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RESUMO

As doencas de plantas vao além de danos econdmicos e danos fisioldgicos. Alguns patdégenos
como Fusarium verticillioides podem produzir metabdlitos secundarios, que sao toxicos aos
seres humanos e animais, conhecidos por micotoxinas. A producdo destas toxinas, no caso de
F. verticillioides, mais conhecidas como fumonisinas sd&o um problema socioeconémico.
Assim, alternativas que reduzam a producdo de fumonisinas sdo necessidades emergéncias,
principalmente dentro da cultura do milho, onde esta toxina normalmente estd mais presente.
Assim, os objetivos deste trabalho foram (1) avaliar a dinAmica do microbioma da filosfera
de milho sob a combinacéo do tratamento foliar com fungicida (azoxistrobina+ciproconazol)
e agente de controle bioldgico (Bacillus subtilis) (2) avaliar novas técnicas de manejo
integrado, usando a compatibilidade a fungicida com agente de controle bioldgico contra F.
verticillioides e (3) avaliar os custos econdbmicos em dois sistemas de produgdo, um com
apenas a aplicacdo de fungicidas e outros com a combinacdo de fungicidas e o agente de
controle bioldgico na reducdo de perdas por fumonisinas. Ensaios com plantas de milho
foram realizados em duas areas diferentes onde foram coletados parte da espiga em dois
tempos para anélise de populacGes de bactérias (16S) e fungos (ITS) por sequenciamento de
nova geracdo (NGS). Ainda foram analisadas a quantidade de ciclos presentes do patogeno
(gQPCR) e o teor de fumonisinas (LC-MS / MS) sobre plantas tratadas e inoculados com F.
verticillioides. Na segunda parte foi avaliada a sensibilidade de 20 isolados de F.
verticillioides a 10 principios ativos de fungicidas (azoxistrobina, piraclostobina, captana,
tiabendazol, fluatriafol, carbendazim, propiconazol, tetraconazol, tebuconazol e
ciproconazol) em diferentes concentragdes (0; 0,1; 1; 10 e 100 ppm) além da compatibilidade
de bactérias (30 isolados) e fungos (30 isolados) antagonistas do filoplano de milho a
ciproconazol e azoxistrobina. E por ultimo, o custo de producdo em dois sistemas produtivos,
sistema convencional (duas aplicacdes de fungicida) e sistema proposto (uma aplicacdo de
fungicida combinada com agente de controle bioldgico), analisando a produtividade do
sistema (ton/ha), a qualidade nutricional entre os dois sistemas (NIR) e as perdas por
fumonisinas (LC-MS / MS) nos sistemas produtivos. As analises estatisticas foram realizadas
através do teste de Tukey (p<=0.05) e a analise do microbioma da filosfera de milho por
procedimentos de bioinformatica. Foram observadas mudancas nas comunidades de bactérias
e fungos entre os tratamentos. Houve maior nimero de copias de DNA de F. verticillioides e
maior teor de fumonisinas no tratamento com duas aplica¢bes de fungicida. Em relacdo a
sensibilidade de isolados de F. verticillioides a fungicidas, tebuconazol e tetraconazol foram
0s principios ativos com maior sensibilidade entre a populacdo. Houve também isolados
antagonistas a F. verticillioides compativeis com ciproconazol e azoxistro bina. Em relacéo
ao custo de producdo/produtividade foi observado melhor relacdo no tratamento com duas
aplicacdes de fungicidas, porém o teor de fumonisina acumulado foi maior, na relacdo de 8:1
(sistema convencional/sistema proposto). E possivel concluir a importancia do manejo
integrado dentro do patossistema milho-F. verticillioides-fumonisinas como ferramenta
aliada na reducdo de fumonisinas. Devendo ser trabalhado neste sistema os melhores
momentos de aplicacdo dos agentes de controle bioldgico para maiores ganhos em
produtividade.

Palavras-chave: Podridao rosada da espiga, controle quimico, controle bioldgico, manejo

integrado, custo de producdo, fumonisinas.



ABSTRACT

Plant diseases go beyond economic damage and physiological damage. Some pathogens such
as Fusarium verticillioides can produce secondary metabolites, which are toxic to humans
and animals, known as mycotoxins. The productions of these toxins, in the case of F.
verticillioides, better known as fumonisins are a socioeconomic problem. Thus, alternatives
that reduce the production of fumonisins are emergencial needs, mainly within the maize
crops, where this toxin is usually present. The objectives of this work were: (1) to evaluate
the dynamics of the maize phyllosphere microbiome under the combination of foliar
treatment with fungicide (azoxystrobin+cyproconazole) and biological control agent
(Bacillus subtilis) (2) to evaluate new integrated management techniques , using the fungicide
compatibility with biological control agent against F. verticillioides and (3) to evaluate the
economic costs in two production systems, one with only the application of fungicides and
others with the combination of fungicides and the biological control agent in the reduction of
fumonisin losses. Tests with maize plants were carried out in two different areas as part of the
ears was collected in two times for analysis of bacterial populations (16S) and fungi (ITS) by
next-generation sequencing (NGS). The amounts of pathogen present cycles (QPCR) and
fumonisin content (LC-MS / MS) on plants treated and inoculated with F. verticillioides was
also analyzed. In the second part the sensitivity of 20 isolates of F. verticillioides to 10 active
fungicides (azoxystrobin, pyraclostobin, captan, thiabendazole, fluatriafol, carbendazim,
propiconazole, tetraconazole, tebuconazole and cyproconazole) was evaluated in different
concentrations (0; 0,1; 1; 10 e 100 ppm) besides that bacteria (30 strains) and fungi (30
strains) antagonists of the maize phylloplane to cyproconazole and azoxystrobin. Finally, the
production cost in two production systems, conventional system (two fungicide applications)
and proposed system (fungicide application combined with biological control agent),
analyzing the system productivity (ton/ha), nutritional quality between the two systems (NIR)
and fumonisin losses (LC-MS/MS) in the production systems. Statistical analyzes was
performed using the Tukey test (p<=0.05) and analysis of the maize phyllosphere
microbiome by bioinformatics procedures. Changes were observed in the communities of
bacteria and fungi between the treatments. There were more copies of F. verticillioides DNA
and higher fumonisin content in the treatment with two fungicide applications. Regarding the
sensitivity of F. verticillioides strains against fungicides, tebuconazole and tetraconazole
were the most active ingredients among the population. There have also been isolated
antagonists to F. verticillioides compatible with cyproconazole and azoxistorbin. In relation
to the cost/yield, a better relation was observed in the treatment with two fungicide
applications, but the accumulated fumonisin content was higher in the ratio of 8:1
(conventional system/proposed system). It is possible to conclude the importance of
integrated management within the maize-F. verticillioides-fumonisins pathosystem as an
allied tool in the reduction of fumonisins. The best moments of application of the biological
control agents for greater gains in yield must be worked on in this system.

Key-words: Fusarium ear rot, chemical control, biological control, integrated management,
cost of production, fumonisins.
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INTRODUCTION

1 LITERATURE REVIEW

1.1 SCENERY OF BRAZILIAN MAIZE PRODUCTION

Maize (Zea mays L.) is one of the most important cereals cultivated in the worldwide.
Due to the multiplicity of forms for use, both for food as well as industrial and technological
purposes, this cereal is more present in mankind than is imagined (RANUM; PENA-ROSAS;
GARCIA-CASAL, 2014; SARAVANAKUMAR et al., 2017). Brazil in the 2017/2018 harvest
ranked third among the world's largest producers, losing only to China and the United States
of America. Thus, 81.3 million tons were produced in Brazilian's land, while the largest USA
producer was 371 million tons and China was second with 215.9 million tons (CONAB,
2018a, USDA 2018).

The Brazilian crop is highlighted by the production in two harvests. The first crop or
“summer crop” (planting between August to November) and the second crop or “winter crop”
(planting between January and April), which is also known as "little crop” (JAMES, 2015).
The variation between in the two crops depends on the regions, due to the dependence of the
edaphoclimatic conditions that can advance or delay the planting in these regions. The most
important requirements in the regions to start planting are the availability of water, one of the
abiotic stress targets limiting maize plants (HEINEMANN et al., 2008, ALLEN;VALDES,
2016; DE OLIVEIRA et al., 2017) and the degree-days relationship that is linked to
photoassimilation and plant growth (LOBELL et al., 2013). Hence, the last Brazilian maize
crop produced 26.8 million tons in the first harvest, due to a 12% reduction in the area sown.
In the second crop, there was also a reduction in the cultivated area combined with the strong
water stress that resulted in losses of productivity, resulting in a production of 54.5 million
tons (CONAB, 2018b).

