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Fusion of bacterial spheroplasts by electric fields
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Spheroplasts of Escherichia coli or Salmonella typhimurium were found to fuse in an electric field. We
employed the fusion method developed by Zimmermann and Scheurich (1981): Close membrane contact
between cells is established by dielectrophoresis (formation of chains of cells by an a.c. field), then membrane
fusion is induced by the application of short pulses of direct current. Under optimum conditions the fusion
yield was routinely 90%. Fusable spheroplasts were obtained by first growing filamentous bacteria in the
presence of cephalexin, then converting these to spheroplasts by the use of lysozyme. The fusion products
were viable and regenerated to the regular bacterial form. Fusion of genetically different spheroplasts
resulted in strains of bacteria possessing a combination of genetic markers. Fusion could not be achieved with
spheroplasts obtained by growing the cells in the presence of penicillin or by using lysozyme on bacteria of

usual size.

Introduction

Cell fusion has proven to be a valuable tool in
genetic engineering. Fusion by chemical means has
led to new strains of bacteria 1,2}, hybrid mam-
malian cell lines [3,4] and hybrid plants [5,6]. Cell
fusion was introduced as early as 1909 by Kuster
[7], but even today standard chemical fusion tech-
niques exhibit limitations like low selectivity for
wanted fusion products, poor control of the fusion
process, considerably varying fusion conditions,
and low viability due to the chemical fusogens.

To avoid the shortcomings of chemical methods
an electrical fusion technique has been developed
by Zimmerman and co-workers (see Refs. 8, 9, for
reviews). This method was originally used to fuse
plant protoplasts [10,11]. Cells are brought into
tight membrane contact in an alternating electric
field of high frequency [12,13] and then they are
fused by short direct current pulses of high inten-
sity [14]. Chemical fusogens are not involved, the
number and types of cells to be fused can be
preselected [15], the fusion is rapid and synchro-

nous, and cell fusion can be observed under the
microscope to identify and withdraw individual
fusion products [8].

Whereas the fusion of plant protoplasts [16] or
mammalian cells [17] is well established in
Zimmermann’s method, and protoplasts of Gram-
positive bacteria ( Bacillus thurigensis) have been
fused after agglutination with poly(ethylene gly-
col) and subsequent application of electric field
pulses {18], the electrofusion of spheroplasts of
Gram-negative bacteria has not been demon-
strated.

We report here how spheroplasts of Escherichia
coli or Salmonella typhimurium can be fused effec-
tively employing Zimmermann’s method. We show
that the fusion products are viable and capable of
reverting to the bacterial form.

Materials and Methods
Chemicals and media. Sucrose (Reagent, A.C.S.)

came from the MCB Manufacturing Chemists,
Inc. Lysozyme, deoxyribonuclease I, cephalexin,
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kanamycin sulfate, and tetracycline hydrochloride
were purchased from Sigma Chemical Co.

Luria-Bertani (LB) medium contained 1% Difco
Bacto Tryptone, 0.5% Difco Bacto yeast extract,
and 1% NaCl; it was autoclaved for sterility. Re-
version medium was 23% (w/v) sucrose /2% (w/v)
Difco Bacto Antibiotic Medium 3/20 mM
MgCl, /0.1 mM CaCl,; this solution was filtered
for sterility. Selection plates for Escherichia coli
were made from Luria-Bertani medium plus 1.3%
Difco Bacto Agar, kanamycin (50 pg/ml) and
tetracycline (14 pug/ml). Selection plates for
Salmonella typhimurium were made from Vogel-
Bonner medium [19]. They contained 0.2% citric
acid as a sole carbon source; kanamycin (80
pg/ml) was added.

Cell fusion apparatus. The alignment field (alter-
nating current) and the fusion pulses (square waves
of direct current) were generated by a Zimmer-
mann Cell Fusion System, purchased from the
GCA Corporation, Chicago. To avoid contamina-
tion a closed fusion chamber was constructed by
use of a 200 um open fusion chamber (N. Z1200)
from the GCA Corporation (see Fig. 1).

Bacterial strains. E. coli AW405 [20], E. coli
DH1 [21], and S. typhimurium TH32 [22] have
been described previously.

Plasmids. The plasmids RSF 1010 Tn5 [23]
carrying kanamycin resistance and pR Z 341 [23]
carrying tetracycline resistance were used to trans-
form E. coli DHI.

