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Abstract: Plants have the ability to continuously respond to microbial signals in their 

environment. One of these stimuli is a steroid from fungal membranes, ergosterol, which 

does not occur in plants, but acts as a pathogen-associated molecular pattern molecule to 

trigger defence mechanisms. Here we investigated the effect of ergosterol on the secondary 

metabolites in tobacco (Nicotiana tabacum) cells by profiling the induced sesquiterpenoids. 

Suspensions of tobacco cells were treated with different concentrations (0–1,000 nM) of 

ergosterol and incubated for different time periods (0–24 h). Metabolites were extracted 

with a selective dispersive liquid-liquid micro-extraction method. Thin layer chromatography 

was used as a screening method for identification of sesquiterpenoids in tobacco extracts. 

Liquid chromatography coupled to mass spectrometry was used for quantitative and 

qualitative analyses. The results showed that ergosterol triggered differential changes in the 

metabolome of tobacco cells, leading to variation in the biosynthesis of secondary 

metabolites. Metabolomic analysis through principal component analysis-scores plots 

revealed clusters of sample replicates for ergosterol treatments of 0, 50, 150, 300 and 1,000 nM 

and time-dependent variation at 0, 6, 12, 18 and 24 h. Five bicyclic sesquiterpenoid 

phytoalexins, capsidiol, lubimin, rishitin, solavetivone and phytuberin, were identified as 

being ergosterol-induced, contributing to the altered metabolome. 

Keywords: ergosterol; metabolomics; Nicotiana tabacum; phytoalexins; secondary 
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1. Introduction 

Metabolites can be viewed as the end products of gene expression and define the biochemical 

phenotype of a cell or tissue [1–3]. Qualitative and quantitative analyses of large numbers of cellular 

metabolites provide a broad view of the biochemical status of an organism [4–6]. Metabolites are 

widely diverse in their respective chemical and physical properties (molecular weight, polarity, 

solubility, volatility) and it is currently impossible to extract and analyse all metabolites (metabolome) 

in a cell/organism in a single analysis [1,7–10]. However, different metabolomic strategies and 

approaches have been developed for different analyses. These include metabolite target analysis 

(qualitative and quantitative analysis of specific metabolites related to a specific metabolic reaction); 

metabolite fingerprinting (sample classification by rapid, global analysis); metabonomics (evaluation 

of tissues and biological fluids for changes in endogenous metabolite levels); and metabolite profiling 

(identification and quantification of a selected number of pre-defined metabolites, generally related to 

a specific metabolic pathway) [1,5,11]. A range of analytical platforms used in metabolomics includes 

gas chromatography-mass spectrometry (GC-MS), capillary electrophoresis-mass spectrometry  

(CE-MS), liquid chromatography-mass spectrometry (LC-MS), nuclear magnetic resonance spectroscopy 

(NMR), direct infusion mass spectrometry (DIMS), and Fourier transform-infrared (FT-IR)- and 

Raman spectroscopies [12–16]. 
As sessile organisms, plants are continuously threatened by a wide range of pathogens and insect 

herbivores. To defend themselves plants have preformed antimicrobial metabolites (phytoanticipins) to 
prevent or attenuate invasion by potential attackers [17–21]. Furthermore, plants have evolved 
sophisticated abilities to recognise their attackers and to translate this perception into an effective 
immune response. The primary immune response recognises conserved features of pathogens such as 
flagellin, chitin, glycoproteins, lipopolysaccharides and ergosterol. These elicitors are referred to as 
microbial/pathogen-associated molecular patterns (M/PAMPs). MAMPs are recognised by pattern 
recognition receptors (PRRs), which in turn initiate diverse downstream signalling events that 
ultimately result in the activation of a defence response that is called MAMP-triggered immunity 
(MTI) [20,22–26]. The inducible chemical defence arsenal of plants includes the antimicrobial 
phytoalexins. The final outcome of the pathogen:plant interaction depends ultimately on the balance 
between the ability of the pathogen to suppress the plant’s immune responses and the capacity of the 
plant to recognise the pathogen and to activate effective defences [27,28]. 

Ergosterol is the principal sterol of fungal plasma membranes, with an essential role in membrane 
stabilization and signalling [29]. Ergosterol does not occur in plants and is recognised by a plant cell as 
‘non-self’ [30,31]. Research has shown that ergosterol acts as a MAMP molecule in tobacco and 
tomato plants, resulting in a MTI response. This defence reaction is characterised by production of 
reactive oxygen species (ROS), changes in ion fluxes, activation of defence genes and production of 
defence-related secondary metabolites [29,30,32,33]. 

The effect of ergosterol on plant secondary metabolism has not been thoroughly investigated. In the 
present study a metabolomic approach was utilised to elucidate and analyse changes in secondary 
metabolism of tobacco (Nicotiana tabacum) cells following ergosterol treatment. The work focuses on 
sesquiterpenoid as a class of defence-related metabolites. The phytoalexins isolated from plants within 
the Solanaceae are mostly bicyclic sesquiterpenoids [34,35]. The latter are considered to form part of 
defence-related secondary metabolites involved in plant:microbe interactions [36]. 
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2. Results and Discussion 

A viability assay, based on the ability of viable cells to reduce 2,3,5-triphenyltetrazolium chloride 

(TTC) [37], was used to determine if possible cell death occurred due to ergosterol treatment. No loss 

of cell viability was observed over the concentration range of 0–1,000 nM (data not shown); indicating 

that the observed responses are due to the treatment alone and possible secondary responses due to cell 

death can be excluded. 

