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RESUMO

As plantas estdo presentes em dois ambientes dgrsimultaneamente, sob
constante ataque de herbivoros foliares na pama &de herbivoros de raiz no
subsolo. As vias de defesa da planta desempenhmhip@ortante na mediacéo de
respostas a estes ataques. Visando entender rasllioteracdes existentes entre
estes sistemas e suas interacdes, examinamos lodgapefesa da planta com
estimulacéo por meio de indutores de defesa (l#dicile metila e Jasmonato de
metila) na parte aérea, sobre as interacoes ititsdentre plantas, herbivoros e
nematoides entomopatogénicos. Com nosSs0S expevsnegmicontramos que a
herbivoria na parte aérea do milho, assim comdirmawacdo das vias de defesa do
acido jasmodnico e do acido salicilico, nas cultdasmilho e citros, recrutam
nematoides entomopatogénicos no subsolo. Além,dids®ervamos que plantas
produzem volateis especificos para mediar estaitaeeento em citros. Outros
fatores observados foram o efeito das diferentesedale indutores sobre o
comportamento dos nematoides entomopatogénicos,coem o efeito desses
indutores nas distancias de recrutamento dos medassgs resultados sugerem um
papel amplo para a sinalizacdo no subsolo nas@ites tritroficas, enfatizando a
conexao existente entre a parte aérea e o sistelinalar das plantas mediadas por
vias de defesa da planta, e apontam para novagegiis para melhorar o controle
bioldgico de pragas subterraneas com nematoidesiepatogénicos.

Palavras-chave: Nematoides entomopatogénicos. Interacdes trizmfivias de
defesa da planta. Inimigos naturais.



ABSTRACT

Plants inhabit two dynamic environments simultarsbgufacing attack from
foliar herbivores aboveground and root herbivorglewground. Plant defense
pathways play a critical role in mediating resp@ngethese attacks. Here, we
examine the role of plant defense pathway stimaagiboveground with Methyl
Salicylate and Methyl Jasmonate on the tritrophteractions between plants,
herbivores, and entomopathogenic nematode natoeahies belowground. We
find that aboveground herbivory in corn and stirtiola of the jasmonic acid
and salicylic acid pathways in corn and citrus cecruit entomopathogenic
nematodes belowground. Further, we implicate aipénduced plant volatile
as mediating this recruitment in citrus. Additibtmawe explore the effect of
elicitor dose and nematode release parametergiafferematode recruitment to
elicitor treated corn seedlings. These results esigga broad role for
belowground signaling in tritrophic interactionsmghasize the connection
between the above and belowground parts of plantseaiated by plant defense
pathways, and point to novel strategies for entmgndiological control of
subterranean insect pests with entomopathogeniatoeies in the field.

Keywords: Entomopathogenic nematodes. Tritrophic interastiétiant defense
pathways. Natural enemies.
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1 INTRODUCTION

Plants, given their immobility, have developed diffnt ways of
interacting with their environment and defendingiagt attack. One of the
primary means by which plants interact and commateicwith their
environment is through the release of organic vi@st These volatiles are
often released in response to specific stimuli ead be utilized directly to
repel or attract herbivores or indirectly throughtraction of natural
enemies of those herbivores as a means of defBIBKETT et al., 2000;
DE MORAES; MESCHER; TUMLINSON, 2001DICKE; DIJKMAN,
1992; DUGRAVOT; THIBOUT, 2006; HARE, 2011; HEIL, 286;
KESSLER; BALDWIN, 2001; TRIGO; PAREJA; MASSUDA, 2Q)
Indeed, these indirect defenses can often be effibi induced; plants can
synthesize and release herbivore induced plant tileda (HIPVS)
immediately after damage by an herbivore, or motewly over
time (HEIL, 2008). Additionally, the nature andopluction of these HIPVs
can vary in accordance with the specific herbivoreplant species under
attack (ARIMURA; MATSU; TAKABAYASHI, 2009; DICKE;
BALDWIN, 2010).

Release of these HIPVs is mediated kantpdefense pathways.
These plant defense pathways can be induced byvoeybor through the
use of synthetic elicitors (FARMER; RYAN, 1990; PKRet al., 2007).
While there are many defense pathways that intewdthin the plant,
among the most well known are the salicylic acithpay, which regulates
plant responses to biotrophic pathogens, and thmgaic acid pathway,
which regulates plant responses to herbivory (THRLEt al., 2002;
THALER; HUMPHREY; WHITEMAN, 2012). Stimulation of hese
pathways can result in augmentation of direct deésnor indirectly attract
natural enemies of herbivores (THALER, 1999).
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Plant release of volatiles can be used to attrattiral enemies of
herbivores above and belowground. Belowground,atigls released
following herbivore attack can attract entomopatrtg nematodes for
control of belowground root herbivores (RASMANN ak, 2005; VAN
TOL et al., 2001). While these nematodes can bdqudarly recruited by
specific herbivore induced plant volatiles belowgnd, they are influenced
by other plant volatiles (BIRD; BIRD, 1986; CHOO at., 1989; LEI,
RUTHERFORD; WEBSTER, 1992; VAN TOL et al., 2001)damolatiles
released by insects such as G@d those from insect feces (BIRD; BIRD,
1986; CHOO et al., 1989; GAUGLER et al., 1980; HAIM et al., 2011;
LEl; RUTHERFORD; WEBSTER, 1992; LEWIS; GAUGLER,;
HARRISON, 1993; WANG; GAUGLER, 1998). After recting to these
cues, EPN enter their insect larvae hosts and gifgite endosymbiotic
bacteria (KAYA; GAUGLER, 1993). The bacteria therultiply and kill
the host while the nematode completes its lifecyated feeds on the
bacteria (KAYA; GAUGLER, 1993). When resources aefficiently
depleted in the insect host, third instar infectjweenile EPN emerge from
the insect cadaver in search of new hosts (KAYA;WBALER, 1993).

Given the efficiency and efficacy by which entomtisgenic
infective juveniles seek out and kill subterrandnbivores, they are often
considered an attractive option for biological gohtand have been shown
to be effective against a variety of insect pestsriyptic and subterranean
environments (GAUGLER; KAYA, 1990). This controlowld be
enhanced, however, by using knowledge of the fphifo interactions
between plants, herbivores, and entomopathogenimatmes to design
control strategies involving stimulation of planefdnse pathways and

release of plant volatiles.
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1.1 Objetivo geral

Estudar as interacdes existentes entre a part@ a@® plantas e o
sistema radicular enfatizando o papel da defesaptiagas estimulada por
indutores de defesa sobre as interacGes tritréBodaie plantas, herbivoros e

nematoides entomopatogénicos.

1.2 Objetivos especificos

Artigo 1: Investigar o efeito da ativacdo da via de defesgddo
salicilico por meio da aplicacdo foliar do elicitealicilato de metila no
recrutamento de nematoides entomopatogénitemernema diaprepegm
plantas de citros.

Artigo 2: Investigar a interacao tritrofica entre plantasrdino tratadas
com indutores de defesa, adultos Dé&brotica speciosae o nematoide
entomopatogénicbleterorhabditis amazonensis.

Artigo 3: Explorar o efeito das distancias de liberacadNH®, danos
nas plantas e aplicacdo exdgena de indutores dsadsbbre o comportamento
dos nematoides entomopatogénitteterorhabditis amazonensisn plantas de

milho.



19

2 REFERENCIAL TEORICO

2.1 Interacdes inseto-planta

As plantas estdo em constante evolucdo, devidoreéssdes sofridas
pelos fatores bidticos e abidticos do meio. Elass@d simples vitimas passivas
do ataque de herbivoros, pois possuem um arsemdfdsas fisicas e quimicas
(RASMANN et al., 2005). Dentre as defesas fisicademos citar os espinhos,
tricomas ndo glandulares, cristais de oxalato deiogasilica (BAUR et al.,
1999; COOPER; GINNETT, 1998; MASSEY; ENNOS; HARTLEY?006;
RUIZ; WARD; SALTZ, 2002; TRIGO; PAREJA; MASSUDA, 2@2). Quanto
as defesas quimicas, para seu desenvolvimentoegssuao ambiente onde se
encontram, as plantas produzem compostos priméuesatuam diretamente no
seu crescimento e desenvolvimento, além dos coogaescundarios, que sao
responsaveis pela defesa da planta (TRIGO; PAREIXSSUDA, 2012). Os
compostos secundarios, também denominados semiiegsiou infoquimicos,
sdo responsaveis por mediar as interacBes entrnisngos, sendo estes
chamados de feromdnios quando essas interacdagmeorentre individuos da
mesma espécie, e aleloquimicos quando entre indigide diferentes espécies
(DICKE; SABELLIS, 1988; NORDLUND; LEWIS, 1976; TRIG; PAREJA;
MASSUDA, 2012).

Os aleloquimicos sédo classificados de acordo corformma que
influenciam as espécies envolvidas em: aloménidstaapositivamente o
emissor e negativamente o receptor), cairomonideta(anegativamente o
emissor e positivamente o receptor) e sinoménifeta(gositivamente ambos),
ressaltando-se a importancia de que o efeito dessagostos é dependente do
contexto estudado, podendo um mesmo composto apaeseultiplos efeitos
(TRIGO; PAREJA; MASSUDA, 2012). As classes de cosips secundarios
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importantes em interacdes inseto-planta sdo: adiesp glicosideos
cianogénicos, glicosinolatos, compostos fendlitespenos e alguns derivados
de acidos graxos (TRIGO; PAREJA; MASSUDA, 2012).

De acordo com Karban e Baldwin (1997) as plantdizarh diferentes
maneiras para diminuir os efeitos ou o proprio @ados herbivoros de forma
direta (contexto bitrofico), ou indireta, atrainsieus inimigos naturais (contexto
multitr6fico). Segundo Trigo, Pareja e Massudal@0as plantas apresentam
dois tipos de defesas quimicas (Figura 1): cornistits, sempre presentes,
mesmo na auséncia de estresse, ou induzidasaksrgue ocorrem na planta

apos sofrerem algum tipo de estresse.

Figural Classificacdo das caracteristicas de defesa dasries categorizadas
de acordo com o seu modo de interacdo com os inseto

| Classificacao das Caracteristicas de Defesa

[ Morfolégicas e Estruturais ] [ Bioquimicas e Ecolégicas ]

Constitutiva l Induzida
Defesas Diretas Defesa Direta u Defesa Indireta l

lAmixenose [Amibiose ][ Tolerancia ][Antixenose ]I Antibiose ]l Interacdes [ Modulacao

s comportamental
TGRS do herbivoro

Fonte: Modificado de Schaller (2008)

Um dos fatores mais importantes das relacfes msieens e plantas é o
alto grau de especializagdo alimentar encontratte es insetos, podendo estes
serem classificados em: espécies mondéfagas, qualtséiente especializadas,
alimentando-se apenas de um género ou espéciaita;pkspécies oligéfagas,
especializadas em apenas uma familia de plantasspécies polifagas ou
generalistas que se alimentam de muitas espéciedifdeentes familias
(SCHOONHOVEN; VAN LOON; DICKE, 2005; TRIGO; PAREJA;
MASSUDA, 2012). Para selecionarem as plantas gemerstacdo e oviposi¢ao,
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os herbivoros consideram as caracteristicas figicapiimicas das mesmas
(DETHIER, 1947; FRAENKEL, 1959), desenvolvendo nmesmos para
reconhecer e encontrar sua planta hospedeiraaritess plantas ndo apropriadas.
Entre os mecanismos utilizados na interacdo desedifes organismos com as
plantas podemos destacar as substancias voldieiadas pela planta (TRIGO;
PAREJA; MASSUDA, 2012). Os insetos respondem dereliftes maneiras aos
compostos volateis liberados pelas plantas. Dedaccom Dethier, Browne e
Smith (1960) os compostos quimicos podem ser fitmskds de forma
diferenciada de acordo com o comportamento prowogamb insetos, sendo
considerados atraentes quando estimula o insetonaosimentar em direcdo a
fonte de estimulo, repelente quando o inseto dastan da fonte de estimulo,
estimulante quando estimula a alimentacdo ou dgfose deterrente quando
inibe oviposicéo ou alimentacgéo.

