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RESUMO

O cancro citrico afeta variedades citricolas de importancia econémica mundial, sendo
causado pela Xanthomonas citri subsp. citri. (Xcc), uma bactéria Gram-negativa. O
controle do cancro citrico é realizado por meio do manejo integrado com aplicacdes
de substancias cupricas, plantio de cultivares menos suscetiveis, uso de quebra-
ventos e controle da larva minadora de citros. No entanto, 0 uso excessivo de cobre
pode ocasionar acumulo no solo e afetar negativamente o crescimento radicular de
plantas citricas, e consequentemente a absor¢cdo de nutrientes. Por esta razdo, a
busca por substancias anti-Xcc seguras ao meio ambiente e eficientes é de crucial
importancia. Neste trabalho utilizamos o planejamento de substancias sintéticas anti-
Xcc. Sendo assim, foram sintetizados 36 diidroxibenzoatos de alquila (DHB), dentre
0s quais, 14 apresentaram atividade anti-Xcc. Dentre estes, trés ésteres com 0s
menores valores de CIM e com sete carbonos na cadeia lateral (heptila) foram
selecionados, 4 (52 uM), 16 (80 uM) e 28 (88 uM). O ensaio de curva de crescimento
de Xcc demonstrou que os DHB selecionados promoveram atraso na fase
exponencial, prolongando o tempo para Xcc atingir a fase estacionaria. O efeito dos
DHB 4, 16 e 28 sobre a permeabilidade da membrana de Xcc foi comparado ao
controle nisina, sendo o derivado DHB 28 mais efetivo (93,8%), do que 16 (41,3%) e
4 (13,9%). Os dados do ensaio de inibicdo da atividade GTPasica sugerem que 0s
esteres 4, 16 e 28 podem promover alteracbes nos protofilamentos, levando a
despolimerizacdo da proteina mutante sensivel a temperatura de filamento Z (FtsZ) e
assim impedindo a diviséo celular bacteriana. A viabilidade de aplicacdo dos DHB 4,
16 e 28 foi comprovada por meio de ensaios de citotoxicidade, sendo os valores Clso
superiores a 100 yM contra as células eucarioticas testadas. As células de Xcc
perderam a capacidade de colonizar o hospedeiro apods tratamento com as
substancias 4, 16 e 28 a %2 CIM e CIM, inibindo o aparecimento de sintomas de cancro
citrico nas folhas de laranja doce (Citrus sinensis). Os DHB 4, 16 e 28 foram avaliados
guanto a capacidade protetora de plantas jovens de laranja doce e a incidéncia de
sintomas diminuiu 33,3 % (4), 15,3 % (16) e 28,6 % (28), valores proximos ao
oxicloreto de cobre (26,7 %). Os ésteres mantiveram comportamento similar ao
oxicloreto de cobre em relagdo a severidade dos sintomas de cancro citrico. A
fitotoxicidade dos trés DHB foi avaliada em ensaio com Lactuca sativa, causando

menor interferéncia no crescimento das plantulas quando comparados com o



oxicloreto de cobre presente nas formulagdes a base de cobre utilizadas nas lavouras
citricolas. Os ésteres ndo causaram alteracdes nos parametros fotossintéticos, tais
como a taxa de transpiragcdo, condutancia estomatica, assimilagcdo maxima,
rendimento quéntico efetivo de converséo fotoquimica do PSII, coeficiente de extingédo
fotoguimica do PSII e coeficiente de extingdo ndo fotoquimica do PSIl em plantas
jovens de C. sinensis. Na avaliacdo da toxicidade contra abelhas sem ferrdo
(Scaptotrigona postica), os ésteres 4, 16 e 28 provocaram mortalidade similar ao

oxicloreto de cobre.

Palavras-chave: cancro citrico, compostos fendlicos, fitobacteriose, ésteres de alquila



ABSTRACT

Citrus cancer affects citrus varieties of worldwide economic importance, being caused
by Xanthomonas citri subsp. citri. (Xcc), a Gram-negative bacterium. The control of
citrus canker is accomplished through integrated management with applications of
cupric substances, planting of less susceptible cultivars, use of windbreaks and control
of citrus-mining larva. However, excessive use of copper can cause soil accumulation
and negatively affect root growth of citrus plants, and consequently nutrient absorption.
For this reason, the search for environmentally safe and efficient anti-Xcc substances
is of crucial importance. In this paper we use the planning of anti-Xcc synthetic
substances. Thus, 36 alkyl dihydroxybenzoates (DHB) were synthesized, which
showed anti-Xcc activity. Among them, three esters with the lowest MIC values and
seven carbons in the side chain (heptyl) were selected, 4 (52 uM), 16 (80 uM) and 28
(88 uM). The Xcc growth curve assay showed that the selected DHB promoted
exponential phase delay, extending the time for Xcc to reach the stationary phase. The
effect of DHB 4, 16 and 28 on Xcc membrane permeability was compared to nisin
control, with DHB 28 being the most effective derivative (93.8%) than 16 (41.3%) and
4 (13, 9%). Data from the GTPase inhibition assay suggest that esters 4, 16 and 28
may promote changes in protofilaments, leading to depolymerization of the
Filamentous temperature sensitive protein Z (FtsZ) and thus preventing bacterial cell
division. The viability of application of DHB 4, 16 and 28 was confirmed by cytotoxicity
assays, with ICso values greater than 100 uM against eukaryotic cells tested. Xcc cells
lost the ability to colonize the host after treatment with coumpounds 4, 16 and 28 at %2
MIC and MIC, inhibiting the appearance of symptoms of citrus canker on sweet orange
leaves (Citrus sinensis). DHB 4, 16 and 28 were evaluated for the protective capacity
of sweet orange young plants and the incidence of symptoms decreased by 33.3% (4),
15.3% (16) and 28.6% (28) to copper oxychloride (26.7%). The esters maintained
copper oxychloride-like behavior with respect to the severity of citrus canker
symptoms. The phytotoxicity of the three DHB was evaluated in a Lactuca sativa
assay, causing less interference in seedling growth when compared to copper
oxychloride present in the copper base formulations used in citrus crops. The esters
did not cause changes in photosynthetic parameters, such as transpiration rate,
stomatal conductance, maximum assimilation, PSIlI photochemical conversion

effective quantum yield, PSIl photochemical extinction coefficient and PSIlI non-



photochemical extinction coefficient in young C. sinensis. In the evaluation of toxicity
against stingless bees (Scaptotrigona postica), esters 4, 16 and 28 caused similar

mortality to copper oxychloride.

Keywords: citric canker, phenolic compounds, phytobacteriosis, alkyl esters
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Capitulo 1: Consideracdes gerais

1. CONSIDERACOES INICIAIS

A cultura de laranja é destaque no setor citricola, tanto em volume de producao
guanto aos beneficios econdmicos. A estimativa da safra de laranja 2019/20 é de
388,89 milhdes de caixas (40,8 kg) no cinturdo citricola de Sao Paulo e Triangulo
Mineiro, com o total de 173,973 milhdes de arvores produtivas, dados de marco de
2019. Avaliando a produtividade por hectare, tem-se a estimativa de 1051 caixas por
hectar na safra de 2019/20, representando um aumento de 295 caixas em relacao a
safra anterior de 2018/19 (Fundecitrus, 2019). Neste sentido, o setor citricola gera um
PIB de US$ 6,5 bilhdes de dolares (Neves & Trombin, 2017).

Contudo, doencas e pragas acometem as lavouras de citros, diminuindo a
producdo e causando problemas fitossanitarios, sendo necessario o manejo
adequado para o controle e desinfecgao dos pomares. Assim, o0 objetivo desta tese foi
o estudo de substancias com atividade antibacteriana contra Xantomonas citri subsp.
citri (Xcc), uma bactéria causadora de uma doenca endémica, 0 cancro citrico.

Esta tese esta distribuida em quatro capitulos (1-4). O Capitulo 1 se constituiu
por uma breve introducdo seguida de uma revisdo de literatura pontuando a
importancia da citricultura e os prejuizos causados pelo cancro citrico no Brasil e suas
medidas de controle. Neste capitulo foram destacadas a divisédo celular bacteriana e
substancias capazes de inibir o crescimento bacteriano por meio de danos ou
perturbacdes causadas a Xcc. Por fim, foi salientada a atividade antimicrobiana dos
diidroxibenzoatos de alquila (DHB) contra outras espécies bacterianas.

No Capitulo 2 foram descritas a preparacao, purificacdo e identificacdo de 36
diidroxibenzoatos de alquila, seguidas da determinacao de pureza e hidrofobicidade
destes ésteres. Foram avaliadas a atividade anti-Xcc dos 36 DHB, e posteriormente
selecionou-se trés substancias com menores valores de concentragdo inibitoria
minima (CIM). Os ésteres 4, 16 e 28 foram selecionados e avaliados quanto a
alteracbes no padrdo da curva de crescimento de Xcc, na permeabilidade de
membrana de Xcc e inibicdo sobre a atividade GTPasica de FtsZ, uma proteina
envolvida na diviséo celular. A toxicidade dos ésteres selecionados foi avaliada contra
linhagens celulares de queratinécitos ndo tumorigénicos (HaCaT) CLS 300493,

hepatoma humano (Huh-7.5) ATCC® PTA-8561, células pulmonares humanas de
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linhagem normal (MRC-5) ATCC CCL-171, células renais de macaco de linhagem
normal (VERO) ATCC® CCL81 e células renais carcinogénicas humanas (ACHN)
ATCC® CRL1611. Os resultados foram publicados no periodico International Journal
of Molecular Sciences (IJMS) em outubro de 2018.

O Capitulo 3 é a sequéncia de estudos dos ésteres selecionados, quanto a
capacidade de interferir na patogenicidade de Xcc, sob acdo protetora de plantas
jovens de laranja doce (Citrus sinensis), avaliando a incidéncia e a severidade do
cancro citrico. O potencial fitotoxico dos DHB 4, 16 e 28 foi avaliado contra o
desenvolvimento inicial de alface (Lactuca sativa) e na interferéncia nos parametros
fotossintéticos de plantas jovens de C. sinensis. Por fim, foi estudada a toxicidade das
substancias 4, 16 e 28 contra abelhas sem ferrdo (Scaptotrigona postica).

No Capitulo 4 foram compiladas as consideracdes finais discutindo os

resultados dos capitulos 2 e 3. Finalizando com uma concluséo geral.

2. INTRODUCAO E REVISAO DE LITERATURA

O cancro citrico € causado pela bactéria Xanthomonas citri subsp. citri (Xcc)
(Stall & Seymour, 1983; Gottwald et al., 2002). Xcc acomete as principais variedades
de citros de importancia comercial, causando lesGes necroticas de aspecto marrom
eruptivo em folhas, frutos e ramos (Behlau & Belasque Jr., 2014). Xcc provoca a
desfolha e queda prematura de frutos, provocando a depreciacdo da qualidade dos
frutos, e consequentemente, tornando o seu comércio inviavel (Bitancourt, 1957;
Gottwald et al., 2002; Behlau & Belasque Jr., 2014).

O estado de Sédo Paulo detém cerca de 75% da producdo nacional de laranja
(Neves et al., 2010; IBGE, 2018). A legislacédo para controle do cancro citrico em Sao
Paulo até 2016 determinava a erradicacdo das plantas sintomaticas e realizacao de
inspecdes frequentes, junto a pulverizacdo de substancias cupricas (Massari &
Belasque Jr., 2006; Behlau et al., 2016). No inicio de 2017, o estado de Sao Paulo por
meio da publicacdo da Resolucdo SAA 10, definiu o Sistema de Mitigacdo de Risco
(SMR) como medida oficial de controle (Sao Paulo, 2017).

As regides endémicas do cancro citrico trabalham com estratégias de manejo
integrado, utilizando medidas de controle como: a) pulverizagdes com substancias

Cupricas, b) utilizagcdo de quebra-ventos (com espécies de casuarinas, grevileas,
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pinus, eucaliptos e corymbia); c) controle do inseto minador de citros e d) emprego de
cultivares resistentes a Xcc (Behlau & Belasque Jr., 2014). O manejo integrado reduz
as perdas de producdo, mas nao elimina a bactéria do pomar, tornando o comércio
de exportacao de frutas impréprio em areas de quarentena (Choi et al., 2017).

Li e Wang (2014) estudaram a atividade anti-Xcc de amino&cidos e derivados
indolicos (Li & Wang, 2014). Gholami e colaboradores avaliaram o potencial anti-Xcc
de antibioticos como ampicilina, penicilina, cloranfenicol, estreptomicina e canamicina
(Gholami et al., 2018). Porém a utilizacao de antibiéticos em larga escala, dispersos
no ambiente vem sendo bastante contestada. Como alternativa ecologicamente
sustentavel foram descritas recentemente a capacidade inibitéria de extratos de
fungos filamentosos da Antartica contra Xcc (Vieira et al., 2018).

O nosso grupo de pesquisa tem a premissa de buscar alternativas com menor
impacto ambiental, e para tanto, estuda a atividade de substancias com esqueletos
carbbnicos baseados em produtos naturais. Em 2013, Silva e colaboradores
demonstraram a atividade anti-Xcc de uma série de galatos de alquila (3,4,5-
trildroxibenzoato de alquila) os quais inibiram o crescimento de Xcc e reduziram sua
patogenicidade em Citrus limonia (Silva et al., 2013). Posteriormente, 0 mecanismo
de acéo destes galatos foi elucidado, evidenciando sua agao sobre a membrana em
combinacdo com a inibicdo da proteina FtsZ (Krdl et al., 2015; Kopacz et al., 2018).
Visando avaliar a seguranca dessas substancias foram realizadas investigacoes
citotdxicas, genotoxicas e mutagénicas (Silva et al., 2017). Recentemente foi avaliada
a atividade anti-Xcc de galatos de alquila monoacetilados. Com a inser¢géo do grupo
acetila ocorreu aumento na lipofilicidade, conferindo maior poténcia para os galatos
de alquila monoacetilados quando comparados aos galatos de alquila né&o
esterificados (Savietto et al., 2018).

A similaridade estrutural entre os galatos e diidroxibenzoatos somada a
atividade antimicrobiana dos diidroxibenzoatos contra outras espécies bacterianas,
sugeriu uma potencial atividade contra Xcc, bem como potencial atividade inibitéria da
proteina FtsZ, justificando o investimento quimico e biolégico nesta classe de ésteres
(Nihei, Nihei & Kubo, 2003; Merkl et al., 2010; Alves et al, 2013; Soares et al., 2014;
Medina-Alarcén et al, 2017).

Na presente tese foram estudados 36 diidroxibenzoatos de alquila, variando o

tamanho das cadeias alquilicas laterais para observar o efeito da lipofilicidade.
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Adicionalmente, foram observadas diferentes posi¢cdes das hidroxilas, visando

encontrar substancias mais potentes anti-Xcc e no controle do cancro citrico.
2.1. Importancia da citricultura

A citricultura brasileira ascendeu na década de 60 com a forte geada na Florida
(EUA). A partir da década de 80, a cultura de laranja passou a ser a quinta mais
produzida no pais (FAO, 2015). Desde entdo, o Brasil se destaca como um dos
maiores produtores de laranja, seguido pela China, Unido Europeia, Estados Unidos
e México (Fares et al., 2017).

Além do suco concentrado e congelado de laranja e do suco de laranja néo-
concentrado, os subprodutos do processo industrial, incluindo 6leos essenciais das
cascas de laranjas, esséncias aquosas e oleosas, terpenos citricos (limoneno), farelo
de polpa citrica, polpa congelada e &lcool obtido da fermentacéo das laranjas, também
podem ser comercializados (Neves et al., 2010; CitrusBr, 2016).

O cinturdo citricola de Sdo Paulo e Triangulo Mineiro possui aproximadamente
450 mil hectares, gerando por volta de 200 mil empregos diretos e indiretos. Segundo
Neves e Trombim (2017), a geracdo de empregos deste setor tem relacéo direta com
os indices de qualidade de vida destes municipios (Neves & Trombim, 2017).

2.2. Surgimento do cancro citrico e seu prejuizo para a citricultura

Nos ultimos cem anos, surgiram muitas doengas com impacto na cultura
citricola, tais como: leprose (1933), tristeza (1937), cancro citrico (1957), pinta preta
(1980), clorose variegada dos citros (1987), morte subita dos citros (2001), e
greening/HLB (2004) (Sanches et al., 2014). Dentre estas doengas, 0 cancro citrico
reduz a produtividade dos pomares, devido a desfolha das plantas e queda prematura
dos frutos. O aparecimento dos sintomas causa a depreciacao, inviabilizando o
comeércio de frutos in natura (Bitancourt, 1957; Gottwald et al., 2001, 2002; Behlau et
al., 2007, 2008; Behlau & Belasque, 2014; Lanza et al., 2018).

O cancro citrico causa impacto econémico mundial devido a restricdo do
acesso ao mercado da Unido Europeia (UE). Apesar da auséncia de evidéncia
documentada para a introducdo de frutas com lesdes de cancro (Gottwald et al., 2009),

a UE considera a importacdo de frutos infectados e até mesmo frutas expostas ao

31



patbgeno como um risco inaceitavel (EFSA, 2013; Painel da EFSA sobre
Fitossanidade, 2014).

O cancro citrico causa lesfes em toda a parte aérea, principalmente nos tecidos
jovens, que sdo mais suscetiveis a bactéria, que penetra via estbmatos ou ferimentos
mecanicos. As lesdes atingem de 2 a 12 mm de diametro, sendo eruptivas, levemente
salientes e de coloracdo palha ou pardacenta, que vao se tornando de aspecto
corticoso, e algumas vezes circundado por um halo amarelo (Rosetti, 2001; Duan et
al., 2018).

Nas folhas (Figura 1), os sintomas aparecem de 4 a 7 dias apés a infeccao
(Vernieri et al., 2003). As lesdes sdo salientes nas faces adaxial e abaxial, com
manchas claras que exibem um centro necrosado, duro e lignificado (Schubert et al.,
2001; Gottwald et al., 2002; Brunning & Gabriel, 2003). Nos frutos, as lesdes sao de
aspecto pardo, salientes e algumas vezes ocorre um halo amarelo que circunda as
lesdes (Rosetti, 2001; Feichtenberger et al., 2005; Amorim; Rezende & Bergamin
Filho, 2011). Em estagio avancado, parecem crostas escuras com fissuras, as vezes
concéntricas, com pequenas ou grandes crateras, por onde exsuda a bactéria. Nos
ramos, 0s sintomas ocorrem como lesdes salientes de cor parda como aqueles
apresentados em folhas e frutos.

Além dos sintomas citados, o cancro citrico, quando bem estabelecido no
hospedeiro, provoca reducao da area foliar, diminuindo a capacidade fotossintética, e
inducéo da producao de etileno, prejudicando a qualidade dos frutos remanescentes
e causando a seca de novos ramos (Brown, 2001; Francis et al., 2009; Dewdney &
Graham, 2012).

Figura 1 — Sintomas de cancro citrico: manchas eruptivas amarelas em folhas de

Citrus sinensis

Fonte: Laboratorio de Genética de Bactérias
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O cancro citrico inicia-se a partir de uma planta doente com lesdes ativas, e a
disseminacédo da bactéria para as plantas vizinhas ocorre principalmente pela acao de
chuva acompanhada de ventos, ou pelo transito de pessoas e maquinario nos
pomares (Stall; Seymour, 1983; Leite Jr., 1990; Bock et al., 2005).

2.3. Estratégias de controle do cancro citrico

A disseminacéo de fitobacterioses representa um risco para a citricultura, pois
além de comprometer a produtividade dos pomares, exige investimentos em
prevencgao e controle, impactando diretamente na rentabilidade do citricultor (Sanches
et al., 2014).

A prética realizada no Brasil, e em outros paises € a pulverizacdo de pomares
com produtos a base de cobre, que sdo capazes de reduzir a populacdo bacteriana
na superficie foliar, mas o seu uso a longo prazo pode induzir resisténcia e acimulo
no solo (Belasque Jr. et al., 2009; Behlau et al., 2010; Hasabi et al., 2014).

