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The principal goal of this paper was to generate flax (Linum usitatissimum L.) plants with increased
antioxidant properties. To accomplish this a vector containing a multigene construct was prepared,
and transgenic plants overexpressing essential flavonoid biosynthesis pathway enzymes were
generated and analyzed. The simultaneous expression of genes encoding chalcone synthase (CHS),
chalcone isomerase (CHI), and dihydroflavonol reductase (DFR) resulted in a significant increase of
flax antioxidant capacity. To investigate the determinants of higher antioxidant properties of transgenic
plants, the phenolic acids and lignans compound contents were measured. In both green part and
seed extracts from transgenic plants, the phenolic acids level was increased when compared to the
control. The calculated correlation coefficient between phenolic acids content and antioxidant capacity
(0.82 and 0.70 for green part and flaxseed, respectively) perfectly reflects their strong relationship.
The increase in yield of transgenic plants and their higher resistance to Fusarium culmorum and
Fusarium oxysporum when compared to the control plants was a characteristic feature. It was
assessed a very high correlation (correlation coefficient = 0.9) between phenolic acids level in flaxseed
extract and resistance to F. culmorum. The flowering date of transgenic plants was ~3 weeks earlier
than that of the control plants. Interestingly, a significant increase in monounsaturated fatty acids
and a slight increase in lignans content accompanied the increase in antioxidant properties of

flaxseeds.
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INTRODUCTION tract diseases. Dietary properties of linseeds are also very

The flax plant is of great significance for industry. Seeds of Important; they act positively on peristalsis and metaboligjn (
the flax are used for extraction of oil and stems for fiber @nd prevent skin diseases (2). The flaxseed lowers blood
production. Linseed oil has commercial value as a component cholesterol and glucose level8-5). Linseed lignans inhibit
Of adhesives’ pa|nts and VarnisheS’ p|asticizer3, inkS’ andce” pl’0|lferatI0n and grOWth, making them pOtentIal anticancer
linoleum, and it is a precursor of nylon and composite materials. agents. Studies in animals confirm the anticancer properties of
The flax fiber is commonly used in the textile industry. Because flaxseed lignans (6). They showed a protective effect against
of linseed oil protection properties, it is recommended in colon and breast cance)( diabetes, hypercholesterolemic
gastrointestinal tract diseases (e.g., chronic peptic ulcer diseaseatherosclerosis 8), lupus nephritis ), and immune and
chronic inflammations of mucous membranes) and respiratory inflammatory reactionslQ). Thus, linseed oil plays an important
role in health care, pharmaceutics, and the food industry. Linseed
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Linola cultivar that has a very low level (2.45%) of linolenic DNA isolated from 3-week-old tissue-cultured plants as a template.
acid (12).The reduction in the unstable linolenic acid content Transgenic plants that contain the predictept [l gene (475 bp
resulted in the improvement of the oxidative status of this oil; fragment) product were further analyzed. The final selection was carried
however, even so it needs further protection against oxidation. ]f’“t by meanslof northern b'r?t analy_sdi_s._Totil ENAh\?Ia'Sd prepet\nr] e;ij f(rom
Generally, lipids in flaxseeds are protected against peroxidation '0Zen Young leaves using the guanidinium hydrochloride meth8

by the aB(/jdigon of natural antiofidants thef‘][ is p%lyphenols Total RNA was separated on agarose gel [1.5% (w/v) agarose, 15%

: . . . . (v/v) formaldehyde] and blotted onto a Hybond-NAmersham) filter.
(lignans). However, during extraction, lignans are not effectively 1o membrane was hybridized overnight at@with radiolabeled

extracted with oil. To avoid oxidation, flax oil is supplemented  cpNAs (CHS, CHI, and DFR) as probes and then washed three times
with vitamin E and stored in dark bottles in low temperature. with SSPE buffer containing 0.1% SDS for 30 min at %42. Five
None of these methods, however, is fully satisfactory, and an transgenic lines, W92.28, W92.40, W92.70, W92.72, and W92.86, that
appearance of rancidity in flax oil is observed. showed the highest mRNAs level were further analyzed.