2.1. Dynamic Changes Occur in the Metabolome of Ergosterol-Treated Tobacco Cells 

In order to investigate the ergosterol-induced changes in the metabolome of tobacco cells, 

concentration- and time studies were conducted. These studies served also to establish the optimal 

conditions for treatment of the cells, which were found to be 300 nM ergosterol and an 18 h incubation 

period (data not shown). 

Ultra performance liquid chromatography coupled to high definition mass spectrometry  

(UPLC-HDMS) was used for the analyses. Inspection of the base peak intensities (BPI) 

chromatograms of both concentration- and time studies (Figure 1a,b) indicate clearly that ergosterol 

treatment induced differential metabolic changes as exemplified by increases or decreases in peak 

intensities, new peaks and peak suppression. 

Figure 1. (a) UPLC-PDA chromatograms (photodiode array range: 200–500 nm) showing 

treatment-related variations (Concentration study). Dispersive liquid-liquid microextraction 

(DLLME) samples of tobacco cells treated with different ergosterol concentrations (from 

bottom to top: 0, 50, 150, 300 and 1000 nM) and incubated for 18 h. (b) UPLC-PDA 

chromatograms (photodiode array range: 200–500 nm) showing time-related variations. 

DLLME extracts of tobacco cells treated with 300 nM ergosterol and incubated for 

different time period (from bottom to top: 0, 6, 12, 18 and 24 h NT) and the top last 

chromatogram is a non-treated sample incubated for 24 h (24 h NT). 

(a) 
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Figure 1. Cont. 

(b) 

 

In addition to visual inspection of chromatograms, an unsupervised multivariate data analysis 

(MVDA), principal component analysis (PCA), was carried out to differentiate between ergosterol 

treatments. The MarkerLynx software was used to pre-process the UPLC-MS chromatographic data as 

described in the experimental section. The extracted data (quantified peaks), in a matrix format, were 

exported into SIMCA-P12 software for PCA modelling. 

PCA reduces the dimensionality of the data without much loss of information and expresses the 

data in such a way as to identify and highlight the similarities and differences in systematic patterns 

and features of the data set [8,38–41]. PCA is based on the notion of latent variables; and using an 

orthogonal transformation procedure, the correlated variables are converted into uncorrelated variables 

called principal components (PCs). The PCA scores plot offers a visual image of sample variations 

from a global view, and the PCA loadings scatter plot permits the evaluation of the contribution that 

each ion mass makes to the total information of the analysed data. Since PCA is a non-parametric 

analysis, the generated model is independent of the user, hence unsupervised [42,43]. 

For the concentration study data (ESI+), a nine-component model was computed and explained 

92.4% of the variance. Using the first two principal components (PC1 and PC2, explaining 67.7% of 

the variance) for a scores plot, the samples were found to be differentially clustered into five groups 

corresponding to different ergosterol treatments (0–1,000 nM) with no significant intra-group variation 

(Figure 2a). The clusters corresponding to the 300 nM and 1,000 nM treatments are clustered close to 

each other, indicating that a near maximum response was reached at 300 nM. Thus, from this scores 

plot of PCA a clear ergosterol-induced metabolomic change is evidently depicted, indicating dosage-

dependence and dynamic responses within the cells. 

For time study data (ESI+), an eleven-component model was generated and explained 90.2% of the 

variance. The first two components (PC1 and PC2) explained 50.6% of the variance. A scores plot was 

constructed using PC1 and PC2, showing samples differentially clustered into different groups (Figure 2b): 

The extracts from non-treated samples (incubated for 24 h) are seen to group with the 0 h-incubated 
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treated samples (treated with 300 nM ergosterol); the 6 h- and 12 h-incubated samples formed different 

and separate groups, but the 18 h- and 24 h-incubated samples are clustered together, indicating that 

the response is essentially complete at 18 h. The PCA models for ESI−-MS data of both concentration- 

and time studies are provided in the supplementary data (Figures S1-2). 

Figure 2. (a) The principal component analysis (PCA) of the UPLC-MS concentration 

study data (ESI positive): DLLME extracts of tobacco cells treated with 0 nM- (control), 

50 nM-, 150 nM-, 300 nM-, and 1,000 nM- ergosterol and incubated for 18 h. The scores 

plot shows the clustering/separation of different treatments (0 nM/control, 50 nM, 150 nM, 

300 nM, and 1,000 nM) with little variation within each group. (b) The PCA of the  

UPLC-MS time study data (ESI positive): DLLME extracts of tobacco cells treated with 

300 nM ergosterol and incubated for different time period (0 h T–24 h T) and a non-treated 

sample incubated for 24 h (24 h NT).  

(a) 

 

(b) 
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The variation indicated by inspection of BPI chromatograms and explained by PCA, shows that 

tobacco cells respond to the perception of ergosterol and that this response is reflected by differential 

changes in the cellular metabolite profiles. These changes include variation in the levels of the 

constitutively expressed metabolites, and production of new metabolites. These ergosterol-induced 

metabolic changes can be described as part of the defence response of the tobacco cells following 

perception of ergosterol. No metabolomic study has been done before to investigate the effect of 

ergosterol on tobacco cell metabolism. The results of this metabolomic study, focused on the 

chloroform extractable metabolites, thus suggest that the metabolic variation observed in the tobacco 

cell suspensions in response to ergosterol, are linked to reprogramming of the metabolome.  

2.2. Ergosterol Induces Sesquiterpenoid Phytoalexins in Tobacco Cells 

One of the difficulties that arise in metabolomic studies is the identification of the de novo-induced 

compounds due to both their very restricted amounts and the high complexity of the biological  

extracts [44]. Furthermore, in the case of plant:pathogen interaction studies, the induced metabolites 

have different rates of accumulation. Moreover, these metabolites may not be stable and can undergo 

bioconversion and degradation either by the plant or in the extraction process. Plants contain enzymes 

that degrade antimicrobial compounds, returning their levels to pre-infection or pre-stress concentrations 

after the infection or stress has been contained or accommodated [21,45]. Thus, the identification of 

induced metabolites remains a very challenging task. 

