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Grapevine (Vitis vinifera L.) terpene synthases (VviTPS) are responsible for the biosynthesis of terpenic volatiles. Volatile profiling of nine commercial wine cultivars showed unique cultivar-specific variation in volatile terpenes emitted from grapevine flowers. The flower chemotypes of three divergent cultivars, Muscat of Alexandria, Sauvignon Blanc and Shiraz were subsequently investigated at two flower developmental stages (EL-18 and -26). The cultivars displayed unique flower sesquiterpene compositions that changed during flower organogenesis and the profiles were dominated by either (E)-β-farnesene, (E,E)-α-farnesene or (+)-valencene. In silico remapping of microarray probes to VviTPS gene models allowed for a meta-analysis of VviTPS expression patterns in the grape gene atlas to identify genes that could regulate terpene biosynthesis in flowers. Selected sesquiterpene synthase genes were isolated and functionally characterized in three cultivars. Genotypic differences that could be linked to the function of a targeted gene model resulted in the isolation of a novel and cultivar-specific single product sesquiterpene synthase from Muscat of Alexandria flowers (VvivMATPS10), synthesizing (E)-β-farnesene as its major volatile. Furthermore, we identified structural variations (SNPs, InDels and splice variations) in the characterized VviTPS genes that potentially impact enzyme function and/or volatile sesquiterpene production in a cultivar-specific manner.
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INTRODUCTION

Evolution has resulted in tremendous chemical diversity of floral scent within and across species. Terpene synthases (TPS) are responsible for the biosynthesis of terpenoids, a class of natural products consisting of more than 50,000 compounds in plants (Christianson, 2008; Osbourn and Lanzotti, 2009; Buckingham et al., 2015), of which ∼556 are known to contribute to floral scent (Knudsen and Gershenzon, 2006). A TPS typically catalyzes the final step in terpene biosynthesis with enzymes having the capacity to synthesize either a single terpene or multiple compounds (Christianson, 2017). This is mainly due to the complex mechanism of the enzyme; one of the most significant aspects being how the enzyme’s active site interacts with its substrate (Degenhardt et al., 2009). TPS substrate biosynthesis results from the head-to-tail coupling of C5 prenylated precursors, namely isopentenyl phosphate (IPP) and dimethylallyl phosphate (DMAPP), that are synthesized by the plastidial 2C-methyl-D-erythritol-4-phosphate (MEP) or cytosolic mevalonate (MVA) pathway (Bloch et al., 1959; Lichtenthaler, 1999; Rohmer, 1999). Although these pathways are compartmentalized, metabolic “crosstalk” has been shown to result in these precursors being transported between the plastids and cytosol (Piel et al., 1998; Adam et al., 1999; Jux et al., 2001; Bick and Lange, 2003; Hemmerlin et al., 2003; Schuhr et al., 2003). Regulation of these pathways has been shown to be spatial, temporal and/or diurnal, depending on the species and organ involved in biosynthesis (Dudareva and Pichersky, 2006). The C10 geranyl diphosphate (GPP) and C15 farnesyl diphosphate (FPP) substrates result in the biosynthesis of the majority of flower terpenes, namely mono- and sesquiterpenes, respectively (Davis and Croteau, 2000).

A TPS facilitates a complex biochemical cascade involving cyclizations and/or rearrangement of the substrate to form acyclic and cyclic terpenes. These cascades proceed through reactive intermediates, referred to as carbocations, that serve as branchpoints for specific trajectories in the chemical cascade. It is thus possible to group terpenes based on the similarity of carbocations/cascade required for biosynthesis (Allemann et al., 2007; Hare and Tantillo, 2016; Christianson, 2017). Although the crystal structures of mono- and sesquiterpene synthases have been elucidated (Lesburg, 1997; Starks, 1997; Caruthers et al., 2000; Rynkiewicz et al., 2001; Shishova et al., 2007; Gennadios et al., 2009), the exact path from substrate to terpene is not always known, or conclusively determined. Computational chemistry has proven useful in predicting these structures and the reaction mechanism that will result in terpenes under biologically relevant conditions (Allemann et al., 2007; Miller et al., 2008; Hess et al., 2011; Tantillo, 2011; Wedler et al., 2015;O’Brien et al., 2016).

Plant terpenes are typically studied for their ecological/biological roles which include pollinator attraction (Pichersky and Gershenzon, 2002), direct and indirect pest/pathogen/cellular defense (Köllner et al., 2008; Sabater-Jara et al., 2010; Zulak and Bohlmann, 2010; Lawo et al., 2011) and chemical signaling (Shen et al., 2000; Van Poecke et al., 2001; Köllner et al., 2008; Copolovici et al., 2012). Grapevine (Vitis vinifera L.) is a commercially important crop with an expanded VviTPS family consisting of 152 loci, of which 69 encode for putatively functional proteins (Martin et al., 2010). Grapevine terpenes have been mainly studied for their roles in modulating flavor and aroma profiles of grape berries and wine, with a particular focus on VviTPSs that synthesize terpenes imparting floral (e.g., linalool and limonene) and pepper (e.g., rotundone) aromas (Siebert et al., 2008; Skinkis et al., 2008; Wood et al., 2008; Matarese et al., 2013). The biological/ecological role of grapevine terpenes is, however, not well established, although a limited number of studies hold promise for identifying such roles. For example, the terpenes (E)-β-farnesene, (E)-β-caryophyllene and (E)-4,8-dimethyl-1,3,7-nonatriene were shown to act as semiochemicals for the phytophagous moth Lobesia botrana, a major pest in European vineyards (Tasin et al., 2005; Anfora et al., 2009; von Arx et al., 2011; Salvagnin et al., 2018). Also, cultivar-specific resistance toward phylloxera (Daktulosphaira vitifoliae) has been linked to root terpene biosynthesis (Lawo et al., 2011). A potential role in antioxidant protection in response to ultraviolet light has also been proposed for grapevine leaf terpenes (Gil et al., 2012).

Grapevine flowers show the most significant expression of VviTPS genes, compared to other organs in the grapevine gene atlas (Fasoli et al., 2012). A concordant emission of terpenes has been observed in a limited number of cultivars profiled for their flower volatile emissions (Buchbauer et al., 1994a,b, 1995; Martin et al., 2009; Barbagallo et al., 2014; Matarese et al., 2014). These results clearly showed that grapevine flowers have a unique transcriptional and biosynthetic capacity to produce and emit terpenes, with the majority of cultivars emitting mainly sesquiterpenes, even though the biological/ecological role(s) for domesticated grapevine flower terpenes remain to be established. Furthermore, the reported volatile profiles suggested that there are differences between cultivars, but it is difficult to directly compare the results from the different studies, given the variety of analytical techniques used to profile the grapevine flowers (Buchbauer et al., 1994a,b, 1995; Martin et al., 2009; Barbagallo et al., 2014; Matarese et al., 2014).

One of the aims of this study was to link terpenic profiles of the flower terpene emissions of a few selected, globally important commercial cultivars of grapevine, to functionally characterized VviTPS genes. Cultivar variations in terpene biosynthesis could be due to a variety of genetic and/or biochemical factors. To date 30 of the 69 putative VviTPS gene models (Martin et al., 2010) identified on the PN40024 reference genome (Jaillon et al., 2007) have been functionally characterized, of which 16 encode for sesqui- and 7 for mono-TPS genes. These 30 gene models are associated with 42 enzymes producing a broad range of terpenes and were isolated from a multitude of tissue types and cultivars (Lücker et al., 2004; Martin and Bohlmann, 2004; Martin et al., 2010; Drew et al., 2015). The reference genome revealed that the VviTPS family is greatly expanded, likely due to a complicated domestication history where the modern domesticated species shows greater diversity and heterozygosity than the ancient parents (Aradhya et al., 2003; Salmaso et al., 2004; Laucou et al., 2018). Crossing of distantly related parents, coupled with clonal propagation, have resulted in numerous heterozygous genotypes with their genetic diversity not reflected in the highly inbred, near homozygous reference genome (Da Silva et al., 2013; Roach et al., 2018; Minio et al., 2019). For example, a comparison between the reference genome and the Tannat cultivar revealed that 8–10% of genes are unshared, referred to as cultivar specific or “private” genes (Da Silva et al., 2013). Furthermore, these private genes contribute to cultivar specific phenotypes and account for the majority of uniquely expressed genes (Da Silva et al., 2013). More recently, the application of single cell sequencing technology revealed that the genome of Cabernet Sauvignon contains private genes not present in PN40024, Tannat, Nebbiolo or Corvina genomes (Minio et al., 2019) while a similar study in Chardonnay extended genotypic differences even further by showing the extent of structural variations within fifteen clones of this cultivar (Roach et al., 2018). Other approaches to identify structural variations between genotypes include the analyses of molecular markers, like nuclear microsatellites (nSSRs) or single nucleotide polymorphisms (SNPs), where evidence of extensive genotypic differences is shown (Aradhya et al., 2003; This et al., 2004; Ibáñez et al., 2009; Myles et al., 2011; Emanuelli et al., 2013; Picq et al., 2014; Nicolas et al., 2016; Laucou et al., 2018). A second focus of this study was therefore to understand the genetic factors that could determine how cultivar genotypes differ in terms of terpene biosynthesis.

Although the PN40024 reference genome is limiting when viewing genotypic variation, it still allowed for the generation of numerous expression datasets that can be mined to understand the VviTPS family. One of the most useful datasets is that of the grapevine gene atlas (Fasoli et al., 2012) which consists of 54 different organs and tissue types, comprehensively profiling gene expression throughout the plant. Unfortunately it underrepresents the VviTPS family due to the microarray probe design being based on computationally identified gene models of the CRIBI.v1 genome annotation (Jaillon et al., 2007; Forcato, 2010; Adam-Blondon et al., 2011; Grimplet et al., 2012; Adam-Blondon, 2014). The 152 VviTPS-like loci identified by Martin et al. (2010) and resultant manually corrected VviTPS gene models differ greatly from the 70 VviTPS-like genes of the CRIBI.v1 genes analyzed on the gene atlas. Furthermore, cross-hybridization of probes on the grapevine microarrays can be extensive leading to a high false discovery rate (Moretto et al., 2016). We addressed these limitations through in silico remapping of the microarray probes from the gene atlas to the curated VviTPS gene annotations (Martin et al., 2010), allowing for the identification of specific VviTPS expression patterns. Grapevine flowers showed an interesting expression pattern with subsequent volatile profiling of flowers from nine cultivars showing terpene volatile differences. We therefore aimed to explore the extent of genotypic differences in VviTPS genes, and their potential impact on terpene metabolism by linking the in silico expression analyses with functional characterization of selected VviTPS gene models. Gene models were characterized in three different cultivars with gene structure variations (i.e., SNPs and InDels) that could impact enzyme function in a cultivar-specific manner evaluated. The results obtained in this study, and known VviTPS functions mentioned earlier, were used to postulate on the carbocation intermediates commonly utilized in grapevine flower sesquiterpene biosynthesis. This resulted in the generation of a model for metabolic cascades involved in grapevine flower sesquiterpene biosynthesis as dictated by cultivar-specific roles of VviTPSs.

MATERIALS AND METHODS

Sampling and Volatile Analysis of Grapevine Flower Material

Nine V. vinifera cultivars, namely Chardonnay (CH), Chenin Blanc (CB), Muscat of Alexandria (MA), Pinot noir (PN), Pinotage (PI), Sauvignon Blanc (SB), Shiraz (SH), Viognier (VG), and Weisser Riesling (WR), were sampled at the pre-anthesis flower stage, corresponding to stage 18 of the modified Eichorn-Lorenz (EL) phenological stage classification system (Coombe, 1995). Six to eight flower clusters per cultivar were obtained from a mother block in the Stellenbosch area (33°57′33.50′′S, 18°51′38.09′′E), South Africa in a vineyard where the respective cultivars were planted in close geographical proximity. Samples were flash frozen with liquid nitrogen and stored at -80°C. Flower rachises were separated from the samples before flowers were homogenized and stored at -80°C for subsequent analyses.

