
Biochimica et Biophysica Acta 899 (1987) 25-34 25 
Elsevier 

BBA 73572 

Parameters controlling yeast hybrid yield in electrofusion: the relevance 
of pre-incubation and the skewness of the size distributions 

of both fusion partners 

H.G. Broda, R. Schnettler and U. Zimmermann 
Lehrstuhl fur Biotechnologie, Unioersitiit Wiirzburgo Ri~ntgenring 11, Wiirzburg (F.R.G.) 

(Received 24 November 1986) 
(Revised manuscript received 11 February 1987) 

Key words: Electrofusion; Dielectrophoresis; Electrical breakdown; Particle analyzer; Volume distribution; 
Protoplast index; (Yeast) 

A method was sought to predict the success of electrically induced hybridization of yeast protoplasts prior to 
electrofusion. It was assumed that the protoplast volume would play a significant role in hybrid yield, 
because this volume influences the dielectrophoretic positioning as well as the electrical breakdown of the 
membrane. This was shown to be the case when fusing protoplasts of the two yeast strains AH22(pADH040-2) 
and AH215 with the same mating type. The yield of hybrids could be predicted on the basis of volume 
distributions, but not on the basis of culture conditions. A 'protoplast index' was therefore developed. It is 
the sum of several factors which are decided depending on the protoplast volume distributions. These factors 
are the modal volume, the 'debris-to-cell ratio' and the 'modal volume +half-width' of the volume 
distributions of each of the fusion partners. The 'debris-to-cell ratio' and the 'modal volume + half-width' 
take into account the relative proportions of undersized protoplasts (and of debris) and of very large cells in 
the population, respectively. It could be demonstrated that there is a very good correlation between hybrid 
yield and the protoplast index. In particular, it could be shown that the protoplast index of fresh protoplast 
preparations leading to poor yields could be improved by incubation of the protoplasts in a special 
pre-incubation medium. Pre-incubation, however, has no effect on yield if the protoplast index of the fusion 
partners is optimum just after preparation of the protoplasts. The calculation of a protoplast index from the 
measurements of the volume distribution of the fusion partners is a rapid and quantitative procedure which 
allows optimization of the field parameters, from which it can be decided whether enzymatic pre-treatment 
or pre-incubation of the protoplasts is rtquired. The implementation of this index method should allow 
superior optimization of hybridoma yields by electrofusion. 

Introduction 

Electrofusion of prokaryotic and eukaryotic 
cells leads to high yields of viable hybrids under 
the appropriate experimental conditions (see re- 
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view articles Refs. 1-10). In many cases, the elec- 
trofusion method produces higher yields of hy- 
brids than may be produced by conventional fu- 
sion methods (i.e., polyethylene glycol or Sendai 
virus). For both chemical fusion and electrofusion, 
variations in the yield of hybrids are reported 
[1-11]. An increased quantitative understanding 
and optimization of system and cell parameters 
might allow more reproducible results, an increase 
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in fusion efficiency and the prediction of absolute 
hybrid yield. 

In this communication we describe the de- 
termination of cell parameters which provide 
quantitative criteria for the prediction of hybrid 
yields in electrofusion. Using the electrofusion of 
protoplasts from two different strains of Sac- 
charomyces cerevisiae carrying different genetic 
markers [11] as a model system, we demonstrate 
that the electronic determination and characteriza- 
tion of the usually skewed cell volume distribution 
of the two strains permits the definition of a 
'protoplast index' of the cell populations to be 
fused. With the aid of this index, which is calcu- 
lated from volume distributions measured by a 
hydrodynamically focusing particle analyzer [12], 
it is possible to predict the absolute hybrid yield. 

Experiments in this laboratory show that modal 
volume and skewness of the yeast protoplast 
volume distribution can vary considerably, in spite 
of apparent constant culture, preparation and 
pre-incubation conditions, and therefore it can 
influence hybrid yield. The reason for this is most 
likely the variability of the biological material and 
has probably accounted for the fluctuations in the 
hybrid yield after electrofusion. 

