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RESUMO

H& varios anos tem sido investigada na flora da Caatinga a presenca de compostos com
propriedades inseticidas contra o vetor da dengue, o mosquito Aedes aegypti. Um desses
compostos, é o inibidor de tripsina obtido de sementes da espécie vegetal Leucaena
leucocephala (LTI). O LTI é capaz de retardar o desenvolvimento e causar mortalidade das
larvas, além de atuar de forma deletéria sob a eclodibilidade dos ovos do mosquito. Este inibidor
também potencializa a atividade da bactéria Bacillus thuringiensis (Bt), que é um dos
biopesticidas mais estudados. Aliando suas propriedades bioquimicas e inseticidas, essas
moléculas sdo 6timas candidatas para o desenvolvimento de fitoinseticidas. Contudo, durante o
desenvolvimento desses produtos, a avaliacdo da seguranca para uso em ambiente aquatico é
uma etapa importante, especialmente avaliando o seu efeito sobre organismos ndo-alvos. Nesse
contexto, o peixe-zebra (Danio rerio) consiste em um vertebrado modelo com inimeras
vantagens para este tipo de estudo, dentre elas, esta a sensibilidade das fases iniciais de sua vida
a estressores ambientais. Assim, o presente trabalho teve como objetivo avaliar os efeitos das
proteinas larvicidas contra Ae. aegypti, LTI e protoxinas Bt, ao organismo modelo peixe-zebra
no que concerne a avaliacdo de toxicidade aos seus estagios iniciais de vida e a presenca de
efeitos inibitorios do LTI sobre proteases intestinais desse peixe. Para isso, foi realizado teste
de toxicidade aguda do LTI e protoxinas Bt, de forma isolada e combinada, em embrides e
larvas de peixe-zebra. Além disso, foi investigado a possivel interacdo entre o LTI e da tripsina
do peixe-zebra com o auxilio de ferramentas computacionais, bem como foi obtido o extrato
intestinal do peixe-zebra adulto de ambos os sexos para avaliagdo da presenca de atividade
inibitoria de tripsina do LTI numa perspectiva de inferir sobre possiveis prejuizos ao processo
digestorio, nutricdo e desenvolvimento de peixes expostos a essa formulacdo. Os resultados
mostraram que concentracGes de LTI (250 mg/L), Bt (0,13 mg/L) e LTI + Bt (250 mg/L + 0,13
mg/L), 10 vezes superiores aquelas com acéo inseticida, ndo causaram mortes e nem induziram
mudancas morfoldgicas durante o desenvolvimento embrionario e larval (3 a 144 hpf) de peixe-
zebra. As analises de “docking molecular” evidenciaram a interagéo entre o LTI e a tripsina de
peixe-zebra através de interagdes hidrofébicas, além de uma ligacdo de hidrogénio entre a
Arg58 do LTI e a His23 da tripsina. De fato, o LTI (0,1 mg/mL) foi capaz de inibir in vitro a
atividade tripsinica dos extratos intestinais de peixes fémeas e machos em 83 e 85%,
respectivamente, enquanto a mistura LTI e Bt (ambos na concentracdo de 0,1 mg/mL)
promoveu inibigdo de 69 em fémeas e 65% em machos. Este achado sugere um potencial efeito

antinutricional do LTI e da sua mistura com Bt a organismos ndo alvo em concentragdes



proximas aquelas que apresentam acéo larvicida. Em geral, esses dados levam a concluséo de
que, em um ambiente natural, essa mistura larvicida pode apresentar efeitos deletérios em

organismos aquaticos, especialmente aqueles com digestéo proteica dependente de enzimas do

tipo tripsina.

Palavras-chave: inseticidas bioldgicos; inibidor de proteases; avaliagdo de risco; peixe-zebra;

ecotoxicologia.



ABSTRACT

For several years, the presence of compounds with insecticidal properties against the dengue
vector, the Aedes aegypti mosquito, has been investigated in the flora of the Caatinga. One of
these compounds is the trypsin inhibitor obtained from seeds of the plant species Leucaena
leucocephala (LTI). LTI is capable of delaying the development and causing mortality of
larvae, in addition to acting in a deleterious way on the hatching of mosquito eggs. This
inhibitor also potentiates the activity of the bacterium Bacillus thuringiensis (Bt), which is one
of the most studied biopesticides. Combining their biochemical and insecticidal properties,
these molecules are excellent candidates for the development of phytoinsecticides. However,
during the development of these products, safety assessment for use in the aquatic environment
is an important step, especially evaluating their effect on non-target organisms. In this context,
the zebrafish (Danio rerio) is a model vertebrate with numerous advantages for this type of
study, among them is the sensitivity of the early stages of its life to environmental stressors.
Thus, the present work aimed to evaluate the effects of larvicidal proteins against Ae. aegypti,
LTI and Bt protoxins, to the zebrafish model organism regarding the assessment of toxicity to
its early life stages and the presence of inhibitory effects of LTI on intestinal proteases of this
fish. For this, an acute toxicity test of LTI and Bt protoxins, isolated and combined, was
performed in zebrafish embryos and larvae. In addition, the possible interaction between LTI
and zebrafish trypsin was investigated with the aid of computational tools, as well as the
intestinal extract of adult zebrafish of both sexes was obtained to evaluate the presence of
trypsin inhibitory activity of the LTI to infer possible damages to the digestive process, nutrition
and development of fish exposed to this formulation. The results showed that concentrations of
LTI (250 mg/L), Bt (0.13 mg/L) and LTI + Bt (250 mg/L + 0.13 mg/L), 10 times higher than
those with insecticidal action, did not caused deaths and did not induce morphological changes
during embryonic and larval development (3 to 144 hpf) of zebrafish. The "molecular docking"
analyzes showed the interaction between LTI and zebrafish trypsin through hydrophobic
interactions, in addition to a hydrogen bond between Arg58 of LTI and His23 of trypsin. . In
fact, LTI (0.1 mg/mL) was able to inhibit in vitro the trypsin activity of intestinal extracts from
female and male fish by 83 and 85%, respectively, while the mixture LTI and Bt (both at a
concentration of 0 .1 mg/mL) promoted inhibition of 69 in females and 65% in males. This
finding suggests a potential anti-nutritional effect of LTI and its mixture with Bt to non-target
organisms at concentrations close to those that have larvicidal action. In general, these data

lead to the conclusion that, in a natural environment, this larvicidal mixture can have deleterious



effects on aquatic organisms, especially those with protein digestion dependent on trypsin-like

enzymes.

Keywords: biological insecticides; protease inhibitor; risk assessment; zebrafish;

ecotoxicology.
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1. FUNDAMENTACAO TEORICA

1.1.  Insetos vetores de doencas

As doencas humanas transmitidas por insetos vetores ainda sd&o um importante
problemade salde publica e um fardo em termos de morbimortalidade, principalmente nos
paises em desenvolvimento. Os vetores mais conhecidos sdo 0s insetos, principalmente os que
abrangem os géneros Culex, Aedes e Anopheles. Estes insetos séo responsaveis pela transmissdo
de doencas como maldria, Zika virus, chikungunya, dengue, filariose, febre amarela e
encefalites (WHO, 2017). Estas doencas ainda sobrecarregam os sistemas de salde e sdo
responsaveis porenormes perdas econémicas, tanto em termos de custos com satde quanto de
perda deprodutividade (KARUNAMOORTHI; SABESAN, 2013; SPARKS et al. 2015).

As doencas transmitidas por mosquitos tornaram-se mais comuns a medida que
doencgas que se encontravam geograficamente isoladas se espalharam globalmente (LEE et al.
2018). Além disso, o aumento significativo da populagdo em muitas areas levou a intenso
desmatamento, irrigacao e urbanizacao ndo planejadas, alterando drasticamente o ambiente e 0
clima, favorecendo a proliferacdo dos insetos vetores (ALTIZER; BARTEL; HAN, 2011;
VONTAS et al., 2012; KARUNAMOORTHI; SABESAN, 2013).

Assim, vaérias sdo as atividades de pesquisadores no desenvolvimento de
medicamentose vacinas e na producdo de substancias quimicas e bioldgicas, destinados ao
combate dos insetos vetores de forma a minimizar as doencas transmitidas por eles (ALONSO
et al., 2013).Dessa maneira, fica clara a importancia da compreenséao ecoldgica e de evolucéo
dos insetos vetores de doencas, dos patdgenos e da producado de estratégias para controle destes
vetores (ALMEIDA FILHO et al., 2017).

1.2.  Controle de insetos vetores

O controle vetorial pode ser definido como qualquer medida adotada contra insetos
vetores, com o intuito de limitar a capacidade destes de transmitir doencas. O controle de
mosquitos ainda € a principalestratégia utilizada para a atenuagdo das doencas vetoriais, pois
reduzem ou interrompem o ciclo de transmissédo dessas doengas (KARUNAMOORTHI,
SABESAN, 2013).

Esse controle pode ser feito através dos meios fisicos (ex.: armadilhas para
mosquitos), bioldgicos (ex.: liberacdo controlada de predadores), genéticos (ex.: mosquitos
transgénicos), ambientais (ex.: redugdo de criadouros artificiais e educacdo ambiental) e

quimicos (ex.: compostos quimicos sintéticos ou naturais), sendo este Ultimo a forma de controle
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mais utilizada (ARAUJO et al.,2015; BALDACCHINO et al.,2015).

