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Abstract
Hyphae of filamentous fungi are capable of fusing with each other, to form heterokaryons, cells
with two different nuclei. If these nuclei differ at certain heterokayon incompatibility genes (hetloci), vegetative incompatibility can occur. In our study we have shown that a population of 104
strains shows no variation at two neutral loci (ITS and RPB2), where is was known to vary at the
het loci. The absolute lack of polymorphism in the neutral genes compared to the many different
alleles found for het-genes in this population raised of question of biological significance of
vegetative incompatibility. There are two contrasting hypotheses explaining the biological
significance, both implying specific properties of het-genes: the role of vegetative incompatibility
could be to preserve genetic individuality of conspecifics by discriminating between self and nonself (allorecognition theory), or the existence of this system is an accident of evolution where
vegetative incompatibility is thought to be a by-product (accident theory). If vegetative
incompatibility is an accident of evolution, and het-genes do not exist to limit heterokaryosis
between conspecific individuals, these genes should have other biological functions in the life cycle
of the coprophilic fungus Podospora anserina. In this study we tested whether one of those
functions could be to recognize resource competitors and pathogens in the droppings of herbivores
P. anserina lives on. Therefore we studied the ecology of P. anserina and did experiments to reveal
the interactions between P. anserina and its surroundings. Many different interactive patterns are
described between P. anserina and various coprophilic fungi and bacteria isolated from rabbit dung.
We have shown that P. anserina can be parasitized, but is also capable of growing over and maybe
even parasitizing others. Within all the dung isolates, only the fungi Gibberella avenacea and
Chaetomium spp. appeared to have some HET-C homolog. We can not point out any causal
connection between the different interaction found in our study, and the presence of HET-C
homologs.
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Introduction
With The Origin of Species, Charles Darwin received worldwide fame concerning the forces
shaping change within lineages (Orr, 1995). Introducing the concept of ‘natural selection’ changed
the way biology has looked upon ever since. In this sense, the title of his best known work is
somewhat misleading, for very little was actually written on the exact origin of species, as in the
formation of species, but rather on how species evolutionary developed by natural selection. For
Darwin, it was unclear how something as patently maladaptive as the sterility or inviability of
hybrids could have evolved, for there was no evidence concerning a fitness benefit for this aspect.
A metaphor to illustrate the problem is to see two genotypes descended from one ancestor as
mountains. Somewhere in their history, one of the two lineages must have been separated from the
other one by passing through an adaptive valley. How could natural selection allow such passengers
through adaptive valleys? An answer to this question came in the late 1940’s from Dobzhansky and
Muller (Orr, 1995).

The Dobzansky and Muller model
The model is based on epistasis, the phenomenon in which two alleles can come in conflict with
each other. To illustrate this, let us think of two populations living in allopatry. Both have the same
genotypes at two loci (aa, bb). An ‘A’ appears in one population and is fixed; the ‘Aabb’ and
‘AAbb’ genotypes are still completely viable and fertile. At this state, the population is still able to
interbreed, giving viable and fertile offspring with allele’s ‘aabb’, ‘Aabb’ and ‘AAbb’. The
appearance of A is an intermediate state, but not a maladaptive intermediate state. Complete sexual
isolation could occur now, if a ‘B’ mutation would appear in either one of the populations. Now a
‘B’ mutation occurs at the second population and is also fixed. This would result in ‘aaBb’ and
‘aaBB’ genotypes, which are also perfectly healthy. The main idea of this model is that the ‘B’
mutation, responsible for perfectly healthy offspring in combination with a, has in its evolutionary
life never been tested with ‘A’. And right here is the possibility for complete sexual isolation, for the
possibility exists that ‘B’ has a deleterious effect if combined with ‘A’. If this were the case, the
populations might be separated for good. Even if they would come back together and breed, the
hybridized offspring with genotype ‘AaBb’ may be inviable or sterile (Orr, 1995).
The ability for an organism to discriminate its own cells from those of another individual of the
same species is called ‘conspecific allorecognition’. It has been developed by many different
organisms and is associated with highly polymorphic genes. The fundamental layer underneath this
thesis is to explore the options for conspecific allorecognition genes to be a first step towards
speciation. Filamentous fungi are unique organisms to study allorecognition. These fungi are
sometimes able to form heterokaryons by fusion of somatic cells with some individuals, but fail to
do so with others. The failing of fusion could be considered as non-self recognition, and leads in
many cases to vegetative incompatibility and cell death (Paoletti et al., 2007). Although we will
focus our research on the ecology of Podospora anserina, and the biological significance of
vegetative incompatibility, we do keep in mind the possible driving force of this mechanism
towards speciation.

Vegetative incompatibility
Both sexual and vegetative recognition systems exist in filamentous fungi. Mating type loci are
responsible for the sexual recognition, whereas vegetative incompatibility systems control the
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vegetative recognition. The hyphae of these filamentous fungi are able to fuse (forming
anastomoses) with each other. Because of these spontaneous cell fusions, a self/nonself recognition
system is critical. A cell fusion will lead to cytoplasmic mixing and the formation of vegetative
heterokaryons. The viability of such a heterokaryon is determined by so called hetetokaryon loci
(het loci). There are a great number of het loci known, in many different species. Some model
organisms in which het loci are described are; Neurospora crassa, Podospora anserina, Aspergillus
nidulans and Cryphonectria parasitica (Saupe, 2000). Vegetative incompatibility is a characteristic
phenomenon in filamentous fungi because filamentous fungi are practically the only organisms
capable of natural heterokaryoses. Other het- like genes occur in different phyla, and could be
detected as hybrid inviability or sterility in diploids. Het- like genes can be seen as genes that are
deleterious at the heteroallelic state (Saupe, 2000).
Incompatibility between two fungal strains can be detected by the formation of barrage (French for
border) , which is an abnormal contact line between the two strains. The barrage can be seen as a
result of the intolerance of heteroallelism in het loci. Vegetative incompatibility systems occur at
both the allelic (the incompatible genes are alleles) and non-allelic (two genes at distinct loci
interact with each other) level.

