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Houby jako idealni modelové organismy

« Jednoducha stavba — mycelium, rozmnozovaci a
dormantni struktury...

* Rychly rust a kratka generacni doba, neomezeny rust
(dostatek biomasy), snadneé uchovavani

 Velka produkce potomstva

« Jednoduchy genom

» Pfevazné haploidni (snadna generace knockoutu)

*Ophistoconta, tj. jsou pribuzni ZivoCichum



Saccharomyces cerevisiae

» prototrof, pohlavni i nepohlavni rozmnozovani

. generaénidoba 1,25-2h |

* prvni genom eukaryota, 1996

* 12 Mbp, 16 chromozomu, cca 6300 genu (5800 je funkcnich)
» Schizosaccharomyces pombe (WGS 2002, 4970 genu)

Sp - Fission yeast | Sc - budding yeast



Schizosaccharomyces pombe - pombe = millet beer
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International Team Completes DNA Sequence of Yeast
April 24, 1996

An Internaticnal congortium of sclantizts announced today it has finished spelling out the entire genetlc code of a spacies of yeast
valuable to blologlsts and commonly used by bakers and brewers. The achlevemeant required detarmining the order of all 12,057,500
chamical subunits contained in the yeast's nuclear DNA. Yeast contains the largest genome -- or full set of genetic instructicns -- to ba
completely deciphered so far. Furthermore, the single-celled yeast is the most advanced crganism vet to be sequenced, belonging, with
humans, to a group called "eukaryotes." All eukaryotes share similarities in their cellular anatomy. including a distinct nucleus and
compartmental structures for carrying cut specialized processes.

Having the entire yaast DMA saquence now paves the way for sclantists to astudy all the Information ancodad In the organizm's genatic
blueprint. Containing some 6,000 genas arranged on 16 chremosomes, yeast has already provided biologists with a valuable resource
for determining the function of individual human geneas invalved in medical preblems, such as cancer, neurclogical disorders, and
skelatal disordars. Over the naxt faw years, sciantists in the United States and Europe will piece tageth.er for the first time a
comprahansive look al how all the ganes in a aukarystic eall function as an integratad systam.

"The yeast genome is closer to the human genome than anything completely sequenced so far," said Dr. Francis Collins, director of the
National Human Genome Research Institute (NHGRI), part of the Mational Institutes of Health (MIH). "The complete sequence will allow
us to move into a whole new area of biology — leoking at how all the genatic instructions work together to make a whale cell function ™

The yeast sequence information is available today in laboratory databases in Europe and the United States and will sogn be deposited in
the public database GenBank in the United Siates and the Eurcpean Molecular Biology Laboratory data library in Europe.

The yeast sequencing Initlative Involved 92 laboratories the European Union, as well as labs in the United States, Canada, the United
Kingdom and Japan. "In 1983, we made a gentleman's’ agreement not to compete, but to divide the work among us in order to complete
the ssquence rapidly with as little duplication as possible," said Dr. Andre Goffeau, who coordinated the European Union initiative fram
the Catholie Uinivarsitvy of | auvain in Balaiom "We aoread int o staka ot any tarritory and on saveral occassions NNA franmeants o ba

The yeast sequencing initiative involved 92 laboratories the European Union, as well as labs in
the United States, Canada, the United Kingdom and Japan. "In 1993, we made a gentleman's'
agreement not to compete, but to divide the work among us in order to complete the sequence
rapidly with as little duplication as possible," said Dr. Andre Goffeau, who coordinated the European
Union initiative from the Catholic University of Louvain in Belgium. "We agreed not to stake out any
territory and, on several occassions, DNA fragments to be sequenced were redistributed according
to the respective abilities of the sequencing teams."
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Saccharomyces cerevisiae

«Saccharomyces genome deletion project (2004), Schizosaccharomyces
pombe genome deletion project (2010)

Gene—Protein—Function Association via Mutants — the fundamental data
about the gene function

*Only 18% of genes is essential for the prototrophic growth (26% in S.
pombe)

» 31% shared with humans (incl. cancer related genes)
* The first synthetic chromosome (2.7 Mbp, rok 2014)

« fundamental knowledge about cell cycle, cell signalisation, senencence,
cell division, DNA reparation....

Scherens B, Goffeau A (2004) The uses of genome-wide yeast mutant collections. Genome biology 5:229
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New & Noteworthy

A Nobel Prize for Work in Yeast. Again!

October 03, 2016

Dr. Yoshinori Ohsumi has won the 2016 Nobel Prize in Physiology or Medicine for his

groundbreaking work on autophagy in yeast. This is the process whereby cells recycle
their worn out parts or where a cell, like Mobius, the snake eating its own tail, eats less
essential bits of itself to stay alive during times of starvation. Think Scarlett O'Hara

using her drapes as a dress in Gone With the Wind (or Carol Burnett’s hilarious parody).

Like many, many Nobel Prizes in the past, Ohsumi's work uncovered basic biological
properties using a model organism. In this case he used our favorite lab workhorse, the
yeast Saccharomyces cerevisiae, to piece together the steps involved in the recycling of
a cell’s own internal structures.

And like many other basic biological studies, this one has impaortant medical
applications. In this case the two most obvious are chemotherapy resistance and
amyloid-B aggregation in Alzheimer's disease, but it isn't restricted to just these two. For
example, a specialized form of autophagy that targets damaged mitochondria,

mitophagy, may not be working well in people with Parkinson’s disease.

Starvation-induced Selective
[non-selective) autephagy autopl

Cytoplasmic components.
organlies Spectfic cargo
salation membrane

- =

(Tn

=" o\.
e Degradation o
! 5 O \

Auncphigoseme ;Q’éf / 4 o

' s’ Q J
L et ~

oo oy = °

Fusion

Dr. Yoshinori Ohsumi has won the 2016 Nobel Prize in Physiology or
Medicine for his groundbreaking work on autophagy in yeast. /mage

from freethoughtblogs.com

The key to Ohsumi's work was finding a way to disrupt this process in yeast so that he could find the important genes underlying

autophagy using the awesome power of yeast genetics (#APOYG!). It turns out that this is trickier than it might seem because yeast and

their autophagosomes, the little vesicles that surround and encase the bits to be degraded, are very small and so hard to see. In fact, they

Leland H. Hartwell, R. Timothy (Tim) Hunt, and Paul M. Nurse won the 2001 Nobel Prize in Physiology or
Medicine for their discoveries of “key regulators of the cell cycle”.

*Roger D. Kornberg won the 2006 Nobel Prize in Chemistry “for his studies of the molecular basis of eukaryotic

transcription”.

Elizabeth H. Blackburn, Carol W. Greider, and Jack W. Szostak won the 2009 Nobel Prize in Physiology or
Medicine “for the discovery of how chromosomes are protected by telomeres and the enzyme telomerase”.

«James E. Rothman, Randy W. Schekman, and Thomas C. Stidhof won the 2013 Nobel Prize in Physiology or
Medicine “for their discoveries of machinerv reaulating vesicle traffic a maior transport svstem in our cells”



http://www.nobelprize.org/nobel_prizes/medicine/laureates/2001/
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2006/
http://www.nobelprize.org/nobel_prizes/medicine/laureates/2009/
http://www.nobelprize.org/nobel_prizes/medicine/laureates/2013/

Neurospora crassa (Sordaryomycetes)

*Red-bread mold

Prototrof

*Velmi rychly rust ~3 mm/h

*Prvni genom mnohobunécneho Eukaryota, 2003

43 MB, 10 000 genu, 7 chromozomu (0 25% méné nez
Drosophila)

*Studium knock-outu zasadné pfispélo k osvétleni funkce
jednotlivych genu

«Zakladni prace o bunécné fuzi, polarité, gene silencingu a
cirkadialnich rytmech...

*Studium pribuznych druht a rodu
*Neurospora spp., Podospora anserina












Neurospora crassa (Sordaryomycetes)

* 1941 G. Beadle a E Tatum - ozarfovanim ziskaly mutantni

kmeny u kterych porovnavali enzymatické aktivity.

e prvni definice genu - "one gene, one enzyme,

Nobelova cena 1958

GENETIC CONTROL OF BIOCHEMICAL REACTIONS IN
NEUROSPORA*

By G. W. BeapLE aND E, L. TaTUuM
BIOLOGICAL DEPARTMENT, STANFORD UNIVERSITY
Communicated October 8, 1941

From the standpoint of physiological genetics the development and
functioning of an organism consist essentially of an integrated system of
chemical reactions controlled in some manner by genes. It is entirely
tenable to suppose that these genes which are themselves a part of the
system, control or regulate specific reactions in the system either by
acting directly as enzymes or by determining the specificities of enzymes.!
Since the components of such a system are likely to be interrelated in
complex ways, and since the synthesis of the parts of individual genes are
presumably dependent on the functioning of other genes, it would appear
that there must exist orders of directness of gene control ranging from
simple one-to-one relations to relations of great complexity. In investi-
gating the réles of genes, the physiological geneticist usually attempts to
determine the physiological and biochemical bases of already known
hereditary traits. This approach, as made in the study of anthocyanin
pigments in plants,? the fermentation of sugars by yeasts® and a number
of other instances,* has established that many biochemical reactions are
in fact controlled in specific ways by specific genes. Furthermore, investi-
gations of this type tend to support the assumption that gene and enzyme

ipoF] Genetic control of biochemical reactions in Neurospora
GW Beadle, EL Tatum - proceedings of the National ..., 1941 - National Acad Sciences
From the standpoint of physiological genetics the development and functioning of an
organism consist essentially of an integrated system of chemical reactions controlled in
some manner by genes. It is entirely tenable to suppose that these genes which are

Pocet citaci tohoto €lanku: 1355 Souvisejici €lanky VSechny verze (poéet: 19) Import do p
Dalsi

https://www.nobelprize.org/prizes/medicine/1958/beadle/lecture/



Genetické pozadi rozmnozovani

21st Century Guidebook to Fungi, SECOND EDITION, by David Moore,
Geoffrey D. Robson and Anthony P. J. Trinci

5. Mating types in
Basidiomyeota

215;t Century Guidebook to Fun-gi,r SECOND EDITION, by Da\.-'id Moore, Geoffrey D. Robst;n and Anthony P. J. Trinci - % @

8.5 Mating types in Basidiomycota

The breeding system in Basidiomycota relies on two MAT loci. One locus encodes tightly linked Pheromones and pheromone Receptors (now called the P/R locus), and the other encodes homeodomain-type transcription factors (called the HD
locus), which determine events following syngamy. In basidiomycetes, as in other filamentous fungi, syngamy means hyphal fusion or anastomoesis’ as described in =
and produces progeny spores, the two haploid hyphae that fuse must differ at both MAT loci.

