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RESUMO

Os fungicidas metil benzimidazol carbamato (MBC), inibidores da quinona externa
(IQe), inibidores da desmetilagdo (IDM) e inibidores da succinato desidrogenase
(ISDH) séao utilizados para o controle de doencas causadas por Cercospora kikuchii,
Colletotrichum truncatum e Corynespora cassiicola na cultura da soja no Brasil. No
entanto, devido a aplicagcbes excessivas, individuos variantes presentes nas
populagdes destes fungos podem ser selecionados, resultando em menor
sensibilidade a fungicidas anteriomente eficazes. Os principais objetivos deste
trabalho foram: i) determinar os niveis de sensibilidade ou resisténcia aos fungicidas
das diferentes espécies de fungo; ii) avaliar in vitro a resisténcia cruzada das
populagdes de C. kikuchii e C. cassiicola aos fungicidas do grupo MBC (carbendazim
e tiofanato-metilico) e 1Qe (azoxistrobina, picoxistrobina e piraclostrobina); iii)
determinar a concentragdo efetiva para inibir 50% (CE50) da populagdo de C.
cassiicola aos fungicidas carbendazim (MBC), piraclostrobina (IQe) e protioconazol
(IDM); iv) caracterizar os possiveis polimorfismos nos genes-alvo cyp51, 3-tubulina,
citocromo b (cyt b), e Sdh (subunidades b, c, d) e sua relacdo com a resisténcia; v)
analisar as variagbes heterozigoticas das mutacbes e vi) estudar a diversidade
genética entre isolados sensiveis e resistentes a partir das variacoes obtidas nos
diferentes genes analisados. Os fungos foram isolados de folhas de soja coletados
em diferentes safras e regides de cultivo. A resisténcia cruzada foi testada pelo
método de crescimento micelial em meio de cultura utilizando a dose discriminatéria
de 10 pg/mL dos fungicidas carbendazim, tiofanato-metilico, azoxistrobina,
picoxistrobina e piraclostrobina para o fungo C. cassiicola. A CE50 foi analisada por
meio do método de microtitulacdo colorimétrica com absorbancia de 540 nm. Os
polimorfismos nos genes-alvos dos fungicidas foram analisados com base no
sequenciamento de nova geracdo, com uma profundidade de 30.000 reads, no
equipamento lllumina MiSeqg. A CE50 de C. cassiicola variou entre 0 e 100 pg/mL
para os trés fungicidas testados. Houve resisténcia cruzada positiva entre 0s
ingredientes ativos que pertencem aos grupos quimicos MBC e IQe para C. kikuchii
e C. cassiicola. Na caracterizacdo molecular de C. kikuchii para o gene B-tubulina
foram encontradas apenas mutacdes sinbnimas para todos os isolados analisados.
Para C. truncatum foi encontrada a mutacdo A244E. J4, para C. cassiicola foram
identificadas as mutagbes S168Y, 1189V, E198A, F200Y e S275N. No caso do gene
cyt b, a andlise dos polimorfismos para os trés fungos analisados, identificou a
substituicdo de glicina para alanina na posicdo 143 (G143A). As mutacdes F129L e
G137R néao foram encontradas para nenhuma das trés espécies avaliadas. A andlise
molecular do gene cyp51 identificou as mutacbes Q161H, N178D, P180S, P200L,
K217R, E274D, S279N, E281K, T290S, 1299V, S363N, K442Q e L503V para
isolados de C. kikuchii, 44 mutacGes ndo sinbnimas para C. truncatum e as
mutacdes S279N e 1299V para C. cassiicola. Para os genes Sdh (subunidades a, b,
¢, d) foram encontrados 23 pontos de mutacdo para o gene SdhA e 25 mutacdes
para o gene SdhB em C. truncatum. Para C. kikuchii foram observadas mutacdes
sinbnimas para SdhA e 14 substituicdes para o gene SdhB: H17L, G27A, T167M,



P192L, E200D, N290K, I1320N, 1434V, A436V, D447N, H448R, E454Q, N513S e
Q569K. Para C. cassiicola foram identificadas mutacdes nas posicées 318, 454, 461,
556, (A-E318D, 1454V, A461S, Y556F), 34, 39, 260 (B-A34V, V39I, K260R), 37, 61,
85, 163, (C-Q37H, S61T, G85S, 1163V) e 126 (D-V126l), respectivamente. Apesar,
do elevado polimorfismo observados nos genes que conferem resisténcia a
fungicidas, para os trés fungos analisados ndo houve correlacdo entre os isolados
fenotipicamente classificados com resistentes e os isolados mutantes. Portanto,
novos estudos devem ser realizados para confirmar se as novas mutacdes
observadas nesse estudo estdo correlacionadas com a resisténcia a fungicidas. Os
isolados considerados menos sensiveis aos fungicidas, foram os isolados que
apresentam as mutacdes G143A, E198A e F200Y, que ja estavam descritas na
literatura. Mutacdes mudltiplas aos fungicidas MBC e Qol foram relatadas em C.
cassiicola, sendo a mutagbes G143A + E198A a mais frequente. Variantes
homozigoéticas e heterozigéticas foram encontradas em todas as espécies e em
todos os genes analisados. A alta diversidade genética encontradas neste estudo
sao responsaveis pela alta variabilidade genética dos isolados de C. kikuchii e C.
cassiicola. Além disso, mais estudos devem ser realizados para confirmar se o0s
novos polimorfismos encontrados nessa pesquisa, conferem resisténcia a fungicidas.

Palavras-chave: Antracnose, crestamento foliar de cercéspora, mancha-alvo da
soja, mancha purpura da semente, resisténcia a fungicidas.
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ABSTRACT

Methyl benzimidazole carbamate (MBC), quinone oxidase inhibitors (Qol),
demethylation inhibitors (DMI) and succinate dehydrogenase inhibitors (SDHI) are
fungicides groups used to control Cercospora kikuchii, Colletotrichum truncatum and
Corynespora cassiicola in soybean fields in Brazil. However, due to excessive
applications, variant individuals present in the natural populations of these fungi were
selected, resulting in a lower sensitivity to the fungicides previously effective.
Therefore, the main goals were: i) to determine the sensitivity or resistance levels to
the fungicides of the different fungus species; ii) to evaluated cross-resistance in vitro
of C. kikuchii and C. cassiicola to the fungicides MBC (carbendazim and thiophanate
methyl) and Qol (azoxystrobin, picoxystrobin and pyraclostrobin); iii) to define the
effective concentration to inhibition 50% (EC50) of spore germination of C. cassiicola
to the fungicides carbendazim (MBC), pyraclostrobin (Qol) and prothioconazole
(DM); iv) to characterize the possible polymorphisms in the target genes cyp51, B-
tubulin, cytochrome b (cyt b), and Sdh (subunits b, ¢, d) and their correlation with
resistance; v) to analyze heterozygous variations of mutations and vi) to study
genetic diversity in sensitive and resistant isolates from the variations obtained in the
different genes analyzed. Fungi were isolated from soybean leaflets collected in fields
in different growing seasons. The EC50 sensitivity of isolates C. cassiicola was
analyzed by colorimetric microtiter method, using absorbance with wavelengths at
540 nm. Cross-resistance was tested for MBC and Qol fungicides by radial growth
assay in amended medium using discriminatory dose (10 pg/mL) of carbendazim,
thiophanate-methyl, azoxystrobin, picoxystrobin and pyraclostrobin fungicides. The
isolates were sequenced using next generation sequencing approach with 30,000
reads using Illlumina MiSeq equipment. The EC50 of C. cassiicola ranged from 0 to
100 pg / mL for the three fungicides tested. There was a high positive cross-
resistance between the active ingredients of the MBC and Qol chemical groups for C.
kikuchii and C. cassiicola. Molecular characterization of C. kikuchii for the B-tubulin
gene was found only for the identification of all isolates. For C. truncatum, the A244E
mutation was found. For C. cassiicola were found the S168Y, 1189V, E198A, F200Y
and S275N mutations. Sequencing of the cyt b gene for the three species analyzed
identified the glycine mutations for alanine at position 143 (G143A). The F129L and
G137R mutations were not found for any species. Molecular analysis of the cyp51
gene revealed mutations Q161H, N178D, P180S, P200L, E274D, S279N, E281K,
T290S, 1299V, S363N, K442Q and L503V for C. kikuchii, 44 nonsynonymous
mutations for C. truncatum and S279N and 1299V mutations for C. cassiicola. For the
Sdh genes (subunits a, b, ¢, d), 23 point mutation were found for SdhA gene and 25
mutations for the SdhB gene in C. truncatum. The mutations observed for SdhB in C.
kikuchii were: H17L, G27A, T167M, P192L, E200D, N290K, I320N, 1434V, A436V,
D447N, H448R, E454Q, N513S and Q569K. For C. cassiicola were found
substitutions at codon 318, 454, 461, 556, (A-E318D, 1454V, A461S, Y556F), 34, 39,
260 (B-A34V, V39I, K260R), 37, 61, 85, 163, (C-Q37H, S61T, G85S, 1163V) and 126
(D-V126l), respectively. Despite, the high polymorphism observed in the genes that



confer fungicide resistance, for three fungi analyzed, no correlation had been
observed between isolates phenotypically classified as resistant and the isolates
which showed mutations. Therefore, further studies should be performed to confirm if
the new mutations found in this study are correlate with fungicide resistance. Isolates
with less sensitive to fungicides, were the isolates that showed the mutations G143A,
E198A and F200Y, which were already been described in the literature. Multiple
mutations to MBC and Qol fungicides have been reported in C. cassiicola, being the
G143A + E198A the most frequent. Homozygous and heterozygous variants were
found for the three species. High genetic diversity found in this study, are responsible
for the high genetic variability of the isolates of C. kikuchii and C. cassiicola. In
addition, further studies should be conducted to confirm whether the new
polymorphisms found in this research confer resistance to fungicides.

Keywords: Anthracnose, cercospora leaf blight, fungicide resistance, purple seed
stain, target spot.
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1 INTRODUCAO

A soja [Glycine max (L.) Merrill] € uma das principais culturas que
garante a sustentabilidade econdmica da atividade agricola no Brasil, aumentando a
cada ano sua area de cultivo. Em razdo disso, constata-se um aumento na
intensidade de doencas na cultura devido a monocultura, utilizacdo de cultivares
suscetiveis e uniformidade genética da espécie (TECNOLOGIAS, 2013). Os
agroquimicos, dentre eles os fungicidas, tém efetiva participacao para evitar perdas
ocasionadas pelas doencas. Contudo, em virtude da intensificacdo da aplicagéo
destes produtos o seu uso tem se tornado uma preocupacdo constante para a
producao agricola nacional, tanto devido aos possiveis impactos ambientais como, a
crescente ineficiéncia dos mesmos para muitos patégenos.

Os fungos Cercospora kikuchii [(Tak. Matsumoto & Tomoy.) M.W.
Gardner (crestamento foliar de cercospora e mancha purpura da semente)],
Colletotrichum truncatum [(Schwein.) Andrus & W.D. Moore (antracnhose)] e
Corynespora cassiicola [Berk. & M. A. Curtis C. T. Wei. (mancha-alvo da soja)] sdo
patdégenos que estdo amplamente disseminados nas principais regiées de cultivo de
soja no Brasil. Sob condi¢bes edafoclimaticas favoraveis, as doencas de final de
ciclo (DFCs), causadas pelos fungos C. kikuchii e C. truncatum, podem ocasionar
perdas de rendimento que variam entre 36 % a 100 % (ALMEIDA; 2005), enquanto,
0 uso de cultivares suscetiveis ao fungo C. cassiicola, perdas de produtividade
podem chegar a até 50% (GODOQY et al., 2017).

As estratégias de manejo para essas doencas envolvem
principalmente o controle quimico (KLINGELFUSS; YORINORI, 2001). Na safra
2016/17, aproximadamente 56% dos fungicidas utilizados no Brasil, foram aplicados
em soja, gerando gastos de U$ 3,2 bilh6es (SINDIVEG, 2017). O numero médio de
aplicagbes no Estado Parana na safra de 2016/2017 foi de 4 aplica¢des, visando
principalmente o controle da ferrugem-asiatica (Phakopsora pachyrhizi) (BARROS et
al., 2017). No entanto, todos os outros fungos que infectam a soja também sao
expostos nessas aplicacdes. Os principais modos de acéo dos fungicidas utilizados
na cultura da soja séo fungicidas metil benzimidazol carbamatos (MBC), inibidores
de quinona externa (IQe), os inibidores de desmetilagdo (IDM) e os inibidores de
succinato desidrogenase (ISDH) (GODOY; MEYER, 2014).
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Os fungicidas IDM representam um importante modo de acao no
controle de doencas. No entanto, 0 uso intensivo em varias culturas levou a selecao
de isolados menos sensiveis a este grupo quimico (SCHMITZ et al., 2014,
KLOSOWSKI et al.,, 2016a; KLOSOWSKI et al.,, 2016b). Os mecanismos de
resisténcia para IDMs séo variaveis, mas 0s trés mecanismos principais envolvem
uma ou mais mutacbes de ponto, superexpressao do gene cyp51 durante a
formacdo de esterois, reducdo intracelular do fungicida e da sua acumulacao
mediada por um aumento da energia de regulacdo de transportadores de efluxo
(BRENT, 2011; ZIOGAS; MALANDRAKIS, 2015). MutagOes pontuais foram descrita
em varias espécies de fungos incluindo as substituicées V136A/C, Y137F, A379G,
1381V, S524T em Zymoseptoria tritici (HEICK; JUSTESEN; JORGENSEN, 2017) e
as mutacdes mais comuns Y134F, Y136F e Y137F relatadas para Blumeria graminis
(WYAND; BROWN, 2005) e Mycosphaerella sp. (CANAS-GUTIERREZ et al., 2009;
CHONG et al., 2010; LEROUX; WALKER, 2011; COOLS; FRAAJIE, 2013)

Resisténcia aos fungicidas MBC foi primeiramente relatada em 1969
e, desde o inicio da sua comercializacdo, pelo menos 130 espécies de fungos
desenvolveram resisténcia a esse grupo (FRAC, 2014). Os fungicidas comerciais
desta classe atuam inibindo a montagem dos microtubulos do fuso durante a divisdo
nuclear ligando-se a proteina B-tubulina (SCHROEDER; PROVVIDENTI, 1969;
GEORGOPOULOS; DOVAS, 1973; DAVIDSE, 1986; DAVIDSE; ISHII, 1995).
Populacdes resistentes apresentaram diversas mutacdes na proteina B-tubulina. As
mutagcdes ocorrem em varios codons como 6, 50, 167, 198, 200 e 240. No entanto,
as mutagcdes E198A / G / K/ Q e F200Y sédo as mais frequentes (KOENRAADT;
JONES 1992; MA; MICHAILIDES, 2005). Resisténcia dos fungos C. cassiicola,
(AVOZANI, 2011; TERAMOTO et al., 2012; XAVIER et al., 2013) isolado de folhas
de soja, e de C. kikuchii aos fungicidas MBCs (PRICE Il et al., 2015), tem sido
relatada nos ultimos anos no Brasil e no mundo, em diferentes regiées produtoras.

Os fungicidas IQe tém atividade para a maioria das classes de
fitopatogenos e, por sua vez, atuam interferindo a respiracdo mitocondrial do
complexo Il (complexo do citocromo bcl) (BRENT, 1995; SIEROTZKI, 2015). Trés
substituices de aminoacidos no citocromo b (cyt b) relacionadas a resisténcia a 1Qe
tém sido relatados em diversos fungos: G143A (substituicAo do aminoacido glicina
por alanina), F129L (substituicdo do aminoacido fenilalanina por leucina) e G137R

(substituicho do aminoacido glicina por arginina). Isolados que apresentam a
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mutacdo F129L ou G137R expressam resisténcia moderada (parcial) enquanto
isolados que apresentam a mutacdo G143A expressam altos niveis de resisténcia
(completa), sendo na maioria das vezes associada com falha de controle no campo
(FERNANDEZ-ORTUNO et al., 2008). A mutacido G143A em C. sojina (ZENG et al.,
2015; STANDISH, et al., 2015) e a mutagédo F129L em P. pachyrhizi (KLOSOWSKI,
2016b) foram recentemente observadas em regides produtoras de soja.

Os fungicidas inibidores da succinato desidrogenase (complexo I,
succinato-ubiquinona redutase), ISDH também conhecido como carboxamidas,
comecaram a ser aplicados na cultura da soja no Brasil em 2013 (GODOY, MEYER,
2014). A enzima SDH, alvo dos fungicidas, atua bloqueando o sitio de ligacdo de
ubiquinona da mitocéndria. Esta enzima € composta por quatro subunidades (A, B,
C e D) e o local de ligacao dos inibidores ocorrem nas subunidades B, C e D. Apesar
da recente introducéo, no Brasil, dessa nova geracao de fungicidas, isolados de P.
pachyrhizi apresentaram mutagcdes no gene SdhC (C- I86F) em apenas 2 anos de
exposicéo ao fungicida (SIMOES et al., 2018). Adicionalmente, diversos casos tém
sido relatados em todo o mundo, incluindo C. cassiicola em pepinos (MIYAMOTO et
al., 2009; ISHII et al.,, 2011), Sclerotinia. sclerotiorum em canola (GLAETTLI,
STAMMLER; SCHLEHUBER, 2009) e Alternaria solani em batata (GUDMESTAD et
al., 2013).

Com a intensificagdo do uso de fungicidas no Brasil torna-se
necessario monitorar e elucidar os mecanismos de resisténcia das principais classes
de fungicidas aplicados na cultura da soja, a fim de fornecer informacdes
importantes para redefinir as estratégias de manejo de doencas de forma a evitar
aplicacdes desnecessarias e a consequente selecdo de variantes resistentes e
perda da tecnologia em um curto prazo. Desta forma, os objetivos do estudo foram:
i) determinar os niveis de sensibilidade ou resisténcia aos fungicidas das diferentes
espécies de fungo; ii) avaliar in vitro a resisténcia cruzada das populacdes de C.
kikuchii e C. cassiicola aos fungicidas do grupo MBC (carbendazim e tiofanato-
metilico) e IQe (azoxistrobina, picoxistrobina e piraclostrobina); iii) determinar a
concentracéo efetiva para inibir 50% (CEso) da populagdo de C. cassiicola aos
fungicidas carbendazim (MBC), piraclostrobina (IQe) e protioconazol (IDM); iv)
caracterizar os possiveis polimorfismos nos genes-alvo B-tubulina, citocromo b (cyt
b), cyp51 e Sdh (subunidades b, c, d) e sua relacdo com a resisténcia em

populacdes de C. kikuchii, C. truncatum e C. cassiicola v) analisar as variacdes
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heterozigdticas das mutacdes e vi) estudar a diversidade genética entre isolados
sensiveis e resistentes a partir das variacbes obtidas nos diferentes genes
analisados.

A tese seré apresentada na forma de artigo cientifico:

Artigo A: “Fungicide resistance and genetic diversity of Cercospora kikuchii isolates

for cyp51, cyt b, B-tubulin and SdhB genes in soybean”

Artigo B: “Molecular detection of fungicide resistance of Colletotrichum truncatum for
cyp51, cyt b, B-tubulin and SdhB genes in soybean in Brazil”

Artigo C: “Mechanisms of fungicide resistance and genetic diversity of Corynespora
cassiicola isolates from soybean based on the polymorphisms of B-tubulin, cyt b,
cyp51, SdhB, SdhC and SdhD target genes”
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2 REVISAO DE LITERATURA

2.1 Histérico da soja

Originaria do continente asiatico, a soja [Glycine max (L.) Merril] tem
como centro de origem a regidao nordeste da China (MA, 1984). A soja comegou a
ser cultivada ha aproximadamente 2.500 anos, mas, no continente americano, o
cultivo desta oleaginosa ocorreu somente em 1879 (MA, 1984; FORCELINI et al.,
2004). Atualmente, mais de 80% da producdo mundial concentra-se nos paises
deste continente, sendo os principais paises produtores os Estados Unidos (117
milhdes de toneladas), o Brasil (115 milhdes de toneladas) e a Argentina (40 milhdes
de toneladas) (USDA, 2018). Na safra 2017/2018, a producdo mundial foi de
aproximadamente 334 milhdes de toneladas (USDA, 2018).

No Brasil, a cultura foi introduzida no Estado da Bahia no ano de
1882, contudo, foi no Estado do Rio Grande do Sul que a cultura passou a ser
cultivada em larga escala (BLACK, 2000). Atualmente, a soja € amplamente
cultivada no pais, principalmente, devido ao facil manejo, condi¢des favoraveis ao
cultivo e a utlizagdo de novas tecnologias no campo que impulsionaram o
desenvolvimento da cultura. Tais fatores foram fundamentais para o Brasil se
consolidar na safra de 2017/2018 como sendo o principal exportador mundial de
soja, com exportacdo de aproximadamente 73 milhdes de toneladas de gréos
(USDA, 2018).

Segundo dados do sexto levantamento de safra de graos, a
producdo nacional de soja na safra de 2017/2018 foi de 113.024,6 milhdes de
toneladas, atingindo uma produtividade média nacional de 3.225 kg ha! (CONAB,
2018). O Estado do Mato Grosso destaca-se por apresentar a maior producao
nacional (61.986,5 milh6es de toneladas), seguido pelo Estado do Parana (40.851,4
milndes de toneladas) e pelo Estado do Rio Grande do Sul (35.516,6 milhdes de
toneladas) (CONAB, 2018).

Contudo, dentre os principais fatores que afetam o custo de
producdo da soja, estdo os problemas fitossanitarios. Aproximadamente 40 doencas
gue incidem na cultura da soja ja foram identificadas no Brasil (TECNOLOGIAS,

2013). As doencas fungicas apresentam graves implicacfes para o setor. Estima-se
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gue perdas registradas devido a ferrugem-asiatica, principal doenga da cultura,
variam, entre 13% a 70%, dependendo do estadio em que afeta as plantas e do
nivel de severidade da doenca (ABAG, 2015).

2.2 Crestamento foliar de cercdéspora e mancha purpura da semente

2.2.1 Origem e historico da doenca

O fungo C. kikuchii (Matsumoto & Tomoyasu) M.W. Gardner, foi
primeiramente relatado na Coréia no ano de 1921 (SUZUKI, 1921) e posteriormente,
nos Estados Unidos no ano de 1924 (GARDNER, 1925). Inicialmente a doenca foi
descrita como mancha purpura da semente (GARDNER, 1925). Contudo, Walters
(1978) relatou o aparecimento de sintomas nas folhas superiores de plantas de soja,
e denominou de crestamento foliar de cercéspora.

Com isto, a infeccdo pelo fungo C. kikuchii resultou em dois
diferentes complexos: crestamento foliar de cercéspora e mancha purpura da
semente, ambas as doencas sdo causadas pelo fungo C. kikuchii, que causam
reducdo da produtividade e a qualidade de producdo, respectivamente.
(MURAKISHI, 1951; WILCOX; ABNEY, 1973, ROY; ABNEY, 1976). A ocorréncia da
mancha purpura da semente é maior em climas tropicais devido a temperaturas mais
guentes e ambiente Umido (SINCLAIR; BACKMAN, 1989). Por isso, no Brasil, o
fungo C. kikuchii esteve durante muito tempo associado ao agente causal da doenca
mancha purpura da semente (MIYASAKA, 1958).

Contrariamente ao entendimento atual, estudos recentes de analise
filogenética de Cercospora spp. mostraram a ocorréncia de multiplos agentes
causais associados ao complexo de doengas crestamento foliar de cercOspora e
mancha puarpura da semente, sendo estes relatados, como provaveis representantes

de novas espécies, ainda a serem descritas (SOARES et al., 2015).

2.2.2 Etiologia

As espécies de Cercospora estdo entre 0os mais destrutivos
fitopatogenos no mundo (TO-ANUN; HIDAYAT; MEEBOON, 2011). Mais de 3000
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espécies deste género infectam um grande numero de hospedeiros, incluindo
leguminosas, gramineas e plantas ornamentais (POLLACK, 1987).

A grande maioria de Cercospora spp., incluindo C. kikuchii,
apresentam a fase sexual desconhecida, embora, a fase teleomorfica,
Mycosphaerella, tenha sido identificada para algumas espécies deste género, como
a Mycosphaerella arachidis, agente causal da doenca mancha da folha no
amendoim (CHUPP, 1954; CORLETT, 1991).

Cercospora kikuchii pertence ao reino Fungi, filo Ascomycota, subfilo
Pezizomycotina, Classe Dothideomycetes, subclasse Dothideomycetidae, ordem
Mycosphaerellales e familia Mycosphaerellaceae (FUNGORUM, 2018a). Este fungo
caracteriza-se por produzir conidioforos de coloragcdo marrom em pequenos feixes
(CHUPP, 1954). Os conidios sédo hialinos aciculiformes e apresentam a base
truncada e vértices afilados (CHUPP, 1954).

A producdo de esporos de C. kikuchii € uma tarefa laboriosa. A
esporulacdo abundante do fungo muitas vezes ocorre somente no tecido do
hospedeiro (MATSUMOTO, 1928; MURAKISHI, 1951). Diversos meios de cultura
foram testados para induzir a esporulacéo tais como: decocgéo de folha de cenoura
(KILPATRICK, 1956), batata dextrose e agar (ROY; ABNEY, 1976); agar de soja
(VATHAKOS; WALTERS, 1979) V-8 (EL-GHOLL et al.,, 1982); contudo, os

resultados destes trabalhos ndo foram conclusivos.

2.2.3 Ciclo da doenca e epidemiologia

A sobrevivéncia do patégeno ocorre em restos culturais e sementes
infectadas (MANANDHAR; HARTMAN, 2008). Sob condi¢cdes ambientais naturais,
este fungo é capaz de sobreviver em restos culturais por até seis meses e em
condi¢cdes ambientais favoraveis o periodo de sobrevida pode chegar a até quatro
anos (KILPATRICK, 1956; BAIRD et al., 1997). A invasdo do patégeno nos tecidos
vegetais ocorre pela atividade necrotréfica do fungo (MATSUMOTO; TOMOYASU,
1925).

A disseminacdo do patégeno no campo inicia-se pelo cultivo de
sementes contaminadas que, em seguida, infectam os cotilédones (SAKAI, 2000).
Na soja, a aceleracdo do desenvolvimento da doenca, ocorre em condi¢cdes

ambientais, como chuvas torrenciais acompanhadas de ventos, em razdo da maior
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liberacdo dos conidios que infectam a parte aérea e gradualmente propagam-se por
toda planta (FUJITA, 1990; SAKAI, 2000).

A infeccdo de C. kikuchii ocorre pela aderéncia do apressoério no
tecido vegetal e através da penetracdo direta do tubo germinativo no tegumento da
semente por meio de poros superficiais (CHEN; LYDA; HALLIWELL, 1979; ORTH,;
SCHUH, 1992), e/ ou através dos estdmatos das folhas (UPCHURCH et al., 1991). A
alta umidade relativa durante esse processo e o molhamento foliar permitem que o
tubo germinativo continue a germinar (SCHUH, 1992). O tempo de infecgao para o
fungo C. kikuchii € de 24 horas em condi¢cBes de temperaturas de até 25 °C e um
periodo de molhamento foliar entre 24-36 horas (SCHUH, 1991). Temperaturas
acima de 30° C e molhamento foliar menor do que 18 horas, sdo desfavoraveis para
a infeccao (SCHUH, 1991). Apés a infeccao, inicia-se a etapa de colonizacdo, que
ocorre nos espacos intercelulares do tecido parenquiméatico (MATSUMOTO,;
TOMOYASU, 1925; FUJITA, 1990; ORTH; SCHUH, 1992).

Durante os processos de desenvolvimento e reproducédo, o patdgeno
produz uma substéncia fotossensivel denominada de cercosporina (MACRI;
VIANELLO, 1979; DAUB, 1982; DAUB; BRIGGS, 1983). Esta substancia é ativada
pela luz, produzindo o superéxido de oxigénio. Em consequéncia, ocorre aumento
da atividade das espécies reativas em oxigénio, que sdo capazes de peroxidar os
lipideos da célula, levando a rigidez celular, a fuga de electrélitos da membrana e
consequentemente a morte celular (DAUB, 1982; DAUB; BRIGGS, 1983).

2.2.4 Sintomatologia

O complexo de doencas, crestamento foliar de cercéspora e mancha
purpura da semente ocorre no hospedeiro de forma simultdnea ou separadamente
(ORTH; SCHUH, 1994), causando sintomas no hipocotilo, caule, vagem, folha,
peciolo e sementes (LEHMAN; 1950).

No hipocotilo e no caule, os sintomas caracteristicos sdo manchas
vermelhas superficiais, geralmente, limitadas ao cértex da planta. Em situacdes de
baixa fertilidade do solo, o fungo € capaz de necrosar a medula da planta (ALMEIDA
et al., 2005).

Nas vagens, 0s sintomas sdo caracterizados por pontuacdes de

coloracdo vermelha que evoluem para manchas de coloracdo castanho-
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avermelhadas. Com a infeccdo da vagem, o fungo atinge a semente e causa a
doenca MPS (ALMEIDA et al., 2005).

Na semente, esta doenca é caracterizada por pontos ou manchas
irregulares de coloragcéo que varia de rosa ao roxo escuro, e que pode cobrir toda a
area do tegumento da semente (SCHUH, 1990). A toxina cercosporina, produzida
pelo fungo, € responsavel pela coloracdo caracteristica desta doenca (KUYAMA;
TAMURA, 1957).

Nas folhas, o crestamento foliar de cercospora € identificado pelo
bronzeamento ou pontuagdes de coloragcdo castanho-avermelhadas, que podem
coalescer e se estender por toda a superficie. Como consequéncia, ocorre a
desfolha precoce que resulta em perdas de rendimento (SCHUH, 1990; ALMEIDA et
al., 2005).

2.2.5 Estratégias de controle

As doencas crestamento de cercospora e mancha purpura da
semente sdo consideradas doencas de final de ciclo (EMBRAPA, 1999). Entre as
principais recomendacOes de controle estdo a utilizagdo de sementes sadias, o
tratamento de sementes, a incorporacdo de restos culturais, rotacdo e sucesséo de
culturas com espécies ndo suscetiveis e a aplicacdo de fungicidas (SINCLAIR;
BACKMAN, 1989; SINCLAIR, 1993; EMBRAPA, 1999).

A principal ferramenta utilizada para o controle da doenca é a
aplicacao de fungicidas. Até o momento, 174 produtos formulados foram registrados
para soja para o controle desta doenca (AGROFIT, 2018). Devido a pressédo de
selecdo imposta pelas constantes aplicacdes de fungicidas, diversas espécies de
Cercospora vém, desenvolvendo algum tipo de resisténcia. Resisténcia a fungicidas
de diferentes grupos quimicos ja foi relatada em C. beticola (BIRLA et al., 2012,
BOLTON; RIVERA; SECOR, 2013), C. sojina (ZHANG et al., 2012; STANDISH, et
al., 2015; ZENG et al., 2015) e C. kikuchii (IMAZAKI et al., 2006; PRICE llI, et al.,
2015).

2.3 Antracnose
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2.3.1 Origem e histérico da doenca

O primeiro relato do Colletotrichum spp., como agente causal da
antracnose na soja, ocorreu na Coréia em 1917, por Takimoto sendo primeiramente
identificado por Hemmi como Colletotrichum glycines Hori (fase anamorfica) e
Glomerella glycines (fase teleomorfica) (LEHMAN; WOLF, 1926).

Muitas espécies do género Colletotrichum foram identificadas na
cultura da soja (LEHMAN; WOLF, 1926; TIFFANY; GILMAN, 1954; ROY, 1982;
SINCLAIR, 1982). Recentemente a espécie C. cliviae que infecta a cultura da soja
foi relatada no Brasil (DIAS et al., 2018). Contudo, a espécie mais comumente
associada com antracnose em soja € denominada de C. truncatum (Schw.) Andrus &
Moore (ANDRUS; MOORE; 1935; HYDE et al., 2009).

No Brasil a doencga foi primeiramente relatada no ano de 1961 no
Estado do Rio Grande do Sul e foi considerada uma das principais doencas da soja,
especialmente na regido do Cerrado (ARAUJO, CAFE-FILHO, CUPERTINO, 1988;
ALMEIDA et al., 2005). Na safra de 2010, a doenca ressurgiu na regiao Centro-Norte
do Brasil e recentemente € responsavel por perdas de rendimento de
aproximadamente 90 kg / ha de grdos a cada 1% de aumento na incidéncia da
doenca (DIAS et al., 2016).