In this study, mass spectrometry (in combination with UPLC) was used for identification of 

ergosterol-induced sesquiterpenoids. High performance thin layer chromatography (HPTLC) analysis, 

followed by vanillin/sulphuric acid detection, served as a positive control to screen for the presence of 

sesquiterpenoid phytoalexins in extracts as discussed below [46,47]. 

2.2.1. HPTLC Fractionation of Extracts and Initial Characterisation 

HPTLC analysis of the chloroform extracts allowed partial characterisation of the multi-component 

cell extracts. The image of the HPTLC plate (Figure 3) shows the six spots obtained, with assigned 

letters A to F. The retardation factor (Rf) value of each spot was determined. By comparison of these 

experimentally determined Rf values against the literature values [46], some of these spots were 

tentatively identified. Spot B (Rf = 0.18) was identified as capsidiol (the literature Rf = 0.18); spot C 

(Rf = 0.30) as rishitin (the literature Rf = 0.26); spot D (Rf = 0.50) as lubimin (the literature Rf = 0.48) 

and spot E (Rf = 0.70) as solavetivone (the literature Rf = 0.77) [46]. Spots A (Rf values of 0.13) and F 

(>one band) could not be identified based on their Rf values. Thus, as a screening method, HPTLC 

results provided an indicative separation of the constituents of the samples, showing the presence of 

the sesquiterpenoid phytoalexins in the ergosterol-treated samples.  
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Figure 3. HPTLC image indicating differences between the DLLME chloroform extracts 

from control (non-treated) and treated cells. Chromatography was performed with 

chloroform: methanol (19:1, v/v) and detection with vanillin/sulphuric acid reagent. 

 

2.2.2. UPLC-QTOF-ESI-MS based Metabolites Identification 

The compound-identification approach used consisted of comparison of the BPI chromatograms 

(total ion chromatograms—TICs) of different treatment conditions, and extracting the ion peaks that 

show differences (either in intensities or presence/absence). The mass spectra of the extracted ion 

peaks were used to deduce the putative empirical formulae of the compounds. Databases such as 

Dictionary of Natural Products (www.dnp.chemnetbase.com) and ChemSpider (www.chemspider.com) 

were consulted for the compound identification. Three sesquiterpenoids: Solavetivone, phytuberin and 

rishitin were accordingly identified (Figures 4–6). 

Combining these MS-based identifications with the HPTLC analysis (Section 2.2.1.), the findings 

of this study evidently demonstrate that ergosterol induced the biosynthesis of five sesquiterpenoids 

(Figure 7 and Table 1) in tobacco cell suspensions. These putatively identified terpenoids are capsidiol, 

lubimin (HPTLC, Figure 3), phytuberin (UPLC-MS, Figure 4), rishitin and solavetivone 

(HPTLC/UPLC-MS, Figures 3, 5 and 6). As reported in previous studies [34,47,48], capsidiol, rishitin, 

lubimin and solavetivone are sesquiterpenoids found in plants within the Solanaceae, and are 

correlated with the defence response of plants to invading pathogens.  

2.2.3. Ergosterol-Induced Metabolomic Reprogramming 

The terpenoids are generally synthesized from isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP), which are the isomeric 5-carbon building block molecules. The IPP and 

DMAPP are the products of two independent pathways in plants, namely the mevalonate pathway 

operating in the cytosol and the glyceraldehyde-3-P/pyruvate (GAP/Pyr) pathway in plastids [50–52]. 

A series of enzyme-catalysed condensation reactions of IPP and DMAPP molecules leads to the 

biosynthesis of farnesyl diphosphate (FPP), which is a 15-carbon molecule from which sesquiterpenoids 

are synthesised in a sesquiterpene cyclase-catalysed reaction (Figure S3) [17,36,52–54]. 

The position of FPP in the terpenoid biosynthetic pathway is an important and potential regulatory 

branch point of sesquiterpenoid biosynthesis. Under normal conditions, the FPP is channelled toward 
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the biosynthesis of sterol and prenyl-lipid moieties [53,55]. The elicitor-induced transient induction of 

3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, involved in the synthesis of 

mevalonic acid and the de novo gene expression of sesquiterpene cyclase, a key enzyme in the 

biosynthesis of sesquiterpenoids have been reported [29]. Moreover, the enhanced expression of 

sesquiterpene cyclase was accompanied by the suppression of squalene synthase activity [55–58]. 

These responses all contribute to metabolic reprogramming and, potentially, an altered metabolome 

(see Supplementary Figure S3). 

Figure 4. The identification of solavetivone. (A) The zoomed-in ESI+-MS TICs comparing 

non-treated sample (green) and 300 nM-treated sample (red). The encircled ion peak  

is present only in the treated sample. (B) MS-spectrum of the encircled peak, eluted at 

13.38 min (219.1763 Da). Based on the spectrum of the extracted ion peak, the empirical 

formula calculated (and selected) was C15H23O, with i-FIT of 0.0 and DBE of 4.5. Since 

the ion was generated by ESI+ mode, the calculated empirical formula would contain one 

proton (H+) extra. The corrected empirical formula is thus C15H22O; and searching in 

databases (structural correlation to MS spectrum), the compound was putatively identified 

as solavetivone (C15H22O, 218.340 Da). 
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Figure 5. The identification of phytuberin. (A) The zoomed-in extracted ESI−-MS TICs 

comparing non-treated (control) and 300 nM-treated samples. The encircled ion peak is 

present only in the treated sample: the intensity of the peak is significantly higher in the 

300 nM-treated sample than in non-treated (control) sample. (B) MS-spectrum of the 

extracted ion peak, eluted at 17.1 min (293.1673 Da). Based on the spectrum of the 

extracted ion peak, the empirical formula calculated (and selected) was C17H25O4, with  

i-FIT of 0.0 and DBE of 5.5. Since the ion was generated by ESI− mode, the calculated 

empirical formula would contain one proton (H+) less. The corrected empirical formula is 

thus C17H26O4; and searching in databases (with structural correlation to MS spectrum) the 

compound was putatively identified as phytuberin (C17H26O4, 294.183 Da). 

