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Abstract

Flax (Linum usitatissimum L.) is an ancient crop that is widely cultivated as a source of oil, fiber, and bioactive
compounds. Flax fiber is traditionally used in textile industry, linseed oil is processed for industrial oils, paints,
varnishes and bio-petroleum. Flaxseeds are also rich in a-linolenic acid and phytochemicals such as lignans.
In addition to the commercial aspects, this species has been used widely and readily in biotechnological, de-
velopmental, and plant-pathogen interaction studies. Differences in the levels of endogenous hormones in various
cultivars of flax significantly affected the intensity of callogenesis and determined the type and concentration of
growth regulators necessary for callus production. The aim of our investigation was to optimize the culture con-
ditions for callus formation and cell proliferation in liquid medium of the Polish cultivar of fiber flax - Modran.
In the first step, 4 combinations of phytohormones in the medium were tested to obtain established callus tissue
suitable for initiation of suspension culture. Next, we investigated the effect of chosen plant growth regulators
on cell divisions, fresh and dry weight, and dispersal of callus cells in liquid medium. Fast growing and friable
callus was obtained in a modified MS medium supplemented with 0.5 mg/1 BAP and 0.1 mg/1 NAA. We determined
that for the initiation of cell suspension supplementation with 0.5 mg/l BAP and 0.5 mg/l NAA is optimal. The
results obtained indicated that high concentration of cytokinin (BAP) in liquid medium limited cell proliferation

and decreased biomass formation.
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Introduction

Linum usitatissimum L. has a long history of tradi-
tional use as a source of both oil and fiber. Two types of
L. usitatissimum used commercially are flax, grown for
fiber, and linseed, grown for seed. Flax fiber is traditio-
nally used in textile industry; and flax or linseed tow is
used in furniture and building industries and as a substi-
tution of plastic components in the automotive and air-
craft industries (Barkoula et al., 2010). Flaxseed oil is an
excellent source of omega-3 fatty acids, that is, linolenic
acid, while linseed oil is processed for industrial oils,
paints, varnishes, and biopetroleum. According to Broad-
ley et al. (2001), flax is considered as a Cd-accumulator
species, and may have a role in successive deconta-
mination of agricultural soils polluted by heavy metals
(Bjelkova et al., 2011).

Flaxseed is consumed by humans as a functional
food due to an increasing demand of edible oil sources
of omega-3 fatty acids, and is also added to animal feed
to improve their reproductive performance and health
(Malik et al., 2014). Moreover, flaxseed is also rich in
various phytochemicals such as lignans. Water- and
alcohol-soluble (+)-secoisolariciresinol diglucoside (SDG)
is the main lignan found in flaxseed. SDG is converted to
mammalian lignans, such as enterodiol (END) and en-
terolactone (ENL), by intestinal bacteria. These mamma-
lian lignans exhibit antioxidant activities and are sug-
gested to play a role in the reduction of hypercholestero-
lemia, atherosclerosis, and diabetes (Prasad, 2000). The
hypoglycemic potential of flaxseed largely depends on
the inhibitory capacities of SDG toward pancreatic
o-amylase (Hano et al., 2013). Szewczyk and coworkers
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(2014) demonstrated that a highly concentrated extract
from L. usitatissimum resulted in a significant increase
in apoptosis in human breast cancer cell lines. Due to its
potential health benefits, flaxseed is the focus of increa-
sed interest in diseases and diet research fields.

In addition to the commercial uses described earlier,
this species has been widely and readily used in bio-
technological, developmental, and plant-pathogen inter-
action studies. L. wusitatissimum has a long history of
In vitro culture applications, for example, flax embryos
were one of the first in vitro cultivated embryos. Later
on, Millam et al. (2005) reported flax’s ability to initiate
buds from hypocotyls and indicated applications of the in
vitro system based on flax tissue cultures to study plant-
pathogen interactions. Ibrahim (1971) conducted the
study of the improvement and optimization of the cul-
ture medium for flax cultivation. Ling and Binding
(1987) were the first to isolate the protoplast from flax
tissues. Flax protoplasts are widely used in biochemical
and physiological studies, especially on the composition
and formation of the cell wall or transformation (Gam-
borg and Shyluk, 1976; David et al., 1995; Ling and
Binding, 1997). In vitro cultivation of cells and tissues
can lead to somaclonal variation, which depends on the
type of tissue from which the cells are derived, the dura-
tion of the culture, and the combination of exogenous
factors (e.g., plant growth regulators). Somaclonal varia-
tion causes genetic instability, but may also result in fa-
vorable features appearing in regenerates; for example,
a new line of flax with an increased resistance to Fusa-
rium oxysporum is obtained (Rutkowska-Krause et al.,
2003). Anther culture and microspore regeneration sy-
stem in flax are useful tools for molecular marker stu-
dies and for production of haploid and doubled haploid
lines (Millam et al., 2005). Flax is one of the first crops
successfully transformed with Agrobacterium. Jordan
and McHughen (1988) reported the first flax transforma-
tion via Agrobacterium, while the first transgenic flax
plants obtained via particle bombardment were studied
by Wijayanto and McHughen (1999) L. usitatissimum is
therefore a valuable tool for both the basic and applied
studies.