Em 1994, perdas recordes de produtividade ocasionada por esta
doenca foram registradas nos principais paises produtores de soja, atingindo cerca
de 77.500 toneladas no Brasil, seguidos por Estados Unidos, com 71.400 toneladas
e Argentina com 36.700 toneladas (WRATHER et al., 1997). Danos significativos
devido a antracnose, foram relatadas em lavouras comerciais no Estado do
Tocantins na safra 2011/2012, indicando ineficiéncia de fungicidas para o manejo da
antracnose (DIAS et al., 2016).

2.3.2 Etiologia

O fungo C. truncatum pertence ao reino Fungi, filo Ascomycota,
subfilo Pezizomycotina, classe Sordariomycetes, subclasse Hypocreomycetidae,
ordem Glomerellales e familia Glomerellaceae. A fase sexuada é classificada no

género Glomerella e possui sinbnimos como Vermicularia truncata Schwein. (1832),
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C. dematium f. truncatum (Schwein.) (1957) e Glomerella truncata (Schwein.) C. L.
Armstr. & Banniza (2006) (FUNGORUM, 2018b).

A espécie C. truncatum pertence ao grupo de Colletotrichum com
conidios curvos (DAMM et al., 2009). Este fungo caracteriza-se por formar acérvulos
pretos, com setas pigmentadas e septadas (MANANDHAR; HARTMAN, 1999). Os
conidios podem medir de 19,5 a 24 um x 2 a 2,5 um sao fusiformes e apresentam
extremidades afiladas (DIAS, 2014).

2.3.3 Ciclo da doenca e epidemiologia

A sobrevivéncia do patégeno ocorre em restos culturais e sementes
infectadas (ATHOW, 1973; SINCLAIR; BACKMAN, 1989), plantas daninhas e em
mais de 300 espécies de plantas hospedeiras (HARTMAN; MANANDHAR;
SINCLAIR, 1986; MCLEAN; ROY, 1988; SINCLAIR; BACKMAN, 1989; FARR;
ROSSMAN, 2018). A invasdo do fungo nos tecidos do hospedeiro ocorre pela
atividade hemibiotrofica, sendo esta dividida em fase biotréfica e necrotrofica. A fase
biotréfica tem duracédo de 48 horas e caracteriza-se por ser assintomatica e pelo
desenvolvimento de hifas primarias multiseptadas (LATUNDE-DADA; LUCAS, 2007).
Em seguida, inicia-se a fase necrotroéfica, caracterizando pela producédo de hifas
secundarias que invadem os tecidos adjacentes do hospedeiro (LATUNDE-DADA;
LUCAS, 2007).

A disseminacdo do patdégeno ocorre pela deposicao dos esporos no
tecido do hospedeiro, por meio da acao de respingos de gotas de chuva que incidem
nos acérvulos, fragmentando a massa de esporos (MEYER; KLEPKER, 2007). Os
conidios depositados no tecido vegetal fixam-se por meio de apressorios e o tubo
germinativo penetra no tecido injuriado de forma direta (AGRIOS, 2005). Assim, o
transporte do fungo até a parte aérea da planta, inicia-se por uma semente
contaminada (NEERGARD, 1979), que infecta o tecido do hospedeiro, dando inicio
ao processo de infeccao sistémica.

O ciclo primario da infeccdo ocorre pelos ascésporos e conidios
produzidos em plantas hospedeiras ou em restos de cultura (AGRIOS, 2005).
Enquanto, a infeccdo secundéria ocorre pela producéo de conidios produzidos na
infecdo primaria, sob condi¢des climéticas favoraveis (AGRIOS, 2005). As condi¢des

climaticas ideais sdo molhamento foliar prolongado, precipitacbes regulares e
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frequentes, alta umidade relativa do ar e temperatura acima de 25 °C (ALMEIDA et
al., 2005). Nessas condicfes, os niveis de perdas podem chegar a 100% (ALMEIDA
et al., 2005).

Apods, inicia-se 0 processo de colonizagcdo do tecido do hospedeiro
através do crescimento micelial do patégeno nos espacos intercelulares (AGRIOS,
2005). Portanto, no comeco da colonizacdo, as células do hospedeiro ainda
permanecem viaveis (BHADAURIA et al.,, 2013). Com aumento da reproducéo do
patégeno ocorre alteracdes na expressao de genes elicitores, os quais induzem a
morte celular (BHADAURIA et al., 2013). Com isso, novos acérvulos sao formados,
produzindo grande volume de conidios que sédo disseminados pelo efeito de

respingos de chuva, iniciando um novo ciclo de infeccdo (AGRIOS, 2005).

2.3.4 Sintomatologia

Os sintomas na cultura da soja podem ser observados em
praticamente todos os estagios de desenvolvimento, causando deterioracdo de
sementes, morte de plantulas e infeccdo sistémica em toda parte aérea (GOULART,
1997). Devido a grande gama de hospedeiros os sintomas sado variados, mas
geralmente, formam-se lesGes necroéticas deprimidas nas hastes, vagens, peciolos e
folhas que progridem para necrose (SINCLAIR; BACKMAN, 1989).

O principal sintoma da antracnose é a queda e o0 apodrecimento de
vagens (MEYER; KLEPKER, 2007). Os sintomas iniciais nas vagens sdo estrias ou
manchas claras de formato arredondado que evoluem para manchas de coloracao
castanho-escura a negra (MEYER; KLEPKER, 2007). As vagens infectadas no inicio
de sua formacdo podem comprometer a producéo de gréos. A qualidade da semente
é afetada em infec¢cbes tardias, causando danos em pré e péds-emergéncia
(SINCLAIR; BACKMAN, 1989; HARTMAN; SINCLAIR; RUPE, 1999; HENNING et
al., 2005).

Os sintomas em sementes contaminadas sdo manchas deprimidas
de coloragdo castanho-escura (MCGEE, 1986). Os sinais sdo observados pela
presenca de aceérvulos tipicos e inUmeras setas de coloragdo escura (GOULART,
1997). Em regibes de clima tropical, tém-se observado aumento consideravel da
perda de viabilidade, durante o armazenamento das sementes, principalmente em
periodos de alta pluviosidade na colheita (GOULART, 1997; HENNING et al., 2005).
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De forma geral, em clima temperado, a incidéncia deste patébgeno em sementes de
soja é baixa (MCGEE, 1986).

Nas hastes, peciolos e ramos florais, os sintomas sdo manchas
negras ligeiramente deprimidas e brilhantes e sintomas de cancro nos peciolos
(MEYER; KLEPKER, 2007). Nas folhas sdo observadas lesdes necréticas de
coloracdo castanho-escuro ou pretas sobre as nervuras e enrolamento foliar
(HAMAWAKI et al., 2002; MEYER; KLEPKER, 2007).

2.3.5 Estratégias de controle

As principais medidas de controle para a antracnose sdo rotacdo de
culturas, utilizacdo de sementes sadias, manejo equilibrado da adubacgéo potassica
do solo, utilizagdo de espagcamento adequado evitando o adensamento, resisténcia
genética e o tratamento quimico com fungicidas (MEYER; KLEPKER, 2007).

A principal estratégia de controle empregada para esta doenca, tem
sido o controle quimico. Inicialmente, os fungicidas registrados para o controle de
antracnose em soja, eram aplicados no tratamento de sementes (PICININI;
FERNANDES, 2000). Contudo, diversos estudos destacaram a eficiéncia de
fungicidas sistémicos em aplicacBes foliares, sendo os principais grupos quimicos
inibidores de quinona externa e metil benzimidazol carbamato (MEYER; RODACKI,
2005; GAWADE, et al.,, 2009; DA SILVA PESQUEIRA, BACCHI, GAVASSONI,
2016). Até o momento, 51 fungicidas comerciais foram registrados para o controle
da antracnose em soja (AGROFIT, 2018). No Brasil, devido ao uso excessivo de
fungicidas aplicados, populacdes resistentes de Colletotrichum spp. frequentemente
séo relatadas em diversas culturas (TANAKA; PASSOS; BETTI; 1997; PERES et al;
2004; SARTORATO; 2006; SARTORI, 2007; DA SILVA LOPES et al., 2018).

2.4 Mancha-alvo da soja

2.4.1 Origem e historico da doenca

Corynespora cassiicola (Berk. & M. A. Curtis), Wei (1950), agente

causal da mancha-alvo, é originario do continente asiatico. Tai e Cheo, 1937 e Teng,

1939 relataram que a doenca foi primeiramente observada na China, em folhas de
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soja coletadas entre os anos de 1936 e 1939. Inicialmente o patdégeno foi
identificado como Cercospora vignicola Kawamura. Contudo, alguns anos apds, em
1945, Liu identificou no Japdo, o mesmo fungo no feijao e denominou de
Helminthosporium vignae (LIU, 1948).

A primeira constatacdo da doenca no continente americano ocorreu
nos Estados Unidos no ano de 1945, sendo descrita pelos autores Olive; Bain e
Lefebvre (1945), que relataram a presenca de Helminthosporium vignae, em feijao-
caupi e soja. No Brasil, o primeiro relato da ocorréncia da mancha-alvo foi no Estado
de Mato Grosso no ano de 1974 e posteriormente, no Estado do Parana, no ano de
1976 (ALMEIDA et al., 1976). Em 1988 a doenca foi também constatada nos
Estados de Mato Grosso do Sul e Rio Grande do Sul (YORINORI, 1989).
Atualmente, a doenca ocorre em todas as regides de cultivo de soja no pais
(GODOY et al., 2016).

2.4.2 Etiologia

O fungo C. cassiicola pertence ao reino Fungi, filo Ascomycota,
subfilo Pezizomycotina, classe Dothideomycetes, subclasse Pleosporomycetidae,
ordem Pleosporales e familia Corynesporascaceae (FUNGORUM, 2018c).
Corynespora cassiicola € um fungo cosmopolita e inespecifico. Desde 0s primeiros
relatos da doenca, foram observadas mais de 390 espécies de plantas hospedeiras
do patogeno cultivadas em mais de 80 paises de clima tropical e subtropical (ELLIS,
1971; SILVA et al., 1995; FARR; ROSSMAN, 2018).

Corynespora cassiicola apresenta conidiéforos eretos, ramificados,
de coloracdo que varia de péalida a marrom (ELLIS, 1971). Segundo Gasparotto e
Pereira (2012) os conidios e conidiéforos podem variar morfologicamente, de
acordo, com a umidade do ambiente em que s&o produzidos. De forma geral, C.
cassiicola caracteriza-se por apresentar septos, que variam até nimero maximo de
20, e que podem medir de 110-850 pum ou 44-350 um de comprimento por 4-11 um
de largura (ELLIS, 1971; HARTMAN; SINCLAR; RUPE, 1999).

2.4.3 Ciclo da doenca e epidemiologia
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Corynespora cassiicola caracteriza-se por ser um patégeno
hemibiotréfico (SINCLAIR; BACKMAN, 1989). O ciclo do patégeno se inicia a partir
da sobrevivéncia do fungo em sementes (SINCLAIR; BACKMAN, 1989) e em mais
de 390 hospedeiros alternativos (FARR; ROSSMAN, 2018). Na auséncia do
hospedeiro a sobrevivéncia do patégeno pode chegar a até dois anos (KUROZAWA,;
PAVAN; REZENDE, 2005).

A disseminacdo dos conidios a curtas distancias ocorre por meio de
respingos de chuva para plantas vizinhas (SINCLAIR; BACKMAN, 1989; SILVA;
CAMPOS; SILVA, 2008), enquanto que a longa distancia pela acdo do vento
(ALMEIDA et al., 2005; SILVA; CAMPOS; SILVA, 2008). Os conidios depositados na
superficie da folha fixam-se por meio de apressoérios e germinam sob condicfes de
prolongado molhamento foliar e temperaturas que variam de 22 °C a 30 °C
(SINCLAIR, 1982).

Durante a colonizacdo o patdégeno produz toxinas, denominada
cassiicolina, que matam os tecidos adjacentes ao ponto de infecdo e assim, extraem
nutrientes do hospedeiro para sua sobrevivéncia e reproducédo, formando um novo
ciclo de infeccao (FORCELINI, 2010). Os primeiros sintomas da doenca sao visiveis

de 5 a 7 dias ap0s a penetracdo do patdgeno no hospedeiro (AGRIOS, 2005).

2.4.4 Sintomatologia

Apbs a colonizacdo do tecido do hospedeiro, os sintomas da
mancha-alvo sdo observados em toda parte aérea da planta, nas raizes, hastes e
vagens. Nas folhas, as lesdes iniciais caracterizam-se por uma pontuacao parda no
centro e anéis concéntricos de coloragdo mais escura ao redor da lesdo (ALMEIDA
et al., 2005). Com o progresso da doenca, as lesdes iniciais evoluem para grandes
manchas circulares, de colorac¢do castanho-clara a castanho escura, atingindo até 2
cm de diametro (ALMEIDA et al., 2005). A alta severidade da doenca em cultivares
suscetiveis e a rapida expansao da lesdo, ocasionam a queda prematura de folhas,
lesGes necréticas em peciolos e nas hastes, abertura, exposicdo e geminacao dos
graos nas vagens (SINCLAIR; BACKMAN, 1989).

Nas raizes, os sintomas sdo manchas de coloragdo vermelho
arroxeada no tecido cortical, evoluindo para uma coloracédo negra (AVOZANI, 2011).

Os sintomas reflexo da infeccéo radicular sédo observados pelo amarelecimento das
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folhas e maturagdo prematura dos gréos (ALMEIDA et al., 2005). Em solos umidos,
o fungo produz conidiéforos e conidios ao redor das raizes, facilitando a
identificacdo do patdégeno pelos sinais apos a morte da planta (ALMEIDA et al.,
2005).

2.4.5 Estratégias de controle

As medidas de controle para C. cassiicola tém sido baseadas no
manejo integrado, com o objetivo de manter a populacdo do patégeno abaixo do
limiar de dano econémico. As estratégias recomendadas para esta doenca sao: o
uso de cultivares resistentes, o tratamento de sementes, a rotacao/sucessao de
culturas com milho e outras espécies de gramineas e a aplicacdo de fungicidas
(ALMEIDA et al., 2005).

Os ingredientes ativos registrados para controle da mancha-alvo em
soja sdo os fungicidas do grupo dos MBC, dos IQe, dos IDM, e os ISDH.
Atualmente, 48 fungicidas comerciais estao registrados para o controle da mancha-
alvo em soja (AGROFIT, 2018). Contudo, devido a frequente aplicacdo destes
fungicidas, populagbes resistentes a C. cassiicola tém sido reladas em diversas
culturas (DATE et al., 2004; ISHII et al., 2007; HUANG et al., 2013; XAVIER et al.,
2013; AVOZANI; REIS; TONIN, 2014; TERAMOTO et al., 2017).

2.5 Fungitoxicidade e sensibilidade

Fungicidas sdo substancias quimicas de origem natural ou sintética
gue aplicadas as plantas protegem-nas da penetracdo e/ou do desenvolvimento de
fungos patogénicos. Nem todos os fungicidas tém acé&o direta nos fungos. Alguns
atuam inibindo o crescimento micelial ou a esporulacdo do patégeno. Portanto, ndo
sdo todas as substancias quimicas que sao toxicas aos fungos. Se um fungo for
sensivel a um fungicida, este apresenta fungitoxicidade, caso contrario, este sera
considerado insensivel. A fungitoxicidade ¢é definida pela capacidade desta
substancia quimica ser toxica ao fungo em baixas concentracdes. A fungitoxicidade
€ uma caracteristica relacionada a molécula quimica, enquanto, a sensibilidade esta
atrelada ao patogeno (REIS; REIS; FORCELINI, 2007).
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O valor de toxicidade de uma substancia quimica é determinado pela
sua concentracao efetiva capaz de inibir 50% do crescimento micelial (CEso) ou da
germinacao de esporos. A CEso é especifica e constante tanto para uma substancia
guimica quanto para o patdgeno. Um baixo valor de CEso indica uma alta acéo
fungicida (REIS; REIS; FORCELINI, 2007).

Edgington, Khew e Barron (1971) definiram os seguintes critérios
para enquadrar as substancias fungicidas em relacdo a fungitoxicidade: substancia
gque apresenta CEso <1 pg mL = alta fungitoxicidade e sensibilidade; CEso entre 1 ug
mL e 10 yg mL* = moderadamente fungitéxica, CEso entre 10 ug mL*e 50 ug mL* =
baixa fungitoxicidade e insensibilidade; e CEs0>50 ug mL* = ndo fungitdxico e
insensibilidade ao fungicida.

AlteragOes para valores maiores de CEso de um fungicida, no mesmo
local e ao longo do tempo, poderd indicar sele¢cdo do patdgeno alvo direcionado para
a insensibilidade aquela molécula quimica (REIS; REIS; FORCELINI, 2007).

2.6 Resisténcia de fungos a fungicidas

A resisténcia a fungicidas pode ser definida como resultado da
adaptacdo de uma espécie fungica a um fungicida devido a uma mudanca genética
estavel e hereditaria, levando a reproducéo e disseminacéo de popula¢cdes mutantes
com reduzida sensibilidade ao fungicida (DELP; DEKKER, 1985). A reducdo na
sensibilidade do patégeno a substancia quimica podera ser parcial ou total (REIS;
REIS; FORCELINI, 2007).

Os fatores genéticos envolvidos na resisténcia de fungos a
fungicidas dependem dos seguintes fatores: numero de loci envolvidos, o nimero de
variantes alélicas em cada locus, a existéncia e relevancia da relacdo entre os alelos
dominante ou recessivos dos fungos resistentes e do tipo selvagem (BORCK;
BRAYMER, 1974) e as interacdes aditivas ou sinérgicas entre os genes de
resisténcia (ANGELINI; POLLASTRO; FARETA, 2015).

Genes responsaveis pela resisténcia a fungicidas estédo localizados
Nos cromossomos nucleares ou em determinantes genéticos extracromossOmicos
(ANGELINI; POLLASTRO; FARETA, 2015). Desta forma, a posi¢cdo nuclear ou
citoplasmatica dos genes, determinam os padrbes de heranca genética. Para os

genes nucleares a heranca genética € biparental classica, ou seja, 0 zigoto recebe
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um alelo de um gene de cada progenitor. Enquanto, para 0S genes
extracromossOmicos a heranca genética, € definida como ndo-mendeliana, a qual
caracteriza-se por ser uma heranca uniparental, sendo geralmente, de heranca
genética materna (GRIFFITHS, 1996; ANGELINI; POLLASTRO; FARETA, 2015). A
maioria dos genes de resisténcia a fungicidas estdo localizados nos cromossomos
nucleares (ANGELINI; POLLASTRO; FARETA, 2015).

A resisténcia a fungicidas podera resultar em mutacdes no sitio-alvo
bioquimico de um UGnico gene (GEORGOPOULOS, 1988), ou adicédo
(KALAMARAKIS et al.,, 1991; LASSERON-de FARANDRE; DABOUSSI; LEROUX,
1991) ou interacfes sinergisticas (MOLNA; HORNOK; PESTI, 1985) entre muitos
genes mutantes, fazendo com que a ligacdo do fungicida seja menos efetiva, ou até
gue néo ocorra (HOLLOMON, 2012).

A resisténcia monogénica e oligogénica sdo causadas por um ou
poucos genes, respectivamente. A resisténcia monogénica proporciona alteracdes
gualitativas no fenotipo, caracterizando-se pela facil distincdo entre isolados
sensiveis e resistentes. A resisténcia monogénica foi relatada para os fungicidas
MBC, IQe e ISDH. Por outro lado, a resisténcia poligénica é causada por uma
mutagdo em varios genes. Esta mutacdo tem pouco efeito no fenétipo e causa uma
reducdo insignificante na sensibilidade de um fungicida. No entanto, as diversas
mutacdes contribuem, para um efeito aditivo, produzindo um aumento do nivel de
resisténcia (ANGELINI; POLLASTRO; FARESTA, 2015). No campo, o resultado é
uma diminuigcdo quantitativa da sensibilidade a um fungicida com uma mudanca
lenta, continua e gradual da populacdo de fungos (ANGELINI; POLLASTRO;
FARESTA, 2015). A resisténcia poligénica foi relatada para os fungicidas que atuam

como IDM.

2.7 Mecanismos de resisténcia dos fungicidas da classe IDM

Os fungicidas IDM representam um importante grupo de fungicidas
sistémicos para o controle dos fungos das classes Ascomycetos, Basidiomycetos e
os Deuteromycetos (LOEFFLER; BUTTERS; HOLLOMON, 1984; PONTZEN,;
POPPE; BERG, 1990; KOLLER, 1992). Os primeiros fungicidas desta classe
comecaram a serem usados na agricultura na década de 1960 e, a partir de entao,

mais de 40 moléculas dos fungicidas IDM foram desenvolvidas para o controle de
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fitopatogenos. Os derivados dos compostos comerciais imidazois e triazois,
denominado de azéis, sdo os mais importantes fungicidas utilizados na agricultura
(ZIOGAS; MALANDRAKIS, 2015). Os fungicidas IDM agem na membrana celular
inibindo a desmetilagédo do C14 durante a formacéo do esterol, principal componente
da membrana celular dos fungos (ZIOGAS; MALANDRAKIS, 2015).

O mecanismo de resisténcia para IDMs é poligénico podendo
expressar-se individualmente ou associados. Estes mecanismos de resisténcia
incluem: mutacdes de ponto, modificacdes no sitio-alvo na desmetilacdo do C14
(gene cyp51) resultando na reducéo da afinidade do fungicida e a super expressao
do gene alvo durante a formacao do ergosterol, reducdo do acumulo intracelular de
fungicida mediado pelo aumento da regulacdo de transportadores de efluxo e
multiplos paralogos do gene alvo (BRENT, 2011; ZIOGAS; MALANDRAKIS, 2015).

Devido a genética da resisténcia aos IDMs ser poligénica, o
desenvolvimento de resisténcia a este grupo quimico, ndo leva a uma completa
perda de controle da doenca e alta frequéncia de populacfes resistentes séo
observados somente ap6s uma adaptacao gradual (GISI et al., 2000).

A mutacdo mais frequente observada para o gene cyp5l € a
substituicdo da tirosina (Y) na posicao 134, 136 e 137 do cdédon por uma fenilalanina
(F) (BECHER; WIRSEL, 2012). Estas mutagOes foram relatadas em Uncinula
necator (DELYE, LAIGRET; CORIO-COSTET, 1997) e Blumeria graminis (WYAND;
BROWN, 2005) a protioconazol e Mycosphaerella sp. resistente ao propiconazol
(CANAS-GUTIERREZ et al., 2009; CHONG et al., 2010; LEROUX; WALKER, 2011;
COOLS; FRAAJIE, 2013).

No Brasil, o uso intensivo de fungicidas na cultura da soja trouxe
como consequéncias a selecdo de populagdes de P. pachyrhizi menos sensiveis aos
IDM a partir de 2007 (GODOY, 2012). A menor sensibilidade aos fungicidas deste
grupo quimico foram relatadas ap6s 2007 em populacdes de P. pachyrhizi por
Schmitz et al., (2014) e Klosowski et al., (2016a) e também em populacdes de C.

cassiicola por Xavier et al., (2013) e Teramoto et al. (2017).

2.8 Mecanismos de resisténcia dos fungicidas da classe do MBC

Os fungicidas do grupo MBC estdo divididos em trés classes:

benzimidazois, N-phenilcarbamatos e benzamidas. Os fungicidas comerciais desta
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classe atuam inibindo a montagem dos microtibulos do fuso durante a divisédo
nuclear ligando-se a proteina B-tubulina (SCHROEDER; PROVVIDENTI, 1969;
GEORGOPOULOS; DOVAS, 1973; DAVIDSE, 1986; DAVIDSE; ISHII, 1995). Os
microtubulos sdo formados por dimeros proteicos de a e B-tubulina. A fungéo do
microtubulo na divisdo do nucleo depende diretamente da montagem reversivel da
tubulina em polimeros de microtibulo. Muitos fungicidas atuam interrompendo a
montagem dos microtibulos ou impedindo a desmontagem dos dimeros de
proteinas na divisdo nuclear dos eucariotos (YOUNG, 2015).

Os fungicidas benzimidazois foram introduzidos pela primeira vez
em 1960 e representam o marco inicial dos problemas de resisténcia (DELP, 1981).
Desde o inicio da sua comercializacdo, pelo menos 130 espécies de fungos
desenvolveram resisténcia a esse grupo (FRAC, 2014). Este composto controla uma
grande gama de patdégenos das classes dos Ascomycetos e Basidiomycetos,
contudo sao inativos aos Oomycetos (YOUNG, 2015). Este composto tem sido
utilizado na cultura da soja principalmente para o controle de doencas de final de
ciclo, contudo sua eficiencia no campo tem sido baixa (GODOY et al.,, 2013).
Resisténcia do fungo C. cassiicola, isolado de folhas de soja, a MBCs tem sido
relatada nos dltimos anos no Brasil em diferentes regides produtoras (AVOZANI,
2011; TERAMOTO et al.,, 2012; XAVIER et al., 2013). Atualmente os fungicidas
comerciais utilizados na cultura da soja séo: carbendazim, tiabendazol e tiofanato-
metilico (AGROFIT, 2018).

Segundo o Comité de Acdo Antirresisténcia, o0s fungicidas
benzimidazodis sdo classificados com alto risco de desenvolver resisténcia (FRAC
2013). Populacdes resistentes apresentaram diversas mutagdes na proteina B-
tubulina que conferem resisténcia aos benzimidazois. Estas mutagdes ocorrem em
varios cédons como 6, 50, 167, 198, 200 e 240. No entanto, as mutacfes E198A / G
[ K/ Q e F200Y sao as mais frequentes (KOENRAADT; JONES 1992; MA;
MICHAILIDES, 2005). Em mutantes resistentes, a resisténcia cruzada geralmente
ocorre entre os diferentes compostos de benzimidazois e, com isso, a resisténcia a
um composto acarreta a perda da eficacia para todas as outras classes de
benzimidazois (DELP, 1987).

2.9 Mecanismos de resisténcia dos fungicidas da classe do IQe
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Os fungicidas inibidores da respiracdo mitocondrial do complexo il
(complexo do citocromo bcl) sdo um dos mais importantes grupos de fungicidas por
controlarem uma grande gama de fitopatogenos (BRENT, 1995). Estes fungicidas
séo classificados em 1Qe, 1QoS e Qil, diferenciando-se pelas ligagdes distintas no
citocromo b (cyt b). O maior grupo é o IQe que tem atividade para a maioria das
classes de Deuteromycemetos, Ascomycetos, Basidiomycetos e Oomycetos
(SIEROTZKI, 2015).

Os primeiros componentes quimicos extraidos do fungo Strobilurus
tenacellus e a descoberta da estrobirulina como um fungicida ocorreu em 1977
(ANKE, 1995). Contudo, a comercializacdo ocorreu somente em 1996 (BRASSEUR,;
SARIBAS; DALDAL, 1996). Logo apds a introdugdo destes fungicidas, foram
detectados isolados resistentes de Podospora fusca, agente causal do mildio
pulverulento das cucurbitaceas, em diversos paises (BRASSEUR; SARIBAS;
DALDAL, 1996; FERNANDEZ-ORTUNO et al., 2008). O grupo IQe inclui 20
compostos subdivididos em 9 classes quimicas. As estrobilurinas recomendas para
0 manejo de fitopatdgenos na cultura da soja sé@o: azoxistrobina, cresoxim-metilico,
picoxistrobina, piraclostrobina, metominostrobina e trifloxistrobina (AGROFIT, 2018).

O modo de acdo deste grupo ocorre pela inibicdo da transferéncia
de elétrons no sitio Qo (sitio de oxida¢do quino externa) do complexo do citocromo
bcl da cadeia respiratoria mitocondrial. Com isso, ocorre um bloqueio no fluxo de
elétrons reduzindo a producédo de ATP nas células do fungo (BECKER et al., 1981).
Nem todas as mutacdes observadas no gene cyt b tém um forte efeito na
resisténcia, algumas apresentam um efeito somente na atividade enzimatica
(SIEROTZKI, 2015). Os fatores de resisténcia sdo altamente dependentes da
espécie e do efeito do fungicida no campo (SIEROTZKI, 2015). As mutacdes para
resisténcia ao 1Qe G143A, F129L e G137R s&o as mais frequentemente observadas.

A primeira mutacdo trata-se de uma substituicdo pontual do
aminoacido glicina na posicdo 143 por um aminoacido alanina no gene cyt b
(G143A), sendo esta considerada uma mutacdo altamente resistente e mais
frequentemente relatada entre os fitopatégenos (SIEROTZKI, 2015). Em Cercospora
sojina agente causal da mancha olho-de-r& em soja, mutagcbes G143A foram
relatadas no Estado do Tennessee nos EUA (ZENG et al., 2015; STANDISH, et al.,
2015).
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A segunda mutacdo € a substituicdo descrita em cyt b é a
substituicdo do aminoacido fenilalanina por leucina na posicdo 129 (F129L). Para
esta mutacdo os fatores de resisténcia sdo considerados mais baixos, ou seja,
supbe-se que tem um efeito mais forte na adaptabilidade da populagcédo do patdgeno
em sobreviver ao ambiente em isolados resistentes comparando-se com a mutacéo
G143A, logo com menor chance de ocorréncia (ESSER et al., 2004; ORR, 2009;
SIEROTZKI et al., 2007). Contudo, a mutacdo F129L pode afetar a performance do
fungicida IQe quando a populacdo se encontra em grande numero (PASCHE;
WHARAM; GUDMESTAD, 2002). Esta mutacdo foi detectada para os fungos
Alternaria solani (PASCHE; PICHE; GUDMESTAD, 2005), Pyrenophora teres
(SEMAR et al., 2007) e Phakopsora pachyrhizi (KLOSOWSKI, 2016b).

A Ultima mutacao é uma substituicdo do aminoacido glicina por uma
arginina na posicao 137 (G137R). N&o se sabe como esta afeta a ligacdo fungo-
fungicida e seria a mais rara, provavelmente é a mutacdo que apresenta 0 maior

custo adaptativo para o patégeno (SIEROTZKI, 2015).

2.10 Mecanismos de resisténcia dos fungicidas da classe do ISDH

Os fungicidas inibidores da succinato desidrogenase (complexo II,
succinato-ubiquinona redutase), ISDH também conhecido como carboxamidas,
foram utilizados pela primeira vez na década de 1960 para o controle de doengas
causadas por Basidiomycetos (AVENOT; MICHAILIDES, 2010). Devido as doencas
e ao espectro limitado das carboxamidas de “primeira geracao”, a resisténcia em
escala comercial mantiveram-se limitadas a poucas culturas/patossistemas (FRAC,
2014). O fungicida boscalide, langcado no ano de 2003, foi 0 primeiro composto ISDH
com amplo espectro de acdo, para varios fungos da classe Ascomycetos.
(STAMMLER et al., 2007; STAMMLER et al., 2008). Recentemente a combinacao de
boscalide com os compostos benzovindifupir, bixafen, fluxapiroxade, isofetamida,
isopirazam, penflufen, penthiopirad e sedaxano expandiu a segunda geracdo de
moléculas ISDH, que tem sido registrada e lancada para diferentes alvos biol6gicos
na agricultura (STAMMLER et al., 2015).

No Brasil, dois ingredientes ativos ISDH foram registrados em
misturas com IQe para a cultura da soja, em 2013 e em 2014 (fluxapiroxade e
benzovindiflupir, respectivamente), (GODOY, MEYER, 2014). A enzima alvo dos
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inibidores SDH é a succinate desidrogenase (SDH, chamado complex Il) que age
blogueando o sitio de ligacdo da ubiquinona na mitocondria. Os SDH séo
constituidos por quatro subunidades (A, B, C e D) e o local de ligagdo dos inibidores
SHD ocorrem nas subunidades B, C e D (STAMMLER et al., 2015).

As mutacdes ja relatadas em B. cinerea foram P225L / F / T ou B-
H272Y /| R/ L/ V e em Pyrenophora teres nas diferentes locais das subunidades B
(B-H277Y), C (C-N75S, C-G79R, C-H134R, C-S135R) e D (D-D124N / E, D-H143R,
D-D145G) (STAMMLER et al., 2015). Devido a especificidade do seu modo de acéo,
mutagdes no ponto alvo reduzem a sensibilidade em todas as trés subunidades,
causando a selecdo de populacdes de fungos resistentes no campo (FRAC, 2014).
Apesar da recente introducédo dessa nova geracao de fungicidas no Brasil, apds dois
anos, populacdes de P. pachyrhizi apresentaram mutacdes no gene SdhC (C-186F)
(SIMOES et al., 2018). Além disso, outros 14 patégenos no mundo, incluindo fungos
como C. cassiicola, em pepino (MIYAMOTO et al., 2009; ISHII, et al., 2011),
Sclerotinia sclerotiorum em canola (GLAETTLI; STAMMLER; SCHLEHUBER, 2009)
e Alternaria solani, em batata (GUDMESTAD et al., 2013) apresentaram resisténcia

a essa molécula.