The projection for the 2018/2019 crop is that 16,823.2 thousand hectares of maize
being planted. A promising scenario is expected in this plantation for different positions, such
as: (i) an export alternative to the Chinese market; (ii) improvements in exchange rates; (iii)
higher application of maize to ethanol production; and (iv) increased consumption of the
intern market for the formulation of protein concentrate in animal feed (CONAB, 2018a). In
addition to the market projections, before the final product is guaranteed, various measures

must be taken in the production processes. The final quality of the maize for export is
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obtained before the projection of the future market and should have both pre-harvest and post-
harvest quality, both for external than internal consumption (MAGAN; ALDRED 2007
KAMALA et al., 2016; AGEGNEHU et al., 2016).

Maize hybrids can be affected by several factors such as soil type, water availability
and nutrition (CHAUHAN; SOLOMON; RODRIGUEZ, 2013; LOBELL et al., 2013), as well
as interference from weeds, insects and diseases (REID et al., 1999; PARSONS;
MUNKVOLD, 2010; BLACUTT et al., 2018) that are not always resolved with the use of
breeding hybrids for tolerance or resistance against them (BERGVINSON; GARCIA-LARA,
2004).

1.2 MAIZE DISEASES

Maize diseases in the late 1990s were not as important as they are today. The changes
in production systems were a decisive factor in expanding the dissemination of diseases,
creating a barrier to achieving high productivity. Therefore, systems that related to increasing
productivity are also responsible for the increased incidence and severity of diseases. Some
factors, such as the expansion of the agricultural frontier, the expansion of planting seasons
(first and second crop), the adoption of a no-tillage system without crop rotation, increased
use of irrigation systems and susceptible materials have been working synergistically in favor
of diseases in maize (COTA; COSTA,; SILVA, 2015).

The maize diseases can cause quantitative and qualitative losses. These damages
beginning from the time of sowing and can go until to harvest time, and often also progress in
post-harvest (MITCHELL et al., 2016; ACHARYA et al., 2017). Diseases in maize can be
divided into: (1) leaves diseases; (2) stalk and root rot diseases and (3) ear rot diseases. The
most important leaves diseases present in Brazil are, Pantoea ananatis or “maize white spot”
(CASELA; FERREIRA; PINTO, 2006), Puccinia sorghi or “maize common rust”, Puccinia
polysora or “maize southern rust” (RAMIREZ-CABRAL; KUMAR; SHABANI, 2017),
Physopella zeae or “maize tropical rust” (LIMA et al., 2006), Cercospora zeae-maydis and
Cercospora sorghi or “maize gray leaf spot” (NEGA et al., 2016), Exserohilum turcicum or
“northern maize leaf bligh” (PATAKY, 1992), Stenocarpella macrospora or “diplodia leaf
streak” (PANISON et al., 2016), Phaeosphaeria maydis or “phaeosphaeria leaf spot” (ADAM
et al., 2017), Colletotrichum graminicola or “maize anthracnose leaf blight” (NICOLI et al.,
2016) and Spiroplasma kunkelii or “maize bushy stunt phytoplasma” (MENESES et al.,

2016). The major diseases that cause stem and root rot are Pythium ssp. or “Phytium stalk
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Rot” (MATTHIESEN et al., 2016), Fusarium verticillioides or “Fusarium stalk rot” (KIM et
al., 2018), Fusarium graminearum or “Gibberella stalk rot” (MUELLER et al., 2016),
Colletrotrichum graminicola or “Anthracnose stalk rot” (MATIELLO et al., 2012),
Stenocarpella maydis or “Diplodia stalk rot” (ZACCARON; WOLOSHUK; BLUHM,
Burton, 2017) and Macrophomina phaseolina or “Charcoal rot” (KAISER; DAS, 1988).
Maize ear rot may be associated with Stenocarpella maydis or “Diplodia ear rot” (LUNA;
WISE, 2015), Fusarium verticillioides “Fusarium ear rot” (BLACUTT et al., 2018), Fusarium
gramineraum or “Gibberella ear rot” (KEBEBE et al., 2015). Other Fusarium species of that
have been described in association with F. verticillioides and F. graminearum, which are
usually the most predominant species (ZHOU et al., 2018). Also in association with maize ear
rot is the presence of fungi that use water activity to colonize maize grains such as Aspergillus
flavus and Aspergillus parasiticus or "Aspergillus ear rot" (BHATNAGAR-MATHUR et al.,
2015) and Penicillium spp or "Penicillium ear rot" (OGARA et al., 2017). Figure 1 shows the
dynamics of diseases in the maize plant.

% Maize diseases 4
(1) Leaf ¢!
1) Pantosa arnanais i i 2 1) Puthiumssp. 5
2) Puccinia sorgh N X 2) Fusariumverticillioides :
3) Puccinia polsora N\ 3) Fusarium graminsarun
4) Physopella zeae 4) Colletrotrichuwn gramiricola
3) Carcospora zeas-mayvdis 3) Stenocapslla mavds
6) Carcospora sorgh 6) Macrophomina phaseolina

7Y Exserohilum twrcicum

8) Stenocapeila macrcspora
9) Phasosphasria maudis |7
10) Colistotrichwn gramiviccla 'f/
11) Spirgplasma kunkdii /

(2) Stalk/Root
Q| -” Rot

\ 1) Puthiumssp.

2) Fusarium verticillioidss
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Figure 1. Major diseases of maize crop and its possible translocation between maize stalk/root rot and
maize ear rot.
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1.3 FUSARIUM EAR ROT (FUSARIUM VERTICILLIOIDES)

Fusarium verticillioides (Saccardo) (previously known as Fusarium moniliforme
Sheldon) it is one of a most important pathogen in maize. Its presence in maize ears causes the
symptom known by Fusarium Ear Rot (FER). This pathogen has the ability to colonize maize
roots, stems and ears endophytically and causes diseases such as FER and Fusarium Stalk
Rot, because it has the capacity to systematic translocation in the plant (SCHOEMAN et al.,
2018). Besides a pathogen of maize F. verticillioides already gone associated with teosinte,
millet, sorghum and tallgrass (DESJARDINS; PLATTNER; GORDON, 2000, HIRATA et al
2001, LESLIE et al 2004, O'DONNELL et al., 2007). However F. verticillioides has more
affinity to infect maize plants wherever it is planting (SHEPHARD et al., 1996; SCHOEMAN
et al., 2018). The fungus F. verticillioides can infect maize plants in several ways. The most
observed form is the dispersion of macroconidia and microconidia of the fungus through the
wind, this form of infection is usually responsible for causing the greatest infection of the
grains (MUNKVOLD; HELLMICH; SHOWERS, 1997). The pathogen can also systemically
colonize any plant through seed infection. This pathway usually occurs due to contaminated
seeds (with F. verticillioides) or by survival in cultural remains from the no-tillage or
monoculture systems of F. verticillioides reproductive structures (BLACUTT et al., 2018).
Thus, the pathogen is able to live endophytically in the plant and can later colonize the stalks
and ears, where the damage occurs (OREN et al., 2003; BLACUTT et al., 2018).

The characteristic symptoms of FER in maize ears, following these characteristics, in
relation to the form, can have scattered or in groups, in relation to the color, can be white,
pink or salmon-colored. The infected ears may turn tan or brown with um standard known by
"starbust™ (light-colored streaks radiating from the top of ears where silks were attached).
Nonetheless, there is no uniformity in symptoms in the same field because the symptoms vary
widely and range from asymptomatic infection to severe rotting of all plant parts, how would
the visual symptoms (MORALES et al., 2018). In the same field is very common that have
plants with disease and asymptomatic even under conditions of the genetically uniform host
(OREN et al, 2003; MURILLO-WILLIAMS; MUNKVOLD, 2008; PARSONS;
MUNKVOLD, 2012).

In addition to the pathogenic characteristic with the presence of symptoms and
asymptomatic of F. verticillioides in maize plants (NGUYEN et al., 2016), this fungus has
the capacity to produce toxins, known as mycotoxins (NELSON et al., 1993; DESJARDINS;
PLATTNER; GORDON, 2000), which is the most common type is fumonisin (PASCALE et
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al., 1997, DESJARDINS et al., 1998). Accrue in three possible interactions between the
production of toxins and the symptomatology in this maize-FER system can be observed, as:
(i) presence of symptoms and high levels of fumonisins; (ii) the presence of grain symptoms
and low levels of fumonisins and (iii) the production of toxins in visually asymptomatic
grains (MUNKVOLD; DESJARDINS, 1997; DESJARDINS et al., 1998; AFOLABI et al.,
2007). In Figure 2 shows the interaction dynamics of F. verticilliodes for pathogenicity and

how may occur the production of fumonisins in this interaction.
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Figure 2. Dynamics of colonization and production of fumonisins by Fusarium verticillioides in
maize, where (1) source of inoculum of the pathogen that survived in stubble crops, colonize the maize
seeds; (2) in the vegetative stage this colonization still does not cause damage to the plants, at that
moment the pathogen lives endophytically within the plant; (3) in the change of the vegetative stage to
the reproductive stage occurs the transmission to the stalks and posterior to ears; (4) in the
reproductive stage it is possible to verify the pathogenic form of F. verticillioides, causing stalk and
ear rot and mycelial growth can be visualized (sometimes); (5) at the end of the reproductive cycle it
is possible to verify that there was transmission of F.verticillioides of the seeds for ears, often not
being possible visual analysis; (6) the other form of transmission occurs through the wind that carries
the microconidia and macroconidia that will be deposited in the stigma-style, where with the presence
of water and also caterpillar and larvae can able penetrate inside the ears; (7) after the possible means
of colonization and the presence of F. verticillioides in the ears, stress conditions are determinant for
the production of fumonisins, such as rainfall, droughts and use of chemical fungicides and, (8) the
three possible interactions symptoms of F. verticillioides and the production of fumonisins, (1)
presence of symptoms in the grains and high levels of fumonisins; (2) the presence of symptoms in the
grains and low levels of fumonisins and (3) toxin production in asymptomatic grains.

