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RESUMO

Algumas doencgas de plantas estdo se tornando dificeis de serem controladas devido a
falta de cultivares resistentes dos hospedeiros e a disponibilidade limitada de fungicidas
para protecdo das culturas. A fim de aumentar a vida Util dos novos principios ativos
fungicidas atualmente disponiveis, estratégias de manejo integrado de doencas
baseadas em "evolucao inteligente" (i.e., guiada) dos fitopatégenos sdo necessarias.
Neste contexto, o trabalho visou estudar os cenarios histéricos e atuais de resisténcia a
fungicidas do fitopatdgeno Pyricularia oryzae linhagem Triticum (PoTl), agente causal da
brusone do trigo, doenca fangica importante a cultura no Brasil, e de manejo dificil,
porque varios grupos de fungicidas (por exemplo, inibidores da esterol desmetilase, da
quinona e da succinato desidrogenase) tornaram-se (ou estéo se tornando) ineficazes.
No primeiro capitulo, populacdes de campo brasileiras do patégeno da brusone do trigo,
amostradas de diferentes regifes geograficas em 2012 e 2018 mostraram ser resistentes
aos fungicidas Qol (estrobilurinas) e DMI (azoles), também, niveis moderados de
resisténcia a SDHI foram detectados em cinco das seis populacbes de campo
amostradas em 2012 e na maioria das cepas isoladas em 2018. No segundo capitulo,
objetivamos testar se a resisténcia aos fungicidas DMI e SDHI detectada em PoTI era
devida ao(s) mecanismo(s) MDR mediados por bomba de efluxo, caracterizando a
sensibilidade de isolados de PoTl a quatro substratos antifingicos. Os 16 isolados
avaliados foram agrupados em quatro fendétipos distintos de resisténcia a mdultiplas
drogas (MDRPs), com base na resisténcia a combinac¢des de fungicidas e substratos
antifangicos da bomba de efluxo. No terceiro capitulo foi realizado o monitoramento de
populacbes do patdgeno da brusone do trigo em Londrina, Parana, com o uso de um
dispositivo automatizado de amostragem de ar, acoplado a um ensaio quantitativo de
PCR em tempo real (qQPCR). O in6culo de PoTl foi detectado em amostras coletadas do
ar durante as safras de trigo em 2019 a 2021 e a prevaléncia de alelos do citocromo b
G143A resistente a Qol (Qol-R) em populacdes de PoTl de amostras coletadas do ar
também foi determinada para um subconjunto de 10 amostras de DNA positivas para
PoTl. Para o controle eficaz da brusone é necessario uma melhor compreensao da
epidemiologia da doencga, conhecimento do cenario atual da sensibilidade/resisténcia
aos principais fungicidas e de novas estratégias para manejo da doenca. Este trabalho

utilizou ferramentas que certamente podem ser aplicadas para estudar a evolucao e



selecdo de mecanismos para resisténcia a fungicidas em outros fitopatdgenos que sao
importantes para o Brasil.

Palavras-chave: manejo integrado de doencas; monitoramento de epidemias;

Pyricularia oryzae linhagem Triticum; Estrobilurinas; Triazais; inibidores da SDH.



ABSTRACT

Some plant diseases are becoming very difficult to control due to lack of host
resistance cultivars and limited availability of fungicides for crop protection. In order to
increase the shelf life of new and currently available fungicide actives, “evolution-
smart” (i.e., guided) integrated pest management strategies are needed. In this
context, this work aimed to study the historical and current scenarios of the plant
pathogen Pyricularia oryzae Triticum lineage (PoTI), the causal agent of wheat blast,
an important fungal disease in Brazil, which has difficult control, because several
groups of fungicides (e.g. sterol demethylase, quinone outside and succinate
dehydrogenase inhibitors) became (or having become) ineffective. In the first chapter,
Brazilian field populations of the wheat blast pathogen sampled from different
geographical regions in 2012 and 2018 were shown to be resistant to both Qol
(strobilurin) and DMI (azole) fungicides, also moderate levels of SDHI resistance were
detected in five out of the six field populations sampled in 2012 and in most of the
strains isolated in 2018. In the second chapter we tested whether resistance to DMI
and SDHI fungicides detected in PoTl was due to efflux pump mediated MDR
mechanism(s) by characterising the isolates sensitivity to four antifungal substrates.
The 16 tested isolates were grouped into four distinct multidrug resistance phenotypes
(MDRPs) based on resistance to combinations of fungicides and antifungal efflux pump
substrates. In the third chapter, we use to monitoring wheat blast pathogen population
at Londrina in Parand State, an automated air sampling device, coupled with a
guantitative real-time PCR (qPCR). PoTI inoculum was consistently detected in
aerosols during the wheat cropping seasons in 2019 to 2021 and the prevalence of
Qol resistant (Qol-R) cytochrome b G143A alleles in aerosol populations was also
determined for a subset of 10 PoTIl positive DNA samples. To improve wheat blast
control, a better understanding of the disease epidemiology, the fungicide
sensitivity/resistance scenario and new disease management strategies are needed.
This work focused on generic tools that can be applied to study evolution and selection

of fungicide resistance mechanisms in other pathogens that are important to Brazil.

