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ABSTRACT

SANTOS, Camila Oliveira, M.Sc., Universidade Federal de Vigosa, February, 2020.
Transgenic Bt maize, seed treatment and foliar insecticides against fall
armyworm and a stink bug. Advisor: Eliseu José¢ Guedes Pereira.

Maize is one of the most important cereal crops in the world, and the high
infestation by insect pests is one of the main yield-loss factors in the crop, especially
when occurring in the early growth stages. In these, the fall armyworm (FAW),
Spodoptera frugiperda (J.E. Smith, 1797) (Lepidoptera: Noctuidae), and the green-
belly stink bug (GBS), Dichelops melacanthus (Dalas, 1851) (Hemiptera:
Pentatomidae), can be great a challenge, particularly if the maize crop is preceded by
soybeans or grown using minimal tillage over the preceding-crop residues. In this
dissertation, the integrated use of Bacillus thuringiensis (Bt) transgenic maize, seed
treatment and foliar insecticides was tested for efficacy against these two insect
species. Because some Bt-resistant FAWSs can have altered response to stressors, the
susceptibility of Bt-resistant populations of FAW to seed treatment and foliar
insecticides was also determined. In bioassays of cumulative effects of control
measures against FAW and GBS, the seed treatment using neonicotinoid
(clothianidin) was effective against FAW and GBS; the diamide (chlorantraniliprole)
was effective only for FAW until seven days after emergence in optimal
edaphoclimatic conditions. After 21 days of emergence, the mortality effect of the
seed treatment was no longer present and foliar insecticides may be needed to
provide plant protection. In bioassays using field-rate sprayed maize plants, all foliar
insecticides were efficacious (mortality > 80%) in controlling the Bt-resistant FAW's
feeding on CrylA.105+Cry2Ab Bt maize, except acephate. In contrast, acephate
killed 100% of the stink bugs as did methomyl. Imidacloprid+beta-cyfluthrin also
caused more than 80% mortality of GBS adults. The other insecticides
(thiamethoxam+lambda-cyhalothrin, chlorantraniliprole and flubendiamide) had less
than 80% mortality. Diamides as foliar insecticides or in seed treatment caused high
mortality of FAWSs, but not of GBSs. Regarding seed treatments, in concentration-
mortality bioassays the larvae of a recently-isolated Bt-resistant FAW population
showed resistance to diamides (43 fold for chlorantraniliprole and 17 fold for
cyantraniliprole). In concentration-response bioassays with foliar insecticides, at

least one FAW population resistant to Cry Bt toxins showed resistance to the



insecticides tested (chlorantraniliprole, spinetoram, indoxacarb, flubendiamide,
bifenthrin+carbosulfan, methomyl) when compared to the susceptible population;
however, only to indoxacarb the larvae showed moderate-to-high resistance ratios.
The LCgy values for the insecticides introduced more recently (e.g.,
chlorantraniliprole, spinetoram) were 300-900 fold lower than their field label rates,
indicating a high likelihood of control success; for the insecticides introduced long
ago (carbamates, pyrethroids) these values were only 10 fold, indicating a smaller
safety margin for control success in the field. Therefore, the use of clothianidin to
treat seeds of transgenic Bt maize may be a efficacious combination against FAWs
and GBSs; if needed, foliar insecticides such as methomyl and imidacloprid+beta-
cyfluthrin are likely to have high efficacy against both of these pest species and may
be useful for integrated management in maize. These results are useful in decision-
making and recommendations for integrated resistance management to important
pest control technologies used against FAW and GBS, including Bt maize, seed

treatment and foliar insecticides.

Keywords: Spodoptera frugiperda. Dichelops melacanthus. Zea mays. Resistance.

Integrated pest management. Crop protection.



RESUMO

SANTOS, Camila Oliveira, M.Sc., Universidade Federal de Vigosa, fevereiro de
2020. Milho transgénico Bt, tratamento de sementes e inseticidas foliares contra
a lagarta-do-cartucho e um pentatomideo. Orientador: Eliseu José¢ Guedes Pereira.
O milho ¢ uma das culturas de cereais mais importantes do mundo, ¢ alta infestacao
por insetos-praga ¢ um dos principais fatores de perda de rendimento na lavoura,
especialmente quando ocorre nos estagios iniciais de crescimento das plantas. Dentre
essas pragas, a lagarta-do-cartucho, Spodoptera frugiperda (JE Smith, 1797)
(Lepidoptera: Noctuidae) e o percevejo barriga verde, Dichelops melacanthus (Dalas,
1851) (Hemiptera: Pentatomidae) podem ser um grande desafio, particularmente se a
safra de milho for precedida pela da soja ou cultivada em plantio direto sobre os
residuos da cultura anterior. Nesta pesquisa, o uso integrado de milho transgénico
Bacillus thuringiensis (Bt), tratamento de sementes ¢ inseticidas foliares foi testado
quanto a eficicia contra essas duas espécies de insetos. Como algumas populagdes
de S. frugiperda resistentes a Bt podem ter resposta alterada a certos estressores,
também foi determinada a suscetibilidade de populagdes resistentes a Bt ao
tratamento de sementes e inseticidas foliares. Nos bioensaios de efeitos cumulativos
dos métodos de controle contra ambas as espécies, o tratamento de sementes usando
neonicotinodide (clotianidina) € eficaz contra S. frugiperda e D. melacanthus; porém a
diamida (clorantraniliprole) ¢ eficaz apenas para S. frugiperda até sete dias apds a
emergéncia em condigdes edafoclimaticas ideais. Apos 21 dias de emergéncia, o
efeito da mortalidade do tratamento de sementes ndo estava mais presente e
aplicagcdes com inseticidas foliares podem ser necessdrias para complementar a
protecao das plantas. Em bioensaios usando plantas de milho pulverizadas com as
concentragdes de campo, todos os inseticidas foliares foram eficazes (mortalidade>
80%) no controle da populagdo resistente de S. frugiperda alimentados com o milho
CrylA.105+Cry2Ab, exceto acefato. Por outro lado, o acefato matou 100% dos
percevejos, assim como o metomil. O imidacloprido+beta-ciflutrina também causou
mais de 80% de mortalidade em adultos do percevejo. Os demais inseticidas
(tiametoxam+lambda-cialotrina, clorantraniliprole e flublendiamida) apresentaram
mortalidade inferior a 80%. Diamidas como inseticidas foliares ou em tratamento de
sementes causaram alta mortalidade em S. frugiperda, mas ndo em D. melacanthus.