The method of determination of the cell param- 
eters described here may find application in elec- 
trofusion of other cells and perhaps even in poly- 
ethylene glycol fusion. It replaces the previous, 
very qualitative and subjective methods of predic- 
ting the number of viable cell hybrids by micro- 
scopical counting of fusion products (cited in Ref. 
13). 

Principles and Objective 

The field strength required for electrical mem- 
brane breakdown of at least two attached spheri- 
cal cells and for subsequent fusion can be calcu- 
lated to a first approximation by use of the in- 
tegrated Laplace equation derived for single 
spherical freely suspended cells [14,15]: 

V m = 1 . 5  a E  cos a (1) 

where V m is the membrane potential built up in 
response to an external field pulse of strength E; a 
is the radius of the cell and c~ is the angle between 

a given membrane site and the field direction. The 
radius dependence of the membrane voltage and 
breakdown field strength explains why the electro- 
fusion of small cells requires pulses of higher field 
strength than that of larger cells. The angular 
dependence of the membrane voltage, Vm, means 
that at a given field strength the size of the mem- 
brane area in which breakdown is initiated differs 
according to cell size. Let us assume that field 
pulses are applied with an intensity such that the 
breakdown voltage of the smallest cells in the 
suspension is reached only in those membrane 
sites oriented in the field direction (~ = 0 o ). Un- 
der these conditions, the larger cells in the suspen- 
sion would have larger membrane areas subjected 
to breakdown because of the radius and angular 
dependence of the membane voltage. If the size of 
the membrane area affected by breakdown reaches 
a certain proportion of the total membrane surface 
area, irreversible destruction of the cells occurs. 
The release of intracellular substances into the 
medium significantly disrupts the fusion process 
[2,10]. On the other hand, the injection of field 
pulses of lower field strength also prevents fusion 
between attached cells of different size because 
the membrane of the smaller cells fails to break 
down. 

These considerations hold if the breakdown 
voltage and the intrinsic membrane potential (see 
Ref. 11) of all cells in a suspension are identical 
and the steady state potential according to Eqn. 1 
is reached [2,7]. These conditions are fulfilled for 
the cells of the yeast strains used here. 

Optimum fusion would, therefore, be achieved 
if all cells in a suspension subjected to electrofu- 
sion were of the same volume. Identical volume of 
fusion partners would also be the optimum prere- 
quisite for establishing membrane contact between 
cells of different strains by means of dielectro- 
phoresis [15-17]. A rough calculation of the di- 
electrophoretic force, F, on an insulating dielec- 
tric sphere of radius a and dielectric constant e 2 
in an insulating dielectric fluid (dielectric constant 
c 1) with imposed electric field, E, is given by [17]: 

(2) 

Therefore, the dielectrophoretic force is propor- 



tional to cell volume and substantially different 
volumes of the two fusion partners could lead to 
segregation by dielectrophoresis in the converging 
field [17]. This leads to a reduced chance of hybrid 
formation. Furthermore, the gravitation force sep- 
arates different sized protoplasts according to the 
square of the radius. Identical volumes or narrow 
volume distribitions with the same modal volume 
for both fusion partners are rare. It is more likely 
for yeast cell protoplasts of the two strains to have 
volume distributions with a different modal 
volume, width and skewness (Figs. 1 and 2). In 
addition, in spite of apparent constant culture and 
preparation conditions, these parameters are highly 
variable for the parental fusion partners, so that 
hybrid yield can vary considerably under stan- 
dardized conditions of the electric field. 

Experimentally, the shape of the volume distri- 
bution of a certain cell line can be changed by 
enzyme pretreatment [1-9] a n d / o r  preincubation 
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Fig. 1. Volume distributions of protoplasts of the two yeast 
strains AH22(pADH040-2) (a) and AH215 (b). Both volume 
distributions show a small amount of debris and undersize 
protoplasts, a small half-width and the same modal volume. 
The fusion of protoplasts from these preparations led to a high 
yield of hybrids (10922 hybrids per helical chamber). 
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Fig. 2. In contrast to Fig. 1 these volume distributions show a 
large amount of small protoplasts and a marked skewness to 
the right, especially for the strain AH22 (a). The modal volume 
(8 #m 3) of the strain AH22 is different from the optimal 
volume of about 20 ~m 3. 

of the protoplasts in media of a special composi- 
tion. It  is, therefore, usually possible to change 
and match the volume distributions of the two 
fusion partners in such a way that opt imum hy- 
brid yields are obtained under standardized fusion 
conditions. 

