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Abstract. More than 100 transgenic Gladiolus plants were recovered after particle bombardment of regenerable
suspension cells and callus. For transformation, Gladiolus callus and suspension cells were co-bombarded with
phosphinothricin acetyltransferase-(PAT) and B- glucuronidase (GUS) -expressing plasmids. Stably transformed calli
were selected on medium containing either phosphinothricin (PPT) or bialaphos followed by transfer to a regeneration
medium to recover transgenic plants. Stable transformation was confirmed by detection of the PAT gene by DNA gel blot
analysis and by enzymatic assays to measure GUS activity. In general, particle bombardment of regenerable suspension
cells rather than callus resulted in the largest number of transformants. The rate of co-expression for GUS in PPT-resistant
plants was high (= 70%). Promoters that are typically more efficient in dicotyledonous plants were very active in Gladiolus,
a monocotyledonous bulb plant. Establishment of an efficient transformation protocol for Gladiolus will now allow the
introduction of transgenes to confer resistance to the viral and fungal pathogens that decrease Gladiolus production.

Many of the floral bulb crops-tulips, lilies, hyacinths, narcis-
sus, Crocus, Hemerocallis, Iris- are monocots. Before the devel-
opment of the particle gun (Klein et al., 1987), monocots had not
been readily amenable to transformation using existing tech-
niques. Recently, transgenic plants from several agronomically
important monocots-corn, wheat, rice, oat, and sugarcane—have
been transformed using particle bombardment of either regener-
able suspension cells or callus (Bower and Birch, 1992; Christou
et al., 1991; Fromm et al., 1990; Gordon—-Kamm et al., 1990;
Somers et al., 1992; Vasil et al., 1992; Weeks et al., 1993).
Gladiolus is a monocotylcdonous floral bulb crop that ranked fifth
in 1993 (U.S. Dept. of Agriculture, 1994) for the number of stems
(79,663 million) shipped worldwide. Gladiolus production areas
are severely plagued by viral and fungal pathogens; a typical
cultivar lasts only several years before it succumbs to disease and
is removed from production. Therefore, Gladiolus represents a
commercially important floral crop that would benefit tremen-
dously from transgene-mediated crop protection strategies. Al-
though the infection of Gladiolus cormel tissue by Agrobacterium
was reported, definitive evidence for transformation by DNA gel
blot analysis was not presented and no transgenic plants were
recovered (Graves and Goldman, 1987). The goal of this study was
to produce a large number of transgenic Gladiolus plants. This is
the first report of generation of a large number of transgenic plants
of a monocotyledonous floral bulb crop.
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Materials and Methods

Tissue culture. Regenerablc callus was initiated from either
cormel slices or in vitro-grown plantlets of Gladiolus ‘Jenny Lee’
and ‘Peter Pears’ (Kamo et al., 1990; Logan and Zettler, 1985) and
maintained in vitro for =4 to 6 months on MS basal salts medium
(Murashige and Skoog, 1962) supplemented with 2% (w/v) su-
crose, 0.2% (w/v) Gelrite (Sigma Chemical Co., St. Louis) and the
following (mg-liter”): glycine, 1.0; thiamine. 1.0: pyridoxine, 0.5:
nicotinic acid, 0.5; either 3,6-dichloro-2-methoxybenzoic acid
(dicamba), 2.0; o- napthaleneacctic acid (NAA). 10.0. or 2,4-
dichlorophenoxy acetic acid (2,4-D), 0.5, pH 5.8. All media were
autoclave at 121C/18 psi. Suspension cells were initiated from
the regenerable callus in MS basal salts medium supplemented
with the same medium components as for callus, except that
Gelrite was omitted. ‘Peter Pears’ and ‘Jenny Lee’ suspension
cells wet-c cultured in 20 ml of MS basal salts medium supple-
mented with 2 mgliter” dicamba anti 0.5 mg-liter' 2,4-D, respec-
tively. Callus and suspension cells were grown in the dark at 26C.
Callus was routinely transferred every month and suspension cells
every 7 days at a 1:2 dilution to fresh medium. Suspension ceils
were shaken on a gyratory shaker at 120 rpm/26C in the dark.

