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Abstract

The principal goal of this review is to present the status of genetic modifications of flax (Linum
usitatissimum) and its possible application in industry. Flax is a valuable source of oil and fibres, and
development of genetic engineering allows the possibility of improving the quality of these pro-
ducts. There are different goals of flax modifications: improving the quality of flax fibres, improving
oil properties, elevation of antioxidant level and creation of pathogen-resistant plants. These
modifications made flax a more useful and precious source for a broad range of products
applicable in industry. What makes flax valuable is the possibility of whole plant exploitation with

almost no waste products.

Keywords: Transgenic flax, flax oil, flax fibers, phenylopropanoids, antioxidants, polyhydrxybutyrate,

biocomposites, wound healing

Introduction

Flax (Linum usitatissimum) is an annual plant widely dis-
tributed in Mediterranean and temperate climate zone. It
has a long history in cultivation as it has a great sig-
nificance for industry; being a valuable source of oil and
fibres. What makes this plant special for industry is the
opportunity to exploit the whole plant with almost no
waste products (Figure 4). Development of plant genetics
and plant biotechnology has allowed scientists to obtain
plants that are qualitatively better. There are different
reasons for genetic modification of plants: improving
nutritional qualities, taste, cultivate plants more easily and
more economically (resistant to pathogens and diseases),
and also obtaining plants that are able to produce phar-
maceuticals or other valuable compounds. In this review,
we present the possible application of different products
based on genetically modified flax.

Flax as a Valuable Source of Oil and Fibres

Two main products are obtained from flax: oil, which is
extracted from seeds, and fibre, which is produced from

stem. Flax oil is one of the richest sources of o-linoleic
acid (ALA), which confers about 44-57% of all fatty acids;
it also contains 15-29% linoleic acid and 13-29% oleic acid
[1]. As the human body cannot produce ALA, which
belongs to ®-3 family, it is the essential fatty acid in our
diet. ALA, as well as its metabolites, eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), are incorporated
into cell membrane phospholipids. Increased level of ALA,
EPA and DHA in cell membranes affects their fluidity and
elasticity. High levels of ALA can enhance the elasticity of
arteries in obese adults. ®-3 fatty acids can reduce the
production of arachidonic acids and other eicosanoids,
which are known mediators in inflammatory processes,
promote inflammation and platelet aggregation [2]. Given
the many favourable actions of ALA and other ®-3 fatty
acids, there are many important applications of these
compounds. Linseed oil plays an important role in food
industry, health care and pharmaceutics. The flaxseed oil
can lower total-, LDL-cholesterol (low density lipopro-
teins) and glucose level in blood [3], reduces inflammation
and risk of coronary heart disease, stroke and cancer [4].
Populations with high consumption of ALA from different
sources have lower risk of cancer diseases, stroke and
myocardial infraction [5].
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The dietary properties of linseed oil are also significant,
as it has protection properties and it is used against
respiratory tract diseases and gastrointestinal tract
diseases. Linseed products are also recommended for
treating skin diseases [6]. It is worth mentioning that lin-
seed oil is rich in secoisolariciresinol diglucoside (SDG),
which is a precursor of lignans. These compounds have
many favourable actions on human health. They have
anticancer properties as they inhibit cell proliferation and
growth, especially in breast and prostate cancer [7]. SDG
has also anti-viral, anti-bacterial and anti-fungal properties,
is an antioxidant and it has been shown to enhance
immune system functioning. Moreover linseeds contain
some amount of other antioxidative compounds such as
y-tocoferol, carotenoids, phenolic acids and anthocyanins
[1, 8]. These compounds are mainly in seeds and to some
extent they may be present in the oil.