2.11 Resisténcia cruzada

A resisténcia cruzada ocorre quando a mudanca em um fator
genético resulta em resisténcia a diferentes fungicidas (DEKKER, 1976). Desta
forma, a resisténcia cruzada pode ser classificada em resisténcia cruzada positiva e
resisténcia cruzada negativa. A resisténcia cruzada positiva € comumente observada
entre compostos que apresentam o mesmo modo de acdo (BRENT; HOLLOMON
2007 a, b), enquanto a resisténcia cruzada negativa ocorre quando uma mutacgao
causa resisténcia a um fungicida e aumenta a sensibilidade a outros quimicos com o
mesmo modo de acdo (BRENT; HOLLOMON, 2007 a, b). A resisténcia cruzada
positiva foi relatada para os fungicidas 1Qe (orisastrobin, azoxistrobin e
metominostrobin) em Magnaporthe oryzae (MIYAGAWA; FUJI, 2013), MBC
(carbendazim e thiabendazol) em B. cinerea (LEROUX et al., 1999) e ISDH
(fluopiram, carboxin) em B. cinerea (LALEVE et al.; 2014). Resisténcia cruzada
negativa foi observada para MBC (dietahofencarb, difenilamina e diclorano) também
em B. cinearea (LEROUX et al., 1999).
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3. ARTIGO A: “Fungicide resistance and genetic diversity of Cercospora kikuchii
isolates for cyp51, cyt b, B-tubulin and SdhB genes in soybean”

ABSTRACT

Cercospora leaf blight and purple stain of seed are a complex of disease caused by
Cercospora kikuchii. The disease affect leaves and seeds in soybean (Glycine max
(L.) Merr.) and often is managed by fungicide application of quinone outside inhibitors
(Qol) and methyl benzimidazole carbamate (MBC) and recently succinate
dehydrogenase inhibitor (SDHI). However, excessive fungicide applications, have
contribute to development of resistant populations. The aims of this study were to
characterized sensitive and resistant C. kikuchii isolates and analyzed cross-
resistence using mycelial growth inhibition in amended media using discriminatory
dose (10 pug mL1) of azoxystrobin, picoxystrobin, pyraclostrobin, carbendazim and
thiophanate-methyl. We also performed C. kikuchii fungicides gene target cyp51, B-
tubulin, cyt b, SdhA and SdhB using lllumina sequencing. The sequencing data was
analysed the genetic diversity of C. kikuchii isolates. Cross-resistance was observed
inside the groups Qol and MBC fungicides. A total of 69% and 71% of the isolates
tested for Qol and MBC fungicides were phenotype as resistant. For cyp51 gene it
was detected 13 mutations: Q161H, N178D, P180S, P200L, K217R, E274D, S279N,
E281K, T290S, 1299V, S363N, K442Q and L503V. Despite the high polymorphism
found for the cyp51 gene, further studies should be perfomed to determine if these
new mutations confer DMI fungicide resistance. For cyt b gene was observed only
G143A mutations. In addiction, 75% of C. kikuchii isolates from soybean in Brazil
carried G143A mutation. The mutations F129L and G137R were not found. Molecular
characterization of MBC and SdhA fungicide revealed only synonyms mutations for
all isolates analysed. In total 14 substitutions for SdhB were found: H17L, G27A,
T167M, P192L, E200D, N290K, I320N, 1434V, A436V, D447N, H448R, E454Q,
N513S and Q569K. High genetic diversity of C. kikuchii between sensitive and
resistant isolates confirmed that genetic mutations found in this study are responsible
for the high genetic variability of the isolates. Therefore, anti-resistance strategies
have to be implemented for efficiency recovery of Qol to control Cercospora kikuchii

in soybean in Brazil.
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Keywords: Cercospora leaf blight, purple seed stain; Qol and MBC.

3.1 INTRODUCTION

Soybeans (Glycine max (L.) Merr.) are the main grain produced in
Brazil with sowing area of 35,046 mil hectares in the last crop season, representing
about 60% of the area with grains during the summer crop season (CONAB, 2018).
However, due to the favorable climatic conditions such as, high temperatures and
relative humidity, this conditions enable the occurrence of diseases like Cercospora
kikuchii complex. The C. Kikuchii complex includes purple stain of seed (GARDNER,
1925) and Cercospora leaf blight (WALTERS, 1978) and represent a complex of
species. Recently, some undescribed Cercospora spp were associated to infected
soybean in Brazil (SOARES et al., 2015). This pathogen is widely disseminated in
main Brazilian soybean producing regions. Under high severity and favorable climate
conditions, losses can reach 30 % up to 50% (WARD-GAUTHIER et al., 2015).

The disease complex, cercospora leaf blight and purple seed stain
can occur in the host at the same time or separatelly (ORTH; SCHUH, 1994),
causing symptoms in the hypocotyl, stem, pods, leaves, petiole and seeds
(LEHMAN, 1950). Typical symptoms in leaves have a tanning or reddish-brown
colors, which can extend throughout the surface leading to early defoliation
(ALMEIDA et al., 2005). Symptoms in seed, are characterized by irregular pink to
dark purple spots (SCHUH, 1990). Cercosporin toxin is responsible for pink-dark
color characteristic of this disease (KUYAMA; TAMURA, 1957). High severity of
cercospora leaf blight and purple seed stain causing reduction of germination and
seed quality (WILCOX, ABNEY, 1973; YEH; SINCLAIR, 1981). Cercospora leaf blight
and purple seed stain are management using cultural and chemical control. The use
of healthy seeds, cultural remains incorporation, rotation or succession with non-
susceptible crop species and sowing cultivars with resistant are the most economic
and effective tools (SINCLAIR, BACKMAN, 1989; SINCLAIR, 1993; EMBRAPA,
1999). However, few commercially soybean cultivars are resistant to cercospora leaf
blight and purple seed stain in Brazil (FINOTO et al., 2011). Therefore, fungicides
application, as seed treatments and foliar, have being used as main management to

control C. kikuchii in soybean.
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In total 174 formulation products are labeled for soybean to control
cercospora leaf blight and purple seed stain in Brazil (AGROFIT, 2018). Many of the
commonly used fungicides are demethlylation inhibitors (DMI), quinone outside
inhibitor (Qol), methyl benzimidazole carbamate (MBC) and recentely carboxamides
succinate dehydrogenase inhibitor (SDHI) chemical groups.

Reduction in efficiency control has also been observed for DMI
fungicides. This chemical group is used in pre-mixtures for the control of C. kikuchii.
DMI fungicides acts on the cell membrane by inhibiting C14 demethylation during
formation of the sterol, the main component of the fungal cell membrane (ZIOGAS;
MALANDRAKIS, 2015). The mechanisms of resistance of DMI are variable, however,
the main mutation occurs at the target site of the cytochrome P450 14-a sterol
demethylase (cyp51) gene (SCHMITZ et al., 2014; ZIOGAS; MALANDRAKIS, 2015).
The most frequent mutations in the cyp51 gene observed for Phakopsora pachyrhizi
are tyrosine (Y) substitution at position 134, 136 and 137 of the codon for a
phenylalanine (F), substitution a lysine (K) for arginine (R) at the position (I) by
threonine (T) at position 475 (BECHER; WIRSEL, 2012; SCHMITZ et al., 2014;
KLOSOWSKI et al., 2015). In addition to these point mutations, overexpression of the
cyp51 gene is a mutation present for P. pachyrhizi (SCHMITZ et al., 2014). In Brazil,
the excessive use of fungicides on soybean crops led to P. pachyrhizi populations
less sensitive to DMI fungicides since 2007 (GODOY, 2012; SCHMITZ et al., 2014).
Field isolates of C. beticola populations resistant to DMI were observed in sugar beet
in Greece (KARAOGLANIDIS; IONNIDIS; THANOSSOULOPOULOS, 2000) and
Serbia (BUDAKOV et al., 2014; FRAC, 2017).

MBC chemical group, benzimidazoles and thiophanates, as high risk
of fungicide resistance (FRAC, 2017). In Brazil, thiabendazole and thiophanate-
methyl, have been used in soybean seeds treatments to control C. kikuchii since
1990s (HENNING; KRZYZANOWSKI; FRANCA NETO, 1991). This fungicide group
acts by inhibiting the microtubules assembly during nuclear division by binding to (3-
tubulin protein (SCHROEDER; PROVVIDENTI, 1969; GEORGOPOULOS; DOVAS,
1973; DAVIDSE 1986; DAVIDSE; ISHII, 1995). The molecular mechanism was first
observed in Botrytis cinerea and this mutation involved a point mutation in at codon
198 or 200 in B-tubulin gene, causing resistance to carbendazim and thiophanate-
methyl. Addicionally, MBC resistante fungi isolates have exhbited cross resistance

between different benzimidazoles chemical class (DELP, 1987). Resistant
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populations to MBC were observed in different isolates of Cercospora species and in
different field crops. C. apii in celery (BERGER, 1973; FRAC, 2017); C. arachidicola
in peanut (CLARK; BACKMAN; RODRIGUEZ-KABANA, 1974; LITTRELL, 1974;
FRAC 2017) and C. beticola in sugar beet (GEORGOPOULOS; DOVAS, 1973;
BUDAKOQV et al.,, 2014; FRAC, 2017). Resistant population to MBC in C. kikuchii
were observed in Japan (IMAZAKI et al., 2006) and in USA (PRICE, 2015).

The specific action of Qol fungicide is in mitochondrial respiration by
the inhibition of electron transfer at Qo site of the cytochrome bcl (cyt b) complex Il
(BECKER et al., 1981). The mechanism of Qol resistance is target site-based and
involves mutations in the mitochondrial cyt b gene. Molecular mechanisms of
resistance have been detected in several phytopathogenic fungi. The most commum
mutations are amino acid substitution from glycine to alanine at position 143
(G143A), from phenylalanine to leucine at position 129 (F129L), and from glycine to
arginine at position 137 (G137R) (GISI et al., 2002). Independente of the three Qol
mutations occur, cross resistance is present in all Qol fungicide group for the vast
majority isolates (SIEROTZKI, 2015). The mutation G143A are frequent and already
have been reported in population in Cercospora spp. worldwide. The G143A
mutation was reported in C. sojina (FRAC, 2011; ZENG et al., 2015) and C. beticola
(BOLTON; RIVERA; SECOR, 2013) in United States and in ltaly in C. beticola
(BIRLA et al., 2012). Field resistant populations of C. kikuchii fungi to Qol fungides
was recently observed in soybean production regions in United States (PRICE IlI, et
al., 2015; ALBU et al., 2016) and recently, in Bolivia (SAUTUA et al., 2019).

SDHI fungicides began to be marketed in Brazil in the years of 2013
and 2014 and represent the newest class of fungicides registered to control P.
pachyrhizi (GODOY; MEYER, 2014). However, all the remain fungi that infect the
crop as late season disease are exposed to this such application. Addicionally,
resistant populations of P. pachyrhizi (SIMOES et al., 2018) were observed in Brazil.
SDH fungicides act on complex Il by blocking the ubiquinone binding site in the
electron transport chain in the mitochondria. The target enzyme of SDH inhibitors is
succinate dehydrogenase, consisting of four subunits (A, B, C and D). However, the
binding site of SDHI inhibitors occur in the B, C and D subunits. The molecular
mechanisms of resistance of sdhs genes occur due to the different amino acid
substitutions in different subunits. SDH mutation regions are highly conserved

regions among species (SIMOES et al., 2018). According to Simdes et al., 2018 the
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(C-186F) mutation in P. pachyrhizi is the most probable mutation for resistance to
SDHI fungicides. In addition, it did not observe any relevant mutation for P.
pachyrhizi for the SdhB and SdhD genes.

Therefore, due to the frequent historic of fungicide resistance to
control C. kikuchii, with a combination of susceptible cultivars and repeated
application with the same mode of action, monitoring the resistance of fungicides
becomes essential for the management of the disease. Therefore, the study we
defined sensitive in vitro of C. kikuchii isolates to the fungicides carbendazim and
thiophanate methyl (MBC) and azoxystrobin, picoxystrobin, pyraclostrobin (Qol), and
using the same experiment, we analysed cross-resistance into MBC and Qol active
ingredients. We also characterize the possible polymorphisms to determine the point
mutations involved Qol and MBC fungicide groups and their correlation with
resistance. These data allow us to test the hypothesis that resistant isolates have

impact on the genetic diversity.

3.2 MATERIALS AND METHODS

3.2.1 Isolation and origin of isolates

In total, 56 isolates of C. kikuchii from soybean were collected in the
following Brazilian states: Federal District (n = 2), Goias (n = 7), Mato Grosso (n =
12), Maranhao (n = 3), Minas Gerais (n=6), Para (n= 1) ,Parana (n = 17), Tocantins
(n=1), Roraima (n=1), and unknown (n=6).

The isolates collected in the crop seasons of 2015 and 2016 were
isolated from soybean seeds with typical symptoms of purple spot. Isolation was
performed directly (ALFENAS et al., 2007). The fungi tissues were placed in Petri
dishes containing potato-dextrose-agar (PDA) culture medium (4 g L potato extract,
20 g L dextrose, 15 g L agar, pH 5.6 + 0.2). The identification of the species
occurred by comparing the morphological characteristics of colonies of C. kikuchii.

The isolates belonging to the Embrapa Soybean Mycological
Collection were isolated from stem (602, 607, 609, 611), pods (610) and leaves (611,
615, 616, 675, 1158, 1160,1185, 1192, 1429 and 1625).
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3.2.2 Cross-resistance in vitro

In order to classify the sensitive and resistant fungi, the methodology
of inhibition of mycelial growth in amended medium, with a discriminatory dose was
used.

The isolates were cultivated in PDA culture medium at 24 °C under
photoperiod of 12 h / 12 h for 7 days. Petri dishes with 15 mm diameter were equally
divided into four subunits containing two isolates with two replicates. Each isolate
was composed of 4 replicates. Mycelial discs with 4 mm diameter from the colonies
border were transferred to Petri dishes containing PDA medium and fungicides.

The fungicides were diluted in autoclaved distilled water and mixed
with the PDA culture medium. The final concentration of active ingredients (a.i.) was
10 yg / mLL. The following commercial formulations were used: MBC: [carbendazim
(50% a.i.; Bendazol®, Adama Ltd.), thiophanate-methyl (50% a.i.), Cercobin 500
SC®, Iharabras S. A Industries Chemicals)] and Qol [azoxystrobin (25% a.i. Priori®,
Syngenta Crop Protection Ltd.), picoxystrobin (25% a.i. Oranis®, DuPont S.A.). The
experiment was repeated twice.

Five days after incubation at 24 °C £ 2 °C and 12 h: 12 h photoperiod
was determined the percentage of control of each fungicide by mycelial growth
(mean diameter of two diametrically opposite measures). Cross-resistance was
analyzed comparing the percentage of control between fungicides with the same

mode of actions.

3.2.3 DNA extration

For DNA extration three mycelium discs of 7 mm were added into
potato-dextrose (BD) liquid medium (4 g L potato extract, 20 g L™ dextrose) during 7
to 10 days. Thus, the mycelial mass was filtered through vacuum filtration. The dried
mycelium were frozen in liquid nitrogen, macerated and stored in a 1.5 mL
microcentrifuge tube at -80 °C. The DNA was extracted following the modified CTAB
extraction.

The macerated tissue was homogenized with 1000 uL of extraction
buffer (1M Tris HLC (pH 8.0), 0.5M EDTA (pH 8.0), 5M NaCl, 0.1% -
mercaptoethanol, 200 uL CTAB to 5%) and incubated in a warm bath at 65 ° C for 60
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minutes, with shaking and inversion of the microcentrifuge tubes every 15 minutes.
The samples were centrifuged at 6000 rpm for 10 minutes. 700 pL of the supernatant
was collected and transferred to a new 1.5 mL microcentrifuge tube. Then 700 uL of
phenol: chloroform solution: iso-amyl alcohol (24: 24: 1) was added. After further
centrifugation at 10,000 rpm for 5 minutes, 700 pL of the supernatant was transferred
to a new microcentrifuge tube. For DNA precipitation, 500 ul of isopropanol was
added and then the samples were homogenized in vortex and incubated at -20 ° C
for 30 minutes. The DNA pellet was washed with 70% ethanol and resuspended in
60 pl of mili-q water + 6 pl of sodium acetate (3M) and 120 pl of 100% ethanol and
was stored at 4 °C. Thus, the samples were centrifuged at a speed of 14,000 rpm for
5 minutes. The supernatant was discarded and pellet was washed again with 70%
ethanol and dried. Samples were resuspended in 80 yL of mili-qg + RNAse water at
the final concentration of 80 pg / mL. DNA quality was assessed by electrophoresis

on 1% agarose gel.

3.2.4 Primers design, PCR and fragments purification

The primers pairs B-tubulin (Genbank / EMBL access AY856374.1)
and cyt b (Genbank / EMBL access EF176921.1), were designed using sequences of
C. beticola. The primers pair for SdhA gene used here were described previously by
Miyamoto; Ishii e Tomita (2010). The SdhB (Genbank / EMBL access AB548738.1)
was designed using sequences of Mycosphaerella graminicola.

The amplicons length range from 716 to 1764 and were estimated by
identification of the main mutations reported previously at literature. To achieve this,
the primers forward and reverse were design to cover the maximum size of each the
gene analysed.

The primers described were designed using the Primer 3 plus
program  (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).  The
specificity  of  the primers  was in  silico tested by  BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Primer pairs forward (F) and reverse (R) were described as follows:
MBC [(primer MBC_F) 5-CTGCATTCTGGCAGACCAT-3’; (primer MBC_R) 5'-
TGAACTGGTCACCGACACG-37; Qol [(primer Qol_F) 5'-
ATGGTTCTTACAAAGCACCTAGAA-3’; (primer Qol_R) 5'-


https://blast.ncbi.nlm.nih.gov/Blast.cgi

a7

CACCCAATTGCATCAATAATAAGA-37; DMI [(primer DMI_F), 5’-
ACGTCTTCACCTTCATTCTGC-3 (primer DMI_R) 5-
GCCTCTCCCACTTCACAACA-3’]; Sdh subunit B [(primer SdhB_F) 5-
GAGCACACCAAGGAGCCTAT-3; (primer SdhB_R) 5'-

GCACAACTGCTCCCTCTTG-37].

PCR reactions for the target genes were prepared to a final volume
of 50 pL containing 100 ng DNA from each sample, 1 yM of each primer, 10 yM
dNTPs (Thermo Fischer Scientific), 5 X Phusion HF Buffer (Thermo Fischer
Scientific) and 0.5 U Phusion DNA Polymerase (Thermo Fischer Scientific). The
optimum annealing temperature was determined for each primer (Supplementary
table S3.1). Annealing temperature ranged from 57°C to 63°C, followed by extension
time which ranged from 30 to 60s and 26 to 35 cycles for amplification. All PCR
reactions were performed on the MWG Biotech Inc Primus 96 thermal cycler. The
PCR products were separated by electrophoresis using a 1% agarose gel and
visualized under UV 360 nm light.

The PCR amplicons products of each genes were pooled by isolate
for all samples for each gene were mixed and then purified using Nucleospin gel and
Clean-up PCR (Macherey-Nagel) following the manufacturer's recommendations.
The amplicon pools were guantified with the Qubit® (Thermo Fischer Scientific) for a
final concentration of 3 ng / uL. After, the amplicon sequences were sent to Institute
of Clinical Molecular Biology (IKMB) for processing.

3.2.5 NGS library preparation and genome association analysis

The Nextera XT DNA Library Preparation Kit (lllumina, San Diego,
CA, USA) was used to prepare the amplicon library following the manufacture’s
instructions. The final 56 libraries were distributed into four lanes on a flow cell for
sequencing on an lllumina HiSeq 2500 system, utilizing a 150 bp paired-end reads
length with an expected coverage of 30X.

The initial base calling, barcodes/adaptors trimming, quality filtering
of the reads generated with the Illlumina analysis pipeline (Fastq format) were
performed using Trimmomatic 0.36 software (BOLGER; LOHSE; USABEL, 2014)
and checked by FastQC software (ANDREWS et al., 2010). High-quality reads

generated from all C. kikuchii genes sequenced from isolates were concatenated and
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de novo assembled with Trinity software (HAAS et al., 2013). The C. kikuchii genes
of interest were identified by a blas2seq analyse (TATUSOVA; MADDEN, 1999),
applying cyt b and B-tubulin, sequences from close related fungi species. The two C.
kikuchii genes sequences were used, together with available sequence information
from NCBI and MycoCosm - JGI database
(https://genome.jgi.doe.gov/programs/fungi/index.jsf), to build the complete reference
sequence for these genes (Supplementary table S3.1). C. kikuchii cyt b and B-tubulin
gene structure were predicted using Softberry software (SOFTBERRY Inc., NY). The

summary in silico method workflow is available in figure 3.1.
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Illumina 150 pb reads C. kikuchiiisolates (fastq files) |

|

Reads quality check, adapters and barcodes remove (Trimmomatic)

concat all fastq files

|de novo assembly (Trinity 2.6.6) |
|

Find contigs for cpy51, B-tubulin, cty b, SdhA and SdhB using NCBI and MycoCosm - IGI
sequences from other close related species (Blast2seq) database (C. kikuchii)

‘ C. kikuchii reference sequence ‘ —-| Genes structure (Softberry) ‘

Mapping which isolate sequencing data to C. Kikuchii reference (Bowtie2) |

l

| SNP calling (Platypus)

Combinatory analysis of
phenotype — final results

Associating mutations to each diferente

Structural population analyses
fungicide response (R package -GAPIT)

(R package —poppR and adegenet)

Figure 3.1. In silico analysis summary workflow for genetic characterization of cyp51,
B-tubulin, cty b, SdhA and SdhB genes from C. kikuchii isolates.

High-quality reads were then aligned, by isolate, to the obtained C.
kikuchii reference sequence for the five genes using the software bowtie2
(LANGMEAD; SALZBERG, 2012). The mapped reads were processed using Picard
tools version 2.11 (Java, http://broadinstitute.github.io/picard/) to remove duplicate
values, and a binary file of the extension bam representing the assembled genome of
each sequenced isolate was generated. For SNP/InDel calling, we used Platypus
version 0.8.1 (RIMMER et al., 2014) with minimum for two reads coverage. InDels
were removed and >20% of missing data were removed from variant calling file (vcf)
sing Vcftools version 0.1.12b (DANECEK et al. 2011) and remaining missing data
were imputed with software Beagle 4 (AYRES et al., 2011).

3.2.6 Qol Sanger sequencing for validation

To validate NGS methodology 27 C. kikuchii isolates were randomly
selected and sequenced using the primers described for cyt b gene. PCR reactions
were prepared to a final volume of 50 yL containing 100 ng DNA from each sample,
1 UM of each primer, 10 uM dNTPs (Thermo Fischer Scientific), 5 X Phusion HF
Buffer (Thermo Fischer Scientific) and 0.5 U Phusion DNA Polymerase (Thermo

Fischer Scientific). PCR cycles were 35 cycles of initial denaturation at 98 °C for 10s,
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annealing at 57 °C for 60s, elongation at 72 °C for 30s and final extension for 8
minutes at 72 °C.

PCR products were adjusted to 25 ng / gL in the Nanodrop TM OneC
spectrophotometer and were purified using Nucleospin gel and Clean-up PCR
(Macherey-Nagel) following the manufacturer's recommendations. All PCR reactions
were performed on the MWG Biotech Inc Primus 96 thermal cycler.

Sanger PCR reaction consisted of 0.6 uL of alkaline phosphatase
(FAP) (Thermo Fisher Scientific) (1 U/ mL) enzyme, Exonuclease | (Thermo Fisher
Scientific) (20 U / pL) 0.15 pL, 8 pL PCR products and 1.25 uL of dH20
(ChemSolute). The final volume was performed at 10 pL. The digestion reaction
consisted of 10 min of purification at 37 ° C and 15 min inactivation of the enzymes at
75 ° C. The reaction consisted of 0.7 pL of Big Dye Terminator v3.1 (Applied
Biosystems), 1.5 pL of Big Dye Terminator v3.1, 1.5 pL 5X sequencing buffer
(Applied Biosystems), 1 pL ( 3,2 pyM) of each primer pairs and 4.8 yL of dH20
(ChemSolute). Sequencing amplifications program were carried out under following
conditions: 1 min of initial denaturation at 96 °C; 25 cycles of denaturation of 10 s at
96 °C, annealing of 5 s at 50 °C and extension of 4 min at 60 °C; followed by a final
extension at 10 °C. The sequencing was performed using 3730xI DNA Analyzer
(Applied Biosystems, Foster, CA).

The nucleotide sequences were aligned with the reference sequence
(NCBI/ access EF176921.1) of C. beticola mitochondrial cyt b gene and translated
into amino acid sequences using Bioedit program
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html).

3.2.7 Genetic analysis

The genome association and prediction integrated tool (GAPIT)
package in R (LIPKA, et al.,, 2012) was used to analyse phenotype and genotype
association. GAPIT analyses were performed using a mixed linear model (MLM)
statistical method.

Population genetic analyses were performed using ‘poppr’ (KAMVAR
et al. 2014) and “adegenet” R packages (JOMBART, 2008). Minimum spanning
network was applied to visualize population structure by haplotypes according to their

origin location using the bitwise’s genetic distance. Minimum spanning network
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relationship was analysed for all five genes and also separated per gene. An UPGMA
(SCHLIEP, 2010) distance tree was build to identify similarity into C. kikuchii groups,
genetically related using poppr package (KAMVAR et al. 2014).

3.3 RESULTS

3.3.1 Phenotype and in vitro bioassay of cross-resistance in MBC and Qol

Isolates with mycelial growth inhibition (M.G.l.) less than 50% were
considered resistant. These analysis revealed that azoxystrobin, picoxystrobin,
pyraclostrobin (Qol) from 2013 were classified as resistant and had low ability
(<50%) to control for the most of the isolates from 2013 onwards (Figure 3.2). A total
of 69% and 71% of the isolates tested for Qol and MBC fungicides were phenotype
as resistant.

Cross-resistance between carbendazim and thiophanate-methyl
(MBC) and among azoxystrobin, picoxystrobin and pyraclostrobin (Qol) fungicides
was confirmed by high positive linear correlation between M.G.I. of each compaired
fungicides (R? 0.8 to 0.96) (Figure 3.3).
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Figure 3.2. Cercospora kikuchii mycelial growth inhibition using discriminatory
dose at 10 pg/mL to carbendazim and thiophanate-methyl, azoxystrobin,
picoxystrobin, pyraclostrobin fungicides
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Figure 3.3 Cross-resistance among carbendazim and thiophanate-methyl (MBC) and
azoxystrobin, picoxystrobin and pyraclostrobin (Qol) fungicides of Cercospora kikuchii isolates

from soybean fields in Brazil.

3.3.2 Molecular characterization of cyp51, B-tubulin, cyt b and Sdh (subunits a,

b, c, d) fungicide target genes

Molecular characterization of C. kikuchii resulted in 218 synonymous
and nonsynonymous mutations of which, were found 65 mutations for cyp51 gene,
55 mutations for B-tubulin gene, 7 for cyt b gene, 4 for SdhA, 87 for SdhB
(Supplementary table S.3.2). The genes structure of C. cassiicola in cyp51, B-tubulin
and cyt b fungicide resistance target genes resulted in a 2187 bp, 3856 bp and 1161
bp fragment length, respectively (Figure 3.4).

A total 13 nonsynonymous mutations were found in cyp51 gene:
Q161H, N178D, P180S, P200L, K217R, E274D, S279N, E281K, T290S, 1299V,
S363N, K442Q and L503V. Among these, heterozygous variant in C. kikuchii isolates
were observed at codon N178D, P180S, P200L, E274D, S279N, E281K, T290S,
1299V, S363N, K442Q (Table 3.1, Supplementary figure S.3.6). In addition, 52

synonymous mutations were identified (Supplementary table S.3.2).
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In the B-tubulin target was not found nonsynonymous mutations
(Table 2, Supplementary figure S.3.6). In total, 55 synonymous mutations were found
(Supplementary table S.3.2).

Homozygous variation was found at position 143 and was detected
for 42 isolates. In this mutation, were replaced in the nucleotide sequence of GGT
(sensitive) to GCT (resistant) at amino acid position 143 (Table 3.1). No isolates
contained the F129L or G137R mutation (Table 3.1, Supplementary figure S.3.6). In
addition to these mutations, six synonymous mutations were identified (Table 3.1,
Supplementary figure S.3.6). In our study, we also analyzed the mutations in the
SdhA gene. It was found a total of 4 synonymous mutations (Table 3.1,
Supplementary figure S.3.6).

A total of 14 substitutions for SdhB were found: H17L, G27A, T167M,
P192L, E200D, N290K, 1320N, 1434V, A436V, D447N, H448R, E454Q, N513S and
Q569K. In addition to these mutations, 73 synonymous mutations were identified

(Supplementary table S.3.2).
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Figure 3.4 Prediction of cyp51 (DMI), B-tubulin (MBC), cyt b (Qol), SdhA and SdhB
genes using genomic DNA of Cercospora kikuchii isolates. CDSf - First (Starting with
Start codon); CDSi - internal (internal exon), CDSI - last coding segment, ending with
stop codon); CDSo: coding sequence, solo - predicted gene with a single exon; PolA:
polyadenylation signal sequence (AATAAA) and TSS - Position of transcription start
(TATA-box position and score).
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3.3.3 Qol sequencing validation using Sanger sequencing method

To verify the homozygous or heterozygous variation in the cyt b gene
27 isolates of C. kikuchii were randomly selected for validation using Sanger
sequencing method. Among those, six isolates were considered wild (Supplementary
figure S.3.7). The homozygous variations observed in the NGS were also observed
at nucleotide amino acid chromatogram results (Supplementary figure S3.6,
Supplementary figure S3.8). Chromatogram graphs (wave DNA) confirmed that
homozygous variant at codon position 143 of C. kikuchii DNA sequencing

(Supplementary figure S3.8).
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Table 3.1. Codon position origin, reference and altered alleles in fungicide gene targets (DMI, Qol, and SdhB) of Cercospora

kikuchii isolates.

S0.LT

84T

09¢€T

EVET

6€ET

LOET

00€T

096

698

009

YA

009

18

0§

8¢y

L0ST|

VeeET

880T

G968

898

Ev8

9€8

2cs

059

009

8¢9

A%

€8y

Ref
Pos.

Ref.

Allele?
Alt.

Allele

SdhB

Qol

DMI

16950
SETGN
Ovsr3
8yyH
NLtva
NIEVY
AVEYI
NOZEl
M062N
aooz3a
126Td
NLOT ]
V.29
ILTH

VEVTO

NEOST
Ozrid
NEIES

N662I
S062.1
M1823
N6.ZS|
avle3a
d.TeH
7o00ed
S081Td
ds.IN

HT9TO

Jea\

Code
lorigin?