Podospora anserina
Podospora anserina is a coprophilic ascomycete fungus, which can be found on dung of herbivores.
(eg. sheep, rabbits and horses). It is one of the model organisms to study vegetative incompatibility.
It is a pseudo- or secondary homothallic, meaning they are capable of completing their life cycle
from a single sexual self-fertile ascospore, just like true homothalism. But, the ascospores and
mycelium are heterokaryotic and contain nuclei of two different mating types. Both mating types
are needed for sexual reproduction.
In 1991 researchers in Wageningen started collecting wild specimens of Podospora anserina in and
around Wageningen. At this moment, the DNA of 104 strains is available. Many different
experiments have been done with these different populations concerning topics such as aging,
vegetative incompatibility and light receptor experiments (van der Gaag, 2005, van Diepeningen et
al., 2008).

Het-c het-d/e incompatibility system
In total nine different loci for heterokaryon incompatibility have been described for Podospora
anserina. Five systems are allelic, involving only one locus, three non-allelic systems occur,
involving at least two loci and one locus (het-V) is simultaneously involved in an allelic and a
nonallellic interaction. The interaction of het-c with het-d/e is nonallelic. In 1967 Bernet discovered
several functional het-c, het-d and het-e alleles in 16 wild-type strains. A pattern of incompatibility
was found within the different het-genes, by doing many crossings (Figure 1.).
The het-c locus of P. anserina should not be confused with the het-c locus described in other
filamentous fungi, like Neurospora sp. and Aspergillus sp. This het-c described in N. crassa also
regulates a conserved programmed cell death (PCD) pathway. It is therefore inconvenient that these
two genes with similar effects, occur in closely related species, but are not related with each other
on a phylogenetic base. Much work has been done on the het-c of Neurospora (when a homolog
gene was found in Podospora it was termed hch (het-c homolog)). Het-c in Podospora interacts
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with het-d/e and other HNWD proteins (Saupe, 2000). In a thesis study done by Bastiaans, seven
different het-c alleles were found when screening the Wageningen population for het-c. It is thought
that het-c is co-evolving with the WD sequences found in het-d/e. This is because the variation
within the het-c alleles seem to be at the locations involved in the interaction surface with het-d and
het-e (Bastiaans, 2008).

Figure 1. Schematic overview of results from incompatibility reactions, done by Bernet. White and black mean
compatible and incompatible respectively (Bastiaans, 2008).

The het-c het-d/e incompatibility system works via the interaction of two types of genes. On one
hand there is het-c, which encodes a protein similar to the glycolipid transfer protein (GLTP
superfamiliy) found in different kingdoms. When the het-c gene is inactivated, it leads to abnormal
ascospore formation (Espagne et al., 2002). In other words, het-c has an essential role in the
reproductive life of P. anserina. The het-d and het-e genes are very alike, and they both encode a
protein which displays a GTP-binding site and a WD40 repeat domain. Inactivation of the het-e
does not lead to any particular phenotype other than the incompatibility phenotype. Het-d is thought
to be a functional homolog of het-e (Espagne et al., 2002).
Het-d and het-e are part of the NWD gene family (Figure 2). All genes in this family have more or
less the same construction. They all share the same WD40 tandem repeat. Although the repeat itself
is very conserved among all members of the NWD family, the amount of repeats vary greatly. At
least 10 repeats are needed to result in an incompatibility reaction. The WD-repeat part of the
protein is believed to be responsible for the specificity in interaction with HET-C (Paoletti and
Clavé, 2007). In the middle of the protein, the NACHT domain is located. This domain is a GTPbinding domain and is shared by all members of the gene family.

Figure 2. Schematic representation of the NWD gene family. The structural domains of the 10 members of the NWD
gene family of the sequenced S strain are represented by blue boxes (HET domain), pink boxes (NACHT domain) and
orange boxes (WD-repeat unit). Arrowheads represent stop codons in the pseudogenes. Numbers in brackets indicate
the range of repeat number found in wild type isolates used by Paoletti and his colleagues (picture taken from Paoletti et
al., 2007).
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Five members of the NWD family contain a HET-domain (HNWD family). This is a fungusspecific domain which mediates programmed cell death in P. anserina. Cell death is triggered by
interaction of specific alleles of het-c and het-e/d encoding a HET domain and a WD repeat domain
involved in recognition.
Biological purpose of the het-c het-d/e incompatibility system
The function of this incompatibility system is matter of fierce debate. There are two major
conflicting theories which could be termed the ‘functional theory’ (or allorecognition theory) and
the ‘accidental theory’.
In the functional theory, the incompatibility reaction itself is the main function of the het-c het-d/e
interaction. The HET-C protein is important in ascospore formation, but the known function of hetd and het-e up until now is only to cause incompatibility. So except for vegetative incompatibility,
no other function of these genes in the life cycle of P. anserina is known. This could mean that
incompatibility is the sole purpose of het-d/e, or maybe that another gene complements the loss of
function caused by the inactivation of het-d/e genes. Then, what would be beneficial about being
vegetative incompatible? It is thought that vegetative incompatibility limits heterokaryosis to
prevent horizontal transmission of viruses or other deleterious elements. But although it limits
horizontal transmission, it does not exclude it. At least within Neurospora, certain plasmids were
transferred following incompatible vegetative interactions so incompatibility does not completely
prevent cytoplasmic exchange (Debets et al, 1994). Examples of plasmid transfer in vegetative
incompatibility reactions have also been described for P. anserina (van der Gaag, 2005). It could
therefor be questioned how strong this defensive mechanism really is.
The conflicting theory considers the incompatibility reaction as an evolutionary accident. Neutral
polymorphism in het genes creates a variant with lethal consequences for the heterokaryotic cell
when it interacts with its incompatible antagonist. Espagne and colleagues discard this idea based
on their demonstrations that fungi selectively maintain specific polymorphism at the top of the
Beta-propeller structure. Because the polymorphism is only observed in specific loci, they conclude
that vegetative incompatibility has to be necessary in the P. anserina life cycle (Espagne et al.,
2002)