Flax is also a valuable source of fibre. There are three
groups of plant fibres: the phloem or stem fibres (phloem
stem fibres or xylem stem fibres) of dicotyledonous
plants, the leaf fibres of monocotyledonous plants and the
seed and fruit fibres [9]. Flax fibres belong to the first
group, where the stem tissue is a source of fibres. Its
stems are composed of 70% cellulose. They are hollow
tubes that grow as bundles held together by complex
carbohydrates such as pectins, gums and waxes. These
bundles function as a plant support. Fibres are separated
by retting, which is a process of separating fibres from
non-fibre tissues in bast plants [10]. Retting is based on
enzyme action, which degrades pectins. The main enzyme
required for retting is polygalacturonase, which degrades
polymer of the middle lamella into soluble galacturonic
acid [11]. The proper degree of retting is required to
obtain high-quality fibres [12]. There are some advantages
that make flax fibre useful for different applications. It is
flexible, lustrous and soft. It is stronger than cotton fibre
but less elastic. The other benefits of flax fibre are that
they are allergy-free, absorb humidity so they are good
products for textile industry. Recently, other technologies
have been developed to allow the use of flax fibre in
different products such as car-door panels, plant pots and
retaining mats.

Genetic Modification of Flax

Genetic modification of plants is a technique that has been
practised for 26 years. The first species transformed by
the Agrobacterium method were tobacco and petunia.
Since then, genetic modification has been developed and
improved. The aim is to make it more effective and safe,
so it is necessary to monitor all introduced genes and
their side effects, if any. The most common method of
plant transformation involves the use of Agrobacterium, the
soil bacteria that naturally infect the wound sites in
dicotyledonous plants and cause formation of the crown
gall tumours [13]. Tumour formation is the result of the

gene transfer from Agrobacterium to infected plant cells,
so the molecular basis of agrotransformation is transfer
from bacterium and integration into the plant genome of a
T-region of tumour-inducing (Ti) plasmid. Transport to
the plant cell is a result of the activity of virulence genes
(vir) located on Ti plasmid [14]. The final transformation
efficiency depends on several factors such as species
type of the vector, T-DNA components and finally on
the Agrobacterium strain. Any plant can be potentially
transformed by Agrobacterium if a proper transformation
protocol is established. In 1988, Jordan and McHughen
[15] published the successful and verified transformation
in flax using Agrobacterium tumefaciens. However, this
method has numerous limitations: low transformation
efficiency, a high incidence of somaclonal variation re-
sulting from in vitro culture of callus tissue, a high incidence
of chimaeric regenerants [16], and a high incidence of
escape shoots, i.e. shoots arising from non-transformed
cells protected from selection by transformed cells [17].
To overcome these problems, protocols for flax tran-
sformation using Agrobacterium are still being developed
and improved. According to Yildiz and Er [18], agro-
transformation efficiency could be improved by peeling
the hypocotyl explants. Shoots regenerated from hypo-
cotyl segments become non-transgenic, since they can
grow from non-transgenic cells protected by neighbour
transformed cells. Peeling the layer of epidermis or pre-
culturing the explants before inoculation with Agrobacter-
ium results in increased level of transformation efficiency
[18]. Another attempt to improve efficiency of flax agro-
tansformation was using a sonication-assisted, Agro-
bacterium-mediated, co-cultivation technique (SAAT). The
results showed that treatment with ultrasound facilitates
and increase uptake of plasmid DNA into the cells of flax
hypocotyls and cotyledons [19]. Even though there are
some difficulties in transforming flax via Agrobacterium, this
is still the most commonly used technique for flax trans-
formation [18, 20-22].

It is necessary to note that flax is a valuable industrial
product and therefore some actions have been taken
recently to generate new transgenic flax lines character-
ized with better properties of fibre and oil by use of
genetic engineering methods (Figure 1). In this review, we
present different flax modifications that aim to improve
various properties of this plant and thus making it a very
valuable source of oil and fibres, applicable in many
industrial products.

