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auricula- judae and Auricularia polytricha by 
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Abstract 

Five fusants (Fu 9, 52, 58, 63 and 100) obtained by electrical protoplast fusion 
after treatment with two different metabolic inhibitors were investigated for mycelial
growth characteristics under various temperatures and on sawdust-medium, in paired 
cultures, by isozyme analysis and for biochemical test to clarify their characteristics. 
In addition, restriction endonuclease patterns of mitochondrial DNA of a fusant (Fu 9) 
which formed small fruiting-bodies, were compared to those of parental strains (Aur
icularia auricula-judae and A. polytricha) and momokaryotic strains (Mo A 11 and Mo 
P 16). 

The optimal temperature of 5 fusants was 30·C in mycelial growth on a PDA 
medium. Concerning mycelial-growth rate, 5 fusants were similar to the parental and 
monokaryotic strain, Mo P 16. In regard to mycelial density, all of the 5 fusants were 
thicker compared to parental and monokaryotic strains. 

Five fusants exhibited superior mycelial growth on shirakamba (Betula Platyphylla 
var. japonica Hara) sawdust-medium as compared to that on other sawdust-media 
(buna (Fagus crenata Blume) and mizunara (Quercus mongolica var. grosseserrata 
Rehd et Wits)) . 

In paired cultures between monokaryotic strains (Mo A 11 and Mo P 16) and 5 
fusants, all the fusants formed antagonistic lines against both Mo A 11 and Mo P 16. 

All of the 5 fusants were found to possess both specific bands which were present in 
the monokaryotic strains by analyzing electrophoretic isozyme. 

In five fusants enzymic activity of a-galactosidase was observed. On the other 
hand, phenoloxidase activities were not exhibited by Fu 9, 52, 58, and 63. 
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By using restriction endonuclease analysis, the molecular size of mitochondrial 
DNA of Fu 9, which had formed small fruiting-bodies, was confirmed to be 90.0 kbp. 

From these evidences, it is concluded that all of the 5 fusants are heterokaryon 
between A. auricula-judae and A. polytricha. 

Key words: Auricularia auricula-judae, A. polytricha, protoplast fusion, protoplast, 
mitochondrial DNA. 
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Introduction 

Edible fungi, that is, mushrooms which are essential to the J appanese diet in partic
ular, are an important food source. Many types of mushrooms have also been noted as 
natural and dietetic foods. In recent years, concerning the medicinal effects of mush
rooms, many studies have been carried out utilizing several mushroom types for their 
various preventive and therapeutic effects on major illness such as cancer viral infec
tions and for the purpose of decreasing cholesterol in the blood. Characteristic effects 
have been clearly confirmed by studies on the oral administration of Agaricus bisporas 
and Lentinus edodes to mice CNANBA and others, 1988; KURASHIGE, 1988). Addition
ally, the mushrooms of Auricularia species, A. auricula-judae and A. polytricWl, contain 
many nutrients, which have been used as herbal remedies since ancient times. 

However, recently several problems have hindered research cultivation: lack of 
log-bed and sawdust of hardwood, such as kunugi and konara used for cultivation of 
Lentinus edodes and injury by pathogenic micro-organism, such as Trichoderma species. 
On the other hand, the cultivation of mycorrhizal mushrooms, Tricholoma matsutake 
and Lyophyllum aggregatume, yield good results, but those reports are not yet forth
coming. 

Under the circumstances, application of biotechnology, such as cell fusion, genetic 
transfer and genetic recombination was expected to solve several of the problems as 
described above. For example, L. edodes will be able to cultivate by using softwoods, 
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such as sugi and hinoki instead of hardwood. Moreover. fungal genetic improvement 
and more successful and prolific breeding are possible by establishing those techniques. 

Protoplasts are becoming increasingly important to achieve cell fusion in fungal 
genetics and breeding. Therefore. many investigators have investigated isolation. 
reversion and fusion of fungal protoplasts in relation to fungal genetics (ANNE and 
PEBERDY. 1975, 1976; DALES and CROFT, 1977; FOURNIER and others, 1977; HAMLYN 
and BALL, 1979; PEBERDY, 1979; HOPWOOD, 1981; YOKONO and others, 1988; TAMAI 
and others, 1988; MIURA, 1989; SUNAGAWA and others, 1989). PEBERDY and others 
(1976) revealed that the condition for protoplast isolation was affected by the nature 
and the molarity of osmotic stabilizers being used the pH of the mycolytic enzyme, and 
the period of lytic digestion mixture. Additionally, cell wall regeneration of fungal 
protoplasts has been investigated in various groups of fungi, such as Saccharomyces 
cerevisiae (NECAS, 1966; SOVODA and NECAS, 1966), Geotrichum candidum (DOOIJEWS· 
SRD-kloosteriel and others, 1973), Candida utilis (AsEs-Ledied and GARcIA-Mendoza, 
1970), SchizojJhyllum commune (de VRIES and WESSELS, 1975), Fusarium culmorus 
(GARCIA and others, 1966), Aspergillus nidulans (PEBERDY and BUCKLEY, 1973), 
Penicillium chrysogenum (ANNA and others, 1974) and Trichoderma viride (BENITEZ 
and others, 1975). PEBERDY and GIBSON (1971) reported morphological changes of the 
hypha which occur during protoplast reversion in Aspergillus nidulans, and pointed out 
that the reversion frequency of the protoplasts was associated with the protoplast 
releasing sites of the parent hypha. 

In order to obtain heterokaryons by protoplast fusion, it is necessary to eliminate 
the cells of each parental strains which have no fused and of homokaryons. However, 
most of the investigations were carried out using mutagenesis of cells lines which 
requires specific nutrients (FERENCZY and others, 1976; KEVEI and PEBERDY, 1977; 
GENTHNER and BORGIA, 1978; GOLD and others, 1983; HASHIBA and YAMADA, 1984; 
TOYOMASU and MORI, 1987; OHBA and others, 1988; YOKONO and others, 1988; SUNAG· 
AWA and others, 1991). However, these techniques have several drawbacks. It is 
often difficult and time-consuming to introduce a specific marker into a given cell line, 
or to obtain lines that do not revert to the wild phenotype. On the other hand, 
iodoacetic acid sodium salt (lAS) and diethyl pyrocarbonate (DP) , which have been 
used in these experiments, are metabolic inhibitors irreversibly affecting cell metabo
lism and are expected to allow selection of heterokaryons when performing protoplast 
fusion without the necessity of introducing heritable markers. From a result, fused 
heterothallic protoplast can survive by complementation of protoplasts which were 
treated with metabolic inhibitors. 

In the present study, the author describes interspecific electrical protoplast fusion 
between A. auricula-judae and A. polytricha using two different metabolic inhibitors. 
The interspecific heterokaryons produced were investigated to clarify their characteris
tics. 
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1. Nature of A. auricula-judae and A. polytricha 

1. 1 Materials and Methods 
1. 1. 1 Organisms 

The two parental strains, A. auricula-judae (Fr.) Qu~l. and A. polytricha (Mont.) 
Sacc., used in the present experiments were obtained respectively from Hokkaido For
est Products Research Institute, and Tottori Mycological Institute. Both strains were 
maintained on a PDA medium at 26·C. 
1. 1. 2 Mycelial growth in A. auriulaa-judae and A. polytricha uderr various 

temperature conditions 
The parental strains, A. auricula-judae and A. polytricha, were precultured on the 

PDA medium in Petri dishes (8.5cm in diameter) for 7-14 days at 26·C. The mycelial 
tips of each strain were punched out with a cork borer 5mm in diameter, and the 
mycelial disks were then put in the center of the PDA medium in the Petri dishes. 
These strains were incubated under temperature conditions of 5, 10, 15, 20, 25, 30, 35, 
and 40·C for 30 days. The diameter of the mycelia grown was measured in two direc
tions perpendicular to each other at intervals of 2 days. I calculated the average value 
of five-replicate plates of each strain, and then compared the rate of increase of this 
average value between strains. 
1. 1. 3 Preparation of sawdust-medium 

I used sawdust from mizunara (Quercus mongolica var. grosseserrata Rehd et Wils) , 
shirakamba (Betula platyphylla var. japonica Hara) and buna (Fagus crenata Blume) as 
the sawdust-medium to observe mycelial growth in A. auricula-judae and A. polytricha. 
The sawdust was obtained from a lumbermill in Esashi Town. It was passed through a 
sieve with a pore size of 10 meshes before use. Sieved sawdust was adjusted with 
subterranean water to a hydrous rate of about 70%. Portions of the sawdust-medium 
of 25 g were put in a Petri dish (8.5 cm in diameter), and then autoclaved at 121·C 
under a 1.2 atmospheric pressure for 30 min. Parts of the mycelial tips of A. auricula
judae and A. polytricha, which had been subcultured on a PDA medium for 7-14 days at 
26·C, were punched out with a corkborer (5 mm in diameter) and were then inoculated 
in the center of the sawdust-media in Petri dishes. 

To examine effects of rice bran and bran as an additive, I inoculated A. auricula
judae and A. polytricha into the sawdust-media with a ratio of 4: 1 (v/v) for sawdust 
and additive, according to the methods described above. 

