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Protoplast fusion has made a significant contribution to our understanding of the genetics and biochemistry of
the nonconventional veasts, and it has facilitated the creation of novel strains of veast that display enhanced
biotechnological potential. This article presents an examination of the means of isolating, reverting, and fusing
veast protoplasts, as well as an analvsis of the products resulting from such fusions. Although this review is
primarily concerned with the impact protoplast fusion has made on our knowledge of the nonconventional yeasts.
where appropriate, reference to data gained from work with the conventional yeasts, i.e., Saccharomyces or

Schizosaccharomyces. is made.
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Protoplast isolation

A protoplast may be defined as an osmotically fragile cell
completely devoid of cell wall material. Eddy and William-
son! first demonstrated the liberation of protoplasts from
Saccharomyces cerevisiae and Saccharomyces carlsbergen-
sis by the action of the enzymes present in Suc d’Helix
pomatia. Because of their inherent osmotic fragility, the
protoplasts had to be maintained in an environment ren-
dered isotonic by the addition of an osmotic stabilizer. In the
absence of the restraining effect of an intact cell wall, a
protoplast assumes a spherical shape in an isotonic buffer, to
minimize the surface-to-volume ratio. The terms protoplast
and spheroplast are often used interchangeably but it should
be recognized that the latter term is reserved for osmotically
fragile cells enveloped in cell wall material.? As a result of
the presence of such wall material, a spheroplast may retain
its original cellular shape in isotonic buffer.

Yeast cell wall degradation and subsequent protoplast
liberation are most frequently achieved enzymatically,? al-
though mechanical methods have also been employed.*? A
wide range of lytic preparations is now available for proto-
plast isolation from the nonconventional yeasts, although
the optimum one for a particular species may have to be
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determined by pilot experimentation. Novozym 234 (Novo
Biolabs, Denmark), originally known as Mutanase, is pro-
duced by the submerged fermentation of a strain of Tricho-
derma harzianum and contains three principal polysaccha-
rases: o-1,3-glucanase, 3-1,3-glucanase, and chitinase. It is
capable of liberating protoplasts from a range of yeasts®’
and filamentous fungi.®® Funcelase (Yakult Honsha, Tokyo,
Japan) is a purified B-1,3-glucanase preparation from a
strain of Trichoderma viride that is efficient in protoplast
liberation from a range of yeasts and filamentous fungi.'!
The ability of the gastric juices of the snail H. pomatia to
degrade yeast cell walls was discovered by Giaja in 1914,'2
although protoplast formation was not observed, because of
the absence of an osmotic stabilizer. The mycolytic prop-
erties of snail gut juice have been used to liberate proto-
plasts from a range of yeasts,’* and such preparations are
available under a variety of brand names: Helicase (Reactifs
I.B.F., Garenne, France), Glusulase (Endo Labs, NY, USA),
and B-glucuronidase (Sigma, St. Louis, MO, USA). The
active components of snail gut juice preparations include
lipase, phospholipase, glucanase, and mannanase.®

A number of factors affect the rate of yeast protoplast
liberation and subsequent stability. As a culture passes from
the exponential to the stationary phase of growth, the cell
wall becomes more resistant to enzyme-induced degrada-
tion."* Sulphydryl agents have been used extensively with a
variety of yeasts in conjunction with lytic preparation(s), to
increase the rate of protoplast release from exponential
phase cells®'? or to facilitate the release of protoplasts from
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stationary phase cells.'® Sulphydryls are employed for this
purpose, because of their ability to reduce the disulphide
bonds present in yeast cell walls. Dithiothreitol and B-mer-
captoethanol are the most frequently employed sulphydryl
agents.'* As a result of their osmotic fragility, protoplasts
require an environment rendered isotonic by the presence of
an osmotic stabilizer. Sorbitol and mannitol have been the
most frequently used osmotic stabilizers for yeast proto-
plasts,®7'* although inorganic salts such as potassium chlo-
ride may also be employed. The viscosity of the protoplast
buffer has been shown to affect the rate of protoplast liber-
ation from cells of the yeasts S. cerevisiae and Pachivsolen
tannophilus."”

