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RESUMO

A necessidade de conciliar a produtividade agricola com a prote¢ao ambiental e a satide publica
tem se tornado cada vez mais evidente, especialmente diante do uso intensivo de agrotoxicos e
de seus potenciais efeitos adversos, como desregulacdo enddcrina, toxicidade hepatica e
impactos negativos sobre organismos ndo alvo. O presente estudo investigou a reatividade
quimica, as interagdes supramoleculares, os efeitos citogenotoxicos e o perfil ecotoxicologico
de fungicidas triazélicos, amplamente utilizados na agricultura e comercializados
predominantemente como misturas estereoisoméricas, o que aumenta a complexidade da
avaliacdo de riscos ambientais e bioldgicos. A metodologia adotada baseou-se em uma
abordagem computacional integrada, utilizando ferramentas de Mecanica Quantica
fundamentadas na Teoria do Funcional de Densidade para a determinacdo de descritores de
reatividade global e local, incluindo orbitais de fronteira (ocupado de maior energia e
desocupado de menor energia) e fun¢des de Fukui. A andlise do estado solido foi conduzida por
meio das técnicas de Superficie de Hirshfeld, Teoria Quantica de Atomos em Moléculas
(QTAIM) e Orbitais Naturais de Ligagdo, permitindo uma caracterizacdo detalhada das
interagdes intermoleculares na estrutura do cristal. Os efeitos citogenotoxicos em linfocitos
humanos foram investigados por meio do teste de exclusdo do azul de tripan e do ensaio cometa.
Complementarmente, utilizaram-se as ferramentas BioTransformer e DIGEP-Pred para
elucidar as vias metabdlicas de destoxificacdo desses xenobidticos e avaliar seus efeitos na
transcrigdo génica, respectivamente. Adicionalmente, realizaram-se predigdes farmacocinéticas
e toxicoldgicas (in silico) de parametros farmacocinéticos, bem como de toxicidade ambiental
e humana, empregando-se os servidores SwissADME e ProTox-3.0. Os resultados, organizados
em trés artigos cientificos com foco nos fungicidas triadimefon e triadimenol, evidenciaram
diferencas significativas na reatividade quimica e no comportamento bioldgico desses
compostos. Observou-se que a biotransformagdo do triadimefon em seu metabdlito
estereoisomérico triadimenol, caracterizada pela substituigdo do grupo carbonila por uma
hidroxila e pela introdu¢ao de novos centros quirais, promove alteracdes sistematicas no
potencial eletrostatico molecular e nos indices de reatividade. Essas variacdes estruturais
fundamentam o comportamento distinto de ambos os compostos em sistemas biologicos
observados experimentalmente, incluindo danos ao DNA em linfécitos humanos e efeitos
genotoxicos em organismos como Eisenia fetida (Savigny). Em conjunto, os resultados obtidos
em ensaios bioldgicos indicam que a integragdo da mecanica quintica com ferramentas in silico
constitui uma estratégia robusta para a compreensao da toxicodinamica desses fungicidas.
Embora sejam necessarias investigagdes adicionais, a exposi¢ao a esses fungicidas triazolicos,
em concentragdes ambientalmente relevantes, induziu significativamente quebras nas cadeias
de DNA em linfocitos, além de resultar na redugdo da biomassa de Eisenia fetida (Savigny),
indicando efeitos subletais associados ao estresse metabdlico. Ao integrar mecanica quantica,
toxicologia preditiva e experimental, este trabalho podera apoiar em novos estudos,
aprimoramento de analises de risco, desenvolvimento de praticas agroquimicas mais seguras
sustentaveis, alinhadas a prote¢ao da satide humana e ambiental.

Palavras-chave: Triazoéis; In Silico; Citogenicidade, Eisenia fetida,



ABSTRACT

The need to reconcile agricultural productivity with environmental protection and public health
has become increasingly evident, especially in light of the intensive use of pesticides and their
potential adverse effects, such as endocrine disruption, hepatic toxicity, and negative impacts
on non-target organisms. This study investigated the chemical reactivity, supramolecular
interactions, cytogenotoxic effects, and ecotoxicological profile of triazole fungicides, widely
used in agriculture and predominantly marketed as stereoisomeric mixtures, which increases
the complexity of environmental and biological risk assessment. The methodology adopted was
based on an integrated computational approach, using Quantum Mechanics tools grounded in
Density Functional Theory to determine global and local reactivity descriptors, including
frontier orbitals (highest occupied and lowest unoccupied) and Fukui functions. Solid-state
analysis was conducted through Hirshfeld Surface techniques, Quantum Theory of Atoms in
Molecules (QTAIM), and Natural Bond Orbitals, allowing detailed characterization of
intermolecular interactions in the crystal structure. Cytogenotoxic effects in human
lymphocytes were investigated using the trypan blue exclusion test and the comet assay.
Additionally, BioTransformer and DIGEP-Pred tools were employed to elucidate detoxification
metabolic pathways of these xenobiotics and to assess their effects on gene transcription,
respectively. Pharmacokinetic and toxicological predictions (in silico) of pharmacokinetic
parameters, as well as environmental and human toxicity, were performed using SwissADME
and ProTox-3.0 servers. The results, organized into three scientific articles focusing on the
fungicides triadimefon and triadimenol, revealed significant differences in the chemical
reactivity and biological behavior of these compounds. It was observed that the
biotransformation of triadimefon into its stereoisomeric metabolite triadimenol, characterized
by the substitution of the carbonyl group with a hydroxyl and the introduction of new chiral
centers, promotes systematic changes in the molecular electrostatic potential and reactivity
indices. These structural variations underpin the distinct behavior of both compounds in
biological systems observed experimentally, including DNA damage in human lymphocytes
and genotoxic effects in organisms such as Eisenia fetida (Savigny). Altogether, the results
obtained in biological assays indicate that the integration of quantum mechanics with in silico
tools constitutes a robust strategy for understanding the toxicodynamics of these fungicides.
Although further investigations are necessary, exposure to these triazole fungicides at
environmentally relevant concentrations significantly induced DNA strand breaks in
lymphocytes, as well as reduced the biomass of Eisenia fetida (Savigny), indicating sublethal
effects associated with metabolic stress. By integrating quantum mechanics, predictive
toxicology, and experimental approaches, this work may support new studies, improve risk
analyses, and foster the development of safer and more sustainable agrochemical practices
aligned with the protection of human and environmental health.

Keywords: Triazoles; In silico; Cytogenicity; Eisenia fetida
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1. INTRODUCAO

A agricultura desempenha um papel fundamental na economia global, figurando no
Brasil como uma das principais bases para a diversificagdo produtiva. Para garantir rendimentos
elevados e estabilidade na producdo, o uso de agrotoxicos (defensivos agricolas ou pesticidas)
tornou-se uma pratica amplamente difundida, apesar de seus efeitos nocivos serem
documentados ha mais de cinquenta anos. Atualmente, o pais consolida-se como um dos lideres
mundiais no consumo desses insumos quimicos, com um volume estimado em cerca de 500 mil
toneladas anuais, abrangendo classes como herbicidas, inseticidas e fungicidas (Botelho et al.,
2020).

Essas substancias, concebidas para prevenir, destruir ou mitigar infestagcdes de pragas,
desempenham um papel determinante na protecao das culturas contra insetos, ervas daninhas e
fungos (Cassal ef al., 2014). No entanto, sua natureza como moléculas bioativas esta associada
a possibilidade de efeitos adversos ou toxicos, dependendo da dose e do organismo exposto
(Roman et al., 2021). Essa toxicidade ¢ inerente a sua fungdo: sao agentes biocidas
desenvolvidos para eliminar organismos indesejados. Contudo, o uso intensivo € continuo
desses compostos gera alta contaminacdo ambiental. A pulverizagdo em sistemas abertos
inviabiliza medidas efetivas de conten¢ao, resultando na degradacao de matrizes como o solo,
a agua e o ar, além de promover a exposicdo indevida de seres humanos e da fauna local
(Botelho et al., 2020).

Os defensivos podem ser classificados conforme sua fungdo, composicao quimica e
modo de agdo, destacando-se os inseticidas, herbicidas, fungicidas, rodenticidas, nematicidas,
entre outros (Pauly Ribas; Santos Matsumura, 2009; Peres; Moreira, 2003). Dentre as classes
mais utilizadas no Brasil, os fungicidas representam 16,1% do total. Especificamente, os
Fungicidas Triazolicos (FTs), ou Inibidores da Desmetilacdio (DMIs - Demethylation
inhibitors), constituem uma classe essencial na protecao de culturas como cereais, frutas e
vegetais, devido ao seu amplo espectro de acdo sist€émica (Liu et al., 2024; Lv et al., 2017;
Roman et al., 2021). Estima-se que os FTs detenham entre 20% e 25% do mercado global de
fungicidas (Ishii, 2023; Wang et al., 2024).

O mecanismo de acao dos FTs reside na inibi¢do da enzima lanosterol 14a-desmetilase,
essencial para a biossintese do ergosterol, componente vital da membrana celular fingica
(Nasonov; Yakuba, 2024; Shi et al., 2024; Sun et al., 2023). Embora eficazes contra patogenos,
a estabilidade quimica e a baixa biodegradabilidade desses compostos conferem-lhes uma

persisténcia ambiental que levanta sérias preocupacdes sobre os impactos em organismos nao
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alvo (Roman et al., 2021; Zou et al., 2024). No solo, a aplicagdo desses fungicidas, mesmo em
doses recomendadas, pode afetar drasticamente a microbiota e a atividade enzimatica (Wang et
al., 2025). Estudos indicam que inibidores da biossintese de esterois (SBI - Sterol Biosynthesis
Inhibitors) reduzem a abundancia e a diversidade de microrganismos edaficos'.

Ademais, a baixa adsor¢do de triaz6is como flutriafol, miclobutanil e triadimenol,
aliada a sua persisténcia, representa um risco significativo de lixiviagdo para 4guas subterraneas
(Aliste et al., 2021). Ecossistemas aquaticos sao severamente impactados; residuos de
tebuconazole, por exemplo, sdo frequentemente detectados em aguas superficiais, perturbando
funcdes ecolodgicas essenciais. Além disso, os DMIs impactam as comunidades microbianas do
néctar floral, favorecendo o crescimento bacteriano em detrimento de leveduras, o que pode
alterar a dinamica de polinizagdo (Botelho et al., 2020; Quevedo-Caraballo; Roldan; Alvarez-
Pérez, 2024).

Sob a dtica da saude publica, os FTs sdo classificados como potencialmente toxicos,
com residuos detectados em alimentos e matrizes ambientais (Chen et al., 2024). Evidéncias
toxicologicas apontam para efeitos adversos como toxicidade hepatica, reprodutiva e
desregulacdo enddcrina (Heise et al., 2018; Wang et al., 2024). A exposi¢do ao tebuconazol e
hexaconazol pode induzir disfungdes tireoidianas e cardiovasculares em estagios iniciais de
desenvolvimento (Liu et al., 2024), enquanto o triadimefon (TF) apresenta potencial
teratogé€nico comprovado in vitro (Li et al., 2019).

Um risco emergente e alarmante ¢ a correlacdo entre o uso de azdis agricolas e o
desenvolvimento de resisténcia em fungos patogénicos humanos, como o Aspergillus
fumigatus, dificultando o tratamento de aspergilose invasiva (Ishii, 2023). A avaliagdo de risco
dos FTs ¢ complexa devido a quiralidade e aos efeitos de mistura enantiomérica. Cerca de 84%
dos FTs sdo quirais e introduzidos no ambiente como misturas de enantiomeros (Chen ef al.,
2024). Visto que a toxicidade e a degradagdo desses fungicidas sdo determinadas pela sua
estereoquimica, a negligéncia da quiralidade resulta na subestimag@o dos riscos reais associados
a cada enantiomero (Zhang et al., 2018). Por fim, a exposi¢do combinada a diferentes
agrotoxicos pode gerar efeitos sinérgicos ou aditivos, exigindo que a toxicologia de misturas
considere que compostos com modos de agao semelhantes podem atuar conjuntamente, mesmo
em doses baixas (Heise ef al., 2018; Knebel et al., 2018).

Nessa perspectiva, os fungicidas triadimefon e triadimenol foram selecionados como

modelos de estudo devido a sua estereoquimica, estreita relacdo metabdlica e expressiva

! Refere-se ao que € proprio ou relativo ao solo. Microrganismos edéficos sdo aqueles que compdem a
microbiota do solo, sendo essenciais para a ciclagem de nutrientes e o equilibrio do ecossistema terrestre.
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presenga em sistemas agricolas brasileiros. A reducdo do triadimefon ao triadimenol, tanto no
ambiente quanto em organismos vivos, torna a investigacao conjunta dessas duas moléculas
essencial para melhor compreender o ciclo de contaminagdo e a progressao da toxicidade. Além
disso, a relevancia desses compostos reside em sua estabilidade quimica e no historico de
detecgdo frequente em matrizes de solo e 4gua, o que demanda uma andlise mais detalhada de
suas propriedades moleculares e de seus impactos em diferentes niveis bioldgicos.

Apesar dos avancos na elucidagdo do comportamento quimico e biologico desses
compostos, observa-se uma lacuna cientifica na integragdo de dados de reatividade quimica
com respostas bioldgicas especificas em organismos da edafofauna’ e células humanas. A
maioria dos estudos foca ou na caracterizagdo quimica isolada ou em ensaios macroscopicos,
carecendo de uma abordagem multidisciplinar que conecte as propriedades moleculares in
silico aos efeitos citotoxicos e ecotoxicoldgicos. Diante disso, este trabalho norteia-se pela
hipotese de que as diferengas estruturais entre o triadimefon e seu metabolito triadimenol
conferem perfis de reatividade quimica distintos, os quais se correlacionam diretamente com
variagOes na estabilidade gendmica de linfocitos humanos e na integridade de organismos
bioindicadores do solo.

Este estudo utilizou ferramentas computacionais para a analise da reatividade quimica e
propriedades toxicoldgicas de fungicidas triazdlicos, ao passo que examinou o comportamento
citotoxico e ecotoxicoldgico desses compostos. Para isso, utilizou-se calculos de mecénica
quantica baseados na Teoria do Funcional de Densidade (DFT - Density Functional Theory) e
ensaios in silico para o triadimefon e o triadimenol, a0 mesmo tempo em que empregou ensaios
bioldgicos com linfécitos humanos e Eisenia fetida para a analise do perfil de toxicidade. O
conjunto desses dados fornece insights sobre as interagdes moleculares e os impactos bioldgicos

desses compostos.

2 Refere-se ao conjunto de animais que vivem e habitam no solo.
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2. OBJETIVOS

2.1. Objetivo geral

Avaliar a reatividade quimica, as interagdes intermoleculares, bem como os efeitos
toxicos dos fungicidas triazolicos triadimefon e triadimenol, por meio de ensaios in silico, in

Vitro € in vivo.

2.2. Objetivos especificos

e Determinar os descritores de reatividade quimica do triadimefon e do triadimenol utilizando
métodos de mecanica quantica;

e Avaliar as interagdes dos arranjos supramoleculares entre as moléculas estudadas e seus
alvos bioldgicos;

e Investigar os efeitos citogenotoxicos do triadimefon e triadimenol em linfocitos humanos;

e Avaliar os efeitos genotdxicos, mutagénicos € na biomassa de minhocas da espécie Eisenia

fetida.
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3. EMBASAMENTO TEORICO

3.1. Os fungicidas

Na agricultura moderna, os pesticidas constituem ferramentas essenciais para
salvaguardar a produtividade e a qualidade das culturas, suprimindo pressdes bidticas como
insetos, fitopatdogenos e plantas daninhas (Aliste et al., 2021). No entanto, devido a sua natureza
bioativa inerente, concebida para mitigar diversas espécies, tais compostos apresentam
toxicidade intrinseca (Roman et al., 2021). Esses agentes quimicos, naturais ou sintéticos,
interagem com sistemas biologicos influenciando processos fisioldgicos e patologicos. Na
agricultura, sdo estrategicamente classificados em trés grandes grupos: inseticidas, herbicidas e
fungicidas.

Os fungicidas, especificamente, podem ser categorizados conforme o principio de
controle, mobilidade na planta, alvo biologico, modo de agdo e composi¢ao quimica (GARCIA,
1999). Quanto ao principio de controle, as estratégias dividem-se em: preventiva; que antecede
o aparecimento da doenga; curativa; que atua na eliminagcdo do fungo apos a infeccao; e
erradicante; utilizada para suprimir a infeccao existente e impedir sua disseminagao.

Sob a otica da mobilidade, os fungicidas sdo classificados como: de contato; que agem
restritamente no local de aplicacdo, ou sistémicos; que sdo absorvidos e translocados
internamente pelos tecidos vegetais (FRAC, 2024). O modo de agao, por sua vez, define a forma
como o composto interfere no metabolismo fungico, incluindo a inibi¢do da biossintese de
esterois, a sintese de proteinas e acidos nucleicos, ou a interrup¢ao da respiracao celular
(Bartlett et al., 2002; Leroux, 2007).

O Comité de Agao a Resisténcia a Fungicidas (FRAC — Fungicide Resistance Action
Committee) cataloga diversos compostos organizados em grupos de acordo com o seu modo de
acdo, mecanismo de resisténcia e estrutura quimica. Essa classificagdo ¢ fundamental para o
manejo integrado de doencas, permitindo a alternancia de principios ativos para evitar a sele¢@o
de populagdes fungicas resistentes. As principais classes de fungicidas utilizadas atualmente,

seus alvos bioldgicos e exemplos de grupos quimicos estao sintetizados no Quadro 1.



Quadro 1 - Classifica¢do dos fungicidas segundo o FRAC 2025.
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< Codigo . .
Modo de Agao (MoA) FRAgC Grupo Quimico Alvo Biologico
A: Sintese de Acidos Nucleicos 4 Fenilamidas Sintese de RNA

B: Mitose e Divisdo Celular 1 Benzimidazois Montagem de B-tubulina

7 Carboxamidas (SDHI) Succinato desidrogenase

C: Respiragdo 11 Estrobilurinas (Qol) Citocromo bcl (sitio Qo)

21 Quinonas (Qil) Citocromo bcl (sitio Qi)
D: Sintese de Proteinas 2 Anilinopirimidinas Biossintese de aminoacidos
E: Transducdo de Sinal 13 Quinofenos Via de sinalizacdo osmotica

F: Lipidios e Membrana 28 Carbamatos Integridade da membrana

G: Biossintese de Esterdis 3 Triazo6is (DMI) Biossintese de Ergosterol

H: Biossintese de Parede 40 CAA Sintese de celulose
Celular
s . 16.1 MBI-R (Redutase) Reducdo da melanina
I Sintese de Melanina 16.2 MBI-D (Desidratase) Desidratacdo da melanina
M: Ag¢do Multissitio MO1 a M12 Inor'g'amcos, Nitrilas, Inibi¢do multienzimética
ditiocarbamatos
P: Indutores de Defesa da Planta P01 a P08 Benzotiadiazois, Inducao de Resisténcia
Fosfonatos
BM: Biologicos BM Agente%MlcrOblanOS © Multiplos processos
xtratos

Fonte: Adaptado de FRAC (2025).

Dentre as classes de sitio de agdo especifico destacadas no Quadro 1, as estrobilurinas

(Grupo 11) derivam de compostos naturais encontrados no fungo Strobilurus tenacellus. Sua
estrutura basica inclui a subunidade metoxiacrilato (Figura 1), essencial para a atividade
bioldgica. Esse grupo liga-se ao sitio de acdo no complexo II1 da cadeia de transporte de elétrons

mitocondrial, inibindo a respiragdo celular do patdégeno (Bartlett ef al., 2002).

Figura 1 - Estrutura quimica da azoxistrobina e do grupo funcional metoxiacrilato

CN N|/§‘N
: Shas
=
A0

Azoxistrobina

Metoxiacrilato
Fonte: Elaborado pelo autor (2025)

Os ditiocarbamatos, apresentam o grupo funcional (-NCS:), frequentemente formando
complexos metalicos com zinco e manganés, Figura 2 (Sarker; Hogarth, 2021). Classificados
como fungicidas de contato, atuam inibindo enzimas vitais envolvidas no metabolismo do

enxofre e na biossintese de lipidios (Bansal, 2022).
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Figura 2 - Estrutura quimica do fungicida Ziram e do grupo funcional ditiocarbamato
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Ditiocarbamato Ziram

Fonte: Elaborado pelo autor (2025)

Os carbamatos, sdo identificados pelo grupo funcional (R;O(C=0)NR:R3), derivado
do 4cido carbamico (NH>COOH), Figura 3. Embora atuem na prote¢do flngica, sdo
amplamente conhecidos por inibir a enzima acetilcolinesterase (AChE), resultando em

neurotoxicidade em insetos-alvo (Fukuto, 1990; Lee; Barron, 2016).

Figura 3 - Estrutura molecular do valifenalato e do grupo funcional carbamato
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Fonte: Elaborado pelo autor (2025)

Semelhantemente, os benzoimidazois Figura 4, agem na inibicdo da sintese de
microtibulos. Ao ligarem-se a tubulina, impedem a divisdo celular e o crescimento fingico
(Brent, 1995; Ma; Michailides, 2005). Ja as anilinopirimidinas Figura 5, comumente sistémicas,
combinam uma anilina (C¢HsNH2) com uma pirimidina (C4H4N>), atuando como inibidores da

biossintese de metionina (Mahfoudh ez al., 2017; FRAC, 2024).

Figura 4 - Estrutura quimica do benomil e do grupo funcional anel benzoimidazol
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Benzoimidazol Benomil
Fonte: Elaborado pelo autor (2025)
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Figura 5 - Estruturas quimicas do pirimetanil e dos grupos funcionais anilina e pirimidina
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Fonte: Elaborado pelo autor (2025)

3.1.1. Fungicidas triazélicos e o mecanismo DMI

Entre os defensivos, os fungicidas triazélicos destacam-se pela eficacia sistémica e

amplo espectro de acao (Klittich, 2014). Indispensaveis desde a década de 1970, sdo

amplamente empregados em culturas de trigo, milho e hortalicas para controlar ferrugens e

oidio® (Nagappan; Deresinski, 2007). Segundo o Frac Code List 2024, esta classe pertence aos

inibidores de desmetilagdo, FRAC G1 (DMI), atuando na interrupcdo da biossintese do

ergosterol (Heise ef al., 2018; Mercadante ef al., 2014). O ergosterol ¢ vital para a integridade

das membranas fingicas; sua inibi¢do acarreta defeitos estruturais que culminam na morte do
fungo (Peyton; Gallagher; Hashemzadeh, 2015).
Dentro da grande classe dos Inibidores da Biossintese de Esterois (SBI), o FRAC

subdivide os compostos de acordo com o sitio especifico de inibicdo na via do ergosterol,

conforme detalhado no Quadro 2.

Quadro 2 - Classe Inibidores da Biossintese de Esterois (SBI), segundo FRAC (2025) continua.

Sitio de Agdo GI,'UPO Moléculas Ativas
Quimico
Azaconazol, Bitertanol, Bromuconazol, Ciproconazol, Diclobutrazol,
Difenoconazol, Diniconazol, Diniconazol-M, Epoxiconazol,
Etaconazol, Fenbuconazol, Fluquinconazol, Flusilazol, Flutriafol,
Triazois Hexaconazol, Imibenconazol, Ipconazol, Metconazol, Miclobutanil,
G1: DMI Penconazol, Propiconazol, Simeconazol, Tebuconazol, Tetraconazol,
(Inibidores de Triadimefon, Triadimenol, Triticonazol, Uniconazol, Iprentrifluconazol,
Desmetilagao no Mefentrifluconazol.
Cl14) Triazolintiona Protioconazol.
Imidazoéis Imazalil, Oxpoconazol, Pefurazoato, Procloraz, Triflumizol.
Pirimidinas Fenarimol, Nuarimol. Fenarimol, Nuarimol.
Piridinas Pirifenox, Pirisoxazol.
Piperazinas Triforina.

3 O oidio (também conhecido como "mofo branco" ou "cinza") ¢ uma das doengas fingicas mais comuns e
reconheciveis em plantas.
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Quadro 2 - Classe Inibidores da Biossintese de Esterois (SBI), segundo FRAC (2025) continuagao.

