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RESUMO

D’AVILA, Vinicius de Abreu, D.Sc., Universidade Federal de Vicosa, dezembro
de 2017. Estresse causado por inseticidas em duas espécies de inimigos
naturais (Aphidius colemani e Eriopis connexa) de pulgdes. Orientador:
Raul Narciso Carvalho Guedes. Coorientadores: Gerald Christopher Cutler e
Wagner Faria Barbosa.

Diante a necessidade de diminuir os efeitos deletérios do uso continuo de
inseticidas e ao mesmo tempo maximizar a produgdo agricola, surge a
necessidade de se integrar o controle biolégico e o controle quimico de
maneira eficiente e harmoniosa. Assim, o objetivo desse trabalho foi avaliar o
efeito de concentragdes subletais de inseticidas em inimigos naturais do pulgao
Myzus persicae (Sulzer, 1776) (Hemiptera: Aphididae) e a possibilidade da
utilizacdo dos dois métodos simultaneamente. No primeiro capitulo foi avaliado
o efeito da exposigéo residual de dois inseticidas convencionais, imidacloprid e
lambda-cialotrina, e do biopesticida spinosad sobre a longevidade e reproducao
do parasitoide Aphidius colemani Viereck (Hymenoptera: Aphidiidae). A curva
de concentracdo-mortalidade mostrou que o parasitoide foi 20 vezes mais
suscetivel ao spinosad que ao imidacloprid e ao lambda-cialotrina, com
concentracbes menores que a recomendada a campo reduzindo mais da
metade a longevidade do parasitoide. Por outro lado, embora imidacloprid e
lambda-cialotrina tenham comprometido a taxa de parasitismo do A. colemani,
o lambda-cialotrina n&o alterou o numero de vespas produzidas. No segundo e
terceiro capitulo duas linhagens do predador Eriopis connexa (Germar)
(Coleoptera: Coccinellidae), uma resistente e outra suscetivel a piretroides,
foram expostas a concentracdes subletais de lambda-cialotrina sendo avaliado
o seu efeito na longevidade, reprodugédo, mobilidade e forrageamento desses
predadores. Bioensaios de sobrevivéncia com lambda-cialotrina permitiram a
estimativa dos tempos de exposicdo subletais na maior concentragéo
recomendada a campo tanto para resistentes, expostas por 48 horas, quanto
para suscetiveis, expostas por 45 minutos. Em relacdo aos aspectos
reprodutivos, sem a exposicdo prévia ao lambda-cialotrina os machos de
ambas linhagens mostraram mais rapidez para a monta precisando de menos
tentativas para isto. A exposi¢gao ao lambda-cialotrina prolongou o tempo de

coépula e diminuiu o tempo de tremulagdo do corpo da fémea no inicio da
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cépula. As fémeas suscetiveis também apresentavam um tempo maior na
cépula quando comparadas as resistentes resultando em uma maior fertilidade
€ um maior pico de produgao de progénie mantendo a produgao por muito mais
tempo. A exposigao ao lambda-cialotrina reduz o pico de produgao da linhagem
resistente e o periodo para linhagem suscetivel. Em relagdo a mobilidade,
quando confinadas em areas parcialmente tratadas com lambda-cialotrina a
linhagem suscetivel apresentou uma reducéo na velocidade e percorreu uma
menor distdncia, o que pode ser um resultado da desordenagdo dos
movimentos do predador diante a exposicdo ao inseticida. Nao foi detectada
repeléncia, porem 40% dos individuos apresentaram irritabilidade. Entretanto,
0s insetos permaneceram por mais tempo na por¢do contaminada com
inseticida da arena favorecendo sua exposi¢ao prolongada. Em relacdo aos
individuos expostos previamente ao inseticida, apesar de ndo apresentarem
diferengca em relacdo ao manuseio da presa, a busca de presas por adultos
resistentes foi significativamente prolongada como consequéncia da exposi¢cao
ao inseticida, esse resultado apresenta uma correlagdo significativa com o
tempo em repouso e a distancia percorrida, assim como uma correlagao
significativa negativa com a velocidade. Assim, a exposi¢ao subletal afetam o
forrageamento por predadores resistentes ao piretroide exibindo busca de
presas prolongadas associadas a uma maior distancia caminhada com maior

intervalo de repouso e baixa velocidade, reduzindo sua performance predatéria.
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ABSTRACT

D’AVILA, Vinicius de Abreu, D.Sc., Universidade Federal de Vicosa, December,
2017. Stress caused by insecticides on two species of natural enemies
(Aphidius colemani and Eriopis connexa) of aphids. Advisor: Raul Narciso
Carvalho Guedes. Co-advisors: Gerald Christopher Cutler and Wagner Faria
Barbosa.

In view of the need to reduce the deleterious effects of the continuous use of
insecticides and at the same time maximize agricultural production, there is a
need to integrate biological control and chemical control in an efficient and
harmonious way. Thus, the objective of this work was to evaluate the effect of
sublethal concentrations of insecticides on natural enemies of the Myzus
persicae (Sulzer, 1776) aphid (Hemiptera: Aphididae) and the possibility of
using both methods simultaneously. In the first chapter the effect of the residual
exposure of two conventional insecticides, imidacloprid and lambda-cyhalothrin,
and the spinosad biopesticide on the longevity and reproduction of the
parasitoid Aphidius colemani Viereck (Hymenoptera: Aphidiidae) were
evaluated. Based on the concentration-mortality curve, the parasitoid was more
than 20 times susceptible to spinosad than to imidacloprid and lambda-
cyhalothrin, with concentrations lower than that recommended in the field,
reducing the longevity of the parasitoid by more than half. On the other hand,
although imidacloprid and lambda-cyhalothrin compromised the parasitism rate
of A. colemani, lambda-cyhalothrin did not change the number of wasps
produced. In the second and third chapters, two strains of the predator Eriopis
connexa (Germar) (Coleoptera: Coccinellidae), one resistant and another
susceptible to pyrethroids, were exposed to sublethal concentrations of lambda-
cyhalothrin, being evaluated their effect on longevity, reproduction, mobility and
foraging of these predators. Lambda-cyhalothrin survival bioassays allowed the
estimation of sublethal exposure times at the highest recommended
concentration in the field for both resistant, exposed for 48 hours, and
susceptible, exposed for 45 minutes. Regarding the reproductive aspects,
without the previous exposure to lambda-cyhalothrin, the males of both lines
showed a faster rate of mating, requiring fewer attempts to copulate. Exposure
to lambda-cyhalothrin prolonged the copulation time and decreased the flutter

time of the female body at the beginning of intercourse. Susceptible females



also had a longer copulation time when compared to resistant females, resulting
in higher fertility and a higher progeny production peak, maintaining production
for much longer. Exposure to lambda-cyhalothrin reduces the production peak
and the production period, respectively for the resistant and susceptible strains.
Regarding mobility, when confined to areas partially treated with lambda-
cyhalothrin, the susceptible line presented a reduction in speed and a shorter
distance, which may be a result of the disorganization of the movements of the
predator on exposure to the insecticide. No repellency was detected, but 40% of
the individuals presented irritability. However, the insects remained longer in the
insecticide-contaminated portion of the arena favoring their prolonged exposure.
Regarding the individuals previously exposed to the insecticide, although they
did not present differences in relation to prey handling, the search for prey by
resistant adults was significantly prolonged as a consequence of insecticide
exposure; this result shows a significant correlation with the time at rest and the
distance traveled, as well as a significant negative correlation with velocity.
Thus, sublethal exposure affect foraging by predators resistant to pyrethroid
exhibiting a search for prolonged prey associated with a longer walking distance

with a longer resting time and slower speed, reducing predatory performance.



INTRODUGAO GERAL

Um dos problemas trazidos com a globalizagdo do ultimo século,
especialmente devido a viagens internacionais e comercio, foi a crescente
introducédo local de espécies exoéticas. Por sua vez, grande parte desses
invasores se tornam pragas agricolas por encontrarem boas condi¢cbes de
sobrevivéncia (Liebhold et al. 1995). A abundante disponibilidade de alimentos
em monoculturas e a inexisténcia de fatores que limitavam seu crescimento
populacional, como a auséncia de inimigos naturais nos locais de invasao
contribuem significativamente para o estabelecimento e propagagao dessas
especies exoéticas, com destaque especial aos insetos, causando danos
econdmicos aos sistemas agricolas (Corn et al. 2002, Walther et al. 2009).
Dessa maneira, a partir da década de 40, com o intuito de aumentar a
producao agricola e minimizar os prejuizos causados pelas pragas foi
disseminado o uso de inseticidas organicos sintéticos para o controle de pragas
(Carson 1962, Van Den Bosch 1978).

Como nem tudo sdo flores, o uso crescente, constante e/ou
indiscriminado de inseticidas acarretou diversos problemas para o ambiente e
os sistemas de produgéo agricola, como surgimento de populagdes resistentes
a inseticidas (Che et al. 2013, Koo et al. 2014, Charaabi et al. 2016, Guedes et
al. 2017), efeitos nocivos a organismos nao alvos (Zhou et al. 2014, Dorneles et
al. 2017, Regan et al. 2017) e surto populacional de pragas (Dutcher 2007,
Szczepaniec et al. 2011, Cordeiro et al. 2013, Guedes et al. 2016, 2017). Essas
consequéncias acarretam novos prejuizos ambientais e econdmicos assim
como aceleram a perda do inseticida com a resisténcia.

Foi no contexto acima que, a partir da década de 70, introduziram-se os
fundamentos do Manejo Integrado de Pragas (MIP) com intuito de reduzir os
efeitos nocivos de inseticidas no ambiente, além de minimizar os danos
econdmicos causados pelos ataques das pragas. Além da utilizacdo do
controle quimico de maneira consciente e estratégica, outras medidas
alternativas de controle de pragas passaram a ser preconizadas de maneira
planejada e harmoniosa nas tomadas de decisdo, como por exemplo o controle
biolégico (Flint e Van Den Bosch 1981, Kogan 1998).

Muito antes do surgimento do MIP, contudo, ja havia registro de sucesso
do controle bioldgico classico. Este se refere a importagdo de inimigo natural

geralmente da regido de origem da espécie exdtica, sendo posteriormente
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liberado em quantidades inoculativas para se estabelecer em um novo
ambiente. O primeiro registro foi em 1888 com a espécie de joaninha Rodolia
cardinalis (Mulsant) (Coccinellidae: Coleoptera) para controle da cochonilha
Icerya purchasi (Maskell) (Hemiptera: Monophlebidae) em pomares da
Califérnia nos Estados Unidos (Van Den Bosch et al. 1982, Caltagirone e Doultt
1989). Por outro lado, foi apds a introdu¢do do MIP que o controle bioldgico
passou a ser visto como uma possibilidade real para o controle de pragas,
principalmente em cultivos em ambiente protegido, como casas-de-vegetacgao.

Ainda que o controle biolégico seja uma alternativa com aplicabilidade
crescente, ele ndo é necessariamente excludente ao controle quimico e nem
livre de problemas ambientais (Howarth 1991). Quando combinados de
maneira correta, um pode aumentar a eficiéncia do outro (Stern et al. 1959).
Entretanto, para que isso ocorra, é necessario um profundo conhecimento tanto
do inseticida quanto do inimigo natural, assim como suas interagdes. Isso
porque essas relagdes podem determinar toda logistica de manejo, incluindo a
época de aplicagdo do inseticida e liberagdo dos inimigos naturais. Por
exemplo, Tremblay et al. (2008) constaram que ao usar sabao inseticida e o
parasitoide Aphidius colemani (Hymenoptera: Braconida) para o controle de
pulgédo de maneira simultédnea, € necessario que a liberacdo das vespas seja
antecipada em um dia em relagdo a aplicagao do inseticida, caso contrario ha
prejuizo ao desempenho do parasitoide.

