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Summary. Nuclei were isolated from various types of don- 
or protoplasts and were transferred into receptor proto- 
plasts in numerous combinations. Five percent uptake 
was achieved under conditions which did not interfere 
with viability and subsequent culture of receptor proto- 
plasts. Methodological investigations on nuclei uptake 
were carried out with cereal and tobacco protoplasts. To 
look for biological proof of integration and replication of 
transferred nuclear genes, two complementing, chloro- 
phyll-deficient, light-sensitive mutants of tobacco were 
used as sources of nuclei and receptor protoplasts. Ca. 5.5 
• 107 receptor protoplasts were cultured following trans- 
plantation experiments involving these complementing 
mutants and about 1.8 • 107 of the resulting calli were 
subjected to selective conditions which discriminate 
against the parental types. No nuclear hybrids were de- 
tected, although in control experiments somatic hybrids 
were obtained by protoplast fusion. Some explanations 
for failure of nuclear hybrid formation are discussed to- 
gether with other possible approaches for selective soma- 
tic combination of plant cell genophores. 
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Introduction 

Isolated plant protoplasts are currently considered to be 
very suitable for genetic modification experiments and for 
bypassing natural barriers of incompatibility (Cocking 
1977; Melchers 1977). Fusion of protoplats allows the 
somatic combination of the total genetic information of 
two cells. Transferring plant cell genophores (i.e. isolated 
nuclei, plastids and mitochondria) separately allows a 
more specific combination of parts of the plant cell ge- 
nome. The latter procedure may more easily bypass cel- 

lular and molecular incompatibility barriers between dis- 
tant species and favour integration of specific genetic in- 
formation. Success in genetic modification of plant cells 
via nuclei transfer into protoplasts requires 

a) the isolation of viable protoplasts (acceptors), 
b) the isolation of intact nuclei, 
c) the uptake of nuclei at reasonable frequencies 
d) the integration of the nucleus and the formation of 

a nuclear hybrid, 
e) the expression of the 'foreign genes'. 

Protoplast isolation and culture have been developed into 
routine procedures for a number of plant species, pre- 
dominantly Solanaceae (Gamborg 1977). The biochemical 
activity (Blaschek et al. 1974; Ohyama et al. 1977) and 
structural integrity (Hughes et al. 1977) of nuclei isolated 
from protoplasts has also been demonstrated. Lysis of 
protoplasts by triton was found to be a gentle and effec- 
tive technique to prepare isolated nuclei. The method re- 
suits in good yield and quality of isolated organelles (Nish- 
imura et al. 1976; Rathnam and Edwards 1976). Various 
methods have been reported for transplantation of iso- 
lated chloroplasts into protoplasts (Carlson 1973; Potry- 
kus 1973; Bonnett and Eriksson 1974; Davey et al. 1976; 
Giles 1976) together with one report on nuclei transplan- 
tation using alternating layer centrifugation (Potrykus and 
Hoffmann 1973). While frequencies of chloroplast uptake 
in the range of 20% or more were described, nuclei trans- 
fer was achieved in 0.5% only. Looking for positive results 
in genetic modification via organelle transfer there are two 
reports on uptake and integration of wild type chloro- 
plasts into albino protoplasts of tobacco (Carlson 1973; 
Kung et al. 1975). These experiments, however, have been 
described only in a bare outline, and critically reviewed 
(Kleinhofs and Behki 1977, Cocking 1977). 