Sitio de Agao G‘,“PO Moléculas Ativas
Quimico
G2: Aminas Morfolinas Aldimorfe, Dodemorfe, Fenpropimorfe, Tridemorfe.
(Al4-redutase e Piperidinas Fenpropidina, Piperalin.
A8—AT- . . . .
. Spiroquetalaminas Espiroxamina.
isomerase)
G3: Inibidores Hidroxianilidas Fenhexamida.
da 3-Keto Amino- . .
. . Fenpirazamina.
Redutase pirazolinonas
G4: Inibidores Alilaminas Terbinafina, Naftifina.
daE 1
2 sq1.1a eno Tiocarbamatos Piributicarbe.
Epoxidase

Fonte: Adaptado de FRAC (2025).

Como observado no Quadro 2, os triazdis compdem o grupo mais numeroso dos DMIs
(G1). Quimicamente, os triazo6is sdo compostos heterociclicos de cinco membros contendo trés
atomos de nitrogénio (Figura 6), ocorrendo como 1,2,3-triazdis (frequentemente

farmacologicos) ou 1,2,4-triazois (majoritariamente agricolas) (Zhang, 2019).

Figura 6 - Isomeros do anel triazol: representacdo das formas 1,2,3-triazol e 1,2,4-triazol

H N H N
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\
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1H-1,2,3-Triazol 2H-1,2,3-Triazol 1H-1,2,4-Triazol 2H-1,2,4-Triazol

Fonte: Elaborado pelo autor (2025)

Os derivados 1,2,4-triazdlicos possuem alta afinidade pela enzima lanosterol 14a-
desmetilase (CYP51). O mecanismo envolve a inibicdo desta monooxigenase do citocromo
P450, etapa crucial na formacao da membrana celular (Monk et al., 2020). Entre os principais

representantes estdo o triadimefon (TF) e seu metabolito triadimenol (TN).

Figura 7 - Relacdo estrutural entre o (TF) e seu principal metabolito, o (TN)
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A\

Metabolismo

Fonte: Elaborado pelo autor (2025)
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O TF possui um centro quiral (*C1), existindo como enantiomeros S-(+) e R-(—). Sua
biotransformacao em TN introduz um segundo centro quiral (Figura 7), gerando quatro
estereoisdmeros organizados em dois pares diastereoisoméricos (Figura 8), TN-A (1R,2S e
1S,2R) e TN-B (1R,2R e 15,2S) (Kenneke et al., 2008). Essa assimetria estereoquimica ¢
determinante: o estereoisomero 1S,2R pode apresentar atividade fungicida at¢ 1000 vezes
superior aos demais, enquanto o diastereisomero A demonstra maior toxicidade para mamiferos

com base nos valores de DLso oral em ratos (Burden et al., 1987; Li et al., 2014).

Figura 8 - Estruturas dos quatro estereoisdmeros do triadimenol organizados por relacdes de diastereoisometria.
Diastereoisomeros A

(1R, 28 — Triadimenol) (1S, 2R — Triadimenol)
OH OH
o) e (o) A
R S
N N
o N ( ) cl N ( )
. —N
Diastereoisomeros B
(1S, 2S — Triadimenol) (1R, 2R — Triadimenol)

OH OH
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Fonte: Elaborado pelo autor (2025)

3.2. Enzima lanosterol 140 — desmetilase

A enzima lanosterol 14a-desmetilase (LDM), também conhecida como CYP51 ou
Ergllp (Kaluzhskiy et al., 2021), ¢ o alvo bioldgico primario dos antifingicos azdlicos
(imidazoéis e triazois). Em leveduras e diversos patdgenos fingicos, a LDM (Figura 9) atua
como uma monooxigenase citocromo P450 pertencente a familia CYP51, a qual ¢ altamente

conservada sob o ponto de vista evolutivo (Debeljak; Fink; Rozman, 2003; Keniya et al., 2018;
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Monk et al., 2020). Notadamente, esta ¢ a unica familia do citocromo P450 presente em todos
os reinos bioldgicos (bactérias, fungos, plantas e animais), sendo considerada a ancestral das
demais familias P450. A conservagdo da sequéncia de aminodcidos entre as CYP51 eucarioticas

¢ elevada, especialmente nas regides responsaveis pelo reconhecimento do substrato (Monk et

al., 2020; Tyndall et al., 2016).

Figura 9 - Estrutura cocristalizada do lanosterol ligado a enzima lanosterol 14a-desmetilase, extraida da
Saccharomyces cerevisiae.

Fonte: Elaborado pelo autor (2025)

A LDM desempenha um papel essencial na via de biossintese de esterdis, catalisando a
remocdo oxidativa do grupo metila na posi¢do C14 (14-metil). Embora o substrato comum
inicial da biossintese seja a Acetil Coenzima A (Acetil-CoA), os intermediarios variam
conforme o organismo: animais e plantas possuem, respectivamente, o lanosterol e o
cicloartenol como metabdlitos intermedidrios, enquanto fungos podem utilizar o ergosterol
intermediario como precursor (Figura 9) (Kaluzhskiy et al., 2021; Monk et al., 2020; Tyndall
etal., 2016).

Figura 10 - Estruturas quimicas dos substratos da via de biossintese de esterdis em animais, plantas e fungos.

Lanosterol Ergosterol Cicloartenol
Fonte: Elaborado pelo autor (2025)
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O produto da reacdo de desmetilagdo em fungos é um precursor do ergosterol, ao passo
que, em humanos, ¢ um precursor do colesterol. Em mamiferos, a enzima também converte o
lanosterol em 4,4-dimetil-5-colesta-8,14,24-trieno-3-ol, conhecido como esterol ativador da
meiose do fluido folicular (FF-MAS - Follicle Fluid-Meiosis Activating Sterol), que atua como
sinalizador reprodutivo (Kaluzhskiy et al., 2021; Keniya et al., 2018). A reacdo ocorre em trés
etapas sucessivas de monooxigenagdo (Figura 10): o grupo metila é convertido em &lcool,
seguido por aldeido e, finalmente, removido na forma de acido formico (Debeljak; Fink;
Rozman, 2003).

A regido catalitica da enzima possui um sitio de ligacdo centralizado e profundamente
embutido, que inclui um anel de porfirina contendo ferro (heme). O ferro heme representa o
principal ponto de interagdo dos azdis; um dos atomos de nitrogénio do anel azdlico do
composto bioativo coordena-se ao ferro do grupo heme, bloqueando a ativagao do oxigénio e a
subsequente biossintese de ergosterol. Esse bloqueio resulta na deple¢do de ergosterol e no
acimulo de esterdis toxicos na membrana celular fingica, levando a lise e morte do

microrganismo (Emami; Tavangar; Keighobadi, 2017; Keniya et al., 2018; Monk et al., 2020).

Figura 11 - Esquema do mecanismo de desmetilacdo de esterol (Lanosterol) pela LDM (CYP51)
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Fonte: Elaborado pelo autor (2025)

Do ponto de vista da biologia estrutural, a LDM opera como um complexo de

isolamento catalitico. Sua arquitetura molecular permite que o grupo heme permaneca
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profundamente embutido, acessivel apenas através de canais de acesso hidrofobicos que filtram
a entrada de substratos. Esta organizagdo protege a célula de espécies reativas de oxigénio
geradas durante a catalise e garante a especificidade enzimatica. Quando um inibidor azélico
ocupa este espaco, ele ndo apenas bloqueia o sitio ativo, mas interrompe toda a dinamica de
fluxo de membrana, levando ao colapso da homeostase lipidica do fungo (Debeljak; Fink;

Rozman, 2003; Kaluzhskiy et al., 2021; Monk et al., 2020).

3.3. Teoria do funcional de densidade (DFT)

A Teoria do Funcional Densidade (DFT) ¢ uma das abordagens mais populares na
mecanica quantica para descrever as propriedades eletronicas de sistemas complexos (Parr;
Weitao, 1995). Nesse método, as caracteristicas do sistema sao determinadas pela aplicagdo de
funcionais baseados na densidade eletronica. A ideia inicial de descrever a estrutura eletronica
em termos da densidade p(r), em vez de funcdes de onda eletronicas individuais, foi proposta
independentemente por Llewellyn Thomas e Enrico Fermi (Parr; Weitao, 1995). No entanto,
esse método ndo produziu previsdes quantitativas precisas, pois s6 era valido para cargas
nucleares infinitas. Baseados nas ideias de Thomas-Fermi, o fisico Pierre Hohenberg
(Hohenberg; Kohn, 1964) e o quimico Walter Sham (Kohn; Sham, 1965) demonstraram que ¢
possivel determinar, de maneira exata, problemas quanticos por meio da densidade eletronica.
O método Kohn-Sham (KS) ¢ uma variante operacional do método HF, que leva em
consideracdo a constru¢do de um sistema ndo interagente que reproduz a mesma densidade do
problema original. Resolver esse tipo de sistema € relativamente mais simples, pois a fun¢ao de
onda pode ser representada exatamente como um determinante de Slater de orbitais.

A DFT ¢ fundamentada em dois teoremas propostos por Hohenberg e Kohn, os quais
sdo aplicaveis a sistemas compostos por um numero arbitrario de elétrons confinados em uma

caixa, sujeitos a um potencial externo v(r) e a repulsdo coulombiana mutua.

1° Teorema: O potencial externo v(r) ¢ um funcional da densidade p(r). Este teorema
estabelece que a densidade pode ser a variavel fundamental na determinagdo da estrutura
eletronica. Consequentemente, o conhecimento da densidade implica conhecer tanto a fungao
de onda quanto o potencial externo. Isso possibilita a determinagao do hamiltoniano do sistema

e, por conseguinte, de todos os observaveis no estado fundamental,

p(r) =19y = v (r) = observaveis. (01)
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Seja o hamiltoniano eletronico He =T + V + U, onde a energia cinética total &,

T = % f vyt (r) - T(r)dr, (02)

a energia potencial proveniente do potencial externo &,

V= f v@P (Y E)dr, (03)

e o termo de repulsao colombiana €,

v =3 [ v W e 04

[r— 1|

Supondo, por simplicidade, que o estado fundamental ¢ ndo degenerado, a densidade eletronica

neste estado ¢ dada por,

b (r) = f P (P dr. (05)

Supondo também que o potencial v'(r) esteja associado ao hamiltoniano He '=T + V' + U, cujo
estado fundamental i’ e energia total E’, dé€ origem a mesma densidade eletronica p(r).

Para que Y seja diferente de ', v'(r) — v(r) ndo precisa ser, necessariamente, uma
constante e as fungdes de onda satisfazem diferentes equacdes de Schrodinger. A energia do
estado fundamental ¢ minima para a fun¢cdo de onda exata desse estado, garantindo que as

desigualdades,

E"=(Y'|H[Y") < (YIHe W) = (Y|He + V' = V[Yh), (06)

E<E + J V' @) — v@)]p@)dr 07)

S,

E<E + j @) — v'E]pE)dr (08)
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sejam validas, de acordo com o principio variacional. Entretanto, ao assumir que a densidade
seja igual para v'(r) # v(r), surge uma inconsisténcia decorrente da necessidade de Y ser
obrigatoriamente diferente de i)'. Isso pode ser observado ao somar as desigualdades (07) e
(08),

E'+E<E+E'.

Assim, a exigéncia de unicidade para p(r) implica que Y = 1" e v'(r) — v(r) seja constante.

Portanto, o potencial externo ¢ um funcional Uinico da densidade eletronica.

2° Teorema: A energia do estado fundamental ¢ minima para densidade p(r) exata. O segundo
teorema de Hohenberg-Kohn estabelece um critério para determinar a densidade do estado
fundamental. A energia do estado fundamental ¢ um funcional da densidade eletronica, em que
o valor minimo ¢ alcangado para a densidade exata.

Seja o functional,

E,[p()] = f v(r)p(r)dr + Flp(m)], (09)

onde F[p(r)] = (Y|T + Ulp) é denominado funcional universal. Pelo método variacional, o

funcional ev da fun¢do de onda ',

Eyy] = W'IVIY') + @'IT + UlY'), (10)

¢ minimo para o estado fundamental 1. Se Y’ for o estado fundamental associado ao potencial

externo v'(r), € valida a relagdo

E, W] = j u(P)p'(P)dr + Flp'()] > E,[y'] = f v(@p@dr + Flp@)], (1)

de maneira que €[p'(r)] > €[p(r)]. Se F[p(r)] for um funcional conhecido, o problema de
determinar a densidade e a energia do estado fundamental de um sistema eletronico, sob um
dado potencial externo, ¢ simplificado para a minimizagao do funcional Ev[p(r)]. Uma vez que
as interagdes de Coulomb sdo de longo alcance, ¢ conveniente separar essa interagdo do

funcional universal,
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Flp(r) = f p@' () [r — 7| drdr’ + Glp()] (12)

e definir o funcional G[p(r)] que deve estar relacionado as energias cinética, de troca e
correlagdo dos elétrons. Até este ponto, o desenvolvimento da teoria ¢ preciso, mesmo
considerando a aproximac¢do de Born-Oppenheimer. Contudo, ndo hd uma forma analitica
conhecida para o funcional G[p(r)], e, por conseguinte, sdo necessarias aproximagdes para
viabilizar a determinacao da densidade eletronica do estado fundamental.

Kohn e Sham foram pioneiros ao propor uma abordagem para determinar a estrutura
eletronica de sistemas multieletronicos, utilizando a minimiza¢do do funcional Ev. Em sua
proposta, eles sugeriram que a densidade do estado fundamental de um sistema com elétrons
interagentes seja igual a densidade do estado fundamental de um sistema ficticio com elétrons

ndo interagentes em um potencial efetivo. Assim, o funcional universal G[p(r)] ¢ dado por:

Glp(M)] = Ts[p(r)] + Exc[p(r)] (13)

onde Ts[p(r)] € a energia cinética do sistema ndo interagente com densidade p(r) e Exc[p(r)]
¢ a energia de troca e correlagdo de um sistema interagente de mesma densidade. Deste modo,

o funcional energia a ser minimizado ¢,

E,[p()] = j v(@)p(r)dr
1 [ p@)p()
.- f pp()

[r — 7|

drdr’ + Ts[p(r)] + jp(r)Exc[p(r)]dr (14)

A densidade eletronica exata ¢ um extremo do funcional energia Ev e a carga eletronica total

do sistema de N elétrons ¢ fixa, de maneira que,

fu(r)p(r)dr = N, (15)

seja um vinculo. De acordo com o método variacional, a inclusdo deste vinculo deve fornecer

f5p(r)<6 @Y v(r) + flp( r) dr' + v [p(r)] — M>d7‘—0 (16)
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SExc

&p(r)

No formalismo da DFT, energia cinética do sistema ficticio ndo interagente (em unidades

onde p é o multiplicador de Lagrange € v, [p(r)] = ¢ o potencial de troca e correlagio.

atomicas) ¢ dado pela expressao:

1
Tlo@l =-5 . [ wivipdir, (7

e da proposta de Kohn-Sham, decorre que a densidade do estado fundamental &,

N
p() = ) @I (18)
i=1

A solugdo da equacdo de minimizagdo que deve resultar em p(r) pode ser obtida da
equacdo de Schrodinger de uma particula, uma vez que no sistema ficticio, os elétrons ndo

interagem. Desta maneira, a equacao de autovalor resultante do método de Kohn-Sham ¢,

RSy(r) = (=572 + VS Tp ) ) = e, (19)

onde AXS & o hamiltoniano de Kohn-Sham e

V&S = u(r) + f%dr’ + Uy [p(M)] (20)

é o potencial efetivo de Kohn-Sham. E importante salientar que esses orbitais i ndo
representam as funcdes de onda do sistema interagente, assim como €i ndo corresponde ao
autovalor de energia do sistema real. A igualdade estd presente apenas na densidade do estado
fundamental, p(r), nos sistemas real e ficticio.

Para determinar a densidade eletronica, ¢ necessario resolver a equagao de Kohn Sham,
(19). No entanto, como v¥S depende de p(r), nio é possivel resolver a equacio diretamente. A
solu¢do de (19) ocorre por meio de um calculo auto consistente, onde, a partir de uma densidade
inicial p/, o potencial efetivo de Kohn-Sham vX® ¢ calculado, e as fun¢des de onda 1p;(r) sio
determinadas ao resolver a equagdo de Kohn-Sham. Em seguida, a densidade do estado
fundamental pj+1 ¢é calculada a partir desses orbitais. A densidade pj+1 é comparada a

densidade inicial, e caso p/*1 = pJ, o célculo converge, e p/*! pode ser utilizada para
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determinar os observaveis fisicos. Caso contrario, se ndo houver convergéncia, p/*! ¢ usada
para calcular o potencial efetivo, e o ciclo de auto consisténcia ¢ reiniciado. Esse processo
continua até que o calculo atinja a convergéncia. A densidade eletronica inicial € arbitraria e,
normalmente, consiste em uma distribui¢@o aleatdria. Para calcular o potencial efetivo de Kohn
Sham, ¢ necessario, a priori, aproximar o funcional de troca e correlagdo Exc, cuja forma

analitica é desconhecida.
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4. METODOLOGIA

A etapa inicial deste estudo compreendeu uma prospeccao bibliografica nas bases de
dados Google Académico, SciELO, Portal de Periédicos CAPES, Scopus, Web of Science e
Science Direct, além de consultas ao Protein Data Bank (PDB) para identificacao de estruturas
macromoleculares pertinentes. O levantamento visou mapear as discussoes cientificas sobre
fungicidas e delimitar uma classe especifica para investigagdo. Inicialmente, foram
selecionados cinco compostos: miclobutanil, tebuconazol, epoxiconazol, protioconazol e
ciproconazol. No entanto, o escopo foi refinado com base nos critérios do Comité de A¢do a
Resisténcia a Fungicidas (FRAC), que classifica os compostos conforme o modo de agdo e o
alvo biologico. A partir desse referencial, a pesquisa restringiu-se a classe dos triazdis,
selecionando-se especificamente o triadimefon (TF) e o triadimenol (TN) devido a sua relevante

estereoquimica, considerando que o segundo € o principal metabdlito do primeiro.

4.1. Analise do estado solido

As estruturas cristalograficas dos compostos TF ¢ TN foram obtidas a partir do
Cambridge Structural Database (CSD) (Nowell; Walker; Anderson. N. H., 1982; Spitzer; Kopf;
Nickless, 1982), considerando a presenca de grupos funcionais associados a atividade
antiflingica, como os triaz6is (Huang et al., 2022). Os dados estruturais, obtidos no formato
crystallographic information file (CIF), serviram de base para as analises geométricas e do
arranjo supramolecular. As representacdes moleculares, tabelas e figuras foram elaboradas com
os softwares Mercury versao 3.8 (Macrae ef al., 2020) e GIMP.

A andlise das interacdes intermoleculares foi realizada por meio de superficies de
Hirshfeld, utilizando as configuracdes d,..-» € shape index, bem como os respectivos graficos de
impressao digital 2D, obtidos com o programa Crystal Explorer versao 21.5 (Spackman et al.,
2021). Essas andlises permitiram a identificacdo e a caracterizacdo detalhada das regides de
contato molecular, incluindo interagdes envolvendo sistemas m (Spackman; Jayatilaka, 2009).
Considerando a presenga de centros quirais, foram selecionadas configuragdes especificas dos
compostos TF e TN para fins de discussdo.

A natureza e a estabilidade das interacdes intermoleculares foram investigadas por
meio da Teoria Quantica de Atomos em Moléculas (QTAIM - Quantum Theory of Atoms in
Molecules) (Bader, 1985, 1994) e da andlise de Orbitais Naturais de Ligagao (NBO - Natural
Bonding Orbitals) (Weinhold; Landis, 2001, 2012). Os calculos quanticos foram realizados no
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ambito da Teoria do Funcional da Densidade (DFT) (Hohenberg; Kohn, 1964; Kohn; Sham,
1965) empregando o funcional M06-2X (Zhao; Truhlar, 2008) em combinagdao com o conjunto
de bases 6-311++G(d,p), conforme implementado no software Gaussian 16 (Frisch et al.,
2016). As geometrias iniciais foram construidas a partir das estruturas experimentais e
otimizadas, sendo realizadas analises de frequéncia para assegurar a obten¢ao de minimos
verdadeiros na superficie de energia potencial.

Os parametros topoldgicos da QTAIM foram obtidos com o programa Multiwfn 3.5
(Lu; Chen, 2012), enquanto as interagdes hiperconjugativas foram avaliadas por meio da analise
NBO, utilizando teoria de perturbacdo de segunda ordem para estimar as energias de

estabilizacdo associadas as interagdes do tipo doador—aceptor (Alabugin; Gilmore; Peterson,
2011).

4.2. Estudo de modelagem molecular

A caracterizacdo da reatividade quimica dos compostos TF e TN foi realizada através
da Teoria do Funcional da Densidade (DFT). As geometrias de estado fundamental foram
determinadas via busca conformacional por varredura relaxada (relaxed scan), utilizando o
nivel de teoria (M06-2X/6-311++G(d,p)).

A partir das energias dos orbitais moleculares de fronteira (HOMO - Highest Occupied
Molecular Orbital ¢ LUMO - Lowest Unoccupied Molecular Orbital) (Zhang; Musgrave,
2007), foram calculados descritores de reatividade global, tais como dureza quimica (resisténcia
a deformagdo da nuvem eletronica), potencial quimico (tendéncia de escape eletronico)
(Pearson, 1992, 2005) e o indice de eletrofilicidade global (capacidade de estabilizagdao
energética ao receber carga) (Parr; Szentpaly; Liu, 1999).

Adicionalmente, a distribuigdo espacial da densidade de carga foi analisada através de
mapas de Potencial Eletrostitico Molecular (MEP - Molecular Electrostatic Potential)
(Sjoberg; Politzer, 1990; Weinstein et al., 1981) para a identificacdo de sitios nucleofilicos e
eletrofilicos. De forma complementar, a reatividade local foi mapeada por meio das Fungdes de
Fukui (Fukui, 1982; Li; Evans, 1995), permitindo a predi¢ao precisa dos centros susceptiveis a

ataques nucleofilicos, eletrofilicos e radicalares.

4.3. Previsdo de toxicidade e modelagem de farmacoforos
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Em colaboragdo com pesquisadores do Grupo de Quimica Teérica e Estrutural de
Anapolis, Goias, Brasil, da Universidade Estadual de Goias, foi realizada a modelagem
farmacoforica dos diferentes isomeros dos fungicidas frente aos ligantes-alvo da lanosterol 14a-
desmetilase (familia CYPS51), utilizando-se o software LigandScout v4.5. O programa
identificou combinagdes de caracteristicas farmacoforicas compartilhadas, incluindo doadores
de ligacdo de hidrogénio (Hydrogen Bond Donors — HBDs), aceitadores de ligacdo de
hidrogénio (Hydrogen Bond Acceptors — HBAs), grupos carregados positiva e negativamente,
regides hidrofébicas (Hydrophobic — HyPho) e anéis aromaticos (Aromatic Rings — ARs). Esses
farmacoforos foram integrados ao processo de alinhamento para o desenvolvimento do modelo
de farmacoforo de caracteristicas compartilhadas (SFP - Shared Feature Pharmacophore).

Uma revisao da literatura foi realizada nas bases de dados Binding DB para identificar
compostos com atividade antagonista da lanosterol 14a-desmetilase. Um total de cinco
compostos com os menores valores de concentragdo inibitdria (ICso), os quais incluem
BDBM24656, BDBM25806, BDBM25807, BDBM25808 ¢ BDBM25809, compuseram o
conjunto de dados utilizado no calculo dos modelos farmacofoéricos.

Para a caracterizagdao do perfil farmacocinético, realizou-se um estudo dos parametros
de absorcdo, distribui¢do, metabolismo e excre¢do (ADME) empregando a ferramenta

SwissADME online (http://www.swissadme.ch/) (Daina; Michielin; Zoete, 2017; Salah et al.,

2024). Adicionalmente, a predi¢do de toxicidade quimica foi realizada com o auxilio do

servidor ProTox-3.0, (Banerjee et al., 2024) (https://tox.charite.de/protox3/), aplicando-se os

parametros de toxicidade ao componente com maior potencial de atividade biologica.