Com a Revolucéo Verde (MMA, 2018), a modernizacdo da agricultura, o aumento
da populacdo mundial, a urbanizacdo, as mudancas climaticas significativas, o0 desmatamento
exacerbado e a migracdo internacional levaram os insetos, que antes habitavam florestas, a se
adaptaram as grandes cidades (ALTIZER; BARTEL; HAN, 2011; VONTAS et al.,2012).
Dessa forma, novas classes de inseticidas foram desenvolvidas como forma de controle desses
insetos (GONCALVES et al.,2020).

O uso de inseticidas quimicos utilizados no combate de mosquitos vetores ocorre
ha muitas décadas. Por exemplo, no ano de 1938, foi descoberto o primeiro inseticida de origem
sintética. A deteccgdo de propriedades inseticidas no DDT (diclorodifeniltricloroetano) pode ser
considerada como uma das descobertas mais revolucionarias do século XX (PATTERSON,
2016; GONCALVES et al., 2020).

O uso de grandes quantidades, bem como, o0 uso indiscriminado e pouco criterioso
desses inseticidas, no Brasil e no mundo, tem gerado uma serie de problemas ha muitos anos
(GONCALVES et al., 2020). Algumas espécies de insetos mostraram multiplas resisténcias a
diversas classes de inseticidas, tornando seu controle por métodos quimicos extremamente
dificil e caro.Aliado a isso, ha ainda uma menor aceitacdo dos efeitos negativos decorrentes da
utilizacdo dos inseticidas como residuos destes nos alimentos e no meio ambiente,
contaminacdo de ambientes aquaticos e terrestres, bem como &guas subterraneas, além de
efeitos sobre o0 solo e sobre organismos nao-alvo (BEECH et al., 2012; KARUNAMOORTHI;
SABESAN, 2013).

Dessa forma, surgem com muita frequéncia varios debates e questionamentos sobre
0s reais impactos dos inseticidas sintéticos quimicos (GONCALVES, et al., 2020). Esses
debates, por sua vez, impulsionam a busca por novos compostos, mais econdmicos e seguros,
com maior eficacia e duracdo da atividade e que sejam ambientalmente amigaveis (eco-friendly),
visto que os inseticidas continuam sendo a forma mais importante dentre as abordagens
integradas ao controle de vetores (LAPIED et al, 2009; KARUNAMOORTHI; SABESAN,
2013; SPARKS, etal., 2015; MARCOMBE et al., 2018). Logo, a pesquisa sobre bioinseticidas,
principalmenteos de origem vegetal, que possuam maior biodegradabilidade tem aumentado,
visando minimizar o impacto ao ambiente, atraveés de novos compostos que promovam a
mortalidade das larvas dos mosquitos e previnam surgimento de linhagens resistentes
(KARUNAMOORTHI; SABESAN, 2013).
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1.2.1. Bioinseticidas de origem vegetal

Atualmente, maior importancia tem sido dada ao uso de inseticidas a base de plantas
(inseticidas verdes ou fitoinseticidas) como agentes de controle de vetores e pragas de insetos
(PONTUAL et al., 2012; KARUNAMOORTHI; SABESAN, 2013). Alguns fitoquimicos de
varias familias de plantas foram identificados com atividades larvicidas contra diferentes
espécies de mosquitos e podem ter um importante potencial como substitutos dos agentes
convencionais de controle de mosquitos (TRIPATHI et al., 2009; TEHRI; SINGH, 2015).

Uma das vantagens do uso de inseticidas de origem vegetal diz respeito aos
diferentes principios ativos (metabolitos secundérios, inibidores de tripsina, quitinases etc.) que
estes possuem, dessa forma sdo diversos os mecanismos de acdo em alvos. Por exemplo, 0s
fitoinseticidas podem atuar sobre o sistema nervoso central dos insetos, dificultando o
crescimento e o desenvolvimento e, também, sobre o metabolismo celular dos insetos
(CORREA; SALGADO, 2011). Outra vantagem é que, os inseticidas de origem vegetal
possuem acdo e degradacdo rapidas, toxicidade moderada ou baixa para mamiferos, maior
seletividade e podem ser utilizados como compostos sinérgicos a acdo de inseticidas ja
utilizados (ALMEIDA FILHO et al., 2017).

Muitos extratos vegetais de plantas e dleos essenciais tém sido estudados e
apresentam potenciais larvicidas eficazes o que permite a utilizacdo desses compostos no
combate de vetores e, consequentemente, de diversas doencas de cunho vetorial (PONTUAL et
al., 2012). Souza e colaboradores (2012), por exemplo, isolaram o composto ativo m-
pentadecadienil-fenol ~ de sementes da espécie vegetal Myracrodruon urundeuva e
demonstraram que, este composto apresentou potente atividade larvicida e pupicida e grande
atividade inibitéria da incubacdo de ovos do mosquito vetor Ae. aegypti. Do mesmo modo,
desenvolvimento do mosquito da dengue, quando este foi exposto ao inibidor de tripsina de
sementes de Enterolobium contortisiliquum (EcTI). Consta ainda na literatura, outro exemplo
notavel de fitoinseticida, que pode ser utilizado para o controle do mosquito vetor da Dengue,
Zika e chikungunya, o Ae. aegypti, este é o inibidor de proteases derivado da espécie vegetal
de Leucaena leucocephala (LTI) (ALMEIDA FILHO et al., 2017).

1.2.1.1. Inibidor de tripsina de L. leucocephala (LTI)
L. leucocephala é uma arvore leguminosa exotica, amplamente distribuida na
vegetacdo brasileira, cujas sementes tém alto teor de proteina, das quais podem ser obtidas
fragdes contendo inibidores de proteases (ALMEIDA FILHO et al., 2017). A purificacéo e
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caracterizacdo de um inibidor de tripsina obtido das sementes desta espécie foram relatadas
entre a década de 90 e os anos 2000, por Souza-Pinto e colaboradores (1996) e Oliva e
colaboradores (2000). Os autores descreveram este inibidor como sendo dimérico, do tipo
Kunitz, com duas subunidades diferentes com massas de 5 e 15 kDa ligadas por pontes
dissulfeto, perfil que corresponde ao inibidor de tripsina de L. leucocephala (LTI) purificado
anos depois, de forma independente, por Almeida Filho e colaboradores (2017). Resultados
encontrados em estudos prévios, demonstraram que o LTI apresenta potente inibicdo da
atividade proteolitica da tripsina bovina (superior a 90%). O LTI ainda apresentou
termoestabilidade de sua atividade inibitoria de tripsina até 80 °C e, mesmo em temperaturas
entre 90 e 100°C, apresentou atividade entre 20 e 50%. Além disso, a atividade inibitoria de
tripsina deste inibidor é mantida em uma ampla variacéo de valores de pH (3,0 — 12,0), tanto em
temperatura ambiente quanto em 70 °C, durante 10 min (NANDEESHA; THEERTHA, 2001;
ALMEIDA FILHO et al., 2017).

No que concerne a atividade contra insetos vetores de doencas, esse inibidor na
concentracdo de 0,3 mg/mL, foi capaz de atuar na inibicdo da eclosdo dos ovos de Ae. Aegypti
em 50%. Além disso, o LTI foi capaz de inibir in vitro a atividade enzimatica (proteolitica) do
intestino médio (70%), e quando as larvas foram incubadas com solucdo de LTI observou-se
uma inibicdo de 56%, de forma que o desenvolvimento foi comprometido em cerca de 25% e
houve uma elevada taxa de mortalidade (86%) (ALMEIDA FILHO et al., 2017). Dessa forma,

o LTI tem sido considerado um inseticida promissor contra Ae. aegypti.

1.2.2. Bioinseticidas de proteinas Cry de Bacillus thuringiensis

Além dos fitoinseticidas, uma alternativa que tem sido utilizada para a substituicéo
de inseticidas de origem sintética, é a bactéria gram-positiva B. thuringiensis (Bt). O Bt, durante
a esporulacdo, produz cristais proteicos, conhecidos como delta—endotoxinas ou proteinas Cry.
As proteinas Cry possuem atividade inseticida especifica contra larvas de insetos de diversas
ordens, incluindo a diptera, da qual faz parte o Ae. aegypti (PANG et al., 1992;SCHNEPF et al.,
1998; TABOSA et al., 2020), sendo, portanto, um agente para o controle bioldgico de insetos
com elevada especificidade e com toxicidade baixa ou ausente em mamiferos (LACEY, 2007).

Quando ingeridos pelos insetos, os cristais proteicos sdo solubilizados como
protoxinas no intestino devido ao pH alcalino desse 6rgdo. Em seguida, essas protoxinas
liberadas séo ativadas por proteases serinicas encontradas no intestino médio. As toxinas ativas
se ligam a receptores de membrana das células intestinais formando poros, causando, assim,

uma desregulacdo osmdtica e consequente morte do inseto (TABOSA, 2020; BRAVO et al.,
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2011; MARCOMBE et al., 2018). Aliado a isso, estudos prévios mostraram que o efeito toxico
das proteinas Cry pode ser potencializado por outras classes de moléculas com atividade
inseticida, como inibidores de proteases, melhorando, desta forma, sua eficacia (PARDO-
LOPEZ et al., 2009).

