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1 Smnmary. Due to the heterogeneity in morphology, 
physiological and morphogenetical capabilities of high- 
er plant cells in mass culture, the development of 
methods for individually culturing defined cells seemed 
to be useful and necessary. Individual cell culture rep- 
resents a powerful tool for studies on the physiology of 
different cell types, the analysis of differentiation pro- 
grams, the genetic manipulation of plant cells and cell- 
cell interactions. An improved microculture system 
based on a computer-controlled set-up for the efficient 
selection, transfer and individual culture of  defined 
higher plant cells until regeneration of  whole plants is 
described. Related experimental approaches for in- 
dividually manipulating higher plant cells under con- 
trolled conditions, such as electrofusion of defined pairs 

* This article is dedicated to the memory of H.-G. Schweiger, 
initiator and mentor of the experimental single cell approach 
reviewed herein 

of protoplasts and subprotoplasts, cell reconstruction 
and intranuclear microinjection of protoplasts and 
karyoplasts - mainly performed with cells of the crop 
plant Brassica napus L. - are presented. 

Key words: Microculture - Electrofusion - Microin- 
jection - Karyoplasts - Cytoplasts - Protoplasts - Plant 
regeneration - Conditioning - Brassica napus - Ni- 

cotiana tabacum 

2 Introduction 

The work on unicellular plant model systems including 
unicellular algae and the availability of  plant cell cul- 
tures have resulted in a revolutionary increase in the 
knowledge of plant cell biology. Milestones on the way 
are the possibility to regenerate whole plants from pro- 
toplasts and to genetically manipulate plant cells 
(Braun 1959; Cocking 1960; Vasil and Hildebrandt 
1965; Power et al. 1970; Takebe et al. 1971; Carlson et 
al. 1972; Melchers et al. 1978; Schweiger and Berger 
1979; Gleba and Hoffmann 1980; Schell et al. 1984; 
Schreier et al. 1985; Schweiger and Neuhaus 1986). 

Plant cell culture techniques are mainly based on 
methods developed for microbiology. These methods 
include work with high numbers of  cells and selection 
markers. 

In addition to the obvious advantages of  working on 
cell populations there is the disadvantage that only in- 
direct conclusions can be drawn with respect to the indi- 
vidual cell as the work is based on the assumption that 
all cells in a population are identical. I f  one looks at a 
population of protoplasts through a microscope it be- 
comes evident that this by no means is true (Fig. 1). 
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Fig. 1. Hypocotyl protoplasts of 
Brassica napus L. immediately 
after isolation. Note the heterogen- 
ous appearance of the cells. 
Bar= 100 ~tm 

Such protoplasts are heterogenous in size, subcellular 
structure and other morphological markers which may 
also represent different functional, developmental and 
cell cycle stages. 

Working with a high number  of  cells generally com- 
pels one to accept the disadvantages of  a heterogenous 
population. In many cases only a few cells of  a popula- 
tion are the really interesting and useful ones and some- 
times it is a major  problem to identify and enrich or iso- 
late these target ceils. 

I f  the cell type wanted represents a particular stage 
in the cell cycle the problem may be overcome by using 
synchronized cells which to a certain degree are also 
available in higher plant cell cultures (Constabel et al. 
1977: Cress and Gerner 1979; Amino et al. 1983; Guri 
et al. 1984). Recently, it has been shown that even with 
relatively simple and non-hazardous means a sufficient 
synchronization of  plant cell cultures can be achieved 
(Weber et al. 1986). In general, however, the simplest 
way to bypass the problem of  heterogeneity would be 
the use of  individual cells. 

