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Foreword

In any good moviethe cast is a large part of its success. Of coursestaes playing thanain
characters are important. Howevea,good set of supporting roles is often equaltycial to fuly bring to
the fore all the qualities of the filmThe sienceof Biologyis a little bit likea movie Indeed, it needs
modelsto decipherthe fundamental lawsf the living Some are superstars, such as mouse, drosophila,
the bacteriumEscherichia cobir the | E [« CSaecharomyces cerevisiaad playforemostroles.
However, other les&known models are sometime kegctors in major discoveries. Examples are
numerous Mendel used peas to decipher laws of heredity dtd@mmerlingused Aetabularia toshow
§Z § 87 00[* VU O He ]* §Z o0} 38]}v AZ E P v 3] Jv(}EuU 3]}v ] «3}E
For the filamentous fungi, the stard the castare Neurospora crassand Aspergillus nidulans
The former has for example been instrumental in the discoveryhef nature d the gene. Indeed,
AE% EJu vie }v §Z]* u} o *Z}A §Z §"~}v Pv } « (}JE& MllholdsCu _U
for the most part. It iscurrently used in many labs to studyany fundamental processes ranging from
the circadian clocko epigeneticgeneregulation The secondungus isused to decipher many cellular
phenomena ranging from the cell cycle to the role of the cytoskeletonasthoweverbeen particularly
important in the discovery of the parasexual @y Jv pl EC}S « ]s Be suppdriihg cast for
filamentous fungi is too numerous to cite them dllryptococcus neoformaremd Magnaporthe grisea
are instrumental to studyathogenicity;Coprinopsis cinereand Sordaria macrosporare used to study
reproduction, to cite a few}( $Z uX dZ]e }}I AJoo (} pe }Vv }v }( 8Z epu%o%}ES]V
u}o Podospora anserinaThis fungus is used for over a hundred years in the laboratory to study
processes as diverse as senescence, prions and sexual reproduction. Few rewiavgsvdth its biology

are available. However, no large monography exists on this species. This book proposes to fill this void.






Philippe Silar Podospora anserina

Podospora anserinaa brief history

Podospora ansering a filamentous fungus,e., a mold, usedhow for more than a centuryn
severallaboratories to study various biological processes ranging from those typical of fungi such as
anastomoses and vegetative incompatibility (= heterokaryon incompatibility), hyphal interference, spore
germination, mycelium degeneration and fruiting body formation, to those of general importance for
eukaryotes such as sexual reproductitgiotic Drive Eements $Z § Z § D v aifitochoAdrial
and peroxisomal physiology and those of general relevance in bioleqy, senescence, cell
differentiation, degeneration andieath, respiratory metabolism, or structural and regulatory inheritance
caused byprionsand prionlike hereditaryunits.

Early researchersvorking with P. anserinawere mostly concerned with the cytological
descriptions of cellular phenomena and structures beyond those used to classify the fungujsjnVVoIf
1912 and Satina in 1916 dealt mostly with the description of the sexual process from the differentiation
of the gametes to the production of ascospores, Ames in 199682 & 1934Dowding in 193%And Dodge
in 1936with the breeding systentjnally Buller in 1931
with hyphal anastomoses. Page analyzed the complete
cycle of P. anserinaand related species in 1939. It is
however with the work of the French geneticist Georges
Rizet(figure 1)that P. anserinavas extensively used as
a model. Rizetand its gsudents gave the complete
explanation of the pseudbomothallic breeding system
and complex nuclear behavior during sexual
reproduction of the fungus, enabling them to perform _ _
elegant genetic analysisThey describe the vegaive ' Georges Rizet
]v }u% S] ]o0]35C (& FZ Nenze@on), the still mysteriouseBescence process and the peculiar

behavior of the S/s incompatibility systetinat we now know is due to a prioThey use the fungus to

L All references are given at the end of the book.
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study genetic recombination, gene structure, translation and mitochondrial physiology and evolution.
Along with Karl Esser, a German mycologist, who visidd &[edoring apostdoc]v §Z i6Ai[*U 3Z (
develop all the tools, whitare now routinely used, including the growth and germination media as well
as the methods for macroolecule extractions and analyseThis culminated by the development of
genetic transformation procedussenabling the entry oP. anserindn the era ofmolecular geneticsby
permitting the identification of mutant genes and later on gene deletions and modificatibmally, it is
Z]1 %%eientific progenywho established in 2008 the complegenomic sequence of the fungus.

Presently, the fungus isitstudied in a few labs, mostly in France and Germany as expected
from its history. Howevermany publications also originate from the Netherlands, Mexico, Switzerland,
d JA vY «Z}AJvP v A € ]v E twillydeseryss jionicErianghk friendly moldY

(SR, Podospora anserinathe friendly mold.
Picture courtesy Pierre Grognet
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Part 1: Biology of
Podospora anserina



Philippe Silar Podospora anserina

Podospora anserinan the tree of life classificationof the species

When dealing with living organisms, it is always advisable to know their exact position in the tree
of life as this greatly help to outline their main characteristesanserinad o+} IV}IAv « §Z ~(E]
u}lo isthusa "u}o _ }MHamentousfungus (figure 3). This means that it belongs to the domain
Eukaryota(figure 4), i.e,, the major part of its genetic information is contained insidewcleus the
remaining partbeing located inside the mitochondria. It is related to animals in the setist like
animals it belongs to th@®pisthokontasuperphylim (figure4). Species of this superplayn share many
characters, like the capacity to use extensively chitin as aroa#trial, to store carbon as glycogen and
to use UGA as a tryptophan codanthe mitochondrial genetic code. Their name stems from the fact
that they differentiate flagellated cells with a single posterieshyentated flagellum. Howeverp.
anserinais a terrestrial fungus andas such, ithas altogether lost the capacity to di€rentiate the

flagellum. Opisthokontabelongs to the subdomaimorphea which has beerdefined by molecular

Podospora anserina Left at high magnification (bar= 0.3 mm) agdown on toothpicks
Mycelium and fruiting bodiegthe pearshaped peritheciapre visible. Right: the friendly mold at low
magnification (bar= m) and grown on a minimal medium (M2) Petri plaide black dots are the
perithecia.
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P. anserinabelongs to theEumycota or true fungi.In red, the lineage to whicP. anserina
belongs.

phylogeny. Species frommorpheasZ E o0]550 Z E § E]*S] U Z v §Z ]JE v u §Z
In Opisthokonta two phylogenetic lineages are fmently recognized-olozoathat contains theMetazoa

or animals and Holomycotathat contains theEumycotaor true fungi, to whichP. anserinabelongs.

Fungi, and henc®. anserinafeeds by osmotrophyi.e., they degrade their food outside the cells by
secreting enzymes and then absorb the released molecules through transporters located in their plasma
membrane. Species from thdolozoaineage andalso those located at the base of thinlomycotafeed

by phagotrophy or ingestion,e., ingest food as large partidand digest it inside theells (or digestive
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Diversity of the Eumycotaln red, the lineage to whicR. anserindelongs.

track for animals). Other eukaryotic organisms feed by osmotrophyPgeudoycota They look very
much likeEumycota but have evolved from compldiedifferent ancestors (figure)4

Eumycotas a highly diverse group containing at least 14 phytuié5). Its basal members, the
‘chytridiomycetes, are still aquatic organisms that disperse thanks to a flagellum. However most species
are terrestrial and have invaded nearly all biotopes. Some have even returned to an aquatic lifestyle, as
whales and dolphins did. These terrestrial or formedsrestrial species all share the inability to produce
a flagellum. The two major phyla that contain over 90% of the speci&simlycotaare the Ascomycota
and theBasidiomycotaThey are related and able to produce dikaryotic cells (cells with two genetically
different nuclei) during an extended period of their life cycle, hence the name of the lineage that contains
them; the Dikarya(figure 5. For mostDikaryaspecies, the major part of their life is completed as a
mycelium, a network of interconnected and elpated cells called hyphae. This mycelium is the stage of

the life cycle during which the fungus feeds,, the vegetative part of the life cycle. The major difference
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Diversity of theAscomycotaln red, the lineag to whichP. anserindelongs.

between the Basidiomycotaand the Ascomycotais the way they differentiate their sexual (meiotic)
spores during the reproductive part of their lifecycle. In Basidiomycotaspores are produced outside
the mother cell or basidium that undergoes meiosis; they are called basidiospores. Astoenycota
they are formed inside the mother cell or asclisey arethen calledascosporesP. anserindelongs to
the phylum of theAscomycotaalso known asthet « JuC 3§ « v 3Z A Ev .RoarEerimavPp P
differentiates a typical mycelium during its vegetative phfgure 3) and produces archetypal asci
during sexual reproductio(see those onifjure 16.

Ascomycotaare further subdivided into three subphyldgfire §. The basalaphrinomycotina

and Saccharomycotinaontain species unable to differentiate complex multicellular structures. They
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Diversity of theSordariomycetesin red, the lineage to whicR. anserinaelongs.

often live as yeast or as mycelium in which communications between cells remains $tmahserinas a

member of the third subphylunPezizomycotinaThe species d?ezizomycotinaften have complex fie
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cycles and behaviors, as we shall seeFoanserinaTheir mycelium is highly interconnected, firstly by
central pores that exist between two consecutive artic(es., the elongated cellshat made up the
hyphad, and secondly by thability of hyplae to fuse by a process called anastomosis. Different types of
hyphae can also be distinguished, primarily by their diamefRezizomycotinaare often able to
differentiate complex multicellular structures, especially during sexual reproduction. For exakpl
anserinadifferentiate a fruiting body looking like a tiny pear that is called a perithecium (fiure
Pezizomycotingungi also disperse through asexual spores, often coniBiaanserinadifferentiate
conidialooking cells that are used as male gamete for fertilization. They are called spermatia. As yet in
the laboratory, germination olP. anserinapermatia is achieved with very low efficiency (in the range of
one out of 16-107), questoning their role as asexual dispersal unit. However, it cannot be ruled out that
the proper conditions for their germination are still unknown.

Differentiating a perithecium during sexual reproduction gemeralcharacterisic of speciesn
the classSordariomycetegand alsdn the related classaboulbeniomycetggo whichP. anserindelongs
(figure 7. More than 1000 species oSordariomycete®ave been described, but this number is likely
largely underestimated. Theiwé as saprobes.€., they live freely and feed on deaxiganic matter) or as

parasitic or mutualistic associates of plants and animals. However, none appears to live as lichen or

Diversity of Sordariales In red, the lineage to whiclP. anserinsbelongs.The numbering is
based on the one of Krugt al. 2015.
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mycorrhiza, two lifestyles largely adopted by furfgi.anserindives primarily as a saprobe on herbivore
dung and lesfrequentlyin soil, but it also seems to be able to associate with plants as an endqpleyte

it may also live within plants. Molecular phylogeny has recognized three major lineages of
Sordariomycetes as well as additional aget nameless basal groap(figure 7. Most species of
Xylariomycetidagroducedark perithecia often embedded collectively within a stroma. Most species of
Hypocremycetidaeproduce brightlycolored perithecia and most species@drdariomycetidaeto which

P. anserinabelongs, poduced dark greenish ones. Molecular phylogeny has also helped to refine the
classification of the variouSordariomycetespecies into orders ifure 7. The order containing.
anserinais the Sordariales Species of this order produce solitary peritlzethat most often contain
darkly-pigmented ascospores, aP. anserinadoes. Sordarialespresently contains three families:
SordariaceagChaetomiaceaand Lasiosphaeriacead he definition of these families has greatly changed
over time and was previoushyased on the fine structures of the fruiting bodies as well as the shape and
ornamentation of the ascospores. The new dagnerated by the molecular phylogenies have shown
that the Lasiosphaeriaceais parghyletic and four distinct phylogenetic groups can be identified. The
monophyleticSordariaceaeand Chaetomiaceaare nested within thesdour lineages (fjure 8. We are

thus waiting for a omplete reclassification of therder. This will entail name changés three of the
LasiophaeriaceadineagesYP. anserinas in theLasiosphaeriacedaeage IV that is more closely related

to the ChaetomiaceaeOther weltknown species oSordarialegfigure 9 are those of generbleurospora

and Sordaria belonging to the Sordariaceaeand of the genus Chaetomium belonging to the

Relatives ofP. anserinarom the order Sordariales On the left,Neurospora crassis known to
produce large amounts of orange conidias. On the cer@erdaria macrosporproduces typical glabrous
perithecium. On the rightChaetomium globosuifferentiates very hairy fruiting bodies

10
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Main ascospore shapes in theasiosphaeriaceadV. The size of the ascospores can be very
different among the different species. Moreover, some can be decorated with gelatinous appendages not
represented here.

Chaetomiaceae In addition to the famousNeurospora crassaNeurospora intermediaNeurospora
tetrasperma, Sordaria macrosporand Sordaria fimicolaare often used in the laboratories or in
classrooms for genetistudies.Chaetomium speciegspeciallflChaetomium globosupare well adapted

to grow on cellulose and are often responsible for the spoilage of books in humid libraries. Some
Chaetomiunspecies are responsible of very rare but often fatal mycosis in human. To give an insight into
the biodiversity of theSordariags species in this order are as genetically diverse as the vertebrates. For
example, the genetic divergence betwe®n anserinand N. crassais at least as large as that between
fishesand humars!

The traditional classification of thkasiosphaeriaceaes based primarily on the form of the
ascospores Hgure 10 depicts the shape of the ascospores of the speqgiessently known in
Lasiosphaeriaceal/. Alas, this criterion turned out to be highly unreliable to trace the true relationship
between speciesof LasiosphaeriaceaeFor example, most ascospores basiosphariaceadV are
bicellular with one cell large and melanized ahd other smaller and unpigmented. This latter cell may
have undergone an apoptosi&e death. Nevertheles#rniumascospores r@ unicellular, showing that
having bicellular ascospores is not a character shared by all spetiss.genera of this family artaus
polyphyletic. For instance, Podospora species are present irLasiosphariaceaelV, but also in
Lasiosphariaceaé Lasiosphariaceadl and Lasiosphariaceadll! A paper by Miller& Hundorf in 2005

suggested that the peridium of the perithecium (= the envelop of the fruiting body that protects the asci)

11
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Known anamaphsin the LasiosphaeriaceadV.

might be a better predictor of the true phylogeny. Unfortunately, too few species have been analyzed
with regard to this character to know if it is actually able to predict relationships ihalseosphaeriaceae

In addition to the species differentiating sexual structures (or teleomorph), several species of
Lasisopshaeriaceadade 1V are only known through their asexual forms (or anamorph). These are known
asCladorrhinum(=Bahupaathra or Phialophora(figure 11). Finally, it is most likely that many species of
Lasiosphaeriaceal/ are presently unknown and those listed igufe 12 E o]l oC S} }voC §Z
§Z ] EP_X

To complicate the matter, few studies are devoted to the deciphering of the truéogkpy of
the Lasiosphaeriaceaas this family contains mostly saprobic species with inconspicuous life styles. Note
that a fungus responsible for some mycetorivadurella mycetomatisis a close relative, but it is not yet
known whether this species belgs to Lasiosphaeriacea®/ or is morelikely closely related to the
ChaetomiaceaeMycetomas caused byM. mycetomatisare rare but very debilitating and among the
most dreadfuldiseases that one can catcRYesently, molecular phylogeny recognizes three subsets of
species inLasiosphaeriacea/ (igure 13. In fgure 12 the species of each subset are listed (mostly)
alphabetically because thedictualrelationships are as yet unknown.

The two Podosporaspecies most closely related td®. anserinaare P. setosaand P.
austroamericana Both are also coprophilous fungP. setosaproduces asci with 128 ascospord,
austroamericanawith eight ascospores, whilB. anserinaasci have four ascosporeB. setosaand P.

austroamericanare homothallicj.e. spores with a single nucleus will give rise to-fetile thalli. P.

12
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The s'pe(‘:ies most closely related . anserina Precise phylogeny of these species is still not
IVIAvX ,}JA A EU SZCE el e S }( *% ] & (1v ]v ulRddospomCe X K
anserina *% ] ¢ Ju% o0 A& X v}SRod@sporpvBmisedathe type species of the genus
PodosporaThelast one include®odospora australis

anserinais pseudehomothallic. Most of its ascospores give rise to -$etfile thalli. They in fact contain
two kinds of sexually compatible nuclei and both are required for stag@gial reproduction. We shall
come back to this point in the section dealing wiRh anserinareproduction. It is not known whether
these two Podosporaare the actual closest relatives &. anserinalndeed, few molecular data are
available for most ofthe species and the published phylogenies are poorly supported or pargiakifey
only deal with a few specied)levertheless,tie bestcandidatesappear to date tde Cercophora samala
or Zopfiella tetrasporabecause these two species have sequeragfetheir Internal Transcribed Spacer
(ITS) of the rDNA that are the closest Ro anserinaThis is supported by their life style or their
morphology (Table 1), the former being coprophilous and the latter producingsipored asciNote that

Zopfiella téraspora(also known adripterospora tetrasporausually produces neckless perithecia (also

13
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Table 1: somespecies related td°. anserina

Apiosordaria backusii soil perithecium homothallic 8-spored
Apiosordaria longicaudata soil perithecium homothallic 4-spored
Apiosordaria tetraspora soil and dung perithecium homothallic ? 4-spored
Apiosordaria verruculosa soil, dung and endophyte  perithecium pseudohomothallic? 4-spored
Apiosordaria yaeyamensis soil perithecium homothallic ? 8-spored
Arnium arizonense dung perithecium apomictic 4-spored
Cercophora samala dung perithecium heterothallic 8-spored
Cercophora striata decaying stems perithecium homothallic ? 8-spored
Cercophora squamulosa aquaticdecaying wood perithecium homothallic ? 8-spored
Cladorrhinum microsclerotigenum endophyte of Musa sp. anamorph unknown NA
Cladorrhinum phialophoroides desert soil anamorph unknown NA
Podospora austreamericana dung and endophyte perithecium homothallic 8-spored
Podospora setosa dung, soil and endophyte  perithecium homothallic 128-spored
Triangularia batistae soil and endophyte perithecium homothallic ? 8-spored
Zopfiella longicaudata dung and soil « cleistothecium»  homothallic? 8-spored
Zopfiella tetraspora dung and soil « cleistothecium»  homothallic ? 4-spored

known ¢ o0 ]+3}5Z ] _U 08Z}uPZ 3Z]+ 8 GEu ]+ v}AE®otal& Aet aq}isBlatsdho ] o
was shown to produce both neckv } A v V o e (EM]S]VP } ] Y o ¢ v ]v d o
potential applicants are possibldt is striking to see the diversity in the habitat/life style and
developmental patterns of these species.

We are now finally reaching the species level in our journey through the classificatiBn of
anserinaX ,}JA A EU G Vv3 Vv 0Ce ¢ }( * A E 0 *SE Jve }( 8Z]e "eMo ] o_ :
anserinais a morphespecies meaning that it has been di@ed by the morphology of its perithecia, asci
and ascosporesthat encompasses in fact at least seven spettias appear to intercross rarelAll these
species present different characteristics, including divergent genome sequences. Before goititg into
detail of each species, we need to go back to the traditional classificatiBn ariserinawhich has seen
battles of experts at to what is the proper name for this fungus!

Indeed, vhen one is looking in the fungal culture collections for strain®.o&nserinaone is

surprised to find that in some of them it is labelled Redospora paucisetaMoreover, in some early

14
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Table 2 The different names oP. anserina

Reference

Sphaeria paucisetéCesati) Unknown author (1852Botanische ZeitungO: 285-288

Malinvernia ansering Rabhenhorst) Rabenhorst, L. (183Hedwigia 1: 116pl. 15 fig.4

Sphaeria anseringCesati) cited as «n litt. » in Rabenhorst, L. (1857) Hedwigiall6

Sordaria pauciset§Cesati & De Notaris) Cesati,V & De Notaris,G (1853)Schema di classificazione degli sferial
italici aschigempp 51-53

Sordaria anseringRabhenhorst Winter Winter G. (1873) ) Botanische Zeitung 31:-485

Hypocopra anserindCesati) cited as «n litt. » in Sacchardo P.A. (1882) A Sylloge fungorum om
hucusque cognitorum. 1: 238

Hypocopra erectdSpegazzini) Spegazzini C. (1880) An. Soc. Cient. Argentina3®: 5

Podospora anserinéRabhenhors} Niessl| Niessl G. (1883) Hedwigia 22: 1B5

Sordaria Penicillat4Ellis & Everhart) Ellis, J. B. and B. M. Everhart (1888). The Journal of Mycology 482): 73

Pleurage anseringRabhenhors} Kuntz Kuntze, o. (1898). Revisio generum plantarum. 3(2):515

Sordafa communis var. tetrasporé§Spegazzini) | Spegazzini, C. (1899). An. Mus. Nac. N&t Buenos Aires Ser. 2 6: 2885.

Podospora paucisetéCesati) Traverso Traverso, J. B. (1905) Flora ltalica Cryptogama Parsl: Podospora pay
1(2):431-432
Bombardia anseringRabhenhors} Migula Migula, W. (1918Thome's Kryptogamic Flora. 10: 1P29.

Schizothecium anserinuifRabhenhorst Bessey | Bessey, E. A. (1950). Morphology and Taxonomy of fpmgb64265

papers, this fungus was calléleurage anserinaPleurage ansering only one of the names that this
fungus has been designated aadull list is given in Table’2This proliferation of names stems from the

fact that different authorsclassifiedthe fungus under different namedor taxonomic purposes. Indeed,

the genus is supposed to reflects on the relationships between close spé&mgending on the
characters used to regroup species, as well as the cong¢dépt” o}y the mycologist that hagirst
identified the species, a fungus eadp in an alreadjknown genusor in a newone. The *SC % _ (}& S§SZ
new fungus shouldat the same timebe deposited in a herbarium or a cuteu collection for future
analyse. This is called an exsiccata in the case of dried specimen kept in herbaria and it has a voucher for
further reference.Then, as knowledge progresseshd as new species are identified, another taxonomist

may reexamine the fungus arits name may changebecause new genera are created to accommodate
growing numbers of speciger because this new specialist deemed his/her own set of characters to be

important for classification!). Normally, during these transfers between genera the species epithet should

% Table 2 may be incomplete, as some authpssich as F. Doveri iffungiFimicoli Italici U 0]*8 u}® <Cv}vCu-U
direct consultation of the cited literature does not permit to conclude that the described species is indeed our
friendly mold.

15



Philippe Silar Podospora anserina

First description ofP. anserinaas Sphaeriapaucisetain the Botanische Zeitung in 1852 vol. 10
pp 285288.

not change (although it may be corrected to comply with the Latin terminology). Another source of
names is that speciesnay be identified as new, while it was already knoWhen this is realizedhe
two names are synonymized and the first one should be usddf this participate to a proliferation of
names and add to the confusioNote that this is not restricted td®. anserinabut is common for many
fungi, especially when they areatds with tiny fruiting bodiey

So why twospecies epithetgor our friendly mol® Wel| the proper namebeing normally the
first one givenit should beP. paucist because the fungus appestio have beerfirst formally described
in 1852as a ‘Sphaeria pauciseta ( italian botanist called Vincenzo de Cesafll8061883).It was
deposited in the Klotsch herbariumuC }o}P] ynder the number n° 1642However asseen on
figure 13 the description given in the Botathe Zeitungf this new speciess rather limited éspecially,
it has no associated iconography) and the description from the herbarium associated with the original
exsiccata is identichINote thatin the description the number of ascospores in asci is not given, nor are
the sizes of perithecia, asci and ascospoiisere is thus no way to knowased on this description
whether this fungus is actually. anserinawith its typical fourspored asciMany specief Sordariales
may fit the description of the Botanische Zeitunghere is for exampléodospora austroamericana
having asci with eight ascosporésat may alsofit to §Z e (E] %o S $phadriadadciseta Xhis
description was nonetheless validated Gyovanni Battista Travergd8781955), an italian mycologist in
i6i6 ]v 2dra habica CryptogamalU 3$Z]e $]Ju A]S8Z v e} jgdre 14 @EhA Hepicted
species seems to be indeed our friendlyldhdience, the name validated by the taxonomistBodospora

pauciseta~ +Xs d@E AX_ $Z & papers and eultgre collections.

® Pictures of the original exsiccatas, as well as old publications dealing witarthes are appended in the annexes
at the end of the book
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lllustration of P. pauciseta C d@E A E+} ]v Z]* "&0}E /Nowihe silqi%s &} P u
these drawings with those of Griffithgublished six years earli€¢iigure 13 Y

The second historical and formal mention of the fungus appears to be by the German mycologist
Gottlob Ludwig Rabenhorst (18060 6i+ Malnvernia ansena_in the first issue of the journal
Hedwigia. The description is also rather scaigufe 15, but is associated with some drawings, most
o]l oC $Z (]J]E+S }v « (}E& }uE Ndijvernma@nsefioaiX ohly des&ibed in the legend of
afigure! The type for$ Z ]Mafinvernia anserina A « %o }*]3% pv  E v £Kiotschi heddriurh
vivum mycologicum sistens fungorum per totem Germaniam crescentum collectionem perfeetldim X
There, the description is more extensivblany mycologistsconsider this to bethe first accurate

description ofP. anserinaand hence prefer to uséanserina_as the species epithet, especially given the

17

_X



Philippe Silar Podospora anserina

Second description oP. anserinaas Malinvernia anserinain the first volume of Hedwigia p
116 Fig. 4 of plate 15.

doubts that shroud the first description &phaeria paucisetand the fact that Cesati also describad
‘Sphaeria anserina v Hypocopra anserina ]v Eo] & o §$5 Eable<2). Unfordriageky, | v
have not been able to find these letters nor thdite of writing, to ascertain whether Cesati was indeed
referring to the same species.

All this confusion regarding the proper name was alreadyeddby the American mycologist
George Francis Atkinsqi8541918) in a footnote of a papeguublished in 1912y another American
mycologist,Frederick Adolph Wolf18851975).Atkinson recommended using the narRe anserina. In
fact, we may never knowvhich descriptionfor the fungusis the good ongeven if we go back to the
herbarium specimes Indeed at that time pure cultures were rare and descriptioofien relied on

samples collected from the wild and not on strains isolated in pure culturesoridieal specimens fade.
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Podospora tetraspora.This fourspored species may be the one actually described as
Malinvernia anserinalt producesslenderperithecia with a differenthshaped neck, as well as smaller
ascospores. The bottom pictures are frd®n anseringaken at the same magnification for comparison.
From left to right, bar250um, 250 um & 100 pm.

paucisetaand P. anserinaconsist in drid dung with potentially more than onefungal species on it!

