
 
 

PONTIFÍCIA UNIVERSIDADE CATÓLICA DO PARANÁ 

ESCOLA DE CIÊNCIAS DA VIDA 

PROGRAMA DE PÓS-GRADUAÇÃO EM CIÊNCIA ANIMAL 

 

 

 

 

 

KARLA CAROLINA PAIVA BOCATE  
 

 

 

 

 

 

COMPOSTOS NATURAIS COMO AGENTES ANTIFÚNGICOS E 
DESCONTAMINANTES DE MICOTOXINAS EM MILHO ESTOCADO 
(Natural compounds as antifungals and decontaminants of mycotoxins in stored 

corn) 

 

 

 

 

 

 

 

 

 

 

 

 

CURITIBA 

2020 



 
 

ii 

KARLA CAROLINA PAIVA BOCATE 

 

 

 

 

 

 

COMPOSTOS NATURAIS COMO AGENTES ANTIFÚNGICOS E 
DESCONTAMINANTES DE MICOTOXINAS EM MILHO ESTOCADO 
(Natural compounds as antifungals and decontaminants of mycotoxins in stored 

corn) 
 
 

 

 

Tese apresentada ao Programa de 
Pós-Graduação em Ciência Animal, 
área de concentração Saúde, 
Tecnologia e Produção Animal, da 
Escola de Ciências da Vida da 
Pontifícia Universidade Católica do 
Paraná, para obtenção do título de 
Doutor em Saúde, Tecnologia e 
Produção Animal Integrada. 
 
Orientador(a): Prof. Dr. Fernando 
Bittencour Luciano 
 
 

 

 

 

 

 

 
CURITIBA 

2020 



 
 

iii 



 
 

iv 

 

 
 



 
 

v 

 

 

 

 



 
 

vi 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicatória 
Dedico esta tese aos meus pais e amigos que sempre me apoiaram,  

sem eles eu não teria chego até aqui. 



 
 

vii 

AGRADECIMENTOS 
 

Agradeço primeiramente à minha família, em especial minha mãe Edna e 

meu pai José que sempre me apoiaram em todas as minhas decisões, e sempre 

estiveram presentes nesta longa jornada.  

 Agradeço a Deus, pois sem Ele nada disso teria sido possível, sempre me 

dando força e fé de que tudo iria dar certo.  

 Ao meu orientador Prof. Dr. Fernando Bittencourt Luciano, que me acolheu 

para fazer o doutorado e sempre esteve disposto a ajudar e orientar, foi ele quem 

me ajudou a crescer e entender a vida de um pesquisador, abrindo portas para 

excelente aprendizado.  

Ao Prof. Dr. Giuseppe Meca, por me acolher durante o período de 

doutorado sanduíche, e por todo aprendizado compartilhado.  E a Universidade de 

Valência por fornecer espaço e oportunidade de crescer como pesquisadora.  

 À Fundação Araucária e a Coordenação de Aperfeiçoamento de Pessoal de 

Nível Superior (CAPES) pela bolsa concedida, sem esse apoio não seria possível 

minha dedicação exclusiva ao trabalho. E a CAPES pela bolsa concedida para 

realizar o doutorado sanduíche na Espanha, um período de grande aprendizado, 

tanto profissional quanto pessoal. 

 Ao programa de Pós-graduação em Ciência Animal (PPGCA) agradeço por 

me acolher, pela oportunidade de conhecer incríveis profissionais que muito 

contribuíram para minha formação. E à PUCPR por fornecer espaço e a 

oportunidade de crescer profissionalmente. 

 

  

 

 

 

 

 
 



 
 

viii 

SUMÁRIO 
Dedicatória .................................................................................................................... vii 
AGRADECIMENTOS .................................................................................................... viii 
SUMÁRIO ..................................................................................................................... viiii 
LISTA DE FIGURAS ..................................................................................................... ixx 

LISTA DE TABELAS ....................................................................................................... x 

FORMATO DA TESE ..................................................................................................... xii 
RESUMO GERAL ......................................................................................................... xiii 
ABSTRACT ................................................................................................................... xiv 

CAPÍTULO 1 .................................................................................................................... 1 
1.1. CONTAMINAÇÃO DO MILHO POR FUNGOS TOXIGÊNICOS ........................... 2 

1.2. MICOTOXINAS EM MILHO .................................................................................. 5 

1.3. PROCESSOS DE DESCONTAMINAÇÃO .......................................................... 10 

1.4. COMPOSTOS NATURAIS .................................................................................. 10 
1.5. COMPOSTOS NATURAIS CONTRA FUNGOS TOXIGÊNICOS ....................... 11 

1.6. CARACTERÍSTICAS E ATIVIDADE ANTIMICROBIANA DO ÓLEO 
ESSENCIAL DE ALHO .................................................................................................. 12 

1.7.  CARACTERÍSTICAS E ATIVIDADE ANTIMICROBIANA DO 
ISOTIOCIANATO DE ALILA ......................................................................................... 14 

1.8. CARACTERÍSTICA E ATIVIDADE ANTIMICROBIANA DO 
CINAMALDEÍDO ............................................................................................................ 15 

CAPÍTULO 2 .................................................................................................................. 16 

Combination of allyl isothiocyanate and cinnamaldehyde against the growth 
of mycotoxigenic fungi and aflatoxin production in corn ........................................ 16 
CAPÍTULO 3 .................................................................................................................. 42 

Garlic essential oil as an antifungal and anti-mycotoxin agent in stored corn ...... 42 
CAPÍTULO 4 .................................................................................................................. 68 

Garlic essential oil against Aspergillus flavus growth and aflatoxin 
production in stored corn kernels .............................................................................. 68 

CAPÍTULO 5 .................................................................................................................. 86 

CONCLUSÃO/ IMPACTO E PERSPECTIVAS FUTURAS ........................................... 86 

ANEXO ........................................................................................................................... 88 

REFERÊNCIAS ............................................................................................................ 142 
 
 



 
 

ix 

LISTA DE FIGURAS 
                                                                                                                     

 
Página 

Figura 1.1. Estrututa molecular da aflatoxina B1 (AFB1) 

 

7 
 

Figura 1.2. Estrututa molecular da fumonisina B1 (FB1) 

 

8 

Figura 1.3. Estrututa molecular da zearalenona (ZEA) 

 

9 

Figura 1.4. Estrututa molecular da alicina 

 

13 

Figura 1.5. Estrututa molecular do isotiocianato de alila 

(ITCA) 

 

 

14 

Figura1.6. Estrututa molecular do cinamaldeído (CIN) 

 

15 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

x 

LISTA DE TABELAS 
 

                                                                                                                                                                       

Página 

Tabela 1.1. Principais características para a produção de micotoxinas fúngicas     5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 



 
 

xi 

FORMATO DA TESE 
 

A presente tese é composta por capítulos. O capítulo 1 apresenta uma 

introdução geral, a contextualização do tema, justificativa e os objetivos de estudo. 

O capítulo 2 trata-se de artigo científico completo, contendo referências, e 

formatado nas normas da revista para o qual foi submetido. Os capítulos 3 e 4 

tratam de artigos científicos completos, contendo referências, e formatados nas 

normas das revistas para os quais serão submetidos. O capítulo 5 finaliza esta 

tese com conclusões gerais e impacto e perspectivas do trabalho. As referências 

do capítulo 1 encontram-se ao final da tese. 
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RESUMO GERAL 
 

A contaminação dos alimentos e grãos por micotoxinas gera perdas econômicas e 

nutricionais de grande magnitude, pois são substâncias tóxicas a saúde humana e 

animal. Sendo assim, métodos eficazes de descontaminação e prevenção são 

importantes e necessários. O objetivo deste estudo foi avaliar a capacidade 

antifúngica e antimicotoxigênica do isotiocianato de alila (ITCA), cinamaldeído 

(CIN) e óleo essencial de alho (OEA), avaliando a interação entre ITCA e CIN. Foi 

também avaliado o uso destes compostos como agentes fumigantes em grãos de 

milho estocados por 30 dias, com a finalidade de inibir ou reduzir o crescimento 

fúngico e a produção de micotoxinas. A capacidade do OEA em reduzir in vitro as 

micotoxinas e a bioacessibilidade das mesmas após processo de digestão 

simulada de suínos foi também analisada. Determinou-se a concentração inibitória 

mínima (CIM) dos compostos em microdiluição e a interação entre ITCA e CIN, 

como também a atividade em fase gasosa, utilizando a metodologia de avaliação 

de inibição radial de crescimento fúngico e a inibição do crescimento e produção 

de aflatoxinas (AFs), fumonisina (FB) e zearalenona (ZEA) em grãos de milho. 

Com o OEA foi também avaliado a capacidade de reação direta das micotoxinas 

(AFs, FB e ZEA) com o óleo e a capacidade de redução das mesmas quando 

realizado o processo de digestão simulada in vitro de suínos. Todos os compostos 

foram capazes de inibir todas as cepas toxigênicas quando testados em fase 

líquida. Para a determinação da CIM com relação ao ITCA e CIN, foram 

encontradas concentrações de 0,076, 0,605 e 0,303 mM de ITCA e 0,246, 1,964 e 

0,982 mM de CIN para A. parasiticus, F. verticillioides e G. zeae, respectivamente. 

Quando utilizados em conjunto (ITCA + CIN), foram necessários 0,038 mM de 

ITCA e 0,061 mM de CIN para inibir A. parasiticus; 0,038 mM de ITCA e 1,964 mM 

de CIN para F. verticillioides; e 0,076 mM e 0,246 mM para inibir G. zeae. Na fase 

gasosa, combinações de 0,62, 0,47 e 0,23 μL / L (proporção 1:5 ITCA:CIN) foram 

capazes de reduzir significativamente o crescimento de A. parasiticus, G. zeae e 

F. verticillioides em placas de Petri, respectivamente, com inibição total em 1,25, 

0,94 e 0,94 μL/L. A mesma razão combinatória (1:5) foi utilizada para avaliar o 

efeito dos óleos nos grãos de milho, nas doses de 30 e 300 μL/L. Uma redução 

significativa na população de fungos foi encontrada em 30 μL/L para todas as 
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espécies. Além disso, 300 μL/L reduziram a população de todas as espécies 

abaixo do limite de detecção (LD = 1,22 Log UFC/g). A produção total de 

aflatoxina também foi reduzida, na qual o grupo controle apresentou 32,25 ± 5,86 

µg/kg de AFs totais, 30 µL/L apresentaram 2,18 ± 1,72 µg/kg e 300 µL/L 

apresentaram 2,61 ± 1,38 µg/kg. O OEA apresentou CIM de 7.8, 15.62, 62.5 e 7.8 

µL/L para A. parasiticus, A. flavus, F. verticillioides e G. zeae, respectivamente. 

Com relação a concentração fungicida mínima CFM foram encontrados valores 4x 

maiores para A. parasiticus, F. verticillioides e G. zeae e 32x maior para A. flavus. 

O crescimento radial fúngico foi completamente reduzido com uma faixa de 2 - 10 

μL/L de OEA. A população de A. parasiticus e G. zeae foi reduzida abaixo do limite 

de detecção e F. verticillioides a população diminuiu em 2,33 Log UFC/g após 30 d 

de armazenamento quando utilizado 1000 μL/L de OEA. Os testes de reação 

direta e digestão in vitro utilizando OEA não evidenciaram redução das 

micotoxinas. Em relação ao OEA contra A. flavus, uma redução significativa 

(p<0,01 ou 5) na população do fungo foi encontrada em todas as concentrações 

testadas, além disso, 300 μL/L reduziram a população fúngica abaixo do LD (1,22 

Log UFC/g). A produção das aflatoxinas B1 e B2 foram significativamente 

reduzidas (p<0,01 ou 5) utilizando 300 μL/L de OEA. O presente estudo 

apresentou a eficácia do ITCA + CIN e do OEA em diminuir o crescimento fúngico 

e a produção de micotoxinas em grãos de milhos estocados. A dose de 300 µL/L 

de ITCA + CIN apresentou elevada eficácia em reduzir a contaminação fúngica e 

das aflatoxinas analisadas. Com relação ao OEA concentrações de 1000 µL/L se 

mostraram eficazes, porém para uma importante cepa toxigênica como A. flavus, a 

concentração de 300 µL/L foi capaz de reduzir a população fúngica abaixo do 

limite de detecção e a produção das aflatoxinas B1 e B2 reduzida após 15d de 

armazenamento nessa concentração. Dessa forma, estes compostos podem ser 

utilizados como novos agentes fumigantes para evitar a contaminação por fungos 

e suas micotoxinas em milho estocado.  

 

Palavras-chave: Óleos essenciais; Grãos; Fungos; Contaminante. 
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ABSTRACT 
 
The contamination of food and grains by mycotoxins generates economic and 

nutritional losses of great magnitude, as they are toxic to human and animal health. 

Therefore, effective methods of decontamination and prevention are important and 

necessary. The objective of this study was to evaluate the antifungal and 

antimicotoxygenic capacity of allyl isothiocyanate (AITC), cinnamaldehyde (CIN) 

and garlic essential oil (GEO), evaluating the interaction between AITC and CIN. 

The use of these compounds as fumigating agents in stored corn kernels for 30 

days was also evaluated, in order to inhibit or reduce the fungal growth and 

mycotoxin production. The ability of the GEO to reduce mycotoxins in vitro and 

their bioaccessibility after a simulated swine digestion process was also analyzed. 

The minimum inhibitory concentration (MIC) of the compounds in microdilution and 

the interaction between AITC and CIN were determined, as well as the gas phase 

activity, using the methodology of radial inhibition of fungal growth, and the 

inhibition of growth and production of aflatoxins (AFs), fumonisin (FB) and 

zearalenone (ZEA) in corn kernels. With the GEO, the ability of mycotoxins (AFs, 

FB and ZEA) to react directly with oil was also evaluated, as well as their ability to 

reduce them when the simulated in vitro digestion process of swine was carried 

out. All compounds were able to inhibit all toxigenic strains when tested in the 

liquid phase. For the determination of MIC in relation to AITC and CIN, 

concentrations of 0.076, 0.605 and 0.303 mM of AITC and 0.246, 1.964 and 0.982 

mM of CIN were found for A. parasiticus, F. verticillioides and G. zeae, 

respectively. When used together (AITC + CIN), 0.038 mM AITC and 0.061 mM 

CIN were needed to inhibit A. parasiticus; 0.038 mM AITC and 1,964 mM CIN for 

F. verticillioides; and 0.076 mM and 0.246 mM to inhibit G. zeae. In the gas phase, 

combinations of 0.62, 0.47 and 0.23 μL / L (ratio 1: 5 AITC: CIN) were able to 

significantly reduce the growth of A. parasiticus, G. zeae and F. verticillioides in 

plates petri, respectively, with total inhibition at 1.25, 0.94 and 0.94 μL / L.  The 

same combinatorial ratio (1: 5) was used to evaluate the effect of oils on corn 

kernels, at doses of 30 and 300 μL / L. A significant reduction in the population of 

fungi was found by 30 μL / L for all species. In addition, 300 μL / L reduced the 

population of all species below the detection limit (LD = 1.22 Log UFC / g). Total 
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aflatoxin production was also reduced, in which the control group had 32.25 ± 5.86 

µg / kg of total AFs, 30 µL / L showed 2.18 ± 1.72 µg / kg and 300 µL / L showed 

2.61 ± 1.38 µg / kg. The GEO presented MICs of 7.8, 15.62, 62.5 and 7.8 µL / L for 

A. parasiticus, A. flavus, F. verticillioides and G. zeae, respectively. Regarding the 

minimum fungicidal concentration (CFM) values 4x higher for A. parasiticus, F. 

verticillioides and G. zeae and 32x higher for A. flavus were found. The fungal 

radial growth was completely reduced with a range of 2 - 10 μL / L of GEO. The 

population of A. parasiticus and G. zeae decreased below the detection limit and F. 

verticillioides decreased the population by 2.33 Log CFU / g after 30 days of 

storage when 1000 μL / L of GEO was used. Direct reaction tests and in vitro 

digestion using GEO did not show a reduction in mycotoxins. In relation to GEO 

against A. flavus, a significant reduction (p <0.01 or 5) in the population of the 

fungus was found in all tested concentrations, in addition, 300 μL / L reduced the 

fungal population below the detection limit (LD = 1.22 Log UFC / g). The production 

of aflatoxins B1 and B2 was significantly reduced (p <0.01 or 5) using 300 μL / L of 

GEO. The present study showed the effectiveness of AITC + CIN and GEO in 

decreasing fungal growth and mycotoxin production in stored corn kernels. The 

300 µL / L dose of AITC + CIN was highly effective in reducing fungal 

contamination and the aflatoxins analyzed. With regard to GEO, concentrations of 

1000 µL / L have been shown to be effective, but for an important toxigenic strain 

such as A. flavus, the concentration of 300 µL / L was able to reduce the fungal 

population below the detection limit and the production of aflatoxins B1 and B2 

were reduced after 15d of storage at that concentration. Thus, these compounds 

can be used as new fumigants to prevent contamination by fungi and their 

mycotoxins in stored corn.  

 

Keywords: Essential oils; Grains; Fungi; Contaminant.
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CAPÍTULO 1 
 
1. INTRODUÇÃO E CONTEXTUALIZAÇÃO 

 

A contaminação dos alimentos por fungos pode ocorrer durante várias etapas 

de produção, sendo o mais agravante durante sua armazenagem, resultando em 

perdas econômicas, perda da qualidade dos alimentos, redução na disponibilidade 

de nutrientes e na geração de micotoxinas (Garcia et al., 2019). 

