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RESUMO

PREDICAO DE MICOTOXINAS VIA ESPECTROSCOPIA NO INFRAVERMELHO
PROXIMO (NIRs) PARA GERENCIAMENTO MICOTOXICOLOGICO EM MILHO
AUTOR: Juliano Kobs Vidal
ORIENTADOR: Prof. Dr. Carlos Augusto Mallmann

O objetivo do presente estudo foi avaliar o desempenho da espectroscopia no infravermelho
proximo (NIRs) na predi¢do de micotoxinas em lotes de milho armazenados em silos. Foram
analisadas 240 amostras armazenadas em 4 silos, coletadas com auxilio de uma sonda
pneumatica utilizando 2 processos de amostragem: A e B. No processo A foram coletadas trés
amostras coletivas (terco superior, medio e inferior da profundidade do silo). No processo B foi
coletada apenas uma amostra, composta pelos grdos de toda profundidade do silo. Cinco pontos
foram coletados de cada silo: centro da superficie e centro de cada quadrante da superficie
(norte, sul, leste e oeste). As andlises de Aflatoxina B: (AFBi1), Zearalenona (ZEA) e
Deoxinivalenol (DON) foram feitas por cromatografia liquida de alta eficiéncia acoplada a
espectrometria de massas (LC-MS/MS), utilizando HPLC Infinity 1200 Series (Agilent, Palo
Alto, EUA), acoplado a um espectrometro de massas 5500 QTRAP (Applied Biosystems,
Foster City, CA, EUA). Os espectros foram obtidos utilizando equipamento NIRs, modelo XDS
(Foss, Hilleroed, Copenhagen, DK). O espectro de cada amostra foi enviado para a plataforma
Olimpo da Pegasus Science para obtencdo dos resultados de predicdo micotoxicoldgica. As
amostras analisadas para DON apresentaram valor menor que o limite de quantificacdo de NIRs
que é de 350 pg.kg?). Foram determinadas faixas de contaminagdo aceitaveis para cada
micotoxina, e o resultado via NIRs foi considerado correto quando estava dentro dessas faixas
em comparagdo com o resultado de LC-MS/MS. A variabilidade aceita, para cima ou para baixo
(), foi de +10 pg.kg™ para AFB; e +100 pg.kg™ para ZEA. Além disso, foram comparados os
processos de amostragem para cada ponto de coleta de amostras no silo: a média da predicéo
de trés amostras via NIRs (plano de amostragem A) foi comparada com o resultado de uma
analise via LC-MS/MS (plano de amostragem B). A analise de uma amostra via LC-MS/MS
versus a predicdo de uma amostra via NIRs apresentou 91, 95 e 100% de precisdo para AFBy,
ZEA e DON, respectivamente. Ao comparar a média da predicdo de trés amostras via NIRs
com a analise de uma amostra via LC-MS/MS, houve precisdo de 100% para AFB1, ZEA e
DON. Para a avaliagdo quantitativa foi calculado o Z-Score dos resultados via NIRs, tomando
os resultados de LC-MS/MS como padrdo. Os dados foram classificados em: satisfatorio,
questionavel e insatisfatorio, sendo satisfatorios em 81%, 90% e 100% das amostras para AFB1,
ZEA e DON, respectivamente. A concentragdo média de cada silo para as anélises via LC-
MS/MS e para predicdo via NIRs foram, respectivamente: silo 1= AFB1: 0,6 € 2,2 ug.kgte
ZEA: 13 e 26 ug.kg?; silo 2= AFB1: 0,5€ 2,7 pg.kgte ZEA: 18 e 18 pg.kg™; silo 3= AFB;: 5,3
e 6,1 ug.kg te ZEA: 38 e 57 ug.kg™; e silo 4= AFB1: 2,1 e 4 pug.kg™t e ZEA: 46 e 39 pg.kg™.
Concluimos que a metodologia NIRs pode ser utilizada como uma ferramenta de
monitoramento micotoxicoldgico préatica, precisa, rapida e ndo destrutiva para lotes de milho
estocados em silos.

Palavras-chave: aflatoxinas, zearalenona, deoxinivalenol, quimiometria, z-score, Zea mays.



ABSTRACT

PREDICTION OF MYCOTOXINS VIA NEAR INFRARED SPECTROSCOPY (NIRs)
FOR MYCOTOXICOLOGICAL MANAGEMENT IN MAIZE
AUTHOR: Juliano Kobs Vidal
ADVISOR: Prof. Dr. Carlos Augusto Mallmann

