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Resumo

Todos os anos bilhdes de ddlares sdo gastos na agricultura direcionados para o controle
de pragas. Dentre elas, mais de 200 espécies sdo apenas de bactérias fitopatogénicas,
incluindo: Xanthomonas citri subsp. citri; X. euvesicatoria pv. perforans; X. vasicola
pv. vasculorum; X. campestris pv. campestris;, Pectobacterium carotovorum; Xylella
fastidiosa; Ralstonia solanacearum; Pantoea ananatis, Pseudomonas fluorescens;
Burkholderia cepacia. O manejo fitossanitdrio se da principalmente pela aplicacdo
exacerbada de pesticidas a base de metais pesados e antibidticos que resultaram no
surgimento de mecanismos de resisténcia, destacando a necessidade de busca por novas
medidas alternativas como compostos bioativos naturais. As chalconas (1,3-difenilprop-
2-en-1-ona), presentes naturalmente nas plantas, tém chamado atencdo devido as suas
propriedades terap€uticas e potencial antimicrobiano. Sua fécil sintetizacdo quimica e
modificagdes nas moléculas sdo de notdvel interesse aos pesquisadores e industrias a
fim de obter cada vez mais aplicacdes bioldgicas. Dessa forma, os objetivos deste
presente estudo foram explorar a atividade antibacteriana contra fitopatégenos de
chalconas catecdlicas e sua toxicidade por meio de estudos in vitro € in vivo. As
chalconas catecoélicas apresentaram atividade bactericida em concentracdes promissoras
variando de 12.5 a 50 ug/mL e toxicidade em concentragdes maiores do que aquelas
com propriedade antibacteriana. Com base nos resultados obtidos, conclui-se que as
chalconas catecodlicas possuem atividade promissora frente a bactérias fitopatogénicas,
incentivando mais estudos sobre seus mecanismos de acdo e sugerindo sua possivel

aplicagdo segura como pesticida.

Palavras chave: atividade antibacteriana; bactérias fitopatogénicas, chalconas

catecolicas; toxicidade.



Abstract

Every year billions of dollars are spent on agriculture in order to control pests. Among
them, more than 200 species are only phytopathogenic bacteria, including:
Xanthomonas citri subsp. citri; X. euvesicatoria pv. perforans; X. vasicola pv.
vasculorum; X. campestris pv. campestris; Pectobacterium carotovorum; Xylella
fastidiosa; Ralstonia solanacearum; Pantoea ananatis, Pseudomonas fluorescens;
Burkholderia cepacia. Phytosanitary management occurs mainly through the excessive
application of pesticides based on heavy metals and antibiotics that resulted in the
emergence of resistance mechanisms, highlighting the need to search for new alternative
measures such as natural bioactive compounds. Chalcones (1,3-diphenylprop-2-en-1-
one), naturally present in plants, have attracted attention due to their therapeutic
properties and antimicrobial potential. Its easy chemical synthesis and modifications in
molecules are of notable interest to researchers and industries in order to obtain more
biological applications. Therefore, the objectives of this present study were to explore
the antibacterial activity against phytopathogens of catecholic chalcones and their
toxicity through in vitro and in vivo studies. Catecholic chalcones showed bactericidal
activity in promising concentrations varying from 12.5 to 50 pg/mL and toxicity at
concentrations greater than those with antibacterial properties. Based on the results
obtained, it is concluded that catecholic chalcones have promising activity against
phytopathogenic bacteria, encouraging further studies on their mechanisms of action

and suggesting their possible safe application as a pesticide.

Keywords: antibacterial activity; catecholic chalcones; phytopathogenic bacteria,

toxicity.
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CAPITULO I
Fundamentacao tedrica
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1. Bactérias fitopatogénicas

Assim como os seres humanos, as plantas também estdo constantemente suscetiveis e
podem sofrer com infec¢des causadas por vdrios tipos de patégenos, como, por exemplo,
bactérias, fungos, virus, nematddeos e insetos (Saberi Riseh et al. 2022). Dentre eles, mais de
200 espécies sao apenas de bactérias, em que se encontram os bastonetes Gram-negativos dos
géneros Xanthomonas, Pectobacterium, Xylella, Ralstonia, Pantoea, Pseudomonas e
Burkholderia, responséveis por perdas econdomicas globais de mais de um bilhdo de ddlares
todos os anos na producdo agricola (Vicente et al. 2022).

O género Xanthomonas pertence a familia Xanthomonadaceae, ordem
Xanthomonadales, classe Gammaproteobacteria, filo Proteobacteria (Schoch et al. 2020). Do
grego, “xanthos”, que significa amarelo e do latim “monas”, que significa unidade, formam
colonias amareladas e compreendem, atualmente, 34 espécies validamente descritas (Parte et
al. 2020). Sdo capazes de infectar no minimo 124 monocotiledoneas e 268 dicotiledoneas,
causando sintomas nao-especificos como cancro, murcha, necrose, apodrecimento e manchas
encharcadas (Catara et al. 2021; Feng et al. 2023).

O ciclo de vida de Xanthomonas spp. constitui basicamente de trés fases: fora da
planta hospedeira, na superficie da planta (epifitica) e dentro da planta (endofitica). Fora da
planta as bactérias podem estar presentes em lesdes de folhas caidas ou livres pelo solo, em
menor escala. Ao serem transportadas pelo vento, pela chuva ou por insetos, as células
chegam até a superficie hospedeira onde lidam com condi¢des adversas como radiagdo,
patégenos predadores e competidores, limitacdo de nutriente e umidade, enquanto tentam
adentrar o tecido foliar através de aberturas naturais (estdmatos e hidatddios) ou feridas, por
intermédio de um tnico flagelo e pili. Uma vez dentro da planta, as bactérias se multiplicam a
ponto de reemergirem a superficie para serem transportadas novamente para novos
hospedeiros (An et al. 2020; Alvarez-Martinez et al. 2021).

De forma geral, os fatores de viruléncia sdo imprescindiveis para o processo de
adaptacdo aos ambientes e infeccdo, sendo eles a formagdo de biofilme, enzimas
extracelulares, fitotoxinas e fatores de motilidade (Feng et al. 2023). A goma xanthana é o
principal exopolissacarideo (EPS) presente na matriz do biofilme de Xanthomonas spp.,
conferindo aderéncia, protecdo em condi¢des adversas e a reagdes defensivas do hospedeiro,
além de ser comercialmente conhecida nos setores alimenticios, cosméticos e farmacéuticos
como agente espessante e estabilizante (An et al. 2020; Berezina et al. 2024).

O género Pectobacterium pertence ao mesmo filo e classe, porém a ordem

Enterobacterales e familia Pectobacteriaceae (Schoch et al. 2020). Como o préprio sufixo ja
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diz, “pecto-“ € relativo a pectina, ou seja, trata-se de uma bactéria pectinolitica, com 22
espécies descritas (Parte et al. 2020). Na parede celular das plantas, a lamela média é
responsdvel pela juncdo das células, constituida de pectinas, polimeros complexos que
possuem dcido D-galacturdnico, e que podem ser degradadas por enzimas como a pectato
liase, pectina liase, pectato hidrolase e poligalacturonases. Ao secretar essas enzimas,
Pectobacterium spp. causam uma maceragdo que se espalha pelo tecido da planta, levando a
podridao de caules e frutos principalmente, e, consequentemente, morte da planta (Lorrai and
Ferrari 2021; Rafique et al. 2021). A transmissdo se d4 via armazenamento, irrigagdo e
persisténcia no solo (Oulghazi et al. 2021). Ao entrar nos tubérculos das plantas através de
lenticelas ou feridas, por meio de flagelos peritriquios, as bactérias podem se multiplicar e
atingir outros tecidos ou entrar em periodo de laténcia, sem apresentar sintomas, o que torna
as formas de controle ainda mais complicadas (Maciag et al. 2024).

