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The potential of protoplast fusion as means of esta-
blishing genetic crosses was realized about 20 years
ago in Geotricum candidum (Frenczy et al., 1974). The
list of species of yeasts and filamentous fungi to which
the technique of protoplast fusion has been applied
increases year by year (Bok et al, 1990; Chadegani
and Ahmadjian, 1991).

Nevertheless, very few papers have been reported
on inter-order protoplast fusion, especially in basidio-
mycetes, though intergeneric and even more distant
fusion in yeasts have been successfully archieved (Kigi-
chi and Yanagij, 1985). The essence of protoplast fusion
is to bring together of nuclear and cytoplasmic geno-
mes of two fungal strains. The main problem in proto-
plast fusion as breeding tool is that it is difficult to
obtain a stable hybrid since the nuclear fusion rarely
occurs, especially in fusion between more distant basi-
diomycetes in lineage. Direct transfer of isolated nuclei
may render it possible to hybridize taxonomically
more distant species (Briggs and King, 1952; You et
al., 1988).

To investigate a possibility of inter-order protoplast
fusion and nuclear transfer between two different basi-
diomycetes, Lentinula edodes (LE) and Ganoderma lu-
cidum (GL) showing anastomotical incompatibility, the
mycelia of both fungi were grown on ten different
media for 15 and 10 days at 28°C, respectively. The
isolation of protoplast was maximized by the treat-
ment with a combination of Novozym 234 (Novo In-
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dustry, Denmark) and cellulase Onozuka (Yakult Hon-
sha, Japan). As an osmotic stabilizer for protoplast for-
mation and regeneration, 0.6 M sucrose pH 5 were
the most suitable. The regeneration frequency of the
protoplasts of L. edodes was 0.50% and that of G.
lucidum was 0.88%. For isolation of auxotrophic muta-
nts containing specific markers, UV was irradiated and
specific mutants were selected on minimal medium.
Various amino acid-, nucleic acid-, and vitamin-requi-
ring auxotrophs of L. edodes and G. lucidum were ob-
tained at survival rates of 0.0001~0.254% and 0.9~27.
2%, respectively (Table 1). Then these mutants were
used in protoplast fusion and nuclear transfer. Back
mutation frequency of these auxotrophs used in fusion
was 107* Polyethylene glycol (MW. 6,000) in 10 mM
CaCl,-glycine solution (pH 8.0) induced protoplast fu-
sion and nuclear transfer. The inter-order fusion fre-
quency between the mycelial protoplasts of the va-
rious mutants was 6.7 X1073% (Table 11). Viable hybrids
were obtained by the transfer of the nuclei of L. edo-
des into the protoplasts of G. lucidum. The rate of
hybrid formation by nuclear transfer was higher than
that of the protoplast fusion. To ascertain formation
of hybrids via inter-order protoplast fusion and nuclear

Table 1. Isolation of auxotrophic mutants of L. edodes (LE)
and G. lucidum (Gl) after UV mutagenesis

Mutant  Phenotype* Exposure  Mycelial growth on
No. time (min)  solid media

LE1 Guanine, Uracil 20 Slow

LE2 Met, Thr, Trp 20 Medium

LE3 Asn, Gln 5 Medium

LE4 PABA 10 Fast

(¢]N] Hypoxanthine 5 Fast

GL2 Asn, Thr, Trp, Glu 5 Medium

GL3 Asp, Glu, His, Tyr, Val 5 Medium

Gl4 Thiamine, Pyridoxine 5 Fast

*Met: methionine, Thr: threonine, Trp: tryptophan, Asn: aspa-
ragine, Gln: glutamine, PABA: para-aminobenzoic acid, Glu:
glutamic acid, His: histidine, Asp: aspartic acid, Tyr: tyrosine,
Val: valine

Table Il. Inter-order protoplast fusion and nuclear transfer
between the two auxotrophs of L. edodes and C. lucidum
Fusion

Cross (Genotype) Symbol frequency (%)
Protoplast Protoplast

L4G1P 6.7X10°*
LE4(PABA "'+ GL1(hypoxanthine )
Nuclei Protoplast

L4AGIN -

LE4(PABA ~ + GL1(hypoxanthine ’
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Table I11. Characterization of the protoplast fusants between L edodes and G. lucidum
Ej;i:t; and Morphology Aerial mycelia® Mycelial growth* Pigment® Clamp connection®
L edodes L ++++ M - +
G. lucidum G +++ F -
L4 L ++++ M - +
G1 G +++ F - +
L4G1P2ST G ++ F + -
252 G + M + +
2583 G + F - -
3 G ++ F - +
5 G ++ F - -
6 G ++ F — +
15 L +4+4+ M - +
18 L +++ M - -
22 L +++ F - -
30 G ++ F - -
33 N + F - -
38 G ++ F - -
39 L ++++ M - +
40 N ++++ S - -
42 N ++++ S - +
47 L ++++ M - +
49 L ++++ M - +
55 L +++ M - +
58 L +++ M - +
6151 G ++ F - -
6152 L + F — +
66 L +++ S - -
67 L + 4+ S - N.D.*
68 G ++ F - N.D.
69 L ++++ M - +
70 L ++++ M - +
72 N +++ S - -
80 N ++++ S - -
82 L 4+ M - +
89 L ++++ M - +
92 L ++ S - N.D.