Em relacdo ao tratamento de sementes, em bioensaios de concentragao-resposta, as



larvas de uma populacdo de S. frugiperda resistente a Bt recentemente isolada
apresentou resisténcia as diamidas (43 vezes para clorantraniliprole e 17 vezes para
ciantraniliprole). Nos bioensaios de concentragdo-resposta com inseticidas foliares,
pelo menos uma populagdo de S. frugiperda resistente as toxinas Bt mostrou
resisténcia aos inseticidas testados (clorantraniliprole, espinetoram, indoxacarbe,
flubendiamida, bifentrina+carbosulfan e metomil) quando comparados com a
populacdo suscetivel, no entanto apenas para o indoxacarbe as larvas apresentaram
razoes de resisténcia de moderada a alta. Os valores de LCoo para os inseticidas
introduzidos mais recentemente (clorantraniliprole, espinetoram) foram 300-900
vezes menores do que suas doses de campo, indicando uma alta probabilidade de
sucesso no controle; para os inseticidas introduzidos ha muito tempo (carbamatos,
piretroides) esses valores foram 10 vezes menores, indicando uma margem de
seguranca menor para o sucesso de controle no campo. Portanto, o uso de
clotianidina no tratamento de sementes de milho Bt pode ser uma combinagdo eficaz
contra a lagarta-do-cartucho o percevejo barriga verde; se necessario, ¢ provavel que
inseticidas foliares como metomil e imidacloprido+beta-ciflutrina tenham alta
eficacia contra essas duas espécies-pragas e possam ser Uteis para o manejo integrado
no milho. Estes resultados auxiliardao na tomada de decisdes e nas recomendagoes
visando manejo integrado da resisténcia a importantes tecnologias de controle de
pragas disponiveis contra S. frugiperda e D. melacanthus, incluindo milho Bt,

tratamento de sementes e inseticidas foliares.

Palavras-chave: Spodoptera frugiperda. Dichelops melacanthus. Zea mays.
Resisténcia. Manejo integrado de pragas. Protecao de plantas.
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1 Introduction

The annual worldwide demand in 2050 for cereals such as maize, rice and
wheat, which are fundamental for world food security, is expected to reach about 3.3
billion tons (FAO, 2015). Maize is one of the most important cereals for human and
animal consumption around the world, grown for grains and forage (FAO, 2015).
Climate change adds new pressures on the current production model, including rising
temperatures and a higher incidence of pests, diseases, droughts and floods. Among
these challenges, the attack of pest insects is one of the most important problems that
occur in maize (Oliveira et al., 2014), leading to losses ranging from 6 to 19%

around the globe (Oerke, 20006).

The fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith, 1797)
(Lepidoptera: Noctuidae), is a polyphagous key pest indigenous throughout the
Americas, that can attack all stages of maize development. In 2016 it was first
reported in Africa (Cock et al., 2017; Goergen et al., 2016), and in May 2018 the pest
was already in India (Sharanabasappa et al., 2018). At the end of 2018, FAW was
first found in Yunnan Province, China (Guo et al.,, 2019, 2018) and has great
potential to spread across the country (Wang et al., 2020). In addition, there is a high
risk of FAW invading Japan and Korea soon (Ma et al., 2019). The use of transgenic
plants, which express insecticidal protein genes from the bacterium Bacillus
thuringiensis (i.e., Bt proteins) is the most used method for controlling FAW in
maize. However, the intensive and large-scale use of this technology has selected
resistant populations to Cry Bt toxins, including CrylF, CrylAb e
CrylA.105+Cry2Ab (Bernardi et al., 2015; Santos-Amaya et al., 2015; Storer et al.,
2010). This is a concern because of the risk of control failure and loss of efficacy of
these technologies against FAW. Therefore, research on this topic is important for

improving integrated pest and resistance management.

Another insect species that has gained importance in regions of succession
soybean-maize and soybean-wheat is the green-belly stink bug (GBS), Dichelops
melacanthus (Dalas, 1851) (Hemiptera: Pentatomidae). This stink bug is a
polyphagous species first found in maize fields in the mid-1990s in central-western

Brazil (Panizzi, 2015). The adults and nymphs remain in the straw and/or crop
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residues after the end of the soybean growing season (Smaniotto and Panizzi, 2015),
especially under no-tillage cultivation, and attack maize fields in the early growth
stage. The adoption of this system of crop succession is favorable for GBS
population growth because of the continuous availability of host plants and survival
conditions throughout the year (mild winter/dry season) (Cruz et al., 2016). Plant
damage is a consequence of the insertion of the insect stylet in the newly developed
tissues. In this process, toxic saliva is generally secreted, causing stunted growth and
development of unproductive tillers. In certain situations, the stink bug attack can
cause the death of the seedling, reducing the final stand of the crop, which is critical
for high yield of maize and wheat. The green belly stink bug is considered one of the
pentatomids with high risk to invade countries like the United States (Panizzi, 2015).

Although there are many technologies available for pest management in
maize, the isolated use of some control measures such as Bt cultivars has already led
to control failure and selection of resistant populations of FAW. In addition, Bt
cultivars target only lepidopterans and/or coleopterans in maize while the pest
complex is large, including hemipterans, such as leathoppers and stink bugs. FAW
has a longer history of exposure to synthetic insecticides than to Bt toxins and has
shown increasingly cases of insecticide resistance since the late 1940s (Sparks and
Nauen, 2015). Resistance of FAW populations to different classes of insecticides has
already been described (Carvalho et al.,, 2013; Gutirrez-Moreno et al., 2018;
Nascimento et al., 2015; Okuma et al., 2018; Rios-Diez and Saldamando-Benjumea,

2011; Yu and Elzie McCord, 2007; Zhu et al., 2015).

The CrylAb Bt-maize technology was first introduced in 1996 in the United
States, followed by CrylF, CrylA.105+Cry2Ab, and Vip3Aa Bt traits (ISAAA,
2020). After introducing the CrylF maize, four years later a resistance case in FAW
was reported to this toxin (Storer et al., 2010; Tabashnik and Carriere, 2017). A
similar trend of Bt toxin deployment and FAW resistance development occurred in
Brazil (Farias et al., 2016, 2014; Omoto et al., 2016). No published study on FAW
resistance to Cryl A.105+Cry2Ab is available, but there are claims of pest managers
and a report arguing that the technology has lost some of its original efficacy against
FAW (Fatoretto et al., 2017). Indeed, the resistance to this Bt maize in a field-

derived FAW population was shown to evolve rapidly, although incompletely,
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recessive and without cross-resistance to Vip3Aa Bt toxin (Santos-Amaya et al.,
2015). Interestingly, the incomplete resistance to Cryl A.105+Cry2Ab Bt maize (i.e.,
when the fitness of the resistant individuals exposed to a pesticide is lower than the
resistant individuals not exposed) (Tabashnik et al., 2014) may have interacted with
its associated fitness costs (Santos-Amaya et al., 2020), (i.e., when in the absence of
toxin the fitness of the resistant individuals is lower than that of the susceptible
individuals), and helped maintain the control efficacy of FAW in the field. This is a
likely scenario because under stress in an unsuitable host-crop (cotton) the resistant

FAWs could not survive (Santos-Amaya et al., 2020).

In this context, it is possible that the Cryl A.105+Cry2Ab-resistant FAW will
have altered susceptibility to certain insecticides. The insects may be more
susceptible to more recently introduced compounds (e.g., some diamides and
spinosyns) and less susceptible to compounds in the market over 30 years (e.g., some
carbamates and pyrethroids), a hypothesis yet to be tested. The outcome of this
research could indicate a favorable (if the resistant populations are more susceptible
to insecticides), or unfavorable (if the resistance has some influence on the lower
susceptibility of the pest) condition for pest/resistance management in regions with
intense selection pressure on Bt maize and synthetic insecticides. Cross-resistance
between Bt toxins and synthetic insecticides is unlikely because of their distinct
mode of action (Casida and Durkin, 2013; Gulzar et al., 2012; Pardo-Loépez et al.,
2012; Sayyed et al., 2008), although there may be multiple resistance (Zhu et al.,
2015). Therefore, testing resistant populations for their susceptibility to some
insecticides will help understand whether resistance to Bt has any influence on

insecticide susceptibility.