Xylella spp., do grego “xylon”, que significa pedago de madeira, e do latim o sufixo
diminutivo “ella”, faz referéncia a sua pequena morfologia que varia de 0.1-0.5 um x 1.0-5.0
pm (Parte et al. 2020). Compartilha do mesmo grupo taxondmico de Xanthomonas spp., € um
género relativamente pequeno, constituido de duas espécies: Xylella fastidiosa, mais
observada, e Xylella taiwanensis (Schoch et al. 2020). Sdo bactérias ndo flageladas, com
motilidade mediada por pili, que colonizam o sistema de vasos das plantas, especificamente o
xilema, transmitidas através do inseto vetor conhecido como Cigarrinha, da familia
Cicadellidae, ao se alimentar da seiva bruta. Devido a multiplicacido e formacdo de biofilme
dentro dos vasos, ocorre a interrup¢ao do fornecimento de dgua e sais minerais até as partes
mais extremas do hospedeiro provocando os sintomas de murchamento, seca e necrose
marginal das folhas, galhos atrofiados e murchos, frutos secos, duros e de tamanho reduzido
que podem resultar na morte da planta (Landa et al. 2022; Trkulja et al. 2022).

A cepa X. fastidiosa 9a5c teve seu genoma completamente sequenciado no Brasil,
publicado na literatura nos anos 2000, a partir de uma cultura patogénica coletada de galhos
de laranja doce Valéncia com Clorose Variegada dos Citros (CVC) em Macaubal, Sdo Paulo
(Simpson et al. 2000). Endémica no continente americano surgiu pela primeira vez no
continente europeu em 2013, na Itdlia, responsavel pela Sindrome do Declinio Rapido da
Oliveira (OQDS), com previsao de custo de até 5.2 bilhdes de euros para os préximos 50 anos
caso as drvores nao sejam substituidas (Castro et al. 2021). Atualmente é capaz de infectar
mais de 690 espécies de plantas, de 88 familias diferentes (EFSA et al. 2023b). Por sua vez,

Xylella taiwanensis foi reclassificada como nova espécie em 2016, afeta peras da espécie
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Pyrus pyrifolia causando queimadura foliar, restrita, por enquanto, a ilha de Taiwan (Su et al.
2016; EPPO 2024).

O género Ralstonia spp., em homenagem a Erika Ralston, pertence a familia
Burkholderiaceae, ordem Burkholderiales e classe Betaproteobacteria, com 11 espécies
validamente publicadas (Parte et al. 2020; Schoch et al. 2020). Sua principal espécie
representante € R. solanacearum, encontrada na Africa, América, Asia, Europa e Oceania,
capaz de infectar aproximadamente 450 espécies de plantas de 54 familias botanicas,
incluindo a familia Solanaceae (Bhatt et al. 2024; EPPO 2024).

E um fitopatégeno transmitido pelo solo, mas que também pode se disseminar pela
dgua e sementes. Ao alcancar um hospedeiro suscetivel, através dos seus flagelos, pili e
fimbrias, inicia o processo de aderéncia e colonizacio nas raizes, de preferéncia laterais, por
meio de aberturas naturais ou feridas. Posteriormente, passando pelo cértex, as bactérias
invadem os vasos do xilema, onde se multiplicam, formam biofilme e bloqueiam o transporte
de 4gua e sais minerais para as extensoes da planta, o que leva ao surgimento dos sintomas de
murcha. Durante a fase de infec¢do, a populacio de células € tdo densa que pode chegar a 108
UFC/g de tecido da planta. Apds a morte do hospedeiro, as bactérias voltam para o meio
ambiente onde podem continuar vidveis por anos no solo, na dgua, em residuos de plantas e
ervas daninhas assintomaéticas, que funcionam como fonte de in6culo (Mansfield et al. 2012;
Wang et al. 2023; Bhatt et al. 2024).

Pantoea spp., pertence a familia Erwiniaceae, ordem Enterobacterales e classe
Gammaproteobacteria (Schoch et al. 2020). Do grego “pantoios”, significa de todos os tipos
ou fontes, € um género presente em diversos nichos ecoldgicos e geograficos, contendo 20
espécies reconhecidas (Parte et al. 2020). Essas bactérias possuem flagelos peritriquios, sao
encontradas no solo, na 4dgua e em diferentes hospedeiros como plantas, animais, insetos e
seres humanos, seu ciclo de vida € varidvel, podendo ser epifitico, endofitico, saprofitico,
sobrevivendo em restos de colheita (Lv et al. 2022).

A transmissao pode ocorrer através de sementes ou por vetores que se alimentam da
seiva bruta como tripes Frankliniella fusca, besouros Diabrotica virgifera virgifera e
Chaetocnema pulicaria, este ultimo conhecido como besouro-pulga do milho, sendo o milho
uma das plantas infectadas por Pantoea spp. (EFSA et al. 2023a; Shetty et al. 2023). Uma vez
dentro do xilema da planta, ocorre a formacgdo de biofilme, a interrupcao da passagem de dgua
e nutrientes para as extremidades e o aparecimento dos sintomas de descolora¢cdo, mancha ou

apodrecimento de diferentes 6rgaos do hospedeiro (Baltenneck et al. 2021; Azizi et al. 2023).



15

Com relacdo aos géneros Pseudomonas spp. € Burkholderia spp., as respectivas
espécies P. aeruginosas e B. cepacia sao muito estudadas pelo homem devido a importancia
clinica. Por outro lado, estdo presentes no solo e na dgua e podem ser patogénicas também
para as plantas e os animais. Pseudomonas spp. pertence a familia Pseudomonadaceae, ordem
Pseudomonadales e classe Gammaproteobacteria, sendo mais de 60 patovares patogénicas
para as plantas responsdveis por sintomas como cancro, galha e mancha foliar (Schoch et al.
2020; Silverio et al. 2022; Sakata and Ishiga 2023). O ciclo de vida se inicia na superficie da
folha, ao adentrar por estdmatos ou feridas, através dos flagelos e pili, as bactérias se
multiplicam no apoplasto e leva ao aparecimento de clorose e necrose (Sakata and Ishiga
2023). J& Burkholderia spp. pertence a familia Burkholderiaceae, ordem Burkholderiales e
classe Betaproteobacteria (Schoch et al. 2020). Recebeu esse nome em homenagem a W. H.
Burkholder por ter descoberto o agente etiolégico da podridao do bulbo da cebola (Parte et al.
2020).

Em 2012, Mansfield e colaboradores publicaram uma lista de grande relevancia ainda
hoje com as 10 bactérias mais importantes cientifica e economicamente. Dentre elas, quatro
foram utilizadas neste trabalho: Ralstonia solanacearum; Xanthomonas campestris patovares;
Xylella fastidiosa e Pectobacterium carotovorum. No panorama atual, frente a varios cendrios
como aumento da populacdo mundial, globalizacdo e mudancgas climdticas, ja € previsto a
expansdo geografica dos patdgenos, além do aumento na severidade das doengas, colocando

cada vez mais em risco a seguranca alimentar (Catara et al. 2021).