The diameter of the mycelia grown on the sawdust-medium was measured in two 
directions perpendicular to each other at intervals of 2 days. I calculated the average 
values of five-replicate plates of both strains, and compared the rate of increase of 
these average values among the strains grown on each of the sawdust-media. 
1. 1. 4 Cultivation of A. auricula-judae and A. polytricha 

Sawdust from shirakamba (Betula platyphylla var. japonica Hara) was used for the 
cultivation of A. auricula-judae and A. polytricha. The sawdust was passed through a 
sieve (pore size of 10 meshes) before a lumb of wheat bran was added as an additive. 
The ratio of sawdust to bran in the cultivation-medium was 4: 1 (v/v). The hydrous 
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rate of the medium was adjusted to about 70%. The medium was autoc1aved at 121·C 
under a 1.2 atmosphere for 90 min. After autoc1aving, liquid inoculum of 5 ml was 
inoculated in a hole in the medium. The liquid inoculum was obtained as follows: both 
strains were cultured in 40 ml of SMY liquid medium, shaken in 30 pieces of 5 mm 
glass beads in diameter at 2 day intervals for 10-20 days at 26·C. The cultivation 
-medium was then incubated for 40-50 days at 26·C in R. H. of 70% in the dark. After 
incubation, the medium spread with mycelium in the culture bag was transferred to the 
fruiting room for forming fruiting-bodies. Room conditions of the room were 
controlled at temperatures of 15·C (temperature of fruiting for A. auricula-judae) and 
25·C (temperature of fruiting for A. polytricha) in R. H. of 90% and lights on (200 
lux). 

1. 2 Results and Discussion 
1. 2. 1 Morphological characteristics on A.auricula-judae and A. polytricha 

Auricularia auricula-judae and A. polytricha are the two most popular edible fungi 
of the Auricularia genus. Figure 1 shows the A. auricula-judae and A. polytricha used 
in all the experiments. Auricularia is one of the most important mushrooms found in 
Japan. The fruiting-bodies of the mushroom contain many nutrients, which have been 
used as a herb medicine for hundreds of years. Among the Auricularia mushrooms, A. 
auricula-judae is a mushroom with a northern origin (temperature of fruiting; 10-15·C) 
and its commercial value is relatively high, while A. polytricha with a southern origin 
(temperature of fruiting; 25-30·C) is widely distributed in the subtropical zone. Both 
strains are commonly cultivated in bed logs and the sawdust of various trees, but A. 
polytricha can develop fruiting-bodies in a short time compared to A. auricula-judae. 

The morphological characteristics of A. auricula-judae and A. polytricha are as 
follows: 
Auricularia auricula-judae 

Basidiocarp tough-gelatinous; single, gregarious, or caespitose; erect and 
foliaceous, slightly ear-or shell-shaped; yellow-brown to reddish-brown when fresh, 
yellow-brown to olive-brown when dry; sessile to sub-stipitate; up to 12 cm broad, 0.8 
-1.2 mm thick; cyphae 2-3 ~m in diameter; spores 10-15 x 5-6 ~m, allantoid. 
Auricularia polytricha 

Basidiocarp leathery gelatinous; cup-or ear-shapes with a strongly convex dorsal 
surface; one or several lobes, up to 10 cm wide, 1.0-1.5 mm thick; red-brown when 
fresh, light gray or tan when dry; sessile or slightly stipitate; hyphae 2-3 ~m in diame
ter; spores 12 -17 x 5 - 6 ~m, allantoid. 

This species grows on dead wood of various kinds, such as Acacia confusa Murr., 
Ficus retusa L., F. carica L., Citirus unshu Mare., C. tankan Hay., and Albizzia sp .. 
1. 2. 2 Mycelial growth under various temperature conditions 

The mycelial growth of A. auricula-judae and A. polytricha was compared under 
various temperature conditions on the PDA medium. Both strains showed similar pat
terns under each temperature condition, that is, A. auricula-judae and A. polytricha had 
an optimal temperature of 25-30·C for mycelial growth on 12-day-old culture, as shown 
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Fig. 1 Auriculran'a auricula -judae (A) and A. polytricha (B) used in the 
present study. 

In Fig. 2. A Similar result was obtained by HIROE (1982). He have already reported 
that an optimal temperature of mycelial growth for A. auricula-judae and A . polytricha 
was 20-34"C. KINJO and KONDO (1979) have reported mycelial growth of A. polytricha 
under several temperature conditions on a OSA (Onion-Sucrose-Agar) . They found 
that the mycelium of A. auricula- judae was able to grow under temperature within the 
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Fig. 2 Mycelial growth of A. auricula-judae and A. polytri
eha in each temperature on 12-old-day culture on a 
PDA medium. 

range of lO'C to 35'C and that the mycelial growth was good at 30'C. This indicates 
that the results obtained here are similar to those reported in their study. Neither A. 
auneula-judae nor A. polytneha showed any growth at temperatures of 5, 35, and 40'C, 
as Hiroe also reported (1982). 

Both strains also showed similar patterns of mycelial-growth rate on a l2-day-old 
culture. 

Table 1 Mycelial growth of A. auricula-judae and A. polytrieha in each sawdust
medium on 28-day-old culture 

Sawdust-medium 

Buna 
Shirakamba 
Mizunara 

Diameter of colony (cm) 

A. auricula-judae 

0.6 
7.0 
0.0 

A. polytrieha 

7.5 
8.5 
0.0 
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Fig. 3 Mycelial growth of A. auricula-judae in each sawdust -medium on 20 -day-old cu lture. 
Legend: A: Sawdust -medium used with buna sawdust. 

B: Sawdust-medium used with shirakamba sawdust. 
C: Sawdust- medium used with mizunara sawdust. 

Fig. 4 Mycel ial growth of A. polytricha in each sawdust- medium on 20-day-old culture. 
Legend: A: Sawdust- medium used with buna sawdust. 

B: Sawdust- medium used with shirakamba sawdust. 
C: Sawdust- medium used with mizunara sawdust. 

1. 2. 3 Mycelial growth on the sawdust-media 
I compared the mycelial growth of A. auricula- judae and A. polytricha in the vari· 

ous sawdust-media collected from buna, shirakamba and mizunara. The results are 
shown in Table l. Shirakamba-sawdust medium gave super ior mycelial growth for both 
A. auricula- judae and A. polytricha when compared with the other sawdust-media. 
The sawdust-medium from buna also gave relatively superior mycel ial growth for A. 

Table 2 Mycelial growth of A. auricula-judae and A. polytricha on shirakamba saw
dust- medium with additives on 12-day-old culture 

Addit ive 

Rice bran 
Bran 

Diameter of colony (cm) 

A. auricula-judae 
4.1 
6.4 

A. polytricha 
6.4 

8.5 
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polttricha. With the sawdust-medium from mizunara, however, no mycelial growth for 
either strain was observed, even for 28-day-old culture. In both strains, the mycelial 
colony grown on shirakamba sawdust-medium was thicker than that grown on buna, as 
shown in Figures 3 and 4. This fact may be useful for the cultivation of both A. aur
icula-judae and A. polytricha. 

In order to investigate effects of additives, I used the shirakamba sawdust-medium, 
which gave the greatest mycelial growth described above. Table 2 shows the mycelial 
growth of A. auricula-judae and A. polytricha on shirakamba sawdust-media with rice 
bran and bran as additives. The shirakamba sawdust-medium with bran added induced 
greater mycelial growth of A. auricula-judae and A. polytricha than the medium with 
rice bran added. The addition of additive to the sawdust-medium promoted mycelial 
growth of both A. auricula-judae and A. polytricha. In general, the effects of addi
tives, such as rice bran and bran, have been reported by many investigators (IWADE, 

1958; KINJO and KONDO, 1979; NAKAMURA, 1982; KINJO and others, 1987). 
1. 2. 4 Fruiting-bodies formation of A. aurdcula-iudae and A. polytricha 

I used shirakamba sawdust-medium with bran as a cultivation medium, which gave 
superior mycelial growth of A. auricula-judae and A. polytricha for fruiting-bodies for
mation of both strains. Auricularia auricula-judae required an incubation period of 50 

Table 3 Fromation of fruiting-bodies using shirakamba sawdust-medium with bran 
for A. auricula-judae and A. polytricha 

Incubation period Days required for Yield of 
Strains fruiting-bodies fruiting-bodies 

of mycelium (days) formation (days) fresh weight/bag (g) 

A. auricula-judae 50 30 196 
A. polytricha 40 24 246 

days until covered with mycelium In the culture bag, as shown in Table 3. On the 
other hand, A. polytricha required 40 days to achieve the mycelium spread. This fact 
indicates that the mycelial-growth rate of A. polytricha was relatively faster than that 
of A. auricula-judae (Tables 1 and 2). After mycelium had spread in the culture bag, 
A. auricula-judae required 30 days to form fruiting-bodies, while A. polytricha required 
24 days; this suggests that the fruiting-bodies of A. polytricha can form easily compar
ed to those of A. auricula-judae. Auricularia auricula-judae take 80 days until fruiting
bodies formation after inoculation of its liquid inoculum, whereas A. polytricha takes 60 
days. These facts suggest that A. polytricha can be cultivated relative easily compared 
with A. auricula-judae. 

