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RESUMO

SANTOS, Euldlio Gutemberg Dias dos, D.Sc., Universidade Federal de Vigosa, outubro de
2023. Tripeptideo inibidor de proteases modelado a partir do inibidor natural de soja
SKTI altera diferencialmente a expressio génica e a fisiolégica do intestino de Anticarsia
gemmatalis. Orientador: Humberto Josué de Oliveira Ramos. Coorientadores: Maria Goreti de
Almeida Oliveira, Pedro Marcus Pereira Vidigal.

Anticarsia gemmatalis ¢ uma das principais pragas de insetos que causam desfoliagdo nas
lavouras de soja. Estratégias alternativas tém sido avaliadas para reduzir os ataques de insetos,
utilizando inibidores de proteases (IP) que atuam como fatores antinutricionais. Os efeitos
fisiolégicos dos PIs ndo se limitam apenas aos danos nutricionais causados aos insetos. Eles
desencadeiam respostas bioquimicas que podem variar desde a reorientaglio da sintese de
proteinas para produzir novas proteases até o aumento da produgiio de enzimas envolvidas em
vias de defesa. Um tripeptideo chamado GORE-2 foi projetado a partir do IP SKTI de soja,
com maiores capacidades de inibi¢do de proteases, reduzindo a sobrevivéncia das lagartas.
Portanto, os efeitos do IP natural de soja (SKTI) e do peptideo projetado racionalmente GORE-
2 foram avaliados no nivel das mudangas na expressdo de genes causadas pelos IPs e sua relagio
com o estresse oxidativo e as alteragdes morfologicas das células intestinais. Assim, neste
trabalho, avaliamos a reprogramagiio da expressio génica por RNA-Seq para verificar as
cascatas envolvidas na resposta a esses diferentes IPs. SKTI ¢ GORE-2 desencadearam uma
extensa reprogramagdo da expressdo de genes apds 24 horas. A presenca de IP na dieta de 4.
gemmatalis afetou 1474 genes diferencialmente expressos, dos quais 643 e 831 genes
responderam a SKTI e GORE2, respectivamente. Em geral, as respostas foram semelhantes
para ambos os Pls, com alteragdes na expressio dos genes que codificam proteases e proteinas
de defesa, principalmente envolvidas na protegdo peritréfica da matriz e reconstitui¢do. No
entanto, essas respostas foram mais pronunciadas para SKTI, indicando uma cascata de
sinalizagdo mais eficiente para acionar os mecanismos de defesa do inseto. Essas diferengas
Justificam uma agio mais eficaz do GORE-2 na inibigdo da protedlise e na redugdo da
sobrevivéncia das lagartas, indicando que a sinalizagdo pode ser devido a privagio de
aminodcidos, mas também por um sistema geral de percep¢o desenvolvido para detectar
moléculas repelentes da soja. Visto que 0 GORE-2 ¢ um tripeptideo mimético do inibidor de
proteases SKTI, a cascata de sinalizagio parece ser menos eficiente. Na verdade, a expressdo

génica para processos de desintoxicagdio e estresse oxidativo foi maior para o GORE-2.



Portanto, ¢ uma vantagem adicional do uso de inibidores de proteases miméticos ou sintéticos.
Nesse sentido, o tripeptideo GORE2 se apresenta como uma alternativa eficiente no controle

de 4. gemmatalis.

Palavras-chave: Anticarsia gemmatalis. Transcritoma. Glycine max. Manejo de pragas

agricolas.



ABSTRACT

SANTOS, Euldlio Gutemberg Dias dos, D.Sc., Federal University of Vigosa, October 2023.
Protease inhibitor tripeptide modeled from the natural soy inhibitor SKTI differentially
alters gene expression and physiology in the intestine of Anticarsia gemmatalis. Advisor:
Humberto Josué de Oliveira Ramos. Co-advisors: Maria Goreti de Almeida Oliveira, Pedro
Marcus Pereira Vidigal.

Anticarsia gemmatalis is one of the main insect pests causing defoliation in soybean crops.
Alternative strategies have been evaluated to reduce insect attacks, using protease inhibitors
(PI) that act as antinutritional factors. The physiological effects of Pls are not limited to
nutritional damage to insects; they trigger biochemical responses that can range from
reorienting protein synthesis to produce new proteases to increasing the production of enzymes
involved in defense pathways. A tripeptide called GORE-2 was designed from soybean SKTI
P1, with higher protease inhibition capabilities, reducing caterpillar survival. Therefore, the
effects of natural soybean PI (SKTI) and rationally designed peptide GORE-2 were evaluated
at the level of gene expression changes caused by Pls and their relationship with oxidative stress
and morphological changes in intestinal cells. In this work, we assessed the reprogramming of
gene expression by RNA-Seq to examine the cascades involved in the response to these
different Pls. SKTI and GORE-2 triggered extensive gene expression reprogramming after 24
hours. The presence of PI in the diet of 4. gemmatalis affected 1474 differentially expressed
genes, of which 643 and 831 genes responded to SKTI and GORE-2, respectively. Overall, the
responses were similar for both Pls, with changes in the expression of genes encoding proteases
and defense proteins, mainly involved in peritrophic matrix protection and reconstitution.
However, these responses were more pronounced for SKTI, indicating a more efficient
signaling cascade to trigger insect defense mechanisms. These differences Justify a more
effective action of GORE-2 in proteolysis inhibition and caterpillar survival reduction,
indicating that signaling may be due to amino acid deprivation but also to a general system
developed to detect soy-repelling molecules. Since GORE-2 is a tripeptide mimetic of the SKTI
protease inhibitor, the signaling cascade seems to be less efficient. Indeed, gene expression for
detoxification processes and oxidative stress was higher for GORE-2. Therefore, mimetic or
synthetic protease inhibitors are an additional advantage. In this regard, the GORE-2 tripeptide

emerges as an efficient alternative in controlling 4. gemmatalis.



Keywords: Anticarsia gemmatalis. Transcriptome. Glycine max. pest management.
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1. INTRODUCAO GERAL

Os inibidores de protease (IP) sio um grupo de moléculas amplamente distribuidos em
toda natureza, que tem como principal agiio, inibir a atividade de enzimas proteoliticas em alvos
especificos (HABIB e FAZILI, 2007; GUO et al., 2020). Esses inibidores atuam bloqueando o
acesso de substratos de interesse ao centro ativo da enzima, formando um complexo estavel
enzima-substrato que impede sua clivagem (MACEDO et al., 2007; KESSELER e BALDWIN,
2002). Esse processo ¢ extremamente ttil, pois regula a atividade de diversas proteases em uma
infinidade de processos biologicos (QI et al., 2005). Os IP possuem quatro classificagdes quanto
aos seus residuos de aminoacidos envolvidos nos centros ativos de clivagem, sdo eles os
inibidores de serino proteases, aspartatil protease, cisteino proteases e de metaloproteases
(KOIWA et al., 1997; ARAUJO, 2019).

Nos vegetais, os inibidores de protease sdo moléculas proteicas produzidas de forma
constitutiva e induzida, foram descritos primeiramente em plantas leguminosas, quando em
1947 experimentos pioneiros usando farinha de soja (Glycine max) evidenciaram a presenga de
IP em seus tecidos de reserva (DE LEO et al., 2002; MOURA, 2019). Experimentos posteriores
identificaram o IP em outras cultivares como amendoim (Arachis hypogaea) e feijao comum
(Phaseolus vulgaris), entre outras (SWATHI et al., 2021). Estes IP sdo produzidos de forma
constitutiva por alguns tecidos de armazenamento nas sementes, uma vez que atuam na
regulagdo de proteases endégenas, presentes em consideravel proporg:ao estando entre 5 e 15%
do teor de proteinas totais durante o periodo de dorméncia das sementes, além disso podem ser
induzidos em tecidos vegetativos, principalmente as folhas, mediante a injuria causada por
pragas (SULTANA et al., 2022).

Os ataques de pragas de insetos promovem cerca de 20% de toda perda agricola no
contexto mundial e no Brasil causam em média uma redugéo proxima a 10% nas principais
culturas do pais (OLIVEIRA et al., 2014). Este fendmeno tem se tornado cada vez mais
frequente em fungio das mudangas climaticas, com o aumento da temperatura e concentragdo
de CO2, também se elevando a densidade de infestagdo de insetos em diregdo as culturas
agricolas (TONNANG et al., 2022). Este prejuizo impacta na seguranga alimentar, visto que o
aumento da demanda pela produgéo de alimentos vem crescendo constantemente (A. JOGSMA
etal, 2011).

Em geral, o controle de insetos e pragas nas lavouras é realizado em sua grande maioria,

pormeio de inseticidas sintéticos quimicos, o que tem contribuido para o aumento da resisténcia



19

de algumas espécies (AGOSTINI et al., 2013). Em face disto, outras alternativas tem emergido
no combate de pragas agricolas, implicando em tecnologias que tragam uma menor
contaminagéo de solos e rios, além de reduzir a agressdo a saude humana, um mercado que vem
crescendo mais de 15% ao ano (CAMPOS et al., 2019: FREIRES, 2022). Duas principais linhas
de pesquisas envolvendo inseticidas biolégicos tem se mostrado promissor, uma ¢ o uso de
plantas geneticamente modificadas, expressando proteinas de Bacillus thuringiensis
(BERLINER, 1911) que sdo danosas aos insetos, culminando em morte apos ingestdo
(PEZENTT et al., 2021). Esse produto por sinal, ja possui registro de uso comercial pela empresa
Monsanto (St Louis, MO) desde 2011. No Brasil, essa tecnologia tem resultado em bons niveis
de controle de pragas (BERNARDI et al., 201 1)

A outra vertente explorada sdo o uso de IPs como agente de controle. Os IPs agem como
um fator antinutricional, impedindo a agdio das proteases intestinais dos insetos (SILVA-
JUNIOR et al., 2021). Seu mecanismo de agiio se d4 pelo modelo padriio de Laskowski. Este
modelo descreve o inibidor como um pseudo-substrato, formando um complexo que elimina a
atividade proteolitica, a interagio enzima-inibidor forma um intermediario, com uma alta
constante de associagdo (LASKOWSKI JR e QASIM, 2000). Pelo fato do complexo recém
formados ser bioenergeticamente estével, a ligagdo com o centro ativo, em que a arginina 17 da
SKTI interage com sitio S1 da enzima de forma mais estdvel por meio de interagdes
hidrofébicas, ligagdes de hidrogénio e outras ligagdes fracas (LASKOWSKI e KATO 1980,
NAPOLEAO, 2019). A agdo direta dos IPs tem como primeiro desfecho um prejuizo na
digestdo e absorgdo das proteinas no intestino médio dos insetos, afetando o crescimento e o
desenvolvimento larval ocasionado pela caréncia de aminodcidos essenciais a dieta dos insetos
(WAR etal.,, 2018; AKBAR et al., 2018). Experimentos anteriores Ja comprovavam resultados
similares na presenga de IP, quanto ao comprometimento no desenvolvimento de insetos,

mesmo com a adigio de aminodcidos essenciais livre a dieta (WESTFALL et al., 1948).

Apesar de diversas pesquisas mostrarem a potencial eficicia dos IPs contra diversas
classes de insetos, estes inibidores sdo desafiados pelas resisténcias dos insetos adquirida apés
determinado tempo de uso, podendo comprometer os programas de manejo de pragas, pois se
adaptam a ingestio dos IP (COURA et al., 2022). Por outro lado, inibidores de proteases
sintéticos tem sido uma alternativa para o uso mais efetivo de IPs para o controle de insetos
pragas mastigadoras (SILVA-JUNIOR et al., 2021: BARROS et al., 2022). Peptideos
miméticos de tamanho reduzido tem sido desenhado racionalmente por modelagem molecular

a partir de inibidores de protease naturalmente produzidos pelas folhas da soja (SKTI - Soybean
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Kunitz trypsin inhibitor), visando uma maior capacidade de inibigdo proteolitica, bem como
uma redugdo do custo de produgdo biotecnolégica. Dois tripeptideos denominados GORE-1 e
GORE-2 tem sido avaliado como promissores para a aplicagdo no controle de insetos
mastigadores. Quando adicionados nas dietas das lagartas, promovem maiores reducdes na
atividade de proteases e na sobrevivéncia de A. gemmatalis, comparado ao PI SKTI. Em
especial, o inibidor GORE-2 foi selecionado para conduzir o experimento, uma vez que este
Possui uma arginina em sua estrutura, que mimetiza a interagéo entre as enzimas tripiticas do

inseto e SKTI, o qual ¢ responsavel por 80% do contetido de inibigdo em insetos (BARROS et
al., 2022).

As respostas fisiologicas obtidas nos intestinos das lagartas alimentadas com os IPs
GORE-1, GORE-2 e SKTI sdo distintas. Portanto, este trabalho objetivou verificar diferengas
has cascatas de regulagdo da expressdio génica e de defesa molecular em intestinos de A.
gemmatalis alimentadas com os PIs GORE-2 e SKTI, uma vez que ambos SKTI ¢ GORE-2
possuem o aminodcido Arginina se ligando ao sitio S; do centro ativo da tripsina
(SCHECHTER & BERGER, 1967; BARROS et al., 2022). Perfis de expressdo génica, gerados
por andlises transcritbmicas por RNASeq, foram comparados com alteragdes fisiologicas e
histologicas ¢ os seus impactos na redugdo da taxa de sobrevivéncia, observadas para os
inibidores GORE-2 e SKTI.
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2. REVISAO DE LITERATURA

2.1 Cultura de soja

A soja, Glycine max (L.) Merrill ¢ uma das culturas mais importantes do mundo devido
as suas propriedades nutricionais tanto humana quanto animal e seu potencial biotecnolégico,
agregando um grande valor econémico (AINSWORTH et al., 2012; KOFSKY et al., 2018). A
soja ¢ uma planta herbécea, da classe Rosideae, ordem F abales, familia Fabaceae, subfamilia
Papilionoideae, tribo Phaseoleae, género Glycine L., espécie max., classificada como uma
leguminosa. Possui caracteristicas que sdo diretamente associadas as condigdes ambientais,

como altura, variando entre 30 ¢ 200 cm e ciclo de vida entre 75 e 200 dias (MULLER et al.,
1981).

As principais variedades da cultivar de interesse comercial apresentam caule hispido,
pouco ramificado e raiz com eixo principal e muitas ramificagdes. Possuem folhas inicialmente
unifoliar e ap6s certo desenvolvimento, surgem as trifolioladas, que permanecem até a
senescéncia (SEDIYAMA et al., 1985). Tém flores de fecundagiio autégama, de cor branca,
purpura ou intermedidria. As sementes desenvolvem-se em vagens, as quais sdo levemente
arqueadas, e a4 medida que amadurecem, transitam da cor verde para amareladas, marrom ou
cinza, e que podem conter de uma a cinco sementes de caracteristica lisa, elipticas ou globosas,
de tegumento amarelo palido, com hilo preto, marrom ou amarelo (NEUMAIER et al., 2000).

A figura 1 representa o desenvolvimento de uma cultivar de soja.

Figura 1: Escala fenolégica da soja. Disponivel em: Caviness (1977).
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A soja € amplamente utilizada como fonte de proteina vegetal para a alimentagdo
humana e animal, uma vez que 34-40% de sua massa é composta por proteina (PEREIRA et
al., 2021; FAO, 2020). Além disso, alguns de seus subprodutos, como o farelo de soja sdo
usados extensivamente na agroindustria para a produgiio de ragdes, o seu contetido lipidico tem
emprego comercial para produgdo de ¢leos e gordura hidrogenada, somado a isso, outros
derivados sdo utilizados na produgio de tintas, solventes, biocombustivel e lubrificantes. Nos
altimos anos tem ganhado destaque a produgdo de biodiesel a partir subprodutos descartados
pela industria (PIPOLO et al., 2015).

Historicamente, a domesticagdo da soja ocorreu a aproximadamente 5 mil anos atras, na
China e desde entdo, foi se tornando um alimento cada vez mais comum na alimentag¢do humana
e animal. No Brasil, sua introdugo foi realizada em 1882, no estado da Bahia (BLACK et al.,
2000), porém s6 em 1914 houve uma melhor adaptacio ao clima e fotoperiodo do Rio Grande
do Sul. Dessa data em diante, se iniciou a expansdo agricola para o Centro-Oeste, ¢ a partir da
década de 1970, adquiriu maior relevéncia de produgdo dentro do Brasil, passando de 2 para
20% da produgiio nac‘ional em menos de 10 anos, figurando-se entre os maiores produtores
mundiais (FREITAS, 2011).

A CONAB - Companhia Nacional de Abastecimento (2023) prevé um cendrio recorde
para a produgdo de soja no Brasil para safra 2022/23, mantendo-se como destaque mundial na
produgio deste grio, com uma projegdo superior a 150 milhdes de toneladas, com uma elevagio
21% em comparagfio com a safra 2021/2022, superando os Estados Unidos em mais de 30
milhdes de toneladas. A 4rea destinada a cultura deve crescer 3,54%, chegando a 42,4 milhoes
de hectares. A produtividade deve se recuperar em relagdo a safra anterior e a Conab estima
que as exportagdes devem aumentar 22,2%, chegando a 92 milhdes de toneladas. Os estoques
para atemporada 2022/23 também devem aumentar, correspondendo a 3,9 milhdes de toneladas

a mais em relagdo ao (ltimo ciclo, tragando proje¢des em torno de 9,89 milhdes de toneladas
(CONAB, 2023).

A produtividade da cultura de soja pode ser influenciada por diversos fatores, que se
estendem desde as condigdes climdticas, como incidéncia de luminosidade, disponibilidade de
dgua e nutrientes, somado ao manejo integrado de pragas, controle de doengas, tipo de cultivar
escolhida e as praticas agrondmicas empregadas na lavoura durante toda extensdo, do cultivo a
colheita (SANTOS et al., 2017; TEJO et al., 2019). As condigdes climaticas é um dos fatores
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determinantes para uma boa produtividade, pois a mesma ¢ frequentemente limitada por

condigdes adversas, como a escassez hidrica, alagamento, alta concentragdo salina, entre outras

de caréter abidtico (GAVA et al., 2015).

Outra vertente limitante a produtividade de soja sdo fatores de estresse bioticos,
induzido por ataque de patégenos, representado por doengas de origem fungica, bactérias,
nematoides, virus e insetos (SHANKER et al., 2016). Mais de 40 doengas ja foram observadas
¢ identificadas no Brasil e esse nimero continua aumentando, em fungdio da expansio territorial
da soja, iniciada com a revolugdio verde nas décadas de 1960 e 1970 para novas areas, se¢
mantendo até os dias atuais (EMBRAPA, 2021), combinada ao mau uso de agroquimicos, o

que favorece a resisténcia de diversas pragas (BEL et al, 2017).