The judicious use of insecticides is important for integrated pest management.
There have been increasing rates of adoption of insecticides for seed treatment (ST),
which may help controlling GBS and FAW in the early stages of maize. In 2008,
more than 80% of the world ST market was composed of neonicotinoid insecticides
(Alford and Krupke, 2017; Jeschke et al., 2010). In Brazil, the ST was introduced
since the 1970s and currently about 98% of soybean and hybrid maize seeds are
treated with insecticides and fungicides (Seednews, 2016). In the United States,

about 80% of maize seeds are planted treated with insecticide (Douglas and Tooker,
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2015) and almost 50% of the total weight of insecticides applied is in seed treatment
(Perry et al., 2016). With this application method, the amount of active ingredient
used per unit area is argued to be reduced in relation to foliar applications (Jeschke et
al., 2010). In addition, the application is considered safer for the operator and is
likely to cause less impact on the environment compared to traditional spraying
(Elbert et al., 2008), although some zoophytophagous insects may still be negatively
affected by systemic ST insecticides (Gontijo et al., 2018, 2015, 2014; Moscardini et
al., 2015; Resende-Silva et al., 2019a, 2019b; Seagraves and Lundgren, 2012).
Currently, most commonly used compounds for ST are in the carbamate,
neonicotinoid and diamide insecticidal classes. These insecticides are systemic (Yang
et al., 2018b, 2018a; Zhang et al., 2019) and active against different target species,
mostly leafminer lepidopterans and hemipterans (De Oliveira et al., 2008; Seagraves
and Lundgren, 2012; Villegas et al., 2019). This scenario has changed since 1970’s,
when most ST insecticides were used only against soil insects attacking the seeds or
the root system of plants. The market for ST insecticides has broadened and so has

their crop protection spectrum.

The isolated use of these different pest management technologies, even
showing good control efficacy in the short term, is unlikely to continue viable in the
long term. Therefore, it is important to pursue the integration of different methods
and tools to reduce the selection pressure in a single pest-management technology
and maintain their longevity of efficacy/viability. This is one of core ideas in the
well-known paradigm of the Integrated Pest Management - IPM (Kogan, 1998).
Nevertheless, generally lacking are studies addressing the question on cost-effective
combinations of control methods against the pest complex in a given crop, in our
case, chewing and sucking insects in maize. Plenty of research have focused on the
susceptibility of pest populations to particular technologies, but only few have
examined their combined use to attain cost-effective and more-sustainable pest
management. Therefore, the aim of this study was to determine the susceptibility of
Bt-resistant fall armyworm populations to foliar insecticides and seed treatment and
to test the potential efficacy of integrated pest management technologies, namely
CrylA.105+Cry2Ab Bt maize, seed treatment and foliar insecticides for controlling

of S. frugiperda and D. melacanthus.
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2 Material and methods

2.1 Insects

In the experiments, four populations of fall armyworm (FAW), S. frugiperda,
were used, including the LabSS, a standard susceptible population obtained from the
Embrapa Maize & Sorghum Research Center - Sete Lagoas, Minas Gerais, Brazil.
These insects have been maintained for over 15 years out of exposure to any
pesticide. The Bt-resistant populations, namely RHXI11 and RPROI13, were
previously characterized (Santos-Amaya et al., 2016, 2015). The RHX11 population
is derived from collections of FAW from five states in Brazil in 2010/2011 (Santos-
Amaya et al., 2016). The RPRO13 population was derived from a large collection of
larvae present in TC1507 (CrylF) Bt maize fields in Western Bahia in 2013. The
fourth population, RPRO17, was isolated in 2017 from Bt maize fields planted to Bt
maize event MON89034 (CrylA.105 + Cry2Ab), in Cajuri, Minas Gerais (Orozco-
Restrepo, 2019).

The populations were maintained using the rearing methodology of Kasten-
Junior et al. (1978) with some modifications. Briefly, the moths are placed in PVC
cages 40 cm high x 30 cm in diameter with sulfite paper on the inner walls for
oviposition; cotton soaked in a solution of 10% sugar and 5% ascorbic acid is
provided as food. Eggs are collected every other day for four days and stored in
plastic bags until hatching. Batches of neonates are transferred to artificial diet in
500-mL plastic cups until the 2" instar, and then individually placed in 16-well PVC
trays (Advento do Brasil, Diadema, SP) until pupation.

The population of the green-belly stink bug (GBS), D. melacanthus, comes
from Embrapa Soybean, Londrina, Parand, Brazil. The population was maintained
using the rearing methodology of Silva and Panizzi (2007). In the rearing of GBS,
adults are kept in plastic cages lined with sulfite paper. The insects were fed green
bean pods, (Phaseolus vulgaris), a mix of soybeans (Glycine max), peanuts (Arachis
hypogaea) and sunflower (Helianthus annuus). Cotton bolls were provided as an
oviposition substrate. The eggs were collected every 3 days and placed in Petri

dishes until hatching. The nymphs were maintained similarly to the adults, providing
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new food every 2 days. Both insect species were kept at the Federal University of

Vigosa, in 27 + 2°C, 70 £ 15% relative humidity and 14L: 10D photoperiod.

2.2 Insecticides

For bioassays involving seed-treatment insecticides, in the lethal effects in
FAW and GBS and in the FAW susceptibility, the products used and their
information are described in Table 1. Some characteristics and information of the
foliar insecticides used in the bioassay involving interaction of several treatments
against FAW and GBS are described in Table 2. For susceptibility of FAW
populations to foliar insecticides, the products used, their concentrations and

chemical groups are described in Table 3.

2.3 Potential of seed treatment for control of FAW and GBS

Seeds of maize plants expressing the Bt toxins CrylA.105+Cry2Ab (maize
hybrid BM709PRO2, Sementes Biomatrix, Patos de Minas, MG) were treated with
chlorantraniliprole and/or clothianidin (Table 1). The first insecticide is
recommended for FAW control and the other for GBS control, both in maize. The
seeds were provided industrially-treated with clothianidin in addition to the treatment
with microbiological contact nematicide (Bacillus firmus strain 1-1582). To obtain
untreated seeds, they were thoroughly washed in tap water for 120 s until leaving no
visible seed coating. The insecticide preparation was thoroughly mixed with the
seeds in a 100-mL plastic pot for 3 min. After homogenization, the seeds were placed
in trays covered with paper towels to dry on the laboratory bench for about 60
minutes. The seeds were treated following the manufacturer protocol using the upper

limit of the label rate recommended to control FAW and GBS in maize.

Plastic pots with a volume of 400 mL were filled with soil from horizon A of
coffee plantation with organic matter = 8.73%; clay, silte and sand= 44, 16 e 40%,
respectively (considered a clay soil). The organic substrate (MECPLANT, Mec Prec-
Induastria e Comércio Ltda., Telémaco Borba, PR) was added to the soil in the
proportion 2: 1 and fertilized with N-P-K 4-14-8 (Fertipar Sudeste Adubos e
Corretivos Agricolas Ltda., Varginha, MG, Brasil). These treated seeds were sown in

the pots (1 seed/pot) and kept in the greenhouse, daily irrigating the plants as needed
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to avoid leaching the insecticide. Groups of plants (30) of 7 days after emergence
(V3-V4) were infested with two RPRO17 FAW larvae (L3, 1 cm long) or one GBS
adult (< 10 days old).

