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Abstract In this study, routinely used transformation method,
which includes transferring explants onto co-cultivation
medium after inoculating them with bacterial solution for a
while, was compared with 3 different inoculation methods. In
every 3 methods, hypocotyl explants excised from 7-day-old
sterile flax seedlings having cotyledon leaves and no root
system dried under air flow in sterile cabin for 35 min were
inoculated with different volumes of bacterial solution at
different inoculation periods. GV2260 line of Agrobacterium
tumefaciens having ‘pBIN 19’ plasmid containing npt 11
(neomycin phosphotransferase I1I) gene and GUS reporter
gene was used in transformation studies. After inoculation,
hypocotyl segments of seedlings (0.5 cm in length) - were
excised and left to co-cultivation for 2 days. Then, explants
were transferred to regeneration medium supplemented with
different antibiotics. The presence of npt-II and GUS genes in
transformants was confirmed by PCR and GUS analysis. The
highest results in all characters examined in all cultivars were
obtained from the 2 inoculation method in which hypocotyls
excised from seedlings inoculated with 500 pl of bacterial
solution after drying in sterile cabin for 35 min were used.
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Introduction

Agrobacterium tumefaciens-mediated transformation has
been widely used to obtain transgenic plants having desired
traits such as insect resistance and herbicide tolerance (Hooy-
kaas and Schilperoot 1992). Two genetic components of
bacteria, virulence genes (vir) and chromosomal genes (c/v),
are directly involved in the transfer of T-DNA from Agro-
bacterium to plant cells (Hooykaas and Schilperoot 1992).
The molecular basis of Agrobacterium-mediated transformation
is the transfer and stable integration of a DNA sequence
(T-DNA) from Ti (tumor-inducing) plasmid of Agrobacterium
tumefaciens into the plant genome (Bevan and Chilton 1982;
Binns and Thomashow 1988). Agrobacterium tumefaciens-
mediated transformation has some advantages compared with
direct gene transfer methods such as integration of low copy
number of T-DNA with plant genome, stable gene expression and
transformation of large size DNA segments. However, pro-
duction of transgenic plants is still not easy in most of plant species.

One of the main objectives of tissue culture studies is
to obtain high-frequency shoot regeneration, which is also
a prerequisite for an efficient transformation system. The
introduction of foreign genes coding agronomically important
traits into plant cells has no meaning unless transgenic plants
are regenerated from the genetically modified cell(s). Adven-
titious shoot regeneration capacity of cells or tissues to be
used in transformation studies affects the success of genetic
transformation significantly (Jordan and Mc Hughen 1988;
Dong and McHughen 1993).

Flax (Linum usitatissimum L.) is an annual plant species
from Linaceae family. It is an important crop as source of
natural fiber and industrial oil and has the potential of meeting
edible oil and protein deficiency (Green and Marshall 1984;
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Caillot et al. 2009). The products of flax are used in various
industries including textiles, insulation materials, fibre-reinforced
composites, pulp and paper, inks, paints, varnishes, etc (Caillot
et al. 2009). Morover, due to some protection properties of
lineseed oil, it is recommended in some diseases such as
respiratory track disease, gastrointestinal track disease, skin
disease, diabet and some cancer disease (Lorench-Kukula et
al. 2005).

Moreover, it has been used as a model system for genetic
manipulation studies due to its small nuclear genome (Millam
et al. 1992). Although flax regenerates easily, transformation
efficiency is low when inoculated hypocotyls are directly
co-cultivated (Jordan and McHughen 1988). Transformation
efficiency could be increased by modifying physical conditions
of explant and preconditioning of explants (Dong and McHughen
1993; Yildiz and Er 2002b)

This study was aimed to increase the transformation efficiency
in flax by modification of tissue’s osmotic pressure together
with different inoculation durations and bacterial density. In
this study, together with routinely used inoculation method,
three inoculation methods were compared with respect to
transformation efficiency.

Materials and Methods
Plant material

Flax (Linum usitatissimum L.) seeds of ‘Madaras’, ‘Clarck’
and ‘1886 Sel.” cultivars obtained from Northern Crop Science
Laboratories, in North Dakota, USA were used in the study.
Seeds were surface sterilized with 40% commercial bleach
containing 5% sodium hypochlorite at 10°C for 20 min with
continuous stirring and then were washed three times with
sterile water at the same temperature (Yildiz and Er 2002).
Sterilized seeds were germinated on a basal medium
containing the mineral salts and vitamins of (MS) (Murashige
and Skoog 1962), 3% (w/v) sucrose and 0.7% (w/v) agar.