In this paper, the approach in which antioxidant compounds  Extraction of Leaves and Seeds for Antioxidant Level Measure-
are synthesized in transgenic plants has been used. Thus, bynent. A 0.5 g sample of 3-week-old tissue-cultured plants or 0.5 g of
the expression of cDNAs encoding key enzymes of polyphenols se_eds was dried at AC. The flgxseeds prior to drying were defatte_d
biosynthesis, the antioxidant capacity increases and thus protect/Sing hot hexane. Then phenolic compounds were extracted three times
tion of flax oil was expected. The plant polyphenols are a group with 1 mL of 80% methanol (v/v) in an ultrasonic bath for 15 min.

f ds that include fi id h i id h | The combined extract was centrifuged at 149@@ 10 min and the
of compounds that inciucde flavonolds, phenolic acids, pnenas, supernatant dried in a Speedvac. Polyphenols were resuspended in 500

lignans, and tannins. The biological, pharmacological, and ,| of methanol and used for antioxidant properties measurements.
medicinal properties of the plant polyphenols have been  antioxidant Capacity. The chemiluminescence method was used
extensively reviewed (13)t has been reported that they have to determine the antioxidant activity of the extracts. A methanol extract
multiple biological activities. It was found that they have of flax was diluted in the range from 1000 to 15 000 times with water
antiallergenic, antiviral, and anti-inflammatory activities. It is and directly analyzed according to a published methb@).(The
supposed that consumed together with essential PUFA theyexperiment was performed in a final volume of 260 on white
lower the risk of various diseases. Their antioxidant activity microplates in a solution containing 0.1 M Tris-HCI buffer, pH 9.0,
has a great significance for the food’s quality, because they @1d 4 mM AAPH freshly prepared. The luminol solution (1081)

inhibit enzvmatic and nonenzvmati roxidati In th _and diluted_extract were automatically injected. The photons produced
regetn(ta Stl.)J/ d atv(v:eah:veo eenerélte?it ?Iag(e (I)anq[:t(g/rgex :egse di in the reaction were counted on an EG&G Berthold LB96P microplate
p Y, 9 p p r?uminometer at 30C. The antioxidant potential (k) was defined as

threg genes coding for key enzymes of the fIavonou_j biosyn- the amount of flax extract [micrograms of dry weight (DW), presented
thesis pathway (chalcone synthase, CHS; chalcone isomerasep percent total], which inhibits luminol chemiluminescence by 50%.
CHI; and dihydroflavonol reductase, DFR), which resulted in - HpLC Analysis of Phenolic Acids A 0.5 g sample of green parts
improved antioxidant properties. The measured antioxidant of plants was subjected to hydrolysis (2 mL of 2 M HCI) for 60 min
potential (IGg) of transgenic plants was significantly increased, in a hot water bath. Then, 2 mL of 2 M NaOH and 6 mL of methanol
ranging from 1.5- to 6-fold in seeds and from 5- to 91-fold in were added, and aglycons were extracted using an ultrasonic bath for
leaves. The increased antioxidative properties of flax plants were15 min (19). Two hundred milligrams of defatted with hot hexane

accompanied by a significant increase in phenolic acids contentflaxseeds was mixed with 10 mL of 1.2 M HCI in 50% aqueous
in the transgenic plants. methanol for 2 h at 90 °C in glass screw-capped vials. The extract was