After infestation, the plants were covered with another 400-mL transparent
plastic pot attached the plant pot using sticky tape, forming a chamber-like unit to
avoid insect scape. After 96 h, insect mortality and foliar injury rating (Davis scale)
were assessed to determine the potential control efficacy of Bt maize combined with
seed treatment against the two target-insect species. The bioassays were conducted in
the greenhouse from July to November 2019. Insects were considered dead if they

did not move when gently touched using a tweezers.

2.4 Bt maize, seed treatment, and foliar insecticides against FAW and GBS

CrylA.105+Cry2Ab Bt maize seeds were treated as described previously, but
using the insecticides chlorantraniliprole + clothianidin. The seeds were planted in 2-
1 plastic pots using the same agronomic procedures previously described to grow the
plants. To assess the cumulative effect of seed treatment plus foliar insecticides, the
maize plants were sprayed with the following foliar insecticides (Table 2):
flubendiamide, chlorantraniliprole, imidacloprid + beta-cyfluthrin, thiamethoxam +
lambda-cyhalothrin, methomyl, acephate. The treatments were applied with a
backpack sprayer (10.0 bar) with spray volume equivalent to 150 L/ha and nozzle
like adjustable cone JD-12, following the manufacturer protocol and using the upper

limit of the label rate to control FAW or GBS in maize.

The maize plants used were in the 21-day after emergence (V5- V6) were
grown in 2-1 pots using procedures previously developed in our laboratory (Pinto,
2019). After drying in the shade, the plants were placed in the greenhouse and
infested with two RPRO17 FAW larvae (L3, 1 cm long) or one GBS adult (< 10 days
old) as previously described. The plants were covered using a plastic bag (like a
pollination bag) to avoid insect escape. After 96 h, insect mortality and FAW leaf
injury (Davis scale) were recorded to determine the potential efficacy of the foliar
insecticides in interaction with MON89034 maize and seed treatment. Both insects

were considered dead if they do not move with the touch of a tweezers.
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2.5 FAW susceptibility to seed-treatment insecticides in maize

Larvae of the standard susceptible population (LabSS) or those resistant to Bt
toxins CrylA.105 and Cry2Ab (RPRO17 population) were let to feed on seedlings
whose seeds were treated with synthetic insecticides. These included
chlorantraniliprole, cyantraniliprole and imidacloprid + thiodicarb. Non-Bt maize
seeds (hybrid BRS 3046, Embrapa germplasm, Priorizi Sementes, Goiania, GO)
were treated with serial dilutions of each insecticide (Table 1) totaling eight different
concentrations. The seeds were treated individually using a micropipette and allow to

dry for 60 min in the laboratory.

Using tweezers, the seeds were handled and sowed (1 single seed/pot) in
plastic pots (400 mL) using the same soil and agronomic procedures previously
described to grow the plants. Five days after emergence, 30 plants of each treatment
(concentration) were infested. A single 3"-instar larva was transferred to the whorl
leaves. The plants were covered with another 400-mL transparent plastic pot attached
the plant pot using sticky tape (forming a chamber-like unit). Mortality and foliar
injury rating (Davis, 1992) was recorded after 96 h. The bioassay was repeated twice
using one larvae per experimental unit. All the bioassays were conducted in the
greenhouse from May to November 2019 at the Federal University of Vigosa, Minas

Gerais, Brazil.

2.6 Susceptibility of FAW populations to foliar insecticides

We used the foliar-deep method recommended by Insecticide Resistance
Action Committee (IRAC) for bioassays with some Lepidoptera. Whorl leaves of
non-Bt maize were collected from plants in the V4-V9 growth stages, optimally
grown in the field. The leaves were cut in 3-cm sections, immersed in the insecticide
preparation for 5 s, and let dry in the laboratory for 60 min. The insecticides used
were (Table 3): bifenthrin + carbosulfan, methomyl, flubendiamide, indoxacarb,

chlorantraniliprole and spinetoram.

The treated-foliar sections were carefully placed in 16-well plastic trays
(Advento do Brasil, Diadema, SP) using tweezers. A single 3" instar FAW larva (< 1
cm) was transferred to each well. Larvae of all FAW populations described were

bioassayed. The bioassay was repeated twice, totaling 200 larvae. After 96 h,
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mortality was recorded, considering dead the larvae that did not move when touched
with a fine paintbrush. All the bioassays were conducted under the following
laboratory conditions: 27+2°C, 70+15% relative humidity, and 14L: 10D
photoperiod.

2.7  Statistical analysis

The data (i.e., mortality, leaf injury) for each insect species and plant stage
were subjected to one-way variance analysis of variance and the means were
separated using Tukey’s honestly significant difference (HSD), at the 5% level of
significance (P < 0.05). Homoscedasticity and normality were checked for the
datasets and no transformation was needed. The analyses were run and graphs

constructed using the SigmaPlot 12.5 software (Systat Software, San Jose, CA).

The data of the concentration-mortality bioassays were analyzed using the
generalized linear probit model. The following estimates were obtained using the
PoloPlus program (Robertson et al., 2007): lethal (LCso and LCoo) concentrations and
their respective confidence limits (95% CL) as well as slopes and their standard
errors (Finney, 1971). The susceptibility was considered significantly different (P <
0.05) when 95% confidence intervals for the resistance ratios did not overlap the
origin of the 95% confidence interval for the population compared. Each resistance
ratio was determined using the standard susceptible strain (LabSS) or the CrylF-

resistant as reference in the comparisons (Robertson et al., 2007, 1995).
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3 Results

3.1 Potential of seed treatment for control of FAW and GBS

Figure 1 shows the interaction of CrylA.105+Cry2Ab Bt maize and seed
treatment against Cryl A.105+Cry2Ab-resistant FAW larvae and GBS adults. After 7
days after emergence, the seed treatment with chlorantraniliprole, clothianidin, and
chlorantraniliprole + clothianidin killed > 90% of the FAW larvae and protected the
maize plants from the foliar injury (Figure la, b). CrylA.105+Cry2Ab Bt maize
plants caused less than 20% mortality of the Bt-resistant larvae, reaching the score 6
in the foliar injury rating (Figure la, b). In contrast, the Bt maize plants killed more
than 80% of the standard susceptible larvae after 96 h feeding on the whorl leaves.
Importantly, the natural mortality of standard susceptible larvae was less than 20% as
indicated by their survival rates and foliar injury on the non-Bt isoline maize leaves

(Figure 1a, b).

Regarding the stink bugs (Figure 1c), both seed treatments, with clothianidin
and chlorantraniliprole + clothianidin, caused 100% mortality of GBS adults after 96
h feeding on the plants of 7 days after emergence. The mortality rate on control
plants was less than 20% and was not different from the mortality caused by the

chlorantraniliprole seed treatment, as expected.

3.2 Bt maize, seed treatment, and foliar insecticides against FAW and GBS

Figure 2 shows the interaction of CrylA.105+Cry2Ab Bt maize, seed
treatment with clothianidin + chlorantraniliprole, and foliar insecticides for control of
Bt-resistant FAW larvae and GBS adults. Again, on Bt maize, the mortality rates of
resistant FAW larvae and GBS adults were less than 20% (Figure 2a, c), thus
allowing detecting the effect of the interacting factors in the bioassays. After 21 days
after emergence, the seed treatment with chlorantraniliprole + clothianidin no longer
was effective to control the fall armyworm larvae (45% mortality rate) nor the adults

of the green-belly stink bug (60% mortality rate) (Figure 2a, c).