2. Manejo fitossanitario

Até abril de 2024, foram adotadas 46 Normas Internacionais para Medidas
Fitossanitérias (ou International Standards for Phytosanitary Measures — ISPMs, em inglés),
33 Protocolos de Diagnostico e 46 Tratamentos Fitossanitarios. Essas normas sdo adotadas
pela Comiss@ao de Medidas Fitossanitdarias, que € o o6rgdo regulador da Convencgado
Internacional de Protecio dos Vegetais. As normas internacionais ajudam a proteger a
agricultura sustentdvel e melhorar a seguranca alimentar global; proteger o meio ambiente,
florestas e biodiversidade; e facilitar o desenvolvimento econdmico e comercial (IPPC 2024).

De forma geral, o sistema para manter a auséncia de patégenos em uma producgdo, seja
antes ou durante a estacdo de cultivo, envolve medidas: preventivas, como material de
propagacdo livre de pragas e eliminacdo de outros hospedeiros; de exclusdo, como barreiras

fisicas, telas, controles de equipamentos, maquinério, plantas, solo e meios de crescimento; e
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de controle de pragas, como métodos culturais, tratamentos e cultivares resistentes (ISPM10
2016).

Uma vez identificado o patégeno, o processo de erradicacdo inclui trés principais
atividades: investigar completamente sua distribui¢do; evitar sua propagacdo e tratar quando
encontrado. Entre as medidas de tratamento e controle encontram-se: destruicio do
hospedeiro; desinfestacio de equipamentos e instalacdes; esterilizantes de solo; descanso
periddico da terra, sem hospedeiros; uso de cultivares que suprimem ou eliminem populagdes
de pragas; armadilhas, iscas ou outros métodos de controle fisico; liberacdo inundativa de
agentes de controle biolégico; uso de inseto estéril; biopesticida ou pesticida quimico (ISPM9
2017).

Infelizmente, existe uma grande dependéncia dos pesticidas quimicos na agricultura
(Pandit et al. 2022). De acordo com a Organizacdo das Nagdes Unidas para Alimentacdo e
Agricultura, os pesticidas sdo qualquer substincia ou mistura de substincias destinadas a
prevenir, destruir e controlar pragas, ou ainda regular o processo de crescimento das plantas,
podendo ser aplicados até mesmo depois da colheita para proteger a mercadoria da
deterioracdo durante armazenamento e transporte (Guerrero Ramirez et al. 2023).

O uso continuo e em concentragdes cada vez mais elevadas dos agroquimicos geram
uma série de desvantagens como bioacumulacdo, toxicidade, desequilibrio da microbiota do
solo, transporte pelo vento, solo e 4gua, atingindo e provocando efeitos adversos também em
animais e humanos (Pandit et al. 2022). Além disso, a utilizagdo desses produtos contendo
metais pesados, como o cobre, e antibidticos, como estreptomicina, resultaram em
mecanismos de resisténcia tanto aos metais quanto aos antibiéticos, 0 que torna necessdria a
implementacdo de novas tdticas de manejo para doencas bacterianas, sendo uma das

alternativas o uso de compostos antimicrobianos naturais, por exemplo (Sharma et al. 2023).

3. Chalconas

Desde a antiguidade, os produtos naturais sdo fonte de descobertas para novos
medicamentos. Os flavonoides s3o metabdlitos secundarios que proveem cor, sabor e
fragrancia aos frutos, flores e sementes. Além de promoverem o crescimento das plantas,
protecdo contra fitopatdégenos e fatores ambientais como radiacdo UV, calor e frio, possuem
também propriedades terapéuticas como antioxidante, anti-inflamatéria, antimicrobiana,
antiviral e anticancer, por exemplo (Dan and Dai 2020; Dias et al. 2021).

Na natureza, uma etapa importante para a biossintese dos flavonoides € a catalisacio

do processo de condensacdo de trés moléculas de malonil-CoA e uma de p-cumaroil-CoA,



17

realizada pela enzima chalcona sintase, para a producio da chalcona naringenina [4°,2°,4°,6 -
tetrahidréxichalcona] (Liu et al. 2021). As chalconas, do grego “chalcos”, significa bronze,
formam o esqueleto base dos flavonoides, constituidas por dois anéis aromaticos (A e B)
ligados por um sistema a,B-carbonil insaturado de trés carbonos, nomeadas pela Unido
Internacional de Quimica Pura e Aplicada (IUPAC) como 1,3-difenilprop-2-en-1-ona. Sao
moléculas pequenas, de baixo peso molar que variam entre 300-600 g/mol, coloragdo
amarelada, encontradas nas formas cis e trans, porém mais termodinamicamente estdveis na
forma trans (Rudrapal et al. 2021; Dziagwa-Becker et al. 2024; Narwal et al. 2024).

As chalconas tém se tornado moléculas de grande interesse farmacéutico devido sua
facil sintetizacdo e alteracdo de substituintes nas moléculas, o que garante a obtencdo de uma
diversidade de compostos ativos e maior versatilidade de atividades bioldgicas como
antibacteriana, antiviral, antiparasitdria, antidiabética, antitumoral, anti-Alzheimer, anti-
Parkinson, antioxidante, anti-inflamatdria e antinociceptiva (Rajendran et al. 2022; da Silva et
al. 2023). As chalconas podem ser sintetizadas quimicamente pelos seguintes métodos:
assistido por micro-ondas; irradiacdo por ultrassom; reacdes de acoplamento como Suzuki-
Miyaura, Heck, Sonogashira; reacdo de Witting; olefinacdo de Julia-Kocienski; acilagdo de
Friedel-Crafts; Rearranjo de Photo-Fries; sintese One-Pot e o0 mais comum, a condensacio de
Claisen—Schmidt na presenga de acido ou base (Dan and Dai 2020; Rajendran et al. 2022).
Entre as possiveis modificacdes que podem ser realizadas nas moléculas estdo: substitui¢io
dos anéis A e B por heterociclicos; substitui¢do dos hidrogénios por grupos funcionais como
hidroxilas, metilas, halogénios, aminas, catecol constituido de um benzeno com duas
hidroxilas laterais (3,4-diOH) e fusdo dos anéis as modificagdes anteriores (Thapa et al.
2021).

Na literatura, ja foi descrito que oliveiras, quando infectadas com X. fastidiosa,
apresentaram um aumento na quantidade de flavonoides comprovando que esses compostos
possuem papel crucial na defesa das plantas (Novelli et al. 2019). Resultados promissores
estes que incentivam a busca por novas pesquisas a fim de avaliar se metabdlitos precursores,
como as chalconas, também exibem esse perfil de atividade e, assim, propiciar novas

estratégias de controle ndo-toxicas frente a bactérias fitopatogénicas.
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Abstract

Aims: The aims of this study were to evaluate the effect in vitro and in vivo of 14 catecholic
chalcones against phytopathogenic bacteria and their in vivo toxicity.

Methods and Results: Antibacterial testing was conducted using Minimum Inhibitory and
Bactericidal Concentration (MIC/MBC) assays. The Fractional Inhibitory Concentration
Index (FICI) was calculated. Toxicity study was performed using the in vivo model of
Caenorhabditis elegans. Bacterial leaf spot control in tomato was evaluated. Catecholic
chalcones 1 (3-Br), 2 (2-CHj3), 3 (3-OH) and 4 (4-OH) presented promising MIC/MBC values
varying from 12.5 to 50 pg/mL, with bactericidal effect. Toxicity assay showed Lethal
Concentration (LCsp) values of 1, 2, 3 and 4 higher than concentrations that have antibacterial
properties. Catecholic chalcones and streptomycin did not show synergistic activity.
Catecholic chalcones 2 and 3 were able to control the severity of the disease caused by
Xanthomonas euvesicatoria pv. perforans in tomato at concentrations of 25 and 50 pg/mL,
respectively.

Conclusion: These results revealed the promising agrochemical potential of catecholic
chalcones and their possible safety application as pesticide.