The present study was aimed at evaluating the performance of Near Infrared
Spectroscopy (NIRs) in the prediction of mycotoxins in silo-stored lots of maize. We analyzed
240 samples from 4 silos, which were collected with the aid of a pneumatic probe using 2
sampling processes: A and B. In process A, three collective samples were taken (upper, middle
and lower third of the silo depth). In process B, only one sample composed of grains from the
whole depth of the silo was obtained. Five points were collected from each silo: surface center
and center of each surface quadrant (north, south, east and west). Analyses of Aflatoxin B
(AFB3), Zearalenone (ZON) and Deoxynivalenol (DON) were performed by high performance
liquid chromatography coupled to mass spectrometry (LC-MS/MS) using an Infinity 1200
Series HPLC (Agilent, Palo Alto, USA), coupled to a 5500 QTRAP mass spectrometer (Applied
Biosystems, Foster City, CA, USA). Spectra were obtained via a NIRs equipment, model XDS
(Foss, Hilleroed, Copenhagen, DK). The spectrum of each sample was sent to Pegasus Science
Olimpo platform to obtain the results of mycotoxicological prediction. The value of the samples
analyzed for DON was lower than the NIRs quantification limit, which is 350 pg.kg™.
Acceptable contamination ranges were determined for each mycotoxin, and the result via NIRs
was considered correct when it was within those ranges compared to the LC-MS/MS result.
The accepted variability, upwards or downwards (+), was +10 ug.kg? for AFB; and
+100 pg.kg ! for ZON. In addition, the sampling processes for each sample collection point in
the silo were compared: the mean of the prediction of three samples via NIRs (plan A) was
compared with the result of one analysis via LC-MS/MS (plan B). The analysis of one sample
via LC-MS/MS versus the prediction of one sample via NIRs showed 91, 95 and 100% accuracy
for AFB1, ZON and DON, respectively. When comparing the mean of the prediction of three
samples via NIRs with the analysis of one sample via LC-MS/MS, there was 100% accuracy
for AFB1, ZON and DON. The Z-Score of the results via NIRs was calculated for the evaluation,
taking the LC-MS/MS results as standard. Data were classified as satisfactory, questionable and
unsatisfactory, being satisfactory in 81%, 90% and 100% of the samples for AFB1, ZON and
DON, respectively. The average concentration of each silo for the analyses through LC-MS/MS
and prediction via NIRs were, respectively: silo 1= AFB1: 0.6 and 2.2 pg.kg™*; and ZON: 13
and 26 pg.kgl; silo 2= AFB:: 0.5 and 2.7 pgkg! and ZON: 18 and 18 pg.kg?;
silo 3= AFB;: 5.3 and 6.1 pg.kg™t and ZON: 38 and 57 pg.kg?; and silo 4= AFB;: 2.1 and
4 pg.kg™t and ZON: 46 and 39 pg.kg™. It may be concluded that the NIRs methodology can be
used as a practical, accurate, fast and non-destructive mycotoxicological monitoring tool for
lots of maize stored in silos.

Keywords: aflatoxins, zearalenone, deoxynivalenol, chemometrics, z-score, Zea mays.
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1. INTRODUCAO

Algumas linhagens de fungos filamentosos podem produzir metabdlitos toxicos para
humanos e animais, chamados de micotoxinas. Ha mais de 300 micotoxinas conhecidas,
produzidas por cerca de 100 espécies de fungos que se desenvolvem em climas tropicais e
subtropicais, pelas condicbes de temperatura e umidade favoraveis (MALLMANN e DILKIN,
2007). Segundo Kumar, Basu e Rajendran (2007), esses compostos causam diversos efeitos
adversos a saude, como cancer hepatico, anomalias e malformacbes no feto de mulheres
gravidas, alteragdes hormonais, muta¢des e hemorragias.

Cada pais tem sua propria legislagdo para o controle dos niveis micotoxicoldgicos em
alimentos para humanos, ingredientes de racdo ou racdo pronta para animais. As legislacdes
baseiam-se em limites maximos permitidos, aceitando ou recusando alimentos de acordo com
sua contaminacdo por determinada micotoxina. Esses metabdlitos ndo possuem distribuicao
homogénea nos lotes de grdos e podem ser produzidos por fungos de campo ou de
armazenagem. Por isso, metodologias de amostragem e de analise com alta precisdo sdo
necessarias para reduzir os riscos de erros em uma determinacdo micotoxicologica e agilizar a
tomada de deciséo.

A produgdo de milho no Brasil na safra 2018/2019 ultrapassou 100 milhdes de
toneladas, com expectativa de chegar a mais de 98 milhdes de toneladas na safra 2019/2020
(CONAB, 2019). A inclusdao de milho nas dietas de aves e suinos pode chegar a 60% da
composicdo total da racdo, tornando-o o principal ingrediente das formulas (STRINGHINI
et al., 2000). Na alimentacdo humana, esse cereal pode ser ingerido na forma in natura, como
ingrediente para fabricacao de pées, geleias, cervejas, biscoitos e balas.

O milho € um dos cereais com maior prevaléncia de micotoxinas. De 2008 a 2017,
Mallmann et al. (2017) encontraram contaminacio média (ug.kg?) e positividade (%),
respectivamente, de 9 pg.kg™ de aflatoxinas (AFs) e 47%; 91 pg.kg™ de zearalenona (ZEA) e
50%; 78 pgkg?® de deoxinivalenol (DON) e 21% em amostras de milho. Os niveis
micotoxicolégicos encontrados no milho tém importancia para a saide publica, ja que esse
cereal e seus respectivos subprodutos sdo utilizados para a alimentagcdo humana. A Agéncia
Nacional de Vigilancia Sanitaria estabeleceu legislagdo com Limites Maximos Tolerados
(LMT) de micotoxinas em alimentos, na qual o limite em vigéncia para AFs, ZEA e DON no
milho é de 20, 400 e 3.000 ug kg, respectivamente (ANVISA, 2011, 2013).

Os elevados custos de anélise, tempo para obtenc¢do do resultado e precisdo de alguns

métodos de avaliagdo micotoxicoldgica sdo fatores que dificultam o processo de gerenciamento
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de lotes de milho armazenados. Em vista disso, é necessario o estabelecimento de um método
de avaliacdo micotoxicolégica rapido com resultados precisos para realizagdo de um
monitoramento completo e gerenciamento desses gréos. Isso facilita o direcionamento dos lotes
contaminados para utilizacao para outros fins, na alimentacdo de espécies menos susceptiveis
ou até mesmo a ndo utilizagdo desses graos pelas perdas econdmicas e prejuizos a saude humana
e animal que as micotoxinas podem acarretar.

