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Products, Goiania/GO, Brazil, 2021. Poster presentation (online).
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RUSSO, H. M., BUENO, P.; BAUERMEISTER, A.; ALMEIDA, R. F;
DORRESTEIN, P. C.; CAVALHEIRO, A. J.; BOLZANI, V. S. Experimental design
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ZANATTA, A. C.; RUSSO, H. M.; MEDEIROS, R. D.; RINALDO, D.; VILEGAS, W.
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S.; ZERAIK, M. L. Chemical profile of Crotalaria spectabilis extracts and evaluation
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extracts and its nematicidal and nematostatic effects. In: XVII Latin American
Symposium on Chromatography and Related Techniques, Aracaju/SE, Brazil,
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RUSSO, HELENA MANNOCHIO; RIBEIRO, D. C.; Fraige, K.; ZERAIK, M. L;
BOLZANI, V. S. Search for natural products of economic interest in fruit residues
of Platonia insignis: bioactivity evaluation and structural characterization. In: XXV
Encontro de Quimica da Regidao Sul (SBQSul), Londrina/PR, Brazil, 2018. Oral
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Short-term courses

2021: Machine Learning in Chemometrics, 6 hours. Lecturer: Prof. Dr. Peter
Harrington. V Escola de Inverno de Quimiometria. Online.

2021: Multivariate regression: basic concepts and application examples, 8 hours.
Lecturer: Prof. Dr. Dmitry Kirsanov. Escola de Inverno de Quimiometria. Online.
2018: Morfologia e sistematica de Malpighiaceae Neotropical, 30 hours. Lecturer:
Dr. Rafael Felipe de Aimeida. Universidade Federal de Minas Gerais (UFMG).

10)Organization and/or presentations of workshops and courses

2021: Lecturer of the short-term course “Basic concepts of mass spectrometry and
use of the Global Natural Products Social Molecular Networking (GNPS) platform”.
10 hours. Online. Faculty of Pharmaceutical Sciences, Federal University of
Alfenas (UNIFAL). 35 participants.

2021: Workshop — “Molecular Networking with GC-MS data (in Portuguese)”. 4
hours. Online. Estimated audience: 80 people.

2020: Workshop — “Feature-Based Molecular Networking (in Portuguese)”’. 4
hours. Online. Estimated audience: 200 people

2020: Workshop — “Molecular Networking (in Portuguese)”. 2 hours. Online.
Estimated audience: 450 people.

2020: Workshop — “Automated tools for developing chromatographic methods:
Fusion QbD”. 2 hours. Online. Estimated audience: 90 people.

2019: Workshop — “Young Researchers: future leaders in the academic and
industrial sectors”. 4 hours. Workshop held in the 42a Reunido Anual da Sociedade

Brasileira de Quimica, Joinville/SC, Brazil. Estimated audience: 80 people.



11) Scientific supervisions

2018-2019: Anna Beatriz Sabino Ferrari (Department of Chemistry, State
University of Londrina, UEL). Master research project, “Chemical analysis of
Agaricus subrufescens mushroom grown with different handmade and commercial
supplements”. Supervisor: Profé. Dr2. Maria Luiza Zeraik.

2018-2019: Giselle Lopes da Silva (Department of Chemistry, State University of
Londrina, UEL). Master research project, “Phytochemical study and antiglycant and
antioxidant evaluation of fruits Psidium cattleianum var. lucidum”. Supervisor: Prof@.
Dra. Maria Luiza Zeraik.

2019: Natalia Felix Alves (Chemical Engineering, Sdo Paulo State University,
UNESP). Undergraduate research project, “Bioguided study of Talisia esculenta for
the identification of secondary metabolites inhibitors of advanced glycation”.
Supervisor: Profé. Dr2. Vanderlan da Silva Bolzani.

2018: Dayane Castro Ribeiro (Faculty of Pharmaceutical Sciences, Sdo Paulo
State University, UNESP). Undergraduate research project, “Evaluation of the
potential of Brazilian fruits for the development of safe functional food of economic

interest”. Supervisor: Profe. Dré. Vanderlan da Silva Bolzani.

12) Scientific affiliations

Member of the Brazilian Chemical Society (SBQ, 2019 — Present) — Member of the
SBQ Young Researchers Committee (JP-SBQ) since its creation.

Member of the Metabolomics Society (2021 — Present).

Member of the International Young Chemists Network (I'YCN/IUPAC) — Brazilian
delegate (2021 — Present).

13) Other relevant information

Member of the editorial board of Revista Virtual de Quimica (RVSBQ) — Special
Edition coordinated by JP-SBQ: “Science Developed by Young Brazilian
Researchers / A Ciéncia Desenvolvida por Jovens Pesquisadores Brasileiros”.
2021-2022.

Seven interviews granted to news outlets about the doctoral work focused on the

search for natural substances to combat Aedes aegypti, 2021.
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RESUMO

Historicamente, as plantas estdo entre as fontes de produtos naturais mais
investigadas, e contribuiram significativamente para o desenvolvimento do campo da
quimica de produtos naturais. Metabdlitos de plantas representam uma diversidade
estrutural rica, com inumeras atividades bioldgicas que inspiraram o desenvolvimento
de diversos farmacos. O Brasil € considerado um hotspot de biodiversidade contendo
milhares de espécies sem nenhuma informacédo quimica relatada até o momento,
representando um vasto potencial para estudos quimicos. O desenvolvimento
continuo de ferramentas e bancos de dados de bioinformatica de produtos naturais
pode ser de grande valia para auxiliar e acelerar estudos na area de produtos naturais
no Brasil. Nesse contexto, a familia botanica Malpighiaceae se destaca por apresentar
uma grande diversidade de produtos naturais reportados na literatura, e ainda contém
centenas de espécies quimicamente inexploradas. O presente trabalho tem como
objetivo estudar plantas da familia Malpighiaceae, com trés principais objetivos: (1)
desenvolver um método cromatografico otimizado (em UHPLC-PDA) para analise de
uma mistura de extratos de espécies da familia Malpighiaceae (MIX); (2) realizar um
estudo quimiossistematico baseado em analises de UHPLC-MS/MS de 137 espécies
de Malpighiaceae baseado em metabolémica nao direcionada, buscas espectrais, e
em ferramentas de classificagdo in silico recentemente descritas; (3) buscar por
compostos bioativos com atividade larvicida contra o Aedes aegypti usando uma
abordagem metabolémica. Os resultados obtidos destacam o poder do uso da
abordagem Quality by Design para desenvolver um método cromatografico robusto
de amostras muito complexas, além do uso da ferramenta Molecular Networking, que
levou a anotacdo bem-sucedida de 61 compostos nos nove extratos usados para
preparar o MIX. Além disso, as ferramentas bioinformaticas utilizadas nas
investigagcdes quimiotaxondmicas revelaram diversas classes quimicas especificas de
determinados clados ou géneros, e foram usados para reconstruir a filogenia de
Malpighiaceae. Esta analise forneceu classes de metabdlitos identificados como
homoplasticos (ou seja, ndo exclusivos) ou sinapomdérficos (ou seja, exclusivos) para
clados e géneros, e permitiu um estudo quimico evolutivo abrangente em
Malpighiaceae. Finalmente, para a busca de compostos bioativos, uma triagem inicial
revelou a espécie Heteropterys umbellata como a mais promissora, que foi
selecionada para uma investigagdo quimica mais aprofundada. Foi possivel
determinar as diferencas nos perfis metabdlicos de caules e folhas e de coletas
realizadas em diferentes estados do bioma Cerrado (Minas Gerais e S4o Paulo). Um
fracionamento bioguiado levou ao isolamento de nitropropanoil glicosideos, uma
classe incomum de metabdlitos que apresentaram atividade larvicida de moderada a
potente. Em concluséo, este estudo contribuiu para investigar a quimica de dezenas
de espécies de Malpighiaceae que ainda ndo haviam sido estudadas até entdo. O
estudo permitiu a analise das classes quimicas em Malpighiaceae em um contexto
quimioevolutivo, além de levar ao isolamento de compostos naturais incomuns por
uma abordagem de base metabolémica. Esses resultados contribuiram para ampliar
o conhecimento quimico sobre Malpighiaceae, e os fluxos de trabalho seguidos
podem ser reproduzidos em outros taxons para futuras investigagdes quimicas.