©n 5,16, above). For a successful mating that completes the sexual cycle

When the two MAT loci are on different chromosomes, meiosis can generate four mating types among the haploid progeny because the meiotic nucleus must be heterozygous at both MAT loci. The occurrence of four progeny mating types
defines this as a tetrapolar breeding system. Some basidiomycetes have a bipolar breeding system instead, which is controlled by a single MAT locus because either the P/R and HD loci are closely linked on the same chromosome and
segregate together, or because one has lost its function in determining mating-type. About 65% of the species in the Agaricomycotina (see Section 3.8) are tetrapolar, whereas Ustilaginomycotina and the Pucciniomycotina are predominantly
bipolar. Agaricomycetes, which includes most fungi that produce conspicuous fruit bodies, have evolved a system to increase the diversity of "alleles’ at both MAT loci, in some cases yielding species with hundreds or thousands of possible mating
types. Tetrapolar breeding systems, and especially this great diversity in MAT "alleles’, are believed to be adaptations to promote cutbreeding in organisms that, for the most part, rely on air currents to distribute their spores (5= 0 8.5, below)

The P/R system of Basidiomycota that governs hyphal fusion depends on small (10- te 15-aminc acd) lipopeptide pheromones, which are made from precursor polypeptides containing 25 to 40 amino acids by post-translation modifications at
both the M- and C-termini (Raudaskoski & Kothe, 2010; Raudaskoski, 2015). All active basidiomycete mating pheromeones isclated so far are hydrophobic diffusible lipopeptides that undergo farnesylation at the C-terminal cysteine residue of a
CAAXY motif ('C' is cysteine, "A’ an aliphatic amino acid. and "X’ is any residue) and amino-terminal processing. These diffusible pheromones are received by pheromone receptors. located in the plasma membrane with seven transmembrane
domains, which are coupled to = G-protein signal transduction cascades. This has beaen investigated in greatest detail in Ustilage maydis, where two interconnactad signalling pathways, one involving cAMP-dependent protein kinase and the other :
MAP kinase (Section 5.12, above). The two pathways converge to a HMG-transcription factor

ction 2.1, above) called Pheromone response factor (Prfl] which recognises and binds to the specific 'pheromone response motifs located in the
regulatory regions of the genes that the pheromone induces. Although the protein kinase cascade pathways are conserved over broad evolutionary distances, the transcription factors that ultimately activate or repress the specific target genes
are often species-specific (Coelho et al., 2017).

This way of controlling mating fusien is similar to the a- and a-factor B/R system of ascomycetes and is thought to predate the separation of Asco- and Basidiomycota clades. It is feasible that what is commen in this shared B/R system

contributes to the information interchange that takes place between the two fusing hyphal cells involved in fusion we described in 5 on 5.16, above. However, there are important differences between ascomycetes and basidiomycetes, in that

only homaologues of the a-factor pheromone and Ste3 pheromone receptor of the ascomycete system exist in basidiomycetes.

Identity-sensing specificity in basidiomycetes is done by allelic variants of the same type of genes, rather than depending on the "a-factor/5te3’ plus "o-factor/5tez” coupled sensing system characteristic of the ascomycetes (Casselton &
Olesnicky, 1998; Kies, 2015). Mating (syngamy or fusion) is initiated by a reciprocal exchange of pheromones recognised by matching pheromone receptor variants in both mating types, and thus the twe mycelia involved need to carry different
alleles of the pheromone and receptor genes at the P/R locus.

Many additional pheromene receptor-like genes have been identified in Agaricomycetes that are non-mating-type-specific receptors and are not sufficient to induce mating-specific development. Many of these nonmating-type-specific receptors
are located close to the B/R locus, while others are unlinked. Three distinctive features of these receptars are that:

* (i) they have lenger C-terminal cytoplasmic regions,
they lack pheromeone genes in close association, and
+ (iii) they show lower levels of intraspecific polymorphism.

Non-mating-type-specific receptors have been found in Coprinepsis cinerea, Phanercchaste chrysesperium, Laccaria bicelor, Postia placents, and several polypores (Coelho et al., 2017). Possible functions include = role in monokarystic fruiting or in

http://www.davidmoore.org.uk/21st Century Guidebook to Fungi
_ PLATINUM/



Jaderné pomery u hub

‘Monokaryotické mycelium — askomycety, primarni
mycelium basidiomycetu. Jedno jaderné.
‘Dikaryotické — sek. mycelium bazidiomycetu,
askogenni hyfa. Dvou jaderne.

‘Polykaryotické — Glomeromycota, a dalsi bazalni linie,
Dikarya daleko méne. Mnoho jaderné.

‘Homokaryotické — vSechna jadra geneticky identicka

‘Heterokaryoticke — jadra geneticky odlisna
(terminologie plati pro mono-, di-, i polykaryotické
houby)



Pohlavni proces - vyhody

‘rekombinace zvetsuje genetickou diverzitu, ktera je k
dispozici prirodnimu vyberu. Prospesné znaky se tak mohou

dostat z vazby znaku horSich

‘neprospesné mutace mohou byt vylouceny z populace

ey

ezasadni u hub zijicich v proménlivem prostredi (Red Queen
Hypothesis) (experimenty s kvasinkami ukazuji dulezitost
rekombinace pro zivot ve stresu)

* moznost uplatnéni pohlavniho vybéru u hub odpada, maji

zanedbatelny pohlavni dimorfismus



Pohlavni proces - nevyhody

 Hlavni nevyhoda pohlavnosti u jinych organismu, tj. Ze samci nemuzou rodit
potomky, u hub neplati (maji velmi omezeny pohl. dimorfismus)

* Ve stabilnim prostredi muze byt rozbijeni ustalenych kombinaci genu
nevyhodou (hostitelsky specificti a adaptovani symbionti)

» Pohlavni proces nese riziko pfenosu virt, defektnich organel a plazmidu

» Asexualnich spor se muze tvorit radové vice, a rychleji nez sexualnich

viwv s

v Ewv s
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Nevyhodnou nepohlavnosti je rozbiti vyhodnych, ustalenych kombinaci alel. To je problém u vysoce adaptovanych populaci.

Z tohoto duvodu jsou napfiklad symbiotické houby velmi €asto nepohlavni




Current Biology 20, 1350-1355, August 10, 2010 @2010 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2010.05.060

Report
Fithess-Associated Sexual Reproduction
in a Filamentous Fungus

Sijmen Schoustra,2* Howard D. Rundle,’-? Rola Dali,’ Facultative sexual species often engage in sexual reproduc-
and Rees Kassen' tion in response to environmental stress or degradation, sug-
1Department of Biology, Center for Applied Research in gesting that individuals in poor condition are more likely to
Environmental Genomics, University of Ottawa, undergo sex [11]. It is also well known, for instance, that the
30 Marie Curie, Ottawa, Ontario K1N 6N5, Canada protocol for inducing a sexual cycle in eukaryotic model micro-

—~

 allocate disproportionately more resources to sex when
their fitness is low (fithess-associated-sex)

» unfavourable conditions stimulates sexual reproduction
which offers new haplotypes to the natural selection

« E.g. Nitrogen starvation is used as a startert of yeast
sexual cycle

JOURNAL OF BACTERIOLOGY, Apr. 1980, p. 276-284 Vol. 142, No. 1
0021-9193/80,/04-0276,/08502.00,/0

Sporulation in Hansenula wingei Is Induced by Nitrogen
Starvation in Maltose-Containing Media

MARJORIE CRANDALL* anp L. J. LAWRENCE



Pohlavni proces - nevyhody

*Pohlavni proces vyzaduje najit geneticky kompatibilniho partnera (2, 4, &i
vice pohlavi)

-Homothaliéké druhy rodU Neurospora (mﬂiou se péﬁt sami se sebou) nemaji

konidialni stadium, kdezto heterothalické ano
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Nevyhody nepohlavnosti — Mullerova rohatka

» klonalost by méla vést k postupné akumulaci Skodlivych mutaci.
* castecCne Ize obejit velkou produkci diaspor - Cast z nich bude mit nezménené
fitness

* |ze obejit diky Parasexualmmu procesu — moznost rekomblnace bez
pohlavniho procesu

» Popsan u Aspergillus nidulans (1956)

» Fusarium monoliforme, Penicillium roqueforti, Verticillium dahliae, Verticillium
alboatrum, Pseudocercosporella herpotncho:des Ustllago scablosae
Magnaporthe grisea, Cladosporium fulvum..
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Fig. 1 The parasexual cycle. The parasexual cycle parallels events
in the sexual cycle, resulting in genetically unique haploid offspring
but without a meiotic reduction. a Hyphae of genetically unigue
homaokaryotic parents grow towards each other by chemotaxis and
fuse. b Nuclei from each unique strain migrate within the fused
Fypha, which is now considered a heterokaryon. ¢ Haploid nuclei
in the heterokaryon undergo karyogarmy to create a heterozygous
diploid nucleus. d The diploid nudeus undergoes mitatic recombi-
nation to produce a recombined genotype. e In growing hyphae,
gradual loss of chrormosomes due to repeated rounds of mitotic non-
disjunction results in haploidization and unique genatypes invarious
sectors of mycelium

* Déje se v ramci kmene i mezi kmeny (,kfizeni®)
stejné Vegetative compatibiilty group (VCG)

Kmeny ze stejné VCG tvori anastomozy (snadno

sledovatelny biologicky znak)

*Nasleduje fuze jader (2n, i vicenasobna,

endopolyploidie)

-vznikne heterokaryon i stejné jako u pbhl.

rozmnoz., ale s daleko mensi pravdépodobnosti
10-6-10°5 jader u A. nidulans) |

«Karyogamie — vzniklé 2n jadro je nestabilni

Strom and Bushley Fungal Biol Biotechnol (2016) 3:4
DOl 10.1186/540694-016-0022-x



Parasexualni proces jako zdroj variability

« Béhem naslednych mitotickych deleni dochazi k porucham v rozchodu

chromatid, coz vede k aneuploidii, a genetické rekombinaci

* Aneuploidi maji o jednu chromatidu mene Ci vice oproti diploidnimu
stavu (2n+1, 2n-1), naslednym délenim dochazi k haploidizaci.

« Obrovsky zdroj variability genomu

« Mitoticky crossing over (1/500 déleni) umoznuje dalSi rekombinaci

crossing-over muze byt i nerovhomérny, coz vede k duplikacim/delecim

Y, VA
urcitych casti genomu . ::,» ﬂs ._
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Peziza lobulata TAAM179671 Deziza 0p

Fig. 3. Relative nuclear DNA content in the hyphae of a pure culture of Peziza lobulata TAA179671. The ultimate nucleus has
higher growth potential compared with its sister nucleus. Replication in the nucleus of the top cell is faster than division,

while the posterior nuclei can be divided without replication and stop at the 1C value.
As a result, there arise endopolyploidization (in the apical cells) and haploidization (in the posterior cells).

C — the C-value which corresponds to genome size. Bar = 5 ym (Kullman and Teterin 2006).