Price et al. (1980) sugeriram que as interacOe® gitantas e insetos
herbivoros nédo ocorrem de forma isolada e que @atender a evolucdo dos
compostos secundarios é necessario considerar textmrecolégico do local
onde essas interacdes ocorrem. Os compostos seiosndas plantas podem
influenciar os insetos de diferentes maneiras, iherts especialistas ao se
alimentarem de plantas téxicas podem utilizar ampmstos produzidos por
essas plantas em beneficio proprio, os predadopesasitoides dos herbivoros
podem utilizar sinais quimicos das plantas paramnar locais de forrageio
com alta probabilidade de encontrar a presa, aggslgpodem interagir entre
elas por meio de sinais quimicos e essa interapde afetar os herbivoros e os
inimigos naturais desses herbivoros (TRIGO; PARENISSSUDA, 2012).
Muitos compostos secundarios sdo armazenadosradim ao ambiente como
compostos organicos volateis (COV), esses compastlddeis liberados por
plantas (flores, partes vegetais e raizes) saariashumerosos ultrapassando
1000 (DUDAREVA et al., 2006; PICHERSKY: NOEL; DUDARV/A, 2006). E
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conhecido que a quantidade e a qualidade de CQafalilos pelas partes
vegetais e raizes podem mudar quando a planta ificdda, enquanto a
liberacdo pelas flores ndo sofre alterac6es, padregar de uma liberacao é
ontogeneticamente programada (FARMER, 2001; HEQQ82 TUMLINSON;
PARE; LEWIS, 1990; TURLINGS et al., 1995). Além slis os COVs induzidos
pela herbivoria podem repelir ou atrair os herlgoralém de servir de
orientacdo para as defesas indiretas (BIRKETT.e2@00; DE MORAES et al.,
2001; DICKE; DIJKMAN, 1992; DUGRAVOT; THIBOUT, 20QKESSLER,;
BALDWIN, 2001). Entre os COVs podemos destacar okteis de plantas
induzidos pela herbivoria (VPIH), que sé@o os congmositilizados como sinais
para orientacdo dos inimigos naturais de onde wrsedpresa ou hospedeiro)
estara disponivel (DICKE; SABELIS, 1988; ELZEN; WIAMS; VINSON,
1983; HARE, 2011; TUMLINSON; TURLINGS; LEWIS, 1992URLINGS et
al.,, 1991). Essa atragdo de inimigos naturais éiderada uma defesa indireta
da planta, reduzindo o impacto dos herbivoros aatpl(HEIL, 2008; TRIGO;
PAREJA; MASSUDA, 2012).

Para detectar os sinais quimicos liberados pelastgd, os inimigos
naturais enfrentam um conflito entre detectar asisie confiar nos mesmos,
sendo os odores liberados pelos herbivoros ossgimais confiaveis do que os
liberados pelas plantas (VET; DICKE ,1992). De doazom Heil (2008), VPIH
sdo mediadores do complexo de interacdo plantdvoans, dando para a planta
a oportunidade de uma sintonia fina de defesa nmanto que a mesma
necessita (Figura 2). A quantidade e a qualidad®& Rl que sado liberados
pelas partes vegetativas e raizes de plantas psdéer grandes mudancas
quando as mesmas sdo danificadas (FARMER, 2001; LTINSON; PARE;
LEWIS, 1990; TURLINGS et al.,, 1995), variando deor@o com a espécie
herbivora, a quantidade atacada, a espécie vegetabm as condicdes
ambientais locais (HARE, 2011). Zakir (2011) ressalinda que, o risco da
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herbivoria para a planta pode ser reduzido pet#éefiia da mesma em produzir
VPIH em resposta ao ataque de herbivoros. Dicke, Man e Soler (2009)

sugerem que estudos com VPIH envolvendo interagdies plantas e multiplos
atacantes devem considerar analises de biologmicpie molecular para serem

melhor explicados.

Figura2 Volateis de plantas induzidos pela herbivia (VPIH),
associados as interacdes entre diferentes organissroeceptores
de sinal) ao redor da planta
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Fonte: Dicke e Baldwin (2010)

A liberacdo de COVs pode ser diferente entre edianoite (KUNERT
et al., 2002; LOUGHRIN et al., 1994), e a produgé&gses compostos podem
ser limitados tanto pela luminosidade, fertilidade solo (GOUINGUENE;
TURLINGS, 2002; SCHMELZ; ALBORN; TUMLINSON, 2003)ugnto pelo
estresse hidrico (VALLAT; GU; DORN, 2005). Hormosiproduzidos pelas
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plantas durante os danos por herbivoros tem relsig&ogica e antagbnica na
interagdo com os herbivoros, podendo aumentar mingir a expressdo dos
COVs (ARIMURA; MATSU; TAKABAYASHI, 2009; LEITNER; BOLAND;
MITHOFER, 2005; MITHOFER; BOLAND, 2008; ZHANG et.al2009), que
podem ser liberados imediatamente apds os dangsamio outros compostos
séo liberados de forma mais lenta (HEIL, 2008). Aiaria dos COVs séao
novamente sintetizados apés os danos e seus nigtmbolkiginais séo
geralmente bem definidos (DUDAREVA et al., 2006; R TUMLINSON,
1997; PICHERSKY; NOEL; DUDAREVA, 2006).

2.2 Interacdes nematoides-planta

O comportamento dos nematoides séo governadosupoiogensacoes,
termosensacBes e mecanosensacdes para obter gesrsobre o ambiente e
as estratégias de forrageamento a serem utilizgdaspodem ser Ambush ou
Cruise (LEWIS et al, 2006). Nematoides entomopataps com
forrageamento Cruise, locomovem-se por meio de memwios lineares, com
tipicos intervalos para busca na auséncia de pissgciadas ao hospedeiro
(LEWIS; GAUGLER; HARRISON, 1993; POINAR JUNIOR, 18P Os que
apresentam forrageamento Ambush respondem as pmlstaslateis para o
contato com o hospedeiro, sendo essas respostaEssap somente quando o0s
nematoides estéo parados (LEWIS et al., 2006).

A utilizacdo de nematoides entomopatogénicos pamtrole de pragas
requer um bom entendimento sobre os agentes deleobiolégico e ecoldgico
para otimizar o efeito do nematoide sobre a prdgAUGLER; LEWIS;
STUART, 1997; KOPPENHOFER; FUZY, 2008). Lewis et(a@D06) sugeriram
gue o comportamento de busca dos nematoides enabogépicos pelos

hospedeiros é mediado por pistas do hospedeirooocantbiente do mesmao.
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El Borai et al. (2012) destacaram em seus expetoaenalta complexibilidade
do controle bioldgico e ilustraram a importanciaatobiente e das interacdes
entre os varios niveis troficos para entender andica de predador-presa, e que
embora o alto nimero de pragas em alguns ambipasss: ser limitante para o
controle bioldgico, as condicdes fisicas locaiofaveis para endemias naturais
podem auxiliar na reducao de surtos de pragas.

Pistas emitidas por plantas danificadas por insgémsam informacdes
mais especificas sobre a presenca do hospede@s;pstas quimicas podem
mostrar aumento na atracdo e infeccdo por nematadéomopatogénicos
(RASMANN et al., 2005; VAN TOL et al., 2001). Estvslcomprovaram que
pistas emitidas por raizes de plantas podem inflaero comportamento de
nematoides entomopatogénicos (BIRD; BIRD, 1986; CH& al., 1989; LEI;
RUTHERFORD; WEBSTER, 1992; RASMANN et al., 2011; NAOL et al.,
2001), sendo os mesmos atraidos ndo s6 por dasosizas, momento que
ocorre a liberacao de sinais de alerta pelas @gB@FF; VAN TOL; SMITS,
2002; VAN TOI et al., 2001), mas também devido sess hospedeiros e por
meio da associacdo de pistas f@&fezes) (BIRD; BIRD, 1986; CHOO et al.,
1989; GAUGLER et al., 1980; HALLEM et al., 2011; LERUTHERFORD;
WEBSTER, 1992; LEWIS; GAUGLER; HARRISON, 1993; WANG;
GAUGLER, 1998). Estudo realizado por El-Borai et &012) sobre a
influéncia da textura do solo sobre a persisténefigacia e habilidade dos
nematoides entomopathogénicos revelou a forteénélia do ambiente e de suas
interacBes no sucesso do controle biologicBidgrepes abbreviatusa cultura
do citros, com nematoides entomopatogénicos. Estidolfatometria realizado
por Van Tol et al. (2001) revelaram que raizesldetas danificadas por larvas
de besouro liberam exudatos que atraem nematoatesifas com funcédo de
pedir ajuda contra a herbivoria. Riemens, Zooraa Vol (2003) investigando

0s sinais de ajuda presentes em exudatos de ddnédicadas por herbivoros,
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também evidenciaram que compostos volateis solUeeis agua atraem
nematoides entomopatogénicds. (megidiy para raizesThuja occidentalis
danificadas por herbivoro®fiorhynchus sulcatys

Soler et al. (2012) em estudo envolvendo interagddse plantas e
organismos associados, observaram que raizes asaqad herbivoros séo
importantes iniciadores das defesas diretas eeiiadirdas plantas. Mesmo fato
observado por Rasmann et al. (2005) em estudosDiabrotica virgifera na
cultura do milho, observaram que, as raizes dawlifis liberam sesquiterpenos e
atraem nematoides entomopatogénicos que atuam solpepulacdo dessa
praga. Hiltpold et al. (2011) estudaram tambémuitui@ do milho, os volateis
sintetizados e liberados pelo sistema radicular cotaque de Diabrotica,
observaram o recrutamento dos nematoides entongyHratos.