allowed to cool and then sonicated for 5 min. Approximately 5 mL
was centrifuged prior to injection onto a colum®0j. The extracts
MATERIALS AND METHODS from green parts or seeds were centrifuged at 18006010 min, and
Plant Material. Flaxseeds (cv. Linola) were obtained from The Flax the supernatants were analyzed by HPLC. The HPLC system consisted
and Hemp Collection of the Institute of Natural Fibres, Poland. For of a pump (L-7100), a photodiode array detector (Merck-Hitachi
preselection and selection, the transgenic and control plants were grownl-7455), and a D-7000 HSM multisolvent delivery system. Separation
in tissue culture and were cultivated in a greenhouse under a 16 h lightof phenolic acids was done by a prepacked LiChroCART 125-3
(21°C)—8 h dark (16°C) regimen. The plants in soil were grown in  Purospher RP-18 (bm) column (Merck). The mobile phase of 80%
individual pots and were watered daily. For analysis, the control and acetonitrile in 4.5% acetic acid (reagent A) and 4.5% acetic acid (reagent
selected transgenic plants were grown in a field, and seeds wereB) was delivered at a rate of 1 mL/min. Caffeic, chlorogenic, and ferulic
harvested 3 months after transfer of the tissue-culture plants to the soil.acid detection was carried out by on-column measurement of absorption
Transgenic Plants Construction.In this study, the transgenic plants ~ at 320 nm, andp-coumaric and protocatechuic acid detection was
overexpressing three essential enzymes of the flavonoid synthesisperformed at 280 nm.
pathway from Petunia hybrida, CHS (EMBL/GenBank database Secoisolariciresinol Diglucoside (SDG) Extraction and Measure-
accession no. X04080), CHI (EMBL/GenBank database accession no.ment. A 0.5 g sample of flaxseeds was extracted four times with 5
X14589), and DFR (EMBL/GenBank database accession no. X15537) mL of 80% methanol (v/v) using an Ultra-Turrax T25 (Janke & Kunkel
were generated. The cDNAs encoding enzymes were provided by Dr. IKR) homogenizer (60 s, 13500 rpm) at 70. Prior to extraction, the
I. Somssich. For cotyledons and hypocotyls explants transformation, seeds were defatted with hot hexane. The extract was centrifuged at
the recently constructed binary vector containing three cDNAs in sense 1750gfor 10 min, and the supernatants were collected, combined, and
orientation under the control of 35S promoter and OCS terminator was evaporated to near dryness at 4D under vacuum.
used (15)The vector was introduced intdgrobacterium tumefaciens The extract was then resuspended and subjected to alkaline hydrolysis
strain C58C1:pGV2260. Two-week-old cotyledons and hypocoty ( (2 mL, 0.3 M aqueous sodium hydroxide) for 2 days at room
were transformed by submerging the explants in a suspensién of temperature followed by acidification to pH 3 using 2 M hydrochloric
tumefaciensontaining binary vectoA. tumefaciensoculated explants acid (21). Before HPLC analysis, the mixture was desalted using a C
were subsequently transferred to callus induction and shoot regeneratiorreversed-SPE column (J. T. Baker; 3 mL; 500 mg gel per column).
medium (17). Prior to use, the column was washed with 5 mL of methanol followed
Transgenic Plant SelectionThe transgenic plants were preselected by 5 mL of water. A portion of the hydrolyzed sample was applied
by Polymerase Chain Reaction (PCR) using primers specific for the onto the column and washed with water 25 mL) to remove the
kanamycin resistance gene and then selected by means of northern blosalt, and phenolic compounds were then eluted with 5 mL of methanol.
analysis. PCR was carried out with the use of specific primers for ~ The SDG was separated on a prepacked LiChrospher 100 RP-18
neomycine phosphotransferasef( Il) gene (forward, CCGACCT- column (4x 250 mm, Sum; Merck, Darmstadt, Germany) and analyzed
GTCCGGTGCCC; reverse, CGCCACACCCAGCCGGCC) on genomic using a Shimadzu HPLC system (Shimadzu, Kyoto, Japan) consisting
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Figure 1. (A) Agarose gel electrophoresis of npt Il gene PCR product (475 bp). Neomycine phosphotransferase gene (npt I) was amplified with the use
of specific primers; a template was genomic DNA isolated from tissue-cultured flax plants. C, negative control (nontransformed plant); P, positive control
(plasmid containing an npt Il gene); the different transgenic lines are numbered. (B) Northern analysis of RNA isolated from tissue-cultured plants of the
control (C) and independent transgenic lines (numbered). Thirty micrograms of total RNA from each sample was loaded in each lane. The blot was at
first hybridized with an equimolar mixture of 32P-labeled CHI (0.8 kb) and CHS (1.3 kb) cDNAs (upper panel) and then after blotting extensively washed
in hot (80 °C) water probed with labeled DFR (1.4 kb) cDNA (middle panel). A ribosomal RNA stained with ethidium bromide was used as a control of
RNA applied onto the gel (bottom panel).

