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ABSTRACT 

Auxotrophic, drug-resistant, nitrate-nonutilizing, and albino 
mutants have been isolated in Gibberella fujikuroi following UV muta- 
genesis. Protoplasts of complementing auxotrophic strains, mutants 
with resistance markers, or mutants blocked in different steps of the 
nitrate assimilatory pathway have been fused to form heterokaryons, 
diploids, or recombinant haploids. The properties of fusant strains, 
including gibberellic acid productivity, have been examined and com- 
pared to parent strains. 

Index Entries: G. fujikuroi; protoplast fusion; auxotrophic; drug 
resistant; nitrate-nonutilizing; albino mutants; gibberellic acid. 

INTRODUCTION 

Protoplast fusion has been demonstrated as an efficient way to im- 
prove industrial microorganisms. Many reports have suggested the possi- 
bility of breeding filamentous fungi producing secondary metabolites such 
as Aspergillus niger (1), Penicillium chrysogenum (2), and Cephalosporium 
acremonium (3). 

Gibberella fujikuroi (saw.) is well known because of its ability to pro- 
duce some secondary metabolites. The most important of these are the 
gibberellins (4,5). Gibberellin-producing activity has been increased by 
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mutagenesis and screening (6-8). Calam et al. (9) described parasexual 
recombination of gibberellin-producing strains with different levels of 
production ability by hyphal anastomosis. No reports are known on pro- 
toplast fusion of gibberellin producers. 

In a previous paper, we reported on the optimization of a method for 
protoplast formation from mycelia of G. fujikuroi (10). The first step in 
establishing an artificial parasexual cycle by protoplast fusion is the pro- 
duction of mutants. Complementing auxotrophies have often been used 
as genetic markers (1,11,12). In this paper, we report the development of 
a protoplast fusion system for gibberellin-producing strains of G. fujikuroi. 
Different mutants of this species marked by auxotrophic requirements, 
drug resistance, genetic blocks in nitrate assimilatory, and carotenoid bio- 
synthetic pathways were used. The genetic state and gibberellin-producing 
activity of fusant strains were analyzed. 

MATERIALS AND METHODS 

Microorganisms 

Gibberella fujikuroi (saw.) Wr. m 567 was obtained from the Fungal 
Culture Collection (Weimar, Germany). From this strain, the improved 
gibberellic acid (GA3)-producing mutant 3422 had been obtained by 
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) treatment (K~Iblin et al., 
1991). Auxotrophic, albino, and drug-resistant mutants were isolated 
from this parental strain after UV treatment. 

Media 

Minimal medium (MM) contained (per liter) 30 g sucrose, 3 g NaNO3, 
I g KH2PO4, 500 mg MgSO4.7H20 , 500 mg KC1, 10 mg FeSO4-7H20, I mL 
trace elements solution, and 20 g Difco agar. For embedding of protoplasts, 
this MM was used as a soft agar containing 5 g/L Difco agar. The trace ele- 
ment solution contained (in 100 mL) 5 g citric acid, 5 g ZnSO4-7H20, 1 g 
Fe(NH4)2(SO4)2.6H20, 250 mg CuSO4.5H20, 50 mg MnSO4.H20, 50 mg 
H3BO3, and 50 mg NaMoO4.2H20. Complete medium (CM) was a 1:2 
diluted malt agar. In the protoplast fusion experiments, MM and CM con- 
taining 0.6M KC1 were used as hypertonic media. 

For microconidia production, the fungus was incubated on KC1 agar 
(8 g/L KCI, 25 g/L Difco agar). Mycelium for protoplast isolation was pro- 
duced as described by Bnickner et al. (10). GA3 production of fusant strains 
was carried out in a complete medium described by Darken et al. (13). 

Mutagenesis 

Gibberella fujikuroi was incubated on KC1 agar at 28°C in the dark, and 
microconidia were harvested after 14 d. Suspensions of 106 microconidia 
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per milliliter in distilled water were exposed to a dose of UV light (254 
nm), which yielded a 15-30% survival rate. 

Isolation of Mutants 

Auxotrophic Mutants 
After UV irradiation, the auxotrophic mutants were isolated by filtra- 

tion enrichment (14). 

