
Curr Genet (1994)26:184-186 C U r ~ f l t  G e f l ~ [ C S  

�9 Springer-Verlag 1994 

Short communications 

Reversion of a long-living, undifferentiated mutant of Podospora anserina 
by copper 
Karin Marbach, Juan Fernfindez-Larrea, Ulf Stahl 

Fachgebiet Mikrobiologie and Genetik, Technische Universit~it Berlin, Gustav-Meyer-Allee 25, D-13355 Berlin, Germany 

Received: 28 January 1994 

Abstract. The Podospora anserina nuclear mutant grisea 
displays an undifferentiated growth phenotype (dimin- 
ished production of aerial hyphae), is female sterile (lack 
of perithecia), has a prolonged life-span compared to the 
wild-type strain, and lacks detectable phenoloxidase (lac- 
case and tyrosinase) activity. Reversion of all of these char- 
acteristics to those of the wild-type phenotype was accom- 
plished by supplementing the growth medium with extra 
amounts of copper salts. These results indicate that the pri- 
mary defect of the grisea strain is in its copper uptake 
and/or distribution in the cells. 
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Every wild-type strain of the ascomycete Podospora an- 
serina displays a race-specific life span on solid media; 
i.e., after growing for a distinct time and distance the front 
hyphae show an aberrant morpholoy and pigmentation and 
eventually die (Rizet 1953). This so-called ageing pheno- 
menon is controlled by both nuclear and mitochondrial 
genes as demonstrated by the existence or short- and long- 
living strains with either nuclear of mitochondrial muta- 
tions (Tudzynski and Esser 1979; Schulte et al. 1988; Bel- 
cour et al. 1991; Marbach and Stahl 1994). 

One of the nuclear mutations which results in longev- 
ity is the recessive mutation grisea (gr) located on linkage 
group IV. It displays a life span of 39+1 days in contrast 
to the 24+1 days of the isogenic wild-type strain. In addi- 
tion, gr has impaired female sexual development (does not 
form mature perithecia), is temperature sensitive (hardly 
grows at 37 ~ and lacks detectable activities of the phen- 
oloxidases laccase I, II and III and tyrosinase. In fact, gr 
was originally isolated and characterized as a laccase-neg- 
ative clone. However, it still produces cross-reacting mat- 
erial (CRM) against laccases I and III, showing that these 
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enzymes are synthesized but inactive (Prillinger and Es- 
set 1977). Combining grisea with another long-living mu- 
tant, namely vivax (viv), gives rise to immortal double mu- 
tants (Esser and Keller 1976). 

As laccase and tyrosinase are copper-containing en- 
zymes, and as the pleiotropic effect of gr suggests a broad- 
acting metabolic defect, the possibility that these defects 
were related to a deficiency in copper availability, which 
would affect numerous copper-dependent enzymes, was 
investigated. For this purpose, the response of the P. an- 
serina wild-type s l  strain (ATCC 26003; Esser 1956) and 
an isogenic gr strain to copper salts was compared (Table 
1). Different end concentrations of CuSO 4, CuC12 and 
Cu(NO3) 2 were added to the growth medium; FeSO 4, 
FeC12, K2SO 4, CaC12, MgSO 4, MgC12, ZnSO 4 and NaC1 
were also added with the same end concentrations to a se- 
ries of control media. 

Table 1. Influence of different copper concentrations on grisea and 
wild-type strains of P. anserina. Cultures were maintained at 27 ~ 
For physiological experiments and longevity tests, strains were 
grown using synthetic medium II with 0.5% glucose (Prillinger and 
Esser 1977), solid in Petri-dishes or racing-tubes. Crosses were per- 
formed on synthetic medium I with 1.5 % fructose (Prillinger 1976). 
Extracellular laccase-activity was monitored qualitatively by add- 
ing 5 gl of 1% (v/v) guiacol in phosphate buffer (100 mM; pH 6.0) 
to solid medium, nt, not tested; ++, strong positive reaction; +, mod- 
erate positive reaction; (+), slight reaction, -, no reaction 

Item CuSO4 

No addition 1 ~tM 10 ~tM 100 ~tM 

wt gr wt gr wt gr wt gr 

Laccaseactivity - - ++ - ++ (+) ++ ++ 
Protoperithecia - - ++ - ++ + ++ ++ 
Mature perithecia - - ++ - ++ (+) ++ ++ 
(ascospore 
formation) 
Aerial hyphae + - ++ (+) ++ + ++ ++ 
Live span (days) 29_+1 >70 24_+1 39_+1 nt nt 24_+1 24_+1 
Growth at 37 ~ + - + (+) nt nt + + 
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Fig, 1. Growth phenotype of the mutant grisea (upper row) in com- 
parison to the wild-type strain (lower row) of P. anserina grown on 
synthetic medium II (Prillinger and Esser 1977) at different copper 

concentrations. From left to right: omission of copper (much less 
than 1 gM), 1 gM copper, 100 gM copper 

Only the copper-containing salts counteracted the 
pleiotropic defects of gr. The degree of reversion of gr to 
the wild-type phenotype increased gradually with elevated 
copper concentrations, from being only partial with 10 gM 
Cu ++ to complete reversion with 100 gM of additional 
Cu ++ (Table 1 and Fig. 1). 