The foliar insecticides sprayed on the plants developed from seeds treated
with clothianidin + chlorantraniliprole caused more than 80% mortality of the

resistant fall armyworms (Figure 2a) protecting the plants (Figure 2b), except
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acephate, which caused 70% mortality of the larvae and allowed a score of 4 in the
Davis injury rating (Figure 2a, b). In contrast, thiamethoxam + lambda-cyhalothrin
did not reached 80% mortality of GBS, nor did the diamides chlorantraniliprole and
flublendiamide (Figure 2c). Thus, applying diamides in maize fields is unlikely to
help control GBS. However, the insecticides methomyl, acephate and imidacloprid +

beta-cyfluthrin caused more than 80% mortality in GBS.

3.3  FAW susceptibility to seed-treatment insecticides in maize

Significant concentration-response of the insecticides was obtained (Figure
3), and the probit model fitted properly to the data as indicated by chi-square values
associated with P-values greater than 0.05 (Table 4). The slopes of the concentration-
mortality regression lines for the insecticides were not so different (Figure 3).
Imidacloprid + thiodicarb had the lowest potency (highest LCso values, c.a., 30 fold)
among the insecticides. The LCso values of imidacloprid + thiodicarb were not

different for the resistant (RPRO17) and the susceptible (LabSS).

In contrast, the slope of the probit line was higher for the resistant larvae
(Table 4), indicating that the variance in susceptibility to imidacloprid + thiodicarb in
the resistant population was lower than in the susceptible population, which may be
associated with selection for resistance to Cryl A.105+Cry2Ab maize. The resistant
larvae showed resistance to chlorantraniliprole and cyantraniliprole of 42.9 and 17.4
fold, respectively. The most recently introduced diamide, cyantraniliprole, had the

highest potency (lowest LCso values) among the insecticides tested.

34 Susceptibility of FAW populations to foliar insecticides

Relative to the CrylF-resistant population (RHX11), the larvae resistant to
CrylAb.105+Cry2Ab maize (RPRO13 and RPRO17) showed resistance to four of
the six insecticides (Table 5, last column). This was especially clear for the RPRO17
population, collected in 2017. The magnitude of the increased susceptibility was 2
fold for methomyl, 7 fold for chlorantraniliprole and indoxacarb, 14.5 fold for
flubendiamide. Only for spinetoram and bifenthrin + carbosulfan, the

Cryl Ab.105+Cry2Ab-resistant larvae were as susceptible as the CrylF-resistant
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larvae. In addition, relative to the standard susceptible population, the levels of
insecticide resistance were low (< 10 fold) among the resistant populations. Only for
indoxacarb, the resistance levels reached 122 fold in the CrylF-resistant population

(RHX11) and 18-50 fold in the Cryl Ab.105+Cry2 Ab-resistant populations.

Importantly, the LCoo values estimated (Table 6) were 6 to 1275 fold lower
than label field rates of the insecticides, indicating that they may provide proper
control efficacy in the field (~80%). This inference is possible because we used the
foliar-dip method of bioassay, which represents the field conditions of fall
armyworm exposure to the insecticides. Had we used topical treatment, diet-surface
application or incorporation on artificial diet, none of these inferences were possible.
The LCyo values for modern insecticides (chlorantraniliprole and spinetoram) were
316-908 fold lower than their field rate. For insecticides introduced in the 1990s and
considered of average performance (indoxacarb and flubendiamide), the LCoy values
varied 14-376 fold, while for those introduced more than 30 years ago

(bifenthrin+carbosulfan and methomyl), the values were 6-19 fold (Table 6).

4 Discussion

The results of this research indicate that integrating plant resistance (Bt
maize), seed treatment and foliar insecticides is technically viable to manage FAW
and GBS. The use of seed treatment with systemic insecticides is a relatively recent
practice used globally and with a high adoption rate in Brazil. The use of diamides
and neonicotinoids in seed treatment broadens the range of protection, targeting both
chewing and sucking insects. The combination of chlorantraniliprole + clothianidin
may be a useful seed treatment both on-farm and industrially provided. Importantly,
no altered toxicity to the insect or reduced plant vigor/germination was observed
when both treatments were applied. Seed treatment can cause negative
effects/phytotoxicity on the seed (Bittencourt et al., 2000; de Moraes Dan et al.,
2010) and the seedling/plant (Taylor and Salanenka, 2012) or positive effects as for
some neonicotinoids (Horii et al., 2007; Macedo et al., 2013; Macedo and Castro,
2011). This is a topic that deserves more research because of the scarcity of
published reports, especially for systemic seed treatment against chewing insects on

the plant aerial parts.
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Integrating the use of foliar insecticides after 21 days of emergence may be a
valuable tactic to control FAW and GBS in maize and avoid losses by plant mortality
and severe damage. Our results indicate that insecticides released more than 30 years
ago could still be a useful tool for pest and resistance management in maize.
Insecticides such as methomyl showed high mortality of FAW and GBS while
imidacloprid + beta-cyfluthrin and acephate showed good performance. Diamides
(i.e., flubendiamide and chlorantraniliprole) showed high mortality of FAW and
approximately 50% mortality GBS in a best-case scenario, although there may be
negative and positive effects of diamides on sucking insects (Barry et al., 2015;
Tuelher et al., 2017). The old insecticides (i.e., methomyl, acephate), however, may
not be selective to non-target organisms (de Paiva et al., 2018; Pereira et al., 2009)
and should be used judiciously, for example, exploiting ecological selectivity.
Although diamides are selective in favor of non-target arthropods, mammals and
aquatic organisms (Xu et al., 2016), not much is known about their sublethal effects,
which may have implications for pest management (Guedes et al., 2016). The take
home message is that old insecticides may help preserve the newer, fully-efficacious

technologies for pest management of FAW and GBS at a lower cost to the grower.

Here, concentration-response was determined for the first time using the
insecticides in seed treatment delivered by the plant as in the field. The FAW
population resistant to CrylA.105 + Cry2Ab Bt toxins showed resistance to the two
diamides tested than the standard susceptible population. The history of using
chlorantraniliprole and flubendiamide as foliar insecticides against FAW may have
influenced these results. Different diamides can have cross-resistance (Bolzan et al.,
2019; Sang et al., 2016; Silva et al., 2016), which may be related to shared binding
sites of anthranilic and phthalic acid diamides in their receptor protein (Qi et al.,
2014; Q1 and Casida, 2013). This may help explain the significant resistance ratio for
cyantraniliprole (17 fold) and chlorantraniliprole (43 fold). Interestingly, in the leaf-
dip bioassays, in which there is contact and ingestion of the insecticide, there was no
decreased susceptibility to chlorantraniliprole. This inconsistency is puzzling and
may need further research to decipher whether the route of exposure to the
insecticide and/or if during translocation to the leaves it is metabolized in a way that
later affects its toxicokinetics/toxicodynamics in Bt-resistant and susceptible FAWs

(Myung et al., 2014).
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For the mixture imidacloprid + thiodicarb in seed treatment, there was no
difference in susceptibility between the FAW populations. This may be due to the
broader spectrum of action of the two active compounds, despite a generally low
toxicity of imidacloprid (neonicotinoid) to chewing insects. Imidacloprid +
thiodicarb were less potent than the diamides against FAW, requiring greater
concentrations per seed to cause 50% FAW mortality. In addition, the LCso value
was close to the label rate recommended (3.5 mg i.a./seed). Therefore, its application
on the seed must be homogeneous to minimize the risk of control failure. In a
previous study in optimal edaphoclimatic conditions, the recommended label rate
caused high mortality of 3™ and 5" instars of the standard susceptible FAW

population (Pinto, 2019).