Parasexualni proces jako zdroj variability
Velké rozpéti v po€tu chromosomu (6-11) i ve velikosti genomu (14,0-28,7
Mb) bylo nalezeno u Pleurotus ostreatus a P. pulmonarius (17,9-44,1 Mb)

Plodnice P. ostreatus vytvarela dvé subpopulace spor liSicimi se velikosti |
mnozstvim DNA.
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nucleus (pum )

N _ / haploid (n) 89

diploid (2n) 166

Diagrammatic comparison of germinating haploid and diploid spores of
Aspergillus nidulans. Redrawn from camera lucida drawings in Fiddy & Trinci,

1976.
vetsi jadra = vice cytoplazmy



Parasexualni proces jako zdroj variability

sector {homokaryon) heterokaryotic
hyphae of the
original strain

colony
heterokary

homokaryotic
hyphal tp

heterokaryotic vesicle
heterokaryotic stalk -—i*

heterokaryotic foot cell

Moore, D., Robson, G.D. & Trinci, A.P.J. (2011). 21st Century Guidebook to
Fungi. Cambridge, UK: Cambridge University Press. ISBN: 9780521186957 .
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Kombinace pohl. a nepohlavnosti

« Malé konidie jsou vhodné na rychlé rozSifeni na kratkou vzdalenost

» Meiospory (asko ¢i bazidiospory) jsou obecné odolnégjsi vudi stresu (teplo.

subho)

« Claviceps = askospory pFeZiVajl’

zimu a malé konidie slouzi k
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Odolné meiospory
* Aspergillus fumigatus — 70°C a 30 minut zniCi konidie
- askospory jsou tolerantni k extrémnim teplotam

- moznost izolace meiospor od mitopor

Identification and Characterization of an Aspergillus fumigatus
“Supermater” Pair

Janyce A Suguls Lillana Losada,b Wel Wang k John Vargak Popchal Ngamskulrungre) » Monas Abu-Asab,s Yun €. Changa
Cdine M. O¥Gorman,? Brian L Wickss®* Willlam C. Nierman,® Paul 5. Dyer,d and Kyung J. Kwon-Chung®
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USA= Schieeal of Biclogy, University of Mettingham, Hottingham, United Kingdom?: ard Degartment of Microbiclegy and Immauralegy, The University of Texas Health
Sderecs Certer at San Artonic, San Antonio, Texas, USA®
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HEITMAN ET AL.: SEX IN FUNGI 3

TABLE I. Comparison between sexual and asexual reproduction

Sexual reproduction® Asexual reproduction®
Energy cost High a Low b
Chance ol genetic/organelle conflicts High Low
Recombination load” (i.e. breaking down of High Low
co-adapted gene combinations)
Genetic diversity Stable or increase ¢ Stable or decrease d
Adaptation to changing/fluctuating environment Fast e Slow [
Purging deleterious mutations” More efficient Less efficient
Selection of beneficial mutations More efficient Less efficient

“a: Require energy for finding and interacting with mating partner; meiosis is more energy consuming than mitosis. b: No
energy needed to find and interact with mating partmer; mitosis 18 more energy efficient. ¢: Stable if the population is in
linkage equilibrium; increase if linkage disequilibrium 1s present in the population. In addition, meiosis may be mutagenic,
which can introduce substitutions and ploidy changes at a higher rate than mitosis. d: Stable if there is no selection; decrease if
there is clonal expansion. e: In some microorganisms such as fungi, sexual reproduction can also produce spores that can
better resist harsh environments, as well as be better dispersed. I: The adaption of asexual population also can be fast, if a
favorable genotype emerges and takes over the population by selective sweep.

bSee FIG. 3.

Mycologia, 105(1), 2013, pp. 1-27. DOI: 10.3852,/12-253
© 2013 bv The Mycological Society of America, Lawrence, KS 66044-8897
Issued 8 January 2013



Nepohlavnost je patrne je kratkodobou

evolucni strategii
‘U 20% hub neni znamo pohlavni stadium (Pringle et al.
2005). Typicky jde o odvozeni skupiny v ramci dane linie.
Velmi ¢asto klonalni populace, pouze jeden parovaci typ.
Nepohlavnost neni dlouhodobou evolucni strategii.

Glomeromycota - jedina skupina, u které se veri, ze je
cisté nepohlavni.

- Nebyla pozorovana pohlavni struktura

- tvori klonalni populace (alely jsou v silné vazbe)

X

- Glomus intraradices - identifikovany geny vyhradné spojené
s meiozou (Tisserant et al. 2012)
- Geny sexP and sexM v genomu Glomus intraradices jsou

pfedchudci MAT genu



Using a meiosis detection toolkit

to investigate ancient asexual
‘““‘scandals” and the evolution

of sex

Andrew M. Schurko and John M. Logsdon Jr*

BioEssays 30:579-583, @ 2008 Wiley Periodicals, Inc.

BioEssays 30.6 579

«  Geny spojené s meiozou ukazujici na aktualni ¢i nedavno ztracenou

schopnost pohlavniho rozmnozovani

«  Znamy univerzalni primery na cela Eukaryota

Table 1. Distribution of genes in the meiosis detection toolkit among representative eukaryotes

*PC OF OP2 i RECE RAD21 ' RADS51 MSH2,6
ANIMALS Homo + + + ar ar + + + - +.+
Drosophila - — - - -t + — + —= +.4
Caenorhabditis + + S S + + - + +,+ +.+
[FUNGI Saccharomyces + + + + + + ar + gt +.+
Schizosaccharo. + + + + + + + + —-= -
Aspergillus + + + + ar + + + - +.+
Crypiococcus + + + + + + + + ++ +,+
[PLANTS Arabidopsis + + + + + + + + ++ +.4
Onyza/Zea + + + + + + + - + 4+ +.+
Cyanidioschyzon - - + -t + L + ++ +.+
[PROTISTS Entamoeba - - - -t + L + ++ +.+
Flasmodium + + + + - - + — = e
Trypanosoma + + + + + + - ++ +,+
Giardia + + + + + — - - 44

Gene names in black background/shaded columns are meiosis-specific. "+ = gene present and "—" = gene absent. Open spaces indicate genes that have

not yet been found, but for which genome data are insufficient and/or levels of sequence conservation may be too low for detection.




Self-, non-self-recognition
- basic for species boundary maintenance
 Vegetative incompatibility — ability of cell fusion

« Sexual incompatibility — ability of mating, recombinatin
prezygotic barriers

postzygotic barriers
* Meiotic mutants
» Spore Killers
* Intersterility
Lower fithess



Homo- vs. Heterogenicka inkompatibilita
« Heterogenicka inkompatilita — kompatibilni jedinci jsou geneticky shodni
- typicky pfi rozpoznavani somatické inkompatibility (coz je prvni krok pfi

parasexualnim procesu), nutnost shody ve velkém poctu genu

- podporuje inbreeding a tvorbu geneticky izolovanych linii

« Homogenicka inkompatibilita — kompatibilni jedinci jsou geneticky odliSni
- typicky pri regulaci pohlavniho cyklu (postplazmmogamickeé procesy)
- nutnost shody v mensim poctu genu (1-2)

- podporuje outbreeding, rekombinaci a speciaci

 Tyto antagonistické pochody jsou hnaci silou evoluce

« analogie s histokompatibilitou tkani (nutnost genetické shody) vs

pohlavni rozmnozovani (nutnost opacné genetické vybavy) rostlin a
zivoCichu



Somaticka (vegetativni) inkompatibilita

Zamezeni fuze hyf mezi mycelii, jako nasledek jejich genetické vybavy,
jiné nez je uréeno faktory parovacich typl (mating- types factors,
MTFs)

somaticka inkompatibilita (somatic incopatibility, SI) = myceliarni
inkompatibilita = heterokaryonova inkompatibilita nebo nejCasté;ji
vegetativni inkompatibilia

Pouze u askomycetu a bazidiomycetu.
ZajiStuje, Ze dojde k fuzi pouze velmi podobnych jedincu
adaptivni funkci vegetativni inkompatibility je obrana kmene houby proti

transferu cizorodé cytoplazmatické DNA. Muze se jednat 0 mutované
mitochondrie, viry a plazmidy.



Somaticka (vegetativni) inkompatibilita

fizeno geny het (alely pro heterokaryonovou inkompatibilitu)= vic (alely

pro vegetativni inkompatibilitu, multilokusové. Dale ne-alelickym systemem
gend.

Kompatibilita = fuze jader, shoda ve vSech het lokusech, pfislusnost ke
stejné vegetative inkompatibility group (VCG) = intersterility group (i-S)

VCG jsou v ruzném pojeti pouzivany jako biologicka rasa, ale prevazné
nekoreluje s biologickym druhem

Nekompatibilita = alespon nekteré lokusy rozdilné
- fuze buneék, transfer protoplastu a nasledna denaturace cytoplazmy.
Ostatni sektory hyfy se brani tim, ze uzavrou por v bunécné sténé nebo
vytvori novou cytoplazmatickou membranu. Mozny transfer
cytoplazmatickych elementu. V kontaktni z6né vznika makroskopicky
pozorovatelna barrage

-k fuzi nedochazi, vytvori se barrage
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Fig. 3 Vegetative incompatibility. a Hyphae of vegetatively incompatible filamentous fungi grow towards each other by chemotaxis. b Hyphal
fusion occurs, resulting in a heterokaryon. ¢ Expression of incompatible het genes in the heterokaryon leads to sealing of septal pores, autophagy,
and programmed cell death. Vacuolization and the formation of additional septa (not pictured) also occur. Autophagy (represented by small circles

in the cytoplasm of the heterokaryon) may prevent the spread of pro-death signals and is not thought to contribute to the cell death process. Thin-
ning of the heterokaryotic filament accompanies cell death

Strom and Bushley Fungal Biol Biotechnol (2016) 34
DOl 10.1186/s40694-016-0022-x




FIGURE 3 - Somatic
incompatibility assays between
Diaporthe  phaseolorum  var.
meridionalis obtained from soybean
fields) and D. caulivora isolates. A.
B. Front and reverse of the mycelia
growing in PDA: 1, D. phaseolorum
var. meridionalis  (HQ130439,
Argentina); 2, D. phaseolorum var.
meridionalis(HQ130438,Paraguay);
3, D. caulivora (HM625760,
Argentina); 4, D. caulivora
(HM625758, Argentina); C. Reverse
of the mycielia growing in PDA: 5,
D. phaseolorum var. meridionalis
(HQ130440, Argentina); 6, D.
caulivora (HM625770, Argentina).
The darkened contact zone
represents barrage formation. D-F.
Hyphae from the barrage zone
from confrontation HM625770 vs
HQ130440; D. Thin and thickened
brown hyphae; E. String of empty
brown cells; F. Vacuolized cells.
Bar= 10 pm.

Tropical Plant Pathology 39 (4) July - August 2014






Figure 3. Nuclear staining of conidia. conidiogenesis. and of the heterokaryotic colony, with the HCI- Giemsa method. (A)
Nuclear staining of conidia. 1 — parental strain 12L: 2 — parental strain 9L; 3 — heterokaryotic colony; 4 — recombinant strain 18 R.
(B) Nuclear distribution of nuclei during the conidiogenesis. 1 — parental strain 12L: 2 and 3 — heterokaryotic colony: 4 —
recombinant strain 23R. (C) Nuclear staining at hyphal anastomosis regions in the heterokaryon. 1 — a region of contact and initial
anastomosis process; 2 — anastomosis region showing a nucleus with an active movement (arrow); (D) Nuclear staining of
heterokaryotic colony. 1 — multinucleated hyphae compartments containing integral nuclei; 2 — intensely stained hyphae (arrow).

that may be an indication of a cellular death process; 3 — hyphal compartment showing a cytoplasmatic grainy material;

(Magnification, 1.000 X).

Brazilian Joumal of Microbiology (2011) 42: 1625-1637
ISSN 1517-8382

LIMITED VEGETATIVE COMPATIBILITY AS A CAUSE OF SOMATIC RECOMBINATION IN Trichederma

pseudokoningii

. 1+ . I S . L 3
Fernando Gomes Barcellos™ , Mariangela Hungria®, Aline Aparecida Pizzirani-Kleiner



Somaticka (vegetativni) kompatibilita
* Neurospora crassa - 11 het lokusu (8 lokusu bialelickych)
« A. nidulans - 8 het lokusu, jeden z nich het-C, ma tfi alely a het-B ma
Ctyri alely

* Pocet VCG se ruzni dle biologie i ekologie houby. Lokusy (dle sily
vazby) mohou rekombinovat béhem pohlavniho rozmnozovani. Tak
napfiklad 10 lokusu se dvéma alelami muze generovat 1000 VCG (v
praxi nalézame pocty daleko mensi).

» Cryptonectria parasitica izolované z jednoho mista v priubéhu Gtyr
naslednych let patfily k 6, 11, 38 a 48 VCG. Mozné vysvétleni tohoto
narustajiciho poc¢tu VCG je postupny meziro¢ni vznik novych VCG
rekombinaci.