Antioxidant Properties and Pathogen Resistance Improvements
Plants phenylopropanoids are large group of secondary
metabolites, containing flavonoids, phenolic acids, phe-
nols, lignans and tannins. Flavonoids are class of pheny-
lopropanoids; its metabolic pathway begins with the
chalcone synthesis catalysed by chalcone synthase (CHS),
synthesizing of flavonons and flavonols by chalcone iso-
merase (CHI) leading to flavan production in a reaction
catalysed by dihydroflavonol reductase (DFR) (Figure 2).
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Figure 2 Scheme of the phenylopropanoid pathway
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Flavan is precursor of anthocyanidins and pro-anthocya-
nidins. Flavonoids participate in plant growth and devel-
opment; they are known antioxidants, photoreceptors
and attractants [20]. They protect plants from pathogens
[23], oxidative stress and ultraviolet light. Flavonols have
anti-allergic, anti-viral and anti-inflammatory properties
[20, 24]. All these features make flavonoids an interesting
goal of genetic manipulation. Therefore, increasing the
flavonoid level in plants should enhance their protection
against biotic and abiotic stress. Transgenic flax with an
increased level of flavonoids was generated. It was char-
acterized by overexpression of three genes derived from
Petunia hybrida coding for enzymes: CHS, CHI and DFR
[25]. The aim of this manipulation was to create flax with
enhanced antioxidant content and also that was more
resistant to common flax diseases caused by Fusarium.
Transformed plants exhibited an elevated flavonoids level
in green parts and in seeds. There was a correlation
between the flavonoid level and the mRNA level of the
introduced genes. According to Lorenc-Kukuta et al. [25],
transgenic flax had higher level of metabolites of flavo-
noids biosynthesis pathway, as higher activity of all three
enzymes caused higher flow of metabolites. There was an
increase of flavonols (kaemferol and quercitin), flavones
(apigenin), flavonons and anthocyanins level. It was also
proved that transgenic flax showed higher antioxidant
properties. Antioxidative potential was elevated as much
as 100 times compared with the control, non-transformed
plants. Moreover, the calculated correlation coefficient
between phenolic acid content and antioxidative potential
was 0.82 for flaxseed and 0.7 for green part, what per-
fectly describes their strong relationship [25]. It is sug-
gested that an increase in antioxidant properties may
result in protection against infectious agents [26]. Indeed,
the transgenic flax was more resistant to Fusarium cul-
morum and Fusarium oxysporum, the most common flax
pathogen that cause Fusarium wilt. The higher resistance
was correlated with elevated antioxidant properties, what
proves the crucial role of flavonoids in the process of
pathogenesis [27]. An important clue is that increased
activity of three enzymes: CHS, CHI and DFR improved
the infection reaction of flax. Additional confirmation of
these conclusions comes from in vitro experiments, where
F. oxysporum growth was strongly inhibited by the flavo-
noid extract isolated from transgenic flax [25].

Another goal of genetic transformation aimed at
improving antioxidant properties of flaxseeds was to in-
crease the level of carotenoids. These compounds are
mainly synthesized in plants and serve as light-harvesting
antenna in photosynthesis. They transfer the energy and
play a crucial role in the protection of the reaction centre
from autooxidation. Humans appear to be incapable of
synthesizing carotenoids, so they have to incorporate
them from their diet. These antioxidant compounds are
precursors of vitamin A, and they protect cells from
the damaging effects of free radicals and enhance the
functioning of immune system. Carotenoids provide

