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Summary. Experimental parameters for direct gene
transfer with recombinant DNA encoding neomycin
phosphotransferase II (NPTII) under control of eukary-
otic expression signals were established. The introduced
gene was shown by the growth of transformants on me-
dia containing kanamycin, by genomic blotting and by
assaying NPTII activity. Leaf protoplasts from three
green genotypes of varieties xanthii and petit havanna,
and from four plastome-encoded albino genotypes of
Nicotiana tabacum were analyzed with respect to cell
division kinetics and yield of kanamycin-tolerant
colonies after direct gene transfer. No clear correlation
was found between the time of onset of cell division and
transformation frequency.
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Introduction

Initial attempts to transform higher plants or cell lines
with purified DNA used Ti-plasmid derived DNA se-
quences (Davey et al. 1980; Krens et al. 1982). The dem-
onstration of vector-free transformation (Paszkowski
et al. 1984) has initiated new activity in research on plant
transformation (Hain etal. 1985; Lorz etal. 1985;
Potrykus et al. 1985; Uchimiya et al. 1986) because of the
potential of the method, in particular its general appli-
cability to both dicotyledonous and monocotyledonous
plants. Despite efforts to optimize conditions for direct
gene transfer (Shillito etal. 1985; Meyer et al. 1985;
Okada et al. 1986; Negrutiu et al. 1987), the technology
is still at a relatively early stage of development and
results obtained in different laboratories by varying ex-
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perimental parameters are frequently contradictory. Al-
50, the influence of genotype on transformation frequen-
cies is still not completely understood (Kohler et al.
1987). Here we describe the influence of various experi-
mental parameters and of the genotype on the yield of
kanamycin-resistant colonies after direct gene transfer
with DNA coding for the NPTII gene. Emphasis has
been put on the analysis of the influence of the time of
onset of cell divisions, since a substantial increase of
transformation frequencies has been described with par-
tialty synchronized protoplasts (Meyer et al. 1985).

Materials and methods
Plant material

Shoot cultures of the tobacco albino plastome mutants “VBW’,
339’, ‘340” and ‘92V37" were obtained from Prof. Dr. E. Galun
and Dr. D. Aviv (The Weizman Institute of Science, Israel) and
maintained as described (Aviv and Galun 1985). Seeds of Nico-
tiana tabacum cv petit havanna genotypes ‘SR1’ and the corre-
sponding wild-type (PHWT’) were received from Dr. A. Cséplé
(Institute of Plant Physiology, Hungarian Academy of Sciences,
Szeged). Line ‘102/2” of wild-type tobacco cv xanthii was derived
as a protoclone via individual culture of a single protoplast
(Koop and Schweiger 1985). Shoot cultures of green genotypes
were maintained on B5 medium (Gamborg et al. 1968) contain-
ing 5x107% M FeSO, and 5x0~° M Na,EDTA, 100 mg/l
meso-inositol, 0.1 mg/l thiamine-HCl and 0.1 mg/l pyridoxin-
HCI. Shoot cultures were kept in a culture room at 25°+2°Con
120 ml solidified medium in 720-ml glass jars with a metal lid,
fitted with a foam plug for gas exchange. Day length was 16 h,
light intensity was approximately 2,000—4,000 Ix for the green
varieties and approximately 800 Ix for the plastome mutants.
Lines ‘102/2’ and “‘VBW’ were used for optimization experi-
ments, whereas all lines were analyzed with respect to the influ-
ence of the genotype on transformation frequencies.

Plasmids and bacterial strains

The plasmid ‘pUCNK1 (HindITI)’, containing the NPTII gene
from Tn5 under control of eukaryotic promotor and polyadeny-
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lation signals (pNos, nopaline synthase promotor and ocspA,
octopine synthase polyadenylation signal), was obtained from
Prof. Dr. L. Willmitzer, Berlin. Plasmid ‘pRT100ne0o’, carrying
the same gene and the same polyadenylation signal but the
CaMV 358-promotor (Topfer et al. 1987), was a gift of Dr. R.
Topfer, Cologne. Plasmid ‘pKm?2’, containing the same gene

under prokaryotic expression control (Beck etal. 1982), was .

supplied by Prof. Dr. H. Schaller, Heidelberg. Plasmid ‘pUC-
NK1 (HindlI) was primarily used for optimization experi-
ments, ‘pRT100neo” for the analysis of the genotype influence
on transformation frequencies and "pKM?2’ served as the source
for a hybridization probe in genomic blots. All plasmids were
propagated in E. coli K12/RR1/M15.

