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Genome-Wide Identification of BAHD Acyltransferases and In vivo Characterization of HQT-like Enzymes Involved in Caffeoylquinic Acid Synthesis in Globe Artichoke









	 
	ORIGINAL RESEARCH
published: 23 September 2016
doi: 10.3389/fpls.2016.01424





[image: image]

Genome-Wide Identification of BAHD Acyltransferases and In vivo Characterization of HQT-like Enzymes Involved in Caffeoylquinic Acid Synthesis in Globe Artichoke

Andrea Moglia1, Alberto Acquadro1, Kaouthar Eljounaidi1, Anna M. Milani1, Cecilia Cagliero2, Patrizia Rubiolo2, Andrea Genre3, Katarina Cankar4, Jules Beekwilder4 and Cinzia Comino1*

1Department of Agricultural, Forest and Food Sciences, University of Torino, Grugliasco, Italy

2Department of Drug Science and Technology, University of Torino, Torino, Italy

3Department of Life Sciences and Systems Biology, University of Torino, Torino, Italy

4Plant Research International, Wageningen, Netherlands

Edited by:
Jaime Prohens, Polytechnic University of Valencia, Spain

Reviewed by:
Rita Maria Zrenner, Leibniz Institute of Vegetable and Ornamental Crops (LG), Germany
Fumiya Kurosaki, University of Toyama, Japan
Xinhua Ding, Shandong Agricultural University, China

*Correspondence: Cinzia Comino, cinzia.comino@unito.it

Specialty section: This article was submitted to Crop Science and Horticulture, a section of the journal Frontiers in Plant Science

Received: 29 July 2016
Accepted: 07 September 2016
Published: 23 September 2016

Citation: Moglia A, Acquadro A, Eljounaidi K, Milani AM, Cagliero C, Rubiolo P, Genre A, Cankar K, Beekwilder J and Comino C (2016) Genome-Wide Identification of BAHD Acyltransferases and In vivo Characterization of HQT-like Enzymes Involved in Caffeoylquinic Acid Synthesis in Globe Artichoke. Front. Plant Sci. 7:1424. doi: 10.3389/fpls.2016.01424

Globe artichoke (Cynara cardunculus L. var. scolymus) is a rich source of compounds promoting human health (phytonutrients), among them caffeoylquinic acids (CQAs), mainly represented by chlorogenic acid (CGA), and dicaffeoylquinic acids (diCQAs). The enzymes involved in their biosynthesis belong to the large family of BAHD acyltransferases. Following a survey of the globe artichoke genome, we identified 69 BAHD proteins carrying the catalytic site (HXXXD). Their phylogenetic analysis together with another 43 proteins, from 21 species, representative of the BAHD family, highlighted their grouping in seven major clades. Nine globe artichoke acyltransferases clustered in a sub-group of Clade V, with 3 belonging to hydroxycinnamoyl-CoA:quinate hydroxycinnamoyl transferase (HQT) and 2 to hydroxycinnamoyl-CoA:shikimate/quinate hydroxycinnamoyl transferase (HCT) like proteins. We focused our attention on the former, HQT1, HQT2, and HQT3, as they are known to play a key role in CGA biosynthesis. The expression of genes coding for the three HQTs and correlation of expression with the CQA content is reported for different globe artichoke tissues. For the first time in the globe artichoke, we developed and applied the virus-induced gene silencing approach with the goal of assessing in vivo the effect of HQT1 silencing, which resulted in a marked reduction of both CGA and diCQAs. On the other hand, when the role of the three HQTs was assessed in leaves of Nicotiana benthamiana through their transient overexpression, significant increases in mono- and diCQAs content were observed. Using transient GFP fusion proteins expressed in N. benthamiana leaves we also established the sub-cellular localization of these three enzymes.
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INTRODUCTION

Plant phenolics, and in particular the caffeoylquinic acids (CQAs), can synergistically or additively provide protection against damage induced by free radicals during oxidative stress, and reduce the risk of chronic diseases in humans (Arakawa et al., 2009; Puangpraphant et al., 2011; Markovic and Tošovic, 2016). The antioxidant activity of CQAs is influenced by the number and position of attachment of caffeic acid moieties on quinic acid (Wang et al., 2003; Xu et al., 2012), while their bioactivity varies according to their isomerisation, which is significantly affected by the extraction method adopted (Mullen et al., 2011). CQAs also play key roles in increasing plant protection from harmful UV light (Cle et al., 2008) as well as in resistance of plants to bacteria (Niggeweg et al., 2004) and insects (Leiss et al., 2009).

Caffeoylquinic acids are produced as monoesters (monocaffeoylquinic acids, monoCQAs, which include chlorogenic acids, CGA) and diesters [dicaffeoylquinic acids, (diCQAs)] by members of plant families such as Asteraceae (a.k.a Compositae), Solanaceae, and Rubiaceae. In recent years, globe artichoke (Cynara cardunculus L. var. scolymus), a member of the Asteraceae family, has received renewed interest as a source of bioactive compounds (Lattanzio et al., 2009) due to its high content and diverse spectrum of phenolics. Indeed the edible part of the globe artichoke has been reported to possess the highest total polyphenol content among 29 fresh vegetables under study (Brat et al., 2006) and was ranked first, in antioxidant content, among several selected vegetable crops (Halvorsen et al., 2006). The health-promoting potential of globe artichoke extracts is also supported by many in vivo and in vitro studies which demonstrate its hepatoprotective (Adzet et al., 1987), anticarcinogenic (Clifford, 2000), antioxidative (Gebhardt, 1997; Brown and Rice-Evans, 1998), antifungal and antibacterial properties (Gebhardt, 2001; Coon and Ernst, 2003; Lattanzio et al., 2009).

The most abundant phenolic acids in globe artichoke heads are CQA esters, mainly CGA (5-O-CQA), 1,5-diCQA, and 3,5-diCQA (Lattanzio et al., 1994; Schutz et al., 2004), which are synthesized via the phenylpropanoid pathway (Figure 1; Comino et al., 2009). Three routes have been proposed for the synthesis of CGA in plants. In the first, hydroxycinnamoyl-CoA:quinate hydroxycinnamoyl transferase (HQT) catalyzes the formation of CGA from caffeoyl-CoA and quinic acid (Niggeweg et al., 2004; Comino et al., 2009; Menin et al., 2010); the second route is based on the synthesis of p-coumaroylquinate by hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase (HCT), followed by hydroxylation by C3’H (p-coumaroyl-3′-hydroxylase; Ulbrich and Zenk, 1979; Hoffmann et al., 2003; Mahesh et al., 2007; Moglia et al., 2009); in the third, caffeoyl glucoside serves as an activated intermediate (Villegas and Kojima, 1986).
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FIGURE 1. Biosynthetic pathways of chlorogenic acid and its related derivatives. PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-hydroxycinnamoyl-CoA ligase; HCT, hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase; HQT, hydroxycinnamoyl CoA quinate hydroxycinnamoyl transferase; C3’H, p-coumaroyl ester 3′-hydroxylase.



However, the biosynthesis of diCQAs is still unclear. In sweet potato the synthesis of isochlorogenate (3,5-di-O-caffeoylquinate) has been described (Villegas and Kojima, 1986), but the gene encoding the enzyme catalyzing this reaction has not been identified. Recently, the in vitro synthesis of diCQAs from CGA and CoA, mediated by a recombinant HCT enzyme cloned from coffee, was reported (Lallemand et al., 2012), while in tomato, the enzyme HQT was shown in vitro to convert CGA to diCQAs, whose synthesis likely occurs in the vacuole (Moglia et al., 2014).

In globe artichoke the genes implicated in CGA synthesis, i.e., HQT (DQ915589), HCT (DQ104740), Acyltransf_1 (GU248357), Acyltransf_2 (GU248358), and C3’H (FJ225121) have been isolated and characterized (Comino et al., 2007, 2009; Moglia et al., 2009; Menin et al., 2010), but the proof of their functional role in vivo has not yet been demonstrated.

Virus-induced gene silencing (VIGS) has been widely used as a plant reverse genetics strategy to analyse gene function (Kumagai et al., 1995; Ruiz et al., 1998) due to its simplicity, robustness and avoidance of the need for stable transformants. However, until now its application to globe artichoke has not been reported. We have applied here, for the first time, the VIGS strategy in globe artichoke, with the goal of investigating the role of key enzymes in regulating the synthesis of CQAs. In particular, following a genome-wide identification of globe artichoke BAHD acyltransferases, we selected three HQT-like genes, whose expression was assessed by quantitative PCR (qPCR) in globe artichoke tissues, and we applied the VIGS technique to evaluate the effect of HQT1 silencing in vivo. Furthermore, in N. benthamiana, we estimated the effect of over-expression of the three selected HQT-like enzymes in agro-infiltrated plants and established their sub-cellular localization.

MATERIALS AND METHODS

Identification of Putative BAHD Family Members

Published BAHD acyltransferase sequences (D’Auria, 2006; Tuominen et al., 2011) were used in preliminary BlastP searches against the globe artichoke predicted proteome (Scaglione et al., 2016). The putative BAHD sequences found were aligned with previously characterized BAHD proteins using MUSCLE1 and a manual inspection was conducted to exclude loci lacking the conserved motifs (HXXXD or DFGWG), with filtering for redundancy. Sequences which exhibited no HXXXD motif were removed. Target P (Emanuelsson et al., 2007) and Predotar (Small et al., 2004) software were used to predict in silico the occurrence of mitochondrial, plastid, and ER targeting sequences.

Phylogenetic Analysis

Globe artichoke putative BAHD sequences together with other characterized protein members (Data Sheet 1) belonging to the 8 clade-based classification reported in Tuominen et al. (2011) were aligned using the MAFFT v6.717 online server2; the FFT-NS-i iterative refinement method was run with default settings using the Blosum62 substitution matrix, leaving gappy regions. An UPGMA based phylogenetic tree was constructed and visualized with the FigTree graphical viewer3.

CQA-Related BAHD Ohnolog Genes

Paralogous genes are typically generated by a whole genome duplication (WGD) event (Ohno et al., 1968). The CoGe platform4 for comparative genomics was used to detect CQA-related paralogous BAHD genes within the globe artichoke genome. To compute chains of syntenic genes found within the complete genome sequence, DAGchainer software (with the ‘Relative gene order’ option activated and the ‘Maximum distance between two matches’ parameter set to 20) was used together with Quota-Align algorithm (with maximum distance between two blocks set to 20 genes), both implemented to the SynMap function within CoGe. The chromosomal locations of the ohnolog BAHD genes were visualized using CIRCOS ideograms generated by the software package from http://circos.ca.

Quantitative PCR and LC-QTOF-MS Analysis in Globe Artichoke Tissues

Globe artichoke plants (F1 hybrid ‘Concerto,’ Nunhems) were grown up to the production of commercial immature inflorescences (heads) in an experimental field at Carmagnola (Torino). The following plant materials were harvested and stored at –80°C until required: (i) leaves from 6 weeks- and 1 year-old plants; (ii) external bracts of the inflorescence at the commercial stage; (iii) stems of the primary head at the commercial stage of the inflorescence.

