. This finding suggests that the hydrolase activity of AEP could be involved in the release of each avenatide. Hololectins such as WGA, barley hololectin and millet hololectin also have Asn/Asp in their linkers which are short, ranging from 3 to 5 amino acids. Such short linkers could hinder AEP access, and in turn, prevent further processing to render them non-cleavable. Overall, avenatide precursors, with tandem-repeating hev-peptide domains, represent the first example of cleavable hololectins that could be bioprocessed by an AEP. Gene amplification through cleavable hololectin precursors could be an evolutionarily advantageous trait to boost the biosynthetic efficiency of these hev-peptide domains and benefit plant survival and reproduction (Panchy et al., 2016).

As functional foods, oats are less likely to cause celiac disease compared to other members of the cereal family (Rashid et al., 2007). Indeed, cereal lectins such as WGA from wheat and glutens are known to trigger celiac disease because the multivalent carbohydrate-binding properties of WGA promote interactions with sialic acid on surface tissues of the gastrointestinal tracts. Such interactions could result in intestinal inflammation and reduce nutrient absorption (De Punder and Pruimboom, 2013). The absence of hev-hololectins by the gut-friendly oats as a functional food could be a distinguish feature among cereals (Wright et al., 1985; Smith and Raikhel, 1989; Mishra et al., 2019). Furthermore, the combination cleavable precursor architecture and the need for AEP as a processing enzyme could increase the biosynthetic efficiency of hev-peptides in oats to provide an evolutionary advantage for plant survival and reproduction.
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Flower color, largely determined by anthocyanin, is one of the most important ornamental values of Rhododendron delavayi. However, scant information of anthocyanin biosynthesis has been reported in R. delavayi. We found that anthocyanidin 3-O-glycosides were the predominant anthocyanins detected in R. delavayi flowers accounting for 93.68–96.31% of the total anthocyanins during its development, which indicated the key role of flavonoid 3-O-glycosyltransferase (3GT) on R. delavayi flower color formation. Subsequently, based on correlation analysis between anthocyanins accumulation and Rd3GTs expressions during flower development, Rd3GT1 and Rd3GT6 were preliminarily identified as the pivotal 3GT genes involved in the formation of color of R. delavayi flower. Tissue-specific expressions of Rd3GT1 and Rd3GT6 were examined, and their function as 3GT in vivo was confirmed through introducing into Arabidopsis UGT78D2 mutant and Nicotiana tabacum plants. Furthermore, biochemical characterizations showed that both Rd3GT1 and Rd3GT6 could catalyze the addition of UDP-sugar to the 3-OH of anthocyanidin, and preferred UDP-Gal as their sugar donor and cyanidin as the most efficient substrate. This study not only provides insights into the biosynthesis of anthocyanin in R. delavayi, but also makes contribution to understand the mechanisms of its flower color formation.

Keywords: flower color, anthocyanin, flavonoid 3-O-glycosyltransferases, enzyme activity, Rhododendron delavayi


INTRODUCTION

In addition to proteins, fats, and carbohydrates, plants also produce a great deal of additional molecules, which are known as secondary metabolites, including alkaloids, terpenoids, and phenolics (Chuan et al., 2018). Flavonoids, a big cluster of polyphenolic products, occur widely in plants with various biological functions such as pigments, feeding deterrents, antimicrobial agents, chemical messengers, UV protectants, auxins transporters as well as cell cycle inhibitors (Galeotti et al., 2008; Ferreyra et al., 2012). Based on their basic skeleton, flavonoids can be classified into flavonols, flavones, flavanols, flavanones, isoflavones, proanthocyanidins, and anthocyanins (Charles et al., 2010). Among them, anthocyanins are major pigments responsible for the formation of orange, pink, red, purple, and blue colors of many flowers, fruits, and vegetables (Alan et al., 2021; Giuseppe et al., 2021). In addition to this, anthocyanins have also been recognized for their biological benefits on human health. For example, dietary intake of anthocyanin-rich food can reduce the risk of dementia in humans (Commenges et al., 2000). An experimental study on Alzheimer's disease suggests that anthocyanin derivatives may play positive effects on improving cognitive function and neurological resilience (Wang et al., 2008).

The biosynthetic pathway leading to anthocyanin has been well-characterized in many plant species such as Arabidopsis thaliana, Zea mays, and Petunia × hybrid (Winkel-Shirley, 2001; Mandeep et al., 2011; Tohge et al., 2016). Most of the enzymes, including chalcone synthase (CHS), chalcone isomerase (CHI), flavone 3-hydroxylase (F3H), flavonoid 3′-hydroxylase (F3′H), flavonol synthase (FLS), dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase (ANS) related to the biosynthesis of anthocyanin, have been isolated and functionally identified (Sara et al., 2020). But the enzymes involved in the terminal modification (glycosylation, methylation, and acylation) of anthocyanins are less understood, although they are commercially significant for metabolic engineering of flavonoid production (Forkmann and Martens, 2001). Moreover, these modifications can enrich the variety of end products that possess diverse bioactive effects. For instance, over 500 different anthocyanins have been reported in the literature despite the fact that only six chromophore forms (aglycones) existed in anthocyanins. Related studies have also demonstrated that a great part of this diversity is owing to the attachment of different kinds and quantities of sugar moieties at different positions of anthocyanidin, which was called glycosylation (Sonia et al., 2010).

Glycosylation is one of the most extensive modifications that fulfill multifarious functions during plant metabolism, such as an increase in the solubility and stability of acceptor, form glycogen for energy storage, synthesize oligosaccharides at cell surface, detoxify xenobiotics, as well as participate in hormonal homeostasis (Coutinho et al., 2003; Jae et al., 2008). Glycosylation of anthocyanidin is catalyzed by uridine diphosphate glycosyltransferases (UGTs), which transfer a carbohydrate usually from UDP-sugar to a wide range of low-molecular-weight acceptors (Joe et al., 2001). PSPG (Plant Secondary Product Glycosyltransferase) box, a conserved 44-residue motif at C-terminal end, is known as the typical of all UGTs. Several conserved residues in this UGT-defining sequence are found to interact with sugar donor (Gachon et al., 2005; Le et al., 2016). In plant UGTs, UDP-glucose is regarded as the most favored sugar donor, while other similar UDP-sugars, including UDP-galactose, UDP-rhamnose, UDP-xylose, and UDP-arabinose, are also encountered (Yun et al., 2020). The sugar donor preference of UGTs is promiscuous, for example, UGTs from Vitis Vinifera and Fragaria×ananassa can only use UDP-glucose, UCGalT1 from Daucus carota L. accepts UDP-galactose only, but 3GT from Scutellaria baicalensis transfers at least four kinds of sugars to flavonoids (Christopher et al., 1998; Markus et al., 2008; Zhi-Sheng et al., 2016; Kai et al., 2018; Zilong et al., 2019). At the same time, crystal structures and specific mutagenesis analysis have proved that the last residue in the PSPG box, Arg350, as well as amino acid residues forming hydrogen bonds all play a decisive role on the sugar donor specificity. No conserved amino acid residues have been identified as the general determinants of sugar donor specificity of UGTs (Modolo et al., 2007; Yun et al., 2020).

In addition, glycosyltransferases also have selective substrate specificities as well as regiospecificity. For instance, flavonoid 3-O-glycosyltransferases from Arabidopsis and petunia can traffic sugar donors only to 3-position of flavonols and anthocyanidins, respectively (Mami et al., 2002; Takayuki et al., 2005). Meanwhile, based on the regiospecificity for substrates, glycosyltransferases can be divided into flavonoid 3-O-glycosyltransferases, flavonoid 5-O-glycosyltransferases, flavonoid 7-O-glycosyltransferases, and so on (Zhao et al., 2012). Of these glycosyltransferases, flavonoid 3-O-glycosyltransferases are the ones that are best-studied, as flavonoid 3-O-glycosides are the most popular phenolic compounds in plants. The gene encoding flavonoid 3-O-glycosyltransferase was first isolated in maize and later characterized at the molecular level in many other plant species (Ralston et al., 1988; Katayama-Ikegami et al., 2020). But for the catalytic mechanism of 3GT, there are still many unsolved problems. Therefore, characterization and mechanistic study of 3GTs from more different plants would help to resolve this complex task.

Rhododendron delavayi (R. delavayi) is one of the most famous flowering shrubs. Because of colorful flowers and high horticultural values, it has been widely used in landscape greening (Zhang et al., 2017). Nevertheless, the key enzyme, flavonoid 3-O-glycosyltransferase critical for flower color formation, has not been cloned and characterized from R. delavayi (Yuan et al., 2021). In the current study, anthocyanins were first identified and quantified at five flower developmental stages, and the anthocyanin biosynthetic pathway in R. delavayi flowers was drawn based on these results (Figure 1). Meanwhile, quantitative results showed that anthocyanidin 3-O-glycoside was the most abundant during flower development, which accounted for 93.68–96.31% of the total anthocyanins, indicating the importance of Rd3GTs for R. delavayi flower color formation. Thus, we analyzed the transcriptome data of R. delavayi to search for Rd3GTs, and six genes with complete open reading frames (ORFs) were obtained. Then, according to the correlation analysis between the anthocyanin accumulation and expression profiles of Rd3GTs at different flower developmental stages, two Rd3GT genes (Rd3GT1 and Rd3GT6), which may play a vital role in flower anthocyanin accumulation, were selected and further functionally characterized. Temporal and spatial expressions of Rd3GT1 and Rd3GT6 were detected and their potential roles in planta were examined via introducing into Arabidopsis UGT78D2 mutant and Nicotiana tabacum plants. Furthermore, biochemical properties of Rd3GT1 and Rd3GT6 proteins were also confirmed. The results displayed that both flavonoid 3-O-glycosyltransferases performed the crucial roles on flower color formation as well as anthocyanin biosynthesis in R. delavayi. To our knowledge, this is the first report of the characterization of flavonoid 3-O-glycosyltransferase in R. delavayi and the results will not only provide new insights into the biosynthesis of anthocyanin in R. delavayi but also contribute to the further study of UTGs sugar donor preference and structure.
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FIGURE 1. Anthocyanin component analyses in R. delavayi flower. (A) The phenotypes of different development stage. (B) Total anthocyanin profile at different developmental stages. (C) HPLC profiles of anthocyanin. A1, delphinidin 3-O-galacoside; A2, cyanidin 3-O-galacoside; A3, delphinidin rhamnoside; A4, cyanidin 3-O-glucoside; A5, cyanidin 3-O-arabinoside; A6/A7/A8, other cyanidin derivatives. (D) The contents of different anthocyanin at five developmental stages.




MATERIALS AND METHODS


Plant Materials

R. delavayi plants were cultivated in the experimental field of National Forest Garden of GuiZhou Province, China. The roots, leaves, petals, pistils, stamens, toruses, scapes, and developing flowers (stages 1–5) were collected. Wild-type Arabidopsis (Arabidopsis thaliana) and T-DNA insertion mutant (UGT78D2) were purchased from the Nottingham Arabidopsis Stock Center (NASC) and maintained in a long day condition (16 h light/8 h dark photoperiod). For RT-PCR and anthocyanin analysis, Arabidopsis seedlings were harvested at 7 days after germination on 1/2 MS medium containing 3% sucrose (anthocyanin induction medium). Nicotiana tabacum plants used for transformation were grown in a glasshouse at 22°C with a 12 h light/12 h dark photoperiod, and full-blooming flowers of T1 transgenic Nicotiana tabacum were sampled for further analysis. All samples mentioned above were frozen immediately in liquid nitrogen, and kept at −80°C until further use.



Chemicals

UDP-glucose, UDP-galactose, UDP-rhamnose, UDP-arabinose, cyanidin, delphinidin, and malvidin were purchased from Sigma-Aldrich (USA), and pelargonidin, petunidin, peonidin, cyanidin 3-O-glucoside, delphinidin 3-O-glucoside, pelargonidin 3-O-glucoside, malvidin 3-O-glucoside, petunidin 3-O-glucoside, and peonidin 3-O-glucoside were obtained from Phytolab (Germany).



Detection of Anthocyanins

The extraction and detection of anthocyanins were conducted as previously described (Sun et al., 2016). Briefly, 0.3 g freeze-dried flowers of R. delavayi were pulverized in liquid nitrogen and extracted with H2O: MeOH: HCl (75/24/1v/v/v) overnight at 4°C in darkness. After centrifugation, the extracts were filtered (with 0.22 μm microporous membrane) and separated by an HPLC system (Shimadzu) equipped with an ACCHROM XUnion C18 column (250 mm × 4.6 mm, 5 μm). The absorbance of anthocyanin pigments was monitored at 520 nm, and the flow rate was 1 ml/min. Then, the mobile phase A (5% formic acid in H2O) and B (methanol) worked as follows: 0–10 min, 14–17% B; 10–35 min, 17–23% B; 35–60 min, 23–47% B; 60–67 min, 47–14% B; 67–70 min, 14% B. According to the procedures depicted by Sun et al. (2015) mass spectrometer was selected for qualitative analysis (Sun et al., 2015). The contents of anthocyanin in each sample were calculated via the external standard calibration of cyanidin 3-O-glucoside standards (Fanali et al., 2011). The calibration curves used were linear (R2 > 0.99) and the concentration ranges were 5–1,000 μg/ml. Mean values were obtained from three biological replicates per sample.



Expression Profiles of Rd3GTs Using Real-Time PCR

Total RNA for real-time PCR was extracted from flowers and other vegetative tissues of R. delavayi using RNA pure Plant Kit (CWBIO, China). Synthesis of first strand cDNA from 1 μg total RNA was performed using oligo (dT) and M-MLV reverse transcriptase (Takara, Japan). Then, real-time detection was conducted by using BioRad CFX96 Real-Time PCR System (BIO-RAD, Hercules, CA, USA) and TransStart® Green qPCR SuperMix (TRANSGEN, China) with primers designed based on sequence information from transcriptome analysis performed previously (Supplementary Table 1). Amplification of RdActin under the identical conditions was carried out to normalize the levels of Rd3GTs as follows: 60 s at 95°C, followed by 40 cycles of 5 s at 95°C and 60 s at 60°C. Each sample was carried out in three biological replicates, and the relative expression levels of target genes were calculated by formula 2−ΔΔCt. Meanwhile, the specific amplification of each gene was confirmed by melting curve analysis and agarose gel electrophoresis.



Cloning of Rd3GT Candidate Genes

According to the methods mentioned above, cDNAs synthesized from flower of R. delavayi were used as PCR templates. Specific primers obtained from the assembled transcriptomic information (Supplementary Table 1) were used to clone the full-length coding sequence of Rd3GT1 and Rd3GT6. After PCR amplification, the products were sub-cloned into the T/A cloning vector pMD18-T (Takara, Japan), and transformed into Escherichia coli JM109 competent cells. After positive screening, the correct recombinant clone was verified by sequencing.



Sequence Alignment and Phylogenetic Analysis

Alignment of amino acid sequences was carried out by using the DNAMAN 6.0 software. The multiple sequence alignment was performed through using Clustal Omega. Based on this alignment, a phylogenetic tree was drawn using MEGA5.1 with neighbor-joining method and 1,000 bootstrap replicates.



Plant Transformation

For ectopic expression of Rd3GTs in Arabidopsis and Nicotiana tabacum, their full-length CDS were amplified from the pMD18-T vector and inserted into the binary vector pBI121 digested with Xba I and BamH I, generating the pBI121-Rd3GTs overexpression constructs. Then, the resulting constructs were confirmed by sequencing and introduced into Agrobacterium tumefaciens strain GV3101 for Arabidopsis and Nicotiana tabacum transformation. Subsequently, inflorescences of Arabidopsis mutant (UGT78D2) were transformed via floral dip method, as described by Clough (Clough and Bent, 1998). The harvested seeds were selected on 1/2 MS medium supplemented with 50 mg/l kanamycin to set T1 seeds. After growing the seeds on anthocyanin induction media (1/2 MS medium containing 3% sucrose) for 7 days, the T2 transgenic seedlings were collected and used for molecular and anthocyanin analysis. At the same time, Nicotiana tabacum transformation was also performed according to the method previously depicted by Sparkes (Sparkes et al., 2006). Through resistant selection, T1 transgenic Nicotiana tabacum seedlings were obtained and cultured in green house, and after flowering, their full-blooming flowers were used for sample collection and later on analysis. For confirming the expressions of Rd3GTs, RT-PCR analysis was conducted both in Arabidopsis and Nicotiana tabacum. Furthermore, total anthocyanin concentration in T2 transgenic Arabidopsis seedlings and T1 transgenic Nicotiana tabacum flowers was determined using the method described above with three biological replicates.



Expression and Purification of Rd3GTs Proteins

The full-length CDS of Rd3GT1 and Rd3GT6 was introduced into the EcoR I/EcoR I and BamH I/Hind III site of pET32a (+) expression vector, respectively, and transformed into E. coli strain BL21 (DE3). On the second day, transformed E. coli expressing the recombinant Rd3GTs protein was cultured in liquid Luria-Bertani (LB) medium at 37°C till the value of OD600 of 0.6 was reached; after that, the cultures were induced several times for 36 and 48 h at 15°C through adding 0.2 mM of isopropyl-β-d-thiogalactopyranoside (IPTG). The cells were then collected by centrifugation (5,000 rpm, 10 min, 4°C) and suspended in phosphate-buffered saline without protein inhibitor (PBS, pH 7.4). After sonication in ice, the cell debris was removed and filtered with a 0.45 μm filter (Millipore). Next, the supernatant which contained soluble recombinant protein was purified via Ni-NTA pre-packed column (TransGen, China) and its purity was checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The concentration of recombinant Rd3GTs protein was measured by NanoDrop 1,000 Spectrophotometer (Thermo scientific, Waltham, MA, USA).



Enzyme Assays

In vitro enzymatic activity of Rd3GT1 and Rd3GT6 was tested by using cyanidin and UDP-Glu as substrates. The assay reaction was carried out at 30°C for 5 min in a final volume of 200 μl containing 20–30 μl purified Rd3GT1 and Rd3GT6 protein, 100 mM potassium phosphate buffer (pH 8.0), 10 mM UDP-glucose, and 100 μM cyanidin. After quenching by adding 5% HCl (50 μl), the reaction mixture was centrifuged (12,000 rpm, 5 min, 4°C) and analyzed by HPLC using the method described above in “Detection of Anthocyanins”; then, the corresponding glucosylation product was confirmed by comparing it with the standard. Meanwhile, the protein extracted from BL21 (DE3) cells that express empty pET-32a (+) vectors was always used as a negative control. For determination, the substrate specificity of recombinant Rd3GT1 and Rd3GT6, delphinidin, pelargonidin, petunidin, peonidin, and malvidin was selected as acceptors using UDP-glucose as a donor. In addition, 10 mM UDP-galactose, UDP-rhamnose, and UDP-arabinose were also used to examine the specificity of sugar donors.



Statistical Analysis

Correlation analysis was carried out via calculating pairwise Pearson correlations between each Rd3GT gene and anthocyanin. p < 0.05 was taken as statistically significant by Student's t-test.




RESULTS


Anthocyanin Profiling in Developing Flower

To uncover the detailed biochemical basis of the red color of R. delavayi flower, its anthocyanin profiles were identified and quantified during flower development by using HPLC (Figure 1A). The results showed that a total of eight peaks (A1–A8) were identified in flowers (Figure 1B). These eight peaks were then confirmed as delphinidin 3-O-galacoside, cyanidin 3-O-galacoside, delphinidin rhamnoside, cyanidin 3-O-glucoside, cyanidin 3-O-arabinoside, and cyanidin derivatives according to the MS analysis (Table 1). But pelargonidin glycosides, one kind of the basic anthocyanin, were not detected in R. delavayi flower. To correlate anthocyanin accumulation with gene expression, anthocyanin contents in five developmental stages of R. delavayi flower were determined. During flower development, anthocyanin accumulations declined gradually from stage 1 to stage 3 and raised at stage 4 with the minimum levels at stage 5 (Figure 1C). Interestingly, among different anthocyanins, anthocyanidin 3-O-glycoside was used most of the times, which accounted for 93.68–96.31% of the total anthocyanins (Figure 1D).