A number of factors may contribute to the production of fumonisins in maize. The
increased production of this secondary metabolite normally occurs in response to stress
conditions (MILLER, 2001; ETCHEVERRY et al., 2002) as environmental conditions and
water availability (NAGY; CABULEA; HAS, 1997; MAGAN et al., 1997). Conditions such
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as drought and insect attack (PARSONS; MUNKVOLD, 2010) are reported as factors that
increase the production of fumonisins in the grains. Miller (2001) suggests that there are five
possible factors that interfere in the production of fumonisins such as, (i) temperature; (ii)
drought stress, (iii) insect damage, (iv) other fungal diseases and (v) type of maize genotype.
Several authors working with modeling suggest that the fumonisins-FER interaction is
favored by dry or droughty conditions, in addition to the need for temperatures above 28 ° C
to initiate the development and growth of FER (PASCALE et al., 1997; MAIORANO et al.,
2009). Typically fumonisins have a higher expression between the ranges of temperatures that
are ideal for production than maize plants for growth and development, so under stress
conditions for plant normally the higher production of these metabolites is triggering off
(MURILLO-WILLIAMS; MUNKVOLD, 2008). Another condition that has been reported
with the increase of fumonisin levels is the use of chemical fungicides (MARIN et al., 2013;
CAO et al., 2014). Before the harvest, the same factors described as important, such as
climate (temperature, humidity, and precipitation), exposure to insect pests, the presence of
other pathogens, besides planting dates, maize genotype and cropping system can also
influence the increased production of fumonisins in postharvest. Besides, postharvest
conditions may influence fungus growth and a higher accumulation of fumonisins due to
worse conditions to storage, normally with high humidity and the presence of insects,
especially weevils (MARIN et al., 2004, MILLER, 2001, DIAZ-GOMEZ et al., 2016).

1.4 FUMONISINS

Fumonisins are products of the secondary metabolism of some species of Fusarium,
such as F. fujikuroi, F. globosum, F. nygamai, F. proliferatum and F. verticillioides, species
present in Fusarium Fujikuroi Species Complex (FFSC) and also in other complex. In higher
levels and more frequent are, F. verticillioides, F. proliferatum and F. nygamai (PROCTOR
et al., 2004; AOKI; O’'DONNELL; GEISER et al., 2014). Most isolates of F. verticillioides
have the ability to produce fumonisins (DESJARDINS et al., 1995; RHEEDER; MARASAS;
VISMER, 2002). Fumonisin production was discovered in 1975 when an isolate of F.
verticillioides (MRC 826) from maize in the Transkei region of the Eastern Cape Province
(South Africa) was described in an area of high incidence of esophageal cancer in humans
(MARASAS, 1984).

Fumonisin B1 (FB1) and fumonisin B2 (FB2) are the most found and abundant

fumonisins in maize (LI et al., 2015). The synthesis of fumonisins can inhibit ceramide
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synthetase enzyme that is involved in the biosynthesis of sphingolipids (WANG et al., 1991).
Those conditions disturbed the animal and human metabolism induces toxic responses
(OLIVEIRA et al., 2015). The consumption of maize contaminated with fumonisins in animal
feed is related of damage like the cause of eucoencephalomalacia (ELEM) and hepatosis in
horses, pulmonary edema in swine, nephrosis, hepatosis in sheep, and have carcinogenic and
hepatotoxic effects in rats (MARASAS et al., 2004). In humans diet the intake of fumonisins
are associated with defects of the neural tube (GELINEAU-VAN WAES et al., 2005) and
carcinogenic effects (MULLER; DEKANT; MALLY, 2012) and more the susceptibility to
HIV (WU et al., 2011).

In the year 2001, several countries presented information on the presence of
fumonisins in maize consumed in each country. The presence of 60% of fumonisins in the
tested products was detected (JOINT FAO/WHO, 2001). With the support of this data, a
report was made on the exposure of the European Union population to mycotoxins. Regarding
the fumonisins between samples of maize without processing, 67% gave positive for FB1 and
51% gave positive for FB2 (BAKKER et al, 2009). Hence, the major problem behind
fumonisins beyond human and animal health is the regulation of permitted levels, and the
presence of these metabolites in food is considered a socioeconomic problem (VAN
EGMOND; JONKER, 2004).

Lesgilation for present levels of fumonisins in food has been elaborated by countries.
For example, in Brazil, this regulation applies to companies that import, produce, distribute
and market certain categories of beverages, foods and raw materials. The “Resolution of
board of directors - rdc no. 07, february 18, 2011 provides for Brazilian levels the following
categories, (1) of immediate application; (2) of application in January 2012; (3) of application
in January 2014; (4) of application in January 2016 where the maximum tolerated limits
(LMT) are listed in Table 1 (ANVISA, 2011). While in the European Union these levels are
divided between food for human consumption and animal consumption, see Table 2 (LERDA,
2011). In the United States of America, foodstuffs for human consumption and animal
consumption also have different levels of fumonisins allowed. In addition, in the United
States, the presence of FB3 has already been added, see Table 3 (updated by MAZUMDER,;
SASMAL, 2001).
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Table 1. Brazilian legislation to control fumonisins levels marketed in maize.

Commodity

Maximum permitted
levels FB1+FB2 (ppb)

Popcorn *

Maize-based foods for infant feeding (early childhood and infants) *
Maize flour, maize cream, maizemeal, flakes, canjica, canjiquinha?
Maize starch and other maize products®

Maize in grain for further processing®

Maize flour, maize cream, maizemeal, flakes, canjica, canjiquinha®

Starch of maize and other maize products*

2000
200
2500
2000
5000
1500
1000

1234 check above

Table 2. European Union legislation to control fumonisins levels marketed in maize.

Commodity/ In food

Maximum permitted
levels FB1+FB2 (ppb)

Unprocessed maize not intended for wet milling
Maize and maize based foods intended for direct human consumption
Maize based breakfast cereals and maize based snacks

Processed maize based foods and baby foods for infants and young children

4000
1000
800
200

Commodity/ In Feed

Maximum permitted
levels FB1+FB2 (ppb)

Maize and maize based products

Complementary and complete feeding stuffs for pigs, horses, rabbits and pet
animals

Complementary and complete feeding stuffs for fish

Complementary and complete feeding stuffs for poultry, calves (< 4 months),
lambs and kids

Complementary and complete feeding stuffs for adult ruminants (>4 months) and

mink

60
5

10
20

50
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Table 3. USA legislation to control fumonisins levels marketed in maize.

Commodity/ In food

Maximum permitted levels

FB1+FB2+FB3 (ppb)
Degermed dry milled corn products (e.g. flaking grits, corn meal, corn flour with 2000
fat content of
Cleaned corn intended for popcorn 3000
Whole of partially degermed dry milled corn products (e.g. flaking grits, corn 4000

meal, corn flour with fat content of <2.25%, dry weight basis); dry milled corn
bran;

cleaned corn intended for mass production

Commodity/ In feed

Maximum permitted levels
FB1+FB2+FB3 (ppb)

Corn and corn by-products intended for equids and rabbits

Corn and corn by-products intended for swine and catfish

Corn and corn by-products intended for breeding ruminants, breeding poultry and
breeding mink (includes lactating dairy cattle and hens laying eggs for human
consumption)

Ruminants > 3 months old being raised for slaughter and mink being raised for
pelt production

Poultry being raised for slaughter

All other species or classes of livestock and pet animals

5
20
30

60

100
10

1.5 INTEGRATED MANAGEMENT AGAINST FUSARIUM EAR ROT (FUSARIUM
VERTICILLIOIDES)

Within the context presented, the integrated management of F. verticilliodes in maize
is an emergency situation and of extreme importance for food security. Thus, it is necessary to
use integrated management practices, which aim not only to control the pathogen but also to
reduce the levels of fumonisins. Several types of initiatives have been taken around the world
to develop management strategies that can reduce losses and damages caused by this
pathogen, whether in the field, storage or industrial processing, have been adopted (LESLIE;
LOGRIECO, 2014).

