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RESUMO

Variedades de milho transgénico que expressa aeipeotde Bacillus
thuringiensis tem sido desenvolvidas para o controle de pragasocS
frugiperda. No entanto, mecanismos de resisténcia tém sidandentados e
pouco se sabe a respeito. RNAI (RNA de interfeen&ium processo bioldgico
gue causa o silénciamento de moléculas de RNAm-@altem sido utilizado
como uma ferramenta poderosa para o estudo da@e&igps genes e pode ser
utilizado para compreender o mecanismo de resiat&o papel dos genes de
Bt na toxicidade ao inseto. Estudos de RNAseq faratizados para examinar
a expressao diferencial de genes em neonateS flegiperda resistentes e
susceptiveis a proteina CrylF. Para obter um trigt@ma abrangente, o
RNAm foi sequenciado a partir do intestino médidaseas do terceiro instar. O
sequenciamento com lllumina gerou ~ 903.100.00;ded de sequencias e
depois da montagem com Trinity e remover sequenttipcadas, um total de
88.378contigs foram gerados. O tamanho médio aostigs foi de 1.121 pb
variando de 20& 29.329 pb com N50 em 2.726. Um total de 18atttigs
tiveram hits no NCBI e 52% dessas sequéncias tinham maiordksidades
com genes dBombyx mori. Quase 72% das sequéncias para as quatro condi¢cdes
experimentais foram mapeados com o transcriptomafdeéncia e um total de
17.524 contigs foram utilizados para as analises estatisticapragrama R e
DESeq, EdgeR e Limma foram analisados separadarpardddentificar genes
diferencialmente expressos (DEG). DESeq foi mdigrimativo e um total de
406 genes mostraram diferencas nas expressde€pdma entre suscetiveis e
resistentes. Quando as larvas susceptiveis foliamrahdas com milho CrylF,
770 genes foram diferencialmente expressos no DESam baixo ndmero
(135) de genes para as larvas resistentes alingentan o milho CrylF. Para
avaliar se um gene especifico da caderina estahét@ono mecanismo de
resisténcia a proteina Bt CrylF. Este foi redusdo 50% de expressao para
larvas neonatas alimentadas com goticulas de dsR¥$pecifico, na
concentracdo de 2 ug/mL e 24 horas de exposicaderaperatura ambiente, foi
possivel detectar uma supressdao em 24 horas apévas serem transferidas
para a dieta artificial. As larvas alimentadas cdeRNA da caderina né&o
apresentaram diferenca na mortalidade quando ega@stoxina CrylF em
comparacdo com os controles. Com um transcript@maféréncia do intestino
médio daS frugiperda foi possivel selecionar genes candidatos para AiRN
gue mostrou ser uma técnica eficiente para sileiggines en8. frugiperda, e
pode ser usado em estudos futuro podendo apresestdtado com diferentes
genes candidatos envolvidos no mecanismo de nesigtémsS frugiperda.

Palavras-chave:Spodoptera frugiperda. Resisténcia. RNAI. Silenciamento
génico. Sequenciamento. Genes diferenciamentessqaeCaderina.



ABSTRACT

Transgenic maize varieties expressing proteiBauillus thuringiensis has been
developed for the control of pests suchSadrugiperda. However, resistance
mechanisms have been documented and little is kradvaut it. RNAi (RNA
interference) is a biological process that causiencing of molecules mRNA-
target and has been used as a powerful tool fasttity of gene functions and can
be used to understand the mechanism of resistamteha role of genes Bt
toxicity to insects. RNAseq studies were condudteéxamine the differential
expression of genes in neonateSofr ugiperda resistant and susceptible to CrylF
protein. To obtain a comprehensive transcriptoraeiRNA was sequenced from
the midgut of third instar larvae. The sequencinith illumina generated ~
903.100.000 million of sequences and after assemtily Trinity and remove
duplicate sequences, a total of 88.378 contigs generated. The average contigs
size was 1.121 bp varied from 201 to 29.329 bp WEBO in 2.726. A total of
18.749 contigs had hits in the NCBI and 52% of ¢hesquences were more
similarities with Bombyx mori genes. Almost 72%th& sequences for the four
experimental conditions were mapped with the refegdranscriptome and a total
of 17.524 contigs were used for statistical analysi R and DESeq program,
Edger and Limma were analyzed separately to idedffferentially expressed
genes (DEG). DESeq was more informative and a wftal06 genes showed
differences in expressions to CrylF between suidbepand resistant. When
susceptible larvae were fed with corn CrylF, 77Gegewere differentially
expressed in DESeq and a low number (135) of thegyto the resistant larvae
fed CrylF with corn. To assess whether a spedifitherin gene is involved in the
mechanism of resistance to Bt protein CrylF. Thias weduced by 50%
expression of the neonate larvae fed with droptdtspecific dsSRNA at a
concentration of 2 pg / mL and 24 hours exposun®@in temperature, it was
possible to detect a suppression in 24 hours #ftetarvae were transferred to
artificial diet. Larvae fed with cadherin dsRNA sfexl no difference in mortality
when exposed to CrylF toxin compared with contréléth the reference
transcriptome of the midgut &. frugiperda was possible to select candidate
genes for RNAi which proved to be an efficient t@gne for silencing genes 8
frugiperda, and can be used in future studies may providerdift results with
candidate genes involved in mechanism of resistar@erugiperda.

Keywords: Soodoptera frugiperda. Resistance. RNAi. Gene silencing.
Sequencing. Differentially expressed genes. Cadheri
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PRIMEIRA PARTE

1 INTRODUCAO

As larvas de Spodoptera frugiperda causam danos econdmicos,
alimentando-se de folhas e partes reprodutivasatéas de milho, soja, algodao
entre outras (BARROS et al., 2010). A alimentagiwdl afeta indiretamente a
producdo de grdos; além disso, danos no tecidstaeratico podem afetar a
arquitetura da planta (BUNTIN, 1986; WISEMAN; DAV1$979) e quando as
larvas estdo em instares mais avancado os danssdoesupor esse inseto podem
ser ainda maiores (CAPINERA, 1999; FLANDERS, 20074 varios anos o
homem vem buscando um sistema de controle de pragass toxico para 0s
seres humanos e 0 meio ambiente em geral, e qasespe maior eficiéncia e
especificidade no controle de pragas agricolas.aétébia entomopatogénica
Bacillus thuringiensis tem sido utilizada como alternativa dentro do ruat
biolégico de pragasB. thuringiensis € uma bactéria do solo que se desenvolve
em condi¢cBes aerdbicas em meios artificiais bastamhples. Essa bactéria
entra em processo de esporulacdo durante a fasdoesdtria, acumulando assim
proteinas toxicas denominadas de proteinas Cryicadfh por diversos genes
cry. Essas toxinas tém sido utilizadas na producdmsigicidas biolégicos e
também para transformacao de plantas, sendo asslme@idas como plantas Bt
(CAPINERA, 1999).

Plantas trangenicas expressando proteinas Bt tdm anplamente
utilizadas desde 1996 para controlar pragas-chéle.entando casos de
resitencia a essas plantas tém sido relatados, cooaso das populagbes de
campo deS frugiperda em Porto Rico que desenvolveram altos niveis de
resisténcia ao milho Bt evento de TC1507 expressangene da toxin@€rylF
(STORER et al., 2010). Este caso de resisténciaeacaepois de quatro anos

de comercializagdo, tornando-se o caso mais ramdamentado envolvendo
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resisténcia a uma cultura de Bt a campo, e o0 printaiso de resisténcia levando
a retirada da variedade de milho Bt do mercado @AE3BNIK; VAN
RENSBURG; CARRIERE, 2009). Muiltiplos fatores podestar envolvidos na
evolucdo da resisténcia a CrylF em Porto Rico, mianéo, mais estudos sao
necessarios para entender como a resisténcia @volui

A RNAi também tem um enorme potencial para aplioagé@
entomologia (PRICE; GATEHOUSE, 2008; XU et al.,, 2Dl tem sido
descrita e usada em estudos de funcdo génica emismgps modelo por mais
de uma década, tendo varios estudos sido realizedasinsetos por
microinjecdo (AMDAM et al., 2003; BROWN et al., ZH0SUAZO; GORE;
SCHAL, 2009), ingestdo de dsRNA em dietas artificiau expressas em
plantas transgénicas (BAUM et al.,, 2007; WHYARD;NG&H; WONG,
2009a). Outra forma de ingestao oral do RNA de alfiph (ASRNA) é atravéz
de goticula dasolucdo de dsRNA descrito por (TOPRAK et al.,, 2018)
supressdo especifica causada pela técnica de Rbide per letal caso o
RNAm alvo seja codificador de uma proteina com fumgdo essencial para o
inseto e com isso surgi a possibilidade de deseimehto de uma nova
tecnologia para o controle de pragas ou para estudi®d especificos
mecanismos (BAUM et al., 2007; HUVENNE; SMAGGHE,120 MAO et
al., 2007; PRICE; GATEHOUSE, 2008). A técnica de/Rbtk interferéncia
(RNAI) transformou a pesquisa com insetos porquenjie ao pesquisador
suprimir um gene de interesse e, assim, vinculafamatipo com a funcéo do
gene. Para fins basicos de pesquisa, a RNAIi ofamzerota para a genética
funcional em todos os insetos, incluindo aquelea pa quais 0s recursos dos
transgénicos ainda n&o existem (BELLES, 2010).€Eamtto, para desenvolver
métodos de controle de pragas mediada por RNAI golitante encontrar

genes-alvo adequados e avaliar o efeito destepanganismo alvo. O ideal é
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gue os genes-alvo ndo s6 devem ter efeitos solpeagas-alvo, mas também
devem ser seguros para organismos nao alvo (ILl, &04.3).

Nos ultimos anos, a continua melhoria das técrecasdiminuicdo do
custos dos sequenciamentos de nova geracéao fegumm sequenciamento do
RNA (RNA-seq) se tornasse uma escolha popular psados de expressao
génica. Em tais métodos a base de sequénciastetlagienado estudos sobre o
transcriptoma, permitindo uma ampla gama de nowdisagdes, incluindo a
detecdo de isoformas, dplicing alternativo, constru¢do de transcriptomas de
referéncia, ou a estudos de expressdes espe¢itddES et al., 2013) e ainda
pode ser uma maneira eficaz de identificar genslidatos para a RNAi em
organismos com informacéo gendmica insuficiente N&Pet al., 2011).

Juntamente ao crescimento da popularidade daltegaale RNA-seq,
uma série de softwares computacionais vem sen@ndasidos para analisar o
genes diferencialmente expressos, tais como EdgéROBINSON;
MCCARTHY; SMYTH, 2010), DESeq (ANDERS; HUBER, 2016)Limma
(SMYTH, 2004) entre outros. Entretanto, nenhumatitad relata qual o melhor
método de analise, sendo essa uma escolha de amndcada experimento ou
objetivos de estudo (SEYEDNASROLLAH; LAIHO; ELO, 23).
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2 OBJETIVOS

2.1 Objetivo geral

Identificar genes candidatos potencialmente endlol/ina toxicidade de
Bacillus thuringiensis e mecanismos de resisténcieSandoptera frugiperda,

utilizando-se a técnica de RNA de interferéncia AN

2.2 Objetivos especificos
a) Sequenciar o RNAm do intestino médio de larvaS.deugiperda para

montagem de um transcriptoma de referéncia.

b) Selecionar genes canditados com base no transudpte referéncia e
prévio conhecimento do modo de acédo de Bt.