Table 1. The anthocyanin profiles in acidic MeOH-H2O extracts of the R. delavayi.
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Selection of Candidate Rd3GTs From Flowers of R. delavayi

On the basis of transcriptome data of different tissues of R. delavayi, a total of six potential 3GT genes were identified through blastn alignment with reference genes from proximal species and Arabidopsis. To confirm the key 3GT genes related to the biosynthesis of anthocyanins in R. delavayi flowers, we performed the expression analysis of these genes during flower development. As shown in Figure 2, transcript abundance of Rd3GT1 (R2 = 0.8785) decreased from stage 1 to stage 2, followed by a raised transcript level to stage 5, and thus exhibited a negative correlation to the accumulation patterns of anthocyanin in R. delavayi flowers. For Rd3GT6, its transcripts (R2 = 0.9526) declined from stage 1 to stage 3, and significantly upregulated at stage 4 with minimum transcript levels noted at stages 5, which perfectly correlated with the anthocyanin accumulation profiles in R. delavayi flowers. But for Rd3GT7 (R2 = 0.0297), Rd3GT9 (R2 = 0.0765), Rd3GT11 (R2 = 0.1002), and Rd3GT12 (R2 = 0.0003), there was a weak or nearly no correlation between their expressions and anthocyanin accumulations. Therefore, Rd3GT1 and Rd3GT6 were preliminarily identified as the key 3GT genes involved in the formation of R. delavayi flower color and selected for further functional characterization.


[image: Figure 2]
FIGURE 2. Expression profiles of Rd3GTs during flower development (A) and Pearson's correlation coefficient between Rd3GTs transcript levels and anthocyanin contents in R. delavayi flower (B). 1–5 represent the flowers of different developmental stages.




Sequence and Phylogenetic Analyses

Based on sequence information of transcriptome data, the coding region sequences of Rd3GT1 and Rd3GT6 were successfully cloned from flower of R. delavayi. The ORFs of Rd3GT1 and Rd3GT6 were 1,395 and 1,365 bp long encoding 464 and 454 amino acids residues, respectively. Multiple sequence alignment of Rd3GT1 and Rd3GT6 with UGT78G1 (flavonoid 3-O-glucosyltransferase from Medicago truncatula, A6XNC6) and UGT78D2 (flavonoid 3-O-glucosyltransferase from Arabidopsis thaliana, NM_121711.5) revealed that both Rd3GTs carried the conserved 44-residue C terminal PSPG signature motif, and the last residue within this motif was histidine (Figure 3A). Next, a neighbor-joining phylogenetic tree of plant flavonoid UGTs was constructed, and three major clusters, which exhibited activities specific toward 3-OH, 5-OH, and 7-OH glycosylation, were recognized. Rd3GT1 and Rd3GT6 were grouped with 3-OH cluster implying that these two glucosyltransferases might belong to flavonoid 3-O-glycosyltransferase and glycosylate at the 3-OH of flavonoid substrates (Figure 3B).


[image: Figure 3]
FIGURE 3. Sequence alignment and phylogenetic analyses of Rd3GT1 and Rd3GT6. (A) Sequence alignment of Rd3GT1 and Rd3GT6 with UGT78D2 (Arabidopsis thaliana, NM_121711.5) and UGT78G1 (Medicago sativa, A6XNC6). The PSPG motif that interacts with the sugar donor is underlined. (B) Phylogenetic analyses of the deduced amino acids of Rd3GT1 and Rd3GT6 and UFGTs from different plant species. GenBank accession numbers are as follows: VvFd3GT (Vitis vinifera AAB81683), Vl3GT (Vitis labrusca ABR24135), Mt3GT (Medicago truncatula XP_003610163), At3GT (Arabidopsis thaliana, NM_121711.5), Gt3GT (Gentiana triflora Q96493.1), Ph3GT (Petunia hybrida AB027454), Sm3GT (Solanum melongena Q43641), Zm3GT (Zea mays CAA31856), Hv3GT (Hordeum vulgare CAA33729), Ih3GT (Iris hollandica BAD83701), Fh3GT1 (Fressia hybrida ADK75021.1), Ih5GT (Iris hollandica BAD06874), Gt5GT (Gentiana triflora BAG32255), At5GT (Arabidopsis thaliana NP_193146), Pf5GT (Perilla frutescens BAA36421), Th5GT (Torenia hybrid BAC54093), Ph5GT (Petunia hybrida AB027455), Vh5GT (Verbena hybrida AB076698), Sb7GT (Scutellaria baicalensis BAA83484), At73B2 (Arabidopsis thaliana NM_179161.2), At73C6 (Arabidopsis thaliana NM_129234.2), Ac73G1 (Allium cepa AAP88406), GmIsoflv7GT (Glycine max ABB85236.1). Rd3GT1 and Rd3GT6 are highlighted in red stars.




Expression Analysis of Rd3GTs

Transcript levels of Rd3GT1 and Rd3GT6 were also determined in different R. delavayi organs by real-time qRT-PCR. As shown in Figure 4, Rd3GT1 and Rd3GT6 transcripts were detected in all organs tested, and their expressions were tissue specific. Accordingly, both Rd3GT1 and Rd3GT6 were most highly expressed in leaves where anthocyanins were barely detected (Supplementary Figure 4), and exhibited relatively lower expressions in pistil. Nevertheless, expression analysis during flower development displayed that the mRNA levels of Rd3GT1 and Rd3GT6 were dependent on flower development, and significantly correlated with the accumulation of anthocyanin. Taken together, this integrative expression analysis suggests that Rd3GT1 and Rd3GT6 may participate in not only the anthocyanin but also other flavonoid glycoside biosynthesis in R. delavayi.


[image: Figure 4]
FIGURE 4. Expression profiles of Rd3GT1 and Rd3GT6 in different tissues of R. delavayi. Pe, petals; To, toruses; Sc, scapes; Pi, pistils; St, stamens; Ro, roots; Le, leaves.




Functional Identification of Rd3GTs in Planta

To investigate the function of Rd3GT1 and Rd3GT6 in vivo, these two genes were overexpressed in the Arabidopsis mutant (UGT78D2), which failed to generate anthocyanin pigments in their cotyledon and hypocotyls. After resistance selection, seeds of the wild-type, UGT78D2 mutant, and T2 transgenic plants were germinated and inductively cultured on 1/2 MS medium with 3% sucrose. As present in Figure 5A, the seedlings of UGT78D2 mutant exhibited purple coloration while overexpressing Rd3GT1 and Rd3GT6, although the mutant transformed with empty vector was still green (Supplementary Figure 5). Meanwhile, RT-PCR analysis was conducted for further confirming the expression of Rd3GTs in transgenic lines, and amplicons of expected size, which were absent in wild type and mutant were observed in transgenic plants (Figure 5C). In addition, extracted anthocyanin metabolites from the abovementioned seedlings were also analyzed by HPLC and HPLC-MS to determine the contents and kinds of individual anthocyanin (Supplementary Table 2). The results revealed that both Rd3GT1 and Rd3GT6 could restore the anthocyanin peaks (peak 1, 3, and 4) that lacked UGT78D2 mutant (Figure 5D), and showed higher anthocyanin contents than that in wild-type as well as UGT78D2 mutant (Figure 5B). Overall, these results confirmed that both Rd3GT1 and Rd3GT6 encode functional UF3GT protein that participated in the biosynthesis of anthocyanin in Arabidopsis.


[image: Figure 5]
FIGURE 5. Complementation of the pigmentation of UGT78D2 mutant seedlings with Rd3GT1 and Rd3GT6. (A) Phenotypes of wild-type, mutant, and transgenic Arabidopsis seedlings. (B) Contents of anthocyanins in Arabidopsis seedlings. (C) Expressional analysis of Rd3GT1 and Rd3GT6 by reverse transcription polymerase chain reaction. (D) HPLC analyses of anthocyanins in Arabidopsis seedlings. Data correspond to means of three biological replicates. Asterisks indicate significant differences between means of mutant and wild-type as well as transgenic plants calculated by Student's t-test (***p < 0.001).


To further check the potential effect of Rd3GT1and Rd3GT6 on plant flowers, a total of 24 transgenic tobacco plants overexpressing Rd3GT1 and Rd3GT6 were generated. Then, two independent transgenic lines were analyzed for each gene, and RT-PCR analysis was used to confirm the overexpression of Rd3GT1 and Rd3GT6 (Figure 6C). As shown in Figure 6A, flower color of transgenic plants was darker than the control. Next, for examining this color change in detail, anthocyanin was extracted from the corollas of transgenic lines and quantified using HPLC (Figure 6D). The results showed that anthocyanin levels in flowers of transgenic tobacco were all higher than those in wild type (Figure 6B). Simultaneously, the kinds of anthocyanin in transgenic flower were unexpectedly increased from 2 to 5 (Figure 6D), and these anthocyanins were subsequently identified as cyanidin 3-O-rutinoside 5-O-glucoside, cyanidin 3-O-arabinoside, cyanidin 3-O-rutinoside, cyanidin 3-O-xyloside, and cyanidin 3-O-(6-O-malonyl-beta-D-glucoside), respectively (Table 2). Thus, combining all these results, it becomes clear that the enzymes encoded by Rd3GT1 and Rd3GT6 can effectively increase the contents and kinds of anthocyanin in transgenic tobacco flower.


[image: Figure 6]
FIGURE 6. Effect of Rd3GT1 and Rd3GT6 on anthocyanin accumulation in transgenic tobacco flowers. (A) Tobacco flowers of wild-type and transgenic lines. (B) Contents of anthocyanin accumulation in transgenic tobacco flowers with HPLC. (C) Expression confirmation of Rd3GT1 and Rd3GT6 in flowers of transgenic tobacco. (D) HPLC analyses of anthocyanins in transgenic tobacco flowers. 1, Cyanidin 3-O-rutinoside 5-O-glucoside; 2, Cyanidin 3-O-arabinoside; 3, Cyanidin 3-O-rutinoside; 4, Cyanidin 3-O-xyloside; 5, Cyanidin 3-O-(6-O-malonyl-beta-D-glucoside). Results correspond to means from three biological replicates. Asterisks indicate significant differences between means of wild-type and transgenic plants calculated by Student's t-test (**p < 0.01); ***p < 0.001.



Table 2. HPLC-ESI-MS analysis of anthocyanin extracts of Rd3GTs over-expressing transgenic tobacco flowers.

[image: Table 2]



Biochemical Characterization of Rd3GTs

The coding regions of Rd3GT1and Rd3GT6 were cloned into pET-32a (+) vector, and introduced into an E. coli BL21 (DE3) strain. The recombinant soluble proteins of Rd3GTs were purified by Ni-NTA pre-packed column and analyzed by SDS-PAGE (Supplementary Figure 1). The function of Rd3GT1 and Rd3GT6 was characterized using cyanidin as the substrate and UDP-glucose as the sugar donor. HPLC analysis identified that both Rd3GTs could catalyze the transfer of glucose to the 3-OH of cyanidin via comparing it with the reference standard. The recombinant protein extracted from E. coli BL21 expressing the empty vector could not glucosylate cyanidin (Figure 7A). Then, the reaction conditions for Rd3GTs were optimized, and both Rd3GTs exhibited their maximum activity at pH 8.0 and 30°C, which has been applied in the analysis of most plant UFGTs (Masayuki et al., 2000; Kim et al., 2006).


[image: Figure 7]
FIGURE 7. HPLC profiles of Rd3GT1 and Rd3GT6 reaction products with UDP-Glu and different anthocyanidin. (A) Cyanidin. P1/P5/S1, cyanidin 3-O-glucoside; P2, cyanidin 4'-O-glucoside, (B) Delphinidin. P3/P6/S2, delphinidin 3-O-glucoside; P4, delphinidin 4'-O-glucoside, (C) Pelargonidin. P7/S3, pelargonidin 3-O-glucoside, (D) Peonidin. P8/S4, peonidin 3-O-glucoside, (E) Petunidin. P9/S5, petunidin 3-O-glucoside, and (F) Malvinidin. P10/S6, malvinidin 3-O-glucoside. Cya-3-O-G, cyanidin 3-O-glucoside; Del-3-O-G, delphinidin 3-O-glucoside; Pel-3-O-G, pelargonidin 3-O-glucoside; Peo-3-O-G, peonidin 3-O-glucoside; Pet-3-O-G, petunidin 3-O-glucoside; Mal-3-O-G, malvinidin 3-O-glucoside.


To explore the substrate specificity of Rd3GTs, six anthocyanidin compounds were tested using UDP-glucose (UDP-Glu) as the sugar donor. Rd3GT1 showed the highest conversion rates for delphinidin, whereas pelargonidin, peonidin, and petunidin could not be accepted by it. However, Rd3GT6 was able to glucosylate five anthocyanidins except for malvinidin, and cyanidin exhibited the highest glucosylation rate, which was higher than that of Rd3GT1 toward delphinidin (Supplementary Table 3). Furthermore, HPLC analysis of Rd3GT6 reaction products showed that additional products (P2 and P4) were generated in the reaction of cyanidin and delphinidin (Figures 7A,B). The retention time of P1 and P3 was similar to the authentic cyanidin 3-O-glucoside and delphinidin 3-O-glucoside. Evidently, they were cyanidin 3-O-glucoside and delphinidin 3-O-glucoside, respectively. Then, HPLC-ESI-MS results demonstrated that the molecular weights of P1 and P2 were indistinguishable, indicating that only one UDP-glucose had been transferred to P2. It was reported that hypsochromic shift of UV spectra between Rd3GT6 products and substrates could be used to confirm the regiospecificity of Rd3GT6. Glycosylation at both 3-OH and 4'-OH would produce a hypsochromic shift, while at 7-OH, it does not display any effect (Thomas et al., 1997; Kramer et al., 2003). Therefore, the results suggested that P2 was likely to be cyanidin 4'-O-glucoside, and P4 was likely to be delphinidin 4'-O-glucoside based on hypsochromic shift (Supplementary Table 4).

To further explore the sugar donor specificity of Rd3GTs, we tested three other donors, that is, UDP-galactose (UDP-Gal), UDP-rhamnose (UDP-Rha), and UDP-arabinose (UDP-Ara). Surprisingly, Rd3GT6 exhibited high sugar donor promiscuity when catalyzing cyanidin, whereas Rd3GT1 did not, because it could not transfer UDP-Rha and UDP-Ara (Supplementary Tables 5, 6). In the presence of UDP-Gal, both Rd3GT1 and Rd3GT6 were able to efficiently glycosylate all the anthocyanidin substrates (Figure 8A). And with regard to UDP-Rha, Rd3GT6 could catalyze the glycosylation of cyanidin as well as delphinidin and showed relatively higher glycosylation rates toward delphinidin (Supplementary Table 6). For the catalytic reaction of UDP-Rha, Rd3GT6 produced four products (P1–P4), and all these products were identified as mono-O-glycosides through HPLC-ESI-MS analysis; thus, P1, P3 and P2, P4 were tentatively characterized as 3-O-rhamnoside and 4'-O-rhamnoside by the hypsochromic shift (Figure 8B; Supplementary Table 7). As shown in Supplementary Figure 3, only cyanidin could accept UDP-Ara at conversion rates of 5.96%.


[image: Figure 8]
FIGURE 8. Relative activity of Rd3GT1 and Rd3GT6 toward several substrates and sugar donor. (A) Relative activity of Rd3GT1 and Rd3GT6 toward UDP- Gal and six anthocyanidins. The relative activity was calculated by Rd3GT1 activity toward delphinidin as 100%. Cya, cyanidin; Del, delphinidin; Pel, pelargonidin; Peo, peonidin; Pet, petunidin; Mal, malvinidin. (B) HPLC profiles of Rd3GT6 reaction products with UDP-Rha and cyanidin/delphinidin. P1, cyanidin 3-O-rhamnoside; P2, cyanidin 4'-O-rhamnoside; P3, delphinidin 3-O-rhamnoside; P4, delphinidin 4'-O-rhamnoside.





DISCUSSION

Combining tissue-specific expressions with an analysis of metabolites has been specifically proven as an efficient method to identify the function of gene. In this study, we first conducted the analysis of anthocyanin in developing flowers of R. delavayi, and according to the anthocyanins detected in flowers, biosynthetic pathway of anthocyanin in R. delavayi was proposed (Figure 9). As summarized in Table 1, only cyanidin and delphinidin aglycons accumulated in R. delavayi, while pelargonidin derivatives were undetectable. This result was in accordance with the study of grape hyacinth and Cymbidium (Johnson et al., 2010; Hongli et al., 2019), where absence of Pg-type anthocyanin was due to the DFR inability to reduce dihydrokaempferol (DHK). In support of this, we recently demonstrated that DFR1 of R. delavayi also could not catalyze DHK to form pelargonidin (Wei et al., 2021). On the contrary, quantitative analysis of anthocyanins showed that the level of anthocyanin gradually decreased during flower development, and anthocyanidin 3-O-glycoside always accounted for more than 93% at any developmental stage (Figure 1D). Thus, the occurrence of the large proportions of anthocyanidin 3-O-glycosides implies that flavonoid 3-O-glycosyltransferase must be crucial for R. delavayi flower color formation.


[image: Figure 9]
FIGURE 9. Proposed pathway leading to anthocyanin biosynthesis in the flowers of R. delavayi.


After correlation analysis between anthocyanin accumulations and Rd3GTs expressions, Rd3GT1 and Rd3GT6 were preliminarily defined as the pivotal 3GT genes for anthocyanin formation in R. delavayi flowers (Figure 2B). Hence, their CDSs were successfully isolated from R. delavayi flowers, and phylogenetic analysis revealed that they were grouped into flavonoid 3-O-glycosyltransferase clade, which hinted the involvement of Rd3GT1 and Rd3GT6 in the 3-O-glycosylation of anthocyanidin in flowers of R. delavayi (Figure 3B). At the same time, multiple sequence alignment showed that these two Rd3GTs carried the typical PSPG sequence motif at the C terminal end, and their final amino acid residue within this motif was histidine (Figure 3A), which means that Rd3GT1 and Rd3GT6 are more likely to be galactosyltransferases (Akiko et al., 2004). Transcript analysis displayed that expressions of Rd3GT1 and Rd3GT6 were developmentally regulated. And among all Rd3GTs, Rd3GT6 exhibited the strongest correlation with the accumulation of anthocyanins (Figure 2B), indicating that Rd3GT6 might play a key role in anthocyanin biosynthesis during flower development. In addition, both Rd3GT1 and Rd3GT6 were also expressed in all the examined tissues, and not just the samples having anthocyanin (Figure 4). This expression profile is similar to ANL1 of Arabidopsis (Kubo et al., 2004) and suggests that Rd3GT1 and Rd3GT6 perhaps glycosylate not only anthocyanidin but also other flavonoids.