Auricularia polytricha (246 g) had a higher yield of fruiting-bodies than A. 
auricula-judae (196 g). The fruiting-bodies of both A. auricula-judae and A. polytricha 
can gave yield of 5 times in a cultivation-medium. KINJO and Y AGA (1988) have re
ported that the yield of fruiting-bodies in A. polytricha was 251.6 g, using cultivation 
-medium of baggasse with bran. The result in this experiment was similar to theirs. 
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2. Isolation and reversion of protoplasts from mycelia of 
Auricularia auricula- judae and Auricularia polytricha 

2. 1 Materials and Methods 
2. 1. 1 Isolation of protoplasts from mycelia 

The mycelia of A. auricula-judae and A. polytricha grown on the PDA slant 
medium were preincubated into 40 ml of SMY liquid medium in a 100 ml Erlenmyer 
flask containing about 30 pieces of 5 mm glass beads in diameter for fragmenting the 
mycelia. Cultures were incubated with shaking at intervals of 2 days for 7-10 days at 
2SoC. Five ml of the cultures containing the fragmented mycelia were re-inoculated 
into 40 ml of SMY liquid medium, then incubated for 2-10 days at 2SoC. Mycelia were 
collected by filtration with a miracloth (Calbiochem. Co., Ltd.) and washed several 
times with a buffer solution of 0.05 M MES (pH 5.3) containing MgSO. as osmotic sta
bilizers. The mycelia were then incubated in the same buffer containing mycolytic 
enzymes, with reciprocal shaking (SO reciprocation/min) at 29°C. After incubation for 
2 hrs, the remaining mycelia were removed by filtration through a nylon cloth (mesh 
opening 10 pm, Nippon Rikagaku Kikai). 

The yield of the protoplasts was determined by counting the number of protoplasts 
using a haemocytometer (Thoma counting chamber) after removal of the mycelial 
debris by filtration and centrifugation. The counting was done three times. 
2. 1. 2 Regeneration and reversion of protoplasts 

Protoplasts aseptically isolated for 2 hrs digestion with mycolytic enzyme solution 
were passed through a nylon cloth (mesh opening 10 pm). To purify protoplasts, the 
filltrates were washed with MES buffer three times by centrifugation (700 X g) for 5 
min. Suspension of protoplasts was diluted to the concentration of 2 x 105/ml with a 
buffer (0.5 M MgSO. and 0.05 M MES, pH 5.3). The diluted protoplast suspension (0.1 
mt) was plated on 1.5% agar media containing various nutritional supplements and 
incubated at 2SoC. The number of colonies, which developed on plates after 10-20 days 
incubation, was counted on three plates. 

The reversion frequency was estimated with the following equation: 

Table 4 Effects of enzyme combinations on yields of isolated protoplasts 

Combination of enzymes 

N 
N + Driselase 2% 
N+Chitinase 0.1% 
C + Driselase 2% 
C+Chitinase 0.1% 
C +Zymolyase 20T 0.2% 
C +p-Glucronidase 0.05mllml 

C + Driselase 2% + Zymolyase 20T 0.2% 

Notes: N: Novozym 234 1% 
C : Cellulase "Onozuka" RS 2% 

The number of protoplasts (x 107/m!) 

A. auricula-judae A. polytricha 
2.5 3.8 
2.7 3.9 
5.~ 7.2 
0.03 0.04 
0.03 0.08 
0.01 0.01 
0.02 0.05 
0.01 0.03 
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Reversion frequency (%) = (number of colonies formed on a plate/number of proto
plasts spread on a plate) X 100. 

2. 2 Results and Discussion 
2. 2. 1 Effects of mycolytic enzyme on isolation of protoplast 

It is well known that combination of mycolytic enzyme affects on the yield of 
protoplast isolation (MOORE, 1975; TOYODA and others, 1984; Y ANAGI and T AKEBE, 
1984; YANAGI and others, 1985; KITAMOTO and others, 1987). Since the growth of 
aerial hypha became significant after 7-day-old culture in both A. auricula-judae and 
A. polytricha, mycelia of 4- and 6-day-old culture were, respectively, used as the 
source of protoplasts. This is because isolation of protoplasts from aerial hypha is 
difficult. The effects of the culture period on the protoplast isolation will be described 
in the next section. Various enzymes were used singly and in combinations for proto
plast isolation from mycelia. The results are shown in Table 4. Verious combination 
of cellulase "Onozuka" RS (cellulase) and another enzymes were reported to be 
effective for the isolation of protoplasts from mycelium of various fungi (AruMA and 
T AKANO, 1979; ISHIZAKI and others, 1983; OHMASA and others, 1983; GUNGE, 1984; 
AKAHANE and others, 1986; TOYOMASU and others, 1986). In both A. auricula-judae 
and A. polytricha, however, all combinations of cellulase gave poor yields of proto
plasts. On the other hand, the N ovozym 234 systems gave considerably larger yields of 
protoplasts compared to the cellulase systems. A combination of N ovozym 234 and 
Driselase gave almost the same yield of protoplasts as Novozym 234 alone. The maxi
mal yield of protoplasts was obtained using a combination of N ovozym 234 and 
chitinase, suggesting that N ovozym 234 system is relatively suitable for the protoplast 
isolation from Auricularia mycelium. HAML YN and others (1981) also reported similar 
effects of N ovozym 234 for Penicillium chrysogenum. As shown in Table 4, addition of 
chitinase to N ovozym 234 was found to be effective for yield of protoplasts compared 
to the single application of Novozym 234. However, a mixture of cellulase and 
chitinase merely gave poor yield. Enzyme system containing cellulase could not easily 
digest the cell wall components of both strains. Cellulase is considered to be ineffective 
for digestion of the cell wall, when used for the protoplast isolation from the mycelia of 
Auricularia fungi. This fact is also true for Lentinus edodes, as reported by USHIYAMA 
(1983). 

Different effects of enzyme systems on yields of protoplasts were found among 
species in the experiments. For example, the Novozym 234 systems gave smaller 
yields in A. auricula-judae than in A. polytricha. 

Some investigators have reported that the yield of protoplasts is affected not only 
by the enzyme system but also by the concentration and treatment time of enzyme used 
(de VRIES and WESSELS, 1972 and 1973; ANNE and others, 1974; Bos and SIAKHORST, 
1980; AKAMATSU and others, 1983; TOYODA and others, 1984; YANAGI and TAKEBE, 
1984). 
2. 2. 2 Effect of culture period on isolation of protoplasts 

Different culture periods of mycelia also influenced protoplast isolation. Figure 5 



Interspecific heterokaryon of A. auricula-judae and A. polytricha (SUNAGAWA) 231 

8 • 

I ~~ ~!i.~!!! 

6 
~ 

;7 ..!:. ... 
.~ 0 

x 

~ • .... 
~ 4 c 

"- ~ ~llil!.=.i.!!!!~! 
0 .... 
0 
L 

O~ 
"-... 
0 

0 • 0 ____ 
z 

2 ° 

o ~I------~I~----~I~----~I------~I 
2 4 6 8 10 

Culture period (days) 

Fig. 5 Protoplast isolation from mycelia of A. auricula
judae and A. polytricha cultured for different 
periods. 

indicates. that the yields of protoplasts are affected strongly by the culture period. The 
number of protoplasts increased with the increase in the period of culture up to 4 days 
in A. auricula-judae and to 6 days in A. polytricha. After reaching the maximum, the 
yields of protoplasts decreased. The similar effect of culture period has been reported 
for other fungi (de VRIES and WESSELS, 1972; PEBERDY and others, 1976; Y ANAGI and 
others, 1985; OHMASA and others, 1987; KAWASUMI and others, 1987). De VRIES and 
WESSELS (1972) and PEBERDY and others (1976) reported that the largest yields of 
protoplasts were obtained from mycelia in fresh cultures (2-3 days). In this experi
ment, however, the culture period of mycelia for giving the greatest yield of protoplasts 
was slightly longer than those of other fungi. The effect of the culture period on the 
number of protoplasts may be different among fungi. The reason for the effects of 
culture period on the number of protoplasts is unknown. It may be associated with 
certain changes in the hyphal-wall components. In fact, the aerial hyphae appear to be 
relatively resistant to digestion by the mycolytic enzymes (de VRIES and WESSELS, 

1972; YANAGI and others, 1985; OHMASA and others, 1987). ZONNEVELD (1972) sug
gested that the deposition of a-I, 3-glucan in an outer-wall layer in the old hyphae 
enhances resistance to the attack by mycolytic enzymes. In the strains used here, the 
aerial hyphae became predominant in the 7 -day-old culture and the yield of protoplasts 
greatly decreased when the mycelia grew for more than 6 days, suggesting the increase 
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Fig. 6 Effects of culture period of A. auricula-judae and 
A. polytricha on protoplast reversion. 