Keywords: integrated disease management; epidemic monitoring; Pyricularia oryzae

Triticum lineage; Strobilurin; Triazoles; SDH inhibitors.
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INTRODUCTION

Wheat production is threatened by recent events of intercontinental expansion
of the devastating blast disease, caused by the ascomycetous fungus Pyricularia
oryzae Triticum lineage (PoTl). Since its first emergence in Parana (PR) State, Brazil
in 1985 (lgarashi et al.,, 1986; Ceresini et al., 2018), wheat blast became well
established across all wheat cropping regions from Central-Southern Brazil, as well as
from Argentina, Bolivia, and Paraguay, in South America (Ceresini et al., 2019). The
pathogen range expansion in South America has been associated with its efficient
dispersal by contaminated seeds (CERESINI et al., 2018; CERESINI et al., 2019).
After a series of wheat grains imports from Brazil by the Bangladesh milling industry,
between 2008 and 2015 (Figure 1) supposedly followed by the inadvertently utilization
as seeds, wheat blast emerged in several wheat cropping regions from Bangladesh,
Southeast Asia, in 2016 (ISLAM et al., 2016). One year later, the disease was then
reported in Zambia, Eastern Africa (Figure 1), with no clear tracking of the origin of the
inoculum that founded this newly established population (TEMBO et al., 2020). Now
that the pathogen has reached three continents, the spread to other wheat cropping
areas that are still disease free has become a food security concern for countries where
wheat is a major staple crop (SINGH et al., 2021).

The impact of the disease in infected wheat fields can be devastating because
yield losses in susceptible cultivars can reach up to 100% (KOHLI et al., 2011; CRUZ
et al., 2019). Populations of the pathogen can survive and persist in the agroecosystem
across cropping seasons mainly because of its wide host range spanning many
cultivated grass species including barley, oats, perennial ryegrass (Lolium perenne),
and signal grass (Urochloa brizantha), besides native and invasive grass species (e.g.
Chloris distichophylla, Cynodon spp, Digitaria insularis, Equinochloa crusgalli,
Panicum maximum, Rhynchelytrum repens, and Sorghum sudanense
(CASTROAGUDIN et al., 2017). Therefore, besides the invasive grass species,
important forage crop species such as signal grass (MACIEL et al.,, 2022) and
perennial ryegrass are susceptible PoTl hosts that can keep a yearlong bridge of fungal
inoculum in between wheat cropping seasons. The pathogen can also survive in the
off-season in infected seeds (CERESINI et al., 2018; CERESINI et al., 2019), or as
saprophytic mycelium in crop residues, under favorable environmental conditions
(PIZOLOTTO et al., 2019).



Figure 1. Timeline of events spanning the emergence and spread of the wheat blast pathogen

in South America, the evolution for fungicide resistance in Brazil, and the recent invasion into

new areas in Southeast Asia and Africa.
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Knowledge about the duration and importance of each survival strategy is still
unknown. No isolated management strategy deployed singly achieves a satisfactory
level of control, rendering wheat blast as a very challenging disease for management.
Despite this challenge, the two most common strategies for wheat blast within an
integrated disease management approach include the deployment of resistant cultivars
and fungicides sprays (GOULART et al., 1996; URASHIMA et al., 2004; CRUZ et al.,
2016; ASCARI et al.,, 2021). However, due to the virulence diversity of PoTI
populations, durable resistance in wheat cultivars is lacking. Besides, the common
strategy of deploying wheat varieties with single major gene resistance on a large
spatial scale favoured selection for virulence (CRUZ et al., 2010; MCDONALD; LINDE
2014; CRUZ et al., 2016; CERESINI et al., 2018). Similarly, fungicide spray programs
have not been fully effective on controlling the wheat blast disease (PAGANI,
DIANESE; CAFE-FILHO et al., 2014; SHARMA, 2017; ASCARI et al., 2021). This was
due to the common strategy of deploying single site-specific fungicide actives on a
large favoured, which selects for the prevalence of fungicide resistant lineages of PoTI
(CASTROAGUDIN et al., 2015; CERESINI et al., 2018; POLONI et al., 2021).

Although the field efficacy of fungicides in wheat fields is considered low,
resulting in only a small decrease in blast severity on symptomatic spikes, DMI and
Qol fungicides are sprayed regularly and intensively still today for the management of
rusts and other wheat foliar and ear associated diseases in Brazil as they have been
for the last three decades (REIS et al., 1977; MACIEL, 2011; NAVARINI; BALARDIN,
2012; TORMEN et al., 2013; PAGANI; DIANESE; CAFE-FILHO, 2014; DEBONA et
al., 2009 ). A total of 49 fungicides are labelled for managing wheat blast in Brazil,
including 17 triazoles and seven mixtures of triazoles (sterol demethylation inhibitors -
DMIs) and strobilurin (quinone outside inhibitors - Qols) (MINISTERIO DA
AGRICULTURA PECUARIA E ABASTECIMENTO - MAPA, 2022).

Many factors are likely associated with the ineffectiveness of fungicides for
managing wheat blast, including: i) the limitations of the current spraying technology
to efficiently reach and cover the fungal infection sites in the wheat ears; ii) the lack of
an accurate widely adopted disease forecasting and risk monitoring of infection
periods, based on weather conditions or inoculum prevalence; iii) the extremely
favorable weather conditions for the disease; iv) the pathogen’s high evolutionary
potential for virulence and fungicide resistance derived from genetically diverse

populations; v) the ability for short and long distance dispersal of fungicide resistant



strains of the pathogen; and vi) the intrinsic inefficacy of some active ingredients
(MACIEL et al., 2014; CASTROAGUDIN et al., 2015; CASTROAGUDIN et al., 2016;
CERESINI et al., 2018). In addition, the wide variety of invasive grass species as
alternative hosts to PoTI provides a survival niche for the pathogen and a continuous
external source of new inoculum (URASHIMA et al., 1993; CASTROAGUDIN et al.,
2015). These plants are located near wheat fields, on which fungicides are not sprayed,
playing an important role in the survival and generation of genetic variation in PoTI
populations, which have a predominantly mixed reproductive system that combines
both sexual reproduction and asexual clonal dispersal (URASHIMA; IGARASHI;
KATO, 1993; MACIEL et al., 2014; CASTROAGUDIN et al., 2015; CERESINI et al.,
2018; DORIGAN et al., 2019). These factors should be considered when deciding for
spraying fungicides to control wheat blast in Africa and Asia.