Growth of bacteria and preparation of giant
spheroplasts. Cells were grown in Luria-Bertani
medium by shaking at 35°C overnight to sta-
tionary phase. Then they were diluted 1:100 in
Luria-Bertani medium and grown at 35°C with
shaking to an A, of 0.5.

Three ml of these cells were diluted to 30 ml in
Luria-Bertani medium. To grow long filamentous
cells, cephalexin (60 pg/ml) was added [24,25] and
the culture was grown with shaking at 42°C for 2
h [26]. Cells were harvested by centrifugation at
1500 x g at 4°C. The pellet was washed once in 1
ml of 0.8 M sucrose solution and suspended in 2.5
ml of the same solution.

Spheroplasts from filamentous cells were formed
[27] by adding the reagents listed at their final
concentrations in the following order [28.,29]: Tris
buffer pH 7.8 (50 mM), lysozyme (100 pg,/ml for
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Fig. 1. Diagram of a closed fusion chamber. As a cover slip a
thin (0.5 mm) piece of plastic was glued with silicone rubber
over the 200 um gap of an open fusion chamber (No. Z1200
from the GCA Corporation). Two openings were connected to
two thin metal pipes (injection needles, 0.75 mm outer diame-
ter, drawn in black) which fitted to polyethylene tubing and
served as inlet or outlet for the fusion medium. The dimensions
of the chamber are 2.5 X 7.6 cm, the gap between the electrodes
(200 pm) is not drawn to scale.

E. coli, 200 pg/ml for S. typhimurium), DNAase
(50 pg/ml), and EDTA (4 mM) to a final volume
of 2.8 ml. (The final sucrose concentration was 0.7
M.) After 6 min at room temperature spheroplast
formation had initiated. 1 ml of a solution of 20
mM MgCl, /0.7 M sucrose was then added (lo-
cally high concentrations of MgCl, should be
prevented) to stabilize the spheroplasts and to
activate the DNAase. After 4 more minutes of
incubation at room temperature spheroplast for-
mation was completed.

This cell suspension (1.5 ml) was layered over 7
ml of a solution of 0.8 M sucrose,/0.5 mM MgCl,
and centrifuged at 1000 X g in a swinging bucket
rotor for 5 min at 4°C to transfer the spheroplasts
gently into a low ionic medium and to separate
them from slower sedimenting debris of cells which
lysed during either filament or spheroplast forma-
tion. After centrifugation the supernatant was re-
moved with a Pasteur pipette to avoid any ionic
contamination of the sedimented spheroplasts.
Spheroplasts were then resuspended in the desired
fusion medium (usually 0.8 M sucrose/1 mM
MgCl,), to 3-107 cells/ml (determined in a Pet-
roff-Hausser Bacteria Counter) and stored on ice.
If viability of the fusion products was desired,
storage on ice did not exceed 60 min.

Cell fusion procedure. 25 pl of the final cell



suspension (see previous section) were placed on
an open fusion chamber and covered with a cover
slip. If sterile conditions were desired, cells were
injected into a closed fusion chamber (Fig. 1) with
a syringe. The alignment field and the fusion pulses
were then applied. After cell fusion was observed
under the microscope, the alignment field was
gradually (5 s) turned off. The fused cells were
then replaced with unfused ones by injecting new
cell suspension. This was repeated until 20 ul of
cell suspension had passed through the fusion
chamber.

Quantitation of fusion yield The number of
aligned cells in a given ‘pearl chain’ (usually 5 to
12 cells) was determined before fusion pulses were
applied. After the fusion process the number of
unfused cells in the pearl chain was counted, and
the percentage of fused cells (fusion yield) was
then calculated. This was repeated three times to
determine the fusion yield (%) reported in the
figures. In the case of cell lysis during the fusion
process experiments were not scored.

Reversion of spheroplasts. After the fusion pro-
cess the concentration of MgCl, in the 20 pl of
fusion medium was increased by addition of 20 pl
30 mM MgCl, /0.8 M sucrose. Reversion medium
was then added stepwise, to a final volume of 4
ml. (Abrupt changes of media should be pre-
vented.) Cells were incubated at 37°C with gentle
shaking (50 rpm) in 125 ml Erlenmeyer flasks.

Transformation. Transformation of E. coli by
plasmid DNA was essentially done as described
elsewhere [30].