Pesquisadores da Florida-EUA, estudando nemateidemopatogenicos
no controle de larvas deiaprepes abbreviatusm citros, relataram que plantas
infestadas pela praga foram mais atrativas aos to&lea do que as larvas
isoladas e as plantas ndo atacadas (ALI; ALBORNELBEVSKI, 2010). Eles
também detectaram por meio de andlises de GC-M@8n@tografia gasosa
acoplada ao espectrobmetro de massa) dos compotitess; a presenca de alguns
terpenos somente em plantas atacadas pela pragdyindo que as raizes do
citros em estudo liberaram volateis especificosccama defesa indireta em
resposta a herbivoria d& abbreviatuse que alguns desses volateis tém a fungéo
de atrair nematoides entomopatogénicos (ALI; ALBQRSVELINSKI, 2010,
2011). Estudos publicados por Ali, Alborn e Stdin€2011) com diferentes
variedades de citros, concluiram que as espéciesvalmeraveis a nematoides
fitopatogénicos possuem custos de defesa reduzpdosemitirem volateis
somente quando necessario, quando os herbivoroamatePor outro lado,
espécies ndo suscetiveis investem mais em defasttutiva, apresentando um

maior custo associado a atracdo de patdgenos.|Aoadenduzido por Boff, Van
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Tol e Smits (2002) com nematoides entomopatogéibeterorhabditis megid)s

e duas espécies de plantas, demonstrou que osdsjunfttivos sdo altamente
estimulados na presenca de raizes atacadas e ”é@meioe atraidos na
combinacédo entre a larva (herbivoro) e raiz. Osrasittambém observaram que
eles sdo capazes de distinguir entre danos meséamidados por herbivoros nas
raizes, deixando de forma implicita uma forte agéo tritr6fica envolvendo a
planta, o inseto herbivoro e 0 nematoide entomgpatoo Estudos envolvendo
engenharia genética bioguimica e molecular buscamaltivares capazes de
liberar VPIH conhecidos para o recrutamento de t@ides entomopatogénicos
para proteger raizes de danos causados por hebi(@EGENHARDT et al.,
2009; DEGENHARDT; HALL; LYNSKEY, 2003; HILTPOLD edl., 2011).

2.3 Indutores como potencializadores de defesa das ptas

As plantas pertencem de forma simultanea a doiseaels distintos, a
parte aérea e o solo. Enquanto na parte aéreamsphecessitam ao mesmo
tempo que realiza a fotossintese se defender dévbrs, patdgenos e outros
competidores, no solo ela precisa absorver agudriemes além de lidar com os
ataques subterraneos. A evolucao da diversidagkadas também e influenciado
pelos ataques sofridos pelas mesmas, tanto na geEma (AGRAWAL, 2012)
como no sistema radicular (MARON, 1998; VAN DAM,@20 VAN DAM et al.,
2003). A parte aérea e o sistema radicular dasagladio interligados e estdo em
constante comunicacao. Herbivoros se alimentandustiEma radicular induzem
defesas na parte aérea (VAN DAM, 2009), ao mesmpdesm que herbivoros se
alimentando da parte aérea da planta influenci@engportamento de herbivoros
do sistema radicular (MASTERS; BROWM, 1992). Esfeftos ndo precisam ser
reciprocos ou equivalentes, sendo que em algumaac@s a herbivoria

subterranea pode estimular respostas tanto n& i@®nto na parte aérea e, por
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outro lado, a herbivoria acima do solo pode promosspostas somente na parte
aérea (KAPLAN, 2008).

Os danos na planta, acima ou abaixo do solo, pdivieeos ou
patdégenos, pode induzir respostas especificas lnasap mediadas por vias
defesa. Essas vias s@o inumeraveis, inter-reladdsna diversificadas sendo as
duas vias predominantes, a via do acido salic(Ni® de resisténcia sistémica
adquirida) e da via do acido jasmoénico (via octadeide) (THALER, 2002). A
via do acido salicilico € mediada pelo acido datiwi que € um hormonio
vegetal que é responséavel por induzir as princigeiesas contra patégenos que
se alimentam de tecidos vivos (THALER; HUMPHREY; WHMAN, 2012).
Por outro lado, a via do acido jasmdnico, predontErmente mediada pelo
acido jasmoénico, é responséavel por induzir defesaga herbivoros (THALER,;
HUMPHREY; WHITEMAN, 2012). Essas vias defensivas ondao
independentes e podendo ocorrer cross-talk de fantagdnica entre elas
(THALER, 2002). Enquanto essas vias defensivas kdatgs podem ser
induzidas diretamente com a infeccdo patogénicadanps por herbivoros,
resposta de defesa semelhante pode ser induzidagpmpostos organicos
volateis produzidos por insetos ou outras plantasatoavés da aplicacdo de
indutores de defesa como salicilato de metila easmpnato de metila
(FARMER; RYAN, 1990; PARK, 2007).

Os produtos produzidos apo6s a inducdo dessas widsnp conferir
maior resisténcia aos patdgenos e aos herbivoALER, 2002) alterando a
palatabilidade da planta para os herbivoros owtaado inimigos naturais
com a liberagdo de compostos organicos volateisA(ER 1999). A atracao
de inimigos naturais através da liberacdo de visl@e plantas induzidos pela
herbivoria é um fendmeno j& conhecido tanto naepa#drea (KESSLER;
BALDWIN, 2001; TURLINGS; TUMLINSON; LEWIS, 1990) canto no
subsolo (ALI; ALBORN; STELINSKI, 2010; RASMANN, 2005), onde
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nematoides entomopatogénicos sdo recrutados par deeipistas induzidas
pela herbivoria. Em citros, sendo danificado pelaruncho Diaprepes
abbreviatus induz a liberacdo de pregeijerene que recrutamateedes
entomopatogénicos que se desenvolvem no intergsadmesma praga (ALI;
ALBORN; STELINSKI, 2010, 2011). Da mesma forma, awdtura do milho,
sob ataque do besoubbabrotica virgifera virgiferainduz a liberacéo de -
cariofileno, que também recrutam o0s nematoides nempatogénicos
Heterorhabditis megidiSRASMANN, 2005).

Os indutores de plantas sdo ativadores de rotaabdieias especificas
nas plantas para a producdo de diferentes subesangie influenciam de
diferentes maneiras no crescimento e desenvolvordmiplanta, além de atuar
na interacdo dessas plantas com o ambiente orglsesencontram. A utilizacéo
desses indutores pode ser uma alternativa paragmte plantas uma vez que
ira ativar rotas de defesa atraindo inimigos né&upara préoximo das plantas

antes mesmo do aparecimento da praga, como uma fterprevencao.
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ABSTRACT

Plant defense pathways play a critical role in matal tritrophic interactions
between plants, herbivores, and natural enemiesleVie impact of plant
defense pathway stimulation on natural enemiesbkas extensively explored
aboveground, belowground ramifications of plantedeg pathway stimulation
are equally important in regulating subterraneastp@and still require more
attention. Here we investigate the effect of abowegd stimulation of the
salicylic acid pathway through foliar applicatiohtbe elicitor methyl salicylate
on belowground recruitment of the entomopathogematode Steinernema
diaprepesi Also, we implicate a specific root-derived vdiatthat attractsS.
diaprepesibelowground following aboveground plant stimulatimy an elicitor.
In four-choice olfactometer assays, citrus plargated with foliar applications
of methyl salicylate recruite8. diaprepesas compared with negative controls.
Additionally, analysis of root volatile profiles afitrus plants receiving foliar
application of methyl salicylate revealed productaf d-limonene, which was
absent in negative controls. The entomopathogesricatodeS. diaprepeswas
recruited to d-limonene in two choice olfactometels. These results reinforce
the critical role of plant defense pathways in ratdg tritrophic interactions,
suggest a broad role for plant defense pathwayabignbelowground, and hint
at sophisticated plant responses to pest complexes.

Keywords: Entomopathogenic nematodes. Tritrophic interastion
Plant defense pathways. Natural enemies.
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1 INTRODUCTION

Plants adopt constitutive and induced strategiesddfend against
herbivores and pathogens both aboveground and bedowd [1, 2]. These
defenses can act directly against the offendingitere, producing or releasing
toxins that deter feeding behavior [3]. Indirectlyese defenses can result in the
release of herbivore induced plant volatiles theruit natural enemies [3].
These tritrophic interactions involving recruitmeritnatural enemies have been
observed aboveground [4, 5] and belowground wheeslifg by larvae of

Diabrotica virgifera virgifera results in release of- [ caryophyllene and

recruits the entomopathogenic nematbfdgerhorabditis megidifs]. Similarly,
in citrus, feeding belowground by larvae of the wie®iaprepes abbreviatus
results in release of pregeijerene which recruitgide variety of nematodes,
including entomopathogenic nematodes that are aatenemies ofD.
abbreviatug7-9].

These tritrophic interactions between plants, hergs, and their
natural enemies above and belowground are medigtstimulation of defense
pathways within plants [3]. Stimulation of theseaml defense pathways can
occur through herbivory [10], plant-to-plant comriation [11], or application
of chemicals that elicit plant defense respons@% [Among a myriad of plant
defense pathways, a prominent pathway that hasrtenaoles in plant defense
against both pathogens and herbivores is the Salegid pathway [13, 14]. It is
so called because of the prominent role salicydid plays in stimulating plant
defense and its known role in recruiting naturareies aboveground [15].

In addition to its role in recruiting natural enemiaboveground, the
salicylic acid pathway also mediates interactioretween herbivores and
pathogens. Stimulation of the salicylic acid pathwharough synthetic elicitors

can reduce bacterial lesion development [16] amdaffect plant resistance to
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herbivores [17]. In addition, the sequence of itisunccan have ramifications
for plant defense pathway stimulation and herbimathogen resistance [16,
18]. Multiple stimulation of plant defense pathwaso has tritrophic effects on
natural enemies aboveground [19].

Less is known regarding the role the salicylic apidnt defense
pathways play in mediating plant responses belowggo While stimulation
of plant defenses aboveground has effects belowgtoand vice versa, the
dynamic nature of plant defense pathways in meattjathis communication
between the terrestrial and subterranean envirotsnemre less well
understood [20-22]. Effects of plant defense statioh aboveground on
interactions belowground are varied and occasigmalhexistent [1, 22, 23].
Similarly, the role of plant defense pathways immstlating production of
herbivore induced plant volatiles for the recruitrheof natural enemies
belowground is not well understood.

Here, we explore the effect of stimulating the sdlt acid pathway
aboveground on recruitment of natural enemies bgtound. To do so, we
applied an elicitor, methyl salicylate, to the leawf citrus seedlings while
monitoring the response of the entomopathogenic atede Steinernema
diaprepesi belowground both in the presence and absence eflahval
weevil herbivoreDiaprepes abbreviatysa prominent polyphagous root pest
of citrus and many other crops. The entomopathagemmatode,S.
diaprepesi may be the most effective natural enemy of thasneopolitan
root herbivore and therefore we focused on thigigaar nematode as part
of our multi-trophic investigation [24, 25].
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2 MATERIALS AND METHODS

To evaluate the effect of plant defense pathwaynigition on
recruitment of natural enemies belowground, pddity in the case of the
salicylic acid pathway, methyl salicylate was apglto the aboveground portion
of citrus seedlings while nematode response wasitared in olfactometer
bioassays belowground. Based on the nematode mspamlatiies were
collected from the roots of treated and controhdaVolatiles unique to treated

plants were then evaluated for activity in two dedbioassays.

