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RESUMO GERAL

Brusone do trigo, causada por Pyricularia oryzae linhagem Triticum (PoTI), é uma das
doencgas fungicas mais importantes e devastadoras que afetam os campos de trigo na
América do Sul, Sudeste Asiatico, Africa Austral, e agora na Alemanha e na Europa
Central. No Brasil, populacdes de PoTl foram associadas a resisténcia a trés grupos
quimicos diferentes, incluindo fungicidas inibidores da quinona oxidase (Qols),
fungicidas inibidores de desmetilacdo (DMIs) e fungicidas inibidores da succinato
desidrogenase (SDHIs). No primeiro capitulo, nos discutimos uma revisdo dos
mecanismos subjacentes a resisténcia a fungicidas em fitopatdgenos, com énfase
especifica em mutacdes pontuais e mecanismos de sitios ndo-alvos associados a
diferentes classes de fungicidas. Com o aumento do uso de fungicidas na agricultura, o
répido surgimento e evolugdo da resisténcia aos fungicidas tornou-se uma questao critica,
colocando desafios significativos a producdo agricola sustentdvel. Nossa revisdo
esclaresce sobre mutagdes ndo-sindbnimas nos genes alvo dos fungicidas, superexpressao
dos genes alvo e regulacdo da bomba de efluxo, e como esses mecanismos afetam os
fungicidas Qol, metil-benzimidazol (MBCs), DMI e SDHI. No segundo capitulo,
apresentamos o resultado do isolado Qol-R PoTl mantendo uma vantagem adaptativa na
severidade da doenca em folhas e espigas ao longo do tempo. Para o isolado Qol-R PoTI,
0 modelo néo linear logistico apresentou melhor ajuste as curvas de progresso da brusone
do trigo ao longo de cinco ciclos sucessivos de infeccdo. No terceiro capitulo, os
resultados deste estudo demonstram que o isolado Qol-R PoTIl mantém maior aptidao e
vantagens competitivas ao longo do tempo. Com base em estudos moleculares, a mutagédo
G143A foi encontrada em 100% dos isolados resistentes aos Qol, indicando que a
mutacdo G143A dos isolados Qol-R PoTI permaneceu estavel. Essas descobertas podem
ter implicacOes significativas para 0 manejo integrado no patossistema da brusone do
trigo, uma vez que as vantagens de aptidao e a estabilidade podem contribuir para fixar e
aumentar a proporcdo de isolados resistentes nas populacdes do patégeno no campo.
Assim, 0s genotipos resistentes das populagGes PoTl com vantagens de aptiddo podem
prevalecer nos campos de trigo, mesmo ap0s sucessivos ciclos de infeccdo na auséncia
de pressdo de selecdo, e os Qols podem perder a sua eficacia permanentemente.
Discutimos a importancia ecolégica de populacbes de patdgenos que apresentam
vantagens evolutivas, maior aptidao e resisténcia estavel a Qols. Esperamos que nossos
resultados possam ajudar a compreender o manejo integrado da brusone do trigo nos
campos de trigo brasileiros.

Palavras-chave: Resisténcia a fungicidas. Brusone do trigo. Vantagem adaptativa.
Fungicidas sistémicos. Ecologia e epidemiologia. Controle de doencas e manejo de
pragas.



GENERAL ABSTRACT

Wheat blast, caused by Pyricularia oryzae pathotype Triticum (PoTl), is one of the most
important and devastating fungal diseases affecting wheat crops in South America,
Southeast Asia, Southern Africa and now in Germany and in central Europe. In Brazil,
PoTI populations have been associated with resistance to three different chemical groups,
including quinone outside inhibitor fungicides (Qols), demethylation inhibitor fungicides
(DMIs), and succinate dehydrogenase inhibitors fungicides (SDHIs). In the first chapter,
we discuss a review of the mechanisms underlying fungicide resistance in crop pathogens,
with a specific emphasis on point mutations and non-target site mechanisms associated
with different fungicide classes. With the increasing use of fungicides in agriculture, the
rapid emergence and evolution of fungicide resistance have become a critical issue,
posing significant challenges to sustainable crop production. Our review sheds light on
non-synonymous mutations in the target genes of fungicides, target gene overexpression,
and efflux pump upregulation, and how these mechanisms affect the Qol fungicides,
methyl-benzimidazole (MBCs), DMI and SDHI fungicides. In the second chapter, we
present the result of that Qol-R PoTl isolate maintaining an adaptive advantage in disease
severity on leaves and heads over time. For the Qol-R PoTl isolate, the nonlinear logistic
model exhibits a better fit to the progress curves of wheat blast over the course of five
successive infection cycles. In the third chapter, the results of this study demonstrate that
the Qol-R PoTlI isolate maintains higher fitness and competitive advantages over time.
Based on molecular studies, the G143A mutation was found in 100% of the Qol-resistant
isolates, indicating that the G143A mutation of the Qol-R PoTI isolates remains stable.
These findings can have significant implications for the integrated management of the
wheat blast pathosystem since fitness advantages stability can contribute to fixing and
increasing the proportion of resistant isolates in field populations of the pathogen. Hence,
resistant genotypes of the PoTI populations with fitness advantages may prevail on wheat
fields, even after successive infection cycles in the absence of selection pressure, and
Qols may lose their efficacy permanently. We discuss the ecological importance of
populations of pathogens that have evolutionary advantages, higher fitness, and resistance
to Qols stable. We hope our results can help insights into the integrated management of
wheat blast in Brazilian wheat fields.

Keywords: Fungicide resistance. Wheat blast. Fitness advantage. Systemic fungicides.
Ecology and epidemiology. Disease control and pest management.
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PART 1

GENERAL INTRODUCTION

Wheat (Triticum aestivum) is one of the most important cereal staple crops
produced worldwide, contributing to global food security (ACEVEDO et al., 2018).
Brazil harvested 6.6 million tons of wheat during the 2018/2019 season, representing
0.9% of the 735 million tons produced globally (COLUSSI et al., 2022; FAOSTAT, 2022).
In Brazil, yield losses are due to many diseases, a lack of quality Brazilian wheat, and
low internal production and supply. Thus, it is estimated that around 4 million tons of
wheat grain annually are still imported into Brazil (CONAB, 2020; CERESINI et al.,
2018). In 1986, the wheat blast was first reported in northern Parana state, Brazil
(IGARASHI, 1986). After that, the pathogen quickly spread to south-central Brazil and
other countries such as Argentina, Bolivia, and Paraguay (GLADIEUX et al., 2018;
CERESINI et al., 2018). In 2016, the wheat blast was reported outside South America,
firstly, in Bangladesh, southeast Asia, and secondly, in 2017, in Zambia, eastern Africa,
causing outbreaks that significantly harmed production in both countries (CALLAWAY
et al., 2016; ISLAM et al., 2016; TEMBO et al., 2020). These two outbreaks resulted
from contaminated seed lots distributed to two continents (SINGH et al., 2021). In 2022,
the blast disease was also reported in Germany in central Europe (BARRAGAN et al.,
2022).

In 2015, the resistance to Qol fungicides in Brazilian PoTI populations has been
reported (CASTROAGUDIN et al., 2015). Qol-resistant (Qol-R) isolates from those PoTI
populations were associated with the G143A point mutation in the cytochrome b (cyt B)
gene (CASTROAGUDIN et al., 2015). Fungicide resistance may change plant pathogens'
fitness (HAWKINS and FRAAIJE et al., 2018). In a recent study, Qol-R PoTI isolates
carrying the G143A mutation had a higher fitness and competitive advantage than Qol-
sensitive (Qol-S) isolates (DORIGAN et al., 2022), contrasting with the evolutionary
theory, whose foundation is that fungicide resistance should come with fitness cost
(HAWKINS and FRAAIJE et al., 2018). The higher conidial production and higher levels
of disease severity on the Qol-R PoTl isolates reinforce their competitive ability against
the Qol-S isolates and their potential for continuously causing crop damages on wheat
fields after displacing the sensitive PoTI lineages (DORIGAN et al., 2022). On the other
hand, the fitness cost has also been reported in blast pathogens, with reduced infection
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efficiency and aggressiveness in field isolates of P. oryzae on rice with G143A mutation
and reduced virulence in the G143A mutant of Magnaporthe oryzae from Perennial
ryegrass (MA and UDDIN, 2009; D’ AVILA, 2022; DORIGAN et al., 2023).

This dissertation is organized into three papers (1 review and two original research
papers). The first paper published in Pest Management Science is a review entitled
“Target and non-target site mechanisms of fungicide resistance and their implications for
the management of crop pathogens,” which provides background information about
fungicide resistance mechanisms and their implications for developing anti-resistance
strategies in plant pathogens. In the second paper, entitled “Temporal dynamics of
Pyricularia oryzae Triticum resistant to quinone outside inhibitor fungicides,” we
characterize the temporal progress of wheat blast and fit the best nonlinear model,
describing the nature of an epidemic of Qol-R PoTI isolate compared with the sensitive
isolate (Qol-S), throughout five successive infection cycles of PoTI on wheat leaves and
heads. Finally, in the third paper, entitled “Stability of resistance and competitive
advantage of Pyricularia oryzae Triticum resistant to Qols,” we assess the fungicide
resistance stability, fitness, and competitive ability of the Qol-resistant (R) PoTlI isolates
group throughout nine and five successive infection cycles in vitro and in vivo,

respectively, in the absence of fungicide.
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ABSTRACT

BACKGROUND: Fungicides are indispensable for high-quality crops, but the rapid
emergence and evolution of fungicide resistance have become the most important issues
in modern agriculture. Hence, the sustainability and profitability of agricultural
production have been challenged due to the limited number of fungicide chemical classes.
Resistance to site-specific fungicides has principally been linked to target and non-target
site mechanisms. These mechanisms change the structure or expression level, affecting
fungicide efficacy and resulting in different and varying resistance levels.

RESULTS: This review provides background information about fungicide resistance
mechanisms and their implications for developing anti-resistance strategies in plant
pathogens. Here, our purpose was to review changes at the target and non-target sites of
quinone outside inhibitor fungicides (Qols), methyl-benzimidazole fungicides (MBCs),
demethylation inhibitor fungicides (DMIs), and succinate dehydrogenase inhibitor
fungicides (SDHIs) and to evaluate if they may also be associated with a fitness cost on
crop pathogen populations.

CONCLUSION: The current knowledge suggests that understanding fungicide
resistance mechanisms can facilitate resistance monitoring and assist in developing anti-

resistance strategies and new fungicide molecules to help solve this issue.
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1. INTRODUCTION

Fungicide resistance may occur in fungi, which are etiological agents of important
pathosystems, and in some cases, the molecules used fail to effectively control crop
diseases due to resistance associated not only with target sites but also with non-target
site mechanisms.!

Since 1980, the emergence of pathogen populations resistant to various fungicides
belonging to different chemical classes has risen continuously globally.? Consequently,
many studies based on genome sequencing, bioinformatics, and gene manipulation have
focused on on the modes of action of fungicides and their corresponding resistance
mechanisms. Among them, increased activity of efflux pumps, metabolic circumvention,
detoxification, standing genetic variations, regulation of stress response pathways, and
single nucleotide polymorphisms (SNPs) have been studied. * 4 The purpose of this
review was to summarise both known mechanisms linked to target sites, such quinone
outside inhibitor fungicides (Qols), methyl-benzimidazole fungicides (MBCs),
demethylation inhibitor fungicides (DMIs), and succinate dehydrogenase inhibitor
fungicides (SDHIs) and those not linked to target sites as overexpression of drug efflux
pumps, detoxification, and CYP51 paralogs correlated with fungicide resistance.

Moreover, we hope to inspire further efforts in exploring the molecular
underpinnings of fungicide resistance and assessing the fitness costs, resistance stability,
competitive abilities, and resistance inheritance based on non-target sites of plant
pathogens. This knowledge may provide more insights into their impact on disease
management, a better understanding of the pathosystem, and the adoption of anti-

resistance strategies.

2. MUTATIONS LINKED TO FUNGICIDE RESISTANCE
2.1. Target site alterations

Mutations are inherited alterations in a specific DNA sequence compared to a
reference sequence.® Non-synonymous mutations in genes that encode the target site are

amino acid substitutions at the fungicide target enzyme, reducing fungicide binding.% In
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agroecosystems, genetic mutation plays an essential role in the evolution of plant
pathogens to fungicide resistance.’

In some cases, resistance to site-specific fungicides, such as Qols, occurs due to a
single point mutation in the gene encoding the target enzyme. It can confer a high level
of resistance, with qualitative resistance occurring. When the Qol fungicide binds to the
target protein translated from the cyt b gene, ATP synthesis is inhibited by blocking the
electron transfer chain reaction, resulting in the death of Qol-sensitive isolates. Mutations
in the cyt b gene that result in binding site modification consequently have non-attachment
between Qol fungicides and the target protein and thus do not compromise ATP
production for Qol-resistant isolates (Fig. 1A). For example, the substitution of the amino
acid glycine for alanine at the position of codon 143 (G143A) in the cytochrome b (cyt b)
gene occurs by immediate change, significance, and directional selection for reduced
sensitivity.® However, quantitative resistance occurs when more than one gene
contributes to resistance. Quantitative resistance happens by gradual changes in the
direction of resistance over time, either to multisite fungicides or to some single-site
compounds.® For example, fungal populations have the potential to evolve quantitative
resistance in the presence of lanosterol demethylation inhibitors (DMIs) (Fig. 1C).
Quantitative resistance to DMIs may be associated with mutations in the CYP51 gene,
overexpression of the target site, altered efflux pump activity, metabolic circumvention,
and metabolic detoxification of fungicide molecules.® ¥

For the chemical classes of fungicides used in agroecosystems, there are several
reports of point mutations at the target site of field isolates associated with the evolution
of fungicide resistance. The Fungicide Resistance Action Committee (FRAC) and the
European and Mediterranean Plant Protection Organization (EPPO) have listed and
published information on the resistance of pathogen species to fungicide classes.!* ? We

focused on point mutations at the target sites of Qols, MBCs, DMIs, and SDHIs.
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Figure 1. Schematic illustration of different fungicide resistance mechanisms. Within the
scheme, for each case, and from left to right shown the populations, individual isolates
with different resistance classes, DNA genomic, genes and target proteins produced. Blue
balls represent the fungicides molecules in all examples (A to F). A) Target site changes
in the bcl complex (complex Il in the electron transport chain) associated with
qualitative resistance to quinone outside inhibitor fungicides (Qols). The isolates (and
color codes) are: Qol-sensitive (green) and Qol-resistant (red). B) Target site changes in
the p-tubulin gene associated with qualitative resistance to methyl-benzimidazole
fungicides (MBCs). The isolates (and color codes) are: MBC-sensitive (green) and MBC-
resistant (red). In the target protein, the g-tubulin is represented by green color for MBC-
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sensitive isolates and the red color for MBC-resistant isolates. Alpha-tubulinis
represented by the white color. C) Target site changes in the CYP51gene associated with
quantitative resistance to demethylation inhibitor fungicides (DMIs). The isolates (and
color codes) are: DMI-sensitive (green), DMI-reduced sensitivity (yellow), DMI-
moderately resistant (orange) and DMI-highly resistant (red). Mutations in the CYP51A
and or CYP51B gene of the DMI-moderately resistant isolate are represented by the
orange color. D) CYP51 promoter region changes associated with quantitative resistance
to DMIs. The isolates (and color codes) are: DMIs-sensitive (green), DMIs-reduced
sensitivity (yellow), DMIs-moderately resistant (orange) and DMIs-highly resistant (red).
E) Target site changes in the Succinate dehydrogenase (complex Il or succinate-
ubiquinone oxidoreductase) associated with quantitative resistance to succinate
dehydrogenase inhibitors fungicides (SDHIs). The isolates (and color codes) are: SDHI-
sensitive (green), SDHI-reduced sensitivity (yellow), SDHI-moderately resistant (orange)
and SDHI-highly resistant (red). F) Changes in efflux pumps transcription factor (TF) or
promoter region (PR) associated with quantitative multidrug resistance (MDR). The
isolates (and color codes) are: sensitive (green), MDR-reduced sensitivity (yellow),
MDR-moderately resistant (orange) and MDR-highly resistant (red).

2.1.1. Qol fungicides

In Qol fungicides, field resistance has been reported in 43 fungal species and is
associated with seven mutations in the cytb gene (Table 1).!! The most common mutation
identified is G143A, which has been detected in 80% of fungal species.’® Quantitative
polymerase chain reaction (qQPCR) assays have shown a predominance of the G143A
mutation within and among pathogen species. The frequency of the G143A mutation
within some populations is over 90%.* The cytb G143A substitution has been observed
in field isolates of Botrytis cinerea from tomato, cucumber, and strawberry, > Plasmopara
viticola from grape,'® Zymoseptoria tritici from wheat,** and many other pathosystems
(Table 1). However, in some cases, Qol resistance has only been associated with the
F129L mutation in the cytb gene, for example, populations of Alternaria solani from
potato,'” Phakopsora pachyrhizi from soybean,'® Rhizoctonia solani from rice,*® and
others (Table 1). In rare cases, the F129L mutation has been reported in P. viticola.?



Table 1. Description of mutations most frequently associated with fungicide resistance of plant pathogenic fungi.
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Plant pathogens p-tubulin? cyth® CYP51A° CYP51B°¢ sdhB¢ sdhCH sdhD*
Alternaria alternata P230A; P230D; P230F; ) ) ) ]
F167Y G143A P230I1; P230R; N235D; G79R; HI3AR, D123E; H133P;
- - S135R H133R;
N235E; N235G; N235T; H1330Q: H133T
H277L; H277R; H277Y ’
Alternaria ) G143A i i ) ) )
arborescens
Alternaria solani ] ] T28A; A4TT;
- F129L - - H278R; H277Y H134Q; H134R D123E: H133R
Alternaria tenuissima - G143A - - - - -
Botrytis cinerea E198A;
198K; G143A P225F; P225H; P225L; P80H; G85A; H132R; 1189L
E198L; - - P225T; N230I; H272L; 193V; M158V;
198V; H272R; H272V; H277Y V168I; A187F
F200Y
Botrytis elliptica - - - - H272R; H277Y - -
Cercospora beticola F167Y;
E198A F129L; G143A - L144F - - -
Cercospora - F129L; G143A - - : - :
nicotianae
Cercospora sojina - G143A - - - - -
Cladosporium fulvum E198A, i i i ) ) )
F200Y

Colletotrichum
acutatum

F129L; G143A
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Plant pathogens S-tubulin cyth® CYP51AC CYP51B¢ sdhB¢ sdhC? sdhD¢
Colletotrichum E198K;
cereale E198A; - - - - - -
F200Y
Colletotrichum E198A G143A
gloesporidides i i ) ) )
Colletotrichum G143A
graminicola ) i i ) ) )
Qolletotrlchum E198A: G143A i i ) ) )
siamense
Corinespora M163l;
cassicola F167Y; ) ] S73P; N75S S89P; D95E;
E198A. G143A i i H278R; 1280V; H277Y H105R: G109V
F200S;
F200Y
Didymella bryoniae ) G143A i i H277R: H277Y ) )
Didymella rabiei - G143A - - - - -
Didymella tanaceti S73P; G79R,;
- - - - H277R; H277Y; 1279V H134R; H134Q; D112E; H122R
S135R
Erysiphe graminis Y137F; K147Q;
f.sp. hordei - - - K172E; M304l; - - -
S509T
Erysiphe graminis S79T; Y137F;
f.sp. tritici ) G143A ) K175N ) ) )
Erysiphe necator - G143A - Y136F H242R; 1244V; H277Y G169D; G169S -
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Plant pathogens S-tubulin cyth® CYP51AC CYP51B¢ sdhB¢ sdhC? sdhD¢
Fusarium Q73R;
graminearum F167YE A83V: R86C:
E198L; - - - - RS6H -
1980Q;
F200Y
Helm!nthosporlum E198A i i i ] ] ]
solani
Lasiodiplodia E198A;
theobromae E198K; - - - - - -
F200Y
Leveillula taurica L130T; G143A,;
- L210T; L290T; - - - - -
L290F
Monilinia fructicola HEY; E198A; G461S
E198K ] ] ] ] ]
Monilinia laxa E198A - - - - - -
Microdochium majus - G143A - - - - -
Microdochium nivale - G143A - - H253Q - -
Mycovel_l_03|ella ) G143A i i ] ) ]
nattrassii
Parastagonospora G143A Y137F; Y144H
nodorum ) i ) ) )
Passalora fulva - F129L - - - - -
Penicillium E198A,
aurantiogriseum E198K; - - - - - -

F200Y
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Plant pathogens S-tubulin cyth® CYP51AC CYP51B¢ sdhB¢ sdhC? sdhD¢
Penicillium digitatum E1980Q; Y137H; Q309H;
F200Y ] ] G459S; F506I ] ] ]
Penicillium expansum E198A;
F167Y; - - - - - -
E198K
Penicillium E198A;
puberulum E198K; i i i ) ) )
Pestglotlopsw ] F120L: G143A i i ) ) )
longiseta
Phakopsora F120L; Y131F; I186F
pachyrhizi - F129L - Y131H; K142R; - -
1145F; 1475T
Plasmopara viticola - G143A - - - - -
Podosphaera fusca E198A G143A - - - - -
Podosphaera ) G143A i i ) ) )
leucotricha
Podosphaera xanthii - G143A - - H267Y; H277Y - -
Pseudqperonospora ) G143A i i ) ] )
cubensis
Pseudocercospora Y137F; A313G;
fijiensis E108A G143A A381G; Y461D;

G462A; Y463D;
Y463H; Y463N;
Y461N

Puccinia triticina

Y137F
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Plant pathogens p-tubulin? cyth® CYP51A° CYP51B°¢ sdhB¢ sdhCH sdhD*
Pyrenopeziza E198A;
brassicae 198G; )
F200V: - - G460S; S508T - - -
L240F
Pyrenophora teres - F129L FA89L - H277Y K49E -
Pyrenophora tritici- ] F129L; G137R; i i ] ]
repentis G143A
Pyricularia grisea - F129L; G143A - - - - -
Pythium ) F129L i i ) ) )
aphanidermatum
Ramularia collocygni V136A; Y137F;
A311S; 1381T; N224T: H266R: H266Y: N87S; GI1R;
] G143A ) 1384L; D458G; 12671 1268V- H27TY H142R; ]
Y459C; Y459N; ’ ’ H146L; H146R;
G460D; G460V, H153R; G171D
Y461N; Y461H
Rhizoctonia cerealis ) i i i H277Y ) )
Rhizoctonia solani H116D; H116Y;
- F129L - - H246Y H139Y G138V: L120Y
Rhynchosporium E198G;
commune F200Y G143A i i ) ) )
Sclerotinia ) GI91R; G150R;
homoeocarpa E198K - - - H277Y; H267Y G159W -
Sclerotinia E198A, ] ] ]
sclerotiorum F200Y i i i H273Y GI1R; H146R; D108K; H132R

G150R




25

Plant pathogens S-tubulin cyth® CYP51AC CYP51B¢ sdhB¢ sdhC? sdhD¢
Spha_erotheca ] G143A i i ] ] ]
fuliginea
Stemphylium H272L; H272R; H272Y;
botryosum ) i i i H277Y; P225F; P225L ) )
Ster_nph_yllum ] G143A i i ] ] ]
vesicarium
Tapesia acuformis E198A;E198
G; E198Q; - - - - - -

F200Y
Tapesia yallundae E198A;

198G;

E198K; - - - - - -

L240F;

F200Y
Venturia inaequalis E198A;

198G;

E198K; G143A - Y137F T253I H151R -

F200Y;

L240F
Venturia pirina E198A;F200 i i i ) ) )

Y;
Zymoseptoria tritici Y137F; D107V; N2251; N225T; R265P; T791; T79N; _ _
D134G; 136A; H267L; T268A; T268l; W80S; R47Vg/i;\gé14v,
E198A F129L - G143A ] V136C; V136G; H277Y S83G; A84F;
' Y137F; M145L; N86A,;
S208T; N284H; N86K; N86S;
H303Y; A311G; P127A;
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Plant pathogens S-tubulin cyth® CYP51AC CYP51B¢ sdhB¢ sdhC? sdhD¢
G312A; A379G; R151M; R151S;
1381V; A410T; R151T; H152R;
G412A,; Y459C; V166M; T168R

Y459D; Y459H;
Y459N; Y459P;
Y459S; A459;
A459-460; A460;
G460D; Y461D;
Y461G; Y461H;
Y461L; Y461N;
Y461S; VA90L,
G510C; S524T

& Mutations described in the g-tubulin gene of plant pathogens associated with resistance to Methyl benzimidazole carbamates (MBCs).

b Mutations described in the cytochrome b (cytb) gene of plant pathogens associated with resistance to Quinone outside inhibitors (Qols).

¢ Mutations described in the cytochrome P450 family 51 subfamily A member 1 and subfamily B member 1 genes of plant pathogens associated

with resistance to Demethylation inhibitors (DMIs).

dMutations described in the sdhB, sdhC, sdhD genes, which encode the three subunits of succinate dehydrogenase (SDH; mitochondrial complex I1) of

plant pathogens associated with resistance to Succinate dehydrogenase inhibitors (SDHISs).
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2.1.3. DMI fungicides

For DMIs, field resistance observed in 19 fungal species was associated with 58
mutations in the CYP51 gene (Table 1).1* When CYP51 of DMI fungicides binds to the
target protein, ergosterol synthesis is inhibited, resulting in the death of DMI-sensitive
isolates. Changes in the CYP51 gene of DMI-moderately resistant isolates, which
provides reduced protein binding affinity, lead to a reduction in the inhibition of
ergosterol synthesis. CYP51 paralogs (CYP51A and CYP51B) are represented in both
DMI-sensitive and DMI-moderately resistant isolates (Fig. 1C). The most common
mutation among those identified in the CYP51A and CYP51B genes and associated with
DMI resistance is CYP51 Y137F, which has been reported in 58% of fungal species.*®
For example, important CYP51 Y137F mutations related to high DMI resistance have
been identified in field isolates of Erysiphe graminis f. sp. tritici from wheat,?*

Phakopsora pachyrhizi from soybean,?® Z. tritici on wheat,?® and others (Table 1).

2.1.4. SDHIs

For SDHIs, field resistance has been identified in 22 fungal species and associated
with 83 mutations in the sdh genes (Table 1).1* 27 Mutations in the sdhB, sdhC, and sdhD
genes of SDHI-highly resistant isolates are represented by red colour (Fig. 1E). When
SDHI fungicides bind to the SDH target protein, the activity of succinate dehydrogenase
is inhibited, resulting in the death of SDHI-sensitive isolates. Changes in SDHI-highly
resistant isolates for certain sdh genes provide altered binding affinity, and the SDHI
fungicides do not bind to the target protein and do not inhibit fungal respiration (Fig. 1E).
The most common mutation among the sdhB, sdhC, and sdhD genes found correlated
with SDHI resistance is the sdhB-H277Y, which has been observed in 68% of fungal
species.’® This mutation has been identified in field isolates of B. cinerea from
strawberry,?® Rhizoctonia cerealis from wheat,?® Z. tritici from wheat,3 3! and many other

pathosystems (Table 1).

2.2. Overexpression of the target site
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Although target site alterations are the main fungicide resistance mechanism
known, the resistance of plant pathogens to DMIs and MBCs has also been associated
with overexpression of the target site.1? Insertions in the CYP51 gene promoter region are
associated with increased gene expression in Zymoseptoria tritici DMI-highly resistant
isolates. This resistance mechanism may be associated with the target site change (Fig.
1D). In several fungal species, resistance to DMIs results from overexpression of the
sterol 14 alpha-demethylase gene CYP51.% 32 Generally, overexpression of the target site
occurs by either rearrangement or mutation in its promoter region.>

Some studies with Mycosphaerella fijiensis on bananas have reported
overexpression of the CYP51 gene associated with DMI resistance, in which its DMI-
resistant-progeny inherits the changes in the PfCYP51 gene promoter region linked to
increased expression.®® ** For field isolates of Cercospora beticola on beet, DMI
resistance occurs by overexpression of the CYP51 gene.® Field isolates of Monilinia
fructicola on peaches also show DMI resistance mediated by overexpression of the
CYP51 gene.* In Pyrenophora teres on oat, DMI resistance results from the F489L change
in CYP51A, which causes inducible overexpression of the CYP51 gene.®® Similarly,
overexpression of the CYP51 gene was a DMI resistance mechanism in Aspergillus
flavus, A. niger, A. parasiticus, and Pyricularia oryzae from rice.®”3® Additionally, in
Colletotrichum gloeosporioides, DMI resistance in field isolates results from mutations
and overexpression of CYP51.4% However, overexpression of the PdACYP51B gene confers
resistance to DMIs in Penicillium digitatum, the causal agent of citrus green mould.*
Concerning MBCs, benomyl resistance of Colletotrichum acutatum from grapes results
in overexpression of the s-tubulin gene CaTUB1, controlled by CaBEN1.42

3. NON-TARGET SITE MECHANISMS OF FUNGICIDE RESISTANCE

Non-target site mechanisms of fungicide resistance have been identified as an
important factor related to the emergence of fungicide resistance in many fungal
pathogens. This mechanism includes reducing the fungicide’s effectiveness without
affecting its interaction with the target site. Here, we discuss the types of non-target site
mechanisms of fungicide resistance (NTSR) and their impact on fungicide resistance. At
least nine non-target site mechanisms of fungicide resistance can provide resistance to the
main fungicide classes, such as (i) drug efflux transporters, (ii) CYP51 paralogs, (iii)

mitochondrial heteroplasmy, (iv) alternative respiration, (v) altered sterol metabolism,
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(vi) detoxification, (vii) regulation of stress response pathways, (viii) quantitative effects,
and (ix) transcription factors.! Among the main classes of chemical fungicides, resistance
to DMIs appears to be more diverse and correlated with six non-target site mechanisms,
likely due to its frequent and prolonged use in both the agricultural and medical fields.* 2
This section focuses on the main non-target site mechanisms: overexpression of drug
efflux pumps, detoxification, and CYP51 paralogs correlated with fungicide resistance.
An important question to consider is whether one of the most critical implications of non-
target site resistance is its potential to confer cross-resistance to multiple fungicides,
including those with different modes of action. This is because the resistance mechanism
targets the fungicide’s detoxification or transport pathways rather than the fungicide's
target protein.* Thus, fungicide resistance resulting from non-target site mechanisms can
be challenging for the management and control of plant pathogens.! Furthermore,
resistance in the non-target site may have a low impact on fungal fitness, allowing the
populations to remain and spread in the absence of fungicides.! This persistence may lead
to the establishment of resistant populations that are hard to manage. In this sense, non-
target site mechanisms of fungicide resistance are a significant concern in agriculture and
require careful consideration in fungicide development and management strategies.
Understanding the molecular and biochemical mechanisms underlying non-target site
resistance and developing effective management strategies to mitigate its impact are

crucial for the long-term sustainability of fungicide use in agriculture.

