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Podospora anserina is a filamentous fungus that, in contrast to most other fungi, is characterized by a defined limited
lifespan. Already in the 1950s it was reported that this ascomycete develops a well-defined senescence syndrome.
Depending on the strain, this syndrome occurs after a defined short period of growth (e.g., after 2-3 weeks): the
pigmentation of the peripheral part of the thallus increases while the growth rate decreases until it comes to a complete
stop and the thallus dies at the growth front. The molecular basis of aging of P. anserina have been carefully investigated
over more than 60 years of research and a network of pathways and their interactions have been uncovered.
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| 1. Introduction

Subsequently, this phenotype was carefully investigated and it turned out to be under the control of environmental and
genetic factors. Both nuclear as well as extranuclear genetic traits are active B! [ ater on, it was demonstrated that a
genetic element located in mitochondria accumulates as a plasmid-like covalently closed circular DNA (pIDNA). It behaves
like a mobile element and gives rise to gross reorganization of the standard mitochondrial DNA (mtDNA). As a
consequence, large parts of the mtDNA with a number of essential genes are deleted leading to deficiencies in
mitochondrial biogenesis and function and death of the thallus at the hyphal tips HIEIBIZIE]

Since this time, senescence in P. anserina was carefully analyzed and the fungus became a well-established model
system in experimental aging research B |n particular, the analyses of a number of mutants, which live longer than
the wild type, provided important clues and revealed insights into the mechanisms of lifespan control. This work unraveled
a paramount role of mitochondria and of the cellular energy metabolism. One group of mutants (ex and mex) contained
deletions of parts of the PaCox/ gene and, thus, an essential component of complex IV of the respiratory chain is ablated.
In these mutants the expression of a nuclear gene coding for an alternative oxidase (PaAOX) is induced and respiratory
deficiency is rescued 1213l As a consequence, the corresponding mutants are long-lived. The molecular basis of this
example of mitochondrial-nuclear interactions, which requires signaling from impaired mitochondria to the nucleus and the
activation of PaAox-specific transcription factors 14, became clear via the analysis of other mutants and uncovered an
impact of ROS (for more details see below).

Subsequently, a number of different molecular pathways, involved in the control of cellular homeostasis, were identified
which are effective in keeping the individual thallus functional over a longer period of time. However, when impairments
accumulate beyond rescue limits, programmed cell death (PCD) 22! is induced and the thallus dies at the hyphal tips.
PCD was found to be controlled by various factors like “apoptosis inducing factors” (AlFs) 1€l and the activation of the two
calcium-dependent metacaspases PaMCA1 and PaMCA2 WAL pyring this process, the opening of a mitochondria
transition pore (MPTP) plays a key role [2011211[22]

| 2. Biogenesis and Dynamics of Mitochondria

Mitochondria are semiautonomous organelles in which most of the approximately 1200-1600 proteins are encoded by
nuclear DNA and only a few by mtDNA. Mitochondria are dynamic and change their morphology and ultrastructure
depending on physiological constraints. Mitochondrial mass (size and number of mitochondria) changes during growth
and development (Figure 1). This process is not the result of de novo synthesis of the organelle but by the biosynthesis of
new components and their integration into existing mitochondria.
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Figure 1. Propagation of mitochondria occurs via fission of prexisting organelles. After fission that is controlled by proteins
(e.g., PaDNMZ1: orange restriction ring), the generated two mitochondria are smaller than the mitochondrion they are
derived from. They “grow” depending on protein biosynthesis and on both, mtDNA (red circles) as well as nuclear DNA.
Subsequently, they can divide again or they can fuse with other mitochondria. ®: Transcription of mtDNA. @: Translation
of RNA at mitochondrial ribosomes. Proteins (green) are subsequently sorted to the site of their function.

During “growth” of mitochondrial units, they form filamentous morphotypes that subsequently can divide into smaller units.
These can fuse again to form filamentous organelles. Fission and fusion are genetically controlled by a number of
proteins. Additionally, excess or functionally impaired (damaged) mitochondria can be removed by autophagy.

In addition to the processes of mitochondrial quality control discussed above the control of mitochondrial dynamics was
demonstrated in P. anserina to have an effect on aging. Deletion of a gene coding for the dynamin-like protein PaDNM1,
an essential protein involved in fission of mitochondria, led to an 11-fold increase in mean lifespan. Mitochondria of this
strain had an strongly elongated morphology and even formed networks of fused filaments 23], Only in very old cultures,
mitochondria were found to be fragmented. Furthermore, in this strain no signs of typical reorganization of mtDNA found in
the wild type occurred and the release of hydrogen peroxide was delayed to very old age. Lifespan extension was linked
to an increase in resistance to the induction of programmed cell death. The relevance of PaDnm1 for normal aging of the
wild type is indicated by the increased transcription of the gene in old cultures 23, Computational modeling integrating
mitochondrial fission and fusion, ROS stress, and mitophagy revealed a positive impact of mitochondrial dynamics in
situations when mitochondria are only marginally damaged. In contrast, deceleration of fission and fusion is an advantage
to reach a long lifespan when damage of mitochondria passed critical limits 221251,

| 3. Perspectives: Potential Role of Peroxisomes

In a previous study, investigating the role of PaATG24, it was found that deletion of PaAtg24 reduces bulk autophagy,
mitophagy and pexophagy 28, Moreover, the number of peroxisomes, which slightly increase during wild-type aging,
increases strongly in the short-lived PaAtg24 deletion mutant suggesting a role of peroxisomes in the aging process in P.
anserina (Figure 2).
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Figure 2. Age-dependent peroxisome abundance in the wild type and the PaATG24 deletion mutant. (a) Fluorescence
microscopic analysis of peroxisomes in APaAtg24 (APaAtg24/mCherry-SKL) and control strain (mCherry-SKL) with
peroxisomal reporter MCHERRY-SKL in seven- and 14-day-old cultures. Experimental conditions are described in 28, (b)
Quantification of relative intensity of mMCHERRY signals per hyphal area. For this analysis 1491.1 ym? hyphae of seven-
day-old wild type, 1372.3 pm? hyphae of 14-day-old wild type, 1433.4 ym? hyphae of seven-day-old PaAtg24 deletion
mutant, as well as 1436.3 ym? hyphae of 14-day-old APaAtg24 (n = 3, each) were analyzed. Error bars correspond to the
standard deviation. For statistical analysis, the two-tailed t-test was used (*** = p < 0.001).

A key function of peroxisomes is to degrade fatty acids via 3-oxidation leading to the formation of acetyl-CoA that finally is
further metabolized (i.e., in the Krebs cycle in mitochondria). In most organisms, from yeast to humans, during the first
step of this process acyl-CoA oxidase performed the oxidation of the fatty acid, which leads to trans-A2-enoyl-CoA and the
formation of hydrogen peroxide as a byproduct. This molecule contributes to the cellular ROS load, to ROS scavenging,
signaling, and via unbalanced conditions to molecular damaging.

There is considerable evidence that a disturbance in peroxisomal redox homeostasis affects mitochondrial function and
redox balance. For instance, the inactivation of peroxisomal catalase (for more details see above) in human cells results
in functionally impaired mitochondria, which lose their ability to maintain a membrane potential and synthesize ROS
themselves 24, On the other hand, it was shown that enhancing the activity of peroxisomal catalase has beneficial effects
on mitochondria. It is described that during aging peroxisomal protein import of peroxisomal catalase is becoming
particularly impaired 28, Enhancing the effectivity of catalase import into the peroxisomes, reduces cellular hydrogen
peroxide levels, as well as the number of senescent cells in a population, and reverses mitochondrial depolarization 2,
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