Protoplast regeneration

Protoplasts of the majority of yeast species are capable of
cell wall regeneration, and thereby reestablish the normal
cell cycle in medium solidified by the addition of gelatin'$
or agar,'? or are thickened by the presence of polyethylene
glycol (PEG).?° As exceptions, protoplasts of Schizosaccha-
romyces pombe and Nadsonia elongata are capable of this
in osmotically stabilized liquid media.*'-*> The presence of
a barrier around the protoplast, provided by the agar or
gelatin, prevents the loss of cell wall components into the
surrounding medium, facilitates their accumulation on the
surface of the protoplast, and hence allows the formation of
the nascent wall.**>? The appearance of mannan (a cell wall
component) in the medium during the cultivation of proto-
plasts of Candida albicans in a liquid environment was
attributed to the absence of a barrier capable of restricting
matrix component loss.?* Devoid of the restraining force of
the intact cell wall, protoplasts become spherical in isotonic
medium, and because the individual components of the re-
generating cell wall are deposited isotropically, the resulting
structure will be spherical rather than of the characteristic
strain-specific shape.*>>* Protoplasts of the xylose ferment-
ing yeast Pachysolen tannophilus were shown to be inca-
pable of wall regeneration and thus reversion, whereas
spheroplasts of this yeast were reversion-competent.”® It
was demonstrated that in this case, remnants of the original
cell wall were required for the assembly of the new wall. It
was postulated that the wall remnants acted as foci for the
deposition of new wall material.

Upon completion of the yeast cell wall, multipolar bud-
ding may occur in the first generation, and the usual cellular
morphology reappears in the second generation.>® Removal
of the cell wall during protoplasting uncouples the processes
of karyokinesis and cytokinesis, and the relationship re-
sumes only following the completion of a functional cell
wall.

Means of inducing protoplast fusion

Yeast protoplasts may be induced to fuse, under the appro-
priate physiologic conditions, by electrical or chemical
means. The ability to fuse plant protoplasts using an electric
field was discovered by Senda,>” and the technique was
further developed with yeast protoplasts by Zimmermann
and co-workers.?8-*° Electrofusion requires the sequential
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application of an alternating current (AC) and a direct cur-
rent (DC) to produce reversible membrane breakdown and
concomitant protoplast fusion. Protoplasts in a nonhomog-
enous AC field display dipoles (protoplast dielectrophore-
sis), which cause their movement to regions of higher field
intensity, where alignment occurs to give rows of proto-
plasts similar in appearance to chains of pearls.’’ The AC
field causes lateral diffusion of membrane proteins, leading
to the creation of protein-denuded regions on the surfaces of
closely apposed protoplasts.*? Fusion is achieved by the
application of short pulses of the DC current, which produce
reversible membrane alteration leading to pore formation,
pretferentially at the regions of contact of adjacent proto-
plasts. Resultant changes in permeability and protoplast
swelling expand the interprotoplast cytoplasmic continuities
to give single spherical structures encompassing the nuclei
and cytoplasmic contents of the individual protoplasts.

To date, chemical means—in particular, the use of poly-
(ethylene glycol) (PEG)—of achieving the fusion of proto-
plasts of nonconventional yeasts have been the most fre-
quently employed. The fusogenic properties of polymers of
ethylene glycol, in combination with calcium, have been
well established since they were first identified using plant
protoplasts.**** PEG has been used to induce the fusion of
a variety of cell types including hen erythrocytes,* hen
erythrocytes with yeast protoplasts,®® and human fibro-
blasts.*” and in the construction of intraspecific,’® interspe-
cific.™ and intergeneric*® yeast hybrids. The ability of PEG
to initiate membrane fusion arises from its capacity to in-
duce the formation of nonspecific cellular aggregates**0-+!
and to produce shrinkage by cellular dehydration.** Al-
though PEG-induced fusion of yeast protoplasts may occur
in the absence of calcium,*** its presence is essential for
quantitative results. Intraspecific hybrid production from
the PEG-induced fusion of protoplasts of C. ulbicans and S.
cerevisiae is greatly increased when calcium propionate, as
opposed to the more trequently employed calcium chlonde.,
is the source of the cation.*> It was postulated that the pro-
pionate anion enhanced the fusion frequency by binding to
the etheric oxygen of PEG and potentiating the fusogenicity
of the polymer.

