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Molecular Characterization of a Stable Antisense Chalcone
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An octaploid (Fragaria x ananassa cv. Calypso) genotype of strawberry was transformed with an
antisense chalcone synthase (CHS) gene construct using a ripening related CHS cDNA from Fragaria
x ananassa cv. Elsanta under the control of the constitutive CaMV 35S promoter via Agrobacterium
tumefaciens. Out of 25 transgenic lines, nine lines showed a reduction in CHS mRNA accumulation
of more than 50% as compared to the untransformed cv. Calypso control. The antisense CHS construct
was found to be integrated into the genome, with a copy number ranging from one to four. The
pigmentation of the fruit was only affected when less than 5% of the control CHS expression level
was detected. A stable antisense phenotype over a period of 4 years was obtained in the primary
transgenic lines at a rate of 1:20. As a consequence of the reduced activity of CHS, the levels of
anthocyanins, flavonols, and proanthocyanidins were downregulated and precursors of the flavonoid
pathway were shunted to the phenylpropanoid pathway leading to highly increased levels of cinnamoyl
glucose (520% of control), caffeoyl glucose (816% of control), and feruloyl glucose (1092% of control)
as well as p-coumaryl alcohol (363% of control) and p-coumaryl-1-acetate (1079% of control), which
occur only as trace components in untransformed control fruits. These results demonstrate that the
introduction of an antisense CHS construct in strawberry results in an unpredictable biochemical
phenotype, thereby confirming that CHS function is an important regulatory point of substrate flow
between the flavonoid and the phenylpropanoid pathways.
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INTRODUCTION and cyanidin-3-glucoside-succinate have also been detetited (

3) (Figure 1). These pigments belong to the flavonoids, a diverse

Rosoideae, tribe Potentilleae) in the gefuagaria. The four ~ [amily of secondary metabolites, which includes six major
basic fertility groups irFragaria are divided according to their ~ SuPgroups found in most higher plants: chalcones, flavones,
ploidy level or chromosome numbéfragaria vescais the most flavonols, flavandiols, anthocyanins, and condensed tannins (or

common native species, which contains 14 chromosomes andProanthocyanidins). A seventh group, the aurones, is widespread
is diploid (1). The cultivated varieties of commercial strawber- but not ubiquitous. In addition to playing key roles in pigmenta-

Strawberry belongs to the rose famiRR@saceae, subfamily

ries usually recognized &agaria x ananassare almost all tion in flowers, fruits, seeds, and leaves, flavonoids function in

octaploids, containing 56 chromosomes. signaling between plants and microbes, in male fertility, in stress
Strawberry is an important nonclimacteric soft fruit and is responses, in defense, and in UV protectidns).

cultivated almost worldwide. Key fruit quality factors are taste, In strawberry, cDNA microarray analyses and metabolome

odor, textural properties, and color. The major pigments detectedprofiling of fruit developmental stages using Fourier transform
in strawberry are the anthocyanins pelargonidin-3-glucoside jon cyclotron mass spectrometry allowed the respective detection
(purple) and cyanidin-3-glucoside (red) although minor amounts of ripening related genes and metabolitgs7). In early stages

of pelargonidin-3-rutinoside, pelargonidin-3-glucoside-succinate, of fruit development, strawberry fruits accumulate relatively
large quantities of tannins (proanthocyanidins) and putative

31;T|(:) Wh_c")_rggc:(g;gelsé)fra%nggghguld t_)le adgresggi.:Fégt(0)8é61-548- phenolic acids such as ellagic, hydroxybenzoic, vanillic, and
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*Plant Research International. of fruits, various types of phenolic and aromatic components

10.1021/jf052574z CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/01/2006



2146  J. Agric. Food Chem., Vol. 54, No. 6, 2006 Lunkenbein et al.
NH,

@CHz—éH—COOH

Phenylalanine

lpAL Benzoic acid
@CH=CH—COOH Cinnamoyl glucose
Cinnamic acid
l C4H
HOOCHZCH—COOH p-Coumaroyl glucose
p-Coumaric acid p-Coumaryl glucoside
Caffeoyl glucose
l4CL Feruloyl glucose
HOOCH:CH—CO-SCOA p-Hydroxybenzaldehyde
p-Coumaroyl CoA p-Hydroxybenzoyl glucose
Flavonoid * \ Phenylpropanoid
H H R
pathway © CHS - cC pathway
HO HO@—CHzCH—CHo

p-Coumaryl aldehyde

OH & Naringenin chalcone lCAD
HR OH
Isoflavonoids LR lCHl HOOCHZCH-CH OH
HO o z

p-Coumaryl alcohol

SAAT?
H Naringenin flavanone \
CH O HOOCHZCH—CHZ—O—COCHg
l F3H p-Coumaryl-1-acetate

Dihydrokaempferol Lignin precursor
Flavonols: Anthocyanins:
Kaempferol glucuronide Pelargonidin-3-glucoside
Kaempferol glucoside Pelargonidin-3-glucoside-malonate
Quercetin glucuronide Pelargonidin-3-glucoside-succinate
Quercetin glucoside Pelargonidin-3-rutenoside