¢) Analisar genes diferencialmente expressos entral@pio suscetivel e

populacéo resistente &efrugiperda.

d) Identificar o melhor método de entrega do dsRNA ARiMa oral) para
S frugiperda.

e) Entender como o gene candidato especifico Bdragiperda responde
ao dsRNA.

f) Verificar o envolvimento do gene canditado com atgina CRylF
avaliando bioensaios.
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3 REFERENCIAL TEORICO
3.1 Spodoptera frugiperda (Lepidoptera: Noctuidae)

Spodoptera frugiperda é um inseto endémico do Hénasocidental,
distribuido da América do Norte para a ArgentinfAPONERA, 1999).S
frugiperda € uma importante praga do milho e muitas outritsiras em todas
as Américas. No Brasil, essa espécie é uma dasagrdg insetos mais
destrutivos e economicamente importantes no mahambém provoca danos
para outras culturas, incluindo a soja, algodamzarsorgo e legumes, embora
seja considerada como uma praga secundaria destasas (CAPINERA,
1999; CARVALHO et al.,, 2013; STORER et al.,, 20125 larvas jovens
inicialmente consomem tecido da folha de um ladeixathdo a camada
epidérmica oposta intacta. Até o segundo ou teréestar, as larvas comecam a
fazer buracos nas folhas, e comer apartir da bdadafolhas para dentro. Em
estadios posteriores, densidades de larvas saaimemte reduzidas a 1-2 por
planta, devido ao comportamento canibal (CAPINER®99). No sexto instar
as larvas podem comer mais do que todas as otdipasecombinadas e assim,
causar dano em quase toda planta. Durante 4 et&r ioam 2-3 dias de
alimentacao, as larvas consomem 80% do total tha fmdnsumida durante todo
0 seu desenvolvimento (CAPINERA, 1999; NAGOSHI; MBAER, 2008).
Danos extensos podem ocorrer frequentemente removieras as folhas e
deixando apenas as nervuras e caules das plantaBINERA, 1999;
FLANDERS, 2007). As larvas também podem penetraoriio de crescimento
da planta, destruindo seu potencial de crescim@A®INERA, 1999).

Diferentes estratégias tém sido utilizadas parengggr a lagarta do
cartucho, incluindo praticas culturais, aprimoratnedos inimigos naturais,
inseticidas Bt convencionais e culturas Bt (milhalgod&o), além do uso de
variedades de ciclo precoce, colheita precocetiplae variedades tolerantes,
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rotacdo de culturas e inseticidas quimicos (CAPINER999; NAGOSHI,
MEAGHER, 2008). No entanto, as estratégias sampistentes e muitas vezes
insatisfatérias para o controle &afrugiperda na cultura do milho, devido ao
seu movimento para a regido espiral da planta dleombnde as larvas séo
protegidas das pulverizagbes de inseticidas fali&EBERT et al., 2008).
Além disso, a populacdo da lagarta do cartuchodesenvolvido resisténcia a
vérias classes de inseticidas (ADAMCZYK JUNIORakt 1997).

A mais recente estratégia para controlar a lagéstaartucho tem
sido o uso de milho e algodéo transgénicos (BEEB&ERT et al., 2008). As
culturas transgénicas que produzem toxinas do Bemocontrolar pragas-
chave, reduzindo assim a dependéncia de aplical@ésseticidas quimicos.
Toxinas Bt ingeridas podem matar insetos suscetiyala ligacdo nos
receptores e rompimento das membranas intestiMilao expressando a
proteina CrylF tem sido utilizado para o controfe ldgarta do cartucho
(SIEBERT et al.,, 2008). Estudos demonstraram quaidus de milho
contendo CrylF proporcionam um melhor controleatmitta do cartucho do
gue hibridos de milho que produzem CrylAb sozithdRDKE et al., 2011;
SIEBERT et al.,, 2008; WAQUIL; VILLELA; FOSTER, 2002 Dow
AgroSciences (Indianapolis, IN) e Dupont Pioneerohfiston, IA)
desenvolveram hibridos de milho que expressam t&ipeoinseticida CrylF
de B. thuringiensis var. aizawai (STORER et al., 2010, 2012), que estédo
disponiveis comercialmente desde 2003 e comeraddiz como Herculex |
protecdo contra insetos (transformacao evento TQ150

3.2 Manejo de resisténcia as culturas expressanduxinas Bt

Os cultivos transgénicos que expressam toxina8.dfuringiensis
usado para controle de insetos-praga tém sido amepke utilizados nos
Estados Unidos e no mundo desde 1996 (SHELTON; ZHAQ@USH, 2002).
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A estratégia de reflgio de altas doses tem siddaangmte adotada
para gerenciar evolucéo da resisténcia (TABASHNille 2003). A parte de
refagio da estratégia requer que as pragas-alMoatein refligio contra as
toxinas para manter uma fonte de alelos de subdagdde e diminuir a
selecdo para resisténcia. A estratégia de reflugaose elevada, também
envolve o uso de plantas que expressam uma aleaddoxina Bt, que deve
matar mais de 95% de heterozigotos portadores dealefo resistente,
impedindo assim a passagem de alelos resistentasopaheterozigotos da
geracao seguinte. Desse modo, baixa dose seriguguajuantidade que néo
atenda a defini¢cdo de alta dose. Assim, assumirekpressao de alta dose da
proteina em determinada planta Bt, a evolucdo distémcia pode ser
retardada se: (1) os raros insetos homozigotosteesés (RR) da cultura Bt
acasalem com os insetos homozigotos suscetive)dgs&ea de reflgio e (2)
se o heterozigoto (RS) resultante do acasalamentmdrto pela concentracao
da proteina inseticida expressa na planta Bt. Ne#gacdo, a dose é uma
medida do custo adaptativo relativo do heterozigrffoem relacéo a diferenca
entre 0os homozigotos RR e SS. Em outras palavmassitiacdes em que a
heranca da resisténcia é recessiva, 0 resultadb dim alta mortalidade dos
individuos heterozigotos (RS), porque estes se odmamam fenotipicamente
como homozigotos suscetiveis (SS) (GOULD, 1988; ASBNIK et al.,
2003; TABASHNIK; VAN RENSBURG; CARRIERE, 2009). A ortalidade
dos individuos heterozigotos € um dos pontos fumddas a serem
considerados no manejo da resisténcia de insepostainas de Bt, uma vez
gue no inicio do processo de selecdo eles sdoimsipais carreadores dos
alelos de resisténcia (GOULD, 1988).

Uma estratégia adicional para retardar a resisiééca utilizacdo de
plantas Bt de segunda geragcdo que produzem duiasdoRt distintas ativas

contra a mesma praga. Nessa abordagem, que é ahdmapiramide", espera-
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se retardar a resisténcia das pragas mais eficeemgeando a seleccdo para a
resisténcia a uma das toxinas ndo provocar resigtéruzada a outras toxinas
(ZHAO et al., 2005). A resisténcia contra as togicam diferentes modos de

acdo é rara em populagfes de campo (GOULD, 1988stiatégia de alta dose

combinada com o uso de reflgios de culturas nd® Btamides de diferentes

toxinas € considerada a melhor abordagem técnieagpmanejo da resisténcia

(GOULD, 1988).

3.2.1 Resisténcia a culturas de Bt

Mais de duas décadas apOs a comercializagdo inieiallturas Bt,
a maioria das populagbes pragas-alvo permanecemisggl. A resisténcia
em campo foi documentada em alguns poucos casdgindo S. frugiperda
ao milho CrylF em Porto Rico (MATTEN; HEAD; QUEMADA2008a;
STORER et al., 2010)Busseola fusca (Lepidoptera: Noctuidae) ao milho
CrylAb na Africa do Sul (VAN RENSBURG, 2007), Halierpazea ao
algoddo CrylAc e CrylAa no Sudeste dos Estados ddnkectinophora
gossypiella (Saunders) (Lepidoptera: Gelechiidae) para o @godCrylAc
na india (DHURUA; GUJAR, 2011), eDiabrotica virgifera virgifera
LeConte (Coleoptera : Chrysomelidae) para milho 3BtyL em lowa,
Estados Unidos (GASSMANN et al., 2011). Em todos@&sos, a resisténcia
de campo ocorreu quando um ou mais requisitos watégia de refagio de
alta dose nado foram atendidas (HUANG; ANDOW; BUSCAIW] 2011).
Incorporar a compreensdo dos padrées observadossi¢éncia em campo
nas futuras estratégias de manejo da resisténcidardy a minimizar
problemas com a resisténcia e maximizara os beasfiélas geracdes atuais
e futuras nos cultivos transgénicos (TABASHNIK; VANENSBURG;
CARRIERE, 2009).
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3.2.2S. frugiperda resisténcia em Porto Rico

O milho TC1507 expressando CrylF Blethuringiensis var aizawai
foi registrado nos Estados Unidos em 2001 pararaant pragas de
Lepidopteros importantes, incluindd. nubilalis, Diatraea grandiosella Dyar
(Lepidoptera: Crambidaely. zea (Lepidoptera:. NoctuidaeHglicoverpa zea) e
S frugiperda (SIEBERT et al.,, 2008). O milho TC1507 esta dispehi
comercialmente nos Estados Unidos desde 2003, maRoeto Rico tem sido
cultivada desde 1998 como parcelas experimentasgnyolvimento e producao
de sementes hibridas (STORER et al., 2012). Dassparado em hibridos de
milho CrylF foi relatado em 2006, em Porto Rico levados niveis de
resisténcia ao CrylF na lagarta do cartucho forastepiormente relatados
(MATTEN; HEAD; QUEMADA, 2008a; STORER et al., 201(Resisténcia a
campo envolvendd. frugiperda ao milho Bt expressando a proteina CrylF
ocorreu ap6s 4 anos de comercializacdo, tornan@ooesaso o mais rapido
documentado da resisténcia desenvolvida em cam@oymaa cultura Bt e o
primeiro caso de resisténcia que levou a retiradanda cultura Bt do mercado
(TABASHNIK; VAN RENSBURG; CARRIERE, 2009).

STORER et al. (2010) confirmaram que as falhasodérale do milho
TC1507 em Porto Rico foram associadas com o altel mle resisténcia da
populacdo deS frugiperda com base em bioensaios em dieta. A maior
concentracdo de CrylF testada contra a populacdistere ndo causou
mortalidade significativa (10.000 ng CrylF /3no que sugere uma relacéo de
resisténcia em excesso de 1.000 vezes. Para aadieranca, foram realizados
bioensaios com a progénie, He cruzamentos reciprocos das populagbes
suscetiveis e resistentes, e as estatisticas deekposta foram comparadas. A
mortalidade e a inibicdo do crescimento de dadosprd@énie suscetivel,
resistente e fforam utilizadas para calcular o dominio da résisia. A

resisténcia a CrylF mostrou ser autossémica e aft@mrecessiva. A
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sensibilidade das colbnias resistentes e suscetiverylAb e CrylAc também
foi avaliada, e nenhuma indicacdo de forte resisdéeruzada a qualquer toxina
foi encontrada (STORER et al., 2010, 2012).

Multiplos fatores vém sendo discutidos para teetaender o que
teria contribuido para a evolucdo da resistén@@ayd F emS. frugiperda em
Porto Rico (STORER et al., 2012). Porto Rico € ulha que oferece um
ecossistema isolado subdividido por terreno mordaoh Isso restringe a
migracdo e dispersao restrita e permite que aslagies locais respondam a
selecdo. Além disso, o ambiente tropical de Porimo Rermite o cultivo
durante o ano todo com vérias geracdes expostessagn de selecdo em um
Unico ano de crescimento. O uso de inseticidaoBhtdladas para gerenciar
S frugiperda em vegetais e sementes de milho, juntamente adeisatros
eventos de milho Bt que produzem CrylAb também ptedecontribuido
para a selecdo (STORER ET al., 2012).