}JE JVPOCU v Z]s §Z ¢]* "E}E ] ~}E E] AX > 8§X_ 8Z AA ]+Z uC
that he was no@ble to findP. paucisetalv §Z " uszZ vs8] _ }oo S§]}ve dinglybtsepms X /vSE
to me that thedimensions of the spores given by Rabenhorst, the long appendages on the neck of the
fruiting bodies asvell as the presence of a bubble in the center of the spores (discernibiguire f15, fit
more with P.tetrasporathan with P. anserin&f d Zodosporaspecies looks very much lile anserina
(figure 18. It has similaisized andlooking perithecia with fouspored asci, but these are smaller than in
P. anserinaThis species belongs tasiosphaericeaeladel. Ths casts strong doubts on the original
description ofMalinvernia anserindeing that of our friendly moldAlong this line, some authors such as
DJEI ~ ]Jv ]v 8Z ]E ~Z Al-PpdogfordZ]v' vud6 A v «5 & 5Z § ]5P]+ }u (|
pausicéa and P. anserinare the same speciest} ]S ]¢ %o }e¢] 0 S pgaucisetd S & J@hRsé&¥ina_
shoul §7Z % E}% E *% | * %]3Z §Y

The quality of the microscope in the i@ century likely prevented a more accurate
description of our friendly mold by Rabenhorst (the drawings of figure 15 show many inaccuracies in the

appendage of the spore and the neck of the perithecium even if the represented spePBieteigaspora
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Two ealy drawings ofP. anserina Left (fig. 1521), by E.C. Hansen in 1876 under the name
Sordaria anserinaRight (fig. 46) by D. Griffiths in 1901 under the naR&eurage anserinaCompare the
right drawings with those of Traversadéire 19.

and not P. ansering. Though,improvementin microscope quality rapidly permitted to obtain better
drawingsfor the fungus. lgure 17gives two of them showing the actuBl anserinaThe first one by the
Danish mycologisEmil Christian Hansefi842idi06+ ]v Z&mpignonsStercorairesdu Danemark
published in 1876 and the second one by the American mycologist David Griffiths1(A88) in his
A E } BAnZerican Sordariaceae %o 0]+ Z Jv idiiX /3 ]« o]l ig@e 34 got d@FeA E -}
inspiration fromthe eatier drawings from Griffiths idure 17¢ Y

At the beginning of the X*Xcentury, confusion was already high regardiiganserinawhen in

1937 a Ukrainian mycologist, Mlilovizova described a new species closely related’toanserinaand
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named itPodospora comatéfigure 18). This species was described as having slightly smaller ascospores
and perithecia. On the provided drawing, the neck of the perithecium lacks the small brush of hair at the
base of the neck that isharecteristic of P. anserinaThis speciewas subsequentlgonsidered either a

true speciesoonly "ulvpus _ (PGoserihadepending on the mycologist

Podospora comataa new
species described by MMilovtzova.
This species is described as havi
smaller ascospores and perithecii
The drawing on the left of the
perithecium does not mention the
presence of the small brush a
erected hair typical ofP. anserina
This species was considered either
a true specie®r as a minute form of
P. anserina

Owing to the doubts concerning the original description®gfaucisetaand P. anserinaas well
as the uncertain status dP. comata we reexamined in my lamany strains conserved under the
namesin culture colections. Thanks to the molecular tools now available, we were able to show that the
strainsstored in the culture collection under the three names belong in factdeenbonafide species,
i.e, populations that likely rarely interbreed in the wild, although they can mate with each other in the
laboratory. This means that they accumulatettiroughout evolutionary timesmany differences or
polymorphisms in their genome. Quantification of the diffleces betweerihe sevenspecies showthat
their genomes differ in average by4% at the nucleotide level, a difference similar to the one between
the genomes of human and chimpanzee. Moreover, many genes present in one species, may be missing

in the others. We identified for example genes encoding a laccase, a histone or a cytochrome P450 as
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Perithecium production patterns of the species from th. anserinaspecies complexare
speciesspecific The medium is the minimal M2 medium with 4g/L of potato dextrins. On other media,
the strairs will exhibit different patterns.

being present in the strain named T and absent in our reference strain named S. Importantly, phenotypic
analysis showed that the criteria traditionally used to differentiBtecomatafrom P. anserinavere not

valid. For example, strains belonging to the same species could be labelled under different names in the
collections and reciprocally strains havinigfetent names could belong to the same species! On the
contrary, careful analyses showed that the seven species could be differentiated by the way they
produced fruiting bodies on several media differing by the carbon souigeréf19. Some also exhilgtl

typical phenomenon notisplayed by the others (Table.3Ve were able thus to name these seven
species and providknew types for themWe kept the three already used species epithetasgrina
paucisetaand comatg for three species that we formallsedefined and proposed four new names
(bellae-mahoney, pseudoanseringpseudocomatand pseudopaucisefa Of course, we chose to give the
nameP. anserindo the species to which our major working strain belong (strain S oiSRIGIost work

on P.anserinahas been made with this strain or with strain s (srsallwhich fortunately also belongs to

the P. anserinapecies as newly redefined. We designated as belonging to the reddfinemmatathe
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Hyphal Interferenc Crippled Growt ring of peritheci Senescenc
P. anserina efficient yes yes yes
P. pauciseta inefficient no no yes
P. comata inefficient no no yes
P.bellae-mahoneyi inefficient no no yes
P.pseudoanserina inefficient no no yes
P. pseudocomata inefficient no yes yes
P. pseudopauciseta inefficient no no yes

'These phenomena will be described in the chaptehysiological and molecular analysis: deciphering developmental pathways

aforementioned strain called T. This strain has previously been used in few molecular studieshisader
name. It is the onlypublicly known cultivated isolate for this species. Fortunately, strain T produce
smaller ascospores and perithecia, as did thigioal isolatedescribed byMilovtzovaas a new species

We choseP. paucisetdor a group of three strains, since this will limit name change in the culture
collections. These have not been yet used for genetical or biochemical studies, nor have thge strai
belongng to the four new species. Nonetheless, the seven species share common features. Their

ascospores germinate with treame modalities. Their mycelium grows, differentiates aerial hyphae and

Current Identity card ofP. anserina This card has been established thanks to molecular
phylogenetic analyses. Except for potential modifications in the names of the family and genus, pending a
revision of thelasiosphaeriaceaethis identity card shoulchow not change. PriorP. anserinawas
included in the now defundPyrenomyceteslass Sphaerialesrder andSordariaceasensus Latéamily.
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accumulates pigment in aimilar fashion, even if minor differences between the strains can easily be
spotted. Tkey all undergsenescence (Table 3).

P. anserinaas usually known, is thus a speedesnplex with at least seven members that cannot
be distinguished by simple visual inspection. It is likely that several more species belonging to the
complex as yet not isolated exist in the wild. The now nawtefined P. anserinds only one of the
speciesof the complex This book will be focused on thgarticular onewith some references tdP.
comata Its complete identity card is given iigdire 20 To summarizeR. anserinas a filamentous fungus
from the Pezipmycotinasubphylum of theAscomycotaAs such, it has li€ecycletypical of this group of
fungi, including the ability to differentiate a multicellular fruiting bodwis fruiting body is a perithecium
having a greenish color, typical of tBerdariales

In a turn of fate, as this book was in its final stage of writing, a paper startipgrt@lly revise
the phylogeny of.asiosphaeriacea®as published (in august 2019 by Wt al. inStudies in Mycology
in which the name ofPodospora anserindh « Z vP [rigdgutaria anserina (Rabenh.) X. Wei
Wang & Houbraken and all the species of the complex had accordingly the name of their genus changed
to Triangularia A name for theLasiosphaeriacea€lade IV was also giveRodosporaceaeWhileit is
most likely that the namd?odosporaceaavill stick for Lasiosphaeriacea€lade IV, | think its highly
unlikely that the change ta@riangulariawill be adopted. Indeed, although it would be the correct way to
name the friendly moldtwo reasons mitate against its usage. Firstly, researcher working on ageing,
prions, sexual developmergtc. especially those not working on fungi will not understand the need for a
change and will thus not use the new name. This is especially true because sevehadsuof papers
have already been published on the friendly mold withRtsanserinaname, and this is not counting the
thousands of paper citing studies withis fungus Changing the name of the fungus will thus only lead to
great confusionNote that \ery fewpapershave been published (I am aware of only two)Rodospora
fimisedathe type species of the genuapart from the purely taxonomic oneéccording to me it would
therefore be wise to maintain for all eternity the name of friendly moldPaslspora anserinaThis can
be done only byhandng the type species foPodosporao P. anseringhowever this is not an easy task

e 8§ FE}viu]es 8 v « 3} A EC ANdie that jmensE Batgshotier the names of famous
fungi (such asAspergill) have lately been won by changing thetelrnational Code of Botanical
Nomenclature Facilitating the change of genus types for fungi suchPadospora whose origin is

obscure since the herbarium types for the species although available are not usefid e
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%% E ]S Y /E}v] ooCU S§Z Pado&pdra} firhisepdE BR mys}drious as the one Bf
anserina if not more!

A second reason for not adopting the name is that it is most likely, #eording to the rule of
nomenclature it will change again shortly! Indeed, the genus adopted for the new name is highly diverse
P. anserinas in a lineagélifferent from Triangularia bambusaehe type species fofriangularia Hence,
once additional species are identified Podosporaceaand their phylogeny sorted out, it is most likely
that Triangulariawill be split into many genera! Note that as explained ab&veanserinehas already
suffered many battles upon its naming. In the end, it appeast the namePodospora anserinhas
aw Ce % E A ]Jo Y

Therefore, whatever the fate of the new namitg Triangularia | have decided to conserve the

name under which the friendly mold is known and thaP@lospora anserinh
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Podospora anserina its natural biotopes

Many fungal speciebave evolved through natural selection life strategies that permit them to
use dead plant material as carbon and energy sources. These fungi produce and export outside the cells
many enzymes that allow them to degrade plant polymers (like cellulose am)ligReleased nutrients are
then transported into the fungal cell by very efficient transport systems. Such nutstiategy is called
saprotrophy and the fungi are said to be saprotrophic, saprophytic or sapf®banserinds one such a
saprdrophic fungus that has specialized to retrieve its nutrients from materials that have not been
completely digested by herbivorous vertebratés., their dung About 2000 fungal species are known to
inhabit dung including manjodosporapecies. They are calledprophilous coprophilicor fimicolous

Coprophilousfungi fructify sequentiallyin a fashion that recapitulate what we know about
fungal evolution. The first ones to be observed are basal fungi sudpeses from generducor or
Pilobolus then basalAscomycotarom the classPezizomycetesuch as species from genefacobolus
and SaccobolusThese are followed byspecies from the clasSordariomycetesncluding those from
generaSordariaand Podosporahat appear just before thdinal Basidiomycotdrom generaCoprinopsis
Coprinusor Cyathusamong others This succession experiences nonetheless many exceptions and it is
not rare for example thafastgrowing Coprinusor Coprinopsisppear early and prevent appearance of
other fungi.lt is likely thatall fungi are inoculatedh the dung as sporestuck onthe plantsingestedby
the animals Spores are triggered to germinate while passing through the digestive thtkhe
coprophilousfungilikely start thus to grow at about the same time. Thbserved sccession ifn factthe
complex resulbf interactionsbetweengrowth speedsof the mycelia andiming of differentiation of the
sporophores Bothare modulateduponthe abilityof each specie® use more or less hard to digest plant
remnants ad their ability to eliminate the bacterial and fungal competiten

P. anserinas usuallyone of the last species tiouctify. Although very rapid on synthetic medium
or sterile dung (the complete cycle tlken completed in one week), when in competitionith other
microorganismsP. anserindakes more time to fructify (about two to three weekd)s growth speed of

about 7 mm/day is slower for example théhat of Sordaria macrosporahich is 0f2-3 cm/day.
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P. anseringperithecia on its natural biotope: dungThe horse dung used here to cultivate the
fungus is composed of partially digested plant debris, which cafuttteer broken downthanks to the
numerousenzymesencoded in the genomef P. anserinaBar=0.5 mm.

However, the genome of. anserinacontains more genes coding for enzymes enabling to cope with
lignocellulose and the fungus exhibits hyphal interference towards some fungi, 8hiteicrosporaoes
not. Hyphal interferencés a mechanism whereby hyphae are able to kill hyphae from other species upon
contacting them Although the fruiting bodies of the two fungi appear at roughly the same time on dung,
to do soS. macrosporaely mostly on its fast growth and utilize easyréach cellulose, whil®. anserina
appears to count on its abilities to extract nutrient from harder to digest plant debris and to Kill
competition.

Investigation ofP. anserindn the wild has presently been made only by visual determinatibn
the perithecia(figure 21, with isolation in pure culturesnd molecular determinatiomnly in few cases.

Therefore, there is no way to know whether thbservedspecimendelongedactuallyto P. anserinar
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to one ofthe others from the complexinventories of fugi growing on dung have shown thdteseare
frequently found on many kinds of dung from bs@&nd manmals originating from all regions of the
world. The exact geographic distribution &f. anserinais unknown. We knowthat the fungusis
commonly found in Western Euroghliring summey because all strains &f. anserindbut one hosted in
culture collectiors come from this region. The only exception originates from Ontario in Canada. The
strains from culture collections isolated from othegions of the worldften belong to the other species
of the complex, tentatively suggesting that there is a geographical structuration of the cankzek
species would have evolved to adapt to the faunas/floras present in each region. This wouydfihice
with the fact that they seem to utilize carbons sources differently (see previous chdmere 19. P.
anserinawould thus be the one adapted to mild climateHowever, mostP. anserinastrains were
isolated from domestic horse and cow dung ahdsipossible that it cohabits with other species more
adapted to dung from other herbivores including birds like geese or smaller mammals like hares, rabbits
or even mice.

In addition to being collected from dung, species from Eheanserinccomplex havealso been
isolated froma decaying Chinese ma®il and living plantdis presence in soil and as a plant endophyte
is confirmed by metagenomic data, since its DNA is sequealoed) with that of related species when
analyzing various plants and so#d.the present time, it is not clear if these alternate ecological niches
are part of the normal cycle of the fungus or are occupied accidentally.

Overall, we know little aboulP. anserinan its natural biotopes, unlike for examphMeurospora
spp.for which extensive data regarding strain variations existbetter understand®. anserinaand the
other species from the complex, we now need to investigate its population structure thanks to molecular
technologiesExtensive analgs of many isolatesollected around the world will permit to identify more
species and to understand if there is a geographical structuration of the populations related to the
particular faunas and floras present in the ecosystemsother needed line of investigation iseh

catalogue of all the natural biotope the fungus is able to invade.
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Isolation, culture and preservation

In this section, | will describe how to collect, grow and presé@vanserinand the other species
of the complex, since they all behave similarly. The recipes for the media are the optimal ones and | will
not in this section examine how modifications of the media impact on the fungus. This will be dealt in the
appropriate sectios regarding the modalities of germination growth and reproductidine toolkit
required to isolate and cultivate the fungus is rather simple. In addition to &0LX binocular
microscope it should include tools to manipulate ascospores and my¢igare 23. The fungus can be
grown at room temperature, but a temperatwentrolled chamber should ensure reproducible result.
Ideally, it should have also controlled humidity and light. Indeed, optimal growth conditions are 27°C, 70
80% humidity (to presmt desiccation of the Petri plates) and constant illumination or 12 hours
alternation of light and dark (to allow for perithecium productiohere is no need for a sterilized
chamber and all manipulation can be performed on the bench.

If you wish to reover P. anserinatrains from nature in order to grow them in the lab, you need

to fetch dung from the fields. dtse dung seems rather efficient, but any kind of herbivore dropping

The basic

tool kit to work with P.
anserina Pen point
holders are used to
slice explants of
mycelium from jellified
growth plates. The
ones with replaceable
nibs are ideal. Mounted
v o }E 89
Zplo = &  pe
collect fruiting bodies
and ascospores. Thes
tools can be sterilized
with an alcohol burner.
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Humid chamber and projection plates are ideal to collect ndtv anserinastrain from the

wild.

should do; the fungus has seemingly been first seemigrand goose dung! Fresh dung is preferable
since in old one& may have already fructified. Incubate the dung in a closed and humid container as to
make a humid chamber andt the various fungi growPerithecia can be easily spotted on the dwafter
10-20 days of incubatiomnd acospores can be recovered on a projectibate as describedh figure 23
Z 1% (JE 3Z % E}i 31}V %o § ]+ P]A v 1On3dld dubg Eipiny &gV shewdd 3 _ )
grow, some having morphologies quite similamotar friendly mold.l find it easier to recognize the asci of
P. anserinance expelled on the projection plate than the peritheoiadung;thoselook quite similar to
thoseof many other species.

W E]8$Z ] u C }oo § Alsz U} U Z ] and trgdr&portetd%arito a
fresh projection platgsee movie n°1)After burstingthe perithecium ascospores may heollected also
with a mounted needle and transported onto germination medium. Antibiotioald be added to the
germination platesa prevent bacterial contaminatiorf.o burst the perithecia, simply squeeze them with
a thin tweezer or between two mounted needles} E " %04 44| 0. Rosettes of asci are liberated.
Individual &ci can then be gently probed with a mounted needle as to break them dpsuilly the four
ascospores stick togethehanks to a small rope conneot them. The trick to collect the ascospores is
then to break apart this ropeThis demands some skill thane usually masters in two or three sessions
of ascospore collectiom{ovie n?). Individual &cospore stickeversiblyto the mounted needle and can

be deposited at will orfreshmedia Note that the needle must be sterile and this is achieved by flgmin
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Projection plates: Also called~gar covers, theseare used to recover ascospores that are ejec
outside the perithecia. Ascospores on these covers cantrémisa few weeks at 4°C before dyin
Projection platesare made by pouring a thin layer of meltedar (20 g/L) supplemented with NaGJLO
g/L)in a Petri plate Autoclave for 20min at 120°C and poyfl2 mL for anZ=8 cm plate)very hot as to

make the agar very compact

the tip. Onceflamed, the tip is very sticky and should behemidified by cooling it in the jellified
medium of the projection plates, otherwise ascospores will stick irreversibly on it. Note that starting
directly from the projection plates has three advantages.tlyif8. anserinaasci are easily recognized,
since the four ascospores often stick togethetil landing on the projection plates. Their morphology is
quite distinctive (see next chapter). Secondigcterial contaminatioris less frequent. Finally, breakj
apart the rope is somewhat easier, especially if the projection plates were stored at 4°C for a few days.
Once ascospores are recovered, they cartrbasportedonto Germination plates containing G
medium | usually put 126 ascospores per platffigure 24. Germination will proceed overnight at
temperature ranging from 18°C to 35°C witharly 100% efficiency. We routinely use 27°C as it appears
to be the optimal growth temperature. One day after collection, the germination thalli are often barely
visibleto the naked eye, but two days after germination they should have a diameterv&f onecm
(figure 29. Alternatively, ascospores may be collected on M2 medium. A heat shock is then required to
awaken the ascospores (ZB® minutes at 65°C works 8. With this procedure up to 90% of the

ascospores may germinate. However, lower percentages are often obtained.

Typical figures of germination plateHere, 4 asci (=16 ascospores) have been isolated. Left:
after ascospore collectiomrrows point the locations where the ascospores were placgddle: one day
after coolection, germination thalli are still not visible with the naked,eight two daysfter collection.
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Germination plates:These plates containinG medum are mainly used for ascospore germinatio®.
medium allows the germination of nearly 10% of wildtype ascospores. On this medium, thzalli
never producepigment figure 25. Compostion of G mediumis ammonium acetate (4.4 g/L or 10 n
from a 440 g/L solution), bactopeptone (15 g/L) and agar (13 Alitdclave( 20 min at 120°Cand pour
23 mLper @=8 cm plateVariations in germination efficiency and size of germination thallicdrserved
dependingupon the age and brand of the components used to make G medaspecially waterFresh

bacto-peptone is better; if too old the germination percentage may drop. This can be correctg

adding yeast extract (5 g/Lhis product shouldlso be rather fresh as it inhibits growth when too old

Like all the filamentous fungiP. anserinawill produce amyceliumon its growth media
Germnation thalli are thus typical mycelit.is possible to cuthem into small piecegto do so we use a
pen point holder whose nib has been sterilized with dophol burnej. Each piece shouletgeneratea
new thallus when inoculated onto freshrowth medium.At the macroscopic level, the mycelium grows
as a disk. However, it can display many differ@spects depending upon the growth mediugfigure 25.

Some media permit the differentiation of numerous aerial hyphae and the mycelium looks yelvet
Others prevent the growth of such hyphae and the mycelium is smooth. Color ralgp vary Most of the
time it is greenish but it may also be brownish or pigments may be absent.

We routinely use théVi2 Mediumat 27°C in the presence of ligtd grow our friendly mod.
Crosses,tecks and mosphenotypic tests are made on it. It permits the mycelium to grow at about 7mm
per day. In stationary phasdiqure 25, the mycelium develops aerial hyphae, presents a geten
pigmentationand, if mat+/mat- heterokaryotic(see Z %o STIE séxual cycle and genetical analysiié
should undergo sexual reproduction in a week with folays between fertilization and ejection of the
ascospores out of the perithecium.

Another frequently used medium is Corn Meal medium (that weerftall MR It is a semi
defined medium thatve use less and less because M2 is easier to prepare and often satisfy most needs.
On this medium, thenyceliumdevelops no or few aeriahyphae(figure 25 and pigmentation is variable,
but is often more pronounced that on MEertility is lower than on M2 and the sexual cycle takes longer
as it is completed in about ten days. An advantage of this medium is that is contains almost all amino
acids, bases, dmins,etc. Hence, most auxotrophic mutants grow on this medium. The mycelium will

also not penetrate cellophane and can thus be scraped more easily than when grown @eNphane
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P. anserinamycelium morphologyon three commonlyused media.Thestrains inoculated on

the plate are homokaryons that do not differentiate fruiting bodies.

is used to collect biomass directly from Petri plates (see the protocols to extract macromolecules). To this
end, sterilizedcellophane cut to fit the plate is overlaid onto the medium. Explants are inoculated on it

and permitted to grow. On M2, the mycelium will penetrate cellophane after two days of incubation and

M2 medium. M2 medium has the following composition: K0, 0.25 g/L, KHPQ 0.3 g/L, MgS$0.25
g/L (if MgSQ 7 H,O), dextrin dissolved in warm watet-6 g/L (this depends on the type of dextrin, W
find that potato dextrin at 4g/L works fine, while blond dextrin needs to be added at 5.5 gvé, 05
g/L, thiamine 0.05 mgL, biotin 0.05 pgl and oligeelements (dric acid 5 mgL,ZnSQ 5 mg/L, CuSQ
0,25 mglL, MnSQ 50 pgl, boric acid (H; BG;) 50 pgl, sodiummolybdate (Na Mo) 50 pgl,iron alum
(Fe (NH)» (SQ)Z) 1 mgl). Adjug to pH=7 with a KHPQ, solution and atoclave for 20 minutes at 120°(
We find it easier to have stock solutions and to prepare the medium using these .skmrks L
5 mL of50 gL KHPQ, 5 mL 060 gL K;HPQ, 5 mL o0 gL MgSQ - 7 HO, 5 mL ofLl00 gL wea, 0.5
mL of 100 mgL hiotin, 0.5 mL ofLl00 mgL thiamine 1 mL digo-elements stock solution prepared a
follows for 500 mL5 g citric acid 1 HO, 5 gZn SQ-7 H2Q 1 gFe (NH), (SQ)2- 6 HO, 250 mgCuSQ-
5 HO, 50 mgMnSQ - 1 H2Q 50 mganhydious H;BO;, 50 mgNaMoO, - 2 HO and one drop of
chloroform to avoid precipitation of the chemicaBextrin is added after dissolving it in hot water.
For Petri plates, garis added atlO glL. Pour 28 ml pe@?=8 cm Petri plate. For race tube
double the amount ofagar(i.e., add 20 g/L). Rce tubesare used to measuréngevity of the fungus.

Designs of race tubes will be explkaihin the section dealing witheBescence.
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will thus be difficult to scrape as early as three days after inoculation, while penetration will not occur for
severaldays on MRTo collect the mycelium, simply scrape with a sterilized spaf\aadditional bonus

of the MRmedium is that longevity isiuch higher and strains seldom undergo senescence.

MR (Corn Meal) MediumMR is produced by dissolving 0 25 gL ofcorn flour and 25 g/L of corr
cream.Mix and incubate overnight at 58{@o more and no lesskilter the mix twicewith filter papers

then adjust with HO agairto one liter. Add garat 12 g/L.Autoclave for 20 minutes at 12040d pour
28 mL pekd=8 cm Petri plate.

Other used media are th&®G (or M1) medium,an hyperosmotic medium mainly used for
protoplasts regeneration (afterups P v ¢]e }E SE v (} Earbdsg v «ddiusZonly* sed to
obtain male gamete ~+% @&u 8] lu] &} }v] ] lv ZIPA}lou}pv&}iwAESZu Jpuu 82 §

used to produce high quantities of mycelium, especially for protoplast preparation.

RGmedium: Same as M2 + 205 Igbf saccharoseAutoclave for 20 minutes at 120°@our 28 mL pe
@=8 cm Petri plate.

Sorbose mediumYeast Extract 2 g/L, sorbose 2 g/L, glucose 1 g/L, agar 1&ugdiclave for 20 minutes
at 120°C PRour in tilted assay tubedJtilization is as follows: inoculateumerous explantger tube and
incubate for at least four day§he longer the morespermatiawill be recoveredAdd 2 ml of sterile

water, vortex and filter the suspension with sintered glass filter n°4.

N&llo JUZ& _ u Jsam@/as M2 yeast extract 5 g/LAutoclave for 20 minutes at 120°Che
medium is poured into Roux culture bottles as to obtain about 1 cm at the bottom when laid

advisable to add antibiotics in this medium as it is frequeotigtaminated with bacteria.

Note that dextrin is only one of the food sources that the fungus will eat. Many carbon sources
will do. The base is the MO medium, which is the same as M2, but without dextrin. M3 is MO + 5.5 g/L of
glucose. M4 is MO + 5.51gbf avicel. These can be poured into the Petri plates as the M2 or MR media.
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P. anserinagrows and reproduces on complex carbon sourc&he fructificationsare the little
black dots.

Solid carbon sources, such Z CU u]e v38ZpueU A}} +Z AJvPeU % PGur€E2g. The o<}
sterilized food source is added in the plate (usually we use 0.5 g per plate) and 12 mL of sterilized MO
(with or without 12 g/L of agar depending on the need) is poured dtiains reluctant to fructify on M2
or M4 may do so on medium with more complex food sources. Hay seems to be particularly handy for
this, because many strains obtained from culture collections and that have accumulated mutations,
usually yield perithecia othis medium.

In all these media, it is possible to add various metabolites or antibiotics to sklegenetically
transformedstrains or to allow auxotrophic strain to growhe concentration for some of them is given
in Tabled.
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Table 4: supplements tbe added to growth media

Uridine : 100 pg/mL Hygromycin B: 75 pg/mL
Leucine: 50 pg/mL Phleomycin: 10 pg/mL
Lysine: 100 pg/mL Nourseothricin: 40 pg/mL
Tryptophane: 30 pg/mL Geneticin:500 ug/mL
Methionine: 30 pg/mL Tricyclazol: 1 pg/mL

Tricyclazol is used to remove melanin; ascospore without melanin will germinate on all media, but are
rather fragile.

As a final note, it is worth stating th&. anserinawill complete its whole cycle on sterilized
horse dung: ascospores will readilyrigenate on it, mycelium will grow efficiently and fruiting body will
be obtained in 7/8 days. However, we have observed some variations with various dung batches; some
will permit abundant growth and reproduction, while other will only allow for scarcevgraand few

perithecia.