2.1 Organisms

Response of the infective juvenile stage of theranpathogenic nematode
Steinernema diaprepesd eight inch citrus Swingle Citrumelcifrus paradisi
Macf. x Poncirus trifoliata L. Raf.) seedlings was evaluated in four-choice
olfactometers.S. diaprepesiinfective juveniles were originally collected from
sentinelDiaprepes abbreviatukarvae in Florida citrus groves and then reared on
Galleria mellonelalarvae and collected on White traps [26, 23]. diaprepesi
infective juveniles were maintained in shallow ussculture flasks at 140C and
were used within two weeks after emergence. Fifttar Diaprepes abbreviatus
larvae used in methyl salicylate bioassay trialseweared on artificial diet from

eggs laid by adults collected from Florida citrosvegs [28, 29].
2.2 Methyl Salicylate Bioassays
The attraction of the entomopathogenic nematddiaprepesio citrus

seedlings treated with foliar applications of étics in the presence and absence
of belowground herbivory blp. abbreviatudarvae was evaluated in four-choice
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olfactometers filled with clean autoclaved sandustlid to 12% moisture by
volume. Four choice olfactometers were construfriam 4x4x4 inch containers
(Tupperware Corporation, Orlando, FL) perforatedeach of the four sides to
accomodate 2 inch PVC pipe elbows. Connections weated with insulation
and one citrus seedling was placed in each of hews. After allowing 48
hours for acclimatization, plants were treated veligitor sprays. In each four
choice olfactometer, two opposing seedlings reckitreatment with methyl
salicylate (MeSA) and two opposing seedlings wefeds untreated, negative

controls. Methyl salicylate treated seedlings eeateived130ul of methyl
salicylate by foliar spray in a Tween 20 and ethawotution at0.ImL/L and

2.5mL/L respectively. Control seedlings did not receive éficitor, only the
Tween 20 and ethanol solution. For experiments luing D. abbreviatus
herbivory, five approximately five week old. abbreviatudarvae were placed
directly on the roots of methyl salicylate treatett control seedlings. Forty-
eight hours after application of the elicitors, epgimately 2500S. diaprepesi
infective juveniles were released into the centiethe olfactometer. After an
additional 24 hours, nematodes were extracted fr@responding arms using

sugar centrifugation, then counted [30].

2.3 Volatile Collection and Analysis

To investigate the potential role of volatile-méddnematode attraction
in the four arm olfactometers, volatiles were aiite from the root systems of
untreated citrus seedlings and seedlings treatdd meéthyl salicylate. Volatiles
were collected 48 hours after application of e@igtfor one hour ont0mg
HayesepQ adsorbent filters (Volatile Assay SysteW&S) at a flow rate of
160ml/min. Extracted volatiles were eluted off of the cdilew filters with two
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aliquots of 7544 methylene chloride. Five microliters &f5.0/¢d nonyl acetate

was added as an internal standard. A one micralliguout of each sample was
then injected onto a Clarus 500 gas chromatograpimass spectrometer
(PerkinElmer, Waltham, MA) containing 80m A— 0.25mm-ID DB-5
capillary column. The column was held at 350C foniButes after injection and
then increased 100C per minute until reaching 26@b€re it remained for an
additional five minutes. Helium was used as a eagas at a flow rate of 2 ml per
minute. El spectra were compared with referencemdoin the NIST Mass
Spectral Library (2008) and then confirmed withiklde standards. Differences
in volatile profiles between treated and controhnps were examined and

quantified by comparison to the nonyl-acetate rakstandard.

2.4 Volatile Bioassays

To investigate whether d-Limonene, primarily resgible for the
differences between volatile profiles of methylisghte treated and untreated
control plants (see Results), may attr&ctdiaprepesitwo-choice sand-filled
assays consisting of inverted 1.5 inch diameter AVTubes, capped on each
end, were used. Individual assay tubes were fill@tl clean autoclaved sand

adjusted to 12% moisture by volume after placirtgffipaper treated with

either a blank control 1044 of water, or 104 aliquots of doses of d-

Limonene in water for a total o17ng,170ng,1.749,0r174g at opposing

ends of the olfactometer. Approximately 2080diaprepesinfective juveniles
were applied to the central orifice of each olfactber. After 24 hours,
responding nematodes were extracted from the sarehé¢h PVC cap using

Baermann funnels and counted [31].
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2.5 Statistical Analysis

S. diaprepesiinfective juvenile response to salicylate-treattius
plants in four choice olfactometers was summediwidach replicate for each
treatment to avoid aggregation effects then exatnfoe normality by visual
inspection with quantile-quantile plots and Shapik’s test. Wilcoxon signed
rank tests were then used to evaluate prefererifferéhces in volatile profiles
between treated and control plants were quantiffedugh comparison to
internal standards. Mean quantities of collectetatites were calculated and
bootstrapped to determine 95 percent confidencendals. S. diaprepesi
infective juvenile preference for doses of d-Limoeein two choice
olfactometers was evaluated by determining thegmtage of infective juveniles
responding to d-Limonene in each replicate for ealdse. Preference
percentages were examined for normality throughualisinspection with
quantile-quantile plots and interrogation with ShegWilk's test and
subsequently evaluated for differences from a 56%paonse of no preference
through one-sided t-tests with Bonferroni corretti®ata were collated in
Microsoft Excel 2011 and analyzed using R versich23[32] in the R Studio
version 0.99.484 development environment [33]. Asial was facilitated using

the packagesxIsx [34] for interface with Microsoft Exceltidyr [35] and
dplyr [36] for data arrangement and summary statistggplo2 [37] for

graphics capabilities, angicales for visual representation of scaling [38].
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3 RESULTS
3.1 Methyl Salicylate Bioassays

The infective juveniles of the entomopathogenic aieaeS. diaprepesi
significantly (p = 0.01) preferred (27.7%; 95% 6.4%, 38.9% difference)
plants treated with methyl salicylate (MeSA) oventrol plants in the absence of
a weevil pest (Fig. 1). Data were non-normal bgual inspection and
interrogation with the Shapiro-Wilk normality tg&t/ = 0.83, p = 0.004). In the
presence of belowground feeding by the insect herbD. abbreviatuson both
the control and treated plants, methyl salicylateated plants were not
significantly (p = 0.25) more attractive than colgr(Fig. 1).

3.2 Volatile Collection and Analysis

d-Limonene (retention time 14.38) was present ot volatile profiles of
methyl salicylate treated plants but not detectabléhe controls (Fig. 2). An
average of0.6Ing/gd (from 0.04 to2.22hg/yd ) d-Limonene was detected in
eluted samples from methyl salicylate treated plattal amount collected

averaged1.51g.

3.3 Volatile Bioassays

Entomopathogenic nemato& diaprepesinfective juveniles significantly

(Pag; = 0.02) preferred d-Limonene at dosesof4g in two choice olfactometer

assays as compared with negative controls (Fig. D&a were not significantly
different from normal by visual inspection with aqtike-quantile plots and
interrogation with the Shapiro-Wilk test (p> 0.28)eferences for d-Limonene
at other doses were not significantly differentrfr60% (Pag > 0.32).
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4 DISCUSSION

Stimulation of the salicylic acid pathway throughthoseground
application of methyl salicylate results in reamgint of the entomopathogenic
nematodeS. diaprepesi Herbivory by larvae of the weeviD. abbreviatus
attenuates this response. Attraction in the absefdbe weevil herbivore is
likely mediated by belowground root release of tiodatile d-Limonene. This
result suggests that insect larval feeding induempetitive plant defense
response belowground.

These results highlight, for what we believe totbe first time, the
direct role of the salicylic acid pathway in relegsinduced plant volatiles for
the recruitment of entomopathogenic nematode Ha&remies belowground.
While previous work has shown that herbivory belmumd by the weeviD.
abbreviatuscan induce production of pregeijerene and ateatdmopathogenic
nematodes [8], the effects of stimulating the sdtic acid pathway on
recruitment of subterranean natural enemies suggestroader role for plant
defense signaling for belowground natural enemidgivores.

This signaling serves little purpose if no receiperceives the stimulus.
The response of entomopathogenic nematodes to-timahene cue suggests
that the entomopathogenic nematodes in this systerhighly attuned to the
volatiles in their environment. Entomopathogenicnatodes have been shown
to respond to herbivory in connection to a varigtplant and herbivore species

and to a variety of induced host plant volatiledotground (e.g.,E-f

caryophyllene and pregeijerene) [6, 8, 39]. In jmey work, however, such
induced host plant volatiles were produced throbhghbivory or mechanical
damage of a potential host. In our case, the d-hene cue was released after
stimulation of the salicylic acid pathway abovegrduand in the absence of
weevil herbivory. This may provide a different acmmplementary information
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pathway for plant defense belowground and doesingily signal presence of a
host herbivore feeding on the roots.

Indeed, feeding by the weevil herbivore seemstenatte the response
of belowground entomopathogenic nematodes. In biserece of salicylic acid
pathway stimulation, herbivory Y. abbreviatuson Swingle Citrumelo citrus
seedlings recruits entomopathogenic nematodes dhrotelease of the
herbivore-induced volatile pregeijerene [8]. In tladsence of herbivory,
salicylic acid pathway stimulation recruits entoratsipgenic nematodes through
release of d-Limonene. It was only in the case elnarbivory by larvae of the
weevil D. abbreviatuswas coincident with stimulation of the salicylicic
pathway that entomopathogenic nematode response attesuated in this
investigation. This interaction suggests a possdaee of crosstalk between
plant defense pathways. Insect herbivory has bkeewrsin many instances to
stimulate the jasmonic acid pathway [2, 14]. Tharjanic acid pathway, when
stimulated, can antagonistically interact with sadicylic acid pathway, in some
cases shutting down plant defense response [14].

While the jasmonic acid pathway is traditionall\s@siated with plant
responses to herbivory, stimulation of the sal@yicid pathway is often
associated with defense against biotrophic path®ffet]. In this case, its role in
recruiting natural enemies may seem counter intiitindeed the evolution and
advantages of such attraction remain to be expl@eeé possible explanation is
that the citrud. abbreviatussntomopathogenic nematode interaction is not a
simple closed system. There is a fourth, and prentinplayer. The oomycete
Phytophthorais frequently found in association wikh abbreviatusherbivory.
Wounding of plant roots b¥D. abbreviatusopens a passage for infection by
Phytophthoracausing much greater damage to citrus trees drat ptants than
weevil herbivory alone [40]. Th@hytophthoraDiaprepesweevil system is a

complex that must be considered when developingagement strategies for
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commercial citrus and plant production [41]. Beeau®hytophthoa

infections frequently accompany belowground webeitbivory, recruitment of
entomopathogenic nematodes by stimulation of tlieyia acid pathway may
be an effective response for defense against attpddoth an insect herbivore

and a phytopathogen. We are currently exploring higpothesis.
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FIGURES

Figure 1

53

S. diaprepesattraction to methyl salicylate (MeSA) treated citus
seedlings. Entomopathogenic nematod®. diaprepesiinfective
juvenile response to citrus seedlings treated apouwed with
methyl salicylate in four choice sand filled olfacteters both in the
presence and absence of belowground herbivori.bgbbreviatus
weevil larvae. Bars and error bars denote mean eundd
respondents and standard error respectivi&iydiaprepesinfective
juveniles significantly (p = 0.01) preferred (27.796% CI: 16.4%,
38.9% difference) plants treated with methyl s#dityy (MeSA) over
control plants in the absence of weevil feeding algen
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Figure 2  Volatile Profiles of Methyl Salicylate Treated and Control
Plants. Sample chromatograms with volatile profiles of hnybt
salicylate treated (above) and control (below) fsad-Limonene
(retention time 14.38; from 0.04 to 2.22ng) wassprg in treated
plants, but not in controls (n = 10). Nonyl acetai@s used as an
internal standard. Decane (a) was also recoveréatim standards
and controls
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S. diaprepesipreference for d-Limonene. Entomopathogenic
nematodeS. diaprepesinfective juvenile preference for doses of d-
Limonene as evaluated in two choice sand fillechaitimeters.
50% response (horizontal blue line) indicates refgsence. Points
and error bars denote mean and standard errorctashe S.