Culture conditions

All cultures were incubated at 24+ 1°C under cool white
fluorescent light (27 umol m™ s™') with a 16h light/8h dark
photoperiod. The pH of the medium was adjusted to 5.8 prior

to autoclaving. Hypocotyl segments (length) were excised
from 7-day-old seedlings as reported by Yildiz et al. (2003).

Agrobacterium tumefaciens strain

Agrobacterium tumefaciens strain GV2260 harboring plasmid

Fig. 1 Seven-day-old sterile flax seedling (a), Explant (7-day-old
sterile flax seedling having cotyledon leaves and no root system
used in transformation studies) used for inoculation in 2 3¢
and 4™ inoculation methods (b), and explants used for inoculation
in 1 inoculation (routinely used) method (c)

p35S GUS-INT was used for inoculation. The binary plasmid
p35S GUS-INT contains neomycin phosphotransferase 11
(npt-II) gene driven by nopaline synthase (NOS) promoter
and [3-glucuronidase (GUS) gene controlled by cauliflower
mosaic virus (CaMV35S) promoter. GV2260 strain carrying
P35S GUS-INT strain was grown overnight in a liquid NB
(Nutrient Broth) medium containing 50 mg L kanamycin
and 50 mg L' rifampicin at 28°C in a rotary shaker (180 rpm)
(OD = 0.6) and used for transformation.

Transformation procedure

Four different inoculation methods were used for transformation
to flax by Agrobacterium tumefaciens. Three of these methods
were based on inoculation of 7-day-old sterile seedlings
having cotyledon leaves and no root system that were dried
under air flow in sterile cabin for 35 min. with different
volumes of bacterial solution at different inoculation periods
(Fig. 1). The reason why 7-day-old seedlings having cotyledon
leaves and no root system were dried under air flow in sterile
cabin was to enable seedlings to intake bacterial solution
rapidly towards inner cells by increased osmotic pressure of
seedlings in the stage of inoculation and by this way to
increase the number of cells inoculated and consequently to
increase the transformation efficiency. And these three
inoculation methods were compared to the routinely used
inoculation protocol as a control.

1* Inoculation (Routinely Used) method

Hypocotyl segments, 0.5-cm in length, excised from 7-day-old
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sterile flax seedlings were immersed in a liquid regeneration
medium containing 1 mg L' BAP and 0.02 mg L' NAA for
20 min. with a 500 pl of overgrown GV2260 p 35S GUS-INT
strain.

2" Inoculation method

7-day-old sterile flax seedlings having cotyledon leaves and
no root system were inoculated with 500 pl bacterial solution
added to liquid regeneration medium for 20 min after drying
in sterile cabin for 35 min.

3" Inoculation method

7-day-old sterile flax seedlings having cotyledon leaves and
no root system were inoculated with 500 pl bacterial solution
added to liquid regeneration medium for 40 min after drying
in sterile cabin for 35 min.

4™ Inoculation Method

7-day-old sterile flax seedlings having cotyledon leaves and
no root system were inoculated with 1000 pl bacterial solution
added to liquid regeneration medium for 40 min after drying
in sterile cabin for 35 min.

After inoculation, hypocotyl explants were transferred to
solid regeneration medium containing 1 mg L™ BAP and 0.02
mg L' NAA for co-cultivation for 2 days in culture room at a
temperature of 25+ 1°C. After co-cultivation, explants were
transferred to regeneration medium supplemented with 100
mg L' kanamycin and 500 mg L' augmentin.

Histochemical GUS assay

Histochemical GUS assay was carried out as reported previously
(Jefferson, 1987). Samples were incubated at 37°C overnight
in histochemical reagents consisting of 1 mM 5-bromo-4-
chloro-3-indoyl [3-D-glucuronide (X-Gluc), 10 mM EDTA,
0.1% Triton X-100 and 100 mM sodium phosphate at pH 7.0.
The samples were then fixed in 70% ethanol. A sample was
described as GUS positive if there was at least one discrete
dark-blue region on the tissue.