Impact Statement: One of the main threats to food security in the world is plant diseases,
caused by more than 200 species of phytobacteria, which generate costs of billions of dollars
every year with pesticides, in addition to toxic residues and resistance mechanisms. Chalcones
are natural compounds, precursors in the biosynthesis of flavonoids, with biological

applications such as herbicides, fungicides, nematicides, insecticides and bactericides.

Keywords: antibacterial activity; bacterial leaf spot; catecholic chalcones; phytopathogenic

bacteria; toxicity.
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Introduction
According to Food and Agriculture Organization (FAO 2009a), food production will

need to almost double to feed a world population of 9.1 billion people in 2050. Consequently,
the challenges to attend this demand will also increase. Monoculture over large areas
facilitates the spread of pathogens, as well globalized trade facilitates their dissemination
(Straub et al. 2021). That way, plant diseases are a constant threat to food security and cause
significant impacts to the world economy (Kulabhusan et al. 2022).

Among phytopathogens, more than 200 species are phytobacteria, some of the most
relevant aggressive genera are Xanthomonas, Pectobacterium, Xylella, Ralstonia, Pantoea,
Pseudomonas and Burkholderia, all Gram-negative bacillus (Vicente et al. 2022).
Xanthomonas citri subsp. citri is the cause of citrus canker; X. euvesicatoria pv. perforans
causes bacterial spot in tomato and pepper; X. vasicola pv. vasculorum causes bacterial leaf
streak in maize and gumming disease in sugarcane; X. campestris pv. campestris causes black
rot in crucifers (An et al. 2020). Pectobacterium carotovorum is responsible for soft rot in
several crops, including carrot, cabbage, onion, radish, green pepper and, mainly, potato
(Baltenneck et al. 2021). Xylella fastidiosa is associated with Citrus Variegated Chlorosis -
CVC, Pierce’s Disease of grapevine - PD, Olive Quick Decline Syndrome - OQDS, Almond
Leaf Scorch Disease - ALSD; Phony Peach Disease - PPD and Plum Leaf Scald - PLS (Greco
et al. 2021). Ralstonia solanacearum infects a varity of solanaceas causing bacterial wilt and
brown rot, beyond the Moko disease of banana (Paudel et al. 2020). Pantoea ananatis affects
onion causing center rot, rice causing bacterial leaf blight and grain discoloration, maize
causing leaf spot disease, eucalyptus causing blight/dieback and and many other host plants
(EFSA et al. 2023). Pseudomonas fluorescens is found in different environmental niches and,
sometimes, is an opportunistic pathogen that can cause medullary necrosis in tomato and also
affect crucifers (Silverio et al. 2022). Likewise, Burkholderia cepacia is widespread in

environment and, opportunely, causes soft rot in onion (Elshafie and Camele 2021).
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In 2022, 3.7 million tonnes (Mt) of pesticides were used in agriculture and 6.9 Mt
were exported with a total value of USD 48.8 billion (FAO 2024b). Besides pollution and
toxic residues, the stress caused by the indiscriminate use of pesticides, principally those
copper-based and streptomycin, results in antibacterial resistance through mechanisms
including gene mutation induction, activation of efflux pumps and inhibition of outer
membrane pores (Qiu et al. 2022). Inevitably it is necessary to search for new and effective
control strategies for these microorganisms (Braga et al. 2022).

Flavonoids, secondary metabolite widely found in plants, provide pigments, fragrance,
taste, protection, growth and development to flowers, seeds and fruits (Roy et al. 2022). In
nature, from one molecule of p-coumaroyl-CoA and three molecules of malonyl-CoA,
through the action of chalcone synthase, narigenin chalcone (4,2.4,6-tetrahydroxychalcone
[THC] [chalcone]) is generated, first key intermediate product in the flavonoids metabolic
pathway providing their fundamental structure (Liu et al. 2021).

Chalcones, precursors in the biosynthesis of flavonoids, are composed of two aromatic
rings (A and B) joined by a three carbon unsaturated o,[3-carbonyl system, while hydrogens
can be conveniently altered by functional chemical groups, like -OH, -CHj3, -F, -Cl, -Br,
catechol constituted of a benzene with two lateral hydroxyls (3,4-diOH), in order to obtain a
variety of biological applications (Ouyang et al. 2021), such as: herbicides (Chotsaeng et al.
2019), fungicides (Zhou et al. 2022), antiviral (Zhang et al. 2024), nematicides (Cao et al.
2023), insecticides (Ruiz Hidalgo et al. 2019).

The antibacterial potential of chalcones and their derivatives is due to their ability to
bind to various receptors and inhibit crucial processes like DNA replication by inhibition of
DNA gyrase and FtsZ protein, essential in cell division; efflux pump inhibitor; type II fatty
acid biosynthetic pathway; protein tyrosine phosphatases and virulence factors (Dhaliwal et

al. 2022). Therefore, the objectives of this present study were to explore the antibacterial and
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synergistic activity of catecholic chalcones against phytopathogenic bacteria, the capacity of

bacterial leaf spot control in tomato and their toxicity.

Material and Methods
Catecholic chalcones

Catecholic chalcones were synthesized in acidic medium by Claisen-Schmidt aldol
condensation between 3,4-dihydroxybenzaldehyde and the corresponding acetophenones,
employing ethanol as a solvent (Vasquez-Martinez et al. 2019). The structure of the chalcones
was confirmed through experiments of nuclear magnetic resonance of hydrogen ('"H NMR)
and carbon-13 (13C NMR). The molecules of the 14 catecholic chalcones evaluated in this
study are presented in Figure 1 with the following nomenclature, respectively: 1 (E)-1-(3-
bromophenyl)-3-(3,4-dihydroxyphenyl)prop-2-en-1-one; 2 (E)-3-(3,4-dihydroxyphenyl)-1-(o-
tolyl)prop-2-en-1-one; 3 (E)-3-(3,4-dihydroxyphenyl)-1-(3-hydroxyphenyl)prop-2-en-1-one;
4 (E)-3-(3,4-dihydroxyphenyl)-1-(4-hydroxyphenyl)prop-2-en-1-one; 5 (E)-3-(3,4-
dihydroxyphenyl)-1-phenylprop-2-en-1-one; 6  (E)-3-(3,4-dihydroxyphenyl)-1-(furan-2-
yDprop-2-en-1-one; 7 (E)-3-(3,4-dihydroxyphenyl)-1-(3-methoxyphenyl)prop-2-en-1-one; 8
(E)-3-(3,4-dihydroxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one; 9 (E)-3-(3,4-
dihydroxyphenyl)-1-(4-fluorophenyl)prop-2-en-1-one; 10 (E)-3-(3,4-dihydroxyphenyl)-1-(p-
tolyl)prop-2-en-1-one; 11 (E)-1-(3,4-dichlorophenyl)-3-(3,4-dihydroxyphenyl)prop-2-en-1-
one; 12 (E)-3-(3,4-dihydroxyphenyl)-1-(naphthalen-2-yl)prop-2-en-1-one; 13 (E)-1-(4-
bromophenyl)-3-(3,4-dihydroxyphenyl)prop-2-en-1-one; 14 (E)-3-(3,4-dihydroxyphenyl)-1-

(4-ethylphenyl)prop-2-en-1-one.
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Bacterial strains used in the assays