2.2 Inseto-praga da soja Anticarsia gemmatalis

A cultura de soja ¢ constantemente alvo de pragas que reduzem sua produtividade e
ocasiona a perda da qualidade dos griios, que ocorre desde a fase vegetativa até estagios da
planta desenvolvida, com danos locais a folha podendo se estender ao peciolo e hastes
(MACHADO et al., 2022). Os dois grupos de insetos que mais causam prejuizos a soja, so os
percevejos sugadores pertencentes a familia Pentatomidae e o outro grupo, corresponde as
lagartas desfolhadoras pertencente a ordem Lepdoptera, cujas principais incluem Helicoverpa
armigera (Hubner, 1805), Anticarsia gemmatalis (HUBNER, 1818) e Chrysodeixis includens
(PANIZZI et al., 2012; MOSCARDI et al., 2012; SPECHT et al., 2013).

A Anticarsia gemmatalis também conhecida como lagarta-da-soja ¢ considerada uma
das principais pragas que ocasiona o desfolhamento da cultura de soja, caracterizada pela alta
densidade populacional, sdo frequentemente encontradas em todas as localidades onde hé
cultivo de soja, com um potencial de desfolhamento podendo chegar a proximos dos 100%
(HOFFMANN-CAMPO et al., 2000).

Os insetos adultos sdo mariposas, que possuem aproximadamente 5 centimetros de
envergadura e se apresentam tipicamente nas coloragdes bege, marrom ou cinza, geralmente
tem uma lista transversal escura ao longo das asas e na face interna possuem circulos brancos
nas proximidades externas (Figura 2) (FUGI, 2003).
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Figura 2: Anticarsia gemmatalis Hibner,1818 (Lepidoptera: Noctuidae): inseto adulto na forma de mariposa.
Disponivel em: Sosa-Gémez et al., (2014).

Todo processo reprodutivo de 4. gemmatalis ocorre no fim da tarde ou periodo noturno,
onde as mariposas gémeas depositam seus ovos, preferencialmente na parte interna da folha e
em menor frequéncia nas demais estruturas. esses ovos possuem estrutura arredondada, com
tamanho variando de 1 a 2 mm e coloragdo branca, alterando para cor avermelhada préximo do
periodo de eclosio (BARBARA, 2000). Os ovos depositados eclodem em trés ou quatro dias

i

dando origem a lagartas que medem de 3 a 9 mm nos primeiros estagios de desenvolvimento,
chegando a 1,5 cm nos instares superiores, assumindo coloragdo verde ou escuras com linhas
longitudinais caracteristicas no dorso (3 linhas) e na regifio abdominal (4 pares). Sua locomogéio
¢ do tipo mede palmo e fase larval de 12-15 dias, podendo chegar até 25 dias (Figura 3)

(MOSCARDI et al., 2012; LIMA, 2023).
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Figura 3: Lagarta da soja Anticarsia gemmatalis pequena (a), grande (b) e escura (c). Disponivel em Moscardi et
al, (2012).

Ap6s 6 instares de evolugdo, as lagartas apresentam sua maior voracidade quanto a sua
capacidade de desfolhamento, uma vez que nos estagios iniciais, tem um poder de herbivoria
pouco maior que 30%, caso ndio seja feito o manejo correto. Os instares cinco e seis,
corresponde ao estagio evolutivo com maior capacidade de injiria, uma vez que além das
folhas, também devoram o peciolo ¢ haste da planta (HOFFMANN-CAMPO, 2000:
MOSCARDI et al., 2012).

Cerca de dois dias antes da transformago em pupa ocorre a redugio do tamanho da
lagarta que se prepara para a proxima etapa do ciclo evolutivo. As pupas inicialmente tem cor
verde-claro e posteriormente assumem a tonalidade marrom e se localizam no solo em sua
maioria (Figura 4). Esta fase tem durabilidade de aproximadamente 7 dias, emergindo um novo
adulto mariposa, que vdo dar inicio a um novo ciclo de deposi¢do de ovos, nas quais sua
quantidade pode variar de 400 a 1200 a depender das condigdes climaticas ¢ humidade do
ambiente (SOSA-GOMEZ et al., 2014; SILVA-JUNIOR, 2022).
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Figura 4: Anticarsia gemmatalis, pupa clara (a) e pupa escura (b). Disponivel em Mascardi et al., (2012) e
Hoffmann-Campo et al., (2000).

2.3 Controle de Anticarsia gemmatalis

Dentre os produtos existentes no mercado, os inseticidas quimicos sdo os mais usados
no manejo da Anticarsia gemmatalis, como os piretréides, organofosforados e carbamatos
utilizados, ja bastante conhecidos e utilizados a décadas (TOMQUELSKI et al, 2015).
Outros mais recentes, tem ganhado destaque, como as benzoiluréias e diamida do 4cido ftalico
(MARTINS et al., 2015). No entanto, estes produtos muitas vezes estio associados a um risco
potencial & salide humana e ao ecossistema, elevando a contaminagéio do solo e rios (SOSA-
GOMEZ et al., 2012).

Neste sentido, o uso intensivo de pesticidas e inseticidas quimicos tem contribuido para
0 aumento da resisténcia de diversas espécies, pois tem sido constatado a selegéio de gendtipos
de diversos insetos resistentes a algum grupo de inseticidas, J4 que os pequenos ciclos de vida
dos insetos ¢ um fator determinante para selecionar os fenétipos mais resistentes e provocar
mutagSes genéticas espontinea (SOSA-GOMEZ, 2012). Além disso, tem-se observado um
notorio desequilibrio na cadeia alimentar, por reduzir a quantidade de espécies que sido
predadores naturais de diversas pragas, como a lagartas, percevejos e outras insetos que atacam
a cultura de soja (WALSH et al., 2022).

Desde a década de 1960, o Brasil comegou a identificar um potencial risco no uso
excessivo de inseticidas quimicos. Deste momento em diante, comegaram a surgir novos
estudos de estratégias voltadas ao controle de pragas (GUEDES et al., 201 2). Estas novas ag¢des
compuseram 0 que passou a ser chamado de Manejo Integrado de Pragas (MIP), que tinham
Como premissas parametros econdmicos, ambientais e sociais, de forma que a interferéncia ao

ecossistema fosse minimizada, compondo um conjunto de estratégias de origem cultural, como
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a rotagdo de cultura e aeragdio do solo; mecinico, uso de barreiras e armadilhas; fisicos, como
calor, frio, umidade e luminosidade; genéticos, como o desenvolvimento de cultivares

modificadas geneticamente e legislativos, que sdo quarentenarios e erradicagdo (WAQUIL,
2002).

Além das estratégias descritas, o MIP passou a associar ferramentas de origem
biologica, pois ao monitor as pragas seriam entéo inseridas na cultura predadores naturais dos
insetos. Além disso, outras tecnologias de controle bioldgico passaram a ser pesquisadas como
introdugdo de proteinas derivadas Bacillus thuringiensis var. kurstaki (Berliner), uma bactéria
portadora de uma toxina especifica para controle de lepidépteros (BUENO et al., 2012: SOSA-
GOMEZ et al., 2012).

Outra alternativa bioldgica ¢ o uso de baculovirus, que ¢ um virus com DNA que
infectam principalmente artrépodes e que ndo causa danos em vertebrados. Ao ser digerido pela
lagarta, o produto viral atua exclusivamente no intestino do inseto, causando infec¢dio das
células, inserindo seu material genético, reproduzindo e lisando-as posteriormente, liberando
novos virus que infectam outras células, de forma a comprometer a hemolinfa e o sistema
traqueal do inseto, levando-o a morte (ANDRADE et al., 2004). Uma terceira linha de
bioinseticidas sio os inibidores de protease, que age como um fator anti-metabélico por reduzir
a biodisponibilidade de aminoacidos, afetando diretamente a sintese proteica limitando o

desenvolvimento da mesma (MERINO-CABRERA et al., 2019; MENDONCA et al., 2020).

2.4 Proteases

Proteases sdo enzimas que possuem a capacidade de catalisar a hidrolise de proteinas
ou peptideos em subunidades de peptideos menores ou aminoacidos, possibilitam assim a sua
absor¢do. Estas enzimas atuam em sitios especificos ocasionando a hidrélise da ligagdo, devido
a uma redugdo da energia de ativagio (LOPEZ-OTIN, 2006). Dessa forma, as proteases estdo
envolvidas numa série de processos regulatérios e estrutural, como o processamento,
localizagdo e destino de outras proteinas, ativacio de proteinas bioativas, transducdo e
regulagdo de cascatas de sinalizagdo, reciclagem de proteinas (turnover) e inativagio das

mesmas estdo entre as principais atividade dessas enzimas (TURK, 2006).

Outras fungdes como interferéncia nos processos de replicagdo e transcrigdo do DNA,

proliferagdo celular e diferenciagdo, morfogénese e remodelagdo tecidual, choque térmico e
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respostas de proteinas desdobradas, imunidade, senescéncia, necrose e apoptose também foram
descritas como influente pelas proteases (LOPEZ-OTIN e BOND, 2008). Por fim, as proteases
tem desempenhado um papel promissor quanto ao uso biotecnol6gico, uma vez que sio

utilizadas como agente bioquimico na manufatura de diversos produtos (SAEKI et al., 2007).

As proteases foram inicialmente descritas como endopeptidases, ou seja, cuja fungdo
seria hidrolisar ligagdes peptidicas entre residuos de aminoécidos no interior da cadeia proteica,
Ja o outro grupo, corresponde as exopeptidases, as quais podem catalisar as extremidades
amino-terminal (extremidade -NH2) ou carboxi-terminal (extremidade -COOH). Baseado na
estrutura e mecanismo de agélo, estes dois grupos se dividem em outras seis classes distintas,
aspartil protease, glutdmil protease, metalo protease, cisteino protease, treonil protease e serino
protease (LOPEZ-OTIN e BOND, 2008). Estas nomenclaturas sdo derivadas dos residuos de
aminoécidos das proteinas o qual ocorre o ataque eletrofilico da enzima, posteriormente as
classes de proteases ainda podem ser agrupadas em familias de acordo com a sequéncia de
aminodcido que as compde, e afunilando ainda mais, podem se classificar em clans, de acordo

com a similaridade da estrutura tridimensional (LOPEZ-OTIN e LYNN, 2007).

Os insetos fitofagos ao longo da evolugdo tiveram seus habitos alimentares, fisiologia e
seu metabolismo adaptado conforme a evolugdo do seu hospedeiro (TERRA et al., 1996). Na
maior parte das vezes os alimentos sdo ingeridos e assim que triturados sdo deslocados ao trato
gastrointestinal, onde degradam as macromoléculas (carboidratos, proteinas e lipidios) nas suas
respectivas subunidades, por meio de enzimas especificas para cada tipo de substrato, situado
em maior parte na porgdo média do intestino (SILVA et al.. 2012). No geral, o intestino dos
insetos ¢ dividido em trés partes, na porgiio medial (intestino médio) ¢ onde ocorre o processo

de liberagdo de enzimas, logo a digestdo quimica e absorgdo (ZHU-SALZMAN e RENSEN,
2015).

Nos organismos fitéfagos, a digestdo das proteinas foi descrita inicialmente por
Jongsma e Cols (1995), associando o uso de inibidores  dieta, em que a atividade proteolitica
das enzimas ocorre principalmente pelas classes das serino, aspartil, cisteino e metalo-
proteases. Porém em alguns grupos de insetos como as leptopteras, as serino-proteases podem
chegar a 95% da concentragdo de enzimas digestivas, cujas respectivos exemplares sio as
tripsinas e quimotripsinas. Estas enzimas estio diretamente envolvidas numa série de processos

voltados ao desenvolvimento, sinalizagdo e sistema imune (TERRA ¢ FERREIRA, 1994).
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2.5 Inibidores de proteases

Os inibidores de protease (IP) naturais sdo moléculas cuja fun¢do ¢ interromper a
atividade de uma protease, sendo comumente de composigdo proteica, exceto alguns
microrganismos que produzem IP ndo-peptidicos. Estes IPs compdem dois grupos, inibidores
de baixo peso molecular, representado por aqueles que atuam no processo de germinagio de
sementes ¢ o outro grupo podendo conter mais de uma cadeia peptidica em sua estrutura
quaternaria (POWERS et al., 2002). Os IPs ainda podem ser divididos em classes quanto aos
grupos de proteases que inibem, sendo denominadas como: inibidores de serino, cisteino,
aspartil, glutdmil, treonino e metaloproteases. Estas moléculas podem ter uma menor afinidade
por uma segunda protease a depender da constante de ionizagdo (Ki), como o inibidor kunitz
que possui uma forte afinidade por serino proteases, na ordem de 107-9 a 10/-7 (DELFIN et
al., 1996; SILVA-LOPEZ 2009).

No reino vegetal os IP ganharam notoriedade na década de 1940, com a descoberta de
inibidores de alfa-amilase e posteriormente o inibidor kunitz, no qual foi identificado como um
inibidor de serino protease, capaz de inibir tripsina (SILVA et al., 2000). Os inibidores do tipo
kunitz foram identificados inicialmente nas leguminosas: Mimosoideae, Caesalpinoideae,
Papilionoideae ¢ também na familia Solanaceae. Em 1973 conseguiram obter o
sequenciamento completo da cadeia de aminodcidos do inibidor kunitz de soja, havendo alta
atividade afinidade catalitica por tripsinas e um consideravel termoestabilidade, devido ao alto

peso molecular confirmado nestes inibidores (BATISTA et al., 1996; KOYDE ¢ IKENAKA,
1973).

As serino-proteases sdio a familia mais presente nos organismos como um todo, sua
abundancia despertou interesse em pesquisas com potencial biotecnoldgico, sendo a classe de
enzimas mais bem descritas e estudada, como observa-se na figura 5. Elas tém papel
fundamental numa série de atividades fisiologicas e metabolicas. As serino-proteases tem peso
molecular variado, podendo ser de tinico dominio ou multidominos, a Tripsina por exemplo
possui 229 residuos de aminodcidos e massa 24000 Da residuos de aminodcidos, pois cada

enzima alvo possui estrutura de enovelamento e sequencias diferente (SILVA J{}NIOR, 2018).
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Figura 5: Estrutura comum de uma serino-proteases. Os trés residuos cataliticos Asp102 Ser195-His57 estio
designados de cor azul. Tripsina PDBIFY8. Na tripsina (A) mostramos também representado em azul o Aspl89
(mais a direita) que confere uma maior especificidade. Fonte: disponivel em Ribeiro (2009).

Esta classe de inibidores também pode apresentar variados mecanismos de ag#o, como
ligagdo reversivel (nfio forma ligagdes covalente), presente principalmente nas sementes em seu
estagio de desenvolvimento ou irreversivel (forma ligagdes covalente), as quais sdo induzidos
principalmente por estimulos externo de herbivoria, além dessas, ainda ha ligagdes fracas
envolvidas como Van der Walls e interagdes hidrofobicas (KROWARSCH et 1., 2003: SILVA-
LOPEZ, 2009).

Figura 6: Representagiio de um modelo de inibigdo entre protease (cinza claro) e inibidor (cinza escuro),
representando os aminoacidos cataliticos (S) que sofreram, hidrélise nos respectivos residuos de aminoacido.
Disponivel em: Schechter e Berg, (1967).

As duas familias de inibidores de serino-proteases mais bem descritas sdo os inibidores
de tripsina de soja Bowman-Birk (SBBI) ¢ o do tipo Kunitz (SKTI). Estes inibidores
representam uma parte considerdvel do contetdo proteico de uma semente (6%), porém estes
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dois IP néo correspondem a quantidades equivalentes nas sementes, com uma maior prevaléncia

do tipo SKTI frente ao SBBI (JOHNTON et al., 1993; BRANDON et al., 2002).

O inibidor serino-protease da familia SBBI foi descoberto primeiramente em
experimentos com soja, estudos posteriores atribuiram grande potencial biotecnolégico a este
inibidor. O IP de soja SBBI apresenta baixo peso molecular, 7,9 kDa e 71 amino4cidos, bastante
estavel devido a presenga de 7 pontes dissulfeto com algas que inibem o ataque de proteases
(COLARES et al., 2017). Esta proteina possui uma sequéncia sinalizadora de 19 aminoacidos
a partir da por¢fio amino-terminal e um pré-peptideo de 20 aminoécidos ainda com fungdo ndo
identificada, os demais residuos do peptideo ainda apresentam dois dominios capaz de interagir
com duas proteases distintas, um ligado tripsina e outro com quimotripsina (JOHNSTON et al.,
1993; VOGTENTANZ et al., 2007).

Os inibidores da familia SKTI também sio proteicos, compostos por uma ou duas
subunidades proteicas e com peso molecular superior a classe SBBI, variando de 18 a 20 kDa
¢ cerca de 180 residuos de aminodcidos com quatro residuos de cisteina (ligagdes covalentes)
que aumenta a forga estrutural (BARROS et al., 2008). Estas propriedades moleculares
conferem ao grupo dos inibidores Kunitz elevado termo estabilidade da sua estrutura enovelada,
que ¢ composta por folhas beta antiparalelas conectadas por loops, possuindo apenas um centro

reativo contendo um residuo de arginina 17 (SILVA-JUNIOR, 2022;: BHATTACHARY YA et
al., 2006).

Os IP naturais produzidos pelas plantas em defesa a herbivoria estio em coevolugio
ocasionada pelo processo de interagdo planta-praga, pois alternativas metabélicas sio
desenvolvidas pelos insetos em defesa aos inibidores de protease, como a super-expressio de
novas enzimas, aumentando assim a oferta de proteases no intestino dos insetos (NASERI et
al., 2010; BAGHERY et al., 2014). Além da expressdo de novas isoformas de enzima que sio
inertes a agdio dos IP ja sintetizado pelas plantas (KUWAR et al., 2015; COURA et al., 2021:
SILVA-JUNIOR etal., 2021). Em caso de sucesso por parte dos insetos em detrimento do efeito
dos IP quanto a sua adaptagdo, seu crescimento tardio é retomado e o desenvolvimento

completo podera ocorrer.

No entanto, alguns estudos tém demonstrado que os danos causados aos insetos pelos
IP vdo além dos prejuizos da digestdo proteica e alteragdo de expressdo de proteases, como

tripsinas e quimotripsinas, causando estresse oxidativo, alteragio do padriio de resposta do
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sistema imune, modulagdo dos componentes da matriz peritréfica dos insetos, seja por efeito

de IP natural ou sintético (PAIXAO et al., 2013; TAPROK et al.. 2010).

Os inibidores sintéticos de proteases sdo estruturas quimicas ou proteica que mimetizam
as interagdes entre protease e inibidor, o principal exemplar é a benzamidina, a qual é uma
amidina aromatica que ¢ um inibidor competitivo de tripsina e tem caracteristicas estruturais
similares aos aminodcidos lisina e arginina (PILON et al., 201 5). Este inibidor quimico quando
presente no meio reacional contendo tripsina, interage com o sitio ativo S1 de forma especifica
estabilizado por interagdes hidrofébicas entre o grupo amidina e a por¢io carboxilica do

aminodcido dcido aspartico presente no bolsdo fundo do sitio S1 (PILON et al., 2004).