In a subsequent season, sampling of MA, SB and SH flowers were performed at two distinct developmental stages, the EL-18 and EL-26 (flower bloom) stages. For this sampling, we randomly sampled four biological repeats consisting of six to eight flower clusters per repeat from the same vineyard as described before. All cultivars were sampled between 9 and 10 am on a single day for the respective stages during the 2015 flower season.

A method optimized for grape berry aroma compound analysis (Young et al., 2015) was adapted to analyze flower tissue. 10 mg (±10% SD) frozen tissue was weighed off directly into a 20 mL glass vial containing 2 mL tartrate extraction buffer (5 g/L tartaric acid, 2 g/L ascorbic acid, 8 mg/L sodium azide and 250 g/L NaCl). The deuterated standard Anisole-D8 (Sigma-Aldrich, United States), prepared in acetonitrile served as internal standard and was added to the buffer at a final concentration of 0.1 mg/L. Vials were sealed using a screw cap. Solid phase micro-extraction (SPME) of the vial head space (HS) was done using a 50/30 μm gray divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fiber (Supelco, Bellefonte, PA, United States) that underwent pre-conditioning at 270°C for 60 min in the GC injection port according to the manufacturer specifications.

Sample vials were pre-incubated for 5 min at 45°C in the autosampler heating chamber. The heating chamber was maintained at 45°C and agitated at 250 rpm to allow for equilibration of compounds between the sample and headspace. The fiber was inserted through the septa and exposed to the analytes in the headspace for 10 min, while maintaining the agitation speed and temperature at 250 rpm and 45°C, respectively. Desorption of the analytes took place in the GC injection port for 5 min, where after, the fiber was maintained for 20 min in order to prevent any carryovers.

An Agilent 6890N gas chromatograph (Agilent, Santa Clara, CA, United States) system coupled to a CTC CombiPal Analytics auto-sampler and an Agilent 5975B inert XL EI/CI MSD mass spectrometer detector through a transfer line was used for the analyses. A Zebron 7HG-G009-11 ZB-FFAP capillary 55 column, 30 m × 250 ID μm, 0.25 μm film thickness, (Phenomenex, United States) was used. The desorption temperature for the analytes was 250°C for 5 min with a 10:1 split. Helium served as the carrier gas having an initial flow rate of 1 mL/min. Initial oven temperature was maintained for 2 min at 40°C, followed by a linear increase of 10°C/min to a final temperature of 240°C which was held for an additional 2 min.

Authentic standards for identification and quantification of volatiles were purchased from Sigma-Aldrich, United States for (+)-valencene (≥70%), (E)-β-farnesene (≥90%), β-caryophyllene (≥80%), and α-humulene (≥96%). Stock solutions of the standards were prepared in methanol. A calibration curve was prepared in 2 mL tartrate buffer as described above containing 0.1 mg/L Anisole-D8 as internal standard.

The Qualitative Analysis package of MassHunter Workstation software (Agilent, Santa Clara, CA, United States) was used to visualize extracted ion chromatograms (IEC) using the cumulative response of the following masses: 41 and 55 for (E)-2-hexenal; 70 and 116 for the internal standard; 93, 161 and 189 for sesquiterpenes. IEC chromatogram peak areas were integrated using default parameters and normalized to the area of the internal standard. Compounds were identified using authentic standards, when available, and the Wiley 275 and NIST14 mass spectral libraries. Concentrations were determined according to the calibration curve of the respective authentic standards. Where an authentic standard was not available, we determined compound concentrations semi-quantitatively using the (+)-valencene standard curve.

In silico Expression Pattern and Phylogenetic Analysis for the VviTPS-a Gene Family

Manual curations for the VviTPS gene family (Martin et al., 2010) were incorporated in the recently released 12X.v2 genome assembly and accompanying VCost.v3 (V3) annotation (Canaguier et al., 2017) and are referred to accordingly. We aimed to supplement the existing compendium of expression data (Moretto et al., 2016), generated using the CRIBI.V1 annotation, as described below.

Putatively functional VviTPS genes (Martin et al., 2010) were evaluated for their expression patterns in the grapevine gene atlas [GEO Accession GSE36128 (Fasoli et al., 2012)]. Probe sequences for the NimbleGen 090918 Vitis vinifera exp HX12 array (NCBI GEO Acc. GPL13936) were retrieved from the GEO database (Edgar et al., 2002) followed by analysis of probe binding ambiguity using BLAST homology with cut-off parameters that allowed for two sequence miss matches of the full-length probe sequence as aligned to the VviTPS gene models. RMA normalized expression values of the re-mapped probes were used to analyze the expression patterns with the clustermap function of the Seaborn package in Python (version 3.5.3).

VviTPS-a members (Lücker et al., 2004; Martin et al., 2009, 2010) were compared through multiple sequence alignments (MSAs) of derived protein sequences. CLC Main Workbench 7 (CLC Bio-Qiagen, Denmark) was used to perform MUSCLE alignments followed by phylogenetic tree construction using Maximum Likelihood Phylogeny with UPGMA as construction method, Jukes Cantor as substitution model and 100 bootstrap replicates.

Isolation and Characterization of VviTPS Genes

Total nucleic acids were extracted from the MA, SB, and SH cultivars using the method described in Reid et al. (2006). RNA was purified and gDNA removed by on-column DNase I treatment using the Bioline Isolate II Plant RNA kit (Celtic Molecular Diagnostics, South Africa). RNA integrity was assessed on an agarose gel followed by cDNA synthesis using the ImPromII Reverse Transcription System (Promega, United States). Primers were designed with restriction digestion sites to facilitate directional cloning (Supplementary Table 1) using predicted cDNA sequences for VviTPS gene models described by Martin et al. (2010), as available on FLAGdb++ (Dèrozier et al., 2011). PCR reactions were performed using Phusion High Fidelity DNA polymerase (Thermo Fisher Scientific, United States). PCR products of expected sizes were purified from an agarose gel using the Qiagen Gel Extraction kit (Qiagen, United States) and A-tailed by incubation with the TaKaRa ExTaq proof-reading polymerase. A-tailed PCR products were ligated into a pGEM-T Easy vector (Promega, United States), transformed into chemically competent Escherichia coli and verified through bi-directional sequencing (Central Analytical Facility, Stellenbosch University, South Africa).

Isolated genes were sequenced and named according to the grapevine nomenclature standard for V. vinifera L. (Vviv) (Grimplet et al., 2014) with the gene model numbers used in the VCost.v3 annotation (Canaguier et al., 2017) preceded by the cultivar abbreviations for Muscat of Alexandria (MA), Sauvignon Blanc (SB), and Shiraz (SH): VvivMATPS01 (MK100068), VvivSBTPS01 (MK100069), VvivSBTPS02 (MK100070), VvivMATPS10 (MK100071), VvivMATPS27 (MK100072), VvivSHTPS27 (MK100073), VvivMATPS28 (MK100074), VvivSHTPS01 (MK100075), VvivMATPS02 (MK100076), VvivSHTPS02 (MK100077), VvivSBTPS10 (MK100078), VvivSHTPS10 (MK100079), VvivSBTPS27 (MK100080), VvivSBTPS28a (MK100081), VvivSBTPS28b (MK100082), VvivSHTPS28 (MK100083). Details regarding the specific cultivar clones are included in the above GenBank accessions.

Sequence analysis of gene isolates was performed using the CLC Main Workbench 7 (CLC Bio-Qiagen, Denmark) by searching for the presence of an open reading frame (ORF). Gene structures were predicted using Splign (Kapustin et al., 2008) with genomic sequences of target gene models (retrieved from FLAGdb++) used as the reference. Gene structures were visualized using the Gene Structure Display Server (Hu et al., 2015). Derived protein sequences were used to identify the N-terminal RRx8W and C-terminal DDxxD and NSE/DTE motifs described to be characteristic of TPS genes (Bohlmann et al., 1998; Aubourg et al., 2002) using the FIMO tool of the MEME suite (Bailey et al., 2009; Grant et al., 2011). The CLC Main Workbench 7 (CLC Bio-Qiagen, Denmark) was used to generate all MSAs.

In vivo Heterologous Expression of VviTPS Cultivar Variants in Yeast and Volatile Profiling

Sub-cloning of putatively functional VviTPS genes from pGem-T Easy (Promega, United States) vectors were performed through restriction enzyme excision and ligation with T4 ligase (Promega, United States) into an inducible yeast expression vector harboring a GAL1 promoter and the URA3 auxotrophic marker. Expression vectors were transformed into E. coli, followed by PCR screening for positives and subsequent plasmid isolations. Positive expression vectors were linearized with ApaI (Thermo Fisher Scientific, United States) and transformed into Saccharomyces cerevisiae strain GT051 using the TRAFO method (Gietz and Woods, 2002). The GT051 strain was modified from the Thomas and Rothstein (1989) W303a strain to increase the metabolic flux for the FPP terpene precursor by over-expression of a truncated HMG1 (SGD:S000004540) and an IDI1 (SGD:S000006038) gene. Yeast transformants were plated on modified TRAFO synthetic drop-out (SD) plates (Gietz and Woods, 2002) containing 2% (w/v) glucose and the amino acids adenine, leucine and uracil omitted for auxotrophic selection. Putative yeast transformants were verified by colony PCR.

Synthetic complete (SC) media (Gietz and Woods, 2002) was supplemented with MgSO4 to a final Mg2+ concentration of 5 mM and buffered to pH 6 using citrate-phosphate buffer. Pre-cultures of the respective yeast transformants were prepared in SC media with glucose (2% w/v) as a carbon source. Cells were harvested through centrifugation and washed with sterile water. TPS-expression was induced in sealed 20 mL GC-vials containing 5 mL SC media with galactose (2% w/v) as carbon source. Assays were performed in triplicate (three cultures per positive transformant). The starting optical density (OD) was 0.7 at 600 nm. After 16 h of induction at 30°C with shaking, vials were placed at 4°C for 1 h before analysis. A 1 mL mixture of natamycin (Delvocid at 2 mg/mL in 0.1 M NaOH) and the internal standard Anisole-D8, prepared in acetonitrile at 50 μg/L final concentration, was added to each vial by piercing the vial septa using a sterile syringe. Delvocid was added to arrest biomass production, allowing for normalization to the internal standard.

HS-SPME-GC-MS was conducted using the same fiber, column, chromatograph and mass spectrometer detector as described before. The fiber was inserted through the septa and exposed to the analytes in the headspace for 20 min, while maintaining the agitation speed and temperature at 250 rpm and 35°C, respectively. Desorption of the analytes took place in the GC injection port where after the fiber was maintained for 20 min in order to prevent any carryovers. Desorption temperature for the analytes was 250°C for 5 min with a 10:1 split. Helium served as carrier gas with an initial flow rate of 1 mL/min. Initial oven temperature was maintained for 2 min at 40°C, followed by a linear increase of 10°C/min to a final temperature of 240°C which was held for an additional 2 min. The total run time was 24 min and the transfer line temperature 250°C. Calibration curves prepared in SC media, using the standards described earlier, were used for quantification and compound identification in combination with the Wiley 275 and NIST14 mass spectral libraries. Chromatograms were analyzed as described earlier.

Transient Expression in Nicotiana benthamiana

Putative VviTPS genes were cloned into pDONR-Zeocin, using the 2-step PCR protocol to add attB sites, followed by an overnight BP reaction as described in the product manual (Thermo Fisher Scientific, United States). Entry clones were transformed into electrocompetent E. coli and colonies confirmed to be positive through sequencing. Expression clones were created using the pEAQ-HT-DEST1 vector (Sainsbury et al., 2009; Peyret and Lomonossoff, 2013) by performing an overnight LR reaction, followed by transformation into E. coli as above and restriction enzyme digestion of plasmids to confirm positive colonies. Clonases for Gateway cloning and the pDONR-Zeocin vector were purchased from Thermo Fisher Scientific, United States.

Destination vectors were transformed into electrocompetent Agrobacterium tumefaciens GV3101 and plated on LB plates with 30 μg/mL gentamycin, 50 μg/mL kanamycin, and 50 μg/mL rifampicin. Transient expression and volatile analysis in N. benthamiana was performed according to the method described by Bach et al. (2014) with minor adaptations: Overnight cultures were washed thrice with 0.9% (w/v) saline solution and resuspended to a final OD600 of 0.6 using MMA buffer [10 mM 2-[N-morpholino]ethanesulfonic acid (MES) pH 5.6, 10 mM MgCl2, 200 μM acetosyringone] instead of water. Resuspended cultures were incubated for 1 h at room temperature before infiltration. Two fully expanded leaves per plant were infiltrated in triplicate. Mock infiltrations with MMA buffer and non-infiltrated wild type plants served as controls. Qualitative analysis and compound identification were performed with the GC-MS instrument, software and (E)-β-farnesene analytical standard described earlier.