< << < <
¥ x LLx OCLCCOO0OCx « KKOICCOKL
* O x % x % %x x % x % %X ¥ %X ¥ % X x ¥k ¥ X
X ok Kk Kk X kX X Kk X k X X X ¥k k ¥ k ¥ %k ¥ %
* K Kk K X K K K Kk K K K K Kk K ¥ X ¥ Kk ¥ %
¥ K Kk K Xk Kk k K X Kk Kk kK kK ¥k kK ¥k X ¥ ¥k ¥ %
* K Kk K X K K K Kk K K Kk K Kk K ¥ kX ¥ Kk ¥ %
¥ K Kk K X Kk k K X Kk Kk kK K ¥k XK ¥k X ¥ ¥k ¥ %
* K Kk K X K K K Kk K Kk K K Kk K ¥ X ¥ Kk ¥ %
¥ K Kk K Xk K Kk K X Kk Kk kK X ¥ X ¥ X ¥ ¥k ¥ %
¥ K Kk K Xk K Kk K X Kk Kk kK X ¥ X ¥ X ¥ ¥k ¥ %
* K Kk K X K K K K K K Kk K Kk kK ¥ kK ¥ k ¥ %
* k k Kk x Kk x k x ¥ x x x ¥ x b x x x x x
¥ K Kk K Xk K k K X Xk Kk kK kK ¥k kX ¥k X ¥ ¥ ¥ %
FFx x FFx x x Fx x FFx x Fx x x x
O0O0OO0OLLLLOLOLOOOLOOLOLLLLOOLOOLOOLOOLOLO
¥ Ox Ox x «x OO0« Ox % x x x Ox x x x
¥ Ox Ox x x OO0 % Ox x x x x Ox x x x
Lx Cx CLCCx « AL« ACICL
Q
 Ox Ox « « OO0« Tx 5 x « + Ox x 5 «
= EE =
* ox o x Lx x x C<Lx x x x x x x+ LCx x x x
Q
Ox Ok x « OO0 % Tx % + + + Ox 5 5 «
* Lx Cx x x+ C<Lx « x x x x *+ LCx x x x
* Ox Ox x « OO0 % x x x x x x Ox x x x
* K Kk K X K K K Kk K Kk K K Kk Kk ¥ kK ¥ k ¥ %
*x Ox Ox x x OO0 x%x Ox x x ¥ x Ox x x x
* Fx Fx x x FFx Fx o x o x x x Fx ox x x
¥ Ox Ox « «x OO0 x Ox x ¥ x x Ox x x «

(GO)

1192 (TO)
1429 (RR)
1625 (MT)
1642 (DF)
1742-1 (MT)
432_1 (MT)
469_1 (GO)
469_2 (GO)

1158 (PR)
1160 (PR)
1166 (PR)
1185 (PR)
1643 (DF)
1656 (PA)
432_2 (MT)
432_3 (MT)
432_4 (MT)
435_2 (MT)
435 5 (MT)
435_6 (MT)
469 2A




56

G0.LT

8EST

09€T

EVET

6€€ET

LOET

00€T

096

698

009

G.9

009

T8

0§

8¢y

LOST

VeeT

880T,

S68

898

€8

9€8

[44S

059

009

8¢9

¢eq

€8y

Ref.
Pos

Ref.

Allele*
Alt.

Allele

SdhB

Qol

DMI

M6950
SETSN
Oovsy3
d8yvH
\VA%7e
NIEVY

AVEY

NOZEl
M062N
aooz3
126Td
9T

V129

LTH

VEVTO

AE0ST
Ozrid
NEIES]

N662I
S0621
M1823
N6.ZS|
avle3
SVATAY
7oozd
S08Td
ds.IN

HT9TO

JeaA

Code
lorigin?

*

*

*

*

*

clA
A

CIT GIT AG T|C AG CIT GJA AG G|C AG C|A

*
*

LI 3

=
L x x

*

clc

*

A

*

*

*

*

*

*

*

*

*

*

*

clA
cla
clA

*
A

*

*

=
<

*

*

*

ClA

OCOOOOLOLOLOOLOO«
GG***G* G* G**
CC***C*

Ox Ox «x

A ICICICCLCL

QO0x «x x Ox Ox O« «
EE E E =
LCx x *+ Cx Cx Cx «
GG***G* G* G**
AA***A* A* A**
x X X X ¥ ¥ X X X X ¥ X
OQO0x x x Ox Ox Ox «
CC***C* c* C**
Fx x x x x x x x x x x
QO0x «x x Ox Ox O« «
x X X X ¥ ¥ X X X X ¥ X
ToNToNTol 0LWOLWLWLWLW ©
Add X X ddddd O
0O0O0OL££00000O0O®
NNNDDNNNNNN -

—

2

(==

22
~~ NN~~~
OOO“N\GGGGGG
OO0 T2~
S eSS SSSx
1_2_1_Rm4_1_2_3_4_5_m.\
TTOAO MO O O©O©OO
NNOAANNNENNN O
TIETLTOLOOLWOWOLLWOWOLW0O O

<<
***A*****CC***A
x x Ox Ox OO0« Ox x O«
X ¥ X X X X ¥ ¥ ¥ ¥ ¥ X X X X
* X X X ¥ ¥ Xk X X ¥ ¥ Xx X X X
* X X ¥ ¥ ¥ % X X X ¥ Xx % X X
* X X X ¥ ¥ Xk X X ¥ ¥ Xx X X X
* X X ¥ ¥ ¥ % X X X ¥ x % X X
* X X X ¥ ¥ Xk X X ¥ ¥ ¥ X X X
x X X ¥ ¥ ¥ % X X ¥ ¥ Xx X X X
x X X ¥ ¥ ¥ % X X ¥ ¥ Xx X X X
* ¥ *x X *x *x X *x *x X *x *x X% Xx X
X ¥ X X ¥ X ¥ ¥ ¥ ¥ ¥ X X X X
* X X ¥ ¥ ¥ % X X ¥ ¥ ¥ X X X
=
e A e
*********C****C
**G* G* GGG* G**G*
**C* C* CCC* C**C*
<

CLx o Cx « O e C<Lx <

**G* G* GGG* G**G*
E E EE = =
**A* A* AA**A**A*
*x x Ox Ox OO0« Ox x O«
* ox Lx Cx CLLx Cx x x x
x *x Ox Ox OO0 x Ox x O«
* ¥ *x X x *x % x *x X *x *x x *x X
O
¥ *x Ox Ox OOF x Ox x O«
=
*x x Fx Fx FFOx Ox x O«
**G***GGG* G**G*
¥ K Kk K ¥ Kk k K X Xk k ¥ X ¥ %
OMNMNOOONDO
[NoNoNoNoNoNo NN NeNeNo Nl o)
[NoNoNoNoNoNoNoNoNolololoNeNe)
A A A A A A AT NNNNANN
A~~~ A~ T~~~
cordkEkEr<ax<O0Ocuknxx
28=2=220:202020=2020
HTANNTODONODDANML O LW
QOO0 O0O0O0O0CO dddddI~
OO OOOVWOOVWOWWOWWOWWOWWOWWOWOVO




57

Ref.
[e0] < N~ o N~ (@)} (92] o [e0] 0
[e0] ™ ™ o L A ™ < (e} (@)} o (30] Te) N o — o N~ o (e} O ™ ™ o™ (40] ™ L0 N~
< Lo Lo © © [o0] 0] [o0] [e0] [ee) — — — < Yo} [e0] Lo Lo © [e0] [e)) — — — — — — —
Ref.
Allele* G A C T A G G A A A G A C G A C cC C G A T A C G A G A C
Alt.
Allele T G T C G C A G T G A C G C T G T T T G C G T A G C G A
DMI Qol SdhB
Code | I 0 o 4 @ 0 Z ¥ o z O > < S . o ¥ S z @ O o X
forigin . 4 ® Q@ © N~ ¥ o ¢°9 QO 2 ®m d ®»m O 4 < K 8§ o ©o Z2 Z2 © N~ o9 903 o O
o S 5 8 2 ¥ R R 8 2 8 ¢ ¥IT @ &3 3 8 9288 8 R 33 ¢ ¥ I 9@ 1 3
> O Zz a4 a ¥ w oo w e 8 @ ¥ B 0o FT 0o g & w oz ®© fF I A T WG oz O
E4 1 (PR) 2016 * * * * * * * * * * A * * C T * * * * * * * * * * * * *
E4_4 (PR) 2016 * * * * * * * * * * A * * C T * * * * * * * * * * * * *
E4_5 (PR) 2016 * * * * * * * * * * A * * C T * * * * * * * * * * * * ClA
Em_ljrapa_l (PR) 2016 * * * C * * * * * * A * * C T * * * * * * * * * * * * *
Embrapa 2 (PR) 2016 * * * * * * * * * * A * * C T * * * * * * * * * * * * *
Faxinal_s_(PR) 2016 * * * * * * * * * * A * * C * * * * * * * * * * * * * A
616407_3 (Unk) 2016 * * * * * * * * * * A * * C T * * * * * * GlA * * * * * *
G16407 4(Unk) 2016 * GJA C[T TIC * GIC GA AG * AG GA AC CG C T * * + « % x A x x x %  x

The symbol (*) represents the same allele of the reference sequence; 2(PR) Parang; (TO) Tocantins; (RR) Roraima; (MT) Mato

Grosso; (DF) Distrito Federal; (PA) Parg; (GO) Goias; (Unk) Unknown; (MG) Minas Gerais; (MA) Maranhé&o;
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3.3.4 Phenotype association of cyt b fungicide target gene and mutations

To identify cyt b phenotype association with genotype, we performed
genome association using M.G.l. phenotype data.

We observed one association above the Bonferroni threshold
adjusted for a = 0.05 (Figure 3.5). The synonymous substitution in the gene , cyt b
G143A (p-value 0.00022) showed high associations between phenotype and
genotype (Figure 3.5).

MLM.Qol

G143A

—log1o(p)
2

1

DMI MBC QO SDHA SDHB

Figure 3.5. Manhattan plot of the genome association (GA) of C. kikuchii isolates for
cyt b gene fungicide resistance target gene. GA mapping was performed using a mixed
linear model (MLM). Significant associations were identified for the mutation G143A.

3.3.5 Genetic relatedness of C. kikuchii from soybean based on the
pholymorfims on the fungicide target genes cyp51, B-tubulin, cyt b, SdhA and
SdhB

Data from the bitwise gene length matrices per gene were analyzed
using a UPGMA distance tree. The number of clusters (K) ranged from 4 for gene
SdhA and 6 for genes cyp51, B-tubulin, cyt b, SdhB. The number of clusters, which is
the best K value, was determined using Bayesian Information Criterion (BIC).

Cluster analysis for the cyp51 gene separed the isolates 609 and
G16407_4 into cluster 2 (orange) and these isolates showed heterozygose variation
at mutations P180S and P200L (Supplementary figure S.3.6). The isolate 1742 1
was aggruped into cluster 6 (yellow) and was the only C. kikuchii isolate which

showed mutation at position Q161H and heterozygose variation at mutations E281K
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and 1299V. Cluster 4 (pink) were aggruped the isolates 1642, 612, 1185, 1643,
435_5, 616, 605, 607, 608, 1160, 603 which showed the mutations N178D, P180S,
P200L, E274D, S279N, E281K and 1299V, K442Q and L503V (Supplementary figure
S.3.6, Figure 3.6).

For Qol fungicides sensitive isolate were separated into cluster 3
(dark blue) and cluster 5 (light green). The others cluster shared the mutation G143A
which resulting Qol fungicide resistance (Figure 3.7).

The genetic diversity for B-tubulin (MBC) and SdhA genes were
divided into four and six clusters, respectively. However, all the isolates showed for
these genes, revealed only synonimus mutations for all isolates analysed. In this
case, the clusters is indicating that there have been some changes at B-tubulin and
SdhA gene loci according to geographic origins (Figure 3.7 and Figure 3.8).

The genetic diversity for SdhB into sensitive and resistant isolates
were distributed between six clusters. Cluster 1 (dark green) separates the isolates
573 4 and 576 _4. These isolates showed the same mutations at positions G27A,
P192L, E200D, N290K, I320N, 1434V, A436V, D447N, H448R and Q569K. The
isolate 576_4 revealed homozygouse variantion, for all mutations except at Q569K,
while in the opposite the isolate 573 4 showed only heterozygose variation
(Supplementary figure S.3.6). The isolates 612, 609, 1160, 603, 613, 605, 607 and
608 were seapared into cluster (light green) and these isolates differ from the others
because, showed mutations at N513S mutation (Figure 3.9).
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Figure 3.5 UPGMA clustering dendrogram of C.
kikuchii isolates for cyp51 fungicide resistance target
gene. Distance is based on genetic similarity.
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Figure 3.6. UPGMA clustering dendrogram of C.
kikuchii isolates for B-tubulin fungicide resistance
target gene. Distance is based on genetic similarity.
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Figure 3.7. UPGMA clustering dendrogram of C.
kikuchii isolates for cyt b fungicide resistance target
gene. Distance is based on genetic similarity.
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Figure 3.8. UPGMA clustering dendrogram of C. kikuchii
isolates for SdhA fungicide resistance target gene. Distance
is based on genetic similarity.
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Figure 3.9. UPGMA clustering dendrogram of C. kikuchii isolates for SdhB fungicide
resistance target gene. Distance is based on genetic similarity.

5.3.6 Relationship among Cercospora kikuchii genotypes

The minimum spanning network of C. kikuchii distinguished the most
frequent genectic group and were placed close to one another (Figure 3.10). The
global network showed from DF, GO, MA, MG, MT, PA, PR, RR and TO were
distributed all across the network and were clustered around the most frequent
genotype. The isolates from MA and PR 607 + 608, DF and PR 1185 + 1643, PR and
TO, 1158 + 1192 and GO and MT, 432 1, 432_4, 469 1, 469 2A share the same
haplotypes. Bitwise genetic distance in the minimum spanning network varied from
0.002 to 0.181 (Figure 3.10).
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Figure 3.10. Median spanning network of C. kikuchii from soybean for fungicide resistance target genes cyp51, B-tubulin, cyt b,
SdhA and SdhB. Each circle represents a haplotype. Node sizes are proportional to the number of isolates origin. Coloured slices
represent different geographic origin.
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5.3.7 Relationship among C. kikuchii genotypes separete per gene to fungicide

resistance target genes

The genetic diversity for cyp51 sensitive and resistant isolates was
distributed into 15 haplotypes groups. The isolates 1742_1 is locate in one haplotype
and showed mutations showed the Q161H, N178D, P180S, P200L, E281K, 1299V,
S363N, K442Q and L503V. The isolates aggruped in the haplotype (n=9) showed
mutations at positions N178D, P180S, P200L, E274D, S279N, E281K, T290S,
1299V, K442Q and L503V. The most frequent haplotypes (n=24 and n=9) agrruped
isolates with different mutations (Figure 3.11).

The genetic diversity for B-tubulin (MBC) and SdhA genes were
divided into four and six haplotypes, respectively. However, all the isolates showed
for these genes, revealed only synonyms mutations for all isolates analysed. In this
case, the clusters in indicating that there have been some changes at 3-tubulin and
SdhA gene loci according to geographic origins. The most frequent haplotypes for (3-
tubulin (n = 12 and n=8) and for SdhA are (n=47 and n=3) and both did not show any
nonsynymous mutation (Figure 3.12, Figure 3.13).

In total 10 haplotypes were found for cyt b gene. Three haplotypes
represents sensitive samples, collected before the intensive use of fungicide (n=9
and n=4, N=1 (606). All the others haplotype showed mutation at G143A (Figure
3.14).

The minimum spanning network for SdhB separates in 16
haplotypes. The isolates 612, 609, 1160, 603, 613, 605, 607 and 608 were separed
in one haplotype and all these isolates revealed N513S mutation. The most frequent

haplotype (n = 18), which showed different mutations (Figure 3.15).
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3.4 DISCUSSION

In this research, we analyzed sensitive and resistant C. kikuchii
isolates and their cross-resistance in soybean to Qol and MBC fungicides. This is the
first next generation sequencing study in soybean to identify fungicide resistance in
C. kikuchii to fungicide target genes for cyp51, B-tubulin, cyt b and SdhB. Using
genome associated prediction integrated tool we identfiied that G143A mutation is
the most significant mutation in cyt b gene in C. kikuchii. Clustering analysis showed
that resistant and sensitive populations to fungicide target genes cyp51, B-tubulin, cyt
b and SdhB were genetically distinct. Using next generation sequencing we could
confirm heterozygose variant is occoring in C. kikuchii in cyp51 and SdhB genes. In
addition we also characterized sequencing variability of C. kikuchii to fungicide target
genes. We identfied that G143A mutation is the most significant mutation in cytb
gene in Cercospora kikuchii.

Sensitive and resistant phenotypes of C. kikuchii isolates could be
distinguished using M.G.l. using a discriminatory dose at 10 uyL/mL. Previous
research from in vitro bioassay suggest that alternative oxidation (AOX), can occurs
in Cercospora spp. and consequently, avoinding the effects of Qol fungicides in vitro
(ZIOGAS; BALDWIN; YOUNG, 1997). AOX is inhibited by salicylhydroxamic acid
(SHAM) or propyl gallate (PG). Studies evaluating radial growth assay in Qol
fungicides of C.kikuchii from soybean have shown that in a concentration of 20
png/mL SHAM reduce colony growth by approximately 80% (PRICE et al., 2015).
Alternatively, no significant difffereces were observed when comparing individual
assay with and wihout the addition of PG inhibitor (PRICE et al., 2015). Therefore,
any AOX inhibitor was used in this assay.

Results from cross-resistance obtained by in vitro in mycelial growth
test, using discriminatory doses, showed positive correlation of C. kikuchii isolates
exposed to Qol (azoxystrobin x picoxystrobin, picoxystrobin x pyraclostrobin,
azoxystrobin x pyraclostrobin) and MBC (carbendazim x thiophanate-methyl)
fungicide groups. Similar results were found in C. kikuchii (PRICE et al., 2015) and
recently in C. cassicola in cucumber in China (DUAN et al., 2019).

Although the non-disruptive nature of cyp51 gene mutations, 13 point

mutations were identified for cyp51 target gene. Therefore, further studies should be
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performed to verify if these mutations found can be correlated in a synergistic way to
provide the lowest sensitivity to DMI fungicides.

In this study, we only found synonymous mutations for all
Cercospora spp isolates analyzed for B-tubulin gene. Despite that, the mycelial
growth assay for several isolates were not controlled at the 10 ug / mL* and were
classified as resistant. Due to differences and low correlation between phenotyping
and sequencing, it is concluded that the discriminatory dose at 10 yg / mL* was not
efficient to identify sensitive and mutant isolates to MBC fungicides.

A total of 75% of C. kikuchii showed the mutation G143A. All the
isolates present only homozygose variant for this mutation, which was confirmed by
Sanger sequencing chromatogram wave length. The mutations F129L and G137R
were not found. The results of this study indicate that Qol resistant C. kikuchii
isolates occur thourghout soybean field in Brazil in soybean. The G143A mutation
has been reported in soybean including, C. sojina in the United States (ZENG et al.,
2012; STANDISH et al., 2015; ZENG et al., 2015) and C. kikuchii (PRICE et al.,
2015, SAUTUA, 2019).

Dispite do not confer fungicide resitance SdhA gene had analized.
For the gene we just found synonimmus mutantios. Analysing the mechanisms of
resistance in SdhB gene we found 14 substitutions: H17L, G27A, T167M, P192L,
E200D, N290K, 1320N, 1434V, A436V, D447N, H448R, E454Q, N513S and Q569K.
The most frequent mutation was in Q569K, which were found in 32 isolates, followed
by the N513S substitution, found in 9 isolates. For all mutations in SdhA and SdhB
genes, homozygous and heterozygous variations were observed. This genomic
characterization has also been reported in Rizoctonia solani (MU et al., 2013) and in
R. cerealis (SUN et al., 2017).

The mutations found in this study, resulted in variability among
populations to DMI, MBC, Qol and SDHI genes confirming that genetic mutations of
fungicides target genes are responsible for the genetic variability among the
populations. In this study, we showed that most of genetic variation was caused by
frequent sprays of fungicides, with the same mode of action, in the field and resulted
in a local directional selection pressure.

The results of this study indicate that Qol resistant C. kikuchii isolates
occur thourghout in Brazil in soybean fields. In addition, cross-resistance were also

confirmed into Qol active ingredients. This study also revelead possible point
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mutations in cyp51 gene at Q161H, N178D, P180S, P200L, K217R, E274D, S279N,
E281K, T290S, 1299V, S363N, K442Q and L503V. In SdhB gene we also found that
could be associated with possible potential mutations in sdhb gene H17L, G27A,
T167M, P192L, E200D, N290K, I320N, 1434V, A436V, D447N, H448R, E454Q,
N513S and Q569K, which further studies will be needed to verify if these mutations
are correlated with DMI fungicide resistance. In addition, heterozygous variant could
be found in cyp51 and SdhB genes. Only synonymous mutations were found in MBC
gene. Therefore, anti-resistance strategies have to be implemented for efficiency
recovery of Qol to control C.kikuchii in soybean in Brazil.
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3.6 SUPPLEMENTARY INFORMATION

Supplementary table S.3.1. Primer pairs sequence and PCR conditions used to identification of point mutation in C. kikuchii

isolates from soybean in cyp51, B-tubulin, cyt b, SdhA and SdhB.

Annealing amplicon

Gene Primer_F Anneling Primer_R Anneling temperature size
position position (°C) (bp)

((:El)?\?& ACGTCTTCACCTTCATTCTGC 1710 GCCTCTCCCACTTCACAACA 3052 63 1342
B(I%IJ ggl;n CTGCATTCTGGCAGACCAT 399 TGAACTGGTCACCGACACG 1627 63 1228
%:)B ATGGTTCTTACAAAGCACCTAGAA 701 CACCCAATTGCATCAATAATAAGA 1417 57 716
(Sséjr?:) 1 CTCGTGGTGAGGGTGGTTACCT 1489 CGCTTGAAAGGTGGAACAGC 2494 63 1005
(ggﬂg) GAGCACACCAAGGAGCCTAT 954 GCACAACTGCTCCCTCTTG 1145 63 1764

Miyamoto et al.,2010.
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Suplementary figure S.3.1. Percentage of carbendazim control in C. kikuchii isolates from soybean. Colors scale
represents isolate classification into different phenotype. Different geometric shapes represent the nonsynonymous mutation
to the fungicide carbendazim (MBC).
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Suplementary figure S.3.2. Percentage of thiophanate-methyl control in C. kikuchii isolates from soybean. Colors scale
represents isolate classification into different phenotype. Different geometric shapes represent the nonsynonymous mutation
to the fungicide thiophanate-methyl (MBC).
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Suplementary figure S.3.3. Percentage of azoxystrobin control in C. kikuchii isolates from soybean. Colors scale represents
isolate classification into different phenotype. Different geometric shapes represent the nonsynonymous mutation to the
fungicide azoxystrobin (Qol).
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Suplementary figure S.3.4. Percentage of picoxystrobin control in C. kikuchii isolates from soybean. Colors scale represents
isolate classification into different phenotype. Different geometric shapes represent the nonsynonymous mutation to the

fungicide picoxystrobin (Qol).
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Suplementary figure S.3.5. Percentage of picoxystrobin control in C. kikuchii isolates from soybean. Colors scale represents
isolate classification into different phenotype. Different geometric shapes represent the nonsynonymous mutation to the
fungicide pyraclostrobin (Qol).
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Supplementary table S.3.3. Codon position, amino acid change and nonsynonymous and synonymous mutations for cyp51 (DMI),
B-tubulin (MBC), cyt b (Qol) and SdhA and SdhB fungicide target genes of C. kikuchii from soybean fields.

DMI DMI DMI

Codon Aarlr(liigo Mutations Codon A;::iigo Mutations Codon Aarlr(]:iigo Mutations

position change non-syn syn position change non-syn syn position change non-syn syn
321 GAC/GAT - D 657 GAC/GAT - D 984 CTAICTG - L
342 CTGICTC - L 663 ACA/ACC - T 990 CTT/CTG - L
360 GAA/GAG - E 672 GAA/GAG - E 1014 GAC/GAT - D
384 ACT/ACC,ACG - T 696 GGTIGGC - G 1074 GAG/GAA - E
387 CCG/CCA - P 702 ACGJ/ACC - T 1088 AGC/AAC S363N -
405 GTC/IGTT - \% 729 GCA/GCG - A 1092 CTCICTG - L
426 TCCITCA - S 756 GAT/GAC - D 1134 TTAITTG - L
468 ACC/ACA,ACT - T 807 AGA/AGG - R 1149 CCG/CccCC - P
483 CAG/CAT Q161H - 822 GAG/GAC E274D - 1164 CTT/CTC - L
528 TCCI/TCT - S 831 TCGITCA - S 1167 CGC/CGT - R
532 AAC/GAC N178D - 836 AGT/AAT S279N - 1221 ACG/ACC, ACT - T
538 CCA/TCA P180S - 843 GAA/AAA E281K - 1275 CCCI/ICCA - P
558 TCGI/ITCC - S 849 GAC/GAT - D 1324 AAG/CAG K442Q
600 CCTICTC P200L - 864 CTAICTG - L 1338 CTGICTC - L
615 GCT/GCC - A 868 ACA/TCA T290S - 1344 CCcC/cCG - P
627 CTGI/ICTC - L 895 ATT/GTT 1299V - 1353 GTC/IGTT - \Y
642 GTC/IGTT - \ 906 CGA/CGG - R 1365 GTT/GTC, GTG - \%
650 AAA/AGA K217R - 969 TCT/TCC - S 1377 AAA/AAG - K




DMI MBC MBC
Mutations Mutations Mutations
Codon Amino Codon Amino Codon Amino
. acid acid acid
position ange  NON-SYN syn  position change non-syn syn position change non-syn syn
1389 CCC/CC i G 202 TTGICTG i L 525 GTCIGTG i v
1396 CTGI/ITTG - L 222 GAC/GAT - D 537 GTT/GTC - A
1401 GTG/GTC - \Y/ 234 GCC/GCT - A 546 CCC/CCA - P
1407 AAG/AAA - K 240 CCT/ICCA - P 561 CTCI/ICTG - L
1446 CGT/CGC - R 246 GGC/GGT - G 588 TCC/TCT - S
1470 TTT/TTC - F 252 CTC/ICTT - L 630 ATC/ATT - [
1503 ACC/ACT - T 261 CCC/CCA - P 645 CTCI/ICTG - L
1507 CTT/IGTT L503V - 279 GGT/GGC - G 669 GGT/IGGC - G
1512 CGA/CGG - R 324 GAG/GAA - E 684 CTC/CTT - L
1521 AAA/AAG - K 339 GTC/IGTG - V 690 TCC/TCT - S
1569 AGC/AGT - S 348 GTC/GTT - V 705 GGC/GGT - G
ACC/ACA,
375 GAG/GAA - E 711 ACT - T
384 GAC/GAT - D 717 TGCI/TGT - C
393 CAG/CAA - Q 723 CGT/CGC - R
417 CTC/ICTT - L 729 CCCICCA,CG - P
429 ACC/ACT - T 750 CTCI/ICTG - L
447 ACG/ACC,ACT - T 759 CTC/CTT - L
468 CGT/CGC - R 777 CCC/CGCA’CC - P
480 CCC/CCA - P 783 CCC/CCA - P
486 CGT/CGC - R 798 TTC/TTT - F
498 ACC/ACA - T 867 CTT/CTC - L




MBC Qol SdhA
Cod _ Mutations Mutations Mutations
0‘ ?n A;T:'igo Codon  Amino acid Codon Amino acid
position change non-syn  syn position change  non-syn syn position change non-syn syn
888 CCG/CcCC - P 289 GTA/ATA Vo7l - 1128 CCAJ/CCC,CCT - P
894 AAC/AAT - N 428  GGT/GCT/ G143A - 1206 CATI/CAC - H
903 GCC/GCT - A 531 AAT/AAC - N 1236 TAT/ITAC - Y
921 AAC/AAT - N 627 AAT/AAC - N 1356  TCA/TCC,TCT - S
927 CGT/CGC - R 754 TTA/ICTA - L
954 CGC/CGT - R 897 GCG/GCT - A
957 GGC/GGA - G 931 CTA/TTA - L
975 GGA/GGG - G
999 GTG/GTC - \Y
1056 GCA/GCC - A
1059 CTCICTG - L
1119 TCG/TCC - S
L

1131

CTC/CTG,CTT

89



SdhB SdhB SdhB

_ Mutations Mutations Mutations
CO('j'On AGT:BO Codon Amino acid Codon  Amino acid
posiion - ge  NON-SYN SYn  position change non-syn syn positon ~ change  non-syn syn

50 CAC/CTC H17L - 500 ACG/ATG T167M - 966 AGT/AGC - S
81 GGC/GCC G27A - 552 GCCI/GCT - A 987 CTG/CTT - L
84 AAG/AAA - K 575 CCA/CTA P192L 1002 CCcC/CCT - P
114 CAT/CAC - H 594 AAT/AAC - N 1032 TTGI/ITTA - L
204 GTC/IGTT - \ 600 GAG/GAT E200D - 1038 GTG/GTC - V
210 CCcC/cCG - P 639 GAA/GAG - E 1041 AAT/AAC - N
228 ATA/ATC - | 645 GTTIGTG - \Y 1113 CAT/ICAC - H
240 CTA/ICTG - L 681 GGC/GGA,GGT - G 1119 AAC/AAT - N
252 TTC/TTT - F 691 TTG/CTG - L 1137 CCT/CCC - P
258 GGG/GGC - G 696 CAG/CAA - Q 1143 TCA/TCT - S
279 ATT/ATC - | 705 GGC/GGT - G 1149 ATT/ATC - I
282 GGT/GGG - G 714 GGT/GGC - G 1176 TCT/TCC - S
300 AGC/AGT - S 768 GGT/GGA - G 1194 AAT/AAC - N
315 GGC/GGG - G 813 TTC/TTT - F 1212 ATC/ATT - I
324 ACA/ACC - T 822 GAA/GAG - E 1221 GTT/IGTG - V
330 TTT/TTC - F 846 TTG/ITTA - L 1233 TTC/TTT - F
339 GAA/GAG - E 864 CCG/CCC - P 1239 GAC/GAT - D
343 CTG/ITTG - L 869 AAC/AAG N290K - 1300 ATT/GTT 1434V -
390 CAA/CAG - Q 873 TTT/TTC - F 1307 GCT/GTT  A436V -
426 GGC/GGT - G 879 CCA/CCG - P 1317 ATA/ATC - I
463 CGA/AGA - R 885 ACT/ACC - T 1329 GAA/GAG - E
483 AAG/AAA - K 912 CCT/CCG - P 1339 GAT/AAT D447N -
498 GTC/GTT - \/ 960 ATT/AAC 1320N - 1343 CAT/CGT H448R -




SdhB

Mutations

Codon Amino
position acid non-syn syn

change
1350 CAA/CAG - Q
1360 GAA/CAA E454Q
1377 AAA/AAG - K
1386 CTG/ICTA - L
1422 CGC/ICGT - R
1434 CCG/CCT - P
1443 ACA/ACG - T
1464 AAC/AAT - N
1482 CCc/CCT - P
1491 GCC/GCT - A
1509 TCC/TCT - S
1538 AAT/AGT N513S -
1629 TAC/TAT - Y
1635 GCA/GCG - A
1641 GTG/GTA - \Y
1674 CGG/CGA - R
1686 AAG/AAA - K

1705 CAA/AAA Q569K
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Suplementary figure S.3.6. Heatmap of honsynonymous mutations cyp51, p-tubulin, cyt b, SdhA and SdhB genes, for
fungicide target site resistance in C. kikuchii isolates. Colors on the map represent genetic variations for each isolate.
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Suplementary figure S.3.7. Sanger sequencing in cyt b gene of C. kikuchii from

soybean.
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4 ARTIGO B: “Molecular detection of fungicide resistance of Colletotrichum

truncatum for cyp51, cyt b, B-tubulin and SdhB genes in soybean in Brazil”

ABSTRACT

Anthracnose, caused by the fungi Colletotrichum truncatum is an
important disease, which affect soybean production. Fungicide application of
demethlylation inhibitors (DMI), quinone outside inhibitors (Qol), methyl
benzimidazole carbamate (MBC) and succinate dehydrogenase inhibitor (SDHI) has
been widely used to managing this disease. However, due to the frequent application
C. truncatum isolates can became resistante. The aims of this research were analyze
polymorphisms in the target genes cyp51, cyt b, B-tubulin and SdhB. Using data from
a priory study, effective concentration to inhibit 50% of fungal spore germination
(EC50) to DMI, Qol and MBC were used to discriminate sensitive and resistant
isolates. Molecular mechanisms of resistance were defined using next generation
sequencing. For cyp51, it was detected 44 nonsynonymous mutation of isolates
collected in 2013 year. Molecular characterization for MBC revealed A244E
mutations. Molecular analysis detected heterozygous variation in 14 (50%) and 6
(21.4%) homozygous variation isolates, change from glycine to alanine at position
143 (G143A) for Qol target gene while other mutations (F129L and G137R) were not
found. Were found 23 point mutation in SdhA and 25 in SdhB. Homozygous and
heterozygous variants were found for cyp51, cyt b, B-tubulin and SdhB fungicide
resistance genes. Therefore, these results discoveries may serve as the basis guides
for new research management of fungicide resistance for C. truncatum in soybean in

the future.