Transfer of Rd3GT1 and Rd3GT6 into Arabidopsis UGT78D2 mutant successfully restored the biosynthesis of anthocyanins in their cotyledons and hypocotyls (Figure 5A), which confirmed the functions of Rd3GT1 and Rd3GT6 as 3GT in planta. Similarly, 3GT genes from black soybean and Freesia overexpressed in UGT78D2 mutants also obtained the same results, hinting that 3GT proteins that take part in the biosynthesis of anthocynins are functionally exchangeable among diverse plants (Kovinich et al., 2010; Sun et al., 2016). Moreover, as shown in Figure 5D, pelargonidin derivatives (corresponding peak 3, Supplementary Table 2) which were absent in R. delavayi were detected in transgenic Arabidopsis; this observation suggests that both Rd3GT1 and Rd3GT6 could utilize pelargonidin as a substrate in Arabidopsis. For further investigating the potential role of Rd3GT1 and Rd3GT6 that participated in flower color development, they were introduced into tobacco plants. Comparing them to the wild type, transgenic tobacco plants expressing Rd3GT1 and Rd3GT6 generated deeper pink flowers (Figure 6A), and this alike phenomenon had also been observed in Litchi chinensis (Xiao et al., 2016). But surprisingly, introduction of Rd3GT1 and Rd3GT6 in tobacco synchronously led to the production of three novel anthocyanins in flowers, including cyanidin 3-O-rutinoside 5-O-glucoside, cyanidin 3-O-arabinoside, and cyanidin 3-O-xyloside (Table 2). Therefore, the abovementioned results apparently demonstrate that Rd3GT1 and Rd3GT6 are necessary for R. delavayi flower color development and can serve as useful molecular tools to improve the kinds of anthocyanin in plants.

Previously, it was reported that UGTs could recognize several different sugar donors, including UDP-Glu, UDP-Gal, UDP-Rha, UDP-Ara, UDP-Xyl, UDP-GlcUA, and so on. Of these donors, UDP-Glu is regarded as the most common sugar donor in plants (Sarah et al., 2008). Here, based on the kinds of anthocyanins detected in R. delavayi (Table 1), UDP-Glu, UDP-Gal, UDP-Rha, and UDP-Ara were selected to examine the UDP-sugar donor specificity of Rd3GT1 and Rd3GT6. As shown in Supplementary Tables 5, 6, both Rd3GT1 and Rd3GT6 could catalyze the addition of UDP-Glu and UDP-Gal to anthocyanidin, and the glycosylation rates toward UDP-Gal are much higher than that toward UDP-Glu. These results demonstrate that Rd3GT1 and Rd3GT6 prefer UDP-Gal as their sugar donors, which are congruent with the discovery that the last amino acid of their PSPG box is histidine (Akiko et al., 2004). But at the same time, the use of UDP-Glu as a sugar donor implies that sugar donor recognition is very complex, and both multiple amino acids and other structural features are responsible for the determination of sugar specificity (Yonekura-Sakakibara et al., 2007). In addition, Rd3GT6 also showed glycosylation activity to cyanidin and delphinidin when UDP-Rha and UDP-Ara act as sugar donors, but Rd3GT1 could not. This suggests that Rd3GT6 fulfills a much important role on determining the diversity of anthocyanins in R. delavayi flowers, which is consistent with its expression analysis. Meanwhile, it is interesting to note that when we use cyanidin and delphinidin as substrates, UDP-Glu and UDP-Rha act as sugar donors; apart from anthocyanidin 3-O-glycoside, anthocyanidin 4'-O-glycoside was also produced (Figures 7, 8). It has been reported that the presence of 3'-OH in acceptor molecules will influence the regiospecificity of glycosylation. If 3'-OH (e.g., cyanidin and delphinidin) is present, 4'-O-glycoside is preferentially generated. If it is missing (e.g., pelargonidin), then 7-O-glycoside is produced (Isayenkova et al., 2006). Perhaps, the production of 4'-O-glycoside for Rd3GT6 toward cyanidin and delphinidin is due to this fact.

To further biochemically characterize Rd3GT1 and Rd3GT6, different anthocyanidins were used as substrates to test their activity. As presented in Table 1, cyanidin glycoside and cyanidin derivatives were the predominant anthocyanins detected in R. delavayi flowers, suggesting that cyanidin might be the most efficient substrate for Rd3GT1 or Rd3GT6. Indeed, on the one hand, Rd3GT6 had a clear preference for cyanidin and could catalyze the transfer of all selected UDP-sugars to cyanidin (Supplementary Table 6). But, on the other hand, when UDP-Gal act as a sugar donor, the glycosylation efficiency of delphinidin was higher than that of cyanidin, which was conflicting to the relatively low levels of delphinidin glycoside in R. delavayi flowers (Supplementary Table 6). This similar phenomenon has also been observed from 3GT of Medicago truncatula, and revealed that UFGTs that take part in the biosynthesis of natural product are promiscuous, and also, the relative concentrations of substrates might be an important factor to determine their activity in planta (Modolo et al., 2007; Peel et al., 2009). Moreover, the substrate specificity analysis indicated that Rd3GT6 could catalyze the addition of UDP-Glu and UDP-Gal to the 3-OH of pelargonidin in vitro, while pelargonidin 3-O-glycoside was undetected in R. delavayi flowers. This implies that Rd3GT6 shows narrower substrate recognition in vivo, and biosynthesis of pelargonidin is stopped before Rd3GT6. Additionally, further research on UGTs should be conducted to explore how narrow vs. broad substrate recognition is regulated.

In summary, we first investigated the composition and contents of anthocyanins in R. delavayi flowers and proposed a pathway for its biosynthesis. Meanwhile, quantitative analysis of anthocyanins indicated that anthocyanidin 3-O-glycosides were the most prevalent at any flower development stage, suggesting that flavonoid 3-O-glycosyltransferase must play a vital role in flower color formation. Then, using a combined anthocyanin analysis and tissue-specific expressions approach, Rd3GT1 and Rd3GT6 were preliminarily confirmed as the key 3GT genes for R. delavayi anthocyanin formation. Indeed, subsequent biochemical characterizations together with in vivo data demonstrated their significance on the biosynthesis of anthocyanins in R. delavayi flower. Moreover, Rd3GT6 displayed great potential in sugar donor promiscuity and low regiospecificity, implying that it would be an attractive enzyme to engineer the diversity of anthocyanins for altering the color of plants and producing desired compounds. In conclusion, our findings make an important step forward in understanding the biosynthesis of anthocyanin in R. delavayi and will help to develop a useful method toward diversifying certain flavonoids in plants.
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In recent years, the study of aromatic plants has seen an increase, with great interest from industrial, academic, and pharmaceutical industries. Among plants attracting increased attention are the Mentha spp. (mint), members of the Lamiaceae family. Mint essential oils comprise a diverse class of molecules known as terpenoids/isoprenoids, organic chemicals that are among the most diverse class of naturally plant derived compounds. The terpenoid profile of several Mentha spp. is dominated by menthol, a cyclic monoterpene with some remarkable biological properties that make it useful in the pharmaceutical, medical, cosmetic, and cleaning product industries. As the global market for Mentha essential oils increases, the desire to improve oil composition and yield follows. The monoterpenoid biosynthesis pathway is well characterised so metabolic engineering attempts have been made to facilitate this improvement. This review focuses on the Mentha spp. and attempts at altering the carbon flux through the biosynthetic pathways to increase the yield and enhance the composition of the essential oil. This includes manipulation of endogenous and heterologous biosynthetic enzymes through overexpression and RNAi suppression. Genes involved in the MEP pathway, the menthol and carvone biosynthetic pathways and transcription factors known to affect secondary metabolism will be discussed along with non-metabolic engineering approaches including environmental factors and the use of plant growth regulators.
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INTRODUCTION

In recent years, the study of aromatic plants has increased with greater interest from industrial, academic, and pharmaceutical industries, and the Mentha spp. (mint) are at the forefront of this interest. Plants in the genus Mentha are ubiquitous, found on every continent barring Antarctica (Lawrence, 2007). While peppermint was not officially described until 1696 by the English botanist John Ray and did not enter into the London Pharmacopoeia until 1721, menthol containing plants have been used since the beginning of recorded history, exemplified by the discovery of dried peppermint leaves in the pyramids of ancient Egypt (Spirling and Daniels, 2001).

The value of Mentha lies primarily in the terpenoid profile of the essential oils (EO) they produce, predominantly in the form of the monoterpenoids; compounds produced in the glandular trichomes (Figure 1, showing the monoterpenes in the menthol/carvone biosynthesis pathway including stereochemistry). These profiles are what cause the widespread use as therapeutic remedies and to complement conventional therapies, as well as being the basis for indigenous and traditional healing systems that are still used worldwide. The unique monoterpenoid profile of several Mentha spp. is dominated by menthol, a cyclic monoterpene with some remarkable biological properties that make it useful in the pharmaceutical, medical, cosmetic and cleaning product industries (Nair, 2001; Tucker, 2006; Eftekhari et al., 2021). Essential oils from Mentha have proven to have interesting properties: as carminatives (May et al., 2000), antispasmodics (Heghes et al., 2019), insect repellents (Ansari et al., 2000), choleretics (Hu et al., 2015), analgesics (Yousuf et al., 2013), anti-inflammatories (Xia et al., 2021), antioxidants (Ed-Dra et al., 2020), antivirals (Minami et al., 2003), anti-tumour promoting (Ohara and Matsushia, 2002), antibacterials (Xia et al., 2021), antifungals (Piras et al., 2021), antimicrobials (Mimica-Dukic et al., 2003), anti-allergenics (Inoue et al., 2002), anti-biofilms (Fathi et al., 2021) and more recently inhibitors of SARS-CoV-2 (Jan et al., 2021). It is little wonder then that a recent market analysis showed that the global EO market was just over $10.8B USD in 2020 and this is expected to rise to over $24.7B USD in 2030 while the mint EO market was valued at $177.8M USD in 2018 and is expected to top $330 M USD by 2025 (Grand View Research, 2019; Chauhan and Deshmukh, 2022). Worldwide production of peppermint alone stood at over 48,000 tonnes in 2020 (Food and Agriculture Organization of the United Nations, 2022) and the lion’s share of this mint essential oil comes from cornmint, Mentha arvensis, which accounted for 60% of the revenue in the mint essential oil market in 2018 (Grand View Research, 2019).
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FIGURE 1. Monoterpene biosynthesis pathway in Mentha spp. Both the MEP and the MVA pathway are shown although the MVA pathway does not provide IPP as it is blocked in peppermint trichomes. ACAT, acetyl-coenzyme A acetyltransferases (Thiolase); HMGCS, hydroxymethylglutaryl-CoA synthase; HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; MK, mevalonate kinase; PMK, phosphomevalonate kinase; MCD, mevalonate diphosphate decarboxylase; DXS, 1-deoxy-D-xylulose 5-phosphate synthase; DXR, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; IspD, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; IspE, 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase; IspF, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; IspG, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase; IspH, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; IDI, isopentenyl diphosphate isomerase; GPPS, geranyl diphosphate synthase; LimS, (–)-limonene synthase; L3H, (–)-4S-limonene-3-hydroxylase; IPDH, (–)-trans-isopiperitenol dehydrogenase; IPR, (–)-trans-isopiperitenone reductase; IPGI, (+)-cis-isopulegone isomerase; PGR, (+)-pulegone reductase; MFS:(+)-menthofuran synthase; MMR, (–)-menthone: (–)-menthol reductase; MNMR, (–)-menthone: (–)-neomenthol reductase; L6H, (–)-4S-limonene-6-hydroxylase; CDH, (+)-trans-carveol dehydrogenase. The absolute stereochemistry, corresponding to the optical rotation signs, is provided structurally.



Taxonomy and Chemotype – Grouping of Mints

The taxonomy of the genus Mentha is highly complex, with more than 3,000 names having been published since 1753. Thankfully the use of phylogenetic analysis of morphology, essential oil constituents, chromosome numbers, and more recently DNA barcoding, has refined this number to include 18–24 species and 11 named hybrids (Tucker, 2012). The three most promising cultivars are Mentha × piperita (peppermint), which is primarily hexaploid but has ploidy ranging from triploid to aneuploid (Tucker and Naczi, 2007), a sterile hybrid between a tetraploid Mentha spicata and an octoploid Mentha aquatica. Mitcham peppermint arose over 250 years ago in Mitcham, England and has been clonally propagated ever since with Black Mitcham being the most commonly used cultivar for research (Tucker, 2012). The cultivated natural M. spicata (Spearmint) is a sterile triploid known for its characteristic scent produced by carvone (Croteau et al., 2005; Vining et al., 2020). M. arvensis (cornmint) also comes in a variety of ploidies but is primarily grown for its extremely high menthol concentration (Sobti, 1965). The sterility of the various mints hinders conventional breeding techniques for improving agronomic traits but other genetic mutation and recombination techniques have been undertaken to tackle this.

Mint essential oils consist predominantly of monoterpenoids, however, the compounds present vary greatly both within and between species. Indeed, many commercial cultivars are named and marketed according to their scent and not their taxon (Karousou et al., 2007). Cultivars can be clustered into specific chemotypes that are characterised by a distinct scent and subsequent uses in industry (Karousou et al., 2007). Furthermore, there are numerous instances where plants of different species share the same chemotype, by which they share the same predominant compound in their oil profile, despite being different species. One example of this phenomenon is the linalool-rich chemotype, which has been reported in M. spicata (Kofidis et al., 2004), M. arvensis (Gill et al., 1973), and Mentha longifolia among others (Baser et al., 1999). Studies suggest these chemotypes are closely related, despite their distinct oil profiles (Kippes et al., 2021). Subsequently, within a species of mint there are multiple chemotypes with markedly different oil profiles, which adds complexity when considering which cultivars of mint to focus efforts on to improve oil profiles through transgenic approaches.


Mentha × piperita

Peppermint is the primary cultivated species of mint and its oil is widely used as a flavouring or fragrance. Commonly reported chemotypes of M. × piperita consist predominantly of menthol (Schmidt et al., 2009), menthone (Ludwiczuk et al., 2016) or menthofuran (Khanuja et al., 2005). Most typically, M. × piperita essential oil consists predominantly of a mixture of menthol (20–54%), menthone (5–43%) and menthyl acetate (Kokkini, 1991; Moghaddam et al., 2013; Buleandra et al., 2016; Gupta et al., 2017). Limonene, 1,8-cineole, neomenthol and menthyl acetate are also commonly found as major oil components, but at a lower abundance.



Mentha spicata

Mentha spicata is a highly polymorphic mint and contains a wide range of chemotypes throughout the world (Shimizu and Ikeda, 1962; Lawrence, 2007). Wild-growing ecotypes of M. spicata in Greece were found to cluster into three distinct chemotypes. These were a group of plants which had an oil profile dominated by linalool (65.2–75.3%), another which was high in carvone (35.2–68.4%) and a third with either high piperitone oxide or piperitenone oxide (0.2–89.5% and 0.1–70.3%, respectively) (Kokkini, 1991; Kokkini et al., 2000; Kofidis et al., 2004). Similar to the second chemotype, M. spicata grown in the Himalayas predominantly yielded carvone (49.6–76.7%), but also contained a considerable amount of limonene (9.6–22.3%) (Chauhan et al., 2009). Again, in Turkey, two distinct chemotypes were found, both with either high carvone (68.1–80.6%) or high pulegone (44.9–49.2%) oils (Telci et al., 2004). The carvone chemotype of M. spicata is widely cultivated, and it appears that it has integrated with natural populations and become dominant in wild populations in many regions (Kokkini et al., 1995; Telci et al., 2004). Indeed, in an analysis of eight wild populations of M. spicata in China, all were of the carvone chemotype despite the wide range of area from which these plants were sampled (Zhao et al., 2013).



Mentha arvensis

Of the species considered here, M. arvensis has 3-octanol/3-octanone or high menthol chemotypes which are highly characteristic and often discriminate from other mint chemotypes in cluster analysis (Ludwiczuk et al., 2016). However, this is not reported in all regions, with North American populations of M. arvensis, falling into four chemotypes: Type 1 which is high in pulegone, isomenthone and menthone, Type 2 which is high in linalool and cis- and trans-ocimene, Type 3 which is high in isopulegone isomers and Type 4 which is high in cis- and trans-ocimene and in 1,8-cineol (Gill et al., 1973). Furthermore, the production of 3-octanone is not unique to M. arvensis, with smaller quantities produced by Mentha japonica (Fujita and Fujita, 1970), M. aquatica (Singh et al., 2020) and Mentha pulegium (Ouakouak et al., 2015) amongst others.



Mentha longifolia

The oil profile of M. longifolia is likewise highly variable between chemotypes. High menthol (32.5%) and menthone (20.7%) chemotypes have been reported (Hajlaoui et al., 2010). In Iran, one ecotype of M. longifolia was found to predominantly contain 1,8-cineole (15.6%), piperitenone oxide (15.1%) and pulegone (9.6%) and sabinene (9.5%), whilst the other contained p-mentha-3,8-diene (10.5%), 2,6-dimethyl-2,4,6-octatriene (10.1%), sabinene (7.0%), β-caryophyllene (7.0%), piperitone oxide (6.8%) and pulegone (6.6%) (Golparvar et al., 2013). A similar study on four other ecotypes in Iran later found two ecotypes rich in pulegone (33.4% and 44.8%), and two with high piperitenone oxide concentrations (26.7% and 29.1%) (Abedi et al., 2015). Indeed, there are plant populations with even higher concentrations of piperitenone oxide, such as those reported in Piedmont, Italy, which reached a concentration of 77.4% (Maffei, 1988). Carvone rich chemotypes exist too, with all isomers representing 39.3% of the total oil from plants harvested in Serbia (Džamić et al., 2010), and up to 69% of the oil in plants harvested in Hungary (Patonay et al., 2021). Patonay also reported a presumably rare chemotype containing high amounts of carvacrol, 1,8-cineole and thymol. Different again, some chemotypes contain predominantly isomenthone or menthofuran (Mimica-Dukić et al., 1991). This breadth of terpene chemistry may explain the wide range of chemotypes found in cultivars which have M. longifolia parentage.



Mentha aquatica

The oil profile of M. aquatica typically contains high concentrations of menthofuran, however, some atypical oil profiles have been reported (Vining et al., 2019). The oil commonly contains menthofuran, limonene, germacrene D, 1,8-cineole and β-caryophyllene as major constituents. However, the ratios of these change between chemotypes, and indeed not all plants have all these compounds in high concentrations. For instance, one chemotype contains 1,8-cineole (27.2%, menthofuran (23.2%) and β-caryophyllene (12.8%) as the three most abundant compounds (Morteza-Semnani et al., 2006). Whereas in other studies, this was instead limonene, caryophyllene and germacrene D (Malingre and Maarse, 1974), or high levels of menthofuran (up to 58.6%) (Anca-Raluca et al., 2013). A carvone rich chemotype also exists in M. aquatica, as well as atypical chemotypes in which over 98% of the total oil comprises compounds not mentioned above (Vining et al., 2019).

Besides the chemotype of a plant, agronomic practises, environmental conditions and extraction methods all affect the composition of the extracted oil. Clones of M. spicata have been shown to produce a consistent oil yield when grown in different locations (Telci et al., 2010). However, significant changes in oil composition were reported, albeit relatively minor in absolute values. The stage of crop growth also significantly alters the oil composition, with heterogeneous effects on individual components; whilst some compounds remain stable over the growing season, others rise or fall. For instance, in M. × piperita cv. ‘Kukrail,’ menthol content remains relatively stable within a range of 32.9–39.6% from 30 days after transplanting (DAT), to 180 DAT, whereas menthone increases from 8.1 to 33.8% at 150 DAT before falling to 23.6% at 180 DAT (Verma et al., 2010). Indeed, even within species, different accessions can have opposite trends in the accumulation/loss of specific chemicals throughout the growing season (Llorens-Molina et al., 2020). Water deficit significantly reduces oil yield and alters the oil profile in M. spicata, highlighting the need for controlled growth conditions when comparing the oil of mint cultivars (Okwany et al., 2012). Seasonal variation is reported in overall oil yields (Neugebauerová and Kaffková, 2013; Salim et al., 2014), as well as significant affects from fertiliser application and time of planting (Piccaglia et al., 1993; Soltanbeigi et al., 2021). Evidence also suggests that rhizobacteria such as Pseudomonas fluorescens, Bacillus subtilis, and Azospirillum brasilense upregulate pulegone and menthone biosynthesis, and so the microbial communities of the fields in which the mint is grown are also relevant considerations. Oil profiles also vary significantly under different extraction methods (Dai et al., 2010; Rodríguez-Solana et al., 2015).