A razdo para a potencializacdo da atividade das proteinas Cry por inibidores de
proteases pode ser explicada pela exposicao do inseto a pequenas quantidades do inibidor, oque
promove uma alteracdo do seu perfil de enzimas proteoliticas e favorece a ativacdo das
protoxinas Cry produzidas pelo Bt. Portanto, a toxicidade dessas delta-endotoxinas pode ser
aumentada em até 20 vezes quando associadas a um inibidor de proteases (BROADWAY,
1997; PARDO-LOPEZ et al., 2009; MA et al., 2013; TABOSA et al., 2020).

Assim, aliando as propriedades inseticidas de inibidores de proteases e de protoxinas
da bactéria B. thuringiensis, esses compostos podem ser Otimos candidatos para o

desenvolvimento de bioprodutos inseticidas.

1.3.  Bioprodutos com acéo inseticida

Diante do cenério atual, se faz necessario combinar os conhecimentos e tecnologias
existentes, desenvolvendo produtos e tecnologias de forma sinérgica e concomitante
(MORRETO; RABINOVITCH, 2016), para reduzir a disseminacdo das doencas emergentes
como dengue, Chinkungunya e Zika que tem como vetor o mosquito Ae. aegypti.

Os resultados positivos de estudos sobre inseticidas ndo sintéticos, como o inibidor
de protease LTI e o Bt, como um produto alternativo adequado para o combate de doencas
emergentes transmitidas por vetores aumentam o interesse em investigar esses compostos
(SENTHIL-NATHAN, 2020). A partir disso, alguns bioprodutos tém sido desenvolvidos por
varios grupos de pesquisa, como velas e lo¢des a base de nanocépsulas contendo 6leos
essenciais e formulacdes a base de inibidores de proteases com toxinas Cry, todos com atividade
inseticida contra mosquitos vetores (CRAVEIRO et al., 2006; TABOSA et al., 2020).

Dessa maneira, o desenvolvimento de bioprodutos para auxiliar no combate dos
vetores, seja de modo direto ou como um agente sinérgico a inseticidas ja utilizados é de suma
importancia, uma vez que a magnitude dos problemas ocasionados pelas doengas emergentes é
muito representativa. Para isso é essencial que seja atestada a seguranga de uso dessas

formulagdes, bem como, o potencial risco de contaminagdo em um cenério ambiental.

1.4, Seguranca de uso de bioprodutos com acéao de inseticida

Para o desenvolvimento tecnoldgico de um bioproduto, a descoberta a partir da
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bioprospec¢do de uma substancia com potencial aplicacdo é apenas uma das etapas de um
complexo e dispendioso caminho até que esse bioproduto atinja o mercado (ASTOLFI FILHO
et al., 2015). Atestar a seguranca de uso de bioprodutos, através da avaliacdo de riscos, € um
requisito essencial para atender aos critérios estabelecidos nos atos normativos dos 6érgéos
federais para o registro de formulacées (NDOLO et al.,2019).

Embora a ecotoxicidade dos bioinseticidas seja comparativamente menor que a dos
pesticidas sintéticos, é importante avaliar os riscos que estes possam ter (SANGANYADO et
al.,2015). Em relacdo aos bioinseticidas, a orientacdo da OCDE € que estes sO devem ser
autorizados se apresentarem risco minimo ou zero (CHANDLER et al., 2011). Desse modo,
sd80 necessarios diversos ensaios que comprovem que determinada substancia atende os
requisitos basicos de eficacia e seguranca humana e ambiental (ANVISA, 2019).

Para avaliacdo da seguranca humana e ambiental, sdo necessarios testes de
toxicidade aguda e, se necessario, a longo prazo. Em relacdo a seguranca humana, é ainda
importante a realizagdo de testes de toxicidade via oral, de toxicidade decorrente da exposigéo
de pele e olhos, de irritacdo e de alergenicidade (BURGES et al., 1982; WHO; FAO, 2017;
GOVERNMENT OF INDIA, 2017). Alguns exemplos incluem o teste de toxicidade aguda
inalatoria e avaliacdo de citotoxicidade em queratindcitos (MORAES, 2015; GOVERNMENT
OF INDIA, 2017). Em relacéo a seguranca ambiental, é fundamental a realizagdo de teste de
toxicidade a organismos ndo-alvo, incluindo os que estdoem ambiente aquatico.

Por exemplo, para o desenvolvimento de formulagdes bioinseticidas com atividade
larvicida, como é o caso de formulagdes de proteina Cry com o inibidor de proteases de L.
leucocephala, é imperativo investigar os possiveis efeitos toxicos que se manifestardo em
diferentes niveis de organizacdo do ambiente aquético, desde estruturas celulares mais simples
até individuos, populacdes e comunidades do ambiente aquatico (COSTA et al., 2008). Uma
vez que essas formulagGes sdo utilizadas para o controle de mosquitos no estagio larval e suas
aplicacdes se dao diretamente nos criadouros aquaticos (FERREIRA et al.,2015; DUGUMA et
al.,2017), a deposicdo no ambiente aquéatico pode ocasionar modificagfes em processos como
reproducdo, migracdo e mortalidade das populacdes de organismos ndo-alvo, alteraces na
respiracéo e no fluxo de nutrientes (CONNELL, et al.,1984; COSTA et al.,2008).

Esse fato, corrobora com a importancia da realizacdo de testes de toxicidade de
substancias em ambientes aquaticos, principalmente os que se utilizam de peixes como modelo.
Os peixes sdo bons bioindicadores para avaliar a polui¢do da dgua. A salde do peixe desempenha
um papel importante na protecdo e avaliacdo da biota aquatica (ISHI & PATIL, 2017). Para tal,

0 teste de toxicidade aguda em embriBes de peixe-zebra (D. rerio) pode ser um bom exemplo
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(OECD, 2013).

1.5. Peixe-zebra na avaliacdo de seguranca de bioprodutos inseticidas

O peixe-zebra (Danio rerio), também chamado de zebrafish ou paulistinha, é um

pequeno teledsteo da familia Cyprinidae, originario da India e caracterizado por um padréo
distinto de cores alternando linhas claras e escuras (Figura 1) (PARICHY, 2015).

Figura 1- Peixe-zebra (Danio rerio) de ambos os sexos em sua fase adulta

Macho

-, ——

Fonte: Adaptado de Rechi (2015)

E um peixe de agua doce, de pequeno porte (3 a 4 cm) que apresenta alta taxa de
fecundidade e maturagdo rapida (entre 48 e 72 horas evolui do estdgio embrionario para o
estagio larval e se torna adulto aos 3 meses de vida) (Figura 2). Além disso, possui
desenvolvimento externo e aparéncia translicida em estagios iniciais que facilitam a analise
morfoldgica. Inclusos a essas caracteristicas ainda citam-se: manutencgéo e criagdo com custos
consideravelmente baixos, genoma completamente sequenciado e atualizado que permite
manipulacdo genética e geracdo de individuos sensiveis as condigdes testadas e grande
quantidade de ort6logos (SCHOLZ et al., 2008; TAVARES; LOPES, 2013; HOWE et al., 2013;
BAMBINO et al., 2017; MEYERS, 2018).
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Figura 2 - Ciclo de desenvolvimento do peixe-zebra (D. rerio)
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Fonte: Adaptado de D’Costa e Shepherd (2009).

Dado os atributos inerentes a biologia do desenvolvimento, o peixe-zebra tem se
tornado um organismo importante nos Gltimos 30 anos, para diversos tipos de estudos,
incluindo os de toxicidade, genéticos, farmacoldgicos e de desenvolvimento (PHAM et al.,
2016). Também, na parte ambiental, estd sendo utilizado tanto para detectar a presenca de
agentes toxicos, quanto para identificar como as exposi¢des ambientais a esses agentes afetam
a saude humana e podem provocar doencas (BAMBINO;CHU, 2017). Além disso, tem sido
ainda utilizado no desenvolvimento e melhoria de testes de avaliagdo de risco ambiental
(SCHOLZ et al., 2008; GONCALVES et al., 2020).

Os peixes e outros animais aquaticos de forma geral podem ser expostos as
substancias toxicas de trés formas diferentes: absorcéo direta por exposicdo dermica, absorcéo

pelas branquias durante a respiracao e absorcao por via oral durante a alimentacdo ou ingestdo
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da 4gua contaminada (HELFRICH, 2009; ADEDEJI; OKOCHA.,2012). Dessa forma, varios
testes podem ser aplicados no peixe-zebra para avaliar os efeitos das substancias em ambiente
aquatico.

O teste de toxicidade aguda em embrido de peixe-zebra (FET), n°® 236, foi projetado em
2013 pela OECD (do inglés Organisation for Economic Co-operation and Development), com o intuito de
estimar efeitos da exposicdo a determinados compostos quimicos sobre o desenvolvimento
inicial do peixe. Este teste tem sido cada vez mais utilizado para fins regulamentares e de
pesquisa, uma vez que é adequado para uma ampla variedade de substancias, exceto para
compostos com massa molecular maior que 3 kDa e aqueles com toxicidade especifica para
estagios de vida juvenil e adulta (JUDSON et al.,2010; VIEIRA et al., 2019).

