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The purpose of this work was to test protoplast fusion and 
continuous cultivation as microbial strain improvement 
methods. The aim was to improve the acetic acid tolerance 
of baker's yeast (Saccharomyces cerevisiae) by 
transferring the ability from a sour dough yeast by proto
plast fusion, especially electrofusion, and by selecting 
and isolating an acetic acid tolerant baker's yeast mutant 
in a turbidostat. The use of such a yeast would improve 
the economy of sour bread making process as well as the 
yeastlike off-favour in sour bread would be avoided due to 
the decreased amounts of used baker's yeast. Recombinant 
DNA methods cannot be used, because the actual mechanism 
of acetic acid tolerance is unknown and may be controlled 
by several unidentified genes.
The protoplast formation and yield is affected by several 
factors including medium, growth conditions, strain, lytic 
enzyme system, osmotic stabilizers, pH, buffers, and 
incubation time. Protoplasts can be fused either by 
chemical induction (generally with polyethylene glycol, 
PEG) or by electric shock, i.e., electrofusion.
Fusion products were isolated after PEG-induced protoplast 
fusion and electrofusion optimized for baker's and sour 
dough yeasts. Only the fusion products constructed by 
electrofusion were stable during the stability test. In 
laboratory scale cultivation that was optimized for 
baker's yeast, the fusion products were, however, either 
overgrown by few revertants or reverted back to baker's 
yeast.
The operating principle of a turbidostat is based on the 
maintenance of a constant culture volume at a constant 
population density, i.e., a constant culture absorbance. 
Acetic acid tolerant baker's yeast mutants were isolated 
in a turbidostat under continuous acetic acid selection 
pressure. One of the mutants showed increased acetic acid 
tolerance when tested in laboratory scale.
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Työn tarkoituksena oli tutkia protoplastifuusiota ja 
jatkuvaa kasvatusta mikrobikantojen parannusmenetelminä. 
Tavoitteena oli parantaa leivinhiivan (Saccharomyces 
cerevisiae) etikkahapon kestokykyä siirtä-mällä ko. kyky 
hapantaikinahiivasta protoplastifuusion avulla sekä 
valikoimalla ja eristämällä ko. hiivamutantti turbido- 
staatissa. Tällainen hiivamutantti parantaisi hapanleivän 
tuotantoprosessin kannattavuutta ja vähentäisi hapanleivän 
hiivaperäisiä makuhaittoja, koska käytettävän leivinhiivan 
määrä pienenisi. Yhdistelmä-DNA-menetelmiä ei voida käyttää, 
koska etikkahapon kestokyvyn mekanismia ei tunneta ja koska 
sitä luultavasti säätelevät useat tunnistamattomat geenit.

Protoplastien muodostumiseen ja saantoon vaikuttavat mm. 
kasvatusalusta, kasvatusolosuhteet, mikrobikanta, lyyttinen 
entsyymisysteemi, osmoottiset stabilaattorit, pH, puskurit 
ja käsittelyaika. Protoplastit voidaan pakottaa fuusioi
tumaan joko kemiallisesti, esim. polyetyleeniglykolin (PEG) 
avulla, tai sähköisesti (elektrofuusio).
Fuusiotuotteita eristettiin sekä PEG protoplastifuusion 
että elektrofuusion avulla. Menetelmät oli optimoitu leivin- 
ja hapantaikinahiivoille. Ainoastaan elektrofuusioila 
muodostetut fuusiotuotteet olivat pysyviä stabilisuustestin 
aikana. Kun fuusiotuotteet testattiin leivinhiivalle opti
moidussa laboratoriomittakaavaisessa kasvatuksessa, ne 
palautuivat takaisin leivinhiivaksi.
Turbidostaatissa pidetään kasvatusti1avuus ja solutiheys 
vakioina mittaamalla kasvuston sameus. Hiivamutantit 
eristettiin kasvattamalla leivinhiivaa turbidostaatissa 
etikkahapon läsnäollessa. Yksi eristetyistä etikkahappoa 
kestävistä hiivamutanteista säilytti uuden omineisuutensa 
laboratoriomittakaavaisessa testauksessa.
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INTRODUCTION

In biotechnology, living systems are exploited for production 
of specific metabolites, for transformation of certain chemical 
compounds, or in recycling processes. The microorganisms are 
generally isolated from nature with specific screening and 
enrichment techniques. These so-called wild strains naturally 
show a biotechnological productivity is far from the level 
that justifies a process economy. Therefore the productivity 
of microorganisms has been improved by optimization of the 
environmental conditions, such as culture medium, temperature, 
pH, and oxygen supply. Concominant with increasing knowledge 
of the biosynthetic pathways, physiological parameters are 
also manipulated, e.g. by addition of precursors or metabolic 
inhibitors. These techniques only unveil the inherent capasity 
of the microorganism, which is fixed in its genotype. In 
order to exceed these limits, an alternation of the genotype 
is required. In the first attempts the better producing strains 
were selected from spontaneous mutations. The first 
experimental attempts involved enlarging the variability of 
the genotype by inducing mutations prior to selection. This 
"classical" method had success e.g. in the improvement of the 
penicillin producing strains.

Stimulated by the progress in genetics, a third parameter 
became more and more essential for strain improvement : 
recombination. To obtain recombination it is necessary to 
bring the genetic material of different microorganisms 
together. This hybridization can be achieved apart from the 
classical sexual procedures by so-called parasexual procedures 
and at present by genetic engineering.

A joint of all these three parameters - selection, mutation, 
and recombination - is now the most effective and successful 
method for strain improvement. Strain improvement alone is, 
however, not sufficient for economic production. The same
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emphasis has to be put on maintenance of productivity, i.e., 
once a strain has achieved a certain level of productivity, 
this level must be maintained over many cell generations.
Thus, no strain improvement is successful unless stability of 
the genetic material is achieved.

A baker's yeast with improved acetic acid tolerance would be 
needed in baking industry. The use of such a yeast mutant 
would improve the economy of sour bread making process and 
the yeastlike off-flavour in sour bread would be avoided due 
to the decreased amounts of used baker's yeast. Nowadays, the 
bakeries must use large amounts of traditional commercial 
baker's yeast for raising the sour doughs, because S. 
cerevisiae yeast strain have poor acetic acid tolarance (Suihko 
and Mäkinen, 1984 ; Pons et al.. 1986). The mechanism of acetic 
acid inhibition for ethanol fermentation by yeast has proved 
to be complicated (Maeson and Lako, 1952 ; Samson et al. .
19 55 ; Fend, 1960) , initiated by a rapid penetration of acetic 
acid into the yeast cells, where the dissociated acetate 
anion acts as an inhibitor (Suomalainen and Oura, 1955). 
Recombinant DNA methods can not be used, because acetic acid 
tolerance is controlled by several unidentified genes (Korhola, 
1987) .

The aim of this study was to improve the acetic acid tolerance 
of baker's yeast (Saccharomyces cerevisiae) by transferring 
the ability from a sour dough yeast, e.g. Candida holmii (ex. 
Torulopsis holmii), C. milleri. S. unisporus. by protoplast 
fusion, especially electrofusion, and by selecting and 
isolating an actic acid tolerant baker's yeast mutant in a 
continuous cultivation vessel (a turbidostat).
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THEORETICAL PART

1. PROTOPLAST FUSION

1.1 Protoplast formation

Over the past 20 years the formation of protoplasts from 
microbial cells has been intensively studied. Bacteria and 
fungi, including yeasts, have rigid, mainly polysaccharide 
cell walls that give a characteristic morphology to the cells 
and provide support and protection to the enclosed membrane 
and protoplasma. The rigid cell wall can be partially or 
totally removed by enzymatic digestion, leaving spheroplasts 
or protoplasts in a osmotically stabilized conditions. The 
term "protoplast" is normally used to describe a naked cell 
completely devoid of cell wall residues, i.e., either remants 
of the old cell wall or elements of the new one, while the 
terms "spheroplast", "spheroplast-protoplast", and 
"protoplastlike structure" are used, when some wall material 
could be or is present (Davis, 1985). Protoplasts represent 
the organized entities of the living components of cells, 
which can carry out active metabolism and energy transfer. 
They, thus, provides a means of studying a wide range of 
cellular, biochemical, and genetic processes.

The formation and isolation of protoplasts limit the need for 
drastic treatments that are generally used for obtaining cell 
fractions for metabolic and genetic investigations. It is 
normally desired to obtain the maximum yield of protoplasts 
in the shortest possible time to limit any metabolic or 
structural changes due to prolonged treatment for obtaining 
protoplasts. The factors affecting protoplast isolation and 
yield include the medium and growth conditions of the 
microorganism, the physiological age and strain of the
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microorganism, the lytic enzyme system, osmotic stabilizers, 
and incubation time. Because of the diversity of a wall 
structure within microorganisms, it is impossible to use 
identical techniques and conditions for protoplast isolation. 
Therefore the optimal conditions need to be determined for 
each species and strain; however, the cell wall composition 
of closely related microorganisms can be used to give 
guidelines on which specific enzymes could be used. In the 
following paragraphs the composition of cell wall as well as 
the parameters affecting protoplast isolation of baker's 
yeast are discussed. Similar data for sour dough yeasts have 
not been published.

1.1.1 Cell wall and membrane

The understanding of cell wall structure and its chemical 
composition is necessary for finding an efficient method for 
enzymatic removal of cell wall and subsequent protoplast 
liberation, as well as for creating the optimal conditions 
for complete cell wall regeneration and reversion of 
protoplasts into normal cells. The functions of cell wall are 
as follows :

(1) Formation of a rigid, mechanical barrier on the surface 
of the cell, thus, determining the shape of the cell 
(Farkas, 1985).

(2) An osmotic protector to the protoplast, preventing it 
from uncontrolled expansion and bursting in the 
normally hypotonic environment (Farkas, 1985).

(3) The site of various extracellular enzymes engaged in 
the exchange of nutrients and/or products of metabolism 
as well as hydrolysis of cell wall components during 
cell wall expansion (Lampen, 1968 ; Rosenberger, 1979).
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(4) A carrier of specific surface antigens characteristic 
of the particular cell and the role in cell recognition 
in various cell interactions (Ballou and Raschke, 1974 ; 
Sharon, 1975).

(5) A source of reserve carbohydrates, which can be 
reutilized under limiting conditions or in certain 
stages of the life cycle (Lyons and Hough, 1970 ; 
Zonneveld, 1972).

(6) The presence of the normal cell wall on the surface of 
regenerating protoplast is indispensable for protoplast 
reversion and cytokinesis (Ñecas, 1971; Peberdy,
1979b).

The chemical composition of the cell walls is closely 
correlated with the taxonomic classification of microorganisms. 
The chemical composition of cell walls from different 
microorganisms (see reviews by Bartnicki-Garcia, 19 68 ; Phaff, 
1977) has been published. Unfortunately, the quantitative 
data obtained from chemical analyses of cell walls can be 
taken in most cases only as roughly information because of 
the resistance of cell walls to dissolution, the insoluble 
wall residues during chemical and enzymatic treatments, the 
formation of degradation products, and the methods of cell 
wall isolation and purification (Work, 1971). In general, 
cell walls are composed of homo- and heteropolysaccharides, 
proteins, protein-polysaccharide complexes, and variable 
amounts of minor constituents such as lipids and melanins 
(Bartnicki-Garcia, 1968; Rosenberger, 1976). Skeletal
polysaccharides and polysaccharides of the wall matrix 
represent up to 75 % of the dry weight of the most cell walls. 
Skeletal polysaccharides, such as /3-glucan, chitin, and 
cellulose, are water-insoluble and highly crystalline. They 
give the cell wall mechanical rigidity and maintain its shape. 
The polysaccharides of the wall matrix are usually amorphous, 
or slightly crystalline, homo- and heteropolymers, often
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chemically associated with proteins. They fill the space 
between skeletal polysaccharide microfibrils (Farkas, 1985).
The cell wall components are generally in layers. The skeletal, 
microfibrillar wall components are embedded in an amorphous 
polysaccharide and protein-polysaccharide matrix. The outer 
surface of the wall is usually smooth, while the skeletal 
polysaccharide microfibrils are on the inner surface of the 
wall. The individual layers, however, merge one into another. 
The outermost wall layer is smooth, composed of mixed a- and 
/З-glucans (Burnett, 1979).

The yeast cell wall contains two species of /З-glucan. One is 
an insoluable, high-molecular-weight /3-1,3-glucan containing 
about 3 % of /3-1,6 linkages, whereas the second one is 
relatively soluble /З-glucan containing predominantly /3-1,6 
linkages with about 19 % /3-1,3 linkages (Manners et al. .
1973a; 1973b) . Chitin usually is covalently complexed with ß- 
glucan (Seitsma and Wessels, 1979). It is linear, /3-1,4-linked 
homopolymer of N-acetyl-D-glucosamine. The adjacent chitin 
chains are linked to sheets by hydrogen bonds between the 
amide groups (Walton and Blackwell, 1973). Yeast cell wall 
contains two mannan types differing in size, structure, and 
mode of attachment to protein (Nakajima and Ballou, 1974a; 
1974b). Two layers of wall material can be recognized in the 
cell wall of S. cerevisiae. The outer wall layer is made of 
mannan-protein in which the individual molecules are cross- 
linked by disulfide bridges between their protein moieties.
The cross-linking forms a permeability barrier against the 
escape of wall-located enzymes and against the penetration of 
extracellular glucanases to the internal wall layer made of 
/0-1,3- and /3-1,6-glucan (Arnold, 1972) . Enzymatically active 
mannoproteins are located adjacent to the plasmalemma 
(Linnemans et al.. 1977). This material is loosely bound to 
the cell wall. The chitin in the cell walls is located in the 
primary septum as a complex with /З-glucan, but some chitin 
(less than 10 %) is also found in lateral walls complexed 
with /3-1,6-glucan (Molano et al. . 1980) . The chemical
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composition of the isolated cell walls from S. cerevisiae is 
given in Table 1. Cell surface is illustrated in Fig. 1.

Table 1. Chemical composition of isolated cell walls from
Saccharomyces cerevisiae (Farkas, 1985).

Component % of wall dry weight

Glucose 35.2
Mannose 20.0
Galactose -

Galactosamine -
Glucosamine 2.1
Protein 15.6Lipid 2.7

All cells are enclosed by a cell membrane consisting of lipid 
bilayer in which proteins are embedded. The type of lipids 
and proteins varies from cell to cell. S. cerevisiae 
synthesizes and incorporates sterol into its cell membrane.
In addition its membrane contains a mixture of phospholipids, 
including sphingolipids, cardiolipin, phosphatidylserine, 
phosphatidylethanolamine, phosphatidylcholine, and 
phosphatidylinositol. The lipid composition of yeast membranes 
varies considerably due to cultural conditions. The membrane 
lipids and their biosynthesis has reviewed by Henry (1982).
The membrane proteins participating in the secretory processes 
has also been studied (Schekman and Novick, 1982). No special 
membrane components have been identified as essential for 
the segretory processes. The acetic acid sensitivity of S, 
cerevisiae may be connected to the membrane and active 
transport through it. In general, active transport is mediated 
by a specific transport protein, operates against a 
concentration gradient, and reguires, thus, energy, i.e., ATP 
(adenosine 5'-triphosphate). S. cerevisiae is known not to 
have the first step of the mitochondrial oxidative
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phosphorylation, i.e., the phosphate transfer potential of 
ATP in S. cerevisiae is less efficient than e.g. in Candida 
yeasts. S. cerevisiae is, thus, able to produce only 28 
molecules in stead of 38 molecules of ATP from the aerobic 
oxidation of one glucose molecule (Korhola, 1987). The method 
of acetic acid/acetate transport is, however, unknown. Acetic 
acid/acetate acts as an inhibitor in the induction of the a- 
methylglucoside transport and may, thus, be connected more 
widely to the transport phenomena in Saccharomyces yeast 
(Cooper, 1982).