RNA was isolated from 100 mg of globe artichoke tissues using Trizol reagent (Invitrogen) according to the manufacturer’s instructions. The total RNA was quantified and controlled for purity using a spectrophotometer and agarose gel electrophoresis. cDNAs were synthesised from 1.0 μg total plant tissue RNA using a High Capacity RNA-to-cDNA Kit (Thermofisher) according to the manufacturer’s instructions. For quantification of the levels of HQT, Acyltransf_1, and Acyltransf_2 (hereafter named HQT1, HQT2, and HQT3, respectively,) gene-expression in different globe artichoke tissues, a qPCR analysis was performed, using the primers reported in Supplementary Table 1. As a housekeeping gene for globe artichoke, actin (amplified with the primer combination ACT-Rt-For and ACT-Rt-Rev, Supplementary Table 1) was chosen for its stability and level of expression, comparable to those of the genes of interest, and whose expression remains stable in all tissues (Menin et al., 2012). 20 μL qPCRs were performed in three biological replicates for each tested tissue in the presence of fluorescent dye (GoTaq® qPCR Master Mix, Promega). PCR reactions were carried out in 48-well optical plates using the iCycler Real-time PCR Detection System (Bio-Rad Laboratories, USA) as described in Menin et al. (2010).

Ground tissue (50 mg) of each plant biological replicate was extracted with 1 mL of 75% methanol containing 0.1% formic acid and sonicated (125 W, 20 kHz) for 15 min. Extracts were then centrifuged at 20,000 g and 22°C for 5 min, filtered through a 0.2 μm inorganic membrane filter (RC4, Sartorius, Germany) attached to a disposable syringe, and transferred to a glass vial. The LC-QTOF-MS platform consisted of a Waters Alliance 2795 HT HPLC system equipped with a Luna C18(2) pre-column (2.0 × 4 mm) and an analytical column (2.0 × 150 mm, pore size 100 Å, particle size 3 μm; Phenomenex), connected to an Ultima V4.00.00 QTOF mass spectrometer (Waters, MS Technologies). Degassed eluent A, ultra-pure water: formic acid (1000:1, v/v), and eluent B, acetonitrile: formic acid (1000:1, v/v) were used at a total flow rate of 0.19 mL min-1. The gradient started at 5% B and increased linearly to 75% B over 45 min; afterward the column was washed with 100% B and equilibrated at 5% A for 15 min before the next injection. The injection volume was 5 μL, ionization was performed using an electrospray source, with detection in the positive mode. The identification of CQAs was carried out by comparing retention times and masses with those reported in Menin et al. (2010), using standard cynarin (1,3-dicaffeoylquinic acid) from Carl Roth (Karlsruhe) and chlorogenic acid from Sigma–Aldrich. Mean comparison was conducted using Tukey’s test. All the data were statistically analyzed using SPSS statistical software.

Virus Induced Gene Silencing in Globe Artichoke

Seeds of the globe artichoke hybrid ‘Concerto’ were germinated for 2 weeks between two layers of wet filter paper; plantlets were then transplanted into pots in a greenhouse and grown in a climate room at 25°C with 60% relative humidity and a 16 h light: 8 h dark photoperiod cycle with light intensity of 300 μmol m-2s-1. The pTRV1 and pTRV2 vectors described by Liu et al. (2002) were used in this study. Two pTRV2 based constructs were employed: pTRV2-PDS [phytoene desaturase (PDS)] and pTRV2-PDS-HQT1. In order to identify the cDNA sequence of globe artichoke PDS, the cDNA sequence of tomato PDS (Liu et al., 2002) was used as query for blast searches in C. cardunculus EST database (Scaglione et al., 2012). 423 bp PDS fragment was PCR amplified from globe artichoke cDNA using primers with EcoRI and XhoI restriction sites (PDS-EcoF and PDS-XhoR, Supplementary Table 1). The resulting product was cloned into pTRV2 to form pTRV2-PDS. 400 bp fragment of HQT1 was PCR amplified from globe artichoke cDNA using primers with XhoI and SmaI restriction sites (HQT1-XhoF and HQT1-SmaR, Supplementary Table 1) and cloned into pTRV2-PDS vector.

The pTRV2 constructs were transformed into Agrobacterium tumefaciens strain C5801. The obtained recombinant A. tumefaciens strains were grown at 28°C and 80 rpm for 24 h in 5 mL of LB media containing kanamycin (50 mg L-1) and tetracycline (10 mg L-1). After an overnight incubation, 500 μL of the cultured cells were added to 25 mL of LB broth containing 10 mM 2-[N-morpholino] ethanesulfonic acid (MES) and 20 μM acetosyringone (4′-hydroxy-3′,5′-dimethoxyacetophenone, Sigma) and grown overnight at 28°C and 80 rpm. After the overnight incubation, the bacterial cultures were centrifuged for 20 min at 4,000 g and 4°C, resuspended in 10 mM MES buffer containing 10 mM MgCl2 and 200 μM acetosyringone to a final OD600 of 1–1.5, and incubated at room temperature under gentle shaking at 50 rpm for 3 h. The bacteria containing pTRV1 and the bacteria containing pTRV2 or its derivatives were then mixed together in 1:1 ratio. The cotyledons of globe artichoke were infiltrated with the mixed bacteria cultures using a 1 mL disposable syringe without a needle. The agroinfiltrated plants were then transferred to a climate room at 25°C with 60% relative humidity and a 16 h light/8 h dark photoperiod cycle with light intensity ranging from 300 to 400 μM m-2s-1. After 4 weeks the VIGS-silenced plant material (3 biological replicates) was collected and used for qPCR (as described in Quantitative PCR and LC-QTOF-MS Analysis in Globe Artichoke Tissues) and LC-PDA analyses. For the quantification of PDS gene-expression levels in silenced material we used primers reported in Supplementary Table 1.

Transient Heterologous Expression in Nicotiana benthamiana

For transient expression, the pEAQ-HT vector (extremely high-level expression, GATEWAY-compatible plasmid, Sainsbury et al., 2009) was kindly provided by Prof. Lomonossoff (JIC, Norwich UK). For the construction of the expression vectors containing HQT1, HQT2, and HQT3, sets of primers with attB1 and attB2 sites (Supplementary Table 1) were designed. The amplified fragments were first cloned by Gateway Recombinant Technology in pDONOR 207 vector through a BP recombination and subsequently transferred by LR recombination into the pEAQ-HT destination vector, originating the expression vectors pEAQ/HQT1, pEAQ/HQT2, and pEAQ/HQT3. These vectors and the empty vector pEAQ-HT, as a negative control, were introduced into Agrobacterium tumefaciens strain C5801 by the freeze-thaw method. Bacteria containing a single construct or the control vector were grown overnight at 28°C in 5 mL of L medium (10 g L-1 bactotryptone, 5 g L-1 Yeast extract, 5 g L-1 NaCl, 1 g L-1 D-glucose) with kanamycin (50 mg L-1). The overnight cultures (2 mL) were then transferred into 20 mL of induction medium (L broth containing 10 mM MES and 20 μM acetosyringone) with kanamycin (50 mg L-1), and grown as above. The cells were collected by centrifugation for 10 min at 4,000 g and resuspended in 50 mL of infiltration medium (10 mM MgCl2, 10 mM MES, 200 μM acetosyringone) to an OD600 of 1.0 and kept at room temperature for 3 h before being infiltrated into the abaxial air spaces of 2–4-week-old N. benthamiana plants. After 4 days, the infiltrated leaf material was collected and used for semi-qPCR and LC-QTOF-MS analyses.

For the quantification of transgene expression in transformed N. benthamiana plants a semi-qPCR analysis was performed. cDNAs were synthesized from 1.0 μg total RNA from leaves of HQT1, HQT2, HQT3 and control transformants using a High Capacity RNA-to-cDNA Kit (Thermofisher) according to the manufacturer’s instructions. Semi-qPCR amplifications were performed by using specific primers designed by Primer 3 software5 for globe artichoke HQT1, HQT2, and HQT3 and tobacco elongation (EF) factor as a housekeeping gene (Nt-EF-For and Nt-EF-Rev, Supplemental Table 1). The thermal cycling program included one step at 95°C for 5 min, followed by 25 cycles of three steps (94°C for 30 s, 57°C for 30 s and 72°C for 30 s). Amplified products were visualized on a 1.5% agarose gel.

Identification and Quantification of CQAs in Transiently Transformed N. benthamiana and in VIGS Silenced Globe Artichoke Tissues

Transiently transformed N. benthamiana grinded tissues (100 mg) were suspended in 300 μl of 70% (v/v) methanol and sonicated for 20 min in a water bath. After centrifugation (10,000 g for 10 min), supernatants were filtered with a 13 mm diameter, 0.22 μm pore diameter PTFE syringe filter and analyzed on the LC-PDA-MS/MS analytical platform. Analyses were carried out on a Shimadzu Nexera X2 system equipped with a photodiode detector SPD-M20A in series to a triple quadrupole Shimadzu LCMS-8040 system provided with electrospray ionization (ESI) source (Shimadzu, Dusseldorf Germany). An Ascentis® Express RP-Amide column (100 mm × 2.1 mm i.d., 2.7 μm particle size, Supelco, Bellefonte, PA) was used. The analysis conditions were: mobile phase: eluent A: 0.1% formic acid in water; eluent B: 0.1% formic acid in acetonitrile; mobile phase gradient was as follows: 5–25% B in 20 min, 25–100% B in 10 min, and 100% B for 1 min. Injection volume: 5 μL; the flow rate of the mobile phase was 0.4 mL min-1 and the column was maintained at 30°C. UV spectra were acquired in the 210–450 nm wavelength range.

The identification of the components was based on their UV spectra and mass spectral information in Multiple Reaction Monitoring (MRM) mode in both positive and negative ionization mode (respectively, ESI+ and ESI-). MS operative conditions: heat block temperature: 400°C; nebulizing gas (nitrogen) flow rate: 3 L min-1; drying gas (nitrogen) flow rate: 15 L min-1; desolvation line (DL) temperature: 250°C. Collision gas: argon (230 kPa). Transitions monitored: ESI+: m/z 355.00 →163.00 for CGAs and m/z 517.00 →163.00, m/z 517.00 →145.00, m/z 517.00 →135.00 for diCQAs (dwell time: 20 ms, collision energy -35 V, event time: 0.096 s); ESI-: m/z 513.00 →179.00 for CGAs and m/z 515.00 →179.00, m/z 515.00 →191.00, m/z 515.00 →135.00 for diCQAs (dwell time: 20 ms, collision energy: 35 V, event time: 0.096 sec). The MRM transitions were selected on the basis of the fragments obtained by analyzing the CGAs and diCQAs standards in full-scan mode in both ESI+ and ESI- in the range of 300–1200 m/z, with a scan speed of 1000 μ sec-1 and then in product ion scan mode in both ESI+ and ESI - in the range of 100–550 m/z, with a scan speed of 1000 μ sec-1 and using as precursor ions: 355.00 m/z [M+H]+ for ESI+ and 353.00 m/z [M-H]- for ESI- for CGAs and 517.00 m/z [M+H]+ for ESI+ and 515.00 m/z [M-H]- for ESI- for diCQAs.