Os principais gêneros de fungos formadores de micotoxinas em alimentos e 

rações são Aspergillus, Penicillium, Fusarium e Alternaria, podendo causar 

intoxicações em animais e seres humanos (Pitt e Hocking, 2009). As micotoxinas 

são estruturas de baixo peso molecular, agrupadas de acordo com o grau de 

toxicidade ao ser humano e outros animais, principalmente vertebrados. Segundo a 

Internacional Agency for Research on Cancer (IARC, 1993; 2002; 2012), as 

micotoxinas são consideradas carcinogênicas, nefrotóxicas, hepatotóxicas, 

genotóxicas, citotóxicas e imunotóxicas a vertebrados. As principais toxinas 

encontradas em alimentos são aflatoxinas, fumonisinas, ocratoxina A, 

desoxinivalenol, zearalenona, patulina, nivalenol, toxinas T-2 e HT-2. 

O Brasil é um dos maiores países produtores e exportadores de grãos no 

mundo. A produção de milho na safra 2018-2019 mostrou que os Estados Unidos 

era o principal produtor com 366,6 milhões de toneladas, seguido pela China com 

257,7 milhões de toneladas e o Brasil com 94,5 milhões de toneladas (Statista, 

2019). No estado do Paraná, a produção de grãos é uma das principais atividades 

econômicas, sendo o estado responsável pela produção de 24,1 milhões de 

toneladas de milho na safra 2019/2020 (DERAL, 2020). 

O processamento inadequado, estocagens e empacotamento dos grãos, 

alteram negativamente sua qualidade (Pereira et al., 2014). Métodos físicos, 

químicos e biológicos têm o objetivo de reduzir a concentração de micotoxinas nos 

grãos, além disso, o manejo correto no armazenamento dos grãos é recomendado 

(Varga et al., 2010).  

Devido a grande contaminação de grãos com micotoxinas e a baixa 

efetividade dos compostos comumente utilizados, novas tecnologias vêm sendo 

pesquisadas. Uma delas é o uso de compostos naturais, como os óleos essenciais, 
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devido a sua segurança e aceitação dos consumidores pois possuem um status de 

GRAS (Generally Recognized as Safe) (Chen et al., 2014).  

Nosso grupo de pesquisa demonstrou inibição microbiana utilizando o 

isotiocianato de alila (ITCA), principalmente a fumigação do composto, com 

significativa redução de fungos toxigênicos (Nazareth et al., 2016). Outros 

compostos de origem vegetal também têm demonstrado potencial antifúngico contra 

cepas produtoras de micotoxinas, como o cinamaldeído (CIN), componente principal 

do óleo essencial de canela (Dal Pozzo, 2011). A alicina, composto majoritário do 

óleo essencial de alho, apresenta atividade antimicrobiana relatada em diversos 

estudos na literatura (Wallock – Richards et al., 2014). 

Diante da escassez de técnicas que promovam uma descontaminação dos 

grãos de maneira direta ou profilática, esta tese teve como objetivo analisar a 

atividade antifúngica do óleo essencial de alho (OEA), isotiocianato de alila (ITCA) e 

cinamaldeído (CIN), avaliando a interação entre ITCA e CIN. Além disso, o presente 

estudo propôs a utilização inédita do OEA, contendo 60% de alicina em sua 

composição, e o uso combinado de ITCA e CIN como agente fumigante em grãos de 

milho, com a finalidade de inibir ou reduzir o crescimento de fungos toxigênicos e 

suas micotoxinas. A capacidade do OEA em reduzir in vitro as micotoxinas e a 

bioacessibildade das mesmas após processo de digestão simulada também foi 

avaliada. 

 

1.1. CONTAMINAÇÃO DO MILHO POR FUNGOS TOXIGÊNICOS  

 

O milho é um grão importante devido à sua versatilidade de uso, sendo 

utilizado no consumo humano em sua forma bruta ou em produtos à base de milho, 

como ingrediente principal nas formulações de ração animal, principalmente para as 

indústrias avícola, suinícola e pecuária leiteira (Ageitec, 2014). Segundo o DERAL 

(Departamento de Economia Rural), a safra paranaense 2019/20 poderá produzir 

24,1 milhões de toneladas de milho, em uma área de 6 milhões de hectares 

plantados. O Paraná possui uma posição geográfica favorável para o plantio deste 

grão, devido ao clima e qualidade do solo propício para o cultivo. Em contrapartida, 

o clima úmido e com temperaturas médias entre 20 e 30 oC é um fator chave ao 
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crescimento fúngico tanto no plantio quanto na estocagem.  

O milho é um substrato perfeito para contaminação fúngica, uma vez que o 

amido é o componente principal do grão (Bankole e Adebanjo, 2003). A 

contaminação pode ocorrer em vários pontos da linha de produção, desde a pré-

colheita dos grãos, até o processamento, armazenamento e o empacotamento 

(Pereira et al., 2014). Geralmente, os cereais são armazenados erroneamente, em 

locais de alta temperatura e umidade, onde propiciam o crescimento de fungos e 

produção de micotoxinas. Além disso, se não forem tomadas medidas específicas 

durante o transporte, pode ocorrer um estresse oxidativo aos microrganismos 

produtores de toxina, potencializando a sua produção (Bennett e Klick, 2003, 

Prakash et al., 2015). Produtos farináceos e grãos, quando contaminados com 

micotoxinas, perdem características nutricionais, o que reduz seu valor de mercado. 

Dentre as principais culturas, o milho é o mais suscetível à contaminação por 

micotoxinas (Chulze, 2010).  

Os gêneros Fusarium e Aspergillus são os mais prevalentes como 

contaminantes em milho, sendo que a espécie Fusarium graminearum ocorre com 

maior frequência (Casa et al., 2007). Além disso, Aspergillus flavus e Penicillum sp 

são frequentemente encontrados durante a estocagem de milho (Henning et al., 

2011). 

 

1.1.1. Características do gênero Aspergillus 

 
O gênero Aspergillus, descrito pela primeira vez em 1729, é caracterizado 

pela alta diversidade de espécies e por estar presente em habitats diversos. O 

gênero apresenta aplicações significativas em relação a produção de antibióticos, 

medicamentos diversos e enzimas de interesse biotecnológico (Samson, 2014).  

 

1.1.1.1. Aspergillus flavus e Aspergillus parasiticus 

 

A. flavus é um fungo presente em solos e contamina sementes na pré e 

principalmente na pós-colheita, produzindo as aflatoxinas B1 e B2 (Amaike e Keller, 

2011). A. flavus é a principal espécie do gênero Aspergillus contaminante de milho e, 
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subsequentemente, produtor de aflatoxinas nestes grãos (Dadzie et al., 2019). A. 

parasiticus, é um organismo saprófito, com alta capacidade de degradação de 

polímeros como celulose, pectina e lignina. A espécie é relatada em diversos biomas 

(ex. florestas, desertos), podendo incidir em regiões tropicais, subtropicais, e em 

locais de clima temperado (Sebők et al., 2016). É uma espécie produtora de 

aflatoxinas B1, B2, G1 e G2, diferentemente da espécie A. flavus que produz apenas 

as micotoxinas B1 e B2 (Copetti et al., 2011). Em milho, A. flavus e A. parasiticus 

causam uma doença conhecida como podridão de orelha (Muller and Wise, 2014).   

1.1.2. Características do gênero Fusarium  

 
Fusarium é um gênero que causa doenças em plantas e produz diversas 

micotoxinas (Summerell, 2010). Pode ser encontrado em locais com climas tropicais 

e subtropicais, podendo sobreviver por longos períodos no solo, além de colonizar 

ramos, flores, inflorescências e frutos. As espécies de Fusarium são comumente 

relacionadas à contaminação pré-colheita das culturas de cereais, como o milho, 

sendo responsáveis pela morte de mudas, aborto e prodridão de sementes, 

ferrugem, clorose, murcha vascular e redução do crescimento em uma variedade de 

plantas hospedeiras (Nagaraja et al., 2016). 

Espécies de Fusarium podem produzir micotoxinas como fumonisinas (FBs), 

zearalenona (ZEA), desoxinivalenol (DON), nivalenol (NIV), toxina T-2 (T-2) e outros 

menores como enniatinas (ENNs), beauvericina (BEA), moniliformina (MON) e 

fusaproliferina (FUS) (Smith et al., 2016).   

 

1.1.2.1. Fusarium graminearum 

 
F. graminearum é o patógeno primário que causa a podridão da orelha ou 

podridão do caule no milho (Ali et al., 2005; Yang, Balint-Kurt e Xu, 2017). Esse 

fungo é mais comum em áreas frias e úmidas e é visto como um mofo rosa 

avermelhado.  A ingestão de milhos infectados por F. graminearum é prejudicial para 

os seres humanos e para o gado, devido à produção de diversas micotoxinas 

potentes, incluindo deoxinivalenol (DON) e zearalenona (ZEA) (Vigier et al., 2001; 

Duan et al., 2016). 
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1.1.2.2. Fusarium verticillioides 

 
F. verticillioides também é uma espécie causadora de doenças em plantas, 

resultando em danos na produção de cereais e segurança alimentar, sendo 

conhecida, popularmente, com o agente causador da podridão da orelha do milho 

(Presello et al., 2008). Condições ambientais potencializam a ação do fungo, como a 

disponibilidade hídrica e de nutrientes no solo (Ramos et al., 2014).  Esta espécie é 

produtora de fumonisinas principalmente em milhos no período pré e pós-colheita 

(Bacon, 2008). 

 

1.2. MICOTOXINAS EM MILHO 
 

 As micotoxinas são metabólitos secundários fúngicos oriundos de um 

processo de seleção natural, conferindo uma vantagem seletiva ao microrganismo. A 

produção está relacionada a partir de alterações ambientais, geralmente 

desencadeada por condições de estresse (Magan e Aldred, 2007). As micotoxinas 

são encontradas em uma grande variedade de produtos alimentícios destinados ao 

consumo humano e de outros animais. Cerca de 400 micotoxinas foram 

identificadas, sendo a grande maioria estáveis a fatores físicos, como o calor 

(Berthiller et al., 2007). Diversos fatores físicos, biológicos e químicos favorecem a 

produção de micotoxinas, sendo demonstradas na Tabela 1. 

 

Tabela 1: Principais características para a produção de micotoxinas fúngicas  

 Ótimo para produção  

Substrato Elevado teor de carboidrato, principalmente em 

sementes oleaginosas. 

 

Umidade Umidade relativa acima de 80%.  

Temperatura Climas tropicais e subtropicais favorecem o 

crescimento. 

 

Atmosfera Maioria aeróbios.  
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Interação microbiana Presença de outros organismos estimula a 

produção. 

 

Fonte: (Taniwaki et al., 2013). 

 Cerca de 25% dos grãos em todo o mundo são afetados significativamente 

pelo crescimento fúngico e micotoxinas, incluindo amendoim, milho, feijão, arroz e 

trigo (Eskola, 2019).  Cinco grupos principais de micotoxinas ocorrem nos alimentos: 

deoxinivalenol/nivalenol, zearalenona, ocratoxina, fumonisinas e aflatoxinas 

(Oliveira, 1997; Kempken e Rohlfs, 2010). As principais micotoxinas encontradas no 

milho são: aflatoxinas (AFs), fumonisinas (FUM), tricotecenos tipo A e B, 

zearalenona (ZEA), zearalenol, moniliformina e beauvericina (Tarazona et al., 2020). 

A produção de FUM e ZEA no milho é atribuída principalmente a F. verticillioides 

(FUM), F. proliferatum (FUM), F. solani (FUM) e F. graminearum (DON e ZEA) 

(Leslie e Summerell, 2006; Schollenberger et al., 2012). As AFs são produzidas 

principalmente por cepas de A. flavus (AFB1 e AFB2) e A. parasiticus (AFB1, AFB2, 

AFG1 e AFG2) (Tarazona et al., 2020).  

Muitos países estabeleceram níveis máximos toleráveis de micotoxinas em 

grãos de milho e produtos de grãos de milho. No Brasil, o limite tolerável de 

aflatoxinas e fumonisinas nos grãos de milho varia de um a 20 μg kg-1 e 200 a 5000 

μg kg-1, respectivamente (ANVISA, 2011). Em 2006, a Comissão da Comunidade 

Europeia estabeleceu os níveis de aflatoxinas variando de cinco a 10 μg kg-1 para 

AFs e 200 a 2000 μg kg-1 para FMs em milho (EC, 2006). Por outro lado, os EUA 

permitem um limite de 20 μg kg-1 para AFB1 e um limite que varia de 2000 a 4000 

μg kg-1 para FMs em milho (FDA, 2011).  

 

1.2.1. Aflatoxinas em milho 

 

As aflatoxinas são produzidas por cerca de 10 espécies do gênero, 

Aspergillus sendo A. flavus e A. parasiticus os maiores produtores (Pitt et al., 2012). 

Essas toxinas são altamente incidentes em alimentos, na qual as aflatoxinas B1, B2, 

G1 e G2 são consideradas as mais importantes na indústria de alimentos e na área 

clínica (Jay, 2005). Uma grande variedade de culturas, incluindo milho (Zea mays L.) 

são suscetíveis à infecção por fungos produtores de aflatoxina e subsequente 
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contaminação por aflatoxina no campo e após a colheita (Cotty e Jaime-Garcia, 

2007). Outras toxinas são oriundas da modificação estrutural das aflatoxinas B. As 

aflatoxinas M1 e M2 são derivadas das toxinas B1 e B2, respectivamente, e sofrem 

alterações estruturais durante o processo de digestão no trato gastrintestinal dos 

animais ruminantes, na qual são detectadas no leite, secreções urinárias, intestinais 

e tecidos (Imamura et al., 2015). As aflatoxinas são inodoras e incolores, 

quimicamente estáveis em alimentos, termorresistentes, se mantendo estáveis a 

temperaturas acima de 150 ºC, sendo extremamente difíceis de serem removidas 

(Urrego, 2006). Segundo a Internacional Agency for Research on Cancer (IARC), as 

aflatoxinas são classificadas como grupo 1, ou seja, são potencialmente 

carcinogênicas. A aflatoxina B1 (Figura 1) é um agente carcinogênico conhecido 

como hepatocarcinógeno mais potente em mamíferos. A aflatoxina G1 é a segunda 

aflatoxina mais tóxica, estando ligada a relatos de câncer no pulmão e esôfago 

(Gonçalves, 2017). 

Estudos realizados por Oliveira et al. (2017) mostrou que todas os milhos 

analisados coletados na região sul do Brasil estão contaminados com AFB1 e AFG1, 

sendo também encontrado em níveis acima do limite máximo tolerável que é de 20 

μg/kg.  

 
 

Fonte: Wikipedia 
 

Figura 1: Estrutura molecular da aflatoxina B1.  

 

1.2.2. Fumonisinas em milho 

 

As fumonisinas (FBs) são micotoxinas produzidas por fungos do gênero 

Fusarium, especialmente F. verticillioides e F. proliferatum, e estão presentes no 

milho durante todo o ciclo de crescimento da cultura (Nesic et al., 2014) e 
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sintetizadas por essas espécies de fungos principalmente no estágio pré-colheita, 

caracterizado por condições de alta umidade (Munkvold, 2003). A temperatura ideal 

para a biossíntese da fumonisina está entre 25 e 30 °C (Marin et al., 1999). Entre as 

fumonisinas, a FB1, FB2 e FB3 são as de maior importância toxicológica e frequência 

em alimentos (Marasas, 1996). A FB1 (Figura 2) é o composto mais tóxico deste 

grupo, e responsável por 70% da contaminação de alimentos por FBs no mundo 

(Scott, 2012).  

A FB1 é encontrada frequentemente em milho e seus derivados, e também em 

arroz e trigo. A FB1 está associada com leucoencefalomalácia equina (LEM) 

(Marasas et al., 1988), edema pulmonar em suínos (Osweiler et al., 1992), 

diminuição do ganho de peso em frangos e aumento de peso de órgãos como o 

fígado, proventrículo e moela (Ledoux et al., 1992). Em humanos o consumo de 

alimentos contaminados com FB1 está relacionado à incidência de câncer esofágico, 

deficiências no tubo neural e nefropatia endêmica (Marasas 2001; Missmer et al. 

2006). A IARC classificou a FB1 como pertencente à classe 2B, ou seja, como 

possivelmente carcinogênico para humanos (IARC, 1993). Estudos realizados pela 

Biomin (2020), mostram que na América do Sul o milho está contaminado com 

fumonisina em 84% das amostras, com produção média de 3122 partes por bilhão 

(ppb). 

 
Fonte: (Perincherry, Lalak-Kánkzugowskza e Stepien, 2019). 

Figura 2: Estrutura química da fumonisina B1. 

 

1.2.3. Zearalenona em milho 

 

A zearalenona (ZEA) (Figura 3) é uma micotoxina estrogênica não-esteroidal 
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biossintetizada por alguns fungos do gênero Fusarium, especialmente F. 

graminearum. Os fungos produtores de ZEA contaminam, em sua grande maioria, o 

milho, mas também são encontrados em cevada, aveia, trigo, sorgo e arroz (Warth 

et al., 2013). ZEA é classificada segundo a IARC como pertencente ao grupo 3, ou 

seja, não-carcinogênica, mas é capaz de estimular o crescimento de células do 

câncer de mama em humanos (Ahamed et al., 2001), sendo também imunotóxica, 

genotóxica, capaz de induzir a formação de ligações químicas no DNA de culturas in 

vitro de linfócitos bovinos e fragmentação do DNA em células DOK, Vero e Caco-2 

(Borchers et al., 2010; Ashiq et al., 2014).  