Keywords: Anthracnose, DMI, Qol, MBC, SDHI.
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4.1 INTRODUCTION

Soybean [Glycine max (L.) Merrill] is one of the main Brazilian crops,
promoting the economic sustainability of the agricutural, improving its cultivated area,
year after year. Nevertheless, the large size of planted area with soybeans, and
genetic uniformity, increase the occurrence of diseases, some of which have
increased frequency and intensity (TECNOLOGIAS, 2013). The genus
Colletotrichum comprises a large range of important plant pathogenic species that
cause pre and postharvest diseases in cereals, grasses, fruits, legumes and crops in
worldwide (SUTTON, 1992; WALLER, 1992). Anthracnose disease is caused by
Colletotrichum truncatum (Schwein.) Andrus & D. Moore (ANDRUS; MOORE; 1935)
IS an important disease which causes considerable losses. Record losses of
productivity caused by this disease, in the 1994 harvest, were recorded in the main
soybean producing countries, reaching about 77,500 tons in Brazil ( WRATHER et al.,
1997). Under high relative humidity and temperatures between 18 °C and 25 °C,
levels of losses can reach 100% (ALMEIDA; 2005).

The survival of the pathogen occurs in cultural remains, infected
seeds (ATHOW, 1973; SINCLAIR; BACKMAN, 1989), weeds and in more than 300
species of host plant (SINCLAIR; BACKMAN, 1989; HARTMAN, MANANDHAR,
SINCLAIR 1986; MCLEAN; ROY, 1988; FARR, ROSSMAN, 2017). The typical
symptoms in soybeans, are necrotic sunken lesions on stems, pods, petioles and
leaves that progress to necrosis and premature fall, causing seed deterioration,
seedling death and systemic infection in aerial part (SINCLAIR; BACKMAN, 1989;
GOULART, 1997). Anthracnose can be managed using crop rotation, healthy seeds,
balanced management of soil potassium fertilization, use of adequate spacing,
genetic resistance and chemical control (MEYER; KLEPKER, 2007). Although
genetic resistance is more efficient, economical, there is no indication of comercial
resistant cultivar, currently in Brazil (GALLI; PANIZZI; VIEIRA, 2006). In this way, the
main effetive control strategy for this disease has been the fungicide application.

The fungicides registered for the control of anthracnose in soybean,
were used in seeds treatments (PICININI; FERNANDES, 2000). However, several
studies have highlighted the efficiency of systemic fungicides in foliar applications,
the main chemical groups being quinone outside inhibitor (Qol) and methyl
benzimidazole carbamate (MBC) (MEYER; RODACKI, 2005; GAWADE, et al., 2009,
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PESQUEIRA, BACCHI; GAVASSONI, 2016). In total 51 mixed formulations are
labeled for soybean to control antracnose in Brazil (AGROFIT, 2018). Many of the
commonly used fungicides are Qol, MBC, demethlylation inhibitors (DMI) and
succinate dehydrogenase inhibitor (SDHI) groups.

The Qol fungicide acts inhibition mitocondrial respiration by binding
to Qol center of cytochrome b (cyt b), a component of electron transport chain in
complex Il (BECKER et al., 1981). The mechanisms of resistance involves mutations
an amino acid substitution from glycine to alanine at position 143 (G143A), from
phenylalanine to leucine at position 129 (F129L), and from glycine to arginine at
position 137 (G137R) (GISI et al., 2002). The G143A mutation in resistant field
isolates have been described for anthracnose (C. graminicola) in bentgrass (Agrostis
stolonifera L.), annual bluegrass (Poa annua L.) in Japan and United States (AVILA-
ADAME; OLAYA; KOLLER, 2003). The same point mutation has been reported for C.
cereale in bentgrass and annual bluegrass in United States (YOUNG et al., 2010), in
C. siamense resistant to azoxystrobin in peach and blueberry in United States (HU et
al., 2015) and recently was observed in C. gloeosporioides in strawberry in China
(WU et al., 2019). Addicionally, was observed in isolates expressing intermediate
resistance had a F129L substitution (YOUNG et al., 2010). Reduced sensitivity of C.
trucantum to Qol funcigides were initially observed in vitro (XAVIER-VALENCIO,
2017).

MBC, including carbendazim and thiophanate-methyl, have been the
most commonly used fungicides for anthracnose control. However, benzimidazole-
resistant isolates of Colletotrichum spp. have been commonly reported in Brazil in
several commercial crops (TANAKA; PASSOS; BETTI; 1997; PERES et al.; 2004,
SARTORATO; 2006; SARTORI, 2007; DA SILVA LOPES et al., 2018). Frac
(Fungicide resistance action committee) classified MBC chemical group,
benzimidazoles and thiophanates, as high risk of fungicide resistance (FRAC, 2018).
This fungicide group acts by inhibiting the microtubules assembly during nuclear
division by binding to B-tubulin protein (SCHROEDER; PROVVIDENTI, 1969;
GEORGOPOULOS; DOVAS, 1973; DAVIDSE 1986; DAVIDSE; ISHII, 1995). The
molecular mechanism was first observed in Botrytis cinerea and this mutation
involved a point mutation at codon 198 or 200 in B-tubulin gene, causing resistance
to benomyl (LUCK; GILLINGS, 1995). Resistance of Colletotrichum spp. has been

reported in the last years as C. truncatum from pepper, papaya and physic nut were
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resisant to thiabendazole (TORRES-CALZADA et. al., 2015), C. siamense resistant
to thiophanate-methyl in peach and blueberry in United States (HU et al., 2015) and
recently, C. siamense and C. fruticola in strawberry and yam were resistant to
carbenzim in China (HAN et al., 2019).

DMI fungicides are considered to be alternative to benzimidazole
fungicides, and some of them have been label alone or as components of mixtures
for the control of anthracnose. DMI inhibitors that have been used as agricultural
fungicides include imidazoles and triazoles. DMI fungicides acts on the cell
membrane by inhibiting C14 demethylation during formation of the sterol, the main
component of the fungal cell membrane (ZIOGAS; MALANDRAKIS, 2015). The
mechanisms of resistance of DMI are variable, however, the main mutation occurs at
the target site of the cytochrome P450 14-a sterol demethylase (cyp51) gene
(SCHMITZ et al., 2014; ZIOGAS; MALANDRAKIS, 2015). In C. truncatum in pepper
the amino acid replaced at position 376 from methionine to leucine (M376L), at
position 373 from histidine to asparagine (H373N) prevented the formation of the Fe
— N coordinate bond between the heme iron active site and DMI chemical group,
tebuconazole or myclobutanil, and apparently contributed to tebuconazole and
myclobutanil insensitivity (ZHANG et al., 2017). In a recently genome analysis of
Colletotrichum spp. revealed two potencial DMI targets, cyp51A and cyp51B. Both
genes were identified in C. truncatum and other species. In cyp51A gene were found
four amino acid variations L280Y, H238R, S302A and I366L and three variations
H373N, M376L and S511T in cyp51B gene (CHEN et al., 2018).

SDHI fungicides began to be marketed in Brazil in the years of 2013
and 2014 (GODOY; MEYER, 2014). Since than, have been used a mixture of
benzovindiflupyr, bixafen, fluxapyroxad with Qol, MBC and DMI chemical groups to
control Asian soybean rust (Phakospora pachyrhizi). Despite its recent introduction,
resistant populations of P. pachyrhizi (SIMOES et al., 2018) already have been
reported in Brazil. SDHI fungicides acts on complex Il by blocking the ubiquinone
binding site in the electron transport chain in the mitochondria. The target enzyme of
SDH inhibitors is succinate dehydrogenase, consisting of four subunits (A, B, C and
D) (HORSEFIELD; IWATA; BYRNE, 2004). However, the binding site of SDHI
inhibitors occur in the B, C and D subunits (KEON; WHITE; HARGREAVES, 1991,
BROOMFIELD; HARGREAVES, 1992; MATSSON et al.,, 1998; SKINNER et al.,
1998; MATSSON; HEDERSTEDT, 2001; ITO et al.,, 2004; LI et al., 2006). The
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molecular mechanisms of resistance in fungi isolates can occur due to the different
amino acid substitutions in different subunits as reported in P. pachyrhizi in (SIMOES
et al., 2018) Podosphaera xanthii (MIYAMOTO; ISHIl; TOMITA, 2010) and
Corynespora cassiicola (MIYAMOTO et al., 2010) However, in C. gloesporioides, C.
acutatum, C. cereale and C. orbiculare, despite showed sensitivity to boscalid,
fluxapyroxad and fluopyram in YBA agar medium and high polymorphisms into the
target subunits SdhB, SdhC, SdhD no resistance mutations were found for
Colletotrichum spp (ISHII et al., 2016).

Therefore, due to the frequent historic of fungicide resistance to
control C. truncatum, with a combination of susceptible cultivars and repeated
application with the same mode of action, monitoring the resistance of fungicides
becomes essential for the management of the disease. In this study, we
characterized polymorphisms in the target genes cyp51, B-tubulin, cyt b and SdhA,
SdhB. These data allow us identify possible C. truncatum isolates resitante to DMI,
Qol, MBC and SDHI fungicides in soybean.

4.2 MATERIALS AND METHODS

4. 2.1 Isolation and monosporic isolates

Soybean leaflets with symptoms of antracnose were collected in
different soybean brazilian regions during 2010, 2011, 2012 and 2013 seasons. In
total, 28 isolates of C. truncatum from soybean were isolated in the following
Brazilian states: Parana [(661-Francisco Beltrdo)], [(895-Laranjeiras do Sul)], [(929-
Cascavel)], [(938-Bela Vista do Paraiso)], [(991-Jataizinho)], [(313, 1176, 1177.3-
Londrina)], [(1168-Borrazopolis)], [(1179-Bela Vista do Paraiso)], [(1813, 2013-
Campo Mourédo)], [(2213-Boa Esperanca)], [(68.13-Cruzmaltina)], [(86.13, 8713-
Tamarana)], [(88.13-Marilandia do Sul)], [(89.13-Faxinal)], [(95.13-Cruzmaltina)],
[(97.13-Pitanga)], [(10013-Ponta Grossa)], Mato Grosso [(62.12-Sorriso)], [(59.13-
Campo Novo Parecis)], Maranh&o [(287-Balsas)], Roraima [(289-Boa Vista)], [(290-
Boa Vista)] and [(280, 1713-Unknown)].

The fungi isolates were obtained by indirect isolation following the
methodology described by ALFENAS et al., 2007. The fungi tissues were placed in
Petri dishes containing potato-dextrose-agar (PDA) culture medium (4 g L potato
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extract, 20 g L dextrose, 15 g L* agar, pH 5.6 + 0.2). The identification of the
species occurred by comparing the morphological characteristics of spores of C.
truncatum (XAVIER-VALENCIO, 2017).

The oldest isolates (287, 289, 290) belongs to Embrapa Soybean
(Brazilian Agricultural Research Corporation) Mycological collection. These were
isolated before the intensive use of fungicides, therefore, they were already being
cultivated in Petri dishes.

In order to ensure genetic uniformity, monosporic isolates of C.
truncatum were used. To develop monosporic isolates, Petri dishes with purified
isolates were remained under continuous light during 7 days. The aerial mycelium
formed in the colonies, was transferred to microcentrifuge tubes containing
autoclaved distilled water. Aliquots of 50 pyL to 100 uL of the diluted conidia
suspension were pipetted and plated in agar-water culture medium (20 g L agar)
and incubated at 25 + 2°C and photoperiod 12h:12h during 6 hours. Then, using a
stereomicroscope microscope, the conidia germinated was transferred individually to

Petri dishes with the PDA culture medium.

4.2.2 Baseline sensitivity to MBC, Qol and DMI

The EC50 values in this study were priori analysed by Xavier-
Valencio (2017). Twenty-eight isolates were exposed to different concentrations of
MBC, Qol and DMI fungicides to establish the effective concentration (EC50) to
inhibit 50% of fungal sporulation. The oldest isolates, 287, 289 and 290, from 1992,
2004 and 2005, respectively, collected prior to the intensive use of fungicides were
used for possible levels of comparison between susceptible and resistant isolates.

Spores of C. truncatum were exposed to the commercial
formulations: MBC [(carbendazim (50% a.i. Bendazol®, Nortox)], Qol [(25% a.i.
Pyraclostrobin Comet®; Basf)] and DMI [prothioconazole (25% de a.i Proline®; Bayer
CropScience)].

A stock solution of 300 ug / mL was prepared to obtain the following
concentrations of the fungicides: 0; 0.0032; 0.016; 0.08; 0.4; 2.0; 50.0 pg / mL. The
experimental design was completely randomized.

An aliquot of 50 uL of the conidia suspension at 10° conidia / mL?

and other of 50 pL of the different doses of the fungicides were mixed in each 96-well
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polystyrene microplate. In each microplate a “standard sample control” was added,
which was amended with YBS medium (5 g yeast extract L, 5 g bacto peptone L,
10 g sodium acetate L) + 50 yL of the different concentrations of the commercial
formulations that was used to calculate the difference between final absorbance
value of the “standard sample control” and the absorbance of the different doses of
the fungicides + spores. For each isolate and fungicide concentration, four replicate
wells were used. The experiment was performed once.

The microplates were sealed with adhesive film and incubated at 180
rpm in shaker for 40 minutes. After that, the microplates were conditioned in a growth
chamber at 25 °C and 12 h/12 h photoperiod for 7 days. The absorbance of each
sample was measured on a microplate reader (ASYS, Eugendorf, Austria) with a
wavelength of 540 nm. The linear regression model values were quantified following
the methodology described by Xavier-Valencio (2017).

Based on the sensitivity differences of the isolates to the fungicides
tested, the isolates were classified into three phenotypes: Highly Resistant (HR),
ECso 250 ug mL; Moderately Resistant (MR), 50 ug mL* <ECso <1.0 yg mL%; and
Sensitive (S), ECso0 <1.0 yg mL! (EDGINGTON; KHEW; BARRON, 1971).

4.2.3 DNA extration

After the EC50 establishment, sensitive and resistant to fungicide
monosporic isolates, were grown in potato and dextrose liquid medium for mycelial
filtration. In the sequence, sample DNA were extracted for all samples.

Three mycelium discs of 7 mm were added into potato-dextrose (PD)
liguid medium and grown (4 g L potato extract, 20 g L dextrose) during 7 to 12
days. Thus, the mycelial mass was filtered through vacuum filtration. The dried
mycelium were frozen in liquid nitrogen, macerated and stored in a 1.5 mL
microcentrifuge tube at -80 °C. The DNA was extracted following the modified CTAB-
DNA extraction.

The macerated tissue was homogenized with 1000 pL of extraction
buffer (1M Tris HLC (pH 8.0), 0.5M EDTA (pH 8.0), 5M NaCl, 0.1% B-
mercaptoethanol, 200 yL CTAB to 5%) and incubated in a warm bath at 65 ° C for 60
minutes, with shaking and inversion of the microcentrifuge tubes every 15 minutes.

The samples were centrifuged at 6000 rpm for 10 minutes. 700 pL of the supernatant
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was collected and transferred to a new 1.5 mL microcentrifuge tube. Then 700 uL of
phenol: chloroform solution: iso-amyl alcohol (24: 24: 1) was added. After further
centrifugation at 10,000 rpm for 5 minutes, 700 pL of the supernatant was transferred
to a new microcentrifuge tube. For DNA precipitation, 500 ul of isopropanol was
added and then the samples were homogenized in vortex and incubated at -20 ° C
for 30 minutes. The DNA pellet was washed with 70% ethanol and resuspended in
60 pl of mili-q water + 6 yl of sodium acetate (3M) and 120 pl of 100% ethanol and
was stored at 4 °C. Thus, the samples were centrifuged at a speed of 14,000 rpm for
5 minutes. The supernatant was discarded and pellet was washed again with 70%
ethanol and dried. Samples were resuspended in 80 uL of mili-qg + RNAse water at
the final concentration of 80 ug / mL. DNA quality was assessed by electrophoresis

on 1% agarose gel.

4.2.4 Primers design, PCR and fragments purification

The primer pairs cyp51 (Genbank / EMBL access XM_007287180.1),
B-tubulin (Genbank / EMBL access M34491.1), cyt b (Genbank / EMBL access
KM885303.1) and SdhB (Genbank / EMBL access XM_007596512.1) were designed
using sequences of C. gloeosporioides, C. graminicola, C. siamense, and C.
fioriniae, respectly, deposited at database of the National Center of Biotechnology
Information (NCBI). For the SdhA gene were wused KES 503 (5
'CTCGTGGTGAGGGTGGTTACCT 3) and KES 504 (5 'CGCTTGAAAGGTG
GAACAGC 3') primer pairs described by Miyamoto; Ishii; Tomita,. 2010.

The amplicons length range from 808 to 1629 and were estimated by
identification of the main mutations reported previously at literature. To achieve this,
the primers forward and reverse were design to cover the maximum size of each the
gene analysed.

The primers described were designed using the Primer 3 plus
program  (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).  The
specificity of the primers was compared by the BLAST program
(https://blast.ncbi.nim.nih.gov/Blast.cgi).

Primer pairs forward (F) and reverse (R) were described as follows:
MBC [(primer MBC_F) 5- GATCAAGATGGAGTATTCCGC-3’; (primer MBC_R) 5'-
ATCTCATCCATGCCCTCTCC-37; Qol [(primer Qol_F) 5-


https://blast.ncbi.nlm.nih.gov/Blast.cgi
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TGAAATTTCGGTTCCTTACTTG-3’; (primer Qol_R) 5-
GGCACTAAACATAGCAAGAACTCC-37; DMI [(primer DMI_F), 5-
TACACCGTCTTGACCACTCCT-3 (primer DMI_R) 5-
CACGCTTCTCCCAGTAAATG-3]; Sdh subunit B [(primer SdhB_F) 5-
CCTGCCGTCACTATTCCTC-3;; (primer SdhB_R) 5'-

AAGCCATCTGCTTCTTGATCTC-3].

PCR reactions for the target genes were prepared to a final volume
of 50 pL containing 100 ng DNA from each sample, 1 uM of each primer, 10 uM
dNTPs (Thermo Fischer Scientific), 5 X Phusion HF Buffer (Thermo Fischer
Scientific) and 0.5 U Phusion DNA Polymerase (Thermo Fischer Scientific). The
optimum annealing temperature was determined for each primer (Supplementary
table S.1). Annealing temperature ranged from 57°C to 63°C, followed by extension
time which ranged from 30 to 60s and 26 to 35 cycles for amplification. All PCR
reactions were performed on the MWG Biotech Inc Primus 96 thermal cycler. The
PCR products were separated by electrophoresis using a 1% agarose gel and
visualized under UV 360 nm light.

The PCR amplicons for all samples for each gene were mixed and
then purified using Nucleospin gel and Clean-up PCR (Macherey-Nagel) following
the manufacturer's recommendations. The amplicon pools were quantified with the
Qubit® (Thermo Fischer Scientific) for a final concentration of 3 ng / yL. After, the
amplicon sequences were sent to Institute of Clinical Molecular Biology (IKMB) for

processing.

4.2.5 NGS library preparation

The Nextera XT DNA Library Preparation Kit (lllumina, San Diego,
CA, USA) was used to prepare the amplicon library following the manufacture’s
instructions. The final 28 libraries were distributed into four lanes on a flow cell for
sequencing on an lllumina HiSeq 2500 system, utilizing a 150 bp paired-end reads
length with an expected coverage of 30X.

The initial base calling, barcodes/adaptors trimming, quality filtering
of the reads generated with the lllumina analysis pipeline (Fastq format) were
performed using Trimmomatic 0.36 software (BOLGER; LOHSE; USABEL, 2014)
and checked by FastQC software (ANDREWS et al., 2010). High-quality reads
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generated from all C. truncatum genes sequenced from isolates were concatenated
and de novo assembled with Trinity software (HAAS et al., 2013). The C. truncatum
genes of interest were identified by a blas2seq analyse (TATUSOVA; MADDEN,
1999), applying cpy51, cyt b, B-tubulin, SdhA and SdhB sequences from close
related fungi species. The five C. truncatum genes sequences were used, together
with available sequence information from NCBI and MycoCosm - JGI database
(https://genome.jgi.doe.gov/programs/fungi/index.jsf), to build the complete reference
sequence for these genes (Supplementary table S5.1). C. truncatum cpy51, cyt b, B-
tubulin, SdhA and SdhB gene structure were predicted using Softberry software
(SOFTBERRY Inc., NY) (Figure 4.1).

Illumina 150 pb reads C. truncatumisolates (fastq files) ‘

|

Reads quality check, adapters and barcodes remove (Trimmomatic)

concat all fastq files

|de novo assembly (Trinity 2.6.6) |
|

Find contigs for cpy51, B-tubulin, cty b, SdhA and SdhB using NCBI and MycoCosm - IGI
sequences from other close related species (Blast2seq) database (C. truncatum))

‘ C. truncatum reference sequence ‘ —-| Genes structure (Softberry) ‘

Mapping which isolate sequencing data to C. truncatum reference (Bowtie2) |

- l Combinatory analysis of
| SNP calllnﬁgﬁ(rPIatypus) phenotype — final results

Associating mutations to each diferente

Structural population analyses
fungicide response (R package -GAPIT)

(R package —poppR and adegenet)

Figure 4.1. In silico analysis summary workflow for genetic characterization of cpy51,
B-tubulin, ctyb, SdhA and SdhB genes from C. truncatum isolates.

High-quality reads were then aligned, by isolate, to the obtained C.
truncatum reference sequence for the seven genes using the software bowtie2
(LANGMEAD; SALZBERG, 2012). The mapped reads were processed using Picard
tools version 2.11 (Java, http://broadinstitute.github.io/picard/) to remove duplicate
values, and a binary file of the extension bam representing the assembled genome of
each sequenced isolate was generated. For SNP/InDel calling, we used Platypus
version 0.8.1 (RIMMER et al., 2014) with minimum for two reads coverage. InDels
were removed and >20% of missing data were removed from variant calling file (vcf)
sing Vcftools version 0.1.12b (DANECEK et al. 2011) and remaining missing data
were imputed with software Beagle 4 (AYRES et al., 2011).
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4.2.6 Qol Sanger sequencing for validation

To validate NGS methodology 11 C. truncatum isolates were
randomly selected and sequenced using the primers described for cytb gene. PCR
reactions were prepared to a final volume of 50 pL containing 100 ng DNA from each
sample, 1 yM of each primer, 10 yM dNTPs (Thermo Fischer Scientific), 5 X Phusion
HF Buffer (Thermo Fischer Scientific) and 0.5 U Phusion DNA Polymerase (Thermo
Fischer Scientific). PCR cycles were 35 cycles of initial denaturation at 98 °C for 10s,
annealing at 57 °C for 60s, elongation at 72 °C for 30s and final extension for 8
minutes at 72 °C.

PCR products were adjusted to 25 ng / pyL in the Nanodrop TM OneC
spectrophotometer and were purified using Nucleospin gel and Clean-up PCR
(Macherey-Nagel) following the manufacturer's recommendations. All PCR reactions
were performed on the MWG Biotech Inc Primus 96 thermal cycler.

Sanger PCR reaction consisted of 0.6 yL of alkaline phosphatase
(FAP) (Thermo Fisher Scientific) (1 U/ mL) enzyme, Exonuclease | (Thermo Fisher
Scientific) (20 U / pL) 0.15 pL, 8 pL PCR products and 1.25 pL of dH20
(ChemSolute). The final volume was performed at 10 pL. The digestion reaction
consisted of 10 min of purification at 37 ° C and 15 min inactivation of the enzymes at
75 ° C. The reaction consisted of 0.7 pL of Big Dye Terminator v3.1 (Applied
Biosystems), 1.5 pL of Big Dye Terminator v3.1, 1.5 pL 5X sequencing buffer
(Applied Biosystems), 1 yL ( 3,2 uyM) of each primer pairs and 4.8 pL of dH20
(ChemSolute). Sequencing amplifications program were carried out under following
conditions: 1 min of initial denaturation at 96 °C; 25 cycles of denaturation of 10 s at
96 °C, annealing of 5 s at 50 °C and extension of 4 min at 60 °C; followed by a final
extension at 10 °C. The sequencing was performed using 3730xI DNA Analyzer
(Applied Biosystems, Foster, CA).

The nucleotide sequences were aligned with the reference sequence
(NCBI/ access KM885303.1) of C. siamense mitochondrial cytb gene and translated
into amino acid sequences using Bioedit program
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html).

4.2.7 Genetic analysis
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Population genetic analyses were performed using ‘poppr’ (KAMVAR
et al. 2014) and “adegenet” R packages (JOMBART, 2008). Minimum spanning
network was applied to visualize population structure by haplotypes according to their
origin location using the bitwise’s genetic distance. An UPGMA (SCHLIEP, 2010)
distance tree was build to identify similarity into C. truncatum groups, genetically

related using poppr package (KAMVAR et al. 2014).

4.3 RESULTS

4.3.1 EC50 of spore germination to DMI, MBC and Qol fungicides

The EC50 values in C. truncatum collected from soybean were
determined previously (XAVIER-VALENCIO, 2017). The EC50 values of the isolates
ranged from 0.051 to 4.67 ug / mL a.i. for prothioconazole (DMI), 1.89 to 2.93 ug / mL
a.i. for carbendazim (MBC) and 0.36 to 5.32 ug / mL a.i. for pyraclostrobin (Qol)
(Figure 4.2). The majority of isolates treated with carbendazim (89%) had being
classified as moderately resistant or higly resistant. For pyraclostrobin 44% were
considered sensitive, while 55% were considered moderately resistant. For
prothioconazole spore germinnation of all the isolates were inhibited to 50 ug / mL

a.i. (Figure 4.2, suplementary table S4.6.2.).
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Figure 4.2. EC50 of C. trucatum isolates from soybean. Colors scale represents isolate
classification into different phenotype. Different geometric shapes represents the
fungicides carbendazim (MBC), prothioconazole (DMI) and pyraclostobin (Qol).
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4.3.2 Molecular characterization of cyp51, B-tubulin, cyt b, SdhA and SdhB

fungicide target genes

Molecular characterization of fungicide target genes from C.
truncatum isolates resulted in 210 synonymous and nonsynonymous mutations of
which, were found 56 mutations for cyp51 gene, 4 mutations for B-tubulin gene, 29
for cyt b gene, 69 for SdhA and 52 for SdhB (Supplementary table S4.6.2). The
genes structure of C. truncatum for cyp51, B-tubulin, cyt b, SdhA and SdhB fungicide
resistance target genes resulted in a 1852 bp, 2074 bp, 1179 bp, 1737 bp and 1867
bp fragment length, respectively (Figure 4.3).

B cDsf M cDsi A cDsl CDSo @ PolA TSS

1 2 3 ‘

DMI
1 1852
1 2 3
) N
MBC |.|.|.|.|I.|.|.|.|.|.I.|.|.|.|.|.|.|.|.|.I.I‘
1 2074
1
Qol I A R B AR R R AT R BT EErE e
1 1178
1 2
) I s
SDHA N

1 1737

1 2 3
D N . o
SDHB | FEE FEETE P TEY FETE STREY FETTE FETE] RTET FENTE T TR FETTE IR T FEETl PR T T T |

1 1867

Figure 4.3. Prediction of cyp51 (DMI), B-tubulin (MBC), cyt b (Qol) SdhA and SdhB
genes using genomic DNA of C. truncatum isolates. CDSf - First (Starting with Start
codon); CDSi - internal (internal exon), CDSI - last coding segment, ending with stop
codon); CDSo: coding sequence, solo - predicted gene with a single exon; PolA:
polyadenylation signal sequence (AATAAA) and TSS - Position of transcription start
(TATA-box position and score).

Nucleotide sequencing for cyp51 target site revelead 44
heterozygous variant at codon STOP192S, P194L, P196L, T200M, L204S, R229P,
R229L, R230S, F236S, C259F, 1264T, A266D, P268R, R277P, R277L, S279F,
T302S, A307V, L312S, P321R, P321L, R349P,A353R, P354L, S356L, S358C,
S358F, F377S, A379V, L409P, L413F, V425E, 1446T, P466R, R474T, T483I, T486M,
R495H, P496L, T4971, P502L, G506A, L512S, A531V. The T497] mutation was
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detected for isolate 1177.3 and 929. Heterozygose variant was found for all
mutations (Figure 4.4).

In the B-tubulin target was found only one heterozygose mutations at
codon A244E. Mutant isolates had nucleotide sequencing substitutions from
(GCG/Alanine to GAC/ Glutamic acid at codon 244). The A244E mutation was
detected 13 isolates: 10013, 1168, 1176, 1813, 2013, 2213, 280,
313,62.12,661,68.13, 86.13, 87.13 (Figure 4.5).

Heterozygous variation was found at position 143 and was detected
for all isolates. G143A mutation were identified in 20 isolates, which means 71.43%
of C. truncatum isolates. In this mutation, were replaced in the nucleotide sequence
of GGT (sensitive) to GCT (resistant) at amino acid position 143. No isolates
contained the F129L or G137R mutation (Figure 4.5).

In our molecular analysis, study we also analyzed the mutations in
the SdhA gene. We found the follow heterozygous variations: F68Y, A76P, K178N,
H185L, L188I, A189E, E207D, A213S, L302P, L303P, P304L, A307V, E312A,
E312V, S321I, S321T, S329N, C332S, L333P, R335K, L338P, L354W (Figure 4.5).

For gene SdhB the nucleotide sequencing revelead heterozygous
variant at codon G178R, P181A, P187S, P194A, H197Y, C199F, 1223V, V233A,
H240Y, V249M, L252V, STOP257R, H264Y, P266S, R282STOP, Q284STOP,
T287S, D291H, P295S, D299H, STOP301Q, P307S, R313G, Q314STOP, Y316H
(Figure 4.5).



111

991
97.13
95.13
938
929
895
89.13
88.13
87.13
86.13
68.13
661
62.12 Legend
. Not mutated
. Homozygous variant
. Heterozygous variant

59.13
313
290
289
287

Isolate code

280
2213
2013
1813
1713
1179

11773
1176
1168

10013

S / 7
&]b 75, fasétb ﬁa{%ﬂpﬁt?'e? C:@ éﬁa‘tﬁ& 25 ‘E? ébb a§ﬁ2€fﬁag@97 32, &ﬁgaﬂ? &5? Qﬂg q%;ii> 113 133116 QS 131§@ ﬂQ 4?Q$Y 1&, qg Gs, 5} 4@}

(a0 0 (PR > > 6q 72
925 ng @4,/@4,/@% 041/ 04’?(0,,4(0%0% 440 {O%O%O@IOM/)OM O%OM 0,14‘-,‘044(044‘9(0@0%0%0/;’0 O“ﬂ Q)%Odﬂ m@fo% 440 fO,,ﬂ 0494//. IL/,) fO,!f/m@(O% %{04@@4/0%(0%

Nonsynonymous mutation

Figure 4.4. Heatmap of 44 nonsynonymous mutations cyp51 (DMI) gene, for fungicide target site resistance in C. truncatum
isolates. Colors on the map represent genetic variations for each isolate.
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4.3.3 Qol sequencing validation using Sanger sequencing method

Sanger sequencing was performed for 11 C. truncatum isolates
randomly selected for cyt b gene. Among those, the isolates 1813, 290, 87.13, 89.13,
895 and 938 were considered wild (Supplementary figure S4.6.1). The heterozygous
variations observed in the NGS for the isolates 89.13, 1813 and 10013 were also
observed at nucleotide amino acid chromatogram files (Supplementary figure
S4.6.2). Analyzing chromatogram peaks in the region of position 143 it was possible
to verify the occurrence of simultaneous peaks indicating the presence of the C
alleles and G at codon 428 in 50% of the isolates analyzed (Supplementary figure
S4.6.2). Divergent results were verified between the metologies analyzed. Cromatogr
waves of Sanger sequencing showed the presence of noise and heterozygosis at
codon G143A, which was clearly identified by the NGS.

4.3.4 Relationship among C. truncatum genotypes

The minimum spanning network of C. truncatum distinguished the
most frequent genectic group and were placed close to one another (Figure 6). No
isolate shared the same haplotype. The global network showed from Maranhao (MA),
Parana (PR) and Roraima (RR) were distributed all across the network and were
clustered around the most frequent genotype. Bitwise genetic distance in the

minimum spanning network varied from 0.008 to 0.343 (Figure 4.6).
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4.4 DISCUSSION

In this research, we analyzed possible point mutation in C. truncatum
isolates from soybean to DMI, Qol and MBC and SDHI fungicides. This is the first
next generation sequencing study in soybean to identify possible fungicide resistance
in C. truncatum to fungicide resistance target genes for cyp51, B-tubulin, cyt b and
SdhB. Using next generation sequencing we could confirm heteroplasmid is occuring
in C. truncatum in cyp51, B-tubulin, cyt b, SdhA and SdhB genes.

