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ABSTRACT Podospora anserina is a filamentous fungus
with a limited life span. Life span is controlled by nuclear and
extranuclear genetic traits. Herein we report the nature of four
alterations in the nuclear gene grisea that lead to an altered
morphology, a defect in the formation of female gametangia,
and an increased life span. Three sequence changes are
located in the 5* upstream region of the grisea ORF. One
mutation is a G3 A transition at the 5* splice site of the single
intron of the gene, leading to a RNA splicing defect. This
loss-of-function affects the amplification of the first intron of
the mitochondrial cytochrome c oxidase subunit I gene (COI)
and the specific mitochondrial DNA rearrangements that
occur during senescence of wild-type strains. Our results
indicate that the nuclear gene grisea is part of a molecular
machinery involved in the control of mitochondrial DNA
reorganizations. These DNA instabilities accelerate but are
not a prerequisite for the aging of P. anserina cultures.

Aging of biological systems, as the progressive functional
impairment of living beings leading to an increase in age-
related mortality, is a complex process that is dependent on
both environmental and genetic factors. With regard to the
genetic basis, instabilities of the mitochondrial DNA (mtDNA)
were reported in various organisms to be involved in aging
leading to mitochondrial dysfunction and degeneration (for
reviews, see refs. 1 and 2). Moreover, increased instabilities of
the mtDNA were found to lead to premature degeneration
processes. Examples of this type are premature death syn-
dromes in fungi and various neuromuscular diseases in humans
(for reviews, see refs. 3–5). Interestingly, in some cases, these
syndromes are due to the mutation of a nuclear gene that
demonstrate that the integrity of the mtDNA is under the
control of nuclear factors (6–10). Unfortunately, until now, the
molecular mechanisms involved in this maintenance function
have not been elucidated in any case.

In the filamentous fungus Podospora anserina, all wild-
strains are characterized by a limited life span. After prolonged
vegetative growth, they display various symptoms of senes-
cence. Since the first description of this syndrome (11), it has
become clear that nuclear–mitochondrial interactions are cru-
cially involved in its control (for reviews, see refs. 12–15).
Detailed molecular investigations revealed that gross reorga-
nizations of the mtDNA occur during senescence. These
reorganizations are almost quantitative and lead to impair-
ment of the energy-generating system located in mitochondria.
Similar processes were subsequently reported to occur in
senescing strains of Neurospora (16–18). In all cases, the
activity of mobile genetic elements of circular or linear struc-
ture were found to be relevant. More specifically, in P.
anserina, it appears that the mobility of a circular plasmid,

termed plasmid-like DNA (plDNA) or asenDNA (19, 20),
which is a derivative of the first intron of the cytochrome
oxidase gene subunit I (COI), is responsible for the prominent
age-related mtDNA rearrangements (21–23).

Because of experimental difficulties in the cloning of rele-
vant nuclear genes, very little is known about the role these
nuclear traits play in the control of senescence. In particular,
the molecular interactions between age-related nuclear genes
and mitochondrial genetic traits are unclear. Herein we report
data of investigations into this direction. We focused our
attention on P. anserina mutants displaying a long-lived phe-
notype because products of the wild-type copies of the corre-
sponding genes appear to be involved in limiting life span as it
occurs normally during aging. In contrast, short-lived mutants
may rather be related to diverse pathologies of a given species
(for further explanation of this concept, see ref. 24). Recently,
we cloned the wild-type copy of the nuclear gene grisea that is
mutated in this long-lived strain. The initial molecular char-
acterization suggested that grisea codes for a copper-
dependent transcription activator (15). This finding is in good
agreement with the observed pleiotropic effects displayed by
the long-lived mutant that was selected after chemical mu-
tagenesis (25). We show that this mutant is a loss-of-function
mutant in which the expression of grisea is defective. In
addition, the amplification of plDNA and the wild-type-
specific reorganizations of the mtDNA are affected. With
respect to senescence, the data strongly suggest that, despite
the rather unusual age-dependent reorganizations of the
mtDNA occurring in wild-type strains of P. anserina, the basic
mechanism(s) leading to senescence in this fungal model and
in other biological systems appear(s) conserved but modulated
by various factors.