Chemical measurements. DNA content was de-
termined by the method of Dische [31}], and pro-
tein content was determined by the method of
Lowry et al. [32].

Results

Fusion of bacterial spheroplasts

In Zimmermann'’s fusion method cells are first
collected on electrodes by a high frequency (ap-
prox. 100-1000 kHz) a.c. field (alignment field).
In this process the cells form ‘pearl chains’ along
the field lines. This phenomenon (dielectrophore-
sis), first discovered by Muth [12] and described in
detail by Pohl [13], occurs in media of low ionic
strength that contain emulsified fat droplets or
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cells. Cells subjected to the electric field turn into
dipoles due to a new distribution of their electrical
charges. Opposite poles of different cells then at-
tract each other and tight membrane contacts are
established in a few seconds. The fusion process is
then initiated by one or more high intensity d.c.
pulses (fusion pulses), which induce a reversible
membrane breakdown in the contact zone between
the cells. The membrane breakdown triggers pore
formation between cells and finally results in
membrane fusion [10,11]. Fusion pulses of too
high intensity cause cell lysis [9].

In the present work we could align normal cells
of Escherichia coli or Salmonella typhimurium, but
fusion was not possible, even at 25 kV /cm, pre-
sumably because of the rigidity of the peptidogly-
can layer of the bacterial cell envelope. In order to
obtain cells with the peptidoglycan layer removed
(spheroplasts), cells were grown in the presence of
penicillin, an inhibitor of peptidoglycan synthesis,

Fig. 2. Thin-section electron microscopy of a spheroplast pre-
pared from filamentous E. coli AW405. The spheroplast is
enveloped by a double layer of membranes. The protoplasm is
homogenous and not septated. Such spheroplasts were used for
fusion. The bar in the lower left represents 1 pm.
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Fig. 3. Fusion of E. coli AW405 spheroplasts. (A) ‘Pearl chain’ formation of cells in an a.c. field (1.0 kV /cm, 1.0 MHz). (B) Partial
fusion after application of two d.c. pulses (1.5 and 2.5 kV /em, 15 ps). (C) Application of a third d.c. pulse (4.0 kV /cm, 15 ps). (D)
Complete fusion after two more pulses (4.0 kV /cm, 15 us). (E) 10 min after disconnecting the a.c. field. Time between pulses: 5 s. The
process of membrane fusion after each pulse was completed in less than one second. Fusion medium: 0.8 M sucrose/1 mM MgCl,.
The bar in the lower left of (A) represents 10 pm. The same magnification was used for all figures.

for usually 2—-4 h [33]. After that cells were spheri-
cal and highly sensitive to an osmotic shock. In
subsequent fusion experiments though, spherop-
lasts of various sizes (2-10 pm in diameter) were
not fusable. Neither was fusion possible with
spheroplasts (0.5-1.0 pm in diameter) obtained
from bacteria treated with Tris/EDTA /lysozyme
to hydrolyze the peptidoglycan layer [28,29].

Finally we used a procedure for making
spheroplasts that was successful for fusion, per-
haps because these have more membrane than is
needed to house their cytoplasm and this gives
them a flexibility that may be necessary for excel-
lent membrane contact in the electric field. Bacteria
were first grown to long filamentous cells, 50 to
150 pm long, in the presence of cephalexin, a
B-lactam antibiotic {24,25]. Shorter filaments (8 to
40 pm) were not very useful. Then these filaments
were treated with Tris/EDTA /lysozyme to form
giant non-septated spheroplasts with an average
diameter of 7 pm (Fig. 2). Electrofusion of these
giant spheroplasts could then be obtained easily
(Fig. 3).

Efficiency of fusion and survival of cells were
increased by determining optimum fusion condi-
tions. A suitable fusion medium contained 0.8 M
sucrose (Fig. 4) and 1 mM MgCl, (Table I). Mg?*
was not absolutely required for membrane fusion,
but cell lysis due to intense fusion pulses was
largely prevented by addition of Mg?*: this al-
lowed application of more fusion pulses of higher

100
a2
< 80
z
& 50
>—
5 40
3
3 20
N
004 08 .2 6

Sucrose Concentration (M)