of a pump (LC-10ADVP), a system controller (SCIT-10AVP), and a and cut by three raréd6d, Fsd, andSe)Al) restriction enzymes

photodiode array detector (SPD-M10AVP). The mobile phase of water/ and thus able to clone up to five genes into it. Three cassettes
acetonitrile/acetic acid (88:10:2; v/v/v) was delivered at a rate of 1 containing CHS, CHI, and DFR cDNAs sense oriented, each
mL/min. The compound was detected at 280 nm (22). under the control of a 35S promoter and OCS terminator, were

Determination of Lipid Content in Flaxseeds by GC Method . . . .
Methyl esters of fatty acids (FAMEs) were prepared from seeds by introduced intoAscl, Fsel, andSexAl restriction sites, respec-

extraction with 1 mL of 1 N HCI in methanol and incubation at€D tively.

for 90 min @3). Then 1 mL of 0.9% NaCl and 1 mL of hexane were Transgenic Plant Generation and SelectionThe hypocotyl

added to the extract, mixed, and centrifuged at low speed_ (_3 min at gnd cotyledon explants of flax plants were transformed accord-

100 rpm). The hexane phase was collected, and the lipids were;, 14 the Agrobacteriummethod (17), and several transgenic

concentrated in a Nstream and stored at20 °C. The methyl esters . . . .
lines overexpressing key enzymes of the flavonoid synthesis

were quantitated by gas chromatography, using pentadecanoic acid a .
an internal standard (24). pathway were generated. The transgenic plants were preselected

Evaluation of Flax Resistance toFusarium culmorum and by means of PCR with primers specific fiopt Il selection gene
Fusarium oxysporuminfection by Mycelium Method . Flaxseeds were and then selected by northern blot analyEigiure 1A shows
immersed in 96% ethanol for 1 min and then washed three times with the result, and plants exhibiting the expected 475-bp fragment
Ste[j",e Wat;)r and dFl)_'aced on a p'atf- A(;t%r 7 ldaYS thgro"‘”h O”dMS in PCR were taken for further selection. The selection was based
medium, the seedlings were inoculated by placing them on medium ., \ENA - analysis with the use of respective radiolabeled

with F. culmorumor F. oxysporum. Fungi were cultured for 7 days at . .
18 °C on potato—dextrose—agar (PDA) medium; 10—14 days after cDNAs. Northern blot of flax transgenic plants with overex-

transfer, the number of infected flax seedlings (roots and hypocotyls) Pression of CHS.: CHI, and DFR genes _prObed with radioactively
was counted and expressed as percentage of total seedlings used fdabeled respective cDNAs is shown kigure 1B. The trans-

the experiment (25). genic lines W92.40, W92.72, and W92.86 showed all three
bands representing respective mRNAs; in other cases, two bands
RESULTS (W92.70, W92.39) or no signal (W92.17, W92.21) at all was
Cloning Vector. For the plant transformation, the new detected.
pBinW88 multigene vector was recently prepar&8)(Briefly, Because it is well-known that the positive correlation between

the plasmid pUC 19 was equipped with sequence recognizedmRNA and protein level is often lacking for unknown reasons,
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Figure 2. Antioxidant potential (ICso) of green parts (left) and seeds (right) extract from the control (C) and transgenic plants (numbered) overexpressed
flavonoid biosynthesis enzymes. The analysis of flax extracts was performed as specified under Materials and Methods. The mean value (n = 4) + SD
is presented, P < 0.01.