Palavras-chave: Quality by Design; quimiotaxonomia; metabolémica de plantas;
desreplicacéo; espectrometria de massas; evolugao; nitrocompostos.



ABSTRACT

Historically, plants are among the most investigated sources of natural products, which
substantially contributed to the development of the natural products field. Plant
metabolites represent a rich structural diversity, with countless biological activities that
have inspired the development of several drugs. Brazil is considered a megadiverse
hotspot, containing thousands of species without any chemical information reported to
date, representing a vast potential for chemical studies. The continuous development
of natural product bioinformatics tools and databases can be of great value to assist
and accelerate studies in the natural products field in Brazil. In this context, the
Malpighiaceae botanical family stands out for presenting a wide diversity of natural
products reported to date, but still containing hundreds of chemically underexplored
species. This research aims to study plant species from the Malpighiaceae family, with
three main objectives: (1) develop an optimized chromatographic method (UHPLC-
PDA) for the analysis of a mixture of extracts from Malpighiaceae species (MIX); (2)
perform a chemosystematic investigation based on UHPLC-MS/MS analysis of 137
Malpighiaceae species based on MS/MS untargeted metabolomics, spectral searches,
and recently described in silico classification tools; (3) search for bioactive compounds
with larvicidal activity against Aedes aegypti using an untargeted metabolomics
approach. The results obtained highlight the power of using the Quality by Design
approach to develop a robust chromatographic method of very complex samples, as
well as of the Molecular Networking tool, which led to the successful annotation of 61
compounds in the nine extracts used to prepare the MIX. In addition, the bioinformatics
tools used in the chemotaxonomic investigations revealed several clade or genera-
specific chemical classes, which were successfully used to reconstruct the
Malpighiaceae phylogeny. This analysis provided classes of metabolites identified as
homoplastic (i.e., non-exclusive) or synapomorphic (i.e., exclusive) for clades and
genera, and allowed a comprehensive evolutionary chemical study in Malpighiaceae.
Finally, for the search of bioactive compounds, an initial screening revealed
Heteropterys umbellata as the most promising species, which was selected for a
deeper chemical investigation. It was possible to determine the differences in the
metabolic profiles of stems and leaves, and of collections performed in different states
in the Cerrado biome (Minas Gerais and Sao Paulo). A bio-guided fractionation led to
the isolation of nitropropanoyl glucosides, an unusual class of metabolites that showed
moderate to potent larvicidal activity. In conclusion, this study contributed to investigate
the chemistry of dozens of Malpighiaceae species which had not been investigated to
date. It allowed the inspection of the chemical classes in Malpighiaceae in a
chemoevolutionary context, besides leading to the isolation of unusual natural
compounds by a metabolomic-based approach. These results contributed to expand
the chemical knowledge of Malpighiaceae, and the workflows followed can be
reproduced in other taxa for further chemical investigations.

Keywords: Quality by Design; chemotaxonomy; plant metabolomics; dereplication;
mass spectrometry; evolution; nitro compounds.



RESUMO EXPANDIDO

Os produtos naturais oriundos de plantas, microorganismos e organismos
marinhos tém fascinado e inspirado a humanidade desde a antiguidade,
principalmente devido aos efeitos terapéuticos observados para os mais diversos tipos
estruturais. Estima-se que aproximadamente 50% dos farmacos comercializados sao
produtos naturais e seus derivados, ou inspirados em produtos naturais (NEWMAN;
CRAGG, 2020). De fato, a busca por moléculas inéditas de origem natural foi foco de
inuomeros grupos de pesquisa nas Uultimas décadas, e estima-se que
aproximadamente 300.000 metabdlitos secundarios foram identificados até os dias de
hoje, sendo que muitas destas substéncias foram avaliadas para somente um, ou
mesmo nenhum alvo biolégico (HUBERT; NUZILLARD; RENAULT, 2017). Apesar de
centenas de milhares de substancias naturais terem sido descritas, estima-se que
somente uma pequena porcentagem da biodiversidade mundial tenha sido explorada
quimicamente. Dessa forma, a area da quimica de produtos naturais ainda tem muito
a ser explorada, principalmente em paises considerados hotspots de biodiversidade,
como o Brasil.

Nas ultimas décadas, o desenvolvimento de técnicas hifenadas sensiveis tornou
possivel estudos mais abrangentes de extratos. Nesse contexto, as técnicas
hifenadas ganham destaque, principalmente a cromatografia gasosa e cromatografia
liquida acopladas a espectrometro de massas (CG-EM e CL-EM). A possibilidade de
se acoplar um detector extremamente sensivel, como o espectrémetro de massas, a
uma técnica de separagdo cromatografica prévia possibilita explorar amostras
complexas (como extratos) de forma mais global. Além disso, o desenvolvimento de
bases de dados e ferramentas computacionais de processamento de dados e de
anotagao, causaram uma revolugéo na area de produtos naturais.

A fitoquimica classica com foco de isolar substancias bioativas foi muito utilizada
nas ultimas décadas, mas muitas vezes levava ao re-isolamento de substancias ja
bastante exploradas. Com o uso das técnicas descritas acima, € possivel determinar
as substancias conhecidas a partir de comparacdo com bases de dados espectrais e
focar o estudo em substancias potencialmente inéditas, ou mesmo em metabdlitos
conhecidos de interesse. Essa forma mais racional de busca por substancias naturais
tem sido empregada com sucesso na quimica de produtos naturais, e ferramentas

computacionais ainda mais robustas vem sendo desenvolvidas para auxiliar no



processo de interpretacdo de grandes conjuntos de dados. Esses avangos permitem
a realizagao de trabalhos cada vez mais abrangentes, com quantidades de amostras
cada vez maiores.