iL: L edodes, G: G. lucidum, N: non L and non G. *++ + +: indicate best yields. “F: fast growth, M: moderate growth, S: slow
growth. ¢+: brown pigment production. ©+: present clamp, —: clampless, *: Not detected

transfer between L edodes and G. lucidum, the myce-
lia of the parents and the hybrids were grown on com-
plete solid and liquid media (MgSO,-7H,O 0.5 g, KH,
PO, 0.46 g, K;HPO, 1.0 g, Peptone 2.0 g, Yeast extract
2.0 g glucose 50 g, agar 20 g in 1000 ml distilled
water) for 7~15 days at 28°C. Those hybrids were
different from their parents in growth rate, mycelial
morphology, pigment production, and clamp connec-
tion (Tables I and V), A comparison of the hybrids
was made by using isozyme analysis (esterase and acid
phosphatase) (Davis, 1964; El-Metainy and Omar, 19
81). In these cases, the isozyme pattems of the parents
were distinct. The parental isozyme bands as well as
the novel ones of the hybrids were observed in diffe-

rent quantities but the hybrids which showed two pa-
rental isozymes simultaneously were not observed.
Monosaccharides ratio (Tables V and VI) and protein
contents of the hot water-extracted protein-bound po-
lysaccharide showed that completely different hybrids
from the parents existed in greater numbers than those
similar to one parent. When antitumor activities of
these protein-bound polysaccharides against sarcoma
180 were examined, some hybrids were shown to
have greater antitumor activities than their parents.
Mitochondrial DNA (Avise et al., 1979) was isolated
from two fusants, P2S2 and P253, and compared with
those of the parents. The pattems of mitochondrial
DNA digested with restriction enzymes provided the
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Table 1IV. Characterization of the nuclear transferants between L edodes and G. lucidum

Parents and

Fuscants Morphology* Aerial mycelia® Mycelial growth Pigment? Clamp connection®

L. edodes L ++++ M - +

G. lucidum G +++ F _ N

L4 L o+ M - 4

G1 G +++ F - 4
4 N ++++ S - _
10 G ++ F — +
13 G ++++ F - —
15 L ++++ M - "
16 L +4 M - n
24 L +++++ M - +
2551 G +++ F _ _
2552 L +++ F _ *
26 G +++ F _ "
27 L +++++ F - 4
32 N ++ ) - N.D.*
34 G ++ F — n
37 N + E . +
39 G +++ F _ _
46 G +++ F _ n
48 G +H++ F - "
50 G +4++++ F _ 4
58 G + F — +
59 N + M — +
60 N FHt+++ F _ _
62 G ++ + F — _
63 G +++ F _ n
68 L ++++ M - +
70 N + F —

1. L edodes, G: C. lucidum, N: non L and non G. ®++++ +: indicate best yields. °F: fast growth, M: moderate growth,
S: slow growth. +: brown pigment production. ®+: present clamp, —: clampless, *: Not detected

Table V. Monosaccharide contents of the polysaccharide moiety of the hot water extracts of protoplast fusants between
L edodes and G. lucidum

Parents and Cluose Galactose Mannose Fucose Xylose Arabinose

Fusants

L edodes 53.3 5.6 253 6.0 4.7 5.1*

G. lucidum 48.2 7.7 35.7 5.2 1.4 1.8

L4G1P251 48.2 9.1 333 6.4 1.2 1.8
252 34.7 6.0 47.0 114 09 -
253 49.6 12.1 29.6 7.0 0.7 1.0
3 300 6.0 46.4 139 2.1 1.6
5 41.1 4.8 439 8.7 09 1.6
6 29.2 6.7 51.3 9.8 14 1.6
15 59.3 3.2 29.0 4.8 28 0.9
18 69.5 29 20.1 3.2 1.2 3.1
22 38.5 7.0 46.1 3.6 3.4 1.4
33 40.8 8.4 29.0 139 25 54
38 26.3 10.8 49.7 11.1 0.5 1.6
39 51.4 8.3 26.0 8.1 6.2 —

47 58.8 8.7 14.3 15.5 27 -




Studies on Protoplast Fusion of Basidiomycetes

Table V. Continued
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Parents and Gluose Galactose Mannose Fucose Xylose Arabinose
Fusants

49 64.4 246 43 46 1.2 0.9

55 56.6 4.2 25.2 6.7 5.8 1.5

6151 54.4 89 24.0 103 1.0 14

6152 37.3 164 36.0 8.7 0.7 0.5

70 46.0 4.1 41.2 55 0.9 2.3

82 60.9 7.7 210 6.7 3.7 -

89 40.3 5.6 373 7.5 3.0 6.3

92 56.1 5.2 335 5.2 - -

*1 Mole percentage

Table VI. Monosaccharide contents of the polysaccharide moiety of the hot water extracts of nuclear transferants between