The assertion that the low efficacy of fungicides against wheat blast in Brazil
might have resulted from fungicide resistance is a simple plausible explanation. In fact,
PoTIl populations in Brazil have shown prevalence of high levels of double resistance
to DMI and Qol fungicides currently used to wheat blast management
(CASTROAGUDIN et al., 2015; OLIVEIRA et al., 2015; DORIGAN et al., 2019;
POLONI et al., 2021; VICENTINI et al., 2022). Therefore, there is an urgent need to
identify new, and more effective fungicide molecules and formulations that control PoT]
on wheat, but as the emergence of fungicide resistance is basically a non-stop process,
the fate of new site-specific, narrow spectrum, high risk systemic fungicide molecules
towards losing efficacy are hardly avoidable (CERESINI et al., 2019).

A timeline of events spanning the historical evolution of resistance to the two
major fungicide classes in Brazil is summarized in Figure 1. This timeline virtually
began in 1978 with the labelling and wide usage, in Brazil, of the first DMI fungicide for
the management of wheat diseases (Figurel). A few years later, the first epidemics of
wheat blast was reported with the historic outbreak in Londrina, Parana State, in 1985,
and DMI’s were the fungicide choice due to their systemic prophylactic properties. In
the same and in subsequent years, few other DMI fungicides were labelled for
controlling wheat diseases, which included propiconazole in 1985, tebuconazole and
cyproconazole in the early 1990s, and epoxiconazole in the early 2000s (MINISTERIO
DA AGRICULTURA, PECUARIA E ABASTECIMENTO - MAPA, 2022). Despite the
reports that fungicides for wheat blast, including the DMIs, were not fully effective on

controlling the disease, resistance to DMI fungicides was not explored as a plausible



explanation, until 2020. Even though DMI’s are recognized as a medium to high-risk
fungicide group for the emergence of resistance according to FRAC (FRAC, 2022),
they were sprayed as single active formulations, with no precautions of adopting anti-
resistance strategies (at least not on-label until 2012). In fact, DMI's were intensively
used in calendar-based sprays programs (up to five sprays, on-label, per cropping
season) targeting several wheat diseases, including rusts, necrotic leaf spots,
Fusarium head blight, and wheat blast - (MINISTERIO DA AGRICULTURA PECUARIA
E ABASTECIMENTO - MAPA, 2022). With such non-stop selection pressure for up to
30 years of DMI fungicides sprays, the evolutionary outcome was prejudicial since it
resulted in the emergence of a highly resistant PoTl population across all wheat
producing areas from Central-southern Brazil (POLONI et al. 2021; Figure 1).

The evolutionary fate of resistance to the high risk Qol fungicides in PoTI
populations was somewhat distinct, as it happened more quickly. Azoxystrobin was
the first Qol fungicide labelled in Brazil in early 2000s (Figure 1). Although the first
report of Qol resistance was from 2015, that study included PoTl isolates sampled in
2005, only five years after its labelling for managing wheat diseases
(CASTROAGUDIN et al., 2015). Qol resistance is now widespread in all wheat
cropping regions from Brazil (CASTROAGUDIN et al., 2015). Similarly, to the path that
resulted in resistance to DMIs, the high risk Qol fungicides were sprayed intensively,
on calendar-based schedules, as a single active formulation, exerting a high selection
pressure on populations of PoTl. Unfortunately, it was only in 2012 that pesticide
labelling policies were introduced in Brazil, requiring risk assessment of resistance for
pesticides and commercial labels containing resistance management
recommendations (Figure 1). The adoption of such anti-resistance strategies is
challenging for growers and wheat health extensionists alike without an alternative
system to the prevalent calendar-based spraying (POLONI et al., 2021).

In recent years, new fungicide formulations have been labelled and introduced
for managing wheat diseases in Brazil. These fungicides include the second-
generation carboxamide fluxapyroxad, a succinate dehydrogenase inhibitor (SDHI)
that are considered at supposed medium risk for fungicide resistance emergence.
Unexpectedly from the point of view of anti-resistance strategies, these fungicides
were co-formulated with high risk Qol or DMI molecules (pyraclostrobin or
epoxiconazole), for which resistance has been reported for PoTl populations



(MINISTERIO DA AGRICULTURA, PECUARIA E ABASTECIMENTO, 2022; Poloni et
al., 2021).

The onset of double fungicide resistance in populations of PoTl in Brazil
indicated that the anti-resistance strategies (if any at all) adopted in the country in the
last two decades have failed, requiring fast actions and additional approaches, blended
with the integrated management (IDM) of wheat blast (VICENTINI et al. 2022). The
joint adoption of anti-resistance and IDM strategies should be coordinated locally,
taking into account the particular circumstances of fungicide resistance in each country
or region (METHA 2014; CERESINI et al., 2018). These strategies should be based
on knowledge of the pathogen's population biology, and factors related to the
epidemiology of the disease, which unfortunately are still missing.

In order to rationalize fungicide inputs (e.g. choice, timing, dose-rate, spray
number and mixing/alternation), to test anti-resistance strategies aimed to delay
evolution and spread of resistance of existing fungicides (azoles and Qols) and new
actives (SDHIs) and to future new actives entering the market, we need high
performance monitoring tools, enabling quantitative measurement of pathogen’s
inoculum levels and detection of fungicide resistant alleles, in combination with disease
forecasting. Airborne inoculum dissemination is one of the most important ways of
transportation of the pathogen to neighbouring fields (Urashima et al., 2009).
Monitoring data of PoTIl conidia in the air can be important to develop forecasting
models for blast disease (DANELLI et al., 2019), although airborne PoTI monitoring
studies are still scarce.