MATERIALS AND METHODS

Strains and Media. P. anserina wild-type strain s and the
long-lived mutant grisea were used. For details of strain origin
see refs. 25 and 26. Standard growth conditions for P. anserina
were reported by Esser (26). For the discrimination of the
wild-type and the grisea phenotypes, cornmeal agar was used.
Special media used in transformation experiments and the
detailed procedure to prepare and transform protoplasts of P.
anserina were as described (27).

Plasmids. Plasmids pKP230, pKP235, pKP240, pKP245 (28),
pPSB2a, pPSB2b, pPSB4 (29), and pSP17 (plDNA) (30) were
used as the source to isolate cloned mtDNA fragments of the
wild-type strain s. These fragments were used as mtDNA-
specific probes to detect age-dependent mtDNA reorganiza-
tions.
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Plasmid pNP2-1 was used as an Escherichia coliyfungal
shuttle vector to subclone parts of the grisea gene for comple-
mentation assays (15). In pPgr2-6, a 2.6-kb SmaI–NotI frag-
ment containing the 59 part of the wild-type grisea reading
frame was subcloned (15). pPgr4-5 contains a 4.5-kb SmaI
fragment derived from cosmid pPgr37-6 (15). The correspond-
ing construct contains the entire reading frame of the wild-
type allele of grisea. pPgr26-7 contains a 6.7-kb NotI–ClaI
fragment of the mutant allele of grisea. This fragment was
isolated from a clone selected from a l-EMBL3 genomic
library of the mutant by hybridization with a wild-type probe
of grisea. pPgrI22-6 and pPgrP26-7, respectively, contain
hybrid sequences of the two grisea alleles. A 1.7-kb XbaI–NotI
fragment of plasmid pPgr2-6 was exchanged with the corre-
sponding sequence of the mutant gene copy derived from
pPgr26-7. The resulting construct, pPgrI22-6, contains the
wild-type sequence of grisea with the single G3 A transition
in the intron. Vice versa, the exchange of the mutant 1.7-kb
XbaI–NotI fragment of pPgrP26-7 with the corresponding
wild-type fragment resulted in a hybrid plasmid, pPgr26-7, that
contains the three mutations in the 59 upstream region of
grisea but the wild-type intron sequence.

Construction of a Genomic l Gene Bank and Selection of a
grisea-Specific l Recombinant Clone. Total genomic DNA of
long-lived mutant grisea was partially digested with Sau3AI
and fractionated on agarose gels. DNA fragments between 16
and 23 kb were recovered and ligated into BamHI-digested
EMBL3 arms (Stratagene). DNA packaging was performed by
using Gigapack gold packaging extracts (Stratagene). All
procedures for handling the l gene bank and selection of
recombinant clones carrying a grisea-specific insert were ac-
cording to protocols provided by Stratagene or according to
standard protocols (31).

cDNA Isolation and PCR Amplification. For the isolation of
cDNA, total RNA was first preamplified by using a (dT)12–16
primer and the SuperScript preamplification system from
GIBCOyBRL. First-strand synthesis was performed according
to the supplier recommendations. Subsequently, the cDNA
was amplified by PCR using different oligonucleotide primer
combinations. For the demonstration of the splicing defect in
mutant grisea, un51 (59-AGATGCCCATCATAAACG-39)
and un64 (59-AACTGGTAGCACTGTCGA-39) were used.
These two 18-mers correspond to the positions 1367–1384 and
1669–1652 of the wild-type sequence of grisea (GenBank
accession no. X89429).

PCR amplification was performed under the following
conditions: denaturation for 2 min at 95°C and 30 amplification
cycles (1 min, 95°C; 1 min, 57°C; 1 min, 72°C). The amplifi-
cation products were fractionated on agarose gels and DNA
fragments were recovered by using the Geneclean extraction
kit (Bio 101).

Southern Blot Analysis. In general, standard methods of
molecular biology (e.g., bacterial transformation, DNA isola-
tion, and Southern and Northern blot analyses) were per-
formed according to Sambrook et al. (31). Southern blot
analysis of DNA from Podospora cultures with different ages
was performed by using the DIG detection system (Boehr-
inger). Total DNA was isolated as described (32). Digested
DNA was gel-fractionated and transferred to nylon mem-
branes (HybondN, Amersham Buchler) by using a VacuGene
XL vacuum blotting device (Pharmacia). After UV-cross-
linking of the DNA, hybridization of specific probes labeled
with digoxigenin-11-dUTP was carried out (33) at 68°C for
16 h in fresh prehybridization solution containing denatured
probe at 20 ngyml. Filters were washed twice at room tem-
perature in 23 SSCy0.5% SDS for 5 min and twice at 75°C in
0.13 SSCy0.1% SDS for 30 min. Signal detection was per-
formed by using the DIG detection kit as described (34).

