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Metabolic analysis of elicited cell suspension cultures of Cannabis sativa L. by 1 H-NMR spectroscopy
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Cannabis sativa L. plants produce a diverse array of secondary metabolites. Cannabis cell cultures were treated with jasmonic acid (JA) and pectin as elicitors to evaluate their effect on metabolism from two cell lines using NMR spectroscopy and multivariate data analysis. According to principal component analysis (PCA) and partial least squarediscriminant analysis (PLS-DA), the chloroform extract of the pectin-treated cultures were more different than control and JA-treated cultures; but in the methanol/ water extract the metabolome of the JA-treated cells showed clear differences with control and pectin-treated cultures. Tyrosol, an antioxidant metabolite, was detected in cannabis cell cultures. The tyrosol content increased after eliciting with JA.

Introduction

Cannabis sativa L. is an annual dioecious plant from Central Asia. A number of secondary metabolites have been described to occur in this plant [START_REF] Flores-Sanchez | Secondary metabolism in cannabis[END_REF]. Cannabinoids are a well known group of natural products in this plant and more than 70 different cannabinoids have been found so far [START_REF] Elsohly | Chemical constituents of marijuana: the complex mixture of natural cannabinoids[END_REF]. Several therapeutic effects of cannabinoids have been described [START_REF] Williamson | Cannabinoids in clinical practice[END_REF] and the discovery of the endocannabinoid system in mammals marked a renewed interest in these compounds [START_REF] Heifets | Endocannabinoid signaling and long-term synaptic plasticity[END_REF].

Metabolomics is a rapidly developing discipline in plant biology and has become an integral part of many functional genomics programs [START_REF] Hagel | Plant metabolomics: analytical platforms and integration with functional genomics[END_REF]. In recent years metabolite profiling has become routinely applicable across biology, being useful for phenotyping and diagnostic analyses. Several analytical platforms have been proposed for characterizing and quantifying the metabolites in plants in a systematic manner [START_REF] Hagel | Plant metabolomics: analytical platforms and integration with functional genomics[END_REF]. 1 H-NMR spectroscopy is one of these platforms which is currently being explored together with principal component analysis (PCA) and partial least square-discriminant analysis (PLS-DA), the most common methods to analyze the variability in a group of samples.

Metabolic pathway fluxes depend on the environment in which the cell is grown. For example, in plant cell cultures and plants treated with biotic elicitors clear qualitative and quantitative variations in the metabolic pool were shown [START_REF] Sanchez-Sampedro | Metabolomic alterations in elicitor treated Silybum marianum suspension cultures monitored by nuclear magnetic resonance spectroscopy[END_REF][START_REF] Jahangir | Metabolomic response of Brassica rapa submitted to pre-harvest bacterial contamination[END_REF]. Although, cannabis cell cultures do not produce cannabinoids, even after elicitation treatments [START_REF] Flores-Sanchez | Elicitation studies in cell suspension cultures of Cannabis sativa L[END_REF], analyses in the content of the metabolite pool from two cell lines were made in order to study the effect of elicitation on the Cannabis sativa cell suspension culture metabolome. Here, we report the results from these studies.

Materials and methods

Chemicals

Chloroform-d (99.80%, v/v) and methanol-d 4 (99.80%, v/v) were obtained from Euriso-top (Paris, France). Water-d 2 (99%, v/v) was acquired from Spectra Stable Isotopes (Columbia, MD, USA). NaOH-d was purchased from Cortec (Paris, France). All chemical products and mineral salts were of analytical grade.

Plant material and cell culture methods

Cell suspension cultures were induced from leaf explants of Cannabis sativa L. (drug type variety Fourway) and were maintained in MS basal medium [START_REF] Murashige | A revised medium for rapid growth and bioassays with tobacco cultures[END_REF] supplied with B5 vitamins [START_REF] Gamborg | Nutrient requirements of suspension cultures of soybean root cells[END_REF]), 2 mg 2,4-D/l, 1 mg kinetin /l and 30 sucrose g/l. Cells were subcultured with a 3-fold dilution every 2 weeks. Cultures were grown at 25°C with shaking at 110 rpm and under a light intensity of 14-23.8 lmol/m 2 s. Cellular viability measurement was according to [START_REF] Widholm | The use of fluorescein diacetate and phenosafranine for determining viability of cultured plant cells[END_REF].

Elicitation

Jasmonic acid (JA, Sigma) was dissolved in 30% (v/v) ethanol. Pectin suspensions from Citrus fruits (87% galacturonic acid and 8.7% methoxy groups, Sigma) were prepared according to the method of [START_REF] Flores-Sanchez | Biosynthesis of sterols and triterpenes in cell suspension cultures of Uncaria tomentosa[END_REF].

Erlenmeyer flasks (250 ml) containing 50 ml medium were inoculated with 5 g fresh cells. Five days after inoculation 100 lM JA or 50 mg pectin was added to the suspension. The cultures were harvested every 2 days.