Através do teste FET, os efeitos toxicos decorrentes da exposicdo as formulacdes
inseticidas podem ser avaliados no peixe-zebra através da observacao de varios endpoints
(efeitos adversos), sejam eles letais ou subletais (HILL et al., 2005). Alguns dos endpoints que
podem ser observados, encerram-se em: coagulacdo do ovo, atrasos na eclosdo, alteracOes
morfologicas na boca, no tamanho da cabeca e da cauda, no desprendimento da cauda,
malformacdo de 6rgaos como o coragédo, deformacdo na coluna vertebral, edemas, alteracéo da
pigmentagéo do corpo, ndo desenvolvimento dos somitos, dentre outros (OECD, 2013).

Sabendo que os contaminantes, através da absor¢do por via oral, podem atuar sobre
a digestdo e serem responsaveis por alteragcdes bioquimicas que levam a distarbios metabdlicos
e inibicdo de enzimas digestivas importantes e ao comprometimento do desenvolvimento dos
peixes, a captacdo desses deve ser estimada e estudada (NAVFAC, 2000; ADEDEIJI;
OKOCHA., 2012). Por exemplo, a alteracdo na atividade da amilase e de algumas proteases
afetam diretamente o metabolismo decarboidratos e proteinas (MAHMOUD et al., 2020). Dessa
forma, a anélise dos efeitos dos poluentes nas atividades das enzimas digestivas é Gtil para
destacar o risco de alteracdo destes na nas caracteristicas bioquimicas e fisiologia dos peixes
(MAHMOUD et al., 2020).

A partir disso, é possivel predizer os efeitos toxicos que determinado composto
venha ter no peixe-zebra, e consequentemente em outros organismos, e ainda determinar as
concentragOes das substancias que possam causar efeitos bioldgicos e, dessa forma, orientar os
niveis admissiveis desses compostos para uso (CHOW;CHAN, 2014). Refor¢ando que, as
respostas moleculares do peixe-zebra a produtos quimicos tém alto grau de relevancia, uma vez
que os mecanismos de transducgéo de sinal, a anatomia e a fisiologia do D. rerio sdo homologas
as dos seres humanos (SIMONICH et al.,2012). Nesse ambito, o peixe-zebra é um excelente

modelo para estudos que visam compreender 0s mecanismos toxicos de determinada substancia
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quimica, como biopesticidas, bem como, para descobrir os possiveis efeitos adversos de curto
e longo prazo ocasionados por essas substancias (SCHOLZ et al.,2008).

1.5.1. Peixe-zebra como modelo para estudos de substéncias que afetam o processo
digestério

O peixe-zebra é onivoro e possui como habito alimentar o consumo de larvas e

insetos adultos. Além disso, pequenos crustaceos, algas, materiais vegetais e detritos diversos

presentes em seu habitat podem servir como dieta para esta espécie (PARICHY, 2015).

Assim como ocorre em outros 6rgdos, o desenvolvimento, a organizacdo e a
fisiologia do trato gastrointestinal (TGI) do peixe-zebra apresentam muitas semelhancas com
0s humanos, dessa forma, comparacdes com o TGl dos mamiferos podem ser comuns. Apesar
das semelhancas, ha algumas diferengas funcionais e arquitetdnicas importantes entre 0s
sistemas Gl de peixes-zebra e mamiferos, como por exemplo, o trato GI dos mamiferos é
composto geralmente de cinco partes distintas (estbmago, duodeno, jejuno, ileo e célon),
enguanto, o intestino do peixe-zebra é composto por bulbo intestinal anterior, intestino médio
e intestino posterior e anus, ndo contendo um 6rgao como o estdmago (FLORES et al., 2020)
(Figura 3). Desta maneira, 0 processo digestivo nesta espécie, esta intimamente ligado as
enzimas pancreaticas e intestinais, como as endoproteases tripsina e quimotripsina e
exoproteases carboxipeptidase A e a-amilase, sendo a tripsina a enzima proteolitica alcalina
mais comum, principalmente durante os estagios iniciais da vida do peixe (GUERRERA et al.,
2015).

A tripsina pertence a familia das serinoproteases e é responsavel por muitos
processos bioldgicos, por exemplo, a prépria digestdo de proteinas, ativacdo do zimogénio e
mediacgéo entre a ingestdo de alimentos e a assimilacdo de nutrientes (FREITAS-JUNIOR et
al., 2012; CANDIOTTO et al., 2018), sendo portanto um 6timo indicador de mecanismos de

toxicidade que afetem o desenvolvimento e o estado nutricional dos peixes.



Figura 3 - Representacdo esquematica do intestino de peixe-zebra adulto, evidenciando seus trés segmentos
principais
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Fonte: Adaptado de Lobert e colaboradores (2016).
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Desta forma, a utilizacdo do peixe-zebra como sistema modelo e a caracterizacdo

da atividade de suas enzimas digestorias, como a tripsina, permitem a compreensdo de possiveis

mecanismos toxicos provenientes da exposicdo de diversas substancias (ex. LTI) que possam

afetar de forma direta ou indireta este sistema.
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2. HIPOTESES

= O inibidor de protease de L. leucocephala e uma mistura de protoxinas de B.
thuringiensis, de forma isolada e combinada, ndo causam efeitos toxicos agudos ou alteracdo
de marcadores de toxicidade em embrides e larvas de peixe-zebra, em virtude de suas elevadas

especificidades contra os organismos alvo, neste caso larvas de Ae. aegypti.

= O extrato intestinal rico em proteinas com atividade proteolitica do tipo tripsina obtido
de adultos de peixe-zebra ndo sofrem inibicdo significativa apos exposicdo ao inibidor de
tripsina de L. leucocephala ou de sua mistura com protoxinas de B. thuringiensis, em
decorréncia das baixas concentragdes testadas (i.e. concentracdes que se aproximam de um
cenario realistico de uso dessas moléculas) e também por conta de condi¢fes bioquimicas ideais
tais como pH e osmolaridade que sdo muito distintas entre o LTI e as serino-proteases de peixe-

zebra.
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3. OBJETIVOS

3.1. Objetivo Geral

Avaliar os efeitos de proteinas larvicidas contra Ae. aegypti, o inibidor de
tripsina de sementes de L. leucocephala e uma mistura de protoxinas de B. thuringiensis,
sobre o organismo modelo peixe-zebra (D. rerio) no que concerne a avaliagcdo de toxicidade
aos seus estagios iniciais de vida e a presenca de efeitos inibitorios do LTI sobre proteases

intestinais deste animal.

3.2.  Objetivos Especificos

= Obter e caracterizar parcialmente o LTI e as protoxinas de Bt;

= Auvaliar a estabilidade estrutural e bioldgica das proteinas larvicidas as condi¢bes do

teste de toxicidade aguda com embriGes de peixe-zebra;

» Avaliar os efeitos téxicos agudos das proteinas larvicidas, de forma isolada e

combinada, em embriBes e larvas de peixe-zebra;
= Auvaliar in silico a interacdo entre o LTI e a tripsina de peixe-zebra;

= Obter o extrato intestinal do peixe-zebra adulto de ambos 0s sexos rico em atividade do
tipo tripsina;

= Auvaliar a atividade inibitéria de tripsina do LTI, isolado e combinado as proteinas Bt,

contra o extrato proteico rico em atividade do tipo tripsina de peixe-zebra.
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Highlights

- LTI and Bt proteins showed no acute toxicity in zebrafish embryos;

- The in silico interaction of zebrafish trypsin and LTI showed hydrophobic interactions;
- The specific trypsin activities of male and female zebrafish were distinct;

- LTI and its mixture with Bt proteins can inhibit zebrafish trypsin-like activity.
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Abstract

The Leucaena leucocephala trypsin inhibitor (LTI) + Bacillus thuringiensis (Bt) protoxins mix
has been proposed as a novel larvicide agent in order to control the vector mosquito of dengue
virus, Aedes aegypti, in their aquatic breeding sites. However, use of this insecticide
formulation has raised concerns about its impacts on aquatic biota. In this context, this work
aimed to assess the effects of LTI and Bt protoxins, separately or in combination, in zebrafish,
in regard to the evaluation of toxicity at early life stages and to the presence of LTI inhibitory
effects on intestinal proteases of this fish. Results showed that LTI and Bt concentrations (250
mg/L, and 0.13 mg/L, respectively), and LTI + Bt mix (250 mg/L + 0.13 mg/L) - 10 times
superior to those with insecticide action — did not cause death nor did it induce morphological
changes during embryonic and larval development (3 to 144 hours post-fertilization) of
zebrafish. Molecular docking analyses highlighted a possible interaction between LTI and
zebrafish trypsin, especially through hydrophobic interactions. In concentrations near to those
with larvicidal action, LTI (0.1 mg/mL) was able to inhibit in vitro intestinal extracts of trypsin
in female and male fish by 83% and 85%, respectively, while LTI + Bt mix promoted trypsin
inhibition of 69% in female fish and 65% in male ones. These data show that the larvicidal mix
can potentially promote deleterious effects to nutrition and survival in non-target aquatic
organisms, especially those with trypsin-like dependent protein digestion.