- zadne VCG u Verticllium longisporum , 3 VCG u V. dahliae
- 125 VCG u Fusarium oxysporum

- Heterokaryon self-incompatibility — omezena schopnost tvorby
anastomoz u nékterych kmenu, 1-2% kmenu z pfirody. Uréeno ne-

alelickym systémem



Somaticka (vegetativni) inkompatibilita

nekompatibilni S| reakce vétSinou nezabrani naslednému uspésnému
pohlavnimu procesu mezi izolaty z riznych VCG (Aspergillus nidulans, je
predpoklad Ze exprese het genu je potlacena), kdezto u pribuzneého druhu

A. amstelodami k pohlavnimu procesu mezi ruznymi VCG nedochazi

Vyjimecné (N. crassa) faktory MAT vystupuji zaroven jako faktory Sl

TABLE 1  Molecularly characterized genes involved in vegetative incompatibility {inc.) _—:'
LA
Species and pene  Class of gene Nature of the protein and its functional motifs References :
Newrospora crassa Z
mat A-1 Allelic et gene Mating-type transcriptional regulator; o-domain (Mate 1p) 44 o
et a-1 Allelic et sene Mating-type transcriptional regulator; HMG box 105 2
ol Mediator, mai inc. Caoiled-coil, leucine-rich repeat, region with similarity to 1044 9
HET-6 and HET-E =
her-¢ Allelic ket gene Signal peptide, variable domain (specificity), glycine-rich region 102, 103 v
un-24 MNonallelic her gene Ribonucleotide reductase; allosteric activity site, variable 105, 106 E
domain (specificity) '
het-f Nonallelic frer gene Region with similarity to TOL and HET-E 106
;%J{!{).Tﬂ(”'ﬂ ansering
het-x Allelic fret gene Prion analog; single amino acid differences alters 28, 109
allelic specificity
het-e MNonallelic fier gene GTP-binding domain, WD repeat. region with similarity 38,98
to TOL and HET-6
hei-¢ Monallehe fier gene glycolipid transter proten; amphipathic a-helis, single a7
amino acid differences alters allelic specificity
-1 Modifier, fref-CAE inc. c-subunit of (i protein; GTP-binding site 73
- Modifer, her-RAV ine. Heat-shock protein (Hep®) family) 72
fdi-2 Induced by fiet-RAV inc, ."iigl'ml |k'|‘1[i|'ll: 2]
ineerd-A Meodifier, nonallelic inc. SH3-binding domain 7
fdi-1, idi-3 Induced by nomallehe ine. Signal pepbde 21
pspA Induced by nonallelic ine.  Serine (vacuolar) protease 1043




Somaticka (vegetativni) kompatibilita
« Pozorovanim morfologie mycelia na hranicni zone (barrage)

« Studium VCG pomoci nitrat-reduktazovych mutantt (nejpresnéjsi
metoda)

« KCIO, je mutagen - vétSina chloristan-rezistentnich kmenu (cca 90 % u
G. lavendula) je zaroven mutovana v nitrat reduktaze (nit mutanty)

« rozdéleni na nit1,2,3, nitM pomoci schopnosti ristu na hypoxanthinu,
nitritu a nitratu (mutace v jiném useku genu)

Geosmithia lavendula, auxotrofni mutanti fuUzuji za vzniku prototrofniho jedince



Parameioticky cyklus

« Obdobou parasexualniho cyklu, ale 2n jadro je velmi nestabilni
a k haploidizaci dochazi uz v samotné hyfe, kde doslo ke
karyogamii.

* Tj. velmi podobné pohlavnimu rozmnozovani

« Znamo u Beauveria bassiana, Metarhizium anisopliae a A.

nidulans



Pohlavni rozmnozovani askomycet

Pohlavni rozmnozovani u askomycet je velmi podrobné prostudované a bylo
jiz identifikovano mnoho genu (200-500) zapojenych v sexualnim procesu.
KliCoveé jsou parovaci geny (mating-type genes, MAT genes).

Jednolokusovy, dvoualelovy systém (= dimikticky, bipolarni — ,dvé pohlavi*)

Regulacéni bod je pred tvorbou gametangia a pfi jejich kontaktu
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Fig. 250. Life cycle of a heterothallic species of Newrospora.

 produkce jednoho typu konidii, které slouzi jako propagule i spermacie

» makrokonidie a mikrokonidie jako propagule i jako spermacie (Neurospora)

» mikrokonidie nekliCi v kultufe a patrné slouzi pouze jako spermacie (Claviceps)



Pohlavni rozmnozovani askomycet

V MAT lokusu (pfesnéji MAT1 lokusu) mohou byt dva rizné typy MAT
genu oznacovany jako MAT1-1 / MAT1-2 (&i zkracené MAT1 a MAT2), Ci
MATa / MATA nebo MAT+ a MAT- pripadné jako MAT a /MATa u kvasinek.

MAT1-1 a MAT1-2 jsou sice pribuzné, ale sekvencne i funkéné znacnée
odliSné (5301 bp vs 3235 bp u N. crassa) a u heterothalickych druhu se
nazyvaji idiomorfy. U homothalickych hovofime pouze o MAT lokusech.
Pouziti terminu je zna¢né chaotické. Chyba je nazyvat je MAT alelami.

MAT1-1 koduje alpha box (domain) mating type protein s funkci
aktivatoru transkripce. Reguluje signalizaci zalozenou na feromonech a
receptorech. MAT1-1 protein muze pfimo interagovat s MAT1-2 proteinem

MAT1-2 koéduje protein s HMG (high mobility group) DNA binding
doménou (protein, ktery se vaze na DNA), regulator transkripce.

W2, SLA2 N ‘alpha N4 HMG YA APNT/ N/RREIEEITE
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Pohlavni rozmnozovani askomycet

Homothalické (=homomiktické) druhy jsou schopny samo-oplozeni (=
autogamie, self-fertile) bez nutnosti kfizeni s partnerem

Homothalicke druhy jsou zaroven schopné tvorby askospor s
kompatibilnim partnerem pri vhodnych podminkach prostredi, coz
znamena, ze mohou profitovat z vyhod rekombinace.

Homothalicka sexualni reprodukce samooplozenim je z genetického
hlediska v podstaté klonalni a stejna, jako asexualni reprodukce (Nauta &
Hoekstra 1992).

heterothalické druhy (=heteromictic) nejsou schopny pohlavniho

rozmnozovani pomoci samooplozeni, ale musi se zkfizit s partnerem

opacneho parovaciho typu (=alogamie).



Pohlavni rozmnozovani askomycet

MAT1-1 i MAT1-2 idiomorfy mohou mit vice alel (MAT1-1-1, MAT 1-1-
2 a MAT1-1-3)

U heterothalickych hub nese kazdy jedinec jeden parovaci typ
(kompatibilni kombinace je MAT1-1 a MAT1-2)

U homothalickych jsou MAT1-1 a MAT1-2 spojeny v jednom lokusu,
Ci se nachazeji v samostatnych lokusech v ramci jednoho genomu,
nebo je vzacné (Cryptococcus, Candida) pfitomna pouze jedna
idiomorfa (same-sex mating)
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Nezbytné jsou
pouze
MAT1-1-1
MAT1-2-1

- —_—
MATT-1| apn2 sla2
Botrytis cinerea MAT1=1-5 MAT1-1-1
(heterothallic) — . S—
MAT1-2| apn2 4@ slaZ2
MAT1-2-1 MAT1-2-4
Sclerolinia scleroliorum [anns 11— _ﬂ_ _m_ olg?
I"h‘:'mﬂmaﬂ'":j MAT1-1-5 MATT-71-1 MAT1-2-4 MATT-2-1
—
MATT-1| apn2 4@— —ﬂ— sla2
Neurospora crassa MAT?-1-3 MAT1-1-2 MATT-1-1
(heterothaliic)
MAT1-2[ apnz < sla2
MATY-2-1  MATI-Z2-2
— e —
Sordaria macrospora [ -2 _M_ _w alad
fhﬂmﬂfh-ﬂmﬂ_} MATT=2-1 MAT1=-1-3 MATT=-7-2 MATH=-T=7
—,n. —
MAT1-1 [ apn2 F sla2
Aspergillus fumigatus RAATH-4-4
(heterathallic) MAT1-2 [ apn2 mﬁ =
MAT1-2-1
—',. B —
Aspergillus nidulans  Chr. V1 { apn2 —m— Chr. Il —ﬂ— sla2

(homaothaillic)

MAT Y27

MAaTT-11

Sordariomycetes Leotiomycetes

Eurctiomycetes



Pohlavni rozmnozovani askomycet

« Urcovani pohlavnosti pomoci primerud, chybi univerzalni primery

- MAT lokusy jéou oh_raniéeny konz_ervativhl’mi geny - prdteiny S
GTPazovou aktivitou, geny pro B-glukosidazu, geny pro
cytoskeletarni proteiny, SLA2 gen ...

 Tyto konzervativni oblasti Ize vyuzit pfi hledani PCR primeru pro MAT

geny.
MAT1 primery

e
——
et
Pt
et
—




Hauving sex, ves, but with whom? Inferences from fungt on the evolution of anisogamy and mating types

O Heterothallic

A\ Pseudohomothallic

@ Homothallic (two MA T idiomorphs)
¢ Apomictic, asexual, putatively asexual

¥ Homothallic (a single MAT idiomorph,
same-sex mating)

+ More than two mating types

o Suppressad recombination around
MAT locus
[ ] Marginal system only present in some
strains
— Suggested acquisition of MAT genes
¢ by lateral gene transfer

Sordariomycetes

Truncated MAT A-2r— Neurospora africana v
NoMATa1 |Truncated MATAZ . $EPIg0sensis @
N. dodgei W
3 . ineokta g

Truncated MAT a-1
funcats 2 Gelasinospora calospora @

N sublineolaia @
—| G. fetrasperma &\

G.cerealis @
Truncated MAT a-1 N. pannonica @

Tpuncated MAT a-1, no MAT A-3 N, ferricola @

N.crassa O

N sitophia O

N. tetrasperma & @
N. infermedia ()

N. discreta )

S. sclerogenia O
S brevicalls O (@)
Podospora anserina A @

Sordaria fimicola @
’—: S. macrospora @

Amium arizonense %

_1: Chaetomium aureum @
C. elatum O

C. funicula @
L——C globosum @

Magnaporthe grisea [
Fusarium oxysporum 4
Gibberela fujikurol O
F. graminearum @

F. asiaticum @

F. acaciae-mearnsi @

F. boothi @

F. mesoamericanum @
F. cortaderiae @

F. brasilicum @

F. austroamericanum @

F. meridonale @

F. unuiosporum O

F. cerealls [

F. culmorum O

F. pseudogramiearum O
Glomeralla cinguiata O +
G. graminicola (] (@)

G. indemuthiana O
Ceratocysiis eucalypti O
C. coeruescens O @
C. pinicola O @

C. virescens () @

C. fagacearum O

¢ fimpriata O @
Chromocrea spinulosa oe

Ophiostema novo-uimi () ‘7_”
O. uimi O

Leotiomycetes

Cryphonectria ale)

Fig. 5. Legend on previous page.