Extraction of compounds for the metabolic profiling

Metabolite extraction was carried out as described by [START_REF] Choi | Metabolomic differentiation of Cannabis sativa cultivars using 1 H-NMR spectroscopy and principal component analyses[END_REF] with slight modifications. To 0.1 g of lyophilized plant material either 4 ml methanol/ water (1:1, v/v) or 4 ml chloroform was added, mixed for 30 s and sonicated for 10 min. The mixtures were centrifuged at 4°C and 12009g for 20 min. Each extraction was performed twice. The methanol/water and chloroform fractions were separated and evaporated. Extractions with ethyl acetate were also performed. The organic phase was dried over anhydrous Na 2 SO 4 and evaporated. Extracts were stored at 4°C.

NMR measurements and data analyses

The dried fractions were dissolved in chloroform-d and methanol-d 4 :water-d 2 (1:1, v/v, pH 6), respectively. KH 2 PO 4 was used as a buffering agent for methanol-d 4 :water-d 2 . Sodium trimethylsilyl propionate (TMSP) was used as internal standard for methanol-d 4 /water-d 2 . Dried medium extracts were dissolved in methanol-d 4 . Measurements were carried out at 25°C using a Bruker AV-500 NMR instrument operating at a proton NMR frequency of 500.13 MHz. For each sample, 128 scans were recorded using the same parameters as previously reported by [START_REF] Choi | Metabolomic differentiation of Cannabis sativa cultivars using 1 H-NMR spectroscopy and principal component analyses[END_REF]. The 1 H-NMR spectra were automatically reduced to ASCII files using AMIX (v. 3.7,Bruker Biospin). Spectral intensities were scaled to total intensity for the chloroform and methanol extracts and to TMSP for the methanol/water extract and reduced to integrated regions of equal width (0.04 ppm) corresponding to the region d 0.3-10. The regions of d 3. 30-3.34, d 4.74-4.98 and d 7.18-7.3 were excluded from the analyses because of the residual signal of methanol, water and chloroform, respectively. Principal component analysis (PCA) and partial least square-discriminant analysis (PLS-DA) were performed with the SIMCA-P software (v. 11.0, Umetrics Umea ˚, Sweden). Compounds were quantified by the relative ratio of the intensities of their peak-integrals and the ones of internal standard according to [START_REF] Flores-Sanchez | Elicitation studies in cell suspension cultures of Cannabis sativa L[END_REF]. The characteristic 1 H-chemical shifts (d) and coupling constant (Hz) of identified metabolites were previously reported [START_REF] Flores-Sanchez | Elicitation studies in cell suspension cultures of Cannabis sativa L[END_REF]. For structure elucidation of aromatic metabolites, 1 H-NMR and 2D-NMR (HMBC, HMQC, J-Resolved and 1 H-1 H-COSY) was used as described by [START_REF] Choi | Metabolomic differentiation of Cannabis sativa cultivars using 1 H-NMR spectroscopy and principal component analyses[END_REF] and for aromatic compound isolation Sephadex LH20 column chromatography with methanol as eluent was used. Eighteen fractions were collected and the profiles were analyzed by TLC with silica gel 60F 254 plates, developed in methanol/ chloroform (9:1,v/v) and revealed with anisaldehyde/sulfuric acid reagent. Fractions 4 and 5 were mixed and purified by solid phase extraction (SPE) using SEP-Pak Cartridge Plus C18 (Waters, Milford, MA, USA). From the first elution using water, phenylalanine together with traces of tyrosine and tyramine were identified. From the second elution using methanol/water (1:1, v/v), tyrosine, tyrosol, tyramine and tyramine glycoside were identified (Fig. 7).

Statistics

Data were analyzed by MultiExperiment Viewer MEV 4.0 software (TM4 Software Suite, J. Craig Venter Institute, Rockville, MD, USA). For analyses involving two and three or more groups paired t-test, ANOVA, PCA and PLS-DA were used, respectively with a = 0.05 for significance. Values are expressed as means of three replicates with standard deviations.

Results and discussion

Two cell lines were generated from leaf explants which were either green (GC cells) or greenish brown (GB cells). According to the principal component analysis (PCA) from the chloroform fraction, the two cell lines were separated by cell line type (second principal component, PCA2) and developmental stage (first principal component, PCA1) (Fig. 1a). The loading plot suggests that in the younger samples unsaturated fatty acids are predominant; while in older samples saturated fatty acids are predominant (Fig. 1b). The 1 H-NMR spectral region of 5.08-5.4 ppm (d) represents signals of double bonds from unsaturated fatty acids and the region of d 0.8-1.9 represents signals from saturated fatty acids. Both cell lines have a different profile of saturated fatty acids and unsaturated fatty acids could be a marker for the cell line GB as they are the predominant fatty acids in this cell line (Fig. 1c).