Em areas endémicas a doenca é controlada pelo manejo integrado com: a)
pulverizacBes preventivas com bactericidas a base de cobre; b) o uso de quebra-
ventos; c) o controle da larva minadora dos citros e d) plantio de variedades menos
suscetiveis ao cancro citrico (Scapin et al., 2015; Graham et al., 2016, Behlau et al.,
2017). Contudo, nas areas com baixa incidéncia de infec¢do, as medidas de controle
empregadas sdo: exclusdo e erradicacdo (Gottwald et al.,, 2001). A estratégia de
erradicacao foi empregada em Sao Paulo por quase 60 anos, sofrendo inlUmeras
modificacdes na legislacdo. Em 1987, o critério de erradicagéo foi modificado, sendo
estabelecida a eliminacdo de plantas doentes e das demais plantas no raio de 50
metros (Brasil, 1987). Em 1995, alterou-se para a eliminacéo de plantas doentes em
uma area circundante de 30 metros (Brasil, 1995).

Bergamin Filho e Amorim (1999) observaram o aumento do cancro citrico entre
0s anos de 1996 a 1999, tendo em 1999 o critério de erradicagdo modificado, no qual:
a) talhdes com incidéncia superior a 0,5% de plantas contaminadas deveriam ser
completamente eliminados e b) talhdes com incidéncia de até 0,5% de plantas
contaminadas deveriam ser eliminadas as plantas sintomaticas e as demais contidas
no raio de 30 metros (Bergamin Filho et al., 2000).

Levantamentos realizados no estado Sao Paulo pelo Fundecitrus mostraram

gue a erradicacdo do cancro citrico baseado na incidéncia de plantas doentes, de julho

33



de 1999 a junho de 2009 manteve a doenca controlada, com baixa incidéncia de
plantas doentes. Em 2009, a legislacao foi alterada, sendo o critério para controle de
cancro citrico no estado de S&o Paulo baseado na erradicacéo de plantas em um raio
de 30 metros a partir da planta doente, independentemente da incidéncia da infeccéo
no talhdo (Belasque Jr. et al., 2010).

Em 2012, a citricultura paulista enfrentou o maior nivel de disseminacao do
cancro citrico desde 2000 (Behlau et al., 2016). Diante desse historico, o uso de
substancias cupricas tornou-se essencial, juntamente com a realizacdo de inspecfes
periddicas (Behlau & Belasque Jr., 2014).

A partir de novembro de 2013 foi preconizado pela Secretaria da Agricultura
(Resolugcdo SAA — 147) a nao obrigatoriedade da erradicacdo de plantas que
estivessem num raio de 30 metros da planta doente. No entanto, adotou-se a
eliminacao de plantas contaminadas e pulverizagcdo com substancias cupricas dentro
do raio de 30 metros (Sao Paulo, 2013). Com a utilizacdo de protocolos mais
maleaveis na eliminacdo de plantas contaminadas, houve um crescimento significativo
na ocorréncia do cancro citrico no parque citricola paulista (Behlau & Belasque, 2014;
Behlau et al., 2016), sendo o emprego do manejo da doenca indispensavel a partir de
2017.

Em 2017, S&o Paulo foi oficializado como area sob Sistema de Mitigacdo de
Risco (SMR). A Secretaria de Agricultura e Abastecimento publicou a Resolugdo SAA
n° 10 que delimita todo o territdrio paulista como area de controle do cancro citrico. O
Sistema de Mitigacdo de Risco € uma medida fitossanitaria que objetiva: reduzir o
potencial de indculo, e permitir o transito e exportacédo de frutos citricos oriundos de
areas com ocorréncia de cancro citrico (Sado Paulo, 2017). No inicio de 2018, o
Ministério da Agricultura, Pecuaria e Abastecimento (MAPA) publicou uma nova
legislacdo que regulamenta o controle do cancro citrico no pais, e estabeleceu por
meio da Instrugcdo Normativa n°® 21, quatro cenarios: i) Area sem ocorréncia; ii) Area
Livre da Praga; iii) Area sob Erradicacdo ou Supresséo e; iv) Area sob Sistema de
Mitigacao de Risco (SMR) (Brasil, 2018).

2.4. Xanthomonas citri subsp. citri

Pertencente ao género Xanthomonas, o agente etioldgico do cancro citrico foi

isolado primeiramente pela pesquisadora Clara Henriette Hasse, em 1915, e
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classificado como Pseudomonas citri. A partir de entéo, teve sua classificagcao alterada
por mais algumas vezes, sendo em 1949 reclassificada como Xanthomonas citri, por
Dowson (Khan & Hingorani, 1970), e novamente reclassificada como Xanthomonas
axonopodis pv. citri por Vauterin (Vauterin et al., 1995; Hartung et al., 1996). Em 2006,
a bactéria teve sua classificagdo mais uma vez alterada para Xanthomonas citri subsp.
citri (Schaad et al., 2006).

Xcc apresenta morfologia de bastonete com 1,5 a 2,0 ym de comprimento e 0,5
a 0,7 ym de largura, sendo uma bactéria Gram-negativa, aerdbica, ndo fixadora de
nitrogénio, uniflagelada polar, ndo forma esporos e ndo é exigente nutricionalmente
(Galli, 1980; Bedendo, 1995). Raramente é encontrada livre no solo, sendo altamente
adaptada ao crescimento endofitico (Swings & Civerolo, 1993).

Essa bactéria pode formar colénias amarelas e mucoides na maioria dos meios
de cultura, devido a producédo de xantomonadina (pigmento importante na protecédo
contra raios ultravioleta) e de goma xantana (exopolissacarideo que auxilia na
disperséo e sobrevivéncia do patdgeno), respectivamente. Suas colonias séo visiveis
apos 2 a 3 dias de incubacéo a 28 °C (Meyer & Bogdanove, 2009).

A Xcc pode sobreviver por meses em material vegetal em decomposicao e se
disseminar facilmente. Entretanto, para que a infeccdo ocorra no hospedeiro, a
bactéria deve entrar em contato com ferimentos no tecido da planta ou através dos
estbmatos, acessando o interior das folhas (Gottwald, Graham & Schubert, 2002;
Gongalves-Zuliani et al., 2016). A colonizag&o ocorre no mesofilo foliar levando ao

aparecimento de sintomas previamente descritos no item 2.2, p.31.
2.5. Divisao celular bacteriana

O processo de divisdo bacteriana envolve a invaginacdo da membrana em
conjunto com a parede celular subsequente a formacéao do septo divisional na regido
mediana da célula, causando a separacdo dos cromossomos duplicados. Apds a
septacdo e término do processo de divisédo, o peptidoglicano do septo bacteriano é
hidrolisado, permitindo a separacao definitiva das células-filhas (Migocki et al., 2002;
Errington; Daniel & Scheffers, 2003; Vicente et al., 2006; Lutkenhaus, 2007).

A divisdo celular de procariotos possui proteinas especificas, sendo assim
considerado um alvo promissor no desenvolvimento de antibacterianos (Hogan et al.,

2018). O divisomo € um complexo macromolecular que controla a divisdo bacteriana,
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iniciada a partir da polimerizacéo da proteina FtsZ (Filamentous temperature-sensitive
protein Z). Essa proteina € um homologo distante da tubulina de eucariotos (Goehring
& Gueiros Filho, 2005; Li & Ma, 2015; Panda et al., 2016). A proteina FtsZ € constituida
por duas subunidades globulares separadas por uma hélice alfa central, formando um
filamento polarizado (Mukherjee & Lutkenhaus, 1994). Além da subunidade globular,
h& a regido C-terminal, que possui estrutura aleatéria (Durvale, 2013). Esta proteina
€ responsavel pela organizacdo de uma estrutura polimérica e anelar, denominada
anel Z, o qual se situa internamente a membrana citoplasmatica, na posicao mediana
da célula, sendo o local em que serd iniciada a divisao celular.

Fatores diversos controlam o processo de septacao bacteriana, estimulando
ou inibindo a formacé&o do anel Z (Lutkenhaus, 2007). Ha sistemas que protegem os
cromossomos contra guilhotinamento o qual poderia ocosionar o fechamento
prematuro do anel Z sobre a massa cromossOmica ainda ndo completamente
segregada (Wu & Errington, 2004; Bernhardt & de Boer, 2005).

O anel Z mostra-se como uma estrutura altamente conservada entre 0s
procariotos, atuando como for¢a-motriz para a constricao e divisao celular (Huang et
al., 2007). Dessa forma, inibidores do divisomo podem atuar como antibacterianos de
amplo espectro de acdo (Lock & Harry, 2008).

A proteina FtsZ possui atividade GTPasica, sendo capaz de hidrolisar
guanosina trifosfato (GTP) em guanosina difosfato (GDP) e fosfato inorganico (Pi). A
ligacdo de FtsZ com GTP produz subunidades GTP-FtsZ que irdo compor os
protofilamentos retilineos e estaveis, que iniciam o processo de anelagéo (Chen et al.,
2005; Schoenemann & Margolin, 2017). A hidrélise de GTP induz alteracbes
conformacionais no sitio de ligagdo com o nucleotideo, alterando a volta T7,
responsavel por interacbes cabeca-cauda entre os mondmeros, culminando na
dissociacao dos protofilamentos e despolimerizagcdo (Weiss, 2004). As substancias
capazes de reduzir ou aumentar a atividade GTPasica de FtsZ promovem alteracdes
nos protofilamentos, impedindo a divisdo celular bacteriana.

A inibicdo da formacdo do anel Z, por meio da ligacdo a proteina FtsZ,
constitui-se em uma estratégia para o desenvolvimento de agentes antibacterianos de

interesse agricola de elevada patenteabilidade (Hong & Xie, 2013, Stokes et al., 2013).
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2.6. Substancias anti-Xanthomonas

As substancias cupricas sdo amplamente utilizadas no controle de
fitobacterioses (Leite Jr. & Mohan, 1990; Gottwald et al., 2002; Sales Jr. et al., 2005;
Scapin et al., 2015; Graham et al., 2016, Canteros et al., 2017). A aplicacdo de
produtos a base de cobre na lavoura protege o tecido vegetal da infeccao e reduz a
populacdo bacteriana na superficie foliar. Esta protecdo foliar ocorre por acéo
mecanica, formando uma pelicula temporaria, necessitando de reaplicacées (Behlau
et al., 2010). O cétion cobre ndo possui atividade curativa ou sistémica (Lamichhane
et al., 2018).

A acéo preventiva com frequentes aplicacdes e dose de céation cobre ajustada
importantes para obtencédo do controle adequado do cancro citrico (Gottwald et al.,
2002, Stein et al., 2007, Behlau et al., 2010), mas a exposic¢éo repetida e prolongada
pode induzir resisténcia bacteriana (Behlau et al., 2013; Richard et al., 2017).

Na Argentina, existem relatos da ocorréncia de resisténcia ao cation cobre em
linhagens de Xcc obtidas de viveiros que receberam aplicacbes sucessivas de
substancias cupricas (Canteros, 1999). Richard e colaboradores (2017) descreveram
resisténcia ao céation cobre em linhagens de Xcc na Francga.

Considerando que o cation cobre diminui a infeccéo pelo efeito de contato com
a bactéria na superficie foliar, a eficiéncia de programas de aplicac6es de produtos a
base de cobre pode ser prejudicada pela lixiviagdo causada por chuvas e pelo vento
(Behlau et al., 2010; Graham et al., 2010).

Altos niveis de cobre podem reduzir a fertilidade do solo e causar estresse nas
plantas, diminuindo o rendimento das culturas (Dumestre et al., 1999). Aplicacdes
excessivas de formulacdes a base de cobre, altas temperaturas e tempo seco podem
causar fitotoxicidade (Behlau et al., 2017).

Controles alternativos contra Xcc tém sido recentemente estudados. Li e Wang
(2014) descreveram a reducéo de biofilme de Xcc por meio do aminoéacido D-leucina
e do derivado inddlico 3-indoliacetonitrila, com diminuicées do numero de lesdes de
cancro citrico e aumenta a sensibilidade bacteriana ao cobre. Gholami e
colaboradores (2018) estudaram a atividade anti-Xcc de enzimas proteoliticas como:
proteinase K, tripsina, pepsina, papainase e catalase. No ensaio de digestéo
enzimatica, a proteinase K, tripsina e pepsina inibiram a atividade bacteriana. Os
antibioticos penicilina G, ampicilina, cloranfenicol, tetraciclina, estreptomicina, e
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ciprofloxacina (Figura 2) foram avaliados contra Xcc, obtendo-se valores de
concentragdo inibitéria minima (CIM) na faixa de 0,0015 a 16 pg mL?, sendo a

penicilina G a mais potente (Gholami et al., 2018).

Figura 2. Antibiéticos avaliados contra Xanthomonas citri subsp. citri e seus valores

de concentracéo inibitéria minima (CIM)
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Fonte: autora

Redondo e colaboradores avaliaram a eficacia dos tratamentos bactericidas
atualmente aprovados (NaCl, CuSOa4, NaClO, ortofenilfenato de sodio [SOPP],
Aquazix® [mistura de peroxido de hidrogénio com prata] e Zixvirox® [mistura de
peroxido de hidrogénio com acido peracético] para a desinfec¢éo de Xcc em frutas no
packing house (Davey & O Toole, 2000; Monier & Lindow, 2003; Danhorn & Fuqua,
2007, Redondo et al., 2015). Os autores concluiram que os bactericidas reduziram a
formacé&o de biofilmes de modo dose-dependente, o que foi observado anteriormente
para o cloreto de sédio, conhecido por induzir a formagéo de biofilme de Escherichia
coli (Karatan & Watnick, 2009).

2.7. Diidroxibenzoatos de alquila e sua atividade antimicrobiana

Os DHB séao substancias fendlicas provenientes da biossintese do acetato ou
do &cido chiquimico. S&o caracterizados por uma carboxila (COOH) e duas hidroxilas
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(OH), as quais conferem propriedades antioxidantes e anti-inflamatoérias (Bravo, 1998;
Simoes et al., 2003).

Os DHB apresentam atividade antimicrobiana, incluindo ag&o contra bactérias
Gram-positivas, Gram-negativas e fungos, incluindo: Escherichia coli, Bacillus cereus,
Listeria monocytogenes, Fusarium culmorum e Saccharomyces cerevisiae. Dentre 0s
DHB, destacam-se protocatecuato de butila (26), protocatecuato de nonila (30) e
gentisato de butila (14) (Figura 3), os quais inibiram o crescimento bacteriano e
fungico com valores de concentragdo inibitéria minima (CIM) compreendidos entre
1,25 a 2,50 mM (Nihei, Nihei & Kubo, 2003, 2004; Merkl et al., 2010).

Figura 3. Diidroxibenzoatos de alquila com atividade antimicrobiana: gentisato de
butila (14) e protocatecuatos de butila (26), hexila (27), heptila (28), octila (29), nonila
(30), decila (31) e dodecila (32).
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Fonte: autora

Alves e colaboradores demonstraram a atividade antimicrobiana dos acidos p-
hidroxibenzdico, B-resorcilico, protocatecuico, galico, vanilico e siringico (Figura 4, p.
40) contra isolados clinicos de bactérias Gram-negativas como: E. coli, Proteus
mirabilis, Morganella morganni, Pasteurella multocida e Neisseria gonorrhoeae (Alves
et al., 2013). Os acidos com maior atividade antibacteriana foram o acido -resorcilico
e 0 acido protocatecuico, destacando-se a atividade dos acidos B-resorcilico, vanilico
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e siringico (CIM 0,5 mg mL™?) e p-cumarico (CIM 1,0 mg mL1) contra Staphylococcus
aureus resistente a meticilina (MRSA). Os autores sugeriram que a presenca da
carboxila (COOH) e dois grupos hidroxila (OH) para ou orto posicionados no anel
benzénico foram importantes para a atividade anti-MRSA.

Figura 4. Acidos avaliados contra isolados clinicos de bactérias Gram-negativas
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Fonte: autora

Soares e colaboradores descreveram a atividade antidermatofitica de DHB, os
guais inibiram o crescimento de Trichophyton rubrum e T. mentagrophytes (Figura 3,
p. 39). Dentre esses, destacou-se o protocatecuato de heptila (28), que apresentou
valores de concentracédo fungicida minima (CFM) inferiores a 4,0 ug mL?, atuando
sinergicamente com o fluconazol, um farmaco antifingico (Soares et al., 2014).

Recentemente foram avaliadas as atividades antifingicas dos protocatecuatos
de hexila (27), heptila (28), octila (29), nonila (30), decila (31) e dodecila (32) (Figura
3, p. 39), os quais demonstraram potencial inibitério no crescimento de
Paracoccidioides brasiliensis e Paracoccidioides lutzii, com valores de CIM entre 0,24
e 0,97 ug mL*. A citotoxicidade destas substancias foi avaliada usando o revelador
de sulforrodamina B a 0,4% contra linhagem celular MRC-5 (fibroblasto de pulméo
humano). Os protocatecuatos avaliados demonstraram elevadas viabilidades
celulares, destacando o hexila (27), nonila (30) e dodecila (32) (Figura 3, p. 39) com
menor toxicidade a MRC-5 (Medina-Alarcon et al, 2017).

Com o problema da ineficiente diminuicdo da populacdo bacteriana de Xcc
descrita no item 2.1, p. 31 e os esfor¢cos na procura de alternativas eficazes (item 2.6,
p. 37), este trabalho se faz relevante na busca de substancias Uteis ao controle do

cancro citrico. Silva e colaboradores indicaram a acéo anti-Xcc de galatos de alquila
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(3,4,5-triildroxibenzoatos de alquila), destacando-se o galato de heptila (Figura 5).
Este galato foi capaz de inibir o crescimento de Xcc, em modelos in vitro e in planta
(Silva et al., 2013). Os estudos de mecanismos de agao antibacteriana dos galatos

envolvem a acao sobre a membrana e perturbacao de FtsZ (Krdl et al., 2015).

Figura 5. Estrutura do galato de heptila, um 3,4,5-triidroxibenzoato de alquila (TA)
com atividade anti-Xcc e inibicdo da proteina FtsZ
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Fonte: autora

A similaridade estrutural entre os TA (Figura 5) e os DHB (14, 26-32)
(Figuras 3, p. 39) sugere que estes Ultimos possuem potencial atividade contra Xcc,
bem como potencial atividade inibitoria de FtsZ, justificando o investimento quimico e

biolégico nesta classe de ésteres.

3. OBJETIVO GERAL

O objetivo geral desse estudo foi investigar a atividade anti-Xcc e anti-cancro

citrico de diidroxibenzoatos de alquila, bem como avaliar sua toxicidade.

3.1. Objetivos especificos

A) Sintetizar 36 DHB, sendo 12 B-resorcilatos (Série 1), 12 gentisatos (Série Il) e
12 protocatecuatos (Série Ill), por meio da reacéo de esterificacdo de Fischer;

B) Determinar a hidrofobicidade dos DHB por meio do coeficiente de particao
octanol-agua (logPora) utilizando CLAE-DAD;

C) Avaliar a susceptibilidade de Xanthomonas citri subsp. citri aos DHB, por meio
do ensaio de microdiluichio em caldo utilizando resazurina como revelador de
viabilidade celular (Resazurin Microtiter Assay - REMA);

D) Avaliar os efeitos de DHB selecionados sobre a curva de crescimento de Xcc;
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E) Avaliar o efeito de DHB selecionados sobre a permeabilidade da membrana de
Xcc;

F)  Avaliar o efeito inibitorio sobre a divisdo celular de DHB selecionados utilizando
o0 método de inibicdo da atividade GTPésica de FtsZ;

G) Avaliar a atividade toxica dos DHB contra células eucaridticas utilizando
metodologia de MTT;

H)  Avaliar a patogenicidade de Xcc ap0s o tratamento com DHB selecionados em
folhas de Citrus sinensis (laranja doce do tipo ‘pera’);

1) Avaliar in planta os DHB selecionados utilizando ensaio de indugéao de cancro
citrico em Citrus sinensis (laranja doce do tipo ‘pera’);

J) Avaliar a toxicidade de DHB selecionados contra o crescimento inicial de
Lactuca sativa (alface);

K)  Avaliar a toxicidade de DHB selecionados contra Citrus sinensis, avaliando os
parametros fotossintéticos;

L) Avaliar a toxicidade de DHB selecionados contra Scaptotrigona postica

(abelhas sem ferréo).
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ABSTRACT

Xanthomonas citri subsp. citri (Xcc) causes citrus canker, affecting sweet orange-
producing areas around the world. The current chemical treatment available for this
disease is based on cupric compounds. For this reason, the objective of this study was
to design antibacterial agents. In order to do this, we analyzed the anti-Xcc activity of
36 alkyl dihydroxybenzoates and we found 14 active compounds. Among them, three
esters with the lowest minimum inhibitory concentration values were selected;
compounds 4 (52 uM), 16 (80 uM) and 28 (88 uM). Our study demonstrated that alkyl
dihydroxybenzoates cause a delay in the exponential phase. The permeability capacity
of alkyl dihydroxybenzoates in a quarter of MIC was compared to nisin (positive
control). Compound 28 was the most effective (93.8), compared to compound 16 (41.3)
and compound 4 (13.9) by percentage values. Finally, all three compounds showed
inhibition of FtsZ GTPase activity, and promoted changes in protofilaments, leading to
depolymerization, which prevents bacterial cell division. In conclusion, heptyl
dihydroxybenzoates (compounds 4, 16 and 28) are promising anti-Xcc agents which

may serve as an alternative for the control of citrus canker.