Cyanidin-3-glucoside
Cyanidin-3-glucoside-succinate
Cyanidin

Proanthocyanidins:

(Epi)catechin-(epi)catechin

(Epi)afzelechin-(epi)catechin

(Epi)afzelechin-pelargonidin 3-glucoside
Figure 1. Biosynthetic pathway leading to flavonols, proanthocyanidins, anthocyanins, isoflavonoids, phenylpropanoyl esters, p-coumaryl alcohol, and
p-coumaryl-1-acetate. PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, p-coumarate ligase; CHS, chalcone synthase; CHI,
chalcone isomerase; CHR, chalcone reductase; F3H, flavonone 3-hydroxylase; CCR, coumaroyl CoA reductase; CAD, p-coumaryl aldehyde dehydrogenase;
SAAT, strawberry alcohol acyl CoA transferase.

were observed, including conjugates with cinnamic acid and Chalcone synthase, or naringenin CHS, catalyzes the forma-
its derivativesp-coumarate, caffeate, ferulate, hydroxyferulate, tion of naringenin, the precursor for several flavonoids derived
and sinapatef). Among the flavonoids detected in strawberry from malonyl-CoA andp-coumaroyl-CoA, and is thus a key
fruits are the flavonols dihydrokaempferol, dihydroquercetin, enzyme in the biosynthesis of flavonoids (Figure 1). CHS is a
kaempferol glucoside, and quercetin glucoside and the antho-typical homodimeric plant polyketide synthase with two subunits
cyanins leucocyanidin, pelargonidin-3-glucoside, pelargonidin, of about 43 kDa 22, 23). Because the CHS froMedicago
and cyanidin glucoside (@, 9). sativawas first crystallized for X-ray diffraction analysi&3),
Strawberry is an economically important crop but displays the evidence that CHS is closely related to other plant-specific
only a short postharvest shelf life due to its rapid softening. In polyketide synthases, including stilbene syntha2é—26),
addition to breeding, genetic engineering constitutes a suitableacridone synthas@{), and 2-pyrone synthase, is accumulating
new tool for improvements to the fruit. The genetic transforma- (28). CHS function is regarded as a regulatory focal point of
tions of the cultivated strawberrf(agaria x ananassauch.) substrate flow between the flavonoid pathway and the other
and wild strawberry K. vesca) have already been reported. competing directions of the phenylpropanoid pathway, leading
Although they are considered to be relatively amenable to to a diversity of phenolic compounds such as lignins and
transformation usinghgrobacterium(10—15), transformation ~ phytoalexins (4,29, 30). Genes encoding CHS constitute a
frequencies are greatly influenced by the cultivar and the multigene family in which the copy number varies among plant
procedure used (18,7). The technique is being used success- species and functional divergence appears to have occurred
fully to genetically engineer virus resistancd8). Other  repeatedly (31—33). The expression of @EIS gene in fruit
candidate traits for transformation include glyphosate resistance,tissue is developmentally regulated and associated with fruit
broad spectrum fungal resistance through the use of the stilbenecoloring as shown irRubus(34), apple (35), bilberry (36),
synthase gene and genes for systemic acquired resistancegrapevine (37), and strawberry (38).
nematode resistance through the use of transgenes producing Reduction of the CHS function using antisense technology
protease inhibitors, and the manipulation of fruit softening by has mainly been used to change flower pigmentation (39—41),
the antisense expression of a pectate lyase gehed1). although reduction of flower opening and alterations in flower
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form have occasionally been observetD), AntisenseCHS
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PRI cDNA clone C78 coding for CHS was used as a probe for RNA

transgenic plants have also been associated with abnormal pollergel blot analysis. Two strawberry cDNA sequences coding for a

development in rice41l), enhanced adventitious root formation
in walnut microcuttings42), and increases in tannin accumula-
tion and mean vestitol levels in glutathione-elicited root cultures
of Lotus corniculatug43). The phenomenon of the cosuppres-

sion of homologous genes was first described in petunias where; |

the introduction of an addition&HSgene resulted unexpectedly
in plants with totally white flowers44—46). However, effects
of CHS down-regulation on the levels of plant secondary

ribosomal protein and a DNA binding protein were used as internal
loading controls. The expression level quantification was determined
relative to a loading control using the same RNA gel blot (after stripping
off the first probe) for both probes.

DNA Gel Blot Analysis. Genomic DNA was isolated from young

ded leaves harvested from greenhouse plants according to the method
described by Doyle and Doyle54) but with 1% (w/v) poly-
(vinylpyrrolidone)-10 in the DNA extraction buffer. The DNA of
untransformed control plants and of plants transformed withH&

metabolites other than flavonoids have not been reported, andantisense construct was digested with EcoRI and Ncol. Following

no studies onCHS antisense phenotypes in fruit have been
published until now.