3.2.3 Modo de acao das toxinas Bt

Teoricamente qualquer alteracdo bioquimica e/oufisialogia do
intestino do inseto que afetar um ou mais passoraup de acdo de toxinas de
Bt poderia interferir com a toxicidade e confessisténcia. Modificacbes nas
proteases intestinais que sdo criticamente enadvida solubilizacdo e
processamento proteolitico das proteinas Cry restinb médio do inseto tém
sido encontradas em varias estirpes de insetostaetds ao Bt geradas pelas
selecdes de laboratorio (LI et al., 2004; OPPER@l.etl997a). A modificacdo
dos sitios de ligacdo de toxinas Cry no intestidalim resultante na reducéo da
ligacdo da toxina, foi classificada como o mecanigesponsavel pelos mais
altos niveis de resisténcia a toxinas Cry (ESTADRAle 1994; FERR et al.,
1991; FERRE; VAN RIE, 2002; TABASHNIK et al., 1994ylecanismos de

resisténcia alternativa tém sido propostos, indoia retencdo da toxina Cry
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pela matriz peritrofica do intestino médio (HAYAKAAVet al.,, 2004), a
agregacao de toxinas Cry por esterases intes{@GalsINING et al., 2005 a
melanizacdo elevada da atividade das células dstimb médio e hemolinfa
(MA et al., 2005; RAHMAN et al., 2004).

Dados de estudos de resisténcia sugerem que &digde toxinas
Cry aos receptores presentes na membrana do imdestdio € um passo
critico no modo de acdo de toxinas Cry (FERRE; VARNE, 2002).
Trabalhos relataram que as alteragdes nos receptireoxinas estariam
associadas com a resisténcia, incluindo proteimaerinatike (FERRE;
VAN RIE, 2002; GAHAN; GOULD; HECKEL, 2001; MORIN eal.,
2003), aminopeptidase (APN) (TIEWSIRI; WANG, 201g) fosfatase
alcalina (ALP) (JURAT-FUENTES et al., 2011).

3.3 RNA de interferéncia (RNAI)

A descoberta do RNA de interferéncia em 1997 poe EiMello fez
alteracdes no modo pelo qual estudos de gen6micéofual em eucariotos sao
realizados. O RNAI permitiu a andlise funcionalg#mes em organismos néo
modelos, sem o requisito de um mutante (BURAND; HEBR, 2013). O
RNAI, também conhecido como o silenciamento de gemediado por dsRNA,
€ um fenémeno que ocorre naturalmente em eucarietosque um RNA de
cadeia dupla diminui ou suprime a expressédo de eme-glvo (SCOTT et al.,
2013). O RNAIi como uma ferramenta de pesquisa esltigita ja foi utilizado
para elucidar genes envolvidos em processos figg@mé, embriogénese,
reproducdo e comportamento em insetos-modelo e nmdaelo (BELLES,
2010). Esse método é eficiente e muito variavgheddendo das espécies de
insetos (BELLES, 2010; TERENIUS et al., 2011), daodé de entrega de RNAI
(SCOTT et al., 2013; TERENIUS et al., 2011) e oegalvo para o RNAI
(BELLES, 2010). Ao ganhar um melhor entendimentoaiacio entre a entrega
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do dsRNA e a eficacia do método de entrega, beno édemtificar os genes que
sado sensiveis a RNAi poderemos entender melhorezmnismos associados
com RNAI nos sistemas de insetos (TERENIUS eRalll).

3.3.1 A descoberta do RNAI

Em uma tentativa de intensificar a cor purpuraloee$ de petunias,
dois grupos de pesquisadores inseriram copiassed&rgenes responsaveis
pela pigmentacdo. Como resultado, ao invés de gairteen flores de
coloragdo mais intensa, obtiveram flores de coresiadas ou até
completamente brancas (NAPOLI; LEMIEUX; JORGENSHN90). Essas
observacdes, provavelmente as primeiras manifesgai silenciamento por
RNA foram chamadas na época de cossupressaoaptisas copias extras
guanto os genes enddgenos foram silenciados. @krc@ anos depois,
estudando o nematoideaenorhabditis elegans, um grupo de pesquisadores
descobriu que o responsavel pelo desencadeament@raitesso de
silenciamento era um dsRNA, e o termo RNAI foi psio (FIRE et al.,
1998). Tal descoberta rendeu em 2006, o premio INtEb€isiologia a dois
pesquisadores, Andrew Z. Fire e Craig C. Mello étplize.org).

O fenbmeno de silenciamento génico baseia-se nsemga de
moléculas de pequenos RNAs ndo codantes (ncRhbA-Coding RNA”)
geralmente produto da clivagem de moléculas maideesisRNA, com
sequéncias homologas a genes enddégenos de umsongartista presente
em fungos, quando é chamadodqielling; em plantas, chamado de PTGS
(pos transcriptional gersdence) e em animais chamado de RNAI, indicando
uma origem remota em um ancestral comum de furgiastas e animais
(FAGARD et al., 2000).
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O silenciamento de genes por introdu¢cdo de dsRN#geno ficou
conhecido como RNA de interferéncia, Kennerdell artiew (1998)
descobriram que os efeitos do gene de supressdBNF semelhantes,
observados enC. elegans podem ser traduzidos para os insetos. E ainda
demonstraranknockdown por RNAi em embriGes dBrosophila. Esse foi um
dos primeiros estudos a demonstrar RNAi em um adnset encontrou
semelhancas com RNAi no nematoideelegans, incluindo o dsRNA foi mais
eficaz em causar o silenciamento do gene que cgralgnso ou antissenso
RNAs (KENNERDELL; CARTHEW, 1998).

3.3.2 RNAI no controle de pragas

Depois de uma década utilizando RNAi como um métpdm o
estudo da funcdo dos genes, o potencial de RNAgregomologia emergiu como
uma nova ferramenta para o controle de pragassms@AUM et al., 2007). O
RNAI pode causar a mortalidade dos insetos, ségwic genes que sédo
essenciais para a sobrevivéncia do inseto e pqsslidades desejaveis para o
controle de insetos, como um novo modo de acaeciisidade de espécie
(MAO et al., 2007).

Um dos primeiros estudos de RNAiIi em inseto foi izgdo
microinjecdo de dsRNAs e@rosophila para induzir o silenciamento de genes
mediados por RNAi (KENNERDELL; CARTHEW, 1998). A cnoinjecdo de
dsRNA é um método util para a entrega de dsRNA para determinada célula
ou regido do corpo. No entanto, a microinjeccaoéam método adequado de
fornecimento para o propdésito de controle de pragasos. Portanto, foram
avaliados o potencial de outros métodos de admagéd de dsRNA, como
alimentacao oral (WANG; GRANADOS, 2001) sugerirane @ intestino médio
do inseto € como um sitio-alvo para o controlendetos, pois € a Unica regido
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do intestino que néo é protegida por uma cobedereuticula e € uma interface
ativa com o meio ambiente.

Baum et al. (2007) demonstraram o potencial derolentla larva da
raiz do milho ocidental por administracdo oral ddAR O milho transgénico
expressando dsRNAs de um gene essencial da laAEP&se) causou uma
reducdo na alimentacéo do insetos (BAUM et al.,7208 também indicou que
0 modo de acdo de RNAI pode ser usado para complareeestratégia atual de
expressar a toxina (s) Bt em culturas para conttelpragas de insetos. Além de
seu novo modo de ac¢do, RNAi também é de interessegpcontrole de insetos,
uma vez que pode atuar como um insecticida espectda espécie. A
especificidade do RNAI foi demonstrada dentro dmegé Drosophila ao
alimentar com dsRNAs, isso causou seletiva mogdédem uma espécie, sem
afetar as outras trés espécies estudadas (WHYARI5S, WONG, 2009).

3.3.3 Vias e Mecanismo do RNAI

Foram encontradas trés principais vias de RNAiataradas por
MicroRNAs ndo codificante. Essas vias sdo microRMARNA), piwiRNA
(PIRNA) e pequena RNA interferente (siRNA). As vids miRNA e siRNA
funcionam como reguladoras negativas da expresedgede, enquanto as
funcdo da via piRNA é para defesa contra elememéosponiveis (ARAVIN;
HANNON; BRENNECKE, 2007). Todas as vias RNAi sémlativamente
conservadas, embora genes do nucleo da via siRBNAna#% variaveis entre os
insetos. Dois estudos (SHREVE et al., 2013; SWEVE&Sal.,, 2013)
examinaram a conservacdo das proteinas RNAIi funutarmeeentre diferentes
espécies de insetos@ elegans no MIRNA e vias de siRNA. Nucleo RNAI
genes implicados na via de miRNA (SHREVE et al12BWEVERS et al.,
2013) e via piRNA (SWEVERS et al.,, 2013) sao maimservados entre
espécies do que os genes do nlcleo de RNAI deevsdRINA. A via de siRNA
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é ativada por dsRNA exdgeno, e esta via servededesmder 0 genoma contra a
invasdo de acidos nucleicos. Experimentos com Rékfloram o siRNA via
entregando dsRNA para indukimockdown do gene-alvo. Quando um dsRNA é
introduzido em uma célula, é clivado em ~21bp RN#Aserferentes (siRNAs)
por uma enzima ribonuclease tipo lll, Dicer-2. Apet seguinte consiste na parte
efetora da via de silenciamento, promovida peloptero RISC. Moléculas de
siRNAs se ligam ao RISC que as direcionam paraésemm complementar do
RNA mensageiro-alvo (FIRE et al.,, 1998). Uma dabusidades desse
complexo de 500 kDa é uma proteina da familia Aagtmy AGO 2
(HAMMOND et al., 2001) composta estruturalmente dominios funcionais
denominados PAZ (em N-terminal) e PIWI (em C-temt)in A atividade
catalitica do complexo RISC-siRNA é associada exeiumente a AGO 2
(RAND et al., 2004) e seu dominio PIWI apresentaamuvelamento similar ao
de uma RNAse H (ribonuclease envolvida na degraddgd moléculas de RNA
presentes em hibridos RNA/DNA) (SONG et al., 20@3). seja, a atividade
catalitica responsavel pela clivagem do RNA alvesienciamento génico por
RNA (denominado SLICER) é determinado pelo domini@/l presente em
AGO 2, sendo essa proteina também responsavetipelgem da fita ndo guia
do siRNA associado a RISC (BURAND; HUNTER, 2013)REAm é clivado,

e a proteina para qual o RNAm codifica ndo é espréBURAND; HUNTER,
2013). Os efeitos sistémicos do RNAIi sdo mediadmsvés da producdo de
novos dsRNAs por RNA polimerase dependente de RRERp), que utiliza o
RNA-alvo como molde e é produzido por cadeias dNA&. Os dsRNAs
secundarios podem ser exportados das células bhaspa efeito de RNAI para
outras células. As proteinas de transporte SIDBIDe2 foram identificadas em
Caenorhabditis elegans, que possui a enzima RdRp. Mecanismos de tramsport
podem ser diferentes entre os diferentes organigmamda ndo foram bem
elucidadas em insetos (PRICE; GATEHOUSE, 2008).
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3.3.4 Métodos de administracdo do dsRNA para inses

Um dos fatores que podem influenciar a eficiénaa&RtAi em insetos
€ a capacidade das células de absorver o dsRNAingigal via de exposicao
do dsRNA é via ingestdo oral, no entanto, a ingestdo é sinbnimo de
absorcdo; o dsRNA deve penetrar nas células ddoiabe para que tenha
interacdo com a via de RNAI (TERENIUS et al., 20F9dem ser empregados
varios métodos de administracdo de dsRNA para tosedependendo da
aplicacdo do RNAI, espécies de insetos, estagiiddedo inseto e a expressdo
do gene-alvo. Muitas experiéncias entomoldgicaBMAi dependem de RNAI
extracelular em que os dsRNAs séo distribuidosemaolinfa ou intestino, e as
células devem captar esses dsRNAs (YU et al., 2@ 3FNAi Extracelular é
classificado como ambiental e/ou sistémico (HUVENNEMAGGHE, 2010;
WHANGBO; HUNTER, 2008). O RNAi Ambiental é o fenbnwe em que
dsRNAs séo captados a partir do meio ambiente éadas, e o efeito
knockdown do gene esta exposto nessas células. O RNAI sistéatorre
guando o efeito de silenciamento é passado a pkrtirma célula para outra
(HUVENNE; SMAGGHE, 2010; WHANGBO; HUNTER, 2008).