A avaliagdo de potenciais efeitos toxicos ocorreu por meio de predigdes
computacionais; a toxicidade cardiaca foi avaliada pelo servidor Pred-hERG (Braga et al.,
2015; Sanches et al., 2024) (https://predherg.labmol.com.br/) e a toxicidade cutanea utilizando
o Pred-Skin (Alves et al., 2018; Borba et al., 2021) (https://predskin.labmol.com.br/).
Adicionalmente, a toxicidade ambiental foi investigada empregando o servidor ADMETSAR

(Cheng et al., 2012; Yang et al., 2019) (https://lmmd.ecust.edu.cn/admetsar2/), contemplando

parametros como toxicidade para Tetrahymena pyriformis, abelhas, peixes, bem como o

potencial de biodegradacao.

4.4. Avaliacio da citogenotoxicidade, genotoxiocidade e mutagenicidade

A investigacao dos efeitos citogenotdxicos, genotoxicos e mutagénicos dos fungicidas

triadimefon (TF) e triadimenol (TN) foi viabilizada por meio de uma rede de cooperagdo
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cientifica multi-institucional. Os procedimentos experimentais foram centralizados no
Laboratério de Biotecnologia da Universidade Estadual de Goias (UEG), Campus Central, em
estreita colaboragdo com o Programa de P6s-Graduagdo em Conservacao de Recursos Naturais
do Cerrado do Instituto Federal Goiano (IF Goiano — Urutai) e o Laboratério de Novos
Materiais da Universidade Evangélica de Goids (UniEVANGELICA). Adicionalmente, o
suporte computacional para predi¢do de metabodlitos contou com a parceria do S-Inova Biotech
da Universidade Catolica de Dom Bosco (UCDB) e do Centro de Anélises Protedmicas e
Bioquimicas da Universidade Catélica de Brasilia (UCB).

A metodologia abrangeu modelos biologicos complementares, iniciando-se pela
avaliagdo ecotoxicologica in vivo com anelideos da espécie Eisenia fetida. Esses organismos
foram expostos a solos contaminados com concentragcdes ambientalmente relevantes de TF
(0,006 a 0,024 mg/kg) e TN (1,5 a 6,0 mg/kg), além de misturas binarias, por periodos de 7, 14
e 21 dias. Para quantificar a genotoxicidade e mutagenicidade nesse modelo, procedeu-se a
coleta do fluido celémico para a realizacdo do ensaio cometa, analisando a integridade do DNA,
e do teste de micronucleo, para identificagao de danos cromossdmicos permanentes.

Paralelamente, a citogenotoxicidade foi avaliada in vitro em linfocitos de sangue
periférico humano, coletados sob aprovacio do Comité de Etica em Pesquisa da UEG (CAAE
n° 66860023.1.0000.8113). As células foram submetidas ao teste de exclusdo de Azul de Trypan
para monitoramento da viabilidade celular e ao ensaio cometa para deteccdo de quebras na
cadeia de DNA apds exposi¢do aguda aos triazois. Esta abordagem permitiu comparar a
sensibilidade de um organismo sentinela* ambiental com o potencial de dano em células
humanas.

Por fim, o potencial metabodlico e a regulagdo da expressao génica foram preditos através
dos servidores BioTransformer e DIGEP-Pred. Essa analise in silico permitiu correlacionar os
danos observados nos modelos biologicos com as rotas de biotransformacao (sistema citocromo
P450) e possiveis mecanismos de estresse oxidativo inerentes aos xenobidticos estudados,
conferindo robustez aos dados experimentais obtidos nos ensaios com anelideos e linfocitos.
Para o detalhamento dos procedimentos metodologicos completos, consultar os Manuscritos 2

e 3 no item Resultados e Discussao desta dissertagao.

4 Organismo utilizado como indicador biolégico para monitorar a satide de um ecossistema ou a eficicia de um
processo.
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5. RESULTADOS E DISCUSSAO

Os resultados aqui apresentados sdo frutos de uma construgdao cientifica coletiva,
integrando pesquisadores e laboratorios da Universidade Estadual de Goias (UEG — Campus
Central), especificamente do Grupo de Quimica Tedrica e Estrutural de Anapolis, além do
Instituto Federal Goiano (IF Goiano — Urutai), da Universidade Evangélica de Goias
(UniEVANGELICA) e da Pontificia Universidade Catélica de Goias (PUC Goias). Contamos,
também, com a participacdo do S-Inova Biotech (UCDB) e do Centro de Analises Protedmicas
e Bioquimicas (UCB), que colaboraram com o suporte computacional. Tal rede de cooperagao
investigou os fungicidas triadimefon (TF) e triadimenol (TN) sob diferentes perspectivas,
unindo a quimica teodrica aos ensaios com sistemas bioldgicos complexos, organizados em trés
manuscritos articulados.

No Artigo 01 (submetido & Results in Chemistry), a aplicagdo da Teoria do Funcional da
Densidade (DFT) revelou que o triadimefon e o triadimenol possuem perfis de reatividade
distintos. A analise dos orbitais moleculares de fronteira (HOMO e LUMO) permitiu a
determinagdo de descritores de reatividade globais e locais. A andlise da dureza quimica e do
indice de eletrofilicidade global indicou que o TF, por possuir um carater eletrofilico mais
acentuado em regides especificas da molécula, apresenta uma tendéncia intrinseca a interagir
com centros nucleofilicos biologicos. O mapeamento de sitios de reatividade locais corroborou
essa percepcao, sugerindo que a estabilidade eletronica e a distribuicdo de carga nestes
fungicidas sdo fatores importantes para a sua persisténcia e potencial de interacdo com
macromoléculas.

Esses insights da quimica tedrica apresentaram alinhamento direto aos achados
experimentais dos Artigos 02 e 03. No estudo com linfocitos humanos (Artigo 02, publicado na
Drug and Chemical Toxicology), observou-se que a exposi¢do aguda aos triazodis resultou em
danos significativos na integridade do DNA, detectados pelo ensaio cometa. De forma
complementar, a investigacdo com a espécie sentinela Eisenia fetida (Artigo 03, submetido a
Environmental Toxicology and Pharmacology) revelou que a toxicidade evolui de quebras na
cadeia de DNA para danos cromossomicos permanentes, evidenciados pela formagao de
micronucleos.

A discussdo integrada destes dados sugere que a genotoxicidade observada ndo ¢
meramente casual, mas sim influenciada pela estereoquimica dos compostos. Enquanto a
modelagem eletronica do Artigo 01 mostrou a "disponibilidade" da molécula para reagir, os

ensaios biologicos confirmaram que essa reatividade se traduz em estresse celular. As predigdes
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metabolicas discutidas nos manuscritos reforcam que a biotransformagao, mediada pelo sistema
citocromo P450, pode ser o elo entre a estrutura molecular ¢ o dano gendmico, onde a
conformagdo espacial dos isomeros de triadimenol desempenha um papel chave na afinidade
enzimatica.

Embora reconhecamos as limitacdes de cada modelo isolado, a corroboragdao dos
resultados tedricos e experimentais oferece uma visdo mais nitida dos riscos. Em conjunto, os
achados sugerem que o perfil eletronico e a quiralidade do TF e do TN estdo intimamente
associados aos efeitos citogenotoxicos e mutagénicos observados. Esta abordagem
multidisciplinar, portanto, ndo apenas caracteriza o perigo destes contaminantes, mas contribui
com subsidios importantes para futuras revisdes em protocolos de avaliagdo de risco ambiental

e ocupacional, visando uma protecao mais eficaz da saude humana e dos ecossistemas.

5.1.  Artigo 1: Predi¢io da toxicidade de fungicidas triazois: uma perspectiva molecular

sobre o triadimefon e o triadimenol

5.1.1. Resumo

Contexto: Fungicidas triazois, como o triadimefon e seu metabolito estereoisomérico,
triadimenol, permanecem como agroquimicos fundamentais. No entanto, sua estereoquimica
pode afetar a reatividade de forma, o reconhecimento intermolecular e a ecotoxicidade de
diferentes maneiras, com impactos potenciais em espécies ndo alvo. Objetivo: Este estudo
emprega métodos computacionais para descrever descritores estruturais e eletronicos,
quantificar interagdes supramoleculares e prever desfechos toxicologicos in silico para
triadimefon e seu estereoisdmero individual, triadimenol. Métodos: Calculos de teoria do
funcional da densidade foram empregados para otimizar as geometrias moleculares e calcular
descritores de reatividade no nivel de teoria MO06-2X/6-311++G(d,p). As interagdes
intermoleculares foram comparadas usando anélise de superficies de Hirshfeld, teoria quantica
de atomos em moléculas e analise de orbitais naturais de ligagdao. Descritores de reatividade
quimica foram calculados para avaliar sitios reativos. Modelagem farmacoforica foi realizada
para verificar o potencial dos seis isOmeros em interagir com o alvo lanosterol 14a-desmetilase.
A toxicidade foi prevista usando modelos computacionais disponiveis online. Resultados:
Diferengas significativas foram encontradas entre as propriedades eletronicas e interagdes
intermoleculares de triadimefon e triadimenol, devido a presenca de grupos funcionais -OH ou

-CO-. Essas variagdes influenciam o potencial eletrostatico molecular, descritores de
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reatividade e energias de interagdo, afetando seu comportamento bioldgico. Os resultados da
modelagem farmacofdrica sugerem que apenas os isdmeros 1R-TF, 1S,2R-TN e 1S,2S-TN
demonstraram potencial de interacdo com o alvo lanosterol 14a-desmetilase. As previsdes de
toxicidade revelaram que alguns estereoisdmeros de triadimenol exibem maior potencial de
efeitos adversos em organismos ndo alvo quando comparados ao triadimefon. Conclusdo: Os
achados destacam o papel crucial da estereoquimica na modulagao do comportamento quimico
e da toxicidade de fungicidas triazois. Além disso, o uso de métodos in silico mostra-se eficaz
na predicao de perfis ecotoxicoldgicos desses compostos e apoia o desenvolvimento de praticas

agroquimicas mais seguras e sustentaveis.

5.1.2. Introducao

Na agricultura moderna, os pesticidas sdo ferramentas essenciais que protegem o
rendimento e a qualidade ao suprimir insetos-praga, doengas das plantas e ervas daninhas(Aliste
et al., 2021). No entanto, devido a sua natureza bioativa inerente, projetada para eliminar
diversas espécies, esses compostos sao toxicos (Roman et al., 2021). Entre as diferentes classes,
os fungicidas triaz6is se destacam por sua eficicia sistémica, amplo espectro de acdo e
propriedades fisico-quimicas favoraveis (Klittich, 2014; Singh, 2002). Desde sua introdu¢do na
década de 1970, os fungicidas triazois tornaram-se ferramentas indispensaveis para o manejo
de doengas fungicas em todo o mundo. Gracas a sua atividade de amplo espectro, alta eficacia,
rapida acdo, efeitos duradouros e forte absor¢ao e translocacgao sistémica, esses compostos sao
amplamente empregados em culturas como trigo, milho, frutas, hortalicas e plantas ornamentais
para controlar ferrugens, oidios e para regular o crescimento das plantas (Li et al., 2022,
Nagappan; Deresinski, 2007; Thompson; Wiederhold, 2010).

Os triazois representam uma classe significativa de compostos heterociclicos devido ao
seu amplo espectro de atividades bioldgicas. Sua estrutura central consiste em um heterociclo
de cinco membros contendo trés atomos de nitrogénio, que podem ocorrer em duas formas
isoméricas distintas, dependendo da posi¢do dos atomos de nitrogénio: 1,2,3-triazdis e 1,2,4-
triazdis (Zhang, 2019). Derivados de 1,2,3-triazois demonstraram propriedades farmacologicas
notaveis, incluindo atividades antibacterianas potentes (Marepu; Yeturu; Pal, 2018; Ramirez-
Villalva et al., 2017; Ratnakar Reddy et al., 2014; Venugopala et al., 2020), anticancer (Németh-
Rieder et al., 2023; Ratnakar Reddy et al., 2014) e antitumorais (Deng et al., 2022; Wang et al.,
2022), tornando-os valiosos na quimica medicinal. Por outro lado, os derivados de 1,2,4-triaz6is

sao amplamente empregados na agricultura como agentes fungicidas (Nagappan; Deresinski,
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2007; Thompson; Wiederhold, 2010), principalmente devido a sua alta eficacia e seletividade
contra uma ampla gama de fungos fitopatogénicos. Os fungicidas 1,2,4-triazois apresentam
estabilidade eletronica e alta afinidade pela lanosterol 14a-desmetilase (CYP51), a enzima-alvo
responsavel pela biossintese do ergosterol. Seu mecanismo de ag¢do envolve a inibi¢do dessa
monooxigenase do citocromo P450, que catalisa a desmetilagdo do lanosterol — uma etapa
crucial na formacdo das membranas celulares fungicas (Monk et al., 2020).

Entre eles, triadimefom (TF), triadimenol (TN), diniconazol, hexaconazol, miclobutanil
e tebuconazol apresentam quiralidade devido a um ou mais estereocentros, influenciando sua
atividade biologica e comportamento ambiental (De Albuquerque et al., 2018). O TF [1-(4-
clorofenoxi)-1-(1,2,4-triazol-1-il)-3,3-dimetil-butano-2-ona] contém um Unico centro quiral
(*C1) e existe como um par de enantiomeros S-(+) ¢ R-(—) (Kurihara et al., 1997). Sua
biotransformacgao leva ao TN [ 1-(4-clorofenoxi)-1-(1,2,4-triazol-1-il)-3,3-dimetil-butano-2-ol],
seu principal metabolito em plantas, solos e animais. Enquanto o TF possui um unico centro
quiral, o TN apresenta dois, dando origem a quatro estereoisdmeros — (1R,2S), (1S,2R), (1R,2R)
e (1S,2S) — que se organizam em dois pares diastereoméricos: TN-A e TN-B (Kenneke et al.,
2008; Li et al., 2014). Essas variagdes estruturais afetam significativamente as propriedades
fisico-quimicas e toxicoldgicas. Notavelmente, o estereoisomero 1S,2R apresenta at¢ 1000
vezes maior atividade fungicida do que seus equivalentes, e o diasteredmero A ¢ marcadamente
mais toxico para mamiferos, com base nos valores de DLso oral em ratos (Burden ef al., 1987;
Kenneke et al., 2010). Essa assimetria estereoquimica ¢ essencial para compreender o

desempenho biologico, o perfil toxicologico e o destino ambiental desses compostos.

Figura 12. Formulas estruturais do Triadimefom e de seu metabdlito Triadimenol. O asterisco (*) indica o
carbono quiral presente em suas estruturas quimicas.
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Dado o uso agricola extensivo de TF e TN e as preocupagdes ecotoxicologicas
associadas, este estudo elucida suas caracteristicas eletronicas e supramoleculares por meio de
um fluxo de trabalho computacional abrangente. Foram previstos perfis toxicoldgicos

utilizando modelos in silico informados por padrdes de interagdo intermolecular e descritores
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de reatividade, com o objetivo de resolver diferengas especificas entre estereoisomeros e
antecipar potenciais impactos em organismos nao alvo. Os resultados destinam-se a orientar um
uso mais seguro e racional desses fungicidas, além de apoiar avaliagcdes regulatorias que

incorporem consideracdes estereoquimicas.

5.1.3. Conclusao

Os resultados destacam que diferengas estereoquimicas entre triadimefon e triadimenol
influenciam diretamente suas propriedades eletronicas, interagdes supramoleculares e perfis
toxicologicos. Alguns estereoisdmeros de triadimenol mostraram maior potencial de toxicidade
em organismos ndo alvo do que o triadimefon. Esses achados reforcam a importancia de
considerar a estereoquimica em avaliagdes regulatérias e demonstram que métodos
computacionais in silico sdo ferramentas eficazes para prever perfis ecotoxicoldgicos e apoiar

préaticas agricolas mais seguras e sustentaveis.

5.2. Artigo 2: Dano no DNA induzido pelos fungicidas triadimefon, triadimenol e sua
mistura em linfécitos humanos: citogenotoxicidade e analise computacional das vias

metabdlicas

5.2.1. Resumo

Triadimefon (TF) e triadimenol (TN) sdo fungicidas triazélicos amplamente utilizados
para prevenir infec¢des fungicas em cereais, frutas e outras culturas de importancia econdmica.
Seus efeitos nocivos em organismos nao alvo ja foram relatados. Este estudo investigou os
efeitos citogenotoxicos de TF e TN, isolados e combinados, em concentragdes ambientalmente
relevantes (TF: 0,006; 0,012; e 0,024 mg/ml; TN: 1,5; 3,0; ¢ 6,0 mg/ml; e 0,012 mg/ml TF +
3,0 mg/ml TN) em linfécitos humanos, utilizando o teste de exclusdo por azul de tripano e o
ensaio do cometa. Adicionalmente, ferramentas in silico, BioTransformer e DIGEP-Pred, foram
empregadas para elucidar vias metabdlicas de detoxificagdo desses xenobidticos e avaliar seus
possiveis efeitos na transcri¢do génica. A exposicdo a TF e TN, isolados ou em combinagao,
ndo afetou a viabilidade dos linfocitos nas concentragoes testadas. Contudo, ambos os
compostos induziram aumento na porcentagem de quebras de fitas de DNA apoés o tratamento.
As previsodes in silico sugeriram que a interagdo com isoformas do citocromo P450 (CYP1A2,

CYP2A6, CYP2C9 e CYP2D6) diferiu para cada composto analisado. A predi¢ao de expressao
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génica indicou que TF e TN podem regular positivamente genes envolvidos em alteragdes
hormonais, risco de Alzheimer e progressao do cancer (SF1, SPON1, ADGRF5 ¢ RORB),
enquanto podem regular negativamente um gene associado a alteragdes no ritmo cardiaco e
neurotoxicidade (HCN1). Em conclusdo, nossos achados reforcam que os fungicidas triazdlicos
TF e TN, embora eficazes na agricultura, podem representar riscos a estabilidade genomica em

humanos, destacando a importancia de estudos de biomonitoramento em populagdes expostas.

5.2.2. Introdugao

Os pesticidas sao amplamente utilizados na agricultura moderna para proteger as
culturas contra pragas, fungos e doengas (Boros, Roman e Isvoran, 2024). Os fungicidas, uma
classe primaria de pesticidas, desempenham papel crucial no controle de infecgdes fungicas que
comprometem a produtividade agricola (Zubrod et al., 2019). Entre eles, os triazdis constituem
uma classe importante devido a sua atividade de amplo espectro e propriedades sistémicas, que
inibem a biossintese de ergosterol e impedem a formacdo de membranas celulares fungicas
(Dong et al., 2023). Apesar de sua eficacia, os triazois tém sido associados a efeitos adversos
em organismos ndo alvo, levantando preocupacgdes quanto a seguranga toxicoldgica e as
possiveis consequéncias ambientais de longo prazo (Boros, Roman e Isvoran, 2024; Tofan et
al., 2023; Zarn, Briischweiler e Schlatter, 2003).

O triadimefon (TF) € um fungicida triazélico utilizado principalmente no controle da
ferrugem e do oidio (Han et al., 2024). Diversos efeitos adversos em organismos nao alvo ja
foram relatados para esse composto, incluindo neurotoxicidade, hepatotoxicidade, toxicidade
cardiovascular, estresse oxidativo e efeitos teratogénicos (Zarn, Briischweiler e Schlatter,
2003). O TF demonstrou provocar alteragdes no desenvolvimento de organismos aquaticos,
como malformacdes nos arcos branquiais de anfibios e comprometimento da embriogénese em
zebrafish (Hou et al., 2022).

O triadimenol (TN), principal metabolito do TF, ¢ amplamente utilizado como fungicida
para controlar infec¢des fungicas em culturas agricolas (Zhang et al., 2018). Assim como o TF,
o TN tem sido associado a efeitos genotdxicos, incluindo formacdo de micronucleos e
aberragdes cromossdmicas em diferentes tipos celulares (Rasgele, 2025), além de estresse
oxidativo em girinos (Zhang et al., 2018). Ademais, o TN induziu toxicidade no
desenvolvimento, no sistema enddcrino e na reprodu¢do de mamiferos (Zarn, Briischweiler e

Schlatter, 2003).
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Embora TF e TN ndo sejam geralmente comercializados como mistura, sua proximidade
quimica e metabodlica sugere que a coexposi¢ao ¢ possivel (Garrison, Avants e Jones, 2011; Hou
et al., 2022). A alta estabilidade, baixa biodegradabilidade e facilidade de transporte de TF e
TN contribuem para sua persisténcia diferencial em solos e dguas. Consequentemente, essa
persisténcia aumenta a ocorréncia de exposi¢cdes sequenciais ou simultianeas, ressaltando a
necessidade de investigar os possiveis efeitos genotoxicos sinérgicos ou aditivos que podem
resultar dessas coexposigoes (Hou et al., 2022; Zhang et al., 2018). Dada a classificagao
estabelecida de TF ¢ TN como possiveis carcindgenos humanos (Hou et al., 2022) e sua
associagdo com diversos desfechos toxicologicos, ¢ relevante investigar seu potencial de
induzir danos ao DNA em células humanas. A exposi¢do humana a esses compostos pode
ocorrer por meio do manuseio ocupacional ou pela ingestdo de residuos alimentares (Pedroso
et al., 2022). Ja foi relatado que a exposicdo ocupacional a pesticidas pode levar a efeitos
genotoxicos, incluindo trocas de cromatides-irmas, formagdo de micronucleos, aberragdes
cromossomicas, adutos de DNA e quebras de fitas. Esses efeitos tém potencial para
comprometer os sistemas nervoso, respiratorio, reprodutivo e imunoldgico, aumentando o risco
de cancer (Ahmad et al., 2024; Pedroso et al., 2022).

Embora diversos estudos tenham descrito a citotoxicidade e a genotoxicidade de TF e
TN em organismos aquaticos e modelos mamiferos, pouco se sabe sobre seus efeitos em células
humanas. Além disso, nenhum estudo avaliou ainda o impacto combinado de TF ¢ TN em
linfécitos humanos. Os linfocitos de sangue periférico humano sdo tipos celulares relevantes
que refletem a exposicao sistémica e a estabilidade gendmica (Antoniou et al., 2023). O uso de
linfécitos como modelo fornece uma correlagdo apropriada entre achados in vitro e exposi¢ao
humana real, apoiando a extrapolacdo para riscos ocupacionais e dietéticos potenciais (Lebailly
et al., 2015). Diante da persisténcia ambiental e da possivel coocorréncia de TF e TN, ¢
necessaria uma avaliagdo abrangente que incorpore exposicoes individuais e combinadas.

O ensaio do cometa ¢ um método rapido, simples e sensivel capaz de detectar quebras
de fitas de DNA (simples e duplas, sitios labeis em meio alcalino e ligagdes DNA -proteina) em
células individuais. Esse ensaio tem sido amplamente utilizado para avaliar efeitos genotdxicos
induzidos por agentes quimicos em diferentes tipos celulares e condigdes experimentais
(Calderon-Segura et al., 2012; Ramos et al., 2021; Sasikala et al., 2023). Além disso, €
comumente empregado em estudos de biomonitoramento humano como biomarcador de
exposi¢do a agentes genotoxicos (Ladeira ef al., 2024; Ramos et al., 2021). A previsao das
caracteristicas metabolicas induzidas por TF e TN fornece uma abordagem poderosa para

elucidar possiveis mecanismos de acao toxica. Ao investigar como esses compostos perturbam
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vias bioquimicas essenciais, podemos identificar biomarcadores precoces de efeitos adversos,
prever toxicidade cronica e estabelecer bases para uma avaliacdo de risco mais robusta
(Hasselgren e Myatt, 2018; Loiodice, Nogueira da Costa e Atienzar, 2019).

Assim, este trabalho teve como objetivo investigar a citogenotoxicidade de TF e TN,
isolados e combinados, em concentragdes ambientalmente relevantes, em linfocitos humanos.
Além disso, ferramentas in silico foram utilizadas para elucidar vias metabolicas de
detoxificagdo desses xenobidticos e avaliar seus possiveis efeitos na transcri¢ao génica. Em
sintese, este estudo vinculou a investigagdo toxicologica in vitro e in silico de TF e TN a
exposicao real, permitindo politicas baseadas em evidéncias e apoiando o desenvolvimento de

alternativas de menor risco.

