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Summary. Kanamycin resistance and chloramphenicol
resistance were introduced separately to two different
tobacco plants (Nicotiana tabacum 1..) by Agrobacter-
ium-mediated transformation. Leaf mesophyll proto-
plasts were prepared from the progeny of these trans-
formants and were subjected to electrofusion. On the
10th day and the 20th day after the fusion treatment,
respectively, kanamycin (100 mg/1) and chloramphenicol
(30 mg/l) were added to the suspension of protoplasts.
The parental protoplasts and an unfused mixture of these
protoplasts failed to form colonies when this selection
procedure was employed. However, three independent
fusion experiments yiclded more than 7000 double-
resistant colonies with a frequency between 0.30% and
0.54%. All of the surviving colonies showed continuous
growth in the presence of the two antibiotics. The major-
ity of regenerated plants resembled, morphologically, a
tetraploid tobacco plant, and their somatic chromosome
numbers were 2n=96. The leaf segments from these
putative somatic hybrids formed calli and proliferated
vigorously on a medium that contained both antibiotics.
Southern hybridization permitted the detection of the
DNA fragments that conferred kanamycin and chloram-
phenicol resistance on these somatic hybrid plants. The
system described here can be considered to be a universal
system for the selection of somatic hybrids and is applica-
ble to various combinations of protoplasts in which pre-
selected genetic markers are absent.
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Introduction

Protoplast fusion can result in both the formation of
somatic hybrids and the transfer of cytoplasm between
two species of plant. The major problem with this tech-
nique arises from the difficulty in selecting somatic hy-
brids originating from a population that consists of un-
fused protoplasts, homokaryons and heterokaryons. It is
best if the selection of somatic hybrids can be made soon
after the fusion, but such selection is not possible without
appropriate markers. Although various systems for the
selection of hybrids are available, most of them require
certain unique cell lines as fusion partners and are not
readily applicable to protoplast fusions that involve com-
binations of a wide range of plants. Selection of somatic
hybrids can sometimes be simplified by the use of “uni-
versal hybridizers™ (Lo Schiavo et al. 1983) which carry
both a dominantly expressed trait, such as resistance, and
a recessive trait, such as auxotrophy. This system has
been successfully utilized to select an intergeneric somatic
hybrid (Ye et al. 1987).

Recent advances in transformation in plants have
facilitated the introduction of fragments of foreign DNA
into a given species of plant. Resistance to antibiotics,
such as kanamycin, is commonly used as a marker for
selection of transformants (Fraley et al. 1986). Kanamy-
cin resistance has been shown to be a dominant nuclear
marker (Paszkowski et al. 1984; Hain et al. 1985), which
can be introduced into the nuclear genomes of dicots as
well as monocots (Potrykus et al. 1985; Lorz et al. 1985).
The resistance to kanamycin was introduced to a nitrate
reductase-deficient mutant of tobacco (Nicotiana taba-
cum L.), and the resulting plant was used as a “universal
hybridizer” for fusions between tobacco and several oth-
er species of Nicotiana (Brunold etal. 1987). In this
scheme, the selection of somatic hybrids was efficient,
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and yet it was still dependent on the availability of a
pre-selected genetic marker. It would be time-consuming
and tedious to obtain such a nitrate reductase-deficient
line of mutant cells in a given plant species.

The use of a second drug-resistance marker, intro-
duced by transformation, would obviate such a tedious
pre-selection process. In the present study, kanamycin
and chloramphenicol resistance were separately intro-
duced into two fusion partners by Agrobacterium-
mediated transformation, and the combination of drug
resistance was used as a marker for the selection of so-
matic hybrids. High-efficiency selection of somatic hy-
brids, achieved by this method, is described in this report.

Materials and methods

Plant materials. Nicotiana tabacum L. cv Wisconsin 38 was used
as the starting material for transformation experiments.