Strains preservation

Long term conservation d?. anseringresents no problemCulture on M2 platesan be keptt
4°Cfor about two years. To do this,up several explant®f the strain to be conservedn a M2 plate.
Incubate until the plate is covered with myceliyif not, contamination by other fungi may occur more
frequently) Conserve the stock at 4°C with a parafieal A temperature of no more of 4°C is important,
because otherwise residual gath of the fungus will occur andncolore_mutations will appear at high
frequency. These mutati@trigger a proliferation of nuclei that carry them to the detriment of wijghe
nuclei. Incolore nuclei thus rapidly invade the thalli that become femaléle, lack pigment and produce
many spermatia/conidiaFor extended conservation, we use cryotubes7d to -80°C. To this end,up
several explants on a M2 platafter 2-3 days of growth, take numerous large explants at the growing
edge. Store them i tube containindgl mLliquid RG (i.e. RG withoapar). Place directly the tubes at
80°C. These tubes can be frozend defrosted numerous times without notable effect on explants
regeneration. The strains can be conseniedthis way for several yearén my lab, some strains are
frozen fornearly 20years and the explants still regenerate without any probl&te that some mutant

strains may not be stocked as w¥ll
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Methods for macromolecules extraction and genetic transformation

Below are describgd methods for molecular analyseof the fungus that work wellThis list is not
exhaustive and many variants for each protocol exikite that many of these methods can be used for
other species of filamentous fungrhe fungal biomass may convenientlg bbtained in two different
ways: liquid cultures or Petri plate cultures. For the liquid cubushaken Erlenmeyer flasks may be
used, especially if aeration is needédind that 1 liter Roux flask in which 100 mL of medium is added
may be prefeable because the flasks can be stacked and shaking is not necebsarylation is made
with mycelium fragments obtained with a Fastprep or similar instrument. Calibration of the instrument is
required as too much shaking will result in mycelium deaffor the Petri plate cultures, we recommend
to overlay the medium with a cellophane she&he mycelium is inoculated as for the liquid cultures or
with mycelium plugs. If the plugs are small, it is not necessary to subsequently remove Them.
mycelium will gow onthe cellophaneand can then be easily scrapedth a spatula However, be aware
that the fungusmay penetrate the cellophaneiiicubation is too long (see previous chapter). We usually
used liquid cultures when large amount of biomass is neededRetd plates when small amounts are

required.

DNA Extraction

Depending on the amount and quality of the DNA necessary two different methods may be used: large
scale prepor miniprep. The large scale prep will yield large amounts of high qualitytbéN&an be used

for genomic bank constructiorincluding cosmid banks$equencing with PacBio or PCR amplificatb

large DNA regions (> 3 kb). A few samples may be processed in paralipteplyield is lower and DNA

has a lower quality than large scale prep DNA. This DNA does not store as well as the one from large scale
prep. Itcan be used for routine DNA amplificatiohsmall DNA fragment (<3 kifouthern blot analysis

or sequencing byllumina Up to 24 samples may be processed in parallel, although | recommend to
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process by batches of 1Rlote that alast #]v+S méthod may be used for PCR amplification of small
DNA fragment (< 300p). It requires minimum manipulation and many samplean be processed in
parallel. However, DNA cannot be storedhis last methods used mostly for microsatellite anajlses on

many samples, as for example required in some mapping awalys

ForlLarge scale prep extraction:

- cultivate the mycelium in Roukatksin M2 supplemented with 10g/l oDifco yeast extract. Filtewith
sterile gauzeo recover the myceliunand weight it

- freeze in liquid nitrogenThe mycelium can then be kept 820°C ort 70°C for extended period

- grindthe mycelium with anortar

- for 2 g of myceliumadd 10 ml of iceeold TES/Sarkosylrf§ 125 mM, EDTA, 12 mM, NaCl, 25 mM
pH=8+ Sarkosyl.B%) made at the last minute from stocks of Sarkosyl 5% and TES 4x

- incubate for 1h30 at 4°@nix frequently

- centrifuge for 10 mmi at 6000 rpm, 4°C

- dialyse supernatant against TES 1x at 4°C overnight

- do alphaamylase treatment for 2 hours at 20°C (5@0added from a solution at.2 mg/ml in NaCl
3.5M andkept at-20°C)

- do proteinase K treatment for 2 hours at 20°C (B@Gdded from a solution at 20 mg/nénd kept at -
20°C)

-add 2 vol ethanol 100° and 1/10 vol sodium acetate 3M pH=6

- centrifuge for 5 min at 8000 rpm

- recover insterile water to make a cesium centrifugatidfor a 65VTI rotor, add 4ml sterile water.64g
of cesium chloride and 20 nolf DAPI 1mg/ml, centrifuge for 12h at 45000 rprhhis method allows the

separation of nuclear (lower band) and mitochondrial (upper band) DNA.

W ield of large scale prefs around 1 m@dNARoux flask

For miniprep

- inoculate aM2 Petri plate containin@ sheet of sterile cellophaneet.grow for 23 days

- recover the mycelium with a spatula and put it into a 2 ml eppentidsé containingg00pl of TNE/SDS
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(Tris 10 mM, EDTA 1 mM, NaCl 100 m8DS 2%) to be made from stockSBfS 10% and TNE 2X

- To break open the myceliundp 3 cycles of freeze/thaw in liquide nitrogen /water bath at 70°C; vortex
between each cyclX 03 Ev $]A oCU ]( N& *8% E % _ }E *Jul]o  JveSEMNU V:
be broken with small glasbeads (add ~50L of glass beads with 250500 um in the Eppendorf tube).

Speed will of course depend upon the used apparatus and must be calibrated beforehand.

- add one volume of phenol pH=8

- centrifuge for 5 min at 4°C 13000 rpm and retrieve thpesmatant

- repeat with phenol + chloroform and with only chloroform

- precipitate the supernatant by adding 2 uatesethanol 100° and 1/10 vol sodium acetate 3M pH=6

- rinse with ethanol 70°, dry and suspend in 40 ml of sterile water

W ield of miniprepis a few |g DNAplate

ForlInstant extract

- collect half of a 2 cm thallus grown 48 hours on M2.

-add 20 pL of @250-500 pum glass beads and 20 pL of freghigde NaOH 0.5 N
- break open within a calibrated Fastprep

- centrifuge briefly to precipitatéhe mycelium + beads

- incubate in boiling water for 45 setcl min

- Neutralize with 100 pL df:4 Tris 1 M pH= 8.0: TE pH=8.0

W W Z u%o0](] &]}vi]e }v }viR>X E ]+ A EC JESC v } e+ v}& I

RNA Extraction

Owing to its fragility, RNA extracti@re more difficult than DNAones Kits dedicated to the extraction of
plant RNA usually work weBuch as the RNeasy kits from Qiageh¢ key point being to break open the
mycelium well enough to recover large amms of nucleic acids. To do sojsthecessaryto ground in a

Mikro-Dismembrator (Sartorius, Goettingen, Germaiy)similar apparatugor 1 min at 2600 rpm in

39



Philippe Silar Podospora anserina

vessels containing 9 mm chromium steel grindimisbfrozen in liquid nitrogeriNote that appaatuses
with lower grounding strength will give low yields of RIRAr those that prefer using their own devices,
here is a® Ztjphev}o_ /A S @Ghat whiks well:

- recover the mycelium (from Roux flasks for large scale prepsZopldes + cellophaneof small scale
preps)

- freeze in liquid nitrogen

-suspend in 1 or 2 vol of hot phenol made by incubating at 70°C a mix of 1 vol phend pH& 7 vol of
tpRNA (NaCl 100 mM, Tris 10 mM pH=7,5, EDTA 1 mM, .$%S Sarkosyl 2%), the mix must be
homogenots

-incubate at 70°C for 5 min

- centrifuge for 5 min at 1900 rpm for small scale preps an®@0 rpm for large scale preps

- recover the supernatant in a new tube

- repeat by adding phenol + chloroform and then only chloroform

-add 2 vol. oLiCl6 M andlet precipitate overnight at20°C

- centrifuge for 5 min at 1900 rpm for small scale preps an®@0 rpm for large scale preps

W z] o ]* 0}A ~+fii RPI% te3RNX is VéryAclg@nUangl can be used for all usage
(northern, cDNA, RPCR ...)

Protein Extraction

Depending on the intended uses, there are two methods to recover proteins. The first one is intended for
Western blotting analyses and the recovered proteins are denatured. The second one is for crude

extracts, to measure enzyme actiwfor example.

Extraction of denatured proteins for Western blotting

- recover the mycelium from one M2 Petri platgerlaid with cellophanén a 2 mL gpendoff tube
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-add 50 pL of @= 25800 um glass beads and-200pL of lysing buffefgisHCI pHZ.5 20 mM, NaCl
100mM, EDTA InM, Triton X10Q 0.05%)

-incubate on ice, while processing all samples

The following steps must be made very quickly

- break open within a calibrated Fastprep for 40 sec

- add 0.25 vol. of Laemmli charge buffdrié pH=@8 0,4M, 1% t-mercaptoethanol o DTT 50mM, 1%
SDS$30% Glyerol, bromophenol blue)

-incubate 5 min. at 100°C

- centrifuge 5 min. at max speed in a microcentrifuge

- collect supernatant im new tube and store af70°C

W he 11 R> % E o v (}@ndysiS. Bependiig on the strain volume should be

optimized.

Crude extract for enzyme assays

- recover the mycelium from one M2 Petri pladgerlaid with cellophanén a 2 mL eppenddtube
-add 50 pL of @= 25800 um glass beads and-200uL of lysingpuffer (TrisHCI pHZ.5 20mM, NaCl
100mM, EDTA InM, Triton X10Q 0.05%

-incubate on ice, while processing all samples

The following steps must be made very quickly

- break open within a calibrated Fastprep for 40 sec

- centrifuge 2 min. at max speed a microcentrifuge at 4°C

- collect supernatant on ice in a new tube and store7@°C

W WE}S Jv u}pvse «Z}po oo oo (JE ¢+ Ce E % E(}EuU

Protoplasts preparation

Protoplastsare mostly used for genetic transformation. They however @miap be used in mutagenesis
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E% EJu vie ~e ThedeXdd ofele’and genetical analysis}E 8} & | }Av Z § G}l EC]
homokaryons. Thewgre prepared according to the following procedure. All steps are performed in sterile

conditions.

- Roux flasks are inoculated with mycelia fragmentgth a Fastprep or similar instrument

- Cultures are grown for@h at 27° C in the dark iM2 mediumsupplemented with 2.5 mg/ml yeast
extract ~* &1} o ZYJWAE. u ]Jpu-e

- Mycelium is harvested on chesdoth and washed with TPS1 buffer (0.6 M saccharose, 5 mM Na2HPO4,
45 mM KH2PO4).

- Weight the myceliumFor X g of wet myceliumadd X ml of TPS1 containing 40 mg/ml of Glucanex
(Novo Nordisk Ferment A@lucanex amount may vary upon the efficiency @& Hatch and digested for
3to4hat37°C.

- The protoplasts are separated from mycelial debris by filtration through cheesecloth.

- They are concentrated by 10 min centrifugation at 3200 rpm, washed twice with TPS1 and once with
TPC buffer (0.6M sacclume, 10 mM CacCl2, 10 mM Tris,70H5).

- The final pellet is resuspended in TPC buffer and protoplasts concentration is determined by counting
under microscope with a heatytometer. Protoplasts can be transformed immediately or stored zQ°

C.They carbe regenerated in liquid RG medium or on RG plates.

Genetictransformation

- Before transformation, the protoplasts are subjected to a 5 min heat shock at 48° C and tran8férred
secondesn iceand then 5 minutes at room temperature

- The DNA is added (& of DNA for 0.2 ml of protoplasts at a4l concentration) and protoplasts are
incubated for 1615 min at room temperature.

- Two ml of a PEG solution (60% polyethylene glycol 4000, 10 mM CacCl2, 10 mM Tris pH 7.5) are added
and caefully mixed.

- After a 15 min incubatioriTheprotoplastsare centrifugedl0 min at 3200 rpnand thensuspended in 5

mL liquidRGand incubated overnight at 27°C.
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- The culture is centrifuge@i0 min at 3200 rpnand suspendedn 500 L of liquid RG; 100aliquotsare
spread onto M2 selection plates.
Routinely 10 to 50 transformants are obtained pgg of plasmid DNA. Plasmids carrying

different selective markers are available for transformihganseringrotoplasts. The.eulor Ura5 wild-

Plasmids routinely used to transforn®. anserina The four plasmids derive from pBluescript
pBGSK+from Stratagenecarryingthe chloramphenicol resistance marker. Resistance markerdfor
anserinawere inserted at the uniqgu&Xmnlsite located outside the polylinker. TigK+polylinker is thus

intact allowing for the blue/bite « o §]}v A]$3Z 8Z r (E Puvs }( 8Z o I PvU (JE
singlestranded DNA with the f1 origin, as well ag ®NA production with the T3 and T7 promoters.
Enzymes cutting once are indicated in blue. The position of the amont and aval primers used for deletion
cassette is indicated by the black triangles.
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type genes restore growth on minimal medium when introddidato the leul-1 and ura5-6 mutants
auxotrophic for leucine ouridine, respectivelyGenes allowing selection of transformants resistant to
hygromycinB (75-100 pg/mL), phleomydén (510 pg/mL), gereticin 250500 pg/mL) and nourseothricin
(40 pg/mL) arealso availableThesehave been placed into the pB@ygro, pB&hleo, pB&enet and
pBCNoursoplasmidsto allow convenient cloning of DNA fragmeifigiure 27)

Note that, while nuclear transformation is easy, introduction of DNA into the mitochondria has
never been successfully achieved, despite several attempts made by biolistic as described in

Saccharomyces cerevisiae

Gene deletion single nucleotide changand atwill modification of the genome

Gene deletion is also fairly straightforward fh anserina The most convenient way is likely the split
cassette method (figure 38This method starts with two rounds of PCR to construct apat deletion
cassette. To amplify the selection marker, regions allowing to reproducibly amplify all maidershie
pBC vectorsvere identified(figure 27: amont and aval, Table 5). Yloan be used to make the fusion
primers required tdink the flanking regions andesistance markers in the split marker method (the red
regions of primerdB, CE and F of figur@8). Noteworthy, they permit to construct deletion cassettes
with the four markers using the same set of primessfeature particularly handy, if oneeeds the
deletion with different markersto construct multiple mutants or combine the deletion witBFP
constructs Once created the two-part deletion cassette is transformed int®. anserina Inside the
fungus, the DNA usually integrates the nuclear genome mostly thanks to thlhgranlogous end joining
pathway. Indeed, only DNA fragments contained inngios (hence with a size of about 35 kb) integrate
with a frequency of about 80% with the homologous recombination pathway. Fragments even as large as
20 kb integrate with a frequency of @®% with the norhomologous pathways. To circumvent this
problem, t is advised to use recipients with deletions in thes5land mus52genes coding for the Ku70

and Ku80 subunits of the protein complex performing the th@mologous end joining, respectively.

Table 5amont and aval regions for resistance markamplification

amont A-CTATTTAACGACCCTGCCCTGAACCG
aval A-CTTACCGCTGTTGAGATCCAGTTGGATG
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The split marker method for gene deletiorThis method is based on two successive rounds of
PCRs to construct a twmart deletion cassette, followed by its transformation inf anserinaThree
crossingovers result in the replacement of the geiby the resistance marker. Utilization of recipients
deleted for themus51or mus52genes coding for the Ku70 and Ku80 subunits that function in the non
homologous end joining of DNA breaks results in a high proportitoéfide replacemens.
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Deletions formus51and mus52are available with all four resistance markers, allowing deletion of any
gene with either one of the resistance markers. Thas51gene is located on chromosome 6 (CDS
number Pa_5 618p and mus52on chromosome 7 (CDS numba_7_9250 Choose carefully wtth
strain to usefor deletion of genes on these two chmmsomes! After deletion it is strongly recommended
to verify the deletion by PCR and Southern blotting analysis, becausénamalogous and faulty
integration still occurs in thednus51/4nus52strains A good practice is to first select a few potential
good candidates by amplifying with PCR the expected function fragments {wathprimer pairs
Arerifamont +X_and #erifaval +Y ). These are crossed with the wild type to clean the stra@, to
segegate out the 4upefil4upmifation and any other potential mutations resulting from the
transformation procedure. Southern blotting with appropriate probe can then be performed on the F1
progeny.

Interestingly, it is also possible to change a singldeniicle or modify the nuclear genome at

EETIEER: At will modification of theP. anserinagenome Seetext for explanation.
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Scheme to tag with fluorescent protein\ 500 bpDNAfragment (E }u & 2ndidf the gene
and lacking the stop codais amplified by PCR with a high fidelitglymerase andloned into a plasmid
containing the CDS of a fluorescent protein, eGFP or mCherry (here the pEGFPhygl vectoratsorying
an hygromyai B resistancemarker). Note that pmChermHyg with the same muktloning site and
resistance marker carrying the mCherry CDS is also availaldgration after a single crossifayer

following transformationin a 4 u p e fi il 4 u pstfainresults in the expession of theagged protein from
the native site.

will by cotransforming two DNA fragments into thd u pefiil4 u pstfeins (figure 29). Indeed, one
circular fragment carrying the selection marker allow to select for potential candidates and in a efibset
them the linear fragment carrying the desire change integrates by a double crasséngand changes
the sequence as desired. Usually, integration takes placel®dPb of the transformants, implying that it is
better to have a selectioschemefor the arrect replacement. A genetic cross with the wild type permits
then to segregate out thed upeiil4upmibfation as well as the integrated copy of the circular

molecule. This method has for example been used to constPli54,the selffertiie homokaryotic
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strain carrying in tandem the two mating type idiomorphs Z %dhed@extial cycle and genetical
analysis .<The final strain differs from the wild type only by the desired modification!

Other genome modifications frequently made are those requireddene overexpression and
protein tagging with fluorescent proteins. For overexpression, it is possible to use the constitutive and
strong promoters of thegpd and AS4genes. Thegpd gene encodes the glyceraldehydepBosphate
dehydrogenase, a highly exgssed glycolysisnzyme The AS4gene encodes the cytosolic translation
elongation factor eEF1A (also known asiER X region of 308100 bp upstream of the translation start
site from both genes is sufficient to drive high expressiote that if one wats to express genes from
other fungi(for complementation purposes for examplgyromoters from relatedsordariomycetefungi
usually work well irP. anserinaOn the contrary, promoters from the distantly relat&dirotiomycetes
often do not work well. Foprotein tagging, eGFP and mCherry wdike in P. anseringsee figure 34 of
the next chapter). Tagging is often made following the strategy depicted in figure 30 that results in the
expression of the fusion protein from the native promoter at the enslogus locusin the wild type,

integration occurs randomly in the genome, usually at a single location. Howetegrationis often

pCIB2 and pCIB4 plasmids for targeted integration in the genome.adnserinaThe plasmids

EEC 3Z VIUE:+ }SZE]]Jv & +]*3v u El E (o vl PAPIIFACIBR] Vv ]
or Pa_4 5450(pCIB4) genes. Thewd and Pad sites can be used to clone the cassette/gene to be
expressed. ThAsd sites can then be used cut the plasmids. After transformation innaus51/52strain,
tZ o]J]v & (& Pu vSse EEC]VP 8Z A[ & P]}v (}oo}A C sz FAE %o (E
E *]*3v u El E v 3§ZrepladE by dldoubl¢cmssimyer thePa_ 2 3690r Pa_4 5450
genes. Th&wd, Pad and Asd enzymes recognizel® sites with 4 bo overhang facilitate cloning.
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is often preceded by concatenation of several molecule of the transforming DNA, followed by internal
deletions. Correct expression of the transgenes is thus often variable depending on the modalities of the
DNA integration. To ensure a correct expressidntransgenes, it is possible to use alongth the
mus51/mus52strains the pCIB2 and pCIB4 plasmids that target integration atPthe2 3690and
Pa_4 5450oci, respectively (figure 31). This strategy ensures correct expression and even allow for
comparism between transgenesHowever, their utilization results in the inactivation of either
Pa_2 369@r Pa_4 5450So far, no phenotype has been associated with the inactivation of these genes.
Overall, it is possible to extract macromolecules and modifyyeasitl at will the genome d®.
anserina Manyadditionaltools generated by the laboratories working on this fungus are available. Only

those routinely used in my lab are presented here.

Tools for expression analysis

Although it is still possible to analyze gene expression one gene at a time, ftools
transcriptomic analysebave been developed-or example, figeroarrays of the whole transcriptome are
available for strain S. Although, these are based on the first atioot of theP. anseringgenome, they
probe the overwhelming majority of the genes, since few new genes have been discovered since.
Transcriptome analyseassing these microarraysave been made omat+ and mat- strains, at various
times of ascospores germation, mycelium growth and perithecium development. Most, but not all, of
these data are available in public databases. More recently, RN#sadpave been obtainednd made
public for the following developmental stages: oway-old and fourday-old mycdia, two-day-old and
four-day-old perithecia, norgerminated ascospores and eigimbur-old germinated ascospore®&NAseq
data ofP. anseringrown on two different biomasses are also availatilés likely that additional RNAseq
data will be made availablin public databases in the near future. All of these data can be searched to

have a first idea on the expression pattern of interesting genes.
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Morphology and gtology

As stated in the previous chapters, morphological analysthe sexual reproduction apparatus
was the basis for the definition of the species and is still used to differentiate species Bf #reserina
complex from other fungiHowever, it is only a part of the structures that the fungus is able to
differentiate during its lifecycle(figure 32). In this section, we wilthus examine the morphological

features of both the reproductive and vegetative structures elaborate® bgnserina

Schematiaepresentationsof the major cellular structures differentiated by?. anserinaAfter

the germination of ascosporehé fungus differentiate a complex myceliumhaving different kinds of
hyphae.Onto this mycelium, both male and female gametes are differentiated. A#égilifation of
compatible gametes, the fruiting body or perithecium is formed. In this sexual sporophore, ascospores
are produced. They are then expelled to ensure the dispersal of the fungus. The different structures are
not to scale.
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The mycelium

The nycelium differentiated byP. anserinads typical for aPezizomycotinaApical hyphadrom
the outer edge of the thalis (figure 33) have a diameter of about-8 pmand contain few nuclei (often-2
5). Very quickly, hyphae branch and anastomose (fi@d8e Meanwhile pta are deposited (Figure43.
They contain a central pore associated with Woronin bodies, which are modified peroxisomes involved in
regulating the flow within the central poréigure 31). Once mature, the mycelium is thus a complex
network o interconnected hyphae (figurd@3). These may have different diameters, suggesting different
functions yet nothing is known about the potential roles of these differently shapgphae.All these

hyphae have an internal structure typical Dikaryafung (figure 31). If in contactwith the atmosphere,

Vegetative hyphae oP. anserinaTop ldt, typical apical hyphaepp right; branching pattern
of subapical hyphadyottom left, anastomosegarrowheadsghowing the typical ladddike morphology;
bottom right, typical hyphae from an internal part of the mycelium showing different diameters
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Intracellular structures of vegetative hyphae d®. anserinaLéft, septa with Woronin bodies
(arrows) right, some of the structures of the nucleus/reticulum/vesicular network (nuclei in blue,
endoplasmic reticulum in green and vacuoles in fidtures by S. Brun.
some hyphae will erectikely thanks to a coating of hydrophins (figure 3). Additionally, melanin
pigments will accumulate at the center of the colony (figusg. 3

At the microscopic level, there is no difference between the mycelia differentiated byntie,
mat- and mat+/mat- thalli. At the macroscopic levelhe presence of fruiting bodies specifically on the
mat+/mat- thalli appears to modify the behavior of the mycelium with decreased pigmentation and aerial
hyphae amounts in the outer edge of the culture (figu®.3Voreover, differences between thmat+

and mat- thalli may be exhibiteén somemedia especially in interaction with lighting conditiorighis is

Aerial hyphae and pigments of-day-old P. anserinathallus grown on M2 Pigments are
partially maskedy the aerial hyphae. On M2hése are mostly erected in a ring region locatedtween
1 cmand 2 cnfrom the centerof the culture.This ring region also accumulataore pigment.
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Macroscopic morphology of -Alay-old P. anserinathallus grown on M2 The mat+ and mat-
cultures are older than the one on figure ahd many aerial hyphae have collapsed onto the medium
The accumulation of pigment thus more visible showing the typical ring regiorOn the mat+/mat-
culture, perithecia are mostly located ithe ring region. Note that beyond the ring in the outer edge of
the culture, pigment are lacking, while they are present in the inner part of the culture insédeniy.

due to the presence of polymorphic genes on chromosome 1 near the mating type, in a region nearly
devoid of recombination. One such gene that has been shown to trigger differences betweeamathe
andmat- thalli isrmp1. In strain S, thenat+thalli carry thermp1-2, while the mat thalli carry thermp1-1
allele. Noteworthy,rmp1-2 confers a slight thermosensitivity. Henaeat+ thalli do not produce aerial
hyphae when grown at 36°C and grow slightly slowey.seen on figure 31 and 32, theéeeon M2 a
defined ring regionwith an inner diameter of 1 cm and an outer diameter of 2 cmislvisible on
homokaryotic thallithanks to melanin and aerial hyphae accumulation and immat+/mat- dikaryons
thanks tofruiting bodies. How this ring region is produced is still unknown. It is not present on all media
and its size and density égar andcarbonsourcedependent. Usually the mordigestible and abundant
the nutrients, the more pronounced this regioRor exkample onthe crystallinecellulosecontainingM4,
the ring is only visible imat+/mat- dikaryons (sincé®. anserinaloes not produce pigments and aerial
hyphae on M4). The ring is wider (inner diameter is 2 cm and outer diameter is 4 cm) and periteecia a
much sparser.

When in contact with cellophaneP. anserinadifferentiates special hyphae dedicated to
penetrate the solid nutrient layer and digest it from the insitlee appressoriurdike structures (figures
32 and 3). These are differentiated afteabout 12 hours of growth on cellophane and are especially

abundant in the ring zone with dense aerial hyphae/perithecia. When inoculated on MO medium with
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Appressoriumlike structures ofP. anserinathallus grownon cellophane From left to right,
different focuses highlight these structures from top to bottom. There is a distance of aboutnl0
between each picture. First on the left, hyphae grow parallel to cellophane. Then hyphae reorient and
differentiate the appressoriurdike structures (black arrowhead) that contact the solid layer of
cellophane. From these, hyphadth a tiny diametercalled penetration pegéwhite arrows) penetrate
the cellophane. Then on the rightaustoriumlike structuresdevelop insié the cellophane. From these,
new penetration peggwhite arrow) descend further inside the cellophane layer.
cellophane, the fungus will cross the cellophane layer (aboul@Ium) in about three days. These
structures are inhibited by the presence ofighse in the medium. It is presently not known if they are
also differentiated wherP. anseringgrows on natural biomass, especially when growing on dung.

In addition, to the hyphal structures described above, the friendly mold is able to differentiate

lasso-like hyphae, whose role is unknown (figur@).3The funguslso differentiates in medipoor in

Some vegetative structures of unknown function differentiated b9. anserinathalli. Left,
lassclike hyphaeright, miscrosclerotic stuctures.
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nutrients, such as M4 and wood shavings, hay or miscanthus media, small sdikeosituctures having
a diameter of about 50 um (figure 38). The exact nature as well as the role of these structures is also
unknown. P. anserinamay also be able to form scleratevith larger sizes, however, these are seldom

observed and conditions enabling their production have yet to be defined.

The gametes

P. anserinalifferentiates both male and female gametea the mycelium and hese display an
A e 1ZCu v] o_ A.O@pM2diférentiation starts after two days of growth and fertilizatioarc
proceed on 2day-old thalli, showing that both types of gamete are functional at that time. Bothntlagt+

andmat- thalli differentiate the two kinds of gametes. In fact, we know that the mating type locus is

Differentiation of the P. anserindemale gametangiumThe fertile tissue is colored in a lighter
color compared to the maternal one. Sesxt for description.
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Differentiation of the P. anserinamale gametes Usually,spermatiaare bornat the apex ofa

peg developing from a spermogonium. Repetitive budding produces small cluster of spermatia. Under
some conditionsHeretop middle and top rightn the dark at 18°C on M2 + cellophane), a proliferation of
spermogonia and spermatia occurs. Erected sterile hyphae also differentiate in these structures that
strikingly resembleCladorrhinumBahupaathraanamorphs. P: protoperithecia, arrow shows a cluster of
spermatia/conidia in the anamorphiike structuresSee text for detalils.

dispensable for gamete differentiation.