Além do controle bioldgico classico e do controle biolégico aumentativo,
onde inimigos naturais sdo liberados periodicamente, uma proposta mais
recente € a de manipulagdo do ambiente para preservagao do inimigo natural
em campo, o chamado controle bioldgico conservativo (Tscharntke et al. 2007,
Aguiar-Menezes et al. 2008, Straub et al. 2008, Begg et al. 2017). Essa
preservagao pode ser conseguida pela oferta de alimentos alternativos, como a
presenca de recursos florais servindo de alimento alternativo nos periodos de
baixa populacional da presa preferencial (Lands et al. 2000, Venzon et al. 2006,
Charles e Paine 2016, Davila et al. 2016), e/ou a utilizagdo de inseticidas
seletivos em favor dos inimigos naturais (Croft 1990).

De maneira geral, a seletividade pode ser resultado de diferencas
fisiolégicas e morfoldgicas entre as espécies, desde diferengas no sitio alvo do
inseticida a outras que promovam uma menor taxa de penetracdo ou favoreca

a desintoxicacdo, sequestro e excrecdo do inseticida. Somado a isso
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diferengcas comportamentais podem levar a reducdo do periodo de exposicao
ao inseticida levando a seletividade ao produto. Por fim, endossimbiontes
presentes no interior dos insetos podem desempenhar papeis relevantes e
determinantes que favorecam a seletividade de seu hospedeiro a estes
compostos (Tremblay et al. 2008, Cordeiro et al. 2009, Guedes et al. 2016).

Dessa maneira, no caso de controle biolégico somado ao controle
quimico, a principal busca € por inseticidas que numa mesma concentragéo
sdo téxicos para as pragas e nao para os inimigos naturais (Ruberson et al.
1998). A maximizacdo do manejo pode também ser beneficiada além da
seletividade, com a busca por popula¢des de inimigos naturais resistentes a
inseticidas (Rodrigues et al. 2013ab, Barbosa et al. 2016). Dentro desse
cenario de busca por populagdes resistentes, por vezes a CLso ou a DLso &
usada como unico parametro para determinar a toxicidade ou a seletividade de
um inseticida em relagdo a pragas e inimigos naturais, ignorando as
consequéncias dos efeitos subletais as populagdes.

A importancia de efeitos subletais € ilustrado pelo fato de que algumas
especies que apresentam alta taxa de mortalidade podem se recuperar
rapidamente se mostrarem geragdes curtas e reproducéo acelerada (Banks et
al. 2011). Por outro lado, espécies que apresentam baixa mortalidade na
mesma concentragcdo podem sofrer prejuizos na sua capacidade reprodutiva
devido a efeitos subletais na espécie levando a populagdo gradativamente a
extingdo local (Desneux et al. 2007, Banks et al. 2011). Além disso, devido a
degradagao do inseticida no ambiente, os inimigos naturais, que ndo sao os
alvos da aplicagdo destes, sdo normalmente expostos a concentragdes
menores do que requeridas para a mortalidade deles, tornando-se importante a
avaliacao do efeito ou resposta a estas concentracdes e mesmo concentracoes
abaixo das recomendadas ou aplicadas (Eijaza et al. 2015, Guedes et al. 2016,
2017). Outro equivoco frequente quando se fala de seletividade de inseticida é
associar a origem do composto a sua toxicidade. Compostos organicos, como
por exemplo 6leos essenciais, podem apresentar toxicidade igual ou superior a
de compostos sintéticos (Castilhos et al. 2017).

Dois comportamentos importantes a serem avaliados ap6s exposicao de
inimigos naturais a concentragdes subletais inseticidas sdo os comportamentos
de forrageamento e reprodutivo. Afinal, a alteracdo destes comportamentos

pode prejudicar a sobrevivéncia e persisténcia dos agentes de controle
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biolégico a campo, assim como prejudicar a sua finalidade de aplicagdo: o
controle populacional de pragas. Por exemplo, a espécie de joaninha
predadora Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) tem seu
crescimento populacional reduzido pelo prejuizo na fertilidade das fémeas
expostas a concentragdes subletais de spinosad e imidacloprid (Galvan et al.
2005).

Outro fendmeno causado pelo uso de inseticidas em concentragdes
subletais e que vem ganhando bastante destaque é conhecido como hormese.
Este fendbmeno se refere ao fato de que um determinado composto quimico
téxico ao individuo quando em altas doses, ser benéfico a ele quando em
baixas doses distorcendo a curva de dose-resposta tornando-a bifasica (Kendig
et al. 2010, Cutler 2013, Guedes e Cutler 2014, Cutler e Guedes 2017). Um
exemplo é o trabalho de Mallqui et al. (2014), onde se verificou que fémeas do
caruncho-pequeno-do-feijao, Zabrotes subfasciatus Bohemann (Coleoptera,
Bruchidae), aumentavam sua fecundidade diaria compensando a reducéo da
longevidade causada pela exposicdo azadiractina, alterando assim o balango
fisiolégico do individuo, favorecendo um processo (i.e., reprodugdo) em
detrimento de outro (i.e., longevidade).

Entre as varias pragas agricolas, os afideos (ou pulgbes) merecem
destaque. Mais de 100 espécies de pulgdes sdo consideradas pragas em
diversas culturas em todo o mundo (Vam Emden e Harrington 2007). Além dos
danos que causam ao sugar a seiva, estes insetos sao vetores frequentes de
doencgas de plantas, particularmente de viroses vegetais. Sdo espécies praga
de controle dificil devido a suas estratégias de reproducao (partenogénese),
alta taxa de crescimento além de facil dispersdo, podendo migrar longas
distancias através dos ventos (Vam Emden and Harrington 2007).

Um inimigo natural bastante citado na literatura como alternativa no
controle de pulgdes é o parasitoide Aphidius colemani Viereck (Hymenoptera:
Aphidiidae). Vasquez et al. (2006) apontaram que esta espécie de parasitoide
foi tdo eficaz quanto o inseticida imidacloprid para controle de pulgdes da
espécie Aphis gossypii (Hemiptera: Aphididae) em casas de vegetagao, apesar
de apresentar um custo mais elevado. No intuito de reduzir os custos e ao
mesmo tempo retardar a selecdo de populagcdes resistentes ao inseticida,
muitos pesquisadores vem avaliando o efeito inseticida nesse parasitoide a fim

de encontrar produtos seletivos que possam ser usados conjuntamente a esta
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espécie parasitoide em programas de manejo de pulgbes (Bostanian and
Akalach 2004, Bostanian et al. 2005, Stara et al. 2010).

Outro inimigo natural de pulgdes em evidencia no momento € a joaninha
predadora Eriopis connexa (Germar, 1824) (Coleoptera: Coccinelidae). Alguns
autores vém pesquisando a eficiéncia predatéria de populagao resistente a
piretroides no intuito de conciliar os dois métodos de controle. O inseticida
piretroide objetiva o controle de lagartas e o predador objetiva o controle de
pulgbes, desta maneira busca-se evitar surtos populacionais de afideos apds
aplicagao de inseticida e eliminagao de competidores pelo alimento (Rodrigues
2012). Apesar de elucidada a origem da resisténcia, assim como avaliagdo dos
custos adaptativos associados a ela, sdo necessarios estudos que avaliem o
efeito da exposi¢cao do predador a concentragcdes subletais desse produto e
como isso altera o seu comportamento reprodutivo e de predagao, além de
seus efeitos temporais e espaciais na comunidade devido essas alteragcdes
(Spindola et al. 2013, Rodrigues et al. 2013ab, 2014, Torres et al. 2015, Lira et
al. 2016, Santos et al. 2016, Guedes et al. 2017).

Frente ao contexto descrito acima, o objetivo desse trabalho foi avaliar a
longevidade, reproducdo e forrageamento de duas espécies de inimigos
naturais de pulgdes, o parasitoide A. colemani e duas populagdes do predador
E. connexa, frequentemente sujeitos a exposi¢cao subletal de inseticidas. Este
esforco busca contribuir com a viabilizagdo de uso simultineo de ambos

métodos de controle integrando em programas de manejo integrado de pragas.
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Abstract

Insecticides can affect biological control by parasitoids. Here, we examined the
lethal and sublethal effects of two conventional insecticides, imidacloprid and
lambda-cyhalothrin, and a reduced-risk bioinsecticide, spinosad, on the aphid
parasitoid  Aphidius colemani  Viereck (Hymenoptera: Braconidae).
Concentration-mortality curves generated from insecticide residue bioassays
found that wasps were nearly 20-fold more susceptible to spinosad than
imidacloprid and lambda-cyhalothrin. Imidacloprid and lambda-cyhalothrin
compromised adult parasitoid longevity, but not as dramatically as spinosad:
concentrations >200 ng spinosad/cm? reduced wasp longevity by half.
Imidacloprid and lambda-cyhalothrin also compromised aphid parasitism by
wasps. Although increasing imidacloprid concentrations led to increased host
viability and reduced progeny production, lambda-cyhalothrin did not affect
viability of parasitized hosts or parasitoid progeny production in a dose-
dependent manner. Our results demonstrate that reduced risk bioinsecticide
products like spinosad can be more toxic to biological control agents than

certain conventional insecticides.

Keywords: Biological control, reduced-risk insecticide, sublethal effects,

spinosyn.
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Introduction

The green peach aphid, Myzus persicae (Sulzer) (Aphididae) attacks
plant hosts belonging to over 40 different families (Tingey and Andaloro 1983,
Blackman and Eastop 2000). In addition to direct damage M. persicae causes
to host plants by sap-feeding, this aphid is an important vector of plant
diseases, including more than 100 plant viruses (Tingey and Andaloro 1983).
Myzus persicae is also difficult to control due to its varied reproductive
strategies, rapid growth rate, and ease of dispersion over long distances by
wind (Blackman and Eastop 2000, Van Emden and Harrington 2007).

The aphid parasitoid Aphidius colemani Viereck (Hymenoptera:
Braconidae) is distributed throughout many parts of North America, Europe,
Asia, Africa, and Oceania (Stary 1975) and is commercially produced as
biocontrol agent (Sampaio et al. 2001, Van Driesche et al. 2008, Khatri et al.
2016, 2017). This parasitoid has become an important biological control agent,
particularly for the greenhouse industry, due to its high mobility and fecundity,
and short generation time (Van Schelt 1994). The efficacy of A. colemani for
aphid management in greenhouses can be equivalent to the use of chemical

control, though at a higher cost (Vasquez et al. 2006).

