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Abstract  Alstroemeria plants were transformed by using an
improved particle-gun—mediated transformation system.
Friable embryogenic callus (FEC) induced from the leaves
with axil tissues of Alstroemeria plant was used as the target
tissue. Also, FEC was transformed with the bar gene was used
as a selectable marker. In the case of plasmid pAHC25, 7.5%
of the twice-bombarded FEC clumps showed blue foci, whereas
the clumps with single bombardment showed only 2.3%.
Additionally, a 90° rotation with double bombardment led to a
higher frequency (6 times) of luciferase gene expression in
PBL9780 than the control treatment. After 8 weeks of bom-
bardment, more than 60 independent transgenic lines were
obtained for pAHC25 and nearly 150 independent transgenic
lines were obtained for PBL.9780, all of which were resistant to
PPT and demonstrated either GUS or luciferase activity.
Regarding effect of osmotic treatment (0.2 M mannitol) with
7 different periods, the highest transient gene expression was
obtained in 8 h before and 16 h after transformation in both
PAHC25 and PBL9780. Compared with the control, at least
three times more GUS foci and photons were observed in this
treatment. With respect to different combinations of mannitol
and sorbitol with 8 h before and 16 h after transformation, high
numbers of transient and stable transgene expressions were
observed in both 0.2 M mannitol and 0.2 M sorbitol used in the
osmotic pre-culture. This combination showed the highest trans-
formation efficiency in both pAHC25 (8.5%) and PBL9780
(14.5%). In the control treatment, only 10% of the FEC clumps
produced somatic embryos. However, by using 0.2 M mannitol
and 0.2 M sorbitol, the frequency of somatic embryos increased
to 36.5% (pAHC25) and 22.9% (PBL9780). Of the somatic
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embryos produced, at least 60% germinated. Approximately
100 somatic embryos from these 210 independent transgenic
lines from 2 plasmids developed into shoots, which were then
transferred to the greenhouse. PCR analysis confirmed the
presence of the bar gene. This is the report on the production
of transgenic Alstroemeria plants by using particle bombardment
with a high efficiency, thereby providing a new alternative for
the transferring of gene of interests in Alstroemeria in the
breeding program in the future.
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Introduction

Alstroemeria is a popular ornamental plant, grown for the
cut-flower industry or as indoor potted plants. To introduce
the gene of interests into an Alstroemeria breeding program,
an efficient and reliable genetic transformation system is
required. Genetic transformation systems may provide oppor-
tunities to improve other agriculturally important traits,
such as resistance to bacterial or fungal diseases or abiotic
stresses, in breeding stocks or directly in elite genotypes.
Due to these advantages, genetic transformation is regarded
as a promising tool in agricultural breeding programs. It
may also lead to the simultaneous introduction of multiple
genes (Campbell et al. 2004), and thus becoming important
in monocot breeding programs for vegetatively propagated
ornamentals, such as Alstroemeria, crocus, gladiolus, lily,
narcissus, and tulip. In Alstroemeria, although transgenic
plants were generated by particle bombardment (Lin et al.
2000) and Agrobacterium (Aktusu et al. 2004a and 2004b;
Kim et al. 2007), transformation efficiencies were rather
low to apply for the production of transgenic Alstroemeria
plants with a high efficiency. Also, production of transgenic
Alstroemeria plants via Agrobacterium-mediated transformation
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has limitation to apply for monocot ornamentals since monocot
plants are not host in general. However, since Sanford et
al. (1987) developed a protocol via particle bombardment,
this method has been widely used for the development of
transformation systems for dicot and monocot plants. To
use particle bombardment method for the production of
transgenic Alstroemeria plants, size and volumes of gold
particle and the number of shooting are important factors
(Morrish et al. 1993). Furthermore, pre-treatment of
osmoticum can be influenced on transformation efficiency
(Watad et al. 1998) and effects of osmoticum treatments
were tested in Corn (Vain et al. 1993), Lily (Kim 2017),
Oncidium (Li et al. 2005) and Phalaenopsis (Roh and Kim
2014). Therefore, factors influence on transformation
efficiency in particle bombardment should be optimized to
develop elite transgenic Alstroemeria plants which can be
used for further breeding program.

The objective of this study was to further optimize the
particle-gun—mediated transformation system by applying
osmotic treatments and re-transformation with two different
constructs.