Plasmid constructs. Plamlid DNA was isolated using alkaline
lysis followed by purification from a cesium chloride gradient
(Maniatis et al., 1982). Plasmid p35SAc that contains the PAT
(phosphinothricin acetyltransferase) gene under control of the
CaMV 35S (cauliflower mosaic virus) promoter (P. Eckes, Hoechst
Roussell Co., Somerville. N. Y.) was used to transform plant cells.
Plasmids used for the evaluation of promoters consisted of the
gusA gene under control of the following promoters: Actl (actin)
(McElroy et al., 1991; Zhang et al., 1991), CaMV 35S (Odell et al..
1985), Ubil (ubiquitin) (Christensen et al., 1992), mas2 (mannopine
synthase) (Velten et al., 1984), rolD (Leach and Aoyagi. 1991).
All constructs that contained the gusA gene under the various
promoters were in either pUC or pUC-like vectors to eliminate any
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possible effect from the vector on gene expression. Plasmids used
for evaluation of either the Adhl (alcohol dehydrogenase) or Act!
first introns were under control of the CaMV 35S promoter
((Dennis et al., 1984; McElroy et al., 1991).

Particle gun bombardment. The cells were transformed using
the PDS-1000/He system (BioRad, Richmond, Calif.), which is a
helium-driven particle accelerator with flying membrane for par-
ticle delivery (Sanford et al.. 1991). M10 tungsten particles were
coated with plasmid DNA as previously described (Sanford et al.,
1993). For all experiments, the gap distance and flying membrane
flight distance were set at 1 cm and the target distance at 12 cm. The
suspension cells and callus were bombarded at 8.3 MPa (1200 psi)
one and two times per plate, respectively.

Callus selection. One week following particle bombardment.
the callus was transferred to MS basal salts medium supplemented
with either PPT (phosphinothricin; Hoechst Roussell Co.,
Somerville. N.J.) or bialaphos (Meiji Seika Kaisha, Tokyo) and
either 2 or 1 mg-liter dicamba for callus derived from in vitro-
grown cormel slices or plantlets, respectively. PPT and bialaphos
were added by filter sterilization to autoclaved MS basal salts
medium. and the concentration of the selection chemical was
based on active ingredient. Callus was transferred every 14 to 21
days to fresh medium during selection containing 6 mg-liter PPT
or bialaphos. When =70% of the callus had died, the callus was
tl-ansl’erred to regeneration medium, which was MS basal salts
medium supplemented with 2 mg-liter” kinetin (Logan and Zettler,
19X5 ) and either- 0, 0.5, or 3.0 mg-liter” bialaphos. Regenerating
cultures were grown at 26C under a 16-h photoperiod at 75 pE/m’
per sec provided by cool-white fluorescent lights.

Suspension selection. Several methods of selection were used
for the suspension cells, and all resulted in transgenic plants. For
some bombardments, suspension cells were transferred to MS
basal salts medium supplemented with 0.5 mg-liter' 2,4-D and
0.125 M osmoticum (0.0625 M mannitol and 0.0625 M sorbitol) 2
hours he fore particle bombardment; for other bombardments the
osmoticum pretreatment was omitted. Following bombardment,
the suspension cells were cultured for one week on solidified MS
basal salts medium supplemented with 0.5 mg-liter’ 2.4-D and
either with or without 0.125 M ostmoticum to allow the cells to
recover from bombardment. These cells were then transferred to
solidified MS basal salts medium supplemented with 0.5
mg-liter " 2,4-D and either 1 or 6 mg-liter” PPT or bialaphos.
After at least two subcultures onto solidified MS basal salts
medium supplemented with 2 or 6 mg-liter” bialaphos or PPT,
the cells were transferred to regeneration medium supple-
mented with either 0, 0.5, or 3 mg-liter” bialaphos. Alterna-
tively, some of the bombarded cells were cultured 2 weeks in
liquid MS basal salts medium supplemented with 0.5 mg-liter—1 2,4-
D and 0.1 mg-liter” bialaphos immediately after bombard-
ment. These cells were then transferred to solidified MS basal