Female gametes or more properly gametangia since they are pluricellvdren mature- are
typical ascogonia/protoperithecia (figure 39). Differentiation starts with characteristic hooked hyphae
that will continue their differentiation by generating a pluricellular and multinucleated ascosgonium coils.
These coils will then bembedded by neighboring hyphae to generate protoperithecia that may reach
large sizes (some exceed 100 pum). At that stage, the gametangia are already composed of two different
tissues: thefemale sexualtissueawaiting fertilizationin the center originatig from the ascogonium coil
and that reaches the outsidthanks to speciahyphae called trichogyrse and several layers o$terile

maternaltissue that protects thesexualtissue and that will shape the fruiting body. This sterile tissue has
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thus a materml origin and results from the proliferation of the hyphae that surround the ascogonium
coil. In P. anserina the protoperithecia (and later perithecia) have protruding hyphae that may be
mistaken for trichogynes. It is therefore not known whether a singlemultiple trichogynes iare
produced per fruiting body

Male gametes are differentiated on pegs emerging fronecigl hyphae called spermogonia
(sing. spermogoniunfigure 40). They are small spherical cells having a diameter of 2 um. They contain a
single nucleus and a single mitochondriofhey are produced in small clusters and are very easily
released from the spermogonium so that it is very difficult to see them attachédetpeg (see figurd0
top left). Attempts to germinate spermatia have so far failed. Indeed, although a paper reported their
germination at a rate of 1% on media containing yeast extract and sorbose, this rate was not reproduced
recently on this medium ahgermination proceeds at a frequency of 1 out of one million spermatéll
tested conditions Intriguingly, in someituations P. anserinaifferentiates CladorrhinumBahupaathra
anamorph structures (figurd0O, see figure 11 for comparison). Here, tie & }love }( "e% Eu 3

EE] }v *e% Eu}P}v] _U <p +8]}vlvP AZ 8Z & 82z +« & Jv ( & "~ }v]]
with peglike structures to carry the spores). Indeed, their sheer number sugtfest they may be used
for dispersal ratter than fertilization. However, these also germinate at a very low rate. Until conditions
that reproducibly trigger their germination are found, thege thus better seen as spermatia.

Once the gametes are differentiated, fertilization occurs rapidly leetwv mating compatible
gametes (see chapter on the sexual cycle and genetical analysis). Based on experiments with successive
waves of fertilization with geneticaligifferent nuclei, fertilization is rapid and efficient since most female
gametes are fertited in 10 minutes. During this event, the nucleus from the spermatium enters the
trichogyne and migrates to the ascogonium body. This is followed by the rapid development of the

perithecium.

The perithecium

Maturation of the perithecium from fertilizatin to the first expulsion of ascospores lasts about
four dayson M2 mediumat 27°C While wfertilized protoperitheciamay reach largsizes, typicallyabout
50 um,sometimemore, theynever present the neck and ostiotbaracteristicof fertilized peritheciaand

throughwhich ascospores are expellégke figure 41)As stated abovegrotoperitheciaare composed of
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Differentiation of the P. anserinaperithecium. Top, overall morphological evolutioduring
perithecium development with timeline of main events. Bottom, schematic representation of sectioned
perithecia with main tissues.

three to five layers of flattened and pigmented cells protecting the ascogonium that is embedded with
sterile maternal tissues. Hairs and trichogynes emerge from the protective layer: at that time the
protoperithecium looks thus lika small urchin (figurdl). Upon fertilization, development proceeds and
the perithecium enlarges (figurél). The protective cells differentiate a peridium having two layers: in
the inside, the endostratum formed by hyaline polygooalls of about 125 um, and, on the outsil

the exostratumformed by melanized thickalled polygonal cells of about 2 pm. Twenty four hours

after fertilizationthe neck initial is visible on the top of the developing fruiting body as a small area with
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increased pigmentation. Meanwhile, thest paraphyses differentiate as early as 24h after fertilization.
They are elongated unbranched hyphae composed of several artithesy. occupy the centrum along
with the first binucleatedascogenous hyphaemerging from the fertilized ascogoniuritheseproduce
croziers about 30 hours after fertilization and the first meioses occur just after (figure 37). Two days (48
h) after fertilization the centrum is a mix afoziers,young asci at different stages of development and
upward paraphyses (figurél and 42). The largest increase in size occurs at day 3 and day which
time the perithecium reach diameterof about 300350 pm The neck is growing upward and the ostiole
is forming On the outside the celk of the neck undergo intense pigmentation andsmall tuff of darkly
pigmented hais (the setae) appearat the end of the third dayn many but not all fruiting bodiesOn
the inside, theneck is lind with special cells, the periphyseBhe centrum proliferates, producing more
and more asci. Theseature and the first delimitated ascospores are seen 54 hours after fertilization.
Rapidly, they enlarge, mature and get pigmentdthe centrum occups then the largest part of the
fruiting bodyand is easily separated from the peridium

The development of the sexual tissues is typical forReeizomycotin&figure 42). The fertilized
ascogonium produces several multinucleated cells from which binucleated cells emerge: the ascogenous
hyphae. These binucleated cells have two geneticaffgréint nuclei and are thus dikaryotic (see chapter
on the sexual cycle and genetical analysis). The dikaryotic binucleated state is propagated during cell

divisions thanks to the special divisgwf the croziers. The apex of this cell forms a hook. After

Development of theP. anserinasexual tissuesSee text for explanationRight, picture V.

BerteauxLecellier.
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100 pm

Mature P. anserindruiting bodies.

Podospora anserina

coordinated division of the two nuclei, two
septa form and individualize a binucleated
dikaryotic cell that becomes the ascus and
two uninucleated cells that undergo cell
fusion to restore a binucleated dikaryotiell.

This cell will divide further to pduce new

crozies. Meanwhile, the ascus enlarges,

undergoes karyogamy, then immediately
meiosis and a postmeiotic mitosisThe
orientation of the division spindles zarallel

to the axis of the ascus during the meiotic
division and transverse in the poséiotic
mitosis Then nuclei glide as to associate two
by two nonsisternuclei. The process ends by
the differentiation of the ascospores that will

be the subject of the next sectionOnce

mature (figure43), perithecia may produca fewhundreds to a@housands ofascospors for three to ten

days depending upon the growth medium and humidity of the atmosphere.

Theasci and theascospores

Asais and ascosporeanaturation lasts
for about two to three days on M2 at 27°C
After bursting open mature perithecisand
collecting the centrumthe whole sequence of
asci and ascospore maturation may be seen
the rosettes (figure 44).Just after their

delimitation around two nuclei by two

membranes ascospores have a club shap

in

e

P. anserinaosettes of asci withparaphyses.
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(figure 42 & 45). Rapidly, the two nuclei undergo mitoses to yield four nuclei, three of which remain in
the head of the ascosporand thefourth one migratesinto the tail (figure 45).A septum isthen laid

down between the head and tail parts tife ascosporavhen melanin is deposited in the head célhe

nuclei of the tail cell degenerates andetltail cell dies. This dead cell becomes the primary appendage of
the ascospore that gives the name to the geRaslosporgspore with foot). Meanwhile, the three nuclei

of the heal part undergo further mitoses and the cell enlarges. When mature, ascospores have around
thirty nuclei. Thecell wallof the head celbets heaily melanizedy the deposit of three successive layers

of melanin giving it a black colokt least, wo gelatinous appendages, the secondary appendages, are
laid at the opposite poles of the sporesne at the distal tip of the tail cell and one neaethpex of the

spore head. They consist of gelatinous materials that are deposited between the two membranes of the

Development of theP. anserinaascosporesSee text for explanation.
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spores.Two smaller ones may also be present on the primary appendBigeir role is unknown. In
addition, the four ascospores in the ascus are linked together by a rope of actin that is the remnants of
the actin fibers that allow migration of nucleiuring the mauration of the ascus and scaffolthe
delimitation of the ascospores. The last feature of the ascospores is the presence of a germ pore at the
apex through which germination will proceedhen mature the spore head is-19 x 35 pum and the
primary appendage (also called the pediceh5s< 20 pm.

Asci measure about 25 x 200 um. Their apices have a simple structure (figure 46). They typically
contain fourdikaryotic } & ~ gdeosporegfigure 44 & 46)However, asci wittabnormallydelimitated
ascospores are frequeniTheir frequencycan beincreased byincubating developing perithecia with
anesthetics such as chlorofortto do so, a cotton wool dipped in the anesthetics is placed along with the
Petri plate carrying the desloping perithecia in a sealed containefheyare due to defects in the
positioning of the spindles during the meiotic and postmeiotic divisisasulting in abnormalkplaced
nuclei Indeed, ascospore delimitation is driven by the spindle pole bddfarlapart, nuclei will be
incorporated in different ascospores, while close nuclei are packed inside the same ascdsgoneost
common is the fivespored ascus, with threbig dikaryotic ascospores and twé&mall_homokaryotic
ones (figure 46)Often,the two small ascospores stem from the alteration dfigascosporeThey result
from defects in a single postmeiotic spindtesulting in twosisternucleibeingtoo far apart However,

more complex situations may be found, such as the one depictedurefid6, where the two small

P. anserinaasci Left, ascus apexRight, arrow points towards a fixgpored ascus.
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P. anserinaasci after expulsion from the peritheciuniThese two asci were collectahto an
agar plate laid over a cross plate as depicted on figure 23.

ascospores and the big ascospore between them arise from the bad delimitation of two postmeiotic
spindles. Two centralplaced nuclei formed the big ascospore and the left over nubleigmall ones.
Asciwith two big andfour small ascospores, as well as one big and six small or even eight small
ascospores are also encountered, the fisste being fairly common, while the last typeith eight
ascospors being extremely rare.Other atypi o0 ¢ ] EEC "P] vS_ ¢ }e%}E « &E -po
formation of the ascospores around three, four, five, six, seven or even eight nuclei, the more nuclei the
larger the ascospore. All combinations of giant, normal and small ascaspumag be encountered.
However, they are rather rare. For example, delimitation encompassing eight nuclei yields ascospore with
the shape of a bananda'heyare seen only if anesthetics are applied. The most freqyeatiypical asci
with giant ascosporegncountered in usual catitions is two big one small and one giargscospore
Frequency of abnormal asci depends upon many factors including the mettiertemperature and the
strain. For example our referenstrain * ~ liké mostP. anserinatrain, has a frequency of-Spored asci
of about 1% and giardscospore }vsS Jv]vP « ] }( . Usudllyi abnormal asare moreabundant
early in the production of the ascospores by the perithecium.

Once mature, the four ascospores of an ascus are expelled together, because they are linked
with an actin ropeas stated earlieffigure 47) A film depicting this evdrcan be seen at the following
URLhttps://doi.org/10.1371/journal.pone.0003237.s00&verage expulsion speed is 21 m/s, enabling to

eject the ascospores about 20 cm away. To do so, ascospores are accelerated with the staggering rate of
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P. anserinaascospore germinationSee text for details.

1500000 m/<! Surprisingly, this does not require extravagant turgor pressure. Indeed, presence of
erythritol and pinitolat a combined concentration of 70 mM appears sufficient to do the trick and create
the requiredpressure of 0.4 MPa

After their larding, ascospores await a trigger for their germination (see chaptsssiological
and nolecular analysis: deciphering developmental pathwagscospore germination They usually do
so by extruding a germination vesicle (also called gegh the germ poe a few hours after being
triggered to germinate (figure8}. From this vesicle, hyphae rapidly emerge to create a mgwelium.
Movie n°3 showsthese evengin an accelerated manneNote that damaged ascospores may germinate
from the breakage poirgt In addition, few immature ascospores are sometime ejected from the

perithecia; these may also germinate from any part of the ascospore.
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The sexual cycle ancegetical analysis

The lifecycle oP. anserina

In the previous chaptenwe have studied the various structures differentiated W anserina
especially those involved in the sexual reproduction. We shall now see how these differentiations are
orchestrated during the life cycle of the funguB. anserinais a heterothallic pseudehomothallic_
filamentous ascomycete, whose haplobiontic sexual cycle displays interdstitges (figure 49) The

fungus has thus mating typese. a system of genetic incompatibility/compatibility for fertilization, yet

P. anserindife cycle See text for detaild.thank D. Zickler for the original drawing of this cycle.

65



Philippe Silar Podospora anserina

produces ascospores generating mycelia able to mate with themselves.

Under appropriate conditionssée the section onPhysiologicaland nolecular analysis:
decipheringdevelopmentalpathways t Sexual reproduction mycelia of each matintype (nat+ and
mat-) are able to differentiatdoth the male gpermatig andthe female (ascogonia) "organg{owever,
fertilization canonly occurbetween a spermatium and an ascogonium of opposite matypegs. It works
in both directions: f mat- x , mat+ and f mat+ x , mat-. To do so, the ascogonium produces a
trichogyne, a dedicated hyphathat is attracted tothe spermatia thanks to g@heromone/receptor
*C+3 u aatches'them. The pheromone produced by the spermatium is specific for each mating type
as is the compatible receptor expressed in the trichogyne. Once a spermatium cauggntijliing male
nucleusenters the ascogoniumA trichogyne is fertilized by a single male nucleus, because to date
ascogonia fertilized by genetically different nuclei have never been seen. Note that nuclei from the
vegetative mycelium can also be used as male gametes, because fragmented mycelgadpekmatia
are able to fertilize compatible ascogoniss stated in the previous chapternanteresting point is that
this fertilization event is not immediately followday nuclear fusion ordryogamy. The two nuclei first
divide in a commorcytoplasmto form a syncitium. The resulting nuclei migrate by pairs of opposite
mating type in specialized cells: the ascogenous hyphae. These hyphae give rise, after divisions, to the
crozier cells, where the two nuclei divide synchronously. A special segtfomried to yield three cells.
Karyogamy takes place in the upper binuclahtell. It is immediately followed by meiosis, a postmeiotic
mitosis and formation ofsci Therefore, many asci are producedeafta single fertilizatiorevent Note
that all events following a single fertilizatiortake place in asingle perithecium because a single
fertilization has never been reported to produce more than one fruiting body.

As stated in the previous chaptexsciusuallycontainfour big ascospores qiin 1% of tke cases,
five, i.e, three big and twosmallascosporesThe big ascospores usually camgit+ and mat- nuclei and
thus generate mycelia able to sé#rtilize, hence the term pseudbomothalism used to characterize the
breeding system oP. anserinaSmadl ascospores, but also few large ascospores, carry nuclei of a single
mating type. They produce homokaryotic seterile mycelia that will need a compatible partner of
opposite mating type to carry out sexual reproductid@®uch large ascospore may be metsin five
spored asciresulting from defect in more than one spindle (as the one in figure 46), but also in four
spored asci in which the mating type locus has undergone a first division segregation (see below).

Availability of both heterokaryotic and homokaryotic mycelia entails thaté are several ways to set up
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Threefrequent setups forP. anserinacrossesSee text for details.

sexualcrosses withP. anserindfigure 50). Selfertile mycelium (obtained from anat+/mat- big spore or

by mixingma+and mat- fragmentedmycelia) may be inoculated at one or mdogationsin aPetri plate.

Thiswill give rise to the typical ring of perithecia mentioned at the enfl & Z Z I9mado@pora
anserinain the tree of life: classificatiorof the species (see figures 19 and 50). Alternatively,

Z}u}l €C}8] uC o] v E}ee AlSZ A E]}ue » Su%oeX dZ 3A} u i}E |
NIv(EIvS S]}v @ first oné, plugs Tor compatible mycelia are deposited 2 cm apart and
incubated without further manipulation. This will result in the production of a line of perithecia at the
confrontation between the perithecia (figure 50Fonfrontations are for examelused to test for the

mating type (figure 51)/v ~ }v(E&}vs §]}v EE}e _U SZE Ce (S & » S8]vP §Z
(2 mL for an &m Petri plate) is added and the plate is gently shaken. This will dislodge spermatiat but

ascogonia. Feltzation willthus specifically proceedith , mat+x f mat- on one side of the plate and
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mat+ X , mat- on the other side (figure 50) In P.

ansering it thus very easy to orient the crosses as

desired, in order for example to study cytoplasmic

versus nuclear segregation§o do so, one needs

}voC 38} } 2~ Jv(E}VS Sllw @EE&JA Al5Z

a scalpel the mycelium used as male. Ascospores can

then be recovered as usual from the remaining

female thallus.

An important feature ofP. anserinasexual

cycle is its rapidity. Overall, it takes about eight days

to complete the cycle from ascospore germination to
Typical mating type testsOn this the next generation O ascospores. Ascospore
plate, mat+ and mat- tester strains (in whitg  germination occurs overnigiion G medium or after
were confronted to eightthalli to ascertain

their mating type Deduced mating types are
indicated in red. gametes are differentiated. Finallyhe procesdrom

a heat shock)If inoculated on M2, three days after

fertilization to ascosporanaturation takes in optimal condition about 4ags at the end of which the
ascospores are ejected out of the peritheciufhis is much faster thamNeurospora crassand
Aspergillus nidulansin these two speciegshe complete cycle lasts two to three week&scospore
productionby P. anserinarossedasts for about three to ten days depending upon the medium used and
humidity of the incubation chamber. Plates producing ascospores may be stored at 4°C, but no more than
( A Ce ~Uuepp 00C S u}les SZE CeeU Me o } e %nNdgEr incubalippv A}v[:

time is used. Ascospores stored dAgar plates will germinate with 100 % efficiency when collected
rapidly. However, germination efficiency will drop after three to four weeks at 4°C. Simitaybelia
issued from germinatedscospore A}v[§ | % u}@® 3$Z v (A A I+ }v ' u Jpuu 8§ df
may last two to three years on M2 medium at 4°C.

Sexual reproductiomappears to behe principal mean of dispersion &f anserinaas itseemingly
lacks any special mean of asexual reproduction, especially the fertipagnatiado not seem to
germinate(see previous chapterHowever, fragmentation of the mycelium will regenerate new thalli
able to complete the whole lifecycl&his is a routinprocedure used in the labslote that although it is

frequently assumed that any cell from fungi is totipotent and could regenerate thalli fully able to
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complete the whole lifecycle, spermatia, but also ascogonia and also many cells from the centrum of the
perithecia appear unable to do so i anserinaThis has been reported by some of the older authors

working onP. anserinalevelopment but also observed by Robert Debuchy and myself.
Mutant generation

UV mutagenesis at 254 nm is the most convenienthmodtto recover mutants Doses for wild
type range from 100 J/frto 300 J/nf, the bestdose beingusually200-250 J/n. It corresponds to 1%
survival when measured with protoplasts regenerative potential. Screens obviously depend upon the
desired mutantsPositive screens may be started from fragmented mycelium. UVs are usually applied
}v C (3 €& ]v} po 8]}v AZ v 8Z uC o]Jpu (E Pu vs8e Z A 8 ES 38} E
very young mycelium on the platédowever, if no mutants are obtained ti a direct screenor a
negative screen is to be usethere is still the possibility to do mutagenesis on protopladiest are
uninucleated(and haploid), hence any mutation withmediatelyexpress its phenotypelo do this, one
needs to do protoplastas indicated]v $§Z + Bethods for macromolecules extraction and genetic
transformation- Protoplasts preparation then one spreadsthem orto RG medium a& concentration of
10" per plate. Irradiate with UV at 200, Incubate in the dark at 27°Regenerants can be picked up
after 48h under the binocular to test them individually. At least 5000 of them shoealddbutinized
before giving up!

Another way to recover mutants is to tape into the genetic diversity ofRhenserinaspecies
complex. ldeed, some species may present interesting features not preseRt anserinasuch as the

A 0}%u vS }( "e 8}Ee+_U *%}E Illoo E P v +U §Z ]o]SC S}eic <}u

It is possible to analyze the genetic bases of thederdifices by crossing the interesting species with the
sequenced reference strain S (or s)PofanserinaFertility of theseinterspecific crosses is poor, but it is
possible to obtain few ascospores that in turn will have a better fertility when crosgedath parental
strainsX /8 ] $Zue %o}ee] 0 5} 8 ES v ~Je}P v]l 8]}Vv_ % E} e+ HE]VP
difference (hopefully due to a single polymorphism) can be progressively associated with more and more
of the genome of thé>. anserinaeference strain S. We usuatlp 10 backcrosswith strain§ at which
time, the final isogenized strain contains the polymorphic locus and few neighboring deosthe

other species, while the rest of its genome comes from S.
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Genetical analysesegregation, dominance/recessivity and complementation

As stated in the previous chapter, spindle positioning and ascospore delimitation is completely defined in
P. anserinasci and can be summarized as depicted in fig@elhis entails some interestirfeatures for
genetic analyses. Firstlif,no crossovers occurred betweagene(with a+ and aalleles involved in the
cross)and its centromere, the ascus contains two ascospores with twaualei and two withtwo a+

nuclei (see how centromeres behavin figure 2). Secondlyif a crossover has occurred between the
gene and its centromere, the ascus contains four ascospores with-aneckeus and one anucleus(see

how the mating type idiomorphs behave in figur@)5Therefore, ifst (FDS) and second (Sfjsion
segregation frequencies can be eagilculated (figure 53)Note that this allowsloing ordered tetrad

analysis with disordered tetrad!

Meiosis and gene segregation . anseina. Centromeres are the black and brown dots. Only
chromosome 1 carrying the mating typecusis represented.
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First division (FDS) and second division (SDS) segregatiBnanserina

A second important feature oP. anserinameiosis is the positive interfence exhibited by
crossingovers,i.e., the presence of one crossifayer inhibits the occurrence of a second one nearby
The interference is so powerful iR. anserinahat only one crossingver usually happens over large
regions.Especially, in 989 %of the meiods, a single crossingver occurs between the mating type and
its centromereon chromosome Jlallowing for the recovery ahat+/mat- ascosporeyieldingsef-fertile
myceliain nearly all asciNote that on this chromosome arm a second crossiagr usually takes place
between the mating type locus and the telomere. This situation is encountered for many chromosomes,
with a first crossingver between the cetmtomere and a region located at about two thirds of the
chromosome arms and a second one maiistal. Therefore, SDS frequencies usually increase as the

genes are positioned farther away from the centromere then decrease to reach the 66 % usually seen
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Linkage map ofP. anserina Positive interference of crossirmyers resulis in most genes

grouped together around the centromemnd in the middle of the chromosome arms. The black dots are
centromeres. Further analyses carried out since this last official version of the map was published in 1982
have filled some of the gaps between the clustered genes (see f@fifer an updatedversion of the
genomemap)dZ "o (§_ E&ue & S S8Z 8}% v 8Z "~E&]PZS_}v e 8§ 8Z 18

when multiple crossingvers are present other the same chromosome arfhis entails dinkagemap
quite different fromthe ones of other modebrganisms(figure 54) and the possibility to easily order
genes along the chromosome armsdeed, parental ditypes, tetraypes and neparental ditypes are
easily determined (figured. When two genes are on the same chromosome,-parental ditype are
rare. Moreover, if they are on the same arome of the tetratype asci will be more frequent: the one
with the gene closest to the centromere segregating with FDS and the most didtebdg (figurgs).

P. anserinahaving a haplobiontic life cyclevegetative diploids are difficult to seleeind are
highly unstable(see the nextsection on the parasexual cyclejo, apart from the mutations that act
between fertilization and meiosiglominance/recessivityests must be performedvith heterokaryons.
There are several simpla&vays b obtain heterokaryons Theycan be directly obtaned after sexual
reproductionfrom the big spores. Mycelia of both mating typeay bemixed togetherby simplygrinding

them in an Eppendorf tube with gpatula or by using a shaking apparatus such as a Fastprep and then
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Segregation of two couples of alleles . anserinaPD: parental ditype, NPD: nquarental
ditype andT: tetratype.

inoculatingthe mix on afresh Petriplate. Note that these tests in heterokaryons can produce some
interpretation problems since very often mutant nuclei (sometime wyipe ones) can be easily lost. To
circumvent thisthere are simple gestics tricks. @e can use strains with complementary matiypes,
allowing checkinghrough the presence of perithecia if both nuclear types are presi&ssociation of the
mutation to be testedwith the leul-1 (or lys21) mutations will permit to make forced balanced
heterokaryors with lys21 (or leul-1). Testing onminimal medium will ensure that lib types of nuclei
are presentNote that a problem frequentlgncountered in heterokaryon construction is the "vegetative
incompatibility”. Indeed, when anastomoses octuatween thalliof the same strain, heterokaryatwill
readily formand proliferate However,when anastomoses occuyetween different wildtype stains,
frequently heterokaryotichyphae will die in a violendeath reaction called incompatibility reactiofsee

section onMyphal Interference and Vegetative/heterokaryon Incompatibi)ity his occurs for example
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when the SBIGS) strain is confrontedvith the s
(small s) strain. These two strains are the most
commonly used for geneticalnalysislin summary,

it is advised toconstruct heterokaryors with
compatible straind Note that @mplementation
tests areoften carried out with heterokaryons as

describedabovefor dominance/recessivity

Parasexual cycle

P. anserinalike many ascomycete fungs
able to form vegetative diploids and hence

undergoes a parasexual cycle. However,stated
Vegetative diploids using theSP40

mutant. Taken from the thesis of BerteauxLecellier above vegetative diploids are quite difficult to

obtain. Indeed, they are rare and unstablEhere is
a way tovisualizethem by using e SP40mutant that carries a reciprocal translocation. Whétis
crossed with the wild typesomebig ascosporgrogenygives rise to spindly unpigmented thalli. In such
thalli, the two niclear componentgarry unbalanced sets of chromosomes. Hence, hHangons would
be nonviable and both types of nuclei must stay in theli for their survival. However, in the spindly
thalli, complementation between the nuclei is weak, resulting in poor growth. On these spindly thalli,
dense patches of pigmented myaeh frequently appear (figure 56). These result from vegetative
karyogamy (}oo}A C "Z %o0}b 11 §]}v_ }( $2Z via phromjo¥onteZ [pss restofinig a
balanced set of seven nuclear chromosomes. Mitotic crossugys as described in the parasekeycles
of other fungi may also occuNote that the sexual cycle &f. anserinas so efficient that the parasexual
cycle is used only in special conditions, suctodest whether karyogamy can proceed in some mutants.
Moreover, theSP40«$E ]Jv « ue+ 8§} Z A v 0}*S (E}u }oo S]}vyY

Developmental geneticsgrafting and genetic mosaics
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Grafting of perithecia to study their development iP. anserina Nine 2day-old wildtype
perithecia were plaed onto a homokaryotic wildype thallus (left) Two days later (righttransplanted
perithecia have completed their development.

Because fruiting body development is the most complex differentiation process exhibited by
ansering several tools enabling to analyze it genetically have been designed. Firstly, developing
perithecia may be transplanted onto othgeneticallyidentical or geneticalidifferent mycelia(figure
57). To do so, simply lift a perithecium along with the destlamount of underneath agand gently put
it onto the desired mycelium.his should be optimized as taking too litederlying agamwill result in
peritheciumdrying and burstingwhile taking too much may obscure the resyiee movie nt). When
wild-type perithecia are transplanted onto wilgpe mycelia, development resume as if nothing
happened and nearly 100 % of the grafted fruiting bodies will mature in four amgentrol norgrafted
ones Note that success rate with oftay-old perithecia nay be lower since at that stage it is still difficult
to differentiate fertilized from unfertilized protoperithecia. As seen in figuB B transplanted onto
mutant mycelia, the fruiting body may or may not complete development depending whether the gene
affected in the mutant is required or not in the mycelium. The same reasoning applies for mutant
perithecia transplanted onto the wild type: maturation will proceed orflfhie gene affected in the
mutant is dispensable in the fruiting bodiote that ths kind of experimerst with perithecia from
mutants is not frequently done becaussme fruitingbody development is needed for grafting to
proceed!

