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1. S U M M A R Y  

The killer character was electrically introduced 
into protoplasts of three yeast strains. These were 
the loller-negative variant of the KI loller strain 
Saccharorayces cerevisiae T 158 C (h is - ) ;  the 
loller-sensitive laboratory strain S. cerevisiae AH 
215 ( leu- ,  h i s - ) ;  and the lOller-sensitive industrial 
strain $. cerevisiae AS 4 / H 2  ( rho- ) .  The killer 
d sRNA used for electroinjection was isolated from 
the super-loller strain S. cerevisiae T 158 C. Opti- 
mum numbers  of transformed cells were obtained 
after regeneration and selection in appropriate 
media if the protoplasts were exposed to three 
exponentially decaying field pulses of 18.2 k V / c m  
strength and 40 / t s  durat ion at 4°C. In the case of 
the killer-negative variant of S. cerevisiae T 158 C 
the majority of the protoplasts were transformed, 
whereas in the case of the two other strains the 
yield af  transformed clones was much less. This 
latter result is expected if the expression of the 
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¢lectroinjected dsRNA was diminished in these 
"two strains. 

Oel electrophoresis of the dsRNA of the clones 
of the three strains supported the conclusion that  
the transformed clones exhibited killer activity. 
The transformed clones of all three species were 
stable. 

2. I N T R O D U C T I O N  

Killer strains of yeasts secrete a polypeptide 
toxin (zymocyn) to which they are immune but  
which is lethal to sensitive strains of their own 
species and frequently to those of other species 
and genera of yeast [1,2]. Examination of the 
specificities of killer toxin and immunity has al- 
lowed the distinction of eleven spectra of killing 
activity (K I to K n )  including three, K 1 to K 3, in 
Saccharomyces and eleven spectra of resistance 
(R~ to RH) [1,2]. Three different phenotypes can 
be classified: K + R  + (killer yeasts which are im- 
mune to the action of their own released toxin), 
K - R -  (yeasts with no killer activity and sensitive 
against toxins) and K - R  + (neutral strains which 
do not produce toxin, but  which are immune 
against the toxins of killer yeasts) [3]. In most 
killer strains of the genus Saccharomyces, the lOller 
toxin is produced by the double stranded RNA 
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genome (M dsRNA) of a mycovirus. These RNA 
plasmids are found only in killer strains, and these 
contain a second genome of the mycovirus (L 
dsRNA). Both types of dsRNA exist in cyto- 
plasmic virus-like particles. The L dsRNA encodes 
for the production of the capsid protein for both 
virus particles. Detailed analysis of L dsRNA 
isolated from Saccharomyces strains showed that 
three distinct, linear species are found (LA, La, 
Lc)  which are all similar in size (about 4.7 kb). 
The presence of both L and M dsRNA is neces- 
sary for the expression of killer character, whereby 
L A dsRNA is necessary for the maintainance of M 
dsRNA. None of the brewing strains exhibits killer 
character. Therefore, there is a considerable 
potential for exploiting killer systems, e.g. in fer- 
mentation processes, and a demand for protecting 
yeasts of industrial interest against contamination 
with killer strains. The most elegant way is the 
transfer of the killer character into commercial 
yeasts by plasmid injection because this has deci- 
sive advantages over transmission of plasmids by 
yeast protoplast fusion [4]. 

Attempts to inject dsRNA by chemical means 
have proved unsuccessful. Therefore, incorpora- 
tion of M dsRNA isolated from a killer strain was 
accomplished using the electroinjection technique 
introduced by Zimmermann et al. [5,6] and mod- 
ified by Stopper et al. [7,8]. 