In this communication we report some improvements 
of nuclei transfer conditions and the results of experi- 
ments which looked for a biological proof of genetic 
modification after a nucleus uptake event. 
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Materials and Methods Labeling o f  Nuclei 

Protoplast Isolation 

Young expanded leaves from 4-6 weeks old greenhouse grown 
plants of Secale cereale (cv. 'Tero'), Arena sativa (cv. 'Tiger') and 
Hordeum vulgare (cv. 'Dura') were washed, surface sterilized (5 sec 
in 70% ethanol, 5 min in 0.5% calcium hypochlorite + 0.01% 
Tween 80) and then rewashed in sterile water for 30 min. The 
leaves were cut into diagonal strips 0.5 mm wide and preincubated 
for 30 rain in osmoticum (0.3 M mannitol + 0.3 M sorbitol + 
5 mM CaC12, pH 5.8). The protoplasts were isolated in a one-step 
overnight incubation at 17 ~ C in a mixture of 0.2% Macerozyme 
RI0 and 0.2% Cellulase R10 in osmoticum. The resulting proto- 
plast suspensions were poured through a 100 #m stainless steel 
sieve, centrifuged 5 rain at 35 • g, resuspended in osmoticum, 
washed twice by centrifugation and then resuspended again. Paren- 
chyma protoplasts of Zea mays (cv. 'Prior') were isolated as de- 
scribed by Potrykus et al. (1977) and Nicotiana tabacum proto- 
plasts (var. 'Samsun', mutants 'virescent' and 'sublethal') according 
to Harms and Potrykus (1978a). 

Protoplast Culture 

To test survival of protoplasts after transfer experiments cereal 
protoplasts were suspended and cultured in a cereal protoplast 
culture medium (Potrykus et al. 1976). Tobacco protoplasts were 
cultured in medium NT (Nagata and Takebe 1971) supplemented 
with 4 mg/1 CPA (p-chlorophenoxy acetic acid) and 0.5 mg/1 Ki- 
netin (6-furfurylaminopurine) for first day in the dark at 12 ~ C 
and for 3 days at 24 ~ C (300 lux) and were finally transferred to 
3000 lux. After 2-3 weeks the small calli were transferred to soft 
agar NT medium with reduced organic components (1/10) and 
BAP (0.5 mg/1; 6-benzylaminopurine) and mannitol (0.2 M). Selec- 
tion of putative hybrid calli after transfer experiments using the 
two light sensitive mutants was carried out at 10 000 lux for at 
least two passages. Calli derived from the parental mutants ap- 
peared white or yellow under these conditions and stopped grow- 
ing. Calli derived from the sexual and the somatic hybrid appeared 
green and continued to grow (Melchers and Labib 1974). Shoot 
regeneration was induced on MS medium (Murashige and Skoog 
1962) supplemented with IAA (4 mg/1, indole acetic acid) and 
kinetin (2.5 mg/1) and root regeneration in half concentrated Knop 
solution + Thiamin HC1 (1 mg/1). Plantlets with well developed 
roots were transferred to soil and cultured under greenhouse con- 
ditions to seed-set. 

Isolation of  Nuclei 

All isolation procedures were carried out on a cooling plate at 5 ~ C 
and cooled glassware and solutions were also used. Equal volumes 
of protoplast suspension and nuclei isolation medium (NIM) with 
8% Triton X 100 were mixed and shaken gently (Hoffmann 1973; 
Blaschek et aL 1974). After the triton mediated lysis of the proto- 
plasts (Figs. la-c), the solution was poured through a 25 #m sieve 
and the nuclei collected and washed by sedimentating three times 
for 10 rain at 300 X g in NIM. Resulting nuclei were resuspended 
and used in concentrations of about 5-10 X 106 nuclei/ml NIM 
(L~Srz and Potrykus 1976). 

Uptake of nuclei into protoplasts was examined by incubating the 
nuclei suspension prior to transfer experiments with 0.01% acri- 
dine orange in NIM or 0.01% ethidium bromide in NIM for 
10 min. Stained nuclei were then washed twice in NIM and ex- 
amined using a Leitz fluorescent microscope with f'flter combina- 
tion BG12 and K530 (Fig. 1). 

RNA Synthesis of  Isolated Nuclei 

RNA synthesis was measured by incubating nuclei in standard 
reaction mixture with 3H-UTP according to the method described 
by Blaschek et al. (1974). 

Nuclei Transfer 

Four methods were examined in more detail and in all cases a ratio 
of nuclei/acceptor protoplasts of at least 50/1, or higher, was used. 