Monoterpenoid Biosynthesis

The menthol biosynthesis pathway (Figure 1) has been well studied over the years with only cis-isopulegone isomerase (IPGI) yet to be characterised in Mentha. The storage and biosynthesis of essential oils in Mentha is constrained to the peltate glandular trichomes, these oil glands are located on the aerial surfaces of the plant. From primary metabolism to menthol requires eight enzymatic steps, beginning with the parent olefin limonene formed by limonene synthase (LimS) through the cyclisation of the universal monoterpene precursor geranyl diphosphate. Geranyl diphosphate is formed by geranyl diphosphate synthase (GPPS) using the universal C5 isoprenoid precursors dimethylallyl diphosphate (DMAPP) and isopentyl diphosphate (IPP) derived from the methylerythritol phosphate (MEP) pathway (Croteau et al., 2005). The next step is the formation of trans-isopiperitenol where limonene is transferred to the endoplasmic reticulum (ER) and undergoes an O2 and NADPH dependent hydroxylation by limonene-3-hydroxylase (L3H). trans-isopiperitenol is transferred to the mitochondria where it undergoes allylic oxidation to form isopiperitenone catalysed by the NAD-dependent trans-isopiperitenol dehydrogenase (IPDH). Following this, the remaining steps take place in the cytoplasm, starting with the reduction of isopiperitenone to cis-isopulegone by isopiperitenone reductase (IPR). IPGI conducts the fifth step in the pathway by moving the double bond of cis-isopulegone into conjunction with the C3 carbonyl to produce pulegone. From here there are two branch points on the menthol biosynthesis pathway, one leading eventually to menthol and its seven stereoisomers, and the other leading to menthofuran. Menthofuran synthase (MFS) transforms pulegone to menthofuran in the ER (Battaile and Loomis, 1961). Pulegone reductase catalyses the conjugation of the double bond of pulegone to produce both menthone and isomenthone (Ringer et al., 2003). The final step involves the reduction of menthone to menthol which is done by one of two distinct reductases that act on menthone and isomenthone (Croteau and Gershenzon, 1994). Menthone:menthol reductase (MMR) operates on menthone to form menthol and on isomenthone to form neoisomenthol while menthone:neomenthol reductase (MNMR) operates on menthone to produce neomenthol and on isomenthone to produce isomenthol (Croteau et al., 2005).

The carvone biosynthesis pathway (Figure 1) has fewer steps than the menthol pathway but follows the same initial trajectory up until limonene. Rather than limonene undergoing C3 hydroxylation, limonene-6-hydroxylase (L6H) mediates the C6 hydroxylation in the ER to trans-carveol in a step toward carvone production (Karp et al., 1990). trans-carveol is oxidised to carvone, the main constituent of spearmint essential oil, by trans-carveol dehydrogenase (Turner and Croteau, 2004). A recent draft sequence of the M. longifolia, a diploid ancestor of M. spicata, has proved a valuable resource for molecular breeding and metabolic engineering (Vining et al., 2019). This was illustrated through the use of the draft genome to characterise several promoters from peppermint, known to drive expression of genes in glandular trichomes; LimS, L3H, ISPR, and MMR. Generating β-glucuronidase (GUS) constructs driven by these promoters revealed the promoter specificity to the glandular trichomes in peppermint and to non-glandular trichomes in Arabidopsis thaliana (Vining et al., 2017). As some enzymes such as limonene synthase, pulegone reductase and menthone-menthol reductase show temporal or developmental stage specific expression (McConkey et al., 2000), the use of gene specific promoters could be used to tailor the expression of enzymes to the areas where they can be utilised the most. The level of characterisation of both biosynthetic pathways coupled with the draft genome sequence of M. longifolia has opened the door for metabolic engineering to create more desirable essential oil compositions within the Mentha spp.

The high commercial value of Mentha essential oils make metabolic engineering of its biosynthetic pathways extremely lucrative for commercial growers and smallholders alike. The biosynthesis of monoterpenes in Mentha spp. has been well characterised by the work of Lange, Croteau and many others. Numerous studies have provided promising results demonstrating the utility of using metabolic engineering approaches to target the enzymes involved in monoterpene biosynthesis in ways that can increase the yield and improve the composition of the oil. Whilst reviews exist that range from the metabolic engineering of terpenoids in plants to the pharmacological, toxicological and insecticidal effects of Mentha spp., this review focuses on metabolic, environmental and plant growth regulator (PGR) modification attempts to manipulate the terpenoid content/yield done solely in Mentha spp. (McKay and Blumberg, 2006; Kumar et al., 2011; Malekmohammad et al., 2019).




ENGINEERING MONOTERPENOID BIOSYNTHESIS

Despite their differences in EO, plants belonging to the Mentha genus employ the same enzymatic pathways and anatomical structures for the production and storage of EO. The site of this synthesis and storage is localised to the peltate (shield shaped) glandular trichomes that develop on the surface of mint leaves, mainly on the abaxial side (Turner et al., 2000b). Glandular trichomes, while functionally and morphologically dissimilar to capitate and non-glandular trichomes, are not unique to the Mentha genus, but are widespread across isoprenoid producing higher plant species (Turner et al., 2000b; Booth et al., 2017; Huchelmann et al., 2017). The development and distribution of peltate glandular trichomes on peppermint has been extensively characterised and for detailed descriptions see Maffei et al. (1989) and Turner et al. (2000a,b). Glandular trichomes in Mentha spp. are thought to be putatively involved in herbivory plant defence (Lange and Ahkami, 2013), but this is yet to be confirmed and it is entirely possible they perform a different function(s). The peltate glandular trichomes in Mentha consist of nine cells attached to the leaf epidermis via a basal cell, eight secretory cells are arranged in a disc shape and on top of these there is a large subcuticular structure that stores the isoprenoid compounds secreted from the secretory cells. Observations have shown that from initial development to the point at which trichomes are filled with EO takes over 60 h (Turner et al., 2000b; Croteau et al., 2005), and that younger leaves possess a higher density of glandular trichomes. This is unsurprising considering that the young mint plant’s metabolism is directed toward growth as it competes for canopy and root space while the older plant can focus its metabolism toward secondary metabolite production. These studies indicate that harvesting mint plants should be done when the plant is fully mature to maximise EO yield and that leaf age is an important factor when measuring trichome density or EO yield.

Scientific consensus was that the IPP and DMAPP for menthol biosynthesis was supplied by the mevalonic acid pathway (MVA), but the use of radiolabelling has shown that the IPP and DMAPP precursors are exclusively supplied by the methylerythritol phosphate (MEP) pathway (Eisenreich et al., 1997; Lange and Croteau, 1999). The MEP pathway is found in plants, bacteria and algae (Lohr et al., 2012) and operates solely in the chloroplast whereas the MVA pathway functions only in the cytosol (Lange and Croteau, 1999). The first enzyme toward menthol biosynthesis is 1-deoxy-D-xylulose 5-phosphate synthase (DXS) and this appears to be a sensible target for upregulation and while studies done in Lycopersicon esculentum, Ginkgo biloba and Arabidopsis resulted in increases in terpenoid biosynthesis (Vaccaro et al., 2014; Ikram et al., 2015); this was not the case when upregulated in peppermint (Lange et al., 2011). However, targetting the second MEP pathway enzyme has produced significant increases in EO and menthol yields. Mahmoud and Croteau (2001) transformed M. × piperita with the native 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) gene, driven by the CaMV 35S promoter and found a significant increase in EO yield by almost 1.5 fold compared to the WT control. This was subsequently reiterated in a separate study that showed a 44% EO yield increase in M. × piperita when overexpressing DXR with the CaMV 35S promoter (Lange et al., 2011). Lange et al. (2011) also combined this DXR overexpressing line with an MFS RNAi line, discussed below.

The next stage of the menthol biosynthesis pathway in Mentha, shown in Figure 1, has been well characterised and begins with geranyl diphosphate. This pathway has been extensively reviewed in Croteau et al. (2005). Prenyltransferases are responsible for the formation of geranyl diphosphate, farnesyl diphosphate and geranylgeranyl diphosphate from the C5 subunits to form the C10, C15, and C20 precursors of monoterpenes, sesquiterpenes and diterpenes, respectively. With geranyl diphosphate being the universal precursor for monoterpenes it is a logical target for gene expression manipulation. GPPS was first characterised in 1999 by Burke, Wildung and Croteau where they discovered that MpGPPS is heteromeric, consisting of a small subunit, SSU and a large subunit, LSU, both containing an N-terminal plastid localisation signal peptide, in fact the majority of monoterpene synthases thus far cloned have plastid targetting sequences and some have been shown to localise to the plastids (Haudenschild and Croteau, 1998; Burke et al., 1999; Turner et al., 1999). They observed no prenyltransferase activity when each cDNA was expressed individually, only co-expression produced a functional GPPS (Burke et al., 1999). Heteromeric GPPSs have only been described in angiosperms known for their production of large quantities of monoterpenes in specific organs such as flower petals and trichomes (Tholl et al., 2004; Wang and Dixon, 2009). Unsurprisingly, it was found that the protein sequences of both the LSU and the SSU resembled existing prenyltransferases with the LSU sharing 62–75% identity with homodimeric geranylgeranyl diphosphate synthase (GGPPS) and 25% identity with farnesyl diphosphate synthase (FPPS), whereas the SSU had only 25 and 17% identity to GGPPS and FPPS, respectively. As both GGPPS and GPPS are plastidal this led the authors to suggest that the evolutionary origin of the LSU and SSU is from the GGPPS and not the cytosolic FPPS (Burke et al., 1999).

Further studies identified the ability of MpGPPS.SSU to modify the chain length specificity of GGPPS to favour the production of the C10 monoterpene carbon chains (Burke and Croteau, 2002). Co-expression of the phylogenetically distant GPPS from Abies grandis and Taxus canadensis, both of which produce homodimers, with the MpGPPS.SSU in E. coli resulted in the formation of functional hybrid heterodimers that were capable of producing geranyl diphosphate (Burke and Croteau, 2002). However, their results showed that the MpGPPS.SSU was unable to modify the chain length specificity of FPPS. This could be due to the plastid localisation sequences found in the GGPPS and GPPS, whereas FPPS is cytosolic.

The MpGPPS.LSU is inactive alone, whereas GPPS.LSU from Antirrhinum majus is capable of converting the C5 DMAPP and IPP into the C20 geranylgeranyl diphosphate in vitro (Burke and Croteau, 2002; Tholl et al., 2004). The ability to modify the chain length specificity of GGPPS is not limited to MpGPPS.SSU. The A. majus GPPS.SSU is also capable of modifying the chain length specificity of GGPPS, and when transformed into Nicotiana tabacum it resulted in an increase in monoterpene emission due to the augmented GPPS activity, showing that the catalytically inactive AmGPPS.SSU was able to form an active GPPS with the endogenous LSU partner in planta (Orlova et al., 2009). Efforts have been made to create a heteromeric GPPS in mint; Burke et al. (2004) fused the MpGPPS.SSU and the MpGPPS.LSU with a 10 amino acid linker and the resultant fusion protein resembled the kinetics, architecture and product chain-length specificity of native heteromeric enzymes, proving a suitable replacement for biological purposes when a single gene transcript is required (Burke et al., 2004). Other attempts to increase GPPS expression have been done using the homodimeric GPPS from A. grandis. Lange et al. (2011) found that some of their transgenic peppermint lines had increases in oil yield of up to 18% over WT controls. One of their transgenic lines, with high expression levels of AgGPPS, also had desirable effects on the oil composition with <2% pulegone and <5% menthofuran (Lange et al., 2011). The latest study on the efficacy of the MpGPPS.SSU on increasing monoterpene production was done by Yin et al. (2017) in N. tabacum and Nicotiana benthamiana. They co-expressed PaLimS with several monoterpene synthases, MpGPPS.SSU, AtGPPS, and SlDXS, in a transient assay using N. benthamiana to determine their effects on limonene. Neither the combination of AtGPPS or SlDXS with PaLimS showed any significant changes in limonene concentration but a 22–35 fold increase was observed with co-expression of MpGPPS.SSU, compared to the control plants expressing PaLimS alone. This suggests that neither overexpression of SlDXS or AtGPPS is capable of redirecting the metabolic flux from geranylgeranyl diphosphate to geranyl diphosphate in tobacco plants. Interestingly, these results are inconsistent with earlier studies done by Wu et al. (2006) and Hsieh et al. (2011) who found that co-expression of LimS and AtGPPS resulted in a 10 fold increase in limonene production and showed that AtGPPS seems to be multi-functional and catalyses the production of long chain prenyl diphosphate over geranyl diphosphate, respectively.

Following this the ability of MpGPPS.SSU to increase the production of other monoterpenes, Picea sitchensis (–)-pinene synthase (PsPinS), Picea abies myrcene synthase (PaMyrS) and P. abies linalool synthase (PaLinS), was tested. Again, the results showed an increase in each monoterpene studied and while the fold changes were not as large as those seen with limonene production, they show that MpGPPS.SSU can direct the metabolic flux toward geranyl diphosphate in N. benthamiana leaves. Using these successful preliminary results several transgenic N. tabacum plants were generated that contained PaLinS, PaLimS, PsPinS, and PaMyrS with or without co-expression of MpGPPS.SSU. The co-expression of MpGPPS and PaLimS resulted in a 4–8 fold increase in limonene production. Some of the other enzymes co-expressed with MpGPPS.SSU were equally as impressive with a 6–19 fold increase in linalool production, a 2–14 fold increase in myrcene production and a 2–4 fold increase in a-pinene/b-pinene production. Yin et al.’s (2017) results revealed the capability of MpGPPS.SSU to enhance various monoterpene production pathways, both transiently and stably, in N. benthamiana and N. tabacum, respectively.

Geranyl diphosphate is not just a monoterpenoid precursor, it is essential in geranylgeranyl diphosphate production by GGPPS as it is an allylic co-substrate with IPP for geranylgeranyl diphosphate. When Orlova et al. (2009) transformed N. tabacum with AmGPPS.SSU they observed an increase in endogenous monoterpene production by modification of the GGPPS product specificity, resulting in a reduction of GGPP-derived metabolites including carotenoids, GA3 and chlorophyll and these transgenics showed signs of adverse effects such as leaf chlorosis and dwarfism. Yin et al. (2017) observed different phenotypes in transgenic tobacco expressing MpGPPS.SSU including an increase in axillary buds, cytokinins, trans-zeatin and N6-(Δ2-isopentenyl)adenine were increased around threefold, faster growth rates and early flowering were observed, but there was no reduction in Ch1 levels between transgenic and WT plants. Upon further investigation it was found that two of the four GGPPS candidates in tobacco were upregulated, suggesting that MpGPPS.SSU affected the expression of GGPPS3 and GGPPS4 in some way, meaning it could work to increase both geranyl diphosphate and geranylgeranyl diphosphate for GA3 and monoterpene biosynthesis. In contrast the snapdragon GPPS small subunit was able to form a functional GPS through interaction with GGPPS1 and GGPPS2, resulting in the reduction of geranylgeranyl diphosphate and its derivatives (Orlova et al., 2009; Yin et al., 2017).

The majority of geranyl diphosphate in Mentha is cyclised to form limonene (Figure 1) which represents the first committed step in the biosynthetic pathway of menthol and carvone. LimS facilitates the formation of limonene, a monocyclic monoterpene, by catalysing the stereo specific cyclisation of geranyl diphosphate (Colby et al., 1993). First characterised by Rajaonarivony et al. (1992) and found to contain an N-terminal transit peptide that targets the plastids causing localisation to the leucoplasts of oil gland secretory cells in peppermint (Turner et al., 1999), LimS has been suggested as a rate limiting step for monoterpenoid production (Gershenzon and Croteau, 1990). The first attempt to alter the expression of LimS was done by transforming the M. spicata LimS gene into M. × piperita (Krasnyanski et al., 1999). When transforming protoplast-derived calli and internode sections using PEG mediated direct gene transfer and Agrobacterium transformation of internodal sections, respectively, their results showed that the transgenic plants had a similar profile to the non-transformed control. However, when compared to a typical mid-west piperita the transgenics had reduced menthol and increased menthone, menthofuran and pulegone contents. As single-plant data may not provide an accurate picture of the plant’s chemotype, the authors suggest the different oil profiles could be down to the use of hydrodistillation in their study compared to the use of steam distillation for the extraction of the mid-west piperita. The use of direct gene transfer resulted in multiple insertions and rearrangements as plants were found that were positive for the kanamycin resistance gene but were lacking the MsLimS gene. Interestingly this was not the case for the Agrobacterium transformed plants which exhibited single insertions. This was the first identification of this phenomenon in peppermint but tallies with previous work done in rice (Dong et al., 1996).

Following this work, Diemer et al. (2001) transformed MsLimS into M. × piperita and M. arvensis. The four transgenic M. × piperita exhibited increased total monoterpene contents compared to the wild type controls and the two M. arvensis plants showed decreased total monoterpene contents. Secondly, they tested quantities of the products of other enzymes that also use geranyl diphosphate as a substrate to see if there was any competition from increased LimS levels. Some of the M. × piperita plants exhibited increased (74% increase on WT) and others exhibited decreased (22% of WT) cineole levels. One M. arvensis plant had very high levels of ocimenes but neither M. × piperita nor M. arvensis plants showed changes in sabinene levels. Three M. × piperita and one M. arvensis plants exhibited increased pulegone levels, from 18 to 40 times the control plant, and the M. arvensis plant also had unusually high levels of piperitone and isopiperitenone, usually minor components of M. arvensis oil, and a complete absence of menthol and menthone. It was speculated, and quite likely, that the M. arvensis transgenic plants with decreased total monoterpenoid content and lack of menthol and menthone was due to the presence of at least five truncated copies of the MsLimS gene found in the plant. These opposite effects on terpene levels seen in M. × piperita and M. arvensis are not unheard of and have even been seen when introducing a gene into the same species (Bavage et al., 1997).

To modify the metabolic engineering of monoterpene biosynthesis through LimS expression it seems that the subcellular localisation is an important factor to consider. Ohara et al. (2003) found that targetting LimS to the plastids in tobacco plants gave a threefold increase in limonene production compared to the plants with cytosolic localised LimS, while targetting LimS to the ER resulted in no detectable enzyme activity (Ohara et al., 2003). Further studies showed that the low limonene production of the cytosol targetted LimS can be counteracted by co-expressing a cytosolically targetted form of GPPS, resulting in a sixfold increase in limonene production compared to the cytosolically targetted LimS alone (Wu et al., 2006). This is however, dwarfed by the 10 fold increase in limonene production resulting from targetting both GPPS and LimS to the plastids of the tobacco cells (Wu et al., 2006). Another study using the CaMV 35S viral promoter found that the constitutive overexpression, while only moderate, was insufficient to increase the production of LimS in the glandular trichomes and thus had no influence on the oil yield or composition in the transformed plants (Mahmoud et al., 2004). The authors suggested that there may be a selection pressure against the plants that show high ectopic expression of LimS as production of monoterpenes in non-specialised cells could be toxic due to the high levels of limonene that have been demonstrated to be lethal to plant tissues (Brown et al., 1987).