Fig.1. The Saccharomyces yeast cell surface. (G) glucan?
(M) mannoprotein; (PE) periplasmic enzymes; (PM) 
plasma membrane ; (IP) integral membrane protein ; 
(PP) peripheral membrane proteins (Schekman and 
Novick, 1982).
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1.1.2 Yeast cells

The unicellular organisms, like yeasts, probably represent 
the most convenient group of microorganisms for obtaining 
relatively easily homogenous protoplast populations. The 
unicellular protoplasts emerge normally through a pore in 
the cell wall produced by the action of the lytic enzyme system 
either at or near one of the poles of the cell or in an 
eguatorial position. Cell wall can be digested totally in 
prolonged incubations (Peberdy, 1972).

Yeasts may respond to environmental conditions in many ways 
and, thus, the nature of the growth medium and culture 
conditions affect protoplast isolation. The influence of 
culture age on protoplast isolation is better documented than 
medium effects and growth conditions. In general, cells to be 
converted into protoplasts should be in the rapid growth 
phase, i.e., in early exponential phase of growth. Cells in 
stationary or late stationary phase of growth can yield 
protoplasts, but the process takes considerably longer due to 
the resistance of cell walls to lysis, is frequently far from 
complete, and requires high concentrations of lytic enzyme(s) 
and special treatment conditions (Deutsch and Parry, 1974; 
Peberdy, 1976 ; Schwencke et al.. 1977).

Pretreatment of the cells can also affect protoplast yield. In 
general, pretreatment involves incubating the cells with an 
appropriate thiol compound or detergent for up to an hour. The 
thiol compounds cleave the disulphide linkages in the cell 
wall making it more susceptible to enzyme treatment (Peterson 
et al.. 1976), while detergents are involved in the removal of 
lipid compounds (Davis, 1985). Cells are harvested, washed in 
a buffer, and resuspended in a buffered medium containing the 
appropriate lytic enzyme system and osmotic stabilizer for 
protoplast formation. The effectiveness of pretreatment on 
protoplast isolation is influenced by a number of factors,
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including the age and growth conditions of the culture, the 
strain of microorganism, the pretreatment medium and subsequent 
treatment conditions, and the lenght of time for pretreatment 
and treatment (Davis, 1985). Pretreatment of yeast cells with 
thiol compounds, like 2-mercaptoethanol (Taya et al.. 198 4 ;
Kim and Seu, 1985 ; Gyuris and Duda, 1986 ; Brigidi et al..
1988) or dithiothreitol (de Figueroa et al.. 1984a), has 
improved protoplast yields, particularly if EDTA and Tris 
were also included in the pretreatment medium. 2-mercapto
ethanol has also been added to the lytic enzyme incubation 
medium to faciliate protoplast formation (van Solingen and 
van der Plaat, 1977 ; Seki et al.. 1983 ; Johansson and Sjöström, 
1984 ; Farahnak et al.. 1986). In the yeast protoplast 
electrofusion experiments, cells were pretreated either with 
pronase (Halfmann et al.. 1982) or with mercaptoethanol 
(Schnettler et al.. 1984 ; Schnettler and Zimmermann, 1985 ; 
Förster and Emeis, 1985). Halfmann et al.. who fused later in 
1983 protoplasts without pronase pretreatment, stated that 
residues of pronase absorbed onto the outer membrane got 
incorporated into protoplasts and, thus, reduced the 
regeneration of fusion products.

1.1.3 Lytic enzyme systems

A huge variety of different types of lytic enzyme systems has 
been used for protoplast isolation, because the isolation 
procedures vary among species or even among different trophic 
forms of the same species. The cell wall digestion by 
mycolytic enzymes is most widely used for protoplast isolation. 
The preparations are typically "coctails" of several enzymes, 
but the full profile of components is, however, unknown in 
most cases. Even though the components of a lytic enzyme 
system are known, their significance in the overall lysis of 
cell wall is not often understood. The arrangement of various 
cell wall components in various species and strains affects the
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efficiency of the lytic enzyme systems as well. Mycolytic 
enzymes currently in use are derived from animals and 
microorganisms and some of them are commercially available 
(see reviews by Hamlyn et al. (1981) and Brown et al. (1986)). 
Other commercial products developed for specific applications 
(e.g. brewing and paper manufacture) were recently found to 
have side activities that are effective in the digestion of 
cell walls. Some enzymes have even been obtained from autolyzed 
fungal cultures.

First reported in 1914 by Giaja, the gastric juice from the 
snail Helix pomatia has been widely used as a mycolytic enzyme. 
It is available under several trade names (Helicase,
Glusulase, /З-Glucuronidase) . At least 30 different enzymes 
have been detected in snail gastric juice, of which 20 are 
polysaccharases (Holden and Tracey, 1950). First used by Eddy 
and Williamson in 1957, snail digestive juices has been 
utilized successfully to obtain protoplasts from S. cerevisiae.

The important lytic enzyme originating from bacteria and used 
widely for yeast protoplast isolation is Zymolyase 100T,
5 000, and 60 000 produced from Arthobacter luteus in Japan.
The key components are /3-1,3-glucan laminaripentaohydrolase 
that hydrolyses linear glucose polymers with /3-1,3-linkages 
and releases specifically laminaripentose as the reaction 
product. Other activities include /3-1,3-glucanase, protease, 
and mannanase (Kitamura et al.. 1974). The incubation time 
varies from 30 min (Johansson and Sjöström, 1984) up to 4 
hours (Seki et al.. 1983), while the incubation temperature 
lies between room temperature (Seki et al.. 1983) and 37°C 
(Schnettler et al.. 1984). Nowadays, Zymolyase appers to be 
the most applied lytic enzyme system used for the yeast 
protoplast isolation, and it was, thus, used in the 
experimental part of this study.

The enzymes originating from fungi are not used specifically 
for yeast cell wall lysis. They, however, contain side
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activities that have proved to be very effective for this 
purpose. Novozym 234 induces lysis of several fungal species, 
including yeasts (Stephen and Nasim, 1980; Brigidi et al..
1988 ; Miekle et al.. 1988), due to the presence of three 
polysaccharases (chitinase, /3-1,3-glucanase, and a-1,3- 
glucanase). Cellulases have mainly been used for the isolation 
of filamentous fungal protoplasts.

Although commercial enzymes are convenient to use, many 
scientists, especially those interested in the filamentous 
fungi, manufacture lytic enzymes from other microorganisms 
for more efficient protoplast isolation. A wide range of 
microorganisms, e.g. Oerskovia (Bos, 1985) and Streptomvces 
(Peberdy and Gibson, 1971) has been used to produce enzymes 
capable of totally or partially digesting the cell walls of 
filamentous fungi. This type of lytic enzyme systems are 
generally not applied in yeast protoplast isolation. Borgers 
and Percival (1987) used, however, lyticase enzyme isolated 
from the culture supernatant of 0. xanthineolvtica for the 
isolation of S. cerevisiae protoplasts.

1.1.4 Osmotic stabilizers

A wide range of osmotic stabilizers including inorganic salts, 
sugars, and sugar alcohols have been used to stabilize 
protoplasts. The type and concentration of osmotic stabilizer 
influence the yield and the stability of protoplasts; these 
factors also depend on the microorganism, and there is no 
"universal" stabilizer suitable for all microorganisms. Sugar 
alcohols and sugars (e.g. mannitol, sorbitol, glucose, 
galactose) are generally more suitable for yeasts and inorganic 
salts (e.g. NaCl, KC1, (NH4)2S04> MgS04) for filamentous 
fungi. The addition of CaCl2 to the isolation medium may also 
enhange protoplast release and stabilize formed protoplasts, 
because it may be required for the optimum activity of the
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lytic enzyme(s) (Thomas and Davis, 1980).

The sorbitol concentration for protoplast isolation from S. 
cerevisiae varies between 0.6 M (Chang et al.. 1987) and 1.4 
M (Weber and Spata, 1981) (Table 2). The generally used 
sorbitol concentration in yeast protoplast electrofusion 
(Halfmann et al.. 1982; 1983 ; Schnettler et al.. 1984 ; Forster 
and Emeis, 1985) and transformation (e.g. Penttilä et al., 
1987) experiments is, however, 1.2 M.

1.1.5 Other factors

In general, temperature and pH effects are related to the 
activities of the lytic enzyme systems and osmotic stabilizers. 
Unfavorably high temperatures may cause agglutination of 
certain organelles in isolated protoplasts, whereas low 
temperatures may affect protoplast membrane stability. The pH 
of the incubation medium may affect protoplast yield, mainly 
by influencing lytic enzyme activities (Davis, 1985).

The choice of a buffer in the incubation medium can affect 
the rate of protoplast isolation and yield. The phosphate 
buffers can interfere with osmotic stabilizers and lytic 
enzyme activities; if phosphate buffers are used, a low 
concentration is normally recommended (Davis, 1985). Examples 
of buffers, pH, and incubation temperatures used for the S. 
cerevisiae protoplast isolation are shown in Table 2.
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Table 2. Buffers, pH, incubation temperatures, and osmotic 
stabilizers used for the Saccharomyces cerevisiae 
yeast protoplast isolation.

Buffer pH T
oC

Osmotic
stabilizer

Reference

Novozym
Phosphate 
(50 mM)

7.5 30 KC1
(0.6 M)

Brigidi et 
al., 1988

MES/KOH 
(100 mM)

6.0 28 Sorbitol 
(1.2 M)

Miekle et 
al., 1988

Snail enzyme
EOT A 
(10 mM)

7.5 30 Sorbitol 
(0.8 M)

de van Broock 
et al.. 1981

- - 30 Sorbitol 
(1 M)

Pina et al.. 
1986

Citrate- 
phosphate 
(100 mM)

6.1 30 Sorbitol 
(0.6 M)

Chang et 
al., 1987

Na-acetate 
(100 mM)

5.3 37 Sorbitol 
(0.7 M)

Iserentant 
& van de 
Spiegle, 1988

Zymolyase
Tris 
(100 mM)

7.5 37 Sorbitol 
(1.2 M)

Halfmann et 
al., 1982

Phosphate 
(133 mM)

7.5 RT KC1
(1.5 M)

Seki et al.. 
1983

EOT A 
(10 mM)

- 30 Sorbitol 
(0.8 M)

Tava et al.. 
1984

— - 30 KC1
(0.6 M)

Kim & Seu, 
1985

EDTA-Tris 
(10 mM)

7.5 37 Sorbitol 
(1 M)

Skala et al.. 
1988

RT = room temperature
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1.2 Protoplast fusion

The first documentary evidence of the spontaneous (noninduced 
and noncontrolled) fusion of yeast protoplasts was obtained 
by Müller (1970), who cinematographically followed the process 
of protoplast formation from Candida and Saccharomyces cells. 
In the early experiments on spontaneous protoplast fusion, 
the fusion partners had the same wild-type genetic background 
and the fusion frequencies were low and incalculable. The S. 
cerevisiae yeast protoplast fusion was discovered later by 
Ahkong et al. (1975) as a by-product of experiments in which
the possibilities of fusing the taxonomically distant hen 
erythrocytes and yeast protoplasts were investigated. The 
interspecific cell fusion of such unlike partners was induced 
with polyethylene glycol (later appreviated PEG). In addition 
to the animal-fungal heterokaryons, giant yeast protoplasts 
were formed by protoplast fusion, when yeast protoplasts were 
used in great excess.

In the past years several review papers have been published 
dealing with yeast protoplast fusion and its applications 
(e.g. Stewart, 1978 ; 1980; Peberdy, 1979a ; 1980 ; Ferenczy,
198 0 ; 1981). A number of methodological papers have described 
the basic procedures of fungal protoplast fusion and the 
selection and analysis of the fusion products (e.g. Anne and 
Peberdy, 1975 ; 1976 ; Ferenczy et al. 1975; 1976; Maraz and 
Ferenczy, 1979a). Molecular aspects of protoplast fusion are 
reviewed by e.g. Ferenczy (1981), Zimmermann (1982), and 
Pastushenko and Kuzmin (1988).

The basic procedure of protoplast fusion involves the use of 
two parental strains complementary to each other. Since 
complementation is the basic process for the accomplishment 
of protoplast fusion, for the screening of fusion products 
from the parental strains, and for the testing of fusion 
products, complementary nuclear or mitochondrial mutants are
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used as fusion partners. Their complementation frequency is 
proportional to the fusion frequency. When fused protoplasts 
are regenerated on a selection medium, heterokaryons formed 
from protoplasts undergoing cytoplasmic but not nuclear fusion 
and diploids, aneuploids, or haploid recombinants formed from 
protoplasts undergoing cytoplasmic and nuclear fusion are 
recovered. Although the events of the second class are 
relatively frequent, they are still outnumbered by those 
yielding heterokaryons. Even though the growth of heterokaryons 
is poor, it is enough to interfere with the analysis. The 
growth of these nonproductive heterokaryons can be suppressed 
by using suitable strains, media, or growth conditions. Once 
the heterokaryotic growth has been suppressed, the products 
of nuclear fusion can be isolated (Birkett and Hamlyn, 1985) .

The most widely used genetic markers are based on visually 
different morphology, the production of a particular pigment, 
the requirement for a particular amino acid, or resistance to 
a particular drug. The selection procedures used for the 
recovery of protoplast fusion products have in general been 
based on the procedures used in conventional genetic studies. 
The great majority of cells should be converted to true 
protoplasts, otherwise the frequency of complementation via 
fusion will be extremely low or zero (Ferenczy, 1985). The 
capability to utilize maltose and the acetic acid tolerance 
meet the complementation requirements in this study. Baker's 
yeast can utilize maltose as a carbon source, while sour 
dough yeast grows poorly, if at all, with maltose (Kreger-van 
Rij, 1984). On the other hand, sour dough yeast tolerates 
elevated acetic acid concentrations. These genetic markers 
was used in this study for screening the fusion products 
from the parental strains as well as for testing the fusion 
products.

For high-frequency cell wall regeneration, in most cases the 
protoplasts are generally embedded as a thin layer or overlay 
in osmotically stabilized agar (e.g. Ñecas, 1980) containing
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all the nutrients required by the protoplasts for reversion 
to complete cells. The composition of the medium should be 
selective on the regeneration plates to allow the fused 
protoplasts to revert readily, but to prevent the non- 
complemented cells from growing and developing colonies. The 
frequency of fusion is determined by the ratio of the number 
of colonies growing on minimal medium complemented 
nutritionally and those growing on complete medium (direct 
selection). The colonies growing on non-selective regeneration 
media can be screened for parental and recombinant genotypes 
and, in that case, the frequency of fusion is based on the 
percentage of recombinants obtained (indirect selection) 
(Peberdy, 1979a; 1980; 1987).