Experimental work on individual plant cells is by no 
means a novel technique (Haberlandt 1902; Muir et al. 1954; 
de Ropp 1955; Torrey 1957; Muir et al. 1958; Braun 1959; 
Bergmann 1960; Jones et al. 1960; Reinert 1963; Vasil and Hil- 
debrandt 1965; Kao 1977; Gleba 1978). Biological experiments 
have been performed for more than 50 years with the unicellu- 
lar and uninucleate marine green alga Acetabularia (Hfim- 
merling 1932: H~immerling 1955; Schweiger and Berger 1979). 
Individual and defined cells routinely were used for studies on 
the physiology and development of Acetabularia. Fragmenta- 
tion and grafting experiments were of particular importance. 
These experiments substantially contributed to our knowledge 
on the role of the cell nucleus, the cytoplasm and their inter- 
relationships (H~immerling 1955; Schweiger et al. 1967; Berger 
and Schweiger 1975; Schweiger and Berger 1979; Schweiger et 

al. 1984). More recently, experiments have demonstrated that 
A cetabularia cells are uniquely qualified for in vivo gone ex- 
pression and as a model for highly efficient transformation 
(Cairns et al. 1978a; Cairns et al. 1978b; Cairns et al. 1978c; 
Neuhaus et al. 1983; Neuhaus et al. 1984; Neuhaus et al. 1986). 
Starting from these experiments the question arises as to 
whether similar techniques and experiments can be performed 
on higher plant cells. This would include separately and in- 
dividually growing defined cells, fragmenting cells, combining 
selected cells, subcellular fragments and genetically manipulat- 
ing such cells by transformation. 

In the following, experiments are summarized which 
have been carried out with cells of  higher plants, pre- 
ferentially of  Brassica napus L. A crop plant was chosen 
since a good deal of  present day cell biology of  higher 
plants is praxis oriented. 

3 Individual culture of cells 

3.1 General conditions 

In many cases, the establishment of  plant cell or pro- 
toplast cultures does not present unsurmountable prob- 
lems. It is, however, a major drawback of  these tech- 
niques that they produce heterogenous populations of  
cells (Partanen 1963; Kant and Hildebrandt 1969; 
Mizukami et al. 1978; Bayliss 1980; Dougall et al. 1980; 
Constabel et al. 1981; Kinnersley and Dougall 1982; 
Sree Ramulu 1984; Ellis 1985). The simplest way to 
avoid this problem is to identify and select an individual 
cell and to culture it separately from the others. 

In order to do so certain prerequisites should be ful- 
filled: The method should be economical or, in other 
words, it should not be too laborious, so that a sufficient 
number of  cells can be handled and cultured in a given 
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time. The identif ication of  the type o f  cell to be selected 
should be easily possible. This does not  represent  a ma-  
jo r  problem as long as suitable morphologica l  markers  
are available which can be used for the identif icat ion 
under  the light microscope.  Identif icat ion can be facili- 
tated by the use o f  a number  of  methods like vital and  
fluorescence staining and thereby extending the appli-  
cation of  microscopical  criteria (Patnaik  et al. 1982; 
Bergounioux et al. 1983; Barsby et al. 1984). Another  
prerequisite which should be fulfilled by a suitable 
single cell culture technique is an appropr ia te  method  
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Fig. 2. Preparation of a microculture chamber for individual 
cell culture. The distances between the centers of the droplets 
are approximately 3,400 ~tm (Koop and Schweiger 1985 a) 

of  separat ing and transferring the identif ied cell from 
the popula t ion  to the rnicroculture chamber .  This 
means that the methods  should largely avoid damaging  
the cell, thereby leading to a high survival rate. Thus the 
cells should be capable  o f  dividing and finally re- 
generat ing whole plants  at a high rate. 

3.2 Preparation of the microculture chamber 

In a set of preliminary experiments it was shown that individ- 
ual cell culture strongly depends on the features of the medi- 
um, in particular on the volume of medium per cell ratio. 
These experiments have demonstrated that the successful indi- 
vidual culture of a single cell requires an extremely small vol- 
ume. Since the surface of a small droplet is relatively large the 
risk of evaporation and a subsequent change in the compo- 
sition of the medium is high. Therefore the question of how 
one could reduce evaporation under these conditions is para- 
mount. A simple way to solve this problem is to cover the 
microdroplet of medium with mineral oil (Jones et al. 1960; 
Koop et al. 1983a). 