Southern and Northern Blot Analysis of VviTPS10

A DIG probe targeting VviTPS10 was obtained through PCR amplification of an 862 bp internal region of the coding sequence followed by DIG labeled as described in the DIG Application Manual for Filter Hybridization (Roche, Germany) and diluted to 8.2 ng/mL in DIG Easy Hyb. The same probe solution was used for both Southern and Northern blotting at the appropriate temperatures described in the DIG Application Manual for Filter Hybridization (Roche, Germany).

For Southern blot analysis genomic DNA was isolated from MA, SB, and SH using the method described by Lovato et al. (2012), followed by single digests of 10 μg gDNA using BamHI, EcoRI and XbaI restriction enzymes (Thermo Fisher Scientific, United States). Southern blotting was performed as described in the DIG Application Manual for Filter Hybridization (Roche, Germany).

Total RNA was isolated from ±100 mg tissue for EL-18 and EL-26 stages from MA, SB, and SH using the method described by Reid et al. (2006). RNA was selectively purified using the RNeasy Mini kit (Qiagen) according to the RNA clean-up protocol described in the product manual. RNA samples were separated on a 1.2% formaldehyde agarose (FA) gel followed by Northern blot analysis according to the DIG Application Manual for Filter Hybridization (Roche, Germany).

Biosynthetic Network of VviTPS and Heterologous Sesquiterpenes

VviTPS enzymes that have reported heterologous function (Lücker et al., 2004; Martin et al., 2009, 2010; Drew et al., 2015) along with enzymes isolated in this study were used to construct a virtual interaction network using Cytoscape (Version 3.4) (Shannon et al., 2003), available from http://www.cytoscape.org/. VviTPS enzymes were used as source nodes with their associated volatiles serving as target nodes, connected by an edge. Edges were weighted as a major volatile when their percentage contribution was greater than 10% with all volatiles contributing less then 10% deemed a minor volatile. Source nodes were colored according to the likely carbocation intermediate used in the majority of volatiles from the respective enzymes. We referred to Bülow and König (2000); Davis and Croteau (2000); Tantillo (2011); Miller and Allemann (2012); Wedler et al. (2015), and Durairaj et al. (2019) to predict the likely carbocation intermediate involved.

RESULTS

In silico Expression Patterns of VviTPS Genes

Available VviTPS gene models (Martin et al., 2010) were re-assessed by re-mapping of probes-to-genes, as annotated on FLAGdb++ (Dèrozier et al., 2011), followed by expression pattern identification. The 69 putatively functional VviTPS gene models (predicted pseudo- and partial genes not considered for probe-to-gene remapping) (Martin et al., 2010) were re-analyzed to generate a network model (Supplementary Data Sheet 1). It was observed that probes often cross-hybridize with multiple VviTPS gene models, highlighting the close relatedness within the gene family. In silico remapping revealed a total number of 306 probes binding to the 69 putative VviTPS genes, with only 133 of these probes binding uniquely to a single gene model (Supplementary Figures 1A,B). Of these probes, only eight gene models showed the expected four probes per gene. The remaining probes had probe-to-gene binding ambiguity ratios between 1:2 and 1:6.

Using the remapped probe sets, in silico expression analysis was performed using the grapevine gene atlas. The VviTPS mapping provided for the NimbleGen 090918 Vitis vinifera exp HX12 platform can, however, also be used to view VviTPS expression for all experiments available in the GPL13936 platform.

Global VviTPS expression was assessed by looking at all the probes individually. Two expression hotspots were identified, shown in the red and blue squares of Supplementary Figure 2. The blue square represented organs undergoing initial differentiation from budburst (EL-14) up to inflorescence establishment (EL-17), and include probes associated with mainly the VviTPS-a and -b subfamilies. The second hotspot (red square) showed high VviTPS expression in flower tissues from early bloom (EL-20) to full-bloom (EL-25), with the majority of probes also associated with VviTPS-a and -b subfamilies. Gene specific patterns were subsequently calculated by averaging all probes that bind uniquely to VviTPS-a and -b transcripts, illustrated in Figure 1. Only 35 of the 49 putatively functional VviTPS-a and -b members could be considered for Figure 1, with the remaining members represented only by ambiguously binding probes. A differential expression pattern for male and female flower organs was observed with VviTPS-a members (VviTPS07, -08, -10, -12, -14, and -16) showing greater expression in male parts while significantly lower expression in female parts. VviTPS27 and -28 showed the inverse with higher relative expression in female parts. The hotspot associated with inflorescence development (EL-14 to -17) was much less pronounced when probes are averaged, while the high relative expression at flower anthesis was still evident. In combination, the two approaches (the per probe and gene-averaged expression clustermaps) showed that VviTPS-a and -b subfamilies were highly expressed in floral organs with a differential pattern between pre- and full-bloom stages, suggesting that mono- and sesquiterpene biosynthesis could be upregulated during flower organogenesis.
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FIGURE 1. Per gene averaged expression of unambiguous probes for the VviTPS-a and-b subfamilies. Flowering stages and organs are highlighted by the blue square.



Profiling of Grapevine Flower Chemotypes

A selection of nine cultivars formed part of an initial screen to evaluate the formation of mono- and sesquiterpenes at flowering. Volatile analysis of flower samples at EL-18 stage of these cultivars (presumed to be the VviTPS transcriptional transition point from pre-bloom to bloom and including genes from hotspots identified in Figure 1 and Supplementary Figure 2) revealed that the cultivars differed significantly in terms of volatile content and composition, and that the majority of compounds present were sesquiterpenes (Supplementary Figure 3). (E)-2-hexenal was present at high concentrations for all cultivars along with heptadecene, tridecanone, eicosene, and 2-pentadecanone alkanes, at low abundance. Hierarchical clustering of the sesquiterpene volatiles identified cultivar differences in the chemotypes (Supplementary Figure 3) and identified the volatiles driving the differentiation. Two main clusters were identified with (E,E)-α-farnesene, (+)-valencene and its rearrangement 7-epi-α-selinene consistently present in all cultivars, except for CH and PI which lacked the latter two and produced (E,E)-α-farnesene as the major volatile. SB and SH were therefore selected as white and red varieties to represent this common chemotype with MA selected due to its unique chemotype, dominated by (E)-β-farnesene.

In-depth profiling of these three cultivars at two phenological stages were performed to expand on the different compositional ratios observed in the initial nine cultivar screen (Supplementary Figure 3). We identified a total of 12 flower sesquiterpenes with seven, namely β-caryophyllene, α-humulene, (E)-β-farnesene, (+)-valencene, α-selinene, 7-epi-α-selinene and (E,E)-α-farnesene consistently present in all three cultivars, regardless of flower stage (Supplementary Table 2). Chromatograms illustrating the volatile differences for these three cultivars can be viewed in Supplementary Figure 4. (+)-Aromadendrene, β-selinene, (E)-β-caryophyllene and (Z,E)-α-farnesene were emitted at low levels in a cultivar and/or stage specific manner, as shown in Supplementary Table 2. Multivariate data analysis tools were applied to identify variables that explain the variation observed between cultivars. Firstly, we used unsupervised principal component analysis (PCA) of the sesquiterpene volatiles, shown in Figures 2A,B. Cultivar sesquiterpene composition was shown to be the main driver for differences, contributing to 74.2% in the first component while stage differences explained 18.3% of the variation as the second component. The loadings plots (Figure 2B) was subsequently used to identify the volatiles that impart the most variation to the dataset with a multivariate analysis of variance (MANOVA) of these volatiles showing the extent of statistically significant differences between cultivars and/or stages (Figures 2C–F).
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FIGURE 2. PCA scores (A) and loadings (B) of sesquiterpenes that drive differentiation between the cultivars Muscat of Alexandria (MA), Sauvignon Blanc (SB), and Shiraz (SH) at two phenological stages (EL-18 and EL-26). MANOVA of (E)-β-farnesene (C), (E,E)-α-farnesene (D), (+)-valencene (E), and 7-epi-α-selinene (F) shows statistically significant differences between cultivars and phenological stages of the most abundant sesquiterpenes emitted by grapevine flowers.



(E)-β-farnesene (Figure 2C) was significantly different for MA, compared to SB and SH. Furthermore, a significant difference for MA was observed between stages with 74% higher (E)-β-farnesene emission at EL-18 relative to EL-26. SB and SH produced (E)-β-farnesene at similar levels, regardless of phenological stage but at a concentration at least three times lower than MA. SB emitted (E,E)-α-farnesene (Figure 2D) as major volatile at near identical levels in both phenological stages. (E,E)-α-farnesene levels were significantly lower in MA and SH (ranging between 31 and 59%) relative to SB for both stages. However, SH showed an 85% relative increase for (E,E)-α-farnesene from EL-18 to EL-26. (+)-valencene (Figure 2E) and its rearrangement, 7-epi-α-selinene, (Figure 2F) had near identical emission levels that were statistically different between the cultivars, but not between stages within a cultivar. (+)-Valencene was the major volatile of SH. In summary, the results showed that the three cultivars each produced a specific major sesquiterpene and that their emission compositions changed between the EL-18 and EL-26 stages. The compositional changes were minor between cultivars, and within a cultivar, as flower organogenesis progressed. However, the presence/absence for the minor sesquiterpenes (+)-aromadendrene, β-selinene, (E)-caryophyllene and (Z,E)-α-farnesene contributed significantly to the cultivar- and stage-specific chemotypes.

Selection of VviTPS-a Genes for Comparative Functional Characterization

Protein sequences derived from the predicted gene models showed subtle differences to the protein sequences of isolated and functionally characterized, illustrated in Figure 3. For example, five (E)-β-caryophyllene synthases, from two different cultivars, are associated with four different gene models (VviTPS02, -02, -13, and -27) (Martin et al., 2010), and although of similar function form distinctly different clades on the phylogenetic tree.
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FIGURE 3. Phylogenetic tree of the VviTPS-a subfamily. Gene models targeted in the study are indicated by the blue circles.



To investigate the extent of the genotypic variations and their potential impact on cultivar specific chemotypes we selected five candidate gene models (highlighted in blue in Figure 3). The VviTPS01 gene model has been associated with two different functional sesquiterpene synthases, namely VvGwECar1 and VvGwGerA, producing (E)-β-caryophyllene and Germacrene A, respectively (Martin et al., 2010). This gene model also had a high number of ambiguously binding probes (Supplementary Data Sheet 1), suggesting that multiple variants or closely related genes exist. In silico expression patterns of the probes associated with VviTPS01 furthermore show high relative expression in flowering tissue. VviTPS02 and VviTPS27 were dissimilar to VviTPS01 on a sequence level but both were associated with functional enzymes, VvGwECar3/VvPnECar1 and VvGwECar2, respectively, producing (E)-β-caryophyllene as major product (Martin et al., 2010). VviTPS10 was chosen due to its associated functional enzyme, VvGwaBer, producing (E)-β-farnesene as a minor secondary product. Twelve probes bound to this gene model, with only one binding unambiguously. Expression patterns for VviTPS10 probes showed high relative expression in flowers. VviTPS28 is associated with VvGerD (Lücker et al., 2004), which was characterized before the design of the microarray, resulting in four unique probes for the gene model (Supplementary Data Sheet 1). Furthermore, VviTPS28, along with VviTPS27 showed high expression in both inflorescence and flower bloom stages (Supplementary Figure 2).