A familia botanica Malpighiaceae se destaca pela diversidade de produtos naturais
descritos na literatura. Diversos estudos em Malpighiaceae dividem essa familia em
dez grandes grupos filogenéticos, compreendendo 74 géneros e cerca de 1300
espécies distribuidas nas regides tropicais e subtropicais do globo (DAVIS;
ANDERSON, 2010). Estudos quimicos prévios demonstraram que as espécies de
Malpighiaceae acumulam uma ampla gama de metabdlitos secundarios, incluindo
alcaloides p-carbonilicos e derivados de triptamina, isoprenoides (como
fitoecdisteroides), e compostos fendlicos abrangendo diferentes subclasses de
flavonoides a derivados de acido quinico (FRAIGE et al., 2018; MANNOCHIO RUSSO
et al., 2020; QUEIROZ et al., 2014; SAMOYLENKO et al., 2010). Além da
complexidade quimica, as espécies de Malpighiaceae também se destacam pelo valor
nutricional de seus frutos, usos etnofarmacolégicos, e propriedades toxicas. Apesar
de diversos estudos quimicos reportados, essa familia ainda é considerada
quimicamente pouco explorada, com centenas de espécies que ainda nao foram
estudadas com esse propésito. Dessa forma, um estudo quimico abrangente em
Malpighiaceae é de grande interesse para ampliar o conhecimento quimico da familia,
e correlagdes quimiotaxondmicas (i.e., classes de substancias especificas ou mais
abundantes em determinados clados filogenéticos ou géneros) podem auxiliar a guiar
futuros estudos nessa familia.

A produgdo de compostos toxicos por espécies de Malpighiaceae despertam
interesse na busca de substancias com as mais diversas bioatividades. Um estudo
prévio realizado com extratos de Hiptage benghalensis revelou que essa espécie
apresentava importantes atividades inseticidas e repelentes contra mosquitos
transmissores de doengas negligenciadas em paises do sudeste asiatico
(LALROTLUANGA et al., 2012). Dessa forma, essa familia botanica pode ser
promissora para a busca de substancias tdxicas para o combate de mosquitos
transmissores de doencgas negligenciadas, como o Aedes aegypti. Esse mosquito é o
vetor de diversas doengas que se espalham em territério nacional todos os anos,
como a dengue, zika e chikungunya. Vacinas e tratamento efetivos para essas
doencgas ainda nao foram desenvolvidos, e a forma mais efetiva de combate a essas
doencas é o controlar o vetor (SILVERIO et al., 2020).



Dessa forma, o presente trabalho tem como principais objetivos realizar uma ampla
investigacao quimica de 137 espécies de Malpighiaceae, visando utilizar ferramentas
computacionais recentemente descritas para encontrar correlagcbes
quimiossistematicas e buscar compostos bioativos. Nesse contexto, dividimos esta
tese em trés capitulos para melhor compreensao de seu conteudo:

1. Desenvolver um método cromatografico UHPLC de uma mistura de extratos
de Malpighiaceae usando a abordagem Quality by Design e automacgao
instrumental, e anotar os metabdlitos secundarios com base no algoritmo de
rede molecular e comparacédo com bibliotecas espectrais MS/MS.

2. Realizar uma investigagao quimiotaxondmica usando metabolédmica nao
direcionada, redes moleculares, buscas em bibliotecas espectrais e
ferramentas in silico para classificacdo de metabdlitos para correlacionar os
resultados quimicos com a filogenia atualmente aceita para a familia.

3. Buscar por compostos com atividade larvicida contra o Aedes aegypti através
de uma triagem inicial de extratos de Malpighiaceae, seguida de uma
investigagdo quimica mais aprofundada da espécie mais ativa por meio de uma

abordagem metabolémica.

O primeiro capitulo dessa tese descreve uma metodologia analitica para
desenvolver um método cromatografico robusto para analise de espécies de
Malpighiaceae, além da anotagdo dos metabdlitos secundarios produzidos por estas.
Para tal, uma mistura (MIX) em partes iguais de nove extratos hidroetandlicos de
Malpighiaceae foi preparada, compreendendo uma espécie de cada grupo filogenético
da familia, sendo estas: Byrsonima intermedia, Mcvaughia bahiana, Barnebya harleyi,
Ptilochaeta densiflora, Bunchosia pallescens, Hiraea restingae, Niedenzuella
multiglandulosa, Banisteriopsis laevifolia € Amorimia septentrionalis. Os extratos de
cada uma dessas espécies foram obtidos por micro-extracdo em ultrassom. O MIX foi,
portanto, utilizado para desenvolvimento do método cromatografico utilizando a
abordagem de Quality by Design (QbD). Para tal, contamos com o auxilio do software
Fusion Quality by Design® e de automagado instrumental para podermos avaliar
diversos parametros em um curto tempo.

O desenvolvimento do método em Ultra-High Performance Liquid
Chromatography- photodiode array (UHPLC-PDA) contou com trés principais etapas:

triagem, otimizacao e simulagao de robustez. Além disso, as respostas selecionadas



para analise estatistica foram: niumero de picos totais, numero de pares de picos com
resolucdo = 1.5, numero de pares de picos com resolucédo = 2.0, e numero de picos
com encaudamento < 1.2. Na primeira etapa foram avaliados seis colunas, dois
solventes organicos, trés valores de pH (acido, neutro e basico) e dois tempos de
gradiente. Na segunda etapa, a temperatura, pH (trés valores de acidez), % CH3CN-
MeOH em fase organica e % final de solvente orgénico foram variados. A etapa final
consistiu no simulador de robustez, que proporcionou as melhores condi¢des: coluna
Acquity BEH Shield RP18 (2.1 x 100 mm, 1.7 um), CHsCN-MeOH (80/20):H,0, pH
2.22, 275 nm, 45 °C, 5-55% B em 30 min. Devido a automagao computacional e
instrumental, foi possivel chegar a esses resultados em apenas quatro dias.

Esse trabalho também incluiu a validagdo do método desenvolvido através do uso
dos padrdes (+)-catequina, (—)-epicatequina, rutina, e ecdisterona, baseado nas
diretrizes do ICH (International Conference on Harmonization). O método atingiu todos
os critérios estabelecidos, provando ser extremamente sensivel até mesmo para
diversas classes de substéncias. Além disso, a analise dos nove extratos
individualmente também mostrou uma separacido satisfatéria dos picos de cada
extrato, indicando que o uso de uma mistura de extratos para o desenvolvimento do
método foi uma abordagem eficaz.

Finalmente, esses extratos individuais foram analisados por UHPLC-MS/MS em
um método ndo direcionado. O uso da plataforma Global Natural Product Social
Molecular Networking (GNPS) possibilitou a obtencdo de redes moleculares e
comparagao com bibliotecas espectrais publicas. Essa abordagem levou a anotagao
de 61 compostos, incluindo flavonoides O-glicosilados, flavonoides C-glicosilados,
derivados de acido quinico, esterdis, e outros compostos fendlicos.