Table 1. Determination of Phenolic Acid Content in Green Parts and Flaxseeds?

A. Phenolic Acid Content in Green Parts (mg/100 g)

line protocatechuic acid caffeic acid ferulic acid p-coumaric acid chlorogenic acid
control 660.20 £ 38.13 25.32+293 25.50 £2.87 172.74 £ 9.17 52.18+ 5.59
W92.28 816.82 £ 48.55 33.07+3.19 33.91+3.09 157.32 £ 6.32 56.77 + 6.99
W92.40 760.66 + 25.12 30.42+2.28 28.75 £ 2.27 204.64 £8.73 51.07 +4.76
W92.70 821.18 £ 58.82 32.58 £3.21 33.79 £3.00 171,18 +5.11 54.60 £ 4.51
W92.72 759.83 £56.99 32.64 +3.33 29.92 + 3.58 17736 £7.77 57.33+3.58
W92.86 832.27 £ 49.00 34.50+2.18 35.95+3.29 188.12 +7.30 53.83 £ 2.65

B. Phenolic Acid Content in Seeds (mg/100 g)

line caffeic acid ferulic acid p-coumaric acid
control 12.34+0.14 29.78 £ 0.67 32.27+0.57
W92.28 12.91 £ 0.36 27.39+0.84 32.75+£1.03
W92.40 17.01£0.54 32.90 +0.96 42.94 +1.16
W92.70 13.10+0.29 31.50 +0.80 37.32+0.88
W92.72 13.78 £0.22 30.78 £ 0.85 35.12+0.79
W92.86 10.26 £0.12 25.47+£0.81 29.34 +0.66

aHPLC determination of phenolic acid content in green parts (A) and seeds (B) from the control (C) and the transgenic flax plants (numbered). Phenolic acids were
separated on a prepacked LiChroCART 125-3 Purospher RP-18 (5 «m) column (Merck). The mean value (n = 3-6) + SD is presented, P < 0.01.

for further experiments we have chosen all transgenic lines leaves. The highest antioxidant capacity of leaves and seeds
showing positive results in PCR and northern blot analysis. was obtained for transgenic lines W92.40, W92.70, W92.72,
The level of transgene expression usually depends on its copyand W92.86. The calculated correlation coefficients for the level
number, but it might also derive from different nucleotide of MRNA encoding CHS, CHI, and DFR (measured by northern
context of their location in the genome; however, this is pure densitometry) and 1§ are —0.79,—0.93, and—0.55, respec-
speculation, because we do not have evidence to support thigively. Thus, the principal goal of this study was successfully
view. accomplished, and transgenic plants with significant increases
Antioxidant Activity of Extracts from Flax Plants. The in antioxidant capacity were obtained. It should be pointed out
final Step of transgenic p|ant selection was antioxidant Capacity that on the basis of the coefficient value the antioxidant status
analysis in both leaves and seeds. To evaluate the antioxidan®f transgenic plant almost entirely resulted from expression of
properties of transgenic flax extracts, a chemiluminescence introduced cDNAs.
method was used. It is based on the chemiluminescent response Analysis of Phenolic Acids and Lignans Contents in
of luminol to oxidation. Antioxidants in the model system Transgenic Plants.Due to the significant increase in antioxidant
scavenge the reactive oxygen species, which prevents them frontapacity of transgenic plants, the increase in phenolic com-
oxidizing the luminol and quenching the chemiluminescent light pounds content was expected. Thus, we have measured the
response. antioxidant compound content both in the green part (leaves
In this study, five independent transgenic lines, W92.28, and stems) of the plant and in seeds. In leaves and stems extract,
W92.40, W92.70, W92.72, and W92.86, selected by means ofthe phenolic acids level was increased from 13 to 26%,
PCR and northern blot, were assayed for antioxidant capacity. depending on the transgenic line, compared to the control plant
Results were expressed as theg@arameter, which is the  (Table 1A). Similarly, in flaxseeds extract, the phenolic acids
amount of extract inhibiting luminescence by 50%, and are level was increased in almost the same range (from 7 to 25%),
shown in Figure 2. The lower the IG, the higher the and respective data are presentedlable 1B. In one case
antioxidant potential. The extracts from all transgenic lines (W92.86), however, a decrease in phenolic acids level (12.5%)
overexpressing essential enzymes of the flavonoid synthesiswas observed. It was observed that there is a very high negative
pathway showed significant decrease ind€ompared with correlation (correlation coefficient 6f0.82) between phenolic
control plants. Thus, the antioxidant potential of flax plants acids level and the antioxidant parametegolGf leaves and
increased from 1.5- to 6-fold in seeds and from 5- to 91-fold in stems extracts. In addition, a high correlation coefficient value
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but certainly does not reflect the entire antioxidant status of all
investigated lines.