Antisense technology has been used previously for the
improvement of fruit quality traits in tomatct{, 48) melon
(49), and strawberry (21), among others. With respect to the
improvement of crop traits, the phenotypic stability of antisense

electrophoresis on a 0.8% agarose gel, the DNA was transferred to a

Hybond-N membrane (Amersham) and hybridized witffR]flabeled

nptll DNA fragment. Polymerase chain reaction primers used to

generate this 685 bp nptll fragment were prat69 nptl)(tgggcacaa-

cagacaatcggctgce, and prat70 nptll (=), tgcgaatcgggagcggcgatacc.
Total Flavonol Content. Flavonols were measured in ripe fruits

harvested from line 20, an untransformed control plant, and a transgenic

phenotypes is of crucial importance. In the present study, the control harboring an unrelated construct. Fruits were frozen in liquid

ability of antisense technology to produce phenotypically stable
gene silencing in octaploifiragaria x ananassavas demon-
strated using the strawber@HS gene. The effect of the
reduction in CHS function on the level of anthocyanins,
flavonols, proanthocyanidins (all downstream of CHS), and
phenylpropanoids (upstream of CHS) in ripe strawberry fruit
was measured, providing for the first time detailed knowledge
of the role of CHS in substrate flow between the flavonoid and
the phenylpropanoid pathway in strawberry.

MATERIALS AND METHODS

Plant Material. The octaploid strawberr§ragaria x ananassa
cultivar Calypso was used for transformation. Fruits used for genetic

nitrogen and ground to a fine powder. Hydrolyzed extracts were
prepared essentially according to Hertog et 8b)( by adding 1 mL

of 100% methanol [high-performance liquid chromatography (HPLC)
grade] and 0.4 mL of 6 M HCI to 0.6 g fresh weight of frozen fruit
powder. After incubation at 90C for 1 h, extracts were diluted with

2 mL of 100% methanol and sonicated for 5 min. Nonhydrolyzed
extracts of line 17, line 20, and a control sample were prepared by
adding 1.5 mL of 100% methanol to 0.5 g of ground frozen tissue,
followed by sonication for 15 min. Samples were centrifuged at 2500
rpm for 5-10 min, and the supernatants were filtered (%). Analysis
was carried out using a W600 Waters system using a Lypadlumn
(150 mmx 4.6 mm, 3um; Phenomenex, United States) heated to 40
°C. A 5-50% acetonitrile gradient in 0.1% trifluoroacetic acid (1 mL
min~! flow rate) was used for separation. Samples were monitored
continuously from 240 to 600 nm by a Waters 996 PDA detector. Data

and molecular analyses were labeled with an adhesive tape just as theyyere analyzed using Waters Millenié#software. Absorbance spectra
entered the turning stage and were harvested simultaneously in the ripegng retention times of eluting peaks were compared with those of

stage.

Chemicals.Except where noted, all chemicals, salts, solvents, and
phenolic compounds were purchased from Sigma (Deisenhofen,
Germany), Aldrich (Deisenhofen, Germany), Fluka (Deisenhofen,
Germany), and Roth (Karlsruhe, Germany).

CHS Sequence and Antisense FragmentThe cDNAs with
sequence homology t6HS were identified by sequencing a cDNA
library of ripe strawberry fruit Fragaria x ananassacv. Elsanta),
consisting of 1701 cloneg). Using the primers P8, 5catg(ccatgg)-
catggcaccttcact-3', and M8,’-8g(ggatcc)aactticgggca-3', a 440 bp
fragment was amplified from thé-&end of cDNA (PRI clone C78) for

antisense inhibition. The fragment was cloned in the antisense orienta-

tion between the constitutively expressed double CaMV 35S promoter

commercially available flavonoid standards (Sigma and Apin Chemi-
cals, United Kingdom).

Identification of Metabolites—XAD Solid Phase Extraction of
Strawberry Fruit. Amberlite XAD-2 polymeric adsorbent (2660
mesh; Aldrich) used to fill a glass column (50 cm 2.5 cm) was
washed with methanol (100 mL) and conditioned with distilled water
(200 mL). For the analysis of volatile and glycosidically bound
compounds in strawberry fruits, 2 g dfozen ripe material was
homogenized with 20 mL of water using an Ultra Turrax (T18 basic,
IKA Works Inc., Wilmington, NC) and centrifuged (35010 min).
The supernatant was loaded onto the XAD column, and the solid residue
was re-extracted twice. After the column was rinsed with 100 mL of
distilled water, volatiles were eluted with 50 mL of diethyl ether

and the Tnos terminator. Next, the expression cassette was cloned intdollowed by a glycoside elution with 80 mL of methanol. The water

the binary vector pBinplus (50) using the restriction enzymes Pacl and
Ascl to generate th€HS antisense construct (CHSas).
Transformation of Strawberry. The strawberry cultivar Calypso
was transformed with aAgrobacterium tumefaciersdrain AGLO 61)
containing the CHS antisense construct in pBinplus. The plant
transformation was performed according to Schaart €b3). Twenty-

phase from the diethyl ether extract was added to the methanolic extract,
which was concentrated in vacuo to ca. 1 mL and used directly for
liquid chromatography—ultraviolet—electrospray ionization—tandem
mass spectrometry (LC-UV-ESI-Manalysis. The diethyl ether extract
was dried over anhydrous sodium sulfate, concentrated using a Vigreux
column to ca. 1 mL, and pipetted into a gas chromatography (GC)

five transgenic kanamycin resistant lines harboring the CHS antisensevial, and the residual organic solvent was removed with a stream of
construct were transferred to the greenhouse. Primary transgenic plantsitrogen until the volume reached ca. g0. For GC quantification,

were kept in the greenhouse at 2@ daily temperature and 18C
night temperature with a day length of 16 h.