diaprepesi significantly (p,; =0.02) preferred d-Limonene at
doses ofl 7.9

70%
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ABSTRACT

Plant defense pathways mediate multitrophic intemas above and belowground.
Understanding the connection between plant defesystems above and
belowground and the effects of those systems ois pesl natural enemies holds
great potential for designing effective controbsgies. Here we investigate the
tritrophic interactions between corn plants treatedveground with plant defense
elicitors (Methyl Salicylate and Methyl Jasmonasgejults ofDiabrotica speciosa

a polyphagous pest of many crops including corng &feterorhabditis
amazonensjsan entomopathogenic nematode subterranean naneshy of
D. speciosdarvae used for biological control. The respon® ospeciosaand
H. amazonensisvere evaluated independently in olfactometerslitgparwise
combinations of corn plants with mechanical damagst damage, foliar methyl
jasmonate treatment, foliar methyl salicylate treait, and control (no treatment,
no damage). While mechanical damage and methylgjasta treatment did not
significantly recruit large numbers of either spsciboth pest damaged plants and
those treated with methyl salicylate were moreaetive toD. speciosaand H.
amazonensisThe enhanced recruitment to pest damaged andyinssilicylate
treated plants suggests that 1) aboveground stimulaf corn defenses holds
ramifications for belowground multitrophic intermcts, 2) the elicitor Methyl
Salicylate may produce induced susceptibility, &)dprovides an option for
augmenting volatile mediated crop management.

Keywords: Elicitor; Entomopathogenic nematodes. Tritrophittefactions.
Plant defense pathways. Natural enemies.
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1 INTRODUCTION

Plants simultaneously inhabit two dynamic environteeln addition to
procuring energy through photosynthesis, plant shmoist contend with a variety
of aboveground herbivores. Likewise, in additioptocuring water and nutrients,
plant roots must contend with attacks from belowtagks against plants have
driven evolution of plant defenses that protecttthie critical missions of plant
shoots and roots above [1] and belowground [2-4].

Damage to the plant, above or belowground by herbier pathogen, can
induce specific plant responses mediated by defpag®vays within the plant.
These pathways are myriad, interrelated, and diyénst the two most prominent
pathways are the salicylic acid pathway and thegesc acid pathway [5]. The
salicylic acid pathway, mediated predominantly bg plant hormone salicylic
acid, is thought to be induced by and primarilypmsible for defense against
pathogens feeding on living tissue [6]. In contra$te jasmonic pathway,
mediated predominantly by jasmonic acid, is thoughtbe induced by and
predominantly responsible for defense against herbs [6]. These defensive
pathways are not independent; there can be ansdigooioss-talk between the
salicylic and jasmonic acid pathway [5]. While thgdant defensive pathways
may be directly induced through pathogen infectiomerbivory, similar defense
responses may be induced by volatile organic comgimproduced by insects or
other plants [7] or through application of methgligylate or methyl jasmonate
elicitors [8, 9]

Products produced after induction of these pathwapsconfer increased
resistance to pathogens and herbivores [5] byirdtgrlant palatability [10] or
recruiting natural enemies through release of Welatrganic compounds [11].
Attraction of natural enemies through release dbikere induced plant volatiles

is a well known phenomenon both aboveground [12,ab8 belowground [14,
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15] where entomopathogenic nematodes recruit tbiveee induced cues and
infect insect larvae feeding on plant roots. Imust for example, feeding by the
weevil Diaprepes abbreviatughduces release of pregeijerene which recruits an
array of entomopathogenic nematodes [15, 16]. Sitpjlin corn, feeding by the

beetleDiabrotica virgifera virgiferainduces release of [B- caryophyllene which

recruits the entomopathogenic nematb@eerorhabditis megidigl4].

The effects of root herbivory and belowground redeaf herbivore
induced plant volatiles are not limited to the dsighere, however. Belowground
herbivory can induce defenses aboveground [3]entgrbivory aboveground can
have consequences for belowground herbivores [Igse effects need not be
reciprocal or equivalent; in some cases, belowgtoherbivory can stimulate
responses in both the root and the shoot, whileseafyound herbivory elicits
shoot only responses [18].

Here we investigate the effect of aboveground itidac of plant
defensive pathways in corZga mayd..) on recruitment of pests and natural
enemies above and belowground using the South Aamercorn rootworm
Diabrotica speciosa (Germar) (Coleoptera: Chrysomelidae) and the
entomopathogenic nematoHeterorhabditis amazonensi/hile the adult beetle
D. speciosais a widespread, prominent, and polyphagous péstom and
soybeans in South America, much of the damagertoregults fronD. speciosa
larvae feeding on corn roots [19, 26]. amazonensiss a natural enemy and
parasite oD. speciosgresent endemically and applied for biologicaltoad21,
22]. The corn,D. speciosa and entomopathogenic nematdde amazonensis
represent a tritrophic system; the effects of pllefense pathway stimulation on
the multitrophic interactions present in this sgstdold ramifications and
implications not only for our understanding of ssgistems generally, but also for
designing intelligent biological control strategieghe field.
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2 MATERIALS AND METHODS

To investigate the effect of aboveground inductodrplant defensive
pathways in corn on recruitment of pests and nhteareemies above and
belowground, we presented undamaged, mechanicafhadged, pest damaged,
and elicitor treated plants to adult beelde speciosa and H. amazonensis
entomopathogenic nematodes in multiple choice amdadhoice olfactometers

above and belowground.

2.1 Plant Materials

Bt transformed Herculex | (Dow AgroSciences, PionéhBred
International) corn seedlings expressing the CrgHre were used in all
experiments. This variety was developed primarycontrol Fall Armyworm
(Spodoptera frugiperdaand is in widespread use in Brazil. Seeds were
germinated in moist vermiculite, then grown for hie days in organic
substrate. Prior to use in belowground bioassayk larval D. speciosaand
entomopathogenic nematodes, corn seedling root® wently washed to

remove substrate before placement in olfactometers.

2.2 Insect Rearing

Adult D. speciosawere collected from corn fields maintained by the
Federal University of Lavras (Lavras, MG, Braziidataken directly to the
laboratory for rearing following previously estaiblied methodology [23].
Adults were maintained on bean leavBhdseolus vulgarjswhile eggs were
collected from black gauze strips placed with tdelts to induce oviposition.
Prior to use in experiments, adults were starve@4ohours. Eggs were washed
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from the gauze strips every two days then placqgkein dishes with moistened
filter paper to maintain humidity until eclosionalvae were maintained on

recently germinated corn seedlings in vermiculiélypupation.

2.3 Nematode Rearing

Entomopathogenic nematolie amazonensimfective juveniles used in
multiple choice olfactometers were obtained fronituzes maintained at the
Federal University of Lavras where the nematode® weared on greater wax
moth Galleria melloneld larvae. Wax moth larvae were reared in the latooya
[24] and maintained on artificial media [25]. Wheematode infective juveniles
were neededG. mellonelalarvae were inoculated with entomopathogenic
nematodes [26] and subsequently collected on Wfzips [27]. After collection,

nematodes were maintained in culture flasks in agsisuspension d66+1° C

and used in bioassays within a week of collection.

2.4 Elicitor Preparation

For preparation of elicitors for application to thboveground parts of
maize seedlings, Tween 20 and ethanol were addedater such that final
concentrations wered.ImL/L and 2.5mL/L respectively. Concentrations of
methyl salicylate and methyl jasmonate were adjusie0.5mM then added to

solution such that the amount used per plant ppererent was65uL and
109uL respectively. Aliquots of30mL elicitor solution were applied to the

aboveground foliage of corn seedlings using a spattye, a quantity sufficient for
the corn seedling to become wet and to ensure hemoog application. Contact of
elicitor solution with the roots was prevented hyatuminum foil barrier.
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2.5 Adult D. speciosd@ioassays

The responses of adull. speciosato treated and untreated corn
plants were evaluated in two choice Y-tube glasdactbmeters.
Aboveground portions of plants with the desirecatneents were placed in
glass chambers where filtered, humidified air watsoiduced then pumped
via teflon tubes to the olfactometer, one treatnpamtarm. AdulD. speciosa
were introduced at the base of the Y-tube olfactemand allowed five
minutes to choose an arm; response time and treatrokoice were
monitored. Treatments were rotated every threecisst® avoid positional
effect. Ten replications of each treatment comlidmatvere conducted with
each replicate consisting of ten insect choices dototal of 100 insects
assayed for each contrast. Clean glassware andpieavts were used for
each replicate.

Treatment combinations consisting of undamaged, har@cally
damaged, pest damaged, and elicitor untreated raatetl plants were used
to determine the effect of plant defense pathwawywdation onD. speciosa
response. Twenty day old corn seedlings were usealli experiments;
undamaged corn seedlings were taken directly fioengreenhouse 20 days
after germination and immediately used in the expent. Mechanically
damaged corn seedlings were cut with a scalpelgusitemplate replicating
foliar damage by adulb. speciosa48 hours prior to use in the experiment.
Pest damaged plants were fed upon by five ddulipeciosaplaced in mesh
bags on the foliage of each plant 48 hours priouge in the experiment.
Elicitor treated (either methyl salicylate or mdthgsmonate) plants were

treated as described above 48 hours prior to usgpariments.
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2.6 Nematode Bioassays

Entomopathogenic nematodé. amazonensisesponse to treated and
untreated corn plants was evaluated in sand fithedtiple choice olfactometers
consisting of a central chamber connected to eighs into which corn seedlings
were inserted. Olfactometers were constructed fi@dem diameter plastic
containers (Tupperware) perforated at equally spatervals to which eight 4cm
diameter PVC elbows were connected. Seventy twashprtior to start of the
experiment, olfactometers received corn seedlimgs veere filled with washed
autoclaved sand adjusted to 12% moisture by volUmeatment contraste were
arranged in alternating fashion around the eight @lfactometer. After 72 hours
of acclimation to the new environment, the abovegdofoliage of corn seedlings
was treated as described above to evaluate tligy abilndamaged, mechanically
damaged, pest damaged (above ground feeding byadspeciosp and elicitor
treated plants to recruit entomopathogenic nematbadowground. Forty eight
hours after treatment application, 2500 amazonensigfective juveniles were
released in the center of each olfactometer. Antiaddl 24 hours later, the
olfactometers were disassembled, the respondingatoeles extracted via
Baermann funnel, and evaluated. Tests of known atmfunematodes placed in
Baermann funnels and replicated 20 times yieldedexaraction efficiency of
13.1+1.4%. Nematode counts were adjusted accordingly; feplications of

each treatment combination were evaluated.

2.7 Statistical Analysis

Response times and preferences for ddulspeciosan two choice Y

bioassays were analyzed using multivariate analysigariance (MANOVA).

