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RESUMO

Agaricus subrufescené uma espécie de cogumelo comestivel com
importantes propriedades medicinais. Esta espénieciclo de vida anfitalico
com producdo de basididporos homocaritticos e tedenticos no mesmo
basidioma. Os esporos heterocariéticos podem agstit emparelhamento de
nacleos "irmdos" (=Sister Nuclei Pair Progeny — SNIPRuU nlcleos néo
"irmaos" (=Non Sister Nuclei Pair Progeny — NSNPResultantes da segunda
divisdo da meiose. Este trabalho foi realizado aoiwbjetivo de caracterizar
geneticamente as trés categorias de esporos (hoaimos, SNPPse NSNPP)
aliado a um estudo comportamental dos mesmos.saifiaacao foi baseada em
homo-heteroalelismo, utilizando oito marcadores emlares codominantes
CAPS - sequencia polimorfica amplificada e clivadaob analise de 225
esporos descendentes de uma estirpe brasileira YWC&3 analise
comportamental foi realizada pela (i) habilidade testes de cruzamento entre
os diferentes tipos de esporos descendentes, €I pnalise da taxa de
crescimento micelial e por (iii) testes de frutij@o. Testes de gendtipos
multilocos revelaram que 50% dos esporos foramrdededticos e, dentre
estes, 24% foram considerados SNPP. A taxa de Heliso@o encontrada em
marcadores CAPS néo ligados ao centrobmero foi piemxemadamente, 50%
para SNPP e NSNPP. Nos testes de frutificacdoagafe8NPP frutificaram. A
taxa de crescimento micelial entre homocérions ePRSNndo diferiu
significativamente. Heterocarions SNPP e NSNPP mpod®uzar-se com
homocarions. Cruzamentos entre SNPP e SNPP tandsém possiveis, desde
que ambos compartilhem diferentaating type A partir destes resultados, foi
possivel propor uma estratégia simplificada doamento de estirpes que tém
esse tipo de anfitalismo e selecionar os espord$P®S por meio de um Unico
marcador ligado ao centrbmero, enquanto os SNPRamsdratados como
homocarions.

Palavras-chave: Cogumelo. Pseudo-homotalismo. Femd@rBuller. Ciclo de
vida.



ABSTRACT

Agaricus subrufesceris an edible mushroom with important medicinal
properties. This species has amphithallic lifecymeducing homokaryotic and
heterokaryotic spores in the same basidiomata. hEterocaryotic spores can
result from the pairing of "sister" nuclei (= Nuiclister Pair Progeny - SNPP)
or non "sister" nuclei (= Non Sister Nuclei Paio@geny - NSNPP), resulting
from the second division of meiosis. This studyednio characterize genetically
the three spores categories (homokaryons, SNPPS@N&Ps), combined with
a behavioral study of them. The classification Wwased on homo-heteroallelism
through eight codominant molecular markers CAPS lead Amplified
Polymorphic Sequence - under analysis of 225 dfigpspores of a Brazilian
strain WC837. The behavioral analysis was perforbnef) ability to cross tests
between differents types of spores offspring (iidlstsis of mycelial growth rate
and (iii) fruiting tests. Multilocus genotype testvealed that 50% spores were
heterokaryotic and among them, 24% were consideoede SNPP. The
homoallelism rate found by CAPS markers at centreroglinked was
approximately 50% for SNPP and NSNPP. In fruitiegt$, only NSNPP fruited.
The mycelial growth rate between homokaryons and®BNlid not differ
significantly. SNPP and NSNPP heterokaryons carsscrgith homokaryons.
Crosses between SNPP and SNPP were also possibéelsith of them share
different mating type alleles. From these datawds possible to propose a
simplified strategy to cross strains which haves tiype of amphithallism and
select the NSNPPs spores through a single markerooeere-linked while
SNPPs would be treated as homokaryons.

Keywords: Mushroom. Pseudohomothallism. Buller gimeanon. Life cycle.
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1 INTRODUCAO

Os cogumelos sdo conhecidos, desde a Antiguidadesya utilizacéo
como alimento de elevado valor nutritivo e medikihis Ultimos anos, gracas
ao numero crescente de estudos realizados conalalfide de identificar suas
propriedades nutricionais e terapéuticas, o cultd® cogumelo vem se
expandindo pelo mundo, tornando-se uma atividadéeag de consideravel
importancia econémica (DIASABE; SCHWAN, 2004). Dentre os cogumelos
comestiveis, cAgaricus bisporus(Lange) Imbach é uma das espécies mais
consumidas do mundo. Entretanto, uma outra espdeidgaricus o A.
subrufescensvem ganhando destaque no mercado mundial, deaidceu
elevado valor nutricional, medicinal e agronbmicARGETEAU et al., 2011).

O cogumeloAgaricus subrufescenBeck (=A. blazei Murrill sensu
Heinemann;A. refotegulisNauta ouA. brasiliensisWasser) é conhecido por
diferentes nomes populares, como ABM (pAr blazei Murrill [sensu
Heinemenn]); royal suAgaricus cogumelo do sol, no Brasil; himematsutake,
no Japdo e jisongrong ou baximogu, na China (WIBISRAMEEWONG et
al., 2012b). O cogumeld. subrufescenfi descoberto nos Estados Unidos, em
1893 e, na década de 1970, foi encontrado pelepeaniez no Brasil. Também
foi formalmente reportado na Europa, na Oceania RREAN, 2005;
PETERSON; DESJARDIN; HEMMES 2000) e na Asia
(WISITRASSAMEEWONG et al., 2012a; ZHAO et al., 2Q1Mnterfertilidade
entre isolados da América do Sul, Europa e Asiadoentemente demonstrada
por Thongklang et al. (2014), indicando que umalarbpse genética esta agora
disponivel para o melhoramento genético da espécie.

Os estudos de Thongklang et al. (2014) estavaeciedmente focados
na analise do ciclo de vida de subrufescensEstes autores mostraram que,

assim como emA. bisporusvar. bisporus o A. subrufescenem ciclo de vida
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anfitalico e sistema de incompatibilidade sexudfatiorial e multialélico, com o
loco mating typgMAT) ligado ao centrdmero. Anfitalismo refere-spraducéo
de esporos homocarioticos e heterocariéticos nanmdsasidioma e, assim,
combinam o ciclo heterotdlico e pseudo-homotalia@spectivamente
(KUHNER, 1977; LANGE, 1952). O anfitalismo ef bisporusvar. bisporus
difere do anfitalismo ermd\. subrufescenselo fato de este Ultimo apresentar
predominantemente basidios tetraspéricos, mai@ tcrossing overe pela
presenca de nucleos pds-meidticos pareados no nespom compartilharem o
mesmo alelanating typg( THONGKLANG et al., 2014)Como resultado, esses
autores classificaram trés principais categoriassperos descendentes: esporos
heterocariéticos Non Sister Nuclei Pair Progeny(NSNPP), esporos
heterocariéticoSister Nuclei Pair Progen{ENPP) e esporos homocarioticos.

NSNPP sdo esporos resultantes do emparelhamentaiadeos “néo
irmaos” provenientes da segunda divisdo da meiosxanismo este que
conserva o heteroalelismo no loco MAT e, por issm bem conhecidos por
serem reprodutivamente competentes. Os SN&Ftpos de esporos resultantes
do pareamento de nucleos “irmdos” formados duransegunda divisdo da
meiose, compartiiham o mesmo loamating type e, assim, ndo sao
reprodutivamente competentes. Finalmente, os hamosa sao culturas
haploides que podem ser oriundos de esporos gqaben apenas um nudcleo
pbés-meidtico ou dois nlcleos idénticos a partinaka mitose pos-meidtica.

Este trabalho foi realizado com o objetivo de cidzar geneticamente
esses trés tipos de esporos, aliado a um estudpoctaimental dos mesmos,
especialmente dos esporos heterocaridticos SNPRcanwanteriormente
estudados. Foi utilizado o isolado WC837, de oridpeasileira, 0 mesmo usado
por Thongkland et al. (2014), entretanto, foramdust um maior nimero de
esporos descendentes e uma caracterizagdo genétitamaior nimero de

marcadores codominantes CAPS (do ingt#saved amplified polymorphic
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sequence Em um primeiro momento, (i) verificou-se o nida ploidia de 225
descendentes de uma estirpe brasileira WC837zartdio marcadores CAPS.
Dentre os heterocarions, (ii) provaveis candidg@ms serem SNPP e NSNPP
foram selecionados. O estudo comportamental fdizestp por meio de (iii)
mating test entre homocarions x homocarions, homocéarios x NJNP
homocarions x SNPP e SNPP x SNPP. Foram analisidas taxa de
crescimento micelial entre os diferentes tipos ggoms e (v) a selecdo de
esporos homocariéticos e heterocariéticos (SNPBNMP) para a avaliagdo da

capacidade de frutificagéo.
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2 REFERENCIAL TEORICO

2.1 Agaricus subrufescens Peck

O cogumeldA. subrufescenBeck é um fungo filamentoso pertencente
a divisdo Basidiomycota, classe Agaricomycetes &erar Agaricales
(NATIONAL CENTER OF BIOTECHNOLOGY INFORMATION - NCB
2014). Esse fungo foi descoberto no final do séells, na costa leste dos
Estados Unidos e na década de 1970 foi encontnad88» Paulo. Além das
Américas,A. subrufescenambém foi encontrado na Europa, na Oceania e na
Asia (PETERSONDESJARDIN; HEMMES 2000; WISITRASSAMEEWONG
et al., 2012a; ZHAO et al., 2011).

O A. subrufescenfi descrito pelo botanico americano Peck (1983), a
partir de amostras coletadas dos Estados Unidoamfsstras brasileiras foram
classificadas coma. blazeiMurril, pelo botanico belga P. Heinemann, em 1967
(MIZUNO, 1995). Do ponto de vista taxondmico, a é&spA. blazei Murril
sensuHeinemann tem sido referida erroneamente, umaguez\Wasser et al.
(2002) constataram que a espécie cultivada no IBrasidiferente dd\. blazei
identificado por Murril em 1945. Assim, foi proposcomo uma nova espécie,
A. brasiliensisWasser. Por sua vez, o nofebrasiliensiga estava ocupado por
uma espécie descrita por Elias Magnus Fries, enD (&ALLAC, 2007).
Estudos do sequenciamento da regido ITS1+2 e @stistilidade entre varias
espécies deAgaricus realizados por Kerrigan (2005) indicaram gée
brasiliensis Wasser € biolégica e filogeneticamente relacionada Aa
subrufescenBeck.

O cogumeloA. subrufescengambém conhecido por cogumelo do sol,
himematsutake e cogumelo da vida, entre outrosma espécie encontrada

principalmente em ambientes de clima subtropicalddmcom temperaturas
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oscilando entre 25 e 30 °C (ZHAO et al, 2011). Gowkecompositor
secundario, é cultivado em compostos preparadasta ge diversos residuos
agricolas, seguindo os processos gerais de cultesenvolvidos pard.
bisporus (LLARENA-HERNANDEZ et al., 2013; ZIED et al., 2010
Entretanto, A. subrufescensequer temperaturas de, aproximadamente, 25 °C
para frutificacdo, enquanto a temperatura 6tima .deisporuse entre 16 e 19

°C (LARGETEAU et al., 2011). Devido a maior temgara necessaria para a
sua producéo, A. subrufescensepresenta uma opcao agricola interessante para
0s paises emergentes tropicais e poderia ser umall®rnativa sazonal na
regido, durante o verao.