5.2.3. Conclusio

Nossos resultados demonstraram que o triadimefon (TF) e o triadimenol (TN),
individualmente ou em combinag¢do, induziram danos ao DNA em linfécitos humanos em
concentragdes ambientalmente relevantes, apesar de nao afetarem a viabilidade celular. As
analises in silico revelaram interacdes distintas com isoformas do citocromo P450 e previram
alteragcdes na expressao génica associadas a regulagdo hormonal, neurotoxicidade e progressao
do cancer. Esses achados reforcam que os fungicidas triazélicos, embora eficazes na agricultura,
podem representar riscos a estabilidade genomica em humanos. Portanto, estudos de
biomonitoramento em populacdes expostas sdo essenciais, € pesquisas adicionais sao

necessarias para esclarecer as implicagdes de longo prazo da exposi¢ao a esses compostos.

5.3. Artigo 3: Efeito genotoxico, mutagénico e na biomassa de eisenia fetida expostas ao

fungicida triadimefon e triadimenol

5.3.1. Resumo

Triadimefon e triadimenol sdo fungicidas sist€émicos de amplo espectro amplamente
utilizados na agricultura. No presente estudo, avaliamos os efeitos genotdxicos, mutagénicos e
na biomassa de minhocas da espécie Eisenia fetida expostas ao triadimefon, triadimenol e a
mistura de ambos. As minhocas foram expostas por 7, 14 e 21 dias a diferentes concentragdes
de triadimefon (0,006; 0,12; e 0,24 mg/kg) e triadimenol (1,5; 3; e 6 mg/kg). Aos 14 e 21 dias,

a perda de peso ultrapassou 20%, chegando a mais de 40% nas maiores concentracdes de ambos
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os triazdis. Em relagdo aos biomarcadores ecotoxicoldgicos, efeitos genotoxicos foram
detectados nas maiores concentragdes dos fungicidas, isolados e em mistura, especialmente
ap6s 14 e 21 dias de exposicdo. Em contraste, um leve aumento mutagénico foi observado
apenas na maior concentragdo de triadimefon. Além disso, a exposicdo de E. fetida aos
fungicidas triazolicos promoveu reducdo significativa da biomassa a partir do 14° dia, indicando
efeitos subletais associados ao estresse metabolico. Esses resultados reforcam a necessidade de
monitoramento do impacto ambiental dos triazdis, pois mesmo em concentragdes

ambientalmente relevantes podem induzir danos genotoxicos em organismos modelo do solo.

5.3.2. Introducao

Os pesticidas sao amplamente utilizados na agricultura comercial e contribuiram
significativamente para o aumento da produtividade agricola ao controlar pragas e doencas,
garantindo a seguran¢a alimentar para uma populacdo global em constante crescimento
(Lammertyn et al., 2024). Contudo, o uso excessivo ou inadequado pode levar ao acimulo de
residuos no ambiente e comprometer a qualidade do solo, a biodiversidade e a saude humana.
Entre esses compostos, os pesticidas triazolicos constituem uma classe de fungicidas sistémicos
contendo a molécula 1,2,4-triazol (Liu et al., 2014). Devido ao seu amplo espectro e
versatilidade, os triazois sdo amplamente utilizados como fungicidas ou agentes medicinais e
representam o segundo maior grupo de fungicidas mundialmente (Tang et al., 2024).

Introduzidos no mercado em meados da década de 1970 por empresas como a Ciba-
Geigy®, os compostos triazdlicos sdo absorvidos pelas plantas e distribuidos em sua estrutura,
proporcionando protecdo duradoura (Nasonov e Yakuba, 2024; Sun et al., 2023). Seu
mecanismo de a¢do baseia-se na inibicdo da biossintese de ergosterol, componente essencial
das membranas celulares fingicas, por meio da enzima lanosterol 14a-desmetilase (CYP51),
um citocromo P450 monooxigenase. Dada sua ampla aplicacdo, é essencial compreender suas
propriedades quimicas, que influenciam diretamente o comportamento ambiental, a
persisténcia, a atividade biologica e o potencial ecotoxicologico (Malik et al., 2024).

Neste contexto, o presente estudo investigou os fungicidas triazdlicos triadimefon e
triadimenol, moléculas heterociclicas com diferentes centros quirais e potenciais toxicologicos.
Apesar de sua eficcia agricola, estudos relatam efeitos adversos em organismos silvestres e
classificam ambos como possiveis carcindgenos humanos (Li et al., 2017; Zhang et al., 2020).
As minhocas da espécie Eisenia fetida foram escolhidas como bioindicadores devido a sua

reconhecida sensibilidade a poluentes do solo e relevancia em avaliagdes ecotoxicologicas



43

(Zhou et al.,2016; Rico et al.,2016). Assim, este trabalho buscou avaliar os efeitos genotoxicos,
mutagénicos e na biomassa de E. fetida expostas a triadimefon, triadimenol ¢ a mistura, em
diferentes tempos e concentragdes, utilizando biomarcadores genéticos como o ensaio do

cometa e o teste de micronucleo.

5.3.3. Conclusao

Em sintese, a exposi¢do de Eisenia fetida aos fungicidas triazdlicos triadimefon e
triadimenol resultou em redugdo significativa da biomassa, especialmente apds 14 e 21 dias,
indicando efeitos subletais associados ao estresse metabodlico. Os biomarcadores genéticos
demonstraram que ambos 0s compostos induzem danos ao DNA, com maior intensidade para
o triadimefon, enquanto a mutagenicidade foi observada apenas na maior concentracao desse
fungicida apds 21 dias. A andlise integrada (PCA) evidenciou que os efeitos genotdxicos e
mutagénicos sdo dependentes da concentragdo, do tipo de composto e do tempo de exposi¢ao,
sugerindo risco genético elevado em exposicdes prolongadas. Esses resultados reforcam a
necessidade de monitoramento ambiental dos triazois e de estudos adicionais que integrem
biomarcadores genéticos e bioquimicos, visando compreender melhor os mecanismos de

toxicidade e os impactos de longo prazo desses fungicidas em organismos do solo.
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6. CONSIDERACOES FINAIS

Este trabalho demonstrou, por meio de uma abordagem multidisciplinar que integra a
quimica tedrica, a modelagem molecular e a toxicologia experimental, que os riscos ambientais
e biolégicos dos fungicidas triadimefon (TF) e triadimenol (TN) estdo intrinsecamente
associados as suas propriedades moleculares e estereoquimicas. A principal contribui¢ao deste
estudo reside na demonstragdo de que a toxicidade ndo ¢ uniforme entre estereoisdmeros; as
variagdes nos indices de reatividade quimica e nas interagcdes ndo covalentes revelaram niveis
de risco distintos para organismos ndo alvo. Tais achados preenchem uma lacuna na
compreensdo mecanistica desses xenobioticos, reforcando a necessidade critica de que
processos regulatorios considerem explicitamente a quiralidade das moléculas na avaliagao de
risco.

A investigacdo evidenciou que tanto o TF quanto o TN possuem capacidade de induzir
quebras nas cadeias de DNA em concentragdes ambientalmente relevantes sem provocar morte
celular imediata, caracterizando um risco genotoxico significativo. Este fendmeno alerta para
os perigos da exposicdo cronica e o potencial acimulo de danos genomicos em populagdes
expostas. Ademais, as predicdes de interacdo com enzimas do citocromo P450 sugerem que
estes agroquimicos podem atuar como interferentes metabodlicos, extrapolando o dano celular
direto e apontando para possiveis desequilibrios endocrinos.

Nao obstante as contribui¢des alcangadas, o estudo apresenta limitagdes, como o foco
em modelos biologicos especificos (in vitro humano e in vivo com anelideos) e a dependéncia
de predi¢cdes computacionais para as rotas metabolicas, que, embora robustas, representam
simplificagdes de sistemas bioldgicos complexos.

Como perspectivas para trabalhos futuros, aponta-se a necessidade de validagdo
experimental direta dos metabolitos previstos in silico e a ampliacao desta metodologia para
outros fungicidas inibidores da desmetilacio (DMlIs). Tais passos sdo fundamentais para
consolidar o uso de ferramentas computacionais na predi¢ao de toxicidade e fornecer subsidios
mais precisos para a revisao de protocolos de seguranga ambiental e ocupacional, visando um

manejo agricola verdadeiramente sustentavel e seguro para a saide humana.
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ARTICLEINFO ABSTRACT

Background: Triazole fungicides, such as triadimefon (TF) and its stereoisomeric metabolite, triadimenol (TN),
remain cornerstone agrochemicals. However, their stereochemistry may affect shape reactivity, intermolecular
recognition, and ecotoxicity in different ways, with potential impacts on non-target species. Objective: This
study employs computational methods to describe structural and electronic descriptors, quantify supramolecular
interactions, and predict toxicological endpoints in silico for TF and its individual stereoisomer, TN. Methods:
Density functional theory calculations were employed to optimize the molecular geometries and calculate
reactivity descriptors at the M06-2x/6-311++G(d,p) level of theory. The intermolecular interactions were
compared using Hirshfeld surface analysis, quantum theory of atoms in molecules, and natural bond orbital
analysis. Chemical reactivity descriptors were calculated to assess reactive sites. Pharmacophore modeling was
performed to verify the potential of the six isomers to interact with the lanosterol 14a-demethylase target.
Toxicity was predicted using computational models available online. Results: Differences were found between
the electronic properties and intermolecular interactions of TF and TN, due to the presence of -OH or —-CO-
functional groups. These variations influence the molecular electrostatic potential, reactivity descriptors, and
interaction energies, affecting their biological behavior. The results of the pharmacophore modeling suggest that
only the 1R-TF, 15,2R-TN, and 15,2S-TN isomers demonstrated potential for interaction with the lanosterol 14a-
demethylase target. Toxicity predictions revealed that some triadimenol stereoisomers exhibit a greater potential
for adverse effects on non-target organisms when compared to TF. Conclusion: The findings highlight the crucial
role of stereochemistry in modulating the chemical behavior and toxicity of triazole fungicides. Additionally, the
use of in silico methods proves effective in predicting the ecotoxicological profiles of such compounds and
supports the development of safer and more sustainable agrochemical practices.

Keywords:

Triazoles

Fungicides, DFT, supramolecular arrangement
Toxicity prediction

1. Introduction

In modern agriculture, pesticides are key tools that safeguard yield
and quality by suppressing insect pests, plant diseases, and weeds [1].
However, due to their inherent bioactive nature designed to eliminate
various species, these compounds are toxic [2]. Among the different
classes, triazole fungicides stand out for their systemic efficacy, broad
spectrum of action, and favorable physicochemical properties [3,4].
Since their introduction in the 1970s, triazole fungicides have become
indispensable tools for managing fungal diseases worldwide. Owing to

their broad-spectrum activity, high efficacy, rapid onset of action, long-
lasting effects, and strong absorption and systemic translocation, these
compounds are extensively employed in crops such as wheat, corn,
fruits, vegetables, and ornamental plants to control rusts, powdery
mildews, and to regulate plant growth [5-7].

Triazoles represent a significant class of heterocyclic compounds due
to their broad spectrum of biological activities. Their core structure
consists of a five-membered heterocycle containing three nitrogen
atoms, which can occur in two distinet isomeric forms depending on the
position of the nitrogen atoms: 1,2,3-triazoles and 1,2,4-triazoles [8].
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Triadimefon

Triadimenol

Fig. 1. Structural formulas of Triadimefon and its metabolite Triadimenol, with numbering schemes. The asterisk (*) indicates the chiral carbon present in their

chemical structures.

Derivatives of 1,2,3-triazoles have demonstrated outstanding pharma-
cological properties, including potent antibacterial [9-12], anticancer
[12,13], and antitumor [14,15] activities, making them valuable in
medicinal chemistry. On the other hand, 1,2,4-triazole derivatives are
extensively employed in agriculture as fungicidal agents [5-7], pri-
marily due to their high efficacy and selectivity against a wide range of
phytopathogenic fungi. 1,2,4-triazole fungicides present electronic sta-
bility and high affinity for lanosterol 14a-demethylase (CYP51), the
target enzyme responsible for ergosterol biosynthesis. Their mechanism
of action involves inhibition of this cytochrome P450 monooxygenase,
which catalyzes the demethylation of lanosterol — a crucial step in the
formation of fungal cell membranes [16].

Among them, triadimefon (TF), triadimenol (TN), diniconazole,
hexaconazole, myclobutanil, and tebuconazole — exhibit chirality due to
one or more stereocenters, influencing their biological activity and
environmental behavior [17]. TF [1-(4-chlorophenoxy)-1-(1,2,4-triazol-
1-yD)-3,3-dimethyl-butan-2-one] contains a single chiral center (*C;)
and exists as a pair of enantiomers S-(+) and R-(—) [18]. Its biotrans-
formation leads to TN [1-(4-chlorophenoxy)-1-(1,2,4-triazol-1-y1)-3,3-
dimethyl-butan-2-ol], its major metabolite in plants, soils, and animals
(Fig. 1). While TF contains a single chiral center, TN possesses two,
giving rise to four stereoisomers - (1R, 25), (1S,2R), (1R,2R), and (15,25)
— which are organized into two diastereomeric pairs: TN-A and TN-B
[19,20]. These structural variations significantly affect physicochemical
and toxicological properties. Notably, the 1S,2R stereoisomer exhibits
up to 1000-fold greater fungicidal activity than its counterparts, and the
A diastereomer is markedly more toxic to mammals based on oral LDso
values in rats [21,22]. Such stereochemical asymmetry is essential for
understanding the biological performance, toxicological profile, and
environmental fate of these compounds.

Given the extensive agricultural use of TF and TN and the associated
ecotoxicological concerns, this study elucidates their electronic and
supramolecular characteristics through a comprehensive computational
workflow. It was predicted that toxicological profiles using in silico
models informed by intermolecular interaction patterns and reactivity
descriptors, aiming to resolve stereoisomer-specific differences and
anticipate potential impacts on non-target organisms. The findings are
intended to inform safer and more rational use of these fungicides while
supporting regulatory assessments that incorporate stereochemical
considerations.

2. Computational procedures
2.1. Solid-state analysis

The crystallographic structures of TF and TN were obtained from the
Cambridge Structural Database (CSD) [23], under the codes 1109431
[24] and 1108987 [25]. The selection considered the presence of
functional groups associated with antifungal activity, such as triazoles
[26]. The structural data of the compounds were obtained in crystallo-
graphic information file format and served as the basis for structural
analyses, including geometry and supramolecular arrangement.

Molecular representations, tables, and figures were constructed with
Mercury (version 3.8) [27] and GIMP [28] software. Additionally,
Hirshfeld surfaces (HS) in the dyom and shape index configurations, as
well as their respective 2D fingerprint plots, were obtained using the
Crystal Explorer (version 21.5) [29], allowing a more detailed evalua-
tion of the interactions. The HS was carried out using the normalized
contact distance function (dyorm),

di—rv  d,— i

T T = m
il el

doorm =

which identifies regions of molecular contact by considering the internal
(d) and external (d,) distances to the surface, normalized by the corre-
sponding van der Waals radii (*®). The shape index was employed to
identify interactions involving n systems [30]. The compounds TF and
TN feature a chiral center at C;, while TN possesses an additional chiral
center at C, (Fig. 1), resulting in four distinct stereoisomers for TN. For
discussion purposes, the R and enantiomer B1 (1R,2R) configurations
were chosen, respectively.

Quantum theory of atoms in molecules (QTAIM) [31,32] was
employed to determine the exact nature of the observed intermolecular
interactions. At the same time, natural bond orbital (NBO) [33,34]
analysis was used to evaluate their respective stabilities. These calcu-
lations were performed using density functional theory (DFT) [35,36],
as implemented in the Gaussian 16 [37] software package. Input ge-
ometries were constructed based on the experimentally observed
structures and optimized using the highly parameterized exchan-
ge—correlation functional M06-2 x [38] in combination with the diffuse
and polarized Pople-style split-valence triple-{ basis set 6-311++G(d,
p). Previous studies have demonstrated that this functional provides
reliable descriptions of medium-range electronic correlation effects and
non-covalent interactions and is among the best-performing options for
modeling the thermodynamics of chemical processes [39]. Frequency
calculations were also carried out to ensure that the molecular systems
corresponded to true minima on the potential energy surface.

The topological parameters analyzed by QTAIM included the elec-
tron density [p(r)], the Laplacian of p(r) (V3p), the electron kinetic
energy density [G(r)], the electron potential energy density [v(r)], and
the total energy density [h(r)] [40,41]. These parameters were collected
by the Multiwfn 3.5 [42] program. For the NBO analysis, hyper-
conjugative interactions between donor (Lewis-type) and acceptor (non-
Lewis-type) orbitals [43] were examined using the second-order
perturbation theory formula,

O L d fnr—F‘zi 6]

= g —& el

where (adf‘a]«) (or F’ﬁ) is the Fock matrix element between the i and j

NBOs, ¢« is the energy of the antibonding orbital 6, and ¢, is the energy
of the bonding orbital o; n, is the population occupation of the o donor
orbital.
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1,2,4-Triazole

1-(4-Chlorophenoxy)

Chlorine

° TF
TN

R.M.S.D. = 0.6577 A
Max. Dist. = 1.668 A

Fig. 2. Molecular structure of selected triazole fungicides, TF (a) and TN (b), and their numbering scheme for all non-hydrogen atoms. (¢) Overlap of the compounds:
TF (blue) and TN (orange), circles detach the chemical moieties in both molecules. RMSD of 0.6577 Ig‘, and maximum distance of 1.668 A. The superposition excludes
hydrogen atoms and allows inversion to fit better. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
2.2. Molecular modeling study

The calculations were performed using the same level of theory. The
TF and TN molecules were initially optimized following a conforma-
tional search based on a relaxed scan approach, aiming to identify the
ground-state conformation. Subsequently, the energies of the frontier
molecular orbitals [44] - the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) — were
used to calculate chemical reactivity descriptors, including chemical
hardness [45.46],

1/0°E I-A
=3 (m) e @

which measures the resistance to deformation of the electron cloud
during chemical processes; chemical potential [46],

0E I+A
,,=(£W) =2t @

which is related to charge transfer from a species with a higher chemical
potential () to one with lower chemical potential (#;pq); and the
global electrophilicity index [47],

_®

» (4)

w

which measures energy stabilization when the system acquires an
electronic charge from the environment. In Egs. (2) and (3), E is the
energy of the system, N is the number of particles, v is the external po-
tential, y is the electronegativity, I ~ —Eyopo is the ionization potential,
and A =~ —Epywo is the electron affinity. The nucleophilic and electro-
philic regions of the compound were evaluated using the molecular
electrostatic potential (MEP) map [48,49], where the electrostatic po-
tential, V(r) [50], at point r, is defined by

. Z,
V() = Z ta—1

where Z, is the charge of nuclei a at point r, and p(r) is the charge
density at the point r [48]. Furthermore, through the Fukui function
[51,52], defined by the equation,

pr) o,
r—x "

(5

orr) = [a’gx)] . ©)

it was possible to predict the local reactivity sites, so that the indices for
the nucleophilic, electrophilic, and radical attacks were obtained.

2.3. Toxicity prediction and pharmacophore modeling

For the pharmacophore modeling of the different isomers of fungi-
cides with lanosterol 14a-demethylase (CYP51 family) target ligands,
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Fig. 3. HS with the dyp, property mapped and the detailed view of C-H:--N and O—H:--N interactions in the supramolecular arrangement of TF and TN. (a) dnorm
surface mapped for TF. (b) Representation of C—H---N interactions I (Cy---N3), I (C4:+-N3), III (Cg++-N3), and IV (Cs-+-N>) with their donor-acceptor distances in TF. (c)
The 2D fingerprint plot of the H~N, with 14.6% of the total contacts, was mapped for TF. (d) dyorm surface mapped for TN. (e) Representation of O—H:-:N interaction I
(0;--:N3), and C—H--:N interaction II (C4---N3) with their donor-acceptor distances for TN. (f) The 2D fingerprint plot of the H“N with 15.5% of the total contacts was

mapped for TN.

we employed LigandScout v4.5 [53] (https://docs.inteligand.com/lig
andscout). LigandScout identified combinations of shared pharmaco-
phoric features, including hydrogen-bond donors (HBDs), hydrogen-
bond acceptors (HBAs), positively and negatively charged groups, hy-
drophobic (HyPho) regions, and aromatic rings (ARs) [53]. These
unique pharmacophores were subsequently integrated into the align-
ment process to develop the shared feature pharmacophore (SFP) model.
A literature review was conducted using the databases in Binding DB
(https://www.bindingdb.org/rwd/bind/index.jsp) to identify com-
pounds with lanosterol 14a-demethylase antagonist activity. A total of
five compounds with the lowest inhibitory concentration (ICsp) values
were included in a dataset used to calculate the pharmacophore models.

To assess the pharmaceutical viability, a pharmacokinetic study was
carried out to measure parameters related to absorption, distribution,
metabolism, and excretion (ADME). This study utilized the SwissADME
online (http://www.swissadme.ch/) tool for analysis [54,55]. The
following platform was used to predict the toxicity of chemical studies.
ProTox-3.0 - Prediction of TOXicity of chemicals [56] (https://tox.
charite.de /protox3/), which applies all the toxicity parameters to the
most promising component that is likely to be the source of biological
activity.

The assessment of potential toxic effects was conducted through
computational predictions, with cardiac toxicity evaluated using the
Pred-Herg server [57,58] (https://predherg.labmol.com.br/) and cuta-
neous toxicity assessed employing the Pred-Skin server [59,60] (htt
ps://predskin.labmol.com.br/). The environmental toxicity assessment
was conducted using the ADMETSAR [61,62] server (https://Immd.ecus

tedu.cn/admetsar2/). The analyses included assessments of Tetrahy-
mena pyriformis toxicity, honeybee toxicity, fish toxicity, and
biodegradation.

3. Results and discussion
3.1. Solid-state analysis

The TN and TF compounds crystallize in the monoclinic systems P2,/
¢ and P2,/n space groups (Fig. 2), respectively, with one independent
molecule in the asymmetric unit (Z' = 1) and four in the unit cell (Z = 4)
(see Fig. S1 a and b). Both structures have a chlorine atom in the para-
position of aromatic ring 1 and a triazole attached to carbon 1, which is
also connected to ring 1 via an ether moiety (R-O-R). The main differ-
ence lies in the presence of a hydroxyl (OH) at C, in TN, while TF has a
carbonyl (C=0) and the second chiral center at C,. Fig. 1a and b shows
in detail the erystal structures and atomic numbering scheme through
the illustration of the asymmetric unit. Overlayed compounds with root
mean square deviation (RMSD) of 0.6577 A and maximum distance of
1.668 A, highlighting the angles formed between the tert-butyl groups of
TF and TN in ~57°, and at C, between the oxygen from hydroxyl (-OH)
and carbonyl (C=0) in ~50° (Fig. 1c).

The supramolecular analysis of TF and TN using the full interaction
maps tool [63] revealed predominantly weak interactions such as
C—H:--N, C—H--0, C—H---Cl, G—H--n and =---n. Notably, O—H--N
interactions were observed exclusively in TN, due to the presence of a
hydroxyl group. The blue regions of the interaction maps highlight
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Table 1

Geometries of the intermolecular interactions, distances are in angstrom (A),
and angles are in degrees (°), for TF and TN. Cgl is the centroid of the phenyl
ring, and Cg2 is the centroid of the triazole ring.