The ecology of Podospora anserina
P. anserina is an obligate coprophilic fungus that is mostly found on herbivore dung, where it has to
compete with many other fungi and bacteria for recourses. In a sixweek student project, isolated
strains from rabbit dung were identified by their ITS region, and were screened for aging. These
genera were Mucorspp., Microdocium spp., Chaetomium spp., Cladosporium spp., Mortierella spp.
and Verticillium spp (Geydan and van den Berg in 2008).
When we blasted het-c2 in NICB, Chaetomium appeared to have a 81% identity with the the hetc2 gene of P. anserina (Appendix I). Chaetomium and Podospora are closely related, both
belonging to the familiy Sordariaceae (Zhang et al., 2006).The fact that no other genera were found
in the blast, does not necessarily mean they do not have the het-c homolog in their genome. Much
more ITS sequences can be found in NCBI, compared to het-c sequences. It is known that
Chaetomium is the closest relative to P. anserina, yet it could very well be that all these genera
contain some sort of homolog, which could be found when their complete sequences are added to
the database.
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Interacter of the hch-gene
Neurospora crassa is a close relative of P. anserina, and an interesting interaction has been
described between N. crassa and the bacterium Pseudomonas syringae. It is known that the
phytopathogen Pseudomonas syringae competes for recourses with many other epiphytic
organisms, including filamentous fungi. A study by Wichmann et al. (2008), showed a remarkable
interaction between P. syringae and N. crassa. Here, P. syringae was capable of parasitizing N.
crassa by inducing the programmed cell death pathway normally triggered by het-c (hch-gene in P.
anserina). A gene termed phcA is conserved in many strains of P. syringae. It shows homology to
the filamentous fungal gene het-c found in Neurospora. The N. crassa HET-C protein regulates
heterokaryon incompatibility. Ectotopic expression of the P. syringae gene phcA induced cell death
in N. crassa which was dependent on the presence of a functional het-c pin-c haplotype. P. syringae
was able to attach and extensively colonize the hyphae of N. crassa by utilizing phcA to acquire
nutrients leaking out as a result of the PCD (Wichmann, 2008).

Main hypothesis
Could it be that vegetative incompatibility is not so important for recognition between conspecific
P. anserina individuals, but more for recognition between species? The droppings that form the
natural habitat of P. Anserina, harbor many resource competitors and potential pathogens. The
recognition of such enemies could be correlated to the het-genes.
Espagne et al. (2002) rule out the accident hypothesis, based on the lack of biological reason to
maintain polymorphism selectively among het genes. It is true that up till now no other function of
het-d and het-e has been described beside the programmed cell death (PCD) response they trigger in
interaction with het-c. But, let us keep in mind that these conclusions were based on observations
within the laboratory. To what extent does an agarplate with one neighbor mimic the natural niche
in which P. anserina lives? An ecological perspective might cast new light on this issue. In this
thesis we will explore the possibility of het-d/e being pathogen recognition genes. I will use the
model proposed by Paoletti an Clavé to visualize the mode of action of het-c and het-d/e genes
(Figure 3).

Figure. 3 Proposed model for control of HET domain (considered to be the death module) activity. (A) Under
vegetative growth conditions, the HET domain activity would be inhibited by binding with its own NACHT and/or WD
domain (considered to be the recognition module). (B) Under incompatible conditions, binding of HET-C to the WD
domain of HET-E releases the HET domain to mediate PCD via MOD proteins (picture taken from Paoletti and Clavé,
2007)

The recognition modules of the C/D and C/E systems are constituted of HET-C proteins with the
WD repeat domains of HET-D and HET-E proteins. The HET domain triggers PCD upon
recognition. The diversification of WD40 repeat sequences is promoted by a combination of
different phenomena. The mutation supply through high WD-40 repeat number and repeat-induced
point mutations (which is a fungus specific mutagenic process), positive Darwinian selection
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favoring accumulation of nonsynonymous mutations, and concerted evolution leading to shuffling
of WD40 sequences between NWD gene family members, all contribute to the diversification. The
diversification of WD40 repeat sequences is apparently of high importance, but the exact reasons
for this are still to be discovered. High polymorphism is a feature also seen in resistance genes. A
model study for gene-for-gene interactions involving rapidly evolving resistant genes, is the
Tomato/ Cladosporum fulvum interaction (Figure 4).