Behar and coworkers (2011) demonstrated that the
differences in the levels of endogenous hormones in va-
rious cultivars of flax significantly affected the intensity
of callogenesis and also determined the types and con-
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centrations of growth regulators necessary for callus pro-
duction. Our investigation was therefore aimed to opti-
mize the culture conditions for callus formation and cell
proliferation in a liquid medium of a Polish cultivar of
fiber flax — Modran. Its genotype was obtained by cros-
sing Ariane and Smoleriski cultivars. Modran revealed
high resistance to Fusarium and a very high resistance
to lodging. It is also one of the cultivars with the highest
quality of fiber (Heller, 2012).

Four combinations of phytohormones in the medium
were chosen and tested to obtain an established callus
tissue suitable for initiation of suspension culture in the
first step. Next, the effects of the chosen plant growth
regulators on cell divisions, fresh weight (FW) and dry
weight (DW), and dispersing callus cells in a liquid me-
dium were investigated. The cell suspension culture is
applied in the biochemical, molecular, and physiological
research, as well as in the commercial plant biotechno-

logy.

Materials and methods

Plant material

L. usitatissiumum seeds of the cultivar Modran used
in the experiments were obtained from the Institute of
Natural Fibers and Medicinal Plants, Poznan, Poland.
Modran is one of the latest cultivars bred in the Experi-
mental Station, Petkowo (registered in 2001). The plant
material used in the study was obtained from a nonsterile
culture. Seeds were sown into sterilized soil and grown in
darkness in a breeding room at 24 °C for 1 week.

Establishment of a callus culture

Seedlings were harvested after 7 days of cultivation,
rinsed in 75% ethanol for 30 s, surface sterilized with 7%
commercial bleach containing 4.8% sodium hypochlorite,
and washed 4 times with sterile distilled water. About
10-15 mm long hypocotyl segments were excised and
cultured in Petri dishes on a modified MS medium
(2 mg/1 nicotinic acid; 2 mg/l pyridoxine) (Murashige
and Skoog, 1962), supplemented with 3% (w/v) sucrose
as a carbon source and solidified with 0.8% agar. The pH
of the medium was adjusted to 5.6-5.8 before auto-
claving. To obtain appropriate condition for callogenesis,
four variants of plant hormone combinations were added
to the basal culture medium and tested: 1) 0.5 mg/l
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6-benzylaminopurine (BAP) and 0.05 mg/l 1-naphtha-
leneacetic acid (NAA); 2) 0.5 mg/l BAP and 0.5 mg/]
3-indoleacetic acid (IAA); 3) 1 mg/l kinetin (KIN) and
0.5 mg/11AA; 4) 0.5 mg/1 BAP and 0.1 mg/1 NAA. Callus
cultures were inducted in 120-mm Petri dishes, each
containing 60 ml of the tested medium and 12 hypocotyl
explants. A minimum of 96 explants were tested for each
combination of plant growth regulators. After 8 weeks of
culture, the callus tissue was transferred to 150-mm
Petri dishes. The cultures were incubated in phytotron
in darkness at 24 °C and subcultured to a fresh medium
every 4 weeks. Any organs formed were removed during
the transfer to fresh media. The most suitable calli for
the initiation of suspension cultures were chosen after
6 months of culture.

Initiation of a cell suspension culture

The callus tissues obtained on the solid modified MS
medium supplemented with 0.5 mg/l BAP and 0.1 mg/1
NAA were used for obtaining the cell suspension cultu-
res. To initiate the cultures, 5 g undifferentiated, friable
callus tissue was comminuted and transferred to
a 250 ml Erlenmeyer flask containing 100 ml of the
liquid medium. The basal medium was composed of half-
strength microelements, unmodified microelements, and
slightly modified organic compounds (2 mg/] nicotinic
acid; 2 mg/1 pyridoxine) of the MS medium. To deter-
mine the appropriate conditions for the induction of flax
cell suspension cultures, two combinations of phyto-
hormones were tested: 1) 2 mg/l BAP and 0.5 mg/1 NAA
and 2) 0.5 mg/l1 BAP and 0.5 mg/l NAA. A total of 20
flasks were tested for each combination of plant hor-
mones. All suspensions were incubated on an orbital
shaker at 120 rpm in the dark at 24°C and subcultured
every 14 days. Cultures were conducted for 220 days.