3.1 Overexpression of drug efflux pumps

Drug efflux transporters are integral membrane-bound proteins that facilitate the
movement of various substrates across biological membranes, including protein
macromolecules, ions, and small molecules.*® In phytopathogenic fungi and other
eukaryotes, two primary groups of drug efflux transporters exist: ATP-binding cassette
(ABC) transporters and major facilitator superfamily (MFS) transporters. Despite the
importance of these transporter families in virulence, there appears to be no direct
correlation between the abundance of these transporters in the fungal genomes of saprobic
and pathogenic isolates.*

Initially, ABC transporters have been described as P-glycoproteins (P-gp), but
they are also known as PDR proteins (pleiotropic drug resistance) or MDR proteins

(multidrug resistance). The ABC superfamily, which appears to be the dominant drug
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transporters, is composed of a transmembrane domain (TMD, conferring specificity) and
a structurally conserved nucleotide-binding domain (NBD) where ATP is hydrolysed.®: 43
The tight coupling of ATP cleavage allows ABC transporters to export toxic
compounds.*® An essential characteristic of ABC drug transporters is their low substrate
specificity, enabling them to transport a wide variety of structurally different
compounds.*® There are seven subfamilies (A-G) of the ABC transporter classified based
on the architecture of the protein.:: 4

The MFS transporter carries compounds through the fungal plasma membrane by
either chemiosmotic ion gradients or proton motive force.*” The MFS transporter contains
74 families, and each family is accountable for a specific substrate type.*® In general,
MFES transporters function in drug efflux systems, the secretion of endogenously
produced toxins, and as metabolites of the Krebs cycle, organophosphate/phosphate
exchangers, and bacterial aromatic permeases.*

Overexpression of efflux pumps in MDR isolates may occur by either
rearrangement or mutation in their promoter region (PR) or transcription factor (TF).
MDR isolates exhibit overexpression of the ATP-binding cassette (ABC) transporters and
or the Major Facilitator Superfamily (MFS) transporters, resulting in different molecule
types carryied across a biological membrane, including SDHIs, DMIs, and MBCs.
Different levels of efflux pump overexpression in MDR isolates may lead to different
drug sensitivity levels. No major changes have been observed in the genes of sensitive
isolates (Fig. 1F).

In ascomycetes, such as in P. oryzae, B. cinerea, and Fusarium spp., 40 to 50 ABC
transporters have been reported, and more than 200 MFS with approximately 100 MFS
transporters belong to MDR proteins.** 42 Studies have reported the involvement of
ABC transporters in the development of MDR in phytopathogens (e.g., ABC-G
transporter), such as BCATRB and BCATRD from B. cinerea on fruits and vegetables,
and association with resistance to DMIs, MBCs, and SDHIs. The ABC-G transporter also
confers resistance to DMIs, such as MoABC2 in P. grisea from rice > and ShATRD in
Sclerotinia homoeocarpa from turfgrass.®® For P. digitatum on citrus, ABC-G
transporters, such as PMR1 and PMR5, have been associated with resistance to MBCs.*
Regarding MFS transporters, the fungal phenotype DMI resistant has been associated
with MDR by overexpression of MFS genes, including MgMFSL1 in Z. tritici from
wheat,>? PAMFS1 in P. digitatum from citrus,>® and BcMFSMZ2 in B. cinerea from fruits
and vegetables (Fig. 1F).>" The fungus Z. tritici uses the MgMFS1 protein to protect
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against natural toxins and fungicides.®® However, gene disruption has been associated
with increased sensitivity to Qols in Z. tritici, confirming its role in MDR.*® Furthermore,
MFS’s host-specific toxins (HSTs) in plant pathogens can affect plant pathogenesis.**

3.2 Expression of drug efflux pumps

Several ABC transporter genes have been described, and their expression is
upregulated in various natural and synthetic toxic compounds, such as phytoalexins and
drugs.®® Although the expression of efflux transporters occurs between 10 and 15 minutes
after exposure to the drugs, this “lag period” seems to be enough for several toxins to
diffuse into the pathogen’s cells, inhibiting growth. If the appropriate transporters are
constitutively expressed, drug absorption is blocked, thus avoiding the “lag period” and
conferring drug resistance.*

In B. cinerea, a pathogen that causes grey mould on fruit and vegetables, MDR
phenotypes exhibit overexpression of the ABC transporter BCATRB and the MFS
transporter BcMFSM2 (Fig. 1F).>” BcATRB, which is defined as MDR1, provides
tolerance for phytoalexin resveratrol. Its overexpression confers resistance to fludioxonil,
carbendazim, cyprodinil, and tolnaftate, whereas BCMFSM2, defined as MDR2, has been
correlated with resistance to iprodione, boscalid, tolnaftate, cyprodinil, fludioxonil,
fenhexamid, tebuconazole, bitertanol, and cycloheximide.>’%° Natural hybridisation
between MDR1 and MDR2 phenotypes resulted in MDR3.%” MDR1h, a more potent
MDRL1 isolate that carries a more significant expression level of BCATRB, has been
discovered. Its resistance to fludioxonil and cyprodinil is higher than that of the MDR1
isolate.5! For P. tritici-repentis, the causal agent of wheat tan spot, adaptation to DMI
fungicides and the ability to infect plants is dependent on efflux pump gene expression
and localisation of their products in the plasma membrane.®® Another wheat pathogen, Z.
tritici causes Septoria leaf blotch; overexpression of the MgMFS1 gene occurs with high
resistance to DMIs and low resistance to Qols and SDHIs.%* % However, disruption of
the Mgmfsl gene has been associated with increased sensitivity to tolnaftate,
epoxiconazole, boscalid, Qols, and a cercosporin compound in Z. tritici.®® ¢

In turn, P. digitatum from citrus has presented complete or partial resistance to
triflumizole, imazalil, and prochloraz with overexpression of PMR1, PdMFSL1, and
PAMFS2.55%7 For field isolates of S. homoeocarpa, resistance to propiconazole results

from overexpression of the PDR transporter ShATRD. Furthermore, practical field
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resistance to propiconazole, iprodione, and boscalid occurs with ShPDR1

overexpression.®

3.3 Events underlying the overexpression of drug efflux pumps

3.3.1. Transcription factors

Some changes in the expression levels of efflux transporters play an essential role
in the emergence of resistance to many drugs. It regulates the transcription of efflux
transporters by different mechanisms, alterations in their promoters, and gain-of-function
mutations in the transcription factors controlling their expression (Fig. 1F).! TFs are
proteins that interact with specific DNA sequences to regulate gene expression and
influence biological processes.®® They have a meaningful role in signal transduction
pathways and are the last bridge between signal flow and target gene expression. Amino
acid alteration is the most common type of alteration in certain TFs, and it increases the
expression levels of efflux pumps. For B. cinerea, point mutations in MDR1 occur in all
isolates with the MDR1 phenotype. These mutations provide BCATRB overexpression
by transforming TFs from a drug-inducible state to a permanently active one.>’

Furthermore, point mutations in MDR1 mrrl transformants are responsible for
both permanent MRR1 activation and BCATRB overexpression.®” In A. fumigatus, the
transcription factor SItA regulates itraconazole resistance by overexpressing ABC
transporter MDR1, and the DMIs target Erg11A.7 Field isolates of S. homoeocarpa from
turfgrass contain a gain-of-function mutation (M853T) in ShXDR1. This mutation causes
the overexpression of ABC transporters (ShPDR1 and ShATRD) and other genes
(CYP561, CYP65, CYP68), leading to multidrug resistance (MDR).”* Additionally,
overexpression of ATRB associated with resistance to fludioxonil is not regulated by a
single transcription factor MRR1 in Botrytis fragariae from strawberries.

Notably, the regulators of MDR1 (Mrrl) and ShXDR1 contain a Zn,Cyss domain.
The transcription factor Zn,Cyss and C6 zinc proteins are a subcategory of zinc finger
proteins exclusive to fungi. Zn,Cyss has a well-conserved Cys-X2-Cys-X6-Cys-X5-12-
Cys-X2-Cys-X6-9-Cys (C6 domain) with two zinc atoms, a binding domain, and a
regulatory domain.” Zn,Cyss is involved with drug resistance.”* For example, in
Rhynchosporium commune from barley, either TFs or activators containing a fungal-
specific Zn,Cyss domain have contributed to DMI resistance.” Either overexpression of

the ABC transporter or MFS encoding genes increasing fungicide efflux may be a
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resistance mechanism.”® In P. oryzae from rice, isoprothiolane resistance occurs with the
Zn,Cyss transcription factor encoding MolRR.” For three P. oryzae lab mutants, the
mutations R343W, R345C, and a 16-bp insertion in MoIRR have been identified and
linked to isoprothiolane resistance. In addition, cross-resistance to isoprothiolane and
iprobenfos has been observed, suggesting that MolIRR is strongly associated with
resistance to choline biosynthesis inhibitors.”* However, in Z. tritici from wheat, SDHI
cross-resistance to fluopyram and isofetamid has not been associated with alterations in
sdhB, C, and D.”” Despite the 519-bp MgMFS1 promoter insert in SDHI-resistant isolates,
MgMFS1 overexpression appears not to be associated with fluopyram and isofetamid
resistance.’’” Furthermore, in transcription factor Zn.Cyss in C. acutatum from fruit, the
leucine zipper transcription factor CaBEN1 has been associated with resistance to
benomyl.*? For A. alternata on tangelo, the stress-responsive transcription factor Yapl
results from clotrimazole, fludioxonil, vinclozolin, and iprodione resistance.”® For P.
digitatum from citrus, the zinc finger transcription factor Crz1 confers resistance to
DMIs.” Therefore, some TFs significantly mediate fungicide resistance by regulating

drug efflux pumps in many cases.

3.3.2. Promoter rearrangement

Promoter rearrangement may be caused by complex insertion—deletion events
involving transposable element sequences. Detection of promoter rearrangements can
provide valuable information for monitoring fungicide resistance in plant pathogens.
However, the detection of these events can be challenging, as they may involve large
genomic regions and can be difficult to distinguish from other types of mutations.>® &
Mernke et al.2° showed two types of rearrangement (A and B) in the BcmfsM2 promoter
related to MDR for B. cinerea in vineyards. In promoter type A rearrangement, there is
an insertion of 1326-bp in conjunction with a 678-bp deletion, whereas in promoter type
B, there is an insertion of 1011-bp and a 76-bp deletion. MDR2 isolates, which harbour
either type A or type B rearrangement, exhibit identical resistance phenotypes and similar
levels of BcmfsM2 overexpression.®® Previously, the use of the reporter gene confirmed
the constitutive activation of the BcmfsM2 promoter per rearrangement.’

Omrane et al. (2017) also showed insertion in the promoter region of an efflux
transporter associated with MDR in Z. tritici. Thus, three types of insertions occur in the

MgMFS1 promoter region, including types I, Il, or 111, determined by the insertion length
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in the MFS1 promoter. Type | insertion, a 519-bp long terminal repeat (LTR)-
retrotransposon containing upstream activation sequences (UASs), can lead to its
overexpression and thus to an MDR phenotype. The type Il insertion also has UASs, and
the type Il insert appears devoid of regulatory elements. These three insertions in the same

promoter have led to multidrug resistance and induced MgMFS1 overexpression.

3.4 Inhibition of multidrug efflux pumps

Efflux pump inhibitors (EPIs) can affect the biological functions of the efflux
pump and delay the development of fungicide resistance. EPIs inhibit efflux pump
activities; thus, fungicide can restore its efficacy and reach the action site. At least five
different modes of action have been described for EPIs, such as the following: (i)
interfering with the assembly of the efflux pump,® (ii) inhibition of the energy source of
the efflux pump,®? (iii) reduction in the NP expression of the efflux pump genes,® (iv)
hindrance of the substrate from passing through the efflux pump channel,® and (v)
competitive/non-competitive inhibition of the efflux pumps.®> The molecules of efflux
EPIs are derived from medicinal plants holding antimicrobial activities, as well as
synthetic sources.®® Verapamil, a calcium blocker that inhibits different types of drug
efflux, acts by binding the target site of the multidrug similar to the pump substrates.®” In
a recent study, verapamil reverted the resistance of C. albicans to fluconazole (FLC),
showed synergism with FLC against C. albicans, and reduced fungal recovery.® For
Phytophthora capsici on pepper, verapamil had no inhibitory effect in resistant isolates.®
However, the MDR isolates of Phytophthora capsici could be inhibited by the efflux
pump inhibitor amitriptyline,® which is one substrate of P-gp belonging to the ABC
transporter superfamily.® In addition, amitriptyline can recover the activity of fluazinam,
chlorothalonil, and oxathiapiprolin in P. capsici isolates.®® For A. alternata on tomato,
zinc nanoparticles (ZnO-NPSs) are effective against boscalid-resistant and -sensitive
isolates and showed enhanced antifungal activity when applied in combination with
boscalid or fluazinam (an ATP-synthetase inhibitor).* These synergistic/additive effects
between fluazinam and ZnO-NPs may be an indication that the toxicity of ZnO-NPs is
involved with an efflux mechanism regulating zinc ion homeostasis.?? % Although there
are many advantages and potential for EPIs in managing fungicide resistance, they still
need more research and interest from industries and more capital. Therefore, this could

be key to helping solve resistant fungicides in pathogens.®®
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3.5 Detoxification

Metabolic detoxification is a common resistance mechanism in antibiotics,
insecticides, and herbicides. It can occur by oxidation, reduction, and hydrolysis to give
modified functional groups conjugated for excretion or deposition.®* This mechanism has
been reported for Qol, MBC, and DMI fungicides.’%%% For MBCs, isolate SD-4 of
Mycobacterium sp. degrades carbendazim (MBCs) by hydrolase that encodes the Mhel
gene. A site directional mutation experiment demonstrated that the critical amino acid
sites Cys16 and Cys222 have an important role in the hydrolysis of MBC Mhel.*® For
DMIs, cytochrome P450 monooxygenase CYP684 is responsible for the natural
resistance of Botrytis pseudocinerea to fenhexamid by oxidation.®” For multi-site
fungicides, the non-essential thiol compound available for detoxifying Captan has been

shown as a possible mechanism for B. cinerea against this fungicide.%®

3.6 Paralogs of the CYP51 gene

In several fungal species with multiple CYP51 paralogs, resistance to DMIs is
often associated with mutations in or overexpression of the sterol 14 alpha-demethylase
gene CYP51A, as described in sections 2.1.3 and 2.2.3% % Several species of ascomycete
fungi have multiple CYP51 paralogs, including CYP51A and CYP51B in Aspergillus spp.,
CYP51C in Fusarium spp., and a pseudo-generalised duplication of CYP51A called
CYP51A-p in R. commune.2% 101 CYP51 paralogs may mediate differential sensitivity to
DMIs (Fig. 1C). For example, sensitivity to DMI fungicides increases more in CYP51A
deletion mutants than in CYP51C of Fusarium graminearum.’®? The disruption of
CYP51A associated with increased DMI sensitivity has also been observed in A.
fumigatus 1° and F. graminearum.® In both Colletotrichum fioriniae and C. nymphaeae,
disruption of CYP51A and CYP51B increases sensitivity in eight and five DMI fungicides,
respectively.'® Therefore, the less conserved nature of CYP51A may significantly impact
DMI sensitivity.1%°
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4. FITNESS PENALTY AND FITNESS ADVANTAGE

Studies of virulence evolution in plant pathogens have been limited. Typically,
the evolution of plant pathogens is studied by focusing on the host—pathogen interaction,
target enzyme, or metabolic pathway.'® Fungicide resistance can provide fitness
advantages to plant pathogens resistant in the field, including higher virulence than wild-
type isolates. Still, few reports of plant pathogens have shown both fungicide resistance
and higher fitness. Nevertheless, it is essential to investigate whether fitness costs offset
these benefits in the absence of fungicides. Resistance mutations may be associated with
a fitness cost in plant pathogens, resulting in evolutionary trade-offs.!® Conceptually,
fitness can be defined as the survival and reproductive success of an individual or group
of individuals that carry a particular characteristic of fungicide resistance expressed as
progeny contribution to the next generation.!®” For a single isolate, the fitness
components, such as growth rate and virulence, may represent the isolate’s capacity to be
pathogenic. Other components, such as conidial production and conidial germination,
may demonstrate the isolate’s potential to develop infections, reproduce, and spread in
field crops. lIsolates with higher fitness may be associated with an evolutionary
compensatory process.'® In this sense, it may reduce the fitness costs from a point
mutation in the target gene that confers fungicide resistance.'®® In some cases, resistant
isolates exhibiting fitness advantages, such as isolates of Z. tritici resistant to
cyproconazole with no CYP51 mutations, have higher virulence than wild-type isolates,
likely due to efflux pumps against fungicides 1% (Table 4). Similar to what was observed
for Z. tritici, P. oryzae pathotype Triticum isolates carrying the G143A mutation in the
cytb gene also show greater virulence and competitive advantage than sensitive wild-type
isolates (Table 2).1° These results contrast with the evolutionary idea that fungicide
resistance can come with fitness costs.!® Conversely, many plant pathogens with
fungicide resistance are associated with a fitness cost and/or absence of fitness cost.

For Qols, there are some examples of Qol-resistant plant pathogens in which a
fitness cost has been associated with G143A/S, F129L mutations in the cytb gene, such
as F. fujikuroi,*™* M. oryzae,**> * M. fructicola,'* P. viticola,?® ''° P. oryzae,''® U.
maydis,**” and Z. tritici'!® (Table 3). There were also reports of no fitness costs in Qol-
resistant field isolates, such as A. alternata,!*® A. alternata pathotype tangerine,'*° B.
cinerea,? 122 C. acutatum,*?® 2 E. necator,'®® M. grisea,*?® P. pachyrhizi,*® P.

viticola, 6 127:128 and Z. tritici*?® (Table 2).
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Table 2. Description of mutations in the cytochrome b (cyt b) gene or non-target-site of plant pathogens associated with resistance, fitness cost and
resistance stability to Quinone outside inhibitors (Qols).

Resistance , Fitness No Fitness  Fitness Mutation
Plant pathogens Host Mechanism Mutation penalty penalty  advantage stability? Reference

Alternaria alternata Pistachio Cyt b G143A - v - NI 119
alteration

A alternata Citrus Cytb G143A i v i Stable 120

pathotype tangerine alteration

A. alternata Potato Cyt b G143A NI NI NI Stable 182
alteration

Botrytis cinerea Strawberry Cyt b G143A - 4 - NI 121
alteration

B. cinerea Apple Cyt b G143A NI NI NI Stable 104
alteration

B. cinerea Vegetable - Cytb G143A i v : NI 121

fruits alteration

Brumeria graminis Wheat vt b G143A - - - Stable 193
alteration

B. graminis . Wheat ~ Non-target- : v i i NI 194

sp.triticl site

. Cytb G143S or
Cercospora beticola ~ Sugar beet alterations F129V/ - - - Stable 195
i Cytb G143S or

C. beticola Sugar beet alterations F120\/ NI NI NI NI 196

Colletotrichum Strawberry _ OtD G143A i v i Stable 123, 124

acutatum alteration

Colletotrichum lentis Lentis Cytb G143A NI NI NI NI 197

alteration




38

Resistance

Fitness

No Fitness

Fitness

Mutation

Plant pathogens Host Mechanism Mutation penalty penalty  advantage stability? Reference

Colletotrichum Cytb G143A or

truncatum Soybean alterations F129L NI NI NI NI 198, 199

Corynespora Soybean Cytb G143A NI NI NI NI 200

cassiicola alteration

Erysiphe necator Grape Cyt b G143A - 4 - Stable 125
alteration

. .. . . Cytb

Fusarium fujikuroi Rice . G143A v - - NI 111
alteration

Glomerella Apple Cytb G143A NI NI NI NI 201

cingulata alteration

Lasiadiplodia Mango Non-?arget- i i v i Stable 183

theobromae site

. Cytb
: - v -
Magnaporthe grisea Barley alteration G143A Stable 126
M. oryzae Perennial Cytb G143A v i i NI 112
ryegrass alteration

M. oryzae Rice Cytb G143A/S v i i Stable 113
alteration

Monilinia fructicola Peach Non;:get- - 4 - - Not Stable 114

Mycosphaerella

fijiensis, M. Bananas Cytb G143A NI NI NI NI 202

musicola and alteration

M. thailandica

Parastagonospora Wheat Cytb G143A NI NI NI NI 203

nodorum alteration
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Resistance

Fitness

No Fitness

Fitness

Mutation

Plant pathogens Host Mechanism Mutation penalty penalty  advantage stability? Reference
Phakopsora Soybean Cytb F129L i v i NI 18
pachyrhizi alteration
Phytophthora Strawberry VLD G143A NI NI NI NI 204
cactorum alteration
Plasmopara viticola Grape alt(; ?latlt?on G143A, F129L v - - NI 115, 20

. Cytb
P. viticola Grape alteration G143A - 4 - Stable 127
. . Cytb
P. viticola Grapevine alteration G143A - v - NI 128
. : , Cytb Stable in vitro and
: v - - o
Pyricularia oryzae Rice alteration G143A Not stable in Vivo 116
P. oryzae Triticum Wheat ti?’;t?on G143A i i v NI 110
Septoria glycines Soybean aItCeE ?/;t?on G143A NI NI NI NI 205
Ustilago maydis Maize aItCeE ?/;t?on G143A v - - NI 117
Venturia inaequalis Laboratary Cyt b G143A - - - NI 206
mutants alteration
V. inaequalis Apple Nonéff‘erget' i NI NI NI NI 95
. Cytb
Zymoseptoria tritici Wheat alteration G143A v - - NI 118
Z. tritici Wheat Cytb G143A, G37V - v - Stable 129

alterations
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Resistance

Fitness

No Fitness

Fitness

Mutation

Plant pathogens Host Mechanism Mutation penalty penalty  advantage stability? Reference
Z. tritici Wheat Cyt b G143A NI NI NI NI 207
alteration

Mutations in the cytochrome b (cyt b) gene or non-target-site of plant pathogens associated with resistance stability to quinone outside inhibitors

(Qols). NI, not investigated

Table 3. Description of mutations in the S-tubulin gene of plant pathogens associated with resistance, fitness cost and resistance stability to
Methyl benzimidazole carbamates (MBCs).

Resistance

Fitness

No Fitness

Fitness

Mutation

Plant pathogens Host Mechanism Mutation penalty penalty  advantage stability? Reference
Botryosphaeria S-tubulin i v i
dothidea Apple alteration E198A Stable 135
Botrytis cinerea Ginseng  /Z-tubulin E198AV/K NI NI NI NI 208
alterations
B. cinerea Fruitsand - f-tubulin 2y g0 /e v i i NI 131
vegetables alterations
. Fruits and S-tubulin F200Y; E198A,;
) ) ‘/ - -
B. cinerea vegetables alterations M233I Stable 130
B. cinerea Fruitsand — f-tubulin E198G - v - NI 21
vegetables alteration
Cercospora beticola ~ Sugar beet p -tubu_lm E198A - - - NI 209
alteration
Colletotrichum Apple f-tubulin E198A NI NI NI NI 210
gloeosporioides alteration
Colletotrichum Banana ﬁ-tubu_lln F200Y i v i NI 136,137
musae alteration
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Resistance

Fitness

No Fitness

Fitness

Mutation

Plant pathogens Host Mechanism Mutation penalty penalty  advantage stability? Reference
Colletotrichum Soybean ~ Aubulin - oongy E198a NI NI NI NI 124,199
truncatum alterations

. S-tubulin )

Colletotrichum spp. Strawberry . F200Y; E198A NI NI NI NI 211
alterations

Corynespora Soybean ~ Aubulin - onheE198a NI NI NI NI 200

cassiicola alterations

. . . : S-tubulin .

Fusarium fujikuroi Rice ! E198K; F200Y NI NI NI NI 212
alterations

Fusarium Wheat - - - v - Stable 184

graminearum

Fuse_lr_lum i /)’-tubu_lln T50A i i i NI 913

moniliforme alteration

Monilinia fructicola Peach ﬁ-tubu_lln E198A - v - Stable 114
alteration

M. fructicola Stone fruit - tubulin E198A v NI 132
alteration

M. fructicola Stone fruit - tubulin HeY - v - NI 138
alteration

Monilinia laxa Stone fruit  A-tubulin L240F v - - NI 133
alteration

Oculimacula sp. Barleyand  f-tubulin F200Y i v i NI 139

wheat alteration
Penicillium S-tubulin F167Y or
- v

expamsum Pears alterations E198A/V/K NI 214

Pestz_ilotlopsw-llke Tea _Varlatlon_s i NI NI NI NI 215

species in S-tubulin
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Plant pathodens Host Resistance Mutation Fitness No Fitness  Fitness Mutation Reference
b g Mechanism penalty penalty  advantage stability?

Phomopsis Strawberry  AUBUIN 2 gay mo0oT i v i NI 140

obscurans alterations

Pseudocercosporella S-tubulin F167Y or

: - v -

fijienses Banana alterations E198A/V/K Stable 141

U_stllag|n0|dea Rice _Varlatlon_s i v i i Stable 134

virens in S-tubulin

Venturia carpophila Peach _Vananon_s E198K/G NI NI NI NI 216
in B-tubulin

aMutations in the g-tubulin gene of plant pathogens associated with resistance stability to Methyl benzimidazole carbamates (MBCs). NI: Not
Investigated.

Table 4. Description of mutations in the CYP51 gene or non-target-site of plant pathogens associated with resistance, fitness cost and resistance
stability to Demethylation inhibitors (DMIs).

Resistance Fitness No Fitness Mutation
Plant pathogens Host . Mutation Fitness - Reference

Mechanism penalty advantage stability?

penalty
Alternaria Tomato i : : v : NI 217
alternata
Paris K715R + Y781C,

A. alternata polyphylla ~ CYP51 alterations K715R + D1140G + - v - NI 155

var.chinensis T1628A
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No

Resistance . Fitness . Fitness Mutation
Plant pathogens Host Mechanism Mutation penalty Fitness advantage stability? Reference
penalty
Aspergillus Labmutants  CYPSlalterations ~ CYPS1A-G54W v : : NI 38
parasiticus
- Overexpression of
- - v -
A. parasiticus Lab mutants CYP51A gene NI 38
Blumeria graminis ——yyent . : v . : NI 218
f. sp. tritici
B._ graminis f. sp. Wheat Multlple i i v i NI 219
tritici mechanisms
CYP51 alterations
Botrytis cinerea Tomato and induced G476S, K104E, M231T v - - Stable 142
expression
Inducible
B. cinerea Tomato expression of - v - - Stable 143
CYP51
B. cinerea Grape — cypsy alterations P347S - v - NI 156
vineyards
Cercospora . I1330T, P384S and
beticola Sugar beet  CYP51 alterations E297K - - - Stable 35
. Overexpression of
- - v -
C. beticola Sugar beet CYP51 Stable 35
Cladospc_)rlum Apple i i v i i NI 990
cucumerinum
. CYP51 alterations )
Colletotrichum Chili and CYP51s CYP51A:Y128H or i v i NT 157

acutatum

OVGI’GXpI’ESSiOﬂ

T207M




44

No

Resistance . Fitness . Fitness Mutation
Plant pathogens Host Mechanism Mutation penalty pFé;n;ﬁ)s/ advantage stability? Reference
CYP51A: V18F, L58V,
Colletotrichum CYP51 alterations  S175P, P341A, A340S,
loeosnorioides Chili pepper and T379A, N4T76T, v - - NI 40
g P overexpression CYP51B: D121N,
T132A, F391Y, T262A
- . single deletion mutants v i i
C. gloeosporioides Grape CYP51 alterations of CYP51A or -B NI 144
Colletotrichum . deletion mutants of
siamense Strawberry  CYP51 alterations CYP51A or -B NI NI NI NI 221
CYP51A: D115V,
C. siamense Chili CYP51 alterations R306K and E397D. - - - NI 222
CYP51B:R266H
Colletotrichum spp. Lab mutants CYP51 alterations CYP51A or —B deletion - - - NI 105
Inducible
Colletotrichum - expression of
v - -
truncatum Chili pepper CYP51 and CYP51 M376L/H373N Stable 96
alterations
C. truncatum Soybean CYP51 alterations - NI NI NI NI 198
Erysiphe necator Grapevine Altered s_t_erol - - v - NI 223
composition
Major facilitator
Fusarium Small-grain and _ ) ) ) ) Stable 994
culmorum cereals overexpression of
FCABC1
Fusarium fujikuroi Rice Metabolization - - - - NI 225
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No

Resistance . Fitness . Fitness Mutation
Plant pathogens Host Mechanism Mutation penalty pFé;n;Ii; advantage stability? Reference
. . . . CYP51B: F511S or

F. fujikuroi Rice CYP51 alterations S312T/F511S NI NI NI NI 226
Fusarium Lab mutants - - - v - Stable 227
graminearum
F. graminearum Wheat CYP51 alterations G443S NI NI NI NI 227

CYP51 alterations

and D243N and

F. graminearum Lab mutants overexpression 103Q&V157L v - - Stable 145

CYP51A, -B and -

C
Fusarium solani - CYP51 alterations L218 NI NI NI NI 228
Lasiodiplodia Overexpression of
- v - -

theobromae Papaya CYP51 NI 229

Overexpression of

- v - -
L. theobromae Mango CYP51 NI 230
Induced

Magnaporthe . overexpression of v i i
oryzae Rice CYP51A and Y126F, 1125L Stable 146

CYP51 alterations
Monl_lmla Peach - - - v - Not stable 185
fructicola

ConstitutiveCYP51

overexpression,

M. fructicola Stone fruits promoter insert Y136F v - - Stable 147

(Mona) and
CYP51 alterations
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No

Resistance . Fitness . Fitness Mutation
Plant pathogens Host Mechanism Mutation penalty Fitness advantage stability? Reference
penalty
. . Overexpression of
M. fructicola Stone fruits CYP51 - - v - NI 231
M. fructicola Stone fruits Non-target-site - - v - NI 175
M. fructicola Peach CYP51 alterations G461S v - - Stable 148
M. fructicola Stone fruits  CYP51 alterations G461S v - - Not stable 149
Ocullma_cula Wheat Mechanism i v i i NI 939
acuformis unknown
O. acuformis and Wheat Mechanism i i v i NI 939
0. yallundae unknown
Penicillium Apple i i v NI 933
expansum
F120L + Y131H,
Phakopsora _ Y131F + K142R,
pachyrhizi Soybean CYP51 alterations Y131F + 1475T v - - NI 150,151
orF120L +Y131F +
1475T
Phomopsis Strawberry Mechanism i i v i NI 140
obscurans unknown
P_hytqphthora Tobacco - - v - - Stable 152
nicotianae
Pyrenophora teres Barley - - - v - NI 234
CYP51 alterations
and
P. teres Barley overexpression F489L - - - NI 37
of CYP51A and

CYP51
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No

Resistance . Fitness . Fitness Mutation
Plant pathogens Host Mechanism Mutation penalty Fitness advantage stability? Reference
penalty
Pyricularia Wheat Non-target-site - NI NI NI NI 235
oryzae Triticum
Ramularia Barley ~ CYP51 alterations 1325T, 1328L NI NI NI NI 236
collocygni
Rhlzo_cotonla Rice CYP51 alterations S94A, N406S, HT733R, v - - NI 153
solani L750P
Sclerotinia Turfgrass - - v - - NI 237
homoeocarpa
i Watermelon
Sf[agor)osporopms and CYP51 alterations G463, 1444M, Y446H, NI NI NI NI 238
citrulli A464G
muskmelon
Ustilago maydis Lab mutants Altered s_t_erol - - v - NI 239
composition
Ustilaginoidea . Induce(_j
virens Rice overexpression of - - v - NI 240
CYP51
CYP51A: G444D;
Venturia effusa Pecans CYP51 alterations CYP51B:G357H, NI NI NI NI 241
I77T/77L

Venturia inaequalis Apple Constiutive - - v - NI 242

g PP CYP51
Villosiclava virens  Lab mutants CYP51 alterations Y136H - v - NI 158
tzr3i’t”i“‘coise"’t°r'a Wheat  CYP51 alterations 1381V, V136A i i i NI 243
Z. tritici Wheat CYP51 alterations Y137F, 4 - - NI 154

V136A and 1381V
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No

Resistance . Fitness . Fitness Mutation
Plant pathogens Host Mechanism Mutation penalty Fitness advantage stability? Reference
penalty
50S, S188N,
- . A379G,459/460
] 1 - \/ -
Z. tritici Wheat CYP51 alterations G460D, Y461H, or NI 154
N513K,

- . V136C, 1381V,
Z. tritici Wheat CYP51 alterations Y461H, S524T NI NI NI NI 207
Z. tritici Wheat Non-target-site - - - v NI 108
Z. tritici Wheat Non-target-site - - - - NI 178
Z. tritici Wheat - - v - - NI 178

aMutations in the CYP51 gene or non-target-site of plant pathogens associated with resistance stability to Demethylation inhibitors (DMIs). NI:

Not Investigated.
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Table 5. Description of mutations in the sdh gene or non-target-site of plant pathogens associated with resistance, fitness cost and resistance
stability to Succinate dehydrogenase inhibitors (SDHISs).