Os trés métodos mais comuns de entrega de dsRNAssatos
incluem microinjecdo, oral e imersdo (SCOTT et 2013b; YU et al., 2013).
Um dos primeiros métodos utilizados para a entrelga dsRNA foi
microinjec¢do. Isso foi feito em ambos em um neidatqCaenorhabditis
elegans) (FIRE et al., 1998) e um insetoDrsophila melanogaster)
(KENNERDELL; CARTHEW, 1998). A Microinjecdo € usagara adiministrar
dsRNA diretamente na hemolinfa do inseto ou em umbridio de insetos.
Inserir 0 dsRNAs nas células intestinais por metoatimentacdo requer a
absorcdo de dsRNAs pelas células. A entrega de AlsR\eficaz em insetos
gue apresentam uma resposta robusta ao RNAi. Cdmétal de alimentacao

pode ser utilizado para entregar dsRNA de uma fodeaalto rendimento,
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evitando ao mesmo tempo 0s danos mecanicos pra®qaat microinjec¢ao
(SCOTT et al.,, 2013). Além disso, a entrega do dsRMavés do método oral
de alimentacdo é de particular interesse paraalerde insetos (BAUM et al.,
2007). Outra forma de entrega que tem sido puldigaditravés da via oral,
porém os insetos sdo alimentados com gotas defsslugpntendo dsRNA na
concetracdo determinada para o especifico expailinfEOPRAK et al., 2013).
Existe uma grande diversidade entre Lepidépterosoeque diz

respeito a sua sensibilidade ao RNAI sistémico pdd@correr alto ou nenhum
silenciamento em diferentes concentracdes de dSHRERENIUS et al., 2011).
Em algumas espécies, incluintth Cecropia, Antheraea pernyi e M. sexta,
niveis elevados de silenciamento podem ser alcascg@wdr aplicacdo de
quantidades muito baixas de dsRNA (BETTENCOURT; ENRJS; FAYE,
2002; HIRAI et al., 2004; TERENIUS et al., 2007 mHE. Cecropia, efeitos
hereditarios de RNAi sobre os embrifes da proximeagio também foram
relatados seguindo a microinjecdo de dsRNA em pyB& TENCOURT;
TERENIUS; FAYE, 2002). Da mesma forma, em estudom &/1. sexta,
concentracBes de dsRNA aplicadas foram bastantasbéinenos de 10 ng/mg
de tecido) e os genes selenciados estavam reldoem®m a investigagdo da
resposta imune, mas os efeitos ainda variaram nlJANG et al., 2008).
Mais estudos s@o necessarios para estabelecerlagaa dose/resposta entre a
concentracdo clara de dsRNA e da eficiéncia dmcdenento, e com maior
precisdo determinar a sensibilidade de RNAi (TERENEt al., 2011).

Bellés (2010) sugere algumas causas potenciaisendibilidade ao
RNAI, incluindo raz6es especificas para cada espéciecido ou o gene. Pode
ocorrer a degradacdo do dsRNA no intestino do dnsgha vez que insetos
como lepdopteros apresentam intestino médio compdst RNAses e pH

alcalino que poderiam facilitar a degradacdo doNdsRa deficiéncia da
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absorcéo do dsRNA, e também possa existir uma basgosta do genes apos
tratamento com dsRNA (BELLES, 2010).

Com base na literatura é possivel resumir cincaréatimportantes
que podem influenciar o efeito de silenciamentpatanto, a eficiéncia do
RNAi como técnica de controle de inseto: (1) pamdac gene-alvo e
organismo uma 6tima concentracdo tem de ser detedai para induzir
silenciamento ideal (MEYERING-VOS; MULLER, 2007; S8KESBY et
al., 2009). (2) A especificidade da sequéncia agda, uma vez que
determinara a diminucdo da expresdo do gene-alvamrganismo visado
pode também atingir outros insetos nao alvo (ARAl&I@I., 2006). (3) O
comprimento do fragmento dsRNA é um fator determieada captacdo e
silenciamento eficiente em organismos intactos (BMLet al., 2006). Para
experimento com alimentacéo oral as sequénciaamaentre 300 e 520 pb.
No entanto, existe estudo utilizando apenas siRKBAMAR et al., 2014)
para o silenciamento de genes. (4) O tempo de #arda supressdo, como,
por exemplo, o silencimanto d& Pisum que persistiu durante 5 dias, em
seguida foi reduzido (SHAKESBY et al., 2009) Ouasqjara cada inseto o
tempo ideal precisa ser determinado. (5) Estagivida do organismo-alvo
também é um fator importante. Embora as fasesidi mais tardia sejam
mais facies para manipulacado, os estagios maisigoraiitas vezes mostram
efeitos de silenciamento maiores. Por exemplo, wmenhefeito de
silenciamento foi observado apdés o tratamento dartquestagio deR.
Prolixus com nitropin 2 dsRNA em comparacdo com 42% silenciamexto
usar o segundo instar (ARAUJO et al., 2006). Tambéntaso da lagarta do
cartucho $podoptera frugiperda) um forte efeito de silenciamento foi
observado em larvas do quinto instar em comparagéo a fase adulta do
inseto (GRIEBLER et al., 2008).
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Para o desenvolvimento de métodos de controleatmpmmediada por
RNAI, o ideal é que o gene-alvo ndo s6 deve tdatosfesobre as pragas-alvo,
mas também deve ser seguro para organismos na¢Lakbal., 2013). Porém,
muitos organismos de grande importancia na econemasaude da populacao
humana sdo organismos ndo modelo e, portanto, i#dein de recursos
genéticos eficientes. Contudo, com o advento daiessgamento de nova
geragcdo (Next Generation Sequencing-NGS), e a digéin dos custos do
sequenciamento, é possivel sequenciar os genonmgatésmos em diferentes
fases de desenvolvimento (LEGEAI et al., 2014).

3.4 Analise da expresséao génica

A analise da expressdo génica é feita, por exenmal@ identificar
genes expressos diferencialmente entre tecidosntve diferentes condi¢cfes
experimentais, para discriminar as doencas heteeagé como o cancer, ou
para elucidar a relacdo entre a expressdo do geowagiaveis, tais como a
sobrevivéncia ou o grau do tumor (BARRY; NOBEL; V@MT, 2005). O
transcriptoma é o conjunto completo de transcetosuma célula e um resumo
de todas as expressdes de genes. E essencialuomrstcompreender o
transcriptoma com precisédo, a fim de interpretarel@snentos funcionais do
genoma, componentes moleculares das células, addgemento de organismos
e mecanismos de doencas (WANG; GERSTEIN; SNYDER9RO

Tecnologia de microarranjos é uma abordagem baseada
hibridizacdo, o que requer conhecimento prévio eiguéncia do gene a ser
anostrado. Também fornece uma compreensao daeadaligsanscriptoma uma
vez que pode gerar os dados de expressdo parareasilide genes
simultaneamente (WANG; GERSTEIN; SNYDER, 2009). itapbes, no
entanto, existem também nos microarranjos, por pkena especificidade do

arranjo para cada amostra, a saturacdo do furatigfound) e a qualidade e
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densidade variariaveis depots; fatores os quais tém dificultado as analises
comparativas entre experimentos e, geralmente dsvad necessidade de
métodos normalizadores complexos. Devido a issitilizacédo da tecnologia do
RNA-seq surgiu como uma alternativa eficiente pa@ucionar esses
problemas, bem como para suprir dados transcriptisindependentemente da
necessidade de uma sequéncia gendmica de refen@msimmente descrita
(WANG; GERSTEIN; SNYDER, 2009).

3.5 Sequenciadores de nova geracdo e RNA-Seq

Dois experimentos da década de 1970 sobre seqoentia de DNA
estabeleceram um marco na ciéncia que ditaria o ranser seguido nos
préximos anos nessa area do conhecimento. Taisimgutos possibilitaram o
desenvolvimento de métodos de obtencdo da sequémdiagmentos de DNA
em laboratério (MAXAM; GILBERT, 1977; SANGER; COUIH, 1975). Um
dos métodos, chamado de terminacdo da cadeia aersggmentodideoxi,
passaria a ser conhecido como método Sanger dersdgmento. Na década de
80, com o desenvolvimento dos primeiros prototiges sequenciadores
semiautomaticos de DNA, esse método se tornarig&teda mais comum de
sequenciamento de DNA, utlizado em rotina até dss dde hoje. O
concomitante desenvolvimento de argoritmos de ngentade genomas a partir
de fragmentos sequenciados ao acaso tornaria odon&anger a principal
ferramenta do projeto de sequenciamento do genamzaro e de outros
organismos nos anos seguintes (LANDER et al., 20BNTER et al., 2001).

Nos Ultimos anos, porém, 0 sequenciamento Sanger sendo
substituido por tecnologia de sequenciamento de gevacdo, ou NGS (Next
Generation Sequencing). Essas metodologias pramanmti um aumento
exponencial na quantidade de bases sequenciadassequentemente, alteram

significativamente a relacédo custo/beneficio demffio de sequéncias de DNA,
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oferecendo um preco final por base sequenciada aieente e em menor
tempo (EKBLOM; GALINDO, 2011). As plataformas degsenciamento de
nova geragdo comercialmente disponiveis inclueistersa Roche 454 (Roche
Applied Science), GenomeAnalyser lIx (lllumina, lddiSeq (lllumina, Inc.) e

SOLID (Applied Biosystems).

Introduzido em 2006, o lllumina Genome Analyzer diasse no
conceito de “sequenciamento por sintese” (SBS) al gusemelhante ao
sequenciamento de Sanger. Como acontece no 454akeRo protocolo de
sequenciamento do lllumina requer que as sequéactasem determinadas
sejam convertidas em uma biblioteca de sequénsjzeceal, a qual permite a
amplificacdo e imobilizacdo das sequéncias par@nsesubmetidas ao
sequenciamento. Para esse propdsito, dois adaptaddiferentes sédo
adicionados as termina¢Bes 5 e 3’ de todas as aukalg (KIRCHER,;
KELSO, 2010).