Determination of the parameters
of the cell suspension culture

The growth of cell suspensions during a 14-day cycle
was determined by the measurements of FW. Cells and
aggregates were drained in a sterile sieve with auto-
claved standard qualitative filter papers and weighted in
aseptic conditions on the 34 5% 7% 10™ 12" and 14"
days of culture. On the 14" day of culture, DW was de-
termined after drying at 70°C. The increase in FWs and
DWs was assessed in 10 flasks for each combination of
plant hormones.
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Results

The most frequently applied sources of cells for the
initiation of suspensions are the established callus cul-
tures, consisting undifferentiated and loosely joined
cells. To obtain these calli, cultures should be main-
tained for about 6 months. The growth and proliferation
of callus tissues heavily depends on the external supply
of plant hormones in the synthetic media.

After 16 days of culture on the medium supplemen-
ted with 0.5 mg/l BAP and 0.05 mg/l NAA (variant 1),
approximately 90% of the hypocotyl explants formed
callus tissues along the entire length. The calli were
usually yellow and friable, sometimes white with a com-
pact structure, and the formation of shoots was observed
(Fig. 1A). After 28 days of culture, the rate of callus for-
mation was high whereas shoot organogenesis was also
observed (Fig. 1B). The appearance of organogenesis
was considered as negative and unintended effect; there-
fore, a new variant (4) of a phytohormone combination
was introduced (0.5 mg/l BAP and 0.1 mg/l NAA).
During the next 4 weeks, callogenesis and rhizogenesis
were observed in variant 1. As shown in Figure 1C,
usually white and compacted calli formed shoots, where-
as roots were formed in a smaller number and mostly on
the yellow calli. After 120 days of culture, the callus
tissues became more homogenous (yellow and friable)
and no organogenesis was observed (Fig. 1D). After 16
days of culture on a medium containing 0.5 mg/1 BAP
and 0.5 mg/l IAA (variant 2), slightly more than 50% of
the explants formed calli with heterogeneous structures
(Fig. 1E). During the next 2 weeks, the rate of callus for-
mation increased; some of the hypocotyls were covered
with yellow and friable callus tissues and others with
compacted and hard white or brown calli (Fig. 1F). The
presence of roots on the explants was rarely reported.
The frequency of callus formation was relatively low in
this variant; furthermore, the calli were nonhomogenous
meaning that yellow, white, and brown calli occurred
within one explant (Fig. 1G, Fig. 1H). After 16 days of
culture on the medium supplemented with 1 mg/1 KIN
and 0.5 mg/1IAA (variant 3), 70% of the hypocotyls were
swollen along the entire length, and only a few produced
calli at the injury site (Fig. 1I). Prior to the first passage
onto the fresh medium, root organogenesis was detected
(Fig. 1]). The calli were yellow and friable, as well as
white and tough. After 2 months of cultivation, rhizo-
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Fig. 1. Comparison of callus tissue formation on a solid medium supplemented with 0.5 mg/l1 BAP and 0.05 mg/1 NAA (A-D),
0.5 mg/l BAP and 0.5 mg/l IAA (E-H), 1 mg/1 KIN and 0.5 mg/1 IAA (I-L), 0.5 mg/l BAP and 0.1 mg/l NAA (M-P). Bar indicates
5 mm. A) Hypocotyls after 16 days of culture with a primordium of a shoot (arrow); B) Hypocotyls after 28 days of culture with
a shoot (arrow); C) Callus tissue after 56 days of culture, a visible shoot (arrow) and root (arrowhead); D) Relatively homogenous
callus tissue after 120 days of culture; E) Hypocotyls after 16 days of culture with relatively low callus growth; F) Hypocotyls
after 28 days of culture covered with a heterogeneous callus tissue; G) Callus tissue after 56 days of culture with insertions of
white and tough fragments (arrows); H) Non-homogenous callus tissue after 120 days of culture with brown, compacted
fragments (arrows); I) Hypocotyls after 16 days of culture, low callus growth; J) Hypocotyls after 28 days of culture, some
explants covered with white and hard callus tissue, visible rhizogenesis (arrows); K) Callus tissue after 56 days of culture with
numerous inserts of white and hard fragments (arrows), visible roots (arrowheads); L) Callus tissue after 120 days of culture,
visible white inclusions (arrow); M) Hypocotyls after 16 days of culture with a relatively high callus growth especially at the
injury site; N) Hypocotyls after 28 days of culture; O) Calli after 56 days of culture consisting of yellow and friable tissue;
P) Homogenous callus tissue after 120 days of culture