Bacterial strains and plasmids. Agrobacterium tumefaciens
LBA4404 (Hoekema et al. 1983) and the binary vector pGA472
(An etal. 1985) have been described previously. pTOK67
(Fig. 1) was obtained as follows: pGA515-47 (An 1986), which
contains a chimeric chloramphenicol acetyltransferase gene, to-
gether with a kanamycin-resistance gene identical to the one in
pGAA472, was digested with HindIII and BamHI, treated with
Klenow fragment of DNA polymerase I to give blunt ends and
re-ligated with T4 DNA ligase, the kanamycin-resistance gene
thus being deleted from pGAS515-47. Procedures for handling of
DNA and Escherichia coli (strain TB1) were those described by
Maniatis et al. (1982). pGA472 and pTOK67 were introduced
into LBA4404 by the freeze-thaw method described by An et al.
(1988). A. tumefaciens was grown on AB media (Chilton et al.
1974) at 28°C.

pTOK67

12.2kb

Sall

Fig. 1. Structure of pTOK67. pGAS515-47 (An 1986) was di-
gested with BamHI plus HindIII, treated with Klenow fragment
of DNA polymerase I and re-ligated to delete the kanamycin-
resistance gene. Abbreviations: CAT, chloramphenicol acetyl-
transferase; BLA, beta-lactamase; TC, tetracyline-resistance
gene; BR, right border of T-DNA; BL, left border of T-DNA,;
ORI, origin of replication of ColE1

Transformation. Tobacco leaves were surface-sterilized, and
6-mm disks were prepared using a paper punch. The disks were
incubated with approximately 10® cells of LBA4404 (pGA472)
or LBA4404 (pTOK67) in 2 ml of liquid medium that consisted
of Linsmaier and Skoog (1965) salts and 30 g/l sucrose (LS-R
medium). After 48 h of co-cultivation, the bacteria were washed
off and the disks were transferred to LS-S medium (LS-R me-
dium plus 0.3 mg/l indole-3-acetic acid and 10 mg/1 isopentenyl
adenine) supplemented with 0.9% agar, 250 mg/l cefotaxim,
and either 100 mg/l kanamycin or 30 mg/l chloramphenicol.
Root induction of drug-resistant regenerates was achieved on
LS-R agar (0.9%) medium. The plants were then transferred to
soil and grown in a greenhouse. The medium used for germina-
tion of the seeds obtained from the transformants was the same
as the medium used for induction of roots. Induction of calli
from the explants of the seedlings was performed on an agar
(0.9%) medium that consisted of Linsmaier and Skoog (1965)
salts, 30 g/l sucrose, 3 mg/l indole-3-acetic acid, 3 mg/l naphtha-
leneacetic acid and 0.1 mg/! kinetin (LS-C medium). When ap-
propriate, 100 mg/l kanamycin or 30 mg/l chloramphenicol
were added to the media for germination of seeds and induction
of calli.

Isolation of protoplasts. Leaf mesophyll protoplasts were iso-
lated from fully expanded leaves of young plants. Leaves were
surface-sterilized, cut into strips (1 mm in width), and incubated
in a solution of 1.0% cellulase R-10 (Onozuka), 0.25% mace-
rozyme R-10, 0.5% dextran sulfate (potassium salt) and 0.6 M
mannitol, in the dark at 25°C for 14 h. Protoplasts were filtered
through one layer of Miracloth (Calbiochem), collected by cen-
trifugation (200 rpm for 5 min) and resuspended in 0.6 M man-
nitol. This centrifugation-resuspension process was repeated
three times.