Plant pathogens Host Resistance Mutation Fitness No Fitness . Reference
. . Mutation
Mechanism penalty  Fitness advantage e o
stability
penalty
sdhB-S221P,
. Sdh sdhB -H267N,
Alternaria alternata Lab mutants alterations sdhB-H267Y, - v - Stable 159
or sdhD-D129E
sdhC-H134R,
A. alternata Lab mutants Sdn sdhD-H133R, v - - NI 159
alterations and sdhD-
D123E
sdhB-
sdh H277Y/R,
A. alternata Peach . sdhC-H134R, - v - Stable 8
alterations
and sdhD-
H133R
sdh sdhB- H277L,
A. alternata Almond . sdhC-H134R, NI NI NI NI 244
alterations
G79R
sdhD-D123E,
sdhB-H277/8
?dz'rffmata and A. Potato N tefgtTons YIR, sdhC- i v - NI 167
H134R, or
sdhD-H133R
Botrytis cinerea Lab mutants - - v - - NI 245
B. cinerea Apple - - v - - Stable 161




Plant pathogens Host Resistance Mutation Fitness No Fitness . Reference
. . Mutation
Mechanism penalty  Fitness advantage -
stability?
penalty
sdhB-
sdh H272R/YI/L,
B. cinerea Apple , sdhB-N230I, v - - NI 121
alterations
and sdhB-
P225F
. Sdh sdhB-H267L/R
B. cinerea Lab mutants alterations P2251 /H272R v - - Stable 161
sdhB-H272R,
sdhB-H272Y,
. Sdh sdhB-H272L
’ _ v _
B. cinerea Strawberry alterations sdhB-P225F, NI 160
and sdhB-
N230I
Apple shB-G85A,
cherry quei)erry Sdh sdnB-193V,
B. cinerea ’ ' . sdhB-M158V v - - NI 246
pear and alterations 4 sdh
strawberry and sdhB-
V168l
sdh sdhB-P225F/H
B. cinerea Vegetable fruits . and sdhB- v - - NI 121
alterations
1274V
sdh sdhB-P225L,
B. cinerea Vegetable fruits . sdhC-G85A - 4 - Stable 162
alterations
and 193V
Colletotrichum Soybean Sdh sdhB-S208Y NI NI NI NI 199

fruncatum

alterations
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Plant pathogens Host Resistance Mutation Mutati Reference
Mechanism advantage utation
stability?
Colletotrichum Non-target-
gloeosporioides and  Various plants site - NI 247
C. acutatum
Corynespora sdh
cassiicola or D. Lab mutants . - NI 159
bryoniae alterations
sdhB-H278Y,
" Fruit and Sdh sdhB-1280V
C. cassiicola vegetable alterations and sdhD- NI 163
H105R
sdhB-H278R,
. Fruit and Sdh sdhD-D95E
C. cassiicola vegetable alterations and sdhD- NI 163
G109V
Double
mutations (B-
1280V+D-
D95E/D-
G109V/D-
.. Fruit and Sdh H105R,
C. cassiicola vegetable alterations B-H278R+D- NI 168
D95E/D-
G109V, B-
H278Y+D-
D95E/D-

G109V)
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Plant pathogens Host Resistance Mutation Fitness No Fitness . Reference
_ . Mutation
Mechanism penalty  Fitness advantage -
stability?
penalty
sdhB-
H278YIL,
. Sdh 1280V, sdhC-
C. cassiicola Cucumber alterations S73P, N75S, NI NI NI NI 248
H134R, sdhD-
D95E, G109G
i . Sdh sdhC-1244V,
Erysiphe necator Vineyards alterations G25R, H242R NI NI NI NI 249
sdhA-Y182F,
Fusarium Sdh sdhB-H53Q
. . ’ - v -
graminearum Wheat alterations C90S, A%V NI 170
and sdhC-S31F
F. graminearum Wheat Sdh sdhC-A78V - v - NI 169
alterations
sdhA-R18L,
Fusarium Sdh V160M, sdhB-
pseudograminearum Wheat alterations ~ D00Y: D147G, ) Y i NI 170
C257R and
sdhC-W78R
Penicillium Lab mutants Sdn sdhB-H272Y i v - NI 171
expamsum alterations
Phakopsora Soybean Sdn sdhC-186F v . . Stable 164
pachyrhizi alterations
Pyricularia Wheat Non-target- i NI NI NI NI 250
oryzae Triticum site
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Plant pathogens Host Resistance Mutation Fitness No Fitness Mutati Reference
: . utation
Mechanism penalty  Fitness advantage -
stability?
penalty
. sdhB-N2241
EST;%IM:]? Lab mutants al te?gtri]ons and sdhC- - v - Stable 172
Y9 H142R
R. collocygni Lab mutants Sdh sdhC-H142Q - 4 - Not stable 172
alterations
. Sdh sdhC-H146R,
R. collocygni Barley alterations H153R NI NI NI NI 236
sdhB-N246Y,
Rhizoctonia cerealis Lab mutants Sdh sdhC-H139Y v - - Stable 29
alterations and sdhD-
H116Y
Rhizoctonia solani Rice - - v - - NI 251
.. sdhB-
?gllgrrgttilgiim Soybesga?]nd a alte?gtri]ons A11V,sdnhC- NI NI NI NI 252
122V, A31V
sdhB-A11V,
R5G, L269S,
) Sdh V113A,
S. sclerotiorum Soybean alterations W229R. sdhD- 4 - - NI 165
K35E, A55E,
S59R, K78N
Stemphylium solani Lab mutants - - v - - Stable 253
Verticillium dahliae Lab mutants - - - 4 - Stable 254
Ustilago nuda Barley - - - v - NI 255
Zymoseptoria tritici Wheat Sah sdhB-5221P/T, - v - NI 30

alterations

sdhB-
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Plant pathogens Host Resistance Mutation Fitness No Fitness . Reference
. . Mutation
Mechanism penalty  Fitness advantage e o
stability
penalty
H267F/L/N/Y,
sdhB-1269V
andsdhD-
D129E/G/T
Z. tritici Lab mutants Sdh sdhC-H152R v - - NI 166
alterations

aMutations in the sdh gene or non-target-site of plant pathogens associated with resistance stability to Succinate dehydrogenase inhibitors (SDHIs).
NI: Not Investigated.
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For MBCs, plant pathogens, such as B. cinerea, 3% 13! M. fructicola,**> M. laxa,**
and Ustilaginoidea virens,'** exhibit fitness costs linked to E198A/V/K, F200Y, L240F,
and M2331 mutations in the g-tubulin gene (Table 3). No fitness costs associated with
MBC resistance have been found in Botryosphaeria dothidea,'*® B. cinerea,* C.
musae,3® 137 M. fructicola,'** **® Oculimacula sp.,**®* Phomopsis obscurans,**® and P.
fijienses!*! (Table 3).

For DMIs, many isolates that are DMI resistant, such as A. parasiticus,® B.
cinerea,*?1%3 C. gloeosporioides,**!# C. truncatum,®® F. graminearum,'*® M. oryzae,'*°
M. fructicola,**"1*® P. pachyrhizi,®**! P. nicotianae,*® R. solani,'*® and Z. tritici,'>*
carry CYP51 gene mutations and show fitness costs (Table 4). However, isolates with
CYP51 gene mutations, such as A. alternata,’® A. parasiticus,® B. cinerea,®® C.
acutatum,®’ Villosiclava virens,® and Z. tritici,'>* show no fitness costs associated with
DMI resistance (Table 4).

For SDHIs, many field and lab mutant isolates resistant to SDHIs and linked to
the sdh gene, such as A. alternata,’™® B. cinerea,'?t 122 160-162 C  cassiicola,'®® P.
pachyrhizi,'®* R. cerealis,?® S. sclerotiorum,®® and Z. tritici,*®® have associated fitness
costs. However, mutations found in the sdh gene of A. alternata,® *°A. solani,'*” B.
cinerea,®® 12 C.  cassiicola,'%® 1% F.  graminearum,'®® 1  Fusarium
pseudograminearum,’® P. expamsum,!’* R. collo-cygni,}’? and Z. tritici,*® ¢ have no
fitness costs (Table 5).

In addition to target site alterations, mutations at the non-target site may also be
associated with fitness costs. For overexpressed drug efflux pumps, energetic costs may
occur due to active transport. These energetic costs are due to ATP-binding cassette
transporters hydrolysing ATP and MFS transporters using transmembrane proton-motive
force.%® Isolates of B. cinerea suffer a fitness cost associated with MDR1 (atrB
overexpression) and MDR2 (mfsM2 overexpression), resulting in a reduced resistance
frequency over the winter months.!”® In another study, MDR1h and MDR1 isolates (atrB
overexpression) with multiple target-site resistance mutations did not show fitness costs
in mycelial growth and conidial production in vitro.!”* Further, field isolates of M.
fructicola with non-target-site resistance to propiconazole have no fitness cost.1” In
contrast, flusilazole-resistant mutants of A. parasiticus with mdr overexpression have
fitness costs showing a reduction in growth, sporulation, conidial germination and loss of
aflatoxin production.!’® Similarly, MDR mutants of F. graminearum have reduced

growth and virulence.!”” Interestingly, even without CYP51 mutations, isolates of Z.
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tritici with cyproconazole resistance have higher virulence than wild-type isolates,
probably due to either efflux transporters or other resistance mechanisms.% However, in
isolates of Z. tritici, quantitative trait locus PKS1 has been associated with fitness costs
resulting in slower growth.'’

Many mechanisms conferring fungicide resistance to a wide range of plant
pathogens have been reported. Therefore, it is also necessary to assess the molecular basis
of fungicide resistance, fitness costs, and inheritance of non-target site-based resistance

to contribute insights into crop pathogen management.*

5. FUNGICIDE RESISTANCE STABILITY

Resistance stability, fitness, and competitive abilities of field-resistant isolates are
important risk factors in developing fungicide resistance in crop fields.'”® 8 Fungicide
resistance stability in plant pathogens may be characterised by the ability to retain the
same level of fungicide insensitivity after successive generations of exposure or no
exposure to the target fungicide.'8!

For Qols, A. alternata pathotype tangerine,'?° A. alternata,'®? B. cinerea,'® C.
acutatum,'?* E. necator,'?® L. theobromae,'®® M. grisea,'?® P. viticola,'?” and Z. tritici'?®
exhibit stable Qol resistance and no fitness costs (Table 2). Nevertheless, M. oryzae 3
and P. oryzae''® have stable Qol resistance, which is associated with fitness costs (Table
2). Interestingly, Qol resistance in M. fructicola not related to mutations in the cyt b gene
is not stable, and it has been associated with fitness costs (Table 3).114

For MBCs, some plant pathogens, such as Botryosphaeria dothidea,'®* F.
graminearum,*® M. fructicola,*** and P. fijienses,'** exhibit stable resistance with no
fitness costs (Table 3). In contrast, B. cinerea has stable resistance to MBCs and a fitness
cost for mycelial growth, conidial production, virulence, and sclerotium production.**°

For DMIs, the stable resistance by either CYP51 mutations or induced expression,
such as in B. cinerea,*> 43 C. beticola,® C. truncatum,®® F. graminearum,}*> M.
oryzae,'*® and M.fructicola,'*" 18 is associated with a fitness cost (Table 4). In contrast,
DMI resistance stability with no fitness cost has also been found in some species,
including A. alternata,'®® C. beticola,®® Fusarium graminearum,*’” and P. nicotianae!®
(Table 4). In contrast, DMI resistance may not be stable in crop fields, and reversion to
fungicide sensitivity can occur without selection pressure, e.g., in M. fructicolal4® 18

(Table 4). This phenomenon may have relevant implications for disease management
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programmes in crop fields. After using discontinuous DMIs for three years, there was a
decrease in the frequency of DMI-resistant isolates and an increase in the sensitive
populations of M. fructicola. This re-establishment of the sensitive population may be
associated with low adaptability and low competitiveness of DMI-resistant isolates
compared to sensitive isolates.'*® There could be high fitness costs in resistant populations
compared to wild-type populations,’® and resistant isolates can be effectively controlled
using anti-resistance management strategies.

For SDHIs, lab mutants and field isolates from A. alternata with sdh mutations
associated with stable resistance do not show fitness cost® '*° (Table 5). Botrytis
cinerea,'®t1"® P, pachyrhizi,’®* and R. cerealis?® with stable resistance to SDHIs show a
fitness cost, while Ramularia collocygni and B. cinerea show both unstable resistance to

SDHIs and no fitness cost!®? 172 (Table 5).

6. MANAGING THE EVOLUTION OF FUNGICIDE RESISTANCE

Adopting resistance management strategies to optimise the activity of available
fungicides in the future is necessary. These include the introduction of more host species,
cultivating disease-resistant varieties and planting different crop cultivars possessing
different resistance genes, avoiding applying overused fungicides, rotation between
fungicides of different classes, and crop rotation.*8¢-1% Integrated disease management is
the most sustainable solution to avoiding the selection of pathogens with resistant genes
that can increase over time, spread to neighbouring areas, and cause epidemics.t%
Moreover, another strategy that can be adopted is inhibitor efflux pump activity (EPI).
Blocking efflux pump activity may be an effective method for restoring the efficacy of

drugs that are ineffective for combating microorganism resistance.%¢: 192

7. FINAL CONSIDERATIONS

Fungicides are essential tools for crop protection against fungal pathogens, but the
overuse of these chemicals has led to the emergence of resistant isolates. The molecular
mechanisms underlying fungicide resistance are complex and multifaceted. In recent
years, the molecular basis of fungicide resistance has been extensively studied, and many

mutations associated with resistance have been identified. Understanding the molecular
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mechanisms related to fungicide resistance is essential for the development of effective
management strategies, but it remains challenging.

Either mutations at the target site or those at non-target site mechanisms involved
with the evolution of fungicide resistance can also confer fitness advantages, such as
higher levels of virulence for plant pathogens. Nevertheless, there are many other cases
in which these mutations linked to fungicide resistance have been associated with fitness
costs, indicating the need for further investigations of each pathosystem to gain more
insights into crop field management. In addition, in some cases, among non-target site
mechanisms in plant pathogens, the expression of drug efflux and mutations in
transcription factors have also been associated with either fitness costs or no fitness costs.
In such a scenario, future studies exploring the potential of molecules that inhibit

multidrug efflux pumps can also be promising to help solve this issue.

8. ACKNOWLEDGMENTS

Adriano Francis Dorigan was supported by Brazilian Coordination for the
Improvement of Higher Education Personnel (CAPES, finance code 001). Silvino Intra
Moreira was supported by PDJ/CNPq Postdoc Scholarship (152074/2022-8). Sarah da
Silva Costa Guimardes was supported by Brazilian Coordination for the Improvement of
Higher Education Personnel (CAPES, finance code 001) with Postdoc Scholarship. Valter
Cruz-Magalhdes was supported by Brazilian Coordination for the Improvement of Higher
Education Personnel (CAPES, finance code 001) with Postdoc Scholarship. Eduardo
Alves is supported by the National Council for Scientific and Technological Development
(CNPq 305482/2017-3, 313825/2018-1, 432445/2018-8, and 306133/2021-0).

9. CONFLICT OF INTEREST DECLARATION
No conflict of interest.

10. DATA AVAILABILITY STATEMENT

Data that supports the findings of this study are available upon request.



10.

11.

12.

13.

59

11. REFERENCES

Hu M and Chen S, Non-target site mechanisms of fungicide resistance in crop
pathogens: A review. Microorganisms 9: 502 (2021).

Fischer MC, Hawkins NJ, Sanglard D and Gurr SJ, Worldwide emergence of
resistance to antifungal drugs challenges human health and food security. Science
360: 739-742 (2018).

Ma Z and Michailides TJ, Advances in understanding molecular mechanisms of
fungicide resistance and molecular detection of resistant genotypes in
phytopathogenic fungi. Crop Protection 24: 853-863 (2005).

Luo C and Schnabel G, The cytochrome P450 Lanosterol 14-demethylase gene is
a demethylation inhibitor fungicide resistance determinant in Monilinia fructicola
field isolates from Georgia. Applied and Environmental Microbiology 74: 359-
366 (2008).

Cooper DN and Krawczak M. The new genetics, Bios Scientific, Oxford, (1993).

di Rago JP, Coppee JY and Colson AM, Molecular basis for resistance to
myxothiazol, mucidin (strobilurin A), and stigmatellin: Cytochrome b inhibitors
acting at the center o of the mitochondrial ubiquinol-cytochrome c reductase in
Saccharomyces cerevisiae. Journal of Biological Chemistry 264: 14543-14548
(1989).

Chopra I, O’Neill AJ and Miller K, The role of mutators in the emergence of
antibiotic-resistant bacteria. Drug Resistance Updates 6: 137-145 (2003).

Fan Z, Yang JH, Fan F and Luo C, Fitness and Competitive Ability of Alternaria
alternata Field lIsolates with Resistance to SDHI, Qol, and MBC Fungicides.
Plant Disease 99: 1744-1750 (2015).

Lucas JA, Hawkins NJ and Fraaije BA, The evolution of fungicide resistance.
Advances in Applied Microbiology 90: 29-92 (2015).

Hawkins NJ and Fraaije BA, Fitness penalties in the evolution of fungicide
resistance. Annual Review of Phytopathology 56: 16.11-16.22 (2018).

FRAC. List of Plant Pathogenic Organisms Resistant to Disease Control Agents.
In Fungicide Resistance Action Commitee (FRAC) (2021).

EPPO. List of resistance cases. In European and Mediterranean Plant Protection
Organization (EPPO) (2023).

Hawkins NJ and Fraaije BA, Contrasting levels of genetic predictability in the
evolution of resistance to major classes of fungicides. Molecular Ecology 00: 1-
10 (2021).



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

60

Fraaije BA, Cools HJ, Fountaine J, Lovell DJ, Motteram J, West JS, et al., Role
of ascospores in further spread of Qol-resistant cytochrome b Alleles (G143A) in
field populations of Mycosphaerella graminicola. Phytopathology 95: 933-941
(2005).

Banno S, Yamashita K, Fukumori F, Okada K, Uekusa H, Takagaki M, et al.,
Characterization of Qol resistance in Botrytis cinerea and identification of two
types of mitochondrial cytochrome b gene. Plant Pathology 58: 120-129 (2009).

Corio-Costet MF, Dufour M-C, Cigna J, Abadie P and Chen WJ, Diversity and
fitness of Plasmopara viticola isolates resistant to Qol fungicides. Eur J Plant
Pathol 129: 315-329 (2011).

Leiminger JH, Adolf B and Hausladen H, Occurrence of the F129L mutation in
Alternaria solani populations in Germany in response to Qol application, and its
effect on sensitivity. Plant Pathology 63: 640-650 (2014).

Klosowski AC, May De Mio LL, Miessner S, Rodrigues R and Stammlerc G,
Detection of the F129L mutation in the cytochrome b gene in Phakopsora
pachyrhizi. Pest Manag Science 72: 1211-1215 (2016).

Olaya G, Buitrago C, Pearsaul D, Sierotzki H and Tally A, Detection of resistance
to Qol fungicides in Rhizoctonia solani isolates from rice. Phytopathology 102
88-88 (2012).

Esser L, Quinn B, Li Y-F, Zhang M, Elberry M, Yu L, et al., Crystallographic
Studies of Quinol Oxidation Site Inhibitors: A Modified Classification of
Inhibitors for the Cytochrome bcl Complex. Journal of Molecular Biology 341:
281-302 (2004).

Ziogas BN, Nikou D, Markoglou AN, Malandrakis AA and Vontas J,
Identification of a novel point mutation in the S-tubulin gene of Botrytis cinerea
and detection of benzimidazole resistance by a diagnostic PCR-RFLP assay. Eur
Journal of Plant Pathology 125: 97-107 (2009).

Davidse LC and Ishii H. Biochemical and molecular aspects of the mecchanisms
of action of benzimidazoles, N-phenylcarbamates and N-phenylformamidoximes
and the mechanisms of resistance to these compounds in fungi. Modern Seletive
Fungicides, Verlag: Berlin, (1995).

Fisher N and Griffin MJ, Benzimidazole (MBC) resistance in Septoria tritici.
Chemical Control Newsletter 5: 8-9 (1984).

Wyand RA and Brown JKM, Sequence variation in the CYP51 gene of Blumeria
graminis associated with resistance to sterol demethylase inhibiting fungicides.
Fungal Genetics and Biology 42: 726-735 (2005).

Schmitz HK, Medeiros CA, Craig IR and Stammler G, Sensitivity of Phakopsora
pachyrhizi towards quinone-outside-inhibitors and demethylation-inhibitors, and



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

61

corresponding resistance mechanisms. Pest Management Science 70: 378-388
(2013).

Leroux P, Albertini C, Gautier A, Gredt M and Walker AS, Mutations in the
CYP51 gene correlated with changes in sensitivity to sterol 14a-demethylation
inhibitors in field isolates of Mycosphaerella graminicola. Pest Management
Science 63: 688-698 (2007).

Sang H and Lee HB, Molecular mechanisms of succinate dehydrogenase inhibitor
resistance in phytopathogenic fungi. Research in Plant Disease 26: 7 (2020).

Veloukas T, Leroch M, Hahn M and Karaoglanidis GS, Detection and molecular
characterization of boscalid-resistant Botrytis cinerea isolates from strawberry.
Plant Disease 95: 1302-1307 (2011).

Sun HY, Lu CQ, Li W, Deng YY and Chen HG, Homozygous and heterozygous
point mutations in succinate dehydrogenase subunits b, ¢, and d of Rhizoctonia
cerealis conferring resistance to thifluzamide. Pest Management Science 73: 896-
903 (2017).

Fraaije BA, Bayon C, Atkins S, Cools HJ, Lucas JA and Fraaije MW, Risk
assessment studies on succinate dehydrogenase inhibitors, the new weapons in the
battle to control Septoria leaf blotch in wheat. Molecular Plant Pathology 13:
263-275 (2012).

Scalliet G, Bowler J, Luksch T, Kirchhofer-Allan L, Steinhauer D, Ward K, et al.,
Mutagenesis and functional studies with succinate dehydrogenase inhibitors in the
wheat pathogen Mycosphaerella graminicola. PLOS ONE 7: 35429 (2012).

Ziogas BN and Malandrakis AA. “Sterol Biosynthesis Inhibitors: Cl4
Demethylation (DMIs), Tokyo: Springer, (2015).

Leroux P, Albertini C, Gautier A, Gredt M and Walker AS, Mutations in the
CYP51 gene correlated with changes in sensitivity to sterol 14 alpha-
demethylation inhibitors in field isolates of Mycosphaerelia graminicola. Pest
Management Science 63: 688-698 (2007).

Chong P, Vichou AE, Schouten HJ, Meijer HIG, Arango Isaza RE and Kema
GHJ, Pfcyp51 exclusively determines reduced sensitivity to 14a-demethylase
inhibitor fungicides in the banana black Sigatoka pathogen Pseudocercospora
fijiensis. PLOS ONE 14: 17 (2019).

Nikou D, Malandrakis A, Konstantakaki M, Vontas J, Markoglou A and Ziogas
B, Molecular characterization and detection of overexpressed C-14 alpha-
demethylase-based DMI resistance in Cercospora beticola field isolates.
Pesticide Biochemistry and Physiology 95: 18-27 (2009).

Mair WJ, Deng W, Mullins JGL, West S, Wang P, Besharat N, et al., Demethylase
inhibitor fungicide resistance in Pyrenophora teres f. sp. teres associated with



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

62

target site modification and inducible overexpression of Cyp51. Frontiers in
Microbiology 7: 1279 (2016).

Yan X, MaWB, Li Y, Wang H, Que YW, Ma ZH, et al., A sterol 14a-demethylase
is required for conidiation, virulence and for mediating sensitivity to sterol
demethylation inhibitors by the rice blast fungus Magnaporthe oryzae. Fungal
Genetics and Biology 48: 144-153 (2011).

Doukas EG, Markoglou AN, Vontas JG and Ziogas BN, Effect of DMI-resistance
mechanisms on cross-resistance patterns, fitness parameters and aflatoxin
production in Aspergillus parasiticus Speare. Fungal Genetics and Biology 49:
792-801 (2012).

Fan J, Urban M, Parker JE, Brewer HC, Kelly SL, Hammond-Kosack KE, et al.,
Characterization of the sterol 14a-demethylases of Fusarium graminearum
identifies a novel genus-specific CYP51 function. New Phytologist 198: 821-835
(2013).

Wei L, Chen W, Zhao W, Wang J, Wang B, Li F, et al., Mutations and
overexpression of CYP51 associated with DMlI-resistance in Colletotrichum
gloeosporioides from Chili. Plant Disease 104: 668-676 (2020).

Sun X, Xu Q, Ruan R, Zhang T, Zhu C and Li H, PdAMLEL1, a specific and active
transposon acts as a promoter and confers Penicillium digitatum with DMI
resistance. Environmental Microbiology 5: 135-142 (2013).

Nakaune R and Nakano M, Benomyl resistance of Colletotrichum acutatum is
caused by enhanced expression of b-tubulin 1 gene regulated by putative leucine
zipper protein CaBEN1. Fungal Genetics and Biology 44: 1324-1335 (2007).

Perlin MH, Andrews J and San Toh S, Essential letters in the fungal alphabet:
ABC and MFS transporters and their roles in survival and pathogenicity.
Advances in Genetics 85: 201-253 (2014).

Coleman JJ and Mylonakis E, Efflux in Fungi: La Piéce de Résistance PL0S
Pathogens 5: 1000486 (2009).

Lamping E, Baret PV, Holmes AR, Monk BC, Goffeau A and Cannon RD, Fungal
PDR transporters: Phylogeny, topology, motifs and function. Fungal Genetics
and Biology 47: 127-142 (2010).

Hahn M and Leroch M, Multidrug Efflux Transporters. In: Ishii, H. and
Hollomon, D.W. (eds) Fungicide Resistance in Plant Pathogens: Principles and
a Guide to Practical Management . Springer Japan, Tokyo: 233-248 (2015).

Pao SS, Paulsen IT and Saier MH, Major Facilitator Superfamily. Microbiology
and Molecular Biology Reviews 62: 1-34 (1998).

Reddy VS, Shlykov MA, Castillo R, Sun EI and Saier MH, The major facilitator
superfamily (MFS) revisited. FEBS Journal 279: 2022-2035 (2012).



49.

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

63

Kovalchuk A and Driessen AJ, Phylogenetic analysis of fungal ABC transporters.
BMC Genomics 11: 177 (2010).

Amselem J, Cuomo CA, van Kan JAL, Viaud M, Benito EP, Couloux A, et al.,
Genomic analysis of the necrotrophic fungal pathogens Sclerotinia sclerotiorum
and Botrytis cinerea. PLOS Genetics 7: €1002230 (2011).

Abou Ammar G, Tryono R, D6l K, Karlovsky P, Deising HB and Wirsel SGR,
Identification of ABC transporter genes of Fusarium graminearum with roles in
azole tolerance and/or virulence. PLoS ONE 8: 79042 (2013).

Omrane S, Sghyer H, Audéon C, Lanen C, Duplaix C, Walker AS, et al.,
Fungicide efflux and the MgMFS1 transporter contribute to the multidrug
resistance phenotype in Zymoseptoria tritici field isolates. Environmental
Microbiology 17:2805-2823 (2015).

Lee YJ, Yamamoto K, Hamamoto H, Nakaune R and Hibi T, A novel ABC
transporter gene ABC2 involved in multidrug susceptibility but not pathogenicity
in rice blast fungus, Magnaporthe grisea. Pesticide Biochemistry and Physiology
81: 13-23 (2005).