Nitrate Assimilation Mutants 
Irradiated conidia were plated onto MM with (NH4)2SO4 (2 g/L) as 

sole nitrogen source supplemented with 500 mM KC103, and plates were 
incubated for 7-10 d in the dark. Growth of wild-type strains is restricted 
on chlorate, presumably because chlorate is reduced by nitrate reductase 
to highly toxic chlorite. Nitrate-nonutilizing mutants are unable to reduce 
chlorate to chlorite and hence are chlorate-resistant. These so-called nit 
mutants were assigned to different phenotypic classes on the basis of 
their growth on MM containing one of five different nitrogen sources: 
NaNO3 (basal MM as described above), NaNO2 (0.5 g/L), hypoxanthine 
(0.2 g/L), (NH,)2SO4 (1 g/L), or uric acid (0.2 g/L). The phenotypes of the 
nit mutants were determined by growth test on these media as described 
by Correll et al. (15). 

Albino Mutants 
Pigmentless albino strains were isolated from a deep orange morpho- 

logical mutant AO6. The orange-pigmented strain has the clear advantage 
in comparison to the white wild-type strain that albino mutants are im- 
mediately scorable by visual inspection. Irradiated conidia of the orange 
strain AO6 were plated on CM, and after 7 d, the plates were scanned for 
white mutants. Monoconidial clones of each albino mutant were recovered 
to increase stability of the genetic blocks. 

Drug-Resistant Mutants 
For isolation of nystatin- and cerulenin-resistant mutants, first the 

minimum inhibitory concentrations (MIC) for the drugs were determined. 
They are 40 #g/mL for nystatin and 10 #g/mL for cerulenin. Resistant 
mutants were isolated after UV irradiation of microconidia on MM supple- 
mented with nystatin and cerulenin at two times their MIC. 

Protoplast Production and Fusion 
Protoplasts were isolated as described (10). Next, 107 protoplasts of 

each of the complementary strains were mixed together and centrifuged 
for 10 min at 3000 rpm. The pellet was resuspended in 0.5 mL of proto- 
plast fusion medium--an aqueous solution of 25% polyethylene glycol 
6000 (Sigma) supplemented with 0.01M CaC12 in 0.01M Tris-HCl buffer 
(pH 7.5) for 15 min at room temperature. Aliquots of 0.1 mL of the sus- 
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pension were embedded in 9.9 mL MM melted soft agar and plated onto 
stabilized CM or MM. For the determination of the regeneration rate, 
unfused protoplasts of each strain were diluted in melted soft agar 
(10-1-10-s) and poured onto stabilized CM. 

Heterodiploid Formation from Fusants (Heterokaryons) 
Heterodiploids were induced from a fusant by d-camphor treatment 

according to Kirimura et al. (1). After a third cultivation on MM supple- 
mented with 0.5 g/L d-camphor, microconidia were recovered from the 
fusant strains, and monospore cultivation was carried out on MM and 
CM at 28°C. The number of conidia growing on MM was compared with 
that on CM. 

Segregation of Diploids 
The ploidy of the colonies that appeared on MM was checked by their 

stability on CM containing 3.5 #M methylbenzimidazol-2-y]-carbamat 
(MBC) as haploidising agent (16). Following growth on MBC-medium, in 
some cases, faster-growing or pigmented sectors were segregated from 
the central areas of diploid mycelia. After 14 d of cultivation at 28°C, the 
segregants were checked for morphological stability on fresh CM contain- 
ing MBC and purified by single conidia colonies. 

Gibberellic Acid Production 
GAs production by shaking culture was carried out in 50-mL shaken 

flasks containing 20 mL of Darken medium (13). The cultures were incu- 
bated for 7 d on a rotary shaker (240 rpm) at 28°C. GAs was determined 
spectrofluorimetrically by measurement of the fluorescence of the GAs- 
sulfuric acid-complex (excitation at 310 nm, emission at 400 nm) on a Carl 
Zeiss spectrophotometer with fluorescence detector. 