DNA Sequencing and Sequence Analysis. Both strands of
the genomic copy of grisea were sequenced by using T7

polymerase (Pharmacia). In part, sequencing was performed
after the generation of overlapping, sequentially shortened
DNA fragments using a nested deletion kit (Pharmacia). The
entire sequence of the mutant grisea allele was determined by
using either the universal and reverse oligonucleotide primers
or specific synthetic oligonucleotides. Sequence alterations in
the mutant grisea allele will appear in the GenBank database
under the accession number X89429.

RESULTS

Sequence Alterations in the Mutant Allele of grisea. The
wild-type copy of grisea was previously cloned by complemen-
tation of the corresponding long-lived mutant using a chro-
mosome I-specific cosmid library of the wild-type strain (15).
After an initial molecular characterization of this allele, we
used a gene-specific probe to clone the mutant copy from a
genomic l library of the long-lived mutant. Subsequently, the
nucleotide sequence of both strands was determined. Com-
parison of the corresponding sequence with the sequence of
the wild-type allele (GenBank accession no. X89429) revealed
three point mutations, two transitions, and a 1-bp addition, in
the cloned genomic DNA at positions 21103, 2830, and 2821.
In addition, a single G 3 A transition at the 59 splice site of
the single grisea intron was identified (Fig. 1).

RNA Splicing in Mutant grisea. Because the first 59 nucle-
otide of an intron is known to be involved in the RNA splicing
reaction during gene expression, we surmised that the expres-
sion of grisea may be defective at this step. To verify this
assumption, we analyzed total RNA from the wild-type of P.
anserina, from the long-lived mutant, from a transformant in
which the mutant phenotype was complemented by the intro-
duction of the cloned wild-type copy of grisea, and from a
mutant strain grown in the presence of additional copper. The
latter analysis was performed because it was shown earlier that
additional copper in the medium rescues the mutant pheno-
type (35). cDNA of the different strains was synthesized by
using an oligo(dT) primer. Subsequently, the first-strand
cDNA was amplified by PCR using specific oligonucleotide
primer combinations that bind to sequences located upstream
and downstream of the site of intron insertion in the grisea
gene. In these experiments, cDNA from all strains led to
specific amplification products. By using the oligonucleotides
un51 and un64, a predominant product of approximately 240
bp was amplified (Fig. 2). This fragment exactly corresponds

FIG. 1. Localization of grisea on a 4.5-kb genomic SmaI fragment
of P. anserina. The ORF of grisea is indicated by an arrow, the single
intron is shown by the solid bar in this reading frame. The position and
the nature of four sequence alterations in the mutant gene copy of
grisea are indicated and correspond to the changes shown in the
sequencing gels in the lower part of the figure. Arrows indicate three
transitions and the dot one nucleotide addition. The numbers corre-
spond to the positions of the corresponding nucleotides with respect
to the the start codon of the grisea ORF (position 11).
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to the expected mature grisea-specific mRNA. In contrast,
cDNAs derived from mutant grisea grown in medium with or
without additional copper, led to a larger product of about 300
bp. We surmised that this amplification product is derived
from the larger unspliced pre-mRNA of grisea. As expected,
the cDNA derived from a transformant that displayed wild-
type characteristics shows two major amplification products.
One of these products corresponds to the spliced wild-type
mRNA that is derived from the introduced wild-type trans-
gene. The other band results from the amplification of the
unspliced pre-mRNA and is a product of the resident mutant
gene copy. In control experiments with DNase I-treated RNA
of the different strains, no amplification products were ob-
tained.

