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Reversed-phase high-performance liquid chromatography (RP-HPLC) with photodiode array (PDA)
and mass spectrometry (MS) detection was employed to study the accumulation of stilbenes and
other naturally occurring polyphenol intermediates of flavonoid pathway in tomato fruits of plants
genetically modified to synthesize resveratrol. The transgenic tomato fruits were obtained by
overexpression of a grapevine gene encoding the enzyme stilbene synthase in tomato plants
(Lycopersicon esculentum Mill.). Stilbenes and flavonoids, either glycosylated or free, were simulta-
neosly identified by electrospray interface (ESI)-MS in negative ionization mode and were quantified
by PDA detection at the wavelength corresponding to their maximum absorbance. The two detectors
were coupled online with an HPLC system utilizing a narrow-bore C18 reversed-phase column, which
was eluted by a multistep gradient of increasing concentration of acetonitrile in water containing 0.5%
(v/v) formic acid. The results of these analysis revealed that the genetic modification of the tomato
plants originated different levels of accumulation of four stilbenes (i.e., trans- and cis-piceid and trans-
and cis-resveratrol) in their fruit depending on the stages of ripening. Either at immature or at mature
stages of ripening the stilbenes were preferentially accumulated in the fruit peel as the glycosylated
form. The highest amount of trans-piceid and trans-resveratrol were found in the peel of fruits harvested
at mature stage of ripening. The variations in the levels of rutin, naringenin, and chlorogenic acid
found in the samples extracted from the fruits of transgenic tomato plants, in comparison to that
determined in the control lines, seemed to be related to the genetic transformation, whose effect on
the flavonoid biosynthetic pathway needs to be elucidated by additional studies.

KEYWORDS: Transgenic tomato plants;  Lycopersicon esculentum  Mill.; stilbene; metabolic profiling;
HPLC/PDA/MS

INTRODUCTION above classes are potent antioxidants, and epidemiological
studies have suggested a direct correlation between high
polyphenols intake and reduced coronary heart disease mortality
by suppressing the oxidation of low-density lipoprotein-@).
Clinical studies have reported evidence that polyphenols may
exhibit a great number of cell protective actions, such as
modulation and induction of human cell receptors 43,
enzymatic mechanisms of cell proliferatiof, @), and other
beneficial effects against cancér, 8), vasorelaxation9), and
allergy (10).

The increasing knowledge of polyphenol biosynthesis and
the important function of these compounds in plants and human
nutrition have made the biosynthetic pathways to these com-

Polyphenols are a large group of compounds containing
multiple phenolic functionalities that are widely distributed in
the plant kingdom and therefore form an integral part of the
human diet. On the basis of their structure, polyphenols are
divided in several classes, which include flavones, flavanols,
flavonols, isoflavones, flavanones, chalcones, anthocyanidins,
cinnamic acid derivatives, and stilbenes.

A significant role of polyphenols that has been widely
investigated in recent years is their possible beneficial influence
on human health. Many of the compounds comprising the

902;202%""{‘0? i’gg?%%oggggggegh%“'d t.’l_e dadd.lresse‘j- d.Ph@"‘m 06 pounds excellent targets for metabolic engineeribg(14).
T |stituto dial)\(/ietodologie Chimiche._mal' anilo.corradini@ime.cnrit. o nafic gngineering of plant se(':on'dary metabol[srn offers the
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acteristics and as sources for compounds of pharmacological Sample Preparation.Samples of tomato fruits both transgenic and
or nutritional value. One specific class of polyphenols that has wild type were obtained from three pairs of plants grown in a
significant potential for transgenic manipulation is the stilbenes, glasshouse. Three fruits were harvested from each plant at two different
whose biosynthesis is controlled by the enzyme stilbene synthasestages of ripening (immature and mature stages of ripening, referred
(STS) (15). The expression of the gene encoding the STS to as green and red fruit). The outer layer 6f2mm thickness was

enzvme has been obtained in several plants. including a Ieseparated from the fruit and was classified as peel. The fruit peel and
Y P ’ 9 aPPI€y,e whole fruit were frozen in liquid nitrogen and were stored protected