salts medium supplemented with 0.5 mg-liter’'2,4-D and 1
mg-liter” bialaphos until they were ready for transfer to regenera-
tion medium. All cells on selection media were transferred every 14
to 21 days to fresh media and grown at 26C in the dark. Cells on
regeneration medium were grown in a 16-h light photoperiod at 26C.
Shoots that regenerated from the callus and suspension cells were
excised and grown on a MS basal salts medium lacking hormone and
selection agent where they formed roots.

GUS analysis. The method of Jefferson et al. (1987) was used
for histochemical and fluorometric determinations of B-glucu-
ronidasc (GUS) gene expression in suspension cells and putative,
transformed tissues. The specific activity of GUS was measured by
fluorometric determination of 4-methylumbelliferone (4-MU).
The protein concentrations were determined using the BCA pro-
tein assay reagent according to the manufacturer’s instructions
(Pierce Co., Rockford, Ill.). Transient GUS expression analysis
was used to optimize gene delivery into ‘Jenny Lee’ suspension
cells that had been bombarded with gu.sA-containing plasmids.
Each experiment consisted of three replicates, and each replicate
consisted of two to three plates of suspension cells per treatment.
GUS expression was determined 48 h after particle gun bombard-
ment by adding the substrate 5-bromo-3-chloro-3-indolyl- B -D-
glucuronic acid directly to the filter paper on which the suspension
cells were cultured. Following a 16-h incubation of the samples
with substrate at 37C, the blue spots were counted. Alternatively,
the suspension cells were removed from the filter paper, ground up
using mortar and pestle, and then used for the fluorometric deter-
mination of specific activity of GUS. Nontransformed plant tissues
and suspension cells of ‘Jenny Lee’ and ‘Peter Pears’ were used as
the negative controls.

DNA analysis. DNA for polymerase chain reaction (PCR)
amplification was isolated from fresh leaves grown in vitro essen-
tially according to the method of Dellaporta et al. (1983). PCR
amplification was performed using an Eppendorff microcycler.
The PAT gene was amplified using the primer sequence: 5'-
GAGAGGAGACCAGTTGAG-3'and 5'-TTGGAGGAGC-
TGGCAAC-3’ and the microcycler conditions: 94C for 3 min (one
cycle), 94C for 1 min, 55C for 1 min, 72C for 2 min (40 cycles),
72C for 5 min (one cycle).

DNA for Southern hybridization was isolated from leaves of in
vitro-grown plants using the method of Dellaporta et al. (1983).
Undigested DNA (10 pg) and DNA digested with either EcoRI or
Pstl were electrophoresed on a 0.7% (w/v) agarose (BioRad,
Richmond, Calif.) gel in TBE (89 mwm Tris-borate, 89 mm boric
acid, 2 mm EDTA, pH 8) buffer at 75 V, 50 mA for =4 h. Following
electrophoresis, the DNA was transferred by capillary movement
ova-night to Nytran nylon membrane (Schleicher and Schuell,
Keene, N. Y.) (Maniatis et al., 1982). The probe used for hybridiza-
tion was p35SAc digested with Sall followed by gel purification
and labeled by random primer [0— “P] dCTP using the Megaprime

Table 1. Comparison of gene promoter activities in suspension cells of Gladiolus ‘Jenny Lee’.

Gene GUS specific activity” Relative GUS
Promoter source (pmoles 4-MU/h/mg protein) expression’
358 CaMV 92 1.00
mas2 Agrobacterium 185 2.01
rolD Agrobacterium 99 1.08
Actl Rice 20 0.22
Ubil Maize 28 0.30

‘GUS expression was measured 48 h after particle gun bombardment of the cells. Values represent the mean of three bombardments

(replicates).