The principal control method for green peach aphid is application of
insecticides (Umina et al. 2014), but over-reliance on chemical control is
problematic. This is so because M. persicae has developed resistance to many
insecticides with different modes of action (Devonshire and Moores 1982, Field
et al. 1988, Little et al. 2017). In addition, insecticide use frequently has
unintended deleterious effects on nontarget organisms, such as valued
parasitoids, predators, and other natural enemies of agricultural pests (Desneux
et al. 2007, Biondi et al. 2012). Insecticides targeting primary pests may also
inadvertently cause outbreaks of nontargeted pest populations due to their
differential susceptibility, level of exposure, or a range of indirect effects (Hardin
et al. 1995, Szczepaniec et al. 2011, Cordeiro et al. 2013, Guedes et al. 2016).
The integration of chemical control and biological control can reduce some of
these problems, by, for example, reducing costs and undesirable effects (Stern
et al. 1959, Roubos et al. 2014, Dara 2017).
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In the search for new active ingredients to combat insect pests, so called
biopesticides — pesticidal compounds of natural origin — have gained
attention. This is in large part because of their alleged increased safety toward
nontarget organisms, humans, and the environment relative to conventional
insecticides that are based on active ingredients synthesized in a laboratory
(Chandler et al. 2011, Guedes et al. 2016, EPA 2017). However, this
generalization may not hold true in many cases, given that the origin of an
insecticide does not determine its toxicity, spectrum of activity, or safety
(Guedes et al. 2016).

In the current study, we assessed the effects of two conventional
insecticides —imidacloprid and lambda-cyhalothrin — and a biopesticide,
spinosad, on the survival, parasitism, and reproduction of A. colemani. These
insecticides are used against many aphid pests, including M. persicae, in a
variety of greenhouse and field scenarios (Vasquez et al. 2006). Certain
formulations of spinosad can also be used in organic production, which is more
restrictive in its insecticide options for arthropod pest control. We predicted the
conventional insecticides imidacloprid and lambda-cyhalothrin would have
strong effects on A. colemani, although their impacts may vary with the
parasitoid developmental stage (Tremblay et al. 2008). Spinosad is considered
a reduced-risk (bio)insecticide, and we therefore predicted it would have milder
effects on A. colemani relative to imidacloprid and lambda-cyhalothrin, although
there is evidence that spinosad can adversely affect nontargeted arthropods
(Biondi et al. 2012, Barbosa et al. 2015, Tomé et al. 2015). Although we
expected variable deleterious effects on A. colemani to occur, we were
cognizant that insecticide induced hormesis — a response where very low
doses of insecticide can stimulate biological processes in insects (Cutler 2013,
Guedes and Cutler 2014, Cutler and Guedes 2017) — might also be observed.

Material and Methods
Colonies of Insects

Myzus persicae nymphs and adults used in this study were from a colony
maintained on cabbage (Brassica oleracea var. capitata L.) at the Dalhousie
University Faculty of Agriculture. The M. persicae colony was maintained and

bioassays were performed under controlled environmental conditions of 25 %
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2°C, 25 + 5% R.H., and a 16:8 (L:D) photoperiod. Cabbage plants were grown
in 7.5 cm diameter pots filled with Pro-Mix (Halifax Seed, Halifax, NS, Canada)
potting soil in a greenhouse. Aphids on cabbage plants (approximately 3 wk old)
were contained within polyethylene plastic cages (92 x 48 x 48 cm) with mesh
for ventilation (about 20 plants per cage) to prevent contamination by other
species. Aphid-infested cabbage plants were replaced weekly with fresh,

uninfested plants.

A. colemani was originally purchased from Koppert Canada
(Scarborough, Ontario, Canada). For rearing of parasitoids, aphid infested
plants were placed inside another cage containing adult parasitoids. After 3—4
d, when the most M. persicae on the host plant were mummified, the plants
were removed from the cage and parasitized aphids were transferred to 1 liter
plastic jars covered with organza tissue to allow air circulation and prevent
insect escape. Emerging adult parasitoids (<24 h old) were collected using a
small vacuum cleaner (EL-BT13BK model - ECOLA®), and were used in
bioassays at the same day. Some mummified aphids were kept in the plants for

A. colemani colony maintenance.
Insecticides

Three formulated insecticides used to manage green peach aphid were
used: imidacloprid (240 g a.i./L; Admire 240 SC; Bayer Crop Science Canada,
AB, Canada), lambda-cyhalothrin (120 g a.i./L; Matador 120 EC; Syngenta Crop
Protection Canada, Guelph, ON, Canada), and spinosad (240 g a.i./L; Entrust
240 SC; Dow AgroSciences, Calgary, AL, Canada).

Concentration-mortality Bioassays

Concentration-mortality bioassays were carried out to assess the toxicity
of each insecticide to A. colemani. A variation of a standard method of residual
exposure commonly used to test toxicity of pesticides to parasitoids was used
(Hassan et al. 1985). Two milliliters of each insecticide in water (without
surfactant) was applied to acrylic Petri dishes (9 cm diameter; 2 cm high) using
a Potter spray tower (Burkard Scientific, Uxbridge, UK), applied at a pressure of
78 kPa. The spray covered a circular area of 176.71 cm? (base and lid), and
dishes were left to dry on the bench top for two hours after treatment. Each
Petri dish had four opposing holes (1 cm diameter). Plastic petri dishes were
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used to allow holes to be made in its sides. Two of the holes were covered with
organza tissue for ventilation and the other two were used to provision the
parasitoids with sugar water solution (10%) via soaked cotton wicks (Bostanian
et al. 2005, Charles and Paine 2016). Five adult parasitoid wasps (<24 h old)
were released into each Petri dish using the small vacuum cleaner and mortality
was assessed after 48 h. Insects were considered dead if they did not respond
to prodding with a fine hairbrush. At least five different concentrations and a
water control were used for each insecticide, at a range of concentrations that
caused 0-100% mortality. Each bioassay was replicated seven times (five

wasps per petri dish and seven petri dishes per concentration per insecticide).
Time-mortality Bioassays

Time-mortality bioassays were performed with the same concentrations
used in the concentration-mortality bioassays, as well as with additional
concentrations that extended into the no observable effect concentration
(NOEC) range for each compound. Methods used were generally as described
above, but insect mortality was measured daily following an initial 24 h
exposure to the dried insecticide residue, and transfer of the exposed adult
parasitoids to uncontaminated Petri dishes. Seven replicates were used for
each concentration and insecticide. The concentrations tested ranged from: 240
- 0.43 ng i.a./cm? for spinosad; 960 - 1.88 ng/cm? for imidacloprid; and 960 -
3.75 ng i.a./cm? for lambda-cyhalothrin. Adult survival was recorded to

determine survival curves and estimates of median survival time (LTso).
Bioassays of Parasitism and Parasitoid Progeny Production

In cases where the insecticide label rate was less than the estimated
median lethal concentration (LCso), determined from the concentration-mortality
bioassays, insects were subjected to additional bioassays to examine sublethal
effects of these compounds on parasitism, host viability, and parasitoid progeny
production. This was done by exposing the insects as previously described, and
then placing 30 of them of a given treatment in 1 liter plastic containers along
with a provision of sugar water (10%) through of a piece of cotton by a hole in
the top of the containers. Male and female parasitoids were released together
(30 wasps/container) and allowed to mate over 72 h. The insects were removed

from the containers and males were distinguished from females by the shape of
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the abdomen. This was done under a microscope after collecting each
parasitoid with a vacuum aspirator and reducing their mobility in a refrigerator
(-20°C) for 20 s; the sex ratio was approximately 1:1 (Vargas 2010). Each
female was then individually placed in a 500 ml glass jar. Each jar contained: a
moist filter paper on the bottom to prevent desiccation; a cotton wick saturated
with sugar solution; and a cabbage leaf infested with 35 s or third-instar aphids,
with a moistened cotton swab placed around the petiole to provide the leaf with
a water source. Each glass jar was covered with organza tissue to allow air
circulation and prevent insect escape. Parasitoid females were allowed to
parasitize the aphids for 48 h and then removed from jars using a small vacuum
cleaner. After 10 d, we recorded in each jar the number of parasitized aphids,
the percentage mummified hosts, the number of parasitoid progeny emerged,

and the parasitoid sex ratio.
Statistical Analyses

Lethal concentrations of insecticide to parasitoids in concentration-
nmortality bioassays were estimated by probit analyses using PROC PROBIT
(SAS 9.4; SAS Institute, Cary, NC); these data were corrected for natural
mortality using Abbott's Formula (Abbott 1925) prior to analysis. Data from the
time-mortality bioassays were subjected to survival analyses using Kaplan—
Meier estimators, with a Log Rank test to verify if there were statistical
differences among concentrations (PROC LIFETEST; SAS 9.4; SAS Institute).
The estimated LTso's for each concentration of each insecticide were
subsequently subjected to regression analyses to allow estimating the rate
longevity decreased with concentration. Data on parasitism rates, viability of
parasitized hosts, and parasitoid emergence and sex ratio were also subjected
to regression analyses using insecticide concentration as the independent
variable and the curve-fitting procedure of TableCurve 2D (Systat, San Jose,
CA). Model selection was performed based on parsimony, high F-values, and
steep increases in R? with model complexity, always testing the models from

the simplest to most complex.
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Results
Concentration-mortality Bioassays

Probit analyses on the concentration-mortality data produced low X? and
high P-values (=0.05) for all insecticides, indicating a good fit of the data to the
probit model used. Based on LCso values, wasps were approximately 19- and
37-fold more susceptible to spinosad than imidacloprid or lambda-cyhalothrin,
respectively (Fig. 1). Slopes of the concentration-mortality curves were relatively
steep for all insecticides, but somewhat lower for imidacloprid, suggesting a

more heterogeneous response of A. colemani adults to that insecticide (Fig. 1).
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Fig. 1. Concentration-mortality curves showing adult Aphidius colemani
susceptibility to dry residues (24 h exposure) of imidacloprid (circles), spinosad
(squares), and lambda-cyhalothrin (triangles). Each data point on the figure is

the mean of seven replicates.
Time-mortality Bioassays

The log-rank test found that adult parasitoid longevity varied significantly
with concentration for each of the three insecticides tested (imidacloprid: x? =
122.7, df = 6, P < 0.001; lambda-cyhalothrin: x? = 81.1, df = 8, P < 0.001;
spinosad: x? = 174.0, df = 7, P < 0.001). Regression analyses for LTso estimates
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of each insecticide showed that exposure to spinosad concentrations of 100—
250 ng a.i./cm? led to rapid mortality of adults, whereas only slight deleterious
effects on longevity were found with exposure to imidacloprid and lambda-
cyhalothrin at this range of concentrations (Fig. 2). The LTso dose-response
curves for imidacloprid and lambda-cyhalothrin were similar, with a rather
gradual decrease in adult longevity along concentrations ranging 200-1,000 ng
a.i./cm?, whereas the LTs0 dose—response curve with spinosad was very steep

along concentrations ranging from 0.42 to 7.50 ng a.i./cm? (Fig. 2).
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Fig. 2. Median adult Aphidius colemani longevity (LTso) following exposure to

dry insecticide residues, estimated by using Kaplan—Meier estimators.
Parasitism and Parasitoid Progeny Production