health benefits by decreasing the risk of various diseases,
particularly certain cancers and eye diseases [21]. In order
to increase the amount of carotenoids in flaxseeds, the
carotenoids biosynthetic pathways were altered through
manipulation with phytoene synthase gene (ctrB) derived
from bacterium Pantoea ananatis. CtrB was overexpressed
under the constitutive promoter Cauliflower Mosaic
Virus (CaMV) or the Arabidopsis thaliana fatty acid elon-
gase 1 gene (FAET) seed-specific promoter. The high
performance liquid chromatography (HPLC) profile of
transformed flax showed the presence of «-carotene,
[-carotene and phytoene, which were not observed in
control, non-transformed plants. The total carotenoids
level in transgenic seeds was 7.8-18.6-fold higher in com-
parison with the control [28]. Moreover, the colour of
transformed flax seed was changed by accumulation of
carotenoids. Interestingly, the overexpression of caro-
tenoids in transgenic seeds inhibited the flux of the
xanthophyll biosynthetic pathway towards zeaxanthin.
According to Fujisawa et al. [28], this inhibition might
control the ABA level in flaxseeds to prevent the delay of
their germination. This manipulation is the first known
successful overproduction of carotenoids in plants with-
out any effect on their growth. Flaxseeds containing the
elevated level of carotenoids might be the valuable source
of antioxidants and seeds oil with accumulated functional
carotenoids has a great nutritional value for human.
Manipulation with genes from flavonoid metabolic
pathway was not the only way to enhance flax protection
against pathogen. The plant response to pathogen attack
is a complex mechanism, which involves many different
events: pathogenesis-related (PR) protein synthesis,
phytoalexins and modification of cell wall [29, 30]. PR
proteins includes B-1,3-glucanases and chitinases, the
enzymes that hydrolyse the main components of fungal
cell walls. It is suggested that B-glucanases and chitinases
can influence plant pathogen response in two manners: by
degrading pathogen cell wall or by releasing elicitors from
fungal cell wall. The oligosaccharides elicitors are recog-
nized by the host plant, what cause accumulation of
phytoalexins [31] and activation of signalling cascades
resulting in the up-regulation of different plant defence
systems [32]. It was shown that PR proteins are related
to pathogen plant resistance and plants overexpressing
these proteins are characterized by higher resistance
to fungi [33]. Flax plants were transformed with potato
B-1,3-glucanase to improve their resistance to Fusarium
infections. Seedlings of transgenic flax were tested for
F. oxysporum and F. culmorum resistance. It was estimated
that flax overexpressing B-1,3-glucanase was two- to
three-fold more resistant than control plants [22]. More-
over, the transgenic plant extract inhibited mycelium
growth to about 48%. These results definitely confirm an
important role of 3-1,3-glucanase enzyme in flax resis-
tance to pathogens. Protective activity of 3-1,3-glucanase
lies in the direct interaction of enzyme with poly-
saccharides of fungal cell wall. Nevertheless it is necessary
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to consider putative metabolite modification of host plant
that could act as pathogen inhibitors. It is then suggested
that some of the secondary metabolites like phenolic acids
and other antioxidants inhibit pathogen growth [34].
Plants overexpressing [-1,3-glucanase exhibited an in-
crease in phenolic acid content. Indeed transgenic flax was
characterized by higher phenolic acid level, but only in
some transgenic lines [22]. Metabolic profile of transgenic
flax showed increase in compound containing nitrogen
like polyamides (spermidine and putrescine), some of the
amino acids (arginine) and amides (glutamine and aspar-
agines). All these compounds are accumulated in plants
during stress [35]. Overexpression of [(-1,3-glucanase
resulted in the higher resistance to pathogen infection. It
is proved that the enzyme directly affects the pathogen
growth, which is suggested to be the primary reason for
flax resistance to Fusarium.

Flax Fibre Quality Improvements

As flax fibre is a valuable material that has a wide range of
possible applications, some experiments have been under-
taken to improve the quality of flax fibres. Fibres from flax
overproducing poly-B-hydroxybutyrate (PHB) exhibited
better mechanical properties. PHB is non-toxic, insoluble
in water and a thermoplastic material. It is polyester of
hydroxyacids synthesized by bacteria. PHB accumulates as
energy reserve material in many micro-organisms includ-
ing Alcaligenes, Azotobacter, Bacillus, Nocardia, Pseudomonas
and Rhizobium. Its properties are similar to polypropylene;
it is stiff, brittle and resistant to UV light. The most
important feature of PHB is its biodegradability, possibly
through the action of micro-organisms that produce
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hydrolases and depolymerases [36]. So far, PHB has been
mainly isolated from bacteria, which is rather an expensive
technology. It has become clear that a promising option
would be to use plants to produce PHB.