Essa biblioteca de cadeia dupla é desnaturada gisem DNAs de
cadeia Unica. Essas cadeias simples sdo dispastasoecentracfes muito
baixas pelos canais de uma célula de fluxo. Eflesv ‘tell” possui na sua
superficie com dois tipos de oligonucleotideos iitiwddos e complementares
aos dois adaptadores, utilizados para produzitbbotgca de sequencimento.
Esses oligonucleotideos hibridizam com as moléculas cadeias das
bibliotecas. Por sintese reversa, comecando pela hibridizada, a nova
molécula que esta a ser criada encontra-se coralente ligada affow cell”
(KIRCHER; KELSO, 2010; MARDIS, 2008). Essa nova éwlla dobra-se e
liga-se a outro oligonucleotideo complementar agusdo adaptador que ndo
esta ligado a placa, podendo ser usado para sartetina segunda cadeia ligada
também covalentemente & placa. Esse processo da dabmolécula e de
sintese reversa, chamada de amplificacdo em pbreépetida varias vezes e cria

aglomerados de milhares de cépias da sequéncimalrignuito proximos da
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célula de fluxo (MARDIS, 2008). Esses aglomeradosstriduidos
aleatoriamente contém copias idénticas da mesm#iseiq. Desse modo as
bibliotecas estdo prontas para serem sequencibidaanalisador de genoma,
milh6es de aglomerados sdo sequenciados simultemtymas moléculas de
DNA sado sequenciadas base a base em paralelo usaati® nucleétidos
marcados com fluorescéncia. As quatro bases competeas com as outras
para se ligar ao alvo, essa competi¢cdo naturahtgaeaalta precisdo. Depois de
cada sintese os fluorocromos séo excitados poasen,la cor obtida identifica a
base que foi adicionada. Esse fluorocromo € deptirmdo para que a proxima
base se possa ligar ao template, é lida entdobzs#aadicionada em cada ciclo
(KIRCHER; KELSO, 2010).

Com as enormes quantidades de sequencias curtdazftas por
sequenciadores de Ultima geracdo, programas dbaatiento tradicionais,
por exemplo, BLAST (ALTSCHUL et al., 1990) sdo nwulentos e ndo séo
adequados para o mapeamento das sequéncias camarads de referéncia.
Varios programas foram desenvolvidos para resotvgaroblema. Alguns
exemplos incluem Bowtie (LANGMEAD et al., 2009), (dldat
(TRAPNELL; PACHTER; SALZBERG, 2009), BWA (LI; DURB, 2009),

e SOAP2 (LI et al., 2009).

Com essas ferramentas recentemente desenvolvidas,
sequenciamentos de nova geracdo sdo, agora, usadosuitos aspectos na
pesquisa biolégica, as descobertas de mutacaagyuersgiamento de isolados,
comparacfes com genoma de referéncia, permitindage®dmica, definindo as
interacBes DNA-proteina, descobrindo RNAs ndo amatibres, montagem, e
até mesmo novas sequéncias gendmicas e transap{®ARDIS, 2008).

As plataformas lllumina e Solid sdo normalmentdizatilas para
experimentos de RNA-Seq. Muitos tipos diferentes atélise como, por

exemplo, identificacdo de SNPs, transcricdo altetam& de perfil da expressao
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dos genes, podem ser aplicados sobre o resultadbnt@amento de sequéncias
curtas. Em comparacao com a tecnologia de micrgjarrRNA-Seq tem muitas
vantagens, como por exemplo, alta resolucdo, baixdo de fundo, sem
conhecimento prévio da sequéncia de referénciaidexige ser capaz de
distinguir isoformas e expressdo de alelos (WANGakt 2011; WANG;
GERSTEIN;SNYDER,2009).
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Abstract

Genomic information fofs frugiperda is still not completely available to
assist current research in pest management. THe décsufficient
genomic information presents an impediment to dguakent of RNAI
techniques as well as an understanding of resistavolution. Next
Generation Sequencing technologies are routinebd u® investigate
gene expression and regulation as they relate fiougaenvironmental
challenges. In this study, high-throughput RNAsegswonducted to
examine differential gene expression in neonates Spbdoptera
frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) resistart smsceptible
to CrylF. To obtain a comprehensive transcriptomve, sequenced
mRNA from midgut larvae of $instar. lllumina sequencing generated ~
903,100,000 RNA reads, after runned the Trinity aedioved the
isoforms a total of 88,378 contigs were generaidr average length of
contig was 1,121 bp ranging 201-29,329 bp with [€6@,726. A total of
18.749 contigs had hits in NCBI and 52% of sequenicad highest
similarities with genes fronBombyx mori. Nearly, 72% of reads for all
four experimental conditions were mapped to therezfce transcriptome

and a total of 17,524 contigs were used as an impsitatistical analysis
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program R while DESeq, EdgeR and Limma were aphrately to
identify differentially expressed genes (DEG). DES&vas more
informative and a total of 406 genes showed expesdifferences
between susceptible and resistant CrylF such asitrycrymotrypsin,
ABCC?2 transporter, serine proteases and P450 mgewoases. When the
susceptible larvae were fed with CrylF corn a tai&l 770 genes
differentially expressed were identified in DESHtddower number of
135 genes for the resistant larvae fed with CrydFn.cCurrent study
provides a valuable resource for further molecuémearch in this and
related pest species and provides insight on tleeafohost response to
CrylF toxin inS. frugiperda and also into the possible mechanisms of Bt

resistance.

Introduction

The fall armyworm (FAW), Spodoptera frugiperda Smith
(Lepidoptera: Noctuidae), is an important pest @iza ea mays) and
many other crops throughout the Americas [1]. la8rS. frugiperda is
one of the most destructive and economically imgurinsect pests on
maize and also causes damage to other crops, inglsdybean, cotton,

rice, sorghum and vegetables [1,4]. Transgenic endea maize)
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expressing CrylF protein froBacillus thuringiensis has been released to
control this insect pest since 2003, however, aexpacted damage to
Cry1lF maize hybrids was reported in 2006 in PuRitm and high levels
of CrylF resistance in field populations d& frugiperda was
subsequently documented in many areas [5,6]. Stereal. (2010)
confirmed the high-level of resistance to CrylF agosomal and
recessiveS frugiperda resistance represents one of four species which
have been documented with field-evolved resistao@&t crops. Multiple
factors are thought to contribute $ofrugiperda resistance evolution [2],
but the mechanism of resistance still remains ancle

B. thuringiensis is a Gram-positive, spore-forming soil bacterium
that produces insecticidaCry proteins in insoluble inclusion bodies
during the sporulation phase of growth [7]. IndivédiCry proteins show
toxicity toward a subset of arthropod or nematodecies, and hence
have beemleemed safe for mammalian consumption. The genevde
of action for Bt starts with toximgestion and culminates in the death of
these insects following disruption of midgut epithlecells [8,9]. Two
models have been proposed regarding the mechanyswhich cell

disruption occurs in susceptible Lepidoptera asesult of Bt toxin
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exposure: 1) the pore formation modeind 2) the signal transduction
model. According to the pore formation model, tormlenomers bind to
receptors on the luminal surface of midgut epidieatells, which leads to
toxin oligomerization and insertion into the celembrane. Embedded
toxins are believed to formpore which affects ionic balance across the
cell membrane and finally leads to cell death duesmotic lysis [7]. In
contrast, the signal transduction model proposassthiebinding of the Bt
toxin to specific receptors stimulate the G-protemupled signaling
pathway leading to activation of protein kinaserAl apoptosis [10].
Understanding how a susceptible and resistant inesponds to
sublethal exposure to CrylEoxin may potentially identify genes
associated with the mode of action of this toxirr&bver, comparing the
changes in midgut transcriptomes of CrylF resistamd susceptible
insect strainscould detect the differential expression of genas i
biochemical pathways associated with CryHSistance, and provide
novel insights into resistance mechanisms in theci®es. However, lack
of adequate genomic resources has hindered moldeuld studies
among lepidopteran pesinsects. Transcriptome profiling through

massively parallel RNA-Sequencing (RNA-Seq) tiassformed research
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in non-model organisms without prior genomic resesf11-13] and
provides a simple and potentially more comprehensapproach to
measure changes in transcriptome expression iromespto insecticid
[14] and Bt protein exposures [15-17] challengeghis study, using the
RNA-seq technology, we examined the transcriptioni#fferences
between asusceptible and resista® frugiperda strain. A reference
transcriptome was generated by assembly of IllunciDBlA sequencing
data from third instaS. frugiperda midgut. In order to understaritie
molecular mechanisms underpinning the CrylF togsponse in FAW,
we comparedtranscriptional changes occurring in susceptibled an
resistant third instars & frugiperda whenexposed to CrylF protoxin.
Identifying and comparing transcriptional changesasponse t&rylF
protoxin in susceptible and resistant larvae wélphus to understand
CrylF mode ofaction and the differences between the two strains.
Further, we compared the middranscriptional repertoire of third instars
of S frugiperda CrylF susceptible and resistant straiAsalysis of
constitutive transcriptional differences betweere thusceptible and
resistantS. frugiperda strains provides a global perspective of the

evolution of resistance to Bt toxins and nfasther assist in identifying
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toxins that are unaffected by resistance. Takerthmy, this approach
enhances our knowledge regarding pest responseytto&in exposure
and will helpfurther our understanding of the evolution of resise in

other pest species.

Material and methods

Insect strains

The susceptible (SS) strain was purchased from éioS
(Frenchtown, New Jersey), and has been in contswmlture since
November 1997 with regular screenings to monitordoy changes in
insecticide susceptibility (VELEZ et al., 2013).

The resistant (rr) strain was generated by Dupomnder
(Johnston, lowa) and originated from several hushdield collected fall
armyworm egg masses from Puerto Rico maize fieladsng October
2008 and January 2009. Egg masses were broughthat@boratory in
Johnston, lowa, where 826 neonates were selectexkysing them to
TC1507 leaf discs. Only larvae that survived a y-@aposure (785
larvae) were maintained [18]. Then this collectisas selected for one

generation on maize leaf tissue expression CryTHHD7). This rr strain
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was crossed with SS strain first, then mass croisetiselves, which
were further bioassayed with CrylF (full length)280 ng/cma for rr
individuals. Finally there is 75% similarity in getic background
between SS and rr strain used in this experimeBdsh population
were reared on general Lepidoptera artificial diem BioServ [18]at

27°C and 80% RH under a 16 h:8 h light:dark.
Larvae exposure to CrylF

CrylF maize leaf (Herculex 1, TC1507, Pioneer akpPwas
used for the treatment. Briefly, 30 larvae froffiistar of both SS and
rr strain were transferred into no Bt (isoline) mealeaf for 24 hrs first
at room temperature (RT), then 15 larvae 'Bfifistar from either SS or
rr strain were transferred into Bt or no Bt leavgcd on 1% of agar in
well for 24 hrs at RT, one larva per disc of leafflwThe midgut of %
instar larva was then dissected on ice on next é®&pmg pooled
midgut tissues (3 midguts) were snap frozen initiqmitrogen and
saved in -80°C until use. A total of 4 treatments (SS, SSBt,amd

rrBt) with 3 replicates in each treatment.

RNA preparation
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For single RNA preparation, the total RNAs wererasted from
pooled samples with RNeasy Mini Kit (Qiagen, C4tl(4) and treated with
RNase-Free Dnase (Qiagen, Cat. 79254) to elimihat®NA contamination
according to the manufacturer’s instructions. Tixglity and quantity of RNA
samples were evaluated on 1% agarose gels and o{&aDO0 (Thermo

Fisher Scientific) respectively before submittadROIAseq analysis.