O derivado bis-benzamidina, o berenil, é composto por dois anéis da benzamidina,
unidos por uma ligagio triazeno no carbono C4 de cada anel, tal ligagdo pode ser rompida
gerando dois produtos passiveis de inibir proteases do meio, com constante de inibigdo menor
do que da benzamidina (OLIVEIRA et al., 1993; COSTA, 2021 ). Em experimentos, as lagartas
quando desafiadas com diferentes concentragdes de berenil, foi observado que o aumento da
quantidade do inibidor na dieta resultou em efeitos adversos sobre diversos aspectos do ciclo
de vida das lagartas. Dentre os pardmetros afetados, destacam-se um aumento da duragdo das

fases larval e do ciclo de vida, o peso pupal e adultos, bem como o tamanho corporal e das asas.
(MOREIRA, 2007).

2.6 Estrutura da matriz peritréfica

O trato gastrointestinal dos insetos ¢ normalmente dividido em trés partes morfologicas
distintas: intestino anterior (estomadeu), intestino médio (mesentério) e intestino posterior
(procteu), como mostrado na Figura 7, em que a passagem do alimento ¢ controlado por
sfincters. Nos insetos mastigadores, a preferéncia energética ¢ extraida de polimeros de glicose,
como a celulose, amido e hemicelulose, além de proteinas, que sdo degradadas por proteases
intestinais, ocorrendo principalmente no intestino médio, local onde ha a liberagdo de uma

diversidade de enzimas digestivas (PINTO, 2019).
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Figura 7: Representagdo da estrutura do intestino de um inseto mastigador. Na parte superior as trés porgdes do
intestino, anterior (foregur), média (midgut) e posterior (hindgur). Na parte central, compostos que situam e
transitam pelo intestino médio e mais abaixo, a estrutura da membrana peritréfica e as células do intestino.
Disponivel em Pilon, (2004).

Hindgut

O intestino anterior desempenha a fungdo de digestdo mecénica, triturando o alimento,
além de atuar como uma pré-digestdo, enriquecendo o bolo alimentar com secre¢do das
glandulas salivares. Na outra extremidade, o intestino posterior desempenha fungio de
homeostase (reabsorgdo de 4gua e sais minerais), além do processo de excregdo final dos dejetos
(NUNES et al., 2023). A principal estrutura de protegdo dessas duas porgdes intestinais é o
revestimento da cuticula, uma camada proteica resistente e impermeével, conferindo protegdo
mecénica em toda sua extensdo (ERLANDSON et al., 2019).

O mesentério, localizado entre as porgdes inicial e final do intestino, ¢ onde ocorre a
maior parte do processo de digestdo quimica. Nesse compartimento, sdo secretadas enzimas
digestivas que degradam os macronutrientes em suas subunidades. Posteriormente, também &
realizado o processo de absor¢io (WIGGLESWORTH, 1972). O intestino médio é alvo de
bastante estudos cientificos, uma vez que é o principal local para a digestdo proteica,
convertendo-as em aminoacidos, que sdo absorvidos pelas células do mesentério (SILVA et al.,
2012).

O sucesso do processo digestivo realizado pelo intestino médio é garantido por
estruturas que desempenham papel de protegdo, que envolve a sintese de um compartimento
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estrutural denominado matriz peritréfica (MP), uma membra glico-proteica que reveste todo o
compartimento do mesentério (HEGEDUS et al., 2019). A membrana peritréfica, formada no
mesentério, divide o limen intestinal em duas partes, uma o espago endoperitréfico, regiao
compreendida entre o limen ¢ o bolo alimentar ¢ a segunda regidio chamada espago
ectoperitrofico que compreende a regiio da membrana peritréfica e as células do endotélio

intestinal (FERREIRA et al., 1994; LIMA, 2023).

Toda a estrutura ao longo do intestino médio é composta por um polissacarideo a base
de quitina, proteinas, representada pelas peritrofinas e demais glicoproteinas como as mucinas,
em que toda essa estrutura proteica e glico-protéica é chamada de matriz peritrofica (MP) (LIU
etal.,, 2019). A MP desempenha fungdes que preservam a integridade da cavidade do intestino
médio e otimizam a digestdo. Esta estrutura possui caracteristicas que confere permeabilidade
seletiva a regido ectoperitrofica, protege as células endoteliais contra a forga abrasiva durante a
passagem do bolo alimentar (AGRAWAL et al, 2014). Além disso, a MP atua na protecdo
contra o ataque de patdgenos entéricos, tendo como exemplo as toxinas, virus, bactérias ou
parasitas, agindo como uma barreira inata contra danos celulares, somado a capacidade de
compartimentalizar a secre¢iio de enzimas digestivas, o que garante uma maior eficiéncia da

digestdo e absor¢do dos micro-nutrientes (PINTO, 2019).

A polissacarideo quitina ¢ o que corresponde a maior por¢do em volume da MP,
sintetizado a partir da molécula precursora trealose, que formam este polissacarideo. Somado a
isso, hd agdio da enzima quitina sintase e posteriormente acetilaglo de parte da estrutura por
meio da enzima quitina deacetilase (AMORIM, 2007). O polimero formado € entio embebido
na estrutura da MP por proteinas cuticulares ou proteinas da membrana peritréfica, o que
garante a manutengéio da estrutura da MP conferindo uma maior resisténcia durante a passagem
do alimento. Neste processo, ocorre degradagio de parte da estrutura da quitina por agdo das
enzimas quitinases e n-glicosaminidade forgando a reciclagem e nova sintese do polimero
(ZHU et al., 2016; LIU et al., 2019).

O muco ¢ uma estrutura produzido principalmente por proteinas mucinas, associadas a
intervalos de glicosilagdo, formando assim, os proteoglicanos, que sdo secretados no limen do
intestino médio dos insetos, o qual forma um filme protetor da MP (DIAS et al., 2017). Sua
estrutura proteica predomina residuos de aminodcidos serina, tirosina e prolina ligados em
tandem (sequencias repetidas), que em grande parte sdo glicosilados, proporcionando protegio
a0 intestino contra fragmentos abrasivos dos alimentos e principalmente, prote¢do contra

compostos acidicos e suas proprias enzimas digestivas compartimentalizadas no intestino
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médio (HEGEDUS et al., 2009). De acordo com a fungiio desempenhada, podem ser secretadas
em duas classes distintas, a primeira compreende as formadoras de gel e ndo formadoras de gel
€ a outra, sdo mucinas aderidas & membrana, onde suas principais diferengas situam na sua

estrutura proteica associada a membrana plasmatica (DIAS et al., 2018; BOLOGNESI et al.,
2008).

As proteinas correspondem a uma massa de 21 a 55% da composi¢io da MP e as
peritrofinas sdo o principal componente proteico, as quais sfio proteinas globulares, geralmente
com tamanhos entre 10 e 20 kilodaltons (kDa) (BOLOGNESI, 2002). Estas estio associadas a
quitina através da peritrofina-A. Estas proteinas sio caracterizadas por conterem dominios com
estruturas dobradas em formato de "dobradiga” (tripsina-like), que sio essenciais para a sua
atividade. Esses dominios permitem que as peritrofinas se liguem e inativem as enzimas

digestivas presentes no intestino do inseto ap6s o processo de digestdo (BOLOGNESI, 2001;
TELLAM et al., 1999).

As peritrofinas sdo secretadas pelas células epiteliais do intestino médio dos insetos e
sdo liberadas no limen intestinal, onde exercem suas fungdes de inibigdo enzimdtica e protecio
contra toxinas e patdgenos. A estrutura dessas proteinas é altamente estével e resiste a condigbes
adversas do trato digestorio, garantindo sua efetividade na prote¢do e regulagdo da digestdo
(JASRAPURIA et al., 2012). Estas proteinas também sio responsaveis pela organizagdo das
fibras de quitina, permitindo a formagio da membrana peritrofica nos insetos. As peritrofinas
estdo ligadas a uma ou trés interagdes com a quitina, estrutura essencial para demais processos,
que vdo além da protegdo do tecido intestinal, atuando em processos fisiologicos de

desenvolvimento, movimentagio e sustenta¢do da integridade da cuticula (TETRAU et al.,
2015).

Os inibidores de protease, no combate & pragas agricolas, tém se mostrado eficiente néo
somente como um agente antinutricional, mas também por danificar as estruturas que compdem
a matriz peritrofica. De acordo com pesquisas desenvolvidas por Wang e Granado (2006),
constataram a desintegragdo da MP pela ingestdo de cisteino proteases adicionadas a dieta
Spodoptera frugiperda, devido a sua atividade proteolitica. Neste sentido, o dano causado em
parte da estrutura da MP do inseto o torna mais suscetivel ao ataque de patogenos, atraso no
desenvolvimento, autofagia, podendo levar os mesmos a morte (WANG e GRANADOS, 2001;
MOHAN et al., 2006).
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2.7 Evolugio das tecnologias de sequenciamento no estudo da Biologia Molecular

Nos tltimos anos foi notado um expressivo aumento, evolugio e facilidades de acesso
as novas tecnologias de sequenciamento. Isto se tornou possivel devido a uma maior capacidade
de transferéncia, processamento de dados e redugiio dos custos evolvidos em todo processo, o
que elevou exponencialmente o volume de dados gerados e o tamanho dos bancos de dados
genomicos (ARDUI et al., 2018; WANG et al., 2019). Essa rapida evolugio possibilitou uma
melhor utilizagdo das ferramentas de andlise, estrutura e organizago dos transcritos, além da

melhor compreensdo dos resultados de expresséo e regulagdo génica (LOWE et al., 2017).

As primeiras tecnologias desenvolvidas para o sequenciamento de DNA, foram
nomeadas como sequenciamento de primeira geragdo, desenvolvida pelos cientistas Sanger ¢
Coulson em 1975. Esse método se baseava na incorporagdo seletiva de dideoxinucleotideos
marcados que tinham a fung@o de interromper o processo de polimerizagdo, gerando diversos
fragmentos de diferentes tamanhos, que posteriormente eram separados por eletroforese e

sequenciados.

Pouco mais de um ano depois foi desenvolvida a primeira tecnologia de
sequenciamento, Maxam e Gilbert (1977) desenvolveram uma outra técnica que envolvia a
modificagdio quimica parcial do DNA em bases nucleotidicas especificas e a sua subsequente
clivagem na estrutura do DNA proxima aos nucleotideos modificados. Ao contrério da
abordagem de Sanger, que exigia a clonagem do DNA de fita simples, 0 método de Maxam-

Gilbert tinha a vantagem de poder utilizar diretamente o DNA purificado (SACCONE e
PESOLE, 2003).

No entanto, o0 método de terminagdo de cadeia de Sanger provou ser mais escalavel com
o aprimoramento da técnica de terminagdo de cadeia e foi amplamente adotado nas trés décadas
seguintes, sendo considerado o padrdo ouro, devido a uma pequena taxa de incorporagido de
nucleotideos errdneos (SHUSTER, 2008). Embora o método de Sanger pudesse sequenciar
fragmentos de DNA de até 1 kb com alta precisdo bruta de leitura, sua aplicagdo era limitada

devido ao baixo rendimento ¢ ao alto custo (SCHLOSS, 2008).

A segunda fase das tecnologias de sequenciamento, também conhecida como (NGS —
Next Generation sequencing), teve sua origem em meados dos anos 2000 com o objetivo de
viabilizar as novas demandas que estavam surgindo, uma vez que centenas de milhares de
fragmentos curtos de nucleotideos (reads) eram gerados (BEJAHTI e TARPEY, 2013). Esses

pequenos fragmentos eram aderidos a adaptadores, situados em uma matriz solida e
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sequenciados por meio de multiplos ciclos de "lavagem e varredura" em que vio adicionando
0s nucleotideos aos crescentes fragmentos (MOORTHIE et al., 2011; GOODWIN et al., 2016).
Essa técnica ¢ amplamente reproduzida nas plataformas Illumina HiSeq, que siio capazes de
gerar leituras na casa de bilhdes e 1500 Gb por execugdio. Além disso, essa abordagem
proporciona alta precisdo de leitura a um custo significativamente inferior em relagdo as

tecnologias de primeira geragdio (GOODWIN et al., 2016).

Porém, ainda havia algumas limitagdes recorrentes das tecnologias NGS, uma vez que
os fragmentos gerados ultrapassavam 100 nucleotideos (nt), a probabilidade de incorporag¢ao
de um nt se elevava exponencialmente durante o processo, tal erro se amplificava também na
reprodutibilidade via PCR (polimerase chain reaction), devido aos erros Ja presente nas reads
geradas anteriormente (WHITEFORD et al., 2009). De fato, a NGS foi capaz de ampliar a
aplicabilidade das técnicas de sequenciamento, encurtando imensamente o tempo de montagem
de genomas, sequenciamento de RNA, identificagio de polimorfismos e variagdes estruturais,
possibilitando uma infinidade de estratégias e ferramentas de andlise de dados
(WADAPURKAR ¢ VYAS, 2018).

Poucos anos apés a adesdo e o amplo uso das plataformas NGS, surgiram novas
tecnologias de Sequenciamento de Terceira Gerago (TGS - Third-generation sequencing), em
que as principais caracteristicas que fundamentavam esse novo modelo, eram as possibilidades
de um sequenciamento ininterrupto de apenas uma unica molécula de DNA ou RNA e o
sequenciamento em tempo real, permitindo anélises muito mais rapidas, visto que era uma das
limitagdes dos modelos NGS (PUSHKAREYV et al., 2009). A capacidade do TGS de sequenciar
DNA ou RNA sem qualquer amplificagio prévia do molde constitui um grande avango,
principalmente porque ameniza os vieses introduzidos pela PCR durante a construgio da
biblioteca (ATHANASOPOULOU et al., 2021).

Essas caracteristicas tornaram a nova tecnologia TGS preferencial para casos como,
montagem de novo de um genoma, anotagdes aprimoradas, caracterizagdo epigendmica,
viabilizando sequenciar regides repetitivas do genoma ou altamente varidveis, que antes era
impossibilitado, devido as leituras curtas geradas pelos modelos NGS, Uma vez que esta técnica
TGS ndo utiliza ciclos de “varredura e lavagem”, passou a ser vidavel o sequenciamento de

longos fragmentos, de forma rapida e eficaz (SEARLI et al., 2023).

Dois principais modelos de maior relevincia das TGS sdo o sequenciamento Single

Molecule Real-Time (SMRT), pioneiro da Pacific Biosciences e o sequenciamento Nanopore
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de Oxford, uma abordagem para o single-molecule sequencing (SMS), que tem comprimento
de leitura, taxa de erro e taxa de transferéncia semelhante ao PacBio, porém di sponivel de forma
portatil, barato e em tempo real, chamado MinION, que pode ser conectado diretamente a um
computador e permitindo o seu deslocamento aos campos de experimentos (ZHENG et al.,
2016; KINGAN et al., 2019). A representagdo dos dispositivos Oxford Nanopore e PacBio,
respectivamente na Figura 8 A e B.

Figura 8: A) dispositivo de sequenciamento Oxford Nanopore MiniON. Poros proteicos acoplados a uma helicase
incorporados a uma membrana. B) Sequenciamento SMTR, uso de polimerases guiadas em onda de modo zero,
nucleotideos marcados geram sinais caracteristicos que sdo registrados. Disponivel em: Searli (2023).

Figura 9: Evolugio histérica das tecnologias de sequenciamento para biologia molecular. Disponivel em:
Athanasopoulou, (2022).
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Historicamente, as primeiras tentativas de entender os transcritomas, partiram de
experimentos que visavam examinar o contetdo do RNA total das células de diferentes
organismos, tecidos ou estados de doen¢a para identificar os transcritos de interesse.
Inicialmente, utilizaram a técnica de Northern blot, que fornecia resultados baixo rendimento,
exigia o uso de radioatividade e carecia de grandes concentragdes de RNA. Por causa dessas
limitagdes, o Northern blotting s6 era capaz de detectar alguns transcritos conhecidos por vez
em amostras com RNA abundante (ALWINE et al., 1977). A fim de superar essas restrigdes,
novas metodologias foram desenvolvidas, como o PCR quantitativo de transcrigiio reversa (RT-
qPCR). Essa técnica facilitou a detecgdo dos transcritos, aumentou o rendimento ex[.Jerimental
e reduziu a quantidade necessaria de RNA. No entanto, mesmo com o avango da RT-qPCR, o
rendimento dessas abordagens ainda era limitado, alcangando apenas centenas de transcri¢des
conhecidas de cada vez, sem se aproximar de uma escala completa do transcritoma (BECKER-
ANDRE e HAHLBROCK, 1989).

O desenvolvimento das andlises de microarrays na década de 1990, permitiram um
avango na caracterizagdo simultinea de milhares de transcritos conhecidos ou possiveis. Os
microarrays também permitiram um avango nas aplicagdes para estudos de transcritomas antes
invidveis, como a detecgdio de RNAs ndo codificantes, polimorfismos de nucleotideo tnico
(SNPs) e eventos de splicing alternativos. Apesar de sua ampla utilizagdo ainda havia algumas
limitagdes importantes, principalmente na identificagdo de novos transcritos e a codificagdo das
sequencias desses transcritos identificados. Soma-se a essas limitagdes, a imprecisdo na
determinagdo da abundéncia de transcritos, pois a inferéncia era de modo indireto, resultando

em dados ruidosos que afetam a reprodutibilidade e comparagdes entre amostras (SCHENA et
al., 1995).

Diante dessas tentativas de analisar o transcritoma, as tecnologias de NGS trouxeram
respostas para analises inviabilizadas pelas tecnologias anteriores. Passou a ser possivel
andlises como: a catalogagiio abrangente de todos os transcritos, incluindo mRNAs, RNAs néio
codificantes e pequenos RNAs; a determinagdo precisa da estrutura transcricional dos genes; a
identificagdio de padrdes de splicing e suas possiveis isoformas, além de possibilitar identificar
modificagdes pos-transcricionais; bem como a quantificagdio dos niveis de expressdo de cada
transcrito sob diferentes condi¢des experimentais (MOROZOVA et al., 2009). Uma vasta
compreensdo aprofundada do transcritoma, revela-se crucial para a interpretagdo dos elementos
funcionais presentes no genoma, fornecendo resultados e perspectivas fundamentais sobre o

desenvolvimento de doengas, mecanismos de resisténcia, rotas metabolicas, interagSes
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hospedeiro-patégeno, entre outros fendmenos de importancia biolégica (WANG et al., 2009;
WESTERMANN et al., 2012).

As novas tecnologias desenvolvidas nos anos 2000 em diante, marcadas pelo
sequenciamento paralelo em massa, mais conhecido como Sequenciamento de Proxima
Geragiio (Next-Generation Sequencing, NGS), que tem se mostrado como uma ferramenta
poderosa para a analise abrangente dos perfis transcritdmicos, denominadas como RNA-Seq.
Esta metodologia possibilitou identificagio precisa da estrutura transcricional dos genes,
descoberta de novos genes e isoformas expressas (originadas por splicing alternativo ou outras
modificagdes pos-traducionais) e quantificagio das mudangas nos niveis de expressdo de cada
transcrito em diferentes condigdes experimentais. Para a execugiio dessa abordagem, é essencial
a extragdo de RNA de um tecido e a construgio de uma biblioteca de cDNAs (HRDLICKOVA
etal., 2017; MARGUERAT et al., 2010).