in resistance of the cell walls to the mycolytic attack. NISHIGUCHI and others (1987) 
have reported with Pleurotus ostreatus and Pleurotus citrinopileatus that the mycelia 
from 3- to 7-day-old culture gave the high yields of protoplast isolation. The high 
density of hyphae produced in 13-day-old culture caused the cell wall connection 
between adjacent hyphae (NISHIGUCHI and others, 1987), suggesting the decrease in 
releasing protoplasts from filamentous fungi. 
2. 2. 3 Effects of culture period on reversion of protoplasts 

Protoplasts isolated from different culture periods influenced their reversion on 
PCMY medium as regeneration media. Figure 6 indicates that the reversion frequency 
of protoplasts are affected strongly by culture period. In A. polytricha, the reversion 
frequency of protoplasts increased with the increase in the period of culture up to 6 
days, whereas they were maximum at 4 days in A. auricula-judae. After reaching 
maximum, the frequencies decreased. KAWASUMI and others (1987) have been report
ed with Lentinus edodes that young mycelia (3-day-old culture) showed a higher regen
eration frequency than old mycelia (5-day-old culture). They found that a number of 
reversion colonies from L. edodes on GMY agar medium containing 0.4% Sanpearl CP 
and 0.6 M sucrose were obtained up to 4 days, which dearly decreased after 5 days. 
The report of them is in accordance with the results for A. auricula-judae. The result 
with A. polytricha, however, the culture period of mycelia for giving the greatest rever
sion frequency of protoplasts was slightly longer than that with A. auricula-judae. 
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Fig. 7 Effects of regeneration media on the protoplast reversion. 
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These facts indicate that culture period of mycelia is different among fungi and factors 
affecting the formation of the reversion colonies from the protoplasts. 
2. 2. 4 Effects of regeneration media on reversion of protoplasts 

Several regeneration media were examined for the development of the isolated 
protoplasts. Figure 7 shows the effect of media used for the formation of reversion 
colonies on reversion frequencies of protoplasts. In both A. auricula-judae and A. 
polytricha, a number of reversion colonies formed on regeneration media containing MY 
combination, expect for LMY medium. In particular, the maximal reversion frequency 
of protoplasts was obtained when starch was added to the MY for both strains. The 
smallest reversion frequency of protoplasts was obtained in case of using LMY medium 
for both strains. MOORE and PEBERDY (1976) have been reported that composition of 
regeneration media affects activity of cell-wall sythetase, and also frequency and rate 
of reversion. In fact, the StMY medium used in this experiments which gave maximal 
frequency of the reversion colonies is brought good result as regeneration medium for 
both A. auricula-judae and A. polytricha. It is reported that addition of N -acetylg
lucosamine to the regeneration medium stimulated the reversion of protoplasts isolated 
from Coprinus macrorhizus (YANAGI and others, 1985) and Pleurotus ostreatus (OH. 

MASA and others, 1987). This fact suggests that N -acetylglucosamine has an effeet of 
promoting synthesis of the cell wall components of basidiomycetes. In this experiment, 
however, the regeneration of protoplasts could not be improved significantly by adding 
N -acetylglucosamine to the StMY medium in both A. auricula-judae and A. polytricha. 
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3. Protoplast fusion between A. auricula-judae and A. polytricha 

3. 1 Materials and Methods 
3. 1. 1 Treatment of metabolic inhibitors 

In order to select hybrid cells by protoplast fusion,both monokaryotic strains, 
named Mo A 11 isolated from A. aurieula-judae and Mo P 16 isolated from A. polytri
elza, were treated with two different metabolic inhibitors, iodoacetic acid sodium salt 
(lAS) and diethyl pyrocarbonate (DP) , respectively. Protoplasts of both monokar
yotic strains (Mo A 11 and Mo P 16) were isolated as described in the previous section 
2. 2. 1 and counted with a haemocytometer. The protoplasts isolated from Mo A 11 and 
Mo P 16 were respectively suspended in lAS and DP solutions containing 0.05 M MES 
buffer (pH 5.3) and 0.5 M Mannitol. Treatments of metabolic inhibitors were perfor
med in the final concentrations between 0.1 and 10%. After treatment for an hour at 
4°C, each protoplast was washed three times by centrifugation with a solution of 0.5 M 
mannitol and 50 mM CaCI2 , and then suspended in 0.5 M mannitol, 0.5 mM MgCI2 , and 
0.1 mM CaCI2 • Protoplasts of each suspension were counted using a haemocytometer to 
examine the broken frequency of protoplasts and spread on a StMY medium containing 
1.5% agar to investigate the reversion frequency of the protoplasts. The suspensions of 
each protoplast were used for electrical protoplast fusion. 
The broken frequency of protoplasts was estimated with the following equation: 

Broken frequency(%) = (number of protoplasts after metabolic-inhibitor treatment/ 
number of protoplasts before metabolic-inhibitor treatment) X 100. 

The reversion frequency of prtotoplasts was determined as described in the previ
ous section 2. 1. 2. 
3. 1. 2 Protoplast fusion 

Both protoplasts of Mo A 11 and Mo P 16 which were treated with metabolic in
hibitors as described above were used for electrical protoplast fusion. The protoplasts 
were suspended in 0.5 M mannitol, 0.5 mM MgCb and 0.1 mM CaCl2 and each of proto
plast suspensions were then mixed. Fusion apparatus used in the experiment were 
shown in Fig. 8. For protoplast fusion, 10 J.d of the suspension was put in a fusion 
chamber. Protoplasts were aligned in chains by dielectrophoresis in an AC-field 
strength with 2 MHz and 500 V / cm. Protoplast fusion was initiated by the application 
of a DC pulse of 10-30,usec, with a field strength of 3 and 4 kV /cm. After the applica
tion of the DC pulse, the AC field was gradually decreased to zero over a period of 30 
sec. Then protoplast suspension in the fusion chamber was plated on a StMY medium. 
Reversion colonies were picked up from the StMY medium containing 0.4 M sucrose as 
osmotic stabilizer after protoplast fusion and maintained on a PDA medium at 26°C 
until used next. 

The fusion frequency was estimated with the following equation. 
Fusion frequency C%) = (number of colonies on the StMY medium/number of 

protoplasts spread on StMY medium) x 100. 

3. 2 Results and Discussion 
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Fig. 8 System of the apparatus for electricall y induced protoplast fusion. 
Legend: A: Oscilloscope 

B: Fusion controller 
C: Inverted light microscope 

3. 2. 1 Effects of protoplasts treated with metabolic inhibitors 
Protopiasts isolated from monokaryotic strains (Mo A 11 and Mo P 16) were treat

ed with a lethal dose of different inhibitors, lAS and DP, respectively, irreversibly 
affecting cell metabolism. Several concentrations were examined with broken and 
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Fig. 9 Effects of concentrations of lAS and DP on broken frequency of protoplasts for Mo A 11 (A) 
and Mo P 16 (B). 

reversion frequencies of protoplasts to select fusants from the StMY medium before the 
protoplast fusion was performed. 

The broken frequencies of both protoplasts of the Mo A 11 and the Mo P 16 in
creased with the increase of concentration of metabolic inhibitors, as shown in Fig. 9. 
In Mo P 16, the broken frequency increased up to 4% concentration of DP (Fig.9B). 
The Mo P 16 was about 90% in DP concentrations between 4 and 10% (Fig.9B). The 
broken frequency of the Mo A 11 was about 90% in concentration of lAS 0.6% (Fig. 
9A), and the frequency did not appreciably change with the concentration of DP 
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Fig. 10 Effects of concentrations of lAS and DP on reversion frequency of protoplasts for Mo A 11 
(A) and Mo P 16 (E). 
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between 0.6 and 10%. Breakdown of both protoplasts was affected not only by concen
tration of metabolic inhibitors but also by centrifugation for washing protoplast. In 
fact, the number of protoplasts decreased to 20-30% after being washed three times as 
shown in Materials and Methods. However, the number of protoplasts for achieving 
protoplast fusion was present even at a broken frequency of 90% (106 protoplasts/mI). 
It is found that the addition of 100 mM CaCl2 • 2H20 to lAS and DP solution somewhat 
prevented the breakdown of protoplasts. 