The concentration of PEG employed to induce protoplast
fusion is critical, because at low levels it is ineffective as an
osmoticum, and protoplast swelling occurs, which may ul-
timately result in lysis. High concentrations of PEG are
known to be toxic to yeast protoplasts, producing irrevers-
ible hypertonic shrinkage,*® although a certain degree of
dehydration is a prerequisite for the fusion process.** The
highest fusion frequencies are generally obtained at concen-
trations giving optimum protoplast survival.*”** Interbrand
and batch variations in the fusogenicity and toxicity of PEG
have been observed*®*” that may be attributable to the pres-
ence of impurities or degradation products.***" PEG is sus-
ceptible to auto-oxidation initiated by a variety of factors,”'
and degradation products released by autoclaving have been
implicated in reduced yeast protoplast reversion and hybrid
yield,>>%* lowered hybridoma yields,* and suboptimal
yields of heterokaryons from fusions of plant protoplasts.*”

The fusion of protoplasts of nonconventional yeasts may
be achieved by mixing protoplasts of complementary strains
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and incubating in the presence of PEG and the calcium
cation.?® The protoplast mixture may subsequently be di-
luted with osmotically stabilized buffer and embedded in
osmotically stabilized selection medium. Hybrid selection is
usually based on complementing nutritional requirements or
the acquisition of resistance to a combination of antibiotics
not present in either of the parents.> Plasmogamy may be
detected if one of the fusion partners is a petite (or respira-
tory deficient) strain; mitochondrial transfer is accompanied
by the restoration of respiratory competence in the petite
strain.>->7 Counterselection is achieved by plating the pa-
rental petite strain on media containing the nonmetaboliz-
able carbon source. glycerol,

Cybrid formation

Cytoplasmic coalescence is an inevitable product of the fu-
sion process occurring as a result of the expansion of the
fusogen-induced interprotoplast continuities.*' Cybrids may
be defined as fusion products in which the cytoplasmic con-
tents of the fusing protoplasts merge without the concomi-
tant fusion of, or exchange of genetic information between,
the nuclei. In fusions of respiratory sufficient (grande) and
deficient (petite) strains of S. cerevisiae, respiratory com-
petence and nuclear complementation were demonstrated in
hybrids that indicated that plasmogamy and karyogamy had
been achieved.> Respiratory competence was restored to
petite strains of S. cerevisiae following PEG-induced fusion
with anucleate miniprotoplasts encapsulating functional mi-
tochondria.’® The fusion of protoplasts of a mitochondrial
mutant strain of Candida utilis with those of a grande strain
of S. cerevisiae succeeded in restoring respiratory compe-
tence.”’” The resuiting fusants possessed functional mito-
chondria in an orientation, as evident in electronmicro-
graphs, similar to that found in respiratory competent strains
of C. utilis. Studies of erythromycin resistance in Kiuyver-
omyces lactis by means of protoplast fusion revealed that in
that particular case, the resistance determinant was located
on the mitochondrial genome.>® Treatment of cells resistant
to this antibiotic with ethidium bromide rendered them re-
spiratory-deficient as well as obviating resistance to eryth-
romycin, and because ethidium bromide specifically affects
cellular mitochondrial DNA. it was concluded that the re-
sistance in this case was mitochondrially encoded. In
Yarrowia lipolytica, protoplast fusion was employed to
transfer oligomycin resistance to a sensitive strain without
the concomitant occurrence of karyogamy, thus indicating
that the resistance factor was cytoplasmically encoded.®”
Use of the technique described above™ may facilitate the
investigation of the mitochondrial genetics of this and other
yeasts.

In fusions involving protoplasts of respiratory competent
strains, the individual mitochondrial genomes may not be
retained equally in the hybrids. Using the differential den-
sities of K. fragilis and K. lactis mitochondrial DNA, the
preferential retention of the K. fragilis DNA by the hybrids
was demonstrated.* Mitochondrial transfer during proto-
plast fusion occurs at a greater frequency than nuclear fu-
sion in S. cerevisiae®™ and K. lactis,®' indicating that trans-
fer of cytoplasmic organelles between fusing protoplasts is

a product of cytoplasmic coalescence, whereas karyogamy
proceeds only when the correct physiologic conditions pre-
vail. This indicates that the majority of fused protoplasts in
K. lactis do not achieve karyogamy and so may be unde-
tectable when nuclear complementation is the sole selection
criterion.®!