For the quantification of CGAs and diCQAs the external calibration method based on the following transitions: ESI+: m/z 355.00 →163.00 for CGAs and m/z 517.00 →163.00 for diCQAs was adopted. A five points calibration curve was built for CGAs analyzing in triplicate the pure standards in the range of 5–500 μg mL-1 while a four points calibration curve was built for diCQAs analyzing in triplicate the pure standards in the range of 5–100 ng mL-1. The determination coefficient (R2) was in all cases higher than 0.992.

Chlorogenic acid (CGA), neochlorogenic acid (neoCGA), cryptochlorogenic acid (cryptoCGA), and CoA were purchased from Sigma–Aldrich, while the necessary diCQAs (1,3; 1,5; 3,5; 3,4; 4,5 isomers) were provided from TransMIT (Marburg, Germany).

VIGS silenced artichoke grinded tissues (100 mg) was suspended in 300 μl of 70% (v/v) methanol and sonicated for 20 min in a water bath. After centrifugation (10,000 g for 10 min), the supernatant was filtered with a 13 mm diameter, 0.22 μm pore diameter PTFE syringe filter and analyzed on a Shimadzu XR system equipped with a photodiode detector SPD-M20A (Shimadzu, Dusseldorf Germany). An Ascentis® Express C18 column (150 mm × 2.1 mm i.d., 2.7 μm particle size, Supelco, Bellefonte, PA) was used and the analysis conditions were: mobile phase: eluent A: 0.1% formic acid in water; eluent B: 0.1% formic acid in acetonitrile; mobile phase gradient was as follows: 5–25% B in 10 min, 25–40% B in 5 min, 40–100% B in 5 min and 100% B for 1 min. Injection volume: 5 μL; the flow rate of the mobile phase was 0.4 mL min-1 and the column was maintained at 30°C. UV spectra were acquired in the 210–450 nm wavelength range. The identification of the CQAs was carried out by comparing retention times and UV spectra with those of the commercially available standards. For the quantification of CGA and 3,5-diCQA the external calibration method based on the LC-PDA profiles acquired at 325 nm was adopted. A four points calibration curve was built for both compounds analyzing in triplicate the pure standards in the range of 1–100 μg/ml for CGA and in the range of 0.5–10 μg/ml for 3,5-diCQA. The determination coefficient (R2) were 0.998 for CGA and 0.999 for 3,5-diCQA.

Mean comparison was conducted using Tukey’s test. All the data were statistically analyzed using SPSS statistical software.

Subcellular Localization Studies

The full length sequences of the HQT1, HQT2, HQT3 genes were amplified from globe artichoke cDNA using attB specific primers (Supplementary Table 1) and recombined into the pDONR207 Entry vector through a Gateway strategy. The amplicons were cloned into pK7WGF2 (Karimi et al., 2002) producing pK7-35S:GFP:HQT1, pK7-35S:GFP:HQT2, and pK7-35S:GFP:HQT3, respectively. As a control, the unmodified vector for expression of GFP, pK7WGF2 (under the control of the 35S promoter), and an endoplasmic reticulum-targeted pBIN-GFP-KDEL construct were also agro-infiltrated into Nicotiana benthamiana leaves. The expression constructs pK7-35S:GFP:HQT1, pK7-35S:GFP:HQT2, and pK7-35S:GFP:HQT3, and the pK7WGF2 and pBIN-GFP-KDEL vectors alone (controls) were transformed into Agrobacterium tumefaciens strain C5801. The obtained recombinant A. tumefaciens strains were grown at 28°C and 220 rpm for 24 h in 5 mL of L media containing spectinomycin (100 mg L-1) and tetracycline (10 mg L-1). The overnight cultures (2 mL) were then transferred into 20 mL of induction medium [L broth containing 10 mM MES and 20 μM acetosyringone with spectinomycin (100 mg L-1)], and grown as above. The cells were collected by centrifugation at 4,000 g and resuspended in 50 mL of infiltration medium (10 mM MgCl2, 10 mM MES, 200 μM acetosyringone) to an OD600 of 1.0 and kept at room temperature for 3 h before being infiltrated into the abaxial air spaces of 5-week-old N. benthamiana plants. N. benthamiana plants were grown from seeds on soil in a climate chamber at 25°C (16 h light)/25°C (8 h dark). The localization of fluorescent proteins was analyzed 4 days post-agroinfiltration in small leaf samples (1 cm2 leaf explant from at least three independent agro-infiltrated plants) by confocal laser scanning microscopy. All images were acquired and processed using a Leica TCS SP2 confocal microscope and software (Leica Microsystems GmbH, Wetzlar, Germany) as described in Eljounaidi et al. (2015). GFP and plastid fluorescence were both excited at 488 nm with emission recorded at 500–525 nm and 600–640 nm, respectively. A scanning resolution of 1024 × 1024 pixels was chosen and serial optical sections were acquired with either 1 or 2 μm resolution along the z-axis. Quantification of transgene expression in transformed N. benthamiana plants was performed by a semi-qPCR analysis (as described in Transient Heterologous Expression in N. benthamiana).

RESULTS

Genome-Wide Identification and Phylogenetic Analysis of Globe Artichoke BAHD Acyltransferases

A survey of the globe artichoke genome (release v1.0, Scaglione et al., 2016), showed the existence of 74 genes with high similarity to previously characterized BAHD acyltransferases (Menin et al., 2010; Tuominen et al., 2011). By considering only those carrying the catalytic site HXXXD, the number was reduced to 69. A phylogenetic analysis of these 69 globe artichoke BAHD proteins together with 43 representative proteins of the BAHD family from 21 species highlighted seven major clades (Figure 2). Four globe artichoke proteins clustered into Clade I, corresponding to the group classified as Clade II by Tuominen et al. (2011), defined by the characterized Glossy2 and CER2 homologs in Zea mays (Tacke et al., 1995) and A. thaliana (Negruk et al., 1996; Xia et al., 1996), involved in the extension of long chain epicuticular waxes, which are important both for restricting water loss and for defence against pathogens. Clade II contained 15 globe artichoke proteins and is sister to the Clade IIIa reported by Tuominen et al. (2011), along with acyltransferases which utilize a range of alcohol substrates to produce volatile esters (D’Auria, 2006). Nine globe artichoke proteins were grouped in Clade III, corresponding to the Clade IIIb described in Tuominen et al. (2011), which lacked any functionally defined homolog. No globe artichoke BAHD proteins occurred in Clade IV which contained sequences related to barley agmatine coumaroyl transferase (ACT), an enzyme involved in the biosynthesis of anti-fungal hydroxycinnamoyl agmatine derivatives (Burhenne et al., 2003). Clade V can be subdivided further into several subgroups, as reported in D’Auria (2006), three of which contained characterized enzymes: the first clustered three globe artichoke proteins along with enzymes that are involved in biosynthesis of volatile esters; the second grouped one globe artichoke protein with enzymes, from Taxus species, involved in the production of the compound paclitaxel; the third clustered nine globe artichoke sequences with enzymes that use hydroxycinnamoyl/benzoyl CoA as acyl donor. Clade VI is sister to the group classified as Clade Ib by Tuominen et al. (2011) and includes ten globe artichoke members which lack any functionally defined homolog. Finally, Clade VII, corresponding to the group classified as Clade Ib by Tuominen et al. (2011), grouped 13 globe artichoke paralogous proteins along with the characterized enzymes involved in modification of phenolic glycosides, predominantly anthocyanins (Suzuki et al., 2002).
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FIGURE 2. UPGMA based phylogenetic tree was constructed of 69 globe artichoke BAHD members sequences and 43 fully/partially characterized sequence from other species. The colors for highlighting clades are: violet (Clade I), pink (Clade II), light red (Clade III), red (Clade IV), orange (Clade V), yellow (Clade VI), and pale yellow (Clade VII). Sequences used for building the tree are reported in the Data Sheet 1.



We focused our attention on Clade V, in particular on the sub-group containing the biochemically characterized hydroxycinnamoyltransferases (HCT/HQT) involved in biosynthesis of lignin and chlorogenic acid. In this sub-group the globe artichoke sequences included are: HCT (AAZ80046, Comino et al., 2007), Acyltransf_1 and Acyltransf_2 (ADL62854, ADL62855.1, Menin et al., 2010; renamed in this paper as HQT2 and HQT3, respectively) and HQT (ABK79689, Comino et al., 2009; renamed in this paper as HQT1) plus an extra-HCT (KVH99042) functionally predicted in silico. The remaining four predicted sequences are related to previously characterized enzymes: KVI01309.1 (locus Ccrd_020450) and KVI06149.1 (locus Ccrd_015498) appeared similar to an ω-hydroxypalmitate O-feruloyl transferase (HHT1, Lotfy et al., 1995, 1996), while KVI11866.1 (locus Ccrd_009712) and KVH57169.1 (locus Ccrd_025673) are similar to a spermidine hydroxycinnamoyl transferase (SHT, Grienenberger et al., 2009).

Many BAHD multiple gene copies were observed in the globe artichoke genome, and the five CQA-related genes appeared pairwise highly similar (Figure 3A), exhibiting the functional HXXXD or DFGWG domains (Figure 3B); they appeared as duplicated genes, but resident in different chromosomes in syntenic segments, likely fruit of a WGD event. In particular, HQT2 (in Chr8), HQT3 (in Chr2), and HQT1 (unplaced scaffold 311, formerly mapped on Lg5/Chr5, Comino et al., 2009) appeared as ohnologous genes (Ohno et al., 1968), in the same way as for the HCT (Chr3) and extra-HCT (Chr6) genes, as depicted in Figure 3C. Only HQT-like enzymes involved in CGA synthesis were selected for in vivo functional investigation.


[image: image]

FIGURE 3. Phylogenetic and bioinformatic analyses on BAHD. (A) UPGMA based phylogenetic tree of five globe artichoke BAHD involved in biosynthesis of lignin and chlorogenic acid and belonging to HQT/HCT branch of the Clade V. (B) Muscle alignment of the CQAs related proteins (in yellow the two functional domains). (C) CQAs related ohnologous genes distribution over the globe artichoke pseudomolecules.



Expression of HQT-like Acyltransferases in Different Globe Artichoke Tissues

Expression of the genes encoding for HQT1, HQT2, and HQT3 was analyzed by qPCR and compared to the levels of CQAs at the same stage of plant development. The gene expression profiles are shown in Figure 4A. The expression profile for HQT1 was higher in bract, with a level of expression 4.3-fold higher than 1-year leaf tissue. Expression levels of HQT3 were notably high in stem tissue, where transcripts were 17-fold more abundant than 1-year leaf tissue. Expression of HQT2 was greatest in both stem and 6-week leaf tissues.
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FIGURE 4. qPCR and LC-MS analyses. (A) Relative gene expression of HQT1, HQT2, and HQT3 in globe artichoke leaf (6-weeks, 1 year), stem and bract tissues. Globe artichoke actin was used as reference gene. Error bars represent SD (n = 3). Different letters associated with the set of means indicate significance based on Tukey’s test (P ≤ 0.05). (B) Relative concentration of chlorogenic acid (CGA) and 1,3-dicaffeoylquinic acid (1,3-diCQA) in globe artichoke (F1 hybrid ‘Concerto’) tissues (leaf from 6 weeks-old plants and from 1 year-old plants, stem, bract). Concentrations were compared by measuring mass signals of the molecular ion ([M+H]) in different tissues. Different letters associated with the set of means indicate significance based on Tukey’s’s test (P < 0.05).