A morfologia dos basidiomas de subrufescens variavel, podendo ser
robusta ou gracil, devido ao genétipo e a influés@mbientais (KERRIGAN,
2005). O pileo varia de 20 a 70 mm, em fase deolbmtie 60 a 150 mm, quando
maduros, de forma convexa para plano convexa. Arfog do pileo € seca e,
quando maduro, desenvolve pequenas escamas; svarieode roxo, marrom,
marrom alaranjada a completamente branco. O estia de 3 a 6 cm de
comprimento e 1 a 2 cm de diametro. Os basidiéspsio castanhos (5 x 4 um)
(FIRENZUOLI; GORI; LOMBARDO, 2008; WISITRASSAMEEWOW et al.,
2012b). As amostras provenientes da Tailandia afiferdos padrdes
anteriormente relatados, em termos de tamanho preanemto do estipe e a cor
do pileo é mais avermelhada (WISITRASSAMEEWONG! e2812a).

Os cogumelos comestiveis sédo, em geral, alimentsltb valor
nutricional, com baixo teor de carboidratos e dedg@, além de possuirem
significativas quantidades de minerais, proteingisras (FIRENZUOLI; GORI,
LOMBARDO, 2008). Suas propriedades bioquimicaseatratencédo na salde
alimentar, pois séo ricos em vitaminas, tiaminboftavina, niacina, biotina,

acido ascorbico e outras relacionadas ao compleX@uB composicdo quimica
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varia de acordo com a espécie e a linhagem avalipdd et al., 2009;
RAMBERG; NELSON; SINNOTT, 2010).

O basidiocarpo dé\. subrufescengontém de 89% a 91% de agua,
geralmente menos que a quantidade encontrada Aem bisporus
Aproximadamente 48% da matéria seca consistem ateipa bruta, 18% de
carboidratos e apenas 0,5 % de lipideos. Seus calpdrutificagdo contém
altos niveis de minerais, como, por exemplo, p@agssforo, calcio, magnésio
e zinco (GYORFI; GEOSEL; VETTER, 2010).

Metabdlitos bioativos de cogumelos podem ser isdad partir do
corpo de frutificagéo e da cultura pura de mic@HANG; MILES, 2004). H4
relatos, na literatura, de que a espécisubrufescengroduz varios compostos
bioativos com atividade antitumoral, imunorregulEde antimutagénica
(FIRENZUOLI; GORI; LOMBARDO, 2008; WISITRASSAMEEWOH et al.,
2012b). Esses compostos isolados Ale subrufescensdo, principalmente,
polissacarideos, tais como riboglicanas (CHO et &P99), B-glicanas
(GONZAGA et al., 2005) e glicomananas (HIKICHI; HIE; OKUBO, 1999).

Além disso, outros compostos, como proteinas, @wgase lipideos,
podem atuar de forma isolada ou sinérgica com msngls. As proteinas
demonstram atividade regulatdria sobre célulasiwgito de macrofagos e
linfécitos (HO et al.,, 2004). O ergosterol faz pada fracdo lipidica e esta
presente na membrana celular de diversos fungosa@a antiangiogénica,
além de precursor de ergocalciferol (Vitamina Ddndo possivel que estes
compostos atuem também como agentes antioxidaffdsAKU; KIMURA,;
OKUDA, 2001). Apesar do avanco nas pesquisas Gieadia respeito das
propriedades medicinais do subrufescenseus mecanismos de atuagéo ainda
nao sdo completamente esclarecidos (DIAS; ABE; SBNW2004; FORTES;
NOVAES, 2006; WASSER et al., 2002).
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Além da questdo medicinal, valores agronémicos dgumelo A.
subrufescenggm sido propostos. Esse cogumelo é capaz de ¢envesiduos
lignocelulésicos em alimentos altamente nutritisa producéo industrial
dessas enzimas parece promissora. Além disso, @igacdo na agricultura
organica é utilizada para o controle de patdgergsdahtas e para a obtencao de
resisténcia, consistindo em uma alternativa patsm de aditivos quimicos
(LARGETEAU et al., 2011). Dessa forma, o cultivestdeespécie contribui para
uma agricultura mais sustentavel e oferece um mistto de mercado e uma

fonte potencial de diversificacdo para os prodgtdegaricus

2.2 O ciclo de reproduc¢édo dos basidiomicetos

A reproducéo nos basidiomicetos pode ocorrer dedassexuada, em
gue se reproduzem, por fragmentacdo do micélicedorina sexuada, por meio
dos basididsporos, nos quais 0s nudcleos sao prathutmeiose (CALLAC,
2007). O cogumelo corresponde a fase reprodutaage macroscopicamente
constituido pelo estipe e pileo. No pileo situamase lamelas, em cujas
superficies localizam-se os basidios e os basioliosp(CHANG; MILES,
2004).



17

Mating type (+}

Lo u-- L
¥ )/ Mgting type |-}
&

[min} g
. s
™ plasmogamia

Fas

Serminagio dos
basidiceporos

| .1"1 |'I-" \1. oy f .\\I
[\ I\ ||' \ If
b | &=\ =] \H<}:|,U\)

]n‘.'@.’aﬁo[ oo II meiose | . criogamia |

| |

l'.E‘:I}J dos (AR L% S -

basididzporos — tole) (o) mideos ( \IE I: {rmenp
NS/ fzn}

basidicsporogéness

Figura 1 Ciclo de vida de um basidiomiceto tipico

Na Figura 1 estd esquematizado o ciclo de vidandebasidiomiceto
tipico. De modo geral, a reproducéo sexual inieiaceem a germinacdo de
basidiésporos e a posterior fusdo do micélio mamd@dzo (n) contendo
material genético compativel, resultando em umridita (n+n). O dicarioto é
caracterizado pela presenca de dois nlcleos pgpartimento celular da hifa e
por grampos de conexao entre as células adjac&@gsagampos de conexao sao
importantes marcadores morfolégicos para permitir distingdo entre
monocariotos e dicariotos, como é o casoléatinula edodeCHANG;
MILES, 2004). Entretanto, nem todos os basidiomgdbrmam um dicarioto
tipico. Espécies do génerAgaricus por exemplo, raramente apresentam
grampos de conexdo e as células que o constittmudfinucleadas, a exce¢éo
de A. bitorquis cujos compartimentos sdo heterocariontes bindokeéDIAS et
al., 2008; HOU; ELLIOTT, 1979).

O micélio dicarioto pode permanecer no estado wadget por um
periodo ilimitado de tempo, dependendo das consligdebientais. Por outro
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lado, o dicarioto é uma condigéo necessaria patmsolidacdo do ciclo sexual.
Uma vez estimulados com condi¢cdes ambientais fagizainiciam-se a fusao
nuclear (cariogamia) que resulta na formacdo deleasicdiploides (2n).
Normalmente, esta fase é extremamente curta p@rqapidamente sucedida
pela meiose, a qual restaura o estado haploiderginismo, completando,
assim, o ciclo sexual com a producdo dos basidiéspdSTAMBERG;
KOLTIN, 1972).

2.3 Modelos sexuais de reproducdo e o sistemmating type em

basidiomicetos

As espécies fangicas témés modelos basicos de reproducéo sexual: o
homotalismg no qual todas as estirpes haploides sdo autsféde o
acasalamento entre linhagens geneticamente diésrerdio € requerido para
completar o ciclo de vida; leeterotalismg em que todas as estirpes haploides
sdo estéreis e 0 acasalamento entre linhagensicgenente compativeis é
necessario para completar o ciclo sexualpsaudo-homotalisme no qual dois
ndcleos sexualmente compativeis séo incorporadosummmesmo esporo,
permitindo que a maioria destes seja autofértgyfa 2) (NI et al., 2011; XU,
HORGEN; ANDERSON, 1996). Segundo Duncan e Galbrél®72), dois
padr6es de comportamento podem ser ocasionalmentmteados dentro de
uma mesma espécie, e aqueles que operam simul@meamais de um ciclo de
vida sdo considerados anfitalicos. O teramfitalismo, originalmente definido
por Lange (1952), refere-se a espécie que prodpar@s homocaridticos e
heterocariéticos em um mesmo basidioma e assiminamb respectivamente,
os ciclos reprodutivos heterotalico e pseudohoriacatal

O anfitalismo ndo é um evento raro entre os bawidietos. Estima-se

gue, de 500 espécies de Agaricales, aproximadan88ateejam considerados
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anfitdlicos (LAMOURE, 1989). Este levantamento érovavelmente,
subestimado, pois, além de ser um levantamentduddigado, este percentual
foi baseado principalmente em observacdes morfadgicomo, por exemplo,
alta proporc¢éo de basidios bispoéricos.

Pseudo-
Heterotalico homotdlico Homotalico

Basidio: o e Q. L
- cariogamia o » 2

-meiose £ ’ d'e o0
-esporogénese Jufe LUy Jode

Micélio homocariotico
(n}

— "y

Micélio heterocariotico ek 3
(n+n) {‘&\ N\ A

Basidiocanpo TP

Figura 2 Representacdo esquematica mostrando athetetdos diferentes
modos de reproducéo
Fonte: Savoie et al. (2013)

Embora os modos de reprodugdo tenham sido estsidamopoucas
espécies dé\garicus todos os tipos de modelos ja foram encontradmsioc

demonstrado na Tabela 1.
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Tabela 1 Comparacdo do sistema sexual no gé&mgancus

N° de nucleos

Espécie por célula/ Tipo de sexualidade Referéncia
heterocarions
A. bitorquis Dicérion Heterotalico Anderson et al. (1984)
A. devoniensis Multicarion Heterotalico (?) Callac et al. (2005)
A. arvensis Multicarion Heterotalico (?) Calvo-Bado et al. (290
A.bisporu
var.burnettii Multicarion Anfltah’c.o/ N Kerrigan et al. (1994)
heterotélico
. - Anfitalico/
var.bisporus Multicarion pseud-homotélico Lange (1952)
var.eurotetrasporus  Multicarion Homotalico Callac et al. (2003)
Anfitalico/ .
A. subrufescens Multicarion pseudo-homotalico* Kerrigan (2005)

Heterotalico Dias et al. (2008)

*com predominancia

Os fungos, em sua maioria, ndo sdo diferencialmeaeparados em
“machos” e “fémeas”, sendo individuos morfologicateddénticos. A distingdo
como forma de evitar o autocruzamento é feita nmglimecanismos genéticos,
por meio de um sistema de reconhecimento moleddamcompatibilidade
conhecido como Sistemdating Type(RAPER, 1966). Existem dois tipos de
sistema de incompatibilidade: unifatorial (=bipplano qual a sexualidade é
determinada por um Unico locoating type — MATA), tendo diferentes alelos
para serem sexualmente compativeis (Al + A2) datdoial (= tetrapolar), no
gual a sexualidade é controlada por dois I0d89 (A e B) e cada estirpe deve
ter diferentes alelos em ambos os locos (A1B1 +24Bigura 3). O nimero de
alelos no locdMAT é variavel, podendo ser bialélico ou multialéliaaepender
da espécie (NIEUWENHUIS; NIEUWHOF; AANEN, 2013). fertilidade
resulta quando dois individuos com nicleos cardgatiferentes alelos se

cruzam, originando um dicarioto.
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Compatibilidade com os individuos da Compatibilidade com os individuos da populaco
populagdo

Figura 3 Visdo geral de compatibilidade entre ifdlies haploides para
sistemas unifatorial e bifatorial. (a) Um dicéarionifatorial produz
gametas de dois diferentesating type (b) e (c) compatibilidade
entre populagcdes de individuos bialélicos e méli@ds,
respectivamente, em um sistema unifatorial ; (dicérion bifatorial
ira produzir gametas de quatro tipos diferentes. damia tétrade
formada, serdo produzidos dois (1/3 das tétradesjuatro (2/3 da
tétrade) com diferentamating type (e) e (f) compatibilidade entre
populacdes de individuos bialélicos e multialéljaqespectivamente,
em um sistema bifatorial. O “X” em vermelho indica
incompatibilidade entre os individuos
Fonte: Nieuwenhuis, Nieuwhof e Aan@913), com modificacdes

Aproximadamente 40% das espécies conhecidas delidiagietos
apresentam o sistema de acasalamento unifatodigt(®., 2011). Em todas as
espécies deAgaricus conhecidas, o sistema de incompatibilidade sexual
unifatorial e multialélico (CALLAC, 2007).