In order to describe the volume distributions of 
the two cell populations to be fused, these distri- 
butions must be characterized by parameters (Fig. 
3) which are then used to calculate the protoplast  
index. This protoplast index permits definite state- 
ments to be made about the expected hybrid yield. 

The volume distributions of yeast protoplasts 
differ greatly from the normal distribution, and it 
is therefore difficult to impose a simple classifica- 
tion scheme [18]. 

Measurements in a hydrodynamically focusing 
particle analyzer show that there are distributions 
which, depending on the strain and the culture 
and the preparation and pre-incubation condi- 
tions, may be positively or negatively skewed or 
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Fig. 3. Scheme of a volume distribution to explain the parame- 
ters which are necessary to calculate the protoplast index 
according to Eqn. 3. According to Figs. 1 and 2, the volume 
distribution is composed of the volume distribution of the 
protoplasts (region 2) and the distribution which is due to 
debris, tiny protoplasts and electronic noise (region 1). The 
amplitude of the volume, Vn, at the local min imum between 
regions 1 and 2 is a measure of the number  of small particles. 
V m is the modal volume and V h is the 'modal  vo lume+ha l f -  
width', which is a measure of the skewness of the curve 
indicating the proportion of larger protoplasts. 

bimodal. Figs. 1 and 2 each show histograms of 
volume distributions for yeast protoplasts of strain 
AH22 and AH215 which were selected for the 
experiments described below. When protoplasts of 
AH22 and AH215 exhibiting volume distributions 
as shown in Fig. 1 are fused, very high yields of 
hybrids are obtained. Much lower yields are seen 
when the preparations exhibit the volume distribu- 
tions shown in Fig. 2. Comparison of Figs. 1 and 2 
leads to the definition of the parameters char- 
acterizing the distribution (Fig. 3) and, in turn, to 
a protoplast index which correlates well with the 
expected hybrid yield. All the curves exhibit a 
'bimodality' which is particularly prominent for 
strain AH22 in Fig. 2a. 

The first peak (region 1 in Fig. 3) is the result 
of varying amounts of debris and tiny cells present 
in the protoplast population of each strain and of 
a varying amount of superimposed electronic noise 
[19]. The second peak (region 2 in Fig. 3) is 
attributed to the intact protoplasts of average size. 

It is evident that the hybrid yield is reduced 

when more debris is present because it disturbs 
the close membrane contact of the fusion partners. 
As we have also already pointed out, small cells 
can disrupt fusion, because of segregation during 
dielectrophoresis or their failure to reach the 
breakdown voltage. 

The electronic noise in the volume distribution 
curve predominates towards very small volumes. 
Therefore, the amplitude of the volume, V, (Fig. 
3) at the local minimum between regions 1 and 2 
was used as a measure for the number of debris 
and tiny cells present in the protoplast prepara- 
tions. The ratio of the amplitudes of Vn-to-V m is a 
measure of the quality of the protoplast prepara- 
tion in respect to electrofusion. 

For brevity, this ratio is referred to as the 
debris-to-cell ratio. The higher this ratio is, the 
lower is the observed yield of hybrids. In Fig. la, 
the debris-to-cell ratio of strain AH22 is 0.206 and 
that of AH215 is 0.220; in Fig. 2 it is 0.787 and 
0.386, respectively. Experimentally, increasing the 
debris-to-cell ratio greatly reduce hybrid yield. 
According to a standard method in statistics [20], 
the protoplast index is calculated by adding the 
values of the step function, e ,  with different argu- 
ments. Each argument contains a parameter char- 
acterizing the shape of the volume distribution. 
The step function, O, is the defined by O(x > 0) 
= 1 and O(x < 0) = 0. The influence of the de- 
bris-to-cell ratio on the protoplast index is, there- 
fore, given by O ( D C R -  0.25) + t g ( D C R -  0.5), 
where DCR is the debris-to-cell ratio. The values 
0.25 and 0.5 were empirically derived from the 
experiments shown below by comparing prepara- 
tions of protoplasts which had similar volume 
distributions within region 2. Debris-to-cell ratios 
which are high correspond to low hybrid yields 
and vice versa. It is possible to classify the hybrid 
yields as low, medium or high, and to determine 
the corresponding boundaries of debris-to-cell 
ratios between these classes. 