Spinosad was very potent to parasitoid adults, with toxicity >20-fold that
of imidacloprid or lambda-cyhalothrin, and an estimated LCso (18.26 ng a.i./cm?)
lower than the label rate (364 mil/ha, or 480 ng a.i./cm?). Therefore, we did not
subject parasitoids to experiments with spinosad assessing effects on

parasitism and progeny production.
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In contrast, label rates of imidacloprid (200 ml/ha, or 480 ng a.i/cm?) and
lambda-cyhalothrin (233 ml/ha, or 279.6 ng a.i./cm?) were close or lower than
their respective LCso values of 355.15 and 670.70 ng a.i./cm?, respectively. Both
imidacloprid and lambdacyhalothrin impaired parasitism in a dose-dependent
manner (Fig. 3). However, the effect was stronger for imidacloprid, with host
parasitism dropping more than twofold at concentrations of 2 ng
imidacloprid/cm? or greater (Fig. 3). Consequently, aphids had increased
viability when exposed to parasitoids that were treated with sublethal
concentrations of imidacloprid, whereas no such changes in host viability were
observed with exposure to our test concentrations of lambda-cyhalothrin (Fig.
4). Our lambda-cyhalothrin sublethal treatments also did not affect parasitoid
progeny production, unlike imidacloprid, which greatly impaired this endpoint
(Fig. 5). The sex ratio (female/total) of the emerging progeny was not affected
by either insecticide (overall mean 0.60 £ 0.03; imidacloprid: F1,37 = 0.006, P =
0.94; lambda-cyhalothrin: F1,38=0.49, P = 0.49).
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Fig. 3. Host parasitism (x SE) by adults of the parasitioid wasp Aphidius

colemani surface exposed to dry insecticide residues.
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Fig. 4. Viability of aphids (x SE) parasitized by adults of the parasitioid wasp
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Fig. 5. Progeny production (+ SE) by adults of the parasitioid wasp Aphidius
colemani surface exposed to dry insecticide residues.
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Discussion

In this study, we wanted to assess the lethal and sublethal effects of two
conventional insecticides and a biopesticide to the aphid parasitoid A. colemani.
Biopesticides are generally thought of as being reduced-risk and safer for
nontarget organisms (e.g., Villaverde et al. 2014, EPA 2017), and we therefore
predicted that imidacloprid and lambda-cyhalothrin would have stronger effects
on the parasitoid than spinosad, a biopesticide. However, in our experiments,
the residual contact lethal toxicity of spinosad was approximately 20-fold greater
than that of both conventional insecticides. The effects of spinosad on adult A.
colemani longevity were also more severe than the effects of imidacloprid and
lambda-cyhalothrin on adult longevity. Our results show that the perceived
higher safety of bioinsecticides to nontarget species may not always be true and
that the source of an insecticidal molecule is not a determinant of its toxicity or
safety (Barbosa et al. 2011).

The recognition of the natural origin of an insecticide is primarily
associated with its aimed use in organic agriculture systems rather than to its
safety to nontargeted species. Our initial expectation of an improved safety
profile of spinosad toward A. colemani was not due to its natural origin as a
fermentation product from the actinomycete Saccharopolyspora spinosa (Mertz
& Yao), but its recognition as a reduced-risk insecticide by some regulatory
agencies, including the EPA (EPA 2017). Similar to our results, others have
shown that spinosad can elicit a range of lethal and sublethal effects on
beneficial arthropods (Sparks et al. 2001, Miles 2006, Biondi et al. 2012,
Barbosa et al. 2015, Tomé et al. 2015). Takahashi et al. (2005) found that
applications of spinosad recommended in strawberry cultivation left 0.194
ug/cm? of active ingredient on the leaves up to 5 d after application, and 0.046
ug/cm? after 40 d, with mortality of A. colemani exposed to strawberry leaves
reaching 95.1%. These concentrations are higher than our estimated LCso0 (18.3
ng a.i./cm?) for A. colemani. Miles (2006) also reported that spinosad was toxic
to A. colemani when exposed shortly after application, but that toxicity is

reduced 1 wk after spraying.

We found that imidacloprid and lambda cyhalothrin were not as acutely
lethal to A. colemani as spinosad, and did not impair adult longevity as greatly

as spinosad. The imidacloprid LCso (355.2 ng a.i./cm?) was close to that
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expected from a recommended maximum foliar application of this insecticide in
several crops (480 ng a.i./cm?), but concentrations four times lower than the
LCso caused a significant reduction in A. colemani longevity. It was previously
shown that spinosad is also more toxic to Aphidius ervi (Haliday) than
imidacloprid (Araya et al. 2010). Although the rate of spinosad penetration into
the insect body is lower than when injected, the same is true imidacloprid, which
also exhibits higher oral rather than contact exposure, while pyrethroid contact
penetration is superior to that of spinosad (Sparks et al. 2001). Thus, the
prevailing route of (contact) exposure does not explain the higher acute toxicity

of spinosad compared with imidacloprid and lambda-cyhalothrin.

Both spinosad and imidacloprid target nicotinic acetylcholine receptors
(nAChR), but spinosad is an allosteric neuromodulator whose binding site
differs from that of imidacloprid, although this has not yet been characterized
(Salgado 1997, Crouse et al. 2001, Lester et al. 2004). Aphidius spp. may have
more or greater sensitivity of nAChR subunits targeted by spinosad than those
targeted by imidacloprid. Spinosad also has secondary effects as an agonist of
the neurotransmitter gamma-amino-butyric acid (GABA) (Watson 2001), which
in Aphidius spp. might also be particularly sensitive to chemical agonists. In
addition, distinct detoxification of both insecticides by the parasitoid may also

contribute for the reported differences in susceptibility.

Lower target site sensitivity and enhanced detoxification, but not reduced
penetration, are potential causes of lower toxicity of lambdacyhalothrin to A.
colemani, compared to spinosad. Lambda cyhalothrin was the least toxic
insecticide tested in our study, and more than twice its label rate did not
significantly alter longevity when compared to the control treatment. Although
lambda-cyhalothrin reduced host parasitism at concentrations lower than label
rate, in contrast to imidacloprid the viability of parasitized hosts and progeny
production was unaffected. This finding counters the usual notion that
pyrethroids are very toxic to natural enemies (Hull et al. 1985, Clarke et al.
1992), and indicates that effects of pyrethroids vary considerably depending on
the active ingredient and the arthropod species.

We included treatments around the NOEC, as determined in our
concentration-response mortality bioassays, because natural enemies are

frequently exposed to low concentrations of insecticide following its degradation
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in the field (Eijaza et al. 2015). As expected, some deleterious sublethal effects
were observed at these concentrations for certain insecticides. However, we
also used NOEC concentrations in order to determine if such exposure would
induce hormesis in A. colemani. In some cases, insecticide exposure at low or
sublethal concentrations does not cause deleterious effects, but may stimulate,
include in beneficial insects, the reproduction, longevity, or stimulated growth
(Cutler 2013, Cutler and Guedes 2017).

In commercial products tests, the ratio between the label rate and the LCso
gives an indication of the product risk, i.e., Hazard Quotient. The higher the
hazard quotient indicates the greater the risk of the product, on the other hand,
if the Hazard Quotient is lower than one, the adverse effects are no expected
(Eppo 1999, Desneux et al. 2004). While spinosad presented a ratio of 26.29,
imidacloprid and lambda-cyhalothrin presented ratios close to or less than one,
in this case, 1.35 and 0.42, respectively. This suggests that while exposure to
residues of imidacloprid and lambda cyhalothrin would present no or low hazard
A. colemani, exposure to residues or spinosad would pose a hazard to the

parasitoid, supporting the findings of our experiments.

Insecticides and biological control are often thought of as incompatible,
but is not always the case. It has long been appreciated that the correct
integration of natural enemy and insecticide can lead to integrated management
success (Stern et al. 1959, Hoyt 1969). Many new insecticides, in particular,
demonstrate good selectivity in favor of natural enemies (Gentz et al. 2010) and
there are certainly reports of certain insecticides having low toxicity to
parasitoids, including A. colemani (Kim et al. 2006, Stara et al. 2011,
Bengochea et al. 2012). We suggest that due to the relatively low toxicity of
lambda cyhalothrin to A. colemani in our laboratory experiments, it may be
possible to simultaneously use lambda-cyhalothrin and the parasitoid A.
colemani in integrated pest management (IPM) programs against aphids. If both
are to control the same pest, lambda cyhalothrin could be applied only when the
damage is imminent, since the parasitoid would keep aphid populations below
the economic threshold for most of the time. Chemical control provides
adequate control, but does not necessarily eradicate prey, allowing parasitoids
to remain effective at low densities. It is also possible that lambda-cyhalothrin

and A. colemani could be used in the same system for different target pests.
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Additional work is needed to confirm this hypothesis given that other factors in
the field may alter the interaction of the natural enemy with the insecticide
(Banks and Stark 2011).

In summary, the reduced-risk bioinseciticde spinosad exhibited higher
acute lethal toxicity to the parasitoid A. colemani than the conventional
insecticides imidacloprid and lambda-cyhalothrin. The predicted residual
exposure with the spinosad label rate was nearly 50-fold higher than the
spinosad LCso we recorded to A. colemani, emphasizing its potential risk to this
biocontrol agent. In contrast, predicted residual exposures from label-rate
applications of imidacloprid and lambda-cyhalothrin were close or below the
LCso values estimated from our bioassays, and calculated HQ values were
below or near 1. Both conventional insecticides compromised aphid longevity
and parasitism, but lambda-cyhalothrin did not affect the viability of parasitized
hosts or parasitoid progeny production, unlike imidacloprid. Thus, the pyrethroid
lambda-cyhalothrin exhibited the most favorable safety profile to A. colemani.
Our results suggest that there may be opportunities to use this insecticide in

conjunction with A. colemani in IPM programs against aphid pests.
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Abstract

Insecticide resistance is a ubiquitous consequence in arthropod pest species
subjected to insecticide use in agricultural fields. The widespread use of
insecticides also allows selection of insecticide resistance among nontarget
arthropod species, such as natural enemies. Nonetheless, the potential
consequences of sublethal insecticide exposure in resistant natural enemies are
frequently neglected. The detected pyrethroid resistance in the lady beetle
Eriopis connexa (Germar) in Brazilian agricultural fields afford the opportunity of
assessing the consequences of the sublethal exposure of the broadly used
pyrethroid insecticide lambda-cyhalothrin in the mating behavior and
reproductive output of susceptible and resistant populations of this species.
Survival bioassays with lambda-cyhalothrin allowed estimation of sublethal
exposure times at the maximum labeled rate to assess the reproductive
consequences of such exposure in pyrethroid-susceptible and resistant strains
of E. connexa. Such sublethal exposures led to significant difficulties in female
mounting by male of both populations. Pyrethroid exposure also extended the
duration of female body tremulation and of coupling, while latency to mate,
tremulation, coupling and female shaking to dislodge the males after coupling
differed between strains with interacting effect of insecticide exposure only for
the latter behavior. As a consequence mainly of latency to mate, progeny
production was significantly smaller among pyrethroid-resistant females where
lambda-cyhalothrin exposure exhibited a negligible effect. Thus, population
rather than exposure itself prevailed in determining reproductive output of E.
connexa and pyrethroid resistance incurred in reproductive costs in this species
that may counterweight the benefits of its survival.

Keywords: Biocontrol agents, predator, insecticide resistance, insecticide
stress, sublethal exposure.
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Introduction

Insecticide resistance is a frequent consequence of pest control in crop
production systems by means of insecticide use, and overuse (Guedes et al.
2016, 2017a,b). This phenomenon is essentially a genetic change in response
to selection by insecticide use among individuals of a species (Sawicki 1987,
Whalon et al. 2008, IRAC 2017). The management shortcoming associated with
insecticide resistance is that its development can potentially compromise
chemical control used against a pest species (Sawicki 1987, Whalon et al.
2008, IRAC 2017, Guedes 2017). Nonetheless, the phenomenon may also take
place among species not targeted by the insecticide application, including
among them natural enemies of the pest species (Croft and Morse 1979, Hoy
1990, Bielza 2016).