Seguindo a regra,A. subrufescensapresenta um sistema de
incompatibilidade sexual unifatorial e multialéligd@HONGKLANG et al.,
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2014). Em relacdo ao tipo de modelo sexual de degédn, h& controvérsia na
literatura, pois ha estudos que propdem um modéhsapiamente heterotalico
(DIAS et al., 2008) e estudos que propdem um maalefivalico (HERRERA et
al.,, 2012; KERRIGAN et al., 2005, THONGKLANG et ,al2014). Essa
discusséo seréa detalhada no tépico subsequente.

2.4 Variacdo do numero de basidiésporos, comportamt nuclear e suas
relacbes com o ciclo de vida

Importantes eventos nucleares, como cariogamiagsmeimitose pos-
meiodtica e migracao nuclear, sdo reportados pomre@emn durante o ciclo de
vida de basidiomicetos e sdo essenciais para didssbrogénese (HERRERA
et al.,, 2012). Consequentemente, a correlacdo entnével de ploidia dos
esporos (homocariotico ws heterocariérico n+n) € o nimero de esporos por
basidio interfere diretamente no tipo de ciclo @gproducdo da espécie
(SHIMOMURA et al., 2012).

Resumidamente, em determinada fase do ciclo de dieaum
basidiomiceto tipico, a célula terminal de certdashadquire a forma de uma
clava e passa a ser denominado basidio. No basidi®,nicleos fundem-se
(cariogamia), originando um nucleo diploide queediatamente, divide-se por
meiose e produz quatro nucleos haploides. Enquanteiose ocorrdprmam-
se, na superficie do basidio, quatro protuberand@mminadas esterigmas.
Cada um dos nucleos haploides gerados na meiosa pega o interior dos
basidiésporos por meio dos esterigmas (Figura AKERSTER; WEBER,
2007).

Embora a maioria dos basidiomicetos apresente ajimtsidiésporos
por basidio, esse nimero aparece de forma heteagéngénerdgaricus Em

A. bisporus mais de 90% dos basidios tém dois esporos, cadeecebendo
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dois nucleos, sendo a maioria dos esporos hetéticare autofértil (CALLAC
et al., 2003; XU; DESMERGER; CALLAC, 2002).

A. subrufescen® uma espécie tipicamente tetraspdrica, entretanto,
frequéncia de basidiésporos por basidios podervanmafuncdo da linhagem e
ambiente. Kerrigan e Ross (1987), por meio de estuealizados con\.
subrufescensultivados em condi¢Bes padrdes, observaram gueiaria dos
basidios era tetraspoérica, porém, quando coloca&stemperaturas mais
baixas, a média de esporos por basidio declinasaeka et al. (2012) também
observaram, em condi¢Bes padrdes de cultivo, quaiaria dos basidios era
tetraspdrica, entretanto, grandes variacdes do maide badisiosporos foram
observadas de acordo a linhagem estudada. De acordoos autores, duas
linhagens apresentaram frequéncia de basidiospétiaos de apenas 54 e 30%,
respectivamente. Neste caso, portanto, a variagamithero de basididsporos
por basidio foi determinada pelas diferencas gessntre as linhagens e néo
por variacdes ambientais.

O efeito dos fatores genéticos sobre o ndimero dalibaporos por
basidio ja foi evidenciado anteriormente é&mbisporus Para essa espécie, a
frequéncia de basidiosporos por basidio é primanaendeterminada pelo loco
BSN, ligado ao locdMAT no cromossomo | (XU; HORGEN; ANDERSON,
1993). Os aleloBBsn-t e Bsn-b conferem o fenétipo com predominancia de
basidios tetrasporicos e bisporicos, respectivanéhtaleloBsn-té dominante
em relacdo aBsn-b(CALLAC et al., 1998).

Em muitos basidiomicetos, a meiose é seguida pa omtose, que
pode ocorrer em diferentes locais. Quando ocoriietedor do basidio e os oito
nucleos resultantes migram para 0s esporos, s&@auageresporos maduros
binucleados (Figura 4B). Quando a mitose ocorr@ideajue os nldcelos migram
para os basididsporos, sdo gerados esporos bidaslgaorém, homocariéticos

(Figura 4C). E quando a mitose ocorre ainda noriarntelo basidio, porém
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apenas quatro dos oito nlicleos migram para 0s@sRo0S remanescentes sao
degradados, sédo gerados esporos uninucleadosgHB)r Ha, ainda, relato na
literatura, de mitose pds-meidtica na base ou terior dos esterigmas (ndo
esquematizado na Figura) (WEBSTER; WEBER, 2007).

L EELEREE DR

00 000 000
(1]
Al A2 A3 Ad Bl B2 C1 2 DI D2
(A)

(B) © D)

Figura 4 Desenho esquematico de basidiosporogéiuesiamentado por Dias
et al. (2008), Thongklang et al. (2014) e Webstéveber (2007). (A)
Al: estagio dicarittico, A2: cariogamia, A3: meipsd: migracao dos
nucleos para os basidiosporos; (B) B1: mitose péina ocorrendo
no interior do basidio, B2: migracdo dos oito ndasl@ara o interior
dos basidiésporos; (C) mitose pés-meiética ocoemal interior dos
basidiosporos e (D) D1: mitose pds-meiotica ocatweno interior do
basidio, D2: Migracé@o de apenas quatro dos oittens® degeneracao
dos remanescentes

Em A. subrufesceng foram reportadas mitoses pés-meiéticas. Dias et
al. (2008) sugerem a ocorréncia de mitose poés-ioaidio interior dos
basidiésporos e um modelo reprodutivo primariaméeterotalico. Herrera et
al. (2012), apds observarem a ocorréncia de badbispodricos e trisporicos em
todas as linhagens estudadas, sugeriram que pgieeseja anfitdlica, uma vez
poderia resultar na formacéo de esporos hetertdicas@autoférteis.

Véarios mecanismos de empacotamento de nucleosoparerior dos
esporos tém sido propostos, quando a migracadigadaem pares. No modelo
de empacotamento nuclear proposto pArabisporus quatro células filhas
resultantes da meiose sdo empacotadas em paresa qmedominancia de

emparelhamento de ndcleos nado "irmaos” no mesnw@$kKERRIGAN et al.,
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1994; RAPER; RAPER; MILLER, 1972; SUMMERBELL et ,al989). Nesse
modelo, a migracdo do ndcleo pds-meidtico parardetd esporo ocorre de
forma nado aleatéria e a expectativa para esse médealde que a maioria dos
basidiésporos apresente dois nulcleos e seus geméspjam altamente
heterozigoticos. O modelo de migracdo parasubrufescendifere do modelo
nao aleatdrio deA. bisporus uma vez que, por meio de andlises genéticas,
Thongklang et al. (20143aracterizaram trés principais categorias de esporo
(Figura 5), que sé&o: os heterocariéticos, que mmemlcleos "irmaos”,
denominadosSister Nuclei Pair Progen{SNPP); os que recebem nucleos ndo
"irmaos”, denominadosNon Sister Nuclei Pair ProgenyNSNPP) e os
homocarioticos, definidos resumidamente a seguir.
a) NSNPP: heterocarions que sao reprodutivamente dentps,
conhecidos por terem ciclo de vida pseudo-homatalic
b) SNPPs: heterocarions que apresentam genétipos haitos em
regides ligadas adlating typeloco, embora sejam heteroalélicos em
regides mais distantes. Com isso, teoricamente, B&o
reprodutivamente competentes;
c) Homocarions: sdo esporos originados através de agégr

envolvendo dois ndcleos geneticamente iguais.

A presenca de esporos homocariéticos e heterticas6(SNPP e
NSNPP) encontrados por Thongklang et al. (2014jficoa, mais uma vez, que
o ciclo de vida dé\. subrufescené anfitalico. Estudos comportamentais desses
diferentes tipos de esporos podem proporcionar cagaem programas de
melhoramento genético, ao proporem que 0s mesrs skilizados em testes
de cruzamento, especialmente em relacdo aos espet@®ocaridticos SNPP,

nunca anteriormente estudados.
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Figura 5 Categorias de esporos. Homocarit6tico; BSNeterocariétic&ister
Nuclei Pair ProgenyNSNPP = heterocariétiddon-Sister Nuclei Pair
Progeny
Fonte: Thongklang et al. (2014)

2.5 Fenbmeno Buller (Di-Mon mating)

O cruzamento entre micélios compativeis monocaxianonocarion é
bem conhecido por sua capacidade de originar hétéons férteis. Contudo,
um famoso micologista canadense, Buller (1931)tritmniu significativamente
para um entendimento ainda mais aprofundado da akdade em
basidiomicetos. Ele encontrou dicarions com capaedde fertilizacdo de
monocarions enCorpeinus lagopusresultando em um novo dicarion. Este
processo foi cunhado como fendmeno Buller, por fanitha (1937).
Posteriormente, Papazian (1950) referiu-se a gssalé cruzamento conmdi-
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mon mating.O cruzamentadi-mon ja foi observado em muitas espécies de
fungos, em condicdes laboratoriais e é, geralmagctwnpanhado por migracdo
nuclear do heterocariético para o homocariétice ge torna heterocariotico
(CALLAC et al., 2006).

O tipo de sistemanating typeé um fator importante nas interacfes
genéticas entre monocarios e dicarios. Quando undads nicleos de um
dicarion é compativel com o nucleo do monocériondigariotizacdo do
monocarion ocorre prontamente (HEITEMAN et al., 20Dois tipos legitimos
de combinag¢fesli-mon matingsdo possiveis. S&o eles: (i) o monocérion é
compativel com todos os nudcleos do dicarion (epolar (A1+A2) x A3) ou
tetrapolar (A1B1+A2B2) x A3B3) e (i) em combinagbe de
semicompatibilidade, em que o monocérion é complatiomente com um dos
nucleos do dicarion (ex.: bipolar (A1+A2) x Al) tirapolar (A1B1+A2B2) x
A2B2). Combinag¢fes incompativeis sdo encontradagspécies tetrapolares,
em que o0 monocarion nao é compativel com nenhummddgos do dicarion
(ex.: (A1B1 + A2B2) x A1B2 ou A2B1) (WEBSTER; WEBERO0Q7).

Como, no génerdgaricus as espécies até entao estudadas sédo bipolares
e multialélicas, o fendmeno Buller é legitimo emad® os tipos de combinacao.
Em A. bisporusesta via de cruzamento ja foi reportada em exgerios
laboratoriaign vitro e em substratos simultaneamente inoculados coanassp
micélio (CALLAC et al., 2006). Esse fenémeno ainda foi reproduzido erA.
subrufescens porém, o desenvolvimento desse método é umatéstra
promissora que pode ser utilizada em estudos gesé# programas de
melhoramento (CALLAC, 2008).
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2.6 Marcador molecular para distincdo entre esporos homocarione

heterocarions

A distincdo entre os diferentes tipos de esporasmfitarions
heterocarions) pode srealizadaa partir de heteromorfismos no DNA da est
parental, particularmente comum em certas espédies Agaricus
(FOULONGNE©ORIOL, 2012.