Based on these considerations the following technique was 
developed. The target cell is individualized, selected, trans- 
ferred to and kept in a microdroplet of medium. In order to 
avoid evaporation of the medium the microdroplet is covered 
with a layer of mineral oil (Koop et al. 1983a). Exchange of 
substances between neighbouring cells is prevented by covering 
every microdroplet of medium with individual separated 
droplets of mineral oil (Koop and Schweiger 1985 a). 

Since the microdroplets are placed on a coverslip one must 
take precautions to prevent the microdroplets from merging 
during handling. This is solved by an appropriate preparation 
of the coverslip supporting the microdroplets. In a first step 50 
1 gl droplets of a 2.0 M sucrose solution are dispersed on a 
thoroughly cleaned coverslip (Fig. 2) 3,350 gm apart from each 
other in rows of 10 with a distance of 3,400 gm between the 
rows (Fig. 3 a, b). In a second step the coverslip is dipped into a 
silicon solution so that the whole coverslip is siliconized except 
for the circular areas occupied by the sucrose droplets. Sub- 
sequently the sucrose droplets are removed by carefully rinsing 
the coverslip with water. Afterwards the coverslip is dried and 
UV-sterilized (Fig. 2). The coverslip is now ready for position- 
ing the 1 itl droplets of mineral oil exactly in the center of the 

Fig. 3 a, b. Microculture chamber 
for individual culture of selected 
ceils�9 a Microculture chamber in a 
moist chamber. Bar=5 mm. b De- 
tailed view of part of a microculture 
chamber. Each 1 gl droplet of min- 
eral oil contains 30 nl of culture 
medium. Bar = 1 mm 
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Fig. 4a-e.  Development of individually 
cultured hypocotyl protoplasts of B. 
napus. Bars: 100 gm (Spangenberg et al. 
1986a). a Protoplasts after transfer into a 
microdroplet of culture medium, b Re- 
generated cell. c Cell division after one 
day of individual culture, d 6 day-old 
microcallus, e 14 day-old microcallus 

nonsiliconized circular areas originally occupied by the sucrose 
droplets. Finally 15 to 100 nl microdroplets of culture medium 
are injected into the mineral oil droplets. The coverslip pre- 
pared in this way is kept in a two compartment Petri dish 
whose outer compartment is filled with 2 ml 0.2 M mannitol. 
The Petri dish serves as a moist chamber (Fig. 3a) (Koop and 
Schweiger 1985 a). 

3.3 Individual cell culture 

In the case of  protoplasts  from B. napus it has proven to 
be advantagous  to use a volume of  50 nl for the micro- 
droplets  of  culture medium,  a volume corresponding to 
2 • 104 cells per  ml in mass culture. Under  these con- 
dit ions a protoplast  will be capable  o f  regenerat ing cell 

wall within hours after transfer. Fur thermore  it will 
undergo cell division and form calli (Spangenberg et al. 
1986 a). 

For  the individual  cell culture of  B. napus pro- 
toplasts PBN 7 medium was found to be suitable for the 
first 6 days (Fig. 4) (Spangenberg et al. 1986a), followed 
by the addit ion of  30 nl of  a 1 : 1 mixture of  PBN 7 and 
CBN 7 from day 6 onwards. This is repeated every third 
day until after 25-30 days microcalli  o f  a d iameter  of  
300 ~tm have developed (Fig. 5a). The microcall i  are 
transferred together with 500 nl of  a l : l  mixture of 
PBN 7 and CBN 7 to 1,000 nl microdroplets  posi t ioned 
in wells on a polycarbonate  plate. During the following 
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Fig. 5a- f .  Plant regeneration trom individu- 
ally selected and microcultured hypocotyl pro- 
toplasts of B. napus (Spangenberg 1986). 
a Microcallus 30 days after start of individual 
culture of a single protoplast. B a r =  100 ~tm. 
b Microcalli growing in Terasaki dishes. 
Bar = 1 mm. e Calli growing in Costar dishes. 
B a r = 5  ram. d Root formation on a callus. 
B a r = 5 m m .  e Shoot morphogenesis. Ba r=  
2.5 mm. f Regeneration of whole plants. 
Bar = 1 cm 
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30 days 500 nl of  the PBN 7 - C B N  7 (1:1)  culture 
med ium are added every week until the microcalli have 
reached a diameter  of  1 mm. At this time the microcalli 
are transferred to Terasaki dishes (Fig. 5b). Usually 
they need another  30 days to reach a diameter  of  2 mm. 
The 2 m m  microcalli are transferred to 125 ~1 solidified 
MS II med ium in wells of  a microtiter system 96 well- 
dish. After another  30 days the calli are transferred to 
1 ml solidified culture medium K3 on Costar 24 dishes 
and passaged every second week using the same medi- 
um until they form shoots (Fig. 5c-f) .  Rooting is 
achieved by transferring the shoots onto MS medium 
containing NAA and activated charcoal. This treatment 
results in regeneration of whole plants (Figs. 6 and 7). 