Biological Reviews 86 (2011) 421442

17 Sclerotinia trifoiorum O @
S.minor @
\; . sclerotiorum ‘@
Botrytis cinerea (O @)

Botryatinia squamasa ]

B. convoluta O

B.pori @

B. globosa @

Pyranopeziza brassicasa (]

Eurotiomycetes

Dothideomycetes

To Saccharomycotina

To Basidicmycota

431

2010 The Authors. Biological Reviews @ 2010 Cambridge Philosophical Society



O Heterothallic

A Pzeudohomethallic ————Sordariomycetes
@ Homgthallic (two MAT idiomarphs) Eurotiomycetes
¥+ Aporictic, asexual, putatively asexual

W Homathallic (a single MAT idiomorph,
samersex mating)

+ Meore than two Mating Types

® Supptessed recombination around
MAT locus

Aspergillus fumigatus [
Unlinked MAT Neosartorya fischeri @ g%
N. spathulata ()

N. otanii O

N. fennelliae O

N. nishimurae O

N. udagawae (O

N. indahii O

N tsurutae O
Unlinked MAT A. nidulans @

A. flavus O
|—E A. oryzae [
["|Eurotiomycetes ii
y Linked MAT A,parasmc%rs ]
Petromyces alliaceus @

Penicilium chrysogenum ke

[ Marginal system only present in some
siraing

— Suggested acquisition of MAT genes
¢ by latgral gene transfer

Talaromyces flavus @
T. stipitatus @
T. derxii O

Penicilium mamefiei %

[ Histoplasma capsulatum O
\_: Coccidioides immitis (O
C. posadasii O

Bipolaris sacchari ¢

— Cochliobolus heterostrophus (]
C. luttrelli @
C. carbonum O

C. victoriae O
C. homomormphus @

_E C. ellisi O
C. cymbopogonis @
C. intermedius (J

C kusanoi @

Dothideomycetes

Stemphylium herbarum @

S. gracilarias @
S. majusculum @
8. astragali @
8. etumiunum @

S. botryosum @
8. lancipes @
S solani @
4,— S. callistsphi @
P I: 5. triglochinicola @

5. paludiscipi @

S sarciniforme [
8. trifolii O

5. xanthosomatis (O

1l

Mycosphaerella fijiensis O
M. eumusae O

M. musicola O

M. graminicola O

_________________ To Saccharomycotina

__________________ To Basidiomycota



[ Heterothallic

A Homothallic by MAT switching (sllent cassettes are present)

W Homothallic without switching by sama-sex mating
Putatively asexual

3 Three MAT loci are present despite lack of MAT switching

B

Saccharomyces cerevisiae &
Saccharomyces paradoxus &
Candida glabrata 4%
{K!uyveromyces delphensis A

Candida castelli 4%

Zygosaccharomyces rouxii &

Kluyveromyces thermotolerans() 3
{Samharomyces Kluyveri [

_E Kluyveromyces lactis var. lactis (] 3
Eremothecium (Ashbya) gossypii (] 3

Candida albicans %%

_|: Candida tropicalis 3%
_|: Candida parapsilosis 3F
Lodderomyces elongisporus ‘W

_|: Candida (Pichia) guilliermondii [
Debaryomyces hansenii 4

Candida (Clavispora) lusitaniae [

Yarrowia lipolytica ()

Schizosaccharomyces pombe A

C ([ Heterothallic
A Peeudohomothaliic (spores including nuclei with different mating types)
A Homothallic by mating type switching
' Homathallic by same sex mating
@ Tetrapolar
O sipolar

+ Multiple mating types

2 Two mating types

@ Region of supressed recombination

— Uniparental mitochondrial inheritance at plasmogamy

* Uniparental mitochondrial inheritance at
plasmogamy controlled by mating type

<« Biparental mitcchondrial inheritance

at plasmogamy

Agrocybe aegerita D+ — A
Agaricus bisporus O+ —AY)
Agaricus bitorquis O+ — ()
Coprinus cinereus @ + +— [
Coprinellus disseminatus oO+0
Armillatia bulbosa @) + +— (O
Pleurotus diamor O 4 [

Schizophyllum commune @ + —* ([
Lentinula edodes @ + +—
Stropharia rugosoannulata @+ O
Pholiotoa nameko O 2 [

Laccaria bicolor @+
Amylostereum areolatum (zy 4 [
Heterobasidion insulare O 4+ )
Heterobasidion annosum ()4 [

_|
-

Marginal system only present in
some strains

Ganoderma boninense @ 4 )

Thyphula ishikariensis @ + O

Thanatephorus cucumeris () 2()
Cryptococcus neoformans () 2 @9 §

Sporisorium reifianum @ + O
Ustilago maydis &2 4 [

02 O

Microbotryum violaceum O 2 @ #» O

Ustitago hordei

Rhodosporium turcloides () 2 ()



(b) Dothideomycetes

Cochliobolus luttrelli
Heterothallic MAT-1 MAT-1/2
———- —_—y  ——
Cochliobolus heterostrophus L
MAT-1 MAT-2
MAT -1 +
MAT1-2 Cochliobolus homomorphus
MAT-2/1

e

Cochliobalus kusanoi
MAT-2 MAT-T
Cochliobolus cymbopogonis
MAT-1 MAT-2
(c) Eurotiomycetes (As illus) ]
e perg homothallic
Homothallic ancestor
MAT- ] MAT-2
Tramslocating broak Segregation
MAT-1
MAT-1 MAT-2 i —-
Aspergillus nidulans AT
Homaothallic Aspergillus fumigatus, Aspergillus ory,
Heterothallic

)
Alpha box

—>
HMG domain

Heitmann et al. Eds (2007)



(a) Sordariomycetes

Heterothallic

Neurospora crassa, Podospora anserina
Fusarium oxysporum*, Gibberella fujikuroi

MAT]-1-3 MATT-1-2  MAT1-1-]

Homothallic
(mt A-3)  (miA-2) (mtA-1)
MAT]- ] e a—— Gibberella zeae
MATI2 = 1 - 1- 2
e g MATI-1-3  MATI-1-2  MAT1-1-]  MAT1-2-1
{mta-1)
. Sordaria macrospora
Mngnﬂpunhggﬁm ? MATT-1-1  MATI-1-2 MATI-1-3 MAT]-2-]
MAT?-1-3  MATT-1-2 MATT-1-1
MAT . | =il —a—l— < ——

MATT 2

MATI-1-3  MATI-2-1

Heitmann et al. Eds (2007)



Pohlavni rozmnozovani askomycet

« V arealu musi byt k dispozici oba parovaci faktory
- Phytophthora infestans, v Evropé dlouho byli jen jedinci stejného pohlavi
- Pseudogymnoascus destructans. V USA jen jeden parovaci typ, v Eurasii

oba

« Rada &isté nepohlavnich druhd ma jen jedince stejného pohlavi

« Ztrata kompatibilniho partnera je silny nastroj speciace (€asto u dermtofyt)

Organismus Procentudlni
zastoupeni MAT1 :
MAT2

Pocet Reference

hodnocenych

Aspergillus fumigatus 45,4 : 50,6

Aspergillus terreus &0 : 40

Neosartorya 41,6:58,3
udagawae

Trichophyton 86:13,24
mentagrophytes

{druhovy komplex)
Cryphonectria 97:1

parasitica

Tabulka 5. Procentudlni zastoupeni MATL & MAT2 v populaci riznych druhd

(pfevzato z Dudova 2011)

izolath
91 0'Gorman et al. _ :

(2003) « Cilenym kfizenim lze hledat
= Eagle (2009) neznamé teleomorfy. Kfizit se musi
12 Sugui et al. (2010} g meciap oy s W ; i

jen kompatibilni jedinci s velkou

- symoyens et L. genetickou podobnosti

(2011)
535

Vol 457|22 January 2009 |deiz10.1038/nature07528 nature

Discovery of a sexual cycle in the opportunistic fungal
pathogen Aspergillus fumigatus

Céline M. O'Gorman™?, Hubert T. Fuller' & Paul S. Dyer2
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Figure 3 Central European isolates of P. destructans have two mating types (MAT1-1T or MAT1-2). (A) Southern blot of the MAT locus of the North
American isolate (20631-21) and 23 isolates from central Europe. Expected banding pattems for an EcoR! digestion of MAT1-1 strains is a single
band of 3.183 kb. Expected banding pattern for EcoRl digestion using MAT1-2 as a probe is three bands of 2.6 kb, 2.063 kb, and 0.699 kb.
European isolates of P. destructans collected from the same hibernaculum and date, different individual bats, but opposite mating types are
demarcated with a red line above the isolate name. (B) Schematic of the two MAT idiomorphs in P. destructans illustrating the gene prediction
structure and restriction enzyme cut sites. Radio-labeled probes used in the Southern blot are indicated by a black line.

Molecular Characterization of a Heterothallic
Mating System in Pseudogymnoascus destructans,
the Fungus Causing White-Nose Syndrome of Bats

Jonathan M. Palmer,* Alena Kubatova,” Alena Novakova,*$ Andrew M. Minnis,* Miroslav Kolarik,*$
and Daniel L. Lindner*’

= G3Genes| Genomes | Genetics Volume 4

September 2014



MAT1-1 + MAT1-2

MAT1-1
MAT1-2

MAT1-1-1

*

MAT1-1-3
MAT1-2-1

*

PPg1

*

pret
pre2

*

fadt
sfad

apg1
mpk2

*

stet
vall
vel2

lag1

actt

MAT1-1-3

VEL1
VEL2
LAET

GPG1

MAT1-1-1 —» PPG1— «a-pheromone

!
QU3

SFA‘;ADT
!

MPKZ2

|

STE1

|

MAT1-2-1 —» PRET _00 i‘m\ PREZ

o

Sexual
evelopmen

J

Figure 4 Putative genes involved in sexual re-
production are expressed in laboratory culture.
(A) Semi-quantitative reverse-transcriptase PCR
was used to measure gene expression of genes
predicted to be involved in sexual reproduction.
All PCR reactions were conducted with 32
amplification cycles except for those marked
with an asterisk (*), where 42 amplification cycles
were used. Mating type MATT-1 is required for
expression of the precursor to alpha-pheromone
(ppg 1), whereas MAT1-2 is required for expres-
sion of the G-protein-coupled receptors prel
and pre2. Expression of MAT1-1-3 is only found
when both mating types were co-cultured. (B)
Proposed diagram of genes involved in sexual
reproduction in P. destructans based on homol-
ogy and expression in laboratory culture.



Pohlavni rozmnozovani askomycet

Pseudohomothalismus (sekundarni homothalismus)

tvori se dva typy askospor. Prvni, dvoujaderny typ askospor je CastéjSi a
obsahuje dve geneticky odlisSna jadra, uzavrena v jediné pohlavné vzniklé
askospore. Askospory byvaji ve Ctyfsporych vieccich a funkéné jsou
homothalicke

Druhy typ akospor je mensi a meéné Casty. Tento typ je haploidni a vznikli
jedinci se chovaji jako heterothalicti. | _
Podospora anserina, Neurospora tetrasperma a Gelasinospora tetrasperma

—
—{ AT} — —{ L

soJoe ] 80 )w’mﬂ"'@ﬂm 8

Germination

each MAT present
n separate nucleus



Phylogenetic species — int int int int int int
.], Biological species — int int int int int int v, dorh guis >
| Originalsp. — int int int int int it ° DalSigeny odpovidaji za spravnhou
Region — India India India India India India tvorbu plodnic a spor -
. 3 * Neshoda v fmf-1 genu (female/male
intint - intIndia fertility) vede ke tvorbé plodniéek

int int int India
int int int India bez askopor u N. crassa

int int int India
int int int India
int int int Carb
int int int Carib
int int int Carb
int int int Africa
int int int Africa
int int int Africa
int int int Africa
int int int Asia
int int int Asia
int int int Asia |[D35
int int int Asia [D8 |21 [28] 22]21 ] 11 [24 Category of Reproductive Success

I >50% black ascospores
India D103 | 8 | 15-50% black ascospores
cra cra cra ] 3 & 4| <1% black ascospores; & 1-15% black ascospores
cra cra cra India |D104 2 | perithecia developed ostioles, no ascospores ejected
. 0 &1/ sterile, no perithecia produced; & barren perithecia, no ostiole developed
cra cra cra India |D106 —

o O O

@ ¢

Oy O

]

L

[

=D
G G

cra* cra* hyb* India (D42 | 2/2 | 22| 2/2 | 2/1 | 313 | 2/

cra® cra* hyb* |India |[D100| 2/2 | 01 | 01| 11| 1/0| 11

cra cra cra Carib |D116 /04 3/3 | 3/3 | 32| 3/0 | 33

cra cra cra Carib |D85 3313330 13

cra cra cra Carib |D59 i2nlasias| T

cra ora cra Carb [060 T30 8] i S S e
cra cra cra Carib |D88 S'IHB'm m TErEMY R. DETTMAN.I2 DAVID J. JaCOBSON.23 ELIZABETH TURNER. ANNE PRINGLE. AND JoHN W. TAvLOR?