Dessa forma, os resultados desse capitulo mostraram a eficacia de se empregar
uma mistura de extratos, do uso de automacéao e design experimental na obtencao de
métodos cromatograficos sensiveis, e da utilizagdo da plataforma GNPS como uma
ferramenta importante para anotacado de substancias conhecidas em extratos. Esse
trabalho pode servir de inspiragao para acelerar o fluxo de trabalho em pesquisas na
area de produtos naturais, uma vez que tempo e recursos sao poupados. Além disso,
foi possivel ter as primeiras informagbes quimicas acerca de trés géneros de
Malpighiaceae até entdo ainda ndo explorados quimicamente: Mcvaughia, Barnebya

e Ptilochaeta.



O segundo capitulo da tese teve como principal foco o estudo quimiossistematico
da familia Malpighiaceae. Para tal, uma amostragem compreendendo 39 géneros e
137 espécies foi empregada, compreendendo todos os dez grandes clados
filogenéticos da familia. Extratos hidroetandlicos (80%) e acetato de etila foram
preparados a partir de 197 amostras (em sua grande maioria, folhas) por micro
extracdo em ultrassom. Essas amostras foram, portanto, analisadas por UHPLC-
MS/MS em um método nao directionado, tanto no modo positivo quanto negativo de
ionizagdo. Dessa forma, um total de 788 corridas foram realizadas. Os dados foram
processados no software MZmine2 para analises subsequentes.

Inicialmente, uma avaliagdo do impacto do solvente extrator e modo de ionizacao
foi realizada a partir de Analise de Coordenadas Principais (PCoA). A partir desses
resultados, foi possivel concluir que tanto o solvente extrator quanto o modo de
ionizagdo impactam significativamente o perfil quimico dos extratos. Além disso,
correlacionando os grupos gerados nessas analises multivariadas com a filogenia
atualmente aceita para a familia, foi possivel verificar que, diferentemente dos extratos
hidroetandlicos (80%), os grupos observados para os extratos acetato de etila ndo
mostraram correlagdo com a filogenia. Dessa forma, foi possivel inferir que os
protocolos de extragdo podem impactar significativamente em estudos
quimiossistematicos.

A partir dos extratos hidroetandlicos (80%) adquiridos tanto em modo positivo
quanto negativo, foram geradas redes moleculares e os espectros MS/MS foram
comparados com as bibliotecas espectrais publicas da plataforma GNPS. Diversas
familias mostraram-se especificas de determinados clados filogenéticos. Dentre as
principais familias moleculares consideradas especificas de clados, destacam-se:
flavonoides di-C-glicosilados (clado 1), acido quinico ligados a substituintes galloil
(clados A e G), acido quinico ligados a substituintes fenilpropanoil (clado H), alcaloides
benzilisoquinolinicos (clado J), ecdisteroides (clado H) e iridoides (clado J).

De modo a expandir o conhecimento quimico da familia, e ter informagdes
adicionais sobre as classes de compostos detectadas, utilizamos o plug in Qemistree
combinado a ferramenta CANOPUS de classificacdo in silico. Dessa forma, foi
possivel realizar uma analise de hierarquia quimica e obter classificacado in silico a
nivel de superclasse, classe e subclasse. Os resultados obtidos em modo positivo de

ionizagdo foram consideravelmente diferentes e complementares ao modo negativo



de ionizacao, principalmente pois as bases espectrais sdo mais populadas com dados
em modo positivo.

Os resultados das anotacgdes in silico foram utilizados para realizar analises de
reconstrucao de carater ancestral, com o intuito de mapear a histéria evolutiva dessas
classes usando os critérios de maxima verossimilhanga na filogenia molecular de
Malpighiaceae. A partir dessa analise, os dados das classificagdes obtidas em modo
positivo e negativo foram combinados, e as classificagcbes foram recuperadas como
homoplasias (ndo-exclusivas) e sinapomorfias (exclusivas) dos principais clados
filogenéticos da familia.

Dessa forma, os resultados desse capitulo mostram uma nova abordagem para
estudos quimiossistematicos abrangentes utilizando a familia Malpighiaceae como
modelo. A partir de pouca quantidade de material vegetal e de analises extremamente
sensiveis, foi possivel obter uma grande quantidade de informagdes quimicas a partir
de comparacao com bibliotecas espectrais publicas e uso de ferramentas in silico de
classificagdo. A comparacdo dessas classes com a filogenia possibilitou a
interpretacdo desses resultados em um contexto evolutivo da familia, sendo
extremamente relevante para estudos quimiotaxonémicos. Esses resultados devem
ser confirmados em futuros estudos mais aprofundados em cada espécie ou género,
e para tal, as ferramentas classicas sao de grande valia. A partir desse trabalho,
dezenas de espécies de Malpighiaceae sem qualquer estudo quimico prévio foram
exploradas pela primeira vez, iluminando o metabolismo desse taxon ainda pouco
estudado. O fluxo de trabalho seguido nesse capitulo utilizou ferramentas e bases de
dados publicamente disponiveis, e pode ser seguido em estudos em outros taxons
pouco explorados.

O terceiro capitulo dessa tese consistiu na busca de substancias naturais com
atividade larvicida contra o Aedes aegypti em Malpighiaceae, utilizando uma
abordagem metabolémica. A mesma cole¢do de amostras utilizada no segundo
capitulo foi empregada nesse trabalho para se fazer uma triagem inicial. Dessa forma,
extratos hidroetandlicos (80%) e acetato de etila obtidos por micro-extracdo em
ultrassom foram avaliados em ensaios larvicidas contra Ae. aegypti. Essa triagem
inicial mostrou que as espécies Tetrapterys phlomoides e Verrucularina piresii
apresentaram 70% e 65% de mortalidade apoés 72 h de incubagdo, enquanto a
Heteropterys umbellata causou 100% de mortalidade ap6s apenas 24 h. Nenhuma

dessas espécies apresenta relatos de estudos quimicos e biolégicos aprofundados



até o momento. Dessa forma, maiores quantidades de materiais vegetais de H.
umbellata foram coletadas para dois 6rgaos vegetais diferentes (folhas e caule) em
dois estados diferentes (Sdo Paulo e Minas Gerais), totalizando 14 amostras para
investigacdo metabolémica.

As amostras coletadas foram submetidas a extragdo por maceragao em solugao
hidroalcodlica (80%), e os extratos obtidos foram analisados por HPLC-MS/MS em um
método nao direcionado, em ftriplicata. Os dados foram processados no software
MZmine2 e submetidos a analises nas plataformas MetaboAnalyst (para analise
multivariada) e GNPS (para obtenc¢do das redes moleculares e comparagdo com as
bibliotecas espectrais). Na plataforma MetaboAnalyst, os dados foram submetidos a
analise nao supervisionada (Principal Component Analysis, PCA) e supervisionada
(Partial Least Squares Discriminant Analysis, PLS-DA). Essas analises revelaram que
os perfis quimicos obtidos dos extratos das folhas s&o significativamente diferentes
dos extratos do caule. Além disso, o estado de coleta também tem um impacto
significativo no perfil metabdlico quando somente os extratos de folhas ou de caules
sdo considerados. Através da analise de PLS-DA também foi possivel recuperar uma
lista das substéncias que impactam mais significativamente da diferenciagdo dos
grupos descritos. Dessa forma, foi possivel direcionar a anotagéo dessas substancias
de maior interesse.