Fusion of protoplasts and subsequent culture. Isolated protoplasts
from two plants were mixed in equal numbers to give a final
density of 5 x 10* protoplasts/ml. Fusion was accomplished by
the use of an electrofusion system (Shimadzu model SSH-1,
Kyoto, Japan). The fusion chamber (no. 04, Shimadzu) had two
stainless electrodes, 4 mm apart, between which 1.8 ml of the
suspension of protoplasts was introduced. About 5 min after the
protoplasts were introduced into the chamber, the electrical
force was applied. The electrical parameters for the fusion were
as follows: AC field 1 MHz, 40 V; 400 V for the first DC pulse
and 350 V for the second, each DC pulse being of 30-psec
duration, with an interval of 2 sec between the pulses. After the
second pulse, no further electrical force was applied. About
20 min after the fusion, the protoplasts were gently collected
with a pasteur pipette, rinsed once with 0.6 M mannitol, and
resuspended in a liquid culture medium that consisted of Nagata
and Takebe (1971) salts, 3 mg/l naphthaleneacetic acid, 1.0 mg/1
6-benzylaminopurine, 0.45 M mannitol and 17 g/l sucrose. The
cultures were maintained in the dark at 25°C for the first three
days, illuminated with dim light (about 200 lux) for the next
three days, and then transferred to bright-light conditions
(about 2000 lux) at 25°C. The cultures were diluted with an
equal volume of fresh liquid medium every 10 days.

Selection of protoplasts for resistance to antibiotics. Ten days
after the fusion treatment, when the majority of protoplasts had
undergone one or two cell divisions, kanamycin sulfate was
added to the culture medium at a concentration of 100 mg/l.
After another ten days, chloramphenicol was added at a concen-
tration of 30 mg/l. About 30 days after the fusion, cell colonies
that had proliferated under this selection regime were trans-
ferred to LS-C agar medium supplemented with both antibiotics
at the same concentrations as before.



Regeneration of plants. Colonies (about 10 mm in diameter),
showing resistance to both antibiotics, were transferred to LS-S
agar medium supplemented with 100 mg/l kanamycin and
30 mg/1 chloramphenicol to induce shoots. Induction of roots
was achieved by transferring the shoots to LS-R agar medium.

Isolation of DN A and Southern hybridization. DNA was isolated
from fresh leaves frozen in liquid nitrogen and ground in a
ceramic mortar. The ground leaves were suspended in an extrac-
tion buffer that consisted of 50 mM TRIS-HCI (pH 8.0), 10 mM
EDTA, 1% sodium dodecyl sulfate, 0.75 M NaCl and 0.5%
2-mercaptoethanol. This suspension was extracted with a 1:1
mixture of CHCl; and phenol, pre-equilibrated with extraction
buffer and then the aqueous phase was extracted with CHCl,.
DNA was precipitated by the addition of one-third volume of
10 M ammonium acetate and one volume of isopropanol. After
centrifugation (2000 x g) for 5 min, pelleted DNA was washed
with 70% ethanol, and resuspended in TE buffer (10 mAM TRIS-
HC! (pH 7.5) and 1 mM EDTA). Further purification of DNA
by ethidium bromide-cesium chloride equilibrium centrifu-
gation and Southern hybridization was carried out according to
the methods described by Maniatis et al. (1982). The probes
used were the 2.1-kb BamHI-HindIII fragment from pGA472,
which contains the coding sequence for the neomycin phospho-
transferase gene, and the 0.8-kb HindIIl fragment from
pYEJ001 (obtained from PL Biochemicals), which contains the
coding sequence for the chloramphenicol acetyltransferase gene.

Chromosome count. Root tips were collected from actively grow-
ing plants, pre-treated with 2 mM 8-hydroxyquinoline for 4 h at
room temperature, and fixed in ethanol:acetic acid (3:1, v/v).
After fixation, the root tips were washed three times for 2 min
each with distilled water. The washed root tips were treated with
a solution of 2% (w/v) cetlulase R-10 and 0.5% pectolyase Y-23
in water for 30 min at 37°C and then washed with distilled water
twice. The root tips were placed on glass slides and gently dis-
persed with a fine needle. A small aliquot of fixative was then
added and the preparations were air-dried. Before observation
under the light microscope, the root tips were stained with aceto-
orcein.