Analysis of Isolated VviTPS-a Gene Sequences

Sequenced isolates were compared to the predicted gene model and existing characterized genes mentioned earlier. This comparison revealed sequence and structural variations that potentially impact gene function, illustrated in Figure 4. VvivTPS01 -02 isolates differed in gene structure to the gene model but contained a full length ORF and were therefore deemed putatively functional. The most prevalent cause for loss of function was due to SNPs that result in a premature stop codon. In addition to a premature stop we observed intron retention for VvivSHTPS10. Curiously PCR amplification with VviTPS28 primers resulted in two amplicons for SB with the second amplicon, VvivSBTPS28b, not being of the expected size. Gene sequencing results suggest that it is a partial duplicate of VvivSBTPS28a. VvivSBTPS28b maintained exons one and two, compared to the full-length sequence of VvivSBTPS28b, with a 596 nucleotide deletion resulting in the loss of exons three, four and a short part of exon five which shifted the start position for exon five. The intron between exons five and six was also retained. This isolate, however, has higher sequence homology to the SH variant than the SB variant.


[image: image]

FIGURE 4. Structural organization of isolated VvivTPS cultivar variants compared to the reference gene model and associated functional genes. The dendrogram reflects maximum likelihood phylogeny using MUSCLE aligned coding sequences. Structural variations to the reference sequence, sequences with premature stop codons and those with a full-length open reading frame are indicated by the colored circles.



Protein sequences were derived for the genes with a predicted full-length ORF and compared to that of the gene model (i.e., reference sequence) and its associated functional proteins (Lücker et al., 2004; Martin et al., 2010). These results are available in Supplementary Table 3 and the MSAs in Supplementary Data Sheet 2. VvivMATPS10 showed extensive sequence differences to both the reference sequence and VvGwaBer, with 37 of the 50 missense mutations located in the catalytic region of the enzyme. An amino acid deletion in the catalytic site was also observed.

Heterologous Expression and Functional Characterization of VviTPS-a Cultivar Variants

Genes with full length ORFs were expressed in vivo using a heterologous yeast system with the percentage contribution of the observed volatiles reported in Table 1. Although, putatively functional, VvivSHTPS01 and VvivSBTPS27 produced no detectable volatiles and were therefore considered non-functional in vivo.

TABLE 1. Percentage contribution of volatiles produced through in vivo expression of VvivTPS cultivar variants.
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Agrobacterium mediated transient expression of VvivMATPS10 confirmed functionality in planta as a single product enzyme synthesizing (E)-β-farnesene (Supplementary Figure 5).

Genomic Localization and Flower Expression of VviTPS10

The dominance of (E)-β-farnesene in MA and the unique heterologous function of VvivMATPS10 prompted further inspection. In silico analysis showed that the VviTPS10 gene model shared multiple probes with other VviTPS genes (Supplementary Data Sheet 1), suggesting that genes with high homology to VviTPS10 are present in the PN40024 genome. Southern blot analysis confirmed the presence of VviTPS10 homologs in all three cultivars, with three separate restriction enzyme digests of gDNA from MA, SB and SH (Supplementary Figure 6). Multiple hybridization patterns in the 4 to 1.9 kB regions, were observed, indicating the presence of numerous homologous genes within a cultivar.

We performed a preliminary analysis of the VviTPS10 locus using the phased-diploid assembly and annotation of Cabernet Sauvignon (Chin et al., 2016; Minio et al., 2019). Two contigs, containing four homologous genes, were found with sequence phylogeny to VvivMATPS10 and VvGwaBer and the four putative VviTPS10-like regions shown in Figure 5. The Cabernet Sauvignon VviTPS10-like genes are located on two different primary contigs with this shared location reflected in their phylogenetic grouping. Determining the expression of VvivMATPS10 was therefore not possible using quantitative PCR. Preliminary Northern blot analysis, however, suggested that VviTPS10 is expressed in MA at both flower stages (Supplementary Figure 7).
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FIGURE 5 Maximum likelihood phylogeny of proteins homologous to VvivMATPS10 and VvGWaBer identified on two different primary contigs (red and blue nodes) of the phased-diploid Cabernet Sauvignon assembly.



Proposed Carbocation Cascades Involved in Flower Chemotypic Differences

By identifying a likely carbocation cascade required to synthesize flower sesquiterpenes, a cultivar-specific prevalence for carbocation intermediates was observed, illustrated in Figure 6. Flux through the (E)-humulyl cation (gray cascade) toward humulenes and caryophyllenes was consistent between stages for each cultivar. MA directs terpene biosynthesis through the farnesyl cation in both stages due to the prevalence of linear farnesene type sesquiterpenes emitted. MA, however, produced much lower total levels of sesquiterpenes in both flower stages (Figure 6B).
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FIGURE 6. (A) Proposed carbocation cascades leading to cultivar-specific flower chemotypes proceed from the farnesyl cation toward the linear farnesenes (orange arrow) or through the humulyl (gray arrow) and (E,E)-germacradienyl (blue arrow) cations, respectively, with major end-point sesquiterpenes observed in this study shown in red squares. Yellow arrows indicate cascades for which grapevine has the biosynthetic potential (based on known functional enzymes) but not observed in the flowers studied. VviTPS gene models that have been linked to a functional enzyme synthesizing the respective sesquiterpenes are indicated in parentheses. (B) Biosynthetic flux as a percentage of the total observed sesquiterpenes for MA, SB and SH flower sesquiterpenes at two flower stages proceed through carbocation cascades where either farnesyl (orange), humulyl (gray) or (E,E)-germacradienyl (blue) cations serve as branchpoint intermediates. The total concentration of sesquiterpenes in μg/g FW is shown in the center of the doughnut charts. (C) Heterologously characterized sesquiterpene synthases that with products observed in the flowers show that there are numerous enzymes that contribute to specific sesquiterpenes. Products contributing to more than 10% of products synthesized in the heterologous expression assay are indicated by a thicker edge. Nodes are colored according to the dominant cascade that will result in the associated products.



A trend of increased farnesene biosynthesis as flower development progressed was seen in all three cultivars (Figure 6B) with farnesene levels increasing by more than 10% from EL-18 to EL-26 in SH and SB. In these cultivars, a proportional decrease in cyclized sesquiterpenes, proceeding through the (E,E)-germacradienyl cation was observed. Characterized enzymes and their associated products in the context of the carbocation cascades are shown in Figure 6A. Based on the carbocation cascades that only utilize FPP, an enzyme-function network was created (Figure 6C) to illustrate the biosynthetic potential of characterized grapevine sesquiterpene synthases and how they could contribute to flower chemotypes. Nodes were numbered according to the number of gene models that transcribed an enzyme with identical function. The functional relatedness of these enzymes was represented by edges that connected products synthesized by different enzymes, with major products, <10% of contribution, shown with a thicker edge.

DISCUSSION

Grapevine Flowers Are Hotspots for VviTPS Expression and Terpene Production

VviTPS gene were found to be underrepresented in previous annotations. The remapping of probes to curated gene models allowed for analysis of the VviTPS family as presented in the VCost.v3 annotation (Canaguier et al., 2017). Although we present data here only for the grapevine gene atlas, the mapping provided can be applied for analyses on the Nimblegen 090918 Vitus HX12 platform. In silico expression patterns (Figure 1) showed that flower development and flowering were hotspots for VviTPS genes, with probes associated with VviTPS-a and -b transcripts (sesqui- and monoterpene synthases), showing high relative expression during the progression from inflorescence structure differentiation (EL-14) to flower bloom (EL-23) and specific transcripts localizing to these stages. It was expected to see high VviTPS expression in flower tissues as it was previously identified as potential organs for VviTPS biomarkers (Fasoli et al., 2012). These biomarkers were, however, based on computational gene models of the CRIBI.v1 annotation. The in silico expression profiles presented in Figure 1 and Supplementary Figure 2 therefore shows the expression patterns of corrected VviTPS gene models reported by Martin et al. (2010). Although, we could refine the number genes expressed through an in silico re-mapping of probes to the VviTPS gene family we still found a high number of genes could not be accurately analyzed due to the observed number of ambiguous probes. Nevertheless, we clearly showed that mono- and sesquiterpene synthases are upregulated during flowering.

Volatile profiling of flowers, however, only showed high levels of sesquiterpenes with a unique major volatile for the respective cultivars (Figure 2). Previous studies showed that (+)-valencene was the major terpene for flowers from red and white cultivars with only two cultivars showing slightly higher levels of β-caryophyllene (Buchbauer et al., 1994a,b, 1995; Martin et al., 2009). The only exception was that of Muscat Bianco where monoterpenes contributed to 20% of the total flower volatiles, with sesquiterpenes contributing less then 1% (Matarese et al., 2014). (E,E)-α-farnesene was the second highest sesquiterpene at 22.2% for Cabernet Sauvignon flowers (Martin et al., 2009) with other cultivars showing a total contribution of 2.2% or less (Buchbauer et al., 1994a,b, 1995). The three cultivars profiled in this study emitted a unique major sesquiterpene, with the blend of volatiles emitted consisting of the same compounds, but at different ratios. Furthermore, the initial volatile screen of nine cultivars (Supplementary Figure 3) suggests even greater chemotypic differences exist.

The lack of glandular structures in domesticated grapevine (Ma et al., 2016), an accumulation of sesquiterpene transcripts and concordant emissions in flowers (Martin et al., 2009), suggests that expression and emission are linked. Martin et al. (2009) showed sesquiterpene emissions were localized to the anthers. Localization of the VvValCS protein to lipid bodies in microspores of the pollen grain, preceded by an accumulation of VvValCS transcripts, suggested that sesquiterpene biosynthesis was confined to male parts of the hermaphroditic flower (Martin et al., 2009), but it is not yet clear if all cultivars synthesize sesquiterpenes in this manner. Our in silico analysis of the VviTPS family is to some extent in agreement with the aforementioned observation. However, the lack of substantial monoterpenes volatiles in grapevine flowers, except for Muscat Bianco, suggests that there are aspects of flower terpene metabolism that likely retain monoterpenes in a non-volatile form. This has indeed been shown to be true in grape berries where yeast and/or plant glycosidases release monoterpenes during vinification (Loscos et al., 2007; Martin et al., 2012; Yauk et al., 2014).

Isolation, Characterization, and Functional Analysis of VvivTPS Genes Provided Insight Into Genotypic Differences Potentially Impacting Sesquiterpene Production

Vegetative propagation and domestication of grapevine (Myles, 2013) resulted in a SNP ratio that is 2–3 higher than Arabidopsis (Martinez-Zapater et al., 2010). Profiling of these SNP differences in 5,000 germplasm accessions revealed two general domestication paths where aromatic varieties, commonly associated with table grapes, originate from Muscat or Riesling parents and less aromatic varieties used for making wine originating from the Traminer variety (Myles et al., 2011). Recently it was shown that vegetative propagation also allows for the maintenance of aberrant genome scale events where large regions of a genome can be lost due to chromosome breaking which also results widespread recombination events (Carbonell-Bejerano et al., 2017). These genome scale events have been linked to structural events that alter berry color due to deletions of hemizygous genes (Carbonell-Bejerano et al., 2017). Furthermore, evidence of genome wide transposable elements (Carrier et al., 2012), especially around the VviTPS members (Martin et al., 2010), indicate that domestication and propagation of grapevine resulted in cultivar and/or clone specific genetic changes. Linking these genotype specific structural variations with an observable phenotype presents a challenge but can be addressed to some extent when computational chemistry, functional biology, bioinformatics and chemical profiling is utilized in combination to understand enzyme mechanisms.

Phylogenetic similarity is thought to be an inaccurate predictor for function due to the effect that subtle amino acid changes have on TPS function (Yoshikuni et al., 2006), a fact that is exacerbated by the heterozygosity of grapevine and high level of duplications within the VviTPS family (Martin et al., 2010). Previous studies have used sequence phylogeny to establish the evolution of TPS in plants (Bohlmann et al., 1998). Various studies on the active site of sesquiterpene synthases, however, suggests that phylogenetic similarity in this region will allow for a more focused analysis by identifying amino acid residues that correlate with conserved enzyme mechanisms (Degenhardt et al., 2009; Wymore et al., 2011). These insights were recently applied in a sequence-based analysis of 262 experimentally characterized plant sesquiterpene synthases; resulting in the identification of conserved amino acid residues and motifs (Durairaj et al., 2019). Incorporating experimental evidence with the amino acid composition in the active side subsequently allowed for grouping enzymes based on carbocation intermediates utilized to produce the observed end-point sesquiterpenes (Durairaj et al., 2019). By studying the genotypic differences of selected sesquiterpene synthases from three cultivars we identified subtle sequence variations that could impact enzyme function. Although all cultivars produced a transcript for the targeted genes, structural variations resulted in many of these transcripts being non-functional (Supplementary Table 3). SNPs resulted in premature stop codons for five of the isolates (Supplementary Table 3) in this study with intron retention and partial duplication also shown (Figure 4). These structural variations effectively eliminate the targeted genes from contributing to the flower chemotype. Extrapolating these results to the extensive genotypic variation within V. vinifera furthermore highlights the limitations of a one-size-fits-all reference genome.