RNA Gel Blot Analysis. For RNA gel blot analysis, the total RNA
was isolated from fruit tissue according to Schulz et%8)( Six to 10
ug of glyoxal (1.5 M)-denatured total RNA were electrophoresed and
transferred to a Hybond N membrane (Amersham). Probes for
hybridization probes were radioactively labeled wittP[ATP labeled
via random prime labeling (Random Prime Labeling kit, Gibco). For

phenol (0.1 mg mt!) was added as an internal standard. Cinnamoyl
glucose was synthesized according to Plusquellec eb@). (
LC-UV-ESI-MS". The system used for LC-UV-ESI-M&nalysis
was a Bruker esquire 3000 plus mass spectrometer, equipped with an
Agilent 1100 HPLC system, composed of an Agilent 1100 quaternary
pump and an Agilent 1100 variable wavelength detector. The column
was a Eurospher C18 column, with particle sizens, 10 cmx 2 mm
(Grom Analytik & HPLC GmbH, Rottenburg, Germany). The ionization

guantification, RNA gel blots were exposed to a phosphorimager screenparameters were as follows. The voltage of the capillary was 3074 V,

and subsequently scanned into a Bioimager device (Fujix BAS2000).

and the end plate was set #6600 V. The capillary exit was-109.8

Next, the signals were measured as photosimulated luminescence (ODV, and the Octopole RF amplitude was 120 Vpp. The temperature of

per mn?) using TINA software (Raytest, Straubenhardt, Germany). The

the dry gas () was 300°C at a flow of 10 L min*. The full scan
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mass spectra of the glycosides were measured fnazrt 50 to 500 or 5

800 until the ICC target reached 20000 or 200 ms, whichever was 45 ] -200

reached first. Tandem mass spectrometry was performed using helium g 4 .

as the collision gas, and the collision energy was set at 1.00 V. Mass 3 35 1150

spectra were acquired in the negative and positive ionization mode. & 3

Autotandem mass spectrometry was used to break down the most & 2.5 U100 %

abundant [M+ H] T, [M — H]~, or [M + HCOOY ions of the different g2 -

compounds of the strawberry extracts. Identification of the glycosylated o 15 | 5

compounds was achieved using enzymatically produced reference & !

compounds. The LC parameters went from 0% acetonitrile and 100% 05__..'....' HHH 0
0 L

water (acidified with 0.05% formic acid) to 50% acetonitrile and 50%
acidic water in 50 min, then in 20 min to 100% acetonitrile, where
they were kept for 10 min before returning to 100% water and 0%

o~ No o~ oo o o

0 - Q
N~ NNTM~O—N—MOONT — -
22 O

Ctr3

Ctr1

lines

acetonitrile in 5 min at a flow rate of 0.200 mL. The detection
wavelength was 280 nm.
Capillary GC-MS. GC-MS analysis was performed with a Thermo

Figure 2. Relative CHS expression level in ripe fruit samples of transgenic
lines (numbers) and three untransformed control lines (Ctr). Black bars
represent a group of transgenic lines with a significantly reduced expression

Finnigan Trace DSQ mass spectrometer coupled to a Thermo Finniganlevel of CHS relative to a ribosomal probe (group 1, n = 10, average =
Trace GC with a split injector (1:20) equipped with Xcalibur software .56, and SD = 0.30), and white bars show a second group of control
(version 1.4). The GC was fitted with a BPX5 20 M fused silica pjants and transgenic plants with unaltered relative CHS expression levels

capillary column (30 mx 0.25 mm inner diameter; thickness of the
film, 0.25um). The GC parameters were as follows: initial temperature
of 40 °C for 3 min, increased to 25T at 5°C min ! intervals. The
helium gas flow rate was 3 mL mik. The EI-MS ionization voltage
was 70 eV (electron impact ionization), and the ion source and interface
temperatures were kept at 230 and 240 respectively. Compounds
were identified by comparing their mass spectra and retention indices
to the NIST mass spectra library and reference compounds. Statistical
analyses of differences between the mean metabolite levels of individual
plants were performed using a one-way analysis of variance. Significant
differences between groups were determinetH®gt using SigmaPlot

8.0 at a level ofp < 0.01.