(16), papaya (17), lettuce (18), barley, and wheat (19). from light at—80 °C until sample extraction. Equal amounts of freeze-
In th_e de_velopment of food crops enr_lched with health- gried fruit tissues obtained from three individual fruits harvested from
protective stilbene, an excellent candidate is tomato, one of theditferent plants (one for each fruit) were pooled to minimize sample
most important crops worldwide. In a recent study, transgenic variation. Amounts of 500 mg of the pooled samples were subjected
tomato fruits were obtained by overexpression of a grapevine to extraction with 5 mL of 70% (v/v) methanol—water mixture in a
gene encoding the enzyme stilbene synthase in tomato plantglask protected from light on a rotary shaker at room temperature for
(Lycopersicon esculentudill.) (20). The expression of the 1 h. The extracts were centrifuged at 13 gd0r 10 min and the
gene encoding the STS enzyme in tomato tissues caused th&upernatant was dried under a stream of nitrogen and was stored at
synthesis of new compounds, identifiectams resveratrol and —80 °C until dissolution in 80% (v/v) methanol—water mixture just
L . ’ .. before analysis.
trans-piceid, and an increased total antioxidant capabi#i).( o
The establishment of a novel branch on flavonoid pathway Liquid Chromatography and Electrospray Mass Spectrometry.

. . . . Quantitative analysis was carried out using a Shimadzu LGzA0A
through the introduction of stilbene synthase gene may induce o, ~ system consisting of an SCL-1G4Asystem controller, two LC-

a perturbation on the synthesis of other metabolites along thejgap,,, solvent delivery units, a SPD-M10A spectrophotometric diode
route, being the substrates for the enzyme stilbene synthase inyrray detector, a CTO-10A8 column oven, a DGU-14A online
common with chalcone synthase at the starting point of the vacuum membrane degasser, and a Rheodyne (Cotati, CA) model 8125
pathway (11). semi-microinjection valve with a %L sample loop. Data were
The aim of this paper was to develop a reliable and direct processed using the Shimadzu Class VP 5.6 HPLC data system on a
high-performance liquid chromatography (HPLC) method to Pentium Il 400 PC compatible computer. The compounds were
study the accumulation of stilbenes and other naturally occurring Seéparated using a Polaris C18A column (16@.0 mm i.d, Sum;
polyphenol intermediates of flavonoid pathway in tomato (Varian Inc., Lake Forest, CA) in conjunction with a C18 (302

genetically modified to synthesize resveratrol. The identification mm,°5/¢ m) guard cartridge column. The column temperature was 30
+1 °C. Separations were performed by a multistep gradient of

iglqriggagg?ct?;c:’g\(/);rgzl()j/pphhe;soelsI;nprlilgnsv?'s(r:r?)?]tc?tgzj?o%een212?2{/ increasing concentration of acetonitrile in water acidified with 0.5%
) oy (v/v) formic acid, at a flow rate of 0.2 mL/min, according to the
(PDA) detection. Typically, the plant extracts are analyzed following program: 8 min linear gradient from 10 to 18% (v/v)
before and after acidic or enzymatic hydrolysis, and the level acetonitrile in water containing 0.5% (v/v) formic acid, followed by
of the glycosilated polyphenols are estimated by subtracting the2.0 min isocratic with 18% (v/v) acetonitrile, 5.0 min linear gradient
amount found in the unhydrolyzed sample from that determined from 18 to 25% (v/v) acetonitrile, 3.0 min linear gradient from 25 to
after hydrolysis {2, 14, 20). The effectiveness of HPLC with ~ 35% (V/V) _ac_etonitrilg, 10 mi_n isocratic with 35% (v/v) aceton_itr_ile,
mass spectrometric detection for analyzing polyphenols in plant @1d 2.0 min increasing gradient segment to 60% (v/v) acetonitrile to
extracts and food has been explored ta-23). e:“te ?ny Stron_%'y reta'"';d Co?l‘tptonﬁlms. ‘.)tf. nlat“r?j'.ts.am.plels' Then, ;he

The direct and simutaneous analyis of both fee and gUSTLETECRIED vas bt lo e o conden 1| o
?e¥/2?:éz [e)haF;Z)ITPESOUZirIIZ gﬁgrrg\)/(vrggrz (\;\é)aILSJrT?ner'I?c:rinn?prO\ye spectra were recorded in the 24800 nm range, and the chromatograms

g “PHES B : were acquired at 280, 320, 306, and 370 nm.