Reversion frequencies of the Mo A 11 and the Mo P 16 were approximately 7%, 
which was almost similar to those of parental strains (A. auricula-judae and A. polytri
eha). In the reversion frequencies of both prtotplasts of the Mo A 11 and the Mo P 16, 
they decreased with the increase of concentration of metabolic inhibitors up to 4% 
concentration (Fig. 10). Similar effects of metabolic inhibitors were also obtained 
using a rat myoblast cell line (WRIGHT, 1978). WRIGHT (1978) found that the lethal 
effects of each cell line increased with the increase of the concentrations of diethyl 
pyrocarbonate and idoacetamide. These facts suggest that metabolic inhibitors protect
ed the enzyme system or other molecules in a cell which are necessary to keep the cell 
alive. In the concentrations of lAS and DP between 4 and 10%, the frequency of Mo A 
11 was 10-3% (Fig. lOA), while Mo P 16 was about 10-2% (Fig. lOB). These facts sug
gest that some fusants after protoplast fusion can be selected from a regeneration 
medium by metabolic-inhibitor treatment. T AMAI and others (1990) have reported 
that concentrations of metabolic inhibitors, DP and lAS were respectively 0.1 and 0.5% 
for Pleurotus ostreatus and P. eornucopiae. This suggests that the concentrations of 
metabolic inhibitors were affected by differences of sensitivity to them among species. 
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Fig, 12 Time course of protoplast fusion. 
Note: Arrowheads show fusion sequence of protoplasts. 
Legend: A: After the application of 2 MHz 500 V /em AC 

B: Immediately after the 3kV f cm 10>,sec DC pulse 
C: Twenty sec later taken the 3kV /em 10>,sec DC pulse (Scale bars: 10>,m) 

From these results, concentrations of lAS and DP were determind to be 4% for Mo 
A 11 and Mo P 11. 

3. 3. 2 Effects of the pulse length and the field strength of DC pulse on electrical 
protoplast fusion 

Figure 11 shows the effects of the pulse length and the field strength of DC pulse on 
fusion frequency. At the pulse length of 10 flsec, fusion frequencies were good in field 
strength of both 3 kV fcm and 4 kV f cm. However, the fusion frequencies gradually 
decreased with the increasing pulse length. It is thought that the pulse length with 
above 10 flsec causes the breakdown of membranes. Compared to the fusion fre
quencies on the field strength of DC pulse, the fusion frequency of 3 kV f cm was greater 
than that of 4 kV f cm in all of the pulse lengths. In particular, the maximal fusion 
frequency (1.2%) was obtained when fusion was performed in conditions of DC pulse of 
10 flsec with a field strength of 3 kV fern. On the other hand, MIURA (1989) have re
ported that using 10 kV fcm 6 flsec DC pulse induced fusion products between Lentinus 

edodes and Pleurotus ostreatus by electrical protoplast fusion. These facts suggest that 
the difference of a field strength in DC pulse caused by the properties of protoplasts, 
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Fig. 13 Protoplast fusion of Mo A 11 and Mo P 16 after metabolic- inhibitor 
treatment. The plates A and B show Mo A 11 treated by lAS and Mo P 
16 treated by DP without protoplast fusion, respectively. The plate C 
shows a mixture of Mo A 11 and Mo P 16 without protoplast fusion. 
Plate D shows protoplast fusion between Mo A 11 and Mo P 16. 

such as size, condition of the membrane and origin (mycelium used when isolated 
protoplasts) . 

Figure 12 shows the time course of protoplast fusion when carried out under the 
condition of 10 j1sec pulse length with a field strength of 3 k V / cm, having the maximal 
fusion frequency as shown in Fig. 11. The" Peal-chain" formation of protoplasts was 
caused by dielectrophoresis in an AC-field with a frequency of 2 MHz and field strength 
of 500 V / cm (Fig. 12A) . Protoplast fusion was achieved by the application of DC pulse 
of 10 j1sec, 2-5 times with intervals of approximately 1 sec, and a field strength 3 k V / 
cm (Figures 12B and C) . 
3. 2. 3 Interspecific heterokaryon obtained by electrical protoplast fusion 

Both protoplasts of Mo A 11 and Mo P 16 which were treated with metabolic in· 
hibitors (lAS and DP) were fused electrically with conditions as described in the previ-
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ous section 3. 2. 2. The results are shown in Fig. 13. In the platings of A and B, proto
plast suspensions obtained from each monokaryotic strain (Mo A 11 and Mo P 16) 
were spread on a StMY medium after treatment of metabolic inhibitors without proto
plast fusion, as described in the previous section 3.2.1. In the plating C, two suspen
sions of both protoplasts (Mo A 11 and Mo P 16) which were treated with each of the 
metabolic inhibitors were mixed without fusion treatment. Several reversion colonies 
were only formed in three plates (platings A. B and C). These facts suggest that the 
formation of reversion colonies was inhibited by metabolic inhibitors as shown in Fig. 
10. A large number of reversion colonies, however, were observed only in plating D, 
when protoplast suspensions of each monokaryotic strain (Mo A 11 and Mo P 16) were 
fused after the treatment with metabolic inhibitors. The appearance of reversion col
onies is also in good accord with the results for heterospecific fusion between Solanum 
and Petunia reported by NEHLS (1978). NEHLS'S results have revealed that protoplasts 
of Solanum nigrum and Petunia hybrida treated with lAS and DP formed cell walls and 
underwent mitosis after protoplast fusion by 30%(w/v) PEG 1500. It is considered that 
their colonies were formed by complementation of inhibited portions which were caused 
by metabolic-inhibitor treatment after protoplast fusion. 

4. 1 Materials and Methods 
4. 1. 1 Organisms 

4. Nature of fusants 

Five fusants (Fu 9, 52, 58, 63 and 100) were obtained by protoplast fusion as de
scribed in the previous section 3. 1. 2. All of the strains used in this experiments were 
maintained on a PDA medium at 26'C 
4. 1. 2 Mycelial growth under various temperature conditions 

Monokaryotic strains (Mo A 11 and Mo P 16) and fusants (Fu 9, 52, 58, 63 and 
100) obtained by protoplast fusion were used in this section for observation of mycelial 
growth under various temperature conditions (5, 10, 15, 20, 25, 30, 35 and 40'C). 
Most experimental procedures were performed utilizing methods as mentioned in the 
previous section 1. 1. 2. 
4. 1. 3 Mycelial growth on sawdust-medium 

In order to observe mycelial growth of 5 fusants (Fu 9, 52, 58, 63 and 100), they 
were inoculated into several sawdust-media from mizunara, shirakamba and buna, and 
also inoculated into sawdust-media with a ratio of 4: 1 (v/v) to sawdust and additive 
(rice bran and bran). Experiments in this section were performed by using the method 
described in the previous section 1. 1. 3. 
4. 1. 4 Paired culture 

Paired culture was carried out between fusants (Fu 9, 52, 58, 63 and 100) and 
monokaryotic strains (Mo A 11 and Mo P 16). These strains were precultured on a 
PDA medium for 7-10 days at 26'C. Each mycelial disk of the fusants and the mono
karyotic strains was then cultured in pairs on a MA medium in a Petri dish. After 
incubation for 7-14 days, antagonistic line was confirmed by visual observation at the 
mycelial contact zone between the fusant and the monokaryotic strain. 
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4. 1. 5 Isozyme analysis 
Mortokaryotic strains (Mo A 11 and Mo P 16) and 5 fusants (Fu 9, 52, 58, 63 and 

100) were used for isozyme analysis. Each strain was inoculated into 40 ml of SMY 
medium and incubated for 10-20 days at 26°C. The mycelia were collected by filtration, 
washed with deionized water, and then suspended in 0.6 M phosphate buffer (pH 7.0) 
containing 1 mM dithiothreitol and 0.1 M sodium ascorbate. The mixture was 
homogenized two times in an ice bath for 30 sec with a supersonic disintegrator (Tomy 
Seiko Co., LTD). The homogenate was centrifuged at 11750 x g for 30 min at 4 'C. A 
part of the supernatant was used immediately as enzyme sample for electrophoresis, 
and the remainder was stored in a deep freezer at -80°C until the next analyzed. 
Electrophoresis was perpormed on polyacrylamide slab-gel at a constant current of 12 
mA/cm2 for approximately 2 hrs at 4°C. Following electrophoresis, the isozyme bands 
were stained by the methods of Shiroishi (1987aand b); for the detection of esterase 
bands, the gel was stained with a solution containing 1 mM of a-naphtylacetate, 0.1% 
of Fast Blue RR salt in 0.1 M phosphate buffer at 37°C 
4. 1. 6 Biochemical tests 

Five fusants (Fu 9, 52, 58, 63 and 100) obtained by protoplast fusion were 
precultured or a PDA medium for 7-14 days at 26°C. Tips of mycelia were punched 
out with a cork borer (5 mm in diameter), and then inoculated on various media as 
described below in order to examine their biochemical reactions. The media and the 
biochemical test were performed as follows; 

p-nitrophenyl-a-D-galactoside medium: p-nitrophenyl-a-D-galactoside as sub
strate was prepared in 1 ml of acetone and added to 9 ml of a PDA prepared with 
citrate buffer (pH 5.4). After 24 hrs incubation on the medium prepared, a drop of 5% 
Na2COso10H20 was added surrounding mycelial disks and a positive reaction was recor
ded when a definite yellow coloring from free p-nitrophenol was produced. 

Caffeic acid medium; caffeic acid of 0.3% was used as substrate in a PDA. En
zymic oxidation of the substrate producing a distinct brown coloring surround the 
mycelial disks after incubation of 2 days was recorded as a positive reaction. 