Next generation sequencing-RNAseq

RNA samples were submitted for Next Generatieg#nce
(NGS) Core Facility of the University of Nebraskaetcal Center
for RNAseq analysis on HiSeq 2000 sequence analyzer
(http://www.unmc.edu/genetics/ngs.htm) using th@ bp paired end

read method.

Reads mapping and differential expression analysis

For quality control of raw reads data, we appliedstangent
quality filtering process by removing reads thatrod have a minimum
Phred quality score (Q64) of 20 per base correspgro a 1% expected

error rate across the whole sequence using SicRle/1
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(https://github.com/najoshi/sickle) and any unknosaguence ‘N’ were
removed using Prinseq (http://edwards.sdsu.edu/cgi-
bin/prinseq/prinseq.cgi) according to the manualstrirctions,
respectively. The raw sequence data past filtewag then used ide
novo assembling with Trinity
assembler (http://trinityrnaseq.sourceforge.ndtf).order to reduce the
redundancy of isoforms, the resulting assembliee iiest processed by
CD-HIT-EST with 95% similarity and then followed IBAP3.

To map the quality reads back to a reference trgteme [19],
the Bowtie aligner (http://bowtie-bio.sourceforget/mdex.shtml) was
used. The records from the aligner in BAM format revefurther
transformed by using Samtools (http://samtoolsssforge.net/) for read
count information for all treatments and controlll Alata analyses
mentioned above were performed at the Universitilelbraska Holland
Computing Center (HCC) (http://hcc.unl.edu/mainérgbhp).

To identify differentially expressed genes among tthifferent
treatments, three statistical methods (DESeq, Edg®md Limma)
commonly used for detecting differential expressimiRNA-seq studies

[20] were employed and compared further for accuracye EdgeR
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package was initially used to remove low read cotmm all data sets at
a threshold of cpm (count per million) <1. For ERgand Limma, TMM

normalization was used to identify differentiallxpeessed genes at
adjusted P value (FDR) <0.05. For DESeq, an adjystealue<0.05 was

used along with size factor normalization with déffaettings.
Homology searches and gene ontology analysis

The resulting contig fasta files were annotated usyng the
BLASTx algorithms against nonredundant databask ilnNCBI using
an E-value cut-off of 1& on HCC (Holland Computing Center at
http://hcc.unl.edu/main/index.php). For gene orgglo analysis,
BLAST2GO (http://www.blast2go.org) was employed fiorther analysis

at default setting.

Results

Using the lllumina HiSeq2000 sequence analyzer rouryielded
a total of ~ 903,100,000 raw reads, each read faramiength of 100 bp
after removing adapter sequences. After filtering Pored>20, the
remaining ~876,007,000 reads were applied in deo rassembly with

Trinity. With Trinity, a total of 113,000 contigs exe generated. In
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addition, the total contigs were reduced to 88,8@8tigs by removing
the redundant isoforms using CAP3 and CD-hit-ES3peetively. The
average length of contig was 1,121 bp ranging 28329 bp with N50 at

2,726.

Annotation of reference transcriptome

Blast2GO was applied to the 88,378 contigs anda ¢ 18,749
contigs had hits in NCBI (Fig 1). FAW transcrip@cdhhighest similarities
with genes fromBombyx mori, (9,797; 52%)Danaus plexippus (5,532;
29%) and also a less number of sequences withagityito genes from
Helicoverpa armigera (333), Papilio xuthus (330), Tribolium castaneum
(276), Spodoptera littorais (155) and evenSpodoptera frugiperda (237)
(Fig 2).

Figures 3, 4 and 5 shows the distribution of ddferGO terms
associated with the proteins coded by FAW 18,7d8skripts. They are
broadly categorized into biological process, callutomponent and
molecular function. In the category of biologicabpesses, genes were
involved in cellular process (26%), metabolic prx€29%) and single-

organism complex (14%). Genes involved in bindi2%) and catalytic
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activity (42%) were highly represented in the malac function
category. For cellular component the highest nundbeyenes expressed
were involved in cell (33%), membrane (24%) and malecular
complex (13%). Searching for candidate genes pusiyodescribed in
the literature as involved in Bt toxicity, 55 caygi were found for
cadherin, (13) aminopeptidases, (11) ABC transppdad 10 contigs for

alkaline phosphatases.

Mapping and differential expression gene analysis

Nearly, 72% of reads for all four experimental citiods were
mapped to the reference transcriptome among tHeatgs with at least
one reported alignment at tolerance of 2-bp mishesc

After removed the low read counts from all readnteuwlata sets
using cpm (count per million) <1, a total of 17,5&@htigs were used as
an input in statistical analysis program R and ehdéferent statistical
methods, DESeq, EdgeR and Limma were applied sepata identify
differentially expressed genes (DEG) from RNAsetad@he number of
DEG's identified varies greatly with the treatmeartd to some extent

based on the analysis method (Tableld)total, 406, 252 and 2 DGEs
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were identified with DESeq, EdgeR and Limma whesistant larvae
were compared with the susceptible larvae, resgeygti When compared
the three methods of analysis, only two genes vehli@red between
DESeq, EdgeR and Limma (Fig 6).

The resistant larvae unexposed compared to thedaexposed
to Bt corn (rr vs rrBt), indicate 135 and 15 getiest were classified as
DEGs by DESeq and EdgeR respectively. But Limmandiddentify any
DEG for this treatment. The largest number of DEd&stified by Limma
was in susceptible larvae fed with Bt corn (SS &8t 34 genes total.
EdgeR classified 685 for this treatment and DES&Q DEGs and
compared a total of 33 genes were commonly to liheetmethods (Fig
6). Resistant and susceptible larvae both expose8ttmaize were
compared (rrBt vs SSBt) 927, 913 and 14 DEGS wdsntified by
DESeq EdgeR and Limma respectively, with 14 gehasesl between the
three methods (Fig 6). The results were not vefgrimative when the
three methods were compared for each treatmenthesdEGs from

DESeq were used for homology searches and genlgytanalysis.

Annotation of DEGs from DESeq
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We examined the genes that showed constitutiveerdifices
between the CrylF resistant and susceptible larZzen though we
backcrossed the resistant and susceptible strainerder to reduce
variance in genetic background, a large numberte&® by DESEq were
detected as reported above. Fourteen transcriptsaed as cytochrome
P450 monooxygenases and one trypsin was highlyesged in the
resistant larvae. Serine proteases, chymotrypsthABCC?2 transporter
were up- regulated in susceptible larvae. Nine sttapts coding for
trypsin and seven for serine protease was up-regllavhen the
susceptible larvae were exposure to Bt CrylF (SSSBt), and a total of
ten cytochrome P450 monooxygenases, seven chymsoirygnd five
alkaline phosphatase (ALP) were identified as doggulated genes for
this condition. The lowest numbers of DEGs ideatifby DESeq larvae
were in the treatment when the resistant larvaes e&posed to Bt corn
CrylF. Trypsin was found to be down- regulated mmrecathepsin and
chymotrypsins were up regulated in rrBt. Resistartt susceptible larvae
fed with Bt corn (rrBt vs SSBt), and it was theatraent with largest
number of DEGs, from a total of 927, 396 transeripere well annotated

such as cytochrome P450 monooxygenases with 34igsouiown-
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regulated and 9 trypsin, 12 serine protease andlefemse protein highly
expressed in the SSBt. Our data shows that trypsiase highly
expressed when the susceptible larvae were expo$dCrylF and also
expressed more alkaline phosphatase, serine pestemsd a defense
protein. However the resistant larvae had highepression of

cytochrome p450s when compared to susceptibleddfvig 7).

Discussion

Second generation sequencing technology providgsveerful
tool for analyzing transcriptome of both model am@h-model species.
However without a preliminary genome sequence déheovo assembly
of a transcriptome is still difficult (Schuster, GB). BLAST-based
annotation allows the researchers to transfer kedgd from model
organisms to non-model species. Among the gends BItAST hits,
most of them had homologs in the lepidopteran Bommbgri as well as
being a traditional model insect [21].

Some research groups have been working with diftemeethods
for the analysis of differentially expressed gefi&322,23]but no one

saying each method is the best one for such amalsyednasrollah et
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al., 2013comparing various methods concluded that the miosilas
ranking results were obtained with DESeq and edgéi;h share also
the same underlying statistical model. Also Limmd ®ESeq seemed to
be among the safest choices when the experimensrhal numbers of
replicates. Hovewer in this study Limma was highdgnservative
compared to DESeq and EdgeR, which provided mor& DEormation
for Blat2go analysis.

For DEGs results indicate that the resistant FAWaa generally
do not exhibit a strong transcriptional responsehi® CrylF protoxin
exposure. In contrast, the susceptible larvae ahatige midgut
transcriptome in response to this toxin. Chymotirybike serine
proteases and alkaline phosphatase, which are dmgnlated in
susceptible larvae after toxin exposure, includeegeputatively involved
in Bt toxin mode of action. Such responses coulddigsidered the first
line of host defense against the toxin to preventhér tissue damage.
Trypsin-like protease was up-regulate when the eptgfde larvae of
FAW were exposure to the Cry toxin. Rodriguez-Cedoret. al., 2010
using RNAI could knockdown a trypsin-like proteiraand they also

reported this proteinase is specifically involved the CrylCal toxic
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pathway inS frugiperda. Changes to Cry toxin binding sites on insect
midgut membranes have been the most commonly expdype of Bt
resistance mechanism [25-27], but changes in ttterpaof trypsin and
chymotrypsin proteinases have also been found mes®t-resistant
insect strains suggesting a major role in resigtana the alteration of
Cry protoxins activation [28-32]

We also identified several cytochrome P450 trapscithat were
differentially expressed between resistant andeqigie larvae and also
when both were exposure to Bt Corn, which iderdifimore down
regulated cytochrome P450 transcripts. These momgameases play an
important role in the degradation of insecticid@8][and were also
observed to respond to CrylAb protoxin in Lepidopti@4]. The precise
role of cytochrome P450 in Cry protoxin processsgncertain as these
enzymes are generally thought to be involved intraisformation of
Lipophilic xenobiotics [35], but may indicate general response to
environmental stress (CrylF toxin exposure). Gexgression in the
midgut of CrylF resistant larvae changes verelittl response to CrylF

toxin. These results might suggest that the toaits fto engage in the
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typical mode of action or is not capable of infligt cellular damage in
the midgut of resistant larvae.

In this study, we report a midgut transcriptome Sofrugiperda,
an economically important pest of corn in the Brazrid United State.
Since identified the specific sequence of candidgenes for S
frugiperda, from areferencial transcriptome or from the DE@&sat will
allow use it in future design of RNAI experimentstty to identify their

specific role in the CrylF resistance mechanism.
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Figure 3. Gene ontology (GO) assignments for tBefrugiperda transcriptome. GO
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Function.