PHB is synthesized by bacteria in three-step reaction
catalysed by B-ketothiolase (phbA), acetoacetyl-CoA re-
ductase (phbB) and by PHB synthase (phbC) [37]
(Figure 3). Recently some reports have appeared about
PHB synthesis in transgenic plants, with promising effects
of the PHB synthesis level but with significant growth
inhibition [38]. The most interesting results have been
shown for transgenic flax with overexpression of three
genes crucial for PHB synthesis from Ralstonia eutropha
with no negative effect on plant growth. For transforma-
tion, the 14-3-3 promoter was used as stem-specific for
flax. Transformed plants were able to accumulate 70
times higher levels of PHB than non-transformed plants
[39]. Mechanical properties of the stems of in vitro plants
were examined and characterized by Young’s modulus.
The possible changes in stem mechanical properties
through overexpression of PHB were evaluated by the
stress—strain relationship of basal stems section. Young’s
module varied from 24.1 to 54.4 MPa in transformed flax
and was twice much higher than in control plants. PHB
overexpressing flax had higher average resistance of stem
tissue to tensile loads and exhibited superior elastic
properties. The approach of introducing PHB polymer to
flax may generate the great source of commercially uti-
lized bast fibres. Further studies of isolated flax fibres
were carried out. The infrared (IR) spectra of the trans-
genic flax fibres showed some significant changes in fibre
composition and chemical bound conformations. PHB
located between flax fibres functioned as cross-linker
between the cellulose chain. There was a greater struc-
tural disorder of the transgenic flax fibres than in control
plants, which could be the result of formation of hemi-
celluloses with an amorphous structure and to the
shortening of the cellulose chain lengths. Flax with
introduced PHB exhibited stronger coupling between the
fibres, which made them more stable [40].

Another modification that could influence fibre quality
is retting improvement. The efficiency of this process
also influences fibre quality. Partial degradation of stem by
bacterial and fungal enzymes enables to receive pure fibre
proper for industrial use. The retting efficiency strongly
depends on the method used, so different procedures
have been examined: water retting in a tank under pre-
cisely controlled conditions, retting of standing flax fol-
lowing desiccation with glyphosate, and treatment with
formic acid, propionic acid, formaldehyde, Ethylene
diaminetetra-acetic acid (EDTA) or sulphur dioxide were
used, in the hopes of improving the fibre bundle sep-
aration from the rest of the plant stem. Most of the
methods were satisfactory but only on a laboratory scale,
so the traditional dew retting method is mostly used for
industrial purpose. Harvested stalks are left in the
field and soil micro-organisms digest the cell matrix
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polysaccharides. This process strongly depends on weather
conditions and thus cannot be properly controlled.
Moreover, the chemical composition of flax stems influ-
ences the retting process; the more lignified fibres are,
the longer the exposure to fungal and bacterial enzymes
that is needed, long treatment causes cellulose decom-
position and weakens the fibres. The possible solution to
this problem would be reduction of lignin synthesis in flax.
Lignins are complex polymers of three aromatic alcohols:
coniferyl, sinapyl and p-coumaryl [41], and cinnamyl
alcohol dehydrogenase (CAD) is an enzyme that catalyses
the biosynthesis of lignin monomers (hydroxycinnamoyl-
alcohols) from the corresponding aldehydes [42]. It is said
to be a specific marker of lignification [43]. Flax fibres
have 3-5% lignin, which provides mechanical resistance.
Lignins are synthesized and deposited in response to
pathogen attack and stress. They create the physical
barrier from pathogen infection [44]. Nevertheless, lignin
accumulation lowers fibres plasticity and has negative
influence on retting efficiency and thus quality of flax fibre.
To improve fibre quality the cad gene was silenced in flax.
The transgenic flax with silenced cad gene was expected
to have lower lignin content and indeed this was the case.
CAD enzyme activity decreased by about 20—40% and
was characterized by lower lignin level of up to 40% [45].
Silencing of the cad gene influenced the composition of
cell wall. There was a remarkable decrease in the pectin
level (rhamnose, arabinose, galactose and galacturonic
acid) and hemicelluloses. As all these compounds are
degraded by micro-organisms during retting, decreasing
their level facilitated this process. What is more, the
mechanical properties of transgenic flax fibres were
improved because of the increased ratio of cellulose to
lignin. The strength and stiffness of the stem were mea-
sured and transgenic flax with the silenced cad gene
exhibited more favourable properties. These data may
have potential commercial meaning in improving the retting
process and also mechanical properties of flax fibres.