Lipid Composition of Transgenic Flaxseed Because of the
significant increase in antioxidant capacity of seeds from
transgenic plants, the protection of unsaturated fatty acids might
occur. Thus, it was of interest to measure the fatty acids
composition from seeds. The flaxseed oil was examined by gas
chromatography equipped with flame ionization detection.
Surprisingly, a significant increase in monounsaturated fatty
acids in most transgenic lines was detected. The highest increase
(54%) was observed in line W92.7Rigure 4). Simultaneously,

a decrease in polyunsaturated acids (PUFA) content (from 1 to

C 28 40 70 72 86

Figure 3. HPLC determination of secoisolariciresinol diglucoside content
in seed_s from the control (C) and transg_enlc flax plants (numbered). SDG 129%) in those seeds was noticedlgure 5).
separation was done on a prepacked LiChrospher 100 RP-18 column (4 i . > i .

x 250 mm, 5 um; Merck, Darmstadt, Germany). The mean value (n = Interestingly, a very high positive correlation cpefﬂuent
3) + SD s presented, P < 0.05. (0.91) was calculated for monounsaturated fatty acids content

and the antioxidant capacity of flaxseeds. It should be pointed

(—0.7) for phenolic acids level and antioxidant capacity of Outthat the calculated correlation coefficient for PUFA showed
flaxseed was calculated. Thus, it is suggested that the phenolicalso a high, but negative, value. The highest increases were
acids content determines the antioxidant status of transgenicobserved for stearic acid-63%) and oleic acid¢38%) levels,
green organs and flaxseeds. and the data are presentedTiable 2. The linoleic acid (18:2)

Various components of flaxseeds could reduce the free levelis decreased by 9% in W92.40 transgenic line and by 13%
radicals level; thus, we have speculated that their antioxidative in W92.72; simultaneously, SDG levels in both lines increased
properties might derive partially from other antioxidative by 12 and 14%, respectively. Thus, the increase in the
compounds contenfhus, we have also measured the content antioxidant potential of seeds resulted in significant changes in
of the diphenolic compound, SDG, the major component of fatty acids composition.
lignans, which might contribute to the antioxidative status of = Phenotype Analysis.The obtained transgenic plants were
transgenic seeds (26). Only slight increases in two transgenicvisually indistinguishable from the nontransformed control
lines (12% in W92.40 and 14% in W92.72) were detected, and plants. Transgenic plants, however, showesl weeks earlier
the data are presented kigure 3. It should be pointed out, flowering compared to the control plants. Additionally, the yield
however, that those plants showed the highest antioxidantof seeds [fresh weight (FW) of seeds per plant] and fresh weight
properties. A high positive correlation (correlation coefficient of seeds per bag were higher than for the control plants.
of 0.7) between SDG level and antioxidant capacity of flaxseeds Transgenic plants produced36% on average (1562%,
was calculated. Thus, the level of lignans may partially affect depending on the transgenic line) more seeds per plant compared
the antioxidant capacity of the seeds from two transgenic lines, with nontransformantTable 3). In only one case (W92.28) was