the identification of all analytes and to ensure the absence of 11 same column, at temperature of80°C, and gradient elution

interfering peaks in the sample extracted from the tomato fruits, program described above were employed to confirm the identification
mass spectrometric (MS) detection, with an electrospray inter- of the selected analytes in real samples by HPLC-ESI-MS. The
face (ESI), was included in addition to PDA detection. The experiments were performed with a second Shimadzu HPLC instrument
synthesis oftrans-resveratrol andrans-piceid and the ac-  consisting of a high-performance liquid chromatograph/mass spectrom-
cumulation of cinnamic acid derivatives (chlorogenic acid, eter model LCMS-2010 unit, comprising a SCL-L@#system control-

ferulic acid, caffeic acid) of flavonols (quercetin, rutin) and ler, two pumps model LC-10AEp solvent delivery module, a SPD-

flavanones (naringenin) were investigated in fruit peel and whole M10Avp UV/vis photodiode array detector, and a single quadrupole

fruit at two stages of ripening (green and red), and the results mass analyzer model 2010 equipped with an electrospray (ESI) interface
. - ' with nitrogen as the nebulizing and drying gas. Initial experiments were
were compared with their controls.

carried out with the ESI interface employed in both positive and
negative ionization mode with different fragmentation voltages. Opti-
MATERIALS AND METHODS mized conditions were determined by flow injection analysis (FIA) of
Chemicals and Standards.HPLC grade solvents and analytical- standard solutions of the analytes at three different concentrations
reagent grade formic acid were purchased from Carlo Erba (Milan, ranging from 0.1 to 50 mg/L. On the basis of the results of these
Italy). Deionized water was obtained by a Milli-Q unit (Millipore,  experiments, MS acquisition was performed with the ESI interface in
Bedford, Ma). Chlorogenic acid, ferulic acid, caffeic acid, quercetin, the negative ionization mode at the following conditions: nebulizing
and transresveratrol were purchased from Sigma (St. Louis, MO). gas nitrogen at flow rate of 5.0 L/min; temperature of block heater,
Rutin, myricetin, naringenin, and kaempferol were obtained from 200 °C; temperature of the curved desolvation line (CDL), 225
Extrasynthese (Genay, France) atrdns-piceid was supplied by probe voltage—5 kV; CDL voltage,—54 V; Q-array voltages;-70,
Polyphenols Laboratories AS (Sandnes, Norway). —70,—60 V; full scanm/z100/500 were obtained every 0.5 s. System
Plant Material. Lycopersicon esculentuMill. (cv. Money Maker) control and data processing were carried out by the Shimadzu LCMS
plant tissues were utilized in all experiments. Details of the method solution software running on a Pentium IV personal computer (Gi-
used to produce transgenic tomatoes and their controls have beergabyte, Milan, Italy). Samples were introduced into the column by a
described by Giovinazzo et aR@). Transgenic plants were maintained Rheodyne model 8125 semi-microinjection valve with al5sample
in vitro by somatic propagation. Rooted primary transformants were loop. The flow rate was 0.2 mL/min, and column effluent was first
transferred to soil and were grown in a glasshouse 4€28ith diurnal passed through the PDA detector before being directed to the quadrupole
cycle of 16 h light and 8 h darkness. mass spectrometer with ESI interface.
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Table 1. Repeatability and Reproducibility of Retention Times of Polyphenols

repeatability reproducibility
time area time area
compound min SD RSD% SD RSD% SD RSD% SD RSD%
chlorogenic acid 6.879 0.038 0.56 11283 0.87 0.026 0.38 15430 1.19
caffeic acid 8.372 0.061 0.73 42712 1.93 0.035 0.42 25770 1.16
ferulic acid 13.118 0.069 0.52 48 825 2.05 0.056 0.42 34 305 1.43
trans-piceid 13.837 0.073 0.53 27237 1.99 0.052 0.38 18 537 1.35
rutin 14.479 0.049 0.34 14 206 177 0.044 0.31 13510 1.68
myricetin 18.704 0.047 0.25 25 006 191 0.040 0.22 70238 5.02
trans-resveratrol 19.707 0.029 0.15 57 520 1.69 0.024 0.12 38 357 1.12
quercetin 20.980 0.024 0.11 40108 2.52 0.022 0.11 55003 3.78
naringenin 22.110 0.031 0.14 22285 2.04 0.025 0.11 12 752 1.16
kaempferol 23.562 0.050 0.21 41822 3.15 0.044 0.19 60 004 4.28
Identification and Quantification of Polyphenols. The identifica- obtain the selective resolutions of these compounds by RP-