The strain X. citri subsp. citri (resistant to copper-RC) isolated in Bella Vista
(Corrientes, Argentina); X. citri subsp. citri (tolerant to copper-TC) isolated in Parand
(Brazil); X. citri subsp. citri (sensible to copper-SC) was isolated in Paranavai (Parana,
Brazil); X. fastidiosa (9a5c) collected from CVC affected Valencia sweet orange twigs in
Macaubal (S@o Paulo, Brazil), all of them are part of the culture collection of the Laboratory
of Antimicrobial Testing (LEA) of the Federal University of Uberlandia (UFU). The strain X.
euvesicatoria pv. perforans was isolated from tomato in Uberlandia (Minas Gerais, Brazil); X.
vasicola pv. vasculorum isolated from corn in Palotina (Parand, Brazil); X. campestris pv.
campestris 1solated from cabbage in Uberlandia (Minas Gerais, Brazil); P. carotovorum
isolated from potato in Perdizes (Minas Gerais, Brazil); R. solanacearum isolated from potato
in Perdizes (Minas Gerais, Brazil); P. ananatis isolated from corn in Planaltina de Goids
(Goias, Brazil); P. fluorescens isolated from tomato in Uberlandia (Minas Gerais, Brazil) and
B. cepacia isolated from onion in Santa Juliana (Minas Gerais, Brazil), all of them cordially
provided by the Laboratory of Vegetal Bacteriology (LABAC) of the Federal University of
Uberlandia (UFU). All strains were maintained under cryopreservation at -20°C in Nutriente
Broth —-NB (FirstLab, Pinhais, Parand, Brazil) except X. fastidiosa maintained in Periwinkle

Wilt — PW — Broth (in house).

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC)

The Minimum Inhibitory Concentration (MIC) is the lowest concentration capable of
inhibiting the bacterial growth. MIC values of catecholic chalcones were determined by
microdilution broth methodology in 96-well microplates as recommended by the Clinical and

Laboratory Standards Institute (CLSI 2018) adapted for culture medium and incubation time
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of phytopathogenic bacteria. The samples were solubilized in 5% of dimethylsulfoxide
(DMSO, Sigma-Aldrich, St. Louis, MO, USA) and diluted in NB or PW to the concentration
of 1600 ug/mL. Microplates were prepared with NB or PW in order to the samples achieve
final concentrations ranging from 0.195 pg/mL to 400 pg/mL. The inoculums were
standardized on McFarland 0.5 scale, checked in densitometer (Densimat, Biomérieux,
Grassina, Florence, Italy) and adjusted to a final concentration of 5 X 10° CFU/mL in well.
Streptomycin (Sigma-Aldrich) was used as positive control in concentrations ranging from
0.0115 pg/mL to 5.9 ng/mL. Microplates were incubated in biochemical oxygen demand —
BOD (Cientec, Sao Francisco, Belo Horizonte, Brazil) at 28°C, Xanthomonas spp. for 72
hours, P. carotovorum, R. solanacearum, P. ananatis, P. fluorescens and B. cepacia for 48
hours and X. fastidiosa for seven days. After incubation period, 30 uL of a 0.02% aqueous
resazurin (Sigma-Aldrich) solution was added to each well and incubated again in BOD at
28°C for 12 hours, except X. fastidiosa for 24 hours. Resazurin blue color represents the
absence of bacterial growth while resofurin pink color represents active metabolism of
bacteria (Sarker et al. 2007). All assays were performed in triplicate.

The Minimum Bactericidal Concentration (MBC) is the lowest concentration at which
there is no bacterial growth. MBC values of catecholic chalcones were determined using the
same MIC microplates, after incubation and before resazurin, by removing an aliquot of 10
pL from each well and seeding on Nutrient Agar — NA (Difco Labs, Detroit, MI, USA) for
most of strains or Phosphate Charcoal Yeast Extract - PCYE Agar (in house) for X. fastidiosa.
Agar plates were incubated in BOD at 28°C, Xanthomonas spp. for 72 hours, P. carotovorum,
R. solanacearum, P. ananatis, P. fluorescens and B. cepacia for 48 hours and X. fastidiosa for

seven days. All assays were performed in triplicate.
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Checkerboard Assay

The checkboard assays were performed to investigate the synergistic effect of the
association between catecholic chalcones with promising MIC results of catecholic chalcones
1 (3-Br), 2 (2-CH3), 3 (3-OH), 4 (4-OH) and streptomycin according to the protocol described
by Chaturvedi et al. (2008) adapted for culture medium and incubation time of
phytopathogenic bacteria. Microplates of 96-well were prepared and incubated under the
same MIC conditions. Concentrations were combined in order to samples ranged from 0.39
pg/mL to 400 pg/mL, while streptomycin ranged from 0.09 pg/mL to 5.9 pg/mL against
5%10° CFU/mL in well. Resazurin was also added to interpret the results.

The Fractional Inhibitory Concentration (FIC,) was calculated as the MIC of sample
in combination/MIC of sample alone and FICg was calculated as the MIC of streptomycin in
the combination/MIC of streptomycin alone. The Fractional Inhibitory Concentration Index
(FICI) was determined as the following summation () FIC) = FICA+FICg. The interpretations
of the results were: synergistic if FICI<0.5; indifferent (no antagonism) if 0.5<FICI<4.0 and

antagonistic if FICI>4.0 (Chaturvedi et al. 2008). All assays were performed in triplicate.

Toxicity assessment in Caenorhabditis elegans

Toxicity of catecholic chalcones was evaluated using the in vivo model of C. elegans,
according to Andrade et al. (2020). C. elegans AU37 mutant strain was grown in Nematode
Growth Medium — NGM (in house) agar plates seeded with Escherichia coli OP50 and
incubated at 16 °C for 72 h in BOD (Marconi, Piracicaba, Sdo Paulo, Brazil). After incubation
period, larvae and eggs were removed from the NGM plates with M9 buffer and centrifuged
to eliminate E. coli. Worms were killed by a treatment with sodium hypochlorite solution.
The remaining eggs were added in plates containing only NGM agar and incubated at 16 °C

for 24 h in BOD. Larvae in L1 and L2 stages were obtained after incubation, washed with M9
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buffer, transferred to NGM plates seeded with E. coli OP50 and incubated at 16 °C for 24 h in
BOD.

After synchronization, larvae in L4 stage were removed from the NGM plates with M9
buffer and centrifuged to eliminate E. coli. Next, 96-well microplates were prepared with a
solution consisting of 60% M9 buffer, 40% Brain Heart Infusion broth (BHI, Kasvi, Pinhais,
Parand, Brazil), 5 mg/mL cholesterol (Sigma-Aldrich), 20 mg/mL streptomycin (Sigma-
Aldrich), 20 mg/mL ampicillin (Sigma-Aldrich) and 10 mg/mL kanamycin (Sigma-Aldrich),
samples ranged from 31.25 pg/mL to 1000 pg/mL and 20 pL containing from 10 to 20 L4
stage larvae was added to each well. Microplates were incubated at 25 °C for 72 h in BOD.

Every 24 hours larvae were counted under an inverted microscope. Larvae with
movement were considered alive and static were considered dead. Lethal Concentration
(LCs0) was determined as the lowest concentration able to kill 50% or more of larvae. All

assays were performed in triplicate.

Bacterial leaf spot control in tomato

Plants of tomato Santa Clara (Agristar, Santo Antonio de Posses, Sdo Paulo, Brazil)
were grown in green house, in 500 mL pots containing a mixture of soil, sand, humus and
vermiculite (4:1:1:1). Thirty eight days after sowing, for assessing preventive control, the
plants with three to four-leaf stage were sprayed until runoff with catecholic chalcones
solubilized sterile ultrapure water at MIC values against X. euvesicatoria pv. perforans, the
cause of bacterial leaf spot in tomato. Commercial copper containing 53.8% of copper
hydroxide (Kocide WDG Bioactive, Mitsui & Co, Bela Vista, Sdao Paulo, Brazil) at
concentration of 2 mg/mL was used as positive control and water as negative control. After 3
days, the plants were sprayed with 1 x 10’ CFU/mL until runoff. Similarly, the plants used for

assessing the curative control were first inoculated with bacterial suspension and, after 3 days,
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were sprayed with the treatment solutions. Plants were kept in moist chamber for 24 hours
before and after inoculation. Both experiments were performed at the same time.