As plants of the Mentha spp. are known to be producers and stores of large amounts of monoterpenes, Li et al. (2020) attempted to use these natural facilities to produce other terpenes. Using Mentha spicata (known for its production of limonene and carvone) they reduced the expression of the endogenous MsLimS through RNAi. Their resulting transgenics showed significant reductions in limonene production (65–98%) and carvone production (67–91%) but increases in sesquiterpenes (38–96%), fatty acids (40–44%) and in flavonoids and phenolic metabolites (65–85%) when compared to the WT (Li et al., 2020). Taking this further they introduced three heterologous terpene synthases into their MsLimS RNAi lines, myrcene synthase and linalool synthase from P. abies and geraniol synthase from Cananga odorata. Neither the LimS RNAi lines nor any subsequent line harbouring the exogenous terpene synthase genes showed any phenotypic changes.

Limonene can be hydroxylated by different cytochrome P450 hydroxylases to produce characteristic regiospecific oxygenation patterns (Lupien et al., 1999). In peppermint, limonene-3-hydroxylase (L3H) specifically hydroxylates the C3 position of LimS to form trans-isopiperitenol (Figure 1) while in spearmint L6H specifically hydroxylates the C6 position to produce trans-carveol, which is further oxidised by carveol dehydrogenase to carvone (Turner and Croteau, 2004).

Mahmoud et al. (2004) used the CaMV 35S promoter to overexpress the L3H gene in Black Mitcham and found that the strong constitutive expression led to a high rate of co-suppression (>70%) and an accumulation of limonene, up to 80% compared with 2% in the WT, without an influence on the yield. These were the first experiments to demonstrate that the altered expression of L3H leads to the replacement of the normal C3 oxygenated monoterpenes menthol, pulegone, menthone and menthofuran with limonene, an olefin with vastly different volatility and polarity. Remarkably this is managed by the existing secretion and glandular trafficking machinery with no effect on the overall yield, this is promising for the potential to exploit Mentha oil glands to produce a range of hydrophobic compounds not normally accumulated in non-secretory plants due to their toxicity. Two allelic variants have been identified in M. × piperita (PM2 and PM17) which are 93% identical at the nucleotide and amino acid levels (Lupien et al., 1999). L3H isolated from M. spicata L. ‘Crispa’ showed more homology to the L3H’s from M. × piperita (88 and 95%) than to the L6H from M. spicata (71% identity) (Lupien et al., 1999; Lücker et al., 2004). Lücker et al. (2004) transformed this L3H into transgenic tobacco plants, engineered to produce and emit γ-terpinene, β-pinene and limonene, and found that some of the transgenic tobacco exhibited lower levels of these products. As these transgenes were driven by the CaMV 35S promoter they suggest that this could be due to gene silencing caused by multiple copies. As LimS and L3H are localised to different cell compartments their results are a promising indicator that the hypothesised transport mechanism, active or passive, for monoterpenes to the ER likely functions in tobacco and could be common in plants (Turner and Croteau, 2004). This, coupled with the use of a range of promoters may prove useful in the future of metabolic engineering of monoterpene biosynthesis.

Remarkably little has been investigated in the biosynthetic steps between limonene and pulegone. IPDH, IPR, and PR have been identified and characterised in peppermint but IPGI remains elusive (Ringer et al., 2003, 2005; Currin et al., 2018). One group was able to identify a Δ5-3-ketosteroid isomerase from Pseudomonas putida capable of acting as an IPGI and producing pulegone from cis-isopulegone. By engineering this bacterial Δ5-3-ketosteroid isomerase they improved its activity resulting in a 4.3 fold increase in IPGI activity in their in vitro trials in E. coli (Currin et al., 2018), highlighting the potential of microbial hosts for monoterpene production from inexpensive precursors.

When traversing the menthol biosynthesis pathway and arriving at pulegone, a central intermediate, there are two options for this branch point metabolite. It may be oxidised to menthofuran or reduced to menthone (Figure 1). The quantity of menthofuran in the essential oil of Mentha spp. is often considered undesirable as it can give off an unpalatable scent (Benn, 1998) so there have been several attempts to reduce its prevalence in the extracted essential oil. First characterised in 2001, menthofuran is a diversion from the menthol pathway through a transformation of pulegone to menthofuran by MFS (Bertea et al., 2001). MFS and L3H bear some resemblance to cytochrome P450 oxygenases that are involved in phenylpropanoid biosynthesis and both are localised to the endoplasmic reticulum (Bertea et al., 2001). Menthofuran is often considered a stress metabolite due to its increased production during water and nutrient deficiency, short day lengths and poor light intensities (Burbott and Loomis, 1967; Clark and Menary, 1980; Spencer et al., 1993). The first instance of metabolic engineering to modify MFS levels was a combination effort previously mentioned (Mahmoud and Croteau, 2001), where they upregulated the expression of DXR and downregulated the expression of MFS thorough antisense expression. Four of the transgenic plants accumulated 35–55% less menthofuran and 40–60% less pulegone with substantially more menthol than the WT controls (Mahmoud and Croteau, 2001). One transgenic line (designated MFS7A) consistently produced an essential oil of comparable yield to WT, with increased menthol and decreased menthofuran and pulegone concentrations over a 6 months period that consisted of four independent distillations and analysis.

As the levels of pulegone did not increase when MFS expression was reduced, further experiments were done to elucidate the link between menthofuran and pulegone. Mahmoud and Croteau (2003) overexpressed MFS in peppermint and found that menthofuran and pulegone concentration increased in concert suggesting that menthofuran could influence the reduction of pulegone. Although menthofuran did not inhibit PR activity, by stem feeding the transgenic peppermint menthofuran the activity of PR was decreased, accounting for the increased pulegone content in immature leaves (Mahmoud and Croteau, 2003).

These unexpected pulegone decreases and essential oil yield increase in the MFS antisense lines have been cause for further investigations. Using mathematical modelling and combining it with experimental hypotheses these mechanisms have been revealed further and their investigation showed that menthofuran acts as a weak inhibitor of PR (Rios-Estepa et al., 2008). By looking at essential oil synthesising secretory cells of glandular trichomes to determine if menthofuran concentrations were high enough to cause PR inhibition they showed that menthofuran was selectively retained in these cells and that exposure to abiotic stress increased the menthofuran levels further and resulted in a significant inhibition of PR (Rios-Estepa et al., 2008). Using mathematical modelling the increased essential oil yield of the MFS antisense plants was established to be due to the oil secretion beginning earlier. This shift in the developmental programme regulating glandular trichome development resulted in more mature glands on leaves of the same age and leaves generally having more glandular trichomes when compared to their WT counterparts (Mahmoud and Croteau, 2001; Rios-Estepa et al., 2010). Rios-Estepa et al. (2008) proposed a push-pull mechanism where the expression levels of a biosynthetic gene are elevated which, in turn, induces initiation of glandular trichomes as the reason for the increased essential oil yields in some transgenic plants. However, this hypothesis requires further testing.

Building upon the favourable essential oil profile developed by Mahmoud and Croteau (2001) and Lange et al. (2011) subjected MFS7A to multi-year field trials to confirm the favourable essential composition and increased yields, up to 69% higher than WT counterparts. Their next step was to combine this line with an additional DXR overexpressing construct (discussed earlier) which resulted in several transgenic lines with increases in essential oil yields of up to 78% higher than WT controls, low menthofuran and pulegone levels and high menthone and menthol levels (Lange et al., 2011).

The release of the draft sequence of M. longifolia and characterisation of glandular trichome specific promoters in peppermint presented some interesting opportunities for biotechnological oil modifications. Vining et al. (2017) used the LimS promoter to drive the expression of the MMR gene in peppermint plants. When compared to their WT counterparts they found a nearly fourfold increase in MMR transcript levels in the transgenic peppermint, a lower relative proportion of menthone (38.3 ± 2.4% vs. 43.1 ± 2.7%), and an increase in menthol (26.4 ± 0.5% vs. 22.9 ± 1.5%). The oil yields were comparable between the transgenic and WT plants (Vining et al., 2017). This exemplifies the importance of tissue specific promoters and highlights the possibilities of improved genomic resources.

A recent discovery takes us from the menthol/carvone biosynthesis pathway and into the realm of transcription factors (TFs). Information about TFs known to regulate secondary metabolism in the peltate glandular trichomes remains elusive. To this end Wang et al. (2016) isolated and functionally characterised a novel TF that is preferentially expressed in the peltate glandular trichomes of spearmint, MsYABBY5. YABBYs are TFs capable of acing as repressors or activators of secondary metabolites, this bifunctional nature depends on the target complex with which they interact and have also been reported to be bifunctional in the same plant (Bonaccorso et al., 2012). By generating transgenic plants overexpressing MsYABBY5 and silencing it through RNAi they showed terpene levels decreased and increased, respectively. The transgenic MsYABBY5 RNAi lines exhibited a significant increase in total monoterpene content, ranging from 20 to 77% and qRT-PCR showed there were no significant changes in the expression of the genes involved in carvone production and in the MEP precursor pathway (GPPS, LimS, L6H and CDH), while the overexpressing lines had a 23–52% reduction in total monoterpenes (Wang et al., 2016). This suggests that the disparity between transcript levels and metabolites can be attributed to one of the following: enhanced flux into the metabolic pathway, post-transcriptional modification or protein stability. Ectopic expression of MsYABBY5 in Ocimum basilicum and Nicotiana sylvestris decreased secondary metabolite production in both species suggesting that this TF is likely a repressor of secondary metabolism with potential to enhance terpene production in plant glandular trichomes.

Another study on TFs in spearmint looked at the glandular trichome specific TF MsMYB (Reddy et al., 2017). Using RNAi they supressed the expression in spearmint and found a 2.3–4.5 fold increase in total monoterpenoid content when compared to the WT controls. Similarly to MsYABBY5, the overexpression of MsMYB in spearmint resulted in a 0.5–0.7 fold reduction in monoterpenoid content and ectopic expression of MsMYB in O. basilicum and N. sylvestris resulted in a reduction of terpene production but did not affect flavonoids (Reddy et al., 2017). Further analysis revealed that MsMYB suppresses the expression of GPPS.LSU through interaction with its promoter and the increased monoterpenoid production can be attributed to enhanced geranyl diphosphate production.

The above examples focus on the targetting of specific genes in the monoterpenoid biosynthesis pathway but there have been efforts to increase lipid flux in the trichomes. Hwang et al. (2020) transformed a lipid transfer protein from N. tabacum (NtLTP1) into M. × piperita f. citrate (Orange mint). These NtLTP1 overexpressing lines had increased trichome head diameters compared to the WT controls (Hwang et al., 2020). They also saw large increases in monoterpenoid production with limonene levels increasing 1.6 fold and 3-pinanone levels increasing over 22 fold. Overexpression of the LTP gene could prove a lucrative strategy for enhancing the production of terpenes in various Mentha spp.



EFFECTS OF PLANT GROWTH REGULATORS AND ENVIRONMENTAL FACTORS ON ESSENTIAL OILS

We have discussed the numerous efforts to modify monoterpene composition and quantity above but there are also external factors whose influence can produce such effects (Summarised in Figure 2). Seasonal variation has been shown to impact the EO yield and content of Mentha. A study of the EO from M. arvensis, M. × piperita, M. longifolia and M. spicata grown in Pakistan showed a reduction in yield in winter harvested plants when compared to summer harvested plants (Hussain et al., 2010). A study looking at the seasonal variation of EO in M. longifolia grown in Tunisia (Zouari-Bouassida et al., 2018) found that winter harvested plants had a higher EO yield compared to the spring harvested, and the EO content differed between winter and spring harvested plants. Along with environmental factors, growth and developmental stage of M. × piperita have also been seen to influence the EO content. A study done on M. × piperita grown in Poland showed that the EO content and yield of field grown adult plants, in vitro grown plantlets and in vitro callus cultures differed (Bertoli et al., 2012). Interestingly, the in vitro grown plantlets and callus had an EO profile lacking in both pulegone and menthofuran (Croteau et al., 2005). A similar study done in M. longifolia showed the same pattern of in vitro plant biomaterial showed a EO profile lacking in pulegone and menthofuran (Bertoli et al., 2012). A study done in M. × piperita showed that the EO yield increased between early, full and late bloom, attributed to the increasing biomass (Rohloff et al., 2005). The photoperiodic treatment during the growth stage has also been shown to effect EO content. When M. arvensis, M. citrata and Mentha cardiaca were treated with varying light conditions during growth, the EO composition showed considerable variation (Farooqi et al., 1999). Short day grown plants exhibited higher concentrations of oil in their tissues compared to plants grown under normal and long day conditions. The authors proposed that this variation could be due to short day grown plants having a higher trichome density and immature leaf development. This has been noted previously in M. arvensis, where the neogenic peltate glands in younger leaves showed a greater accumulation of oil (Sharma et al., 2003).
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FIGURE 2. Summary image of the manipulation of Mentha, both present and future. Showing some of the current genetic manipulation attempts that have demonstrated efficacy at modifying EO yields compositions. Newer approaches have the potential to improve on this further.


Mint plants grown under drought conditions show a reduction in overall growth parameters and EO yield (Khorasaninejad et al., 2010). When M. × piperita are grown under conditions of drought stress, a significant reduction in overall growth parameters were observed. Under non-drought conditions, the EO content had a higher percentage of menthone and menthofuran. In contrast, under slight drought conditions, the EO content had a high percentage of menthol. M. spicata cultivated in four regions of Turkey with varying geographical and weather conditions showed variation in sesquiterpene and monoterpene compositions (Telci et al., 2010). The authors attributed these variations to regions with an elevated temperature leading to an increase in the release of monoterpenes to the atmosphere, which was found in the highest temperature and altitude region. Regions with a higher temperature showed an increase in sesquiterpene content, whilst in lower temperature regions showed an increase in monoterpene content (Telci et al., 2010). An increase in CO2 levels led to an increase in piperitenone oxide levels for in vitro grown mint cultured on basal medium containing 3% sucrose (Tisserat and Vaughn, 2001). An increase in limonene levels were also detected at 10,000 and 30,000 μmol mol–1 CO2 levels. Interestingly, soil grown plants under identical CO2 levels showed no appreciable change in piperitenone oxide levels, whilst no limonene was detected at all.

A study on salinity stress on M. × piperita showed that high salinity stress led to a decrease in total biomass, EO content and yield (Khorasaninejad et al., 2010). The authors speculated that these results may be due to decreased water availability or the toxicity of NaCl. Salinity stress may impose additional energy requirements on plant cells and less carbon is available for growth and flower primordial initiation, leading to less EO being synthesised. Increased salinity led to a decrease in menthofuran and an increase in menthone. A similar study showed that at elevated salinity levels, a general decrease in EO compounds were noted, including menthone and menthofuran (Li et al., 2016). The M. × piperita used in this study originated from China, so the differences in EO content after salt stress could be due to the chemotypic variation (Saeb and Gholamrezaee, 2012).

Foliar application of the cytokinins kinetin (KIN), zeatin (ZN), benzylaminopurine (BAP), and 1,3-diphenylurea (DPU) have been shown to increase the overall EO yield of several members of the Lamiaceae (El-keltawi and Croteau, 1987). The EO content of M. × piperita was altered by treatment with KIN and DPU, most notably an increase in the menthone content. However, treatment with BAP and ZN resulted in negligible changes to the menthone content, and a less pronounced effect on EO content overall (El-keltawi and Croteau, 1987). In a similar study, M. × piperita was treated with foliar application of various PGRs and BAP was found to be the most potent PGR in increasing menthone content (Khanam and Mohammad, 2017). Foliar application of salicylic acid (SA) caused an increase in overall oil content and yield, as well as an increase in menthol concentration and yield, and an increase in menthyl acetate yield (Khanam and Mohammad, 2017). Application of gibberellic acid (GA3) showed an increase in menthyl acetate content, whilst triacontanol (TRIA) caused an increase in menthone yield (Khanam and Mohammad, 2017). Foliar application of TRIA on M. arvensis has been shown to enhance the growth, EO yield and content of menthol, menthone, isomenthone and menthyl acetate (Naeem et al., 2011). Foliar application of TRIA in combination with gamma-irradiated carrageenan (IC) and 28-homobrassinolide (HBR) was shown to be more effective than TRIA alone, and showed an increase in menthol, menthone and menthyl acetate (Naeem et al., 2017). The authors noted that foliar application of TRIA, IC, and HBR in combination caused an increase in both chlorophyll and carotenoid content, and therefore speculated that the increase in EO yield and content was due to enhanced photosynthesis rates. The application of SA showed a significant increase in EO yield in M. × piperita, but did not significantly change the EO content (Saharkhiz and Goudarzi, 2014). SA is known to regulate a plethora of responses, including plant growth and development (Koo et al., 2020). The authors proposed that the increase in EO yield due to exogenous application of SA could be due to regulation of the plant’s energy metabolism, which might affect the stimulation of secondary metabolites in the form of EO components. The application of KIN as a foliar spray in M. arvensis has been shown to improve both the EO yield and content when compared to bulk KIN (Khan et al., 2022). The authors attributed these positive effects to the nanotized KIN causing an increase in the density and diameter of the peltate glandular trichomes.

Inoculating M. × piperita with plant growth promoting bacteria (PGPB) showed an increase in jasmonic acid (JA) and SA. JA and SA were shown to increase EO content up to fivefold in a dose - dependant manner. JA and SA stimulate an increased density of monoterpene accumulating glandular trichomes. Inoculation with PGPB also increases growth, however, exogenous application of JA or SA only increases EO yield, but causes a decrease in growth (Cappellari et al., 2019). Inoculation with PGPB shows an increase in overall growth, trichome density, stomatal density and secondary metabolites in M. × piperita (del Rosario Cappellari et al., 2015). Infestation of M. × piperita with the parasitic plant Cuscuta campestris Yunck has been shown to reduce overall growth and biomass, but increased EO yield (Sarić-Krsmanović et al., 2020). Infested M. × piperita showed an increase in the menthone content, with a decrease in menthol and pulegone content, in comparison to non-infested plants. A study on VOCs produced by various PGPBs on M. × piperita showed they can influence the composition of the EO produced (Santoro et al., 2011). The EO of M. × piperita exposed to Pseudomonas fluorescens showed an increase in pulegone and menthone. M. × piperita exposed to Azospirillum brasilense exhibited a reduction in menthol content (Santoro et al., 2011).

The use of PGRs in micropropagated apical meristem and nodal explants has been shown to influence both EO yield and content. Supplementation of in vitro growth media with BAP has been shown to increase the yield of EO in micropropagated M. × piperita by up to 40% (Santoro et al., 2013). Furthermore, the EO composition has been shown to be altered by the use of different combinations of PGRs (Łyczko et al., 2020). The use of cultures supplemented with 2-isopentenyladenine and indolyl-3-acetic acid showed a significant increase in menthofurolactone and decrease in limonene and eucalyptol (Łyczko et al., 2020). Menthofurolactone was originally thought to be a by-product during the oxidation of menthofuran, but was found in the EO composition of M. × piperita (Frérot et al., 2002). Clearly the effects of PGRs and environmental factors cannot be understated. While some of these are out of the control of the grower these results could provide some insight into growing practices that could alleviate some of the negative effects they encounter.



ENGINEERING MINT FOR THE FUTURE

When manipulating the biosynthetic pathways in Mentha there are several areas where exploitation could prove fruitful. One key area is the choice of promoter as multiple groups have seen what they suspect is co-suppression through repeated use of a single promoter (Diemer et al., 2001; Mahmoud et al., 2004). Tissier (2012) gave an excellent review of trichome specific promoters and their potential for metabolic engineering. Using strong constitutive promoters like CaMV 35S could have deleterious effects on the development and physiology of the plant through the expression of genes normally confined to the glandular trichomes. Vining et al.’s (2017) presentation of the M. longifolia draft genome and its use to characterise trichome specific promoters heralded a new era for tissue specific promoters in Mentha spp. Their use of LimS and MMR promoters to drive GUS expression and visualise high expression in the glandular trichomes of peppermint exemplifies the utility of genomic resources.