71

nucleic acid binding molecular transducer receptor activity enzyme regulator
transeription factor activity

activity 2%
structural 2%
molecule
activity
2%

transporter activity
5%

Biological Process
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Figure 5. Gene ontology (GO) assignments for tBefrugiperda transcriptome. GO
assignments (level 2) as predicted for their ingeolent in Cellular
components



Figure 6. Venn diagrams representing the Comparisons déreéiftially expressed genes for each method of RN@-Limma,
EdgeR and DESeq and shared contigs between thosevs SSB: rr vs rrBt;C: SS vs SSBtD: SSBt vs rrBt.
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Table 1.Number of contigs identified as differentially esgsed in comparisons (DESeq and Limma at padjostand EdgeR at FDR<0.05)

Analysis method rrvs SS srvs rrBt SS vs SSBt rrBt vs SSBt
up down total up down total up down total up  downotak
DESeq 168 238 406 76 59 133 333 437 770 488 439 927
EdgeR 69 183 252 6 9 15 332 353 685 503 410 913
Limma 1 1 2 0 0 0 13 21 34 10 4 14
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SUMMARY

Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae) is an
important pest of maizeZéa mays L.) and many other crops throughout
the Americas. Transgenic maize expressing Crylkeprdrom Bacillus
thuringiensis has been in the market to control this insect piese 2003
However, resistance to CrylF was reported in PuReito in 2006 and
the mechanism resistance still remains uncleas $hidy evaluated the
RNA: efficiency in fall armyworm larvae using spgcidsRNA to silence

a cadherin gene. In addition, bioassays were peddrto evaluated if
cadherin is involved in the mechanism of resistaioc€rylF. Cadherin
gene expression was effectively reduced by 50%eionate larvae fed
with droplets of dsRNA (2ug/uL) after 24 hours ofpesure. Larvae
were transferred to artificial diet treated withyCF after 24 hours of
exposure with dsRNA. No differences were found leetwlarvae treated
with CrylF and controls. Indicating that this cadimen S. frugiperda
might not be involved in the toxicity of CrylF. THeNAIi to silence
genes in midgut of. frugiperda still needs to be further studied and other
potential candidates genes involved in resistaneehamism can be used

to try to identify they specific role for this inde
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INTRODUCTION

The fall armyworm,Spodoptera frugiperda (J. E. Smith) (Lepidoptera:
Noctuidae), is an important pest of maiZeg mays L.) and many other
crops throughout the Americas, including soybeattoq, rice, sorghum
and vegetables (CARVALHO et al., 2013; DA SILVA; UKCENTE,
2013; STORER et al., 2012). Transgenic maize esprgsthe CrylF
protein fromBacillus thuringiensis Berliner has been released to control
this insect pest since 2008lowever, resistance was documented in
Puerto Rico in 2006 (STORER et al., 2010). Thestaace mechanism
remains unclear and our understanding is limitecaldgck of genomic
information on this species.

B. thuringiensis (Bt) Cry toxins exert their lethal actions by
binding to receptors in insect midguts. Four midg@u protein receptors
have been described, cadherin-like proteins (CABs)inopeptidase N
(APN), alkaline phosphatase (ALP) and glycolipid®RAVO; GILL;
SOBERON, 2007; BRAVO et al., 2011; GRIFFITTS; ARMA2005).
Two models outline the Cry toxin mode of action aadsociated
mechanisms for resistance, the pore-formation hedignal transduction

models. The initial steps for both models shareilaimnitial steps
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including toxin solubilization, activation by midguproteases, and
binding to the primary receptor Cadherin (GRIFFITRROIAN, 2005;
WANG et al., 2013)

RNA interference (RNAIi) has emerged as a powedal for the
rapid analysis of gene function in a variety of amigms (AGRAWAL;
MALHOTRA; BHATNAGAR, 2004). Transgenic crops haveedn
developed to express insecticidal dsSRNAs and affeew approach for
agricultural pest control (BAUM et al., 2007; MAQ al., 2007). For
transgenic crops expressing an insecticidal dsRMA&K of direct or
indirect exposure provides an additional barriertéxicity (BACHMAN
et al.,, 2013). Lepidoptera have demonstrated viarighsceptibility to
ingested dsRNA and high concentrations are requeaesicit a response
in this Order relative to Coleopterans (HUVENNE; SGIGHE, 2010;
TERENIUS et al., 2011). Additionally, rapid degrda of dsRNA in
the hemolymph oManduca sexta has been reported and attributed to
nuclease activity, indicating that sensitivity ttNR may be influenced
by the instability of dsSRNA within the insect (GARBT et al., 2013).
Cadherin genes in Lepidoptera already have beemcstl in other

species includingMythimna separate (GRIFFITTS; AROIAN, 2005;
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WANG et al., 2013)nd Spodoptera exigua (PARK; KIM, 2013; REN
et al., 2013) Other case of silencing has been reported in logpgta
such as aminipeptidase and alkaline phosphataddamduca sexta
(FLORES-ESCOBAR et al., 2013), and trypsin i®podoptera
frugiperda (RODRIGUEZ-CABRERA et al.,, 2010). Direct
microinjection is the most commonly used procedimedelivery of
double-stranded RNA (dsRNA) into organisms. Howev8imple
more convenient means of dsRNA delivery have berploeed,
including soaking (ORII; MOCHII; WATANABE, 2003),ral feeding
(RODRIGUEZ-CABRERA et al.,, 2010), and transgenicanil
expression (BAUM et al., 2007; MAO et al., 2007).

Following the revolution in sequencing technologieshe last
decade and the resulting availability of large amtswf sequence data,
effective methods for assigning function to a gesueh as RNAI, are of
paramount importance. Unfortunately, not all speciare equally
susceptible to RNAIi. Despite recognition in theemgh community that
species differ in their sensitivity to RNAI few dapations for these

differences have been proposed and experimentgrdesito explain
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observed differences in susceptibility are rare LBES, 2010;
GARBUTT; REYNOLDS, 2012; TERENIUS et al., 2011).

This study evaluated the efficiency of RNAi$frugiperda and
the role of cadherin in CrylF resistance. To addtbe association of
cadherin in CrylF toxicity, cadherin gene exprasswas suppressed
using RNAI followed by exposure to CrylF. This studemonstrated
when the expression of this specific cadherin wggpressed in neonates
of S frugiperda did not affected in the toxicity of CrylF after Bdurs of

exposure to the toxin

MATERIALS AND METHODS

Insect rearing. A CrylF susceptibl&. frugiperda strain was used
to perform the experiments. This population waspased from BioServ
(Frenchtown, New Jersey), and has been in contswsulture since
November 1997 with regular screenings to monitordoy changes in
insecticide susceptibility. Larvae were reared ke tUniversity of
Nebraska-Lincoln using the protocol described iEEZ et al., 2013)
on artificial general Lepidoptera diet (BioServefchtown, New Jersey)

at 27°C and 80% RH under a 16 h:8 h light:dark.
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cDNA and dsRNA synthesisTotal RNA was extracted from 10
neonate larvae with RNeasy minikit (Qiagen). Thargity and quality of
RNA were determined using a NanoDrop 2000 specttmpheter
(Thermo Scientific, Franklin, MA). cDNA was synthesd from 1ug of
total RNA using aQuantitech reverse transcriptidkit (Qiagen) following
manufacturer’s instructions. Primers were desigosohg Primer3Plus
(ROZEN; SKALETSKY, 2000) and ;Tpromoter sequences were placed
in front of both forward and reverse primers (Talile The 348 bp
cadherin fragment originated from a reference taptome database of
S frugiperda larval midgut (Silva et al., 2015 unpublished). Far
negative control a 375 bp fragment of a non-spec@®FP (green
fluorescent protein) gene was amplified from th&TpY/5-his expression
vector (Invitrogen) using the gene-specific primgikgen in Table 1. After
sequence confirmation the double-stranded RNA (dSRNvas
synthesized using the MEGAScript RNAI kit followimganufacturer’'s
instruction (Ambion, Austin, TX, USA). The reactionix was incubated
for 16 h at 37° C, followed by 15 min of DNase treant. dSRNA was
purified using the RNAeasy Mini kit (RNA cleanup,ia@en) to the

manufacturer's protocol and minikit (Qiagen, Valan€A). The quantity
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and quality of dsRNA was determined using a NanpDr2000
spectrophotometer (Thermo Scientific, Franklin, M&)d analyzed by
electrophoresis (1% agarose gel) to determine ypuRtrified dsRNA

was stored at -20°C until use.

Cadherin knockdown using RNAI. Approximately 200 neonate
larvae were fed with 3 pL droplets of a 1% sucredation with 5% blue
food coloring in nuclease-free water. Each droppleintained
approximately 2 pg/uL of dsRNA (Cadherin or GFPantae were
allowed to feed on dsRNA droplets for 16, 24, 3@ 48 hours at room
temperature. Droplets were renewed every 12 hdtineck treatments
were fed with 1% sucrose solution with 5% blue fooaloring in
nuclease-free water. After exposure in each timgddled larvae per
replication were collected from each treatment. rFoeplicates per
treatment were performed. Only individuals with etveible blue coloring
integument were included for RNA extractions witiNdasy minikit
(Qiagen).

Quantitative real time PCR (gRT-PCR) and analysis b gene
expression.gRT-PCR was performed using the 7500 Fast Systam re

time PCR detection system (Applied Biosystems, éfoSity, CA, USA)
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and SYBF Green Realtime PCR master mix (Toyobo, Osaka,n)apa
following manufacturer’s instructions. Gene-specifprimers were
designed using Primer3Plus (Table 2). Template cBM#&re used as a
template and were synthesized as previously destribhe 7500 Fast
System SDS v2.0.6 Software (Applied Biosystems) weed to
determine the slope, correlation coefficients, agificiencies. The
efficiencies of the primers were evaluated usirfgl® serial dilutions (1;
1/5; 1/25; 1/125; 1/625) in triplicate. Amplificati efficiencies were
higher than 93% for all the gRT-PCR primer pairecdus this study. All
primer combinations showed a linear correlatiooveen the amount of
cDNA template and the amount of PCR product (T&)leqRT-PCR
cycling parameters included, a start at 94 °C fomiin followed by 40
cycles of 1 min at 94 °C, 30 s at 60 °C, and 40 &a°C. At the end of
each PCR reaction, a melt curve was generatedhforrmosingle peak and
rule out the possibility of primer-dimer and noresiiic product
formation. B-actin was used as the housekeeping gene (TablEhBe
biological and three technical replicate were ugtslative quantification
of cadherin expression was calculated using thepaoative G (AACy)

method (LIVAK; SCHMITTGEN, 2001).
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Cry1lF exposure BioassayDiet bioassays were conducted in 24-
well titer plates, each well contained 1 ml of gahd.epidoptera diet
(BioServ, Frenchtown, New Jersey). Each well wasated with S
frugiperda CrylF LGy (VELEZ et al., 2013). Purified Cry1F was diluted
in 0.1% Triton-X 100 non-ionic detergent to obtamform spreading on
the diet surface. Each well was surface treateapmyying 30uL per well
and dried under room temperature laminar flow. Tiegative control
consisted of well treated with 3@ of 0.1% Triton-X 100. Control larvae
and dsRNA feed treatments were randomly divided iwo groups. One
group was placed on a negative control diet (0.X#0-X 100), and the
other group was placed on a diet containing théntdrdividual larvae
with blue integument were transferred using a fsaétbrush into each
well. Wells were covered with vented lids (BioseRgnchtown, New
Jersey), and trays were held in an incubator ar@7and 80% RH.
Bioassays were replicated three times for eachinieyat with 16 larvae
per treatment (total of at least 48 larvae peittneat).

The one-way analysis of variance (ANOVA) was used f
statistical analysis and Tukey test (at P<0.05)statistical significance

with Sigma Plot Program (version 12.0).
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RESULTS

The 348 bp cadherin sequence fr@nfrugiperda larvae was
sequenced and confirmed using BLASTX, showing t80P0 similarity
with Spodoptera litura (Fig. 1). GFP and cadherin dsRNA quality was
evaluated on agarose gel (Fig. 2). Similarly gRTRP&nplification was
confirmed by the presence of a single peak in mglturve analyses and
a specific band with expected size based on agales&ophoresis. The
primer efficiency value of cadherin primer was 9%3with a correlation
coefficient (R) of 0.997 and for actin primer the value was 93of%
efficiency and 0.999 of correlation coefficientfRTable 2).