Nesse contexto, 0 RNA ¢ submetido a processos de fragmentagiio e conversio em cDNA
por meio de uma transcriptase reversa, com a adi¢do de adaptadores em uma ou ambas as
extremidades para preservar a direcionalidade do transcrito. Cada molécula de cDNA,
amplificada ou nio, é subsequente sequenciada utilizando métodos de alto rendimento, com o
objetivo de obter sequéncias curtas a partir de um tnico lado (single-end) ou de ambos os lados
(paired-end). A extensido dos reads pode alcangar até 10 kb, a depender da tecnologia de

sequenciamento adotada (MARTIN & WANG, 2011; QUAIL etal., 2012; WANG et al., 2009).

O RNA-Seq permite inferir a respeito da expressdo génica devido a sua capacidade de
fornecer uma representagéio quantitativa e abrangente dos transcritos de RNA presentes em uma
amostra biolégica (MARGUERAT et al., 2010). Isso é possivel por meio de varias etapas e
caracteristicas fundamentais da técnica, como o mapeamento das reads (DNA complementar —
¢DNA) para o genoma de referéncia, o que permite identificar as regides as quais os transcritos
se originaram (LI et al., 2015). Os niveis de expressdo de cada gene ou isoforma sdo estimados
com base no mapeamento realizado e que também sio normalizados. E por meio de métodos
estatisticos, como os paramétricos, admitindo-se um gene mapeado em uma distribui¢io
especifica como a de poison ou binomial-negativa, os genes diferencialmente expressos (DEGs)
sdo identificados. E por fim, esses resultados obtidos se associam a relevincia do contexto
biolégico (COSTA-SILVA et al., 2017).
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CAPITULO I: Differential gene expression reprograming in Anticarsia gemmatalis
midgut triggered by a SKTI-derivative tripeptide protease inhibitor com pared to natural
SKTI protein

ABSTRACT

Anticarsia gemmatalis is among the major insect pest that causes defoliation in soybean crops.
Alternative strategies have been evaluated to reduce insect attacks, using protease inhibitors
(PI) that act as an anti-nutritional factor. A tripeptide GORE-2 was designed from soybean
SKTI PI with higher protease inhibition capabilities, reducing caterpillar survival. Thus, in the
work, we evaluated the gene expression reprogramming by RNAseq to verify the cascades
involved in the response to these different PIs. SKTI and GORE-2 triggered an extensive gene
expression reprogramming after 24 hours. In general, the responses were similar for both Pls
with changes in the expression of the genes encoding proteases and defense proteins and
involved mainly in matrix peritrophic protection and reconstitution. However, these responses
were more pronounced for SKTI, indicating a signaling cascade more efficient to trigger the
insect defense mechanisms. These differences justified a more effective action of the GORE-2
in proteolysis inhibition and reduction of caterpillar survival, indicating that the signaling may
be due the amino acid starvation but also by a perception general system developed to detect
deterrent molecules from soybean. As GORE-2 is a protease inhibitor mimetic tripeptide, the
signaling cascade appeared to be minus efficient. In fact, the gene expression for detoxifying
and stress oxidative processes was higher for GORE-2. Thus, an additional advantage of the

use of mimetic or synthetic protease inhibitors.

Keywords: Anticarsia gemmatalis; soybean; plant-pest interaction:; transcriptome, resistance;

intestine; peritrophic matrix.
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1. INTRODUCTION

Anticarsia gemmatalis Hiibner (Lepidoptera: Noctuidae) is a pest insect that causes the
defoliation of several crops, mainly soybean, leading to significant economic losses (Walker et
al., 2000; Fernandes et al., 2018). Chemical insecticides are a relevant tool facing this challenge
and are effective against several pests, mainly caterpillars (Fernandes et al., 2018; Bel et al.,
2019). However, the use of synthetic chemical insecticides on a large scale has caused the
resistance of many insect pests (Agostini et al., 2013), requiring alternatives to reduce human

health toxicity and cause less environmental contamination (Campos et al., 2019).

New strategies to reduce pest attacks have been developed, and bioinsecticides have
shown promise, acting on limiting the caterpillar’s development, as well as the low toxicity
compared to already known insecticides (Merifio-Cabrera et al., 2018; da Silva Junior et al.,
2020). Examples of bioinsecticides include BT toxin derived from microorganisms Bacillus

thuringiensis (Berliner, 1911) (Agostini et al., 2013; Pezenti et al., 2021 ) and protease inhibitors
(P).

PlIs are proteins or peptides with insecticidal activity and can be naturally produced by
plants or synthesized. PIs make up one of the most abundant classes of pesticides against insect
herbivory (Zhao et al., 2019), such as the SKTI protein — Soybean Kunitz Trypsin Inhibitor. Its
expression is induced in soybean plants after mechanical damage, produced by the chewing
apparatus of phytophagous insects (Jongsma et al., 2011; Kuwar et al., 2015). The mechanical
shocks produced by the caterpillar's chewing apparatus trigger a series of responses at the
cellular level in plants, activating the lipoxygenase pathway (Fortunato et al., 2007) and
increasing the translation of PI proteins. SKTI acts as a protease inhibitor when in contact with
the caterpillar intestinal tract, as it inhibits specific active sites of digestive enzymes and reduces
the availability of essential amino acids, which are necessary for insect development and several

of its physiological activities (Kuwar et al. al., 2015; Mendonga et al., 2020).

Spraying Pl-containing products on a large scale in the field is still a challenge since
these molecules have low stability when dispersed in the environment, increasing the
production cost of these bioinsecticides due to their large molecular size (Barros et al., 2022).
Added to this are the evolutionary pressures in a plant-pest relationship, where the insect
develops mechanisms to overcome this delay in development and against other plant defense
mechanisms. To minimize the Pls effect added to a diet, the caterpillars induced high expression

proteases (Shakeel et al., 2020) and produced new isoforms to avoid the action of inhibitors
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(Coura et al., 2021). In this way, the caterpillars adapted to the new nutrient availability (Coura
etal., 2021; Silva-Junior et al., 2021).

Studies about how PIs mechanisms act along the caterpillar gut have focused mainly on
the midgut, where the release of serine protease enzymes that correspond to about 95 % of
digestive enzymes occurs (Taprok et al., 2015; Ponnuvel et al., 2015; Ponnuvel et al. al., 2012;
Silva-Junior et al., 2021). Other works have also explored the responses of the caterpillars'
immune system since an up-regulated expression of oxidoreductase enzymes has been observed
and protect structures on intestinal insect cells such as chitin, peritrophic membrane, cuticle and

mucins (Taprok et al., 2010; Li et al., 2009; Liu et al., 2004).

Our research group has focused on studying new synthetic biological molecules, smaller
and more stable, such as the tripeptide GORE-2 (Val-Leu-Arg),, that have two hydrophobic
amino acids (valine and leucine) and another one hydrophilic (arginine), developed to cause
more significant cellular damage to the caterpillar intestine without causing an exacerbated
response to the immune system (Silva-Janior et al., 2021). GORE-2 has a higher binding
affinity for trypsin-like catalytic sites and acts as a competitor of proteases (Barros et al., 2022).
In this work, we investigated the action mechanism of natural (SKTI) and synthetic (GORE-2)
protease inhibitors on the physiology of the 4. gemmatalis by transcriptome sequencing of

caterpillars fed with Pls and identifying genes and metabolic pathways differential expressed.

2. METHODOLOGY

2.1. Anticarsia gemmatalis Soybean caterpillar

A. gemmatalis eggs have maintained at 25 °C + 2 °C temperature and 70 % + 10 %
relative humidity in the Insect Laboratory of the Department of Biochemistry and Molecular
Biology at UFV. The soybean caterpillar has a biological cycle average of four to five weeks.
Cages measuring 50 x 50 cm were screened and internally coated with sheets of A4 bond paper.
The pupae were placed in Petri dishes (150 x 20 mm) inside the cages until they emerge. The
feeding of moths has constituted in a nutrient solution composed of honey (20.0 g), beer (350
mL), sucrose (50 g), ascorbic acid (1.05 g), nipagin (1.05 g), and water (650 mL), soaked in a
cotton swab placed at the bottom of the cage, on a petri dish. After oviposition, the paper sheets

containing A. gemmatalis eggs were cut into strips 2.5 cm wide and 10 cm long and placed in
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a container (500 mL) with a circular hole in the lid of approximately 2 cm and with an organza
fabric attached. The recipients were transferred to an acclimatized chamber at 25 °C
temperature, with a 60 % = 10 % relative humidity and a 14 h photoperiod. The caterpillar

feeding started after the eggs hatched with an artificial diet, placing a diet cube in the recipients.

The fifth instar larvae were separated in cages 3 x 5 ¢m and fed ad libitum on a diet
(control) and diets supplemented with sublethal PIs concentration: 0.12% (w/w) of serine-
protease Kunitz (SKTT) (treatment 1) and 0,12% (w/w) of GORE-2 (treatment 2), as described
by Chougule et al. (2008). After 24 h, the caterpillars were collected from each treatment and

control. The intestines were removed and stored at -80 °C.

2.2. Preparation of the artificial diet

The artificial diet consisted of cooked Mulato beans, brewer's yeast, wheat germ, soy
protein, casein, agar, and water. Agar and water were autoclaved for 20 min at 1.5 kgF cm™
pressure, and the ingredients were mixed in an industrial blender. Then ascorbic acid (6.0 g),
nipagin (methylparaben) (5.0 g), 40% formaldehyde (6.0 mL), and 23 mL of a vitamin solution
composed of niacinamide (1.0 mg), calcium pantothenate (1.0 mg), thiamine (0.25 mg),
riboflavin (0.5 mg), pyridoxine (0.25 mg), folic acid (0.25 mg), biotin (0.02 mg), inositol (20
mg) and water (1.0 L) to form a homogeneous paste, transferred while still hot to plastic
containers with lids. The control group was fed a diet without protease inhibitors, and the other
two groups were fed a plus diet with protease inhibitors GORE-2 and SKTI. The diets cooled
in a germicidal chamber under ultraviolet light were kept at 4 °C, before being administered to

the caterpillars.

2.3. RNA extraction and transcriptome sequencing

Was made a three technical and three biological pool replicates of the caterpillar
intestine have split into two control, three SKTI, and three GORE-2 replicates. The total RNA
extraction was performed using the Trizol reagent (Invitrogen), according to the manufacturer's
recommendations. Three units of DNase free of RNAse (Invitrogen) treated the extracted RNA
to eliminate contamination by DNA. RNA was quantified in a NanoDrop spectrophotometer

(Thermo Scientific) 260/280 nm and analyzed with 1.5 % (w/v) denaturing agarose gel, stained
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with 0.1 ug mL-1 ethidium bromide. The construction of individual cDNA libraries used the
[llumina® TruSeq Stranded mRNA Kit according to the instructions provided by the
manufacturer. Sequencing was performed on the Illumina® Hiseq 2500 by the Beijing

Genomics Institute (BGI), producing paired-end reads of 100 nucleotides.

2.4. Quality analysis and assembly

The quality control of sequencing data used the reports of FastQC version 0.11.7
(Andrews, 2010) combined using MultiQC version 1.12 (Ewels et al., 2016). Sequences’
adapters removal used the “auto-detection” setting of TrimGalore version 0.6.7 (Krueger et al.,
2021). Then, the reads were trimmed for quality and filtered for length using the Trimmomatic
version 0.39  (Bolger et al., 2014) with the following parameters: HEADCROP:15:
LEADING:3; TRAILING:3; SLIDINGWINDOW:4:20; MINLEN: 50. Trimmed sequences
were additionally processed by Rcorrector version 1.0.4 (Song & Florea, 2015), using the

default settings and applying a sequence correction method based on k-mers sequences analysis.

Ab initio assembly of the transcriptome assembly used Trinity version 2.8.5 (Grabherr
etal, 2011), selecting the default settings and filtering the transcripts to a minimum length of
500 nucleotides. The script “TrinityStats.pl” calculated descriptive statistics of the assembly.
The transcriptome also was evaluated by mapping the reads to the transcript sequences using
Bowtie2 tools version 2.2.6 (Langmead et al., 2012), selecting default settings *“--end-to-end”
and “--sensitive”. After assembly, the cd-hit-est tool of CD-HIT version 4.8.1 (Fuetal., 2012)
clustered the transcripts into non-redundant Unigene sequences, selecting a minimum global
identity of 98 %.

2.5. ORF prediction

Unigenes sequences were analyzed to identify open reading frames (ORFs) using
TransDecoder.LongOrfs version 5.5.0 (Haas et al., 2013) and considering only ORFs with a
minimum length of 300 nucleotides. The protein sequences encoded by the predicted ORFs
were compared with proteins available in the UniProt Knowledgebase database (UniProtKB,
http://www.uniprot.org) (UniProt Consortium, 2014) using the BLASTp tool of BLAST

version. 2.11.0 (Altschul et al., 1990). Protein sequences also were identified with the support
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of Hidden Markov Models (HMMs) of domain families from the Pfam database
(http://pfam.xfam.org/) (Finn et al., 2014) using HMMER version 3.1b2 (Eddy and Wheeler,
2015). Only alignments that showed an E-value score < 1x10°'° were considered significant.
The BLASTp alignments also were evaluated for sequence similarity, selecting those showing
the product coverage x similarity > 40 %. The TransDecoder.predict tool predicted the proteins
encoded by the Unigenes by consolidating the results of ORFs prediction with the results of
similarity searches using BLASTp and HMMER.

2.6. Differentially expressed transcript analysis

The transcript abundance was quantified by Kallisto version 0.44.0 (Bray et al., 2016),
performing a pseudo alignment of the reads against the Unigenes sequences. The differential
expression analysis between contrasts was done by DESeq2 version 3.15 (Love, Hubner,
Anders, 2014), with the following parameters: adjusted p-value < 0.01 and llog2 fold change| >
2 (JFC| = 4). And with the following contrasts: GORE-2 (2 replicates) x control (2 rep.); SKTI
(2 rep.) x control (2 rep.); and GORE-2 (3 rep.) x SKTI (3 rep.).

2.7. Functional annotation

- The functional annotation of the Unigenes sequences was done by the TRAPID tool
version 2.0 (Van Bel et al., 2013), selecting the EggNOG database version 4.5.1 (Cepas et al.,
2016, 2017) and considering an E-value score < 1x10"° for gene family attribution,
identification of functional domains, and gene ontology terms (GO) attribution. Unigenes
identified as differentially expressed also were annotated using the BLAST2GO software
(Conesa et al., 2005), performing an automatic annotation against Arthropoda protein
sequences (NCBI Taxonomy ID 6656) available in the NCBI RefSeq Non-Redundant proteins
(nr) database, and considering an E-value < 1x107'° to select significant alignments. The
metabolic pathway enrichment of differentially expressed Unigenes was evaluated by the
KOBAS tool (Xie et al., 2011), using the hypergeometric statistical test (adjusted p-value <

0.05) and selecting as reference the genome annotations of Helicoverpa armigera and Bombyx

mori.
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3. RESULTS

3.1. Data analysis sequencing

The A. gemmatalis sequencing of midgut libraries generated 46 to 48 million reads with
100 nucleotides and an average GC content of 48 %. After removing the adapters and trimming
the reads, the sequencing data contained 43 to 44 million reads with sizes ranging from 50 to

85 nucleotides (nt).

3.2. Reference transcriptome assembly

The reference transcriptome assembly identified 51,825 transcripts. The mean length of
the transcripts obtained was 2,243.6 nt, and the N50 was 3,246 nt (Table 1). The validation of
transcriptome by reads mapping showed that 86 % of aligned reads in the transcripts and 14.31
% did not align. Furthermore, 20.33 % of aligned uniquely, and 65.36 % had multiple
alignments. The sequences of transcripts hadgrouped in 42,372 Unigenes, which have an
average of 1,467 nt size and N50 of 2,894 nt.

Table 1: A. gemmatalis reference assembly statistics

Score:

Total trinity 'genes'’: 20,192
Total trinity transcripts: 51,825
Percent GC: 40.41

Statistics based on all transcripts:
Contig N50: 3,246

Median contig length: 1,617
Average contig: 2,243.60

Total assembled bases: 116,274,451

Statistics based on longest isoform per “’gene’’:
Contig N50: 2,891

Median contig length: 1,204

Average contig: 1906,23

Total assembled bases: 38,490,674
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3.3. Functional annotation

The set of Unigene sequences contains 51,802 ORFs. Among the proteins encoded by
the predicted ORFs, 25,906 (50.01%) proteins significantly aligned with the available proteins
in the Uniprot database. Among the sequences with significant alignments, 36 % aligned with
sequences from Bombyx mori, 34 % with Danaus plexippus, 25 % with Heliconius melpomene,
and 5 % with other species (Fig. 1). Protein sequences from the species Helicoverpa armigera
and Bombyx mori represented 68% of the significant alignments against the EggNog database.
Comparison against the SwissProt database found 22,040 (42.55%) significant alignments. The
EggNog database identified several similar alignments to UniProt, but the protein seqﬁences of
the Bombyx mori and Danaus plexippus species corresponded with 70% of significant
alignments. Analysis in the EggNog database also made it possible to assign 13,731 Gene
Ontology (GO) terms to the protein sequences and classify them into 13,223 KEGG Orthology
(KO) groups. The KO1312 group, which corresponds to the trypsin family, was the most
frequent, with 145 proteins identified. The search for functional domains in the Pfam database

identified 32,673 domains in the protein sequences.

The gene families identified in the transcriptome encompass all treatments and their
respective replicates. Those with the higher frequency identification were the trypsin family
with 102 different annotated Unigenes, associated with the metabolism and amino acids
transport function; the serpin B family with 71 annotated Unigenes, associated with defense
and inhibition mechanisms; and the cytochrome p450 family with 56 unigenes, associated with
transport, biosynthesis, and catabolism of secondary metabolites. Three gene families with 36
(serine endopeptidases), 35 (trypsins), and 32 (serine proteases) Uni genes were associated with

transport activity and amino acid metabolism function.

We can highlight the higher frequency of transcripts coding for digestive functions such
as proteases and lipases (catalytic activity). A high number of expressed genes were involved
in immunity, for example, 68 contigs encoding serpins, indicating a role of the midgut in insect
immunity. As expected, these results confirmed the predicted role of gut enzymes in digestion,
being: the most dominant enzymes being trypsin-like proteases (145 entries), serine

endopeptidase (68 entries) and lipases (68 entries).

We also observed the transcription of a large number of genes coding for modification
enzymes (Glucoronyltransferaes, cytochrome P450 family, glutathione transferases and

glucosidases) involved in the detoxification and defense process (Fig. 2), indicating the
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induction of genes encoding for enzymes involved in xenobiotic metabolism. Detoxification
enzymes are induced in insects in response to plant allelochemicals. Glutathione S-transferase
isozymes possess peroxidase activity and, together with independent mechanisms ascorbate
peroxidase (APOX), metabolize peroxides in insect midgut tissues (Yepiskoposyan et al.,
2006), considered to be one of the major modalities for xenobiotic detoxification. We also
detected 36 entries for beta-glucosidases which may be involved in the disgestive and defense

processes.

