ON THE ECOLOGY AND EVOLUTION
OF FUNGAL SENESCENCE



Promotor: Prof. dr. R. F. Hoekstra
Hoogleraar in de Genetica
Wageningen Universiteit

Co-promotor: Dr. ir. A. J. M. Debets
Universitair Hoofddocent, Laboratorium voor Hijfdeidsleer
Wageningen Universiteit

Promotiecommissie: Prof. dr. ir. P. Stam, Wageamgniversiteit
Prof. dr. Th. W. Kuyper, Wageningen Universiteit
Dr. B. J. Zwaan, Leiden Universiteit
Dr. S. J. Saupe, Université Bordeaux Il, France

Dit onderzoek is uitgevoerd binnen de C.T. de Witdé&zoekschool voor Production
Ecology & Resource Conservation (PE&RC)



M. F. P. M. Maas

ON THE ECOLOGY AND EVOLUTION
OF FUNGAL SENESCENCE

Proefschrift

ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van Wageningen Universiteit,
Prof. Dr. M. Kropff,
in het openbaar te verdedigen
op woensdag 19 oktober 2005
des namiddags te half twee in de Aula



Maas, Marc Francois Paul Marie (2005)
On the ecology and evolution of fungal senescence
Thesis Wageningen University - with referencesd sunmmary in Dutch

ISBN: 90-8504-284-4



Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Contents

General Introduction
M. F. P. M. Maas

Polymorphism for pKALILO based senescence in the Haaiian
populations of Neurospora intermedia and Neurospora tetrasperma
M. F. P. M. Maas, A. van Mourik, R. F. Hoekstra aad). M. Debets

Cytoplasmic suppression of pKALILO based senescence the
natural population of Neurospora intermedia
M. F. P. M. Maas, R. F. Hoekstra and A. J. M. Dsbet

The linear mitochondrial plasmid pAL2-1 reduces cabrie
restriction mediated life span extension irPodospora anserina
M. F. P. M. Maas, H. J. de Boer, R. F. HoekstraAand. M. Debets

A novel long-lived mutant of Podospora anserina
M. F. P. M. Maas, C. H. Sellem, V. Rincheval, RHeekstra,
A. J. M. Debets and A. Sainsard-Chanet

Integration sites of pKALILO and pAL2-1
M. F. P. M. Maas, R. F. Hoekstra and A. J. M. Debet

Summarizing discussion and conclusion
M. F. P. M. Maas

Nederlandse samenvatting
Dankwoord

Curriculum vitae
Publications

Appendix

25

41

57

69

91

109

112

114

116

117

118






General introduction

M.F.P.M. Maas

All organisms that have a unitary body plan appgeage and die sooner or later. Organisms
like plants and fungi that have modular body plappear to be virtually immortal, though
also they do not invariably escape the aging psocEBis thesis focuses on several typical
aspects of the biology of filamentous fungi like datar growth, and their relation to the
fungal senescence process.

A definition of aging and senescence

The definition of the word ‘aging’ varies widelyrtughout scientific literature. The word
applies both to processes that involve developraedt maturation, and to processes that
involve deterioration. The word ‘senescence’ has Mide a range of association and often
applies to processes that involve deterioratiory.ddere, the two are considered equivalent:
Aging or senescence is defined as a progressiveet@ed decline in the fitness of an
individual, due to inherent factors, and ultimatelyiminating in deathThis definition is
relatively straightforward when applied to unitasyganisms, but not so when applied to
modular organisms. This is because it heavily dépem the concept of individuality, which
Is not particularly straightforward in the lattéodular organisms like fungi and plants are
typically composed ofmultiple genetically identical, but physically imtEndent modules or
vegetative clones. In plant biology these are feadly referred to as ‘ramets’. The ramets that
make up one genetic entity are together referredsta ‘genet’. The unit of selection will
generally coincide with a ramet rather than witheaet, and a point could thus be made that
each single ramet should be considered an indiliitHexe however, largely because this has
been customary in previous work, a fungal individsgorovisionally defined as one genetic
entity. Fungal senescence is defined accordingytha age-related decline in fitness of one
such genetic entity, due to inherent factors, wtaty culminating in the irreversible growth
arrest and death of all the vegetative moduledomres of which that entity consists. The term
‘fungal senescence’ historically comprises a segiypimeterogeneous set of phenomena,
some of which can be called aging according tdoitsier definition, though some of which
should probably be classified as systemic disedd®e is in fact only a thin line between
disease and aging. In one respect, the entire gsafeaging may even be seen as a collection



of inborn diseases that have accumulated in amagaover the course of its evolutionary
past.

On the evolution of aging

Evolutionary adaptations occur via natural selectwd heritable traits that increase fitness
(Darwin, 1859). Aging however seems a highly matdige trait: It is not immediately clear
why aging would have evolved in the first placenilia surprisingly never addressed this
paradox. One of the earliest evolutionary explamatiof aging was one made by Alfred
Russel Wallace, the co-discoverer of evolution layural selection. In a footnote to the
English translation of the 1881 essays of the Garth@oretician August Weismann, he
essentially suggested that immortality would berifeed for the sake of reproduction
(Wallace, 1889), an idea that was embraced by Wasnand would be echoed many years
later in the seminal works of Medawar (1952), Véitlis (1957) and Kirkwood (1977).

Paramount to the latter idea of immortality beisacrificed is the Weismannian
distinction between germ line and somaWeismann stated that whereas germ cells are able
to transmit hereditary information, somatic cellee anot. In other words: There is a
unidirectional flow of hereditary information frogerm line to soma, but not the other way
round. This idea is in obvious contrast to Lamaankevolution, and is commonly known as
the Weismann barrier. Aging is a property of the soma and simply carbet property of
the germ line: The germ line must be immortal.ite Iwith this, modular organisms ranging
from fungi to plants and even some animals likeocil invertebrates, that do not have a
clear distinction between germ line and soma, iddsgpear not to senesce. Like Wallace,
Weisman essentially suggested that aging evolvesuse organisms must invest resources in
reproduction rather than in somatic maintenance.

Darwin and his contemporaries did not have a meday understanding of the exact
mechanism by which traits are inherited. Though ghaciples of Mendelian genetics had
already been discovered in the nineteenth cenituigok until the early twentieth century for
them to be rediscovered and incorporated into éwwlary theory. The Neo-Darwinistic
awareness that genetic variation is the basis wiooh natural selection acts obviously also
greatly changed the way in which evolutionary biits dealt with the problem of aging.
Greatly influenced by the approach of theoreticikes Haldane (1927), Norton (1928) and
Fisher (1930), Peter Medawar (1952) ultimately folated the idea thaging evolves in the
shadow of natural selection This is now the central tenet of the evolutionaigldgy of
aging. Most organisms experience an ever increasingulative risk of death. This is
because of predation, disease or other accideatsles of mortality. Any trait that would



manifest itself only after every individual of artan population had died from extrinsic
causes, would not be under selection. This meaatsrégardless of the nature of this trait,
which may be deleterious or even lethal, it woukddble to spread through the population.
Aging thus evolves as it is not counteracted bynadtselection. This idea is generally known
as themutation accumulation theory of aging (Medawar, 1952). Deleterious traits with
pleiotropic, beneficial effects early in life mayen be favored by natural selection. Although
this was in fact also pointed out by Medawar, thitel idea was more fully developed by
George Williams and is now commonly known as #magonistic pleiotropy theory of
aging (Williams, 1957). Both theories are not mutuallyclesive and their relative
importance is in fact still an issue of debate. pe@al case of the mutation accumulation
theory of aging is thdisposable somadheory put forward by Thomas Kirkwood (1977). The
latter is based on the premise that somatic maantem and repair are costly. Resource
allocation between maintenance and repair will pgndzed so that the total reproductive
output of an organism is maximized. This means ghatn a particular regimen of extrinsic
mortality just enough metabolic resources will peeisted to maintain an organism in a
proper state only for the duration of its expedifedtime.

A large body of associative as well as experimeat@ence exists to support the
evolutionary theories on aging (Rose, 1991). Manylies use a comparative approach. The
results of these studies are frequently in linehwite evolutionary theories. Taxa that are
characterized by a high level of extrinsic moralitenerally adopt a strategy of early and
copious reproduction and relatively short life sphaxa that are characterized by a low level
of extrinsic mortality generally adopt a stratedyate reproduction and long life span. Many
animals for example have evolved mechanisms tgpespeedation risk, like large body size
or protective shells, and these are relatively dwed (Austad, 1997; Kirkwood, 2002).
There is also more direct, experimental evidenetec®ion for postponed reproduction in the
fruit fly Drosophila melanogastdior example leads to a delay in the aging proeeskrice
versa (Luckinbill and Clare, 1985). Stearesal.,(2000) showed in an even more direct test,
that when populations db. melanogasteivere subjected to different adult mortality rates,
life history parameters like life span and age atumty evolved in the predicted direction.

Proximate mechanisms of aging

There are numerous proximate, mechanistic explamanf aging, perhaps as many as there
are researchers in the field. Only several of tlhstrimportant ones will be discussed here. In
1908 the physiologist Rubner discovered a link leetw metabolic rate, body size and life
span. Life span and metabolic rate appear to bersely correlated. Longer lived animals are



generally bigger and they have a lower metabolie.r&his became known as thate of
living hypothesis Pearl, 1928)Life span can be modulated by numerous externabrfsc
that influence metabolic rate, including temperatand nutrition. Numerous though not all
observations are in line with the rate of livingpbyhesis. Birds for example have higher
metabolic rates than mammals of a similar size, dutaverage they live longer (Austad,
1997). A similar positive correlation between metabrate and life span was also found
within outbred laboratory populations of mice (Spwanet al.,2004). The empirical data is
thus seemingly contradictory, and as discussedfaltioer on, this is probably because not
just the rate but the efficiency of metabolism ikey parameter. In the case of the mice
investigated by Speakmaat al. (2004), the individuals that had a higher metabadite all
showed an increase in the proton conductance ofntier mitochondrial membrane. The
mitochondria of longer-lived mice were less welupted and consequently showed increased
but less efficient metabolism.

Dietary conditions obviously greatly influence wmiatlic rate and efficiencyCalorie
restriction (CR) refers to a dietary regimen that is low itodas, without malnutrition. It has
a life span extending effect, and this was firdedan rodents by McCagt al (1935). Since
its discovery in rodents, the life span extendiffgat of CR has received notable attention
and has been documented in many different organisanging from yeast (Liet al, 2000)
to primates (Lanest al., 2001; Ingramet al, 2004). InD. melanogasterthe life span
extending effect of CR is observed when startirdjed at any age (Maiet al, 2003). It is
associated with increased resistance to variougskin stress including for example heat and
oxidative stress, and appears to forestall mang-daset diseases including cancer
(Weindruch and Walford, 1988; Sohal and Weindrdd@96; Hurstinget al, 2003; Berrigan
et al, 2002). CR allows organisms to postpone repradioicand survive unfavorable
conditions. When food intake is restored, caloestnicted individuals are typically still able
to reproduce whereas controls that aredédibitumare post-reproductive or no longer alive.
CR is thus of clear selective value (Holliday, 1p8Recent work has unraveled that it
probably acts through a conserved regulatory progthat induces a wide array of
physiological changes, rather than by simply del@yhe overall metabolic rate (reviewed by
Guarente and Picard, 2005).

Aerobic metabolism uses oxidative processes tammaa the energy yield that can be
obtained from food. As the terminal acceptor ofcelens molecular oxygen is used. As a
byproduct of this process though, reactive oxygetes (ROS) are formed. Harman (1956)
proposed that aging results from free radical aatst damage to the cell, inducing
irreversible damage to the cell its constituentsidea referred to as tlieee radical theory
of aging This idea has since then received notable atterdind experimental support.



Comparative studies have for example shown thaketigean inverse correlation between
longevity and the amount of mitochondrial free caté produced in mammalian
mitochondria (Barja, 2002). Furthermore, longeviy correlated with the induction of
antioxidant defenses like superoxide dismutasecatalase. This has been found for example
in Drosophila (Rose, 1989) and in Caenorhabditergen and Clarke, 2002). Experimental
manipulation of these antioxidant defenses, lilke alierexpression of CuzZn Sod (Sod1l, the
cytoplasmic form of superoxide dismutase) and aagglfor example increase longevitybn
melanogaste(Orr and Sohal 1994).

On the evolution and ecology of fungal senescence

As mentioned earlier, modular organisms like fudginot have a clear distinction between
germ line and soma. Because of this, systemic senes is expected to be absent or greatly
delayed in fungi. Parts or modules like individiraiting bodies may outlive their usefulness
and die, but the fungal mycelium is generally expéco be long-lived. Moreover, intrinsic to
their way of growing, fungi have a fecundity thatieases exponentially with age. Fungi
typically show radial growth and their size consatjly increases exponentially with age.
Assuming that their total size is roughly propamabto their fecundity, their fecundity thus
also increases exponentially with age. This mehatthere is a disproportional advantage to
attaining old age and selection will consequenpipase senescence. This type of argument
was already made by Hamilton in 1966, and appbeskample also to organisms like fish
(Reznicket al, 2002), that do not stop growing after reachimgydge of maturity, and benefit
from a disproportional increased fecundity with @de. Thus only under very stringent
conditions aging or senescence is expected to ewolfungi. Most fungi indeed appear to be
extremely long-lived. One famous example is the éyomushroomArmillaria bulbosa
nowadays known a#érmillaria gallica. In a seminal paper, Smith and coauthors (1992)
reported a single clone of this fungus that wasr@pmately 15 hectares in size. They
estimated it to be at least 1500 years old andtaleouons heavy, which is about the size of
an adult blue whale. There are nonetheless impogaceptions found that do appear to
senesce in well-studied fungal genera like Neun@spad Podospora.

One of the exceptional fungi that senesce is theugo-homothallic, coprophilic
ascomycetePodospora anserinaAll natural isolates of this species age and dithiwia
matter of weeks (Rizet, 1953). Why? The answer giobblies within the ecology of the
species. Many fungi occupy ecological niches incliithey are limited neither spatially nor
temporally. The above mentioned species of Arméldor example is usually found as an
innocuous saprophyte, living on organic matterhia $oil. It can spread over large distances



via specialized bundles of hyphae called rhizomsr@patially as well as temporally it is
virtually unlimited and thus expected to be extrgmeng-lived. Fungi that grow on more
ephemeral substrates on the other hand may betegpiecbe short-lived?. anserinagrows

on herbivore dung and this of course is an extrgraphemeral substrate. Its life cycle is
illustrated in figure 1-1. Podospora does not spreia vegetative spores like for example
species from the related genus Neurospora (Figt#g &nd all vegetative modules of an
individual Podospora colony hence share the saiee This means that the unit of selection
coincides with the genetic individual as a wholeéh& coprophillic fungi may similarly be
expected to be short-lived. In line with this, as# senescence have for example been
reported from other species of Podospora Rkecurvicolla (Bockelman and Esser, 1986),
isolates of coprophillic Ascobolus species (Marcdi961) as well as fronSordaria
macrospora(Gagny, 1997). Senescence may also be expectethén fungi that live on a
temporally as well as spatially limited substratel dave a strategy of early and copious
reproduction. Particularly in many pathogenic futigg necessary conditions for aging to
evolve appear to be met. Notably, natural isolatE?homopsis, a fungal pathogen of
Plantago species, also appear to senesce (A. var) tgpublished observation).

Fungi, as discussed below, age in a different wean tunitary organisms do. For
example, whereas the telomeres progressively shortsomatic cell lines of animals due to a
decrease in telomerase activity, this does notapjeebe the case in the senescence process
of P. anserina(Schwartz and Osiewacz, 199@enescence in fungi is almost invariably
associated with the somatic accumulation of defeatitDNA, a process that also is involved
in human degenerative syndromes and male steirliffants. Tayloret al, (2002) recently
showed that mitochondrial defects accumulate whenimmportance of within cell selection
for replication increases relative to that amoniisder cellular functionality. In their case the
mitochondrial defects werepétite’ mutations in yeast that have a within-cell repliea
advantage, but render the cells unable to resplrey manipulated the effective population
sizes of the yeast cultures and showed that thiee pattations only accumulated in small
populations, where selection between cells wastivelg relaxed, thus increasing the
importance of within cell selection. Similarly, teenescence phenomena in filamentous fungi
can be viewed as a multilevel selection problemle@®n operates on mitochondrial
genomes within a single mitochondrion, on mitoch@ndavithin a cell, on cells within an
organism, and so on. Consistent with this is foareple the observation that the serial
passage oP. anserinain liquid culture causes longevity (Turker and CGoimgs, 1987).
Normally P.anserinais grown on solid agar slants. Though this wasendéermally proven,
serial passage in liquid culture probably allows $tyong somatic selection. This underlines
the importance of the modular body plan.
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Figure 1-1 Life-cycle of Podospora anserinaAlthough monokaryotic derivatives can be
found, mycelia are usually dikaryotic, containingclei of both mating types. Colonies form
protoperithecia containing ascogonial cells fromaolhrichogynes extend. These trichogynes
fuse with male gametes that contain a nucleuseobfiposite mating type. Fertilization leads
to the formation of an ascus with four binucleateaspores. The spores are shot onto the
surrounding vegetation and ingested by herbivofdter passing the intestinal tract they
germinate, giving rise to novel dikaryotic mycelia.
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Figure 1-2. Life-cycle of Neurospora intermediaMycelia are monokaryotic. They give rise

to macroconidiophores that produce mono- or mutfeate macroconidia that may serve as
vegetative spores or as male gametes. Colonies gootoperithecia that contain ascogonial
cells from which trichogynes extend. These trichueg/fuse with male gametes containing a
nucleus of the opposite mating type. Fertilizaligads to the formation of an ascus with eight
mononucleate ascospores. These are shot ontortioeisging vegetation and germinate after

induction by fire, giving rise to new mycelia.



Senescence in Podospora anserina

All natural isolates oP. anserinathat have thus far been described senesce. Senesse
characterized by a progressive deterioration ofgtteeving mycelium. Cultures decline both
in growth rate and fertility, ultimately culminagnn irreversible growth arrest. At the dying
front of the mycelium, hyphae show morphologicatraations and typically accumulate large
amounts of dark pigment. Life span is usually egpeel in centimeters of growth and is a
strain specific trait that is inherited largely matally (Rizet, 1953; Rizet, 1957; Marcou,
1961). The demise of a culture starts with the app®ce, after a strain-specific time, of an
infectious ‘senescence determinant’ that can toansfa non-senescent culture into a
senescent one. When two vegetative compatibleregltuse, one of which is still young and
one of which is in the senescent state, the mixdtire typically adopts the senescent state.
The senescent state can be inherited maternabiygththe life expectancy of a culture is
typically reset in the sexual cycle by a hithertakmown mechanism (Marcou, 1961), a
process often referred to as ‘rejuvenation’.

The appearance of the ‘senescence determinamicides with the amplification of
covalently closed circular derivatives of the mitondrial genome. These derivatives are
referred to as senDNAs (Jamet-viertyal., 1980; Belcouret al. 1981; Wrightet al., 1982).
Loss of senDNA can be accomplished by treatmerit atihiidium bromide and appears to be
associated with a reset of the life expectancy I(iKblal, 1984), whereas gain is associated
with a transformation into the senescent state £ynski et al., 1980). The most frequently
observed senDNA is senDN# also referred to as pl-DNA for plasmid-like DN&dause of
its resemblance to bacterial plasmids. SenONi& a multimer consisting of a number of 2.5
Kb units that correspond exactly to intran a self-splicing group Il intron of the
mitochondrialcox1 gene. The latter intron is present in all natisalates thus far collected
(Kick et al. 1985). It is an active retrotransposon (Selkdral., 1993), and hence associated
with major rearrangements of the mitochondrial geaeoOther senDNAs than senDNA
(also indicated using Greek letters) do not cowadpto introns, but to certain regions of the
mitochondrial genome, and these may be variablsize (Koll et al, 1985; Dujon and
Belcour, 1989).

Many spontaneous long-lived mutantsPofanseringhave been described. These were
all either female sterile or showed reduced feytiiMany of them showed large deletions
within the mitochondrial genome patrtially or engreovering the introro region, and all
lacked amplified senDNAx (Osiewaczet al., 1989; Viernyet al., 1982; Koll et al, 1985;
Belcour and Vierny, 1986; Kickt al, 1985 Schulteet al, 1988). Ultimately introna



however proved to be just one of many factors exgbénescence syndromeRofanserina A
more precise deletion of the intron from the mimotirial genome (in straimid26, for
mitochondrial intron deletion) for example did redtolish senescence (Begslal, 1999).
The latter clearly indicates that it is not juske tpresence of the mobile intron that is
responsible for senescence

More recent work has indicated that the respiyatdrain has a pivotal role in the
senescence process (Dufour and Larsson, 2004¢r eith the production of cytotoxic free
radicals or via an energy level mediated pathwagruption of cytochrome c oxidase or
respiratory complex IV causes the induction of keraative respiratory pathwagnd this is
associated with a reduced level of oxidative siresstabilization of the mitochondrial
genome, and complete female sterility, the lattespmably indicating a severe deficiency in
cellular energy production (Dufowt al.,2000). Alterations in copper metabolism can have
similar effects, because the cytochrome c oxidasgeris copper dependent. A loss-of-
function mutation in the nuclear gegeiseafor example that encodes a copper-activated
transcription factor regulating the expression lté topper permeadeaCrt, also leads to
reduced levels of oxidative stress, a stabilizatadnthe mitochondrial genome, reduced
fertility and longevity (Osiewacz and Nuber, 1998prghouts et al.,, 2002). The
mitochondrial genetic instability that is generallyserved in senescent isolates may thus well
result directly from the oxidative damage assodiatgth respiration. The instability may
even promote additional oxidative damage itsefeaively resulting in a positive feedback
loop. This has however never formally been provEme mitochondrial electron transport
chain (ETC) is composed of several protein com@ekat couple electron transport to the
translocation of protons out of the mitochondriahtnx, over the inner mitochondrial
membrane, into the inter-membrane space. The prdtanslocating complexes are
NADH:ubiquinone oxidoreductase or complex |, ubiguicytochrome ¢ oxidoreductase or
complex 1, and cytochrome c oxidase or complex TWe electrochemical gradient that is
built-up by these complexes is generally referedsAy,. The energy that is harnessed in
Ay, is used by the mitochondrialpF; ATP synthase or respiratory complex V to
phosphorylate ADP. In Podospora additional ETC comepts exist that are typical for most
fungal and plant ETCs, but not for animal ETCs. @héhese components is the alternative
oxidase (AOXp). Though the latter is not expressedwild-type cultures that are in
exponential phase, it typically is constitutivelypeessed in the long-lived mutants that are
deficient in cytochrome c oxidase (Dufoetr al, 2000). AOXp allows electron transport to
bypass the cytochrome c oxidase dependent pathwesn wlocked. AOXp is itself not
associated with proton translocation and thus uplesuelectron transport downstream of
ubiquinone from phosphorylation, thereby potentiallowering both energy and
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mitochondrial free radical production. Mild uncoimgl is known to have this effect (Miwa
and Brand, 2003; Merry, 2002). Consistent with,thigochrome ¢ oxidase deficient mutants
typically show reduced fertility indicative of adwced cellular energy level, as well as
reduced levels of oxidative stress. Loeinal. (2001) however showed that over-expression of
the alternative pathway can antagonize the effecbmplex IV dysfunction, restoring both
the original levels of cellular energy and oxidatistress to that of the original wild type
isolate, consequently restoring both senescencefatility. This may be explained by an
indirect effect of AOXp on the functioning of resgtiory complex |. Krauset al (2004)
recently showed that the respiratory chain of Ppdas like that of mammals, is organized in
a large super-molecular structure called the raspme. The individual components of the
chain are thus assembled not entirely independewthych could be consistent with the
former observation. Whatever the exact etiologyirtlit, there are ultimately at least three
factors consistently associated with senescenée amserina The level of cellular oxidative
stress, the stability of the mitochondrial chrommaspand the cellular energy level.

Belcouret al. (1991) described a phenomenon in Podospora captkdature death.
The latter is a growth arrest that occurs verydigpafter germination of the ascospores and is
under the control of the nuclear genome. It is phiyp an equivalent of theatural death
phenomenon in Neurospora (discussed further or@m&wure death is associated with a
specific mtDNA deletion somehow caused by the adgon between a mutant allele of the
AS4-1gene that encodes a cytosolic ribosomal proteid the rmp gene (faégulateur de la
mort prématurée Sellemet al. 1993). The latter has two known natural allelest thre
coupled to the mating type locuBremature deatthmay result from erroneous cytosolic
protein synthesis.

Senescence in Neurospora

In contrast to Podospora isolates, Neurosporatesmlaormally do not senesce. Laboratory
strains like the standard Oak Ridieurospora crassavild type are typically capable of
indefinite vegetative growth (Griffiths, 1992). Sematural isolates however do. Senescence
can for example be found in about a third of a8l HawaiianN. intermediawild types (Rieck

et al, 1982; Griffiths and Bertrand, 1984; Debetsal.,1995). It is usually demonstrated by
using serial transfers of macroconidia. After a banof transfers, the fertility of the cultures,
their conidial production and growth rates declifidie last cultures typically still show
conidiation, though none of the spores producedaate to germinate. Like in Podospora,
death often but not invariably coincides with mayjagically aberrant hyphae and increased
pigmentation. Reminiscent of the ‘senescence datamti from Podospora, the demise of a
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culture typically starts after a strain-specifiméi. When young cultures are mixed with
compatible senescent cultures, the mixed cultudeptathe set life expectancy of the latter.
Though sectors sometimes escape the dying fraathofcelium (a phenomenon that is called
the Lazaruseffect), they ultimately always permanently stopvgng (Griffiths et al., 1986).
This indicates that senescence is probably diffefemm the stopper phenomenon of
Neurospora that is characterized by continuousesyof growth and growth arrest (Bertrand
and Pittenger, 1969). Like in Podospora, senescesceherited maternally and life
expectancy is reset in the sexual cycle.

The senescence phenotype found inNhéntermediastrains was termeldalilo, after
the Hawaiian word for “dying” or “hovering betwediie and death” (Griffiths, 1992).
Comparison of senescing and non-senescing cultlreged that it is associated with an
extragenomic element: an 8.6 Kb linear mitochondslasmid with long, perfect terminal
inverted repeats (TIRs) (Chan et al., 1991). The&smid contains two main open reading
frames (ORFs) that are transcribed from a promédeated within its terminal region
(Vickery and Griffiths, 1993). The latter ORFs edeotwo viral-like DNA dependent
polymerases: a DNA and an RNA polymerase. The pthgmobably replicates via a strand
displacement mechanism like that of adenovirugass involving a panhandle or racquet
shaped ssDNA intermediate (Griffites al, 1992). Over time, the plasmid typically increases
in titer and integrates into the mitochondrial geeo by a yet unknown mechanism,
effectively acting as an insertional mutagen (Bertret al., 1985). Plasmids allegedly
integrate via a form of homologous recombinatiotwleen a short sequence within the tip of
the plasmid and a short sequence that may be amgwhethe mitochondrial genome.
Integration typically results in large, invertedptioations of mtDNA on either side of the
plasmid, which is probably due to the involvemeithe ssDNA replication intermediate. For
a reason that is not yet understood, the mtDNA oudéss that contain an integrated plasmid
copy are ‘suppressive’. Over time they graduallglaee the wild-type molecules until the
latter are no longer detected (Myetsal, 1989). They may thus have a replicative advantag
over the wild type mtDNA molecules. Senescing aelutypically show aberrant cytochrome
spectra and ribosomal profiles. They become deficia functional mitochondria and
ultimately die.