ZEA e seus metabólitos por serem estrogênicos podem levar ao 

hiperestrogenismo, causando danos ao sistema reprodutivo de mamíferos. Os 

suínos são os animais mais afetados pela exposição a ZEA, por converterem mais 

facilmente ZEA a α-ZOL, aumentando a toxicidade (European Food Safety Authority 

– EFSA -, 2017). Os principais sintomas do hiperestrogenismo em suínos fêmeas 

são o aumento do útero e das glândulas mamárias, inchaço e vermelhidão da vulva, 

e em machos, atrofia testicular e redução do número de espermatozoides (Binder et 

al., 2017; Chen et al., 2015). Aves de corte e bovinos são muito mais resistentes a 

ação estrogênica de ZEA quando comparado aos suínos (EFSA, 2017). 

A Autoridade Europeia para a Segurança dos Alimentos (EFSA) publicou um 

parecer científico sobre os riscos para a saúde pública em 2011 para a ZEA e 

propôs um IDT (ingestão diária tolerável) de 0,25 μg/kg  massa corporal/dia 

baseando-se recentemente em dados sobre suínos, mas levando em consideração 

as comparações entre porcos e humanos (EFSA, 2011). 

 
Fonte: (Nones e Scussel, 2013). 

Figura 3: Estrutura química da zearalenona. 
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1.3. PROCESSOS DE DESCONTAMINAÇÃO 
 

Os métodos propostos para o controle de micotoxinas são normalmente 

preventivos, incluindo boas práticas de manejo na agricultura e secagem adequada 

dos grãos após colheita, podendo também ser utilizado métodos químicos, físicos e 

biológicos. Entretanto, após a toxina estar presente no alimento, a sua 

descontaminação é muito difícil (Varga et al., 2010). A utilização de raios gama, X e 

ultravioleta são exemplos de métodos físicos. Os adsorventes de micotoxinas 

(argilas e bentonitas) são as substâncias mais comuns utilizadas para a 

descontaminação adicionadas à alimentação animal. Estes compostos são capazes 

de se ligar às toxinas no trato gastrintestinal e impedir a sua absorção sistêmica 

(Ramos et al., 1996; Magnoli et al., 2008). Apesar disso, até o momento, não há um 

método disponível que elimine as micotoxinas sem causar alterações no produto, e o 

uso desses adsorventes não é uma solução definitiva para o problema, pois 

possuem uma baixa eficiência dependendo do nível de contaminação e do tipo de 

micotoxina contaminante. Com relação a descontaminação química temos a 

amonização, na qual se utiliza amônia para detoxificação de milho contaminado e a 

ozonização, onde o gás ozônio age sobre um grande número de microrganismos 

(Varga et al., 2010).  

Segundo a FAO/ONU (1997), os únicos compostos utilizados na indústria 

para inibir o crescimento fúngico em grãos são os ácidos propiônico, e sórbico (e 

seus sais), processo chamado acidificação. Contudo, esses compostos não são 

voláteis e sua aplicação é cara (necessita de altas doses) e dificultada em grandes 

volumes (homogeneidade e dispersão). A descontaminação biológica tem sido uma 

boa alternativa, onde microrganismos são capazes de degradar as micotoxinas em 

compostos não tóxicos (Wu, 2009). 

 

1.4. COMPOSTOS NATURAIS  
 

Recentemente há um grande interesse no uso de antimicrobianos naturais 

para o controle de patógenos em alimentos devido a sua aceitação e segurança 

para os consumidores, fazendo que muitos desses compostos recebam o status de 

GRAS (Chen et al., 2014). É de grande conhecimento que a maioria dos óleos 



 

11 

essenciais apresentam propriedades antimicrobianas atribuídas principalmente aos 

compostos bioativos presentes, sendo exercida, principalmente, por compostos 

terpenóides (Boyle, 1995; Mahmoud et al., 2002, Burt, 2004). Os óleos essenciais 

são oriundos do metabolismo secundário de plantas, e podem ser produzidos vários 

compostos biologicamente ativos, com ação fungicida, inseticida, citotóxica, antiviral, 

tranquilizante, analgésica, dentre outras. Esses óleos podem ser produzidos em 

diversas regiões da planta como: galhos, flores, frutos, caule, sementes, ficando 

armazenados em cavidades ou células epidérmicas, sendo liberados quando a 

planta sofre algum tipo de injúria, agindo como um mecanismo de defesa (Bajpai, 

2012).  

Um dos principais mecanismos de ação dos compostos voláteis, é devido a 

lipofilicidade, promovendo danos na membrana celular, tornando-a mais permeável, 

alterando o pH intracelular, desequilibrando o fluxo de elétrons e a homeostase 

celular, levando assim ao extravasamento do conteúdo citoplasmático e, 

consequentemente, a morte do agente toxigênico (Silveira et al., 2012). 

 

1.5. COMPOSTOS NATURAIS CONTRA FUNGOS TOXIGÊNICOS  
 

Diversas técnicas são utilizadas para a inibição do crescimento fúngico e a 

produção das toxinas. Nazareth et al. (2018) relatou redução significativa da 

população de fungos usando 50 µL/L de isotiocianato de alila (ITCA), após 180 dias 

em grãos de milho, diminuindo 3,17 log (UFC/g) e 3,9 log (UFC/g) de A. parasiticus 

CECT 2681 e F. verticillioides CECT 2983, respectivamente. Quiles et al. (2019) 

demonstrou redução significativa da população de A. flavus em milho tratado com 

ITCA; após 1 e 30 dias de tratamento a população reduziu 1,5 e 4,4 log (UFC/g), 

respectivamente.   

A redução da produção de micotoxinas utilizando compostos naturais, 

principalmente os agentes voláteis, apresenta aplicação promissora. Lopes e 

colaboradores (2017) inocularam suspensões fúngicas de Aspergillus parasiticus em 

castanhas do Pará, o que reduziu o crescimento fúngico e a produção de aflatoxinas 

quando utilizado 2.5 µL/mL de ITCA em fumigação. Quiles et al., (2019), determinou 

a produção de micotoxinas após 30 dias de armazenamento em milho, A. flavus 
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produziu no grupo controle 8.07 μg/kg de AFB1 no dia 30, com relação ao milho 

tratado com ITCA, o milho apresentou produção 0.12 μg/kg de AFB1 representando 

uma redução de 98,51%.  

Bordin e colaboradores (2017) demonstraram a reação direta de zearalenona 

(ZEA) e α-zearalenol (α-ZEA) em diferentes tempos (0, 4, 8, 24 e 48 horas) com o 

ITCA, quando utilizado em diferentes concentrações (2, 20, 100 e 200 mM). O ITCA 

demonstrou ser mais reativo com ZEA do que com α-ZEA. A 20 mM pH 4, o ITCA 

reduziu mais da metade da concentração inicial de ZEA, enquanto α-ZEA reduziu 

apenas 28%. Outro ponto a ser destacado é que imediatamente após a reação com 

100 mM de AITC, houve redução de 74% em pH 4 e 77% em pH 7 com ZEA, já para 

α-ZEA houve redução de 74% em pH 4 e 67% em pH 7. O AITC demonstrou 

promissora atividade na redução in vitro de micotoxinas, visto sua capacidade 

redutora de até 68% em concentrações de 20 mM. 

 

1.6. CARACTERÍSTICAS E ATIVIDADE ANTIMICROBINANA DO ÓLEO 
ESSENCIAL DE ALHO 

 

O alho é utilizado como tempero e medicamento desde o período do império 

egípcio. Ao longo da história, o alho tinha a função de tratar problemas respiratórios, 

dores, diarreia, e até mesmo tumores (Marchese, 2016). O alho contém 

aproximadamente 65% de água, 28% de carboidratos, 2,3% de compostos 

organossulfurados, 2% de proteínas, 1,2% de aminoácidos livres e 1,5% de fibras 

(Santhosha et al., 2013). Dziri e colaboradores (2014) analisaram a composição do 

óleo essencial de alho e observaram a composição majoritária de dois grupos, 

sendo o primeiro rico em enxofre e o segundo de terpenos. Vários componentes 

sulfurados do alho proporcionam propriedades benéficas a saúde, porém, o 

composto mais ativo é a alicina (dialil-tiosulfinato), representando, 

aproximadamente, 70% dos compostos sulfurados existentes no alho (Amagase, 

2001; Arnault, 2003). 

Cavalito e Bailey (1944) demonstraram que a atividade antimicrobiana do alho 

é devida à alicina, um composto volátil que apresenta enxofre em sua estrutura 

(Figura 4), e é responsável pelo odor característico de alho recém cortado. 
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Fonte: medchemexpress 

Figura 4: Estrutura molecular da alicina. 

 

As células presentes no alho possuem os componentes alina (s-ali-L-cisteína 

sulfóxido), um precursor não proteinogênico, e alinase, uma enzima, que são 

separados pela membrana celular (Omar e Al-wabel, 2010). Em uma injúria ou 

qualquer dano tecidual, as membranas se rompem, fazendo com que a alinase age 

sobre a aliina, produzindo ácido sulfúrico intermediário, que, a partir de uma 

condensação enzimática, forma a alicina (Miron, 2004). A alicina é altamente reativa, 

com uma ótima atividade antioxidante e excelente permeabilidade a membrana, que 

permite sua rápida penetração em diferentes regiões celulares (Omar e Al-wabel, 

2010).  

O óleo de alho apresenta atividade in vitro e in vivo contra várias espécies 

fúngicas como Botrytis cinerea, Alternaria brassicicola e Magnaporthe grisea, 

conhecidas por serem fitopatógenos de plantas economicamente importantes 

(Curtis, 2004). Benkeblia (2004) testou diferentes concentrações de extrato de alho 

(50, 100, 200, 300 e 500 ml/L) e observou a redução do crescimento bacteriano de 

Staphylococcus aureus, Salmonella enteritidis e fúngico com cepas de Aspergillus 

niger, Penicillium cyclopium e Fusarium oxysporum.  Utilizando as propriedades 

voláteis de óleos essenciais, Seydim e Sarikus (2006) impregnaram o óleo essencial 

de alho em filmes comestíveis com a finalidade de liberar os compostos em 

embalagens. Em seus testes obtiveram resultados significativos na redução do 

crescimento das bactérias Escherichia coli O157:H7 (ATCC 35218), Staphylococcus 

aureus (ATCC 43300), Salmonella enteritidis (ATCC 13076), Listeria monocytogenes 

(NCTC 2167) e Lactobacilus plantarum (DSM 20174).  
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1.7. CARACTERÍSTICAS E ATIVIDADE ANTIMICROBINANA DO 
ISOTIOCIANATO DE ALILA 

 

Os isotiocianatos (ITC) são compostos extraídos de plantas da família 

Brassicacea, como brócolis, couve, couve-flor, nabos e mostarda. O isotiocianato de 

alila (ITCA) (Figura 5) é extraído principalmente do óleo essencial da mostarda 

negra ou marrom, sendo formado a partir da transformação enzimática do 

glucosinolato sinigrina. Os glucosinolatos estão presentes no vacúolo das células 

vegetais, sendo liberados quando a planta sofre algum tipo de injúria (Nielsen e 

Rios, 2000). Uma vez liberados no citoplasma, esses compostos são clivados por 

uma reação de hidrólise pela enzima mirosinase formando compostos 

biologicamente ativos como os isotiocianatos, que apresentam atividade anti-

fúngica, anti-carcinogênica, anti-parasitária e antibacteriana (D’Antuono et al., 2009). 

O mecanismo de ação do isotiocianato de alila ainda é pouco elucidado, mas 

sabe-se que a estrutura química tem uma grande influência na sua ação, uma vez 

que o carbono eletrofílico central do grupamento isotiocianato (N=C=S) é capaz de 

reagir prontamente com grupamentos tiol, hidroxila e amina, podendo assim inibir 

enzimas e alterar proteínas através da quebra oxidativa das ligações de dissulfetos 

(Luciano e Holley, 2009). Além disso, esse composto é capaz de alterar a 

permeabilidade da membrana plasmática resultando em extravasamento do material 

citoplasmático (Ahn et al., 2001; Lin et al., 2000).  

O isotiocianato de alila apresenta ação antibacteriana contra várias bactérias 

deteriorantes e patogênicas encontradas em alimentos, tanto em seu estado líquido 

quanto em estado de gasoso, incluindo E. coli O157:H7 (Luciano e Holley, 2009).  O 

ITCA demonstrou excelente atividade antifúngica e na redução da produção de 

micotoxinas, através do método de fumigação (Nazareth et al., 2016; Saladino et al., 

2017; Tracz et al., 2017). 

 

 

  

 

Fonte: wikidata 

Figura 5: Estrutura molecular do Isotiocianato de alila. 
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1.8. CARACTERÍSTICAS E ATIVIDADE ANTIMICROBINANA DO 
CINAMALDEÍDO  

Cinamaldeído (CIN) (Figura 6) é o principal constituinte do óleo de canela 

extraído de Cinnamomum spp., reconhecido como seguro (GRAS) e legalmente 

aprovado pela Organização das Nações Unidas para a Alimentação e Agricultura / 

Organização Mundial da Saúde (FAO / OMS). CIN é utilizado há muito tempo como 

agente aromatizante em gomas de mascar, sorvetes, bebidas e doces, assim como, 

para dar sabor e odor de canela a produtos médicos, cosméticos e perfumes (Cai 

Land, 1996; Uchida et al., 1996; Krishna e Banerjee, 1999; Nielsen e Rios, 2000; 

Hooty et al., 2004).  CIN apresenta excelentes atividades biológicas, como 

inseticidas (Huang e Ho, 1988), antimicrobianas (Kwon, 2003; Sahdna et al., 2010), 

antifúngica (Xie et al., 2004; Namurol e Nirundorn, 2007), anti-inflamatória (Liao et 

al., 2008), anticarcinogênica (Imai et al., 2002) e anti-angiogênica (Kwon et al., 

1997). Induz também a morte celular (Shih-Hua, Yerra e Yen-Min, 2004; Wu et al., 

2005) e inibe o crescimento de tumores (Cabello et al., 2009).  

Há relatos que CIN reduz a viabilidade fúngica em Saccharomyces cerevisiae 

através de dano celular e perda citoplasmática (Smid et al., 1996), que agora é 

considerado como um importante mecanismo antifúngico pelo qual os óleos 

essenciais, incluindo CIN, podem inibir o crescimento de vários fungos, incluindo A. 

ochraceus, A. flavus, P. expansum e F. verticillioides (Xing et al., 2014; Sun et al., 

2016; Wang et al., 2018; Wang et al., 2018). Portanto, CIN pode ser usado como um 

substituto promissor para conservantes sintéticos, podendo ser aplicado para evitar 

a deterioração dos alimentos devido à sua atividade anti-séptica segura e satisfatória 

(Atarés e Chiralt, 2016; Gómez et al., 2018). 

 

Fonte: wikipedia 

Figura 6: Estrutura molecular do Cinamaldeído. 
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Abstract 

Fungal and mycotoxin contamination are some of the major causes of economic 

losses in grain production, and essential oils are an option for their control. We 

evaluate the use of cinnamaldehyde (CIN) and allyl isothiocyanate (AITC) isolated 

and in interaction against Aspergillus parasiticus, Fusarium verticillioides and 

Gibberella zeae, and aflatoxin production by A. parasiticus. The minimum inhibitory 

concentrations (MIC) and the interaction between compounds (Fractional inhibitory 

concentration) were determined. Inhibition in Petri dishes and in corn kernels were 

also performed, and the aflatoxin yield in corn kernels. Concentrations of 0.076, 

0.605, and 0.303 mM of AITC, and 0.246, 1.964, and 0.982 mM of CIN were found of 

MIC for A. parasiticus, F. verticillioides, and G. zeae, respectively. When used 

together, 0.038 mM of AITC and 0.061 mM of CIN were required to inhibit A. 

parasiticus; 0.038 mM of AITC and 1.964 mM of CIN to F. verticillioides; and 0.076 

mM and 0.246 mM to G. zeae. In gaseous phase, 0.62, 0.47, and 0.23 μL/L (1:5 ratio 

AITC:CIN) were able to inhibit A. parasiticus, G. zeae, and F. verticillioides in Petri 

dishes, respectively. In corn kernels, a reduction in fungal population was found at 30 

μL/L (1:5). 300 μL/L reduced the population of all species below the detection limit 

(1.22 log (CFU g-1)). Aflatoxin production was also inhibited; the control group 

presented 32.25±5.86 µg/kg of AFs, 30 μL/L had 2.18±3.72 µg/kg and 300 μL/L had 

2.61±1.38 µg/kg. These results confirm that AITC and CIN may be an alternative to 

the traditional chemicals used in corn to avoid fungi and mycotoxins. 

Keywords: Natural compounds; Essential oils; Mycotoxins. 

 

 

Highlights 
 

• AITC and CIN may be used against contamination of mycotoxigenic fungi. 

• AITC and CIN have the potential to inhibit mycotoxin production. 