RESULTS 

Mutants 

The first step in preparing for fusion experiments was the production 
of different marked mutants of a high-producing parental strain of G. 
fujikuroi following UV irradiation of microconidia. Auxotrophic mutants  
are often decreased in their ability to produce secondary metabolites (17). 
We obtained 16 different auxotrophic strains, from which only three (re- 
quiring glutamine, tryptophane, or threonine) have the same or slightly 
higher productivity as the wild-type strain (Table 1). Therefore, in addi- 
tion to auxotrophs, we also isolated other types of marked mutants. 

Mutants blocked in the nitrate assimilatory pathway were easy to iso- 
late on selection plates containing KC103. Phenotypes consistent with 
mutations in the structural gene for nitrate reductase (nit 1) and in the 
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Table 1 
Mutants Produced from Microconidia of Gibberella fujikuroi by UV Treatment 

GA3 GA3 (% of 
Name Phenotype (rag/L) control) 

G.f. aux 48 Glutamine auxotroph 820 114 
G.f. aux 65 Threonine auxotroph 900 125 
G.f. aux 64 Tryptophan auxotroph 690 96 

G.f. nysR 277 Nystatin resistant 650 90 
G.f. nysR 278 Nystatin resistant 670 93 
G.f. nysR 220 Nystatin resistant 630 88 
G.f. nysR 143 Nystatin resistant 660 92 

G.f. cerR 428 Cerulenin resistant 750 104 
G.f. cerR 439 Cerulenin resistant 780 108 
G.f. cerR 454 Cerulenin resistant 680 94 
G.f. cerR 461 Cerulenin resistant 695 97 

G.f. nitM 371 Chlorate resistant, nit M 470 65 
G.f. nitM 273 Chlorate resistant, nit M 700 97 
G.f. nitM 188 Chlorate resistant, nit M 770 107 

G.f. nit1 176 Chlorate resistant, nit 1 780 108 
G.f. nit1 187 Chlorate resistant, nit 1 770 107 
G.f. nit1 191 Chlorate resistant, nit 1 720 100 
G.f. nit1 269 Chlorate resistant, nit 1 800 111 
G.f. nit1 137 Chlorate resistant, nit 1 520 72 

G.f. A 29 Albino mutant 600 83 
G.f. A 115 Albino mutant 720 100 
G.f. A 769 Albino mutant 740 103 
G.f. A 770 Albino mutant 540 75 
G.f. A 789 Albino mutant 540 75 

G.f. 3422 (parent mutant strain) 720 100 
G.f. m 567 (wild strain) 560 

genes  for the  m o l y b d e n u m  containing cofactor for nitrate reductase  (nit 
M) have been  isolated mos t  often. We could f ind only  one  m u t a n t  wi th  a 
block in the  gene  encoding  nitrite reductase.  Gibberellic acid p roduc t ion  
was de t e rmined  for all selected mutan ts .  For fus ion exper iments ,  only the  
most  active strains of two phenotypes ,  nit I and  nit N, were  used  (Table 1). 

A well k n o w n  strategy for selection of ove rp roduce r s  of secondary  
metaboli tes  is the  isolation of mutan ts ,  resistant to a variety of mitotic 
inhibitors,  heavy metals,  amino acid analogs, a n d  inhibitors of specific 
enzymes  of the  interest ing pa thway  (18,19). Since gibberellins are diter- 
penoids ,  we used  two drugs  inhibit ing different s teps  of the  t e rpeno id  
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Fig. 1. Side of action of nystatin and cerulenin on the biosynthesis of gibberellins. 

pathway: nystatin and cerulenin (Fig. 1). Nystatin has been shown to 
complex with ergosterol in the cell membrane. Nystatin-resistant mutants 
might be changed in the spectrum and quantity of produced sterols (20, 21 ). 
The antibiotic cerulenin has a specific and strong inhibiting activity against 
the synthesis of fatty acids and sterols (22) and is also described as an 
inhibitor of HMG-CoA-synthetase, one of the key enzymes of terpenoid 
pathway (3). As shown in Table 1, we could not isolate drug-resistant 
mutants with a significant overproduction of gibberellic acid. 