The yields obtained with this method naturally 
strongly depend on the species (Koop and Schweiger 
1985a; Spangenberg et al. 1986a). From 100% selected 
protoplasts of Nicotiana tabacum 55% would directly re- 
generate whole plants, while with B. napus approxi- 
mately 1% would regenerate calli and eventually roots, 
shoots and whole plants. The significantly lower yield 
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with B. napus is mainly due to the last steps of  the cul- 
ture technique; i.e. during formation of  microcalli and 
calli (Table 1). 

3.4 Applications 

The single cell culture technique is highly advantagous 
for solving a number  of  problems in cell biology. This 

Table 1. Regeneration starting from individually cultured pro- 
toplasts 

Percentage of: Nicotiana Brassica 
tabacum napus 
(%) (%) 

Selected protoplasts 100 100 

Surviving protoplasts 85 80 
(after 8 days) 

Cells undergoing one division 80 60 
(after 8 days ofmicroculture) 

Formation ofmicrocalli (multiple 70 15 
divisions after 8 days) 

Formation of calli (after 65 2 
transfer to solid medium) 

Calli exhibiting morphogenetic 55 1 
activity 

whole p l a n t  

Fig. 6. Temporal course of the microculture 

260 

Fig. 7. Plant regenerated from one individually microcultured 
rapeseed protoplast 
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Fig. 8a, b. Microculture ofhypocotyl protoplasts ofB. napus under different conditions (Spangenberg et al. 1985). a On type A and 
three type B protoplasts immediately after transfer to a microdroplet, b A type A cell after division and a non-dividing type B pro- 
toplast after one day of coculture. Bars=50 ~tm. Type A: small, 25-60 ~tm diameter, unvacuolated protoplast. Type B: large, 
80-115 ~m diameter, highly-vacuolated protoplast 
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Fig. 9. Microcallus formation from different types of pro- 
toplasts of B. napus. Small type A protoplasts (dashed bars) 
and large type B protoplasts (empty bars) were individually 
cultured and cocultured. Microcallus formation frequency was 
measured after 8 days of culture. Ratios represent number of 
microcalli formed per number of selected protoplasts from at 
least 4 independent experiments (Spangenberg et al. 1985) 

can be convincingly illustrated by a single example. 
One may ask whether two cells belonging to mor- 
phologically distinguishable cell types can mutually in- 
fluence their growth and cell division. A suitable mor- 
phological marker is, e.g., the size of  the protoplasts. 
Large, highly vacuolated and small, unvacuolated B. 
napus protoplasts can easily be distinguished. The small 
protoplast exhibits a more pronounced readiness for di- 
vision than the large one (Fig. 8). A first finding is that 
when two protoplasts are co-cultured in a microdroplet 
a small one does not affect another small one and a 
large one does not affect another large one (Fig. 9). The 
situation, however, is completely different when a large 
and a small cell are co-cultured in one microdroplet. 