• Compounds can be used to reduce production losses. 
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Graphical abstract 
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1. Introduction 

Corn is one of the most produced cereals worldwide (Yang, Balint-Kurti, & Xu, 

2017), and the three largest producers are the United States, China, and Brazil, with 

a combined production estimated in 563 to 717 million tons yearly (Ranum, Peña-

Rosas, & Garcia-Casal, 2014). Although production has been extensively technified, 

problems in cultivation, such as the use of broken seeds, use of untreated water in 

irrigation, expansion of cultivated areas and environmental issues, such as climate 

change and planting in high humidity regions, may be predisposing factors for fungal 

contamination. 

Some of the most important pathogenic fungi during plant growth are those of 

the Fusarium genus, which can potentially produce mycotoxins such as fumonisins 

and zearalenone (ZEA). In addition, inappropriate storage conditions (i.e. 

environments without humidity and temperature control) may favor the growth of 

Aspergillus species, which can produce other mycotoxins, such as aflatoxins 

(Mahuku et al., 2019; Sarrocco & Vannacci, 2018; Silva et al., 2017; Yoo, Kerry, 

Ingram, Ortiz, & Scully, 2018). 

Mycotoxins are compounds produced by fungi as a result of their secondary 

metabolism. Their biological function is the elimination of competitors that would 

make fungal growth unviable (Garcia-Cela, Verheecke-Vaessen, Magan, & Medina, 

2018). Likewise, mycotoxins can be detrimental for human or animal health. 

According to the International Agency for Research on Cancer (IARC), aflatoxins 

belong to group 1 of carcinogens, meaning that these toxins were demonstrably 

carcinogenic. In addition, fumonisins are classified in the group 2B (potentially 

carcinogenic) and ZEA as part of group 3 (non-carcinogenic) (IARC, 1993; 2012; 

2002). These mycotoxins are related, in addition to carcinogenesis, with liver and 

kidney damage, suppression of the immune system, release of pro-inflammatory 

cytokines and reproductive problems. In animal production, this is reflected in the 

increase in costs to the producer, due to the decrease in zootechnical indices, such 

as daily weight gain, feed conversion, pregnancy rate, mortality, among others 

(Cimbalo, Alonso-Garrido, Font, & Manyes, 2020; Magnoli, Poloni, & Cavaglieri, 

2019).  
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Methods to avoid the development of mycotoxigenic fungi in grains are 

necessary to ensure food quality and safety of products intended for both human and 

animal consumption (Mohapatra, Kumar, Kotwaliwale, & Singh, 2017). Synthetic 

chemical compounds are used for this purpose. Although they guarantee the health 

of the grains, they can compromise food safety. The link between the use of chemical 

defensives with different types of cancer, diabetes, neurologic and reproductive 

disorders, and teratogenicity is reported (Machado & Martins, 2018). Thus, natural 

bioactive compounds may be safer and more viable alternatives for this use. 

Allyl isothiocyanate (AITC) is an isolated compound of the essential oil 

extracted from plants from the Brassicaceae family. This substance is produced from 

the hydrolysis of the glucosinolate sinigrin by the enzyme myrosinase when the plant 

suffers any type of injury (Nazareth et al., 2016). AITC has already been described 

as an antifungal and antimycotoxigenic compound (Nazareth et al., 2016; Saladino et 

al., 2017; Bruno Ludvig Tracz et al., 2017). However, with pungent taste and odor, 

methods are necessary to enable its application in food and raw materials. 

Cinnamaldehyde (CIN) is a compound isolated from the essential oil of plants 

belonging to the Cinnamomum genus, which possess proven antimicrobial properties 

(Bravo Cadena et al., 2018; Muller, Casado Quesada, González-Martínez, & Chiralt, 

2017; Wang, Yuan, Li, Li, & Jiang, 2016). With pleasant sensory acceptance to 

animals and humans, it may be a viable alternative for joint application with AITC. 

The objective of this work is to evaluate the antifungal activity of AITC and CIN 

combined against the growth of mycotoxigenic fungi, and to evaluate their activity 

against the production of aflatoxins. 

 

2. Materials and Methods 

 

2.1 Fungal Strains 

 Aspergillus parasiticus CECT 2681, Fusarium verticillioides CECT 2983 and 

Gibberella zeae (Anamorph: Fusarium graminearum) CECT 2150 were obtained 

from the Colección Española de Cultivos Tipo (CECT). Spores were kept in a 1:1 

solution of culture medium and glycerol and stored in an ultra-freezer at -80 °C until 
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use. Reactivation was carried out in tryptone of soybean broth (TSB) at 25 ºC for 5 

days, with posterior inoculation in potato dextrose agar (PDA) for maintenance.  

 

2.2 Chemicals and microbiological media 

 Analytical standards for aflatoxins B1, B2, G1 and G2 (≥ 98% purity), AITC 

(95,1% purity) and CIN (98,9% purity), and the culture media TSB and PDA were 

purchased from Sigma-Aldrich (St. Louis, MO). Bacteriological peptone (BP) was 

obtained from Kasvi (Curitiba, Brazil). Methanol and acetonitrile (both HPLC grade) 

were purchased from Merck (Darmstadt, Germany). 

 

2.3 Minimum inhibitory concentration (MIC) and fractional inhibitory concentration 

index (FICindex) 

Minimum inhibitory concentration was obtained using the microdilution method 

(Clinical and Laboratory Standards Institute, 2017). Fungi grew on PDA plates at 25 

°C until sporulation, and the spores were collected in BP 1%. Treatments were 

evaluated in 96-well plates. Each well contained 100 µL of TSB + AITC or CIN (4.844 

mM, 2-fold diluted to 0.009 mM of AITC or 3.929 mM to 0.008 mM of CIN) and 100 

µL of fungal inoculum (2x104 spores/mL), which were tested individually. Control 

groups received only TSB (negative control) and TSB + fungi (positive control), with a 

final volume of 200 µL. Dimethyl sulfoxide (DMSO) 2% was used to homogenize the 

essential oil compounds in the liquid medium. Plates were sealed with silicone 

sealants, closed and wrapped in laboratory film (Parafilm®, Bemis, USA) to avoid 

volatilization of the compounds to the external environment or between wells with 

different concentrations. Then, they were incubated for 48 h at 25 °C, followed by 

visual reading. The MIC was measured as > 50% inhibition visible fungal growth as 

described by CLSI (2017). The experiment was conducted in quadruplicate with three 

repetitions. 

For determination of FICindex was used checkerboard methodology according 

to Palaniappan & Holley (2010). Fungi grew on PDA plates at 25 °C until sporulation, 

and the spores were collected using BP 1%. Treatments were evaluated in 96-well 

plates, with 100 µL of TSB + AITC and CIN (4.844 mM, 2-fold diluted to 0.009 mM of 
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AITC, and 3.929 mM to 0.031 mM of CIN combined) and 100 µL of fungi (2x104 

spores/mL), which were tested individually. Control groups received only TSB 

(negative control) and TSB + fungi (positive control), with a final volume of 200 µL. 

DMSO 2% was used to homogenize the essential oil compounds in the liquid 

medium. The plates were sealed with silicone sealants, incubated and fungal growth 

was measured as described above. With the determination of the combined inhibitory 

concentration, the following formula was used to determine FICindex: FIC of 

AITC = Concentration of AITC in combination / MIC of AITC alone; FIC of 

CIN = Concentration of CIN in combination / MIC of CIN alone; FICindex = FIC of 

AITC + FIC of CIN. Synergy was defined as a FICindex ≤ 0.5. When the FICindex was 

0.5 > and £ 4.0 it indicated there was no interaction between the agents. A 

FICindex > 4.0 would indicate there was antagonism between the two agents. The 

experiment was carried out with three replications. 

 

2.4 Inhibitory activity of gaseous AITC and CIN towards fungal growth 

The methodology proposed by Tracz et al. (2017) with modifications was 

used. The fungi grew in PDA plates at 25 °C until sporulation, and the spores were 

collected using 1% BP. Solutions were diluted to 104 spores/mL in BP 1% and 10 μL 

aliquots were inoculated in the center of Petri dishes containing PDA. The plates 

were placed in 0.8 L glass jars and were added with 0.0097 - 5 μL/L AITC and CIN 

(1:5 ratio of each oil compound, respectively) for A. parasiticus, 0,12 - 60 µL/L for F. 

verticillioides and 0,058 - 30 µL/L for G. zeae. These concentrations are applied in 

paper filters that were glued to the jars’ lids, allowing the volatilization of the 

compounds. Lids were hermetically closed, and jars were incubated at 25 °C for 5 d. 

Fungal radial growth were measured and compared after the incubation period. 

Treatments were compared to the positive control, in which the essential oil 

compounds were not added. The experiment was carried out in duplicate, with three 

repetitions. 

 

2.5 Growth inhibition in corn kernels 

Fungi were grown in PDA plates at 25 °C until sporulation, and the spores were 

collected in BP 1%. Solutions were made with 107 spores/mL in BP 1%. Then, 300 g 
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of sterilized corn were packed in hermetically sealed glass jars inoculated with 1 mL 

of the fungal spore solution. Corn kernels were treated with 30 μL/L or 300 μL/L of 

AITC and CIN (1:5 ratio). The control group only received BP 1%.  Microbiological 

analyses were performed on days 0, 15 and 30 to examine the fungal population. In 

each checkpoint, 25 g of corn were homogenized in 225 mL of BP 0.1%. After 

homogenization, serial dilutions were prepared and inoculated into PDA plates. 

Plates were incubated for 5 d at 25 °C and fungal population was counted as log 

(CFU g-1) (Nazareth et al., 2018).  

 

2.6 Measurement of aflatoxins production in corn kernels treated with AITC and CIN  

 Corn kernels were also used to evaluate the reduction in aflatoxin production 

caused by the presence of AITC+CIN. This assay was only performed at the end of 

the experiment (30 d). Aflatoxin extraction was carried out using the method 

described by Saladino et al. (2017) with adaptations. In this method, 5 g of the 

samples were taken in 50 mL Falcon-type tubes with 25 mL of methanol, and then 

homogenized for 3 min by Ultra Ika T18 basic Ultra-turrax® (Staufen, Germany) at 

10000 rpm. The extracts were centrifugated at 4000 rpm for 5 min at 4 °C, and the 

supernatant was transferred and evaporated using a Büchi Rotavapor R-200® 

(Postfach, Switzerland). The obtained residue was resuspended in 2 mL of methanol, 

filtered through a 0.22 µm syringe filter, transferred to a glass vial and injected into an 

LC-MS/MS system. 

 Aflatoxins concentration was determined using the liquid-chromatography 

system consisted of an LC-20AD pump coupled to a 3200QTRAP mass 

spectrometer (Applied Biosystems, Foster City, CA, USA) using an ESI interface in 

positive ion mode. The mycotoxins were separated on a Gemini NX C18 column (150 

× 2.0 mm I.D, 3.0 mm, Phenomenex, Palo Alto, CA, USA). The mobile phases were 

5 mM ammonium formate and 0.1% formic acid in water (solvent A), and 5 mM 

ammonium formate and 0.1% formic acid in methanol (Solvent B) at a flow rate of 

0.25 mL/min. The elution was carried out using a linear gradient from 0 to 14 min. 

The injection volume set was of 20 µL, the nebulizer, the auxiliary and the auxiliary 

gas were set at 55, 50, and 15 psi respectively. The capillary temperature and the ion 

spray voltage were of 550 ºC and 5500 V, respectively. The ions transitions used for 
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the mycotoxin identification and quantification were m/z 313.1/241.3 and 284.9 for 

AFB1, m/z 315.1/259.0 and 286.9 for AFB2, m/z 329.0/243.1 and 311.1 for AFG1, 

and m/z 331.1/313.1 and 245.1 for AFG2. 

 To validate the analytical method, the parameters of linearity, recovery, 

repeatability, reproducibility, limits of detection (LOD) and quantification (LOQ), and 

the matrix effect (ME) for each aflatoxin analyzed were carried out (Table 1). All 

aflatoxins showed good linearity, with resolution determination coefficients (R2) 

greater than 0.9983.  

 Linearity was evaluated using paired matrix calibrations in triplicate at 

concentrations between 5 and 250 μg/kg. To calculate the matrix effect, the 

calibration slope from the matrix calibration curve was divided by the slope of the 

standard calibration curve and multiplied by 100. The value of the recovery was 

carried out in triplicate for three consecutive days using three addition levels: LOQ, 2 

× LOQ, and 10 × LOQ. 

 The results were between 70.4% and 75.6% and the relative standard 

deviation was less than 17%. The values for intraday repeatability (n = 3), expressed 

as the relative standard deviation of the repeatability, varied from 7.5% to 11.6%; and 

the reproducibility between days (n = 5), expressed as the relative standard deviation 

of the reproducibility, varied from 8.2% to 17.3% for the same linearity addition 

values. LODs and LOQs were calculated by analyzing blank samples enriched with 

the standard mycotoxins; these parameters have been assessed as the lowest 

concentration of the molecules studied that showed a chromatographic peak at a 

signal-to-noise ratio (S/N) of 3 and 10 for LOD and LOQ, respectively. 

 

2.7 Statistical analysis 

 Results are presented as mean ± standard deviation. GraphPad® Prism 7.0 

(San Diego, CA) was used for statistical analysis. D'Agostino-Pearson normality test 

was applied. Variance analysis were performed by one-way ANOVA, followed by 

Tukey HSD for multiple comparisons. The significance level used was p≤0.05. 
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3. Results and discussion 

 

3.1 MIC of AITC or CIN towards mycotoxigenic fungi and the determination FICIndex of 

their combination 

 The individual action of both compounds against mycotoxigenic fungi was 

observed in low doses. AITC showed lower MIC in comparison to CIN for all fungal 

strains. The difference between compounds may be due to the different mechanisms 

of action. While CIN acts mainly on the cytoplasmic membrane, decreasing its 

integrity and changing its polarization, AITC acts on important enzymes of cellular 

metabolism, inhibiting the function of acetate kinase, thioredoxin reductase and 

cytochrome c reductase (Hyldgaard, Mygind, & Meyer, 2012; Kojima & M., 1971; 

Luciano & Holley, 2009; Okulicz, 2010). F. verticillioides CECT 2983 and G. zeae 

CECT 2150 required higher contractions of both compounds in comparison to A. 

parasiticus CECT 2681 (Table 2). 

The AITC action against fungi found in this paper corroborates with the 

research of several authors (Lopes et al., 2018; Nazareth et al., 2018; Quiles, 

Manyes, Luciano, Mañes, & Meca, 2015; Saladino et al., 2017). Saladino et al. 

(2017) determined the concentration of 0.194 mM of AITC as the MIC for A. 

parasiticus, 2.5 times higher than this study. Studies whose results are higher than 

those presented in this study do not report the use of techniques to prevent the 

volatilization of compounds, which may interfere with their results. 

The authors of the present study did not find in the literature the use of CIN in 

microdilution against the fungal species used. Hossain et al. (2016) evaluated the 

use of cinnamon essential oil in microdilution against A. parasiticus, demonstrating 

antifungal action at a concentration of 2.5 mL/L. Using cinnamon essential oil (85% 

CIN), Xing et al. (2014) obtained MIC of 60 µL/L against F. verticillioides when 

applying the agar dilution method. The difference observed between the results 

obtained in the present study and those described by the literature may be caused by 

the difference of using CIN and not cinnamon essential oil. The essential oil has 

different concentrations of CIN according to several factors including the technique of 

oil extraction, degree of maturation of the plant, and region of the plant used for 

extraction (Koketsu, Gonçalves, Godoy, Lopes, & Morsbach, 1997). In addition, 
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Hossain et al. (2016) have not reported the use of methods to prevent compound 

volatilization, creating an unknown variation in test concentrations. 

When CIN (≥ 99% purity) was used against F. verticillioides strains through 

agar dilution method, Xing et al. (2014) demonstrated inhibition at concentrations of 

0.27 to 0.35 mM, approximately 6.3 times lower than that obtained in this work. This 

difference may be due to the use of different methods. The preparation of the 

inoculum and the medium used can interfere with the results (Balouiri, Sadiki, & 

Ibnsouda, 2016), in addition to the use of different strains, with varying degrees of 

individual resistance. 

Results of FICindex showed that there is no interaction between AITC and CIN 

against A. parasiticus and F. verticillioides, and synergistic effect against G. zeae 

(Table 3). It was observed reduction in the AITC concentration in combination, and it 

is important for the development of an antimicrobial formula since this compound has 

a rather pungent taste and odor. CIN has more pleasant sensory aspects, which in 

addition to reducing the concentration of AITC, helps to mask its taste/odor. 

No data was found in the literature describing the combined use of AITC and 

CIN against fungal species. These results show that AITC+CIN were effective to 

inhibit fungal growth at low doses in liquid media, opening the possibility for gas-

phase research. Both compounds are volatile and could be used to fumigate grains 

and avoid fungal contamination. It was observed an action approximately 3.5 times 

greater of the AITC in relation to the CIN. Thus, a formulation of AITC+CIN with a 1:5 

ratio was established for further testing based on sensory aspects of the combination 

(odor). 

 

3.2 Gaseous AITC+CIN against fungal growth in PDA 

 The use of gaseous AITC+CIN promoted a greater inhibition in the growth of 

all three fungal species when compared to the MIC levels (Table 4). Concentrations 

between 0.94 and 1.25 µL/L were capable to totally inhibit the fungal growth in PDA 

when compared to the control group. This may have been caused due to the fact that 

the essential oil compounds may diffuse more freely in the headspace of the glass 

jars than in the liquid media. These compounds have a low affinity with water and 

other polar constituents of the broth and 2% DMSO was used for better dispersion. 