The database of plant sesquiterpene synthases (Durairaj et al., 2019) allowed us to predict the reaction mechanisms for VviTPS involved in flower sesquiterpene biosynthesis. We characterized the sequence space of the five targeted gene models by utilizing the aforementioned database in order understand how the observed genotypic variations influences enzyme function. Furthermore, we extrapolate these findings, in combination with known functional VviTPSs, to the observed flower chemotypes, illustrated in Figure 6. VviTPS10 served as a prime example for genotypic differences influencing flower chemotypes. The gene space of the three cultivar variants shows that the SB and SH variants of VviTPS10 contain premature stop codons with the latter also retaining some introns. This gene model was previously characterized as VvGWaBer synthase (VviTPS10a in Figure 6A), isolated from Gewürztraminer, producing bergamotene as major product (Martin et al., 2010). The SB and SH non-functional VviTPS10 variants showed high homology with this gene. The MA variant was, however, unique in both sequence and function with in vivo and in planta characterization resulting in (E)-β-farnesene as a single product. No sesquiterpene volatiles that will require isomerisation of FPP to NPP were observed. Nevertheless, a genetic capacity to synthesize NPP derived products is present in grapevine, shown by the yellow cascade of Figure 6A.

Observed flower volatiles can be grouped based on the carbocation intermediates required for their production. This allowed us to identify the cultivar specific flux from FPP with known grapevine sesquiterpene synthases producing these volatiles indicated in the cascades (Figures 6A,B). Cyclization of FPP was observed to be that first branch point with the majority of known grapevine sesquiterpene synthases proceeding though either 1,11 or 1,10 ring closures. Based on the observed flower sesquiterpenes we showed that 14.7–18.6% of FPP is directed through a 1,11-closure (gray cascade) toward humulenes and caryophyllenes with seven gene models linked with enzymes that perform this as a primary mechanism (Figure 6C). Cyclization resulting in the (E,E)-germacradienyl cation will be required to account for the majority of sesquiterpenes observed in SB and SH (Figure 6B), with VviTPS24 and -15 characterized to produce selinenes and (+)-valencene, respectively (Lücker et al., 2004; Martin et al., 2009, 2010). A Shiraz allelic variant of the VviTPS24 gene model resulted in the characterization of VvGuaS (indicated as VviTPS24b in Figure 6A), producing α-guaiene. This sesquiterpene serves a precursor for rotundone, which is linked to the peppery aroma profile of Shiraz wine (Siebert et al., 2008; Huang et al., 2014, 2015). Although this metabolite is not observed in flowers it serves as an example of genotypic variation impacting on terpene metabolism in a cultivar specific manner. A single amino acid difference between these allelic variants was identified as the mechanistic switch leading to either selinenes or α-guaiene (Drew et al., 2015).

The production of linear farnesenes are facilitated by enzymes that have an active site cavity where cyclization of this cation is prevented by early deprotonation of the substrate (Deligeorgopoulou and Allemann, 2003). Deprotonation of the farnesyl cation will result in stereoisomers of farnesene with VvivMATPS10 and VvCSaFar (VviTPS20) producing those in the E orientation. The presence of (E,Z)-α-farnesene in SB and SH at the flower bloom stage indicates the presence of a yet to be characterized enzyme that utilizes NPP as substrate with the nerolidyl cation being deprotonated. This novel variant of VviTPS10 presented an interesting scenario due to the extensive amino acid differences between VvGWaBer (Martin et al., 2010) and VvivMATPS10. The observed sequence differences around the active site and the distinct lineage of MA (Myles et al., 2011) suggested that VvivMATPS10 might be unique to MA, rather than a cultivar variant of VviTPS10. Southern blots targeting VviTPS10 show numerous hybridizations, suggesting the presence of multiple genomic regions homologous to VviTPS10. Probe re-mapping showed that the VviTPS10 gene model shares probes with two other gene models linked to functional enzymes (VviTPS12 and -14) (Martin et al., 2010), supporting this observation. Although each of these enzymes were unique in function it was curious to see that they shared minor products that would require a reaction mechanism proceeding through the bisabolyl carbocation (yellow cascade in Figure 6A), suggesting a degree of mechanistic conservation (Hong and Tantillo, 2014). Preliminary insight from the phased diploid Cabernet Sauvignon assembly (Chin et al., 2016; Minio et al., 2019) suggests that four homologous loci exists for VviTPS10 (Figure 5). This genome is presently being assembled and once chromosome assemblies are accessible, we should be able to elucidate if VviTPS10 represents a gene duplicated on both alleles. Nevertheless, the presence of these four homologs gives credence to our belief that VvivMATPS10 encoded by a different locus to VvGwaBer.

CONCLUSION

The domestication history of grapevine has resulted in a high level of variation for VviTPS genes with the inbred near homozygous reference genome masking this complexity. Grapevine sesquiterpene biosynthesis was shown to differ in flowers of commercial grapevine cultivars with functional analyses of the gene space for five sesquiterpene synthases, in three cultivars, highlighting the extent of genotypic variation and the impact on floral chemodiversity. The current sesquiterpene biosynthetic landscape in V. vinifera suggests that there are mechanistic switches, dictated by cultivar-specific genes or variants, that allow for chemotypic differences between linear sesquiterpenes and cyclizations of FPP/NPP. The genetic potential of the respective cultivars (i.e., genotypic variation) presents multiple potential cascades toward flower sesquiterpenes with current knowledge applied to model these cascades, notwithstanding metabolic flux toward the substrate or terpene modifying enzymes. The current limitations of the reference genome for studying cultivar- and clone specific phenotypic differences is being addressed by utilizing new sequencing and assembly technologies. The phased-diploid assemblies of Cabernet Sauvignon (Chin et al., 2016; Minio et al., 2019) and 16 individual Chardonnay clones (Roach et al., 2018) will shed light on the extent of structural variations within specialized gene families across cultivars and clones as well as allelic differences within a cultivar. It is likely much more complex than what we see in the reference genome and a pangenomic view will be required in order to annotate this gene family more comprehensively.

AUTHOR CONTRIBUTIONS

SS, MV, and PY conceptualized the study. SS performed all field sampling, molecular biology, chemical analysis, data integration, bioinformatics, and statistical analyses. PY transformed the heterologous yeast used in functional characterization and designed the primers for VviTPS isolation. SS and PY drafted the initial manuscript. All authors contributed to the final manuscript.

FUNDING

The study was financially supported with grants from Wine Industry Network for Expertise and Technology (Winetech; IWBT P14/02), the National Research Foundation (NRF) Thuthuka (TTK13070220277), and the Technology and Human Resources for Industry Programme (THRIP) of the Department of Trade and Industry (DTI).

ACKNOWLEDGMENTS

The authors would like to recognize the following people for their contributions toward this study: Mr. Charles Visser and Vititec for allowing access to their vineyards to conduct field experiments. Mr. Franscisco Campos and Ms. Kalem Garcia for their assistance with sample collection and processing. Mr. Malcolm Taylor for assistance with the implementation of the GC-MS methods.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00177/full#supplementary-material

REFERENCES

Adam, K. P., Thiel, R., and Zapp, J. (1999). Incorporation of 1- 1-C-13 deoxy-D-xylulose in chamomile sesquiterpenes. Arch. Biochem. Biophys. 369, 127–132. doi: 10.1006/abbi.1999.1346

Adam-Blondon, A. F. (2014). Grapevine genome update and beyond. Acta Hortic. 1046, 311–318. doi: 10.17660/ActaHortic.2014.1046.42

Adam-Blondon, A.-F., Jaillon, O., Vezzulli, S., Zharkikh, A., Troggio, M., and Velasco, R. (2011). “Genome sequence initiatives,” in Genetics, Genomics and Breeding of Grapes, eds A.-F. Adam-Blondon, J. M. Martiìnez-Zapater, and C. Kole (Boca Raton, FL: CRC Press), 211–234. doi: 10.1201/b10948

Allemann, R. K., Young, N. J., Ma, S., Truhlar, D. G., and Gao, J. (2007). Synthetic efficiency in enzyme mechanisms involving carbocations: aristolochene synthase. J. Am. Chem. Soc. 129, 13008–13013. doi: 10.1021/ja0722067

Anfora, G., Tasin, M., de Cristofaro, A., Ioriatti, C., and Lucchi, A. (2009). Synthetic grape volatiles attract mated Lobesia botrana females in laboratory and field bioassays. J. Chem. Ecol. 35, 1054–1062. doi: 10.1007/s10886-009-9686-5

Aradhya, M. K., Dangl, G. S., Prins, B. H., Boursiquot, J.-M., Walker, M. A., Meredith, C. P., et al. (2003). Genetic structure and differentiation in cultivated grape. Vitis vinifera L. Genet. Res. 81, 179–192. doi: 10.1017/S0016672303006177

Aubourg, S., Lecharny, A., and Bohlmann, J. (2002). Genomic analysis of the terpenoid synthase (AtTPS) gene family of Arabidopsis thaliana. Mol. Genet. Genom. 267, 730–745. doi: 10.1007/s00438-002-0709-y

Bach, S. S., Bassard, J. -É, Andersen-Ranberg, J., Møldrup, M. E., Simonsen, H. T., and Hamberger, B. (2014). “High-throughput testing of terpenoid biosynthesis candidate genes using transient expression in Nicotiana benthamiana’,” in Plant Isoprenoids: Methods and Protocols, ed. M. Rodríguez-Concepción (New York, NY: Springer Science), 245–255. doi: 10.1007/978-1-4939-0606-2_18

Bailey, T. L., Boden, M., Buske, F. A., Frith, M., Grant, C. E., Clementi, L., et al. (2009). MEME Suite: tools for motif discovery and searching. Nucleic Acids Res. 37, 202–208. doi: 10.1093/nar/gkp335

Barbagallo, M. G., Pisciotta, A., and Saiano, F. (2014). Identification of aroma compounds of Vitis vinifera L. flowers by SPME GC-MS analysis. Vitis J. Grapevine Res. 53, 111–113.

Bick, J. A., and Lange, B. M. (2003). Metabolic cross talk between cytosolic and plastidial pathways of isoprenoid biosynthesis: unidirectional transport of intermediates across the chloroplast envelope membrane. Arch. Biochem. Biophys. 415, 146–154. doi: 10.1016/S0003-9861(03)00233-9

Bloch, K., Chaykin, S., Phillips, A., and De Waard, A. (1959). Mevalonic acid pyrophospahte and isopentenylpyrphosphate. J. Biol. Chemsitry 234, 2595–2604.