Udnteraction D--H H-A DA 2(D—H-A) Symmetry
(A) (A) (A) ©) Codes
Triadimefon
Ll
270
¢, H,-Nj 1.080 2354 3434  178.80 y,%« z
L, o8 .
PRk ol
D¢, Hyc-N3 1.079 2802 3756 147.36 %— %
X3
2y
UDCeHea-N3 1.081 2.563 3.567 154.08 R A %- P
X3
25y
MVICgHga-Na 1.080 2710 3.789 176.40 y,l- %
1-"x1-y,
Vcg—Hg -0, 1.081 2.810 3.602 130.09 1-%
1-x1-y,
ey -Hg 02 1.079 2823 3903  179.06 1-%
MDC, H4A..Cg;  1.080 2855  3.912 166.15 —14+xy%
VI, HeeCga  1.080  3.201  3.857  120.12 1+ x,y,%
-x2-y
¢, Hyp-Cly 1.080 3275 3672  102.96 1-%
1-x2-y,
g Hge-Cly 1.080 3.531 3.765 94.08 -z
Triadimenol
g
3t
D0;_Hja-N3 1.047 1.996 2.832 134.66 %7 %
D€, Hya-Ns3 1.155 2819 3791  141.42 x, % _— %- £
_ il
» =3t
(NC, Hg--0y 0.813 2997 3536  125.88 %7 %
Ve, Hy-0, 1.029 3307 3667 10231 %1+y%
1
X, 2 Y
My HyeCgy 0.991 3121 4104  172.03 %- %
W —xnyth
'C;-Hy---Cga 0.958 3004 3678  128.60 . 2
3 z
1-x1-y,
VDG He - Cly 1.024  3.085  3.843  131.66 1-%
1-x1-y,
VD, Hec:-Cly 0.954 3.354 4.016 128.29 1-%

where donors are expected to be followed by CSD data, the red regions
indicate likely acceptor positions, the orange regions indicate likely
positions of hydrophobic groups, and the brown regions indicate likely
positions of x---n interactions. The maps were created using carbonyl/
oxygen, methyl/carbon, aromatic CH/carbon, and uncharged (NH) ni-
trogen probes. lllustrated in Fig. Slc-d, the intermolecular interaction
maps of both compounds TF and TN, respectively, show two high-
probability areas near the nitrogen atoms of the triazole ring, and two
slightly lower probability regions near the oxygen of the carbonyl in TF.
The hydroxyl group in TN donates a hydrogen bond in this structure,
with a high-probability area close to it. Conversely, the C—H groups in
the triazole and phenyl rings have the potential to interact with H-bond
acceptors, as indicated by the red regions in the structure. Despite a
subtle difference, it can play an important role, since the presence of
such areas can perform interactions with other molecules, likely influ-
encing the physical-chemical properties of the molecule, such as solu-
bility, affinity with cell membranes, and interactions with biomolecules.

Depicting the interactions, we have applied the graph set analysis
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Table 2
Percentage contribution of contacts present in theTriadimefon and Triadimenol
crystal structures.

Molecule H--H H--N H--0 H--C H--Cl C..C Others
TF 41.2 14.6 11.8 154 12.8 0.6 3.6
N 46.4 15.5 4.8 16.1 13.3 1.0 29

[64], to identify the interaction motifs in supramolecular arrangement,
combining with the HS analysis [30] also used in this study through the
drom surface of the compounds TF (volume = 372.04 10\3; area = 330.42
A?) and TN (volume = 367.77 .7\3; area = 325.40 A?) as illustrated in
Fig. 3a and ¢, representing both, acceptor and donor regions of in-
teractions. The red color indicates closer contacts, while the blue color
indicates outlying contacts. TN and TF compounds exhibit similar pat-
terns of intermolecular interactions, and their respective geometry pa-
rameters are given in Table 1. The 2D fingerprint plots [65] of
intermolecular interactions were mapped within the range of 0.8-2.6 &
view of d, vs d; for TF and TN compounds. The total contribution for each
type of contact is described in Table 2.

Detaching the H--N contacts in the dnom HS (Fig. 3a and d), they
occur mainly through C—H--N type of interactions, in TF with N as
acceptor the Cs—Hsa Ny with donor acceptor distance (D---A = 3.789
A), while N3 alone as acceptor show three other interactions due to the
arrangement where it is positioned surrounded by the methyl from tert-
butyl group, than we observed the interaction C;-H;:--N3 (D---A =
3.434 A), and also the bifurcated by C4~Hac:+-N3 (D---A = 3.756 ;\) and
Ce-Hea-+N3 (D-~A = 3.567 A) resulting in the formation of a R}(6) su-
pramolecular motif, as detailed in Fig. 3b. Topological parameters from
QTAIM [40] analysis indicate that electron density is depleted at the
bond critical points (BCPs) of these interactions, with p(r) < 0.1 a.u. and
V2p > 0, characterizing them as closed-shell interactions [41,66] with
van der Waals nature [67,68] (See Table 3). Among these, C;-H;---N3
exhibits the highest electron density at the internuclear region (p(r) =
0.01268 a.u.), representing the most stable intermolecular contact in TF,
with a stabilization energy ( ii}) of 3.71 kecal/mol, as supported by the
hyperconjugative interaction 7, (N3) — ¢ (C,-H;) in the NBO analysis.
The Cg—Hea---N3 interaction presents a relatively greater partially co-
valent character, as indicated by a (|v|/G ratio of 0.9; however, the
corresponding hyperconjugation #,(N3) — ¢ (Ce-Hea) contributes
minimally to the supramolecular stabilization, with an Efi’f value of
only 0.20 keal/mol.

TN forms a bifurcated interaction on N3 as acceptor from two mol-
ecules via the C4—Hya---N3 (D---A = 3.791 A) and an O—H---N interaction
(Fig. 3d and e). The 2D fingerprint plot of H~N contacts is used to
quantify the relative contribution of these types of interactions
(C—H---N and O—H:--N), with 14.6% of total contacts mapped for TN
and 15.5% for TF 15.5% (Fig. 3c and f). However, the O—H---N inter-
action is only present in TN through the O;-H; 4:--N3, which among all
interactions and contacts for both compounds is the shortest donor-
acceptor distance (D---A = 2.832 A), occurring between the oxygen
(01) from hydroxyl group towards the lone pair on nitrogen (N3) in
1,2,4-triazole ring at position 4 (Fig. 3e). QTAIM analysis characterizes
the O;-H;a-+N3 interaction with topological parameters of p(r) =
0.02195 a.u., V3p =0.11416 a.u., and h(r) = 0.00237 a.u., suggesting a
medium-intensity hydrogen bond [41]. The binding energy (BE),
calculated by equation [69],

BE =~ —223,08p(1) + 0, 7423, @

is 8.4 keal/mol [70], strongly contributing to the stabilization of TN's
supramolecular arrangement. The observed hyperconjugation corrobo-
rates this 7;(N3) = ¢ (01-H; 1), with E‘i} = 10.47 keal/mol. In contrast,
the C4—Hya---N; interaction is weaker, with topological descriptors of
p(r) = 0.00527 a.u., V% = 0.01651 a.u., and h(r) = 0.00048 a.u.,
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Table 3
Topological parameters from QTAIM for the intermolecular interactions within the supramolecular arra of the Triadimefon and Triadimenol fungicides,
obtained at the M06-2 x/6-311++G(d,p) level of theory.
Udnteraction pir)® vzt G(r)* v(r)? h(r)* vl Interaction Type
(a.u.) (au.) (a.u.) (a.u.) (a.u.) G
Triadimefon
c,-Hy--N3 0.01268 0.04872 0.01057 —0.00896 0.00161 08 van der Waals
C, Hye--N3 0.00536 0.01783 0.00404 ~0.00363 0.00041 0.9 van der Waals
DG4 Hea-N3 0.00482 0.01480 0.00310 —0.00250 0.00060 08 van der Waals
W HgawNa 0.00555 0.01884 0.00406 ~0.00340 0.00065 08 van der Waals
WVcg_Hg -0y 0.00390 0.01614 0.00344 -0.00284 0.00060 0.8 van der Waals
Cg-Hg0a 0.00378 0.01546 0.00334 —0.00281 0.00053 08 van der Waals
(DOC4«-C11 0.00335 0.01399 0.00260 -0.00170 0.00090 07 van der Waals
MG HeenCly P P PN P PN Frem R
Triadimenol
D0,-Hia-N3 0.02195 0.11416 0.02617 -0.02379 0.00237 0.9 H-Bond
UDCy Hya N3 0.00527 0.01651 0.00365 -0.00317 0.00048 0.9 van der Waals
(IDCs Hg- Oy 0.00296 0.01424 0.00284 -0.00212 0.00072 07 van der Waals
V)Cy Hy0a PR PN PO P P P P
(v“)Cs—HsA--‘Ch 0.00195 0.00681 0.00129 —-0.00087 0.00042 07 van der Waals
VDG, Hge-Cly 0.00437 0.01557 0.00311 -0.00232 0.00079 07 van der Waals

“Electron Density; *Laplacian of p; “Kinect Energy Density; “Potential Energy Density; “Total Energy Density
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Fig. 4. HS with the d, o, property mapped and the detailed view of C—H---O interactions in the supramolecular arrangement of TF and TN. (a) dpo.y surface
mapped for TF. (b) Representation of interactions: V (Cg:+-0,) and VI (Cg:++-O,), with their donor-acceptor distances in TF forming a dimer with two parallel R3(8)
supramolecular motifs. (c) The 2D fingerprint plot of the H---O, with 11.8% of the total contacts, was mapped for TF. (d) dnorm surface mapped for TN. (e) Repre-
sentation of interactions: III (Cg---O;) and IV (Cy'---O2) with their donor-acceptor distances in TN. (f) The 2D fingerprint plot of the H~O, with 4.8% of the total
contacts, was mapped for TN.

indicative of a van der Waals character. The corresponding hyper- with an E:i} value of only 0.32 keal/mol. Alongside the chirality, this

conjugation ;(Ns) — " (C4-Ha,) contributes minimally to stabilization, interaction is likely to play an essential role for TN in the biological
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Fig. 5. HS with the shape index property mapped, highlighting the red concave regions where C-H---1 interactions occur and the detailed view of these interactions in
the supramolecular arrangement of TF and TN. (a) shape index surface mapped for TF. (b) Representation of C-H---1 interactions VII [C4~Hsa---n(phenyl)] and VIII
[Cs—Hegc-n(triazole)], with their H---n(Cg) distances in TF. (c) The 2D fingerprint plot of the C---H with 15.4% of the total contacts was mapped for TF. (d) shape index
surface mapped for TN. (e) Representation of interactions V [Cs~Hac--n(phenyl)] and VI [C—H7--n(triazole)] with their H--n(Cg) distances in TN. (f) The 2D
fingerprint plot of the C---H with 16.1% of the total contacts was mapped for TN. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

environment, considering that it can result from TF by the enzymatic
reduction of a carbonyl to an alcohol group in soils, plants, and fungi,
forming this metabolite, which is also observed separately and with
superior fungicidal activity than TF [71].

The C—H:--O type of interactions was observed in both TF and TN,
forming different patterns of arrangement, as illustrated in Fig. 4a. The
dyorm Surface of TF indicates the regions of H+O contacts located hori-
zontally in the structure through the G—H groups in the phenyl ring
towards the oxygens in carbonyl (O,) and ether (O,). Together, the in-
teractions Cs—Hs---O1 (3.602 A) and Ce—He--O2 (3.903 A) form two
parallel R3(8) supramolecular motifs resulting in a dimeric arrangement
(see Fig. 4b), which corresponds to 11.8% of total contacts mapped for
TF (Fig. 4c). The electron density at the bond critical points (BCPs) of
these interactions is low, characterizing them as van der Waals in-
teractions. Nevertheless, the Cg—Hg---O, interaction contributes more
effectively to system stabilization, as indicated by the hyperconjugation
1,(02) — 6 (Ce—He), with an Egu value of 0.31 keal/mol. In TN the
dyorm surface also indicates the region of H---O contact, but on C—H
group at Cg from triazole ring towards the oxygen of carbonyl (0,) to
establish the interactions Cg—Hs---O; (3.536 A) and C3—Hs:--O2 (3.667
A) (Fig. 4d and 4e), corresponding to only 4.8% of total contacts
(Fig. 4f). In both cases, these are long-range interactions with donor-
acceptor distances from 3.5 to 3.9 A. None of these interactions pro-
duce hyperconjugations between donor and acceptor orbitals, meaning
that they do not contribute to the stabilization of the supramolecular
arrangement of TN.

Furthermore, the QTAIM topology showed the formation of a bond

path (BP) only at Cg—Hg---O;, whose parameters suggested a van der
Waals character. However, distinct arrangements were observed
through C—H:--O interactions, reflecting a difference that is more than
double in the percentage contribution of these contacts to TF in relation
to TN. It is important to note that TF has oxygens only as H-bond ac-
ceptors, while TN has the hydroxyl group as a donor but is involved in an
O—H-N interaction.

The occurrence of hydrophobic interactions involving systems such
as methyl groups, phenyl rings, and triazole rings in both structures of
TF and TN. These interactions are C—H---x and n---n-stacking, occurring
between methyl (C—H) groups that act as donors and the n(phenyl) and
n(triazole) systems as acceptors. To represent the n-electron system,
measurements were taken using their respective centroids (Cg). The
C—H:--n interactions were identified through the HS mapped with the
shape index property, which display red concave regions over the phenyl
and triazole rings, and corresponding blue convex regions over the C—H
atoms (see Fig. 5a and d). TF presents the shortest and the longest
C—H--n  interactions, with distances between H--n(Cg),
Cy4—Hya--n(phenyl) with 2.855 1"\, and Cg—Hec---n(triazole) with 3.201 1&,
respectively (Fig. 5b). It corresponds to 15.4% of total contacts, as
illustrated in Fig. 5c. For this type of interaction in TN intermediate
distances were observed, while the opposite is noted for
C4~Hyc-n(phenyl) with 3.121 A- longer, and for C;—Hjy---n(triazole)
with 3.004 A — shorter (Fig. 5e), corresponding to 16.1% of total con-
tacts (Fig. 5f). These percentage contributions suggest that such in-
teractions occur with similar frequency in both structures, despite the
differences between the n systems, which play a relevant role in the
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Fig. 6. HS with the shape index property mapped, highlighting the complementary patches (red and blue), where n---7 interactions occur, also the blue convex and
red concave patches for C—H:-Cl interactions. A detailed view of C—H-:-Cl and n---n-stacking interactions in the supramolecular arrangement of TF and TN. (a) shape
index surface mapped for TF. (b) Representation of C—H---Cl interactions: IX (Cy4 ---Cl;) and X (Cs--Cl,), with their donor-acceptor distances in TF. Representation of
n---T-stacking interaction XI, with the centroid distances (Cg-Cg) between phenyl rings. (c) The 2D fingerprint plot of the H---Cl with 12.8% and C---C with 0.6% of the
total contacts was mapped for TF. (d) shape index surface mapped for TN. (e) Representation of the interactions VII (Cs---Cl;) and VI (Cg ---Cl;) with their donor-
acceptor distances in TN. Representation of 1---n-stacking interaction IX, with the centroid distances (Cg-Cg) between phenyl rings. (f) The 2D fingerprint plot of the
H---Cl with 13.3% and C---C with 1.0% of the total contacts was mapped for TN. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

stability and organization of the erystal packing.

The n---n-stacking interactions were observed between centroids (Cg)
from phenyl groups, it is highlighted in Fig. 6 and d through the shape
index HS as two complementary triangular patches formed on the
phenyl rings characteristic of n---n interactions [72], featuring a dimeric
arrangement with centroid distances (Cg-Cg) of 4.767 A in TF and 4.343
A in TN (see Fig. 6b and e). The corresponding 2D fingerprint plot is
characterized by the C-C contacts, centrally located in Fig. 6¢ and f,
0.6% in TF and 1.0% in TN of total contacts, respectively. These su-
pramolecular assembly also include halogen-involved interactions, the
weak C—H---Cl hydrogen bonds [73], in which the chlorine acts as an
acceptor from the C—H from methyl group (CHs) of the neighboring
molecule, connecting two molecular units shorter in distance and angles
in TF involving three molecules (Fig. 6b), includes the dimer with
C4—Hap+-Cly (3.912 A, 102.96°) and a side located Cs-Hsc-+-Cl; (3.765
A, 94.08°), accounting 12.8% of total contacts (Fig. 6¢). In the
C4-Hyp'--Cl; interaction, no BP was detected connecting the Cl; atom to
Hyp; instead, the BP connects Cl; to C4 (see Cy4--Cly in Table 3). Ac-
cording to the topological parameters, this interaction exhibits van der
Waals character. Similarly, for the Cs—Hsc--Cl; interaction, no BP was
observed, indicating the absence of a direct interaction between these
atoms. Whereas in TN, the assembly is also a dimer arrangement by
bifurcated interactions in Cl;, Cs-Hsa--Cl; (3.843 A, 131.36°) and
Cg—Hec--Cly (3.843 ;ﬁ, 131.36°), forming two R}(6) supramolecular
motifs (Fig. 6e), which sum to 13.3% of total contacts (Fig. 6f). The

QTAIM parameters revealed that the electron density at the BCP for the
Cs-Hsa-+Cly interaction is very low. In contrast, the electron density in
the internuclear region of the C¢—Hgc--Cl; interaction is approximately
2.2 times higher. However, NBO analysis indicated a stronger hyper-
conjugation between the donor and acceptor orbitals [#3(Cl;) —
6 (Cs-Hs)] in the former, with an Ei_z,’f value of 0.13 keal/mol,

compared to 0.07 keal/mol in the latter, by the hyperconjugation
0(Cs-Hec) — 0 (Ca—Cly).

Halogen-involving interactions were also identified. In the TN
structure, a G—H:---Cl type interaction is observed, in which the chlorine
atom acts as an acceptor towards a C—H group from a methyl group
(CHs) of a neighboring molecule, connecting two molecular units. This
interaction occurs alongside a =---n interaction, characterized by a
Cg---Cg distance of 4.343 A, as illustrated in Fig. 6e. TF exhibits the same
bonding pattern, with shorter distances for halogen-involving contacts
and a longer distance for the r--- interaction (Fig. 6b).

3.2. Electronic structure analysis

The stereoisomers of each fungicidal were calculated and compared.
The data indicated that the 1S-TF isomer exhibits slightly lower HOMO
(En) and LUMO (E.) energies (differences of 0.608 keal/mol for E4 and
0.320 keal/mol for Ey), suggesting a more pronounced oxidative char-
acter compared to the 1R-TF isomer (Fig. 7). The energy gap (AEy 1)
and chemical hardness (1) values suggest that the chemical reactivities
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Fig. 6. HS with the shape index property mapped, highlighting the complementary patches (red and blue), where n---1 interactions occur, also the blue convex and
red concave patches for C—H:-Cl interactions. A detailed view of C—H-:-Cl and n---n-stacking interactions in the supramolecular arrangement of TF and TN. (a) shape
index surface mapped for TF. (b) Representation of C—H---Cl interactions: IX (C4 ---Cl;) and X (Cs---Cl,), with their donor-acceptor distances in TF. Representation of
n---T-stacking interaction XI, with the centroid distances (Cg-Cg) between phenyl rings. (c) The 2D fingerprint plot of the H---Cl with 12.8% and C---C with 0.6% of the
total contacts was mapped for TF. (d) shape index surface mapped for TN. (e) Representation of the interactions VII (Cs---Cl;) and VIII (Cg ---Cl;) with their donor-
acceptor distances in TN. Representation of 1---n-stacking interaction IX, with the centroid distances (Cg-Cg) between phenyl rings. (f) The 2D fingerprint plot of the
H---Cl with 13.3% and C---C with 1.0% of the total contacts was mapped for TN. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

stability and organization of the erystal packing.

The r---n-stacking interactions were observed between centroids (Cg)
from phenyl groups, it is highlighted in Fig. 6 and d through the shape
index HS as two complementary triangular patches formed on the
phenyl rings characteristic of n---n interactions [72], featuring a dimeric
arrangement with centroid distances (Cg-Cg) of 4.767 A in TF and 4.343
A in TN (see Fig. 6b and e). The corresponding 2D fingerprint plot is
characterized by the C-C contacts, centrally located in Fig. 6¢ and f,
0.6% in TF and 1.0% in TN of total contacts, respectively. These su-
pramolecular assembly also include halogen-involved interactions, the
weak C—H---Cl hydrogen bonds [73], in which the chlorine acts as an
acceptor from the C—H from methyl group (CHs) of the neighboring
molecule, connecting two molecular units shorter in distance and angles
in TF involving three molecules (Fig. 6b), includes the dimer with
Cy—Hup-Cl; (3.912 A, 102.96°) and a side located Cs—Hsc--Cl, (3.765
A, 94.08°), accounting 12.8% of total contacts (Fig. 6¢). In the
C4—Hyp---Cl; interaction, no BP was detected connecting the Cl; atom to
Hyp; instead, the BP connects Cl; to C4 (see C4---Cly in Table 3). Ac-
cording to the topological parameters, this interaction exhibits van der
Waals character. Similarly, for the Cs-Hsc--Cl; interaction, no BP was
observed, indicating the absence of a direct interaction between these
atoms. Whereas in TN, the assembly is also a dimer arrangement by
bifurcated interactions in Cl;, Cs-Hsa--Cl; (3.843 A, 131.36°) and
Ce-Hec+Cly (3.843 A, 131.36°), forming two R}(6) supramolecular
motifs (Fig. 6e), which sum to 13.3% of total contacts (Fig. 6f). The

QTAIM parameters revealed that the electron density at the BCP for the
Cs-Hsa-+Cly interaction is very low. In contrast, the electron density in
the internuclear region of the C4—Hgc---Cl; interaction is approximately
2.2 times higher. However, NBO analysis indicated a stronger hyper-
conjugation between the donor and acceptor orbitals [75(Cl;) —
0 (Cs-Hss)] in the former, with an E:i)f value of 0.13 keal/mol,
compared to 0.07 keal/mol in the latter, by the hyperconjugation
6(Ce—Hesc) — 0 (Ca—Cly).

Halogen-involving interactions were also identified. In the TN
structure, a C—H---Cl type interaction is observed, in which the chlorine
atom acts as an acceptor towards a C—H group from a methyl group
(CHs) of a neighboring molecule, connecting two molecular units. This
interaction occurs alongside a n---n interaction, characterized by a
Cg---Cg distance of 4.343 A, as illustrated in Fig. 6e. TF exhibits the same
bonding pattern, with shorter distances for halogen-involving contacts
and a longer distance for the r---n interaction (Fig. 6b).

3.2. Electronic structure analysis

The stereoisomers of each fungicidal were calculated and compared.
The data indicated that the 1S-TF isomer exhibits slightly lower HOMO
(En) and LUMO (EL) energies (differences of 0.608 keal/mol for E and
0.320 keal/mol for E;), suggesting a more pronounced oxidative char-
acter compared to the 1R-TF isomer (Fig. 7). The energy gap (AEy 1)
and chemical hardness (i) values suggest that the chemical reactivities
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Fig. 7. escriptors of the stereoisomers of triadimefon and triadimenol, calculated at the M06-2x/6-311++G(d,p) level of theory. The columns represent each
reactivity descriptor, while the red lines indicate the average values for triadimefon and the blue lines for triadimenol. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

of these two isomers are similar, although slightly higher for 1S-TF. For
TN, the results allowed the stereoisomers to be grouped into two cate-
gories: Group A (1R,2R-TN and 1R,2S-TN) and Group B (1S,2R-TN and
1S,25-TN). Group A isomers were found to be less reductive in redox
processes, as indicated by their low Ex and ionization energy (I) values
and higher chemical potentials (1). Conversely, Group B isomers showed
greater electron-donating capacity, suggesting a higher potential for
interactions with biomolecules. This may translate into stronger adverse
effects on fungi, as supported by in vitro activity against Basidiomycete
fungi [74]. Moreover, the Group B isomers were found to be more
chemically reactive, which may influence their persistence both in
fungal organisms and in the environment. It is noteworthy that, in in

vitro tests with Aspergillus niger, the 1R,2S-TN and 15,2R-TN stereoiso-
mers exhibited less prominent fungitoxic effects [75].

The electrophilicity index (@) values of the stereoisomers ranged
from 52 to 56 kecal/mol. According to the results reported by Domingo-
Pérez [76,77], all these values classify the isomers as good electrophiles.
The 1R-TF, 1S-TF, and Group A TN isomers exhibited similar @ values,
with 1S-TF being the most electrophilic. The Group B TN isomers, in
contrast, showed slightly lower electrophilicity. MEP maps of TF and TN
stereoisomers are presented in Fig. 8 and show that the most electro-
philic regions (dark blue) are located at the hydrogen atoms of carbons
C7 and Cg of the triazole moiety, at the hydrogens of aromatic carbons,
and in the acyclic regions of the molecules. Meanwhile, the triazolic N



A.B. Souza et al.