The modal volume of the cell size distribution 
is the second parameter which can characterize the 
'fusogenicity' of a cell population. 

If the distributions of the two protoplast popu- 
lations exhibit approximately the same modal 
volumes (see Fig. 1), there should be optimal 
fusion if the field conditions for dielectrophoresis 
and for the electric breakdown pulse are ap- 



propriate. If the modal volumes of the two cell 
populations differ (as in Fig. 2, AH22, 8 /~m3; 
AH215, 18/~m3), fusion yield and hybrid yield are 
reduced. For the two strains under investigation 
the modal volume is on average 20/~m 3 and field 
conditions were, therefore, optimized for this 
volume range. 

Using a breakdown voltage of 2.3 V across the 
membrane for these yeast strains (room tempera- 
ture, unpublished results) and a corresponding 
electrical field strength of about 10 kV/cm for the 
breakdown pulse, it is possible to calculate 
(according to Eqn. 1) that cell volumes below 15 
/~m 3 no longer break down, while cell volumes 
exceeding 30 /~m 3 lead to breakdown of such a 
large proportion of the membrane surface (more 
than 21%) that the cells are irreversibly destroyed, 
as confirmed experimentally. This is taken into 
account by adding O(15 #m 3 - -  V m )  -'[- O ( V  m - 30 
/~m 3) to the protoplast index. 

A volume distribution skewed to the right 
(larger cells) indicates that the population has too 
high a proportion of large cells in relation to 
'normal '  protoplasts (volume = 20/zm3). For rea- 
sons already outlined above, this leads to a reduc- 
tion in hybrid yield. In order to take into account 
these larger protoplasts, we introduce the parame- 
ter 'modal volume + half-width', abbreviated to 
V h (see Fig. 3). For the volume distributions in 
Fig. 1, this parameter has the value 32/~m 3 (AH22) 
and 29 /~m 3 (AH215) and for those in Fig. 2 33 
/~m 3 (AH22) and 28 /tm 3 (AH215). It can be 
shown experimentally that V h values exceeding 40 
/~m 3 greatly reduce hybrid yield. Therefore, the 
protoplast index is expanded by adding O(V h - 40 
/.t m3). 

A marked skewness to the right (V h > 30/~m 3) 
has a positive effect on hybrid production if the 
modal volume is less than 15/~m 3. This is because 
extreme skewness to the right means that a consid- 
erable proportion of those volumes which are only 
slightly larger than the modal volume are in the 
optimum volume range for fusion. In this case, the 
value O(15 ~m 3 - -  V m )  must be multiplied by 0(30 
/ x m  3 - -  V h ) .  

The final expression for the protoplast index, I, 
which takes into account that the volume distribu- 
tions of both fusion partners (AH22, n = 1; 
AH215, n =2 )  influence the hybrid yield, is 
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calculated in the following way: 

2 

I=  ~ On(15 ttm3- Vm).On(30 ttm3- Vh) 
n = l  

+ O.(Vm --30 ,m 3) + On(Vh --40 ~,m 3) 

+ O n ( D C R  - 0 .25)  + On ( D C R  - 0 . 5 )  (3) 

where DCR is the debris-to-cell ratio. According 
to this method, a protoplast index, 1, of 8 leads to 
an extremely low hybrid yield, whereas a proto- 
plast index of 0 leads to a large number of clones. 