The N. intermediasenescence plasmid, here referred to as pKALIISOnarmally
inherited maternally, which is consistent with isitochondrial location (Griffiths and
Bertrand, 1984). Also its integrated copies canrierited maternally, though this occurs
only in cultures that are close to death (Bertrandl, 1985). In addition, pKALILO can be
transmitted paternally (Yang and Griffiths, 1993) fwrizontally (Debetset al, 1994).
Horizontal transmission occurs via transient hyghalon and is highly effective. Though the
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transmission of the senescent state is effectivielyked between incompatible wild types, the
plasmid itself and its potential to induce seneseers transmitted with relative ease:
Frequencies of horizontal transmission betweenmpadible wild types are in the order of
ten percent (Debetst al, 1994). Not just within, but also between Neunrygpspecies the
plasmid can be horizontally transmitted. The lat@n be achieved for example by
introgression and subsequent heterokaryosis @ak.,1999). The relative ease with which
it is transmitted among different hosts, eithemhimtor between species, probably reflects the
parasitic nature of the element.

Several studies have focused on the distributfigpK@ALILO among natural isolates
from around the world (Yang and Griffiths, 1993kxgAnozaet al., 1994). The prototypic
plasmid has thus far however only once been fouwndide the natural population of.
intermedia In an isolate oN. tetraspermdrom Moorea-Tahiti (Heet al., 2000). The latter
authors did not report whether W tetraspermat was associated with senescence as it was
in N. intermedia Several homologues of pKALILO were found in otiNgurospora species
(Marcinko-Kuehnet al, 1994) and even within the related genus Gelapmas(Yuewanget
al., 1996), but all of these were different from fhretotypic plasmid at the DNA sequence
level, and not unambiguously associated with seamesc

A senescence syndrome like that of Mheintermediaisolates from Hawaii was also
found inN. crassaisolates from Aarey, India (Couet al.,1991). It was calledMaranhar,a
Sanscrit word meaning roughly the sameKasilo (Griffiths, 1992). Like theKalilo strains,
the Maranhar strains from India also contained a linear mitouh@al plasmid. The latter
plasmid, here referred to as pMARANHAR, is struatlyr similar to pKALILO (with large,
perfect TIRs, and containing two main ORFs thatodectwo viral-like DNA dependent
polymerases), though at the DNA sequence levek itampletely different (Court and
Bertrand, 1992). PMARANHAR appears to induce sesmese in the exact same way as
pKALILO, via an increase in titer and its concomitantegration into the mitochondrial
genome.

Senescence is also observed in Neurospora istietsarry one of the mitochondrial
retroplasmids pVARKUD and pMAURICEVILLE (Akingt al, 1986; Akinset al., 1989).
Like pKALILO and pMARANHAR, also these plasmids emntere with mitochondrial
function. Both pVARKUD and pMAURICEVILLE encode a&verse transcriptase (RT) that
can generate hybrid mitochondrial cDNA via RNA teate switching, an activity commonly
known from retroviral and retroviral-like RTs, fexample also from the RT encoded by
intron a (Sellemet al., 2000). The plasmids are able to initiate cDNA bgsisde novo
(without a primer) at the 3’ cca sequence of tresiplid transcript (Wang and Lambowitz,
1993), but they are able to do so also at the 8 afdRNAs (Chiang and Lambowitz, 1997).
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The plasmids hence often incorporate mitochondRMAs. They may integrate into the
mitochondrial genome via subsequent homologousmbowtion (Chianget al., 1994). The
variant and integrated forms of pVARKUD or pMAURIEE.LE can be found in senescing
as well as in non-senescing cultures (Chiagal., 1994; Fox and Kennel, 2001), so
integration itself is perhaps not directly the @wé senescence. The latter has in fact also
never formally been demonstrated for pKALILO or pRANHAR. It is probably the over-
replication of these plasmids or one of their vatriorms that leads to a loss of respiratory
function and ultimately death (Stevensziral, 2000).

Senescence in Neurospora is thus prominently adsdciwith mitochondrial
plasmids. However also nuclear elements have bemscrided in Neurospora that are
associated with senescence phenomena, like thepieeon calleshatural death(Lewis and
Holliday, 1970), a nuclear mutation that leads ¢oederated senescence under both growing
and stationary conditionNatural deathis highly reminiscent ofpremature deathin P.
anserina Lewis and Holliday initially proposed that sen&sce in thenatural deathstrains
results from errors in protein synthesis. Munkresl Minssen (1976) later showed that
natural death could be alleviated with antioxidants. Like thmemature deathstrains
(Munkres and Rana, 1978), thatural deathstrains accumulated a pigment called lipofuscin,
which is the end product of lipid peroxidation. Mwes and Minssen also showed that
natural deathwas associated with an upregulation of the astwibf antioxidant enzymes
like superoxide dismutase, gluthathione peroxidase glutathione reductase. The natural
death strains typically die within several subawsy often much earlier than strains that die
from plasmid associated senescence. They die witlaximally six subcultures at 2&, or
within one or two at 3#C. The natural death mutation is associated wittoatyome
deficiencies, ribosomal deficiencies, reduced oxrygetake and extremely low ATP/ADP
ratios (Seidel-Rogeet al, 1989; Pall, M. L., 1990). Concomitantly, the steashow a high
level of mtDNA recombination (Bertraret al, 1993).

Outline of this thesis

The main aim of this thesis is to expand our knog&of the fungal senescence phenomenon
in order to gain a better understanding of its fsgroximate and ultimate causes. It deals
with a comparative analysis of the existing vaoatin life span that is found between and
within fungal species, but also with the experinaémhanipulation of factors like dietary or
calorie restriction. The work is done with the twajor systems in which fungal senescence
has been described, the ascomycetous genera PoalasgbNeurospora.
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Chapter 2: In chapter 2Za comparative analysis is made of invertron-basegéscence in two
sympatric sister species of the genus Neurospoepbwhich has a heterothallic and one of
which has a pseudo-homothallic life cycle. Both fie®guency and severity of the invertron-
based senescence syndromes appear to be hostespaits. A possible relationship with the
different life histories of the two hosts is dissed.

Chapter 3: Though most Neurospora isolates that carry theandodrial plasmid pKALILO
senesce and die within a matter of weeks, someatasolates do not appear to senesce at all.
This chapter describes a genetic and moleculaactexization of these latter strains. In two
of the non-senescing pKALILO carrying isolates Nf intermedia,variant or integrated
copies of the plasmid were found that arose viaomdmnation involving a novel
mitochondrial retroelement. This element was alesent in the other long-lived isolates. A
possible mechanism is suggested for the mode bghndenescence is suppressed in these
isolates.

Chapter 4: In chapter 4 the effects of calorie restrictiorRjGare tested on the senescence
syndrome ofP. anserina CR extends the life expectancy of natural isslatp to five-fold,
much more than normally observed in unitary systévagural variation largely corresponds
to the presence or absence of pAL2-1 homologuegroap of invertron-type plasmids
structurally similar to the pKALILO homologues ofedrospora. The presence of a pAL2-1
homologue drastically reduces the effect of CRsMaas substantiated by constructing near-
isogenic lines with and without the plasmid. A mlode proposed to explain how these
plasmids affect CR.

Chapter 5: In chapter 5 a novel spontaneous longevity mutéRt anserinas characterized.
Unlike most previously described longevity mutarttee strain was not completely female
sterile. Longevity was inherited maternally andresponded to the integration of a plasmid
into the promoter region of the mitochondnld2/nad3dicistron, which had repercussions
throughout the respiratory chain leading to a fabt# energetically less efficient form of
respiration. The latter was associated with a reddevel of oxidative stress and an increased
stability of the mitochondrial genome.

Chapter 6: Although the mitochondrial invertrons and theitegrative potential have been
known for years, the exact mode by which they irgeginto the mitochondrial genome has
remained elusive. The structure and distributiorpAL2-1/mtDNA or pKALILO/mtDNA

recombination junctions were analyzed in an attetaptlarify the integration mechanism.
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Integrated copies were found mainly within the mitondrial rDNA regions of the two
respective hosts. Plasmid/mtDNA recombination jiomgt often but not invariably contained
additional insertions and/or deletions. A modeltfog integration mechanism is proposed.

Chapter 7: In the general discussion and summary, | reviewntlest important findings of
this thesis in the light of what was known and mséeeral suggestions for future research.
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Polymorphism for pKALILO based senescence
In Hawaiian populations
of Neurospora intermedia and Neurospora tetrasperma

M. F. P. M. Maas, A. van Mourik, R. F. Hoekstra ald). M. Debets
Abstract

The natural population of the heterothallic ascoetgbleurospora intermedirom Hawaii is
polymorphic for the presence of the linear mitodial senescence plasmid pKALILO.
Although inter-specific horizontal transmissionaisleast experimentally possible, pKALILO
based senescence has thus far never been foundeodit® natural population oN.
intermedia Here we demonstrate that it is not limited\tointermediabut also present in the
sympatric population of its close pseudo-homotbatilativeNeurospora tetraspermals in

its heterothallic congener, senescencl.itetraspermavas associated with the integration of
plasmid copies into the mitochondrial genome. Tregjdency of the senescence plasmid
however was substantially lower h tetraspermahan inN. intermedia and its phenotypic
effects were substantially less severe. Thesetseard discussed in the light of the respective
life histories of the two hosts.

Introduction

Mitochondrial plasmids are ubiquitous among filatnoeis fungi (Griffiths, 1995). Though
most of them do not have any clear effects on thests, some do. PKALILO dfieurospora
intermediafor example (Bertranckt al, 1985, Bertrancet al., 1986), pMARANHAR of
Neurospora crassgCourt et al, 1991) and pAL2-1 oPodospora anseringMaaset al,
2004) are all three associated with a senescemck®ye.

PKALILO naturally occurs in the Hawaiian populatiof N. intermedia,where it is
found in almost half the isolates (Debetsal., 1995). Cultures that contain this plasmid
typically show a progressive decline in vigor, miitely culminating in death (Griffiths, 1992,
Bertrand, 2000). In aging cultures, the plasmicitsinto the mitochondrial genome and is
often found at sites located within or near thegene that encodes the large mitochondrial
rRNA (Bertrandet al., 1985, see also chapter 6). For a reason not yagrstood, mtDNA
molecules containing an integrated copy are “swggive”: They gradually replace the wild-
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type molecules (Myer®t al, 1989). Senescing cultures become deficient imctfanal
mitochondrial ribosomes and die.

Because of its mitochondrial location, pKALILO ar$ concomitant senescence
phenotype are usually transmitted maternally. Tlasmid can however also be transmitted
paternally (Yang and Griffiths, 1993a) or horizdiyta(Debets et al, 1994). Horizontal
transmission occurs via transient hyphal fusion asdstrongly restricted by somatic
incompatibility. Somatic or vegetative incompatiyil is a multi-locus self/non-self
recognition system that results in cell death whgphae of incompatible isolates fuse. The
loci involved in this process are callbdtloci and are usually highly polymorphic within a
population (Glas®t al, 2000). Despite the fact that vegetative inconbgdy constitutes a
successful barrier against the infectious spreathefsenescent state though, it does not
completely prevent cytoplasmic exchange, and tlesmpid itself can be transmitted with
relative ease even among incompatible wild typesb@set al., 1994). Its rate of intra-
specific horizontal transmission is in the ordefie# percent. This relatively high rate can be
seen as a hallmark of virulence and may partlyarphe prevalence of pKALILO in th.
intermediapopulation from Kauai.

Experimental evidence indicates that pKALILO canttansmitted not just intra- but
also inter-specifically. The latter is possible fxample via introgression and subsequent
heterokaryosis (Boket al., 1999). However, despite several large-scale ssnayong
isolates from around the world (Yang and GriffitH993b; Arganozeet al, 1994), the
prototypic plasmid has only once been found outdidentermedia In an isolate ofN.
tetraspermaoriginating from Moorea-Tahiti (Het al., 2000). The authors did not report
whether the latter isolate showed any signs of mmee. Several pKALILO homologues
were found in a range of different hosts includdgdiscretaN. crassaand even a species of
the related genus Gelasinospora (Marcinko-Kuethal, 1994; Yuewanget al, 1996; Heet
al., 2000). However, all of these plasmids proved wutiglly different from pKALILO at
the DNA sequence level. Besides, those tested areitiiegrated into the mitochondrial
genome nor showed a convincing correlation witteseance. Thus, the pKALILO associated
senescence syndrome itself has formally never lstribed from natural populations
outside the Hawaiian one Bf. intermediaThe majority of pKALILO homologue containing
isolates has however never been tested for sereescamd the overall picture is thus
incomplete.

To explore the inter-specific distribution of pKALIO based senescence, the Hawaiian
Neurospora population was screened for novel c&€ALILO and its associated senescence
phenotype were not restricted to the heterothalheciesN. intermedia A large number of
cases were found in the closely related pseudo-tiatiic speciesNeurospora tetrasperma
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Both in N. intermediaand inN. tetraspermasenescence was associated with the integration
of pKALILO into the mitochondrial genome. Comparedhat inN. intermediahowever, the
frequency of the senescence plasmid was substgnioaler in N. tetraspermaAlso, its
phenotypic effects were substantially less severe.

Materials and Methods
Collection, identification and culturing of Neurasj isolates.

Soil samples were collected from Hawaii in June amgt 1998. Six of them were taken from
three different locations on the isle of Oahu, 86df them were taken from eleven different
locations on the isle of Kauai. Soil was pasteuwrizeobtain Neurospora isolates (Perkins and
Turner, 1988), by incubating the samples for 30ut@a at 60 °C in modified Westergaard'’s
Medium (WM), pH 6.3. Chloramphenicol was used tgmess bacterial growth; 2-
furylmethanol (furfural) was used to improve asarsp germination. Following
pasteurization, soil was incubated at 25 °C fotapwo weeks. As soon as they appeared,
Neurospora colonies were isolated and subcultunedagel’'s Minimal Medium (VMM), pH
5.8 (Davis and de Serres, 1970). From each isatatégia were stored at -80 °C, or as silica-
gel stocks as previously described (Perkins anddrifi988).

For species identification, all isolates were semswith known reference strains as
described by Perkins and Turner (1988).intermediastrains FGSC #3416 (mating type A)
and FGSC #3417 (mating type a), afdcrassastrainsFGSC #5798 (mating type A), FGSC
#4317 (mating type A) and FGSC #4347 (mating typevere used as reference. Self-fertile
isolates producing four-spored asci that couldb®otrossed with any of these were classified
as pseudo-homothallN. tetraspermasolates.

Senescence was demonstrated using serial sulieglias previously described by
Griffiths and Bertrand (1984). Life span was expsgs either in days or in number of
subcultures. Standard working protocol for Neuroapwas as given by Davis and DeSerres
(1970).

Detection of pKALILO and pHANALEI-2 homologues
Isolates were tested for the presence of mitochangdasmids by PCR and Southern
analysis. For the prototypic senescence plasmid LpK®, this was done using both

techniques; for the allegedly neutral mitochondp&smid pHANALEI-2, this was done
using Southern analysis only. The latter plasmigestas an internal control.
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Cultures were grown in liquid VMM, pH 5.8, for appimately 24 hours at 25 °C.
Mycelium was harvested, dried between filter pagreat ground using liquid nitrogen. Total
DNA was extracted using standard procedures (Savklabal., 1989). Prior to the addition
of phenol and chloroform, samples were treatedof@ hour with proteinase K (1Q®/ml
final concentration). Electrophoresis was donedrmM Tris-HCIl, 20 mM acetic acid and 1
mM EDTA (TAE), pH 8.0 using 1% (w/v) agarose, anNAwas visualized using ethidium-
bromide staining according to standard proceduamprooket al, 1989).

PCR analysis was done using primers located withénlarge open reading frame
(ORF) encoding the DNA polymerase of pKALILO: 5 G&GGA ATC TGT GAG CTATA
3 and 5 TGC ATC TCC CTC TTC TTC AC 3. Primer seEnces were based on the
sequence of the prototypic plasmid (Cheiral, 1991; GenBank database accession number
X52106). Per reaction approximately 100 ng of geisddNA was used as template. QuI
of each primer, 20QM of each dNTP, 10mM Tris-HCI pH 9.0, 50 mM KCI5ImM MgCl,
0.1% (w/v) Triton X-100, 0.01% (w/v) gelatin ancufit of SuperTaq DNA polymerase (HT
Biotechnology) was used in a final reaction voluaie25 pl. Amplification was done in a
Progene thermal cycler (Techne) using an elongdiioa of one and a half minutes and an
annealing temperature of 58 °C. Amplification wakliionally done at more permissive
temperatures. Electrophoresis and visualizatiadh@products was done as described above.

Southern analysis was done according to Sambebak (1989). Electrophoresis was
done in TAE using 0.8% (w/v) agarose. Per lanewbeh two and fivaig of either Pstl
and/or Mvnl) digested or undigested total DNA was used. DNAs vimnsferred onto
positively charged nylon membranes (HybBnhN*, Amersham Biosciences) and probed
either with the large internal 8,202 Epnl fragment of pKALILO or with pHANALEI-2 in
its entirety, each cloned in a pUC18 vector (Vigkend Griffiths, 1993). Probes were
labelled using random primed digoxigenin-11-dUTRGRIUTP) labeling and detection was
done using the chemi-luminescent substrate C3BDehringer Mannheim).

Sequencing of the terminal inverted repeat (TIR)

A 631 bp region of the terminal inverted repeatR)lbf pKALILO was sequenced. Within
this region, the plasmid can be distinguished feom of its known, avirulent family members
(Heet al.,2000). This was done for two isolates of both lepora species collected. For the
amplification of this region, PCR was done using tbllowing primers: 5 CAG TCT ACC
CTC TAC AAT TG 3 and 5 CAC TAT TGA AGG CGC AGG G@'. These were based on
the sequence of the prototypic plasmid (Cleinal, 1991; GenBank database accession
number X52106). Reaction conditions were as desdrilabove. Electrophoresis and
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visualization was done as also described above. p©Ructs were purified using a High
Pure PCR Product Purification Kit (Roche) and ctbireE. coli DH5-u using the pGEM-T
Easy Vector system (Promega). Plasmid DNA was m@ul using a High Pure Plasmid
Isolation Kit (Roche), and sequenced accordinghto rhethods described by Sanger (1977)
using Big Dye™ terminators (Applied Biosystems)g&ences thus found were compared
with that of the prototypic plasmid (Chan al, 1991; GenBank database accession number
X52106).

Semi-random two-step PCR (ST-PCR) based analyplagihid integration sites

To identify the exact plasmid integration sitespkasmid-tagging’ approach was devised,
based on a previously described, semi-random, tep8CR (ST-PCR) procedure (Chein
al., 1997). The latter is a way of amplifying unknowanking sequences. First, a reaction
was done using a primer pointing outwards from iwnitthe TIR region of pKALILO (5’
GAA ATG ATA AAA AGA TCA CAA AGG G 3'), in combinaton with the partially
degenerate primer given in the original protocol@&sC CAC GCG TCG GAC TAG TAC
Nioy GAT AT 3’). Next, a nested reaction was done usirggcond primer pointing outwards
from within the TIR region of the plasmid (5 GGAA AAA TAG GAA CAA AAG GGG

3’), in combination with the other primer giventime original protocol, which comprises the
5’ specific part of the partially degenerate prinflgrGGC CAC GCG TCG GAC TAG TAC
3’). Reaction conditions were as originally desedbElectrophoresis and visualization was
done as described earlier.

ST-PCR products were (gel-) purified, cloned aeduenced as described above.
Based on sequence similarity of the products wigusnces from the GenBank database
(using BLASTn version 2.2.9; Altschet al.,1997), PCR primers were designed to amplify
the corresponding DNA regions from young subculucéd the same isolates and for
comparison, these were purified, cloned and seakas described above.

Statistical analysis

Statistical analyses were done using the softwackgme SPSSversion 11.0.1 (SPSS).
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Results
Senescence in N. intermedia and N. tetraspermatesfrom Hawaii

The Hawaiian population of Neurospora was sampledsearch of pKALILO based
senescence. Neurospora isolates were obtaineddodnsamples following heat shock and
furfural treatment. Out of 42 soil samples collecia June and July 1998, 30 contained
Neurospora. Samples taken from inside or near sagarfields typically yielded a large
number of isolates. One sample for example yieRedolates per gram of soil. In total, 128
isolates were obtained. All were pure cultures pratiuced brightly orange colored conidia.
Based on crosses with known reference isolatestlgXaalf of these cultures were classified
as single mating type isolates of the heterothaliecieaN. intermedia Of these 64 isolates,
24 were of mating type A and 40 were of mating tgp@ marginally significant deviation
from the expected 1:1 ratio; Likelihood Ratio te€5t4.0, df=1, P=0.044). The other half of
the isolates was self-fertile and produced fourrspg@sci; these 64 were classified as double
mating type isolates of the pseudo-homothallic Ezebl. tetraspermaBoth Neurospora
species often occurred in the same soil sampleneéndid not observe any spatial patterns in
their distribution. Since no effort was made tolase large numbers of cultures from every
sample, it may very well be that all soil samplestained ascospores from both species.

All isolates were tested for senescence in alsarlzculturing test. Every two or three
days, vegetative subcultures were made using boid@l transfers as mentioned in the
materials and methods section. Cultures were tehead when vegetative subculturing was
no longer possible. Numerous isolates of both gseaollected showed senescence.
Compared toN. intermediathough, substantially less isolates Mf tetraspermasenesced
within the time-course of the experiment: Where@8%325/64) of theN. intermediaisolates
senesced within 3 months, the same was true for D86 (12/64) of theN. tetrasperma
isolates (a marginally significant difference; Likeod Ratio test, G= 6.53, df=1, P=0.011).
In all cases, senescence was associated with aepsdge decline in growth rate and female
fertility. The final subcultures of senescing idekatypically still showed large amounts of
conidiospores, whereas none of the spores thatbad produced were able to germinate.
Both in N. intermediaand inN. tetraspermathe senescence trait was contagious: Senescent
subcultures were mixed in ratios of approximately with young subcultures of the same
isolate. These mixtures typically adopted the &fgectancy of the senescent subcultures
(This was tested for eight isolates from both sp&adata not shown). This was not the case
when they were mixed with young subcultures fromompatible wild-type isolates (Ten
combinations were tested for each of the same @&glates; data not shown).
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Senescence is associated with the presence of pRARIboth species

All isolates were tested for the presence of pKADRIhomologues. This was done using PCR
experiments and Southern analysis. Results obtamiéd these two methods were in
agreement. All isolates were additionally tested tbhe presence of pHANALEI-2
homologues. The latter is a circular mitochondpilalsmid that is allegedly neutral. This was
done using Southern analysis only. Detailed resdts be found in the appendix and these
have been summarized in Table 2-1. Senescence waslated with the presence of
pKALILO homologous plasmids (Likelihood ratio te&=115.4, df=1, P<0.0001; Table 2-2),
but not with that of pHANALEI-2 homologues. This svaue for both species.

Five out of 30N. intermediasolates NI05.01 NI15.02,N128.01, N130.4andNI31.02
and two out of 1MN. tetraspermasolates NT23.06and NT35.03 containing a pKALILO
homologue did not show any signs of senescencenvitik time course of the experiment.

Table 2-1. Frequencies of senescence among plasmid free ksthid containing isolates. See
appendix for detailed information per isolate.

Species pKALILO pHANELEI-2 Senescent Non-senescent
- - 0 22
: , - + 0 12
N. intermedia
- 18 5
+ 7 0
- - 0 49
- + 0 1
N. tetrasperma
- 11
+ 1 0

Table 2-2. Results of a hierarchical log-linear analysis loé frequency data using a backward
elimination process. The final, most parsimoniousdel is given. The likelihood ratio tests show
whether removing the variable listed will signifitly change the explanatory value of the model.
Note that table 2-1 is only marginally populated &éme analysis may therefore suffer from low power.

Variable Likelihood Ratio test
G df P
Model 5.2 8 0.735
pKALILO * senescence 1154 1 0.000
pKALILO * species 9.0 1 0.003
pHANALEI-2 * species 18.6 1 0.000
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Although the correlation between the presence AIHKO homologues and senescence was
thus not perfect, isolates lacking a pKALILO hontle never showed signs of senescence in
either species.

Within the pKALILO family of mitochondrial plasmids, only thgrototypic form has
been associated with senescence. Therefore, anregfioin the TIR was analyzed by which
the prototypic form can be distinguished from hsee avirulent family members (H al.,
2000). We cloned and sequenced a 631 bp DNA fragtoeated within this region, from a
short- and a long-lived pKALILO containing isolabé each specied\( intermediaisolates
NI08.04 andNI05.01,and N. tetraspermasolatesNT18.01andNT23.06,respectively). All
TIR sequences thus obtained were identical to dhdahe prototypic plasmid (Chaet al.
1991; GenBank accession number X52106; sequenaandashown).

PKALILO integrates into the mitochondrial genome

In senescent subcultures of both its non-nativet hscrassaand its native hosiN.
intermedia pKALILO integrates into thernl gene that encodes the large subunit
mitochondrialrRNA (Bertrandet al, 1985, see also chapter 7). Thus far, integrdiasonly
been found at that specific location. This coulddoe to site- or region-specificity of the
integration process. Alternatively, this could baeedto the selective accumulation of
molecules that contain these integrated copiesthén case of its avirulent homologues,
integrated copies of the plasmid were never fold.thus tested whether integration would
also occur inN. tetraspermasolates, using restriction fragment length polypmism (RFLP)
analysis and hybridization. Blots were hybridizeithvea pKALILO specific probe. In addition
to the 8.6 Kb autonomously replicating plasmid,eseent isolates frequently showed RFLP
patterns that were consistent with rearrangemensiving the plasmid. These presumably
were copies that had integrated into the mitochahdienome. These putative inserts were
often similar in parallel series of subculturesnirdghe same isolate, but typically varied
among isolates (data not shown).

Two isolates, one from each species of Neurospoeae studied in more detail.
Using a ‘plasmid-tagging’ approach, we determinkd exact sites of integration. DNA
fragments were amplified containing plasmid/mtDNA&ceombination junctions. These
fragments were cloned and sequenced. In both easigegration site was found withinl:
In N. intermediaisolate NI21.05 an integrated copy was found in exon 1 of thisegeat
position 12.244/45; ilN. tetraspermdsolateNT39.03one was found also in exon 1 of this
gene, but somewhat further downstream, at posit®501/02 (both corresponding to the
mitochondrial genome sequence of standard labgrastrain 74-OR23-1A of the N.
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intermediasister speciedN. crassaas determined by the Neurospora sequencing project
Whitehead Institute/MIT Center for Genome Researdf)e sequences flanking these
pKALILO/mtDNA recombination junctions are given kigure 2-1.