The difference in the potency of the ST insecticides may be linked to their
physic-chemical properties, especially their affinity for lipids and solubility in water,
which affect the absorption and translocation of the compounds in the plant (Myung
et al., 2014). The values of octanol-water partition coefficient (logKow) and water
solubility for the insecticides used do not seem so different. Their respective values
are as follows: thiodicarb, 1.62 and 19.1 mg/L; imidacloprid, 0.57 and 610 mg/L,
chlorantraniliprole, 2.76 and 1.0 mg/L, cyantraniliprole, 2.02 and 14.2 mg/ (NCBI,
2019). LogKow values < 0 indicate low lipophilicity, while high values (> 4) indicate
high lipophilicity. Insecticides usually have logKow values ranging from -2 to 6
(Myung et al., 2014). Substances with very low water solubility have values < 1
mg/L (ChemSafetyPro, 2019). It is unknown whether the absorption (by both the
seeds and the root system) is different when two or more active ingredients are
applied together in seed treatment. The combination of neonicotinoids with diamides
apparently resulted in different concentration patterns in the plant (Myung et al.,
2014). Chlorantraniliprole had eight-fold higher concentrations in the roots, and
thiamethoxam (logKow = -0.13; ws = 4100 mg/L) had high acropetal translocation,
protecting the apical portions (Lanka et al., 2013; Myung et al., 2014). In addition,
other factors such as soil texture, its level of organic matter, and the amount of water
available may play a role in determining the insecticide concentration reaching the
site of insect feeding. The soil used in this study had high levels of organic matter
(8.73%), which may affect sorption/desorption processes and may have interacted

with the physical-chemical properties of the insecticides. Especially those with
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higher water solubility tend to be more affected as they are likely to be present in the
soil solution in greater amount than compounds with lower water solubility. Further
studies are needed to better understand how these factors interact. In addition, it will
be useful to test other field populations of FAW and insect species to further check
the potential of ST insecticides against chewing pests in the early growth stages of

maize.

The hypothesis that Cry-resistant populations of FAW are more susceptible
to foliar insecticides did not find support when they were compared to the standard
susceptible population; the LCso values found for the resistant populations were in
most cases higher, indicating lower susceptibility. However, when compared to the
CrylF-resistant population (RHX11), the CrylA.105+Cry2Ab-resistant populations
(RPRO13, RPRO17) showed greater susceptibility to the insecticides tested. Thus,
depending on the reference, the Bt-resistant populations are less or more susceptible
to synthetic insecticides, and it is difficult to reach a consensual conclusion.
Importantly, for the two diamides and indoxacarb, the Bt-resistant population
collected in 2017 (RPRO17) was more susceptible than those from 2011 (RHX11)
and 2013 (RPRO13), indicating that these insecticides can be used against
CrylA.105+Cry2Ab-resistant FAWs. So far, the efficacy of CrylA.105+Cry2Ab
maize against FAW have not declined so fast as in the case of CrylF maize. Fitness
costs and incomplete resistance in FAWs resistant to Cryl A.105+Cry2Ab was likely
hindering the resistance development in the field (Santos-Amaya et al., 2015).
Nevertheless, the more recently field-collected Cryl A.105+Cry2Ab-resistant FAWs
may no longer carry fitness disadvantages (Orozco-Restrepo, 2019), indicating
mitigation of the previously documented fitness costs (Coustau et al., 2000, Santos-
Amaya et al., 2020). Therefore, the conditions that favored resistance management of
FAW to CrylA.105+Cry2Ab Bt maize may have changed and should be considered
in order for the benefits of the new pyramided CrylA.105+Cry2Ab+Vip3Aa Bt

maize to be realized as expected.

It is unlikely that Bt resistance mechanisms lead to negative or positive cross-
resistance to synthetic insecticides (Gulzar et al., 2012; Sayyed et al., 2008), even
though Bt-resistant populations may show variable susceptibility (Muraro et al.,
2019; Zhu et al., 2015) because of the history of insecticide use in the region from

where the insects were collected. Here, most insecticides showed low resistance
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ratios (1-10 fold). Only indoxacarb showed resistance ratio values moderate to high
(18-120 fold), as for other lepidopterans (Ghodki et al., 2009; Pang et al., 2012;
Sayyed et al., 2008). Despite the non-altered susceptibility to spinetoram, a recently
introduced spinosyn highly efficacious against FAW had already one case of
resistance reported (Arthropod Pesticide Resistance
Database, http://www.pesticideresistance.org) (Gutirrez-Moreno et al., 2018), in
addition to several cases of resistance to spinosyn (spinosad) in lepidopterans
(Campos et al., 2014; Okuma et al., 2018; Rehan and Freed, 2014; Rinkevich et al.,
2010). Therefore, it is important the judicious use of spinetoram (and other
insecticides), within an IPM framework and in rotation with compounds of different

mode of action to avoid rapid selection of resistant FAWs.

The LCoo values for the insecticides were below the recommended field rate,
showing that they one likely to reach acceptable control levels (ca. 80%) if properly
applied. The calculated label rate ratio (LRRgo) values, i.e., how many times the
estimated LCoo value of the insecticide is lower than its recommended field rate,
indicate the level of safety (i.e., the likelihood of success) to achieve acceptable
control efficacy if applying adequately the recommended field rate. The lower the
LRRyo values the more optimal should be application conditions, such as timely
when the pest is in the most susceptible stage and in favorable weather conditions
(low wind speed and high relative humidity) to increase the likelihood of acceptable
performance in the field. This inference is only possible because of the leaf-dip
method of bioassay used, which represents the field conditions of fall armyworm
exposure to the insecticides. As expected, the LCo values of the insecticides more
recently introduced (i.e., spinetoram, chlorantraniliprole) were in average 300-600
lower than their recommended field rates to control FAW larvae while the
insecticides introduced 30-50 years ago (i.e., bifenthrin, carbosulfan, methomyl) had
LCoo values only 6-15 lower than their recommended field rates for FAWs.
Therefore, proper operational conditions should be in place when using these
insecticides, including good spray coverage, sufficient field rates, and good timing of

application in early insect developmental stages.

In summary, this research identified some options of seed treatment and low-
cost foliar insecticides that may useful against FAW and GBS in an integrated

system involving plant resistance and synthetic insecticides. Seed-treatment
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insecticides of at least two classes killed FAW larvae in a concentration-response
manner although reduced susceptibility may be a concern because of their previous
broadcast use. FAW larvae resistant to CrylA.105+Cry2Ab Bt maize were less
susceptible to foliar insecticides than a standard susceptible population although they
were generally more susceptible than CrylF-resistant FAWs. These results should
assist in decision-making and recommendations for effective, integrated pest and
resistance management. This effort is important to maintain the efficacy of currently
available pest control technologies used against FAW and GBS, including Bt maize,

seed treatment, and foliar insecticides.