Os resultados das redes moleculares e busca nas bibliotecas espectrais
publicamente disponiveis no GNPS mostraram trés principais familias moleculares
com correspondéncias: flavonoides O-glicosilados, flavonoides C-glicosilados, e
derivados de derivados de acido cafeoilquinico. Essas duas ultimas classes
compreendiam substancias relevantes recuperadas nas analises de PLS-DA para a
diferenciagcdo de 6rgédos da planta e estado de coleta. Além disso, outras duas
substancias abundantes ndo mostram correspondéncia alguma com as bibliotecas,
sendo recuperadas como importantes na diferenciagdo dos pontos de coleta — tanto
para folhas, quanto para caule. Essas substancias poderiam ser substancias
potencialmente inéditas (ou incomuns), e o fato de serem menos polares também
chamou atencéo devido ao potencial da atividade buscada.

Portanto, esforgos foram direcionados para o isolamento dessas substancias, que
foram caracterizadas por Espectrometria de Massas de Alta Resolucdo, Ressonancia
Magnética Nuclear, Espectrometria de Massas em Tandem, sendo caracterizadas

como 1,2,6-tris-O-[3-nitropropanoyl]-beta-D-glucopyranose (karakin, 2) e 1,2,3,6-



tetrakis-O-[3-nitropropanoyl]-beta-D-glucopyranose (3). A substancia 3,5-di-O-
caffeoylquinic acid (isochlorogenic acid A, 1) também foi isolada por se tratar de uma
substancia recuperada como relevante em todas as analises de PLS-DA realizadas.
Os nitrocompostos isolados sdo considerados incomuns na natureza, com poucos
relatos em poucas familias botanicas e ja relatados para outras espécies de
Heteropterys.

Essas substancias isoladas foram subsequentemente utilizadas para realizar a
validagcao do método de analise, utilizando um método direcionado para recuperar as
principais transigdes MS/MS no modo Multiple Reaction Monitoring (MRM). O método
se mostrou sensivel para os compostos em questao, e consiste no primeiro método
validado que permite a quantificagao desses ésteres intactos. Essas trés substancias
foram quantificadas nos 14 extratos inicialmente obtidos, e foi possivel confirmar os
resultados obtidos para as analises de PLS-DA, além de levantar hipbteses de
possiveis fungdes ecoldgicas. Os compostos nitrogenados mostraram moderada
atividade larvicida quando testados puros, mas a atividade foi potencializada quando
foram testados em fragdo contendo outros isbmeros com mesmo padrao de
fragmentacao, sugerindo um possivel efeito sinergistico na atividade.

Os resultados do terceiro capitulo da tese demonstram que a familia
Malpighiaceae representa um taxon promissor para a busca de compostos larvicida
para o combate de vetores de arboviroses. Através do uso de abordagens
metaboldmicas, foi possivel realizar um estudo aprofundado da espécie mais ativa
selecionada da triagem inicial. Essas ferramentas levaram a selegao de compostos
nitrogenados incomuns na natureza e que ainda ndo haviam sido avaliadas para a
bioatividade em questdo. Esperamos que esse estudo possa guiar futuras pesquisas
com o género Heteropterys, além de inspirar outras investiga¢gdes na area da quimica

de produtos naturais utilizando ferramentas metabolémicas.
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1 INTRODUCTION

The chemistry of natural products from plants, microorganisms, and marine
organisms has fascinated and inspired humanity since ancient times, mainly due to the
therapeutic effects reported for the most diverse structural types, being the molecular
base of several drugs used in the treatment and prevention of diseases. These
compounds of natural sources are biosynthesized through complex pathways,
originating a significant number of pharmacophoric groups with high selectivity, being
a rich source for the production of drugs, chemical pesticides, fragrances, cosmetics,
food supplements, among others. The impressive number of compounds from natural
origin identified to date are important sources to identify hits and leads, even for the
most challenging targets (HARVEY; EDRADA-EBEL; QUINN, 2015).

For many decades, the search for novel molecules of natural origin has been the
focus of numerous research groups on all continents, and it is estimated that
approximately 300,000 secondary metabolites have been identified to date, with many
of these substances being evaluated for only one, or even none, biological target
(HUBERT; NUZILLARD; RENAULT, 2017). Traditionally, the active principles in a
bioactive extract are identified using purification strategies, such as liquid-liquid
extraction and chromatographic separation methods. This approach demands high
effort and investment, and can lead to the isolation of well-known substances, or even
without the expected activity (NOTHIAS et al., 2018).

Considering the large number of known natural compounds, new strategies have
been employed to save time, cost, and effort spent on research in the chemistry of
natural products field. The development of increasingly sensitive hyphenated analytical
techniques, such as GC-MS, HPLC-MS, HPLC-NMR, HPLC-NMR-MS, and HPLC-
SPE-NMR, enables researchers to perform broader scope chemical investigations

using metabolomic approaches.

1.1 Metabolomics in natural products investigations

Metabolomic studies allow a more comprehensive overview of the metabolites
(usually in the range of 50 to 1500 Da) produced by a specific organism. Consequently,

one can investigate if, and how, groups chemically differ as a response to biotic stimuli,
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stress, environmental changes, among others. Basically, these studies can be
classified as targeted or untargeted, in which the first one will focus on possible
chemical changes in pre-selected compounds, while the second one will look at the
whole data aiming to annotate and/or quantify as many compounds as possible
(PILON et al., 2020).

Gas Chromatography-Mass Spectrometry (GC-MS) and Liquid Chromatography-
Mass Spectrometry (LC-MS) are among the most widely used hyphenated techniques
in metabolomic studies for their great sensitivity, and for the previous chromatographic
separation. In fact, LC-MS has shown great acceptance by the scientific community
due to the possibility of detecting a larger number of intact metabolites without the need
for chemical derivatization (GOWDA; DJUKOVIC, 2014).

In metabolomic studies, several statistical analyses can be used to investigate a
given dataset and how groups can chemically differentiate. For instance, supervised
multivariate analyses, such as partial least squares discriminant analysis (PLS-DA), or
non-supervised multivariate analyses, such as Principal Component Analysis (PCA),
are widely employed. On the other hand, the univariate analyses are also largely used
to evaluate the variables individually, and the relationships between them are not
considered; in this case, statistical tests such as Analysis of Variance (ANOVA) and
Student's t-test are commonly employed (PILON et al., 2020).

Besides these chemometric approaches, the annotation of known compounds (also
called "dereplication") is of great interest for a biological interpretation of the hypothesis
initially raised. In the case of LC-MS, the annotation of these compounds can be
performed by comparing the experimental mass spectra with the ones reported in the
literature. By identifying the known compounds in a complex mixture, it is possible to
focus the research on potentially new compounds, or even isolate known substances
for a biological reassessment (GAUDENCIO; PEREIRA, 2015; HUBERT;
NUZILLARD; RENAULT, 2017).

Even though there has been an evident development of analytical techniques and
chemometrics analyses, the annotation of compounds in complex matrices is still
considered time-consuming when performed manually. This is particularly critical for
large datasets, and nuances can be lost in manual comparisons between analyses.