Rooting of shoots and recovery of transgenic plantlets

Regenerated shoots were then transferred to rooting medium
containing 3 mg L™ indole-butyric acid (IBA) and 100 mg L
kanamycin in Magenta vessels (60 x 60 mm) with four
replications (shoots from each petri dish were transferred to

the separate Magenta vessels) and incubated for 3 weeks at
24+ 1°C to induce root formation. Rooted shoots were
transferred to pots with four replications again (plantlets from
each Magenta vessel were transferred to pots) and grown at a
room for 3 weeks where light (27 pmol m™s™), temperature
(24« 1°C) and humidity were controlled. Humidity was
decreased gradually from 100% to 40% during three weeks.
Plants were irrigated with 50 ml water containing 100 mg L'
kanamycin at 2 day-intervals during 14 days for further
selection.

Genomic DNA extraction

Genomic DNA was extracted from transformed and untransformed
(control) tissues according to via Genejet Plant Genomic
DNA purification mini kit (#0791 Thermo, Lithuanian).

Polymerase chain reaction (PCR)

PCR amplification of the npr-Il genes was done with the
following specific primers: 5'- GATTGCACGCAGGTTCT
CCG -3’ and 5'- AGCCCCTGATGCTCTTCGTC -3’ for the
npt-II gene. Standard PCR was performed in 2 UL containing
200 ng of DNA, 0.5 pmol of each primer, 0.25 uM dNTP, 1x
PCR buffer, 2mM MgCl, and 0.625 U of DreamTaq DNA
polymerase (#0702 Thermo). PCR was performed in a pro-
grammable thermocycler (MJ Research) with the following
conditions: 5 min at 95°C; followed by 36 cycles of
denaturation for 1 min at 95°C, annealing for 1 min at 58°C,
and extension for 1 min at 72°C; and finally extension with 10
min at 72°C. Samples were then stored at 4°C. Amplified
DNA was detected by using ultraviolet light after electro-
phoresis on 1% agarose/ethidium bromide gels using 1x
Tris-borate-EDTA as running buffer.

Observations

Regeneration percentage, shoot number per explant, the highest
shoot length, mean shoot number growing on selection medium
per petri dish, total GUS (+) shoot percentage, mean shoot
number rooted per Magenta vessel, total plant number growing
insoil, total PCR (+) plant number and transformation efficiency
were recorded 4 weeks after culture initiation.

Statistical analysis

Four replicates were tested. Petri dishes (100 x 10 mm) con-
taining 25 explants, Magenta vessels containing shoots and
pots containing rooted plantlets were considered the units of
replication. One-way Analysis of Variance (ANOVA) was
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used to test the effect of inoculation methods on transformation
efficiency in each cultivar. All experiments were repeated two
times. Data were statistically analyzed by “SPSS 15.0 for
Windows” computer program. Duncan’s multiple range test
was used to compare the means. Data presented in percentages
was subjected to arcsine (/X ) transformation before statistical
analysis (Snedecor and Cochran 1967).

Results

Routinely used inoculation method in which hypocotyl
explants excised from 7-day-old sterile seedlings were directly
inoculated with a 500 pl bacterial solution for 20 min., was
ranked in second order with respect to all characters examined
in all cultivars except shoot number per explant in cv. ‘1886
Sel.” (Fig. 2a, Table 1). After a 4-week-cultivation period on
selection medium containing 100 mg L™ kanamycin and 500
mg L' augmentin, the highest results of all characters examined
in all cultivars were obtained from newly described inoculation

Fig. 2 Shoot regeneration from hypocotyl explants of flax cv.
‘Madaras’ inoculated by 4 different methods (a. the 1 inoculation
method, b. the 2™ inoculation method, c. the 3™ inoculation
method and d. the 4™ inoculation method) on selection medium
4 weeks after culture initiation

Table 1 The development of shoots regenerated and transformed form flax hypocotyl explants inoculated with Agrobacterium
tumefaciens on selection medium 4 weeks after culture initiation