1.2.1 Chemically induced protoplast fusion

After isolation the washed parental protoplasts are mixed in 
equal numbers and treated with PEG, a polymer H(OCH2CH2)n0H 
available in a range of grades of mean molecular weights 
between about 200 and about 2000 and used almost exclusively 
as the inducer of aggregation, a precondition for fusion. 
Fusion events are generally assumed to occur after the fusogen 
is washed or diluted away. Protoplast fusion is influenced by 
several factors. PEG of 4000 or 6000 MW (molecular weight) 
are equally effective, but the concentration used is critical. 
30 % PEG is optimal. Below 20 % its stabilizing effect is 
lost resulting in protoplast lysis, whereas at levels higher 
than 30 % the PEG is hypertonic and causes protoplasts to 
shrink and a lower frequency of fusion. PEG is also toxic at 
the higher concentrations. Only short periods of exposure to 
PEG (shorter than 60 min) are necessary to induce protoplast 
fusion; it is assumed that the protoplasts rapidly become 
coated and form aggregates. PEG-induced protoplast fusion is 
influenced by the presence and concentration of various 
cations. The efficiency of PEG is enhanced by the addition of
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Ca2+, 0.01 M being optimal, and by the pH of the medium. In 
the presence of Ca2+, alkaline conditions stimulate the highest 
fusion frequency with the maximum value at pH 9. In the absence 
of Ca2+, fusion is greater at lower pH values. PEG is assumed 
to form a molecular bridge between adjacent membranes 
involving hydrogen bonding in the membrane or indirectly 
utilizing the Ca2 + added to the fusion mixture. In the absence 
of Ca2+, linkages formed by the hydrogen bonds would be 
promoted at lower pH values. Addition of Na+ or K+ to the 
medium decreases the fusion frequency because of their 
preferential binding to the plasma membrane, reducing the 
stimulatory role of Ca2+ (Anne and Peberdy 1975 ; 1976 ; Ferenczy 
et al. 197 5a ; 1976) . Centrifugal force (Ferenczy et al..
1972) or a natural aggregation (Ferenczy et al.. 1975) were 
used to induce aggregation before the introduction of PEG 
(Kao and Michayluk, 1974 ; Wallin et al.. 1974). Recently, 
electric shock either in the presence of PEG (e.g. Weber et 
al.. 1981 a; 1981b; 1981c,) or in its absence (e.g. Halfmann 
et al.. 1982; 1983) has been used as a procedure for the 
protoplast fusion. Electrofusion will be discussed in section 
1.2.2. The requirements for S. cerevisiae protoplast fusion 
are shown in Table 3. The incubation temperature lies generally 
between room temperature and 30°C.

Intraspecific fusion. All the existing data show that the 
protoplast fusion technique is generally applicable for the 
combination of partners belonging to the same species, 
independently of their mating type characteristics. Even if 
haploid partners are fused, a diploid fusion derivative is 
the typical fusion product, though heterokaryons, aneuploids, 
and polyploids do occur (Ferenczy, 1985) .

The complementation frequency varies widely and depends on a 
number of factors. In most cases by using a standard PEG-Ca2+ 
method, the frequencies fall in the range of one 
complementation per 103 to 105 protoplasts, if the ration of 
complementing protoplasts is around 1:1 (Ferenczy, 1985).
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Table 3 . Requirements for fusion of Saccharomyces 
cerevisiae protoplasts.

Type and Additive(s) Treatment Reference
concentration time,
of PEG, (w/v) min

4000; 35% CaCl2 (lOmM) 15 Ferenczy & 
Maraz, 1977

4000; 40% CaCl2 (lOmM) 15-30 van Solingen 
& van der
Plaat, 1977

4000; 40% CaCl2 (lOmM)
+ ethylene 
glycol (5%)

15 Stewart & 
Russell, 1979

4000; 30% CaCl2 (lOOmM) 30 Maraz & Subik, 
1981

4000; 30% CaCl2 (25mM) 10 Tsuboi, 1981
6000; 30% CaCl2 (50 mM) 15 Seki et al., 

1983

4000; 30% CaCl2 (10 mM) 25 de Figueroa 
et al., 1984a

4000; 40% CaCl2 (100 mM) 30 Johansson & 
Sjöström, 1984

4000; 30% CaCl2 (20 mM) 10 Kim & Seu, 1984
4000; 30% CaCl2 (100 mM)

+ dimethyl- 
sulfoxide (15%)

30 Perez et ai., 
1984

3350; 35% CaCl2 (10 mM) 20 Farahnak et 
ai., 1986

6000; 30% CaCl2 (10 mM) 25-30 Gyuris & Duda, 
1986

4000 ; 30% CaCl2 (10 mM) 25 Briaidi et ai.. 
1988

4000; 50% CaCl2 (10 mM) 40 Iserentant &
van de Spiegle, 
1988
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Because of its importance in both basic and applied fields,
S. cerevisiae is one of the most frequently used species. 
Without induction, it cannot conjugate (Svoboda, 1976). If 
protoplasts of complementary auxotrophic strains are induced 
to fuse, the first complemented produts are transitory 
heterokaryons, which either segregate (e.g. Matsuoka et al.. 
1982 ; Morgan et al.. 1982) or undergo karyogamy to yield 
uninucleate cells of elevated ploidy (e.g. Ferenczy and Maraz, 
1977 ; van Solingen and van der Plaat, 1977; Arima and Takano, 
1979; Russell and Stewart, 1979 ; Tsuboi, 1981) .

If protoplasts of complementary auxotrophic haploid strains of 
opposite mating types are fused, the resulting diploid hydrids 
will sporulate; if the fusion partners are of identical mating 
type, the diploids will be stable, with low-level or no 
sporulation. On induced haploidization (e.g. with Benomyl), 
parental auxotrophs and mitotic recombinants can be obtained 
(Ferenczy and Maraz, 1977; Gunge and Tamaru, 1978; Maraz et 
al.. 197 8 ; Russell and Stewart, 1979 ; Tsuboi, 1981). Meiosis 
and spore formation can also be induced in a/a or a/a diploid 
strains, if they are fused with protoplasts of a haploid a or 
a strain, respectively (Tsuboi, 1981). The fusion products 
sporulate without karyogamy and without previous reversion to 
normal cells. Multiple fusion is a normal process resulting 
in diploid, tripled, and tetraploid progeny. Three different 
complementary strains can also yield fusion products, although 
at low frequency: triploid fusion cells can originate from 
both two and three different strains (Arima and Takano, 1979).

A combination of the protoplast fusion technique with the 
classical methods and the advanced knowledge relating to 
Saccharomyces genetics has given the following achievements :

(1) Non-selective transfer of mitochondria via protoplast
fusion ("genetic transformation") together with the 
nucleus, but irrespective of the mating type 
characteristics (Ferenczy and Maraz, 1977; Gunge and
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Tamaru, 1977 ; Maraz et al.. 1978; Maraz and Subik,
1981; Tsuboi, 1981; Morgan et al.. 1982).

(2) Selective transfer of mitochondria by using enucleate 
protoplasts for transfusion (Maraz and Ferenczy,
1979b ; 1980 ; Yamashita et al.. 1981).

(3) Transmission of isolated mitochondria into 
protoplasts, mediated by the PEG-Ca2+ fusion system 
(Gunge and Sakaguchi, 1979 ; Yoshida and Takeuchi,
1980), and transplantation of photosynthetic 
organelles, algal fungi (Kawakami et al.. 1980), and 
bacteria (Yamada and Sakaguchi, 1981) into yeast 
protoplasts.

(4) Transmission of isolated nuclei into protoplasts 
(Becher et al.. 1982).

(5) Transformation of yeast cells with plasmids (first 
reported by Beggs, 1978 ; Hicks et al.. 1978 ; Hinnen et 
al.. 1979) .

(6) Introduction of physical techniques of gene transfer, 
e.g. the application of DNA donors in fusion after 
intense UV treatment (Hockney and Freeman, 1980), and
the use of an electric pulse to increase the frequency 
of fusion (Zimmermann, 1982).

Interspecific and interaeneric fusion. The species boundaries 
in mycology have not been established in every respect. 
Taxonomy reflects genetic relationships. Unfortunately, the 
advanced knowledge of the genetic data is restricted to only 
a few species (Ferenczy, 1985).

The "species" in question are frequently turned out to be so 
closely related genetically that they cannot be considered 
different species. An important criterion of close relatedness
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may be that two haploid nuclear genomes do interact with each 
other to build up a functioning diploid genome, independently 
of the method of bringing them together (Ferenczy, 1985). 
Examples of intraspecific, interspecific, and intergeneric 
protoplast fusion of S. cerevisiae are given in Table 4.

1.2.2 Electrofusion

Methods using fusogenic agents, like PEG (see above) or 
inactivated viruses (e.g. Kao and Michayluk, 1974) have several 
disadvantages. Unphysiological conditions (high/low pH or 
high calsium concentrations) and the interaction of fusogenic 
agents with cell membranes in an uncontrolled manner may 
affect the cell viability. Formation of the desired 
heterokaryons cannot be observed microscopically, fusogenic 
agents do not allow synchronous fusion, and heterokaryon 
yield is typically low. These disadvantages can be avoided by 
using electrofusion, a two step protoplast fusion procedure 
induced by electric field (Zimmermann and Scheurich, 1981; 
Vienken and Zimmermann, 1982 ; Zimmermann, 1982 ; Zimmermann et 
al.. 1984 ; Zachrisson and Bornman, 1986).

Cell alignment. Cells must be brought into close contact with 
each other prior to initiation of protoplast fusion. Cells in 
suspension are not in close contact with each other due to 
Brownian motion and repellant electrostatic forces of the 
membrane surface. Repellant forces are overcome and cell 
membranes brought into close contact by dielectrophoresis 
defined as the movement of a neutral particle in the direction 
of the net force acting on that particle in an inhomogenuous 
electric field (Hub et al.. 1982; Zimmermann and Vienken,
1982). Neutral particle with mobile charges will become 
polarized in an electric field. In an inhomogenuous electrical 
field, field strenghts on both sides of the particle are 
unequal; a net force is, thus, generated resulting in migration



23

Table 4. PEG-induced protoplast fusion of Saccharomyces
cerevisiae with other microorganisms and the 
properties transferred in the fusion.

Second fusion 
partner

Property to be 
transferred

Reference

S. cerevisiae Glycerol
assimilation

Johnsson & Sjöström, 
1984

Killer activity Bortol et al. . 1986 
Chana et al.. 1987

S. diastaticus Starch
assimilation

de Fiaueroa et al. , 
1984a

Flocculation ibid, 1984b
Ethanol production ibid. 1985
Dextrin & starch 
assimilation

de Figueroa & de van 
Broock, 1985

S. uvarum Genetic markers Skatrud et al. , 1980

Killer activity
Dextrin
assimilation

Janderova et al.. 
1986

Methionine
production

Briaidi et al. . 1988

S. mellis Improved glucose 
fermentation

Legmann & Margalith, 
1983

C. tronicalis Genetic markers Kim & Seu, 1985
C. utilis Genetic markers Perez et al.. 1984
Z. fermentatii Lactose

assimilation
Pina et al., 1986 
Skala et al.. 1988

K.lactis Lactose
assimilation

Tava et al.. 1984

K. f racrilis Lactose
assimilation
Ethanol production

Farahnak et al.. 
1986

S. =Saccharomvces. C. = Candida. Z. = Zvqosaccharomvces. and 
K. = Kluweromvces
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Fig. 2. Diagrammatic presentation of a neutral particle
in an electric field. A dipole is induced in the 
particle in response to the field, (a) In an 
inhomogenuous electric field, neutral particles 
are able to migrate, because the field intensity 
is not egual on both sides, resulting in a net 
force, termed dielectrophoresis. (b) The direction 
of dielectrophoresis is independent of the 
polarity of the field. In an alternating field 
all particles will move in the direction of 
higher field strenghts. (c) The particles are 
attracted to each other due to their dipoles.
This leads to the formation of pearl chains of 
cells (Zimmermann, 1983).

of the particle in the direction of the highest field 
intensity (Fig. 2) (Zimmermann, 1983). In an inhomogenuous 
alternating current field, cells lose their ability to migrate 
by virtue of their surface charge. Net surface charges are 
overcome by polarization, and migration is due mainly to 
dielectrophoretic forces. As cells migrate toward the region
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of highest field intensity, they attract each other because 
of dipole moments established in the homogeneous field. This 
dipole attraction results in the formation of chain-like 
aggregates resembling pearl chains. The formation of pearl 
chains during didelectrophoresis requires a low-conductivity 
medium. If the fusion medium contains the excess of 
electrolytes, application of an electric field will cause 
heating and, thus, turbulence which will disrupt pearl chains 
and the fusion process. Osmolarity of the fusion medium must 
be maintained by adding nonelectrolytes. Solution of glucose, 
sucrose, mannitol, sorbitol, and certain amino acids, such as 
histidine, have been used successfully as electrofusion media 
(Scheurich and Zimmermann, 1981; Zimmermann and Schleurich, 
1981; Zimmermann et al.. 1981).

Cell fusion. Once dielectrophoresis has brought protoplasts 
into intimate membrane contact, fusion is initiated by a 
reversible electrical breakdown in the region of membrane- 
membrane contact. Controlled electrical breakdown of a cell 
membrane is completely reversible, and the natural physical 
state of the membrane is restorable in electrofusion. If a 
membrane is polarized rapidly to a very high voltage, 
electrical breakdown of the membrane usually occurs in the 
junction between lipid and protein or in the proteins 
themselves (Zimmermann et al.. 1980; 1981). Cells must be 
flattened in the region of membane contact ; a point-to-point 
contact between membranes will not faciliate fusion.
Electrical breakdown is accompanied by a significant increase 
in conductivity and permeability as well as by local 
electromechanical compression (Zimmermann, 1978). This 
compression is believed to result in membrane breakdown via 
formation of pores (Zimmermann and Vienken, 1982). Membrane 
pores formed during breakdown greatly increase membrane 
permeability, allowing free diffusion of intracellular and 
extracellular components and the intercellular exchange of 
cytoplasm (Zimmermann et al.. 1981; Zimmermann et al.. 1982). 
Membrane permeability may also increase to allow molecules the
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Fig. 3. Model for the molecular process which is assumed
to occur during electrofusion. The membranes of 
two cells are in close contact due to 
dielectrophoresis, (a) Emergence of protein-free 
lipid domains occurs by lateral movement of 
proteins (indicated by arrows) due to the 
alternating current field. The presence of enzymes 
or very low calsium concentration are assumed to 
enhance this process. Electrical breakdown leads 
to pore formation within the membrane contact 
zone, (b) Only two pores are shown. Bridges of 
lipid molecules are formed between the apposed 
bilayers (c), whereby vesicle formation occurs 
(d) and cytoplasmic continuity between the two 
cells is established. The process leading to the 
formation of a spherical cell is enertically 
favored due to the curvature of the membranes in 
the fusion region (Zimmermann and Vienken, 1982).

size of genes to freely penetrate the membrane. As pores are 
generated, lipids may diffuse from one membrane to another.
As the membranes reseal, lipid bridges may form between 
membranes of adjacent cells (Fig. 3). These membrane bridges 
have very small radii of curvatures and high surface tensions 
and are, thus, thermodynamatically unstable. The subsequent
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rounding of cells into a spherical hybrid is, therefore, 
energetically favored and will continue without further input 
of energy (Zimmermann and Vienken, 1982). The resealing process 
of a membrane is dependent on temperature. At relatively high 
temperatures (37°C) resealing occurs within seconds or minutes, 
while at relatively low temperatures (4°C) resealing may 
require hours (Zimmermann et al.. 1980? Zimmermann and Vienken, 
1982). Membrane fragments remaining after bridge formation 
and fusion are found in the form of vesicles at the fusion 
boundary (Buschl et al.. 1982). The volume of fused hybrids 
is equal to the sum of the volumes of the original cells 
before fusion. If the field strenght exceeds that required to 
reach the breakdown voltage, or if the membrane is exposed to 
the field for too long, reversible electrical breakdown will 
become irreversible mechanical breakdown (Jeltsch and 
Zimmmermann, 1979).