tion of individual analytes was performed on the basis of their retention HPLC using a Polaris C-18A column. To ensure appropriate

times and both spectroscopic and mass spectrometric spectra. Stockesplution of the compounds of interest and the absence of

solutions of each standard compound were prepared by d'SS°|V'n9interfering peaks in samples extracted from tomato fruits, the
i i 0 : e

weighted amounts of each standard in 80% (v/v) methawaler experiments were performed subjecting to chromatography

mixture. These solutions were individually injected into the HPLC standard mixtures of the selected compounds and real samples
column and were eluted with the above gradient elution method IXtu pou P

determining their chromatographic retention times and collecting both obtained as described in the Mate”als and Meth_o_ds.

UV and MS spectra by the PDA and MS detector, respectively. The N RP-HPLC-ESI-MS, the chemical composition of the
stock solutions were diluted with the 80% (v/v) methanahter mobile phase plays an important role both on the chromato-
mixture to obtaining six working solutions of each compound covering graphic separation (280) and on spray stability and signal
the following concentration ranges: chlorogenic acid, 6:300 mg/ sensitivity @1, 32). In addition, sample detection by ESI-MS

L; caffeic acid, 0.15-15 mg/L; ferulic acid, 0.2245 mg/L; trans- restricts the use of buffers and other mobile-phase modifiers to
piceid, 0.3—600 mg/L; rutin, 0.25200 mg/L; myricetin, 0.3+50 mg/ volatile compounds. Thus, several factors such as gradient shape,
L; trans-resveratrol, 0.4435 mg/L; quercetin, 0.3535 mg/L; naringenin, - f6,y rate, type, and concentration of the acidic additive of the

0.44-350 mg/L; kaempferol, 0550 mg/L. Quantification of individual i - . L .
compounds was performed by the external standard method using ahydro organic mobile phase were optimized before testing the

six-point regression curve of the UV absorption data collected at the Ut'“ty_ qf onllng ESI-MS to confirm pe"f‘k identity.

following wavelength of maximum absorbance of each analyte:  Acidic mobile phases were considered to suppress the
chlorogenic acid, caffeic acid, and ferulic acid, 320 trans-resveratrol ionization of carboxylic compounds and favorite their hydro-
andtrans-piceid, 306 nm; rutin, myricetin, quercetin, and kaempferol, phobic interaction with the C-18 stationary phase. The two
370 nm; naringenin, 280 nm. Theis-resveratrol andis-piceid peaks volatile acidic mobile phase additives formic acid and acetic
were identified by comparing their retention time and UV spectra with acid were evaluated for this purpose, testing their capability in
the new peak appearing after UV irradiationtedns-resveratrol and  resplving the secondary metabolites extracted from tomato fruits,
trans-piceid standard solution, respectively. &s-resveratrol andis- both wild type and transgenic, in combination with either
piceid are not commercially available, calibration curves for these methanol or acetonitrile as the organic modifier employed for

compounds were obtained at 285 nm (maximum absorption for these . . . . .
compounds) with the same solutions used for tila@s-isomer, after Ig;]r(;rc?iiiltnglLt:igneluonoplc strength of the mobile phase during

exposure of the solution to UV light at 366 nm for 30 min, which is : . . .
the time necessary to determine the conversion of at least 90% of the 1 h€ optimum conditions for chromatographic resolution and
trans- to cis-isomer. The quantity of this compound was ascertained Sample detection by ESI-MS were obtained with 0.5% (v/v)
on the basis of the decrease in trensisomer following UV irradiation formic acid and acetonitrile as the aqueous and organic
(24). The concentrations of the standard solution previously reported components of the mobile phase, respectively, using the
for trans-resveratrol were obviously corrected for the percentage of multisegments elution gradient program described in the Materi-
conversion obtained (25) As it is known from the ||teratLQé'(‘28), als and Methods. The Chromatogram d|sp|ayed:igure 1