Hulvey J, Popko JT, Sang H, Berg A and Jung G, Overexpression of ShCYP51B
and ShatrD in Sclerotinia homoeocarpa isolates exhibiting practical field
resistance to a demethylation inhibitor fungicide. Applied and Environmental
Microbiology: 6674-6682 (2012).

Nakaune R, Hamamoto H, Imada J, Akutsu K and Hibi T, A novel ABC
transporter gene, PMR5, is involved in multidrug resistance in the
phytopathogenic fungus Penicillium digitatum. Molecular Genetics and
Genomics 267: 179-185 (2002).

De Ramon-Carbonell M, Lépez-Pérez M, Gonzélez-Candelas L and Sanchez-
Torres P, PAMFS1 transporter contributes to Penicilliun digitatum fungicide
resistance and fungal virulence during citrus fruit infection. Journal of Fungi 5:
100 (2019).

Kretschmer M, Leroch M, Mosbach A, Walker AS, Fillinger S, Mernke D, et al.,
Fungicide-driven evolution and molecular basis of multidrug resistance in field
populations of the grey mould fungus Botrytis cinerea. PLOS Pathogens 5:
€1000696 (2009).

Roohparvar R, De Waard MA, Kema GHJ and Zwiers LH, MgMfs1, a major
facilitator superfamily transporter from the fungal wheat pathogen
Mycosphaerella graminicola, is a strong protectant against natural toxic
compounds and fungicides. Fungal Genetics and Biology 44: 378-388 (2007).

De Waard MA, Andrade AC, Hayashi K, Schoonbeek H, Stergiopoulos I and
Zwiers LH, Impact of fungal drug transporters on fungicide sensitivity, multidrug
resistance and virulence. Pest Management Science 62: 195-207 (2006).



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

64

Schoonbeek H, Del Sorbo G and De Waard MA, The ABC transporter BcatrB
affects the sensitivity of Botrytis cinerea to the phytoalexin resveratrol and the
fungicide fenpiclonil. Molecular Plant-Microbe Interactions 14: 562-571 (2001).

Leroch M, Plesken C, Weber RWS, Kauff F, Scalliet G and Hahn M, Gray mold
populations in german strawberry fields are resistant to multiple fungicides and
dominated by a novel clade closely related to Botrytis cinerea. Applied and
Environmental Microbiology 79: 159-167 (2012).

Reimann S and Deising HB, Inhibition of efflux transporter-mediated fungicide
resistance in Pyrenophora tritici-repentis by a derivative of 4'- hydroxyflavone
and enhancement of fungicide activity. Applied and Environmental Microbiology
71: 3269-3275 (2005).

Roohparvar R, Mehrabi R, Van Nistelrooy JG, Zwiers LH and De Waard MA,
The drug transporter MgMfs1 can modulate sensitivity of field strains of the fungal
wheat pathogen Mycosphaerella graminicola to the strobilurin fungicide
trifloxystrobin. Pest Manag Sci 64: 685-693 (2008).

Omrane S, Audéon C, Ignace A, Duplaix C, Aouini L, Kema G, et al., Plasticity
of the MFS1 promoter leads to multidrug resistance in the wheat pathogen
Zymoseptoria tritici. mSphere 2: €00393-00317 (2017).

Hamamoto H, Nawata O, Hasegawa K, Nakaune R, Lee YJ, Makizumi Y, et al.,
The role of the ABC transporter gene PMR1 in demethylation inhibitor resistance
in Penicillium digitatum. Pesticide Biochemistry and Physiology 70: 19-26
(2001).

Wang JY, Sun XP, Lin LY, Zhang TY and Li HY, PdMfs1, a Major facilitator
superfamily transporter from Penicillium digitatum, is partially involved in the
imazalil-resistance and pathogenicity. African Journal of Microbiology 6: 95-105
(2012).

Wu Z, Wang S, Yuan Y, Zhang T, Liu J and Liu D, A novel major facilitator
superfamily transporter in Penicillium digitatum (PdMFS2) is required for
prochloraz resistance, conidiation and full virulence. Biotechnology Letters 38:
1349-1357 (2016).

Sang H, Hulvey J, Popko JT, Lopes J, Swaminathan A, Chang T, et al., A
pleiotropic drug resistance transporter is involved in reduced sensitivity to
multiple fungicide classes in Sclerotinia homoeocarpa (F.T. Bennett). Molecular
Plant Pathology 16: 251-261 (2015).

Lambert SA, Jolma A, Campitelli LF, Das PK, Yin Y, Albu M, et al., The Human
Transcription Factors. Cell 172: 650-665 (2018).

Du W, Zhai P, Wang T, Bromley JM, Zhang W and Lu L, The C2H> transcription
factor SItA contributes to azole resistance by coregulating the expression of the



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

65

drug target Ergl1A and the drug efflux pump Mdrl in Aspergillus fumigatus.
Antimicrobial Agents and Chemotherapy 65: e01839-01820 (2021).

Sang H, Hulvey JP, Green R, Xu H, Im J, Chang T, et al., A xenobiotic
detoxification pathway through transcriptional regulation in filamentous fungi.
mBio 9: e00457-00418 (2018).

Hu M, Cosseboom S and Schnabel G, atrB-associated fludioxonil resistance in
Botrytis fragariae not linked to mutations in transcription factor mrrl.
Phytopathology 109: 839-846 (2019).

Chang PK and Ehrlich KC, Genome-wide analysis of the Zn(I1)2Cyss zinc cluster-
encoding gene family in Aspergillus flavus. Applied Microbiology and
Biotechnology 97: 4289-4300 (2013).

Wang Z-Q, Meng, F.-Z., Zhang, M.-M., Yin, L.-F., Yin, W.-X., Lin, Y., ... Luo,
C.-X., A putative Zn,Cyss transcription factor is associated with isoprothiolane
resistance in Magnaporthe oryzae. Frontiers in Microbiology 9: 2608 (2018).

Mohd-Assaad N, McDonald BA and Croll D, Multilocus resistance evolution to
azole fungicides in fungal plant pathogen populations. Molecular Ecology 25:
6124-6142 (2016).

Blum M, Waldner M and Gisi U, A single point mutation in the novel PvCesA3
gene confers resistance to the carboxylic acid amide fungicide mandipropamid in
Plasmopara viticola. Fungal Genetics and Biology 47: 499-510 (2010).

Yamashita M and Fraaije BA, Non-target site SDHI resistance is present as
standing genetic variation in field populations of Zymoseptoria tritici. Pest
Management Science 74: 672-681 (2018).

Lin HC, Yu PL, Chen LH, Tsai HC and Chung KR, A major facilitator
superfamily transporter regulated by the stressresponsive transcription factor
YAPL1 is required for resistance to fungicides, xenobiotics, and oxidants and full
virulence in Alternaria alternata. Frontiers in Microbiology 9: 2229 (2018).

Zhang T, Xu Q, Sun X and Li H, The calcineurin-responsive transcription factor
Crz1 is required for conidation, full virulence and DMI resistance in Penicillium
digitatum. Microbiological Research 168: 211-222 (2013).

Mernke D, Dahm S, Walker AS, Laleve A, Fillinger S, Leroch M, et al., Two
promoter rearrangements in a drug efflux transporter gene are responsible for the
appearance and spread of multidrug resistance phenotype MDR2 in Botrytis
cinerea isolates in french and german vineyards. Phytopathology 101: 1176-1183
(2011).

Khandavilli S, Homer KA, Yuste J, Basavanna S, Mitchell T and Brown JS,
Maturation of Streptococcus pneumoniae lipoproteins by a type 11 signal peptidase
is required for ABC transporter function and full virulence. Molecular
microbiology 67: 541-557 (2008).



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

66

Cassiano NM, Oliveira RV, Bernasconi GC and Cass QB, Enantioselective
disposition of omeprazole, pantoprazole, and lansoprazole in a same Brazilian
subjects group. Chirality 24: 289-293 (2012).

Van Bambeke F, Pages JM and Lee VJ, Inhibitors of bacterial efflux pumps as
adjuvants in antibiotic treatments and diagnostic tools for detection of resistance
by efflux. Recent patents on anti-infective drug discovery 1:157-175 (2006).

Fadli M, Chevalier J, Saad A, Mezrioui NE, Hassani L and Pages JM, Essential
oils from Moroccan plants as potential chemosensitisers restoring antibiotic
activity in resistant Gram-negative bacteria. International journal of
antimicrobial agents 38: 325-330 (2011).

Uhr M, Steckler T, Yassouridis A and Holsboer F, Penetration of amitriptyline,
but not of fluoxetine, into brain is enhanced in mice with blood-brain barrier
deficiency due to mdrla P-glycoprotein gene disruption.
Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology 22: 380-387 (2000).

Sharma A, Gupta VK and Pathania R, Efflux pump inhibitors for bacterial
pathogens: From bench to bedside. Indian Journal Of Medical Research 149: 129-
145 (2019).

Radchenko M, Symersky J, Nie R and Lu M, Structural basis for the blockade of
MATE multidrug efflux pumps. Nature Communications 6: 7995 (2015).

Vega-Chacon Y, de Albuquerque MC, Pavarina AC, Goldman GH and Mima
EGdO, Verapamil inhibits efflux pumps in Candida albicans, exhibits synergism
with fluconazole, and increases survival of Galleria mellonella. Virulence 12:
231-243 (2021).

Dai T, Wang Z, Cheng X, Gao H, Liang L, Liu P, et al., Uncoupler SYP-14288
inducing multidrug resistance of Phytophthora capsici through overexpression of
cytochrome P450 monooxygenases and P-glycoprotein. Pest Management
Science 78: 2240-2249 (2022).

Yang X, Goswami S, Gorityala BK, Domalaon R, Lyu Y, Kumar A, et al., A
tobramycin vector enhances synergy and efficacy of efflux pump inhibitors
against multidrug-resistant Gram-Negative bacteria. Journal of Medicinal
Chemistry 60: 3913-3932 (2017).

Malandrakis AA, Kavroulakis N and Chrysikopoulos CV, Zinc nanoparticles:
Mode of action and efficacy against boscalid-resistant Alternaria alternata
isolates. Science of The Total Environment 829: 154638 (2022).

Kalamarakis AE, Petsikos-Panagiotarou N, Mavroidis B and Ziogas BN, Activity
of fluazinam against strains of Botrytis cinerea resistant to benzimidazoles and/or
dicarboximides and to a benzimidazole-phenylcarbamate mixture. Journal of
Phytopathology 148: 449-455 (2000).



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

67

Leroux P and Walker A-S, Activity of fungicides and modulators of membrane
drug transporters in field strains of Botrytis cinerea displaying multidrug
resistance. European Journal of Plant Pathology 135: 683-693 (2013).

Casida JE, Pesticide Detox by Design. Journal of Agricultural and Food
Chemistry 66: 9379-9383 (2018).

Jabs T, Cronshaw K and Freund A, New strobilurin resistance mechanism in apple
scab Venturia inaequalis. Phytomedizin 31: 15-16 (2001).

Zhang C, Diao Y, Wang W, Hao J, Imran M, Duan H, et al., Assessing the risk
for resistance and elucidating the genetics of Colletotrichum truncatum that is
only sensitive to some DMI fungicides. Frontiers in Microbiology 8: 1779
(2017).

Azeddine S, Billard A, Bach J, Lanen C, Walker AS, Debieu D, et al., Botrytis
pseudocinerea is resistant to the fungicide fenhexamid due to detoxification by
the cytochrome P450 monooxygenase CYP684. (2013).

Barak E and Edgington LV, Glutathione synthesis in response to captan: A
possible mechanism for resistance of Botrytis cinerea to the fungicide. Pesticide
Biochemistry and Physiology 21: 412-416 (1984).

Brunner PC, Stefansson TS, Fountaine J, Richina V and McDonald BA, A Global
analysis of CYP51 diversity and azole sensitivity in Rhynchosporium commune.
Phytopathology 106: 355-361 (2016).

Becher R, Weihmann F, Deising HB and Wirsel SG, Development of a novel
multiplex DNA microarray for Fusarium graminearum and analysis of azole
fungicide responses. BMC Genomics 12: 17 (2011).

Hawkins NJ, Cools HJ, Sierotzki H, Shaw MW, Knogge W, Kelly SL, et al.,
Paralog re-emergence: A novel, historically contingent mechanism in the
evolution of antimicrobial resistance. Molecular Biology and Evolution 31: 1793—
1802 (2014).

Liu X, Yu F, Schnabel G, Wu J, Wang Z and Ma Z, Paralogous CYP51 genes in
Fusarium graminearum mediate differential sensitivity to sterol demethylation
inhibitors. Fungal genetics and biology 48: 113-123 (2011).

Mellado E, Garcia-Effron G, Buitrago MJ, Alcazar-Fuoli L, Cuenca-Estrella M
and Rodriguez-Tudela JL, Targeted gene disruption of the 14-alpha sterol
demethylase (CYP51A) in Aspergillus fumigatus and its role in azole drug
susceptibility. Antimicrob Agents Chemother 49: 2536-2538 (2005).

Chen SN, Luo CX, Hu MJ and Schnabel G, Fitness and competitive ability of
Botrytis cinerea isolates with resistance to multiple chemical classes of
fungicides. Phytopathology 106: 997-1005 (2016).



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

68

Chen S, Hu M, Schnabel G, Yang D, Yan X and Yuan H, Paralogous CYP51
genes of Colletotrichum spp. mediate differential sensitivity to sterol
demethylation inhibitors. Phytopathology 110: 615-625 (2020).

Read AF, The evolution of virulence. Trends Microbiol 2: 73-76 (2016).

Pringle A and Taylor JW, The fitness of filamentous fungi. Trends Microbiol 10:
474-481 (2002).

Zur Wiesch PA, Kouyos R, Engelstadter J, Regoes RR and Bonhoeffer S,
Population biological principles of drug-resistance evolution in infectious
diseases. The Lancet Infectious Diseases 11: 236-247 (2011).

Yang L, Gao F, Shang L, Zhan J and McDonald BA, Association between
virulence and triazole tolerance in the phytopathogenic fungus Mycosphaerella
graminicola. PLOS ONE 8: €59568 (2013).

Dorigan AF, Moreira Sl, Ceresini PC, Pozza EA, Belan LL, da Silveira PR, et al.,
Higher fitness and competitive advantage of Pyricularia oryzae Triticum lineage
resistant to Qol fungicides. Pest Management Science 78: 5251-5258 (2022).

Song Y, Chen X, Sun J, Bai Y, Jin L, Lin Y, et al., In Vitro determination of
sensitivity of Fusarium fujikuroi to fungicide azoxystrobin and investigation of
resistance mechanism. Journal of Agricultural and Food Chemistry 70: 9760-
9768 (2022).

Ma B and Uddin W, Fitness and Competitive Ability of an Azoxystrobin-
Resistant G143A Mutant of Magnaporthe oryzae from Perennial Ryegrass. Plant
Disease 93: 1044-1049 (2009).

Li T, Xu J, Gao H, Cao Z, Wang J, Cai Y, et al., The G143A/S substitution of
mitochondrially encoded cytochrome b (Cytb) in Magnaporthe oryzae confers
resistance to quinone outside inhibitors. Pest Management Science 78: 4850-4858
(2022).

Chen SN, Shang Y, Wang Y, Schnabel G, Lin Y, Yin LF, et al., Sensitivity of
Monilinia fructicola from peach farms in China to four fungicides and
characterization of isolates resistant to carbendazim and azoxystrobin. Plant
Disease 98: 1555-1560 (2014).

Heaney SP, Hall AA, Davies SA and Olaya G. Resistance to fungicides in the
QoI-STAR cross-resistance group: current perspectives. 755-762 (2001).

D'Avila LS, De Filippi MCC and Café-Filho AC, Fungicide resistance in
Pyricularia oryzae populations from southern and northern Brazil and evidence
of fitness costs for Qol-resistant isolates. Crop Protection 153: 105887 (2022).

Ziogas BN, Markoglou AN and Tzima A, A non-Mendelian inheritance of
resistance to strobilurin fungicides in Ustilago maydis. Pest Management Science
58: 908-916 (2002).



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

69

Hagerty CH and Mundt CC, Reduced virulence of azoxystrobin-resistant
Zymoseptoria tritici populations in greenhouse assays. Genetics and Resistance
106: 884-889 (2016).

Karaoglanidis GS, Luo Y and Michailides TJ, Competitive ability and fitness of
Alternaria alternata isolates resistant to qoi fungicides. Plant Disease 95: 178-
182 (2011).

Vega B and Dewdney MM, Qol-resistance stability in relation to pathogenic and
saprophytic fitness components of Alternaria alternata from citrus Plant Disease
98: 1371-1378 (2014).

Veloukas T, Kalogeropoulou P, Markoglou AN and Karaoglanidis GS, Fitness
and competitive ability of Botrytis cinerea field isolates with dual resistance to
SDHI and Qol fungicides, associated with several sdhB and the cytb G143A
mutations. Disease Control and Pest Management 104: 347-356 (2014).

Malandrakis AA, Krasagakis N, Kavroulakis N, llias A, Tsagkarakou A, Vontas
J, et al., Fungicide resistance frequencies of Botrytis cinerea greenhouse isolates
and molecular detection of a novel SDHI resistance mutation. Pesticide
Biochemistry and Physiology 183: 105058 (2022).

Forcelini BB, Seijo TE, Amiri A and Peres NA, Resistance in strawberry isolates
of Colletotrichum acutatum from Florida to quinone-outside inhibitor fungicides.
Plant Disease 100: 2050-2056 (2016).

Forcelini BB, Rebello CS, Wang NY and Peres NA, Fitness, competitive ability,
and mutation stability of isolates of Colletotrichum acutatum from strawberry
resistant to Qol fungicides. Disease Control and Pest Management 108: 462-468
(2018).

Rallos LEE, Johnson NG, Schmale DG, Prussin AJ and Baudoin AB, Fitness of
Erysiphe necator with G143A - based resistance to quinone outside inhibitors.
Plant Disease 98: 1494-1502 (2014).

Avila-Adame C and Koller W, Characterization of spontaneous mutants of
Magnaporthe grisea expressing stable resistance to the Qo-inhibiting fungicide
azoxystrobin. Current Genetics 42: 332-338 (2003).

Genet JL, Jaworska G and Deparis F, Effect of dose rate and mixtures of
fungicides on selection for Qol resistance in populations of Plasmopara viticola.
Pest Management Science 62: 188-194 (2006).

Delmas CEL, Dussert Y, Deliere L, Couture C and Mazet ID, Soft selective
sweeps in fungicide resistance evolution: recurrent mutations without fitness costs
in grapevine downy mildew. Molecular Ecology 26: 1936-1951 (2017).

Fouché G, Michel T, Laléve A, Wang NX, Young DH, Meunier B, et al., Directed
evolution predicts cytochrome b G37V target site modification as probable



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

70

adaptive mechanism towards the Qil fungicide fenpicoxamid in Zymoseptoria
tritici. Environmental Microbiology 24: 1117-1132 (2022).

Cai M, Lin D, Chen L, Bi Y, Xiao L and Liu X, M233I mutation in the g-tubulin
of Botrytis cinerea confers resistance to zoxamide. Scientific Reports 5: 16881
(2015).

FanF, Li X, Yang Y, Zhang JY, Zhu YX, Yin WX, et al., Benzimidazole-resistant
isolates with E198A/V/K mutations in the S-tubulin gene possess different fitness
and competitive ability in Botrytis cinerea. Phytopathology 112: 2321-2328
(2022).

Ma Z, Yoshimura MA and Michailides TJ, Identification and characterization of
benzimidazole resistance in Monilinia fructicola from stone fruit orchards in
california. Applied and Environmental Microbiology 69: 7145-7152 (2003).

Ma Z, Yoshimura MA, Holtz BA and Michailides TJ, Characterization and PCR-
based detection of benzimidazole-resistant isolates of Monilinia laxa in
California. Pest Management Science 61: 449-457 (2005).

Song J, Wang ZY, Wang Y, Zhang S, Lei T, Liang Y, et al., Prevalence of
carbendazin resistance in field populations of the rice false smut pathogen
Ustilaginoidea virens from Jiangsu, China, molecular mechanisms, and fitness
stability. Journal of Fungi 8: 1311 (2022).

Wang L, Tu H, Hou H, Zhou Z, Yuan H, Luo C, et al., Occurrence and detection
of carbendazim resistance in Botryosphaeria dothidea from apple orchards in
china. Plant Disease 106: 207-214 (2022).

Vieira WAdS, Lima WG, Nascimento ES, Michereff SJ, Reis A, Doyle VP, et al.,
Thiophanate-methyl resistance and fitness components of Colletotrichum musae
isolates from banana in Brazil. Plant Disease 101: 1659-1665 (2017).

Leite ICHL, Silva RA, Santos JECC, Freitas-Lopes RL, Camara MPS, Michereff
SJ, et al., Analysis of Colletotrichum musae populations from Brazil reveals the
presence of isolates with high competitive ability and reduced sensitivity to
postharvest fungicides. Plant Pathology 69: 1529-1539 (2020).

Ke D, Meng H, Lei W, Zheng Y, Li L, Wang M, et al., Prevalence of H6Y
mutation in g-tubulin causing thiophanate-methyl resistant in Monilinia fructicola
from Fujian, China. Pesticide Biochemistry and Physiology 188: 105262 (2022).

Brown MC, Taylor GS and Epton HAS, Carbendazim resistance in the eyespot
pathogen Pseudocercosporella herpotrichoides. Plant Pathology 33: 101-111
(1985).

Shi C, Wu H and Zhang C, Monitoring and characterization of resistance
development of strawberry Phomopsis leaf blight to fungicides. European Journal
of Plant Pathology 135: 655-660 (2012).



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

71

Romero RA and Sutton TB, Characterization of benomyl resistance in
Mycosphaerella fijiensis, cause of black sigatoka of banana, in costa rica. Plant
Disease 82: 931-934 (1998).

Zhang C, Imran M, Liu M, Li Z, Gao H, Duan H, et al., Two point mutations on
CYP51 combined with induced expression of the target gene appeared to mediate
pyrisoxazole resistance in Botrytis cinerea. Frontiers in Microbiology 11: 1396
(2020).

Zhang C, Imran M, Xiao L, Hu Z, Li G, Zhang F, et al., Difenoconazole resistance
shift in Botrytis cinerea from tomato in China associated with inducible
expression of CYP51. Plant Disease 105: 400-407 (2021).

Wang J, Shi D, Wei L, Chen W, Ma W, Chen C, et al., Mutations at sterol 14a-
demethylases (CYP51A&B) confer the DMI resistance in Colletotrichum
gloeosporioides from grape. Pest Management Science 76: 4093-4103 (2020).

Duan Y, Li M, Zhao H, Lu F, Wang J and Zhou M, Molecular and biological
characteristics of laboratory metconazole-resistant mutants in Fusarium
graminearum. Pesticide Biochemistry and Physiology 152: 55-61 (2018).

Cai M, Miao J, Chen F, Li B and Liu X, Survival cost and diverse molecular
mechanisms of Magnaporthe oryzae isolate resistance to epoxiconazole. Plant
Disease 105: 473-480 (2021).

Chen FP, Fan JR, Zhou T, Liu XL, Liu JL and Schnabel G, Baseline sensitivity
of Monilinia fructicola from China to the DMI fungicide SYP-Z048 and analysis
of DMI-resistant mutants. Plant Disease 96: 416-422 (2012).

Lichtemberg PSF, Michailides TJ, Puckett RD, Zeviani WM and May De Mio
LL, Fitness costs associated with G461S mutants of Monilinia fructicola could
favor the management of tebuconazole resistance in Brazil. Tropical Plant
Pathology 44: 140-150 (2019).

Pereira WV, Morales RGF, Bauer AIG, Kudlawiec K and May-De-Mio LL,
Discontinuance of tebuconazole in the field restores sensitivity of Monilinia
fructicola in stone fruit orchards. Plant Pathology 69: 68-76 (2020).

Klosowski AC, Brahm L, Stammler G and De Mio LLM, Competitive fitness of
Phakopsora pachyrhizi isolates with mutations in the CYP51 and CYTB genes.
Phytopathology 106: 1278-1284 (2016).

Klosowski AC, Castellar C, Stammler G and May De Mio LL, Fungicide
sensitivity and monocyclic parameters related to the Phakopsora pachyrhizi—
soybean pathosystem from organic and conventional soybean production systems.
Plant Pathology 67: 1697-1705 (2018).

Bittner RJ, Sweigard JA and Mila AL, Assessing the resistance potential of
Phytophthora nicotianae, the causal agent of black shank of tobacco, to
oxathiopropalin with laboratory mutants. Crop Protection 102: 63-71 (2017).



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

72

Gong C, Liu M, Liu D, Wang Q, Hasnain A, Zhan X, et al., Status of fungicide
resistance and physiological characterization of tebuconazole resistance in
Rhizocotonia solani in Sichuan Province, China. Current Issues in Molecular
Biology 44: 4859-4876 (2022).

Bean TP, Cools HJ, Lucas JA, Hawkins ND, Ward JL, Shaw MW, et al., Sterol
content analysis suggests altered eburicol 14a-demethylase (CYP51) activity in
isolates of Mycosphaerella graminicola adapted to azole fungicides. FEMS
Microbiology Letters 296: 266-273 (2009).

Sun C, Li F, Wei M, Xiang Z, Chen C and Xu D, Detection and biological
characteristics of Alternaria alternata resistant to difenoconazole from Paris
polyphylla var. chinensis, an indigenous medicinal herb. Plant Disease 105:
1546-1554 (2021).

Harper LA, Paton S, Hall B, McKay S, Oliver RP and Lopez-Ruiz FJ, Fungicide
resistance characterized across seven modes of action in Botrytis cinerea isolated
from Australian vineyards. Pest Management Science 78: 1326-1340 (2021).

Wei L, Li X, Chen B, Chen W, Wei L, Zhou D, et al., Sterol 14a-Demethylase
CaCYP51A and CaCYP51B are functionally redundant, but differentially
regulated in Colletotrichum acutatum: responsibility for DMI-fungicide
resistance. Journal of Agricultural and Food Chemistry 70: 11911-11922 (2022).

Wang F, Lin Y, Yin WX, Peng YL, Schnabel G, Huang J-B, et al., The Y137H
mutation of VVCYP51 gene confers the reduced sensitivity to tebuconazole in
Villosiclava virens. Scientific Reports 5: 17575 (2015).

Avenot H, Sellam A and Michailides T, Characterization of mutations in the
membrane-anchored subunits AaSDHC and AaSDHD of succinate dehydrogenase
from Alternaria alternata isolates conferring field resistance to the fungicide
boscalid. Plant Pathology 58: 1134-1143 (2009).

Amiri A, Heath SM and Peres NA, Resistance to fluopyram, fluxapyroxad, and
penthiopyrad in Botrytis cinerea from strawberry. Plant Disease 98: 532-539
(2014).

Laléve A, Fillinger S and Walker AS, Fitness measurement reveals contrasting
costs in homologous recombinant mutants of Botrytis cinerea resistant to
succinate dehydrogenase inhibitors. Fungal Genetics and Biology 67: 24-36
(2014).

Li X, Gao X, Hu S, Hao X, Li G, Chen Y, et al., Resistance to pydiflumetofen in
Botrytis cinerea: risk assessment and detection of point mutations in SDH genes
that confer resistance. Pest Management Science 78: 1448-1456 (2022).

Shi Y, Sun B, Xie X, Chai A, Li L and Li B, Site-directed mutagenesis of the
succinate dehydrogenase subunits B and D from Corynespora cassiicola reveals



164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

73

different fitness costs and sensitivities to succinate dehydrogenase inhibitors.
Environmental Microbiology. 23: 5769-5783 (2021).

Claus A, Simdes K and May De Mio LL, SdhC-186F mutation in Phakopsora
pachyrhizi is stable and can be related to fitness penalties. Phytopathology.
112:1413-1421 (2022).

Wang Y, Lu N, Wang K, Li Y, Zhang M, Liu S, et al., Fluxapyroxad resistance
mechanisms in Sclerotinia sclerotiorum. Plant Disease. 107:1035-1043 (2023).

Gutiérrez-Alonso O, Hawkins NJ, Cools HJ, Shaw MW and Fraaije BA, Dose-
dependent selection drives lineage replacement during the experimental evolution
of SDHI fungicide resistance in Zymoseptoria tritici. Evolutionary Applications
10: 1055-1066 (2017).

Landschoot S, Carrette J, Vandecasteele M, De Baets B, Hofte M, Audenaert K,
et al., Boscalid-resistance in Alternaria alternata and Alternaria solani
populations: an emerging problem in Europe. Crop Protection 92: 49-59 (2017).

Sun B, Zhu C, Xie X, Chai A, Li B, Shi H, et al., Double mutations in succinate
dehydrogenase are involved in SDHI resistance in Corynespora cassiicola.
Microorganisms 10: 132 (2022).

Shao W, Wang J, Wang H, Wen Z, Liu C, Zhang Y, et al., Fusarium graminearum
FgSdhC1 point mutation A78V confers resistance to the succinate dehydrogenase
inhibitor pydiflumetofen. Pest Management Science 78: 1780-1788 (2022).

Zhou F, Cui YX, Zhou YD, Duan ST, Wang ZY, Xia ZH, et al., Baseline
pydiflumetofen sensitivity of Fusarium pseudograminearum isolates collected
from Henan, China, and potential resistance mechanisms. Plant Disease 0: null
(2023).

Malandrakis AA, Vattis KN, Markoglou AN and Karaoglanidis GS,
Characterization of boscalidresistance conferring mutations in the SdhB subunit
of respiratory complex Il and impact on fitness and mycotoxin production in
Penicillium expansum laboratory strains. Pesticide Biochemistry and Physiology
138: 97-103 (2017).

Piotrowska MJ, Fountaine JM, Ennos RA, Kaczmarek M and Burnett FJ,
Characterisation of Ramularia collo-cygni laboratory mutants resistant to
succinate dehydrogenase inhibitors. Pest Management Science 73: 1187-1196
(2017).

Walker A-S, Ravigne V, Rieux A, Ali S, Carpentier F and Fournier E, Fungal
adaptation to contemporary fungicide applications: the case of Botrytis cinerea
populations from Champagne vineyards (France). Molecular Ecology 26: 1919-
1935 (2017).



174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

74

Fernandez-Ortufio D, Grabke A, Li, X. and Schnabel G, Independent emergence
of resistance to seven chemical classes of fungicides in Botrytis cinerea.
Phytopathology 105: 424-432 (2015).