Products of protoplast fusion
Heterokarvon formation

Following the induced fusion of protoplasts, the parental
nuclei exist temporarily within a common cytoplasm before
proceeding, potentially, to karyogamy. Such an heterokary-
otic state is analogous to the transient state encountered
immediately after cellular fusion during yeast conjuga-
tion.®* Heterokaryosis is a rare event in yeasts under normal
conditions, but frequently occurs in the hyphae of a range of
filamentous fungi. Unstable heterokaryotic fusants have
been obtained from intraspecific fusions involving strains of
C. tropicalis.®* These could be maintained only by applica-
tion of selection pressure, the absence of which allowed
segregation to the parental genomes. Heterokaryotic nuclei
could be induced to fuse, but the products remained unstable
and segregated to give various recombinant progeny. Spon-
taneous karyogamy in heterokaryons of C. albicans has
been detected® in which the products either stabilized as
tetraploids or randomly lost a number of chromosomes prior
to stabilization as aneuploids. A high incidence of hetero-
karyon formation was noted in protoplast fusions involving
nonhybridizing strains of the genus Kluyveromyces.®® The
instability of these fusants suggests that the cell wall does
not constitute the only barrier to genetic exchange between
distantly related yeasts. and that some other mechanism of
*self-recognition’” may govern the interaction of exoge-
nous nuclei, because it was evident that removal of the cell
wall did not alter the degree of genetic relatedness between
strains or facilitate the formation of stable hybrids.

Genetics of fusion products

Hybrids which contain unequal contributions of DNA from
the parental strains have been frequently obtained as prod-
ucts of protoplast fusion. Hybrids resulting from the in-
traspecific fusion of strains of K. lactis contained a quantity
of DNA considerably less than the expected diploid level,
and it was suggested that chromosome elimination follow-
ing protoplast fusion had occurred.®® Provost* suggested
that the products of the interspecific fusion of auxotrophic
strains of C. tropicalis and Saccharomyvcopsis fibuligera
consisted of the genome of one parent in association with a
few chromosomes of the other, which could be lost rela-
tively easily under certain culture conditions. Based on the
segregation patterns and growth characteristics of hybrids
produced by the fusion of protoplasts of Sch. pombe and
Sch. octosporus. it was concluded that the latter yeast was
the dominant contributor to the genetic complement of the
fusants.®” Prototrophic hybrids resulting from the fusion of
protoplasts of two complementary auxotrophic strains of C.
albicans strongly resembled one of the parents in terms of
cell wall proteins and the ability to adhere to exfoliated
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human epithelial cells.®® The hybrids were stable anecu-
ploids, and analysis suggested that they consisted of the
entire genome of the parent with which they shared most
characteristics, together with a chromosome(s) from the
other parent. Hybrids resulting from the fusion of proto-
plasts of C. boidinii and C. tropicalis were found to consist
of the genome of the former parent with a few chromosomes
from the latter.®® CHEF electrophoretic karyotype analysis
of hybrids resulting from the fusion of protoplasts of S.
cerevisiae wine and Sake yeasts indicated the presence of
the entire wine yeast genome together with a single chro-
mosome from the Sake yeast parent.”*

Two categories of uninucleate hybrids were obtained
from the fusion of protoplasts of C. albicans and C. tropi-
calis.®® One type displayed sugar assimilation and isoen-
zyme patterns similar to the C. albicans parent, whereas the
second type presented characteristics of either parent. It was
determined that, as in the case described earlier, the hybrids
consisted of the nuclear genome of one parent plus a portion
of that of the second which might have been integrated into
the nucleus of the fusant in a temporary or transient state. A
similar situation was evident in hybrids resulting from the
fusion of S. cerevisae and S. fermentati, where the products
displayed the characteristics of the strain that had contrib-
uted most to the particular genome.”™

Using the technique of whole nuclear DNA-DNA reas-
sociation, it was demonstrated that S. diastaticus was the
dominant contributor of DNA to intergeneric hybrids
formed by the fusion of the former yeast with protoplasts of
Hansenula capsulata, H. wingei, and C. pseudotropicalis.”
The predominance of the S. diastaticus genome in the fu-
sants was interpreted as indicating that karyogamy had not
occurred, but that the transfer of a single chromosome or
chromosomal fragments was the extent of the genetic inter-
action between the parental nuclei. Hybrids produced by the
fusion of protoplasts of S. cerevisiae and C. utilis displayed
characteristics predominantly of the latter yeast.”> Sponta-
neous and induced segregation of the fusants indicated that
following plasmogamy, either karyogamy had failed to oc-
cur, or that in the event of its having proceeded, the chro-
mosomes supplied by S. cerevisiae were preferentially lost
in a random fashion during subsequent growth. An example
of this was the absence of the S. cerevisiae ds-RNA plas-
mids from the fusants that depended for their continued
maintenance on the presence of specific parental chromo-
somal genes that had possibly been lost from, or were never
present in, the hybrids. Meiotic segregants derived from
H10, a stable hybrid from the above fusion displaying the a
mating type of S. cerevisiae. were crossed with o-mating
type S. cerevisiae strains. The resulting progeny contained a
high percentage of heterokaryotic cells, which indicated that
after protoplast fusion karyogamy was impaired, but that the
transfer of chromosomes between parental nuclei was fea-
sible.”