Cadherin and GFP dsRNA in sucrose solution wereted to
neonates by drop feeding. Expression of the taygeé was monitored by
gRT-PCR after 16, 24, 36 and 48 hours of expoditer a few minutes
the larvae started to walk in direction to the detgand 12 hours later
most the larvae were with the gut completely bleig.(3). Only larvae
with blue integument were selected to qRT-PCR aod Hioassay
analysis. Cadherin expression was reduced to aagev®f 50 % relative
to water and GFP controls (p<0.05) (Fig. 4) aftéridurs of exposure

with dsRNA. However, there were no significant ei#finces of
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expression after 16, 36 and 48 hours of exposurg &). Different
dsRNA concentrations were tested (data not showad)2ag/pL after 24
hours of exposure were showed the best results.

Preliminary experiments were performed the longevitcadherin
gene suppression after dsRNA treatment. After 2drhof dsRNA
feeding larvae were transferred individually toifmitl diet without
treatment to avoid cannibalism. After 24 and 48 reolarvae were
collected to evaluate gene expression by gRT-P@&Rul indicated that
cadherin was reduced around 50% compared to wateiG&P controls
after 24 hours. However, after 48 hours larvae glibwigher cadherin
expression and there were no significant differsrfoetween treatments
(Fig 6).

CrylF Bioassays.After 24 hours of feeding with dsRNA larvae
with blue gut from each treatment were transfeedhe artificial diet
treated with pure CrylF toxin (20@g/cn?). The following day the
majority of larvae treated with CrylF were dead ah treatment

compared to the negative control (Fig 7).
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DISCUSSION

RNAIi has been used for investigating the functidnseveral
genes in different Lepidopteran species (BELLES1®0 RNAI
silencing inS. frugiperda, has been previously used to investigate the
role of neuropeptide genes in the regulation of dlgmph juvenile
hormone during different insect life stages (GRIER. et al., 2008;
MEYERING-VOS et al., 2006). In addition of genevatved with B.
thuringiensis toxicity (RODRIGUEZ-CABRERA et al., 2010) as
reported in this study.

Several dsRNA delivery methods were tested inclgdin
microinjection and surface treating artificial dielata not shown). With
microinjection the mortality was too higthe possibility of damage and
loss of body turgor pressure in larvae due to tigaccould be a limiting
factor in the application of this method. The expents with dsRNA in
artificial diet did not show constant results, vagyit in each repetition.
While the droplets method provided a significantréase (50%) on
cadherin expression and low expression (50%) lewel® detected after
two days of exposure, the results were constaeaahn repetition. Similar

results were obtained in a different study, wheona¢e larvae were fed
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with a single dose of dsRNA at a concentration afyauL and 1 hour of
exposure then moved to leaf disks (TOPRAK et &1.3).

When dsRNA delivery method was established, various
concentrations of dSRNA were tested bytgZul was the best result in
silencing. Several paper report that large amoahtisRNA (>3pug/ul)
are necessary to reduce gene expression in LepidopfERENIUS et
al., 2011), RAJAGOPAL et al., 2002 and SIVAKUMAR et al., 2007
showed silencing of a midgut aminopeptidase gemnglired 4 and 6
ug/uLl of dsRNA/larva injected to fifth insta®. litura and Helicoverpa
armigera respectively. However, results with lower concatitns
reported effective silencing of several immuneterlagenes itManduca
sexta by injection of 100 ng of dsRNA in fifth instar rieae
(ELEFTHERIANOS et al., 2006). Similarly, (TURNER ef., 2006;
YANG et al., 2010yeported approximately 25 % - 50 % reduction in the
expression of gut carboxylesterase and aminopegidenes two days
after feeding dsRNA to thirst instdpiphyas postvittana (1 pg) and
Diatraea saccharalis (250 ng) larvae, respectively. This study supports
the idea that RNAI requirements may vary accordmghe method of

delivery, the efficiency in up take of dsRNA by tbells, the target gene,
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the insect species and the developmental stage BNNE; SMAGGHE,
2010; TERENIUS et al., 2011). Also genes expressdower levels may
be targeted more efficiently than genes expresséigher levels by the
same doses of dsRNA,; thus, it may be necessargtimiae the amount
of dsRNA for each gene (TOMOYASU; DENELL, 2004).

The low expression of cadherin after 24 hours &N& exposure
could indicate that dsRNA is degraded after 24 fioline midgut of most
Lepidoptera larvae is a hostile environment for RWAcause of its
alkaline pH and the presence of high RNase acti(iTEERRA,
FERREIRA, 1994). IBombix mori larvag a midgut dsRNAse has been
implicated in interfering with RNAIB. mori larval midgut juices were
mixed with dsRNA and complete degradation of dsRN&s observed
after 24 hours (LIU et al., 2012However, the specific mechanisms
involved in systemic RNAI and its persistence atdl ot well
understood. In this study continuous feeding ofag® larvae with 1Qg
of dsRNA was tested (data not shown) and did nsulted in an
improved gene silencing. However, previous studgh Ostrinia
nubilalis reported a reduction chitinase expression by & 60ith a

continuous feeding (KHAJURIA et al., 2010).
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In this study, larvae treated with cadherin dsRNHoived by
CrylF exposure did not exhibited decreased susukgtito CrylF
compared to controls. However, other studies regothat cadherin
dsRNA affected the susceptibility & exigua to CrylCa and CrylAc
toxins (REN et al., 2013), arddythimna separata to CrylAb (WANG et
al., 2013) In a different study, a cadheri frugiperda fragment
increased toxicity to CrylF ir& frugiperda larvae in a synergism
bioassay experiment indicating that cadherin midlet a receptor
(RAHMAN et al., 2012). However, under our experirneanditions and
for this specific cadherin sequence, the dsRNA dat affect the
susceptibility ofS frugiperda larvae to CrylF. One of the possibilities in
the differentiation of results might be a difereptat of the gene used to
make the dsRNA or the Cry1F protein used.

The bioassays performed in this study demonstrafifidient
delivery of dsRNA taS. frugiperda neonates with a decrease in cadherin
expression after 24 hours of exposure. This typbioassays could be
used in future RNAI experiments with frugiperda to understand the
resistance mechanism of Bt toxins or to determime function of a

candidate gene.
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Table 1.General information of the primers for initial P@Ralyzes

Gene name Primer Name Primer Sequences for gRT-PCR (5-3") Product length (bp) Tm (°C)
Cadherin Cadh.2-F ¢ GCACACGACAGAGATGAACC 348 60
Cadh.2-R (F) CTATGGCACGCTCCCTAGAA
GFP GFP-F (3) GGTGATGCTACATACGGAAAG 375 60
GFP-R () TTGTTTGTCTGCCGTGAT

Table 2.General information of the primers for qRT-PCRIgines

Gene name Primer Name Primer Sequences for qRT-PCR (5°-3") Product length (bp) Tm (°C)  Eff (%) R?

Cadherin Cadh.2-F GCACACGACAGAGATGAACC 348 60 95.3 0.997
Cadh.2-R CTATGGCACGCTCCCTAGAA

B-Actin* Actin-F CGGTATCGTGCTGGACTCCGGTG 150 60 93.0 0.999
Actin-R GAGTAACCCCTCTCGGTGAGGATC

*Rodriguez-Cabrera et al (2010).
E: Amplification efficiency; B: Correlation Coefficients
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Score Expect Identities Gaps Strand
411 hits(222) de-111 288/321(90%) 0/321(0%) Plus/Minus

Query 1 GEITGAGCCAGLAGTIGEEARCACRRACACCOETGARTGLARGTTGTATGLCCTGACGET 60
FEVEEEEEETEE PR e e e e e e e e e e e e e e e e
Sbjct 3510 GEITGAGCCAGGCGITGGGAACACAAACACCGETGRAATGGAAGTTGTATGLCCTGACGET 3451

Query &1 TAGTTGATAGEICTCOAATGART CCAGCATCGERACACCET GETCARACGCACGTIATICIC 120

NN N A NNy
Sbjct 3450 TAGTTCATAGGICTCGATIGAATACAGIGGCGGCTCACCGIGETCARACGCACGTATTIC 3381

Query 121  GRCATCATAGGTGCCCCAGIATCCTCTAAGRICCATGGTAGTCTCCRACTCTCCAACGRR 130
PO CEREEEEEE e e e e e e e e e e e e e e Fer e ey i
Sbjet 3390 GACTICATAGGIGCCCCAGIATCCICTAAGRTCCATGGTAGTCACCRACTCTCCTACGRR 3331

Query 181 TTTCCAGGTATCGAGATCATCRATCGITATTATTTIGAATGGATCTTGAGGAAGCTCGAT 240

FLEEEeer e e e e e e e e e e e e
Sbjct 3330 TCTCCAGGTTTCGARATTACTAATCGITTCTATTTTGAATGGATCTTGAGGAAGTTCAAT 3271

Query 241 GICICTATTGATCAATITGATCGATCGAATTICATATCCCACGCGRAGAGTIGICGITGRA 300
FEVEEEEEEEErr e eer e Perre e e e e ey [l
Sbjet 3270 CICICTATTGATCAATGIGACTGATAGAATTTCATATCCGACGCGAGAGTTGTITGAGRR 3211

Query 301 IGGTTCATCICIGICGIGIGC 321

FEELELERELETTTETinrn
Sbjct 3210 TGGITCATCTCTGICGIGIGC 3140

Figure 1. Cadherin sequence fro frugiperda was indentity in 90% withS. litura

Sequence IDgb|JN687590.19n Blast.

300 bp

Figure 2. dsRNA quality in 1% agarose gel. Molecular maketlkb from Invitrogen
(lanes 1); dsRNA of purified GFP (lanes 2 and 3RMNA of purified
Cadherin (lanes 4 and 5).
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A

Figure 3. CadherindsRNA (2ug/pL) droplet feeding. A: Petri dish wigaper filter,
droplets of dsRNA; B: Droplet with blue food dye; & frugiperda larvae
with blue gut after drinking dsRNA solution withua dye.
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Figure 4. Relative Cadherin expression after 24 hours of dsRNA exposuifgactin
was used as housekeeping gene. Values representtres and the error bars
indicate the standard deviation of four replicabéssamples containing 10
neonates. Different letters indicate significarifediences in the expression
level (ANOVA, Tukey Test, p<0.050).
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Figure 5. RelativeCadherin expression after 16 (A), 36 (B) and 48 hours (CJsRNA
exposure. B-actin was used as housekeeping gene. Values esprése
means and the error bars indicate the standaraititaviof four replicates of
samples containing 10 neonates. Different lettemdicate significant
differences in the expression level (ANOVA, TukessT, p<0.050).
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Figure 6. After 24 hours of exposure with dsRNA, larvae with blue integument were
individually placed to wells with artificial dietithout treatment and collected after 24
hours A) and 48 hoursH) for qRT-PCR analysis expressiovialues represent the
means and error bars indicate the standard dewiaticfour replicates of samples
containing 10 neonate larvae. Different indicagn#icant differences in expression
levels (ANOVA of t-test, p<0.050).
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Figure 7. CrylF mortality after exposure @adherin dsRNA. Mortality was recorded
24 hours after exposure to CrylF. Values reprebenteans and error bars
indicate the standard deviation of three replicattsamples containing 16

larvae. Different indicate significant differences expression levels
(ANOVA of t-test, p<0.050).