Keywords: citrus canker; antimicrobial; plant disease; membrane disruption; phenolic

acids
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1. INTRODUCTION

Citrus canker is caused by Xanthomonas citri subsp. citri (Xcc), which is
responsible for a severe form of the disease (Asian citrus canker) [1-3]. Typical
symptoms of this plant disease are brownish eruptive lesions on their aerial parts,
which may be surrounded by chlorotic halos. Bacteria infect leaves, stems, and fruit,
which leads to defoliation, twig dieback and early fruit drop. As a consequence, the
disease brings significant economic losses to the citrus sector [3—6].

These phytopathogens enter the plant through stomata and injuries caused
during crop management or by the citrus leaf miner (Phyllocnistis citrella). They
colonize the intercellular space in the apoplast and break down the leaf epidermis as
a result of cell hyperplasia [6]. Rainfall, wind and movement of infected seedlings
moving are the causes for this bacterial dissemination [7]. Under current legislation,
the state of S&o Paulo in Brazil was has been declared a Risk Mitigation System (RMS)
area [8]. This is a control that aims to reduce citrus canker inoculum potential.

The chemical control of citrus canker is carried out with copper-based
antibacterials [9-11]. Copper applications reduce the intensity of the disease and the
number of inoculations into the plant, because bacterial survival is reduced [10-16].
Although copper sprays reduce crop loss and help to control citrus canker, they may
also negatively affect the environment [17]. Copper may accumulate in the soil, and
can cause adverse effects on root growth and on nutrient uptake by citrus trees [18—
22]. In addition, the emergence of copper-resistant bacterial strains is a reality. [23,24].

Phenolic compounds have been evaluated as an alternative to current citrus
canker treatment. In our previous studies, potent antibacterial activities of a
homologous series of alkyl gallates (3,4,5-trihydroxybenzoates) [25] were described.
The antibacterial mechanism of these compounds involves action on the membrane
and they promote cell death by a combination of mechanisms: FtsZ inhibition,
membrane permeability, and possibly another activity [26]. In order to improve the anti-
Xcc activity of alkyl gallates, four monoacetylated gallates were synthesized and tested
against Xcc [27]. As expected, the insertion of the acetyl group on the alkyl gallates
conferred an increase of lipophilicity on these compounds, and made them more potent
than the pattern phenolic compounds [25,27]. Altogether, these data suggest that

modifications in hydroxyl groups may result in increased anti-Xcc potency.
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Therefore, our research group has investigated dihydroxybenzoic acids and
their alkyl esters as antimicrobials against Gram-positive and Gram-negative bacteria
and yeasts [28-30]. Besides their antimicrobial activity, we selected these compounds
in order to investigate the relevance of the number and position of the hydroxyls to
anti-Xcc activity. According to Nihei, Nihei and Kubo, in order to elicit activity as the
hydrophilic ‘head’ portion, two hydroxyl groups are essential [29].

In our continuing search for anti-Xcc agents from phenolic natural products-
based compounds, we synthesized three series of alkyl esters from B-resorcilic,
gentisic and protocatechuic acids. The anti-Xcc activity of these esters was evaluated
against X. citri subsp. citri strain 306 (IBSBF 1594) to derive preliminary structure-
activity relationships. The three most active compounds (4, 16 and 28) were
investigated regarding their toxicity against eukaryotic cell lines and their effects on the
growth of Xcc. In addition, their ability to act on membrane and cell division by inhibition

of the GTPase activity of FtsZ were carried out.
2. RESULTS
2.1. Synthesis, Purification and Identification of Alkyl Dihydroxybenzoates

The new antibacterial agents were synthesized in three different series with 12
alkyl dihydroxybenzoates each: series | (1-12), series Il (13—-24) and series Il (25-36).
Each series had carboxylic acids as precursors; they were the 2,4 dihydroxybenzoic
(or B-resorcilic) acid (1), the 2,5 dihydroxybenzoic (or gentisic) acid (lI) and the 3,4
dihydroxybenzoic (or protocatechuic) acid (Ill). Different purification methods were
used in order to obtain the pure compounds; low temperature hexane washes, hexane
and acetone crystallization techniques, and normal phase column chromatography.
The purity degree analysis was carried out with high-performance liquid
chromatography (HPLC), and was measured by integrating the peaks of the
chromatograms. The values varied from 76.5% to 99.9% (Table 1, p. 62), thus
validating our methodologies for purifying and obtaining the compounds. The alkyl
dihydroxybenzoates structures were determined by 'H and *C NMR analyses. Spectra

and chromatograms are presented as supplementary material.
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2.2. Partition Coefficient Study

The partition coefficients were measured by HPLC method according to OECD
117 — Guidelines for the Testing of Chemicals [31] to all compounds. The log Po/w
values of the alkyl dihydroxybenzoates and carboxyl acids were ranged from 0.8 to 7.0
(Table 1, p. 62).

2.3. Determination of MIC and MBC against Xanthomonas citri subsp. citri Assay

The antibacterial potential of carboxylic acids and their esters were compared
to copper oxychloride (a commercial active often used to combat citrus canker).
Minimal inhibitory concentration (MIC) values were determined by REMA assay, which
measures cellular respiratory activity.

We assayed the carboxylic acids (2,4 dihydroxybenzoic acid, 2,5
dihydroxybenzoic acid and 3,4 dihydroxybenzoic acid) which demonstrated they were
inactive since they did not inhibit Xcc growth (MIC > 100 ug mL™"). However, 14 esters
showed potential anti-Xcc activity, with MIC values lower than 100 yg mL™" (2—4, 11,
15, 16, 22—-24, 27-30 and 36).

The minimal bactericidal concentration (MBC) was determined by observing the
bacterial growth in Petri dishes transferred from the REMA plates. We observed
bactericidal action for compounds 11, 22—-24, 31 and 36 at 100 uyg mL~", compounds
2, 3,15, 27-30 at 50 yg mL~" and compounds 4 and 16 at 25 yg mL™".

2.4. Cytotoxicity Assay

The cytotoxicity of the three most potent compounds (4, 16 and 28) was
evaluated using the MTT test. This test is based on the reduction of 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-tetrazole bromide by viable cells, with formation of violet
insoluble formazan crystals. Five cell lines were used in order to evaluate the cytotoxic
effect of the compounds as a whole.

Thus, it can be seen in Table 2, p. 63 that compounds 4, 16 and 28 had low
cytotoxic potential because they showed ICso values above 100 uM for MRC-5 (human
lung fibroblast cell line), VERO (monkey kidney epithelial cell line) and ACHN (human
renal adenocarcinoma cell line). In contrast, HaCaT (human keratinocyte cell line) and

Huh-7.5 (human hepatoma cell line) were more sensitive to selected compounds, with
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ICso0 values in the range of 70 yM, with the exception of compound 16 (20.60 uM) for
Huh-7.5. The kanamycin (control) and copper oxychloride showed ICso values above

200 uM and 200 ug mL™", respectively.
2.5. Growth Curve

According to the growth curves of the positive control (PC) and vehicle control
(DMSO), it was observed that Xcc reaches the maximum growth phase in a period of
15 h. The growth rates of Xcc under the effects of dihydroxybenzoic acids (DA) 4, 16
and 28 were measured at concentrations equivalent to MIC and % MIC. The early
growth inhibition (lag phase), which happens in the first hours of contact (period of the
first cellular divisions) can be a dynamic process. The lag phase delay was observed
in the three compounds tested, and it showed that the higher the concentration, the
higher the death rate. This can be explained because the compounds have
bacteriostatic action; that is, as the time passes, the cells become able to recover and
restart doubling. Another important finding is that the lag phase consists in the cell
adaptation to the new medium conditions and the bacterial population is smaller in
relation to the exponential phase facilitates the action of the compounds in the first
hours (Figure 1, p. 64) [31]. Observing the exposure of Xcc to compounds 4, 16 and
28 it can be seen that there was a delay in the exponential phase, prolonging the time
taken for the bacteria to reach the stationary phase.

When we evaluated the concentration-response behavior of the compounds, we
obtained a decrease in the curves with the concentration of the Y2 MIC. Compared to
the PC and DMSO, it was more evident in the MIC curve, which showed that for all

three compounds, the higher the concentration, the greater the influence on Xcc.
2.6. Cellular Membrane Permeability of Xcc Using the Live/Dead Kit

Membrane integrity was measured by using the commercial assay Live/Dead
BacLight® bacterial viability kit (Invitrogen, Carlsbad, CA, USA). We observed cells with
intact membrane in fluorescent blue (SYTO 9) and cells with disturbance or affected
membrane integrity in red or pink (propidium iodide). The data analyses were plotted
as the percentage of cells permeated by propidium iodide (Figure 2, p. 65).

The nisin was used as a positive control for causing pores in the membrane

[26]. When we observed the permeability capacity of alkyl dihydroxybenzoates in %
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MIC and compared these to nisin (79.47%), we noticed that compound 28 was the
most effective, because its permeation ability reached 93.8%, while for compound 16
it was 41.3%, and for compound 4, 13.9%.

Permeation percentages were obtained by fluorescence optical microscopy
(Figure 3, p. 66). Compound 28 showed high permeability, evidencing the entry of
propidium iodide (PI) into cells. This behavior is similar to that of the positive control

(nisin). For this reason, the target of compound 28 is membrane - related.
2.7. Inhibition Assays of GTPase Activity

The cell division process is mediated by the formation of the Z ring, coordinated
by GTP hydrolysis activity of FtsZ [33—35]. Because of this, we evaluated the inhibition
of GTPase activity of purified FtsZ from Xcc, incubated with compounds 4, 16 and 28
using the continuous substrate regeneration assay [36].

When evaluating the behavior of compounds 4, 16 and 28, we could see decay
in the GTPase activity of FtsZ. These data suggest that all three compounds promoted
changes in protofilaments, leading to depolymerization, which reduces bacterial cell

division.
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2.8. Figures, Tables and Schems

Table 1. Antibacterial activities against Xanthomonas citri subsp. citri, purity and log

Pow of dihydroxybenzoates 1-36.

. log MIC pg mL™! MBC ug
Entry R Purity — p (MIC in pM) mL-1
2,4 DHB acid H 85.7 2.6 >100 (>648) >100
1 CH,CHs  87.6 2.8 >100 (>548) >100
2 (CH2)sCHs  85.6 3.9 39.8 (189) 50
3 (CH2)sCHs 817 5.0 20.0 (84) 50
Series | 4 (CH2)sCHs  83.8 5.1 13.2 (52) 25
oH o 5 (CH2)7CHs  79.6 6.1 >100 (>375) >100
6 (CH2)sCHz  99.0 6.2 >100 (>356) >100
o°R 7 (CH2)sCHs  99.5 6.9 >100 (>340) >100
8 (CH2)uCHs >99.9 7.0 >100 (>310) >100
HO 9 N 93.2 2.6 >100 (>510) >100
10 N D >99.9 2.2 >100 (>450) >100
11 \Q >99.9 4.0 40.5 (171) 100
2,5 DHB acid H 97.3 2.8 >100 (>648) >100
13 CH,CHs 983 2.4 >100 (>549) >100
14 (CH2)sCHs  82.0 3.4 >100 (>475) >100
15 (CH2)sCHs  80.1 45 33.5 (140) 50
_ 16 (CH2)sCHs  99.3 5.0 20.2 (80) 25
Series |l 17 (CH2)7,CHs  79.8 5.2 >100 (>375) >100
OH o0 18 (CH2)sCHs  >99.9 57 >100 (>357) >100
_R 19 (CH2)sCHs 765 6.3 >100 (>340) >100
o 20 (CH2)1CHs >99.9 6.8 >100 (>310) >100
21 U >99.9 22 >100 (>510) >100
OH 22 N ):> >99.9 3.0 83.5 (375) 100
23 x@ >99.9 35 90.4 (382) 100
24 \A/Q >99.9 3.1 59.7 (231) 100
3,4 DHB acid H 99.6 0.8 >100 (>648) >100
25 CH,CHs  99.1 1.7 >100 (>549) >100
26 (CH2)sCHs  99.1 2.6 >100 (>475) >100
27 (CH2)sCHs  99.1 3.7 44.4 (186) 50
28 (CH2)6CHs  98.5 43 22.2 (88) 50
Series I 29 (CH2)7:CHs  98.5 4.9 31.2 (117) 50
ernes o 30 (CH2)sCHs  97.9 5.5 26.7 (95) 50
31 (CH2)sCHs  91.3 6.0 >100 (>340) 100
HO o R 32 (CH2)1CHs >99.9 6.9 >100 (>310) >100
33 UN >99.9 14 >100 (>510) >100
HO
34 N D >99.9 2.2 >100 (>450) >100
35 . Q >99.9 2.7 >100 (>423) >100
36 \A/Q >09.9 2.4 89.1 (345) 100
copper i
oxychloride 431
Kanamycin 19.9 (40) -

MIC—minimal inhibitory concentration; MBC—minimal bactericidal concentration.
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Table 2. ICso value of compounds 4, 16 and 28 in yM against cell lines.

Compounds HaCaT Huh-7,5 MRC-5 VERO ACHN
4 64.86 £8.9172 70.63 £5.524 127.45 + 459P¢ch  111.4 +8.34¢fh 152.9 + 7.07¢
16 69.81 £4.8742 20.60 £ 0.23°¢ 144.8 + 6.29 bd 93.55 + 1.93f 140.35 + 7.56 d
28 74.02 +£11.7429 64.84 +14.9172 128.7 £ 2.12bch 02.31 +9.34%9 114.05+£9.97¢
Kanamycin >200' >200' >200' >200' >200'
copper oxychloride >200' >200 >200 >200' >200

Different letters indicate statistical significance p < 0.05 in Tukey’s multiple comparisons test.
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Figure 1. Growth curve profiles of Xanthomonas citri subsp. citri with treatments in
MIC and %2 MIC values of alkyl dihydroxybenzoates for 72 h. A Compound 4, B
compound 16, C compound 28, and D copper oxychloride (CO) in comparison to
control (untreated) and DMSO (vehicle control).
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Figure 2. Cellular permeability evaluation in the presence of alkyl dihydroxybenzoates
(**** p < 0.0001, ANOVA with Dunnett’s post-test), ns = not significant.
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Figure 3. Optical microscopy of fluorescence images at Y4 MIC of alkyl
dihydroxybenzoates for 15 min. (A) Negative control (untreated), (B) vehicle control
(DMSO), (C) positive control (nisin), (D) compound 4, (E) compound 16, and (F)
compound 28.
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Figure 4. Inhibition of GTPase activity of alkyl dihydroxybenzoates in MIC value
(*p<0.04, ** p < 0.001, **** p < 0.0001, ANOVA with Dunnett’s post-test).
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3. DISCUSSION

Xanthomonas is one of the most important genera among the phytopathogens.
It causes diseases in economically important cultivars such as rice, beans, tomatoes,
oranges, peppers, passion fruit, grapes and others [5].

In this study, we have focused our work on Xcc, which is the main cause of
citrus canker. The chemical control of citrus canker is mainly through application of
cupric compounds, but the emergence of copper-resistant strains has encouraged
research into new compounds [37-39]. Recently, other effective compounds against
Xcc have been reported, such as bismerthiazol [40] and 3-indolylacetonitrile [41],
which are promising agents against citrus canker.

The 2,4 DHB, 2,5 DHB and 3,4 DHB acids were inactive (MIC > 100 ug mL™).
Then, we evaluated three ester homologous series containing ethyl, butyl, hexyl, octyl,
decyl and dodecyl dihydroxybenzoates. In general, hexyl and octyl
dihydroxybenzoates displayed potent activity against Xcc. Thus, we decided to
evaluate heptyl and nonyl esters. Heptyl dihydroxybenzoates 4, 16 and 28 exhibited
the lowest MIC values. Subsequently the branched, cyclic and aromatic esters were
evaluated to analyze the hypothetical effects of stereoelectronic parameters on the
anti-Xcc effect. However, clear conclusions about the relationship between structure
and activity were not established. Copper oxychloride showed anti-Xcc activity, with
the MIC value of 43.1 ug mL™".

In our previous study, we described the anti-Xcc activity of alkyl gallates (alkyl
3,4,5-trihydroxybenzoates). In order to investigate the relevance of number and
position of hydroxyl groups on anti-Xcc activity, alkyl dihydroxybenzoates were
evaluated. Heptyl dihydroxybenzoates (4—52 yM, 16—80 uM and 28—88 uM) were
more active than heptyl gallate (MIC = 116 pM) [25]. This set of data indicated that
reduction in the number of hydroxyls increased anti-Xcc activity. Comparisons among
MIC values of compounds 4, 16 and 28 suggested the hydroxyls at positions 2 and 4
(compound 4) increased anti-Xcc activity when compared to positions 2 and 5
(compound 16), as well as 3 and 4 (compound 28).

This was corroborated using other data regarding the dihydroxybenzoic acids
(DA) and their esters that had antimicrobial activity described, against Gram-positive

and Gram-negative bacteria [42—-48] and yeasts [29]. Some DAs, such as 2,3; 2,4; 2,5;
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2,6 and 3,4 show activity against Campylobacter jejuni, Escherichia coli, Listeria
monocytogenes and Salmonella enterica [30].

Merkl and collaborators studied the antimicrobial activity of the phenolic acids
and their alkyl esters, against E. coli, Bacillus cereus, L. monocytogenes,
Saccharomyces cerevisiae and Fusarium culmorum and reported significant
differences between values of MIC of acids and their esters. In general, butyl esters
were twice as potent as their acids. In addition to this, the authors associated the
increase of antibacterial activity with the size of the side alkyl chain [28].

With the increase of the alkyl chain, a considerable decrease in solubility occurs
in agueous medium (culture medium). This favors the formation of micelles, which are
not able to cross bacterial cells. The amphiphilic character of the alkyl
dihydroxybenzoates allows the micellar formation due to the hydrophilicity of the
hydroxyl groups on the phenolic ring, and the long carbonic chain is highly hydrophobic
[49].

The compound with the highest lipophilicity was the dodecyl 2,4
dihydroxybenzoate (8), and the compound with the lowest lipophilicity was the 3,4
dihydroxybenzoic acid (3,4-DHB acid). As the side chain increased, the lipophilicity of
these compounds increased; that is, the interaction of the compounds with the C18
column was more intense, culminating in longer retention times, being slightly different
for the branched and cyclic compounds. Compound 4 has two hydroxyls at the 2,4
(meta) positions, compound 16 has two hydroxyls at the 2.5 (para), and compound 28
has another two at the 3,4 (ortho) positions. The log Pow values of 5.1 (compound 4),
5.0 (compound 16) and 4.3 (compound 28) obtained through the partition coefficient
are relatively close, with compound 4 being more lipophilic.

Branched compounds 9 (2.6), 21 (2.2) and 33 (1.4) presented smaller than their
isomers 2 (3.9), 14 (3.4) and 26 (2.6). This is due to the fact that branching reduces
the size of the molecule, decreasing the surface area and making it difficult to solvate
in the non-polar phase [50], similar to cyclic compounds.