Oil Stability Improvements

Another goal of genetic manipulation in flax was directed
towards improving flax oil properties. For this purpose,
flax was transformed with Solanum sogarandinum-derived
glycosyltransferase (UGT) protein, which we designated
SsGT1 under seed-specific napin promoter. UGTs are
large group of enzymes found in all living organisms
[46]. The glycosyltransferase from S. sogarandinum was
cloned and analysed [47]. Detailed analysis of the enzyme
revealed its broad substrate specificity, with the highest
activity against kaemferol and peonidin [48]. These
flavonoids are known antioxidants and their glucosylation
performed by overexpressed SsGT1 stabilizes these
metabolites. Accumulation of glucosylated flavonoids in
transgenic flax might improve the quality of flax oil. Over-
production of SsGT1 in transgenic flax resulted in
proanthocyanin, phenolic acids and unsaturated fatty
acids accumulation in the seeds. The consequence of this

modification was also a significant increase in the lignan
level. SDG, the major component of lignan was elevated
in transgenic flax by more than 30-fold [49]. What is
important from the biotechnological point of view is
the involvement of polyphenols glycosides in protection
of unsaturated fatty acids against oxidation [50]. The
significant increase in antioxidant compounds in trans-
genic flaxseed might protect unsaturated fatty acids,
which are essential constituents of flaxoil, but easily
undergo peroxidation. Plants extract with abundant fla-
vonoids can protect oil from oxidation. Flax oil received
from transgenic flax overexpressing SsGT1 in seeds
was examined in gas chromatography with Flame loniza-
tion Detector (FID) detector and the increase in unsatu-
rated fatty acids was observed [49]. The elevated level of
antioxidants in flaxseed was accompanied with meaningful
changes in fatty acids composition. The additional positive
effect of such a manipulation was improved pathogen
resistance, which was correlated with increased contents
of the glycoside derivates of flavonoid.

Medical and Industrial Applications of Products
Based on Genetically Modified (GM) Flax

Transforming flax with various genes was not only aimed
at deepening scientific knowledge of flax metabolism but
also creating new products for various applications. The
challenge of biotechnology is to broaden these applica-
tions. In this review, we present some possible use of
transgenic flax (Figure 4).