Pohlavni dimorfismus

Obé pohlavi tvori samci i sami€i pohlavni organy

Jednotliveé pohlavi se lisi hlavné v MAT genech. Vice znamo jen u
Neurospora.

oblast chromozomu (7 Mbp) s MAT lokusem u Neurospora tetrasperma
ma omezenou rekombinaci. MAT1-1 Ci MAT1-2 jedinci se liSi expresi
téchto gent (Samils et al. 2013). Podobné tomu je i u Microbotryum
violaceum, kde navic zname pohlavni dimorfismus v karyotypu.
Dimorfismums se zda byt na urovni- miry exprese genu

MAT1-1 a MAT 1-2 jedinci maji jiné optima i morfologii (barva mycelia,
konidii, protoperitecia). MAT1 je optimalizovany na pohlavni
rozmnozovani a MATZ2 na rust a rozmnoZzovani (N. tetrasperma)

Nicméné N. crassa zadny dimorfismus nevykazuje.

PROCEEDINGS Sex-linked transcriptional divergence in

Ol ) :
THE ROYAL | <4 the hermaphrodite funqus Neurospora
SOCIETY JLJ tetrasperma

tspb.royalsocietypublishing.org Nicklas Samils!, Anastasia G|:?113_ h’lﬁgn_us Karsson®, Yu Suni._Takﬁ:J Kasuga®,



Fertilization of A4

Protopernthecium
of mating type A

Mycelium (M) of —
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Fertilization of a

Protoperithecium
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= Mycelium (N) of
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o Jh 9
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(o O Ascus initial
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Ascospores from / Ascus sac
mitosis (M)

http://en.wikipedia.org/wiki/File:Neurospora_crassa_life cycle.jpg




Medium stimulujici rust protoperithecii ) Medium podporujici-vegetativni rist

(a)
N. crassa N. crassa
strains 2489/4200 strains 2489/4200
mat Almat a mat Almat a
293/120 2777108
s - y ’ - N
25/17 52/14 26/28 62/17
11/4 13/6
core genes core genes
N. tetrasperma N. tetrasperma N. tetrasperma N. tetrasperma
strain 85 strain P4492 strain 85 strain P4492
mat Almat a mat Almat a mat Almat a 38/60 mat Almat a
323/169 N. telr3perma 448/295 400/466 N. tetrasperma 262/331
specific specific
genes genes
- -

Figure 2. Venn diagrams showing the number of differentially expressed gerRs ( p << 0.05), between Neurospora strains of different mating type (upregulated in the
mat A strain/uprequlated in the nfat a strain) in N. gassa and in N. tetrasperma\Each diagram shows the number of genes that are specifically differentially expressed
in each medium, (a) crossing mefium and (b) medium inducing vegetative growNy. Numbers in overlapping regions represent genes differentially expressed in more
than one pair of strains of differfnt mating type: grey areas represent the N. fetras\erma mating-type biased genes, and this is subdivided into the core Neurospora
mating-type biased genes (uppgr grey areas) and the M. tefrasperma spedfic matindtype biased genes (lower grey areas).

geny s vySSi expresi u MAT1/ a MAT2.Kmenové specifické
geny s vysSi expresi u MAT1/ a MAT2 sdileny dvéma kmeny
« MAT1-1 kmeny maiji vétSi expresi genu spojenych s tvorbou protoperithecia.
« MAT1-2 kmeny maji vétSi expresi genu spojenych s vegetativnim rustem



Pohlavni rozmnozovani homobazidiomycetu

Dvojlokusovy, multialelicky systém (tetrapolarni)

Lokusy A a B (= mating type factor, nespravné jako geny), v kazdém jsou dva
dalSi lokusy (Ci sublokusy), nazyvané a a 8 lokusy Ci a a B komplexy

Alternativni oznaceni pro lokus A = HD factor (homeodomain transcription
factor, geny HD1 a HD2). B lokus = PR faktor (pheromone receptors)

Kédovani Aa1 1, Aa2 32
pokud jsou oba faktory odlisné, tak jde krizit

Pro srozumitelnost se poziva déleni na ctyri pohlavi - A1B1, A1B2, A2B1,
A2B2 (mating types generované na jedné bazidiospoie jednoho kmene
tetrapolarni houby)

https://slideplayer.com/slide/12681990 /
http://www.davidmoore.org.uk/21st_Century_Guidebook to Fungi PLATINUM/Ch08 05.htm



Pohlavni rozmnozovani homobazidiomycetu

* -49-55% druhu je tetrapolarnich (Schizophyllum commune, Coprinus cinereus)
- 35-37% druhu je bipolarnich (C. comatus)
- 10-15% je homothalickych (Coprinus sterquilinus) = z jedné spory Ize
vypestovat plodnici

« U tetrapolarnich hub jsou A a B lokusy na odliShych chromozomech

* U bipolarnich hub jsou vedle sebe (popripadée jeden z nich prestal byt
nutny)
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JAMES ET AL.: POLYPORE MATING SYSTEMS

Summary of locus and gene nomenchiure used in this paper

1375

Adronym®

Gene S loms

Digritaition

Other names”

HD

F/R

Sted

: Sce3D
MAPK
MAPEEK
MAPEEE
Ga, G, Gy

MIF

homesdomain encoding
MAT locus

pheromone and recepior
encoding MAT locus

homeodomain encoding
protein ovpe 1 (atvpical)

homeodomain encoding
prowein wpe 2 {ypical)

Crprotein coupled pheromone
receptor (afactor ovpe)

pheromon e response factor, High
Mohility Group (HMG) DNA
binding protein

p2l-acivaed kinase

mitogen-activated protein kinase

mitogen-activated protein
kinasekinase

mitogen-activated protein
kinasekinasekinase

arthunits of the trimeric GTPase
protein

mitos hondrial inwermediae
peptidase

Basidiomycoota

Basidiomyoota

Basidiomyoota

Basidiomyoota

Dikarva

Basidiomyoota?

Dikarva
Dikarva
Dikarva
Dikarva

Dikarva

Eukarvotes

MAT-A { Coprinellus disseminatus, Phanerochaete
ehrysosporiun)®

A locus { Copminopsss cinerea, Schizopfpllom commnd

B lowciis {L‘Ek?ugw :mr:}'r.fz'i'l

MAT-RB {Cw:!."'n.r_'. SEETEOTELS, ."Fr-:l]!.'ufr: !'m'.vjmrnu'l

B locus (Coprinopsis dnees, Sehizophyllum
coinin L]

a locus {(Ustalago smaypdis)

al/ Bl { Coprinopsis cinerat)

BE (Ustilago merydis)

Swilz (| Cryplococeus neoformms)

F {.‘Fr'FE':rJ_iI!.'."'r_ﬂ&.:m T T

a2/02 | Coprinopsis cinerea)

W (Dsidago mawdis)

SxiZn (Cryplococens neoform )

¥ { Schdzophpllum commurne)

Buar /Bl (Schizophylhim commiine)

CPRx JCPR2 (Cryprococons neformans)

RCBI 23 (Coprinohsds cinered)

SIRCBI 23 {."'i'w:rj!m!'u Irn'.!j'm::ru'l

Pri-1 {Listilemgo muydis)

CLAY (Coprinellus digeminaius, Plagmoius diamon
Kssl, Fuss {.‘i'rf'r'.irrnnm_wﬂ. EEFEE )

Swe? (Saccharomyes cenuiviae)

MER (Saccharomm s ceevisiee)

Swell {."‘l‘\'l'f'l".in'I:lT.l:I'l:-l_W'FL CEFETLIE]

MERR (Saccharomyces oorevisiad

-l'}p\.al. Swe4, Swel 8 {.".'frr'f'.in'::rrm.wﬂ CETETEE e

MEP { Sefazophiyilum commine)

*Avast array of names has been used in the literanire o represent the mating tvpe loci, the genes they encode and the other
genes involved in mating or signal ransduction in Dikarva, We suggest simplifving by naming of MAT lod with HI for the MAT

lpaus-enosding homeodomain genes and P/R for the MAT loous encoding a pheromaone receptor(s) and pheromone(s).

*STE genes have been identified as non-complementing mutatons leading o sterility in Saecharomyces cerevisioe {Bardwell

00

“Here we provide examples where aliermatve nomenclanire has been used before, but the list is not exhaustive.

4Tn 'hip-l'rLa.l' .-"..g;a.l'iﬂ'rl'n}ftr{‘:i.. such as ﬂr.f.'n'n dis diserminaius and Phaneockaete r'hj'srnﬁrm'u:m. the :i'l'lghf“ MAT lowus has
been referred 1o as MAT-A because it cont@ing HD genes but not F/R genes, Suggested nomendanre for the MAT locus of
such species is MAT-HD or smply HI.
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_ - Modelové druhy
« Coprinus spp. - hnojnik
« Schizophyllum commune — klanolistka
. Agaricus — pec€arka | |
« Ustilago maydis — snét kukuricna
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8.5 Mating types in Basidiomycota

The breeding system in Basidiomycota relies on two MAT loci. One locus encodes tightly linked Pheromones and pheromone Receptors (now called the P/R locus), and the other encodes homeodomain-type transcription factors (called the HD
locus), which determine events following syngamy. In basidiomycetes, as in other filamentous fungi, syngamy means "hyphal fusion or anastomesis’ as described in Secticn 5,15, above). For a successful mating that completes the sexual cycle
and produces progeny spores. the two hapleid hyphae that fuse must differ at both MAT loci.

When the two MAT loci are on different chromosomes, meiosis can generate four mating types among the haploid progeny because the meiotic nucleus must be heterozygous at both MAT loci. The occurrence of four progeny mating types
defines this as a tetrapolar breeding system. Some basidiomycetes have a bipolar breeding system instead. which is controlled by a single MAT locus because either the P/R and HD loci are closely linked on the same chremosome and
segregate together, or bacause one has lost its function in determining mating-type. About 65% of the species in the Agaricomycotina (see Saction 2.8) are tetrapolar, whereas Ustilaginomyeotina and the Pucciniomycotina are predominantly
bipolar. Agaricomycates, which includes mast fungi that praduce canspicucus fruit badies, have evolved a system to increase the diversity of 'alleles’ at both MAT loci, in some cases yielding species with hundreds or thousands of possible mating
types. Tetrapolar breeding systems, and especially this great diversity in MAT "alleles’, are believed to be adaptations to promote outbreeding in organisms that, for the most part, rely on air currents to distribute their spores &, below

The P/R systemn of Basidiomycota that governs hyphal fusion depends on small (10- to 15-amino acd) lipopeptide pheromones, which are made from precursor polypeptides containing 35 to 40 amino acids by post-translation modifications at
both the N- and C-termini (Raudaskoski & Kothe, 2010; Raudaskoski, 2015). All active basidiomycete mating pheromones isclated so far are hydrophobic diffusible lipopeptides that undergo farnesylation at the C-terminal cysteine residue of =
CAAX motif ("C’ is cysteine, "A’ an aliphatic amino acid, and "X’ is any residue) and amino-terminal processing. These diffusible pheromones are received by pheromone receptors, located in the plasma membrane with seven transmembrane
domains, which are coupled to 8 G-protein signal transduction cascades. This has been investigated in greatest detail in Ustilage maydis, where two interconnected signalling pathways, one involving cAMP-dependent protein kinase and the other
MAP kinase (Section 5.13, above). The two pathways converge to a HMG-transcription factor (Section 2.1, above) called Pheromone pesponse factor (Prfl) which recognises and binds to the specific "pheromone response motifs located in the
regulatory regions of the genes that the pheromone induces. Although the protein kinase cascade pathways are conserved over broad evolutionary distances, the transcription factors that ultimately activate or repress the specific target genes

are often species-specific (Coelho et al.. 2017).