It is estimated that, considering tandem mass spectra (MS/MS) data obtained from
a biological sample, only about 1.8% of the spectra of an untargeted analysis can be

determined by comparison with existing data (QUINN et al., 2017). With such
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approaches, 98% of the spectra obtained in these analyses can be called the “dark
matter” of metabolomics (SILVA; DORRESTEIN; QUINN, 2015). It consists of a vast
amount of chemical information that, at first, does not help in identifying known
compounds.

In recent years, increasingly sophisticated computational methods have been
developed to aid and accelerate data processing and annotation. In this context, the
molecular networking is an approach that has been successfully used in the natural
products field, becoming a powerful and valuable computational strategy for the

visualization and interpretation of MS/MS data acquired.

1.2  Molecular networking and the GNPS platform

The molecular networking approach has been widely used in recent studies on the
chemistry of natural products. It has proven to be a valuable computational strategy
for interpreting mass spectrometry data obtained from complex matrices. The use of
molecular networking for the study of natural products led to the development of an
open-access platform called GNPS (Global Natural Product Social Molecular
Networking), in which it is possible to store, analyze and share information about
MS/MS data. In addition, several reference spectral libraries are publicly available on
the platform, which is a valuable asset to assist in annotating known compounds in a
complex mixture or dataset (QUINN et al., 2017; WANG et al., 2016; YANG et al.,
2013). On this platform, MS/MS data can be analyzed and, after similarity calculations
of the fragmentation patterns of the substances present in the samples, it is possible
to generate a map consisting of molecular families (or networks). These networks are
made up of nodes and edges, where a node corresponds to an MS/MS spectrum of a
given substance, while the edges connecting these nodes indicate the degree of
similarity between the spectra by cosine similarity. In other words, the connection
between the nodes represents structurally similar molecules sharing similar MS/MS

fragmentation patterns. An illustrative scheme of this approach is shown in Figure 1.
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Figure 1 — lllustrative scheme of the Molecular Networking approach: a mixture of
compounds is analyzed by LC-MS/MS and then organized into molecular families

through computational methods.
Source: Quinn et al. (2017).

When a large number of samples is analyzed, the results obtained using the
Molecular Networking approach make it possible to find correlations between classes
of compounds with the presence or absence of genes that encode them, being
particularly useful in studies regarding biosynthetic pathways and their evolution
(QUINN et al., 2017). The Molecular Networking approach has been widely used in
articles published in literally thousands of high-impact indexed journals in recent years.
Particularly in the natural products field, for instance, this tool can be applied to 1)
reinvestigate a well-known species in order to identify new natural compounds (FOX
RAMOS et al., 2017); 2) study bioactive compounds by combining bioactivity data from
natural products and MS/MS spectra (NOTHIAS et al., 2018); 3) study libraries of
extracts from a specific taxon (OLIVON et al., 2018).

An article with this later focus consisted in investigating 292 extracts obtained from
107 species of the Euphorbiaceae family collected on New Caledonia. These extracts
were analyzed by UHPLC-MS/MS, and the analytical data obtained were subjected to
the Molecular Networking approach in the GNPS platform. In this case, the nodes were
colored based on the genera each feature was detected genera, and genera-specific

networks were obtained (OLIVON et al., 2018), as depicted in Figure 2.
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Figure 2 — (A) Molecular networks obtained for the 292 extracts of Euphorbiaceae

species, in which a different color was assigned to each genus; (B) Networks
characterized by only one color, indicating specific chemical structures of certain
genera; (C) Selection of chlorinated substances of interest and targeted isolation of
these substances in C. peltatum. Node size is proportional to the MS" peak area of the

crude extract.
Source: Olivon et al. (2018).

These results show the importance of state-of-the-art computational tools in the
chemistry of natural products from a more comprehensive point of view. It provides
valuable support for the metabolomic studies of complex matrices and assists
phylogeny studies of poorly studied taxa. In addition, the molecular networking
approach combined with searches in spectral libraries also enables the direct search
for potential new natural compounds with promising bioactivities. However, despite the
evident boost in the annotation of known compounds due to the growing number of
spectral databases, this step is still considered a bottleneck in the natural products
field. Within this scenario, other computational tools can be used to assist in the

annotation process.

1.3 In silico tools for metabolites annotation
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From the estimated 2% average annotation rate estimated in 2017 for complex
samples (QUINN et al., 2017), recently published articles have described annotation
up to more than 10% depending on the sample type (DEAN et al., 2021). Part of this
jump is a consequence of the scientific community’s effort to populate public spectral
libraries with experimental spectra of known compounds. However, there is still much
to be chemically explored, and several in silico tools have been developed in the last
decade to expand the annotation of chemical compounds in MS/MS datasets
(BAUERMEISTER et al., 2022; MEDEMA, 2021; MISRA, 2021).

These in silico tools make use of structural databases and enable users to have
more general information regarding the classes of the compounds detected. The
information retrieved from such tools has lower confidence than the spectral library
searches, and is relative to a level 3 according to the Metabolomics Standards Initiative
(MSI) (SUMNER et al., 2007). Even though there is a lower confidence level in thein
silico annotations, they are extremely useful for gathering broad chemical information
and expanding chemical knowledge of large datasets with a very low annotation rate
retrieved from spectral searches.

There are dozens of these tools reported in the literature making use of
sophisticated algorithms to predict the chemical classes through the most diverse
methods. For instance, SIRIUS uses a method based on the computation of
fragmentation trees to select the molecular formula that best explains the MS data of
a particular compound and, along with CSI:FingerID, it predicts a molecular fingerprint
encoding substructural properties of the molecule (DUHRKOP et al., 2015, 2019). On
the other hand, MetFrag uses combinatorial fragmentation methods to explain MS/MS
peaks based on substructures generated by disconnecting the bonds of known
chemical compounds (WOLF et al., 2010).

In fact, in silico classification tools have also been combined with molecular
networking, such as the Network Annotation Propagation (NAP). NAP is based on the
MetFrag algorithm, and it makes it possible to compare the structural candidates of
each node in a network and re-rank a particular structure when a connected node has
a related structure in the network (SILVA et al., 2018).

A few studies in the literature make use of specific in silico classifications tools in
chemotaxonomy investigations, and it has proven to be a promising approach to

explore large plant datasets in an evolutionary context (KANG et al., 2019). In this way,
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the expanded chemical knowledge retrieved from such tools can be of great value to

explore plant chemotaxonomy at a family level.

1.4  Malpighiaceae botanical family

The Malpighiaceae family belongs to the group of angiosperms and presents a
great diversity of forms such as trees, shrubs, and vines, found in tropical, subtropical,
and savannah regions. This family currently consists of 74 genera and approximately

1300 species (hitp://powo.science.kew.org/), located in the New and Old World. It is

estimated that about 85% of plant species belong to the New World, while the other
15% are found in other tropical and subtropical regions of the globe. Furthermore,
approximately 150 species belonging to 17 genera are found exclusively in the Old
World (DAVIS et al., 2002; DAVIS; ANDERSON, 2010).