To evaluate any relationship between gene expression and metabolite content, CGA and 1,3-diCQA were quantified in the same globe artichoke tissues by liquid chromatography coupled to mass spectrometry (LC-MS) of methanol extracts of freeze dried plant material, and compared to two original standards. Significant differences in CGA contents were observed (p ≤ 0.05) among leaf and other tissues (Figure 4B), but statistical differences in 1,3-diCQA contents were not found for any of the analyzed tissues.

VIGS in Globe Artichoke

Four weeks after infiltration, plants inoculated with pTRV1 and pTRV2 vector showed no obvious differences compared with the control in overall shoot and leaf morphology. The virus was detected in plants agro-infiltrated with pTRV2 vector, while no virus was detected by PCR in control plants (data not shown).

To determine if endogenous gene silencing can also be elicited by TRV-mediated VIGS, we inserted PDS marker into a pTRV2 VIGS vector. 4 weeks after infiltration, a photobleached phenotype was observed, mainly localized in proximity of the main veins of young leaves of ‘Concerto’ globe artichoke seedlings (Figure 5A). No photobleaching phenotype was observed in plants infected with pTRV2 empty vector. To monitor the silencing level of PDS, a qPCR analysis was performed. The results revealed that PDS transcript levels in photobleached leaves were reduced by more than 50% compared to the controls (Figure 5B). The VIGS approach was applied for silencing the HQT-like acyltransferases involved in the final steps of the caffeoylquinic acid pathway. To achieve single gene silencing (i.e., to avoid post-transcriptional silencing of closely related gene sequences), sequence identity of more than 22 nt with other genes has to be avoided (Gaquerel et al., 2013). This pre-requisite was achieved for HQT1, while due to the high level of identity between HQT2 and HQT3 it was not possible to perform single gene silencing on these genes. ‘Concerto’ globe artichoke seedlings were infiltrated with a mixture of Agrobacteria transformed with pTRV2-PDS-HQT1. The photobleached leaf phenotype correlated with a marked reduction in the expression level of the genes introduced into the silencing vector. PDS transcript levels in photobleached leaves were 70% compared to the control. The HQT1 transcript levels in leaves were reduced to 50% of those found in the control (Figure 5B). No cross-silencing of HQT2 and HQT3 was detected in HQT1 silenced leaves (Figure 5B).
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FIGURE 5. VIGS of globe artichoke genes using pTRV vectors. Globe artichoke seedlings were infected with Agrobacterium transformed with pTRV2-PDS vectors. Photographs of the leaves were taken 5 weeks after infiltration (A). Relative transcript levels of PDS, HQT1, HQT2, HQT3 genes were evaluated through qPCR analysis (B) in pTRV2, pTRV2-PDS, and pTRV2-PDS-HQT1 infected leaves. ∗P ≤ 0.05 vs pTRV2 infected (control).



The VIGS-silenced leaves were analyzed by (LC)-PDA, comparing their UV profiles to those obtained from a CQA standards mixture. The silencing of HQT1 (Figure 6) resulted in a significant reduction in content of both chlorogenic and 3,5-dicaffeoylquinic acids (33,6 ± 31,3 vs 184,85 ± 59,65 μg/g FW and 2,35 ± 0,95 vs 18,8 ± 2,1 ng/g FW, respectively).
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FIGURE 6. LC-PDA profiles of leaf extracts of globe artichoke agro-infiltrated with Agrobacterium transformed with different TRV vectors. Pink/black (pTRV2-PDS biological replicates), Blue/Green (pTRV2-PDS-HQT1 biological replicates) (A). The major peaks correspond to chlorogenic acid (B) and 3,5-dicaffeoylquinic acid (C).



In vivo Expression of HQT-Like Acyltransferases in N. benthamiana

Agrobacteria transformed with a pEAQ expression vector containing HQT1, HQT2, and HQT3 were infiltrated into N. benthamiana leaves. Plants agro-infiltrated only with the empty vector were used as negative controls. 4 days after infiltration, transformed leaves were assayed for monoCQA and diCQAs content by LC-MS analysis.

N. benthamiana leaves transiently expressing HQT1, HQT2, and HQT3 were characterized by a significant increase in mono and diCQAs content (Figure 7, Supplementary Image 1). In particular the overexpression of HQT1, HQT2, and HQT3 determined a 2–5 fold increase on mono CQAs and a 1–4 fold increase for diCQAs. The diCQA content in tissue extracts of transiently transformed leaves is between 6.4 and 64.9 ng/mL while the mono CQAs content is 2,000–4,000 higher ranging between 8.7 and 326.8 μg/mL (Figure 7). Transient transformants and controls (plants transformed with empty vector) were also tested for expression of the HQT1, HQT2, and HQT3 transgenes by semi-qPCR using specific primers for globe artichoke HQT1, HQT2, and HQT3 sequences. Expression of the transgene was demonstrated in all HQT1, HQT2, and HQT3 transformants, while no amplification was detected in control pEAQ-HT transformed plants (Supplementary Image 2).
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FIGURE 7. LC-MS ESI+ MRM profiles. (A) monoCQAs (NeoCGA, CryptoCGA, CGA) and (B) diCQAs (1,3-diCQA, 3,4-diCQA, 3,5-diCQA, 4,5-diCQA) in Nicotiana benthamiana control (CTR) and transformed tissues extracts (HQT1, HQT2, and HQT3). Concentration of (C) monoCQAs (NeoCGA, CryptoCGA, CGA) and (D) diCQAs (1,3-diCQA, 3,4-diCQA, 3,5-diCQA, 4,5-diCQA) in tissue extracts of N. benthamiana control (CTR) and transiently transformed leaves (HQT1, HQT2, and HQT3). Error bars represent SD (n = 3). Asterisk indicates significance based on Tukey’s test (P ≤ 0.05).



Subcellular Localization Studies of HQT1, HQT2, and HQT3

No putative targeting sequences predicting mitochondrial, plastid and ER localization were found for HQT1, HQT2, and HQT3 proteins. For the in vivo assessment of subcellular localization of the enzymes, N. benthamiana plants were infiltrated with Agrobacteria suspension harboring the expression constructs pK7-35S:GFP:HQT1, pK7-35S:GFP:HQT2, pK7-35S:GFP:HQT3 as well as the pK7WGF2 and the endoplasmic reticulum-targeted pBIN-GFP-KDEL vector as controls. Expression of the fusion genes was confirmed using semi qPCR with gene specific primers (Supplementary Image 3).

The subcellular localization of each protein was analyzed by confocal laser scanning microscopy (Figure 8). All three GFP-tagged proteins accumulated at the periphery of the cells and in cytoplasmic strands (Figures 8A–C). Significant differences in protein distribution can anyway be highlighted: GFP:HQT1 (Figure 8A) appeared to be excluded from the nucleoplasm (Figure 8A); GFP:HQT2 (Figure 8B), by contrast, also diffused in the nucleus, generating a very similar pattern to that observed for free cytosolic GFP (Figure 8D) but different from the localization of GFP-KDEL in the endoplasmic reticulum (Figure 8E); lastly, GFP:HQT3 localization (Figure 8C) can be described as cytosolic, even if the transient expression of this construct resulted in a weaker accumulation of fluorescent signal compared to the previous two fusion proteins.
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FIGURE 8. Subcellular imaging of GFP-tagged constructs expressed in N. benthamiana agroinfiltrated leaves. Confocal microscopy observations of leaf epidermal cells showed that the fluorescence pattern for GFP:HQT1 (A), GFP:HQT2 (B) and GFP:HQT3 (C) was compatible with their localization in the cytosol (arrowheads). For reference, the localization of free GFP in both the cytoplasm and nucleus, and the lace-like fluorescence pattern of ER-localized GFP-KDEL are presented in (D,E), respectively. (n) = nucleus; bars = 50 μm.



Confocal microscopy imaging of GFP fusion constructs is compatible with the presence of the chimeric proteins in the cytoplasm rather than in other organelles, such as the vacuole or the endoplasmic reticulum, in line with with the in silico predicted localization of HQT1, HQT2, and HQT3 proteins in the cytoplasm.

DISCUSSION

Globe artichoke is a rich source of compounds important for their pharmaceutical and nutritional properties. The beneficial effects of globe artichoke for human health are mainly due to its content of flavonoids and phenolic acids, particularly caffeic acid and its derivatives mono- (e.g., chlorogenic acid, CGA) and diCQAs. These compounds make the species very attractive as a source of health-promoting molecules, both by direct consumption of the edible part, fresh or cooked, and also for industrial scale extraction of antioxidants and food additives.

Two classes of hydroxycinnamoyltransferases, the hydroxycinnamoyl-CoAshikimate/quinate hydroxycinnamoyl transferases (HCT) and the hydroxycinnamoyl-CoA:quinate hydroxycinnamoyl transferases (HQT) have been demonstrated in vitro to synthesize CGA in globe artichoke (Comino et al., 2007, 2009; Menin et al., 2010). These enzymes belong to the BAHD hydroxycinnamoyltransferase family (the name derives from the initial letters of the first four enzymes characterized from this family, St-Pierre and De Luca, 2000) and they transfer an acyl group from a Coenzyme-A activated hydroxycinnamic acid (e.g., cinnamoyl-CoA, 4-p-coumaroyl-CoA, or caffeoyl-CoA) to an acceptor molecule.

Phylogenetic analyses have been performed on BAHD sequences previously: D’Auria (2006) identified five major phylogenetic clades based on 46 biochemically or genetically characterized members; while Tuominen et al. (2011) identified eight clades based on 69 biochemically characterized plant BAHD acyltransferases and putative members from Populus, Arabidopsis, Oryza, and Medicago plants. Recently, a reference globe artichoke genome sequence has been released (Scaglione et al., 2016), allowing us to perform genome-wide analysis with the goal of identifying all sequences containing the BAHD acyltransferase conserved catalytic domain HXXXD, and the key functional domain DFGWG (D’Auria, 2006). In a previous study, 32 globe artichoke BAHD unigenes were found to cluster in 6 main clades (Menin et al., 2010), while in our study 69 putative BAHD sequences were found to cluster in seven main clades named accordingly to the nomenclature proposed by Tuominen et al. (2011).

A subgroup of Clade V contained nine BAHD genes, of which five (Figure 3B) belong to one or other of the two main classes of HQT/HCT-like proteins, forming two specific ohnologous groups. These are the HCT group: Ccrd_022724 and Ccrd_015561; and the HQT group: Ccrd_025215 (HQT1), Ccrd_004326 (HQT2), and Ccrd_009859 (HQT3). The three globe artichoke HQTs (here named HQT1, HQT2, and HQT3) correspond to those isolated earlier: HQT (Comino et al., 2009), and Acyltransf_1 and Acyltransf_2 (Menin et al., 2010). Previous in vitro characterizations highlighted their involvement in CQA biosynthesis, due to their ability to use either p-coumaroyl-CoA or caffeoyl-CoA as an acyl donor and quinic acid as an acceptor. The presence of 3 HQT-like and two HCT-like genes is presumably the result of a duplication event at the chromosomal level (Figure 3C), which likely occurred during plant evolution. As previously reported (Scaglione et al., 2016), the Asteraceae family and thus subsequent lineages including globe artichoke (Barker et al., 2008) experienced one WGD at approximately 40–45 My. WGD events, driving gene family extension and promoting functional diversification, encouraged novelty and success in many plants that are now crops, mainly in regard to metabolic pathways including glucosinolates, methyltransferases, fruit-controlling genes, and resistance gene analogs (Lei et al., 2012; Sato et al., 2012; Hofberger et al., 2013; Kim et al., 2014). In globe artichoke (Scaglione et al., 2016) the occurrence of the HCT/HQT duplication might have favored a high accumulation of chlorogenic acid and diCQAs through the diversification of appropriate biosynthetic functions. Indeed the presence of several homologous genes has already been described in plants belonging to the Asteraceae family, such as sunflower, lettuce and more recently in chicory, where two HCTs and three HQTs have been characterized (Legrand et al., 2016). Detection of the same number of HCT/HQT genes in both globe artichoke and chicory seems fully in accordance with the wide conserved syntenic regions recently observed within the family (Scaglione et al., 2014).