Another possible way to select overproducing mutant strains is the 
genetic block of carotenoid biosynthesis as a competitor to gibberellin bio- 
synthetic pathway. The wild-type strain of G. fujikuroi was white on solid 
media but produces pigments in submerged cultivation. For better sepa- 
ration of wild-type colonies and pigmentless albino strains, we used a 
two-step mutagenesis. In the first step, we yielded stable orange mutants 
with a frequency of 0.02-0.04%. These mutants have growth and sporula- 
tion pattern similar to the white parent strains. The orange carotenoid 
pigment seems to be neurosporaxanthin as described by Avalos et al. 
(24-26). The color developed on all media independent of light. After a 
second UV treatment, white albino mutants were recovered (0.07-0.08%). 
After purification by single conidium isolation, they are stable. From all 
groups of mutants, the best gibberellin-producing strains were recovered 
for fusion experiments. 

Protoplast Fusions 

Protoplast fusion experiments were performed between complemen- 
tary auxotrophic, nit I and nit M mutants, one auxotrophic and one nitrate 
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Table 2 
Results of Protoplast Fusion Experiments 

Between Different Marked Strains of Gibberella fujikuroi 

89 

Fusion 
Protoplast fusion pair frequency (%) Phenotype 

aux 48 x aux 65 4.20 prototrophy 
aux 48 x aux 64 1.90 prototrophy 
aux 64 x aux 65 2.40 prototrophy 

nit 1-191 x aux 48 0.07 nitrate assimilation, prototrophy 
nit 1-191 x aux 65 0.30 nitrate assimilation, prototrophy 
nit 1-176 x aux 65 0.40 nitrate assimilation, prototrophy 
nit 1-187 x aux 48 7.50 nitrate assimilation, prototrophy 
nit 1-188 x aux 48 0.20 nitrate assimilation, prototrophy 

nit M-371 x nit 1-137 0.1 nitrate assimilation, 
nit M-371 x nit 1-269 3.5 nitrate assimilation, 
nit M-188 x nit 1-191 2.1 nitrate assimilation, 
nit M-188 x nit 1-187 1.6 nitrate assimilation, 
nit M-273 x nit 1-176 4.2 nitrate assimilation, 

nit M-188 x cer R-439 7.50 nitrate assimilation, cerulenin resistant 
nit 1-137 x cer R-428 2.60 nitrate assimilation, cerulenin resistant 
nit 1-187 x cer R-428 3.20 nitrate assimilation, cerulenin resistant 
nit 1-176 x cer R-454 0.20 nitrate assimilation, cerulenin resistant 

cer R-454 x nys R-278 0.03 cer-, nys-double resistance 
cer R-454 x nys R-143 0.10 cer-, nys-double resistance 
cer R-461 x nys R-277 0.08 cer-, nys-double resistance 
cer R-461 x nys R-220 0.10 cer-, nys-double resistance 

A 29 x A 769 3.10 orange pigment 
A 29 x A 789 2.80 orange pigment 

assimilatory p a t h w a y  mutan t ,  d i f ferent  resistant  mu tan t s ,  a n d  b e t w e e n  
albino mutan t s .  A s u m m a r y  of the  successful  fus ions  is g iven  in Table 2. 
Protoplast  r egene ra t ion  f requencies  of the  m u t a n t  s trains var ied  b e t w e e n  
35 a n d  70% before  PEG t rea tment .  Af ter  a 72-h incubat ion  at 28°C, he te ro -  
karyotic  colonies a p p e a r e d  on  the  agar  selection plates.  These  cou ld  be at- 
tr ibutable on ly  to the  regenera t ion  of fused  protoplasts .  No  p ro top las t s  
f rom the  individual  parenta l  strains r egene ra t ed  on  selection agar.  

The colonies s h o w  the  typical irregular g r o w t h  pa t t e rn  of  he t e ro -  
karyons .  W h e n  the  colonies were  t rans fe r red  to comple t e  agar,  t h e y  o f t en  
p r o d u c e d  sectors of bo th  parenta l  classes of auxo t rophy ,  p i g m e n t a t i o n ,  
ni trate  ass imilatory muta t ion ,  or d r u g  sensitivity.  After  t rans fe r  to un -  
stabilized min imal  or selection agar, mos t  of the  r a n d o m l y  se lec ted  he t e ro -  
ka ryons  c o n t i n u e d  to g r o w  slowly.  Howeve r ,  s o m e  of the  fu san t  co lonies  
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Table 3 
Genetic Characterization of Some Fast-Growing Fusant Colonies 