Sequencing analysis revealed 44 possible point mutation in cyp51
gene. However, all sample of C. truncatum were sensitive or moderately resistant to
prothioconazole fungicide, therefore, the mutations did not correlate with
prothyoconazol microtiter bioassay. The same results had been observed in C.
truncatum collected from peach, soybean, citrus and begonia in China (CHEN et al.,
2018). These phenomenon suggests that other unknown mechanisms different of
point mutations may confer resistance to DMI in Colletotrichum spp (CHEN et al.,
2018). In a study, of C. truncatum species cyp51 sequencing revelead two cyp51
genes, cyp51A e cyp51B (CHEN et al.,, 2018). An overexpression of cyp51A are
more common in response to azole resistance, in fungi that carry both mutations
cyp51A and cyp51B genes (BRUNNER et al., 2016).

Phenotype response of carbendazim bioassy was not correlate with
genotype sequencing. Despite the most isolates classified as highly resistant, in this
study, the main mutaitons E198A and F200Y were not found. One mutation was
reported at codon 244, which change alanine to glutamic acid (A244E). This mutation
could result MBC fungicide resistant and was observed in 46% of the isolates
analysed.

The highest EC50 for pyraclostrobin value was 5.32 ug / mL a.i. and
the isolates were classified as moderately resistant. Although, the point mutation at
codon 143 in cytb gene that alter the glycine to alanine (G143A), were identified in
more than 71% of C. truncatum isolates. And also, there was no correlation between
phenotype methodology and genotype sequencing method for identify point mutation
in cytb gene.

Analysing the mechanisms of resistance in sdhi genes we found 23

substitutions in SdhA and 25 SdhB genes. For all mutations in SDH genes,



116

homozygous and heterozygous Vvariations were observed. This genomic
characterization has also been reported in Rizoctonia solani (MU et al., 2013) and in
R. cerealis (SUN et al., 2017). High polymorphism into SdhB gene were also
observed in C. gloeosporioides, C. acutatum, C. cereale and C. orbiculare however,
no resistance mutations were found for Colletotrichum spp for SDHI fungicides (ISHII
et al., 2016).

The minimum spanning network showed that C. truncatum mutate
isolates to Qol, MBC and DMI is widely spread in soybean fields. Higher variability in
C. truncatum support the premises that cyp51A can adapt more rapidly under
selection pressure and cyp51B has more conserve function in Colletotrichum spp
(CHEN, 2018).

This research shows possible new fungicide resistance mutation in 8-
tubulin gene at codon A244E. We also found in Qol fungicides G143A mutation in cyt
b gene. These results suggest that isolates of C. truncatum to DMI, MBC and Qol at
Brazilian soybean field and this increasing the risk for the selection pressure for
resistant isolates. Despite, SdhA gene does not confer fungicide resistance
substitutions was related 23 new point mutation. In addition, we also found 25 amino
acid substitution in SdhB, could be associated with possible potential mutations,
which confer SDHI fungicide resistance. In addition, heterozygous variants were
confirmed for all genes analyzed. Therefore, these discoveries in C. truncatum in
soybean may serve as the basis guides for new research management of fungicide

resistance screening in the future.
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Table S4.6.1. Primer pairs sequence and PCR conditions used to identification of point mutation in Colletotrichum truncatum

isolates from soybean in cyp51, B-tubulin, cyt b, SdhA and SdhB to the fungicide resistance target genes.

Annealing amplicon
Gene Primer_F Anneling Primer_R Anneling temperature size Reference
position position (°C) (bp)
%ll)\/?li TACACCGTCTTGACCACTCCT 535 CACGCTTCTCCCAGTAAATG 1781 58 1246
B ('t\x ggn GATCAAGATGGAGTATTCCGC 181 ATCTCATCCATGCCCTCTCC 1810 58 1629
(C()QIE) B TGAAATTTCGGTTCCTTACTTG 88 GGCACTAAACATAGCAAGAACTCC 896 57 808
SdhA Miyamoto
(SdhA) CTCGTGGTGAGGGTGGTTACCT 1489 CGCTTGAAAGGTGGAACAGC 2494 63 1005 etal.,
2010
SanB CCTGCCGTCACTATTCCTC 836 AAGCCATCTGCTTCTTGATCTC 1749 63 913

(SdhB)
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Table S4.6.2. Source of Colletotrichum truncatum isolates, EC50 ug mL' and phenotype to carbendazim, prothioconazole and

pyraclostrobin.

EC50 ug mL * and phenotype®

a .
Code vear Location Carbendazim Prothioconazole Pyraclostrobin
280 Unknown Unknown NT¢ NT® NT¢
287  22/05/1992 Balsas, Maranhéo > 50 HR 2.9326 MR <0.0032 S
289  28/08/2004 Boa Vista, Roraima >50 HR 0.2926 S <0.0032 S
290 01/02/2005 Boa Vista, Roraima NT NT NT
661 Unknown  Francisco Beltrdo, Parana, NT NT NT
895 02/2010 Laranjeira do Sul, Parana, NT NT NT
929 Unknown Cascavel, Parana NT NT NT
938 05/04/2011 Bela Vista do Paraiso, PR 2.8299 MR 1.7331 MR < 0.0032 S
991 15/02/2012 Jataizinho, Parana NT NT NT
0313 05/02/2013 Londrina, Parana > 50 HR 0.0860 S 5.3280 MR
1168 18/02/2013 Borrazépolis, Parana NT NT NT
1176 15/02/2013 Londrina, Parana NT NT NT
1177 15/02/2013 Londrina, Parana NT NT NT
1179 20/02/2013 Bela Vista do Paraiso, PR > 50 HR 2.6917 MR 47764 MR
1813 17/01/2013 Campo Mourao, Parana NT NT NT
2013 17/01/2013 Campo Mourdo, Paran&a NT NT NT
2213 17/01/2013 Boa Esperanca, PR >50 HR 0.5430 S 4.4964 MR
6213 29/01/2013 Sorriso, Mato Grosso NT NT NT
6813 06/03/2013 Cruzmaltina, PR >50 HR 0.0334 S 4.8407 MR
8613 13/03/2013 Tamarana, Parana NT NT NT
8713 13/03/2013 Tamarana, Parana NT NT NT
8813 13/03/2013 Marilandia do Sul, Parana NT NT NT
8913 13/03/2013 Faxinal, PR > 50 HR 4.0583 MR 4.9294 MR
9513 20/03/2013 Cruzmaltina, Parana NT NT NT
9713 20/03/2013 Pitanga, Parana NT NT NT
10013 12/03/2013 Ponta Grossa, PR >50 HR 2.1450 MR 2.6873 MR
1713 Unkown Unkown NT NT NT
59/13 2013 Campo N. Parecis, MT NT NT NT

3ECso data source by Xavier-Valencio 2017; "Classification of ECso effective concentration to inhibit 50% of conidia germination for
the classes of fungicides, carbendazim (MBC) pyraclostrobin (Qol) and prothioconazole (DMI) classification of the phenotypes in
the categories, (S- Sensitive) ECso <1 ug / mL?Y; (MR- Moderately resistant) ECso 1 ug mL*'<ECso < 50 ug / mLY; (HR-Highly
resistant) ECso 2 50 ug / mLt; °NT- (Not tested).
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Supplementary table S4.6.3. Codon position, amino acid change and nonsynonymous and synonymous mutations for cyp51
(DMI), B-tubulin (MBC), cyt b (Qol) and SdhA and SdhB fungicide target genes Colletotrichum truncatum from soybean fields.

DMI DMI DMI

Mutations Mutations Mutations
Codon Amino Codon Amino Codon Amino
. acid acid acid
position change non-syn  syn position change non-syn  syn position  chan ge non-syn syn
450 GAC/GAT - D 836 TCC/TTC S279F - 1230 TCCITCA - S
575 TGA/TCA STOP192S - 900 TCA/TCG - S 1239 TTA/TTC L413F -
581 CCGICTG P194L - 905 ACC/AGC T302S - 1268 TCC/TTC S423F -
587 CCT/CTT P196L - 920 GCC/GTC A307V - 1274 GTA/GAA  V425E -
593 GTT/GCT V198A - 935 TTG/TCG L312S - 1337 ATC/ACC 1446T -
599 ACG/ATG T200M - 953 TTA/TGA L318STOP - 1386 AGG/AGA - R
605 CTA/CCA L202P - 962 CCA/CGA,CTA P321R,L - 1397 CCA/CGA P466R -
611 TTG/TCG L204S - 1005 CCC/CCA - P 1421 AGG/ACG R474T -
686 CGA/CCA,CTA R229P/L - 1046 CGT/CCT R349P - 1443 AGG/AGA - R
690 AGA/AGC R230S - 1059 GCT/CGG A353R - 1448 ACT/ATT T483lI -
699 AGA/AGG - R 1061 CCTICTT P354L - 1457 ACG/ATG T486MET -
704 CCA/CCT - P 1067 TCA/TTA S356L - 1484 CGC/CAC R495H -
707 TTT/TCT F236S - 1073  TCC/TGT,TTT  S358C,F - 1487 CCTI/ICTT P496L -
776 TGT/TTT C259F - 1082 CTC/CCC L361P - 1490 ACC/ATC T4971 -
791 ATA/ACA 1264T - 1094 AGA/AGC R365S - 1505 CCG/CTG P502L -
797 GCT/GAT A266D - 1130 TTC/TCC F377S - 1517 GGT/GCT G506A -
803 CCC/CGC P268R - 1136 GCG/GTG A379V - 1535 TTG/TCG L512S -
804 CCC/CCT - P 1214 GCC/GCT - A 1592 GCA/GTA  A531V -
830 CGC/CCC,CTC R277P,L - 1226 CTA/CCA L409P
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MBC Qol Qol
) Mutations ] Mutations ] Mutations
Codon Amino Codon Amino Codon Amino
. acid acid acid
position change non-syn syn position change non-syn syn position change non-syn syn
726 ATC/TCC - S 114 GTCIGTA, GTT - Vv 753 GTT/GTA - Vv
731 GCGI/IGAG A244E - 153 GCA/GCC,GCT - A 774 TAC/TAT Y -
756 GCC/GCG - A 159 CATI/ICAC - H 798 ACA/ACT T -
768 ATC/IATT - I 174 ATT/ATA - I 804 GCT/GCC,GCG A -
283 TTAICTA - L 834 CCTI/CCA P -
288 CATICAC - H 840 TAC/TAT Y -
294 GGG/GGA - G 858 ATA/ATC I -
318 TAT/TAC - Y
327 CCA/CCT - P
408 TAT/TAC - Y
428 GGT/GCT G143A -
432 GCA/GCT - A
483 ATT/ATAATC - I
573 GCT/GCC - A
582 GTT/GTA - Vv
591 CAC/CAT - H
597 ATA/ATC,ATT - |
609 GAC/GAT - D
618 GGG/GGA - G
642 TCA/TCT - S
696 ATA/ATT - I
726 AGC/AGT - S




SDHA SDHA SDHA
Mutations Mutations Mutations
Codon Amino Codon Amino Codon Amino
. acid acid acid
position change non-syn syn position change non-syn syn position change non-syn syn
66 CTCICTT - L 315 GTC/GTT - \% 621 GAG/GAT E207D -
72 TCT/TCC - S 316 CTG/TTG - L 637 GCC/TCC A213S -
81 GAG/GAA - E 327 GTC/GTT - \% 699 CAG/CAA - Q
84 CGCICGA, CGT - R 342 GGT/GGC - G 705 TCCI/TCT - S
93 GAG/GAA - E 363 ACC/ACT - T 711 GAT/GAC - D
135 GTCIGTT - \% 405 GTT/GTC - \% 720 GTT/GTC - \
138 GTCI/GTT - \% 423 GCT/GCC,GCG - A 783 ATC/ATT - I
147 TCG/TCC - S 426 TGCI/TGT - C 798 CTT/CTC - L
168 GAG/GAC,GAT E56D 432 GAG/GAA - E 810 CTT/CTC - L
171 GGC/GGA - G 447 TCT/TCC - S 816 CTCI/ICTT - L
195 GAC/GAT - D 459 GCT/GCG,GCC - A 905 CTT/CCT L302P
203 TTC/TAC Fe8Y 468 CTCI/ICTG,CTT - L 908 CTG/CCG L303P
207 CTG/CTC,CTT - L 492 CTCICTG - L 911 CCG/CTG P304L
213 CTT/CTC - L 504 GGT/GGC - G 920 GCA/GTA A307V
226 GCT/CCT A76P - 534 AAG/AAC K178N 935 GAG/GCG,GTG E312AV
249 CTG/CTC - L 554 CAC/ICTC H185L 962 AGC/ACC,ATC S321T,l
261 TCCITCT - S 562 CTT/ATT L188lI 986 AGC/AAC S329N
285 GGC/GGT - G 566 GCG/GAG A189E 989 ACA/ACT -
291 GAC/GAT - D 573 GAT/GAC - D 995 TGT/TCT C332s
294 GTCI/GTT - \% 579 GGT/GGC - G 998 CTT/CCT L333P
300 ACT/ACC - T 582 GCT/GCC - A 1004 AGA/AAA R335K
309 ATT/ATC - I 600 CTT/CTC - L 1013 CTC/CCC L338P
312 CCC/CCT - P 609 GTT/GTC - V 1061 TTG/ITGG L354W
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SDHB SDHB SDHB
Mutations Mutations Mutations

Codon Amino Codon Amino Codon Amino

. acid acid acid

position change non-syn syn position change non-syn  syn position change non-syn  syn
81 CGC/CGT - R 510 CTA/ICTT L 871 GAT/CAT D291H -
114 CCT/CCC - P 532 GGA/CGA G178R - 883 CCGI/TCG P295S -
120 ACA/ACC - T 541 CCA/GCA P181A - 895 GAT/CAT D299H -
129 CCC/CCG,CCT - P 559 CCGI/TCG P187S - 901 TAA/CAA STOP301Q -
150 ATC/ATT - I 574 CTA/TTA - L 919 CCC/TCC P307S -
153 TAC/TAT - Y 580 CCA/GCA P194A - 937 CGG/GGG R313G -
165 CCc/ccG - P 589 CAC/TAC H197Y - 940 CAA/TAA Q314STOP -
180 GAG/GAA - E 596 TGC/TTC C199F - 946 TAT/CAT Y316H -
195 CAG/CAA - Q 598 CCc/cCT - P

213 CTG/CTC - L 667 ATA/GTA 1223V -

222 ACC/ACT - T 698 GTT/GCT V233A -

235 CTG/TTG - L 718 CAT/TAT H240Y -

243 GCA/GCT - A 724 TTG/CTG - L

265 CTG/TTG - L 745 GTG/IATG V249MET -

279 CTT/CTC - L 754 CTA/GTA,TTA L252V -

294 AGT/AGC - S 768 CTCICTA - L

297 TGCI/TGT - C 769 TGA/CGA STOP257R -

315 GGG/GGC - G 790 CAT/TAT H264Y -

324 GCC/GCG - A 796 CCT/TCT P266S -

333 ATT/ATC - [ 844 CGA/TGA R282STOP -

339 GGC/GGA - G 850 CAAITAA Q284STOP -

493 Ccc/ccT P - 859 ACT/TCT T287S -

132
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Figure S4.6.1. Sanger sequencing in cyt b gene of Colletotrichum truncatum from

soybean.
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Isolate 1813
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Figure S4.6.2. Nucleotide chromatogram sequencing mutation
from GGT in sensitive isolates to GCT in resistant Colletotrichum

truncatum in cyt b gene.
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Figure S4.6.2. Nucleotide chromatogram sequencing mutation from GGT in sensitive
isolates to GCT in resistant Colletotrichum truncatum in cyt b gene.
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5. ARTIGO C: “Mechanisms of fungicide resistance and genetic diversity of
Corynespora cassiicola isolates from soybean based on the polymorphisms of cyp51,
B-tubulin, cyt b, SdhB, SdhC and SdhD target genes”

ABSTRACT

Target spot, caused by the fungus Corynespora cassiicola is controled by fungicide
application of demethlylation inhibitors (DMI), quinone outside inhibitors (Qol), methyl
benzimidazole carbamate (MBC) and succinate dehydrogenase inhibitor (SDHI).
However, excessive sprays have contributed to development of less sensitivity
populations, in Brazil. Here, we phenotype C. cassiicola populations and tested the
cross-resistance of MBC (carbendazim and thiophanate-methyl) and Qol
(azoxystrobin, picoxystrobin and pyraclostrobin) by radial growth assay in amended
media using discriminatory dose at 10 uyg/mL. We also determined the effective
concentration to inhibit 50% of fungal spore germination (EC50) to DMI, Qol and
MBC characterized the possible polymorphisms in the target genes cyp51, B-tubulin,
cyt b and Sdh (subunits b, ¢, d) and genetic population diversity in sensitive and
resistant isolates from the variations obtained in the different genes analyzed. Fungi
were isolated from several soybean fields sampled in different crop seasons. The
EC50 was determined using microtiter method. Genes of fungicide resistance were
sequenced using next generation sequencing approach. There is a high positive
cross-resistance correlation among active ingredients inside MBC and Qol chemical
groups. The EC50 for the three fungicides ranging from 0 to 100 pg/mL. For cyp51, it
was detected substitutions at S279N and 1299V positions of isolates collected in
2016 year. Molecular characterization for MBC revealed S168Y, 1189V, E198A,
F200Y and S275N mutations. Molecular analysis detected heterozygous variation for
all isolates, change from glycine to alanine at position 143 (G143A) for Qol target
gene while other mutations (F129L and G137R) were not found. Substitutions for
Sdh (subunits A, B, C, D) were found at positions 318, 454, 461, 556, (A-E318D,
1454V, A461S, Y556F), 34, 39, 260 (B-A34V, V39I, K260R), 37, 61, 85, 163, (C-
Q37H, S61T, G85S, 1163V) and 126 (D-V126l), respectively. Homozygous and
heterozygous variants were found for cyp51, B-tubulin, cyt b, SdhB, SdhC and SdhD
fungicide resistance genes. High genetic diversity of C. cassiicola between sensitive

and resistant isolates confirmed that genetic mutations found in this study, are
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responsible for the high genetic variability of the isolates. Therefore, these results
showed that high selection pressure caused by the frequent fungicide applications
with the same mode of action selected resistant populations of C. cassiicola from

soybean to the fungicides MBC and Qol

Keywords: target spot, fungicide resistance, DMI, Qol, MBC, and SDHI.

5.1 INTRODUCTION

Target spot, caused by the fungus Corynespora cassiicola [Berk. &
M. A. Curtis C. T. (Wel, 1950), was first reported in soybean (Glycine max (L.) Merr.)
in Brazil in 1976 (ALMEIDA et al., 1976). Since then, the incidence of the disease
has been increase and nowadays, it has been report in all Brazilian soybean growing
regions (GODOQY et al., 2017). The fungus infects leaves, petioles, pods, seeds,
stem, hypocotyl and roots (HARTMAN; SINCLAIR; RUPE, 1999). The typical
symptoms of the target spot are brown necrosis in the center of the lesion
surrounded by a yellow margin (ALMEIDA et al., 2005). The rapid expansion of the
lesion lead to premature defoliation, necrotic lesions on petioles and stems,
exposition and germination of the grains in the pods (SINCLAIR; BACKMAN, 1989).
The management strategies include seed treatment, crop rotation, resistant cultivars
and chemical control (KLINGELFUSS; YORINORI, 2001). Yield losses can reach up
to 50% in susceptible cultivars (GODOY et al., 2017). For years, application of methyl
benzimidazole carbamate (MBC), quinone outside inhibitor (Qol), demethlylation
inhibitors (DMI) and recently succinate dehydrogenase inhibitor (SDHI) fungicides
groups have been used to managing this pathogen.

DMI commercial compounds, imidazoles and triazoles, have been
the most important DMI fungicides in agriculture. Since 1970, more than 40
molecules have been used to control a large number of pathogens (ZIOGAS;
MALANDRAKIS, 2015). The mode of action of the DMI fungicides occurs in the cell
membrane, inhibiting the demethylation of C-14 during the formation of the sterol in
the target site cytochrome P450 14 a-sterol demethylase (cyp51) gene (ZIOGAS;
MALANDRAKIS, 2015). The genetic expression for DMI resistance is polygenic for

several plant pathogens, and high resistance levels are observed only after a gradual
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adaptation (GISI et al., 2000). The DMI resistance mechanisms are variable acting
individually or combined (ZIOGAS; MALANDRAKIS, 2015). The resistance
mechanisms involve one or more point mutations, super expression of cyp51 gene,
during esters formation, fungicide intracellular reduction and accumulation mediated
by regulation energy increase and efflux transporters (BRENT, 2011). The most
frequent mutation observed is the substitution from tyrosine (Y) at codon 134, 136
and 137 by phenylalanine (F) (BECHER; WIRSEL, 2012). In Brazil, the excessive
use of fungicides on soybean crops led to less sensitive population selection to DMI
in Phakopsora pachyrhizi, causal agent of Asian soybean rust. Two mechanism of
resistance were reported in this population, point mutations in Y131F, Y131H,
K142R, F120L, 1145F and 1475T and over-expression of cyp51 gene (SCHMITZ et
al., 2014).

MBC fungicides represent the initial step of fungicide resistance
problems (DELP, 1981). MBC fungicides were placed on the market in 1960 and,
thereafter, at least 130 fungi species developed some kind of resistance (FRAC,
2013). MBC act inhibiting microtubule assembly during nuclear division by binding to
the B—tubulin protein, and consequently inhibiting septal formation and germ tube
growth (SCHROEDER; PROVVIDENTI, 1969; GEORGOPOULOS; DOVAS, 1973;
DAVIDSE 1986; DAVIDSE; ISHII, 1995). Point mutations have been observed in
several codons such as 6, 50, 167, 198, 200 and 240. The E198A / G/ K/ Q and
F200Y mutations are the most frequent (KOENRAADT; JONES, 1992; MA;
MICHAILIDES, 2005). Benzimidazole fungicides are classified as having a high risk
of developing resistance (FRAC 2013). On soybean crops, the main class of
fungicide used are carbendazim and thiophanate-methyl. Resistance of C. cassiicola
fungus, isolated from soybean leaves, has been reported in the last years in Brazil
(XAVIER et al., 2013; AVOZANI; REIS; TONIN, 2014; TERAMOTO et al.; 2017) and
Japan (DATE et al; 2004; HUANG et al.; 2013) in different productive regions. In
addition, in MBC benzimidazole-resistant isolates, positive cross-resistance usually
occurs between different benzimidazole compounds, and thus, resistance to one
compounds results in loss of efficacy for all other classes of benzimidazoles (DELP,
1987).

Azoxystrobin (Qol) was first used on soybean in Brazil to control late
season diseases in 2000 (OLIVEIRA, 2000). The specific action of Qol fungicide is in
mitochondrial respiration by the inhibition of electron transfer at Qo site of the



138

cytochrome b (cyt b) gene at complex Il (BECKER et al., 1981). Thus, a blockage in
the electron flow occurs, reducing ATP production in the fungus cells (BECKER et
al., 1981) which affects spore germination and hyphal growth (BARTLETT et al.,
2002). Some mutations in the target gene are mediated by overexpression of
alternative oxidase (AOX) bypassing the cyt b. These mutations do not have a strong
effect on resistance (SIEROTZKI, 2015) and do not produce stable target site
mutation in the field (JOSEPH-HORNE; HOLLOMON, 2000).

Three point mutations mediated field resistance to Qol. Mutations
with amino acid substitutions from glycine to alanine at position 143 (G143A), from
phenylalanine to leucine at position 129 (F129L), and from glycine to arginine at
position 137 (G137R). The G143A has the strongest effect on the resistance and is
the most widely spread in number and frequency among the mutations reported in
pathogens species (GISI et al.,, 2002; GRASSO et al., 2006; SIEROTZKI, 2015).
Resistance levels in G143A mutation are high and have a significant impact on
disease control (SIEROTZKI, 2015). Mutation at position G143A of C. cassiicola
isolates in cucumber was reported in Japan (ISHII et al., 2007). Regardless of the
amino acid position mutation present, cross-resistance among Qol fungicide have
been reported in different fungi species (SIEROTZKI, 2015). The G143A mutation
causes a high level of cross-resistance to azoxystrobin and tryfloxystrobin
(SIEROTZKI, 2015). In addition, G143A mutation confers cross-resistance between
different Qols, whereas F129L does not (KIM et al., 2003). The G143A mutation in C.
cassiicola was reported in Brazil by FRAC in 2016 (FRAC, 2018).

SDHI fungicide group started to be applied in soybean fields in Brazil,
in mixtures with Qol fungicides groups in 2013 to control P. pachyrhizi, (GODOY;
MEYER, 2014). The SDHI fungicides group acts inhibiting the production of the
target enzyme SDH, which acts in complex Il of the electron transport chain in the
mitochondria of the fungus, by blocking the binding site of ubiquinone (Q-site)
(YANKOVSKAYA et al.,, 2003; HUANG et al., 2006). SDH are composed of four
subunits (A, B, C and D) and is highly conserved throughout a range of organisms
(HORSEFIELD; IWATA; BYRNE, 2004). The binding site of SDH inhibitors occurs in
B, C and D subunits (KEON; WHITE; HARGREAVES, 1991; BROOMFIELD;
HARGREAVES, 1992; MATSSON et al., 1998; SKINNER et al., 1998; MATSSON,;
HEDERSTEDT, 2001; ITO et al., 2004; LI et al., 2006). The molecular mechanism of

resistance in C. cassiicola to boscalid in SdhB occur due to different amino acid
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substitutions resulting in different sensitivities to the fungicide (MIYAMOTO et al.,
2010). Mutations in the SdhB gene leading to the substitution of histidine with
tyrosine at amino acid position 278 (H278Y) for very high resistance isolates, while at
the same position, the substitution to arginine conferred by a mutation to CGC
(H278R) was detected in high resistance isolates. Additionally, other mutations
showed a substitution from serine to proline (S73P) in SAdhC and from serine to
proline (S89P) and glycine to valine (G109V) in SdhD have been detected in not all
but, some of the moderately boscalid resistant isolates (MIYAMOTO et al., 2010).
Field resistant populations of C. kikuchii to SDHI fungicides were already reported in
several documented cases (MIYAMOTO et al., 2008; ISHII et al., 2008; MIYAMOTO
et al., 2009; MIYAMOTO et al., 2010).

In this study, we defined the sensitivity or resistance levels to the
fungicides MBC (carbendazim and thiophanate methyl) and Qol (azoxystrobin,
picoxystrobin and pyraclostrobin) and, in the same experiment, we analysed the
cross-resitance into Qol and MBC active ingredients. We also defined the effective
concentration to inhibition 50% (EC50) of spore germination of C. cassiicola to the
fungicides prothioconazole (DMI), carbendazim (MBC) and pyraclostrobin (Qol) in
addition we characterize polymorphisms in the target genes cyp51, B-tubulin, cyt b
and their correlation with resistance. These data allow us identify possible C.
cassicola isolates resitant to DMI, MBC and Qol fungicides in soybean and to test the

hypothesis that resistant isolates have impact on the genetic diversity.

5.2 MATERIALS AND METHODS

5.2.1 Fungal isolates

Soybean leaflets with symptoms of target spot, were collected in
different soybean regions and growing seasons. A total of 59 isolates of C. cassiicola
from the Brazilian states: Parana [(310-Sarandi), (1412-Tamarana), (1415-Maua da
Serra), (1443-Cruzmaltina), (1449-Paiqueré), (1469-Arapud), (1663-Alvorada do sul),
(1664; 1665; 1667-Cambé), (1671-Cascavel), (1675; 1676; 1677; 1678; 1679-
Engenheiro Beltrdo), (1683; 1684;1685-Fénix), (1686; 1688, 1689; 1690; 1691-
Floresta), (1707-Londrina), (1708; 1710; 1711-Malu), (1714-Marilandia do sul),
(1715-Palotina), (1726; 1727; 1728; 8216-Primeiro de Maio), (1737, 1738-Toledo)],
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Mato Grosso [(313; 1219-Nova Mutum), (1474- Sorriso); (1668-Campo Novo
Parecis), (1672; 1673; 1681-Claudia), (1478, 1734-Sinop), (1699; 1700;-Juara),
(1723; 1724; 1725-Porto dos Gauchos), (1730; 1733-Sapezal), (1735; 1736-
Tangara), Mato Grosso do Sul [(1696-Itapord) (1722-Ponta Pord) (1674-Dourados)
and two samples from Paraguay (1719; 1720) (Figure 1).
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Figure 5.1 Geographic location and year of collection of
Corynespora cassiicola isolates from soybean.

Fungal isolates were obtained by indirect isolation (ALFENAS et al.,
2007) and cultured in Petri dishes containing potato-dextrose-agar (PDA) culture
medium (4 g L potato extract, 20 g L dextrose, 15 g L agar, pH 5.6 + 0.2). The
identification of the species occurred by comparing the morphological characteristics
of spores of C. cassiicola (ELLIS, 1971).

The oldest isolates 310 and 313, belongs to Brazilian agricultural
research corporation - Embrapa soybean (National soybean research center -
Embrapa soybean) Mycological collection. These were isolated before the intensive
use of fungicides, therefore, they were already being cultivated in Petri dishes with
PDA culture medium at 25 + 2°C.

In order to ensure genetic uniformity, monosporic isolates of C.
cassiicola were used. To develop monosporic isolates, Petri dishes with purified
isolates were remained under continuous light during 7 days. The aerial mycelium
formed in the colonies, was transferred to microcentrifuge tubes containing

autoclaved distilled water. Aliquots of 50 uL up to 100 pL of the diluted conidia
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suspension in sterile destilated water were pipetted and plated in water-agar (20 g L
agar) culture medium and incubated at 25 + 2°C and 12h:12h photoperiod during 6
hours. Then, using a stereomicroscope, one germinated spore was transferred

individually to Petri dishes with PDA culture medium.

5.2.2 Cross-resistance in vitro

In order to classify sensitive and resistant isolates, the methodology
of inhibition of mycelial growth in amended medium, with a discriminatory dose was
used. The isolates were cultivated in PDA culture medium at 24 °C under 12 h/ 12 h
photoperiod for 7 days. Petri dishes with 15 mm diameter were equally divided into
four subunits containing two isolates with two replicates. Each isolate was composed
of four replicates. Mycelial discs with 4 mm diameter from the colony border were
transferred to Petri dishes containing PDA medium and fungicides.

The fungicides were diluted in autoclaved distilled water and mixed
with the PDA culture medium. The final concentration of active ingredients (a. i.) was
10 pg / mL. The following commercial formulations were used: and MBC:
[carbendazim (50% a.i.; Bendazol®, Adama Ltd.), thiophanate--methyl (50% a.i.),
Cercobin 500 SC®, Iharabras S. A. Industries Chemicals)] and Qol [azoxystrobin
(25% a.i. Priori®, Syngenta Crop Protection Ltd.), picoxystrobin (25% a.i. Oranis®,
DuPont S.A.); and pyraclostrobin (25% a.i. Comet®, Basf SA)]. Petri dishes with PDA
culture medium and without fungicides treatments were used as control. The
experiment was repeated twice.

Five days after incubation at 24 °C + 2 °C and 12 h: 12 h photoperiod
was determined the percentage of control of each fungicide by mycelial growth
(mean diameter of two diametrically opposite measures). Cross-resistance was
analyzed comparing the percentage of control between fungicides with the same

mode of actions.
5.2.3 Baseline sensitivity
C. cassiicola isolates were collected in different Brazilian states and

one isolate from Paraguay during the seasons of 1996 to 2016. These isolates were

exposed to different concentrations of MBC, Qol and DMI fungicides to establish the
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effective concentration (EC50) to inhibit 50% of fungal sporulation. The oldest
isolates, 310, 312 and 313, from 1992, 1997 and 1998, respectively, collected prior to
the intensive use of fungicides were used for possible levels of comparison between
susceptible and resistant isolates.

Spores of C. cassiicola were exposed to the commercial
formulations: MBC [(carbendazim (50% a.i. Bendazol®, Nortox)], Qol [(25% a.i.
Pyraclostrobin Comet®; Basf)] and DMI [prothioconazole (25% de a.i Proline®; Bayer
CropScience)].

A stock solution of 600 ug / mL was prepared to obtain the following
concentrations of the fungicides: 0; 0.0125; 0.05; 0.20; 4.0; 20.0; 100.0 yg / mL. The
experimental design was completely randomized.