Hydroxycinnamoyl-CoA:shikimate/quinate hydroxycinn-amoyl transferases have been demonstrated in vitro to acylate a wide variety of acceptors, including shikimate, quinate (Hoffmann et al., 2003), 3′-hydroxyanthranilate (Moglia et al., 2010), gentisate, 2,3-dihydroxybenzoate, catechol, protocatechuate, 5-hydroxyanthranilate, 3-hydroxybenzoate, 3-aminobenzoate and hydroquinone (Eudes et al., 2016) and seem more related to the lignin pathway, as in vivo experiments have shown their key role in the synthesis of the lignin monomers, coniferyl and sinapyl alcohols. Indeed, downregulation of HCT in N. benthamiana, Arabidopsis thaliana (Hoffmann et al., 2004) and in Pinus radiata (Wagner et al., 2007) altered their lignin composition and content while a natural HCT mutant of poplar (Populus nigra) also showed an altered lignin composition (Vanholme et al., 2013).

Hydroxycinnamoyl-CoA:quinate hydroxycinnamoyl transferases have been shown to be directly involved in CGA biosynthesis in tobacco, tomato, and globe artichoke (Niggeweg et al., 2004; Comino et al., 2009; Menin et al., 2010); their down-regulation in N. benthamiana and in both tomato (Niggeweg et al., 2004) and potato (Payyavula et al., 2015) leads to a considerable reduction in CGA content.

Since our main objective was to evaluate the in vivo physiological roles of CGA biosynthetic genes in globe artichoke, we focused our analysis on three HQT-like enzymes, HQT1, HQT2, and HQT3. When their transcription levels were analyzed in different globe artichoke tissues, both HQT2 and HQT3 were found highly expressed in vegetative leaves and stem, while HQT1 was located in bract tissues (Figure 4A). The CQA content in plant is influenced not only by BAHD acyltransferases but also from structural genes of phenylpropanoid pathway (PAL, 4CL, C4H) and regulatory genes (such as MYB transcription factors). The differential accumulation of CQAs, observed in the analyzed tissues, and the lack of a direct correlation with HQTs suggests that the additional gene(s) required for the biosynthesis of these compounds are probably involved.

Although micropropagation and in vitro callogenesis techniques (Menin et al., 2013) have been applied in globe artichoke, efficient protocols for the establishment of in vitro organogenesis, a pre-requisite for Agrobacterium–mediated genetic transformation, have not yet been developed. For this reason, a rapid system for transient transformation is highly desirable to expedite gene function analysis in globe artichoke. VIGS has been used routinely for analysis of gene function in many plant species (Baulcombe, 1999; Burch-Smith et al., 2004), mainly because is a robust method that avoids the need for laborious and time-consuming generation of stable transformants. The effectiveness of VIGS as a strategy to validate the physiological role of genes has been demonstrated in many species such as opium poppy (Wijekoon and Facchini, 2012), Withania somnifera (Singh et al., 2015), peach (Bai et al., 2016), cotton (Zhu et al., 2015), and Litchi chinensis (Li et al., 2016). The most widely used VIGS vectors are derived from the Tobacco Rattle Virus, which invades a wide range of hosts and spreads vigorously throughout the entire plant (Senthil-Kumar and Mysore, 2014). Within the Asteraceae family the TRV-based VIGS system was applied for the first time in Gerbera (Deng et al., 2012).

Because TRV is a “mosaic” virus, it is helpful to have an easily visible reporter/marker in order to determine whether the target gene has been silenced (Chen et al., 2004). In our experiments, we used tandem constructs containing PDS as reporter and a target gene as a tool for examining the function of chlorogenic acid-associated genes. The PDS gene has been widely used as a VIGS marker in various plant species as it encodes an enzyme required for the biosynthesis of carotenoids, which in turn protect chlorophyll from photo-oxidation. Silencing of PDS results in decreased carotene content and ultimately to the easily observed outcome of leaf photobleaching.

Four weeks after agro-infiltration, around 20% of globe artichoke plants treated with pTRV2-PDS developed typical photobleaching symptoms on the upper newly-grown leaves (Figure 5A). The silencing efficiency was lower than in model species, such as N. benthamiana and tomato, but comparable to that observed in Papaver somniferum (23%) (Hileman et al., 2005), Populus tormentosa (30%) (Jiang et al., 2014), Gerbera hybrida (35%) (Deng et al., 2012), and Aquilegia (12%) (Gould and Kramer, 2007).

The globe artichoke leaves containing down-regulated HQT1 accumulated reduced amounts of both chlorogenic and 3,5-dicaffeoylquinic acids (Figure 6), thus confirming the physiological function of HQT1 enzyme previously characterized in vitro (Comino et al., 2009). An opposite trend was observed upon transient over-expression in N. benthamiana. These results clearly confirm that HQT1, HQT2, and HQT3 are involved in the synthesis of CGA. Interestingly, the increased accumulation of diCQAs observed in extracts from N. benthamiana over-expressed plants might be a consequence of enzymatic conversion of CGA to diCQAs. Our metabolic results are in accordance with those of Sonnante et al. (2010), who achieved both transient and stable over-expression in Nicotiana of HQT3 - named hqt1 in that paper.

Several members of the BAHD family have been shown to be cytosolic (Fujiwara et al., 1998; Yu et al., 2008) with some exception like as CER2 that it was shown to be ER localized (Molina and Kosma, 2015). An in silico analysis using Target P predicts a cytoplasm destination for HQT1, HQT2, and HQT3; these predictions were confirmed for HQT1, HQT2, and HQT3. A recent study (Moglia et al., 2014) proposed that tomato HQT localizes to vacuoles as well as to the cytoplasm of plant cells, supporting the idea that in this species the enzyme catalyzes different reactions in two separate sub-cellular compartments.

This work is a further contribution to the understanding of the genetic basis of biosynthesis of CQAs in globe artichoke through in vivo functional studies. Thanks to the development of VIGS in globe artichoke, described in this work, achieving functional genomics in this species will become much easier and quicker. These tools and results, together with the recently published globe artichoke reference genome sequence, will greatly facilitate the development of a new generation of globe artichoke varieties with enhanced bioactive properties that can significantly contribute to better human nutrition. Furthermore, the present results are also of interest for developing microbial and plant-based platforms for the production of these pharmaceutically relevant secondary metabolites.

AUTHOR CONTRIBUTIONS

AM and CCo designed and planned the experiments and co-wrote the paper. AA performed the bioinformatic analyses on the globe artichoke genome. CCa and PR undertook the LC-PDA-MS/MS analyses on transiently transformed N. benthamiana and on VIGS silenced globe artichoke tissues. KE, KC, and JB performed LC-QTOF-MS analysis in globe artichoke tissues and set up the VIGS protocol in globe artichoke. AMM and AM performed the cloning and agro-infiltration experimental work for VIGS and over-expression experiments. AG performed the sub-cellular localisation imaging. All the authors drafted the manuscript and approved its final version.

ACKNOWLEDGMENTS

The authors wish to acknowledge Professor George Lomonossoff (John Innes Centre, Norwich, UK) for kindly providing pEAQ vectors, Dr. Veronica Volpe (DIBIOS, University of Torino) for friendly supplying pK7WGF2 vectors and Dr. Massimo Turina (CNR-IPSP, Torino) for kindly providing pBIN-GFP-KDEL, and Valrosso Pierre (University of Torino) for technical assistance in VIGS experiment.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2016.01424

FOOTNOTES

1 http://www.ebi.ac.uk/Tools/msa/muscle/

2 http://mafft.cbrc.jp/alignment/server

3 http://tree.bio.ed.ac.uk/software/figtree

4 https://genomevolution.org

5 http://bioinfo.ut.ee/primer3/

REFERENCES

Adzet, T., Camarassa, J., and Laguna, C. J. (1987). Hepatoprotective activity of polyphenolic compounds from Cynara scolymus against CCl4 toxicity in isolated rat hepatocytes. J. Nat. Prod. 50, 612–617. doi: 10.1021/np50052a004

Arakawa, T., Yamasaki, H., Ikeda, K., Ejima, D., Naito, T., and Koyama, A. (2009). Antiviral and virucidal activities of natural products. Curr. Med. Chem. 16, 2485–2497. doi: 10.2174/092986709788682065

Bai, S., Tuan, P., Tatsuki, M., Yaegaki, H., Ohmiya, A., Yamamizo, C., et al. (2016). Knockdown of carotenoid cleavage dioxygenase 4 (CCD4) via virus-induced gene silencing confers yellow coloration in peach fruit: evaluation of gene function related to fruit traits. Plant Mol. Biol. Rep. 34, 257–264. doi: 10.1007/s11105-015-0920-8

Barker, M., Kane, N., Matvienko, M., Kozik, A., Michelmore, W., Knapp, S., et al. (2008). Multiple paleopolyploidizations during the evolution of the Compositae reveal parallel patterns of duplicate gene retention after millions of years. Mol. Biol. Evol. 25, 2445–2455. doi: 10.1093/molbev/msn187

Baulcombe, D. (1999). Fast forward genetics based on virus-induced gene silencing. Curr. Opin. Plant Biol. 2, 109–113. doi: 10.1016/S1369-5266(99)80022-3

Brat, P., George, S., Bellamy, A., Du Chaffaut, L., Scalbert, A., Mennen, L., et al. (2006). Daily polyphenol intake in France from fruit and vegetables. J. Nutr. 136, 2368–2373.