Protoplast isolation

Protoplasts were isolated from leaves of 3- to 4-week-old plants
as described earlier (Koop and Schweiger 1985), except that 1%
cellulase, 1% macerozyme and 1% polybuffer 74 (LK B-Phar-
macia) were used. Protoplasts were washed by repeated flotation
on 0.5 M sucrose and then pelleted by centrifugation at 35x g
for 35 min. They were finally suspended in 0.5 M mannitol at
a density of 1-2 x 10%/ml.

Transformation procedures

About 0.25 ml protoplast suspension was taken in a 2-ml Nunc
tube and 25 ul DNA solution, containing plasmid DNA (4, 8 or
40 pg) and carrier DNA (calf thymus DNA type I, Sigma, son-
icated to a size below 2,000 bp 20, 40 or 200 pg), was added.
After 5-10 min, 0.25 ml of 24% or 16% PEG (MW 6,000,
Sigma) containing MgCl, (30 mA/) and 0.4 M mannitol was
added. The protoplast suspension was incubated for either 10 or
30 min at room temperature. If desirable, a heat shock at 44°C
for S min was given, before adding PEG. Electroporation, when
desired, was performed in the presence or absence of PEG by
injecting single rectangle DC-pulses (50 ps, 1, 1.5 or 2 kV/cm)
into the protoplast/DNA mixture. The pulse was produced by a
‘TA 750 Electrotransfection’ device (Krilss, Hamburg), using a
pipette chamber with 0.5 mm electrode distance. After treat-
ment for transformation, samples were transferred to 2.5 ml of
liquid culture medium, which was identical with the protoplast
isolation medium, except that sucrose was replaced by 0.4 M
glucose and it contained 0.5 mg/l 2.4-D.

Protoplast culture, selection of transformed lines and regeneration
of plants

Petri dishes containing protoplasts were incubated in darkness
at 25°C for 1 week, followed by diffuse light of 16/8 h light/dark
cycle. Kanamycin sulfate (75 mg/l) (Sigma) was added to the
medium after 3—4 weeks of culture. Glucose concentration in
the culture medium was gradually reduced and finally replaced
by 3% sucrose. After 3—4 additional weeks, resistant colonies
were transferred to solid medium supplemented with 3% su-
crose and 0.05 mg/l 2,4-D. For regeneration of shoots, resistant
calli were transferred to Murashige and Skoog’s medium (1962)
containing 1 mg/l BAP and 100 mg/l kanamycin sulfate. For
root formation, shoots were inoculated on the same medium as
used for shoot cultures but with 100 mg/l kanamycin sulfate.

Isolation of DNA and Southern blot analysis

Plasmid DNA was isolated according to Birnboim and Doly
(1979) and further purified by CsCl ethidium bromide gradient
centrifugation (Maniatis et al. 1982). DNA from tobacco leaf or
callus was isolated, essentially as described by Rogers and Ben-
dich (1985), but phenol/chloroform extraction and ethanol pre-

cipitation steps were introduced both before and after digestion
with restriction enzymes. The DNA was dissolved in TE buffer
(1 mM EDTA, 10 mM TRIS, pH 8.6), run on 0.8% agarose slab
gels and then transferred to nitrocellulose filters (BA 85, Schlei-
cher and Schiill, Dassel), according to Southern. The hybridiza-
tion probe, the 1,180-bp EcoRI-Sall fragment of ‘pKm?2’ repre-
senting the NPTII gene from Tn5 (Beck et al. 1982), was ra-
dioactively labelled using the ‘Multiprime’ DNA labelling sys-
tem (Amersham, Braunschweig), according to the instructions
of the supplier, to give approximately 5x 10® cpm/ug DNA.
Prehybridization and hybridization were for 12 and 48 h, respec-
tively, at 42°C in 50% formamide, 5xSSC (1 x SSC: 0.15 M
NaCl, 0.015 M Na-citrate, pH 6.8), 5 x Denhardt buffer (Mani-
atis et al. 1982) and 200 pg calf thymus DNA, and the filters
were washed for several hours in 50% formamide, 5 x SSC and
0.5% SDS at 55°C.

NPTI-assay

The enzymatic assay for neomycin phosphotransferase 11 was
done according to Reiss et al. (1984) as modified by Schreier
et al. (1985).