In this work, we demonstrated that heptyl dihydroxybenzoates had no
cytotoxicity. Our results corroborate those of Medina-Alarcon and colleagues (2017),
who reported that protocatechuates did not show cytotoxicity in MRC-5 and HepG2
cell lines [51].

When we observed the growth curves treated with the compounds, we noticed

a delay in the exponential phase, which prolonged the time taken for the bacterium to
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reach the stationary phase. This delay is more evident when increasing the
concentration of the compounds; the greater the concentration, the greater the
influence on Xcc. The ester interactions with Xcc showed different curves, which is an
interesting fact, since the esters have the same side carbonic chain size. Therefore,
this made us consider the influence of hydroxyl positions on kinetics growth.
Concerning the growth curve, it was observed that, compared to the PC and the
DMSO, Xcc bacterial growth suffered a delay of approximately 18 h to reach the
stationary phase. However, when comparing the compounds, 16 demonstrated a
greater inhibition of bacterial growth, decreasing the height of the curve significantly;
that is, with a lower optical density. Therefore, it can be inferred that its action on Xcc
is greater than the action of compound 4. The profile of compound 28 showed
increased bacterial growth delay of 20 to 30 h, and even beyond this time it continued
to inhibit the growth of Xcc more effectively than compound 4, but with less killing
capacity than compound 16 (Figure 1, p. 64).

When we evaluated copper oxychloride, we found an MIC value of 43.1 ug mL™’
to potential anti-Xcc activity on cell lines tested that did not demonstrate cytotoxicity.
On the growth curves treated with the copper oxychloride, we noticed that the curve
pattern did not change and the copper oxychloride was inactive under the conditions
tested. Behlau and colleagues (2017), described copper oxychloride as an insoluble
copper formulation (ICuF) (syn. fixed copper), and being the most studied and
commonly used form of copper for the control of citrus canker [12,17], this could explain
the low activity of copper oxychloride in our trials.

The minimal bactericidal concentration was determined by observing the
bacterial growth in Petri dishes transferred from the REMA plates. We obtained
bactericidal action in compounds 11, 22—-24, 31 and 36 at the concentration of 100 ug
mL™", in compounds 2, 3, 15, 27-30 at the concentration of 50 uyg mL™" and in
compounds 4 and 16 at the concentration of 25 ug mL™".

Finally, we investigated the alkyl dihydroxybenzoates for interference in the
modulation of FtsZ cell-mediated Xcc cell division [52]. FtsZ is strongly related to a/f3-
tubulin in three-dimensional structure [53], the possession of GTPase activity [35,54]
and the ability to polymerize in a nucleotide-dependent manner in vitro [34,55]. The
continuous substrate regeneration assay was performed to characterize GTPase
activity similar to bacterial self-assembling tubulin, FtsZ [56]. The compounds 4, 16 and

28 showed decay in the GTPase activity of FtsZ. These data suggest that all three
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compounds promoted changes in protofilaments, leading to depolymerization, which
prevents bacterial cell division.

All compounds affected membrane integrity (Figure 2, p.65), but only
compound 28 showed high permeability similar to nisin. Therefore, similar to alkyl
gallates [26], compounds 4, 16 and 28 possibly promote cell death by some
combination of the FtsZ inhibition and membrane permeabilization mechanisms.

In summary, three series of alkyl dihydroxybenzoates were designed and
synthesized as part of our ongoing search for anti-Xcc agents based on natural
phenolic compounds. The heptyl dihydroxybenzoates (compounds 4, 16 and 28)
displayed potent anti-Xcc activity. Furthermore, due to preliminary low toxicity against
eukaryotic cells, as well as the ability to act on membrane and cell division, these

compounds are promising agents against citrus canker.
4. METHODS

4.1. Synthesis of Alkyl Dihydroxybenzoates

The esters of dihydroxybenzoic acids were prepared by Fischer’s Esterification
(Scheme 1) methodology with modifications [25,57]. 6 mmol of carboxylic acids were
dissolved in 18 mmol of alkyl alcohols (ethanol, 1-butanol, 1-hexanol, 1-heptanol, 1-
octanol, 1-nonanol, 1-decanol, 1-dodecanol, 2-propanol, cyclopentanol, cyclohexanol
and 2-phenylethanol) under constant magnetic stirring. After complete dissolution,
catalytic amounts of sulfuric acid (1-3 drops) were added. The reactions were
maintained at temperatures close to boiling point for the respective alcohols and were
conducted for a period of 1-3 days. The progress of the reaction was checked by thin
layer chromatography (TLC) [7:3 n-hexane: ethyl acetate]. After the conversion, the
residue was partitioned 3 times with ethyl acetate. Later, it was washed with distilled
water (3 times) and 1 mol L' sodium bicarbonate solution (3 times). The organic phase
was dried using a rotary evaporator. The crude products were purified with a low
temperature hexane washes, crystallized with hexane or acetone and over normal
phase column chromatography (silica gel 0.06—-0.20 mm, ACROS Organics, New
Jersey, USA). All compounds were identified with the use of NMR spectra on a Bruker
Avance Ill 14.1 T, Bruker Avance 111 9.4 T and Bruker Fourier 7.1 T spectrometer, using
deuterated chloroform (CDCI3s) or deuterated dimethylsulfoxide (DMSO-ds) as

solvents. Compounds were analyzed by HPLC for determination of their purity.
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Scheme 1. Preparation of alkyl dihydroxybenzoates by Fischer’s Esterification.
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Series | (2,4 dihydroxybenzoic acid), Il (2,5 dihydroxybenzoic acid), lll (3,4 dihydroxybenzoic
acid).

4.2. Partition Coefficient Determination Log Pow by HPLC

The log Pow were determined using the HPLC procedure according to OECD
Guidelines for the Testing of Chemicals [32,59] on a system equipped with a binary
pump, automatic sampler column (Agilent® Technologies, Santa Clara, CA, USA,
model 1220 Infinity), and photodiode array system Zorbax Eclipse Plus C-18 column
(4.6 x 250 mm, 5 ym, Agilent® Technologies, Santa Clara, CA, USA). The analyses
were performed with the use of an isocratic flow in methanol: water (3:1) at 1.0 mL
min~'. We injected 20.0 pyL and analyses were performed at 254 nm. We used as
reference compounds thiourea, phenol, acetophenone, benzoic acid, benzene,
toluene, biphenyl, fluoranthene and triphenylamine in order to construct the curve log
K % log Pow. The lipophilicity of alkyl dihydroxybenzoates was determined from their
retention times and interpolation in linearity curve log K x log Pow. We performed the
analyses in duplicate.

4.3. Determination of MIC and MBC against Xanthomonas citri subsp. citri Assay

The antibacterial activity of alkyl dihydroxybenzoates and the determination of
minimum inhibition concentration (MIC) were performed by the fluorimetric method
Resazurin Microtiter Assay (REMA) with some modifications [25,59]. An overnight
culture of X. citri subsp. citri strain 306 (IBSBF 1594) [60] was grown in 20 mL in
Nitrogen Yeast Glycerol (NYG) at 29 °C in constant agitation of 180—200 rpm. After 12
h, the Xcc inoculum was dispersed in NYG medium and distributed into a 96 well
microtiter plate to a final volume of 100 pL per well (10> CFU per well). Stock solutions
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of tested compounds at 10 mg mL~" were prepared in dimethyl sulfoxide (DMSO) and
dispersed in NYG medium to obtain DMSO 1% and the final compound concentration
range of 0.78-100 ug mL~'. The negative control was constituted of 100 uL culture
medium. In addition, the copper oxychloride was tested as a comparison to alkyl
dihydroxybenzoates and kanamycin (20 pug mL™"), which was used as a control
antibiotic. The plate was subsequently incubated at 29 °C for 12 h, and 15 yg mL™®
freshly prepared resazurin solution in water was added to each well, and the plate was
incubated for 2 h. The fluorescence was determined on a Synergy H1 (BioTek,
Winooski, VT, USA) microplate reader using the excitation and emission filters at
wavelengths of 530 and 590 nm respectively. After the REMA assay, the minimum
bactericidal concentration (MBC) assay was performed using a 96-pin stainless steel
plate replicator, accurately transferring the wells from the REMA plate to Petri dishes
Petri dishes were incubated in oven B.O.D. at 29 °C for 24 to 48 h [61]. The

experiments were performed in triplicate.

4.4. Determination of Cytotoxicity

The cytotoxicity of compounds 4, 16, 28 and copper oxychloride was determined
by MTT assay [62]. The cell lines used were HaCaT (human keratinocyte cell line—
CLS 300493), Huh-7.5 (human hepatoma cell line—ATCC® PTA-8561), MRC-5
(human lung fibroblast cell line—ATCC CCL-171), VERO (monkey kidney epithelial
cell ine—ATCC® CCL81) and ACHN (human renal adenocarcinoma cell ine—ATCC®
CRL1611). The cells were cultured in appropriate medium recommended by the
American Type Culture Collection.

The assay was performed with the concentration of 10* cells for both cell lines,
distributed in 96-well plates and incubated at 37 °C in a 5% CO:2 controlled atmosphere
oven for 24 h. After the incubation period, the cells were treated with the compounds
with a range of 1.56-200 pymol L™' and incubated for 24 h. The supernatant was
removed, then 100 pyL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
(MTT) salt at 1 mg mL™" diluted in DMEM medium (Gibco Life Technologies,
Gaithersburg, MD, USA) was added and incubated for 30 min. Subsequently, the MTT
was removed, then 100 uL of DMSO under agitation for 5 min at 60 rpm was added.
The plates were read at 570 nm in a FLUOstar Omega/BMG LABTECH plate reader,
Offenburg, BW, DE. We carried out the experiments in triplicate and three independent

events for statistical analysis (GraphPad Software, San Diego, CA, USA). The MTT
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assay is based on the tetrazolium salt (yellow-colored) reduction to formazan (purple-

colored) by metabolically active cells [63].

4.5. Growth Curve

An isolated colony of Xanthomonas citri subsp. citri was inoculated in NYG
medium for 12 h at 29 °C. After this, the optical density (OD 600 nm) was measured
and adjusted to ~0.1. Positive controls (cells and culture medium) and cells with
treatments of compounds 4, 16 and 28 were then prepared in MIC and ¥2 MIC values.
Optical density reading was measured on a Synergy H1-BioTek plate reader every 30
min for 72 h. The growth curves were plotted with GraphPad Prism software. At the
same time, the degradation assay was performed, solubilizing the compounds in
DMSO, which were later incorporated in NYG medium. Later, we scanned the
compounds to measure the absorbance values from 210 to 700 nm, and the maximum
lambda value of each compound was selected after scanning. After that, punctual

readings were carried out every 30 min for 72 h.

4.6. Cellular Membrane Permeability of Xcc Using the Live/Dead Kit

Phase contrast microscopy was used to observe changes in cell shape and
signs of cell division alteration using an objective lens with a magnification of 100x. To
evaluate the Xcc cells’ membrane integrity, the BacLight® kit was used. Mixtures of
SYTO 9 dyes and propidium iodide (PI). SYTO 9 (blue) can stain nucleic acids in
general—with intact or damaged membranes. On the other hand, PI (red) penetrates
only the bacteria with damaged membranes, causing overlap in the fluorescence of
SYTO 9. Therefore, using a mixture of the dyes, the bacteria with disturbed cell
membranes are stained in fluorescent red and the intact cell membranes are stained
in fluorescent blue. The Xcc cells at density of 10° cells mL~" were submitted to 15 min
treatments with compounds 4, 16 and 28 at ¥4 MIC values. Cellular immobilization was
performed on slides containing 1% agarose gel in 0.85% saline buffer. The slides were
prepared with 1.0 mL of the agarose solution, which was dispersed in optical
microscopy slides and on each slide another slide was placed so that the gel continued
like a thin film and was of homogeneous height. The slides were dried at room
temperature for approximately 20 min and opened at the time of use, when 10 pL of
the cell suspension was deposited in the center and covered with the cover slip. The

cells were visualized using the Olympus BX-61 optical microscope equipped with
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OrcaFlash 2.8 monochrome camera (Hamamatsu, Shizuoka, Japan). Cell Sensation

software v11 (Olympus) was used to document and analyze the images.

4.7. Inhibition Assays of GTPase Activity

The evaluation of the inhibition of GTPase activity was measured by the
characterization of the FtsZ from Xcc [36,57]. This methodology is known as
continuous assay of substrate regeneration and consists of the hydrolysis of guanosine
triphosphate (GTP) in guanosine diphosphate (GDP) and inorganic phosphate. The
GTP is regenerated by the enzyme pyruvate kinase which, in turn, converts the
phosphoenol pyruvate (PEP) to pyruvate. The pyruvate produced by this reaction is
reduced to lactate by lactate dehydrogenase, using NADH [64].

Reagent stocks were dispersed in Tris 50 buffer (1:1 tris:KCl at pH 7.9). We also
prepared two mixtures: Mixture 1—magnesium chloride (MgClz2), pyruvate
kinase/lactate dehydrogenase, phosphoenol-pyruvate, NADH and GTP, adding or not
the test compounds to MIC values; and mixture 2—Xcc-FtsZ. The assay was
performed in a 96-well plate, 75 uL of mixture 1 was pipetted into a well and incubated
for 5 min at 30 °C; then 75 L of mixture 2 was added and the readings started. A
Biotek Synergy MX plate reader was used. The readings were performed every 5 s, at
the wavelength of 340 nm at 30 °C, under constant stirring.

The total volume of 150 uL presented the following concentrations: 5 mM MgClz;
pyruvate kinase/lactate dehydrogenase 20 U mL™'; 2 mM phosphoenol-pyruvate; 1
mM NADH; 400 uM GTP; Xcc-FtsZ 5 uM.

4.8. Statistical Analysis

All assays were performed in triplicate. The data were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s test for Table 2, and Dunnett’s test
for Figures 2 and 4. The data analyses were plotted with GraphPad Prism version 5.0
(GraphPad, San Diego, CA, USA).

Supplementary Materials: Supplementary materials can be found at Appendix A.
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Appendix A — Supplementary Materials

1. SPECTROSCOPY DATA ANALYSES

The purity of compounds was measured on HPLC-PAD equipment, the analysis
were performed for calculations of partition coefficient, using MeOH:H20 (3:1) as
isocratic mobile phase. The NMR spectra were recorded on a Bruker Avance Il 14.1
T (600 MHz), Bruker Avance Il 9.4 T (400 MHz) and Bruker Fourier 7.1 T (300 MHz)
spectrometers, using CDCls or DMSO-ds as solvent. The chemical shifts (&) and
coupling constants (J) were expressed in ppm and Hz, respectively. Multiplicities were
reported as singlet (s), doublet (d), doublet of doublet (dd), triplet (t), quartet (q), and
septet (sp).

1.1. ethyl 2,4 dihydroxybenzoate (1)

Pale yellow solid

Yield: 20 %

Purity: 87.6 %

!H NMR (400 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 11.09 (s, 2-OH), 7.77
(d, 8.8, H-6), 6.42 (d, 2.4, H-3), 6.39 (dd, 8.8 and 2.4, H-5), 5.92 (s; 4-OH), 4.39 (q,
7.2, H-1),1.42 (t, 7.2, H-2')

13C NMR (100 MHz, CDCl3) &¢cin ppm: 170.0 (C-7), 163.6 (C-4), 162.0 (C-2), 131.9
(C-3), 107.8 (C-5), 106.1 (C-1), 103.1 (C-6), 61.1 (C-1’), 14.2 (C-2))

1.2. butyl 2,4 dihydroxybenzoate (2)
OH O

White crystal
Yield: 98 %
Purity: 85.6 %
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'H NMR(400 MHz, CDCls3) &+ in ppm (multiplicity; J in Hz): 11.09 (s, 2-OH), 7.76 (d,
8.4, H-6), 6.42 (d, 2.4, H-3), 6.39 (dd, 8.4 and 2.4, H-5), 5.93 (s, 4-OH), 4.34 (t, 6.4, H-
1’), 1.81-1.73 (H-2’), 1.54-1.45 (H-3’), 1.00 (t, 7.6, H-4)

13C NMR (100 MHz, CDCl3) &cin ppm:170.1 (C-7), 163.6 (C-4), 162.0 (C-2), 131.9
(C-3), 107.8 (C-5), 106.1 (C-1), 103.1 (C-6), 64.9 (C-1"), 30.6 (C-2'), 19.2 (C-3’), 13.7
(C-4)

1.3. hexyl 2,4 dihydroxybenzoate (3)
OH O

White crystal

Yield: 92 %

Purity: 81.7 %

'H NMR (400 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 11.08 (s, 2-OH), 7.76
(d, 8.8, H-6), 6.42 (d, 2.4, H-3), 6.39 (dd, 8.8 and 2.4, H-5), 5.83 (s, 4-OH), 4.33 (t, 6.8,
H-1’), 1.80-1.76 (H-2), 1.47-1.36 (H-3'-H-5), 0.93 (t, 6.8, H-6")

13C NMR (100 MHz, CDCls3) &cin ppm: 170.1 (C-7), 163.7 (C-4), 162.0 (C-2), 131.9
(C-3), 107.7 (C-5), 106.1 (C-1), 103.1 (C-6), 65.2 (C-1’), 31.4, 28.6, 25.6, and 22.5 (C-
2'-C-5’), 14.0 (C-6")

1.4. heptyl 2,4 dihydroxybenzoate (4)
OH O

White crystal

Yield: 82 %

Purity: 83.8 %

'H NMR (600 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 11.09 (s, 2-OH), 7.76
(d, 9.0, H-6), 6.42 (d, 2.4, H-3), 6.40 (dd, 9.0 and 2.4, H-5), 5.90 (s, 4-OH), 4.32 (t, 6.7,
H-1"), 1.80-1.76 (H-2'), 1.47-1.27 (H-3'-H-6"), 0.91 (t, 6.9, CH3)
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13C NMR (150 MHz, CDCls) 8cin ppm: 170.1 (C-7), 163.7 (C-4), 161.9 (C-2), 131.9
(C-3), 107.7 (C-5), 106.1 (C-1), 103.1 (C-6), 65.2 (C-1’), 31.7, 28.9, 28.6, 25.9, and
22.6 (C-2-C-6'), 14.1 (C-7")

1.5. octyl 2,4 dihydroxybenzoate (5)
OH O
1 3 5 7
3 70NN
HO™ ™%

White crystal

Yield: 82 %

Purity: 79.6 %

'H NMR (400 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 7.74 (d, 8.4, H-6), 6.40-
6.37 (H-3 and H-5), 4.31 (t, 6.4, H-1"), 1.80-1.73 (H-2’), 1.46-1.30 (H-3'-H-7’), 0.91 (t,
6.4, H-8)

13C NMR (100 MHz, CDCls3) &¢cin ppm: 170.7 (C-7), 163.6 (C-4), 162.2 (C-2), 131.9
(C-3), 107.9 (C-5), 106.0 (C-1), 103.1 (C-6), 65.2 (C-1"), 31.8, 29.2, 29.1, 28.6, 26.0,
and 22.6 (C-2-C-7’), 14.1 (H-8)

1.6. nonyl 2,4 dihydroxybenzoate (6)
OH O

White crystal

Yield: 98 %

Purity: 99.0 %

'H NMR (600 MHz, CDCI3) &4 in ppm (multiplicity; J in Hz): 11.08 (s, 2-OH), 7.76
(d, 8.8, H-6), 6.42 (d, 2.4, H-3), 6.39 (dd, 8.8 and 2.4, H-5), 5.83 (s, 4-OH), 4.35 (t, 6.7,
H-1"), 1.81-1.76 (H-2'), 1.47-1.29 (H-3'-H-8’), 0.90 (t, 6.8, H-9’)

13C NMR (100 MHz, CDCl3) &¢cin ppm: 170.1 (C-7), 163.6 (C-4), 162.0 (C-2), 131.9
(C-3), 107.8 (C-5), 106.1 (C-1), 103.1 (C-6), 65.2 (C-1"), 31.9, 29.5, 29.2, 28.6, 26.0,
and 22.7 (C-2-C-8’), 14.1 (C-9)
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1.7. decyl 2,4 dihydroxybenzoate (7)
OH O , ,
1 3 5 7 9
L NN
3 70
HO™ ™%