Mosaic analyses with thel u %nd pkst193 mutants enables to gain further insight into the

role of genes dring development. Thet u Strain is a mutant for which the mating type locus has been
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Grafting of perithecia to study their development iR. anserinaSee text for details.

deleted. This strain is unable to engage fertilization, yet its mycelium is like that of theypédIt can

thus be used to complement mycelium defect(s) impairing perithecium development. Noteworthy, it is
able also to complement maternal defects, bott course not zygotic ones. Hence, wherat+/mat-
heterokaryotic mutant mycelia are mixed together withu 3n a trikaryon, development of perithecia

on the trikaryon means that the gene affected in the mutant is dispensable in the zygotic lineage, while
lack of fruiting bodyentails that this gene is required in the zygotic lineage (fig@e Note that analyses

of the defects in the trikaryonsnay alsoenable to dissociate maternal and zygotic defects for genes
acting atmultiple stepsduring development. Mosaic analyses wiftks1-193 permit to address whether

the development defects are due to mycelium or maternal tissues deféttspks1:193 mutants carry a

mutation in the gene encoding the polyketide synthase that acts at the first stépedfiosynthesis of
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Trikaryonanalyseswith 4 u %o study development inP. anserinasee text for detail.

melanin. InP. anserinahis mutation is cell autonomougecausemelanin pigments do not diffuse in
hyphae. Also the gene acts at all stagesPofanserinadevelopment: ascospores, mycelia and fruiting
bodies, all lack pigments in the mutant (fruiting bodies are also slightly smaller in the mutant). When
heterokaryonsof compatible mating types are made between the wild type akd1193,two kindsof
perithecia may be observegigmented(or dark)ones and norpigmented(or light)ones(figure 60).The
maternal tissues of the pigmented perithecia stems from thiéd type and frompks}193in the non
pigmented ones. Note that very few mosaic perithecia with part of their peridium pigmeatedpart
non-pigmentedare observed. This suggests that few nuclei are involved in setting up the differentiation
of the maternaltissues of the perithecium. When the mosaics are made with a developmental mutant

lacking the ability to differentiate fruiting bodiese., a mutant xpkst193heterokaryon of compatible
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Mosaic analyses withpks1-193 to study development in P. anserina Arrows: dark
(=pigmented perithecia. getext for detail.

mating types), two different outcomes may usually be observed (figure 60). Firstly, no pigmented
perithecia may be recovered. This sugget$tat only perithecia withpkst193 maternal tissue may
develop and hence that the gene affected in the developmental mutant is required in the developing
perithecium. On the contrary, if both pigmented and mpigmented perithecia are observed, this
indicates that the altered gene is not required in the developing fruiting badiyte that a third situation

may be observed: the presence in high numbernobsaic perithecia with part of their peridium
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pigmentedand part nonpigmented. This is accounted fottlife product encoded by the mutant gene can
diffuse from cell to cell and hence in this case the wild type allele of the gene is not required in all the
cells of the fruiting body

The last toogeneratedto study
development is thePM154 strain. This
strain carries both mating type
idiomorphs (mat+_mat) in tandem at
the matingtype locuson chromosome
1, without any additional genetic
modification (figure 61). It is selértile
and able to fertilize botmat+ and mat-
strains. Although it generates abnormal
progeny with many incomplete asci, it
can be used to easily selecterile
mutants, including those affected with
PM154: structure of the mating type locus a _ o o
phenotype. recessive mutationsn genes acting in

the zygotic tissuge Note that in crosses

with mat+ and mat- strains, there is a large distortion of segregation with the preferential recovery of

mat+_mat progeny.

Genes and genome

With the advent of sequencingnd genetic transformation, genetic analysasmany organisms
includingP. anseringhave for a time shifted towards moregenebased approache In these so called
reverse genetic analyses, interesting genes are identified thanks to various methodsssextiwgionary
conservation or expression in response to stimuli. The function(s) is(are) then deteroineg togene
Jv 8]1A 3]}vU - %] S ]v M&thods ZosdBadidmdiecules extraction and genetic
transformation_ Blowever, with the developm# of the next generation sequenciffyl GS}echnologies,
gene and mutation identification through complete sequencing of mutant genome have recently been

back to the fore, reinvigorating the classic genetic analyisesthe search for mutants affected i
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Schematic representation of thd®. anserinacircular mitochondrial genome as defined in

1990. This genomds a composite of the genome of strain s (small s) with three additional sequences
(optional introns) from strain A.

defined phenomena and the subsequent identification of the involved genes. Nowadays, genetic analyses
rely on both methods, depending on the needs. Importantly, all these genetic methods require the

availability of a higlguality sequence of th®. anseria genome and more recently on microarray data
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RNAsedranscriptomedor expressiorbased selection of candidate genes

In fact,P. anserinavas one of the first organisms to enter the genomic era, even before it was
fashionable. Indeed, as early as 1990, the complete sequence dfdtdar mitochondrial genome was
available. At that time it was the longest contig present in the GeneBank/HMEBJ databases! The
sequence has been determined by the Maxam and Gilbert method for the complet@2p genome
of strain s (small s), as well as for three additional sequences present in strain A with a genome of
100314 bp (figure 62) Those whodo/did sequencing with the Maxam and Gilbert method can truly
appreciate the effors engagel in determiningthis sequene! The more recenteleases of the genome
sequenceof strain S (BI&)and s (small sg¢stablished with NGS datargely confirmed the seqance
obtainedthen. Howeverthe new sequencs containabout 70differences withthe old one Note thatthe
new mitochondrial sequence of strain BIGS) has only one polymorphism with that of straigsmall s)
indicating that the differenceswith the 1990 versionare not due tode novo mutations during
domestication but rather are errors in the old sequenBeesently,annotation of the genome of both
strains(Table 6) defines the following gendke large (nl) and smallrns) precursor of the ribosomal
RNA (rRNAR7 functionaland one norfunctionaltRNAenabling to decode mRNAs using a rstandard
genetic code in which UGA is not a stop codon but a tryptophane (W) sense codon, and 53 protein coding
genes.In addition, thee is a remnant in the genome of amtegrated copy of the pALA plasmid. The
free linear pALZ plasmid is present in some strainsf anserinabut not in S and sAmong the 53
protein coding genes some may not be actual genes and mageins are intron-encoded proteins
involved in intron splicing, as is customary in many fungal mitochondrial gendrheroteins involved
in the respiratory pathway are cox1, cox2, cox3, cob, NAXD2, NAD3, NAD4, NAD4L, NAD5, NADG,
ATP6 and ATP&his set is typidao what is found in related species. There is also a ribosomal protein
(rps3) encoded within an intron ofl.

Additionally, the nuclear genome sequenceFofanserinavas one of the first available. Decision
to establish the sequence was made in 1999 #ime first proposal deposited as an answer to a call by
Genoscope, at that time the main agency for genomic analysis in France, at the beginning of the year
2000. Because establishing the complete gen@agquenceappeared an unsurmountable tagkr the
small community working with the friendly moMithout additional information, the proposal aimdist
at establishing the genome sequence around the centromere of chromosoofesBain S Theproject

was accepted, provided that the DNA came from bactewitficial chromosomes (BAC) and not cosmids
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Table 6: main features of strain S genome

the number of chromosome is as expected similar tq
number of chromosomes 7 nuclear + 1 mitochondrial | the one determined by classical genetics (see map
figure 54)
genome size (nuclear + mitochondrial36.06 Mb + 94.2 Kb
chromosome 1 -8 838 400 7 gaps remain on th!s chromosome; the left telomerg
sequence is not available
chromosome 2 5 260700 4 gaps remain on th_is chromosome; the right
telomere sequence is naavailable
the rDNA locus is present in a sdblomeric position
chromosome 3 ~4 736 000 of the left arm; estimation of the number of rDNA
repeats is 70; 3 gaps remain on this chromosome
chromosome 4 ~3 887 200 7 gaps remain on this chromosome
chromosomes 4 864 800 2 gaps remain on this chromos_om(he left andright
telomere sequenceare not available
chromosome 6 ~4.300 800 no internal gap remairon 'this chromosomebut the
right telomere sequence is not available
chromosome 7 ~4 174400 11 gapsremain on th_is chromqsome; the right
telomere sequence is not available
mitochondrial chromosome 94 198 the genome is circular
nuclear gene numbermrotein coding+ tRNA + 5S rRNA (pseudogenes)= 10757 (434) + 361 (5) + 87 (8)
chromosome 1 2711 (84) + 661) + 23 (2)
chromosome 2 1618 (53) + 42 (2) + 17 (2)
chromosome 3 1232 (52) + 49 (1) + 13 (2)
chromosome 4 1158 (45) + 50 (0) + 9 (1)
chromosome 5 1470 (116) + 63 (0) + 8 (0)
chromosome 6 1321 (52) + 44 (0) + 12 (1)
chromosome 7 1247 (32) + 47 (1 12 (1)
mitochondrialgenes: 53 protein coding genes + 27 tRNA + 1 tRNA pseudogene + small rRNA + large rRNA

(which required the construction of the BAC library and its screening for centromere of chromosome 5
DNA). About 480 kb of sequence was established and annotated. The paper reporting the data was
published in 2003. This success, as well as decreases in sequencing costs and introduction of better
informatics programs for genome sequence assembly, led to the proposal at Genoscope to establish the
complete sequence of strain iBat+ by sequencing the »@remities of plasmids having 3 kb or 12 kb
inserts, as well as those of BACs and cosmvidlh, the Sanger methods using fluorescent dyes. To
facilitate annotation, the sequences of about 800 cDNAs was also established. All the data were made
availablethrough internet as early as the end of 2006 and the official paper was published in 2008. Since
then, the genome assembly and accuracy of straimaB+ has been refined by 454 and lllumina NGS data.
The annotation has also beémprovedthanks to RNAseaformation from many developmental stages

of the fungus (oneday-old and fourday-old mycelia, tweday-old and fourday-old perithecia, non

germinated ascospores and eighbur-}o P Eulv § o} %NI€thods for matromolecules
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extraction and genet transformation- Tools for expression analysiaNbte that the assembly has been
confirmed by genetic data, especially by a hifgmsity recombination map generated with markers
(mainly microsatellites) polymorphic between the S and T strains (figB)ye & progeny of about 50
descendants of a S x T cross has been analyzed for about 250 markers scattered all over the genome,
enabling to build the mapThe genome sequence of strainnsat- has also been determined and
compared to that of $nat+. Differen@s were only found at and around the mating type locus in the 800
kb region devoid of recombination (figure 63)hese updated versiors of the genome of strain &re
available at GenBank arttiat of Smat+ o<} § ®ddospora anserin&enome Project weblo P
(http://podospora.i2bc.parissaclay.fry and at the Mycocosm portal of the JGI
(https://lgenome.jgi.doe.gov/programs/fungi/index.jsf

The genoms of additional P. anserinastrains havebeen recently releasedrirstly, the genome
of an undefined strain was made availableVlycocosm Although this strain has no name, irédated to
the s (small sinat+ strain, because it has the s sequence at the {4FSTlocus Sequence was generated
by PacBioand has few gas especially sequences for the 7 centromeres have been determined
However sequences fosome telomeric ends arestill not availablefor all chromosomesExtensive
RNAseq data of the fungus grown on various food sources are also available for thigidG&ondly,
Vogan et al. (2019) released the genome sequences d?.l@nserinastrains (Wa21, Wa28, Wa46+,
Wab3, Wab58, Wa63+, Wa87+, Wal00+, Y+ and TEGhe¢. genome$. comatal mat+ and P. pauciseta
CBS237.7Mnat- are also available as drafts; tifi@mer definitively establishing that strain T belongs to a
separate species. RNAseq data are also available for Stnaiat+ They were established on a mix of
MRNA extracted from several developmental stages. It i$ylitkeat rapidly, additional RNAseq data for
strain Sas well agenome sequences and RNA seq data for other straifs ahserinaas well as other
species of theP. anserinapecies complex will be availatdbortly. It is beyond the scope of this book t
enter into the details of all these genomes and expression data. However, main characteristics of the
strain Smat+genome are summarized in Table 6. The nuclear genome of this strain measures about 36
Mb. It is predicted to encod&0 757 protein codinggenes,361tRNAs an@7 copies of the 5S rRNA gene.
In addition, it contains 434 pseudogenes of protein coding genes, 5 pseudo@énRNA and8
pseudogenes of 5S rRNA geNete that the pseudogene number is even higher in strain T in which more
than 800have been identified!

The nuclear chromosomes are organized like most eukaryotic chromosomes. Centromeres are
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composed of ATich sequences originating from transposons, likely through the accumulation of RIP

Schematic representation of th®. anserinagenome as defined by complete sequencirithe
chromosome are to scale (note the very small size of the mitochondrial chromosome). The blue dots are
the centromeres. Main genetic markers are indicated on thedafg includingclassical genetic markers

(i.e, mostly the mutations generated in strains S or s) aedly-constructed gene deletions.rCthe right
sidearethe polymorphisms with strain T used to help with genome assembly. The id2Aheleft arm
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of chromosome 3 in a sutelomeric position. The purple line identifies the region devoid of
recombination around the mating type.
mutations. RIP is a phenomenon first describetllircrassaand later on inP. anserinaThis phenomenon

results in the accumulation of C to T mutations in duplicated seque@m@yg.sequences duplicated in the
same nucleus are inactivated, while those present in single copy in the other nucleus are not affected.
The mutations may thus be @mpted during the dikaryotic stage of the sexual tissuééile very
efficient inN. crassathe phenomenon is less pronouncedRnanserinasince only ascospores produced
late harbor mutations and the mutation frequency is low (@&&h unlinked repeas- to 15 twith tandem
repeats mutations per kbwere detected by sequencing). Nevertheless, duplicated sequences such as
transposons accumulate C to T mutatiahsough multiple rounds of sexual reproduction, resulting in
high AT content. In the centromeréhis percentage is about 75%. Centromeres measures from 56.5 kb
for chromosome 3 to 87.5 kb fashromosome 2. Chromosome 1 centromere may be bipartite. This
chromosome is twice as big as the others (Table 6, figure 63) and may have resulted fromahefusi
two acrocentric chromosomes by their centromerarrying ends. Indeed, there are two largd-rich
regions of 81 kb and 38 kb separated by a-&BQegion devoid of recombination. The-Bl region has
been assigned the role of centromere, but lackre€ombination between the two regions may be
indicative that the 3&b one may also play a role as centromere.

Telomeres are also typical for eukaryotes. They end by GGGTTA repeats. Althouglemds all
are properly assembled, there are sequence readsitaioing these repeats necessary for all
chromosome ends being capped this way. In -glbmeric regions, there are also transposons
inactivated by RIP. These regions have variable sizes, ranging f8ckb 20 several dozens of kb. They
often contain a dgenerate helitron, as described in other fungi. Transposons, often associated with small
segmental duplications, are present within the chromosome arms. They are mostly nested together in
regions that may reach sizes up to 50 kP Ras also acted on thesregions, which are thus rich in AT.
There are ateast 51 different transposons (Table 7), few being functional due to inactivation by RIP. The
0 EP <8 ] 8Z €& SE}SE ve%o}e}v ~'E& viplJoo U u espuE&]JvP v EoC i
retrotransposon Heutherodactylus U AZ] Z ]+ }VOGC % @&  v§ « >dZ ~>}vP d Eu]v o 2
that many repeated sequences are of unknown affinity (TableArhotation of these sequences is
ongoing, since assembly of the repeated regions still contains @aerall, these repeated regions cover
about 510% of the genome.

Other repeated regions are the ones coding for the rRNA. There are 87 copies of the 5S rDNA
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gene scattered all over the genome (Table 6) tredrDNA locus, which is in a stddomeric positionon

Table 7:P. anserinastrain Stransposons and repeated sequences of unknown affinity

e (bp) Estimatedcopy number

mutator-like dendrobates 3449 65 3
discoglosse 1867 49 153
T pelobate 1948 45 20
Tcl/marinerlike FAnee 1298 n 9
scaphiopus 1428 23 1
altiphrynoides 403 50 5
MITE discodeles 257 40 49
mantella 383 46 18
LTR retrotransposons full element LTR full element solo LTR
centrolene 5918 182 18 14
copia/Tyl hyla 6 466 630 10 63
nephelobates 5594 445 7 0
crapaud 7372 400 80 >300
grenouille 11 866 360 20 53
gypsy/Ty3 pipa >4 242 2 1 0
yeti 6943 355 2 37
boophis ? 367 0 3
alytes ? 230 0 3
arthroleptis ? 238 0 10
ascaphus ? 170 0 6
astylosternus ? 172 0 12
atelopus ? 601 0 9
bufoides ? 153 0 6
capensibufo ? 256 0 11
solo LTR cochranella ? 155 0 18
crepidophryne ? 137 0 6
cyclorana ? 194 0 8
dendrophryniscus ? 73 0 5
eleutherodactylus ? 58 0 14
nyctibates ? 169 0 5
pelodytes ? 128 0 8
rana ? 508 0 17
Xenopus ? 235 0 16
epipadobates 8388 22
unknown affinity
adenomus 382 14
allophryne 268 9
amolops 585 31
andinophryne 122 12
ansonia 90 5
batrachyla 192 20
bombina 680 10
bombinator 472 5
brachycephalus 259 5
bufo 699 9
callulops 302 D)
cardioglossa 182 5
churamiti 143 6
lechriodus 246 13
leptodactylodon 570 22
leptopelis 112 6
microhyla 1179 8
platymantis 593 8
schoutedenella 241 7
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the left arm of chromosome 3. Based on the frequency of sequence reads for the rDNA versus that of
single copy regions, the number of copy of the rDNA has been estimated to 70, which is in line with the
87 copies for the 5S genes. The rDNA unit measué83&b and is organized classically: 18S precutsor
ITS1t5.8S precurserTS2t 28S precurseriarge intergenic region. Note that the large intergenic region
contains 3 different small repeated sequences of about 40, 100 and 150 bp.

On figure 63, in addition to the polymorphic markers used to construct the linkage map used for
assembly are indicated some of the available genetic markers that can be used for genetic mapping.
These results from both forward genetic mutants for which #ftected gene has been identified and
reverse genetic mutants. As seen, the genome, including the mitochondrial chromosome, is well covered.
Important markers are firstly the mating type, with its two idiomorphet+ and mat-, located on
chromosome 1. A€xposed above, this locus has been deleted and the resulting strain is used in
developmental genetic analyses (se®evelopmental genetics: grafting and genetic mosic#
chimaericmat+_mat locus is also available in straRM154, astrain also usedo study fruiting body
development (see als@dDevelopmental genetics: grafting and genetic mosdicshe second important
marker is the mid26 one. It is located in the mitochondria and is the clean elimination of the first intron of
the coxlgene. This intn is involved in the shortening of the life span of the fungus. Without the intron,
strains live three times longer! Introducing this marker into sHime strains make them more amenable
to analysis. First obtained in the s (small s) strain, this mdr&srsinceoeen introgressed into the S (BIG
S) genetic background by 10 backcrossed with the S stranoeduction is simply done by crossing the

desired strain as male to the mid26 strain as female. All progeny will carry the mid26 marker.
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Part2: Podospora
anserinaas a
model for
physiological and
molecular analysis
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In this second partof the book, several features d®. anserindifecycle and lifestyle will be
introduced, especially those thatvolves analysis of molecular pathways. Noteattstudies of these have
often led to a better understanding of biologyndeed,P. anserinaowing to its ease of use and speed of
the sexual cycle, is an excellent model to tackle prolsléhat would be hard to study with other
organisms such as ageing oecognition of selfversusnon-self. However, the smallness of the
community working with this fungus makes it such that our knowledlgenany subjectss often patchy.
We shall see in turn all aspects of tReanserinatages: spore, vegetative thallus, namely the mycelium

and finally the reproductive phase.
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Ascosporesjection andgermination

As the first stage of the lifecycle of the fungus, ascospores have two roles: dispersal and
persistence. Surprisinglypodalities ofboth phenomenaare poorly knowrfor P. anserinaAs previously
stated, ascospore are forcibly discharged out of the fruiting body thanks to a turgor peexsairated
mechanisms. The deletioaf the Trk-1 geneinvolved in potassiumimport indde the cell impairs this
process, while deletion of the genes involved in export results also in lack of spore ejection on medium
with high potassium concentration. This suggests that proper turgor driven by intracellular potassium
concentration is esserdl for correct ascospore ejection. Asci are ejected one at the time out of the
fruiting body and the four (or five) ascospores often stick together thanks to the actin rope that links
spores. Ejection distance is a few dozen centimeters and it is probable that wind also participate in later
stagesof dispersabefore asci land on neighboring plantsow long in the wild ascospaenay persist is
not known, but it is likely that their lifespaoutside the fruiting bodies is short. Indeed, in the lab we
know that ascosporekept a few weeks at 4°C on agar covers fail to germinate andtkiet drying
results in complete failure of further germination. However, we also know fhatanserinds ale to
resistin the wild on dried dung for a long time (several weeks) and renew rapidly ejection of viable
ascospore when rehydrated. Yet, on Petri plates, ascospoogluction and ejection is irreversibly
stopped if the conditions are too dry or two cblFinally, we know that drying fertile mycelium with
fruiting body-carrying ascospores overnight at 65°C does not result in death of the fungus. From all of
these scattered data, the best guess is thatospore ejection is sensitive to drying but thamsthow
natural drying which may be slower that what is done in the laimay result in preservation ahe
ejectionfunction. Also,ascospores drying inside the fruiting boaiyay survive while they are much more
fragile after ejection.

In the wild, the nekstep for ascosporeisto be ingested by an herbivore to trigger germination.
This stimulus is complex agnwolvesheat shock (37°C is a lethal temperature for the fungus, while 36°C
]* viSYeU & ¢S] %, Z vP S8Z 5 u C ](( Go the& jther attaslC9 pratéasesiu o
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germination,P. anserindas not demanding in its germination conditions, accounting for its presence not
only in dung It in other biotopes.Indeed, while the G medium is routinely used to obtain 100%
germination high percentage of germination (often >80%) can be obtained by treating ascospores with
heat shock (5%5°C for ~30 minutes),,& (3% for 20 minutes), phenolic compounds 'fm)"‘ M) and
action of pancreatin (2 h at 37°C). It is likely that many other as yet untested stresses can trigger
germination ofP. anserinascospors.

The molecular pathway involved in the triggering ofrgimation hasbeen addressed by

Schematic representation of th®. anserinaascospore germination pathwayGermination is
triggered by several stresses that may act through differant asyet unknown receptors. These
activate through unknown mechanisms the PaMpk2 MAPK kinase pathway, which in turn activates the
PaNox2/PaPIs1 NADPH oxidaéetivation of this complex results in reactive oxygen species (ROS)
production, likely superoxide réons. This promotes the breaching of the germination pore by the
germination hyphae and germination of the ascospore.
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identifying mutants impaired in germination. These are affected in the PaNox2 NADPH oxidases, the
PaPIsl tetraspanin and the PaMpk2/PaMKIaTLK2 MAP kinase module. In these mutants, ascospore
germination is completely abolished. Conversely, a mutant having a constitutively active PaMpk2 MAP
kinase germinates spontaneously at high frequency. Introducing the constitutive mutation into the
PaNox2 and PaPIs1 mutant background fails to restore germination suggesting that the MAPK module
acts upstream of PaPIsl and PaNox2. A model presenting the germination pathwayamnserinas
proposed in figure 64. Pigmentation is also an important faétothe process since lack of pigment,
effected either by genetic or chemical inactivation of the melanin pathway riggéchapter) results in
spontaneous germination, even in the presence of the PaNox2, PaPIlsl and PaMpk2 mutations. Other
mutants presentig ascospore germination defects are known, especially those affectpdraxisomal
proteins. However, peroxisomal mutara$so present ascospore pigmentation defects, making it difficult

to know whether germination impairment is a direct consequence @ thutation or an indirect one

linked to pigmenation problems Interestingly, a connection between ascospore germination and
development of appressoriusike structures involved in biomass penetration has been found. Indeed
both processes are under the sargenetic contro(seenextchapter)

As explained in the chapter on morpholody. anserinas able to produce sometime in very
large amountspermatia questioning their possible role as dispersal units. Cytological analysis revealed
that spermatia contai one nucleus and a mitochondrion embedded inside a fair volume of cytoplasm.
They carry thus everything needed to germinate. Yet all attempts, but one that could not be reproduced
recently, made to trigger germination failed. Even in the successful cadg,1% germination was
achieved. Pending the discovery of efficient conditions for germination, spermatia are thus best

considered as serving only as male gametes.
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Mycelium growth and development

Owing to the small sizes of the hyphd®, anserinais not routinely used to study the basic
mechanisms involved in mycelium growth, unliKe crassan which many studies are made. | will thus
rather emphasize phenomenaccurring during the vegetative phasenamely, 8nescence, Crippled
Growth and othemhenotypic instabilities vegetative/heterokaryon incompatibilitincluding its control
by the Hets prion, hyphal interferenceand differentiation of appressoriusike structures | will start
with some basic description of the physiology andabelism ofthe mycelium.

Growth of the fungus is best achieved on medium with a pB¥¥7, which is the pH value of the
M2 medium. After growth the pH is still equal &bout 7, indicating thatP. anserinaloes notdrastically
alter the pH of its growth mediumThe usuallyused temperature for cultivation is 27°C. Lethal
temperatures are over &@C. In many straings previously stated in Part there is a polymorphic gene
closely linked to the mating type that influeregrowth at high temperatureln many strains, including
strain S, thanat- isolates grow better thamat+ones at high temperature-or example at 387°Gthe S
mat- isolates diferentiate aerial hyphae, whilthe Smat+ ones do not.This gene also controls longevity
(see below)Asexpected, he fungus grows slowly at low temperatures and it still grows at 10%Dt is
not necessary for growth but is required for proper pigmentation. Major pigments are melanin
synthesized by thdihydroxynaphtalendDHN) pathway. The PKS actinghat first stage of the pathway
has been identified and is required for pigmentation at all stages of the lifecycle (mycelium, fruiting
bodies and ascospores). On the contrary, only the laccastiisy in the ascospores have been identified.
Theseenzymesare involved at the last stagef pigment productionj.e., duringthe polymerization ofthe
1-8-dihydroxynaphtalengrecursors intanelanin inside the cell walHyphae need to be about twday-
old to start to accumulate pigment. In the absence of melattie, myceliumoften accumulates after a
few days a pinkish color, likely resulting from the oxidation of cytochromes.

The fungus is able to consume various carbon sou@@somote mycelium growth but not all

of them may sustain further sexual developmeitdeed, glucose isfficiently utilizedfor vegetative
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growth but results inseverelydiminished fertility, when compared to dextrin, starch or amorphous
cellulose (paper) Hence, the fungus ialmog sterile an potato dextrose agar (PDANoteworthy, P.
anserina lacks invertase and is thus unable to consuswrose. Intriguingly, glycerol is also not
metabolized well, althouglP. anseringossesses the transporters and enzymatic pathway to metabolize
this compoundThe fungus thrives on complex biomass, including dried hay, straw, miscanthus, oat meal,
cotton seed hulls, soybean hulls and many woody substrates. Dung is of course well used; however, we
see some fluctuation in the ability of the fungts produce mycelium and fruiting bodies on different
dung pellets, even fronoriginating fromthe same animalsGrowth requires oxygen since the fungus
does notpropagate but does not die, in anaerobiosiNitrogen also has a large impact on growth and
fertility. The fungus is for example sterile on media containing more than 1 g/L of yeast extract. It is also
sterile in the presence of too much ammonium ions. The fungus is thus routinely grown on autoclaved
urea, but it can also use nitrate and variousiamacids. It requireghiamin for growth andboth thiamin
and biotin for fertility (see below the section on sexual reproductiom) summaryP. anserina&an grow
on many media, but is rather fussy when it comes to sexual reproduction, then the growth medium must
not be too rich in both carbon and nitrogen sousce&nd must contain biotin. Pleassge below the
e §]}v Fwitlhg body production and reptition _ ]Jv $Z Z %S & }v " EWN 0 Z % E}
detailed analysis of the parameters enabling sexual reproduction

All the above parameters influence the morphology of the mycelium that may or may not follow
rhythms. Rhythmic growth is also under a g&a control since many mutants having such pattern of

growth on all medighave been described.