Mean response time and proportion of adults respgrid treatment of interest
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were calculated for each replicate; bioassay treatsnwere used to model
variation in those two parametef@iabrotica Time Preference Indices were
constructed from the first linear discriminant ftinon and evaluated with Roy’s
greatest characteristic root test. Conformatiomdsumptions of normality and
homoscedasticity was verified through visual exation of residual plots, the
Shapiro-Wilk test, and Levene’s test. Significagsults from MANOVA were
further explored with Dunnett’s test, comparingatreents of interest to baseline
adultD. speciosaesponses to Air vs Air trials.

Nematode responses in eight arm sand filled olfaeters were
analyzed using repeated G-tests of goodness witfit Bonferroni corrections.
To avoid effects of aggregation (presented with iejent treatments,
nematodes will often aggregate in one treatmen),arasponses to individual
treatments were summed within replicates. Followpngcedures for repeated
G-tests of goodness of fit [28], individual G-tesfggoodness of fit were applied
to each replicate, G-tests of independence werdiedppo each treatment
combination to determine heterogeneity of respqrsetests of goodness of fit
were applied to pooled responses for each treatroemtbination, and G-
statistics from each replicate were summed to deter overall significance.
Raw numbers of nematodes responding were convddegdercentages to
facilitate visualizing comparisons between treatno@mbinations.

All data were collated in Microsoft Excel then reéatb R version 3.2.2
[29] for analysis. RStudio version 0.99.484 [30]swased as a development
environment. Various supplementary packages weeel is R for additional

functionality: xIsx [31] for interface with Microsoft Excelfidyr [32] and
dplyr [33] for data arrangement and summary statistipggplot2 [34] for

graphics capabilitiesRVAideMemipe [35] for G-tests of goodness of fitar
[36] for MANOVA statistics, andmultcomp [37] for multiple comparisons

using Dunnett’s test.
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3 RESULTS

3.1 Adult D. speciosa@ioassays

Multivariate analysis of variance revealed thatatmgent had a
significant (F =2.63; df =15,146, p =0.002) effect on adulD. speciosa
preference and response time in two choice Y tudmsbays. Data conformed to
assumptions of normality (visual inspectiop;> 0.05 Shapiro Wilk Test) and
homoscedasticity 9 =0.18, Levene’s Test). The linear combination of

preference and response time identified by MANOVAdaused as the
Diabrotica Time Preference Index is:

D;p = —.992* Preference-0.129° Responseifie

There was a trend towards preference for and fasisponse to
increasing damage of corn plants (Fig. 1). Theas significantly (o =0.03)
higher preference for and faster response to mahjtylate (MeSA) treated
plants versus corn when compared to a baselingrofessus air (Fig. 1).
Additionally, there was significantly § =0.03) higher preference for and
faster response to methyl salicylate treated plargssus mechanically
damaged plants when compared to a baseline of exsus air (Fig. 2).
Contrasts with methyl salicylate treated plantsusrpest damaged plants and
methyl salicylate treated mechanically damagedtplaremed to negate that

effect (p >0.33). Likewise, methyl jasmonate (MeJA) contrasts (Fy did

not elicit significant effects > 0.29) as compared to adul. speciosa

responses to air versus air.
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3.2 Nematode Bioassays

Entomopathogenic nematodél. amazonensisinfective juveniles
preferred corn seedlings damaged aboveground bit &duspeciosaover
undamaged P<0.001) and mechanically damagedpE& 0.0004) corn
seedlings (Fig. 4). Likewise, treatment of corediimgs with elicitors (methyl
jasmonate or methyl salicylate) resulted in reameitt of H. amazonensis
infective juveniles (Fig. 4). While combination atenents of mechanical
damage and application of methyl salicylate inaedasattraction over
mechanically damagedp(< 0.001) or methyl salicylate p <0.001) treated
plants (Fig. 5), those same treatments versus uagksnuntreated plants and
combination treatments of mechanical damage andhyingtismonate did not

have the same effect (significanp,< 0.001, heterogeneity between replicates,

large ratio between heterogeneity G and pooledl@Gsa(Fig. 6).
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4 DISCUSSION

Plant defense pathway stimulation, whether by damndgeding, or
application of elicitors has direct implicationsg the interactions between corn,
Diabrotica, andH. amazonensiand for control oD. speciosaas a pest. The
effect of plant defense pathway stimulation abosegd on adulD. speciosa
response, where increasing damage seems to inges®Emsiveness, seems to
suggest a role for plant defense pathways in madiadult responses and
potentially distributions in the field. AdulD. speciosaare well known to
monitor and respond to plant volatiles in the latd an the field [38, 39],
responding particularly well to cucurbitacins whidmay influence progeny
fitness [40]. In this case, particularly in regartts treatment with methyl
salicylate, stimulation of the salicylic acid patywvmay induce release of
compounds recognized as favorable by the dduKpeciosaSuch recognition
may signal presence of other individuals, more laklg resources, or reduced
plant defenses. Aduld. speciosdikely recruit to volatiles released by the plant
to take advantage of such conditions. Indeed, ghtens from collections in
the field seem to support that hypothesis; aBulspeciosaare seldom found
individually on corn plants in the field [41, 4Zorn plants typically host many
adultD. speciosamany of them mating pairs [41, 42]. Volatiles #ed by prior
feeding or stimulation of plant defense pathwaysy neantribute to their
aggregation and mate finding.

Plant defense pathway stimulation aboveground alsituences
entomopathogenic nematode response belowgroundatodes recruit to corn
seedlings fed upon aboveground By speciosa While entomopathogenic
nematodes are known to respond to plant volatilfekided by herbivores
feeding belowground [14, 15], recruitmenttdf amazonensito stimulation of

plant defenses aboveground by host herbivory aodoglapplication suggest a
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level of monitoring and adaptation previously urgidered. Nematodes in this
system seem to be highly attuned to the volatitilpr of their belowground
environment and respond rapidly to changes. Ingydsem, plant volatiles from
undamaged plants are attractive to entomopathogesinatodes (Fig. 4);
changes in this volatile profile, as likely occursresponse to aboveground
herbivory, can stimulate additional recruitmentg(F4). While such recruitment
can be variable to combination treatments (Figs 6% additional volatile
collection and analysis may shed light on mechasidmhind nematode
attraction to plant defense stimulation in thisteys

The belowground effects of plant defense pathwamusation by
aboveground herbivory by adulD. speciosacan be mimicked through
aboveground application of elicitors which can fHesim recruitment of
entomopathogenic nematodes (Figs. 5 6). Monigooihplant defense pathway
stimulation by aboveground herbivory on the parttled entomopathogenic
nematodeH. amazonensikolds adaptive significance; feeding aboveground b
the adultD. speciosandicates a greater likelihood of eventually fimglisuitable
larval hosts, especially for cruiser nematodes kkeamazonensisvhich can
travel large distances belowground in search o {d8, 44].

While the role of plant defense pathways in medgtmultitrophic
interactions above and belowground has been naedopsly, details of the
means and consequences of such mediation areatiiing to light [45, 46].
Belowground herbivory has well established influsn@boveground on plant
defenses and aboveground herbivores [3, 47]. Theetuences of aboveground
herbivory belowground, however, are just beginrimde understood [3, 48].
What little investigation has occurred in this ardras found varying effects of
aboveground herbivory on induced defenses belowgtoroot chemistry does
not change greatly [18], and herbivore effects rhaycaused by root growth
cycles [48]. Our results suggest that the effedtsalmoveground herbivory
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belowground may be indirect. Mediated by plant dsée pathways,
aboveground herbivory may induce release of velatibelowground to
indirectly control root pests.

Natural means of indirect control of belowgroundtrpests mediated by
plant defense pathways, combined with observatiohsadult response
aboveground can be appropriated to augment canttbe field. Aboveground,
elicitor application can be considered as a mednsfluencing D. speciosa
distributions. Belowground, aboveground applicatadnelicitors may also be
considered for influencing distribution of entomtmEenic nematodes.
Additionally, the volatiles involved in mediatinghtemopathogenic nematode
attraction to aboveground herbivory can be usedugment biological control
of larval D. speciosabelowground. Balancing aboveground and belowground
effects of elicitor application for attraction oétbivores and natural enemies
will become critical in developing applied stratgifor biological control. We

are exploring such possibilities.
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FIGURES

Adult D. speciosaresponses to damaged and elicitor treated
corn seedlings. Adult D. speciosachoice time and responses in
two choice Y tube bioassayB. speciosalime Preference index is
constructed from average response times and prefsefor the
top treatment in a pair (i.e. for Corn in Corn v#)Ahigher
numbers indicate a faster response and a greatfarg@nce for the
top treatment in a pair. Treatment significantlpleined response
time and preference=0.002). Adult D. speciosasignificantly

(p=0.03) preferred and responded faster to Methyl Salieyla

treated plants vs Corn when compared to a basefirgr vs Air.
Points and error bars denote mdan speciosatime preference
index and standard error respectively.
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Adult D. speciosaresponses to Methyl Salicylate treated corn
seedlings. Adult D. speciosachoice time and responses in two
choice Y tube bioassayf). speciosaTime Preference index is
constructed from average response times and prefesefor the
top treatment in a pair (i.e. for MeSA treated Eaim MeSA vs
Air); higher numbers indicate a faster response andreater
preference for the top treatment in a pair. Treatnsggnificantly
explained response time and preferenge=(0.002). Adult D.

speciosasignificantly preferred and responded faster totHvlie
Salicylate treated plants vs Corp £ 0.03) and Methyl Salicylate
treated plants vs mechanically damaged cop=(0.03 when
compared to a baseline of Air vs Air. (MeSA + MDJyea
mechanically damaged plants treated with methytyate. Points
and error bars denote meBn speciosaime preference index and
standard error respectively
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Adult D. speciosaesponses to Methyl Jasmonate treated corn

seedlings. Adult D. speciosachoice time and responses in two
choice Y tube bioassayf). speciosaTime Preference index is
constructed from average response times and prefesefor the
top treatment in a pair (i.e. for MeJA treated [daim MeJA vs
Air); higher numbers indicate a faster response andreater
preference for the top treatment in a pair. Metiggmonate
preferences and response times were not signilficatitferent
from those observed in Air vs Air. (MeJA + MD) areechanically
damaged plants treated with methyl jasmonate. #a@nd error
bars denote meal. speciosaime preference index and standard
error respectively
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Figure 4  Entomopathogenic nematodeH. amazonensisnfective juvenile
responses to aboveground mechanically damaged, pestmaged,
and elicitor treated corn plants. Entomopathogenic nematoée
amazonensiffective juvenile responses belowground in eigtmh
sand filled olfactometers to corn plants treatedvabround with
mechanical damage, pest damage, methyl salicytatemethyl
jasmonateH. amazonensigfective juveniles preferred corn plants
damaged aboveground by adult. speciosaover undamaged
(p<<0.001) and mechanically damagedp& 0.0004) corn

seedlings. Bars and errorbars indicate mean pergdattive
juveniles responding and standard error respegtiegtorbars that
do not overlap 50% indicate significant differences

Blank | Undamaged -
Undamaged | Mechanical Damag
Undamaged | Pest Damage-
Mechanical Damage | Pest Dama