3. MATERIALS A N D  METHODS 

3.1. Yeast protoplasts 
Yeast protoplasts were prepared from the Sac- 

charomyces cerevisiae laboratory mutant strains 
AH 215 (leu-,  his- ) and from an industrial haploid 
S. cerevisiae strain AS-4 /H2 ( rho-)  as well as 
from a killer-negative variant of the super-killer S. 
cereoisiae mutant strain T 158 C (his-)  using 
standard protocols [9,10]. These strains did not 
contain M~ dsRNA (Fig. 1) and therefore ex- 
hibited no killer activity. The protoplasts were 
suspended at a density of 109 cel ls /ml in a solu- 
tion containing 1.2 M sorbitol, 30 mM KCI, 1' mM 
CaCl 2, 0.3 mM KH2PO4, 0.85 mM K2HPO4 and 
10 t tg /ml  isolated M~ and L~ dsRNA. 

q23~567 

Fig. 1. Agarose-gel electrophoresis of nucleic acid extracts from 
yeasts. Tracks 1 and 7, standard DNA (21.7-, 5.15-, 5.0-, 4.27-, 
3.48-. 1.98-, 1.9-. 1.59-. 1.37-, 0.94- and 0.83 kb): track 2, 
super-sensitive strain S 6-1; track 3, sensitive (laboratory) 
strain AH 215; track 4, sensitive (industrial) strain AS 4/H2; 
track 5, killer-negative variant of the K, killer strain T 158 C; 
and track 6, K I super-killer strain T 158 C. a, LIA. dsRNA; b, 
M I dsRNA. Conditions: 1~ agarose. Tris-acetic acid EDTA- 
buffer (TAE-buffer: 40 mM "iris, 2 mM EDTA pH 8.3 ad- 
justed by acetic acid), 80-100 V, 50-60 mA, ethidiumbromide 

staining. 

3.2. dsRNA isolation 
The dsRNA for K I toxin was isolated from the 

killer strain of S. cerevisiae T 158 C (his-)  accord- 
ing to the procedure described by Fried and l i n k  
[11] with the following modifications. In order to 
remove proteins quantitatively from the nucleic 
acids the crude cell extract was incubated and 
gently shaken for 15 min in 50 mM Tris-H,SO4 
(pH 9.3) containing 2.5~ 2-mercaptoethanol and 
for 1 h in solution l containing 0.1 M NaCl, 10 
mM Tris-HC! (pH 7.5), 10 mM Na2EDTA,  0.2~ 
sodium dodecylsulphate and an equal volume of 
hi-distilled phenol. After 20 min centrifugation at 
5000 × g, nucleic acids were recovered from the 
aqueous phase by precipitation with about 2.5 
volumes of 95~ ethanol and stored at 4°C for 24 
h. After 30 min centrifugation at 16000 × g the 
pellet was dissolved in solution 1. After removal of 
the phenol phase, the aqueous phase was mixed 
with an equal volume of chloroform (purified by 
pre-treatment with TE buffer) and shaken for 10 
rain. 0.1 volume of 2.5 M sodium acetate (pH 6) 
was added to the aqeuous phase and the nucleic 
acids precipitated by adding 2.5 volumes of 95% 
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ethanol. After 24 h storage at 4°C and 30 min 
centrifugation at 16 000 × g, the pellet was dis- 
solved in 10 ml of a solution containing 2 M LiCI, 
0.15 M NaC! and 15 mM sodium citrate. After at 
least 8 h incubation at 4°C, the LiCI precipitate 
was removed by 30 rain eentrifugation at 16 0130 × 
g. The remaining nucleic acids in the supernatant 
were subsequently precipitated by 2.5 volumes of 
95% ethanol. After drying in vacuum the pellet 
was dissolved in 200 to 400 ttl TE buffer (10 mM 
Tris, 1 mM EDTA, pH 7.8). For transformation 
slices of the agarose gel conlaining L t A -  and 
Mj - dsRNA (Fig. 1 track 6, bands a and b) were 
electrodialysed in TE buffer (pH 7.8) for 2 h (100 
V) and then again subjected before use to the 
combined phenol-chloroform extraction procedure 
and ethanol precipitation followed by centrifuga- 
tion at 175 000 x g for 90 rain. Then the precipi- 
tate was dried in vacuum and dissolved in water. 

From the agarose-gel electrophoresis pattern in 
Fig. 1 it is obvious that only the killer strain T 158 
C (which produced the toxin Ki)  contained M t 
and LIA dsRNA. The size of the M I and LIA 
dsRNA was about 1.90 kb and 4.7 kb, respec- 
tively. 