Figure 1. A) Similarity frequency distribution between different species, calculated from the EggNog database by
the TrapID tool. B) Functional annotation distribution for similarity using different tools and databases from a
total number of identified Unigenes.
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Figure 2. Distribution of frequency counts identified in the total (de Novo) transcriptome assembly approach A)
Major gene families identified from the EggNog database using the TRAPID tool. B) The main annotations of

proteins from the EggNog database by the TRAPID tool. C) The main enzymes annotated by the KAAS tool using
the KEEG database as identification.
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3.4. GORE-2 and SKTI inhibitors alter main protease expression

The average transcript counts per million (TPM) observed in the treatments with GORE-
2 and with SKTI were used to evaluate the effect of these Pls on 4. gemmatalis caterpillars
intestine transcriptome, selecting the 50 Unigenes with the highest average TPM and that had
their annotation according to the Uniprot database (Fig. 3). Treatments with GORE-2 and SKTI
Pls induced the expression of 21 Unigenes that encode annotated proteins with protease
function and extracellular digestive catalytic activity, including trypsins, serine proteases,
chymotrypsins and collagenase, 9 proteins with lipase function, associated with lipid
degradation and apoptosis processes; 7 proteins with structural function; and 4 proteins

associated to DNA replication activity.

As expected, most responsive genes encode protease. We can also highlight the changes
in the expression of genes involved in apoptosis and endothelial protection (Fig. 3 and Table
2). Thus, the protease inhibitors directly affect the protein digestibility and protease expression
but also indirectly affect the physiology of intestine tissues. Some genes were highly induced
in the treatments with the PIs compared to the control (Table 2) and the expression levels were
estimated as Transcripts Per Kilobase Million (TPM). Genes involved in response to oxidative
stresses were largely induced by treatments with both Pls, including glutathione S-transferase
I-like isoform X1 and glutaredoxin. Glutaredoxins and thioredoxin peroxidases are major
antioxidant enzyme families involved in regulating cellular redox homeostasis and in defense
against enhanced oxidative stress. Likewise, the presence of PI in the caterpillar diet affected
the peritrophic matrix of the insect intestines, as indicated by the induction of the genes involved
in the defense processes (Table 2). Response to environmental stresses leads to an increase in
cuticular component deposition and allows the insect to adapt to new or changing environments
(Zhang et al., 2008). In general, the up-regulations were more pronounced in response to SKTI

when compared to GORE-2.



64

Figure 3. Annotated Unigenes description with the highest normalized average expression rate in transcripts per
million (TPM), obtained by the Kallisto and DESeq2 toolset, observing the effect of both treatments with protease

inhibitors (GORE-2 and SKTI).
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Table 2: Genes overexpression protection of A. gemmatalis peritrophic matrix related when fed with protease
inhibitors (GORE-2 or SKTI) compared to the control.

target_id TPM average TPM average TPM average function
SKTI GORE-2 SKT1/GORE-2
TRINITY_DN360_c0_g3_i4 5965,37 11767,86667 8866,62 Putative cuticle protein CPH45
TRINITY_DN360_c0_g3_i2 1202,852667 2084,717333 1643,79 Putative cuticle protein CPH45
TRINITY_DN2772 c0_gl1 i5 2064,003333  2478,556333 2271,28 Peritrophin type-A domain protein 2
TRINITY_DN2843 c0_gl1 i1 1824,379333 1423,568 1623,97 Insect intestinal mucin
TRINITY_DN4963 c0_g2 i1  1530,629 1330,46 1430,54 glutathione S-transferase 1-like isoform
X1
TRINITY_DN3649 _c0_gl i3 2493,056667 1622,8464 2057,95 Glutaredoxin
TRINITY_DN840_c0_g3 i1 5209,747333  795,9056667 3002,83 Chitin-binding protein
TRINITY_DN2469_c0_gl1 i1  3650,155 702,9383333 2176,55 Chitin deacetylase 1

TPM : Transcripts Per Kilobase Million

3.5. Differentially expressed transcripts were distinct for PIs SKTI and GORE-2

Comparison between SKTI and control identified 643 Unigenes differentially expressed
(UDE), with 377 up-regulated and 266 down-regulated (Fig. 4). Overall, gene expression
reprogramming was more pronounced in the presence of the tri-peptide GORE-2 than soybean
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native protein inhibitor SKTI. The comparison between GORE-2 and control identified 831
UDE, with 487 up-regulated and 344 down-regulated. Likewise, the comparison between SKTI
and GORE-2 identified 410 UDE, with 194 up and 216 down-regulated for SKTI.

Despite the similar number of differentially expressed genes in response to PI added to
the caterpillar diet, most of the dysregulated unigenes were specific for each PI (Fig. 4).
Therefore, the signaling cascades were distinct, despite both SKTI and GORE-2 act directly in
the protease activity. Thus, the gene expression reprogramming was not only regulated or

induced by the reduction of the protease activity and amino acid starvation signal.

Figure 4. A) Venn diagram showing differentially expressed genes, comparison between Control x GORE-2
treatments, highlighting the up-regulated (GORE-2-UP) with dark green and downregulated (GORE-2-DW) genes
with yellow color, and other contrast, Control x SKTI, highlighting the up-regulated (SKTI-UP) with blue and
downregulated (SKTI-DW) with pink color. B) The bar graph on the side shows the gene count of the respective
contrasts Control x GORE-2 with red and Control x SKTI with blue color subdivided into up-regulated and down-
regulated.

GORE-2-DOWN

301

B) 487

SKTI-DOWN  SKTI-UP GORE-2-DOWN GORE-2-UP
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In the GORE-2 x Control contrast, 414 up-regulated and 425 down-regulated UDE were
assigned to gene ontology (GO) terms. The most frequent GOs (Fig. 5A and 5C) among the
up-regulated UDE are related to hydrolase activity (GO:0016787) with 27 UDE:;
transmembrane transport (GO:0055085) with 23; transport activity (GO:0005215) with 23;
transferase (GO:0016740) with 20; oxidoreductase activity (GO:0016491) with 20 UDE;
membrane component (GO:0016020) with 14; transcriptional regulation (GO:0005634) with
14; and catalytic activity - protease (GO:0140096) with 13. The most frequent GOs among the
down-regulated UDE are related to hydrolase activity (GO:0016787) with 31; catalytic activity
- protease (GO:0140096) with 21; transmembrane transport (GO:0055085) with 19;-transport
activity (GO:0005215) with 18; oxidoreductase activity (GO:0016491) with 17; transferase
(GO:0016740) with 16; protein modifying process (GO:0036211) with 12: and lipid
metabolism process (GO:0006629) with 11.

The analysis of SKTI x Control attributed GO terms to 333 UDE up-regulated and 272
down-regulated. The most frequent GOs (Fig. 5B and 5D) among the up-regulated ones are
related to hydrolase activity (GO:0016787) with 32 UDE; catalytic activity (GO:0140096) with
22; transferase (GO:0016740) with 17: membrane component (GO:0016020) with 15;
oxidoreductase activity (GO:0016491) with 12; peptidase (EC 3.4) with 10; protease (EC
3.4.21) with 7; and structural molecular activity (GO:0005198) with 7. The GOs most frequent
among the down-regulated ones are related to hydrolase activity (GO:0016787) with 15 UDE;
oxidoreductase activity (GO:0016491) with 11; transport activity (GO:0005215) with 10;
transferase (GO:0016740) with 10; transmembrane transport (GO:0055085) with 10;
transcriptional regulation (GO:0005634) with 8; membrane component (GO:0016020) with 8;
and catalytic activity - protease (GO:0140096) with 8.

As also verified in Figure 4, the profiles of dysregulated genes in response to Pls were
markedly distinct (Fig. 5). For the catalytic activity — protease GO category, the number of
down-regulated genes was 2.6-fold higher for GORE-2. In contrast, the number was 1.7-fold
higher for up-regulated genes for SKTI. Thus, the presence of GORE-2 in the caterpillar
intestines triggered a lower induction of protease genes. Likewise, the oxidative response was

more responsive in the presence of the GORE-2 PI (1.7 fold higher).

The green color bars in Figure 5 represent exclusive groups in the contrasts, SKTI
induced the down-regulation of 8 contigs involved in transcriptional regulation while GORE-
2, in contrast, induced the up-regulation of 14 contigs. Thus, this result is additional evidence

for distinct cascades triggered by SKTI and Gore 2 Pls. Likewise, 17 entries classified as
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peptidases were up-regulated only for SKTI contrast. Furthermore, when comparing GO for
SKTI-UP and GORE-2-UP, we observed contigs classified as RNA binding, splicing and
proteasome process only in response to GORE-2 (Fig. 5).

The metabolic pathways enrichment analysis identified four clusters of up-regulated
pathways for the contrast GORE-2 x Control (Fig. 6A): autoimmune defense process,
carbohydrate metabolism, amino acid and lipid metabolism, and metabolic processes. Three
pathway clusters were up-regulated for the contrast SKTI x Control (Fig. 6B): amino acid
metabolism, diverse metabolic processes, and autoimmune defense process. None down-

regulated pathway had enriched for both treatments, GORE-2 and SKTI.

Despite some metabolic pathways showing enrichment for both Pls, the enrichment
levels were distinct (Fig. 6). The levels were higher for pathways related to drug and xenobiotic
by Cytochrome P450 metabolism when the caterpillars were fed with protease inhibitor GORE-
2 (Fig. 6B). Thus, the presence of Pls in the intestines triggered metabolic response involved
in biosynthesis of amino acid as expected, but also general processes of defense. These

responses were more pronounced for treatment with GORE-2.

Furthermore, we observed higher enrichment for ascorbate and aldarate metabolism
when the caterpillars were fed with the PI GORE-2, which is indicative high level of oxidative
stress in the intestines. Ascorbic acid (AsA) is an essential member of antioxidants and also has

functions in other enzymatic reactions and cellular processes, such as growth and mitosis.
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Figure 5. The most frequent Representation and exclusive gene groups were classified according to GO (gene
ontology). A) Main GO assigned to GORE-2-DW treatment, with green color bars representing ‘exclusive groups
in contrast to SKTI-DW. B) Main GO attributed to SKTI-DW treatment with green color bars represent exclusive
groups in contrast to GORE-2-DW C) Main GO assigned to GORE-2-UP treatment, green color bars represent
exclusive groups in contrast to SKTI-UP. D) Main GO attributed to the SKTI-UP treatment, with green color bars
representing exclusive groups in contrast to GORE-2-UP.
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Figure 6. Metabolic pathways enriched from differential expression. A) Contrast between Control x GORE-2
group. 4 groups are represented by genes associated with the same pathway functions. First pathway C1 (pink),
second C2 (orange), third C3 (blue), fourth C4 (yellow), and a fifth group that did not have common functions. B)
Contrast between Control x SKTI group have 4 groups are represented with genes associated with same pathway
functions. First C1 (pink), second C2 (orange), third C3 (blue), and the fourth group that did not have common
functions.
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4. DISCUSSION

Tripeptides showing protease inhibitory activity were designed from the natural PI SKTI
produced by soybean plan. The tripeptide GORE-2 has been more effective in reducing protease
activities and caterpillar survival when compared to the SKTI (Barros et., 2022). Furthermore.
the proteolytic capabilities of the intestines of 4. gemmatalis were restored after 24hs of
exposition of SKTI inhibitor by production of different isoforms for serine protease (Coura et
al., 2021), indicating a natural mechanism of the caterpillar defense against the Pls present in
the soybean leaves. Otherwise, the GORE-2 did not trigger the same defense response despite
being more effective than SKTI (Barros et., 2022). Thus, in the work, we evaluatcd.the gene
expression reprogramming by RNAseq to verify the cascades involved in the response to these
different PIs added to the caterpillar diet. Despite common response inhibiting proteolytic

activities, the gene expression cascades were distinct for SKTI and GORE-2 Pls.

A. gemmatalis caterpillars, when treated with protease inhibitors (PIs) GORE-2 and
SKTI, showed higher transcript expression of protease gene families (KO1312), lipases,
autoimmune defense, and proteins related to tissue repair of intestinal endothelium peritrophic
matrix. The higher expression of transcripts from gene families expression is an adaptive
strategy of insects (Zhu-Salzman et al., 2015), which manages to circumvent the anti-nutritional
effects of Pls through protease overexpression (Broadway et al., 1997), expression of new
isoforms that are inert to the effects of natural inhibitors (Jogsma et al., 1995), and expression
of proteases that hydrolyze proteins with inhibitory activity (Zhu-Salzman et al., 2003).
However, the reprogramming of protease expression was more pronounced when in the

presence of SKTI.

Our results suggest that there is compensation for inhibiting intestinal proteases with the
overexpression of new proteases, such as trypsins, chymotrypsins, serine proteases, and
aminopeptidases (Coura et al., 2021). However, the number of up-regulated genes encoding for
protease activities was higher for SKTI treatment. The increase in trypsin expression in
response to the damage caused by Pls also was observed in Helicoverpa armigera (Lomate et
al., 2011, 2018). Similarly, overexpression of gene-encoding proteases also was identified in
the midgut transcriptome of fall armyworm (Spodoptera frugiperda) fed soybean PI (Brioschi
etal., 2007). However, GORE-2 Pl induced a lower reprogramming of protease expression than
SKTIL Thus, it may indicate that changes in the gene expression in caterpillar intestines are
triggered not only by amino acid starvation. Furthermore, our results confirm that the insect

defense natural system against PIs was partially induced when using mimetic peptides with
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reduced length, as also verified by (Barros et al., 2022). Differences in the protease inhibitory
capabilities were justified by a lower induction of the expression of different protease isoforms
in the presence of GORE-2 than SKTI. Thus, the intestines of A. gemmatalis evolved to induce
an effective system of perception signal, leading to changes in the protease expression. This

system was partially induced by the presence of GORE-2 inhibitor.

RNASeq has been widely used to identify and elucidate mechanisms by which
phytophagous insects respond to Pls effects (Sousa et al., 2016; Lin et al., 2017; Lomate et al.,
2018) or the use from Bacillus thuringiensis toxin derived (Sosa-Goméz et al., 2012; Dhania et
al., Pezenti et al., 2021). This tool presents data with a high degree of reproducibility, leading
to a precise quantification of expression levels (Schurch et al., 2016). Among the highly
expressed transcripts, we found 7 Unigenes that encode proteins related to tissue intestinal
endothelium repair. One Unigene encodes the peritrophin protein secreted by intestinal cells,
and that composes the peritrophic matrix, which is responsible for the protection,
compartmentalization, and permeability of insect gut cells (Terra et al., 2001). Another Unigene
encodes the chitin deacetylase, which also plays a relevant function in chitin metabolism, which
protects the intestine against mechanical damage, infections, and pathogen attacks (Alvarenga
etal., 2016). Unigenes-encoding cuticle proteins are also highly expressed and, associated with
chitin, reinforce intestinal protection by forming a physical barrier adhered to the peritrophic
matrix (Muthukrishnan et al., 2019; Daquila et al., 2019). The expression of Unigenes that
encode mucin glycoproteins increased after treatment fed with Pls, and these proteins are
secreted during digestion, protecting tissue integrity by preventing the microorganism’s
adhesion and the action of enzymes in the local tissue (Fang et al., 2009). Our results suggest
that the treatment with Pls induced the reprogramming of unigene expression aiming to protect

the 4. gemmatalis caterpillars’ intestinal tissue cells.

The Unigenes that encode peritrophin protein had their expression up-regulated in
response to the action of protease inhibitors GORE-2 and SKTI, and this protein is responsible
for the peritrophic membrane synthesis that composes the peritrophic matrix. This structure has
other protein and glycans components and plays significant roles in the caterpillar intestine
protection, in addition to containing digestive enzymes released into the midgut lumen, which
also aids the chitin synthesis (Ryerse et al., 1994). A similar result was proposed by Liu et al.
(2004) when investigating insect larvae Diabrotica undecimpunctata, which attacks corn,

subjected to cysteine PIs, and also observed a higher protein expression such as peritrophins
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and chitins. This observed response appears to be a mechanism of caterpillar defense and it

leads to rapid peritrophic membrane recycling and promotes intestinal epithelium protection.

Chitin metabolism and cuticle synthesis are significant for insect digestion and their
innate defense. These structures actively participate in mechanical and chemical digestion by
releasing digestive enzymes (Terra et al., 2009). Studies involving Pls in the Helicoverpa
armigera diet and inducing protease expression also observed that PIs have cross-protective
Structures and accumulate in the peritrophic membrane and intestinal epithelium surface
(Lomate et al., 2018). Some studies also highlight the association of Pls with lecithins to
amplify the cellular damage caused to the phytophages insect intestine (Napoledo et al., 2018).
Li et al. (2009) observed that Drosophila flies (Diptera) had up-regulated genes related to chitin
and cuticle metabolism in response to cellular damage caused in microvilli and the peritrophic
matrix structural integrity. The work of our research group also confirms these observations, in
which the immune system seeks to regenerate the structural protein synthesis through the gene

overexpression associated with the production of chitin, peritrophin, and cuticle protein.

Other highly induced genes by PIs on SKTI and GORE-2 treatment, encode for mucins.
Mucins are proteins structure rich in proline, threonine, and serine amino acids associated with
a high glycosylation content and are part of the insect’s peritrophic matrix. Mucins protect
epithelial intestine cells from physical and chemical damage, lubricate the food passage, protect
against dehydration, and prevent autophagy through digestive enzymes (Toprak et al., 2010).
Studies involving different fed stages of Mamestra configurata larvae observed the variation in
the expression of the mucin-associated protein, suggesting that the regulation of mucin
synthesis, and the structure of the peritrophic matrix, is a reflection of metabolic stress (Toprak
etal., 2010). In this regulation, the thickness of the peritrophic matrix and its associated proteins
are altered by secreted digestive enzymes, such as serine proteases and trypsins, as the
production of the excess enzymes can trigger autophagy and degrade mucins that are rich in

serine (Taprok et al., 2010; Napoledo et al., 2018).

Several studies seek to elucidate the mechanisms by which protease inhibitors act in the
insect digestive system and how they react to the anti-nutritional effect and cellular damage of
the intestinal epithelium (Silva-Jinior et al., 2019; 2021). These studies observed that the
immune system activation increases protein expression involved in chitin metabolism.,
peritrophic membrane synthesis, and cuticle modulation, where all structures are part of the
protection of the digestive tract and components of the midgut peritrophic matrix, which is the

main target of Pl action (Nascimento et al., 2015; Mohan et al., 2006). The results presented in
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this work suggest that Pls decrease the availability of essential amino acids and affect the

peritrophic matrix.

Gene expression results also indicated that the presence of Pls in the caterpillar
intestines promoted oxidative stresses and triggered biochemical defense mechanisms. Our
results indicated that many enriched genes were involved in the ascorbate-glutathione.
Environmental stress could lead to the accumulation of reactive oxygen species (ROS). The

ascorbate-glutathione cycle appeared to play an important role in detoxifying ROS.