The method of alternating-layer-centrifugation (Potrykus and 
Hoffmann 1973) was carried out by centrifugation (5 min, 80-120 
X g) of protoplasts and isolated nuclei to alternating layers in 
hypotonic mannitol solution (440 mOs/kg H20 ) + 0.03% lyso- 
zyme. 

Solution of Ca (NO3)2, used for moss protoplast fusion 
(Schieder 1974), was used here to stimulate nuclei uptake. Proto- 
plasts and nuclei were co-incubated for 5-20 min at pH 9 in 0.2 M 
Ca(NO3)2. The protoplast suspension was then diluted with man- 
nitol (0.6 M) of higher osmolality and washed free of the remain- 
ing nuclei by centrifugation in mannitol solution. 

Also the protoplast fusion technique with CaCI~ and high pH 
(Keller and Melchers 1973) was adapted to nuclei transfer. Iso- 
lated nuclei were incubated with protoplasts in 0.4 M mannitol + 
0.05 M CaCI 2 at various pH values (pH 7-12, 0.05 M glycin/NaOH 
buffer) for 5-60 min. Dilution and washing were as described 
above. 

The method most commonly used in our experiments was a 
modified fusion technique with PEG (polyethylene glycol) as the 
uptake-inducing agent. This method and the method with CaCI 2 
were chosen for the experiments with the two tobacco mutants. 
Nuclei and protoplasts were mixed on a cover slide and PEG added 
as previously described in detail by Kao (1975). Alternatively, 
0. 2 ml nuclei suspension were mixed with 1 ml protoplasts suspen- 
sion in a test tube, an equal volume of PEG was added, and after 
5-30 min incubation the PEG was diluted out slowly with CaCI~ 
solution at pH 10.5. The protoptasts were washed once with the 
CaC12 solution at pH 7 and further washed with medium. 

Uptake of nuclei was examined by scanning receptor proto- 
plasts for fluorescence caused by the foreign nuclei and was ex- 
pressed as % protoplasts with one or more foreign nuclei. By 
gentle roiling of the coverslip the actual position of the transferred 
nucleus - whether inside the protoplast or only attached - could 
be determined. 

Results 

Improvement o f  Uptake Procedures 

Gentle isolat ion o f  nuclei  f rom pro top las t s  instead o f  

f rom homogen ized  p lan t  t issue resul ted in relatively pure 
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nuclear fractions (Figs. la-c). About 30 x 106 protoplasts 
were isolated from the enzymatic digestion of 10 g leaf 
material (average for mesophyll tissue of cereals and to- 
bacco). From these protoplasts 5-6 x 106 nuclei could be 
routinely isolated. The use of  Triton X 100 for lysis of  the 
protoplasts, which could be stopped accurately at differ- 
ent phases, provided nuclei preparations of  controlled 
purity (Fig. lc). In our experiments it was not necessary 
to use highly pure nuclei preparations as the nuclei were 
labeled before use with a DNA-specific fluorescent dye 
(methodological investigations) or use was made of a de- 
freed nuclear gene marker in the case of  the tobacco mu- 
tants (experiments for biological proof). The most suit- 
able conditions for isolation of  nuclei was 4-5 min Triton 
(4%) at 5 ~ C. Using this condition there was absolutely no 
'contamination' of  intact protoplasts in the resulting nu- 
clei suspension. 

The method of nuclei transfer by alternating-layer-cen- 
trifugation was examined using the nuclei of  barley and 
wheat, and predominantly corn parenchyma protoplasts 
as receptors. Using this material, uptake frequencies of 
0.1% to 1% were achieved dependent on the condition of 

the receptor protoplasts which was affected by the centri- 
fugation speed. To pellet corn parenchyma protoplasts re- 
quires ca. 600rpm but nuclei require up to 
1500-2000 rpm which damages corn protoplasts. A com- 
promise was found in which protoplasts and nuclei were 
centrifuged alternatively for 5 min at 800 and 1200 rpm. 