3.3. Electroinjection 
For electroinjection the protoplasts were ex- 

posed to three ~xponentially decaying field pulses 
of 18.2 kV/cm strength and 40 #s duration at 4°C 
or 20°C using an electroinjection power supply 
(Biojet MI manufactured by Biomed, Theres and 
distributed by Braun, Melsungen, F.R.G.). The 
pulses were applied with a time interval of 2 min. 
These conditions resulted in a gentle and reversi- 
ble electropermeabilisation of the entire protoplast 
surface as demonstrated with mammalian cells [8]. 
After pulsing, the yeast protoplasts were kept for 
10 to 20 rain in the pulse medium before they were 
mixed with regeneration agar and poured into 
petri dishes. 

3. 4. Regeneration and selection 
The citrate-phosphate buffered regeneration 

agar medium contained 0.67~ yeast nitrogen base 
without amino acids (Difco), 1.2 M sorbitol, 0.19 
mM histidine, 0.23 mM leucine, 2% glucose and 
270 agar as well as 1 mM of K +-, Mg z+-, Ca 2+-, 
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Fe 3+-, Mn2+-chlorides, 30 mM (NH4)2SO4, 5.2 
mM citric acid, 19.4 mM Na2HPO4 and 565 mM 
glycerol. These ingredients stimulate killer toxin 
production (Bendova, Karl University, Prague, 
Czechoslovakia, personal communication). Experi- 
ments with pulsed and transformed protoplasts 
showed that addition of 1 mM ATE 3.1 mM 
Twecn 80 and 0.1 mM ergostero.l t.o the regenera- 
tion medium enhanced cell wall"regeneration and 
growth. In the presence of these ingredients the 
first colonies could be observed after 3 to 4 days 
in contrast to 10 to 14 days which were required 
when using normal yeast nitrogen base regenera- 
tion agar [9]. Regeneration of transformed proto- 
plasts of the industrial strain was improved by 
using a medium containing lower concentrations 
of the yeast extract, glucose and peptone (0.25%, 
0.5% and 0.25%, respectively). 

After about 6 days regeneration, 500 colonies 
were manually transferred onto plates for detec- 
tion of killer activity. 

Killer activity in transformed clones was identi- 
fied by the assay described by Young [2] using the 
super-sensitive strain S. cerevisiae S 6-1 (ade-)  
which did not contain M dsRNA (Fig. 1). Strains 
were scored as killers when the inoculum of the 
yeasts to be assayed for killer acitivity was sur- 
rounded on the surface of the agar medium by a 
clear zone, in which no growth of the sensitive 
strains occurred, bounded by a zone of dead cells 
which, in the presence of methylene blue (0.03%), 
stained dark blue. The selection agar contained: 
2% agar, 0.25% yeast extract, 0.25% peptone, 0.5% 
glucose, 1 mM of KCI, MgC! 2, CaCI z, FeCI 3 and 
MnCI z, 30 mM (NH4)zSO4, 565 mM glycerol, 5.2 
mM citric acid, 19.4 mM disodium phosphate, 
0.03% methylene blue plus 107 S. cerevisiae S 6-1 
cells/ml (Bendova, personal communication). 
Plates were incubated at 24°C. 

4. RESULTS AND DISCUSSION 

In the first set of transformation experiments 
the isolated and purified M I dsRNA from T 158 C 
was injected into protoplasts of the killer-negative 
variant of T 158 C. This variant was produced by 
carrying out 5-day heating in the presence of 

Downloaded from https://academic.oup.com/femsle/article-abstract/70/1/67/425306
by guest
on 02 April 2018



Fig. 2. Typical results of assays for killer activity in (a) transformed killer-negative variants of strain T 158 C, (b) in the laboratory 
(killer-sensitive) strain AH 215 and (c) in the industrial (killer-sensitive) strain AS- 4 / H 2 .  Each petri dish contains ,he selection 
medium (pH 4.?) plus the super-sensitive strain S 6-1. Transformed cells (transferred with a sterile toothpick onto the surface of the 
indicator plate) are indicated by a zone of growth inhibition of the super-sensitive cells bounded by a ring of dead cells (visualised by 
using 0.03~o methylene blue). The width of the rings of the inhibition zone and of the dead cells indicate the strength of killer activity. Downloaded from https://academic.oup.com/femsle/article-abstract/70/1/67/425306
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actidion (0.89/~M). This treatment resulted in the 
removal of M dsRNA from the cells (Fig. 1) and, 
therefore, in the loss of the killer activity. 