A tecnologia NIR consiste basicamente em incidir um raio de luz em comprimento de
onda na regido do infravermelho sobre uma amostra, medindo-se depois a quantidade de luz
absorvida pelo material. A técnica mede os valores de absorbancia, em diferentes nimeros de
onda da regiéo espectral utilizada, gerando, assim um espectro. Esses valores de absorbancia
refletem as caracteristicas quimicas e estruturais de cada amostra (STUART, 2004). Atualmente
a técnica tem sido muito estudada na deteccdo de micotoxinas em produtos agricolas,
principalmente o milho, que é um grdo amplamente acometido por esses metabdlitos
(MAZIERO e BERSOT, 2010).

Este estudo apresenta os resultados da avaliacdo da espectroscopia no infravermelho
préximo (NIRs) para a predicdo de micotoxinas em lotes de milho armazenado em silos. Os
resultados de predicdo via NIRs foram comparados com os resultados de analise via
cromatografia liquida de alta eficiéncia acoplada a espectrometria de massas (LC-MS/MS) de

duas formas: quantitativa e semi-quantitativa.
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2. REVISAO BIBLIOGRAFICA

2.1.  MICOTOXINAS

Os cereais produzidos para alimentagdo humana e animal est&o sob risco de infestacfes
por fungos. Algumas linhagens de fungos filamentosos sdo produtores de micotoxinas, as quais
sdo metabolitos secundarios toxicos. Esses fungos tém ocorréncia mundial, predominando em
climas tropicais e subtropicais, onde seu desenvolvimento é favorecido por fatores como
condigdes de umidade e temperatura (MALLMANN e DILKIN, 2007). Além da produgao
desse contaminante toxico a humanos e animais, esses fungos causam deterioracdo do gréo,
reduzindo consideravelmente seu valor quimico e nutricional (HERMANNS et al., 2006).

A Organizacao das Na¢6es Unidas para a Alimentacdo e Agricultura (FAQ) estima que
cerca de 25% das cultivares produzidas no mundo apresentam alguma micotoxina. As perdas
mundiais desses produtos devido a contaminacdo por esses metabolitos toxicos estdo em torno
de 1 bilhdo de toneladas por ano (FAO, 2019).

As principais micotoxinas encontradas em cereais sdo as AFs, produzidas por
Aspergillus spp.; ocratoxinas, produzidas por Penicillium spp.; DON; toxina T-2; ZEA;
ergotoxinas; e fumonisinas, produzidas por Fusarium spp. (ABRUNHOSA et al., 2012). Esses
fungos podem se desenvolver e produzir metabdlitos secundarios tanto em nivel de campo (pré
e pos-colheita) quanto de estogue e armazenamento (ROCHA et al., 2012).

Esses compostos causam diversos danos a satide humana e animal, como por exemplo,
efeitos anabolizantes, estrogénicos, carcinogénicos, mutagénicos e teratogénicos. Sao muitos
os fatores que levam a uma maior ou menor prejudicialidade quando ocorre um quadro de
micotoxicose. Os efeitos adversos observados nos animais estéo diretamente relacionados com
0 tipo de micotoxina ingerida, dose, raca, sexo, idade, fatores ambientais, manejo e condicdes
nutricionais (MALLMANN et al., 2017).

A utilizacdo de ingredientes contaminados com micotoxinas onera o custo final da
férmula de racdo para aves e suinos, seja pela inclusdo de aditivo antimicotoxina (AAM) ou de
nutrientes sintéticos devido a baixa disponibilidade nos ingredientes naturais, causados pela
presenca de fungos nos graos (HERMANNS et al., 2006). Vidal et al., (2016) encontraram uma
diferenca de R$ 15,00 por tonelada na férmula de racao para frangos de corte a partir dos dados

nutricionais e micotoxicoldgicos do milho utilizado nas formulas.



16

2.1.1. Aflatoxinas:

As principais AFs conhecidas sdo B, Bz, G1 e G2 (AFB1, AFB2, AFG: e AFG2). Esses
metabolitos secundarios sdo produzidos por cepas de fungos do género Aspergillus,
principalmente das espécies A. flavus e A. parasiticus (HUONG et al., 2016). A Agéncia
Internacional de Pesquisa de Céancer (IARC) classificou a AFB1 como cancerigena — grupo |
(IARC, 2002).

As AFs afetam o metabolismo dos carboidratos, lipideos, acidos nucléicos e proteinas.
Além disso, possuem efeito mutagénico, teratogénico, carcinogénico e hepatotdxico
(ELLIS et al., 1991). Um dos efeitos mais importantes das AFs é a inibi¢do da sintese proteica,
que causa reducgdo no nivel de proteina plasmatica, principalmente a e  globulinas e albumina
(ESPADA et al., 1997).

Em frangos de corte, as AFs afetam a funcdo hepética pelo aumento dos niveis séricos
de aspartato amino-transferase e, quando combinadas com outras micotoxinas, ocorre um efeito
aditivo (ELIANA et al., 2010). Em todas as espécies animal, as AFs causam diminuicdo da
imunidade, reducdo do ganho de peso, desordens digestivas, hepatopatias, anorexia, ataxia,
tremores e podem levar a 6bito (MALLMANN et al., 2017).