Initially, the management of diseases in maize was mainly carried out through the use
of resistant cultivars, associated with cultural measures (LANZA et al., 2016, DA COSTA et
al., 2018). The control strategies of F. verticilliodes must occur before harvesting, and are
integrated measures, such as crop rotation, tillage, adherence to optimal planting date and

plant densities, and management of irrigation and fertilization (MUNKVOLD, 2003).



23

Although genetic resistance is one of the main strategies for disease management in maize,
chemical control is now one of the most widely used measures by farmers (DA COSTA et al.,
2012, LANZA et al., 2016).

The use of fungicides in maize is recent, mainly due to the high cost of application
initially. It was widely discussed whether fungicide application would have an economic
return and whether yield would actually pay the cost of the application (WARD; LAING;
NOWELL, 1997). In just over 30 vyears, the first cases of fungicide use in maize for
Cercospora zeae-maydis (maize gray leaf spot) were reported. And from this milestone, also
cases of resistance to the active principle used benzimidazole began to appear in the United
States (CARTER; STROMBERG, 1980, SMITH, 1998).

The success of chemical control of diseases in maize is already well known, especially
of foliar diseases (ESKER et al., 2018). Munkvold et al. (2001) were successfully in
controlling maize gray leaf spot with only one application of propiconazole in the non-
susceptible hybrid. Brandao et at. (2002) with three applications of azoxystrobin were able to
control maize common rust (Puccinia sorghi) regardless of the level of resistance of the
hybrid. Reddy et al. (2013) were able to reduce the in vitro mycelial growth of Exserohilum
turcicum with the combination of metriram + pyraclostrobin. However, when dealing with
Fusarium ear rot, the results with fungicide use are not as efficient than in aerial part. Juliatti
et al. (2007) obtained better results against F. verticillioides only with the combined
application of pyraclostrobin + epoxiconazole in two applications. For Duarte et al. (2009) the
best treatment for the reduction of F. verticillioides was with a combined application of
azoxystrobin + cyproconazole. Lanza et al. (2016) in none combination of fungicide
(picoxystrobin + cyproconazole, pyraclostrobin + epoxiconazole, trifloxystrobin +
tebuconazole, azoxystrobin + cyproconazole and methyl thiophanate) in one or more
applications has succeeded in reducing the incidence of F. verticillioides and the fumonisin
content. The application of fungicides, especially of the strobilurins and triazoles group
(separately or in combination) does not always reduce the incidence of ear rot grains
(MAZZONI et al., 2011), and other mixtures such as fludioxonil + metalaxyl-M, can also
induce the increase in the production of fumonisins type FB1 (FALCAO et al., 2011).

The fungicides of the quinone-outside inhibitor fungicides (Qol) group can act on the
maize plant by retarding senescence and thus increase the drying time in the field until it can
be harvested for storage. This factor may result in a high moisture harvest and consequently
be a predisposing factor to the increase of fumonisins by growers who cannot dry their grains
due to the costs (NASON; FARRAR; BARTLETT, 2007; WISE; MUELLER, 2011; COSTA
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et al., 2018). For Santiago et al. (2015) planting and harvesting dates can also affect grain
quality, and harvest delay greatly exposes grain to abiotic stress, a fact that helps increase the
production of fumonisins.

The low success of fungicides against F. verticillioides besides the residual problems
in grains and seeds and the high purchase cost, open the opportunity for another management
techniqgue (CHANDRA NAYAKA et al., 2008). The biological control is a proposal within
the integrated management for the reduction of ear rot grains and the fumonisins content
produced by F. verticillioides (CAVAGLIERI et al., 2005; PEREIRA; NESCI,
ETCHEVERRY, 2009; MEDINA et al., 2017). Biological control agents (BCAs) act in a
friendly way to the plant, in addition to having no toxic residual effect. BCAs action is a
nonchemical measure that has been reported in several cases to be effective as a chemical
control (DIK; ELAD, 1999; ELAD et al., 1993). These BCAs may be naturally present or
inserted in an agroecosystem and have a range of action on plant pathogens (GUETSKY et
al., 2002). The proposal to use BCAs within the integrated management of plant diseases is to
avoid diseases with high severity levels, reducing quantitative and qualitative damages
(HAJEK; EILENBERG, 2018). Use of biological control agents with antagonistic effects on
crop pathogens could represent a promising alternative (WHIPPS, 1997; BLOEMBERG;
LUGTENBERG, 2001) because is a complementary action with chemical control, and can be
applied in combination or alternation to control diseases below the threshold of economic
damage (MEDEIROS et al., 2012).

For Pereira et al., (2010) it is necessary to observe the phenological stage of the plant
to spray the BCA. The timing of application is fundamental to affect the colonization of F.
verticillioides and even the production of fumonisin, due to the antagonistic effects being
based on niches. In the mentioned work the presence of the antagonist in the seeds guarantees
a longer period of contact with the plant and a greater chance of to exercise the antagonism,
being able to act through different mechanisms of biological control throughout the plant
growth. Thus, the best known biological control mechanisms are parasitism, mycoparasitism,
competition, antibiosis, resistance induction and growth promotion (DE ALMEIDA
HALFELD-VIEIRA et al., 2015).

Usually the competition between pathogens and non-pathogens (BCASs) by resource
and nutrient is one of the most important mechanisms to reduce the severity of diseases,
mainly soil-related pathogens, such as the genus Fusarium (PAL; GARDENER, 2006). In the
present study, Chandra Nayaka et al. (2008) worked with a maize rhizosphere isolate of

Pseudomonas fluorescens (Trev.) applied in the treatment of F. verticillioides. The results
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showed that in different hybrids the seed and leaf treatment improved the growth parameters
and reduced the incidence of F. verticillioides and the level of fumonisins to the maximum in
comparison with the other treatments. Martinez-Alvarez et al. (2016) worked with a shelf life
of a Bacillus cereus isolate against F. verticillioides and obtained promising results, reducing
the severity of the disease and still obtaining storage time response of a powder formulation of
the test antagonist. In addition to the cited example, we have several interactions with other
agents of biological control against F. verticiilioides. Table 4 shows a summary, such as the

moment of application, the triggering mechanism and the control result in maize of plants.

Table 4. Examples of BCAs, such as the time of application, the mechanisms involved and
the results against F. verticillioides.
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Py
3
Y ) c
D (@]
< |® 2lols|8 |2
@D < 0, = < c o —
S 2 < | O > |2 |9 |a |35 |5
e ol Jd|o|oc|>|8|2|5|2|a |
BCA w8288 (3|2|2|5|5|8 || Reference
o = S| 8 |2 g | T B |loc|laea|o | |8
sl |s |25l |23 |2
s |Plg|la|ls|la |33 |3 |58 |
5 o | 3 =5 o 73 c o =4 o . [
2 |3 < = o =, S | @ =
[72] j3H] 3 = 6' «Q % = o
@ % (=} > ) > (7]
= Z |8 | &
7z <
D
&
Pseudomonas
fluorescens (™ 2 || == sz | || =< Chandra Nayaka et al.,
2008
’ Martinez-Alvarez et al.,
Bacillus cereus | < | x x | x
2016




26

Continue (Table 4.) Examples of BCAs, such as the time of application, the mechanisms
involved and the results against F. verticillioides.
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1.6 CONCLUSION

For the control of F. verticillioides several factors should be considered, mainly decision
making in an integrated way within the maize-F.verticillioides pathosystem. There are a
number of BCAs that can assist with chemical fungicides to reduce fumonisins, but locality,
type of hybrid and especially environmental conditions should, if possible, be estimated for
the management techniques to be efficient. Thus, reducing the stress conditions in the maize
production system, it is possible to reduce the levels of fumonisins obtaining food security for

human and animal consumption.

1.7 OBJECTIVES
1.7.1 General objectives

Evaluation of the adoption of the biological control in the integrated management of Fusarium

ear rots (Fusarium verticillioides) in maize.

1.7.2 Specific objectives

1° CHAPTER: “FUMINISIN AND MICROBIOME CHANGES ON FUSARIUM EAR
ROT BIOCONTROL AND FUNGICIDES APPLICATIONS”

To evaluate the effect of the combined application of biological control agent-BCA (Bacillus
subtilis) with fungicide (azoxystrobin + ciproconazole) on the following variables like, (i)
parameters of yield of maize grains; (ii) incidence of fungi in grains; (iii) fumonisins content
(FB1+FB2); (iv) number of copies present of F. verticillioides and (v) maize ear microbiome

analyzes for understanding the importance of use de BCA tandem chemical fungicide.