Keywords: trypsin inhibitor; Leucaena leucocephala; Bt toxins; biological insecticide;

zebrafish.
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1. Introduction

In recent years, urban insects, vectors of the main human diseases, such as malaria,
filariasis, yellow fever, dengue, Chikungunya and Zika, have proven to be a serious world threat
in terms of public health and a significant economic burden (Nyka et al., 2013; Silva Jr. et al.,
2018). Among the main insects that are vectors of diseases, there are the Aedes genus
mosquitoes, especially Ae. aegypti. This bug is found widely distributed around the world and
has been responsible for the severe dengue, Zika and Chikungunya epidemics (WHO, 2017). It
is estimated that dengue, the most predominant mosquito-borne disease, causes around 390
millions of infections every year, of which 96 millions evolve to the severe form of the disease
(WHO, 2021).

In this respect, some strategies have been adopted in order to reduce these diseases. The
main one is still Ae. aegypti mosquito control. This control can be performed through several
means, which can be: physical (e.g. mosquito traps), biological (controlled release of
predators), genetic (transgenic mosquitoes), environmental (reduction of artificial breeding
sites and environmental education) and chemical (natural or synthetic chemicals), being this
last one the most used control form (Aradjo et al., 2015; Baldacchino et al., 2015).

However, various questions have arisen about the environmental impacts of synthetic
insecticides. It Is known that use of large quantities as well as indiscriminate and careless use
of these insecticides have created a series of problems for many years (Gongalves et al., 2020).
Thus, there are many activities of researchers on development of drugs, vaccines and new
compounds, more economic and safer, with higher efficacy and duration of activity, and that
are environmentally friendly (Alonso and Tanner, 2013; Ansari et al., 2013).

Therefore, research about bioinsecticides, especially plant-based ones, which are more
biodegradable, has grown, in order to minimize the impact on the environment and, similarly
to synthetic insecticides, promote mosquito larvae mortality and prevent appearance of resistant
lines (Karunamoorthi and Sabesan, 2013). An example of a potential phytoinsecticide that has
been proposed for Ae. aegypti control is the protease inhibitor derived from the plant species
Leucaena leucocephala, common in most of tropical areas around the world (Almeida Filho et
al., 2017). Results showed that the protease inhibitor from L. leucocephala seeds (LTI) was
able to act on inhibition of Ae. aegypti egg hatching and inhibition of proteolytic activity present
in larvae midgut by 56%, compromising development and causing high mortality rate of bugs
(Almeida Filho et al., 2017).



33

Similarly, Cry proteins obtained from gram-positive Bacillus thuringiensis bacteria (Bt)
possess specific insecticidal activity against Ae. aegypti larvae (Pang et al., 1992; Schnepf et
al., 1998; Tabosa et al., 2020). Once ingested by bugs, Bt protein crystals are solubilized as
protoxins in the alkaline intestine pH. Then, these released protoxins are activated by serine
proteases found in larvae midgut. Active toxins bind to midgut cell membranes making pores,
which leads to an osmotic disruption and subsequent bug death (Bravo et al., 2011; Marcombe
et al., 2018 Tabosa et al., 2020).

Studies also showed that the effect of cry proteins can be enhanced and have higher
efficacy when associated with other compounds with insecticide action, such as protease
inhibitors (Pardo-Lépez et al., 2009). The reason for Cry protein activity potentiation by
protease inhibitors can be explained by exposure of bugs to small quantities of the protease
inhibitors, which promotes a change in its proteolytic enzymes profile and favors activation of
-produced Cry proteins, which can increase toxicity of these protoxins up to 20 times
(Broadway, 1997; Pardo-Lo6pez et al., 2009; Ma et al., 2013; Tabosa et al., 2020). Thus,
combining insecticide properties of protease inhibitors and Bt protoxins has been suggested as
an innovative and promising approach for the development of insecticide bioproducts, with an
emphasis on larvicides against Ae. aegypti.

Although bioinsecticides toxicity is comparatively lower than synthetic pesticides, it is
still necessary the compliance of some requirements of regulatory agencies and of the consumer
market during the development of these products. Therefore, several clinical trials which prove
these substances meet basic requirements of efficacy and human and environmental safety are
needed (ANVISA, 2019). In the case of development of insecticide formulations to be applied
directly in sites with water buildup and the presence of Ae. Ae. aegypti larvae (Duguma et al.,
2017), a few stages must be fulfilled, such as attesting to the safe use through assessment of
toxic effects to non-target organisms, and evaluate aquatic environment contamination risk
(Ndolo et al., 2019). In this aspect, fishes are good experimental models, once fish health plays
an important role in aquatic biota protection and evaluation (Ishi & Patil, 2017).

Zebrafish (Danio rerio) has proven to be a decent model system for assessment of the
effects of xenobiotics on aquatic vertebrates (Gongalves et al., 2020; Vieira et al., 2020; Vieira
et al., 2021), considering different routes of exposure (e.g. dermal exposure, intake by gills and
oral absorption) of fishes to these substances (Helfrich, 2009; Adedeji e Okocha., 2012).
Moreover, effects resulting from insecticide formulations might be evaluated in zebrafish by
means of observation of several lethal or sublethal endpoints (Hill et al, 2005), which can

involve all life stages of this fish (Goncalves et al., 2020).
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For instance, direct exposure of early stages (embryos and larvae) of zebrafish
development to aquatic contaminants has been applied as the gold standard for tracking the
presence and the effects of these substances in vertebrates (Vieira et al., 2020). Hence, adverse
effects that include development toxicity, teratogenicity, cardiotoxicity, among others (Von
Hellfeld et al., 2020), are able to be monitored via morphological changes that comprises, for
example, egg coagulation, hatching delays, morphological alterations in mouth and head and
tail sizes, non-detachment of tail, malformation of organs (e.g. heart), spine deformity, edemas,
alteration of body pigmentation and non-development of somites (OECD, 2013; von Hellfeld
et al., 2020).

Another relevant exposure route to contaminants in the aquatic environment is via oral
ingestion. Contaminants can act on digestion and be responsible for biochemical changes that
lead to metabolic disorders, inhibition of important digestive enzymes and development
impairment; therefore, their sequestration must be estimated and studied (Navfac, 2000) as
means to identify this toxic effect of substances (Adedeji e Okocha., 2012). Therefore, analysis
of the effects of contaminants on digestive enzymes activities is useful to highlight risk of
alteration of these compounds on fish biochemical properties (Hossam Mahmoud et al., 2020).

Given the above, this study aimed to assess the effects of larvicidal proteins against Ae.
aegypti, the trypsin inhibitor from L. leucocephala seeds and B. thuringiensis protoxins, in
zebrafish with regards to evaluation of toxicity to early stages of life and the presence of LTI
inhibitory effects on intestinal proteases to contribute to evaluation of safe use of these

compounds in aquatic environments.

2. Materials and methods

2.1. Chemical reagents

Bovine serum albumin (BSA), bovine trypsin, acrylamide, coomassie brilliant blue R-
250, sodium dodecyl sulfate (SDS), TEMED (N°, N’, N', N'- tetramethylethylenediamine),
trizma-base, N,N’-Methylenebisacrylamide,2-mercaptoethanol and the synthetic substrate
BApPNA (N-a-benzoyl-DL-arginine-p-nitroanilide) were purchased from Sigma-Aldrich Co.
(St. Louis, EUA). Low molecular weight calibration kit for electrophoresis was acquired from
GE Healthcare Life Sciences (GE®) (Pittsburgh, PA). Calcium chloride (CaCl2), magnesium
sulfate (MgSO4), sodium bicarbonate (NaHCO3), potassium chloride (KCI), azocasein,
trichloroacetic acid (TCA), sodium hydroxide (NaOH) e other reagents used were all of

recognized analytical grade.
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2.2. Zebrafish embryos and adults

D. rerio embryos and adults from wild-type AB strain were provided by Production Unit
of Unconventional Model Organisms (UniPOM), located in the Department of Molecular
Biology of Federal University of Paraiba (Jodo Pessoa, Brazil). Adult animals were kept in
tanks, in a water recirculation system with physical, chemical and biological filtering, with
controlled temperature of 26 + 1 °C and 14:10h light/dark photoperiod, being each water
parameter (temperature, pH, ammonia levels and nitrite) regularly monitored. Animals were
fed three times a day ad libitum, being twice with granular fish food (ColorBits, Tetra,
Germany) and once with organic spirulina (Fazenda Tamandua, Patos, Brasil).

On the day prior to the test with embryos, adult fish were transferred to a 7 L mating
device (1 female : 2 male ratio), which consisted of an acrylic tank coupled to an aerator, whose
bottom is covered with a nylon net and an opening valve that allows quick and efficient
collection of embryos. After spawning, embryos with one hour post fertilization (hpf) were
taken out, washed and put up in an adapted E3 zebrafish embryo medium (NaCl 5.0 mM, KCI
0.17 mM, CaCl 0.33 mM and MgS0O4 0.33 mM) and analyzed using an inverted microscope
(Televal 31, Zeiss, Germany) for determining embryo development stage and selection of viable
embryos. Embryos considered non-viable and remaining from the test were euthanized with
eugenol (1.5 mL/L) and subsequently stored at — 20 °C until were sent to incineration.