Nuclei transfer using Ca (NOa)2 as an uptake inducing 
agent also required a compromise of 'high physical uptake 
frequency' and 'physiological disposition'. Prolonged incu- 
bation in Ca(NO3)2 resulted in higher uptake frequencies 
- 5min: 1.1%, 10min: 2.3%, 20min: 2 . 8 % -  but via- 
bility of the protoplasts was drastically reduced after long 
incubation. Incubation for 5 min gave 80% protoplast sur- 
vival, but after 10 min only 50% and after 20 min less 
than 20% receptor protoplasts survived. 

Results of nuclei transfer using CaC12 as uptake in- 
ducing agent at different pH values and incubation times 
are summarized in the table (Fig. 2). Here again prolonged 
incubation and higher pH values resulted in greater uptake 
but increased protoplast damage, that means breaking of 
protoplasts when the suspension was repeatedly centri- 
fuged for washing or after transfer to culture medium 

Fig. la-f .  Isolation of nuclei (a-c) and uptake into protoplasts (d-f). a Isolated mesophyll protoplasts from Hordeum vulgare, b Triton- 
mediated lysis of the protoplast, c Isolated nucleus, d Zea mays protoplast with fluorescent labeled nucleus of Secale cereale, e Uptake of 
four nuclei (arrows) of Hordeum vulgare into corn protoplast, f Zea mays protoplast with one nucleus of Triticum aestivum. About 30-60 
min after uptake of fluorescent stained nuclei the nucleus of the receptor protoplast (*) also shows some fluorescence. Magnification a, d, 
e X ll00;b, c, f X 2000 
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Fig. 2. Incubation of Zea mays protoplasts with Triticum aesti- 
vurn nuclei at 25~ in 0.4 M mannitol + 0.05 M CaC12 + 0,05 M 
glycine/NaOH buffer 
- no nuclei uptake 
+ uptake frequency less than 0.5% 
++ uptake frequency higher than 0.5% 
( ) detrimental to protoplast viability 

within the first hours. Routine experiments were carded 
out at pH 10.5 with 20-30 min incubation, resulting in 0.9 
to 1.2% protoplasts with foreign nuclei and 70-80% proto- 
plast viability. 

The PEG method was the most effective of all methods 
examined in our studies. Both variations of the procedure 
described above led to the uptake of foreign nuclei into 
3-5% of the protoplasts (Figs. ld-f). By co-incubating 
protoplasts and nuclei on cover slides, less destruction of 
the receptor protoplasts occurred than by their incubation 
in test tubes. Isolated chloroplasts and blue green algae 
(Anabaena azollae) were used in transplantation experi- 
ments in parallel to nuclei (L6rz 1977). 

To test the stress of the transfer conditions on isolated 
nuclei, RNA synthesis was measured. Treatment of nuclei 
with PEG according to transfer conditions drastically re- 
duced the incorporation of 3H-UTP into RNA. Five min 
incubation resulted in 72% incorporation, 10 min: 23% 
and 20 min: less than 5%, compared to the 100% level 
determined in various control measurements without PEG 
treatment. 

Nuclei Transfer Experiments with Complementing 
To bacco Mu tan ts 

To study the fate of nuclei after uptake and to look for 
biological proof of integration and expression of donor 
nuclei, a series of experiments was performed with light- 
sensitive tobacco mutants. The loci of the virescent and 
sublethal mutations are located in the nucleus and the 
system has previously been used for somatic hybridisation 
by protoplast fusion (Melchers and Labib 1974). In ac- 
cordance with the procedure for the protoplast fusion 
work:, amphihaploid protoplasts and nuclei from micro- 

spore derived plants were used in the present experiments. 
However, an increased protoplast plating efficiency was 
achieved when NT medium was supplemented with CPA 
(4 rng/1) and kinetin (0.5 mg/1). In a series of 15 separate 
experiments ca. 2.3 x 107 virescent protoplasts were incu- 
bated with sublethal nuclei and 3.7 x 107 sublethal proto- 
plasts were incubated with virescent nuclei. A total of 1.8 
X 10 7 caUi were recovered and placed under selective con- 