Brown, J., and Rice-Evans, C. (1998). Luteolin-rich artichoke extract protects low density lipoprotein from oxidation in vitro. Free Radic. Res. 29, 247–255. doi: 10.1080/10715769800300281

Burch-Smith, T., Anderson, J., Martin, G., and Dinesh-Kumar, S. (2004). Applications and advantages of virus-induced gene silencing for gene function studies in plants. Plant J. 39, 734–746. doi: 10.1111/j.1365-313X.2004.02158.x

Burhenne, K., Kristensen, B., and Rasmussen, S. (2003). A new class of N-hydroxycinnamoyltransferases - Purification, cloning, and expression of a barley agmatine coumaroyltransferase (Ec 2.3.1.64). J. Biol. Chem. 278, 13919–13927. doi: 10.1074/jbc.M213041200

Chen, J., Jiang, C., Gookin, T., Hunter, D., Clark, D., and Reid, M. (2004). Chalcone synthase as a reporter in virus-induced gene silencing studies of flower senescence. Plant Mol. Biol. 55, 521–530. doi: 10.1007/s11103-004-0590-7

Cle, C., Hill, L., Niggeweg, R., Martin, C., Guisez, Y., Prinsen, E., et al. (2008). Modulation of chlorogenic acid biosynthesis in Solanum lycopersicum; consequences for phenolic accumulation and UV-tolerance. Phytochemistry 69, 2149–2156. doi: 10.1016/j.phytochem.2008.04.024

Clifford, M. (2000). Chlorogenic acids and other cinnamates - nature, occurrence, dietary burden, absorption and metabolism. J. Sci. Food Agric. 80, 1033–1043. doi: 10.1002/(SICI)1097-0010(20000515)80:7<1033::AID-JSFA595>3.0.CO;2-T

Comino, C., Hehn, A., Moglia, A., Menin, B., Bourgaud, F., Lanteri, S., et al. (2009). The isolation and mapping of a novel hydroxycinnamoyltransferase in the globe artichoke chlorogenic acid pathway. BMC Plant Biol. 9:30. doi: 10.1186/1471-2229-9-30

Comino, C., Lanteri, S., Portis, E., Acquadro, A., Romani, A., Hehn, A., et al. (2007). Isolation and functional characterization of a cDNA coding a hydroxycinnamoyltransferase involved in phenylpropanoid biosynthesis in Cynara cardunculus L. BMC Plant Biol. 7:14. doi: 10.1186/1471-2229-7-14

Coon, J., and Ernst, E. (2003). Herbs for serum cholesterol reduction: a systematic review. J. Fam. Pract. 52, 470–478.

D’Auria, J. (2006). Acyltransferases in plants: a good time to be BAHD. Curr. Opin. Plant Biol. 9, 331–340. doi: 10.1016/j.pbi.2006.03.016

Deng, X., Elomaa, P., Nguyen, C., Hytonen, T., Valkonen, J., and Teeri, T. (2012). Virus-induced gene silencing for Asteraceae-a reverse genetics approach for functional genomics in Gerbera hybrida. Plant Biotechnol. J. 10, 970–978. doi: 10.1111/j.1467-7652.2012.00726.x

Eljounaidi, K., Comino, C., Moglia, A., Cankar, K., Genre, A., Hehn, A., et al. (2015). Accumulation of cynaropicrin in globe artichoke and localization of enzymes involved in its biosynthesis. Plant Sci. 239, 128–136. doi: 10.1016/j.plantsci.2015.07.020

Emanuelsson, O., Brunak, S., von Heijne, G., and Nielsen, H. (2007). Locating proteins in the cell using TargetP, SignalP and related tools. Nat. Protoc. 2, 953–971. doi: 10.1038/nprot.2007.131

Eudes, A., Pereira, J., Yogiswara, S., Wang, G., Benites, V., Baidoo, E., et al. (2016). Exploiting the substrate promiscuity of hydroxycinnamoyl-Coa:shikimate hydroxycinnamoyl transferase to reduce lignin. Plant Cell Physiol. 57, 568–579. doi: 10.1093/pcp/pcw016

Fujiwara, H., Tanaka, Y., Yonekura-Sakakibara, K., Fukuchi-Mizutani, M., Nakao, M., Fukui, Y., et al. (1998). cDNA cloning, gene expression and subcellular localization of anthocyanin 5-aromatic acyltransferase from Gentiana triflora. Plant J. 16, 421–431. doi: 10.1046/j.1365-313x.1998.00312.x

Gaquerel, E., Kotkar, H., Onkokesung, N., Galis, I., and Baldwin, I. (2013). Silencing an N-acyltransferase-like involved in lignin biosynthesis in Nicotiana attenuata dramatically alters herbivory-induced phenolamide metabolism. PLoS ONE 8:e62336. doi: 10.1371/journal.pone.0062336

Gebhardt, R. (1997). Antioxidative and protective properties of extracts from leaves of the artichoke (Cynara scolymus L.) against hydroperoxide-induced oxidative stress in cultured rat hepatocytes. Toxicol. Appl. Pharmacol. 144, 279–286. doi: 10.1006/taap.1997.8130

Gebhardt, R. (2001). Anticholestatic activity of flavonoids from artichoke (Cynara scolymus L.) and of their metabolites. Med. Sci. Monit. 7, 316–320.

Gould, B., and Kramer, E. (2007). Virus-induced gene silencing as a tool for functional analyses in the emerging model plant Aquilegia (columbine, Ranunculaceae). Plant Methods 3:6. doi: 10.1186/1746-4811-3-6

Grienenberger, E., Besseau, S., Geoffroy, P., Debayle, D., Heintz, D., Lapierre, C., et al. (2009). A BAHD acyltransferase is expressed in the tapetum of Arabidopsis anthers and is involved in the synthesis of hydroxycinnamoyl spermidines. Plant J. 58, 246–259. doi: 10.1111/j.1365-313X.2008.03773.x

Halvorsen, B., Carlsen, M., Phillips, K., Bohn, S., Holte, K., Jacobs, D., et al. (2006). Content of redox-active compounds (i.e., antioxidants) in foods consumed in the United States. Am. J. Clin. Nutr. 84, 95–135.

Hileman, L., Drea, S., de Martino, G., Litt, A., and Irish, V. (2005). Virus-induced gene silencing is an effective tool for assaying gene function in the basal eudicot species Papaver somniferum (opium poppy). Plant J. 44, 334–341. doi: 10.1111/j.1365-313X.2005.02520.x

Hofberger, J., Lyons, E., Edger, P., Pires, J., and Schranz, M. (2013). Whole genome and tandem duplicate retention facilitated glucosinolate pathway diversification in the mustard family. Genome Biol. Evol. 5, 2155–2173. doi: 10.1093/gbe/evt162

Hoffmann, L., Besseau, S., Geoffroy, P., Ritzenthaler, C., Meyer, D., Lapierre, C., et al. (2004). Silencing of hydroxycinnamoyl-coenzyme A shikimate/quinate hydroxycinnamoyltransferase affects phenylpropanoid biosynthesis. Plant Cell 16, 1446–1465. doi: 10.1105/tpc.020297

Hoffmann, L., Maury, S., Martz, F., Geoffroy, P., and Legrand, M. (2003). Purification, cloning, and properties of an acyltransferase controlling shikimate and quinate ester intermediates in phenylpropanoid metabolism. J. Biol. Chem. 278, 95–103. doi: 10.1074/jbc.M209362200

Jiang, Y., Ye, S., Wang, L., Duan, Y., Lu, W., Liu, H., et al. (2014). Heterologous gene silencing induced by tobacco rattle virus (TRV) is efficient for pursuing functional genomics studies in woody plants. Plant Cell Tissue Organ Cult. 116, 163–174. doi: 10.1007/s11240-013-0393-0

Karimi, M., Inze, D., and Depicker, A. (2002). GATEWAY vectors for Agrobacterium-mediated plant transformation. Trends Plant Sci. 7, 193–195. doi: 10.1016/S1360-1385(02)02251-3

Kim, S., Park, M., Yeom, S. I., Kim, Y. M., Min, L. J., Lee, H. A., et al. (2014). Genome sequence of the hot pepper provides insights into the evolution of pungency in Capsicum species. Nat. Genet. 46, 270–278. doi: 10.1038/ng.2877

Kumagai, M., Donson, J., Dellacioppa, G., Harvey, D., Hanley, K., and Grill, L. (1995). Cytoplasmic inhibition of carotenoid biosynthesis with virus-derived RNA. Proc. Natl. Acad. Sci. U.S.A. 92, 1679–1683. doi: 10.1073/pnas.92.5.1679

Lallemand, L., Zubieta, C., Lee, S., Wang, Y., Acajjaoui, S., Timmins, J., et al. (2012). A structural basis for the biosynthesis of the major chlorogenic acids found in coffee. Plant Physiol. 160, 249–260. doi: 10.1104/pp.112.202051

Lattanzio, V., Cardinali, A., Di Venere, D., Linsalata, V., and Palmieri, S. (1994). Browning phenomena in stored artichoke (Cynara scolymus L.) heads: enzymic or chemical reactions?. Food Chem. 50, 1–7. doi: 10.1016/0308-8146(94)90083-3

Lattanzio, V., Kroon, P., Linsalata, V., and Cardinali, A. (2009). Globe artichoke: a functional food and source of nutraceutical ingredients. J. Funct. Foods 1, 131–144. doi: 10.1016/j.jff.2009.01.002

Legrand, G., Delporte, M., Khelifi, C., Harant, A., Vuylsteker, C., Morchen, M., et al. (2016). Identification and characterization of five BAHD acyltransferases involved in hydroxycinnamoyl ester metabolism in chicory. Front. Plant Sci. 7:741. doi: 10.3389/fpls.2016.00741

Lei, L., Zhou, S., Ma, H., and Zhang, L. (2012). Expansion and diversification of the SET domain gene family following whole-genome duplications in Populus trichocarpa. BMC Evol. Biol. 12:51. doi: 10.1186/1471-2148-12-51

Leiss, K., Maltese, F., Choi, Y., Verpoorte, R., and Klinkhamer, P. (2009). Identification of chlorogenic acid as a resistance factor for thrips in Chrysanthemum. Plant Physiol. 150, 1567–1575. doi: 10.1104/pp.109.138131

Li, X., Zhang, J., Wu, Z., Lai, B., Huang, X., Qin, Y., et al. (2016). Functional characterization of a glucosyltransferase gene, LcUFGT1, involved in the formation of cyanidin glucoside in the pericarp of Litchi chinensis. Physiol. Plant 156, 139–149. doi: 10.1111/ppl.12391

Liu, Y., Schiff, M., and Dinesh-Kumar, S. P. (2002). Virus-induced gene silencing in tomato. Plant J. 31, 777–786. doi: 10.1046/j.1365-313X.2002.01394.x

Lotfy, S., Javelle, F., and Negrel, J. (1995). Distribution of hydroxycinnamoyl-CoA: ω-hydroxypalmitic acid O-hydroxycinnamoyltransferase in higher plants. Phytochemistry 40, 389–391. doi: 10.1016/0031-9422(95)00284-e

Lotfy, S., Javelle, F., and Negrel, J. (1996). Purification and characterization of hydroxycinnamoyl-coenzyme A: ω-hydroxypalmitic acid from tobacco (Nicotiana tabacum L.) cell-suspension cultures. Planta 199, 475–480. doi: 10.1007/bf00195742

Mahesh, V., Million-Rousseau, R., Ullmann, P., Chabrillange, N., Bustamante, J., Mondolot, L., et al. (2007). Functional characterization of two p-coumaroyl ester 3 ’-hydroxylase genes from coffee tree: evidence of a candidate for chlorogenic acid biosynthesis. Plant Mol. Biol. 64, 145–159. doi: 10.1007/s11103-007-9141-3

Markovic, S., and Tošovic, J. (2016). Comparative study of the antioxidative activities of caffeoylquinic and caffeic acids. Food Chem. 210, 585–592. doi: 10.1016/j.foodchem.2016.05.019