5 Conclusions

The seed treatment using neonicotinoid (clothianidin) is effective against
FAW (S. frugiperda) and GBS (D. melacanthus); the diamide (chlorantraniliprole) is
effective only for FAW until seven days after emergence in optimal edaphoclimatic

conditions;

The foliar insecticides methomyl, flubendiamide, chlorantraniliprole,
thiamethoxam+lambda-cyhalothrin, imidacloprid+beta-cyfluthrin are potentially
efficacious in controlling Bt-resistant FAW. For GBS, the cholinesterase inhibitors
acephate and methomyl are highly insecticidal followed by imidacloprid+beta-

cyfluthrin;

For seed treatment against FAW larvae, chlorantraniliprole or cyantraniliprole
are more potent insecticides than is thiodicarb+imidacloprid; and the FAW
population resistant to Cryl A.105+Cry2Ab shows resistance to this diamides used in

seed treatment (17-43 fold);

Even though certain foliar insecticides (chlorantraniliprole, spinetoram,
indoxacarb, flubendiamide, bifenthrin+carbosulfan, methomyl) may be less toxic to
FAW larvae of Cry-Bt-resistant populations than the susceptible population, only to
indoxacarb the larvae have moderate to high resistance ratios, and the LCoqo values of
these insecticides are 10 to 800 fold lower than their recommended field rate.
Therefore, all of the foliar insecticides tested may provide acceptable control efficacy

of FAW larvae in the field if properly applied.
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Figures and tables

Table 1. Information about the seed-treatment insecticides used in the bioassays with FAW and
GBS or in the characterization of susceptibility of fall armyworm populations.

Insecticide Chemical class Trade name Label rate (c.p.) Label rate a.i. ug/seed
Imidacloprid + Neonicotinoid +

Thiodicarb Carbamate Cropstar 350 mL/60000 seeds 3500
Chlorantraniliprole Diamide Dermacor 72 mL/60000 seeds 750
Cyantraniliprole Diamide Fortenza 250 mL/100 kg seeds 500
Clothianidin Neonicotinoid Poncho 70mL/60000 seeds 700

Table 2. Some characteristics and information from the label of the insecticides used in study
involving interaction of several treatments against fall armyworm and the green-belly stink bug.

Label information FR*
FR
Insecticide active Trade  Formulation . formulate
inored; : Chemical Class N or ofke ai Fieldrate.  Spray  d product y
ingredient (a.i.) name g/l or g/kg a.i. (FR) volume  mL/l or mgi m
mL/ha 1/ha g/l
Methomyl Carbamate Lannate 215 400 200 2.00 0.43
Flubendiamide Diamide Belt 480 100-150  100-300 1.50 0.72
Chlorantraniliprole ~ Diamide Premio 200 100-125  150-250 0.83 0.17
Acephate Organophosphate Orthene 750 0.80-1.00* 150-200 6.67 5.00
Thiamethoxam + Neonicotinoid + Engeo 247
. . 200 - 250 200 1.25 0.31
Lambda-cyhalothrin  Pyrethroid Pleno (141 + 106)
Imidacloprid + Beta- Neonicotinoid + 112.50
. . Connect 750 - 1000 100-300 10.00 1.12
Cyfluthrln PyrethrOId (100 + 1250)

*The insecticide concentration that corresponds to the field rate (FR) was calculated by dividing the label rate (upper
limit) by the spray volume (lower limit).
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Table 3. Some characteristics and information from the label of the foliar insecticides used in
experiment of susceptibility of fall armyworm populations.

FR* FR
Insecticide active Chemical Trade 153 ;Irlln;;l Label information formlclllated Al
ingredient (a.i.) class name ) Fieldrate  Spray product
(FR) mL/ha volume 1/ha mL/1 g/l
Bifenthrin + PYEOIE alisman (50?1050) 1000 250-350 400 0.0
Methomyl Carbamate Lannate 215 400 200 2.00 0.43
Flubendiamide Diamide Belt 480 100-150 100-300 1.50 0.72
Indoxacarb Oxadiazine Avatar 150 300-400 150-250 2.67 0.40
Chlorantraniliprole =~ Diamide Premio 200 100-125 150-250 0.83 0.17
Spinetoram Spinosyn Exalt 120 50-100 300-400 0.33 0.04

*The insecticide concentration that corresponds to the field rate (FR) was calculated by dividing the label rate (upper
limit) by the spray volume (lower limit).

Table 4. Characterization of the susceptibility of the MON89034-resistant fall armyworm
population (RPRO17) to three seed-treatment insecticides.

LCs0 (95% CL)
Insecticide Population N  Slope + EP Y2 p RRs)(95% CL)!
mg/seed a.i.

ity LabS$S 452 0.76 +0.12 1.37 (0.46 - 3.36) 17.70 0.13 -

Thiodicarb
RPRO17 227 1.21+0.23 1.34(0.28-4.01) 8.04 0.15 1.00 (0.40 —2.50)
Chlorantraniliprole LabSS 236 0.57+0.09 0.01(0.00-0.11) 6.23 0.28 -
RPRO17 617 0.43+0.06 0.41(0.14-1.55) 18.45 0.36 42.90(9.00—204)
Cyantraniliprole LabSS 228 0.70£0.14 0.00 (0.00-0.01) 4.69 0.45 -

RPRO17 207 0.51+0.11 0.05(0.02-0.16) 3.30 0.65 17.40 (3.80—280.30)

Concentration values are in mg/seed a.i., obtained by planting the seeds and exposing the larvae in the 7™ day after
plant emergence (V3-4) during 96 h.

'RRso, resistance ratio and its 95% confidence limits using the standard susceptible population (LabSS) as the
reference. It indicates how many times the larvae of the population RPRO17 are more resistant to the insecticide than
those of the LabSS standard susceptible population.
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Table 5. Susceptibility of Cry-resistant populations of fall armyworm to test was whether the
RPRO populations had relatively higher susceptibility compared to the LabSS and RHX