Results

The kanamycin-resistant fusion partner

Several kanamycin-resistant tobacco plants were ob-
tained by the leaf-disk transformation method, using
A. tumefaciens LBA4404 (pGA472). pGA472 carries
a neomycin phosphotransferase (NPT) gene which can
be expressed in plants. When the progeny of a partic-
ular transformant (plant no. 105) were grown on a
kanamycin-containing medium, a typical, single-
dominant, Mendelian segregation of the resistance to
kanamycin was observed (Table 1). A kanamycin-
resistant offspring of plant no. 105, which later turned
out to be heterozygous with respect to the resistance
gene, was used for the fusion.

The chloramphenicol-resistant fusion partner

The chloramphenicol acetyltransferase (CAT) gene is a
powerful reporter gene in various organisms, but there
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Table 1. Inheritance of the kanamycin (Km) resistance (r) and
the chloramphenicol (Cp) resistance introduction into tobacco

Generation Phenotype No. of - P
plants value

S, of plant Km' 57
No. 105 Km* 23 0.598* 0.25-0.50
S, of plant Cp* 56
No. 108 Cp 13 1.396* 0.10-0.25
F, of a cross Cp'’Km" 39
No. 105 x 108 Cp'’Km’* 38

Cp*Km’ 40

Cp’Km*® 54 3.995° 0.25-0.50

* and ® tested for 3:1 and 1:1:1:1 ratio, respectively

are only a few published studies of the use of the CAT
gene as a selection marker in plant transformation (De
Block et al. 1984; An 1986). A chimeric CAT gene of
pTOKG67 (Fig. 1) was strongly expressed in and conferred
chloramphenicol resistance on cells from N. tabacum (An
1986). We have used this gene as a selection marker. Leaf
disks were co-cultivated with LBA4404 that carried
pTOK67. Several chloramphenicol-resistant plants suc-
cessfully regenerated from the leaf disks placed on a
shoot-formation medium that contained chlorampheni-
col at 30 mg/l after the co-cultivation. Since rooting of
these plants on a medium that contained chlorampheni-
col was not readily possible, they were allowed to form
roots on a chloramphenicol-free medium, and then they
were grown to maturity in soil.

The seeds obtained from one of the regenerates (plant
no. 108) were used for the genetic analysis of the resis-
tance gene. First, the seeds were germinated on a
phytohormone-free medium that contained chloramphe-
nicol, as is usual in genetic analyses of kanamycin resis-
tance, but there was little difference in growth between
the resistant and sensitive seedlings; both grew equally
well. Second, the cut leaves of the seedlings were placed
on a callus-induction medium that contained chloram-
phenicol. In this case, only resistant explants formed calli
(Fig. 2) and a 3:1 segregation ratio of the resistant and
sensitive explants was observed (Table 1).

The sexual hybrids between the kanamycin-resistant
transformant no. 105 and the chloramphenicol-resistant
no. 108 were also subjected to genetic analysis, and a
typical 1:1:1:1 segregation pattern of the two genetic
factors was observed (Table 1). These data indicate that
the chloramphenicol resistance of plant no. 108 was in-
herited as a single dominant trait, and the kanamycin-
and chloramphenicol-resistance genes behaved as two
independent Mendelian genes. A chloramphenicol-
resistant offspring of plant no. 108, which later turned
out to be heterozygous with respect to the resistance
gene, was used as the other fusion partner.
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Table 2. Formation of colonies on medium that contained both kanamycin and chloramphenicol

Protoplasts Exp. I Exp. II Exp. III
plated
Cell no. Colony Cell no. Colony Cell no. Colony

No. % No. % No. %
Km? 5x10° 0 0 5% 103 0 0 5x10° 0 0
Cp® 5% 103 0 0 5x10° 0 0 5x10° 0 0
Mixed 5x10° 0 0 5x10% 0 0 5x10° 0 0
Fused 3x10° 453 0.30°¢ 1x 108 1,811 0.36° 2x 108 5,305 0.54°¢