Mallmann et al. (2017) encontraram uma positividade de 47% de AFs em amostras de
milho analisadas no periodo de 2008 a 2017. Os autores verificaram uma contaminag¢do média

de 9 pg.kg? e uma média de 19 ug.kg* considerando apenas as amostras contaminadas.

2.1.2. Zearalenona

A ZEA ¢é uma micotoxina que ocorre em praticamente todos 0s cereais, especialmente
em culturas de inverno, como aveia, cevada, trigo, centeio e milho, contaminadas por fungos
do género Fusarium, principalmente F. graminearum. Essa micotoxina é produzida em
temperatura de 24 a 26 °C, com Aw de 0,90 (DILKIN, 2002; IANAMAKA, OLIVEIRA e
TANIWAKI, 2010).

Considerada uma micotoxina estrogénica, a ZEA possui afinidade com os receptores de
estrogénio (17-R-estradiol), atuando como um desruptor endécrino. Em humanos, a ingestéo de
ZEA tem sido associada a puberdade precoce em meninas e ao aumento do tamanho dos 6rgaos
reprodutores em criancas (DUARTE-VOGEL e VILLAMIL-JIMENEZ, 2005). Em suinos, os
principais sinais clinicos e lesdes causadas pela ZEA sdo a sindrome de hiperestrogenismo

(vulvovaginite) e splayleg em leitdes recém-nascidos (MALLMANN et al., 2017).
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Mallmann et al. (2017) encontraram uma positividade de 50% em amostras de milho
analisadas no periodo de 2008 a 2017. Os autores verificaram uma contaminacdo média de

91 pg.kg?* e uma média de 180 pg.kg™ considerando apenas as amostras contaminadas.

2.1.3. Deoxinivalenol

DON é uma micotoxina do grupo B dos tricotecenos conhecida como vomitoxina, sendo
constantemente relacionada com desordens gastrointestinais (PINTON e OSWALD, 2014).
Essa toxina é produzida por fungos do género Fusarium, principalmente F. graminearum e F.
culmorum. Possui alta prevaléncia em amostras de trigo, cevada e milho (IANAMAKA,
OLIVEIRA e TANIWAKI, 2010).

Entre os principais efeitos deletérios de DON em suinos estdo: vomito, diarreia e recusa
de alimento (MALLMANN e DILKIN, 2007). Essa problematica pode levar a
comprometimento nos dados zootécnicos dos animais, como perda de peso e reducdo do
crescimento. As fungdes neuroldgicas e imunoldgicas podem ser igualmente afetadas, assim
como a integridade intestinal (ALI et al., 2015), comprometendo a absorcdo dos nutrientes
fornecidos na dieta dos animais.

Mallmann et al. (2017) encontraram uma positividade de 21% de DON em amostras de
milho analisadas no periodo de 2008 a 2017. Os autores verificaram uma contaminagdo média

de 78 pg.kg? e uma média de 367 pg.kg* considerando apenas as amostras contaminadas.

2.2.  REGULAMENTACAO DE MICOTOXINAS NO BRASIL

A legislacdo para os LMTs de micotoxinas em alimentos no Brasil esta estabelecido
pela Agéncia Nacional de Vigilancia Sanitaria (ANVISA) na Resolugdo n° 7, de 18 de fevereiro
de 2011 (ANVISA, 2011; ANVISA, 2013) (Tabela 1). O Ministério da Agricultura, Pecuaria e
Abastecimento (MAPA) regulamenta a contaminacdo por AFs, que tém seus LMTs em
alimentos previstos na portaria MA/SNAD/SFA N°. 07, de 09/11/88 - publicada no Diario
Oficial da Unido de 09 de novembro de 1988 - Secéo I, pagina 21.968, 1988: para qualquer
matéria-prima a ser utilizada diretamente ou como ingrediente para ragdes destinadas ao
consumo animal: AFs (méaximo)= 50 pg.kg™* (BRASIL, 1988).
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Tabela 1. Limites mé&ximos toleraveis (LMT) de micotoxinas em milho indicados na RDC n°

7 de 2011.
Micotoxina Alimento LMT (ug.kg?) Situacéo
Aflatoxinas Milho, milho em gréo 20 Em viaéncia
(B1+B2+G1+G2)  (Inteiro, partido, amassado, moido). g
Zearalenona Milho em gréo e trigo para posterior 400 Em vigéncia
processamento.
Deoxinivalenol Trigo e milho em graos para 3000 Em vigéncia

posterior processamento

Fonte: Agéncia Nacional de Vigilancia Sanitaria (ANVISA, 2011; ANVISA, 2013).
2.3.  METODOS DE AMOSTRAGEM PARA MICOTOXINAS

Existem duas estratégias de amostragem normalmente sugeridas: estatica e dinamica.
Para amostras armazenadas em silos, armazéns ou containers utiliza-se a amostragem estatica
através da coleta mecanica das amostras (WHITAKER, 2006). Para a amostragem estatica sao
utilizados equipamentos que podem ser caladores, pas, conchas de bordos retangulares ou
equipamentos pneumaticos. No caso da amostragem dindmica, geralmente emprega-se a
amostragem automatica em graos que estdo sendo transferidos de um local para outro, seja pela
esteira transportadora ou tubulacdes de rosca sem fim (caracdis). Durante o processo, pequenos

incrementos sdo coletados ao longo do transporte deste material.