Table 2. Conditioning capability of different cell compart- 
ments. Microcallus formation of individual type A protoplasts 
in microdroplets conditioned by preincubation with different 
cell compartments for 48 h was measured after 8 days of cul- 
ture 

Preincubation with Microcallus 
formation (%) 

Karyoplasts 32 
Cytoplasts 29 
Protoplasts (type B) 26 
Cells (type B) 25 
Vacuoles 6 
Control (without preincubation) 7 

Under  these conditions the readiness to divide is in- 
creased in the small cell (Figs. 8 and 9). This may have 
to do with conditioning of  the medium, since in other 
experiments not described here, it was shown that medi- 
um which had already been used for the culturing of  
another protoplast or subprotoplast exerts a similar 
stimulating effect (Table 2). In addition, co-culturing 
with more than one large protoplast exerts an even 
stronger effect on a small protoplast (Spangenberg et al. 
1985). 

4 Manipulation of cells 

4.1 Electrofusion: aims 

Among the different techniques suitable for manipulat-  
ing cells of  higher plants fusion plays an important  role 
(for a review see Evans et al. 1983; Gleba and Sytnik 
1984). Beyond the intention of  combining cells of  the 
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same or different species it is a major aim to fuse de- 
fined types and numbers of cells or, in other words, to 
perform fusion under controlled conditions (Koop et al. 
1983b; Koop and Schweiger 1985b; Spangenberg and 
Schweiger 1986). It is obvious that a fusion method 
based on the single cell microculture technique would 
be appropriate if a sufficient yield can be achieved with 
the fusion method. Ideally one would like to have a 
fusion method which allows the successful fusion of 
each selected pair of  cells. In addition, it would be a 
most interesting and useful application if subcellular 
fragments could efficiently be fused under controlled 
conditions. For these purposes, among the different 
possibilities, electrofusion seems to be the most promis- 
ing one (for a review see Zimmermann 1982). 

4.2 Electrofusion: set-up 

In contrast to other electrofusion methods working on a 
multiplicity of cells, it is a characteristic of the individ- 
ual cell fusion method that the cells are not brought to 
the electrodes but rather that microelectrodes are 
brought to the preselected cells (Koop et al. 1983 b). The 
individual cell fusion method is carried out in a micro- 
droplet. For the electrofusion at least two protoplasts or 
subcellular fragments, respectively, are transferred into 
one microdroplet containing low ionic strength fusion 
medium (Fig. 10). Normally in one experiment a set of 
several fusions are performed using several micro- 
droplets on one coverslip overlaid with a common layer 
of  mineral oil. This layer is kept in the pregiven area on 
the coverslip by siliconizing the edges of the coverslip. 

On the individual cell level electrofusion is per- 
formed by means of a pair of electrodes made of plati- 
num wire with a diameter of 50 ~tm and a length of 
10 mm. The distance between the electrodes can be ad- 
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Fig. 10. Set-up for fusing individually selected protoplasts and 
subprotoplasts (Spangenberg 1986) 

justed. The electrodes are fixed to an electrode support 
mounted under the condensor of an inverted micro- 
scope (Fig. 10). 

For electrofusion, protoplasts are selected and trans- 
ferred to the microdroplet of fusion medium. After the 
microelectrodes are properly positioned the electrofu- 
sion process itself is performed (Fig. 11). Immediately 
after fusion the achieved fusion products are transferred 
to a microculture chamber with microdroplets contain- 
ing PBN 7 culture medium (Fig. 12). The method de- 
scribed here has been used to fuse protoplasts from dif- 
ferent strains of the same species and has been used 
with protoplasts from different species (Koop et al. 
1983 b; Koop and Schweiger 1985 b; Spangenberg and 
Schweiger 1986). In a number of cases whole plants 
were regenerated from the fusion products. 

4.3 Cell fragmentation 

Recently it has been shown that the electrofusion 
method is suitable not only for fusion of protoplasts but 
also for the fusion of subcellular fragments like karyo- 
plasts and cytoplasts (Spangenberg and Schweiger 
1986). The importance of this type of manipulation, for 
example, lies in the fact that in this way it is possible to 
combine the cytoplasmic and nuclear genomes originat- 
ing from different strains or even species. Subcellular 
fragments are obtained by gradient centrifugation of 
protoplasts treated with cytochalasin B and DMSO 
(Wallin et al. 1978; Spangenberg et al. 1985). From the 
resulting karyoplast and cytoplast populations individ- 
ual fragments are selected and transferred into micro- 
droplets of the single cell culture system. A karyoplast 
and a cytoplast but also a cytoplast and a protoplast or 
a karyoplast and a protoplast can be fused without ma- 
jor difficulties (Table 3). About 40% of the fused sub- 
cellular fragments will survive and undergo cell divi- 
sions (Fig. 13) (Spangenberg and Schweiger 1986). 