This research has three chapters to elucidate the historical and current
scenarios of PoTl fungicide resistance in Brazil. In the first chapter of this Thesis
presents a paper published on Plant Pathology, we determined the SDHI baseline
sensitivity of PoTI populations from 2012 and monitored the prevalence of resistance
to Qol, DMI and SDHI fungicides in current Brazilian field populations of the wheat
blast pathogen sampled in 2018 - 2019.

Because PoTI isolates showing reduced sensitivity to SDHI reveleaded no
target-site mutations at the sdh-B, C or D genes [besides showing multiple resistance
to azoles and Qol] we suspect that the resistance to SDHI may be due to the
mechanism described as overexpression of efflux pumps encoded by ATP-binding
cassette (ABC) transporters and/or major facilitator superfamily (MFS) transporters
(OMRANE et al., 2015; HAWKINS; FRAAIJE, 2018). Therefore, the second chapter of



this Thesis presents a paper already accepted for publication by Agronomy, in which
we tested the hypothesis that Qol-, DMI- and/or SDHI-resistant isolates of PoTl are
also resistant to efflux pump substrates.

The third chapter in this Thesis brings a unique contribution on the application of
inoculum surveillance tools based on real-time quantitative detection of the pathogen
spores in air samples, using newly developed, compact, high-volume cyclone samplers
able to process 10 L of air min?', from Burkard Agri, United Kingdom
(https://www.youtube.com/watch?v=1gehH5zlg6w). Levels of airborne spores

determined based on a real time quantitative PCR (RT gPCR) assay were linked to
weather data and these data sets could be used to improve the prediction of wheat blast
epidemics. Effect of wheat free cropping period between seasons on airborne inoculum
gPCR detection was measured and Qol resistant cytB-associated allele detected and

quantified using pyrosequencing of PCR amplicons from positive samples.


https://www.youtube.com/watch?v=1qehH5zlq6w

104

REFERENCES

ALVES, K.J.P.; FERNANDES, J.M.C. Influéncia Da Temperatura E Umidade
Relativa Do Ar Na Esporulacdo De Magnaporthe Grisea Em Trigo. Fitopatologia
Brasileira, Heidelberg, v. 31, p. 579-584, 2006. DOI: https://doi.org/10.1590/S0100-
41582006000600007

ASCARI, J. P.; BARRO, J. P.; SANTANA, F. M.; PADUA, J. M. V.; MACIEL, J. L. N;;
LAU, D.; TORRES, G. A. M.; SBALCHEIRO, C. C.; SEIXAS, C. D. S.; GOULART, A.
C. P.; SUSSEL, A. A. B.; SCHIPANSKI, C. A.; CHAGAS, D. F.; COELHO, M. A. O ;
MONTECELLI, T. D. N.; AMARAL, D. R.; CUSTODIO, A. A. P.; MOREIRA, L. S. O
UTIAMADA, C. M.; VENANCIO, W. S.; DEL PONTE, E. M. Sequential Post-Heading
Applications for Controlling Wheat Blast: A 9-Year Summary of Fungicide
Performance in Brazil. Plant Disease, St. Paul, v. 105, n. 12, p. 4051-4059, 2021.
DOI: https://doi.org/10.1094/PDIS-06-21-1183-RE

CAO, X.; YAO, D.; ZHOU, Y.; WEST, J.S.; XU, X.; LUO, Y.; DING, K.; FAN, J.;
DUAN, X. Detection And Quantification Of Airborne Inoculum Of Blumeria Graminis
F. Sp. Tritici Using Quantitative PCR. European Journal of Plant Pathology,
Dordrecht, v. 146, p. 225-229, 2016. DOI: https://doi.org/10.1007/s10658-016-0908-
8

CARDOSO, C.A.D.A;; REIS, E.M.; MOREIRA, E.N. Development of A Warning
System For Wheat Blast Caused By Pyricularia Grisea. Summa Phytopathologica,
Botucatu, v. 34, p. 216-221, 2008. DOI: https://doi.org/10.1590/S0100-
54052008000300002

CARISSE, O.; LEVASSEUR, A.; VAN DER HEYDEN, H. A New Risk Indicator For
Botrytis Leaf Blight Of Onion Caused By Botrytis Squamosa Based On Infection
Efficiency Of Airborne Inoculum. Plant Pathology, Chichester, v. 61, p. 1154-1164,
2012. DOI: https://doi.org/10.1111/j.1365-3059.2012.02594.x

CASTROAGUDIN, V.L.; CERESINI, P.C.; OLIVEIRA, S.C.; REGES, J.T.; MACIEL,
J.L.; BONATO, A.L.; DORIGAN, A.F.; MCDONALD, B.A. Resistance To Qoi
Fungicides Is Widespread In Brazilian Populations Of The Wheat Blast Pathogen
Magnaporthe Oryzae. Phytopathology, St. Paul, v. 105, 284-294, 2015. DOI:
https://doi.org/10.1094/PHYTO-06-14-0184-R

CASTROAGUDIN, V.L.; DANELLI, A.L.D.; MOREIRA, S.I.; REGES, J.T.A.; DE
CARVALHO, G.; MACIEL, J.L.N.; BONATO, A.L.V.; FORCELINI, C.A.; ALVES, E;;
MCDONALD, B.A. The Wheat Blast pathogen Pyricularia Graminis-Tritici has
complex origins and a disease cycle spanning multiple grass hosts. bioRxiv DOI:
https://doi.org/10.1101/203455

