






TRANSFORMATION OF BRASSICA

Table IV. Selective Murashige-Skoog Media Tested in Transformation Experiments with B. oleracea
Transformation rates were measured as the percentage of infected hypocotyl explants that gave

rooted transformed shoots. The numbers are an average of the frequencies obtained in five independent
transformation experiments. In each experiment 25 explants were used per condition and per selective
agent (PPT or Ki).

Hormones Transformation

AgNO3 Carbon Walchena Andersen
BAP NM GA3 Source

PPTm Kmb PPT Km

mg/L °°% su- %
crose

1 0.1 0 0 3 8 9 10 11
1 0.1 0 2 3 28 26 25 27
1 0.1 0 5 3 24 25 30 29
1 0.1 0 10 3 10 11 13 14
1 0.1 0 2 2 21 20
1 0.1 0 5 2 19 19
1 0.1 0.01 2 3 18 20
1 0.1 0.01 5 3 19 16

a 20 mg/L phosphinotricin. b 50 mg/L kanamycin-SO4.

The use of vermiculite instead of agar, agarose, gelrite, or
combinations of these gelling agents, was a prerequisite to
obtain nonvitrified plants. Shoots that were vitrified often
formed new-grown parts on medium A8 that had a completely
normal phenotype. These healthy parts could be cut off and
put on medium A8. Nonvitrified shoots formed roots with
many roothairs after a few weeks. This was not the case in
agarose (0.5%) solidified medium, in which root meristems
were formed, but there was no root elongation. Also in agar
(1%) solidified medium, there was poor root elongation, and
these roots either contained no roothairs or if so the roots laid
on the medium. Probably, there is in the agar medium a lack
of aeration. Once the shoots were rooted they could easily be
propagated on medium Al or transferred directly to the
greenhouse. The rooted plants obtained in this way all sur-
vived transfer to the greenhouse.

Leaf Disc Assay

Leaf pieces from plants obtained after kanamycin or phos-
phinotricin selection were placed on medium A5 containing
20 mg/L phosphinotricin or 50 mg/L kanamycin-SO4. After
2 weeks a range of resistance levels could be seen (Table V;
Fig. 1B), varying from a good reaction (leaf pieces stayed
green and formed healthy calli) to a poor reaction (the leaf
pieces contained many necrotic regions and formed very few
calli). The control leaves always turned completely yellow and
never formed calli on the selective media. A complete corre-
lation between the resistances to both kanamycin and phos-
phinotricin was found. Plants strongly resistant to one anti-
biotic were also strongly resistant to the other; likewise, plants
weakly resistant to one antibiotic were weakly resistant to the
other.

NPTII and PAT Activity

The NPTII and PAT activities ofthe transgenic plants were
correlated with the resistance levels found in the leaf disc

assay (Table V; Fig. 1, C and D). Plants with high PAT or
NPTII activities were very resistant in the leaf disc assay.
However, plants that had a clear although weaker resistance
in the leaf disc assay had no detectable enzyme activities. Of
140 plants positive in a kanamycin selection test varying from
leaf pieces with small necrotic regions, but with green and
healthy calli, to completely necrotic leaf pieces with yellow
calli, 37 were found to be negative in the NPTII and PAT
assays. Southern hybridizations demonstrated that these
plants were indeed transformed and contained both the neo
and bar genes (see below). Thus, the leaf disc assay is much
more sensitive and reliable than the enzymatic assays, and
was relied upon in further experiments.

Resistance to the Herbicide Basta

Transgenic plants of B. oleracea and B. napus were sprayed
with doses equivalent to 8 L Basta/ha. Control Brassica plants
of the four cultivars were effectively killed with doses equiv-
alent to 2 L Basta/ha. Plants with high PAT activities were
completely resistant. However, plants with lower enzyme
activities showed damage (Table V). Because the measure-
ment of the ammonia production in the leaf tissue after Basta
treatment is a very sensitive and quantitative assay (7, 28),
ammonia determinations were done 6 and 24 h after treat-
ment of the transgenic plants with doses equivalent to 8 L
Basta/ha (Table V). In general, a correlation was found be-
tween the amount of ammonia accumulated and the resist-
ance seen in the leaf disk assay (Table V).