O sequenciamento de segmentos do DNA é analipor meic de
eletroferogramasncs quais picos duplos correspondem a roaterfismos
(Figura5). Um baixo nivel de heteromorfismo é claramentefator limitante
para o desenvolvimento de marcadores molecularesracipnais
(FOULONGNEORIOL, 2012)
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4

Figura5 Heteromorfismo em duas regifes no eletroferogiresultante de ur
sequenciamen

O marcador CAPS, do inglicleavedamplified polymorphic squences
ou sequéncia poliarfica amplificada e cliada, pode ser utilizado para acess
diferenca entre esporos homocariéticos e hetedimars, e ja foi empregac
especialmente para algumas espéciesAgaricus (THONGKLANG et al.,
2014) CAPS sao fragmentos de DNA amplificados via Futilizandoprimers
especificos (20 a 30 pb), seguido da digestdo qaipreicleasede restricao

Sao marcadores dominantes que exploram posicdes polimorficas thdas
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nas sequéncias de DNA, e a base genética do péimor revelado pelo

marcador CAPS é a presenca/auséncia de sitios stiécde da sequéncia
amplificada. Portanto, trata-se de uma técnicaltdereprodutibilidade, com a

desvantagem da necessidade de conhecimento peésiegdéncia de DNA para
a construcdo dprimers(WILLIAMS et al., 1990) Além de acessar o nivel de
ploidia, os marcadores CAPS foram bastante emposgad construcdo de
mapas genéticos de bisporus FOULONGNE-ORIOL, 2012; FOULONGNE-

ORIOL et al., 2010, 2011).
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Abstract: Agaricus subrufesceris an edible and medicinal mushroom with a
unifactorial system of incompatibility and an anthahllic life cycle in which
meiospores give rise two three types of mycelia:mbikaryons and
heterokaryons which are either non-sister nuclear progenies (NSNPPs) or
sister nuclear pair progenies (SNPPs). NSNPPs dessical fertile
heterokaryons; SNPPs are unconventional heterokambich are homoallelic
at the mating type locus which is tightly linkeddacentromere. The objective
was to characterize these types of spores, patlgiheir mycelial growth rate
and their ability to cross and to fruit. A largeogp of offspring (225 single
spore isolates) of the Brazilian strain WC837 wawmlyed with eight
codominant molecular markers. Fifty percent of $peres were heterokaryotic
and among them about one quarter were SNPPs. Tdhefrhomoallelism (i.e.
the loss of parental heterozygozity) at centromem@ked markers was
consistently 50% in both SNPPs and NSNPPs. The lial/geowth rate of the
NSNPPs was significantly higher than for the SNRRd the homokaryons.
Only NSNPPs inconsistently fruited. Both NSNPPs &NPPs crossed with
homokaryons and interestingly SNPPs bearing differaating type alleles
crossed between each other and restored fertierdketryons. The interest of
these genetically inbred heterokaryons lies inrtlaility to cross; however
through this process, gametic selection is bypaséés propose a simplified
strategy of crosshreeding for strains having thie tof amphithallism in which
a single centromere-linked marker could be usedigocard the NSNPPs while
the mating-competent SNPPs would be treated as kenyans.

Keywords: Mushroom Pseudohomothallism Buller phenomenon Icjele
Breeding program
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Introduction

Outcrossing and recombination generate variahitttich is required for
adaptation of fungi to their environment in natyrapulations and contributes to
their evolution. Knowing how outcrossing occursailgiven species contributes
not only to a better understanding of how reprogecttrategies can impact the
natural population structures but also of how tatad hybridization between
strains, for example in selective breeding prografos agronomic or
technological purposes. Most fungal species ofpthdum Basidiomycota have
sexual reproduction with various reproductive sigEs and life cycles
(heterothallism, homothallism, and pseudohomotrallialso called secondary
homothallism). Outcrossing or selfing may occur thi@ Buller phenomenon i.e.
between a homokaryom][ and a heterokaryonnfn] (Buller 1931) or more
classically between homokaryons via heterothallisneiospores give rise to
infertle homokaryotic mycelia nj then plasmogamy between sexually
compatible homokaryons restores a fertile hetesain+n]. In contrast, in
pseudohomothallism two postmeiotic nuclei are phime each spore. Such
spores generally give rise to fertile heterokaryohsphithallism refers to the
production of both homokaryotic and heterokaryosipores in the same
sporocarp, thus encompassing both heterothallisth seudohomothallism
(Lange 1952; Kuhner 1977). Amphithallism is notetafor instance, of
approximately 500 species of Agaricales about 8%ewensidered amphithallic
(Lamoure 1989). This percentage is certainly aneuegtimate because it was
mainly based on morphological observations of & lpgrcentage of bisporic
basidia.

Amphithallism is known in bisporic species suchAagricus bisporus
var. bisporus(Lange) Imbach, the button mushroom (Raper €t942), but can
also occur when basidia are tetrasporic. For exanmplMycocalia denudata
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(Burnett and Boulter 1963), post-meiosis mitotiziglon (a ‘third division’)
occurs in the basidiadAgaricus subrufesceriBeck, the almond mushroom, was
also found to be tetrasporic and amphithallic i tiree strains recently studied
by Thongklang et al. (2014).

The almond mushroom is cultivated in the Amerigaainly in Brazil)
and in Asia (mainly China, Japan and Taiwan). pagularly known as ABM
(for A. blazeiMurrill [sensu Heinemann]), Royal Sukgaricus Cogumelo do
Sol or Sun Mushroom in Brazil, Himematsutake inalapand Jisongrong or
Baximogu in China (Parra 2013; Wisitrassameeworalj. 2012b). Even though
Agaricus subrufescersnd Agaricus bisporuselong to the distinctly different
Agaricus sections Arvensesand Bivelares respectively, both are secondary
decomposers and can be cultivated on similar satest(Largeteau et al. 2011;
Llarena-Hernandez et al. 2013garicus subrufescens worthy of study not
only because it is a species of medicinal and timnal interest but also because
it is the Agaricusspecies having the broadest climatic and geographange.
Indeed, it was initially described from the USA1B893 by Peck (Peck 1893),
then under different names in Brazil and in Eurdfgemain synonyms arA.
blazei Murrill sensu Heinemann (misapplied}y. brasiliensis Wasser M.
Didukh, Amazonas & Stamets (illegitimate) aAd rufotegulisNauta (Parra
2013; Wisitrassameewong et al. 2012b). Moreovehai also been formally
reported from Oceania (Peterson et al. 2000; Kanrig005) and Asia (Zhao et
al. 2011; Wisitrassameewong 2012a; Gui et al. 20Itgrfertility between
isolates from South America, Europe and Asia hasbecently demonstrated
(Thongklang et al 2014), indicating that a broadaiie base is available for the
genetic improvement of this species.

The reproductive strategies and life cycle of #pgcies of interest are
distinctive and qualify it as a model for studigshmw outcrossing may occur in

Basidiomycota. Thongklang et al. (2014) showed thasubrufescendike A.
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bisporusvar. bisporus has a unifactorial system of sexual incompatipikith a
mating type locus MAT) tightly linked to a centromere. However,
amphithallism irA. subrufescendiffers fromA. bisporusvar. bisporusnot only
by its tetrasporic basidia but also by a highee @&ft crossovers and, in certain
strains such as WC867, by the fact that postmeimtitei paired in a spore may
carry the same mating type allele. As a resultethmémary categories of single
spore isolates (SSls) were considered by Thongldamad (2014):

- Non-sister nuclear pair progeny (NSNPP) hetenakas: inAgaricus
the mating type locus/AT is linked to a centromere, therefore virtually all
NSNPPs are reproductively competent ‘self-fertdekual heterokaryons. These
are the familiar heterokaryons of the pseudohontigthbfe cycle allowing
uniparental reproduction.

- Sister nuclear pair progeny (SNPP) heterokaryofikese are
‘unconventional’ heterokaryons having a pair otsi’ nuclei arising from the
same second meiotic division, and therefore havirighly homoallelic
genotypes in tightly centromeric-linked regions.eYhare theoretically not
reproductively competent although they can be batkglic in regions distal to
the centromeres. SNPPs had not been previouslyidevad in classical
concepts of amphithallism.

- Homokaryons are haploid cultures that can anieenfspores in two
different ways. In the traditional scenario, homgksic spores receive only one
postmeiotic nucleus. However, in amphithallism iwimg nuclear pairs, some
spores may receive two identical nuclei from onstipeiotic division, and these
are also homokaryons.

The objective of the present work is to charaztetihe behavior of these
three types of spores, particularly their myceljdwth rate and their ability to
cross and to fruit, and finally to propose a sifigdi strategy to cross strains

having this type of amphithallism. A large groupadfspring (225 SSIs) was
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analyzed with eight single-locus co-dominant cleheenplified polymorphic
sequence (CAPS) markers for characterizing NSNPB$/PPs and
homokaryons. Then we compared the three types ¢ BSmating tests,
mycelial growth rate tests and fruiting tests. Tir @nowledge SNPPs have
never been studied previously. The functional afl@ach type of spore in the
wild is discussed and consequences for breediragegies in this cultivated

species are examined.

Materials and methods

Parental strain and single spore isolates

We used the same strain, WC837, as Thongklang. €2@14). This
strain, provided by PSUMCC (USA), originated in Btaand a subculture
(CA454) is available in the INRA collection (CGABJhe strain WC837 was
cultivated under standard conditions for sporogangriuction as described by
Llarena-Hernandez et al. (2014). Scoring of basidlia fresh sporocarp in one-
to four-spored classes was performed using lightrascopy as described by
Callac et al. (1993) and a sporeprint was obtafred the same sporocarp. For
germination, spore suspensions were preparedalire solution (NaCl 0.85 %)
with trace of Tween80. Spore counts were estimaséay a Malassez cell. One
hundred microliters of the spore suspension wereasbover 90-mm-diameter
Petri dishes on complete yeast medium (Raper €t9al?). Plates were placed
upside down with the addition of grains colonizedA bisporusmycelium in
the lid (a germination stimulus; Rast and Staut®20) for one week. After
germination, SSls were subcultured on compost extraedium (aqueous
extract of pasteurized commercial mushroom complost 1% glucose and 2%

agar).
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Choice of informative markers

EST sequences &. subrufescenientified by Foulongne-Oriol et al
(2014) with putative homologs in the genome Aof bisporuswere selected.
Information about their physical position on #ebisporusgenome was used to
develop informative molecular markers for the distiion between the three
expected types of spore among the WC837 SSis (Khamgj et al. 2014). First,
we selectedA. subrufescenslentified sequences for whicl\. bisporus
homologs were close tdAT and the centromere (RPB2 and PRS088 markers).
Secondly, we chose two othér. subrufescensequences witlhA. bisporus
homologs located on chromosome | in pericentrom@RS113 marker) and
distal positions (PRS095 marker). Thirdly, founertA. subrufescensequences
(PRS003, PRS016, PRS160 and ITS markers), for whidlisporushomologs
were found in distal positions on chromosomes IV, VXl and IX were also
used (Table 1).