CAZON, L.l.; ASCARI, J.P.; DOS SANTOS, G.B.; DEL PONTE, E.M. Differential
Response To DMI, Qoi And SDHI Fungicides In Wheat And Signal Grass Blast
Populations From Minas Gerais, Brazil. Plant Pathology, St. Paul, v. 72, p. 1-19,
2022. DOI: https://doi.org/10.1111/ppa.13678



105

CERESINI, P. C.; CASTROAGUDIN, V. L.; RODRIGUES, F. A.; RIOS, J. A,
EDUARDO AUCIQUE-PEREZ, C.; MOREIRA, S. I.; ALVES, E.; CROLL, D.;
MACIEL, J. L. N. Wheat Blast: Past, Present, and Future. Annual Review of
Phytopathology, Palo Alto, v. 56, p. 427-456, 2018. DOI:
http://doi.org/10.1146/annurev-phyto-080417-050036

CORKLEY, |.; FRAAIJE, B.; HAWKINS, N. Fungicide Resistance Management:
Maximizing The Effective Life Of Plant Protection Products. Plant Pathology, St.
Paul, v. 71, p. 150-169, 2022. DOI: https://doi.org/10.1111/ppa.13467

CRUZ, C.; KIYUNAB, J.; BOCKUSA, W.; TODDA, T.; STACK, J.; VALENT, B.
Magnaporthe Oryzae Conidia On Basal Wheat Leaves As A Potential Source Of
Wheat Blast Inoculum. Plant Pathology, St. Paul, v. 64, 2015. DOI:
https://doi.org/10.1111/ppa.12414

CRUZ, C. D.; MAGAREY, R. D.; CHRISTIE, D. N.; FOWLER, G. A.; FERNANDES, J.
M.; BOCKUS, W. W.; VALENT, B.; STACK, J. P. Climate Suitability for Magnaporthe
oryzae Triticum Pathotype in the United States. Plant Disease, St. Paul, v. 100,
1979-1987, 2016. DOI: http://dx.doi.org/10.1094/PDIS-09-15-1006-RE

CRUZ, C. D.; SANTANA, F. M.; TODD, T. C.; MACIEL, J. L. N.; KIYUNA, J.;
BALDELOMAR, D. F.; CRUZ, A. P.; LAU, D.; SEIXAS, C. S.; GOULART, A. C. P.
Multi-Environment Assessment Of Fungicide Performance For Managing Wheat
Head Blast (WHB) In Brazil And Bolivia. Tropical Plant Pathology, Heidelberg, v.
44, 183-191, 2019. DOI: https://doi.org/10.1007/s40858-018-0262-9

CRUZ, M.F.; PRESTES, A.M.; MACIEL, J.L.N.; SCHEEREN, P.L. Resisténcia
Parcial A Brusone De Gen6tipos De Trigo Comum E Sintético Nos Estadios De
Planta Jovem E De Planta Adulta. Tropical Plant Pathology, Heidelberg, v. 35, p.
24-31, 2010. DOI: https://doi.org/10.1590/S1982-56762010000100004

DANELLI, A.; FERNANDES, J.M.; NUNES MACIEL, J.; BOARETTO, C;
FORCELINI, C. Monitoring Pyricularia sp. Airborne Inoculum In Passo Fundo, Rio
Grande Do Sul, Brazil. Summa Phytopathologica, Botucatu, v. 45, 361-367, 2019.
DOI: https://doi.org/10.1590/0100-5405/178086

DEDEURWAERDER, G.; DUVIVIER, M.; MVUYENKURE, S.; RENARD, M.; HESE,
V.; MARCHAL, G.; MOREAU, J.; LEGREVE, A. Spore Traps Network: A New Tool

For Predicting Epidemics Of Wheat Yellow Rust. Communications in agricultural
and applied biological sciences, Gent, v. 76, p. 667-670, 2011.

DORIGAN, A. F.; MOREIRA, S. |.; CERESINI, P. C.; POZZA, E. A.; BELAN, L. L.;
DA SILVEIRA, P. R.; ALVES, E. Higher Fitness And Competitive Advantage Of
Pyricularia Oryzae Triticum Lineage Resistant To Qoi Fungicides. Pest Management
Science, Oxford, v. 78, p. 5251-5258, 2022. DOI: https://doi.org/10.1002/ps.7144



106

DUVIVIER, M.; DEDEURWAERDER, G.; DE PROFT, M.; MOREAU, J.-M,;
LEGREVE, A. Real-Time PCR Quantification And Spatio-Temporal Distribution Of
Airborne Inoculum Of Mycosphaerella Graminicola In Belgium. European Journal of
Plant Pathology, Dordrecht, v. 137, p. 325-341, 2013. DOI:
https://doi.org/10.1007/s10658-015-0854-x

FERNANDES, J. M.; DEL PONTE, E.; ASCARI, J.; KRUPNIK, T.; PAVAN, W.;
VARGAS, F.; BERTON, T. Towards an early warning system for wheat blast:
epidemiological basis and model development. [S. I: s. n.], 2021. pp. 623-641.