Chen F, Liu X and Schnabel G, Field strains of Monilinia fructicola resistant to
both MBC and DMI fungicides isolated from stone fruit orchards in the eastern
United States. Plant Disease 97: 1063-1068 (2013).

Doukas EG, Markoglou AN, Vontas JG and Ziogas BN, Effect of DMI-resistance
mechanisms on cross-resistance patterns, fitness parameters and aflatoxin
production in Aspergillus parasiticus Speare. Fungal Genetics and Biology 49:
792-801 (2012).

Becher R, Hettwer U, Karlovsky P, Deising HB and Wirsel SGR, Adaptation of
Fusarium graminearum to tebuconazole yielded descendants diverging for levels
of fitness, fungicide resistance, virulence and mycotoxin production.
Phytopathology 100: 444-453 (2010).

Lendenmann MH, Croll D and McDonald BA, QTL mapping of fungicide
sensitivity reveals novel genes and pleiotropy with melanization in the pathogen
Zymoseptoria tritici. Fungal Genetics and Biology 80: 53-67 (2015).

Kim YK and Xiao CL, Stability and fitness of pyraclostrobin and boscalid
resistant phenotypes in field isolates of Botrytis cinerea from apple.
Phytopathology 101: 1385-1391 (2011).

Malandrakis AA, Markoglou AN, Konstantinou S, Doukas EG, Kalampokis JF
and Karaoglanidis GS, Molecular characterization, fitness and mycotoxin
production of benzimidazole-resistant isolates of Penicillium expansum.
International Journal of Food Microbiology 162: 237-244 (2013).

Brent KJ and Hollomon DW. Fungicide Resistance: The Assessment of Risk,
Croplife International, Brussels, (2007).

Ding S, Halterman AD, Meinholz K and Gevens AJ, Distribution and stability of
quinone outside inhibitor fungicide resistance in populations of potato pathogenic
Alternaria spp. in Wisconsin. Plant Disease 103: 2033-2040 (2019).

He R, Yang Y, Hu Z, Xue R and Hu Y, Resistance mechanisms and fitness of
pyraclostrobin-resistant isolates of Lasiodiplodia theobromae from mango
orchards. PLoS One 16: 1-16 (2021).

Chen C, Wang J, Luo Q, Yuan S and Zhou M, Characterization and fitness of
carbendazim-resistant strains of Fusarium graminearum (wheat scab). Pest
Management Science 63: 1201-1207 (2007).

Cox KD, Bryson PK and Schnabel G, Instability of propiconazole resistance and
fitness in Monilinia fructicola. Phytopathology 97: 448-453 (2007).

Mundt CC, Use of multiline cultivars and cultivar mixtures for disease
management. Annual Review of Phytopathology 40: 381-410 (2002).



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

75

Zhan J and McDonald BA, Field-based experimental evolution of three cereal
pathogens using a mark-release—recapture strategy. Plant Pathology 62: 106-114
(2013).

McDonald BA, Using dynamic diversity to achieve durable disease resistance in
agricultural ecosystems. Tropical Plant Pathology 39: 191-196 (2014).

McDonald BA and Mundt CC, How knowledge of pathogen population biology
informs management of Septoria tritici blotch. Phytopathology 106: 948-955
(2016).

McDonald BA and Stukenbrock EH, Rapid emergence of pathogens in agro-
ecosystems: global threats to agricultural sustainability and food security.
Philosophical Transactions of the Royal Society B 371: 20160026. (2016).

Stukenbrock EH and McDonald BA, The origins of plant pathogens in agro-
ecosystems. Annual Review of Phytopathology 46: 75-100 (2008).

Bae YS and Rhee MS, Short-term antifungal treatments of caprylic acid with
carvacrol or thymol induce synergistic 6-log reduction of pathogenic Candida
albicans by cell membrane disruption and efflux pump inhibition. Cellular
Physiology and Biochemistry 53: 285-300 (2019).

Chin KM, Chavaillaz D, Kaesbohrer M, Staub T and Felsenstein FG,
Characterizing resistance risk of Erysiphe graminis f.sp. tritici to strobilurins.
Crop Protection 20: 87-96 (2001).

Cowger C, Meyers E and Whetten R, Sensitivity of the U.S. Wheat powdery
mildew population to quinone outside inhibitor fungicides and determination of
the Complete Blumeria graminis f. sp. tritici Cytochrome b Gene. Phytopathology
112: 249-260 (2022).

Malandrakis AA, Markoglou AN, Nikou DC, Vontas JC and Ziogas BN,
Biological and molecular characterization of laboratory mutants of Cercospora
beticola resistant to Qo inhibitors. European Journal of Plant Pathology 116:
155-166 (2006).

Liu Q, Dong G, Qi H, Feng Z, Zhang Z, Han C, et al., A new method for single
spore isolation and fungicide resistance monitoring of Cercospora beticola, and
the first report of Qol-resistant isolates with G143A or F129L mutations of the
CbCyt b gene in China. Journal of Phytopathology 170: 738-745 (2022).

Hoffmeister M, Martens G, Yarnell L, Blain N, Wieja B, Riediger N, et al.,
Method for Qol sensitivity monitoring in Colletotrichum lentis by a species-
specific pyrosequencing assay. Canadian Journal of Plant Pathology 44: 128-
135 (2022).



198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

76

Rogério F, Linhares de Castro RR, Massola Junior NS, Boufleur TR and dos
Santos RF, Multiple resistance of Colletotrichum truncatum from soybean to Qol
and MBC fungicides in Brazil. bioRxiv: 497464 (2022).

Poti T, Thitla T, Imaiam N, Arunothayanan H, Doungsa-ard C, Kongtragoul P, et
al., Isolates of Colletotrichum truncatum with resistance to multiple fungicides
from soybean in Northern Thailand. Plant Disease 0: null (2023).

Mello FEd, Lopes-Caitar VS, Xavier-Valencio SA, da Silva HP, Franzenburg S,
Mehl A, et al., Resistance of Corynespora cassiicola from soybean to Qol and
MBC fungicides in Brazil. Plant Pathology 71: 373-385 (2022).

Ren W, Wang Z, Zhu M, Zhang Y, Lian S, Li B, et al., Detection of Cytb point
mutation (G143A) that confers high-level resistance to pyraclostrobin in
Glomerella cingulata using LAMP method. Plant Disease. 107:1166-1171
(2022).

Oliveira TYK, Silva TC, Moreira Sl, Christiano FS, Gasparoto MCG, Fraaije BA,
et al., Evidence of resistance to Qol Fungicides in contemporary populations of
Mycosphaerellafijiensis, M. musicola and M. thailandica from banana plantations
in southeastern Brazil. Agronomy 12: 2952 (2022).

White NH, Neves DL, Nuckles EM, Vaillancourt LJ, Zhang JY, Zhang G, et al.,
Identification of quinone outside inhibitor fungicide-resistant isolates of
Parastagonospora nodorum from Illinois and Kentucky. Plant Disease. 107:38-
45 (2022).

Marin MV, Seijo TE, Zuchelli E and Peres NA, Detection and characterization of
quinone outside inhibitor-resistant Phytophthora cactorum and P. nicotianae
causing leather rot in Florida strawberry. Plant Disease 106: 1203-1208 (2021).

Neves DL, Wang A, Weems JD, Kelly HM, Mueller DS, Farman ML, et al.,
Identification of Septoria glycines isolates from soybean with resistance to
quinone outside inhibitor fungicides. Plant Disease 106: 2631-2637 (2022).

Zheng DS, Olaya G and Koller W, Characterization of laboratory mutants of
Venturia inaequalis resistant to the strobilurin-related fungicide kresoxim-methyl.
Current Genetics 38: 148-155 (2000).

Lavrukaiteé K, Heick TM, Ramanauskiené J, Armoniené R and Ronis A, Fungicide
sensitivity levels in the Lithuanian Zymoseptoria tritici population in 2021.
Frontiers in Plant Science 13:1075038 (2023).

Wang R, Chen B, Yue M, Ding W and Li Y, Multi-resistance of Botrytis cinerea
isolates from ginseng growing regions in China to carbendazim, iprodione and
pyrimethanil. Crop Protection 156: 105929 (2022).

Trkulja N, Ivanovi¢ 7, Pfaf-Dolovac E, Dolovac N, Mitrovi¢ M, Tosevski I, et al.,
Characterisation of benzimidazole resistance of Cercospora beticola in Serbia



210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

77

using PCR-based detection of resistance-associated mutations of the -tubulin
gene. European Journal of Plant Pathology 135: 889-902 (2012).

Yuan H, Hou H, Zhou Z, Tu H and Wang L, Rapid detection of the E198A
mutation of carbendazim-resistant isolates in Colletotrichum gloeosporioides by
loop-mediated isothermal amplification. Horticultural Plant Journal 8: 289-296
(2022).

Wu J, Hu S, Ye B, Hu X, Xiao W, Yu H, et al., Diversity and resistance to
thiophanate-methyl of Colletotrichum spp. in strawberry nursery and the
development of rapid detection using LAMP Method. Agronomy 12: 2815
(2022).

Li FJ, Komura R, Nakashima C, Shimizu M, Kageyama K and Suga H, Molecular
diagnosis of thiophanate-methyl-resistant strains of Fusarium fujikuroi in Japan.
Plant Disease 106: 634-640 (2022).

Yan K and Dickman MB, Isolation of a p-tubulin gene from Fusarium
moniliforme that confers cold-sensitive benomyl resistance. Applied
Microbiology and Biotechnology 62: 30533056 (1996).

Baraldi E, Mari M, Chierici E, Pondrelli M, Bertolini P and Pratella GC, Studies
on thiabendazole resistance of Penicillium expansum of pears: pathogenic fitness
and genetic characterization. Plant Pathology 52: 362-370 (2003).

Pandey AK, Hubbali M, Vandana, Dutta P and Babu A, Characterization and
identification of fungicide insensitive Pestalotiopsis-like species pathogenic to tea
crop in India. World Journal of Microbiology and Biotechnology 39: 34 (2022).

Hu J, Liu D, Cai M, Zhou Y, Yin WX and Luo C, One-pot assay for rapid
detection of benzimidazole resistance in Venturia carpophila by combining RPA
and CRISPR/Cas12a. Journal of Agricultural and Food Chemistry 71: 1381-1390
(2023).

Malandrakis AA, Apostolidou ZA, Markoglou A and Flouri F, Fitness and cross-
resistance of Alternaria alternata field isolates with specific or multiple resistance
to single site inhibitors and mancozeb. European Journal of Plant Pathology 142:
489-499 (2015).

Almughrabi KI and Gray AB, Competition between triadimefon-sensitive and
triadimefon-resistant isolates of Erysiphe graminis f.sp. tritici. Plant Disease 79:
709-712 (1995).

Meyers EA, Arellano C and Cowger C, Sensitivity of the U.S. Blumeria graminis
f. sp. tritici Population to demethylation inhibitor fungicides. Plant Disease 103:
3108-3116 (2019).

Fuchs A and Drandarevski CA, The likelihood of development of resistance to
systemic fungicides which inhibit ergosterol biosynthesis. Netherlands Journal of
Plant Pathology 82: 85-87 (1976).



221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

78

Hu S, Wu J, Yang X, Xiao W, Yu H and Zhang C, Involvement of CYP51A and
CYP51B in growth, reproduction, pathogenicity, and sensitivity to fungicides in
Colletotrichum siamense. Agronomy 13: 239 (2023).

Chen W, Wei L, HouR, Zhao Y, Zhao Y and Liu F, Sterol demethylation inhibitor
fungicide resistance in Colletotrichum siamense from chili is caused by mutations
in CYP51A and CYP51B. Phytopathology Research 4: 41 (2022).

Debieu D, Sterol composition of the vine powdery mildew fungus, Uncinula
necator: comparison of triadimenol-sensitive and resistant strains.
Phytochemistry 39: 293-300 (1995).

Hellin P, King R, Urban M, Hammond-Kosack KE and Legréve A, The adaptation
of Fusarium culmorum to DMI fungicides is mediated by major transcriptome
modifications in response to azole fungicide, including the overexpression of a
pdr transporter (FCABCL). Frontiers in Microbiology 9: 1385 (2018).

Kim SH, Degradation of prochloraz by rice Bakanae disease pathogen Fusarium
fujikuroi with differing sensitivity: a possible explanation for resistance
mechanism. Journal of the Korean Society for Applied Biological Chemistry 53:
433-439 (2010).

Li F, Ebihara A, Sakahara Y, Matsumoto S, Ueno R, Bao W, et al., Synergistic
effect of amino acid substitutions in CYP51B for prochloraz resistance in
Fusarium fujikuroi. Pesticide Biochemistry and Physiology 189: 105291 (2023).

Zhao H, Tao X, Song W, Xu H, Li M, Cai Y, et al., Mechanism of Fusarium
graminearum resistance to ergosterol biosynthesis inhibitors: G443S substitution
of the drug target FgCYP51A. Journal of Agricultural and Food Chemistry 70:
1788-1798 (2022).

Vermeulen P, Gruez A, Babin A, Frippiat J, Machouart M and Debourgogne A,
CYP51 mutations in the Fusarium solani species complex: first clue to understand
the low susceptibility to azoles of the genus Fusarium. Journal of Fungi 8: 533
(2022).

Li Y, Tsuji SS, Hu M, Camara MPS, Michereff SJ, Schnabel G, et al.,
Characterization of difenoconazole resistance in Lasiodiplodia theobromae from
papaya in Brazil. Pest Management Science 76 13441352 (2020).

Wang C, Xu L, Liang X, Zhang Y, Zheng H, Chen J, et al., Biochemical and
molecular characterization of prochloraz resistance in Lasiodiplodia theobromae
field isolates. Plant Disease 107:177-187 (2023).

Chen S, Yuan N, Schnabel G and Luo C, Function of the genetic element ‘Mona’
associated with fungicide resistance in Monilinia fructicola. Molecular Plant
Pathology 18: 90-97 (2016).



232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

79

Leroux P, Gredt M, Remuson F, Micoud A and Walker A-S, Fungicide resistance
status in French populations of the wheat eyespot fungi Oculimacula acuformis
and Oculimacula yallundae. Pest Management Science 69: 15-26 (2013).

Karaoglanidis GS, Markoglou AN, Bardas GA, Doukas EG, Konstantinou S and
Kalampokis JF, Sensitivity of Penicillium expansum field isolates to
tebuconazole, iprodione, fludioxonil and cyprodinil and characterization of fitness
parameters and patulin production. International Journal of Food Microbiology
145: 195-204 (2011).

Peever TL and Milgroom MG, Lack of correlation between fitness and resistance
to sterol biosynthesis-inhibiting fungicides in Pyrenophora teres. Phytopathology
84: 515-519 (1994).

Poloni NM, Carvalho G, Vicentini SNC, Dorigan AF, Maciel JLN, McDonald
BA, et al., Widespread distribution of resistance to triazole fungicides in Brazilian
populations of the wheat blast pathogen. Plant Pathology 70: 436-448 (2021).

Assinger T, Fountaine J, Torriani S, Accardo S, Bernhard-Frey R, Gottula J, et
al., Detection of Ramularia collo-cygni DMI- and SDHI-resistant field
populations in Austria and the effect of fungicides on the population and genetic
diversity. European Journal of Plant Pathology 162: 575-594 (2022).

Hsiang T, Yang L and Barton W, Relative virulence of isolates of Sclerotinia
homoeocarpa with varying sensitivity to propiconazole. European Journal of
Plant Pathology 104: 163-169 (1998).

Kong Z, Zhang Y, Zhuang C, Mao C and Zhang C, Detection and characterization
of difenoconazole resistance in Stagonosporopsis citrulli from watermelon and
muskmelon in Zhejiang Province of China. Phytopathology Research 5: 1 (2023).

Joseph-Horne T, Hollomon D, Loeffler RST and Kelly SL, Altered P450 activity
associated with direct selection for fungal azole resistance. FEBS Letters 374:
174-178 (1995).

Zhou Y, YuJ, Pan X, Yu M, Du Y, Qi Z, et al., Characterization of propiconazole
field-resistant isolates of Ustilaginoidea virens. Pesticide Biochemistry and
Physiology 153: 144-151 (2019).

Moore LC, Brenneman TB, Waliullah S, Bock CH and Ali ME, Multiple
mutations and overexpression in the CYP51A and B genes lead to decreased
sensitivity of Venturia effusa to tebuconazole. Current Issues in Molecular
Biology 44: 670-685 (2022).

Chapman KS, Sundin GW and Beckerman JL, Identification of resistance to
multiple fungicides in field populations of Venturia inaequalis. Plant Disease 95:
921-926 (2011).

Cools HJ, Hawkins NJ and Fraaije BA, Constraints on the evolution of azole
resistance in plant pathogenic fungi. Plant Pathology 62: 36-42 (2013).



244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

80

Forster H, Luo Y, Hou L and Adaskaveg JE, Mutations in Sdh gene subunits
confer different cross-resistance patterns to sdhi fungicides in Alternaria alternata
causing alternaria leaf spot of almond in California. Plant Disease 106: 1911-
1918 (2022).

Zhang CQ, Yuan SK, Sun HY, Qi ZQ, Zhou MG and Zhu GN, Sensitivity of
Botrytis cinerea from vegetable greenhousesto boscalid. Plant Pathology 56:
646-653 (2007).

Amiri A, Zuniga al and Peres N, Mutations in the membrane-anchored SdhC
subunit affect fitness and sensitivity to succinate dehydrogenase inhibitors in
Botrytis cinerea populations from multiple hosts. Phytopathology 110: 327-335
(2020).

Ishii H, Watanabe H, Yamaoka Y and Schnabel G, Sensitivity to fungicides in
isolates of Colletotrichum gloeosporioides and C. acutatum species complexes
and efficacy against anthracnose diseases. Pesticide Biochemistry and Physiology
182: 105049 (2022).

ZhuJ, LiJ, Ma D, Gao Y, Cheng J, Mu W, et al., SDH mutations confer complex
cross-resistance patterns to SDHIs in Corynespora cassiicola. Pesticide
Biochemistry and Physiology 186: 105157 (2022).

Stergiopoulos I, Aoun N, van Huynh Q, Neill T, Lowder SR, Newbold C, et al.,
Identification of putative SDHI target site mutations in the SDHB, SDHC, and
SDHD subunits of the grape powdery mildew pathogen Erysiphe necator. Plant
Disease 106: 2310-2320 (2022).

Vicentini SNC, Casado PS, de Carvalho G, Moreira Sl, Dorigan AF, Silva TC, et
al., Monitoring of Brazilian wheat blast field populations reveals resistance to
Qol, DMI, and SDHI fungicides. Plant Pathology 71: 304-321 (2022).

Zhang CQ, Liu YH, Ma XY, Feng Z and Ma ZH, Characterization of sensitivity
of Rhizoctonia solani, causing rice sheath blight, to mepronil and boscalid. Crop
Protection 28: 381-386 (2009).

Nieto-Ldopez EH, Miorini TJJ, Wulkop-Gil CA, Chilvers Ml, Giesler L, Jackson-
Ziems TA, et al., Fungicide sensitivity of Sclerotinia sclerotiorum from U.S.
soybean and dry bean, compared to different regions and climates. Plant Disease
0: null (2022).

Bi L, Xu J, Wang Q, Li T, Wang J, Zhou M, et al., Baseline sensitivity and
resistance risk assessment of Stemphylium solani to fluxapyroxad. Crop
Protection 156: 105944 (2022).

Li K, Wang Y, Ge T, Larkin R, Smart A, Johnson SB, et al., Risk evaluation of
benzovindiflupyr resistance of Verticillium dahliae population in Maine. Plant
Disease 0: null (2022).



81

255.  Newcombe G and Thomas PL, Inheritance of carboxin resistance in a european
field isolate of Ustilago nuda. Phytopathology 90: 179-182 (2000).



82

ARTICLE SUBMITTED IN THE EUROPEAN JOURNAL OF PLANT
PATHOLOGY; IMPACT FACTOR: 1,8

CHAPTHER 2 - TEMPORAL DYNAMICS OF Pyricularia oryzae Triticum
RESISTANT TO QUINONE OUTSIDE INHIBITOR FUNGICIDES

Adriano Francis Dorigan - Edson Ampélio Pozza - Renata Cristina Martins Pereira -

Silvino Intra Moreira - Paulo Cezar Ceresini - Humberson Rocha Silva - Eduardo Alves

A. F. Dorigan - E. A. Pozza - R. C. M. Pereira - E. Alves
Department of Plant Pathology, Federal University of Lavras, Lavras, Minas Gerais,

Brazil.

S. I. Moreira
Department of Plant Pathology, Biological Sciences Institute, Universidade de Brasilia,

Campus Darcy Ribeiro, Brasilia, Distrito Federal, Brazil.

P. C. Ceresini
Department of Crop Protection, Agricultural Engineering and Soils S&o Paulo State

University, Ilha Solteira, S&o Paulo, Brazil.
H. R. Silva
Graduate Program in Plant Pathology, Federal Rural University of Pernambuco, Recife,

Pernambuco, Brazil.

*Corresponding author: Eduardo Alves; E-mail: ealves@ufla.br.



mailto:ealves@ufla.br

83

ABSTRACT

Wheat blast, caused by Pyricularia oryzae Triticum lineage (PoTl), can infect wheat
leaves and heads. The pathogen biology and disease epidemiology of the isolates PoTI
with higher fitness and adaptative advantages due to resistance to Quinone outside
inhibitor fungicides (Qol-R) are still unknown. This study aimed to characterize the
temporal progress of wheat blast and to fit the best nonlinear model, describing the nature
of an epidemic of Qol-R PoT]I isolate compared with the sensitive isolate (Qol-S), over
the course of five successive infection cycles of PoTIl on wheat leaves and heads. Wheat
blast occurred in all infection cycles. The secondary inocula produced by Qol-R and Qol-
S PoTl isolates, on symptomatic wheat leaves, caused blast symptoms when inoculated
on wheat heads. The area under the disease progress curve (AUDPC) was calculated
based on disease severity. In all infection cycles, the AUDPC of Qol-the R isolate was
significantly higher than that of the Qol-S isolate. Between the 1st and 5th infection cycle,
a significant reduction was observed in the AUDPC of the PoTl isolates. The nonlinear
logistic model had the best fit to describe the intensity of the disease progress curves
(DPCs) of PoTl isolates on wheat leaves and heads, fitting classic sigmoid-shaped curves.
Our findings indicate that the PoTI isolates did not keep the same temporal dynamics after
five successive infection cycles. These findings may imply the integrated management of
the disease wheat blast pathogen in Brazilian fields.

Keywords Wheat blast - Ecology and epidemiology - Progress curve - Nonlinear model -

Disease control - Pest management
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1. INTRODUCTION

Wheat (Triticum aestivum) is one of the most important cereal staple crop
produced worldwide contributing to global food security (ACEVEDO et al., 2018). In
2019, Brazil produced 6.6 million tons of wheat, representing 0.9% of the 735 million
tons produced globally (COLUSSI et al., 2022). Wheat production can be threatened by
several pests and diseases, though (FAOSTAT, 2020). Wheat blast, caused by Pyricularia
oryzae Triticum lineage (PoT]l), is one of the major diseases threatening the crop yields.
Wheat blast disease was first reported in 1986 in Parana state, Brazil. Since then, the
pathogen has rapidly spread to wheat fields in south-central Brazil and neighboring
countries, including Argentina, Bolivia, and Paraguay (CERESINI et al., 2018a,
GLADIEUX et al., 2018). In 2016 the disease was reported outside South America,
firstly, in Bangladesh, southeast Asia, and secondly, in 2017, in Zambia, eastern Africa,
causing outbreaks that significantly harmed production in both countries (CALLAWAY,
2016, ISLAM et al., 2016, TEMBO et al., 2020). These two outbreaks have been linked
to introductions via contaminated seed lots (SINGH et al., 2021). The fungal pathogen is
able to infect both wheat leaves and heads, but head blast is the most destructive symptom
(CASTROAGUDIN et al., 2015). Head blast associated yield losses ranging from 10 to
100% have been reported in wheat crops from South America countries, Bangladesh and
Zambia (BONJEAN et al., 2016, ISLAM et al., 2016, TEMBO et al., 2020). More
recently, the blast disease was found in Germany, in 2022, in central Europe
(BARRAGAN et al., 2022).

Managing wheat blast disease is still challenging. The deployment of wheat
resistant cultivars and calendar-based preventive fungicide spraying are the main
management strategies in Brazil (GOULART et al., 2007, PAGANI et al., 2014).
However, resistance is not considered durable across geographical regions due to the
pathogen’s high diverse in virulence, and to the limited efficacy of fungicides (CERESINI
et al., 2018a, CERESINI et al., 2018b). For many years, the limited efficacy of systemic
site-specific fungicides has been associated with application technologies difficulties in
systematically reaching the pathogen infection sites on wheat heads where infection
occurs; with the highly favorable environmental conditions for the disease; and with the
high susceptibility of wheat cultivars. It was only recently, though, that the inefficacy of
the systemic site-specific fungicides was associated with the widespread distribution of

fungicide resistance in the country (CERESINI et al., 2018b). In fact, resistance was
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reported for the major fungicide classes labeled for managing wheat disease: Quinone
outside inhibitors (Qols) and triazoles or demethylation inhibitors (DMIs) (CERESINI et
al., 2018b; CASTROAGUDIN et al., 2015; DORIGAN et al., 2019; POLONI et al., 2021,
DORIGAN et al., 2022).

Despite the fact that these two molecules with distinct mode of action were
reportedly high-risk fungicides for resistance, no anti-resistance strategies have been
adopted in the country, worsening the scenario of fungicide inefficacy (LUCAS, 2015;
VICENTINI et al., 2022). For instance, the systemic single-site high-risk Qol fungicides,
in particular, have been sprayed as single molecule formulations or in mixtures with
DMIs, for which resistance has also been reported (STEVENSON, 2018). Not
surprisingly, the efficacy of this spraying approach in managing wheat blast has rarely
been higher than 60% (CERESINI et al., 2018b). To make the situation even worse, PoTI
has a wide host range, including other poaceous hosts, which grow near wheat fields and
may be an important reservoir or source of Qol- and/or DMI-resistant (R) inoculum in
the early phases of a wheat blast epidemic, hindering the management of the disease
(CASTROAGUDIN et al., 2015, CASTROAGUDIN et al., 2016, DORIGAN et al.,
2019).

Resistance to Qol fungicide in PoTI has been reported in Brazil since 2015, in
several geographical populations across the major wheat cropping areas
(CASTROAGUDIN et al., 2015). Qol-resistant (Qol-R) isolates from those PoTI
populations were associated with the G143A point mutation in the cytochrome b (cyt B)
gene (CASTROAGUDIN et al., 2015). Fungicide resistance provides changes in fitness
for plant pathogens. For example, Qol-R PoTl isolates carrying the G143A mutation had
a higher fitness and competitive advantage than Qol-sensitive (Qol-S) isolates,
contrasting with the evolutionary theory, whose foundation is that fungicide resistance
should come with fitness cost (HAWKINS and FRAAIJE, 2018). The higher conidial
production and higher levels of disease severity on the Qol-R PoTl isolates reinforce their
competitive ability against the Qol-S isolates and their potential for continuously causing
crop damages on wheat fields after displacing the sensitive PoTI lineages (DORIGAN et
al., 2022). On the other hand, the fitness cost has been also reported in some cases, with
reduced infection efficiency and aggressiveness in P. oryzae, reduced virulence in
Magnaporthe oryzae and Zymoseptoria tritici field isolates with G143A and reduced
pathogenicity in some Fusarium fujikuroi lab mutants with G143A (MA B. and UDDIN,
W. 2009; HAGERTY, 2016; D’ AVILA, 2022; SONG et al., 2022).
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Although wheat blast has been reported in Brazil for more than 30 years, there are
still unanswered questions about the pathogen’s ecology and disease epidemiology,
especially related to the timing and temporal dynamics of wheat heads infection. Few
studies have clarified the epidemiological importance of PoTl secondary inocula
produced from symptomatic wheat leaves to the temporal progression of blast on heads,
and much more research is needed to better characterized the incubation period and latent
period on wheat leaves and heads (RIOS et al., 2016). Furthermore, it is unknown whether
the fitness advantage associated with Qol-R in populations of the wheat blast pathogen
keeps the same temporal dynamics after successive cycles of infection. Knowledge about
variation in the long-range temporal progress curves of Qol-R PoTl isolates is essential
to guide the adoption of anti-resistance strategies that include timing for fungicide
spraying. For instance, as a smarter alternative for the calendar based preventive and
successive fungicide sprays, epidemiology-based advise on the right timing for fungicide
spraying could be applied instead, delaying the directional selection of the Qol-R PoTI
populations with the G143A mutation.

Several statistical models have been applied to describe the temporal dynamics of
epidemics and to compare epidemic-based management tactics (VANDERPLANK,
1963, CAMPBELL and MADDEN, 1990). Applying such models could help
determining: 1) if the wheat blast disease progress curves (DPCs) maintain the same shape
over many infection cycles; ii) whether the parameters rate (r) and initial inoculum (y0),
which are fit in the regression models, varied along successive infection cycles; and iii)
if the disease severity in the fungal progeny arisen from each infection cycle remains at
the same levels. On barley, G143A mutants of P. oryzae tested under both saprophytic
and infections conditions did not show differences in fitness parameters compared to the
Qol-S isolate throughout four infection cycles (AVILA-ADAME and KOLLER, 2003).
Therefore, the aim of this study was (i) to verify whether the Qol-R and Qol-S PoTI
secondary inoculum produced in symptomatic wheat leaves during five successive
infection cycles could develop blast on wheat heads; (ii) to characterize the temporal
dynamics of wheat blast, the area under the disease progress curve (AUDPC), incubation
period and latent period for both wheat leaves and heads over the course of five successive
infection cycles of Qol-R and Qol-S PoTl isolates; (iii) to verify whether the fitness
advantage of the Qol-R PoTl isolate was maintained (in terms of blast severity) after five

successive infection cycles on wheat leaves and heads; and (iv) to fit empirical models to
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describe the wheat blast dynamics in each infection cycle of Qol-R and Qol-S PoTI

isolates in the absence of fungicide selection pressure.