Some interesting work has been done in the area of promoters/terminators to increase expression and reduce instances of gene silencing. Transcriptional transgene silencing has been avoided by Damaj et al. (2020) who used sugarcane plants to demonstrate the potential of promoter stacking; that is, transforming a plant with multiple genetic constructs where the same coding sequence is under control of different promoters. Using this approach, the researchers managed to improve expression of a recombinant enzyme by up to 147 fold using five different promoters. Additionally, the co-expression of silencing suppressors has consistently demonstrated an improvement in gene expression by reducing post-transcriptional gene silencing. One group of researchers compared the activity of several different silencing suppressors in N. benthamiana and found that P19 was the most effective (Peyret et al., 2019). Furthermore, transgene expression can be improved by designing more complicated genetic constructs. Intronic regions have been shown to improve the accumulation of mRNA transcripts and are thought to improve transgene stability (Ghag et al., 2016). Some research has suggested that introns contain enhancer elements which can result in the accumulation of mRNAs by up to ten times (Egelkrout et al., 2012). Diamos and Mason (2018) demonstrated the influence of different terminator constructs on transgene expression. Using GFP as a reporter, the researchers characterised several terminators and showed that they do not act equally and can be combined in tandem to improve transgene expression. Further, the researchers also demonstrated the influence of matrix attachment regions within the constructs. Together, the use of a double terminator and matrix attachment region improved GFP production by over 60 fold in N. benthamiana, when compared to genetic constructs utilising only the commonly used nopaline synthase terminator. Importantly, the researchers tested these findings in both N. benthamiana and Lactuca sativa and found the terminators had differing effects between the species. This highlights the importance of optimising genetic constructs for Mentha species. Finally, transgene production can also be improved by affecting translation efficiency, influenced by 5′ and 3′ UTRs. Substantial engineering efforts have been made to improve UTR function in N. benthamiana plants, including the design of a synthetic 5′ UTR which, when used in conjunction with the Cowpea mosaic virus 3′ UTR, outperforms the commercially used Hypertrans system by approximately two-fold (Peyret et al., 2019). A combinatorial approach, utilising promoter stacking, intronic sequences, UTRs, double terminators, matrix attachment regions, and the co-expression of silencing suppressors may prove fruitful in improving secondary metabolite production in Mentha species. Combining this with the common syntax for type IIS assembly of plant DNA parts would simplify design, assembly and sharing of these DNA parts (Patron et al., 2015). These approaches should be investigated to alleviate the limitations at the gene expression level.

Coupling the draft M. longifolia sequence with the mathematical modelling of the menthol biosynthesis in peppermint could help drive target acquisition for metabolomic modifications (Rios-Estepa et al., 2010; Vining et al., 2017). Using transient expression systems like Agrobacterium infiltration of N. benthamiana, cell penetrating peptides or PEG transformation of protoplasts could prove beneficial for the testing of constructs before transforming peppermint (Niu et al., 1998, 2000; Bach et al., 2014; Norkunas et al., 2018; Fenton et al., 2020). Alternative biosynthetic routes to produce monoterpenes would include using microorganisms as biofactories. Toogood et al. (2015) used an engineered E. coli strain to produce menthol and neomenthol from pulegone by using two menthone dehydrogenases from peppermint, MMR and MNMR and one reductase from N. tabacum, NtDBR, that yielded near equivalent amounts of menthone and isomenthol. When using a single dehydrogenase, MMR or MNMR, they were able to produce highly pure menthol (79.1%) and neomenthol (89.9%), respectively, opening new avenues for producing pure compounds not produced in abundance or for (semi)-toxic chemical compounds. The same group also developed a chemoenzymatic approach to produce the four intermediates between limonene and menthone, trans-isopiperitenol, isopiperitenone, cis-isopulegone and pulegone (Cheallaigh et al., 2018). Again, this expands the capacity to generate large quantities of pure products that are usually not found in high abundance. Additional work pushed these boundaries further by using a ketosteroid isomerase from Pseudomonas putida (PpKSI) as a substitute for IPGI, the last enzyme in the menthol biosynthesis pathway not yet characterised in mint (Currin et al., 2018). Using engineered E. coli they were able to run a one pot reaction using cis-isopulegone as a substrate and produce menthol. Interestingly they used a robotics-driven semirational design strategy to identify a PpKSI variant with four active site mutations that conferred a 4.3 fold increase in activity over the WT. The final piece of the microbial menthol production puzzle was recently solved when Shou et al. (2021) filled in the gap between limonene and cis-isopulegone by replacing the microbially inefficient L3H and IPDH with a bacterial P450 monooxygenase from P. putida and a bacterial IPDH from Pseudomonas aeruginosa, respectively (Shou et al., 2021). Their system was able to produce 163.3 mg of cis-isopulegone from 0.54 g of limonene at a purity of 90% when analysed through GC-MS. Other work prior to limonene production has been done by Rolf et al. (2020) who transformed E. coli with a plasmid containing the genes encoding the enzymes in the MVA pathway and MsLimS. Using glycerol as the sole carbon source they were able to produce the highest monoterpene concentrations by a microorganism to date (Rolf et al., 2020). These results are promising and while optimisation is still needed, there are now no barriers to the microbial production of menthol, and the capacity to produce it from a single carbon source could prove a highly cost-effective biosynthesis route.

The use of microorganisms as biofactories and chemoenzymatic offers a novel way to access the intermediate monoterpenes in the menthol biosynthesis pathway. The required equipment can put this outside of the range of small holders growing mint for its essential oils for personal use or sale. In this scenario higher yielding plants would prove more fruitful and this does not necessarily need to be for menthol alone. The work done by Li et al. (2020) exemplified this when they reduced limonene expression allowing other terpenoid levels to be increased, and even producing heterologous monoterpenes (Li et al., 2020). This expands the potential to use Mentha as a chassis for the generation of commercially profitable compounds, like cannabidiol, that are produced by other, sometimes regulated, plants. While most of the efforts to modulate Mentha essential oil composition and yield have focused on the genes in or related to secondary metabolism more work could be done to target the genes involved in plant physiology, like trichome development. There have been a number of studies identifying genes associated with trichome development in Arabidopsis, and utilisation of these genes could prove extremely useful in Mentha spp. that already have a favourable oil composition (Ishida et al., 2008; Sun et al., 2015).

This review shows that substantial progress has been made in the manipulation of the biosynthetic pathways producing menthol and carvone and there is an incredible amount of potential in this space to further improve. The possibility of producing elite mint varieties with high menthol, and lower pulegone and menthofuran concentrations would not only benefit commercial growers but also smallholders in developing nations.
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Schisandra chinensis owes its therapeutic efficacy to the dibenzocyclooctadiene lignans, which are limited to the Schisandraceae family and whose biosynthetic pathway has not been elucidated. Coniferyl alcohol is the synthetic precursor of various types of lignans and can be acetylated to form coniferyl acetate by coniferyl alcohol acyltransferase (CFAT), which belongs to the BAHD acyltransferase family. This catalytic reaction is important because it is the first committed step of the hypothetical biosynthetic pathway in which coniferyl alcohol gives rise to dibenzocyclooctadiene lignans. However, the gene encoding CFAT in S. chinensis has not been identified. In this study, firstly we identified 37 ScBAHD genes from the transcriptome datasets of S. chinensis. According to bioinformatics, phylogenetic, and expression profile analyses, 1 BAHD gene, named ScBAHD1, was cloned from S. chinensis. The heterologous expression in Escherichia coli and in vitro activity assays revealed that the recombinant enzyme of ScBAHD1 exhibits acetyltransferase activity with coniferyl alcohol and some other alcohol substrates by using acetyl-CoA as the acetyl donor, which indicates ScBAHD1 functions as ScCFAT. Subcellular localization analysis showed that ScCFAT is mainly located in the cytoplasm. In addition, we generated a three-dimensional (3D) structure of ScCFAT by homology modeling and explored the conformational interaction between protein and ligands by molecular docking simulations. Overall, this study identified the first enzyme with catalytic activity from the Schisandraceae family and laid foundations for future investigations to complete the biosynthetic pathway of dibenzocyclooctadiene lignans.

Keywords: Schisandra chinensis, coniferyl alcohol, coniferyl alcohol acyltransferase, BAHD acyltransferase family, dibenzocyclooctadiene lignans


INTRODUCTION

Schisandra chinensis (Turcz.) Baill. (Schisandraceae), a deciduous woody vine plant is mainly distributed in north-eastern China, Korea, Japan, and the eastern part of Russia (Hancke et al., 1999). The fruits of S. chinensis have been used as traditional Chinese medicine and functional food for 1,000 of years for the effects of astringent, tonifying qi, replenishing production of body fluid, and nourishing kidney to calm heart (Zhai et al., 2018). In addition, the fruits of S. chinensis have long been documented in the pharmacopeias of Russia (1990), America (1999), Korea (2002), Japan (2006), WHO (2007), and Europe (2008) (Szopa et al., 2017).

Extensive studies have indicated that the major bioactive components of S. chinensis are dibenzocyclooctadiene lignans (aka schisandra lignans; Szopa et al., 2017), which exhibit a wide variety of biological activities, such as anti-liver injury, anti-oxidant, anti-asthmatic, anti-inflammatory, sedation on the central nervous system activities, and so on (Opletal et al., 2004). The hepatoprotective effect is considered to be the principal one, and the structure-activity relationship suggests that the hepatoprotective activity depends on the configuration of biphenyls and the methylenedioxy substituent on the phenyl nucleus (Hikino et al., 1984). In China, two novel anti-hepatitis drugs (bifendate and bicyclol) were sequentially created through synthesizing the analogs of schizandrin C, which is the most effective component against liver injury of S. chinensis (Zhu et al., 2019). Apart from the significant pharmacological activities, the phylogenetic distribution of lignan-producing plant species displays that dibenzocyclooctadiene lignans are only found in the Schisandraceae family (Umezawa, 2003).

Accordingly, the identification of genes and elucidation of the biosynthetic pathway of dibenzocyclooctadiene lignans have received widespread interest due to the uniqueness of structure, the significance of effect, and the limitation of distribution. Since Erdtman first suggested that the lignan structure was formed by the coupling of two phenylpropanoid monomer units (Erdtman, 1933), the biosynthetic pathway of several typical lignans has been established, such as furofuran, furan, dibenzylbutane, dibenzylbutyrolactone, and aryltetralin lignans (Ono et al., 2006; Lau and Sattely, 2015). In addition, coniferyl alcohol has been proved to be a synthetic precursor of lignans (Suzuki and Umezawa, 2007; Kim et al., 2009). Dexter et al. discovered that coniferyl alcohol could be acetylated to coniferyl acetate by a novel petunia BAHD acyltransferase (PhCFAT; Dexter et al., 2007). And isoeugenol synthase 1 (PhIGS1) was shown to use coniferyl acetate and NADPH as substrates to form E-isoeugenol (Koeduka et al., 2006). Previously, Lopes et al. had revealed that E-isoeugenol was converted to a furan lignan verrucosin in Virola surinamensis through stable-isotope labeling and in vivo feeding experiment (Lopes et al., 2004). And there are indeed furan lignans (chicanine and d-epigalbacin) in S. chinensis (Liu et al., 1981; Hancke et al., 1999). Based on the existing research results, the comparison of chemical structures and the similarity of lignan biosynthesis, Suzuki et al. proposed the unique and authoritative biosynthetic pathway for dibenzocyclooctadiene lignans (Figure 1; Suzuki and Umezawa, 2007). What is more, Suzuki et al. also proposed that yatein was the precursor of deoxypodophyllotoxin in 2007 (Suzuki and Umezawa, 2007), which was proved to be right in 2015 (Lau and Sattely, 2015). In conclusion, we believe the biosynthetic pathway for dibenzocyclooctadiene lignans is also right and we are striving to clone functional genes according to this pathway.
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FIGURE 1. Biosynthetic pathway of dibenzocyclooctadiene lignans. PAL: phenylalanine ammonia-lyase; C4H: cinnamate-4-hydroxylase; C3H: coumarate-3-hydroxylase; COMT: caffeic acid O-methyltransferase; 4CL: 4-hydroxycinnamate CoA ligase; CCR: cinnamoyl-CoA reductase; CAD: cinnamyl alcohol dehydrogenase; CFAT: coniferyl alcohol acyltransferase; and IGS1: isoeugenol synthase 1.


As shown in Figure 1, coniferyl alcohol is synthesized from phenylalanine through the general phenylpropanoid pathway. It should be noted that coniferyl alcohol is not only a synthetic precursor of lignans but also a kind of monolignol involved in the biosynthesis of lignin (Vanholme et al., 2010). Therefore, the biochemical steps before coniferyl alcohol are shared between dibenzocyclooctadiene lignan and lignin biosynthesis (Muhlemann et al., 2014). Consequently, coniferyl alcohol acyltransferase (CFAT), the first enzyme after the branch point, must play a vital role in the synthesis of dibenzocyclooctadiene lignans. CFAT is a member of the BAHD acyltransferase family, which has two conserved motifs, HXXXD and DFGWG (D’Auria, 2006). The BAHD acyltransferases depending on acyl-CoA are responsible for the acylation of compounds, which can improve the stability and solubility of compounds, protect substances from enzymatic degradation, help plants resist diseases, and so on (Yu et al., 2009). Since St-Pierre et al. first coined the name BAHD based on the first four enzymes (BEAT, AHCT, HCBT, and DAT; St-Pierre and Luca, 2000), the BAHD superfamily is fast-growing and found to play important roles in the biosynthesis of a variety of secondary metabolites, such as Catharanthus alkaloid vindoline (St-Pierre et al., 1998), the Papaver alkaloid morphine (Grothe et al., 2001), the diterpenoid alkaloid Taxol (Walker and Croteau, 2000a,b; Walker et al., 2000), anthocyanins (Suzuki et al., 2001, 2002), and floral volatiles (Dudareva et al., 1998), as well as some phytoalexins (Chakravarthy et al., 2010). However, to date, only two CFAT genes, PhCFAT and PmCFAT1, have been characterized from Petunia × hybrida and Prunus mume (Dexter et al., 2007; Zhang et al., 2019). The gene encoding CFAT has not been identified from S. chinensis.

Although some progress has been made in the biosynthesis of several types of lignans, it has been stymied to elucidate the biosynthetic pathway of dibenzocyclooctadiene lignans because the biosynthetic genes, the genetic transformation system, and the whole genome of S. chinensis are unavailable. In this study, to determine whether there is a gene encoding CFAT in S. chinensis, we confirmed the presence of isoeugenol in S. chinensis by GC–MS for the first time. Then, a total of 37 ScBAHD genes were obtained in a transcriptome-wide identification. Phylogenetic, conversed motifs, and expression pattern analyses were performed to screen the putative gene encoding CFAT in S. chinensis. Finally, ScBAHD1 was demonstrated to be ScCFAT through heterologous expression and in vitro enzymatic reaction. Furthermore, to clarify the molecular mechanism of ScCFAT, especially to improve its catalytic efficiency, bioinformatics (molecular modeling and docking simulations) were used in this work. In summary, we identified the first enzyme with catalytic activity from the Schisandraceae family, which is of guiding significance for fully revealing the biosynthetic pathway of dibenzocyclooctadiene lignans.



MATERIALS AND METHODS


Plant Materials, Reagents, and Chemicals

The fruits of S. chinensis were collected in the Beijing medicinal plant garden at IMPLAD (Institute of Medicinal Plant Development; 40°N and 116°E), Beijing, China. The air-dried samples were pulverized into powder, passed through a 50-mesh sieve, and stored at room temperature until analysis. In addition, the green and fresh fruits of S. chinensis were immediately frozen in liquid nitrogen and stored at −80°C for RNA extraction. Ethyl acetate (UPLC grade) was purchased from Merck (Merck KGaA, Darmstadt, Germany). Reference compounds, isoeugenol was purchased from Chengdu DeSiTe Biological Technology (Chengdu, China), and cinnamyl acetate was purchased from Shanghai Macklin Biochemical (Shanghai, China).



Identification of Isoeugenol in Schisandra chinensis

The powdered S. chinensis fruits (1.0000 g) were suspended in 50 ml of UPLC grade ethyl acetate in a 100 ml conical flask with a stopper and then was extracted in an ultrasonic bath for 60 min at room temperature. The extract was collected by filtering and the residue was washed with 5 ml of ethyl acetate three times. Then, the extract was vacuum evaporated to recover the solvent. Later the residue was dissolved in 10 ml of ethyl acetate and the sample solution was filtered through a 0.22 μm membrane filter into the vials for GC–MS analysis. The standard stock solution of isoeugenol was prepared by dissolving it in UPLC grade ethyl acetate and then diluted to the appropriate concentration for GC–MS analysis.



Instrument Parameters

GC–MS analysis for identification of isoeugenol in the fruits of S. chinensis was performed using an Agilent Technologies 7890B gas chromatography instrument, combined with an Agilent 5977A MSD equipped with electron ionization (EI) and quadrupole analyzer, and an Agilent Chem Station data system. GC separation was performed on a 30 m HP-5MS Ultra Inert capillary column with an internal diameter of 0.25 mm and a film thickness of 0.25 μm (Agilent 19091S-433UI, Agilent Technologies). The carrier gas was helium (99.99%) with a flow rate of 1 ml/min. The temperature of the injector and detector was set at 280°C and 250°C, respectively. Spectra were obtained over a scan range of 50 to 550 amu at 2.9 scans/s. The GC program was set as follows: the initial temperature was 60°C and held for 2 min, then increased by 5°C/min to 135°C, then raised by 3°C/min to 180°C, and finally raised by 10°C/min to 200°C and held at 200°C for 10 min. The sample and isoeugenol solution (1 μl) were injected manually while maintaining a solvent delay of 4 min. Interpretation of the mass spectrum was made by comparing the peak distribution against the database of National Institute Standard and Technology (NIST MS 2.0, Gaithersburg, MD, USA).



Identification and Bioinformatics Analyses of ScBAHD Genes

The transcriptome datasets (PRJNA533953) of S. chinensis (Chen et al., 2020b) were downloaded from NCBI1 and used for the identification of ScBAHD genes. The Hidden Markov Model (HMM) profile of the transferase domain (PF02458) downloaded from the Pfam database (Mistry et al., 2021) was exploited for the identification of ScBAHD genes by using the simple HMM search program of TBtools (Eddy, 2004; Chen et al., 2020a). The NCBI Batch Web CD-Search Tool with default parameters2 was exploited to test for the presence of the transferase domain. The sequence integrity of ScBAHDs was analyzed by performing multiple sequence alignment analyses of all ScBAHDs by ClustalW (Chenna et al., 2003). Some ScBAHDs, whose number of amino acids is shorter than 400 or longer than 500 were removed (D’Auria, 2006). ExPASy3 was used to calculate the length of protein sequences, molecular weight (MW), theoretical isoelectric point (pI), and the grand average of hydropathicity (GRAVY; Artimo et al., 2012). Wolf PSORT4 was employed to predict the subcellular localization of ScBAHD proteins (Horton et al., 2007).



Conserved Motif, Alignment, and Phylogenetic Analyses

The peptide sequences of putative ScBAHD proteins were submitted to MEME 5.45 for the analysis of conserved motif composition (Bailey et al., 2015). The optimized parameters were set as follows: the maximum number of motifs was 10, the width of each motif comprised between 6 to 50 residues, and the remaining parameters were default. Putative ScBAHD protein sequences were aligned along with 75 biochemically characterized BAHD members (Supplementary Table S1) using MAFFT 7.4 (Katoh and Standley, 2013). The maximum likelihood phylogenetic tree was constructed by IQ-TREE 2 with 1,000 bootstrap replicates (Minh et al., 2020). And the iTOL online tool6 was used to visual embellish (Letunic and Bork, 2021).