Four adult females and four adult males, all with 11-months old, were transferred for
dissection and acquisition of intestines as described above. All procedures with zebrafish were
approved by the Ethics Committee on Animal Use of Federal University of Paraiba (CEUA-
UFPB), Jodo Pessoa, Brazil, with certificate n® 2490250321.

2.3. Obtainment and partial biochemical characterization of LTI and Bt protoxins
2.3.1. LTI

Obtention of L. leucocephala trypsin inhibitor was executed following the methodology
described by Almeida Filho et al. (2017). Briefly, proteins from seed flour were extracted in a
0.05M Tris-HCI pH 7.5 (1:10 w/v) buffer under constant agitation for 3 h at room temperature.
Crude extract was centrifuged at 15.000 x g, during 15 min, a 20% (w/v) trichloroacetic acid
(TCA) solution was added so that extract final concentration was of 3%. Solution was
centrifuged at the above-mentioned conditions, and supernatant was collected and dialyzed
against distilled water for 48 h before lyophilization. The obtained fraction was solubilized in

a Tris-HCI 0.05M, pH 7.5 buffer and submitted to affinity chromatography, in a column with
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an anhydrous 4B sepharose matrix (4 x 1.5 cm) activated by cyanogen bromide (CNBr) from
Sigma-Aldrich Co. (St. Louis, USA), equilibrated with the same buffer. Adsorbed proteins were
eluted with a HCI 0.05 M solution. Fractions that displayed the highest absorbance values
(called LTI) were combined, dialyzed against distilled water and then lyophilized.

Identity of the LTI sample obtained was confirmed through polyacrylamide (15% wi/v)
gel electrophoresis under denaturing conditions, in the presence of sodium dodecyl sulfate
(SDS), also known as SDS-PAGE (Laemmli, 1970). In order to monitor electrophoresis run,
molecular-weight size markers were employed, being them: phosphorylase b, 97 kDa; bovine
serum albumin, 66 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 29 kDa; trypsin inhibitor,
20.1 kDa; and o -lactalbumin, 14.4 kDa. Gel was stained with 0.02% (v/v) of Coomassie
Brilliant Blue R-250 with 12% (v/v) of acetic acid.

2.3.2. Bt protoxins

B. thuringiensis protoxins, solubilized in distilled water, at the concentration of 22.3
mg/L, were provided by Prof. Dr. Ana Fontenele Urano Carvalho, from Federal University of
Ceara (Fortaleza, Brazil). In short, toxins in inactive form were acquired from culture of B.
thuringiensis var. israelensis strain in nutrient broth supplemented with 1% (w/v) glucose.
Culture was incubated during 24h at 37 °C under constant agitation (150 rpm) for induction of
sporulation. Next, media were centrifuged at 10,000 x g, for 10 min, in order to obtain granules
containing spores and Cry protein crystals. These granules were re-suspendend in 20 mL of
phosphate 0.1 M, pH 8 buffer supplemented with 0.5 M NaCl and 0.001 M EDTA, sonicated
for 5 min and later centrifuged at 10,000 x g, for 5 min. Obtained supernatant was dialyzed
against distilled water and stored in a freezer at -20 °C according to protocol described by
Tabosa et al. (2020).

2.4. Stability of larvicidal proteins to zebrafish embryotoxicity test conditions

Stability tests were performed prior to exposure of zebrafish embryos to test susbstances,
in order to observe possible variations of concentration, either by medium degradation due to
physicochemical conditions (UV light incidence, temperature) and/or via microorganism
absorption (Hoyber et al., 2020). For this, LTI and Bt protoxins, individually, were dissolved
in E3 medium, both at 1 mg/mL. It was made a control group with BSA dissolved in E3 medium
at the same concentration. Incubation of protein solutions was done statically (without solution
renewal) for a period of 6 days, adding 0.2 mL of E3 medium containing LTI, Bt proteins or

BSA to a 96-well microplate with the presence or not of embryos, being in total 12
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wells/sample. Plates were kept in the environment where assays with zebrafish at constant
temperature (26 £ 1°C) e humidity (70%) and 14:10h photoperiod. Three 0.2 mL aliquots of
each sample were collected every 24h on days 0, 2, 4 and 6 of the experiment, and then they
were mixed by sample group and frozen at -20 °C. Afterwards, samples were defrosted for
electrophoresis profile determination (SDS-PAGE) according to previously described, soluble
protein measurements and LTI trypsin-inhibitory activity.

2.4.1. Soluble proteins measurement

Soluble proteins quantification of samples resulting from the stability assay was executed
following the method described by Stoscheck (1990). This method was adapted for 96-well
microplate utilization in a microplate reader (Thermo Scientific Multiskan Spectrum, USA),

using 220 nm wavelength and in triplicates for a same sample.

2.4.2. LTI trypsin-inhibitory activity

LTI trypsin-inhibitory activity was determined using the assay proposed by Erlanger
(1961), slightly modified. At first it was prepared a trypsin (0.5 mg/mL) solution, using 1 mM
HCI, and a 20% (w/v) azocasein solution with Tris-HCI 50 mM, pH 7.5 buffer, for the
construction of an enzyme curve with different enzyme volumes in order to establish the most
adequate volume to be employed in the inhibitory activity evaluation. Trypsin enzyme was
incubated with a Tris-HCI 50 mM with 20 mM CaClz, pH 7.5 buffer at constant temperature
(37 ° C). 100 pL of LTI at 1 mg/mL from stability tests with and without embryos were added
to samples and to the blank samples, followed by a 15 min incubation. At the end of this period
it was added to standard and test groups the substrate 2% (w/v) azocasein. Again it was
performed an incubation for 15 min, and at the end of this time 20% (w/v) TCA was added so
that the reaction was stopped. After that, 20% (w/v) azocasein was added to the blank replicates
and LTI-promoted inhibitory activity was followed spectrophotometrically at 440 nm

wavelength. Inhibitory activity calculation was performed using the following formula:

Inhibitory activity (%)= (AbStest — AbSpiank) X 100/standard Abs.

Assays were performed in triplicates for each test sample.

2.5. Acute toxicity test in zebrafish embryos


https://www.sciencedirect.com/science/article/pii/007668799082008P#!
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Acute toxicity of LTI, Bt protoxins and their mixture in zebrafish embryos was done
according to OECD guide n° 236 (2013), with a few modifications. LTI, Bt protoxins and the
combination LTI + Bt protoxins were tested at the following concentrations, respectively: 250
mg/L (LTI); 0.13 mg/L (Bt) and 250 mg/L+ 0,13 mg/L (LTI + Bt). The reason behind the
selection of these concentrations is that they are 10 times superior to those which showed the
best larvicide activity against Ae. aegypti (data not published).

Twenty-four embryos with approximately 3 hpf were individually distributed in a 96-well
microtitration plate, being 20 of them exposed to the test samples and other 4 kept only in E3
medium (internal control group). A plate with 20 embryos exposed only to E3 medium was also
prepared. Embryos were monitored daily until a period of 144 hpf (6 days) with the aid of an
inverted microscope (Televal 31, Zeiss, Germany), using a magnification of 50x. In the embryo,
the following lethality endpoints were verified: egg coagulation, absence of somite formation;
non-detachment of tail, and absence of heartbeat. Besides these, sublethal effects were also
observed, which included: malformation of body spine, eyes, otoliths and mouth; body size
reduction, alteration in body pigmentation, delay in egg hatching; edema in yolk sac,
pericardium and head, and blood clotting alteration. Number of dead embryos and larvae was

used to calculate mortality rate according to the formula:

Mortality (%) = number of dead embryos/ (total number of embrios x 100).

This test was repeated three times in an independent manner for each treatment.

2.6. In silico interaction between LTI and zebrafish trypsin
2.6.1. Molecular modeling and docking

Molecules here studied still do not possess an elucidated structure, nor is it stored in
databases (e.g. Protein Data Bank, PDB. https://www.rcsb.org/)). In face of that, LTI and
zebrafish trypsin molecular modelings were performed, using sequences deposited in the
UniProtKB database (https://www.uniprot.org/) with access codes Q8AV83 (trypsin) and
P83036 (LTI), besides base models which are represented by PDB codes 5PTP (1.34 A
resolution) for trypsin and 4J2K (1.75 A resolution) for LTI. Selection of these models was
executed from their resolutions in angstroms (A), which should be the lowest ones possible,
implying good quality of atomic resolution. For visualization and preparation of these

molecules, it was used the PyMOL Molecular Graphics System, 2.0 version Schrédinger, LLC
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(https://pymol.org/2/) and the SWISS-MODEL platform (https://swissmodel.expasy.org/) for

modeling, with the “user template” entry form.

2.6.2. Molecular docking

Molecular  docking was performed in the FRODOCK platform
(http://frodock.chaconlab.org/), using generated models with the standard settings of the
website. For a better visualization of interaction between aminoacids, the software LigPlot*
v.2.2 (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/) was employed. Moreover, as a
positive control, cristallyzed structure of bovine trypsin complexed to zucchini (Cucurbita
pepo) trypsin, with 2BTC PDB code, with 1,50 A resolution (Helland et al., 1999). Thus, it was
done a comparison of interaction of generated models with the interaction of a crystallyzed

structure with a good resolution.