Quantification via LC-UV-ESI-MS ". Metabolite levels in individual
fruits harvested from the transgenic line 20 were independently
determined. Control fruits from several untransformed Calypso plants
were individually analyzed throughout the course of the experiment.
Each purified sample was measured once with LC-UV-ESREMS
Signals of the individual compounds were integrated in theirfM
H]*, [M + NaJ*, [M — H]~, or [M + HCOOJ ion traces. Mean values
of the signal intensities of the controls were set at 100%. Levels of the
metabolites in fruits of transgenic line 20 were calculated as percent
of the signal intensities in the controls.

Synthesis of the Reference Compoung-Coumaryl-1-acetate.
para-Coumaryl alcohol (Chempur, Karlsruhe, Germany) (0.01 mmol)
was peracetylated with acetanhydride (1 mg) and pyridine (50 mg) for
24 h at ambient temperature. After the addition of water (2 mL) and
diethyl ether (1 mL) pyridine was removed from the organic phase by
successive extractions X3 with saturated CuS©Osolution (1 mL).
Crude p-coumaryl diacetate was recovered after evaporation of the
diethyl ether. Regioselective hydrolysis of the diacetate was peformed
according to Allevi et al. §7). Briefly, the diacetate (0.01 mmol)
dissolved in acetone (44L) was added to phosphate buffer (200;
pH 7) containing a lipase preparation fré?seudomonas cepaci@he
resulting suspension was shaken at’25and monitored by GC-MS.
After consumption of the starting diacetate, the reaction was quenched
by adding ethyl acetate and the resulting mixture was filtered through

silica gel. The organic layer was separated and dried, and the solvent

removed in vacuo.

RESULTS

Sequence Analysis of CHS Genes from Strawberry.
Several partial cDNA clones (PRI clone A135, C78, G110,
G157, and G137) with homology t6HS were identified in a
cDNA library of ripe strawberry fruit §8), and it was shown
that strawberryCHS (A1795154) was expressed during the

ranging from 1.29 to 4.67 (group 2, n = 15, average = 2.5, and SD =
1.12). The 100% value represents the median of group 2. Group 1 of
transgenic lines differed significantly from group 2 in a ttest (P =
7.9E-0.6).

amino acid level, homology witR. hybrida(BAC66467) and
with R. idaeugAAM90652) was 96%.

Expression Analysis and CHS Phenotype of Transgenic
Plants. Antisense suppression is a commonly available method
to obtain down-regulation of specific endogenous plant genes.
To test the effectiveness of the antisense technology in
strawberry, we transformed the octapléichgaria x ananassa
cv. Calypso with &CHSantisense construct and 25 kanamycin
resistant lines were transferred to the greenhouse.

The cultivar used for transformation, cv. Calypso, is vegeta-
tively propagated and produces fruits the whole year around.
This enables the continuous analysis of primary transgenics to
select chimeric plants and somaclonal variants. The 25 primary
transgenic lines were monitored f@HStranscript abundance
in ripe fruits and for a CHS deficiency phenotype.

The relativeCHStranscription level among lines varied from
0.05 to 4.67 as compared with the loading contfaggre 2).
Most plants, including the untransformed controls, ranged in
expression level from 1.29 to 4.67 (white bars). A group of
nine transgenic lines (black bars) showed a relat®dS
expression level of less than Eigure 2); that is, the expression
levels of these nine lines were reduced to 43% or less of the
control level. Two clones of the same line (line 18) showed
similar expression levels suggesting that the antisense effect is
transferred via clonal reproduction (Figure 2).

Southern analysis was performed on several lines to determine
the number of transgene copies integrated into the genome. The
hybridization patterns obtained using the nptll coding region
as a probe indicated that in six of the lines (1, 4, 12, 17, 18,
and 20), three, one, four, four, three, and three copies were
present (Figure 3).

The pigmentation of the fruit was only affected in plants
where less than 25% of the cont@HSmMRNA level remained
(lines 17, 18 and 20). A chimeric phenotype for pigmentation
was observed in line 18 that showed a reductio@HSEmMRNA
accumulation to 2324% of the control levelRigure 4A). Pink
ripe fruits were observed in line 17 and line 20, both of which

ripening process with a peak in expression at the turning stagecontained only 4 and 2% of tt@HSmRNA amount found in

of fruit ripening, the stage in which the red fruit color starts to
develop 67). The highest nucleotide homology was found with
CHSfrom Rosa hybridggi, 29420432; 90% identity) and with
CHS6 fromRubus idaeuggi, 22086371; 88% identity). At the

the controls Figure 4B,C). In lines 17 and 20, the effect on

pigmentation was present in all fruits. After 1 year, the effect
of CHSantisense inhibition on pigmentation disappeared in the
primary transgenic line 17. A stable effect on the phenotype