Transcriptome Datasets Analysis

The transcriptome datasets of S. chinensis fruits at three stages during fruit ripening (green, light red, and dark red) obtained from NCBI (PRJNA533953; Chen et al., 2020b) were used for expression pattern analysis. The expression level of each gene at three stages was calculated by using Bowtie2 (Langmead and Salzberg, 2012) and RSEM (Li and Dewey, 2011), and converted into transcripts per million reads (TPM). The data were visualized using an R package heatmap.



Total RNA Extraction and cDNA Synthesis

Total RNA was extracted from the fresh fruits of S. chinensis by using the EASYspin Plus Complex Plant RNA Kit (Aidlab Biotechnology, Beijing, China) following the manufacturer’s instructions. The quality of total RNA was verified by absorbance at 260 nm and 280 nm optical densities by using the NanoDrop 2000 Spectrophotometer (Thermo Scientific, San Jose, CA, USA) and by 1% agarose gel electrophoresis. The first-strand cDNA was synthesized by using the GoScript™ Reverse Transcription Kit (Promega, Beijing, China) according to the instructions. The cDNA was stored at −80°C for further gene clone and qPCR.



Validation of RNAseq by RT-qPCR

The results of RNAseq were validated by RT-qPCR to see if there is a good correlation between the expression of ScBAHD1 obtained by both techniques. After entering the fruiting period, we regularly picked the S. chinensis fruits with three biological replicates at four different developmental stages every 30 days. The samples were numbered as 1-1, 1-2, 1-3 (three replicates of the first period), 2-1, 2-2, 2-3 (three replicates of the second period), 3-1, 3-2, 3-3 (three replicates of the third period), and 4-1, 4-2, 4-3 (three replicates of the fourth period). Primers (ScBAHD1-qF and ScBAHD1-qR) designed by CLC Genomics Workbench are listed in Supplementary Table S2. The qPCR experiments were performed in triplicate using TB Green Premix Ex Taq (Takara Biotechnology, Dalian, China) in a Bio-Rad CFX96 Real-Time system. ScGAPDH was the reference gene, and the relative expression levels were calculated by the 2–ΔΔCt method from Ct values.



Cloning and Sequencing of ScCFAT Full-Length cDNA

The specific primers (ScCFAT-F and ScCFAT-R) in Supplementary Table S2 were designed by using CLC Genomics Workbench. The full-length ScCFAT cDNA was amplified in a 25 μl system including 1 μl cDNA, 0.5 μl forward and reverse primer, 5 μl 5× TransStart FastPfu Buffer, 2 μl 2.5 mM dNTPs, 15.5 μl ddH2O, and 0.5 μl TransStart FastPfu DNA Polymerase (TransGen Biotech, Beijing, China). The amplification procedure was shown as follows: 95°C for 1 min, 40 cycles of 95°C for 20 s, 55°C for 20 s, 72°C for 45 s, and a final extension step for 5 min at 72°C. Subsequently, the amplification products of proper length were purified by using Gel DNA Mini Purification Kit (Aidlab Biotechnology, Beijing, China) and ligated into the pET-28a vector digested by QuickCut™ EcoRI through seamless cloning by using ClonExpress Ultra One Step Cloning Kit (Vazyme, Nanjing, China). The recombinant plasmid was transformed into Escherichia coli DH5α competent cell and sequenced in Tsingke Biotechnology (Beijing, China). Then, the right plasmid was isolated and transformed into E. coli BL21 (DE3) competent cell.



Heterologous Expression and Recombinant Protein Purification

Escherichia coli BL21 (DE3), which was transformed into the recombinant plasmid, was grown in LB medium with 50 μg/ml kanamycin at 37°C until the OD600 of 0.6–0.8 was reached. The expression was induced by adding 0.1–0.2 mM Isopropylb-D-1-thiogalactopyranoside (IPTG) at 18°C for 18 h. After induction, the cells were collected, resuspended in 1× PBS buffer, and broken by sonication. The lysate was centrifuged at 4°C and the supernatant was collected for purification by using Hiper Ni-Agarose His tag soluble protein purification kit (Mei5 Biotechnology, Beijing, China). After denaturing with SDS loading dye at 100°C for 5 min, the eluted fractions were examined through 12% SDS-PAGE gel electrophoresis followed by staining of the gel with Coomassie brilliant blue.



Enzyme Activity Assays in vitro

The 200 μl reaction mixture contained 56 μl purified protein, 140 μM acetyl-CoA, and 120 μM alcohol substrate in assay buffer (50 mM citric acid, pH 6.0, 1 mM DTT or 50 mM Tris–HCL, pH 7.5, and 1 mM DTT). While in the control group, instead of purified protein, 56 μl protein of empty vector was added to the reaction mixture. After incubation in 25°C water bath for 15 min, added 200 μl of chromatographic grade methanol into the mixture and centrifugated at 13,000 rpm for 25 min. Then, 200 μl upper reaction mixture was absorbed into vials and the products were verified by using UPLC.



Transient Expression and Subcellular Localization

The pCAMBIA1302 vector driven by the cauliflower mosaic virus (CaMV) 35S promoter was used to identify the subcellular localization of ScCFAT by utilizing the transient expression system of Nicotiana benthamiana leaves. The entire coding sequence (CDS) of ScCFAT without its stop codon was amplified with primers (ScCFAT-LF and ScCFAT-LR) listed in Supplementary Table S2. The pCAMBIA1302 vector was digested by SpeI (TaKaRa Biotechnology, Dalian, China). Then, the CDS of ScCFAT was inserted into the digested vector to generate ScCFAT-GFP fusion protein. The resulting construct harboring ScCFAT-GFP gene was transferred into Agrobacterium tumefaciens strains GV3101 through the conventional freezing–thawing method, and the GV3101 strains harboring pCAMBIA1302-ScCFAT-GFP or empty pCAMBIA1302-GFP were transiently infiltrated into 5-week-old N. benthamiana leaves. After infection for 48 h, the green fluorescence protein (GFP) expression was observed under the Nikon C2-ER laser scanning confocal microscope.



Homology Modeling and Docking Statistics

The BLASTP search for the amino acid sequence of ScCFAT was performed to obtain the most suitable template in the Brookhaven Protein Data Bank (PDB).7 The homology model of ScCFAT structure was generated by using Modeller 10.2 software. Five models were generated and selected according to the DOPE (Discrete Optimized Protein Energy) score. The stereochemical property of the model was evaluated by PROCHECK (Laskowski et al., 1996) and VERIFY-3D (Lüthy et al., 1992). The docking of ScCFAT with its natural substrate acetyl CoA and coniferyl alcohol was simulated by using AutoDock, and the visualized results were drawn by PyMOL.




RESULTS


Identification of Isoeugenol in S. chinensis

As shown in Figure 2, the total ion chromatogram (TIC) of the isoeugenol standard is presented in the red line and the TIC of the fruits of S. chinensis is presented in the black line. The mass profiles are presented in Supplementary Figure 1. The result indicates that S. chinensis contains both E-isoeugenol and Z-isoeugenol, and the former is dominant, which provides evidence that there must be a gene encoding CFAT in S. chinensis.
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FIGURE 2. The TIC of the isoeugenol standard and the fruits of S. chinensis.




Identification and Characteristics of ScBAHD Genes

The previous transcriptome datasets (PRJNA533953; Chen et al., 2020b) were used to identify all BAHD genes in S. chinensis. After removing short/long sequences and redundant sequences, we spotted 37 BAHD genes and named them ScBAHD1 to ScBAHD37. As shown in Table 1, the length of 37 ScBAHD proteins varies from 425 to 489 amino acids, corresponding to Mw range of 43.40–52.66 kDa, the theoretical pI ranges from 4.68 to 8.38, and GRAVY varies from −0.310 to 0.076. Subcellular localization prediction results indicate that the majority of ScBAHD proteins (33 out of 37, 89%) localize in cytoplasm and chloroplast.



TABLE 1. Molecular characteristics of ScBAHD genes in Schisandra chinensis.
[image: Table1]



Alignment, Phylogenetic, and Conserved Motif Analyses

Phylogenetic relationships among 75 biochemically characterized BAHD acyltransferases from other species (Supplementary Table S1) and 37 putative ScBAHD acyltransferases were constructed using a maximum likelihood algorithm. As shown in Figure 3, the phylogenetic tree is divided into five clades. There are seven ScBAHDs (ScBAHD4, ScBAHD8, ScBAHD10, ScBAHD14, ScBAHD19, ScBAHD20, and ScBAHD37) clustered into clade I. ScBAHD9, ScBAHD11, ScBAHD18, ScBAHD22, and ScBAHD30 are clustered into clade II along with ZmGlossy2 and AtCER2. There are 12 ScBAHDs clustered into clade III, which contains the PhCFAT. And ScBAHD1, ScBAHD3, and ScBAHD7 are close to PhCFAT, which indicates that the three ScBAHD proteins may be CFAT in S. chinensis. In addition, there is not a ScBAHD clustered into clade IV with HvACT. The remaining ScBAHD sequences are clustered into clade V. The result of conserved motifs analysis indicates that the BAHD proteins in the same clade have similar motifs. Motif 1 contains the HXXXD domain and motif 3 contains the DFGWG domain. All 37 ScBAHD proteins have the motif HXXXD, and aside from nine ScBAHDs, the others have the conserved motif DFGWG. Motifs 1–7 and motif 9 are widely distributed, but they do not exist in certain clades. For example, motif 3 exists in all other clades except clade II. Motif 8 is merely present in clade II, IV, and V. And motif 10 is only present in clade III and V.

[image: Figure 3]

FIGURE 3. Maximum likelihood phylogenetic tree and conversed motif of 75 biochemically characterized BAHD acyltransferases and 37 putative ScBAHD acyltransferases. The five clades are shown in different colors.




Expression Profiles of ScBAHD Genes in Different Stages

To further investigate the expression profiles of 37 ScBAHD genes, we analyzed the expression levels of each ScBAHD gene during the ripening stages of the S. chinensis fruits, including the green stage, light red stage, and dark red stage. As shown in Figure 4, the clustering divides into three main clades. There are six ScBAHD genes (ScBAHD3, ScBAHD5, ScBAHD23, ScBAHD24, ScBAHD34, and ScBAHD36) primarily detected at the green stage. A total of 19 ScBAHD genes display higher expression at the green and light red stages than at the dark red stage. And 12 ScBAHD genes show high expression at the light red and dark red stages, but they are not detected at the green stage. ScBAHD1 shows higher expression at the light red and dark red stages than at the green stage. However, ScBAHD3 and ScBAHD7 are not detected at the light red and dark red stages. The expression of ScBAHD1 was further analyzed by RT-qPCR (Supplementary Figure 2), and the results were consistent with the RNAseq data.

[image: Figure 4]

FIGURE 4. Heat map exhibits expression patterns of 37 ScBAHD genes during the ripening stages of S. chinensis fruits, including the green stage (Green_1 and Geen_2), light red stage (Light red_1 and Light red_2), and dark red stage (Dark red_1 and Dark red_2). Red indicates high relative gene expression, whereas blue indicates low relative gene expression.




Heterologous Expression and Functional Characterization Analyses in vitro

ScBAHD1, named ScCFAT (1,368 bp, GenBank Accession Number, OM804184), encodes a protein of 455 amino acid residues, and the predicted molecular weight of ScCFAT is 50.34 kDa and the pI value is 5.10. ScCFAT was subcloned into the expression vector pET-28a using a restriction site to generate N-terminal hexa-histidine tagged recombinant proteins and the purified protein was assessed by SDS-PAGE (Figure 5A). The purified recombinant protein was evaluated for its ability to acetylate coniferyl alcohol as well as a variety of other alcohols by using acetyl-CoA as a source for the acetyl moiety. Assay products were analyzed by using UPLC. Because it has not been able to detect coniferyl acetate due to the instability (Koeduka et al., 2006), the product of ScCFAT catalyzing coniferyl alcohol was verified by using PhCFAT. As shown in Figure 5B, ScCFAT could catalyze coniferyl alcohol to the same product as PhCFAT catalyzed. In addition, ScCFAT could also catalyze cinnamyl alcohol into cinnamyl acetate (Figure 5B), which further proved the acetylation activity of ScCFAT. Apart from coniferyl alcohol and cinnamyl alcohol, ScCFAT exhibited detected activities with sinapyl alcohol, p-coumaryl alcohol, (E)-3-phenyl-2-methyl-2-propenol, benzyl alcohol, 4-hydroxybenzyl alcohol, and (+)-secoisolariciresinol as shown in Table 2 and Supplementary Figure 3.

[image: Figure 5]

FIGURE 5. (A) SDS-PAGE analysis of recombinant ScCFAT. ScCFAT was separated using 12% SDS-PAGE gel electrophoresis and protein bands were visualized after staining with Coomassie brilliant blue. Lane 1: protein marker; Lane 2: purified ScCFAT. (B) In vitro analyses of ScCFAT and PhCFAT activities. (a) UPLC analysis of compounds found in a reaction mixture containing protein of pET-28a, coniferyl alcohol, and acetyl-CoA after 15 min of incubation. (b) UPLC analysis of compounds found in a reaction mixture containing purified PhCFAT, coniferyl alcohol, and acetyl-CoA after 15 min of incubation. (c) UPLC analysis of compounds found in a reaction mixture containing purified ScCFAT, coniferyl alcohol, and acetyl-CoA after 15 min of incubation. (d) UPLC analysis of coniferyl alcohol standard. (e) UPLC analysis of compounds found in a reaction mixture containing protein of pET-28a, cinnamyl alcohol, and acetyl-CoA after 15 min of incubation. (f) UPLC analysis of cinnamyl acetate standard. (g) UPLC analysis of compounds found in a reaction mixture containing purified ScCFAT, cinnamyl alcohol, and acetyl-CoA after 15 min of incubation. (h) UPLC analysis of cinnamyl alcohol standard.




TABLE 2. In vitro analyses of ScCFAT activities.
[image: Table2]



Subcellular Localization of ScCFAT

The prediction of protein subcellular localization with the WoLF PSORT Server showed that ScCFAT was located in the cytoplasm and nucleus with a probability of 26.32%. To investigate the intracellular localization of this protein, the nucleotide sequence without stop codon and with homologous sequences of restriction enzyme SpeI was obtained and ligated into the digested pCAMBIA1302 vector by homologous recombination. Transient transformation of N. benthamiana leaves was used to examine protein localization with the empty vector as a control. At 48 h after injection, the tobacco leaves were collected to observe the green fluorescence. As shown in Figure 6, the fluorescent signals of ScCFAT-GFP fusion protein are distributed predominantly within the cytoplasm of the cells. Therefore, ScCFAT appears to be primarily a cytoplasmic protein.

[image: Figure 6]

FIGURE 6. Subcellular localization of ScCFAT. The fusion proteins were observed under a confocal laser scanning microscope. a, e show the green fluorescence channel; b, f show the chloroplast autofluorescence channel; c, g show the bright field channel; and d, h were created from the images shown in the first three panels. Scale bar = 20 μm.




Molecular Modeling and Docking of ScCFAT

Due to the divergent evolution of the BAHD family from one ancestral gene, this family displays low overall sequence identity (25–34%; St-Pierre and Luca, 2000), but these proteins possess highly similar three-dimensional (3D) structures (Walker et al., 2013). The best template for modeling the ScCFAT structure is the X-ray crystal structure of rosmarinic acid synthase from Coleus blumei (PDB accession number: 6MK2) with a sequence identity of 28.71%. The final unperturbed conformations of the model were acquired by progressively relaxing parts of the initial model. The stereochemical quality of the ScCFAT model was analyzed with PROCHECK. According to the Ramachandran plot, the most favored regions correspond to 81.7% of the structure, and only 1.8% of residues are placed in disallowed regions (Supplementary Figure 4). An analysis using Verify-3D shows that 81.32% of the residues have averaged 3D-1D score ≥ 0.2 (Supplementary Figure 5). The final structure of ScCFAT protein was accepted for subsequent analyses.

The predicted ScCFAT structure consists of two nearly equal domains connected through a loop as shown in Figure 7A. A solvent channel runs through the ScCFAT molecule, allowing the substrate and co-substrate to bind independently. Results of docking simulation showed that the natural substrate acetyl-CoA was located in the solvent channel and docked with His158 as shown in Supplementary Figure 6. To identify the putative residues participating in the binding and/or catalysis of acetyl-CoA or coniferyl alcohol, molecular docking was conducted (Figures 7B,C). And the residues within 4 Å distance from the substrate position were selected as “hot spots” for the coming functional analysis.
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FIGURE 7. (A) Homology modeling of ScCFAT structure constructed with Modeller. His158 is shown in stick representation. (B) Enlarged views of molecular docking of ScCFAT with acetyl-CoA. (C) Enlarged views of molecular docking of ScCFAT with coniferyl alcohol.





DISCUSSION


The Identification of Putative ScCFAT in Schisandra chinensis

CFAT, which must play an essential part in the biosynthetic pathway of dibenzocyclooctadiene lignans, is unknown in S. chinensis. Before studying ScCFAT, we first needed to confirm whether isoeugenol is produced in S. chinensis since the biosynthetic pathway of dibenzocyclooctadiene lignans is hypothetical and coniferyl acetate is unstable and undetected. However, no literature has confirmed the presence of isoeugenol in S. chinensis. Here, we report the extraction method, instrument parameters, and the first detection of isoeugenol in the fruits of S. chinensis by using GC–MS for the first time. The presence of isoeugenol not only proves that there must be a gene encoding CFAT in S. chinensis, but also indicates that the biosynthetic pathway of dibenzocyclooctadiene lignans shown in Figure 1 may be authentic.

PhCFAT, the first identified coniferyl alcohol acyltransferase from Petunia × hybrida, is critical to the production of isoeugenol and can catalyze the formation of coniferyl acetate from coniferyl alcohol and acetyl-CoA (Dexter et al., 2007). To pick out the ScCFAT gene, transcriptome-wide identification of BAHD genes in S. chinensis was performed and a total of 37 ScBAHD genes were obtained. Bioinformatics analyses were conducted and ScBAHDs were diverse based on their sequence and physiochemical properties. Then, we constructed a phylogenetic tree of the 37 putative ScBAHD proteins and 75 identified BAHD acyltransferases from other species. The phylogenetic tree is consistent with that of D’Auria (2006), who sorted 46 functionally characterized BAHD acyltransferases into five clades. The BAHD acyltransferases in clade I are mainly involved in the modification of anthocyanins (anthocyanin acyltransferases, AATs). Apart from HXXXD and DFGWG, most AATs share the sequence Tyr-Phe-Gly-Asn-Cys (YFGNC), which has been used as defining characteristic to clone new AATs by homology-based strategy (Nakayama et al., 2003). Although there are seven ScBAHDs clustered into clade I, only ScBAHD8, ScBAHD10, and ScBAHD14 have the motif YFGNC. Therefore, the three ScBAHDs are most likely to participate in the acylation of anthocyanins in S. chinensis. The BAHD acyltransferases in Clade III can acetylate a diverse range of alcohol substrates, and PhCFAT is clustered into this clade. ScBAHD1, ScBAHD3, and ScBAHD7 are close to PhCFAT, which shows that these three proteins might function as CFAT in S. chinensis. In addition, the BAHD proteins clustered into clade V can be subdivided into two well-supported groups corresponding to Tuominen’s clade Va and Vb (Tuominen et al., 2011).

Gene expression patterns can provide significant clues for predicting the biological function of genes. The content of dibenzocyclooctadiene lignans in the fruits of S. chinensis gradually increases as the fruit matures and reaches the maximum until the half-mature period (Zhao and Wang, 2011). To explore the expression profiles of 37 ScBAHD genes, the transcriptome datasets of S. chinensis fruits at the green, light red, and dark red stages were employed. The results indicate that the expression profile of ScBAHD1 showed higher expression at the light red and dark red stages than at the green stage, which was consistent with the accumulation of dibenzocyclooctadiene lignans. Therefore, based on the phylogenetic analysis and expression profile, it is suggested that ScBAHD1 is most likely to function as ScCFAT involved in the biosynthesis of dibenzocyclooctadiene lignans in S. chinensis.