the UV spectra of the resveratrol glucosides are very close to that of ghows the separation of a test mixture of the selected analytes,
resveratrol aglycons, therefore, the quantificationtrahs- and cis- obtained under the optimized chromatographic conditions. The

piceid was based on the assumption of identical molar extinction analvtes were completelv resolved in less than 26 min with
coefficient of thetrans- and cis-resveratrol at 306 and 285 nm, Y P y

respectively. Peak purity was checked to exclude any contribution from Nighly repeatable retention times, as reportedanle 1.

interfering peaks. Identification and Quantification of the Analytes. The
identification of the selected compounds in the mixture of the
RESULTS AND DISCUSSION secondary metabolites extracted from transgenic and wild-type
tomato fruits were preliminarily performed on the basis of their
Optimization of Chromatographic Separation. The ana- retention times and UV spectra acquired in the wavelength

lytical strategy employed in this study was focused on the range comprised between 210 and 600 nm with the photodiode
combined use of reversed-phase HPLC coupled online with botharray (PDA) detector. Theis-resveratrol andis-piceid were

a photodiode array detector and a mass spectrometer equippedlentified by comparison of the retention times and UV spectra
with an electrospray ion source (ESI-MS) to obtain resolution, of the additional peaks observed after UV irradiation at 366
identification, and quantification of the polyphenols molecules, nm of trans-resveratrol andrans-piceid, respectively (see
characterizing the flavonoid pathway in tomato fruifsable Materials and Methods)-igure 2 shows the separation of a
1). Initial phases of the investigation were focused on the mixture of transpiceid andtransresveratrol beforeX) and
optimization of the chromatographic conditions required to after (B) the exposure of the solution to UV light at 366 nm
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Figure 1. Separation of a test mixture comprising stilbenes, flavonols, flavanones, and cinnamic acid derivatives. Column, Polaris C18A (150 x 2.0 mm
I.D, 5 um) with C18 (30 x 2 mm, 5 um) guard cartridge, eluted by the multistep gradient reported in the Materials and Methods; detection by PDA at
306 nm, temperature 30 +1 °C. Identification of peaks: 1, chlorogenic acid; 2, caffeic acid; 3, ferulic acid; 4, trans-piceid; 5, rutin; 6, myricetin; 7,

trans-resveratrol; 8, quercetin; 9, naringenin; 10, kaempferol.
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Figure 2. Separation of a mixture of trans-piceid and trans-resveratrol before (A) and after (B) the exposure of the solution to UV light at 366 nm for
30 min. Column and experimental condition as in Figure 1. Identification of peaks: 1, trans-piceid; 2, cis-piceid; 3, trans-resveratrol; 4, cis-resveratrol.

for 30 min. Both chromatograms were detected at 306 nm. The ion of the selected analytes in correspondence to the peaks of
additional peaks detected after UV irradiation of the standard the PDA chromatogram. Stilbenes and phenolic compounds
solution were identified asis-piceid (peak 2) andis-resveratrol were detected by ESI-MS in the negative ionization mode, which
(peak 4) by comparing their UV and mass spectrum to those of resulted in higher sensitivity and lower background noise than
trans-piceid andransresveratrol, respectively. These additional in positive mode, at the conditions reported in the Materials
peaks are drastically smaller than thos¢rahsresveratrol and and Methods that were optimized by flow injection analysis of
trans-piceid because of the molar adsorptivity of gigisomers standard solutions of the analytes at concentrations ranging
at 306 nm, which is about 3.4 times lower than that oftthas between 0.1 and 50 mg/L.

forms (24).