Materials and Methods

Plant material

Friable embryogenic callus (FEC) induced from Alstroemeria
leaves with axil tissues (VV024, tetraploid cultivar from Van
Staaveren B.V, The Netherlands) was used in this experiments.
FECs were cultured on PCA medium (Sofiari et al. 1998)
at 18°C in the dark by refreshing the medium every four
weeks. The pH of the medium was adjusted to 6.0 before
autoclaving at 121°C and 120 kPa for 15 min unless
stated otherwise. FECs were selected to perform particle
bombardment. Unless otherwise stated, 6-month-old FECs
were bombarded in all the experiments.

Plasmid construction

For the optimal particle bombardment and co-transformation
results, plasmids pAHC25 and PBL9780 were used. Plasmid
pAHC25 (Christensen and Quail 1996) contained the uidA
and bar genes, coding for b-glucuronidase (GUS) and resistance
to phosphinothricin (PPT), respectively, under the control
of the maize ubiquitin promoter. Plasmid PBL9780
contained the /uc gene, coding for luciferase, in addition
to the bar gene and was constructed by ligating plasmids

pAHC18 and pAHC25 (Christensen and Quail 1996) to each
other after digesting them with Aarlll and Sstl.

DNA coating and particle bombardment

The Promega Wizard Midiprep DNA purification kit was
used to isolate plasmid DNA. The final DNA concentration
was set to 1.1 mg/ml in sterilized distilled water. Plasmid
DNA (25 pg) was then mixed with 15 mg gold particles
(size 1.6 mm) in an Eppendorf tube by vortexing for 1 min
and centrifuged at 11,000 rpm for 10 s. The following ingre-
dients were then individually added: 30 ml 5 M NaCl, 5 ml
2 M Tris-HCI (pH 8.0), 100 ml 0.1 M spermidine, 100 ml
25% PEG1550, 100 ml 2.5 M CaCl,, and 965 ml sterile
double-distilled water. After re-centrifugation, the coated
gold particles in the pellet were washed with 1 ml sterilized
water, centrifuged again, and resuspended with 10 ml 100%
ethanol. Finally, 163 ml of this suspension of DNA-coated
gold particles was pipetted onto a macrocarrier (BioRad,
California, USA) and used for bombardment.

For each bombardment, approximately 200 mg of FEC
clumps grown on PCA medium was evenly spread in a
circle with a 2.5 cm diameter at the center of a Petri dish
(60 x 15 mm) containing PCA medium. The dishes were
placed in a vacuum chamber of a Biolistic Delivery System
(PDS-1000/He, BioRad, California, USA), 5 cm away from
the stopping plate. The helium pressure was set at 1350
PSI with a partial vacuum of 28 inch Hg. After the FEC
clumps were bombarded, they were transferred to a selection
medium (SM) consisting of Murashige and Skoog (1962)
basal salts with vitamins, 0.5 mg/l BA, 30 g/l sucrose, 2.75
g/l Gelrite (pH 6.0), and 20 mg/l PPT.

Optimization of particle bombardment

The particle bombardment procedure was optimized by using
plasmids pAHC25 and PBL9780. First, the effects of different
shooting positions on transformation efficiency and transient
luc/gus gene expression levels were evaluated. Tissues were
bombarded either once, or twice with the Petri dish rotated
90° after the first bombardment. Next, to determine the trans-
formation efficiency and transient gene expression levels,
luciferase and GUS assays were performed 4 weeks after
bombardment. Data on the number of transgenic lines derived
per 100 mg of FEC were recorded 8 weeks after transformation.

Next, the effect of osmotic treatment on the gene ex-
pression levels was tested. Bombarded FEC cultures were
transferred to SM supplemented with 0.2 M mannitol under
either of the following culture regimes: A) osmoticum 4 h
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before and 8 h after transformation, B) osmoticum only 4 h
before, C) osmoticum only 8 h after, D) osmoticum 8 h before
and 16 h after, E) osmoticum only 8 h before, F) osmoticum
only 16 h after, and G) no osmoticum (Control) in the
SM. Gene expression levels were measured 2 and 8 weeks
after bombardment.