In both cases we were able to find only one sfd=aoh of the integrated plasmids.
Formally this may have been due to a deletion efatiner side, but more likely this is due to
the formation of inverted target site duplicati@sswas previously shown to occur (Bertrand
et al, 1985). The inserts were not detected in youngcwtures, thus confirming that
integration occurrede novoUnlike in earlier work, there was no obvious hoogyl between
the mitochondrial target sequence and the distdlafrthe plasmid. When compared to the
sequence of the autonomous element (Court andaBeltd 991), the termini of the integrated
copies were incomplete: In both cases two bases pe@ére missing. These may formally
reflect existing variation adle novodeletions.

In addition to the integrated plasmid copies, wsesved age-related nucleotide
substitutions in the mitochondrial genome. A congmar of the region flanking the integrated
plasmid in isolateNT39.03with the corresponding wild-type mtDNA region froyoung
subcultures for example showed that two substitgtivere present, located 63 and 549 bp
downstream of the exact insertion site (Data nowst).

pKALILO, 3’ terminus of the autonomous element @muing to Court and Bertrand, 1991)
5 AGGAACAAAA GGGGTCAGTG GTGCCCCTTA CAC 3

N. intermediaVitDNA, isolateNI21.05

Young 5' AGGTATGAAA TGCATTTTTT TTTGTATACA TCGGGGGATC GTGAAGATTT 3’
(18 L 1 O [ TEEEErere trerrrrrr
Senescent 5’ AGGAACAAAA GGGGTCAGTG GTGCCCCTTA CCGGGGGATC GTGAAGATTT 3

N. tetraspermaitDNA, isolateNT39.03

Young 5 GCACTTGITA AATCTTAAAA GCATCGAAAA TTTAACGGAT TAAATAATAT 3
I | | (— L PEEErerer e
Senescent 5' AGGAACAAAA GGGGTCAGTG GTGCCCCTTA CTTAACGGAT TAAATAATAT 3

Figure 2-1. PKALILO/mtDNA recombination junctions as found senescent subcultures b
intermediaisolateNI21.05and N. tetraspermdsolateNT39.03 plus a sequence alignment with the
MtDNA sequence as found in young subcultures dfalsame two isolates. The pKALILO sequence
is indicated in grey. Note that in both cases e distal base pairs appear to be missing. Theme is
apparent homology between the plasmid and the mtExget site.
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pKALILO is more frequent and more virulent in Nemmedia than in N. tetrasperma

The frequencies of both pKALILO and pHANALEI-2 hofogues are species dependent.
Both plasmid types are more frequentNnintermediathan inN. tetraspermaPKALILO is
present in 47% (30/64) of tid intermediasolates, whereas it is present in only 22% (14/64
of theN. tetraspermasolates (Likelihood Ratio test, G=9.0, df=1, FBfI27; Tables 2-1 and
2-2). Similarly, pHANALEI-2 homologues are presemt30% (19/64) of the\. intermedia
isolates, whereas they are present in only 3% J2i6theN. tetraspermasolates (Likelihood
Ratio test, G=18.6, df=1, P<0.0001; Tables 2-1242).

In addition, compared tN. intermediaisolatesN. tetraspermasolates were longer-
lived (Log-Rank test, Z=7.81, df=1, P=0.005). Tdifference is largely due to the fact that
the frequency of pKALILO is lower ilN. tetraspermdhan inN. intermediaWhen only the
senescing pKALILO isolates were taken into accotm,N. tetraspermasolates were still
(though only marginally) longer-lived (51 = 3 days22 + 2 subcultures faX. tetrasperma
isolates versus 33 = 8 days or 15 * 2 subcultuedf intermediaisolates; Log-Rank test,
Z=4.4, df=1, P=0.037). The difference is mainlthe early cohorts and it is thus the onset of
senescence that is delayed, as can also be defdooethe graph presented in figure 2-2.

Survival of pKALILO carrying isolate

1,
£ 08-
g
S 0.6
5
n
L 04
©
>
E 02-
T2
@)
O T T T T T T [ - - - - - - |
O 10 20 30 40 50 60 70 80 90 100

Time (days)

Figure 2-2. Kaplan-Meier survival functions di. intermedia(solid line) and\. tetraspermddotted
line) isolates carrying pKALILO. The 95% confideniogervals are indicated using grey lines.
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Given the aforementioned and unexpected bias irrgtie of mating types that was found
among N. intermediaisolates, we also tested for mating type specifieces. We tested
whether or not pKALILO was equally distributed amgasolates of the two mating types and
whether or not it had a different effect on lifeaspamong isolates of the two mating types.
Neither its frequency nor the severity of its effdifered.

Discussion

PKALILO based senescence in the pseudo-homotlaHicies N. tetrasperma

Experimental work showed that pKALILO can be traitted horizontally among Neurospora
isolates of the same species with relative easddBBet al., 1994). Also inter-specific
transmission proved experimentally possible, atstleaa introgression and subsequent
heterokaryosis (Boket al, 1999). As might consequently be expected, pKALIL
homologous plasmids are distributed across spéaigmnozaet al, 1994; Heet al., 2000),
and can even be found outside the genus of Neugyoewanget al 1996). Although the
phylogeny of the plasmids is by and large congruetit that of the nuclear genome of their
hosts, at least two of the pKALILO homologous platsrare found across species @tal,
2000): pLA-KALILO that had originally been found iN. tetraspermaisolates from
Louisiana, was also found in an isolateNbfcrassafrom Haiti; pKALILO that had originally
been found inN. intermediaisolates from Hawaii, was also found in an isolafeN.
tetraspermafrom Moorea-Tahiti. This shows that inter-specifiorizontal transmission is
probably also a natural phenomenon. The authattsedfatter study (Het al, 2000) however
did not report whether thl. tetraspermasolate from Moorea-Tahiti senesced, and if so,
whether it did in the same way &6 intermediaisolates do. Thus, despite the fact that
pKALILO has been found outside its original hosig tsenescence syndrome associated with
it has formally only been described from the popataof N. intermediaThough pKALILO
also causes senescenceNincrassa,in which it was experimentally introduced via fodce
heterokaryosis (Griffithet al. 1990), its effect in other species is not at elf-svident. Here
we have shown that pKALILO is present at a considler frequency in the natural population
of N. tetraspermain which it leads to senescence in a similar vesyit does in its
heterothallic congener3he plasmids present M. tetraspermappear to be identical to the
prototypic plasmid at the DNA sequence level areldbsociated senescence phenotype and
molecular phenomenology is similar to thatNin intermediaand N. crassa As discussed
below though, the frequency of the plasmid was tsuibiglly lower inN. tetraspermahan in

N. intermediaand its phenotypic effects less severe.

35



Plasmid frequencies are lower in N. tetraspermantimaN. intermedia

PKALILO is much more frequent iN. intermediathan it is inN. tetraspermaWhereas the
senescence plasmid is present in almost halNthatermediaisolates as observed in earlier
work (Debetset al, 1995), it was present in less than a quarteallothe N. tetrasperma
isolates collected. The allegedly neutral pHANALEIhomologues are also much less
frequent inN. tetraspermathan they are inN. intermedia This suggests that plasmid
frequencies are a species specific property thirgely independent of the plasmids their
phenotypic effects. Frequencies of mitochondrialsplids appear to be even lower in truly
homothallic species, suggesting that this has tavidlb the mating system of the host. In
homothallic isolates from the genus Gelasinosporaekample, only two out of eighteen
isolates collected were found to contain pGEL-KAOIL(Yuewanget al., 1996). There thus
appears to be a relationship between the frequefhdpese plasmids and the degree of
outcrossing in their hosts, with high frequenciggiaed in an exclusively outcrossing,
heterothallic host, low frequencies in an exclulsiveelf-fertilizing, homothallic host, and
intermediate frequencies in a facultative outcrugspseudo-homothallic one.

The different plasmid frequencies may reflect ratuates of horizontal transmission,
which likely vary between species. Horizontal trarssion is one of the most important
criteria for a plasmid with deleterious effectsitsnhost to be maintained within a population.
Even with perfect vertical transmission, such apla would disappear from the population
if it would not have something like horizontal teammission to compensate for its deleterious
effects. pKALILO is not expected to be lost fronmetpopulation due to its high rate of
horizontal transmission. Indeed, it is still foumdthe population 25 years after it was first
sampled. Horizontal transmission presumably depeodsthe degree of within-host
replication. It will consequently be linked to Viemce. Therefore, pKALILO is expected
neither to disappear nor to become fixed in the ufain and a species specific
polymorphism may be expected.

The rate of horizontal transmission depends on ahmunt of physical contact
between individual colonies. This is different beem (pseudo-)homothallic and heterothallic
hosts, because self-fertilization in (pseudo-)hdralit hosts basically eliminates the need for
physical contact. Although outcrossing is experitaly possible inN. tetraspermathere is a
large degree of sexual dysfunction associated wit@dacobson, 1995), so in natuke
tetraspermapresumably mostly relies on self-fertilization. & heterothallic background,
although the plasmid is inherited mainly maternaf(ALILO can be transmitted via the
paternal route (Yang and Griffiths, 1993a) withgluencies of up to fifteen percent depending
on the isolates used. Paternal transmission prpleaiolurs by invasion of the maternal culture
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of the paternal cytoplasm prior to ascospore foimnatDebets and Griffiths, 1998) and this

can be seen as a form of horizontal transmissfahid is indeed a naturally important mode
of transmission, the plasmid’'s spread would sutedy affected by the amount of self-

fertilization because fertilization by another @, as required for outcrossing, heterothallic
species, increases the risk of infection. Thesectdf of the mating system have been
substantiated by population genetic modeling amqbapto be in line with natural frequencies
of mitochondrial plasmids found in plants (Bengtssmd Andersson, 1997). If the effect of
self-fertilization is indeed the explanation of tbhbserved frequency differences, it would
suggest that the rate of paternal transmission f&ét much more important than currently
conceived. An important observation in this maisethat dead cultures still contain a lot of

conidia whereas these do not germinate at allieoslabrtly after germination. Remarkably, in

some crosses a considerable fraction of these “dpades still have the capacity to serve as
male gametes and transmit the plasmids in the psazifertilization (unpublished data).

In short, mitochondrial plasmids thus appear tonfmge common in a heterothallic
than in a pseudo-homothallic host because the forsnmore susceptible to infection. This
appears to be irrespective of the phenotypic efféhey have on their hosts: Both the
senescence plasmid pKALILO and the neutral plagghiANALEI-2 have a lower frequency
in N. tetraspermahan inN. intermedia Depending on the mating system, plasmids may be
expected to have not only a different frequency,ago a different phenotypic effect.

pPKALILO has a less severe effect in N. tetraspdiraa in N. intermedia

In general, when a parasite would be transmittdg wertically, it would rapidly coevolve
with its host towards a more benign relationshggnmensalism or possibly even mutualism.
This is because when a parasite is vertically traitsd as opposed to horizontally, its
interests will align with the interests of its ho&etween a heterothallic and a pseudo-
homothallic host, pKALILO is expected to divergecaxlingly. The plasmids fronN.
intermediaand N. tetraspermalid not appear to differ at the DNA sequence ldudl did
have different phenotypic effects. PKALILO carryirsglates thus seem to show host-specific
senescence. This strongly suggests that the diffeseare an incidental effect of the host and
that there may be frequent inter-specific transimmssof pKALILO. These results are
counterintuitive, as plasmids are expected to evolere rapidly than their hosts.

In summary, the Hawaiian population of Neurospois \8creened for cases of pKALILO

based senescence outside of its natural hbdkt intermedia It was found also inN.
tetrasperma The hallmarks of senescence were similar in lsglcies: Senescence was

37



contagious and associated with the presence opibitypic senescence plasmid and its
integration into the mitochondrial genome. HoweveKALILO was less frequent irN.
tetraspermathan inN. intermediaand its phenotypic effects less sevdtas appealing to
invoke a role of the mating system to explain tiifedences observed.
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Cytoplasmic suppression of pKALILO based senescence

in natural isolates ofN. intermedia

M. F. P. M. Maas and A. J. M. Debets

Abstract

The mitochondrial plasmid pKALILO causes senesceinc®&l. intermedia.Though never
formally proven, this is allegedly due to the fdlat it integrates into the mitochondrial
genome of its host. Little is known about suppressd this type of senescence. Recently we
found several natural isolates that carried thesmid but did not show any signs of
senescence. We analyzed these. Their ability évatd the plasmid was inherited maternally,
indicating a cytoplasmic origin of the trait. Thiagmid titer was highly stable within, though
variable between the isolates. In two out of fieses, stably integrated or variant copies were
found. These were characterized using semi-randarstep PCR (ST-PCR) and sequencing,
which led to the discovery of a novel mitochondretro-element with which pKALILO had
recombined. A possible mechanism by which senescsrsuppressed, is discussed.

Introduction

Aging or senescence in fungi has been a long-stgnaiatter of debate because fungi, being
typical modular organisms and thus lacking a ctistinction between germ line and soma,
are not expected to age and die. However, evengthooost fungi indeed appear to be
extremely long-lived, some exceptions exist. Caslesenescence have for example been
reported within the well-studied genera Neurospord Podospora (Griffiths, 1992).
Senescence in Neurospora can almost always bibexsdo the presence of a single
mitochondrial plasmid, like one of the linear mioadrial invertrons pKALILO (Bertrandt
al., 1985; Bertranctt al, 1986; Myerset al, 1989) and pMARANHAR (Courgt al, 1991),
or one of the circular mitochondrial retroplasmig¢ ARKUD and pMAURICEVILLE
(Akins et al, 1989). These plasmids integrate into the mitadhial genome and interfere
with mitochondrial function, which is allegedly tlrause of death of the cultures that carry
them. Often they are found close to or within thes or rnl genesthat encode the
mitochondrial rRNAs (Bertran@t al, 1985; Bertrand and Griffiths1989; Chianget al.,
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1994; Myerset al, 1989; Maaset al, 2005). PKALILO and pMARANHAR possibly
integrate via a form of non-homologous end-join{hHEJ, see chapter 6); PVARKUD and
PMAURICEVILLE integrate via a reverse transcriptistep. The latter two both contain an
open reading frame (ORF) encoding a reverse trgntase (RT) that can generate hybrid
mitochondrial cDNA via RNA template switching. Telafe switching is also known from
the RT encoded by introm of P. anserina(Sellemet al, 2000). Following hybrid cDNA
formation, the plasmids may integrate via homolag@ecombination (Chiangt al, 1994).

Little is known about suppressors of plasmid basstkescence in Neurospora. Based
on the analogy with senescenceFnanserina one might expect that modifications of the
respiratory chain could act as suppressors of senes (Dufour and Larsson, 2005). Thus far
however, there is scarcely any evidence to sughast In the case of pKALILO, there are
reports of nuclear encoded suppressors. In octltected from crosses between senescing
and non-senescing laboratory strains of Neurospseseral cases were found in which
senescence and ‘immortality’ segregated in a fodour ratio (Griffithset al.,1992). In one
case the titer of pKALILO was reduced to barelyedtdble levels, whereas in another case
the titer of the plasmid was high but stable arebaisted with copies of the plasmid stably
integrated into the mitochondrial chromosome. Theselear encoded suppressors of
pKALILO based senescence have not been charadeaizg further. A previous search for
suppressors among natulalintermediasolates was purportedly unsuccessful (Debetd.,
1995), though not every pKALILO carrying isolatenesced and the population that was
screened thus contained potential suppressors.

Recently, we resampled the Hawaiian populatioN.oihtermedia(Maaset al., 2005,
see also chapter 2). Several isolates that cathiedgrototypic senescence plasmid did not
senesce. We analyzed these. The ability to toldgtreeplasmid was inherited maternally,
indicating a cytoplasmic origin of this trait. Th&asmid titer was highly stable within, though
variable between the isolates. In two out of fiselates, stably integrated or variant copies of
the plasmid were found. These were characterizath usemi-random two-step PCR (ST-
PCR) and sequencing, and this led to the discowEry novel mitochondrial retro-element
that had recombined with pKALILO. A possible mecisamof suppression is discussed.

Materials and Methods

Isolates and culturing methods.

Isolates were from a recent collection of HawaiMnintermediawild types (Maaset al,
2005). 30 out of 64 isolates from this collectiarrg pKALILO. Five of those that carry it
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however, did not appear to senesce. We reciprocathgsed these five with short-lived
natural isolates from the same collection. LongdivsolatesN105.01 NI115.02andNI28.01,
which are of mating type a, were each crossed stitht-lived natural isolat®116.07 which

is of mating type A. Long-lived isolatd$l30.04 andNI31.02 which are of mating type A,
were each crossed with short-lived isolblid6.04 which is of mating type a. Crosses were
done at 25 °C, on Westergaard's Medium (WM), adogrdo the protocol given by Davis
and DeSerres (1970). From each cross, perithedia dissected in order to collect asci. Of
each complete, eight-spored ascus, every indivigipate was collected and allowed to ripen
for one week on Vogel’'s Minimal Medium (VMM), aftarhich germination was induced by
a 30 minute heat shock at 60 °C. Senescence whsealguested by serially sub-culturing the
isolates at 25 °C, on VMM, as previously describgdsriffiths and Bertrand (1984). Growth
rates were tested on VMM using 50 cm long tubes.

DNA analysis.

Cultures for DNA extraction were grown in liquid \W¥for approximately 24 hours at 25 °C.
Mycelium was harvested, dried between filter pagreat ground using liquid nitrogen. Total
DNA was extracted according to standard proced(Basnbrooket al, 1989). Prior to the
addition of phenol and chloroform, samples werailrated for 1 hr at 37 °C with proteinase-
K (100 pg/mL final concentration), save those to be usednrsemi-random two-step PCR
(ST-PCR, described further on). Electrophoresis e in 40 mM Tris-HCI, 20 mM acetic
acid and 1 mM EDTA (TAE), pH 8.0 using 1% (w/v) agse, and DNA was visualized using
ethidium-bromide staining (Sambroekal, 1989).

Southern analysis was done using standard proegd{Bambrooket al, 1989).
Electrophoresis was done in 45 mM Tris-HCI, 45 mdib acid and 1 mM EDTA (TBE), pH
8.0 using 0.8% (w/v) agarose. Per lane, we useddest two and fiveig of either digested
(using restriction enzymdgastl, Mvnl or both) or undigested total genomic DNA. DNA was
transferred onto positively charged nylon membrdig®ond™ N+, Amersham Biosciences)
using capillary blotting, and probed with the largeernal 8.2 KbKpnl fragment of
pKALILO cloned in a pUC18 vector (Vickery and Giiffs, 1993). Probes were labeled using
random primed Digoxigenin-11-dUTP (DIG-dUTP) labeli and detection was done using
the chemi-luminescent substrate CSPRccording to the manufacturer's instructions
(Boehringer Mannheim).

To test for the presence of the putatively circplagenitor of the retro-element, PCR
was done using primers located within the resped&ivand 3’ untranslated regions (UTRs) of
the putative reverse transcriptase (RT) gene oktement: 5 TCC CCG TTC GCC ACA
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AGT T 3 and 5CGA CGG GGG AGG AAG GAT TA 3. Primg were based on the
sequence derived from isolat#28.01and yield an expected PCR product size of at 363t
bp. We used an annealing temperature of 60 °C anédlangation time of three minutes.
Electrophoresis and visualization was done as tdestabove.

To test the rest of th&l. intermediawild types for the presence of the novel
mitochondrial retro-element, PCR was done using@rs located within the putative reverse
transcriptase (RT) gene of the element: 5 TAA CAAC CGC CAA CGT AT 3 and 5’
GAC CCC TTT CTT CCA GTT TAT 3'. These were basedtba sequence derived from
isolate NI28.01 and yield an expected PCR product size of 341Wp.used an annealing
temperature of 54 °C and an elongation time of mivute. Electrophoresis and visualization
was done as described above.

ST-PCR based analysis of pKALILO/mtDNA recombinajimnctions.

To amplify pKALILO/mtDNA recombination junctions, glasmid-tagging’ approach was
used, based on the semi-random two-step PCR (ST-p@Redure given by Chuet al.
(1997). The modified procedure was done as preljodsscribed (Maast al, 2005).
Electrophoresis and visualization was done as testaboveST-PCR products were (gel-)
purified using a High Pure PCR Product Purificatidh(Roche) and cloned i&. coli DH5-a
using the pGEM-T Easy Vector system (Promega). Plasmid DNA wasvered using a
High Pure Plasmid Isolation Kit (Roche) and sequengvas done according to the methods
described by Sanger (1977), using Big Dye™ termirsaversion 3 (Applied Biosystems).
We compared the sequences of the ST-PCR produtits sequences from the GenBank
database using BLAST version 2.2.9 (Altscaual, 1997).

Results
Maternally inherited suppression of pKALILO basedescence

Whereas vegetative cultures of pKALILO carryinglédes normally senesce within a time
frame of approximately one month, five out of 30AKLO carrying isolates from our
previous collection of. intermediawild types did not appear to senesce: We were t@ble
maintain these five for at least four or five mantwhich is approximately equivalent to 50
subcultures) without any clear signs of senescehealetermine whether this trait would be
stably inherited and whether it would be of nucleacytoplasmic origin, we analyzed several
linearly ordered octads obtained from crosses thighong-lived isolates.
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The long-lived isolates were reciprocally crossétth short-lived ones from the same
collection. Three out of five long-lived naturaloiates NI15.02, NI28.01and NI30.09
produced viable progeny when crossed with a wifgetisolate of the opposite mating type.
The other two long-lived isolatesl{05.01andNI31.02 did produce viable ascospores when
used as a male, but only had barren perithecia wked as a female partner in a cross. Note
that infertility also commonly occurred in crossesng random combinations of short-lived
natural isolates. It is therefore not necessasioaiated with the longevity trait: Formally it
may also have been due to general sexual inconifgtitAs an additional measure of
possible pleiotropy, we tested the growth rateshoirt- and long-lived isolates. These did not
significantly differ (ANOVA; F=1.83, df=1, P=0.190)

From each fertile cross two complete, eight-spoasdi were collected. Cultures
derived from the eight spores of each ascus weligictually tested for senescence by means
of serial sub-culturing. For practical reasons #weriment was terminated after 30
vegetative subcultures (equivalent to approximai€lyweeks) and longevity was therefore
defined as having a ‘life span’ of more than 30csuinires. Results are given in Table 3-1.

Table 3-1. Octad analysis of the longevity trait found in et naturalN. intermediaisolates.
Reciprocal crosses were made between long- (LL)shudt-lived (SL) isolates and perithecia were
dissected to obtain linearly ordered octads. Ress;rtwo of these octads were analyzed. ‘Life sgan’
indicated in number of subcultures until death. Gumigculture is equivalent to two or three days.

Cross ‘Life span’ in number of subcultures of oy from
linearly ordered octads

NI05.01x NI16.07(LL $ x SLZ) (sterile)
NI16.07x NI105.01(SLY x LLJ) 19 10 12 8 12 16 6 9

13 19 15 14 18 16 16 16

NI28.01 x NI16.0TLL? x SLJ)  >30 >30 >30 >30 >30 >30 >30 >30

>30 >30 >30 >30 >30 >30 >30 >30

NI16.07x NI28.01(SL? x LLA) 14 14 9 11 11 11 8 6
11 9 14 16 16 14 7 17
NI15.02x NI16.07(LL @ x SLJ) >30 >30 >30 >30 >30 >30 =>30 =30
>30 >30 >30 >30 >30 >30 >30 >30
NI16.07x NI15.02(SL? x LLA) 6 6 8 8 13 13 13 8
20 18 10 13 9 9 14 14
NI30.04x NI16.04(LL @ x SLT) >30 >30 >30 >30 >30 >30 =>30 >30
>30 >30 >30 >30 >30 >30 >30 >30
NI16.04x NI30.04(SL? x LLAZ) 9 17 13 13 9 8 10 9
14 12 12 12 9 8 8 8

(sterile)

NI16.04x NI31.02(SL? x LLA) 13 10 14 20 13 10 11 12
14 16 17 9 17 19 12 16

NI31.02x NI16.04(LL Q x SL3)
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Although life span was inherited at least parthaiMendelian fashion (as for example clearly
observed in the second ascus from the cross usorirlsved isolateNI16.04as a female and
long-lived isolateN130.04 as a male; Table 3-1), the longevity trait itsafowed a clear
pattern of maternal inheritance: When a long-livealate was used as a female, all eight
cultures derived from an ascus were long-lived; mtiee same isolate was used as a male, all
eight were typically short-lived. Although isolaté05.01 and NI31.02 appeared to be
female sterile, the longevity trait of these twolades was not inherited paternally. We
concluded that in all cases examined the longéxaiywas cytoplasmic.

Although the longevity trait could correspond tdfetences within the plasmid
sequence itself, this is unlikely: Plasmids frororshand long-lived isolates did not show any
sequence variation within the virulence associgtrdhinal inverted repeat (TIR) region
(Maaset al, 2005). Thus, although this formally remains agiabty, we assumed that
suppression of pKALILO based senescence is causelyndifferences within the plasmid,
but by some other cytoplasmic factor.

Longevity is associated with a stable titer of $k@escence plasmid

In senescing isolates, pKALILO typically increasés titer and integrates into the
mitochondrial genome. MtDNA molecules that carry iategrated copy of pKALILO are
suppressive: They gradually replace the wild-typeletules, perhaps by competitive
exclusion (Myerset al, 1989). To see whether this process would be réffitein the five
long-lived natural isolates, we compared these eéwemsal of our short-lived ones using
restriction fragment length polymorphism (RFLP) dytbridization. In the case of short-lived
isolates, we compared DNA from the first with thiatm the last viable subculture of each
isolate. In the case of long-lived isolates, we parad DNA from the first with that from
approximately the 30 subculture of each isolate. Short-lived isolategiiably showed a
progressively increasing titer of the autonomousjylicating, 8.6 Kb form of the senescence
plasmid. This was associated with the appearangaitative plasmid insertions as observed
also previously. A typical example is shown in Fgul. In some of these isolates, the
putative insertions appeared to be present alr@gadie first subcultures (For example in
isolatesNI08.04 andNI21.05. In contrast to the short-lived isolates, longetl isolates did
not show an age-related increase in plasmid tAdirfive maintained a stable titer of the
autonomously replicating form. The titer was noeéths variable between isolates: It was
either suppressed to a barely detectable levéddiatesNI15.2andNI31.029, or tolerated at a
considerable level (in isolaté$l05.01 NI128.01andNI30.04. From the long-lived isolates,
only in N105.01a putative integration was visible by Southernlysia (Figure 3-1).
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Myvnl Pstl  Mvnl/Pst] Figure 3-1. Example of the Southern analysis.

S. Q S S In  long-lived isolate NI05.01 putative
E § E § E § E mtegrate_d and/or variant coples. (marked Wlth
N =2 =, = = = = an asterisk) are observed both in early and in
§ PefoteToersTo late subcultures. In short-lived isola¥#11.02
RESTSTETETET S they are observed only in late, senescent
- . subcultures. Total genomic DNA was digested
: bl .o @ , 3.6 Kb :Ni'[h Mynl, Pstl or both, and probed with the
72 Kb large internal 8.2 KbKpnl fragment of
pKALILO. The 8.6 Kb fragment corresponds
to the complete, autonomously replicating
plasmid; the 7.2 and 1.4 Kb fragments
. correspond to thi&lvnl digested autonomously
— » 14Kb replicating plasmid;Pstl does not cut inside

the plasmid.