Bandages

Currently the number of patients with serious ulcer
wounds is still increasing. This is a consequence of chronic
diseases such as diabetes, obesity and atherosclerosis. It is
critical for healing ulcer wounds, because as soon as the
epidermal cells die, a major barrier to bacteria is brea-
ched, and it causes further necrosis to the surrounding
tissues [51]. An ulcer that is considered chronic, or non-
healing, is one that does not heal in a timely fashion. As
human life is increasingly prolonged, the number of diffi-
cult-to-heal ulcers is also growing. Their treatment is
difficult, complicated and the process of healing uncertain.
Around 50% of ulcers heal within four months and there
is a high probability of renewal of disease [52]. Unfortu-
nately, there are very few innovative methods for ulcer
healing. In this review, we present the very new applica-
tion of flax fibre in bandages production. Flax fibres with
high antioxidant level would be the perfect material for
linen wound dressing. Given their high level of anti-
oxidants such as lignans, phenolic acids, kaempferol and
quercitin, they can stimulate natural process of wound
clearing by macrophages [53]. Such flax bandages can
assure the perfect milieu for effective healing by helping
the natural process to progress. They are hygroscopic and
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thus offer lower infection probabilities. The loose weave
of flax tissue enables wound purification from various
contaminations. Flax bandages can also be enriched with
transgenic oil emulsion or transgenic seedcake extract
with significantly high antioxidant level. This can prevent
fibroma formation; can also keep optimal humidity that
facilitates epithelial cells migration [54]. Simultaneous use
of fibres, oil emulsion and seedcake extract from geneti-
cally modified flax was expected to promote healing of
chronic skin ulcerations. This was the case indeed. The
group of 30 patients having long-lasting skin ulceration
(from 2 to 23 years) was subjected to treatment with
linen dressing for 12 weeks. The treatment was divided
into three phases: dry phase with use of highly hygro-
scopic linen dressing aimed at drying and cleaning up
wounds, second stage were linen dressing were wetted
with oil emulsion, derived from transgenic flax, in order to
supply wounds with polyunsaturated fatty acids (PUFA)
and antioxidants, and the third phase were flax bandages
wetted with seedcake extract rich in lignans, the anti-
inflammatory compounds were used. Such a treatment
effectively reduced the wound exudates in almost 67% of
the subjects [55]. Moreover, 93% patients exhibited a
decrease in the fibrin level, which is one of the steps in
wound healing. An important and objective parameter
that was assessed was the wound size and it appeared that
in the case of 80% of patients, the ulcer size was reduced,
among which 23% were totally cured. These results show
that linen dressings obtained from GM flax have beneficial
effects on wound healing and can be used as an innovative
flax biotechnological product.

Biocomposites

Flax with overexpression of three genes crucial for PHB
synthesis could have many possible applications. Trans-
genic flax fibres enriched with biodegradable plastic — PHB
are useful in biomedical and technical applications. These
fibres can be used for biocomposites production as en-
forcement of biodegradable composite materials. Great
disadvantages of currently produced composites are their
poor biomechanical properties and poor bioactive ac-
tions. PHB is a very brittle material and requires another
polymer to compensate elasticity, stiffness or durability.
At present, composites are composed of biodegradable
polymers such as PHB and non-organic phase (hydro-
Xyapatite, bioactive glass fibres or glass-ceramic fibres) for
medical use [56] or plant fibres (cellulose polymers) with
synthetic polymers (polystyrene, polypropylene and glass
fibres) for automotive industry [57]. In the last decade,
bio-fibres were applied by European car-makers for
constructing door panels, seat backs, headlines, package
trays, dashboards and trunk liners [58, 59]. The inter-
esting issue would be to not only produce biocomposites
that would be biodegradable but also have favourable
mechanical properties such as elasticity, plasticity, dur-
ability and have some bioactive features (antioxidative).
Between the warp phase, which is a constituent of a com-
posite that is thrown across (e.g. PHB) and filling (e.g.
cellulose fibres or glass fibres), discontinuous fragments
are formed. They weaken the integrity of the bio-
composite, which is a significant disadvantage. The
possible solution to this problem would be production of
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a natural biocomposite from PHB-enriched flax fibres.
This would definitely improve its biomechanical proper-
ties. Moreover, flax fibres are a great source of lignans,
which possess antioxidative properties, and are thus
bioactive. So far, only plant fibres without chemical
competence with warp have been used. A great innova-
tion would be introduction to flax fibres of a biodegrad-
able polymer that would make the compatibility of
biopolymers constituents better. Use of transgenic flax
fibres with PHB would enforce traditional mechanical
bond in composites with an additional chemical bond
(hydrogen bond) between warp and polymeric fibres. This
additional bond is said to improve mechanical properties
of composites. Application of transgenic flax fibres could
make the economy independent of synthetic material
derived from crude oil processing.