Prototrophic, uninucleate, diploid hybrids produced by
the fusion of protoplasts of Yarrowia lipolytica and K. lactis
contained DNA derived principally from the former yeast
with as little as 14% (as calculated by the buoyant densities
of nuclear DNA) originating from the K. lactis genome.”
This may have been the product of either of two events. The
nuclei of Y. lipolvtica in a protoplast may have self-fused to
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form a diploid which, following plasmogamy, received a
chromosome from the K. lactis genome. Alternatively, the
nuclei of both yeasts could have undergone karyogamy to
produce a “‘diploid’’ which subsequently lost the chromo-
somes supplied by the K. lactis parent to be replaced by
those originating from the Yarrowia genome. It was noted
that in fusions between K. lactis and K. fragilis. chromo-
some loss from the hybrids had occurred after plasmog-
amy.*® Hybrids produced by the fusion of protoplasts of
Pichia stipitis strains were initially unstable but stabilized
during subsequent culturing.” Stabilization was a product
of ploidy reduction and was evident by the reduced inci-
dence of spontaneous and induced segregation associated
with the strains of lower ploidy. A similar situation pre-
vailed with polyploids of C. shehatue, which also lost chro-
mosomes prior o stabilization at a lower ploidy.”® Hybrids
resulting from the intraspecific fusion of protoplasts of C.
blankii were initially unstable, but stabilized following
spontaneous reduction in ploidy during cultivation.”

The preferential retention of DNA from one parent may
be a product of the fusion protocol employed or the selec-
tion procedure used to isolate the hybrids. At the cellular
level. the extent of mutagenesis required to induce auxotro-
phic mutations may produce other undetected mutations,
some of which might interfere with the ability of the par-
ticular strain to replicate DNA. In fusions bearing different
numbers of auxotrophic markers, retention of the genome
possessing the least number is favored, as less DNA from
the fusion partner is required to achieve complementation.”

Chromosomal rearrangements following protoplast fu-
sion in C. maltosa were detected by the occurrence of vari-
ations in the mitotic segregation patterns of hybrids after
ultraviolet irradiation.”® These appeared as differences in
the order of the genes and the apparent distance from the
centromere, and were explained by the mobilization of
transposable DNA sequences during or after protoplast fu-
sion. Hybrids resulting from the fusion of protoplasts of
Pachvsolen tannophilus and S. cerevisiae resembled the lat-
ter parent morphologically and in sugar use, although they
displayed the ability to use xylose, which was a character-
istic of the P. tannophilus parent. Analysis of the chromo-
somes of the hybrids by (Field Inversion Gel Electrophore-
sis) FIGE revealed the presence of a banding pattern inter-
mediate between that of the two parents.””

Biotechnologic potential of protoplast fusion

Elevated ploidy as a result of protoplast fusion may influ-
ence a range of yeast metabolic processes.”” This technique
has been applied, with varying degrees of success, to a
number of xylose-fermenting yeasts with the aim of opti-
mizing the efficiency of pentose fermentations. An increase
in chromosome number enhanced the rate of production, but
not the final yield, of ethanol from xylose by stable poly-
ploids of C. shehatae.”® The increment in fermentative abil-
ity was attributed to the increased gene poot. Polyploids of
P. tannophilus, constructed by prototrophic selection,*! dis-
played a similar trend.®* Elevated ethanol productivity by
polyploids of an isogenic S. cerevisiae ploidy series was
ascribed to a more efficient fermentation process, per unit of
cell mass, in the strains of higher ploidy.®* In contrast. uni-
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nucleate prototrophic polyploid strains constructed by the
PEG-induced fusion of protoplasts of Pichia stipitis showed
no clear correlation with ethanol productivity.” Intraspe-
cific protoplast fusion was employed to increase the ploidy
of C. blankii for use in a single-cell protein production from
hemicellulose hydrolysates.”” One isolate, a putative aneu-
ploid, had a mean cell volume three times that of the pa-
rental strains. During cultivation, this strain underwent
ploidy reduction to yield an isolate (UOVS-PB2) that had a
cell volume 43% greater than the parents and 13% more
DNA. Cell and protein yields from simulated hemicellulose
hydrolysate tests revealed that this isolate performed less
favorably than the parents. The results of this investigation
demonstrate that it is feasible to employ protoplast fusion to
produce strains with increased cell volume and DNA con-
tent which may have potential in single-cell protein produc-
tion.