 

The presence of the five bicyclic sesquiterpenoids (phytuberin, solavetivone, capsidiol, lubimin and 

rishitin) in ergosterol-treated tobacco cells indicates that the changes to the metabolome are associated 

with a defensive function (‘defensome’) in response to elicitation by ergosterol as a M/PAMP 

molecule. These sesquiterpenoids have been previously reported to accumulate in plant cell suspension 

cultures or tissues challenged by pathogens, thereby providing an anti-microbial and fungitoxic 

environment [46,47,59–61]. These biotic stress-induced sesquiterpenoids have thus been called 

sesquiterpenoid phytoalexins [34,36,45,62], referring to anti-microbial compounds whose de novo 

synthesis and accumulation are induced in plants cells or tissues following plant : pathogen/elicitor 

interactions [49,62]. 
  



Molecules 2012, 17 1707 

 

 

Figure 6. The identification of rishitin. (A) The zoomed-in extracted ESI−-MS TICs 

comparing non-treated (control) and 1000 nM-treated samples. The encircled ion peak is 

present only in the treated sample. (B) An ESI−-MS-spectrum of the ion peak of 221.122 Da 

that eluted at 15.85 min. Based on the spectrum of the ion, the empirical formula calculated 

(and selected) was C14H21O2, with i-FIT of 1.1 and DBE of 4.5. Since the ion was 

generated by ESI− mode, the calculated empirical formula had one proton (H+) less.  

Thus, the corrected empirical formula is C14H22O2; and searching in databases (with 

structural correlation to MS spectrum), the compound was putatively identified as rishitin 

(C14H22O2, 222 Da). 

 

Figure 7. Chemical structures of the five sesquiterpenoid phytoalexins putatively 

identified in this study. All the sesquiterpenes, by definition, have the basic skeleton of C15 

and are synthesised from a C15 molecule, farnesyl diphosphate (FPP), through the reactions 

catalysed by the enzymes prenyltransferase and sesquiterpene cyclases. The end products 

of these enzymes-catalysed reactions are various sesquiterpenoids with varying number of 

carbons such as C15, C14 and C17 [49–52]. 
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Table 1. Ergosterol-induced sesquiterpenoid phytoalexins in tobacco cells. 

Name Empirical 
formula 

Molecular 
mass (Da) 

Experimental 
mass (Da) 

Extraction 
method 

Identification 
method 

i-Fit Experimental 
Rf values 

CAS  
number 

1 Capsidiol C15H24O2 236.178 --- DLLME HPTLC --- 0.18 37208-05-2 
2 Lubimin C15H24O2 236.178 --- DLLME HPTLC --- 0.50 35951-50-9 
3 Phytuberin C17H26O4 294.183 294.1673 DLLME UPLC-MS 0.0 --- 37209-50-0 
4 Rishitin C14H22O2 222.162 222.9768 DLLME HPTLC/UPLC-MS 1.1 0.30 18178-54-6 
5 Solavetivone C15H22O 218.340 218.1763 DLLME HPTLC/UPLC-MS 0.0 0.70 54878-25-0 
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3. Experimental 

3.1. Reagents 

All chemicals were of analytical grade quality and obtained from various international suppliers. 

The organic solvents used in this study were HPLC/UPLC grade chloroform (LabScan, Gliwice, 

Poland), methanol (LabScan) and acetone (Associated Chemical Enterprises, Johannesburg, South 

Africa). All equipment used was sterilised and cell treatment was carried out under sterile conditions. 

3.2. Elicitation of Cells 

A stock solution of 4.54 mM ergosterol, C28H44O (Sigma), was prepared in acetone, and Nicotiana 

tabacum cv Samsun cell suspensions were cultivated as previously described [63]. Three days after 

subculture, cells were treated by adding specific volumes of the stock solution of ergosterol to aliquots 

of cells suspensions with continuous shaking at 80 rpm at 25 °C. For concentration studies, ergosterol 

was added to final concentrations of 0–1,000 nM, for an 18 h incubation period, and non-treated cell 

suspensions were used as negative controls. For the time study, cell suspensions were treated with  

300 nM ergosterol and incubated for 0–24 h, and a non-treated sample, incubated for 24 h was 

included as a control. Three biological replicates were used. 

3.3. Cell Viability Assay 

A viability assay, based on the ability of viable cells to reduce 2,3,5-triphenyltetrazolium chloride 

(TTC) [37], was used to determine if possible secondary responses due to treatment-induced cell death 

occurred. Briefly, cell suspensions were treated with different concentrations of ergosterol (0–1,000 nM) 

and incubated for 18 h. After incubation, the excess medium was removed by filtration, and the cells 

(0.4 g) were incubated in 0.6% TTC solution (17.9 mM in 0.05 M phosphate buffer, pH 7.5, 5 mL) for 

3 h with shaking in the dark at 25 °C. Following incubation with TTC, the cells were pelleted by 

centrifugation at 5,100 rpm for 10 min, washed with dH2O (5 mL) and centrifuged again as above, 

discarding the supernatant. The red triphenylformazan was extracted from the pelleted cells by 

homogenisation in 96% ethanol (5 mL) for 30 s. The homogenate was centrifuged at 12,000 × g for  

10 min to pellet the cell debris and the absorbance of the supernatant measured at 485 nm. 