Senescencand the Premature Deathy®idrome

Unlikewhat is observed imany fungithe vegetative growth oP. anserinas not unlimited. It
stops definitively at one point and is accompanied by the death of the apical (Gigilse 65) This
phenomenonis called Senescencand is used as a simple model to study agelngfact, despite the
claim by many that senescence svéirst observed on human fibroblasts, limited cell division was first
described inP. anserinas the publication dates of the papers attest (1953 Roranserinaand 1961 for

fibroblasts).To date, all strains taken from nature that belong to one ofsbeen species of the.
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Senescence irP. anserina On this culture grown in race tubesascospore germination
occurred on the left. The mycelium then developed toward the right until growth cealsgense
pigmentation or ‘Barre deSéescence accompanies the growth sppage. InBarre de 8nescence, cells
are dead. Cells located closer from the germination point are still alive. This culture grabofarthree
weeksi.e. for 10 cmpefore dying.

anserinaspecies complex have been obsentedindergo Senescence, albeit with different life span that
may range from B centimeters to more than 20 cron M2 medium, indicating thate®escence is a
constant features of these fungi.

At the cellular level, Senescence is accompanied by a drastigam@aation of theinternal
membranenetworks (mitochondriaand the nuclear membrangndoplasmic reticulum network Often
the fungus is femaksterile close to the’Barre de Senescengealthough few and abnormaHlgmaturing
perithecia may sometime be differentiated. Male fertiligppears not drastically affected. At the
molecular levelSenescenceés correlated with mitochondrial DNA modificatio(figure 66) The one that
is the most dten observed is the accumulation as a circular plasdadving fromthe first intron of the
COX1P v «X dZ]* E u}o po J- oro pIDNA Wedvertheless, other past of the
mitochondrial DNA may amplify as circular molecules during Senescérice « v Et v e« v E v
Intriguingly, the PAL-2 linear plasmid hosted by the mitochondria of some strains promotes long life
(similar plasmids are known to triggesenescencdike processs in Neurosporaspp). Early formal
analyses have shown that Senenceis caused by the accumulation of a cytoplasmic and infectious
element, oo §Z "~ § Eu]w «Sv}(_"™whosemolecularnature is still unknownThis was
demonstrated by several experimentsicluding formal analysis of the longevity of suliures (figure
67), analysis of the segregation patterns of senescence (figure 68ma&@rdmanipulation of hyphae
under the microscope (figured. The relationship between the mitochondrial DNA modificadiand the

cytoplasmic and infectious determingis not clear, since they were shown not tosegregate both
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Mitochondrial DNA modificationsobservedduring Senescence iR. anserinaLeft, scheme of

the mitochondrial DNAIn young culture and origins of the senDNA molecules amplified during
Senescence. Right, agarose gel stained with ethidium bromide showing the structure of the mitochondrial
DNA molecules in young (Y) cultures and in senescent ones (S1 & S2)tha &nplified moleculés
senDNA while « v E s not amplified in S2MW: molecular weight.

during contamination experiments and meiosis. Especially E rU AZ] Z A « §Z}uPZ3§ 3§ }v %o
be the determinant of Senescence, does not accumulate in some senescing stranesvhf, a strain
o 8§ (}E& $Z (]E-S JvSE}v }( KyiU v 8Zpe pv o S8} u%o0](C = v
Senescence, albeit withlanger lifespan.
Longevity can beasily monitored withP. anserinaince it can beneasured in centimeters of
growth! There is thus no need for constant surveillance of the culture to accurately melasgrevity,a
feature that is not possible in many models, especially in anirhels need constant surveillance to

determine the actual time of death.ongevity isinder the control of numerous nuclear genes
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Lifespan analysis i?. anserina Top, lifespan curves of two strains, one shiored and the

other longlived. The logarithm of the percentage of surviving cultuiggiven as function of the distance
between the inoculation point and the Barre de Senescence. These curves have two different parts. The
first one in which the percentage is equal to 100 % shows that all cultures are able to grow for certain
duration, cdled the incubation period. The second one is typical of the occurrence of a random event
with a constant probability (given by the slop of the line). Interpretation of these curves is given below. In
cultures, a random evenbccurs, the commitment to eéhescence i(e, the appearance of the
Determinant of Senescence; red S). Once this determinant has appeared, it amplifies exponentially
following a constant kinetics before it kills the cells. This model can be verifiedibgaaating explant

to new medium: those taken after commitment yields shdited cultures, while those taken before
commitment will generate various lifespans following the same curve as the first cultures.
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Segregation analysis of SenescencePinanserina Senescencé transmitted to the progeny

only when the maternal parent is senescent showing that the Determinant of Senescence is located
within the cytoplasm. When transmitted during ascospore formation, senescent thalli resulting from the
germination of ascospore carrying the determinant are very sheet (< 12 cm). Their percentage
increases exponentially as the maternal parent is nearer to the Barre de Senescence, confirming that
Senescence results from the exponential accumulatioa oftoplasmic factor.

mitochondrial onesand some less defineadytoplasmicgenetic éements. It is also highly sensitive to
environmental conditionsand various chemical compoundg/e shall now see in turn each of these
parameters, starting with the rolef nutrients and chemicals.

Composition of the growth mediurgreatly affects longevity. For example, longevityhiee to
four timesshorter on M2 than on Corn Meal (MR) medium. Paramount is the quantity of carbon source
since caloric restriction delays all symptoms of Senescence, but the nitrogen source is also important (for
example presence of yeast extract alters the life span, ibuad complex manner depending upon the
concentration). Longevity is also dependent upon temperature with timéter the incubation,the
shorter the lifespan Lowv temperature can even triggerejuvenation, as dosurprisingly prolonged
incubation at high teperatureand many treatments that inhibit growth such as incubation in distilled
water, storage under oil or incubation under nitrogen aimexpectedly light shortens lifespan by an
unknown mechanism.

Presence of many chemical compounds in the growtldioma also affects the life span. | shall
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Micromanipulation analysis of Senescence fh anserinaYoung and senescent hyphae are
brought together under a microscope as to observe anastomosis formation, \whideeds after a few
hours. Once anastomoses are formed, the hyphae are incubated for 10 hours. Hyphae continue their
growth, especially the young ones. At the end of the incubation, the formerly young hyphae are
fragmented with a micromanipulator and newaultures are generated from the isolated fragments.
Longevity analysis shows that fragments taken close to the anastomosis are invariably senescent, while
those farther away are more or less senescent or even still young, demonstrating the infectious ofatur

the Determinant of Senescence.

only emphasize those that inhibit the respiratory chain that increase life span up temeaortalization
especially chloramphenicol and ethidium bromide that can cure senescence and rejuvenate the culture.
Ethidium bomide was the most studied compound and it was shown that its action result in the
elimination of the Determinant o6enescencas well as the restoration of an intact mitochondrial DNA.
Contrary to inhibitors of mitochondrial functions, inhibitors of cstdiic translation, especially
cycloheximide, shorten lifespan.

Genetic determinants of lifespan have also been thoroughly investigafee. first genetic
determinant discovered by G. Rizet was a nuclear one caltemlore (also known asncolorig. Incolae
mutants have pleiotropic defects, including low pigmentation, profuse aerial hyphae and spermatia,
female sterility and longer lifespan. To date, the affected gartbe first identifiedincoloremutant, IncA
has not been identiéd. | will furtherdiscuss the incolorenutants later on this chapteincoloreis only
one of the many mutants modifying lifespan. Indeed, a survey of known mutantefestihins generated

by insertional mutagenesis, the first one to be performed on any organism, indithétdetween 10

and 50% of the genes likely control lifespae, between 1000 and 5000 genes. Among those, genes
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involved in mitochondrial biology and in cytosolic tratisia appear the most important.

Firstly mutants affected in the respiratory cmahave increased lifespa®verexpression of the
alternative oxidase, an enzyme able to replace the cytochrome C oxidase, in these mutants restore a
normal lifespan along with a more efficient respiration and lower reactive oxygen species production.
When the mutations are present in mitochondrial genes, effect on longevity can be tremendous and
many mitochondrial mutants affected in genes encoding subunits of the respiratory chain are immortal.
At the present time, it is not clear how the activity of thespiratory complexes controls Senescence
through metabolismthrough reactive oxygen species other processesindeed, mutants often have
pleiotropic defects including retrograde effects on nuclear gene expressimaking it difficult to
disentangle tleir actions on lifesparMitochondrial fusion and fissiormitophagy and othemutophagy
pathways mitochondrial import, protein quality control and many other processes related
mitochondrial physiology(e.g., reactive oxygen species production and reabo programmed cell

§Z Yhave been shown to control lifesparit is thus likely that each mutationinvolved in
mitochondrialbiologyalters several {fespanprolonging and lifespaneducing pathwayslt is beyond the
scope of this book to present in @@l all the researches carried out on the mitochondria roles in
Senescence and longevity controln anserinawhich is still a very active field of researdthere are
several reviews on the subject referenced in the appropriate section of this book.

Scondly, cytosolic translation, the main energy consumer of the cell, is also a major actor of
lifespancontrol, linking again energy metabolism with ageing as in other orga(sim, Caenorhabditis
elegan3. Sometranslation mutants may even be immortalithout any obvious additional physiological
defect. Indeed, mitochondrigelated mutans, especially the immortal ones affected in mitochondrial
genes, are slow and spindly growing, lack pigragah and aerial hyphae, and are female sterizn the
contrary, | have obtained an immortal strain having no obvious defect during growth of the mycelium
(same speed, color morphology, etc.) and sexual reprodu¢fraiting bodies are differentiated in similar
amount and with the same kinetics as in the wild éypThis strain carries two different alleles of the
genes encoding the cytosolic translation elongation factor eERPh&e again, how cytosolic translation
affects Senescence and lifespan is not understood and its action may be through modificatioaraf sev
lifespanprolonging and lifespareducing pathways.An additional very interesting feature of the
translation mutants, especially those modifying its accuracy, is that they change the spectrum of the

mitochondrial DNA modification observed in dyingphge. Indeed, some have impaired amplification of
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Genesis of the deletion amplified during the Premature Death 8grome in P. anserina
&}00}AJVP 3E ve%}]3]}v }( 8Z o0 e« /] ]vE@Yene);: 8D copje€E ake preSelm}v }(
in the same orientation in the mitochondrial genome. Such molecule can be detected by PCR
amplification in all tested strains. A recombination between the two copies yields two molecules. Only
the large one amplifies durg the Premature Death Syndrome.

§Z <V ET v 3$Zue EEC &£ op+]A oC }8Z E u%o](] u}o po
v EvV (u]o]le ~« " ]Jv (]JPUE 00X dZ uASH hutatidh affeLtimy theASle $Z
gene encoding the S12rgiein of the small ribosomal subunit. Indeed, this mutation triggers a near
immortality in Smat+ cultures and a very short lifespan imrat- ones(1-2 cm) This latter short lifespan

Z e v }]v e "WE u SucE $Z YA]vP 3} SdificatiorsolisErvéd $rzdying u}
hyphae is unique and not seen during normal Senescdhcensists in the deletion of one third of the

mitochondrial DNA (figure 70)nterestingly, one of the borders of the deletion is the intromamplified
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e« ¢« v E r g&ehescence. It has been shown that this intron is also a transposon that integrates
near the tRNA inserting serine during mitochondrial translation. The deletioplified during Premature
Deathis the result of an intramolecular recombination betweere ttwo copies of the intron/transposon
(figure 70). Why only one of the two molecules generated by the recombinéfigure 70)is amplified is
unknown. Interestingly, v E r ] o]l oC P v & § ]v eJujJo & uvv EX dE Vv*%}
upstreamitself couldyield a tandemduplicationof the intron. A recombination between the two copies
canthnen P v E § 38Z (]JE&+*S ASE ZE}u}eluo ]JE& po E }%C }( »v E rU
amplified either by the same mechanism or by replicatiigall, the genetic determinant linked to the
mating type that modulates the lifespan difference between thmat- and mat+ isolate has been
identified. It is thermp1 gene that contains a polymorphisbetween themat+andmat- in some, but not
all, naturalisolates. This polymorphism also consgrtthermosensitivity (see above) artte longknown
difference in longevity between thmat+and mat- isolates in some strains.

Overall, a lot has been learned by studying Senescenc. ianserina especially on the
physiology of respiration in connection with mitochondrial normal and abnormal functioning in an
obligate aerobic organism. Yet, owing to the complexity of the phenomenon, much remain to be
understood. With the advent of omics data, study of Senescencextwasbeen upgraded to the study of

whole pathways instead of single genes, which should further deepen our understanding of ageing.

Crippled Growthand other phenotypic instabilities

Another cell degeneration procesfecting the growth ofP. anserinawas discoveredmore
recently. Hyphae affected by thisoo o0 Crippled Growth phenomenon grow more slowly, have
abnormal morphology and often accumulate high level of pigments. On the whole thallus, Crippled
Growth manifests as randomppearing sectors of extending altered growth with fewer and pigmented
hyphae (figure71). In the sector, there is no aerial hyphae and the mycelium is female sterile. The
degeneration occurs only iR. anseringbut is present in all investigated straire)d notin its sibling
species, unlike Senescence. It also devekpgecificallyon some media sth as M2 supplemented with
yeast extract (figur&1), while wildtype strains ofP. anserinanever present Crippled Growh dhe M2
medium. Like Senescence it is linkedl the presence of a cytoplasmic and infectious factor (figr@e

However, unlike Sarscence this factorcalledC accunulate in stationary phase hyphae (figur8).
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Crippled Growth inP. anserina > (U "~ E]% %0 'GE}ASZ_ « S}E A 0}%-

thallus. Top righttable, Growth regimenobservel on different media for wild type (WT), mutants

impaired for Crippled GrowtH[PQ and those promoting Crippled GrowtR[J; NG: only Normal Growth

occurs. NG/C@ormal Growth with sectors of Crippled Growth. NG/CG++: sectors have a much altered

growth as compared with M2+YE. Bottom right tableis always present in wiltype (WT) mycelia
HE]JVP 8§ §]}v EC %Z ¢« Vv ]Jo ¢ vS (E}u "%]vl_ [/ ups vseX

SN Contamination experiments showing that Crippled Growth is linkéal the presence of a
cytoplasmic and infectious factoi.eft, a twaday-old Normal Growing thallus is inoculated with explants
of Crippled Growng mycelium. After 5 days of incubation, CripglGrowing sectors develop downstream
three out of the four testedCG explants. Marking the nuclei with the mating typedicates that CG
sectors are of the recipnt mating type, showing that Crippled Growth is due to the spreading of a
cytoplasmic andnfectious element.
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Cis induced in stationary phase.eft, a 5day-old Normal Growingvild-type culture on M2 is

sliced as depict by the two red rectanglesihen inoculated on M2+YEhe slicegives a two-part
cultures withon the righthyphae from the apical sidef the slice regenerating Normal Growing hyphae
and thoseon the leftfrom the stationary phase side Crippled Growing ones. Note that on this plate the
upperaerial part of the slice is aifne top and the part that was athe bottom of the initial plate is at the
bottom. The unequal Isape of the @ppled Growth area of the new culture shows thatCis induced

earlier in the aerial parof cultureswhen compared with the bottom one. Contrary to what happens
when the slice is inoculated on media permitting CG, inoculation on media not permitting CG, such as
M2, yields only Normal Growing hyphae. Overall, this shows @atinduced in stationary plsa hyphae

even in conditions not permitting Crippled Growth, but will amplify in growing hyphae only in defined
conditions,i.e., those in which Crippled Growth sectors occur. Right, the fact that the cytoplasmic and
infectious factors responsible for Cpiled Growth and Senescence amplify in different kinél hyphae

(only stationary ones for Crippled Growth when growing on M2 and apical ones for Senescence) is easily
visualized by testing explants taken at various distances from the inoculation poithelcase of
Crippled Growth, explants from the center of theltowe regenerate sick culture& inoculated on
permissive medium, while explants from the outer part of the culture generate sick cultures in the case of
Senescence

Surprisingly, C accumulaes during stationary phase even in conditions that did not permit the
development of Crippled Growth sector such as growth on (fitfure 73) An interesting property of
Crippled Growth is its sensitivity to stresses. Indeed cultures growing Crippled sy lea forced to
reverse to a Normal Growing regimen by stressing them. Intriguingly, all tested stresses are able to do so:
heat shock, cold shock, presence of noxious substances or of osmolytes in large ambatmlat

]JEE ] §]}vof tHevmost efficient ones isphysical stress. Indeed, shaking a Crippled Growing
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mycelium with a Fastprep in order to break apart the hyphae resulfsagments regeneratingNormal
Growingmycela. Another way to revert Crippled Growth is to undergo a sexual cpslestated above
the Crippled Growing mycelium is female sterile. It is
however male fertile. Male gametes never transmit C.
Also, when sexual reproduction occuiisg., during
stationary phaseCis present inmaternalhyphae;yet
freshly germinated ascospes never present Crippled
Growth directly after germination.Overall, the
cytoplasmic and infectious facto€ has a complex
determinism, which is summarized in figure 74:
induction by stationary phase, reversal by stresses
and role of growth condition,i.e., development of
sectors only in medium containing yeast extract)
To understand the molecular mechanism
involved in the generatio of Cand the development
Summary of the properties o€, of Cippled Growth sectors a classical genetic
approach has been undertakeNote that purification
of Cwas not feasiblebecausejn orderto follow its presence duringn vitro purification, itwould have
been necessary to reintrodee it in hyphae, whictcould only be done by stressing them and thus
reverting Cppled Growth Mutants impairing Crippled GrowtHCmutants) and mutants promoting
Crippled GrowthPDQOnutants)were selected (figure 71).

Two major classes ofiDC mutants were retrieved. The first onestill accumulatedC during
stationary phase and thus mutants from this class were likely constitutstetgsed during growth,
which resulted inC elimination. Accordingly, all these mutantsJeeadditional phenotyps. The gee
affected in only one of these mutashas been identified and encoda potassium transporterDefect in
potassium transport caindeedbe stressful during growthThe second class did not produCeeven in
stationary phase and were thus likely affected in the pathway directly involved in the maki@glmof
addition to theireffect on Crippled Growth, all these mutants have the same set of defects, including lack
of pigments, aerial hyphae, anastosis and development of fruiting bodies after fertilization.

Interestingly, these are features occurring as the fungus enters into stationary phase, in accordance with
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A model to account for Crippled GrowttSee tet for details.

the induction ofCduring this phaseldentification of the genes mtated in thelDCand thePDCImutants

followed by reverse genetic anafs of candidate geneand phenotypic analyses of single and double
mutants, led to the proposal of a model whereby tieelementis a selactivated MAP kinase pathway

(figure 75). On M2 medium, this pathway is normally off in growing hyps&e vle 8} v ~ o]Ju]v S]}v
& $}&Bd activates upon entrance into stationary phase. Tisisseen by the réocalization of the

PaMpkl MAP kinase inside nuctpecificallyduring stationary phase. Activation is prompted by the

action of the PaNox1 NADPH oxidasenplex which produces ROS. The ROS signal likely travels through

the IDC2 and IECproteins that contain conserved cysteines crucial for their activity. It ends up in the
PDC1 protein, which also contains conserved cysteines crucial for its activity. This protein represses the
PaMpkl pathway v ] S$Zpue % &S }( $Z " olance Efegdy aétivadiprazof PaMpkdan

proceedand signal production of pigments, anastomosis, erection of hyphae and likely mobilization of
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reserve to properly built the fruiting bodiesHow activation is achieved is still mysterious since
phosphorylatiom of the TxYmotif conserved in MAP kinases that usually actigateese proteinsis
constitutive. Activation is thus achieved through another mechanism as observesbfoe MAP kinases
in protists. Activation also requires an intact PaMpPRAP kinasepathway. Requirement of the PaMpk2
pathway for activity of PaMpkl has been observed in related fudgan growth renewal after transfer
v (E «Z u JpuU 8Z 2~ olu]v 8]}v & S}E_ ]« &E 3]A 3 U W D%li ]* ]v
proceed normally.

On M2 + YE medium, the pathway is also usuatfyand hence growth proceeds normally. Like
on M2, the pathway activates using the same actors during stationary phase. Nevertheless, on M2 + YE,
the mechanism repressin@ that contains PDC1 is inactive duringpgth. Thus upon trasfer to fresh
medium, PaMpk1 is not inactivated and Crippled Growth ocbacause signaling for features specific of
resting hyphae (pigment, anastomoses, erection of hyphae and preparation of sexual reproduction) are
expressed in dividing onesSimilarly, during growth PaMpk1 can activate spontaneously and sectors of
CrippledGrowth ensue. This spontaneous activation of PaMpiely be effected by both the PaNox1 and
PaNox2 NADPH oxidase complex

This model has been confirmed by many experiments, but much remains to be done to clearly
understand howC is created and how it affects growth. Many factors affecting Crippled Growth are
poorly characterized and their position in the pathway is unclear: IDC4, PaPsrl/PaWwhi2, the STRIPAK

Ju%o Y % ] 00CU 3Z &}o }( $Z 3 E vee Gajcace]ibwuntlear}i@EhadbesnE}i A
shown to activate the expression of some of the genes involved in Crippled Growth, but in a marginal
way. Whether this factor is also part of the satftivation of the pathway should to be determined.
Similarly, the genes manylDCand especially in manyDCmutants remain to be identifiedlt is very
likely that the actual functioning of the PaMpkl pathway during Normal and Crippled Growth is much
more complex than what the model of figure 75 depictinally, we will drther discuss this
PaMpkl/PaMpk2 pathway during the analysis of sexual reproduction andvesslis norself
recognition, since it is a major regulator of both phenomena.
In addition to Senescence and Crippled GrowRh,anserinaand/or its sibling speciis the

subject of additional phenotypic instabilitieise., repetitive variable appearance of the mycelium in well
defined conditions. Foremost, all accumulate with great frequdncgloremutations (figure 76). Indeed,

Incoloremutations are dominanand confer a selective advantage to nuclei that carry them: these divide
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in syncitia to the detriment of the wiltiype nuclei
and myceliacarrying them grow fasteaind produce
abundant aerial hyphae Hence, in laboratory
conditions enabling nuclear divisio(.e, when
incubated at temperatures enabling cell division),
Incolore nuclei accumulate in mycelia that are
resting, even though the mutation rate of their
appearance is low. Upon 4iaoculation onto fresh
media, nuclei carrying anincolore mutation
frequently and annoyingly take over the mycelium
thanks to the faster growth of thelncolore
Incolore mutants in the P. anserin: mycelium It is thus not recommended to store.
species complex.Incolore is due to dominar anserina and its sibling species at temperature

nuclear mutations conferring selective advant

to nuclei both during growth and stationary pha above 4°C, if oneloes not want accumulation of

Incolore mutations. Incolore nuclej often mixed
with wild-type ones are foundfor example in most strains conserved in public collections (CBS, ATCC,
AD e Y tn¢oloremutants are strongly counteselected in natte since they are female steril&enetic
analyses showed thdhcoloremutations arise in several genes, none of which has been identified.
Vaubanis another instabilitythat manifestsas highly frequent sectors (arrowheads) of abnormal

growth. Vaubanthalliend up looking like fortressesulit by Vauban (1633707)as seen in figure 77.

Vauban Left, a typical thallus dP.comatastrain T with numerou¥aubansectors at its edge.
Middle, part of NeufBrisachfortress built by Vauban. Rightpntamination experiments demonstratj
that Vaubanis due to the presence of a cytoplasmic and infectious factor.

109



Philippe Silar Podospora anserina

AlthoughVaubanand Crippled Growth sectors look alike with more pigments, no aerial hyphae
and female sterility and although they are likewise due to the presence @ftaplasmic and infectious
factors (figure 77), they are due to different molecular mechanssimdeed Vaubansectors are not
induced by stationary phase, they cannot be cured by applying stresses and they develop on M2 medium.
Vaubanhas been detected istrains ofP. comataP. pseudoanserinand P. pseudopaucisetdut has not
yet been observed imny strain of P. anserinaThe mechanism generatingaubanis to date unknown,
but similar sector phenomena are present in many filamentous ascomycetes and are suspected to be due
to prions.Interestingly,P. anseringpossesses a true prion that will be dissed in the next section. This
prion does not cause any obvious morphological modification.

A last phenotypic instability called Wavy (figure 78) has been observed in mutants affected in
potassium transporters of the TRK famlljnlike the abovelescribed phenomena, the instability leads to
e« AE 0 ]*3]v 38 %Z V}3C% *» ~ 3 0 3 SZE v 131}v 8} 8Z ~v}EuU o_
of the wild type 4reen and flat, fyreen and zoned vAwhite and zoned). At the present timeit is
unclear whether the various phenotypes result from a graded change in a single phenomenon, the mixing
in various proportions of hyphae affected by a sinlgigtableprocess or to several distinphenomena
However, upon replica onto fresh mediumyo pep 00C } « EA e <pv } ZvRe (E}u
green and flat, then freen and zonedandfinally Avhite and zoned. The switch is greatly influenced
by the temperature (low temperatures promote the change towards thhite and zoned phenotype,
AZlo ZIPZ 8 u% & SUE « § Vv 3} % E}u}s 3Z |E 3]}vhisjdig@estssz v

therefore that Wavy multistability iBkelylinked to changes in a single process. This is confirmed by the

Wavy, a multistable phenotypic instability. Left and middle, the various phenotypes
exhibited by thePaTrk{* mutant. Right, Right, contamination experiments demonstrating Wheatvyis
due to the presence of a cytoplasmic and infectious factor.

110



Philippe Silar Podospora anserina

fact that it is also created by a cytoplasmic and infectious factor (figure 78). There are two genes
encodingsuch transportesin P. anserinaPatrkland PaTrk2 The most important appears to b&aTrk]
becausethe phenotypic instability is more frequent inghmutants of this gene than in the one B&Trk2
Paradoxiclly, mutants ofPaTrklimpair Crippled Growth, as stated above. In these mugatfite Crippled
Growth degeneration is thus replaced by the Wavy one!