2° CHAPTER: “RESPONSE-DOSE AND BIOCONTROL AGENTS COMPATIBILITY
WITH FUNGICIDE IN THE INTEGRATED MANAGEMENT OF FUSARIUM
VERTICILLIOIDES”

To evaluate the sensitivity of 20 isolates of F. verticilliodes to 10 fungicides (azoxystrobin,

pyraclostobin, captan, thiabendazole, fluatriafol, carbendazim, propiconazole, tetraconazole,
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tebuconazole, and cyproconazole) in different concentrations (0; 0,1 ;1; 10 and 100 ppm). To
evaluate the compatibility of 30 antagonists strains (fungi and bacteria) to azoxystrobin and
cyproconazole in different concentrations (0; 0,1; 1; 10 and 100 ppm). The evaluated
parameters wiil be, (i) to evaluate the sensitivity of F. verticillioides strains to the main
fungicides used in maize; (iii) To compare between 'old population' and 'new populations' the
sensitivity of some fungicides to F. verticillioides; (iii) to evaluate the compatibility of
fungicide with antagonistic fungi strains of F. verticillioides and (iv) to evaluate the

compatibility of fungicides with antagonistic bacteria strains of F. verticillioides.

C) 3° CHAPTER: “A LOOK BEYOND THE COST OF PRODUCTION IN THE
REDUCTION OF FUMONISINS CONTENT”

To evaluate two production systems: (1) Conventional system with two fungicide
applications and (2) Proposed system, a fungicide application and a BCA application
based on Bacillus subtilis BIOUFLAZ2. Within each system, we have evaluated, (i) the
production cost, (ii) nutritional quality, and (iii) losses by fumonisins



29

2.8 REFERENCES

ACHARYA, Jyotsna et al., Time interval between cover crop termination and planting influences corn
seedling disease, plant growth, and yield. Plant Disease, v. 101, n. 4, p. 591-600, 2017.

ADAM, Elhadi et al., Detecting the Early Stage of Phaeosphaeria Leaf Spot Infestations in Maize
Crop Using In Situ Hyperspectral Data and Guided Regularized Random Forest Algorithm. Journal
of Spectroscopy, v. 2017, 2017.

AFOLABI, C. G. et al., Evaluation of maize inbred lines for resistance to Fusarium ear rot and
fumonisin accumulation in grain in tropical Africa. Plant disease, v. 91, n. 3, p. 279-286, 2007.

AGEGNEHU, Getachew et al., Benefits of biochar, compost and biochar—compost for soil quality,
maize yield and greenhouse gas emissions in a tropical agricultural soil. Science of the Total
Environment, v. 543, p. 295-306, 2016.

ALLEN, Ed; VALDES, Constanza. Brazil’s corn industry and the effect on the seasonal pattern of US
corn exports. AES-93 Economic research Service/USDA, 2016.

ANVISA. AGENCIA NACIONAL DE VIGILANCIA SANITARIA. (2011). Resolucdo RDC n° 7, de
18 de fevereiro de 2011. Dispde sobre limites maximos tolerados (LMT) para micotoxinas em
alimentos. Diario Oficial [da] Republica Federativa do Brasil.

AOKI, Takayuki; O’DONNELL, Kerry; GEISER, David M. Systematics of key phytopathogenic
Fusarium species: current status and future challenges. Journal of General Plant Pathology, v. 80, n.
3, p. 189-201, 2014.

BAKKER, G. et al., Determination of mean daily intakes of aflatoxin B1, aflatoxin M1, ochratoxin A,
trichothecenes and fumonisins in 24-hour diets of children in the Netherlands. World Mycotoxin
Journal, v. 2, n. 4, p. 451-459, 20009.

BERGVINSON, David; GARCIA-LARA, Silverio. Genetic approaches to reducing losses of stored
grain to insects and diseases. Current Opinion in Plant Biology, v. 7, n. 4, p. 480-485, 2004.

BHATNAGAR-MATHUR, Pooja et al., Biotechnological advances for combating Aspergillus flavus
and aflatoxin contamination in crops. Plant Science, v. 234, p. 119-132, 2015.

BLACUTT, Alex A. et al., Fusarium verticillioides: Advancements in understanding the toxicity,
virulence, and niche adaptations of a model mycotoxigenic pathogen of maize. Phytopathology, v.
108, n. 3, p. 312-326, 2018.

BLOEMBERG, Guido V.; LUGTENBERG, Ben JJ. Molecular basis of plant growth promotion and
biocontrol by rhizobacteria. Current opinion in plant biology, v. 4, n. 4, p. 343-350, 2001.

BRANDAO, Afonso Maria et al., Fungicidas e épocas de aplicacdo no controle da ferrugem comum
(Puccinia sorghi Schw.) em diferentes hibridos de milho. Bioscience Journal, v. 19, n. 1, 2003.

CAO, Ana et al., Critical environmental and genotypic factors for Fusarium verticillioides infection,
fungal growth and fumonisin contamination in maize grown in northwestern Spain. International
journal of food microbiology, v. 177, p. 63-71, 2014.

CARTER, M. R.; STROMBERG, E. L. The evaluation of foliar fungicides for the control of gray leaf
spot disease on corn in Virginia, 1991. Fungic. Nematicide Tests, v. 47, p. 169, 1992.



30

CASELA, C.R.; FERREIRA, A. da S.; PINTO, NFJ de A. Doencas na cultura do milho. Embrapa
Milho e Sorgo-Circular Técnica (INFOTECA-E), 2006.

CAVAGLIERI, L. et al., Biocontrol of Bacillus subtilis against Fusarium verticillioides in vitro and at
the maize root level. Research in Microbiology, v. 156, n. 5-6, p. 748-754, 2005.

CHANDRA NAYAKA, Siddaiah et al., Control of Fusarium verticillioides, cause of ear rot of maize,
by Pseudomonas fluorescens. Pest Management Science: formerly Pesticide Science, v. 65, n. 7, p.
769-775, 20009.

CHAUHAN, Y. S.; SOLOMON, K. F.; RODRIGUEZ, D. Characterization of north-eastern Australian
environments using APSIM for increasing rainfed maize production. Field Crops Research, v. 144, p.
245-255, 2013.

CONAB.Companhia Nacional de Abastecimento. V.5 - SAFRA 2017/18- N. 12 - Décimo segundo
levantamento | SETEMBRO 2018a. Disponivel em:
file:///D:/Downloads/BoletimZGraosZsetembroZ2018.pdf

CONAB.Companhia Nacional de Abastecimento. V. 6 - SAFRA 2018/19- N. 1 - Primeiro
levantamento | OUTUBRO 2018b file:///D:/Downloads/BoletimZGraosZoutubroZ2018%20(1).pdf

COSTA, Rodrigo Véras da et al . Viabilidade técnica e econdémica da aplicacdo de estrobilurinas em
milho. Trop. plant pathol., Brasilia, v. 37, n. 4, p. 246-254, Aug. 2012 .

COTA, L. V.; COSTA, R. V.; SILVA, D. D. Manejo de doengas. In: BOREM, A.; GALVAQ, J. C. C;
PIMENTEL, M. A. (Ed.). Milho: do plantio a colheita. Editora Vigosa, Vigosa, 2015. 294-322 p

DA COSTA, Rodrigo Véras et al., Delaying harvest for naturally drying maize grain increases the risk
of kernel rot and fumonisin contamination. Tropical Plant Pathology, v. 43, n. 5, p. 452-459, 2018.

DALIE, D. K. D. et al., Potential of Pediococcus pentosaceus (L006) isolated from maize leaf to
suppress fumonisin-producing fungal growth. Journal of food protection, v. 73, n. 6, p. 1129-1137,
2010.

DE ALMEIDA HALFELD-VIEIRA, Bernardo et al., Understanding the mechanism of biological
control of passionfruit bacterial blight promoted by autochthonous phylloplane bacteria. Biological
Control, v. 80, p. 40-49, 2015.

DE OLIVEIRA, Elisa Pereira; DA SILVA, Matheus Gustavo; TEODORO, Paulo Eduardo. Initial
growth in maize in compliance of Azospirillum brasilense inoculation and nitrogen rates. Bioscience
Journal, v. 33, n. 5, 2017.

DESJARDINS, A. E.; PLATTNER, R. D.; GORDON, T. R. Gibberella fujikuroi mating population A
and Fusarium subglutinans from teosinte species and maize from Mexico and Central
America. Mycological Research, v. 104, n. 7, p. 865-872, 2000.

DESJARDINS, Anne E. et al., Distribution of fumonisins in maize ears infected with strains of
Fusarium moniliforme that differ in fumonisin production. Plant Disease, v. 82, n. 8, p. 953-958,
1998.

DESJARDINS, Anne E. et al., Genetic analysis of fumonisin production and virulence of Gibberella
fujikuroi mating population A (Fusarium moniliforme) on maize (Zea mays) seedlings. Applied and
Environmental Microbiology, v. 61, n. 1, p. 79-86, 1995.


file:///D:/Downloads/BoletimZGraosZsetembroZ2018.pdf
file:///D:/Downloads/BoletimZGraosZoutubroZ2018%20(1).pdf

31

DIAZ-GOMEZ, Joana et al., The impact of Bacillus thuringiensis technology on the occurrence of
fumonisins and other mycotoxins in maize. World Mycotoxin Journal, v. 9, n. 3, p. 475-486, 2016.