3.4. Extraction of Secondary Metabolites — Phytoalexins 

The defence-related secondary metabolites from tobacco are generally sesquiterpenoids that exhibit 

aromatic and non-polar properties [17]. Thus the main extraction method developed to extract these 

metabolites was the dispersive liquid-liquid microextraction (DLLME) technique. DLLME is based on 

the equilibrium distribution process of the target analytes between sample solution and extraction 

solvent. It involves a ternary component system: water (dH2O)/disperser solvent/extraction solvent, 

where the extraction solvent and disperser solvent are rapidly injected into the aqueous sample solvent. 

The mixture is then mixed and a cloudy solution (water/disperser solvent/extraction solvent) is formed 

in the test tube. After centrifugation, the denser extraction solvent is collected in the bottom of the 

conical tube [64]. 
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In this study, methanol and chloroform were used as disperser and extraction solvents respectively. 

DLLME was carried out as follows: After induction and incubation, the medium was filtered using a 

Buchner funnel and the cells collected. Two grams of cells were re-suspended in 100% methanol (20 mL) 

to quench enzyme activity and homogenised using an UltraTurrax homogenizer. The homogenates 

were centrifuged at 5,100 rpm for 7 min at 25 °C. The supernatants were placed into clean 50 mL 

round-bottom flasks, and the methanol evaporated to 1 mL at 50 °C using a Buchi Rotavapor R-200. 

To this, crude aqueous extract (1 mL), chloroform (200 µL) and analytical grade methanol (100 µL) 

were added. The mixture was vortexed for 30 s and centrifuged at 15,000 × g for 6 min at 25 °C in a 

microcentrifuge tube. Using a syringe, the extraction layer (bottom chloroform layer) was removed and 

filtered through 0.22 µm filters (Millipore), and placed in glass HPLC vials. The chloroform extracts 

were kept at −20 °C until further analysis.  

3.5. HPTLC Fractionation of Extracts and Initial Characterisation 

HPTLC analysis of the chloroform extracts allowed partial fractionation and identification of the 

extracted metabolites. Ten µL of the chloroform extracts were applied to silica gel G60 F254 glass 

plates (Merck) and the HPTLC plates developed with chloroform-methanol (19:1 v/v). Since most of 

these non-polar secondary metabolites are non-chromogenic compounds, the plates were sprayed with 

a vanillin-sulphuric acid reagent in order to locate and visualise the separated sesquiterpenoids on the 

chromatogram. It was prepared by mixing methanol (25 mL), vanillin (0.7 g), and concentrated 

sulphuric acid (250 µL). The sprayed HPTLC plate was heated in an oven at 130 °C and evaluated 

regularly until spots could be visualised. 

3.6. Ultra Performance Liquid Chromatography-High Definition Mass Spectrometry (UPLC-HDMS) 

Analyses 

UPLC-HDMS analysis was done on a Waters Acquity UPLC coupled in tandem to a Waters 

photodiode array (PDA) detector and a SYNAPT G1 HDMS mass spectrometer (Waters, Manchester, 

UK). Chromatographic separation of the extracts was done utilising a Waters CSH C18 column  

(150 mm × 2.1 mm, 1.7 µm) thermostatted at 60 °C. A binary solvent mixture was used consisting of 

water (eluent A) containing 10 mM formic acid (natural pH of 2.3) and acetonitrile (Romil Chemistry, 

UK) (eluent B). The initial conditions were 95% A at a flow rate of 0.4 mL min−1 and kept constant for 

2 min. A gradient was introduced to change the chromatographic conditions to 5% A at 22 min. The 

conditions were kept constant for 3 min to flush the column where after the column was returned to 

initial conditions at 27 min and allowed to equilibrate for 3 min. The run time was 30 min and the 

injection volume was 5 µL. The PDA detector was scanned between 200 and 500 nm (1.2 nm 

resolution) and set for collecting 20 spectra s−1. Each sample was injected and analysed three times 

(three technical replicates), to account for any analytical variability. 

The SYNAPT G1 mass spectrometer was used in V-optics and operated in electrospray mode to 

detect the compounds of interest. Leucine enkephalin (50 pg mL−1) was used as reference calibrant to 

obtain typical mass accuracies between 1 and 3 mDa. The mass spectrometer was operated in both 

positive and negative mode with a capillary voltage of 2.5 kV, the sampling cone at 17 V and the 

extraction cone at 4 V. The scan time was 0.1 s covering the 100 to 1,000 Da range. The source 



Molecules 2012, 17 1711 

 

 

temperature was 120 °C and the desolvation temperature was set at 450 °C. Nitrogen gas was used as 

the nebulisation gas at a flow rate of 800 L h−1. The software used to control the hyphenated system 

and perform all data manipulations was MassLynx 4.1 (SCN 704). 

3.7. Data Analysis 

In comparison to traditional univariate statistical methods, the MVDA models are well suited to 

provide ways of handling confounding and covariance patterns (both within and between variables), 

which are found in complex and multi-dimensional data sets from metabolomic studies [39,65]. An 

unsupervised MVDA, PCA modelling, was performed. ESI positive and negative raw data (from 

UPLC-ESI-TOFMS) were extracted using MassLynx XS software and analysed with MarkerLynxTM 

software (Waters Corporation, Mildford USA). The MarkerLynx software extracts the raw LC-MS 

data and produces a matrix of Rt-m/z variable pairs, with the m/z peak intensity for each sample. 