_—— xu%

(IR)-TF

(IR2R)-TN

;

(IR2S)-TN

HL17S 4 19.806

+22818  +20.777

(1525)-TN

(b)

Fig. 8. Molecular electrostatic potential map at p(r) = 4.0 x 10 * electrons/
Bohr [3] contour of the total SCF electron density, highlighting regions of
electrophilic and nucleophilic character to (a) Triadimefon and (b) Tri-
adimenol. Calculations were performed at the M06-2x/6-311++G(d,p) level
of theory.

atoms and the O; oxygen atoms represent the main nucleophilic sites (in
red) of the molecules. Overall, TF isomers tend to be more reactive than
TN isomers (Fig. 7) and exhibit a more pronounced electrophilic char-
acter. These properties may help explain the lower environmental
persistence of TF [78] and its less specific interactions with biological
targets [79].
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Moreover, the molecular polarity indices (MPI) of the fungicide
stereoisomers exhibit distinet polarities, which may also account for
their different biological effects. Overall, as shown in the graph in
Fig. 9a, both compounds present similar polarity levels (10.65 keal/mol
for TF and 10.54 keal/mol for TN). Individually, although 1R-TFand 18-
TF display comparable MPI values, the former stereoisomer shows a
6.54% higher polar surface area, as seen in the graph in Fig. 9b. For TN,
an increase in MPI values was observed from Group A to Group B, cor-
responding to a proportional increase in the polar surface area of the
isomers (Fig. 9b). The polar surface area of 1R,2R-TN is slightly smaller
than that of benzene, comparatively. On average, the polar surface areas
of TF stereoisomers and Group B TN isomers are approximately 17.7%
and 24.2% higher, respectively, than the surface area of the benzene
molecule.

Higher polar surface areas and molecular polarity indices (MPI) in-
fluence key physicochemical properties such as aqueous solubility,
membrane permeability, and the affinity of molecules for lipophilic or
hydrophilic biological compartments. As a result, the pharmacokinetic
and toxicological behaviors of TF and TN—and of their stereo-
isomers—may vary in biological and environmental contexts. More
polar stereoisomers tend to interact more readily with proteins, en-
zymes, and cellular membranes, potentially enhancing their biological
effects [30]. In contrast, less polar stereoisomers may exhibit lower
immediate bioavailability but greater environmental persistence,
increasing the likelihood of bioaccumulation in non-target organisms.
Molecular polarity also modulates the solubility of these fungicides in
different media and their affinity for biological targets, contributing to
the stabilization of intermolecular interactions and facilitating systemic
distribution within fungal tissues as well as interactions with intracel-
lular targets [81,82].

The reactivity descriptors obtained are essential for predicting the
molecular behavior of these fungicides in biological systems. Scientific
literature shows that the fungicidal efficacy of both compounds is highly
dependent on the agricultural crop and the application method used.
Studies conducted by Embrapa Trigo have shown that TN, when applied
in seed treatment, provides efficient control of foliar diseases such as
powdery mildew (Blumeria graminis) and leaf rust (Puccinia triticina) for
up to 98 days after plant emergence. In addition, asignificant increase in
grain yield was observed, with productivity of 1815 kg/ha in plots
treated with TN, compared to 1270 kg/ha in the untreated control [83].

On the other hand, TF has shown high efficacy when applied through
the root system, particularly in the control of coffee rust (Hemileia
vastatrix). Soil applications of TF have demonstrated significant systemic
and protective effects, highlighting its suitability for perennial crops
such as coffee. Thus, although both compounds exhibit consistent
fungicidal properties, TN is more effective in seed treatment strategies,
providing prolonged control of foliar phytopathogens. In contrast, TF is
particularly effective in soil applications, making it more suitable for
disease management in perennial crops. Therefore, the choice between
these fungicides should take into account the application method, target
crop, and the mechanisms of action most compatible with each agro-
nomic context.

The Fukui index calculations revealed that the replacement of the
carbonyl group (C=0) by a hydroxyl group (C—OH) between the
compounds TF and TN induces significant changes in the electronic
profile of their molecules. The C=0 group is strongly electrophilic due
to the high polarization of the carbonyl bond, in which the more elec-
tronegative oxygen atom attracts electron density, rendering the adja-
cent carbon (C,) highly electron-deficient. As a result, this group
withdraws electron density through both inductive and resonance ef-
fects, making the C atom highly susceptible to nucleophilic attack
(Fig. 10a). Furthermore, the electronic influence of the carbonyl group
contributes to an increase in electron density over the Cy atom in TF,
rendering it more prone to interactions with electrophiles.

Fig. 10 In contrast, the G—OH group, although also an electron-
withdrawing group via the inductive effect, acts as an electron donor
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Fig. 9. Variation in the polarity of Triadimefon and Triadimenol fungicides. (a) Molecular polarity index (MPI) values and (b) polar and nonpolar surface area

contributions of these compounds, both compared to those of water and benzene.

Fig. 10. Isosurfaces of Fukui function for nucleophilic attacks (a) and (d), electrophilic attacks (b) and (e), and radical attacks (c) and (f) for the fungicides Tri-

adimefon (upper panel) and Triadimenol (lower panel).

through resonance, thereby reducing the electrophilic character of C,
and making it less susceptible to nucleophilic attack. This shift promotes
the aromatic ring as the preferred site for nucleophilic attack, with the
Cs atom emerging as the primary center, followed by Cg. Similar to TF,
the C4’ atom in TN remains the leading site for electrophilic attack;
however, the electronic effects induced by the C—OH group render it a
less nucleophilic center.

3.3. Toxicity prediction and pharmacophore modeling

Pharmacophore analysis is an essential analysis for gaining insights
into the molecular characteristics of lanosterol 14a-demethylase li-
gands, which are critical for effective drug design. Each pharmacophore
model emphasizes key features such as hydrogen bond acceptors
(HBAs), hydrogen-bond donors (HBDs), aromatic rings (ARs), and

hydrophobic (HyPho) regions. These features are visually represented in
Figs. 11, 12, and 13 as follows: the pharmacophore features are color-
coded for hydrogen-bond acceptors (red), hydrogen-bond donors
(green), hydrophobic (yellow), and aromatic rings (blue).

Of the six stereoisomers of TF and TN molecules, only three showed
alignment with the five most potent lanosterol 14a-demethylase inhib-
itor ligands. The stereoisomers that exhibited the spatial characteristics
were 1R-TF, 1S,2R-TN and 1S,2S-TN. The 1R-TF isomer shared two
hydrogen bond acceptor groups and one aromatic ring (Fig. 11). The
15,2R-TN stereoisomer exhibited one hydrogen bond acceptor group,
one donor group, and one hydrophobic group (Fig. 12). The 15,2S5-TN
stereoisomer also displayed three pharmacophoric groups, with two
hydrogen bond acceptor groups and one hydrophobic group. It is
possible that these three structures would have a greater potential for
interaction with the target, which could explain part of their fungicidal
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(b)

Fig. 11. Pharmacophore mapping analysis for 1R-TF for its potential interaction with the lanosterol 14ua-demethylase. (a) Individual pharmacophores of 1R-TF.
Hydrogen bond acceptors (HBA) and aromatic rings interactions (AR). (b) Three-dimensional model of shared feature pharmacophore between 1R-TF and the
lanosterol 14a-demethylase ligands. The pharmacophore features are color-coded for hydrogen bond acceptors (red) and aromatic ring interactions (blue). The five
compounds employed in this analysis were BDBM24656, BDBM25806, BDBM25807, BDBM25808, and BDBM25809 (color figure online). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

HBA

H

(a)

(b)

Fig. 12. Pharmacophore mapping analysis for 15,2R-TN for its potential interaction with the lanosterol 14a-demethylase. (a) Individual pharmacophores of 15,2R-
TN. Hydrogen bond acceptors (HBA) and aromatic rings interactions (AR). (b) Three-dimensional model of shared feature pharmacophore between 15,2R-TN and the
lanosterol 14a-demethylase ligands. The pharmacophore features are color-coded for hydrogen bond acceptors (red) and aromatic ring interactions (blue). The five
compounds employed in this analysis were BDBM24656, BDBM25806, BDBM25807, BDBM25808, and BDBM25809 (color figure online). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

effects.

The pharmacophore modeling study of triadimenol (TN) and tri-
adimefon (TF) isomers provides crucial insights into the stereoselective
interaction of these fungicides with the lanosterol 14a-demethylase
target [84]. The finding that only three out of six isomers — 1R-TF, 1S,2R-
TN, and 1S,2S-TN - align with the most potent inhibitor ligands allows
us to propose a definitive structure-activity relationship (SAR) and hy-
pothesize their binding mode at the molecular level.

The development of effective antifungal agents is fraught with a
unique and critical challenge: achieving selectivity. Unlike bacterial
pathogens, fungi are eukaryotic organisms, sharing fundamental cellular
machinery with their plant and animal hosts. This similarity means that
a compound designed to inhibit a vital fungal process can easily disrupt
equivalent pathways in the host, leading to detrimental toxic effects. In
an agricultural context, this toxicity extends to the environment and
human health through pesticide residues on food and ecosystem
contamination [85]. Therefore, the pursuit of selectivity is not merely a
desirable goal but a fundamental requirement for sustainable agro-
chemistry. It is within this framework that the pharmacophore align-
ment of specific isomers, such as 1R-TF, 1S,2R-TN and 1S,2S-TN,
emerges as a powerful tool for designing safer and more targeted

fungicides.

Both antifungals showed high gastrointestinal absorption and blood-
brain barrier permeability in the toxicokinetic prediction analyses.
Furthermore, the studies indicate that both compounds could inhibit the
cytochrome P450 2C19 (CYP2C19) enzyme. This suggests potential for
drug-drug interactions with medications metabolized by CYP2C19.
Some drugs that are substrates of this enzyme include Omeprazole,
Citalopram, Voriconazole, and Diazepam. Consequently, the presence of
these two antifungals could lead to increased bioavailability and a
higher risk of toxicity for these substances [86].

In the toxicity analysis, the two compounds exhibited similar adverse
effects, including hepatotoxicity, neurotoxicity, blood-brain barrier
disruption, ecotoxicity, and aromatase inhibition. However, the LDsg
values for TF and TN were 363 mg/kg and 3250 mg/kg, respectively.
This result suggests that TN is more toxic. The presence of a hydroxyl
group instead of a carbonyl group in the TN molecule appears to influ-
ence this compound's toxicity primarily in a quantitative manner. Some
studies have shown that triazole fungicides can cause liver toxicity [87],
neurotoxicity [88], reproductive toxicity [89], and carcinogenic effects
[90] in both in vivo and in vitro mouse models. This evidence suggests
that the insilico analyses were suitable for predicting these effects in this
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Fig. 13. Pharmacophore mapping analysis for 15,2S-TN for its potential interaction with the lanosterol 14a-demethylase. (a) Individual pharmacophores of 18,2S-
TN. Hydrogen bond acceptors (HBA) and aromatic rings interactions (AR). (b) Three-dimensional model of shared feature pharmacophore between 15,2S-TN and the
lanosterol 14a-demethylase ligands. The pharmacophore features are color-coded for hydrogen bond acceptors (red) and aromatic ring interactions (blue). The five
compounds employed in this analysis were BDBM24656, BDBM25806, BDBM25807, BDBM25808, and BDBM25809 (color figure online). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

kind of compound.

It was showen that TN causes significant changes in hematological
parameters, and induces higher hepatotoxic and nephrotoxic effects in
broilers, and the residues in the edible tissues could also bring problems
to human health [91]. The analysis on the Pred-Herg server suggests that
the two antifungals could present a moderate potential for heart block
according to the multiclass prediction model. Regarding the prediction
of cutaneous toxicity, TF showed potential for sensitizing dendritic cells
and inducing the production of pro-inflammatory cytokines. The TN
compound exhibited the same property, in addition to potential covalent
interaction with skin proteins and increased proliferation of specific
antigens in T cells. This suggests that contact with these compounds has
the potential to cause toxicity when in contact with the skin. Through
the ADMETSAR server, it was possible to corroborate the hypothesis of
ecotoxicity previously indicated by PROTOX 3.0. The predictive ana-
lyses indicated high toxicity in fish, high toxicity in Tetrahymena pyr-
iformis, low toxicity in bees, and non-biodegradability. Studies have
shown that TF acts as a fungicide in crops by converting into TN [92],
which has greater fungicidal activity than TF itself [93]. Therefore,
improper or excessive use of TF or TN can lead to excessive residues in
the environment and agricultural raw materials, exposing organisms to
TN and adversely affecting human and animal health.

The structural and electronic differences, as well as the distinet su-
pramolecular arrangements observed for TF and TN, provided a
consistent rationale for the divergent toxicological profiles of these
compounds, highlighting the value of integrated theoretical approaches
in predicting toxicity. Differences in their solid-state intermolecular
interaction patterns can decisively influence toxicodynamic behavior.
The relatively weaker and more dissociable supramolecular structure of
TF, due to the presence of nonclassical hydrogen bonds (C—H:--O), can
facilitate greater molecular mobility, faster dissolution, and reduced
environmental persistence—factors that may reduce its overall bio-
accumulation and toxicity. In contrast, the more robust and stable
crystal lattice of TN, due to the presence of classical hydrogen bonds
(O-H:--N), can significantly modulate physicochemical properties such
as solubility, release kinetics, and transport through biological mem-
branes, while promoting stronger and more selective interactions with
biomolecular targets. These characteristics are likely to result in greater
environmental retention and more pronounced ecotoxicological im-
pacts. Furthermore, the electronic redistribution associated with the
replacement of the carbonyl group (C=0) in TF by a hydroxyl group
(C—OH) in TN modifies the molecular reactivity landscape—altering

13

the nucleophilic and electrophilic centers and, consequently, the com-
pounds' potential for biochemical interaction. Molecular polarity further
refines this differentiation, such that the greater polarity of TF correlates
with increased aqueous solubility and bioavailability, while the lower
polarity of TN may increase its partitioning into lipophilic compart-
ments, thus intensifying its toxicological potential

4. Conclusion

This study presents a comprehensive theoretical analysis of TF and
its stereoisomeric metabolite, TN, combining solid-state characteristics,
molecular modeling, and in silico toxicity prediction tools. It was shown
that replacing the carbonyl group in TF by the hydroxyl group in TN,
together with stereochemical configuration, systematically shifts mo-
lecular electrostatic potential and reactivity indices, and remodels non-
covalent recognition (e.g, stronger H-bond and n-contacts in selected TN
stereoisomers as evidenced by Hirshfeld/QTAIM/NBO metrics) These
variations are closely related to their differential behavior in biological
systems and may explain the asymmetric toxicological effects observed
experimentally.

The data further suggests that specific stereoisomers of triadimenol
may pose greater ecotoxicological risks to non-target organisms. Taken
together, these findings reinforce the importance of considering ste-
reochemistry in environmental risk assessments of fungicides and sup-
port the application of computational approaches as efficient tools in
predictive toxicology. Future work could integrate these predictions
with experimental ecotoxicity assays to validate theoretical models and
guide more sustainable pesticide use.
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ABSTRACT
Triadimefon (TF) and triadimenol (TN) are triazole fungicides widely used to prevent fungal infections in
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cereals, fruits, and other economically important crops. Their harmful effects on non-target organisms
have been reported. This study investigated the cytogenotoxic effects of TF and TN, isolated and
combined, at environmentally relevant concentrations (TF: 0.006, 0.012, and 0.024mg/mL; TN: 1.5, 3.0,
and 6.0mg/mL; and 0.012mg/mL TF + 3.0mg/mL TN) on human lymphocytes using the trypan blue
exclusion test and the comet assay. Additionally, in silico tools, BioTransformer and DIGEP-Pred, were
employed to elucidate metabolic pathways more effectively for detoxifying these xenobiotics and to
evaluate their putative effects on gene transcription, respectively. Exposure to TF and TN, either alone or
in combination, did not affect lymphocyte viability at the tested concentrations. However, both
compounds induced an increase in the percentage of DNA strand breaks after treatment. The in silico
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predictions suggested that the interaction with the cytochrome P450 isoforms (CYP1A2, CYP2A6, CYP2C9,
and CYP2De6) differed for each compound analyzed. Gene expression prediction indicated that TF and TN
may up-regulate genes involved with hormonal alterations, Alzheimer’s disease risk, and cancer
progression (SF1, SPON1, ADGRF5, and RORB). While they may down-regulate a gene involved with
changes in heart rhythm and neurotoxicity (HCN1). In conclusion, our findings reinforced that the triazole
fungicides TF and TN, while effective in agriculture, may pose risks to genomic stability in humans,
highlighting the importance of biomonitoring studies in exposed populations.

Introduction several adverse effects on non-target organisms have been
reported to this compound, including neurotoxicity, hepato-
toxicity, cardiovascular toxicity, oxidative stress, and terato-
genic effects (Zarn, Briischweiler, and Schlatter 2003). TF has

been shown to provoke developmental alterations in aquatic

Pesticides are widely used in modern agriculture to protect
crops from pests, fungi, and diseases (Boros, Roman, and
Isvoran 2024). Fungicides, a primary class of pesticides, play a

crucial role in controlling fungal infections that compromise
crop productivity (Zubrod et al.,, 2019). Among these, triazoles
constitute a primary class due to their broad-spectrum activity
and systemic properties, which inhibit ergosterol biosynthesis
and prevent the formation of fungal cell membranes (Dong
et al, 2023). Despite their effectiveness, triazoles have been
linked to adverse effects on non-target organisms, raising con-
cerns about their toxicological safety and potential long-term
environmental consequences (Boros, Roman, and Isvoran 2024;
Tofan et al., 2023; Zarn, Briischweiler, and Schlatter 2003).
Triadimefon (TF) is a triazole fungicide primarily used to
control rust and powdery mildew (Han et al., 2024). Conversely,

organisms, including malformations of amphibian branchial
arches and impaired embryogenesis in zebrafish (Hou
et al., 2022).

Triadimenol (TN), the primary metabolite of TF, is widely
used as a fungicide to control fungal infections in crops
(Zhang et al,, 2018). Similar to TF, TN has been associated
with genotoxic effects, including micronucleus formation and
chromosomal aberrations in various cell types (Rasgele 2025),
as well as oxidative stress in tadpoles (Zhang et al., 2018).
Furthermore, TN induced developmental, endocrine, and
reproductive toxicity in mammals (Zarn, Briischweiler, and
Schlatter 2003).
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Although TF and TN are not generally marketed as a com-
bined fungicide, their close chemical and metabolic similarity
suggests that co-exposure is possible (Garrison, Avants, and
Jones 2011; Hou et al, 2022). The high stability, low biode-
gradability, and easy transport of TF and TN contribute to
their differential persistence in soils and water. Consequently,
this persistence increases the occurrence of sequential or
simultaneous exposure, underscoring the necessity for further
investigation into the potential synergistic or additive geno-
toxic effects that may result from such co-exposures (Hou
et al, 2022; Zhang et al,, 2018). Given the established classi-
fication of TF and TN as possible human carcinogens (Hou
et al, 2022) and their association with diverse toxicological
outcomes, it is relevant to investigate their potential to induce
DNA damage in human cells. Human exposure to these com-
pounds may occur through occupational handling or dietary
intake of residues (Pedroso et al., 2022). It has been reported
that occupational exposure to pesticides can lead to geno-
toxic effects, including sister chromatid exchanges, micronu-
cleus formation, chromosomal aberrations, DNA adducts, and
strand breaks. These effects have the potential to impair the
nervous, respiratory, reproductive, and immune systems,
which can, in turn, increase the risk of cancer (Ahmad et al.,
2024; Pedroso et al., 2022).

Although several studies have described the cytotoxicity
and genotoxicity of TF and TN on aquatic organisms and
mammalian models, little is known about their effects on
human cells. Furthermore, no study has yet evaluated the
combined impact of TF and TN on human lymphocytes.
Human peripheral blood lymphocytes are relevant peripheral
cell types that reflect systemic exposure and genomic stabil-
ity (Antoniou et al., 2023). The use of lymphocytes as a model
provides an appropriate correlation between in vitro findings
and real-world human exposure, thereby supporting the
extrapolation to potential occupational and dietary risks
(Lebailly et al., 2015). In light of the environmental persistence
and potential co-occurrence of TF and TN, a comprehensive
assessment that incorporates both individual and combined
exposures is required.

The comet assay is a rapid, simple, and sensitive method
that can detect DNA strand breaks (ie, single-and
double-strand breaks, alkali-labile sites, and DNA-protein
crosslinks) in individual cells. This assay has been extensively
used to evaluate the genotoxic effects induced by chemical
agents in various cell types and experimental conditions
(Calder6n-Segura et al., 2012; Ramos et al, 2021; Sasikala
et al, 2023). Moreover, it is commonly employed in human
biomonitoring studies as a biomarker of exposure to geno-
toxic agents (Ladeira et al., 2024; Ramos et al., 2021). Moreover,
predicting the metabolic features induced by TF and TN pro-
vides a powerful approach for elucidating some possible
mechanisms of toxic action. By investigating how these com-
pounds disrupt essential biochemical pathways, we can iden-
tify early biomarkers of adverse effects, predict chronic
toxicity, and establish the basis for improved risk assessment
(Hasselgren and Myatt 2018; Loiodice, Nogueira da Costa, and
Atienzar 2019).

In this way, this work aimed to investigate the cytogeno-
toxicity of TF and TN, isolated and combined, at

environmentally relevant concentrations, on human lympho-
cytes. Moreover, in silico tools were utilized to elucidate met-
abolic pathways more effectively to detoxify these xenobiotics
and to evaluate their putative effects on gene transcription.
In short, this work linked the in vitro and in silico toxicology
investigation of TF and TN to real-world exposure, enabling
science-based policy while supporting the development of
lower-risk alternatives.

Material and methods
Chemicals

TF (C4H4CIN;0;) and TN (C,4H,5CIN;0,) were acquired from
Sigma-Aldrich®. The chemical agent doxorubicin hydrochlo-
ride (DXR) was obtained from Glenmark Pharmaceutical Ltda
(Sao Paulo, Brazil). The reagents used in the culture of human
lymphocytes and Comet assay, including Triton X-100 and a
stock lysate solution (distilled H,0, NaCl, EDTA, TRIS, NaOH,
and sodium lauryl sarcosinate), were purchased from Neon
Comercial Ltda (Sdo Paulo, Brazil). Phosphate-buffered saline
(PBS, pH 7.4), 0.4% trypan blue solution, RPMI medium with
L-glutamine, sodium bicarbonate, neutralizing buffer solution
(Tris-HCl), standard melting agarose, and low-melting agarose
were purchased from Sigma Aldrich Brasil Ltda (Sao Paulo,
Brazil). Ficoll-Paque Plus was acquired from GE Healthcare
(Sweden and the UK). Sodium salt of penicillin G and strepto-
mycin sulfate were purchased from Life Technologies (Sao
Paulo, Brazil). Fetal bovine serum was obtained from Laborclin
(Campinas, Brazil). Phytohemagglutinin was purchased from
Cultilab (Campinas, Brazil), and Diamond Nucleic Acid was
procured from Promega (Madison, WI).

Blood samples and culture of human lymphocytes
Peripheral blood samples were obtained from healthy volun-
teers (n=4), aged between 18 and 30years, with no history of
smoking, alcohol consumption, or chronic illnesses. All proce-
dures were approved by the Research Ethics Committee of
Universidade Estadual de Goids (CAAE No. 66860023.
1.0000.8113) and conducted in accordance with national eth-
ical guidelines. Written informed consent was obtained from
all participants before sample collection. Lymphocyte cultures
were prepared according to the method proposed by
Fernandes et al. (2024). A total of 20 mL of venous blood was
collected into sterile heparinized tubes and diluted with an
equal volume of RPMI 1640 medium. The mixture was centri-
fuged at 120xg for 4min at 18°C. After discarding the
plasma, the buffy coat layer was isolated and carefully layered
onto Ficoll-Paque plus for density gradient separation. The
sample was then centrifuged at 200xg for 10min at 18°C to
isolate the human lymphocytes. The resulting cell pellet was
resuspended in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 0.5% phytohemagglutinin (mitogen stim-
ulator), and 0.2% antibiotic solution containing penicillin and
streptomycin (1:1). The lymphocyte suspension was then
transferred to a 25cm? culture flask and incubated at 37°C for
24h in a biological oxygen demand (BOD) incubator to pro-
mote cell proliferation and growth.
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Cytotoxicity assessment on human lymphocytes

Cell viability was evaluated using the trypan blue (0.4%) dye
exclusion method. Initially, the concentration of viable lym-
phocytes was determined wusing a hemocytometer.
Subsequently, cells were plated in 12-well (4x10° cells/well)
culture plates and exposed to different concentrations of TF
(0.006, 0.012, and 0.024mg/mL) or TN (1.5, 3.0, and 6.0mg/
mL) and a combined treatment of TF (0.012mg/mL) and TN
(3.0mg/mL). All treatment solutions were prepared using
0.1% dimethyl sulfoxide (DMSO). The concentrations of the
treatments were based on previous studies of these com-
pounds in other cell lines, considering environmentally rele-
vant concentrations (Rasgele 2025; Tang et al., 2010). Control
groups included sterile distilled water (negative control), 0.1%
DMSO (diluent control), and 0.050 mg/mL doxorubicin (DXR)
diluted in sterile water (positive control). All treatments were
performed in triplicate. After a three-hour incubation at 37°C,
viable cells were manually quantified using a hemocytometer
(Strober 2015).