2.4.  USO DA CROMATOGRAFIA LIQUIDA DE ALTA EFICIENCIA ACOPLADA A
ESPECTROMETRIA DE MASSAS NAS ANALISES DE MICOTOXINAS

A determinacdo das micotoxinas em baixas concentracdes depende da cromatografia
liquida de alto desempenho (HPLC) acoplado com um detector ultravioleta ou de fluorescéncia
e atualmente a deteccdo por espectrometria de massa (MS). Essa técnica oferece o efeito de alta
sensibilidade, exatidao e seletividade na identificacdo do analito, alem de quantificacdo precisa
(BOUTSIADOU-THEURILLAT, MEIER e RICHARD, 2014). Na analise de micotoxinas por
LC-MS/MS, a ferramenta principal € o uso de processos de extracdo, purificacdo e

derivatizacao, concluindo com a deteccdo e quantificacao.
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2.5.  USO DA ESPECTROSCOPIA NO INFRAVERMELHO PROXIMO NA PREDICAO
DE MICOTOXINAS

A espectroscopia no infravermelho préximo (NIRs) € uma técnica analitica rapida e ndo
destrutiva que pode ser aplicada a caracterizacdo de amostras de alimentos com precisdo. Os
métodos baseados em infravermelho préximo exigem pouca preparacdo de amostra e mao-de-
obra (McMULLIN, MIZAIKOFF e KRSKA, 2015). Essa técnica é comumente utilizada na
industria de controle de qualidade de alimentos para monitorar os atributos fisicos dos gréos de
cereais para conteudo de proteinas, carboidratos e lipidios.

O NIRs é um equipamento altamente preciso que efetua analises de componentes
organicos através do principio de emissdo de radiacdo eletromagnética (EMBRAPA, 2010). O
espectrofotbmetro se baseia na aplicacdo da matematica a quimica analitica (quimiometria). A
técnica é uma integracdo de espectroscopia e computacdo de dados. A regido do espectro
eletromagnético compreendida pelo infravermelho proximo varia entre 750 a 2500 nm. O
potencial do espectrofotdbmetro de deteccdo no NIRs tem sido relatado como uma ferramenta
na deteccdo fldngica micotoxigénica em produtos agricolas (BERARDO et al., 2005;
FERNANDEZ-IBANEZ et al., 2009). Os fungos infectam o germe rico em lipidios e os
hidrolisam, influenciando as mudangas no espectro NIRs. Com a utilizacdo da tecnologia NIRs
pode-se buscar substituir alguns dos métodos tradicionais de caracterizagdo, ja que esta é uma
técnica rapida, de simples aplicacdo e ndo destrutiva (RAMBO, FERREIRA, e AMORIM,
2016).

A tecnologia NIRs tem sido amplamente utilizada em indUstrias, postos de recebimento
de grdos, fabricas de racdo e em portos. Garcia e Kleiber (2015) avaliaram a viabilidade da
utilizacdo do NIRs na triagem de milho para os teores de DON e constataram que a abordagem

qualitativa foi uma boa ferramenta para distribuicéo e utilizacdo do cereal.
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Abstract

The aim of the present study was to evaluate the performance of near infrared
spectroscopy (NIRs) in the prediction of mycotoxins in silo-stored lots of maize. This research
was based on two sampling plans, A and B, and 240 samples of maize were collected in four
silos. A spectrum was generated for each sample, and predictions were made for aflatoxin B
(AFB3), zearalenone (ZON) and deoxynivalenol (DON). The semi-quantitative and quantitative
methods were used to verify the results. Prediction of one sample via NIRs versus one analysis
via high performance liquid chromatography coupled with mass spectrometry (LC-MS/MS)
presented 91%, 95% and 100% accuracy for AFB1, ZON and DON, respectively. When three
predictions were evaluated via NIRs versus one analysis via LC-MS/MS, the results were 100%
accurate for all the investigated mycotoxins. The Z-Score of the results was calculated via NIRs
for the quantitative evaluation using the LC-MS/MS results as standard. The results were
satisfactory in 81%, 90% and 100% of the samples for AFB1, ZON and DON, respectively. It
may be concluded that the NIRs technique can be used as a practical, accurate, fast and non-

destructive mycotoxicological monitoring tool for maize grains stored in silos.

Keywords: aflatoxins, zearalenone, chemometry, Z-Score.
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1. Introduction

Products of plant origin are at risk of infestations by mycotoxin-producing filamentous
fungi. These fungi occur all over the world, predominantly in tropical and subtropical climates,
where their development is favored by factors such as high humidity and temperature conditions
(Rocha et al., 2014). In addition to the production of mycotoxins, which are toxic to humans
and animals, these fungi cause deterioration of the grain; as a result, its nutritional value is
considerably reduced (Hermanns et al., 2006). According to the United Nations Food and
Agriculture Organization (FAQ), about 25% of the cultivars produced worldwide present some
mycotoxin. Because of that, the global losses related to such products are close to 1 billion tons
per year (FAO, 2019).

The chief mycotoxins found in cereals are: aflatoxins (AFs), produced by Aspergillus
spp.; ochratoxins, produced by Penicillium spp.; and deoxynivalenol (DON), toxin T-2;
zearalenone (ZON), ergotoxins, and fumonisins, produced by Fusarium spp. (Abrunhosa et al.,
2012). Fungi can develop and produce secondary metabolites at the field level as well as during
stocking and storing (Rocha et al., 2012). The most important AFs are B1, B2, G1 and G2 (AFB4,
AFB2, AFG; and AFG); they are produced by strains of Aspergillus flavus and A. parasiticus
(Huong et al., 2016). ZON and DON occur especially in winter crops such as oats, barley,
wheat, rye and maize, which are mainly contaminated by Fusarium graminearum
(Krska et al., 2003). The International Agency for Research on Cancer (IARC) classifies
mycotoxins according to their carcinogenic potential for humans: AFB; is classified as a
carcinogen in humans - group 1 (IARC, 2002).