Menin, B., Comino, C., Moglia, A., Dolzhenko, Y., Portis, E., and Lanteri, S. (2010). Identification and mapping of genes related to caffeoylquinic acid synthesis in Cynara cardunculus L. Plant Sci. 179, 338–347. doi: 10.1016/j.plantsci.2010.06.010

Menin, B., Comino, C., Portis, E., Moglia, A., Cankar, K., Bouwmeester, H. J., et al. (2012). Genetic mapping and characterization of the globe artichoke (+)-germacrene A synthase gene, encoding the first dedicated enzyme for biosynthesis of the bitter sesquiterpene lactone cynaropicrin. Plant Sci. 190, 1–8. doi: 10.1016/j.plantsci.2012.03.006

Menin, B., Moglia, A., Comino, C., Hakkert, J., Lanteri, S., and Beekwilder, J. (2013). In vitro callus-induction in globe artichoke (Cynara cardunculus L. var. scolymus) as a system for the production of caffeoylquinic acids. J. Hortic. Sci. Biotechnol. 88, 537–542. doi: 10.1080/14620316.2013.11513003

Moglia, A., Comino, C., Lanteri, S., de Vos, R., de Waard, P., van Beek, T., et al. (2010). Production of novel antioxidative phenolic amides through heterologous expression of the plant’s chlorogenic acid biosynthesis genes in yeast. Metab. Eng. 12, 223–232. doi: 10.1016/j.ymben.2009.11.003

Moglia, A., Comino, C., Portis, E., Acquadro, A., De Vos, R., Beekwilder, J., et al. (2009). Isolation and mapping of a C3’H gene (CYP98A49) from globe artichoke, and its expression upon UV-C stress. Plant Cell Rep. 28, 963–974. doi: 10.1007/s00299-009-0695-1

Moglia, A., Lanteri, S., Comino, C., Hill, L., Knevitt, D., Cagliero, C., et al. (2014). Dual catalytic activity of hydroxycinnamoyl-coenzyme a quinate transferase from tomato allows it to moonlight in the synthesis of both mono- and dicaffeoylquinic acids. Plant Physiol. 166, 1777–1787. doi: 10.1104/pp.114.251371

Molina, I., and Kosma, D. (2015). Role of HXXXD-motif/BAHD acyltransferases in the biosynthesis of extracellular lipids. Plant Cell Rep. 34, 587–601. doi: 10.1007/s00299-014-1721-5

Mullen, W., Nemzer, B., Ou, B., Stalmach, A., Hunter, J., Clifford, M., et al. (2011). The antioxidant and chlorogenic acid profiles of whole coffee fruits are influenced by the extraction procedures. J. Agric. Food Chem. 59, 3754–3762. doi: 10.1021/jf200122m

Negruk, V., Yang, P., Subramanian, M., McNevin, J., and Lemieux, B. (1996). Molecular cloning and characterization of the CER2 gene of Arabidopsis thaliana. Plant J. 9, 137–145. doi: 10.1046/j.1365-313X.1996.09020137.x

Niggeweg, R., Michael, A., and Martin, C. (2004). Engineering plants with increased levels of the antioxidant chlorogenic acid. Nat. Biotechnol. 22, 746–754. doi: 10.1038/nbt966

Ohno, S., Wolf, U., and Atkin, N. B. (1968). Evolution from fish to mammals by gene duplication. Hereditas 59, 169–187. doi: 10.1111/j.1601-5223.1968.tb02169.x

Payyavula, R., Shakya, R., Sengoda, V., Munyaneza, J., Swamy, P., and Navarre, D. (2015). Synthesis and regulation of chlorogenic acid in potato: rerouting phenylpropanoid flux in HQT-silenced lines. Plant Biotechnol. J. 13, 551–564. doi: 10.1111/pbi.12280

Puangpraphant, S., Berhow, M. A., Vermillion, K., Potts, G., and Gonzalez de Mejia, E. (2011). Dicaffeoylquinic acids in Yerba mate (Ilex paraguariensis St. Hilaire) inhibit NF-κB nucleus translocation in macrophages and induce apoptosis by activating caspases-8 and -3 in human colon cancer cells. Mol. Nutr. Food Res. 55, 1509–1522. doi: 10.1002/mnfr.201100128

Ruiz, M., Voinnet, O., and Baulcombe, D. (1998). Initiation and maintenance of virus-induced gene silencing. Plant Cell 10, 937–946. doi: 10.1105/tpc.10.6.937

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

Sato, S., Tabata, S., Hirakawa, H., Asamizu, E., Shirasawa, K., Isobe, S., et al. (2012). The tomato genome sequence provides insights into fleshy fruit evolution. Nature 485, 635–641. doi: 10.1038/nature11119

Scaglione, D., Lanteri, S., Acquadro, A., Lai, Z., Knapp, S. J., Rieseberg, L., et al. (2012). Large-scale transcriptome characterization and mass discovery of SNPs in globe artichoke and its related taxa. Plant Biotechnol. J. 10, 956–969. doi: 10.1111/j.1467-7652.2012.00725.x

Scaglione, D., Reyes Chin Wo, S., Lanteri, S., Acquadro, A., Portis, E., Tirone, M., et al. (2014). “De novo genome assembly and ultra-dense mapping of artichoke, chicory and endive, and syntenic comparisons across the Compositae,” in W205 Proceedings of the Plant and Animal Genome XXIInd Conference, San Diego, CA.

Scaglione, D., Reyes-Chin-Wo, S., Acquadro, A., Froenicke, L., Portis, E., Beitel, C., et al. (2016). The genome sequence of the outbreeding globe artichoke constructed de novo incorporating a phase-aware low-pass sequencing strategy of F-1 progeny. Sci. Rep. 6:19427. doi: 10.1038/srep19427

Schutz, K., Kammerer, D., Carle, R., and Schieber, A. (2004). Identification and quantification of caffeoylquinic acids and flavonolds from artichoke (Cynara scolymus L.) heads, juice, and pomace by HPLC-DAD-ESI/MSn. J. Agric. Food Chem. 52, 4090–4096. doi: 10.1021/jf049625x

Senthil-Kumar, M., and Mysore, K. (2014). Tobacco rattle virus-based virus-induced gene silencing in Nicotiana benthamiana. Nat. Protoc. 9, 1549–1562. doi: 10.1038/nprot.2014.092

Singh, A., Dwivedi, V., Rai, A., Pal, S., Reddy, S., Rao, D., et al. (2015). Virus-induced gene silencing of Withania somnifera squalene synthase negatively regulates sterol and defence-related genes resulting in reduced withanolides and biotic stress tolerance. Plant Biotechnol. J. 13, 1287–1299. doi: 10.1111/pbi.12347

Small, I., Peeters, N., Legeai, F., and Lurin, C. (2004). Predotar: a tool for rapidly screening proteomes for N-terminal targeting sequences. Proteomics 4, 1581–1590. doi: 10.1002/pmic.200300776

Sonnante, G., D’Amore, R., Blanco, E., Pierri, C. L., De Palma, M., Luo, J., et al. (2010). Novel hydroxycinnamoyl-coenzyme A quinate transferase genes from artichoke are involved in the synthesis of chlorogenic acid. Plant Physiol. 153, 1224–1238. doi: 10.1104/pp.109.150144

St-Pierre, B., and De Luca, V. (2000). “Evolution of acyltransferase genes: origin and diversification of the BAHD superfamily of acyltransferases involved in secondary metabolism,” in Recent Advances in Phytochemistry, eds J. T. Romeo, R. Ibrahim, L. Varin, and V. De Luca (Amsterdam: Elsevier), 285–315. doi: 10.1016/S0079-9920(00)80010-6

Suzuki, H., Nakayama, T., Yonekura-Sakakibara, K., Fukui, Y., Nakamura, N., Yamaguchi, M., et al. (2002). cDNA cloning, heterologous expressions, and functional characterization of malonyl-coenzyme a:anthocyanidin 3-o-glucoside-6”-o-malonyltransferase from dahlia flowers. Plant Physiol. 130, 2142–2151. doi: 10.1104/pp.010447

Tacke, E., Korfhage, C., Michel, D., Maddaloni, M., Motto, M., Lanzini, S., et al. (1995). Transposon tagging of the maize Glossy2 locus with the transposable element En/Spm. Plant J. 8, 907–917. doi: 10.1046/j.1365-313X.1995.8060907.x

Tuominen, L., Johnson, V., and Tsai, C. (2011). Differential phylogenetic expansions in BAHD acyltransferases across five angiosperm taxa and evidence of divergent expression among Populus paralogues. BMC Genomics 12:236. doi: 10.1186/1471-2164-12-236

Ulbrich, B., and Zenk, M. (1979). Partial purification and properties of p-hydroxycinnamoyl-CoA:quinate hydroxycinnamoyl transferase from higher plants. Phytochemistry 18, 929–933. doi: 10.1016/S0031-9422(00)83782-6

Vanholme, B., Cesarino, I., Goeminne, G., Kim, H., Marroni, F., Van Acker, R., et al. (2013). Breeding with rare defective alleles (BRDA): a natural Populus nigra HCT mutant with modified lignin as a case study. New Phytol. 198, 765–776. doi: 10.1111/nph.12179

Villegas, R., and Kojima, M. (1986). Purification and characterization of hydroxycinnamoyl D-glucose: quinate hydroxycinnamoyl transferase in the root of sweet potato, Ipomoea batatas Lam. J. Biol. Chem. 261, 8729–8733.

Wagner, A., Ralph, J., Akiyama, T., Flint, H., Phillips, L., Torr, K., et al. (2007). Exploring lignification in conifers by silencing hydroxycinnamoyl-CoA: shikimate hydroxycinnamoyltransferase in Pinus radiata. Proc. Natl. Acad. Sci. U.S.A. 104, 11856–11861. doi: 10.1073/pnas.0701428104

Wang, M., Simon, J., Aviles, I., He, K., Zheng, Q., and Tadmor, Y. (2003). Analysis of antioxidative phenolic compounds in artichoke (Cynara scolymus L.). J. Agric. Food Chem. 51, 601–608. doi: 10.1021/jf020792b

Wijekoon, C., and Facchini, P. (2012). Systematic knockdown of morphine pathway enzymes in opium poppy using virus-induced gene silencing. Plant J. 69, 1052–1063. doi: 10.1111/j.1365-313X.2011.04855.x

Xia, Y., Nikolau, B. J., and Schnable, P. S. (1996). Cloning and characterization of CER2, an Arabidopsis gene that affects cuticular wax accumulation. Plant Cell 8, 1291–1304. doi: 10.1105/tpc.8.8.1291

Xu, J., Hu, Q., and Liu, Y. (2012). Antioxidant and DNA-protective activities of chlorogenic acid isomers. J. Agric. Food Chem. 60, 11625–11630. doi: 10.1021/jf303771s

Yu, X., Chen, M., and Liu, C. (2008). Nucleocytoplasmic-localized acyltransferases catalyze the malonylation of 7-O-glycosidic (iso)flavones in Medicago truncatula. Plant J. 55, 382–396. doi: 10.1111/j.1365-313X.2008.03509.x

Zhu, Y., Wang, H., Peng, Q., Tang, Y., Xia, G., Wu, J., et al. (2015). Functional characterization of an anthocyanidin reductase gene from the fibers of upland cotton (Gossypium hirsutum). Planta 241, 1075–1089. doi: 10.1007/s00425-014-2238-4