An aliquot of 50 pL of the conidia suspension at 10° conidia / mL*
and other of 50 yL of the different doses of the fungicides were mixed in each 96-well
polystyrene microplate. In each microplate a “standard sample control” was added,
which was amended with YBS medium (5 g yeast extract L, 5 g bacto peptone L7,
10 g sodium acetate L) + 50 yL of the different concentrations of the commercial
formulations that was used to calculate the difference between final absorbance
value of the “standard sample control” and the absorbance of the different doses of
the fungicides + spores. For each isolate and fungicide concentration, four replicate
wells were used. The experiment was performed once.

The microplates were sealed with adhesive film and incubated at 180
rpm in shaker for 40 minutes. After that, the microplates were conditioned in a growth
chamber at 25 °C and 12 h/12 h photoperiod for 7 days. The absorbance of each
sample was measured on a microplate reader (ASYS, Eugendorf, Austria) with a
wavelength of 540 nm. The linear regression model values were quantified following
the methodology described by Xavier (2017).

Based on the sensitivity differences of the isolates to the fungicides
tested, the isolates were classified into three phenotypes: highly resistant (HR), EC50
250 yg mL?; moderately resistant (MR), 50 yg mL' <EC50 <1.0 yg mL!; and
sensitive (S), EC50 1.0 yg mL! (EDGINGTON; KHEW; BARRON, 1971).

5.2.4 Correlation EC50 X M.G.l. methods

The categorical variables were used to measure Cohen’s kappa
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(COHEN, 1960) coefficient. The classification of phenotype categories were different
between the methods. Therefore, to standardize these analysis, values 0 were
assigned for the isolates classified as sensitive and value 1 for the isolates classified
as moderately resistant and resistant. For this analysis, the isolates that presented
the same phenotype classification were quantified in order to determine the

percentage of agreement between the methods.

5.2.5 DNA extration

After the ECso establishment, sensitive and resistant to fungicide
monosporic isolates, were grown in potato and dextrose liquid medium for mycelial
filtration. In the sequence, sample DNA were extracted for all samples.

Three mycelium discs of 7 mm were added into potato-dextrose (PD)
liguid medium and grown (4 g L potato extract, 20 g L dextrose) during 7 to 12
days. Thus, the mycelial mass was filtered through vacuum filtration. The dried
mycelium were frozen in liquid nitrogen, macerated and stored in a 1.5 mL
microcentrifuge tube at -80 °C. The DNA was extracted following the modified CTAB-
DNA extraction.

The macerated tissue was homogenized with 1000 pL of extraction
buffer (1M Tris HLC (pH 8.0), 0.5M EDTA (pH 8.0), 5M NaCl, 0.1% -
mercaptoethanol, 200 uL CTAB to 5%) and incubated in a warm bath at 65 ° C for 60
minutes, with shaking and inversion of the microcentrifuge tubes every 15 minutes.
The samples were centrifuged at 6000 rpm for 10 minutes. 700 pL of the supernatant
was collected and transferred to a new 1.5 mL microcentrifuge tube. Then 700 uL of
phenol: chloroform solution: iso-amyl alcohol (24: 24: 1) was added. After further
centrifugation at 10,000 rpm for 5 minutes, 700 pL of the supernatant was transferred
to a new microcentrifuge tube. For DNA precipitation, 500 ul of isopropanol was
added and then the samples were homogenized in vortex and incubated at -20 ° C
for 30 minutes. The DNA pellet was washed with 70% ethanol and resuspended in
60 pl of mili-q water + 6 ul of sodium acetate (3M) and 120 pl of 100% ethanol and
was stored at 4 °C. Thus, the samples were centrifuged at a speed of 14,000 rpm for
5 minutes. The supernatant was discarded and pellet was washed again with 70%

ethanol and dried. Samples were resuspended in 80 uL of mili-qg + RNAse water at
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the final concentration of 80 ug / mL. DNA quality was assessed by electrophoresis

on 1% agarose gel.

5.2.6 Primers design, PCR and fragments purification

The primers pairs for the genes, B-tubulin (Genbank / EMBL access
JQ965175.1), cyp51, SdhB (Genbank / EMBL access AB548738.1), SdhC (JGI
Genome Portal> Corcal | scaffold_1 JGI Fungi) and SdhD (JGI Genome Portal>
Corcal|233004|CE232865_6976) were designed using sequences of C. cassiicola,
deposited at database of the National Center of Biotechnology Information (NCBI).
The primers pair for cyt b gene was described previously by Ishii et al., 2007.

The amplicons length range from 730 to 1449 and were estimated by
identification of the main mutations reported previously at literature. To achieve this,
the primers forward and reverse were design to cover the maximum size of each the
gene analysed.

The primers were designed using the Primer 3 plus program
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).The specificity of
the primers was compared by alignment with other sequences by BLAST program
(https://blast.ncbi.nim.nih.gov/Blast.cgi).

Primer pairs forward (F) and reverse (R) were described as follows:
MBC [(primer MBC _F) 5-AGGCTTCCGGTAACAAGTTC-3’; (primer MBC_R) 5'-

TGCCGACAAAGGTAGACGAC-37; Qol [(primer Qol_F) 5'-
TATTATGAGAGATGTAAATAATGG-3’; (primer Qol_R) 5-
AACAATATCTTGTCCAATTCATGG-37; DMI [(primer DMI_F), 5-

ATCATCGGCAGCACCATC-3’ (primer DMI_R) 5- TTACTTCTTTTCCCGCCTCTC-
3]; Sdh subunit B [(primer SdhB_F) 5-TACGTGCACTACACACCCATT-3’; (primer
SdhB_R) 5- AGCAGTTGAGAATCGTGTGG-37; Sdh subunit C [(primer SdhC_F) 5'-

CGAGACGACGAGCAGAATG-3} (primer SdhC_R)] 5'-
AAGGTCTAGCGGGCTTACATC-3; Sdh subunit D [(primer SdhD _F) 5-
AGAAGATTGAGGGCACCTTG-3’; (primer SdhD_R) 5-

GCATCTTTAACACAGGAACTTCTC-3.

PCR reactions for the target genes were prepared to a final volume
of 50 pL containing 100 ng DNA from each sample, 1 uM of each primer, 10 uM
dNTPs (Thermo Fischer Scientific), 5 X Phusion HF Buffer (Thermo Fischer


http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Scientific) and 0.5 U Phusion DNA Polymerase (Thermo Fischer Scientific). The
optimum annealing temperature was determined for each primer (Supplementary
table S5.1). Annealing temperature ranged from 57°C to 63°C, followed by extension
time which ranged from 30 to 60s and 26 to 35 cycles for amplification. All PCR
reactions were performed on the MWG Biotech Inc Primus 96 thermal cycler. The
PCR products were separated by electrophoresis using a 1% agarose gel and
visualized under UV 360 nm light.

The PCR amplicons for all samples for each gene were mixed and
then purified using Nucleospin gel and Clean-up PCR (Macherey-Nagel) following
the manufacturer's recommendations. The amplicon pools were guantified with the
Qubit® (Thermo Fischer Scientific) for a final concentration of 3 ng / uL. After, the
amplicon sequences were sent to Institute of Clinical Molecular Biology (IKMB) for
processing.

5.2.7 NGS library preparation and genome association analysis

The Nextera XT DNA Library Preparation Kit (lllumina, San Diego,
CA, USA) was used to prepare the amplicon library following the manufacture’s
instructions. The final 59 libraries were distributed into four lanes on a flow cell for
sequencing on an lllumina HiSeq 2500 system, utilizing a 150 bp paired-end reads
length with an expected coverage of 30X.

The initial base calling, barcodes/adaptors trimming, quality filtering
of the reads generated with the lllumina analysis pipeline (Fastq format) were
performed using Trimmomatic 0.36 software (BOLGER; LOHSE; USABEL, 2014)
and checked by FastQC software (ANDREWS et al., 2010). High-quality reads
generated from all C. cassiicola genes sequenced from isolates were concatenated
and de novo assembled with Trinity software (HAAS et al., 2013). The C. cassicola
genes of interest were identified by a blast2seq analyse (TATUSOVA; MADDEN,
1999), applying cpy51, cyt b, B-tubulin, SdhA, SdhB, SdhC, and SdhD sequences
from close related fungi species. The seven C. cassicola genes sequences were
used, together with available sequence information from NCBI and MycoCosm - JGI
database (https://genome.jgi.doe.gov/programs/fungi/index.jsf), to build the complete
reference sequence for these genes (Supplementary table S5.1). C. cassicola cpy51,
cyt b, B-tubulin, SdhA, SdhB, SdhC, and SdhD gene structure were predicted using
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Softberry software (SOFTBERRY

Inc., NY). The summary in silico method workflow is available in figure 5.3.

Illumina 150 pb reads C. cassicola isolates (fastq files) ‘

|

Reads quality check, adapters and barcodes remove (Trimmomatic)

concat all fastq files

|de novo assembly (Trinity 2.6.6) |
|

Find contigs for cpy51, B-tubulin, cty b, SdhA, SdhB, SdhC, SdhD NCBI and MycoCosm - IGI
using sequences from other close related species (Blast2seq) database (C. cassicola)

‘ C. cassicola reference sequence ‘ —-| Genes structure (Softberry) ‘

Mapping which isolate sequencing data to C. cassicola reference (Bowtie2) |

l

| SNP calling (Platypus)

Combinatory analysis of
phenotype — final results

Associating mutations to each diferente

Structural population analyses
fungicide response (R package -GAPIT)

(R package —poppR and adegenet)

Figure 5.3 in silico analysis summary workflow for genetic characterization of cpy51,
B-tubulin, cty b, SdhA, SdhB, SdhC, and SdhD genes from C. cassicola isolates.

High-quality reads were then aligned, by isolate, to the obtained C.
cassicola reference sequence for the seven genes using the software bowtie2
(LANGMEAD; SALZBERG, 2012). The mapped reads were processed using Picard
tools version 2.11 (Java, http://broadinstitute.github.io/picard/) to remove duplicate
values, and a binary file of the extension bam representing the assembled genome of
each sequenced isolate was generated. For SNP/InDel calling, we used Platypus
version 0.8.1 (RIMMER et al., 2014) with minimum for two reads coverage. InDels
were removed and >20% of missing data were removed from variant calling file (vcf)
sing Vcftools version 0.1.12b (DANECEK et al. 2011) and remaining missing data
were imputed with software Beagle 4 (AYRES et al., 2011).

5.2.8 Qol Sanger sequencing for validation

To validate NGS methodology 29 C. cassiicola isolates were
randomly selected and sequenced using the primers described for cyt b gene. PCR
reactions were prepared to a final volume of 50 uL containing 100 ng DNA from each
sample, 1 yM of each primer, 10 yM dNTPs (Thermo Fischer Scientific), 5 X Phusion
HF Buffer (Thermo Fischer Scientific) and 0.5 U Phusion DNA Polymerase (Thermo
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Fischer Scientific). PCR cycles were 35 cycles of initial denaturation at 98 °C for 10s,
annealing at 57 °C for 60s, elongation at 72 °C for 30s and final extension for 8
minutes at 72 °C.

PCR products were adjusted to 25 ng / pyL in the Nanodrop TM OneC
spectrophotometer and were purified using Nucleospin gel and Clean-up PCR
(Macherey-Nagel) following the manufacturer's recommendations. All PCR reactions
were performed on the MWG Biotech Inc Primus 96 thermal cycler.

Sanger PCR reaction consisted of 0.6 yL of alkaline phosphatase
(FAP) (Thermo Fisher Scientific) (1 U/ mL) enzyme, Exonuclease | (Thermo Fisher
Scientific) (20 U / pL) 0.15 pL, 8 pL PCR products and 1.25 pL of dH20
(ChemSolute). The final volume was performed at 10 pL. The digestion reaction
consisted of 10 min of purification at 37 ° C and 15 min inactivation of the enzymes at
75 ° C. The reaction consisted of 0.7 pL of Big Dye Terminator v3.1 (Applied
Biosystems), 1.5 pyL of Big Dye Terminator v3.1, 1.5 pL 5X sequencing buffer
(Applied Biosystems), 1 uL ( 3,2 uM) of each primer pairs and 4.8 pL of dH20
(ChemSolute). Sequencing amplifications program were carried out under following
conditions: 1 min of initial denaturation at 96 °C; 25 cycles of denaturation of 10 s at
96 °C, annealing of 5 s at 50 °C and extension of 4 min at 60 °C; followed by a final
extension at 10 °C. The sequencing was performed using 3730xI DNA Analyzer
(Applied Biosystems, Foster, CA).

The nucleotide sequences were aligned with the reference sequence
(NCBI/ access AB262969.1) of Botryotinia fuckeliana mitochondrial cyt b gene and
translated into amino acid sequences using Bioedit program
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html).

5.2.9 Genetic analysis

The genome association and prediction integrated tool (GAPIT)
package in R (LIPKA, et al., 2012) was used to analyse phenotype and genotype
association. GAPIT analyses were performed using a mixed linear model (MLM)
statistical method.

Population genetic analyses were performed using ‘poppr’ (KAMVAR
et al. 2014) and “adegenet” R packages (JOMBART, 2008). Minimum spanning
network was applied to visualize population structure by haplotypes according to their
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origin location using the bitwise’s genetic distance. Minimum spanning network
relationship was analysed for all seven genes and also separated per gene. An
UPGMA (SCHLIEP, 2010) distance tree was build to identify similarity into C.
cassiicola groups, genetically related using poppr package (KAMVAR et al. 2014).

5.3 RESULTS

5.3.1 Cross-resistance in MBC and Qol

The cross-resistance among azoxystrobin, picoxystrobin and
pyraclostrobin (Qol) and between carbendazim and thiophanate-methyl (MBC)
fungicides was confirmed by positive linear correlations. The highest correlation was
observed for carbenzadim and thiophanate-methyl (R=0.91), while the lowest
correlation was between pyraclostrobin x picoxystrobin (R=0.6) fungicides (Figure
5.2).
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Figure 5.2. Cross-resistance among azoxystrobin, picoxystrobin and pyraclostrobin
(Qol) and carbendazim and thiophanate-methyl (MBC) fungicides of Corynespora
cassiicola isolates from soybean fields in Brazil.

5.3.2 EC50 of spore germination to DMI, MBC and Qol fungicides
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EC50 values of the three fungicides groups ranged between 0 and
100 pg/mL. The EC50 values of the isolates collected in 1997 and 1998 (310 and
313, respectively), before the intensive use of fungicides ranged from 0 to 80.8 ug /
mL a.i. for prothioconazole (DMI) (Supplementary figure S5.1), 0.2 to 9.5 pg / mL a.i.
for carbendazim (MBC) (Supplementary figure S5.2), and 0 to 1.7 pg / mL a.i. for
pyraclostrobin (Qol) (Supplementary figure S5.3). Among the resistant isolates, the
isolates 1478, 1668 and 1708 were classified as highly resistant simultaneously to
three fungicides groups with EC50 higher than 50 (Figure 5.3). Additionally, isolates
with high resistance to more than one chemical group were also observed for
pyraclostrobin and prothioconazole (1683, 1711, 1719), pyraclostrobin and
carbendazim (1415, 1449, 1684) and prothioconazole and carbendazim (1671, 1707)
(Supplementary figure S5.1, S5.2, S5.3).

Spore germination was suppressed in 17.5% treated with
carbendazim, 31.7% isolates treated with prothioconazole and 33.3 % treated with
pyraclostrobin fungicides. However, the majority of carbendazim (74.6%),
prothioconazole (57.1%) and pyraclostrobin (44.5%) and fungicides had being
classified as moderately and highly resistant. Additionally, 7.9 % of carbendazim,
11.1% of prothioconazole and 22.2% of pyraclostrobin have not EC50 estimated, due
to the inhibition spore germination occurred above the highest dose (100 ug / mL)

(Supplementary figure S5.4).
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Figure 5.3 Variation of EC50 of Corynespora cassiicola isolates from soybean. Colors scale represents isolate classification into
different phenotype. Different geometric shapes represents the fungicides carbendazim (MBC), prothioconazole (DMI) and
pyraclostobin (Qol).
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5.3.3 Correlation of M.G.l. and EC50 methods

To identify correlations between M.G.l. and EC50 phenotype
methods, were used combinatorial analysis. Isolates that presented missing data
were discarded. High agreement was observed for both methods, with Cohen's
Kappa coeficiente (k) igual 0.73 for Qol fungicides and 0.82 for MBC fungicides
(Table 1).

Table 1. Correlation between E50 and M.G.l. phenotype methods used to
discriminate fungicide resistance in Corynepora cassiicola isolates to Qol and MBC

fungicide groups.

Qol K* Total of isolates
EC50 (pyraclostrobin) x pyraclostrobin 0.73 45
MBC
EC50 (carbendazim) x M.G.l. carbendazim 0.82 44

*Cohen's Kappa coefficient

5.3.4 Molecular characterization of cyp51, B-tubulin, cyt b and Sdh (subunits a,

b, c, d) fungicide target genes

Molecular characterization of C. cassiicola to fungicide resistance
target genes resulted in a total of 132 synonymous and nonsynonymous mutations,
of which 11 mutations were found for the cyp51 gene, 12 mutations for the B-tubulin
gene, 21 for the cyt b gene, 52 for SdhA, 16 for SdhB, 15 for SAdhC genes and 5
mutations for the SdhD gene (Supplementary Table S.5.2). The genes structure of C.
cassiicola in cyp51, B-tubulin and cyt b, SdhA, SdhB, SdhC and SdhD fungicide
resistance target genes resulted in a 2187 bp, 3856 bp, 1161 bp, 2510 bp. 1513 bp,
989 bp and 1571 fragment length, respectively (Figure 5.4).
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Figure 5.4 Prediction of cyp51 (DMI), B-tubulin (MBC), cyt b (Qol) and SdhA, SdhB,
SdhC and SdhD genes using genomic DNA of Corynespora cassiicola isolates.
CDSTf - First (Starting with Start codon); CDSi - internal (internal exon), CDSI - last
coding segment, ending with stop codon); CDSo: coding sequence, solo - predicted
gene with a single exon; PolA: polyadenylation signal sequence (AATAAA) and TSS
- Position of transcription start (TATA-box position and score).
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Nucleotide sequencing for cyp51 target site revelead heterozygous
variant at codon S279N and 1299V (Table 2). The S279N mutation was detected only
for isolate 1715 collected from Palotina-Parana Brazilian state, whereas 1299V
mutation was found for the isolates 1715, 1722 and 1726. The mutation S279N led a
substitutions from (AGT/Serine to AAT/Asparagine at codon 279), while for 1299V
mutation led a nucleotide substitution from (ATT/Isoleucine to GTT/Valine at codon
299) (Table 3, Supplementary Figure S5.3). In addition, nine synonymous mutations
were identified (Supplementary table S5.3).

In the B-tubulin target was found mutations at codon S168Y, 1189V,
E198A, F200Y and S275N. Mutant isolates had nucleotide sequencing substitutions
from (TTC/Serine to TAC/ Tyrosine at codon 168), (ATC/Isoleucine to GTC/Valine at
codon 189), (GAG/Glutamic acid to GCG/Alanine at position 198),
(TTC/Phenylalanine to TAC/ Tyrosine at codon 200) and (AGC/Serine to
AAC/Asparagine at codon 275). The S168Y mutation was detected in one isolate
from Parana Brazilian state. The 1189V was reported for the two oldest isolates
collected in 1997 and 1998. The E198A mutation was detected in 24 isolates. Of
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these, 18 isolates presented high frequency of the alter allele “A” and six isolates
(310, 313, 1674, 1722, 1728 and 1735) showed heterozygous variant (alelles A and
C) at codon 198 (Supplementary Figure S5.4).

The heterozygous variation in F200Y mutation was also observed for
isolates 1674 and 1735. In total, 13 isolates showed the substitution of the thymine to
alanine resulting the F200Y mutation. All isolates that showed the F200Y mutation
also had the E198A mutation. The homozygous variant mutation, S275N, occurred
only for the isolate 1720 from Paraguay (Figure S5.4, table 3). In addition to these
mutations, eight synonymous mutations were identified (Supplementary table S5.3).

The heterozygose variant mutation in cyt b gene, at position 78
occurred only for the isolate 1722 from Mato Grosso do Sul Brazilian state. This
mutation alter from (ATA/Isoleucine to GTA/Valine at codon 78). Heterozygous
variation was also found at position 143 and was detected for all isolates. In this
mutation, the frequency of alter allele for each isolate was quantified and the oldest
isolates had the lowest allele frequencies 20% (310) and 23% (313) among all the
isolates analyzed (Table 3). In this mutation, were replaced in the nucleotide
sequence of GGT (sensitive) to GCT (resistant) at amino acid position 143 (Table 3).
No isolates contained the F129L or G137R mutation (Figure 3). In addition to these
mutations, nineteen synonymous mutations were identified (Supplementary table
S5.3).

In our molecular analysis, we also analyzed the mutations in the
sdha gene. We were found the mutations E318D, 1454V, A461S and Y556F.
Heterozygous variation of alleles G|C and G|T that caused nucleotide substitutions
from (GGA/Glutamate to GAC|GAT/Aspartate at codon 318) alleles were found for
isolates 1676 from Parana and 1722 from Mato Grosso do Sul, respectively. The
mutation at codon 454 was observed for isolates 1676, 1722 and also for the oldest
isolates 310 and 313. The isolates that showed nucleotide sequencing substitutions
from (ATC / Isoleucine to GTC / Valine at codon 454). Isolates 1674 and 1722 also
showed variations in the frequency of the G and T alleles at codon 461 showing
substitution from (GCC / Glutamic acid to TCC / Alanine at position 461). Whereas,
for isolates 1676, 1722 and 1735, had mutations in the allelic frequency from Ato T
at codon 556 (TAC / Tyrosine to TTC / Phenilalanine at codon 556) (Table 3,
Supplementary Figure S5.5). In addition to these mutations, forty-four synonymous

mutations were identified (Supplementary table 2).
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For gene Sdh subunit B the nucleotide sequencing revelead
heterozygous variant at codon 34, 39 and 260 for the isolate 310. These mutations
alter the amino acids from (GCC/Alanine to GTC/Valine at position 34), (GTC/Valine
to ATC/Isoleucine at position 39) and (AAG/Lysine to AGG/Arginine at position 260).
The A34V and V39l mutations were also detected for the isolate 313, whereas
K260R mutation was found for 15 isolates (Table 3, Supplementary Figure S5.5). In
addition to these mutations, twelve synonymous mutations were identified
(Supplementary table 2).

The SdhC genes of C. cassiicola isolates showed amino acid
substitution at positions 37, 61, 85 and 163. In the oldest isolates ,310 and 313, CAG
was replaced by CAC, resulting in the substitution of glutamine by histidine at
position 37, TCC was replaced by ACC resulting in the substitution of Serine by
threonine at position 61, GGC was replaced by AGC resulting in the substitution of
glycine by serine at position 85 and ATT was replaced by GTT resulting tin
substitution isoleucine by valine. Isolates 1710 and 1722 present mutations Q37H
and 1163V, respectively (Table 3, Supplementary Figure S5.5). In addition to these
mutations, eleven synonymous mutations were identified (Supplementary table 2).

In the SAdhD gene was found mutations at codon V126l. The isolates
had nucleotide sequencing substitutions from (GTC/valine to ATC/ isoleucine at
codon 126). The isolates 1474 and 1636 presented high frequency of the alter allele
“A” and the isolates 310, 313 and 1735 presented heterozygous variant, showed both
alelles A and G at codon 126 (Table 3, Supplementary Figure S5.5). In addition to
these mutations, two synonymous mutations were identified (Supplementary table 2).

Molecular characterization of C. cassiicola isolates could found
multiple mutations among fungicide resistance target genes. Triple mutation in
cyp51, B-tubulin and cyt b target genes, was related for two isolates 1715 from
Parana Brazilian state and 1722 from Mato Grosso do Sul Brazilian state. From 59
isolates analyzed 41% showed mutation for the target position E198A + G143A and
22% of isolates mutated at codon position F200Y + G143A, resulted in resistant
isolates for MBC and Qol fungicides, respectively (Table 3, Supplementary Figure
S5.5). In addition, triple mutation at positions G143A + E198A + K260R for the cytb,
B-tubulin and SdhB genes also were observed for the isolates 310, 313, 1700, 1707
and 1736. Multiple mutations in G143A + E198A + V126l for the cytb, B-tubulin and
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SdhD genes also was reported for three isolates (1474, 1735 and 1736) all collected

in from Mato Grosso do Sul Brazilian state.

5.3.5 Qol sequencing validation using Sanger sequencing method

Sanger sequencing was performed for 29 C. cassiicola isolates
randomly selected for cyt b gene. Among those, six isolates were considered wild
(Supplementary figure S.5.6). The heterozygous variations observed in the NGS
were also observed at nucleotide amino acid chromatogram files (Supplementary
figure S5.7). Analyzing chromatographic peaks in the region of position 143 it was
possible to verify the occurrence of simultaneous peaks indicating the presence of
the C alleles and G at codon 428 for all isolates analyzed (Supplementary figure
S5.7). Divergent results were verified between the metologies analyzed.
Chromatographic waves of Sanger sequencing showed the presence of noise and

heterozygosis at codon G143A, which was clearly identified by the NGS.
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SDHD

67 731 111 181 253 487
SDHC

SDHB

143 549 570 856 53
SDHA

CT

MBC Qol

DMI

571 630 338 400 428 434 659 23 219

Ref.

Pos.

Ref.
Allele!
Allele

Alt.

Table 2. Codon position, reference and altered alleles of Corynespora cassiicola isolates for the fungicides DMI, MBC, QOI and

SDHA, SDHB, SDHC and SDHD divided by geographic origin.
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1The symbol (*) represents the same allele of the reference sequence;

2Percentage of allelic frequency for the cyt b gene in the G143A mutation;
3Local of origin: MT (Mato Grosso), MS (Mato Grosso do Sul), PR (Parand) and PY (Paraguay);
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5.3.6 Phenotype association of cyp51 fungicide target gene and mutations

In order to identify the association of the B-tubulin phenotype with the
genotype, genome association was performed using only data considered significant
from the combinatorial analysis between M.G.l. and EC50 methods.

We observed two associations above the Bonferroni threshold
adjusted for a = 0.05 (Figure 5.4). Two of these SNPs were nonsynonymous
substitutions for the genes, B-tubulin E198A (p-value 0.027) and F200Y (p-value
0.037). The other two mutations were observed for cyt b gene Threonine (p-value
0.029) and SdhC Alanine (p-value 0.029), both of which are synonymous mutations
and showed high associations between phenotype and genotype (Figure 5.5).

For the cyt b gene, genome association was not efficient for the
correlation of mutations, possibly due to the low number of sensitive isolates

presented in the combinatorial analysis.

MLM.MBC
E198A Treonine Alanine
F200Y
P
Q -
S’
2
()]
o
|
DMI MBC QOl SDHA SDHB SDHC  SDHD

Figure 5.5. Manhattan plot of the genome association (GA) of Corynespora cassiicola
isolates for B-tubulin fungicide resistance target gene. GA mapping was performed
using a mixed linear model (MLM). Significant associations were identified for the
mutations E198A and F200Y.

5.3.7 Genetic relatedness of Corynespora cassiicola from soybean based on
the pholymorfims on the fungicide target genes cyp51, B-tubulin, cyt b, SdhA,
SdhB, SdhC, SdhD

Data from the bitwise gene length matrices per gene were analyzed

using a UPGMA distance tree. The number of clusters (K) ranged from 5 for genes
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(sdhb, sdhc) and 6 for genes (cyp51, B-tubulin, cyt b, SdhA, SdhD), and the number
of clusters, which is the best K value, was determined according to the Bayesian
Information Criterion (BIC).

Cluster analysis for the cyp51 gene revelead that mutant isolates
were more similar to non-mutated isolate. Cluster 2 (orange) was composed by the
isolate 1715 which was detected the mutations S279N and 1299V. In addiction cluster
5 (light green) separeted the isolates 1722 and 1726 that showed the mutations
S279N (Figure 5.6).

The genetic diversity for B-tubulin (MBC) gene was divided into 6
clusters. Mutant isolates at positions E198A and F200Y were distributed into clusters
1 (dark green), cluster 4 (pink) and cluster 2 (orange). Cluster 6 (yellow) was
composed of 18 non-mutant isolates and for the isolates 1735 and 1728 that showed
the E198A + F200Y mutation (Figure 5.7).

For Qol fungicides, the cluster 6 (yellow) showed a mutation at
position 178V for the isolate 1722. The others cluster shared the mutation at position
428, which resulting in mutation at position G143A. The six cluster indicating that
there have been some changes at cyt b loci according to geographic origins (Figure
5.8).

The genetic diversity for SAhA into mutant and non mutant isolates
were distributed between six clusters. The isolates that showed mutations were
separated in thee cluster. Cluster 2 (orange) wich separed the isolate 1674 mutation
at 1454V and A461S, cluster 4 (isolate 1722 mutations at E318D, 1454V, A461S and
Y556F, 1735 (mutation Y556F), 1676 (mutation at E318D) and Cluster 6 (yellow),
composed by 310 and 313 which resulting mutations at 1454V (Figure 5.9).

The genetic diversity for SdhB into sensitive and resistant isolates
were distributed between five clusters. Cluster 1 (dark green) separates the isolates
310 and 313 which represents samples collected before the intensive use of
fungicide and mutations at positions A34V, V39l and K260R. The most frequent
cluster 4 (pink) with 51 isolates (Figure 5.10).

Three cluster were three clusters were generated for the SdhC gene.
The Cluster 4 (pink) represents samples collected before the intensive use of
fungicide (310 and 313) and revealed mutations F61N and G85S. The most frequent
haplotype is cluster 3 (blue) (n = 30), which did not showed any substitution or

mutations sites in any region (Figure 5.11).
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Genetic structure of SdhD was separated into five clusters. Mutations
were found at V1261 in samples 310, 313 and 1735 separated into cluster 3 (blue).
The most frequent cluster 4 (n = 48), which did not showed any substitution or
mutations sites in any region. In addition the samples (1474) from Sorriso-Mato
Grosso Brazilian state and (1736) from Tangarad-Mato Grosso Brazilian state,
collected in 2014 and 2016, respectively, also presented V126] mutations and were

separeted into cluster 1 (dark green) (Figure 5.12).
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Figure 5.6. UPGMA clustering dendrogram of C. cassiicola isolates
for cyp51 fungicide resistance target gene. Distance is based on
genetic similarity.
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Figure 5.7. UPGMA clustering dendrogram of
C. cassiicola isolates for B-tubulin fungicide
resistance target gene. Distance is based on
genetic similarity.
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Figure 5.8. UPGMA clustering dendrogram of C.
cassiicola isolates for cyt b fungicide resistance
target gene. Distance is based on genetic

similarity.
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Figure 5.9. UPGMA clustering dendrogram of
C. cassiicola isolates for SdhA fungicide
resistance target gene. Distance is based on
genetic similarity.
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Figure 5.10. UPGMA clustering dendrogram of
C. cassiicola isolates for SdhB fungicide
resistance target gene. Distance is based on
genetic similarity.
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Figure 5.11. UPGMA clustering dendrogram of C. cassiicola isolates for
SdhC fungicide resistance target gene. Distance is based on genetic
similarity.
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Figure 5.12. UPGMA clustering dendrogram of C. cassiicola isolates
for SdhD fungicide resistance target gene. Distance is based on
genetic similarity

5.3.8 Relationship among C. cassiicola genotypes

The minimum spanning network of C. cassiicola distinguished the
most frequent genectic group and were placed close to one another (Figure 5.13).
The isolates from PR and MT 1734 + 1711, 1683 + 1663 and 1679 + 1415 share the
same haplotypes. The global network showed from Mato Grosso do Sul (MS), Mato
Grosso (MT) and Paraguay (PY) and Parana (PR) were distributed all across the
network and were clustered around the most frequent genotype. Bitwise genetic

distance in the minimum spanning network varied from 0.004 to 0.287 (Figure 5.13).
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Figure 5.13. Median spanning network of Corynespora cassiicola from soybean for
fungicide resistance target genes cyp51, B-tubulin, cyt b, SdhA, SdhB, SdhC, SdhD.
Each circle represents a haplotype. Node sizes are proportional to the number of
isolates origin. Coloured slices represent different geographic origin.