2. MATERIALS AND METHODS
2.1. Fungal material, inoculum preparation, and plant material

The Pyricularia oryzae Triticum lineage (PoTI) Qol-resistant (R) 121146 isolate
and the Qol-sensitive (S) Py6038 isolate were used for testing the relevant hypotheses in
this study. The Qol-R isolate had the G143A mutation in its cyt B gene
(CASTROAGUDIN et al., 2015). These isolates were deposited in the Molecular Plant
Pathology fungal collection from Sao Paulo State University, Ilha Solteira, SP. The Qol-
R isolate was obtained in 2012 from symptomatic heads from wheat fields in Mato Grosso
do Sul (MS) state, Brazil. The Qol-S isolate was collected in Goias (GO) state, Brazil, in
2006, using the same procedure. The sampling methods adopted in wheat fields were
performed as described by (CASTROAGUDIN et al., 2015).

For inoculum preparation, mycelial discs (7-mm diameter) of the Qol-R and Qol-
S PoTlI isolates were transferred from a colony with 7 days of growth to 15 plates
containing PDA medium (42 g L potato-dextrose-agar, KASVI, India) and 15 plates
containing oatmeal agar medium (OA, 60 g of oatmeal flour, 12 g of agar). For each plate
containing PDA or OA, 50 ug mL™ streptomycin sulphate and chloramphenicol were
added. These plates were incubated for 15 days at 25 °C under constant light using 1,060-
lumen Osram® fluorescent lamps. To facilitate the release of conidia, 4 mL of distilled
water with the surfactant Tween 80 (10 uL L) was added to each plate containing the
culture medium. The conidial suspensions were obtained by scraping the mycelia with a
sterile spatula. The conidial concentration was measured using a Neubauer chamber.

Concomitantly with inoculum preparation, three 'Anahuac 75' wheat plants were
grown ina 770-mL plastic pot containing plant substrate Tropstrato HT potting mix (Vida
Verde, Campinas, Sdo Paulo, Brazil). The plants were kept in a greenhouse and irrigated
daily, and every 15 days, a dose of 0.84 grams of N-P>0s-K>0 (10-10-10) was applied
per pot. The Qol-R and Qol-S PoTl isolates were inoculated on the leaves of 1-month-
old wheat plants, at growth stage 14 (ZADOKS et al., 1974). On heads, the inoculations
were carried out at the beginning of anthesis, at growth stage 60, in 2-month-old immature
heads (ZADOKS et al., 1974). Using a manual sprayer, conidial suspensions with 10°

conidia mL™ of Qol-R and Qol-S PoTl isolates were uniformly inoculated either onto the
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adaxial leaf surfaces or onto the heads until draining. For inoculation of each isolate, 25
mL of the conidial suspension were spread in twelve wheat heads distributed on four pots,
each containing three plants. For the first 24 hours after inoculation, the plants were
incubated in a growth chamber in the dark at 25 °C and >90% relative humidity. Then,
the plants were kept in a growth chamber under the same conditions but with a 12-hour
photoperiod supplied by 33,354-lumen Osram® sodium vapour lamps (400W, model
HQI-T NDL E40 5200K) for 21 days. An Even® digital thermo-hygrometer was used to
monitor the temperature and relative humidity.

In the growth chamber, the wheat plants inoculated with each isolate were
incubated separately and completely isolated from one another using transparent plastic
bags, avoiding lateral contamination. Between one infection cycle and another, every 21
days, the conidia produced by PoTlI isolates on wheat leaves were inoculated on healthy
plants of the subsequent cycle. For the secondary inoculum production on infected wheat
leaves with typical blast lesions in each infection cycle, the plants were kept in a growth
chamber for 21 days. Twelve wheat leaves with sporulating lesions from each isolate
were collected from four pots containing three wheat plants. The wheat leaves were
placed into plastic tubes containing 10 mL of distilled water. The conidia were dislodged
from the blast lesions by vortexing the plastic tube for 1 minute. The number of conidia
recovered from sporulated wheat leaves was quantified using a Neubauer chamber. The
secondary inoculum obtained from wheat leaves with typical blast lesions was inoculated
simultaneously on healthy wheat leaves and heads from the subsequent cycle. These
consecutive inoculations were carried out until five successive infection cycles were
obtained. The 1st, 3rd, and 5th infection cycles were assessed.

2.2. Experimental design

The experimental design was completely randomized, with four replicates per
treatment. The experiments were repeated once. The temporal dynamics of Qol-R PoTI
isolate was assessed among infection cycles, and the factorial arrangement was 5 x 2,
combining five infection cycles and two treatments, the isolate (Qol-R) 121146 and
isolate (Qol-S) Py6038, which were inoculated on wheat leaves and heads of different
plants. For each experiment, four pots containing three plants and/or three wheat heads
each were prepared for inoculation of each isolate, and disease severity, incubation period

and latent period were assessed in twelve wheat leaves and heads.
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2.3. Assessment of disease severity and the ability of PoTI secondary inoculum to
develop wheat blast over time

For Qol-R and Qol-S PoTl isolates, in each infection cycle, the ability of the
secondary inoculum produced on symptomatic wheat leaves to develop blast on wheat
heads was assessed based on disease severity values. For each infection cycle, the disease
severity on wheat leaves and heads was determined at 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
and 15 d.a.i (days after inoculation). The non destructive method was used to measure the
disease severity on wheat leaves and heads over the course of each infection cycle. A
Canon® digital camera (EOS Rebel T1i model) was used to photograph wheat leaves and
heads with typical blast symptoms. The digital camera was attached to a 1.55-m-high
monopod at a distance of 20 cm from the wheat leaves and heads. Assess 2.0 (APS, St.
Paul, Minnesota), a software program for analyzing digital photographs, was used to
determine the percentage of each wheat leaf or head area affected in relation to the total
leaf or head area (i.e., the disease severity caused by Qol-R and Qol-S PoTlI isolates on
wheat leaves and heads). Two sides of each head were photographed, and the disease
severity was calculated as the arithmetic mean between the two images obtained. For each
infection cycle, disease severity values of Qol-R and Qol-S PoTl isolates on wheat leaves
and heads were plotted, obtaining the disease progress curves (DPCs). The infection rate
of Qol-R and Qol-S PoTl isolates was determined on wheat leaves and heads.

2.4. Area under the disease progress curve

The AUDPC was calculated to compare the disease severity of Qol-R and Qol-S
PoTl isolates within each cycle and between infection cycles. The disease severity values
from the 12 blast assessments were integrated as AUDPC for wheat leaves and heads,
according to SHANER and FINNEY (1977):

n—1
Y, +Y,
AUDPC = Z (12—”1) x(Ti_y = T))
i=1

where AUDPC = area under the disease progress curve, Yi = proportion of disease at the
i"" observation, Ti = time in days at the i observation, and n = total number of
observations.

2.5. Assessment of incubation period and latent period

For each infection cycle, the incubation period and latent period were estimated

by monitoring wheat leaves inoculated until the first symptoms and signals of the fungal
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reproductive structures. The length of the incubation period in days was estimated
between inoculation and appearance of the first symptoms of the disease. The length of
the latent period in days was assessed between inoculation and the first conidia emergency
(reproductive structures) on wheat leaves inoculated with Qol-R and Qol-S PoTl isolates.

2.6. Model fitting to disease progress curves

For each infection cycle, nonlinear models were fitted, and the data from the 12
assessments of disease severity of Qol-R and Qol-S PoTlI isolates on wheat leaves and
heads were used for the fitting. Different models were fitted, including exponential y =
(y0) x exp (rt) (1), Gompertz’s y = exp (-(-In (y0)) x exp (-rt)) (2), logisticy = 1/[1 + ((1/
y0) -1) x exp (-rt)](3), monomoleculary = 1 - (1 - y0) x exp (-rt) (4), and linear (y = y0
+r x 1) (5). For these equations, y represents the disease severity percentage at time t, y0O
is the disease severity at time t0 or the initial inoculum and r is the disease progress rate
of each model, with time in days (CAMPBELL and MADDEN, 1990). The best model
was chosen according to the highest coefficient of determination in the regression
analysis (R?), the smallest mean-square of the residuals (MSR), the significance of
the parameters of the fitted regression models, and the lowest dispersion of points

in the residuals plot.

2.7. Data analysis

For the analysis of data, results from two replicates of each experiment were combined.
The value of the quotient between the largest and smallest square mean residual from two
replicates of each experiment was less than seven, admitting the homogeneity of residual
variances, which allowed the joint analysis of the data (GOMES, 1990). The Shapiro—
Wilk tests was applied to assess the assumptions of the ANOVA for blast severity,
AUDPC, incubation period and latent period (p = 0.05). The severity, incubation period
and latent period of Qol-R and Qol-S PoTl isolates on wheat plants were compared by
ANOVA's F test using a factorial arrangement between isolate and cycle. The Qol-R and
Qol-S PoTlI isolates were compared within each cycle and between infection cycles.
Within each cycle, the isolates were compared by ANOVA's F test and between them
with the Scott-Knott test (p < 0.05). All analyses were performed using the ExpDes.pt
package of the statistical software RStudio version 1.2.5033 (FERREIRA and
CAVALCANTI, 2009).
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3. RESULTS

3.1. Disease progress curve and disease progress rate

The wheat blast occurred in all infection cycles, and symptoms were observed on
both wheat leaves and heads. For each infection cycle, the secondary PoTI inoculum
produced on symptomatic 'Anahuac 75' wheat leaves at 21 d.a.i. was able to develop blast
symptoms on wheat heads. There was continuous progress of blast symptoms on leaves
and heads, from 0.0 to 60.0-100.0% severity throughout 15 days. The isolate Qol-R had
maximum disease intensity at 10 d.a.i, (i.e., earlier than the 15 d.a.i of Qol-S) (Fig. 1).

The sigmoid-shaped disease progress curve of the isolate Qol-R was maintained
from the first to the last infection cycle on wheat leaves and heads (Fig. 1). There was a
significant interaction between infection cycle and isolate on 'Anahuac 75' wheat leaves
and heads (p < 0.001). In all infection cycles, at 7 d.a.i, the isolate Qol-R caused the
highest disease severity on wheat leaves and heads (p < 0.001) (Fig. 1 and Fig. 2).

On the heads, the highest levels of disease severity for the isolate Qol-R, at 7 d.a.l,
was at 1st infection cycle (Fig. 1). At the end of the 1st and 5th cycles, at 15 d.a.i, there
was 100.0% disease severity on wheat leaves and heads inoculated with the isolates of
PoTI (Fig. 1 and Fig. 2). In contrast, at the end of the 3rd infection cycle, for wheat plants
inoculated with isolate Qol-R, there was 98.7% and 82.7% disease severity on wheat
leaves and heads, respectively, while for plants inoculated with isolate Qol-S, the disease
severity was 79.8% and 63.9%, respectively (Fig. 1).

Within each infection cycle, the disease severity was significantly different
between isolates (p < 0.001). For the 5th infection cycle on wheat leaves, at 7 d.a.i, the
disease severity of isolate Qol-R was 1.96 times higher than that of isolate Qol-S (p <
0.001) (Fig. 1 and Fig. 2). On the heads, at 7 d.a.i, the disease severity of isolate Qol-R
was 3.96 times higher than that of isolate Qol-S (p <0.001) (Fig. 1 and Fig. 2).

Within each infection cycle, there were significant differences between infection
rate of isolate Qol-R and isolate Qol-S inoculated on wheat leaves (p < 0.01) and wheat
heads (p < 0.1), according to ANOVA's F test. In all infection cycles, the infection rate
of Qol-R and Qol-S PoTI isolates increased with the continuous progress of blast
symptoms on leaves and heads, which occurred from 5 to 10 d.a.i. (Fig. 1). For the 1st
and 5th infection cycle on wheat leaves and heads, at 7 d.a.i, the infection rate of Qol-R
isolate was higher than that of isolate Qol-S (p <0.001) (Fig. 1 and Fig. 2). Between the
10 and 15 d.a.i, the infection rate of Qol-R and Qol-S PoTl isolates decreased in the 1st
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(Fig. 1).
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Figure 1. Disease progress curves (DPCs)? and disease progress rate® of wheat blast on
wheat leaves and heads in the 1st, 3rd and 5th cycles of the Pyricularia oryzae Triticum
lineage isolates resistant (R) and sensitive (S) to Quinone outside inhibitor (Qol)
fungicide. ®DPCs included severity values of the PoTI isolates in percentage/100 at
indicated days after inoculation (DAI). ®The error bars in each DPC point represent the
average standard error of the severity values. PPyricularia oryzae Triticum lineage
isolates resistant (R) (red line) and sensitive (S) (blue line) to Quinone outside inhibitor
(Qol) fungicide. "Means followed by the same letter are not significantly different from
the Scott-Knott test (p < 0.001).
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Figure 2: Images of blast symptoms on the leaves and heads of wheat cv. Anahuac 75 at
4, 7 and 15 days after inoculation (d.a.i) with Pyricularia oryzae Triticum lineage isolate
12.1.146 and Py6038 after successive infection cycles®. Bars: 10mm.
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3.2. Area under the disease progress curve

For AUDPC within each infection cycle, there were significant differences
between isolate Qol-R and isolate Qol-S (p < 0.001), according to ANOVA's F test.
Among the infection cycles, the interaction between cycle and isolate on wheat leaves
and heads were statistically significant (p <0.001). In all infection cycles, higher AUDPC
values were observed on the wheat leaves and heads inoculated with the isolate Qol-R,
and the AUDPC was lower for the isolate Qol-S (p < 0.001) (Table 1). The highest
AUDPC values were observed for PoTl isolates on wheat leaves and heads at 1st infection
cycle (Table 1). Between the 1st and 5th infection cycles, the AUDPC on wheat leaves
had a significantly reduction of 12.42 and 5.07 % for PoTl isolates 12.1.146 and Py6038,
respectively (Table 1). Similarly, between the 1st and 5th infection cycle, the AUDPC on
wheat heads had a significantly reduction of 4.78 and 12.26 % for PoTl isolates 12.1.146
and Py6038, respectively (Table 1).

Table 1. Area under the disease progress curve (AUDPC) of Pyricularia oryzae Triticum

lineage isolates and effects of successive infection cycles.

Isolates? AUDPC

Leaves Heads

1stP 3rdP 5thP 1stP 3rd® 5thP

Qol-R 915.11Aa 685.56Cc 801.37Bb 803.64Aa 287.76Cb 765.20Ba
Qol-S 704.10Aa 522.57Cbh 668.39Ba 627.88Aa 168.93Cc 550.87Bb

¥The area under the disease progress curve (AUDPC) based on the severity values of blast
on wheat leaves and heads in the 1st, 3rd and 5th infection cycles of the Pyricularia
oryzae Triticum lineage isolates resistant (R) and sensitive (S) to Quinone outside
inhibitor (Qol) fungicide were obtained by the joint analysis of two experiments.

b Means followed by the same letter are not significantly different from the Scott-Knott
test (p < 0.001). The capital letter compares AUDPC between infection cycles, while

lowercase letters compare AUDPC of the Pyricularia oryzae Triticum lineage isolates.

3.3. Incubation period and latent period

Within each infection cycle, significant differences between Qol-R and Qol-S
PoTI isolates for incubation period and latent period (p < 0.001) were identified by
ANOVA's F test. Among the infection cycles, there were a significant interaction between
cycles and PoTl isolates for incubation period on wheat leaves (p < 0.001) and heads (p
< 0.1) and latent period (p < 0.001). In all infection cycles, a shorter incubation period
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and latent period were observed on the wheat leaves and heads inoculated with the isolate
Qol-R, and the incubation period and latent period were longer for the isolate Qol-S (p <
0.001) (Table 2). At the end of the 5th infection cycle, the incubation time of the Qol-R
and Qol-S PoTl isolates on wheat leaves increased significantly from 2.6 to 3.2 and from
3.2 to 3.7 days, respectively (p < 0.001) (Table 2). Similarly, between the 1st and 5th
infection cycle, the incubation period on wheat heads increased significantly from 2.7 to
2.9 days for Qol-R PoTl isolate and from 3.7 to 3.9 days for Qol-S PoTlI isolate (p <
0.001) (Table 2). For the latent period of the Qol-R PoTlI isolate on wheat leaves, there
was no effect of the infection cycles in the time necessary for conidial production.
Conversely, the latent period of the Qol-S PoTI isolate on wheat leaves increased
significantly from 6.6 to 7.2 days between the 1st and 5th infection cycle (p < 0.001)
(Table 2).

3.4. Model fitting to disease progress curves

In all infection cycles, for both wheat leaves and heads, the logistic model was the
best fit for the wheat blast progress curve (Fig. 3). In the infection cycles, on wheat plants
inoculated with the isolates Qol-R and Qol-S, overall, the logistic model resulted in the
highest R? and the lowest MSR on wheat leaves and heads (Table 3 and Table 4).
Additionally, in all infection cycles, for both wheat leaves and heads, the disease progress
rate (r) and the initial inoculum (y0) under the logistic model were significant parameters
for isolates of PoTI (Table 3 and Table 4). When comparing the disease progress rate (r)
of PoTI on leaves between the 1st infection cycle (rcl) and the 5th infection cycle (rc5)
under the logistic model, the rc5 of Qol-R was 1.71 times higher than rcl, while in heads

the rc5/rcl ratios was 1.07.
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Table 2. Incubation period and latent period on wheat plants of Pyricularia oryzae Triticum lineage isolates and effects of successive infection

cycles.
Isolates? Incubation period (days) Latent period (days)
Leaves Heads Leaves
1st® 3rd® 5th® 1st® 3rd® 5th® 1st® 3rd® 5th®
Qol-R 267Cb 3.04 Aa 3.21 Ba 273Bb 3.65Aa 2.94Bb 6.29 Cc 6.21 Aa 6.46 Ba
Qol-S 6.67Cc  4.97 Aa 3.77Bb 3.71Ba 4.13Aa 3.96Ba 6.67 Cc 821 Aa 7.21Bb

& The number of days until the appearance of blast symptoms (incubation period) on wheat leaves and heads and emergence of conidia (latent

period) on wheat leaves in the 1st, 3rd and 5th cycles of the Pyricularia oryzae Triticum lineage isolates resistant (R) and sensitive (S) to Quinone

outside inhibitor (Qol) fungicide were obtained by the joint analysis of two experiments.

b Means followed by the same letter are not significantly different from the Scott-Knott test (p < 0.001). The standard errors resulted from four

repetitions. The capital letter compares incubation period and latent period between infection cycles, while lowercase letters compare incubation

period and latent period of the Pyricularia oryzae Triticum lineage isolates.
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Figure 3. Scatter plot of residuals and fitted disease severity for wheat leaves and heads
by the logistic model in the 1st, 3rd and 5th cycles of the Pyricularia oryzae Triticum
lineage isolates resistant R (dark circle) and sensitive S (clear circle) to quinone outside
inhibitor fungicide (Qol)?. ®The severity values of the Pyricularia oryzae Triticum
isolates are in percentage/100, at indicated days after inoculation (DAI). The plots
represent the fitted disease severity and dispersion of points in the residuals of PoTI (Qol-
R) (black filled circles) and (Qol-S) (white filled circles) in each infection cycle.
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Table 3. Parameters used in the regression analysis to fit the nonlinear models for blast
disease progress curve on wheat leaves, inoculated with two isolates of Pyricularia

oryzae Triticum.

Cycle® Isolate? Models Rate (r)f yo R MSRY

Linear 0.066***  0.151** 0.80 0.01355
Monomolecular 0.349***  -2.285*** (.95 0.00317
Qol-R Exponential 0.074***  0.373*** (.71 0.01987

Logistic 0.616***  0.027***  0.96 0.00251

1st Gompertz 4.7e-01*  3.8e-05 0.96 0.00255
Linear 0.077***  -0.093* 0.90 0.00760

Monomolecular 0.201***  -1.007*** 0.88 0.00963

Qol-S Exponential 0.111***  0.207*** 0.84 0.01284
Logistic 0.419***  0.039*** (.92 0.00642

Gompertz 0.308***  0.001***  0.91 0.00709

Linear 0.106***  -0.5081*** (.92 0.01133
Monomolecular 0.180***  -1.4040*** (.82 0.02719

Qol-R Exponential 0.186***  0.0720*** 0.84 0.02321
Logistic 0.743***  0.0007* 0.96 0.00522

3rd Gompertz Na Na Na Na

Linear 0.085***  -0.4445*** (.89 0.01086
Monomolecular 0.123***  -0.8959*** (.83 0.01686

Qol-S Exponential 0.199***  0.0459*** 0.80 0.01968
Logistic 0.524***  0.0030* 0.92 0.00742

Gompertz 3.5e-01*** 0.0000 0.94 0.00559

Linear 0.091***  -0.1588*  0.80 0.02558

Monomolecular 0.336***  -3.1513*** (.92 0.00975

Qol-R Exponential 0.105***  0.24747*** (.66 0.04324
Logistic 1.052***  0.00071** 0.99 0.00126

5th Gompertz Na Na Na Na

Linear 0.077***  -0.0938*  0.90 0.00760

Monomolecular 0.201***  -1.0074*** (.88 0.00963
Qol-S Exponential 0.111***  0.2072*** (.84 0.01284
Logistic 0.419***  0.0399*** (.92 0.00642
Gompertz 0.308***  0.0013 0.91 0.00709
4121146 (G143A mutant Qol-R isolate resistant to azoxystrobin) and Py6038 (Qol-S

isolate sensitive to azoxystrobin).

bOn wheat leaves, five successive infection cycles of the Pyricularia oryzae Triticum
lineage isolates resistant (R) and sensitive (S) to Quinone outside inhibitor (Qol)

fungicide were performed.
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“Coefficient of determination fitted in the regression analysis (R?). The significance codes
used were: *** p< 0.001; ** p< 0.01; * p< 0.05. Na: not fitted.

dMean square of the residual of the linear regression analysis (MSR).

®yo: initial severity of wheat blast.

" r. progression rate of wheat blast.
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Table 4. Parameters used in the regression analysis to fit the nonlinear models for blast

disease progress curve on wheat heads inoculated with two isolates of Pyricularia oryzae

Triticum.
Cycle® Isolate? Models Rate (r)" yo© R MSR¢
Linear 0.0835***  -0.0741 0.87 0.0119
Monomolecular 0.2985*** -2,1418***  (0.94 0.0055
Qol-R Exponential 0.1001*** 0.2646*** 0.76 0.0232
Logistic 0.6664*** 0.0107*** 0.99 0.0008
1st Gompertz 4.8e-01*** 5.9e-08***  0.98 0.0017
Linear 0.0964*** -0.3581***  0.97 0.0024
Monomolecular 0.1960*** -1.3709***  0.90 0.0106
Qol-S Exponential 0.1547*** (.1141*** 0.89 0.0125
Logistic 0.5540***  0.0074*** 0.98 0.0013
Gompertz 3.8e-01***  0.0000 0.97 0.0026
Linear 0.0755*** -0.4412*** (.86 0.0110
Monomolecular 0.0918*** -0.6603***  0.76 0.0191
Qol-R Exponential 0.2848*** (0.0123*** 0.94 0.0048
Logistic 0.5625***  0.0009*** 0.96 0.0027
3rd Gompertz Na Na Na Na
Linear 0.0521*** -0.3202***  0.72 0.0126
Monomolecular 0.0571*** -0.3942***  0.65 0.0159
Qol-S Exponential 0.3669***  0.0024 0.63 0.0189
Logistic 6.6e-01***  8.9e-05* 0.95 0.0020
Gompertz Na Na Na Na
Linear 0.0934*** -0.2335*** (.89 0.0124
Monomolecular 0.2743*** -2.2367***  0.95 0.0057
Qol-R Exponential 0.1207***  (0.1940*** 0.76 0.0280
Logistic 0.7153***  0.0049*** 0.97 0.0026
5th Gompertz 5.0e-01***  0.0000 0.98 0.0015
Linear 0.1042*** -0.4913***  0.97 0.0038
Monomolecular 0.1818*** -1.4175***  (0.87 0.0167
Qol-S Exponential 0.1841*** (.0739*** 0.88 0.0157
Logistic 0.6473*** (0.0021*** 0.98 0.0014
Gompertz Na Na Na Na

4121146 (G143A mutant Qol-R isolate resistant to azoxystrobin) and Py6038 (Qol-S

isolate sensitive to azoxystrobin).

bOn wheat heads, five successive infection cycles of the Pyricularia oryzae Triticum

lineage isolates resistant (R) and sensitive (S) to Quinone outside inhibitor (Qol)

fungicide were performed.
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Coefficient of determination fitted in the regression analysis (R2). The significance
codes used were: *** p< 0.001; ** p< 0.01; * p< 0.05. Na: not fitted.

dMean square of the residual of the linear regression analysis (MSR).

®yo: initial severity of wheat blast.

" r. progression rate of wheat blast.

4. DISCUSSION

After the recent reports of fitness advantage for the Qol-R PoTl isolates carrying
the G143A mutation compared with the sensitive isolates, in this study, we assessed the
effect of successive infection cycles of the Qol-R and Qol-S PoTl isolates on the temporal
development of blast on wheat leaves and heads. Knowledge about the biology and
epidemiology of the pathogen may lead us to better understand and to apply the anti-
resistance strategies against PoTI populations that cause blast in wheat fields in Brazil.
This information may also provide a safer basis for employing models capable of
supporting decision making in the application of Qol fungicides in controlling the wheat
blast disease.

Firstly, our study reports that the Qol-R and Qol-S secondary inoculum produced
on wheat leaves was pathogenic and efficient in causing wheat blast on wheat leaves and
heads throughout five successive infection cycles. Moreover, the secondary inoculum of
the isolates PoTI harvested from wheat leaves with typical blast symptoms and sporulated
lesions caused blast symptoms when inoculated on wheat heads. This result reveals an
important role for the PoTIl inoculum produced on symptomatic wheat leaves in the
development of blast on wheat heads. The PoTI inoculum is capable of infecting wheat
plants from vegetative stages of the host up to the head stage (CRUZ et al., 2015, CRUZ
and VALENT, 2017, MARTINEZ et al., 2019). The development of wheat blast
symptoms in the middle canopy of plants in combination with the natural senescence of
basal leaves contributes to the formation of an important source of secondary inoculum
of PoTl (CRUZ et al., 2015). Similar to what was observed for P. oryzae Triticum on
wheat, the PoTI inoculum and blast symptoms also spread from leaves to heads, following
a vertical movement (GONGORA-CANUL et al., 2020). In our study, the time between
inoculation and the first conidia emergency on wheat leaves (latent period) was shorter
for Qol-R PoTI isolate than that of the isolate Qol-S in all infection cycles (Table 2),

which was consistent with previous report in Qol-R PoTI populations (DORIGAN et al.,
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2022). In contrast, Qol-R isolates of P. oryzae on rice had a longer latent period compared
to the sensitive isolates (D’ AVILA, 2022).

Secondly, in all infection cycles, the time period between inoculation and the first
symptom on wheat leaves and heads (incubation period) was shorter for Qol-R isolate
than that of the Qol-S isolate (Table 2), which was also consistent with previous report in
Qol-R PoTI populations (DORIGAN et al., 2022). As part of the latent period, the
incubation period is the time between host infection and the expression of disease
symptoms. After that period, the inoculum formation in the lesions begins, marking the
end of the latent period and the beginning of the infectious period. The number of
pathogen generations is determined by the duration of the latent period (in hours, days,
or weeks). Thus, the latent period affects the upper limit of the explosiveness of an
epidemic. The more generations a pathogen has in the growth period of hosts, the more
inoculum will be produced by the pathogens; hence, the disease can build up at high levels
(Jurgen Kranz, 2002). Knowledge regarding the temporal dynamics, incubation period,
and latent period of plant disease could be used as a decision support tool for more
targeted timing of fungicides (MOLITOR et al., 2012) and to develop better pathogen
management strategies. Thus, our results about incubation and latent period may provide
detailed information for disease prediction models to help predict the appearance of the
first visible symptoms, the fungicide application timing and effectiveness against wheat
blast.

The wheat blast severity from both Qol-R and Qol-S isolates increased over time
on wheat leaves and heads. At 7 d.a.i, the disease intensity of Qol-R PoTl isolate on leaves
and heads at the initial infection cycle was 1.54 and 1.82 times higher than that of the
Qol-S PoTl isolate, respectively. Similarly, to what was observed for the initial infection
cycle, in successive infection cycles, at 7 d.a.i, Qol-R PoTl isolate caused higher disease
severity than the Qol-S PoTl isolate. These results indicated that the fitness advantage of
the Qol-R PoTI isolate (in terms of blast severity on wheat leaves and heads) was
maintained over the course of five successive infection cycles. Although the disease
severity was lower at the 3rd infection cycle, the infection levels went back up in later
cycles. These differences in the 3rd infection cycle on wheat leaves and heads can be
explained by several factors, including longer incubation of PoTl isolates (Table 2), as
well as lower infection rate and expansion of lesions on infected wheat leaves and heads
(Fig. 1 and Fig. 2).
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For the 1stand 5th infection cycles, the levels of disease severity of Qol-R PoTI
isolate were higher (more than 60% at 9 d.a.i), and the rate of disease progress was higher
at the 5th cycle than at the initial infection cycle on leaves and heads. Similarly, to what
was observed for Qol-R PoTlI isolate, P. oryzae isolate have caused a high level of
infection, more than 60% of the disease incidence at 10 d.a.i, in combination with the
increase in the rate of disease progression (RIOS et al., 2016). Furthermore, our results
demonstrate a continuously decreasing infection rate of PoTI isolates ranging from near
0.0 between 10 and 15 d.a.i (Fig. 1). Therefore, decreasing the probability of occurrence
of secondary infections on wheat leaves 15 d.a.i (Fig. 1).

Thirdly, regarding the AUDPC, based on the disease severity values on wheat
leaves and heads, the isolate Qol-R had higher values than the isolate Qol-S in all
infection cycles (Table 1). When inoculated on wheat leaves and heads for each infection
cycle, there were differences in the behaviour of the temporal progress of blast and
AUDPC between the isolate Qol-R and the isolate Qol-S. The AUDPC is a better
indicator of disease expression over time for temporal analyses of plant disease. Based
on our results, the differences in AUDPC values of PoTl isolates in each infection cycle
may provide a better understanding of the wheat blast epidemic behavior and develop
effective disease management strategies (DUARTE et al., 2012). Furthermore, between
the 1st and 5th infection cycles, a significant reduction in the AUDPC of the PoT] isolates
was observed (Table 1). These results indicate that the PoTlI isolates did not keep the same
temporal dynamics after five infection cycles.

Fourthly, the nonlinear model that best fit the sigmoid progress curves over the
course of time, for both the isolate Qol-R and the isolate Qol-S, was the logistic model
(Fig. 3). This model was also selected by other authors to describe the wheat blast
epidemic, although on crop fields (GOMES et al., 2019, GONGORA-CANUL et al.,
2020). The Gompertz model has also been cited for its temporal fit of wheat blast
(GONGORA-CANUL et al., 2020). Both logistic and Gompertz models have similar
curve shapes and are often used to describe and model polycyclic-like epidemics (Mouen
BEDIMO et al., 2007, VAN DEN BOSCH et al., 2014, GOMES et al., 2019,
FERNANDEZ-CAMPOS et al., 2020).