KALILO/mtDNA recombination junctions from long-livisolates

We analyzed pKALILO/mtDNA recombination junction®ifn short- and long-lived isolates.
A modified, semi-random, two-step PCR (ST-PCR) pthee (Churet al, 1997) was used to
amplify the sequences flanking the putatively indégd plasmid copies. Recombination
junctions were found in subcultures of both shartd long-lived isolates (see also chapter 6).
ST-PCRs typically gave either one or two distincoducts with template DNA from
senescent cultures, but often none with that fromang cultures. ST-PCRs done with
template DNA from long-lived isolates only gave quots in the case of isolatls$05.01and
NI28.01.Products were found both in early and in late slibes of the latter two isolates.
These were purified, cloned and sequenced for cosgua Integrated copies of pKALILO
found in senescent subcultures of short-lived teslavere often located within or near to the
rnl gene that encodes the large subunit mitochondRiElA (see chapter 6). Often, deletions
were present at the plasmid/mtDNA recombinatiorciioms. The recombination junctions
found in the two long-lived isolatddl05.01 and N128.01 appeared to be different though.
They were located in a different region of the mitondrial chromosome. Also, they did not
all show clear deletions. Moreover, as describéaviaehe recombination junctions that were
found in the two long-lived isolates precisely nedkthe termini of known mitochondrial
RNA species, suggesting that they came about thraugverse transcription step.

In long-lived isolateN105.01 pKALILO was flanked by a short (65 bp) region of

47



MtDNA corresponding to the 3’ untranslated regitiTRR) of the nd5 gene that encodes a
subunit of respiratory complex | (The pKALILO/mtDNArecombination junction
corresponded to position 32,735/36 of the mitoch@hdenome sequence Nf crassastrain
74-OR23-1A as determined by the Neurospora Sequgrrioject; Whitehead Institute/MIT
Center for Genome Research). This region was fatblwy an element of at least 1 Kb in
size, corresponding to a cryptic retro-elementiasugsed further on. In line with the RFLP
analysis in which only one additional fragment waserved whereas more might have been
expected (see figure 3-1), we were able to fing @mle ST-PCR product in isolaki05.07,
which probably implies that the sequence flankikgApILO consisted of a large (> 1 Kb)
inverted repeat as also described previously (Bedtrand Griffiths, 1989). The sequence of
the flanking sequence is given in Figure 3-2a.

In long-lived isolateNI28.01, two recombination junctions were found involving
pKALILO. In one case, the region flanking pKALILOomesponded to the 5 UTR of a
putative reverse transcriptase (RT) gene; the tersnof the integrated plasmid copy was
incomplete. In the other case, the region flankpKALILO corresponded exactly to the 5’
end of the mitochondrialrna™® gene; the terminus of the integrated plasmid copp
complete. The entire, 74 bp long, mature tRNA saqgaewas present including the CCA
triplet that is added post-transcriptionally by thgéochondrial tRNA nucleotidyl transferase.
The formation of this recombination junction musterefore have involved a RNA
intermediate. The tRNA sequence was followed blyatg51-56 bp) fragment corresponding
exactly to the 5’ end ofns, the small subunit mitochondrial rRNA gene. Thesguences
were joined head-to-tail and followed by a sequenitk high similarity to the cryptic retro-
element that was found also in isolat5.01 Additional PCRs and sequencing showed that
the recombination junctions were present on onecube. The hybrid molecule mapped as a
circle composed of pKALILO, mtDNA and the novelrmtlement. The sequence is given in
Figure 3-2b.

A novel mitochondrial retroelement from long-liviedlates of N. intermedia

As noted aboveI05.01andNI28.01both contain a novel retro-element that might Haeen
involved in the recombination events that gave tisthe sequences given in figure 3-2. Over
a length of 1,020 bp, the novel element is 87%laimietween the two isolates. It has an AT-
biased nucleotide content (approximately 60% ATpnsistent with its presumed
mitochondrial location. Though it does not shagngicant DNA sequence homology with
any element from the GenBank database, at theipraeel it does. It contains a 1,989 bp
long putative open reading frame (ORF) that hadlaiity to the reverse transcriptases (RTs)
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3-2a. Plasmid/mtDNA derived hybrid sequence fronghivedN. intermediasolateN105.01

GGCCACCCGT
AGACAAGACT
ATTCTGTAAT
TTGAAGCTAC
CACCACAAGA
TTACAAAAAA
GITTCCCTGT
CGAAAGCACT
TGAAAAGCECG
AGGGAATCTA
ACGTACGGTA
TTCTTAATCT
CAGTTGCCAG
CAGTCAACTA
TTAGACCTTT
GGCCAATTCC
TTATTCTTCC
TAATTAGAGC

CGACTCGTAC GGACTGCTCG GATATGCAAG TTCCGCTAGA
AAGAGGGTAG AAAAGCCCTG CGTCTGAAAT

ACGAGCTAGA
CAAAGCGGAA
AATTAAATAC
CATAGCGGAA
TACCTCCAAT
TATTAGCATA
TAAACAAGCA
TATAAAGCCG
ATCTGCAAAT
GCGAGCAACA
GIATAAAGCT
TTCAATACGC
CCGITGCTGC
GGACAATTGT
TTGCGACGCEG
TCCTGGAAAC
AAATGTGCCT

ATATCCCTCGA
AATCACTACG
TTTGGGGTAA
AGCGTACCAT
GGCAGTCGAC
TCACAGCAAA
ATTAGAGAAA
CGTAGAGCAA
TAAACTAACA
CCTATACGEA
GCAATAATCT
CCAAAGEEEG
TCCGCTTTGC
TACAGGCCTC
GGAGAAAGEA
CCGGATGGTG
TTGCGGTCAT

CAGTCCCAGC
AAAGAAACGT
TAAACATGGA
CCAGCACTCG
GCECECEECG
GAAACACAGT
TAAAACTGAG
TCTAACGITG
ATGACTGAAC
ACCTGTACAG
ATATCCAGCG
GGACACAGAT
AAGCTCTCGT
TTAAAATGGT
ATTCCGAGCA
CATCATCCTA

AAGTAACTGG
ACGGAAGTCGC
GTCAGCTTCC
CCAGGCCGEA
GAGGECECGTG
CTTGACAGAA
CTGTAAATAG
TCAGITCAAT
ACGTGATCCG
GCAAATTAAA
GGCGAGCAAC
GGAGCTATCA
GITTCCAGTC
TTCAGCTTTG
AGICACATTT
TAGGCCCCAT

ATTACAGGAG

CGTGACTGAC
GITAGACCTA
GGACCCACTA
CCAACATCCG
CTTCCGGAAT
AGCAAAGATC
CAATTGGAAA
TAGCCTTAAT
TAACCAGTCA
CCAGCAACCT
TATCTGITAG
GCACTGACAA
GCATTCGTAA
AAACCATTTT
ACTTAAAATA
TTAGTAGGAA

ATTAACAGCT GGAGGTAAAA AAGGTCTGAG AATCGGTAAG t ejejricecyceorioo iejfc

CCCCTTTTGI TCCTATTTTA ACQ

0,060
0,120
0,180
0,240
0,300
0,360
0,420
0,480
0,540
0,600
0,660
0,720
0,780
0,840
0,900
0,960
1,020
1,080
1,140
1,163

3-2b. Plasmid/mtDNA derived hybrid sequence fromghkivedN. intermediasolateNI|28.01

GGITAAAAT AGGAACAAAA GGGGTCAGIG GIGCCCCTTA CAIRAVVAYV-Y MRV @AETviviel )

TGTGGCGAAC GGGGAGTTAA ACAAATTCTG GAAAGTAAGC TGAAGATTAA TGGAAAGATC
CATTGCCTTC AGAACTGCTG CCTTCAACTA CTGCTTCTAT GGTTGGTATA AATACCGTAC
TGTAAATGAA GTGGTGAGAA TTAACTTAAC CGCCAATCGT ATAATCAAAG AGCGCTGAGA
TAAAATTGAC TTCATGAGAG TGTTCATCCC AAAAGCCAAC GGTAAACTGC GTCCATTAGG
AGTACCAACT TGOGCTTGAC GTCTTGTACT TCATATGTAC CCAAATTTTC TCGGGATTTT
ATTAAGAGGG GAACTTTCCG CATTTAATCA CGCTTACCTC CCCAAAAAAG GTACTCTAAC
CTGTATAACG GAATGAGTGA CGAAAGTCCT CAAAACGAAG TATGTGTATG AGTTCGATAT
TAAAGGATTC TTTGATAACG TGAGCGTTGA AGATACTCTT AATAAACTGG AAGAAAGGGG
TCTTCCAGTT AATATGACAT CACACTGGAT CTCCTTATTG GAATCTACAC CATGAAATAT
TGACTGAAAA AAAGGAGAAT ACAAAGGAAT GAAAGATGAT CAAGGAAAAC CGGTACCATT
AATACCTATG GATGAATGCT TAGGTGAAAG ACAGATGTGA AAAGACGAAT TAAACAAGAC
CGCGCTAGAA ATCGTCGCAT CATGGGAAGA AAACGAAGAA GACTATAACG ATGGTAACTA
CGTCGAACAC CCATATTATA CTCAAATTGC GGATGATCCA AACTATGTCG AGAAAATCCA
GGAGTTAGAA TCAATTCTTA TCAAATACAG AAACCCGCAT GACTGAATGG CTATGCCAGG
AACTCAAGAG TTAATTAAAG GGCTCCCACA AGGGGCCGCA ATTTCACCAG TCTTAAGTCT
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0,240
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0,360
0,420
0,480
0,540
0,600
0,660
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ACTACCTTTA
CGCAGATGAC
TGAAATAGCA
TCAAAAATTC
TAGTGGAAAA
AATTCTTCCC
TTCACTGAAA
CCTGAAAGTG
AGAATCGITG
ATTAGGAGGT
GGAGAACCCG
GAAACAGGAT
ATACTCGGTA
ACTCGAAGCA
TACTCCTCAG
TATTACAAAT
CGGITTCCCA
ATCGAAAGCA
TCTGAAAAGG
GAAGITATCT
TCTTTGTACA
TCATTCTTAA
ACCTACGITG
TTAGCAGTCA
ACAATTAGAC
GTAAGGCCAA
TTTTTTATTC
AATATAATTA
ATATAAAATT
AAAATCGGAA

GTAGACTGAA
GGGATACTAT
CAAGAAAAAT
TTAGGAGITC
ACACTGGAAA
ACTTCGTGAA
AGGTCAGGCA
GCATATCAAA
ATCCCTCGTA
TTACTAACCT
GGAAATTACG
TATGAGCTGG
ATCAAAGCGG
ACAATCAAAT
GACATTCCAG
GATACCTCCA
GTAATTAGCA
CTGAAAAGEG
CGTATAAAGG
AAGCTGCAAA
ACAGCGAGCA
TTTCGTATAA
CAAGTTCAAT
ACTACCGITG
CTTCGGACAA
TTCCTTGCGA
TTTCTCCTGG
CAGCAAATGT
AAAAAAAATT
TATTAGAAGT

GGCGCAAATT
ATAGTAATGA
CTGGGTGEGT
GITATCACCA
TTCGGAAGAA
GCTCTCCACC
CTCAAGATTG
ATGAAAGACG
AGAAGCTGCA
CCATAATAAA
GCAGCCCATC
AATATCCCTT
AAAATCACTA
ACTTCGGAGT
AGAGCATACC
ATGGCAGTCA
AAGTACACAG
CAATTAGAGA
CGCGAAGGEC
TTAAACTATC
AACACCTATA
AGCTACAAGC
TCGCCAAAAG
CTGCTCCCCT
TTGITACGGG
CGGGGEGAGEA
AAACCCGGAT

TTTTTTTATT
ATCCTGCTCT

ACTGGACCAG
GCCATTTACC
GAAAAGAAAT
TAAAACTGAT
CCCAGCTAAA
ACCGACTAGA
TATAACGGTA
ATCCTGATCGA
GACAACGCECT
TCCCAAGCTG
AGATATGCAG
GATTGAGGEA
CGCAGTCCCA
AAAAAGAAAT
ACTAAACATG
ACCTAGCACT
CAGCGCACGG
AAGAAACACA
AAGAAACCGA
AACTCACGIT
CGGAATGACT
GTCTACCTGT
GIGAATACCT
TTGCGGACAC
CCTCAACCTC
AGGATTAAAA

GGAATCGGCC
GAGITCCCCC
GGGAGITGAG
TTAATCTCAG
TGTATGGAGT
CTAGATCCTT
TTTGAGATGC
TGTATCTTCA
TCATCTTACG
CTAAAGCACG
GTACCAATTA
AGAAAGGCAC
GGAAGTAATT
ATGCGTAAGC
GAATCACCTT
CGCCAGCECCG
CGAAGGCCCG
GICTTAACAG
GCTGCAAAGA
GITAGTTCAA
GAACGCGTGA
ACCGCCTAAT
TGCAGGTGAG
AGATGGAGCT
TCGIGITTCC
TGGITTCAGC

TGCTTATGTA
CGGATGGATT
AAAAAGACTC
GTGAAACGCG
TGATTAGATC
TAATGCGTAG
AATTGAATGA
GAGGACCCAA
CTTGCCATTG
GAAAACAATG
AATTGCAAGA
TACGTCTGAG
GGCGTGAATG
GTACTAAACC
CTGATCCCAC
GACCAACATC
TGCTTCCGGA
AAAGTAAAGA
ACAATITAGAA
TTAGCCTTAA
GCGCAACCAG
TAAGCCAGCA
CAACTATCTG
TTCAGCATTG
AGITCGCATTC
TTTGAAACCA

GATGATTCCG AGCAAGTCAC ATTTACTTAA
GCCTTTGCGG TCATCATCATNGATETATTTT TATTGATGTA
ACATCTGGAT TCTCATTTTA GATTCGAACT

TCCTTTGAGC TAATGAGAACfEITYYcccce
ACCACTGACC CCTTTTGTTC CTATTTTAAC g

Figure 3-2. Mitochondrial sequences that were found in longdiN. intermediaisolates

1,020
1,080
1,140
1,200
1,260
1,320
1,380
1,440
1,500
1,560
1,620
1,680
1,740
1,800
1,860
1,920
1,980
2,040
2,100
2,160
2,220
2,280
2,340
2,400
2,460
2,540
2,600
2,660
2,720
2,780
2,811

NI105.01 and NI128.01, consisting partly of pKALILO (indicated in black¥equences derived
from the mitochondrial genome (indicated in greyhwpossible similarity to the terminal 3’
trinucleotide repeat sequence of the novel elenrewtark grey), and a novel, cryptic retro-
element. The initiation- and termination-codonstioé putative RT gene are boxed. The
tRNA*® sequence is indicated in italics (with the ccpléti that is post-transcriptionally added
by the mitochondrial tRNA nucleotidyl transferasedarlined). Bases 1120 and 1121 in the
sequence from isolatdl05.01 may represent an addition to the terminal dinualeorepeat
sequence of pKALILO.
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that are encoded by several mitochondrial retrsspids. The predicted 663 amino acids long
protein is most similar to the RT from the retraghid pTHR1 fronTrichoderma harzianum
(GenBank accession nr. AAF89327; Angdlal, 2002) with 48% similarity and 35% identity
over a length of 395 amino acids (E value = 4*L0Similarity to pTHR1 was followed by
that tothe RTs encoded by pVARKUD froid. intermediaand pMAURICEVILLE fromN.
crassa(GenBank accession nrs. AAA70286 and AAA70287 eetpely; Nargang, 1986),
with 46% similarity and 29% identity over a length354 amino acids for both RTs (E value
= 1-10° for both RTs). The novel element thus presumablyesponds to a novel retro-
plasmid. PVARKUD and pMAURICEVILLE from Neurospoes well as introm are able to
incorporate mitochondrial sequences via the foromatif hybrid cDNAs. As known also from
certain retroviruses, this probably occurs by esours template switching of the RT they
encode (Akinget al, 1989; Chiang et al., 1994; Chiang and Lambowli®97, Sellenet al,
2000). In the process often mitochondrial tRNAs merporated, as was found in isolate
NI28.01 (see figure 3-2b). We used PCR to see if we cdud the putatively circular
progenitor element (lacking any additional mtDNAKALILO sequences) imNI28.01and
NIO5.01 Primers were based on the sequence found inteéshl28.01, extending outward
from within the 5’ and 3’ UTR of the predicted RErge. We were unable to find the exact
sequence corresponding to the progenitor (lacking additional mtDNA or pKALILO
sequences), though a form of the plasmid was foutid the sequence of pKALILO nearly
entirely deleted. The molecule consisted almostaintof the novel retro-element, a 125 bp
region of mtDNA including the tRNA sequence, and%bp region derived from the distal
end of pKALILO. The latter sequence was found ithbarientations.

Using PCR, with primers located within the RT gene tested for the presence of the
novel retro-element in the rest of the Hawaisirintermediawild types. From the pKALILO
free isolates, none contained the element. Frorpk#d_ILO containing isolates, all five that
were long-lived contained it, suggesting that thespnce of this element was involved in the
suppression of the senescence trait. Additionallg, tested for its presence among the
cultures from the octad analysis, which showed thatas maternally inherited, confirming
its cytoplasmic location.

Discussion
The fungal senescence phenomenorPofanserinaappears to be causally linked to the
activity of the respiratory chain: Disruption ofettnormal respiratory pathway results in a

switch to alternative modes of respiration, withc@ncomitant reduction in the levels of
reactive oxygen species (ROS) produced and arggiiklonger life span (Dufowst al.,2000;
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Dufour and Larsson, 2004). The spontaneous longeniitants that have been foundRn
anserinatypically have major deletions in the mitochontiganome and these all suffer from
a loss of female fertility, which is presumably doea severe cellular energy deficit. Unlike
the senescence process in Podospora however, tigalflsenescence trait caused by
pKALILO appears to be suppressed in our isolatéh@eat the cost of fertility nor that of the
mycelial growth rate. This should not be surprisilgcause these were not laboratory
isolates, but isolates derived from ascosporeecteitl directly from the field (Maast al.,
2005, see also chapter 2) that have thus beencstibjeatural selection.

Although previous work did suggest pleiotropic eets of pKALILO on the
reproductive fitness of its host (Bok and Griffitt2900), we have not been able to reproduce
these results using isogenic combinations of isslatvith and without pKALILO
(unpublished results). Moreover, also the invertp#i2-1 from P. anserinashortens life
span without any noticeable beneficial effects eproduction (Maast al.,2004). There thus
does not appear to be a trade-off between life gpanreproduction with regard to invertron
based senescence, contrary to expectation fromaitki evolutionary explanations of aging.
Furthermore, invertron based senescence does peaajp respond to calorie restriction in a
life span extending manner as true aging does (Mtas, 2004) and is thus fundamentally
different from the fungal senescence phenomenoariggally described by Rizet (1953).
Also a different mode of suppression may be expecte

Cytoplasmic suppression of pKALILO based senescence

Here we have shown that suppression of pKALILO Hasmescence, as found in the natural
population ofN. intermediafrom Hawaii, is maternally inherited and assodatgth a stable
titer of the autonomously replicating senescencasmld. Short-lived isolates typically
accumulated variant mtDNA molecules with pKALILOtegrated in or close to one of the
mitochondrial rRNA genes (see also chapter 6), edeeithis was not the case in long-lived
isolates. The isolates that were able to toler&@&LpLO were co-infected with a novel
mitochondrial retro-element. In at least two ofshaesolates, stable recombinants of the two
were found, including short intervening stretchésemuence derived from the mitochondrial
genome. The latter molecules were possibly gergerata hybrid cDNA formation by
erroneous template switching of the RT encodedheyrtovel element, as also known for
example from the RTs encoded by retro-plasmidshefMauriceville group (Akinset al,
1989, Chianget al, 1994, Chiang and Lambowitz, 1997).

Whereas integrated copies found in senescingtesokre usually located within the
MtDNA region that contains the mitochondrial rRNAngs (see chapter 6), the copies found

52



in isolatesNI05.01 and N128.01 were located in a different region. Unlike mostegrated
copies that are found in senescing isolates, trey ¢omplete termini. Furthermore, as
mentioned above, they had recombined with the nae&loelement. Either one or a
combination of these three may account for the mgson of pKALILO based senescence in
natural isolates. The intact termini are most iikal side-effect of the reverse transcription
mediated integration process, as is the site efynattion, and the novel retro-element itself is
thus probably in some way responsible for the seggpon of senescence.

Although similar effects of pTHR1 from Trichoderrmave not been reported (Antal
et al.,, 2002), both pVARKUD and pMAURICEVILLE have beensasiated with a
senescence phenotype in Neurospora (Akatsal, 1989): They integrate into the
mitochondrial genome, generating suppressive mtDiMAants that gradually replace the
wild-type mitochondrial genome. This presumably s&si senescence by interfering with
mitochondrial function. The newly discovered retdement may similarly be a cryptic
senescence plasmid. Testing this would requiresalate containing the retro-element but
devoid of pKALILO. Unfortunately we have not yettamed such an isolate; of the 64
natural isolates tested only the long-lived pKALIldArrying isolates contained the element.
Since the novel retro-element may thus be a senesgelasmid itself, our observation is
puzzling. The simplest explanation would be thateétement is not associated with a virulent
phenotype and that this is dominant over the eftdéqgdKALILO. Alternatively, pKALILO
may be suppressed by means of interference competiith the novel element. Although
parasitic virulence is generally driven by resouccenpetition within hosts (Ebert, 1998),
interference competition is believed to attenuatalence rather than enforce it (Massety
al., 2004). This is in fact a well known phenomenorvimuses. It would thus be relevant to
experimentally test the latter hypothesis, by caommg cytoplasms from different isolates
carrying different types of senescence plasmidsfafsas we know, despite their relatively
high frequencies, none the senescence plasmids éaee been found in one common
cytoplasm in nature.
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The linear mitochondrial plasmid pAL2-1 reduces cabrie
restriction mediated life span extension irPodospora anserina

M. F. P. M. Maas, H. J. de Boer, R. F. HoekstraAand. M. Debets

Abstract

Calorie restriction is the only life span extendiregimen known that applies to all aging
organisms. Although most fungi do not appear tesee, all natural isolates of the modular
filamentous fungu$odospora anserinhave a limited life span. In this paper, we shbat t
calorie restriction extends life span alsoRpdospora anserinaThe response to glucose
limitation varies significantly among 23 naturablstes from a local population in The
Netherlands, ranging from no effect up to a fivlefdife span extension. The isolate
dependent effect is largely due to the presenabsence of pAL2-1 homologous plasmids.
These mitochondrial plasmids are associated witluaed life span under calorie restricted
conditions, suggesting a causal link. This was tsuitsited using three isogenic combinations
of isolates with and without plasmids. A model isogpsed to explain how pAL2-1
homologues influence the response to calorie otisini.

Introduction

For over half a century calorie restriction (CR}¥ Heen known to extend life span, although
the molecular basis for this has remained largegolved (Koubova and Guarente, 2003). CR
refers to a dietary regimen low in calories, buthaut starvation. Since the life span
extending effect of CR was first noted in the 1980sodents (McCayet al, 1935), it has
been studied in many other organisms. It exterféssipan for example in yeast, rotifers,
spiders, worms, fish, mice, and rats (Weindruch Whalford, 1988) and probably also in
nonhuman primates (Laret al, 2001). The life span extending response to C& dhear
selective value because it allows organisms toppost reproduction until food is available.
When food intake is restored, the calorie resttigtelividuals are still capable of producing
progeny, even when well-fed controls are post-répctive or no longer alive (Guarente and
Kenyon, 2000). Other external conditions under WHife span extension has been observed
include heat stress (Sharenal, 1998), superoxide dismutase and catalase mim@iekov
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et al, 2000), hypergravity (Le Bourg and Minois, 1997)dahigh external osmolarity
(Kaeberleinet al, 2002). Different hypotheses have been put faiwer explain the
mechanism by which CR works. One model proposdsttsbows down metabolism, thereby
slowing the production of potentially cytotoxic ot@e oxygen species (ROS) consequently
slowing the aging process (Harman, 1981). An &aditve model proposes that it induces a
wider range of responses that ultimately leadfeodpan extension (Koubova and Guarente,
2003).

A broadly accepted theory on the evolution of agds the disposable soma theory
(Kirkwood, 1977). This theory considers the ‘Weismi@n’ distinction between germ line
and soma. The germ line is the cell line that it &gart from the soma for sexual
reproduction. Whereas the germ line must be imrhottee soma is not required after
successful reproduction and is therefore alloweskttesce. As opposed to unitary organisms,
modular organisms like hydroids, corals and bryosdack a clear distinction between germ
line and soma and are therefore expected to beliead, In addition, modular organisms
have a reproductive value increasing with time s@gescence is consequently often delayed
and directed at the module (Andrews, 1998).

Filamentous fungi as typical modular organismsthegefore generally expected to be
extremely long-lived. Some remarkable exceptionsvew@r exist, like for example the
coprophilic ascomycetPodospora anserina. P. anserimeas a strain-specific life span and
exhibits a distinctive senescence phenotype (Ri853). This phenotype is characterized by
an age-related decline in mycelial growth rate &ntility, a progressive reduction in the
amount of aerial hyphae that are formed, and ameased pigmentation of the distal
mycelium. Senescence occurs in all natural isolateshis fungus (Rizet, 1953). Other
examples of senescence in fungi exist within theugeNeurospora where some populations
appear to show polymorphism for senescence (Debets 1995, Maa®t al., 2005). These
fungal senescence syndromes all have in common tthey are associated with an
accumulation of defective mitochondrial DNA (forviews see Dujon and Belcour 1989;
Griffiths 1992) and this may be causally linkedhe activity of the respiratory chain and its
concomitant production of ROS (Dufoeir al., 2000).

Linear mitochondrial plasmids have been showrtffiectlife span both in Podospora
and in Neurospora. These plasmids typically havena@rtron structure (with long terminal
inverted repeats, TIRs) similar to that found foample in linear dsDNA viruses. In
Neurospora the presence of linear mitochondriakrplds is typically correlated with
mitochondrial instability culminating in death. e mitochondrial plasmids, called
pKALILO and pMARANHAR, have therefore been termeshascence plasmids (Griffiths,
1992). InP. anserinaon the other hand, the presence of a linear notodtial plasmid called
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pAL2-1, was initially associated with an increadiéel span rather than with senescence. The
latter plasmid was first discovered in stré&b2, where it had integrated into the third intron
of cob, the apocytochrome b gene which is a componeneggiratory complex Ill. It was
associated with longevity and consequently, pAL2ag historically been termed a life span-
prolonging plasmid (Hermannst al, 1994). The life span prolonging effect of pAL2-1
however seems an exception rather than a rulemijerity of all natural isolates containing
pAL2-1 homologous plasmids do not show this ef{feanh der Gaagt al., 1998).