Finally, agor other fungi,P. anserinanycelia exhibit phenotypic plasticitye., their morphology
is highly dependent upon growth conditianBor example, the origin of the water used to make the
growth media has some influence on mycelium morphology and pigmentation, owing to the variable
presence in trace amounts of various compounds such as calcium, manganese or even proteins produced
by biofilms growing inside pipe tubes. This coupled with the abdiszussed phenotypic instability
makes it that mycelia on Petri pladrom the same stri often look different with various shades of
%] ]Pu v3 §]}vU u}puvde }( &E] 0 ZC%Z U % E » v }( u}EEspedEally, « "A A
mycelium features areaffected by history. For example, longevity is dependent on the sizes of the
explantsused to inoculate mycelia onto fresh medium: the smaller the explants the shorter the longevity.
Similarly, it is worth reminding that passage into stationary phase triggers Crippled Growth while stresses

HLE NéveérthelessP. anserinanycelia are edly recognizable and can be easily tamed, provided that

few guidelines are followed for their handling. The most important ones are

- always replicate from the center of the thallus to avoid Senescence

- never store for a long time above 4°C to avimidobre mutation

- remember that if you replicate onto media enabling Crippled Growth, the degeneration will

occur with nearly 100% frequency if the explants are taken in the center of the culture, which

v} e 8} A}l Mve v Y

Hyphal Interference and/egetative/heterokaryon hcompatibility

Another field of intense research . anserinds the deciphering ofmolecular mechanissiof
selfversusnon-self recognition. Indeed, G. Rizet discovered fhaanserinaindergo a phenomenon now
called vegetative protoplasmicor heterokaryon incompatibility which involves recognition between
anserinastraing as previously described fosome other fungi(the phenomenon was first described in

Diaporthe perniciosa 1923 by D.M. Cayleyyore recently, | pointd out that the friendly molds also
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Hyphal Interference irP. anserinaTop, when P. anserinas confronted to other filamentous
fungi, it produces at the meeting point high amounts of peroxide (black arrowheadé@yuadized by the
accumulation of the browiprecipitate of diaminobenzidineSimilar processes called oxidative bursts are
encounteral in other instances of innate immunity in animals and plabtg also in other fungi such as
Coprinopsis cinere@arrows) Bottom, blue Evans/Trypan staining demonstrates tha tontact may be
associated with hyphal deathvbite arrowheads) or not amithe case of the confrontation &. anserina
with Fusarium oxysporumP. anserinakills Penicillium chrysogenurand Sordaria macrosporalt is
however killed byC cinerea

able todefend itself against competitors by Hyphal Interferena@rocess previously discoverealy in
basidiomycetesdy F.E. Ikediugwu & Iebsterin 197Q that involves the recognition of hyphae from
other species of filamentous fundilence P. anserinds alsoable torecognize its hypha&om those of
another speies but also differentiates between hyphae from vegetativebmpatible versus
incompatible strains

We shall briefly discuss first Hyphal Interference because much less is known on this process
than on Vegetative Incompatibility¥henP. anserinas confronted with other fungal species, it produces
an oxidative burst (figure 79), a reaction commonly encountered during innate immunity reactions in
animals and plants. The oxidative burst occurs specifically whemserinas confronted with hyphaef
ascomycetes or basidiomycetasnd not when confronted with inert materials such as glass or plastic,
yeasts, bacteria or hyphae froMucoromycotina Hence,P. anserinais able to recognize that it

encounters anotheDikaryafilamentous fungus. Importaty, when confronted with anotheP. anserina
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Lack of Hyphal Interferencebetween strains of P. anserinaand presence of hyphal
interference between P. anserinaand P. paucisetaPodospora pauciset@BS 237.71 and the B&and
small s strains oP. anserinavere inoculated along diverging lines as indicated on the left scheme. After
three days, theDAB staining shows a laof oxidative burst when thelB S and small s strains &f
anserinaare corfronted; yet cell death due to vegetative incompatibilitight blue arrow)occurs at the
confrontation between the two vegetativeljncompatible strains oP. anserineas shown by the Evans
Blue stainingOn the contrary, an intense oxidative buim bah P. anserinaand P. paucisetanycelia

(red arrows)occurs at the junction betweeR. anserinaand P. paucisetaalong with many hyphal death
(dark blue arrow)

strain, such as in the confrontation between thegetativelyincompatible BIG and small s strainsp
oxidative burst happen (figure 80), showing that the fungus can differentiate between self arseiat

the species level. This recognition does not necessitateftision of hyphae, but requismonetheless a
contact betweenthe hyphae of the two contestantg\lthough the burst is a constant featudeiring the
interactions betweenP. anserinaand another species, theutcome isvariable. hdeed, confrontation
may or may not be accompanied by the death of the contestanthat of P. anserina(figure 79).
Interestingly, an oxidative burst often associated with cell death occurs at confrontations between strains
of the different species of th®. anserinaspecies complex (figure08nd 81, further confirming that
these arebonafide species.

Analyses of mutants have shown that the burst and death during confrontationReitficillium
chrysogenumthe main fungus used in Hyphal Interference test, is under the control of the PaMpkl MAP
kinase pathwayand in part the PaNox1 NADPHdase complexbut does not require the PaMpkénd
PaMpk3 MAP kinase pathways or the PaNox2 and PaNox3 NADPH oxidase complexes. Intriguingly, some

of these complexes and pathways control Crippled Growth (see previous section); yet, the connections
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Hyphal Interferencebetween strains ofP. anserinaspecies complexSpecies of the complex
show variable amount of oxidative burst and cell death when confronted edtth other

between the two phenomena are uncleatdowever, Hyphal Interfence against Penicillium
chrysogenumis efficient inP. anserinawhich present Crippled Growth, and inefficient or even absent in
other speciesof the P. anserinaspecies complethat do not gesent Crippled GrowthMutant analyses
have also shown that the oxidative burst and hyphal death are not correlated, for example a mutant
affected in the TIM54 protein controllinghe import in the mitochondria has a large increase of the
oxidative burstand a much decreased hyphal dea#t.the present time, little more is known about this
fascinating process.

Unlike Hyphal Interference, Vegetative Incompatibility requires the fusion by anastomosis of
hyphae to take place. This phenomenon occurs thusne geneticallydifferent strains ofP. anserina
meet (figure 82).The phenotypic features of the incompatibility reaction include morphological
modifications of the vacuoles from tubular to round, increased septation, accumulation of lipid droplets,
abnormal deposition of cell wall, reduction in cytosolic protein translation and activation of
phenoloxidases, dehydrogenases and proteasHsis culminates with the cell death of the hyphae
containing the geneticallincompatible nuclei (hence the alternaéiv name of Heterokaryons
Incompatibility), likely due to the ruptures of the membranes of the vacuoles and the whole cell.
Interestingly, a role of autophagy in delaying cell death has been evidenced.

The genetic differences that trigger the incompatibiligaction are located in specific genes,
calledhet genes (fortheterokaryons incompatibility genes). Nine het genes have been identified so far in
P. anserina(figure 83). Two kinds of incompatibilities are known: allelic incompatibilities in which

presence of different alleles of the same gene inside the same cytoplasm triggers the death reaction and
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Vegetative incompatibilitybetween the S and s straind.eft, compatible (white arrow) and
incompatible (black arrow) confrontations between the progeny of a S x s cross and a S tester. Right,
microscopic visualization of the incompatibility reactiof) fiyphae after anastomosis formation ars) (

a few minutes later when the incompatibility reaction has occdrmhotes courtesy B. Turcg.

non-allelic incompatibilities in which specific combinations of alleles of different genes inside the same
cytoplasm cause the incompatibility reaction (figure 83). The multiplicithedfgenes, along with the
multiplicity of alleles in nosallelic incompatibility (figure 83), results in a large number of different
compatibility group and warrants that in the wild, most encounter betwdenanserinastrains are
incompatible.

The identificdion of het genes has led to very interesting insights into the mechanisms of
allorecognition in fungi, as well as to the identification of a prion protein; indeed, Rizet showed in the
early fifties that thehet-s allele involved in the allelibet-S het-s vegetative incompatibility exhibits a
peculiar behavior that is now explained by the ability of the-bgtrotein to seHcatalyze a fold change
into amyloid aggregates, a hallmark of prion. It is beyond the content of this book to retrace the whole
history of the discovery of the het prion and | refer to the humerous reviews on the subject, suffice to
say that the prion was first discovered genetically by G. Rizet thanks to the weird changing properties of
the hets allele in incompatibility reactioni¢fure 84). Identification of thdnet-s and het-S genes and
subsequent analyses demonstrated clearly that-Betas a prion, while he® was not (figure 84). It was
the first cellular prion for which infectivity was clearly linked to aggregation by tramsfgy recipient
prion-free strains with amyloids and for which a structure of the aggregated form was obtained

(figure85). Importantly, the hes amyloids are not toxic to the fungpsr se but must interact with an
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Genetic control of Vegetative Incompatibility if?. anserinaTop, nine identified loci involved

in the control of Vegetative Incompatibility. Botton, identifieslethal combinationsof het-c/het-d and
het-c/het-e alleles

additional partner to trigge death. This partner can be theet-S protein. Upon binding of the h&
protein to the hets amyloid, a Helo domain of h&tis unmasked. This Helo domain interacts with the cell
membranes that it disrupts. It is most likely that cell death resultsdak&ge of the cellular content. In
this system, recognition between self and nself is thus effected by the pridike aggregation of heb
templated by the hets prion.

Interestingly, it has been observed thatgene encodinga NODIlike receptor callechwd? lies
besidehet-S while it is present as a pseudogene bediaes (figure 84). NOHike receptos bind ligands,
especially, pathogeassociateemolecularpattern or pampthat are accompanyingpathogens resulting
in a conformational changef the receptor and transmission of a signal to counteract the pathogen
Pamp recognition is accomplished by a WD domain, carrying WD40 repeats. The gerftiraessrings

strain contains 77 of such genes. Interestingly,libed, het-e, het-r andhet-zgenes ado encode NOD
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The hets prion. Left, Rizet observed that straircarrying the hets allele can adopt two
mutually exclusive phenotypes: the hetone in which theulturesare incompatible with strains carrying
het-S and the het* one, in which thecultures are compatible (top left). Rizet observed that het*
culturesconvert spontaneously at low frequency towards tseaind that this can be triggered with 100%
efficiency whenhet-s* is in contact with hes and anastomoses occur (middle leffyet-s is thus
infectious to the detriment of het*, so that eventually akulturescarrying hets end up being hes.
Hets* culturescan nonetheless bescovered after sexual reprodtion sinceprogenycarrying the hets
allele arehet-s* (bottom let); note that f the female parent is hes, someprogenyis directly hets. All
the properties of the hes allele and its interactions with the h& oneare now explained by the prion
properties of hets (right). Upon translation of its messengéne Gterminus of thehet-s protein, which is
the prion-forming domain is unfoldedand the het-s protein does not interact with he® the strain is
thus het-s*. Folding ofthe het-s prion-forming domaininto an amyloid structurés spontaneoust low
frequencyand results in more hets monomers joining the amyloid fiberexplaining the spontaneous
conversionof the hets* phenotypeinto het-s andthe infectiosity of het-s. Importantly, the hetS protein

is also able to join the het amyloids, although it cannot form alone amyloi¢hon joining the amyloid a
Helo domain carried by he&$ is unmaskethis Helo domain is not present in kgl The unmaskedHelo
domain disrups membranes triggeringcell death, which occurs thus only in the presence of both the het
s amyloids and hes. It has been demonstrated that the ndw?2 protein, whose gene is located beside het
S (this gene is present as a pseudogene besideshetan also template myloid formation. It is
speculated that it is triggered to do so by anyet unknown effector and that the formed complexes
with het-s and/or hetS may be involved in pathogen recognition and elimination.
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like receptors and a model has been proposed and
demonstrated to account for their role in vegetative
incompatibility. In the case of nwd2, it has been
demonstrated that chimaeric NWD2 proteins
carrying Widomain with known activating effectors
is able to seed the formation of the hstprion when
they are activated by the cognate ligand, showing
that the amyloid fold can be transmitted to hstby

an activatedNODlike receptor. Theactual activating
effector of the NWD2 proteinis unknown, but is

speculated that it is a pamp drthat upon activation
Structure of the hets prionforming
domain. The prionforming domain of het i
located at the @erminus f the protein. Her het-s proteins and that this participate in the

several monomers are folded into an amyl . o
fiber pathogen detection and/or eliminatio(figure 84)

by the effector the fold is transmitted tthe het-S or

In the case of hetl and hete, the fold changeis transmitted tothe hetc protein. Cloning
identified het-c as a gene encoding glycolipid transfer proteirable to transfer glycolipids between
vesiclesin vitro, but whose cellular role in still unknown. Inactivation radt-c led to a defect in the
production of normal ascosporefmdicating an important role during their maturation. Presently, 11
different alleles of this gene have been identified in natural populaiorhey define sevespecificity
groups of incompatibility withhet-d/het-e alleles (figure 83)Like for the hets/het-S complexes, the
incompatible hetc/het-d or hetc/het-e complexes interact with the plasma membrane, resulting in its
disruption. In the caseof het-z, the protein interacting with the hetzl/het-z2 complex anceffecting
death is PaSec9, messential SNARE protein involved in vesicle fusion, suggesting that membrane
disruption is also involved in hyphal death in this incompatibility syst#&nthe time of writing this book,
the hetr protein has not been investigated thoroughly and thet-v, het-B and het-Q geneshave not
beenidentified.

The involvement of NOlike receptor suggests that in nature the components involved in
Vegetative Incompatibility not only act to monitor sedrsusnon-self recognition irP. anserinabut also
as a defase system against pathogens, especially bacteria. This hypotedsither supported by the

fact that the transcriptional responses to the presence of bacteria and the one during an incompatible
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reaction overlap.During Vegetative Incompatibility, theystem would act to limit the spreading of
potential deleterious elements present in the cytoplasm, especially Vikesparticle as shown in
Cryphonectria parasiticéthere is presently no true viruses having an extracellular phase described in
fungi, but genetic elements having all hallmarks of viruses are widespread in these organisms)
mitochondrial plasmids that may alter lifespan. It has also been postulated that the death system active
during Vegetativdncompatibility could be activatedo provide nutrientsduring stationary phase and
especially duringexual reproduction in the hyphae underlying maturing fruiting bodies. Indeed, many
mutants having suppressed Vegetative Incompatibility are female stdrdee increased amounts of
aerial hyphaeand impairment in growth renewal after exit of stationary phabtoreover, Vegetative
incompatibility between straigis often associated with sexual incompatibilitye., in many instances
crosses between vegetativelgcompatible strains are paally or totally sterileand these sterilities are
controlled by thehet genes Whatever the actual roles of this executed hyphal death, the polymorphism
of the genes involved in Vegetative Incompatibility is under balanced selediggesting an actv
evolutionary force to maintain the polymorphisms of thet genes, a feature compatible with a role in
pathogen defense and selfersusnon-self recognition. This is clearly exemplified by the-bisec9
incompatibility system, since it is conservedNeurospora crassabut also in the distantly relate@

parasitica

Appressoriumlike structure differentiation

The full extent of cellular differentiation during vegetatigeowth that P. anserinas able to
achieve is unknown. We know thati¢ ableto producesmall apical hyphae and that in stationary phase
larger hyphae are produced, especially those that underlie the maturing fruiting bddiesnserinas
also able to produce aerial hyph@&eabout 24 hoursmost likely coated with hydropholsrand it is very
efficient to produce anastomoseas early as 4 hours after growilsee chapter on morphology and
cytology of the myceliumfigure &). Nevertheless, the most striking hyphal differentiations that
anserinais able to produce arehte appressrium-like structures, penetration pegs and haustoritike
structures involved in plant biomass penetration (see chapter on morphology and cytology of the
mycelium; figure 86). These are easy to visualize when the fungus is grown on cellophane ovarlaying

medium devoid of glucose (such as M2 and MO, see figure 37) and differentiateihH@urs. Note that

119



Philippe Silar Podospora anserina

Differentiation during the vegetative phase oP. anserina See figures 33, 35 and 37 for
actual pictures.

1A }v[8 Iv}Av 8Z u}o po & % SZA Ce+ Ju%eo] 8§ v 8Z €& 3&]}v (2
control of thelDCgenes involved in the making of tligelement associated with Crippled Growth (see
section on Crippled Growth). For penetration oflagpghane, it was shown that reorientation of hyphae
towards cellophane and formation of the appressoriike structures are under the control of the same
molecular pathway as the one controlling ascospore germinatien the PaNox2/PaPIs1 NADPH oxidase
complex and the PaMpk2 MAP kinase (see sectionsosospore ejection anderminatior). Later stages

of the differentiation are less well known; however, tfemation of the penetration peg is under the

control of the PaNox1/PaNoxD NADPH oxidase.
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Sexual reproduction

Sexual reproduction oP. anseringhas been under scrutinfor a long time. Indeed, the first
studies usindP. anserinas an experimental systeme., those of Wolf in 1912 and Satina in 19%&re
on sexual development. Since thenumerous studies have been publishedcluding somalealing with
the recognition between the sexual partner®., the mating system dP. anserinathe differentiation of
its fruiting bodies and their production and repartition on the mycelium. Adda@lomechanisms acting

during sexual reproduction have also been studied, including Spore Killers and RIP.

Mating and mating types

As explained in the section dealing with the life cyclePofanserinathe fungus is pseudo
homothallic, implying thafertilization can only proceed between sexuadlympatible partnes. onemat+
and onemat-. Genetic analyses have indicated, that half the nuclei obtained after meiosimatrewhile
the other half isnat-; the mating system dP. anserinas thus akin tdhe bipolar heterothallism found in
many ascomycetes. Hence, there is a single sexual locus with two alternative versions, one conferring the
mat+identity and the other themat- one. As the mating type was the first genetic marker availabl® for
anseina, thismat locus which branded genetically first chromosomewas positioned on chromosome
1.

Identification of thetwo mat loci was achieved with the help of theloned matA locus of
Neurospora crassaby heterologous hybridizationf a genomic bankWe now know that themat+
idiomorph contains one gendsPR1 while themat- idiomorph contains three gene§MR1 SMR1and
SMR2(idiomorphs are alternative versions of a locus that contain different genes rather than different
alleles of the same gene(d)gure 87).FPRland FMR1lare the two genes important for the recognition
between the partners, e.g., for fertilization, whi@VR1and SMR2are important forensuingascospore

formation. As stated in the section ofdevelopmental geneticgrafting andgenetic mosaics the
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Structure and regulation of the mating type loci &. anserinaTop, like in most ascomycetes

the mating type loci ofP. anserinaare bordered by theAPN2and END4genes. The region different
between themat+and mat- strains are boxed in pink and the mating type genes are in red. Bottom, the
network of HMGbox transcription factors involved in regulating the expression of fMR1and FPR1
mating type genes, which turn activates the PRE1/MFM and PRE2/MFP receptor pheromones genes,
respectively. The thickness of the arrows is proportional to the strength of the activation (arrow) and
repression (blunted line)

deletion of the mating type result iastrain (4 u Bcompletely unable to engage fertilization with either
a mat+ or a mat- partner. However, 4 u Hifferentiate namally spermatia and ascogonia. It also

produces protoperithecia. This underscotbat the mating typesolelycontrols the formation of the
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Structure of the mating type locus dhe mat+_mat dual mater strain PM154

zygotic tissue of the fruiting body, but not that of tigametesand the first stages of the maturation of
the ascogonia into protoperitta. ThroughSMR1and SMR2 but alsoFPRland FMR1 the mating type
locusalsocontrols later stages of ascospore producti@specially the nuclear recognition that must take
place for the production of the dikaryotimat+/mat- ascogenas hyphae that willead to ascugenesis
4 u &an also baisedto help the development of mutant affected in the maternal tissue of the fruiting
} C ~+« ¢ 3]}v }v A~ A 0}% u gvalting &hdgeridtic Mbsaics, ndicating that the mating

type locus is not invekd in the differentiation of the maternal tissues of the fruiting bodibat solely
the zygotic one Alternatively, there is a mutant d®. anserinacalledvacug in which normal looking
perithecia are developing in the absence of fertilization. Thesgain only paraphyses and are devoid of
asci, confirming that it is possible to uncouple the development of the zygotic tissues resulting from
fertilization from that of the maternal tissug,e. the peridium and other nomzygotic tissue of the
centrum.

Introduction of amat+ idiomorph into amat- strain results in amutant able to mate with both
mat+and mat- strains, but also able to sefértilize. Amat+ mat- dual mating strain was even created by

introducing cleanlyife., without additional sequences) thmat+ idiomorph beside thenat- one at the

mat locus of chromosome lthe PM154 strain (figure 88; seee S]}v }v ~ A 0}%u vS o P v §

grafting and genetic mosaics (}E& S$Z pe }( $Z]e *SCE ]Jv ]Jv upS v8 « E Z-+X
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Roles ofP. anserinapheromones and receptors in matingfargeted deletions have shown
that mutants lackingMFM or MFPare male sterile in a matintype specific mannermat+ spermatia
lackingMFM are unable to engage fertilization whiteat+ spermatia lackingMFPare fully functional; the
converse is true fomat- spermatia. Similarly, mutants lackiigRElor PREZ2are female sterile in a
matingtype specific mannenmnat- ascogonia lackin@RElare unable to engage fertilization whileat-
ascogoniadackingPRE2are fully functional; the converse is true farat+ ascogonia. Thereforenat+
spermatia attract themat- trichogynes expressingREhrough the production of the MFM pheromone
and themat- spermatia attract theanat+ trichogynes expressing PRE2 through the production of the MFP
pheromone.

In P. anserinagametes are present on mycelia older than three days. Accordingly, expression of
FMR1and FPR1s significant only after three days. It was shown that expression of both genes is under
the complex control of a set of transcription factors containing HM@ as DN/inding domain (figure
87). Note that three out of the four genes present at the mgttype locuskPR1FMR1and SMR2 also
encode transcription factors containing HM®x, while the last oneSMR2) has no obvious associated
function or known domainand is not actually involved in defining sexual identity (this gene is necessary
for ascspore production but can act in thmat+and mat- nuclei or inboth, it appears involved at later
stages of the fruiting body development th&PR1FMR1and SMR2. Overall,11 out of 12HMGbox-
containing proteins encoded in the. anseringgenomeare inwlved in the sexual cycle, many of which
participate in conferring sexual identity. Intriguingly, a simflanction has been attributed to HMG
transcription factors in mammals!

The whole sets of targets dfMR1and FPR1were identified through microarrayanalyses.
Functional analyses of these targets identified few genes actually involved in sexual development apart
from the receptors PRE1/PRE2 and the previously characterized matingmbeesMFP/MFM (figure

87). Functional analyses have shown that,expected, spermatia produce sspecific pheromones that
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attract the trichogyneof opposite mating typend expressing the cognate receptor (figure 8Bhe fact
that many genes regulated B§PRIand FMR1are not involved in sexual reproduction suggestatthoth
matingtype transcription factors are involved in the control of other processéx imnserina

Finally, it worth mentioning that the mating type locus is embedded in a 8a@dion devoid of
recombination, so that numerous polymorphisms existviieen the S mat+ and S mat- strains in this
region, while theirsequencess strictly identical in the rest of the genome. Additionally, many genes are
differentially regulated betweeithe mat+ and mat- strains independently of the matintype locus,i.e,,
thanks to differences present in the ngacombining regionln someNeurospora tetraspermatrains,
another pseudenomothallic fungus, lack of recombination is linked to the presence of inversions in the
genome. IrP. anserinathe mechanisms preventirmgcombination is still mysterious as no inversion have
been detected around the mating type locuss A %0 ]V ]Jv §Z Z %S €& }v "S§Z -« /|
P v 8] o v om@+matidikaryotic ascospores are obtained through a defined arrangement of
nucle in the postmeotic mitosis coupled with the fact that in most meiosis (in ~99% of them) a single
crossingover occurs between the centromere of chromosome 1 and the mdiipg locus. Possibly, the
same mechanism that regulates the positive interferendeibiting the occurrence of a second crossing
over between the centromere and thaat locus also intervene to inhibit the recombination around the
mating type.Whatever the mechanism, the differences observed in the-remombining region are not
involved in the maintenance of the heterokaryosis necessary for-feetilization through fitness
enhancing complementain. Indeed, heterokaryons are very stablélnanserinawhatever their genetic

constitution at the matingype locus.

Fruiting bodydifferentiation

Fruiting body differentiation is also intensively studied Bn anserina As explained in the
% E]SZ Jpu o S]}v }v "D}E®Z}0}PC v s€dipo dpirDevelapniantal @eneticss Z
grafting and genetic mosaics }( $Z Z} %ohe@Eexual cycle and genetical analysis SZ (Eu]S]vP
body is made up of zygotic tissues (the lineage leading to asci) resfutimdertilization and maternal
ones that originatéfrom hyphae neighboring the fertilized ascogonium (figure 90). The mycelium is also
an important partner acting in the feeding of the perithecia and dedicated large hyphae connect

maturing fruiting bodies to the underlying mycelial network (figure 90sgRetive roles of genes in these
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The three components interacting to produce mature fruiting bodieis red, the zygotic
tissues, in blue the maternal tissues and in green the mycelium.

three interactingcomponents involved in the elaboration of the fruitingdyocan be analyzed thanks to
genetic analyses adapted from embryology technics developed in animals,genetic mosaics and
P E (S]v PDevelopmental genetics: grafting and genetic mosaies S]}v }( §Z Z %he E }v
sexual cycle and genetical analysisX

The ygoticlineagedevelops only after fertilization. Fertilization leads first to the productionaof
plurinucleated cell containing botlmat+ and mat- nuclei. From thisplurinucleated cell, ascogenous
hyphae emerge. These carry a singiat+ nucleusand a singlenat- one. How, nuclei of opposite mating
types recognize each other is unknowBased on the phenotypes #PR1FMR1and SMR2mutants it
has been proposed that the three mating type genes also participate in the recognition between the
sexual partners at this stagémutants of these genes produce selfish nuclei that engage ascus

development in the absence of a mating partner drehce undergo haploid meiosid)ote that at this
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stage, recognition occurs between nuclei. Accordingly, recognition does not require the mating
pheromones and their receptor©ncetwo nucleihave properlyrecognizel each other,SMR1would be
required tolift a process that blockfurther developmentof the zygotic lineagdndeed, theSMR1gene

of the mat- mating type is required for the production of the ascogenous hyphiae. PaRID DNA methyl
transferase is also required at this stage. DNA methylterasks are involved in defining DNA
methylation patterns In P. anserinaas in otherPezizomycotinaRID DNA methyltransferasase also
involved in the Repeanduced Point mutation process or RIP, a feature that élldiscussed in a
previouse §]}v ~e¢  SZparagraplin §Z ¢ S]}v }v 2 v e v P vilu _]v S Z %S
sexual cycle and genetical analysisiow PaRID control development is unknown, especially since no
DNA methylation has been observed yetAnanserinaand sirte, unexpectedly, the methyltransferase
catalytic domain is important for the function of PaRiDring development However, transcriptome
analyses have shown that genes regulated by PaRérlap those regulated by the mating typsote

that, alternativel/ to mat+ and mat-, the two nucleiengaging recognitiosan be viewed as paternal and
maternal ones. Owing to the different ontogeny of spermatia and ascogonia, it is possible that their
nuclei are branded with different epigenetic markisnposed by PaRID?yhich could facilitate the
recognition between the two nuclei (and a feature that would also explain the lack of germination of
spermatia).

Nothing is known about the coordinate division$ the ascogenous hyphapreceding the
produdion of croziers. More is known about the genesis of croziers. They requirertiiteand amil
genes since mutants of these genes have abnorm@iers plurinucleated ones focrol mutants and
uninucleated ones for amil mutant$he crol protein shares sarsimilarity with UCS proteins that are
involved infolding, assembly and function of myosimhile amil is similar téspergillus nidulanapsA, a
cortical protein that contra spindle positioning during mitosi®oth mutants have additional defects,
indicatingsupplementaryroles. Theamil mutantshave abnormal nuclear positioning in mycelia and asci
and produce anucleated spermatia and periphyses. Thel mutants display normal septation and
nuclear positioningbut have abnormal mycelium morphology and a germination defect. The next step of
sexual developmentj.e, the commitment of croziers into meiocytegascus)in which caryogamy
proceeds necessitates some as yet undefined peroxis@nuaéin(s)as many of te proteins involved in

peroxisomal import accumulate croziers that do not engage into further development (figure 91).
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Peroxisomes andascusdevelopment. Left, phenotype of the wild type and of peroxisome
mutants in which croziers accumulate without engaging into ascus development. Right, the subunits of
the peroxisome import machinery labelled in purple are required for commitment into meiocytes, those
in blue are not. The actual persxmal protein(s)/product(sjequired for the transitiorare(s) unknown).