Table 2 reports them/zvalues of the major ions observed

For all analytes, peak identification was confirmed by carrying for each analyte at optimized values of applied voltages at the
out ESI-MS detection in the single-ion monitoring (SIM) mode three-stage high-frequency lens system (Q-array), which is
in conjunction with PDA detection, which resulted in the located in the area of the MS detector where pressure is
appearance of signals at/zvalues corresponding to the main relatively high immediately after ions have been introduced into
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Table 2. lons Observed in Negative ESI-MS for Standard and simultaneous analysis of resveratrol and its glycosilated
Polyphenols? forms, which in a previously proposed method (20) were
separately analyzed before and after enzymatic hydrolysis of
compound MW main ions observed samples, as currently reported in the literatut€-¢14). In
chlorogenic acid 354.31 353 addition, the employment of a narrow-bore column allows
caffeic acid 180.16 179 (135) working with samples of small size and operating at the low
ﬂm'c acid éigéi égg mobile phase flow rate requested by the ESI interface, which
trans-piceid 390.38 389 (227) has recently proven to be a powerful tool for the identification
trans-resveratrol 228.22 227 and characterization of stilbenes and flavonoids by online mass
quercetin 302.24 301 spectrometry detectior28, 28). The method was employed to
naringenin 212.25 21 examine the accumulation of stilbenes in fruits of tomato

kaempferol 286.24 2 ) o . .
AEMpIETo 8 8 genetically modified to synthesize stilbenes. The amounts of

cinnamic acid derivatives (chlorogenic acid, ferulic acid, caffeic
acid), flavonols (quercetin, rutin), and flavanones (naringenin)
present in the fruits of wild-type tomato were determined to
monitor any alteration in the levels of these metabolites as a
consequence of introducing a new branch along the flavonoid
pathway. The analysis was carried out on samples extracted from
the peel, and whole fruit was harvested at immature and mature
stages of ripening, and the results were compared with those

2 MW, molecular weight. lons of lower abundance are reported in parentheses.

vacuum and ion fragmentation may occur. It is observed that
with applied voltages of-70, —70, and—60 V at Q-array 1,

Q-array 2, and Q-array 3, respectively, ion fragmentation was
limited and almost all analytes produced mass spectra with the

base peak corresponding to the deprotonated speciesHiyt, determined in their wild-type counterpart
which is referred to as the molecular ion. '

Quantification of the identified analytes was performed by _ The separation of the components of the sample extracted
HPLC-PDA detection using the external standard method with from the peel of transgenic red tomato fruits obtained by HPLC-

six-point calibration graphs, which were constructed by plotting ES!"MS in negative full-scan mode is depicted by the total ion
concentration of the standard samples in mg/L as a function of current (TIC) chromatogram reported kigure 3. The identi-
peak area, detected at the wavelength corresponding to theirf'0at'.°” of the p.eaks detected un_der full-scan conditions was
maximum absorbance. Linear least-squares regression analysi@Ptained analyzing the extracted-ion chromatograms of the ion
was employed to calculate slope, intercept, and correlation CUrent atm/zvalues corresponding to the [M H] ™~ ions of
coefficient of the calibration graphs that are reportedale the individual investigated compounds (Skgble 2).

3. This table also reports for each analyte the limit of detection ~ Acquiring the extracted-ion chromatogram of the ion current
(LOD), determined from the amount of analytes required to give atm/z389, corresponding to the [M H]~ ion, evidenced the

a signal-to-noise ratio of 3, and the limit of quantification, Presence of two peaks at retention times of 14.2 and 17.6 min,

defined as the lowest concentration giving a signal-to-noise ratio attributable tdrans-andcis-piceid, the monoglycosylated form

of 10. of resveratrol (MW 390). The identity of these peaks was further
The repeatability and precision of the method was assessednvestigated by acquiring the extracted-ion chromatogram of

by analyzing 10 repeated times standard mixtures (30 mg/L eachthe ion current am/z 227, corresponding to the [M- H —

analyte) during the same day and over a period of a week. In 162]" ion resulting from the loss of a 162 mass fragment,

the latter case, the measured values, representing the means @duivalent to the hexose group of the glycosylateahs- and

five determinations per day and per analyte, were used for the Cis-resveratrol. These signals appeared in correspondence to the

evaluation of the overall between-day precision for the method. Peaks acquired by SIM detection mode of the ion current at

Data are reported imable 1, and the accuracy was assessed m/z 389, Confirming their attribution tdrans- and CiS-piCeid,

through quintuplicate analysis of samples containing known respectively, whose elution order was deduced by comparing
amounts of the detected ana]ytesl which resulted in relative their retention times with those of the authentic standiaas-

standard deviation (RSD) values lower than 5.0%. piceid, before and after UV irradiation at 366 nm, respectively.