Materials and Methods 

The strains S. cerevisiae AH22 and AH215 are 
of the same mating type. Strain AH22 is char- 
acterized by the double mutation Leu2-3, Leu2- 
112, and the single mutation His4-519. Strain 
AH22 is transformed with plasmid pADH040-2 
which carries the Leu2 gene of yeast and the 
fl-lactamase gene from Escherichia coli. Strain 
AH215 carries the same double mutation Leu2-3, 
Leu2-112, and in addition the double mutation 
His3-11, His3-15. Fusion products of AH215 and 
AH22(pADH040-2) are able to grow in selective 
agar. 

Cells were harvested in logarithmic growth 
phase. Strain AH215 was cultivated in YEP 
medium (1% yeast extract, 2% peptone and 2% 
glucose). The minimal YNB medium (0.67% yeast 
nitrogen base w/o ,  2% glucose supplemented with 
30 /zg/ml histidine) was used for the culture of 
AH22. 

The preparation of protoplasts has been de- 
scribed elsewhere [21]. After treatment in enzyme 
solution (0.1 mM Ca2+-(acetate)2, 0.5 mM Mg 2+- 
(acetate) 2, 50 mM Tris (pH 7.5), 1.2 M sorbitol, 
0.6 m g /m l  zymolyase (100 000 U/g)) ,  yeast proto- 
plasts were washed once in 1.2 M sorbitol and 
divided into 2 aliquots. The first was suspended at 
a suspension density of 3.108 protoplasts per ml 
in pre-incubation medium of the following com- 
position: 1 M sorbitol, 50 mM Tris (pH 7.5) and 
1% yeast extract. These protoplasts were then in- 
cubated for up to 2 days at 29 °C on a rotator (8 
min-1)  to prevent aggregation and sedimentation 
of the protoplasts. The second sample was im- 
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mediately prepared for fusion by washing three 
times in 1.2 M sorbitol. 

In all experiments, the two strains were mixed 
at a ratio of 1 :1  and resuspended to a final 
suspension density of 1.2.10 9 protoplasts per ml. 
The fusion medium consisted of 1.2 M sorbitol, 
0.1 mM Ca2+-(acetate)2 and 0.5 mM Mg 2+- 
(acetate) 2. 

For electrofusion 385 ~1 of this suspension were 
pipetted into each helical chamber (length of elec- 
trodes = 87 cm, electrode distance = 200/~m, dis- 
tance of the electrodes to the jacket wall = 200 
/zm) [21]. Two helical chambers were used in each 
experiment. 

Dielectrophoresis and associated membrane 
contact were achieved with an alternating field of 
275 V / c m  intensity and a frequency of 2 MHz. 
The collection time was 2 rain. 

Fusion was initiated by two pulses of 10 k V / c m  
strength and 10/~s duration. The interval between 
the two pulses was 0.5 s. The alternating field was 
automatically switched off for 10 ms during pulse 
application. 

After application of the two breakdown pulses, 
the cells and hybrids were treated as previously 
described [11,21]. The number of hybrid colonies 
grown on selective agar (3% agar, 0.67% YNB, 2% 
glucose, 1.2 M sorbitol) was counted after 14 days. 

For the control experiments, cell mixtures were 
exposed to the same experimental conditions ex- 
cept for the application of the alternating field 
and the field pulses. 

The treatment of the pre-incubated protoplasts 
was performed in the same way as was described 
for the non-incubated protoplasts after dividing 
into two probes. The media and ingredients used 
here were supplied as specified in Refs. 11 and 21. 

Willsky [22] found that ATPase in the plasma 
membrane of yeast protoplasts is inhibited by 
sorbitol. However, if KC1 is used as the osmotic 
agent the ATPase remains active. Therefore, in 
some experiments protoplasts were prepared using 
0.6 M KC1 as the osmotic agent instead of 1.2 M 
sorbitol. In the incubation medium 0.5 M KC1 
instead of 1 M sorbitol was used. 

The volume distributions of all yeast protoplast 
preparations were measured with a hydrodynami- 
cally focusing particle analyzer (AEG Telefunken 
Model TF) [12]. The hydrodynamical focusing is 

necessary to avoid artifact signals from proto- 
plasts passing the orifice near the wall [23]. For 
the measurements, the protoplasts were trans- 
ferred to a mixture of 0.6 M KC1 and 1.2 M 
sorbitol (ratio, 2 :7 ;  conductivity, 12 m S / c m  at 
21°C). A cylindrical orifice of 60 #m in length 
and diameter was used. The adjustment of the 
particle analyzer for the measurement of the 
volume distributions was: orifice current 0.5 mA, 
gain 160, pressure difference 0.02 MPa. The 
counting rate of the protoplasts was adjusted to 
2000-4000 counts /s  to reduce the probability of 
coincidence within the orifice. 