Disease severity was evaluated at 3, 6, 9, 12, 15 and 18 days after inoculation using a
diagrammatic scale according to Mello (1997). The Area Under the Disease Progress Curve
(AUDPC) was calculated using the following formula: AUDPC = Z [(Yi+Yi+1)/2] (ti+1 — 1),

in which “Y” is disease intensity, “t” is the interval between evaluations (3 days) and “i” is

the number of evaluations made over time (Campbell and Madden 1990).

Statistical analysis
The data obtained from AUPDC in the bacterial leaf spot control in tomato essay were
subjected to analysis of variance and the means were compared by Scott-Knott test with a P <

0.05 using the R Core Team software.

Results
Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration

(MBC)

MIC values varied from 12.5 to >400 pg/mL. Sample 1 (3-Br) presented the greatest
result against X. citri subsp. citri — RC and X. citri subsp. citri — TC at concentration of 12.5
pg/mL. MBC values were the same as MIC for all samples and strains. Streptomycin, as
positive control, varied from 0.09 to 0.73 pg/mL. According to Kalli et al. (2021),
phytochemicals compounds with MIC values < 25 pg/mL are considered active; between 25
and 100 pug/mL are moderately active and MIC values > 100 pg/mL are inactive. That way,
catecholic chalcones with active and moderately active were chosen for the next tests. All

samples were inactive against P. ananatis, P. fluorescens and B. cepacia (MIC and MBC
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results of 200, 400 and >400 pg/mL). Table 1 demonstrates the results with MIC and MBC

values < 100 ug/mL.

Checkerboard Assay
FICI values varied from 1.0 to 2.5, which represents that the combination of promising
catecholic chalcones 1 (3-Br), 2 (2-CHj3), 3 (3-OH) and 4 (4-OH) with streptomycin against

Xanthomonas spp. and P. carotovorum did not evidence any synergistic effects.

Toxicity assessment in Caenorhabditis elegans
The lowest concentration able to kill 50% or more of larvae (LCsp) of sample 1
(Figure 2A) was determined at 31.25 ug/mL, 2 (Figure 2B) and 4 (Figure 2D) at 125 ug/mL

in 72 hours; 3 (Figure 2C) at 250 pg/mL in 48 hours.

Bacterial leaf spot control in tomato

For the Area Under the Disease Progress Curve (AUDPC) means, there was no
significant difference between preventive (X = 19.6875) and curative (X = 21.2500) controls.
In analysis of the treatments, as demonstrated in Table 2, catecholic chalcones 2 (X =
19.5000) and 3 (X = 17.2500) significantly reduced the disease severity at concentrations of
25 and 50 pg/mL, respectively, when compared to the other treatments. Positive and negative

control showed no statistical difference, with P < 0.05.

Discussion
Based on literature, catecholic chalcones 1, 2, 3,4, 6, 7, 8, 9, 10, 11, 12, 13 and 14

were never evaluated before against phytopathogenic bacteria, except for its basic structure

(5). Guo et al. (2020) quantified the percentage of inhibition of some phytobacteria by
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chalcone derivatives containing malonate at a concentration of 50 pg/mL, the compound 3c
inhibited 53.5% of Xanthomonas axonopodis pv. citri (synonymous X. citri subsp. citri); 3e
inhibited 50.2% of Xanthomonas oryzae pv. oryzae and 3j inhibited 59.2% of R.
solanacearum. Hu et al. (2023) explored the antibacterial activity of chalcone derivatives
containing pyrazole oxime ethers through the turbidity method at a concentration of 50
pg/mL, the compound HS8 inhibited 62.1% of X. axonopodis pv. citri; H17 inhibited 68.7% of
X. oryzae pv. oryzae and H22 inhibited 46.7% of Pseudomonas syringae pv. actinidiae. In
this present study, MIC and MBC values were equal, which means that the samples inhibited
100% of bacterial growth, demonstrating a bactericidal effect. X. citri subsp. citri — RC was
inhibited by catecholic chalcone 1 (3-Br) at 12.5 ug/mL, by 2 (2-CHs3), 3 (3-OH) and 4 (4-
OH) at 50 ug/mL; X. citri subsp. citri — TC inhibited by 1 at 12.5 pg/mL, 2 and 3 at 25 pg/mL
and 4 at 50 ug/mL; X. euvesicatoria pv. perforans inhibited by 1 and 2 at 25 ug/mL and 3 at
50 pg/mL; X. vasicola pv. vasculorum inhibited by 3 at 25 pg/mL, 2 and 4 at 50 ug/mL; X.
campestris pv. campestris inhibited by 2 at 50 ug/mL and 3 at 25 ug/mL; P. carotovorum
inhibited by 1 at 25 pg/mL.

Zhang et al. (2024) measured the optical density resulted by the bioactivity of
chalcone derivatives containing triazole-pyridine against phytopathogenic bacteria at a
concentration of 100 ug/mL, the compound N3 inhibited 86.2% of P. syringae pv. actinidiae;
N23 inhibited 50% of R. solanacearum and 80.4% of X. axonopodis pv. citri; N26 inhibited
75.9% of Xanthomonas campestris pv. musacearum, 80.2% of Pectobacterium carotovorum
subsp. brasiliense, 84.2% of Acidovorax citrulli and 88% of X. oryzae pv. oryzae. In this
work, at 100 ug/mL, X. citri subsp. citri — RC and X. citri subsp. citri — TC was inhibited by
catecholic chalcone 5, 6 and 7; X. citri subsp. citri — SC inhibited by 3; X. euvesicatoria pv.

perforans inhibited by 4, §, 6 and 7; X. vasicola pv. vasculorum inhibited by 1, § and 6; X.
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campestris pv. campestris inhibited by 1, 4, 5 and 6; P. carotovorum inhibited by 3; X.
fastidiosa inhibited by 1, 2 and 3 and R. solanacearum inhibited by 3.

Viasquez-Martinez et al. (2019) observed by microdilution broth methodology that the
presence of catechol group in two molecules of chalcone was necessary to exercise
antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA). Catecholic
chalcones derivatives synthesized in this research obtained the greatest results when added to
3-Br (1), 2-CHj3 (2), 3-OH (3) or 4-OH (4). Catecholic chalcone (5) with no other alterations
was still better than 4-F (9), 4-CH; (10), 3,4-diCI (11), 2-naphthalene (12), 4-Br (13) and 4-
ethyl (14). In other words, the position of changes in the molecules also matters, as
demonstrated by Lagu et al. (2020), when using fluorinated chalcones, nitro or chloro
substituents at ortho or meta position showed valuable antimicrobial activity against
Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Proteus vulgaris, Candida
albicans and Aspergillus niger.

Drugs in combinations are used for two main reasons, (i) to prevent emergence of
resistance during a treatment and (ii) to improve the activity of one or both agents (Brennan-
Krohn and Kirby 2019). Vasquez-Martinez et al. (2019) investigated with checkerboard
method the interaction of catecholic chalcones with methicillin against MRSA that showed an
important role in potentiation capacity of the f-lactam antibiotic. In agriculture, the common
association of heavy metals, as copper, and antibiotics, as streptomycin, has already led to co-
selection and co-resistance genes in plants (Miller et al. 2022). Furthermore, the exposure of
workers to copper can induce gastrointestinal, neurological, hematological, cardiological,
renal effects and eventually mortality (Alengebawy et al. 2021). Taking into account works
already published in literature, chalcones were never tested before in association against
phytopathogenic bacteria. As demonstrated in this study, catecholic chalcones and

streptomycin did not show synergistic activity.