Antisense Chalcone Synthase Phenotype J. Agric. Food Chem., Vol. 54, No. 6, 2006 2149

et dalh
o oD

E - 1.89

>2049 bp EcoRl1

«—=1332bp Neol 1299 b Neol |

NEol EcoRI Ncol

e T '_’_‘b T - T i
LB — RB
Pnos nptll Tnos TnosCHSa' Pd35S

Figure 3. Southern analysis of DNA of six transgenic lines (line 1, 4, 12,
17, 18, and 20) and an untransformed Calypso control (C) digested with
Ncol and EcoRl, using a nptll fragment as a probe. The fragment between
the right border (RB) and the left border (LB) of the binary vector (pBinplus)
is integrated into the genome. Digestion with Ncol generates a hybridizing
fragment that is internal to the borders (1899 bp) and a border fragment
that is determined in size by the place of insertion in the genome. Only
the EcoRI enzyme digestion generates such a border fragment.

over a period of 4 years was thus only observed in line 20
(primary transgenic line), returning a frequency of 1:20 for a
stable antisense phenotype. Fruit firmness was not measured,
but the rate of ripening and fruit size appeared to be normal,
and also, the germination of seed was unaffected.

Chemical Analysis.The first committed step in the flavonoid
biosynthesis is catalyzed by CHS, which produces naringenin
chalcone by the condensation of three molecules of malonyl-
CoA and one molecule of 4-coumaroyl-CoA. In this way, the
CHS catalysis represents a branching point in the phenyl-
propanoid metabolism leading to flavonoids (flavonols, antho-
cyanins, and proanthocyanidingligure 1), and when coacting o, TN
with chalcone reductase (CHR), to isoflavonoids (not detected Figure 4. Phenotypes of CHS antisense lines. A chimeric phenotype of
in strawberry). line 18 with pink sectors (A). Orange to pink fruit of line 20 (B). The

In strawberry fruits, kaempferol is the main flavonsj. bright red fruit color of the untransformed cv. Calypso control plants (C).
HPLC-UV analyses of hydrolyzed extracts showed that this was
also the case in our cultivar (4.7 mg/kg fresh weight quercetin; with a 10-fold higher abundance in antisense fruits than in
7.3 mg/kg fresh weight kaempferol). The reduction @fiS control fruits. On the basis of its fragmentation pattern in the
MRNA accumulation in th&€HSantisense line 20 resulted in  mass spectrum, we identified this substance@-asumaryl-1-
levels of the kaempferol (3.4 mg/kg) and quercetin (3.4 acetate. The structure was confirmed by comparing the chro-
mg/kg) being reduced by approximately half. The main antho- matographic and mass spectral data with those of a synthesized
cyanin detected in strawberry by HPLC-UV, pelargonidin-3- reference compound (Figure 6).
glucoside, was more strongly affected by the reductioBH8 We also analyzed the individual major flavonols, antho-
mRNA accumulation. The remaining anthocyanin content of cyanins, and proanthocyanidins in control fruits and fruits of
the stableCHS antisense phenotype (line 20) was limited t0 |ine 20 by LC-UV-ESI-MS (2, 8) (Table 1). Levels of all
8%, with the pink fruit color reflecting the residual CHS activity.  flayonols, proanthocyanidins, and anthocyanins in line 20 fruits
In the unstable€HSantisense phenotype (line 17), the residual \ere lower than in controls (<100% of control), whereas
CHS activity led to a 13% reduction in anthocyanin content. gycose esters gf-coumaric, cinnamic, caffeic, and ferulic acids

To perform a more detailed analysis of the levels of plant as well ag»-coumaryl glucoside were significantly higher100

secondary metabolites, a XAD solid phase extraction was o of control). However, the concentrationphydroxybenzoyl
performed with fruits of transgenic line 20 and of control plants. gjycose was slightly lower in thE€HS antisense fruit.

GC-MS analysis of the obtained extracts showed that the
concentrations of a number of volatiles produced by the
transgenic fruits were not significantly different than the levels
in control fruits §igure 5). However, significantly lower For the first time, we have demonstrated the transformation
amounts of methyl nicotinate as well as higher levels of of the octaploid strawberry with an antisel@dSgene construct

p-coumaryl alcohol, benzoic acid, apehydroxybenzaldehyde  using a ripening-relate@HScDNA from Fragaria x ananassa

were produced by fruits of line 20, and one compound occurred cv. Elsanta under the control of the constitutive CaMV 35S

DISCUSSION
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Figure 5. Quantitative GC-MS analysis of volatiles obtained from fruit of
CHS antisense line 20 (black bars) and untransformed cv. Calypso control
plants (white bars). Asterisks (*) indicate that the data are significantly
different from the data of control (CC) fruit (p < 0.01). HDMF, 4-hydroxy-
2,5-dimethyl-3(2H)-furanone; DMMF, 2,5-dimethyl-4-methoxy-3(2H)-fura-
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Figure 6. Electron impact mass spectrum of a compound formed
predominantly in fruit of CHS transgenic line 20 (a) and mass spectrum
of the synthesized p-coumaryl-1-acetate (b).
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promoter and the Tnos terminator iatumefaciensVe tested
the stability of the transformation by monitoring the changes
in the levels ofCHStranscripts, which can easily be detected
phenotypically by the loss of pigment89, 59, 60). Similar

Lunkenbein et al.