Selection for insecticide resistance is usually associated with the use of
lethal insecticide concentrations eliminating susceptible individuals. However,
sublethal concentrations are also important in selecting resistant genotypes
favoring the survival and reproduction of resistant individuals (Guedes et al.
2017b). Natural enemies are frequently subject to sublethal insecticide
concentrations as non-target species. Furthermore, sublethal exposure may
also be achieved due to the peculiar behavioral traits of the non-targeted
species that may minimize exposure as compared with that of the target pest

species (Cordeiro et al. 2010, Lima et al. 2013).

Lady beetles (Coleoptera: Coccinelidae) are common aphid predators in
agricultural fields and used as a pest management tactic in aiding the
management of several aphid species. An example is the lady beetle species
Eriopis connexa (Germar), an important aphid predator widely distributed in
various crop ecosystems in South America (e.g., maize, sorghum, soybean,
wheat) and introduced into North America, which is frequently exposed to
pyrethroid insecticides (Rodrigues et al. 2013a, Costa et al. 2017). This
scenario has led to a relatively high frequency of insecticide resistance among
populations of E. connexa in field crops (Costa et al. 2017). As a consequence,
pyrethroid resistance was observed in E. connexa with an autosomal and semi-
dominant pattern of inheritance associated with enhanced activity of
detoxification enzymes (Rodrigues et al. 2013a, 2013b, 2014). Life-history and
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behavioral differences were also reported in pyrethroid resistant E. connexa and
the resistance was not restricted to a single pyrethroid, but extended to different
members of this insecticide group (Torres et al. 2015). However, the effect of
sublethal exposure on pyrethroid-resistant E. connexa remains unknown,
particularly regarding the species reproductive behavior, what we targeted in

the present study.

Survival bioassays with the pyrethroid lambda-cyhalothrin  were
performed in a pyrethroid-susceptible and a resistance population of the lady
beetle E. connexa. Such bioassays allowed the determination of a suitable
sublethal length of exposure to the insecticide label rate to assess the potential
behavioral effects of such exposure and its reproductive consequences in both
populations. We hypothesized that the pyrethroid was likely to impair mating in
both populations compromising their progeny production, particularly in the
susceptible population, as the resistant population would be better able to cope

with the sublethal stress imposed.
Material and methods
Insects

The two populations (lambda-cyhalothrin resistant and susceptible) of the
lady beetle E. connexa used in the experiments were obtained from populations
maintained at the Entomology Unit of the Federal Rural University of
Pernambuco in Recife (State of Pernambuco, Brazil). Both populations were
originally field-collected by 2009 and have been maintained in laboratory with
periodical introduction of newly-collected field insects and tested for insecticide
resistance, as described elsewhere (Rodrigues et al. 2013a, 2014, Torres et al.
2015).

The insecticide-susceptible population was originally collected from
cotton fields in Frei Miguelinho county (07°55'90.1"S and 35°51'45.6"W; State of
Pernambuco, Brazil). The pyrethroid resistant population was originally
collected from cabbage fields subject to intensive pyrethroid use in Vigosa
county (20°75'73"S and 42°86'96"W; State of Minas Gerais, Brazil). The former
population has always been maintained free from insecticide exposure and its
susceptibility status is periodically checked. The pyrethroid resistant population

also periodically received field insects, and the resistance status is also
33



periodically checked with eventual selection for resistance to the pyrethroid
lambda-cyhalothrin to maintain the original levels of insecticide resistance; the
level of pyrethroid resistance has remained around 40-fold compared with the
susceptible population (Rodrigues et al. 2014, Spindola et al. 2013, Torres et al.
2015).

Both lady beetle populations were maintained apart from each other in
Vigosa under controlled environmental conditions of 25 + 1 °C temperature, 70
t 10% relative humidity, and 12:12 h (L:D) photoperiod. The insects were
provided with eggs of the Mediterranean flour moth [Ephestia (= Anagasta)
kuehniella (Zeller) (Lepidoptera: Pyralidae)] ad libitum, and collard green leaves
infested with cabbage aphids (Brevicoryne brassicae (L.) (Hemipera:
Sternorrhyncha: Aphididae)) were provided every other day. In addition, 10%
honey solution was also provided during the adult stage of the lady beetles to

enhance reproduction.
Survival bioassays

Adult lady beetles (5-7 days-old) were subjected to time- and
concentration-mortality bioassays with a commercial formulation of the
pyrethroid insecticide lambda-cyhalothrin (Karate® 50 EC; 50 g a.il/lL,
encapsulate suspension; Syngenta Prot. Cult., Sdo Paulo, SP, Brazil). The
aqueous insecticide solution (2 mL) was applied to glass vials (250 mL volume;
178.15 cm? of inner surface), which were maintained in a heavy-duty rotator
(Roto-Torque model 7637, ColeParmer, Vernon Hills, IL, USA) for rotation until
drying to coat the inner walls of each jar with insecticide residue. The upper
portion of each glass vial was coated with Teflon PTFE (DuPont, Wilmington,
DE, USA) to prevent the insects from escaping. Ten adult insects were placed
in each vial at the concentrations of 0, 10, 75, 150, 300 and 600 mL commercial
formulation/ha, corresponding to 0, 5.0, 37.5, 75.0, 150.0 and 300.0 ng a.i./cm?
of lambda-cyhalothrin; the highest concentration corresponds to the maximum
label rate for the agriculture field use of this insecticide in Brazil (MAPA, 2017).
Mortality was recorded every 15 min for the 1st hour, then at 2, 4, 8, 24 and 48
h. The insects surviving longer than 48 h were transferred to 500 mL plastic
containers (used for the regular rearing of the insects) and their mortality was
recorded daily until no more live insects remained. The 48 h upper threshold of

exposure was used because lambda-cyhalothrin is a fast-acting (pyrethroid)
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insecticide that requires short exposure for insecticidal activity (Sunderland
2010, Casida and Durkin 2013). Insect mortality was recorded until no more live
insects remained and the insects were considered as dead when unable to
respond to prodding with a fine hairbrush (Santos et al. 2016). The bioassay
was replicated three times for each population (and insecticide concentration),

with a vial of 10 insects considered as a replicate.
Reproductive bioassays

Each adult insect was maintained separate from other insects from emergence
until the females started exhibiting abdomen enlargement enabling their sex-
recognition (7-days after emergence), as no sexual dimorphism is evident in this
species. Subsequently, virgin females and males of the lady beetle (7 days-old)
were exposed to the maximum label rate of lambda-cyhalothrin (i.e., 30 g a.i./ha
corresponding to 300 ng a.i./cm?) for either 45 min or 48 h depending on the
population (susceptible or resistant, respectively), which were the longer lengths
of exposure not compromising the survival of each population, as observed in
the survival bioassays previously described. The use of different lengths of
exposure with the same concentration allowed for a similar level of sublethal
effect for both populations. Suitable water-exposed insects were used as

controls in each assessment of each exposure time.

The insecticide exposure followed the methods described for the survival
bioassays using a single insecticide concentration and exposure periods
specific for each population. At least 20 virgin couples were obtained for
assessing their mating behavior and the female reproductive output. However,
after insecticide exposure the insects were removed and couples were
maintained individually in Petri dish arenas (9 cm diameter) with their bottoms
covered with filter paper and inner walls coated with Teflon. The mating
behavior of each couple was digitally recorded from their initial release in the
arena until the eventual separation after copulation using a digital video
camcorder (HDRXR520V, Sony, Tokyo, Japan). The behaviors were recorded
based on preliminary observations and included: walking (i.e., latency to
interact), contact between female and male, mounting of female by male,
female body tremulation, copulation, female body shaking with mounted male,
and separation of the couple. If the male initially paired with the female did not
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start interaction within 15 min, it was replaced as were the females that failed to

mate with three consecutive males offered.

The males of each coupling pair were discarded after the mating and the
females were daily observed until they did not lay eggs for a succession of 10
consecutive days. The eggs laid by each female were removed from the Petri

dish and observed for up to 10 days after hatching started in each egg cluster.
Statistical analyses

The adult longevity results obtained with the survival bioassays were
subjected to survival analyses using Kaplan-Meier estimators to obtain the
median longevity of the insects from both populations subjected to the different
observations (PROC LIFETEST; SAS software, SAS Institute, Cary, NC, USA).
The estimated median lethal times (LTso) of each combination of insect
population and insecticide concentration were subsequently subjected to
regression analysis with insecticide concentration as the independent variable
(TableCurve 2D, Systat, San Jose, CA, USA).

The behavior sequence and frequency during mating were depicted as
simplified ethograms based on 1st order behavioral transitions. The frequency
of the behavioral transitions for each population (pyrethroid-susceptible and
resistant) and insecticide treatment (treated x nontreated) were tested using x2
contingency table (4 x 7; P < .05; PROC FREQ; SAS). Eventual pointed
differences in the proportion of behavioral transitions between treated and
untreated couples of each population were compared using x2-test with Yates’

correction for continuity (P < .05).

The time budget data of each behavior were checked for the
assumptions of homoscedasticity and normality and the latency to interact and
duration of mounting were log10-transformed. The data were subsequently
subjected to two-way multivariate analysis of variance (2 populations x 2
exposure conditions) followed by univariate analysis of variance for each
parameter, when appropriate (PROC GLM with MANOVA statement; SAS).
Tukeys's HSD test (P < .05) was used to separate means when a fixed effect

was significant.
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Total progeny production was also checked for the assumptions of
analysis of variance and was log10-transformed. Univariate analysis of variance
was subsequently carried out (PROC GLM, SAS). The results of daily progeny
emergence were subjected to regression analysis with time as independent
variable and the descriptive models were tested and selected based on
parsimony, F and P-values, and steep increase in R? with model complexity
using the curve-fitting procedure of the software TableCurve 2D (Systat, San
Jose, CA, USA). Correlation analysis between latency for coupling and progeny
production was also performed using SAS, as was the correlation between
coupling time and progeny production (PROC CORR, SAS).

Results
Adult survival

The adult longevity of susceptible lady beetles varied with pyrethroid
exposure (x? = 47.53, df = 5, P < .001), unlike pyrethroid resistant lady beetles
exposed to increasing concentrations of lambdacyhalothrin (x> = 6.75, df = 5, P
= .24). The median longevity estimates (LTs0) obtained in the survival analyses
provided an exponential decrease with lambda-cyhalothrin concentration for the
susceptible population, but no significant variation on longevity was observed
for the resistant insects regardless of the insecticide concentration, which

exhibited a median longevity of 43.67 + 2.11 days (Fig. 1).
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Fig. 1. Median adult longevity (LTso0) ( + SE) of pyrethroid-susceptible and —
resistant populations of the lady beetle Eriopis connexa exposed to increasing

concentrations of lambda-cyhalothrin.
Mating behavior: sequential analyses

The lady beetle simplified ethograms representing the 1st order
behavioral transitions were represented as diagrams of mating for each
population and condition of insecticide exposure (Fig. 2). The overall frequency
of these 1st order transitions significantly differ among treatments (x? = 237.83,
df = 36, P < .001). The major difference observed concerned the female
mounting by the male when the insects were exposed to lambda-cyhalothrin,
regardless of the population. Exposed lady beetles were more successful in the
mounting behavior than unexposed ones where subsequent attempts to mount
was required at 2.7- and 6.7-higher frequency for the resistant and susceptible

populations respectively (x*> 2 4.91, df = 1, P <.01) (Fig. 2).
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Fig. 2. Ethogram of the mating behavior of the lady beetle Eriopis connexa
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transition diagrams. The solid arrows indicate each behavioral transition. The
relative thickness of each arrow represents the frequency of each behavioral
transition, which is indicated in italic. Only the significantly differing transitions
between exposed and unexposed insects are indicated by an asterisk (x? test at
P <.05).