Table 1 Characteristics &. subrufescenmarkers used for WC837 SSis type

identification
Homologs in Genome positior\.
marker Seq IDA. subrufesceffd  A. bisporus bisporusv2.0
@b  (chromosome/scaffold -
(GM) v2.0 :
coordinates)
PRS95 sp_isotig01625 189140 I/1 - 12142-14030
PRS113 cl_GSIH7AY04HOM2Y 147275 I/1 - 373143-373641
PRS88 cl_isotig00274 62238 I/1 - 850846-853302
Rpb2 KJ541801/KJ541862 113824 I/1 - 869574-873431
PRS003 cl_isotig01560 195831 IV/14 - 493735-495750
PRSO016 cl_isotig011%8 194648 X/9 - 1326408-1327402
PRS160 cl_GSIH7AY04I5DED 193525 VII/7 - 232331-232917
ITS KJ541796/KJ541796 # IX/29 — rDNA

aMorin et al., 2012°Foulongne-Oriol et al., 2014Thongklang et al., 2014
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Method based on homo/heteroallelism to classifis®Sthree categories

We used codominant single-locus markers that Wweteroallelic in the
parental strain. Heterokaryotic and homokaryoti¢sS&ere first distinguished
as follows: SSls heteroallelic at least at oneh#f koci were unambiguously
heterokaryons (either NSNPPs or SNPPs). SSis hdteticadt all loci were
regarded as putative homokaryons. This classifinativas performed with
several genetically independent markers (genejiaatiinked loci), to avoid
misinterpreting a heterokaryon as a homokaryon vithveas homoallellic at any
of these loci. For each of the genetically indegemanarkers, the frequency of
homoallelic SSIs was estimated from the experinietdta. The probability of
misinterpretation of a heterokaryon as a homokamyas the product of these
frequencies for all the markers used. Such a roolid genotype test has been
used inA. bisporushby Kerrigan et al. (1992, 1993, 1994) andhirsubrufescens
by Thongklang et al. (2014).

Among the heterokarotic SSls, NSNPPs are expeoteé teteroallelic
at loci tightly linked to centromeres while SNPRge &omoallelic. We used
markers linked to thMAT locus which is tightly linked to the centromereu(t
al. 1993). Homoallelic and heteroallelic SSIs athsipci were considered as
putative SNPPs and NSNPPs respectively. The rhfialof this method
depends on the rates of crossovers between thagkemhandVAT and thus the
centromere. Such rates can be estimated through atie@ysis of the
homokaryotic offspring.
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Molecular markers genotyping

CAPS markers were previously used for mappinédgaricus bisporus
(Callac et al. 1997; Foulongne-Oriol et al. 2013 &0 study the life cycle dk.
subrufescengThongklang et al. 2014). CAPS markers exploitet@nhorphic
positions detected in the sequences; informatigede heteromorphisms which
are included in the restriction sites of restrictendonucleases (Table 2). When
the restriction site differed from the sequenceivee CAPS (dCAPS) markers
were developed (Neff et al. 1998).

DNA extraction was done as described by Zhao €Rall1). PCR was
performed in a 30 uL reaction mixture containingng0genomic DNA, 0.5 uM
of each primer, 200 uM dNTPs, 2 ug BSA, 1 U Taq DRélymerase and 1x
incubation buffer. Amplifications were carried oas follows: an initial
denaturing step at 94 °C for 5 min; 35 cycles df®4for 1 min, 55°C for 90s,
72°C for 1 min; and a final extension at 72 °C %omin. The amplified region
was sequenced by Beckman Coulter Genomics Inc. |dBdp Restriction
enzymes recognizing a polymorphic position of tguence were selected. For
the cleavage reaction, 5 uL of the PCR product wiégested with 2 U of the
appropriate restriction enzyme for 120 min at thnoal incubation temperature
recommended by the manufacturer. CAPS products wengalized in 2%
agarose gels, running at 90 V for 90 min. Seleqteicher sequences and
matching restriction enzymes for each marker atedi on Table 2. Loci were
named as the sequenced DNA segment followed bjgteromorphic position
in the amplified sequence. All the markers areroeltelic in the parental strain
W837. We analyzed all 225 SSis in the same comditas described above.



Table 2 CAPS markers used to study allelic segiagaf the WC837

Locug
ir?g l:J?ianc]:?s I?Sl\’lg;ragment Endonuclease Genotypes (F;:];gnmognptéséize in pb)
Restriction site
ITS1+5.85+ITS2 ITS200 lorl/l 773
ITS5:GGAAGTAAAAGTCGTAACAAGG Hindlll 20r2/2 554+219
ITS4: TCCTCCGCTTATTGATATGC gtgaAARCTTtgct 1/2 773+554+219
Rpb2: Rpb2:715 lorl/l 617+274+142+119
5F: GATGATCGTGATCATTTCGG TsB09l 20r2/2 403+274+198+142+119
7R: ACYTGRTTRTGRTCRGGGAAV aaggMRTTgcga 1/2 617+403R74+198+142+119
PRS3: PRS3:212 lorl/l 678
3F: CCCAAAGATTTCTCCAACCA Ddd 20r2/2 446+232
3R: AAATCCCAACTTTGCGTCAC aatalY CAGcatc 1/2 678+446+232
PRS16: PRS16:1 lorl/l 464
16F:CAGCAGTCTTGACAATGCTGTG Sad 20r2/2 424440
GCTTCCGTGAGTCGAGQ (dCAPS) agtcGAG Ytagt
16R:CCGTCAAGGTCCTCAGTGAT (dCAPS) 1/2 464+42440
PRS88: PRS88:248 lorl/l 764
88F :CTCGCAATTAGCTTCCAAGG Aatll 20r2/2 491+273
88R :CGGTTGTCCAAGATCAAGGT gttcGAY GTcgac 1/2 764+491+273
PRS95: PRS95:266 loril/l 380461
95F :CGCAACTTGAATAACGCTCA Hinfl 20r2/2 287+15461
95R: TATGCGCGAGATTACGACTC agg(RAATCctgt 1/2 380+287+15461
PRS113: PRS113:158 lorl/l 426
113F :TAGTTTAGGGCGCATCAACC Btd 20r2/2 238+188
113F :CCTCCAACCAACACTCATCC gaagG(RGTGAGttgc 1/2 426+238+18
PRS160: PRS160:134 lorl/l 524
160F: CACTGAACGTGACCTGGAGA Earl 20r2/2 365+159
160R: AGGGTTTTCGGATGACATT( tcgcCTCIY CCctte 1/2 524+365+15

% Each locus is designed by name of the sequencedl fPgment followed by its position on the amplifisequence (number of
nucleotides after the forward primer); sequencesidling the recognition site (in capital) and heteorphisms (in bold type) are indicated
® Fragments giving major characteristic bands istedphoresis gel are in bold type

¢ derived CAPS primer: the underlined nucleotide @ifact T in the sequence of WC837

174
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Linkage map and Mendelian segregation analyses

To test genetic independence, contingency chirsquasts were
performed for all pairwise combinations between ltte used. For the linked
loci, their order and genetic distances were coegpusing MAPMAKER/EXP
V3.0b software (Lander et al. 1987). The recomlomatate was transformed
into map distance (centimorgan cM) using the Kodafabction. For each
marker, the hypothesis of the Mendelian allelicreggtion ratio of 1:1 was

tested among the homokaryotic offspring using chiase tests.

Mating test and hybridizations

Mating tests were performed according to Kerriganal. (1994).A.
subrufescendias a unifactorial system of incompatibility: tvimmokaryons
give a positive reaction only when they bear défdralleles iMat-1 andMat-2)
at the mating type locUdAT. The presence of fluffy, vigorous mycelium at the
junction zone between the two mycelia characterepssitive mating reaction.
The test was intended to determine the mating Blfees of the SSis and
ultimately to estimate the linkage relationshipsaeenMAT and other markers
used. A preliminary mating test was performed &ntify homokaryotic strains
with different mating type allele$Ve paired all the homokaryotic SSIs and most
of the heterokaryons SSIs (NSNPPs or SNPPs) withh festers previously
selected (twdviat-1 and twoMat-2), in duplicate.

Furthermore, mating tests between SNPPs bearifegatit mating type
genotypes Nlat-1/1 or Mat-2/2) were performed, in triplicate. When required,
the hybrid mycelium was isolated on a compost-agadium. Confirmation of
hybridization was achieved using a marker tighittked toMAT for evidence of

heteroallelism and consequently the restoratidiertifity (Mat-1/2). However if
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two SNPP heterokaryons crossed, we assumed thatethdting ‘hybrid’
heterokaryon would receive one nucleus of eachnparéneterokaryon and
therefore, four different hybrids were possible. eweal whether the nuclei
randomly assembled in the hybrid, we tested pafrsSMPPs having the
genotypesl/a2 bl/blandal/al bl/b2at two loci A and B, and then compared
the genotypes of several hybrids isolated from mgatibetween the same
SNPPs. In this condition, one SNPP parent containeducleialblanda2bl
and the other contained the nuckibl and alb2 Consequently the four
possible hybrids had four different genotypes: thesre homoallelic

respectively either at A, at B, at both loci, onatther.

Mycelial growth rate test

Agar plugs of 4 mm diameter were transferred taiPRi$hes (90 mm
diameter) containing 1 % malt agar medium and iatedb at 28 °C for 15 d.
Colony diameters were measured on two perpendi@xdas. These data were
used to score the rate of the mycelial growth with replicate plates for each
SSl in a completely randomized experimental dedigycelial growth rate was
compared between each type of SSI using varianedysa; and post-hoc

Duncan'’s test applied for multiple means comparison

Fruiting test

Strains were cultivated in plastic trays filled kvi8 kg of conventional
compost under standard conditions of cultivation described by Llarena-
Herndndez et al. (2014). Forty five plastic trayerevinoculated with the
parental strain WC837, homokaryons (four straims teplicates), NSNPPs

(nine strains, two replicates), and SNPPs (nirarsy two replicates).
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Results

Classification of the SSls: homokaryons, NSNPPd,2NPPs

Bisporic basidia were not detected and trisporisidia were rare (less
than 1 %) among basidia of the parental sporodstpr incubation for 14 d, the
rate of germination was estimated as 10% for aijeosapproximatively 1,000
spores spread on agar medium in a 90 mm diameterdfsh. Three hundred
and forty germinating spores were isolated fromgshame sporeprint, however
many of them stopped growing and only 225 SSishitdd sufficient mycelial
growth to be used.

SSlIs were classified based on homo-/hetero-allebgneight CAPS
markers (Tables 3 and S1). Among 225 SSls, 49.78%2/225) were
heteroallelic at least at one of the eight CAPSkerar used and were therefore
confirmed heterokaryons. The remaining SSls wetatjwe homokaryons with
a high level of confidence. The rates of homoallaliamong the heterokaryotic
offspring, which are indicated for each locus irblEa3, represent the loss of the
parental heterozygosity at these loci. For the lidoe PRS088:248PRS095:266
PRS003:212 PRS016:1and PRS160:134which are genetically independent
from each other (= unlinked loci with alleles segrng independently), the
probability that a heterokaryon should be homoallet all five loci and
therefore misinterpreted as a homokaryon is thelymbof the five rates of
homoallelism: p = 31/112 x 57/111 x 55/111 x 58/2.(8/111 = 0.019.
However it can be noticed that in fact, using athlgse five markers, only 111
heterokaryotic SSls were detected since a singlddb8d to be homoallelic at
these five markers was heteroallelic at one ofhihee remaining loci used (SSI
WC837-290 was heteroallelic only at lodeaRS113:158 Finally by estimation

we would expect 111/ (1-p) = 113 heterokaryonssThionly one more than the
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112 confirmed heterokaryons that we found. The Ifipercentage of
heterokaryons should be 50.22 % (113/125) i.e edo$0%.