However, micelle formation may not be uniform, impairing the action of the 
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compounds. Nielsen and Rios (2000) showed the effectiveness of volatile 

compounds from spices and herbs such as garlic essential oil, vanilla, clove, 

oregano, cinnamon oleoresin, and mustard essential oil against spoilage fungi of 

bread. At this study, AITC was effective at the gas phase showing fungicidal effect 

with at least 3.5 μg/mL of AITC against all the strains tested. Cinnamon, garlic and 

clove were all potential inhibitors but less than AITC. Our data corroborate with this 

study, showing that the compounds when used in the gas phase are more effective 

than in liquid phase. 

 In corn kernels, an effective reduction was observed in the fungal population 

using higher concentrations, considering the absorption of the compounds by the 

matrix and its protective effect against the fungal population. As shown in Table 5, at 

the concentration of 30 μL/L the fungal population of A. parasiticus and G. zeae were 

decreased by 1.62 and 1 log (CFU g-1) after 30 d, respectively, when compared to 

the control group. The population of F. verticillioides at the same concentration did 

not show significant reduction. For all the strains tested the concentration of 300 μL/L 

decreased the fungal population below the limits of detection after 15d.  

 Other studies corroborate the effectiveness of gas-phase AITC and CIN as an 

antifungal in corn kernel when these compounds were tested isolated. Mateo et al. 

(2017) showed that films containing 0.22-0.23 mg/plate of CIN were capable to 

reduce the growth in 90% (ED90) of Aspergillus flavus and A. parasiticus. Nazareth et 

al. (2018) reported significant reduction of fungal population using 50 µL/L of AITC 

after 180 d in corn kernels, decreasing 3.17 log (CFU g-1) and 3.9 log (CFU g-1) of A. 

parasiticus CECT 2681 and F. verticillioides CECT 2983, respectively. In this study, 

we highlight the reduction of the fungal population below the detection limit for the 

three species when using a concentration of 300 µL/L of the compounds in 

combination after 15d of storage. 

  

3.3 Reduction of aflatoxins production in corn by AITC+CIN 

 Significant reduction in the production of aflatoxins B1, G1, and G2 was 

observed, reaching <LOQ levels in the treatment of 300 µL/L for aflatoxins G1 and 

G2 (Table 6). The mycotoxins fumonisin B1 and zearalenone were also measured in 

our study but were <LOQ, even in the control groups (data not shown). 
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 This study corroborate with Tracz et al. (2017), who found a significant 

reduction in aflatoxin production in corn kernels when using concentrations of 50 µL/L 

and above of AITC. In this study, with the association with CIN, significant reduction 

of aflatoxins B1, G1 and G2 were observed at 30 µL/L of AITC+CIN at 1:5 ratio. In 

this proportion we have only 5 µL/L of AITC, a low concentration that can be 

beneficial in the sensory quality of the grains that can be later destined for human 

consumption or animal feed. Sun et al. (2015) demonstrated a reduction to 

undetectable levels of aflatoxin B1 production by A. flavus in culture medium from 

CIN concentrations of 105.72 µL/L. Other matrices may also receive compound 

addition to prevent mycotoxin contamination, as demonstrated by Quiles et al. 

(2015), in which the complete inhibition of aflatoxin production was observed at 

concentrations from 10 µL/L of AITC on pizza crust. 

The Food and Drug Organization sets a limit of 20 µg/kg of aflatoxins in corn 

kernels, while the European Commission sets a limit of 10 µg/kg (FDA, 2011; EC, 

2007). From the results, it is observed that the combination of AITC and CIN in 

concentrations of 30 µL/L to 300 µL/L can be effective to avoid economic losses due 

to aflatoxin contamination.  

 Research is needed to determine whether joint use of the compounds, besides 

inhibiting fungal growth and mycotoxin production, has the potential for detoxification 

of the toxin already produced through the formation of less toxic products (Azaiez, 

Meca, Manyes, & Fernández-Franzón, 2013; Meca, Luciano, Zhou, Tsao, & Mañes, 

2012). Studies show that corn has great potential to absorb AITC and cause long-

term release of this compound (Tracz et al., 2018). This makes it possible to use the 

AITC+CIN in silos, increasing time of antimicrobial activity of the compound on 

mycotoxigenic fungi. The combination of AITC and CIN at gas phase also showed 

good effectiveness against other important agri-food fungi, with a significant 

reduction in the Penicillium notatum growth when used 2.1 μmol/L of AITC and 3.1 

μmol/L of CIN with an total amount of 5.2 μmol/L (Tunc, Chollet, Chalier, Preziosi-

Belloy, & Gontard, 2007), highlighting the possibility of using these compounds as 

substitutes for conventional chemicals in the conservation of products.  
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4. Conclusion 

 The combined use of AITC and CIN at concentrations of 30 and 300 µL/L was 

able to reduce the fungal growth of the 3 mycotoxigenic species, as well as to avoid 

the production of aflatoxins B1, G1, and G2. Therefore, these compounds may be 

used for the sanitary control of corn kernels during storage.  

 The dose of 300 µL/L was found to be a more viable alternative to keep the 

grains free from the analyzed fungi, whereas the dose of 30 µL/L showed similar 

efficacy when compared with 300 µL/L to reduce the concentration of aflatoxins.  

Based on this, there is the possibility of optimizing the dose, to obtain similar results 

with doses lower than 300 µL/L. Further studies should be conducted demonstrating 

the potential of these compounds when used to treat grains on a larger scale such as 

in silos or silo-bags. 
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Table 1. Limits of detection (LODs) and quantification (LOQs), recovery, and matrix 

effect (ME) for AFB1, AFB2, AFG1, and AFG2 in corn. 
Mycotoxin LOD (µg/Kg) LOQ (µg/Kg) Recovery (%) ME (%) 

AFB1 0.08 0.27 70.4% 78.2% 

AFB2 0.08 0.27 64.2% 76.5 

AFG1 0.16 0.53 62.8% 65.3 

AFG2 0.30 1.00 66.1% 60.9 
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Table 2. Minimum inhibitory concentration (MIC) of allyl isothiocyanate (AITC) and 

cinnamaldehyde (CIN) when applied to mycotoxigenic fungi. 

Strain 
Concentration (mM) 

AITC CIN 

Aspergillus parasiticus CECT 2681 0.076 0.246 

Fusarium verticillioides CECT 2983 0.605 1.964 

Gibberella zeae CECT 2150 0.303 0.982 
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Table 3. Determination of fractional inhibitory concentration index (FICindex) of allyl 

isothiocyanate (AITC) in combination with cinnamaldehyde (CIN) against different 

fungal species. 

Strain 

Concentration in 
combination (mM) 

 
 
FICindex* AITC CIN 

Aspergillus parasiticus CECT 2681 0.038 0.061 0.75 

Fusarium verticillioides CECT 2983 0.038 1.964 1.06 

Gibberella zeae CECT 2150 0.076 0.246 0.50 

*FICindex ≤ 0.5 indicate synergy; FICindex 0.5 to 4.0 indicate no interaction; FICindex > 4.0 indicate antagonism. 
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Table 4. Radial inhibition of fungal growth caused by the combination of allyl 

isothiocyanate (AITC) with cinnamaldehyde (CIN) at different doses using a 1:5 ratio. 

Reduction was measured in comparison to a control group that did not receive any 

treatment. 

Aspergillus parasiticus CECT 2681  
Concentration (µL/L) Inhibition (%) 

³1.25 100a 
0.62 59.26±12.22a 
0.31 12.35±1.74b 
0.16 11.11±3.49b 
0.08 8.64±6.99b 
0.04 6.17±0.00b 
0.02 1.23±0.00b 
0.01 1.23±0.00b 

0.005 ND 
Gibberella zeae CECT 2150  

Concentration (µL/L) Inhibition (%) 
³0.94 100a 

0.47 85.30±0.00a 

0.23 50.00±4.16b 

0.12 20.58±4.16b 

0.06 13.23±2.08b 

0.03 ND 
Fusarium verticillioides CECT 2983  

Concentration (µL/L) Inhibition (%) 
³0.94 100a 
0.47 79.66±4.79a 
0.23 67.79±2.40a 
0.12 ND 

Different lowercase letters (a,b) in the same strain-group indicate statistical difference (p≤0.05). ND = No inhibition 

detected. (Mean± SD) 
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Table 5. Population of mycotoxigenic fungi when exposed to concentrations of allyl 

isothiocyanate (AITC) and cinnamaldehyde (CIN) in corn kernels (1:5 ratio) for 30 d 

in hermetically closed glass jars. Population (log (CFU g-1)) 
Aspergillus parasiticus CECT 2681 

Days 
 

Control 30 µL/L 300 µL/L 
0 3.91±0.24Aa 3.91±0.24Aa 3.91±0.24Aa 

15 3.81±0.09Aa 3.57±0.07Ab < DL*Bc 

30 6.08±0.11Ba 4.46±0.36Bb < DL*Bc 

Giberella zeae CECT 2150 

Days 
 

Control 30 µL/L 300 µL/L 
0 3.82±0.14Aa 3.82±0.14Aa 3.82±0.14Aa 

15 3.97±0.14Aa 3.64±0.33Ab < DL*Bc 

30 3.49±0.20Ba 2.49±0.32Bb < DL*Bc 

Fusarium verticillioides CECT 2983 

Days 
 

Control 30 µL/L 300 µL/L 
0 3.70±0.33Aa 3.70±0.33Aa 3.70±0.33Aa 

15 4.26±0.39Ba 4.21±0.71Ba < DL*Bb 

30 4.22±0.71ABa 3.68±0.34Aa < DL*Bb 

Different uppercase letters (A,B) on the same column indicate statistical difference (p ≤ 0,05). 
Different lowercase letters (a,b,c) on the same line indicate statistical difference (p ≤ 0,05). 
*DL (Detection limit) = 1,22 log (CFU g-1). (Mean± SD) 
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Table 6. Aflatoxin production by Aspergillus parasiticus CECT 2681 when exposed to 

concentrations of allyl isothiocyanate (AITC) and cinnamaldehyde (CIN) in corn 

kernels (1:5 ratio) for 30 d in hermetically closed glass jars. 

Aflatoxin 
Concentration (µg/kg) 

Control 30 µL/L 300 µL/L 

AFB1 13.87±3.30a 0.85±1.50b 2.28±1.40b 

AFB2 1.76±1.80a 0.13±0.20a 0.24±0.20a 

AFG1 12.49±4.20a 1.13±2.30b <LOQb 

AFG2 3.25±2.30a 0.06±0.40b <LOQb 

Total aflatoxins 32.25±5.86a 2.18±3.72b 2.61±1.38b 

 Different lowercase letters (a,b) in the same line indicate statistical difference (p≤0.05).  

(Mean± SD) 
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Abstract 

Corn kernels are susceptible to fungal growth and mycotoxins production, which are 

secondary metabolites produced by some filamentous fungi, such as Aspergillus, 

Fusarium and Penicillium. Natural antimicrobials have been used in food 

preservation due to the safe status of these compounds. The present study verified 

the effectiveness of garlic essential oil (GEO) to inhibit the growth and mycotoxin 

production of Aspergillus parasiticus, Fusarium verticillioides and Gibberella zeae, 

producers of aflatoxin B1 (AFB1), fumonisin B1 (FB1) and zearalenone (ZEA), 

respectively, in stored corn kernels. The potencial of the oil to react with those 

mycotoxins and the bioaccessibility after the simulated digestion was also evaluated. 

The methodologies applied were 1) the minimum inhibitory concentration (MIC), 

minimum fungicidal concentration (MFC), gaseous activity of the oil on the fungal 

growth in vitro; 2) effect of the GEO on stored contaminated corn and production of 

mycotoxins; 3) in vitro reaction of mycotoxins with GEO in test tubes and during 

swine simulated digestion. GEO showed MIC for A. parasiticus, G. zeae and F. 

verticillioides of 7.8, 7.8 and 62.5 μL/L, respectively. MFCs were found at four-fold 

greater concentration when compared to MIC for all fungi strains. Fungal growth was 

reduced completely by gaseous GEO with a range of 2-10 μL/L. The population of A. 

parasiticus and G. zeae was decreased below the limit of detection and F. 

verticillioides decreased the population in 2.33 Log UFC/g after 30d of storage when 

treated with 1000 μL/L of the oil. GEO was not able to directly react with either AFB1, 

FB1 or ZEA in phosphate buffer or during simulated digestion. Those results of our 

study confirmed that GEO have antifungal activity but did not show the ability to 

chemically react with mycotoxins at the concentrations tested. Therefore, GEO may 

be used as a fumigant improving safety in corn kernels. 

 

Keywords: Natural antimicrobials; Fumigant; Fungi; Contaminant. 
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Highlights 
 

• GEO have the potential to reduce the growth of A. parasiticus, F. verticillioides 

and G. zeae in corn kernels. 

• GEO have higher effectiveness when used in gas phase than at liquid phase. 

• GEO at concentrations of ³1000 μL/L can be used as a new fumigant to avoid 

spoilage in corn. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

   
 

45 

1. Introduction 

 

Mycotoxins are structures with low molecular weight, grouped according to 

toxicity degree to humans and other animals. The International Agency for Research 

on Cancer (IARC, 1993) presents some mycotoxins as carcinogenic, nephrotoxic and 

immunotoxic to vertebrates, especially aflatoxins, zearalenone and fumonisins. The 

main genera of toxigenic fungi found in foods and animal feed are Aspergillus, 

Penicillium, Fusarium and Alternaria. These microorganisms contaminate mainly 

grains and can cause health issues for animals and humans (Bocate et al., 2019). 

Corn production in the 2018-2019 harvest season showed that the United 

States was the main producer in the world with 366.6 million metric tons, followed by 

China with 257.7 million metric tons and Brazil with 94.5 million metric tons (Statista, 

2019). Corn is commonly affected by mycotoxins, being a multifaceted problem and 

causing economic losses. Recurrent problems due to the presence of mycotoxins in 

corn include lower plant development and product value, reduced animal 

performance, and health problems to both humans and animals (Wind et al., 2012).  

Mitigatory measures are used to reduce the effect of mycotoxins in animal 

production (Varga, Kocsubé, Péteri, Vágvögyi, & Toth, 2010; Carão et al., 2014). The 

use of adsorbents such as clay and bentonite are considered the most traditional in 

animal feed. These compounds are capable of binding to some toxins in the digestive 

tract, preventing their absorption (Ramos, Hernández, Plá-Delfina, & Merino, 1996; 

MagnolI et al., 2008). However, due to the high contamination of grains with 

mycotoxins and the low effectiveness of commonly used compounds, new 

technologies have been examined, such as the use of natural compounds (Chen et 

al., 2014). 

Alternative measures are proposed to reduce the growth of toxigenic fungi and 

toxin production, especially with natural compounds that are safe and well accepted. 

One of the proposals is the use of essential oils from leaves, bark, seeds, twigs and 

epidermal flowers (Bajpai, Baek, & Kang, 2012). Essential oils present a wide array 

of bioactive compounds with reported antimicrobial activity (Cabral, Pinto, & 

Patriarca, 2013). Allyl isothiocyanate (AITC) demonstrates activity in mycotoxin 

reduction and fungal development when used as a liquid or gas (Nazareth et al., 

2016). The chemical structure of AITC and allicin is similar, therefore, garlic essential 
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oil with allicin in its composition can be highly effective against fungi and mycotoxins, 

such as AITC. 

Garlic essential oil has allicin as the major compound, which presents a highly 

reactive organosulfur moiety with excellent cell membrane permeability (Omar & Al-

wabel, 2010). When garlic cells are injured, aliin, a non-proteinogenic amino acid, is 

exposed to alinase and converted to allicin (Miron, Bercovici, Rabinkov, Wilchek, & 

Mirelman, 2004). Allicin has shown antifungal activity against clinical isolates 

(Candida albicans and Aspergillus fumigatus) and phytopathogens (Botrytis cinerea), 

as well as against gram-positive and gram-negative bacteria (Marchese et al., 2016).  

Thus, the objective of this work was to evaluate the antifungal activity of garlic 

essential oil against mycotoxigenic fungi strains in liquid and gas phase; evaluate the 

efficacy of the oil to reduce the fungal growth and mycotoxins production in corn; 

evaluate the potential of the GEO to react with mycotoxins and analyze the 

bioaccessibility of fumonisin B1, aflatoxin B1 and zearalenone after simulated 

digestion. 

 

2. Materials and Methods  

 

2.1. Microorganisms and culture conditions 

 

The strains of Aspergillus parasiticus CECT 2681, Fusarium verticillioides 

CECT 2983 and Gibberella zeae CECT 2150 used in this study were obtained from 

the Spanish Type Culture Collection (CECT, Valencia, Spain). These 

microorganisms were stored in sterile glycerol at - 80 °C before use. Then the 

microorganisms were recovered in Potato Dextrose Broth (PDB, Sigma Aldrich®, St 

Louis, MO, USA) at 25 °C after growth were inoculated in Potato Dextrose Agar 

(Sigma Aldrich®, St Louis, MO, USA) petri dishes. 
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2.2. Chemicals 

 

Analytical standards for aflatoxin B1, fumonisin B1, zearalenone, the culture 

media potato dextrose broth (PDB), potato dextrose agar (PDA), o-phthalaldehyde 

and 2-mercaptoethanol were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Peptone water was obtained from Kasvi (Italy). HPLC-grade methanol and 

acetonitrile were purchased from Merck (Darmstadt, Germany). Trifluoroacetic acid, 

N-hexane were also purchased from Merck (Darmstadt, DE). Garlic essential oil 

(GEO) containing 60% of allicin was obtained from Sigma Zengzou, China. 