Mating behavior: time budgets

The two-way multivariate analyses of variance indicated significant
interaction between population and insecticide exposure for the recorded
behaviors (Wilks’ lambda = 0.84, Fapp. = 2.95, dfaumden = 5; 80, P = .02). The
subsequent (univariate) analyses of variance performed indicated significant
differences in all behaviors except mounting time (Fss4= 0.12, P = .94). Latency
to interact varied significantly only between populations (F1,84 = 6.33, P = .01),
while the duration of female tremulation and of coupling varied among
insecticide treatments (F1,84 2 4.54, P < .04) and populations (F1,84 = 9.95, P <
.002). The interaction between population and insecticide exposure was
significant only for the duration of female shaking (Fsss4 = 3.20, P = 0.03). The
pyrethroid resistant population exhibited longer latency to interact (Fig. 3A), the

females tremulated for longer (Fig. 3B), and coupling was shorter (Fig. 3C) than
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in the susceptible population. Insecticide exposure decreased the time spent by
the females tremulating (Fig. 3B), and extended the coupling time (Fig. 3C). The
females shacked their body to dislodge males for longer if they were unexposed

resistant insects, and shorter if exposed resistant or unexposed susceptible

(Fig. 3D).
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exposed or not to lambda-cyhalothrin. Box plots indicate the median (solid line),
mean (dashed line), and dispersal (lower and upper quartiles, and outliers) of
the duration values. The box plots with similar letter in (D) are not significantly
different by Tukey's HSD test (P < .05).

Progeny production

The total larva progeny produced per female lady beetle differed between
populations regardless of insecticide exposure, with the pyrethroid susceptible

females exhibiting significantly higher overall fertility than the resistant females
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(Fig. 4 insert). However, when daily progeny production was considered, the
effect of insecticide exposure was also noticeable in addition to the population
effect (Table 1; Fig. 4). The susceptible females were again more fertile than
the pyrethroid-resistant females exhibiting a higher peak of progeny production
and maintaining a higher rate of progeny production for much longer (up to 30
days). Exposure to lambda-cyhalothrin exhibited a milder but significant effect
by shortening the period of progeny production for the susceptible population
and reducing the peak of production for the resistant population (Fig. 4). The
consequence of such profiles is a reduced rate of population growth for the
resistant insects with lambda-cyhalothrin exposure also compromising

population growth.

12 - —=8— Unexposed Resistant 3
e — . Exposed Resistant 0] e ’
— —8— Unexposed Susceptible 2 ' v
(cD 10 - 8 £ Exposed Susceptible o 500
- £
L € 400
o 2
>
3 g - .
3 = 8 =
o £ 200 s
Q g
..8 g 100 :
= el
= 3 1
o ~ 0 © v
é Resistant Suso'eptibae
0}
83 Strain
—
o
®
R T T L
T

Time (days)

Fig. 4. Daily progeny production per adult couple of pyrethroid-susceptible and
—resistant lady beetle Eriopis connexa subjected or not to lambda-cyhalothrin
exposure. The symbols indicated average determinations of individual pairs in
each condition; the equation parameters of each regression curves are
presented in Table 1. Insert: Box plot of total progeny produced per couple of E.
connexa; box plots indicate the median (solid line), mean (dashed line), and

dispersal (lower and upper quartiles, and outliers) of the duration values.
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Table 1. Summary statistics of non-linear regressions curves of progeny produced per female (Fig. 4). All of the equation parameters are

significant at P < 0.05 by Student’s f test.

Population Insecticide Model Parameters (+ SE) dferror F P R2
treament a B c

Resistant Unexposed Log normal cumulative [3 parameters] 6.25+0.28 10.78 £ 0.53 -0.42 £ 0.06 28 247.99 <0.001 0.94
Exposed Log normal cumulative [3 parameters] 4.46 £0.38 8.49+1.13 -0.83+0.11 42 145.25 <0.001 0.86

Susceptible Unexposed Log normal [3 parameters] 10.92 £0.33 4.49 +0.25 1.14+0.04 70  476.27 <0.001 0.93
Exposed Log normal [3 parameters] 11.19+0.34 4.13+0.20 1.00 +0.03 68  543.89 <0.001 0.94
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Latency to couple and progeny production

Among the behaviors recorded during mating, only the pooled data of
latency to coupling correlated significantly with progeny production (r = —=0.20, P
= 0.05, n = 88). A longer latency to couple was associated with lower progeny
production per female, regardless of the population and insecticide exposure.
Coupling duration was not significantly correlated with progeny production when
data were pooled (r = 0.08, P = 0.44, n = 88), nor when each strain was
considered separately (Susceptible: r = =0.01, P = 0.93, n = 50; resistant: r =
-0.26,P =0.12, n = 38).

Discussion

Sublethal insecticide exposure is a frequent condition faced in crop
production fields by natural enemies in general, and biological control agents in
particular, as consequence of insecticide use against arthropod pest species.
The consequences of such exposure potentially differ between populations of
biocontrol agents, particularly if they exhibit distinct susceptibility to insecticides.
This knowledge gap was addressed in our study in which we expected that the
pyrethroid lambda-cyhalothrin would more likely impair the susceptible
population considering a similar sublethal level of exposure. Curiously,
insecticide exposure was not as important as the insect population, regardless
the said exposure, although sublethal insecticide stress did compromise mating
and reproductive output in both susceptible and resistant populations.

Lambda-cyhalothrin exhibited higher toxicity to the susceptible lady
beetles, compromising adult longevity with increased insecticide concentrations.
This trend was not detected among resistant lady beetles. Longevity of resistant
predators remained unaffected by lambda-cyhalothrin exposure even at
concentrations as high as the maximum label rate of this insecticide for field use
(MAPA 2017). Therefore, lambda-cyhalothrin use for pest control is highly
detrimental for susceptible lady beetles at concentrations as low as 6-fold less
than the maximum label rate (which did not affect the resistant insects). This
scenario favors the use of pyrethroid-resistant E. connexa as biocontrol agents
in aphid pest management programs (Penman and Chapman 1988, Kidd and
Rummel 1997, Deguine et al. 2000). Nonetheless, despite not affecting survival

and adult longevity, lambda-cyhalothrin exposure may still compromise predator
43



mating and reproduction, therefore limiting its potential use for biological control
when pyrethroids are used. This concern was addressed through mating
experiments involving pyrethroid-susceptible and —resistant populations of E.
connexa subject or not to similar levels of lambda-cyhalothrin sublethal stress.

Lambda-cyhalothrin exposure, but not insect population, significantly
affected mounting during mating. This was unexpected as exposure to
neurotoxic compounds is more likely to impair insect coordination (Casida and
Durkin 2013, Guedes et al. 2016). Nonetheless, such exposure may have
arrested female movement while compromising excitatory stimuli with the
progression of the neurotoxic effect of pyrethroids in the central nervous system
(Sunderland, 2010; Casida and Durkin, 2013). Our finding was consistent with
Spindola et al. (2013) who reported reduced walking activity in lambda-
cyhalothrin exposed E. connexa. Curiously, the reduced female body
tremulation and increased duration of coupling observed with the pyrethroid
exposure, which also affected the male dislodging after coupling, did not impact
reproductive output of E. connexa. The population differences were more
revealing.

The pyrethroid-resistant E. connexa took longer to interact, the females
exhibited longer tremulation activity after mounting, and reduced coupling than
the susceptible insects. In truth, the pooling of latency behaviors prior to
coupling significantly correlated with fertility where longer latency to coupling
resulted in lower reproductive output, regardless of insect population and
insecticide exposure. The coupling duration itself, which is relatively long in this
species, did not affect fertility, probably because the minimum threshold of time
for sperm transfer is quickly achieved, thus securing fertilization. Long coupling
duration may actually prove detrimental by increasing the mating couple
vulnerability to predation in general, including intraguild predation (Felix and
Soares 2004, Ahmad 2005, Spindola et al. 2013).

Reduced latency to coupling led to higher fertility in E. connexa, which
was affected by sublethal lambda-cyhalothrin exposure and varied between
predator populations. The pyrethroid exposure led to a reduced peak of progeny
production in the pyrethroid resistant population and reduced the period of
progeny production in the susceptible population. More importantly though was
the fertility difference between the predator populations, with the susceptible

population exhibiting a higher peak of fertility and longer reproductive period
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leading to a higher progeny production (and rate of population growth) than the
resistant population. These differences observed with lambda-cyhalothrin
exposure are the likely result of delaying and impairing the coupling as a reflex
of the fast neurotoxic activity of this compound (Sunderland 2010, Casida and
Durkin 2013). In contrast, the population differences in mating behavior and
reproductive output are probable consequences of the insecticide selection (or
lack thereof) and the distinct genetic background of both populations.

Insecticide resistance is frequently associated with fitness costs with
resistant individuals at a disadvantage under insecticide-free environments
because of constitutive expression of their protective mechanisms against
insecticidal stress (Roush and McKenzie 1987, Mallet 1989, Renton 2013,
Stratonovich et al. 2014). Thus, without such stress the expression of such
mechanisms can come as a trade-off at the expense of fertility (Coustau et al.
2000, Foster et al. 2003, Guedes et al. 2006, Kliot and Ghanim, 2012). Although
common enough, the expression of these fithess costs associated with
insecticide resistance is not universal (Guedes et al. 2017a,b, Kliot and Ghanim
2012, Oliveira et al. 2007). Fitness cost associated with pyrethroid resistance
was reported in the resistant population of lady beetle used in our study
(Ferreira et al. 2013), but divergent strains originated from the original stock
may not exhibit such cost (e.g., Rodrigues et al., 2016). Nonetheless, pyrethroid
resistance did result a fitness cost in our present study exhibiting lower fertility
than the susceptible population. Thus, although prevailing under fields with
pyrethroid residues, resistant E. connexa will be replaced by the susceptible
phenotype when pyrethroid use is interrupted long enough, as supported by Lira
et al. (2016).