Conventional methods for the determination of mycotoxins depend on High
Performance Liquid Chromatography (HPLC) coupled with an ultraviolet or fluorescence
detector, and currently the detection by mass spectrometry (MS) (Wei et al., 2013). The MS
detector offers high sensitivity, selectivity and accuracy in the identification of the analyte as
well as a precise quantification (Boutsiadou-Theurillat et al., 2014). Analysis of mycotoxins via
high performance liquid chromatography coupled with mass spectrometry (LC-MS/MS)
employs extraction and purification processes, finalizing with detection and quantification.
Thus, besides being destructive, such method is expensive and time-consuming. This prompts
the search for faster, simpler and more accurate techniques for safe decision-making, and that
can be applied closer to the site of grains production or use, eliminating, therefore, the transport

of samples for analysis in external laboratories.
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Near infrared spectroscopy (NIRs) is a fast and non-destructive analytical system which
can be applied to characterize food samples with precision. It is commonly used in the food
quality control industry, grain reception stations, feed mills and ports to monitor physical
attributes as proteins, carbohydrates and lipids (Balastreri et al., 2016). Near infrared-based
methods require little sample preparation and manpower (McMullin et al., 2015). The NIRs is
a highly accurate equipment that performs analyses of organic components through the
principle of emission of electromagnetic radiation (EMBRAPA, 2010). The spectrophotometer
is based on the application of mathematics to analytical chemistry (chemometrics), integrating
spectroscopy and data computing. NIRs has been reported as a tool with the potential to detect
mycotoxigenic fungi in agricultural products (Gaspardo et al., 2012; Jongguk et al., 2017).
Fungi infect the lipid-rich germ by hydrolyzing them, influencing changes in the NIRs
spectrum. As it is quick and simple, this technology can be used as a replacement of traditional
methods of characterization (Rambo et al., 2016).

When investigating the feasibility of using NIRs for screening maize for DON levels,
Garcia and Kleiber (2015) found that the qualitative approach was a robust tool for segregation
and cereal use. Typically, evaluation of the viability of using an NIRs equipment is directed
towards the levels of contamination, that is, quantification, or in a qualitative/semi-quantitative
way, taking into account the maximum tolerated levels (MTL) proposed in the legislation. Thus,
the current study was aimed at assessing the NIRs performance in the prediction of mycotoxins

in silo-stored lots of maize using the Z-Score for the quantitative evaluation of the results.

2. Material and methods

Obtaining the spectra of the maize samples

The maize samples were part of a previous study, Mallmann et al., (2018), which was
developed at the Laboratory of Mycotoxicological Analyses (LAMIC) at the Federal University
of Santa Maria (UFSM, Santa Maria, Brazil). Thus, the analytical results of LC-MS/MS for
AFB1, ZON and DON were already known and the spectrum of each sample had already been
generated in the NIRs for nutritional prediction of the samples.

In brief, Mallmann et al., (2018) collected samples from four maize silos following two
sampling processes: A and B. Samples were taken at five points in each silo, that is, center of
the silo surface and center of each quadrant of the silo surface (north, south, east and west). In

process A, three composite samples were collected at each point of introduction of the probe
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(upper third, middle third and lower third of the depth of the silos). In process B, only one
sample was collected at each point of introduction of the probe; the sample was composed of
the grains collected from all depth of the silos. Following the sampling processes A and B, 15
and 5 samples were collected in each silo, respectively. Both processes were performed in
triplicate, totaling 60 maize samples per silo; thus, the sample size of this research was 240.
Each sample was ground in a ZM200 ultra-centrifugal mill (Retsch GmbH, Haan, Germany)
equipped with a 1 mm diameter sieve; next, it was scanned in the NIRs and then analyzed by
LC-MS/MS for detection of mycotoxins.

Two hundred and forty spectra were obtained using a NIRs equipment, model XDS
(Foss, Hilleroed, Copenhagen, Denmark), with a spectral range between 400 and 2500 nm, and
0.5 nm resolution. The ground sample was homogenized and an aliquot was used to fill the ring
quartz cell in its totality, without lumps or flaws that could impair the reading. The spectrum
reading time was approximately 60 seconds for each sample. The spectrophotometer was
connected to a computer that stored the data of the spectra collected via the Software ISIscan™

(Foss, Hilleroed, Copenhagen, Denmark).

Prediction of aflatoxin Bz, zearalenone and deoxynivalenol

Each spectrum was sent to Olimpo platform (Pegasus Science, Santa Maria, Brazil) for
the prediction of AFB1, ZON and DON; the system read it and reported its mycotoxicological
concentration. Each spectrum was identified with a code according to the silo, point of
collection, height and sample repetition. The limit of quantification (LQ) of the NIRs was 5, 30
and 350 pg.kg* for AFB1, ZON and DON, respectively. Samples with a result <LQ of the NIRs
were considered equal to zero (0 pg.kg?) for the purposes of calculation and statistical

evaluation.

Extraction and quantification of aflatoxin B1, zearalenone and deoxynivalenol by LC-MS/MS
AFB; analysis was performed through a method proposed by Sulyok et al. (2007) and

adapted at LAMIC. For DON and ZON analyses, an adaptation of the method described by

Berthiller et al. (2005) was employed. Both methods are described in Mallmann et al., (2018).