Mean shoot Mean shoot  Total plant

. . Total PCR+ .
Cultivars Inoculation regi;ﬁion Shoot. number ilhof)thig:;:ltl m‘(r)rrllb:iﬁ(t)i‘:;ng GUSt shoot rotgbe;er grr(;uv?nti;rin plant number’ Zggiﬁrc;naz‘l’zr)l
Method %) per explant (cm) medium per 8) Magenta soil' (Over 4 ((‘)ver. 4 (2/1 x 100)
petri dish vessel replications) replications)
1 41.00+324b  1.0940.07b  1.75£031b  11.254#3.33b  56.25+3.85b  8.50+2.89b  25.00+2.20b  8.00+0.87b 30.76
Madaras' 2 712542932 1.65+0.32a  3.50£0.35a  30.00+6.40a  90.00+5.00a 28.75+£5.86a 104.00£5.32a 88.00+1.32a 84.61
3 17.5043.06c  0.21+0.04c  1.13:0.29bc  0.97+0.28¢c 4.13+1.63c  0.83t021c  3.00:0.22c  1.00+0.13¢ 3.00
4 2375459 0.25£0.06c  0.63+0.15¢  1.62+0.59¢c 8.00£2.92c  143+0.50c  5.00+0.36c  0.00+0.00c 0.00
1 42.5044.62b  1.030.04b  125031b  10.50+£1.00b  51.25+2.93b  825+1.05b  18.00+0.61b  6.00+0.35b 3333
Clarck 2 737542932 1.65+0.23a  2.50+0.61a  3325+4.22a  88.75+8.05a 28.75+344a 103.00£3.25a 82.00+2.31a 79.61
3 10.00£0.00c  0.16£0.05c  0.88+0.15b  0.40+0.11c 2.00+0.54c  0.25+0.00c  0.00£0.00c  0.00+0.00c 0.00
4 5.00+4.33d  0.05£0.04c  0.75+0.18b  0.17+0.18¢c 0.84+0.76c  0.00£0.00c  0.00£0.00c  0.00+0.00c 0.00
1 20.0044.94b  1.1540.62b  1.25+0.31b  6.00+1.94b  30.004921b  4.00£1.41b  11.00£0.92b  3.00+0.35b 2727
<1886 2 67.50+3.90a 1.46+0.62a  3.0040.00a  2525+4.27a  90.00+£5.83a 23.50+4.80a  86.00+4.40a 76.00+1.32a 88.37
Sel. 3 28757776 028+06lc  1.00£0.00b  233+0.76b  11.63+4.70b  1.50£035b  3.00:0.18b  1.00+0.13¢ 3.00
4 0.00+0.00c  0.00+0.00d  0.00+£0.00c  0.00+0.00b 0.00+0.00c ~ 0.00£0.00b  0.00£0.00b  0.00+0.00c 0.00

Each value is the mean of 4 replications containing 25 explants per replication. All experiments were repeated 2 times.

Values within a column for each cultivar followed by different letters are significantly different at the 0.01 level

1. Hypocotyl explants isolated from 7-day-old seedlings were inoculated with 500 pl bacterial solution for 20 min.

2. Seven-day-old sterile seedlings having cotyledon leaves were dried in sterile cabin for 35 min. Then, they were inoculated with
500 pl bacterial solution for 20 min. Finally, hypocotyl explants excised from inoculated seedlings were placed on co-cultivation
medium.

3. Seven-day-old sterile seedlings having cotyledon leaves were dried in sterile cabin for 35 min. Then, they were inoculated with
500 pl bacterial solution for 40 min. Finally, hypocotyl explants excised from inoculated seedlings were placed on co-cultivation
medium.

4. Seven-day-old sterile seedlings having cotyledon leaves were dried in sterile cabin for 35 min. Then, they were inoculated with
1000 pl bacterial solution for 40 min. Finally, hypocotyl explants excised from inoculated seedlings were placed on co-cultivation
medium.
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Fig. 3 Kanamycin-resistant shoot formation of flax cv. ‘Madaras’.
Transgenic shoot (ts) and non-transgenic shoot (nts) of cv.
‘Madaras’ on selection medium 4 weeks after culture initiation
(a), Transient GUS expression in callus and leaves of Flax cv.
‘Madaras’ (b), PCR-confirmed transgenic plants growing in soil (c)

method in which 7-day-old sterile flax seedlings having cotyledon
leaves, and no root system were inoculated with 500 pl bacterial
solution for 20 min after drying in sterile cabin for 35 min
(Fig. 2b, Table 1). The results of all characters decreased
dramatically in the other inoculation methods (Fig. 2c, Fig.
2d, Table 1).