2.7. Acquisition of zebrafish midgut protein extract with trypsin-like activity

Intestinal protein extract with trypsin-like activity was obtained from adult zebrafish
intestines. After 24 h of fasting, adult fish (4 males and 4 females) were euthanized with eugenol
(1.5 mL/L) and dissected for intestine and hepatopancreas removal, separated per animal in
microtubes. Midgut tissue and accessory glands homogenates were macerated with a Tris-HCI
0.05M, pH 8.0 cold buffer. Resulting extract was centrifuged at 10.000 x g, for 10 min, at 4 °C.
Next, supernatant was used for determination of soluble proteins and trypsin activity.

Quantification of soluble proteins was executed following the method described by
Bradford (1976), using BSA for construction of a standard curve. This method was adapted for
utilization in a 96-well microplate for subsequent use of a microplate reader (Thermo Scientific
Multiskan Spectrum, USA). Reading were performed at a 595 nm wavelength and in
quadruplicates for a same sample.

Trypsin-like activity from the obtained crude extract was measured according to the
methodology described by Azevedo et al. (2018), slightly adapted. For that, 8 mM BApNA
dissolved in dimethyl sulfoxide (DMSO) was prepared. Protein extract was dilluted (1:10) with
0.05 M phosphate, pH 8.0 buffer and activity was evaluated in triplicates. Resulting product, p-
nitroaniline, was quantified at 405 nm in a microplate reader after 15 min of reaction at 25 °C.
An enzyme unit was determined as the necessary quantitity of enzyme for hydrolyzing 1 umol
of BApNA per minute. Specific activity was expressed as units per miligrama of protein

(unit/mg of protein).
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2.8. LTI trypsin inhibitory activity against trypsin-like zebrafish proteases

LTI trypsin inhibitory activity against zebrafish midgut protein extracts was conducted
based on the methodology described by Freitas-Junior et al. (2012). For that, 15 pL of intestinal
extract was incubated for 30 min at 25 °C for 30 min with LTI and LTI + Bt mix, both at the
concentration of 0.1 mg/mL. Next, for each sample, it was added 140 pL of Tris-HCI 0.1M, pH
8.0 buffer and 30 pL of BApNA. After 15 min of reaction, samples were read in a microplate
reader at a wavelength of 405 nm. Control group was composed of replacement of inhibitor by
DMSO and blank samples just contained buffer and BApNA. All tests were conducted in

triplicates

2.9. Statistical analysis

Data were presented as mean + standard deviation. Significant differences between two
groups were analysed with the non-paired Student’s t-test, whereas for multiple comparisons,
one-way Anova, followed by post hoc Tukey HSD test and two-way anova were conducted.
Values were considered significant when p < 0.05. For statistical analyses the software

Graphpad Prism 5 was used.

3. Results and discussion

3.1 Obtainment and evaluation of stability of LTI and Bt protoxins

From the obtained electrophetic profiles (Supplementary Figure 1), it was observed a
predominant band with molecular mass around 20 kDa which corresponds to the LTI profile
previously described by Almeida Filho et al. (2017).

In order to assess larvicide proteins stability, these were submitted to the same exposure
conditions found in the acute toxicity test in zebrafish embryos during 6 days. To that end,
soluble proteins content in the medium, SDS-PAGE profile and trypsin-inhibitory activity (only
for LTI) were determined over exposure period. Soluble proteins content in samples deriving
of exposure to LTI, Bt and BSA control did not change significantly (p < 0.05) when comparing
the first and the last day of exposure, whether in the presence of embryos or not (Supplementary
Figure 2A, 2B and 2C, respectively). Likewise, in relation to stability of LTI trypsin-inhibitory
activity, inhbition remained stable over the days, with variation from 75 to 85% in samples
without embryo, and from 67-79 % in embryo-containing samples (Supplementary Figure 2D).
LTI electrophoretic profile did not change considerably along exposure (Supplementary Figure

2E), showing that in fact there is not a significant degradation of that protein in the exposure
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medium that compromises its enzyme activity. Bt protoxins profile could not be visualized due
to the utilized staining. In the light of this, there was not a variation superior to 20% in
concentrations of test-solutions and in LTI activity, highlighting the stability of larvicidal
proteins to FET (fish embryo toxicity) test conditions.

As a matter of fact, preliminar studies reported that LTI is quite stable to wide temperature
and pH variation ranges, and also to UV degradation (Nandeesha; Prasad, 2001; Almeida-Filho
et al., 2017; Tabosa et al., 2020). Results here obtained exclude the need for daily renewal of
test solutions during exposure (OECD, 2013; Hoyberghs et al., 2020). Previous stability tests
are fundamental to ensuring that the embryos will be exposed to the arranged concentrations
during exposure (OECD, 2013), and in the case of this study, that larvicide proteins kept

themselves biologically active in order to assess, their unintentional potential effects.

3.1. Acute toxicity in zebrafish embryos

Toxicological evaluation in zebrafish embryos and larvae through FET test revealed that
LTI, Bt and LTI + Bt larvicide proteins, at concentrations 10 times superior to those with
insecticide activity (250 mg/L; 0.13 mg/L and 250 mg/L+ 0.13 mg/L, respectively) did not
cause deaths during embryo and larval development (Figure 1A). Larvicidal proteins did not
induce morphological changes in embryos and larvae even after 6 days of exposure (Figure
1B), which suggests low acute toxicity.

Available literature shows studies that describe low or no toxicity of Bt-derived toxins
in different model aquatic organisms, including zebrafish. For instance, Glare and O’Callaghan
(1998) reported that Bt does not affect significantly fish, even when these are exposed direct or
indirectly, in laboratory or in the field. Supporting these data, Grisolia et al. (2009), Aldeewan
(2017), Gao et al. (2018) and Vieira et al. (2021), after exposure of zebrafish at early stages to
different Cry proteins, did not observe mortality or visible adverse effects, nor did they report
significant developmental, biochemical and molecular changes in this organism. Concerning
acute toxicity of L. leucocephala species, Roy et al. (2020) reported embryotoxicity and
teratogenic effects in zebrafish embryos exposed to a chloroform extract of this plant species at
the concentration of 600 pug/mL. It is noted here, as well, that until this very moment, this is the
only study which assessed acute toxicity of L. leucocephala trypsin inhibitor in aquatic models,
including zebrafish.

3.2. Inssilico interaction of LTI and zebrafish trypsin
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Models constructed at SWISS-MODEL platform had sequence identities relatively high
compared to the used templates. Trypsin displayed 73.83% of similarity with the PDB structure
utilized as basis (5PTP), while LTI showd 59.76% of identity with the respective PDB structure
(4J2K), with both of them possessing good amino acid positioning and angulation in relation to
the references (Supplementary Figure 3). With respect to docking, 10 different conformations
(poses) were generated, each one with a respective score indicating its quality. Distinct poses
were placed along with the modeled receptor, in Pymol, for visualization and comparison of
bond positioning between them with a trypsin structure bound to an inhibitor deposited at PDB
(code 2BTC, Figure 2). The chosen conformation was the one that possessed the highest
similarity of position with that one of the protein reference and the highest score, counting as a
tiebreaker criterion.

Visualization and analysis of docking results, from LigPlot diagrams demonstrated
countless hydrophobic interactions between the protease and its inhibitor, besides a hydrogen
bond between LTI Arg58 and trypsin His23 (Figure 3). Hydrophobic interactions are present in
LTI at GIn80, Lys81, Pro79, Arg91, Ser84, Ser89, GIn78, Glul11, Pro62, Ser90, Arg64, Gly14,
GIn112, Tyr63, Asnl3, Ala60, Serl08, and His88 amino acids and in trypsin at GInl74,
Gly128, Trpl193, Gly194, Asnl123, Cysl173, Tyrl95, Leu8l, Arg45, His40, Arg72, Tyr42,
Ser129, GIn155, Gly21, Tyr22, Phe24 and Asn79 (Figure 3). However, in the positive control,
it was observed, besides hydrophobic interactions, interaction of an LTI Arg58 residue with a
Ser, instead of His23. Hidrogen bond and hydrophobic interactions are essential in order to
occur the interaction between these two macromolecules.

Docking analyses have been widely employed to prediction of biological activities of
medical, pharmacological and nutritional interests (Holton et al., 2013). Despite this
popularization of computational methods, there are still few studies that assess interaction
between these bioactive proteins and intestinal proteases, within a perspective of inferring on

possible antinutritional effects.

3.3. LTI trypsin-inhibitory activity against zebrafish midgut extracts

Zebrafish tissue analysis, like for example intestine, can be a useful tool in the evaluation
of safety of compound to which fish might be exposed by oral via (Borges et al., 2020). Here,
fish intestines from both genders were processed and used for analyses. Midgut extracts from
male and female adult zebrafish displayed a high soluble protein content of 1.05 + 0.15 and
1.53 £ 0.42 mg/mL, respectively, besides an expressive difference between contents from both

sexes. According to Thongprajukaew e colaboradores (2013), it is possible to find in cyprinids
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biochemical differences in the digestive tract, in terms of protein quantity and enzyme activity,
correlated with sex. These differences observed demonstrate the importance of performing
studies with both sexes, which includes the scope of this study that investigate the impacts of
xenobiotics on zebrafish digestive tract proteases.