Semi-quantitative assessment



26

Acceptable contamination ranges were determined for each mycotoxin, and the result
via NIRs was considered correct when it was within those ranges compared to the LC-MS/MS
result. The accepted variability, upwards or downwards (%), was +10 pg.kg* for AFB; and
+100 pg.kg™ for ZON. An evaluation was also carried out for lower levels of acceptable
variation for each mycotoxin: +7.5 and +5 pg.kg™ for AFB1, and +75 and +50 pug.kg™ for ZON.
Furthermore, NIRs performance was evaluated in relation to the MTL set in the Brazilian
legislation (ANVISA, 2011; 2013). No contamination range was determined for DON because
all samples showed results <LQ in both the NIRs and the LC-MS/MS methodologies. In
addition, a comparison was made between the result of the prediction via NIRs and the result
of the reference method for each sample (n= 240). Lastly, the sampling processes for each
sample collection point in the silo (north, south, east, west and center) were compared: the mean
of the prediction of three samples via NIRs (sampling plan A) was compared with the result of

one analysis via LC-MS/MS (sampling plan B), totaling five samples per silo (total n= 20).

Quantitative assessment

The quantitative assessment was calculated based on the Z-Score of the results
generated by the NIRs, taking the results obtained via LC-MS/MS as standard. When applying
the formula, the result of the subtraction between the value obtained in the NIRs and the result
given by LC-MS/MS is divided by the standard deviation of the triplicates analyzed via LC-
MS/MS. Z-Score is the number of standard deviations above or below the population average.
To calculate it, it is necessary to obtain the population mean and standard deviation. Therefore,
the equation applied was: Z = VO-TV/TD, where:

Z= Z-Score; VO= Value obtained in the NIRs; TV= Target Value (Average value
obtained via LC-MS/MS); and TD= Target Deviation (Standard Deviation obtained from the
repetitions of the TV).

Thus, for the development of the equation, the standard deviation and the average of the
results of the LC-MS/MS triplicates were calculated; the mean was used as TV and the standard
deviation as TD for the calculation of Z. The calculation was performed from the triplicates for
20 samples per silo, 15 of which were from the process A and 5 from process B (total n=80).
The results of three samples obtained via NIRs (sampling process A) were also calculated and
compared with the results of a sample analyzed via LC-MS/MS (sampling process B), totaling
five samples per silo (total n= 20). Data were considered satisfactory when -2 < Z <2,
questionable if 2 <Z <3 or -3 <Z < -2, and unsatisfactory if - 3> Z > 3 (FAPAS, 2017).
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Statistical analyses

Statistical analyses were performed using the Statgraphics Centurion XV software
(Manugistics Inc., Rockville, USA). Descriptive statistical analysis of the data was applied
(mean, standard deviation and coefficient of variation).

3. Results

Mycotoxins contamination in the positive samples showed the following variation of
results for the analyses via LC-MS/MS: 5 - 26 pg.kg™ for AFB; and 30 - 418 ug.kg™ for ZON.
For predictions via NIRs, the variability in the contamination of the positive samples was: 5 -
17 pg.kg™ for AFB: and 30 - 107 pg.kg™ for ZON. All samples analyzed for DON showed a
value <LQ of NIRs.

Semi-quantitative assessment

Considering the pre-established contamination limits, the semi-quantitative evaluation
of the analysis of one sample via LC-MS/MS versus the prediction of one sample via NIRs
showed 91, 95 and 100% accuracy for AFB1, ZON and DON, respectively. When comparing
the mean of the prediction of three samples via NIRs with the analysis of one sample via LC-
MS/MS, there was 100% accuracy for AFB;: (Figure 1) and ZON (Figure 2), within the
proposed levels of variability (10 pg.kg™ and +100 pg.kg™).

Quantitative assessment

The percentage results of samples within the levels (satisfactory, questionable and

unsatisfactory) are shown in Table 1.

Contamination of silos

The average concentration of mycotoxins in the lots of maize for each silo evaluated
through LC-MS/MS and for prediction via NIRs are shown in Table 2.
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4. Discussion

International bodies, such as Fapas® (Food Chemistry Proficiency Test Report), employ
the Z-Score to assess the analytical quality of laboratories. In the current investigation, this
method was used because its formula considers the standard deviation of the analysis taken as
reference (LC-MS/MS). Mycotoxins contamination occurs heterogeneously, and the efficiency
in the detection of these metabolites depends primarily on the sampling plan (Mallmann et. al.,
2013). The efficiency of the sampling processes used to obtain the samples that generated the
spectra for this survey was confirmed by Mallmann et. al., (2018). However, uncertainties with
respect to sampling, sample preparation and the analytical process must be taken into account
when two mycotoxins quantification methods are compared. The present study considered that
uncertainties of sampling and sample preparation were the same for both NIRs and LC-MS/MS.
Thus, this is the first assessment of the performance of the NIRs technique using the Z-Score
for the prediction of mycotoxins in maize.

A qualitative evaluation was conducted to examine the performance of a NIRs
equipment for the prediction of AFB1 in maize, with a classification above or below 20 pg.kg 2,
and obtained 100% accuracy (Fernandez-lbafiez et al., 2009). The present findings corroborate
that outcome, since 98% accuracy (n= 240) was found in the qualitative assessment at the level
of legislation (ANVISA, 2011). When comparing three results via NIRs with one result via LC-
MS/MS, the accuracy was 100%. Min Lee et al. (2015) stated that the NIRs technology has a
robust predictive capacity for both qualitative and quantitative assessment of AFs in maize.