Results 

Freshly prepared protoplasts of both strains 
exhibit marked variability in modal volume. Pre- 
incubation of protoplasts in YEP medium at 29 ° C 
for different periods of time leads to changes in 
the modal volume. Fig. 4a and b each shows three 
typical measurements of the modal volume for 
AH22(pADH040-2) and AH215, as a function of 
pre-incubation time. For each strain, the time 
dependence of the corresponding mean values for 
the modal volume of eight independent measure- 
ments is illustrated in the insets of Fig. 4a and b, 
together with their standard deviations. 

The variability in modal volume of the different 
protoplast preparations is larger for strain AH22 
than for strain AH215. For freshly prepared pro- 
toplasts of AH22 the mean values are 18 /~m 3 
(_+48%) and for AH215 24/~m 3 (+_26%). During 
the course of pre-incubation, the modal volume of 
protoplast preparations of AH22 and AH215 in- 
creases. This increase can be particularly marked 
when the modal volume of the freshly prepared 
protoplasts is initially low (graph [] in Fig. 4a). On 
the other hand, there is often no change in the 
modal volume if the freshly prepared protoplasts 
are relatively large (e.g., graph O in Fig. 4a). In 
general, we can state that differences in the mean 
value of the modal volume are still relatively high 
(_+ 34% or _+ 50%) for protoplasts of strain AH22 
even after 1-2  days of pre-incubation, whereas for 
protoplasts of strain AH215 they remain relatively 
low (_+ 14% or _+ 12%). The measurements show, 
however, that pre-incubation for a day (or some- 
times 2 days) can lead to an optimum modal 
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Fig. 4. The relationship between the modal volume of protoplasts from the yeast strains AH22 (a) and AH215 (b) and pre-incubation 
time (O,  D, zx = three individual protoplast preparations). If the modal volume of freshly prepared protoplasts is very small there is 
often a marked increase in volume during pre-incubation (D). A nearly constant modal volume is observed if the modal volume of the 
freshly prepared protoplasts is large (O).  This is valid for the protoplasts of both strains. The mean value and the standard deviation 
of the modal volumes from eight experiments are shown by the insets. Modal volumes of 15-30 /~m 3 favour the fusion process. The 
mean value of the modal volume of the protoplasts of strain AH22 increases during pre-incubation (see inset of a) and the standard 
deviation is large compared with AH215 (see inset of b). 

volume for the individual protoplast preparations 
of about 20-25/~m 3. This applies especially to the 
protoplasts of AH22. The decision whether or not 
to carry out pre-incubation must be made accord- 
ing to the value of the modal volume of the freshly 
prepared protoplasts. 

Fig. 5a and b shows the individual measure- 
ments of the debris-to-cell ratio of the volume 
distributions corresponding to Figs. 4a and 4b, as 
a function of the pre-incubation time. In the case 

of strain AH22, it is noticeable that the debris-to- 
cell ratio for both freshly prepared and pre-in- 
cubated protoplasts is subject to considerable vari- 
ation. This indicates that the proportion of debris, 
dead cells and living cells of inadequate size can 
vary in an irreproducible manner, in spite of ap- 
parently constant experimental conditions. Al- 
though the mean of the debris-to-cell ratio de- 
creases with the duration of pre-incubation (inset 
in Fig. 5a), the standard deviation rises dramati- 

o 
i 

oc 0,5 

i a 

L i i 

0 1 2 
Pre- incubat ion  time [dl 

0 ~ ~m o: 0,5 
Pre-lncubahon t e [d] ¢~ 

I b 

= 0 ,,- 
0 1 2 

Pre - incubot ion  time (d] 