Interspecific and intergeneric yeast protoplast fusion of-
fer the possibility of combining, in a novel way, character-
istics associated with the parental strains. The fusion of a
strain of S. cerevisiae tolerant to high concentrations of
ethanol with K. fragilis, a yeast capable of lactose fermen-
tation, gave aneuploid and polyploid hybrids.®* A putative
diploid was capable of the efficient fermentation of lactose,
producing levels of ethanol 30% greater than the K. fragilis
parental strain. A similar result was obtained when an eth-
anol-tolerant Sake yeast was fused with the lactose-
fermenting yeast K. lactis, to yield a range of hybrids.*> One
hybrid. strain PN13, a presumed aneuploid, was a more
efficient lactose fermenter than the K. lactis parent and,
when grown on glucose, displayed alcohol dehydrogenase
activity intermediate between that of the parents. Hybrids
resulting from the fusion of protoplasts of S. diastaticus and
the osmotolerant S. rouxii contained a high amount of DNA
contributed by the former yeast. but enough originating
from the latter to give an enhanced osmotolerance.?® Certain
hybrids resulting from this fusion and their segregants dis-
played greater dough-raising capabilities than the parental
strains. The fusion of protoplasts of S. cerevisiae and Zy-
gosaccharomyces fermentati yielded prototrophic progeny
presenting characteristics of both parents such as the ability
to grow on cellobiose and lactic acid.*’ The hybrids ap-
peared to be stable under nonselective conditions and to
have potential as good fermenters of cellulose hydrolysates.
Hybrids resulting from the fusion of P. tannophilus and S.
cerevisiae resembled the latter parent morphologically, but
displayed the ability to use the pentose sugar, xylose.” This
indicated that using the technique of protoplast fusion the
genes for xylose use could be transferred from the Pachy-
solen parent to the hybrids without grossly altering the char-
acteristics of the resulting progeny which resembled the S.
cerevisiae parent morphologically, and in terms of sugar
assimilation. Such an approach could potentially be used to
construct a hybrid capable of the fermentation, as well as the
use. of xylose. Hybrids resulting from the fusion of proto-
plasts of C. boidinii (a methanol using yeast) and C. trop-
icalis (an n-alkane using yeast) were capable of using both
methanol and n-alkane as sole carbon sources, although the
ability to use the latter substrate was lost after prolonged
storage.™ The examples cited here demonstrate that it is
possible to construct strains by protoplast fusion capable of

using or fermenting novel combinations of substrates. and
that these strains may have industrial potential.

In addition to promoting increased ethanol productivity
or enabling the efficient fermentation of novel substrates (or
combinations of substrates). protoplast fusion also offers the
possibility of enhancing amino acid or enzyme production.
Methionine overproduction was introduced into an S. cere-
visiae strain bearing six amino acid markers following fu-
sion with protoplasts of S. uvarum resistant to ethionine and
capable of secreting L-methionine.®® Methionine production
and secretion by the hybrids was inferior to that of the S.
uvarum parent, and hybrids were still auxotrophic for four
requirements, indicating that only partial complementation
had occurred. The conversion of starch to ethanol is a mul-
tistepped process necessitating the gelatinization, liquefac-
tion. and saccharification of the substrate prior to its fer-
mentation. Fungal glucoamylases are added at the latter
stage to produce glucose and maltose sugars. A hybrid strain
constructed by the fusion of protoplasts of S. diastaticus and
S. uvarum could produce and secrete glucoamylase; thus,
only half the level of exogenous enzymes was required to
achieve the same yield of ethanol from starch.®?

Concluding remarks

The application of protoplast fusion to the nonconventional
yeasts has increased our understanding of many aspects of
their biochemistry and genetics and, in some instances, al-
lowed the creation of strains with interesting biotechnelogic
properties. In the construction of novel strains, protoplast
fusion allows the combination of characteristics present in
the parents, although the isolation of a strain displaying
specific traits may be a matter of good fortune. The advent
of more specific means of manipulating genes has meant
that protoplast fusion is no longer the principal method for
strain improvement or construction. However, it allows the
creation of strains embodying a range of characteristics
from the parents or displaying polygenic traits that would be
difficult to construct using more refined methods.
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