Bohlmann, J., Meyer-Gauen, G., and Croteau, R. (1998). Plant terpenoid synthases: molecular biology and phylogenetic analysis. Proc. Natl. Acad. Sci. U.S.A. 95, 4126–4133. doi: 10.1073/pnas.95.8.4126

Buchbauer, G., Jirovetz, L., Wasicky, M., Herlitschka, A., and Nikiforov, A. (1994a). Aroma von Weiβweinblüten: Korrelation sensorischer Daten mit Headspace-Inhaltsstoffen. Z. Lebensm. Unters. Forsch. 199, 1–4. doi: 10.1007/BF01192941

Buchbauer, G., Jirovetz, L., Wasicky, M., and Nikiforov, A. (1994b). Headspace analysis of Vitis vinifera (Vitaceae) flowers. J. Essent. Oil Res. 6, 311–314. doi: 10.1080/10412905.1994.9698383

Buchbauer, G., Jirovetzl, L., Wasieky, M., and Nikiforov, A. (1995). Aroma von Rotweinblüten: Korrelation sensorischer Daten mit Headspace-Inhaltsstoffen. Zeitschrift für Leb. Und-forsch. 200, 443–446. doi: 10.1007/BF01193255

Buckingham, J., Cooper, C. M., and Purchase, R. (2015). Natural Products Desk Reference. Boca Raton, FL: CRC Press. doi: 10.1201/b19137

Bülow, N., and König, W. (2000). The role of germacrene D as a precursor in sesquiterpene biosynthesis: investigations of acid catalyzed, photochemically and thermally induced rearrangements. Phytochemistry 55, 141–168. doi: 10.1016/S0031-9422(00)00266-1

Canaguier, A., Grimplet, J., Gaspero, G., Di Scalabrin, S., Duchêne, E., and Choisne, N. (2017). A new version of the grapevine reference genome assembly (12X.v2) and of its annotation (VCost.v3). Genom. Data 14, 56–62. doi: 10.1016/J.GDATA.2017.09.002

Carbonell-Bejerano, P., Royo, C., Torres-Pérez, R., Grimplet, J., Fernandez, L., Franco-Zorrilla, J. M., et al. (2017). Catastrophic unbalanced genome rearrangements cause somatic loss of berry color in grapevine. Plant Physiol. 175, 786–801. doi: 10.1104/pp.17.00715

Carrier, G., Le Cunff, L., Dereeper, A., Legrand, D., Sabot, F., Bouchez, O., et al. (2012). Transposable elements are a major cause of somatic polymorphism in Vitis vinifera L. PLoS One 7:e32973. doi: 10.1371/journal.pone.0032973

Caruthers, J. M., Kang, I., Rynkiewicz, M. J., Cane, D. E., and Christianson, D. W. (2000). Crystal structure determination of aristolochene synthase from the blue cheese mold, Penicillium Roqueforti. J. Biol. Chem. 275, 25533–25539. doi: 10.1074/jbc.M000433200

Chin, C., Peluso, P., Sedlazeck, F. J., Nattestad, M., Concepcion, G. T., Clum, A., et al. (2016). Phased diploid genome assembly with single-molecule real-time sequencing. Nat. Methods 13, 1050–1054. doi: 10.1038/nmeth.4035

Christianson, D. W. (2008). Unearthing the roots of the terpenome. Curr. Opin. Chem. Biol. 12, 141–150. doi: 10.1016/j.cbpa.2007.12.008

Christianson, D. W. (2017). Structural and chemical biology of terpenoid cyclases. Chem. Rev. 117, 11570–11648. doi: 10.1021/acs.chemrev.7b00287

Coombe, B. G. (1995). Adoption of a system for identifying grapevine growth stages. Aust. J. Grape Wine Res. 1, 100–110. doi: 10.1111/j.1755-0238.1995.tb00086.x

Copolovici, L., Kännaste, A., Pazouki, L., and Niinemets, Ü (2012). Emissions of green leaf volatiles and terpenoids from Solanum lycopersicum are quantitatively related to the severity of cold and heat shock treatments. J. Plant Physiol. 169, 664–672. doi: 10.1016/j.jplph.2011.12.019

Da Silva, C., Zamperin, G., Ferrarini, A., Minio, A., Dal Molin, A., Venturini, L., et al. (2013). The high polyphenol content of grapevine cultivar tannat berries is conferred primarily by genes that are not shared with the reference genome. Plant Cell 25, 4777–4788. doi: 10.1105/tpc.113.118810

Davis, E. M., and Croteau, R. (2000). Cyclization enzymes in the biosynthesis of monoterpenes, sesquiterpenes, and diterpenes. Top. Curr. Chem. 209, 53–95. doi: 10.1007/3-540-48146-X_2

Degenhardt, J., Köllner, T. G., and Gershenzon, J. (2009). Monoterpene and sesquiterpene synthases and the origin of terpene skeletal diversity in plants. Phytochemistry 70, 1621–1637. doi: 10.1016/j.phytochem.2009.07.030

Deligeorgopoulou, A., and Allemann, R. K. (2003). Evidence for differential folding of farnesyl pyrophosphate in the active site of aristolochene synthase: a single-point mutation converts aristolochene synthase into an (E)-β-farnesene synthase. Biochemistry 42, 7741–7747. doi: 10.1021/bi034410m

Dèrozier, S., Samson, F., Tamby, J.-P., Guichard, C., Brunaud, V., Grevet, P., et al. (2011). Exploration of plant genomes in the FLAGdb++ environment. Plant Methods 7:8. doi: 10.1186/1746-4811-7-8

Drew, D. P., Andersen, T. B., Sweetman, C., Møller, B. L., Ford, C., and Simonsen, H. T. (2015). Two key polymorphisms in a newly discovered allele of the Vitis vinifera TPS24 gene are responsible for the production of the rotundone precursor α-guaiene. J. Exp. Bot. 67, 799–808. doi: 10.1093/jxb/erv491

Dudareva, N., and Pichersky, E. (2006). “‘Floral scent metabolic pathways: their regulation and evolution’,” in Biology of Floral Scent, eds N. Dudareva and E. Pichersky (Boca Raton, FL: CRC Press), 55–78.

Durairaj, J., Di Girolamo, A., Bouwmeester, H. J., de Ridder, D., Beekwilder, J., and van Dijk, A. D. (2019). An analysis of characterized plant sesquiterpene synthases. Phytochemistry 158, 157–165. doi: 10.1016/j.phytochem.2018.10.020

Edgar, R., Domrachev, M., and Lash, A. E. (2002). Gene expression omnibus: NCBI gene expression and hybridization array data repository. Nucleic Acids Res. 30, 207–210. doi: 10.1093/nar/30.1.207

Emanuelli, F., Lorenzi, S., Grzeskowiak, L., Catalano, V., Stefanini, M., Troggio, M., et al. (2013). Genetic diversity and population structure assessed by SSR and SNP markers in a large germplasm collection of grape. BMC Plant Biol. 13:39. doi: 10.1186/1471-2229-13-39

Fasoli, M., Dal Santo, S., Zenoni, S., Tornielli, G. B., Farina, L., Zamboni, A., et al. (2012). The grapevine expression atlas reveals a deep transcriptome shift driving the entire plant into a maturation program. Plant Cell 24, 3489–3505. doi: 10.1105/tpc.112.100230

Forcato, C. (2010). Gene prediction and functional annotation in the Vitis vinifera genome. Doctoral dissertation, Universita’ Degli Studi Di Padova, Padova.

Gennadios, H. A., Gonzalez, V., Di Costanzo, L., Li, A., Yu, F., Miller, D. J., et al. (2009). Crystal structure of (+)-δ-cadinene synthase from Gossypium arboreum and evolutionary divergence of metal binding motifs for catalysis. Biochemistry 48, 6175–6183. doi: 10.1021/bi900483b

Gietz, R. D., and Woods, R. A. (2002). “Transformation of yeast by lithium acetate/single-stranded carrier DNA/polyethylene glycol method,” in Methods in Enzymology, eds C. Guthrie and G. R. Fink (Cambridge, MA: Acadmeic Press), 87–96.

Gil, M., Pontin, M., Berli, F., Bottini, R., and Piccoli, P. (2012). Metabolism of terpenes in the response of grape (Vitis vinifera L.) leaf tissues to UV-B radiation. Phytochemistry 77, 89–98. doi: 10.1016/j.phytochem.2011.12.011

Grant, C. E., Bailey, T. L., and Noble, W. S. (2011). FIMO: scanning for occurrences of a given motif. Bioinformatics 27, 1017–1018. doi: 10.1093/bioinformatics/btr064

Grimplet, J., Adam-Blondon, A.-F., Bert, P.-F., Bitz, O., Cantu, D., Davies, C., et al. (2014). The grapevine gene nomenclature system. BMC Genomics 15:1077. doi: 10.1186/1471-2164-15-1077

Grimplet, J., Van Hemert, J., Carbonell-Bejerano, P., Díaz-Riquelme, J., Dickerson, J., Fennell, A., et al. (2012). Comparative analysis of grapevine whole-genome gene predictions, functional annotation, categorization and integration of the predicted gene sequences. BMC Res. Notes 5:213. doi: 10.1186/1756-0500-5-213

Hare, S. R., and Tantillo, D. J. (2016). Dynamic behavior of rearranging carbocations - Implications for terpene biosynthesis. Beilstein J. Org. Chem. 12, 377–390. doi: 10.3762/bjoc.12.41

Hemmerlin, A., Hoeffler, J. F., Meyer, O., Tritsch, D., Kagan, I. A., Grosdemange-Billiard, C., et al. (2003). Cross-talk between the cytosolic mevalonate and the plastidial methylerythritol phosphate pathways in tobacco bright yellow-2 cells. J. Biol. Chem. 278, 26666–26676. doi: 10.1074/jbc.M302526200

Hess, B. A., Smentek, L., Noel, J. P., and O’Maille, P. E. (2011). Physical constraints on sesquiterpene diversity arising from cyclization of the eudesm-5-yl carbocation. J. Am. Chem. Soc. 133, 12632–12641. doi: 10.1021/ja203342p

Hong, Y. J., and Tantillo, D. J. (2014). Branching out from the bisabolyl cation. Unifying mechanistic pathways to barbatene, bazzanene, chamigrene, chamipinene, cumacrene, cuprenene, dunniene, isobazzanene, iso-γ-bisabolene, isochamigrene, laurene, microbiotene, sesquithujene, sesquisabinene, thujopsene, trichodiene, and widdradiene sesquiterpenes. J. Am. Chem. Soc. 136, 2450–2463. doi: 10.1021/ja4106489

Hu, B., Jin, J., Guo, A. Y., Zhang, H., Luo, J., and Gao, G. (2015). GSDS 2.0: an upgraded gene feature visualization server. Bioinformatics 31, 1296–1297. doi: 10.1093/bioinformatics/btu817

Huang, A.-C., Burrett, S., Sefton, M. A., and Taylor, D. K. (2014). Production of the pepper aroma compound, (-)-rotundone, by aerial oxidation of α-guaiene. J. Agric. Food Chem. 62, 10809–10815. doi: 10.1021/jf504693e

Huang, A. C., Sefton, M. A., Sumby, C. J., Tiekink, E. R. T., and Taylor, D. K. (2015). Mechanistic studies on the autoxidation of α-guaiene: structural diversity of the sesquiterpenoid downstream products. J. Nat. Prod. 78, 131–145. doi: 10.1021/np500819f

Ibáñez, J., Vélez, M. D., Teresa de Andrés, M., and Borrego, J. (2009). Molecular markers for establishing distinctness in vegetatively propagated crops: a case study in grapevine. Theor. Appl. Genet. 119, 1213–1222. doi: 10.1007/s00122-009-1122-2

Jaillon, O., Aury, J.-M., Noel, B., Policriti, A., Clepet, C., Casagrande, A., et al. (2007). The grapevine genome sequence suggests ancestral hexaploidization in major angiosperm phyla. Nature 449, 463–467. doi: 10.1038/nature06148

Jux, A., Gleixner, G., and Boland, W. (2001). Classification of terpenoids according to the methylerythritolphosphate or the mevalonate pathway with natural 12C/13C isotope ratios: dynamic allocation of resources in induced plants. Angew. Chemie Int. Ed. 40, 2091–2094. doi: 10.1002/1521-3773(20010601)40:11<2091::AID-ANIE2091>3.0.CO;2-5

Kapustin, Y., Souvorov, A., Tatusova, T., and Lipman, D. (2008). Splign: algorithms for computing spliced alignments with identification of paralogs. Biol. Direct. 3, 1–13. doi: 10.1186/1745-6150-3-20

Knudsen, J. T., and Gershenzon, J. (2006). “‘The chemical diversity of floral scent’,” in Biology of Floral Scent, eds N. Dudareva and E. Pichersky (Boca Raton, FL: CRC Press), 27–54.