The advantages of electrofusion over the conventional methods 
are as follows (Zimmermann, 1983):

(1) The entire fusion process can be followed under a 
microscope, and hybrids can, thus, easily be 
identified and transferred into regeneration or 
selection medium.

(2) The number of cells to be fused can be preselected.
High suspension densities allow the formation of a 
number of cell chains with close contact and, thus, 
the fusion of thousands of cells. A sufficiently high 
pulse intensity induce breakdown in membranes oriented 
at an angle of 0°<9<90° within a chain and between 
neighbouring chains (lateral or three-dimensional 
fusion).

(3) The fusion process is almost synchronous, since all 
cells are exposed to equal electric field.
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(4) The yields of plasmogamy and karyogamy are increased 
even up to 80-100 %.

(5) The viability of the fused cells is good.

The electrofusion of S. cerevisiae has been studied by Halfmann 
et al. (1982; 1983), Schnettler et al. (1984), Schnettler and
Zimmermann, (1985), and Förster and Emeis (1985). Conditions 
for dielectrophoresis and fusion with a small scale chamber 
(distance between the electrodes 25-36 щп) are given in 
Table 5.

Table 5. Conditions for dielectrophoresis and fusion of
Saccharomyces cerevisiae cells.

Dielectrophoresis

Voltage Frequency Time Reference
kV/cm MHz min

1 2 - Halfmann et al.. 
1983

1982;
1 1 2 Förster & Emeis, 1985

Electrofusion

Voltage
kV/cm

Time
Ms

Number of 
pulses

Time
intervals
s

Reference

7-8 40 2 10 Halfmann et
al.. 1982

11 7 2 1 Halfmann et
al.. 1983

15 30 4 10, 60, Förster &
10 Emeis, 1985
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1.3 Conclusions

When induced and controlled, protoplast fusion can be made a 
powerful tool not only in basic classical and molecular 
genetics, but also in applied fields e.g. in strain 
improvement for the expression of natural and "unnatural" 
properties of yeasts. Normally, the biotechnological property 
of a given strain depends on several genes and on the processes 
by which they are regulated. Hence, one of the most logical 
ways of strain improvement would be to combine a considerable 
proportion of the genetic information or even the whole 
genomes of two promising candidates, and then to select for the 
best producing fusion products. Protoplast fusion is 
industrially significant, because it represents a substantial 
technical advance related to the recombination of genetic 
material. First, the fusion of cell membranes has circumvented 
cell fusion barriers that normally reside in the cell wall and 
determine e.g. mating type or species differences. Protoplast 
fusion between different microorganisms and transformation of 
protoplasts with DNA ,i.e. plasmids, has been successfully 
applied (Peberdy, 1980; Ferenczy, 1981). Second, protoplast 
fusion can save time in industrial strain improvement, because 
the gene(s) of interest need not to be isolated for the 
development of recombinant DNA vectors. If the goal is the 
expression of an "unnatural" biotechnological property of 
yeast cells, like the production of interferon (Tuite et al.. 
1982), the protoplast technique appears to be an efficient 
non-recombinant DNA method to introduce foreign genetic 
information into yeast cells. It is, however, important to 
realize that protoplast fusion does lead to cell fusion but 
not necessarily to direct nuclear fusion. It must also be 
pointed out that long-term stability has to be tested. The 
use of protoplast fusion has also some technical problems, 
e.g. the different responses of different strains to 
preparation procedures, i.e., growth medium, lytic enzymes, 
osmotic stabilizers, and regeneration efficiencies (see above).
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It is, however, possible to devise a protocol that has broad 
applicability within a given species.

In empirical strain improvement the mutagenic treatments can 
affect the genetic structure of the microorganism and 
phenotypic characteristics, such as growth rate and 
sporulation. Protoplast fusion enables strains in close or 
distant relationship to be fused to generate heterokaryons. The 
eventual nuclear fusion and segregation events, however, are 
influenced by recombination. Sufficient genetic homology 
between the strains must exist to enable efficient 
recombination. If recombination is efficient, the host strain 
must retain the integrity of the prior industrially useful 
characteristics despite of the shuffled genes and recombination 
(Stewart, 1980) . In strain improvement protoplast fusion is 
optimally useful in crosses between closely related strains 
(Ball, 1982). In this way, shuffling of genes within a genome 
is still possibe. Gene transfer between very divergent strains 
might be most profitably carried out by using transformation 
of protoplasts with DNA. In this way, only a limited number 
of genes in any transforming and integrated gene fragment are 
transferred to the host strain retaining the integrity of the 
prior industrially useful characteristics of the host strain.
A limitation of this method is that a genome with well- 
separated genetic sites is not readily manipulated. However, 
single gene determined characteristics could be manipulated 
(Ball, 1985).

Electrofusion provides a new effective tool in genetic 
manipulation and cell manipulation. The results obtained to 
date show that the electric field has no adverse side effects 
on cells, although it will undoubtely be necessary to optimize 
the experimental conditions for the fusion of different species 
of cells. Successful electrofusion of plant and mammalial 
cells has recently been published in abundance, while 
successful electrofusion of microbial cells is rarely reported. 
Recently Reed (1987) did not succeed in electrofusion of
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Lactobacillus acidophilus and Streptococcus lactis. while 
Okamura et al. (1988) fused Streptomvces antobioticus and S. 
fradiae in electrical field.

The technique of protoplast fusion is considered to be of 
exceptional importance in yeasts, since sexual processes are 
frequently not available or not effective enough for industrial 
strains (Stewart, 1978 ; Russell and Stewart, 1979 ; Spencer et 
al.. 1980a; 1980b).

Even though unstable fusion products have been reported e.g. 
by Provost et al. (1978) and Stewart (1981), little or no 
attention has been paid to the fundamental aspects of 
protoplast fusion, such as the effect of the genetic 
background of the strains to be fused. Iserentant and van de 
Spiegle (1988) suggested that the formation of a stable fusion 
product was not a result of an intensive recombination event, 
but, on the contrary, the induction of the recombination 
system decreased the stability of the fusion products and the 
fusion frequency. The negative role of recombination is not 
completely clear. According to K1inner and Böttcher (1985), 
protoplast fusion could mobilize some transposable DNA elements 
resulting in chromosomal rearrangements. Extensive 
rearrangements and recombination could result in 
destabilization of the fusion product or in inactivation of 
vital functions. All genes affecting spontaneous mitotic 
recombination and probably also the genes regulating the 
induced mitotic recombination were assumed to influence the 
fusion frequency.
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2. CONTINUOUS CULTIVATION

2.1 General principles

By definition, in continuous cultures fresh nutrient medium 
is added either continuously or intermittently to the 
cultivation vessel, accompanied by a corresponding continuous 
or intermittent withdrawal of a portion of the medium for 
recovery of cells and/or products. A continuous culture starts 
as a batch process ; medium in a growth vessel is inoculated 
with microorganisms that proceed to grow and divide. If during 
the exponential growth phase fresh medium is added to the 
culture at a rate sufficient to maintain the culture population 
density at a fixed, suboptimal value, then growth should 
continue indefinitely. The maintenance of a constant volume 
of a culture at a constant microbial population density (in 
practice, a constant culture absorbance) is the operating 
principle of a turbidostat (Bryson, 1952) . Microorganisms 
can, however, be cultured continuously at specific growth 
rates less than maximum growth rate in a chemostat (Novick 
and Szilard, 1950). Its operation principle is based on the 
following relationship: the specific growth rate of a microbial 
population is a function of the concentration of one growth 
limiting substrate. Dilution rate, thus, controls the growth 
rate indirectly through the concentration of the growth 
limiting substrate within the growth vessel.

All continuous culture devices (Fig. 4) must fulfil five to 
six of the following basic conditions (Evans et al.. 1970).

(1) The culture is enclosed in a container (growth vessel,
fermentor) to be protected from contaminating 
microorganisms.
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(2) A flow of fresh medium to the culture is maintained 
at a constant, pre-determined, but variable rate.

(3) The culture volume is maintained constant.

(4) The culture is sufficiently agitated to permit near
perfect mixing.

(5) In aerobic systems, the aeration and agitation of the 
culture is sufficient to maintain the dissolved oxygen 
at a level above the growth-limiting value.

(6) If temperature fluctuates greatly or the organisms are 
grown at temperatures different from ambient, some form 
of temperature regulation is needed.

i-*- Water out

Thermostatted 
water in

Stirrer Air out

Reservoir Receiver

Fig. 4. A basic continuous culture vessel (Evans et al..
1970) .

In a single stage cultivation, a single growth vessel is 
inoculated, then kept in continuous operation by balancing 
the input and output of nutrient medium and harvested culture, 
respectively. In a recycle continuous cultivation, a portion 
of the withdrawn culture and/or the residual of unused 
substrate is recycled to the growth vessel. The non-metabolized 
substrate as well as a portion of the microorganisms can,
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thus, be recycled. A third type of continuous cultivation, 
the multi-stage continuous cultivation, involves two or more 
stages. The fermentation is normally divided into two phases; 
a growth phase occurs in the first-stage fermentor, and a 
production stage in the second or succeeding fermentors. The 
multiple-stage continuous cultivation is particularly suitable 
for cultivations with non-simultaneous growth and production 
(Casida, 1968).

Because of the abundance of the detailed review articles, 
textbooks, and proceedings of symposia, the theory and 
construction of a continuous culture are mentioned only shortly 
being based on the review articles by Evans et al. (1970),
Munson (1970), Tempest (1970), and Watson (1972). The 
derivations of mathematical equations are excluded ; at this 
contest the publications by Deindoerfer and Humphrey (1959), 
Maxon (1960), and Aiba et al. (1965) are referred.

2.1.1 Chemostat

In a chemostat, the nutrient feed and harvest culture 
withdrawal rates are maintained at constant values always 
less than that needed for the maximum growth rate. As 
mentioned, the growth rate is controlled by supplying a 
limiting amount of one critical growth nutrient in the feed 
solution, while all other compounds essential for the growth 
are present in excess. The growth limiting component of the 
medium can be any compound or element essential for the growth
of the cultured microorganisms (Evans et al.. 1970; Tempest, 
1970). Trace elements cannot normally be used, because they 
are needed only in small amounts and are frequently present 
in adequate concentrations as contaminants of other medium 
substances or in materials used to fabricate the growth vessel 
(Tempest and Wouters, 1981). The growth limiting factor can 
also be a relatively high concentration of a toxic fermentation
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product, pH, temperature (Watson, 1972), or dissolved oxygen 
(de la Broise and Durand, 1989).

2.1.2 Turbidostat

In a turbidostat, the growth rate should always be maximal, 
because the growth limiting substrate is not used. The growth 
must be maintained in the exponential growth phase. Operation 
at a lower maximum cell population causes, however, a greater 
residual of unused nutrient to be lost from the fermentation 
with the withdrawn harvested culture. When the microorganism 
concentration increases above a set point, a medium metering 
device is normally actuated to deliver medium at a rate greater 
than the specific growth rate by a system that either monitors 
the population density directly or responds to a population 
effect. As the microorganisms then wash out of the vessel, 
the population density falls. When it drops below the set 
point, medium flow is stopped (Munson, 1970; Watson, 1972; 
Fraleigh et al.. 1989).

Generally, the population density is controlled by a photo
electric sensor. The type of sensor is seldom critical and, 
thus, both scattered and transmitted light can be employed. 
Aeration causes foaming and bubbling that interfer with the 
light transmitted through the optical cell. The erroneous
determination of growth rate can be eliminated by using an 
external flow-through optical cell. Wall growth can be 
prevented by "windscreen wipers" and various magnetic scrapers, 
when the photometer forms a part of the growth vessel. The 
external flow-through optical cell can be kept clean by 
flushing e.g. with sodium hydroxide and water. The external 
optical cell can also have automatic cleaning of the 
photometric cell and separation of the heavy precipitates and 
air bubbles from the suspension (Blachere and Jamart, 1969; 
Watson, 1972).
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Population density can also be controlled by pH sensors and 
sensors for gas concentration. pH and hence cell population 
is held constant by the controlled addition of fresh medium 
to the culture, using a pH meter and an automatic titrator. 
The method is most suitable for the study of acid-producing 
microorganisms, although pH chance may also occur as a result 
of the uptake of certain nutrients (Brown and Oliver, 1982). 
If C02 production is used for control, a C02 analyzer and a 
connected control unit regulate the supply of medium to the 
culture (Watson, 1969).

Under certain circumstances, various metabolites and products 
may be monitored, such as amino acid or sugar uptake measured 
by using an autoanalyzer linked to a control unit. A 
disadvantage is, however, the rather long delay between a 
intake of a sample and a control response (Munson, 1972). A 
typical turbidostat with external flow-through optical cell 
is shown in Fig. 5.

2.1.3 Limitation of methods

Continuous cultivation has some limitations compared to batch 
cultures. A successful continuous culture requires detailed 
knowledge of the microbial behavior and growth that are known 
for few microorganisms. During the prolonged incubation periods 
contaminating microorganisms have time to gain ascendency in 
the culture. Mutants cause problems only if they have selective 
growth advantage and produce less the desired product. On the 
other hand, continuous cultivation is often used for the 
isolation of mutants. Nutrient substrates are wasted, because 
the continuously withdrawn broth contains residual unused 
nutrients and a portion of the added fresh nutrients (Casida, 
1968).
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Medium Recorder
controller

Fig. 5. A typical turbidostat (Watson, 1972).

The chemostat is employed more often than the turbidostat, 
because fewer mechanical problems are encountered. Although 
the simplicity, it is not practical for all purposes, e.g. 
for growth at a rate that does not depend upon the 
concentration of the chosen compounds of the growth medium.
The chemostat is also unsuitable to cultivate microorganisms 
at or near the maximum specific growth rate. At specific 
growth rates less than maximum specific growth rate the system 
is self-stabilising, maintains a constant microorganism 
concentration, a constant environment, and a specific growth 
rate equal to the dilution rate. At the growth rates 
approaching maximum spacific growth rate, however, the effect 
of further increases in substrate concentration on specific 
growth rate tends to zero as saturation levels are approached. 
Substrate concentration, population density, and hence 
environmental conditions vary widely in response to minor
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unavoidable fluctuations in the dilution rate. In addition, 
the system is in the constant danger of wash-out (Evans et 
al.. 1970; Tempest, 1970). For those studies, a turbidostat 
is a right choice and was, thus, used in the experimental 
part of this study.

2.2 Application of continuous cultivation

In the 1960s and 1970s, experimental applications and research 
were mainly focused on the design (e.g. Fiechter, 1965;
Tempest, 1965; Saeed and Moss, 1966; Moss and Bush, 1967; 
Schmialek et al.. 1976) and on the research of independent 
variables mentioned in Table 6 with some examples.