population.
Insecticide Population N  Slope + EP LCs0 (95% CL) 1 P RRs50 (95% CL) SRs0 (95% CL)
Chlorantraniliprole RHX11 268 6.96+1.93  0.17 (0.14-0.19) 58 0.88 45(2.8-7.3) -
(Premio) RPROI3 265 231+0.58 0.15(0.07-0.20) 158 0.15 3.92.3-6.7) 1.2(0.9 - 1.6)
RPRO17 227 0.99+0.22  0.03 (0.01 - 0.05) 50 084 0.7(02-1.9) 6.8 (2.6-17.5)
LabSS 284 1.87+0.28  0.04 (0.02 - 0.06) 79 0.79 - 45(28-17.3)
Spinetoram RHX11 160 7.01£1.76  0.05 (0.04 - 0.06) 08 098 23(1.7-3.1) -
(Exalt) RPROI3 160 5.64+1.28  0.06 (0.05 - 0.07) 05 099 2620-34 0.9(0.7-1.1)
RPRO17 160 3.87+1.05  0.05(0.03 - 0.06) 21 084 21(15-29) 1.1(0.8-1.4)
LabSS 160 4.54+1.41  0.02(0.01-0.03) 24 079 - 23(1.7-3.1)
Indoxacarb RHX11 288 2.54+0.44  1.15(0.67 - 1.58) 4.7 097 1224 3.9 -3864) -
(Avatar) RPROI3 263 1.67+0.29 0.48(0.20-0.79) 9.6 0.57 504 (1.5-1651) 24(1.1-52)
RPRO17 284 0.57+0.14 0.17(0.01-0.61) 11.2 052 17.6 (0.4 - 855) 6.9 (1.1-44.7)
LabSS 288 0.62+0.19  0.01 (0.00-0.08) 11.8 047 - 122.4 (3.9 - 3864)
Flubendiamide RHX11 287 1.64+£0.35 342(1.71-496) 102 0.60 9.8(2.9-324) -
(Belt) RPROI3 284 0.99+0.15 2.66(0.88-535 199 0.07 8.1(24-274) 1.2(0.6 -2.4)
RPRO17 251 0.79+0.16 0.24(0.03-0.71) 10.0 044  0.7(0.1-4.1) 14.5 (3.2 - 66.0)
LabSS 271 1.21+£0.24  0.35(0.07-0.81) 10.7 047 - 9.8(29-324)
Bifenthrin + RHX11 216 3.10+£1.08 52.69(20.13-78.31) 6.8 0.56 4.6(2.6-8.0) -
Carbosulfan RPROI3 278 293+0.73 31.37(20.47-5250) 79 079 2.7(1.6-4.6) 1.7(0.9 -3.1)
(Talisman) RPRO17 287 1.97+0.28 26.07(16.37-49.71) 199 0.07 3.2(2.0-5.2) 1.4 (0.8 -2.5)
LabSS 288 2.27+0.57 11.50(7.86-1592) 10.6 0.57 - 4.6 (2.6 - 8.0)
Methomyl RHX11 140 4.88+1.24 20.57(14.65-28.000 1.3 0.86 1.7(1.2-2.6) -
(Lannate) RPRO13 160 2.54+0.50 8.86(6.90-11.27) 44 049 0.7(0.5-1.1) 1.8(1.2-2.7)
RPRO17 160 2.28+045 11.34(8.82-15.38) 22 083 09(0.6-14) 23(1.6-34)
LabSS 160 2.88+0.59 11.94(8.85-16.25) 43 051 - 1.7 (1.2 -2.6)

Concentration values are in mg/1 a.i. in water, obtained using the foliar-deep method in the bioassays.

'RR5y, resistance ratio and its 95% confidence limits using the standard susceptible population (LabSS) as the reference. It indicates how
many times the populations RHX11, RPRO13, and RPRO17) are more resistant to the insecticide than the LabSS standard susceptible

population.

2SR5, susceptibility ratio and its 95% confidence limits using the Cry1F-resistant population (RHX11) as the reference. It indicates how
many times the CrylA.105/Cry2Ab-resistant populations (RPRO13 and RPRO17) are more susceptible to the insecticide than the

Cry1F-resistant population (RHX11).
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Table 6. Comparing the estimated LCo values of the insecticides with their recommended field
rates to assess the likelihood of attaining acceptable control efficacy (~80%) of Cry-Bt-resistant fall

armyworms when properly spraying the label field rates.

Insecticide Label rate a.i. (mg/1) Population LCoo 5191;.1/0 CL) LRRg (95% CL)"
Chlorantraniliprole 167 RHX11 0.30 (0.20 - 0.40) 635 (442 - 723)
(Premio) RPRO13 0.50 (0.30 - 4.10) 316 (41 - 508)
RPRO17 0.50 (0.20 - 2.30) 331 (72 -729)
LabSS 0.20 (0.10 - 0.30) 908 (580 - 1275)
Spinetoram 40 RHX11 0.10 (0.10 - 0.10) 513 (367 - 597)
(Exalt) RPRO13 0.10 (0.10 - 0.20) 408 (260 - 494)
RPRO17 0.10 (0.10 - 0.20) 396 (198 - 506)
LabSS 0.00 (0.0 -0.1) 930 (471 - 1176)
Indoxacarb 400 RHX11 3.70 (2.90 - 5.00) 109 (80 - 139)
(Avatar) RPRO13 2.80 (1.80 - 4.70) 144 (85 - 219)
RPRO17 24.30 (8.80 - 194.20) 16 (2 - 46)
LabSS 1.10 (0.20 - 3.20) 376 (124 - 2116)
Flubendiamide 720 RHX11 20.70 (13.50 - 49.10) 35 (15-53)
(Belt) RPRO13 52.40 (22.40 - 291.70) 14 (2 - 32)
RPRO17 9.60 (4.20 - 29.20) 75 (25-173)
LabS$S 4.00 (2.10 - 8.20) 180 (87 - 350)
Bifenthrin + 800 RHX11 136.70 (89.90 - 622.50) 6(1-9)
Carbosulfan RPRO13 85.80 (51.60 - 289.30) 9(33-16)
(Talisman) RPRO17 117.0 (58.50 - 500.60) 72-14)
LabSS 42.20 (26.30 - 147.40) 19 (5 - 30)
Methomyl 430 RHX11 37.60 (27.70 - 73.80) 11 (6-16)
(Lannate) RPRO13 28.30 (19.50 - 61.40) 15(7-22)
RPRO17 41.30 (26.20 - 108.20) 10 (4 - 16)
LabS$S 33.30 (22.70 - 73.10) 13 (6-19)

'LRRyo, label rate ratio at the LCoo and its 95% confidence limits using the label rate of the insecticide as a reference
(LRRgo = label rate / LCoo value of the insecticide and its 95% confidence limits). It indicates how many times the
estimated LCoyo value of the insecticide is lower than its recommended field rate (i.e., the safety level of attaining
acceptable control efficacy (~80%) properly spraying the label field rate of the insecticide).
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A MONBI034-resistant fall armywaorm
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Figure 1. Interaction of MON89034 Bt maize (CrylA.105+Cry2Ab) and seed treatment against
MON89034-resistant fall armyworm larvae (L3) and green-belly stink bug adults. Potted Bt or
non-Bt maize plants (n = 30) deriving from seeds treated or untreated with chlorantraniliprole
(Dermacor), clothianidin (Poncho), and chlorantraniliprole+clothianidin (Dermacor+Poncho)
were optimally grown in the greenhouse. The infestation was in the 7" day after emergence
using single individuals of the armyworm or the stink bug. Insect mortality and foliar injury
rating were recorded after 96 h. (A, B) Performance of the resistant larvae and Bt-toxin
expression of MON89034 maize. (C) Response of green-belly stink bugs to MON89034 maize
plants deriving or not of insecticide-treated seeds. Means and standard errors followed by the
same letter are not significantly different using Tukey’s HSD (P > 0.05).
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MONB3034-resistant fall armyworm
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Figure 2. Interaction of MON89034 Bt maize (CrylA.105+Cry2Ab), seed treatment (ST) with
chlorantraniliprole + clothianidin, and foliar insecticides for control of MON89034-resistant fall
armyworm larvae (L3) and green-belly stink bug adults. Potted Bt or non-Bt maize plants (n =
30) deriving from seeds treated with clothianidin + chlorantraniliprole (Poncho + Dermacor) or
untreated seeds were optimally grown in the greenhouse. The plants were infested on the 21®
day after emergence with two individuals of the armyworm (L.3) or with one stinkbug (adults).
Insect mortality and foliar injury rating were recorded after 96 h. (A) Fall armyworm mortality.
(B) Plant protection from the fall armyworm. (C) Stink bug mortality. Means and standard
errors followed by the same letter are not significantly different using Tukey’s HSD (P > 0.05).

Insecticide
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Imidacioprid + Thiodicarb
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Figure 3. Graphical representation of the concentration-mortality curves for the seed-treatment
insecticides. The circles represent the observed (experimental) mortality, and the lines represent
the expected mortality given by the probit model fitted to the bioassay data.