Table 3. Electrofusion of individually selected protoplasts and 
subprotoplasts. Type A and B: protoplasts 

Fusion partners Yield (%)" 

a b 

Type A type A 60_+ 13 
Type A type B 45 _ 18 
Type B type B 60_+ 18 
Karyoplast protoplast 32_+ 9 
Cytoplast protoplast 34_+ 3 
Karyoplast cytoplast 30_+ 11 

" Mean values _+ standard error from 4 independent ex- 
periments are given 
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Fig. 11 a-I. Electrofusion of B. napus protoplasts and subprotoplasts (Spangenberg and Schweiger 1986). a-d Fusion of two type B 
protoplasts. Bar = 50 Ixm. e-h Fusion of a type A and a type B protoplast, Bar = 50 ~tm. i-I Fusion of a karyoplast and a cytoplast 
(cell reconstruction). Bar = 20 pm 

4.4 Microinjection 

A particularly interesting aspect of  the method de- 
scribed above is that an isolated karyoplast can be 
microinjected prior to fusion (Figs. 14-16). This means 
that genes and gene constructions as well as macromol-  
ecules like RNA or proteins can be introduced into the 
cell nucleus under  controlled conditions. Usually a high 

percentage o f  karyoplasts will survive microinjection. In 
a number  o f  microinjection experiments with B. napus 
karyoplasts the yield was about  80%. I f  microinjected 
karyoplasts were electrofused with cytoplasts approxi- 
mately 30% of  the fusion products survived (Table 4). 
More recently, it was found that survival does not abso- 
lutely depend on fusing the microinjected karyoplast 
with a cytoplast (Figs. 14 and 16). In fact, the microin- 
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Fig, 12 a, b. Products of electrofusion (Spangenberg and Schweiger 1986). a Fusion product of two type B protop[asts, One from B. 
napus cv. 'Tower ATR' (lower) and the other from B. napus cv. 'Bronowski Ag 903' (upper). Arrows indicate the presence of an- 
thocyanoplast, b Fusion product of  a type B protoplast from B. napus cv, 'Tower ATR' and a karyoptast from B, napus cv. 'Bronows- 
ki Ag 903'. Large arrow indicates where the nuclear region of the protoplast is. The medium and the small arrow indicate the posi- 
tion of the nucleus and the nucleolus of the karyoplast, respectively. Bars = 50 ~tm 

100, 

60 ..... 
~e---__. o 

t0, 
~..~--o-------o o - - o  

20 o ~ ~--~--~ z 

o~ ~ 
i L i I 

100 ~ ~...., b 

e0- ~ . - - -  

~. ~o 
m 
,, 20 ~ o ~ - - ~ - ~ - - - - ~ 1 ~ t _ , , . ,  , -~ -~ 

i i 
100. ~....,,_ c 

80  - ~ . . . .  

40 F o . . . .  o o 

0 2 z, 6 8 
Time (days) 