The highest shoot regeneration percentage was recorded as
71.25%, 73.75% and 67.50% in cvs. ‘Madaras’, ‘Clarck’ and
“1886 Sel.” in the 2™ inoculation method, respectively. The
difference in results between two inoculation methods indicated
more than two times increase in shoot regeneration percentage
on selection medium. In the same way, the highest shoot number
per explant was observed as 1.65, 1.65 and 1.46 in cvs.
‘Madaras’, ‘Clarck’ and ‘1886 Sel.” inthe 2™ inoculation method,
respectively. After culturing explants on selection medium for
4 weeks, it was observed that kanamycin resistant shoots
which were putative transgenic, grew normally while non-

transgenic ones died after a while (Fig. 3a). As an indicator of
shoot health and the success in rooting stage, the highest shoot
length was recorded as 3.50 cm, 2.50 cm and 3.00 cm in cvs.
‘Madaras’, ‘Clarck’ and ‘1886 Sel.” the in 2" inoculation
method while it was noted as 1.75 cm, 1.25 and 1.25 cm in the
1" inoculation method, respectively. Mean shoot number
growing on selection medium per petri dish was recorded as
30.00, 33.25 and 25.25 in cvs. ‘Madaras’, ‘Clarck’ and ‘1886
Sel.” as the highest in the 2™ inoculation method, respectively.
This figure was only 11.25, 10.50 and 6.00 in cvs. ‘Madaras’,
‘Clarck’ and ‘1886 Sel.” in the 1% inoculation method, re-
spectively. These figures showed that by the protocol decribed
in this study, putative transgenic shoot frequency increased
more than a rate of 90.00%, 88.75% and 90.00% out of
putative transgenic shoots (30.00, 33.25 and 25.25) in cvs.
‘Madaras’, ‘Clarck’ and ‘1886 Sel.” in the 2" inoculation
method was found to be GUS positive which indicated a very
big success in increasing transgenic shoot frequency, respectively
(Fig. 3b, Table 1).

After 4-week-cultivation on selection medium, shoots were
transferred to rooting medium. From the 2™ inoculation method,
28.75, 28."75 and 23.50 shoots transferred to Magenta vessels
incvs. ‘Madaras’, ‘Clarck’ and 1886 Sel.’, respectively, rooted
successfully. Totaly 104.00, 103.00 and 86.00 putative transgenic
plantlets over 4 replications grew in soil, reached to maturity,
and no morphological abnormalities were observed in cvs.
‘Madaras’, ‘Clarck’ and ‘1886 Sel.” the in 2" inoculation
method, respectively (Fig. 3c). In the 1% inoculation method,
only 11.25, 10.50 and 6.00 shoots were regenerated on selection
mediumin cvs. ‘Madaras’, ‘Clarck’ and 1886 Sel.’, respectively.
Out of this, 8.50, 8.25 and 4.00 shoots rooted, transferred to
soil and reached to maturity in cvs. ‘Madaras’, ‘Clarck’ and
1886 Sel.’, respectively (Table 1). Totaly 25.00, 18.00 and
11.00 putative transgenic plantlets over 4 replication were
obtained in cvs. ‘Madaras’, ‘Clarck’ and 1886 Sel.”, respectively,
in the 1* inoculation method (Table 1).

Genomic DNAs of putative transgenic plants of all cultivars
extracted from the upper parts of the plants were used in PCR
analysis. 458 bp of the npr-Il DNA fragment was amplified on
the gel (Fig. 4). From the plants grown in soil, only 8 plants
out of 25, 6 plants out of 18 and 3 plants out of 11 were found
PCR-positive in cvs. “‘Madaras’, ‘Clarck’ and ‘1886 Sel.’, re-
spectively, in the 1* inoculation method. In this inoculation
method, transformation efficiency was calculated as 30.76%,
33.33% and 27.27% in cvs. ‘Madaras’, ‘Clarck’ and ‘1886
Sel.’, respectively (Fig. 4A1, Table 1). In the 2™ inoculation
method, we described, 88 plants out of 104, 82 plants out of
103 and 76 plants out of 86 were found PCR-positive in cvs.
‘Madaras’, ‘Clarck’ and ‘1886 Sel.’, respectively. And the
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Fig. 4 PCR analysis of genomic DNA from transgenic and
non-transgenic plants cv. 'Madaras' for amplification of 458 bp
npt-II gene in the 1% inoculation method (A1) and in the 2™
inoculation method (B1-B4). L DNA ladder 100 bp, + Plasmid
P1019 as a psitive control, - Water as a negative control; Lanes
1-3 Putative transgenic plants

transformation efficiency for the 2™ inoculation method was
calculated as 84.61%, 79.61% and 88.37% in cvs. ‘Madaras’,
‘Clarck’ and 1886 Sel.’, respectively (Fig. 4B1-B4, Table 1).