*Values represnt relative GUS expression, where 35S—-GUS is set at 1.00.
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Kit (Amersham, Arlington Heights, Ill.). Blots were incubated in
prehybridization buffer for 2 h at 42C followed by hybridization
buffer and probe at 60C for 16 h (Maniatis et al., 1982). Three
washes in 6x SSC, 1% SDS for 5 min each at 26C, two washes in
Ix SSC, 1% SDS for 1 min each at 65C, and two washes in 2x SSC
for 5 min each at 26C were done before exposure of the blot at —
70C with an intensifying screen.

Results and Discussion

Transient GUS gene expression analysis. Initially two promot-
ers, the 35S RNA promoter from cauliflower mosaic virus (CaMV)
and the actin 1 (Actl) promoter from rice, fused to gusA were
analyzed. The 35S and Actl promoters have been previously demon-
strated to direct high levels of gene expression in transformed dicots
and monocots, respectively (McElroy et al., 1990; Zhang et al.,
1991). We expected that GUS expression in Gladiolus would be
highest from the Act/ promoter since this promoter is most active
in monocots while the CaMV 35S promoter is relatively inactive
in monocots. Surprisingly, transient GUS expression levels in
bombarded Gladiolus cells were nearly 5-fold higher from the
CaMV 358, promoter than from the Act/ promoter (Table 1).

Three additional promoters were evaluated: mas2 and rolD
from Agrobacterium and ubiquitin Ubil from maize. From previ-
ous reports, the mas2 and rolD promoters would be expected to be
most active in dicots whereas the Ubil promoter would be ex-
pected to be most efficient in monocots (Christensen et al., 1992;
Cornejo et al., 1993; Leach and Aoyagi, 1991; Velten et al., 1984).
GUS expression in Gladiolus was highest from the three dicot-

preferred promoters: mas2, rolD, and 35S. We observed that GUS
expression from the most efficient promoter, mas2, was 7-fold and
9-fold higher than the Ubil and Actl promoters, respectively.

Next we looked at the effect that the presence of monocot
introns might have on GUS expression levels since the Ubil and
Actl promoter-containing fragments used here also contain an
intron in their untranslated leader region (Fig. 1). It is well
established that addition of an intron such as the first introns from
the maize Adhl and rice Actl genes to the primary transcript can
dramatically increase gene expression levels in transformed mono-
cots (McElroy et al.,, 1991). For example, GUS expression in
transformed maize cells increased 6- and 60-fold when the Actl
and Adhl first introns, respectively, were added to a 35S- gusA
chimeric gene. In contrast to maize, GUS expression was reduced
1.25- and 3-fold in Gladiolus when the Adhl and Actl first introns,
respectively, were added to a 35S- gusA chimeric gene (data not
shown). Results similar to those with Gladiolus were found when
petunia was bombarded with the exact same intron-containing
plasmids (data not shown). These results clearly indicated that
GUS expression was not stimulated in Gladiolus cells with the
addition of monocot introns to the gusA transcript. This observa-
tion suggested that splicing of monocot introns may be relatively
inefficient in Gladiolus, a nongraminaceous monocot, as it is in
dicots such as petunia. Alternatively, stimulation in gene expres-
sion by introns may be a feature that is generally limited to
graminaceous monocots like maize and rice.

Results similar to those obtained with Gladiolus were also
observed with orchid, another nongraminaceous monocot (data
not shown). The 35S promoter was most active in bombarded
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Fig. 1. Schematic diagrams of the gusA chimeric genes and p35SAc. (Top to bottom) 35S RNA promoter from cauliflower mosaic virus, the actin 5' region that contains
the promoter and first intron, the mas2 promoter, the rolD promoter, and the Ubil 5' region that contains the promoter and first intron. The bottom construct (p35SAc)

is the PAT gene under control of the CaMV 35S promoter.
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orchid protocorms followed by the mas2 promoter. Our results
suggest that some nongraminaceous ornamental monocots should
be treated more like dicots rather than monocots when issues regard-
ing transgene expression are being addressed. It should be recognized
that the relative efticiencies of the promoters in regenerated Gladi-
olus plants may be different from the values obtained in our transient
assays, and this will be addressed when transgenic plants contain-
ing these gusA gene fusions are available for analysis.