In the 1980s more attention has been paid to the sophisticated 
mathematical modelling (e.g. Ming and Papoutsakis, 1987a;
1987b; Rutgers et al.. 1987; Stouthamer and van Versevald,
1987; Kung and Baltzis, 1987 ; Mihail and Straja, 1988), control 
systems (e.g. Agrawal and Lim, 1984) and the dependent 
variables mentioned in Table 7 with some examples. Several 
papers have been publiced recently dealing with the 
applications of continuous cultures in the isolation, selection 
and/or adaptation of different microorganisms and their 
mutants, as well as in the study of recombinant DNA 
microorganisms. These applications are studied more in detail 
in the section 2.2.1 and 2.2.2.
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Table 6. Experimental applications of continuous culture:
Inpedendent variables.

Independent variable Examples

Time MacDonald, 1976
Growth rate Mor & Fiechter, 1968a ; 1968b ;

Kono & Asai, 1969; La Motta,
1976

Nutrient concentration Spitzer, 1976; Schneider & 
Frischknecht, 1977

Product concentration Watson, 1969 ; Zines, 1970
PH Eroshin et al.. 1976; MacBean et 

al., 1979
Inhibitors Andrews, 1968 ; Yano & Кода, 1969 ; 

Edwards et al., 1972 ; Borzani & 
Vairo, 1973; Chi & Howell, 1976

Enzyme inducers Ricica, 1962
Mutagenic agents Northrop, 1968
Aeration-agatation Hansford & Humphrey, 1966
Temperature Eroshin et al.. 1976; van Uden & 

Madeira-Lopes, 1976

2.2.1 Selection in continuous culture

Continuous culture has been used successfully for the selection 
of microorganisms from the nature. According to Harder et al.
(1977) microorganisms can be selected at different substarate 
concentrations in response to more than one environmental 
factor and in mixed populations. Gottschal and Kuenen (1980a) 
used a continuous culture for the selective enrichment of 
facultatively chemolithotrophic Thiobacilli and related
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Table 7. Experimental applications of continuous culture:
Dependent variables.

Dependent variable Examples

Metabolic rates Iehana, 1983 ; Jörgensen & Degn,
1987 ; Kalyuzin, 1987 ; Vecht et 
al., 1988 ; Birov & von Stockar,
1989 ; Samuelsov, 1989

Metabolic patterns Gottschal & Kuenen, 1980b; Lee & 
Hassan, 1987; Stouthamer & van 
Versevald. 1987 ; Ray et al..
1987 ; Mulder et al.. 1988 ; Noack. 
1988; Oelze, 1988

Cell composition Prinale et al.. 1983 : Mason & 
Slater, 1979

Cell morphology Prinale et al.. 198 3 ; Reid et 
al., 1988

Enzyme induction Dykhuizen, 1982 ; Hofmann & Vogt, 
1987 ; Roth et al.. 1987 : Potsma 
et al.. 1989

Mutant expression time Blumwald & Tel-Or, 1984 ; Willison 
& Lac, 1989

Virulence Biel & Hartl, 1983

microorganisms from the marine and fresh water habitats.
Pringle et al. (1983) also used fresh water source for the 
isolation of Pseudomonas fluorescens mutants in a continuous 
culture in minimal medium. The used "adsubble" (adsorptive 
bubble separation) process was found to foam-fractionate wild 
type cells during flow conditions. The phenomenon led to the 
enrichment of two major classes of mutants both having all 
surface characteristics fundamentally different from the wild 
type. Wild type had very little extracellular polysaccharides, 
while the mutants had either an alginate exopolymer or 
increased property to attach to solid surfaces. The experiments
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verified the role of cell surface characteristics in the 
adaptability of microorganism to the microenvironments. Nishio 
et al. (1983) isolated strictly anaerobic formate-utilizing
methanogenic bacterium from an anaerobic digester in a 
chemostat culture using formate as the sole carbon source. 
Wandrey et al. (1986) used slowly growing microorganisms from
anaerobic digestion for the optimization of selection stress 
in a chemostat and for the scale-up of the process. Sheintuch 
(1987) found the competition between flocculating and non
flocculating microorganisms in activated sludge and derived a 
mathematical model for the different coexistence states (stable 
vs. unstable) in a continuous cultivation.

Continuous culture is also widely used for the selection of 
mutants of bacteria, yeasts, and fungi. Harder et al. (1977) 
divided the isolated mutants into three categories : mutants 
possessing hyper-levels of a substrate-capturing enzyme, 
mutants exhibiting loss of biosynthetic function, and mutants 
containing mutator genes (a mutant gene is called a mutator, 
if it increases the mutation rate). Dykhuizen and Hartl (1983) 
discussed the periodic selection in the contest of selection 
of mutants in a continuous culture. The microorganisms within 
a chemostat represent an evolving or at least potentially 
evolving system. Theoretically a mutation at low frequency 
should increase linearly in frequency because of recurrent 
mutation provided that neither the non-mutant nor the mutant 
microorganism has a selective advantage. The initial linear 
increase, however, does not continue indefinitely. Sooner or 
later a selectively favored mutation arises at another locus, 
almost always within the much more abundant original 
population, and as the mutants bearing the favored mutation 
increase in frequency at the expense of the all others, the 
frequency of the original population drops precipitatously. 
Periodic selection is a potentially important phenomenon in 
microbial evolution. It can also be considered as a phenomenon 
occuring with continuous culture worth investigating; as well 
as a nuisance factor that can confuse the results and
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interpretation of other types of chemostat studies. According 
to the theory developed by Lelieveld (1982) and illustrated 
in Fig. 6, microorganisms producing extracellular enzymes 
with special properties can be selected and isolated by growing 
them in a continuous culture and using as the growth limiting 
substrate a compound which must be broken down by the enzyme 
of interest. A diffusion layer around the microbial cell will 
cause gradients in the concentrations of enzymes and the 
hydrolyzed substrate. This will cause differences in growth 
rates between the parental cells and those mutant cells which 
produce an enzyme better adopted to the provided selective 
environment.

diffusion boundary
cell wall

micro-organism
turbulence

enzymes

macro- 
_ molecules small

molecules

Fig. 6. The micro-environment of a microorganism under a
selection pressure in a continuous culture 
(Lelieveld, 1982).

Meinecke et al. (1984) used a continuous culture under 
phosphate limitation for the selection of an asporogenous 
strain of Clostridium acetobutvlicum in order to test the 
staining method developed for the detection of asporogenous 
mutants. Kyslik and Dobisova (1986) studied the effect of 
dilution rate on the course of selection of ribitol 
dehydrogenase hyperproducing strains of Escherichia coli 
1EA. Relatively small differences in dilution rates led to 
greater differences in the outcome of selection experiments
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with respect to the level and basis of enzyme synthesis. 
Mandelamidase constitutive mutants of Pseudomonas putida were 
selected successfully in a continuous culture under nitrogen 
limited growth. Nitrogen was provided either as an inducing 
substrate (mandelamide) or non-inducing substrate 
(isobutyramide) (Laverack and Clarke 1979). Recently, Speri 
and Harrey (1988) used a chemostat for the adaptation of two 
Pseudomonas strains to bromobenzene. Andreeva et al. (1985)
used a turbidostatic continuous culture for the isolation of 
acid-resistance Candida yeast strains, while Jmenez and Benitez 
(1988) used pH regulated chemostat cultivation for the 
selection of ethanol tolerant S. cerevisiae yeast mutants.
The essentially galactose negative Streptococcus thermophilus 
strains can not normally be adapted to grow on free galactose 
because of the low levels of galactokinase. The strain was 
cultivated in a chemostat under lactose limitation in the 
presence of high concentration of residual galactose. Galactose 
positive strains were isolated successfully; however, when 
tested in milk (the natural habitant), the wild type became 
dominant (Thomas and Crow, 1984). Six types of differentiation 
mutants of nourseothericin-producing Streptomvces noursei 
were selected under different limitation conditions in a 
continuous culture (Noack, 1986) . The mutants showed altered 
antibiotic biosynthesis and resistance and altered control 
patterns of sporulation. The experiments showed a strong 
correlation between the cultivation conditions and a 
differentiation type. Roth et al. (1986) selected Streptomvces 
hyqroscopicus mutants producing turimycin in a chemostat 
under selection pressure. The mutants had altered regulation 
of maltose utilization and fermentation kinetics.

Brown and Oliver (1982) developed an ingenious feedback system 
in which the addition of ethanol to a continuous culture of 
Saccharomyces uvarum was used to control growth rate. The 
growth rate was monitored by the output of C02 which controlled 
the rate of inflow of ethanol, maintaining a constant selection 
pressure for ethanol tolerance; they obtained mutants with an



44

ethanol tolerance up to a level of 12 % (w/v). Korhola (1983) 
used similar type of cultivation method for selecting stable, 
more ethanol tolerant yeast mutants from a S. cerevisiae 
strain.

2.2.2 Research related to recombinant DNA microorganisms

Research related to recombinant DNA microorganisms in 
continuous culture has dealt mainly with accessory DNA elements 
(plasmids, viruses, transposons, and insertion sequences). A 
substantial literature has developed concerning the behavior 
of plasmids in continuous culture motivated in part by the 
potential use in industrial applications. Factors influencing 
plasmid stability have been studied by Roth et al. (1980),
Dwivedi et al. (1982), Noack et al. (1982), and Roth and 
Noack (1982) . According to their studies, the plasmid and 
growth conditions are critical for stability. Temperature 
effects were apparent in the work of Wouters et al. (1980).
The fate of a monoculture chemostat culture containing a 
plasmid-bearing strain depends on the plasmid, the host, the 
limiting nutrient, and the dilution rate. A key factor is 
segregational loss of the plasmid, theoretical aspects of 
which have been studied by Anderson and Lustbader (1975). 
Recently, mathematical models have been derived to describe 
the phenomenon. DiBiasio and Sardinini (1986) studied the 
yeast S. cerevisiae carrying two plasmids and three genetic 
markers under phosphate limiting conditions with the expression 
of acid phosphatase in a continuous culture. Both the poor 
selection pressure and a variable rate of plasmids loss were 
present in the system studied and they had significant effect 
on operation. A simple mathematical model derived to illustrate 
intracellular effects showed that the culture history was 
critical and that the system under study was not atypical 
system. Parulekar et al. ( 1987) studied the static and dynamic
characteristics of continuous culture of recombinant
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methylotrophs to improve the selectivity of plasmid-bearing 
cells and the plasmid stability. The mathematical model for 
the operational regions was derived to illustrate the stability 
characteristics of each steady state and the existence of 
oscillatory states around the coexisting steady states. In 
many cases a plasmid-free host readily outcompetes its plasmid
bearing competitor in chemostats (Meiling et al.. 1977 ; Young 
and Philliskirk, 1977; Godwin and Slater, 1979; Jones et al.. 
1980; Helling et al.. 1981). However, Lee and Hassan (1988) 
reported the rapid loss of plasmid-free host in the yeast 
continuous cultivation. The plasmid-bearing cells dominated 
the population within a time equivalent to two main residence 
time.

Chemostats have also been used to examine the selective forces 
impinging on lysogens (e.g. Edlin et al.. 1975) and on the 
transposon-bearing strains (e.g. Biel and Hartl, 1981; 1983).

2.3. Conclusions

Although continuous culture as a method is an old, well known, 
and well studied technique, it still has an important role in 
the research of microorganisms. The examples mentioned in the 
section 2.2.1 clearly indicate the importance of continuous 
culture in the selection and isolation of new microorgamisms 
and/or mutants. The new applications can be found in the 
field of recombinant DNA microorganisms (Section 2.2.2). Once 
constructed it is easily converted for different kind of 
applications. Due to the modern sophisticated control systems 
and instrumentation, continuous culture can be applied for 
mathematical modelling of complicated biosystems what improves 
our knowledge of, e.g., microbial behavior, growth dynamics, 
kinetics. Because of the continuous addition of fresh medium, 
continuous culture operates more closely to the natural systems 
than a batch cultivation; the fact that also helps us to better



46

understand and to study the microbial behavior. In this review 
continuous culture was studied from the microbial point of 
view. It has, however, applications in plant and animal cell 
cultivations as well, e.g. the widely used perfusion 
cultivation system of animal cells (Adamson et al.. 1983; 
Hopkinson, 1985; Reuveny et al.. 1986) is a modification of 
continuous culture.
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EXPERIMENTAL PART

3. MATERIALS AND METHODS

3.1 Microorganisms and preinoculum

Microorganisms. Yeasts used in this work were baker's yeast 
strains (later used abbreviations in parenthess) VTT-B-77044 
(B44) and VTT-B-86049 (B49), and from sour dough seeds isolated 
yeast strains Candida holmii VTT-C-75075 (C75), VTT-C-81115 
(C115), VTT-C-81116 (C116), Saccharomyces cerevisiae VTT-C- 
81117 (C117), VTT-C-81118 (C118), Saccharomyces unisporus 
VTT-C-81119 (C119), VTT-C-81120 (C120), and Candida milleri 
VTT—C—87175 (С175) from the VTT Collection of Industrial 
Microorganisms. The strains were maintained on sugar wort 
agar (baker's yeast strains) or Difco YM agar (sour dough 
yeast strains) and subcultured every three month. Yeast cells 
were cultivated at 30°C and 250 rpm (shake flask cultivations), 
if not otherwise stated.

Preinoculum. Preinoculum was prepared by transferring a loopful 
from a yeast slant culture to 25 ml of Difco YM broth and 
incubating the culture over weekend at 25°C and 175 rpm. 
Preinoculum was stored at +4°C and used for 4-6 weeks.

3.2 Media and enzymes

SAM, SA, SM, SC, AM. A, M. and C. Solid media used for 
regeneration and selection of protoplasts in protoplast fusion 
experiments contained in 1.2 M sorbitol 6.7 g/1 yeast nitrogen 
base w/o amino acids, 30 g/1 agar, and the following 
incredients (% w/v; later used abbreviations in parenthess):
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4 % (0.61 M) sodium acetate and 0.25 % (0.007 M) maltose 
(SAM), 4 % sodium acetate and 2 % (0.11 M) glucose (SA), 0.25 
% maltose (SM), or 2 % glucose (SC, control). The same media 
without sorbitol were used for testing whole yeast cells (AM,
A, M, and C, respectively).

ST. The protoplast incubation medium (ST) contained 0.02 M 
Tris-HCl buffer (pH 7.5) and 1.2 M sorbitol.

ES. The electrofusion solution (ES) contained 0.1 mM CaCl2, 0.5 
mM MgS04 x 7 H20 and 1 mg/ml bovine serum albumine in 1.2 M 
sorbitol (Schnettler and Zimmermann, 1985).

PS. The incubation solution for PEG-induced protoplast fusion 
(PS) was modified from the solutions used by de Figueroa et 
al. (1984a), Perez et al. (1984), and Pina et al. (1986) and
contained 30 % w/v PEG 4000 in 10 mM CaCl2 and 1.2 M sorbitol.

Zvmolvase. The enzyme used for protoplast formation was 
Zymolyase 60 000 (Seikaku Kogyo Co Ltd, Japan). An essential 
enzyme responsible for lysis of viable yeast cells in this 
preparation is /3-1,3-glucan laminaripentaohydrolase. It 
hydrolyses linear glucose polymers with /3-1,3-linkages and 
releases specifically laminaripentose as the reaction product. 
Other activities include /3-1,3-glucanase, protease, and 
mannanase. The enzyme solution was prepared by adding 5 mg/ml 
of Zymolyase to 8.1 M glycerol and it was stored at -20°C.