Genotoxicity assessment (comet assay)

The genotoxic potential of TF and TN was determined using
the alkaline version of the Comet assay, following the proto-
col established by Tice et al. (2000) with modifications. A lym-
phocyte cell suspension was introduced into the 12-well plate
(4x10° cells/well), and cells then incubated at 37°C for three
hours with varying concentrations of TF (0.006, 0.012, and
0.024mg/mL) or TN (1.5, 3.0, and 6.0 mg/mL) and a combined
treatment of TF (0.012mg/mL) + TN (3.0mg/mL) diluted in
DMSO 0.1%. The negative (sterile distilled water), positive
(0.050mg/mL, DXR), and diluent (DMSO 0.1%) controls were
incorporated into the experiments. After incubation, 80 uL of
the treated lymphocytes were mixed with 120 uL low-melting-
point agarose (1%) and layered on agarose-coated slides. The
slides were then incubated in a Triton X-100-based lysis buffer
for 24h at 4°C to facilitate DNA unfolding. Subsequently,
electrophoresis was carried out under alkaline conditions
(300mM NaOH, 25V/cm, 30min, 4°C) to facilitate the visual-
ization of DNA strand breaks. Following electrophoresis, slides
were neutralized using 0.4M Tris-HCl buffer (pH 7.5), stained
with Diamond™ Nucleic Acid Dye (1:10,000 dilution in PBS),
and analyzed under a fluorescence microscope (Axioplan-
Imaging, Carl Zeiss, 10x objective). DNA damage parameters
(% tail DNA, Tail Length, and Olive Tail Moment) was quanti-
fied using CometScore™ (v1.5), with 100 cells analyzed per
concentration.

In silico metabolism prediction

For the prediction analysis of metabolites generated through
the cytochrome P450 system, the Biotransformer server was
used, a robust metabolite prediction tool that leverages both
machine learning and knowledge-based techniques, including
CypReact and CyProduct, to forecast potential metabolites
derived from metabolically sensitive bonds in the human body
and gut (Djoumbou-Feunang et al., 2019; Wishart et al., 2022).
The canonical SMILE structures of TF and TN were used to
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predict metabolite  products in  BioTransformer 3.0
(Djoumbou-Feunang et al.,, 2019). Bioactivity prediction regard-
ing gene expression was performed using DIGEP-Pred
(Drug-Induced Gene Expression Profiles Prediction) tools
(Lagunin et al, 2013). For both methods, Pa and Pi estimate
the probability that the compound is active or inactive, respec-
tively, for each type of activity based on the activity database.
The activities presenting Pa>Pi were selected for the analysis.
Besides, DIGEP-Pred results were added to the IAP values
(Invariant Accuracy of Prediction), which is the average accu-
racy of prediction that is obtained for the whole PASS training
set in a leave-one-out cross-validation procedure.

Statistical analysis

Statistical analyses were performed using one-way ANOVA fol-
lowed by Tukey's post hoc test (GraphPad Prism v8). For the
cytotoxicity assay, mean values were converted to percentages
before analysis. In the Comet assay, DNA damage was evalu-
ated based on the % of DNA in the comet tail across all treat-
ment and control groups. Furthermore, a Principal Component
Analysis (PCA) was conducted to explore the relationships
between the comet assay parameters and the different con-
centrations. The criterion for significance was set at p<0.05.

Results
Cytotoxicity assessment on human lymphocytes

None of the examined concentrations of TF (0.006, 0.012, and
0.024mg/mL) or TN (1.5, 3.0, and 6.0mg/mL) significantly
affected lymphocyte viability in comparison to the negative
control (Figure 1). Similarly, the combined treatment of TF
(0.012mg/mL) + TN (3.0mg/mL) did not significantly affect
viability, indicating that no interactive effect between TF and
TN occurred (Figure 1). The positive control, DXR (0.050 mg/
mL), induced a significant decrease in lymphocyte viability
compared to the negative control.

Genotoxicity assessment (comet assay)

In the assessment of genotoxicity, lymphocytes exposed to
different concentrations of TF (0.006, 0.012, and 0.024mg/ml),
TN (1.5, 3.0, and 6.0mg/ml) or the combined treatment of TF
(0.012mg/ml) and TN (3.0mg/ml) induced significant alter-
ations in % DNA damage compared to negative control
(Figures 2 and 3). However, no interactive effect was observed
in the mixture of TF and TN. Thus, these findings indicate that
TF, TN, and their mixture exert genotoxic effects on human
lymphocytes. To complement the visualization of the data, a
PCA was performed. The first two principal components
explained 96.60% (PC1 89.32% and PC2 7.28%) of the total
variance among the parameters and concentrations (Figure 4).
It can be observed that concentrations such as TF2, TF3, TN2,
and TN3 are located farther from the center, indicating a
trend of increased DNA damage at these concentrations.
Moreover, the comet assay parameters were positively cor-
related with each other and associated with the treated
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groups. The TF2+TN2 mixture suggests a modest additive
effect, in which the combined exposure to the fungicides
enhances DNA damage without surpassing that observed at
the highest individual concentrations.

In silico predictions

Metabolite prediction utilizes biotransformation dictionaries
based on preliminary predictions of likely biotransformation
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Figure 1. Cytotoxicity of triadimefon (TF), triadimenol (TN), and their mixture
on human lymphocytes. Treatments included TF (0.006; 0.012; 0.024mg/ml), TN
(1.5; 3.0; 6.0mg/ml), TF+TN (0.012+3.0mg/ml), positive control (DXR 0.050mg/
ml), solvent control (DMSO 0.1%), and negative control (water). The cells were
incubated for three hours, and the trypan blue exclusion test determined the
viability. All results are means+standard deviation from three independent
experiments. Bars with different letters indicate statistically significant differ-
ences among treatments (p<0.05). Bars with the same letter do not differ
significantly. ANOVA followed by tukey’s test.
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classes, which also describe the substances’ metabolomics
profiles. Figure 5 presents the chemical structures of these
two compounds and their predicted metabolite products. The
predicted metabolites for both compounds showed similari-
ties in metabolic pathways (some pathways involved the
same cytochrome) and in the compounds formed through
the action of the cytochrome P450 superfamily. The cyto-
chromes involved were CYP1A2, CYP2A6, CYP2C9, and
CYP2D6 for TF, and CYP1A2 and CYP2A6 for TN. The com-
pounds resulting from these phase | reactions are more polar,
which aims to facilitate the renal excretion of these xenobiot-
ics. Some cytochromes can cause drug interactions, increas-
ing the risk of exposure to these compounds for individuals
using medications or other molecules metabolized by the
same cytochromes.

The gene expression regulation analyses obtained from the
DIGEP 2.0 server indicated up-regulation of the steroidogenic
factor 1 (SF1; IAP = 0.948), spondin 1 (SPON1; IAP = 0.788),
adhesion G protein-coupled receptor F5 (ADGRF5; IAP = 0.862),
and RAR-related orphan receptor B (RORB; IAP = 0.774) genes
in the presence of TF or TN. The hyperpolarization-activated
cyclic nucleotide-gated potassium channel 1 (HCN1; IAP =
0.796) gene is putatively down-regulated in the presence of
these compounds. The IAP (Invariant Accuracy of Prediction)
values were the same for both compounds due to their high
structural similarity. The effects on gene expression appear to
occur with the same intensity, which is associated with the sig-
nificant structural similarity between the two molecules.

Discussion

Despite their effectiveness in controlling fungal pathogens in
various crops, particularly cereals and fruits (Rasgele 2025),
the human toxicological profiles of TF and TN, as well as
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Figure 2. Genotoxicity of triadimefon (TF), triadimenol (TN), and their mixture on human lymphocytes. Assessment of genotoxicity after exposure to TF (0.006,
0.012, 0.024mg/ml), TN (1.5, 3.0, 6.0mg/ml), and TF+TN (0.012+3.0mg/ml). Controls: PC (positive, 0.050mg/ml), SC DMSO 0.1% (solvent), and NC sterile water
(negative). The percentage of DNA in tail, tail length and olive moment were quantified using the CometScore software. All results are means+standard deviations
from three independent experiments. Bars with different letters indicate statistically significant differences among treatments (p<0.05), whereas bars with the

same letter do not differ significantly. ANOVA followed by tukey’s test.
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Figure 3. Representative photomicrographs of DNA damage induced by triadimefon (TF), triadimenol (TN), and their mixture on human lymphocytes. The geno-
toxicity evaluation of different concentrations of TF (0.006, 0.012, 0.024mg/ml), TN (1.5, 3.0, 6.0mg/ml), and TF+TN (0.012+3.0mg/ml) was evaluated using the
comet assay technique after 3h incubation on human lymphocytes. The cells were stained with Diamond™ nucleic acid dye and the images were acquired using
a fluorescence microscope (Axioplan-ImagingVR, 10x objective). Controls: PC (positive, 0.050 mg/ml), SC DMSO 0.1% (solvent), and NC sterile water (negative).
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Figure 4. Principal component analysis performed using the concentrations
and parameters from the comet assay. Controls: PC (positive, 0.050 mg/ml), SC)
DMSO 0.1% (solvent), and NC) sterile water (negative); TF1, 2, and 3 (0.006,
0.012, and 0.024mg/mL, respectively); TN1, 2, and 3 (1.5, 3.0, and 6.0mg/mL);
and TF2+TN2 (0.012+3.0mg/mL) represents the mixture. Data from three
independent experiments were used.

those of their mixture, remain poorly characterized. This
knowledge gap is critical, as interactions between active
ingredients in mixtures can lead to synergistic, additive, or
antagonistic effects, potentially altering their genotoxicity
compared to individual compounds (Barbieri et al., 2022).

In the cytotoxicity assessment, exposure to all tested con-
centrations of TF, TN, and their mixture did not significantly
reduce the number of viable cells compared to the negative
control. It was demonstrated that TF and TN exerted variable
effects on cell viability depending on the cell line (Xu et al,
2020). Specifically, these triazoles promoted viability on HelLa
and A549 cells, showed no significant impact on HCT116
cells, and inhibited viability in K562 cells in a concentration-
dependent manner. These differences were attributed to vari-
ations in receptor subtype affinities among cell types. Despite

this, studies involving triazole-based mixtures in other cellular
models have demonstrated that co-exposure may still modu-
late cytotoxic mechanisms, including the induction of apop-
tosis and reduced proliferation rates (Koleni¢ova et al., 2020).
In the present study, however, the absence of interactive
effects suggests that co-exposure to TF and TN at environ-
mentally relevant concentrations does not potentiate cytotox-
icity on human lymphocytes.

The trypan blue exclusion assay was used to assess cyto-
toxicity because it directly evaluates cell membrane integrity,
allowing reliable discrimination between viable and non-viable
cells (Strober 2015). In this study, this method was suitable to
confirm the absence of cytotoxicity in human lymphocytes
exposed to TF and TN, ensuring that the DNA damage
observed in the comet assay was not a secondary conse-
quence of cell death (Collins 2004). Nevertheless, trypan blue
has limitations, including low sensitivity to early apoptotic
events and sublethal metabolic alterations, as well as poten-
tial operator-dependent variability (Fotakis and Timbrell, 2006;
Sabotic et al., 2024).

In this context, alternative assays such as the MTT assay
are widely used due to their high sensitivity and reproducibil-
ity and are considered well-established standards for cytotox-
icity evaluation, as they primarily reflect mitochondrial
metabolic activity rather than direct cell viability (Ghasemi
et al, 2021; Sabotic et al, 2024). However, MTT reduction
depends on cellular metabolic activity and mitochondrial
function, which may be altered by metabolic or oxidative
stress independently of cell death (Stepanenko and Dmitrenko,
2015). Since triazole fungicides are known to induce oxidative
stress and metabolic disturbances without necessarily com-
promising membrane integrity (Jiang et al, 2017; Xu et al,
2020), MTT-based measurements may lead to an overestima-
tion of cytotoxicity under such conditions (Stepanenko and
Dmitrenko, 2015).

In the comet assay, both TF and TN induced significant
DNA damage in human lymphocytes, indicating their
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Figure 5. The metabolism profile and chemical structures of triadimefon (TF), triadimenol (TN), and their predicted metabolites were analyzed using BioTransformer 3.0.

genotoxic potential even at low, environmentally relevant
concentrations (Tang et al,, 2010). Previous studies using the
comet assay have consistently demonstrated the genotoxicity
of triazole fungicides in various biological models. For
instance, significant DNA damage was reported in lympho-
cytes of agricultural workers exposed to penconazole (Ferri
et al,, 2019), bovine lymphocytes exposed to epoxiconazole
(Kolenicova et al., 2020), and rat glioma F98 cells exposed to
bromuconazole (Rjiba-Touati et al, 2023). In aquatic organ-
isms, difenoconazole also induced genotoxic effects in Pethia
conchonius at environmentally relevant levels (Ray et al., 2025).

Exposure to the TF and TN mixture also significantly
increased DNA damage, although this effect was not additive
compared to the individual compounds, but probably syner-
gistic. Supporting this observation, previous studies have
shown that exposure to triazole fungicides, either alone or in
combination with other compounds, can alter multiple bio-
markers. The interactive effects of TF and citrinin in zebrafish
embryos affected oxidative stress, apoptosis, and endocrine
biomarkers (Wang et al, 2023). Similarly, mixtures of
triazole-based fungicides have been shown to increase DNA
fragmentation in the soil organism Eisenia fetida (Campani
et al., 2025). These findings highlight the importance of eval-
uating mixture toxicity under realistic environmental exposure
scenarios, as multiple agrochemicals frequently co-occur in
the environment (Reffstrup, Larsen, and Meyer 2010).

TF and TN have also been associated with the overproduc-
tion of reactive oxygen species (ROS), which contributes to the
oxidative stress observed in non-target organisms (Jiang et al,,
2017; Rasgele 2025; Xu et al,, 2020). Excess ROS is a significant
cause of cellular damage, leading to lipid peroxidation, protein
oxidation, and oxidative DNA damage. These processes disrupt
cellular homeostasis and compromise cell function (Hazukova
et al, 2024; Smith et al., 2013). DNA, an essential biomolecule
responsible for maintaining genomic stability, is particularly sus-
ceptible to oxidative stress, which can promote chromosomal
instability (Hazukova et al. 2024). ROS produced during pesticide
exposure may cause single- and double-strand DNA breaks, as

well as modifications in purines, pyrimidines, and deoxyribose
moieties (Aguilar-Banuelos et al., 2025; Calderén-Segura et al,
2012; Dikilitas et al., 2015). The comet assay, widely employed
for detecting such damage at the single-cell level, is especially
useful for quantifying DNA strand breaks and oxidative lesions
(Collins 2004; Olive and Banath 2006).

Triazole fungicides such as TF and TN act by inhibiting
ergosterol biosynthesis, an essential constituent of fungal cell
membranes, through the inhibition of lanosterol-14a-demeth-
ylase (CYP51) (Chen et al.,, 2022; Rasgele 2025). In mammals,
azoles have been shown to interact with cytochrome P450
(CYP) hepatic enzymes, as also predicted in this study.
Exposure to chemicals that can interfere with hepatic metab-
olism should be investigated, as changes in the metabolic
sphere can also increase the potential for drug interactions, in
addition to the risk of intoxication with antifungals.
Interactions with CYP enzymes may impair steroidogenesis
(Petricca et al,, 2023), alter the metabolism of several drugs,
and reduce the bioactivation of prodrugs.

Cytochrome P450 2D6 (CYP2D6), an enzyme of great histor-
ical significance in pharmacogenetics, is responsible for metab-
olizing a wide range of drugs used in clinical practice, including
analgesics (e.g., codeine, oxycodone), antiarrhythmics (e.g., fle-
cainide), antidepressants, antipsychotics (e.g., risperidone), and
antiemetics (e.g, ondansetron) (Zanger, Raimundo, and
Eichelbaum 2004). Clopidogrel, a prodrug requiring hepatic
metabolism by cytochrome CYP2C19 (and also CYP3A4,
CYP1A4, and CYP2B6), may have its antiplatelet efficacy
reduced if bioactivation is impaired by azole interference with
these isoenzymes (Bouziana and Tziomalos 2015). Additionally,
CYP1A2 inhibition, also predicted for these fungicides, could
further affect metabolic pathways involving xenobiotics.
CYP2A6, which metabolizes about 3% of drugs and several
procarcinogens (e.g., hitrosamines, aflatoxin B1), also plays a
significant role in nicotine metabolism and in the biotransfor-
mation of retinoic acid and steroids (Di et al., 2009). Thus, com-
petitive inhibition of CYP2A6 by TF and TN may lead to
elevated plasma concentrations of co-administered substances,



potentially increasing their toxicity. It is crucial to emphasize
that the primary goal of this metabolism prediction was not to
provide a definitive metabolic map, but rather to leverage
these insights to amplify the discussion on the potential range
of toxic effects and interactions of TF and TN. However, further
studies are necessary to determine whether TF and TN exhibit
different toxicological behavior in the presence of a metabolic
activation system. This is important because peripheral blood
lymphocytes have low CYP450 activity, and the experiments
were performed without the S9 fraction. This limitation indi-
cates that the present results primarily reflect the effects of the
parent compounds rather than metabolite-mediated responses.

In addition, analyzing the potential to influence gene
expression helps to understand some toxic manifestations of
agricultural compounds, such as TF and TN. Prediction of
induced gene expression profiles with DIGEP-Pred indicated
that TF and TN could up-regulate the genes SF1, SPONT,
ADGRF5, and RORB. The SF1 gene is associated with a ste-
roidogenic effect, responsible for producing steroid hormones.
Therefore, the up-regulation of this gene, as suggested by the
DIGEP 2.0 analysis, indicates potential hormonal alterations,
including obesity (Rouabhi et al, 2021). SPON1 encodes an
extracellular matrix protein with a role in nerve growth and
repair. This gene has been shown to be associated with
Alzheimer’s disease risk (Reynolds et al, 2010). The RORB
gene encodes the ROR-beta protein, a nuclear receptor that
regulates gene expression and contributes to maintaining the
circadian rhythm. Variations in this gene can lead to symp-
toms such as epilepsy and neurodevelopmental changes.
Furthermore, this gene is also associated with Alzheimer’s dis-
ease risk. ADGRF5 is essential for maintaining the proper
function of numerous processes, such as airway function,
immune response, metabolism, vascularization, and cancer
progression (Jacenik, Karagiannidis, and Beswick 2023).

Prediction of repressed gene expression profiles with
DIGEP-Pred indicated that TF and TN could down-regulate the
gene HCN1. This gene encodes a hyperpolarization-activated
cyclic nucleotide-gated channel protein essential for regulat-
ing neuronal excitability and contributing to pacemaker cur-
rents in the heart. Therefore, its putative down-regulation by
antifungal agents could cause changes in heart rhythm, in
addition to potential neurotoxicity (Li et al., 2025).

Conclusion

In conclusion, our integrated in vitro and in silico approach pro-
vides compelling evidence on the toxicological risks associated
with triadimefon (TF) and triadimenol (TN). While these triazole
fungicides did not compromise lymphocyte viability at environ-
mentally relevant concentrations, they significantly induced
DNA strand breaks, as demonstrated by the comet assay, both
individually and in combination. This indicates a clear geno-
toxic hazard to human cells, independent of cytotoxic effects.

The computational analysis further suggested potential
mechanisms underlying these risks. The prediction of distinct
metabolic interactions with key cytochrome P450 isoforms
(CYP1A2, CYP2A6, CYP2C9, and CYP2D6) indicates a signifi-
cant potential for TF and TN to interfere with the metabolism
of drugs and endogenous substances, which could lead to

84

DRUG AND CHEMICAL TOXICOLOGY @ 7

adverse drug interactions and altered xenobiotic processing.
Moreover, the predicted modulation of gene expression—
specifically the up-regulation of SF1, SPON1, ADGRF5, and
RORB and the down-regulation of HCN1—points to potential
long-term consequences, including endocrine disruption, neu-
rotoxicity, and an increased risk for chronic diseases, such as
Alzheimer's.

Together, these findings reinforce the growing body of evi-
dence that triazole-based agrochemicals, while agriculturally
effective, can compromise genomic integrity in non-target
organisms, including humans. They may disrupt metabolic
pathways, interfere with drug metabolism, and contribute to
the onset of chronic diseases. Their environmental persistence
and potential for bioaccumulation underscore the need for
careful risk assessment, particularly among populations sub-
ject to chronic occupational or dietary exposure.
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Triadimefon and triadimenol are broad-spectrum fungicides widely used in agriculture. This study assessed their
genotoxic and biomass effects on Eisenia fetida earthworms exposed for 7, 14 and 21 days to concentrations of
triadimefon (0.006, 0.12, 0.24 mg/kg), triadimenol (1.5, 3, 6 mg/kg), and their mixture (0.012 + 3.0 mg/kg). At
14 and 21 days, weight loss exceeded 20%, reaching over 40% at the highest concentrations of both triazoles.
Genotoxic effects were detected at 6 mg/kg triadimefon and 0.024 mg/kg triadimenol, individually and in

mixture, particularly after 14 and 21 days. A slight mutagenic increase was observed only at the highest tri-
adimefon concentration. Exposure to the fungicides promoted significant biomass reduction from day 14 onward.
These results reinforce the need for monitoring triazoles' environmental impact, as even at relevant concentra-
tions, they can induce genotoxic damage in soil organisms.

1. Introduction

Pesticides are widely used in commercial agriculture and have
contributed significantly to increasing agricultural productivity by
controlling pests and diseases, thereby ensuring food security for a
constantly growing global population (Lammertyn et al., 2024). How-
ever, their excessive or improper use can lead to the accumulation of
residues in the environment and compromise soil quality, biodiversity,
and human health. Among these compounds, triazole pesticides
constitute a class of systemic fungicides containing the 1,2,4-triazole
molecule (Liu et al., 2014). Due to their broad spectrum and versa-
tility, triazoles are widely used as fungicides or medicinal agents and

represent the second largest group of fungicides worldwide (Tang et al.,
2024).

Introduced to the market in the mid-1970s by researchers from
companies such as Ciba-Geigy®, a Swiss agrochemical and pharma-
ceutical firm, triazole compounds are absorbed by plants and distributed
throughout their structure, providing long-lasting protection (Nasonov
and Yakuba, 2024; Sun et al., 2023). They exhibit systemic effects and
are a popular class of agricultural pesticides used to control various
fungal diseases in crops of global economic importance (IKong et al.,
2020).

These compounds primarily act as inhibitors of ergosterol biosyn-
thesis, a steroid precursor to vitamin D2 and a key component of fungal
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cell membranes. The mechanism of action of these compounds centers
on the inhibition of the enzyme lanosterol 14a-demethylase (CYP51), a
cytochrome P450 monooxygenase crucial in the ergosterol synthesis
pathway from lanosterol. Given their extensive application, it is essen-
tial to understand in detail their chemical properties, which directly
influence their environmental behavior, transport, persistence, biolog-
ical activity, and ecotoxicological potential (Malik et al., 2024).