Others (Russell et al., 1992; Vain et al., 1993) have reported that
tobacco and maize suspension cells preconditioned in osmoticum
before particle bombardment increased levels of GUS expression
= 3-fold compared to cells not grown in osmoticum. The optimum
concentration of osmoticum resulting in a 3.2-fold increase of
GUS expression was 0.125 M for suspension cells of Gladiolus
compared to 0.25 M and 0.4 M for tobacco and maize suspension
cells, respectively (data not shown).

Recovery of transgenic Gladiolus cells. The plasmid, pActl-
F4, which contains an Act/- GUS chimeric gene, was co-bom-
barded with p35SAc DNA into nonregenerable Gladiolus cells.
For selection, bombarded cells were moved to MS basal salts
medium containing either PPT or bialaphos. After 4 weeks, healthy,
yellow microcalli began to appear against a background of dead
cells. The microcalli were subculture to PPT-containing medium
for continued growth. When PPT-resistant Gladiolus cells were
assayed for GUS activity (Fig. 2A), =70% of the transformants that
contained the PAT gene as determined by PCR analysis expressed
detectable levels of GUS enzyme. This co-expression rate com-
pares favorably with the rates observed in other plant transforma-
tion systems after co-bombardment with two plasmids. Suspen-
sion cells of ‘Jenny Lee’ expressed high levels of GUS (25 to 40
nmol MU/h per mg protein), which is comparable to the highest
levels reported for other monocots (Hagio et al., 1991; Lyznik et
al.,, 1989).

Recovery of transgenic Gladiolus plants. Stably transformed
Gladiolus plants were recovered following particle gun bombard-
ment of either regenerable suspension cells or callus with plasmid
p35SAc that had the 35 S-PAT chimeric gene to confer resistance
to PPT. Only a few of the regenerable cells were co-bombarded
with the Act/ GUS chimeric gene resulting in a few plantlets just
beginning to differentiate that showed GUS expression (Fig. 2B).
Currently, we are in the pocess of transforming plants with the
GUS gene under various promoters that will allow us to distinguish
between tissue-specific GUS expression and possible chimeras.
These results will be reported once these plants are available. To
recover transgenic plants (Fig. 2C), PPT-resistant calli that had
been bombarded with p35SAc were transferred to regeneration
medium. The regeneration medium either lacked the selection
agent or contained a lower concentration (0.5 or 3.0 mg-liter”
PPT). After 3 to 4 weeks, green shoots appeared on some of the
calli. The shoots were transferred to MS basal salts medium
lacking hormones and a selection agent for further plant develop-
ment. When multiple shoots were recovered from a single callus,
PCR analysis performed on individual shoots sampled from the
single callus verified that at least 90% of the shoots derived from
that callus were transgenic. Twenty-five of the transgenic plants
were grown for 2 months on MS medium supplemented with 4.0
mg-liter " PPT compared to the nontransformed plants that died
after only 1 week on this concentration of PPT, indicating expres-
sion of phosphinothricin acetyltransferase by the transgenic plants.

A total of 33 plates of regenerable callus and 18 plates of
regenerable suspension cells was bombarded with the PAT gene,
resulting in 110 transformed plants recovered. The 110 trans-
formed plants contain the PAT gene as indicated by PCR analysis.
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Fig. 2. (A) ‘Jenny Lee’ callus showing GUS expression after incubation with 5-
bromo-4-chloro-3-indolyl-3- B -glucuronic acid (X-gluc). The callus had been
selected on MS basal salts medium supplemented with 0.5 mg-liter”2,4-D and
6 mg-liter' PPT. (B) Plantlets just beginning to develop and stained to show GUS
expression. (C) Transgenic plants of Gladiolus ‘Jenny Lee’ grown in vitro on MS
basal salts medium without hormones.