36

When the introduction of a new product is proposed, it is necessary to know its
toxicity profile, risks and safety limits. Caenorhabditis elegans is a nematode with a
transparent body and more than 65% conserved human diseases-associated genes, very useful
in drug screening and toxicity examination of chemical compounds (Yue et al. 2021). In
toxicity essay with C. elegans, catecholic chalcones 2 (2-CH3) and 3 (3-OH) presented LCsy
of 125 and 250 pg/mL, respectively, higher than MIC/MBC values of 25 and 50 pg/mL; 4 (4-
OH) presented LCs of 125 pg/mL higher than MIC/MBC value of 50 ug/mL; 1 (3-Br), with a
bromine atom in its radical meta positioned, presented the lowest value of LCsy (31.25
pg/mL) and the lowest value of MIC/MBC (12.5 pg/mL), proving they are safe for
application at concentrations with antibacterial properties. It has already been observed that
chalcones with halogen groups like -Br, -F, -Cl, etc. have been found to exhibit significant
cytotoxic potencies and selective toxicity for tumors (Ouyang et al. 2021). Fluorinated
chalcones bearing an indole ring attached to the olefinic carbon showed no cytotoxicity on
human normal liver cell line - LO2 (Lagu et al. 2020). In another toxicity model, Galleria
mellonella larvae showed that C-isoprenylated retrochalcones was not lethal at 100 pg/mL
after 80 hours of treatment (Ozanique et al. 2024).

Zhang et al. (2024) investigated the protective and curative effective of chalcone
containing triazole-pyridine against P. carotovorum subsp. brasiliense for harvested potatoes,
the compound N26 demonstrated protection at high concentrations of 200 and 100 mg/L, but
poor curative activity for potatoes infected already. As regards to bacterial leaf spot, bacteria
enter via stomata or wounds and colonize the apoplast, followed by cell death and tissue
necrosis, while symptoms are small, irregular and water-soaked lesions (Vancheva et al.
2021). In this study, catecholic chalcones presented no difference between preventive and
curative treatment against X. euvesicatoria pv. perforans in tomato. At a lower concentration

of 25 pg/mL and 50 pg/mL, samples 2 (2-CH3)and 3(3-OH), respectively, were able to reduce
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the severity of the bacterial leaf spot more than commercial copper at a higher concentration
of 2 mg/mL.

It can be concluded that catecholic chalcones derivatives demonstrated antibacterial
activity against phytopathogenic bacteria, more precisely 1, 2, 3, and 4 added to 3-Br, 2-CH3,
3-OH and 4-OH, respectively. Their use is safe, since the toxic concentration was greater than
the concentration of bactericidal action. Catecholic chalcones 2 and 3 proved to be effective in
bacterial leaf spot control in tomato caused by Xanthomonas euvesicatoria pv. perforans.
These results revealed the promising agrochemical potential of catecholic chalcones evaluated
in this study and suggesting their possible application as pesticide. More studies are necessary

to evaluate the control of other plant diseases and mechanisms of action
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Figure 1. Structures of the catecholic chalcones 1-14 evaluated in this study.
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Table 1. Minimum Inhibitory and Bactericidal Concentrations (MIC/MBC) in pg/mL of catecholic chalcones against phytopathogenic

bacteria.

Catecholic chalcones Positive control
Bacteria
1 2 3 4 5 6 7 Streptomycin

Xanthomonas citri subsp. citri —

. 12.5/12.5  50/50 50/50 50/50 100/100  100/100  100/100 0.09/0.09
Resistant to copper

Xanthomonas citri subsp. citri —

12.5/12.5  25/25 25/25 50/50 100/100  100/100  100/100 0.73/0.73
Tolerant to copper

Xanthomonas citri subsp. citri —

. - - 100/100 - - - - 0.09/0.09
Sensible to copper

Xanthomonas euvesicatoria py. 25/25 25/25  50/50  100/100 100/100 100/100  100/100 0.73/0.73

perforans

Xanthomonas vasicola pv. vasculorum  100/100 50/50 25/25 50/50 100/100  100/100 - 0.36/0.36
fj;gg’g?:"s Campestris pv. 100/100  50/50  25/25  100/100 100/100 100/100 - 0.36/0.36
Pectobacterium carotovorum 25/25 - 100/100 - - - - 0.73/0.73
Xylella fastidiosa 9a5c 100/100  100/100  100/100 - - - - 0.36/0.36
Ralstonia solanacearum - - 100/100 - - - - 0.73/0.73

-1 inactive results of 200, 400 or >400 ug/mL; bold: active and moderately active results chosen for next tests, according to Kalil et al.

(2021).



Table 2. Bacterial leaf spot control in tomato with catecholic chalcones.

Treatment Preventive Curative Mean
1-25ug/mL 20.2500 22.5000 21.3750 b
2-25 ug/mL 19.5000 19.5000 19.5000 a
3-50 pg/mL 16.5000 18.0000 17.2500 a
4 - 100 ug/mL 19.1250 24.0000 21.5625b
Kocide-2 mg/mL 19.5000 21.7500 20.6250 b
Water 23.2500 21.7500 22.5000 b
Total 19.6875 A 21.2500 A 20.4687
C.V. (%) 13.68%

C.V. - Coefficient of variation. Means followed by different lowercase
letters in the row and uppercase letters in the column are significantly

different according to the Scott-Knott test (P < 0.05).
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CAPITULO III

Consideracoes finais
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Com base na andlise dos dados obtidos e nas discussdes realizadas ao longo deste
trabalho, é possivel destacar a relevancia e o impacto promissor das chalconas catecélicas no
controle de bactérias fitopatogénicas. As chalconas catecdlicas apresentaram atividade
bactericida in vitro em baixas concentracdes frente principalmente ao género Xanthomonas
spp. In vivo, as chalconas catecdlicas conseguiram controlar a severidade da mancha foliar
bacteriana no tomateiro melhor do que o cobre comercial € em concentracdes menores. Das
chalconas catecdlicas avaliadas neste estudo, destacam-se aquelas com os grupos funcionais
3-Br, 2-CH3, 3-OH e 4-OH. O ensaio de toxicidade in vivo, por sua vez, demostrou o perfil de
baixo risco das chalconas catecdlicas nas concentragdes bactericidas.