Southern Hybridization Analysis

Southern hybridization analysis were done of transgenic
plants obtained by kanamycin or phosphinotricin selection.
The copy number of the chimeric gene was determined by
using those restriction enzymes that cut the DNA in such a
way that a border fragment composed of plant DNA and the
chimeric gene was created. A 32P-labeled purified DNA frag-
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Figure 1. Expression of the bar and neo genes in transgenic B. napus plants, cultivar R8494, transformed with the vector pGSFR780A. A,
Schematic representation of pGSFR780A. The neo gene is under the control of the nos promoter (12), while the bar gene is under the control of
the 35S promoter (20). Both genes are inserted between the T-DNA border repeats (RB, right border; LB, left border). The neo and bar genes
are followed by fragments encoding termination and polyadenylation signals derived from the octopine synthase gene (3'ocs) and the T-DNA
gene 7 (3'g7) (26), respectively. B, Leaf pieces of control and transgenic plants were placed on medium A5 containing 20 mg/L phosphinotricin
(PPT). The leaf pieces of the most resistant plants stayed green (dark on the picture) and formed healthy callus. Leaf pieces of less resistant
plants developed yellow, necrotic regions (light on the picture) but still formed callus. The control leaf pieces turned yellow and never formed
callus. C, Detection of the NPTII-activity by the dot assay of McDonnell (16). Dot 1, untransformed control plant; dots 2-4, transgenic plants. D,
Detection of the PAT-activity by TLC. Lane 1, untransformed control plant; lanes 2 to 4, three independent transformants expressing the bar
gene at a different level. The numbers correspond with the numbers of the transformants in C. E, Detection of the bar gene. The plant DNA was
digested with EcoRV and hybridized with a 32P-labeled purified BamHl fragment containing the bar gene. Lane 1, untransformed control plant;
lanes 2 to 4, transgenic plants. The numbers correspond with the numbers of the transformants in C and D. F, Detection of the neo gene. The
plant DNA was digested with BcIl and hybridized with a 32P-labeled purified fragment containing the neo gene. The lanes correspond with these
in E.

ment containing the coding sequence of the neo or bar gene
was used as probe (see "Materials and Methods"). From the
26 characterized B. napus transformants, 8 contained one
copy; 3, two copies; 11, three copies; and 4 contained more
than three copies (up to eight copies) of the whole T-DNA.
From the 12 studied B. oleracea transformants, 7 contained
one copy; 1, two copies; and 4, three copies of the whole T-
DNA (Fig. 2). In both B. napus and B. oleracea there was no
correlation between the copy number and the resistance level.
The copy number was also not influenced if the selection was
done for kanamycin or phosphinotricin resistance.
As described above, some plants selected for kanamycin or

phosphinotricin resistance were negative in both the PAT or
NPTII enzyme assays. However, partial resistance in the leaf
disc assays to both kanamycin and phosphinotricin indicated

that these plants had to contain both the neo and bar genes.
Southern hybridizations were done with total DNA of 3 plants
selected on 20 mg/L phosphinotricin (Table V) and 10 plants
selected on 50 mg/L kanamycin-SO4, all of which had no
detectable PAT and NPTII activities. The southern hybridi-
zations showed (Fig. 1, E and F) that all 13 plants contained
one to a few copies of both the bar and neo genes.

Inheritance of the Chimeric Genes

The transgenic plants were selfed, and the seeds were har-
vested. To test for the segregation of the neo gene, hypocotyl
explants or leaf discs of the S 1-seedlings were placed on A5-
medium with 50 mg/L kanamycin-SO4. For the segregation
of the bar gene the 6-week-old S 1-seedlings were sprayed with
doses equivalent to 8 L Basta/ha, or for those with a low
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Table V. Expression of the bar and neo Genes in B. napus Plants Transformed with the Plasmid
pGSFR780A

Enzyme Activity Resistance in Leaf Treatment with 8 L Basta/ha
Plant Copies DiscAssay
No. bar Gene After After

PAT NPTII PPTII Km Resistance 6 h 24 h

qg NH4+-Nlg fr wt

B62-1 Weak Weak NTC +++ +++ RSd 173 137
B62-2 Ne N 3 ++ ++ RSS' 76 230
B62-3 Strong Strong NT ++++ ++++ R9 22 22
B62-4 N N 4 ++ ++ RSS 133 284
B62-7 Strong Strong 1 ++++ ++++ R 39 9
B62-8 Strong Strong NT ++++ ++++ R 36 29
B62-10 N N 4 + + Sh 191 479
Control N N None - - S 176 440
a 20 mg/L phosphinotricin. b 50 mg/L kanamycin-SO4. c Not tested. d Damaged. e Not

detectable. I Severely damaged. 9 Resistant. h Sensitive.
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Figure 2. Southern blot analysis of four transgenic B. oleracea plants,
cultivar Walcheria, transformed with the vector pGSFR780A. The
plant DNA was digested with EcoRI and hybridized a first time with
a 32P-labeled purified fragment containing the bar gene. After auto-
radiography and removing of the probe, the filter was hybridized a

second time with a 32P-labeled fragment containing the neo gene.
The two autoradiograms were identical, indicating that the T-DNA
copies contain both the bar and neo genes. Lane A, untransformed
control plant; lanes B to E, transgenic plants.

resistance level, leaf disc assays on medium with 20 mg/L
phosphinotricin were done. As expected, normal mendelian
segregation rates, which correlated with the copy number of
the gene, were found.