Determination of transformation and cell division frequencies

Transformation frequencies were determined as ‘absolute trans-
formation frequencies’ (Negrutiu et al. 1987), i.e. the number of
resistant colonies per treated protoplasts. Mean values were
calculated from two parallels. In general, determinations were
made by at least two independent experiments. A few samples
gave transformation frequencies approximately one order of
magnitude higher than all the others. Since these results could
not be reproduced, they were not included in the evaluation. Cell
division frequencies were determined microscopically.

Results and discussion
Characterization of transformants

Colonies resistant to kanamycin were obtained from pro-
toplasts of all genotypes tested. All tissues derived from
plantlets regenerated from these colonies contain DNA
sequences homologous to the gene used for transforma-
tion (Fig. 1), when tested by Southern analysis. NPTII
activity was also detected (Fig. 2) in all 37 lines analyzed
after random selection from resistant colonies or plants.
Undigested DNA displays the introduced sequences only
in the high molecular weight range, which confirms inte-
gration into the plant genome. The presence of multiple
bands in genomic blots after terminal restriction endonu-
clease digestion (Fig. 1) indicates that the foreign DNA
has been incorporated at more than one site of the host
DNA. Similar observations have also been reported by
others (e.g. Hain et al. 1985; Riggs et al. 1986).

NPTII produced by transformed calli and plants of
both plastome mutants and wild-type tobacco is similar
in activity and electrophoretic mobility to the enzyme
found in bacteria carrying the NPTII gene from Tn5
under prokaryotic expression control (Fig. 2). No such
signal was found in control plants regenerated from un-
treated protoplasts.
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Fig. 1. Genomic blot analysis of Nicotiana tabacum trans-
formed with plasmid ‘pUCNK1 (HindIIT)’. A-C — undigested
DNA, DI~ DNA digested with HindIII. Fifteen micrograms
of DNA was loaded into tracks A through F and H. Track I
contained 25 pg DNA. 4, B and D, E represent DNA isolated
from callus of line ‘102/2°, whereas tracks C and F were loaded
with DNA from a regenerated plantlet of line ‘“VBW’. Track G:
32p_1abetled DNA of phage A; rrack H: DNA from a non-trans-
formed shoot of line *102/2’; track I: DNA from plasmid
‘pUCNKI1’. The 1180-bp EcoRI-Salll fragment of ‘pKM2’ was
used as a probe after labelling (5 x 10% cpm/pug DNA) with the
‘Multiprime’ labelling system (Amersham, Braunschweig).
Length standards (kbp) as dgsived from track H are indicated
on the right margin

Transformation frequencies

The absolute transformation frequencies ranged from
10~° to 10~3 (Table 1, Fig. 4). Even higher frequencies,
up to 1.7x1072, could be estimated if samples were
included in the evaluations in which individual resistant
colonies were difficult to distinguish from each other.
Petri dishes of such samples contained so many colonies
that a lawn of cells was soon produced. Evidently, these
colonies were all truly resistant, i.e. they kept growing
after transfer to solid selection medium. Since selection
was initially performed in liquid medium, at least some of
the resistant colonies could be derived through separa-
tion of cells after division. Thus, the possibility that sin-
gle transformation events could lead to varying numbers
of resistant colonies precludes accurate determination of
transformation efficiency. Since such petri dishes oc-
curred only sporadically and unpredictably, these sam-
ples were not used for calculation of transformation fre-
quencies.
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Fig. 2. Neomycin phosphotransferase II activity in Nicotiana
tabacum transformed with plasmid ‘pUCNKI1 (HindIIT). As a
control, enzyme activity was also assayed from extracts of bac-
teria harboring a plasmid containing the gene for kanamycine
resistance (track A). Track B: extract from a non-transformed
shoot of line ‘102/2’; tracks C— E: extracts from callus of three
different transformants of line ‘102/2’; tracks F—H: extracts
from regenerated shoots of line “VBW’. The figure represents
only the qualitative detection of NPTII activity. Therefore, in-
tensities of bands do not reflect different levels of gene expres-
sion