 

2.3. Minimum inhibitory concentration (MIC)  

 

The minimum inhibitory concentration (MIC) was determined in quadruplicate 

from broth microdilutions in a 96-well plate according to the document M38-A2 of the 

Clinical Laboratory Standard Institute, with adaptations (CLSI, 2008). The fungus was 

initially grown in PDA and incubated at 25 °C for seven days. The fungal suspension 

was prepared by harvesting the spores from the surface of the plates with peptone 

water 0,1%. After counting the number of spores using a Neubauer chamber, the 

inoculum was adjusted to 2x104 spores/mL in PDB medium (Sigma Aldrich®, St 

Louis, MO, USA). Then, 100 μL aliquots of fungal suspension were added to each 

well. Different concentrations of GEO (0,97 μL/L to 500 μL/L) was added by 

microdiluition, the final volume of the microplate was 200 μL/ well. The plate was 

incubated for 48h at 25 °C before a visual reading was performed.  

 

2.4. Determination of minimum fungicidal concentration (MFC) 

 

The minimum fungicidal concentration was determined according to the 

protocol described by Espinel-Ingroff et al. (2002). For this method, 10 μL of each 

well presenting complete inhibition of fungal growth was withdrawn and cultured in 

PDA plates for 72 h at 25 °C. The MFC was defined as the lowest GEO dilution that 

yielded fewer than three colonies or complete absence of growth. 
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2.5. Inhibition of fungal growth by gaseous GEO 

 

The methodology proposed by Tracz et al. (2017) with modifications was 

used. The fungi were grown in PDA plates at 25 °C and the suspension was 

prepared in peptone water 0,1%. After counting the number of fungal spores using 

the Neubauer chamber, the inoculum was adjusted to 104 spores/mL in peptone 

water and 10 μL was inoculated in the center of Petri dishes containing PDA. Plates 

were placed in hermetically sealed glass jars that received concentrations of 0.125 to 

2 μL/L GEO for A. parasiticus, and 0,31 to 10 µL/L for F. verticillioides and G. zeae. 

These concentrations were adjusted based on preliminary tests and applied in paper 

filters glued to the jar lid, allowing volatilization of the compound. Jars were incubated 

at 25 °C for 5 d. Then, the radial growth of the fungal colonies was measured and 

compared to the positive control. 

 

2.6. Antifungal activity of garlic essential oil in corn kernels  

 

The antifungal activity of garlic essential oil in corn kernels was carried out 

using the methodology described by Tracz et al. (2017). Corn kernels (Zea mays) 

were weighted (300 g) in 800 mL glass jars and sterilized at 121 °C for 20 min. After, 

corn kernels were contaminated with 104 spores/g of either A. parasiticus CECT 

2681, F. verticilliodes CECT 2983 or G. zeae CECT 2150. Different concentrations of 

garlic essential oil (GEO) (10, 100 and 1000 μL/L) were added in filter papers and 

adhered in the jar lids. Jars were hermetically closed and incubated for 30 days at 25 

°C. During incubation, corn samples were randomly drawn on days 0, 15 and 30 to 

analyze the fungal population of fungi on potato dextrose agar (PDA). At the same 

time-points, samples were also aliquoted and used for mycotoxins analysis. This 

experiment was carried out in triplicates. 
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2.7. Determination of the fungal population  

 

After the incubation time, 25 g of each sample were added to 225 mL of sterile 

peptone water 0,1 % (Kasvi, Italy) and poured inside sterile mortars (500 mL) and the 

kernels were subsequently crushed with a sterile pestle for 5 min. The suspensions 

were serially diluted in sterile plastic tubes containing 0.1% of peptone water. After 

that, aliquots of 0.1 mL were plated on Petri dishes containing PDA and the plates 

were incubated at 25 ◦C for 7 d before microbial counting. The results were 

expressed in logs of colony-forming unit/g of corn kernels (log CFU/g). All analyses 

were conducted in triplicate.   

 

2.8. Mycotoxins extraction  

 

The mycotoxins extraction was carried out using the method described by 

Nazareth et al. (2018) with adaptations. Briefly, 5g of the all samples were taken in 

50 mL-Falcon tubes, added with 25 mL of methanol and homogenized for 3 min 

using an Ultraturrax (Tecnal, São Paulo, Brazil) at 10000 rpm. The extracts were 

centrifuged at 4000 rpm for 5 min at 4°C. Then, to analyze aflatoxins, the 

supernatants were evaporated under airflow and derivatized adding 200 μL of n-

hexane and 200 μL of trifluoroacetic acid (TFA). The reaction were homogenized, 

kept at 40 ◦C during 10 min, evaporated with airflow and resuspended with 1 mL of 

methanol:water (50:50 v/v). Thereafter, the extracts were filtered through a 0.22 μm 

nylon filter and 20 μL was injected in a high-performance liquid chromatography 

(HPLC) equipment with a fluorescence detector at excitation and emission 

wavelengths of 365 and 440 nm, respectively. Isocratic mobile phase was 

acetonitrile: methanol (50:50 v/v, phase B): water (phase A), at proportion of 40 B: 60 

A at a flow rate of 0.8 mL/min.  

For fumonisins, prior to derivatization O-phthalaldehyde (OPA) reagent was 

prepared dissolving OPA (0,02 g) in methanol (0.5 ml) and adding 2.5 ml of 0.1 M 

sodium borate and 25 μL of 2-mercaptoethanol. Derivatization was carried out 

manually prior to the HPLC analysis by suspending the extract (100 μL) with OPA 

reagent (200 μL). Then, 20 μL was injected in the HPLC system with a fluorescence 
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detector at excitation and emission wavelengths of 335 and 440 nm, respectively. 

Gradient mobile phase was acetonitrile (B) and water + acetic acid 1% (A) at a flow 

rate of 1 mL min-1. Mobile phase was 30% B at 0 - 8.5 min, increasing to 60% B at 

18 min, hold for 4 min and increasing to 95% B at 22.5 min, which was kept until 24 

min, decreasing to 30% B at 25 min.  

For zearalenone the extracts were filtered through a 0.22 μm nylon filter and 

20 μL was injected in HPLC with a fluorescence detector. The isocratic mobile phase 

was consisted of water/acetonitrile (55:45, v/v) with a flow rate of 1 mL/min. All 

samples were analyzed using a high-performance liquid chromatography (HPLC) 

equipment (1220 Infinity, Agilent, Santa Clara, USA) with a fluorescence detector 

(1260 Infinity, Agilent, Santa Clara, USA) and a C18 column (Phenomenex, 

Torrance, USA) 4.6 x 150mm, 3μm particle size was used as stationary phase. 

Agilent OpenLAB CDS ChemStation Editor was used for data analysis.   

The limits of detection (LOD) and quantification (LOQ) were calculated based 

on signal: noise ratio of 3:1 and 10:1, respectively for the three mycotoxins. Linearity 

was evaluated by calibration curve using six concentrations in triplicate. Matrix 

effects were investigated by comparing the slopes of standards diluted in solvent with 

the slopes of matrix extract spiked with standards.  

The LOD were 0.6, 0.3, 1.0 and 0.4 μg kg-1 of AFB1 AFB2 AFG1 AFG2. And 

LOQ were 2.0, 1.0, 3.4 and 1.4 μg kg-1. For FBs the LOD were 37.5 μg kg-1 and 

41.2 μg kg-1 to FB1 and FB2, respectively. However, the LOQ was 125.0 for FB1 

and 138.8 for FB2. 

 

2.9. In vitro reaction of mycotoxins with garlic essential oil 

  

Mycotoxins (200 ppb of AFB1, 5 ppm of ZEA and 30 ppm of FB1) were added 

in 2 mL of ultrapure water at pH 2 or 7 in the presence of 1000 ppm of garlic 

essential oil. The tubes were shaken at 200 rpm and incubated at 39 °C (simulating 

swine body temperature). Aliquots of the reaction solution were taken at 0, 4, 8 and 

24h and analyzed by HPLC-FLD for mycotoxin quantification following the 

methodology described in 2.8. The experiment was carried out in triplicates. 
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2.10. Simulated swine digestion  

 

The methodology of simulated swine digestion was based as previously 

described by Boisen and Fernández 1997, with modifications and carried out in 

triplicates. Mycotoxins (200 ppb of AFB1, 5 ppm of ZEA and 30 ppm of FB1) and 

garlic essential oil (1000 ppm) were added to the diet (2g of feed) and subjected to 

the in vitro digestion process, simulating the enzymatic conditions of pH and 

temperature of the digestive system of pigs (stomach and intestine). For the stomach 

phase was added 20 mL of phosphate buffer solution (0.1 M, pH = 6), 8 mL of HCl 

solution (0.2 M), 100 µL of pepsin solution (50 mg of pepsin + 1 mL phosphate buffer 

solution (0.1 M, pH = 6) and incubated for 2h at 39°C with agitation. For the intestinal 

phase was added 7 mL of phosphate buffer solution (0.2 M, pH = 6.8), 8 mL of NaOH 

solution (0.6 M), 1 mL of pancreatin solution (80 mg of pancreatin + 1 mL phosphate 

buffer solution (0.2 M, pH = 6.8) and incubated for 4h at 39°C with agitation. Samples 

of 10 mL of digestion were collected at 0 h (without digestive action), 2 h (after 

simulation of stomach acid-enzymatic digestion), 3.5h (period referring to the 

beginning of the intestinal phase) and 6h (consistent with the end of the digestive 

process). After collections, mycotoxins were extracted by immunoaffinity column, 

where the collected samples passed. The toxins present were retained by their 

reaction with the antibodies present in the column, forming an immunocomplex. This 

immunocomplex was removed by the addition of methanol that passed through the 

column denaturing the antibodies and releasing the toxins, which were collected in 

tubes at the end of extraction. After extraction, HPLC-FLD analysis was performed 

for residual evaluation of each mycotoxin. 

 

2.11. Statistical analyzes 

 

The results obtained are expressed as mean ± standard deviation. Analysis of 

variance (ANOVA) was followed by Tukey's test using the software GraphPad Prism 

5 (San Diego, CA). Statistical differences were considered significant if p ≤ 0.05. 
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3. Results and discussion  

 

3.1. Determination of minimum inhibitory concentration (MIC) and minimum fungicidal 

concentration (MFC) 

 

The minimum inhibitory concentration of garlic essential oil was determined 

against A. parasiticus, F. verticillioides and G. zeae using the methodology of broth 

microdilution. Results are shown in Table 1.  The MIC for A. parasiticus, F. 

verticillioides and G. zeae were 0.0086, 0.069 and 0.0086 mg/mL, respectively. 

Results of MFC are presented in Table 1. All strains required a four-fold greater 

concentration of garlic essential oil for the fungicidal effect in comparison to the MIC. 

Previous reports have shown a MIC using allicin, the major compound of garlic 

essential oil. Yoshida et al. (1999) demonstrated that allicin showed a MIC of 0.005 

mg/mL and 0.01 mg/mL for strains of Schizosaccharomyces pombe and 

Saccharomyces cerevisiae, respectively. An et al. (2009) determined MIC for 40 

isolates of Candida albicans with MIC50 ranged from 0.032 to 0.08 mg/mL. Another 

study was conducted by Kim et al. (2012) against C. albicans showing effect when 

treated with allicin in a concentration of 0.001 to 0.128 mg/mL.  Jin et al. (2019) 

demonstrated that allicin inhibit 50 and 90 % of the mycelial growth of Botrytis 

cinerea with 0.014 and 0.084 mg/mL of allicin, respectively, when exposed during 3 

days at 25 °C. Comparing our data with the studies cited above, we found higher and 

lower values. The differences between these results and those reported in the 

current study may be due to the different used species also to the heterogenic 

composition of our essential oil that contain 60% of allicin in the composition and 

other chemical compounds that may interfere with tested fungi. Furthermore, the 

studies cited does not report the purity of the allicin used. Despite this, our data 

corroborates with the antifungal activity of GEO and allicin.  

 

3.2. Inhibition of fungal growth using gaseous GEO  

 

The halo inhibition of garlic essential oil in gas phase against G. zeae and F. 

verticillioides during incubation for 5 d at 25 °C. was shown in Table 2. For G. zeae, a 
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concentration of 10 µL/L totally inhibited the fungal growth and 5 µL/L showed 89% of 

inhibition. On other hand, F. verticillioides was totally inhibited by 5 µL/L of GEO and 

2.5 µL/L was capable to inhibit 72% of the growth. Table 3 shows the halo inhibition 

of GEO against A. parasiticus using the same conditions as the other strains. Fungal 

growth was completely inhibited at 2 µL/L of the essential oil and 1 µL/L inhibited 

58% of the radial fungal growth. 

Garlic essential oil when used in the gas phase was able to inhibit the fungal 

growth at concentrations that were 3 times lower than the MIC in liquid media for A. 

parasiticus and G. zeae and 30-times lower for F. verticillioides.  

These results demonstrated that A. parasiticus was the most sensible strain 

using this method. These results show that the GEO when used in gas phase have 

higher effectiveness when compared with the findings in liquid phase, which can be 

very promising to be used used in grains. This may be explained by a better 

homogeneity of the essential oil in the gas phase than in the liquid media.  

Curtis et al. (2004) showed that allicin is volatile compound and can kill 

bacteria via gas phase. This fact can be another explanation about the high 

effectiveness of the oil when used as fumigant against fungi. The authors of the 

present study did not find in the literature the use of GEO or allicin using this 

methodology. Based on the studies of our research group using other natural 

antimicrobials, such as allyl isothiocyanate (AITC) and the high and proven efficiency 

of this compound at gas phase, our results will be compared to AITC. Furthermore, 

allicin the major compound of GEO and AITC have similar chemical structure, both 

have reactive electrophilic carbons. Manyes et al. (2015) evaluated the capacity of 

AITC in a solution to avoid the micellar growth of A. parasiticus and Penicillium 

expansum. In that study, the mycelial growth was not observed when 25 μL/L and 50 

μL/L of a solution of AITC was deposited in the center of the petri dishes inoculated 

with the mycotoxigenic fungi. These doses are far higher than the ones found for 

GEO, but the authors do not mention if concentrations < 25 μL/L were tested. 

 

3.3. Determination of the fungal population and mycotoxins production in corn 

 

The use of natural compounds to prevent the fungal growth in foods is 

increasing. Table 4 showed the residual fungal population of the 3 mycotoxigenic 
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fungi when treated with 10, 100 and 1000 µL/L of GEO. Treatment with 10 µL/L did 

not show effect during the 30 d when compared to the control group for all the 

strains. However, the treatment with 100 µL/L decreased the fungal population in 1.5 

Log CFU/g for F. verticillioides and A. parasiticus, in relation to G. zeae this 

concentration did not show effect.  Furthermore, the treatment with 1000 µL/L was 

the most effectiveness against all the strains, decreasing the population below the 

limit of detection for A. parasiticus and G. zeae and reducing 2.33 Log CFU/g for F. 

verticillioides after 30 d. The authors of the present study did not find in the literature 

the use of GEO or allicin using this methodology, so our results will be compared to 

other compounds. 

Other studies have also shown the use of volatile natural compounds as 

antifungals. Nazareth et al. (2018) reported the reduction below of the limits of 

detection of fungal population of A. parasiticus CECT 2681 and F. verticillioides 

CECT 2983 using 50 µL/L of allyl isothiocyanate (AITC) during 150 d in corn kernels. 

Our data shows that higher concentration of garlic oil to obtain similar or equal results 

for the same fungal strains. This difference can be justified because our analyzes 

were realized with 30d of incubation and not 180d as reported by Nazareth and his 

colleagues. Lopes et al. (2018) and Tracz et al. (2017) showed the inhibition of A. 

parasiticus growth at levels such as 2.5 and 500 μL/L of gaseous AITC in Brazil nuts 

and corn, respectively. Quiles et al. (2019) demonstrated the reduction of Aspergillus 

flavus population in 1.5 log CFU/g at day 1 and 4.4 log CFU/g at day 30 using AITC 

on a gel dispositive at the concentration of 500 μL/L in corn. Our study required 

greater concentrations than those reported in these studies, what can be justified by 

the different compound used and also differences in the treatment methodologies 

applied. Despite these facts, these results showed that natural compounds, such as 

AITC or GEO, used in the gas phase have high effectiveness against mycotoxigenic 

strains of fungi in different types of grains.  

Mycotoxins production was also analyzed but no data was shown because the 

strains were not capable to produce the toxins even in the control group. 
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3.4. In vitro reaction of mycotoxins with garlic essential oil 

 

The reaction between garlic essential oil (GEO) and mycotoxins (AFB1, FB1 

and ZEA) in vitro was monitored at different incubation times (0, 4, 8 and 24h) and 

pH levels (2 and 7). As shown in table 5, in general, there was no significant 

difference between the pH levels investigated or incubation times. For all the 

mycotoxins tested GEO was not effective to react and reduce the concentration of 

the toxins. Furthermore, we can notice that the reduction is not stable, increasing the 

concentration or unable to decrease the mycotoxins as the incubation time increases. 