MarkerLynx software parameters were set to analyse the 2–26 min retention time range of the 

chromatogram, mass range 100–700 Da, mass tolerance 0.01 Da, mass window 0.05 Da and a 

retention time window of 0.20 min. The data matrix obtained from MarkerLynx processing was also 

exported to the SIMCA-P12 software for PCA modelling. The data were Pareto-scaled. PCA scores 

plots were used to explain variations in the samples [40].  

4. Conclusions 

To our knowledge, no metabolomic profiling study has been previously conducted to investigate the 

effects of ergosterol on plant secondary metabolism. Previous work regarding the isolation and 

characterisation of sesquiterpenoid phytoalexins used an approach targeted at specific compounds with 

inducers other than ergosterol. Results obtained in this study indicate that perception of the fungal 

sterol, ergosterol, acting as a ‘non-self’ MAMP molecule, induces significant and dynamic metabolomic 

alterations in tobacco cell suspensions. These changes include the activation of the terpenoid pathway 

leading to de novo biosynthesis of five sesquiterpenoid phytoalexins putatively identified as capsidiol, 

lubimin, phytuberin, rishitin and solavetivone. 

Supplementary Materials 

Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/17/2/1698/s1. 

Acknowledgements 

M. George and N.E. Madala are gratefully acknowledged for their advice, insights and assistance. 

References and Notes 

1. Dunn, W.B.; Ellis, D.I. Metabolomics: Current analytical platforms and methodologies.  

Trends Anal. Chem. 2005, 24, 285–293. 

2. Fiehn, O. Metabolomics—The link between genotypes and phenotypes. Plant Mol. Biol. 2002, 48, 

155–171. 



Molecules 2012, 17 1712 

 

 

3. Verpoorte, R.; Choi, Y.H.; Mustafa, N.R.; Kim, H.K. Metabolomics: Back to basics. Phytochem. Rev. 

2008, 7, 525–537. 

4. Fiehn, O.; Kopka, J.; Dormann, P.; Altmann, T.; Trethewey, R.N.; Willmitzer, L. Metabolite 

profiling for plant functional genomics. Nat. Biotechnol. 2000, 18, 1157–1161. 

5. Fukusaki, E.; Kobayashi, A. Plant metabolomics: Potential for practical operation. J. Biosci. 

Bioeng. 2005, 100, 347–354. 

6. Sumner, L.W.; Mendes, P.; Dixon, R.A. Plant metabolomics: Large-scale phytochemistry in the 

functional genomics era. Phytochemistry 2003, 62, 817–836. 

7. Allwood, J.W.; Goodacre, R. An introduction to liquid chromatography-mass spectrometry 

instrumentation applied in plant metabolomic analyses. Phytochem. Anal. 2010, 21, 33–47. 

8. Camacho, D.; Fuente, A.; Mendes, P. The origin of correlations in metabolomics data. 

Metabolomics 2005, 1, 53–63. 

9. Oksman-Caldenty, K.M.; Saito, K. Integrating genomics and metabolomics for engineering plant 

metabolic pathways. Curr. Opin. Biochem. 2005, 16, 174–179. 

10. T’Kindt, R.; Morreel, K.; Deforce, D.; Boerjan, W.; Van Bocxlaer, J. Joint GC-MS and LC-MS 

platforms for comprehensive plant metabolomics: Repeatability and sample pre-treatment.  

J. Chromatogr. B 2009, 877, 3572–3580. 

11. Allwood, J.W.; Ellis, D.I.; Goodacre, R. Metabolomic technologies and their application to the 

study of plants and plant-host interactions. Physiol. Plant. 2008, 132, 117–135. 

12. Brown, M.; Dunn, W.B.; Dobson, P.; Patel, Y.; Winder, C.L.; Francis-McIntyre, S.; Begley, P.; 

Carroll, K.; Broadhurst, D.; Tseng, A.; et al. Mass spectrometry tools and metabolite-specific 

databases for molecular identification in metabolomics. Analyst 2009, 134, 1322–1332. 

13. Goodacre, R.; York, E.V.; Heald, J.K.; Scott, I.M. Chemometric discrimination of unfractionated 

plant extracts analyzed by electrospray mass spectrometry. Phytochemistry 2003, 62, 859–863. 

14. Goodacre, R.; Vaidyanathan, S.; Dunn, W.B.; Harrigan, G.G.; Kell, D.B. Metabolomics by numbers: 

Acquiring and understanding global metabolite data. Trends Biotechnol. 2004, 22, 245–252. 

15. Richards, S.E.; Dumas, M.E.; Fonville, J.M.; Ebbels, T.M.D.; Holmes, E.; Nicholson, J.K.  

Intra- and inter-omic fusion of metabolic profiling data in a systems biology framework. 

Chemometr. Intell. Lab. Syst. 2010, 104, 121–131. 

16. Trethewey, R.N. Metabolite profiling as an aid to metabolic engineering in plants. Curr. Opin. 

Plant Biol. 2004, 7, 196–201. 

17. Croteau, R.; Kutchan, T.M.; Lewis, N.G. Natural products (secondary metabolites). In 

Biochemistry and Molecular Biology of Plants; Buchanan, B., Gruissem, B., Jones, R., Eds.; 

American Society of Plant Physiologists: Rockville, MD, USA, 2000; pp. 1250–1318. 

18. Jackson, A.O.; Taylor, C.B. Plant-microbe interactions: Life and death at the interface. Plant Cell 

1996, 8, 1651–1668. 