Fig. 4. Effect of sucrose concentration on the fusion yield.
Spheroplasts of E. coli AW405 were subjected to 5 d.c. pulses
(4.0 kV/cm, 15 ps). Ac. field: 1.0 kV/cm, 1.0 MHz. The
fusion medium was supplemented with 1 mg MgCl. Cell lysis
occurred at sucrose concentrations of less than 0.4 M. The
mean values of three experiments are given (@); bars indicate
range of fusion yield obtained.
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Fig. 5. Dependence of the fusion yield on the strength of the
a.c. field. Frequency of the field was 1.0 MHz. Results were
obtained after application of five fusion pulses (4.0 kV /cm, 15
us) on E. coli AW405 spheroplasts. The fusion medium con-
tained 0.8 M sucrose and 1.0 mM MgCl,. The mean values of
three experiments are given (®); bars indicate range of fusion
yield obtained. Cell lysis started at forces of more than 1.5
kV/cm.



TABLE 1

EFFECT OF MgCl, CONCENTRATION ON FUSION
YIELD AND CELL STABILITY

Spheroplasts of E. coli AW405 were fused in media of 0.8 M
sucrose and various concentrations of MgCl,. Cells were sub-
jected to 10 d.c. pulses of 4.0 kV/cm, 15 pus (except the first
pulse was 1.5 kV /cm, the second pulse 2.5 kV /cm). A.C. field:
1.0 kV.cm, 1.0 MHz. Three experiments were performed for
each concentration. The mean values are given. The standard
deviation ranged from +10% for fusion yield above 60% to
+35% for fusion yield of less than 60%.
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TABLE I

EFFECT OF CaCl, CONCENTRATION ON FUSION
YIELD AND CELL STABILITY

E. coli AW405 cells were fused in media of 0.8 M sucrose and
various concentrations of CaCl,. (MgCl, was not present.)
Cells were subjected to 10 fusion pulse of 4.0 kV /em, 15 us
(except the first pulse was 1.5 kV /cm. the second pulse was 2.5
kV/cm). A.C. field: 1.0 kV/cm. 1.0 MHz. Three experiments
were performed for each concentration. The mean values are
given. The standard deviation ranged from +5% for fusion
yield above 60% to +30% for fusion vield of less than 60%.

Number  Fusion yield (%); MgCl, (mM) Number  Fusion yield (%): CaCl, (mM)
of 0 01 05 1 15 2 25 of 0 01 05 1 15 2 25
pulses pulses
1 0-5 0 0 0 0 0 A 1 0-5 0-1 0 0 0 0 “
2 80 58 37 46 26 25 2 77 41 34 13 11 8
3 Lysis 77 60 77 66 66 3 Lysis 67 58 49 48 23
4 82 93 77 76 80 4 Lysis 75 62 48 27
S Lysis Lysis 86 80 80 5 Lysis 62 50 45
6 94 88 80 6 62 60 45
7 94 88 80 7 62 60 45
10 Lysis 88 80 10 62 60 45

? *Pearl chain’ formation was inhibited by turbulence.

intensity, and consequently a higher fusion yield
resulted (Table I). Addition of Ca’". recom-
mended for other cell systems [8], was not as
useful as Mg?" (Table II) and rather inhibited
fusion. Inhibition of fusion by Ca’* has been
noticed also by others [34]. Addition of pronase,
recommended by other workers [35], was not found
helpful here (data not shown). The strength of the
a.c. field, used to align spheroplasts into pearl
chains, was found to be sufficient at 1 kV/cm
(Fig.5) and 1 MHz (Table I1I). The d.c. field, used
then to fuse aligned spheroplasts, was usually ad-

TABLE 111
EFFECT OF ALTERNATING CURRENT FREQUENCY

* *Pearl chain’ formation was inhibited by turbulence.

ministered as five pulses of 4 kV /cm (Fig. 6, top)
at a duration of 15 ps (Fig. 6. bottom). Sometimes
the first of these five pulses resulted in lysis of one
or more spheroplasts. This could be avoided by an
initial application of two pulses of lower intensity
(1.5-2.5kV /cm).

The size of the fusion products could be selected
by altering the cell density in the fusion medium.
A higher cell density resulted in longer pearl chains
and larger fusion products. Usually a cell density
of 3-107 cells/ml was used to obtain fusion of
typically 4-6 spheroplasts. Fusion products were
stable in the fusion medium for at least 10 h.

The strength of the a.c. field was 0.75 kV /cm. Five d.c. pulses (4.0 kV /cm, 15 us) were administered. The fusion medium was: 0.8 M
sucrose. 1 mM MgCl,. The mean values from three experiments are given. The standard deviation ranged from +3% to +17%.