Fig. 13a-c.  Time course of the development of fusion pro- 
ducts. Pairs of defined protoplasts and subprotoplasts were se- 
lected for electrofusion (Spangenberg and Schweiger 1986). 
Survival (r o), single division (c~----�9 microcallus for- 
mation (~- z~). a Control; individually cultured hypocotyl 
protoplasts, b Individually cultured fusion products of a type A 
and a type B protoplast, c Individually cultured cells re- 
constructed from selected pairs from defined karyoplasts and 
cytoplasts 
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Fig. 14. Electrofusion mediated cell reconstruction from a cy- 
toplast and a microinjected karyoplast (Spangenberg 1986) 
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Fig. 16a-h. Microinjection, electro- 
fusion mediated cell reconstruction 
and callus formation (Spangenberg 
1986). a A microinjection needle and 
a holding capillary fixing a selected 
hypocotyl protoplast of B, napus by 
negative pressure. Bar = 200 ~tm. 
b Intranuclear microinjection of a 
hypocotyl protoplast. Bar= 100 ~tm. 
c Microinjection of a karyoplast. Bar 
= 10 ~tm. d, e Electrofusion 
mediated cell reconstruction from a 
microinjected karyoplast and a cyto- 
plast, d Before application of the 
membrane breakdown dc-pulse, e 
Beginning of  the rounding off after 
dc-pulse application. Bars= 10 ~tm. 
f -h  Development of microinjected 
reconstructed cells in microculture, f 
Multiple divisions after 6 days of in- 
dividual culture. Bar= 100 ~tm. g 2 
week-old microcallus formed in 
microcultured. Bar=50 ~tm. h 1 
month-old microcallus growing in a 
Terasaki dish. Bar = 1 mm 
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Table 4. Microinjection of individually selected protoplasts, 
karyoplasts and cell reconstructions with microinjected karyo- 
plasts 

Microinjected cell or Survivors (%)a 
fragment 

Protoplast 82 _+ 6 
Karyoplast 83 + 8 
Karyoplast + cytoplast 22 + 9 

~ Mean values _+ standard error from 8 independent ex- 
periments are given 

jected karyoplast is capable of regenerating cytoplasm 
and cell wall rather soon after microinjection and also 
of undergoing cell division and therefore behaves like a 
microinjected protoplast (Figs. 15 and 16). The major 
difference is that intranuclear microinjection into a 
karyoplast is much easier than into a protoplast (Span- 
genberg et al. 1986 b). 

5 Computer-aided control of the set-up 

Depending on the different types of manipulation and 
cells the overall yield, i.e. the percentage of manipulat- 
ed cells that are regenerated into morphogenetically ac- 
tive calli, is in the range of 1 to 50% or more (Koop et al. 
1983a; Koop et al. 1983b; Koop and Schweiger 
1985a, b; Spangenberg et al. 1985; Spangenberg and 
Schweiger 1986; Spangenberg et al. 1986a; Span- 
genberg et al. 1986 b). This means that under unfavour- 
able conditions at least 100 trials must be performed in 
order to attain one or more successful events. At first 
glance this low rate does not seem to justify applying 
this method since the individual cell microculture tech- 
nique is rather laborious. 

To extend the applicability of  the set-up to events 
with a yield range of 10 -3, or even less, efforts were 
made to automate the set-up (Figs. 17 and 18) (Spangen- 
berg 1986). This was achieved in the following way. The 
microculture chambers are prepared by means of a 
computer-directed x/y-axis motor driven microscope 
stage. An Apple II microprocessor is programmed so 
that any given position and sequence of steps can be 
adjusted. This means that on the coverslip, for exam- 
ples, 50 microdroplets are placed automatically at 
predetermined positions in 5 rows with 10 microdrop- 
lets in one row. Moreover, the whole set-up is con- 
structed in a way that positions not only on one but on 
6 such coverslips can be adjusted successively without 
any intervention by the experimentalist. 

A microcapillary integrated into the set-up can be 
moved up and down along the z-axis and is also driven 
by a computer-controlled motor. The microcapillary is 

I IPUMP: VOLUME I 
TRIGeER ~ I SPEED' 

I I [ DIRECTION ] 
I I 

FUNCTION L I 
OE.E.A.O. JI ' ;C"004   

/ / /  

9 ] ' I~ 
I 

., .o..0cEsso. I 
Fig. 17. Set-up for microprocessor-controlled selection, trans- 
fer and electrofusion ofprotoplasts (Spangenberg 1986) 

combined with a computer-directed pump which can be 
programmed with respect to volume, speed and direc- 
tion of the pumping. With these features the set-up is 
capable of performing automatically all the different 
steps involved in preparing the microculture chamber. 
The set-up can, for example, be programmed to adjust a 
given position, lower the microcapillary, make the 
pump release a predetermined volume with a given 
speed, lift the microcapillary and adjust the micro- 
capillary to the next position. This means that the set-up 
can automatically place droplets of sucrose solution, 
mineral oil and medium in predetermined positions on 
the coverslips. 