# Protoplasts isolated from the kanamycin-resistant plant
® Protoplasts isolated from the chloramphenicol-resistant plant
¢ The denominator was one half of the cell number

Fig. 2. Assay of the chloramphenicol resistance of tobacco ex-
plants. S| seeds of the chloramphenicol-resistant transformant
were germinated under sterile conditions. Cotyledons were cut
from the seedlings and placed on a callus-induction medium
supplemented with 30 mg/l chloramphenicol. Calli appeared
from the resistant explants between 2 and 3 weeks later

Fusion

Our electrofusion system, as described in Materials and
methods, usually yields heterokaryons with a frequency
ranging from 4% to 12% just after the fusion treatments,
although the values tend to vary from experiment to
experiment. The fusion between protoplasts isolated
from the kanamycin- and chloramphenicol-resistant
plants and the subsequent selection for resistance to the
two antibiotics was conducted on three separate occa-
sions. The results are summarized in Table 2. The cul-
tures of kanamycin-resistant protoplasts, chloramphe-
nicol-resistant protoplasts and the mixture of the two did
not yield any colonies under our selection conditions.
Colony formation was observed only after fusion of the
mixture of the two different sets of protoplasts.

The number of surviving colonies was 453, 1811 and
5305 in the three separate fusion trials. The percentage of
double-resistant colonies ranged from 0.30% to 0.54%,
when one half of the total number of protoplasts sub-
jected to fusion was used as the denominator in the calcu-
lation. The plating efficiencies of protoplasts were usual-

ly between 20% and 30%, when no selection or fusion
treatment was applied. If these values are taken into
consideration, the estimated frequency of formation of
heterokaryon is between 1.00% and 2.70%.

All surviving colonies were subcultured on medium
that contained both antibiotics for at least two cycles (for
about 2 months). In no case was the loss of resistance
detected. Thus, the resistance to the two antibiotics was
stably expressed in these putative somatic hybrid cells.

Plant regeneration from putative somatic hybrid cells

The colonies showing double resistance were transferred
to the shoot regeneration medium (LS-S) that contained
both antibiotics. Numerous shoots were formed from
these calli within 3 weeks. The shoots were cut and trans-
ferred to hormone-free medium (LS-R). From each co-
lony, 1 regenerate was transplanted to soil. A total of
34 regenerates were evaluated further. Among them,
4 plants were morphologically abnormal and their
growth was retarded. The rest of the plants showed mor-
phology typical of a tetraploid tobacco and were self-
fertile. The somatic chromosome number of the regen-
erates was examined (Table 3). The morphologically nor-
mal plants had 96 chromosomes (Fig. 3A), a number
which corresponds to the sum of the chromosome num-
bers of the two fusion partners. The chromosome num-
bers of all of the morphologically abnormal plants de-
viated from this expected value of 96 (Fig. 3B, C, D).

Leaf segments (10 mm x 10 mm) were cut from each
regenerate and cultured on callus-inducing medium (LS-
C) that contained both antibiotics. All regenerates
formed calli on this medium, but the kanamycin-resistant
transformant, the chloramphenicol-resistant transfor-
mant and wild-type tobacco failed to form calli on this
medium.

Southern hybridization

The DNA isolated from the somatic hybrids and from
the parents of the fusion were analyzed by Southern
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Fig. 3A-D. Chromosomes of the somatic hybrids. A plant no. 14
(2n=96) representing the majority of the somatic hybrids; B
plant no. 32 2n=c. 144); C plant no. 31 (2n=77); D plant
no. 34 (2n=97)

Fig. 4A and B. Southern hybridization. DNAs were digested
with A BamHI or B EcoRI, subjected to agarose gel electro-
phoresis, transferred to nitrocellulose filters and hybridized to A
the NPT probe or B the CAT probe. K, kanamycin-resistant
parent; C, chloramphenicol-resistant parent; H, somatic
hybrids; N, non-transformed tobacco
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Table 3. Somatic chromosome number and morphological char-
acteristics of the somatic hybrids