Despite their effectiveness, several studies have reported that tri-
adimefon and triadimenol can exert adverse effects on wildlife and
humans. In anuran amphibians, triadimefon and triadimenol affected
swimming, endocrine disruption, and hepatic alterations (Zhang et al.,
2020), as well as disruption of hormonal pathways involved in meta-
morphosis (Zhang et al., 2018). In Chinese lizards (Eremias argus), the
biotransformation of triadimefon metabolites in adipose tissue showed
low degradation capacity (Li et al., 2017). In Daphnia magna, it was
observed that at triadimefon concentrations above 0.1 mg/L, both the
number of individuals and the intrinsic population growth rate showed a
decreasing trend with increasing exposure concentration (Hou et al.,
2023). Hou et al. (2022), reviewing triadimefon and triadimenol,
observed that these triazoles can cause neurotoxicity, hepatotoxicity,
and cardiovascular toxicity in mammals and fish, suggesting that the
same effects could occur in humans. Furthermore, both compounds are
classified as possible human carcinogens (Li et al., 2017). According to
their specificities, triadimefon is a lipophilic conazole fungicide that is
systemic and broad-spectrum, with eradicant and protective action
against various plant pathogens, especially powdery mildew, loose
smut, and rusts in cereals and other crops (Crowell et al, 2011; Liet al.,
2011a). Triadimefon does not persist for long periods in soil, with
half-lives ranging from 5 to 39 days depending on soil type (Hou et al.,
2022). Triadimenol, on the other hand, is a metabolite of triadimefon
and constitutes the most widely used triazole fungicide (Hou et al,
2022; Tang et al., 2024), with a half-life exceeding 70 days (Aliste et al.,
2021).

Among the wide variety of soil pollutants, agrochemicals exert the
major impact on soil biota, underscoring the need for effective soil-
quality monitoring through the utilization of sensitive bioindicators
(Mishra et al., 2022), making the monitoring of soil quality through
bioindicators essential. Earthworms are widely recognized as global
bioindicators and are fundamental models for assessing soil pollution
and environmental quality (Zhou et al., 2016). Species such as Eisenia
fetida, used in this study, have been extensively employed as standard
test organisms for pesticide risk assessment (Rico et al., 2016). Studies
have shown that earthworms exposed to triazoles exhibit significant
histopathological alterations, which can seriously affect motor function
(Gao et al, 2013). Furthermore, chronic exposure to triadimenol at
environmentally relevant concentrations (3, 30, and 300 pg/L)
adversely affected various toxicity parameters, including growth, brood
size, and locomotor behavior of worms (How et al., 2018). Despite the
observed harmful effects, studies investigating the genotoxic and
mutagenic effects of fungicides using genetic biomarkers, such as the
comet assay and the micronucleus test, remain scarce.

One of its primary metabolites, both in the environment and in living
organisms, is triadimenol (Liu et al., 2014; Zhang et al., 2020; Zhuo
et al,, 2025). Triadimefon possesses one chiral center, while its trans-
formation via reduction leads to the formation of triadimenol, which
features two chiral centers, resulting in four distinct stereoisomers (1 R,
2S; 1S,2R; 1 R,2 R; and 1S,2S). These are grouped into two enantiomeric
pairs known as triadimenol-A and triadimenol-B (Garrison et al, 2011;
Li et al, 2011b). The conversion of triadimefon to triadimenol can
significantly alter the properties and toxicity of the original compound.
Studies have demonstrated, for example, differences in acute toxicity
between triadimefon and triadimenol in aquatic organisms (Hou et al.,
2022; Zhang et al., 2018).

Thus, this study aimed to investigate the toxicological effects of tri-
adimefon and triadimenol on the earthworms of the species Eisenia fet-
ida. Therefore, the biomass parameters of the earthworms, genotoxicity,
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and mutagenicity in organisms exposed for 7, 14, and 21 days. The
central hypothesis of the study is that exposure to low concentrations of
triadimefon, triadimenol, and their mixture may increase the frequency
of DNA damage and also induce changes in earthworm biomass. To our
knowledge, this is the first study to jointly assess genotoxicity in Eisenia
fetida earthworms for triadimenol and triadimefon and to propose a
model for the physical and chemical properties of these compounds.

2. Materials and methods
2.1. Exposure of earthworms to triadimefon and triadimenol

In this study, the selected concentrations were based on previous
work with zebrafish (Qiao et al., 2020) and earthworms (Gao et al.,
2013; Martyniuk and Goc Rasgele, 2025). The applied doses were
adjusted to 0.006, 0.012, and 0.024 mg/kg of soil for triadimefon and
1.5, 3, and 6 mg/kg for triadimenol. The mixture concentration (tri-
adimefon 0.012 mg/kg + triadimenol 3.0 mg/kg) was also tested. The
triazole stock solutions were prepared using dimethyl sulfoxide (DMSO,
analytical grade) as the solvent. The soil used was Acric Red Latosol,
collected from an intact native forest area in the Brazilian Cerrado
biome, with no documented history of pesticide use. Soil preparation
followed the guidelines of the Organisation for Economic Co-operation
and Development (OECD, 1984), as well as Jovana et al. (2014) and
Xue et al. (2023).

The earthworms used in the assays were adults of the species Eisenia
fetida (with a visible clitellum; average weight of 1.02 g), purchased
from a commercial breeder located in Anapolis, Goias, Brazil. Before the
start of the experiment, the organisms were acclimated for 24 h in an
incubator at 26 °C, under a 16:8 h light-dark photoperiod. After accli-
mation, they were rinsed with deionized water, transferred to moistened
filter paper for purging of intestinal contents, rinsed again with distilled
water, carefully dried on clean filter paper, and weighed in groups of ten
individuals on an analytical balance before beginning the exposure. The
animals remained exposed for 7, 14, and 21 days, maintaining the same
conditions as during acclimation. For each concentration, including the
control, 10 individuals were used in triplicate. The animals were fed 5 g
of cattle manure once a week (Jovana et al., 2014), provided by the
commercial annelid breeder.

2.2. Coelomocyte collection

After exposure, each worm was rinsed in running water to remove
soil residues and detritus and weighed as described by Silva et al.
(2023). This biomass was measured for each group of 10 earthworms.
Subsequently, the individuals were subjected to a previously prepared
extrusion buffer (Cooper et al., 1991) at a ratio of 200 pL per organism
for three minutes. The extruded coelomic fluid containing cells was
centrifuged at 7200 rpm for 3 min, and the supernatant was discarded.
The resulting cellular sample was washed in PBS, and the obtained cell
suspension was used to assess DNA damage via the comet assay and the
micronucleus test.

2.3. Comet assay

The comet assay was used to evaluate the genotoxicity of exposure to
the triazoles, following a protocol modified from Singh (2005), Shao
et al. (2019), and Benvindo-Souza et al. (2025). Microscope slides were
pre-coated with 1.5% standard agarose. Subsequently, 20 L of the
coelomocyte suspension was mixed with 120 pL of 0.5%
low-melting-point agarose and spread over the pre-coated slides. A
coverslip was placed over the sample and removed after the agarose
solidified. The slides were then immersed in a freshly prepared lysis
solution for one hour. After this period, they were transferred to a
horizontal electrophoresis chamber and incubated in alkaline buffer for
30 min. Electrophoresis was performed in the dark for 20 min, at 25 V
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and 300 mA. Upon completion, the slides were neutralized three times in
0.4 M Tris buffer (pH 7.5) for 5 min each, rinsed in distilled water, and
fixed in absolute ethanol. After drying, the DNA was stained with 100 pL
of the fluorescent dye Diamond™ (10%). Comet observation was per-
formed using a fluorescence microscope (Axio Imager® A2, Carl Zeiss
AG, Germany), equipped with a 510-560 nm excitation filter, a 590 nm
emission filter, and a 20 x objective. A single examiner conducted all
analyses. DNA damage was quantified using TriTek CometScore 2.2
software, based on 100 nucleoids per sample. The following parameters
were evaluated: tail DNA percentage (%DNA), tail length (TL), and Olive
tail moment (OTM). It is worth highlighting that we did not perform the
discrimination of coelomocytes/amebocytes in the coelomic fluid before
the DNA analyses.

2.4. Micronucleus test

The micronucleus frequency was analyzed as an indicator of geno-
toxicity in earthworms exposed to triazoles. After coelomocyte extrac-
tion, approximately 10 pL of coelomic fluid was deposited onto
microscope slides (two slides per individual) for the micronucleus test.
Each slide was prepared by smearing the coelomic fluid. After air-drying
at room temperature, the slides were fixed in absolute methanol for
10 min and stained using a rapid Panoptic staining kit. A total of 2000
cells (amebocytes) were analyzed under an optical microscope with an
immersion objective (100 x) by a single researcher. Micronucleus fre-
quency was expressed as: Micronucleus Frequency (%) = Number of
micronucleated cells / Number of cells counted (2000) x 100.
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2.5. Statistical analysis

For biomass, the weight values refer to each exposed group (10
earthworms). They are presented in absolute and relative frequency.
Subsequently, we conducted a Kruskal-Wallis analysis, followed by
Dunn's test, considering only the exposure days. In general, whenever
possible, the data were presented as mean + standard deviation.
Normality and homogeneity of variances were assessed using the
Shapiro-Wilk and Levene tests, respectively. Since genotoxicity and
mutagenicity biomarkers did not follow a normal distribution, the
Kruskal-Wallis test was used, followed by Dunn's post hoc test. The same
tests were applied to biomass data. A Principal Component Analysis
(PCA) was used to integrate biomarkers of genotoxicity and mutage-
nicity in response to triazoles. All statistical analyses were performed
using Statistica 7, Past 4, and Jamovi 2.5.6 software, adopting a sig-
nificance level of p < 0.05 for all comparisons.

3. Results and discussion
3.1. Earthworm biomass

Four deaths were observed for triadimefon and one death for tri-
adimenol over 21 days of exposure. In the control group, no mortality
occurred at any exposure time. Overall, greater weight loss was
observed in the fungicide-treated groups (Fig. 1A and B). At 14 and 21
days, weight loss exceeded 20%, reaching more than 40% at the highest
concentrations of both triazoles (Fig. 1B). Regardless of the concentra-
tions of the triazoles tested, the initial average biomass of the
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Fig. 1. Biomass values (g) of Eisenia fetida during the exposure period to triazoles (triadimefon and triadimenol). A) biomass as a function of concentrations; B)
biomass loss as a percentage; C) biomass independent of concentrations (Triadimenol and Triadimefon). A and B) data are presented as relative frequency. C) mean
data of the absolute frequency from Fig. 1A, disregarding the concentrations. Different letters compared to the control indicate a statistically significant difference;
same letters or absence of letters indicate no significant difference. Kruskal-Wallis followed by Dunn's post hoc test. NC: Negative control; Triadimenol: TN1 (1.5 mg/
kg); TN2 (3 mg/kg) and TN3 (6 mg/kg); Triadimefon: TF1 (0.06 mg/kg); TF2 (0.012 mg/kg) and TF3 (0.024 mg/kg); Mix: TN2 (3 mg/kg) + TF2 (0.012 mg/kg).
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earthworms was 10.21 + 0.58 g, progressively decreasing to
8.21 +1.76 gat7 days, 6.54 - 0.82 gat 14 days, and 6.35 + 1.13 gat 21
days of exposure. These results indicate a significant reduction in
biomass starting from the 14th day compared to the initial value, with
the weight loss trend persisting until the end of the experiment (Fig. 1C).

The observed weight loss suggests a possible sublethal effect of tri-
adimenol and triadimefon, likely associated with increased energy
expenditure on detoxification processes and metabolic stress (Rico et al.,
2016; Zhuo et al., 2025). Furthermore, the reduction in biomass may
reflect alterations in feeding behavior and/or nutrient assimilation ef-
ficiency, factors frequently reported as adverse physiological responses
in organisms exposed to chemical contaminants (Pelosi et al., 2014; Bart
017). Thus, even in the absence of high mortality, the results
indicate that triadimefon and triadimenol can compromise the physio-
logical condition and ecological performance of earthworms over time.
Decreased body weight has been recognized as a sensitive sublethal
endpoint in earthworm ecotoxicology, often reflecting early physiolog-
ical stress before lethal effects become evident (Pelosi et al, 2014).
Consistent with these findings, reductions in body weight and repro-
ductive performance have been observed in Eisenia fetida exposed to
pesticides at concentrations that did not result in significant mortality,
indicating that physiological impairment may precede lethal effects
(Yasmin and D’ Souza, 2007). Similar reductions in biomass have been
reported for triazole fungicides such as tebuconazole, where weight loss
and biochemical alterations were detected at sublethal concentrations
(Rico et al, 2016). Likewise, exposure to tebuconazole and epox-
iconazole has been shown to reduce earthworm biomass, highlighting
the sensitivity of growth-related endpoints to fungicidal stress (Bart
etal., 2017).

et a

3.2. Cytogenetic biomarkers

Triadimefon and triadimenol were tested for their comet assay and
micronucleus test effects in earthworms of the species Eisenia fetida
(Fig. 2).

3.2.1. Genotoxicity

The effects of the fungicides were assessed at each exposure time.
Overall, the highest concentrations of both triadimefon and triadimenol
showed significant differences in at least one parameter of the comet
assay when compared to the negative control (Fig. 3). It is essential to
highlight that, at 21 days, at least one of the highest concentrations
exhibited a significant effect. Additionally, the parameters %Tail DNA
and Olive Tail Moment indicated greater genotoxicity at the 14- and 21-
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day time points. Finally, in the micronucleus test, a slight difference was
observed only at the highest concentration of triadimefon compared to
the control (Fig. 4).

Genetic biomarkers such as the comet assay and micronucleus test
are globally recognized for assessing the genotoxicity and mutagenicity
of pesticides in animals. In the present study, these biomarkers were
applied to quantify DNA damage in Eisenia fetida exposed to triadimenol
and triadimefon. In the comet assay, both triadimenol and triadimefon
induced genotoxic damage in earthworms, but to different extents. The
higher concentrations of triadimefon proved more toxic in inducing
DNA breaks than triadimenol. Regarding the mixture (Mix), the effect
was similar to the higher doses, suggesting that combined exposure
neither attenuated nor strongly potentiated the effect (additive or syn-
ergistic), but maintained high levels of genotoxic damage. These effects
were more evident starting from the 7th day of exposure and persisted
until 21 days, indicating that the repair mechanisms were insufficient to
reverse the induced damage, particularly considering the observed
mutagenicity for triadimefon. It is also worth noting that triadimefon
metabolism is faster, but elimination is slower (Li et al., 2017); this likely
may be related to the greater genotoxic damage observed at later time
points, although damage was also present at high concentrations at the
7-day exposure.

For the micronucleus test, genotoxicity was observed only for tri-
adimefon at the highest concentration after 21 days of exposure. A
previous study evaluating doses of 1200 and 1071 mg/kg of triadimefon
in male and female mice did not show a significant increase (Ievekordes
et al., 1996). For triadimenol, an experiment with zebrafish (Danio rerio)
exposed to concentrations of 1.5, 3, and 6 mg/L observed an increase in
micronucleus frequency in acute (up to 72 h) and chronic (up to 20
days) exposures (Martyniuk and Goc Rasgele, 2025), as well as mortality
at concentrations of 3 and 6 mg/L over 30 days. In the present study,
triadimenol did not significantly increase micronucleus frequency,
perhaps due to the inherent biology of annelids compared to fish.

The genotoxic effects of other triazole fungicides have been investi-
gated in different animals, including humans. For example, Prosaro®
(tebuconazole/prothioconazole), tested at concentrations of 1.5, 3, 7.5,
15, and 30 pg mL™* for 24 and 48 h, or two hours using micronucleus
and comet assays in bovine lymphocyte cultures, did not show an in-
crease in micronucleus frequency, and only the highest concentration
induced genotoxic damage (Schwarzbacherova et al., 2015). Three
sublethal concentrations of difenoconazole, 0.037, 0.188, and
0.377 mg/L, were tested in Pethia conchonius fish (Ray et al., 2025). DNA
damage in the exposed groups was significantly more serious than in the
control group, increasing with concentration and exposure duration,

v

/

Micronucleated coelomocyte

Fig. 2. Photomicrographs illustrating the genetic biomarkers analyzed in coelomocytes of Eisenia fetida earthworms: A) Comet assay; B) Micronucleus test.
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compared to the control indicate a statistically significant difference; same letters or absence of letters indicate no significant difference. Kruskal-Wallis followed by
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and TF3 (0.024 mg/kg); Mix: TN2 (3 mg/kg) + TF2 (0.012 mg/kg).
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Fig. 4. Micronucleus frequency as a biomarker for genotoxicity of triadimefon,
triadimenol, and their mixture in Eisenia fetida earthworms exposed for 07, 14,
and 21 days. Absence of letters on the box plots indicates no significant dif-
ference. Kruskal-Wallis followed by Dunn's post hoc test. NC: Negative control;
Triadimenol: TN1 (1.5 mg/kg); TN2 (3mg/kg) and TN3 (6 mg/kg); Tri-
adimefon: TF1 (0.06 mg/kg); TF2 (0.012 mg/kg) and TF3 (0.024 mg/kg); Mix:
TN2 (3 mg/kg) + TF2 (0.012 mg/kg).

with a maximum increase of 73% in tail DNA (Ray et al., 2025). The
triazole-based fungicide Prosaro® (tebuconazole 125 g/L and prothio-
conazole 125g/L) acted directly on the DNA of Eisenia fetida

earthworms (Campani et al., 2024). For rural workers exposed to tri-
azoles, greater genotoxic damage was observed via the micronucleus
test in exfoliated buccal mucosa cells (Costa et al., 2023). That study
quantified the presence of cyproconazole, epoxiconazole, metconazole,
propiconazole, and triadimenol in the urine of the rural workers.

Although triadimenol and triadimefon are widely used and detected
in environmental matrices, studies on their genotoxic and mutagenic
effects remain insufficient, particularly in earthworms. In the case of
triadimefon, the review by Hou et al. (2022) also confirms that there are
few studies with invertebrates and that more comprehensive in-
vestigations are needed. Therefore, this study highlights the genotoxic
and mutagenic effects at low doses over different exposure times. Future
studies are encouraged to combine these genetic biomarkers with
biochemical ones such as Catalase, Superoxide Dismutase, Glutathione
S-transferase, Malondialdehyde, Nitric oxide, Carbonylated proteins,
and Total proteins. These analyses are critical because it is recognized
that many pesticides can induce various reactions in animals, including
the generation of Reactive Oxygen Species and alterations in antioxidant
levels, leading to a state of redox imbalance and causing DNA damage
(Sotero et al., 2024).

3.2.2. Integrated results of genotoxicity (principal component analysis)
Principal Component Analysis (PCA) was used to integrate geno-
toxicity biomarkers in Eisenia fetida in response to the triazoles tri-
adimenol, triadimefon, and their mixture over exposure periods of 7, 14,
and 21 days. The first two principal components jointly explained
60.07% of the total variance, with PC1 accounting for 48.57% and PC2
for 11.50% (Fig. 5; Supplementary Material 1). The negative control
(NC), positioned opposite to the treatments, indicated low levels of
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Fig. 4. Micronucleus frequency as a biomarker for genotoxicity of triadimefon,
triadimenol, and their mixture in Eisenia fetida earthworms exposed for 07, 14,
and 21 days. Absence of letters on the box plots indicates no significant dif-
ference. Kruskal-Wallis followed by Dunn's post hoc test. NC: Negative control;
Triadimenol: TN1 (1.5 mg/kg); TN2 (3mg/kg) and TN3 (6 mg/kg), Tri-
adimefon: TF1 (0.06 mg/kg); TF2 (0.012 mg/kg) and TF3 (0.024 mg/kg); Mix:
TN2 (3 mg/kg) + TF2 (0.012 mg/kg).

with a maximum increase of 73% in tail DNA (Ray et al., 2025). The
triazole-based fungicide Prosaro® (tebuconazole 125 g/L and prothio-
conazole 125g/L) acted directly on the DNA of Eisenia fetida

earthworms (Campani et al., 2024). For rural workers exposed to tri-
azoles, greater genotoxic damage was observed via the micronucleus
test in exfoliated buccal mucosa cells (Costa et al., 2023). That study
quantified the presence of cyproconazole, epoxiconazole, metconazole,
propiconazole, and triadimenol in the urine of the rural workers.

Although triadimenol and triadimefon are widely used and detected
in environmental matrices, studies on their genotoxic and mutagenic
effects remain insufficient, particularly in earthworms. In the case of
triadimefon, the review by Hou et al. (2022) also confirms that there are
few studies with invertebrates and that more comprehensive in-
vestigations are needed. Therefore, this study highlights the genotoxic
and mutagenic effects at low doses over different exposure times. Future
studies are encouraged to combine these genetic biomarkers with
biochemical ones such as Catalase, Superoxide Dismutase, Glutathione
S-transferase, Malondialdehyde, Nitric oxide, Carbonylated proteins,
and Total proteins. These analyses are critical because it is recognized
that many pesticides can induce various reactions in animals, including
the generation of Reactive Oxygen Species and alterations in antioxidant
levels, leading to a state of redox imbalance and causing DNA damage
(Sotero et al., 2024).

3.2.2. Integrated results of genotoxicity (principal component analysis)
Principal Component Analysis (PCA) was used to integrate geno-
toxicity biomarkers in Eisenia fetida in response to the triazoles tri-
adimenol, triadimefon, and their mixture over exposure periods of 7, 14,
and 21 days. The first two principal components jointly explained
60.07% of the total variance, with PC1 accounting for 48.57% and PC2
for 11.50% (Fig. 5; Supplementary Material 1). The negative control
(NC), positioned opposite to the treatments, indicated low levels of
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NC: negative control; Triadimenol: TN1 (1.5 mg/kg); TN2 (3 mg/kg) and TN3 (6 mg/kg); Triadimefon: TF1 (0.06 mg/kg); TF2 (0.012 mg/kg) and TF3 (0.024 mg/

kg); Mix: TN2 (3 mg/kg) + TF2 (0.012 mg/kg).

genetic damage, as expected. In contrast, treatments with TN, TF, and
the mixture showed displacement along PC1, evidencing the induction
of genotoxic and mutagenic effects.

A concentration-dependent trend was observed for triadimenol, with
treatments progressively distributed farther from the NC. This pattern
suggests a dose-response relationship, in which increasing concentra-
tions result in greater DNA damage intensity. For triadimefon, even
intermediate concentrations (TF2) were already associated with geno-
toxic biomarkers, indicating higher toxicity compared to triadimenol.
The TF3 treatment (0.024 mg/kg) showed the greatest separation from
the control, reinforcing the high genotoxic and mutagenic potential of
this compound. The triazole mixture was consistently positioned far
from the control and close to the biomarker vectors, particularly at 14
and 21 days. This pattemn suggests additive or possibly synergistic ef-
fects, indicating that simultaneous exposure to these compounds rep-
resents a higher genetic risk scenario than individual exposure.

Comet assay parameters (%DNA, TL, and OTM) showed strong pos-
itive correlations with each other, indicating the occurrence of primary
DNA damage. These biomarkers were mainly associated with the 14-
and 21-day exposures, suggesting an accumulation of genetic lesions
over time. In contrast, the micronucleus test exhibited a distinct tem-
poral response. While micronuclei at 7 days contributed less to group
separation, micronuclei observed primarily at 21 days suggest that
initial DNA damage evolved into fixed chromosomal alterations.

Overall, PCA demonstrates that triazoles induce genotoxic effects in
Eisenia fetida in a manner dependent on concentration, compound type,
and exposure time. Triadimefon stood out for its high toxicity even at
lower concentrations, and the pesticide mixture represented a signifi-
cant genetic risk. The consistency between comet assay biomarkers and
the micronucleus test highlights the progression of genetic damage, from
initial DNA lesions to permanent chromosomal alterations. Particular
attention should be given to triadimefon due to its capacity to act syn-
ergistically with other pesticides, as previously reported. For example,
the mixture of fludioxonil and triadimefon showed a synergistic
response affecting zebrafish development (Wang et al., 2020). Similarly,
binary mixtures of fenvalerate and triadimefon may simultaneously
induce endocrine disruption and oxidative stress in a synergistic manner
during embryonic development in medaka fish (Wu et al., 2018).

4. Conclusions

In summary, exposure of Eisenia fetida to the triazole fungicides tri-
adimefon and triadimenol resulted in a significant reduction in biomass
from day 14 onward, indicating sublethal effects associated with
metabolic stress and potential alterations in nutrient assimilation. This
stress likely impacts earthworm reproduction, survival, and ecological
functions, though further investigation is required. Regarding cytoge-
netic biomarkers, both compounds induced genotoxic damage detected
by the comet assay, particularly at higher concentrations and over
prolonged exposure times. Triadimefon demonstrated greater toxicity,
including mutagenicity in the micronucleus test after 21 days, while
triadimenol did not significantly increase micronucleus frequency. The
results highlight that, even with low mortality, triazoles compromise the
physiological condition and genetic integrity of earthworms, under-
scoring potential ecological risks to soil and biota.
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