This way of controlling mating fusion is similar to the a- and a-factor P/R system of ascomycetes and is thought to predate the separation of Asco- and Basidiomycota clades. It is feasible that what is commeoen in this shared P/R system
contributes to the information interchange that takes place between the two fusing hyphal cells involved in fusion we described in Secticn 5.16, above. However, there are important differences between ascomycetes and basidiomycetes, in that

only homologues of tha a-factor pheromona and Ste3 pharomone raceptor of the ascomycete systam exist in basidiomycetes.

Identity-sensing specificity in basidiemycetes is done by allelic variants of the same type of genes. rather than depending on the "a-factor/Ste3’ plus "a-factor/Ste2’ coupled sensing system characteristic of the ascomycetes (Casselton &
Olesnicky, 1398; Kijes, 2015). Mating (syngamy or fusion) is initistad by = reciprocal exchange of pheromones recognised by matching pheromone receptor variants in both mating types, and thus the two myceliz involved need to carry differan

alleles of the pharomone and receptor genes at the P/R locus.

Many additional pheromone raceptor-like ganes have baen identified in Agaricomycetes that are non-mating-typa-spacific receptors and are not sufficient to induce mating-spacific developmant. Many of these nonmating-type-spacific receptors
are located close to the P/R locus, while others are unlinked. Three distinctive features of these receptors are that:

+ (i) they have longer C-terminal cytoplasmic regions,
i) they lack pheromone genes in close association, and

« (iii) they show lower levels of intraspecific polymorphism.

Non-mating-typa-spacific recaptors have baen found in Coprinopsis cinerea, Phanarochaste chrysosporium, Laccaria bicelor, Postia placenta, and several palyporas (Coslho et al, 2017). Possible functions includs 2 role in monakaryotic fruiting or in

http://www. dav1dmoore OFr(g. uk/218t S Lentury:. Guldebook to Fungl PLA
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Basidiomycete Mating Type Genes and Pheromone Signaling”
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The genome sequences of the hasidiomycete Agoricomsertes peties Coprinapsic cinerea, Laccaria bicoler,
and Postia placenta, as well 25 of Cryptacoccs neajormans

and Ustilago maydis, are now I1I.| available. Out of these fungi, €. cimerra, 5. commune, and U. maydis,

together with the budding y et Saccharomyces cerevisize, have been investigated for years enetically and

molecularly for signaling i sexual repmﬂn(uom_ The comparison of the structure and oTganization of mating

type genes in fungal genomes reveals an amazing conservation of genes regulating the sexual reproduction

throughout the fungal kingdom. In agaricomycetes, two mating type loci, A, coding for homeadomain type ] ]

transcription factors, and &, encoding 3 pheromone/receptor. system, regulate the four typical mating inter-

actions of tetrapalar species. Evidence for both A and & mating type genes can also be identified in basidio-

‘miycetes with bipolar systems, where only two mating interactions are seen. In some of these funzi, the B locus

has lost its selfnonsell discrimination ability and thus its specificity while retaining the other resulatory

functions in development. In silico analyses now also permit the identification of putative components of the

pheromone-dependent sipnaling pathways. Induction of these signaling cascades leads w development of

dikaryotic mycelia, Fruiting body formation, and meiotic spore production. In pheromone-dependent signaling,

the role of heterotrimeric ; proteins, components of 3 mitogen-activated protein kinase (MAPK) cascade, and

cyclic AMP-dependent pathways can now be defined. Additionally, the pheromone-dependent signaling through

monomeric, small GGTPases potentially involved in creating the polarized cytoskeleton for reciprocal nuclear

exchange and migraiion during maing is predicied




* B lokus - geny kodujici feromony (lipopeptid, 10-15 AMK) a receptory

« B aalokusy obsahuiji vice gent s nejasnou funkci &i bez vazby na

rozmnozovani

- Opét ohraniéeno konzervativnimi geny (mip)

a-factor (S, cerevisiae)
YIIKGV/LFWDF’ACI: -0CH,

S\/y\/\(\/y
Rhodotorucine A (R. toruioides ) M-factor (8. pombe)
YPQISWTRNGC -OH YTPKVPYMC -OCH,

& §

\/‘\\T/\/\(\/\( \/Y\/Y\/\/
Tremerogen A-9291-l (7. brasiliensis) al (U. maydis)
DSGS/GSRDPGASSGG(% -OCH, GRDNGSPIGYSSC -OCH ,

|

CHEOH
Tremerogen A-10 (T. mesenterica) a2 (U. maydis)
QHDF‘SAPGNGYCID—OCH3 NF!GQP(E‘:YYC—OCH3
: :
MYNVIYVY MYVYVY
CHOH

Tremerogen a-13 (7. mesenierica ) ’ MATq (C. neoformans )*
QGGGNRGDPSGVC -OH QEAHPGGMTLCli—OCH3

é *Praclicted on basis 8
VY\/\‘/\/Y of translated gane W

tures of lipopeptide mating pheromones of various fungi. The C. neoformans pheromone has not yet been isolated; its structure is b
=nce from the gene and putative processing events analogous to those that occurs with other lipopeptide pheromones. Amino aci

Polyporales genomes reveal the genetic architecture
underlying tetrapolar and bipolar mating systems 2013
Mycologia 105(6) DOI: 10.3852/13-162
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Fit.. 1. Fungal pheromone signaling pathvay. During mating, peptide pheromone binds to pheromone receptor and leads
w prowein conformational changes that trigger the downsream MAP kinase sgnaling pathway. MAP kinase then
phosphorylates Prf in the nuclens The phosphornation of Prf triggers pheromone response gene expression. The
pheromone-signaling pathway was constricted based on the known components in 8 eeravisice (Park and Bi 2007) and in I
raryedis (Raffarnik etal. 2003, Zarnack et al. 2008). Addivional information on the proteins displayed in the fgure (Tarie I).
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* A lokus - zasadni jsou homeodoménové geny (HD1, HD2) dalezité transkripéni
faktory, které se vazou na DNA

transcription
activation
domain e

Nuclear
localisation
signal

Fig. 10. Schematic diagram illustrating a
HD2 DNA simplified model of homeodomain protein
E:::::ﬁ interactions involved in A (HD locus)
mating type factor activity in Coprinopsis.
Modified from Chapter 2 in Moore & Novak

Frazer, 2002,
HDI1 DNA
binding
domain

kA

dimerisation
domains
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Coprinus cinereus (Coprinopsis cinerea)

A181 asexual monokaryon
| e | e D
sporulation A2B2
A251 (g .@A’Bz Oy o [ o]
Q) ! MATING

A1B1 asexual spores (oidia) B gene regulated
A2B2 . .
pheromone signalling

nuclear exchange and migration

meiosis \ O € > @

/7w, nuclear )
f \ fusion clamp cell formation ~
=3 )
\_/ s >

basidiu synchronised nuclear division

A gene
b C% > l>=— Regulated

fruiting body

septation

C.
[ | o e O |
" clamp cell fusion

light and B gene regulated i L
temperature ] .
pheromone signalling
7 )
o e r ® C r oe > g ® o ce >

dikaryon

Fig.17.2. Life cycle of the saprophytic mushroom Coprinus cinereus (Coprinopsis cinerea)

« B faktor, first compatibility checkpoint, odpovida za produkci feromonu, plazmogamii a ¢aste¢né migraci
jader, na tomto kroku se podili i het geny somatické inkompampability

« A faktor second compatibility checkpoin, odpovida za migraci jader a pravidelnou dikaryotizaci (+ tvorba
pfezek) a septaci. Pfi nekompatibilité vznika kolonie s velmi fidkym "vodnatym" myceliem (transparentni,
tzv. flat-mycelium)



Table 2.4 The consequences of encounters between primary mycelia of Coprinus
cinereus of different mating type

Example of mating

Type of encounter type Consequence
A=B-= AB, xAB, Dikaryon formation not initiated
A=B=# A B, xAB, Dolipore septa are converted into simple

perforate septa and nuclear migration
occurs, but no synchronization of nuclear
division or formation of clamp connections

A#B= A B, x A,B, Only a few dikaryotic cells and clamp
connections are formed, since nuclear
migration cannot occur and most cells
remain monokaryons

AzB= AB xA,B, Nuclear migration and dikaryon formation
occur, the secondary mycelium develops
clamp connections, and fruiting bodies are
formed

Z Carlile et al. 2001
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L
outer reconstruction u
H HD / PR unlinked kT ) . )
B HD /PR linked mE Coprinellus disseminatus
.: ambiguous mm Coprinopsis cinerea
inner reconstruction
M tetrapolar mm Laccaria bicolor
M bipolar )
M pseudo-bipolar W E Schizophyllum ecommune

M unknown/ambigous

mm Phanerochaete chrysosporium

mm Auricularia delicata

mE Tremella mesenterica

mm Cryplococcus amylolentus
mm Cryptococcus neoformans
mm Kwoniella heveanensis

mu Wallemia sebi

mm Ustilago maydis

mm Sporisorium reilianum

mm Ustilago hordei

B u Malassezia globosa

mm Puccinia graminis

mu Melampsora laricis-populina
mm Sporidiobolus salmonicolor
mm Microbotryum violaceum
mm Neurospora crassa

W m Saccharomyces cerevisiae

mm Schizosaccharomyces pombe

FiG. 7. Phylogenetic reconstruction of the evolution of mating systems and linkage between HD and P/R loci in the
Basidiomycota. On the outer layer of the branches is the ancestral state reconstruction under parsimony of the physical linkage
between FID and P/R loci. In some cases (e.g. Melampsora larici-populina), absence of linkage is inferred by association of /7D
and P/Rloci to different scaffolds of draft genome sequences, and this may not be equivalent to chromosomal linkage. The
inner portion of the branches reconstructs ancestral mating systems, where known. The character states of species included in
the tree are given to the left of the names, where “Link” refers to linkage of /7D and P/R and “MAT"’ refers to mating system.
The phylogeny is based on (Aime et al. 2006, Hibbett 2006, Matheny et al. 2006, Kellner et al. 2011).



» Velka diverzita alel v populaci v a a 3 lokusech (u 114 kmenu S. commune bylo 9 Aa
alel, 32 AB alel, 9 Ba alel a 9 B alel = 288 ruznych A faktort a 81 B faktoru
e -288 x 81 =23 328 rozdilnych vzajemné kompatibilnich plodnych spojeni

. - a a B jsou v silné vazbé, ale maji moznost rekombinovat
. -ochrana proti inbreedingu (kfizeni jedincu z jedné plodnice, Ci pfibuznych
jedincu)

» U tetrapolarnich hub je pouze 25% potomstva z jedné plodnice schopno kfizeni
(inbredni potencial 25% oproti 50% u bipolarnich hub)

« kdezto potomci ruznych plodnic budou velmi pravdépodobné kompatibilni (dusledek
multialelismu viz. S. commune)

Table 5.2 Mating among the haploid progeny from the fruiting body of a Basidiomycete
with tetrdp:}hr incompatibility. The basidium nuclei have the mating genotype A ,A,, B B,
Meiosis gives rise to haplmd progeny with four possible mating type genotypes - A,B,, A Bz:
A,B,, A,B,. Mating is only completed successfully if encounters are between mycelia that
dtffn:r w1th respect to both mating type tactors. The chequerboard shows that only 25% of
the possible encounters satisfy this condition. The inbreeding potential is thus 25%.