Plant Chromosome Morphology Fertility
no.?
1 96 normal self-fertile
12 96 normal self-fertile
13 96 normal self-fertile
14 96 normal self-fertile
15 96 normal self-fertile
16 96 normal self-fertile
31 77 abnormal no flowers
32 c. 144 abnormal self-fertile
33 c. 147 abnormal sterile®
34 97 abnormal sterile ©

? Chromosome number was determined from at least five well-
spread mitotic figures

® Few pollen grains (pollen fertility was around 5%)

¢ Almost no pollen grains

hybridization (Fig.4). The NPT probe detected the
2.4-kb BamHI fragment in the kanamycin-resistant pa-
rent and the somatic hybrids, and this band was absent
from the chloramphenicol-resistant parent. The CAT
probe hybridized to three major EcoRI fragments (9.0,
3.0 and 0.7 kb) in the chloramphenicol-resistant parent
and the somatic hybrids, but there was no fragment ho-
mologous to this probe in the kanamycin-resistant pa-
rent. These results clearly show that the somatic hybrids
carried DNA fragments derived from each of the pa-
rents.

Discussion

The present study demonstrates that the kanamycin-
resistance gene and the chloramphenicol-resistance gene
together provide a convenient combination of markers
for the efficient selection of somatic hybrids derived from
fusion of protoplasts of plant cells. The kanamycin-
resistance gene is the selection marker most frequently
used in plant transformation experiments and has al-
ready been shown to be a powerful marker in protoplast
fusion (Brunold et al. 1987). By contrast, the resistance
to chloramphenicol conferred by the CAT gene has been
utilized far less frequently and stable inheritance of resis-
tance to chloramphenicol has not been reported. The
present study demonstrates that the CAT gene can be
used as a selection marker in plant transformation as well
as in protoplast fusion, and that the chloramphenicol
resistance introduced into tobacco was stably trans-
mitted to the progeny in a Mendelian fashion.
Numerous colonies showing double resistance to
kanamycin and chloramphenicol were obtained. Ran-
domly chosen regenerates from these colonies exhibited
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characteristics of a somatic hybrid: (1) resistance of leaf
segments to both antibiotics; (2) morphology similar to a
tetraploid tobacco plant, (3) chromosome number com-
parable to the sum of chromosome numbers of the two
fusion partners; and (4) presence of DNA fragments that
confer the resistance to each antibiotic. Other colonies
which were not examined for these characteristics were
probably also somatic hybrids.

The frequency of colonies of putative, somatic hybrid
cells ranged from 0.30% to 0.54%, if the plating efficien-
¢y of control protoplasts is ignored. There are many
reports of heterokaryon frequencies just after electrofu-
sion {e.g. Bates and Hasenkampf 1985, Zachrisson and
Bornman 1984), but few reports of an actual frequency of
hybrid calli or hybrid regenerates. This value can be ob-
tained only when both fusion partners carry appropriate
genetic markers that act independently of one another,
and when no mechanical selection force is applied. In the
case of a combination of N. glauca and N. langsdorffii,
where only the hybrid cells are capable of growing in a
hormone-free medium, two reports have indicated their
frequency of 0.2% (Morikawa etal. 1986) and 0.14%
(Chapel etal. 1986) by electrofusion. Our results, in
terms of frequency, appear to be comparable to or slight-
ly better than these results.

In the present series of experiments, we isolated pro-
toplasts from the S, progeny of transformants. Alter-
natively, the transformants themselves can be used as
sources of protoplasts. In such a case, somatic hybrids
between two plants can be obtained within a year: 3—4
months are required to obtain and grow transformants
that are large enough for isolation of protoplasts, and
about 6 months are required from the fusion to the eval-
uation of the regenerates. The present system is applica-
ble to any combination of plants into which the genes for
resistance to kanamycin, chloramphenicol, or other anti-
biotics, can be introduced by an appropriate transforma-
tion system.
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