Tannic acid medium: tannic acid of 0.06% was used as substrate in a PDA. 
Phenol oxidase activity produced a brown coloration surrounding the mycelial disks was 
recorded as a positive reaction. 
4. 1. 7 Formation of fruiting-bodies 

Five fusants (Fu 9, 52, 58, 63 and 100) were cultivated by cultivation-medium util
izing sawdust obtained from shirakamba containing bran in order to form fruiting
bodies. Cultivation of fusants were performed by the methods described in the previous 
section 1. 1. 4. 
4. 1. 8 Preparation of mitochondria and mitochondrial DNA 
I80lation of mitochondria 

Parental strains, monokaryotic strains (Mo A 11 and Mo P 16) and a fusant (Fu 9) 
were inoculated into 1 l of SMY liquid medium in a 3 l Erlenmyer flask, then incubated 
for 20-30 days at 26°C. All of the steps described below were done at 4°C. Wet 
mycelia of 80-190 g were harvested and collected by filtration with a miracloth and 
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washed with both deionized water and a buffer A (OAM sucrose, 50 mM KH2P04 , 25 
mM disodium EDT A and 10 mM 2-mercaptoethanol (pH 6. 8». The mycelia were 
suspended in a buffer A of about 0.8 volume to mycelial weight, and then fragmented 
with a homogenizer for 30 sec. Further, the homogenate was ground in the buffer A of 
about 2 volume to mycelial weight containing sea sand (10-15 meshes) with mortar and 
pestle. After grinding for 10 min, the homogenate was filtrated through 4 layers of 
sterile cheesechoth to remove mycelial fragments. The filtrate was centrifuged at 
4000 x g for 10 min to remove cell debris and a proportion of nuclei. Subsequently, the 
supernatant was centrifuged at 20000 Xg for 20 min. The precipitated mitochondria 
was used to purify a mitochondrial DNA. 
Purification of mitochondrial DNA 

The mitochondria were incubated on ice bath for 60 min with an appropriate vol
ume of lysis buffer (2% N-Iauroylsarcosine (sodium salt), 0.5 M NaCI and 0.3 M 
disodium EDTA (pH 9.0», and the incubation was further continued at 65·C for 60 min. 
Following cooling to room temperature, the lysate was centrifuged at 11000 Xg for 
10 min. The supernatant was dialyzed against TEN buffer (10 mM Tris-HCI (pH 8.0), 
1 mM disodium EDT A and 100 mM N aCl) at 4·C. The a-amylase (100,ug/mt) and 
RNAase (50,ug/mt) were then added to the supernatant dialyzed, and the mixture was 
incubated at 25·C for 2 hrs. Following further incubation at 25·C for an hour with 
protinase K (100,ug/mt), the reaction mixture was dialyzed against dialyze buffer 
(0.15 M NaCl, 20 mM NaH2P04 , 6 mM disodium EDTA (pH 7.2». The mixture was 
subjected to density gradient centrifugation of Bisbenzimide H 33258-CsCl. To 30 ml of 
solution, 29.38 g of CsCI and 440,u1 of Bisbenzimide H 33258 (10mg/mt) were added 
and the mixture was centrifuged twice at 105000Xg for 40 hrs at 15·C. The DNA was 
separated into nuclear (bottom), mitochondria Clower) and plasmid-like elements 
devoid of protein (upper) fractions. The mitochondrial DNA bands removed from gra
dients were extracted 5 times with 5 M NaCl-saturated isopropanol, and then dialyzed 
against TEN buffer. 
Extraction of mitochondrial DNA 

The solution containing mitochondrial DNA which had been dialyzed with TEN 
buffer were mixed with 0.1 volume of 0.3 M sodium acetate and 2 volumes of cold eth
anol, the suspension was chilled in a deep freezer at -70·C to precipitate the DNA. 
After 2 hrs the DNA was collected by centrifugation at 13500 Xg, washed with 100% 
cold ethanol, and dried under a vacuum. The mitochondrial DNA was dissolved in TE 
buffer (10 mM Tris-HCI (pH 8.0) and 1 mM disodium EDT A) and stored at -15·C 
until further use. 
Endonuclease digestion analysis of mitochondrial DNA 

For analysis of mitochondrial DNA, restriction endonuclease Hind III was pur
chased from Takara Shuzo, Kyoto, Japan and digests were carried out under conditions 
specified by the manufacturer. Mitochondrial DNA (approximately 1-2 ,ug) of 5,u1 

dissolved in TE buffer was incubated with reaction mixture of 15,u1 at 37"C for 2 hrs. 
Reactions were stopped by mixing with one-tenth volume of T AE buffer (40 mM Tris 
acetate, 2 mM EDT A, pH 8.0) containing 0.1% bromphenol blue, 0.1% xylen cyanol and 



Interspecific heterokaryon of A. auricula-judae and A. polytricha (SUNAGAWA) 243 

8.5 ~a. 

8 o !:. I!w!!i£h! 

il. !:. !.!!.!..1£!!.!!=.1J!.!!U o Fu 9 

• Mo P '6 • 52 

.6. 58 

• 63 

~ 0 100 

~ e ... 
0 

~ 

U'~ 
. 
~ . 
: 

0 

-- ~ .. 
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 

Temperatures ("C) 

Fig. 14 Mycelial growth of the parental strains (A. auricula-judae and A. polytri. 
cha) and the monokaryotic strains (Mo A 11 and Mo P 16) (A), and 
fusants (Fu 9, 52, 58, 63, and 100) (B) in each temperature on 12-day-old 
culture. 

50% glycerol. Electrophoresis was performed at a constant voltage (60 V). The gels 
were stained in a solution 0.5 ~g of ethidium bromide per mt. After incubation at 
room temperature for 30 min, the mitochondrial DNA was visually observed using 
short-wave-Iength ultraviolet light and then photographed. 

4. 2 Results and Discussion 
4. 2. 1 Comparison of mycelial growth under various temperature conditions 

Mycelial growth of 5 fusants (Fu 9, 52, 58, 63 and 100) were compared to those of 
parental strains and monokaryotic strains (Mo A 11 and Mo P 16). The parental 
strains and the Mo P 16 showed optimal temperature within 25-30·C in mycelial growth 
on 12-day-old culture, as shown in Fig. 14. Whereas, optimal temperature of Mo A 11 
was 30·C in mycelial growth. The temperature characteristics in mycelial growth of 5 
fusants were similar to that of Mo A 11. It is considered that the fusants obtained by 
protoplast fusion inherited optimal-temperature characteristics in mycelial growth from 
Mo A 11. All of the fusants exhibited minimal growth in temperatures of 5, 35 and 

Table 5 Mycelial growth of 5 fusants (Fu 9, 52, 58, 63 and 100) in each sawdust
medium on 28-day-old culture 

Sawdust-medium 

Buna 
Shirakamba 
Mizunara 

9 

5.0 
6.3 
0.0 

52 

2.8 
3.7 
0.0 

Diameter of colony (cm) 

Fusants 
58 63 100 

2.5 2.8 3.0 
2.8 4.0 3.8 
0.0 0.0 0.0 
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Fig. 15 Mycelial growth of fusants in buna sawdust-medium on 20-day-old culture. 
Legend: A: Fu 9 B: Fu 52 C: Fu 58 D: Fu 63 E: Fu 100 

Fig. 16 Mycelial growth of fusants in shirakamba sawdust-medium on 20-day-old culture. 
Legend: A: Fu 9 B: Fu 52 C: Fu 58 D: Fu 63 E: Fu 100 
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Fig. 17· ' 'Mycelia l growth of fusants in mizunara sawdust- medium on 20-day- old culture. 
Legend : A: Fu 9 B: Fu 52 C: Fu 58 D: Fu 63 E: Fu 100 

Table 6 Mycelial growth of 5 fusants ( Fu 9, 52, 58, 63 and 100) on shirakamba saw· 
dust-medium with additives on 12- day-old culture 

Additive 

Rice bran 
Bran 

9 

5.6 
8.5 

52 

3.7 
4.0 

Diameter of colony (cm) 

Fusants 

58 

4.0 

4.6 

63 

5.5 
5.6 

100 

3.2 
4.1 

40 'C, suggesting that these fusants have similar characteristics of mycelial growth to 
parental and monokaryotic strains. 

In regards to mycelial-growth rate, all of fusants were similar to the parental 
strains and the Mo P 16 on 12-day-old culture. However, mycelial densities on a PDA 
medium of the 5 fusants were thicker than those of both parental and monokaryotic 
strains. 
4. 2. 2 Mycelial growth on sawdust media 

Mycelial growth of 5 fusants (Fu 9, 52, 58, 63 and 100) was compared with saw· 
dust -media from buna, shirakamba and mizunara. The results are shown in Table 5 
and Figures 15, 16 and 17. A Fu 9 showed the greatest mycelial growth of all the 
fusants using shirakamba sawdust -medium. A similar result was obtained from buna 
sawdust-medium. In mizunara sawdust -medium, all fusants exhibited no mycelial 
growth, as in the results described in the previous section 1. 2. 3 (Table 1). Shirakam· 
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Table 7 Paired culture between the fusants and the monokaryotic strains 

Fusants Monokaryotic strains 

Fu 9 
52 
58 

63 
100 

Note: +: Formation of the antagonistic line 

Mo A 11 Mo P 16 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

ba sawdust-medium gave relatively good mycelial growth results compared to the other 
sawdust-media. 