In another set of experiments, different osmotic treatments
were compared as follows: medium I containing 0.2 M
mannitol, medium II containing 0.2 M sorbitol, and medium
[I containing 0.2 M mannitol and 0.2 M sorbitol. FEC
cultures were transferred to either of the media indicated
above, cultured for 8 h, and then bombarded. A replica of
this set was cultured for another 8 h and then bombarded
for the second time. For this experiment, randomly selected
FEC clumps (ca 1~ 1.5 mm in diameter) were placed on
SM medium before they were treated as above. For each
treatment, five Petri dishes (90 x 15 mm, Greiner) of FEC
clumps (n = 96 per dish) were bombarded.

GUS assay

GUS gene expression levels were evaluated by incubating
the samples for 16 h at 37°C in 5-bromo-4-chloro-3-indoyl-
D-glucuronic acid (X-Gluc) solution containing 10 mM
EDTA and 0.1% Triton X-100. This assay was performed
at days 7, 14, 30, and 50 after bombardment.

Luciferase assay

Bombarded FECs and somatic embryos were assayed 7,
14, 30, and 50 days after bombardment. To evaluate the
expression levels of the luciferase gene, FECs and somatic
embryos were sprayed with 0.15 mg/l of luciferin aqueous
solution, placed in a dark room, and exposed to a lumino-
meter equipped with a CCD camera (Hamamatsu, Japan)
that was linked to a personal computer. The amount of light
generated by the transformed tissues was automatically
recorded. After each measurement, the FECs and somatic
embryos were transferred to fresh medium for further
growth and development.

Selection and regeneration of bombarded FECs and somatic
embryos by screening for the gus/luc activity and using PPT
as a selection marker

For pAHC25 transformation, immediately after bombardment,
FECs and somatic embryos were placed on SM as described
before. They were assayed for GUS activity at days 4~ 5,
15, 21, 50, and 100 after bombardment.

For PBL9780 transformation, immediately after bom-
bardment, bombarded tissues were transferred to SM
supplemented with MS basal salts with vitamins, 0.5 mg/l
BA, 30 g/l sucrose, 2.75 g/l Gelrite (pH 6.0), and 20 mg/l
PPT. One week after the bombardment, the bombarded
tissues were screened for luciferase activity. Luciferase-
positive clumps were picked and transferred to fresh SM
for further growth. This procedure was repeated at days
15, 21, 50, and 100 after bombardment. Transformation
efficiency (%) was measured by dividing the number of
luciferase-positive clumps with the total number of bombarded
tissues. A luciferase-positive clump obtained four weeks
after the transformation was regarded as an individual line
and transferred to SM for regeneration. All transgenic
lines were provided with fresh medium every four weeks
unless stated otherwise.

During the selection process, the PPT concentration in
SM varied. During the first subculture, gus- or /uc-positive
transgenic lines were placed on SM containing 20 mg/l
PPT one week after bombardment. In the first and second
rounds of subculture, vigorously growing light yellow FECs
were selected and transferred to fresh SM. During the
third and fourth rounds of subculture, the concentration of
PPT was decreased to 10 mg/l. By this time, most of the
non-resistant clumps had died. In the final round (sixth) of
subculture approximately 5 ~6 months after the bombardment,
surviving clumps, which were still gus/luciferase positive,
were transferred to SM without PPT. These clumps developed
into plantlets within 4 ~6 weeks.

Molecular characterization of regenerated transgenic lines

PCR analysis was conducted to demonstrate the presence
of the bar gene in the transformed plants. Genomic plant
DNA was extracted from 250 mg of the regenerated
putative transgenic lines, as described by Lin et al (2000).
These DNA samples (2 mg each) were analyzed by PCR.
The forward and reverse primer sequences used for detecting
the bar gene (244 bp) were 5-CGCAGGAACCGCAGGA
GTGGAC-3" and 5-CTCTTGAAGCCCTGTGCCTCCA-3/,
respectively. Reactions were carried out using 30 pmol of
each primer, 300 mM dNTP, 0.25 u Tag polymerase in 50
mM KCl, 1.5 mM MgCl,, and 10 mM Tris-HCI, pH 7.3.
The PCR program was 94°C initial melting for 5 min,
followed by 35 cycles of 94°C for 30 s, 51°C for 30 s, and
72°C for 30 s. The final extension step was performed at
72°C for 7 min.
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Statistical analysis

The data are presented as mean =+ standard error (SE) and
were analyzed using the least significant difference (LSD)
test (P = 0.05) for multiple comparisons (SPSS for Windows
version 10.0” statistical software).