Occurrence of Polyphenols in Transgenic Tomato Fruits. The extracted ion chromatogram of the ion currentrét
The developed RP-HPLC method, employing electrospray 227 showed the presence of another peak at retention time of
ionization (ESI) mass spectrometry (MS) to identify and PDA 19.8 min, which was attributed térans-resveratrol (MW
detection to quantify stilbenes and other occurring polyphenols 228.22). The SIM detection mode allowed the attribution of
in plant extracts, offers the advantage of allowing the direct the peaks at retention times of 6.9, 8.4, 14.5, 22.11, and 23.6

Table 3. Calibration Data, Wavelength of Detection, and Limits of Quantification (LOQ) and Detection (LOD) for the Selected Polyphenols

compound A (nm) linear range (mg/L) regression equation? correlation coefficient LOQ (uglL) LOD (uglL)
chlorogenic acid 320 0.31-500 y=10.39x+0.50 0.9992 196 70
caffeic acid 320 0.15-15 y=10.03x-0.22 0.9999 80 27
ferulic acid 320 0.22-45 y=19.10x—-0.36 0.9996 110 40
trans-piceid 285 0.3-600 y=0.54x+0.64 0.9998 105 45
rutin 370 0.25-200 y=23.02x-0.32 0.9974 165 55
cis-piceid 285 0.1-1.86 y=188x+0.14 0.9996 105 45
myricetin 370 0.5-50 y=0.59x-0.88 0.9973 420 180
trans-resveratrol 306 0.44-35 y=135x-0.34 0.9928 25 10
quercetin 370 0.35-35 y=06.64x—-0.84 0.9995 230 80
naringenin 280 0.44-350 y=4.10x-0.98 0.9977 145 50
kaempferol 370 0.5-50 y=0.60x-0.81 0.9986 410 175

@y expresses the detection response (peak area in arbitrary units) and x the concentration for polyphenols (in mg/L).
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Figure 3. HPLC-ESI-MS of the sample extracted from the peel of transgenic red tomato fruits: (A) total ion current chromatogram (TIC) acquired in
negative full-scan mode; (B) ion chromatograms extracted at m/z values corresponding to the [M — H]~ ion of each identified polyphenol. Column and
elution gradient program as in Figure 1; ESI-MS conditions as in Materials and Methods. Identification of peaks: 1, chlorogenic acid; 2, caffeic acid;
3, trans-piceid; 4, rutin; 5, cis-piceid; 6, frans-resveratrol; 7, naringenin; 8, kaempferol.

min as chlorogenic acid, caffeic acid, rutin, naringenin, and spectra acquired in the wavelength range comprised between
kaempferol, respectively. Peak retention times and-Wi¢ 210 and 600 nm with the photodiode array (PDA) detector were
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Table 4. Quantification of Polyphenols in Wild-Type and Transgenic Tomato Fruits

green fruit red fruit
whole peel whole peel

compound wild type transgenic wild type transgenic wild type transgenic wild type transgenic
chlorogenic acid 35.39 +£0.87 22.31+0.62 1.67 £0.04 10.41£0.57 19.71 £ 0.65 2.74 £0.57 nd 0.82+0.01
caffeic acid nd nd nd nd 0.17£0.01 nd 0.26 £0.01 0.58 £0.02
ferulic acid 1.16 £ 0.01 0.21£0.02 nd nd 0.19+£0.01 nd 1.21+0.01 0.91+0.01
rutin 11.43+0.19 3.55+0.09 30.0 £ 1.65 26.24 £1.43 4.36+0.12 3.27+£0.10 80.3 £ 2.86 39.13+0.93
quercetin 0.23+£0.01 1.05+0.04 nd nd nd nd nd nd
trans-piceid nd 21.52£0.15 nd 5425+ 1.21 nd 21.16 £2.57 nd 126.58 + 3.46
cis-piceid nd 2.26 £0.03 nd nd nd 0.52£0.01 nd nd
trans-resveratrol nd 0.79£0.01 nd nd nd 15.82 +0.58 nd 48.48 £ 0.99
cis-resveratrol nd 0.42 +0.02 nd 2.52 +£0.02 nd nd nd nd
naringenin 1.04 £0.03 0.38 £0.01 nd nd 23.92+234 8.42 £0.26 31.68 £0.38 13.2+£1.25