These results can be partially explained by the fact that allicin, which is one of the 

main compounds of the GEO, is highly reactive and can become another molecule of 

which we are not aware of. Allyl isothiocyanate (AITC) has molecular structure similar 

with allicin. Studies using AITC reacting with mycotoxins have been performed. 

Bordin et al. (2017), showed the reaction between a-ZOL/ZEA (78 μM) and AITC (2, 

20, 100 or 200 mM) at pH levels 4 and 7 and incubation times (0,4,8, 24 and 48h). 

The reduction ranged from 0 to 89.5 ± 1.2% for a-ZOL and 0.2 ± 0.3 to 96.9 ± 2.4% 

for ZEA, and as showed at our study the pH did not influence the results. Meca et al. 

(2012) evaluated the reduction of beauvericin (BEA) by AITC, that was able to 

reduce totally this mycotoxin after 48h of incubation. 

 

3.5. Simulated swine digestion 

 

After the digestion it is possible to know the bioaccessible fraction of one 

amount ingested and available for absorption (Versantovoort et al., 2005). In this 

study, the bioaccessibility of AFB1, FB1 and ZEA after the simulated in vitro digestion 

when swine diet was contaminated with mycotoxins and treated with 1000 μL/L of 

GEO is shown in Table 6. The results showed that bioaccessibility does not change 

for all mycotoxins and phases such as stomach and intestinal, showing no significant 

difference when treated or not. For AFB1 the gastric phase did not show difference in 

the control group and when treated (25.06±0.15% and 20.05 ± 0.05%, respectively), 

the same happened to the intestinal phase (15.03± 0.01% and 25.06±0.14%, 

respectively). Gastric and intestinal bioaccessibility of FB1 and FB1 - GEO and ZEA 
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and ZEA-GEO were also similar, showing no effect to in reduce the bioaccessibility 

and sometimes when treated with GEO the concentration of mycotoxins increases. 

This fact may occur because the digestion process has a lot of factors that can cause 

interference as enzymes, temperature, different pHs and some unknown reaction 

between the oil, enzymes and toxins can also occur.  

 

4. Conclusion 

The results obtained in this study showed the antifungal effectiveness of GEO 

as antifungal agent at a concentration of 1000 µL/L being able to decrease the fungal 

growth of the 3 mycotoxigenic species in corn kernels. The use of 100 µL/L of GEO 

also had a good effect against A. parasiticus and F. verticillioides, demonstrating that 

intermediary doses of the oil can be used in further studies, this may be a solution to 

decrease the high odor of the oil. The use of GEO did not show efficacy in the direct 

reaction with mycotoxins and also did not show a reduction in the bioaccessibility of 

mycotoxins after simulated swine digestion. In conclusion, GEO can be used as a 

natural fumigant agent to avoid fungi growth and spoilage in corn kernels. 

 

Author contributions 

K.P.B.: Investigation, Formal analysis, and Writing - Original Draft. A.G.E.: 
Investigation, Formal analysis. F.B.L.: Investigation, Formal analysis, Resources, 

Writing - Review & Editing, Supervision, Project administration, and Funding 

acquisition. 

 

Competing interests Statement 

 

 None. 

 

 

 

 



 

   
 

57 

Acknowledgments 

 

This research was supported by Fundação Araucária de Apoio ao Desenvolvimento 

Científico e Tecnológico do Estado do Paraná, Coordenação de Aperfeiçoamento de 

Pessoal de Nível Superior (Finance code 001) and Pontifícia Universidade Católica 

do Paraná from Brazil. 

 

Table captions 

 

Table 1. Minimum Inhibitory Concentration (MIC) and minimum fungicidal 

concentration (MFC) obtained by the use of garlic essential oil (GEO), against 

Aspergillus parasiticus CECT 2681, Fusarium verticillioides CECT 2983 and 

Gibberella zeae CECT 2150.  

Table 2. Inhibition of fungal radial growth in PDA plates using gaseous garlic against 

Giberella zeae CECT 2150 and Fusarium verticillioides CECT 2983 fungi. 

Table 3. Inhibition of fungal radial growth in PDA plates using gaseous garlic 

essential oil against Aspergillus parasiticus CECT 2681 fungi. 

Table 4. Effect of fumigation of garlic essential oil (0, 100 e 1000 µL/L) in corn 

kernels contaminated with 3 mycotoxigenic fungi and stored at 30d in hermetically 

glass jars. Fungal population was analyzed during 30d and expressed in Log CFU/g. 

 

Table 5. Reduction of mycotoxins through in vitro reaction with 1000 µL/L of garlic 

essential oil (GEO) at different pH and incubation time. 

Table 6. Mycotoxin bioaccessibility (%) in initial swine ration treated with 1000 of 

garlic essential oil (GEO) after simulated swine digestion. 
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Tables 

 

Table 1. Minimum Inhibitory Concentration (MIC) and minimum fungicidal 

concentration (MFC) obtained by the use of garlic essential oil (GEO) against 

Aspergillus parasiticus CECT 2681, Fusarium verticillioides CECT 2983 and 

Gibberella zeae CECT 2150. 

Fungal Specie MIC/MFC (mg/mL) 

Aspergillus parasiticus CECT 2681 0.0086/0.0340 

Fusarium verticillioides CECT 2983 0.0690/0.2760 

Gibberella zeae CECT 2150 0.0086/0.0340 
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Table 2. Inhibition of fungal radial growth in PDA plates using gaseous garlic against 

Giberella zeae CECT 2150 and Fusarium verticillioides CECT 2983 fungi. 

 Halo Inhibition of fungal growth (%) 

Concentration (µL/L) Species 
Gibberella zeae Fusarium verticillioides 

10 100.00b 100.00ob 

5 89.55±0.36b 100.00b 

2.5 27.00±2.20a 72.75±0.72b 

1.25 26.78±0.68a 30.85±2.18a 

0.625 15.25±1.43a 15.34±1.05a 

0.3125 12.42±0.93a 7.81±1.77a 

Control ND ND 
Different lowercases letters in the same strain group (a, b) indicate statistical difference (p ≤ 0.05). ND = No 
inhibition detected  
(Mean± SD);  
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Table 3. Inhibition of fungal radial growth in PDA plates using gaseous garlic 

essential oil against Aspergillus parasiticus CECT 2681 fungi. 

Concentration (µL/L) Halo Inhibition of fungal growth (%) 

2 100.00b 

1 58.34±2.21b 

0.5 30.70±1.76a 

0.25 29.51±0.67a 

0.125 2.39±1.86a 

Control  ND 
Different lowercases letters in the same strain group (a, b) indicate statistical difference (p ≤ 0.05). ND = No 
inhibition detected  
(Mean± SD);  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   
 

65 

Table 4. Effect of fumigation of garlic essential oil (0, 100 e 1000 µL/L) in corn 

kernels contaminated with 3 mycotoxigenic fungi and stored at 30d in hermetically 

glass jars. Fungal population was analyzed during 30d and expressed in Log CFU/g. 

 

Aspergillus parasiticus CECT 2681 

Days 
(Mean ± SD) 

Control 10 µL/L 100 µL/L     1000 µL/L     
0 3.21 ± 0.25Aa                                                                                                                                                                                                                                                  3.21±0.25Ba 3.21±0.25Ca 3.21±0.25Ba 

15 3.66± 0.48Ac 2.79±0.30Ab 2.52±0.26Bb ≤ LD*Aa 

30 3.44± 0.36Ac 3.44±0.34Bc 1.94±0.62Ab ≤ LD*Aa 

Fusarium verticillioides CECT 2985 

Days 
(Mean ± SD) 

Control 10 µL/L 100 µL/L 1000 µL/L 
0 3.96±0.44Aa 3.96±0.44Aa 3.96±0.44Ba 3.96±0.44Ca 

15 3.69±0.62Aab 4.87±0.98Ab 3.74±1.81Ba 2.94±0.30Ba 

30 4.32±2.17Ab 3.63±0.53Ab 2.79±0.12Ab 1.99±1.19Aa 

Gibberella zeae CECT 2150  

Days 
(Mean ± SD) 

Control 10 µL/L 100 µL/L 1000 µL/L 
0 3.41±0.14Aa 3.41±0.14Aa 3.41±0.14Aa 3.41±0.14Ca 

15 5.48±1.43Bc 5.13±0.93Bc 3,57±0.59Ab 2.75±0.73Ba 

30 3.26±0.38Ac 3.61±0.26Ab 3.01±1.32Ab ≤ LDAa 
Different capital letter (A,B,C) on the same column indicate statistical difference (p ≤ 0,05). 
Different lower case letters (a,b,c) on the same line indicate statistical difference (p ≤ 0,05).
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Table 5. Reduction of mycotoxins through in vitro reaction with 1000 µL/L of garlic essential 

oil (GEO) at different pH and incubation time. 
 

Incubation 
Time (h)  

   
Reduction (%) ± SD * of AFB1, FB1 and ZEA when reacted with 

1000 µL/L of GEO 

pH 2 pH 7 
            AFB1         

0 5.23±1.50 2.89±2.17  
4 7.64±0.36 6.25±1.40 
8 NE  3.85±1.30 
24 NE NE 
             FB1 
 

  

0 15.67±0.10 4.76±0.55 
4 NE NE 
8 9.68±0.10 NE 
24 NE 12.55±0.15 
             ZEA  
  

 

0 10.34±0.13 11.67±0.13 
4 NE 5.71±0.53 

8 12.47±0.47 NE 
24 NE NE 
Percentage of reduction was calculated based on a blank prepared for each assay. 
NE= No effect observed in mycotoxins levels. 
*Statistical analysis was performed but the groups did not show statistical difference between them. 
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Table 6. Mycotoxin bioaccessibility (%) in initial swine ration treated with 1000 of 

garlic essential oil (GEO) after simulated swine digestion. 

 
 

Bioaccessibility in vitro AFB1 (%) (Mean ± SD) *  

AFB11 AFB1 - GEO 

Time    

0 15.03 ±0.09 20.05 ±0.05 

2  25.06 ±0.15 20.05 ±0.13 

3.5  25.06 ±0.21 15.03 ±0.12 

6  10.00 ±0.01  25.06 ±0.14 

 
Bioaccessibility in vitro FB1 (%) (Mean ± SD) * 

FB12 FB1-GEO 

Time   

0 5.34 ±0.50 7.01 ±1.00 

2 3.67 ±0.80 1.00 ±0.10 

3.5 2.34 ±0.50 1.67 ±0.10 

6 1.34 ±0.10 1.67 ±0.10 

 
Bioaccessibility in vitro ZEA (%) (Mean ± SD) * 

ZEA3 ZEA-GEO 

Time   

0 19.70 ±46.30 15.60 ±2.50 

2 13.20 ±12.01 14.90 ±12.30 

3.5 15.30 ±27.20 18.04 ±41.00 

6 18.80 ±12.50 20.10 ±11.00 
¹200 ppb of AFB1; ²30 ppm of FB1; ³5 ppm of ZEA in 1000 µL/L of GEO.  
T0 – time of incubation without the process of digestion; T2: after 2 hours of incubation also called as gastric 
phase; T3.5 and T6: after 3.5 and 6 hours of incubation, respectively, equivalent a duodenal phase.  
* Statistical analysis was performed but the groups did not show statistical difference between them. 
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Abstract 

 

Corn is most produced grain worldwide and is largely used in foods and animal feed. 

This crop is susceptible to contamination by fungi and, consequently, mycotoxins. 

Natural antimicrobials have been proposed as safe alternatives to control mycotoxin 

contamination in grains. The objective of this study was to evaluate the effect of 

garlic essential oil (GEO) in liquid and gas phase against the growth of Aspergillus 

flavus and its aflatoxin production in stored corn kernels. The minimum inhibitory 

concentration (MIC) of GEO was determined by microdilution, with subsequent 

determination of the minimum fungicidal concentration (MFC). Evaluation of growth 

inhibition in corn kernels was also performed using GEO in the gaseous phase in the 

concentration of 100, 200 and 300 μL/L. The production of aflatoxins in corn kernels 

during 30 d of contamination was also evaluated. GEO showed MIC and MFC of 

0.0173 and 0.55 mg/mL, respectively. A significant reduction in fungus population 

was found in all concentrations tested after 30 days of incubation. Moreover, 300 

μL/L reduced the fungal population below the detection limit (DL = 1.22 Log UFC/g). 

Aflatoxins B1 and B2 production were significantly reduced with 300 μL/L in 15d of 

incubation. These results confirm the antifungal and antimycotoxigenic action of 

GEO, which may be applied in stored corn to avoid fungal contamination and 

mycotoxin production. 

 

Keywords: Natural compounds; Mycotoxins; Contamination. 
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Highlights 
 

• GEO have the potential to reduce the growth of A. flavus at concentrations of 

100, 200 and 300 μL/L after 30d of incubation at gas phase in corn kernels. 

• GEO reduced the aflatoxins B1 and B2 production in 15 days of incubation at 

the concentration of 300 μL/L. 

• GEO at concentrations ³300 μL/L can be used to reduce production losses. 
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1. Introduction 

 

Corn (Zea mays L.) is the most cultivated grain in the world and is traditionally 

used for the production of food and animal feed (Oliveira et al., 2016). This crop is 

highly susceptible to fungal contamination during cultivation, harvesting and storage, 

led mostly by inadequate environmental conditions as high temperature and humidity 

(Moses, Jayas and Alagusundaram, 2015).  

Mycotoxins are secondary metabolites of fungi, mainly produced by species of 

the genus Aspergillus, Penicillium and Fusarium (Njobeh et al., 2010; Terzi et al., 

2014; Anfossi et al., 2016). Aspergillus flavus is one of the most prevalent toxigenic 

species and causes wastage of several crops around the world through spoilage or 

mycotoxin production (Jedidi et al., 2018).  This specie it is known for the ability to 

produce aflatoxins (AFs) B1 and B2. AFB1 is the most toxic. According to the IARC 

(International Agency for Research on Cancer, 2010), AFs are classified as group 1 

carcinogens. Exposure to aflatoxins can cause chronic liver damage, 

immunosuppression, reduce animal performance and malnutrition in both humans 

and animals (Rushing and Selim 2019).  

Several methods have been used to prevent fungal growth and mycotoxin 

production in grains. Pre-harvest examples are the development of genetically 

modified cultivars and use of crop rotation. Pos harvest measures such as grain 

drying, control of environmental storage conditions and the use of preservatives, 

which reduce the amount of contamination (Rushing and Selim, 2019). The use of 

adsorbents such as clay and bentonite are traditional in animal feed. They bind some 

toxins in the digestive tract, preventing their absorption (Ramos et al., 1996; MagnolI 

et al., 2008). However, due to the high contamination of grains with mycotoxins and 

the low effectiveness of commonly used compounds, new technologies are being 

researched. 

The use of essential oils has been investigated with a great interest from the 

food industry due to their broad spectrum of antimicrobial activity and safety for 

consumption (Chen et al., 2014).  Allium sativum L., commonly known as garlic, is a 

highly used as a food ingredient and for medicinal purposes (Zhu et al., 2018). Many 

studies demonstrated the biological functions of garlic, such as antioxidant, 

cardiovascular protection, anticancer, anti-inflammatory, immunomodulatory, anti-
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diabetic, anti-obesity and antimicrobial properties (Boonpeng et al., 2014; Lee et al., 

2012; Hayat et al., 2016; Percival, 2016; Lee, 2016; Seckiner et al., 2014; Yun et al., 

2014). 

 Garlic essential oil (GEO) has antibacterial activity against Gram-positive and 

negative bacteria, including antibiotic-resistant strains, as well as anti-fungal activity 

(Leontiev et al., 2018; Putnik et al., 2019). The major bioactive compound 

responsible for most of GEO functional properties is allicin, which is a highly reactive 

organosulfurous molecule with excellent cell membrane permeability (El-Sayed et al., 

2017).  

The aim of this study was to evaluate the antifungal activity of GEO against a 

mycotoxigenic strain of A. flavus and the consequent reduction of fungal growth and 

aflatoxins production in corn kernels. These data may support a new strategy to 

preserve corn kernels during storage and avoid mycotoxin contamination. 

 

2. Material and methods 

 

2.1. Microorganism and culture conditions 

 

The strain of Aspergillus flavus ISPA 8111 used in this study was obtained 

from the Institute of Food Production Science (ISPA, Italy). This microorganism was 

stored in sterile glycerol at - 80 °C. Prior to use, the microorganism was recovered in 

potato dextrose broth (PDB, Liofilchem, Italy) at 25 °C for 72h, and then transferred 

to potato dextrose agar (PDA, Liofilchem, Italy) plates. 

 

2.2. Chemicals 

 

Analytical standards for aflatoxin B1, B2, G1, G2 and formic acid were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol and acetonitrile were 

obtained by Fisher Scientific (Hudson, NH, USA). Potato dextrose broth (PDB), 

potato dextrose agar (PDA) and peptone water were purchased from Liofilchem 
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(Italy). Garlic essential oil (GEO) containing 60% of allicin was obtained from Sigma 

Zengzou, China. 