19. Manosalva, P.M.; Park, S.; Forouhar, F.; Tong, L.; Fry, W.E.; Klessig, D.F. Methyl Esterase 1 

(StMES1) is required for systemic acquired resistance in potato. Mol. Plant Microbe Interaction 

2010, 23, 1151–1163. 

20. Pieterse, C.M.J.; Leon-Reyes, A.; Van der Ent, S.; Van Wees, S. Networking by small-molecule 

hormones in plant immunity. Nat. Chem. Biol. 2009, 5, 308–316. 



Molecules 2012, 17 1713 

 

 

21. Wink, M. Plant breeding: Importance of plant secondary metabolites for protection against 

pathogens and herbivores. Theor. Appl. Genet. 1988, 75, 225–233. 

22. Albert, M.; Jehle, A.K.; Lipschis, M.; Mueller, K.; Zeng, Y.; Felix, G. Regulation of cell 

behaviour by plant receptor kinases: Pattern recognition receptors as prototypical models. Eur. J. 

Cell Biol. 2010, 89, 200–207. 

23. Jones, J.D.G.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. 

24. Monaghan, J.; Germain, H.; Weihmann, T.; Li, X. Dissecting plant defence signal transduction: 

Modifiers of snc1 in Arabidopsis. Can. J. Plant Pathol. 2010, 32, 35–42. 

25. Segonzac, C.; Zipfel, C. Activation of plant pattern-recognition receptors by bacteria. Curr. Opin. 

Microbiol. 2011, 14, 54–61. 

26. Zeng, W.; Melotto, M.; He, S.Y. Plant stomata: A checkpoint of host immunity and pathogen 

virulence. Curr. Opin. Biotechnol. 2010, 21, 599–603. 

27. Blumwald, E.; Aharon, G.S.; Lam, B.C. Early signal transduction pathways in plant-pathogen 

interactions. Trends Plant Sci. 1998, 3, 342–346. 

28. Pritchard, L.; Birch, P. A systems biology perspective on plant-microbe interactions: Biochemical 

and structural targets of pathogen effectors. Plant Sci. 2011, 180, 584–603. 

29. Lochman, J.; Mikes, V. Ergosterol treatment leads to the expression of a specific set of  

defence-related genes in tobacco. Plant Mol. Biol. 2006, 62, 43–51. 

30. Granado, J.; Felix, G.; Boller, T. Perception of fungal sterols in plants—Subnanomolar 

concentrations of ergosterol elicits extracellular alkalinisation in tomato cells. Plant Physiol. 

1995, 107, 485–490. 

31. Sanabria, N.M.; Huang, J.C.; Dubery, I.A. Self/non-self perception in plants in innate immunity 

and defense. Self/Nonself: Immu. Regul. Signal. 2009, 1, 1–15. 

32. Kasparovsky, T.; Blein, J.P.; Mikes, V. Ergosterol elicits oxidative burst in tobacco cells via 

phospholipase A2 and protein kinase C signal pathway. Plant Physiol. Biochem. 2004, 42, 429–435. 

33. Vatsa, P.; Chiltz, A.; Luini, E.; Vandelle, E.; Pugin, A.; Roblin, G. Cytosolic calcium rises and 

related events in ergosterol-treated Nicotiana cells. Plant Physiol. Biochem. 2011, 49, 764–773. 

34. Chappell, J.; Nable, R. Induction of sesquiterpenoid biosynthesis in tobacco cell suspension 

cultures by fungal elicitor. Plant Physiol. 1987, 85, 468–473. 

35. Kuc, J. Phytoalexins from the solanaceae. In Phytoalexins; Bailey, J.A., Mansfield, J.W., Eds.; 

Blackie: London, UK, 1982; pp. 81–105. 

36. Zook, M.; Hohn, T.; Bonnen, A.; Tsuji, J.; Hammerschmidt, R. Characterization of novel 

sesquiterpenoid biosynthesis in tobacco expressing a fungal sesquiterpene synthase. Plant Physiol. 

1996, 112, 311–318.  

37. Towill, L.E.; Mazur, P. Studies on the reduction of 2,3,5-triphenyltetrazolium chloride as a 

viability assay for plant tissue cultures. Can. J. Bot. 1975, 53, 1097–1102. 

38. Berg, R.A.; Rubingh, C.M.; Westerhuis, J.A.; Werf, M.J.; Smilde, A.K. Metabolomics data 

exploration guided by prior knowledge. Anal. Chim. Acta 2009, 651, 173–181. 

39. Bylesjo, M. Latent Variable based Computational Methods for Applications in Life Sciences: 

Analysis and Integration of Omics Data Sets; Umea University: Umea, Sweden, 2008; pp. 6–16. 

40. Jansen, J.J.; Smit, S.; Hoefsloot, H.C.J.; Smilde, A.K. The photographer and the greenhouse: How 

to analyse plant metabolomics data. Phytochem. Anal. 2010, 21, 48–60. 



Molecules 2012, 17 1714 

 

 

41. Stenlund, H. Improving Interpretation by Orthogonal Variation: Multivariate Analysis of 

Spectroscopic Data; Umea University: Umea, Sweden, 2011; pp. 12–35. 

42. Berg, R.A.; Hoefsloot, H.C.; Westerhuis, J.A.; Smilde, A.K.; Werf, M.J. Centering, scaling, and 

transformations: Improving the biological information content of metabolomics data.  

BMC Genomics 2006, 15, 1–15. 

43. Boccard, J.; Grata, E.; Thiocone, A.; Gauvrit, J.Y.; Lanteri, P.; Carrupt, P.A.; Wolfender, J.L.; 

Rudaz, S. Multivariate data analysis of rapid LC-TOF/MS experiments from Arabidopsis thaliana 

stressed by wounding. Chemometr. Intell. Lab. Syst. 2007, 86, 189–197. 