Effectors

Effectors
Cf-resistance
proteins

VIR

Fungus

Compatible

VIR

Plant cell

Fungus

HR

Plant cell

Incompatible (HR)

Figure 4. Fungus intruder releases effector proteins to establish infection. Cf resistance proteins are able to recognize
certain effectors, leading a hypersensitive response (HR) which triggers PCD by the plant. This is a defensive
mechanism so prevent further depletion of the intruder (Ionnis Stergiopoulos, personal communication)

In our study, we have investigated the possibility of HET-D and HET-E proteins being resistance
proteins causing vegetative incompatibility. Within P. anserina interactions occur between HET-C
and HET-D/E, leading to vegetative incompatibility. But, we examine whether inter-specific
interactions between P. anserina and competitors could be the origin of the het-c/het-d/e model. If
this were the case, pathogens could exist which contain a HET-C homolog to trigger host PCD.
The HET-C homolog is then assumed to play a vital role in the establishment of infection, and the
HET-D and HET-E resistance proteins in P. anserina cause vegetative incompatibility when they
recognize an intruder, what causes PCD to stop further depletion from the pathogen. This could also
be an explanation for the fact that het-d and het-e resemble each other so closely. It could be that the
interaction with the HET-C homolog was once only with one HNWD protein. Than, at some point
in it’s evolutionary life, the gene encoding the HNWD resistance-protein was duplicated within the
genome, resulting in two functional genes which both evolved in their own way. Having two
HNWD proteins involved in the recognition of an intruder can be beneficial when a bigger set of
molecules can be recognized. Homology with HET-C has already been described for the
Arapidopsis protein ACD11. Mutations in the acd11 gene have shown to activate specific cell death
pathways. Four different interacting proteins have been described, all mediating in a HR resulting in
PCD (Petersen et al., 2008).
So we investigated here, the possible role HET-C homologs in other coprophilic species might play
in the evolution of vegetative incompatibility. This theory makes vegetative incompatibility an
evolutionary accident, which evolved in the shadow of a gene-for-gene’s arms-race involving
recognition of pathogens. HET-C of P. anserina might have been accidently caught up in this armsrace, leading to polymorphism within het-c to remain compatible, without losing its vital biological
function in the life cycle of P. anserina. From now on we will call this theory ‘the resistance
theory’.
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Scope of this research
To give the resistance theory any chance, HET-C homologs must be found within the natural niche
of Podospora anserina. Not much is known about the way P. anserina interacts with its
environment. This was a preliminary research in which we tried to create a more complete image of
P. anserina and its recourse competitors and pathogens. We did several experiments to show how
‘strong’ P. anserina stands against other fungi and bacteria isolated from rabbit dung. Molecular
work helped in determination of the species, and in detecting the presence of a het-c homologs. The
results of Winter and van Dalen (2009) and Geydan and van den Berg (2008) have been used to
create a general conclusion.
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Materials and Methods
The searching for HET-C homologs started with different pilot studies. These were named;
“Conspecific fungi”, “Podospora - bacteria interactions”, “Multi-species interactions directly from
dung” and “Dung on Podospora.” For all four experiments the WA32 strain of the ‘Wageningen
Podospora collection’ was used, which has a het-c3 allele. All experiments were executed on
medium with 2% glucose termed PASM (Diepeningen et al., 2008). Fresh collected rabbit dung was
incubated in Petri dishes with a layer of paper, and incubated at room temperature in sunlight. Every
week new droppings were isolated (February - March, 2009), to eventually show the succession of
species in rabbit droppings.

Conspecific fungi
From dung different fungi were isolated on small Petri dishes and incubated in at 37 °C. After 2-3
days a small piece of the grown fungi was put on a new big Petri dish. The rest was stored at 4 °C.
On the other side of the Petri dish a piece of grown P. anserina was placed. P. anserina and the
other unknown coprophilic organism were set out in a possible ‘battlefield’. The plates were
incubated in a 27 °C stove again, and their development was photographed once a week. We tried to
identify all competitive strains by ITS PCR and screened them for presence of a HET-C homolog by
het-c PCR and proteinblasting in NCBI.
DNA isolation of conspecific fungi
DNA was isolated from mycelium grown on 2% glucose PASM Petri dishes covered with a layer of
cellophane foil. After 2 days of growth at 27°C mycelium was scraped off and put in a 1.5 ml
Eppendorf vial which was put into liquid nitrogen immediately. Several small glass beads (2-3 mm)
were added after the material was frozen. The mycelium was ground two times 10 seconds in a bead
beater machine, in between the material was refrozen in liquid nitrogen and some new glass beads
were added (Bastiaans, 2008). The ground material was used in a standard Chelex method. The
DNA was pipetted from the Chelex mixture, and diluted 10 times.
Identification of fungi
Optimal temperature for ITS was determined to be 55 °C. Forward primer was: ITS 1’for: 5’TCC
GTA GGT GAA CCT GCG G 3’ and the reverse primer was: ITS 4 rev: 5’ TCC TCC GCT TAT
TGA TAT GC 3’. PCR was done with the following cycle conditions: 5min at 95 °C followed by 35
cycles of 30s at 94 °C , 30s at 50 °C and 2 min at 72 °C, followed by one cycle of 5 min at 72 °C
and a final hold step at 4 °C. Promega’s green GoTaq and buffer was used.
The ITS PCR-fragments were ran on a 1% agarose gel electrophoresis. The presence of an
amplified product was shown by taking a UV picture. Those who did contain an amplified ITS
product were cleaned with the GEN-Elute PCR cleaningkit, and sent for sequencing. Sequencing
was done only in the 3’ direction using the value read service of MWG biotech.
PCR het-c
All competitive strains, as well as other Podospora and Podospora related strains from the CBS
were tested on the presence of het-c with two different primers at first. HET-C ORF and HET-C
CLONE (bastiaans, 2008) were used, but neither gave results for any strain but the positive blanc
(WA2). It was assumed that the flanking regions could be polymorphic, and that this would have
been the reason that the primers didn’t anneal to DNA. Therefor, we designed new primers specific
for the conserved part of the het-c gene in P. anserina. HET-C Cons FORW Starts at position 115
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[5’ – CGCCGAGTTCCTTGAGGCG 3’] and HET-C Cons REV ends on position 735 [5’ –
GCCTCCTTGCTCTCCAAGA 3’] (NCBI accession number: L36207), resulting in a product of
620 basepair. PCR was done with the following cycle conditions: 5min at 95 °C followed by 35
cycles of 30s at 94 °C , 30s at 48 °C and 2 min at 72 °C, followed by one cycle of 5 min at 72 °C
and a final hold step at 4 °C. Promega’s green GoTaq and buffer was used..
These new primers were first only tested on related species derived from ‘Centraalbureau voor
Schimmelcultures’. We used the isolated DNA of nine Podospora species (vesticola, setosa,
longicollis, austroamericana, ampullacea, inflatula, fibrinocoudata, prethopodalis and minicauda),
three Chaetomim species (thermophilum var. Thermophilum, pachypodioides and longicolleum) and
three Neurospora species (pannonica, africana and tetrasperma), and later we used it for the wild
type isolatates.