The set-up also has additional features helpful for 
selecting and transferring cells. This is achieved under 
optical control by optionally connecting the microscope 
with a TV-camera which transmits the microscopical 
image to a screen. In combination with the screen the 
selection chamber can be adjusted with a joystick under 
optical control and focussed at a selected cell on cross- 
hairs. The adjustment of  the microscope stage does not 
only mean that the selected cell can be moved to the 
crosshairs position on the screen, but also, that in this 
position the microcapillary is just above the cell. This 
can be moved up and down and in connection with the 
pump it can be used for taking up and releasing a cell in 
a computer-controlled way. Similar to the steps de- 
scribed for the preparation of the microculture cham- 
ber, the x/y-axis-positioning can alternatively be per- 
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Fig. 18a, b. Components of the set-up. 1) Inverted microscope; 2) computer-controlled microscope stage with x, y, z-stepmotors (a, 
b, c); 3) colour-video-camera; 4) computer-controlled pump; 5) power supply for microscope lamp; 6) oscilloscope; 7) trigger-elec- 
tronics for electrofusion-set up; 8) sinewave-generator 9) pulse-generator; 10) controll-electronics for positioning-system; 1 l) video- 
colour-monitor; 12) microprocessor Apple II (a) monitor; (b) disk drives; (c) keyboard (Spangenberg 1986) 

formed by computer-directed movements of  the micro- 
scope stage to a preprogrammed position. After the cell 
preselected on the screen is taken up by the micro- 
capillary, the microscope stage automatically moves the 
microculture chamber to a predetermined position, the 
microcapillary still under computer control is lowered 
and the pump is activated so that the cell is injected into 
the correct microdroplet. In the next computer-con- 
trolled step the microcapillary is lifted and the stage is 
moved back to the selection chamber where the whole 
process is restarted again (Figs. 17 and 18). 

In order to speed up the fusion process the elec- 
trofusion set-up is also integrated into the computer- 
directed system. In a first step the distance betweeen the 
microelectrodes is manually adjusted for the type and 
size of cells or fragments to be fused. Under the control 
of the TV-monitor the cells are brought into the cross- 
hairs labeled position. The support for the microelec- 
trodes is lowered along the z-axis by computer control, 
the ac-field for dielectrophoresis is switched on and the 
membrane breakdown dc-pulse is manually triggered. 
After the electrofusion step is finished the support for 
the microelectrodes is lifted, the stage is moved to the 
next position and the set-up is ready for fusing a new 
pair of  cells or fragments (Spangenberg 1986). 

With this set-up it is possible to handle a high num- 
ber of cells or subcellular fragments within a short time. 
To give an idea of what the speed is with which all these 
processes are performed it should be mentioned that the 
pretreatment of the coverslips with the sucrose solution 
needs less than 20 min for 100 droplets. Approximately 
the same time is needed for preparing the microdroplets 
of mineral oil and injecting the culture medium into 
them. All these steps are performed automatically with 
a stand-alone function of the system. Preselected pairs 
ofprotoplasts in microdroplets can be fused at 10 sec in- 
tervals, while protoplasts or karyoplasts can be microin- 
jected with a rate of  2/min. 

6 Synopsis 

This article intends to review the methodology of the 
single cell microculture and related techniques. This 
methodology has proven to be extremely useful for ap- 
proaching a number of problems of plant cell biology. 
Among others, studies on the mutual influence of cells 
with different morphological features on cell division, 
the microinjection of karyoplasts and the fusion of a 
karyoplast and a cytoplast in order to obtain transfor- 
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mation of cells and the combinat ion of heterologous 
karyoplasts and cytoplasts are of particular interest. It 
should be obvious, however, that the applicability of the 
set-up is not restricted to plant cells. Presently, exper- 
iments are being carried out which underline the useful- 
ness of the set-up for work on individual animal cells 
(O. Walla, pers. commun.).  
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