The data presented here show that senescencgniicsintly delayed by CR irP.
ansering and that the natural variation that exists fa thsponse to CR corresponds largely
to the presence or absence of pAL2-1 homologouscimiindrial plasmids in the isolates.
Analysis of near-isogenic lines with or without AL2-1 homologue confirmed that these
mitochondrial plasmids reduce the life span extegdeffect of CR inP. anserina
Presumably they interfere with the efficiency ofidlar energy production, thus blocking the
response to CR as the latter requires a conseevas® of resources.

Material and Methods

Strains and culturing conditions

Properties and growth conditions of the pseudo-tiballiic ascomycetd®. anserinahave
previously been reviewed by Esser (1974). All isgdaused in this study (Table 6-1) are from
a collection of wild types originating from the soundings of Wageningen, The Netherlands.
About twenty percent of these wild types contairaatonomously replicating mitochondrial
plasmid homologous to pAL2-1 (van der Gaa@l, 1998).

Isolates were grown on cornmeal agar with eitlegutar or 100-fold reduced D-
glucose content. Regular cornmeal agar containg¥ Iw/v) Difco™ cornmeal agar, 0.7%
(w/v) D-glucose, 1.0% (w/v) sucrose, 0.1% (w/v) steaxtract, 0.1 %o KEPO, and 0.6%
(w/v) agar. Where D-glucose was 100-fold reducedrase was used to correct the osmotic
value of the mediun®. anserinds unable to utilize sucrose as a carbon-source.

Construction of near-isogenic lines
Loss of pAL2-1 homologues can occur during the akgycle (van der Gaagt al, 1998). It
was thus possible to obtain plasmid-free and pldsrantaining progeny from self-fertilized

isolates. This was done for isolatéga26, Wa32and Wall9 progeny obtained by self-
fertilization were tested for the presence of pALRomologues using PCR analysis. DNA
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was extracted according to standard proceduresi{®aket al, 1989) and PCR was done
using oligonucleotide primers (5 GGA GGA TCG AGGSA GAT TTT G 3 and 5° GGT
TGT TTT ATG TCG CCT ATG AGA 3) located within theerminal inverted repeat (TIR) of
the plasmid. PCR amplification was done using 38as/with an annealing temperaturgot
49 °C and an elongation time of one minute. Thelltieg sets of near-isogenic siblings,
hereafter referred to as ‘isogenic’, were usedchtyee the effect of the plasmid.

Survival analysis

Life span was measured in hours of growth usingfOlong glass ‘race tubes’ containing
eighteen ml of either regular or glucose limiteddimen. Tubes were inoculated using young
mycelium and incubated at 27 °C. Growth was moedataily.

23 natural isolates were used to examine the alavariation for the response to CR,
ten of which contained a pAL2-1 homologue and #airt of which did not. Per isolate, ten
replicate tubes were used: five for each condif@ther normal or calorie restricted). Growth
rates were determined by calculating the slopeth®flinear parts of the individual growth
curves (in mm/day). These data were compared wsiogvay analysis of variance (Two-way
ANOVA). Life span was measured in hours until growatrest. We tested for the effect of CR
and whether or not this would be isolate specibata of the natural isolates were analyzed
using the COX proportional hazards model and plo&te cumulative survival in time using
Kaplan-Meier estimates. The results obtained withriear-isogenic isolates were analyzed in
a similar way, except for the use of isolates asratifying variable. All data were analyzed
using statistics package SPSS© 8.0.0.

Results

Calorie restriction slows down aging in natural iates of P.anserina

Studies on senescenceRndosporausually define life span as growth in cm. Here aoer,

life span is defined in hours until growth arresithough mycelial growth rate was affected
both by the presence of pAL2-1 homologues (redumecpproximately 15%, under both
normal and calorie restricted conditions; two-waM@VA, F=18.4, df=1, P<0.001) and by
CR (increased by approximately 50%, independeritithe presence of a plasmid; two-way
ANOVA, F=144.3, df=1, P<0.001), this did not influee the outcome of the experiment. In
fact, expression in cm would even increase theifssignce of the findings discussed below.
Under conditions with 100-fold reduced glucose eantisolates typically grew faster but
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less dense. Compared to isolates grown under naromalitions, they were poorly colored,

arrhythmic and reproduced more slowly. Culturesngyunder calorie restricted conditions

typically showed an increase in microconidial prctthn just before death, observed as a
more intensely colored band. Results for all indlixl isolates have been summarized in
Table 4-1. Survival analysis showed a significafé kpan prolonging effect of calorie

restriction (Wald'’s test, Z=67.2, df=1, P<0.000aple 4-2).

Table 4-1. Life spans of naturdP. anserinaisolates under normal (N) and calorie restrict€&R)
conditions. Using Southern analysfgallandWa26were previously classified as plasmid-free (Van
der Gaaget al, 1998).

Isolate N CR CR effect
hrs = se (n) hrs = se (n) (CR/N)
Plasmid free Wa03 283 +29 (5) 549 + 38 (5) 1.94
Wa07 271 £17 (5) 1080 + 106 (5) 3.96
Wal3 236 + 12 (5) 696 + 141 (5) 2.95
Wal4 243 £ 7 (5) 466 + 111 (5) 1.92
Wal6 313+30(5) 1226 £ 122 (5) 3.92
Wal7 256 + 33 (5) 356 + 33 (5) 1.39
Wal9 170 £ 17 (5) 223 + 33 (5) 1.31
Wa21l 243 £ 11 (5) 499 + 22 (5) 2.05
Wa23 276 £ 5 (5) 966 + 92 (5) 3.50
Wa24 291 +£13 (5) 842 + 88 (5) 2.89
Wa25 147 £ 8 (5) 244 + 22 (5) 1.66
Wa29 325+ 40 (5) 429 + 66 (5) 1.32
Wab2 209 +5 (5) 1057 £ 120 (5) 5.06
Plasmid containing Wa04 216 £ 51 (5) 354 £ 77 (5) 1.64
Walo 152+ 9 (5) 271+ 28 (5) 1.78
Wall 243 +16 (5) 277 £ 56 (5) 1.14
Wal8 201 £ 29 (5) 284 + 51 (5) 1.41
Wa26 229 + 21 (5) 668 + 136 (5) 2.92
Wa30 198 + 13 (5) 294 + 23 (5) 1.48
Wa32 231+ 28 (5) 210 £ 10 (5) 0.91
Wa34 174 £ 21 (5) 242 + 17 (5) 1.39
Wa45a 287 43 (5) 293 £ 57 (5) 1.02
Wall9 204 +19 (5) 297 £ 78 (5) 1.45
Subtotal plasmid free 251 £ 8 (65) 664 £ 46 (65) 652.
Subtotal plasmid containing 213 £ 9 (50) 319 +26)( 1.50
Total 234 + 6 (115) 514 + 32 (115) 2.20
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Table 4-2. Survival analysis of natural isolates using theXC@oportional hazards model (N=230,
0% censored). The joint predictive ability of theesified variables is significant (Goodness of fit
¥?=318, df=3, P<0.0001). Calorie restriction increslife span in an isolate dependent manner.

Variable B +se Wald’s test HR 95% Cl

Z df P
CR -6.84 £0 .83 67.2 1 <0.0001 0.0011 (0.000D0%5)
Isolate - 80.9 22 <0.0001 - -
Isolate * CR - 79.7 22 <0.0001 - -

1 Hazard Ratio (estimated measure of effect of amyivariable on the instantaneous death rate). ¥datow
one indicate a life span prolonging effect, valaqaal to one indicate no effect and values aboecimdicate a
life span reducing effect.

The response to calorie restriction varies widehpag isolates (Wald's test, Z=79,7
df=22, P<0.0001, Table 4-2), ranging from no efigat examplen Wa45a,Table 4-1) up to
a five-fold life span extending effect (for exampile Wa52 Table 4-1). Closer inspection of
the data shows that the variation in the isolagspaonse corresponds largely to the presence
or absence of pAL2-1 homologues (Table 4-1, Figufg. When the same analysis was done,
but controlled for plasmid presence, a significamount of variation remained (Wald’s test,
Z=54.4, df=22, P=0.0001). Thus most, but not akjation can be ascribed to the presence or
absence of pAL2-1 homologues. Figure 4-1 showscthmulative survival of the subset of
isolates that contain a pAL2-1 homologue or thessulbof isolates that do not, under normal
and calorie restricted conditions. Plasmid fre¢aiss thus strongly respond to calorie restrion
whereas plasmid containing isolates do not.

PAL2-1 homologous plasmids reduce calorie restittnediated life span extension

The data from the natural isolates alone do namalls to distinguish a true effect of the
plasmid from a potential effect of its associateatiground. We thus constructed and
analyzed near-isogenic combinations of isolatek aitd without a plasmid, by selecting for
plasmid containing and plasmid free sibs amongptiogieny of self-fertilized isolates. Race
tubes of one set of ‘isogenic’ isolates are showriigure 4-2. A summary of the results
obtained with the sets of ‘isogenic’ strains isagivn table 4-3. Survival analysis showed that
the effect of the pAL2-1 homologues did not reduim a host background effect. When
controlled for host background, the plasmid effent CR remained (Wald’'s test, Z=13.5,
df=1, P=0.0002).
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Figure 4-1. Kaplan-Meier survival curves of naturBl anserina plasmid free (top panel) and
plasmid containing (lower panel) isolates undemmadr(solid line) and glucose limited (dotted
line) conditions. The presence of pAL2-1 homolog@lssmids strongly reduces the life span
extending effect of glucose limitation. The 95% fidence intervals are indicated using grey
(solid or dotted) lines.
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Figure 4-2. Near-isogenic strains derived from wild-type isel&/a32, with and without a pAL2-1
homologue, grown under normal and calorie restlicenditions. Whereas CR hardly affects life span
in Wa32, it extends life span two-fold in its pladniree siblings. As was also the case in the
comparison between natural isolates, pAL2-1 homwmsgdid not have any visible effect on
reproduction. From top to bottom duplicate racestuare shown: plasmid containing and plasmid free
strains under standard (top half) and glucose dith{bottom half) conditions. Growth arrested in all
isolates except in the plasmid free strain underearestricted conditions (lower two tubes).

Table 4-3. Average life spans (LS) in hrs £ se (n) of neag&nic combinations of strains with or
without a pAL2-1 homologue, grown under normal @td calorie restricted (CR) conditions. The
effect of CR is expressed as the ratio of CR and N.

Isolate Plasmid status N CR CR effect
LS in hrs £ se LSin hrs = se (CR/N)
Wa26 Plasmid containing 214 +9 (16) 473 £ 23 (13) 2.21
Plasmid free 240 £ 9 (30) 672 £ 42 (31) 2.80
Wa32 Plasmid containing 251 +21 (13) 286 + 31 (15) 1.14
Plasmid free 275 £ 15 (15) 534 + 14 (15) 1.94
Wal19 Plasmid containing 195 + 16 (15) 286 + 34 (15) 1.47
Plasmid free 160 £ 9 (15) 334 £ 33 (15) 2.09
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Discussion

Modular and unitary body plans and calorie restioct

In unitary organisms like mice, rats, spiders, wamand fish, CR has been shown to extend
life span (Weindruch and Walford, 1988). Reproduecticapacity in unitary organisms
generally increases with age, then decreaseswieticdby senescence and death (Andrews,
1998). Extending life span and postponing repradocwill allow a unitary organism to
survive unfavorable conditions. In modular orgargsmowever, the adaptive significance of
the response to calorie restriction is more diffido explain because reproductive value
increases with age and systemic senescence is ddtaged or absent, although senescence
directed at the module can occur. Postponing rejmtozh does not make sense in the same
way as it does in unitary organisms because th@deptive value is potentially infinite, and
one would not expect a trade-off between life spad early reproduction as in unitary
organisms. The filamentous fungBedospora anserings a typical modular organism with
an iterative, indeterminate growth. Because repebde output is a function of the size of
the soma, the potential reproductive value increasgponentially with age. Yet this
coprophilous fungus has a limited life span: Inratural isolates senescence occurs after a
strain-specific time (Rizet, 1953, van der Gaad8)9Senescence may have evolved in this
modular system as a result of its ephemeral grawstiditions: Growth is restricted by the
temporal availability and limited size of its sulase. This kind of resource limitation causes
the genetic and physiological individual to shdre same fate, because there is no dispersal
via asexual propagules in Podospora, only via despuares. Hence, the unit of selection is
the entire organism and in this respect Podosgs@mbles unitary organisms. Therefore, not
only aging is expected to evolve in this systent, diso the life span extending response to
CR. It is clear from the results presented hera, ¢hlorie restriction postpones reproduction
and senescence in Podospora in an isolate depemdener.

Calorie restriction and the plasmid pAL2-1

Isolate dependent effects of CR are largely expliiby the presence or absence of pAL2-1
homologues. These plasmids apparently reduce pda sinder calorie restricted conditions
and therefore they can be considered senescersmigta The plasmid effect is remarkable
because pAL2-1 was first described as a longevagmpid (Hermanngt al, 1994). In the
latter case, pAL2-1 was integrated into the mitoch@l genome, delaying the senescence
process. Recently we obtained another long-livedais carrying a pAL2-1 homologue
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integrated into the mitochondrial genome (see @rapl. Because under normal conditions
the life span reducing effects of the pAL2-1 hongolos plasmids are overshadowed by
natural senescence, they are more likely to maniflesmselves as longevity inducing
plasmids. Considering their effect under caloristrieted conditions though, they are not
different in effect from mitochondrial plasmids @éikpKALILO from N. intermediaor
PMARANHAR from N. crassa In the case of these latter two plasmids, intsgmnais
believed to cause death rather than longevity. Gibat Neurosporadoes not senesce, the
plasmids can only manifest themselves as life gpdncing plasmids. The observed effects
of these and similar plasmids obviously depend dwther or not the host senesces. For
example, in the slime molBhysarum polycephaluthat normally senesces, integration of a
linear mitochondrial plasmid (Nakagawaal, 1998) has been associated with longevity but
not senescence. Despite the fact that plasmidratieg has historically been associated with
longevity, pAL2-1 may thus be more appropriatelijjezha senescence plasmid.

Life span extension by CR has been found in maggrosms. The results presented
here demonstrate that CR extends life span ald®. enserina.However, the presence of
pAL2-1 homologues drastically reduces this effatfe propose a model to explain this.
Calorie restriction extends life span $accharomyceserevisiaeby increasing respiration
(Lin et al, 2002). If this is a general pathway, plasmidst timterfere with mitochondrial
function are indeed expected to reduce the eff€éod€CR. For example, death caused by
pKALILO from N. intermediais associated with a highly increased copy nunolbe¢he free
plasmid, the appearance of integrated copies andchandrial defects like cytochrome
deficiencies and abnormal mitochondrial ribosomalfifes (Griffiths, 1992). Notably, CR
does not increase life span of pKALILO containirsplates ofNeurospora(Maaset al,
unpublished data). If indeed pAL2-1 similarly affeeitochondrial function, this can explain
why its presence interferes with the life span edileg response to CR.
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A novel long-lived mutant of Podospora anserina

M. F. P. M. Maas, C. H. Sellem, V. Rincheval, Rdéekstra, A. J. M. Debets,
and A. Sainsard-Chanet

Abstract

The integration of linear mitochondrial plasmid pAlL into the mitochondrial genome has
been associated with life span extension in tlni@ntous funguBodospora anserinaAll of

its autonomously replicating homologues on the oki@and were, though only under glucose
limited conditions, associated with a reductionliie span. We recently obtained a second
long-lived isolate containing an integrated pALZxdmologue. As expected, the longevity
trait was inherited maternally. The plasmid haégnated into the putative promoter region of
a messenger containing tmad2 and nad3 genes that encode two membrane subunits of
respiratory complex |. This had serious repercussihroughout the respiratory chain. The
mutation was associated with the induction of aliéve respiratory pathways, effectively
resulting in a shift towards a relatively less @it but faster form of respiration. The long-
lived mutant showed reduced fertility indicating energy deficiency, reduced levels of
reactive oxygen species (ROS) and increased mitotiad genome stability.

Introduction

Fungal senescence is typically associated with ahdodrial abnormalities including
rearrangements of the mitochondrial genome andaoitant biochemical defects (Griffiths,
1992; Bertrand, 2000). Senescing isolates of faeméntous ascomyceRBodospora anserina
for example accumulate small circular mtDNA derives termed senDNAs. Over the course
of time these senDNAs are amplified to such anrexteat normal mtDNA is no longer
observed and this ultimately renders mitochondysfuhctional. The most prominent one of
these mtDNA derivatives is termed senDNAalso known as pl-DNA, Osiewacz, 2002), a
2.5 Kb circle that corresponds exactly to the n@igitoup Il introncoxkil, also known as
intron a. Recent work however has shown that it is neifilrgtrintrona nor any other specific
mitochondrial element in itself, but the overalltigity of respiratory metabolism and its
concomitant production of potentially cytotoxic cége oxygen species (ROS) that are
probably at the core of the senescence process(bahd Larsson, 2004; Osiewacz 2002).
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The implication of free radicals in the aging mes was proposed already half a
century ago (Harmann, 1956). They are an inhergirbduct of the mitochondrial electron
transport chain. Mitochondrial electron transpooupmles the reduction of oxygen to the
establishment of an electrochemical gradient adfussnner mitochondrial membrangy(),
which is used by the mitochondrial ATP synthasptosphorylate ADP. Not only is this the
most important source of cellular energy in aer@hikaryotes, but it is also a potent source
of free radicals that will damage the cell if nqipeopriately discarded by scavenging
systems. Both in animal models and in man, defefctee electron transport chain typically
cause cellular energy depletion and increased dedEROS. The latter is associated with
aging and a wide variety of aging-related procegS¢sgenageet al., 1994; Lenazet al.,
2002; Wallace, 2001).

In P. anserina defects of the electron transport chain paraddlyi@appear to lower
the level of intracellular oxidative stress ratiban increase it, ultimately resulting in
longevity rather than senescence (Dufeual, 2000).The latter may be explained by the fact
that fungi, like plants, can switch to alternatimedes of respiration. The respiratory chain of
Podospora is organized in a large super-molectriactare called the respirasome (Kraase
al., 2004). In one particular conformation of thisygaex structure, electrons do not use the
cytochrome c oxidase (respiratory complex 1V) dejeem pathway. Electrons can be shuttled
directly to oxygen by an alternative, nuclear-erezbdjuinol oxidase (AOXp). The latter
mildly uncouples the oxidation of quinol from phbagpylation, thereby potentially lowering
both energy and mitochondrial free radical productiMild uncoupling is known to have this
effect (Miwa and Brand, 2003; Merry, 2002). In gkathe induction of AOXp and the level
of mitochondrial ROS are correlated accordingly xMall et al.,1999), and at first sight this
also seems to hold up for Podospora. Whereas bctivewing, short-lived wild types dP.
anserinado not use the alternative pathway, long-lived antg with defects in complex IV
typically all do. The latter all show severely redd levels of cellular energy as well as
reduced levels of oxidative stress (Dufour and &@ns 2004). Loriret al. (2001) however
showed that overexpression of the alternative payhean antagonize the effect of complex
IV dysfunction, remarkably restoring both the onajilevel of cellular energy and the original
level of oxidative stress rather than reducing ehedtimately restoring both senescence and
fertility. The latter may be explained by an indireeffect of AOXp on the functioning of
respiratory complex |. Whatever the exact etiolbghind it, there are ultimately at least three
factors consistently associated with senescenc. ianserina The level of intracellular
oxidative stress, the stability of the mitochonbdlaromosome, and the cellular energy level.
All long-lived isolates obtained thus far showedueed levels of oxidative stress, increased
MtDNA stability, and suffered from reduced fenilindicating deficient energy production.
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Although most previously isolated long-lived mutamere cytochrome c oxidase
deficient and completely female sterile, some stibwed a moderate degree of fertility, like
the long-lived isolaté&L2 (Osiewaczt al, 1989) The latter isolate, a derivative of laborat
strain A, contained an 8.4 Kb large linear mitochondriasphid with a typical invertron
structure (containing long terminal inverted repedtlRs; Hermans and Osiewacz, 1992).
The plasmid, called pAL2-1, was present as an amwusly replicating element and in
addition it had integrated into several sites @& thitochondrial genome of the isolate. One
copy was found in the third intron @bb, the apocytochrome b gene and another one in a
different yet uncharacterized location (Hermaensl., 1994). In addition to the integrated
plasmids, the long-lived isolate contained a 3.6l#&lge homoplasmic deletion that included
two mitochondrial tRNA genes (Hermanns and Osiewacz, 1996). Integrated an
autonomously replicating copies of the plasmid ddué transferred along with the longevity
trait and this was independent from the lattertitele hence the plasmid associated sequences
rather than the deletion must have been responsibldongevity. Even though it was
formally never shown whether the autonomously ogping form of pAL2-1, the integrated
form, perhaps both or even an integration assatiatedification elsewhere in the
mitochondrial genome was ultimately responsibléegration was held responsible for
longevity and pAL2-1 was thus dubbed a longevitguicing plasmid. The autonomously
replicating homologues from the natural populatiegre associated neither with integration
nor with longevity and these were therefore deemedtral (van der Gaagt al, 1998).
However, the latter plasmids could be transmittedziontally with remarkable ease (van der
Gaaget al., 1998) which is generally a hallmark of virulena@nd thus their status as
phenotypically neutral remained questionable. Régeme have shown that none of the
naturally occurring pAL2-1 homologues are in faetitral: Particularly under glucose limited
conditions they are all associated with a strikiegescence phenotype. Whereas Podospora
like all other aging organisms responds to caleesriction (CR) in a life span extending
manner, the isolates that carry a pAL2-1 homolodaenot or hardly show this response
(Maaset al, 2004). At first sight, pAL2-1 thus appears to und senescence rather than
longevity, though longevity may occasionally ariggon a specific integration event. This
situation is highly reminiscent of that found in UMespora, in which linear mitochondrial
plasmids also appear to be responsible for senescather than longevity. Whereas plasmid
free Neurospora isolates normally do not senesosgtcarrying either one of the invertrons
pKALILO or pMARANHAR do. The latter allegedly caussenescence by acting as
insertional mutagens of the mitochondrial genomeffiths 1992).

PAL2-1 containing isolates &. anserinahardly respond to CR (Maas al, 2004).
This probably sets pAL2-1 based senescence apam the regular aging process of
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Podospora, which is responsive to CR. The mutatioisolate AL2 affected both pAL2-1
based senescence (assuming that the prototypimipldsom strainA was associated with a
similar effect on life span as its homologues frthra natural population; note that this has
formally never been tested) and the regular agmggss of Podospora. It had a delaying
effect on the formation of senDN# but was never characterized with regard to adlspects

of mitochondrial function. Recently we obtained tn®w long-lived isolate carrying a pAL2-1
homologue integrated into the mitochondrial chroomes. As expected, the longevity trait
was inherited maternally. The plasmid had integrat¢o the putative promoter region of a
messenger containing thed2 and nd3 genes that encode two membrane subunits of
respiratory complex I. This did not just affectseewo genes, but had serious repercussions
throughout the respiratory chain. The mutation vessociated with the induction of
alternative respiratory pathways, effectively réagl in a shift towards a relatively less
efficient but potentially faster form of respiratioThe long-lived mutant showed reduced
fertility indicating an energy deficiency, redudegtels of reactive oxygen species (ROS) and
increased mitochondrial genome stability.

Materials and Methods
Isolates and culturing conditions

Properties of the pseudo-homothallic flamentousoas/ceteP. anserinahave previously
been reviewed by Esser (197¥)a01, Wa06, Wa38ndWa32all are wild-typeP. anserina
isolates originating from Wageningen, The Nethattaand have been described by van der
Gaaget al. (1998). StrainWwa32LLis a novel, long-lived derivative &a32 Isolates has
been described by Rizet (1953) and tlos5 deficient strain is a long-lived derivative sf
(Dufour et al, 2000).

Isolates were grown at 27 °C, on Modified Rizék#R) medium (Esser, 1974), unless
stated otherwiseVa32LLwas reciprocally crossed with each of the sheddiisolatedVal,
Wa6, Wa30andWa32 Crosses were made by fertilizing single matingetgultures of the
female parent with microconidia of the opposite intattype. From each cross, perithecia
were collected and dissected in order to obtainpteta asci for tetrad analysis. Ascospores
were collected onto individual plates which, touod germination, had been supplemented
with 0.06 M ammonium acetate (Esser, 1974). Lifansgvas measured using 50 cm long
glass ‘race’ tubes, and was expressed in distanicetime of growth between the inoculation
and growth arrest of a culture. To measure thalfiggowth rate, the mycelial growth front
was marked daily.
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Isolation of mitochondria

Mitochondria were obtained by discontinuous dengigdient centrifugation. Cultures were
grown for one or two days at 27 °C in liquid mediuMycelium was harvested and
immediately frozen in liquid nitrogen, ground andggended in 0.4 M sucrose, 50 mM Tris-
HCl and 2 mM EDTA, pH 8.0 containing 15 mpAmercaptoethanol. The suspensions were
centrifuged twice for 10 minutes at 3.000 rpm tdgbenuclei and large cellular debris. The
supernatant containing mitochondria and similaegiparticles was subsequently filtered
over a 30um nylon filter and centrifuged for 25 minutes at@ rpm. The resulting pellet
was resuspended in 0.4 M sucrose, 50 mM Tris-HGIZamM EDTA, pH 8.0, loaded onto a
discontinuous sucrose gradient and centrifugedlféw at 25.000 rpm. The mitochondrial
fraction was collected, centrifuged for 25 minugesl1.000 rpm and finally resuspended in
the appropriate buffers for further analysis.

Preparation of protoplasts

Protoplasts were made from cultures grown for anavo days at 27 °C in liquid medium.
Mycelium was harvested and resuspended in 0.6 Mosec5 mM NgHPO: and 45 mM
KH2POy, pH 6.0 containing 4% (w/Af)-1,3-glucanase (Glucanex, Novo Nordisk) for celllwa
lysis. The suspensions were incubated for one ot at 37 °C and gently mixed to free the
protoplasts from the partially digested myceliurhey were then filtered over cheese cloth to
remove mycelial debris and centrifuged for 10 masuat approximately 3.000 rpm. The
resulting pellet was resuspended and washed twife6i M sucrose, 5 mM NEPO, and 45
mM KH,PQO,, pH 6.0, and resuspended in appropriate bufferkifther analysis.

Nucleic acid analysis

Cultures for DNA extraction were grown for two dwee days at 27 °C on cellophane disks
overlying solid MR medium. Total DNA was extractédm these cultures using standard
procedures (Sambroak al, 1989), to be used for either Southern or PCRyaisa

For Southern analysis, DNA was digested usiiaglll (Lecelier and Silar, 1994) and
separated using gel electrophoresis in 40 mM T$;l20 mM acetic acid and 1 mM EDTA
(TAE), pH 8.0 containing 1% (w/v) agarose. DNA wasualized using ethidium bromide
staining. Electrophoresis was followed by capillaansfer and ultraviolet crosslinking of the
DNA to nylon membranes (HyboftIN, Amersham Biosciences) according to standard
procedures (Sambroadt al, 1989). The resulting blots were subsequently ikyded with
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[a-**P]-dCTP labeled probes, made using the MegaffiBaIA labelling system RPN 1606
(Amersham Biosciences). To probe regiorendy of the mitochondrial genome, we used the
complete 2.5 Kb large introm and the 14.8 Kb largécoR}1 fragment of isolats mtDNA,
respectively (Begeét al, 1999). To probe pAL2-1 homologous sequencesusesl the 1.9
Kb Xbal-3 fragment of pAL2-1 from isolatd (Hermannst al, 1994).