Among the heterokaryons, 21% (24/112) were likeNP8s because
they were homoallelic at both [0BPB2:715andPRS088:248ightly linked to
the centromere and tHdAT locus, while 67% (75/112) were likely NSNPPs
because they were heteroallelic at these two Taeelve percent (13/112) of the
heterokaryons that were homoallelic at only onehafse two loci remained
unclassified. Possibly, following a crossover beaweRPB2:715 and
PRS088:248they received both one recombinant and one nasmtbimant
nucleus; theoretically they could be either SNPPsN&NPPs with equal
probability. Without these 13 unclassified SSig tate of SNPPs was estimated
as 24 % (24/99) among the heterokaryons. Takinm timto account with the
half considered as SNPPs this rate should be 23095/(12).



Table 3 Rate of homoallellism and allelic distribat at nine loci for 225 SSls of the strain WC88f7 Agaricus

subrufescens
Loci Complete offspring (225 SSils) Heterokaryotic offisg (99 SSI<)
Homokaryons Heterokaryons NSNPPs

(113 SSIs) 112 SSils (75 SSils) (24 SSils) SNPPs

Genotypes Chisquare Homoallelism: Homoallelism: Homoallelism:

1 2 Rate 1/1 2/2 Rate 1/1 2/2 Rate 1/1 212
MAT® 5¢ 26 12.81° Non-testabl: Non-testabli 16/1¢€ 11 5
RPB2:715 73 37 11.78* 29/109 16 13 0/73 0 0 23/23 15 8
PRS88:248 75 38 12.11* 31/112 23 8 0/75 0 0 24/24 16 8
PRS113:15 77 34 16.51° 35/11: 28 7 17/7¢ 16 1 13/2¢ 10 3
PRS95:26 83 30 24.86° 57/111 47 10 36/7¢ 31 5 12/2¢ 10 2
PRS3:212 45 66 3.97* 55/111 21 34 36/74 12 24 12/24 5 7
PRS16:1 64 45 3.31 58/110 27 31 37/74 16 21 12/23 7 5
PRS160:13 54 59 0.22 58/111 30 28 38/7¢ 18 20 11/2¢ 6 5
ITS:200 50 55 0.24 62/104 25 37 38/72 16 22 13/20 6 7

* Mendelian segregation rejected (df =pls 0.05)

2 Only 99 of the 112 SSils are considered. The 13imimy heterokaryotic SSIs remain unclassified beeahey are homoallelic at
only one of the two centromere-linked |6tPB2:715andPRS88:248

® Deduced from mating tests

1S
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Mating tests between SSls and tester homokaryons

In all the types of mating tests (homokaryon x hhkargon,
homokaryon x SNPP, and homokaryon x NSNPP), pes#tind negative mating
reactions were observed (Fig. 1). In positive rieast more or less fluffy
mycelium emerged from one or several points onjuhetion line between the
two mycelia. The new putative hybrid mycelium oftemmed a new circular
and vigorous colony overlapping its parent mycehN@gative reactions were
characterized by the absence of fluffy myceliunthia contact zone. Moreover
the contact zone remained often poorly invaded,esiones exhibiting a solid
white line (Fig. 1d). With two replicates for eacgtating test, it was not rare to
observe a positive reaction in only one of the teplicates; false negative
reactions are common M bisporugKerrigan et al. 1994) as in some species of
AgaricussectionArvensedo whichA. subrufescenkelongs (Calvo-Bado et al.
2000).

In mating tests between four tester homokaryonstla@d 13 remaining
putative homokaryons identified with the CAPS maskepositive mating
reactions were obtained for 75 % of them (Tableg4jng an unbalanced
segregation ratio of 58at-1 : 26 Mat-2 These two alleles co-segregated
completely with those dPRS088:2710 recombinants) and almost completely
with those ofRPB2:715(2 recombinants).

In mating tests between four tester homokaryons @@dputative
NSNPP heterokaryons heteroallelic at MAT locus, positive reactions were
observed for 20 of them (30%): 13 had a positiaetion with tester(sMat-1,
six with tester(sMat-2, and only one with two testers bearing eithkat-1 or
Mat-2 allele. Such positive mating reactions between di@ryons and
heterokaryons (the Buller phenomenon) are not irmf@asidiomycota (Buller
1931; Quintanilha 1937; Raper et al 1972; Callaal 8006).
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In mating tests between four tester homokaryons2éngutative SNPP
heterokaryons (homoallelic at tiMAT locus), positive reactions were observed
for 16 of them (80%). The data completely agreeti thie expected homoallelic
genotypesMat-1/1 and Mat-2/2 of these SNPPs which gave positive reactions
with Mat-2 andMat-1 tester strains respectively. Finally in this liedtsample,
there was no evidence of recombination betweertighdly linked loci MAT,
RPB:175 and PRS088:248 11 had the genotypéMat-1/1 Rpb2:175-1/1
PRS088:248-1/Aand five had the genotypdat-2/2 Rpb2:715-2/2 PRS088:248-
2/2. It is noteworthy that this unbalanced ratio Mat-1/1) / 5 Mat-2/2) = 2.20
is similar to the ratio 59Mat-1) / 26 Mat-2) = 2.27 observed among the
homokaryons. It was expected that SNPPs would feelilee homokaryons in

mating tests but this had previously never beem#dy shown.

Table 4 Success in mating tests

Category of SSls Tested SSls Positive reactiorfs
Homokaryons 113 85 (75.2 %)
SNPP heterokaryons 20 16 (80 %)
NSNPP heterokaryons 66 20 (30.3 %)

& Mating tests with four testers (twidat-1 and twoMat-2) and two replicates. A reaction
was positive when it was observed in at least drieeoeight plates
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Figure 1 Positive and negative reactions in matexjs. A, positive between
homokaryons (WC837-309, WC837-145). B, positiverMeein SNPPs
(WC837-142, WC837-18), C and D, between SNPP amtbkaryon
positive (WC837-142, WCB837-20) and negative (WC&32;
WC837-145) respectively. E and F, between NSNPPhanabkarons
positive (WC837-97, WC837-145) and negative (WC8&3T;
WC837-20) respectively

Single locus segregation ratios

Chi-square value for Mendelian segregation (df =p13 0.05) tests
among the homokaryotic offspring are reported ibl@&8. The 1:1 segregation
was rejected for all the loci of the large linkageup (see next paragrapgfAT,
RPB2:715, PRS088:248, PRS113:158, PRS09%:2668 for PRS003:212For
the large linkage group we note that it was alwaljsle 2 of each locus that
belonged to the same parental chromosome and tastalways the under-
represented allele.

Although the number of identified SNPPs was lomitst be noted that
similar unbalanced segregations among the postimeiatlei having migrated
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in these heterokaryotic spores were observed sircgenotypel/1 was much
more frequent than the genotyP® at all five loci of the large linkage group
listed above (11:5, 15:8, 16:8, 10:3, and 10:2eetyely).

Pairwise segregation ratios, linkage map, and syntéth A. bisporus

Using chi square contingency tests for nine loeheaic independence
was rejectedp<0.001, 1df) for the following eight pairs of loci among thé 3
tested pairs (Tables S2 and S3JiS and PRS160:134 PRS113:158and
PRS095:266 and all the pairwise combinations between ther fdaci
PRS113:158 PRS088:248 RPB2:715and MAT. Therefore, there were two
linkage groups: a large one including five lo®IAT, RPB2:715, PRS088:248,
PRS113:158, PRS095:268&nd a small ondTS:20Q PRS160:13%

The linkage map obtained by the maximum-likelihoodethod
implemented in Mapmaker (Fig. 2) was consistenhulite loci independence
tests. By projection on th&. bisporusgenome, the genetic order of markers in
the large linkage group @&. subrufescensespects the physical order of their
respective homologs observedAn bisporus Since no recombinant was found
betweenMAT and PRS088:248 these two loci were found collocated. Two
recombinants were observed betwddAT and RPB2:175 Conversely, the
small linkage group did not agree with bisporusdata. PRS160:134and
ITS:200loci are linked inA. subrufescenbut are unlinked ir\. bisporus since
thelTSlocus belongs to chromosome IX d@R@S16Go chromosome VII.
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0.0 PRS95 0.0 ITS 0.0—©—PRS3 0.0—©— PRS16
147 PRS160
28.2 PRS113
49.6 { MAT PRS88
51.7 RPB2

Figure 2 Linkage map obtained from the segregadioalysis at 9 loci in 113
homokaryons progeny. Values indicated on the léfie sare the
distance intervals in centimorgans (cM) using Kasarfunction.
Markers including molecular CAPS markers and thenpltypic MAT
loci are written on the right side

Relationships between homoallelism and linkagestdtromere

The mean rate of homoallelism among the heterokary@able 3)
varied from 27 % to 31 % for the three centromarkdd loci of the large
linkage group RPB2715,PRS088:248andPRS113:158and varied from 50 %
to 53 % for the centromere-unlinked markers ext€Ept200that reached 60 %.
Lethal or deleterious recessive alleles at centredieked loci might explain
not only the lower rate of homoallelism observedttsse loci among the
heterokaryotic offspring but also the deviatiomirtMendelian segregation ratio

observed among the homokaryotic offspring.
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The mean rate of homoallelism among SNPPs and aN8hPPs depends
on the linkage to the centromere since these hetgans inherit of homologous or
heterologous centromeres respectively. This stitited in Fig. 3 where the mean rate
of homoallelism has been calculated among 75 NSHR&24 SNPPs from data of
Table 3 for centromere-unlinked loci, centromenkdd loci and for the locus
PRS113:158which is intermediary. However, the 13 heterokasyaemaining
unclassified are not taken into account in Fig.s8me of them are probably
heteroallelic SNPPs or homoallelic NSNPPs at oneesie two markers. If all SNPPs
and SNPPs would have been classified, the trus ofteomoallellism would not be
exactly 0 for NSNPPs or 1 for SNPPs but there wbeldittle variation from these
values at the loci tightly linked tdAT. Finally, when the linkage to the centromere or
the MAT locus increases, the rate of homoallelism inccefisen 50 % to 100 % for
the SNPPs, whereas it decreased from 50 % to © tHefONSNPPs.

Mean rate of

1.00
homoallelism
1.00
| 54
0.75 1 0-5 0.50
0.50
0.50
0.23
2 .ﬂ'm /' SNPP
0.00 L W *
/ NSNPPs
RPB2:715 . —
pRsgg:24g  PRSIIZASE . o
PRS3:212
PRS16:1

Linkage to, cgntmmef‘gﬂm:lﬂ

Figure 3 Relationships between linkage to centrena@d homoallelism among
75 NSNPPs and 24 SNPPs. Mean rates of homoallelesrcalculated
for two loci tightly linked to the locu$/AT and the centromere, for
four centromere-unlinked loci which are geneticatigependent from
each other, and for the loculBRS113:158which is intermediary
Matings between SNPP heterokaryons and confirmatiohe crosses
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Since SNPPs behaved as homokaryons in matingwsts confronted
to tester homokaryons we chose some of them tauesther they could cross
among themselves. Seven confrontations with thepécates were performed
between SNPPs having not only different mating tgpaotypes Nlat-1/1 vs.
Mat-2/2) but also appropriate genotypes at other lociridento test whether the
nuclei of two mated SNPPs are randomly paired i tlsulting ‘hybrid’
heterokaryon (see materials and methods). In fivth® seven confrontations,
positive mating reactions were observed (Fig. 1hd &vo to four putative
hybrids were isolated from different replicate ptaor from distinct reactions
appearing in the same confrontation plate.