In order to investigate the effects of additives, rice bran and bran were added to 
shirakamba sawdust-medium which had exhibited the greatest mycelial growth poten
tial with all the fusants. The effects of both rice bran and bran were found with all of 
fusants, as shown in Table 6. Mycelial growth of fusants was considerably superior as 
compared to that on sawdust-media without additives. The effect of bran was relative
ly superior over that of rice bran for all of fusants. 
4. 2. 3 Antagonisms in paired culture between fusants and monokaryotic strains 

In omder to examine whether or not fusants (Fu 9, 52, 58, 63, and 100) obtained 
by protoplast fusion have different properties from monokarytic strains, Mo A 11 and 
Mo P 16, the 5 fusants were cultured in pairs with the monokarytic strains on a MA 
medium. The results are shown in Table 7. All of the fusants formed antagonistic line 
against both Mo A 11 and Mo P 16 at the contact zones between fusants and monokar
ytic strains. Toyomasu and Mori (1987) have reported that a barrage-like phenome
non was observed at the contact zones between fusants and monokaryotic strains, when 
the fusants were cultured on GMY agar plates with the monokaryotic strains for Pleur
otus species. The antagonistic line obtained in this experiment is in good accord with 
the barrage-like prenomenon reported by them. This fact suggests that these fusants 
have different properties from both monokaryotic strains. Similar results wcre also 
obtained with paired cultures between fusants and parental strains. In addition, all the 
5 fusants apparently had clamp connections in their hypha, suggesting that the fusants 
was heterokaryon. 

From the results, it is suggested that the 5 fusants are heterokaryon between A. 
auricula-judae and A. polytricha. 
4. 2. 4, Isozyme analysis of monokaryotic strains and fusants 

Figure 18 shows the electrophoretic isozyme pattern of monokaryotic strains (Mo 
A 11 and Mo P 16) and 5 fusants (Fu 9, 52, 58, 63, and 100) in esterase isozyme. The 
isozyme patterns are different between the Mo A 11 and the Mo P 16, suggesting that 
differences of isozyme patterns are caused by a difference among strains. These 
differences might result in a difference in the physiology, such as the number of nuclear 
and organella composition in the cytoplasm, of monokaryotic mycelia obtained by 
protoplasting the parental mycelia. OHMASA and FURUKAWA (1986) have reported that 



Interspecific heterokaryon of A. auricula- judae and A. polytricha (SUNAGAWA) 247 

• .. 
t~o A 11 1-( 

[ 100 I I 
Fu 

I I 63 

Mo P 1 6 - I 
Mo A 1 1 1-0: 

58 I 
Fu 52 I 

9 1 

~lo P 1 6 ~I 

Fig. 18 Electrophoretic patterns of esterase for the monokaryotic strains (Mo A 11 and Mo P 16) 
and fusants (Fu 9, 52, 58, 63 and 100) . 
Note: Single and double arrowheads show specific isozyme bands to Mo A 11 and Mo P 16, 
respectively. 

some factors, such as culture age of mycelium and medium composition, affect the sta· 
bility of isozyme bands of L. edodes. They found that the substantial isozyme pattern 
did not change, although the staining intensity of bands varied with the difference of 
culture periods and medium composition. The results are nearly parallel with these. 

Specific isozyme bands in each of the monokaryotic strains are shown in diagram· 
matic representation in Fig. 18. The Mo A 11 is indicated by single arrowheads, and 
the Mo P 16 is indicated by double arrowheads. The specific bands were used to prove 
hybrid cells obtained from the interspecific protoplast fusion. Figure 18 apparently indio 
cates that all of the 5 fusants possess both specific bands of the respective monokar· 
yotic strains. This result is nearly the same as that obtained by intraspecific protoplast 
fusion of P. ostreatus (OHMASA, 1986) . OHMASA (1986) found that esterase-isozyme 
patterns of mycelia from fusants obtained by protoplast fusion possessed both of the 
isozyme bands of each parental strain. Similarly, TOYOMASU and MORI (1987) also 
reported that the fusants had specific esterase-isozyme bands relating to both parental 
strains of Pleurotus species, suggesting that they were hybrid cells. T AM AI and others 
(1990) have also reported similar results for Pleurotus species. These evidences sug· 
gest that these fusants have different properties from the monokaryotic strains. 

From these evidences, it is concluded that the 5 fusants obtained from these experi
ments are heterokaryon characteristically located between A. auricula- judae and A . 
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Talbe 8 Biochemical tests in the parental and monokaryotic strains (Mo A 11 and 
Mo P 16) and the fusants (Fu 9, 52, 58, 63 and 100) 

Character Strains 

Parental strains Monokaryotic strains 

a-galactosidase 
Caffeic acid 
Tannic acid 

Kiku 

+ 
+ 
+ 

Legend: Kiku: A. auricula-judae 
+ : Positive reaction 

polytricha. 

Ara Mo A 11 
+ + 
+ + 
+ + 
Ara: A. polytricha 

- : Negative reaction 

4. 2. 5 Biochemical characterization 

MO P 16 

+ 
+ 
+ 

Fusants 

9 52 58 63 
+ + + + 

100 

+ 
+ 
+ 

In order to examine the biochemical characterization of fusants (Fu 9, 52, 58, 63 
and 100), 3 biochemical tests were performed using p-nitropheny-a-D-galactoside, 
caffeic acid, and tannic acid. Table 8 shows an enzyme activity of a-galactosidase in 
p-nitrophenyl-a-D-galactoside as substrate. All strains on media used, colored to a 
definite yellow around the mycelial disks, suggesting that a-galactosidase activity was 
found. It is considered that the 5 fusants obtained by protoplast fusion inherited a 
characteristic of the enzymic activity of a-galactosidase from parental and "monokar
yotic strains. 

For biochemical test of enzymic oxidation using caffeic acid as a substrate, 4 (Fu 
9, 52, 58, and 63) out of 5 fusants did not show an enzymic activity (Table 8). This 
fact suggests that the 4 fusants possess a property, in respect to phenol oxidase activity, 
differing from the parental and monokaryotic strains. A Fu 100, however, exhibited 
enzymic activity, indicating that Fu 100 have a similar property to the parental and 
monokaryotic strains. Similar results were obtained from biochemical tests in tannic 
acid as a substrate concerning enzymic activity of phenoloxidase brown coloring around 
mycelial disks (Table 8). 

Kiuchi (1988) have reported for 7 mushroom types that the biochemiCal reactions 
concerning various biological character, such as, catecholeoxidase, alkaline phosphatase 
and gelatinase were nearly all stable in the cases of both PDA plus 1% malt extract 
(PDAM) and GMYS C1 % malt extract, 0.4% yeast extract, 0.5% suctose,and 1.2% 
agar) plus CP (0.4% Sanparl CP) media as a basal media. Our results: obtained in 
these experiments exhibited similar tendencies as his results using PDMA~ GMYS plus 
CP, and PDA media. Also, the biological reaction concerning p-nitrophenyl-a-D 
-galactoside, caffeic acid, and tannic acid were stable during three repeatedexperi
ments. 
4. 2. 6 Fruiting-bodies formation 

Five fusants (Fu 9, 52, 58, 63 and 100) were cultivated with shirakamba 
cultivation-medium with added bran in order to form fruiting-bodies. All of the 
fusants required incubation periods of 60 days until surface covering with mycelium in 
culture bags was complete. Small fruiting-bodies formation was observed from only 
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Fig. 19 Small fruiting- bodies forma tion of the Fu 9. 
Note : Arrowhead shows small fruiting-bodies. 

Fu 9, as shown in Fig. 19. After spread with mycelium in cultivation-medium. The Fu 

9 required 20 days to form small fruiting-bodies formation. The remaining 4 fusants 
(Fu 52, 58, 63 and 100) , however, did not form a primordium even after incubation of 
100 days. The Fu 9 which formed fruiting-bodies in the shirakamba cultivation 
-medium with bran was used to analyze restriction endonuclease in the next section 4. 
2.7. 

4. 2. 7 Restriction endonuclease analysis of mitochondrial DNA 
Mitochondrial DNAs of Fu 9, parental strains and monokaryotic strains (Mo All 

and Mo P 16) were obtained at between 350-500 J.lg per 100 g of wet mycelium. The 
molecular sizes of each strain were found to range in size from 70-90 kbp by agarose
gel electrophoretic analysis (Fig. 20) , being in about the same ranges as mitochondrial 
DNA in Neurospora crassa (approximately 61 kbp; HI NNEN and others, 1978) . YUI and 
others (1988) have also reported that the molecular size of Lentinus edodes mitochon
drial DNA is 69 kbp. 