Based on the Southern analysis, a set of PCR mmimas designed to amplify the
plasmid/mtDNA recombination junctions found in @ Wa32LL and the corresponding
wild-type region as found in isolaM/a32 These primers are given in Table 5-1. The 5’
pAL2-1/mtDNA recombination junction was amplifiedsing primers 01 and 04, the 3’
junction using primers 01 and 05, and the wild-typgion using primers 04 and 05. In each
case, PCR was done using 30 rounds of amplificatiidm an annealing temperature,) Df
55 °C and an elongation time of one minute. Getted@horesis and visualization was done
as described above. The DNA fragments were purifisthg the Qiaquick PCR product
Purification Kit (Qiagen) and sequenced directiynfrthese fragments.

RNA was extracted according to standard proced(B8ambrooket al., 1989) from
mitochondria obtained as described above, to sulesgly be used for either Northern
analysis or reverse transcription PCR (RT-PCR).

For Northern analysis, mitochondrial RNA was safed using gel electrophoresis in
20 mM MOPS, 5 mM sodium acetate, 1 mM EDTA, pH afd 2.2 M formaldehyde
containing 1.2 % (w/v) agarose, followed by capylleransfer and ultraviolet cross-linking of
the RNA to nylon membranes (HybdAdN, Amersham Biosciences), all according to
standard procedures (Sambralal, 1989). To specifically probe the transcriptstenad?2
andnad3genes, we used PCR products amplified from theggentive two genes. A region
within nad2was amplified using primers nr. 06 and 07 (TablB,5and a region withinad3
e2 using primers nr. 08 and 09 (Table 5-1). In ezade, PCR was done using 30 rounds of
amplification with an annealing temperature)(6f 60 ‘C and an elongation time of one
minute. Products were labeled as described aboveetmsed as a probe for Northern
hybridization. The mitochondrial rRNAs served adraarnal control.

For RT-PCRs, cDNA was synthesized fronug of DNAsel treated mitochondrial
RNA each, using Avian Myeloblastosis Virus (AMV)vegse transcriptase according to the
manufacturer’s instructions (Promega). Severdedht primers were used for first strand
synthesis: primer nr. 07 located mad2 primer nr. 09 located inad3e2, or primer nr. 02
located in the TIR region of the pAL2-1 homologdalfle 5-1). Subsequent PCRs were done
using sets of primers as indicated in the textaAsnternal control, additional RT-PCRs were
done using primers nr. 10 and 11 located withincitegene or nr. 12 and 13 located within
theatp8gene (Table 5-1). Electrophoresis and visualizatiras done as described above.
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Table 5-1.0ligonucleotides used. Positions either refer ®4bquence of pAL2-1 (numbers 01 and
02, GenBank accession nr. X60707; Hermanns andv@sik 1992) or to that of the mitochondrial
genome (numbers 03-13, GenBank accession nr. X58D#aémingst al, 1990).

# Sequence Location Position

01 5 CTCCCCTGCATCCTCCAAAG?3 TIR pAL2-1 9615/8.281-300
02 5 CCCCTC TAT ATATGG TCCAG 3 TIR pAL2-1 32138.345-8.364
03 5 GAG AATTCGATTTTCTCCCC 3 tRNA™ 11.312-11.331
04 5 GTT GATTGG TTG GCT GAT TGG 3 5’ afid2 11.338-11.358
05 5 TAT AAG AGC AATTCG GTT GAAG 3 nd2 11.677-11.698
06 5 CAGTGGAGCAGTCTTTTTAATG 3 nd2 12.004-12.025
07 5 TAT ACT ATT AAG TAT ATAAAG CCC 3 nd2 12.227-12.250
08 5 CAA GAG AAG TATAGCATATITGA 3 nd3-e2 14.641-14.663
09 5 CAATTTTCAATGCACTTTTACCT 3 nd3-e2 14.868-14.890
10 5 TAC GGG CAAATGTCCTTATGAG 3 cytbe3 34.088-34.109
11 5 TAA GGA GCA AAT GTT ATT CTATCG 3’ cytb-e3 34.333-34.356
12 5 ATT TAT ATG CCT CAATTAGTCCC 3 atp8 89.345-89.367
13 5 GTA CGA GAT AAG AAT AAACGAAC 3 atp8 89.456-89.478

Protein analysis

Proteins were isolated from mitochondria obtaingdi@scribed above. They were suspended
in 0.7 M sorbitol, 50mM Tris-HCI| and 0.2 mM EDTAHp7.5, containing protease inhibitor.
Concentrations were measured using a Bradford e@myad). For Western analysis,
mitochondrial proteins were separated using SDSHPA(Ed transferred to nitrocellulose
membranes according to standard procedures (Saknletoal., 1989). AOXp was probed
using a monoclonal antibody against AOXp fr&auromatum gautatuilthonet al, 1989).
Detection was done with a SuperSighalest Pico Chemiluminescent Substrate Kit (Pierce).

Analysis of cellular respiration

Oxygen consumption was measured according to thaae described by Dufowat al.
(2000). Analyses were done using protoplasts, nagddescribed above and suspended in 0.6
M sorbitol, 7.5 mM MgC), 10 mM KH,PO,, 10 mM imidazole and 0.2 % bovine serum
albumin (BSA), pH 7.5, at concentrations of at {ed® per ml. Protein content was measured
using a Bradford essay (Biorad)xygen consumption was measured in an oxygraplsq@jl
equipped with a Clark-type electrode (Hansatec®)mb/ rotenone, 1 mM KCN or 2.5 mM
SHAM was used to inhibit respiratory complex I, qdex IV or AOXp, respectively.
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Analysis of the level of oxidative stress

The level of intracellular oxidative stress wadreated flow-cytometrically according to the
methods described by Dufoet al (2000). Protoplasts were made as described abode
suspended in 0.6 M sorbitol and 10 mM Tris-HCI, @5 containing 80uM 2’, 7'-
dihydrodichlorofluorescein diacetate APICF-DA). HbDCF-DA is a cell-permeant substrate
that after intracellular hydrolysis yields the coaiidn sensitive fluorogenic compound
H.DCF. The intracellular oxidation of the latter camopd, yielding fluorescent DCF, was
measured in 15 minute time intervals using a XLB®vfcytometer (Coulter, France). As a
control, acox5 deficient, long-lived isolateGox5::bl§ was used that is known to have a
reduced level of intracellular oxidative stress fdw et al.,2000).

In addition to the flow-cytometric approach, weedsa superoxide specific staining
procedure based on the methods described by Mu(ik®8€). Young, equally sized mycelial
colonies ofWa32andWa32LLwere flooded with 5 mM MOPS, pH 7.5 containing B\
nitro blue tetrazolium chloride (NBT, Merck), andcubated for one hour. NBT is a
colourless chromogenic substrate which is redugeduperoxide to give a dark colored,
water-insoluble formazan deposit (Halliwell and tetitige, 1985).

Results
A maternally inherited longevity trait in strain \B2LL

Wa32LLis a spontaneous longevity mutant of a singlemgdiype derivative (mat -) of short-
lived wild type Wa32previously described by van der Gastgal. (1998). Compared to the
Wa32 Wa32LLhas a more than ten-fold increased life span. Wie\able to culture it for at
least 200 days, whereas its ancestor Wa32 had exager life span of only two weeks (see
chapter 4). The long-lived isolate shows a slighdguced growth rate (4.3 + 0.2 mm/day
versus, 4.9 £ 0.3 in the wild type), a reductionthe amount of aerial hyphae, less intense
pigmentation (Figure 5-1), and impaired sexual tgyaent. When used as a protoperithecial
(female) parent, fruiting bodies Wa32LLwere as numerous as in the wild type, though they
appeared days later and most contained no or wsvyakci with ripe spores. Nonetheless,
viable offspring could be obtained from these cegsdn confrontational crosses (using
mycelial confrontations between different singletimgtype isolates rather than fertilization
with microconidia), the long-lived isolate initiglappeared to be male sterile, but we have not
been able to reproduce this result. The male iyesgffect may thus have been unstable.
Otherwise it may be conditional. In any case, iswat strictly associated with longevity.
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Tetrad analysis of the longevity trait showed th# inherited maternally. Reciprocal
crosses were made betweda32LL and several different wild types. By dissecting
perithecia, fifteen complete asci were collectamhfreach of these crosses. Wh&a32LL
was used as the protoperithecial parent, all spivogs each ascus gave rise to long-lived
colonies (For practical reasons the experimentsi@sped after 50 days and longevity is here
therefore defined as having a life span of moren th@ days). Given a few exceptions, all
isolates resulting from self-fertilization of thesgere also long-lived. In contrast, progeny
obtained from crosses usiWja32LLas a microconidial (male) parent was short-live8y(
days) and showed wild-type phenotypic charactesstWe therefore concluded that the
longevity trait found in isolat&/a32LLis cytoplasmic.

Wa32 e ‘ Wa32LL = i Figure 5-1. Cultures of natural

, : " isolate Wa32 (left) and its long-
lived derivative Wa32LL (right).
Compared to its wild type
ancestor, isolat&/a32LL shows a
slight reduction in the amount of
aerial hyphae and is slightly less
intensely colored.

Longevity is associated with the stable integrabba pAL2-1 homologue
into the mitochondrial chromosome

Most spontaneous extra-chromosomal longevity mstaitP. anserinafound thus far,
showed complete or partial deletions of intrerand its flanking sequences (reviewed by
Griffiths, 1992 and Bertrand, 2000). Southern asialpf this mtDNA region, here referred to
as regiona, did however not reveal any differences betw®&éa32LL and its ancestor.
Instead, an 8.4 Kb large insertion was detectelimvihe region containing the mitochondrial
nad2 andnad3genes, here also referred to as+hregion because it is part of the common
core sequence from which thdamily of senDNASs is derived. This insertion apgezhto be
present in a homoplasmic or near-homoplasmic statd was not detected in the
mitochondrial genome of the wild type, neither yuthern nor by PCR (see further on). A
closer comparison of the mtDNA restriction profilgsisolateswa32andWa32LLrevealed
no major differences other than this insertion.viengsly a similar-sized, but autonomously
replicating pAL2-1 homologue was found in isol&f@32(van der Gaagt al, 1998) and thus
we tested whether the insertion corresponded soplaismid. Southern analysis showed that
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this was the case (Figure 5-2). The plasmid/mtDE&ombination junctions were amplified
using PCR and the products were sequenced. Thweshthat inWa32LL the pAL2-1
homologue had inserted in the putative promoteloregf nad2 It was found 102 bp away
from the initiation codon of this latter gene (@sponding to position 11555/11556 of the
MtDNA sequence oP. anserina in the original sequence only 49 bp upstream haf t
initiation codon of thead2gene GenBank accession nr. X55026, Cummiagal., 1990).

When compared to the corresponding region from wlle-type isolate, the
inserted plasmid copy was flanked by short targetduplications. The duplicated region 3’
of the integrated plasmid was a perfect inversiotihat 5’ of the integrated plasmid, hence in
effect forming an extension of the terminal invdrtepeat (TIR) sequence of the plasmid.
These duplications were not found in the mtDNAe# wild type, indicating that they came
aboutde novoduring the integration process. Similar duplicasi@are typically found next to
integrated invertron copies and may originate frontermolecular recombination events
between different integrated copies (Bertrand, 1986 recombination events involving a
single-stranded, pan-handle shaped replicationrnmgdiate (Griffiths, 1992). A similar
structure is also found at integration sites ineseent subcultures &f. anserinasuggesting
that it is unrelated to the long-lived phenotyp&\32LL

PAL2-1 was initially discovered in isolatdL2, a long-lived derivative of.
anserina laboratory strainA, and it has therefore historically been associatéth the
induction of longevity (Hermanret al, 1994, Hermanns and Osiewacz, 1996). More recently
however, we have shown that particularly under ggeclimiting conditions, the pAL2-1
homologues are actually associated with a senescgyrdromeP. anserinaisolates that
contain a pAL2-1 homologue have a phenotype sglikirsimilar to that induced by the
invertrons pKALILO and pMARANHAR from Neurospora @dset al., 2004, see also
chapter 4), a senescence phenotype allegedly chysthe integration of these plasmids into
the mitochondrial genome (Griffiths, 1992; Bertra2®00). Analogous to the situation in
Neurospora, integration of pAL2-1 is not just foundong-lived isolatesAL2 andWa32L1),
but also in senescent subcultures of short-liveldiss (Figure 5-2).

In the wild type we found two different sites ofteégration. Both of these were
sequenced: One was located in @RF P’ gene (corresponding to position 28.805/28.806 in
the mtDNA sequence of stray GenBank accession nr. X55026; Cummiegsl, 1990),
which presumably is a non-functional remnant of A dependent RNA polymerase
(DdRp gene encoded by an integrated predecessor @#th2-1 homologues. The other site
of integration was located in the same region a& fbund inWa32LL, namely in the
intergenic region located upstreamnad?2 (corresponding to position 11.338/11.339 in the
MtDNA sequence of strai, GenBank accession nr. X55026, Cummirmgsal, 1990).
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Figure 5-2. Long-lived isolate Wa32LL contains an integrated pAL2-1 homologue
upstream ofnad2. A. Ethidium bromide stained undigested (left) ardelll digested
(right) total DNA, including corresponding blotsoed with theXbal-3 fragment of
pAL2-1. The 8.4 KB fragment and the 6.8 and (twd@ KBb fragments correspond to the
autonomously replicating form of the plasmid; thé and 5.4 Kb fragments respectively
correspond to the 5" and 3’ sides of the integrataly including its flanking region. The
latter fragments co-hybridized withyaregion specific probe, thecoR}1 fragment of the
MtDNA of strains (Southern data not showr. Physical map of the mtDNA regignand
pAL2-1, indicatingHaelll restriction sites and the site of plasmid integratn Wa32LL
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The latter insertion was located much further arayn the nad2 gene than the one in
Wa32LL, only a few base pairs downstream from one ofritilechondrialtRNA"®" genes.
Integration is thus not necessarily linked to longeas suggested in earlier work (Hermanns
et al, 1994; Hermanns and Osiewacz, 1996). It may hav@nditional effect, depending for
example on the timing or exact location of theiahiintegration event, or even a combination
of these and other factors. Formally it may evenaheepi-phenomenon of mitochondrial
malfunction.

The integrated pAL2-1 homologue appears to alterekpression of nd2 and nd3 in Wa32LL

Since the integrated sequenceMa32LLwas found close to the startcodonnaid2 within
the putative promoter region of this gene, we tkstdether it would perhaps negatively
affect the expression of this latter gene. Usingtivern analysis (data not shown) with the
mitochondrial rRNAs as loading control, transcrigtsntainingnad2 could indeed not be
detected inWa32LL Neither could transcripts containimad3 which is co-transcribed, be
detected. In the wild typ@ad2andnad3nonetheless appeared to be present on a single RNA
species of approximately 2.6 Kb. The latter RNAspireably reflected a mature transcript,
processed at the flanking tRNAs and with the intobmad3 spliced out (as predicted from
the mtDNA sequence according to Cummiegsl., 1990). It thus appeared that the plasmid
insertion inWa32LL interfered with the expression of its downstreavo genesnad2 and
nad3

Using RT-PCR we were able to detect a processessenger both iWwa32and in
Wa32LL (Figure 5-3), showing that it was not just abseuat merely less abundant in the
long-lived isolate. CDNAs were made using a prifieerfirst strand synthesis located within
the second exon afad3 (Nr. 09, Table 5-1). From these cDNAs, a fragmeas amplified
spanningnad2 and nad3 but lackingnad3il thus confirming that these two genes are
cotranscribed as may be expected from a mitochand®NA species. Using a semi-
quantitative approach (by using various combinaiof the amount of template and the
number of reaction cycles in the RT-PCRs and a ittenstric evaluation of the
corresponding Southern blots that were made), wghly estimated that the amount of RNA
containingnad2 andnad3 was 10 to 20-fold reduced Wa32LL The expression levels of
atp8andcytbon the other hand appeared not or hardly affected.

We also tested whether or not the integrated ptharas perhaps removed at the RNA
level. This was not the case. CDNAs were made upmmers for first strand synthesis
located either withimad2 or within nad3 (Nrs. 07 and 09 respectively, Table 5-1), and in
each case the 3’ plasmid/mtDNA recombination juwncticould be amplified (using
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combinations of primers nr. 02 and 07 or nr. 02 @@despectively, Table 5-1). CDNAs were
additionally made using a primer located within Ti® of the plasmid (Nr. 02, Table 5-1),
and from these also the 5’ plasmid/mtDNA juncti@uld be amplified (using primers nr. 02
and 03, Table 5-1). The latter product spans th&eenegion upstream of the integrated
plasmid copy including thtRNA"* gene, thus in addition to its effect oad2andnad3the
integrated copy potentially affects the correcicessing of tRNA®,

In short, the integrated plasmid found Wa32LL thus negatively affects the
expression ohad2andnad3 It is not removed from the RNA precursor and maygddition
to its effect on these two genes, interfere withpihocessing of the tRNK' situated upstream
of the integration site. The latter has howeveryabtbeen tested.
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Figure 5-3. Despite the fact that mature transcripts carrying2 andnad3 initially appeared to be
present only in Wa32, using RT-PCR they were foloiotth inWa32and inWa32LL A physical map
of the region surrounding these genes is giverrésponding to that in 5-2b), indicating the locatio
of the primers and the expected products (left).eAample of the RT-PCR analysis is given (right).
The expected 1.6 Kb product is present both in WaPin Wa32LL (faint band).

Longevity is associated with the induction of altdive respiratory pathways

We measured the rate of oxygen consumption intse\&a32andWa32LLaccording to the
methods described by Dufoet al. 000). To be able to evaluate the relative contioimg of

the different respiratory chain components in the tsolates, we tested the effects of several
specific inhibitors: We used rotenone as an inbibibf the proton-translocating NADH
dehydrogenase (Complex I), cyanide (CN) as an itanibf cytochrome ¢ oxidase (Complex
IV), and salicylhydroxamic acid (SHAM) as an inldyi of the alternative oxidase (AOXp).
Inhibitors of the alternative NADH dehydrogenasasehnot yet been described.
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Compared towa32 protoplasts,Wa32LL protoplasts showed an increased level of
oxygen consumption (Figure 5-4). Oxygen consumpiioniVa32LL was relatively less
sensitive to rotenone than in the wild-type, sugggsa malfunction in Complex I, consistent
with the RNA analysis. However, in absolute terrhe tamount of rotenone sensitive
respiration was not at all significantly reducedd &omplex | may thus be fully intact in the
long-lived isolate and present at a level comparablpossibly even higher than thata32

50 - Figure 5-4. Oxygen consumption in
45 - Wa32 and Wa32LL protoplast
% 78\ 40 - ]]E suspensions. Specific inhibitors were
£ + 351 0 - used to assess the contributions of
2 C . . .
2 = 30 O Rotenone the different respiratory chain
S E» 25 - c components: Rotenone specifically
52 20- B KCN inhibits the mitochondrial NADH
g g 15 - B SHAM dehydrogenase (Complex 1), KCN
O ~ 10+ specifically inhibits cytochrome c¢
5 oxidase (Complex IV), and SHAM
0 w specifically inhibits AOXp.

Wa32 Wa32LL

Preliminary results obtained with blue-native @algylamide gel electrophoresis (BN-
PAGE) and subsequent colorimetric staining seemeamnfirm that there was no difference
between the NADH dehydrogenase activity of Compliexthe two isolates (data not shown).
Thus, despite its potential effect on ted2 andnad3subunits, the insertion of the pAL2-1
homologue did not appear to affect NADH dehydrogenactivity inWa32LL Nonetheless,
the composition of the respirasome was affecte@ rBhative and absolute capacity of the
alternative rotenone-insensitive pathway appeaoebet increased, indicating the&fa32LL
relies more heavily either on the alternative nfimudrial NAD(P)H dehydrogenases than
Wa32does, or that it relies more heavily on succinddiguinone oxidoreductase or Complex
Il thanWa32to feed electrons into the transport chain.

Other modifications were observed downstream @nezgme Q. InWa32 oxygen
consumption was highly sensitive to CN, showingt tthas isolate heavily depended on
Complex IV as the terminal oxidase. Wa32LL however, oxygen consumption was not as
sensitive to CN, showing that in this isolate tiieraative oxidase was induced. This was
confirmed using Western analysis, which showed &@Xp was indeed present at a high
level in Wa32LL (Western not shown). Oxygen consumption was nat pelatively
insensitive to CN inWa32LLbut also to SHAM (Figure 5-4), showing that in gideh to the
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alternative oxidase, a functional Complex IV wassant in the isolate. This was consistent
with preliminary experiments using blue-native @agylamide gel electrophoresis (BN-
PAGE) and subsequent colorimetric staining (datashown). Thus, unlik&va32 Wa32LL
possesses both terminal oxidase pathways. To wlaive extent electron transport proceeds
through either of these can not be concluded atghint. In any case, the combined capacity
of the two terminal oxidase pathways tested indiglty was much larger than expected
merely on the basis of total oxygen consumptioniclviindicates that the respiratory chain
has an overcapacity Wa32LLcompared to that iWa32

In short, both the relative and absolute contrdmg of complexes | and IV appear to
be different inWa32LLfrom these inNVa32 Unexpectedly, the mutation Wa32LLappears
to have effects throughout the respiratory chancluding the induction of alternative
pathways that do not contribute to proton tranglooa The latter may be explained by the
fact that the different components of the respmasare not assembled independently as
discussed further on.

Longevity is associated with a reduced level ohuellular oxidative stress

The alternative respiratory pathway was previosslggested to lower mitochondrial ROS.
Under at least some conditions it presumably caassight loss of respiratory control by
mildly uncoupling electron transport from protoarislocation across the inner mitochondrial
membrane. Although its exact role in the senescprmeess is still unclear as also mentioned
in the introduction section, all long-lived mutamenetheless show the induction of this
pathway. We thus tested whether the mitochondraifications observed iWa32LLwould
be associated with a reduction in the cellular l@fexidative stress. This was done using a
flow-cytometric approach according to Dufaetral. (2000). Protoplasts were incubated with
the cell-permeant, non-fluorescent substrate 2iMdrodichlorofluorescein diacetate
(H.DCFDA), which is hydrolyzed intra-cellularly to for H,DCF. The latter is a fluorogenic
compound that reacts with intracellular hydrogemopele and other ROS yielding the
intensely fluorescent compound 2'7’-dichlorofluaresm (DCF). The intensity of fluorescence
in the incubated protoplasts was measured in iakeref 15 minutes. DCF accumulated
significantly less fast in protoplasts Wa32LL than in protoplasts of the wild typ&'a32
(Figure 5-5). The estimated level of intracellutaidative stress found iWa32LL was
approximately a third of the original level, whishin the order of magnitude of that found in
a previously describecbx5deficient mutant of isolate(Dufouret al. 2000, see figure 5-5).
We used an additional measure of the amount afatixie stress employing nitro-blue
tetrazolium (NBT), according to the methods desatiby Munkres (1990). The latter assay
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gave similar results. Equally-sized mycelia \WMa32 and Wa32LL were flooded with a

solution containing NBT, a chromogenic probe thpéctfically reacts with superoxide,
yielding an intensely dark-blue colored formazampatit. Significantly less formazan was
formed in mycelia of isolat&va32LLthan in mycelia oWWa32(Figure 5-5). Together these
observations indicate that the level of oxidatitress is significantly reduced Wa32LL.

109 —e— Wa32
g | —o—Wa32LL
. -0~ COX5:BLE

DCF fluorescence (arbitrary value

Wa32 Wa32LL

Incubation time (minutes)

Figure 5-5. Estimates of the level of oxidative stress inasssWa32andWa32LL Flow-cytometric
analysis using EDCF as a fluorogenic probe (left) and example dbmmetric staining using NBT
(right). Protoplasts of isolaté¥a32(e and solid line)Wa32LL(c and solid line) ocox5::BLE (o and
dotted line) were incubated with,BICF-DA, and fluorescence was measured every 15 tasnu
Values are averages of measurements of at le&sell® and expressed in arbitrary units.

An overall stabilization of the mitochondrial chroeome in isolate Wa32LL

As shown in Figure 5-2, the pAL2-1 integration fdum Wa32LL appears to prevent
additional integration events of the free plasriidrhaps integrated copies confer some kind
of immunity to the autonomously replicating elemex#t for example commonly known from
prophages. It could be that pAL2-1 integration ewxerts a more general effect on the
overall stability of the entire mitochondrial chrosome, for example via a ROS or energy-
level mediated signalling pathway. Therefore, wstee whether the integrated pAL2-1
homologue would attenuate also intmgrfor example by preventing the formation of dsSDNA
circles. Introna is present and expressed in Wa32LL (Northern datahown), thus clearly
this is a relevant question. As observed using I&ouat analysis, the senescing wild type
readily accumulated senDN& In several cases regiorwas even entirely deleted and these
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cases corresponded to the accumulation of othestgpsenDNA, including senDNA Over

a period of 100 days of growth, this was never pleskin the long-lived isolate (Figure 5-6).
Thus, the integrated plasmid copy foundMa32LLappears to be associated with an overall
stabilization of the mitochondrial genome, prevegtiboth additional integration events of the
free pAL2-1 homologue and the accumulation of défe types of senDNA.

A B 0.8 Kb 1.9 Kb
Wa32 Wa32LL

senescent long-lived

\\! ! \
coxl (Y‘ae‘ (Ymex (Ywe‘
s

Exon1 Introna(2.5Kb)  pgyon2

AN
i A
1.9 Kb
, senDNA o
- 0.8 Kb (2.5Kb)

Figure 5-6. MtDNA stability in Wa32andWa32LL Ethidium bromide stainedqaelll digested total
DNA of senescent or late subcultures\Wwb32 and Wa32LL including the corresponding Southern
blots probed with introm (Left), and restriction map of mtDNA regienindicatingHaelll restriction
sites (right). The 1.9 and 0.8 Kb fragments comespto introna, including parts of the flanking
exons. The 2.5 Kb fragment corresponds to senDNAsterisks indicate senDNA, effectively
corresponding to a deletion of regianThe fragments in the utmost left lane cohybrididth ay
region specific probe, thecoRI-l fragment of the mitochondrial genome of st®{not shown).