In summary, sublethal exposure to the pyrethroid lambda-cyhalothrin
compromises mating and progeny production by both pyrethroid-susceptible
and resistant populations of E. connexa. Reduced progeny production was
apparently a consequence of latency to couple, which was longer for the
pyrethroid resistant population. Nonetheless, the population effect was stronger
than the effect of sublethal exposure with susceptible lady beetles exhibiting
significantly higher fertility. Thus, the reproductive cost of pyrethroid resistance
in this species potentially counterweights the benefits of its use in pest

management programs in scenarios without intensive pyrethroid use.
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Abstract

Sublethal insecticide exposure may affect foraging of insects, including natural
enemies, although the subject is usually neglected. The lady beetle Eriopis
connexa (Germar, 1824) (Coleoptera: Coccinelidae) is an important predator of
aphids with existing pyrethroid-resistant populations that are undergoing
scrutiny for potential use in pest management systems characterized by
frequent insecticide use. However, the potential effect of sublethal pyrethroid
exposure on this predator’s foraging activity has not yet been assessed and
may compromise its use in biological control. Therefore, our objective was to
assess the effect of sublethal lambda-cyhalothrin exposure on three
components of the prey foraging activity (i.e., walking, and prey searching and
handling), in both pyrethroid-susceptible and -resistant adults of E. connexa.
Both lady beetle populations exhibited similar walking patterns without
insecticide exposure in non-contaminated arenas, but in partially contaminated
arenas walking differed between strains, such that the resistant insects
exhibited greater walking activity. Behavioral avoidance expressed as
repellence to lambda-cyhalothrin was not observed for either the susceptible or
resistant populations of E. connexa, but the insecticide caused avoidance by
means of inducing irritability in 40% of the individuals, irrespective of the strain.
Insects remained in the insecticide-contaminated portion of the arena for
extended periods resulting in greater exposure. Although lambda-cyhalothrin
exposure did not affect prey searching by susceptible lady beetles, prey
searching was extended for exposed resistant predators. In contrast, prey
handling was not affected by population or by lambda-cyhalothrin exposure.
Thus, sublethal exposure to the insecticide in conjunction with the insect
resistance profile can affect prey foraging with pyrethroid-exposed resistant
predators exhibiting longer prey searching time associated with higher walking

activity reducing its predatory performance.

Keywords: Biological control, biocontrol agent, sublethal effect, insecticide

resistance.
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Introduction

It can be difficult to integrate biological control under intensive agriculture
production where insecticides are also used for pest management (Croft and
Brown 1975, Croft 1990, Desneux et al. 2007). Compatibility of biological
control agents with insecticides may be achieved by using insecticides that are
more selective in favor of natural enemies or by using populations of natural
enemies that have resistance to the insecticide. Selectivity is usually
determined based on survival of natural enemies to exposure to the insecticide,
with less attention given to potential sublethal and indirect effects of pesticides
on natural enemies (Guedes et al. 2016, 2017). The occurrence of insecticide-
resistant populations of natural enemies is relatively rare (Croft and Morse
1979, Hoy 1990, Bielza 2016), but the detection of insecticide resistance among
lady beetles suggests that there might be opportunities in their conservation for
aphid management in field crops (Rodrigues et al. 2013a,b; Costa et al. 2017;
Torres etal. 2015). This has been reported previously in different regions
(Ruberson etal. 2007, Kumral et al. 2011, Tang et al. 2014, Barbosa et al.
2017).

The lady beetle species Eriopis connexa (Germar, 1824) (Coleoptera:
Coccinelidae) is the coccinelid predator exhibiting the highest levels of
insecticide resistance, particularly pyrethroid resistance, in different crop
systems encouraging the use of its resistant populations in pest management
programs in the Neotropics (Rodrigues et al. 2013a,b). Pyrethroid resistance in
E. connexa appears to be an autosomal and incompletely dominant trait, with
enhanced esterase activity as the main underlying mechanism (Rodrigues et al.
2013a, 2014; Torres etal. 2015). Pyrethroid resistance is associated with
fitness costs in E. connexa, but this can be mitigated by maintaining
heterozygosity within the population (Lira et al. 2016). Despite these studies,
the effects of sublethal pyrethroid exposure in pyrethroid-susceptible and -
resistance populations of lady beetles, and particularly of E. connexa, remain

neglected although important.

The importance of sublethal exposure on lady beetles is due to its rather

ubiquitous occurrence since insecticide field rates are determined targeting pest
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species, not natural enemies. Thus, the predators are usually exposed to
sublethal rates of the applied insecticide, which quickly undergoes natural
(environmental) degradation further decreasing its field residue levels and
favoring sublethal exposure (Guedes etal. 2016). In addition, peculiar
behavioral traits of non-targeted species may also minimize insecticide
exposure favoring their escape, but may also lead to divergent responses
depending on the species and population involved, which is seldom considered
(Desneux et al. 2007, Guedes et al. 2017). Thus, it is important to assess
natural enemy responses following sublethal insecticide exposure; behavioral
responses are particularly relevant as they may either enhance or minimize the
insecticidal effect, while serving as an early sign of nontargeted exposure
(Hellou 2011, Cutler 2013, Guedes and Cutler 2014, Cutler and Guedes 2017).
Such studies among insecticide-resistant populations of natural enemies may
be particularly important, given their potential use in pest management (Guedes
et al. 2017).

Predator foraging on prey entails a set of behavioral traits important for
biological control. This has implications for use of pyrethroid-resistant lady
beetles in management of aphids in field crops (Cloyd and Bethke 2011, He
et al. 2012). Neurotoxic insecticides like pyrethroids likely affect walking and
interfere with prey searching and handling by predators due to their modulation
of voltage-gated Na* channels in axons of excitatory neurons (Haynes 1988,
Desneux et al. 2004, Banks and Stark 2011, Sunderland 2010, Casida and
Durkin 2013). Therefore, sublethal exposure to pyrethroid insecticides may
potentially affect prey foraging by both susceptible and resistant E. connexa.
We hypothesized that similar level of exposure to lambda-cyhalothrin, one of
the most widely used pyrethroids in field crops in Brazil (MAPA 2017), was
more likely to affect the susceptible rather than the resistant insects due to their
vulnerability to the insecticide. On the other hand, reduced prey foraging
performance (i.e., extended prey searching and handling) could also occur

because of fithess costs associated with insecticide resistance.
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Materials and Methods
Insects

Insecticide-susceptible and -resistant strains of E. connexa were
obtained from the Entomology Unit of the Federal Rural University of
Pernambuco in Recife (State of Pernambuco, Brazil). They were field-collected
by 2009 and have since been maintained in the laboratory. Resistance to
lambda-cyhalothrin was maintained using methods previously described with
periodic introduction of field insects and bioassays to ascertain of their
resistance, what was also performed for the susceptible population (Rodrigues
et al. 2013a, 2014; Torres et al. 2015). The resistance remained around 40-fold
in our laboratory where both resistant and susceptible beetles were held
separately from one another. Beetles were reared on a diet of eggs of the
Mediterranean flour moth, Ephestia (=Anagasta) kuehniella (Zeller)
(Lepidoptera: Pyralidae), provided ad libitum, throughout their development.
Adult lady beetles were provided green peach aphids, Myzus persicae (Sulzer)
(Hemiptera: Aphididae), every other day, and also received 10% honey solution
to enhance reproduction (D’Avila et al. 2018). Insect colonies were maintained,
and the bioassays were performed under controlled environmental conditions
(25+£1°C, 70 £ 10% RH, 12:12 [L:D]) h.

Walking Bioassay on Nontreated Arena

Nonexposed adults from both lady beetle strains were subjected to
bioassays that examined their walking in nontreated arenas following Rodrigues
et al. (2016). Briefly, individual insects were released in the center of Petri dish
arenas (9-cm diameter) that had the bottom covered with filter paper (Whatman
no. 1). The inner walls of each dish were coated with Teflon PTFE to prevent
insect escape. The insect walking pattern was digitally recorded for 10 min via
an automated video tracking system equipped with a CCD camera and
associated software (ViewPoint Life Sciences, Montreal, Canada). The following
parameters were recorded: distance walked (cm), walking velocity (cm/s), and
resting time (s). Twenty-four insects of each strain and exposure condition (i.e.,

exposed or not to lambdacyhalothrin) were used in this bioassay.

55



Walking Bioassay on Half-Treated Arena

In addition to the walking parameters reported previously, insecticide
behavioral avoidance through repellence and irritability was recorded through
short-term (acute) response bioassays with nonexposed lady beetles. This was
achieved through walking bioassays on half-treated arenas using the same
methods described previously but with only half of the arena containing dried
residue of lambda-cyhalothrin (50 g a.i./liter, encapsulated suspension;
Syngenta, Sao Paulo, SP, Brazil). Two filter papers were used: one that
received 1 ml water and one that received 1 ml of lambda-cyhalothrin (26.72 ug
a.i./ml). Each was folded in half and glued to half of the arena using water-
based white (synthetic) glue resin (Cordeiro et al. 2010, Freitas et al. 2017). As
above, 24 adult insects (5—7 d old) from both the insecticide-susceptible and -
resistance strains were used. Distance walked, walking velocity, and resting
time were recorded in each half of the arena. In addition, lambda-cyhalothrin
repellence and irritability were recorded as the number of insects spending less
than 1 s in the insecticide-contaminated half of the arena, and the number of

insects remaining less than 50% of the time on such half, respectively.
Insecticide Exposure

Adults of the lady beetle E. connexa (5-7 d after emergence) were
exposed to the maximum label rate of lambda-cyhalothrin (i.e., 26.72 yg a.i./ml)
for either 45 min or 48 h for the population, if susceptible or resistant,
respectively. The differential exposure was determined through time-mortality
bioassays previously carried out to determine the threshold of no observable
effect time for each strain, which would allow similar levels of sublethal
exposure to both strains (D’Avila etal. 2018). Insecticide exposure was
performed as described. This involved exposing batches of 10 adult predators
in 250-ml glass jars, whose inner walls were coated with air-dried residues of
lambda-cyhalothrin. The commercial formulation of this pyrethroid (50 g
a.i./liter, encapsulated suspension; Syngenta, Sdo Paulo, SP, Brazil) was
applied as 2-ml suspension in water into glass jars maintained under rotation in
a heavy-duty rotator (Roto-Torque model 7637, ColeParmer, Vernon Hills, IL)

under laboratory conditions until drying. This procedure ensured even coverage
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of the inner walls of the glass jar with insecticide. The top inner walls of each jar
were also coated with Teflon PTFE (DuPont, Wilmington, DE) to prevent insect
escape. Lambda-cyhalothrin was applied at the concentration of 300 ng a.i./cm?
(corresponding to 600-ml formulation/ha, and 30 g a.i./ha), which is the
maximum label rate for this pyrethroid used in Brazilian field crops (MAPA
2017). Right after exposure, the insects were used in the desired bioassays
described in the following section. Controls consisted of exposure only to water.