Noteworthy, each of the Fu 9, the parental strains and monokaryotic strains (Mo 
A 11 and Mo P 16) was confirmed to have a mitochondrial plasmid-like DNA. The 
molecular sizes of plasmid- like DNA were estimated to be in the range of 9- 10 kdp. 
N AKA Y A and others (1991) have reported that using 32 strains of P. ostreatus, two 
different plasmid- like DN As (molecular size of 9.5 and 10.1 kbp) were specifically dis
tributed in the mitochondria of these strains. Similarly, K AT A YOSE and others (1990) 
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Fig. 20 Agarose (0.3%) gel electrophoresis of mitochondrial DNA without restriction 
endonuclease. 
Lane Ml, T4dc + T 4dc digested with Bgl; Lane A, A. auricula -judae; Lane B, 
A. polytricha; Lane M2, lambda ON A digested with Hind 111 ; Lane C, Mo A 11 ; 
Lane 0 , Mo P 16; Lane E, Fu 9; Lane M3, a mixture of lambda DNA digested 
with Hind 111, and with Eco R I. 
Notes: The numbers on the left and right sides indicate the molecular length 
(kbp) of size marker, Ml and M3 respectively. Single and double arrowheads 
show mitochondria l and plasmid- like DNAs, respectively. 

have found a linear mitochondrial DNA plasmid with L. edodes. The liner DNA pI as· 
mids were observed in Streptomyces rochei (HAY AKAWA and others, 1979) , the yeast 
Kluyveromyces lactis (GUNGE and others, 1981) and Saccharomyces kluyveri (KIT ADA 
and HISHINUMA, 1987) , the ascomycete Ascobolus immersus (FRANCOU, 1981) and 
Claviceps purpurea (T UDZYNSKI and others, 1983), the basidiomycete Agaricus bitorquis 
(MOHAN and others, 1984) , the plant pathogenic fugi Rizoctonia solani (HASHIDA and 
others, 1984) and Fusarium oxysporum (KISTLER and LEONGE, 1986) and plants Zea 
mays (PRI NG and others, 1983) and Brassica campestris (ERICKSON and others, 1985) . 

Mitochondrial DNA of the Fu 9 was compared to that of parental strains and 
monokaryotic strains (Mo A 11 and Mo P 16) using restriction endonuclease analysis. 
A report concerning comparison of mitochondrial DNAs between fusants and parental 
strains are not yet forthcoming. Agarose gel electrophoresis of mitochondrial DNAs of 
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Table 9 Sizes of Hind III restriction fragment with monokaryotic strains CMo A 11 
and Mo P 16) and Fu 9 

Strains Mo A 11 

17.4kbp 
15.4 
8.5 
6.5 
5.8 
5.6 
4.5 
4.2 
4.0 
3.8 

3.2 
3.0 

Total 81.9 

MO P 16 

17.4kbp 
15.4 
8.5 
6.5 
5.8 
5.6 
4.5 
4.2 
4.0 
3.8 
3.5 

3.0 

82.2 

Fu 9 

17.4 kbp 
15.4 
8.5 
6.5 
5.8 
5.6 
4.5 
4.2 
4.0 
3.8 
3.5 
3.2 
3.0 
2.5 
2.1 

90.0 

parental strains and monokan'ptic strains showed similar patterns to each other by 
analysis of restriction endonuclease HindIII. Mitochondrial DNA of the Fu 9 was 
digested with HindIII restriction endonuclease in order to compare that of monokaryotic 
strains, Mo A 11 and Mo P 16. The result in shown in Table 9. Both Mo A 11 and Mo 
P 16 possessed 12 restriction fragments, while Fu 9 possessed 15 fragments. Specific 
restriction fragments in each monokaryotic strain were shown in Table 9. The molecu
lar sizes of each fragment of Mo A 11 and Mo P 16 were, respectively, 3.2 and 3.5 kbp. 
The Fu 9 possessed both specific restriction fragments of respective monokaryotic 
strains. In addition, the Fu 9 possessed different two restriction fragments (2.1 and 2.5 
kbp) from Mo A 11 and Mo P 16. The two different mitochondrial DNA fragments of 
Fu 9 obtained in this study may have occurred due to recombination of mitochondrial 
DNA between Mo A 11 and Mo P 16 after protoplast fusion. However, the Fu 9 had 
fragments common to each nonokaryotic strain. As shown in Table 9, the molecular 
size of Mo A 11 and of Mo P 16 and the Fu 9 were, respectively, 81.9, 82.2 and 90.0 kbp 
by analyzing HindIII restriction endonuclease. SPECHT and others (1983) have reported 
using Shizophyllum commune which mitochondrial DNA of that strain were revealed to 
be approximately 49.85 kbp with restriction analysis of 5 endonuclease. Similar molecu
lar sizes of mitochondrial DNA were reported by CHYOUG-shwu and MEYER (1991) for 
the Candida species. For the analysis of two different fragments (2.1 and 2.5 kbp) of 
the Fu 9, which are not present in monokaryotic strains as described above, further 
detailed studies are necessary. 

From these evidences, it is shown that the the Fu 9 is a heterokaryon between A. 
auricula-judae and A. polytricha. 
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Conclusion 

In the present study, firstly, The nature of A. auricula-judae and A. polytricha, 
concerning cultivable characteristics were investigated. Secondly, various factors 
affecting the isolation and reversion of protoplasts were examined for A. auricula-judae 
and A. polytricha. Thirdly, protoplasts of monokaryotic strains which were treated 
with metabolic inhibitors were electrically fused. Fourthly, The nature of fusants 
obtained by electrical protoplast fusion were investigated. 
1. Nature of A. auricula-judae and A. polytricha 

Auricularia auricula-judae and A. polytricha, exhibited the greatest mycelial growth 
between 25·C and 30·C on a PDA medium. Regarding mycelial-growth rate, both 
strains exhibited similar patterns on a 12-day-old culture. 

Superior mycelial growth was obtained from shirakamba sawdust-medium. Addi
tion of additives (rice bran and rice) caused primitive effects concerning mycelial 
growth in both strains. 

Auricularia polytricha formed fruiting-bodies at shorter incubation periods compar
ed to A. auricula-judae, and yield a fruiting-body mass higher than A. auricula-judae. 
2. Isolation and reversion of protoplasts from mycelia of A. auricula-judae and A. 

polytricha 
Conditions for obtaining maximal yields of protoplast isolation from A. auricula-

judae and A. polytricha were as follows: 
Osmotic stabilizer: 0.5 M MgS04 in MES buffer (pH 5.3) 
Mycolytic enzyme: Novozym 234 1 %+chitinase 0.1% 
Culture period of mycelia: 4 days (A. auricula-judae) 

6 days (A. polytricha) 
Several parameters afiecting the protoplast reversion, culture period of mycelia and 

regeneration medium were examined. High reversion frequency of protoplasts was 
obtained for protoplasts isolated from mycelia of 4-day-old culture for A. auricula 
-judae and of 6-day-old culture for A. polytricha. The StMY regeneration medium 
also provided the highest reversion frequency of protoplasts for both strains. 
3. Protoplast fusion between A. auricula-judae and A. polytricha 

Monokaryotic strains, Mo A 11 and Mo P 16 were, respectively, treated with 
iodoacetic acid sodium salt (lAS) and diethyl pyrocarbonate (DP) to select hybrid 
cells by protoplast fusion. The concentrations of lAS and DP were found to be 4% for 
both strains from the results of broken and reversion frequencies of protoplasts. High 
fusion frequency (1.2%) was obtained by the use of DC pulse of 10 psec, 2-5 times with 
intervals of approximately 1 sec, and a field strength 3 k V / cm. 

After electrical protoplast fusion, a number of reversion colonies were observed on 
StMY medium by complementation of protoplasts of each monokaryotic strain which 
were treated with metabolic inhibitors. 
4. Nature of fusants 

Five fusants (Fu 9, 52, 58, 63 and 100) obtained by protoplast fusion were inves
tigated to clarify their characteristic. The 5 fusants had a optimal-temperature charac-



Interspecific heterokaryon of A. auricula-judae and A. polytricha (SUNAGAWA) 253 

teristics of 30·C in mycelial growth and 'were similar to the parental strains and the 
monokaryotic strain Mo P 16 on a PDA medium in mycelial-growth rate. Mycelial 
densities of the 5 fusants were thicker than those of the other strains (parental and 
monokaryotic strains). 

Shirakamba sawdust-medium provided good mycelial growth for the 5 fusants. 
All of the 5 fusants exhibited an antagonism to both monokaryotic strains (Mo A 

11 Mo P 16) at the contact zone in paired culture. The 5 fusants had clamp connec
tions in their hypha. 

Five fusants had several bands in common with both monokaryotic strains in the 
analysis of esterase isozyme patterns. 

In 5 fusants enzymic activity of a-galactosidase was observed, whereas, phenolox
idase activities were not exhibited by Fu 9, 52, 58 and 63. 

By restriction endonuclease analysis, molecular size of mitochondrial DNA of Fu 9 
which formed small fruiting-bodies was confirmed to be 90.0 kbp. All of the 5 fusants 
had a mitochondrial plasmid-like DNA. The 5 fusants had both specific restriction 
fragments of each monokaryotic strain. Additionally, Fu 9 had different restriction 
fragments (2.1 and 2.5 kbp) from Mo A 11 and Mo P 16. 

From these evidences, it is concluded that all of the 5 fusants (Fu 9, 52, 58, 63 and 
100) are heterokaryon. 
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