The enrichment levels were higher for pathways related to metabolism to drugs and
xenobiotics by Cytochrome P450 when the caterpillars were fed with protease inhibitor GORE-
2. Cytochrome P450 (CYP450), a superfamily of heme-thiolate proteins, is involved primarily
in the metabolism of endogenous and exogenous substances, such as pheromones and
insecticides. This result is in accordance with a higher reduction of the caterpillar survival by
GORE-2 compared to SKTI (Barros et al., 2022; Silva-Junior et al., 2022). Experiments on
insecticide treatments in bees have shown that the immune response activates the CYP9E2
gene, which has a detoxification function. Expression of genes involved in immune response

was also changed by PI treatment, with 82 entries classified as serpin proteins.

5. CONCLUSION

The presence of the PIs SKTI and GORE-2 in the caterpillar diet triggered extensive
gene expression reprogramming after 24 hours. In general, the responses were similar for both
Pls with changes in the expression of the genes-encoding proteases and genes related to the
defense mechanisms of the intestinal tract and mainly protection and matrix peritrophic
reconstitution. However, these responses were more pronounced for SKTI indicating a
signaling cascade more efficient to trigger the insect defense mechanisms. These differences
justified a more effective action of the GORE-2 in proteolysis inhibition and reduction of
caterpillar survival, compared to SKTI. The results also indicate that the signaling may be due
the amino acid starvation but also by a perception general system developed to detect deterrent
molecules produced by soybean plants. As GORE-2 is a protease inhibitor mimetic tripeptide,
this signaling cascade appeared to be minus efficient. Thus, an additional advantage of the use

of mimetic or synthetic protease inhibitors, as also verified by Coura et al., 2021.



74

The effect of the synthetic (GORE-2) and natural (SKTI) inhibitors on the 4. gemmatalis
caterpillars™ intestinal tissue is the overexpression of genes-encoding proteases and genes
related to the defense mechanisms of the intestinal tract and mainly protection and matrix
peritrophic reconstitution. These results contribute to a better understanding of the plant-pest
interaction mechanism and to the development of new strategies that are more effective in

combating many pests.
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CAPITULO II: Protease inhibitor tripeptide designed from natural SKTI differentially
promoted protease expression, oxidative stress response and histological alterations in the

midgut of Anticarsia gemmatalis

ABSTRACT

The physiological effects of PIs are not limited to nutritional damage to the insect. They lead
to biochemical responses that can range from redirecting protein synthesis to produce new
proteases to increasing the production of enzymes involved in defense pathways. Thus, the
effects of the natural soybean PI (SKTI) and the rationally designed peptide GORE-2 were
evaluated at the level of gene expression changes caused by Pls and their relationship with
oxidative stress and histological alterations of the intestine cells. The presence of PI in the diet
of A. gemmatalis handled 1474 differentially expressed genes, of which 643 and 831 genes
responded to SKTI and GORE-2, respectively. Among the dysregulated genes to the Pls, 62
code for proteases, being 38 genes responsive to SKTI and 43 to GORE-2. However, some
dysregulated protease genes were exclusive for each Pls, indicating different regulatory
cascades in response to SKTI and GORE-2. This difference justified a more efficient gene
expression reprograming triggered by SKTI to restore the protease activity than GORE-2. The
activities of the main oxidative metabolism catalase (CAT), peroxidase (POX), glutathione S-
transferase (GST) and superoxide dismutase (SOD) increased in response to both PIs. However,
the activity levels were higher in the presence of SKTI, indicating that the antioxidant defense
system was more active in response to SKTI. The fact that 4. gemmatalis responds more
efficiently to SKTI shows a better adaptability to the natural soybean inhibitor when compared
to the tripeptide, revealing a valuable potential for the GORE-2 as an insecticide, as the cellular
machinery was less responsive to the recognition and overcoming of the negative effects of
tripeptide. In this sense, the tripeptide GORE-2 presents itself as an efficient alternative in the

control of A. gemmatalis.

Keywords: coevolution, plant-pest interaction, resistance
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1. INTRODUCTION

Anticarsia gemmatalis Hiibner (Lepidoptera: Noctuidae) is a key pest in soybean,
responsible for severe defoliation in the crop and great economic losses (Lima et al., 2020;
Walker et al., 2000). The control of this caterpillar has been carried out by organic insecticides
(Fiaz et al., 2018; Levy et al., 2007), sometimes associated with integrated pest management
(Bueno et al., 2011; Panizzi, 2013) and transgenic soybean varieties that express entomotoxic
proteins from Bacillus thuringiensis (Bt) (Bravo et al., 2007; Paula et al., 2014). However, the
excessive use of pesticides affects non-target animals, and compromises the water table and the
food chain, with consequences for human health (Campos et al., 2019; S. Sousa et ai., 2020).
[n addition, conventional insecticides have selected resistant populations (Coelho et al., 2020,
Horowitz et al., 2020; Jahan et al., 2008), making the development of alternative pest control
technologies increasingly urgent.

Faced with this problem, protease inhibitors (PI) have emerged as an alternative to non-
persistent molecules in the environment and are safer for non-target organisms, including
natural enemies of agricultural and human pests. Pls are proteins or metabolites capable of
interacting with proteolytic enzymes, compromising the digestibility and protein utilization of
the animal (Pontual et al., 2012). This reduction in catalytic activity affects the development
and reproductive success of the insect (Franco et al., 2004). Despite causing damage to the
insect, natural Pls of protein origin (e.g., SKTI - soybean Kunitz trypsin inhibitor) are large
molecules that have cleavage sites for other proteases (Singh et al., 2020; Yang et al., 2009;
Zhao et al., 2010). In addition, insects express isoforms insensitive to many natural PlIs (Coura
et al., 2021; Silva-Junior et al., 2021). To overcome the insect's adaptive mechanisms, we
rationally designed the tripeptide GORE-2 (Val-Leu-Arg) to effectively bind to the 4.
gemmatalis gut trypsin-like catalytic triad as a potent PI (de Almeida Barros et al., 2021).

The physiological effects of Pls are not limited to the nutritional damage to the insect.
They lead to biochemical responses that can range from redirecting protein synthesis to
producing new proteases (Coura et al., 2021) to increasing the production of enzymes involved
in the body's detoxification pathways (Farahani et al., 2020). The evolutionary success of
insects on Earth largely results from a complex and efficient defense system based on
antioxidant enzymes. At very low levels, reactive oxygen species (ROS) play a vital role in cell
signaling and defense (Lijun etal., 2005; Wang et al., 2006); however, higher levels are harmful
to DNA and proteins. During oxidative stress, the insect protects itself against ROS by the
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catalysis of antioxidant enzymes. Because of this, increased activity of antioxidant enzymes in
insects is often associated with insecticide resistance (Jahan et al., 2008).

Enzymes involved in lepidopteran oxidative stress respond to biotic stressors such as
parasites (Dubovskiy et al., 2008; Farahani et al., 2020) and resistant plants (Aucoin et al., 1991;
War et al., 2011, 2012). These enzymes are also reported to respond to abiotic stressors such as
excess UV radiation. (Arif Ali et al., 2017), temperature and starvation (A. Ali et al., 2017;
Farahani et al., 2020), besides exposure to organophosphate insecticides (Shadnia et al., 2005;
Q. Y. Yuetal., 2011). In this sense, the enzymes catalase (CAT), peroxidase (POX), glutathione
S-transferase (GST), and superoxide dismutase (SOD) are the main biomarkers of oxidative
stress in insects. (Arif Ali et al., 2017; Farahani et al., 2020; Jia et al., 2011; Meng et al., 2009;
Peri¢-Mataruga et al., 2019).

Therefore, we evaluated the effects of natural soybean protease inhibitor ( SKTI) and the
tripeptide inhibitor GORE-2 on the modulation of the expression of genes involved in the
digestive process and the insect's defense mechanism. These changes were related to the
activities of antioxidant and detoxifying enzymes and histological alterations in the insect's gut

tissues.

2. MATERIAL AND METHODS

2.1. Insects and preparation of the artificial diet containing Pls

A. gemmatalis caterpillars were obtained from the Insects Laboratory of the Department
of Biochemistry and Molecular Biology of the Universidade Federal de Vigosa (UFV), Vigosa,
Minas Gerais, Brazil, and maintained under controlled conditions of 25 + 2 °C temperature, 70
+ 10% relative humidity and 12 h photophase. After egg hatching, the caterpillars were fed on
an artificial diet according to Greene et al. (1976). The fifth instar larvae were separated in
cages 3 x 5 cm and fed ad libitum on a diet (control) and diets supplemented with sublethal Pls
concentration: 0.12% (w/w) of serine-protease Kunitz (SKTI) (treatment 1) and 0,12% (w/w)
of GORE-2 (treatment 2), as described by Chougule et al. (2008). After 24 h, the caterpillars
were collected from each treatment and control. The intestines were removed and stored at -80

e O
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2.2. Protein extraction from the caterpillar intestines

The midguts of fifth instar caterpillars were dissected and placed in 1 mL of 10-3 M
hydrochloric acid solution at 4 °C, always maintaining the ratio of five intestines per 1 mL
solution, followed by maceration on TissueLyser I (Qiagen). The extract was centrifuged at
10,000 g for 30 min at 4 °C, and the pellets were discarded. The supernatants containing the

soluble material were separated and stored at -20 °C.

2.3. RNA Extraction and Sequencing

The treatments comprising control caterpillars, those fed with GORE2, and those fed
with SKTI, were composed of three biological and technical replicates each. Total RNA from
each treatment was isolated from the midgut of A. gemmatalis using TRIzol reagent
(Invitrogen), following the manufacturer's instructions. DNA contamination was eliminated
from the RNA samples using RNase-free DNase I (New England Biolabs). The purity and
quantification of total RNA were assessed using a NanoDrop spectrophotometer (Thermo
Scientific) and a Qubit 2.0 Fluorometer (Life Technologies). RNA integrity was verified using
the RNA Nano 6000 Assay Kit on the Agilent Bioanalyzer 2100 system (Agilent Technologies).
High-quality total RNA isolated from independent biological replicates for each 4. gemmatalis
population was individually utilized to construct cDNA libraries.

The construction of individual ¢cDNA libraries used the Illumina® TruSeq Stranded
mRNA Kit according to the instructions provided by the manufacturer. Sequencing was
performed on the Illumina® Hiseq 2500 by the Beijing Genomics Institute (BGI), producing
paired-end reads of 100 nucleotides. Data cleaning and filtering were performed by BGI
Genomics using SOAPnuke version 2.1.4 (Chen et al., 2018), which involved adapter removal

and discarding reads with 50% of bases having a phred score below 20.

2.4. Quality Analysis and Assembly

The quality of the sequencing data was assessed using the reports generated by FastQC
software version 0.11.7 (https:/github.com/s-andrews/FastQC), and these reports were
aggregated using MultiQC software version 1.12 (https://github.com/ewels/MultiQC) (Ewels
et al., 2016). Reads were processed to remove adapter sequences from the libraries using the

"auto-detect" configuration of TrimGalore software version 0.6.7
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(https://github.com/FelixKrueger/TrimGalore). Subsequently, sequences were trimmed and
filtered using Trimmomatic software version 0.39 (https:/github.com/usadellab/Trimmomatic)
(Bolger; Lohse; Usadel, 2014) with the following parameters: HEADCROP:15; LEADING:3;
TRAILING:3; SLIDINGWINDOW:4:20; MINLEN:50. The trimmed sequences underwent
processing using Rcorrector software version 1.0.4 (https://github.com/mourisl/Rcorrector)
(Song; Florea, 2015), employing default settings and applying a k-mer-based sequence
correction method.

Ab initio transcriptome assembly was performed using Trinity software version 2.8.5
(https://github.com/trinityrnaseq/trinityrnaseq) (Grabherr et al., 2011), utilizing default settings
and filtering transcripts with a minimum size of 500 nucleotides. Descriptive statistics of the
assembly were obtained using the "TrinityStats.pl" script. The assembly quality was also
evaluated through the alignment of reads to transcript sequences using Bowtie2 software v2.2.6
(https://github.com/BenLangmead/bowtie2) (Langmead, 2009), employing default settings "--
end-to-end" and "--sensitive".

Following the assembly, transcripts were clustered into sets of non-redundant Unigenes
using the cd-hit-est tool from CD-HIT software version 4.8.1 (http://weizhong-lab.ucsd.edu/cd-

hit/) (Fu et al., 2012), with a minimum identity threshold of 98% for sequence clustering.

2.5. Prediction of ORF's

The sequences of Unigenes were analyzed to identify open reading frames (ORFs) using
TransDecoder.LongOrfs tool version 5.5.0
(https://github.com/TransDecoder/TransDecoder/wiki) (HAAS et al., 2013), considering only
ORFs with a minimum size of 300 nucleotides.

The protein sequences encoded by the predicted ORFs were compared with proteins
available in the UniProt Knowledgebase database (UniProtKB, http://www.uniprot.org)
(UniProt Consortium, 2014) using the BLASTp tool of BLAST version. 2.11.0
(https:/fﬂp.ncbi.nlm.nih.govfblas‘u’executablesfblastHLATEST/) (ALTSCHUL et al., 1990).
Protein sequences were also compared with Hidden Markov Models (HMMs) of domain
families from the Pfam database (http:/pfam.xfam.org/) (Finn et al., 2014) using HMMER
version 3.1b2 (https:/github.com/EddyRivasLab/hmmer) (Finn et al., 2015). Alignments with
an E-value < 1x10-10 were considered significant. BLASTp alignments were also evaluated for

sequence similarity, selecting those with a product coverage x similarity > 40%.



86

2.6. Analysis of Differentially Expressed Transcripts

The quantification of transcript abundance was performed using Kallisto software
version 0.44.0 (https:/github.com/pachterlab/kallisto) (Bray et al., 2016), conducting pseudo-
alignment of reads against Unigene sequences.

Differential gene expression analysis between the SKTI and GORE2 treatments was
conducted using the DESeq2 package version 3.15
(https://bioconductor.org/packages/release/bioc/html/DESeq2.html) (Love; Huber; Anders,
2014). This analysis aimed to quantify the number of aligned sequences for each transcript
based on the data obtained from Kallisto. The applied parameters were adjusted p-value < 0.01
and |log2 fold change| > 1 (|[FC| = 2).

Genes identified as differentially expressed were subjected to analysis using
BLAST2GO (http://www.blast2go.de) (Conesa et al., 2005), performing automated annotation
against the NCBI's arthropod nr database with an E-value of 1x10-10. The enrichment of
metabolic pathways associated with the differentially expressed genes was assessed using the
KOBAS tool (http://kobas.cbi.pku.edu.cn/) (Xie et al., 2011), referencing the genomes of

Helicoverpa armigera and Bombyx mori, utilizing a hypergeometric statistical test.

2.7. Functional annotation

The functional annotation of the Unigenes sequences was done by the TRAPID tool
version 2.0 (Van Bel et al., 2013), selecting the EggNOG database version 4.5.1 (Cepas et al.,
2016, 2017) and considering an E-value score = 1x10-10 for gene family attribution,
identification of functional domains, and gene ontology terms (GO) attribution. Unigenes
identified as differentially expressed also were annotated using the BLAST2GO software

(https://github.com/blast2go-apps) (Conesa et al., 2005), performing an automatic annotation

against Arthropoda protein sequences (NCBI Taxonomy ID 6656) available in the NCBI

RefSeq Non-Redundant proteins (nr) database, and considering an E-value < 1x10-10 to select
significant alignments. The metabolic pathway enrichment of differentially expressed Unigenes
was evaluated by the KOBAS tool (https:/github.com/xmao/kobas) (Xie et al., 2011), using
the hypergeometric statistical test (adjusted p-value < 0.05) and selecting as reference the

genome annotations of Helicoverpa armigerd and Bombyx mori.
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2.8. Antioxidant and detoxifying enzyme assay

Catalase activity (CAT) was determined according to the method of Aebi (1984). The
reaction mixture contained 100 uL of sample in a total volume of 1.5 mL of 30 mM H202 and
50 mM phosphate buffer (pH 7.4). Absorbance readings were obtained at 240 nm in an
automatic mode with one reading per second for 120 s (Molecular Devices, Mod. SpectraMax
ABS Plus). Specific catalase activity values were expressed in mmol s-1 mg protein-1.

Peroxidase (POX) activity was determined according to the method of Shannon et al.
(1966) with minor modifications. The reaction occurred with the addition of 0.1 mL of enzyme
extract in 1.45 mL of 0.1 M sodium phosphate buffer (pH 6.5), 0.8 mM H202, and' 5 mM
Guaiacol. The absorbance was read at 470 nm for 120 s with one reading per second on the
spectrophotometer (Molecular Devices, Mod. SpectraMax ABS Plus). The final enzyme
activity was expressed in U per gram of protein. One enzymatic unit (U) was defined as a
change in absorbance of 0.1 units per minute under test conditions.

Glutathione S-transferase (GST) activity was determined according to the method
described by Habig et al. (1974), using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate. 50
uL of enzyme extract was added to the reaction mixture, which contained 50 pL. of CDNB, 150
uL of 50 mM reduced glutathione (GSH), and 2.5 mL of 100 mM sodium phosphate buffer (pH
6.5). The reaction mixture was carefully homogenized and the formation of the GSH-CDNB
complex was monitored in a spectrophotometer (Molecular Devices, Mod. SpectraMax ABS

Plus) at 340 nm for 120 s, with automatic reading every second. The activity was determined

using the molar extinction coefficient € = 9.6 mM-1 cm-1.

Superoxide dismutase (SOD) activity was determined using a commercial colorimetric

kit (Ref. CS0009, Sigma-Aldrich, St. Louis, MO, USA), following the manufacturer's

recommendations.
Protein concentrations were determined by the method of Bradford (1976). All

enzymatic activities were obtained in triplicates.

2.9. Histological analyzes of the caterpillar midgut
For histological analysis, five A. gemmatalis caterpillars fed on Pls and control were
e Zamboni’s fixative solution for 12 h at 4 °C (Fiaz et

graded ethanol series (70%, 80%, 90% and 95%)

collected, dissected and transferred to th
al., 2018). The midguts were dehydrated ina

and embedded in historesin (Leica) following the manufacturer’s instructions. Sections three
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um thick were got with rotation microtome and stained with hematoxylin (8 min) and eosin (30

s) and analyzed with a light microscope.

2.10. Statistical analysis

Data analyzes of all enzyme assays described were performed using R software.

Differences among experimental groups were calculated by one-way ANOVA. The value p <

0.05 was used as the standard of statistical significance for hypothesis testing.

3. RESULTS

3.1. Data analysis sequencing
The A. gemmatalis sequencing of midgut libraries generated 46 to 48 million reads with

100 nucleotides and an average GC content of 48 %. After removing the adapters and trimming

the reads, the sequencing data contained 43 to 44 million reads with sizes ranging from 50 to

85 nt.