FERNANDES, J. M. C.; NICOLAU, M.; PAVAN, W.; HOLBIG, C. A.; KARREI, M.; DE
VARGAS, F.; BAVARESCO, J. L. B.; LAZZARETTI, A. T.; TSUKAHARA, R. Y. A
Weather-Based Model For Predicting Early Season Inoculum Build-Up And Spike
Infection By The Wheat Blast Pathogen. Tropical Plant Pathology, Heidelberg, v.
42, p. 230-237, 2017. DOI: https://doi.org/10.1007/s40858-017-0164-2

FRAAIJE, B. A.; COOLS, H. J.; FOUNTAINE, J.; LOVELL, D. J.; MOTTERAM, J.;
WEST, J. S.; LUCAS, J. A. Role of Ascospores in Further Spread of Qol-Resistant
Cytochrome b Alleles (G143A) in Field Populations of Mycosphaerella graminicola.
Phytopathology, Palo Alto, v. 95, p. 933-941, 2005. DOI:
http://doi.org/10.1094/PHYTO-95-0933

GOMES, D. P.; ROCHA, V. S.; PEREIRA, O. L.; SOUZA, M. A. D. Damage of Wheat
Blast On The Productivity And Quality Of Seeds As A Function Of The Initial
Inoculum In The Field. Journal of Seed Science Brasilia, DF, v. 39, p. 066-074
2017. DOI: https://doi.org/10.1590/2317-1545v39n1172688

GOULART, A. C. P.; PAIVA, F. A.; ANDRADE, P. J. M. Relacéo Entre A Incidéncia
Da Brusone Em Espigas De Trigo E A Presenga De Pyricularia Grisea Nas
Sementes Colhidas. Fitopatologia brasileira, Heidelberg, v. 20, p. 184-189, 1995.

Goulart, A.C.P.; Paiva, F.d.A. Sobrevivéncia De Pyricularia Oryzae Cav. Em
Sementes De Trigo (Triticum Aestivum L.) Armazenadas Em Diferentes Ambientes.
Revista Brasileira de Sementes, Brasilia, DF, v. 15, p. 153-156, 1993.

GUTIERREZ VAZQUEZ, Y.; ADAMS, I. P.; MCGREIG, S.; WALSHAW, J.; VAN
DEN BERG, F.; SANDERSON, R.; HOLLIE, P.; CONYERS, C.; LANGTON, D;
BROADHEAD, R.; CATHERINE, H.; BOONHAM, N. Profiling Azole Resistant
Haplotypes Within Zymoseptoria Tritici Populations Using Nanopore Sequencing.
Frontiers in Agronomy, Lausanne, v. 4, p. 943440, 2022. DOI:
https://doi.org/10.3389/fagro.2022.943440

HAGERTY, C. H.; MUNDT, C. C. Reduced Virulence Of Azoxystrobin-Resistant
Zymoseptoria Tritici Populations In Greenhouse Assays. Phytopathology, Palo Alto,
v. 106, p. 884-889, 2016. DOI: https://doi.org/10.1094/PHYTO-01-16-0029-R

HIRST, J. M. An Automatic Volumetric Spore Trap. Annals of Applied Biology
Chichester, v. 39, 257-265, 1952. DOI: https://doi.org/10.1111/j.1744-
7348.1952.tb00904.x



107

IGARASHI, S.; UTIAMADA, C.; IGARASHI, L.; KAZUMA, A.; LOPES, R. Pyricularia
Em Trigo. 1. Ocorréncia de Pyricularia sp. No Estado Do Parana. Fitopatologia
brasileira, Heidelberg, v. 11, p. 351-352, 1986.

ISHII, H.; HOLLOMON, D. W. Fungicide Resistance in Plant Pathogens,
Principles and a Guide to Practical Management. HIDEO, I., DEREK WILLIAM, H.
(ed.) Springer Japan Tokyo: Japan, 2015. DOI: https://doi.org/10.1007/978-4-431-
55642-8I

ISLAM, M.T.; CROLL, D.; GLADIEUX, P.; SOANES, D.M.; PERSOONS, A
BHATTACHARJEE, P.; HOSSAIN, M.S.; GUPTA, D.R.; RAHMAN, M.M.;
MAHBOOB, M.G. Emergence Of Wheat Blast In Bangladesh Was Caused By A
South American Lineage Of Magnaporthe Oryzae. BMC Biol, London, v. 14, 84, 2016.
DOI: https://doi.org/10.1186/s12915-016-0309-7

KOHLI, M.; MEHTA, Y.VR.; GUZMAN, E.; VIEDMA, L.; CUBILLA, L.VE. Pyricularia
Blast - a Threat to Wheat Cultivation. Czech Journal of Genetics and Plant
Breeding, Prague, v. 47, p. S130-S134, 2011. DOI: http://doi.org/10.17221/3267-
CJGPB

LUO, Y.; MA, Z.; REYES, H.; MORGAN, D. Quantification Of Airborne Spores Of
Monilinia Fructicola In Stone Fruit Orchards Of California Using Real-Time PCR.
European Journal of Plant Pathology, Dordrecht, v. 118, 145-154, 2007. DOI:
http://10.1007/s10658-007-9124-x

MA, B.; UDDIN, W. Fitness And Competitive Ability Of An Azoxystrobin-Resistant
G143A Mutant Of Magnaporthe Oryzae From Perennial Ryegrass. Plant Disease,
St. Paul, v. 93, p. 1044-1049, 2009. DOI: https://doi.org/10.1094/PDIS-93-10-1044

MACIEL, J. L. N.; CERESINI, P. C.; CASTROAGUDIN, V. L.; ZALA, M.; KEMA, G. H.
J.; MCDONALD, B. A. Population Structure And Pathotype Diversity Of The Wheat
Blast Pathogen Magnaporthe Oryzae 25 Years After Its Emergence In Brazil.
Phytopathology, Palo Alto, v. 104, p. 95-107, 2014. DOI:
https://doi.org/10.1094/PHYTO-11-12-0294-R

MACIEL, J. L. N.; KOVALESKI, M.; SILVA, A.N.; BONATO, A. L. V.; COSTA, I|. F. D.
D. Ocorréncia De Pyricularia Oryzae Triticum Em Plantas Do Género Urochloa No
Brasil. Ciéncia Rural, Santa Maria, v. 53, p. €20210839, 2022. DOI:
https://doi.org/10.1590/0103-8478cr20210839