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 © 2016 Moglia, Acquadro, Eljounaidi, Milani, Cagliero, Rubiolo, Genre, Cankar, Beekwilder and Comino. 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) or licensor 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/fpls-07-01424-g004.jpg
MS area

20
18
16
14
12

Relative expression levels

o N B O

5000
4500
4000
3500
3000
2500
2000
1500
1000

500

b
b b b
iiil B.lm N:lm

HQT 1

M Leaf 6-wks mLleaf 1yr M Stem M Bract

HQT2

ab

HQT3

c
b
a3
a
‘ i ii 'i

Leaf 6 weeks

Leaf 1yr

B CGA m1,3-diCQA

Stem

Bract





OPS/images/fpls-07-01424-g003.jpg
extra-HCT
HCT

HQT1

HQT3

HQT2

extra-HCT
HCT

HQT1

HQT3

HQT2

extra-HCT
HCT

HQT1

HQT3

HQT2

extra-HCT
HCT

HQT1

HQT3

HQT2

extra-HCT
HCT

HQT1
HQT3
HQT2

extra-HCT
HCT

HQT1

HQT3

HQT2

extra-HCT
HCT

HQT1

HQT3

HQT2

extra-HCT
HCT

HQT1
HQT3
HQT2

. (——— extra_HCT
L HCT
5 [ HQT1
0.872 HQT2
HQT3
0.2
* 20 * 40 * 60

MKIAVRESTMVRPAE---ETPMIKLWNSNVDLVVPNFHTPS
MKIEVRESTMVRPAE---ETPRINLWNSNVDLVVPNFHTPS

: MTIGARDAQ--------- KMELTVKESLMVKPSK---PTPNQRLWNSNLDLVVGRIHILT

--MGSDQATIAVPNEHHKLMNINIKHSSFVQPSQ---PTPSSTIWTSNLDLVVGRIHILT
==MGSDQKM~-=======-| MMNIDIMKSSIVPPSELIADCPKQ-LWTSNLDLVVGRIHILT
ki 80 * 100 * 120

: VYFYRPTGAGNFFDPTVMKDALSRVLVPFYPMGGRLSRDEDGRIEIDCRGQGVLFVEAES

VYFYRPNGAANFFDPKVMKDALSRALVPFYPMGGRLKRDEDGRIEIDCQGQGVLFVEAES

: VYFYRPNGSSNFFDSGVLKKALADVLVSFFPMAGRLGNDGDGRVEINCNGEGVLFVEAEA
: VYFYRPNGASNFFDADVMKKALADVLVSFYPMAGRISRDONGRLEINCNGEGVLFVEAES
: VYFYRPNGSSKFFDPNVMKKALADVLVSFYPMAGRLGRDETDRIVINCNNEGVLFVEAES

* 140 ¥ 160 * 180
DGMIDDFGDFAPTLELRKLIPAVDYSLGIESYSLLVLQVTYFKCGGVSLGVGM
DGVIDDFGDFAPTLELRKLIPAVDYTLGIESYSLLVLQVTYFKCGGVSLGVGM
DCSIDDFGEITPSPELRKLAPTVDYSDQISSYPLCITQVTRFNCGGVSLGCGL
DSTLDDFGEFTPSPELRRLTPTVDYSGDISSYPLFFAQVTHFKCGGVALGCGV
DSTLDDFGELKPSPEFRQLTPSVDYSGDISSYPLFFAQVTHFKCGGVALGCGV

* 200 * 220 * 240
ASGLHFINAWSDMARGLDLTLPPFIDRTLLQARDPPVPVFEHVEYQPAPPMKLAPKSASD
ASGLHFINTWSDLARGLDLTVPPFIDRTLLRARDPPQPAFDHIEYQPAPPMKTAPTPTPT
LSSLHFINAWSDKARGLSVAIPPFVDRSLLRARDPPTAMFEHLEYHSPPSLI-APSQNON
LSSIHFINTWSDMARGLSIAIPPFIDRTLLRAREPPTPTFDHIEYHAPPSMK-TISQNPE
LSSLHFINTWSDMARGLSVAIPPFIERTLLRAREPPTPTYDHVEYHSPPSMN-TTAQKPG

* 260 * 280 * 300

! Esmssas TVVSMFKLTRDQLNGLKAKSKEDGNT INYSSYEMLSGHVWRSVCKARGLKDDQ

DDESVPETTVSIFKLTRDQVNALKGKSKEDGNTINYSSYEMLSGHVWRCVCKARGLPDDQ
STSHPKLASTTMLRLTLDQINGLKSKAKGDGS-VYHSTYEILAAHLWRCACKARGLSDDQ
S---SRKPSTTVLKLTLDQLNVLKASAKNDGSNTTYSTYEILAAHLWRCACKARGLPDDQ
S-GSLSKSSTTMLKLTLDQLNSLKAKAKSESG-STHSTYEILAAHIWRCACKARGLPDDQ

* 320 * 340 * 360
DTKLYIATDGRARLQPALPAGYFGNVIFTTTPIAVAGELQSKPTWYAASKIHDALAKMNN
DTKLYIATDGRARLRPSLPRGYFGNVIFTTTPIAVAGDLOSKPTWYAASKIHDALARMDD
PTKLYVATDGRSRLNPPLPPGYLGNVVFTATPIAKSGEFKSESLADTARRIHIELAKMDD
LTKLYVATDGRSRLSPQLPPGYLGNVVFTTTPVAKSGDLTTQSLSNAASLIRTTLTKMDN
LSKLYVATDGRSRLSPRLPPGYLGNVVEFTATPVAKSGDLTSKSLSNTAKLIHTTLTKMDD

* 380 & 400 * 420
DYLKSALDYLELQPDLKALVRGAHTFKCPNLGITSWARLPIHD RPIFMGPGGIA
DYLKSALDYLELQPDLKALVRGAHTFKCPNLGITSWARLPIHD: RPIFMGPGGIA
QYLRSAIDYLELQPDLTALVRGPTYFASPNLNINSWTRLPIYES, RPIFMGPASIL
NYLRSAIDYLEVQPDLSALIRGPSYFASPNLNINTWTRLPVHD. RPVFMGPACIL
DYLRSAIDYLESQPDLSALIRGPSYFASPNLNINAWTRLPVYD RPIFMGPACIL

% 440 *
FEGLSFVLPSPINDGSLSIAISLQSEHMKLFSKFLYDI : 430
YEGLSFVLPSPINDGSLSIVISLQAEHMKLFSNFLYDI : 436
YEGTIYIIPSPSGDRSVSLAVCLDPDHMSLFRKCLYDF : 444

YEGTIYVLPSPNNDRSMSLAVCLDADEQPLFEKFLYDF : 449
YEGTIYVLPSPNNDRSVSLAVCLDANEQPLFEKFLYEF : 443

98

108
115
108

158
158

175
168

218
218
227
234
227

272
278
286

285

332
338

351
345

392

406
411
405

3

5C311(LGS)





OPS/images/fpls-07-01424-g002.jpg
99042

1_DQ915589

ra-HCT_KVH:

rd_015561_HCT_bQ104740

78 ¢
11_Cerd_022724_ext

35_Card_025215_HQT:

ysueuq 1DH/LOH





OPS/images/fpls-07-01424-g001.jpg
Phenylalanine

s

OH

p-coumaroyl-CoA

PAL/C4H/4CL

HO
A OH
W
N o WOHC3H
HO,C " on

i 5 s - " o4
Shikimic acid

HO,C

p-coumaroylshikimic acid

HCT/HQT

WOH qoi  C3‘H
HO,C OH
on W

Quinic acid

L HO,C
" OH

oW “10H

p-coumaroylquinic acid

o
OH
< HO
R \OH
OH B WOH
HO,C o »
"ty
HO,C % oH
Shikimic acid
Caffeoylshikimic acid on
HCT/HQT
oH
HO
OH
0 R OH
WOH HO.C
oH HO,C | oW “ OH
2
on™ “om Quinic acid

Caffeoylquinic acid (e.g.chlorogenic acid)

WOH
OH S OH
HO2C
on™ )
OH

o
Isochlorogenic acid (3,5-di-O-caffeoylquinic acid)

Caffeoyl-CoA

Lignin

SCoA





OPS/images/cross.jpg
3,

i





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

Genome-Wide Identification of
BAHD Acyltransferases and In
vivo Characterization of HQT-like
Enzymes Involved in
Caffeoylquinic Acid Synthesis in
Globe Artichoke





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





OPS/images/fpls-07-01424-g008.jpg





OPS/images/fpls-07-01424-g007.jpg
A

Intensity (counts)

2500000
2000000
1500000
1000000

500000

0

1

1

Concentration (pg/g)

CTR

HQT1
HQT2
HQT3

CGA

CryptoCGA

200.0

000.0

800.0

600.0

400.0

200.0

0.0

................................................

35 40 45 50 55 60 65 70 75 80 85 min

e i i il?'- -‘

NeoCGA CryptoCGA

mCTR mHQT1 mHQT2 mHQT3

Intensity (counts)
5000 CTR é
HQT2 - S =2 é
1 Q T ~
3000{HQT3 g = Y 5
Q ' ™ h
2000 S < o
o, o
1000 —
e . - |
L B B B B B B L B B B B U SRR RO
11.0 120 130 140 150 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.0 min
250.0
%
*
200.0
® *
E g
F; 150.0 = N
© *
£ 1000
2
(=}
(&)
50.0 i I [I I
 Hella wfNE aOHN o

1,3-diCQA 3,4-diCOA 3,5-diCOA 4,5-diCOA

ECTR mHQT1 mHQT2 mHQT3





OPS/images/fpls-07-01424-g006.jpg
Intensity (uV)

325001 A pTRV2-PDS
—_— é pTRV2-PDS
Q pTRV2-PDS-HQT1
27500+ pTRV2-PDS-HQT1
25000-
22500+
20000
17500-
15000
12500
10000
7500
5000
2500
0 4
L) L) l . L) . L) I . L) L) L) I L) L) . L) I ) L) . L) I ) L) . L) I ) . L) . l . . L) L) l L) L) L) . . . L) L) . I . L) L) L) l L) L) L) L) l . L) L) L) l L) . . . I L) ) L) L) l L) . L) . I
6.0 7.0 80 9.0 100 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 200  Time (min)
Intenisity (uV) Intensity (uV)
32500 12000
30000 g 11000f C é
B
27500 (@] 10000 O
25000 o008 -§
22500 )
8000 ~
20000 ™
17500 s
15000 e
12500 5000
10000 4000
7500 3000
5000 2000
2500 1000
B
0 0

M haddd MAddd LAAA ML ALRLL ALY WAL] AL L RUbid WA LALL ALLAY MAAL] LUbAd LAAR LALdl b RAbad LAddd LAL) T T L T T L T T T
56 58 60 62 64 66 68 70 72 74 Time(min) 17.3 175 177 179 181 183 185 187 189 19.1 Time(min)





OPS/images/fpls-07-01424-g005.jpg
[y

o
00
*

Relative expression levels
o
[e)]

o
>

2
[N}

*
, i *
0

pTRV2 pTRV2-PDS pTRV2-PDS-HQT1

HPDS WmHQT1I mHQT2 mHQT3