Both cell lines were elicited with JA and pectin. According to partial least square-discriminant analysis (PLS-DA) from the chloroform fraction the pectin treatment had more effect on the metabolism of saturated fatty acids in both cell lines than the JA treatment (Fig. 2). The separation between control and JA-treated cultures is due to a difference in the unsaturated fatty acid contents. No cannabinoid signals were detected, as it was reported previously [START_REF] Flores-Sanchez | Elicitation studies in cell suspension cultures of Cannabis sativa L[END_REF].

When the methanol/water fraction from control samples was analyzed, a separation was found between the two cell lines based on cell line type (PC4) and developmental stage or culture age (PCA1) (Fig. 3). According to the loading plot of PC1 (Fig. 3b), aromatic compounds tend to predominate in older cultures. Based on PC4, in GB cultures alanine (d 1.48), GABA (c-aminobutyric acid, d 1.90, d 2.31 and d 3.0) and sucrose (d 5.4) were dominant metabolites. In GC cultures leucine (d 1.71), glutamine (d 2.13), glutamic acid (d 2.45), aspartic acid (d 3.95), tryptophan (d 7.72) and tyrosine (d 3.86) were the dominant metabolites (Fig. 3c). The methanol/water fractions from elicited samples show a different metabolic profiling compared to the control samples (Fig. 4). JA elicitation had a stronger effect on the metabolome of both cell lines than pectin elicitation. Based on PLS-DA analysis sucrose, glucose, choline, valine, isoleucine, glutamic acid and GABA were the predominant metabolites in pectin-treated cultures from both cell lines (Fig. 4b).

Phenylalanine, tyrosine, tyrosol, tyramine and tyramine glucoside (Fig. 7) were the aromatic compounds identified in the aromatic region (d 6.0-8.0) of the NMR spectra of JA-treated cultures (Supplementary Table 1; Fig. 4b). Induction of phenylalanine, tyramine and tyrosine in C. sativa cell suspension cultures by JA elicitation has been reported [START_REF] Flores-Sanchez | Elicitation studies in cell suspension cultures of Cannabis sativa L[END_REF]. A time-course shows that the elicitation with JA increased the tyrosol concentration twofold in GB cell cultures if compared to GC cell cultures at day 16 (Fig. 5). The content of tyrosol from Numbering is developmental stage or culture age (from day 0-28). b Control region in loading plot contains leucine (1), aspartic acid (2), tryptophan (3), trigonelline (4), glutamine (5), threonine (6), adenosine (7) and cytidine (8); pectin-treated region contains sucrose (9), glucose (10), choline (11), valine (12), isoleucine (13), c-amino-butyric acid (GABA, 14) and glutamic acid (15); and JA-treated region contains phenylalanine (16), tyrosine (17), tyramine (18), tyramine glycoside (19), tyrosol (20) [START_REF] Aturki | Analysis of phenolic compounds in extra virgin olive oil by using reversed-phase capillary electrochromatography[END_REF]Sotiroudis and Kyrtopoulos 2008). It has an antioxidant activity [START_REF] Giovannini | Tyrosol, the major olive oil biophenol, protects against oxidized-LDLindiced injury in Caco-2 cell[END_REF]. Tyrosol occurs in plants of the Rhodiola species [START_REF] Li | Identification and comparative determination of rhodionin in traditional Tibetan medicinal plants of fourteen Rhodiola species by high-performance liquid chromatography-photodiode array detection and electrospray ionization-mass spectrometry[END_REF] and in foliar fungal endophytes of Picea glauca [START_REF] Sumarah | Characterization of polyketide metabolites from foliar endophytes of Picea glauca[END_REF]. There are no previous reports about the presence of tyrosol in C. sativa. Analysis of the tyrosol content by 1 H-NMR spectroscopy between virgin olive oil (0.06 lmol/100 mg; Christophoridou and Dais 2009) and the elicited cannabis cell lines (2.7 ± 0.1 lmol/100 mg in GB line and 1.2 ± 0.01 lmol/100 mg in GC line) suggests that cannabis cell suspension culture could be used for the production of this antioxidant metabolite.
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 1 Fig. 1 Principal component analysis (PCA) from 1 H-NMR data of CHCl 3 fractions from the control cell lines green (GC, open circle) and greenish-brown (GB, filled circle). a Score plot, b PC1 loading plot, c PC2 loading plot. Numbering represents developmental stage or culture age (from day 0-28)
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 24 Fig. 2 Score (a) and loading (b) plots of PLS-DA analysis from 1 H-NMR data of chloroform fractions. open circle control, asterisk JA-treated, filled circle Pectin-treated. a Numbering represents developmental stage or culture age (from day 0-28). b Control region in loading plot contains unsaturated fatty acids (1); pectin-treated region contains saturated fatty acids (2) and JA-treated region contains unsaturated fatty acids (3)

C

  Effect of cell line type compounds present in olive oil

Fig. 5 Fig. 6

 56 Fig. 5 Time course of tyrosol content in the control, JA and pectin-treated cannabis cell cultures. GC green cell line, GB greenish-brown cell line
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 7 Fig.7Structures of tyrosine and its metabolites identified from methanol/water and methanol fractions
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