Discussion

Integration of pAL2-1 or its homologues is not resegily a causal agent of longevity

The integration of pAL2-1 into the mitochondrialngene was also previously associated with
longevity (Hermannst al, 1994). This appears to be exceptional thougtalme none of the
naturally occurring pAL2-1 homologues were previgwsssociated either with integration or
with longevity (van der Gaagt al, 1998). Under CR conditions the latter homologues
including the one found in isolaWWa32 even appear to shorten rather than increasepde
(Maaset al., 2004). Because in contrast to the prototypic pidsits naturally occurring
homologues initially all appeared to be presenarmsutonomously replicating element only
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(Van der Gaaget al, 1998), it was tempting to speculate on a causationship between
integration and the induction of longevity. Herewewer, we have demonstrated that
integrated copies can be found not only in longdibut also in short-lived subcultures of
Podospora. Clearly, integration does thus not teddngevity per sé. It may be a conditional
cause or otherwise perhaps an epi-phenomenon otmaihdrial malfunction. The negative
effect of pAL2-1 on life span is normally overshada by the ‘regular’ aging process of
Podospora and comes to light only under caloridriceésd conditions. Under normal
conditions thus only those cases will come to lightwhich integration is associated with
longevity, like iNAL2 or inWa32LL

In the related genus Neurospora, linear mitochahg@iasmids of the invertron-type
also exist: pKALILO and pMARANHAR. Whereas Neurospadsolates normally do not
senesce, those that carry either one of these plasto, and allegedly so because they
integrate into the mitochondrial genome (Griffitt892, Bertrand, 2000), which at first sight
appeared to be the exact opposite of the situddiond in Podospora. All of the Neurospora
cultures that carry one of the invertrons and semé@sdeed show integrated plasmid copies,
and because of this it was very tempting to spéewa a causal relationship. It must be said
though, that this causal relationship was nevemédly proven: In addition to integrated
plasmid copies, senescent cultures of Neurospopically harbor vast quantities of
autonomously replicating plasmid and the latter negyally well be the cause of death.
Notably, we recently obtained natural isolates efidspora that carry pKALILO but do not
senesce and some of these contain stably integoatetiant copies of pKALILO in addition
to the autonomously replicating element (see chaf@and 3).

The effect of integration is ultimately thus urarlelntegration may have conditional
effects depending for example on its timing, eXacation, or even a combination of these
and other factors. Integration could formally evba a secondary event, an indirect
consequence of mitochondrial malfunction.

Respiratory modifications associated with plasmiggration and longevity in Wa32LL

The plasmid found in long-lived isolawa32LLhad integrated adjacent to thad2gene, a

subunit of the membrane embedded subcomplex aittechondrial NADH dehydrogenase
or respiratory complex I. Since the integrated miascopy was the only major genetic
difference detected, a logical step was to invagtigvhether or not it would affect this
complex. At the RNA level the integration did appéa interfere with Complex I. The
NADH dehydrogenase activity of complex | howeved diot appear to be affected in
preliminary BN-PAGE experiments. The NADH dehydmgse activity however is a
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function of the subcomplex extending into the ntimedrial matrix rather than of the
membrane embedded subcomplex, and these two sulec@spnay function independently
from one another as found in Neurospora (Alves\adedira, 1998). Hence, this does thus not
necessarily exclude the possibility thata32LL suffers from a complex | malfunction.
Remarkably, more pronounced effects were foundwéleee in the respiratory chain:
Complex IV was negatively affected and AOXp strgnigiduced. This could be explained by
an effect of the integrated copy on one or moréheftRNA genes situated upstream of the
integration site. The latter would affect mitochaattranslation in general, with potential
effects throughout the respiratory chain. Alteweiy though, and perhaps more likely, the
unexpected switch to alternative respiration mayekglained by the fact that the different
components of the respiratory chain are not assnbtlependently. They are organized in a
respirasome. Krausst al. (2004) showed that although AOXp accepts electdirestly from
quinol thus bypassing Complex lll, the alternatpahway involves distinct super-complexes
of I and 1ll. They concluded that Complex Il isagssary for the assembly and/or stability of
Complex I. A single alteration, for example in Cdexpl, could thus have pleiotropic effects
throughout the respiratory chaiwwa32LL could thus be a Complex | mutant with serious
repercussions elsewhere in the respirasome. Forntladl unexpected complex 1V deficiency
could also be the consequence of another mutatitrei mitochondrial genome. At this point,
the latter can not be ruled out. As discussedegarhtegration itself is not strictly associated
with the induction of longevity and is thus perhaym the direct cause of longevity. Thus,
althoughWa32LL may effectively be a complex | mutant, complexerattions within the
respiratory chain appear to obscure the effect.

Longevity is associated with a shift towards adabut less efficient form of respiration

Interestingly, Wa32LL shows increased respiratidithough little emphasis has previously
been placed on this effect, the same has actuadiy lobserved in other long-lived mutants,
also there in combination with the induction okattative respiratory pathways (for example
in the mutants gsea andex Borghoutset al, 2001, orcox17::ble; Stumpferlet al 2004).
Increased respiration may be an effect of parsipiratory uncoupling mediated by the
alternative pathway, but the discrepancy betweenr@sults from the protein analysis, that
was done using isolated mitochondria, and the rapy analysis, that was done using whole
cells, suggests that there may be more mitochondrigoperhaps a larger surface of
mitochondrial membrane in the long-lived mutantspleatory defects may be compensated
for by up-regulating the amount or size of mitoathea and it would be interesting to do also
cytological analyses of the various long-lived nmiisa Notably, it is known also from the
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facultatively aerobic yeasbaccharomyces cerevisjathat life span extension via calorie
restriction (CR) is correlated with a shift towanmdspiration (Linet al, 2002). CR requires
the conservative use of resources. The long-livathnts may mimic the effects of CR.
Conclusively, our data show that pAL2-1 associakeugevity corresponds to a
metabolic switch towards a potentially faster bessl efficient form of cellular energy
production. Presumably, the fungal invertrons dmestbest seen as a form of potentially
‘oncogenic’ mitochondrial plasmids. Although outt@andicate there may be no direct causal
connection with integration into the mitochondganome, this remains to be elucidated.
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Integration sites of the invertrons pKALILO and pAL 2-1

M. F. P. M. Maas, R. F. Hoekstra and A. J. M.Dsbet
Abstract

Linear mitochondrial plasmids of the invertron typee known to integrate into the
mitochondrial genomes of their hosts. Although tias been known for several decades, the
exact mechanism by which they do so remains highigive. To gain more insight into the
mechanism of integration, we characterized novasmid/mtDNA recombination junctions
using semi-random two-step PCR. In many casestialeeand/or additional insertions had
occurred at the recombination junctions that wenenél. Plasmids were either completely
integrated or missing several base pairs from tteximini. In some cases, recombination
junctions coincided exactly with the ends of knomitochondrial RNA species, indicating
the involvement of a reverse transcription stepe Tiechanism of integration is therefore
probably heterogeneous. Furthermore, integratites sivere distributed in a non-random
fashion. They were often found within or near ohéhe mitochondrial rRNA genes. A model
is proposed to explain the structure and distrdsutf invertron integration sites.

Introduction

Mitochondrial plasmids abound in fungi (Griffitht995). Though most of them appear to be
relatively innocuous, in the laboratory severaltltém have severe effects on their fungal
hosts. Two of these plasmids are the invertronsdK® and pMARANHAR that are found

in species of the genus Neurospora. They are dmathr molecules with long terminal
inverted repeats (TIRs) that appear to encode tmybasic molecular machinery that is
needed for their own replication. Both pKALILO apdMARANHAR are associated with a
senescence syndrome that is characterized by aegsige deterioration of the mycelium,
followed by permanent growth arrest and death (Refcal., 1982, Bertrancet al, 1985,
Bertrand et al. 1986, Court and Bertrand, 1992). Over time, thasmiids often rise to
extremely high titers and integrate into the mitmutirial genomes of their hosts. The
invertrons thus act as insertional mutagens. Fougknown reasons, the mtDNA molecules
that carry an integrated plasmid copy graduallyaapthe wild-type molecules until the latter
are hardly or no longer detected (Myetsal, 1989). Isolates that carry one of the invertrons

91



concomitantly show a plethora of mitochondrial ahgons (Riecket al, 1982). Features of
senescent cells include extensive vacuolizatiorellswy and even lysis. Typical features of
apoptosis though, such as cell shrinkage, chron@imdensation and nucleosomal DNA
fragmentation have apparently not been observel €Bal, 2003). This, along with the fact
that it spreads infectiously (Debedsal, 1994), indicates that ‘invertron-based’ seneseéasic
not part of the normal developmental program buh@es best seen as a systemic disease.
The pAL2-1 homologous mitochondrial plasmids frén anserinaare associated with a
similar senescence syndrome. This is however obkerwved under a dietary regimen of
reduced food intake otherwise known as calorierictisin (CR) (Maaset al., 2004). Under
CR conditions Podospora isolates live several-fmdger than under regular dietary
conditions, except for the isolates that carry ohthe pAL2-1 homologous plasmids. These
do not or hardly so. Like pKALILO and pMARANHAR, s pAL2-1 integrates into the
mitochondrial genome. This was first observed lara-lived strain (Hermannet al., 1994),
but also occurs in senescent isolates of Podogpeesprevious chapter).

The mode by which the plasmids integrate is unknawtegration of pKALILO
allegedly involves short sequence homology with thEDNA target site: Sequences of
MtDNA target sites matched that of a short regioithiw the terminus of pKALILO
(Bertrand, 1986; Bertrand and Griffiths, 1989), apHALILO/mtDNA recombination
junctions concomitantly involved short deletionstelgration of pAL2-1 on the other hand did
not appear to involve sequence homology. At the PAIMtDNA recombination junction
described by Hermannst al. (1995), a short insertion was found rather thadebetion,
suggesting a different mode of integration. Theralad be a plasmid- or host-specific mode of
integration, or else it could be that secondarpmduzination events occasionally obscure the
primary structure of an integration site. A typié@ture of integration sites that is found both
in Neurospora and in Podospora, is the presentagé inverted mtDNA repeats (Bertrand,
1986; Hermannset al., 1995). These were found using restriction fragmésigth
polymorphism (RFLP) analysis and sequencing. Ptsvianalyses indicated they may be
extremely long. The way in which they are generdiasl however not been elucidated. They
could for example result from intermolecular recamation events between integrated
plasmid copies (Bertrand, 1986), or from eventsoivimg a single stranded (ss-)DNA
replication intermediate (Griffiths, 1992).

The distribution of plasmid integration sites hasver systematically been
analyzed. Although pKALILO carrying isolates haveeb subject to extensive RFLP analysis
(Bertrand, 1986; Myergt al, 1989), exact sequence data of integrated plasopies is
scant. In the first report that documented integgtatopies of pKALILO, copies were found in
the HindllI-15 andHindlIII-20 fragments of the intron DNA ohl, the gene encoding the
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mitochondrial large subunit rRNA (Bertramd al., 1985). Sequencing showed that the copy
found in theHindllI-15 fragment was located just upstreans-&,the gene encoding the S5
mitochondrial ribosomal protein (Bertrand, 1986)eTprecise location of that in ti&ndlll-

20 fragment was never determined, but this muse l@en somewhere within or downstream
of s-5 Bertrand et al. (1985) therefore initially suggested that inteigmat sites are
preferentially located within the intron of tlial gene. Subsequent RFLP analyses though
indicated that they are probably not restrictedhtt location (Bertrand, 1986, Myees al,
1989). Integrated copies of pAL2-1 were first répdrfrom a long-lived derivative of
standard laboratory straih of P. anserina(Hermannset al, 1994). This long-lived strain
carried at least two different copies of pAL2-1 tthaere stably integrated into the
mitochondrial genome. One of these was locatedinvttie third intron of the mitochondrial
cob gene. The second one was never characterizednfRewge found integrated copies of
pAL2-1 homologue also in senescent Podospora elgdsee chapter 5). Senescent
subcultures oWa32for example contained integrated copies witBRF P and within the
intergenic region between thRNA"*'andnd2 genes. Subcultures ®a32LL,(a long-lived
derivative ofWa32 contained an integrated copy also within theetatitergenic region (also
see previous chapter). As is probably also the watbepKALILO, the integration of pAL2-1
homologues is thus not site-specific. Whether or ihas completely random cannot be
concluded from the limited amount of data thusafeailable.

To gain more insight into the mode of invertrotegration, we used semi-random
two-step PCR (ST-PCR; Chuet al., 1997) and sequencing to characterize novel
plasmid/mtDNA recombination junctions. In many casaleletions and/or additional
insertions had occurred at the junctions that weumd. Plasmids were either completely
integrated or missing several base pairs from tteximini. In some cases, recombination
junctions coincided exactly with the ends of knomitochondrial RNA species, indicating
the involvement of a reverse transcription steptally, the latter cases coincided with
suppression of the senescence phenotype (see ccl3pfehus, the mode of integration is
probably heterogeneous and perhaps even connectdtiet expression of senescence.
Furthermore, integration sites were distribute@ inon-random fashion. Both in Neurospora
and in Podospora, most were located within or oearof the mitochondrial rRNA genes. A
model is proposed to explain the structure andildigion of invertron integration sites.
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Materials and methods

Strains and culturing conditions

Neurospora isolates used in the ST-PCR analysis alepKALILO carrying isolates from a
recent collection of KauaialN. intermediawild types (Maaset al, 2005, see chapter 2).
Cultures were grown at 25 °C, on Vogel's Minimal dilen (VMM; Davis and DeSerres,
1970).NI21.05andNI23.18 are short-lived wild typed\105.01andNI28.01 are long-lived
wild types. Other Neurospora strains, includdM@39.03, P56Jand1766 are mentioned in
the text but were not used in the ST-PCR analysis.

P. anserinaisolateWa30was used in the ST-PCR analysis. The latter if\la2gl
homologue carrying isolate from a collection of Eutvild types (van der Gaay al, 1998).
Cultures were grown at 27 °C, either on regulanomwal medium or on medium with 100-
fold reduced glucose content (Magtsal, 2004, see chapter 4) as indicated in the textelOt
P. anserinastrains, includingVa32 Wa32LLandAL?2, are mentioned in the text but were not
used in the ST-PCR analysis.

ST-PCR based analysis of integration sites

Cultures were, in the case of Neurospora, growrapmroximately one day at 25 °C in liquid
VMM or, in the case of Podospora, grown for twdtmee days at 27 °C on cellophane disks
overlying solid cornmeal medium. Mycelium was hateel and ground using liquid nitrogen,
followed by a phenol/chloroform based DNA extraotissing standard procedures according
to Sambroolet al (1989).

The identification of plasmid integration sitessA@ased on the semi-random two-step
PCR (ST-PCR) procedure given by Chah al. (1997), which is a way of amplifying
unknown flanking sequences. First, a reaction wasedusing a PCR primer pointing
outwards from within the TIR region of either pKAID (5° GAA ATG ATA AAA AGA
TCA CAA AGG G 3) or pAL2-1 (5 CCA AAG AAT TGA AAATCG TCT CCC 3’), each
in combination with the partially degenerate prirgafen in the original ST-PCR protocol (5’
GGC CAC GCG TCG ACT AGT AC poy GAT AT 3'). The latter primer anneals at sites
throughout the genome that contain the pentanudieeatequence 5 ATATC 3'. This
sequence is found approximately once every 30Mabih, in the mitochondrial genome Wt
crassaand in that ofP. anserinalt is distributed uniformly and the sampling ategration
sites using this method was therefore probablyaseud (see results section). Next, a nested
reaction was done using another primer pointingvauds from within the TIR region of
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either pKALILO (5 GGG TTA AAA TAG GAA CAA AAG GGG3) or pAL2-1 (5 GGA
GTG AGG GGG TGG GGG G 3'), each in combination witle other primer given in the
original ST-PCR protocol, which comprises the spegyart of the partially degenerate
primer (5° GGC CAC GCG TCG ACT AGT AC 3'). This smud reaction allows a specific
amplification of the plasmid/mtDNA recombinationngtion. Reaction conditions were
exactly as described in the original protocol. Elgghoresis was done in 40 mM Tris-HCI, 20
mM acetic acid and 1 mM EDTA (TAE) pH 8.0 contamith% (w/v) agarose, followed by
visualization of the products using ethidium broen{&ambroolet al, 1989).

ST-PCR products were (gel-) purified using a HiginePPCR Product Purification Kit
(Roche) and cloned i&. coli DH5-a using the pGEM-T Easy Vector system (Promega).
Plasmid DNA was recovered using a High Pure Plassalhtion Kit (Roche) and sequencing
was done according to the methods described bye8¢h§77), using Big Dye™ terminators
(Applied Biosystems). Sequences thus obtained wemgpared to the mitochondrial genome
sequence oN. crassa(Corresponding to the mtDNA sequence of standabdritory strain
74-OR23-1A as determined by the Neurospora Seqgugrrioject; Whitehead Institute/MIT
Center for Genome Research) or thatPofanserina(Cummingset al, 1990; Genbank
database accession nr. X55026), using BLASTn ver3id.9. (Altschukt al.,1997).

Statistical analysis

Circular distribution data were analyzed using Regl's uniformity test and/or Rao’s
spacing test with the software package Oriana @er2i00 (Kovach). Frequency data were
analyzed using a Likelihood ratio test with thetsafe package SPSS version 11.0 (SPSS
inc.).

Results
Integration sites of pKALILO

PKALILO integrates into the mitochondrial genomeN#urospora. Several integration sites
have previously been described. The first one®vi@ind only within the intron of thenl
gene (Bertraneét al.,1985), but subsequent RFLP analyses showed tinattie probably not
restricted to that location (Bertrand, 1986, Myetsal., 1989). Using an adapted ST-PCR
procedure (Churet al, 1997), we identified several novel integratiotesi The plasmid
flanking sequences were amplified, cloned, sequermed compared with the known
mitochondrial genome sequence Mf crassa(Corresponding to the mtDNA sequence of
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standard laboratory strain 74-OR23-1A as determinethe Neurospora Sequencing Project;
Whitehead Institute/MIT Center for Genome Researghsummary of the sites thus and
previously found is given in Table 6-1a. Integrategies of pKALILO were found in a range
of locations throughout the mitochondrial genomevesal though not all were located within
or close to thenl andrns genes that encode the mitochondrial rRNAs. Not#idyones from
isolatesNI105.01andNI28.01,that did not show any signs of senescence (Maas, 2005),
were located elsewhere. Due to the low numbers#riion sites characterized no calculations
were made, but together with the previously coldcRFLP data, the data are highly
suggestive of a bias in the distribution of integma sites (see also Figure 6-1). As discussed
further on, a similar bias was found in Podosp8&PCR relies on the use of a semi-random
primer that could have influenced the results. Westscreened the mitochondrial genome for
potential annealing sites of the latter primes.the sequence 5" ATATC 3’). Annealing sites
are found approximately once every 300 bps and das&ributed uniformly over the
mitochondrial genoméRayleigh’s test for circular uniformity, Z=0.64d{=1, P=0.525 when
taking all possible priming sites into considerafid=1.546, df=1, P=0.213 when taking only
forward priming sites into consideration; Z= 1.5@f51, P=0.223 when taking only reverse
priming sites into consideration. Similar resultsrevobtained using Rao’s spacing test). Our
analysis was therefore unbiased with regard tortehod of sampling. Forward priming sites
were nonetheless slightly more abundant (117 fatwaarsus 83 reverse priming sites, a
marginally significant difference from the expected ratio, Likelihood ratio test, G=5.81,
df=1, P=0.016) and our methods could have positiimased the relative number of 5’
plasmid/mtDNA recombination junctions found. Allisout of six) plasmid/mtDNA
recombination junctions that were found using STRPGowever corresponded to 3’
plasmid/mtDNA junctions (Table 6-1a).

There were several cases in which the plasmidsaapd to have recombined with the
mitochondrial genome via a form of homologous rebimration: Some integrated copies of
pPKALILO were incomplete and in two cases these stwbshort sequence homology with the
mitochondrial genome (Table 6-1a, numbers 1 andD2g of the junctions found in strain
NI21.05coincided exactly with a so-calldstl palindrome (Table 6-1a, number 1). TiRstl
palindromes are members of the GC-rich family gfesds and are found at recombination
junctions also in mtDNA deletion mutants (Almasamd aMishra, 1991). They typically
consist of two closely spacdtbtl sites (5' C TGC AGT ACT GCA G 3') and are flanked b
clusters of C’s or G’s on each side (hal.,1981).

Not all integrated plasmid copies were incompl@tee ones irNI05.01andNI28.01
were complete. This can probably be ascribed tddahmlate switching activity of a reverse
transcriptase (RT) involved in their formation. $more elaborately discussed in chapter 3.
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Table 6-1 Known and novel integration sites of the mitoothaal invertrons pKALILO and pAL2-1. Sequences green in the left column, with
parts derived from the plasmids indicated in grayd regions of homology between the plasmids aedntitochondrial genomes of their
respective hosts in dark grey. References to eavliek are indicated in the table. The phenotypeaith strain is indicated, which is either short-
lived (SL) or long-lived (LL) {.e. signs of senescence have been observed or AQtin{egration sites of pKALILO and homologues ireth
mitochondrial genome of Neurospora. The first fare novel; the other twelve were already known fpmevious analyses. The first seven were
found using ST-PCR and sequencing; the other gime all deduced from RFLP patterns and hybridizagxperiments. Number nine was
sequenced, though the exact sequence data hasemwtniade publicly available (Bertrand, 1986). Whawssible, the exact locations of the
plasmid/mtDNA recombination junctions are givenymiers correspond to that of nucleotides withinkhewn ~ 65 Kb mitochondrial genome
sequence of standard laboratory strain 74-OR23f1M. crassa(As determined by the Neurospora Sequencing Prdjébitehead Institute/MIT
Center for Genome Research). It must be notedathaequences were from isolates of eitNeintermedia(N121.05 NI23.18, N105.01, NI128.01,
P561and f "1 or N. tetraspermgNT39.03 and not from isolates df. crassa The mitochondrial genome sequencé\ofcrassawas used
though, because the full mitochondrial genome secpgeof the other two species have not yet beemrdigted. All Neurospora strains were wild-
type isolates from the Kauaian population exceptahes analyzed by Myees al. (1989). The latter (indicated ag 1°1"°§ were derived from a
cross between the Kauaiéh intermediawild-type isolateP561as a female and the plasmid free Taiwaridsimtermediawild-type isolatel 766

as a male.R) Integration sites of pAL2-1 and homologues in thioamondrial genome of Podospora. The first elessnnovel; the other four
were already known from previous analyses (Hermaatred., 1992; also see previous chapter). Thé dleven were found using ST-PCR and
sequencing; the other sites were found using RFh& sequencing. Where possible, again the exactidosaof the plasmid/mtDNA
recombination junctions are given; numbers corradptm that of nucleotides within the known ~100 Kiitochondrial genome sequence of
standard laboratory strafof P. ansering(Cummings et al., 1990; GenBank database accessiotb5026). All Podospora strains are wild-type
isolates from the Dutch population Bf anserina,exceptWa32LL and AL2The latter twoare long-lived derivatives dfva32(see previous
chapter) andh (Osiewaczt al, 1989) respectively.

97



6-1a. Integration sites of pKALILO and homologues in thi2ochondrial genome of Neurospora

#  Sequence (2 3) 5/3" Location Strain Phenotype Reference
TGCCCCTTAC AC pKALILO terminus

01 TEOGBGIGCA GTACTGCAGG 3 betweercox2andtRNA™ 61,282-89  NI21.05 SL this work
02 TGEEEECCGT TAATGGOGEC 3 inml-el 13,250-55 NI23.18 SL this work
03 TGCCCCTTAC ACACTTACCG 3" betweemad5andcob 32,735/36  NI05.01 LL this work
04 TGCCCCTTAC ACTTCTCATT 3" exact5 border oftRNA" 43,360/61  NI28.01 LL this work
05 TGCCCCTTAC ATAAATATTT 3" in novel retroelement - NI28.01 LL this work
06 TGCCCCTTAC CGGGGGATCG 3 in rnl-el 12,244/45 NI21.05 SL Maaset al, 2005
07 TGCCCCTTAC TTAACGGATT 3 in rnl-el 12,501/02 NT39.03 SL Maaset al, 2005
08 (deduced from RFLP data) - rml-il - P561 SL Bertrandet al, 1985
09 sequence data unavailable 3’ riil, 5’ of S-5 14,427/28 P561 SL Bertrand, 1986
10 (deduced from RFLP data) - rm-el - P561 SL Bertrand, 1986
11 (deduced from RFLP data) - urf5 (nad5) - P561 SL Bertrand, 1986
12 (deduced from RFLP data) - betwaex2andrns (two copies) - unknown SL Bertrand, 1986
13 (deduced from RFLP data) - finl-e2 - f, Po01:1766 SL Myerset al, 1989
14 (deduced from RFLP data) - nml-i1 (two copies) - f, Po611766 SL Myerset al.,1989
15 (deduced from RFLP data) - betweex3andrnl (three copies) - f, Po61:1766 SL Myerset al.,1989
16 (deduced from RFLP data) - betweem2andrns (two copies) - f, Po611766 SL Myerset al.,1989
17 (deduced from RFLP data) - upstreamolif (atp6)(two copies) - f, Po61:1766 SL Myerset al.,1989
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6-1b. Integration sites of pAL2-1 and homologues inrfitochondrial genome of Podospora

#  Sequence (® 3) 5/3 Location Strain Phenotype Reference
TACGTCTCTC TC pAL2-1 terminus

01 TACGTATEGG GOCAACCATA 3 inLrRNA-i1(within maturase) 3,919-21  Wa30 SL this work
02 TACGTATGAC AGTACAAAGA 5 inORFP 28,808-12  Wa30 SL this work
03 TACGIATCIE GACTATGTTG 5  inND1-i4 (within maturase) 98,017-25 Wa30 SL this work
04 TAGCEIATCIE AACAAAAAAA 3 betweertRNAY*andCOlI 38,434-42  Wa30 SL this work
05 TACGTATEIGEIAGGATCTAA 5  in ND3-i1(within maturase) 14,362-67  Wa30 SL this work
06 TACGTATEIGNICATTTTTTC 5  inCytb-i1(within maturase) 32,164-70  Wa30 SL this work
07 TACGTATCTERREATTCCTTT 5  betweerORF CandATP6 22,656-60  Wa30 SL this work
08 TACGTATCTC TAGTGCGITA 5 betweerORF CandATP6 22,979/80 Wa30 SL this work
09 TACGTATCTC TAAGCTCCAC 3  betweerORF CandATP6 23,009/10 Wa30 SL this work
10 TACGIATCIC TCAAGTACTA 5 in pAL2-1, inDdRP 3,021/22 Wa30 SL this work
11 TACGTATCTC TCGGTAAATA 3 in pAL2-1, inDdRp 2,599/00 Wa30 SL this work
12 TACGTATCTC TGGCACAAAG 5 inORFP 28805/6 Wa32 SL see chapter 6
13 TACGTATCTC TETTGATTGG 3  betweertRNA™ andND2 11,337-9 Wa32 SL see chapter 6
14 TACGTATCTC TEGCTAATAA 5 betweentRNA™ andND2 11,555-7  Wa32LL LL see chapter 6
15 TACGICICTt tatatatttt 5  inCytb-i3(5'of maturase) 34674/5 AL2 LL Hermanset al. (1992)
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Neurospora mtDNA Podospora mtDNA
~ 65 Kb ~ 100 Kb

NI05.01

Figure 6-1 Physical maps of the mitochondrial genomes ofrbigaora (left) and Podospora (rightjdicating the distribution of known and
newly characterized invertron integration siteshf€a6-1). Their respective topologies were basedhenmtDNA sequences ™. crassa
standard laboratory strain 74-OR23-1#4s determined by the Neurospora Sequencing Prdjéhitehead Institute/MIT Center for Genome
Research) an@. anserinastrain s/A (Cummingset al., 1990). The twelve 0’ clock positions of the mamsrespond to the start of the
traditional circular map of these sequences (Keehel, 2005; Cumming®t al, 1990). Asterisks indicate sites that were fousthg ST-
PCR or RFLP and sequencing. Closed circles indiapfgoximate locations that were deduced from RphaRerns (see table 6-1). Sites
associated with a long-lived phenotype are inditati#h the names of the corresponding strains. & ditipd boxes indicate exons and small
open boxes indicate introns. The mitochondrial rRN#d most of the mitochondrial tRNAs are encodetié upper right quadrants.
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PAL2-1 integration sites

Like pKALILO, also pAL2-1 integrates into the mitoondrial genome. The plasmid was first
discovered in a long-lived derivative &% anserinastrain A (Osiewaczet al., 1989). The
latter strain carried two integrated copies of pAl,2one of which was located in the third
intron of the mitochondriakob gene (Hermann®t al, 1995; Hermannst al, 1994;
Osiewaczet al, 1989). Hermanns and Osiewacz (1996) surmised tiieaiongevity trait
resulted from the integration of pAL2-1, but intatgd pAL2-1 homologues can also be found
in senescent isolates Bf anserina(see previous chapter) and are therefore not sacdhs
causal agents of longevity. As was done for pKAL|L@We used an adapted ST-PCR
procedure to identify novel sites of integrationheT plasmid flanking sequences were
amplified, cloned, sequenced and compared wittkilmevn mitochondrial genome sequence
of P. anserinaThis way, eleven novel sites were identified: Nifiehese were located within
the mitochondrial genome (Cummingsal.,1990, GenBank accession number X55026); two
were located within the gene that encodes the DEpeddent RNA polymeras®dRp of
the plasmid itself (GenBank database accessiod62707; Hermanns and Osiewacz, 1992).
A summary is given in Table 6-1b. Integrated copi¢spAL2-1 were found in various
locations throughout the mitochondrial genome, m@aquently within or close to the genes
that encode the mitochondrial rRNAs. Their disttibn appeared to be biased (Rayleigh’s
test of circular uniformity; Z=4.832, df=1, P=0.0@%hen taking ST-PCR data only into
account; Z=7.699, df=1, P<0.001 when taking alladeito account. Similar results were
obtained using Rao’s spacing test.). Again we te&ie a bias that could have resulted from
the use of ST-PCR. We screened the mitochondriabrge ofP. anserina(according to
Cummingset al, 1990, GenBank accession number X55026) for paleminealing sites of
the semi-random primeri.€. the pentanucleotide sequence 5 ATATC 3’). Like tire
Neurospora mitochondrial genome, also inFh@nserinamitochondrial genome these occur
approximately once every 300 base pairs and atabdited uniformly (Rayleigh’s test for
circular uniformity, Z=1.283, df=1, P=0.277 whekitag all possible sites into consideration;
Z=4.458, df=1, P=0.012 when taking only the forwgmiming sites into consideration;
Z=0.706, df=1, P=0.494 when taking only the revepsening sites into consideration.
Similar results were obtained using Rao’s spacesf)t Again forward priming sites were
more abundant (210 versus 147 reverse priming, séesignificant deviation from the
expected 1:1 ratio, likelihood ratio G=11.18, df¥£%50.001), which could have resulted in a
bias towards 5’ recombination junctions. This mayébeen the case, though again a larger
sample size would be required to address this mahost of the integration sites
corresponded to sites within introns or intergeeigions. This also appeared to be the case
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for integration sites of pKALILO (see Table 6-laptbdoes not necessarily reflect a
biologically significant bias, given that in botpexies most of the mitochondrial genome
consists of introns and intergenic regions. A laggnple size would be required to address
this.