Podospora - bacteria interactions
Samples of dung were diluted in MQ water and spread over PASM 2% glucose agarplates. 1-2 days
later individual colonies were purified on new master-plates and numbered. Three plates of P.
anserina were incubated 2 days (leaving the outer-border of the agarplate free free of P. anserina).
On every P. anserina plate, ten bacteria-colonies were divided over the rim of the plate by piercing
them in that position with a toothpick. Plates with P. anserina and bacteria were incubated at 27 °C
for 3-4 days, giving P. anserina time to grow towards the bacteria to see what sort of interaction
would occur.
Identification of bacteria
To identify the bacteria, we used the bacterial colonies on the master-plate. With a toothpick
colonies were suspended in 0.1 ml MQ water, and heated for 10 minutes in a 96 °C heater. The
mixture was cooled on ice and centrifuged at high speed for 5 seconds to remove bacterial cell
debris. We used 3 ul of the cell suspension for colony PCR.
The most commonly used DNA sequence for bacterial phylogenetics is the highly conserved 16S
rRNA gene sequence, and primers have been designed to selectively amplify bacterial 16S rRNA
genes. We used forward primer XB1 [5’ – CAG ACT CCT ACG GGA GGC AGC AGT -3’]
And reversed primer PSR [5’ – ACT TAA CCC AAC ATC TCA CGA CAC –3’] (Xu et al., 2004).
Amplified products were cleaned with GEN-Elute PCR clean-up kit, and sent for sequencing.

Multi-species interactions directly from dung
Two pieces of fresh dung, and one piece of dung which was incubated one week, were suspended in
0.1 ml MQ and diluted 10x, 100x and 1000x. Of these suspensions we plated 0.1 ml on PASM 2%
glucose agarplates and incubated them for 24 hours at 27 °C. After incubation, P. anserina was
plated on two spots of the plates and incubated again for 3-4 days at 27 °C. Goal of this competition
was to see if P. anserina would be able to grow over bacteria and fungi that were given a head-start
of one day.

Dung on Podospora
Three PASM plates fully grown with Podospora anserina were inoculated with fresh dung
collected from outside the laboratory by placing the chops of dung in the middle of the plate on top
of P. anserina. Goal of this competition experiment was to see if pathogens of P. anserina could be
lured outside their niche to feed on P. anserina.
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Blast analyses
All data from our research has been analyzed using the NCBI databank
(http://www.ncbi.nlm.nih.gov/). Both nucleotide blasts and protein blasts were performed to search
for het-c and HET-C homologs. Nucleotide blasts were done on ITS and 16S products to identify
fungi and bacteria respectively.
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Results
Interactions of conspecific fungi
The interactions between Podospora anserina and 16 coprophilic organisms are described in table
1. Seven different phenomena could be distinguished. We have categorized them in the following
manner; (1) barrage formation, abnormal contact line where hyphal fusions result in antagonistic
reaction (Figure 5), (2) aerial mycelium, high mycelium growth at contact line, (3) increased
perithecia competitor, many perithecia grew at the side of the competitor near the contact line, (4)
increased perithecia P. anserina, many perithecia grew at the side of P. anserina near the contact
line, (5) no contact zone, growth inhibition formed a mycelium free zone between both strains
(Figure 6), (6) P. anserina parasitize competitor, P. anserina grows over competitor (Figure 7), (7)
competitor parasitize P. anserina, the competitor grows over P. anserina (Figure 8).
Table 1. Interaction between Podospora anserina and competitors isolated on dung. Competitors were screened for
ITS, and blasted in the NCBI databank. Strain 4 and 10 appeared to be the same species on morphological
determinations. Strain 7 grew and interacted in the same way. None of them were successfully screened on ITS due to
problems creating clean DNA. Different interactions were; Barrage formation (1), Aerial mycelium (2), Increased
perithecia competitor (3), Increased perithecia P. Anserina (4), No contact zone (5), P. anserina parasitize competitor
(6), Competitor parasitize P. anserina (7).

Strain

Putative species

Interaction

1a
1b
2a
2b
3a
3b
4
5
6
7
8
9
10
11
12
13
14
15
16
19
22
24
30

Galactomyces geotrichum
Galactomyces geotrichum
Galactomyces geotrichum
Galactomyces geotrichum
Galactomyces geotrichum
Galactomyces geotrichum
unknown
Fusarium oxysporum
Mucor mucedo
unknown
Galactomyces geotrichum
Mucor mucedo
unknown
unknown
Pilaira cesatii
Unknown
Unknown
Unknown
Unknown
Mucorhiemalis
Mucorhiemalis
Cf. Verticillium sp
Trichoderma koningiopsis

1
7
1, 4
1
5
1, 3, 4
2
7
2
2
5
6
2
5
1
6
5
5
1
unknown
unknown
unknown
unknown
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Figure 5. Galactomyces geotrichum showed barrage
formation when confronted with Podospora anserina
resulting in perithecia growth at both sides (interaction 1,
3 and 4).

Figure 7. Podospora anserina grows completely over
Mucor mucedo (interaction number 6)

Figure 6. No contact zone when Podospora anserina
encountered strain 14, unidentified fungus (interaction 5)

Figure 8. Fusarium oxysporum grows over Podospora
anserina (interaction number 7).