AB, AB, AB AB

T e

SN

~ - +

—

-+ — —

+ - - -

Z Carlile et al. 2001
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TABLE 4.3 Characteristics and Examples of Fungi Having Different Mating Systems that Promote
Qurtcrossing

Number of
different
Number alleles at
of each locus Designation Inbreeding Outbreeding
mating in the whole of mating potential potential
System Examples type loci  population  types (%a)? ()"
Two mating types  Most zygomycetes; 1 1 +, Aa, aa 50 50
Nl"”?'ﬂﬁpﬂﬂl Crassit
(Ascomycota);
Saccharomyces cerevisiae
and Schizesaccharomyces
pnm.i':f {Ascomvcota,
yeast)
Unifactorial Coprinus disseminatus 1 Many A..A 50 Mearly 100
(bipelar) and Stereum gausapatiom
incompatibility  (Basidiomycota)
Bifactorial Coprinopsis cinerea and 2 Many AB..AB 25 MNearly 100
(tetrapolar) Schizophyllum commune
incompatibility  (Basidiomycota)
Modified Ustilago maydis 2 2 at locus A B..AB 25 50
tetrapolar (Basidiomycota, smut) a, many at
incompatibility locus b

“The J!Jm!:'-uflil'il'.l.r Fhat n r'rr.uqhmrl'lr,.' encountered sivling (product ;Jf the same diploid parent) witl be compaltible.



Pseudo-homothalismus

Figure 2.23 Diagram of basidiospore development in Agaricus bisporus. A, A basidium
with two haploid nuclei of compatible mating types. B, A diploid nucleus has resulted from
nuclear fusion. C, Meiosis has occurred, and since A. bisporus is bipolar, two nuclei are of
one parental mating type and two of the other. Sterigmata have been formed and the
basidiospore initials have begun to swell. D, Two nuclei have moved into one spore and
two into the other. The basidia of other Agarics (e.g. Coprinus cinereus) are very similar,
but bear four spores each of which receives a single nucleus.

- Z Carlile et al. 2001



* Pro kfizeni potfebujeme monokaryony kazdého ze 4 parovacich typu z
kazdé plodnice (vstupni material je Cerstva plodnice, nutno pocitat s
dvoujadernymi sporami)

« Vicejaderné bunky je mozné dedikaryotizovat (izolace protoplastu Ci jinak)

« Vyuziti v hledani hranice biologickych druhti — taxonomie (zdlouhavé)
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Table 2 Intra-strain crossings between monokaryotic isolates (Mls) of the A. cvlindrrcea strain WT-49, Mating types were assigned to Mis as

follows: MIs Tai 9 and 13, mating type A;By: Tai 7, 12 and 15, A,By: Tai 1, 10, and 14, A;By: Tai 2 and 8, AzB, o Rozt‘ﬂ’dén |’ monOka ryon lj

Tai 1 Tai 7 Tai @ Tai 10 Tai 12 Tai 13 Tai 14 Tai 15

AB: AB: AiBy AaBa AaB: ARy AsBs AuBa

: + . . + : : na parovaci typy

Tai 12 : : :

Tai 13 + -
ARy + -

Tai 14 :
AzB, -

Tai & -

Tai 11 -

Tai 18 -

Tai & - - *

ABy

+ Presence of clamp connections, - absence of clamp connections
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Table 5 Inter-strain crossings between monokarvotic isolates of 4. cwlindraces sensu lato

WT-49 WT-22 WT-54 WT-43 e : Vyh Od n Oce n I’ tVO rby

oo | . BN dikaryonu
- L —« -« | o \yhodnoceni fruktifikace

— - » Vyhodnoceni kliGivosti

: | . I.F- n | ~ spor z vypéestovanych

— : T : — plodnic

] 1 ;F' | + Korelace s jinymi markery
e fl »  Popis nového druhu

WT-34 Mis 2

Ar Argentina, Gu Guatemala
t Presence of clamp connections, - absence of clamp connections

F The dikaryotic mycelia product of the crossing fructified, NF the dikarvotic mycelia product of the crossing did not fructified, Fir the dikarvotic
mycelia product of the crossing fructified and the spores isolated germinated under appropriate conditions, N2 not determined



Somaticka mkompatlblllta

heterogenicka
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WORRALL: BASIDIOMYCETES SOMATIC INCOMPATIBILITY

al

TasLe 1. Frequency of somatic incompatibility among pedigreed secondary mycelia

Frequency
of incom-
patibility
Type of pairing Example Species (%) Reference
Nonsibcomposed, unrelated la2a ® 3ada® Coprinus cinereus 100 (May, 1988)
£ mycelia Armillaria futeobubalina (] i Kile, 1988)
Phaealus schweinitzii iy iBarrew and Uscuplic, 1971)
Nonsibcomposed mycelia hav-  1a2a ¥ Ja=- A, luteobubalina i i Kile, 1983)
ing 1 or 2 of 4 mating al-
leles in common
Sibcomposed mycelium with lall = 2 Fomitopsis cajanderi 1M (Adams and Roth, 1967)
unrelated field isolate P schweinitzii 85 {Barrett and Uscuplic, 1971)
Sibcomposed mycelia from lalbh ¥ 2a%b Echinodontivm finclorium 95 {Wilson, 1991)
different parents F schuweinitzii 62 {Barrett and Uscuplic, 1971)
Sibcomposed mycelia from lalb x lcld Marasmius androsaceus 10 {Holmer and Stenlid, 1991)
. same parent but no nucleus Fleurotus ostreatus a6 (Kay and Vilgalys, 1992)
in CoOmman F cajanderi 23 {Adams and Roth, 1967)
Armillaria spp. 44-55" (Kile, 1983; Korhonen, 1978)
Sibcomposed mycelia from lalb % lale F cajanderi 65 {Adams and Roth, 1967)
same parent, one nucleus
N COMmImon
Nonsibcomposed mycelia with  laZa % lada Cofrrinus cinereus 42 i May, 1988)
one nucleus in common Phaeolus schweiniizii 63 iBarrew and Uscuplic, 1971)
Sibcomposed mycelium with lalb % 1 Collybia subnuda 08 {Murphy and Miller, 1993)
parental field isolate Phellinus sulphurascens 93 {Hansen, 19749)
' Pleurotus ostreatus 90 {Kay and Vilgalys, 1992)
F. cajanderi 59 (Adams and Roth, 1967)
Phaeolus schaweinitzi 18 i{Barrett and Uscuplic, 1971)
Muarasmiellus praeacutus 15 {Murphy and Miller, 1993)
Nonsibcomposed myeelia with  1aZ2a % 1b2a FPhellivius gilvus 50 (Rizzo et al., 1995)

i Garden, Brons, NY 108585120

one nucleus in commaon,
the other nuclei being sib-
related

* Numbers refer to secondary mycelia from the field; letters refer to their single-spore progeny. For example, la is a single-
basidiospore isolate from the parental rn}'celium 1. Sy‘nthetic se-:.ﬂndar}' m'rfcclia are indicated by the component sing]e—spnrf

isolates,

t Incompatibility in these pairings would have been absolute but for one aberrant isolate,
* Some pairings, including all compatible ones, involved a common parent.
41t was not explicitly stated that no monosporous isolates were in common,

Somatic incompatibility in basidiomycetes
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A co kdyz monokaryon potka dikaryon?
« Bulleruv fenomén (1932)

* Opét nutna kompatibilita

* di-mon mating

« Monokaryon muaze parovat s dikaryonem

* Nasledné je monokaryon dikaryotizovan (popfipadé vznikaji atypické pocty jader v
jedné burice)

» Lze radit mezi pohlavni rozmnozovani
Na prikladu tetrapolarni houby
» 1. Legitimni kombinace —(A1B1+A2B2)x A3B3
« 2. Hemikompatibilni kombinace (A1B1+A2B2) x A1B1 (pouze jedno jadro komp.)

3. Nelegitimni kombinace — (A1B1+A2B2)x A1B2 nebo A2B1
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Fig. 1. Pairings between H. annosurn 5.0 heterokaryons. The myeelia in each pairing contain one commeon sib-macleus (40, 81, 9% or 12) and either a TC-
122-12 (parental) or a TC-39-7 (unrelated) nucleus. The pairings exemplify: (a) compatible (score 1), (b) incompatible (4), {c) weakly incompatible (2), (d)
incompatible (4) interactions.
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Spore killers
* Objeveno u Neurospora v roce 1979
» faktory aborce askospor — Spore killers (sk)
« exprimuji se ve viecku pred tvorbou askospory

A Killer RSK Protein Neutralization

Sk-3 EmE : — '
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Mimojadarna dedicnost

Mitochondrialni dédicnost

- anisogamni houby (vlaknité askomycety, nékteré rzi). Typicky fuze
malé spermatie a velkého ascogonia. mtDNA je nejCastéji maternalne
dédicna (uni-parentalni).

- isogamni houby (kvasinky a vétSina bazidiomycetu). Pfi fuzi
somatickych bunek prechazi jadro, ale nemusi prechazet mitochondrie.
Pripadné dochazi k nasledné segregaci mitochodnrii z jedné gamety a v
obou pfipadech je dédiénost uni-parentalni. U nékterych druhd zname
bi-parantalni dédi¢nost.

plazmidy



Navozeni sporulace

Obecné Ize ale fici, ze je to stres (limitni faktory), ktery stimuluje sporulaci
(Klebsova pravidla). V praxi je vétSi sporulace dosahovano pouzitim
polopfirozenych medii (napf. rostlinny material), regulaci svételného a
teplotniho rezimu v kultivacnich termostatech a dlouhodobou kultivaci.
Védecky jsou studovany faktory jako je svétlo, teplota, dostupnost vody,
vystaveni vzduchu a vysychani, dostupnost zivin a esencialnich latek,

osmolarita média a dalSi faktory.



Faktor prostredi Organismus Mechanismus iniciace
Vysychani Penicillium griseofulvum  ztrata vody z mycelia
Hyperoxie Neurospora crassa hyperoxidovany stav
Svétlo Penicillium cyclopium MNedefinovano

Osmoticky stres

(soli)

Nedostatek dusiku

Nedostatek uhliku

Nedostatek uhliku
a/nebho dusiku

Vapnik

Nizke teploty

Neurospora crassa
Trichoderma viride
Aspergillus nidulans
Septoria vicige
Phoma pinodella

Aspergillus nidulans

Aspergillus oryzae
Neurospora crassa
Penicillium griseofulvum
Penicillium chrysogenum
Neurospora crassa

Aspergillus nidufans

Penicillium spp.
Trichoderma viride

Eurotium herbariorum

aktivace WC-1 transkripéniho faktoru
Nedefinovano

inaktivace represoru konidiace Ved
nedefinovano (Tan 1978)
nedefinovano (Tan 1978)

Nedafinovano

MNedefinovano

nedefinovano (osmosenzor?)
Nedefinovano

Nedefinovano

glukdzowy senzor

Nedefinovano

skrz konidiogenone
nedefinovano (Simkovic et al. 2008)

MNedefinovano (Turian 1978}

Prehled faktort

navozujicich sporulaci

(pfevzato z Dudova
2011)
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Obrazek 1. Morfologie kultur Paecilomyces fumosoroseus kultivovanych pfi ruznych vinowych

delkach svétla s poctem ziskanych konidii (Sanchez-Murillo et al. 2004).

- (pfevzato z Dudova 2011)