DISCUSSION

An efficient and largely genotype-independent transforma-
tion system for Brassica napus and Brassica oleracea, which
gives rooted transformed plants in 9 to 12 weeks, is described.
The use ofAgNO3 in the medium is a prerequisite. Without

AgNO3 none or only very few transformed shoots, depending
on the genotype, could be obtained. The stimulating effect of
Ag+ on shoot regeneration has been described (6, 22). For a

more detailed description for the use ofAgNO3 in the medium

and its property as an antiethylene agent in tissue culture, see
De Block (6). The most important points are: (a) AgNO3 must
be added to the medium after autoclaving; (b) the addition of
carbenicillin (250-500 mg/L) prevents the medium from
turning brown and avoids toxic effects ofAg'-ions; (c) AgNO3
cannot be replaced by Ag2S203. As is described for potato (6),
Ag2S203, although very effective on shoot regeneration, gives
toxic effects upon prolonged use.
The concentration of AgNO3 to be added to the medium

must be optimized for each genotype. Different concentra-
tions of AgNO3 (we routinely use 2, 5, and 10 mg/L) should
be tested after infection and under selective conditions. For
example, the B. oleracea varieties we tested regenerated better
under nonselective conditions if no Ag+ was added to the
medium. However, to get transformed shoots under selective
conditions 2 to 5 mg/L AgNO3 had to be added. It may be
that meristematic cells present in the hypocotyl explants are
not very susceptible to Agrobacterium infection, while other
cells, which do not regenerate under normal conditions, are
transformed. The use of AgNO3 can stimulate these cells to
regenerate.
The Ag+ should be used as early as possible, when selection

starts. Once a certain type of nonregenerating callus is formed,
it is difficult to reverse this process to shoot regeneration.
Probably, the use of Ag+ in Brassica tissue culture can be
generalized. For example, preliminary experiments with the
Brassica campestris cultivar Tobin, which is very difficult to
regenerate, indicated that 25 mg/L AgNO3 stimulated shoot
regeneration from transformed callus.
Depending on the variety, vitrification posed a problem in

the Brassica tissue culture. Vitrified shoots are difficult to
root and often die shortly after their transfer to the green-
house. The vitrification of plants in vitro is mostly explained
by a low concentration of agar and a high relative humidity
(2, 5), the latter seeming to be the most important factor.
Vitrification can be prevented more effectively by reducing
the RH than by decreasing the water potential of the medium
(by using higher agar, sucrose, or mannitol concentrations)
(2). Also, in the Brassica tissue culture, both the RH and the
matrix potential of the medium seemed to have an important
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influence on the vitrification level. The use of a high agarose

concentration (0.5%) and the sealing of the Petri dishes with

Urgo pore tape, instead of parafilm, decreased vitrification.

Urgo pore tape, which is very permeable, creates a low relative

humidity and prevents an accumulation of ethylene (6) and

CO2. We also noticed that in comparison with small and low

Petri dishes, the use of big (14 cm diameter) and high (2.2

cm) Petri dishes lowers vitrification (probably also due to a

lower RH). Once the shoots are well developed it is important

to transfer them as soon as possible to rooting medium A8

with vermiculite.
The proportion of 200 mL vermiculite to 100 mL of liquid

medium gives a rather dry, well-aerated medium in which the

plants root easily, and produce many root hairs. The shoots

that were vitrified often returned (new grown parts) on this

medium to a normal, nonvitrified state. We also found that a

lowering ofthe sucrose concentration or using glucose instead

of sucrose decreased vitrification. A possible explanation is

that a stimulation of chloroplast development counteracts

vitrification. Lower levels of sucrose (13) or the use of carbon

sources such as glucose induce Chl accumulation, accom-

panied by further chloroplast development (1 1, 25).

It is also advisable to prevent a temperature gradient within

the culture vessels. A temperature gradient can be created

when the bottom is warmed up (when the culture vessels

stand above a light source) and the top is cooled down (by a

cold air stream). This creates a high RH, which increases

vitrification (2).
Besides a high RH and a high water potential of the

medium, vitrification can also be increased by high concen-

trations of cytokinins (1). We noticed that there was much

less vitrification when the BAP concentration was dropped as

soon as meristems or small shoots were visible on the callus.

The low concentration of 0.01 I BAP was sufficient but

necessary to permit the meristems and small shoots to grow

out. The complete omission ofBAP caused rapid death of the

tissue and shoots. As long as the shoots were smaller than 2

cm, 0.01 IM BAP had to be used to prevent senescence.

Selection for kanamycin resistance gave shoots more

quickly than if phosphinotricin resistance was used as select-

able marker. To check if the plants are transformed, it is

important to use the leaf disc assay, which is more sensitive

than the NPTII and PAT assays. We found that plants selected

for kanamycin or phosphinotricin resistance were often (up

to 25%) negative in both enzyme assays. However, these

plants had a clear, although weaker, resistant phenotype in

both the kanamycin and phosphinotricin leaf disc assays.

Southern blottings proved that these plants had not escaped

selection but were transformed and contained both the neo

and bar genes. The high frequency of Brassica transformants

which express the chimeric genes poorly was not observed in

tobacco, potato, or tomato (6, 7). Moreover, these low expres-

sion levels were found with all the transformation vectors that

were used expressing the neo or bar genes under the control

of the nos, TR (26), the Arabidopsis rbcS (4, 15) or 35S

promoters (data not shown). The reason for this is not under-

stood. Methylation and developmental regulation of the genes

are possible explanations. Further experiments in this area

are currently underway.
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