Effects on Podospora anserina by the presence of bacteria
In the ‘Podospora - bacteria interaction experiment’, different isolated bacterial colonies were
plated close to the rim of a P. anserina plate to see if an interaction would occur when the colony
and P. anserina would meet. In general, four different types of interaction could be distinguished;
(I) P. anserina grows over bacterial colony, presence of the colony had no visual effect on P.
anserina (Figure 9), (II) the presence of a bacterial colony resulted in the inhibition of P. anserina
growth (Figure 10), (III) the presence of a bacterial colony resulted in the formation of many P.
anserina perithecia, no inhibition of growth (Figure 11), (IV) the presence of a bacterial colony
resulted in both the formation of P. anserina perithecia, and inhibition of growth.
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Figure 9. P. anserina grows over
bacteria colony. Colony has no effect
on P. anserina (interaction I).

Figure 10. Bacteria colony is able to
stop further growth of P. anserina
(interaction II)

Figure 11. Presence of bacteria
colony triggers immense production
of perithecia (interaction III).

Table 2. Interactions of Podospora anserina and different bacterial colonies. Different interactions occurred; bacteria
had no effect on P. anserina (I), bacteria inhibits growth of P. anserina (II), bacteria trigger perithecia development of P.
anserina (III), bacteria inhibit growth and trigger development of perithecia (IV).

Strain

Putative species

Interaction

A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10

Pseudomonas sp
Spingobacterium sp.
Pseudomonas sp
Not determined
Pseudomonas sp
Not determined
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Serratia sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Not determined
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp
Pseudomonas sp

III
II
II
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
IV
IV
I
III
IV
I
II
II
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The isolated colonies were identified by their 16s product. With two exceptions (1.2 and 2.2 being
Spingobacterium sp. And Serratia sp. Respectively), all bacteria colonies in this experiment turned
out to be Pseudomonas sp.

Multi-species interactions, head-start of competitors gives Podospora no chance
In the our third experiment, dilutions of dung
samples were incubated for one day, before
Podospora anserina was added. When the
plates were incubated again for three days, P.
anserina was not capable of manifesting itself
on the plate. The plate was completely overrun
by many different fungi and bacterial colonies
(Figure 12). This was the case for all dilutes,
though big dilutions showed much more
bacterial colonies, whereas fungi were
dominating the plates in smaller dilutions.
Figure 12 shows a plate on which 0.1 ml of a
10x dilution of dung was made, and placed in a
37 °C stove for 24 hours. After that, Podospora
anserina was placed on it in threefold.
Figure 12. Different species isolated directly from dung
dominate the plate, Podospora anserina was placed on
in, but can not be found on it after two days of
incubation.

Head-start of Podospora gives possible competitors no chance
In the ‘dung on Podospora experiment’, pieces of dung were placed on fully grown P. anserina
plates. When the plates were replaced in the 27 °C incubator for a week, possible pathogens of P.
anserina were given the chance to grow out of their original niche and start to parasitize the
already present P. anserina. Studies under the microscope however, showed that such a scenario did
not occur. On contrary, P. anserina established itself completely on the dung. The entire piece of
dung was overrun by P. anserina and no other organisms could be detected on or near the dung.
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Discussion
Interactions of conspecific fungi
With the ‘conspecific fungi experiment’, interactions of most interest are those that show more than
just a stop of growth (likely because lack of nutrients) when the two species encounter one another.
Interactions that resemble real barrage forming were found in the species Galactomyces
geotrichum, Pilaira cesatii and one strain which could not be determined (Table 1). The first ten
isolates from dung were all set out in duplicates, so it is rather remarkable that many duplicates did
not interact in the same way. Several strains that turned out to be Galactomyces geotrichum showed
very different reactions when they came in contact with P. anserina. Barrage formation, a ‘no
contact zone’ and even the parasitizing of P. anserina were interactive differences discovered all in
the same species.
Interactive differences between the four G. geotrichum (strain 1,2,3 and 8, table 1) can be explained
by differences on the individual level. All four were G. geotrichum, but they were isolated from
different pieces of dung, and are therefor not assumed to be clonal. If non-self recognition is
regulated by just a few genes, maybe these genes also differed at the individual level of G.
geotrichum, resulting in the ‘no-contactzone’, ‘barrage forming’ and ‘parasitizing’, which can be
seen in the different interactions. Differences between ‘a’ and ‘b’ strains of duplicates are very hard
to explain. They are both from the same parent strain, and should therefore be clonal, expressing the
same interactions with P. anserina. This was obviously not the case in many interactions described
in this experiment (Table 1). These differences within duplicates make the results already somewhat
unreliable. If these experiment were to be repeated, duplicates in fivefold are suggested.
None of the tested competitors harbored a HET-C homolog when protein-blasted in the NCBI
databank. However, this does not mean they don’t possess such a homolog. HET-C is a 208-aminoacid protein which displays similarity to a glycolipid transfer protein (GLTP) from pig brain.
Orthologs of the het-c gene also exist in humans and species of the genera Arabidopsis and
Caenorhabditis (Saupe et al., 2000). We were unsuccessful in finding het-c homologs in different
strains closely related to Podospora anserina, using the primers created for P.anserina. The
conserved region within the het-c gene shared with all the vegetative incompatibility groups within
P. anserina is probably not shared with close relatives. This might mean that the het-c het-d/e
interaction might have evolved after the splitting of lingeages, making the model exclusive for P.
anserina. This is in contrast with the het-c gene found in Neurospora crassa, which is assumed to
be older than the species itself (Saupe et al., 2000).