MAIR, W., LOPEZ-RUIZ, F., STAMMLER, G., CLARK, W., BURNETT, F.,
HOLLOMON, D., ISHII, H., THIND, T. S., BROWN, J. K., FRAAIJE, B., COOLS, H.,
SHAW, M., FILLINGER, S., WALKER, A. S., MELLADO, E., SCHNABEL, G., MEHL,
A., & OLIVER, R. P. Proposal For A Unified Nomenclature For Target Site Mutations
Associated With Resistance To Fungicides. Pest Management Science, Oxford, v.
8, p. 1449-1459, 2016. DOI: https://doi.org/10.1002/ps.4301



108

MALAKER, P.K.; BARMA, N.C.D.; TIWARI, T.P.; COLLIS, W.J.; DUVEILLER, E.;
SINGH, P.K.; JOSHI, A.K.; SINGH, R.P.; BRAUN, H.J.; PETERSON, G.L.; et al. First
Report Of Wheat Blast Caused By Magnaporthe Oryzae Pathotype Triticum In
Bangladesh. Plant Disease, St. Paul, v. 100, p. 2330-2330, 2016. DOI:
http://doi.org/10.1094/PDIS-05-16-0666-PDN

MCDONALD, B. A.; STUKENBROCK, E. H. Rapid Emergence Of Pathogens In
Agro-Ecosystems: Global Threats To Agricultural Sustainability And Food Security.
Philos. Trans. R. Soc Lond. B Biol. Sci., [s. |], v. 371, 2016. DOI:
http://doi.org/10.1098/rstbh.2016.0026

MINISTERIO DA AGRICULTURA, PECUARIA E ABASTECIMENTO - MAPA.
National Program for Agricultural Zoning based on Climate Risk [ZARC] for
Parana State. Brasilia, DF, 2022.Available at https://www.gov.br/agricultura/pt-
br/assuntos/riscos-seguro/programa-nacional-de-zoneamento-agricola-de-risco-
climatico/portarias/safra-vigente/parana/parana-pr.

NICOLAU, M.; FERNANDES, J.M.; DANELLI, A.L.D.; PAVAN, W. Using a Bayesian
model for estimating airborne infection risks: Wheat blast. In: International
Symposium on Fusarium Head Blight, 5.; International Workshop On Wheat Blast, 2.,
2016, Florianépolis. Book of abstracts [...] Passo Fundo: Ed. Universidade de
Passo Fundo: Embrapa Trigo; Vicosa, MG: Universidade Federal de Vicosa, 2016. p.
159, abstr. p. 95.

OLIVEIRA, S. C.; CASTROAGUDIN, V. L.; MACIEL, J. L. N.; PEREIRA, D. A. S.;
CERESINI, P. C. resisténcia cruzada aos fungicidas iqo azoxistrobina e
piraclostrobina no patégeno da brusone do trigo Pyricularia Oryzae no Brasil.
Summa Phytopathologica, Botucatu, v. 41, p. 298-304, 2015. DOI:
https://doi.org/10.1590/0100-5405/2072

PAGANI, A. P. S.; DIANESE, A. C.; CAFE-FILHO, A. C. Management Of Wheat
Blast With Synthetic Fungicides, Partial Resistance And Silicate And Phosphite
Minerals. Phytoparasitica, Dordrecht, v. 42, p. 609-617, 2014. DOI:
https://doi.org/10.1007/s12600-014-0401-x

Pieck, M.; Ruck, A.; Farman, M.; Peterson, G.; Stack, J.; Valent, B.; Pedley, K.
Genomics-Based Marker Discovery and Diagnostic Assay Development for Wheat
Blast. Plant Disease, St. Paul, v. 101, p. 103-109, 2017. DOI:
https://doi.org/10.1094/PDIS-04-16-0500-RE

PIECZUL; WASOWSKA, A. The Application Of Next-Generation Sequencing (NGS)
For Monitoring Of Zymoseptoria Tritici Qoi Resistance. Crop Protection,
Amsterdam, v. 92, p. 143-147, 2017. DOI:
https://doi.org/10.1016/j.cropro.2016.10.026

PIZOLOTTO, C. A,; MACIEL, J. L. N.; FERNANDES, J. M. C.; BOLLER, W.
Saprotrophic Survival Of Magnaporthe Oryzae In Infested Wheat Residues.
European Journal of Plant Pathology, Dordrecht, v. 153, p. 327-339, 2019. DOI:
https://doi.org/10.1007/s10658-018-1578-5



109

POLONI, N. M.; CARVALHO, G.; NUNES CAMPOS VICENTINI, S.; FRANCIS
DORIGAN, A.; NUNES MACIEL, J. L.; MCDONALD, B. A.; INTRA MOREIRA, S;;
HAWKINS, N.; FRAAIJE, B. A.; KELLY, D. E. Widespread Distribution Of Resistance
To Triazole Fungicides In Brazilian Populations Of The Wheat Blast Pathogen. Plant
Pathology, Dordrecht, v. 70, p. 436-448, 2021. DOI:
https://doi.org/10.1111/ppa.13288

R DEVELOPMENT CORE TEAM. R: a language and environment for statistical
computing. Vienna, Austria: The R Foundation for Statistical Computing, 2020.
Available at URL: http://www.r-project.org/index.htmi

SADAT, M. A.; CHOI, J. Wheat Blast: A New Fungal Inhabitant to Bangladesh
Threatening World Wheat Production. The plant pathology journal, Suwon, v. 33,
p. 103-108, 2017. DOI: http://doi.org/10.5423/PPJ.RW.09.2016.0179