Factors influencing transformation frequencies in lines
‘102/2° and ‘VBW’ PEG. Higher transformation frequen-
cies compared to ‘102/2° protoplasts were found in
‘VBW’ protoplasts (Table 1 A). This result confirms that
different lines may give different transformation frequen-
cies (Kohler et al. 1987), and stresses the need to optimize
conditions for each material (Negrutiu et al. 1987). Sur-
prisingly, a further increase (five- to seven-fold) was pos-
sible when ‘VBW’ protoplasts were treated with PEG for
a shorter period (10 min instead of the 30 min treatment
used as a standard duration by Paszkowski et al. 1984
and Lorz et al. 1985). These protoplasts seem to be more
sensitive to PEG than the ‘102/2’ samples, and many
damaged protoplasts can be observed after a 30-min
treatment. Negrutiu et al. (1987) have also used different
duraitons of PEG treatments by varying the interval be-
tween addition of PEG and the DNA. In their report
they have not, however, determined whether a PEG
treatment shorter than 20 min might be beneficial.
Higher concentrations of plasmid DNA along with
higher concentrations of carrier DNA were found to in-
crease the frequency of transformation, both in ‘VBW’
and ‘102/2’ protoplasts (Table 1 A). At first glance, this
increase of transformation frequency, with concentra-
tions of plasmid DNA higher than 10 pg/ml and carrier
DNA higher than 50 ug/ml, appears to be at variance
with experiments on Nicotiana tabacum cv petit havanna
SR1 reported by Shillito et al. (1985). However, these
authors have increased either plasmid or carrier DNA
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Table 1. Influence of different parameters on transformation frequencies of Nicotiana tabacum wild-type ‘102/2” and plastome mutant
‘VBW’. Application of a particular experimental parameter is indicated by the symbol ‘+°. Frequencies are listed separately for
independent experiments using the same conditions. Transformations were performed using plasmid ‘pUCNK1 (HindIII)y’

PEG: dura-
tion (min)

PEG: concen-
tration (%)

DNA: plasmid;
carrier (ug/ml)

Transformation
frequencies

DC-pulse
(kV/cm)

Heatshock
44°C

8 12 10 30

5 min (x1079%)

8,40 16; 80 80; 400 1 1.5 2

A PEG only + +
line ‘102/2’ + +
+

line “"VBW’

e A e
+
+

B Electroporation
line “VBW’

+
+
+

+ 4+ + +
A+t

+ +

+ 1.6,1.3,1.0
5.2,3.6,42
9.3,10.4
10.2

5.6

42.8
11.5
66.4

+ 0.6
+ 0.4
+ 7.2,5.2
+ 4.4,12.0
+ 2.2,3.6
+ %
+ %
+ _*

+
+

+ 4+ + +

* No colonies were regenerated after these treatments

concentrations, whereas both DNA concentrations were
raised simultaneously in the present study.

We have also tested the effect of a heat shock on
transformation as recommended by Shillito et al. (1985).
No promotive effect was found — a slight decrease was
even detected for ‘102/2° protoplasts. In a number of
experiments this treatment proved deleterious to the
cells, in particular if combined with electroporation.
Therefore, it was later omitted from the transformation
protocol. No apparent effect of heat shock on transfor-
mation frequencies was also reported by Negrutiu et al.
(1987) for Nicotiana plumbaginifolia.

Electroporation. Transformation rates were studied by
electroporation with different combinations of a DC-
pulse, with various PEG concentrations and durations of
PEG treatment prior to the pulse (Table 1 B). Electropo-
ration with a single rectangular pulse of 50 ps and 1-
2 kV/cm field strength in the absence of PEG leads to the
recovery of resistant colonies at frequencies comparable
to those achieved with PEG alone. PEG treatment plus
electric pulse proved detrimental in our hands, if: (a)
PEG concentrations higher than 8% were applied, (b)
PEG treatment for 30 min rather than 10 min was ap-
plied, or (c) the field strength was higher than 1.5 kV/cm.
Thus, in order to use a DC-pulse in the presence of PEG,
it was essential to reduce PEG concentration, incubation
time and pulse heigth to ensure protoplast survival.