Once zebrafish do not have stomach, some common peptidases from digestive organs of
fishes from other species (e.g. pepsin) are absent. This way, one of the most important and
studied proteases in this model is trypsin. This enzyme belongs to the serine protease family
and is responsible for many biological processes, for example the very protein digestion,
zymogen activation and mediation between food ingestion and nutrient assimilation (Freitas-
Junior et al., 2012; Candiotto et al., 2018).

There are many works that concern isolation, characterization and evaluation of trypsin
activity in several aquatic species, such as the Nile tilapia (Bezerra et al., 2005),
arapaima/pirarucu (Freitas-Junior et al., 2012), tambaqui (Marcuschi et al., 2010), salmon,
(Kanno et al., 2010), carp (Cohen et al., 1981) and zebrafish (Mendes, 2016). In this study, it
was assessed specific activity of this enzyme in intestinal extracts of zebrafish female and male,
as shown in Figure 4A. Here it was found a trypsin activity in females and males, with values
of 2.4 and 3.1 U/mg, respectively. Mendes (2016) found a specific trypsin activity of 3.7 U/mg
after purification of midgut raw extract. However, the author does not report difference between
sexes, which in this work, became evident. This distinction in trypsin enzyme activity between
gender can be associated with an expressive difference concerning protein quantity presente in
male and female midgut macerates, as previously reported. It can still be result of protein
concentration in the diet, in the gastrointestinal structure and even of intestinal epithelium
morphology of different animals (Wagner et al., 2009; Kumar et al., 2020; Martinez-Llorens et
al., 2021).

Once found trypsin-like activity in samples of intestinal extracts and, knowing that,
characterization of digestive enzymes is an important process for the understanding of digestive
mechanisms, it was possible to assess the presence of LTI trypsin-inhibitory activity and its mix
with Bt protoxins as a predictor of impacts of these molecules on protein digestion in fishes. As
displayed in Figure 4B, it was observed an average inhibition of 83 and 85% and when intestinal
extracts rich in trypsin activity in female and male fish, respectively, were exposed to LTI. A
minor inhibition with average variation of 69 and 65% in females and males, respectively, was
observed when midgut extracts were submittd to the LTI + Bt mix.

Some authors in their studies used plants or plant-based compounds, including protease

inhibitors from the same family of LTI as soybean-derived protease inhibitors, in feeding
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studies, in nutrition or in studies of toxicity in different model organisms, as for example, fishes
(Nandeesha; Prasad, 2001; Dhanasiri et al., 2020). Alarcon et al. (2001) performed tests with
different plant protein sources (e.g. soybean, chick pea, camachile and sorghum) on digestive
proteases from two species of porgies: yellow snapper (Lutjanus argentiventris) and Pacific
dog snapper (Lutjanus novemfasciatus), and demonstrated a significant inhibition of intestinal
proteases, including trypsin. These authors reported that this enzyme inhibition can be
responsible for reductions in animal body weight and growth, in different stages of life. This is
mainly due to the classical antinutritional effect that protease inhibitors promote, being this
triggered as these proteases are inhibited and a reduction in digestion of importante proteins to
development takes place.

This found is worthy of concern, once non-target organisms might be exposed directly
to LTI in its native form, and then, being target of great nutritional harms with compromise of

development.

4. Conclusion

In this work, it was evaluated the effects of larvicide protein LTI and Bt protoxins,
isolated and in combination, about aquatic vertebrates using zebrafish as model system. These
proteins did not cause death nor did it induce morphologycal changes during embryo and larval
development of zebrafish, even when tested in concentrations superior to those with insecticide
activity. In silico simulation indicated an interaction between zebrafish trypsin and LTI from
hydrophobic interactions, besides a hydrogen bond between LTI Arg58 and trypsin His23. In
vitro investigation confirmed that LTI and its mix with Bt proteins were able to inhibit trypsin-
like activity of intestinal extracts of zebrafish of both sexes, pointing out a potential
antinutritional in concentrations next to those that show insecticide action. This way, this
unintentional effect could imply directly in the nutrition and survival of non-target organisms
that were exposed to the insecticide formulation LTI and Bt. In general, these data lead to the
conclusion that, in a natural environment, this larvicide mix might presente deleterious effects

in aquatic organisms, especially to those with protein digestion trypsin-like enzymes dependent.
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Figure 1. Taxa de sobrevivéncia (A) e auséncia de alteracdes morfoldgicas (B) em embriGes e
larvas de peixe-zebra ap06s exposi¢do as substancias inseticidas LTI e protoxinas Bt, isoladas e
combinadas, e ao controle negativo meio E3 durante 6 dias (144 hours of exposure). Control
= only E3 medium; LTI = 250 mg/L do inibidor de tripsina de L. leucocephala; Bt = 0,13
mg/L de protoxinas de Bt; e LTI + Bt = 250 mg/L de LTI + 0,13 mg/L de Bt. Os resultados
foram expressos como média * desvio-padréo de trés repeti¢des independentes (n = 20
embryos/repetition). Para as analises estatisticas, foi utilizada ANOVA two-way para
comparag6es multiplas (entre grupos). * =p < 0.05
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Figure 2. Interaction between bovine trypsin and a squash seed trypsin inhibitor, used as a
positive control in this work. (a) Trypsin, bound to the cleaved form of the inhibitor's active

site. (b) Ligplot plot highlighting the amino acid interactions of the two molecules.
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Figure 3. (a) Interaction of zebrafish trypsin and LTI models generated from molecular
modeling on the SWISS-MODEL platform. (b) Ligplot plot showing the interactions between

amino acids in the complex.
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Figure 4. (A) Atividade do tipo tripsina e (B) atividade inibitdria de tripsina das amostras LTI
e LTI + Bt em extratos intestinais de machos e fémeas de zebrafish. Os dados estdo
representados em média + desvio padréo de trés repeticdes. Para as analises estatisticas, foi
utilizado o Teste T ndo pareado para comparagdes simples no ensaio de inibicdo de tripsina
(Male LTI vs. male LTI + Bt and female LTI vs. female LTI + Bt). *=p <0.05
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Supplementary Figures

Supplementary Figure 1 - Eletrophoretic profile (SDS-PAGE) of LTI purification steps. M -
molecular weight markers (kDa); 1 — Leucaena leucocephala crude protein extract; 2 — TCA
fraction (3%); 3 — Non adsorbed peak on trypsin sepharose-4B; 4 — LTI. Twenty pg of crude
extract were applied and to other samples, 15 pg of protein were applied to each well and the
gel was stained with Coomassie Brilliant Blue R-250.
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Supplementary Figure 2 - Teor de proteinas sollveis (Ptn) das amostras de LTI (A),
protoxinas Bt (B) e BSA (C), atividade inibitdria de tripsina do LTI (D) e SDS-PAGE (E)
oriundas do ensaio de estabilidade das proteinas larvicidas em meio E3 as condi¢des do teste
de toxicidade aguda em embriGes de peixe-zebra durante 6 dias. * indica diferencas
significativas em relagdo ao dia 0 no mesmo tratamento (p < 0.05) e o # indica diferengas
significativas em relacdo a exposi¢do sem embrido (p < 0.05).
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Supplementary Figure 3. Ramachandran plots demonstrating amino acids positioning of the
models generated in the modeling, according to favorable regions. (A) Trypsin plot with 97.7%
of amino acids in favorable regions (B) and LTI plot with 90.06% of amino acids in regions

considered favorable.
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5. CONSIDERACOES FINAIS

Em todo o mundo, tem sido crescente a utilizacdo de produtos quimicos de forma
descontrolada e pouco seletiva para controle de insetos vetores tais como o Ae. aegypti. Esse
fato tem gerado uma série de impactos negativos a salde de humanos e animais e a0 meio

ambiente.

Dessa forma, o interesse de pesquisadores e 0rgaos regulamentadores na busca por
compostos naturais com atividade inseticida, principalmente os de origem vegetal, que possuam
maior biodegradabilidade e minimizem efeitos toxicos a salde humana e ambiental, tem
crescido. Nessa perspectiva, a mistura do inibidor de protease de L. leucocephala (LTI) e das
protoxinas de B. thuringiensis (Bt) tem sido considerada uma formulacgéo inseticida promissora

no combate ao Ae. Aegypti.

Neste estudo, alguns dados importantes sobre a seguranca de uso desta formulacao
foram levantados, através da utilizacdo da plataforma biologica peixe-zebra (D. rerio). Aqui foi
evidenciado que ambos 0s compostos e sua mistura ndo promoveram o surgimento de efeitos
letais e ndo letais agudos em embrides e larvas deste organismo. No entanto, estes compostos
inibiram de forma significativa proteases digestivas do tipo tripsina, indicando um possivel
efeito antinutricional. Este efeito ndo intencional poderia implicar diretamente no crescimento
e desenvolvimento de organismos ndo-alvo (com digestdo proteica dependente de proteases do

tipo tripsina) que fossem expostos a formulacdo inseticida de LTI e Bt.

Assim, mais estudos devem ser conduzidos com o intuito de verificar os efeitos
dessa inibicdo num cenério realistico e para que sejam propostos mecanismos que minimizem

este efeito antinutricional e desta forma, preservem a salde ambiental.
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