Undamaged | MeSA -

Undamaged | MeJA -

I I I I I
100% 50% 0 50% 100%
H. amazonensis Responding
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Entomopathogenic nematodeH. amazonensisnfective juvenile
responses to corn plants treated aboveground with athyl
salicylate. Entomopathogenic nematote amazonensimfective
juvenile responses belowground in eight arm saniedfi
olfactometers to corn plants treated abovegrounth wmethyl
salicylate. (MD + MeSA) treatments indicate a camaltion of
mechanical damage and application of methyl salteylBars and
errorbars indicate mean percent infective juvenitsponding and
standard error respectively; errorbars that do owerlap 50%
indicate significant differences

Undamaged | MeSA -+

MeSA | MD + MeSA -

I I [ I I
100% 50% 0 50% 100%
H. amazonensis Responding
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Entomopathogenic nematodeH. amazonensisnfective juvenile

responses to corn plants treated aboveground with ethyl

jasmonate. Entomopathogenic nematotie amazonensimfective

juvenile responses belowground in eight arm saniedfi
olfactometers to corn plants treated abovegrounth wmethyl

jasmonate. (MD + MeJA) treatments indicate a cormufiom of

mechanical damage and application of methyl jasteorizars and
errorbars indicate mean percent infective juvenitsponding and
standard error respectively; errorbars that do owsrlap 50%
indicate significant differences

Undamaged | MeJA -

MeJA | MD + MeJA -

T I I T T
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ABSTRACT

Entomopathogenic nematodes are natural enemieseffedtive biological
control agents of subterranean insect herbivoregerdctions between
herbivores, plants, and entomopathogenic nematadesmediated by plant
defense pathways that can induce release of \g@datithat recruit
entomopathogenic nematodes. Stimulation of theaet mlefense pathways for
induced defense against belowground herbivory nmmaece biological control
in the field. Knowledge of parameters affectingoembpathogenic nematode
behavior belowground is needed to effectively impdat such strategies. To
that end, we explore the effect of elicitor, eticittose, mechanical damage, and
entomopathogenic nematode release distance on itneemt of
entomopathogenic nematode infective juveniles tm aeedlings. Increasing
doses of methyl jasmonate and methyl salicylateitets recruited more
entomopathogenic nematodes as did mechanical danRgeruitment of
entomopathogenic nematodes was higher at fartHease distances. These
results suggest entomopathogenic nematodes ary higled to plant status and
present a strategy for enhancing biological contrsing elicitor stimulated
recruitment of entomopathogenic nematodes.

Keywords: Tritrophic interactions. Plant defense pathwayatural enemies.
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1 INTRODUCTION

Entomopathogenic nematodes are natural enemiesl@f/ground insect
herbivores that have shown promise for biologiaahtiol in subterranean and
cryptic environments [1]. Applications of entomdpagenic nematodes for
biocontrol is effective in a variety of croppingsgsms and new strategies are being
developed to extend the abilities of entomopathisgeematodes to control
previously inaccessible pests. Entomopathogenicatatas have been effective
control agents for diptera in mushroom housesf{],mole crickets and scarab
larvae in turf [3, 4], for weevil herbivores inris [5, 6], and for corn rootworm
Diabrotica virgifera virgiferalarvae in corn [7, 8]. Extending and enhancing the
effectivenes of entomopathogenic nematodes of di@ab control agents has long
been a goal and various means of augmentation dingluplant genetic
manipulation and nematode encapsulation have hesoga [9, 10].

Critical to developing new strategies for enhandimjogical control with
entomopathogenic nematodes is the use of plantilgsléo manipulate hematode
behavior [11, 12]. These strategies many timesogpiaite existing communication
systems in plants that recruit entomopathogenicat@afes to sites of belowground
herbivory. In citrus, for example, herbivory byvae of the weeviD. abbreviatus
releases the herbivore induced plant volatile fjergee which recruits a wide
range of entomopathogenic nematodes [13-15]. Sigmilaerbivory by weevil
larvae on white cedarhuja occidentaligecruits the entomopathogenic nematode
Heterorhabditis megidigl6]. In corn, too, herbivory by larvae of the veza corn

rootwormDiabrotica virgifera virgiferaresults in the release Bf 3 caryophyllene

which recruitsH. megidisfor control [17].

Recruitment of entomopathogenic nematodes belowgdr@imediated by
plant defense pathways which regulate plant regsotts herbivory and pathogen
infection [18, 19]. While induction of these pattysacan regulate release of plant

volatiles belowground as described above, stinmiatf these pathways in the
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absence of herbivory can also produce effects logtmwd, potentially regulating
responses to pest-pathogen complexes [20]. Themw&t prominent pathways
likely to mediate recruitment of entomopathogergmatodes belowground are the
jasmonic acid and salicylic acid pathways. The f@smacid pathway is thought to
be stimulated mainly by herbivory and often resiftsupregulation of plant
defenses targeting herbivorous pests [21]. In asftthe salicylic acid pathway is
thought to be stimulated by and mediate resistamb#trophic pathogen infection
[22]. Additionally, both pathways have been impkchin the recruitment of natural
enemies aboveground [23, 24] and recent work stgydhey could be acting
similarly belowground [25].

The role these pathways play in mediating intevastibetween plants,
herbivores, and natural enemies has prompted etjolorof the possibility of
applying plant defense elicitors for induction i resistance in the field. Results
of this strategy aboveground have been promisitiqution of the jasmonic acid
pathway in tomatoes reduces aboveground herbivithyne detrimental effects on
yield [26] and is associated with reduction in atance of many herbivores [27].
Similarly, induced resistance through stimulatiérine salicylic acid pathway can
reduce bacterial infection [28]. Development ofctical applications of elictors of
induced defense for recruitment of entomopathogeaimatodes belowground is
being explored and will rely upon knowledge of paeters affecting nematode
behavior and application efficacy.

To explore these parameters, we use a corn mosgtnsyinvolving the
larval herbivoreDiabrotica speciosaa polyphagous and ubiquitous pest of corn in
South America [29, 30], and the entomopathogenimatede Heterorhabditis
amazonensjsa natural enemy db. speciosawith potential for biocontrol [31, 32].
The potential for using elicitor stimulated induatafenses in this system has been
raised [25]; here we explore the effect of eligiwlicitor dose, plant damage, and

distance on recruitment of entomopathogenic nereatbdlowground.
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2 MATERIALS AND METHODS

To explore methods of using elicitors of plant defe to augment
biological control of larvaD. speciosausing entomopathogenic nematodes, we
evaluated distance of nematode release and dosdisitiirs as possible factors
affecting efficacy of entomopathogenic nematoderohrElicitors were applied
foliarly while nematode response and infection wevaluated belowground in

sand filled arenas.

2.1 Organisms

Corn seedlings were germinated in moist vermicuitel used after
cultivation for twenty days in organic substratecérn variety in widespread
use throughout Brazil, Herculex | (Dow AgroSciencd%oneer Hi-Bred
International), was used in all experimeiitsamazonenensentomopathogenic
nematodes from cultures maintained at the Fedemaletsity of Lavras were
reared in larvae of the greater wax mddalleria mellonelaand infective
juveniles collected using white traps [33, 34]. IEdled nematodes were used in
experiments within a week of collectioGalleria larvae used for rearing
entomopathogenic nematodes were likewise reardteifaboratory on artificial
diet [35, 36].

2.2 Elicitor Preparations

Methyl jasmonate and methyl salicylate elicitorsrevapplied foliarly
to corn seedlings in Tween20 @tImL/L ) and ethanol (a.5mL/L ) solutions

using 30ml calibrated sprays while ensuring homogeneous mifgpplication.

Control plants received spray solutions withoutitdrs, i.e. only Tween20-
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ethanol solutions. Applications were prevented fremtering the soil using an

aluminum foil barrier.

2.3 Dose Response

The effect of different elicitor doses on recruittheof the
entomopathogenic nematod¢ amazonensiwas evaluated in eight choice
olfactometers filled with sand adjusted to 12% rmwois by volume. Eight choice
olfactometers were constructed from 30cm diametastip containers into
which eight 4cm diameter PVC elbows were insertath elbow received one
corn seedling which was allowed 72 hours to acdkma the olfactometer
environment prior to receiving elicitor treatmektethyl salicylate was applied
in solutions prepared as described above suchstwdlings received either
65uL, 130uL , or 26QuL total compound. Similarly, methyl jasmonate was
applied in solutions prepared as described abouh that seedlings received

either 109uL , 218uL, or 436uL . Treatments were arranged in alternating

opposition around the eight choice olfactometertyFeight hours following

treatment application, 2508. amazonensisnfective juveniles were released
into the center of each olfactometer. After allogvi?4 hours for nematodes to
respond, olfactometers were disassembled and ndewmtwollected from the

elbows via Baermann funnels and counted.

2.4 Elicitor Comparison

Contrasts between methyl jasmonate and methyl yviatéc were
conducted as above for each of the three doseseterndne nematode
preference for elicitor treatment and dose. As abogxperiments were

conducted in eight choice sand filled olfactomet#yserving the same schedule
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for seedling planting, application of elicitor ttegents, and collection of
nematodes. In this case, instead of evaluatingctsffeersus untreated corn
seedlings, nematode response to methyl jasmoresdtetr plants versus methyl
salicylate treated plants was evaluated.

2.5 Distance Assays

The effect of distance on recruitment of entomopgéimic nematodes to
elicitor treated and mechanically damaged corntplamas evaluated in 20.5 by
20.5 by 75cm rectangular planters. Planters weled fivith autoclaved sand
adjusted to 12% moisture by volume; corn seedlingse placed at one end of
the planter and allowed 72 hours to acclimate &r tenvironment. Following
the application period, corn seedlings receivediteli and damage treatment.

Corn seedlings either received a control sprayaioimg no elicitors,654L of
methyl salicylate, od09uL of methyl jasmonate prepared as described above.

Damage treatment consisted of undamaged contratsplar plants receiving
mechanical foliar damage with a scalpel mimickingrbivory by adultD.
speciosa Forty eight hours after corn seedlings receivegatient,
entomopathogenic nematotte amazonensiinfective juveniles were released
either 30 or 60 centimeters from the corn seedlifter allowing twenty four
hours for response, nematodes were extracted ftmmrdot system of the

seedlings using Baermann funnels and counted.
2.6 Statistical Analysis
Entomopathogenic nematodéd. amazonensisinfective juvenile

response in eight choice olfactometers to corn lsegdtreated with varying

doses of methyl jasmonate and methyl salicylate suasmed to remove effects
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of aggregation then converted to percentages tilitdde comparison across
treatments. Percent responses were then examinedshal inspection of
quantile-quantile plots and Shapiro-Wilk's test foormality and compared
against a null hypothesis of 50% response usingeasample t-test.

Nematode response to methyl jasmonate versus negtligylate treated
corn seedlings was first summed to obviate effeft@ematode aggregation,
then converted to percentages to facilitate coraparacross treatments. These
percent responses were examined for normality tspabi inspection with
quantile-quantile plots and Shapiro-Wilk's test rthevaluated against a null
hypothesis of 50% response using a one samplé t-tes

The effect of distance on recruitment of the entpatibogenic nematode
H. amazonensiso damaged and elicitor treated corn seedlings evatuated
with analysis of variance (ANOVA) by using Distan@amage, and Elicitor to
explain nematode response following interrogaticith wisual inspection of
quantile-quantile plots, Shapiro-Wilk’'s test, andvene’'s test to confirm
adherence to assumptions of normality and homostieiia Observed
significant differences were bootstrapped and ctemite intervals reported.