Pale yellow solid

Yield: 95 %

Purity: 99.5 %

'H NMR (400 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 11.08 (s, 2-OH), 7.76
(d, 8.4 Hz, H-6), 6.42 (d, 2.4, H-3), 6.39 (dd, 8.4 and 2.4, H-5), 5.65 (s, 4-OH), 4.33 (t,
6.4, H-1"), 1.81-1.74 (H-2’), 1.47-1.29 (H-3'-H-9’), 0.90 (t, 6.8, H-10’)

13C NMR (100 MHz, CDCl3) &¢cin ppm: 170.1 (C-7), 163.6 (C-4), 162.0 (C-2), 131.9
(C-3), 107.8 (C-5), 106.1 (C-1), 103.1 (C-6), 65.3 (C-1"), 31.9, 29.5, 29.3, 29.2, 28.6,
26.0, and 22.7 (C-2-C-9’), 14.1 (C-10’)

1.8. dodecyl 2,4 dihydroxybenzoate (8)
OH O ,
1 3 5 7 9 11
3 L NN
70
HO™ %

White crystal

Yield: 99 %

Purity: > 99.9 %

'H NMR (300 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 11.07 (s, 2-OH), 7.75
(d, 8.4, H-6), 6.41 (d, 2.1, H-3) 6.38 (dd, 8.4 and 2.1, H-5), 5.68 (s, 4-OH), 4.31 (t, 6.6,
H-1"), 1.81-1.72 (H-2’), 1.43-1.27 (H-3'-H-11’), 0.89 (t, 6.6, H-12’)

13C NMR (100 MHz, CDCl3) &¢cin ppm: 170.1 (C-7), 163.7 (C-4), 162.0 (C-2), 131.8
(C-3), 107.8 (C-5), 106.1 (C-1), 103.1 (C-6), 65.2 (C-1"), 31.9, 29.7, 29.6, 29.5, 29.4,
29.3, 29.2, 28.6, 26.0, and 22.7 (C-2’-C-11’), 14.1 (C-12))

1.9. isopropyl 2,4 dihydroxybenzoate (9)

OH O J\
1
j©)7(o ;

HO
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Brown oil

Yield: 68 %

Purity: 93.2 %

'H NMR (600 MHz, CDClI3) &4 in ppm (multiplicity; J in Hz): 11.21 (s, 2-OH), 7.75
(d, 9.0, H-6), 6.42 (d, 2.4, H-3), 6.39 (dd, 9.0 and 2.4, H-5), 5.27 (sp, 6.6, H-1’), 1.39
(d, 6.6, H-2')

13C NMR (150 MHz, CDCl3) &¢cin ppm: 169.7 (C-7), 163.6 (C-4), 162.0 (C-2), 131.9
(C-3), 107.8 (C-5), 106.3 (C-1), 103.0 (C-6), 68.9 (C-1"), 21.9 (C-2)

1.10. cyclopentyl 2,4 dihydroxybenzoate (10)
OH O /SO
1 3
j@/‘% ;
HO

White crystal

Yield: 40 %

Purity: > 99.9 %

'H NMR (600 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 11.17 (s, 2-OH), 7.72
(d, 8.4, H-6), 6.41 (d, 2.4, H-3), 6.38 (dd, 8.4 and 2.4, H-5), 5.44— 5.41 (H-1’), 2.03—
1.59 (H-2’-H-5)

13C NMR (150 MHz, CDCl3) &¢cin ppm: 169.5 (C-7), 163.7 (C-4), 161.9 (C-2), 131.9
(C-3), 107.7 (C-5), 106.5 (C-1), 103.1 (C-6), 73.5 (C-1’), 31.6 (C-2’ and C-5'), 23.6 (C-
3’ and C-4’)

1.11. cyclohexyl 2,4 dihydroxybenzoate (11)

5

¥ 8 )
1 .
HO

5
Brown oil
Yield: 92 %
Purity: > 99.9%
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'H NMR (600 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 11.18 (s, 2-OH), 7.78
(d, 8.4, H-6), 6.42 (d, 2.4, H-3), 6.39 (dd, 8.4 and 2.4, H-5), 5.83 (s, 4-OH), 5.07— 5.02
(H-1°), 1.97-1.34 (H-2'-H-6")

13C NMR (150 MHz, CDCl3) 8¢cin ppm: 169.5 (C-7), 163.7 (C-4), 161.9 (C-2), 131.9
(C-3), 107.7 (C-5), 106.5 (C-1), 103.1 (C-6), 73.5 (C-1"), 31.6 (C-2’ and C-6’), 25.4 (C-
4’), 23.6 (C-3 and C-5)

1.13. ethyl 2,5 dihydroxybenzoate (13)
OH O

Pale yellow crystal

Yield: 32 %

Purity: 98.3 %

'H NMR (400 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 10.44 (s, 2-OH), 7.32
(d, 3.2, H-6), 7.03 (dd, 8.8 and 3.2, H-4), 6.89 (d, 8.8, H-3), 4.41 (q, 7.2, H-1’), 1.42 (t,
7.2, H-2))

13C NMR (100 MHz, CDCl3) &¢cin ppm: 169.8 (C-7), 155.8 (C-2), 147.7 (C-5), 123.9
(C-4), 118.5 (C-3), 114.8 (C-6), 112.4 (C-1), 61.5 (C-1"), 14.2 (C-2)

1.14. butyl 2,5 dihydroxybenzoate (14)
OH O

Pale yellow crystal

Yield: 87 %

Purity: 82.0 %

'H NMR (400 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 10.44 (s, 2-OH), 7.31
(d, 2.8, H-6), 7.03 (dd, 8.8 and 2.8, H-4), 6.90 (d, 8.8, H-3), 4.90 (s; 5-OH), 4.36 (t, 6.8,
H-1"), 1.81-1.74 (H-2’), 1.54-1.45 (H-3’), 1.01 (t, 7.2, H-4’)
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13C NMR (100 MHz, CDCl3) 8cin ppm: 169.8 (C-7), 155.9 (C-2), 147.7 (C-5), 123.9
(C-4), 118.5 (C-3), 114.7 (C-6), 112.5 (C-1), 65.3 (C-1’), 30.6 (C-2), 19.2 (C-3"), 13.7
(C-4)

1.15. hexyl 2,5 dihydroxybenzoate (15)
OH O

Pale yellow oail

Yield: 67 %

Purity: 80.1 %

!H NMR (400 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 10.44 (s, 2-OH), 7.31
(d, 3.2, H-6), 7.03 (dd, 9.2 and 3.2, H-4), 6.89 (d, 9.2, H-3), 4.35 (t, 6.8, H-1"), 1.83-1.75
(H-2’), 1.48-1.36 (H-3'-H-5’), 0.93 (t, 6.8, H-6")

13C NMR (100 MHz, CDCls3) &¢cin ppm: 169.8 (C-7), 155.9 (C-2), 147.7 (C-5), 123.9
(C-4), 118.5 (C-3), 114.7 (C-6), 112.5 (C-1), 65.6 (C-1’), 31.4, 28.5, 25.6, and 22.5 (C-
2-C-5’), 14.0 (C-6’)

1.16. heptyl 2,5 dihydroxybenzoate (16)
OH O

Pale yellow crystal

Yield: 40 %

Purity: 99.3 %

'H NMR (600 MHz, CDClIs) &+ in ppm (multiplicity; J in Hz): 10.45 (s, 2-OH), 7.31
(d, 3.0, H-6), 7.03 (dd, 9.0 and 3.0, H-4), 6.90 (d, 9.0, H-3), 4.35 (t, 6.7, H-1"), 1.81—
1.77 (H-2’), 1.48-1.27 (H-3'-H-6’), 0.92 (t, 6.9, H-7’)

13C NMR (150 MHz, CDCls3) &cin ppm: 169.8 (C-7), 155.9 (C-2), 147.6 (C-5), 123.9
(C-4), 118.5 (C-3), 114.7 (C-6), 112.5 (C-1), 65.6 (C-1’), 31.7, 28.9, 28.6, 25.9, and
22.6 (C-2—Cf’), 14.1 (C-7’)
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1.17. octyl 2,5 dihydroxybenzoate (17)
OH O

Pale yellow crystal

Yield: 95 %

Purity: 79.8 %

IH NMR (400 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 10.45 (s, 2-OH), 7.31
(d, 3.2, H-6), 7.03 (dd, 9.2 and 3.2, H-4), 6.90 (d, 9.2, H-3), 4.35 (t, 6.8, H-1"), 1.82-1.75
(H-2’), 1.49-1.31 (H-3'-H-7"), 0.91 (t, 6.8, H-8’)

13C NMR (100 MHz, CDCl3) &¢cin ppm: 169.8 (C-7), 155.9 (C-2), 147.7 (C-5), 123.9
(C-4), 118.5 (C-3), 114.8 (C-6), 112.5 (C-1), 65.7 (C-1"), 31.8, 29.2, 29.1, 28.5, 26.0,
and 22.6 (C-2'-C7’), 14.1 (C-8)

1.18. nonyl 2,5 dihydroxybenzoate (18)
OH O

Pale yellow crystal

Yield: 99 %

Purity: >99.9 %

'H NMR (600 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 10.46 (s, 2-OH), 7.31
(d, 3.0, H-6), 7.03 (dd, 9.0 and 3.0, H-4), 6.90 (d, 9.0, H-3), 4.35 (t, 6.7, H-1"), 1.81—
1.76 (H-2’), 1.47-1.29 (H-3'-H-8’), 0.90 (t, 6.8, H-9’)

13C NMR (150 MHz, CDCl3) &cin ppm: 169.9 (C-7), 155.8 (C-2), 147.7 (C-5), 123.9
(C-4), 1185 (C-3), 114.7 (C-6), 112.5 (C-1), 65.7 (C-1’), 31.9, 29.5, 29.3, 28.5, 26.0,
and 22.7 (C-2-C-8’), 14.1 (C-9)
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1.19. decyl 2,5 dihydroxybenzoate (19)
OH O

Pale yellow crystal

Yield: 70 %

Purity: 76.5 %

H NMR (400 MHz, CDCls) &4 in ppm (multiplicity; J in Hz): 10.44 (s, 2-OH), 7.31
(d, 3.2, H-6), 7.02 (dd, 9.2 and 3.2, H-4), 6.90 (d, 9.2, H-3), 4.84 (s, 5-OH), 4.35 (t, 6.4,
H-1), 1.82-1.75 (H-2"), 1.47-1.30 (H-3'-H-9’), 0.90 (t, 6.8, H-10’)

13C NMR (100 MHz, CDCl3) &¢cin ppm: 169.8 (C-7), 155.9 (C-2), 147.7 (C-5), 123.9
(C-4), 118.5 (C-3), 114.8 (C-6), 112.5 (C-1), 65.6 (C-1"), 31.9, 29.6, 29.5, 29.3, 29.2,
28.5, 26.0, and 22.7 (C-2-C-9), 14.1 (C-10’)

1.20. dodecyl 2,5 dihydroxybenzoate (20)
OH O

Pale yellow crystal

Yield: 99 %

Purity: >99.9 %

'H NMR (300 MHz, CDClI3) &4 in ppm (multiplicity; J in Hz): 10.43 (s, 2-OH), 7.30
(d, 3.3, H-6), 7.02 (dd, 8.7 and 3.3, H-4), 6.89 (d, 8.7, H-3), 4.34 (t, 6.6, H-1"), 1.82-1.73
(H-2’), 1.42-1.27 (H-3'-H-11’), 0.89 (t, 6.3, H-12")

13C NMR (100 MHz, CDCl3) &cin ppm: 169.8 (C-7), 155.9 (C-2), 147.7 (C-5), 123.9
(C-4), 1185 (C-3), 114.7 (C-6), 112.5 (C-1), 65.6 (C-1’), 31.9, 29.7, 29.6, 29.5, 29.3,
29.2, 28.6, 26.0, and 22.7 (C-2'-C-11’), 14.1 (C-12))
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1.21. isopropyl 2,5 dihydroxybenzoate (21)
OH O J\
3 77071

OH
Pale yellow solid
Yield: 80 %
Purity: >99.9 %
H NMR (400 MHz, CDCl3) &4 in ppm (multiplicity; J in Hz): 10.51 (s, 2-OH), 7.31
(d, 3.2, H-6), 7.02 (dd, 9.2 and 3.2, H-4), 6.89 (d, 9.2, H-3), 5.29 (sp, 6.4, H-1"), 1.40
(d, 6.4, H-2)
13C NMR (150 MHz, CDCl3) &¢cin ppm: 169.3 (C-7), 155.9 (C-2), 147.6 (C-5), 123.8
(C-4), 118.4 (C-3), 114.8 (C-6), 112.8 (C-1), 69.4 (C-1’), 21.8 (C-2))

1.22. cyclopentyl 2,5 dihydroxybenzoate (22)

OH 0 5

G
5

OH
White solid
Yield: 75 %
Purity: >99.9 %
H NMR (300 MHz, CDCls) &4 in ppm (multiplicity; J in Hz): 10.50 (s, 2-OH), 7.27
(d, 3.0, H-6), 7.00 (dd, 9.0 and 3.0, H-4), 6.88 (d, 9.0, H-3), 5.45-5.41 (H-1’), 4.76 (s,
5-OH), 1.97-1.67 (H-2'-H-5’)
13C NMR (150 MHz, CDCl3) &¢cin ppm: 169.5 (C-7), 155.9 (C-2), 147.5 (C-5), 123.7
(C-4), 118.4 (C-3), 114.8 (C-6), 112.8 (C-1), 78.6 (C-1’), 32.7 (C-2’ and C-5’), 23.8 (C-
3’ and C-4’)

1.23. cyclohexyl 2,5 dihydroxybenzoate (23)

¥ 0
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Pale yellow solid

Yield: 75 %

Purity: >99.9 %

'H NMR (300 MHz, CDCls) &4 in ppm (multiplicity; J in Hz): 10.51 (s, 2-OH), 7.32
(d, 3.0, H-6), 7.01 (dd, 9.0 and 3.0, H-4), 6.88 (d, 9.0, H-3), 5.10-5.02 (H-1"), 1.93—
1.26 (H-2'-H-6")

13C NMR (150 MHz, CDCl3) &¢cin ppm: 169.2 (C-7), 155.9 (C-2), 147.6 (C-5), 123.8
(C-4), 118.4 (C-3), 114.8 (C-6), 112.9 (C-1), 74.0 (C-1"), 31.5 (C-2’ and C-6’), 25.3 (C-
3’ and C-5’), 23.5 (C-4)

1.24. phenylethyl 2,5 dihydroxybenzoate (24)

1 1 -

Pale yellow oil

Yield: 7 %

Purity: >99.9 %

'H NMR (400 MHz, CDCl3z) &4 in ppm (multiplicity; J in Hz): 10.33 (s, 2-OH),
7.38-7.28 (H-4'-H-8), 7.26 (d, 3.2, H-6), 7.02 (dd, 8.8 and 3.2, H-4), 6.90 (d, 8.8, H-
3), 4.69 (s, 5-OH), 4.55 (t, 6.8, H-1"), 3.12 (t, 6.8, H-2")

13C NMR (150 MHz, CDCls3) &cin ppm: 169.6 (C-7), 156.0 (C-2), 147.6 (C-5), 137. 4
(C-3), 128,9 (C-5’ and C-7’), 128.7 (C-4’ and C-8’), 126.8 (C-6’), 124.1 (C-4), 118.5
(C-3), 114.7 (C-6), 112.2 (C-1), 65.9 (C-1°), 35,0 (C-2)

1.25. ethyl 3,4 dihydroxybenzoate (25)

Pale yellow solid
Yield: 90 %
Purity: 99.1 %
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'H NMR (400 MHz, DMSO-de) 84 in ppm (multiplicity; J in Hz): 7.35 (d, 2.4, H-2),
7.31 (dd, 8.4 and 2.4, H-6), 6.80 (d, 8.4, H-5), 4.31 (q, 7.2, H-1'), 1.27 (t, 7.2, H-2")
13C NMR (100 MHz, DMSO-de) &cin ppm: 166.2 (C-7), 150.8 (C-4), 145.5 (C-3), 122.2
(C-6), 121.2 (C-1), 116.7 (C-5), 115.7 (C-2), 60.5 (C-1"), 14.7 (C-2)

1.26. butyl 3,4 dihydroxybenzoate (26)

Pale yellow solid

Yield: 98 %

Purity: 99.1 %

'H NMR (400 MHz, CDCl3) &n in ppm (multiplicity; J in Hz): 7.67 (H-2), 7.58 (dd, 8.4
and 1.6, H-6), 6.93 (d, 8.4, H-5), 4.31 (t, 6.8, H-1’), 1.79-172 (H-2’), 1.53-1.44 (H-3),
0.99 (t, 5.4, H-4")

13C NMR (100 MHz, CDCl3) &¢cin ppm: 167.1 (C-7), 148.9 (C-4), 143.1 (C-3), 123.7
(C-6), 122.7 (C-1), 116.6 (C-5), 114.8 (C-2), 65.0 (C-1’), 30.7 (C-2’), 19.3 (C-3’), 13.8
(C-4)

1.27. hexyl 3,4 dihydroxybenzoate (27)

Pale yellow crystal

Yield: 87 %

Purity: 99.1 %

'H NMR (400 MHz, DMSO-de) &+ in ppm (multiplicity; J in Hz): 7.35 (d, 2.4, H-2),
7.31 (dd, 2.4 and 8.0, H-5), 6.81 (d, 8.0, H-6), 4.18 (t, 6.4, H-1"), 1.70-1.63 (H-2"),
1.39-1.30 (H-3'-H-5’), 0.87 (t, 7.2, H-6)

13C NMR (100 MHz, DMSO-de) &¢cin ppm: 166.2 (C-7), 150.9 (C-4), 145.5 (C-3), 122.2
(C-6), 121.1 (C-1), 116.6 (C-5), 115.7 (C-2), 64.4 (C-1’), 31.4, 28.7, 25.6, and 22.5 (C-
2'-C-5’), 14.4 (C-6’)
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1.28. heptyl 3,4 dihydroxybenzoate (28)

White crystal

Yield: 96 %

Purity: 98.5 %

'H NMR (600 MHz, DMSO-ds) &1 in ppm (multiplicity; J in Hz): 9.80 (s, 4-OH), 9.39
(s, 3-OH), 7.35 (d, 1.8, H-2), 7.31 (dd, 8.4 and 1.8, H-6), 6.81 (d, 8.4, H-5), 4.17 (t, 6.5,
H-1), 1.68-1.63, (H-2’), 1.38-1.26 (H-3'-H-6"), 0.86 (t, 6.9, H-7")

13C NMR (150 MHz, DMSO-de) &¢cin ppm: 166.2 (C-7), 150.8 (C-4), 145.5 (C-3), 122.2
(C-6), 121.2 (C-1), 116.6 (C-5), 115.8 (C-2), 64.5 (C-1’), 31.7, 28.8, 28.7, 26.0, and
22.5 (C-2-C-6), 14.4 (C-7’)

1.29. octyl 3,4 dihydroxybenzoate (29)

White crystal

Yield: 76 %

Purity: 98.5 %

'H NMR (400 MHz, CDClI3) &4 in ppm (multiplicity; J in Hz): 7.70 (d, 2.0, H-2), 7.58
(dd, 8.4 and 2.0, H-6), 6.93 (d, 8.4, H-5), 4.30 (t, 6.8, H-1"), 1.80-1.73 (H-2'), 1.48—
1.30 (H-3'-H-7’), 0.90 (t, 6.8, H-8’)

13C NMR (100 MHz, CDCl3) &¢cin ppm: 167.3 (C-7), 148.9 (C-4), 143.2 (C-3), 123.7
(C-6), 122.6 (C-1), 116.7 (C-5), 114.8 (C-2), 65.4 (C-1"), 31.8, 29.2, 29.1, 28.7, 26.0,
and 22.6 (C-2-C-7’), 14.1 (C-8)

1.30. nonyl 3,4 dihydroxybenzoate (30)
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White solid