This model transformation system was ~sed 
because it allowed conclusions about the frequency 
of electrically-mediated dsRNA transfer. The yield 
of transformed clones should not be limited by 
hindered expression of transmitted d sgNA in the 
host protoplasts. 

The protoplasts were subjected to three con- 
secutive field pulses of 18.2 kV/cm strength and 
40/~s duration. After pulsing of the protoplasts of 
the killer-negative variant of S. cerevisiae T 158 C 
at either 4°C or at 20°C about 103 to 104 cells 
could be regenerated. Screening for killer activity 
by using the selection medium plus cells of the 
super-sensitive strain S. cerevisiae S 6-1 revealed 
that the majority of these protoplasts were trans- 
formed (Fig. 2a). On average 14% of the clones 
exhibited weak killer activity and 82% super-killer 
activity when electroinjection was conducted at 
4°C. Since the killer activity apparently depends 
on the number of plasmid copies (about 10 to 12) 
[1,2], the occurrence of transformed cells with 
weak killer activity indicates either that these cells 
had received only one or a few plasmids due to 
electropermeabilisation, that replication of electri- 
cally-transmitted plasmids wasdisturbed or that 
the structure of the dsRNA was modified during 
uptake. 

Similar yields was obtained when the dsRNA 
was added immediately after pulsing, indicating 
that the field pulses had no adverse side effects on 
the plasmids. 

Variations of the field strength and the number 
as well as of the duration of the field pulses 
rcs,Jlted in a significant decrease of transformed 
clones. Pulsing at room temperature also generally 
resulted in a reduction of transformed clones 
(about 2~ showing weak killer activity and about 
25~ exhibiting super-killer activity). This tempera- 
ture-dependence of the yield is consistent with 
previous results and can be explained by the tem- 
perature-dependence of the resealing process of 
the field induced perturbations within the mem- 
brane [12]. 

In the second set of experiments we investi- 
gated the electric-field mediated injection and ex- 

1 2 3 / ~ 5  

Fig. 3. Agarose-gel elcctrophoresis of dsRNA of yeast cells 
transformed with MI dsRNA isolated from the super-killer 
strain T 158 C. Tracks ! and 5, standard DNA: track 2, 
transformed, killer-negative variant of T 158 C; track 3, trans- 

formed AH 215; and track 4. transformed strain AS 4/H2. 

pression of the M~ dsRNA in the sensitive labora- 
tory and industrial Saccharomyces strains men- 
tioned above under the same conditions. 

As shown in Figs. 2b and c transformants were 
also obtained from both strains (including super- 
killer clones of the industrial strain). However, the 
yield of transformed clones was much less than in 
the model transformation experiments, particu- 
larly at 4°C. This result is expected if the expres- 
sion of the electroinjected dsRNA was diminished. 
This conclusion was supported by preliminary ex- 
periments using dsRNA preparations from killer 
types K 2 and K 3. It was found that some of these 
dsRNA preparations did not lead to any transfor- 
maRts. 

Gel electrophoresis of the dsRNA of some of 
the obtained transformed clones shown in Figs. 
2a-c  supported the conclusion that the trans- 
formed clones exhibited killer activity (Fig. 3). 

The transformed clones of the model transfor- 
mation system and of the laboratory and in- 
dustrial strains were stable. After about 4 weeks 
they showed no significant change in killer char- 
acter. 

The results reported here demonstrate for the 
first time that the killer character can be trans- 
ferred directly into laboratory and industrial yeast 
strains when the electroinjection method is used. 
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This opens new avenues for the control and ex- 
pression of  eukaryotic viruses, for s tudy of the 

mechanisms of  protein-processing and secretion as 
well as for fermentat ion and possibly medicine. 
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