0 1 2 
P r e - , n c u ~ t i 0 n  t i m e  Idl  

Fig. 5. Relationship between the 'debris-to-cell ratio' of protoplasts of the yeast strains AH22 (a) and AH215 (b) and pre-incubation 
time. The data are devided from the same volume distributions as in Fig. 4. The debris-to-cell ratio for freshly prepared and 
pre-incubated protoplasts is subject to considerable variation in the case of strain AH22 and AH215. The debris-to-ceU ratios of 
strain AH215 are lower than those of strain AH22. This means that the fusion process is less inhibited by cell debris and small 
protoplasts. 
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Fig. 6. Relationship between the V h value ( 'modal  volume+half -width ' )  of protoplasts of the yeast strains AH22 (a) and AH215 (b) 
and pre-incubation time. The data are derived from the same volume distributions as in Fig. 4. If the V h value of freshly prepared 
protoplasts is very small there is often a marked increase in this value during pre-incubation ([] in a and b). A nearly constant  V h 
value is observed if the V h value of the freshly prepared protoplasts is large (O in a and b). The mean value of the volume V h of both 
strains is increased during pre-incubation (see inset of a and b). There is less variation in the V h value of strain AH22 than in the 
modal volume (see Fig. 4) which indicates that the upper volume of the protoplasts of this strain is relatively fixed. 

cally. In the case of strain AH215, the mean value 
of the debris-to-cell ratio for freshly prepared 
protoplasts is about half that of strain AH22, and 
the ratio is considerably reduced after 1 day of 
pre-incubation, particularly if the initial debris- 
to-cell ratio were very high. This indicates that 
those cells that were too small increase in volume 
during pre-incubation time and, therefore, shift 
the debris-to-cell ratio towards a more favourable 
level, which is also true if the protoplasts were 
prepared and pre-incubated in isotonic KC1 solu- 
tion (not shown). 

Fig. 6a and b shows the corresponding mea- 
surements of the V h value as a function of pre-in- 
cubation time. The V h value (modal volume + 
half-width) characterizes the right side of the 
volume distribution. As demonstrated by the indi- 
vidual measurements and the standard deviation 
of the mean value (see inset of Fig. 6a), there is 
much less variation in the V h value of strain 
AH22 than in the modal volume. This indicates 
that the protoplasts of this strain have relatively 
fixed upper and lower volume limits, although the 
modal volume can vary considerably within these 
limits. 

In the case of strain AH215, the variations in 
both the V h value and the value of the modal 

volume are roughly the same. In general, we can 
state that protoplasts prepared from strain AH22 
have a volume distribution which deviates much 
more from the normal distribution than that of 
strain AH215. 

The V h value usually increases with pre-incuba- 
tion time (however, see Fig. 6a and b for excep- 
tions) and the increase is more marked for strain 
AH22 than strain AH215. After 2 days of pre-in- 
cubation, extremely unfavourable values are ob- 
tained. However, it should be noted that after 2 
days of pre-incubation the mean V h value of 
strain AH215 is no longer favourable either (43 
/~m 3) according to the upper limits given above. 
Experiments with protoplasts which were pre- 
pared and pre-incubated in isotonic KC1 solution 
show the same trend in the V h value according to 
the duration of pre-incubation. 

Fig. 7 shows the hybrid yields obtained by 
fusion of the two parental strains as a function of 
pre-incubation time. The hybridization was per- 
formed between the appropriate protoplast pre- 
parations of strains AH22 and AH215, following 
the periods of pre-incubation given in Figs. 4-6. 
The hybrid yield is the mean value of the clones 
from two identically treated helical chambers, each 
containing aliquots of the same protoplast mix- 



~: 1000( 

500( 

>- 

0 1 2 
Pre-incubofion time [d ] 

Fig. 7. The effect of pre-incubation of protoplasts of the strains 
AH22 and AH215 on the hybrid yield. Aliquots from the 
protoplast preparations which were used for the fusion experi- 
ments on day 0 (freshly prepared protoplasts) were pre-in- 
cubated and used for the fusion experiments on days 1 and 2. 
Each mean value in this histogramm is calculated from eight 
fusion experiments. After 1 day of pre-incubation, the mean 
value of the hybrid yield is higher than the mean value of 
freshly prepared protoplasts; however, the standard deviation 
is around 50%. This means that the hybrid yield after 1 day of 
pre-incubation is equal to or higher than the fusion yield 
obtained with non-incubated protoplasts. 