Yield: 98 %

Purity: 97.9 %

'H NMR (300 MHz, CDClIs) &n in ppm (multiplicity; J in Hz): 7.67 (d, 2.1, H-2), 7.58
(dd, 8.4 and 2.1, H-6), 6.92 (d, 8.4, H-5), 6.42 (s, 4-OH), 6.15 (s, 3-OH), 4.29 (t, 6.7,
H-1), 1.78-1.71 (H-2’), 1.44-1.28 (H-3'-H-8’), 0.89 (t, 6.7, H-9’)

13C NMR (150 MHz, DMSO-de) &¢cin ppm: 166.2 (C-7), 150.8 (C-4), 145.5 (C-3), 122.2
(C-6), 121.2 (C-1), 116.6 (C-5), 115.7 (C-2), 64.5 (C-1’), 31.7, 29.4, 29.2, 29.1, 28.7,
26.0, and 22.6 (C-2'-C-8’), 14.1 (C-9))

1.31. decyl 3,4 dihydroxybenzoate (31)

White solid

Yield: 95 %

Purity: 91.3 %

'H NMR (400 MHz, CDCls3) &4 in ppm (multiplicity; J in Hz): 7.68-7.67 (H-2), 7.59
(dd, 8.4 and 1.6, H-6), 6.93 (d, 8.4, H-5), 4.30 (t, 6.8, H-1’), 1.80-1.73 (H-2"), 1.48—
1.29 (H-3'-H-9’), 0.90 (t, 6.8, H-10’)

13C NMR (100 MHz, CDCl3) &¢cin ppm: 166.9 (C-7), 148.8 (C-4), 143.1 (C-3), 123.7
(C-6), 121.5 (C-1), 116.6 (C-5), 114.8 (C-2), 65.3 (C-1"), 31.9, 29.5, 29.3, 28.7, 26.0,
and 22.7 (C-2-C-9’), 14.1 (C-10’)

1.32. dodecyl 3,4 dihydroxybenzoate (32)

White solid
Yield: 82 %
Purity: > 99.9 %
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'H NMR (300 MHz, CDCls3) &n in ppm (multiplicity; J in Hz): 9.78 (s, 4-OH), 9.36 (s,
3-OH), 7.34 (d, 2.1, H-2), 7.29 (dd, 8.1 and 2.1, H-6), 6.79 (d, 8.1, H-5), 4.16 (t, 6.3, H-
1’), 1.67-1.60 (H-2’), 1.38-1.23 (H-3'-H-11’), 0.84 (t, 6.3, H-12")

13C NMR (100 MHz, CDCl3) 8¢cin ppm: 166.5 (C-7), 152.9 (C-4), 148.6 (C-3), 123.5
(C-6), 123.2 (C-1), 112.0 (C-5), 110.2 (C-2), 65.0 (C-1"), 31.9, 29.7, 29.6, 29.5, 29.3,
29.2, 28.8, 26.1, and 22.7 (C-2'-C-11"), 14.1 (C-12')

1.33. isopropyl 3,4 dihydroxybenzoate (33)

o
Hoaij)}oJl\
HO™
White solid
Yield: 56 %
Purity: >99.9 %
'H NMR (300 MHz, DMSO-ds) &1 in ppm (multiplicity; J in Hz): 9.75 (s, 4-OH), 9.34
(s, 3-OH), 7.34 (d, 2.1, H-2), 7.28 (dd, 8.4 and 2.1, H-6), 6.79 (d, 8.4, H-5), 5.04 (h,
6.3, H-1’), 1.26 (d, 6.3, H-2")
13C NMR (150 MHz, DMSO-de) 8cin ppm: 165.6 (C-7), 150.7 (C-4), 145.5 (C-3), 122.1
(C-6), 121.6 (C-1), 116.6 (C-5), 115.7 (C-2), 67.7 (C-1") 22.2 (C-2’)

1.34. cyclopentyl 3,4 dihydroxybenzoate (34)

o 5

Hoﬁo’py

HO X
White solid
Yield: 68 %
Purity: >99.9 %
'H NMR (300 MHz, DMSO-ds) 8+ in ppm (multiplicity; J in Hz): 9.75 (s, 4-OH), 9.34
(s, 3-OH), 7.32 (d, 2.1, H-2), 7.27 (dd, 8.1 and 2.1, H-6), 6.78 (d, 8.1, H-5), 5.23-5.20
(H-1’), 1.89-1.59 (H-2'-H-5’)
13C NMR (150 MHz, DMSO-de) &¢in ppm: 165.9 (C-7), 150.7 (C-4), 145.4 (C-3), 122.1
(C-6), 121.6 (C-1), 116.6 (C-5), 115.7 (C-2), 76.9 (C-1’), 32.8 (C-2’ and C-5’), 23.8 (C-
3’ and C-4’)
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1.35. cyclohexyl 3,4 dihydroxybenzoate (35)

5|

o) O
Hoﬁo " 3'
HO" X
White crystal
Yield: 74 %
Purity: >99.9 %
H NMR (600 MHz, DMSO-de) &+ in ppm (multiplicity; J in Hz): 7.36 (d, 1.8, H-2),
7.31 (dd, 8.4 and 1.8, H-6), 6.80 (d, 8.4, H-5), 4.86-4.82 (H-1), 1.52-1.30 (H-2'-H-6’)
13C NMR (150 MHz, DMSO-de) &cin ppm: 165.5 (C-7), 150.7 (C-4), 145.5 (C-3), 122.2
(C-6), 121.6 (C-1), 116.7 (C-5), 115.7 (C-2), 72.1 (C-1’), 31.6 (C-2’ and C-6’), 25.4 (C-
4’), 23.5 (C-3’ and C-5’)

1.36. phenylethyl 3,4 dihydroxybenzoate (36)

White crystal

Yield: 21 %

Purity: >99.9 %

H NMR (300 MHz, DMSO-ds) &+ in ppm (multiplicity; J in Hz): 7.32-7.18 (H-2, H-
6 and H-4'-H-8’), 6.78 (d, 8.4, H-5), 4.37 (t, 6.6, H-1’), 2.98 (t, 6.6 Hz, H-2")

13C NMR (150 MHz, DMSO-de) &cin ppm: 166.1 (C-7), 150.9 (C-4), 145.5 (C-3), 138.7
(C-3’), 129.4 (C-5 and C-7’), 128.8 (C-4’ and C-8’), 126.8 (C-6’), 122.2 (C-6), 121.0
(C-1), 116.7 (C-5), 115.7 (C-2), 65.2 (C-1’), 35.0 (C-2').
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Figure S1. 1) *H NMR spectrum of compound 1 (400 MHz — CDCls)
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Figure S1. II) 13C NMR spectrum of compound 1 (100 MHz — CDCls)
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Figure S2. Il) 3C NMR spectrum of compound 2 (100 MHz — CDCls)
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Figure S3. 1) *H NMR spectrum of compound 3 (400 MHz — CDCls)
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Figure S3. lll) HPLC chromatogram of compound 3
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Figure S4. Il) 3C NMR spectrum of compound 4 (150 MHz — CDCls)
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Figure S5. 1) *H NMR spectrum of compound 5 (400 MHz — CDCls)
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Figure S5. Ill) HPLC chromatogram of compound 5
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Figure S6. 1) *H NMR spectrum of compound 6 (400 MHz — CDClz)
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Figure S6. Il) 3C NMR spectrum of compound 6 (100 MHz — CDCls)
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Figure S7. 1) *H NMR spectrum of compound 7 (400 MHz — CDCls)
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Figure S7. lll) HPLC chromatogram of compound 7
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Figure S8. 1) *H NMR spectrum of compound 8 (300 MHz — CDClz)
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Figure S8. Il) 3C NMR spectrum of compound 8 (100 MHz — CDCls)
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Figure S9. I) *H NMR spectrum of compound 9 (600 MHz — CDCls)
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Figure S9. lll) HPLC chromatogram of compound 9
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Figure S10. I) *H NMR spectrum of compound 10 (600 MHz — CDCls)
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Figure S10. Il) 13C NMR spectrum of compound 10 (150 MHz — CDClIs)
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Figure S11. 1) *H NMR spectrum of compound 11 (600 MHz — CDCls)
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Figure S11. Il) 13C NMR spectrum of compound 11 (150 MHz — CDClIs)
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Figure S11. Ill) HPLC chromatogram of compound 11
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Figure S13. I) *H NMR spectrum of compound 13 (400 MHz — CDCls)
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Figure S13. Il) 13C NMR spectrum of compound 13 (100 MHz — CDClIs)
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Figure S14. I) *H NMR spectrum of compound 14 (400 MHz — CDCls)
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Figure S14. 1lll) HPLC chromatogram of compound 14
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Figure S15. I) *H NMR spectrum of compound 15 (400 MHz — CDCls)
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Figure S15. I1) 13C NMR spectrum of compound 15 (100 MHz — CDClIs)
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Figure S16. I) *H NMR spectrum of compound 16 (600 MHz — CDCls)
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Figure S16. Il) 13C NMR spectrum of compound 16 (150 MHz — CDClIs)
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Figure S16. Ill) HPLC chromatogram of compound 16
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Figure S17. 1) *H NMR spectrum of compound 17(400 MHz — CDCls)
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Figure S17. 11) 13C NMR spectrum of compound 17 (100 MHz — CDClIs)
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H NMR spectrum of compound 18 (600 MHz — CDCls)
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Figure S18. Il) 13C NMR spectrum of compound 18 (100 MHz — CDClIs)
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Figure S18. Ill) HPLC chromatogram of compound 18
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Figure S19. I) *H NMR spectrum of compound 19 (400 MHz — CDCls)
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Figure S19. Il) 13C NMR spectrum of compound 19 (100 MHz — CDClIs)
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H NMR spectrum of compound 20 (300 MHz — CDCls)
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Figure S20. Il) 13C NMR spectrum of compound 20 (100 MHz — CDClIs)

10.5

M&MMJ...JUU..

200 190 180 170 160 150 140 130 120f1(10 )100 90 80 70 60 50 40 30 20
1 (ppm

210

€999 iw

LY CTT —
ELPTT —
8p'8TT —
68°¢CT —

89'LbT —

68'GST —

18°69T —

e

W

146 124 122 120 118 116 114 112 66 64 32 30 28 26
f1 (ppm)

148

156

170

122



Figure S20. Ill) HPLC chromatogram of compound 20
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Figure S21. 1) *H NMR spectrum of compound 21 (400 MHz — CDCls)
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Figure S21. 11) 13C NMR spectrum of compound 21 (150 MHz — CDClIs)
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Figure S22. 1) *H NMR spectrum of compound 22 (300 MHz — CDCls)
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Figure S22. Il) 13C NMR spectrum of compound 22 (150 MHz — CDClIs)
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Figure S22. 1ll) HPLC chromatogram of compound 22
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Figure S23. I) *H NMR spectrum of compound 23 (300 MHz — CDCls)
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Figure S23. Il) 13C NMR spectrum of compound 23 (150 MHz — CDClIs)
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Figure S24. 1) *H NMR spectrum of compound 24 (400 MHz — CDCls)
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Figure S24. 11) 13C NMR spectrum of compound 24 (150 MHz — CDClIs)
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Figure S24. 1ll) HPLC chromatogram of compound 24
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Figure S25. 1) *H NMR spectrum of compound 25 (400 MHz — DMSO-ds)
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Figure S25. 11) 13C NMR spectrum of compound 25 (100 MHz — DMSO-ds)
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Figure S26. I) *H NMR spectrum of compound 26 (400 MHz — CDCls)
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Figure S26. Ill) HPLC chromatogram of compound 26
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Figure S27. 1) *H NMR spectrum of compound 27 (400 MHz — DMSO-ds)
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Figure S27. 11) 13C NMR spectrum of compound 27 (150 MHz — DMSO-ds)
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Figure S28. I) *H NMR spectrum of compound 28 (600 MHz — DMSO-ds)
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Figure S28. 1l) 13C NMR spectrum of compound 28 (150 MHz — DMSO-ds)
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Figure S28. Ill) HPLC chromatogram of compound 28
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Figure S29. I) *H NMR spectrum of compound 29 (400 MHz — CDCls)
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Figure S29. Il) 13C NMR spectrum of compound 29 (100 MHz — CDClIs)
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Figure S30. I) *H NMR spectrum of compound 30 (300 MHz — CDCls)
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Figure S30. Ill) HPLC chromatogram of compound 30
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Figure S31. Il) 13C NMR spectrum of compound 31 (100 MHz — CDClIs)
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Figure S32. I) *H NMR spectrum of compound 32 (300 MHz — CDCls)
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Figure S32. 1ll) HPLC chromatogram of compound 32
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Figure S33. 1l) 13C NMR spectrum of compound 33 (150 MHz — DMSO-ds)
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Figure S34. 1) *H NMR spectrum of compound 34 (300 MHz — DMSO-ds)
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Figure S34. 1ll) HPLC chromatogram of compound 34
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Figure S35. 1) 13C NMR spectrum of compound 35 (150 MHz — DMSO-ds)
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Figure S36. I) *H NMR spectrum of compound 36 (300 MHz — DMSO-ds)

Figure S36. Il) 13C NMR spectrum of compound 36 (150 MHz — DMSO-ds)

L Ll |

: : : T : T : : : T : : : : : . : : : :
210 200 190 180 170 160 150 140 130 120 f11(10 ) 10 9 8 70 60 50 40 30 20 10 0
ppm

--129.38
-128.85

<
o — O O n n
5 8 3 " 2 5 8 ko7 8
: L0 N ) <
d (o] n
s g ¢ 2 ] ] A ke 8 &
o — — — - |
— \ \ [ | \
| | | i b i [
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
166 152 150 148 146 144 142 140 138 129 127 125 123 121 119 117 115 66 64 35

f1 (ppm)

146



Figure S36. Ill) HPLC chromatogram of compound 36
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ABSTRACT

Citrus canker is a devastating disease of several citrus species, which is caused by
the Gram-negative bacterium Xanthomonas citri subsp. citri (Xcc). There are
description of active compounds against Xcc by use in vitro assays, but few studies
are focused on the combat of citrus canker carried out in planta. In our previous study,
we described in vitro anti-Xcc activity of three alkyl dihydroxybenzoates: heptyl B-
resorcylate (4), heptyl gentisate (16), heptyl protocathecuate (28). Here, we explored
the ability of these esters to reduce the bacterial population of Xcc in plant and their
phytotoxic and inseticidal effects. Heptyl dihydroxybenzoates were able to inhibit the
onset of citrus canker symptoms. In the phytotoxicity tests with lettuce (Lactuca sativa),
the compounds caused less growth inhibition than the cupric compound commonly
used in citriculture, and they did not cause changes in the photosynthetic parameters
in citrus seedlings. Finally, when evaluating toxicity in bees (Scaptotrigona postica),
the esters effects were similar to the cupric compound. In this way we concluded the
heptyl esters are efficient candidates against citrus canker, presenting potential to

replace cupric compounds.

Keywords: Xanthomonas citri subsp. citri, plant disease, alkyl dihydroxibenzoates,

bees.
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1. INTRODUCTION

Brazil is the largest global producer and exporter of oranges, accounting for
more than three-quarters of worldwide orange juice exports [1-3]. One of the diseases
which cause significant damage to orange production is citrus canker, which is caused
by Xanthomonas citri subsp. citri (Xcc) [4-6]. Citrus canker affects all types of citrus
crops and its most common symptoms are necrotic lesions on fruits, leaves, and stems
[7]. It is incident in the USA, South America (Brazil, Argentina, Bolivia, and Uruguay),
and South-East Asian countries [8-10].

The main citrus canker chemical control is cupric compounds, which reduce
inoculum build up on susceptible leaf tissues, preventing infection. On the other hand,
successive applications and long-term use of cupric compounds may exert an
enormous environmental impact due to their accumulation in the soil, which may impair
the root growth of citrus trees and leach to aquatic bodies [11-15]. Furthermore,
resistance to copper has also been reported for several species of Xanthomonas [16-
21].

Although the search for new compounds which may control citrus canker is
necessary, few studies in that regard can be found in the literature. Salicylic acid [22],
D-Leucine, 3-indolylacetonitrile (IAN) [23], Nano-ZnO (Zinkicide) [24], ZnO-nCusSi [25,
26], TSOL [27] were able to reduce citrus canker lesions.

Recently, active compounds against Xcc have been described. Alkyl gallates
highlighting nonyl, decyl, and dodecyl! gallates (MIC 15.6 ug mL™*) [28], D-Leucine, 3-
indolylacetonitrile (IAN) [23] as potent biofilm inhibitors, bismerthiazol [29], and some
antibiotics such as penicillin G (MIC 0.015 pg mL1), ampicillin (MIC 0.15 pg mL™),
ciprofloxacin (MIC 0.15 pg mL?), streptomycin (MIC 16 pg mL?) showed activity
against 107 Xcc isolates, considering that chloramphenicol (MIC 0.06 pg mLt) and
tetracycline (MIC 0.06 ug mL) were the most potent ones [30].

In the past years, our research group has been engaged in the study of phenolic
compounds based on natural plant products against Xcc [6, 28, 31-34]. Among these,
three series of alkyl dihydroxybenzoates were designed and synthesized with activity
against Xcc. Alkyl dihydroxybenzoates (figure 1), including heptyl B-resorcylate (4 -
MIC 13.2 pug mL?), heptyl gentisate (16 - MIC 20.2 pg mL?), and heptyl
protocathecuate (28 - MIC 22.2 ug mL1) showed potent anti-Xcc activity in vitro. In
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addition, they have demonstrated low toxicity against eukaryotic cells, as well as the
ability to act on Xcc membrane [6].

In this current study, we selected the heptyl dihydroxybenzoates 4, 16, and 28
and investigated their ability to reduce citrus canker symptoms through in plant assays.
The phytotoxicity of heptyl esters in initial growth of lettuce (Lactuca sativa) and
photosynthetic parameters of sweet orange (C. sinensis) seedlings were also carried
out. Finally, we evaluated the toxicity against honeybees (Scaptotrigona postica),
being the toxicity of the esters similar to the cupric compound commonly used in the

crop.

2. MATERIALS AND METHODS

2.1. Compounds

The heptyl B-resorcylate (4), heptyl gentisate (16), and heptyl protocathecuate

(28) were synthetized according to Fischer’s Esterification [6].

2.2. Microorganisms

Xanthomonas citri subsp. citri strain 306 (IBSBF 1594) was kept in freezer at -
80 °C in 40% glycerol. In order to perform the cellular rescue, an Eppendorf-type tube
(cell stock) was removed to -80°C freezer and placed in a thermal rack at -20 °C and
immediately taken to the laminar flow. In the laminar flow, with the aid of a previously
sterilized toothpick, an aliquot of cells was removed from the tube and then striated in
solid Nitrogen Yeast Glycerol (NYG) medium; this plate with the solid NYG was
incubated at 29°C for 48h. After 48h the bacteria were pealed in a new plate. After a
further 24h, the inoculum was prepared by scraping the cultured cells in solid medium
and incubating in liquid medium for 12h at 29°C under rotation (180-200 rpm).