Most Malpighiaceae species occur in South America, north of the Tropic of
Capricorn, with Brazil being the South American country with the highest
representation of this family (ANDERSON, 2004). Approximately 46 genera and 588
species are found in the entire national territory, predominantly in the Atlantic Forest,
Cerrado, and Amazon biomes (ALMEIDA et al., 2021).

The largest genera of this family are Heteropterys (151 species), Byrsonima (136),
Stigmaphyllon (117), Bunchosia (79), Hiraea (74), Banisteriopsis (59), Malpighia (53),
and Tetrapterys (50), and 16 genera are made up of only one species

(http://powo.science.kew.org/). It should be noted that several taxonomic revisions of

the species in this family have been described, and a species previously belonging to
a genus can be reclassified to a different (or new) genus. For example, some
Tetrapterys species (such as T. multiglandulosa and T. acutifolia) were reclassified to
the genus Niedenzuella (N. multiglandulosa and N. acutifolia) (ANDERSON, 2006),
while T. cardiophylla and T. microphylla were reclassified to the Glicophyllum genus
(G. cardiophyllum and G. microphyllum) (ALMEIDA; VAN DEN BERG, 2021).
Byrsonima crassifolia and Malpighia emarginata are two of the economically
important species of Malpighiaceae, whose fruits are popularly known as murici and
acerola, respectively, and are widely consumed in Brazil. In addition to the nutritional
properties, several species of this family are also ornamental, such as Stygmaphyllon

floribundum, Lophanthera lactescens, and Malpighia coccigera (ANDERSON, 2004).
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One of the most studied Malpighiaceae species is Banisteriopsis caapi, whose vine
has been known since pre-Columbian times and used in the preparation of Ayahuasca
tea. This tea is consumed to this day, not only in indigenous rituals but also in syncretic
religious movements in Brazil, such as the Uni&do do Vegetal and Santo Daime. It is
prepared by the decoction of the vine of B. caapi and the leaves of Psychotria viridis
(Rubiaceae), and the substances present in this tea affect the central nervous system
when ingested due to the toxic components and hallucinogens present (MCKENNA;
CALLAWAY; GROB, 1998). Phytochemical studies carried out with B. caapi showed
that this species accumulates, mainly in its vine, B-carboline alkaloids, which are
generally very toxic (SAMOYLENKO et al., 2010).

Another species of Malpighiaceae, morphologically very similar to B. caapi, is
Tetrapterys mucronata. Due to the morphological similarity, T. mucronata can be
erroneously used instead of B. caapi to prepare this tea. In studies carried out recently
by the NuBBE research group, the presence of B-carboline alkaloids similar to the ones
described for B. caapi was determined in T. mucronata. However, these are even more
toxic than the ones present in B. caapi and can lead to death when ingested (QUEIROZ
et al., 2014, 2015).

In addition to species toxic to humans, outbreaks of acute and chronic cattle
poisoning have also been reported in central Brazilian regions caused by species
belonging to Amorimia (LEE et al., 2012) and Niedenzuella (mainly N. multiglandulosa
and N. acutifolia) genera (CARVALHO et al., 2008; RIET-CORREA; MEDEIROS;
SCHILD, 2012). Since these species are considered invasive of pasture fields, these
plants can cause considerable economic losses since the Brazilian economy is highly
dependent on agribusiness. In this way, livestock producers are committed to
eliminating these species from pasture fields, and some of these species (mainly
Amorimia) are becoming more difficult to find in nature. Therefore, these species
should be studied for a better chemotaxonomic understanding of the family and the
economic problems caused. With this concern, a recent phytochemical study for
Niedenzuella multiglandulosa was performed in the NuBBE research group, in which
several phytoecdysteroids were identified in the leaves of this species (MANNOCHIO
RUSSO et al., 2020).

Several other species of this family are reported to present biological activities,
such as antifungal (Heteropterys byrsonimifolia), antidepressant, and anxiolytic

(Heteropterys brachiata) (HUERTA-REYES; FONSECA JUAREZ; AGUILAR-ROJAS,
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2015). However, many species and genera still do not present any chemical study.
Therefore, a more in-depth study of this family is of interest for a better chemical

understanding of this taxon.

1.5 Chemosystematics studies of plants

Plant systematics can be defined as the science of the diversification of an
organism, involving the discovery, description, and interpretation of the biological
diversity existing on the planet today, considering its evolutionary history. For this, it is
necessary to study all branches of an evolutionary tree in order to document the
changes that occurred during the evolution of these branches, and to describe all
species (the tips' branches) (JUDD et al., 2002; STUESSY, 2008).

There are several manners to carry out the taxonomic classification of living
organisms. Particularly for plants, the approach can be carried out based on their most
suitable habitat, observing the macromorphology of the species, among others. The
macromorphological classification was one of the first to be used to infer evolutionary
relationships (phylogeny) (JUDD et al., 2002). It is also worth mentioning that evolution
depends on a series of internal and external factors such as mutation, recombination
of genetic differences, and selection.

From the angiosperm evolution point of view, a generation of morphologically
similar plants can occur in the evolutionary process without having a common
ancestor. This phenomenon, known in biology studies, is called "convergence" or
"parallel development". On the other hand, evolutionarily related plants can be
morphologically different (in this case, the phenomenon is called "divergence")
(ERDTMAN, 1963). Considering these phenomena, the taxonomic classification may,
in some cases, be imprecise. Recent taxonomic studies use molecular tools (a more
precise and robust approach) in taxonomic studies regarding the reclassification of
many previously misclassified species (ANDERSON, 2006). In fact, molecular
approaches in consonance with chemical data can assist taxonomic classification of
species and assist phylogeny studies.

The classification of plants based on their secondary metabolites has emerged as
another promising possibility. This classification, called chemosystematics (or
chemotaxonomy), is valuable to assist studies in taxonomy and ecology.

Chemosystematic studies are, in principle, little dependent on classical botanical
51



studies. In this way, the results obtained can help in the classification of a species and
confirm whether the classifications and conclusions obtained previously (based on the
morphological characters, for instance) also make sense from the point of view of
chemical diversity (ERDTMAN, 1963).

In the last decades, most of the chemosystematics studies were conducted based
on vast literature surveys of isolated and characterized compounds. Several important
conclusions were withdrawn from such studies, correlating geological times with the
origin of classes of metabolites and their oxidation levels (GOTTLIEB, 1989). These
studies can provide valuable information about the biosynthetic pathways present in
the species, which would make it possible to target enzymatic and biotechnological
studies, which are very useful for plants (BHARGAVA; PATEL; DESAI, 2013).

Due to the advances in highly sensitive hyphenated techniques, data processing,
and low amounts of plant material necessary for such study, comprehensive
chemosystematic studies can be carried out through collaborative research between
botanists and chemists. In this way, a more comprehensive understanding of the

secondary metabolism at a botanical family level can be performed (STUESSY, 2008).