J. AMER. Soc. HorT. Sc1. 120(2):347-352. 1995.



= i o = _— ™

= r-f_“._z p-r—E
- »
PAT > = - e

Fig. 3. DNA blot of genomic DNA isolated from leaves of Gladiolus grown in vitro
probed with p35SAc digested with Sal L Each lane contains 10 ug DNA. Lane 1:
p35SAc digested with EcoRI, which released 50 pg of a 1.34 kb insert. Lane 2:
4 pg lambda DNA digested with HindIIIl. Lanes 3-6 are uncut genomic DNA for
nontransformed (NT) Gladiolus or three transformants (T1-3). Lanes 7-10 are
genomic DNA digested with EcoRI for NT or three transformants (T1-3). Size
markers shown on the left represent 23.1, 9.4, 6.7, 4.4, 2.3, 2.0, and 0.56 kb, from
top to bottom.

Additional putative transformed plants could have been recovered
from the selection medium; however, we did not wish to maintain
more plants. Southern hybridizations have been performed on nine
of the transformants, and two were found to be duplicates. Cur-
rently, the other transformed plants are being analyzed by DNA
blot analysis so that it can be determined whether they are indepen-
dent transformants.

DNA gel blot analysis indicated stable incorporation of the
PAT gene into the Gladiolus genome (Fig. 3). When the transgenic
plants reached sufficient size, genomic DNA was isolated for
DNA gel blot analysis. Genomic DNA samples were digested with
EcoRI and probed-with radiolabeled PAT DNA. The expected 1.3
kb EcoRI fragment was observed in lanes containing DNA from
the transgenic plants. T3 contains one or only a few copies of the
PAT gene compared to T1 and T2. PCR analysis clearly verified
the presence of the PAT gene in T3 (data not shown). The amount
of DNA loaded onto the gel was identical as that used for T1 and
T2, so the difference in signal of the diagnostic band can be
attributed to a difference in copy number. The particle gun typi-
cally results in a variable number of copies inserted into the plant
genome (Gordon—-Kamm et al.,, 1990; Somers et al., 1992; Weeks
et al.,, 1993). No 1.3 kb signal was evident in the lane containing
genomic DNA isolated from untransformed plants. There was a
difference in the minor bands for T1 and T2, indicating a different
pattern of gene rearrangement for each transformant. The particle
gun frequently results in gene rearragements (Gordon—Kamm et
al., 1990; Somers et al., 1992; Weeks et al., 1993). Additional
evidence that T1 and T2 represent independent transformants was
provided following digestion of their genomic DNA with Pstl that
digests once within the transgene (Fig. 4)

J. AMER. Soc. Hort. Scr. 120(2):347-352. 1995.
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Fig. 4. DNA blot of genomic DNA isolated from leaves of Gladiolus grown in vitro
probed with p35SAc digested with Sall. Each lane contains 10 pg DNA. Lane 1:
p35SAc digested with Sall, which released 50 pg of a 559 bp insert. Lane 2:4 ug
lambda DNA digested with HindIII. Lane 3:2 ug 1 kb ladder. Lane 4 genomic
DNA digested with PstI from NT plant. Lanes 5 and 6: Genomic DNA digested
with PstI from T1 and T2, respectively.

The introduced plasmid DNA was determined to have inte-
grated into the genome (Fig. 3). Undigested genomic DNA was
electrophoresed through agarose and probed with the PAT gene.
The PAT-hybridizing signal was located in the region of the gel
that contained high molecular weight DNA consistent with inte-
gration of the plasmid into the genome.

This biolistic transformation protocol resulted in the recovery
of large numbers of transgenic Gladiolus plants transformed with
the PAT and gusA genes. More than 100 transformed plants were
obtained from both bombarded callus and suspension cells of two
commercial y available Gladiolus ‘Jenny Lee’ and ‘Peter Pears’.
We are now positioned to introduce transgenes that can confer
horticulturally important traits into commercial cultivars of Gladi-
olus.
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