DIK, A. J.; ELAD, Y. Comparison of antagonists of Botrytis cinerea in greenhouse-grown cucumber
and tomato under different climatic conditions. European Journal of Plant Pathology, v. 105, n. 2,
p. 123-137, 1999.

DUARTE, Rodrigo Pereira et al., Comportamento de diferentes genétipos de milho com aplicacao
foliar de fungicida quanto a incidéncia de fungos causadores de grdos ardidos. Bioscience Journal, v.
25, n. 4, 2009.

ELAD, Y. et al., Use of Trichoderma harzianum in combination or alternation with fungicides to
control cucumber grey mould (Botrytis cinerea) under commercial greenhouse conditions. Plant
pathology, v. 42, n. 3, p. 324-332, 1993.

ESKER, Paul et al., Perceptions of Midwestern Crop Advisors and Growers on Foliar Fungicide
Adoption and Use in Maize. Phytopathology, n. ja, 2018.

ETCHEVERRY, M. et al., In vitro control of growth and fumonisin production by Fusarium
verticillioides and F. proliferatum using antioxidants under different water availability and
temperature regimes. Journal of Applied Microbiology, v. 92, n. 4, p. 624-632, 2002.

FALCAO, Virginia Carla A. et al., Fusarium verticillioides: evaluation of fumonisin production and
effect of fungicides on in vitro inhibition of mycelial growth. Mycopathologia, v. 171, n. 1, p. 77-84,
2011.

FIGUEROA-LOPEZ, Alejandro Miguel et al., Rhizospheric bacteria of maize with potential for
biocontrol of Fusarium verticillioides. SpringerPlus, v. 5, n. 1, p. 330, 2016.

GELINEAU-VAN WAES, Janee et al., Maternal fumonisin exposure and risk for neural tube defects:
mechanisms in an in vivo mouse model. Birth Defects Research Part A: Clinical and Molecular
Teratology, v. 73, n. 7, p. 487-497, 2005.

GUETSKY, Ruth et al., Improving biological control by combining biocontrol agents each with
several mechanisms of disease suppression. Phytopathology, v. 92, n. 9, p. 976-985, 2002.

HAJEK, Ann E.; EILENBERG, Jargen. Natural enemies: an introduction to biological control.
Cambridge University Press, 2018.

HEINEMANN, Alexandre Bryan et al., Characterization of drought stress environments for upland
rice and maize in central Brazil. Euphytica, v. 162, n. 3, p. 395-410, 2008.

HIRATA, Takashi et al., Morphological and molecular characterization of Fusarium verticillioides
from rotten banana imported into Japan. Mycoscience, v. 42, n. 2, p. 155-166, 2001.

JAMES, Clive. Global status of commercialized biotech/GM crops: 2014. ISAAA brief, v. 49, 2015.

JOINT FAO/WHO EXPERT COMMITTEE ON FOOD ADDITIVES. MEETING. Safety evaluation
of certain mycotoxins in food. Food & Agriculture Org., 2001.

JULIATTI, Fernando Cezar et al., Efeito do gen6tipo de milho e da aplicacéo foliar de fungicidas na
incidéncia de gréos ardidos. Bioscience Journal, v. 23, n. 2, 2007.



32

KAISER, S. A. K. M.; DAS, S. N. Physical factors that influence the growth and spread of charcoal
rot pathogen (Macrophomina phaseolina) infecting maize. Journal of Phytopathology, v. 123, n. 1,
p. 47-51, 1988.

KAMALA, Analice et al., Local post-harvest practices associated with aflatoxin and fumonisin
contamination of maize in three agro ecological zones of Tanzania. Food Additives &
Contaminants: Part A, v. 33, n. 3, p. 551-559, 2016.

KEBEBE, A. Z. et al., Relationship between kernel drydown rate and resistance to gibberella ear rot in
maize. Euphytica, v. 201, n. 1, p. 79-88, 2015.

KIM, Man S. et al., Characterizing co-expression networks underpinning maize stalk rot virulence in
Fusarium verticillioides through computational subnetwork module analyses. Scientific reports, v. 8,
n. 1, p. 8310, 2018.

LANZA, Fabricio Eustaquio et al., Aplicacdo foliar de fungicidas e incidéncia de graos ardidos e
fumonisinas totais em milho. Pesquisa Agropecuaria Brasileira, v. 51, n. 5, p. 638-646, 2016.

LERDA, Donata. Mycotoxins factsheet. JRC Technical Notes, 4th ed., JRC, p. 66956-2011, 2011.

LESLIE, John F. et al., Species diversity of and toxin production by Gibberella fujikuroi species
complex strains isolated from native prairie grasses in Kansas. Applied and Environmental
Microbiology, v. 70, n. 4, p. 2254-2262, 2004a.

LESLIE, John F.; LOGRIECO, Antonio (Ed.). Mycotoxin reduction in grain chains. John Wiley &
Sons, 2014.

LI, Renjie et al., Natural occurrence of fumonisins B1 and B2 in maize from three main maize-
producing provinces in China. Food Control, v. 50, p. 838-842, 2015.

LIMA, Marlene et al., Avaliacdo da resisténcia a ferrugem tropical em linhagens de milho. Bragantia,
v. 55, n. 2, p. 269-273, 1996.

LOBELL, David B. et al., The critical role of extreme heat for maize production in the United
States. Nature Climate Change, v. 3, n. 5, p. 497, 2013.

LOGRIECO, Aff et al., Toxigenic Fusarium species and mycotoxins associated with maize ear rot in
Europe. In: Mycotoxins in plant disease. Springer, Dordrecht, 2002. p. 597-6009.

LUNA, Martha P. Romero; WISE, Kiersten A. Timing and efficacy of fungicide applications for
Diplodia ear rot management in corn. Plant Health Progress, v. 16, n. 3, p. 123, 2015.

MAGAN, N. et al., The impact of ecological factors on germination, growth, fumonisin production of
F. moniliforme and F. proliferatum and their interactions with other common maize fungi. Cereal
Research Communications, p. 643-645, 1997.

MAGAN, Naresh; ALDRED, David. Post-harvest control strategies: minimizing mycotoxins in the
food chain. International journal of food microbiology, v. 119, n. 1-2, p. 131-139, 2007.

MAIORANO, Andrea et al., A dynamic risk assessment model (FUMAGgrain) of fumonisin synthesis
by Fusarium verticillioides in maize grain in Italy. Crop Protection, v. 28, n. 3, p. 243-256, 2009.

MARASAS, Walter FO et al., Fumonisins disrupt sphingolipid metabolism, folate transport, and
neural tube development in embryo culture and in vivo: a potential risk factor for human neural tube



33

defects among populations consuming fumonisin-contaminated maize. The Journal of nutrition, v.
134, n. 4, p. 711-716, 2004.

MARASAS, Walter Friedrich Otto et al., Toxigenic Fusarium species. Identity and
mycotoxicology. Pennsylvania State University, 1984.

MARIN, Patricia et al., Potential effects of environmental conditions on the efficiency of the
antifungal tebuconazole controlling Fusarium verticillioides and Fusarium proliferatum growth rate
and fumonisin biosynthesis. International journal of food microbiology, v. 165, n. 3, p. 251-258,
2013.

MARIN, SONIA et al., Fumonisin-producing strains of Fusarium: a review of their
ecophysiology. Journal of food protection, v. 67, n. 8, p. 1792-1805, 2004.

MARTINEZ-ALVAREZ, Juan C. et al., Development of a powder formulation based on Bacillus
cereus sensu lato strain B25 spores for biological control of Fusarium verticillioides in maize
plants. World Journal of Microbiology and Biotechnology, v. 32, n. 5, p. 75, 2016.

MATIELLO, Rodrigo Rodrigues et al., Inheritance of resistance to anthracnose stalk rot
(Colletotrichum graminicola) in tropical maize inbred lines. Crop Breeding and Applied
Biotechnology (online), v. 12, n. 3, 2012.

MATTHIESEN, R. L.; AHMAD, A. A.; ROBERTSON, A. E. Temperature affects aggressiveness and
fungicide sensitivity of four Pythium spp. that cause soybean and corn damping off in lowa. Plant
Disease, v. 100, n. 3, p. 583-591, 2016.

MAZUMDER, Papiya Mitra; SASMAL, D. Mycotoxins—limits and regulations. Ancient science of
life, v. 20, n. 3, p. 1, 2001.

MAZZONI, Emanuele et al., Field control of Fusarium ear rot, Ostrinia nubilalis (Hubner), and
fumonisins in maize kernels. Pest management science, v. 67, n. 4, p. 458-465, 2011.