YPD, YPDA, YPDA4. and YPDA5. YPD liquid medium (10 g/1 Difco 
yeast extract, 20 g/1 Difco peptone, 20 g/1 glucose) was 
used for shake flask and turbidostat cultivations. During the 
turbidostat cultivations samples were plated to YPD agar 
plates containing 0 % (YPDA), 4 % (0.61 M) (YPDA4), or 5 % 
w/v (0.76 M) (YPDA5) sodium acetate.

Sugar wort solution. Sugar wort solution for the yeast 
production in laboratory scale was composed of brewery wort
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(110 g/1) and 0.29 M sucrose solution (1:1). 1 g/1 yeast 
extract was added.

Molasses for anaerobic cultivation stage. Molasses for 
anaerobic cultivation stage consisted of 2 kg of raw beet 
molasses (about 50 % w/v sugar concentration) diluted to about 
30 % (about 5 1). pH adjusted to 4.5 with sulphuric acid. The 
solution was warmed to 40°C, cooled overnight at +4°C, filtered 
using diatomite filter aids, and filled to 10 1. The following 
incredients were added: 9 g (NH4)2S04/ I4 Я (NH4)2HP04, 5 g 
MgS04 x 7 H20, and 0.3 mg D-biotine. Finally the solution was 
autoclaved at 100°C for 30 min.

Feed solutions for aerobic cultivation stages. The following 
solutions were prepared for the aerobic cultivation stage :
(1) Molasses ; 2 kg of raw beet molasses was diluted to about 
3 1 and treated as above without addition of incredients 
(final volume 4.2 1), (2) 0.66 M (NH4)2HP04 (final volume 
320 ml), (3) 3.7 M NH3 (final volume 380 ml).

All media except those used in analytical methods were 
sterilized. Distilled water was used, if not otherwise stated. 
Added acetic acid was was glacial (E. Merck, West-Germany).

3.3 Protoplast fusion

3.3.1 Preparation of protoplasts

The inoculum for the protoplast experiments was prepared by 
diluting preinoculum 1:10 in saline solution (0.15 M NaCl) 
and by pipetting 10 /xl (baker's yeast strains) or 50 д1 (sour 
dough yeast strains) of diluted preinoculum to 100 ml of YPD 
medium. Yeast cells were cultured overnight. At the early 
exponential phase of growth that corresponds optical density
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about 100 measured with Klett-Summerson photoelectric 
colorimeter (filter 66) (Klett Mfg. Co, USA) against water, 
cells were collected by centrifugation (10 min, 5000 rpm) and 
washed once with 50 ml of water and once with 1.2 M sorbitol. 
The cell pellet was resuspended in 8 ml of ST medium, placed 
in a water bath with constant temperature, and Zymolyase was 
added. The protoplast formation was followed by measuring the 
turbidity of protoplast water dilution (100 д1 of a sample in 
5 ml of water) with Klett-Summerson photoelectric colorimeter. 
The turbidity of protoplast sorbitol dilution served as a 
control in the beginning and at the end of each experiment.
The enzyme was inactivated by cooling in the ice bath for 10- 
15 minutes and removed by centrifugation (5 min, 5000 rpm). 
Protoplasts were washed twice with 20 ml of 1.2 M sorbitol 
and finally suspended in 10 ml of 1.2 M sorbitol. Protoplasts 
were diluted in 1.2 M sorbitol and in water and plated on SC 
plates. The total number of cells (regenerated protoplasts 
and whole cells) was calculated from sorbitol dilutions and 
the number of whole cells from water dilutions.

3.3.2 Electrofusion experiments

The electrofusion experiments were carried out with an 
automatic Cellect-electrofusion instrument (Biofusion AB, 
Sweden). The whole procedure was based on the following preset 
parameters (minimum and maximum values in parenthess):

(1) BUILD
The cells align themselves along the electric field 
allowing direct contact between adjacent membranes 
(0, 90 s; 0.41, 5.30 MHz; 0.9, 53.7 V).

(2) SINE
The configuration of the cells is maintained during the 
interpulse periods. The sine phase has the same
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frequency and amplitude as the build phase (0, 19 s).

(3) PRE
A short relaxation phase before the pulse in the 
absence of an electric field (0, 90 ms).

(4) PULSE
The opening of the membrane induced by a reversible 
electrical breakdown in the area of membrane-membrane 
contact (0, 999 дз; 1, 335 V).

(5) POST
A short relaxation phase after the pulse in the absence 
of an electric field (0, 990 ms).

(6) FADE
When the chosen number of pulse sequences has been 
executed, the electric field is gradually reduced to 
zero (0, 90 s).

(7) LOOP
The machine automatically executes up to 9 pulse 
sequences in a cycle. Each cycle includes sine, pre, 
pulse, and post phases.

Cells were fused in the frame chamber (Krüss GmbH, West- 
Germany) composed of a base plate, the insertable glass slide, 
and two frames on which the platin-iridium electrodes had 
been tightened. The distance between the electrodes was 50 
дт. Washed protoplasts were diluted 1:1000 (baker's yeasts 
strains) or 1:200 (sour dough yeast strains) in 1.2 M sorbitol 
for dielectrophoresis experiments, while in fusion experiments 
dilution 1:50 in ES medium gave approximately the same amount 
of each yeast protoplast. 5 д1 of the diluted protoplast 
solution was pipetted into the space between the electrodes 
and the behaviour of the protoplasts was observed in different 
electrical fields under the phase contrast microscope (Inverted
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microscope IMT-2; Olympus Co, Japan). After an experiment the 
suspension was pipetted from the glass slide to regeneration 
plates. The glass slide was rinced once with 200 ц1 
(dielectrophoresis experiments) or 500 д1 (electrofusion 
experiments) of 1.2 M sorbitol to remove, as far as possible, 
any adhering protoplasts. At least two parallel experiments 
were carried out in each conditions. In parallel with each 
experiment, a control was run in duplicate in the beginning 
and at the end of each serie. Controls were not exposed to 
the electrical field and cultivated on SC plates, but were 
otherwise subjected to the same conditions. Protoplasts were 
regenerated on the SC (dielectrophoresis) or SC and SAM 
(electrophoresis) plates for 7-10 days.

3.3.3 PEG-induced protoplast fusion

Equal volumes (100 д1) of protoplasts were mixed and separated 
by centrifugation (2 min, 3000 rpm) . After addition of 500 ¡il 
of PS medium the suspension was incubated at 30°C for 30 min 
and plated on SAM plates. One sample was plated on SC to 
confirm protoplast viability. 500 д1 of 1.2 M sorbitol was 
added to control samples that were plated on SC plates after 
incubation. Protoplasts were regenerated for 7-10 days.

3.3.4 Primary selection tests

Each fusion product growing on SAM plates was collected with 
a loop, tranferred to 1 ml of YPD medium, and cultivated for 
7 days. The broth was diluted 1:1000 in saline solution and 
plated on AM plates. After cultivation for 14 days growing 
colonies were suspended in saline solution, plated on AM, A, 
M, and C plates, and cultivated for 7-14 days. The stability 
of the colonies growing on AM plates was tested.



53

3.3.5 Stability tests

100 ml of C and AM liquid medium was inoculated with a fusion 
product growing on AM plate. Fusion product was suspended in 
saline solution before inoculum and cultivated for 48 hours 
(C medium) or for 144 hours (AM medium). 1 ml of the culture 
was transferred to 100 ml of the same fresh medium and 
cultivated for 24 hours (C medium) or for 48/72 hours (AM 
medium). Cultivation was repeated 15 times. Stability was 
followed by plating a diluted sample on AM, A, M, and C plates 
after the first, fifth, ninth, and fifteenth cultivation. 
Plates were incubated for 5-7 days.

3.4 Selection in a turbidostat

3.4.1 Culture conditions

The inoculum for each turbidostat experiment was prepared by 
pipetting 100 jixl of preinoculum to 100 ml of YPD medium and 
incubating overnight. 60 ml of the culture was used as an 
inoculum.

Turbidostat cultivation experiments were carried out in a glass 
culture vessel called Kluyver-flask constructed from a 1000 ml 
Erlenmeyer flask (Fig. 7 and 8). The working volume was 660 
ml of culture. The vessel was placed into a constant 
temperature (30°C) water bath and supplied with a gas mixture 
(5 % v/v oxygen in nitrogen) or air at the mean flow rate of 
24 1/h. Gas bubbles stirred the culture. The pH and the 
turbidity of the culture were monitored continuously by a pH 
electrode with a continuous-flow chamber (Dr. W. Ingold, 
Switzerland) and a through-flow cell in the Ratio/XR 
turbidimeter (Hach Co, USA). When the turbidity of the culture
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exceeded the set-point, the controller (West 2073 ; Guitón 
Industries Inc, USA) switched on the pump (Watson-Marlow 
302SM/R standard fixed speed pump; Smith and Nephew 
Pharmaceuticals Ltd, England). Fresh medium was added at the 
mean flow rate of 20 ml/min until the turbidity of the culture 
had reached the set-point (turbidity 500 NTU) corresponding 
the middle stage of exponential growth phase. The acetic acid
concentration of the fresh medium was linearly increased by a 
gradient from 0 % v/v to the final concentration of 0.6 % or 
0.8 % v/v acetic acid corresponding pH values 4.2 and 4.0. 
These pH values were chosen, because the pH of sour dough 
seed is normally 3.5-3.9, while the pH of sour dough lies 
between 4.2 and 4.5. The initial volume of fresh medium was 
10 1. One half of it contained no acetic acid, while the 
other one contained the final acetic acid concentration. No 
diffusion between the vessels was observed. The working volume 
of the vessel was maintained constant by a pump-driven 
overflow. During the cultivation samples were removed 
aseptically through a sampling port at the top of the vessel.

Fig. 7. The turbidostatic cultivation system in 
laboratory.
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Fig. 8. The schematic illustration of the turbidostatic
cultivation system.

3.4.2 Primary selection tests

During the cultivation samples were plated to YPDA, YPDA4, 
and YPDA5 plates. The colonies of the final sample that grew 
on YPDA4 and YPDA5 plates were transferred to sugar wort 
slants containing 4 % or 5 % w/v sodium acetate, respectively.

3.4.3 Stability tests

A yeast mutant growing on sugar wort agar with 5 % w/v sodium 
acetate was transferred to 100 ml of YPD medium without and 
with 0.6 % v/v acetic acid and cultivated for 48 hours. 1 ml 
of the culture was transferred to 100 ml of fresh medium and
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cultivated for 24 hours. Cultivation was repeated 15 times. 
Acetic acid tolerance was followed by plating on YPDA, YPDA4, 
and YPDA5 after the first, sixth, tenth, and fifteenth 
cultivation. Plates were incubated for 5-7 days.

3.5 Yeast production in laboratory scale

The fusion products and in turbidostat isolated yeast variants 
that survived the stability tests were cultivated in laboratory 
scale (final volume 11-12 1). Yeast production in laboratory 
scale was carried out by simulating the different production 
stages in the industrial production of baker's yeast. The 
process was modified from the method developed at VTT (Suihko 
and Mäkinen, 1984) and is shown diagrammatically in Fig. 9.

The aerobic production was carried out in an Escher-Wyss 
fermentor J100 equipped with an effective inferator aerator.
The used fed-batch (Zulauf) method (Bergander, 1959) prevented 
glucose repression by feeding small amounts of substrates 
that are immediately utilized. The fermentor was sterilized 
with 0.5 % v/v P3 Oxonia Aktiv solution (Suomen Henkel Oy, 
Finland) over weekend. After rinsing with hot tap water yeast 
suspension corresponding 40 g d.w. yeast was added and filled 
to 7.1 1 with sterile tap water. 2 g (NH4)2HP04, 5 g MgS04 x 
7 H20, 150 ml beet molasses, and 0.2 mg D-biotine were added. 
Molasses, (NH4)2HP04, and NH3 were fed continuously and 
exponentially into the fermentor (Table 8). pH was controlled 
at 4.5 by automatic addition of 1.9 M sulphuric acid. At the 
end of the cultivation pH was allowed to raise to give the 
yeast mass light colour. The cultivation temperature was kept 
at 30°C by constant temperature water bath and the aeration 
rate of compressed air was 40 1/min. At the end of the 
cultivation yeast was cultivated without feeding any substrates 
to stabilize the cell structure of yeast for improved keeping 
time as well as the desired protein and carbohydrate
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sedimentation

sugar wort
24 h, 25'C 
sugar wort 
4*500 ml

4 * 25 ml
molasses and 
Inorganic 
nutrients 
4*2500 ml

centrifuge

40 l/min 40 g d.w.

centrifuge

Fig. 9. Flow diagram of yeast production in laboratory
scale.

concentration. After cultivation yeast was separated by 
centrifugation (15 min, 3000 rpm), washed once with sterile 
tap water and collected as a yeast cake (d.w. about 24 %) by 
Büchner filtration. Cell dry weight describing the growth, 
ethanol concentration describing the degree of aerobic
cultivation, and dough raising power were determined as 
described below.
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Table 9. Cultivation parameters for the yeast production
in laboratory scale.

Time
h

PH Volume left, ml 
Molasses (NH4)2HP04 NH3

0 4.5 4000 320 380i 4.5 4000 320 380
2 4.5 3850 305 365
3 4.5 3700 290 350
4 4.5 3550 275 335
5 4.5 3350 255 315
6 4.5 3100 230 290
7 4.6 2800 200 260
8 4.7 2450 160 220
9 4.8 2050 115 175
10 4.9 1600 60 120
11 5.0 1100 0 60
12 5.0 600 0 0
13 5.2 0 0 0
14 5.5 0 0 0

3.6 Analytical methods

3.6.1 Cell dry weight

5 ml of a sample was centrifuged at 3000 rpm for 15 min at room 
temperature. The cell pellet was washed once with 5 ml of 
water and suspended into 5 ml of water. 1 ml of the suspension 
was dried overnight at 105°C. Each sample had duplicates.

3.6.2 Determination of specific growth rate

Cells were cultivated in 50 ml of YPD medium. Samples were 
taken for cell dry weight determination at different time
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intervals corresponding different growth phases. A plot cell 
dry weight vs. turbidity measured with the Klett-Summerson 
photoelectric colorimeter (filter 66) was used for the 
calculation of cell dry weight. A slope of a linear part of a 
plot natural logaritm of cell dry weight vs. cultivation time 
in hours gave the specific growth rate.

3.6.3 Determination of ethanol and acetic acid concentrations

Ethanol. Ethanol was determined by using an ethyl alcohol kit 
(cat. no 123 960; Boeringer Mannheim GmbH, West Germany). The 
principle of the assay is to measure the increase of NADH on 
enzymatic dehydrogenation of ethanol with NAD at 340 nm against 
water. The amount of NADH formed is linearly proportional to 
the ethanol concentration.

After incubation at 37°C for 25 min, 200 ßl of a sample was 
pipetted into a well on the microtiter plate (A/S Nunc,
Denmark) and measured with Multiskan MCC/340 (filter 340 nm) 
(Labsystems Oy, Finland). Otherwise procedure followed the 
given instructions. Absolute ethanol (99.5 % w/v) was used as 
a standard. Each sample had duplicates.

Acetic acid. Acetic acid (acetate) was determined by using an 
acetic acid kit (cat. no. 148 261; Boeringer Mannheim GmbH,
West Germany). The assay is based on the formation of NADH 
measured by the increase in absorbance at 340 nm. The procedure 
followed the given instructions. Each sample had duplicates.