Results

Optimization of particle bombardment

In the first experiment, FEC samples were bombarded once
or twice with either pAHC25 or PBL9780. The results of
the single bombardment were compared with those of the
double bombardment. The distance to objects (5.5 c¢m), the
helium pressure (25 Hg), and the gas pressure of the micro-
carrier (1,350 psi) were set according to the procedures
described by Lin et al. (2000). Transient luciferase and
GUS expression were detected at high levels (Figs. 1A
and B). Regarding plasmid pAHC25, 7.5% of the double-
bombarded FEC clumps showed blue foci, whereas only
2.3% of the clumps bombarded once had this phenotype
(Table 1). Additionally, double bombardment with PBL9780
led to a higher frequency (6 times) of luciferase-positive
clumps than that of the control treatment. After 8 weeks
of bombardment, more than 60 independent transgenic lines
were obtained for pAHC25, and nearly 150 independent
transgenic lines were obtained for PBL9780, all of which
were resistant to PPT (Fig. 1C) and demonstrated either
GUS or luciferase activity.

In the second experiment, FECs were cultured with osmotic
treatment (0.2 M mannitol) for seven different periods.
The highest transient gene expression levels for both pAHC25
and PBL9780 were obtained in regime D (8 h before and
16 h after transformation) (Fig. 2). Compared with the
control values, = 3 times more GUS foci and photons were
observed in regime D.

In the next experiment, bombarded FECs were cultured
in SM medium with three different osmotic treatments (A:

Fig. 1 Transient gene expression of luciferase and GUS gene in

transgenic Alstroemeria

A) luciferase expression of FEC clumps 1 week after transformation
(red: high expression, blue: low expression)

B) GUS gene expression of FEC clumps 2 weeks after trans-
formation

C) PPT-resistant FEC clumps 6 weeks after transformation

D) germination of transgenic somatic embryos 14 weeks after
transformation using the stringent PPT selection

0.2 M mannitol, B: 0.2 M sorbitol, and C: 0.2 M mannitol
and 0.2 M sorbitol) for 8 h before and 16 h after the
bombardment. These conditions were then compared with
the control. High levels of transient or stable transgene
expression were observed for treatment C (Table 2).
According to these results, the combination of mannitol
and sorbitol resulted in the highest transformation efficiency
for both pAHC25 (8.5%) and PBL9780 (14.5%). This os-
motic treatment led to less browning than those observed
with the other treatments and had a positive effect on the
recovery of the transgenic lines. In the control, only 10%
of the FEC clumps produced somatic embryos. However,
by using 0.2 M mannitol and 0.2 M sorbitol, the frequency
of somatic embryos increased to 36.5% (pAHC25) and
22.9% (PBL9780). Of the somatic embryos produced, at
least 60% germinated (Fig. 1D). PCR analysis was per-

Table 1 Effect of shooting position and time on transient gene expression

% of luc or gus/ PPT positive FEC clumps®

# of transgenic lines / 100 mg FEC®

Plasmids

Control 90 degree rotation Control 90 degree rotation
PAHC25 2.3+0.2a° 7.5+1.1b 37.5+7.5a 64.5+8.6b
PBL9780 1.5£0.1a 9.4+2.4b 48.5+2.2a 147.5+15.9b

“Data was measured 4 weeks after transformation
Data was measured 8 weeks after transformation

“Means followed by different letters are significantly different at the P=0.05 level.
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Fig. 2 Effect of different culturing regimes with osmoticum.
(A: 4 h before and 8 h after; B: 4 h before; C: 8 h after; D:
8 h before and 16 h after; E: 8 h before; F: 16 h after; Control:
no osmotic treatment)

formed to determine the presence of the selectable marker
bar gene (Fig. 3: the bar gene). Transgenic plants that
yielded amplicons with the expected sizes were considered
PCR-positive.

Discussion

Although conventional breeding has highly contributed to
ornamental breeding, there is still a demand for genetic

Fig. 3 PCR analysis of the transgenes (bar gene, 244 bp) in the
transformed Alstroemeria plants (black arrows indicate the cor-
responding band, and white arrow indicate the size of marker).
M: Marker, C: Control (non-transformed Alstroemeria plant),
PC: Positive control (pAHC25),

Transgenic lines (8, 17, 18, 19, 25, 29, 30, 31)

transformation techniques to alter individual traits in many
ornamental crops. The success of genetic modification is
influenced by several factors, such as available promoter
and gene cassettes for proper gene expression, explant
source, gene transfer method, selection procedure, and
regeneration capacity (Hiei et al. 1997, Smith and Hood
1995). Since Sanford et al. (1987) have developed the
particle bombardment technique, successful transformations
via a particle gun have been carried out in cymbidium
(Yang et al. 1999), gladiolus (Kamo et al. 2000), lily (Watad
et al. 1998; Kim 2017), sugarcane (Butterfield et al. 2002),
and tulip (Wilmink et al. 1992).