To verify the nature of the amplification products, the
240-bp band of the wild-type strain and the 300-bp band of
mutant grisea grown in standard medium were gel-eluted and
sequenced. The nucleotide sequence verified the expected
nature of the amplification products and the assumption that
mutant grisea is a splicing deficiency mutant (data not shown).
Furthermore, since a grisea-specific product from a reverse
transcription-coupled PCR amplification can be identified also
in assays using RNA from the mutant, the three point muta-
tions located upstream of the deduced start codon of grisea, in
a region that may be involved in the transcriptional control, do
not lead to a complete block in the transcription of this gene.

Complementation Analyses. To further ascertain that it is
the G 3 A transition identified in the mutant copy of grisea

that is responsible for the mutant phenotype, we constructed
various plasmids and used these constructs in transformation
experiments to complement the mutant. As shown in Fig. 3,
complementation of the mutant phenotype occurs not only
with plasmids containing the whole grisea reading frame of the
wild-type allele but also with constructs (pPgr2-6) in which
only parts of the sequence coding for the amino terminus of the
gene product are cloned. On the other hand, as expected, the
complementation capacity was lost in a construct containing
the same part of the grisea ORF as pPgr2-6 but that is derived
from the mutant allele (pPgr26-7). Most importantly, a chi-
meric construct (pPgrP26-7) containing the three 59 upstream
mutations but the wild-type sequence at the 59 splice site of the
grisea intron was able to complement the mutant phenotype
(Fig. 3B). In contrast, the introduction of the G3A transition
into a cloned (pPgrI-2-6) DNA fragment that does not contain
the three mutations upstream of the start codon resulted in a
loss of complementation capacity. We conclude that it is the
intron mutation that is responsible for the observed phenotype
of long-lived mutant grisea.

Age-Dependent mtDNA Reorganizations. It is well docu-
mented that gross mtDNA rearrangements regularly appear
during senescence of P. anserina cultures (36–38). To investi-
gate a potential role of grisea in the control of these age-
related mtDNA rearrangements, we analyzed DNA of the
wild-type, the long-lived mutant grisea, and cultures of grisea
that were transformed with the cloned wild-type copy of grisea
and displayed wild-type characteristics. Integration of the
transforming hybrid plasmid into the genomic DNA was
verified by Southern blot analyses (data not shown). These
experiments revealed that the vector containing the transgene
was inserted into an ectopic site. The analysis of the mtDNA
is shown in Fig. 4. Because of a single BglII restriction site in
the pl-intron, two BglII fragments, BglII-5 and BglII-17, hy-
bridize to the plDNA-specific probe (pSP17). These two
fragments correspond to the pl-intron and adjacent mtDNA
sequences. In juvenile cultures of the wild-type strain, the
BglII-5 and BglII-17 fragments are the two major bands
observed in Southern blots. Only a very faint 2.5-kb fragment
corresponding to the linearized autonomous intron derivative
(plDNA) can be detected. The relative amount of this frag-
ment increases as cultures age. At the same time, the hybrid-
ization signals corresponding to the intact wild-type mtDNA
strongly decrease. These data were in accordance with results
from earlier investigations that demonstrate that gross mtDNA
reorganizations occur during senescence of P. anserina wild-
type strains. Unexpectedly, only trace amounts of the auton-
omous plDNA were identified in senescent cultures of the
long-lived mutant. In addition, the intensity of the restriction
fragments of the mtDNA that contain the pl-intron (fragments
BglII-5 and BglII-17) did not change in DNA preparations
from cultures of different age. Importantly, transformation of
grisea protoplasts with the wild-type copy of grisea resulted in
a reversion of this effect.

To extend the comparative analyses of age-related mtDNA
rearrangements, we hybridized BglII-digested mtDNA from
cultures of different age against different mtDNA-specific
probes. These probes were derived from regions of the mtDNA
that are not overlapping the region containing the pl-intron
(28, 29). As shown in Fig. 5, during aging the two largest BglII
fragments of the wild type become rearranged. Interestingly,
these fragments remain stable in cultures of the mutant.
However, relative to the other BglII fragments, the BglII-4
fragment of the mutant declines during aging and a new band
appears in the region above the BglII-18y19 fragments. Thus,
it appears that the nuclear encoded transcription factor
GRISEA is somehow involved in the control of amplification
of plDNA and in the wild-type-specific mtDNA instabilities
that occur during senescence.