3.6.4 Dough raising power

Dough raising power of filtered yeast was determined by using
an SJA-fermentograph (Suihko and Mäkinen, 1981). The
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composition of normal dough was 160 ml tap water, 4 g NaCl,
5 g filtered yeast, and 280 g wheat flour. The added 
incredients for sour dough were 1.5 ml of 88 % (v/v) lactic 
acid and 0.5 ml of acetic acid.

Water and salt were mixed, heated to 36-37°C, poured to the 
bowl, and let to cool to 30-32°C before the addition of a 
yeast. Wheat flour was added and dough was kneaded for exactly 
5 min with Hobart mixer (N-50G; Hobart Mfg. Co, USA). After 
cooling to 30°C the dough was transferred to a pan and placed 
into a incubation chamber in the SJA-fermentograph. The SJA- 
fermentograph measured the evolved amount of CO2 at 30°C for 

an hour.

For the calculations of dough raising power the dry weight of 
filtered yeast was determined in duplicates by grinding 2 g 
of filtered yeast with equal amount of sea sand. The sample 
was dried overnight at 105°C. The evolved amount of C02 was 
corrected with the atmospheric pressure during the experiment 
and calculated per 1.35 g d.w. of filtered yeast. The raising 
power was determined in triplicates for each dough type.

4. RESULTS

4.1 Selection of yeast strains

For the preliminary selection of yeast strains two baker's 
yeast (B44 and B49) and eight sour dough yeast strains (C75, 
C115, C116, C117, C118, C119, C129, C175) were tested in 
shake flask cultivations (50 ml of YPD medium) at three 
different acetic acid concentrations (0 %, 0.6 %, and 0.8% 
v/v acetic acid) Cultivation was continued up to 100 hours. 
Growth was monitored by measuring the turbidity of the broth
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with the Klett-Summerson photoelectric colorimeter (filter 66) 
(Table 9).

Table 9. Preliminary selection of yeast strains (50 ml of
YPD medium, 30°C, 250 rpm, 100h).

Yeast
strain

Acetic acid 
0

Growth Lag

concentration,
0.

Growth

% v/v
6
Lag

0.8
Growth Lag

B44 + 0 + 30
B49 + 0 + 45 - -

C75 + 0 — — — —

C115 + 0 + 60 - -

C116 + 0 + 0 + 20
C117 + 0 + 35 - -

C118 + 0 + 25 + 40
C119 + 0 - - - -

C120 + 0 + 60 - -

C175 + 0 + 5 nd nd

Growth measured as turbidity, +/- indicates growth/no growth, 
Lag phase of the growth in hours due to added acetic acid, 
nd = not determined

Both baker's yeast strains showed no difference in the acetic 
acid tolerance, while sour dough yeast strains C116 and C175 

tolerated acetic acid better than other strains tested. Strain 
C118 tolerated acetic acid but had remarkably longer lag 
phase than C116 and C175.

The four strains (B44, B49, C116, C175) were tested further 
in shake flask cultivations (50 ml of YPD medium, 24 hours) 
at different acetic acid concentrations. Growth was monitored 
by calculating specific growth rates (Table 10). Both baker's 
yeast strains tolerated low concentrations of acetic acid (up 
to 0.3 % v/v), while sour dough yeast strains resisted higher 
concentrations of acetic acid (up to 0.6 % v/v). Specific 
growth rates of yeasts C116 and C175 were reduced by 49 % at
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0.6 % v/v acetic acid concentration. The differences between 
the baker's yeast strains (B44 and B49) and between the sour 
dough yeast strains (C116 and C175) were not remarkable; thus, 
commercial baker's yeast strain B44 was chosen for the 
protoplast fusion and turbidostat experiments and sour dough 
yeast strain С116 for the second parental strain of the 
protoplast fusion experiments.

Table 10. Specific growth rates in h-1 of yeast strains at
different acetic acid concentrations (50 ml of YPD
medium, Ы о О n 250 rpm, 24 h) .

Yeast Acetic
0

acid
0.1

concentration, 
0.2 0.3

% V/V
0.4 inо 0.6

B44 0.36 0.37 0.36 0.26 0 0 0
B49 0.37 0.35 0.38 0.33 0 0 0
С116 0.37 0.32 0.32 0.32 0.28 0.26 0.19C175 0.35 0.45 0.42 0.28 0.34 0.27 0.19

4.2 Preliminary studies

The composition of selection plates was based on the acetic 
acid tolerance of sour dough yeast and the utilization of 
maltose by baker's yeast. Different maltose and sodium acetate 
concentrations were tested (Table 11). Sodium acetate was 
added in stead of acetic acid that prevented the 
solidification of agar. Yeast types can be separated at 0.25 
% w/v maltose concentration. At higher maltose concentrations 
maltose hydrolyzed to glucose when autoclaved and, thus, 
gave unreliable results. 4 % w/v sodium acetate prevented the 
growth of baker's yeast. Two sodium acetate concentration (4 
% and 5 % w/v) were used for selection on the rich YPDA plates, 
because the absolute acetic acid tolerance of the baker's
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yeast seemed to lay between these values. The inhibitory 
sodium acetate concentration (4.0 % w/v) on solid medium is 
considerably higher than the inhibitory acetic acid 
concentration (0.4 % v/v; see above) in liquid medium, because 
the dissociated intracellular acetic acid is more toxic than 
its salt due to intracellular acidification (Korhola, 1987). 
None of the yeast types was able to grow on a medium 
containing both 0.25 % maltose and 4.0 % w/v sodium acetate. 
Addition of 1.2 M sorbitol to the media or sterile filtration 
of maltose in stead of autoclaving did not affect results.

Table 11. Acetate and maltose tolerance of baker's (B44) and 
sour dough (C116) yeasts. Cultivation on SC plates 
served as controls.

Medium 
% w/v

Yeast growth, 
B44

%
C116

Maltose
0 0 0
0.25 100 0
0.50 100 56
Sodium acetate
0 100 100
1.0 72 100
2.0 46 100
3.0 9 100
4.0 0.2 52
5.0 0 14
Maltose
0
Sodium acetate 
4.0 0 0

Preliminary experiments indicated that low pH (4.0-4.5) 
adjusted with HC1 or sodium acetate at concentrations 
corresponding 0.6 % and 0.8 % v/v acetic acid at pH 6.8 did 
not inhibit the growth of both yeast types. The essential 
inhibitor, thus, proved to be acetic acid. The effect of
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acetic acid in cultivation medium was studied further by 
monitoring pH, turbidity, and acetic acid concentration of 
the broth during the shake flask cultivations of baker's (B44) 
and sour dough (C116) yeasts (100 ml of YPD medium with 0.6 % 
v/v acetic acid) (Fig. 10). Baker's yeast was able to utilize 
only 20 % of the added acetic acid and its growth was 
considerably inhibited, while acetic acid was immediately 
utilized by sour dough yeast without affecting the growth 
rate. The pH of both broths differed little during the 
cultivation.
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Fig. 10. Effect of acetic acid in cultivation medium. (A)
B44, (В) C116 (100 ml of YPD medium with 0.6 % v/v 
acetic acid, 30°C, 250 rpm, 100 h).
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4.3 Protoplast fusion

4.3.1 Optimization of protoplast formation

Because whole cells disturb protoplast fusion and because the 
separation method of yeast protoplasts from membrane ghosts 
(Honoso and Hahn-Hägerdahl, 1986) is time-consuming, the 
protoplast formation was optimized to give 99-100 % 
protoplasts. The protoplast formation was followed at 5 min 
interval at three different temperatures and with different 
amounts of Zymolyase (Fig. 11A and 11B). When the amount of 
Zymolyase and incubation temperature increased, protoplasts 
formed in a shorter time. The number of regenerated baker's 
yeast protoplasts, however, decreased almost linearly at 30°C 
and 37°C as the amount of Zymolyase increased (Fig. 12A). When 
B4 4 protoplasts were formed at 37°C with 62.5 /¿1/ml of 
Zymolyase, the regeneration percentage was noticed to increase 
remarkably. The experiment was repeated several times with 
the following amounts of Zymolyase (the average regeneration 
percentage in parenthess) : 50 /¿1/ml (7.6 %) , 56.25 /¿1/ml 
(13.4 %) , 62.5 /¿1/ml (16.4 %) , 68.75 /¿1/ml (19.5 %) . No clear 
explanation to this phenomenon can be given. One possibility 
is, however, that side enzyme activities (especially /3-1,3- 
glucanase and mannanase) are gradually activated, as the 
amount of lytic enzyme preparation increases. This may occur 
only at elevated temperatures, because the reported temperature 
optimum of Zymolyase for the lysis of viable yeast cells is 
only 2°C lower (35°C) than the used temperature (37°C). The 
phenomenon was observed only with B44 protoplasts. Baker's 
yeast has /3-1,3-glucan as a typical skeletal cell wall 
constituent and the mannose concentration of the cell wall 
is about 20.0 % of wall dry weight (Farkas, 1985) indicating 
that the side enzyme activities may facilitate the B44 
protoplast formation at higher Zymolyase concentration near 
its temperature optimum and that the yeast types may have
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different cell wall composition.

The number of regenerated C116 protoplasts was lower than
that of B44 at all tested amounts of Zymolyase. C116 
protoplasts were, however, less sensitive to temperature 
differences than B44 protoplasts (Fig. 12B).

Amount of Zymolyase, pg/ml

Fig. 11. Times required for 99-100 % protoplast formation 
at different temperatures and with different 
amounts of Zymolyase. (A) B44, (B) C116.
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Amount of Zymolyase, yl/ml

25 °c

Amount of Zymolyase, pl/ml

Fig. 12. Percentage of regenerated protoplasts at 99-
100 % protoplast formation at different 
temperatures and with different amounts of 
Zymolyase. (A) B44, (B) C116.

Because of the working routine, the time for protoplast 
formation was desired to be about 30 min at equal temperatures. 
The conditions for protoplast formation were chosen as follows: 
temperature 30°C, time 30 min, and 25 /Ltg/ml of Zymolyase for 
B44 protoplast formation and 12.5 мд/ml of Zymolyase for C116
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protoplast formation. At these conditions 99-100 % of yeast 
cells formed protoplasts and approx. 10 % of them regenerated.

In order to improve the regeneration and viability of the 
formed protoplasts, the effect of sorbitol concentration, 
washing solution, and temperature were studied. The formation 
of protoplasts was followed at three different sorbitol 
concentrations (0.4 M, 0.8 M, 1.2 M). The sorbitol 
concentration 0.4 M was too diluted and caused the breakage 
of most protoplasts (Fig. 13A for B44 protoplasts; similar 
results were obtained for C116 protoplasts). No dramatic 
difference was observed between 0.8 M and 1.2 M sorbitol 
(Fig. 13B and 13C, respectively); however, the stability of 
protoplasts was slightly increased at 1.2 M sorbitol and, 
thus, 1.2 M sorbitol was chosen. When stored for a few hours 
at room temperature, the formed protoplasts lost their 
viability (e.g. after 2 h at room temperature only 6 % of 
protoplasts was viable), which decreased the efficiency of 
protoplast fusion. The effect of the composition of washing 
solution was studied. Washing with 1.2 M sorbitol with 10 mM 
CaCl2 or 0.02 M Tris-HCl buffer (pH 7.5) did not increase 
viability compared to washing with 1.2 M sorbitol and, thus,
1.2 M sorbitol was used for washing. When protoplasts were 
handled at low temperature (at 0-5°C) with prechilled solutions 
and stored in the ice bath after protoplast formation, the 
viability of protoplasts remained between 80 % and 90 % in
1.2 M sorbitol solution for a few hours.
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Fig. 13 B44 protoplasts produced at three different 
sorbitol concentrations. (A) 0.4 M, (B) 0.8 M 
(C) 1.2 M.
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4.3.2 Optimization of dielectrophoresis

The influence of dielectrophoresis (the formation of "pearl 
chains" in the electrical field) on the viability of 
protoplasts was studied. The frequency of 1 MHz was chosen, 
because it gave the best results when monitored 
microscopically. The formation of "pearl chains" was studied 
at different times of exposure and voltages (Fig. 14A and 
14B). When the time of exposure increased, the viability of 
protoplast decreased considerably ; however, different voltages 
did not influence remarkably the viability of protoplasts.
The following conditions were chosen for dielectrophoresis : 
frequency 1 MHz, time of exposure (BUILD) 90 s, and voltage 
3.0 V (0.6 kV/cm).

12 3 4
Time of exposure, min

*
л
V)я
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Fig. 14. Viability of protoplasts during dielectrophoresis
at different times of exposure and voltages.
(A) B44, (В) C116.
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4.3.3 Optimization of electrofusion

The following values were tested to optimize electrofusion:
PRE 0, 10, 90 ms, PULSE 10, 20 ,30, 40 ßs, ampilitude 20, 30, 
40, 60, 80 V, POST 0, 90 ms, SINE 1,5,10,20,30,40,60 s, LOOPS 
1,2,3,4,5,7,9, FADE 40, 90 s. As the maximum and minimum 
values of different parameters were tested, no dramatic change 
in viability or in behaviour (e.g. breakage) of protoplasts 
was observed (regeneration percentage of fused protoplasts 
was on average 40-50 %). The following conditions based on 
visual observations, on calculations from SC plates, and on 
the literature (Halfmann et al.. 1982, 1983; Förster and 
Emeis, 1985) were chosen for the electrofusion: polarity +., 
PRE 10 ms, PULSE 20 /xs, amplitude 40 V (8 kV/cm), POST 0 ms, 
SINE 10 s, LOOPS 4, and FADE 90 s. After electrofusion 
protoplasts were regenerated on SAM selection plates (diameter 
14 cm) for 5-10 days.

4.3.4 Fusion products

PEG-induced protoplast fusion was repeated 61 times. Totally 
67 fusion products grew on SAM plates, of which 53 colonies 
were tested further. All control samples grew as a lawn and, 
thus, fusion frequency cannot be estimated. Two colonies (4 
%) grew in 1 ml of YPD medium. None of the fusion products 
grew on AM selection plates.

Electrofusion was repeated 59 times. Totally 132 colonies were 
collected. Assuming that the number of protoplasts in a 5 ul 
of sample was on average 2000 in each experiment, an average 
fusion frequency was 1.1 x 10-3. The published electrofusion 
frequencies varies between 5 x 10-2 (Halfmann et al.. 1982) 
and 6 x 10-8 (Schnettler and Zimmermann, 1985). The fusion 
frequency can, however, be only approximated, because the
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chamber used in the experiments do not permit a quantitative 
transfer of fused protoplasts to the regeneration medium 
without mixing protoplasts present in the electrode gap with 
the protoplasts outside this area.

19 (14 %) colonies grew in 1 ml of YPD medium. Only 6 (4.5 %) 
fusion products grew on AM plates. They were tested further 
on AM, A, M, and C plates. Three of those (2.3 %) (numbers 
68, 71, and 109) grew on all plates. The stability of these 
three fusion products was tested in shake flask cultivation. 
Their growth on C, A, M and AM plates after the last 
(fifteenth) cultivation is shown in Table 12.

Table 12. Growth of yeast strains B44 and C116 and isolated 
fusion products 68, 71, and 109 on different solid 
media (C, A, M, AM) after 15 times repeated shake 
flask cultivations in control (C) and selection 
(AM) medium.