The effect of re-transformation after rotating the Petri
dish by 90° and the effect of osmotic treatment were critical
in optimizing the transformation of Alstroemeria. Firstly, a
second bombardment, during which the position of the
Petri dish was changed by 90°, increased the transformation
efficiency. This re-transformation requires fewer explants

Table 2 Effect of osmotic treatments on transient gene expression and recovery of transgenic lines

Plasmids Treatment® % 'of PPT ) % of luc;/gus+ % (?f ) # of somatic embry?s /
positive FEC FEC browning 100 FEC clumps
PAHC25 A 23.5+1.7¢¢ 3.1+0.2b 2.5+0.6b 13.5+0.5b
B 31.4+1.3b 2.6+0.4b 3.3+0.7b 14.4+4.1b
C 43.4+4.7a 8.5¢1.7a 1.2+0.1b 36.543.6a
Control 26.5+1.1c 3.5+0.3b 10.1£0.6a 11.4£2.1b
PBL9780 A 18.5+3.3a 5.5+1.6¢ 2.2+0.1b 12.2+3.5¢
B 22.6+4.9a 6.4+0.1b 5.3+0.9a 15.6+2.8b
C 26.9+3.2a 14.5+1.5a 1.5£0.1b 22.9+6.2a
Control 19.4+2.2a 4.2+0.4¢c 8.5+2.8a 9.5+2.4¢

*Treatment A (0.2 M mannitol), B (0.2M sorbitol), C (0.2M mannitol + 0.2M sorbitol), control (no osmoticum)
Data was measured 6 (PPT) and 8 weeks (LUC/GUS assay) after transformation by counting the number of positive clumps
‘Data was measured 12 weeks after transformation by counting the number of tissues with browning and somatic embryos,

respectively.

9Means followed by different letters are significantly different at the P=0.05 level.
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for bombardment. When 100-mg FEC was bombarded with
PAHC25 plasmid by using this “rotating” method, > 100
transgenic lines with stable gene expression were derived
6 weeks after transformation. This efficiency is higher
than that of the transformation system presently available
for Alstroemeria.

Secondly, although osmotic treatment has been reported
to impair transient gene expression in broccoli (Puddephat
et al. 1999), such treatments had a positive effect on transient
gene expression in Alstroemeria. In sugarcane, pre-incubation
of calli on a medium supplemented with 0.2 M mannitol
and 0.2 M sorbitol for 4 h enhances transformation (Bower
et al. 1996). Similar results have been observed in peach (Ye
at al. 1994), tobacco (Russel et al. 1992), maize (Frame
et al. 2000) and tall fescue (Gao et al 2008). These ob-
servations might be because osmotic treatment presumably
plasmolyzes the cells before bombardment (Vain et al. 1993)
and thereby decreasing the turgor pressure and preventing
plant cells from bursting (Frame et al. 2000). Osmotic
treatments also stabilize cell membranes to enhance the
recovery of lesions produced by the particle bombardment
process (Russel et al. 1992). Additionally, pre-treating FEC
cultures with osmoticum (8 h, in this study) is thought to
initiate the plasmolysis of the plant cells so that fewer
cells are damaged during particle bombardment (Vain et
al. 1993). The less browning in our FEC cultures indicated
that there was less damage to the bombarded tissues than
that in the control, as previously observed in triticale
(Zimny et al. 1995). Moreover, a higher stable-transformation
frequency was observed, as described by Brettschneider et
al (1997). Therefore, osmotic treatment is needed to enhance
the efficiency of the particle-bombardment-mediated trans-
formation efficiency and the ensuing stable transgene ex-
pression in Alstroemeria. We conclude that the concurrent
use of both sorbitol and mannitol in this transformation
system improves the transgene expression in Alstroemeria
FEC cultures or cell clusters.

In summary, a particle bombardment protocol for Alstro-
emeria was optimized by re-transformation and osmoticum
treatments.
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