No insect mortality was observed during the experiments.
Bioassay of Prey Searching and Handling

Predator searching and prey handling were assessed in lambda-
cyhalothrin exposed and nonexposed adult predators from both strains using
the same video tracking system and Petri dish arenas as previously described
for the walking bioassays. However, in the prey searching and handling a third
instar green peach aphid was glued to the center of the filter paper covering the
bottom of Petri dish arena using white glue, and the adult predator was released
at the edge of the arena. Each predator was recorded until the prey was
consumed or up to 20 min, length of time large enough for the intended
observation, as determined in preliminary investigation. Distance walked,
walking velocity, resting time, total searching time to reach the prey (i.g.,
searching time), and time spent attacking and consuming the prey (handling
time) were recorded. Adult E. connexa were starved for 48 h before bioassays
were initiated. Fourteen replicates (i.e., predators) were used for the pyrethroid-
resistant population and 24 were used for the susceptible population in each of
the insecticide exposure conditions (i.e., exposed and nonexposed to lambda-
cyhalothrin). Among these insects, 10 out of the 14 resistant predators preyed
on the aphids, while 15 out of 24 susceptible predators preyed on the aphids
within the 20-min period of observation. Only the data from bioassays in which

predation took place were considered in our analyses.
Statistical Analyses

The results of the walking bioassays on fully nontreated arenas were
subjected to analyses of variance to compare the walking patterns of pyrethroid-
susceptible and -resistant populations (PROC GLM; SAS 9.4; SAS Institute,

Cary, NC). The walking parameters on halftreated arenas were subjected to
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paired t-tests to compare behavior on treated and nontreated halves of the
arenas (PROC TTEST, SAS), while the population differences were tested
using Fisher’s F test (PROC GLM; SAS 9.4). Prey searching and handling data
were subjected to two-way analyses of variance (two strains x two exposure
conditions) followed by Tukey’s HSD test, when appropriate (PROC GLM; SAS
9.4). Normality and homoscedasticity assumptions were tested (PROC
UNIVARIATE; SAS 9.4), and only searching time required data transformation
(to log10). Correlations between searching and handling times with walking
parameters were also tested using the procedure PROC CORR from SAS (SAS
9.4, SAS Institute). The results of lambda-cyhalothrin repellence and irritability

were subjected to the nonparametric Mann—Whitman U test (P < 0.05).
Results
Walking Behavior - Nontreated Arenas

The pyrethroid-susceptible and -resistant strains did not exhibit significant
differences on walking behavior on fully nontreated arenas (F146<0.33,
P = 0.57), showing respectively similar distance walked (521.12 £ 73.57 vs
547.61 £ 67.03 cm), walking velocity (2.26 +0.21 vs 2.26 £ 0.19 cm/s), and
resting time (170.65 + 25.37 vs 151.97 + 20.33 cm).

Walking Behavior - Half-Treated Arenas

Contrary to observations on nontreated arenas, when the adult lady beetles
were released on partially treated arenas there were significant effects of strain
or arena portion on walking behavior (Fig. 1). Repellency effects of lambda-
cyhalothrin were negligible, and irritability was detected in 40% of the insects
(P < 0.05), irrespective of the strain (P = 0.81). However, differences between
strains were significant for resting time, distance walked, and walking velocity
(F1,90426.98, P <0.01), regardless of the portion of the arena (paired t2s < 0.85;
P = 0.41), with the pyrethroid-resistant insects always exhibiting greater
walking activity, irrespective of lambda-cyhalothrin exposure (Fig. 2A-C). In
contrast, time spent in each portion of the area varied significantly only for
exposure (paired tz2s3 < 2.05; P = 0.04), not strain (F194 = 0.06, P = 0.81), with
the predators remaining for a longer duration on the insecticide-contaminated

portion of the arenas (Fig. 2D).
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Susceptible Resistant

Fig. 1. Representative tracks showing the walking movements of pyrethroid-
susceptible and -resistant lady beetles of the species E. connexa on walking
arenas half-contaminated with the pyrethroid lambda-cyhalothrin. The red tracks
indicate increased speed (>0.6 cm/s), and green tracks indicate reduced (initial)

speed (<0.6 cm/s).
Prey Searching and Handling

Prey searching varied significantly between strains and exposure
conditions (F3,46 = 2.83, P = 0.04) with a significant strain-exposure interaction
(F1,46 =7.79, P = 0.008), as illustrated by the representative tracks obtained in
the respective bioassays (Fig. 3). While the lambda-cyhalothrin exposed
resistant lady beetles spent the most time searching, exposed susceptible and
unexposed resistant predators provided the lowest searching times (Fig. 4). In
contrast, strain and insecticide exposure had no significant effect on handling
time (370.27 £51.87 s) (F345=1.76, P =0.17). Correlation analyses between
prey searching and walking parameters indicated that the distance walked and
resting time were significantly correlated with searching time (r=0.65,
P <0.001), which was negatively correlated with walking velocity (r = -0.40,
P =0.04), indicating that the predator walking behavior is determinant of

searching for prey, regardless of the strain and insecticide-exposure condition.
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Fig. 2. Resting time (A), distance walked (B), walking velocity (C), and time
spent in each portion (D) of arenas half-contaminated with the pyrethroid
lambda-cyhalothrin by pyrethroid-susceptible and -resistant lady beetles of the
species E. connexa. Vertical bars represent standard errors of means. Bars
linked by a horizontal line with an asterisk are significantly different by Fisher's
F test (P < 0.05), if comparing strains, or paired t-test (P < 0.05), if comparing

halves of the arena. Horizontal lines with an “ns” are not significantly different.

60



Susceptible Resistant

Unexposed

Exposed

Fig. 3. Representative tracks showing the walking movements during prey
searching by pyrethroid-susceptible and -resistant E. connexa, either exposed
or not to the pyrethroid lambda-cyhalothrin. Red tracks indicate increased
speed (>1.5 cm/s), and green tracks indicate eventual reduced speed
(<1.5 cm/s).
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Fig. 4. Searching time (x SE) during prey foraging by pyrethroid-susceptible
and -resistant E. connexa, either exposed or not to the pyrethroid
lambdacyhalothrin. Bars with the same letter are not significantly different by

Tukey’s HSD test (P < 0.05).
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Discussion

Exposure to lambda-cyhalothrin can affect prey foraging by pyrethroid-
susceptible and -resistant lady beetles used as aphid biocontrol agents in field
crops (Cloyd and Bethke 2011, He et al. 2012), and the neurotoxic activity of
this compound can compromise insect activity and behavior (Haynes 1988,
Desneux et al. 2007, Sunderland 2010, Casida and Durkin 2013). We expected
that exposure to sublethal concentrations of lambda-cyhalothrin would exhibit
stronger effect on our pyrethroid-susceptible strain of the lady beetle
E. connexa relative to the resistant strain, due to its high vulnerability to this
insecticide (Rodrigues et al. 2013a,b, Torres et al. 2015). However, we also
recognized that prey foraging could be compromised in the resistant strain due
to the fitness costs associated with insecticide resistance (Guedes et al. 2017).
Our results with pyrethroid-susceptible and -resistant E. connexa indicate that
sublethal insecticide exposure does affect prey foraging by this biocontrol
agent. Furthermore, pyrethroid-resistant predators exhibited more extended
searching time for prey capture when exposed to the insecticide relative to the

susceptible predators.

Walking activity and prey searching and handling are key components of
prey foraging, and these three end points were assessed following susceptible
and resistant E. connexa exposure to sublethal concentrations of lambda-
cyhalothrin. For walking activity, nonexposed insects from both strains exhibited
similar behavior on noncontaminated surface, which is consistent with results of
an earlier study (Spindola et al. 2013). In contrast, when the predators were
subjected to arenas half-contaminated with lambda-cyhalothrin, they remained
for longer on the insecticide-contaminated portion of the arena, and 40% of the
individuals exhibited irritability to this insecticide, regardless of the strain. It is
notable that the pyrethroid-resistant predators exhibited greater walking activity
than the susceptible ones. This could potentially lead to more efficient prey

searching and handling, which would be beneficial in the field.

Prey handling was not influenced by strain or sublethal insecticide
exposure, unlike prey searching. One might expect greater walking activity
leading to faster and more efficient prey searching, but the opposite was
observed, irrespective of E. connexa strain and insecticide exposure condition.

Longer prey searching times were associated with increased walking distances,
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slower walking, and longer resting time. Thus, longer distances walked were
done slowly such that searching of E. connexa was compromised rather than
improved. Greater walking distances and search times were more prevalent
among pyrethroid-resistant predators exposed to lambda-cyhalothrin. This is
likely due to the mode of action of the insecticide as pyrethorids lead to initial
hyperactivity subsequently impairing coordination as a result of its modulation of
voltagegated Na* in axons of excitatory neurons (Haynes 1988, Desneux et al.
2007, Sunderland 2010, Casida and Durkin 2013). Therefore, searching time
was likely longer due to the deficient locomotory coordination of the exposed
insects favoring longer distances walked with lower velocities and more
interruptions. This seems particularly acute in the resistance strain exposed to
the pyrethroid, a potential consequence of altered voltage-gated Na* channels
in the axon membrane in insects from this strain, if this mechanism shows any
relevance in this case. Previous studies with other insect species, including the
lady beetle Harmonia axyridis (Palias) (Coleoptera: Coccinellidae), also
reported impaired activity with pyrethroid exposure (Roger et al. 1994, 1995;
Provost et al. 2003, 2005).

Our findings have potential practical consequences for the intended use
of these predators in integrated pest management programs aimed at aphid
control in field crops. Although irritability of lambda-cyhalothrin to E. connexa
could reduce potential exposure to contaminated surfaces, the predator was not
repelled from lambda-cyhalothrin-treated surfaces, in contrast to reports with
other insect species (e.g., Guedes et al. 2009, Cordeiro et al. 2010, Vélez et al.
2017). This means that exposure would still occur, with potential for adverse
impacts on the predator. Nonetheless, irritability was mild among the
E. connexa adults reaching less than half of the strain, and it was further
minimized by the predators remaining for longer in the contaminated surfaces.
Thus, walking activity did not reduce insecticide exposure among individuals of
this predatory species. More importantly though, sublethal lambda-cyhalothrin
exposure impaired prey searching by pyrethroid-resistant E. connexa reducing
its aphid predatory potential as a biocontrol agent, besides potentially
enhancing the exposure of these predators to intraguild predation (Felix and
Soares 2004).
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In summary, the pyrethroid-susceptible and -resistant strains of the lady
beetle E. connexa exhibited similar walking behavior in noncontaminated
surfaces and similar behaviors when subjected to partially contaminated
arenas. Mild irritability to the pyrethroid was accompanied by greater residency
of the predators on the contaminated portion of the arena, without reducing
insecticide exposure. Insect population and lambda-cyhalothrin exposure did
not affect prey handling, but exposed pyrethroid-resistant predators walked
longer distances and more slowly with longer resting times, leading to extended
searching times. The longer searching time reduces predatory performance and
potentially increases vulnerability to intraguild predation. If these effects occur in
the field, increased releases of the predator or reduced insecticide use may be
needed to achieve satisfactory biocontrol of aphids, what deserves further

attention particularly in field assessments.
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Consideragoes finais

Nossos resultados sugerem que:

i. O inseticida lambda-cialotrina apresentou maior seletividade ao inimigo
natural Aphidius colemani quando comparado aos inseticidas
spinosad e imidacloprid, demonstrando assim que bioinsecticidas de
risco reduzido podem ser mais toxicos para os agentes de controle
biolégico do que inseticidas convencionais.

ii. Adultos de Eriopis connexa resistentes a lambda-cialotrina apresentam
custo adaptativo associado a reprodugdao quando comparados a
individuos da linhagem suscetivel, o que pode contrabalancear os
beneficios advindos da resisténcia a inseticidas nestes organismos.

iii. A exposicado de E. connexa ao lambda-cialotrina altera o comportamento
reprodutivo de ambas linhagens e resulta numa redugéo do pico de
produgcdo de progénie na linhagem resistente e da duragdo do
periodo de produgao para linhagem suscetivel.

iv. Nao foi detectado efeito significativo do custo adaptativo em relagédo ao
caminhamento e manipulagdo de presa por adultos de E. connexa
resistentes e suscetiveis a piretroides. Entretanto a exposi¢cao a
lambda-cialotrina afetou significativamente o caminhamento e a
busca pela presa por parte de insetos resistentes. Dessa maneira,
essa consequéncia pode reduzir o desempenho predatério desses
individuos, o que acarretaria numa demanda de liberagdo de uma
maior quantidade de coccinelides resistentes para suprir essa

adversidade.
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