Bolduan et al. (2009) found high coefficients of determination and cross-validation
(R?=0.90-0.88) for the prediction of DON in maize. The data presented here were similar in the
guantitative evaluation, with a precision of 100%. It is important to note that all samples
analyzed for DON showed contamination <LQ of NIRs. Therefore, further studies evaluating
samples of maize with DON contamination >LQ are necessary.

In practice, the availability of a NIRs equipment in the grain storage unit, feed mill or
port enables reanalysis. More predictions can be carried out in the same grain batch, since the
sample is analyzed on the spot. This allows for an immediate result to be released, thus
improving the speed of decision-making. In addition, costs with logistics and sample analysis
are lower when using prediction by NIRs compared to analysis via LC-MS/MS.

5. Conclusions
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The NIRs methodology is a practical, accurate, fast and non-destructive
mycotoxicological monitoring tool for maize grains stored in silos. The technique can be used
for both semi-quantitative and quantitative assessments for AFB1, ZON and DON, within the
precision levels established in this study. It is a green alternative to manage the problem of
mycotoxins, since it does not use solvents, acids or solutions to extract mycotoxins from the
samples. The Z-Score is an efficient method to compare distinct processes of mycotoxins
analyses. The results demonstrated robust and accurate prediction curves for AFB1, ZON and
DON. Accuracy of the results via NIRs is improved by increasing the number of predictions
via NIRs to compare with the LC-MS/MS result. Further studies must be conducted with
different concentrations of contamination for these three mycotoxins.
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Figure 1 - Percentage accuracy of the prediction results via NIRs for the different levels of
variation accepted (ANVISA 20 pg.kg?; 10, 7.5 and 5 pg.kg™) when comparing one result via
NIRs with one analysis via LC-MS/MS (1X1) and three results via NIRs with one analysis via
LC-MS/MS (3X1) for aflatoxin B in the semi-quantitative assessment.
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Figure 2 - Percentage accuracy of the prediction results via NIRs for the different levels of
variation accepted (ANVISA 400 pg.kg?; 100, 75 and 50 pg.kg™) when comparing one result
via NIRs with one analysis via LC-MS/MS (1X1) and three results via NIRs with one analysis
via LC-MS/MS (3X1) for zearalenone in the semi-quantitative assessment.
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Table 1 - Percentage accuracy of the NIRs method through the Z-Score calculation for the
evaluation of one result via NIRs versus one result via LC-MS/MS (1X1),
compared with the evaluation of three results via NIRs versus one result via LC-
MS/MS (3X1).

AFB;! ZON?
1X18 3X14 1X1 3X1
Satisfactory® (%) 81 85 90 90
Questionable® (%) 01 10 01 00
Unsatisfactory’ (%) 18 05 09 10
N sample® 80 20 80 20

IAFB:: aflatoxin B1. 2ZON: zearalenone. 31X1: mean of the triplicate of the analysis in a maize sample via LC-MS/MS versus
the mean of the triplicate of the mycotoxicological prediction of the spectrum of the same maize sample via NIRs. 43X1: mean
of the result of the mycotoxicological prediction of spectra of three maize samples via NIRs from sampling process A versus
the result of mycotoxins in a maize sample via LC-MS/MS from sampling process B. ®Satisfactory: Percentage of samples with
Z-Scores -2 < Z < 2. 5Questionable: percentage of samples with Z-Scores 2 < Z <3 or -3 < Z < - 2. "Unsatisfactory: percentage
of samples with Z-Scores -3 > Z > 3. 8N sample: number of samples subjected to Z-Score calculation in each evaluation for

each mycotoxin.
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Table 2 — Average contamination result (ug.kg™) in each silo for analyses through LC-

MS/MS versus prediction via NIRs.

Silo 1 Silo 2 Silo 3 Silo 4

LC- LC- LC- LC-
msimst NS pgms NIRS mgms NIRS T ygims NIRs

AFB® 0.6 2.2 0.5 2.7 5.3 6.1 2.1 4.0
ZON* 13 26 18 18 38 57 46 39
DON® 0 0 0 0 0 0 0 0

1LC-MS/MS: high performance liquid chromatography coupled with mass spectrometry. 2NIRs: near infrared spectroscopy.
SAFBu: aflatoxin Bz (ug.kg™). “ZON: zearalenone (ug.kg?). SDON: deoxynivalenol (ug.kg?).
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4. CONCLUSAO

A metodologia NIRs é uma ferramenta de gerenciamento micotoxicoldgico pratica,
precisa, rapida e ndo destrutiva para AFB1, ZEA e DON em lotes de milho armazenados em
silos. E uma alternativa ambientalmente correta para monitoramento das micotoxinas, uma vez
que ndo utiliza solventes, acidos ou solucdes para extrair as micotoxinas das amostras. A
tecnologia NIRs pode ser utilizada para diferentes finalidades, inclusive no gerenciamento
nutricional de lotes de milho. A técnica pode ser usada para avaliagdo semi-quantitativa e
quantitativa. O Z-Score € um método eficiente para comparar processos distintos de analises de
micotoxinas. A precisdo dos resultados via NIRs elevou quando do aumento do nimero de
amostras preditas para 0 mesmo lote. A aplicabilidade da técnica pode ser estendida para lotes
estocados em navios, armazéns ou carretas. Estudos adicionais devem ser conduzidos com

diferentes concentracdes de contaminacdo para AFB1, ZEA e DON.
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