genesis still proceeded (Fig. 1K). After 120 days, the
callus tissues were almost homogenous with minor inser-
tions of white tissues (Fig. 1L). After 16 days, a majority
of the explants (about 90%) in variant 4 were overgrown
with yellow and friable calli (Fig. 1M), and after 28 days
no organogenesis was observed (Fig. 1N). The rate of cal-
lus formation was the highest in this variant. After 2
months, the callus was rather homogenous (Fig. 10), with
a few insertions of white and brown tissues. The structure

of the callus tissue after 120 days of culture was adequate
for the induction of the cell suspension. The calli were
friable, homogenous in structure, and facile to fragmenta-
tion (Fig. 1P). We obtained a fast-growing and friable
callus in the modified MS medium supplemented with
0.5 mg/l BAP and 0.1 mg/l NAA; therefore, we re-
commend this combination of plant hormones to be used
to achieve an appropriate callus tissue for initiation of
cell suspension of fiber flax cultivar Modran.
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Fig. 2. A) Changes in callus fresh weight during the 14-day cycle and B) the amount of dry weight after the 14-day cycle

The composition of a liquid medium is another cru-
cial factor affecting the efficiency of initiation of cell
suspension cultures. In a study on the accumulation of
lignins and lignans in a flax suspension, Hano and co-
workers (2006) used an MS medium supplemented with
2 mg/1 BAP and 0.5 mg/l NAA. Therefore we decided to
check whether this combination of plant hormones
(variant 1) was suitable for obtaining a high frequency of
cell proliferation and biomass production of Modran. We
also examined the effects of equal amounts of cytokinin
and auxin (0.5 mg/l BAP and 0.5 mg/l NAA) on the
growth parameters of the suspension (variant 2) in
a liquid medium.

A higher increase in FW was observed in the variant
2 (Fig. 2A). In this case, the growth rate was high during
the first few days after transfer (lack of a lag phase), and
the FW doubled after 5 days of the cultivation. The
highest increase in biomass was detected between the
7th and 10th days of culture in both variants. The gain of
DW was lower in the variant 1 (Fig. 2B). The obtained
results indicated that high concentrations of cytokinin
(BAP) in the liquid medium limited the cell proliferation
and diminished the biomass formation.

The suspensions were conducted for 220 days to
examine the stability of the cultures. Spontaneous chan-
ges in the structure of the cell aggregates were recor-
ded. The callus tissue turned brown and was compacted,
the growth rate decreased, and finally all the changed
suspensions died in about 15% flasks from both variants.
This effect was not correlated with the duration of the
culture. While the suspension looked homogenous and
consisted of cells and cell aggregates in 85% of flasks.

Discussion

In the previous studies on flax in vitro cultures,
hypocotyls were usually used as a source of explants,
and their capability for shoot formation and somatic
embryogenesis was established. Janowicz and Wojcie-
chowski (2009) confirmed that hypocotyl explants had
the highest morphogenetic potential. Our research de-
monstrates that hypocotyl explants of flax Modran cv.
are appropriate for the induction of callus formation, and
when properly selected, a combination of plant hormo-
nes blocks the natural organogenesis capability of hypo-
cotyls. Among plant hormones, auxins and cytokinins
appear to be the most effective in promoting callus for-
mation. Belonogova and Raldugina (2006) showed a high
frequency of callogenesis in cotyledon explants on a me-
dium supplemented with auxin (NAA). Moreover, Jano-
wicz and Wojciechowski (2009) showed that hypocotyl
explants of Modran were the most effective in callus
tissue formation on an MS medium supplemented with
NAA. Burbulis and coworkers (2005) demonstrated that
an addition of cytokinin had a positive effect on shoot
regeneration from callus. Similar results were obtained
by Salaj and coworkers (2005) for hypocotyl explants.
The morphogenetic potential of the callus tissue was
observed on a medium supplemented with cytokinin,
whereas a non-morphogenic callus occurred on a me-
dium amended only with auxin (Salaj et al., 2005). Our
results have confirmed these previous reports. Among
the tested combinations of plant growth regulators, the
highest frequency of callus formation occurred on a me-
dium supplemented with BAP and NAA; moreover, the
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stimulatory effect of cytokinins on shoot formation might
be abolished by auxin supplementation. Mundhara and
Rashid (2002) postulated that to some extent shoot
organogenesis on hypocotyls was determined by the
content of cytokinins in the medium, but depended on
the light conditions. We have demonstrated that shoot
formation on hypocotyls occurred in darkness and the
shoots formed were etiolated.

We have found that a higher concentration of cyto-
kinin in a liquid medium had an inhibitory effect on cell
proliferation and biomass formation. This observation
confirmed the report of Zhan and coworkers (1989), who
stated that a too high concentration of cytokinin in the
medium inhibited regeneration and precluded formation
of the callus. The results of our studies indicate that an
appropriate balance between the amount of auxin and
cytokinin in the medium promotes cell proliferation and
increases biomass production in suspension cultures.
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