3.2. Reference transcriptome assembly
The reference transcriptome assembly identified 51,825 transcripts. The mean length of
the transcripts obtained was 2,243.6 nt, and the N50 was 3,246 nt (Table 1). The validation of

transcriptome by reads mapping showed that 86 % of aligned reads in the transcripts and 14.31

% did not align. Furthermore, 20.33 % aligned uniquely, and 65.36 % had multiple alignments.

The sequences of transcripts were grouped in 42,372 unigenes, which have an average of 1,467

nt size and N50 of 2,894 nt.
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Table S1: A, gemmatalis reference assembly statistics

Score:

Total trinity 'genes': 20,192
Total trinity transcripts: 51,825
Percent GC: 40.41

Statistics based on all transcripts:
Contig N50: 3,246

Median contig length: 1,617
Average contig: 2,243.60

Total assembled bases: 116,274,451

Statistics based on longest isoform per “’gene’”:
Contig N50: 2,891

Median contig length: 1,204

Average contig: 1906,23

Total assembled bases: 38,490.674

3.3. Functional Annotation
A total of 42,372 Unigenes were identified as gene candidates, and 51,802 open reading

frames (ORFs) were located. Out of these, a total of 25,906 proteins were annotated for

similarity against the Uniprot protein database, achieving a 50% annotation rate. The species

Bombyx mori and Danaus plexippus accounted for approximately 70% of the best hits in the
EggNog database (Figure 1). Additionally, 13,731 Gene Ontology (GO) terms were assigned

based on Gene Ontology terms, and 13,223 enzyme KO terms were assigned for the KEGG

database. The most frequent enzymes among the transcripts belonged to the classes of

hydrolases (E.C. 3), transferases (E.C. 2), and oxidoreductases (E.C. 1). The trypsin-like

enzymes (KO1312) had 145 occurrences,
2). A total of 32,673 genes were annotated with protein domains according to the Pfam

being the most frequently encountered code (Figure

database.
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Figure 1. Distribution of Functional Annotation for Similarity Across Different Species, calculated from the

EggNog Database using the TRAPID Tool.
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Figure 2. The most frequent protein domains represented in the transcriptome sequence of A. gemmatalis identified

by KEGG.
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3.4. Analysis of Differentially Expressed Genes (DEGs)

In total, 1,474 differentially expressed genes (DEGs) were identified when caterpillars

were fed SKTI and GORE-2, among which 2

up-regulated in the SKTI-treated diet. Conversely,
epillars treated with the tripeptide GORE-2. Overall, 643

66 genes were down-regulated and 377 genes were

487 genes were up-regulated, while 344

genes were down-regulated in the cate
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genes responded to the SKTI treatment, while GORE-2 modulated the expression of 831 genes

(Figure 3).

Figure 3. Venn diagram illustrating the differentially expressed genes (DEGs) among the analyzed treatments.
ments shared among 1, 2, 3, and 4 comparisons. The absolute

The diagram represents the numbers of specific ele c _
values of up and down-regulated genes for caterpillars fed with SKTI and GORE-2 are grouped in the column

graph,
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Figure 4. The number of genes encoding proteases with differential expression in the intestines of Anticarsia
gemmatalis fed with SKTI and GORE-2.
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3.5. Antioxidant Enzyme Activity

We observed evidence of oxidative stress in A. gemmatalis caterpillars when fed an

artificial diet plus PI at sublethal concentrations for 24 h (Figure 5). CAT activity in the

caterpillar gut increased significantly (4-fold) after 24 h of exposure to PI (Figure SA).

However, there was no difference in CAT activities between caterpillars fed SKTI and those

fed GORE-2.

Figure 5. Effect of A. gemmatalis exposure to protease inhibitors SKTI and GORE-2 on four antioxidants and
dl"-"ioxifying enzymes: (A) Catalase; (B) Peroxidase; (C) Glutathione S-transferase; (D) Superoxide dismutase.
Different letters on the bars show a significant difference between treatments (p <0.05). g

= ~
CAT actroity F A POX activity _'
A @ ¥osr il
- - 2 ¥ pot0d r =
i ? L] ~ 400007 —
. £ 400
] 2 = g 2
: Eem
E : & oovo?
5 v 4
,. £ pp000!
<
” l ¥ o0a1
(7 L]
Control SKTI GORE-2 Control SKTI GORE-2
GST activity C‘: SOD activity
™ =t/ 0 L7
! ]
- L :Q .
! i TN
fw M ;.
1. £
§ ‘
Ml ¢ " r
L :
< s
-8
" [ ]
Control SKT1 GORE-2 Control SKT1 GORE-2

tments containing PI (Figure 5B). In addition,

POX activity increased in response (o trea
there was a significant difference between the SKTI and GORE-2 treatments, with the POX

activity being higher for the diet containing SKTL.
GST activity was 2.9-fold higher in the intestines of SKTI-fed caterpillars compared to

the control. GORE.2-fed caterpillars showed a 1.7-fold increase, SEO VRS ity . cQiteo)
(Figure 5C). There was also a significant difference between treatments of caterpillars exposed

to PL, with GST activity being 40% lower for GORE-2 than for SKTL
The Pl-treated caterpillars also responded with increased SOD activity for both those

fod SKTI and those treated with GORE-2 (Figure SD).
caterpillars fed SKTI and GORE-2, about the control, were 3.5-fold and 2.9-fold, respectively.

The increases in SOD activities for the
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As also indicated by RNAseq analysis, both Pls induced the expression of genes involved in

oxidative metabolism (Figure 2). However, the effect of the Plst in the activities of the

enzyme's oxidative metabolism was more pronounced for SKTI.

3.6. Histology

The caterpillars showed histological changes in the midgut when exposed to diets

containing PI (Figure 6). The morphological organization of the control intestinal epithelium

was a monolayer of goblet digestive cells with the presence of a well-defined striated border,

besides to homogeneous cytoplasm and nuclei with condensed chromatin (Figure 6A). The

intestines of 4. gemmatalis fed with SKTI for 24 h showed striated border disorganization and

Vacuolization (Figure 6B). The epithelium of caterpillars fed with GORE-2 showed more
intense vacuolization, besides more disorganized stiated édgos (Figare 6C) when compared to

the treatment composed of caterpillars fed with SKTL
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Figure 6. Light micrographs of the midgut of the Anticarsia gemmatalis caterpillar. [a] Control group epithelium
showing the striated border (arrowhead) of digestive cells (DC) with homogeneous cytoplasm and nuclei (N) with
decondensed chromatin, goblet cells (GC) with clear striated border, muscle layers (M) and lumen (L). [b] SKTI-
fed caterpillar epithelium showing striated border (arrowhead) of digestive cells (DC) with cytoplasm showing
vacuolization (black arrows) and goblet cells (GC) with disorganized striated border (white arrows). [c] Caterpillar
epithelium fed on GORE-2 showing striated border (arrowhead) of digestive cells (DC) that present strongly
vacuolated cytoplasm (black arrows), goblet cells (GC) with disorganized striated border (white arrows).

4. DISCUSSION

Previous studies have focused on the basic and immediate function of Pls related to the
decrease in protein hydrolysis in the gut of insect pests. In fact, the tripeptides GORE-1 and
GORE-2 have shown potential for the use of IPs as pesticides. However, the physiological
effects caused by PIs go much further and seem to be more complex than a simple reduction of
the proteolytic potential in the arthropod intestine. As expected, both Pls changed the
expression of several genes encoding for protease. However, the protease profiles were distinct,

indicating differential cascades induced gene expression. The overall physiology of the
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intestine was also affected triggered directly or indirectly by the PIs presence. Pls were also
responsible for the increase in the activity of antioxidant enzymes, showing oxidative stress.
The soybean caterpillar was more efficient in the defense against SKTI, presenting a more
intense and efficient defensive response when compared to the GORE-2, showing a better
detoxification response to the natural PI of soybean. Furthermore, histological damage was
more extensive in the gut of caterpillars fed GORE-2 than SKTI.

The RNAseq technology has been extensively employed in characterizing and
identifying signaling genes and related to insect resistance mechanisms (Dhania et al., 2019:
Nanoth Vellichirammal et al., 2015; XU et al., 2015) due to its high reproducibility and
accuracy in quantifying varying gene expression rates (Conesa et al,, 2016; Wang; Gerstein:
Snyder, 2009). The transcriptome assembly successfully identified 42,372 unigenes, with
25,906 proteins annotated in the Gene Ontology (GO). This outcome surpassed previous studies
conducted on other lepidopteran species (Gazara et al., 2017: Perera et al., 2015; Shao et al.,
2020; Tang et al., 2017). The species with the highest similarity hits were Bombyx mori, Danaus
plexippus, and Heliconius melpomene, accounting for 98% of the identified genes. Indeed, these
three lepidopterans possess extensive deposited data.

The trypsin-like proteins were the most frequently represented in the transcriptome
sequence based on KEGG identifications, with 145 annotated transeripts. This prevalence
exceeds what has been found in other lepidopterans like Spodoptera frugiperda (Chen et al..
2022; Silva-Branddo et al., 2021) and Pieris rapae (Xiang et al., 201 8). This substantial number
underscores the significance of the serine endopeptidase sub-subclass within the Lepidoptera
order as a target for efficient Integrated Pest Management (IPM) strategies against important
agricultural pests. Glucuronosyltransferases were also highly represented in the RNAseq, with
90 transcripts. These enzymes are known to participate in the detoxification of plant
allelochemicals in insects (Ahmad; Hopkins, 1993; Ahn; Vogel; Heckel, 2012; Krempl et al.,
2016), and other studies link them to insecticide resistance due to their capacity to metabolize
toxic xenobiotics (Bull; Whitten, 1972; Krempl et al., 2016). The third most represented
enzyme family was Cytochrome P450, a hemoprotein of crucial importance for insect
adaptation to plant defense systems, as well as insect growth and development (Nelson, 201 1;
Pottier et al., 2012; Zhou et al., 2010).

The tripeptide GORE-2 was responsible for the differential expression of a larger set of
genes compared to SKTI. However, caterpillars challenged with SKTI exhibited a higher
number of up-regulated genes encoding proteases. On the other hand, down-regulated genes for

Proteases were more abundant in response to GORE-2. The fact that caterpillars increased the
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expression of proteases more intensely when challenged with the natural soybean inhibitor
reinforces one of the most common counter-responses of generalist insects as adaptation
mechanisms to cope with plant defenses (Bayés et al., 2006; Volpicella et al., 2003).
Caterpillars fed diets rich in protease inhibitors (PIs) respond by increasing the abundance of
inhibitor-insensitive isoforms (Coura et al., 2022; Jongsma et al., 1995). A study conducted on
Helicoverpa armigera demonstrated that caterpillars exposed to SKTI in their diet exhibited an
increase in mRNA coding for proteases (Bown; Wilkinson: Gatehouse, 2004).

The overall increase in the expression of serine proteases can be attributed to two
approaches: universal or selective. In the universal approach, the insect positively modulates
all genes encoding digestive enzymes, even in the presence of protease inhibitors (Pls) in its
diet. In the selective approach, only the genes encoding Pl-insensitive hydrolases would be
maintained. This selective approach implies an as-yet-unknown feedback mechanism that
informs which proteases should be preserved. This selective mechanism would explain why
GORE2 doesn't strongly elicit the insect's signaling pathways. The insect produces a broad
repertoire of proteases under both strategies, aiming to ensure the production of some isoforms
insensitive to Pls. This approach might seem energetically costly for the insect, but it
significantly enhances adaptation chances. Our results demonstrated a greater increase in the
expression of genes encoding proteases not belonging to the trypsin-like family. Bown et al.
(2004) also demonstrated that Helicoverpa armigera employed a selective approach to
overcome the negative effects of Pls in its diet.

Both SKTI and GORE-2 increased the activity of antioxidant enzymes such as SOD,
CAT, POX, and GST indicates oxidative stress, as these defensive enzymes work cooperatively
to deal with the relatively high amounts of ROS within the cell (Foyer et al., 1994). Both these
enzymes and ROS play an important role in homeostasis, immunity, and detoxification. The
extensive literature suggests that ROS are continuously generated upon exposure to
environmental stressors (Bagehi et al., 1995; Ledirac et al., 2005; Melchiorri et al., 1998).
Insecticides are among the most important environmental factors and can also induce significant
physiological changes and oxidative stress in insects (Miiller, 2018; Q. Y. Yu et al., 2011).

CAT activity was higher in the gut of caterpillars fed with PIs when compared to the
control. However, the CAT activities between caterpillars challenged with SKTI and GORE-2
showed no significant difference between them after 24 h of exposure. This may have occurred
because of the large production of peroxides and superoxides, which cause oxidative stress.

Very high levels of H20> limit the catalytic potential of CAT through the formation of excess
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hydroxyl radicals. CAT is also sensitive to O»*— and can be inhibited by high levels of this
superoxide (Karthi et al., 2014).

When the increase in CAT activity is observed together with the increase in SOD
activity, it is considered that this has occurred for the elimination of H2O; (Munday &
Winterbourn, 1989; Sies, 1991). This cooperative action was observed as SOD showed an
increase in activity in the intestines of caterpillars exposed to Pls. The rapid induction of SOD
activity may have led to the conversion of superoxide radicals to H20>, and a higher intracellular
concentration of H2O: induces CAT and POX activity (Dmochowska-Slf;zak etal., 2015; Felton
& Summers, 1995; Lukasik et al., 2009).

In addition, SOD showed higher activity in caterpillars fed with SKTI concerning the
tripeptide GORE-2. The fact that the insect responded more efficiently to SKTI shows a
valuable insecticidal potential for the GORE-2, as the cellular machinery was less responsive
to recognizing and overcoming the negative effects of the tripeptide. SOD is the first antioxidant
enzyme in the defense against ROS, and increased SOD activity is the main cellular response
to superoxide anion production (Emre et al., 2013; Kayis et al., 2015). The enzyme catalyzes
the dismutation of superoxide anion radicals into hydrogen peroxides and molecular oxygen,
playing a crucial role in antioxidant defense against these ROS (Sankarapandi & Zweier, 1999),
In this sense, circumventing the insect's defense system implies stimulating the metabolic
pathways of detoxification of the physiological system as little as possible. The importance of
key antioxidant enzymes has already been highlighted by studies involving synthetic
insecticides that aimed to suppress SOD activity (Altuntas et al., 2002; Biiyiikgiizel, 2009:
Sobekova et al., 2009).

Altuntag (2015) demonstrated that plant metabolites increase SOD activity in
lepidopterans to prevent oxidative stress, even at low doses. Other studies have also shown that
SOD can rapidly eliminate pesticide-induced ROS and increase insecticide tolerance in Galleria
mellonella, Oxya chinensis and Lymantria dispar (Biyiikgiizel, 2009; H. Wu et al., 2017: Zeng
et al, 2019). SOD activity was also induced under sublethal concentrations of
chlorantraniliprole in Agrotis ipsilon (He etal., 2019; Li etal., 2021) and in Bombyx mori (Mao
etal., 2020), being related to insecticide resistance.

The GST activity showed a behavior similar to SOD in the caterpillars treated with PL
There was a significant increase in enzymatic activity compared to control after 24 h of
exposure. In addition, GST activity was higher in caterpillars fed with the natural soybean
inhibitor compared to GORE-2. GST is an enzyme that catalyzes the conjugation of GSH with

electrophilic metabolites to overcome allelochemical toxicity in lepidopteran species
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(Biiyiikgtizel et al., 2010; Chen et al., 2019; Su et al., 2018). GST can detoxify various chemical
classes of insecticides such as organophosphates, pyrethroids, carbamates and chlorinated
hydrocarbons (Konanz & Nauen, 2004). Therefore, GST is often identified as a biomarker of
resistance, as demonstrated for Lymantria dispar larvae (Lindroth et al., 1990).

Navarro-Roldan et al. (2020) reviewed 92 cases of detoxification mechanisms in
lepidopterans and found that GST was involved in only 32% of cases. Previous studies have
also shown that several plants allelochemicals act as GST activators or GST substrates in
phytophagous insects (Piskorski et al., 2011; Thiboldeaux et al., 1998; 8. I. Yu & Abo-Elghar,
2000). In this context, GST has become an important suppression target in the rational design
of synthetic insecticides to minimize the effects of target insect response (Cossio-Bayugar et
al., 2002; Papadopoulos et al., 2004; S. Wu et al.. 2009). Therefore, a compound harmful to the
insect that presents low GST activation is relevant in the study of more efficient insecticides.

POX' exhibited similar behavior to the other enzymes involved in the cellular
detoxification process. There was an increase in POX activity in the gut of caterpillars when
exposed to Pls; however, insects fed a diet plus GORE-2 responded less intensely to oxidative
stress when compared to those treated with SKTI. The POX results are consistent with the
patterns observed for the other antioxidant enzymes evaluated. Another important implication
of the lower POX activity in caterpillars fed GORE-2 is the susceptibility to greater cellular
damage, observed in the insect intestines, as will be discussed later. POX-derived
prostaglandins act in the signaling of the cellular immune system, which may compromise the
tissue integrity of Lepidoptera such as Spodoptera exigua (Park et al., 2014).

Changes in the activities of CAT, POX, GST and SOD have shown important metabolic
adaptations that imply the ability of insects to detoxify (Ding et al., 2005; Heng-Moss et al.,
2004; Vontas et al., 2001). The up-regulation of many of these antioxidant enzymes in response
to insecticides is responsible for the resistance of several insect species (Coleman et al., 2002;
Hemingway & Karunaratne, 1998: Vontas et al., 2001). The adaptation of insect pests to Pls
has attracted researchers to understand the biochemical responses involved and to design better
approaches to the use of Pls as pesticides (Bolter & Jongsma, 1995; Brioschi et al., 2007).

The contrast established between both Pls studied was important because SKTI is a
hatural protein of Glycine max, the main food source of A. gemmatalis. Throughout the
Coevolution between the plant and the insect, the expression of Pls aimed to mitigate the
herbivory (Jongsma & Bolter, 1997); on the other hand, the caterpillar developed strategies to
overcome the plant's defense system. The versatile physiological responses exhibited by the

insect facilitated its adaptation to the PI-based plant defense. This performance was evidenced
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in our results when 4. gemmatalis responded more efficiently to natural soybean PI (i.e., SKTI).
This suggests that the difficulty in recruiting antioxidant enzymes in caterpillars fed GORE-2
makes the caterpillar more susceptible. Consequently, non-plant Pls can be explored as a more
effective measure to avoid the specific co-evolutionary adaptations in the plant-pest interaction
(Harsulkar et al., 1999). Part of the challenge faced in the development of efficient insecticides
is based on the search for molecules that cause physiological damage and are neutralized with
low efficiency by the defense system of the target organism.