FIG. 2. Reverse transcription-coupled PCR analysis demonstrating
a splicing defect in mutant grisea. RNA was isolated from the wild-type
strain (s), from mutant grisea grown on medium with or without
additional copper and from a transformant of grisea displaying
wild-type characteristics due to an additional wild-type gene copy of
grisea. Amplification was performed by using a specific pair of
synthetic primers (un51 and un64) located upstream and downstream
of the grisea intron. The four cDNA regions show the results from the
PCR amplification after reverse transcription of RNA samples.
Whereas the intron is almost completely spliced out of the pre-mRNA
from the wild-type strain, no splicing product was detected in cDNA
preparations of mutant grisea grown on medium with or without
additional copper. The transformant gives rise to amplification prod-
ucts, 241 bp and 301 bp long, related to the spliced and unspliced RNA,
respectively. The four RNA panels show the results of amplification of
RNA prior to cDNA preparation (negative control).
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DISCUSSION

Herein we report data of the molecular characterization of the
long-lived mutant grisea of P. anserina. We have identified four
point mutations in the cloned grisea locus and have demonstrated
that one of them, a G3 A transition at the 59 splice site of the
single grisea intron, is responsible for the mutant phenotype. This
mutation leads to a RNA splicing defect. Thus, grisea is a
loss-of-function mutant in which the expression of the corre-
sponding gene is affected at the RNA splicing level.

In regard to senescence, the finding that grisea affects the
amplification of the pl-intron and the age-related reorganiza-
tion of the mtDNA is most striking. The data indicate that the

liberation andyor the amplification of the plDNA is somehow
under the control of this gene. Previously, it was suggested (23)
that the liberation of plDNA proceeds via the transposition of
the pl-intron leading to a tandem organization of intron copies
in the mtDNA. Subsequent recombination between homolo-
gous sequences may lead to the generation of the circular
plDNA. In addition to a reverse transcriptase that is encoded
by the pl-intron (39), we suggest that one or a few gene
product(s) that are expressed under the control of GRISEA
may be involved in the process.

The results suggesting this scenario were rather unexpected
because the amplification of plDNA was thought to be crucial
for the induction of senescence (22, 36, 37) and should,

FIG. 3. Complementation assay demonstrating that a mutation in the single grisea intron leads to a loss of function. (A) A physical map of the genomic
grisea locus is presented at the top. Various plasmids were constructed and used to complement long-lived mutant grisea to wild-type characteristics. In
plasmids pPgr26-7, pPgrP26-7, and pPgrI22-6, point mutations corresponding to the mutations identified in the mutant grisea allele are indicated. The
right column summarizes the results of the transformation experiments. (B) Morphology of the untransformed recipient strain grisea (gr), the wild-type
strain s (s), a colony regenerated from protoplasts of grisea that were not incubated with DNA of plasmid pPgrP26-7 (R), and independent hygromycin
B-resistant transformants of grisea. Sixty-three percent of the transformants (dark colonies) show the typical wild-type morphology.
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therefore, also occur in mutant grisea. The analysis reported
herein could not verify this assumption but indicates that the
gross age-related mtDNA rearrangements reported in wild-
type strains of P. anserina lead to an acceleration of the
processes leading to senescence. In accordance with this view,
an extrachromosomal mutant in which a delay in the amplifi-
cation of the mobile intron was previously shown to be
correlated with an increased life span (40). However, in this
extrachromosomal mutant, this effect is not the result of the
mutation in a nuclear gene but instead is due to the presence
of a linear mtDNA plasmid (41, 42). Interestingly, recently the
characterization of two nuclear mutants of P. anserina revealed
that, like in mutant grisea, a defect in the amplification of
plDNA does not prevent senescence. In the corresponding
mutants genes encoding cytoplasmic ribosomal proteins are
affected (43). Moreover, the characterization of another nu-
clear mutant of P. anserina displaying an early growth arrest
(premature death) was reported to be characterized by the
occurrence of a site-specific deletion of the mitochondrial
genome (7, 8). In this mutant, two nuclear genes interact with
each other. One of these genes, AS1-4, was found to code for
a cytoplasmic ribosomal protein (44). The nature of the second
gene, rmp, is still unclear. The same holds true for a nuclear
gene, nd, that leads to increased mtDNA deletions between
direct repeats and, as a result, to premature death in Neuro-
spora crassa cultures (6).