ture. Fig. 7 shows that on average a 1-day pre-in- 
cubation period results in an increase in hybrid 
yield, but that it is not possible, because of the 
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Fig. 8. The strong correlation between hybrid yield and proto- 
plast index calculated from the volume distributions of both 
fusion partners (see Eqn. 3), indicates that the shape and the 
modal volume of the volume distribution of each fusion partner 
strongly affects the hybrid yield. Most protoplast preparations 
yield a protoplast index number in the range of 1-4; index 
numbers 5 and 8 have not been observed. 
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high standard deviation (_+40%), to establish a 
clear correlation between absolute hybrid yield 
and the duration of pre-incubation. 

If we evaluate the individual parameters of the 
volume distribution curves corresponding to AH22 
and AH215 and substitute them into Eqn. 3 used 
to calculate the protoplast index, we find a defi- 
nite correlation between protoplast index and ab- 
solute yield which is in the range of 2000-10000 
hybrids per helical chamber (Fig. 8). The mean 
error in the yield as a function of the protoplast 
index is about 15%. This is a small error which 
approximates the error introduced by the varying 
geometry of the manually produced helical cham- 
bers and inaccuracies in pipetting. 

Discussion 

The results reported here demonstrate that the 
volume distributions of yeast protoplast prepara- 
tions determine the absolute yield of hybrids ob- 
tained by electrofusion. Measurement of the 
volume distributions of the fusion partners and 
their evaluation by means of the protoplast index 
method developed here, provides an objective 
means of determining whether a high yield of 
hybrids can be expected and, therefore, whether 
one should make appropriate modifications prior 
to carrying out fusion. In principle, one might 
increase the yield of hybrids from the fusion of 
given protoplast preparations using the protoplast 
index as a guide. For the two yeast strains dis- 
cussed here, we have been able to show that 
considerable increases in yield can be obtained by 
preincubating the protoplasts in solutions of ap- 
propriate composition, provided that the volume 
distributions and /o r  the proportion of debris and 
cells of inadequate size were unfavourable in the 
freshly prepared protoplasts. Depending on the 
nature of the original protoplast volume distribu- 
tion, pre-incubation can favourably influence the 
hybrid yield. 

Another way of optimizing the yield of hybrids, 
even when the protoplast index is high, is by 
adapting the electrical parameters to the measured 
volume distributions as described previously 
[1-10]. Eqn. 1 represents the basis for the recalcu- 
lation of the electrical parameters. Which of these 
procedures is chosen will depend on the nature of 
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the cells used and  the aims of  the research. 
Some p re l iminary  volume d i s t r ibu t ion  measure-  

ments  in our  l abo ra to ry  as well as F A C S  cell size 
measurements  (G.A.  Neil l ,  Research  Ins t i tu te  of 
Scr ipps  Clinic, La  Jolla,  U.S.A.,  persona l  com-  
munica t ion)  carr ied out  on s t imula ted  lympho-  
cytes  and mye loma  cells demons t r a t e  that  the 
index me thod  can also be  app l ied  to this im-  
p o r t a n t  fusion sys tem b y  using the adequa te  l imits  
of  Eqn. 3. I t  can be shown that  these fusion 
par tners  are also subject  to cons iderab le  var ia t ion  
in the shape of their  volume dis t r ibut ions ,  so that  
it  is easy to unde r s t and  why the yield of  hy- 
b r idomas  using e lec t rofus ion has  been repor ted  to 
be highly var iable  [10]. 

These p re l imina ry  exper iments  show that  by  
varying the cul ture  or  p re - incuba t ion  condi t ions ,  
the moda l  volume and  skewness of the vo lume 
d is t r ibu t ions  of  m y e l o m a  cells (but  also of  
lymphocytes )  can be changed in a reproduc ib le  
manne r  op t ima l  for  hybr id  yield.  
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