Table 1. HPLC-UV-ESI-MS" Analysis of Ripe Fruit Samples?

retention % of

time (min) control refs
pelargonidin-3-rutenoside 21.0 0.1 69, 70
pelargonidin-3-glucoside-malonate 246 6.1 69, 70
pelargonidin-3-glucoside 20.7 7.5 69-71
cyanidin-3-glucoside 19.5 13.9 69, 70
cyanidin 442 17.8 69
(epi)afzelechin-pelargonidin-3-glucoside 19.6 2.2 71
(epi)catechin-(epi)catechin (isomer 1) 19.9 85 72
(epi)afzelechin-(epi)catechin (isomer 1) 221 9.9 72
(epi)catechin-(epi)catechin (isomer 2) 20.7 14.0 72
(epi)afzelechin-(epi)catechin (isomer 2) 236 255 72
kaempferol-glucuronide 327 10.2 3
kaempferol-glucoside 316 376 3
quercetin-glucoside 295 55.0 3 69
quercetin-glucuronide 30.8 58.8 369
4-hydroxybenzoyl glucose 16.6 40.4 73
p-coumaroyl glucose 216 1735 69
p-coumaryl glucoside 222 218.3 69
cinnamoyl glucose 29.7 519.6 74
caffeoyl glucose 18.9 815.9 69
feruloyl glucose 22.7 1092.4 69

@ Metabolites were determined in three single fruits from untransformed control
plants and three single fruits from transgenic line 20. Standard deviations of the
detector responses for the metabolites ranged from 5 to 50% in the controls and
from 1 to 15% in the transgenic fruits. Levels in the transgenic fruits were calculated
and expressed as percent of the concentration in untransformed cv. Calypso control
lines.

cell suspension cultures, where CHS activity correlates with
anthocyanin synthesi$1, 62), and in fruit, where anthocyanin
biosynthetic genes are coordinately expressed during coloration
(35, 36).

Nine out of 25 primary transgenic lines of the octaploid
strawberry contained significantly reduced levels ©HS
transcript, ranging from 43 to only 2% of the untransformed
control level of CHS transcript in the most severe case (line
20). AlthoughCHS mRNA was successfully down-regulated
in the regenerated plants, complete suppression of anthocyanin
biosynthesis was not achieved. It is assumed that either the
residual activity of CHS or the additional isoenzymes, which
have been recently described, are responsible for this observation
(31,63). However, isoenzymes of CHS have not been analyzed
and the expression levels have not been determined up to now.

We observed two types of pigment changes, namely, a
chimeric phenotype witlCHStranscript levels of 2£24% of
control (line 18) and pink fruits wittCHSmRNA amounts of
only 2—4% of controls (line 17 and line 20). These lines 18,
17, and 20 contained three, four, and three transgene copies,
respectively. Thus, the transgene copy number does not correlate
with the level of expression or phenotype. Assuming stable
integration of the antisens€HS genes in each line, this
difference in pigmentation indicates that the integrated antisense
CHSgene(s) are expressed in fundamentally different ways. This
may be due to the position effect where bordering sequences
have the potential to influence gene expression in a qualitative
way like affecting spatial distribution of gene expression
(39, 59). A stable effect on the phenotype over a period of 4
years of vegetative maintenance was only observed in line 20.

Strongly reduced levels @HStranscripts led to the depletion
of anthocyanins, flavonols, and proanthocyanidins, but the pools
were affected differently Table 1). The pathways probably
compete for the substrate dihydrokaempferol, a downstream
metabolite of naringenin. Therefore, the effect on the product
ratios depends on the kinetics, intracellular localization, and

phenotypic effects have been previously reported in strawberry organization of the involved enzyme$)( Levels of anthocya-
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nins were much more down-regulated in line 20 than those of
the proanthocyanidins or flavonols. Some of the metabolites
recently observed in strawberry fruit, like pelargonidin-3-
glucoside-succinate, could not be detected in the cv. Calypso,
indicating the cultivar-dependent occurrence of some com-
pounds.

In addition, the careful characterization of the metabolites of
transgenic line 20, the stable phenotype, showed that con-
comitant with the depletion of the flavonoids, anthocyanins, and
proanthocyanidins was the accumulation of metabolites of the
phenylpropanoid pathway, specificallp-coumaryl alcohol,
which increased by a factor of 3.6, apecoumaryl-1-acetate,
which increased by a factor of 10.@-iure 5). These
compounds are putative precursors of lignin biosynthesis and
have never before been detected in strawbef¥).( The
nonfunctional CHS reduces the flux toward the production of
anthocyanins, proanthocyanidins, and flavonols, making inter-
mediates available for the phenylpropanoid pathway (Figure
1). Recently, a similar result was obtained by antisense
suppression of the flavanone 3-hydroxylat&hj (65). Trans-
genic antif3h flowers showed dramatically reduced anthocyanin
levels and were significantly more fragrant than controls.