2.3. Xcc pathogenicity after treatment with heptyl dihydroxybenzoates on Citrus

sinensis leaves

Citrus sinensis (L.) Osbeck was grown in greenhouse with temperature

conditions between 25 and 35 °C. For infiltration tests, Xcc cells were cultivated in NYG
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to optical density (OD) at 600 nm and dispersed at 10’ CFU mL in NYG. Cells were
exposed to compounds 4 (8.81 / 13.2), 16 (15.3/ 20.2), and 28 (17.3 / 22.2) (Figure
1, p. 163), copper oxychloride (38.3 / 43.1) and copper sulfate (19.3 / 24.1) at
concentrations equivalent to their 2 MIC and MIC (ug mL™?) for 12 h at 29 °C [6] These
concentrations were used to the assurance of 50% and 10% viable cells, respectively,
which would be able to host colonization. Cell suspension (100 pL) was infiltrated into
the abaxial surface of leaves by using hypodermic syringes. The following controls
were used: (i) negative control (distilled water), (ii) vehicle control (cells treated with
DMSO 1%), (iii) and positive control (untreated cells). The presence or absence of
citrus canker symptoms was evaluated for three weeks every 7 days [28]. This
experiment was performed in triplicates, for each test compound, three leaves of young

C. sinensis plants were selected; the replicates were performed on different days.

2.4. Heptyl dihydroxybenzoates protective effect against citrus canker on C. sinensis

leaves

Young C. sinensis individuals were kept under greenhouse conditions at
temperatures ranging between 25 and 35 °C. The stage of vegetative development
was V4-V5 leaves with 4 to 7 cm [31]; the branch to be studied was selected and
marked with a string. The spray of compounds 4, 16, and 28 was 10xMIC and the
solutions were sprayed to the run-off point (about 20 to 30 mL per plant). For the
positive and solvent controls, copper oxychloride (600 ug mL* —this concentration is
recommended by the manufacturer) and DMSO 1%, respectively, were used. After 24
h, a Xcc cell suspension was dispersed to 108 CFU mL™ in saline solution (0.85%
NaCl), and then sprayed onto the shoots and leaves. The development of canker
symptoms was analyzed for one month, every 5 days. After this period, the leaves
were collected and two parameters were evaluated: (i) the percentage of symptomatic
leaves, which was related to the incidence of citrus canker, and (ii) the symptom
severity rate, measuring the size and amount of lesion per leaf area. A total of 925
leaves (mean of 50 leaves per group) were analyzed. This experiment was performed
in triplicates. The leaves were scanned with HP Scanjet 2400® equipment, then

analyzed with ImageJ® software.
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The data was analyzed through one-way analysis of variance (ANOVA)
followed by Tukey’s test (p<0.001). The data analyses were plotted with GraphPad
Prism version 5.0 (GraphPad, San Diego, CA, USA).

2.5. Phytotoxicity of heptyl dihydroxybenzoates against Lactuca sativa initial growth

Compounds 4, 16, and 28 were solubilized in ethanol at 10xMIC value. Petri
dishes used in the bioassays were sanitized with 2% sodium hypochlorite, rinsed with
distilled water, then washed with 70% ethanol and dried at room temperature. A sheet
of filter paper was added to each Petri dish and was moistened with 5 mL of each of
the test solutions. The plates were dried in the dark at room temperature for 24 h. After
evaporation, the filter papers were soaked with 5 mL of distilled water. The negative
control was prepared, only with the addition of distilled water, and the positive control
was prepared with copper oxychloride (600 ug mL?). Each treatment was performed
with 50 seeds of Itapua super ISLA lettuce, previously germinated (25 seeds per plate),
with approximately 2 mm of radicular protrusion. Plates were kept in a B.O.D. incubator
(Eletrolab, model 102 FC) at 25 °C (x 1 °C) with a photoperiod of 12 h. Bioassays
totalized 72 h, and the analyzed parameters were the lengths of the main root and
shoot.

The statistical analysis was performed using one-way analysis of variance
(ANOVA) with Dunnett’s post-test (p<0.0001). The data analyses were plotted with
GraphPad Prism version 5.0 (GraphPad, San Diego, CA, USA).

2.6. Phytotoxicity assay against orange seedlings

The host citrus used was the cultivar lima of sweet orange (Citrus sinensis),
which was grown in greenhouse between 25 and 35 °C. The average height of the
seedlings used in the assay was 27 cm. Compounds 4, 16, and 28 were solubilized in
0.05% ethanol at 10xMIC value and copper oxychloride (600 ug mL™?). These solutions
were sprayed onto the run-off point (about 5 mL per plant). Foliar physiological
measurements of gas exchange and chlorophyll a fluorescence were performed on
completely expanded young leaves in 3 individuals per treatment. Measurements were
performed during the morning (between 8:30 AM and 11:00 AM) after 1 and 15 days
in order to evaluate possible short and long term effects. Gaseous exchanges were

measured through an open and portable infrared gas exchange system (LC pro-SD
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ADC Bioscientific Ltd., UK) for determining maximum CO:2 assimilation (Amax) and
stomatal conductance (gs) values. These measurements were taken at a constant
temperature of 26 °C and a constant saturating photon flux density of 1,400 umol m
s1. The chlorophyll a fluorescence measurements were performed in leaves
preadapted to the dark during 30 minutes, using a portable fluorometer [PAM
Fluorometer - Junior (Walz)]. Different photochemical variables were obtained from
chlorophyll a fluorescence parameters, namely: FM and FO, respectively maximum and
minimum fluorescence of leaves adapted to the dark; and FM' and FO', maximum and
minimum fluorescence of leaves adapted to light, respectively. We used the software
WINCONTROL (V.3.18) (WALZ, Germany) [35] to obtain the maximum quantum yield
values of photosystem Il (Fv / Fm) and the maximum electron transport rate (ETRmax
= AF / FM'x PAR x 0.5 x a). The mean value of 0.84 was used for leaf absorbance (a)
[35, 36].

The statistical analyses were performed through One-way Anova with
repeated measures followed by Tukey’s test (p<0.05). The data analyses were plotted
with GraphPad Prism version 5.0 (GraphPad, San Diego, CA, USA).

2.7. Toxicity evaluation against bees (Scaptotrigona postica)

The experimental group consisted of three replicates, composed of 10 worker
bees (Scaptotrigona postica) from each of the 3 colonies, totaling 30 bees per
experimental group. In the morning period, the bees were collected in plastic pots at
the nests entrance. Individuals were maintained in 250 mL disposable plastic cages
with a 2 mL Eppendorf type feeder with a central hole and two sides containing 50%
sucrose solution, with or without addition of the compounds (4, 16, and 28). The cages
were kept in B.O.D, with temperature set at 28 °C + 1 °C and relative humidity at 70 +
5%. During the intoxication, the treated groups received a feed containing heptyl
dihydroxybenzoates (4, 16, and 28), which were diluted in DMSO 1%. Subsequently,
serial dilutions were carried out and incorporated in sucrose solution at 1:1 proportion
with distilled water in order to obtain the concentrations recommended by 0.1 MIC,
MIC, and 10xMIC values. After 24 h, the number of dead bees was counted and the
microtubes weighed indicating the amount of food consumed. This test was performed

to protocols established by the Organization for Economic Cooperation and
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Development (OECD). The data were analyzed using one-way analysis of variance
(ANOVA) with Tukey’s post-test (p<0.0001) and plotted with GraphPad Prism version
5.0 (GraphPad, San Diego, CA, USA).

3. RESULTS AND DISCUSSION

3.1. Xcc pathogenicity after treatment with heptyl dihydroxybenzoates on Citrus

sinensis leaves

Formation of citrus canker lesions was observed in the positive control
treatment (untreated cells), characterized by hyperplasia and hypertrophy in the region
of infiltration, surrounded by a chlorotic halo (Figure 2, p. 165). In vehicle control
experiments, DMSO 1% was not able to produce any lesions on the leaves. Heptyl
esters demonstrated a similar activity, inhibiting lesion appearance. Compounds 4, 16,
and 28 completely prevented the ability of Xcc to produce symptoms of citrus canker
at %2 MIC and MIC (Figure 2, p. 165). Copper oxychloride (CO) and copper sulfate
(CS) maintained the onset of symptoms similar to positive control (untreated cells) at
% MIC value. Compounds 4, 16, 28, CO, and CS were compared with positive control
(PC), and the heptyl esters prevented the appearance of any lesions on the leaves.
Copper compounds induced only a partial reduction of symptoms; such decrease was
more apparent in the treatment with CS. This effect can be explained by the insolubility
of CO in an aqueous medium. Behlau and co-authors (2017) reported that insoluble
copper formulations are the most studied and also the most commonly used ones for
the control of citrus canker [38-40], which justifies our choice of studying CO compared
to heptyl esters.

Previously, our research group described the ability of alkyl gallates (3,4,5-
trihydroxybenzoates) to prevent Xcc from producing citrus canker symptoms, thus
inhibiting the appearance of lesions in sweet orange leaves [28]. Here, we show that
alkyl heptyl dihydroxybenzoates were as effective as or more effective than gallates,
assuming that the MIC concentration of gallates is about twice as high as that of alkyl
dihydroxybenzoates [6]. Although the position of hydroxyls was relevant in Xcc cell
assays [6], here the position of hydroxyl groups was irrelevant, since the heptyl
dihydroxybenzoates (4, 16, and 28) had the same suppressing effect of citrus canker
symptoms, thus demonstrating that these esters have equal protective potential
against Xcc infection.
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3.2. Heptyl dihydroxybenzoates had protective ability against citrus canker

In order to evaluate the protective ability of heptyl dihydroxybenzoates in sweet
orange young plants, we performed a spray test which mimics natural Xcc infection by
the action of the rain with wind. Xcc infection in healthy foliar tissues occurs through
natural penetration in stomata and wounds [41-43]. The positive control (PC) was
evaluated, in which only water and inoculum of Xcc were sprayed over sweet orange
plants, and the incidence of symptomatic leaves was 80.1% (Figure 3, p. 166). Vehicle
control (DMSO 1%) showed the percentage of symptoms of 80.3%.

Correlating the ester treatments with the PC, it was observed a 33.3%
decrease in symptoms for compound 4, 15.3% for compound 16, and 28.6% for
compound 28. We also correlate the ability of heptyl esters to inhibit the onset of
symptoms with the CO. The percentage of symptoms for the CO treatment was 58.7%,
with a 26.7% decrease in symptoms in relation to the PC. Based on the statistical
analysis (one-way ANOVA with Tukey’s post-test), treatments with 4 and 28 heptyl
esters and CO had no significant difference whereas the compound 16 showed lower
protective capacity than the others.

In order to evaluate the second parameter of this assay, we used the
diagrammatic scales described by Belasque Jr. and colleagues (2005). The symptom
severity rate measured the leaf area affected by the lesions [44]. The sweet orange
leaves were scanned and the images analyzed through software Imaged. We
measured total leaf area and area with citrus canker lesions by using color saturation
differentiation (Black and White). We analyzed the difference between the areas taking
the mean by treatment group. Results for severity rates were 1.3 (PC - water), 2.2 (VC
— DMSO 1%), 0.6 (CO), 0.6 (4), 0.9 (16), and 0.6 (28); as a conclusion, the inhibitory
capacity of the compounds was similar to the CO (Figure 3, p. 166).

3.3. Evaluation of phytotoxicity of heptyl dihydroxybenzoates against initial growth of

Lactuca sativa

Phytotoxicity studies have increased in recent years as a means to ensure the
safe use of compounds as agricultural defensives [45]. Inhibition of seedlings initial
growth is a valid and sensitive indicator of environmental toxicity, since the initial
growth phase is more sensitive than the germination one [46]. Several authors have

shown that they have many advantages: simple, inexpensive, and require only a small
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compound sample to be carried out [47-49]. The plant species commonly
recommended by the US Environmental Protection Agency [50], the Food and Drug
Administration [51], and the Organization for Economic Cooperation and Development
[52] are cucumber (Cucumis sativus), lettuce (Lactuca sativa), radish (Raphanus spp.),
red clover (Trifolium pratense), and wheat (Triticuma estivum) [45].

In the present study, we selected lettuce. We tested compounds at 10xMIC values,
because these concentrations were able to inhibit citrus canker symptoms during spray
tests. The negative control (NC) consisted of distilled water and seedlings presented
mean root length of 2.4 cm and shoot of 0.5 cm in that treatment (Figure 4, p. 167).
When evaluating the heptyl esters (4, 16, and 28), was observed that the root size was
similar to that of the NC measurements, except for compound 4, which had a root mean
size 50% smaller than NC. Regarding the shoot, there was a decrease in all treatments
(similar among 4, 16, and CO) and particularly lower to 28. Finally, the CO was
evaluated and we found a mean size 83% smaller than NC. Thus, the esters were less

or similar phytotoxic against lettuce (L. sativa) than the CO.

3.4. Phytotoxicity of heptyl dihydroxybenzoates against young C. sinensis

Photosynthesis is a process of converting solar energy into chemical energy.
The photosynthetic metabolism which consists of three phases: (i) diffusive phase
(CO:2 flow internalized into leaf mesophyll through regulation of stomatal pores), (ii)
photochemical phase (light uptake and production of ATP and NADPH), and (iii)
biochemical phase (Calvin Cycle) [53]. Gaseous exchange parameters and
photochemical parameters of the photosynthetic process were measured in C. sinensis
in the presence and absence of the compounds. Measurements were performed after
the first day of application of the negative control (NC - water), heptyl
dihydroxybenzoates (4, 16, and 28) and CO, and after 15 days. The stomatal
conductance (gs) and maximum assimilation of CO2 (Amax) are presented in figure 6,
while effective quantum yield of photochemical conversion of PSIl (photosystem II),
photochemical and non-photochemical extinction coefficients of PSII, maximum
photosystem Il quantum vyield (Fv/Fm), and maximum rate of electron transport

(ETRmax) are shown in Figure 5, p. 168. The measurements were performed in the
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morning at a controlled temperature of 26 °C and with the photon flux density of 1,400
pumol m?2 s1,

Chlorophyll a fluorescence data (Figure 6, p. 169) were analyzed to assess deleterious
effects on chloroplasts. The application of the compounds on the leaves did not
significantly alter the values of the parameters evaluated in relation to the control,
showing absence of photoinhibitory damage, i.e., neither the esters nor the CO

damaged the photosynthetic apparatus.
3.5. Toxicity of heptyl dihydroxybenzoates against Scaptotrigona postica

Seventy-five percent of crops depends on pollinators for their reproduction, and
bees are the most important and efficient agents in that matter, both in natural and
agricultural environments. However, pollinator populations have been drastically
declining and the main mortality cause is the indiscriminate use of insecticides.
Therefore, it is essential that all pesticides to be released into the environment be
tested on bees. For the tests, the protocols established by the Organization for
Economic Cooperation and Development 54] for the evaluation of pesticides on bees
in laboratory were used and adapted for stingless bees (Scaptotrigona postica).

The average food intake per bee and the percentage of mortality of the bees
was plotted in Figure 7, p. 170, being the negative control (NC) and the vehicle control
(VC) constituted of sucrose 50% and DMSO 1%, respectively.

Firstly, the average food intake per bee (ug) was evaluated, and it can be noted
that compounds 4 and 28 had their consumption rates very similar to the NC and VC,
except for the lowest concentration of compound 4 (0.1 MIC) in that consumption was
lower than the others. Compound 16 had low bee consumption at the three evaluated
concentrations, which makes us infer that compound 16 possibly causes bee
repellency, on average the behavior of heptyl ester 16 was similar to CO, which was
evaluated only at application concentration in the crop (advised by the manufacturer).
Bee mortality was also evaluated and it was observed that the higher the concentration,
the higher the death rate, what would be expected. This dose-response behavior was
curious for compound 16, because was the least consumed by the bees, a fact that
could be simply explained due to the starvation death of the bees, but the mortality
increases with the concentration increase and beyond the repellency the compound

16 showed toxicity to the bees. When comparing the heptyl esters mortalities with the
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CO, we had greater safety for the heptyl esters, because they showed lower mortality
rates than the CO even at the highest concentrations. When assessing intermediate
concentrations mortality is halved for compounds 4 and 28.

In order to minimize potential effects from these compounds present in the crop
on bees, it is recommended not to apply them during the blooming period, when the

bees forage on flowers.

3.6. Conclusion

Dihydroxybenzoates 4, 16, and 28 interfered in Xcc pathogenicity and remained active
during the citrus canker induction assay by inhibiting the onset of symptoms. The heptyl
dihydroxybenzoates proved to be safe, having low toxicity in eukaryotic cells, in the
germination of L. sativa seeds, and in young plants of C. sinensis, without altering their
photosynthetic parameters, as for S. postica toxicity heptyl dihydroxybenzoates were
similar to copper oxychloride. In conclusion, heptyl dihydroxybenzoates may be a

viable alternative to copper, as a useful agent in the control of citrus canker.
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3.7. Figures

OH O OH O

/©)LO/\/W O/\/\/\/ HO O/\/\/\/
HO HO
4 OH 16 28
MIC 13.2 ug mL? MIC 20.2 ug mL™* MIC 22.2 ug mL™*

Figure 1. Heptyl dihydroxybenzoates and their Minimum Inhibitory Concentration

(MIC) values against Xanthomonas citri subsp. citri
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Figure 2. Infiltration points in abaxial face of the leaves, NC (distilled water); VC (cells

B
1 MIC values

treated with 1% DMSO); PC (untreated cells) (A); Citrus canker symptom in C. sinensis
leaves after artificial inoculation of the treatement with heptyl dihydroxybenzoates and
copper oxychloride (CO) and copper sulfate (CS) %2 MIC and MIC; representative

images of triplicates after 3 weeks of infiltration (B).
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Figure 3. A) Percentage of citrus canker symptoms incidence in Citrus sinensis leaves.
NC = negative control (distilled water), VC = vehicle control (DMSO 1%), heptyl
dihydroxybenzoates (4, 16 and 28) at 10xMIC values, or copper oxychloride (CO) at
600 ug mL**. Data are means * standard deviations. Significant differences among
treatments were determined with ANOVA and Tukey’s test; values followed by different
letters are significantly different (p<0.001). *Concentration recommend by the
manufacture. B) Representative symptom severity rate in Citrus sinensis leaves after

spray test treatments.
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dihydroxybenzoates 4, 16 and 28, copper oxychloride (CO). Data presented with mean
+ standard deviation (p<0.0001, ANOVA with Dunnett’s post-test).
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Figure 5. Leaves gas exchange after 1 and 15 days of treatment application in C.
sinensis. Distilled water was applied as negative control (NC), other treatments were
heptyl dihydroxybenzoates (4, 16 and 28) and copper oxychloride (CO). (A) stomatal
conductance - gs, (B) maximum CO2 assimilation - Amax. Data are means * standard

deviations; there were not significant differences among treatments with one-way
ANOVA with repeated measures and Tukey'’s test (p>0.05).
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Figure 6. Chlorophyll a fluorescence measurements in leaves after 1 and 15 days of
treatment application in C. sinensis. Distilled water was applied as negative control
(NC), other treatments were heptyl dihydroxybenzoates (4, 16 and 28) and copper
oxychloride (CO). (A) effective quantum yield of photochemical conversion of PSlI, (B)
photochemical extinction coefficient of PSII (¢NO), (C) non-photochemical extinction
coefficient of PSIl (¢NPQ), (D) maximum photosystem Il quantum yield (Fv/Fm), (E)
maximum rate of electron transport (ETRmax). Data are means + standard deviations.
Significant differences among treatments were determined with one-way ANOVA with
repeated measures and Tukey's test; values followed by different letters are
significantly different (p<0.05). Data in figures A-D were not significantly different
(p>0.05).
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Figure 7. Average food intake per bee (ug) and Mortality rate of Scaptotrigona postica.
NC = negative control (sucrose solution 50%), VC = vehicle control (DMSO 1%), heptyl
dihydroxybenzoates (4, 16 and 28) and copper oxychloride (CO). Data are means *
standard deviations. Significant differences among treatments were determined with
one-way ANOVA with repeated measures and Tukey’s test; values followed by
different letters are significantly different (***p<0.0001).
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ABBREVIATIONS

Xcc, Xanthomonas citri subsp. citri; NYG, Nitrogen Yeast Glicerol; OD, optical density;
MIC, minimum inhibitory concentration; DMSO, dimethylsulfoxide; CO, copper
oxychloride; CS, copper sulfate; PC, positive control; NC, negative control; VC, vehicle

control.
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Capitulo 4




Capitulo 4: Consideracoes finais e conclusoes

1. CONSIDERACOES FINAIS

O género Xanthomonas comp8e um grupo de bactérias que atinge culturas
agricolas economicamente importantes, como arroz, feijao, tomate, laranja, pimentao,
maracuja, uva e outros (Graham et al., 2004).

O enfoque deste trabalho foi a Xanthomonas citri subsp. citri, 0 agente
etiolégico do cancro citrico, que acomete os pomares de citrus. O controle quimico
deste patdgeno no campo consiste na aplicacdo de substancias cupricas, largamente
utilizadas no controle de fitobacterioses, pois protegem o tecido vegetal da infeccao e
reduzem a populacdo bacteriana na superficie foliar, devido a formacéo temporaria de
uma pelicula protetora (Behlau et al., 2010). Com isso, S80 necessarias novas
aplicacdes de cobre, o que pode causar a resisténcia bacteriana. Com o0 surgimento
de cepas resistentes ao cobre tem se realizado pesquisas de novas substancias
antibacterianas (Behlau et al., 2013; Scapin et al., 2015; Graham et al., 2016; Canteros
et al., 2017; Richard et al., 2017; Matrtins et al., 2018; Gochez et al., 2018).