Discussion

Agrobacterium fumefaciens is a soil phytopathogen commonly
used for genetic transformation in plants (Zupan et al. 2000;
Joubert et al. 2002). It has been reported that manipulation of
the plant or bacteria might increase the transformation efficiency
(Chakrabarty et al. 2002; Henzi et al. 2000). Pre-culturing of
explants before inoculation has been increased the trans-
formation efficiency (Amoah et al. 2001; Chakrabarty et al.
2002). Moreover, temperature (Chakrabarty et al. 2002; De
Clercq et al. 2002), medium pH (De Clercq et al. 2002;
Mondal et al. 2001) and chemicals such as acetosyringone
(Chakrabarty et al. 2002; De Clercq et al. 2002; Henzi et al.
2000; Le et al. 2001; Lopez et al. 2004; Somleva et al. 2002)
and have been studied to increase the virulence of bacteria.

Modification in some other factors such as bacterial density,
co-cultivation period, vacuum infiltration and light density
have also been reported to increase transformation efficiency
(Amoah et al. 2001; Lopez et al. 2004; Mondal et al. 2001;
Caillot et al. 2009).

Vacuum infiltration, which has been successfully used in
Agrobacterium-mediated transformation, is based on forming
negative atmospheric pressure that allows the penetration of
bacteria into the inner cell spaces and consequently increases
the transformation efficiency (Amoah et al. 2001; Haq 2004;
Leelavathi et al. 2004; Mahmoudian et al. 2002; Spokevicius
et al. 2005; Wang et al. 2003). In the method we described,
negative atmospheric pressure was achieved in the explant
tissue by drying 7-day-old seedlings with cotyledon leaves
under air flow in sterile cabin for 35 min and this enables
tissues to absorb the bacterial solution much more efficiently.
The reason why we kept the cotyledon leaves of the seedlings
was to form a negative pressure occurs by losing water from
leaves. This negative atmospheric pressure will then facilitate
water and solutes to pull up much more rapidly and easily.

Flax has a good regeneration system (Gamborg and Shyluk
1976; Mathews and Narayanaswamy 1976). Flax regenerates
more easily from hypocotyl explants in vitro (Dong and
McHughen 1993; Friedt 1990; Gamborg and Shyluk 1976;
Millam et al. 1992) and the medium containing 1 mg I'' BAP
and 0.02 mg I'' NAA have been successfully used for shoot
regeneration (Dong and McHughen 1993; Jordan and Mc
Hughen 1988; Yildiz and Ozgen 2004). However, the production
of transformed flax plants from transformed cells was very
low (Dong and McHughen 1993; Beranova et al. 2008). When
hypocotyl segments were directly inoculated, although explants
had transformed cells after a 2 day-co-cultivation period,
recovery of transgenic shoots was extremely difficult (Jordan
and McHughen 1988). This could be due to the fact that plant
cells perceive Agrobacterium infection as a pathogenic attack,
and regeneration capacity of explant after inoculation with
Agrobacterium decreases significantly due to plant defense
mechanism.

In the current study aiming to increase the transformation
efficiency in three flax cultivars (‘Madaras’, ‘Clarck’ and ‘1886
Sel.”), four different inoculation methods were compared with
regard to shoot regeneration percentage, shoot number per
explant, the highest shoot length, mean shoot number growing
on selection medium per petri dish, GUS (+) shoot percentage,
mean shoot number rooted per Magenta vessel, total plant
number growing in soil over 4 replications, total PCR (+)
plant number over 4 replications and transformation efficiency.
The highest results in all characters examined in 3 cultivars
were obtained from the 2™ inoculation method which was
firstly revealed in the current study. Totally, 88, 82 and 76
PCR (+) plants were harvested in cvs. ‘Madaras’, ‘Clarck’ and
1886 Sel.”, respectively (Table 1). Whereas, Dong and McHughen
(1993) obtained only 37 transgenic flax plants via the same
Agrobacterium tumefaciens strain (GV2260 harboring plasmid
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P35S GUS-INT) as ours. Mlynarova et al. (1994) reported that
19 out of 47 putative transgenic flax plants were found PCR (+).

In the current study, an efficient inoculation method was
described which was based on enabling seedlings to intake
bacterial solution rapidly towards inner cells by increased
osmotic pressure of explants in the stage of inoculation with
bacteria to increase the number of cells inoculated and
consequently to increase the transgenic shoot frequency. To
our knowledge, this is the first report describing a new
protocol for high-frequency transgenic shoot regeneration
and for high-frequency transgenic plants in flax and the
procedure given in this paper can be easily used for the
transformation of other plants via Agrobacterium tumefaciens.
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