Esses resultados incentivam pesquisas futuras a explorar os produtos naturais e seus
potenciais bioldgicos, bem como a continua avaliagdo das chalconas catecdlicas no controle
de outras doencas e seus impactos a longo prazo no meio ambiente e na saide humana. A
presente dissertagdo contribui para o avanco do conhecimento sobre o uso de chalconas
catecOlicas no controle de bactérias fitopatogénicas, oferecendo uma alternativa promissora e
sustentdvel aos pesticidas convencionais. Espera-se que as descobertas aqui apresentadas
estimulem aplicacdes préticas no campo da agricultura, promovendo uma produgdo agricola

mais segura e eficiente.
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Contribuicoes extraordinarias
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ARTICLEINFO ABSTRACT

Keywords: Ethnopharmacological relevance: Maytenus ilicifolia Mart. ex Reissek, a medicinal plant used for treating gastritis,
Antioxidant ulcers, and gastric disorders, possesses therapeutic properties attributed to diverse leaf compounds—terpenoids,
p_EISf‘O(he"‘j_C“l mmlym alkaloids, flavonoids, phenols, and tannins, reflecting the ethnopharmacological knowledge of traditional users.
]::cliil};: i:’:‘dmon Aims of the study: We aimed to assess the antioxidant and antiglycant capacities of Maytenus ilicifolia’s ethanolic
extract and organic fractions, identify bioactive compounds through HPLC-MS/MS analysis, and conduct
phytochemical assessments. We also assessed their potential to inhibit digestive and cholinesterase enzymes,
mitigate oxidation of human LDL and rat hepatic tissue, and examine their antimicrobial and cytotoxic
properties.
Materials and methods: Organic fractions (hexane - HF-Mi, dichloromethane - DMF-Mi, ethyl acetate - EAF-Mi, n-
butanol - BF-Mi, and hydromethanolic - HMF-Mi) were obtained via liquid-liquid partitioning. Antioxidant
(DPPH, FRAP, ORAC) and antiglycant (BSA/FRU, BSA/MGO, ARG/MGO/LDL/MGO models) capacities were
tested. Phytochemical analysis employed HPLC-MS/MS. We also studied the inhibitory effects on @-amylase,
acetylcholinesterase, butyrylcholinesterase, human LDL and rat hepatic tissue oxidation, antimicrobial activity,
and cytotoxicity against RAW 264.7 macrophages.
Results: HPLC-ESI-MS/MS identified antioxidant compounds such as catechin, quercetin, and kaempferol de-
rivatives. Ethanolic extract (EE-Mi) and organic fractions demonstrated robust antioxidant and antiglycant ac-
tivity. EAF-Mi and BF-Mi inhibited a-amylase (2.42 pig/mL and 7.95 jig/mL) compared to acarbose (0.144 g/
mL). Most organic fractions exhibited ~50% inhibition of acetylcholinesterase and butyrylcholinesterase,
rivaling galantamine and rivastigmine. EAF-Mi, BF-Mi, and EE-Mi excelled in inhibiting lipid peroxidation. All
fractions, except HMF-MI, effectively countered LDL oxidation, evidenced by the area under the curve. These
fractions protected LDL against lipid peroxidation.
Conclusion: This study unveils Maytenus ilicifolia’s ethanolic extract and organic fractions properties. Through
rigorous analysis, we identify bicactive compounds and highlight their antioxidant, antiglycant, enzyme inhi-
bition, and protective properties against oxidative damage. These findings undedine its significance in modern
pharmacclogy and its potential applications in healthcare.
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Candida species have been responsible for a high number of invasive infections worldwide. In this
sense, Rottlerin has demonstrated a wide range of pharmacological activities. Therefore, this study
aimed to evaluate the antifungal, antibiofilm and antivirulence activity of Rottlerin in vitro against
Candida spp.and its toxicity and antifungal activity in vivo. Rottlerin showed antifungal activity
against all yeasts evaluated, presenting Minimum Inhibitory and Fungicidal Concentration (MIC

and MFC) values of 7.81 to >1000 pg/mL.Futhermore, it was able to significantly inhibit biofilm
production, presenting Biofilm Inhibitory Concentration (MICBs) values that ranged from 15.62 to
250 pg/mL and inhibition of the cell viability of the biofilm by 50% (ICy,) from 2.24 t012.76 pg/mL.
There was a considerable reduction in all hydrolytic enzymes evaluated, with emphasis on hemolysin
where Rottlerin showed a reduction of up to 20%. In the scanning electron microscopy (SEM) analysis,
Rottlerin was able to completelyinhibit filamentation by C. albicans. Regarding in vivo tests, Rottlerin
did not demonstrate toxicity at the therapeutic concentrations demonstrated here and was able to
increase the survival of C. elegans larvae infected. The results herein presented are innovative and
pioneering in terms of Rottlerin’s multipotentiality against these fungal infections.

Keywords Rottlerin, Antifungal activity, Antibiofilm, Hydrolytic enzymes, Caenorhabditis elegans

Infections caused by yeasts of the genus Candida have increased significantly over the years, being identified as
the fourth leading cause of healthcare-related bloodstream infections in the United States and the seventh cause in
Brazil, impacting morbidity and martality rates”. In association with that, there is the fact that resistant isolates
are increasingly linked to outbreaks, especially by C. parapsilosis and C. auris**. The isolation of these species
is worrying due to the fact that they are less susceptible to the antifungals of choice for the treatment of fungal
Healthcare-associated Infections (HAI)". These infections are influenced by several factors, with the production
of biofilm and hydrolytic enzymes being the main ones®. The biofilm is a form of protection against the cells of
the host's immune system and antifungal agents and the hydrolytic enzymes act in the invasion of host tissues,
evasion of the immune system and in the maintenance of the viability and multiplication of yeast in the host’™".

Despite the four classes of antifungals available on the market for the treatment of these invasive fungal
infections, mortality remains high and the toxicity of these medications continues to be a relevant problem.
Additionally, the mechanism of action of these antifungals is limited, demonstrating the urgency of discovering
anew antifungal agent'".

In this sense, the molecule called Rottlerin, a red polyphenol powder produced from the fruits of Mallotus
philippinensis Muell. Arg (Euphorbiaceae), stands out as an important source of relevant bioactive molecules,
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Abstract: Drug-resistant bacteria constitute a big barrier against current pharmacotherapy. Efforts
are urgent to discover antibacterial drugs with novel chemical and biological features. Our work
aimed at the synthesis, evaluation of antibacterial effects, and toxicity of licochalcone C (LCC),
a naturally occurring chalcone. The synthetic route included six steps, affording a 10% overall
yield. LCC showed effects against Gram-positive bacteria (MIC = 6.2-50.0 pug/mL), Mycobacterium
species (MIC = 36.2-125 ug /mL), and Helicobacter pylori (MIC = 25 pg/mL). LCC inhibited the biofilm
formation of MSSA and MRSA, demonstrating MBICs; values of 6.25 ug/mL for both strains. The
investigations by fluorescence microscopy, using PT and SYTO9 as fluorophores, indicated that LCC
was able to disrupt the S. aureus membrane, similarly to nisin. Systemic toxicity assays using Galleria
mellonella larvae showed that LCC was not lethal at 100 pg/mL after 80 h treatment. These data
suggest new uses for LCC as a compound with potential applications in antibacterial drug discovery
and medical device coating.

Keywords: licochalcone; chalcone; Glycyrrhiza; membrane; biofilm; antibacterial; drug-resistant;
Galleria mellonella

1. Introduction

Antimicrobial resistance (AMR) is a challenge to human health, resulting in alarming
numbers of deaths around the world. According to predictive statistical models performed
by AMR collaborators, there was an estimate of 4.95 million (3.62-6.57) deaths associated
with bacterial AMR in 2019 [1]. The discovery of new effective agents against multidrug-
resistant bacteria is an urgent topic in global public health. The World Health Organization
(WHO) indicated a human pathogen priority list, which included Pseudomonas aeruginosa
(critical), Staphylocaccus aureus and Helicobacter pylori (high), and Streptococcus prneumoniae
(medium) [2]. Additionally, bacterial biofilms are barriers against current pharmacotherapy,
which are constituted by cellular communities able to adhere to abiotic and biological
surfaces, blocking the antibacterial drug penetration and diffusion into their complex
extracellular matrix [3].

Natural products from plants are successful sources of antimicrobial drugs [4,5]. Out
of 162 new antibacterial agents approved between 1981 and 2019, 55% are natural products
and their derivatives, highlighting their relevance to modern drug discovery [6]. Among the
promising bioactive natural products are retrochalcones, which are rare plant compounds
and restricted to Glycyrrhiza genus. This taxon is constituted by several medicinal plants
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