250 - I 820
80,0
20,0 780
76,0
= i = 740
g 10,0 g 720
700
5,0 68,0
66,0 I
0,0 64,0 -
c 28 40 70 72 86 (o] 28 40 70 72 86

Figure 4. Determination of MUFA (left) and PUFA (right) content in control (C) and transgenic seeds (numbered). The extraction and analysis were
performed as specified under Materials and Methods. The methyl esters were quantitated by gas chromatography, using pentadecanoic acid as an
internal standard. The mean value (n = 4) + SD is presented, P < 0.05.
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Figure 5. Evaluation of resistance of the control (C) and the transgenic lines to F. culmorum (right) and F. oxysporum (left) by mycelium method.
Seven-day-old flax seedlings were transferred onto fungi culture grown for 7 days at 18 °C on potato—dextrose—agar (PDA) medium; 10-14 days later
the number of infected flax seedlings (roots and hypocotyls) was counted and the result expressed as percentage of total seedlings used for the
experiment. The mean value (n = 9) + SD is presented, P < 0.01.
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Table 2. Fatty Acids Composition of Lipid from Control and Transgenic Seeds?

fatty acid composition (mol %)

line 16:0 16:1 18:0 18:1 18:2 18:3
control 553+0.12 0.04+0.01 230+0.20 11.95+1.42 77.71+£1.57 2.45+0.08
W92.28 573+0.21 0.07+0.01 3.59+0.26 16.05 + 1.00 72.17+0.92 2.32+0.04
W92.40 5.72£0.07 0.03 £0.00 3.26£0.12 17.81+1.18 70.62 +0.83 2.28+0.14
W92.70 5.65+0.34 0.03+0.00 3.27+0.43 17.85 + 4.06 70.70 + 4.68 244+0.15
W92.72 6.18 +0.57 nd® 453+0.22 18.43 +0.16 67.74 £ 1.09 2.88+041
W92.86 514 +£0.03 nd 2.95+0.08 12.48 +0.58 76.78 + 0.46 2.62+0.13

aResults are expressed in mole percent (mol %). The mean value (n = 4) + SD is presented, P < 0.05. ©nd, not detectable.

Table 3. Yield of Flaxseeds from the Control and Transgenic Lines? regimen for fortifying the body’s defense system against oxygen
free radical-induced carcinogenesis (28)both industrial and
FWofseeds ~ FWofseeds  no.ofseeds  FWofsingle edible uses, an increase in antioxidative properties of flaxseeds
line perplant(g) per bag (mg) per bag seed (mg) is desirable and has been a major aim of the genetic manipula-
control 4284022  4295+117 8.34+10 5.15+0.44 tion. For this reason, we intended to increase the number of
w9228 325+018  5251+129  866+11  606+023 antioxidants in flax, and we accomplished this aim by the

W92.40 5.03+0.29 49.23 +1.03 87106 5.65+0.31

W9270  643+041 47784111 850+ 12 5.56 + 0.20 ir!troductior_\ of genes coding f_or key enzymes of the flavonoid
W92.72  491+032  51.28+1.00 8.95 + 0.4 5.73 + 0.37 biosynthesis pathway, that is, chalcone synthase, chalcone
W92.86  6.94+019  47.33+143 8.88+0.7 5.33+0.25 isomerase, and dihydroflavonol reductase, into the flax genome.
The plants selected by means of PCR and northern blot showed

2The mean value (n = 30) + SD is presented, P < 0.05. correlation between antioxidant capacity content and mRNA

level (correlation coefficient 0f0.77). The selected transgenic

a decrease in yield of seeds (24%) observed. The secondines with the highest expression of introdced cDNAs revealed
generation (F2) plants produced 30% more seeds than the controsignificant increases in antioxidant capacity when compared to
(data not shown). The fresh weight of a single seed was slightly control. The antioxidant potential of flax plants increased from
higher (10%) than for the control plants. 1.5- to 6-fold in seeds and from 5- to 91-fold in leaves. The