All data were compiled in Microsoft Excel 2011 thanalyzed in R
version 3.2.2 [37] using the RStudio version 0.88.4[38] development
environment. The following packages were used ¢difate analysis above and

beyond base R functionalitydplyr [39] and tidyr [40] for data management
and summary statisticgygplot2 [41] for graphics capabilitiesxlsx [42] for

interface with Microsoft Excel, andar [43] for ANOVA analysis.
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3 RESULTS

3.1 Dose Response

Corn seedlings treated wittO9u methyl jasmonate were significantly

(P = 0.01) more attractive to entomopathogenic medeaH. amazonensis
infective juveniles versus untreated controls (Fégll). Similarly, corn seedlings

treated with654 methyl salicylate were significantly (P = 0.03) mmattractive

to infective juveniles versus untreated controlgyfe 1). Increasing doses of
methyl jasmonate and methyl salicylate were sigaiftly increasingly more
attractive (P = 0.04 for methyl jasmonate, P = 0.fa0 methyl salicylate (Figure
1). Data were not significantly different from nalhby visual inspection of
guantile-quantile plots and interrogation with ShapVilk's test (P> 0.21).

3.2 Elicitor Comparison

Methyl jasmonate treated mechanically damaged plamtere
significantly attractive versus methyl salicylateated mechanically damaged
seedlings to nematodes at low doses (P = 0.01vastodose, P = 0.007 at
medium dose)(Figure 2). Methyl salicylate treatetlamaged plants were
significantly attractive versus methyl jasmonatedamaged plants to nematodes
at the highest dose (P = 0.02). Data were notfggnily different from normal
by visual inspection of quantile-quantile plots aindkerrogation by Shapiro-
Wilk’'s Test (P = 0.2).
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3.3 Distance Assays

Distance and Damage treatments were significant=(®.002 for
distance, P = 0.003 for damage) in explainthgamazonensigesponse (Figure
3). Elicitor treatment did not show significantexfts (P = 0.535). An average of
6.27 (95%CI: 2.83, 9.78) more infective juvenilesruited to the seedling when
released at 60 centimeters distance than at 30redets. An average of 6.06
(1.97, 10.09) more infective juveniles recruitesvdod mechanically damaged
corn seedlings versus undamaged negative contidlisdata conformed to
assumptions of normality and homoscedasticity uali inspection, Shapiro-
Wilk’s test (P = 0.62) and Levene’s test (P = 0.71)
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4 DISCUSSION

Increasing doses of elicitors on aboveground felia§ corn seedlings
recruit increasingly more entomopathogenic nematolelowground. This
effect is variable for methyl jasmonate, and patédy strong for methyl
salicylate (Fig. 1). In addition, stimulation ofetiasmonic acid pathway seems
to be attractive in the presence of mechanical den{&ig 2). These results
emphasize the role of plant defense pathways iniatieg belowground
recruitment of entomopathogenic nematodes and stiggeat increased
induction of plant defense pathways can potentialllgment control. The
differential attraction of methyl jasmonate versusthyl salicylate application
on mechanically damaged versus undamaged plantsgestsg that
entomopathogenic nematodes can closely monitoerdifices in plant health,
above and beyond simple recognition of herbivores@nce as observed
previously in corn and citrus [13, 17].

The significant effect of damage in distance assagsns to confirm this
observation. Mechanically damaged plants recruitgate entomopathogenic
nematodes versus undamaged seedlings (Fig 3)dlticadto suggesting a broad
role for plant signaling belowground, differentigcruitment to mechanically
damaged seedlings also may present opportunitiegléptive control in the field.
Because mechanically damaged seedlings in whicfasineonic defense pathway
is stimulated are more attractive to entomopathiogeematodes, applications of
elicitors for induced defense could be tailoreddiant health status. Mechanically
damaged or physiologically stressed plants coufeefitefrom methyl jasmonate
treatment to enhance biological control of roobhares.

Distance of release also affects recruitment oformappathogenic
nematodes belowground. Interestingly, nematode=asel farther away from

elicitor treated seedlings responded in greaterbausa While this may seem
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counterintuitive, and that greater response is @egecloser to the plant, it may
be that different signals are at play. The mediaviich the nematodes and
plants are interacting may act as a source ordfiokganic volatiles [44]. Closer

to the plant, the number and variety of volatileleased by the plant is likely
higher; diffusion and adsorption rates of many phoiatiles are variable and

higher concentrations of volatiles in specific lWenare likely to be present
closer in to the plant. Conversely, the number ofaties permeating and

traveling through the pore space up to 60 centiraeselikely to be much lower

and limited to smaller, more easily diffusible wits. These results could

suggest that nematodes are responding to spetgfidd and, in the absence of
those blends, that nematodes fail to orient to boss. A similar phenomenon
has been observed with nematode sex pheromoneg whmrious exposure to

sex pheromones disrupts mating [45].

The variable effect of distance on nematode remerit presents
opportunities for further exploration of the badactors affecting nematode
recruitment to volatile signals belowground and gasjs that exogenous
applications of entomopathogenic nematodes foobioal control can be made
some distance away from the target area and stile lan effect. This long-
distance travel of nematodes in response to dliditeated corn seedlings
presents a novel strategy for augmentation bioddgiontrol of subterranean
root herbivores; entomopathogenic nematodes caappbked in a nonspecific
manner then called in to areas of herbivory throtagheted application of plant
defense elicitors. While this strategy remains ¢otdsted in the field, elicitor
induced defense could hold promise for enhancirajogical control in the

belowground environment.
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FIGURES

Figure 1  H. amazonensisnfective juvenile response to elicitor treatment.
Entomopathogenic nematodd. amazonensisnfective juvenile
response to increasing doses of methyl jasmonatke raethyl
salicylate treated corn seedlings. Elicitor tregights were more
attractive to infective juveniles than untreateditools (P = 0.01,
0.03 for methyl jasmonate and methyl salicylatgoeetively) and
increasing doses recruited more infective juver(iies 0.04, 0.001
for methyl jasmonate and methyl salicylate respetf). Nematode
preference represents the percent additional imEeduveniles
responding to that treatment. Points and error darsote mean
preference and standard error respectively.
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H. amazonensis infective juvenile preference for methyl

jasmonate versus methyl salicylate treatment.
Entomopathogenic nematodd. amazonensisnfective juvenile

response to methyl jasmonate (MeJA) versus methijitytate

(MeSA) treated corn seedlings at three doses impthsence and
absence of mechanical damage. Nematode preferepiasents the
percent additional infective juveniles respondinghat treatment.
Points and error bars denote mean preference andast error
respectively. * indicates significance at € 0.05; ** indicates
significance at P< 0.01.
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Figure 3  Effect of Distance, Damage, and Elicitor treatmenton H.
amazonensigesponse. Distance and damage significantly (P =
0.002, 0.003 respectively) affected entomopathagrematodé.
amazonensisresponse to corn seedlings. Points and errorbars
denote mean and bootstrapped 95% confidence itderva
respectively
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CONSIDERACOES FINAIS

Na agricultura moderna, o melhor aproveitamento desursos
disponiveis é uma ferramenta imprescindivel pareaarglar melhores
resultados e maiores produtividades. O entendiondatalhado do sistema
envolvido torna-se necessario para a melhor utifizadas ferramentas
disponiveis para alcancar as metas desejadas.

Para as plantas, os fatores que atuam sobre elas sfais variados,
vento, agua, nutricdo, patoégenos, pragas, etc.sEfs@wres estdo em
constante mudanca e entender 0s processos enwlvasistema, tornando
estes processos favoraveis para um desenvolvim@imm das plantas é
cada vez mais, uma importante ferramenta para scionento agricola de
gualidade. Estudar as intera¢des existentes enplarda, suas principais
pragas e seus inimigos naturais € uma ferramenpariante e estratégica
para um bom manejo agricola.

Uma forma de manipular essa interacdo de forma reatali
aumentando a capacidade de defesa das plantaa, aeintroducdo de
indutores de defesa.

Neste trabalho, objetivou-se entender sobre asragdes que
ocorrem na parte aérea e no sistema radicular agap, enfatizando o
subsolo, suas pragas e os nematoides entomopatogénnvestigando o
efeito da ativacdo da via de defesa do acido fiabighor meio da aplicacéo
foliar do elicitor salicilato de metila no recrutanto de nematoides
entomopatogénico$. diaprepesiem plantas de citros. Observou-se que,
guando esta via de defesa foi estimulada, as @a@aasaram a produzir, em
maior quantidade, o composto organico volatil delivane e que os

nematoides entomopatogénic®sdiaprepessao atraidos por este composto.
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Nos experimentos realizados para investigar a agfar tritréfica
entre plantas de milho tratadas com indutores diesde adultos de
Diabrotica speciosae 0 nematoide entomopatogéniddeterorhabditis
amazonensjsobservou-se que o elicitor jasmonato de metila alderou o
comportamento de adultos d& Speciosabem como o dos nematoides
entomopatogénicos.

Nos tratamentos com salicilato de metila, tanto amkiltos de
D. speciosaguanto os nematoides responderam de forma atratiydantas
tratadas.

Nos experimentos para determinar as doses de e@ticalos
indutores de defesa salicilato de metila e jasmuat metila, observou-se
maior atratividade pelos nematoides entomopatogéiic amazonensigas
maiores doses testadas. Esses resultados sugeeemapmento da inducao
de vias de defesa da planta pode, potencialmentecmtar o controle com a
atracdo de inimigos naturais. A maior atracdo ptantas danificadas
mecanicamente, sugere que 0s nematoides entomépatog podem
percerber diferencas na saude da planta, ndo semsergconhecimento da
presenca de herbivoros.

Ja nos experimentos para estudo da influéncia d&téndias no
recrutamento de NEP nos diferentes tratamentos indstores MeJA e
MeSA e dos danos na parte aérea, o efeito davedrdistancia sobre o
recrutamento de nematoides apresenta oportunidpdea uma maior
exploracédo dos fatores basicos que afetam o reseuto de nematoides com
a sinalizacdo por volateis no subsolo, sugerind® agi aplicacdes exdgenas
de nematoides entomopatogénicos para o controlédgidm pode ser feita a
uma certa distancia da area alvo e ainda ter umoefésta distAncia mais
longa dos nematoides em resposta a plantulas dw rmdtadas com elicitor

apresenta uma nova estratégia para o aumento dwoleorbiolégico de
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herbivoros raizes subterr@neas, além disso, suggre nematoides
entomopatogénicos podem ser aplicados de uma regidcespecifica, em
seguida serem recrutados para areas de herbivtnaaéa da aplicacdo
orientada de indutores de defesa nas plantas. Endsta estratégia dependa
de mais estudos, enfatizando o campo, indutoredefiessa podem ser uma
promessa para melhorar o controle biolégico noalobs

Estes resultados enfatizam a conex@o existente argarte aérea e o
sistema radicular das plantas mediadas por viaglefesa da planta, e
apontam para novas estratégias para melhorar cot®ttiol6gico de pragas

de insetos subterrdneos com nematoides entomopétogéo campo.