Therefore, we can highlight some important findings of this study: i) for each
infection cycle, the secondary inoculum of Qol-R PoTI isolate and Qol-S PoTI isolate
produced on symptomatic wheat leaves infected and colonized wheat heads; ii) disease

severity in both Qol-R and Qol-S isolates increased over the course of time in each
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infection cycle on wheat leaves and heads; iii) the PoTlI isolates did not keep the same
temporal dynamics after five infection cycles. As a final highlight, iv) the logistic model
was the best model for wheat blast epidemics caused by PoTl isolates under controlled
conditions.

Regarding the effect of successive cycles of infection of Qol-R PoTl isolates with
higher fitness and fitness advantages under the severity of wheat blast, we obtained
relevant information about this evolutionary advantage of Qol-R PoTI populations. Qol-
R PoTI populations with higher fitness are likely to have higher advantages throughout
the infection process and blast progression on wheat leaves and heads. This high
variability between Qol-R PoTI isolate and Qol-S PoTlI isolate may be attributed to the
extensive use of Qol fungicides to control wheat blast in recent years. This probably has
resulted in a selection of Qol-R PoTl isolates with fitness advantages (CASTROAGUDIN
et al., 2015; DORIGAN et al., 2022). Moreover, there is no fitness cost associated with
Qols resistance in PoTI populations (DORIGAN et al., 2022). Hence, resistant genotypes
of the PoTI populations with fitness advantages may prevail on wheat fields, even after
successive infection cycles in the absence of selection pressure, and Qols may lose their
efficacy permanently. In this sense, the most effective action to manage the resistance to
Qols in PoTI populations would be to remove the selection pressure to Qols. Similarly,
to what was reported by DORIGAN et al. (2022), no fitness cost associated with Qols
resistance was also reported by AVILA-ADAME and KOLLER (2003) in P. oryzae on
barley, over three consecutive infection cycles, in the absence of azoxystrobin
(DORIGAN et al.,, 2018; AVILA-ADAME and KOLLER, 2003). Conversely, few
studies also reported a fitness cost associated with the G143A mutation for Qols
resistance, including P. oryzae on rice, Ustilago maydis on corn, P. oryzae on perennial
ryegrass, Z. tritici on wheat, and some lab mutants of F. fujikuroi (MA and UDDIN, 2009;
HAGERTY, 2016; D’ AVILA, 2022; SONG et al., 2022, ZIOGAS, 2002).

When analyzing the likely contributions of our results to the management of the
Qol-R PoTI, the questions and answers about successive wheat crop cycles in Brazil and
the prevalence of fitness advantage of isolates Qol-R PoTI (in terms of blast severity)
have important implications for the integrated management of wheat blast in wheat fields.
Certain cultural practices should be implemented, for example, the management of
secondary inoculum of Qol-R PoTI in wheat fields, in basal leaves, which is a potentially
important inoculum source for new epidemics, as well as the crop planting date, which

according to GOULART et al. (2007) should be adjusted as a strategy to escape infection
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by the Qol-R PoTI pathogen (GOULART et al., 2007, CRUZ et al., 2015). Other anti-
resistance strategies can be implemented and contribute to the reduction of Qol-R PoTI
populations in wheat fields, for example, applications of multisite fungicides with a low
risk of resistance in mixtures with effective active ingredients of single-site inhibitors
(e.g., DMIs). Multisite fungicides can be employed as mixing partners with other
fungicides at an early stage of the disease epidemic (COOK et al., 1999, HOBBELEN et
al., 2011, VAN DEN BOSCH et al., 2014). Among site-specific fungicides, tebuconazole
and benzovindiflupyr can still be used for the management of wheat blast, as well as co
formulation with multisite fungicides (CAZON et al., 2023). These important anti-
resistance strategies would prevent the selection of the PoTI populations with higher
fitness, adaptative advantages and resistance to fungicides in Brazilian wheat fields.
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ABSTRACT

Wheat blast, caused by Pyricularia oryzae Triticum lineage (PoTl), is one of the most
important and devastating fungal diseases damaging wheat crops. The stability of the
Quinone outside inhibitor fungicides (Qols) resistance of PoTI isolates with higher
fitness, and adaptative advantages are still unknown. In this study, the fungicide
resistance stability, fitness, and competitive ability of the Qol-resistant ® PoTI isolates
group were determined throughout nine and five successive infection cycles in vitro and
in vivo, respectively, in the absence of fungicide. No changes in the sensitivity of the Qol-
R and sensitive (S) PoTI isolate groups were observed for azoxystrobin after successive
infection cycles in vitro and in vivo. The Qol-R PoTI isolates group increased mycelial
growth and conidial germination ability over time. For the Qol-R isolate group, the leaf
and head disease, conidial production, and latent period on wheat leaves remain
unchanged between the 1%t and 5" infection cycle. In all infection cycles, the highest leaf
and head disease and the highest amount of conidia harvested from wheat leaves were
found in isolate mixtures (0S:80R or 0S:100R) with the predominance of resistant
isolates. At discriminatory doses of the fungicide, in vitro and in vivo, the conidia of the
20S:80R and 0S:100R mixtures harvested remained resistant after successive infection
cycles. The G143A mutation conferring Qols resistance remains stable after five infection
cycles of the 0S:100R mixtures on wheat leaves. Our results provide evidence that the
Qols resistance and adaptative advantages of the Qol-R PoTI isolate group remain
unchanged even after successive infection cycles. We discuss the ecological implications

of the wheat blast population’s adapted and Qols resistance remained stable.

Keywords: Wheat blast, fungicide sensitivity, azoxystrobin, ECso, fitness
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1. INTRODUCTION

Wheat blast, caused by Pyricularia oryzae Triticum lineage (PoTl), syn. P.
graminis-tritici (CERESINI et al., 2018; GLADIEUX et al., 2018), affects important
cereal crops, including wheat, rice, barley, millet, and oats (CERESINI et al., 2018). In
countries or regions where the wheat blast is endemic, PoTl may cause 10-100% grain
losses (DUVEILLER, 2016; CERESINI et al., 2018, BONJEAN, et al., 2016). In 2020,
Brazilian wheat production was 6.6 million tons, representing 0.9% of the 735 million
tons produced globally (COLUSSI, 2022). Due to the many diseases, there is a lack of
quality Brazilian wheat and low internal production and supply. Consequently, Brazil still
imports 4 million tons of wheat grain annually (CERESINI et al., 2018). The wheat blast
was first reported in 1986 Parana state, Brazil (IGARASHI, 1986). After that, this
devastating pathogen was quickly disseminated to south-central Brazil and other
countries such as Argentina, Bolivia, and Paraguay (GLADIEUX et al., 2018; CERESINI
et al., 2018). Until April 2016, the wheat blast was restricted to South America
(CERESINI et al., 2018). Then, there was the first report of this disease in Bangladesh,
southeast Asia, and Zambia, southern Africa, in 2016 and 2017, respectively (ISLAM et
al., 2016; TEMBO et al., 2020). More recently, in 2022, the blast disease was detected in
Germany, in central Europe (BARRAGAN et al., 2022). In Brazil, the fungicide
application has been widely employed to manage wheat blast, even with efficacy rarely
over 60% of disease control (CERESINI et al.,, 2018). The reduced efficiency of
molecules with a specific target action and lack of varietal resistance make wheat blast
management difficult in wheat crops.

In 2015, there was the first report of selection for resistance to Quinone outside
inhibitor fungicides (Qol) in Brazilian populations of PoTI. The mutation G143A in the
cytochrome b (cytb) gene was associated with Qol-resistance in PoTl populations
(CASTROAGUDIN et al., 2015). In addition to the target-site-based mechanisms of
fungicide resistance, non-target site mechanisms, such as overexpression of drug efflux
pumps, lack of conversion to the active components, and detoxification may also be
associated with Qol-resistance in phytopathogens (HAWKINS and FRAAIJE, 2018, HU,
2021; DORIGAN et al., 2023). Recently, PoTI populations have also been associated with
resistance to two other chemical groups, both triazoles or demethylation inhibitors
(DMIs) and succinate dehydrogenase inhibitors (SDHIs) (VICENTINI et al., 2022,
POLONI et al., 2021).



113

The fungicide resistance can lead to fitness advantages on phytopathogens.
Probably, the fitness advantages may be associated with an evolutionary compensatory
process (HAWKINS and FRAAIJE, 2018). However, mutations linked to fungicide
resistance can also be associated with a fitness cost, resulting in evolutionary trade-offs
(HAWKINS and FRAAIJE, 2018). Fitness is defined as the survival and the reproductive
success of an allele, individual, or group of individuals carrying a particular character of
fungicide resistance, expressed as progeny contribution to the next generation (PRINGLE
and TAYLOR, 2002). Fitness can also be employed to demonstrate all estimated
parameters for a single isolate, such as mycelial growth, conidial production, germination,
and virulence (KARAOGLANIDIS et al., 2001). Many fitness parameters were assessed
for a Qols resistant (Qol-R) PoTl isolate group carrying G143A mutation (DORIGAN et
al., 2022). These isolates had greater (mycelial growth, virulence, conidial production,
and competitive ability) than sensitive (Qol-S) ones (DORIGAN et al., 2022). This result
contrasted with Evolutionary Theory, which affirms that fungicide resistance can come
with fitness costs (HAWKINS and FRAAIJE, 2018).

Although the Qols resistance has become pervasive and persisted in PoTI
populations in south-central Brazil for seven years from 2012 to 2019 (VICENTINI et
al., 2022), very little is known about the stability of the G143A mutation and fitness
advantage of Qol-R PoTI populations over time. Resistance stability is the pathogen's
capacity to retain the same insensibility level to fungicide after successive generations of
either exposition or without exposition to the target fungicide (VEGA and DEWDNEY,
2014). For the wheat blast pathosystem, few studies clarify if the fitness advantage of
Qol-R PoTI populations carrying G143A mutation is stable even after successive
infection cycles. Therefore, investigating both fungicide resistance stability, fitness
advantage stability, and competitive abilities of PoTI populations resistant to Qols may
likely improve the anti-resistance strategies that reduce the decrease of sensibility of PoTl
populations to Qols in wheat fields.

For other phytopathogenic fungi species carrying the G143A mutation, such as
Colletotrichum acutatum from strawberries, the resistance to Qol persisted even after four
cycles invitro in the absence of fungicide (FORCELINI et al., 2018). In Erysiphe necator,
the fungal causing grape powdery mildew, isolates show stability of Qol resistance
throughout four years after the last exposure to fungicides, while the isolates of
Plasmopara viticola from grapes were resistants to Qol for four consecutive cycles
(RALLOS et al., 2014; GENET, 2006). Further, G143A mutants of Pyricularia oryzae
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on barley did not show reversion to sensitivity throughout three successive cycles
(AVILA-ADAME and KOLLER, 2003). Similar to what was observed for P. oryzae on
barley, Botrytis cinerea on apple was also stable even after four consecutive cycles
(CHEN et al., 2016).

In such a scenario, the objective of this study was (i) to determine if the resistance
of Qol-R PoTI field isolates remained stable after nine and five successive infection
cycles in vitro and in vivo, respectively, without fungicide (ii) to verify if the fitness
parameters and competitive abilities of the Qol-R PoTI field isolates are stable (i.e., no
decrease) after successive cycles of infection in vitro and in vivo in the absence of
fungicide selection pressure and (iii) to confirm if the mutation G143A in the cytb gene
of Qol-R PoT] field isolates remain stable after successive infection cycles in vitro and in

vivo in the absence of fungicide selection pressure.

2. MATERIALS AND METHODS

2.1 Fungal material and plant material

Eight Qols resistant (Qol-R) or sensitive (Qol-S) Pyricularia oryzae Triticum
lineage isolates characterized in previous studies were used in this present study
(CASTROAGUDIN et al., 2015, VICENTINI et al., 2022, DORIGAN et al., 2022). The
PoTl isolates were collected from wheat fields in Amambai, Mato Grosso do Sul (MS),
in 2012, Goiania, Goias (GO), in 2006, Londrina, Parana (PR), in 2018 and Itapetininga,
in the Sdo Paulo (SP) state, Brazil, in 2018, from leaves and heads with typical blast
symptoms (Table 1). Sampling was carried out following the procedure described by
(CASTROAGUDIN et al., 2015). These isolates were deposited in the Molecular Plant

Pathology fungal collection from Séo Paulo State University, llha Solteira, SP, Brazil.
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Table 1. Description of Pyricularia oryzae Triticum lineage isolates resistant (R) and
sensitive (S) to quinone oxidase inhibitor (Qol) obtained from wheat plants that were used

in the fungicide resistance stability and fitness study.

Isolates Origin, year Sfunrf;tizggsgo Reference
Py6038 Goiania, GO, 2005 Qol-S Castroagudin, 2015
Py22.2 Goiania, GO, 2005 Qol-S Castroagudin, 2015
12.1.129  Amambai, MS, 2012 Qol-S Castroagudin, 2015
12.1.132 Amambai, MS, 2012 Qol-S Castroagudin, 2015
12.1.146  Amambai, MS, 2012 Qol-R Castroagudin, 2015
18SPM6 Itapetininga, SP, 2018 Qol-R Vicentini 2022
12.1.312 Londrina, PR, 2012 Qol-R Castroagudin, 2015
18PRH9 Londrina, PR, 2018 Qol-R Vicentini 2022

Legend: ? R = Resistant; S = Sensitive.

For conidial production, mycelial discs (7-mm diameter) of Qol-R and Qol-S PoTI
isolate groups were transferred from 7-day-old cultures of growth to 15 plates containing
PDA medium (42 g L™ potato-dextrose-agar, KASVI, India) and 15 plates with oatmeal
agar medium (OA, 60 g of oatmeal flour, 12 g of agar). In each plate containing PDA or
OA medium, 50 pg mL™ streptomycin sulfate and chloramphenicol were added. These
plates were incubated at 25 °C under constant light for fifteen days using 1,060-lumen
Osram® fluorescent lamps. Four mLs of distilled water with the surfactant Tween 80 (10
uL L) were added to the culture medium to facilitate the release of conidia. The conidial
suspensions were obtained by scraping the mycelia produced in the plates using a
sterilized spatula. For Qol-R and Qol-S PoTl isolate groups, the adjustment of the conidia
concentration, 2,2 x 10 conidia mL™, was performed using a Neubauer chamber.

Simultaneously conidial production, three wheat 'Anahuac 75' plants were grown
in each plastic pot containing 770 mL of the plant substrate Tropstrato HT potting mix
(Vida Verde). The wheat growth was conducted in a greenhouse, and a 0.84-gram dose
of N-P20s-K>0 (10-10-10) was applied per pot every 15 days. The wheat plants were
watered daily. The inoculations of PoTI isolates on wheat leaves were performed when
the plants were a 1-month-old plants at growth stage 14 (ZADOCKS et al., 1974). On
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heads, the inoculations were carried out at the beginning of anthesis, at growth stage 60,
on 2-month-old immature spikelets (ZADOCKS et al., 1974).

2.2 Experimental design

The experimental design was completely randomized. Four replicates were
prepared for each treatment, and all experiments were repeated once. Four plates from
each concentration were prepared for azoxystrobin sensitivity assessment. The effect of
successive infection cycles under the stability of fitness parameters was assessed using
the factorial arrangements 9 x 2 and 5 x 2, in vitro and in vivo, respectively. The infection
cycle factor was combined with two treatments: Qol-R and Qol-S PoTlI isolate groups.
For the competitive ability assays, Qol-R and Qol-S PoTl isolates were evaluated using
the factorial arrangements 9 x 5and 5 x 5, in vitro and in vivo, respectively. The infection
cycle factor was combined with five treatments: 0S:100R, 20S:80R, 50S:50R, 80S:20R,
and 100S:0R obtained from PoTI isolate mixtures of the 121146 Qol-resistant (R) and
Py6038 Qol-sensitive (S) isolates. An experimental repetition consisted of a single plate
and/or a pot containing three wheat plants and/or three wheat heads per treatment. For the
in vitro assays, treatments were inoculated on four plates of PDA and/or OA medium,
and when tested in vivo, the treatments were inoculated in four pots containing three

wheat plants and/or three wheat heads.

2.3 Resistance stability of Qols resistant PoTI isolate group

The effect of successive infection cycles in vitro and in vivo of the Qol-R PoTI
isolate group under resistance stability to Qols was studied. Nine successive infection
cycles in vitro of the Qol-R and Qol-S PoTI isolate groups were carried out without
fungicide pressure. The azoxystrobin sensitivity of PoTl isolates was determined at the
1st, 5th, and 9th infection cycles. Between one infection cycle and another, mycelial discs
(7-mm diameter) of isolates were transferred from 7-day-old colony growth to Petri
dishes (90-mm diameter) containing PDA medium. The plates were incubated at 25 °C
under a 12-h photoperiod using 1,060-lumen Osram® fluorescent lamps.

Five successive infection cycles of the Qol-R and Qol-S PoTl isolate groups on
wheat leaves and heads were performed in the absence of fungicide pressure. The

inoculated plants were kept in a growth chamber at 25 °C under a 12-h photoperiod using
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33.354-lumen Osram®sodium vapor lamps (400W, model HQI-T NDL E40 5200K). The
infection cycles of the PoTl isolates on leaves and heads lasted 21 days. An Even® digital
thermo-hygrometer monitored the temperature and relative humidity in the growth
chamber. Before completing another infection cycle, the wheat plants were removed from
the growth chamber to avoid cross infection. The sensitivity of the PoTl isolates to
azoxystrobin was determined at the 1st, 3rd, and 5th infection cycles. Between one
infection cycle and another, every 21 days, the conidia produced by Qols resistant and
sensitive PoTlI isolate groups on wheat leaves were inoculated on healthy plants of the
subsequent cycle. Both wheat plants and the inoculum of PoTI isolates were prepared
following the same procedures described in the 'Fungal material and Plant material'

section.

2.4 Effect of successive infection cycles on the sensibility of the Qols resistant and

sensitive PoTl isolate groups to azoxystrobin

For both in vitro and in vivo assays, the effective concentration that inhibits 50%
of mycelial growth (ECso) was used to assess the resistance stability of PoTI isolates to
Qols. A Qol fungicide azoxystrobin stock solution (250 g L? a.i., Syngenta, Basel,
Switzerland) was prepared at 1,000 ug mL after dilution in deionized water. Aliquots of
the stock solution were added to autoclaved PDA medium, cooled, at 45 °C, to obtain the
final concentrations of 0, 0.08, 0.16, 0.32, 0.63, 1.25, 2.5, 5.0, 7.0, and 10.0 pg mL™.
There was added 0.5 mM salicyl hydroxamic acid (SHAM) in all concentrations of Qol
to inhibit the alternative oxidase pathway of fungal respiration (AOX) (MA et al., 2003).
For each isolate group, mycelial discs (7-mm diameter) from a 7-day-old colony were
transferred to plates containing PDA medium supplemented with different concentrations
of azoxystrobin. The mycelial growth of PoTI isolates was determined based on the
diameter of the fungal colony. It was measured by aiding a caliper seven days after
incubation at 25 °C and a 12-hour photoperiod. ECso values of PoTl isolates were
determined using the fungi's relative growth (RG), for each dose, in relation to the control
without fungicide. ECsp values were obtained using RGi fungi, and final concentrations
of azoxystrobin were converted in logio using the ED50plus v1.0 program (VARGAS,
2000).
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2.5 Effect of successive infection cycles on fitness parameters of the Qols resistant
and sensitive PoTl isolate groups

For fitness parameters, the Qol-R and Qol-S PoTl isolate groups were evaluated
in both in vitro and in vivo experiments. The variables studied in vitro were mycelial
growth, conidial production, and conidial germination ability. For the in vivo assays,
incubation period, latent period, disease severity on wheat leaves and heads, conidial
production, and conidial germination ability were also determined. The evaluations of
infection cycles in vitro and in vivo were carried out to conform to what was described in
the 'Resistance stability of Qols resistant PoTI isolate group.'

Mycelial growth on PDA. The PoTl isolates were grown on a PDA medium at 25
°C under constant light for seven days. For evaluating the mycelial growth, colony
diameter (mm) was determined using a caliper.

In vitro conidial production. The conidial production of either Qol-R or Qol-S
isolate groups of PoTl isolates was carried out following the same procedures described
in the 'fungal material and plant material' section. A repetition was composed of 10 mL
conidial suspension for each isolate group.

In vitro germination ability. Conidial suspension of Qol-R and Qol-S isolate
groups PoTI were obtained, as described in the 'In vitro conidial production’ section. Both
200 pL of PD medium (potato dextrose, Sigma-Aldrich, St. Louis, Missouri, USA) and
200 pL of conidial suspension supplemented with 0.5 mM of SHAM were mixed and
transferred to a 24-well culture plate. The plates were incubated in the shaker at 110 rpm
and 25 °C for 12 h in the dark. The germination percentage of each isolate group was
calculated by counting 50 conidia for each repetition. The conidia were considered to
have germinated when the germ tube length had twice or more of the conidia length
(OLAYA etal., 1998).

Incubation period and latent period. The incubation and latent periods were
determined by monitoring wheat leaves inoculated until the first symptoms and signals
of the fungal reproductive structures. The incubation period is the time from inoculation
to the first symptoms appearing. The latent period is characterized by the time from
inoculation to the first conidia emergency (reproductive structures) on wheat leaves

inoculated with PoT]I isolates.
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Disease severity. After preparation of both wheat plants and conidial suspension
from Qol-R and Qol-S isolate groups PoTI as described in the 'Fungal material and Plant
material' section, the wheat plants were inoculated with the fungal isolates. For each
isolate group, the conidial suspension was adjusted to 2.2 x 10* conidia mL™. The
inoculations of isolates were carried out using a manual sprayer until draining. For each
isolate, 25 mL of the conidial suspension were inoculated in twelve wheat plants
distributed on four pots, each containing three plants. Afterward, the wheat plants were
kept in a growth chamber under nebulization at 25°C, with relative humidity at 90%, and
in the dark for the first 24 h. After this period, the wheat plants were incubated under a
12-hour photoperiod as described in the 'Resistance stability of Qols resistant PoTl isolate
group' section. An Even® digital thermo-hygrometer was used to monitor the temperature
and relative humidity. A Canon® digital camera (EOS Rebel T1i model) was used to
photograph wheat leaves and heads with typical blast symptoms. The software program
to analyze digital photographs, Asses 2.0 (APS, St. Paul, Minnesota), was used to
determine the percentage of foliar area lesioned concerning the total size of the leaf (i.e.,
the blast severity on leaves or heads at 7 days after inoculation (d.a.i)). On heads, two
faces of each head were photographed, and the severity value was determined by the
arithmetic to mean among two images obtained.

In vivo conidial production. The conidial production of Qol-R and Qol-S isolate
groups PoTI was determined on wheat leaves, at 21 d.a.i, on typical blast lesions. Three
sporulated wheat leaves were placed into plastic tubes containing 10 mL of distilled
water. After that, the plastic tubes were agitated in a vortex for 20s to dislodge conidia
from leaf fragments containing blast lesions. The number of recovered conidia from
lesions was quantified in a Neubauer chamber. For each isolate group, the conidial
suspensions were obtained from plastic tubes containing three wheat leaves.

In vivo germination ability. The germination percentage in vivo of Qol-R and Qol-
S isolate groups PoTI were obtained as described in the 'In vitro germination ability'

section.

2.6 Effect of successive infection cycles on competitive abilities of the Qols resistant

and sensitive PoTI isolates
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Two experiments of competitive ability were performed, one in vitro and another
in vivo. The conidial mixtures of the Qol-resistant PoTI isolate 121146 (R) and Qol-
sensitive PoTI isolate Py6038 (S) were used without fungicide pressure. The conidial
suspensions of the R and S isolates adjusted to 2,2 x 10* conidia mL™ were mixed to
obtain the proportions of (100S:0R, 80S:20R, 50S:50R, 20S:80R and 0S:100R).

In vitro competitive ability. Aliquots of each mixture (20 uL) were transferred to
15 plates of either PDA or oatmeal agar medium, and the plates were incubated at 25° C
under constant light for 15 days. Nine successive infection cycles were performed
following the procedures described in the 'Fungal material and plant material’ section. An
aliquot of 20 pL conidial suspensions of each mixture obtained from each cycle was used
in the subsequent cycle. For each mixture, the conidial production was quantified using a
Neubauer chamber.

In vivo competitive ability. The wheat plants were inoculated following the
procedures described in the 'Disease severity' section. For each mixture, 12 wheat plants
distributed in four pots were inoculated. For each mixture, wheat blast severity and
conidial production on wheat leaves were evaluated at 7 and 21 d.a.i, respectively. Five
successive infection cycles were carried out as described in the 'Resistance stability of

Qols resistant PoT] isolate group’ section.

2.7 Effect of successive infection cycles on frequency of Qols resistant conidia of

mixtures of the PoTl isolates

The frequency of Qol-R conidia in vitro obtained from PDA or oatmeal agar
medium at 15 d.a.i. and in vivo from wheat blast lesions at 21 d.a.i. were determined for
each mixture of Qol-R and Qol-S isolates (DORIGAN et al., 2022).

2.8 Effect of successive infection cycles of Qols resistant PoTI isolate group on

frequency of G143A mutation in cytochrome b

The frequency of G143A mutation in the cytochrome b (cytb) gene was assessed
for Qol-R and Qol-S PoTI mixtures tested in the 'In vivo competitive ability’ section. The

inoculation of PoTIl mixtures on wheat leaves followed the procedure described in the
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'Disease severity' section. The PoTl 121146 alone (Qol-R) (0S:100R) and PoTI Py6038
alone (Qol-S) (100S:0R) isolates of the 1st and 5th infection cycles were obtained from
wheat leaves with typical blast symptoms at 7 d.a.i. For each mixture, twenty single
cultures were isolated from typical blast lesions of twelve wheat plants distributed on four
pots containing three plants. Genomic DNA of every single culture was extracted from
myecelial growth on PDA at 25 °C and 12-h photoperiod. Genomic DNA was extracted
using the kit Wizard® Genomic DNA Purification (Promega, Madison, WI). DNA was
quantified using a NanoDrop® L.ite spectrophotometer (Thermo Fisher Scientific, USA)
and diluted to a final concentration of 25 ng mL™. For the Qol-R isolates, the PCR primers
of the partial amplification of cytb gene PoTl (5°-
ATGAGAGATGTTAATAACGGGTGAT-3" and PoTIR (5°-
TTAGTAATAACTGTAGCAG-3") were used to amplify a fragment of 245-bp. The
primers used to amplify a product similar to Qol-S isolates were PoTI and PoTIS (5°-
TTAGTAATAACTGTAGCAGC-3'). Polymerase chain reactions (PCR) were
performed to amplify the cytochrome b (cytb) gene (CASTROAGUDIN etal., 2015). The
PCR products were visualized under ultraviolet light after electrophoresis on a 0.8%
agarose gel with 1x Tris-acetate-EDTA and stained with GelRed. The PCR products were
sequenced to determine the frequency of the G143A mutation and whether it was stable
after five infection cycles. All sequences generated in this work were deposited in
GenBank (Table 5).

2.9 Germination, penetration and colonization of Qol-R and Qol-S PoTl isolates by

scanning electron microscopy (SEM)

The germination, penetration and colonization of the PoTI isolates 121146
(0S:100R) and Py6038 (100S:0R) were analyzed using scanning electron microscopy
(SEM). The detached wheat leaves and/or head rachis were treated with 10 pug mL
azoxystrobin. The wheat leaves and/or head rachis untreated were sprayed with distilled
water (0 pg mL). Forty-eight hours after fungicide application, some micro-droplets of
20 puL containing conidial suspension from each isolate were inoculated on the abaxial
face of wheat leaves and or head rachis. Eight detached wheat leaves and/or head rachis
were inoculated for each isolate, with an experimental unit represented by a single leaf
and/or head rachis. Each wheat leaves and or head rachis was fixed with transparent

scotch tape at the bottoms of plastic trays (39 x 24 x 7 cm in length x width x height,
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respectively). After that, the plastic trays containing inoculated leaves and or head rachis
were kept under the wet chamber at 25 °C in the dark during the whole experiment. The
relative humidity was maintained at approximately 90% using cotton plugs moistened
with distilled water placed on the sides of the trays. Conidial germination and penetration
were evaluated at 6, 12 and 24 hours after inoculation (hpi) in the presence and absence
of fungicide selection pressure. Eight samples (5-mm-diameter) were collected using a
manual cutter at each sampling time. The samples of each treatment were preserved in a
Karnovsky fixative solution [2.5% glutaraldehyde, 2.0% paraformaldehyde in 0.05M
sodium cacodylate buffer, CaCl. 0.001M, pH 7.2 and stored at 4°C for 24 h. After fixation,
each sample was washed in 0.05M cacodylate buffer three times and the time between
one wash and another was 10 min. The samples were transferred to 1% osmium tetroxide
in water for 1 h. After that, the samples were washed in distilled water three times and
dehydrated in an acetone gradient (25%, 50%, 75%, 90% and 100%), staying for 10
minutes in each concentration and three times for 10 minutes in the concentration of
100%. The samples were treated in a Balzers CPD 030 critical point drier, in which CO,
replaced the acetone. The specimens were metalized with a gold layer in the metallizer
Balzers SCD 050 sputtering. Finally, images were obtained using a scanning electron
microscope LEO EVO 40 and edited using Corel Draw X9® software.

2.10 Data analysis

The data for the experiments in vitro and in vivo, repeated in time, were submitted
to a joint analysis among two experimental replicates to identify differences among the
results of the two experiments. The Shapiro-Wilk and Bartlett tests were used to assess
the assumptions of analysis of variance (ANOVA) for fitness parameters and competitive
ability of the Qol-R and Qol-S PoTl isolates (p = 0.05). For the in vitro and in vivo assays,
the statistical differences between fitness parameters and competitive ability of PoTI
isolates on wheat leaves and heads were compared by ANOVA's F test. The factorial
arrangement between PoTI isolate groups and infection cycles was used, comparing the
PoTl isolate groups within each cycle and between nine and five infection cycles in vitro
and in vivo, respectively. Within each cycle, the Qol-R and Qol-S PoTlI isolate groups
were compared by ANOVA's F test and between them with the Scott-Knott test (p <

0.05). For the in vitro and in vivo assays, Person’s correlation was carried out using data
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from competitive ability to explore the relationship between infection cycles and
mixtures, amount of conidia produced, disease severity and frequency of germination of
Qol-R conidia harvested. The test t was used to verify the correlation significance. All
analyses were performed using the ExpDes.pt package of the statistical software RStudio
version 1.2.5033 (FERREIRA and CAVALCANTI, 2009).