 

2.3. Minimum inhibitory concentration (MIC) of GEO against A. flavus 

 

The minimum inhibitory concentration (MIC) was determined in quadruplicate 

from broth microdilutions in a 96-well plate according to the M38-A2 procedure of the 

Clinical Laboratory Standard Institute, with adaptations (CLSI, 2008). Different 

concentrations of garlic essential oil (0,97 μL/L to 500 μL/L) were added. The fungus 

was initially grown in PDA and incubated at 25 °C for 7 d. The fungal suspension was 

prepared in peptone water 0,1%. Fungal spores were counted using the Neubauer 

chamber and the inoculum was adjusted to 2x104 spores/mL in PDB medium 

(Liofilchem, Italy). Then, 100 μL aliquots of fungal suspension were added to each 

well. Plates were incubated for 48h at 25 °C before visual reading was performed.  

 

2.4. Determination of minimum fungicidal concentration (MFC) of GEO against A. 

flavus 

 

The minimum fungicidal concentration was determined according to the 

protocol described by Espinel-Ingroff et al., (2002). In this test, 10 μL of each well 

with complete growth inhibition was withdrawn and cultured in PDA plates for 48 h at 

25 °C. The MFC was defined as the lowest GEO dilution that yielded fewer than 

three colonies or complete absence of growth. 

 

2.5. Antifungal activity of garlic essential oil applied in stored corn kernels  

 

The antifungal activity of garlic essential oil in corn kernels was carried out 

using the methodology described by Tracz et al., 2017. Corn kernels (Zea mays) 

were weighed (300 g) in 1L glass jars and sterilized at 121 °C for 20 min. Then, 

kernels were contaminated with 104 spores/g of corn with A. flavus ISPA 8111. 
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Different concentrations of GEO (100, 200 and 300 μL/L) were added in filter papers 

and adhered on the jar lids. Jars were hermetically closed and incubated for 30 d at 

room temperature. After incubation, the residual fungal population was analyzed at 

days 0, 15 and 30. Flasks were autoclavated and the corn was used for mycotoxins 

analysis after the aliquots used for microbiological analyses were sampled. The 

experiment was carried out in triplicates.  

 

2.6. Determination of the fungal population  

 

After the incubation time, 20 g of each sample was transferred to a sterile 

stomacher bag containing 180 mL of sterile peptone water 0,1% (Liofilchem, Italy) 

and homogenized with a stomacher (IUL, Barcelona, Spain) during 60 s. The 

suspensions formed were serially diluted in sterile plastic tubes containing 0.1% of 

peptone water. Then, aliquots of 0.1 mL were plated on Petri dishes containing PDA 

and the plates were incubated at 25 °C for 7d before microbial counting. Results 

were expressed in log CFU/g. The experiment and all analyses were conducted in 

triplicate.  

 

2.7. Aflatoxins Extraction  

 

The aflatoxins extraction was carried out using the method described by 

Saladino et al.  (2017) with adaptations. Briefly, 5g of corn were added to 50-mL 

Falcon tubes containing 25 mL of methanol, which were homogenized for 3 min 

using an Ultra Ika T18 basic Ultraturrax (Staufen, Germany) at 10000 rpm. The 

extracts were centrifuged at 4000 x g for 5 min at 4°C and the supernatant was 

transferred and evaporated using a Büchi Rotavapor R-200 (Postfach, Switzerland). 

The residue obtained was resuspended in 2 mL of methanol, filtered through a 0.22 

μm syringe filter, transferred to a glass vial and injected into an LC-MS/MS system. 
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2.8. LC-MS/MS Analysis 

 

The liquid-chromatography system consisted of an LC-20AD pump coupled to 

a 3200QTRAP mass spectrometer (Applied Biosystems, Foster City, CA, USA) using 

an ESI interface in positive ion mode. The mycotoxins were separated on a Gemini 

NX C18 column (150 × 2.0 mm I.D, 3.0 mm, Phenomenex, Palo Alto, CA, USA). The 

mobile phases were the solvent A (5 mM ammonium formate and 0.1% formic acid in 

water) and solvent B (5 mM ammonium formate and 0.1% formic acid in methanol) at 

a flow rate of 0.25 mL/min. The elution was carried out using a linear gradient from 0 

to 14 min. The injection volume set was of 20 μL, the nebulizer, the auxiliary and the 

auxiliary gas were set at 55, 50, and 15 psi respectively. The capillary temperature 

and the ion spray voltage were of 550 ºC and 5500 V, respectively. The ions 

transitions used for the mycotoxin identification and quantification were m/z 

313.1/241.3 and 284.9 for AFB1, m/z 315.1/259.0 and 286.9 for AFB2, m/z 

329.0/243.1 and 311.1 for AFG1, and m/z 331.1/313.1 and 245.1 for AFG2. 

 

2.9. Statistical analyses 

 

The results obtained are expressed as mean ± standard deviation. Analysis of 

variance (ANOVA) was followed by Tukey's test using the software GraphPad Prism 

5 (San Diego, CA). Statistical differences were considered significant if p ≤ 0.05. 

 

3. Results and discussion 

 

3.1. Determination of minimum inhibitory concentration (MIC) and minimum fungicidal 

concentration (MFC) 

 

The MIC and MFC of GEO was determined against A. flavus using broth 

microdilution and their values were 0.0173 and 0.55 mg/mL, respectively. Comparing 

the results, GEO required 32-fold greater quantity to have fungicidal effect comparing 
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to MIC. Other studies using GEO or allicin have been carried out. Arasu et al. (2019) 

evaluated the antifungal activity of essential oil from A. sativum (garlic) against 

Aspergillus niger, A. flavus, P. notatum and R. microsporus. The MIC value ranged 

from 0.0097 ± 2.8 to 0.027 ± 2.8 mg/mL and the MFC values ranged from 0.0194 ± 

2.3 to 0.058 ± 1.2 mg/mL. For A. flavus the MIC and MFC were 0.0065 ± 1.8 and 

0.014 ± 2.1 mg/mL, respectively; these results are lower than the one found in ours 

and this difference may be caused by the oil used, which can have more compounds 

that have antifungal effect. Yoshida et al. (1999) demonstrated a MIC of 0.005 μg/mL 

and 0,01 mg/mL for strains of Schizosaccharomyces pombe and Saccharomyces 

cere using allicin. Ji et al. (2019), demonstrated inhibition of 50 and 90% of the 

mycelial growth of Botrytis cinerea with 0.014 and 0.084 mg/mL off allicin, 

respectively, when exposed during 3 days at 25 °C. Comparing our data with the 

studies cited above, we found higher and lower values. These differences can be 

explained because of the species used are different and also that in our study we 

used the essential oil containing 60% of allicin in the composition and not only allicin. 

Furthermore, the studies cited does not report the purity of the allicin used. 

 

3.2. Fungal population and reduction of aflatoxins production  

 

The use of natural compounds had been increased to prevent microorganism 

growth in foods (Luciano and Holey, 2009) and animal feed. The population of A. 

flavus when treated with 100, 200 and 300 µL/L of GEO during 30 d was evaluated 

(Table 1). Treatment with 100 µL/L was effective in decreasing 3 Log CFU/g the 

population when compared to the control group after 30 d. In addition, the treatment 

with 200 µL/L decreased the fungal population in 3.7 and 4 Log CFU/g in 15 and 30d, 

respectively. The concentration of 300 μL/L decreased the fungal population below 

its limit of detection after 15d, showing that the oil works in a dose-dependent 

manner. 

Regarding the production of aflatoxins (Table 2), it was observed that the 

concentration of 300 μL/L of GEO was able to significantly reduce the production of 

AFB1 after 15d of incubation. For AFB2 a significant reduce was observed only using 

300 μL/L of GEO at day 15. It is also important to highlight that aflatoxin 
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concentration tend to reduce at higher levels of GEO, as shown by the average 

results. However, there was heterogenicity among samples, especially for the control 

group and lower doses of GEO, where some samples presented high levels of AFs 

and other showed the opposite. This fact resulted, for some cases, in no significant 

difference among groups, but the treatment with 300 μL/L was the only one that 

presented very low levels of AFs consistently.   

Abd El-Aziz et al. (2015), evaluated the effect of GEO in a concentration of 4% 

to reduce the aflatoxins B production by A. flavus, using SMKY liquid medium 

(sucrose, 20g; magnesium sulfate, 0.5g; potassium nitrate, 3 g; yeast extract, 7 g; 

and distilled water, 1000 mL) with the oil and after inoculating disk of 6 mm diameter 

of the fungi at 25 °C for 7 days. Abd El-Aziz and colleagues showed that aflatoxins B 

decreased from 28.5 to 62.8%.  

The authors of the present study affirm that there are no similar studies in the 

bibliography literature to compare, and our research group has developed many 

studies using natural compounds as allyl isothiocyanate (AITC) against different 

species of toxigenic fungi in corn and other food matrices (Tracz et al., 2017; 

Nazareth et al., 2016; Nazareth et al., 2018; Lopes et al., 2017). AITC and allicin 

have similar chemical structure, both present electrophilic carbons and high reactivity 

with other molecules. For this reason, our data will be compared to studies that used 

AITC as fumigant in food matrices. 

Nazareth et al. (2018), showed that gaseous AITC at concentrations of 10 and 

50 μL / L avoided the production of fumonisin B1 by Fusarium verticillioides CECT 

2983 in corn kernels for 180d. Quiles et al. (2019) determined the production of 

mycotoxins produced by Aspergillus flavus ISPA 8111 and Penicillium verrucosum D-

01847 VTT in corn, barley and wheat after 30d of storage when treated with AITC. A. 

flavus produced 8,07 μg/kg of AFB1 in corn after the storage period, whereas the 

production of AFB1 was 0,12 μg/kg when corn was treated with 500 μL/L of AITC, 

showing a reduction of 98,51%. Tracz et al. (2017), evaluated the effect of gaseous 

AITC at 50, 100 e 500 μL/L in the production of mycotoxins in corn kernels 

contaminated with Aspergillus parasiticus CECT 2947, F. verticillioides CECT 2983, 

F. tricinctum CECT 20150, Alternaria alternata CECT 2662 and Gibberella zeae 

CECT 2150 and stored during 30d. This study showed that all treatments avoided 
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mycotoxins production, in relation of aflatoxins, was related a significant reduction 

when used concentrations of 50 µL/L and above of AITC. 

These studies confirm that natural compounds when used in gas phase have 

effectiveness against the fungal growth and mycotoxins production. Our results show 

that GEO was effective to reduce A. flavus population and aflatoxins production. 

 

4. Conclusion 

 

The effectiveness of GEO to decrease the fungal growth of A. flavus in all the 

concentrations tested in stored corn kernels was shown. The concentration of 300 

µL/L was able to reduce the fungal growth below the limit of detection after 15 days 

of incubation. Moreover, the aflatoxins B1 and B2 were also reduced using the 

concentration of 300 µL/L of GEO. In conclusion, this compound may be used as a 

new fumigant of corn kernels during storage. Further studies should be conducted 

demonstrating the potential effect of this compound when used to treat other grains 

or toxins. 
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Table captions 

 

Table 1. Population of Aspergillus flavus ISPA 8111 in stored corn treated or not with 

100, 200 e 300 µL/L of garlic essential oil. 

 

Table 2. Determination of AFB1 and AFB2 in stored corn kernels contaminated with 

Aspergillus flavus ISPA 8111 with or without the application of 100, 200 e 300 µL/L of 

garlic essential oil. 
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Tables 

 

Table 1. Population of Aspergillus flavus ISPA 8111 in stored corn treated or not with 

100, 200 e 300 µL/L of garlic essential oil. 

 

Population of Aspergillus flavus ISPA 8111(Log CFU/g) 
 

Days           Control 100µL/L 200µL/L 300 µL/L 

0 4.74±0.16Aa                                                                                                                                                                                                                                                   4.74±0.16Ba                                                                                                                                                                                                                                                    4.74±0.16Ca                                                                                                                                                                                                                                                    4.74±0.16Ba                                                                                                                                                                                                                                                   

15 7.33±0.23Cc 6.86±0.57Cc 3.63±0.49Bb ≤ LDAa 

30 5.65±0.35Bd 2.5±2.93Ac 1.56 ±1.23Ab ≤ LDAa 

Different capital letter (A,B,C) in the same column indicate statistical difference (p ≤ 0,05). 
Different lower case letters (a,b,c,d) on the same line indicate statistical difference (p ≤ 0,05). 
*Detection limit = 1,22 Log CFU/g. 
(Mean± SD) 
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Table 2. Determination of AFB1 and AFB2 in stored corn kernels contaminated with 

Aspergillus flavus ISPA 8111 with or without the application of 100, 200 e 300 µL/L of 

garlic essential oil. 

Determination of AFB1 in corn kernels (µg/Kg) 

Days 
(Mean ± SD) 

Control 100 µL/L 200 µL/L     300 µL/L     
0 1.45± 1.05Aa                                                                                                                                                                                                                                                  1.45± 1.05Aa 1.45± 1.05Aa 1.45± 1.05Aa 

15 988.10±381.50Cc 443.10±385.80Cb 439.70± 126.60Cb 17.20±10.81Aa 

30 362.20±538.00Bb 243.20±352.50Bb 181.10 ±169.50Bab 31.01± 32.95Aa 

Determination of AFB2 in corn kernels (µg/Kg) 

Days 
(Mean ± SD) 

Control 100 µL/L 200 µL/L 300 µL/L 
0 9.41± 5.52Aa                                                                                                                                                                                                                                               9.41± 5.52Aa                                                                                                                                                                                                                                               9.41± 5.52Aa                                                                                                                                                                                                                                               9.41± 5.52Aa                                                                                                                                                                                                                                               

15 145.10±124.40Bb 35.81±42.65Aab 59.38 ±82.67Aab 8.28±3.43Aa 

30 68.94 ±57.71Ba 25.48±16.15Aa 26.95±35.58Aa 35.53±29.21Aa 
Different capital letter (A, B, C), on the same column indicate statistical difference (p ≤ 0,05). 
Different lower case letters (a,b,c) on the same line indicate statistical difference (p ≤ 0,05). 

 



 

 86 

CAPÍTULO 5 
 

CONCLUSÃO/ IMPACTO E PERSPECTIVAS FUTURAS 
 

Os três compostos utilizados apresentaram atividade antifúngica, podendo ser 

utilizados como forma alternativa ao tratamento de grãos e outros alimentos, assim 

como podendo evitar a produção de micotoxinas. O uso combinado de ITCA com 

CIN nas concentrações de 30 e 300 µL/L foi capaz de reduzir o crescimento de A. 

parasiticitus CECT 2681, F. verticillioides CECT 2985 e G. zeae CECT 2150, assim 

como reduzir a produção das aflatoxinas B1, G1 e G2. Entretanto a dose de 300 

µL/L foi a que apresentou maior potencial antifúngico.  

O uso do ITCA + CIN na proporção 1:5 reduziu a concentração de ITCA o que 

é importante pois esse composto possui sabor e odor bastante forte quando utilizado 

sozinho. CIN apresenta odor e sabor mais agradável, sendo assim, essa formulação 

combinada viabiliza o desenvolvimento de um produto com melhores aspectos 

sensoriais.  

O OEA mostrou efetividade como agente antifúngico na concentração de 

1000 µL/L, sendo capaz de reduzir o crescimento fúngico de A. parasiticus CECT 

2681, F. verticillioides CECT 2985 e G. zeae CECT 2150 em grãos de milho, porém 

esse óleo não apresenta capacidade de reduzir diretamente in vitro a concentração 

de micotoxinas e a bioacessibilidade das mesmas após processo de digestão 

simulada. Em concentrações menores de 100, 200 e 300 µL/L o OEA foi capaz de 

reduzir o crescimento fúngico de A. flavus ISPA 8111 em grãos de milho após 30 d 

de incubação, onde 300 µL/L foi capaz de reduzir a população fúngica abaixo do 

limite de detecção. As aflatoxinas B1 e B2 foram também reduzidas 

significativamente após 15 d de incubação utilizando 300 µL/L de OEA. Esses 

resultados mostram que AITC combinado com CIN e o OEA podem ser utilizados 

como agentes fumigantes para evitar a deterioração fúngica e a produção de 

micotoxinas em grãos de milho.  

Entretanto para estudos futuros, sugere-se o uso do OEA combinado com 

outros compostos, pois este óleo possui odor e sabor muito pronunciado, podendo 

assim mascarar esse fator sensorial negativo. Os compostos podem ser utilizados 

em concentrações intermediárias as mostradas neste estudo e também em outros 
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grãos, como trigo, arroz e soja que são muito acometidos a contaminações por 

fungos micotoxigênicos e ficam longos períodos em estocagem. Dessa forma, 

propomos futuramente o desenvolvimento de um produto natural e volátil, que possa 

ser utilizado alternativamente a compostos químicos já em uso, sendo assim, um 

novo agente fumigante promovendo a segurança alimentar.  

É de grande importância destacar que o OEA apesar de apresentar atividade 

antifúngica e antimicotoxogênica em concentrações entre 100 e 1000 µL/L como já 

mencionado em nosso estudo, apresenta um valor muito alto, sendo também de 

difícil obtenção. Além disso, o composto apresenta odor bastante pronunciado, o 

que pode inviabilizar o uso do mesmo para tratamento de grãos como o milho. 

Outras aplicabilidades como em produtos com maiores valores agregados, como 

sementes oleaginosas podem ser futuramente testados. Também é sugerido o seu 

uso em combinação com outros óleos essenciais para que possa se mascarar o seu 

odor pronunciado e, potencialmente, reduzir as doses utilizadas. 
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ANEXO 1 – Normas do periódico Food Bioscience  
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ANEXO 2 – Normas do periódico Food Control  
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ANEXO 3 – Normas do periódico International Journal of Food Microbiology  
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