5.3.9 Relationship among C. cassiicola genotypes separete per gene to

fungicide resistance target genes

The genetic diversity for cyp51 sensitive and resistant isolates was
distributed into 10 haplotypes groups. The haplotypes with substitution at codon
position 1299V and S275N showed lower genetic distance compared to others
haplotypes (Figure 5.13). The isolates 1722 is locate in one haplotype and showed
mutations S275N + 1299V (Figure 5.14).

The geographical distribution for B-tubulin gene was divided into 16
haplotypes. Point genetic variations conferring resistance to the MBC fungicide were
observed in three haplotypes E198A+ F200Y [(1449, 1677, 1678, 1688, 1690, 1691,
1708 and 1715 and 1449, 1677, 1678, 1688, 1690, 1691, 1708 and 1715)] and
E198A [(1685, 1686, 1707 and 1719)]. The most frequent haplotypes are (n = 15 and
n=16) did not show any mutation which resulted in MBC resistance (Figure 5.15).
The isolates 310 and 313 both showed substitutions 1189V and each was divide into

one haplotype. The isolate ESMC 1676 isolate shared one haplotype and exhibited a



168

modification at position S168Y. Also the isolate 1720 share one haplotype and
showed mutation S275N (Figure 5.15).

For Qol fungicides all isolates analysed shared the mutation at
position 428, which resulting in mutation at position G143A position. The relationship
into the haplotypes were separeted by different due the indicating that there have
been some changes at cyt b loci according to geographic origins (Figure 5.16).

The genetic diversity for Sdh genes (A, B, C and D) into sensitive
and resistant isolates were distributed between 16, 6, 12 and 8 haplotypes groups.
The minimum spanning network for SdhB separates in different haplotype the
samples 310 and 313 which exhibit the mutation A34V, V39l and K260R. The most
frequent haplotype (n = 51), which showed mutation K260R and not mutated isolates
(Figure 5.17).

In total 12 haplotypes were found for SdhC. One haplotype
represents samples collected before the intensive use of fungicide (310 and 313).
The most frequent haplotype (n = 26), which did not showed any substitution or
mutations sites in any region. Mutation 1163V was found for isolates 1722 which was
separated into second most frequent haplotype (n=14) (Figure 5.18).

The minimum spanning network separates SdhD into eight
haplotypes groups. The most frequent haplotype is H2 (n = 48), which did not
showed any substitution or mutations sites in any region. The samples (1474) from
Sorriso-Mato Grosso Brazilian state, 310 from Sarandi-Parana Brazilian state, 313
from Nova Mutum-Mato Grosso Brazilian state and (ESMC 1735 and 1736) from
Tangara-Mato Grosso Brazilian state, present V1261 mutations and which is possible

mutation selection for resistance to SdhD fungicide (Figure 14) (Figure 5.19).
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Figure 5.14. Median joining network of Corynespora cassiicola from soybean for fungicide resistance target genes
cyp51. Each circle represents a haplotype. Cicle size is proportional to the number of isolates origin into the
haplotypes. Coloured slices represent different geographic origin.
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Figure 5.15 Median joining network of Corynespora cassiicola from soybean for fungicide resistance target genes -
tubulin. Each circle represents a haplotype. Cicle size is proportional to the number of isolates origin into the

haplotypes. Coloured slices represent different geographic origin.
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Figure 5.16. Median joining network of Corynespora cassiicola from soybean for fungicide resistance target genes
cyt b. Each circle represents a haplotype. Cicle size is proportional to the number of isolates origin into the
haplotypes. Coloured slices represent different geographic origin.
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Figure 5.17. Median joining network of Corynespora cassiicola from soybean for fungicide resistance target genes
SdhB. Each circle represents a haplotype. Cicle size is proportional to the number of isolates origin into the
haplotypes. Coloured slices represent different geographic origin.
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Figure 5.18. Median joining network of Corynespora cassiicola from soybean for fungicide resistance target genes
SdhC. Each circle represents a haplotype. Cicle size is proportional to the number of isolates origin into the
haplotypes. Coloured slices represent different geographic origin.
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Figure 5.19. Median joining network of Corynespora cassiicola from soybean for fungicide resistance target genes
SdhD. Each circle represents a haplotype. Cicle size is proportional to the number of isolates origin into the
haplotypes. Coloured slices represent different geographic origin.
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5.4 DISCUSSION

In this research, we analyzed the baseline sensitivity and cross-
resistance for C. cassiicola isolates from soybean to DMI, Qol and MBC fungicides.
This is the first next generation sequencing study in soybean to identify fungicide
resistance in C. cassicola to fungicide target genes for cyp51, B-tubulin, cytb and Sdh
(subunits b, ¢, d). Using genome associated prediction integrated tool we showed the
most significant mutation in B-tubulin gene correlated with EC50 and M.G.I.
phenotype methods. Clustering analysis showed that resistant and sensitive
populations to fungicide target genes cyp51, B-tubulin, cyt b and Sdh (subunits b, c,
d) were genetically distinct. Using next generation sequencing we could confirm
heteroplasmid is occoring in C. cassiicola in cyp51, B-tubulin, cyt b, SdhB, SdhC and
SdhD genes. In addition we also characterized sequencing variability of C. cassicola
to fungicide target genes.

Sensitive and resistant phenotypes of C. cassiicola were
distinguished using mycelial growth inhibition test in amended-medium with MBC and
Qol fungicides discriminatory dose at 10 pL/mLt. Results from in vitro bioassay using
different fungi pathogens for Qol fungicides, showed that the resistance is related
with a bypass by an alternative respiration, which is inhibited by salicylhydroxamic
acid (SHAM) or propyl gallate (PG) (MIGUEZ et al., 2004; ISHII et al., 2009). Studies
evaluating spore germination in Qol fungicides of C. cassiicola from soybean have
shown there was no significant effect of SHAM in increasing the sensitivity of C.
cassiicola isolates, suggesting that C. cassicola has no alternative respiration
(TERAMOTO et al., 2017).

Results from cross-resistance obtained by in vitro in mycelial growth
test, using discriminatory doses, showed strong positive correlation of C. cassiicola
isolates exposed to Qol (azoxystrobin x picoxystrobin, picoxystrobin x pyraclostrobin,
azoxystrobin x pyraclostrobin) and MBC (carbendazim x thiophanate-methyl)
fungicide groups. Similar results were found Pyricularia grisea (KIM et al; 2003);
Pyrenophora teres (SIEROTZKI et al., 2007), Cercospora kikuchii (PRICE et al.,
2015) and recently, in C. cassicola from cucumber in China (DUAN et al., 2019).

We identified three C. cassiicola isolates classified as resitant for the
DMI, Qol and MBC fungicides group. In addition, the EC50 for 59 isolates, 5%, 14%
and 8% of carbendazim, pyraclostrobin and prothioconazole, respectively, show ECso
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greater than 100 pg/mL. Resistant isolates of C. cassiicola from soybean in Brazil
have been previously reported (XAVIER et al., 2013; TERAMOTO et al., 2017).

For the DMI fungicide, the highly resistant phenotype was detected in
32% of the isolates. The sequencing of cyp51 gene demonstrated a heterozigotic
variation for both mutations S279N and 1299V. DMI mutations were identified for
isolate 1715 in S279N and 1715, 1722 and 1726 for 1299V mutations. The lowest
sensitivity of C. cassiicola populations from soybean in Brazil to DMI was reported by
Xavier et al. (2013) and Teramoto et al. (2017) and also in Phakopsora pachyrhizi by
Schmitz et al. (2014) and Klosowki et al. (2016).

The low sensitivity of C. cassiicola due to de high selection pressure
in Brazilian soybean growing regions to MBC active ingredient was evidenced in a
network study of fungicide trials from data collected during 2012-2016 harvest. It was
observed carbendazim had the lowest efficacy control (32.4%) among fungicides
tested azoxystrobin + benzovindiflupyr, fluxapyroxad + pyraclostrobin, epoxiconazole
+ fluxapyroxad + pyraclostrobin, mancozeb and prothioconazole + trifloxystrobin
(EDWARDS MOLINA et al., 2018).

In this study, genotype for B-tubulin gene, showed two double
mutation at positions 1189V + E198A and E198A + F200Y. Single mutations were
identified for isolate 1676 from Parana Brazilian state at position S168Y and S275N
mutation for isolate 1720 from Paraguay. Recently, three double mutations E198A +
M163Il, E198A + F167Y and E198A + F200S were also detected in C. cassiicola
populations from cucumber in China (DUAN et al., 2019). Different point mutation of
B-tubulin gene cause different resistant level to benzimidazoles fungicides, e.g.,
F167Y or F200Y in Fusarium graminearum conferring moderate-level of resistance,
while, E198A substitutions in F. graminearum resulte in high-level of resistance
(DUAN et al.,, 2014, 2016). Therefore, using genome association analysis, we
correlated MG.l and EC50 fenotypes and genotype of B-tubulin gene and we found
four SNPs above the Bonferroni threshold. Two of these SNPs are synonumous
mutations and express correlation for cyt b (Threonime) and SdhC (Alanine) genes.
The strongest association for B-tubulin gene were found for the mutations E198A and
F200Y.

High frequency of highly resistant isolates to Qol fungicides was
observed for isolates collected in 2014 and 2016. A substitutions of 178V was found

for the isolate 1722 collected in Ponta Pora-Mato Grosso do Sul Brazilian state.
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Addictionally, heterozygous variant of C. cassiicola isolates with mutations at
positions G143A was observed for all isolates and was confirmed by Sanger
sequencing cromatography. The mutations F129L and G137R were not found. Ishii
et al., (2007; 2009) reported the heteroplasmic sequences in C. cassiicola from
cucumber grown in PDA in the presence and absence of Qol fungicide. However, not
all C. cassiicola isolates showing moderate and high EC50 resistance presented
G143A mutation, indicating a low correlation between sequence and colorimetric
microtiter methodology. This distinct nature between Qol phenotyping and cyt b
genotype could be explained by the dynamic nature of fungi mitochondria, which
often repeat division and fusion independently of nuclear division, influencing the
balance and instability of the mutated sequence in cyt b gene (ISHII et al., 2009).

Analysing the mechanisms of resistance in SDHI genes we found
substitution in the SdhA, SdhB, SdhC and SdhD genes at positions 34, 39 and 318,
454, 461, 556, (A-E318D, 1454V, A461S, Y556F), 34, 39, 260. B-A34V, V39I,
K260R), 37, 61, 85, 163, (C-Q37H, S61T, G85S, 1163V) and 126 (D-V126l),
respectively. The most frequent mutation was in K260R in the SdhB gene, which
were found 15 isolates, followed by the V1261 substitution, found in 5 isolates. For all
mutations in SDH genes, homozygous and heterozygous variations were observed.
This genomic characterization has also been reported in Rizoctonia solani (MU et al.,
2013) and in R. cerealis (SUN et al., 2017).

The comparison between sensitive and resistant haplotypes resulted
in variability among populations to DMI, MBC, Qol and SDHI confirming that genetic
mutations of fungicides target genes are responsible for the genetic variability among
the populations. In this study, genetic variation was caused by frequent sprays of
fungicides with the same mode of action, resulting in a local directional selection
pressure.

This research revealed that C. cassiicola resistant isolates to Qol,
MBC and DMI is widely spread in soybean fields, regardless of the location and date
of sample collection, based on the high frequency of the mutations and resistance
observed. In addition, cross-resistance was demonstrated inside active ingredients of
MBC and Qol chemical groups. This research also shows possible point mutations in
cyp51 gene at S279N and 1299V, double mutations in B-tubulin gene at codons
1189V + E198A and E198A and single mutations at codon position S168Y, 1189V,
S275N. We also found in Qol fungicides G143A mutation in cytb gene and the
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occurrence of substitutions for 178V. Multiple resistance was confirmed to MBC and
Qol fungicides. These results suggest that isolates of C. cassiicola to MBC, Qol and
DMI in present at Brazilian soybean field and this increasing the risk for the selection
pressure for resistant isolates. Despite, sdha gene does not confer fungicide
resistance substitutions was related at position 318, 454, 461, 556 (A-E318D, 1454V,
A461S, Y556F). In addition, amino acid substitution in SdhB, SdhC and SdhD genes
at positions 34, 39 and 260 (B-A34V, V39I, K260R), 37, 61, 85, 163 (C-Q37H, S61T,
G85S, 1163V) and 126 (D-V126l), respectively could be associated with possible
potential mutations, which confer SDHI fungicide resistance. In addition,
heterozygous variants were confirmed for all genes analyzed. Therefore, anti-
resistance strategies have to be implemented for efficiency recovery of MBC, Qol
and DMI for management target spot in soybean.

Despite the large number of new mutations observed in genes that
confer fungicide resistance, it was not possible to correlate the new mutations with
the phenotypic results of the microtiter method. For this case, two possible
hypotheses can be pointed out. The first is that point mutations may be correlated
with the genetic variability of the isolate, the second is the methods and the different
multiplications of the pathogen may be at different times. For this last hypothesis new

studies must be analyzed.
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5.6 SUPPLEMENTARY INFORMATION

Table S5.6.1. Primer pairs sequence and PCR conditions used to identification of point mutation in Corynespora cassiicola isolates

from soybean in cyp51, B-tubulin, cyt b, Sdh (subunits b, ¢ and d) to the fungicide resistance target genes.

Primer_F Primer_R Annealing  Amplicon

Annealing Annealing :
Gene : . . " temperature size
sequencing position sequencing position o

(°C) (bp)

%FK/EI’S ATCATCGGCAGCACCATC 267 TTACTTCTTTTCCCGCCTCTC 729 63 462
B (lt\xglél;n AGGCTTCCGGTAACAAGTTC 2246 TGCCGACAAAGGTAGACGAC 3196 63 950
(g%tlt))l TATTATGAGAGATGTAAATAATGG 201 AACAATATCTTGTCCAATTCATGG 486 57 285
(SSSI:Q)Z CTCGTGGTGAGGGTGGTTACCT 1489 CGCTTGAAAGGTGGAACAGC 2494 63 1005
(éQ’SEBB) TACGTGCACTACACACCCATT 192 AGCAGTTGAGAATCGTGTGG 1162 63 970
(SSSEC(::) CGAGACGACGAGCAGAATG 263 AAGGTCTAGCGGGCTTACATC 797 63 534
(SSSE%) AGAAGATTGAGGGCACCTTG 306 GCATCTTTAACACAGGAACTTCTC 1295 63 989

Yshii et al., 2007;
2Miyamoto et al., 2010.
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Supplementary table S5.6.2. Identification code, year, location, phenotype characterization based in the ECso values of isolates of
Corynespora cassiicola from soybean fields in Brazil, to carbendazim (MBC), pyraclostrobin (Qol) and prothioconazole (DMI) and
mycelial growth inhibition in amended-medium at 10 yL/mL* to Qol (azoxystrobin, picoxystrobin and pyraclostrobin) and MBC
(carbendazim and thiophanate-methyl).

MGI (%) at 10 pL/ mL

MGI (%) at 10 pL/ mL

Code Year State ECso and phenotypef ECso and phenotypes' ECso
DM|de _ _ , _ Qolde ~ thiophanate- MBCYe
azoxystrobin picoxystrobin pyraclostrobin carbendazim methyl

313 1998 MT 0.0 S 60.8 S 57.9 S 43.1 R 00 S 1000 S 88.1 S 15 MR
1663 2016 PR 6.3 MR 145 R 15.9 R 19.7 R 7.4 MR 3.4 R 13.7 R 184 MR
1664 2016 PR 0.2 S 7.9 R 9.3 R 35.0 R 04 S 10.0 R 4.3 R 62 MR
1665 2016 PR 295 MR 349 R 34.4 R 49.7 R >100 HR 24.6 R 21.5 R 576 HR
1667 2016 PR 0.4 S 0.0 R 21.9 R 23.2 R 9.0 MR 2.4 R 3.0 R 24 MR
1668 2016 MT >100 HR 38.0 R 29.6 R 50.3 S >100 HR 20.1 R 30.7 R 69.0 HR
1671 2016 PR 746 HR 13.7 R 16.8 R 30.1 R 00 S 0.0 R 0.5 R >100 HR
1672 2016 MT 0.4 S 25.4 R 29.4 R 41.2 R 225 MR 296 R 9.7 R 18 MR
1673 2016 MT 41 MR 8.6 R 33.4 R 21.5 R >100 HR 0.0 R 10.4 R 32 MR
1675 2016 PR 13.8 MR 32.2 R 14.1 R 49.3 R >100 HR 19.1 R 9.7 R >100 HR
1677 2016 PR 0.6 S 0.0 R 0.0 R 17.1 R 258 MR 11.0 R 15.3 R 230 MR
1678 2016 PR 1.8 MR 133 R 39.0 R 36.7 R 3.1 MR 234 R 24.9 R 282 MR
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MGI (%) at 10 pL/ mL

MGI (%) at 10 pL/ mL"

Code Year State ECso and phenotypef ECso and phenotypes' ECso
DMId-e Qolde thiophanate- MBC%®
azoxystrobin picoxystrobin pyraclostrobin carbendazim methyl
1679 2016 PR 1.5 MR 309 R 21.1 R 48.7 R 9.2 MR 8.6 R 4.6 R 08 S
1681 2016 MT 0.7 S 14.2 R 9.9 R 32.6 R >100 HR 0.0 R 3.0 R 476 MR
1683 2016 PR >100 HR 574 S 51.0 S 65.8 S >100 HR 60.0 S 394 R 21.0 MR
1684 2016 PR 0.0 S 43.7 R 35.6 R 48.3 R >100 HR 15.5 R 25.3 R >100 HR
1685 2016 PR 4.7 MR 0.0 R 13.0 R 13.8 R 597 HR 1004 S 58.5 S 18 MR
1686 2016 PR 1.3 MR 125 R 23.9 R 35.1 R 00 S 95.8 S 63.4 S 05 S
1688 2016 PR 21 MR 190 R 25.3 R 58.9 S 6.5 MR 481 R 31.0 R 57 MR
1689 2016 PR 3.2 MR 0.0 R 2.3 R 15.2 R 331 MR 446 R 47.4 R 278 MR
1690 2016 PR 0.8 S 5.5 R 13.4 R 19.1 R 357 MR 11.8 R 0.0 R 96 MR
1691 2016 PR 1.8 MR 17.0 R 20.5 R 34.6 R 00 S 32.0 R 11.1 R 220 MR
1696 2016 MS 33.0 MR 274 R 28.3 R 50.2 S 44 MR 1000 S 90.9 S 35 MR
1699 2016 MT 1.7 MR 36.2 R 55.1 S 76.8 S 01 S 91.3 S 89.9 S 15 MR
1700 2016 MT 0.6 S 314 R 40.0 R 48.4 R 3.7 MR 97.8 S 1000 S 299 MR
1707 2016 PR 545 HR 157 R 19.2 R 33.7 R 00 S 100.0 S 91.4 S >100 HR
1708 2016 PR >100 HR 27.8 R 31.6 R 39.1 R >100 HR 594 S 18.0 R >100 HR
1710 2016 PR >100 HR 120 R 14.4 R 42.7 R 00 S 29.1 R 6.3 R 21 MR
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MGI (%) at 10 pL/ mL

MGI (%) at 10 pL/ mL"

Code Year State ECso and phenotypef ECso and phenotypes' ECso
DMId-e Qolde thiophanate- MBC%®
azoxystrobin picoxystrobin pyraclostrobin carbendazim methyl

1711 2016 PR >100 HR 21.8 R 14.7 R 58.3 S >100 HR 10.3 R 17.9 R 63.8 HR
1714 2016 PR 28 MR 276 R 22.0 R 48.8 R >100 HR 0.0 R 0.0 R 879 HR
1715 2016 PR 157 MR 3.1 R 24.1 R 29.7 R 32 MR 26.3 R 5.3 R 00 S
1719 2016 PY® 558 HR 11.0 R 9.0 R 53.8 S 714 HR 82.3 S 98.7 S 46 MR
1722 2016 MS 1.3 MR 50.6 S 44.4 R 53.3 S 00 S 91.1 S 35.0 R 03 S
1723 2016 MT 1.7 MR 16.3 R 16.8 R 34.4 R >100 HR 18.6 R 17.6 R 6.2 MR
1725 2016 MT 0.8 S 10.0 R 194 R 18.7 R 00 S 7.8 R 13.7 R 03 S
1726 2016 PR 981 HR 19.8 R 31.0 R 64.7 S 733 HR 46.0 R 39.0 R 18 MR
1727 2016 PR 0.0 S 22.8 R 13.3 R 22.3 R 00 S 19.7 R 11.9 R 326 MR
1728 2016 PR 26 MR 128 R 6.8 R 45.9 R 156 MR 1000 S 1000 S 02 S
1730 2016 MT 49 MR 17.8 R 7.4 R 37.7 R >100 HR 11.7 R 18.8 R 109 MR
1734 2016 MT 221 MR 232 R 29.2 R 28.7 R 729 HR 25.3 R 16.6 R 10 MR
1736 2016 MT 99 MR 9.9 R 20.4 R 29.1 R 171 MR 320 R 21.4 R 11 MR
1737 2016 PR 0.5 S 18.7 R 8.9 R 25.8 R 02 S 0.0 R 0.0 R 626 HR
8216 2016 PR 96 MR 10.8 R 0.5 R 16.2 R >100 HR 24.2 R 16.2 R 275 MR




194

aEmbrapa soybean Mycological Collection; PECso data source by Xavier 2017; ¢(PY)-Paraguay, samples collected from Paraguay; ¢
NT- (Not tested); ¢Classification of ECso effective concentration to inhibit 50% of conidia germination for the classes of fungicides,
carbendazim (MBC) pyraclostrobin (Qol) and prothioconazole (DMI) classification of the phenotypes in the categories, (S-
Sensitive) ECso <1 ug / mLt; (MR- Moderately resistant) ECso 1 uyg mL1<ECso < 50 pg / mL1; (HR-Highly resistant) ECso = 50 pg /
mL-1; (-), absence of mutation.
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Figure S5.6.1 Variation of EC50 of Corynespora cassiicola isolates from soybean. Colors scale represents isolate classification
into different phenotype. Different geometric shapes represent the nonsynonymous mutation to the fungicide prothioconazole
(DMI).
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Figure 5.2 Variation of EC50 of Corynespora cassiicola isolates from soybean. Colors scale represents isolate
classification into different phenotype. Different geometric shapes represent the nonsynonymous mutation to the fungicide

carbendazim (MBC).
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Figure 5.3 Variation of EC50 of Corynespora cassiicola isolates from soybean. Colors scale represents isolate classification into
different phenotype. Different geometric shapes represent the nonsynonymous mutation to the fungicide pyraclostrobin (Qol).
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Supplementary table S5.3. Codon position, amino acid change and nonsynonymous and synonymous mutations for cyp51

(DMI), B-tubulin (MBC), cyt b (Qol) and Sdh (subunits a, b, c, d) fungicide target genes of Corynespora cassiicola isolates.

DMI MBC Qol Qol
] Mutations _ Mutations _ Mutations Mutations
Codon Amino Codon  Amino Codon Amino A
position acid non- N acid non- N acid non- Codon éncligo non-
change syn y position  change  syn y position  change  syn y position  change V" y
831 TCG/TCA S 503 TCCITAC - S168Y 232 ATA/GTA - 178V 531 AAT/AAC N
836 AGT/AAT - S279N 519 CCT/CCC P 255 ACT/ACA T 537 TTT/TTC F
843 GAA/GAG E 565 ATC/IGTC - 1189V 273 TTT/TTC F 573 GCT/GCC A
849 GAC/GAT D 593 gé(é/ - E198A 282 TAT/TAC Y 591 CAC/CAT H
895 ATT/GTT - 1299V 599 TTCITAC - F200Y 288 CAT/CAC H 627 AAC/AAT N
990 CTT/ICTG L 645 CTT/CTC L 405 CCT/CCA P 696 ATA/ATT I
1149 CCcc/cca P 714 ACGJ/ACC T 411 GGA/GGT G 813 GTA/GTT V
TCT/
1164 CTC/CTT L 738 CTCI/CTG L 420 TCA/ TCC S 834 CCT/CCA P
1197 GGC/GGG G 822 ACC/ACT T 428 GGT/GCT - G143A
1221 ACT/ACC/ACG T 824 AGC/AAC - S275N 435 ACT/ACA T
1365 GTC/GTG/GTT V 834 GCC/IGCT A 507 TTT/TTC F
882 TTT/TTC F 522 GCA/GCT A
1053 ACT/ACC T 525 ACA/ACT T
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SdhA SdhA SdhA SdhB
_ Mutations , Mutations Mutations _ Mutations
Codon Amino Codon Amino Codon . : Codon  Amino
" acid non- acid non- Amino acid non- acid non-
position change syn YN position  change syn YN position change syn YN position  change syn V"

26 TCT/TCC S 332 ACC/IACT T 357 893 ACG/ACC/IACT T 101 GCC/IGTC - A34V
35 GAG/GAA E 338 GAC/IGAT D 376 914 CCT/CCA/ICCC P 115 GTC/ATC - V39l
50 CGT/CGC R 362 GTC/GTT V 400 129 GCC/IGCT A

62 AAC/AAT N 380 TGC/TGT C 165 GTT/IGTC V

77 GCT/GCC A 389 GCT/IGCC A 174 AGT/AGC S

83 CGC/CGT R 392 GCC/IGCT A 180 ACC/ACT T

89 GTT/GTC Vv 413 GCC/IGCT A 186 ACT/ACC T

101 TCCI/TCG S 476 ACC/ACT T 297 GAC/GAT D

107 ACC/ACG T 482 CGC/ICGT R 360 CCGICCA P

119 CGC/CGT R 521 TCG/TCC S 471 ACC/IACT T

122 GAG/GAA E 539 GAG/GAA E 510 ATT/ATC I

137 GGA/GGC/IGGT G 545 ATC/ATT I 537 ACG/ACA T

143 GAG/GAC/GAT - E318D 549 ATC/GTC - 1454V 765 GAT/IGAC D

174 TTGICTG L 570 GCC/TCC - A461S 779  AAG/AGG - K260R
182 CCT/CCC P 590 ACT/ACC T 798 GAT/GAC D
215 TCC/TCG/TCT S 614 CAA/ICAG Q
221 ACC/ACG/ACT T 695 GAT/IGAC D
230 ATT/ATC I 755 GTT/IGTC V
254 AAG/AAA K 764 CTCICTT L
296 GGT/GGC/IGGG G 794 GTG/GTC V
305 CCC/CCA/CCT P 827 GAA/IGAG E
317 ACC/ACT T 839 GCG/GCC A
323 GAG/GAA E 856 TAC/TTC - Y556F




SdhC SdhD
Codon Amino Mutations Codon Amino acid Mutations
acid change
position Change non-syn syn pOSitiOﬂ non-syn non-syn syn
A
99 GCT/GCC A CCT/CCC P
102 GCT/GCC - Q37H GTC/ATC
111 CAG/CAC - S61T CTG/TTG L
181 TCC/ACC Y
210 TAC/TAT A
243 GCC/GCT - G85S
253 GGC/AGC L
258 CTTI/CTC L
282 CTGI/CTC A
288 GCC/GCT P
291 CCcC/CCT G
414 GGT/GGC I
438 ATT/ATC - 1163V
487 ATT/GTT T

201



202

B lem Legend
O 1690
o 1501 Not mutated
@ 1688 | .
5 1250 Homozygous variant
g ioet B Het iant
2 1683 eterozygous varian

1681 4

1679

16758 1

1677

1676

16754

1674 4

1673

1672

1671

1668 4

1667 4

1665

664

1663 4

1478 4

1474

1469 4

14494

1443 4

1415

1412

1219

0313

0310 I

Ry /£ Ry /; IS S /2, £ b L- / 1%
i 29 % 8 (;;?gt,mifs% f;oo"mj}% mj Vi OG%'? f\?"go (:%”(;qe"' s (g %6 :934”(&;‘9" rsf""o 2? 7 r§6 “ réjf o (gj&" s,
Ay 8, 8, &/ Q, O, O Jo) 0, ~ O, O 0, 0,
y "My ey ey Mg, e, M, y Nty g0y Sy gy 118y kg Uiy ey "ty e,

Nonsynonymous mutation
Figure S5.5. Heatmap of nonsynonymous mutations cyp51, 3-tubulin, cyt b and SdhA, SdhB, SdhC and SdhD genes,
for fungicide target site resistance in Corynespora cassiicola isolates. Colors on the map represent genetic variations

for each isolate.
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Figure S5.6. Sanger sequencing in cyt b gene of Corynespora cassiicola from
soybean.
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Figure S5.7. Nucleotide chromatogram sequencing mutation from GGT in sensitive isolates to GCT in resistant Corynespora cassiicola
isolates in cytochrome b gene.
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6 CONSIDERACOES GERAIS

Nos ensaios in vitro de crescimento micelial, os ingredientes ativos
dos grupos quimicos MBC e Qe apresentaram baixa fungitoxicidade para o controle
de C. kikuchii e C. cassicola ademais, mais de 69 % dos isolados de ambas as
espécies, foram classificados como resistentes. Adicionalmente, constatou-se alta
resisténcia cruzada entres os fungicidas que atuam com os mesmos modos de acao.

Os isolados de C. cassiicola, mostraram baixa sensibilidade aos
fungicidas DMI, MBC e IQe. Entre os isolados resistentes, trés foram classificados
como altamente resistentes simultaneamente a MBC, IQe e DMI. Para alguns
isolados, a EC50 foi acima da maior dose testada (100 pug/mL).

Para o gene cyp51 foram encontradas mutagcfes pontuais diferentes
para as espécies analisadas. Para C. kikuchii foram encontradas 13 mutacdes
pontuais (Q161H, N178D, P180S, P200L, K217R, E274D, S279N, E281K, T290S,
1299V, S363N, K442Q e L503V). Para C. truncatum fora observadas 44 mutacoes
nao sinbnimas para esse gene, enquanto para C. cassiicola foram observadas as
mutacdes S279N e 1299V em isolados coletados no ano de 2016.

A mutacdo E198A e F200Y foram as mais frequente no gene (-
tubulina para C. cassiicola. A mutacdo S168Y, 1189V, S275N foi relatada pela
primeira vez. A mutacdo A244E foi relatada para C. truncatum. Para C. kikuchii
foram encontradas apenas mutagdes sinbnimas.

A mutacdo G143A que confere menor sensibilidade ao fungicida IQe
foi observada em para acima de 69% dos isolados nas trés espécies analisadas. As
mutacdes F129L e G137R nédo foram detectadas em nenhuma das trés espécies
analisadas.

Mutacdes mudltiplas aos fungicidas MBC e 1Qe foi observada os
isolados de C. cassiicola, sendo as mutagbes G143A e E198A as mais frequentes. A
mutacdo tripla nos genes alvo cyp51, B-tubulina e cyt b, foi relacionada a dois
isolados 1715 provenientes do estado do Parana e 1722 provenientes do estado de
Mato Grosso do Sul. De 59 isolados analisados, 41% apresentaram mutacdo para a
posicdo alvo E198A + G143A e 22% dos isolados mutaram na posi¢cao F200Y +
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G143A, resultaram em isolados resistentes para os fungicidas MBC e Qol,
respectivamente.

Para os genes Sdh (subunidades a, b, ¢, d) foram encontrados 23
pontos de mutacdo para o gene SdhA e 25 mutacbes para o gene SdhB em C.
truncatum. Para C. kikuchii foram observadas mutagdes sindbnimas para SdhA e 14
substituicbes para o gene SdhB: H17L, G27A, T167M, P192L, E200D, N290K,
I320N, 1434V, A436V, D447N, H448R, E454Q, N513S e Q569K. Para C. cassiicola
foram identificadas mutacdes nas posicbes 318, 454, 461, 556, (A-E318D, 1454V,
A461S, Y556F), 34, 39, 260 (B-A34V, V39l, K260R), 37, 61, 85, 163, (C-Q37H,
S61T, G85S, 1163V) e 126 (D-V126l), respectivamente. Variantes homozigoticas e
heterozigéticas foram encontradas em todas as espécies e em todos os genes
analisados.

Alta diversidade genética de C. kikuchii e C. cassiicola entre isolados
sensiveis e resistentes confirmou que as mutacbes encontradas dentro das
populagdes de C. cassiicola para resisténcia aos fungicidas DMI, MBC, 1Qe e SDHI,
sao responsaveis pela alta variabilidade genética dos isolados.

Estes resultados apontam para a menor eficiéncia de controle de
populacdes de C. kikuchii, C. truncatum e C. cassiicola a campo, devido a alta
pressdo de selecdo exercida pelas consecutiva aplicacbes de fungicidas e a baixa

variacdo dos mecanismos de acao dos fungicidas existentes no mercado.
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