Analyses of fragrance compounds in these transgenic plants

revealed 5—7-fold increases in levels of the phenylpropanoids

methyl benzoate and 2-hydroxy methyl benzoate, as compared

to controls.

In our experiments, the amounts pfcoumaroyl glucose,
p-coumaryl glucoside, cinnamoyl glucose, caffeoyl glucose, and
feruoyl glucose were also increased confirming the shunting of
the intermediates to the phenylpropanoids. In maize, the
accumulation of maysin, a C-glycosyl flavone and an important
component of corn earworm (Helicoverpa zBaddie) resis-
tance, correlates with the activity of functional CHS, whereas
a lack of CHS increases chlorogenic acid, a product of the
phenylpropanoid pathway0). In our study, only the concentra-
tion of p-hydroxybenzoyl glucose, a putative descendant of the
phenylpropanoid pathway, was slightly reduced.

A cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol
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(2) Hong, V.; Wrolstad, R. E. Use of HPLC separation/photodiode
array detection for characterization of anthocyanihsAgric.
Food Chem1990,38, 708—715.

(3) Wang, S.; Zheng, W. Effect of plant growth temperature on
antioxidant capacity in strawberry. Agric. Food Chem2001,

49, 4977—4982.

(4) Winkel-Shirley, B. Flavonoid biosynthesis. A colourful model
for genetics, biochemistry, cell biology, and biotechnoldgjgant
Physiol.2001,126, 485—493.

(5) Coberly, L. C.; Rausher, M. D. Analysis of a chalcone synthase

mutant in [pomoea purpureareveals a novel function for

flavonoids: Amelioration of heat stresslol. Ecol. 2003,12,

1113-1124.

Aharoni, A.; De Vos, C. H. R.; Verhoeven, H. A.; Maliepaard,

C. A; Kruppa, G.; Bino, R.; Goodenowe, D. B. Nontargeted

metabolome analysis by use of Fourier transform ion cyclotron

mass spectrometrfOMICS: J. Integr. Biol.2002b, 6, 217—

234.

Aharoni, A.; O’Connell, A. P. Gene expression analysis of

strawberry achene and receptacle maturation using DNA

microarrays.J. Exp. Bot.2002,53, 2073—2087.

Hakkinen, S.; Heinonen, M.; Kdrenlampi, S.; Mykkanen, H.;

Ruuskanen, J.; Térronen, R. Screening of selected flavonoids

and phenolic acids in 19 berrigsood Res. Int1999,32, 345—

353.

(9) Perkins-Veazie, P. Growth and ripening of strawberry fruit.
Hortic. Re».1995,17, 267—297.

(10) El Mansouri, I.; Mercado, J. A.; Valpuesta, V.; Lopez-Aranda,
J. M.; Pliego-Alfaro, F.; Quesada, M. A. Shoot regeneration and
Agrobacterium-mediated transformation efagaria vescal.
Plant Cell Rep.1996,15, 642—646.

(11) Barcel6, M.; EI-Mansouri, |.; Mercado, J. A.; Quesada, M. A;;
Alfaro, F. P. Regeneration and transformationAgrobacterium
tumefaciensof the strawberry cultivar ChandleRlant Cell,
Tissue Organ Cult1998,54, 29-36.

(12) Haymes, K. M.; Davi, T. MAgrobacterium-mediated transfor-
mation of “Alpine” Fragaria vesca, and transmission of trans-
genes to R1 progenylant Cell Rep.1998,17, 279—283.

(13) De Mesa, M. C.; Jiménez-Bermldez, S.; Alfaro, F. P.; Quesada,
M. A.; Mercado, J.Agrobacteriumcells as microprojectile
coating: A novel approach to enhance stable transformation rates
in strawberry.Aust. J. Plant Physiol2000,27, 1093—1100.

(6)

@)

®)

dehydrogenase (CAD) gene from strawberry have been already (14) Ricardo, V. G.; Coll, Y.; Castagnaro, A.; Ricci, J. C. D.

described (5866). The corresponding enzymes are involved
in the biosynthesis op-coumaryl alcohol, and the following
conjugation of the alcohol with acetyl-CoA fm-coumaryl-1-
acetate is probably performed by strawberry alcohol acyl-
transferase (SAAT), an enzyme recently characterized from
strawberry (67). The significantly reduced level of methyl
nicotinate, a known strawberry volatile in the transgenic line,
remains unknown, but there is obviously a close relationship
with the phenylpropanoid pathway (68).

In this study, we demonstrated that a lack of functional CHS
increasesp-coumaryl-alcohol andp-coumaryl-1-acetate ac-
cumulation in strawberry, most likely through the redirection
of intermediates originally destined for anthocyanin, proantho-
cyanidin, and flavonol biosynthesis to the phenylpropanoid
pathway. Down-regulation of CHS not only affected the levels

of compounds downstream of the pathway but also the amounts

of metabolites upstream of the CHS branching point. This

unexpected result demonstrates that both the regulation of

secondary metabolism and the accumulation or depletion of
secondary metabolites in transgenic plants are insufficiently
understood.
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