Effects on Podospora anserina by the presence of bacteria
With two exceptions (Spingobacterium sp. and Serratia sp.), all bacteria colonies in the bacteria
experiment turned out to be Pseudomonas sp. As stated in the introduction, Pseudomonas syringae
interacts with HET-C of Neurospora crassa. The question rises whether Pseudomonas sp. is capable
of using the PCD pathway triggered by the HET-domains in HET-D/E of P. anserina. This would
mean they would ‘mimic’ an incompatible HET-C homolog, which triggers the release of the HETdomain. Pseudomonas sp. might use the possible defensive properties of PCD in its own advantage,
utilizing nutrients that leak out of the dead cells.
In our study, some cases were found where the presence of Pseudomanas sp. were disadvantageous
for P. anserina (Table 2). Besides the results from the clock piercing experiment, an interesting
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artifact was found in the ‘conspecific fungi experiment’, which might involve Pseudomonas sp..
Strain 6a turned out to be Mucor mucedo, but something went wrong in its duplicate 6b. This was
clearly not a fungus, but looked much more like a Pseudomonas infection. For some reason, the
opposite plated P. anserina never started to develop. It’s hard to believe Pseudomonas is capable of
influencing the growth of P. anserina on such a distance by extracellular excretion of growth
inhibiting substances, but we can’t really conclude anything on the basis of only this one finding.
For the general interaction, a more detailed study might conclude if Pseudomonas sp. are actually
parasitizing P. anserina, or that there presence is merely stopping the growth of it. If it is able to
parasitize P. anserina, it will not be an obligate parasite, for it was also found to grow alone on a
plate. This is in line with P. syringae, which only parasitized N. crassa when a shortage of nutrients
forced P. syringae to ‘look’ for alternatives. Research in calorie-restricted conditions might force
possible pathogens like Pseudomonas to parasitize P. anserina.
Both in the ‘Conspecific fungi experiment’ and the ‘presence of bacteria experiment’, cases were
described in which an encounter with a different species was followed by the forming of perithecia.
Could the forming of perithecia be triggered or stimulated by non-self recognition? Maybe it’s more
reasonable to believe that the development of perithecia is a stress response. It could be that certain
stress factors, like for example the shortage on nutrients, triggers some form of reproductive
survival-mode in which the somatic life-span of Podospora anserina comes to an end, and all
investments are put in the creation of a next generation. Maybe the presence of certain individuals
can also lead to such a stress response. If this were the case, it could be that recognition proteins are
the first in a cascade triggering the development of perithecia. But the formation of perithecia was
not observed in all interactions, and perithecia also develop on plates where P. anserina grows
alone, so the connection between non-self recognition and the formation of perithecia remains
uncertain.

Multi-species head-start experiments
The head-start experiments showed that Podospora anserina had great difficulty to develop when
it’s surrounded by pre-developed recourse competitors. Yet, when we look at the data provided by
Winter and van Dalen (2009), we can see that Podospora Sp. were found isolated after 28 days.
This is in line with previous findings, within the succession of different organisms living in the
rabbit dung, Podospora shows itself relatively late. The succession on herbivore dung starts with
Mucor-like species, while Soradia-like species develop later on. At one spot, P. anserina can
reproduce itself after approximately two to three weeks (van Diepeningen, personal
communication). However, P. anserina showed to have major developmental problems in a
surrounding which is dominated by other organisms that have already grown somewhat (Figure 12).
Why can it permit to wait so long on substrate with such a limited life-span? Does it really need this
time, or is this a survival tactic where it ‘hides’ in the first two weeks when resource competitors
and possible pathogens are dominating the droppings?
It is suggested that aging is related to limited substrates. Maybe other coprophilic organism age
even faster. They might come first in this succession, and if they die after two weeks, P. anserina
comes to take over. The most easily absorbed simple sugars might then be long gone, but P.
anserina has a wide arsenal of enzymes with which it can degrade more complex polymers, like
celluloses (Winter and van Dalen, 2009). We did not test the ability of P. anserina to grow over
‘pathogen suspension plates’ that were two weeks old. This might be interesting to test in further
research.
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Role of het-genes in speciation
This thesis started with a complete different approach. The goal was to create a phylogenetic tree
for all the strains isolated within the ‘Wageningen Podospora collection’. More than 100 strains
were screened for neutral genes as beta-tubulin and ITS1-4. When the results came back, not a
single nucleotide differed within the population. A previous study by Bastiaans (2008) showed a
great diversity in het-c alleles within this population. Three different set of primers used to test if
these conserved regions within the gene were also found in related species. In total, nine different
species form the Podospora genera (vesticola, setosa, longicollis, austroamericana, ampullacea,
inflatula, fibrinocoudata, prethopodalis and minicauda) were screened for the presence of such a
conserved region, but only Podospora anserina came out positive on any of the sets of primers.
The non-allelic systems in Podospora anserina have a property that distinguishes themselves from
allelic incompatibility systems. A cross between two incompatible strains can lead to partially or
even totally sterile phenotypes. It’s assumed that the incompatibility reaction occurs when the
gametes meet, and therefor is has been proposed that het genes might play an important role in
speciation (Saupe, 2000). Closely related species can share identical core genes completely, while
identity for a few variable genes can be enormous. When the genome sequence of human pathogen
Apsergillus fumgatus, was compared to two closely related species, 99.8% of the core genes
appeared to be identical at the nucleotide level. Yet, when variable genes were aligned, an identity
as low as 40% could be detected. The most divergent loci were the het loci, associated with PCD
(Fedorova et al., 2008).
So could it be that these extremely divergent genes are driving speciation? When we go back to our
introduction, we mentioned the ‘Dobzhansky and Muller model’. If two populations are separated
and both evolve independently a new allelic het combination which has never been tested on the
other allele could evolve. It could be that when they come together once more, the new never tested
heteroallelic combination results in vegetative incompatibility.
But vegetative incompatibility does not necessary mean sexual incompatibility. Van der Gaag, 2005,
reveals an interaction between strain WA50 and WA68. These strains with het-C3 and het-C2
respectively, are vegetatively compatible, but are sexually fully incompatible (van der Gaag, 2005
p.90). Than again, many crosses were made in which the two strains are vegetative incompatible,
but sexually fully compatible. It is therefor difficult to prospect in what way het-genes causing
vegetative incompatibility, can contribute to sexual isolation, eventually leading to speciation.