The next stage of sexual development is meioBis.anserinais not as used asordaria
macrosporafor meiosis analyses owing to the small size of its nuclei during this stage. Nevertheless
several mutants affcted in meiosis are available. Two have been studied. Firstly, mutants of the
mitochondrial citrate synthasehe initial enzyme of th&rebs respiratorgycleare blocked athe diffuse
stageof the first meiotic prophase, identifying a metabolic chedkpdor meiosis progression beyond
this point. Secondly, the PaMe4 encoded by thei4gene is a component of the synaptonemal complex
and spindle pole bdy having crucial roles in their morphogenesis and later in recombination complex
formation. Intriguingly, the Meiotic Slencing by Unpaired DNA (MSUDprocess present in some
Neurosporaspp. appears absent ifP. anserinasince unpaired essential genesuch as theAS4gene
encoding the cytosolic elongation factaman pass through meiosis without probleMSUDsilences DNA
regions that are not paired during prophase of the first meiosis through an RNA interference mechanism.
Nevertheless, the expected fluorescence of proteins tagged with the GFP or mCherry pioteften
absent in the young sexual tissues for an unknown readéste that we also have no convincing
evidence for the occurrencen P. anserineof Quelling, a second RNA interference mechanism acting
during the vegetative phase iMNeurospora crassaathough we sometime observe extinction of
transgenes expressing proteins tagged with GFP or mCimeting mycelium

Several mutants having defects in later stages of developmient,ascospore formatiorand
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expulsionare available. It is however not kwa whether these have specific alterati®im the ascospore
formation developmental program have general disturbance in metabolism, which being higher during
ascospore formatiorcould result in various impairmest For example, many peroxisomal mutants &éav
abnormallypigmented ascospores that germinate at lower frequeri€igelity of the cytosolic translation
has also been shown to have a major impact on fertility. Mutants with lower fidelity are feshetdide,
while some with higher translation accurabpve ascospore formation defects and others are female
sterile. It has been shown that the ascospore formation defect is linked to increased accuracy, suggesting
that mistranslation of some key regulator(s) is required for proper development of ascospdses.
some mutants of potassium transporters do not properly expel their ascospores unless the medium is
supplemented with large amounts of potassiumhile others have the opposite phenotype, depending
on whether they are involved in taking in potassiomexpelling excess of.iODne more mutant is worth
of mention: the one affected in thPaAlrlgene, encoding a magnesium transporter. Null mutant of this
gene has the development dll its ascospores arrested at the stage when they contain two nuclei.
Reason for such a distinct defect is unknown.

As seen from the above text, our knowledge of zygotic tissues developmentanserinas still
very patchy. One of the reasons for this fact is that few mutants affected in the zygotic lineage are
available Indeed, for a long time, it was difilt to isolate recessive muti@ns with zygotic defect since
P. anserinabeing formally heterothallic; mutations need hence to be present in both parents to exert
their effect (note that mutans affecting maternal ssueswere easily obtained since they were female
sterile!). Screening for recessive mutants required thus tintensive genetic manipulation on many
candidates to obtain few interesting mutants. Thanks to the availability ofntfa¢+_mat seltfertile
strain PM154 screening of recessive mutaisteaow very easy (se®evelopmental genetics: grafting and
genetic mosaics ¢ S]}v }( §Z Z The Ssetual} gycle and genetical analysiSo far a single
mutant obtained thanks to this strain has been tbhaghly analyzed; it has both zygotic and maternal
defects: spod1l The zygotic defect ispodloccurs after the first prophase of meiosis. Older asci are
enlarged; they contain many nuclei and later on undergo lysis. spoell mutant has also a strong
matemal defect and produce tiny abortive fruiting body. The gene affectegpotdlencodes arnositol
phosphate polykinasea protein involved in signaling through phosphorylation of inogitdsphate
moleculesin eukaryotes. We shall again return to this tawt in the next section because it has

interesting phenotypes pertaining to the localization of fruiting bodies on the mycelium. But before we
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do so, we must discuss the signaling pathways involved in the development of the maternal tissues.
Indeed, in ddition of spod]l many mutants affected in maternal tissues development have been

analyzed irP. anserina

Model of action of the roles ofDCgenes during perithecium maturationFrom top left to

bottom right. Development starts with fertilization. This triggers the release of an unknown signal from
the zygotic tissues towards the maternal ones. In the maternal tissues, the PaNox1l NADPH oxidase
complex is activated and starts toquuce reactive oxygen species (ROS). The PaPsrl, PaWhi2, PaSo, IDC1
and PaProl proteins are also required in the maternal tissues for proper development. The ROS signal is
likely transmitted through the voyage of vesicles containing oxidized IDC2 andploeis; these
proteins contains evolutionargonserved cysteines required for their activity and genetic mosaics
indicated that they act in a cetlon-autonomous manner (hence diffuse from cells to cells). Once in the
underlying mycelium, they transmibeir signal to the PaMpkl and PaMpk2 MAP kinases pathways (in a
manner that do not require thioredoxins). Once activatdé\P kinaseskely orchestrate the mobilization

of the nutrients required for proper maturation of perithecia. The IDC1, IDC4 andPaRoteins are

also required in themycelium Not depicted here is the STRIPAK complex that is also fargaior
perithecium production, it is required in the zygotic tissues but at a late stage of ascospore production, in
the maternal tissues and in thenderlying mycelim.
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Lack of neck in mutants affected in homeodomain transcription factoRzahs has the
strongest effect since all peritheciaroduced by null mutants oPah5lack neck,while null mutants
affectedin Pat2 produce 30% ohecklessperithecia Other Pahgenes have modulatory effect on the
percentage of neckless perithecia producedRah2mutants. For example, a double mutant affected in
both PahlandPah2produce 95% of neckless perithecia.

First and foremost are théDCmutants involved in Crippled Growth. Indeed, as stated in the
+ 3]}v pvippled Growth and other phenotypic instabilites) ups v3e JvA}oA Bvthe 1JvP | %:
infectious element associated with Crippled Growth, lack tmy®ent of fruiting bodies after
fertilization, while they produce male and female gametes. Only one of these mutants, the one affected
in the PaProl transcription factor is affected in the formation of the zygotic tissues, all the other are
dispensable fo proper development of the zygotic tissues and hence their fertility defect is due to
impairment in the production of the maternal tissues. How PaProl is involved in the formation of the
zygotic tissues is unknown, but its action takes place very eariggithe process and may even occur at
the fertilization stage. For the othéDCmutants, analyses using genetic mosaics and grafting has enabled
to determine which component(s).e., the mycelium or the maternal tissues, is(are) important for the
maturation of the fruiting bodies, leading to the model depicted in figure 92. The major feature of this
model is that fruiting body development results from the Reactive Oxygen Species (ROS) emitted by the
maturing fruiting bodies thanks to the activation ofethPaNox1 NADPH oxidase complex to the
underlying mycelium through vesicular transport of the oxidizB&€2 and IDC3 proteins. There, they
activate the PaMpkl and PaMpk2 MAP kirgsehich participate in nutrient mobilization to feed the

maturing perithecia Accordingly, microarragnalyses of transcriptomes have shown that PaMpkl and
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PaMpk2 regulate genes involved in carbohydrate metabolism.

Transcription factors have also been analyzed for their involvement in the development of the
maternal tissues of thdruiting bodies. The HMG transcription factors Pahmg6, Pahmg8 and kefl are
required inthem for maturation of perithecia, while Pahmg1 is required in both the maternal and zygotic
tissues Transcription factors containing homeodomain have also been igasd and some were
shown to be specifically involved in neck differentiation. The Pah2 and especially Pah5 transcription
factors are important for this taskincemutants have neck defects (figure 93yote that the neck is
major morphological attribug andan important feature of the fruiting body enabling correct expulsion of
ascosporesMost species related t®. anseringroduced perithecia with neck, but a few ones produced
neckless perithecia, that are then coinelgithothecia or more properlgleistothecoid perithecia.

In conclusionP. anserinas invaluable in deciphering the development of the fruiting body. The
pathways identified in the friendly mold have been shown to participate in development in other fungi,
especially in its cousindeurospora crassaand Sordaria macrosporaindicating as expected a
conservation of these pathways in related furtdowever, here is still a lot of work to be done since, like
in the other studied fungi, our understanding oits development is incompleteThe friendly mold is
invaluable since the genetic tools used to differentiate the place(s) of action of the various actprs (

the genetic mosaics and grafts) are to date implemented only in this species.

Fruiting body production and repartition

As ¢S § v §Z Z Wykellam}growth and development B. anserinds rather fussy
when it comes to produce perithegiat least more than during its vegetative phase addition, there
are likely complex interactions between the factors regulatiegusl development, becauskctors
found to be absolutely required for perithecium productibg some researchersre found dispensable
by others For example, James E. Pehram in his thesis states that biotin can be omitted from the medium
for optimal fertility, while we find it mandatory to obtain peritheci€aution must thus be taken when
interpreting the factors described below. Firstlye 8§ § lv 8§z Z MyceliEn yrowth and
developmentU P._anserinarequires a medium not too rich in edgi digestible carbon and nitrogen
sources (such as glucose and ammoniun®)n rich medium, P. anserinaproduces large amount of

mycelium, especially aeribiyphae, but remain sterile or produces usually with a delay abnormal
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Effect of light on perithecium development irP. anserina Left, M2 Petri plates were
inoculated withmat+/mat- heterokaryotic inocula and incubated for eight days with or without light. The
illuminated plate has more perithecia that have already started to expel ascospores, while the non
illuminated one has mth fewer perithecia that are not yet mature. Right, M2etri plates were
inoculated withmat+/mat- heterokaryotic inocula and incubated for eight days in constant illumination
coming from above either with the lid on top or with the lid on the bottom, hence with plates upside
down. On the plate with lid on th&op, necks have an upright position pointing towards light, while on
the plate with the lid on the bottom, necks tends to curve towards the medium, hence trying to also
point towards the direction the light is coming from. Note that in both instancesksiece differentiated

from the middle of the part of the perithecia that is sticking into air, and not within the medium for
upside down plates.

perithecia producing few asci. Secondly, as stated above, in addition to thiamin, it requires biotin for
optimal perithecium production, hence the presence of both vitamins in the minimal M2 medium.
Thirdly, it requires light. Indeechntinuous light speeds up maturation and increases greatly maturation
(figure 94) Light also directs the orientation of necks amehce the path of ascospore ejectigfigure

94). Fourthly, efficient perithecium production requires air. On M2, perithecia are produce at the
interface between the medium and the air. In M2 liquid culturés, anserinaproduces abortive
perithecia, excepfor thosefew that are fortunate to develop at the intéace between liquid andir. The
likeliest explanation is that high levels of oxygedE & <p]E (é&Etive @xygeZ Becies_
production that controls perithecium production (see previous &stt In other medium, such as M4,
perithecia may be producedithin the agar, always more slowly than at the air/medium interfatieeir
necks tendsZ v §} % E} U E ]SE EJoC }v 8§Z 8}% % ES }( SZ (Ep]S8]
are frequentwhen they develop inside the medium). This suggests a negative geotropism of the
determinants that determine the position where they are differentiatdeinally, temperature is also
important, since perithecia are efficiently produced between 18°C aff€C2At lower temperature, the
slow growth speed and very slow timing of perithecium production makes it difficult to obtain them. At

18°C on M2, perithecia take about three weeks after mycelium inoculation to mature, at 23°C they take
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Non-random repartition of fruiting bodies onP. anserinathallus. Left: typical repartition of
fruiting body along a ring whelR. anserinas cultivated on M2 at 27°C with constant illumination. Right, a
fairy ring differentiated byoasidiomycetes.

about 910 days, and at 27°C the optimal temperature, they take 7 days. Importantly, at temperature
above 29°C/30°C, no fruiting body is ever observed, while mycelium growth still proceeds up to 37°C.

e ¢§ § Jlv §2 « §]}v }v ~dZ uC o]Jpu_ ]Jv §Z Z %S & }v "D}CE
interesting feature ofP. anserindructification is the norrandom repartition of the fruiting body on the
mycelium, especially when grown on M2 medium. Indeed, M, the friendly mold differentiates
perithecia mostly along a ring with an inner diameter of 2 cm and a width of 1 cm (figure 95). Such ring is
& u]Jv]e vsS }( §Z " ]J]EC E]vPe_ % E} p C uvgC *] JJuC PS <X dZ
anserinaand the other species of th®. anserinaspecies complex may differentiate other types of
repartition with or without an obvious ring pattern (see figure 19).

Ring differentiation is robust and occurs without fail on lgtdvided that the cultures are not
senescent (see the many figures showifganserindl2 mat+ mat heterokaryoticcultures in this book,
i.e, figures 3, 19, 3®4,95, 96 and 97. It is nonetheless affected by many factors including temperature,
light, nutrients and genigc factors the ganeral trends being that the lower the fertility, the larger and
more diffuse the ring (figure 96However, this may not be so simplas seen with the homedomain
transcription factor mutants (figure 96T.he most intriguing feature of the ring formatios the central

zone devoid of perithecidthat is lacking in thed W Znutants) Indeed, male and female gametes
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appear to differentiate uniformly on the thallus. The outer zone can be explained if maturatitive of

first-producedperithecia inhibits furthe differentiation of additional fruiting bodies. Yet, there is nothing

obvious that should impede differentiation of fruiting bodies within the central zone. Intriguingly, when

the fungus is inoculated in two close points, the central zoneedathe shapeof googles (figure 96),

suggesting an active mechanism to inhibit productionthe central zone (if nothing would inhibit

production, the shape should be two interlocked rings).

Environmental and genetic influence «
the nonrandom repartition of fruiting bodies inP.
anserinathallus. Top, influence of the temperature
Middle, effect of inoculation point, light and carb
source (M4 contains crystalline cellulose); bottc
genetic control with the examples of three mutar
inactivated for the genesPahl Pah5 and Pah7
encoding homedomia transcription factors.

Little is known about the molecular
pathways controlling both the amounts of
perithecia and their repartition. However, the
inositol phosphate pathway appears to be a
major player ashown in other fungi. Indeed,
in the previous section, | mentioned trepodl
in an inositol

mutant affected phosphate

polykinase and showing impairment in

differentiation of both the maternal and

zygotic tissues of the perithecia. This mutant

has an additionainteresting phenotype: when
NIv(EIVS S])v

& & },» perithecia differentiate along a

crossed with the wild type C

triangle pointing within the spodl thallus
(figure 97). Additional experiments have
shown that this pattern is due to diffusion of a
factor promoting perithecium development,
which is not the inositol phosphate polykinase
enzyme but possibly itgeactionproducts (i.e.,
the inositok(1,3,4,5,§-pentaphosphats made

from inositok(1,4,9-triphosphates).

Interestingly, addition of inositol in M2 increases drastically the amounts of developing perithgaie (fi

97) up to such levels that they fail to mature (possibly due to lack of enough nutrients). Inositol cannot be
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used & food source by the friendly mold, indicating a signaling role of inosital its phosphates

derivatives in accordance with the phetypes of thespod1lmutants.

Meiotic Drive Elements: Spore Killers

Meiotic Drive Elements are genetic loci that subvert the law of Mendel that posits equipartition of

alleles/idiomorphs during meiosis by eliminating nuclei that do not contain them. Meiotic Bléments

Involvement of inositol and inositol polyphosphates in perithecium production and
repartition. Left: a cross between th®aPks1193 mutant lacking melanin andpodlproduces a triangle
of pigments and perithecia on thspodlthallus. The dark color of these perithecia shows that their
maternal tissues are fromspodl(for comparison, those on th@aPks1193 mutants lacking pigments
have maternal tissues froflaPks1193as expected). Right, addition of inositol in the M2 medigireatly
increases perithecium production; these are smaller than on M2 because they fail to fully mature.
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Thehet-s/het-SP. anserinaspore killer. Thespore killing phenomenon occurs at 18°C in early
produced asci when ascogonia from thet-s strain carrying the hes prion are fertilized by male
gametes carrying thbet-Sallele. Prion amyloids may then be present in early ashietts and het-Sare
segregated during the first meiotic division, ascospores carrying tweshaiclei will produce the he&
protein which in the presence of the hstprion will promote a reactiokilling the two hetS ascospores,
while the two hets ones survive and cartie prion. It is not clear what happens to second division
segregation asci (SDS) of such crosses (do all the ascospores die?), but the phenomenon occurs in a
minority of asci, indicating an inefficient transmission of the-bgtrion, especially at tempature above
20°C where the phenomenon is not observed. Lack of spore killing hpratieiced asci confirms this
assumption: as the dikaryotic lineage produces croziers and asci, the drayloids may be irreversibly
lost, freeing asci from the presenoéthe prion.
carry thus at least two activities: one that kills and the other one that enables resistance. In most
investigated instances, these two activities are carried out by two different factors, encoded by two
different loci that remained linkedhrough meiosis (often thanks to the presence of genomic inversions
that results in recombination inhibition). In fungi, meiotic products end up in meiospores (e.g.,
ascospores in thAscomycota U u ]} 5] E]JA o uvs E SZpe 00 ""%}E <]oo E
Jean Brnet described the first Spore Killewerin crosses between thhet-s and het-S strains
that we now know is related to the presence of the fseprion and its interaction with the he® protein
(figure 98).Indeed, he observed that at low temperature8fLC)the asci produced early frequently
contained twomature spores instead of the expected ones, in crosses involvindnéis strain (that we
now know contains the he$ prion) as maternal parent and tHet-S one as paternal parent. On the
contrary, he did not observed the phenomenon whegt-s wasused as paternal parent arttet-Sas the
maternal one, nowith the het-s* strain (that we now know aralevoid of prior). He also observed that
the ascospores frorthe two-spored asci are het (and thus contain the priorgnd not hets*. We now
interpret easily Bernef observations, through the maternal inheritance of the tseprionthat can only
be transmitted byhet-sascogoniand itsincompatibleinteraction n ascospores with thbet-S protein in

asci where thénet-s/het-Salleles are segregated in first division (figure 98).
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The T x $. anserinaspore killer. Thespore killer action is observed in S x T crosses, which
mostly produce twespored asci, while S x S and T x T crosses yield the usuapfes asciRight
interpretation of the spore killer (in red) action by killing ascospores carrying only thetigensi
allele/idiomorph (in yellow). Proportion of twspored asci depends on the first segregation frequency of
the Spore Killer locus and hence its chromosomal location: as seen on the left the T meiotic drive element
is located close to its centromere rdsng in more than 95% twgpored asci (one fowspored is shown
for comparison in the S xT picture). Note that lethal mutations acting during ascospore formation will also
yield two-spored asci. However, in such instance, surviving ascospores willacaritgtype allele and
upon further crosses these survivors will yield f@pored asci, contrary to spore killers that will always
yield two-spored ones.

Jean Bernet described another Spore Killing phenomenon betweerdthev  d[ ¢SE&P]ve }( *
anserina. We now know that strain T, which contained the meiotic drive elementHs@matastrain,
AZlo A }v[8 IVIA AZ § A« «SE Jv d[X E A E3SZ 0 *+*U 8Z +%}E I]oc
between the T ands strainsfigure 99). Identification ofthe locus responsible for the T x S led to the
surprising discovery that both the survival and killing activities are carried out by a single gene called
Spokl This gene encodes for a protein with a nuclease and kinase domains responsible for killing and
resistance, respectively. It conserved its activity when transferred Smt@aria macrosporaSurprisingly,
the S strain also containsSpokgene encoding a protein very similar to theo8p protein (87% identity
between Spokl and Spok?2), call8gok2 Sok2 is inactive in the presence @&pokl but proved fully
active in its absence. Two additiorhokgenes,Spok3and Spok4 were discovered isome strains oP.
anserinaand in another strairof the P. anserinaspecies compleXP. paucisetaThese also act as Spore

Killers and interact in complex fashion wipokl Indeed,Spoklprovides resistance also t&pok3and
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Spok4 while Spokdprovides resistance t&pokland Spok3doesnot. Note thatSpok?2 Spok3and Spok4

do not interact,i.e., do not inhibit their respective killing and do not provide resistance. All four genes
account for the known complex Spore Killer patterns detecte.ianseringpopulations, but for thenet-
s/het-Sone.

Owing to their distortion effect on meiosis, Spore Killers are preferentially transmitted to the
progeny. Not surprisinghjhet-s strains are twice as frequent &®et-Sones and more than 90% of them
naturally contain the het prion. In the case of th8mk genes, the full pattern of their presence in the
various members of th®. anserinaspecies compleis not known. e Spok2gene appearspresent in
most strains oP. anserinand in theP. paucisetatrain that has been sequenced. On the contr&gok1l

is present only in th&. comatar strain, whileSpok3and Spok4have an intermediate distribution.

139



Philippe Silar Podospora anserina

Natural products biosynthesis

Since the release of the genome sequencé®ofinserinait has been realized that the friendly
mold is able to prduce compounds with industrial valueThese may have use principally in
pharmaceutical, remediation and biofuels technologidsvo major kinds of products are presently

studied: secondary metabolites and enzymes

Secondary metabolites

Genome analysis indicates th&. anserinamay be able to producenearly 40 secondary
metabolites, since its genomencodesthat many secondary metabolites pathwayBigure 100).
Biochemical analyses have so far shown that the friendly mold synthesizesrames A and B, two
quinones with antifungal, antibacterial and anticancer activities. Additionally, one species d®.the
anserina*%o ] * }u%o0 £ ~puv(}ESPuv $ oCU A  }v[3 IVIA AZ] Z }v U «]v
actual ITS sequence, but ordtates that it is 99% identical to that of the reference strain S) is able to
produce sterigmatocystin,secosterigmatocystin and 13hydroxyversicolorin B, a derivativef
anthraquinone. The sterigmatocystproduced by the friendly nld wasshown to be ale to efficiently
kill Anopheles gambiamosquito larvae.

Most genes involved in secondary metabolite production ahestered as observed in other
fungi. Yet, the first analyzed pathway, the one enabling to prodlibgdroxynaphtalendDHN)melanin
hasits genes scattered all over the genome. The production of DiéMnin starts with a polyketide
synthase whose gene is located at the centromere of chromos2itiigure 100). The PaPkslgene has
many mutants, which are used in many genetical and cytolbgicalyses (seBevelopmental genetics:
grafting and genetic mosaicsThe rest of the genes involved in DHMlanin synthesis have not been
thoroughly analyzed. However, some the laccases involved at the last step of polymerization of melanin
in ascospore have been identifiedurprisingly, they are not canonical laccases, and are related to

ascorbate oxidases andrfoxidases.
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Prediction of secondary metabolite clusters d?. anserinawith antiSMASH The fungal
version of the antiSMASH prediction tool 5.0 identified 37 secondary metabolite gene clusters using the
relaxed parameters. DHMelanin biosynthesis is initiated by the polyketide synthase of the region 2.1
that produces naphtalene. The other genes invdiwe the melanin biosynthesis are not linked to region
2.1.

The second secondary metabolite pathway that has belearacterized by molecular genetics
analyses is the onpredictedto producesterigmatocystin a toxic polyketidlt is thus most likely that
sterigmatocystin angecosterigmatocystidetected by biochemical analyses are produced thanks to this
cluster. Ithas been horizontally transferred froEurotialesinto the chromosome 2 of the genome of the
ancestors of theP. anserinaDeletion of the luster results in sensitivity to oxidative stre&ased on the

genomeanalysis (figurd00), P. anserindas thee ability to produce additional polyketides, but also ron
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ribosomal peptides and terpene(s). It also likely synthesizes more complex compsinndsts genome
encodes for proteins having fused polyketide and #nifsosomal peptide synthase domains.

In addition to the abovaliscussed secondary metaboliteB, anserinasynthesizes various
oxylipinsof the icosanoicandisoprostanoid families thank® lipoxygenases and cyclooxygenases. These
are in turn transformed into organic volatile compoundsten with 8 carbonsthat are used by the

fungus to repel nematodes.

Enzymes

The other natural products of industrighlue made byP. anserinare enzymes. These may be
used directly or the genes that encode them are used to optimize production of natural compounds in
biotechnological application. An example of the latter is the use 8fdehydroshikimate dehydratase
gene to optimize the produimn of vanillin from glucose bySchizosaccharomyces pombaanillin is an
aromatic aldehyde that is extensively used as a flavcaimg) aromaticagentin food, cosmetics, cleaning
products, etc.We }v[3 IVIA AZ 8Z E §Z }%3]u]l « REarjsefina e@YRE pveP $Z
presently used in industrial scale production ahillin. Another example is the potential use of arylamine
N-acetyltransferases in detoxification of anilines. IndeBdanseringroduce two such enzymes, one of
which is very efficient to acetylate anilines, including-@i¢hloroanilin or DCA. DCA is a degradation
product of diuron, a widely used herbicide. DCA is highly toxic and contaminate many sites all over the
world. It wasshown that adding the fungus to soil, contaminated in a way that prevent seed germination,
restores some health to the soil as to permit germination.

By far the most investigated enzymes in view of industrial applications are those involved in
biomass detpdation or CAZYme#8dure 101). Indeed, analysis of the genome sequence has permitted to
discover a large array of genes involved in plant biomass degradation, including orthologues of genes
acting during lignin degradation in basidiomycetes. Biocheraicalyses have confirmed th& anserina
secretes indeed in the medium many enzymes having activities including cellulase, xylanase, pectinase,
arabinofuranosidase, arabinanase, galactandaecase and tyrosinase. Many enzymes encoded by these
genes arainder scrutiny for their ability to enhance the enzymatic cocktails dedicated to breakdown the
complex lignocellulosic biomass into simple sugars for segemération biofuel production.

Trichoderma reesgthe fungus used in industry to produce the cailg, is an efficient cellulase
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P. anserinaCAZYmes present in the CAZY database as of december. Zifi8ote is the
presence of numerous Auxilliary Activity enzymes potentially involved in lignin break down.

producer, but is naturally endowed with surprisingly little diversity of enzymes. Cocktall
supplementations withP. anserinaenzymes produce irPichiayeastsoften confer greatly improved
activity. Paramount for such task are thelytic PolysaccharidéMonoOxygenase or LPM® LPMQ@ can
cleave by oxidation various polysaccharides, including cellulose, and have thus been reassigned from class
GHB61 toclassesAA9, AA10, AA1l & AA1BheP. anserinaggenome encode83 LPMOsLaccases and
especially thehermostable billirubinlike ones are also promising enzymes to improve not only biomass
degradation, but also to partake in the removal of toxic xenobiotics and some plastts.that in
addition to the CAZYmes listedfigure 101, P. anserinalso posesses over 110 cytochrome P450 genes,
9 peroxidases (not counting the catalases), many GlutathioriedS v e ( EAl thésSe enzymes may
participate in lignocellulose and plastic breakdown amdietoxification of noxious compounds.

It is worth mentioning that whileNeurospora crassia now used as a model to understand the
degradation of cellulose and its regulatidn, anserinds presentlyconsideredasa promising model to
understand the complex process of lignocellulose breakdown by fungi, throwghrtalyzes of both the
penetration of biomass (seédppressoriurdike structure differentiatiop) and the action of enzymes
encoded by theCAZYmegenes, but also theother enzymes potentially participating in th@rocess P.
anserinais able to complete its lifecycle on wood and it is thus easy to finely assess whether mutant have
defects in scavenging nutrients from wooder inactivation of all the laccase genes tereadyshown
that many of those are necessary for growth on ligekulose Similarly the genes encoding catalases are
required for growth in the presence of lignin. On the contrary, many enzymes shown to be potent to

degrade lignocellulose in basidiomycetes appear dispensable for the growth and fertHityaneria on

143



Philippe Silar Podospora anserina

wood (at least in a laboratory setting).
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