Sixteen putative hybrids isolated from positivetinareactions between
SNPPs were all heterozygous at BRRS088:248ocus (Table 5). This not only
confirmed their hybrid status but also indicatedttthese unconventional
crosses between infertile heterokaryons led toildettieterokaryons since
PRS088:248s tightly linked to theMAT locus. Genotypes at two other loci
(only one in one case) were the same for all tHeritly isolated from matings
between the same couple of SNPPs (Table 5). Moreexeept in the case
where a single locus was used, these data shovegdotiy one of the four
possible pairings between the two nuclei of eadréptal’ heterokaryon was
found. In two cases there were four identical hylgrénotypes from the same
type of mating. If the pairing was at random, theljability of finding the same
pairing four times would be 44 0.016. These data demonstrated that the
pairings were not random and even suggested tHgteosingle pairing was
possible. However the process of pairing of nudeiains unknown.



Table 5 Genotypes of confronted SNPPs and thetégblaybrids

Pairs of confronted SNPPs

a
PRS16:1 PRS340: !I}I

and isolated hybrids PRS88: 248 PRS113: 158 PRS95: 266 PRS3: 212

WC837-142 (AT 2/2 212 212 11 212 172 212
WC837-006 MAT 1/1) 1/1 1/1 1/1 Y 1/1 2/2

Hybrid (WC837-142 x WC837-006)  1/2 s 1/2 2
WC837-142 (AT 2/2 212 212 11 212 172 212
WC837-018 MAT 1/]) 1/1 1/1 1/2 1/1 2/2 1/1

Hybrid (WC837-142 x WC837-018)  1/2 172 212 4
WC837-142 (AT 2/2 212 212 11 212 172 212
WC837-232 MAT 1/]) 1/1 1/1 1/1 2/2 2/2 1/2

Hybrid (WC837-142 x WC837-232)  1/2 212 2/2 3
WC837-175 MAT 2/2 212 1/2 212 7 212 11
WC837-120 MAT 1/3) 1/1 1/1 1/1 Y 1/2 1/2

Hybrid (WC837-175 x WC837-120)  1/2 172 3
WC837-175 WAT 2/2 212 172 212 s 212 11
WC837-251 MAT 1/]) 1/1 1/1 1/1 Y 1/2 2/2

Hybrid (WC837-175 x WC837-251)  1/2 1/2 212 4

# Number of replicates: for each type of confromt@atN hybrids were isolated and all had the sametype
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Mycelial growth rate test

The distribution of frequency of 91 SSI colony deters (39 homokaryons, 37
NSNPPs and 15 SNPPs) measured after 15 days oftgiswshown in Fig. 4.
The mean diameter measured for homokaryons wasn3d.@nd did not differ
significantly from the mean diameter for SNPPs 13#m). The heterokaryons
differed significantly p<0.05) from both SNPPs and homokaryons with a mean
diameter of 47.2 mm.

The homokaryotic SSls presented a peak of growthinathe range of
31-40 mm where 56.4% (22/39) are grouped. HeteyokaSNPPs showed a
peak in the range 31-40 mm with 33.3% of the irdliails (5/16) in that range.
The NSNPPs were present in all ranges represemtia@ igraph, with a peak in
the range 51-60 mm containing 37.8% (9/41) of them.

Number

of SSls
25 -

20
15 -

10

o | Em I : : ‘ . W mm

11-20 21-30 31-40 41-50 51-60 61-70 71-80

Homokaryon B NSNPP ~ SNPP

Figure 4 Frequency distribution of colony diametér9l SSI of WC837 (39
homokaryon, 37 NSNPPs and 15 SNPPs) after 15 daysalt agar
medium
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Behavior of single spore homokaryotic and heterngdtir isolates (NSNPPs and
SNPPs) in fruiting tests

The parental strain fruited normally. The homoka/avere unable to
invade the culture substrate and were replacedhbypetitors or contaminants.
Among the NSNPPs four failed to adequately invdmedubstrate; two invaded
the substrate but did not fruited; and three foulhet only two of them produced
mature sporocarps. Among the SNPPs, three did detuately invade the
substrate and among the six remaining, two fruiiechlly as a result of
hybridization with uncontrolled inoculum (confirmday sequencing, data not
shown) but only one reached maturity; two produdedls of mycelium
(popcorn-like); and two formed both immature frugti bodies and balls of
mycelium which also resulted from uncontrolled hgtmations. Finally, as
expected, only the parental strain and NSNPPs feetie but the latter poorly
fructified. The SNPPs were more vigorous than tbemdkaryons in invading
the substrate and appeared to easily cross witbntmodled inoculum from the

environment.

Discussion

The present data confirm the distinctiveness of thproductive
strategies and the amphithallic life cycle A&f subrufescensvith tetrasporic
basidia leading to three primary categories of S¥hongklang et al. (2014)
used a relatively small group of offspring (94 §Si6the strain WC 837 and
three molecular markers. We used a larger groypradeny consisting of 225
SSls, analyzed using eight markers, to perform racmirate assessments and
to get enough SSis of each category to study th#efound that 50% of the
SSIs were heterokaryotic and among them the pexgenbf SNPPs was
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estimated as 24-27 %. The rate of homoallelism amibre heterokaryotic
offspring varied from 27 % to 60 % depending of tloei. The rate of
homoallelism at centromere-unlinked loci was cdesiy close to 50% (Table
2) among each category of heterokaryons (SNPPIN&NPPs). These values
are of the same order as the values estimatedeiprgvious offspring of the
same parent: 40 % of SSls were heterokaryotic 8t f them were SNPPs;
the rates of homoallelism among the heterokary®8ts varied from 26 % for
RPB2:736([66-56]/38) to 50 % at each of the two centromaménked loci
ITS:200and CEL4:236 ([75-56]/38 in both cases; calculated from Tablen 2
Thongklang et al. 2014). In both experiments, theegntages of SNPPs among
the heterokaryotic SSIs and the rate of homoatieleg centromere-unlinked
markers appeared respectively smaller and higlaer tite 33% (1/3) expected if
the postmeiotic nuclei migrated randomly in the repo This 1/3 ratio of
homoallelic SSlIs from a heteroallelic parent wakldshed by Langton and
Elliott (1980) for the pseudohomothallism modelhwiitisporic basidia (i.e. four
nuclei migrating at random in two spores). For thedel with tetrasporic
basidia and postmeiotic mitosis occurring withinsida (i.e. eight nuclei
migrating in four spores) a 3/7 ratio had been psegd (Langton and Elliott
1980). However this ratio of homoallelism is cotre€ all the spores
(homokaryotic and heterokaryotic) are consideradatt when the eight nuclei
are paired at random in four spores, 1/7 of theespreceive two nuclei from the
same postmeiotic mitosis and are true homokary®hss, we calculated the
ratio of homoallelism among the heterokaryons esiekly and found 1/3 as for
the model with bisporic basidia. Following a simil@asoning a 1/3 ratio of
SNPPs receiving homologous centromeres is also ctegheamong the
heterokaryotic SSls under this model (Fig. S1).

As did Thongklang et al. (2014), we conclude tHaz¢ process of

migration of nuclei in the spores clearly differsrh the non-random process



63

known inA. bisporusand that it remains to be clarified. Moreover \hewed
that for strain WC837 the observed frequency ohoinoallelism among the
homokaryotic SSIs at centromere-unlinked markers higher than the 33%
expected in a random model and consistently close0%. Thongklang et al.
(2014) found similar frequencies but did not highti these results which did
not significantly differed from 33 % due to theimaller numbers of centromere-
unlinked markers (two vs. four) and heterokarydd® ¥s. 113 in the present
study). Finally, it remains also to clarify eithérow the frequency of
homoallelism among the heterokaryotic SSlIs miglarestimate the frequency
of homoallelism among the heterokaryotic sporeseuride random model, or
how the process of migration of postmeiotic nuatethe spores might really
differ from the random model.

In A. bisporus var. bisporus the parental heterozygosity is highly
maintained in the NSNPPs due to both a low rateragsovers and the fact that
non-sister nuclei preferentially migrate in the saspore (Kerrigan et al. 1993).
In contrast, in the heterokaryotic offspring of agtr WC837 the rate of
homoallelism was consistently close to 50% atie#l €entromere-unlinked loci.
This indicated that recombination was not suppeessed that the pairing of
non-sister nuclei was not favored. This high rafecmssover has major
consequences for the potential role of the heteyokia spores in nature as well
as for developing breeding programs. Heterokary®8ts of strain WC837 .
subrufescentost half of the parental heterozygosity exactythis is classically
expected in a selfing (a cross between homokar@gfils from the same parent
but not from spores of the same basidium) but with exception of the
centromeric regions which remained highly heteromggin the NSNPPs or
became highly homozygous in the SNPPs. A simpleutation using the data of
Table 3 can roughly illustrate how the homoalleligaries: the mean rate of

homoallelism at the eight markers used, which is i8%he parental strain,
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increased to 34% in the NSNPPs and to 65% in thEeP3Nand of course to
100% in the homokaryons which are haploid. As irfirgg inbreeding
depression is expected even more so in SNPPsdsiptenounced in NSNPPs.
The lower mycelial growth rate of the SNPPs comphacethe NSNPPs and the
poor fruiting ability of the NSNPPs compared to ffagental strain may reflect
inbreeding depression that is known to impact thesecharacters when selfing
is performed irA. bisporugXu 1995).

As Billiard et al. (2011, 2012) conjectured, we cannder whether
pseudohomothallism evolved to favor intramixis @athieve universal mating
compatibility (i.e. for example NSNPPs can potdhtigross via the Buller
phenomenon with homokaryons bearing any matingsjygene of the potential
points of interest in amphithallism . bisporusvar. bisporusmight be the
maintenance or the selection of heterozygous gpeetyadapted to a given
environment through multiple intramictic generaiipnhowever in certain
experimental conditions universal mating compatibimay be favored since
heterokaryotic spores did not self but fertilizbéeé thomokaryons (Callac et al.
2006). InA. subrufescenghe inbred heterokaryotic descendants do notrfavo
intramixis and thus their interest probably bettes in their ability to cross.
However if the NSNPPs can achieve universal matorgpatibility the role of
the SNPPs remains unclear.

SNPP heterokaryons have been identified in orfgwaspecies such as
Coprinus bilanatusChallen and Elliott (1989) and, to our knowleddeeir
behavior had not been studied previously. In ofspoing these unconventional
heterokaryons lost 50% percent of the parentarbeygozity at the centromere-
unlinked loci and up to 100% at markers tightlykéd to the centromere. They
are homoallelic at théMAT locus. They represented 24-27 %, i.e. about the
guarter of the heterokaryotic SSls and one eightheototal analyzed offspring.

Their mycelial growth rate was on average lowenttiat of the NSNPPs and
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similar to that of the homokaryons on malt agar &gl however, they better
invaded the culture substrate. They were infeitildruiting tests. In mating
tests, 80% gave positive reactions with tester h@amywmns and thus interacted
as well as or possibly better than the homokarydime SNPPs crossed also
among themselves but always the same pairs of inuges found in the
resulting fertile heterokaryotic hybrids among tlwair possible parings. In
conclusion, SNPPs were mating-competent heterokarybehaving like
homokaryons. They are possibly even more comp#tesross and to survive in
the wild due to their heterozygozity. However thewst not be considered
homokaryons because of a major difference: theytrearsmit not only recessive
deleterious or lethal alleles but also advantagediakes that could be on linked
loci. Such a linkage has been showed through tH&eBphenomenon irA.
bisporus for a locus involved in disease resistance (Catzaal. 2008). As in the
Buller phenomenon, the gametic selection is bymghsshen SNPPs cross
together or with homokaryons. These types of cessight be frequent in this
species; as a result certain deleterious or ledifiales could be maintained
through multiple generations or could be accumdlate certain nuclei. The
latter hypothesis could explain why the less frequaleles of the unbalanced
segregations at each of the five loci of the |digieage group were all from the
same parental nucleus. The presence of deleteviolethal alleles could also
explain the relative lack of success in mating steahd the inbreeding
depression.