Conclusion
In this preliminary study we present evidence that the filamentous coprophilic fungus Podospora
anserina interacts with its environment in many different ways. We showed that it can be
parasitized by Fusarium oxysporum and Galactomyces geotrichum. We also showed that P.
anserina is capable of parasitizing others, including Mucor mucedo (Table 1, Figure 7 and 8).
Barrage formation, the formation of aerial mycelium, a ‘no-contact zone’ and the formation of
perithecia were also phenomena that occurred when P. anserina came in contact with other
coprophilic fungi.
When P. anserina was studied under conditions where it interacted with different bacterial colonies
isolated from dung, also different interactions could be distinguished. In general, we have found
that the presence of certain bacteria can in some cases lead to the inhibition of growth and the
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formation of perithecia by P. anserina. From the isolated bacteria, 25 out of 30 bacterial colonies
turned out to be Pseudomonas sp., but the different colonies reacted in different ways on the
presence of P. anserina. We have isolated one colony of Spingobacterium sp., which inhibited the
growth of P. anserina, and we found one colony of Serratia sp, which had no effect on P. anserina
(Table 2.).
Our ‘multi-species interaction experiment’ revealed that P. anserina was not capable of manifesting
itself on a agar plate fully grown with fungi and bacteria incubated on that plate directly from dung.
However, when P. anserina was given a head-start in growth and a piece of dung was placed on top
of P. anserina, no other organisms were able to dominate the plate after three days of incubation.
The two contrasting hypotheses explaining the biological significance of vegetative incompatibility
imply specific properties of het-genes. If vegetative incompatibility is indeed an accident of
evolution, and het-genes do not exist to limit heterokayosis, these genes should have other
biological functions in the life cycle of Podospora anserina. In this study, we tested whether one of
these functions could be to recognize resource competitors and pathogens in the droppings P.
anserina lives on. Therefore, we studied the ecology of P. anserina and set out some experiments to
reveal different interactions between P. anserina and its surroundings.
From all the isolates, only Gibberella avenacea and Chaetomium spp. appeared to have some HETC homolog, but no arrays were made to test if these HET-C homologs could functionally interact
with the HET-D/E WD40 repeats, to trigger PCD. We therefore could not point out any causal
connection between the different interaction found in our study, and the presence of HET-C
homologs. And even so, if we would have found this, it would have strengthened the accident
hypotheses, but it would not rule out the allorecognition hypotheses. It could be that genes with
cellular functions might have been recruited to perform self/nonself recognition, which would mean
that het-genes would have an important function in preserving genetic individuality (Saupe, 2000).
Cloning these HET-C homologs of other species found in dung, to see if they can trigger PCD in P.
anserina, could be very interesting. Overexpression of the isolated Podospora anserina HET
domain from het-e results in cell death (Paoletti and Clavé, 2007). This is because the HET-domain
of HET-E (and probably also HET-D) excretes proteins triggering PCD when it is not longer
binding with its own NACHT and/or WD domain (figure 3). The inhibition of binding can be
triggered by an incompatibility reaction, on which an incompatible HET-C releases the HETdomain of HET-E/D to mediate PCD. Maybe the HET-C homologs found in other fungi (for
example Gibberella avenacea and Chaetomium spp.) can be cloned and induced by transformation
in P. anserina to see if the presence of these homologs are capable of inhibiting the binding of the
HET-domain of HET-E/D, resulting in PCD.
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Appendix I het-c blast results
Relevant het-c2 nucleotide blast results:
Accession

NW 001914832.1

XM 001224167.1
XM 956987.2
XM 382150.1
XM 001400048.1
XM 364530.2
AL111596.1
NW 001594078.1

XM 655659.1
XM 001585194.1
XM 001727681.1
XM 001796420.1

Description

Query
E
Max
coverage value ident

Podospora anserina DSM 980 genomic
scaffold chrm3_SC1 >emb|CU633448.1|
100%
Podospora anserina genomic DNA
chromosome 3, supercontig 1
Chaetomium globosum CBS 148.51
71%
hypothetical protein (CHGG_04954)
partial mRNA
Neurospora crassa OR74A hypothetical
64%
protein NCU07947 partial mRNA
Gibberella zeae PH-1 hypothetical protein
64%
partial mRNA
Aspergillus niger CBS 513.88 hypothetical
64%
protein (An02g09550) partial mRNA
Magnaporthe grisea 70-15 het-c
39%
(MGG_09396) partial mRNA
38%
Botrytis cinerea strain T4 cDNA library
Aspergillus niger CBS 513.88 contig
An02c0300, complete genome >emb|
52%
AM270025.1| Aspergillus niger contig
An02c0300, complete genome
Aspergillus nidulans FGSC A4
27%
hypothetical protein AN3147.2 partial
mRNA
Sclerotinia sclerotiorum 1980 hypothetical
56%
protein (SS1G_13813) partial mRNA
Aspergillus oryzae RIB40 hypothetical
18%
protein partial mRNA
Phaeosphaeria nodorum SN15 hypothetical
23%
protein partial mRNA

0

100%

3E-44 81%

4E-42 76%
1E-28 75%
1E-22 78%
1E-22 75%
2E-21 69%

6E-21 80%

3E-18 71%

5E-15 68%
2E-14 75%
2E-14 71%
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