also employed to further confirm the peak identity attributed whole fruit as compared to the equivalent samples from the wild-
by HPLC-ESI-MS. type lines. The content of naringenin in peel and whole red
As expected, stilbenes were not detected in the extracts oftransgenic fruit was 13.2 and 8.42 mg per kg of fresh weight,
wild-type whole fruit and fruit peel, either at immature or at respectively, whereas in the controls the amount of naringenin
mature stages of ripening. The concentrations of stilbenes inwas 31.68 and 23.92 mg per kg of fresh weight, respectively.
the transgenic fruits as well as those of polyphenols in both The flavonol rutin, which is the glycosylated form of quercetin,
transgenic and wild-type fruits were determined by the HPLC- lowered the levels of accumulation in transgenic fruit to 39.13
PDA method described above. The results are reporté&dltite and 3.27 mg per kg fresh weight in the peel and whole fruit,
4 as mg/kg of fresh weightis-Piceid, which was detected in  respectively, from the content of 80.32 and 4.36 mg per kg fresh

the peel of transgenic red tomato fruits by ESI-MS (Begure weight that was determined in the equivalent samples of wild-
3), was not quantified in this sample because its amount wastype plants. In both wild-type and in transgenic fruit, quercetin
below the limit of quantification by PDA detection. was below the limit of detection, with the exception of samples

The results of these analysis revealed that the geneticextracted from the whole green fruit where this flavonol was
modification of the tomato plants originated different levels of 1.16 and 0.21 mg per kg fresh weight in wild-type and transgenic
accumulation of four stilbenes (i.drans- and cis-piceid and plants, respectively.
trans-andcisresveratrol) in their fruit depending on the stages  In conclusion, the results of this work demonstrate that RP-
of ripening and fruit samples (whole or peel). Both at immature HPLC utilizing a narrow-bore C18 columns and employing ESI-
and at mature stages of ripening, the stilbenes were preferentiallyMS and PDA detection for peak identification and quantification,
accumulated in the fruit peel and the highest amouritafs- respectively, allows the unambiguous recognition and reliable
piceid andtrans-resveratrol was found in the peel of fruits quantification oftrans- andcis-isomers of resveratrol and its
harvested at mature stage of ripening, being 126.58 and 48.48glycosylated form in the fruits of tomato plants overexpressing
mg per kg of fresh weight of fruit peel, respectively. The results a grape stilbene synthase gene. Our investigation indicates that
indicate that the novel antioxidant molecules preferentially the highest accumulation of stilbenes is located in the peel of
accumulate in the fruit peel and are stored in the glycosylated fruits harvested at mature stages of ripening and that stilbenes
form, according to Giovinazzo et al2@). In a recent paper  are preferentially stored in their glycosylated form. The differ-
reporting the results of a study on tomato genetically modified ences in the levels of rutin, naringenin, and chlorogenic acid
to synthesize stilbenes, Schijlen et @3] reported opposite  found in the samples extracted from the fruits of transgenic
conclusions regarding the relative amounts of aglycon and tomato plants, in comparison to those determined in the control
glycosilated resveratrol, without specifying which geometrical lines, seem to be related to the genetic transformation. On the
isomer (eithetrans or cis-form) was detected in the fruit peel.  other hand, the comparable levels of caffeic and ferulic acid

The quantification of polyphenols naturally occurring in determined in the fruits of both plants are indicative of a limited
tomato fruits revealed no appreciable differences in the con- effect on the biosynthesis of these metabolites. Therefore,
centrations of caffeic and ferulic acid in any sample extracted additional investigations need to be undertaken to elucidate the
from peel and whole fruit of either transgenic or wild-type influence of the overexpression of the grape stilbene synthase
tomato plant. The concentration of these polyphenols was nevergene on the flavonoid biosynthetic pathway.
greater than 1.21 mg per kg of fresh weight and in some samples
was below the limit of quantification. ACKNOWLEDGMENT
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