SHARMA, R. Wheat Blast Research: Status And Imperatives. African Journal of
Agricultural Research, Sapele, v. 12, p. 377-381, 2017.
DOl:http://doi.org/10.5897/AJAR2016.11860

TEMBO, B.; MULENGA, R.M.; SICHILIMA, S.; M'SISKA K, K.; MWALE, M.;
CHIKOTI, P.C.; SINGH, P.K.; HE, X.; PEDLEY, K.F.; PETERSON, G.L. Detection
And Characterization Of Fungus (Magnaporthe Oryzae Pathotype Triticum) Causing
Wheat Blast Disease On Rain-Fed Grown Wheat (Triticum Aestivum L.) In Zambia.
PloS one, San Francisco, v. 15, p. 0238724, 2020. DOI:
https://doi.org/10.1371/journal.pone.0238724.

TORRES, G. A. M.; FERREIRA, J. R.; BINNECK, E.; MACIEL, J. L. N.; CONSOL]I, L.
Blast Disease And Wheat Production In Brazil. Pesquisa Agropecuaria Brasileira,
Brasilia, DF, v. 57, p. 02487, 2022. DOI: https://doi.org/10.1590/S1678-
3921.pab2022.v57.02487

URASHIMA, A. S.; GROSSO, C. R. F.; STABILI, A.; FREITAS, E. G.; SILVA, C. P.;
NETTO, D. C. S.; FRANCO, I.; BOTTAN, J. H. M. Effect of Magnaporthe Grisea On
Seed Germination, Yield And Quality Of Wheat. Advances in Genetics, Genomics
and Control of Rice Blast Disease. Dordrecht: Springer Netherlands, 2009. p. 267-
277.

URASHIMA, A.S.; LAVORENT, N.A.; GOULART, A.C.P.; MEHTA, Y.R. Resistance
Spectra Of Wheat Cultivars And Virulence Diversity Of Magnaporthe Grisea Isolates
In Brazil. Fitopatologia brasileira, Heidelberg, v. 29, 511-518, 2004. DOI:
https://doi.org/10.1590/S0100-41582004000500007

URASHIMA, A. S.; LEITE, S. F.; GALBIERI, R. Eficiéncia Da Disseminacao Aérea
Em Pyricularia Grisea. Summa Phytopathologica, Botucatu, v. 33, p. 275-279,
2007.

VAN DER HEYDEN, H.; DUTILLEUL, P.; CHARRON, J.-B.; BILODEAU, G.J.;
CARISSE, O. Monitoring Airborne Inoculum For Improved Plant Disease
Management. A review. Agronomy for Sustainable Development, Paris, v. 41, p.
40, 2021. DOI: https://doi.org/10.1007/s13593-021-00694-z



110

VICENTINI, S. N. C.; CASADO, P. S.; DE CARVALHO, G.; MOREIRA, S. |;
DORIGAN, A. F.; SILVA, T. C.; SILVA, A. G.; CUSTODIO, A. A. P.; GOMES, A. C.
S.; NUNES MACIEL, J. L. Monitoring Of Brazilian Wheat Blast Field Populations
Reveals Resistance To Qoi, DMI, And SDHI Fungicides. Plant Pathology,
Dordrecht, v. 71, p. 304-321, 2022a. DOI: https://doi.org/10.1111/ppa.13470

VICENTINI, S. N. C.; MOREIRA, S. I.; SILVA, A. G. D.; OLIVEIRA, T. Y. K.; SILVA,
T. C.; ASSIS JUNIOR, F. G.; KRUG, L. D.; P., C. A. A;; LEITE JUNIOR, R. P_;
TEODORO, P. E. Efflux Pumps and Multidrug-Resistance in Pyricularia oryzae
Triticum Lineage. Agronomy, Maringd, v. 12, n. 9, p. 2068, 2022b. DOI:
https://doi.org/10.3390/agronomy120920682.

WEST, J. S.; ATKINS, S. D.; EMBERLIN, J.; FITT, B. D. L. PCR To Predict Risk Of
Airborne Disease. Trends in Microbiology, Cambridge, v. 16, p. 380-387, 2008.
DOI: http://10.1016/}.tim.2008.05.004

WEST, J. S.; CANNING, G. G. M.; PERRYMAN, S. A.; KING, K. Novel Technologies
For The Detection Of Fusarium Head Blight Disease And Airborne Inoculum.
Tropical Plant Pathology, Heidelberg, v. 42, 203-209, 2017. DOI:
https://doi.org/10.1007/s40858-017-0138-4

WEST, J. S.; KIMBER, R. B. E. Innovations in air sampling to detect plant pathogens.
Annals of Applied Biology, Chichester, v. 166, 4-17, 2015. DOI:
https://doi.org/10.1111/aab.12191



111

CONCLUSION

In conclusion, the current status of multiple fungicide resistance in populations of
the wheat blast pathogen requires adoption of immediate and accessible anti-
resistance strategies, undertaken at regional and national level. Such measures will
be useful to prolong the shelf life of existing fungicides (azoles and Qols) and new
actives (e.g. SDHIs) entering the market. Fungicide risk disease management
programmes based on integrated disease management need to be developed based
on real-time up-to-date disease surveillance and fungicide resistance molecular
monitoring systems, such as this one we described in our study. Practical and simple
alternatives, which could include the development and distribution of airborne inoculum
samplers will provide valuable tools for further detection of the pathogen and could be
used in practical alert and risk monitoring networks, associated with alert prediction
systems already existing in Brazil. In addition, the data can be available to farmers and
field professionals, by a web portal for knowledge transfer on disease surveillance and

fungicide resistance monitoring.