MEDEIRQOS, Flavio Henrique Vasconcelos de et al., Biological control of mycotoxin-producing
molds. Ciéncia e Agrotecnologia, v. 36, n. 5, p. 483-497, 2012.

MEDINA, Angel et al., Biocontrol of mycotoxins: dynamics and mechanisms of action. Current
Opinion in Food Science, v. 17, p. 41-48, 2017.

MENESES, Aurélio R. et al., Seasonal and vertical distribution of Dalbulus maidis (Hemiptera:
Cicadellidae) in Brazilian corn fields. Florida Entomologist, p. 750-754, 2016.

MILLER, J. David. Factors that affect the occurrence of fumonisin. Environmental Health
Perspectives, v. 109, n. Suppl 2, p. 321, 2001.

MITCHELL, Nicole J. et al., Potential economic losses to the US corn industry from aflatoxin
contamination. Food Additives & Contaminants: Part A, v. 33, n. 3, p. 540-550, 2016.

MORALES, Laura et al., Dissecting symptomatology and fumonisin contamination produced by
Fusarium verticillioides in maize ears. Phytopathology, n. ja, 2018.

MUELLER, Daren S. et al., Corn yield loss estimates due to diseases in the United States and Ontario,
Canada from 2012 to 2015. 2016.



34

MULLER, Stephanie; DEKANT, Wolfgang; MALLY, Angela. Fumonisin B1 and the kidney: Modes
of action for renal tumor formation by fumonisin B1 in rodents. Food and chemical toxicology, v. 50,
n. 10, p. 3833-3846, 2012.

MUNKVOLD, Gary P. Cultural and genetic approaches to managing mycotoxins in maize. Annual
review of phytopathology, v. 41, n. 1, p. 99-116, 2003.

MUNKVOLD, Gary P.; DESJARDINS, Anne E. Fumonisins in maize: can we reduce their
occurrence?. Plant disease, v. 81, n. 6, p. 556-565, 1997.

MUNKVOLD, Gary P.; HELLMICH, Richard L.; SHOWERS, W. B. Reduced Fusarium ear rot and
symptomless infection in kernels of maize genetically engineered for European corn borer
resistance. Phytopathology, v. 87, n. 10, p. 1071-1077, 1997.

MURILLO-WILLIAMS, A.; MUNKVOLD, G. P. Systemic infection by Fusarium verticillioides in
maize plants grown under three temperature regimes. Plant disease, v. 92, n. 12, p. 1695-1700, 2008.

NAGY, E.; CABULEA, IANCU; HAS, IOAN. The role of genotype in Zea x Fusarium
pathosystem. Cereal Research Communications, p. 789-790, 1997.

NASON, Mark A.; FARRAR, John; BARTLETT, David. Strobilurin fungicides induce changes in
photosynthetic gas exchange that do not improve water use efficiency of plants grown under
conditions of water stress. Pest Management Science: formerly Pesticide Science, v. 63, n. 12, p.
1191-1200, 2007.

NEGA, A.; LEMESSA, F.; BERECHA, G. Distribution and importance of maize grey leaf spot
Cercospora zeae-maydis (Tehon and Daniels) in south and southwest Ethiopia. J Plant Pathol
Microbiol, v. 7, n. 362, p. 2, 2016.

NELSON, Paul E.; DESJARDINS, Anne E.; PLATTNER, Ronald D. Fumonisins, mycotoxins
produced by Fusarium species: biology, chemistry, and significance. Annual review of
phytopathology, v. 31, n. 1, p. 233-252, 1993.

NGUYEN, Thi Thanh Xuan; DEHNE, Heinz-Wilhelm; STEINER, Ulrike. Histopathological
assessment of the infection of maize leaves by Fusarium graminearum, F. proliferatum, and F.
verticillioides. Fungal biology, v. 120, n. 9, p. 1094-1104, 2016.

NICOLI, Alessandro et al., Colletotrichum graminicola from leaves or stalks are similarly aggressive
in cross-tissue inoculation of five maize hybrids. Tropical Plant Pathology, v. 41, n. 1, p. 57-61,
2016.

O'DONNELL, Kerry et al., Phylogenetic diversity and microsphere array-based genotyping of human
pathogenic fusaria, including isolates from the multistate contact lens-associated US keratitis
outbreaks of 2005 and 2006. Journal of clinical microbiology, v. 45, n. 7, p. 2235-2248, 2007.

OGARA, Isaac Maikasuwa et al., Mycotoxin patterns in ear rot infected maize: A comprehensive case
study in Nigeria. Food Control, v. 73, p. 1159-1168, 2017.

OLIVEIRA, Mauricio S. et al., Free and hidden fumonisins in Brazilian raw maize samples. Food
control, v. 53, p. 217-221, 2015.

OREN, Liat et al., Early events in the Fusarium verticillioides-maize interaction characterized by
using a green fluorescent protein-expressing transgenic isolate. Applied and Environmental
Microbiology, v. 69, n. 3, p. 1695-1701, 2003.



35

PAL, Kamal Krishna; GARDENER, B. McSpadden. Biological control of plant pathogens. The plant
health instructor, v. 2, p. 1117-1142, 2006.

PANISON, Fernando et al., Harvest time and agronomic performance of maize hybrids with
contrasting growth cycles. Acta Scientiarum. Agronomy, v. 38, n. 2, p. 219-226, 2016.

PARSONS, M. W.; MUNKVOLD, G. P. Associations of planting date, drought stress, and insects
with Fusarium ear rot and fumonisin B1 contamination in California maize. Food Additives and
Contaminants, v. 27, n. 5, p. 591-607, 2010.

PARSONS, M. W.; MUNKVOLD, G. P. Effects of planting date and environmental factors on
Fusarium ear rot symptoms and fumonisin B1 accumulation in maize grown in six North American
locations. Plant pathology, v. 61, n. 6, p. 1130-1142, 2012.

PASCALE, Michelangelo et al., Accumulation of fumonisins in maize hybrids inoculated under field
conditions with Fusarium moniliforme Sheldon. Journal of the Science of Food and Agriculture, v.
74,n.1, p. 1-6, 1997.

PASCALE, Michelangelo et al., Accumulation of fumonisins in maize hybrids inoculated under field
conditions with Fusarium moniliforme Sheldon. Journal of the Science of Food and Agriculture, v.
74,n.1, p. 1-6, 1997.

PASCALE, Michelangelo; VISCONTI, Angelo; CHELKOWSKI, Jerzy. Ear rot susceptibility and
mycotoxin contamination of maize hybrids inoculated with Fusarium species under field conditions.
In: Mycotoxins in Plant Disease. Springer, Dordrecht, 2002. p. 645-651.

PATAKY, J. K. Relationships between yield of sweet corn and northern leaf blight caused by
Exserohilum turcicum. Phytopathology (USA), 1992.

PEREIRA, Paola; NESCI, Andrea; ETCHEVERRY, Miriam Graciela. Efficacy of bacterial seed
treatments for the control of Fusarium verticillioides in maize. BioControl, v. 54, n. 1, p. 103-111,
2009.

PROCTOR, Robert H. et al., Discontinuous distribution of fumonisin biosynthetic genes in the
Gibberella fujikuroi species complex. Mycological Research, v. 108, n. 7, p. 815-822, 2004.

RAMIREZ-CABRAL, Nadiezhda Yakovleva Zitz; KUMAR, Lalit; SHABANI, Farzin. Global risk
levels for corn rusts (Puccinia sorghi and Puccinia polysora) under climate change
projections. Journal of Phytopathology, v. 165, n. 9, p. 563-574, 2017.

RANUM, Peter; PENA-ROSAS, Juan Pablo; GARCIA-CASAL, Maria Nieves. Global maize
production, utilization, and consumption. Annals of the New York Academy of Sciences, v. 1312, n.
1, p. 105-112, 2014.

REDDY, T. Rajeshwar et al., Management of turcicum leaf blight of maize caused by Exserohilum
turcicum in maize. International journal of scientific and Research Publications, v. 3, n. 10, p. 1-4,
2013.

REID, L. M. et al., Interaction of Fusarium graminearum and F. moniliforme in maize ears: disease
progress, fungal biomass, and mycotoxin accumulation. Phytopathology, v. 89, n. 11, p. 1028-1037,
1999.

RHEEDER, John P.; MARASAS, Walter FO; VISMER, Hester F. Production of fumonisin analogs by
Fusarium species. Applied and Environmental Microbiology, v. 68, n. 5, p. 2101-2105, 2002.



36

SAMSUDIN, Nik Iskandar Putra et al., Efficacy of fungal and bacterial antagonists for controlling
growth, FUM1 gene expression and fumonisin B1 production by Fusarium verticillioides on maize
cobs of different ripening stages. International journal of food microbiology, v. 246, p. 72-79, 2017.

SANTIAGO, Rogelio; CAO, Ana; BUTRON, Ana. Genetic factors involved in fumonisin
accumulation in maize kernels and their implications in maize agronomic management and
breeding. Toxins, v. 7, n. 8, p. 3267-3296, 2015.