Another important and promising application of flax
fibres with PHB is packaging of biomedical products. The
plastics used nowadays (polypropylene — PP and poly-
styrene — PS) are produced from crude oil polymers and
are used for packaging products. Alarming increase of
plastic packaging and their non-biodegradability contribute
to environmental damage. Annual plastic production is
estimated to be about 140 million tonnes and its sig-
nificant part is introduced into the ecosystem as industrial
wastes [60]. Application of flax biocomposites in packa-
ging and replacing only 20% of polypropylene in such
products would eliminate 28 million tonnes of poly-
propylene from the environment per year. Transgenic
plastic flax could also be used in many other medical
products such as surgery thread or implants. Previous
experiments showed that composites of flax plastic fibres
do not promote platelet aggregations in contrast to pure
polypropylene. In vitro experiments indicated that flax
plastic fibres have bacteriostatic properties (data not
published). Biocomposites with bioplastic flax fibres give
the new possibilities of their application as implants in
orthopaedic, tissue engineering and other branches of
medicine.

Nutritional Supplements

Since the flaxseed is a rich source of PUFA, it has bene-
ficial health effects. However, flaxseed oil easily under-
goes oxidation. The energy necessary to initiate
peroxidation is lower, the more unsaturated bounds are
present in fatty acids chains. The reaction of reactive
oxygen species (ROS) with PUFA has been studied as it
promotes development of undesirable flavour and odour
in food. Lipid peroxidation in plant membranes can
degrade unsaturated fatty acids, which makes flax oil very
unstable and even toxic. This process leads to free radical
production, which is associated with carcinogenesis, age-
ing, inflammation and atherosclerosis [61]. To preserve
flax oil it is necessary to store it quickly in cold, dark
conditions with limited light access. These conditions

make flaxseed oil an unpopular industrial product. A
possible solution to these problems would be to use a
transgenic flaxseed with increased antioxidant content for
flax oil production. Both transgenic lines would be suitable
for this purpose: flax with overexpression of genes coding
for flavonoids synthesis and also with overexpression of
glycosyltransferase gene as it makes flavonoids more
stable. Since flavonoid compounds protect lipids against
peroxidation and have hydroxyradical scavenging activity
[62], transgenic flax oil could be the great source of
precious flax oil. Fatty acid composition analysis of trans-
genic flax revealed increase in unsaturated fatty acids
level, which suggests that there is a positive effect of fla-
vonoid compound. It is also reported that other compo-
nents such as lignans, fibres and proteins protect oil
against lipid peroxidation [63]. Seedcake from transgenic
flaxseed is rich in strong antioxidant secoisolariciresinol
(SDG). This lignan also contributes to health-promoting
actions [64]. Transgenic flax oil can be directly used in
food, medical and cosmetic products. Flax products are
widely used and available as flax seed, flax seed oil or flax
seed oil supplements, in liquid form or soft gel capsules.
Flax is a constituent in cream, ointments and masks;
it contains vitamins F, A, E and microelements, so it
can provide the essential nutritional elements, proper
humidity of skin, slow effects of ageing and protect it
from unfavourable external factors [65]. As a dietary
supplement, flax is mainly used for its high unsaturated
fatty acid content and can be found in many different
products. A great innovation would be the introduction
flax with improved antioxidant properties and better
nutritional parameters to this wide range of products.

Conclusions

Flax is a plant widely distributed with a long cultivation
history as industrial oil and fibre crop. There is a still
growing interest in the medicinal, nutraceutical and
industrial value of flax. The interest is mainly concentrated
on biological activity of unsaturated fatty acids but also on
lignans (SDG) and soluble dietary fibres. Flax is also of
much interest for scientists who try to improve its
favourable properties by the tools of genetic engineering
tools. Increasing the expression level of the heterologous
genes presented in this review contributes to improved
pathogen resistance, oil stability, fibre quality and elevated
antioxidant level. As the transformation protocol of flax is
well established and results are very promising, it is clear
that genetically modified flax has a future in industrial and
medical applications.
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