Yeast Medium Number
Media

of colonies, 105 ml-1
C A M AM

B44 C 88 0 107 0
C116 C 215 204 0 0

68 C 65 83 65 4AM 62 61 60 56
71 C 89 120 105 2

AM 32 50 35 44
109 C 64 0 71 0

AM nd nd nd nd

nd = not determined

One of the electrofusion fusion products, 109, lost its acetic 
acid tolerance already during the first cultivation of the 
stability test. Based on the cultivation on plates it seemed
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to be reverted back to baker's yeast (B44) . The fusion products 
68 and 71 did not lose their acetic acid tolerance during the 
stability test. Their specific growth rates (0.42 h-1) were 
equal to that of C116 (0.43 h-1) , while the specific growth 
rate of baker's yeast was slightly higher (0.49 h-1). The 
fusion products 68 and 71 were tested further in laboratory 
scale.

The yields and quality of the produced yeasts are shown in 
Table 13. The cultivation conditions in laboratory scale are 
optimized for the growth of baker's yeast. In these conditions 
even one single reverted yeast cell can overgrow more slowly 
growing fusion products. The fusion products 68 and 71 were 
either overgrown by few revertants or reverted to baker's 
yeast.

Table 13. The yields and quality of baker's (B44), sour
dough yeasts (C116), and the fusion products 68 
and 71 produced in laboratory scale (relative 
values).

B44 C116 68 71

Yeast yield, % 100 91 95 102
Raising power, % 100 74 82 88
Acetic acid 
tolerance, % 28 85 32 29

4.4 Selection in a turbidostat

Seven turbidostat cultivations were carried out, five with 
0.6 % (I, II, IV, V, and VI) and two with 0.8 % v/v acetic 
acid (III and VII). The initial pH was on average 5.8. Except 
of the III cultivation, growth was intensive in the beginning
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of cultivation. During the first 18 hours pH has decreased to 
4.2, the average acetic acid concentration was 3.3 mg/ml, and 
on average 5 1 of medium was used. During the following 25-49 
hours rest of the medium was used, however, pH decreased only 
by 0.1-0.2 pH units and the acetic acid concentration increased 
on average 1.3 mg/ml. Ethanol concentration remained constant 
during the cultivation (about 5.2 mg/ml).

The detailed information about the cultivations is given in 
Table 14. The final pH, acetic acid and ethanol concentrations 
did not vary considerably when cultivated with 0.6 % v/v 
acetic acid. The use of air influenced slightly by increasing 
the cultivation time. When 0.8 % v/v acetic acid was used, 
parameters varied remarkably, especially cultivation time.
The VII cultivation had lower pH value and higher final acetic 
acid concentration than the III cultivation. Due to the 
intensive growth in the VII cultivation, fresh medium was 
added continuously and acetic acid could not be metabolized 
rapidly enough.

Table 14. Final conditions in the turbidostat cultivations.
In cultivations I, II, and IV-VI final acetic acid 
concentration in fresh medium was 0.6 % v/v, while 
in cultivations III and VII it was 0.8 %.

Number Aeration pH 
gas

Acetic
acid
mg/ml

Ethanol
mg/ml

Time
h

I n2+o2 4.15 nd nd 46
II n?+o2 4.05 4.7 5.6 55
IV air 4.10 4.7 5.8 69
V N2+°2 3.95 4.2 4.6 55VI n2+o2 4.25 3.5 4.1 48
III N2+°2 4.34 4.8 4.1 171
VII N2+°2 4.05 6.6 6.7 55

nd = not determined
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The specific growth rates of the final samples (I-VI) are 
shown in Table 15. The sample VII did not grow during the 
first eight hours, however, it grew at all concentrations 
after 24 hours. All the isolated mutants were able to grow at 
0.5 % v/v acetic acid. Four mutants (I, IV, V, and VI) 
tolerated 0.6 % v/v and only one (IV) 0.8 % v/v acetic acid. 
The specific growth rates decreased on average by 26 %, as 
the acetic acid concentration increased over 0.4 % v/v.

Table 15. Specific growth rates in h-1 of baker's yeast 
strain B44 and final samples (I-VI) (50 ml of 
YPD medium, 30°C, 250 rpm, 24 h).

Yeast Acetic
0

acid concentration, 
0.4 0.5

% V/V
0.6 COо

B44 0.40 0 0 0 0
I 0.46 0.38 0.23 0.29 ndII 0.50 0.42 0.39 0 nd
III 0.37 0.31 0.30 0 0
IV 0.39 0.32 0.33 0.28 0.25
V 0.39 0.36 0.28 0.25 0
VI 0.48 0.38 0.33 0.29 0

nd = not determined

The growth of the original yeast strain and isolated mutants 
with and without acetic acid after the 15 times repeated 
shake flask cultivation is shown in Table 16. The mutants did 
not lose totally their acetic acid tolerance during the 
cultivation without acetic acid selection. Except the mutant 
I, the isolated mutants were able to grow with 0.6 % v/v 
acetic acid. The mutants III, V, VI, and VII, however, 
gradually lost their vitality and acetic acid tolerance. The 
two most stable mutants II and IV (Table 16, YPDHAc values) 
were tested further in laboratory scale.
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Table 16. Growth of yeast strain B44 and isolated mutants 
(I-VII) on different media (YPDA, YPDA4, YPDA5) 
after 15 times repeated shake flask cultivations 
in control (YPD) and selection (YPD with 0.6 % 
v/v acetic acid; abbreviated YPDHAc) medium.

Yeast Medium Number
Media

of colonies, 105 ml-1

YPDA YPDA4 YPDA5

B44 YPD 110 0 0

I YPD 229 288 198
YPDHAc 0 0 0

II YPD 140 219 157
YPDHAc 78 103 117

III YPD 135 49 26
YPDHAc 82 65 65

IV YPD 120 120 103
YPDHAC 110 85 135

V YPD 255 272 234
YPDHAc 154 111 4

VI YPD 250 360 172
YPDHAC 132 121 47

VII YPD 200 355 196
YPDHAC 105 90 84

The relative yields, raising powers, and acetic acid tolerances 
of produced yeasts are shown in Table 17. The mutant II was 
reverted to baker's yeast, while the mutant IV showed 
increased relative acetic acid tolerance from 28 % to 51 %.
The yeast yield was, however, decreased 15 % and the raising 
power in normal dough 25 %. The total raising power (ml C02/h) 
in sour dough was improved 36 % and, thus, smaller amounts of 
yeast could be used to raise the dough within a standard 
raising time in bakeries. The use of acetic acid selection 
pressure (0.6 % v/v) during the growth did not improve these 
results (Table 17, IVHAc)). The yeast yield and raising powers
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were decreased more strongly, while the relative acetic acid 
tolerance was not improved.

Table 17. Yields and quality of baker's yeast (B44) and 
isolated yeast mutants (II, IV) produced in 
laboratory scale (relative values).

B44 II IV IVHAc

Yeast yield, % 100 98 85 70
Raising power, % 100 90 75 47
Acetic acid 
tolerance, % 28 30 51 54
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5. DISCUSSION

5.1 Protoplast fusion

Because acetic acid is soluable in the lipids of the cell 
wall/membrane, the acetic acid tolerance of sour dough yeasts 
may be connected to the composition of cell wall/membrane 
and the transport and penetration mechanisms across the cell 
wall/membrane. Samson et al. (1955) and later Maiorella et 
al. (1983) suggested that acetic acid inhibits the growth of 
baker's yeast by chemical interference with the ATP-driven 
membrane transport of phosphate, which increases the ATP 
requirement for the cell maintenance. Ethanol production is, 
thus, increased to make available sufficient amounts of ATP, 
while cell mass production is decreased. Pinto et al. (1989) 
stated that acetic acid is not metabolized by S. cerevisiae 
yeast and they assumed it to enter the cell in the 
undissociated form by simple diffusion. Inside the cell acetic 
acid dissociates and, if external pH is lower than the 
intracellular pH, acetic acid will accumulate as a function 
of pH difference. Pampulha and Loureiro (1989) also suggested 
that acetic acid inhibition may be due to the passive 
permeability of the plasma membrane to the undissociated form 
of acetic acid. Elevated acetic acid concentrations (over 
0.09 % w/v) even cause membrane disruption and alternation of 
yeast cell morphology (Maiorella et al., 1983). The mode and 
control of acetic acid uptake are not exactly known in yeasts 
(Cooper, 1982). The earlier results from VTT Biotechnical 
laboratory show that sour dough yeast (C75) may have adapted 
a slower penetration rate of acetic acid than baker's yeast 
(VTT-B-73024) in sour dough seeds under the continuous acetic 
acid pressure (Suihko, 1975). The penetration mechanism was not 
identified. In this study baker's yeast B44 and sour dough 
yeast C116 had clearly different conditions for protoplast 
formation and regeneration when treated with the same lytic
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enzyme preparation, thus, indicating different composition of 
cell wall. Moreover, as another sour dough yeast (C175) was 
treated with the same lytic preparation in the conditions 
optimized for C116, similar protoplast formation and 
regeneration profiles were obtained. The cell wall composition 
is, thus, likely to affect the acetic acid tolerance. More 
speculation cannot be carried out, because the actual 
composition of sour dough yeast cell wall has not been 
published.

Widely different conditions for protoplast formation have been 
published. Compared to the methods previously used for yeast 
protoplast formation for electrofusion, the used method 
excluded pronase (Halfmann et al.. 1982) or mercaptoethanol 
(Schnettler et al.. 1984 ; Schnettler and Zimmermann, 1985; 
Förster and Emeis, 1985) pretreatment. In general, temperature 
effect is intimately related to the activities of the lytic 
enzyme preparations and osmotic stabilizers (Davis, 1985). The 
handling and storing of protoplasts in cold (at 0-5°C) after 
separation of lytic enzyme remarkably increased the viability 
of protoplasts and, thus, the efficiency of fusion procedure. 
Plating on larger Petri dishes (diameter 14 cm) allowed the 
use of higher protoplast concentration and improved the fusion 
frequency.

The stability of fusion products has not been tested for
several generations in any of the publications reporting 
yeast cell electrofusion. Over 30 published PEG-induced 
protoplast fusion experiments were studied and stability 
tests were mentioned in only 7 of them. Legmann and Margalith 
(1983) mentioned a stable fusion product but did not specify 
the used method, de Figueroa et al. (1984a, 1984b, 1985) and 
de Figueroa and de van Broock (1985) used one replica plating 
for stabilization criterion, while Pina et al. (1986) tested 
the stability in a shake flask cultivation. Farahnak et al. 
(1986) tested the stability of a fusion product in a small 
scale (300 ml) fermentation cultivation. In this study the
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fusion products obtained from PEG-induced protoplast fusion 
lost their viability in the primary selection test (cultivation 
on AM plates) indicating that fusion had caused plasmogamy.
Even though two fusion products isolated from electrofusion 
experiments were stable during the primary selection and the 
actual stability tests, they were either overgrown by few 
revertants or reverted to baker's yeast in the laboratory 
scale cultivation conditions strongly favouring the growth of 
baker's yeast. The necessity of long-term and large scale 
stability tests, thus, leads to the revaluation of the previous 
reports of successful protoplast fusions. This type of 
stability tests are absolutely needed, especially when the 
fusion product is desired to be applied in industrial 
processes.

5.2 Selection in a turbidostat

As seen from the results in preliminary studies, the sour dough 
yeast can metabolize acetic acid much more efficiently than 
baker's yeast that utilized at maximum 20 % of the added 
acetic acid. The measured acetic acid concentrations at the 
end of the turbidostat cultivations were even 43 % lower than 
the calculated values (no evaporation was detected). Also, 
the pH of the broth remained fairly constant throughout the 
cultivation even though fresh medium with higher acetic acid 
concentration was added intermittently. These observations 
clearly indicate that the acetic acid metabolism of baker's 
yeast is likely to be changed towards the acetic acid 
metabolism of sour dough yeast most probably at the end period 
of the cultivations.

Relatively short cultivation times were used in turbidostat 
cultivations and, thus, the changes in the acetic acid 
metabolism may be caused by temporary adaption rather than 
permanent genetic mutations. The absence of permanent mutations 
was seen during stability tests. The mutants did not lose
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their acetic acid tolerance in mild conditions (acetic acid 
free medium), while they grew poorly, if at all, under 
continuous intensive selection pressure of 0.6 % v/v acetic 
acid (acetic acid containing medium). In laboratory scale 
cultivation under conditions that strongly favours the growth 
of baker's yeast the mutant IV showed increased acetic acid 
tolerance indicating a permanent genetic mutation. Because 
one out of seven cultivations gave the desired mutant, method 
can be considered efficient. Longer selection time in 
turbidostat, e.g. one month, and the use of some mutagenic 
agent, e.g. NTG, in cultivation medium may even increase the 
mutation frequency or at least stability.

The isolated mutant IV shows increased relative acetic acid 
tolerance; however, it is not known whether it is caused by 
genetic alternations in the mode of penetration through cell 
wall, in the acetate metabolism, or in the overall carbon 
metabolism. Because the yeast yield and the normal dough 
raising power of IV were lower than those of B44, the 
intracellular dissociated acetate anion may have decreased 
the activity of the glucanolytic enzymes indicating that the 
overall carbon metabolism may have changed. It is, however, 
impossible to speculate the genetic changes without further 
investigations. The composition of cell wall could be estimated 
roughly from the experiments carried out in the conditions 
optimized for the formation of sour dough yeast (C116) 
protoplasts. Even though the results from the laboratory 
scale cultivations of IV are promising, the behaviour of the 
mutant IV in industrial scale cultivation cannot be predicted 
precisely on the basis of the done experiments.
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6. CONCLUSIONS

After the first enthusiastic reports of microbial electrofusion 
in the early 1980's (Zimmermann, 1982 ; 1983), more attention 
has been paid on the electrofusion of larger plant and 
mammalial cells as well as on the electroporation of microbial 
cells. Electroporation is based on the occurence of pores or 
membrane openings though which both ions and molecules can 
pass and is used for cellular uptake of macromolecules, such 
as enzymes and DNA. Theoretically similar to electrofusion, 
it represents less complicated method than electrofusion and 
may, thus, be used in the future (Berg et al.. 1984; Hashimoto 
et al. . 1985? Karube et al.. 1985; Chassy et al.. 1988 ; Powell 
et al. . 1988 ; Weaver et al.. 1988). In this study electrofusion 
proved to be a suitable method for fusion of yeast cells and 
improving the acetic acid tolerance of baker's yeast. The 
fusion products, however, were not stable when tested in 
laboratory scale.

Turbidostat cultivation represents an old technigue that has 
recently been overlooked by chemostat cultivations. The 
turbidostat cultivation, however, proved to be a rapid, easy, 
and applicable method for the selection of acetic acid tolerant 
yeast mutants. Once constructed it is easy to handel and to 
modify. Medium preparation and setting up the cultivation are 
time-comsuming; otherwise, the continuously working instruments 
and controllers free workers to other tasks. The only 
disadvantage is high initial investment due to sophisticated 
instruments.

The type of fusion (p1asmogamy/karyogamy) as well as the 
complete genome of the mutants isolated in a turbidostat 
could be revealed by orthogonal field alternation 
gelelectrophoresis (OFAGE) (Hoffmann et al.. 1987 ; Zimmermann 
et al.. 1988).

It proved to be extremely difficult to cause a permanent
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mutation in the genetic properties of the stable industrial 
microorganism, i.e., baker's yeast. During the industrial 
cultivation of baker's yeast, yeast mass is increased 500 000 
times in a week. New adaptated properties may, thus, be easily 
lost in these vigorious growth conditions.
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