For strains having such a type of amphithallism, @sults highlight
certain consequences for breeding strategies. ¥amg@e, it is unrealistic to
expect to improve such strains by simply selectingpng a first generation of
NSNPPs as can be doneAn bisporus(monospore selection; Kerrigan 1993;
Moquet et al. 1998) because of inbreeding depressbutcrossing between

strains is therefore necessary and for this thgelaeographical range of this
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species described in the introduction is usefultihdatests are not reliable to
discard NSNPPs because of false negative andgakitive reactions. A better
solution is to use single-locus codominant markassh as CAPS markers.
Depending on the objective and the context, a @iraphtegy of treating mating-
competent SNPPs as homokaryons may be appropdetihd two following
reasons: first this can avoid selection againglesdl of interest that could be
present in SNPPs but absent in homokaryons; sectimdlis faster and cheaper
because five centromere-unlinked markers are nagess identify the SNPPs,
while a single marker tightly linked to the centema is sufficient to identify
and discard most of the NSNPPs. Such markeRRB2and PRS088used in
the present study or even bethd (Thongklang et al., 2014) might be used.
Although reproductive strategy varies among thefetbht strains ofA.
subrufescenstudied by Thongklang et al. (2014) this methocutthbe efficient
in all cases.

A first conclusion is that, for this type of amgtatlic life cycle
including mating-competent SNPPs, traditional mdthocannot reliably
correctly identify the categories of spores. Pdgdifis type of life cycle might
be not infrequent but it has rarely been obsergedecond conclusion is that
both SNPP and NSNPP heterokaryons are able to. dtagsuld be interesting
to study in which conditions they could be evertuahore efficient than
homokaryons for this function. On the other hame, process of migration of
the nuclei in the spores during sporogenesis aadptbcess favoring certain
pairings of nuclei when heterokaryons are croseethin to be clarified. Finally
we propose a simple method to cross amphithali&gnst which does not require
identifying all the types of spores. Our study @nplementary to the recent
work of Thongklang et al (2014) on the interfetgilbetween geographically

distant specimens &. subrufescensnd together they respond to the questions:



67

what to cross and how to cross? This contributedatilitate the genetic

improvement of strains &. subrufescenand other amphithallic species.
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wC837-019
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Supplemental Table S1, continuation

WC837-282 1/2 1/2 1/2 1/2 11 2/2 11 2/2
WC837-289 1/2 1/2 1/2 1/2 11 2/2 2/2 11
WC837-306 1/2 1/2 1/2 1/2 2/2 2/2 2/2 11
WC837-333 1/2 1/2 1/2 1/2 11 11 11 2/2
Putative SNPP heterokaryons

WC837-002 - 1/1 11 11 2/2 2/2 1/2 - -
WC837-041 2/2 2/2 1/2 1/2 11 11 1/2 - 2/2
WC837-234 2/2 2/2 1/2 1/2 2/2 1/2 1/2 11 -
WC837-296 2/2 2/2 1/2 1/2 2/2 171 1/2 1/2 -
WC837-175 2/2 2/2 1/2 2/2 1/2 2/2 11 11 2/2
WC837-044 2/2 2/2 1/2 1/1 1/2 1/2 1/1 2/2 2/2
WC837-315 2/2 2/2 1/2 1/1 1/2 11 1/2 1/2 -
WC837-142 2/2 2/2 2/2 1/1 2/2 1/2 2/2 11 2/2
WC837-273 2/2 2/2 2/2 1/1 1/2 1/2 1/2 1/2 2/2
WC837-003 11 11 1/2 1/2 1/2 1/2 11 2/2 11
WwC837-317 11 11 1/2 1/2 1/2 - 2/2 1/1 11
WC837-327 11 11 1/2 1/2 1/2 2/2 1/1 2/2 11
WC837-290 11 11 1/2 2/2 11 171 11 2/2 -
wC837-117 11 11 1/2 1/1 1/2 171 1/2 2/2 -
wC837-113 11 11 2/2 1/2 2/2 171 1/2 11 -
WC837-004 11 11 11 1/2 1/2 1/2 1/2 1/2 11
WC837-018 11 11 1/1 1/2 11 2/2 1/1 - 11
WwC837-171 11 11 1/1 1/2 11 1/2 2/2 2/2 11
WC837-299 11 11 11 1/2 2/2 1/2 1/2 1/2 11
WC837-320 11 11 1/1 1/2 11 1/2 1/2 1/2 -
WC837-006 11 11 11 1/1 1/2 171 2/2 - 11
WC837-120 1/1 1/1 1/1 1/1 1/2 1/2 1/2 1/2 1/1
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Supplemental Table S1, conclusion

WC837-232 11 11 1/1 11 2/2 2/2 1/2 2/2 1/1
WC837-251 11 11 11 11 1/2 1/2 2/2 11 1/1
Unclassified heterokaryons

WC837-270 11 1/2 1/2 1/2 2/2 2/2 1/1 2/2
WC837-285 2/2 1/2 11 11 11 11 2/2 11
WC837-300 2/2 1/2 2/2 11 2/2 1/1 1/1 2/2
WC837-302 2/2 1/2 2/2 11 11 2/2 1/1 2/2
WC837-334 2/2 1/2 2/2 2/2 2/2 2/2 1/1 2/2
WC837-221 2/2 1/2 1/2 11 1/2 2/2 1/1 2/2
WC837-263 1/2 11 11 1/2 1/2 2/2 1/2 1/2
WC837-144 1/2 11 1/2 11 1/2 1/1 1/2 2/2
WC837-205 1/2 11 1/2 11 1/2 1/2 2/2 11
WC837-208 1/2 11 1/2 2/2 1/2 1/2 1/2 11
WC837-331 1/2 11 1/2 2/2 11 11 1/1 2/2
WC837-139 1/2 11 1/2 1/2 1/2 1/2 2/2 -

WC837-149 1/2 1/1 1/2 1/2 1/1 1/2 1/2 2/2

a Deduced from mating tests
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Supplemental Table S2Chi-square contingency tests for linkage betwdaa n
loci calculated from allelic segregations in the

homokaryotic offspring of WC837

Pair of loci

P:Rratio

2

X

ITS200 and RPB2:715 51:51 0.03
ITS200 and PRS003:212 49:45 0.17
ITS200 and PRS016:1 38:44 0.24
ITS200 and PRS088:248 54:51 0.2
ITS200 and PRS095:266 56:49 0.8
ITS200 and PRS113:158 54:49 0.37
ITS200 and PRS160:134 90:15 53.36*
ITS200 and MAT 39:39 0.03
RPB2:715 and PRS003:212 48:60 0.24
RPB2:715 and PRS016:1 63:43 1.75
RPB2:715 and PRS088:248 108:2 81.64*
RPB2:715 and PRS095:266 67:43 0.54
RPB2:715 and PRS113:158 87:22 24.34*
RPB2:715 and PRS160:134 52:58 0.2
RPB2:715 and MAT 82:2 55.91*
PRS003:212 and PRS016:1 54:44 1.78
PRS003:212 and PRS088:248 49:62 0.37
PRS003:212 and PRS095:266 46:65 0.73
PRS003:212 and PRS113:158 45:64 1.06
PRS003:212 and PRS160:134 59:43 2.15
PRS003:212 and MAT 36:47 0.07
PRS016:1 and PRS088:248 63:46 1.09
PRS016:1 and PRS095:266 58:51 0.05
PRS016:1 and PRS113:158 60:47 0.3
PRS016:1 and PRS160:134 57:52 0.25
PRS016:1 and MAT 42:40 0.41
PRS088:248 and PRS095:266 69:44 0.53
PRS088:248 and PRS113:158 89:22 24.72*%
PRS088:248 and PRS160:134 52:61 0.48
PRS088:248 and MAT 85:0 62.73*
PRS095:266 and PRS113:158 83:28 11.55*
PRS095:266 and PRS160:134 48:65 1.9
PRS095:266 and MAT 52:33 0.06
PRS113:158 and PRS160:134 47:64 2.04
PRS113:158 and MAT 65:19 12.12*
PRS160:134 and MAT 42:42 0.07

a Ratio parental: recombinant

*Rejection of genetic independency (P<0.001f)1



Supplemental Table S3ercentage of recombinant genotypes for eactophinked loci

SS

Parental genotyj

Recombinant genoty,

P: R ratio; percentage (
recombinants

43ITS20(-1/PRS160:13-1]
47 [ITS200-2/PRS160:134-2]

8 [ITS20(-1/PRS160:13-2]
7 [ITS200-2/PRS160:134-1]

90:15; 15/105=14 %

72 [RPB2:71-1/ PRS088:24-1]
36 [RPB2:715-2/ PRS088:248-2]

1 [RPB2:71-1/ PRS088:24-2]
1 [RPB2:715-2/ PRS088:248-1]

108:2; 2/110=2 %

63 [RPB2:71-1/ PRS113:15-1]
24 [RPB2:715-2/ PRS113:158-2]

10 [RPB2:71-1/ PRS113:15-2]
12 [RPB2:715-2/ PRS113:158-1]

87:22;22/109 = 20 %

57 [RPB2:71-1/ Mar1]
25 [RPB2:715-2/ Mat-2]

1 [RPB2:71-1/ Mar-2]
1 [RPB2:715-2/ Mat-1]

82:2,2/84=2%

65 [PRS088:24-1/ PRS11-1]
24 [PRS088:248-2/ PRS113-2]

10 [PRS088:24-1/ PRS113:15-2]
12 [PRS088:248-2/ PRS113:158-1]

89:22; 22/111 =20 %

59 [PRS088:24-1/ Mar1]
26 [PRS088:248-2/ Mat-2]

0 [PRS088:24-1/ Mar-2]
0 [PRS088:248-2/ Mat-1]

85:0; 0/85=0%

65 [PRS095:26-1/ PRS113:15-1]
18 [PRS095:266-2/ PRS113:158-2]

12 [PRS095:2€-1/ PRS113:15-2]
16 [PRS095:266-2/ PRS113:158-1]

83:28; 28/111=25%

50[PRS113:15-1/ Mai-1]
15 [PRS113:158-2/Mat-2]

10 [PRS113:15-1/ Mait-2]
9 [PRS113:158-2/ Mat-1]

65:19; 19/84 = 23 %
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Posmeiotic mitosis in  Posmeiotic mitosis in tetrasporic basidia and random
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Supplemental Figure S1 Amphithallic tetrasporic random model with
precocious postmeiotic mitosis in basidia:
expected ratio SNPP:NSNPP SNPP =
heterokaryotic sister nuclei pair progenies;
NSNPP = heterokaryotic non-sister nuclei pair
progenies; black and white circles represent
homologous centromeres or two alleles at a locus
tightly linked to a centromere. The proportion of
each type of spores is calculated by considering
that a nucleus can be paired equally with any of
the seven remaining nuclei of the basidium. In
one-seventh of cases the resulting spore is
homokaryotic since both nuclei come from the
same mitosis. The final ratio SNPP:NSNPP is 1:2