ScCFAT Functions as an Alcohol Hydroxyl Acetyltransferase in vitro

The recombinant protein of ScBAHD1 was incubated with acetyl-CoA and coniferyl alcohol to assay its activity. Because coniferyl acetate is unstable, the product was detected by UPLC and verified with PhCFAT as a control. Functional analysis in vitro confirmed that ScBAHD1 catalyzed coniferyl alcohol to the same product as PhCFAT catalyzed, which indicated the ScBAHD1 we cloned from the S. chinensis fruits is ScCFAT. Subsequently, we screened the candidate genes coding IGS1 in S. chinensis through bioinformatics analyses and will conduct functional studies. PhCFAT is most efficient with coniferyl alcohol among the alcohol substrates tested and involved in the isoeugenol biosynthesis through RNAi-induced gene silencing (Dexter et al., 2007). From the size of the substrate peak area observed by UPLC (Figure 5B), we preliminarily found ScCFAT may have a higher activity with coniferyl alcohol than PhCFAT.

To further test the acetylation activity of ScCFAT, cinnamyl alcohol was used as an acceptor substrate with acetyl-CoA as a thioester donor. The product was verified to be cinnamyl acetate by using the authentic standard based on the same retention time. The ScCFAT enzyme was then further tested with various alcohol acceptors in combination with acetyl-CoA. Besides coniferyl alcohol and cinnamyl alcohol, ScCFAT exhibited detectable activity on sinapyl alcohol, p-coumaryl alcohol, (E)-3-phenyl-2-methyl-2-propenol, benzyl alcohol, 4-hydroxybenzyl alcohol, and (+)-secoisolariciresinol, but no activity was monitored for other tested substances. These results indicate that ScCFAT functionally prefers alcohol hydroxyl acetylation rather than phenol hydroxyl. Anyway, to determine whether coniferyl alcohol acts as the substate of ScCFAT in vivo, it is necessary to observe if there will be a decrease in the synthesis of isoeugenol after the suppression of the expression of ScCFAT via RNAi-induced gene silencing. However, at present, we lack an effective genetic transformation system of S. chinensis, which is time-consuming to establish. But we are working actively to carry out this part of work. In addition, the result of subcellular localization shows that ScCFAT is predominantly located in the cytoplasm, which is consistent with the prediction of BAHD acyltransferases as cytosolic soluble enzymes due to the lack of transit peptides or other sequences leading to localization in organelles or secretion (D’Auria, 2006).

Ma et al. crystallized and solved the X-ray crystal structure of vinorine synthase, which is the first representative of the BAHD superfamily (Ma et al., 2005). The structural analyses combined with biochemical and mutagenesis studies demonstrate that the HXXXD motif is involved in catalysis at the active site and is indispensable for acyltransferase activity, and the DFGWG motif is unique for BAHD enzymes and plays an important structural role (Suzuki et al., 2003; Bayer et al., 2004; Ma et al., 2005). Here, we generated a 3D structure of ScCFAT with the structure of C. blumei RAS as the template, thereby obtaining a reasonable model with 81.7% of the structure in the most favored regions. After molecular docking, the points within 4 Å distance from acetyl-CoA and coniferyl alcohol are selected as “hot spots” for individual mutations of the residues to L-alanine to identify putative residues participating in the binding and/or catalysis. Furthermore, site-directed mutagenesis and saturation mutagenesis of ScCFAT can be used to improve its catalytic efficiency against coniferyl alcohol, which potentially improves the yield of dibenzocyclooctadiene lignans in S. chinensis.

In addition, to determine the apparent optimal conditions for the enzymatic activity of ScCFAT, reactions need to be conducted at different temperatures, pH, and reaction times. Then, under the determined apparent optimal conditions, besides acetyl-CoA, the thioesters of malonyl-, benzoyl-, p-hydroxybenzoyl-, p-coumaroyl-, and feruloyl-CoAs are also needed to test as the potential substrates. We learned by consulting pieces of literature that the enzyme activity assay of CFAT should be measured by determining how much of the 14C-labeled acetyl group of acetyl-CoA is transferred to the side chain of acceptor substrate and the radioactive product is quantified through liquid scintillation counting (Dexter et al., 2007; Carlos et al., 2016; Zhao et al., 2021). We will further study the relative activities and the kinetics parameters of ScCFAT, crystallize and solve its X-ray crystal structure, and conduct a comprehensive study on its characteristics in combination with biochemical and mutagenic studies.



ScCFAT Is Critical to the Biosynthetic Pathway of Dibenzocyclooctadiene Lignans

S. chinensis is indispensable as the source of dibenzocyclooctadiene lignans for medicines, food supplements, and cosmetics, but the Schisandra plants grow slowly. Chemical synthesis of dibenzocyclooctadiene lignans is feasible in theory, but it is multistage and in low overall yields (Chang et al., 2005). The core and unique features of dibenzocyclooctadiene lignans are biphenyl moiety and cyclooctadiene ring, which have long been regarded as interesting and challenging synthetic targets by organic chemists. The plant biotechnology method of in vitro culture of S. chinensis has potential usefulness. However, the amounts of dibenzocyclooctadiene lignans in vitro cultures were lower than that in the fruits (Szopa et al., 2016). According to biogenesis theory, biosynthesis is the most effective process in terms of energy consumption and yield. In recent years, the types and throughput of plant natural products synthesized by microorganisms are increasing, such as artemisinin (Paddon et al., 2013), tanshinones (Zhou et al., 2012; Guo et al., 2013), aglycons of ginsenosides (Dai et al., 2014), gastrodin (Bai et al., 2016), and so on.

Because the plant grows slowly, methods for constructing mutants and transgenic experiments are laborious, the discovery of biosynthetic genes involved in the biosynthesis of dibenzocyclooctadiene lignans is pioneering and challenging. Although Suzuki et al. proposed the biosynthetic pathway for dibenzocyclooctadiene lignans back in 2007, there has been no progress on functionally characterized enzymes of S. chinensis apart from ScDIR (GenBank accession number: ADR30610; Kim et al., 2012). The current research focus of our group is to decipher the pathway of dibenzocyclooctadiene lignans and we speculated on the enzymes involved in the four major uncharacterized steps shown in Figure 1. First, we consider that isoeugenol is converted to verrucosin under the action of an auxiliary oxidase and dirigent protein (DIR; Halls et al., 2004). And we identified DIR gene family in S. chinensis and screened candidate genes (Dong et al., 2021). Verrucosin is converted to dihydroguaiaretic acid under the action of pinoresinol/lariciresinol reductase (PLR; Katayama et al., 1992a,b). Then, dihydroguaiaretic acid is likely to be catalyzed by CYP450 and O-methyltransferases (OMT) to form pregomisin (Lau and Sattely, 2015; Nett et al., 2020). It is CYP450 catalyzing pregomisin to gomisin J (Ikezawa et al., 2008; Gesell et al., 2009).

Because ScCFAT is the first known and committed enzyme in the biosynthetic pathway of dibenzocyclooctadiene lignans, the subject of this study is to identify and obtain the sequence information of ScCFAT, which can be used to screen candidate genes coding DIR, PLR, CYP450, and OMT via co-expression analysis combined with gene family analyses. Therefore, ScCFAT is critical to the elucidation of the biosynthetic pathway of dibenzocyclooctadiene lignans. Subsequently, we will imitate the approach of podophyllotoxin biosynthetic pathway elucidation and use Agrobacterium-mediated transient expression in N. benthamiana to test the candidate genes (Lau and Sattely, 2015).
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Enzymes

Phenylalanine
ammonia-lyase (PAL)

Cinnamate-CoA ligase
(CNL

Cinnamoyl-CoA
hydratase/lyase (CHL)

Benzaldehyde
dehydrogenase (BD)

Benzoate-CoA ligase (BZL)

3-Hydroxybenzoate-CoA
ligase (3BZL)

Benzophenone synthase
(BPS)

Benzophenone
3’-hydroxylase (B3'H)*,**
1,3,5-Trihydroxyxanthone
synthase (1,3,5-THXS)*
1,3,7-Trihydroxyxanthone
synthase (1,3,7-THXS)™
Cytochrome P450 81AA1
(CYP8B1AAT)™
Cytochrome P450 81AA2
(CYP81AA2)

Xanthone 6-hydroxylase
(X6H)

Aromatic Prenyltransferase

Species

Hypericum androsaemum

Hypericum perforatum, Hypericum canariense

Hypericum androsaemum

Hypericum calycinum
Hypericum androsaemum

Hypericum androsaemum

Hypericum calycinum
Hypericum androsaemum

Hypericum calycinum
Centaurium erythraea

Hypericum androsaemum
Hypericum calycinum
Centaurium erythraea

Garcinia mangostana

Hypericum androsaemum
Hypericum perforatum
Hypericum sampsonii
Hypericum androsaemum

Centaurium erythraea

Hypericum androsaemum

Hypericum perforatum, Hypericum calycinum

Hypericum perforatum

Centaurium erythraea

Hypericum calycinum

Detection level

Biochemical

Biochemical

Biochemical

Molecular (heterologous expression in E. coli)
Biochemical

Biochemical

Molecular (heterologous expression in E. coli)
Biochemical

Molecular (heterologous expression in E. coli)
Biochemical

Biochemical
Biochemical
Biochemical

Molecular (heterologous expression in E. coli)

Molecular (heterologous expression in E. coli)
Molecular (heterologous expression in E. coli)
Molecular (heterologous expression in E. coli)
Biochemical

Biochemical

Biochemical

Molecular (heterologous expression in S. cerevisiae)

Molecular (heterologous expression in S. cerevisiae)

Biochemical

Molecular [heterologous expression in

Citations

Abd El-Mawla et al., 2001;
Abd El-Mawla and
Beerhues, 2002

Klejdus et al., 2013

Abd El-Mawla and
Beerhues, 2002

Gaid et al., 2012

Abd El-Mawla and
Beerhues, 2002

Abd El-Mawla and
Beerhues, 2002

Singh et al., 2021

Abd El-Mawla and
Beerhues, 2002

Singh et al., 2020

Barillas and Beerhues,
1997, 2000

Schmidt and Beerhues,
1997

Klingauf et al., 2005

Beerhues, 1996

Nualkaew et al., 2012;
Songsiriritthigul et al., 2020;
Klamrak et al., 2021

Liu et al., 2003

Tocci et al., 2018
Huang et al., 2012
Schmidt and Beerhues,

1997

Peters et al., 1997
Peters et al., 1997
El-Awaad et al., 2016
El-Awaad et al., 2016

Schmidt et al., 2000a

Fiesel et al., 2015

(@PT) baculovirus-infected insect cells (S. frugiperda, Sf9)]

8-Prenylxanthone-forming
prenyltransferase (PT8PX)

Hypericum sampsonii, Hypericum calycinum Molecular [heterologous expression in S. cerevisiae

(H. sampsonii) and N. benthamiana (H. calycinum))

Nagia et al., 2019

Patulone-forming
prenyltransferase (PTpat)

Hypericum sampsonii, Hypericum calycinum Molecular (heterologous expression in S. cerevisiae

(H. sampsonii) and N. benthamiana (H. calycinum)

Nagia et al., 2019

Norathyriol Gentiana triflora Molecular (cell-free protein expression system) Sasaki et al., 2021
6-O-glucosyltransferase

(StrGT9)

Malonyl-CoA Gentiana triflora Molecular (cell-free protein expression system) Sasaki et al., 2021

acyltransferase (StrAT2)
C-Glycosyltransferase Chen et al., 2015

(cam

Mangifera indica Molecular (heterologous expression in E. coli)

These enzymes are classified either detected at the biochemical level (enzymatic activities of partially-purified or crude protein extracts from native sources) or detected
at the molecular level (coding sequence isolation followed by in vitro protein expression and enzymatic activity assays). Similar enzymes but with different naming are
indicated by single or double asterisks (*,**).
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Hev-hololectin-encoding gene

— Type 1 tandemly-hev-domain proteoform: Endopeptidase-resistant hololectins
Characteristics: Short linker (<6 amino acid)

Exampl f AEP-resistant hololectins in cereals:
WHEAT-AGI2
STDKP

BARLEY-AGIU C) 8-Cys-hev-peptide
YTSKR bHLP-B RADIK-STDKP bHLP-D

MILLET-K3YJM9

-HTNQP-RAmK mHLP-C JI:Llziz2 mHLP-D

— Type 2 singly-hev-domain proteoform: Cleavable hololectins
Characteristics: Long linker (13 to 18 amino acid)

VW Putative AEP
cleavage site

Examples of putatively AEP-cleavable hololectins in oats (this stud
OAT_OCH1

v v
YGKRANVDGNIVPGN—AmTRAELN ENIVPGN—Am-TGGKLNEDWS!!—A

OAT_OCH2

MYG KRANVDGN IVPGQ_!AmTRAELNEN IVPGN-AmTGGKLNEDWSN-A

OAT_OCH3

YGKRANVDGNVIPG&YATGAKINQDDVPGN—A aV1 TGGKLNEDWP&YA-

OAT_OCH4

YGKRANVDGNAIPGN—AmTGAKINQDDVPGNYAmTGGKLNEDWPN—A

OAT_OCHS

Examples of putatively cathepsin-cleavable hololectins in quinoa:
QUNIOA_QCH1

\' \'
cQ2 [TO/ESESRAANT oo

V¥ Cathepsin-like endopeptidase

- 6-Cys-hev-peptide
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Peptide Species Amino acid sequence Mass (Da)®  Charge®

Loop 1 1 m v v vi

avi A. sativa K 3,729 o
av2 A. sativa K] 3,747 -1
a3 A. sativa ! 3,767 +2
av4 A. sativa » 3784 +1
avs A. sativa ! 3848 +2
ave A. sativa a 3,740 +1
a7 A. sativa K 3,805 0
a8 A sativa E 3,708 +1
avo A. sativa x 3,689 o
Avesin A A. sativa * 3,680 -1
mo1 M.oleifera ! 4,603 +3
mo2 M.oleifera l.‘ 4,532 +3
Bt G. biloba K 4715 +3
gB2 G. biloba ! 4417 +3
Hevein H. brasiliensis . 4,715 -2

Mass (Da): represents the experimentally found molecular weight.

bCharge: represents the total charge of the molecule, and calculated by the sum of positive (lysine, arginine, and histidine residues) and negative (glutamate and aspartate
residues) charges.

Colored in green represents chitin binding domain. Colored in yellow represents cysteine motif.
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Gene ID Genename  CDS(bp)  Peptide(aa) My (kDa) ol GRAVY  Subcellular localization
TRINITY_DN955_c1_g2_i8.p1 ScBAHDT 1,368 455 5034 510 -0.162  Gytoplasm_Nucleur
TRINITY_DN62_c0_g1_i1.p1 ScBAHD2 1,302 433 47.93 6.96 =0.173 Chloroplast
TRINITY_DN95_c1_g2_i14.p1 ScBAHD3 1,446 481 5028 5.48 -0.145  Cytoplasm
TRINITY_DN94461_c0_g1_i2p1  ScBAHD4 1,347 448 5009 500 -0310  Gytoplasm
TRINITY_DN8709_c0_g3_i6.p1 ScBAHDS 1,368 455 5101 626 -0097  Chioroplast
TRINITY_DN8709_c0_g3_i3.p1 SCBAHDG 1,293 430 4817 553 ~0.123  Chloroplast
TRINITY_DN9S5_c1_g2_119.p1 ScBAHD7 1,443 480 5084 532 -0.138  Cytoplasm
TRINITY_DN5750_c1_g2_i1.p1 ScBAHDS 1,329 442 49.45 675 -0.143  Chloroplast
TRINITY_DN5598_c0_g1_i1.p1 ScBAHDY 1,407 468 52.66 620 -0025  Chloroplast
TRINITY_DN5357_c1_g1_i6.p1 ScBAHD10 1,323 440 48.91 6.89 -0.002 Chloroplast
TRINITY_DN4048_c2_g1_i2.p1 ScBAHD11 1,293 430 47.55 8.20 -0.050 Chloroplast
TRINITY_DNG726_c0_g1_i12.p1  ScBAHD12 1,338 445 4976 838 ~0067  Peroxisome
TRINITY_DN343038_c0_g1_it.p1  ScBAHD13 1,353 450 5037 661 -0077  Chloroplast
TRINITY_DNG385_c0_g1_i2.p1 ScBAHD14 1,278 425 47.70 583 -0091  Nuclear
TRINITY_DN3165_c0_g1_i1.p1 SCBAHD15 1,299 432 48.30 557 -0108  Cytoplasm
TRINITY_DN2803_cO_g1_i13p1  ScBAHD16 1,338 445 49.40 7.24 -0017  Cytoplasm
TRINITY_DN2803_cO_g1_i10p1  ScBAHD17 1,338 445 4952 678 -0077  Cytoplasm
TRINITY_DN2683_c4_g1_i1.p1 ScBAHD18 1,470 489 5030 651 -0.162  Chloroplast
TRINITY_DN2670_c0_g1_24.p1  ScBAHD19 1,332 443 4913 674 ~0.167  Chloroplast
TRINITY_DN2670_c0_g1_i2.p1 ScBAHD20 1,332 443 49.21 5.80 -0.123 Chloroplast
TRINITY_DN2647_c1_g1_i1.p1 ScBAHD21 1,299 432 4803 7.72 -0037  Chloroplast
TRINITY_DN225916_c0_g1.i1.p1  ScBAHD22 1,305 434 43.40 591 -0217  Gytoplasm
TRINITY_DN217545_c0_g1i1.p1  ScBAHD23 1,353 450 5054 560 -0058  Cytoplasm
TRINITY_DN1974_c0_g1_i5.p1 ScBAHD24 1,374 457 51.53 7.98 -0.241 Peroxisome
TRINITY_DN192399_c0_g1 i2.p1  ScBAHD25 1,365 450 4755 468 -0026  Chioroplast
TRINITY_DN17737_c1_g1_i8p1  ScBAHD26 1,308 435 4908 497 -0.157  Cytoplasm
TRINITY_DN1760_c0_g1_i6.p1 ScBAHD27 1,413 470 4960 568 -0.153  Chloroplast
TRINITY_DN1760_c0_g1_i12.p1 ScBAHD28 1,407 468 49.83 5.86 -0.138 Chloroplast
TRINITY_DN17481_c0_g1_it.p1  ScBAHD29 1,374 457 5028 678 ~0040  Chioroplast
TRINITY_DN17405_c0_g1_i1.p1 ScBAHD30 1,326 a4 48.37 479 0.001 Cytoplasm
TRINITY_DN1676_c0_g1_i8.p1 ScBAHD31 1,329 442 4923 7.94 0076 Cytoplasm
TRINITY_DN1676_c0_g1_i7.p1 ScBAHD32 1,332 443 49.42 537 0020 Cytoplasm
TRINITY_DN1621_c1_g1_i1.p1 ScBAHD33 1,392 463 51.12 6.60 -0.121 Cytoplasm
TRINITY_DN15_c0_g1_i14.p1 ScBAHD34 1,284 427 4761 7.42 -0.235 Cytoplasm
TRINITY_DN15037_c0_g1_i2.p1 ScBAHD35 1,389 462 48.87 6.29 -0.068 Nuclear
TRINITY_DN130087_c0_g1_i2.p1  ScBAHD36 1,368 455 4983 512 -0.152  Gytoplasm
TRINITY_DN10987_c0_g1_it.p1  ScBAHD37 1,317 438 4888 661 -0234  Cytoplasm
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