L. edodes and C. lucidum

Parents and Gluose Galactose Mannose Fucose Xylose Arabinose

Fusants

L. edodes 533 5.6 253 6.0 4.7 5.1*

G. lucidum 48.2 7.7 35.7 5.2 1.4 1.8

L4GIN10 60.1 34 21.1 11.0 4.4 -
12 346 6.4 45.7 11.2 1.6 0.5
15 639 5.0 15.7 11.2 1.6 0.5
19 305 8.0 50.0 9.7 1.0 09
24 51.1 4.6 355 5.3 2.2 13
25 523 7.5 316 6.1 1.8 0.7
26 29.2 19.5 423 8.6 0.4 -
37 50.4 6.4 26.0 14.2 2.3 0.7
48 431 7.8 395 6.7 1.3 1.6
50 36.1 12.1 409 9.3 0.5 1.1
57 375 4.1 459 11.6 0.9 —
58 28.8 8.3 51.8 100 1.1 —
59 23.3 16.5 47.0 13.2 - -
62 26.5 129 431 16.6 0.9 -
63 55.0 5.1 26.8 8.7 1.2 3.2
70 347 8.3 40.5 14.2 2.3 -

*' Mole percentage

evidence that P2S3 had the same mitochondrial DNA
with that of G. lucidum but P252 had a new/y, recom-
bined DNA. Electrophoretic karyotypes (Brody and Ca-
rbon, 1989; Hayes et al., 1993) of the parents and
the two nuclear hybrids, LAGIN 45 and 70, were ob-
tained by using field-inversion gel electrophoresis. By
using the chromosomes of Saccharomyces cerevisiae
as size marker, the band pattems of the chromosomes
of the hybrids were examined. This technique permit-
ted the separation and visualization of intact chromo-
somes from viable protoplasts. Five chromosome ba-
nds were visualized with L. edodes and four chromo-
some bands with G. lucidum. But six and four bands
were visualized respectively with two nuclear hybrids,
L4GTN 45 and 70. The smallest chromosome of all
four strains seems to be similar in size but all the

remaining chromosomes observed were dissimilar in
size. In these studies, these hybrids showed that an
interaction occurred between the two parental geno-
mes.

ACKNOWLEDGEMENTS

This work was supported in part by the granst of
Korean Traders Scholarship Foundation and of S.N.U.
Research Fund.

REFERENCES CITED
Avise, J. C., Lansman, R. A. and Shade, R. O., The

use of restriction endonuclease to measure mitocho-
ndrial DNA sequence relatedness in natural popula-



496

tions. |. Population structure and evolution in the
genus Peromyscus. Genet, 92, 279-295 (1979).

Bok, ). W., Park, S. H., Choi, E. C., Kim, B. K. and
Yoo, Y. B, Studies on protoplast formation and rege-
neration of Coriolus versicolor. Kor. J. Mycol, 18,
115-126 (1990).

Briggs, R. and King, T. J., Transplantation of living nuclei
from blastula cells into ennucleated frogs’ eggs. Proc.
Natl. Acad. Sci. USA 38, 455-463 (1952).

Brody, H. and Carbon, )., Electrophoretic karyotype of
Aspergillus nidulans. Proc. Natl. Acad. Sci. USA 86,
6260-6263 (1989).

Chadegani, M and Ahmadjian, V., Protoplast fusion
between mutant strains of Dicrosporum gypseum.
Mycologia, 83, 779-786 (1991).

Davis, B. J., Discontinuous electrophoresis-Il. Ann. N.
Y. Acad. Sci, 121, 404 (1964).

Ferenczy, L., Kevei, F. and Isolt, Z., Fusion of fungal

J.W. Bok, E.C. Choi and B.K. Kim

protoplasts. Nature 248, 793-794 (1974).

El-Metainy, A. Y. and Omar, A. A,, Biochemical genetics
of Zea mays L. 1. Isozymes and the linkage relation-
ship between AP-1 and AP-2 loci. Biochem. Genet,
18, 635-640 (1981).

Hayes, C. K, Harman, G. F., Woo, S. L., Gullino, M.
L. and Lorito, M., Methods for electrophoretic karyo-
typing of filamentous fungi in the genus Trichoderma.
Anal. Biochem. 209, 176-182 (1993).

Kigichi, T. and Yanagj, S. O., Intraspecific heterokaryon
and fruit body formation in Coprinus macrorhizus
by protoplast fusion of auxotrophic mutants. Appl.
Microbiol. Biotech.,, 22, 121-127 (1985).

You, C. H,, Yoo, Y. B, Byun, M. O. and Park, Y. H,,
Studies on the transfer of isolated nuclei from Pleu-
rotus sapidus into protoplast of Pleurotus ostreatus.
Kor. J. Mycol, 16, 210-213 (1988).