Previous studies have reported a strong correlation between CAT gene expression and
longevity in Drosophila melanogaster (Orr & Sohal, 1994). Decreased CAT activity or
interruption of CAT gene expression led to death after hatching (Griswold et al., 1993; Orr &
Sohal, 1994). POX was also responsible for increasing stress tolerance in insects (Mittler &
Poulos, 2007). Several conventional insecticides, especially  organophosphates,
organochlorines and pyrethroids, are known to decrease the activities of enzymes such as SOD
(Bityiikgiizel, 2009), GST (Cossio-Bayugar et al., 2002; Papadopoulos et al., 2004; S. Wu et
al., 2009) and CAT (Sowjanya Sree et al., 2010). Insects resistant to these insecticides show
increased activity of antioxidant enzymes (Coleman et al., 2002; Ishaaya & Casida, 1974).
Therefore, analyzing the inhibitory potential of a PI is very important when considering a
rational design. But that's just the tip of the iceberg. It is important that IPs modulate the insect's
defense system to minimize the emergence of resistant populations.

Besides to circumventing the insect's defense mechanisms, the GORE-2 caused more
significant damage to the insect's midgut when compared to the SKTI. Similar changes in cell
morphology, such as increased vacuolization in treatments containing PI, were pointed out by
other studies that used conventional insecticides (Fiaz et al., 2018; Gongalves et al., 201 8). The
increased secretory activity was also reported in the midgut of A. gemmatalis (Fiaz et al., 201 8)
and in Aedes aegypti larvae (Gaban et al., 2015) when treated with insecticides. This intense
vacuolization was observed in A. gemmatalis treated with tebufenozide, an insecticide that
mimics the hormone ecdysone (Beaulaton & Lockshin, 1977; Romanelli et al., 2014).

The presence of vacuoles in midgut cells is common in insects (Alves et al., 2010;
Fernandes et al., 2015), but their increased number in the cytoplasm because of insecticides has
been characterized as a precedent of autophagy (Hariri et al., 2000; D. E. Santos et al., 2015).
The many cytoplasmic vacuoles observed, and the striated border disorganization in the midgut
of A. gemmatalis are like the changes observed in Lepidoptera and Diptera when challenged
With B. thuringiensis (Loeb et al., 2001; Mathavan et al., 1989; Rey et al., 1998), suggesting a
detoxification response to the stressor and initiation of the cell death process (M. C. dos Santos
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etal., 2015). Stresses such as the decrease in free amino acids caused by the immediate action
of PI, oxidative stress, DNA damage caused by ROS and damaged cells can activate the
autophagy pathway (Kroemer et al., 2010).

The morphological disorganizations in the midgut lumen of A. gemmatalis caterpillars
fed with GORE-2 suggest a cytotoxic effect of this PI, which may cause apoptosis (Ihara et al.,
1998). The elimination of cells by death would therefore be a response to damage to midgut
epithelial cells after 24 h of PI ingestion. Apoptosis is fundamental to many important biological
processes (Ottaviani & Malagoli, 2016) such as development, tissue homeostasis, DNA damage
response (Amundson et al., 1998) and immune response (Creagh et al., 2003). Damage to the
insect's digestive system by toxins that activate defensive responses also culminated in
apoptosis in Heliothis virescens (Forcada et al., 1999; Martinez-Ramirez et al., 1999).

Antioxidant enzymes make up defenses that maintain ROS balance in normal cells.
Reduction in CAT, POX, SOD, and GST activity can lead to ROS accumulation, resulting in
cellular apoptosis (Jacobson, 1996; Wertz & Hanley, 1996). The production of ROS leads to
the peroxidation of membrane lipids in the presence of oxygen (Slater, 1984) and the lipid
peroxides formed are metabolized by GST in insects (Ahmad et al., 1991; Konno & Shishido,
1992). Therefore, the more intense histological damage observed in caterpillars fed with
GORE-2 can be explained by the low response of the insect to this antioxidant enzyme. Cellular
impact on the midgut has been reported for Alabama argillacea (M. E. C. Sousa et al., 2010)
and Plutella xylostella (da Solidade Ribeiro et al., 2013) similarly after exposure to insecticides.

Therefore, the fact that the tripeptide triggers a lower response from antioxidant
enzymes does not mean that this PI spares the insect. On the contrary, the GORE-2 causes more
severe damage to the caterpillar by eliciting less of the insect's detoxification pathways.

To date, there are no commercially available transgenic plants expressing Pls, but the
use of small peptides may have large-scale advantages. Besides the adaptive advantages
circumvented by the tripeptide, its reduced size makes production economically viable for
Spraying and bio-energetically favorable for localized expression in genetically modified plants,

This approach may represent a paradigm shift in the development of new environmentally

friendly agrochemicals.
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5. CONCLUSION

Our work evaluated the damage caused by two Pls under two levels: oxidative stress
through key enzymes and from a gut morphological perspective. The presence of PI in the diet
of A. gemmatalis caused oxidative stress and histological changes in the insect's midgut. In
addition, GORE-2 generated less intense oxidative stress than SKTI, but more intense
morphological damage. In this sense, the tripeptide GORE-2 presents itself as an efficient

alternative in the control of this Lepidoptera.
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SKTFUP __ serine protease Cliz25.Contigd All__ 10,70751206 3,40E-155 511635  F:GO:0016787; F:GO:0140096
SKTIUP __ trypsin-like protease Cl1397.Contigl All 5418909696 4,98E-81 0,000514654  F:GO:0016787; F:GO:0140096
presequence protease, v
= 7T Sl e ook CL157.Contigl_All 7,47367106 0.0 283617  F:GO:0016787; F:GO:0140096
F:GO-0003677; C:GO:0005739;
SKTI-UP ochondrisl Nim oform  CLIST7.ContigS AN 2448953637 0.0 e R e s G0:0030163;
) - - g P:G0:0065003; F:G0:0140096;
F:G0:0140657
SKTFUP __ trypsin, alkaline C-like CL16.Contig2_All 2907698393 §,13E-78 0,001461125  F:GO:0016787; F:GO:0140096
SKTLUP  trypsin, alkaline C-like Cl2010.Contigl Al 3,068553061 602E86 0,001017485 Co0-0005570; FGO0016787;
F:G0:0140096
SKTHUP  trypsin, alkaline C 12410.Contig3_All 1680681833 1,34E-103 0,001391058 CCO000S61S; FE0:0016787;
F:G0:0140096
SKTFUP _ trypsin, alkaline C-like CL2650.Contig2 Al 3,813550071 2,55E-80 0,000220762  F:GO:0016787; F:G0:0140096
SKTH venom serine protease Bi- 139 430010761 152995 C:G0:0005576; F:GO:0016787;
- VSP-like isoform X2 S2.Coutigt_AN 8, 3 o0 o0 F:G0:0140096
mitochondrial-processing .
TP e st bota CL5050.Contigl All  3,439106163 0.0  0,000547926  F:GO:0016787; F:G0:0140096
SKTHUP __ collagenase-like CL51.Contigl1_All 2509473031 2,19699 0,001383029  F:GO:0016787; F:GO:0140096
SKTI-UP __ serine protease CL51.Contigd_All 2288541907 4,326-100 0,001968344  F:GO:0016787; F:GO:0140096
SKTFUP __ serine protease CL51.Contigs_All 376344362 1,48E90 493625  F:GO:0016787; F:GO:0140096
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SKTFUP _ carboxypeptidase B-like C15209.Contig2_All 10,1788689 0.0 511645 F:GO:0016787; F:G0:0140096
C:G0:0005576; F:GO:0016787;
7059 g ;
SKTKUP  carboxypeptidase B-like C15825.Contig3_ Al 7,010970591 0.0 1,09€-05 e Mt
SKTFUP __ trypsin, alkaline C-like C16108.Contigl_ All __ 1,918163492 2,586-92 0,001461125  F:GO:0016787; F:GO:0140096
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SKTHUP e proteln F2684.3 CL6268.Contig1_All 11,62414956 0.0 7,06E-07 F:GO:0016787; F:G0:0140096
SKTI-UP  trypsin, alkaline B-like CL785.Contigl_All 4,022253309 2,14E-60 0,000685466 F:GO:0016787
SKTI-UP trypsin-like serine protease Unigenel2150_All 3,638221909 6,66E-18 0,003194793 F:GO:0016787; F:G0O:0140096
SKTUP _ trypsin, alkaline C-like Unigene12501_All 2,429827754 4,96E-90 0,003148514  F:GO:0016787; F:G0:0140096
Golgi-specific brefeldin A-
resistance guanine F:GO:0016787; P:G0:0023052;
SKTRUE - aotile anchange factor 1 Lrieene2216_AN f898895+ ot g F:G0:0098772; F:G0:0140096
isoform X1
SKTI-UP  trypsin, alkaline C-like Unigene2276_All 3,146069419 7,19E-36 0,002415837  F:GO:0016787; F:G0:0140096
SKTI-UP serine protease 59 Unigene2402_All 11,91139868 3,93E-90 1,23E-20 F:GO:0016787; F:G0:0140096
ATP-dependent zinc GO . GO %
SKTI-UP metalloprotease YME1 Unigene2627_All 4,181955231 0.0 4,44E-17 FHESHUSEPIET) BSIOLVI0PN
F:G0:0140657
homolog isoform X2
SKTI-UP _ serine protease 36 Unigene7719_All 4,588315715 3,51E-117  2,41E-05 F:G0:0016787; F:G0:0140096
disintegrin and
. F:G0:0016787; P:G0:0023052;
SKTI-DOWN  metalloproteinase domain-  CL3059.Contigl_All 8,462010975 0.0 0,00196197 F:GO:0140096
containing protein 10
= C:G0:0005615; F:GO:0016787;
SKTI-DOWN  trypsin-like protease CL461.Contigl_All 2132838265 »A0E-104  0,0001261 Eiou el
ubiquitin carboxyl-terminal - F:G0:0016787; P:G0:0030163;
SKTEDOWN. \  irolase 32-llke Isoform x4 UM iBened082 Al a3sn207501 00 6,98E-05 b 50:0036211; F:GO:0140096
GOREz-up  PrRISqUENCE DrOtesss, CL157.Contigl_All 6,089406556 0.0 2,54E-11 F:G0:0016787; F:G0:0140096
mitochondrial
dipeptidyl peptidase 3 C:G0:0005737; F:GO:0016787;
GORe2-UP [ [PEPHEN CL2216.Contig2_All 1,302839553 0.0  0,008377606 F1G0:0140096
GORE2 -UP ::::‘:r::';": A hydrolase ) 3113 contig3_All 10,2044005 0.0 1,70E-20 F:G0:0016787; F:G0O:0140096
methionine aminopeptidase g F:G0:0016787; P:G0O:0036211;
GOREZ-UP ot ondrial isoform X1 CL3143:Contig3_Al 2,006182744 8,74E-169 0,008824794 S
Jahe A e T B €:G0:0005634; C:GO:0005737;
Gore2-up P M‘ C13921.Contig1_All 8,088182282 1,28(-170  1,21E-06  F:GO:0016787; P:GO:0030163;
typ C:60:0032991; F:GO:0140096
GORE2-yp  Mitochondrial-processing ¢ 500 contigr Al 4,160957797 0.0 4,036-06 F:G0:0016787; F:G0:0140096
peptidase subunit beta o
GORE2 -UP collagenase-like CL51.Contigll_All 2,102057828 2,20E-99 0,000122163 F:G0:0016787; F:G0:0140096
GOREZ-UP trypsin alpha-3-like CL51.Contig3_All 166091933 1,16E-23 0,008761093  F:GO:0016787; F:G0:0140096
GORE2-UP  serine protease CL51.Contigd_All 1,032342636 4,326-100  4,88E-11 F:G0:0016787; F:G0:0140096
GORE2-UP _ serine protease CL51.Contig5_All 5,05220764  1,49E-90  7,26E-25 F:G0:0016787; F:G0:0140096
GORE2 -UP  serine protease CL51.Contigb_All 1,577863011 1,14E-70 3,14E-16 F:G0:0016787; F:G0:0140096
GOREZ-UP  carboxypeptidase B-like C15209.Contig2_All 7,904137745 0.0 _ 0,002140265  F:GO:0016787; F:G0:0140096
GORgz-up  ‘Sentrin-specificprotease 6 o500 contiga Al 7846312620 0.0 0,00101668  F:GO:0016787; F:G0:0140096
like isoform X3
GORE2 -UP fs"':;'::’;'z”p“dm ” CL6222.Contigl_All  9,017842177 0.0  0,000308924  F:GO:0016787; F:GO:0140096
GORE2-UP  pyroglutamyl-peptidase 1 Unigenel265_All 7,550171361  2,21E-38 0,000547424  C:G0:0005829; F:GO:0016787;
GORE2-UP _ Golgi-specific brefeldin A-  Unigene2216_All 4,465360198 0.0 0,00682728  F:GO:0016787; P:GO:0023052;

resistance guanine
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nucleotide exchange factor 1
isoform X1

ATP-dependent zinc

F:GO:0016787; F:G0:0140096;

GORE2 -UP metalloprotease YME1 Unigene2627_All 3,478315673 0.0 1,83E-12 F:GO:0140657
homolog isoform X2
GORE2 -UP carboxypeptidase B-like Unigene5732_All 5,175631623 3,89E-32 0,004095005 F:GO:0016787; F:G0:0140096
GORE2 -UP carboxypeptidase B-like Unigene6320_All 4,793606264 1,90E-153 2,34E-05 F:GO:0016787; F:50:0140096
GORE2 -DOWN :;':::z"’z:'eph"'“pm‘" CL1552.Contig1_All - 12703as B126122 403606 F:G0:0016787; F:G0:0140096
GORE2 -DOWN ::m:;::‘:i:fs‘z:lke CLI713.Contig Al ,cootinry 00 3,306-06  F:GO:0016787; F:GO:0140096
OB DOR :fﬂ:ﬁﬂ'hﬂl'?::::::fiz £12933 Contig?_All 2,5405:11301 i A ?:?i%ﬁgs:zﬁ; i:f;%:ﬁig‘;ﬁ
GORE2 -DOWN ﬂl:;'::zdzlzpePt'da’“ % C12216.Contig3_All 1k dasiasn, OB 4,00E-06 c:co:oo:z?;:?; 1F4:(:g:016?87;
SERIZ-DOWE :lr:t:::::‘:-::: Ifl?:frﬁ xy ~CL2266.Contigl All 059 00 0,008444935 Tf«%:msé?éiﬁgﬁﬁﬁg?
GORE2 -DOWN zinc carboxypeptidase-like CL2550.Contig3_All ?,093;8 9585 0.0 0,003747412 F:G0:0016787; F:G0:0140096
GORE2 -DOWN chymotrypsin-1isoform X1 CL3591.Contigl_All 175108151 SOLES3  0,000422577  F:GO:0016787; F:GO:0140096
GORE2-DOWN 7 MetIOPTOteinase Nas™  ¢,4423 Contig3 Al Js572930767 SOBELT8 298612 F:GO:0016787; F:GO:0140096
GORE2 -DOWN aminopeptidase N CLS022.Contigh All ) pctysc 00 0001496461 c:eo:ong;sg;;: ::ggms?a?;
GORE2 -DOWN ;ijer:::::mn CLS330.Contig2 Al | oo o0, 00 0009093881 F:GO:OO:S:':J; :;(::);(;140095;
homolog
GORE2-DOWN collagenase-like isoform X1 CL6019.Contigl All 3000 00, 952657  0,002038325 F:G0:0016787
GORE2 -DOWN aminopeptidase N CL906.Contig5_All 23,75;4863 1 0.0 7,22E-05 F:GO:0016787; F:G0:0140096
GORE2 -DOWN aminopeptidase N Unigenel311_All 13, 088-8384 1 0.0 0,000497904 F:GO:0016787; F:G0:0140096
GORE2 -DOWN midgut aminopeptidase N  Unigene6594_All = 0.0 0,002265247 F:G0:0016787; F:G0:0140096

11,46871248
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CONSIDERACOES FINAIS

Neste trabalho buscou-se compreender respostas a nivel molecular ao analisar o
transcriptoma de Anticarsia gemmatalis desafiadas com inibidores de protease e com isso,
possibilitar encontrar genes especificos e rotas metabolicas que possibilitem descrever os
mecanismos pelos quais desdobram as interagdes entre a lagarta e os respectivos inibidores de
protease natural e sintético, avaliando as diferengas entre eles. Entretanto, para elucidar os
impactos biologicos na sobrevivéncia e desenvolvimento dos insetos, é essencial empregar
ferramentas que possam fornecer respostas mais especificas e detalhadas. Compreender .a
reagdo adaptativa dos insetos diante da pressdo seletiva de inseticidas exige um conhecimento

molecular mais aprofundado.

Diante dos resultados encontrados, ¢ nitido que os inibidores de protease, descritos
como fatores antinutricionais desencadearam um subito aumento da quantidade e expressio de
genes relacionado s proteases, como tripsinas e quimotripsinas. A tecnologia de
sequenciamento de RNA, RNA-Seq possibilitou a identificagdo de um niimero muito maior de
enzimas proteases quando se comparado ao proteoma realizado anteriormente desse mesmo
perfil de experimento, confirmando que a familia das proteases foram as mais abundantes no
transcritoma. Ademais, foi possivel realizar a montagem de um transcritoma de referéncia por
meio de uma montagem De novo, com cerca de 55% dos genes anotados pela ferramenta
BLAST (Basic Local Alignment Search Tool), servindo como modelo para demais estudos do

proprio grupo de pesquisa.

Também foi avaliado o perfil de expressdo de genes quando a lagarta foi tratada com
dois diferentes inibidores de protease, SKTI e GORE-2. Foi observado que o inibidor sintético
GORE2 promoveu uma maior quantidade de genes que foram considerados diferencialmente
expressos, evidenciando uma agiio de inibi¢do das proteases mais eficiente, reduzindo a
sobrevivéncia das lagartas. As alteragdes do perfil transcritomico de forma geral, mostram
também um aumento na expressdo de isoformas das proteases up-reguladas em ambos
tratamentos, como uma tentativa fisiologica de driblar os efeitos negativos dos IP. Neste
sentido, também foram observadas respostas da lagarta referentes a detoxificagdo, no intuito de
proteger os efeitos danosos causado pelos IP @ matriz peritrofica, elevando a expressio de genes

relacionado a sintese de proteinas relacionadas a prote¢@o do epitélio intestinal.

E evidente que os resultados obtidos mostram que os efeitos dos IP viio muito além da

inibigdo de proteases intestinais. As andlises histologicas revelam danos celulares notavelmente
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mais extensos e intensos nas lagartas que se alimentam do tripeptideo GORE-2 em comparagio
com os efeitos causados pelo inibidor natural presente na soja (SKTI). Além disso, observa-se
que as lagartas tratadas com GORE-2 apresentam uma redugdo significativa na capacidade de

desintoxicagdio fisiologica mediada por enzimas antioxidantes.

Ao longo da evolugdo, houve uma adaptagdo das proteases dos insetos herbivoros em
relagio ao mecanismo de defesa das plantas relacionado a produgdo de inibidores de protease,
que a principio atua como um fator antinutricional mas que foi desenvolvendo ferramentas para
contornar a agio desses IP. O conhecimento abordado em torno dessa pesquisa, possibilitou
desenvolver um produto biotecnoldgico, capaz de atuar como uma nova estratégia no manejo

de pragas agricolas.
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