Frequency of alternating current (kHz)

10 50 100 500 800 1000 1300
Fusion yield (%) 7 k 73¢ 83 85 93 93

? At 10 kHz quantitative analysis was impaired by turbulences in the medium. Spontaneous cell fusion without application of direct
current pulses occurred. These fusion products subsequently lysed.

P At 50 kHz turbulences and cell rotation impaired quantitative analysis.

¢ At 100 kHz alignment was disturbed by cell rotation. Pearl chains were short (2-5 cells).
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Reversion of (unfused) giant spheroplasts

The ratio of DNA /protein in filaments of an
average length of 100 pm was determined to be 33
ng DNA /ug protein, and in untreated cells (length
2 to 4 pm) it was about the same, 36 ng DNA /ug
protein (both at an Ay, =0.9). It can be con-
cluded that about 30 bacterial genomes are present
in such a long filament and thus also in a resulting
giant spheroplast.

Spheroplasts of E. coli or S. typhimurium with
diameters of about 7 um largely reverted to the
bacterial form in 8 h (S. typhimurium) or 10 h (£
coli) of shaking at 37°C in reversion medium;
after overnight incubation only 1 to 2% unreverted
spheroplasts remained. Extensive lysis of the
spheroplasts is unlikely, because spheroplasts in-
cubated in this medium in the presence of an
inhibitor of protein synthesis, 80 ug/ml kanamy-
cin, stayed stable during incubation overnight. We
estimate that more than 90% of the spheroplasts
reverted to the bacterial form.

Several steps during the reversion process were
observed (see Fig. 7): (1) Spheroplasts grow one or
more buds from their surfaces. (2) With progres-
sive growth of these buds, the spheroplasts convert
into long rod-like cells with a size of 30-70 times
1.2 pm. (3) These rods divide into 20-30 small
sections in the size of normal bacteria. We assume
that each of these sections is a viable bacterium.
Similar processes have been reported for the rever-
sion of spheroplasts obtained from nonfila-
mentous bacteria [36,37].

Reversion of fusion products

To demonstrate the reversion and viability of
fusion products, a mixture of cells with two differ-
ent genetic markers was fused, the fusion products
were released from the fusion chamber by flushing
with 0.8 M sucrose, and individuals expressing
both markers were selected.

For these experiments £. coli DH1 was chosen
because its properties, F ', A™, should decrease the
chance of spontaneous exchange of genetic
material. E. coli DH1 was transformed by non-
selftransmissible plasmids carrying either tetra-
cycline- or kanamycin-resistance. Giant spherop-
lasts of the two transformed strains were mixed
and fused electrically (as described above): the
predominant fusion product containing 4-6
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Fig. 6. Effect of strength and duration of fusion pulses on
fusion yield. Upper presentation: Five fusion pulses of given
strength and a duration of 15 ps were administered. Lower
presentation: Five fusion pulses of given duration and a voltage
of 4.0 kV /em were administered. All experiments were carried
out on E. coli AW405 spheroplasts. The a.c. field was 1.0
kV /cm. 1.0 MHz. The fusion medium contained 0.8 M sucrose
and 1.0 mM MgCl,. The mean values of three experiments are
given (®); bars represent range of fusion yield obtained. Cells
started to lyse at pulse strengths of 6.0 kV /cm (top curve) or
pulse durations of 40 us (bottom curve), respectively.

spheroplasts. The fusion products were then al-
lowed to regenerate in reversion medium. This
medium did not contain antibiotics. After comple-
tition of the reversion process (10 h) the reversion
medium was diluted 1:1 with Luria-Bertani
medium; tetracycline (12 pg/ml) and kanamycin
(40 ug/ml) were added at the same time. Cells
were then incubated for another 20-24 h. Finally
cells were streaked out for single colonies on selec-
tive plates. 5-200 colonies of E. coli now resistant
to both tetracycline and kanamycin could be ob-
tained on plates having both antibiotics. Three
such experiments were carried out and genetic
markers for E. cofi DH1 (F . A", thi-1, recAl,
supEd44) were found for all doubly-resistant col-
onies tested. For controls, spheroplasts of both
strains (one carrying tetracycline resistance, the
other kanamycin resistance) were not fused but
were mixed and incubated in reversion medium as
described above. In this case regenerated bacteria
formed no colonies on plates containing both anti-
biotics.
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Fig. 7. Morphological aspects of the reversion of giant spheroplasts. Filaments of E. coli AW405 (100-150 pm long), grown in the
presence of cephalexin, were treated with Tris/EDTA /lysozyme. The resulting spheroplasts were incubated in reversion medium for 8
h (see Materials and Methods). After that time most spheroplasts had reverted to the bacterial form, but typical stages of the reversion
process were still present. (A) Buds grow out from the surface of a spheroplast. (One bud already gained considerable length.) (B~D)
With progressive growth of these buds, spheroplasts elongate to rod-like cells of 30-70 pm in length. (E) Long rods divide into
sections in the size of normal bacteria, as seen in the bottom of that rod. (F) Sometimes spheroplasts emerge into ‘Y’ shaped forms.
The bar in the lower left of (A) represents 10 pm. The same magnification was used for all figures.