Thus, it appears that a number of different genetic traits,
either nuclear or mitochondrial, have an impact on both
mtDNA reorganizations and on the life span of P. anserina.
Moreover, the extensive age-related mtDNA rearrangements
that are characteristic for the various wild-type strains of this
fungus but that are not observed in other biological systems in
such an dramatic form do not appear to be a prerequisite for
aging. Another mechanism seems to operate also in P. anse-

rina, a mechanism that may be conserved in the different
biological systems. As suggested by others (45), such a mech-
anism may be related to different stresses (e.g., oxidative stress,
heat shock, or cold stress) and the ability of the organism to
cope with these situations. Until now, this is the only obvious
relationship between a number of long-lived mutants that have
been characterized.

The relevance of oxidative stress and the free radical theory
of aging (46) for P. anserina is supported by the observation
that grisea codes for a transcription factor that appears to be
involved in a tight regulation of cellular copper levels and the
fact that the phenotype of grisea can be rescued by additional
copper in the growth medium (35). The increased life span of
the mutant strain may be explained by a reduction in the
formation of reactive oxygene species (ROS). Two reasons
appear to account for this effect. (i) A decrease in ROS
formation may be due to the absence of a high-affinity
transporter for copper due to a reduced expression of the
corresponding gene. Intracellular copper levels, therefore,
may be low and ROS formation via Fenton chemistry is
reduced (47). The addition of high amounts of copper to the
medium may lead to an increased copper uptake that is
independent from the suggested high-affinity transporter.
Subsequently, increased levels of ROS occur and life span is
shortened. This conclusion is in accordance with the data
described for a mutant of Saccharomyces cerevisiae in which
MAC1, a GRISEA homolog, is affected. The phenotype of this
yeast mutant can also be rescued by additional copper in the

FIG. 4. Southern blot analysis of the plDNA region of mtDNA
from different P. anserina cultures. Total DNA digested with BglII was
fractionated on an agarose gel and hybidized with a plDNA-specific
probe. The localization of the probe (pl) in the mtDNA region of the
cytochrome oxidase subunit I gene (COI) and a BglII restriction map
is shown in the scheme. DNA was isolated from independent cultures
of the wild-type strain race s (s1, s2), long-lived mutant grisea (gr1, gr2,
gr3), and grisea transformants (T1, T2) that, due to the transformation
with the grisea wild-type gene copy, are complemented to wild-type
characteristics. DNA was derived from juvenile (juv), middle aged
(m.a.), and senescent (sen) cultures, respectively. FIG. 5. Southern blot analysis of the P. anserina mtDNA regions

that do not overlap the plDNA region. (Upper) Locations of the cloned
DNA probes used in the hybridization experiments are shaded.
(Lower) Hybridization experiments. Fragment numbers are according
to ref. 28. Total DNA was derived from juvenile (juv), middle aged
(m.a.), and senescent (sen) cultures of the wild-type and mutant grisea.
DNA was digested with BglII and fractionated on an agarose gel.
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medium. Moreover, it was found that the expression of FRE1,
a gene that is involved in both iron and copper uptake (48, 49)
is impaired. (ii) In the mutant grisea, another source of ROS
formation appears to be greatly affected. This source is located
in the mitochondrion and is dependent on the reorganization
of the mtDNA. For humans it was suggested that increased
numbers of defective mtDNA molecules lead to an impairment
of the mitochondrial electron transport chain leading to the
generation of increased levels of ROS and consequently to a
severe molecular damage of various biomolecules (50). Be-
cause in the mutant grisea, as shown in this paper, the
reorganization of the mtDNA appears to be reduced this
source of ROS generation may be decreased.

Thus, the suggested scenario provides further clues about
the details of a rather complex molecular network leading to
senescence in P. anserina. In this scenario, genetic factors
encoded by the nucleus and by mitochondria are involved in
the genetic control of aging. Further progress in this field of
experimental aging research requires the identification and
characterization of the different target genes of the suggested
transcription apparatus. Currently, different approaches into
this direction are underway in our laboratory. The results of
these investigations should certainly contribute to understand-
ing the relevant molecular mechanisms in this fungal model
system and should shed more light on mechanisms involved in
the normal and the accelerated degeneration processes (e.g.,
aging, degenerative diseases) occurring in the various biolog-
ical systems.
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