Köllner, T. G., Held, M., Lenk, C., Hiltpold, I., Turlings, T. C. J., Gershenzon, J., et al. (2008). A maize (E)-beta-caryophyllene synthase implicated in indirect defense responses against herbivores is not expressed in most american maize varieties. Plant Cell Online 20, 482–494. doi: 10.1105/tpc.107.051672

Laucou, V., Launay, A., Bacilieri, R., Lacombe, T., Adam-Blondon, A. F., Bérard, A., et al. (2018). Extended diversity analysis of cultivated grapevine Vitis vinifera with 10K genome-wide SNPs. PLoS One 13:e0192540. doi: 10.1371/journal.pone.0192540

Lawo, N. C., Weingart, G. J. F., Schuhmacher, R., and Forneck, A. (2011). The volatile metabolome of grapevine roots: first insights into the metabolic response upon phylloxera attack. Plant Physiol. Biochem. 49, 1059–1063. doi: 10.1016/j.plaphy.2011.06.008

Lesburg, C. A. (1997). Crystal structure of pentalenene synthase: mechanistic insights on terpenoid cyclization reactions in Biology. Science 277, 1820–1824. doi: 10.1126/science.277.5333.1820

Lichtenthaler, H. K. (1999). The 1-deoxy-D-xylulose-5-phosphate pathway of isoprenoid biosynthesis in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 47–65. doi: 10.1146/annurev.arplant.50.1.47

Loscos, N., Hernandez-Orte, P., Cacho, J., and Ferreira, V. (2007). Release and formation of varietal aroma compounds during alcoholic fermentation from nonfloral grape odorless flavor precursors fractions. J. Agric. Food Chem. 55, 6674–6684. doi: 10.1021/jf0702343

Lovato, M. B., Federal, U., Gerais, D. M., Horizonte, B., Souza, H. A., Muller, L. A., et al. (2012). Isolation of high quality and polysaccharide-free DNA from leaves of Dimorphandra mollis (Leguminosae), a tree from the Brazilian Cerrado. Genet. Mol. Res. 11, 756–764. doi: 10.4238/2012.March.22.6

Lücker, J., Bowen, P., and Bohlmann, J. (2004). Vitis vinifera terpenoid cyclases: functional identification of two sesquiterpene synthase cDNAs encoding (+)-valencene synthase and (-)-germacrene D synthase and expression of mono- and sesquiterpene synthases in grapevine flowers and berries. Phytochemistry 65, 2649–2659. doi: 10.1016/j.phytochem.2004.08.017

Ma, Z.-Y., Wen, J., Ickert-Bond, S. M., Chen, L.-Q., and Liu, X.-Q. (2016). Morphology, structure, and ontogeny of trichomes of the grape genus (Vitis, Vitaceae). Front. Plant Sci. 7:704. doi: 10.3389/fpls.2016.00704

Martin, D., Aubourg, S., Schouwey, M., Daviet, L., Schalk, M., Toub, O., et al. (2010). Functional annotation, genome organization and phylogeny of the grapevine (Vitis vinifera) terpene synthase gene family based on genome assembly, flcDNA cloning, and enzyme assays. BMC Plant Biol. 10:226. doi: 10.1186/1471-2229-10-226

Martin, D. M., and Bohlmann, J. (2004). Identification of Vitis vinifera (-)-α-terpineol synthase by in silico screening of full-length cDNA ESTs and functional characterization of recombinant terpene synthase. Phytochemistry 65, 1223–1229. doi: 10.1016/j.phytochem.2004.03.018

Martin, D. M., Chiang, A., Lund, S. T., and Bohlmann, J. (2012). Biosynthesis of wine aroma: transcript profiles of hydroxymethylbutenyl diphosphate reductase, geranyl diphosphate synthase, and linalool/nerolidol synthase parallel monoterpenol glycoside accumulation in Gewürztraminer grapes. Planta 236, 919–929. doi: 10.1007/s00425-012-1704-0

Martin, D. M., Toub, O., Chiang, A., Lo, B. C., Ohse, S., Lund, S. T., et al. (2009). The bouquet of grapevine (Vitis vinifera L. cv. Cabernet Sauvignon) flowers arises from the biosynthesis of sesquiterpene volatiles in pollen grains. Proc. Natl. Acad. Sci. U.S.A. 106, 7245–7250. doi: 10.1073/pnas.0901387106

Martinez-Zapater, J. M., Carmona, M. J., Diaz-Riquelme, J., Fernandez, L., and Lijavetzky, D. (2010). Grapevine genetics after the genome sequence: challenges and limitations. Aust. J. Grape Wine Res. 16, 33–46. doi: 10.1111/j.1755-0238.2009.00073.x

Matarese, F., Cuzzola, A., Scalabrelli, G., and D’Onofrio, C. (2014). Expression of terpene synthase genes associated with the formation of volatiles in different organs of Vitis vinifera. Phytochemistry 105, 12–24. doi: 10.1016/j.phytochem.2014.06.007

Matarese, F., Scalabrelli, G., and D’Onofrio, C. (2013). Analysis of the expression of terpene synthase genes in relation to aroma content in two aromatic Vitis vinifera varieties. Funct. Plant Biol. 40, 552–565. doi: 10.1071/FP12326

Miller, D. J., and Allemann, R. K. (2012). Sesquiterpene synthases: passive catalysts or active players? Nat. Prod. Rep. 29, 60–71. doi: 10.1039/C1NP00060H

Miller, D. J., Gao, J., Truhlar, D. G., Young, N. J., Gonzalez, V., and Allemann, R. K. (2008). Stereochemistry of eudesmane cation formation during catalysis by aristolochene synthase from Penicillium roqueforti. Org. Biomol. Chem. 6, 2346–2354. doi: 10.1039/b804198a

Minio, A., Massonnet, M., Figueroa-Balderas, R., Vondras, A. M., Blanco-Ulate, B., and Cantu, D. (2019). Iso-seq allows genome-independent transcriptome profiling of grape berry development. G3 doi: 10.1534/g3.118.201008 [Epub ahead of print].

Moretto, M., Sonego, P., Pilati, S., Malacarne, G., Costantini, L., Grzeskowiak, L., et al. (2016). VESPUCCI: exploring patterns of gene expression in grapevine. Front. Plant Sci. 7:633. doi: 10.3389/fpls.2016.00633

Myles, S. (2013). Improving fruit and wine: What does genomics have to offer? Trends Genet. 29, 190–196. doi: 10.1016/j.tig.2013.01.006

Myles, S., Boyko, A. R., Owens, C. L., Brown, P. J., Grassi, F., Aradhya, M. K., et al. (2011). Genetic structure and domestication history of the grape. Proc. Natl. Acad. Sci. U.S.A. 108, 3530–3535. doi: 10.1073/pnas.1009363108

Nicolas, S. D., Péros, J. P., Lacombe, T., Launay, A., Le Paslier, M. C., Bérard, A., et al. (2016). Genetic diversity, linkage disequilibrium and power of a large grapevine (Vitis vinifera L) diversity panel newly designed for association studies. BMC Plant Biol. 16:74. doi: 10.1186/s12870-016-0754-z

O’Brien, T. E., Bertolani, S. J., Tantillo, D. J., and Siegel, J. B. (2016). Mechanistically informed predictions of binding modes for carbocation intermediates of a sesquiterpene synthase reaction. Chem. Sci. 7, 4009–4015. doi: 10.1039/C6SC00635C

Osbourn, A. E., and Lanzotti, V. [eds]. (2009). Plant-derived Natural Products. New York, NY: Springer, doi: 10.1007/978-0-387-85498-4

Peyret, H., and Lomonossoff, G. P. (2013). The pEAQ vector series: the easy and quick way to produce recombinant proteins in plants. Plant Mol. Biol. 83, 51–58. doi: 10.1007/s11103-013-0036-1

Pichersky, E., and Gershenzon, J. (2002). The formation and function of plant volatiles: Perfumes for pollinator attraction and defense. Curr. Opin. Plant Biol. 5, 237–243. doi: 10.1016/S1369-5266(02)00251-0

Picq, S., Santoni, S., Lacombe, T., Latreille, M., Weber, A., Ardisson, M., et al. (2014). A small XY chromosomal region explains sex determination in wild dioecious V. vinifera and the reversal to hermaphroditism in domesticated grapevines. BMC Plant Biol. 14:229. doi: 10.1186/s12870-014-0229-z

Piel, J., Donath, J., Bandemer, K., and Boland, W. (1998). Mevalonate-independent biosynthesis of terpenoid volatiles in plants: induced and constitutive emission of volatiles. Angew. Chemie Int. Ed. 37, 2478–2481. doi: 10.1002/(SICI)1521-3773(19981002)37:18

Reid, K. E., Olsson, N., Schlosser, J., Peng, F., and Lund, S. T. (2006). An optimized grapevine RNA isolation procedure and statistical determination of reference genes for real-time RT-PCR during berry development. BMC Plant Biol. 6:27. doi: 10.1186/1471-2229-6-27

Roach, M. J., Johnson, D. L., Bohlmann, J., van Vuuren, H. J. J., Jones, S. J. M., Pretorius, I. S., et al. (2018). Population sequencing reveals clonal diversity and ancestral inbreeding in the grapevine cultivar Chardonnay. PLoS Genet. 14:e1007807. doi: 10.1371/journal.pgen.1007807

Rohmer, M. (1999). The discovery of a mevalonate-independent pathway for isoprenoid biosynthesis in bacteria, algae and higher plants. Nat. Prod. Rep. 16, 565–574. doi: 10.1039/a709175c

Rynkiewicz, M. J., Cane, D. E., and Christianson, D. W. (2001). Structure of trichodiene synthase from Fusarium sporotrichioides provides mechanistic inferences on the terpene cyclization cascade. Proc. Natl. Acad. Sci. U.S.A. 98, 13543–13548. doi: 10.1073/pnas.231313098

Sabater-Jara, A. B., Almagro, L., Belchí-Navarro, S., Ferrer, M. A., Barceló, A. R., and Pedreño, M. A. (2010). Induction of sesquiterpenes, phytoesterols and extracellular pathogenesis-related proteins in elicited cell cultures of Capsicum annuum. J. Plant Physiol. 167, 1273–1281. doi: 10.1016/j.jplph.2010.04.015

Sainsbury, F., Thuenemann, E. C., and Lomonossoff, G. P. (2009). pEAQ: versatile expression vectors for easy and quick transient expression of heterologous proteins in plants. Plant Biotechnol. J. 7, 682–693. doi: 10.1111/j.1467-7652.2009.00434.x

Salmaso, M., Faes, G., Segala, C., Stefanini, M., Salakhutdinov, I., Zyprian, E., et al. (2004). Genome diversity and gene haplotypes in the grapevine (Vitis vinifera L.), as revealed by single nucleotide polymorphisms. Mol. Breed. 14, 385–395. doi: 10.1007/s11032-004-0261-z

Salvagnin, U., Malnoy, M., Thöming, G., Tasin, M., Carlin, S., Martens, S., et al. (2018). Adjusting the scent ratio: using genetically modified Vitis vinifera plants to manipulate European grapevine moth behaviour. Plant Biotechnol. J. 16, 264–271. doi: 10.1111/pbi.12767

Schuhr, C. A., Radykewicz, T., Sagner, S., Latzel, C., Zenk, M. H., Arigoni, D., et al. (2003). Quantitative assessment of crosstalk between the two isoprenoid biosynthesis pathways in plants by NMR spectroscopy. Phytochem. Rev. 2, 3–16. doi: 10.1023/B:PHYT.0000004180.25066.62

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

Shen, B., Zheng, Z., and Dooner, H. K. (2000). A maize sesquiterpene cyclase gene induced by insect herbivory and volicitin: characterization of wild-type and mutant alleles. Proc. Natl. Acad. Sci. U.S.A. 97, 14807–14812. doi: 10.1073/pnas.240284097

Shishova, E. Y., Di Costanzo, L., Cane, D. E., and Christianson, D. W. (2007). X-ray crystal structure of aristolochene synthase from Aspergillus terreus and evolution of templates for the cyclization of farnesyl diphosphate. Biochemistry 46, 1941–1951. doi: 10.1021/bi0622524

Siebert, T. E., Wood, C., Elsey, G. M., and Pollnitz, A. P. (2008). Determination of rotundone, the pepper aroma impact compound, in grapes and wine. J. Agric. Food Chem. 56, 3745–3748. doi: 10.1021/jf800184t

Skinkis, P. A., Bordelon, B. P., and Wood, K. V. (2008). Comparison of monoterpene constituents in Traminette, Gewürztraminer, and Riesling winegrapes. Am. J. Enol. Vitic. 59, 440–445.