Influence of genotype

Experimental conditions. Since significant differences in
transformation frequencies were found between the two
lines used, experiments were performed to analyze the
influence of the genotype in gore detail. Seven different
genotypes, including ‘102/2’ and “‘VBW’ studied above,
were compared with respect to their transformability un-
der identical conditions. Since PEG concentration and
incubation time appeared to be critical factors for the
survival of protoplasts and, implicitly, for transforma-
tion frequencies, these experiments were exclusively done
by electroporation, i.e. without PEG. This approach
seemed reasonable, because recovery of resistant colonies
should be in the same range as with PEG alone (see
above). Furthermore, electroporation is a straightfor-
ward procedure and under the conditions used is not
causing the loss of protoplasts. Note that a single DC-
pulse of 2kV field strength and 50 ps duration was used,
which ensures survival of more than 80% of the proto-
plasts. This is in contrast to conditions employed by
Shillito et al. (1985). These authors, using exponentially
decaying rather then rectangular pulses, adjusted the
field strength to survival of only 50% of the protoplasts.

Cell division kinetics. The genotypes did not differ signif-
icantly in their plating efficiencies, since in all lines used,
microcolonies were formed from more than 80% of the
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Fig. 3. Frequencies of initial cell division in protoplast-derived
cells from various genotypes of Nicotiana tabacum during the
first 9 days of culture. Genotypes are listed on the right
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Fig. 4. Frequencies of divided cells (%) after 7 days of culture
and transformation frequencies after electroporation in the
presence of plasmid ‘pRT100neo’ (80 pg/ml plus 0.4 mg/ml car-
rier-DNA) and selection on medium containing 100 mg/l
kanamycin sulfate for 8-10 weeks in different genotypes of
Nicotiana tabacum. Genotypes are indicated at the top,
numbers I and II represent different experiments. Note that
transformation frequencies are given logarithmically

Il

protoplasts that survived the transformation treatment.
The lines differed considerably, however in their cell divi-
sion kinetics. First dvisions were found on day 4 of cul-
ture in most genotypes (Fig. 3), division frequencies var-
ied to the greatest extent — from less than 5% (*102/2’) to
more than 50% (‘92V37’) — on day 7, and all lines showed
more than 50% cell divisions after 9 days of culture.
Thus, cell division frequencies on day 7 of culture have
been used as a measure for the speed of cell division
(Fig. 4).

Influence of speed of cell division on transformation
frequencies

Aphidicolin, an inhibitor of mitosis in tobacco proto-
plasts, inhibits the alpha-like DNA polymerase; 2,6-
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dichlorobenzonitrile (DB) inhibits cytokinesis by inhibi-
tion of cell wall formation. By using both inhibitors to-
gether, Meyer et al. (1985) achieved partial synchroniza-
tion of division in Nicotiana tabacum cv petit havanna
SR1 protoplast-derived cells. As a consequence of this
synchronization, an increase of transformation frequen-
cies as much as two orders of magnitude has been ob-
served by these authors. On the other hand, Negrutiu
etal. (1987) and . Potrykus (personal communication)
could not detect any influence of DB or aphidicolin ap-
plied separately or simultaneously on transformation fre-
quencies in N. tabacum or N. plumbaginifolia.

In the course of the experiments described here, trans-
formation was also performed after culture for several
days in the presence of DB. Thus, the foreign DNA was
applied during the period immediately preceding cell di-
vision. Pretreatment with DB did not result in the recov-
ery of a higher number of resistant colonies (data not
shown). This would have to be anticipated, if the time
between the introduction of foreign DNA and DNA
replication influenced transformation efficiencies, as in-
dicated by the results achieved with synchronized cul-
tures. In order to further elucidate a possible influence of
the cell cycle stage upon transformation rates, cell lines
which differed in their speed to initiate cell division were
compared, assuming that early cell division reflects early
S- and M-phases. Transformation frequencies of seven
different lines in at least two independent experiments
gave no clear-cut correlation between the speed of initia-
tion of cell division and the rate of transformation
(Fig. 4). This implies that slowly dividing protoplast
preparations do not necessarily lead to low transforma-
tion yields (‘102/2’ II), nor does fast division necessarily
lead to high yields (*92V37 II, ‘SR1’ II). It is worth
noting that the speed of cell division of a given genotype
can vary between different experiments, without any in-
fluence on transformation frequency (‘PHWT’, ‘SRY’,
‘339"). Conversely, transformation frequencies may dif-
fer between genotypes with similar division kinetics
(compare ‘SR1” II with ‘340"). These experiments strong-
ly suggest that different susceptibilities of genotypes to
transformation by direct gene transfer (Kdohler et al.
1987; Negrutiu et al. 1987) are not caused by the different
time span between transformation treatment and first
mitosis. This would mean that physiological parameters
different from cell cycle stage are at least partly responsi-
ble for the observed effects. These parameters remain to
be determined.
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