Spheroplasts of S. typhimurium fused with E. coli
S. typhimurium TH32 (highly motile) can grow
on citrate as sole carbon source and is sensitive to
kanamycin, while E. coli DH1 (not motile) can not
utilize citrate, but when transformed with the
kanamycin resistance plasmid, can grow in the
presence of kanamycin. Giant spheroplasts from
the two kinds of bacteria were mixed and fused
electrically. The reversion to bacteria was done as
described in the previous two sections. Approxi-
mately a hundred colonies which grew on citrate
as sole carbon source in the presence of 80 pg,/ml

kanamycin were obtained in each of 7 experi-
ments. Ten colonies were tested for motility. They
all exhibited motility characteristics of S. typhi-
murium TH32.

Discussion

We found that the fusion method of Zimmer-
mann and co-workers can be applied to giant
spheroplasts of Escherichia coli or Salmonella
typhimurium prepared from long filamentous forms
produced by growth in the presence of cephalexin.
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The fusion process is rapid, and highly effective.
The size of the fusion products can be controlled
well. The fusion products are viable and regener-
ate to the bacterial form.

In our hands Zimmermann’s method was not
suitable for fusing penicillin- or lysozyme-induced
spheroplasts of nonfilamentous bacteria.

Fusable spheroplasts elongate when the align-
ment field is applied, whereas nonfusable
spheroplasts retain their spherical shape in the
same field. An excess of membrane results from
the conversion of long filamentous bacteria to
spheroplasts as less membrane is needed to enclose
a sphere than to enclose a rod. Consequently these
spheroplasts must be relatively flexible, a quality
that allows them to flatten out and to provide
greater areas of membrane contact during pearl
chain formation in the alignment field. Plant pro-
toplasts also require large regions of membrane
contact for optimum fusion as shown by others [9].

Exact setting of electronic parameters, such as
strength of the alignment field or duration of the
fusion pulse is not extremely critical for the fusion
process. Most of the parameters can be altered
over almost an order of magnitude without loss of
fusion. These properties might become of impor-
tance if fusion of bacteria to other cell types is
desired.

The envelope of spheroplasts of Gram-negative
bacteria consists of a cytoplasmic (inner) mem-
brane and an outer membrane (see Fig. 1). The
outer membrane of Gram-negative bacteria con-
tains mainly lipopolysaccharide. Electrofusion is
not inhibited by this structure. It is not necessary
to have protoplasts, which are lacking an outer
membrane and possess the cytoplasmic membrane
only.

Some workers complain about intractable stick-
ing of their fusion products to the electrodes [16].
In our experiments fusion products could easily be
released from the fusion chamber by flushing with
a sucrose solution.

Spheroplasts exposed to an a.c. field of relative
low frequency (10 kHz) aligned to some extent to
form short pearl chains. A moderate field strength
of 0.75 kV /cm, well tolerated at a frequency of 1
MHz, now resulted in membrane breakdown lead-
ing to membrane fusion and finally to cell lysis
(see Table 11I). This phenomenon can be explained

by theoretical considerations, which imply that the
electric potential superimposed over the mem-
brane by an external alternating field varies in-
versely with the field’s frequency [8,38]. When the
breakdown potential of the membrane is reached,
in the alignment field, fusion can occur without
application of d.c. pulses. Electrostimulated fusion
may open additional possibilities for gene transfer
between different bacteria or between bacteria and
eucaryotic cells; this may lead to the construction
of cells with new, desired properties.
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