44. Grata, E.; Boccard, J.; Guillarme, D.; Glauser, G.; Carrupt, P.A.; Rarmer, E.E.; Wolfender, J.L.; 

Rudaz, S. UPLC-TOF-MS for plant metabolomics: A sequential approach for wound marker 

analysis in Arabidopsis thaliana. J. Chromatogr. B 2008, 871, 261–270.  

45. Kuc, J.; Rush, J.S. Phytoalexins. Arch. Biochem. Biophys. 1985, 236, 455–472. 

46. Guedes, M.E.; Kuc, R.; Hammerschmidt, R.; Bostock, R. Accumulation of six sesquiterpenoid 

phytoalexins in tobacco leaves infiltrated with Pseudomomas lachrymans. Phytochemistry 1980, 

21, 2987–2988. 

47. Stoessl, A.; Stothers, J.B.; Ward, E.W.B. Sesquiterpenoid stress compounds of the Solanaceae. 

Phytochemistry 1976, 15, 855–872.  

48. Henfling, J.M.; Kuc, J. A Semi-micro method for the quantitation of sesquiterpenoid stress 

metabolites in potato tuber tissue. Phytopathology 1979, 69, 609–611.  

49. Dixon, R.A.; Dey, P.M.; Lamb, C.J. Phytoalexins: enzymology and molecular biology. In 

Advances in Enzymology and Related Areas of Molecular Biology; Meister, A., Ed.; John Wiley: 

New York, NY, USA, 1983; Volume 55, pp. 1–137. 

50. Chen, F.; Tholl, D.; Bohlmann, J.; Pichersky, E. The family of terpene synthases in plants: A mid-size 

family of genes for specialized metabolism that is highly diversified throughout the kingdom. 

Plant J. 2011, 66, 212–229. 

51. McGarvey, D.J.; Croteau, R. Terpenoid metabolism. Plant Cell 1995, 7, 1015–1026. 

52. Verpoorte, R. Secondary metabolism. In Metabolic Engineering of Plant Secondary Metabolism; 

Verpoorte, R., Alfermann, A.W., Eds.; Kluwer Academic Publishers: Dortrecht, The Netherlands, 

2000; pp. 1–29. 

53. Cane, D.E.; Bowser, T.E. Trichodiene synthase: Mechanism-based inhibition of a sesquiterpene 

cyclase. Bioorg. Med. Chem. Lett. 1999, 9, 1127–1132. 

54. Chappell, J.; Von Lanken, C.; Vogeli, U.; Bhatt, P. Sterol and sesquiterpenoid biosynthesis during 

a growth cycle of tobacco cell suspension cultures. Plant Cell Rep. 1989, 8, 48–52. 

55. Nugroho, L.H.; Peltenburg-Looman, A.M.G.; Verberne, M.C.; Verpoorte, R. Is accumulation of 

sesquiterpenoid phytoalexins induced in tobacco plants constitutively producing salicylic acid? 

Plant Sci. 2002, 162, 989–993.  

56. Hanley, K.M.; Vogeli, U.; Chappell, J. A study of the isoprenoid pathway in elicitor-treated 

tobacco cell suspension cultures. In Secondary-Metabolite Biosynthesis and Metabolism;  

Petroski, R.J., McCormick, S.P., Eds.; Plenum Press: New York, NY, USA, 1992; pp. 329–336. 

57. Keller, H.; Czernic, P.; Ponchet, M.; Ducrot, P.H.; Chappell, J.; Ricci, P.; Marco, Y. 

Sesquiterpene cyclase is not a determining factor for elicitor and pathogen-induced capsidiol 

accumulation in tobacco. Planta 1998, 205, 467–476. 



Molecules 2012, 17 1715 

 

 

58. Vogeli, U.; Freeman, J.W.; Chappell, J. Purification and characterization of an inducible 

sesquiterpene cyclase from elicitor-treated tobacco cell suspension cultures. Plant Physiol. 1990, 

93, 182–187. 

59. Brooks, C.J.W.; Watson, D.G.; Rycroft, D.S.; Freer, I.M. The biosynthesis of sesquiterpenoid 

phytoalexins in suspended callus cultures of Nicotiana tabacum. Phytochemistry 1987, 26,  

2243–2245.  

60. Fuchs, A.; Slobbe, W.; Mol, M.C.; Posthumus, M.A. GC/MS analysis of fungitoxic terpenoids 

from tobacco. Phytochemistry 1983, 22, 1197–1199. 

61. Uegaki, R.; Fujimori, T.; Kubo, S.; Kato, K. Sesquiterpenoid stress compounds from Nicotiana 

species. Phytochemistry 1981, 20, 1567–1568. 

62. Dixon, R.A. The phytoalexin response: Elicitation, signalling and control of host gene expression. 

Biol. Rev. 1986, 61, 239–291. 

63. Gerber, I.B.; Dubery, I.A. Protein phosphorylation in Nicotiana tabacum cells in response  

to perception of lipopolysaccharides from Burkholderia cepacia. Phytochemistry 2004, 65,  

2957–2966. 

64. Zang, X.H.; Wu, Q.H.; Zhang, M.Y.; Xi, G.H.; Wang, Z. Developments of dispersive  

liquid-liquid microextraction technique. Chin. J. Anal. Chem. 2009, 37, 161–168. 

65. Trygg, J.; Holmes, E.; Lundstedt, T. Chemometrics in metabonomics. J. Proteome Res. 2007, 6, 

469–479. 

Sample Availability: Not available. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