Resistance toF. culmorum and F. oxysporumInfection. highest antioxidant capacities were found for transgenic lines
The major fungal pathogen infecting flax plantsFesarium, W92.40, W92.70, W92.72, and W92.86, and those lines were
which caused the greatest yield decline. It was expected thatfurther investigated.
the increase in antioxidant properties of transgenic plants might  To characterize quantitatively the compounds responsible for
cause their resistance to pathogen infection. This was the casethe antioxidant potential of transgenic plants, the level of
resistance td=. culmorumand F. oxysporumin the case of  phenolic acids and lignans was measured. In both green parts
transgenic plants was higher compared to the control plantsand seeds extracts, the phenolic acids level was increased
(Figure 5). The high positive correlation (correlation coefficient compared to the control plant. A high negative correlation

of 0.9) was established between resistancé&usariumand (correlation coefficient of-0.82) between phenolic acids level
phenolic acids content. There is also a high positive correlation and the 1G, parameter of leaves and stems extract was found.
(correlation coefficient of 0.7) between resistanceFtocul- Also, a high correlation (correlation coefficient f0.7) for

morumand SDG contents in transgenic lines where increased phenolic acids level and Kg parameter of seed extract was
quantities of this compound were detected. Surprisingly, the high calculated. The high negative correlation for measured param-
positive correlation (correlation coefficient of 0.9) was also eters suggests the significance of phenolic acids in the antioxi-
established between resistancé&tsariumand MUFA content. dative status of transgenic flax.

This finding pointed out that MUFA greatly contribute to plant We have detected that in certain lines the increase in

immune response to pathogen infection. antioxidant properties of flaxseeds is accompanied by an
increase in lignans level. Lignans are widespread phenolic
DISCUSSION compounds, derived from the phenylpropanoid metabolic path-
Our effort has been directed toward genetically improving way (29).Defatted flaxseed flour is one of the richest sources
the market properties of flax oil. Flaxseed is a rich source of of lignans 30). The major components of the lignan’s family
PUFA and lignans with beneficial health effects. However, the are secoisolariciresinol diglucoside (SDG), matairesinol, isola-
market value of flaxseed oil is limited by the perishability of riciresinol, and pinoresinolld, 31). It is known that SDG is
PUFA, which are highly susceptible to peroxidation, and only the precursor of the major mammalian lignans enterodiol and
certain cultivars of the flax with low contents of 18:3 fatty acids enterolactone that exert anticarcinogenic properfiés29, 31).
are suitable for commercial preparation of edible oil. The Some of these compounds have phytoestrogen properties and
reaction of reactive oxygen species (ROS) with PUFA has beenmay protect humans against hormone-dependent cancers such
extensively studied because of their involvement in rancidity as breast cancer (232, 33). We have noted that there is a
and the development of undesirable flavors and odor in food. high positive correlation (correlation coefficient of 0.7) between
Lipid peroxidation in plant membranes would degrade unsatur- the major component of lignans, the SDG level, and the
ated fatty acids and accumulate dangerous products. ROS arentioxidant capacity of flaxseeds. Thus, the level of lignans
associated with carcinogenesis, atherosclerosis, aging, inflam-could affect the antioxidant capacity of the seeds; it should be,
mation, and other pathophysiological conditioRg)( Therefore, however, pointed out that this suggestion is valid for only two
inactivation or elimination of ROS may be beneficial in terms (W92.40, W92.72) of the analyzed transgenic lines and does
of reducing the risk of cancer and other diseases. Thus, dietarynot reflect the entire antioxidant status of all investigated lines.
or medicinal intake of antioxidants could be an important For the other lines, for which SDG levels were similar to that
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of the control plants, the antioxidant potential entirely depends LITERATURE CITED
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