Protoplast fusion pair 

Number 
Number of proto- Number of of pro- Ploidy 

trophic spores sectors on totrophic of fusion 
(%) MBC agar sectors product 

nit M-371 x nit 1-269/2 100.0 3 1 2n 
nit M-371x nit 1-269/5 100.0 8 7 2n 
nit M-371x nit 1-137/2 100.0 4 2 2n 
nit M-188x nit 1-191/9 62.0 3 1 2n 
nit M-273x nit 1-176 66.0 5 4 2n 
nit M-188X nit 1-187 0.1 0 -- In  
aux 48 x aux 48 /9 100.0 2 1 2n 
aux 64 x aux 48 /43 100.0 5 1 2n 
aux 65 x aux 48 /44 2.0 0 -- In  
nit M-188xaux48 /5 65.0 4 3 2n 
nit 1-176 x aux 65 /8 50.0 3 1 2n 
nit 1-176 x aux 65 /14 0.1 0 -- In  

deve loped  faster and with wild-type morphology on selection agar. The 
amoun t  of fast-growing fusant colonies could be increased by mul t is tep  
cultivation on minimal agar supp lemented  with camphor  as descr ibed by 
Kirimura et al. (1) Protoplast fusion be tween  auxotrophic and nitrate assi- 
milatory pa thway  mutants  proved to be the most successful. 

Protoplast fusion be tween  drug-resistant  mutants  resulted in on ly  a 
few heterokaryons .  The colonies were  s low-growing even after subcul-  
tur ing and  had  an irregular shape. Most of the fusion products  lost the  
ability to grow on selection m e d i u m  after some transfers. No sectors of 
more  vigorous growth appeared after 3 wk  of culture on MM supple-  
m e n t e d  with  nystatin and cerulenin.  

For genetic characterization of the fast-growing prototrophic fusant  
strains, the microconidia were  plated on Czapek-Dox minimal  agar a n d  
CM to check the frequency of prototrophic spores. To determine  w h e t h e r  
the prototropic microconidia are diploid or haploid recombinants ,  MBC 
was  used  to induce haploidization. After 2 wk on MBC agar, the genet ic  
stability of some of the prototrophic colonies was lost. A total of 28 fusant  
colonies, mostly isolated from MM supplemented  with camphor ,  segre-  
gated sectors. The segregants had various phenotypes  in m o r p h o l o g y  
and nutri t ional  markers.  Many segregants  were  prototrophic, but  s ingle 
auxotrophs and one double auxotroph also could be isolated. 

These strains segregating sectors are diploid (aneuploid) fusants .  
The results of these experiments are given in Table 3. Generally, the n u m -  
ber of stable diploids resulting from fusions between different auxotrophic 
or nitrate assimilatory pa thway  mutants  is about 5% of all fusant colonies 
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examined. From 10 possible combinations between five albino strains, 
only two pairings (A 29.A 769 and A 29.A789) gave orange colonies on 
CM and MM. In these cases, the mutants carry blocks in different steps of 
the carotenoid biosynthetic pathway. On the other hand, eight fusion 
pairs did not develop orange-pigmented colonies. Therefore, they seem 
to be mutated in the same gene of carotenoid biosynthesis. 

Gibberellic Acid Formation 

Gibberellic acid productivities of all fast-growing stable fusants and 
prototrophic segregants were determined and compared with those of 
the parent strains. As shown in Table 4, the best results were obtained for 
hybrid strains. On the other hand, no haploid segregants had a higher 
productivity than the diploid or parent strains. 

DISCUSSION 

There are many studies concerning intraspecific protoplast fusion of 
fungal strains used in industry (1,2,12,27). However, no one has reported 
protoplast fusion between gibberellin-producing mutants of G. fujikuroi. 
The experiments here show that in addition to auxotrophic mutants, a 
wide range of genetically marked strains can be used for protoplast fusion. 

Mutants blocked in the nitrate assimilation system, conferring chlorate 
resistance, are good producers of gibberellic acid in many cases. They can 
be crossed with other chlorate-resistant strains blocked in a different step 
of the nitrate assimilatory pathway or with auxotrophic strains. In general, 
the highest fusion frequencies were obtained for hybridization between 
complementary auxotrophic, complementary nitrate assimilation mutants, 
and one auxotrophic and one nitrate assimilatory pathway mutant. 