Conversely, depletion of Cu § salts from the medium 
accentuated the undifferentiated morphology and in- 
creased the longevity of gr and induced a gr-like pheno- 
type in the wild-type strain. A similar effect was accom- 
plished by the addition of 100 gM of ZnSO 4 to the me- 
dium. The initial pH of the medium also influences the ex- 
pression of the gr phenotype. Both the gr and the wild- 
type strains showed similar phenotypes when cultivated at 
pH values of 5.0 or less, exhibiting a more-accentuated 
rhythmical growth, darker pigmentation, and a higher ex- 
tracellular laccase activity than the wild-type strain grown 
at a standard pH of 6.5. With pH values _>pH 7.0, gr grew 
very slowly and produced no aerial hyphae at all, whereas 
the wild-type strain still formed aerial hyphae and proto- 
perithecia and excreted moderate amounts oflaccase. Only 
when grown at pH 8.0 did the wild-type strain show di- 
minished aerial hyphae and protoperithecia formation and 
a very low extracellular laccase activity. 

The results presented clearly show that the gr strain is 
dependant on elevated extracellular copper concentrations 
for normal growth and development. The effect of zinc on 
gr and the wild-type strain might be due to a competition 
between copper and zinc uptake, as described for Saccha- 
romyces cerevisiae (White and Gadd 1987; Lin et al. 1993). 
The influence o fpH  on the expression of the gr phenotype 
could also be explained, at least in part, by the higher sol- 

ubility of copper salts at low pH values (and its decreased 
solubility at higher pH). 

As CRM against laccases I and III is produced by gr 
when cultivated at a standard (1 gM) copper concentra- 
tion (Prillinger 1976) on could conclude that this CRM 
corresponds to the inactive copper-depleted forms of these 
enzymes, produced as a result of a diminished intracellu- 
lar availability of copper. Synthesis and stability of apo- 
laccases I and III would therefore be independent of cop- 
per. By contrast, no CRM against laccase II is produced 
by gr, suggesting that the synthesis and/or stability of this 
enzyme is copper dependent. 

A behaviour similar in many respects to that of the P. 
anserina gr strain has been described for the Aspergillus 
nidulans mutants ygA (recessive) and yB (semi-dominant) 

- (Clutterbuck 1972; Kurtz and Champe 1981; Hermann et 
al. 1983). Both these mutants are deficient in cleistothe- 
cial laccase II and conidial laccase I and their sexual de- 
velopment is blocked at an early stage; but they revert to 
the wild-type phenotype when additional copper is added 
to the growth medium or when grown at low pH. Active 
laccases could be recovered in mycelial extracts after di- 
alysis against copper salts, showing that the apo-forms of 
the enzymes are synthesized by these copper-deficient mu- 
tants. 

The diminished intracellular copper availability in gr 
when grown on media containing normal amounts of cop- 
per (1 gM), could result from a diminished net copper up- 
take; this might be due to a defective copper transport 
system specific for low copper concentrations. Indeed in 
N. crassa, the presence of a copper-binding component 
within the cell-wall which controls the transfer of copper 
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ions across the cell membrane has been proposed (German 
and Lerch 19 87). A mutation in such a copper-binding cell- 
wall component, resulting in a lower affinity for copper, 
would explain not only the recessiveness of the gr  muta- 
tion but also the fact that higher copper concentrations 
completely restore the gr phenotype. 

The defects o f g r  mutation could also result from an al- 
teration in the storage or distribution of copper in the cells. 
It has been shown in N. crassa that the synthesis of active 
laccase and tyrosinase depends on intracellular storage of 
copper ions during the active growth phase. Metallothione- 
in (MT) and glutathione (GSH) are likely candidates for 
this function (German and Lerch 1987; Huber and Lerch 
1987). The ability of Cu-MT to donate copper ions to the 
apo-forms of other copper proteins, such as laccase (Mor- 
purgo et al. 1983) and tyrosinase (Beltramini and Lerch 
1982), has been demonstrated in vitro; the transfer of cop- 
per between MT and GSH, and from MT to copper-zinc 
superoxide dismutase, has also been shown to occur in vivo 
(Freedman and Peisach 1989). 

When compared to the wild-type strain, gr mutants 
show a 30% reduction in growth, which might be due to a 
reduced activiy of cytochrome-c oxidase (COX) as a con- 
sequence of the mutant's impaired copper homeostasis. 
This has been shown to occur in copper-limited cultures 
of yeast (Keyhani and Keyhani 1975) and sycamore (Acer  
pseudoplatanus)  cells (Bligny et al. 1986). Whatever the 
underlying mechanism, it is known that, similarly to the 
gr strain, mitochondrial mutants of P. anserina defective 
in COX activity display undifferentiated growth, female 
sterility and longevity (Ktick et al. 1985; Schulte et al. 
1988). 

As an essential co-factor of numerous oxidases, copper 
plays a central role in oxidative metabolism. Copper defi- 
ciency, which seems to be the cause of reduced phenol- 
oxidase activity and an undifferentiated growth phenotype 
in gr mutants, might also result in a distorted oxidative, 
metabolism. The fact that oxidative stress seems to be con- 
nected with differentiation (Sohal et al. 1987; Orrenius et 
al. 1992; Hansberg et al. 1993) could also explain the un- 
differentiated growth of gl: Thus it may be proposed that 
gr is a good model system for studying copper metabolism 
and the uptake, distribution and influence of copper and 
copper-dependent enzymes on physiological processes in- 
cluding respiration, free radical generation, growth and 
differentiation. 
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