ditions in high light intensity. In an experiment using 
PEG, a combination of sublethal protoplasts with vires- 
cent nuclei produced more than forty green caUi during a 
first screening under high light conditions. However, all 
plants derived from these caUi were shown to be sublethal 
plants on the basis of colour and morphology under green- 
house conditions. In control experiments, sublethal or 
virescent protoplasts alone (ca. 2 x 107) or protoplasts 
and nuclei of the same type (ca. 1.7 x 107), no green calli 
were detected. Only protoplast fusion experiments using 
PEG yielded green caUi and eleven fusion hybrids were 
isolated out of 3.1 x 106 cultured protoplasts. 

Discussion 

In general, methods used for protoplast fusion are also 
suitable for organelle uptake. The results presented above 
demonstrate that transfer of nuclei can be achieved with 
frequencies of up to 5% but that the same incubation 
conditions which promote uptake reduce the viability of 
the accepter protoplasts and the metabolic activity of the 
nuclei. As shown for the use of Ca (NO3)~, CaC12 and 
PEG, a compromise must be found between high uptake 
and reduced viability of the accepter protoplasts. When 
sensitive physiological selection systems are available, low 
frequencies of uptake may be acceptable. Using dividing 
protoplast systems, protoplast damage can be systema- 
tically examined. However, assessment of nuclei damage 
requires ultimately the expression of nuclear genetic infor- 
mation. Integration of nuclei and formation of nuclear 
hybrids are still open problems. The demonstration of ad- 
jacent interphase nuclei by differential staining does not 
necessarily demonstrate that the accepter and donor nu- 
clei will fuse and mix. But using different Solanaceae spe- 
cies in which sustained divisions are inducible and in 
which nuclei and chromosomes can be visually distin- 
guished may help in overcoming this problem. 

To attack the most important problem of nucleus in- 
tegrity and gene expression after transfer experiments, 
two tobacco mutants were used. However, with this mate- 
rial we could not demonstrate microscopically any inte- 
gration of the donor nucleus in the first divisions. Homo- 
logous fusion products of sublethal or virescent proto- 
plasts cannot be distinguished from nuclear hybrids. Proof 
of nuclear hybrid formation in the form of light-resistant 
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caUi and plants was also not obtained. The only green caUi 

obtained in a combination of sublethal protoplasts with 

virescent nuclei were shown to be sublethal type when 
regenerated to plants. Some slight variation of the callus 

culture conditions under strong light, such as the amount  

of ovedayered agar medium (light intensity, O2-supply) 
could have caused this illusion. Other selection systems 

(e.g. auxotrophic mutants) which could be used earlier in 

protoplast culture than the complementation of two light- 

sensitive mutants may be advantageous. 
As mentioned above, PEG incubation reduced nuclear 

RNA synthesis drastically. To overcome the problems one 

has to reduce the stress on the isolated nuclei, e.g. by 
looking for less detrimental substances or by shortening 

the incubation time of isolated nuclei. Immediate transfer 
of nuclei in a gradient system seems to be one possibility. 
Investigations are being carded out using a complex step 
density gradient system including Triton treatment where 
the isolated nuclei are simultaneously used as donor or- 
ganeUes and transferred into receptor protoplasts in a low- 
er phase of the gradient. New step density gradient sys- 
tems established in our laboratory for protoplast frac- 
t ionation and enrichment ofheterokaryocytes (Harms and 

Potrykus 1978a, b) open this approach. Another approach 
is the preparation of subprotoplasts (Binding and Koll- 
mann 1976; Wallin et al. 1978). The separated organeUes 
remain permanently in a 'natural environment '  and orga- 
neUe transfer is then a fusion event. Investigations on the 

large scale preparation of  cell fractions - karyoplasts and 
cytoplasts - from various protoplast types are in progress. 
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