No Capitulo 2 foram avaliadas a atividade anti-Xcc dos acidos B-resorcilico,
gentisico e protocatecuico demonstrando-se inativos (MIC> 100 ug mL™"). Avaliou-se
0 potencial anti-Xcc de trés séries de ésteres alquilicos, constituida por
diidroxibenzoatos de etila, n-butila, n-hexila, n-octila, n-decila e n-dodecila, sendo
estes ativos contra Xcc, destacando os ésteres hexilicos e octilicos. Posteriormente,
foram preparados e testados os ésteres de heptila e nonila. Os menores valores de
CIM foram obtidos para os ésteres heptilicos (4, 16 e 28). Estudamos
diidroxibenzoatos de alquila ramificados, ciclicos e aroméaticos para analisar os efeitos
estereoeletronicos na atividade anti-Xcc, no entanto, ndo obtivemos conclusdes claras
sobre a relacéo estrutura e atividade antibacteriana destas substancias (Tabela 1
Capitulo 2, p. 60).

Silva e colaboradores descreveram a atividade anti-Xcc de galatos de alquila.
Visando investigar a relevancia do niumero de grupos hidroxila na atividade anti-Xcc,
comparando-os aos diidroxibenzoatos de alquila. Os diidroxibenzoatos heptilicos
exibiram valores de CIM de 52 uM (4), 80 uM (16) e 88 pM (28) contra Xcc, sendo
assim mais ativos que o galato de heptila (CIM = 116 yM) (Silva et al., 2013). Este

conjunto de dados indicou que a reducdo no numero de hidroxilas aumentou a
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atividade anti-Xcc. Comparacfes entre os valores de CIM dos ésteres 4, 16 e 28
sugerem que as hidroxilas nas posicoes 2 e 4 (DHB 4) aumentaram a atividade anti-
Xcc quando comparadas as posicoes 2 e 5 (DHB 16), bem como 3 e 4 (DHB 28).

Isso foi corroborado por outros dados referentes aos acidos diidroxibenzbicos
(DA) e seus ésteres que tiveram atividade antimicrobiana descrita contra bactérias
Gram-positivas e Gram-negativas (Liu, Hsu & Yin, 2008; Kuet et al., 2009; Chao & Yin,
2009; Mandalari et al., 2010; Bisignano et al., 2013). Alguns DAs, como éacido o-
pirocatecuico, B-resorcilico, gentisico, Y-resorcilico e protocatecuico mostram
atividade contra Campylobacter jejuni, Escherichia coli, Listeria monocytogenes e
Salmonella enterica (Friedman, Henika & Mandrel, 2003).

Merkl e colaboradores analisaram a atividade antimicrobiana dos &cidos
protocatecuico, gentisico, ferulico, cafeico, vanilico e p-hidroxibenzéico e os seus
ésteres de metila, etila, n-propila, n-butila e n-hexila, contra E. coli, Bacillus cereus, L.
monocytogenes, Saccharomyces cerevisiae e Fusarium culmorum e relatou
diferencas significativas entre os valores de CIM dos acidos e seus ésteres. Em geral,
0s ésteres butilicos foram duas vezes mais ativos que os acidos de origem. Além
disso, os autores associaram o aumento da atividade antibacteriana com o tamanho
da cadeia alquilica lateral (Merkl et al., 2010).

O aumento da cadeia alquilica promove uma diminui¢cdo na solubilidade em
agua, favorecendo a formacéao de micelas, as quais séo incapazes de atravessar a
membrana de células bacterianas. O carater anfifilico dos diidroxibenzoatos de alquila
permite a formacg&o de micelas, devido a hidrofilicidade dos grupos hidroxila e a longa
cadeia carbdénica hidrofébica (Wermuth, 2008; Merkl et al., 2010).

A substancia com maior lipofilicidade foi o B-resorcilato de dodecila (2,4
diidroxibenzoato de dodecila - 8) e a substancia com menor lipofilicidade foi o acido
protocatecuico (acido 3,4-DHB). O aumento do tamanho da cadeia lateral alquilica,
aumenta a lipofilicidade dos ésteres, promovendo maior permeacdo na fase
estacionéaria formada por ODS (octadecilsilano), culminando em tempos de retencéo
maiores. O DHB 4 tem duas hidroxilas nas posicoes 2,4 (meta-posicionadas), o 16
tem duas hidroxilas em 2,5 (para-posicionadas) e o 28 tem duas hidroxilas nas
posi¢cdes 3,4 (orto-posicionadas). Os valores de logPoade 5,1 (4), 5,0 (16) e 4,3 (28)

sao préximos, sendo a substancia 4 a mais lipofilica.
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Neste trabalho, demonstramos que os diidroxibenzoatos de heptila néo
apresentavam citotoxicidade (Tabela 2, Capitulo 2, p. 61) dentro da faixa de
concentracéao testada (12,5 a 200 uM). Nossos resultados corroboram os estudos de
Medina-Alarcén e colaboradores, que relataram que os protocatecuatos de alquila ndo
mostraram toxicidade contra as linhagens celulares MRC-5 e HepG2 (Medina-Alarcon
et al., 2017).

Ao observamos as curvas de crescimento de Xcc (Figura 1, Capitulo 2, p. 62)
durante o tratamento com as substancias, notou-se um atraso na fase exponencial,
gue prolongou o tempo para que a coldnia bacteriana atingisse a fase estacionaria.
Este atraso foi mais evidente quando se aumentou a concentracdo das substancias.
As interacdes dos ésteres com as células de Xcc apresentaram curvas diferentes, o
gue € um fato interessante, uma vez que os ésteres possuem o mesmo tamanho de
cadeia carbonica. Portanto, isso nos fez considerar a relevancia das hidroxilas no
crescimento de Xcc. Comparando os DHB ao controle positivo e ao controle veiculo
no item 2.8 do Capitulo 2, p. 60, o crescimento bacteriano sofreu um atraso de
aproximadamente 18 h até atingir a fase estacionaria. No entanto, ao avaliar o
comportamento do DHB 16 observamos uma maior inibicdo do crescimento
bacteriano, diminuindo significativamente a altura da curva (menor densidade Optica).
Portanto, pode-se inferir que a acdo do DHB 16 sobre Xcc € maior que a acdo do DHB
4. O perfil do DHB 28 apresentou aumento do crescimento bacteriano de 20 a 30 h,
posteriormente a este tempo a inibicdo do crescimento de Xcc continuou mais eficaz
do que aquela apresentada por DHB 4, mas com menor capacidade de inibicdo em
relacdo ao DHB 16 (Figura 1, Capitulo 2, p. 62).

Ao avaliamos o oxicloreto de cobre, encontramos um valor de CIM de 43,1 ug
mL~ " contra Xcc e contra as células eucaridticas ndo demonstrou toxicidade. Nas
curvas de crescimento das colbnias tratadas com o oxicloreto de cobre, notamos que
0 padrdo de curva ndo se alterou e o oxicloreto de cobre mostrou-se inativo nas
condicOes testadas. Behlau e colaboradores descreveram o oxicloreto de cobre como
uma formulacdo de cobre insolavel (ICuF) (syn. Copper fixo), sendo a forma mais
estudada e comumente utilizada de cobre para o controle do cancro citrico (Behlau et
al.,, 2010; Behlau et al., 2017). A insolubilidade pode estar relacionada a baixa

atividade do oxicloreto de cobre.
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A concentracdo bactericida minima foi determinada pela observacdo do
crescimento bacteriano em placas de Petri transferidas das placas do ensaio de
microdiluicdo em caldo. Obtivemos acéo bactericida para os ésteres 11, 22-24, 31 e
36 a 100 yg mL™ ", para os ésteres 2, 3, 15, 27-30 a 50 ug mL~ ' e para os ésteres 4
el6a25ugmL".

Investigamos os diidroxibenzoatos de alquila quanto a interferéncia na diviséo
celular de Xcc mediada por FtsZ (Lutkenhaus & Addinall, 1997). A proteina FtsZ esta
relacionada a tubulinas eucariéticas (Lowe & Amos, 1998), por possuir atividade
GTPasica (de Boer, 1992; Ray Chaudhuri & Park, 1992) e capacidade de se
polimerizar de modo dependente de GTP (Erckson & Stoffer, 1996). O ensaio de
regeneracdo continua do substrato foi realizado para caracterizar a atividade
GTPasica (Margalit et al.,, 2004). Os ésteres 4, 16 e 28 apresentaram inibicdo da
atividade GTPasica de FtsZ (Figura 4, Capitulo 2, p. 65). Esses dados sugerem que
0s trés compostos promoveram alteragcdes nos protofilamentos, levando a
despolimerizacao, e impedindo a divisado celular bacteriana.

Os ésteres heptilicos 4, 16 e 28 afetaram a integridade da membrana (Figura
2, Capitulo 2, p. 63), mas apenas 28 mostrou alta permeabilidade similar & nisina.
Portanto, similarmente aos galatos de alquila (Krdél et al., 2015), as substancias 4, 16
e 28 exibem atividade antibacteriana pela combinacdo da inibicdo de FtsZ e de
permeabilizacdo da membrana.

No Capitulo 3, dando sequéncia aos experimentos, avaliamos a capacidade
dos ésteres heptilicos 4, 16 e 28 sobre a patogenicidade de Xcc. Nas folhas de C.
sinensis foram infiltradas suspensdes de células de Xcc tratadas previamente com os
diidroxibenzoatos (4, 16 e 28) a Y2 MIC e MIC. Em ambas as concentracdes, a Xcc
perdeu sua capacidade de colonizacdo, ndo observando a formacédo de lesdes
caracteristicas do cancro citrico (Figura 2, Capitulo 3, p. 162).

Comparando os ésteres aos compostos de cobre observamos a inibi¢cdo parcial
dos sintomas, sendo essa reducdo mais aparente no tratamento com sulfato de cobre.
Este efeito pode ser explicado pela insolubilidade do oxicloreto de cobre em meio
aquoso. Behlau e pesquisadores relataram que as formulacdes insollveis de cobre
sdo as mais estudadas e utilizadas para o controle do cancro citrico (Behlau et al.,
2010; Graham et al., 2010), o que justificou nossa selecéo para o estudo comparativo

com os ésteres heptilicos.
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A inibicdo da capacidade patogénica de Xcc por DHB corrobora com dados
anteriormente descritos para os galatos de alquila, os quais inibiram completamente
0 aparecimento de lesdes em folhas de Citrus limonia (Silva et al.,, 2013). Os
diidroxibenzoatos heptilicos demonstraram eficacia similar aos galatos (Nazaré et al.,
2018). Para este ensaio, 0 numero e a posi¢cdo das hidroxilas ndo foi relevante,
obtendo o mesmo efeito supressor nos sintomas do cancro citrico, evidenciando que
os ésteres (4, 16 e 28) tém atividade protetora contra a infec¢cdo Xcc.

Para confirmar a capacidade protetora dos diidroxibenzoatos heptilicos 4, 16 e
28 em plantas jovens de C. sinensis, seguimos a metodologia do teste de
pulverizacdo, que simula a infeccdo natural em condi¢cdes de campo pela acédo da
chuva e vento. A infeccdo de Xcc em tecidos foliares saudaveis ocorre através dos
estdbmatos e ferimentos (Gottwald e Graham, 1992; Schubert et al., 2001; Bock et al.,
2010). Inicialmente, foram avaliadas a incidéncia de sintomas por grupo (tratamento)
das folhas coletadas. Obtendo-se 80,1% de folhas sintomaticas no controle positivo
(folhas néo-tratadas), 80,3% no controle de veiculo (DMSO 1%), 53,4% (4), 67,8%
(16) e 57,2% (28) nos tratamentos com os diidroxibenzoatos de heptila (Figura 3,
Capitulo 3, p. 163). Correlacionando os tratamentos com o0s ésteres e controle
positivo observou-se a diminui¢cao de 33,3% nos sintomas para o DHB 4, 15,3% para
o DHB 16 e 28,6% para o DHB 28. Correlacionamos a capacidade dos ésteres
heptilicos inibirem o inicio dos sintomas com o oxicloreto de cobre. Os sintomas para
o tratamento com oxicloreto de cobre foi de 58,7%, com uma reducéo de 26,7% nos
sintomas em relacdo ao controle positivo. Com base na andlise estatistica (one-way
ANOVA com pos-teste de Tukey) os tratamentos com ésteres heptilicos e oxicloreto
de cobre nédo apresentaram diferenca significativa.

Utilizamos as escalas diagramaticas descritas por Belasque Jr. e colaboradores
(2005) para avaliar a severidade dos sintomas. Obtivemos as taxas de severidade de
1,3 no controle positivo (agua), 2,2 no controle veiculo (DMSO 1%), 0,6 para o
oxicloreto de cobre, 0,6 (4), 0,9 (16) e 0,6 (28), verificando que a capacidade inibitoria
das substancias foi semelhante ao oxicloreto de cobre (Figura 3, Capitulo 3, p. 163).
Portanto, os diidroxibenzoatos heptilicos sdo alternativas para o cobre.

Foram realizados estudos de fitotoxicidade para avaliar a seguranca dos
ésteres (Priac, Badot e Crini, 2017). A inibicdo do crescimento inicial de plantulas é

um indicador valido e sensivel de toxicidade ambiental, sendo a fase inicial de
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crescimento mais sensivel que a germinacdo (Pinto e Kolb, 2016). Varios autores
mostraram que os testes de fitotoxicidade tém muitas vantagens: sdo simples,
economicamente viaveis e requerem uma pequena quantidade de amostra (Mayer e
Poljakoff-Mayber, 1989, Banks & Schultz, 2005; Salvatore, Carafa e Caratu, 2008). As
plantas geralmente recomendadas pela Agéncia de Protecdo Ambiental dos EUA
(EPA, 1996), pela Food and Drug Administration (FDA, 1987) e pela Organizacao para
Cooperacdo e Desenvolvimento Econémico (OECD, 2003) sédo pepino (Cucumis
sativus), alface (Lactuca sativa), rabanete (Raphanus spp.), trevo vermelho (Trifolium
pratense) e trigo (Triticuma estivum) (Priac, Bandot e Crini, 2017).

No presente trabalho, optamos por trabalhar com alface. A concentracao usada
para os testes foi 10 x CIM, porgue foi a concentracdo capaz de inibir o aparecimento
de sintomas no teste de pulverizacdo item 2.2, Capitulo 3, pg. 152. Na avaliacdo dos
ésteres heptilicos (4, 16 e 28), os comprimentos médios das raizes foram semelhantes
ao das medidas do controle negativo (Figura 4, Capitulo 3, p. 164), com excecéo do
DHB 4, sendo o comprimento médio das raizes 50% menor que a do controle negativo.
Nos caules, todos causaram reducéao igual a 4, 16 e CO, sendo menor para 28.
Finalmente, o oxicloreto de cobre foi avaliado e encontramos um comprimento médio
de raiz de 0,4 cm (83% menor que o controle negativo). Assim, os ésteres heptilicos
foram menos fitotoxicos ou similares ao oxicloreto de cobre.

Avaliamos os parametros de trocas gasosas e fotoquimicos do processo
fotossintético em folhas de C. sinensis. Os ésteres e 0 oxicloreto de cobre mostraram
auséncia de dano fotoinibitorio, ou seja, ndo danificaram o aparato fotossintético,
sendo assim considerados seguros para plantas jovens de C. sinensis.

Setenta e cinco por cento das lavouras dependem de polinizadores para a sua
reproducéo e as abelhas sdo os agentes mais importantes e eficientes tanto em
ambientes naturais como agricolas. Para o Brasil, o valor econémico estimado pela
polinizacdo € estimado em R$ 43 bilhdes por ano (BPBES, 2018). Entretanto, o
declinio populacional de polinizadores tem sido observado drasticamente e entre as
causas atribuidas a eventos de mortalidade, o principal € o uso indiscriminado de
agrotoxicos. Portanto, torna-se essencial que todos os pesticidas langcados no meio
ambiente sejam testados em abelhas. A toxicidade dos ésteres heptilicos foi testada
contra as abelhas sem ferrdo (Scaptotrigona postica). Para os testes, os protocolos

estabelecidos pela Organizacdo para Cooperacdo e Desenvolvimento Econdémico
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(OECD, 1998a, 1998b) para a avaliacdo de pesticidas em abelhas em laboratério
foram utilizados e adaptados para abelhas sem ferrdo (Scaptotrigona postica).

Foram avaliadas as médias do consumo de alimento por abelha (ug) e a
porcentagem de morte das abelhas, sendo o controle negativo e o controle de veiculo
constituidos por sacarose 50% e DMSO 1%, respectivamente.

Inicialmente avaliou-se a ingestao de alimento por abelha, e pode-se observar
gue os ésteres heptilicos 4 e 28 tiveram suas taxas de consumo semelhantes as dos
controles, exceto a menor concentragéo da substancia 4 (0,1 MIC) em que 0 consumo
foi mais baixo do que as demais. O éster 16 apresentou baixa ingestdo das abelhas
para as trés concentracdes avaliadas, o que nos fez inferir que a substancia 16 pode
causar efeito repelente as abelhas. Avaliando o comportamento da média das
concentracbes do éster 16 observou-se efeito similar ao composto cuprico (CO)
avaliado somente na concentracdo de aplicagdo na lavoura recomendada pelo
fabricante. Em relacédo a taxa de mortalidade das abelhas observou-se que quanto
maior a concentracdo, maior o numero de abelhas mortas. Porém, este
comportamento dose-resposta foi curioso para o éster 16, pois foi 0 menos consumido
pelas abelhas, fato que poderia ser simplesmente explicado devido a morte das
abelhas por inanicdo, mas a mortalidade aumenta dependentemente da
concentracdo, sendo assim, além da repeléncia a substancia 16 foi toxica para as
abelhas. Ao compararmos as mortalidades dos ésteres heptilicos com o oxicloreto de
cobre (CO), notou-se que os ésteres foram mais seguros, pois apresentaram menores
taxas de mortalidade que o CO, mesmo nas maiores concentragcdes. Ao avaliar as
concentracfes intermediarias, a mortalidade foi reduzida pela metade para os
compostos 4 e 28.

De qualquer forma, para minimizar os efeitos dos ésteres heptilicos nas
abelhas, recomenda-se aplica-los fora do periodo de floracdo, quando as abelhas

forrageiam nas flores.

2. CONCLUSOES GERAIS

Os 36 diidroxibenzoatos propostos foram obtidos, purificados e tiveram sua
hidrofobicidade determinada. Os diidroxibenzoatos de alquila demonstraram atividade
contra Xcc no ensaio de microdiluicdo em caldo, sendo os diidroxibenzoatos heptilicos

(4, 16, e 28) selecionandos devido a seus menores valores de CIM. Os
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diidroxibenzoatos hepitilicos exibiram atraso na fase exponencial de Xcc, afetaram a
integridade da membrana de Xcc, inibiram a atividade GTP&sica da proteina FtsZ,
sugerindo a inibicdo da divisdo celular bacteriana. Os diidroxibenzoatos 4, 16, e 28
interferiram na patogenicidade de Xcc, e se mantiveram ativos no ensaio de indugéo
de cancro citrico inibindo o aparecimento de sintomas. Os diidroxibenzoatos heptilicos
demonstraram ser seguros, exibindo baixa toxicidade em células eucaridticas, no
desenvolvimento inicial de L. sativa e em plantas jovens de C. sinensis, néo alterando
seus paramentos fotossintéticos. Quanto a toxicidade em S. postica 0s
diidroxibenzoatos heptilicos foram menos toxicos ou com toxicidade similar ao

oxicloreto de cobre.

Com isso, pode-se concluir que os diidroxibenzoatos heptilicos podem ser
uma alternativa viavel ao cobre, sendo agentes Uteis no controle do cancro citrico. As
perspectivas deste trabalho seriam ensaios em maior escala (campo), ensaios de
sinergismo com substancias cupricas, ensaios de estabilidade dos diidroxibenzoatos

heptilicos e desenvolvimento de formulagdes agroquimicas.
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