Starks, C. M. (1997). Structural basis for cyclic terpene biosynthesis by tobacco 5-epi-aristolochene synthase. Science 277, 1815–1820. doi: 10.1126/science.277.5333.1815

Tantillo, D. J. (2011). Biosynthesis via carbocations: theoretical studies on terpene formation. Nat. Prod. Rep. 28, 1035–1053. doi: 10.1039/c1np00006c

Tasin, M., Anfora, G., Ioriatti, C., Carlin, S., De Cristofaro, A., Schmidt, S., et al. (2005). Antennal and behavioral responses of grapevine moth Lobesia botrana females to volatiles from grapevine. J. Chem. Ecol. 31, 77–87. doi: 10.1007/s10886-005-0975-3

This, P., Jung, A., Boccacci, P., Borrego, J., Botta, R., Costantini, L., et al. (2004). Development of a standard set of microsatellite reference alleles for identification of grape cultivars. Theor. Appl. Genet. 109, 1448–1458. doi: 10.1007/s00122-004-1760-3

Thomas, B. J., and Rothstein, R. (1989). Elevated recombination rates in transcriptionally active DNA. Cell 56, 619–630. doi: 10.1016/0092-8674(89)90584-9

Van Poecke, R. M. P., Posthumus, M. A., and Dicke, M. (2001). Herbivore-induced volatile production by Arabidopsis thaliana leads to attraction of the parasitoid Cotesia rubecula: chemical, behavioral, and gene-expression analysis. J. Chem. Ecol. 27, 1911–1928. doi: 10.1023/A:1012213116515

von Arx, M., Schmidt-Büsser, D., and Guerin, P. M. (2011). Host plant volatiles induce oriented flight behaviour in male European grapevine moths, Lobesia botrana. J. Insect Physiol. 57, 1323–1331. doi: 10.1016/j.jinsphys.2011.06.010

Wedler, H., Pemberton, R., and Tantillo, D. (2015). Carbocations and the complex flavor and bouquet of wine: mechanistic aspects of terpene biosynthesis in wine grapes. Molecules 20, 10781–10792. doi: 10.3390/molecules200610781

Wood, C., Siebert, T. E., Parker, M., Capone, D. L., Elsey, G. M., Pollnitz, A. P., et al. (2008). From wine to pepper: rotundone, an obscure sesquiterpene, is a potent spicy aroma compound. J. Agric. Food Chem. 56, 3738–3744. doi: 10.1021/jf800183k

Wymore, T., Chen, B. Y., Nicholas, H. B., Ropelewski, A. J., and Brooks, C. L. (2011). A mechanism for evolving novel plant sesquiterpene synthase function. Mol. Inform. 30, 896–906. doi: 10.1002/minf.201100087

Yauk, Y.-K., Ged, C., Wang, M. Y., Matich, A. J., Tessarotto, L., Cooney, J. M., et al. (2014). Manipulation of flavour and aroma compound sequestration and release using a glycosyltransferase with specificity for terpene alcohols. Plant J. 80, 317–330. doi: 10.1111/tpj.12634

Yoshikuni, Y., Ferrin, T. E., and Keasling, J. D. (2006). Designed divergent evolution of enzyme function. Nature 440, 1078–1082. doi: 10.1038/nature04607

Young, P., Eyeghe-Bickong, H. A., du Plessis, K., Alexandersson, E., Jacobson, D. A., Coetzee, Z. A., et al. (2015). Grapevine plasticity in response to an altered microclimate: sauvignon Blanc modulates specific metabolites in response to increased berry exposure. Plant Physiol. 170, 1235–1254. doi: 10.1104/pp.15.01775

Zulak, K. G., and Bohlmann, J. (2010). Terpenoid biosynthesis and specialized vascular cells of conifer defense. J. Integr. Plant Biol. 52, 86–97. doi: 10.1111/j.1744-7909.2010.00910.x

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Smit, Vivier and Young. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fpls-10-00177-g006.jpg
A s
P ] # \
(E)- [3 bergamotene
'd - (VViTPS10a)
(E)-B-caryophyllene caryotphyllyl -(c\;/t::?;;n;)?e
(WiTPS01/02/13/21/27) | (E,E)-a-farnesene
(WiTPS10b) |
P~ =
a-zingiberene
N PN . ™ ™ Pz (WiTPS14)
(E)-B-farnesene
_ (ViTPS20) J  sesquithujene
a-humulene humulyl catlon VV|TPS12)
(WIiTPS11)
\ b,
1 11* H*

I
,6
FPP — @( — NPP big;g;n'w

farnesyl cation nerolidyl cation

1, 10
— — N
@Y germacrene D
z l. (ViTPS07/15/28) (E, Z) a-cubebene
a-selinene germacradlenyl (WiTPS26)
@Y cation
- H
B-selinene a-guaiene iy
N (VWVITPS24b)
i | :
cadinenes
7-epi-a-selinene (VWiTPS08)
—_— (+)-valencene
(WiTPS24a) eudesmyl cation (WITPS15)
B EL-18 EL-26 c germgcrene

o-humulene

8% /
L. 1

435.07 ng/g FW 373.29 pg/g FW /
hyemalol

2-epi-(E)-B-car@llene
SB

selin-11-en-4-o0-ol
(+)-valericene

(E,E)-a-Fagnesene aeselindha
564.03 pg/g FW 555.6 ug/g FW K.

7-epi-a-selinene germdcrene
(E)-B-Farnesene A
d-selingne ,11-diene
[l
s \ . -
/ o-guaiéne intetmedeol

573.19 pg/g FW 652.04 ng/g Py O-bulnasene selina-5,11-diene

Carbocation Cascade: ™ humulyl M (E E)-germacradienyl M farnesyl





OPS/images/cover.jpg
, frontiers

in Plant Science

Linking Terpene Synthases to
Sesquiterpene Metabolism in
Grapevine Flowers





OPS/images/fpls-10-00177-g005.jpg
VvGwaBer
——® P0071F.426120.A.m.01
L MA-WITPS10

@ P0049F.398130.A.m.01

—@ P0049F.398510.A.m.01
P0071F.426010.A.m.01 ' 0.150








OPS/images/fpls-10-00177-g002.jpg
MA ESB @ SH
AEL-18 OEL-26

HMA HISB HH SH

A
3 -
> [ J
| r
1 N
[0} ] ® 5} OO
-1 A &,
] =N
4o
3
-4 A T T T b ¥ T v T b T
-8 -6 -4 -2 (0] 2 4 6
R2X[1] = 0,742 R2X[2] = 0,183
A L
0.8 @kglpha-farnesene
0,6
0,4
& 0,2+ bBeta-caryophyllene
= 8 7- api-alph)z/a-ge inene@
0 d:phd'hullluicllc
1 (+)-valencene
-0,2
1 alpha-selinene
-0,4 @ (E)-beta-farn LSdhe ®
-0,6 —

T T T T T T T
-0,4-0,3-0,2-0,1 O 0,1 0,2 0,3 0,4

p[1]

a 1200
§\% 1
1120
C c & 1
me————1Hf 1
i 140
%/% 7 160
1120
b i
] I
. . 140
2 a 1160
3 _
b :120
bc
cdm\dE :80
— 3 140
a a |
F—3
1120
i i
| Js0
cd E
d
e— s 140

EL18 EL26

ug/g FW (+ SE)






OPS/images/fpls-10-00177-g001.jpg
9100Ss-Z
w
DoWo
F DO

WiTPS19
WViTPS33
WiTPS43
WiTPS18
WiTPS29
WiTPS24
WiTPS04
WiTPS11
WiTPS13
WiTPS36
WViTPS42
WViTPS46
WiTPS27
WiTPS28
WViTPS39

WiTPS50 ©

WiTPS20

WiTPS44
WiTPS49
WiTPS34
WiTPS02
WViTPS35
WiTPS37
WiTPS38
WiTPS12
WiTPS10
WiTPS14
WViTPS08
WiTPS07
WiTPS16
WiTPS21
WiTPS25
WiTPS26

Bujpass

1004

GeT13_pees
9€73_poss

6213 _Jean

2173 |Wpual
¥L13_|WpusL

Y1713 ©90uadsalojju|
yi13_wels
¥073_pPng

2073 png

G013 pPng
L073_png

/1713 90uadsalojju|
z€13 use|dhuieg
6213 dJieouadAueg
GeN3_slyoey
ze13_siyoey
8€13__siyoey
9€713_siyoey

6213 slyoey

Ge13 dieousdAuieg
Z£13 dueouadAueg
ge13 dieouedAueg
9¢713 dieousdAueg
8€13_unishueg
Ge13_unishueg
£y13_wals
€v13_Jean
8€13_Usa|dAueg
9€73_unishuleg
9¢13 yse|dAueg
Ge13_yse|dhueg
zeT13_unishueg
€213 _png

6213 _poss
6213_|upusaL
yLi3geen
€213puUe0Z13_|Bled
€z13pueoz 13 edied
€2713_damol4
0z Jemold
€213puUe0Z 1T Uswels
G213 udjiod

zeT3 poss

Aweygns

B\WiTPS-a
B\WiTPS-b






OPS/images/fpls-10-00177-g004.jpg
» VvivSBTPS02
E VViTPS02 (model)

& Exon

VvGwECar2
® VvivSBTPS27
VviTPS27 (model)
® VvivMATPS27
® VvivSHTPS27

- b VvivMATPS01
VvGwGerA
VviTPS01 (model)

» VvivSBTPSO01

» VvivSHTPSO01

VvGwECar3
» VvivSHTPSO02
» VvivMATPS02

VvivSBTPS28b
® VvivSHTPS28
® VvivSBTPS28a
VviTPS28 (model)
® VvivMATPS28

» VvivSHTPS10
® VvivSBTPS10
® VvivMATPS10
VvGwaBer
VviTPS10 (model)

" Intron ®Full ORF

i

51 | | | |

Obp 1000bp 2000bp

3’
3000bp

Structural Variation ® Premature Stop





OPS/images/fpls-10-00177-g003.jpg
Q6Q3H3|VvGerD

WiTPS28
HM807374.1|VvGwECar2
WiTPS27

VWViTPS29
HM807409|VvPNEb2epi Car
VviTPS21
HM807379.1|VvCSaFar
WiTPS20
HM807407.1|VvPNCuCad
VWiTPS26

WiTPS25
HMB807406.1|VvPNSelnt
WiTPS24

WiTPS23

VWiTPS22

HM807403.1|VvPNECar2
WiTPS13
HM807408.1|VvPNaHum
WWiTPS11

HM807375.1|VvGwECar3
| WiTPS02
HM807402.1|VvPNECar1
HQ326230.1|VvGwGerA
WiTPS01
HM807373|VvGwECar1
WiTPS05

HM807405.1|VvPNaZin
WiTPS14
HM807404.1|VvPNSesq
] WiTPS12
] HM807376.2|VvGwaBer
WiTPS10
WiTPS04
WiTPS06
HM807381.1|VvPNbCur
WiTPS18
WiTPS19
WiTPS30

|
Le WiTPS03

HM807377.1|VvGwGerD
WiTPS07
— WiIiTPS09
HM807380.1|VvGwgCad
VViTPS08
HM807378.1|VvPNGerD
WiTPS15
WiTPS17
VWiTPS16 . 0.250 .
AAS66358|VvVal Note: Branches shorter than 0.0360 are shown as having length 0.0360






OPS/images/fpls-10-00177-t001.jpg
p-Elemene
(E)-B-Caryophyllene
(E)-p-Farnesene
a-Humulene
B-Selinene
y-Selinene
Germacrene D
B-Selinene
a-Selinene
Camphene
s-Cadinene
a-Amorphene
Germacrene A

VvivSB-TPS01

6.2%

5.3%

6.3%
16.4%
38.1%

23.6%

Major volatiles are shown in bold.

VvivMA-TPSO01

5.5%

15.1%
49.1%

20.0%

‘WivSB-TPS02

100.0%

VvivMA-TPS10

'WivSH-TPS27

69.1%

22.9%

2.7%

1.1%

0.9%

VWivMA-TPS27

63.7%

24.2%

3.7%

1.6%

1.4%

WivMA-TPS28





OPS/images/logo.jpg
' frontiers
in Plant Science