Furthermore, complementation between gibberellin-overproducing 
albino mutants did occur, and tile formation of orange-pigmented fusant 
colonies was a visible indicator of heterokaryosis. Puhalla (28) described 
heterokaryosis in albino strains of Fusarium oxysporum following hyphal 
anastomosis. However, in our experiments, only two pairings between 
albino strains restored their ability to produce carotenoids. They should 
be blocked at different steps of carotenoid biosynthesis. Cerda-Olmedo 
(29) analyzed some albino strains of G. fujikuroi and found them to be 
blocked at the gene for prephytoene-pyrophosphate-synthetase. A second 
possible block could be in the gene coding for phytoene-synthetase (Fig. 
1). Most of the orange fusants produced less gibberellic acid than the 
parental albino strains, probably caused by recovery of the carotenoid 
biosynthesis. 

Protoplast fusion between nystatin- and cerulenin-resistant mutants 
occurred rarely. The fusant colonies often showed atypical morphology, 
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Table 4 
Gibberellic Acid Productivities of Some Fusant 

and Sector Strains in Standardised Shaking Culture 

Protoplast fusion pairs 
GA3 

Ploidy (mg/l) 

GA3 (% of the 
best parental 

strain) 

nit M-371 x nit 1-269 

nit M-371 x nit 1-269/5 

nit M-371 x nit 1-137 

nit M-188 x aux 48 

nit M-188 x aux 48 

nit 1-187 x aux 48 

aux 48 x aux 65 

A 29 x A 769 

A 29 x A 789 

/1 2n 480 60 
/2 2n 780 98 
/3 2n 460 58 
/4 2n 720 90 
/5 2n 950 119 

/A In  610 76 
/C In  700 88 
/D In 510 64 
/F In 520 65 
/G In 710 89 

/1 2n 730 140 
/2 2n 910 175 

/5 2n 440 54 
/28 2n 600 73 
/30 2n 620 76 
/32 2n 850 104 

/A In  410 50 
/B In 390 48 
/C In 680 83 

/1 2n 680 83 
/2 2n 780 95 
/3 2n 920 112 

/17 2n 820 100 
/22 2n 790 98 
/31 2n 480 59 
/44 2n 720 88 
/49 2n 900 110 

/1 2n 870 106 
/2 2n 690 84 
/3 2n 620 76 

/1 2n 590 72 
/2 2n 720 88 
/3 2n 610 74 

Control parental  strains: 
nit M-371 
nit M-188 
nit 1-269 
nit 1-187 
nit 1-137 
aux 48 
aux 65 
A 29 
A 769 
A 789 

470 
770 
800 
770 
520 
820 
800 
760 
840 
820 
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grew slowly, or lost their double-resistant phenotype.  The instability of 
drug-resistance in fusant colonies may be caused by the semidominan t  or 
recessive character of these mutations as described for Dictyostelium dis- 
coideum (30). After spontaneous haploidization occurring on CM, sub- 
cultures showed one or the other of the parental resistance phenotypes .  

In general, protoplast fusion results in heterokaryons, stable diploids, 
or haploid recombinants. A camphor treatment of fusant colonies increased 
the frequency of diploids significantly, as described for A. niger, too (31). 
The number  of stable diploids was about 5% of all fast-growing fusant 
colonies. They formed auxotrophic and prototrophic sectors on agar sup- 
p lemented with the haploidizing agent MBC. 

If strains are crossed, we have no knowledge about the influence of 
fusion process on the gibberellin biosynthetic pathway, and it is a matter 
of chance whether  the recombinants are good producers.  As shown  in 
this paper; some of the diploid strains had higher productivities than 
each parental strain and the haploid segregants. However ,  most  of the 
diploid and haploid recombinant strains exhibited lower gibberellin titers 
than the parent strains. It was found that certain crosses (e.g., nit M-371.nit 
1-269) are more profitable than others. Therefore, success in strain im- 
provement  by protoplast fusion depends  on finding useful crosses and 
concentrating upon them. The same situation has been observed in muta- 
tion experiments for strain improvement.  
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