3. RESULTS

3.1 Effect of successive infection cycles on the sensibility of the Qols resistant and

sensitive PoTl isolate groups to azoxystrobin

The sensitivity of Qol-R and Qol-S PoTlI isolate groups for azoxystrobin was
tested throughout nine and five successive infection cycles in vitro and in vivo,
respectively. For both experiments, the ECso value of the Qol-R PoTl isolate group was
higher than 10 pg mL™?, indicating that the resistance of PoTI isolates to azoxystrobin
remains stable (Figure 1). For the Qol-S PoTl isolate group, no changes in sensitivity to
azoxystrobin were observed at the end of the 9th and 5th successive infection cycle in

vitro and in vivo, respectively (Figure 1).
In vitro In vivo

1st Sth Sth 1st 3rd Sth

Isolates
QolR
B Qois

ECS50, [pg/mL]
ECS0, [pg/mL]

QoIS Qol-R Qol-S QolR Qol-S QolR Qol-S Qol-R QolS

Qali—?; Qol-$ Qo" R 1
Isolates
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Figure 1. Boxplot showing the distribution of ECso of Pyricularia oryzae Triticum
lineage isolate group resistant (R) and sensitive (S) to quinone oxidase inhibitor (Qol)
fungicide after successive infection cycles in the absence of azoxystrobin?.

3.2 Effect of successive infection cycles on fitness parameters of the Qols resistant

and sensitive PoTlI isolate groups
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In vitro fitness parameters. Within each infection cycle, ANOVA's F test detected
significant differences between Qol-R and Qol-S PoTl isolates for mycelial growth (p <
0.001), conidial production (p <0.001), and germination ability (p < 0.001). Among the
infection cycles, a significant interaction between cycles and PoTI isolate groups was
observed for mycelial growth (p < 0.001), conidial production (p < 0.001), and
germination ability (p < 0.05). Between the 1st and the 9th infection cycles, the mycelial
growth had significantly increased from 52.2 to 53.2 mm for the Qol-R PoTI isolates
group and from 40.4 to 51.2 mm for the Qol-S PoTl isolates group (p <0.001) (Table 2).
Similarly, there was a significant increase in germination ability from 50.7 to 63.6% for
the Qol-R PoTl isolates group and from 38.1 to 51.8 % for the Qol-S PoTI isolates group
(p <0.001) (Table 2). In contrast, the conidial production reduced significantly for Qol-
R and Qol-S PoTl isolate groups between the 5th and the 9th infection cycles (p <0.001)
(Table 2).

In vivo fitness parameters. Within each infection cycle, significant differences
between Qol-R and Qol-S PoTl isolates for incubation and latent period (p < 0.001),
disease severity (p < 0.001), conidial production (p < 0.001), and germination ability (p
< 0.001), were identified by ANOVA's F test. Among the infection cycles, there was a
significant interaction between cycles and PoTl isolate groups for incubation period on
wheat heads (p < 0.01), latent period (p < 0.05), conidial production (p < 0.001) and
disease severity on wheat leaves (p < 0.001) and heads (p < 0.05). Non-significant
interaction was found between infection cycles and germination ability (p = 0.1074) and
incubation period on leaves (p = 0.1163). At the end of the 5th infection cycle, the
incubation time of the Qol-R and Qol-S PoTI isolate groups on wheat leaves increased
significantly from 2.1 to 2.5 and from 2.9 to 3.1 days, respectively (p < 0.001) (Table 3).
In contrast, there was no effect of the infection cycles in the incubation time on wheat
heads of the Qol-R and Qol-S PoTl isolate groups (p <0.001) (Table 3). On wheat leaves,
there was no effect of the infection cycles in the time necessary for conidial production
of the Qol-R and Qol-S PoTl isolate groups (p <0.001) (Table 4). Similarly, the disease
severity on wheat leaves and heads did not suffer the effect of infection cycles, at 7 d.a.i,
indicating that Qol-R and Qol-S PoTl isolate groups did not change their disease severity
between the 1st and the 5th infection cycles (p <0.001) (Table 3; Figure 2).
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Table 2. Fitness parameters (mycelial growth, conidial production and conidial germination) of Pyricularia oryzae Triticum lineage isolate group
resistant (R) and sensitive (S) to Quinone outside inhibitor (Qol) fungicide, and effects of successive infection cycles in vitro.

Isolates? Mycelial growth (mm) Conidial production (spores mL1) Conidial germination (%0)°
1st® 5th¢ 9th ¢ 1st® 5th¢ 9th ¢ 1st® 5th¢ 9th¢
Qol-R 5220 Ca 48.19Bb 53.29 Aa 1.31x10°Aa 7.20x10*Bb 6.35 x 10* Bb 50.77Cb  52.75Bb  63.68 Aa

Qol-S 4046 Cb 50.56Ba 51.21 Aa 1.24 x 10°Aa  3.00 x 10°Bb 1.52 x 10* Bb 38.12 Cc 4487 Bb  51.87 Aa

4 Fitness parameters of the Pyricularia oryzae Triticum lineage (PoTI) isolate group resistant (R) and sensitive (S) to quinone outside inhibitor
(Qol) fungicides were obtained by the joint analysis of two experiments.

bThe mean values of spores germinated in PD (potato dextrose) medium without quinone outside inhibitor (Qol).

¢ Three evaluations were performed at the end of the 1st, 5th and 9th infection cycles. The mean values of the fitness parameters of the PoTI were
obtained by the joint analysis of two experiments. The significance tests were conducted at a level of nominal significance (p = 0.05). Means
followed by the same letter are not significantly different by Scott-Knott test at p < 0.001. The capital bold letter compares the fitness parameters
of the PoTlI isolate groups among the 1st, 5th, and 9th infection cycles. The lower italic letter compares the fitness parameters among isolates in
each infection cycle.
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Table 3. Fitness parameters (incubation period and disease severity on wheat leaves and heads) of Pyricularia oryzae Triticum lineage isolates
resistant (R) and sensitive (S) to Quinone outside inhibitor (Qol) fungicide, and effects of successive infection cycles in vivo.

Isolates? Incubation period (days) Disease severity (%)
Leaves Heads Leaves Heads
1st® 3rd°® 5th¢ 1st® 3rd°¢ 5th° 1st® 3rd°¢ 5th ¢ 1st® 3rd°¢ 5th°¢
Qol-R 2.13Bb  2.47Aa 2.50Aa 3.04Ab 3.36Aa 3.02Ab 46.21Aa  39.24Ab 36.15Ab 72.43Aa 54.70Bb 68.31Aa

Qol-S 297Bb  3.23Aa 3.06Ab 3.83Aa 3.49Ab  3.59Ab 15.59Ab 17.32Ab 24.85Aa 42.13Ab  36.19Bb  60.95Aa

4Fitness parameters of the Pyricularia oryzae Triticum lineage (PoTlI) isolate group resistant (R) and sensitive (S) to quinone outside inhibitor
(Qol) fungicides were obtained by the joint analysis of two experiments.

b Three evaluations were performed at the end of the 1st, 3rd and 9th infection cycles. The mean values of the fitness parameters of the PoTI were
obtained by the joint analysis of two experiments. The significance tests were conducted at a level of nominal significance (p = 0.05). Means
followed by the same letter are not significantly different by Scott-Knott test at p < 0.001. The capital bold letter compares the fitness parameters
of the PoTl isolate groups among the 1st, 3rd and 5th infection cycles. The lower italic letter compares the fitness parameters among isolates in

each infection cycle.
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Table 4. Fitness parameters (latent period, conidial production and conidial germination) of Pyricularia oryzae Triticum lineage isolates resistant
(R) and sensitive (S) to Quinone outside inhibitor (Qol) fungicide, and effects of successive infection cycles in vivo.

Isolates? Latent period (days) Conidial production (spores mL1) Conidial germination (%0)°
1st® 3rd® 5th° 1st© 3rd® 5th° 1st© 3rd° 5th ¢

Qol-R 6.63Aa 6.60Aa  6.68Aa 1.52x10°Bb  6.19 x 10°Aa  6.55 x 10°Aa 78.31Aa  63.56Bb  78.33Aa

Qol-S 6.99Ab 7.29Aa 7.09Ab 7.7 x 10*Bb 2.39 x 10°Aa  2.40 x 10°Aa 57.00Aa 34.75Cc 49.31Bb

4Fitness parameters of the Pyricularia oryzae Triticum lineage (PoT]I) isolate group resistant (R) and sensitive (S) to quinone outside inhibitor
(Qol) fungicides were obtained by the joint analysis of two experiments.

b The mean values of spores germinated in PD (potato dextrose) medium without quinone outside inhibitor (Qol).

®Three evaluations were performed at the end of the 1st, 3rd and 5th infection cycles. The mean values of the fitness parameters of the PoTI were
obtained by the joint analysis of two experiments. The significance tests were conducted at a level of nominal significance (p = 0.05). Means
followed by the same letter are not significantly different by Scott-Knott test at p < 0.001. The capital bold letter compares the fitness parameters
of the PoTlI isolate groups among the 1st, 3rd and 5th infection cycles. The lower italic letter compares the fitness parameters among isolates in
each infection cycle.
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Figure 2. Photographs of blast symptoms on the leaves and heads of wheat cv. Anahuac
75 at 7 days after inoculation (d.a.i) with Pyricularia oryzae Triticum lineage isolate
group resistant (R) and sensitive (S) to quinone oxidase inhibitor (Qol) fungicide after
successive infection cycles in the absence of azoxystrobin?. Bars: 10mm.
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On wheat leaves, 21 d.a.i, the conidial production increased significantly from 1.5
x 10°t0 6.5 x 10° conidia mL™ for Qol-R PoTl isolates group and from 7.7 x 10* to 2.4
x 10° conidia mL™* for Qol-S PoTI isolates group between the 1st and the 5th infection
cycle (p <0.001) (Table 4). No changes occurred in the germination ability of the Qol-R
isolate group between the 1st and the 5th infection cycle. At the same time, a significant
reduction from 57.0 to 49.3 was identified for the Qol-S isolate group (p < 0.001) (Table
4).

3.3 Effect of successive infection cycles on competitive abilities of the Qols resistant

and sensitive PoTI isolates

In vitro competitive ability. Within each infection cycle, significant differences
between mixtures of PoTl 121146 (Qol-R) and Py6038 (Qol-S) isolates and conidial
production obtained from PDA or oatmeal agar medium at 15 d.a.i. were detected by
ANOVA's F test (p < 0.001). Among the infection cycles, there was a significant
interaction between the infection cycles and conidial production of mixtures of the Qol-
R and Qol-S isolates (p < 0.001). After nine successive infection cycles, there was an
increase in the conidial production capacity for both PoTl 121146 alone (Qol-R)
(0S:100R) and PoTI Py6038 alone (Qol-S) (100S:0R) isolates, (» < 0.001) (Figure 4).
Consequently, a positive significant correlation was detected among infection cycles and
conidial production of mixtures (r = 0.35) (»p < 0.01) (Figure 5). On the other hand, a
negative correlation was found between conidial production and mixtures of the Qol-R
and Qol-S isolates (r = -0.26), (p <0.10) (Figure 5).

In vivo competitive ability. Within each infection cycle, ANOVA's F test found
significant differences between mixtures of Qol-R and Qol-S isolates for disease severity
at 7 d.a.i and conidial production obtained from wheat blast lesions at 21 d.a.i. (p <0.001).
Among the infection cycles, there were significant interactions between infection cycles
and the disease severity on wheat leaves and heads inoculated with mixtures of the Qol-
R and Qol-S isolates (p <0.001). At the end of the 5th infection cycle, a decrease in the
conidial production capacity and the severity of disease on wheat leaves and heads were
observed for both PoTl 121146 alone (Qol-R) (0S:100R) and PoTI Py6038 alone (Qol-
S) (100S:0R) isolates, (p < 0.001) (Figure 3 and Figure 4). Thus, a negative significant
correlation was observed among infection cycles and conidial production of mixtures (r

=-0.88), (» <0.001), besides between infection cycles and disease severity (r =-0.36), (p
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<0.01) (Figure 5). On the other hand, a positive significant correlation was found between

conidial production and disease severity of mixtures (r = 0.57) (p <0.001) (Figure 5).
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Figure 3. Boxplot distribution of wheat blast severity on the leaves and heads at 7 days
after inoculation (d.a.i.) with Pyricularia oryzae Triticum lineage conidia mixtures of
conidial resistant (R) and sensitive (S) to quinone oxidase inhibitor (Qol) over the course
of five successive infection cycles?. 2 Five mixtures of Qol-resistant (R) and Qol-sensitive
(S) isolates were used in the following proportions: 0S:100R, 20S:80R, 50S:50R,
80S:20R, 100S:0R and 0S:0R, in which R corresponds to the Qol-resistant isolate 121146
and S corresponds to the Qol-sensitive isolate Py6038. Means followed by the same letter
are not significantly different by the Scott-Knott test (p < 0.001). The capital letter
compares the severity values of the mixtures among the infection cycles. The lower letter
compares the severity values among mixtures in each infection cycle. The error bars in
each box represent the average standard error of the severity values.
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Figure 4. Boxplot showing the number of conidia and frequency of germination of
conidia (resistant) of the Pyricularia oryzae Triticum lineage obtained from PDA or
oatmeal agar medium at 15 d.a.i. and from wheat blast lesions at 21 d.a.i. for mixtures of
conidial resistant (R) and sensitive (S) to quinone oxidase inhibitor (Qol) throughout nine
successive infection cycles in vitro and five successive infection cycles in vivo®. @ Five
mixtures of Qol-resistant (R) and Qol-sensitive (S) isolates were used in the following
proportions: 0S:100R, 20S:80R, 50S:50R, 80S:20R, 100S:0R and 0S:OR, in which R
corresponds to the Qol-resistant isolate 121146 and S corresponds to the Qol-sensitive
isolate Py6038. Means followed by the same letter are not significantly different by the
Scott-Knott test (p < 0.001). The capital letter compares the number of conidia harvested
and the frequency of germination of conidia (resistant) of the mixtures among the
infection cycles in vitro and in vivo. The lower letter compares the number of conidia
harvested and the frequency of germination of conidia (resistant) among mixtures in each
infection cycle in vitro and in vivo. The error bars in each box represent the average
standard error from the number of conidia harvested and the frequency of germination of
conidia (resistant) in vitro and in vivo.
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Figure 5. Pearson correlation analysis among the infection cycles and disease severity
values, conidial production, and frequency of germination of conidia (resistant) obtained
from PDA or oatmeal agar medium at 15 d.a.i. and from wheat blast lesions at 21 d.a.i.
for Pyricularia oryzae Triticum lineage (PoTI) conidia mixtures of conidial resistant (R)
and sensitive (S) to quinone oxidase inhibitor (Qol). Diagonal frames represent the
distribution of the infection cycles, mixtures of isolates at different ratios, disease severity
values, conidial production and frequency of germination of conidia (resistant)
throughout nine successive infection cycles in vitro and five successive infection cycles
in vivo; frames below, the bivariate dispersion; frames above, the correlations values and
the significance levels. Significance of the correlation was determined by t tests. p values
were represented by: *** = 0.001; ** = 0.01; *=0.1.
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3.4 Effect of successive infection cycles on frequency of Qols resistant conidia of

mixtures of the PoTI isolates

Within each infection cycle, the ANOVA's F test detected significant differences
between mixtures of Qol-R and Qol-S isolates for frequency of Qol-R germinated conidia
obtained from PDA or oatmeal agar medium at 15 d.a.i. and from wheat blast lesions at
21 d.a.i. (p < 0.001). Among the infection cycles, there were significant interactions
between infection cycles and the frequency of germinated conidia Qol-R in vitro and in
vivo (p < 0.001). At 10 pg mL™? of azoxystrobin, no changes in the frequency of
germinated conidia Qol-R for 20S:80R and 0S:100R (100.0%) mixtures were observed
after nine successive infection cycles in vitro (p < 0.001) (Figure 4). However, when
grown in 10 ug mL™* of azoxystrobin, a decreasing frequency of germinated conidia Qol-
R for mixtures was observed between the 1st and 5th infection cycle in vivo (p <0.001)
(Figure 4). For all infection cycles, the frequency of Qol-S conidia with the 100S:0R
mixture remained 100.0% in vitro and in vivo (Figure 4). At 10 pg mL™ of azoxystrobin,
a high degree of correlation was observed between mixtures of the Qol-R and Qol-S
isolates and conidia resistants in vitro (r = 0.88) and in vivo (r = 0.83), (p <0.001) (Figure
5).

3.5 Effect of successive infection cycles of Qols resistant PoTl isolate group on

frequency of G143A mutation in cytochrome b

A comparison of the sequences generated from the Qol-resistant isolate (100S:0R)
and Qol-sensitive isolate (0S:100R) allowed us to confirm the presence of the G143A
mutation. For the 1st and the 5th infection cycles, the G143A mutation was found in 100%
of the Qol-resistant isolates, indicating that the G143A mutation of the PoTI Qol-resistant
isolates remains stable (Table 5, Figure 6A and Figure 6C). The mutation G143A was not

found in the sequences of the Qol-sensitive isolates (Table 5, Figure 6B and Figure 6D).
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Table 5. Detection of the G143A mutation in the cytochrome b (cytb) gene of Pyricularia

oryzae Triticum lineage (PoTlI), after successive infection cycles in vivao".

: . Mutation
Isolates” Infection Qol sensmv:(ty Mutation Number of G143A NCB_I Genbank
cycle phenotype Isolates acession number
frequency
100S:0R 1st S Gly (GGT) 20 0 OR463358
0S:100R 1st R Ala (GCT) 20 100 OR463357
100S:0R 5th S Gly (GGT) 20 0 OR463360
0S:100R 5th R Ala (GCT) 20 100 OR463359

Y“DNA fragment of the cytb gene of 245 bp was successfully amplified and sequenced

from 4 isolates of the Pyricularia oryzae Triticum lineage (PoT]).

V'PoTIl 121146 alone (Qol-R) (0S:100R) and PoTl Py6038 alone (Qol-S) (100S:0R)

isolates of the 1st and 5th infection cycles were obtained from wheat leaves with typical

blast symptoms at 7 days after inoculation.

*Qol sensitivity phenotypes: S, sensitive; R, resistant.
Y cyt b gene that carries the transition from GGT (G) to GCT (C) at codon 143

confers resistance in Pyricularia oryzae Triticum to Quinone oxidase inhibitor fungicide

(Qol).
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Figure 6. Detection of azoxystrobin-sensitive and resistant isolates of Pyricularia oryzae
Triticum lineage after successive infection cycles in the absence of azoxystrobin by
polymerase chain reaction with the primers used to amplify a product similar to Qol-R
(0S:100R) isolates, PoTI/PoTIR and Qol-S (100S:0R) isolates, PoTI/PoTIS, respectively,
amplifying a 245-bp product? #Twenty single Qol-R (0S:100R) isolates were obtained
from typical blast lesions at the 1st infection cycle (A) and 5th infection cycle (C). Twenty
single Qol-S (100S:0R) isolates were obtained from typical blast lesions at the 1st
infection cycle (B) and 5th infection cycle (D). The negative control (NC) primers were
PoTI/PoTIS and PoTI/PoTIR for Qol-R and Qol-S isolates, respectively.

3.6 Germination, penetration and colonization of Qol-R and Qol-S PoTl isolates by

scanning electron microscopy (SEM)

There was variation in conidial germination and colonization of the PoTI 121146
(Qol-R) (0S:100R) and PoTI Py6038 (Qol-S) (100S:0R) isolates on the abaxial surface
of the wheat leaves and/or head rachis treated with 10 pg mL azoxystrobin and untreated.
For both isolates, the germination tubes were observed 6 hpi on the abaxial surface of the
wheat leaves and/or head rachis untreated (Figure 7A, 7C and Figure 8A, 8C).
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Figure 7. Scanning electron micrographs of germination and penetration of Pyricularia
oryzae Triticum lineage (PoTI) in 'Anahuac 75' wheat leaves untreated (0 pg mL™) and
treated with 10.0 ng mL? of azoxystrobin. Conidia germinating at 6, 12, and 24 hours
after inoculation®. #Two mixtures of isolates resistant (R) and sensitive (S) to quinone
oxidase inhibitor (Qol) fungicide were inoculated on wheat leaves following proportions:
0S:100R and 100S:0R, in which R corresponds to the Qol-resistant isolate 121146 and S
corresponds to the Qol-sensitive isolate Py6038. Conidia germinating at 6 (A), 12 (E),
and 24 (1) hours after inoculation of the 0S:100R isolate on wheat leaves untreated (0 ug
mL1). Conidia germinating at 6 (B), 12 (F), and 24 (J) hours after inoculation of the
0S:100R isolate on wheat leaves treated with 10.0 ug mL™? of azoxystrobin. Conidia
germinating at 6 (C), 12 (G), and 24 (K) hours after inoculation of the 100S:0R isolate on
wheat leaves untreated (0 pg mL™?). Conidia germinating at 6 (D), 12 (H), and 24 (L)
hours after inoculation of the 100S:0R isolate on wheat leaves treated with 10.0 pg mL™
of azoxystrobin.
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Figure 8. Scanning electron micrographs of germination and penetration of Pyricularia
oryzae Triticum lineage (PoTI) in 'Anahuac 75" wheat head rachis untreated (0 ng mL™?)
and treated with 10.0 pg mL™ of azoxystrobin. Conidia germinating at 6, 12, and 24 hours
after inoculation®. #Two mixtures of isolates resistant (R) and sensitive (S) to quinone
oxidase inhibitor (Qol) fungicide were inoculated on wheat head rachis following
proportions: 0S:100R and 100S:0R, in which R corresponds to the Qol-resistant isolate
121146 and S corresponds to the Qol-sensitive isolate Py6038. Conidia germinating at 6
(A), 12 (E), and 24 (1) hours after inoculation of the 0S:100R isolate on wheat head rachis
untreated (0 ug mL™). Conidia germinating at 6 (B), 12 (F), and 24 (J) hours after
inoculation of the 0S:100R isolate on wheat head rachis treated with 10.0 pg mL™*? of
azoxystrobin. Conidia germinating at 6 (C), 12 (G), and 24 (K) hours after inoculation of
the 100S:0R isolate on wheat head rachis untreated (0 ug mL™). Conidia germinating at
6 (D), 12 (H), and 24 (L) hours after inoculation of the 100S:0R isolate on wheat head
rachis treated with 10.0 ug mL™ of azoxystrobin.
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At a dose of 10 pug mL azoxystrobin, the germinal tubes only occurred for the
0S:100R isolate inoculated on the abaxial surface of the wheat leaves and/or head rachis
(Figure 7J and Figure 8J). There was no conidial germination for the mixture containing
only the Qol-sensitive isolate (100S:0R) inoculated on the abaxial surface of the wheat
leaves and/or head rachis treated with 10 pg mL azoxystrobin (Figure 7D, 7H, 7L and
Figure 8D, 8H, 8L).

4. DISCUSSION

For over 30 years, the wheat blast in Brazil was considered one of the main
obstacles to expanding Brazilian wheat crops. The wheat blast control depends on the
fungicides' presence, but their efficacy is rarely over 60% (CERESINI et al., 2018). So
far, PoTI populations have also been associated with resistance to three different chemical
groups, including Qol, DMI, and SDHI fungicides (VICENTINI et al., 2022). When
contrasting populations of the PoTI from Brazil, no change in the sensibility to Qols was
found between older (2012) and newer (2018) populations (VICENTINI et al., 2022). We
hypothesize that the persistence of Qol-R PoTI populations with higher fitness and
adaptive advantages occurs due to the intensive use of fungicides on wheat crops, exerting
strong selection pressure in these populations (DORIGAN, 2022, DORIGAN et al.,
2023). In the present study, we assessed the stability of fungicide resistance, fitness
advantages, and competitive ability of the Qol-R PoTlI isolates over successive infection
cycles. Knowledge about the biological and ecological characteristics of the Qol-R PoTI
isolate may help to develop anti-resistance strategies. Suppose there is no fitness cost
associated with Qols resistance in PoTI populations. In that case, resistant genotypes may
persist on wheat fields, even after successive infection cycles without selection pressure,
and Qols may lose their efficacy permanently. Our results evidenced that the sensitivity,
higher fitness, and competitive advantages of the Qol-R PoTI remain stable over time
under controlled conditions. This scenario reinforces an urgent need to develop and
implement effective anti-resistance strategies against Qol-R PoTI populations in Brazil.

No changes in the sensibility of PoTIl were observed for the azoxystrobin over the
nine and five successive infection cycles in vitro and in vivo, respectively. This result is
consistent with the previous reports in some fungi species where Qols resistance was
stable, including B. cinerea on apple (CHEN et al., 2016), Cercospora beticola on sugar
beet (MALANDRAKIS et al., 2006), C. acutatum on strawberries (FORCELINI et al.,
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2018), E. necator on grapes (RALLOS et al., 2014), Lasiodiplodia theobromae on mango
(HE, 2021), P. viticola on grapes (GENET, 2006), P. oryzae on barley (AVILA-ADAME
and KOLLER, 2003). Contrary to the above, Qol-R isolates of Pyricularia oryzae on rice
(D’ AVILA, 2022) and Monilinia fructicola on peach (CHEN et al., 2014) had no stable
resistance to Qols.

Initially, we determined the fitness parameters of Qol-R and Qol-S PoTlI isolate
groups in vitro after nine infection cycles in the absence of azoxystrobin. Surprisingly,
between the 1st and the 9th infection cycles, the Qol-R and Qol-S PoTl isolate groups
showed a significant increase in mycelial growth and germination ability, except for
conidial production. For the fitness variable in vivo, no changes were found for disease
severity on wheat leaves and heads, incubation period, latent period, conidial production,
and germination ability of the Qol-R PoTI isolates group. Our results for most of the
fitness components indicated that the fitness advantage of the Qol-R PoTI isolate group
remained stable and with higher fitness than the Qol-S PoTl isolate group throughout nine
and five infection cycles in vitro and in vivo, respectively. These results are consistent
with previous studies of PoTI fitness, where Qol-R isolates also showed higher fitness
than sensitive ones (DORIGAN et al., 2022).

Posteriorly, we compared the competitive ability of the Qol-R and Qol-S PoTI
isolates on wheat leaves and heads. From the 1st to 5th infection cycle, there was a
decrease in the disease severity and conidial production on wheat leaves for both Qol-R
121146 alone (0S:100R) and Qol-S Py6038 alone (100S:0R) isolates. Nevertheless, the
values of disease severity and conidial production on wheat leaves of the 0S:100R mixture
were higher than those from the 100S:0R mixture during all infection cycles (Figure 3
and Figure 4). At discriminatory doses of the fungicide, in vitro and in vivo, the frequency
of germination of conidia (resistant) of the 20S:80R and 0S:100R mixtures harvested
remained resistant after successive infection cycles, indicating that no change occurred in
the Qols resistance and competitive advantage of the Qol-R PoTl isolate (Figure 4). These
results are consistent with Erysiphe graminis f. sp. tritici, where some Qol-R isolates
competed better than sensitive ones (CHIN et al., 2001). In our present study, it could be
explained that the fitness advantage and higher competitive ability of the Qol-R PoTI
isolates than its wild-type isolates might be associated with an evolutionary compensatory
process (HAWKINS and FRAAIJE, 2018; DORIGAN et al., 2023).

For the competitive abilities assay, the frequency of the 0S:100R isolates with

G143A was 100%, even after five infection cycles (Table 5). This result confirms that
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PoTI resistance to Qol fungicides associated with G143A mutation is stable without
selection pressure. A similar result was observed in some fungi species carrying G143A
mutation where Qols resistance was stable, including Alternaria alternata pathotype
tangerine on citrus (VEGA and DEWDNEY, 2014), Alternaria alternate on potato
(DING et al., 2009), Botrytis cinerea on apple (CHEN et al., 2016), Colletotrichum
acutatum on strawberries (FORCELINI et al., 2018), Erysiphe necator on grapes
(RALLOS et al.,, 2014), Magnaporthe grisea on barley (AVILA-ADAME, 2003),
Phakopsora viticola on grapes (GENET, 2006), and Z. tritici (FOUCHE et al., 2022) on
wheat exhibit stable Qol resistance and no fitness costs. On the other hand, Magnaporthe
oryzae on perennial ryegrass (MA and UDDIN, 2009) and Pyricularia oryzae on rice
(D'AVILA, 2022) have no stable Qol resistance, which is associated with fitness costs.

Taken together, our results confirm and extend earlier findings that resistance to
Qols in PoTI populations is stable, suggesting that the spread of resistant mutants may
persist after successive infection cycles under field conditions. Moreover, there was no
change in fitness advantage and competitive ability of the Qol-R PoTl isolates, even after
planta infection cycles, suggesting its persistence in wheat fields over time. It is consistent
with the absence of fitness cost associated with Qol resistance in Colletotrichum acutatum
on strawberries and Phakopsora pachyrhizi on soybeans (FORCELINI et al., 2018,
KLOSOWSKI et al., 2016). Our results, per si, contrast with the Evolutionary Theory,
whose foundation is that fungicide resistance is associated with a fitness cost (HAWKINS
and FRAAIJE, 2018).

Both stability of resistance to Qols and persistence of higher fitness of Qol-R PoTI
populations reported in our present study may lead to relevant consequences in the
integrated management of wheat blast. Therefore, the use of fungicides belonging to
different chemical classes or application of Qols combined with multi-site fungicides
with a low risk for resistance has been some adopted strategies to reduce the spread of
Qol-R PoTI populations (VAN DEN BOSCH et al., 2014). Although both strategies have
been used in practice, fungicide mixtures have become routine resistance management
strategies when the fitness cost is not associated with resistance (BARDAS et al., 2008).
Among site-specific fungicides, tebuconazole and benzovindiflupyr can still be used for
the management of wheat blast, as well as co-formulation with multisite fungicides
(CAZON et al., 2023). Adopting these anti-resistance strategies would prevent the
selection of the PoTl populations with higher fitness, adaptative advantages, and

resistance to fungicides in Brazilian wheat fields. In the future, more research should
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investigate whether the higher fitness and competitive advantage of the Qol-R PoT

populations may increase or be reduced under fungicide selection pressure.
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