SARAVANAKUMAR, Kandasamy et al., Effect of Trichoderma harzianum on maize rhizosphere
microbiome and biocontrol of Fusarium Stalk rot. Scientific reports, v. 7, n. 1, p. 1771, 2017.

SCHOEMAN, A. et al., Pathogenicity and toxigenicity of Fusarium verticillioides isolates collected
from maize roots, stems and ears in South Africa. European Journal of Plant Pathology, v. 152, n.
3, p. 677-689, 2018.

SHELBY, R. A.; WHITE, D. G.; BAUSKE, E. M. Differential fumonisin production in maize
hybrids. Plant disease (USA), 1994.

SHEPHARD, Gordon S. et al., Worldwide survey of fumonisin contamination of corn and corn-based
products. Journal of AOAC International, v. 79, n. 3, p. 671-687, 1996.

SMITH, Constance M. History of benzimidazole use and resistance. 1988.

USDA. United States Departament of Agriculture. Foreign Agricultural Services. Avalaibe in:
https://www.fas.usda.gov/commodities/corn

VAN EGMOND, H. P.; JONKER, M. A. Reglamentos a nivel mundial para las micotoxinas en los
alimentos y las raciones en el ano 2003. Food & Agriculture Org, 2004.

WANG, E. et al., Inhibition of sphingolipid biosynthesis by fumonisins. Implications for diseases
associated with Fusarium moniliforme. Journal of Biological Chemistry, v. 266, n. 22, p. 14486-
14490, 1991.

WARD, J. M. J.; LAING, M. D.; NOWELL, D. C. Chemical control of maize grey leaf spot. Crop
protection, v. 16, n. 3, p. 265-271, 1997.

WHIPPS, J. M. et al., Ecological considerations involved in commercial development of biological
control agents for soil-borne diseases. Modern soil microbiology, p. 525-546, 1997.

WISE, Kiersten; MUELLER, Daren. Are fungicides no longer just for fungi? An analysis of foliar
fungicide use in corn. APSnet Features, p. -, 2011.

WU, F. et al., Climate change impacts on mycotoxin risks in US maize. World Mycotoxin Journal,
v.4,n. 1, p. 79-93, 2011.

ZACCARON, Alex Z.; WOLOSHUK, Charles P.; BLUHM, Burton H. Comparative genomics of
maize ear rot pathogens reveals expansion of carbohydrate-active enzymes and secondary metabolism
backbone genes in Stenocarpella maydis. Fungal biology, v. 121, n. 11, p. 966-983, 2017.

ZHOU, Danni et al., The Major Fusarium Species Causing Maize Ear and Kernel Rot and Their
Toxigenicity in Chongging, China. Toxins, v. 10, n. 2, p. 90, 2018.


https://www.fas.usda.gov/commodities/corn

2 CHAPTER 1. Fuminisin and microbiome changes on Fusarium ear rot with

biocontrol and fungicides applications

Rafaela Aralijo Guimardes®, Paul Esteban Pherez Perrony*, Gabriele Berg?, Flavio Henrique
Vasconcelos de Medeiros', Tomislav Cernava?

'Department of Plant Pathology, Universidade Federal de Lavras, 37200-000, Lavras, Minas Gerais, Brazil ?
Institute of Environmental Biotechnology, Graz University of Technology, Petersgasse 12, 8010 Graz, Austria.
Correspondence and requests for materials should be addresseds to F.HV.M. and T.C (email:
flavio.medeiros@dfp.ufla.br; tomislav.cernava@tugraz.com.br)

Fusarim verticillioides (FV) known to cause the symptom of Fusarium ear rot (FER) is
responsible for qualitatively and quantitatively affecting maize. In context of management of
diseases in maize has been using overly fungicides of chemical origin. This fact, together with
plant breeding, has created dependence on many hybrids to obtain high productive ceilings
and leaf sanity only with the use of chemical fungicides. However, when it comes to grain
sanity and mycotoxins content, the use of chemical fungicides alone does not guarantee the
same. Thus, the objective of this work was to understand the impact of chemical and
biological fungicides on the dynamics of FV, the mycotoxins content of the fumonisins type
and the microbiome of bacteria and fungi. Three treatments were used in the phenological
stages V9 and R1: T1 (control, two water applications), T2 (fungicide azosxystrobin +
cyproconazole, V9 and Bacillus subtilis in R1) and T3 (fungicide in both moments). All
treatments were inoculated with the same FV isolate ten days after the stigma-style exposure
at the 105 conidia / mL concentration. Therefore, total productivity, Blotter test, total
fumonisin content (type B1 and B2), number of copies of F. verticillioides (gPCR,
guantitative Polymerase Chain Reaction) and sequencing were evaluated of fungi and total
bacteria (NGS) for the analysis of the non-cultivable microbiome. It was observed that two
applications of fungicides (T3) did not guarantee high yields of grains, besides being the
treatment that presented a higher production of fumonisins differing statistically from the
others (p < 0.05). In relation to qPCR the T3 treatment (twice fungicide) was also the one that
had the highest average number of DNA copies at the moments observed differing from the
others (p < 0.05). In relation to the microbioma, the combination between the chemical and
biological fungicide was the one that recruited the largest number of Operational Taxonomic
Units (OTUs) of fungi and bacteria beneficial to maize grains. Thus, this combination of
chemical and biological fungicide is the treatment that most reduced levels of FV as well as
total fumonisin levels, a fact that can be explained behind the analysis of the microbiome. In
conclusion, the combination of the two products was the one that most preserved the naturally
occurring biological control agents responsible for acting in the microbial recruitment, thus
guaranteeing the greater protection of the grains and disfavoring the production of fumonisins.

Keywords: Integrated management of diseases, Fusarium verticillioides, fumonisins content,
bacterial and fungi interactions.
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2.1 INTRODUCTION

The production of maize (Zea mays) is essential for human and animal nutrition on a
global scale and is also of inscreasing importance in the production of biofuels
(Saravanakumar et al., 2017). However, the maize crop diseases compromise both grain yield
and quality and the control relies mostly on the use of chemical fungicides. In this context,
Fusarium ear rot (FER) caused by the Fusarium verticillioides (FV) in tropical or temperate
weather conditions have been very relevant causing not only reduction in yield but also in
grain quality (Blacutt et al., 2018). The quality is compromised by the fungal colonization of
grains causing rotting but mainly by their contamination by mycotoxins which is a recurrent
problem reported by the animal feed industry (Torres et al., 2014; Oliveira et al., 2017). The
mycotoxins are substances that are produced by secondary metabolism of some fungi,
inluding Fusarium species (Bennett and Klick, 2003).

In association with maize, there are different Fusarium species besides FV, like
species that belong to FGSC (Fusarium graminearum species complex), F. proliferatum, F.
oxysporum, F. fujikuroi, F. equiseti, F. culmorum, F incarnatum, F. kyushuense, and F.
solani. Usually FV is within the most frequent species, as frequency above 40%. This species
together with F. proliferatum can produce fumonisin-like mycotoxins (Zhou et al., 2018).
Fumonisins type B (FB) are the most important produced by FV. The most abudants are FB1,
FB2 and FB3, but FB1-type fumonisins are found at higher levels (70 to 80%), FB2 (15 to
25%) and FB3 (3 to 8%) as quantified in vitro (Rheeder et al., 2002). Moreover, in the
interaction between maize-FV we have three possible results, such as (1) presence of
symptoms in grains plus high levels of fumonisins; (2) presence of symptoms in grains plus
low levels of fumonisins and (3) the production of toxins in visibly asymptomatic grains
(Afolabi et al., 2007).

Climatic conditions during maize plant growth and insect damage are determinant
factors for initial infection with FV. Once the plants are infected, the levels of fumonisins are
regulated by stress abiotic factors, and the predominance of these factors will regulate
whether this occurrence results in low or high levels of fumonisins. These factors act by
activating the secondary metabolism of the fungus and can be linked to temperature
conditions, water potential and use of fungicides (Marin et al., 2013; Cao et al., 2014).
Furthermore, the fungicide applications also results (1) elimination of competing species by

the same niche as Fusarium ssp. (2) affects the balance between the Fusarium species that
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colonize the maize grain, thus predominating less sensitive species and later potential
fumonisin producers, and (3) increase the activity of enzymes that act in the biosynthesis of
fumonisin-producing genes (Edwards & Godley 2010).

All factors that allow the colonization, incidence and subsequent production of
fumonisins by FV must be controlled, as these secondary metabolites have toxic effects in
humans and animals (Medina et al., 2017). Epidemiological studies have been associated the
consumption of fumonisins with the increased risk of esophageal cancer and more the
susceptibility to HIV in humans. Also, defects have been detected in the neural tube, a
structure that gives rise to the brain and the spinal cord, have also been associated with this
fumonisins consumption. In animal feed, high incidences of fumonisins have been re