As was the case in Neurospora, the termini ofyiatied copies were often incomplete
and/or showed homology with the mitochondrial geaorRormally, the sequence length
variation may reflect natural variation of the andmously replicating element. However,
since the first eleven sequences (Table 6-1b) atmerived from one and the same isolate
(Wa30) yet show heterogeneous termini, this isequitlikely. As was the case in Neurospora,
termini of some integrated plasmid copies were detep There was no clear indication that
this resulted from a process involving RT activédg in Neurospora. However, the latter
cannot be excluded.

In short, integrated plasmid copies appear to Istrilbuted in a region-specific
manner. Both in Neurospora and in Podospora theyfr@quently found in the region
encoding the mitochondrial rRNAs (Table 6-1, Figéré&). Often they show short deletions
of their termini and short homology with the mitocidrial sequence. Formally, this may
have resulted from secondary recombination evedusne plasmid/mtDNA recombination
junctions found in Neurospora appeared to haveltegsdrom recombination via an RNA
intermediate and the mode of integration is thudably heterogeneous.

Structural organization of integration sites

RFLP analyses previously indicated that integrate@rtron copies are flanked by inverted
repeats of mtDNA (Bertrand, 1986; Hermareisal., 1995). In our analysis, ST-PCR often
gave only one product and this may well reflect pnesence of such inverted repeats. We
analyzed the mtDNA sequences on either side ofadribe integrated copies found in the
mitochondrial genome d?. anserinastrainWa30(Table 6-1b, number 3) and compared these
to the wild-type mtDNA sequence from a young cutaf the same strain. Short duplications
were found. These occurred in an inverted posiismwell as in the regular orientation (see
Figure 6-2). The duplications were not already @nésn young cultures, indicating that they
came aboutle novo In most other cases the corresponding 5’ or 8dm&ination junctions
could not be found, which could mean that the nigjamf the integrated plasmid copies are
flanked by longer inverted repeats. From RFLP @sdrandet al. (1986) concluded that the
inverted repeats often exceed several Kbs in sibéh is consistent with this observation.
The organization of the integration site of thespiad found inWa30was similar to that in
Wa32LL and thus does probably not relate to the phenofype short- or long-lived).
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P. anserinaWa3(Q short-lived, plasmid integration imd1-i4

5’ TGATTACATTTTC [AAATAACACAACATAGT TACT 3
NERRRRRRRRRY FEEETTTETEEEreer et ety
5’ TGATTACATTTTCAAATAACACAACATAGT CGAGATAGGT A TACBTATCIGGACTATGT TGTGT TATTTit TGATTACATTTTCAAATAACACAACATAGT ACT 3’

P. anserina, Wa32LlUong-lived, plasmid integration upstreamnaof2

5 TTATTT [AAGCAAGCTOGCTAATTATTAGHCGTTCA 3
NARRE NN AR AR
5" TTATTTAAGCAAGCTCGCTAATTAT TAGOUAGAGATACGT AfTACGT ATCT CTIBGCT AATAAT TAGCGAGCT TGCT TIAAAT AATIAAGCAAGCTCGCT AAT TATTAGBOGT TCA 3

Figure 6-2 Plasmid integration results in mtDNA duplicatiodsschematic representation (top) is given of gtractural organization before
and after integration. In addition, two sequenagnahents (bottom) are given of plasmid flankingsaages fronP. anserinastrainsWwa30and
Wa32LLwith the wild-type mtDNA regions from juvenile ¢uies of the corresponding strains (in the cad#&/a82LLwith that from a juvenile
culture of its ancestowa32. The 5’ (left) and 3’ (right) plasmid and plasnfldnking mtDNA sequences are separated by a fahshash
(black). Note that multiple sequence alignmentspargsible and this is one interpretation. As irlgd31, plasmid sequences are indicated in
grey, with homology to the mitochondrial sequenaesdark grey. Duplications are boxed. The inverthglication downstream of the
integrated plasmid in Wa30 was linked to the réshe sequence by an additional base pair (lowerksttering). In both cases, either the direct
or inverted downstream duplication is actually lsllig larger than indicated using boxed text (unded).
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Discussion

To gain more insight into the mode of invertroregmration, we used ST-PCR (Chanal.,
1997) and sequencing to characterize novel plasmiXNA recombination junctions from
Neurospora and Podospora isolates, respectivelyitgmpKALILO or pAL2-1. As discussed
below, both in the case of pKALILO and pAL2-1, tilegration process was heterogeneous
in nature and seemingly region-specific. Integratie probably best seen as a mistake,
perhaps resulting from a form of erroneous mtDNpaie

The mode of integration of mitochondrial invertrons

Bertrand and Griffiths (1989) proposed that theegmation of pKALILO involves short
sequence homology with the mtDNA target site. Thias based on an unpublished
observation that the sequences of the target sitgshed that of a short region within the
terminus of the plasmid. Integrated copies of pKIARIconcomitantly lacked several base
pairs from their termini. In contrast however, tinéegration of pAL2-1 did not appear to
involve sequence homology with the mtDNA targete:ssitAt the pAL2-1/mtDNA
recombination junction described by Hermarmtsal. (1992) a short insertion was found,
suggesting a different mode of integration. Thestjoe thus remained whether the short
sequence homology model of integration could beegdized to Podospora. There could be
several different modes of integration. It coulsloabe that the structure of integration sites is
occasionally obscured by secondary recombinati@mtsy

In our analysis, most recombination junctions dobk explained with the short
sequence homology model of integration. Both infdspora and in Podospora, there were
cases in which the sequence of the target sitehmdtthat of the corresponding plasmid.
Integrated plasmid copies often lacked several h@mes from their termini. This was
however not always the case. In some cases ingghcatpies were complete, which shows
that integration does not necessarily have to weraleletions. In thé. intermediastrains
NI28.01andNI05.01lintegration appeared to have involved a RNA inetiate. This is more
elaborately discussed in chapter 3. Notably inghe® isolates the senescence phenotype of
pKALILO was suppressed. Thus, the mode of integrais heterogeneous and perhaps even
connected to the expression of senescence. Thbhaghdomplete termini could formally also
be explained by existing variation in the autonostpueplicating elements (note that only
the prototypic plasmids have thus far entirely bsequenced), this is highly unlikely given
that the termini of integrated copies varied evéhiw single isolates. The incomplete termini
must therefore have resulted frate novodeletion events. They may have resulted directly
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from the integration process, or from a secondasne Notably one of the recombination
junctions in Neurospora coincided with a so-callestlpalindrome, an element that was
associated with recombination junctions also in N#Ddeletion mutants (Almasan and
Mishra, 1991). Cahan and Kennel (2005) recentlywslibthat the presence of theRstl
palindromes is inversely correlated with that ofagphid-related sequences in the
mitochondrial genome, suggesting that they servela in eliminating these and similar
foreign DNA sequences. These observations togdthes raise the question whether the
incomplete termini result directly from the intetjoa process or from a secondary
recombination event. It would be interesting todgtall the potential changes that occur in
recombination junctions during the senescence psocather than just the outcome of the
entire process.

The distribution of invertron integration sites

The distribution of insertion sites was neitheresipecific nor completely random, but
appeared to be region-specific as initially sugegdty Bertranckt al. (1985) for pKALILO.
Both in Neurospora and in Podospora, most of tisertion sites were located within the
region containing important components of the nhmtowrial translational apparatus
including the mitochondrial rRNAs and most of th#aohondrial tRNAs. This bias could be
explained by a bias in the integration procesdfit3éne mtDNA region affected could for
example be more susceptible to recombination ireignlt may be more heavily transcribed
and thus more accessible to integration. Viralgragon is sensitive to the transcriptional
state of the targeted locus (reviewed by Sandmetyat., 1990) and this is also the case for
linear plasmid DNA (Srikanthat al, 1995). The biased distribution could formallycatse
explained by intracellular selection. MtDNA moleesil carrying an insert in the affected
region could have a replicative advantage over cubds with an insert elsewhere. It may
reflect the progressive deletion of the mitochoaldgenome around an origin of replication
situated near the rRNA loci.

In short, the mode of integration is heterogeneand insertion sites appear to be
distributed in a region-specific way. Also becatisere is no specific integration function
known to be associated with the plasmids, integmais probably best viewed as an error.
This was also suggested by Griffiths (1992). Itilddoe that the termini of the plasmids are
erroneously recognized as dsDNA breaks. This woatdir with a higher chance in senescent
tissue because plasmid titers typically increasenduhe senescence process. Although for a
long time it was considered to be non-existent, NADrepair is well established nowadays.
MtDNA repair mechanisms include base excision, nateim as well as recombinational repair
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mechanisms (reviewed by Croteaual., 1999). Plasmid integration could thus result from
erroneous recombinational mtDNA repair. A similaogess is known for example from
hepaDNAviruses (Bill and Summers, 2004): Integratid hepaDNAviruses depends on the
production of linear viral dsDNA and occurs at dgdNbreaks, presumably via non
homologous end-joining (NHEJ). Notably, in the éatisystem, as was the case at the
plasmid/mtDNA recombination junctions we found, ghdeletions or insertions were
observed at the viral/lhost DNA recombination jumies. It would be interesting to test more
directly whether the induction of dsDNA breaks affe the mode of action of the
mitochondrial invertrons.
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Summarizing discussion and conclusion

Fungal senescence is a heterogenous phenomenon

The findings presented in this thesis allow us #kena distinction between several fungal
senescence phenomena that have by some authorslassified as one. The senescence
phenomenon in Podospora as originally describe®iagt is clearly different from that in
Neurospora. The latter, pKALILO based senescemckat proved to be analogous to pAL2-
1 based senescence, a phenomenon previously dkedl®@cause it is in the shadow of the
regular senescence syndrome of Podospora as showchdpter 4. The senescence
phenomenon in Podospora is multicausal, whereastion based senescence in Neurospora
obviously is not, which in fact would have beeneaywgood argumerd priori for it not to be
called senescence. According to its evolutionafinden that was stated in the introduction,
aging is expected to be multifactorial becausesults from the accumulation of traits with
deleterious effect late in life. Perhaps even muomgortant, the invertrons are not intrinsic
causes of death. They are highly infectious eveonrgmincompatible natural isolates, and
thus probably best seen as an infectious disease.

In Chapter 2, the frequency and effect of pKALILO in the hetirallic, outcrossing species
N. intermediawere compared to those of the pseudohomothakbidfestilizing speciesN.
tetrasperma Selffertilization would generally cause the ietgts of host and intracellular
parasite to align. Results were in line with thiste frequency and virulence of pKALILO
were lower inN. tetraspermahan inN. intermedia However, the frequency of the allegedly
phenotypically neutral plasmid pHANALEI-2 was alsaver inN. tetraspermathus drawing
into doubt either the phenotypic neutrality of pHADEI-2 or the fact that the frequency of
pKALILO has anything to do with its virulence.

In Chapter 3, a novelmitochondrial retro-element was described that fwasd in long-lived
isolates ofN. intermedia One intruiging possibility is that the elememserfere with each
other in a similar way as DI viral particles, thancelling out each others phenotypic effects.
In fact, thus far no two senescence plasmids haen found in one and the same strain
despite their relatively high frequencies in th@uylation. This could point for example at the
existence of incompatibility groups in mitochondlfdasmids. It would be interesting to try
and combine different senescence plasmids in orteplagm to test this hypothesis.
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In Chapter 4, the effects of calorie restriction on senescendeadospora were investigated.
Calorie restriction could in some strains extefel $pan by a factor five, which is more than
is usually observed in unitary organisms. The nwanse of variation in the response to
calorie restriction was the mitochondrial plasmidL@-1. This plasmid was originally
believed to induce longevity, but is in fact asatail with a senescence syndrome under
calorie restricted conditions similar to that asasted with the structurally similar element
pKALILO from Neurospora.

In Chapter 5, a novel spontaneous longevity mutanPofinserinawas characterized. Unlike
most previously described longevity mutants, thraistwas not completely female sterile,
though together with the other existing mutantsidiug a strong case for antagonistic
pleiotropy theory of aging. The mutant had sevdterations throughout the respiratory
chain, potentially mildly uncoupling oxidative phdrylation from electron transport, and
resulting in increased but less efficient metaloli3he longevity mutation corresponded to
the insertion of one of the plasmids that in Chagtevere shown to negatively affect life
span. Integration is thus, unlike previously thaygleither per sé associated with senescence
nor with longevity. It may be that the cells camyimtDNA with inserts of pAL2-1 and
pKALILO are normally eliminated by the host befaectors get a chance to escape. In other
words: Longevity induction by integration of pAL2et pKALILO may be timing dependent.
Otherwise it could be site specific or it couldébsecondary effect.

In Chapter 6, the structure and distribution of plasmid/mtDNAcoenbination junctions
involving the two invertrons pAL2-1 and pKALILO werinvestigated. The recombination
junctions corresponded predominantly to sites withie mitochondrial rDNA regions of the
two respective hosts. They often but not invariabbntained additional insertions and/or
deletions, as is known from hepaDNAviruses thagiinat dsDNA breaks. It could be that the
rDNA regions are more heavily transcribed and cqueatly more susceptible to
recombination. If the plasmids indeed insert at DNfeaks this suggests that the age
dependent rearrangements could be due to errontDNA repair.

Invertron based senescence, evidence for the maotatcumulation theory of aging?
Given all the above, it seems as if invertron basstescence should indeed be classified as a
disease. Invertrons have a structure that is glpmal of certain DNA viruses, and they

posses viral-like polymerases, so the link withgdsaand viruses is not far-fetched. Be it as it
may, the first signs of invertron based senescémieally set in, both in Neurospora and in
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Podospora, not earlier than a week after ascogpemaination. This is approximately the
amount of time that is necessary for the sexudedgcbe completed. It could thus be that the
elements assert their effects in the shadow otsete The plasmids appear to integrate at
dsDNA breaks as proposed in chapter 7, so perlhapseihescence syndrome results from the
progressive decline in mtDNA repair with age, inmtmnation or not with a progressive loss
of control over plasmid replication. It would betaresting to test if the plasmids also
integrate at specific mMtDNA breaks or recombinatjonctions, and whether they interact
with other senescence or senescence related pheadike for example with thpremature
deathphenomenon. It would also be interesting to testther other elements like some of
the optional introns have an effect on CR. Alsséhelements may have accumulated in the
shadow of natural selection. The fact that pAL2-asdidl senescence is normally
overshadowed by the regular, calorie restrictiarsge senesce phenomenon could indicate
that its presence should be considered a form ¢éton accumulation.

Senescence a laboratory artefact?

What also requires testing is whether the invegrassert an effect in nature, for example by
collecting vegetative material directly from theelfl. It could be that invertron based
senescence is largely a laboratory artefact. THaurowg methods usually employed in
Neurospora for example, are highly unnatural ingbese that bulk inocula are used in serial
subculturing. The natural mode of vegetative pragpiag probably involves only one or just
few but related macroconidia to start a new coldnynature the invertrons may have no or
barely an effect because somatic selection mayepilngy detrimental effects of the plasmids.

Antagonistic pleiotropy of fungal senescence

All the longevity mutants thus far show severelgiueed fertility. Mitochondrial instability,
oxidative stress, and the cellular level of enaagpear to be intimately connected. It could be
that according to the free radical theory of agimgtochondrial oxidative stress is the key
parameter in the aging process. However, thisvisyd associated with the level of energy
and the latter could be an equally important patami@& the process. Thus far there is no
evidence that these parameters can be dissociated.most direct way of testing this
possibility would be to use artifical selection fiocreased reproduction and increased life
span simultaneously.
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Samenvatting

Veroudering evolueert in de schaduw van natuurkigectie: Omdat de cumulatieve kans om
te sterven aan externe doodsoorzaken toeneemt at@ae®n organisme ouder wordt, zal er
doorgaans slechts geringe selectie bestaan tegamsieke, genetische factoren die relatief
laat in het leven een negatief effect hebben. Bgie zullen dergelijke factoren over
meerdere generaties accumuleren. Dit staat bedsrika’mutatie accumulatie” theorie van
veroudering. Als deze factoren bovendien een plwogi positief effect vroeg in het leven
zouden hebben, bijvoorbeeld op de fertiliteit, yuzelfs selectie voor dergelijke factoren
kunnen zijn. Dit staat bekend als de “antagonistspleiotropie” theorie van veroudering.
Veroudering is naar verwachting dus een multicdupaaces dat het resultaat is van
intrinsieke factoren met een negatief effect lmaheét leven en een mogelijk positief effect
vroeg in het leven. Het kan gezien worden als éstltaat van een gebrek aan investering in
lichamelijk onderhoud laat in het leven, een ederan het evolutionaire verleden van een
organisme.

In tegenstelling tot unitaire organismen zoals | vdeeren, kunnen modulaire
organismen zoals planten, schimmels en kolonievod®einvertebraten zich klonaal of
vegetatief vermeerderen. Bij dergelijke organisnseer geen duidelijk onderscheid tussen de
kiembaan, de cel lijn bestemt voor de voortplantiag het soma, het lichaam. Daar de
kiembaan niet mag verouderen, zouden deze moduwag@nismen dus geen veroudering
moeten kennen. Hoewel modules of delen van modulanganismen aan veroudering
onderhevig kunnen zijn, verouderen dergelijke oiggaen dan ook inderdaad zelden als
geheel. Desondanks zijn er voorbeelden bekend xgamsmale veroudering bij schimmels
en planten, waarbij alle vegetatieve delen vanesde! individu gelijktijdig sterven.

Dit proefschrift gaat over veroudering in twee gen filamenteuze schimmels:
Neurospora en Podospora. De vraag is of er oveoeestken bestaan, zowel op het proximate
of mechanistische, alswel op het ultimate of evohdire niveau, tussen veroudering zoals
dat plaatsvindt bij schimmels en veroudering zao@sin de regel plaatsvindt bij dieren. Het
werk in dit proefschrift laat zien dat verouderinigsommige schimmels, zoals in ieder geval
bij de pseudohomothallische ascomycdet anserina, inderdaad een intrinsiek en
multicausaal proces is, zoals verwacht verwacht maglen. Mitochondrién blijken hierin
een cruciale rol te spelen. Een analyse van dadese¢ natuurlijke variatie voor levensduur,
laat zien dat de belangrijkste bron van variatimesaghangt met de af of aanwezigheid van
mitochondriéle plasmiden, moleculaire parasietea lterfereren met de ademhaling.
Variatie die spontaan in het lab ontstaat, hanytezcvaak samen met de mutaties in de
electron transport keten. Deze zijn geassocieetddmenductie van alternatieve ademhalings
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routes en dit leidt via een nog onbekende weg ¢at stabilizering van het mitochondrieel
genoom, een verlaagd niveau van de hoeveelhe&radicalen die aanwezig zijn in de cel en
minder energie. Derhalve zijn de stammen die eegetiike mutatie dragen langlevend en
minder fertiel tot zelfs compleet steriel. Ook ktlipen reductie in de hoeveelheid glucose in
het dieet net als bij dieren te leiden tot levemnsderlenging. Dit kan teniet gedaan worden
door de aanwezigheid van een mitochondrieel plasnhietgeen aangeeft dat deze manier van
levensduurverlenging waarschijnlijk afhangt van hetrrect functioneren van de
mitochondrién.
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Appendix

Ad Chapter 2. Neurospora isolates collected from Hawaiian gisiblate codes refer to species,
sample numbers and isolate numbers). Indicatedheie origins (numbers refer to sites), mating
types, and the presence of plasmids and that e@ssence (expressed in number of subcultures. One
subculture corresponds to two or three days. Atatsovas classified as nonsenescent (-) when it
grew more than 50 subcultures).

Isolate Origin Mating type Plasmid Life span
pKALILO pHANALEI-2

NI05.01  Kauai, 06 a + -
NI06.01 Kauai, 06 a + 35
NI06.02 Kauai, 06 a + -
NI0O7.01  Kauai, 07 a -
NI07.02  Kauai, 07 a -
NI08.04 Kauai, 07 A 21
NI11.02 Kauai, 08 A 9
NI11.03 Kauai, 08 a + 4
NI13.01 Kauai, 10 A -
NI13.02 Kauai, 10 a + 19
NI13.03 Kauai, 10 A + + 19
NI14.01 Kauai, 10 a -
NI15.01 Kauai, 10 a -
NI15.02 Kauai, 10 a + -
NI15.03 Kauai, 10 A -
NI16.01 Kauai, 10 a + 10
NI16.03 Kauai, 10 a + 8
NI16.04 Kauai, 10 a + 14
NI16.05 Kauai, 10 a + 8
NI16.06 Kauai, 10 a + -
NI16.07 Kauai, 10 A + 21
NI16.08 Kauai, 10 a -
NI16.09 Kauai, 10 A + -
NI18.02 Oahu a + 20
NI20.01 Kauai, 01 a + -
NI20.03 Kauai, 01 a + -
NI21.02 Kauai, 04 A -
NI21.03 Kauai, 04 a + 20
NI21.04 Kauai, 04 A + -



NI21.05
NI22.01
NI23.01
NI23.02
NI23.03
NI23.07
NI23.10
NI23.11
NI23.12
NI23.13
NI23.18
NI25.01
NI26.03
NI28.01
NI29.02
NI29.03
NI29.06
NI29.10
NI30.04
NI31.01
NI31.02
NI31.03
NI32.01
NI35.01
NI39.01
NI139.02
NI40.01
N140.02
NI40.03
N140.04
NI40.05
N140.06
NI40.07
NI42.01
NI42.02
NT08.01
NT08.02
NTO08.03
NT09.02

Kauai, 04
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 09
Kauai, 05
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 03
Kauai, 03
Kauai, 03
Kauai, 03
Kauai, 05
Kauai, 11
Kauai, 11
Kauai, 11
Kauai, 11
Kauai, 11
Kauai, 11
Kauai, 11
Kauai, 11
Kauai, 11
Kauai, 11
Kauai, 11
Kauai, 07
Kauai, 07
Kauai, 07
Kauai, 08
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NTO09.03
NT09.04
NT09.05
NT09.06
NT09.07
NT09.08
NT11.01
NT11.04
NT16.02
NT17.01
NT18.01
NT19.01
NT19.02
NT19.03
NT19.04
NT19.05
NT20.02
NT20.04
NT21.01
NT22.02
NT23.04
NT23.05
NT23.06
NT23.08
NT23.09
NT23.14
NT23.15
NT23.16
NT23.17
NT23.19
NT23.20
NT23.21
NT23.22
NT23.23
NT23.24
NT23.25
NT26.01
NT26.02
NT27.01

Kauai, 08
Kauai, 08
Kauai, 08
Kauai, 08
Kauai, 08
Kauai, 08
Kauai, 08
Kauai, 08
Kauai, 10
Kauai, 10
Oahu
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 04
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 02
Kauai, 05
Kauai, 05
Kauai, 01
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NT28.02
NT28.03
NT28.04
NT28.05
NT28.06
NT28.07
NT29.01
NT29.04
NT29.05
NT29.07
NT29.08
NT29.09
NT29.11
NT30.01
NT30.02
NT30.03
NT30.05
NT32.02
NT33.01
NT35.02
NT39.03

Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 01
Kauai, 03
Kauai, 03
Kauai, 05
Kauai, 11

15
22
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