1.6  Systematics of the Malpighiaceae botanical family

Given the interest of Malpighiaceae species for the Brazilian economy, a more
detailed study of this family is of interest, including mapping natural products that can
help in the taxonomy and phylogeny of the family. Since the 19th century,
Malpighiaceae species have been classified into subfamilies and tribes according to
the characteristics of their fruits, classified as dry or fleshy fruits. For centuries this
classification was accepted and increasingly detailed for differentiating genera into
large groups. However, in 2001, the first studies on the molecular phylogeny of
Malpighiaceae were published, and a new classification was proposed for the family
(CAMERON et al., 2001; DAVIS; ANDERSON; DONOGHUE, 2001), based on the
plastid ndhF , matK , and rbcL and nuclear PHYC (DAVIS; ANDERSON, 2010).

Currently, this family is divided into ten major phylogenetic groups (ALMEIDA et al.,
2017; DAVIS; ANDERSON, 2010), and it can be observed that similar morphologies
in the fruits originated independently several times during the diversification of the

family. In other words, species with fleshy or dry fruits do not have the same common
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ancestor. The classification of the ten major phylogenetic groups, along with the

distribution of fruit types in the family, is illustrated in Figure 3.
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100 100 Mcvauguioid (fleshy fruits)
93 Barnebyoid (dry fruits)
94 100 Ptilochaetoid (dry fruits)
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100 76 Hiraeoid (dry fruits)
100 17 Tetrapteroid (dry fruits)
£2 100 Stigmaphylloid (dry fruits)
88 100 } Malpighioid (fleshy or dry fruits)
100
Figure 3 - Major phylogenetic groups (clades) currently accepted for the

Malpighiaceae botanical family.
Source: Adapted from Davis and Anderson (2010).

Since these DNA-based studies, several authors have gradually proposed new
genera and combinations to accommodate these newly identified genetic lineages,
and many species still lack such kind of study. In addition, no morphological characters
were ever recovered, circumscribed, or discussed for its major phylogenetic clades
(ALMEIDA; VAN DEN BERG, 2021). In this way, chemical studies and metabolomic
tools are of great value to assist in establishing a new classification system based on

chemical compounds and morphology (ALMEIDA et al., 2017).

1.7  Bioactive natural products as candidates for Aedes aegypti mosquito

control

Mosquitoes are vectors of several human diseases (also called arboviruses), such
as malaria, dengue, zika, filariasis, and yellow fever, among many others, being more
frequent in tropical and subtropical regions of the world (GERIS et al., 2012). The
Aedes aegypti mosquito (Diptera: Culicidae) is the primary vector of dengue, zika, and

chikungunya viruses, which afflicts thousands of Brazilians every year.
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The prevention of diseases transmitted by the Ae. aegypti mosquito mainly consists
of combating the vector since effective vaccines have not been developed to date.
Some of the most efficient insecticides developed for this purpose are
organophosphates and pyrethroids, which are very efficient synthetic molecules, but
mosquitoes have shown increasing resistance (SILVERIO et al., 2020). In this way, an
interest in more natural approaches to combating the mosquito arose, especially in
countries considered biodiversity hotspots, such as Brazil.

Very recently, several Brazilian plants have shown promising results to fight Ae.
aegypti (MAGALHAES et al., 2021; MELO et al., 2021; SILVA et al., 2021, 2022). In
addition, A previous study revealed that Hiptage benghalensis (Malpighiaceae)
extracts presented promising insecticidal and repellent activity against mosquito
vectors (specifically, Anopheles barbirostris, Culex quinquefasciatus, and Aedes
albopictus) in South East Asian countries (LALROTLUANGA et al., 2012). Since the
Malpighiaceae family has known toxic species, such as Banisteriopsis caapi,
Tetrapterys mucronata, and Niedenzuella multiglandulosa, evaluating the toxicity of
Malpighiaceae extracts towards Ae. aegypti can generate promising results for
combating dengue and other neglected diseases that spread in the national territory.
In this context, the search for bioactive natural compounds can also benefit from the
metabolomic tools previously described, being possible to guide the study towards

possible new bioactive compounds.
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3 FINAL CONSIDERATIONS: DISCUSSION AND CONCLUSION

The chemistry of natural products has been extensively investigated for decades,
and plant secondary metabolites are among the most widely explored. Even though
thousands of secondary metabolites have been described for plants, there is still much
to be explored, and the sensitive hyphenated techniques and computational tools have
proven to be of great value for more comprehensive studies. In fact, studies at a
botanical family level are becoming possible, and chemotaxonomic investigations can
benefit from these novel approaches.

This study took the Malpighiaceae botanical family as an example of a broad
chemical investigation. The investigation began with the development of an analytical
method, moved on to chemosystematic studies, and finally, to the search for bioactive
compounds. All these investigations included the use of cutting-edge computational
tools to guide the studies and answer our initial hypotheses.

The robust chromatographic method developed can be of great use in future
studies in Malpighiaceae, and the fast workflow followed to get to these results can
inspire future studies to save time and resources in natural products research. One
more time, the Quality by Design approach proved to be effective for the analysis of
extremely complex samples, such as mixtures of extracts. The use of the molecular
networking algorithm and library searches in GNPS allowed us to have a first contact
with the tool, and to realize the potential of its use in chemotaxonomy if all the 197
samples were analyzed.

The chemotaxonomic investigations performed in this study made use of cutting-
edge computational tools to study Malpighiaceae at a family level. Most of our samples
were retrieved from discarded fragmented samples used for DNA extraction in
previous molecular studies, and the small amount of sample necessary for our study
allowed us to use this material for further chemical analyses. The tools used for MS/MS
data processing and analyses expanded the chemical information of Malpighiaceae in
the literature, and all the MS/MS datasets generated in this study are publicly available.
In fact, the use of open-access software and databases is another plus since our
methodology can be reproduced with other taxa (at a family, clade, or genus level).

Correlating the in silico classifications with the phylogeny currently accepted for
Malpighiaceae enabled a greater evolutionary understanding of the family. The results

obtained can guide future studies in Malpighiaceae since we provided evidence of
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chemical classes that can be enriched in particular clades. For instance, if future
studies want to search for iridoids or benzylisoquinoline alkaloids in Malpighiaceae,
they should probably focus on species from clade J (particularly, Stigmaphyllon
genus). On the other hand, ecdysteroids should be explored in clade H (especially
Niedenzuella genus), and so on. Further studies should be performed in the following
decades to confirm the results obtained with our approach, and the classical
methodologies are of great value for such. However, relatively quickly, we were able
to carry out this study and propose several chemical classes.

The search for bioactive compounds was also accelerated by using metabolomics
tools. The initial bioactivity screening allowed us to select the species with higher
larvicidal activity against Aedes aegypti, and Heteropterys umbellata became the focus
of our study. The metabolomic approach effectively directed the isolation of unusual
natural nitro compounds, making it possible to infer possible synergistic effects in
larvicidal activity and raise hypotheses regarding their ecological roles.

In conclusion, the combination of metabolomic strategies with state-of-the-art
analytical techniques, along with cutting-edge computational tools for metabolites
annotation, were crucial to leverage Malpighiaceae chemical space and determine a
few bioactive compounds. The collaborative research among several research groups
enabled this study to be conducted interdisciplinary, making it possible to withdraw

more comprehensive conclusions.
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