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ABSTRACT

In some countries, the use of transgenic maize, cotton and soybean cultivars has increased
significantly in recent years, reaching adoption levels above 90% in many regions, imposing
intense selection pressure for resistance in the populations of the target insects. The fall
armyworm, Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), is a polyphagous
and migratory insect of global economic importance. Their populations in Brazil represent
one of the main targets for the control of insecticidal proteins (toxins) of Bacillus thuringiensis
Berliner (Bt) produced in transgenic cultivars. In addition, most of these crops receive
applications of synthetic insecticides against a complex universe of insect pests and the
adoption of non-Bt refuge areas is low. Several first and second generation Bt corn cultivars
(with Cry toxins such as Cry1F, Cry1Ab and Cry1A.105 + Cry2Ab2) have lost efficacy against
S. frugiperda populations by selection for resistance to Bt. Currently, reports lead to the
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suspicion that S. frugiperda control failures associated with the resistance event also affect
the current third generation Bt corn cultivars, which jointly produce the toxins Vip and Cry.
Although the Vip toxin originally showed efficacy against caterpillars resistant to Cry toxins,
at least the caterpillars in the early stages, the loss of efficacy of these toxins makes Bt
Vip/Cry corns more vulnerable to Bt resistance selection in S. frugiperda populations. Thus,
it is crucial to obtain regional and reliable data on the susceptibility of insect populations to
inform decision-making on management practices. The first objective in this study was to
investigate the susceptibility status of field populations of S. frugiperda from sites with
selection pressure with Bt Vip/Cry corn for more than five years. Time-mortality bioassays
were used with F1 descendant third instar larvae from six populations collected in maize fields
in the MATOPIBA region, a tropical agricultural frontier that covers four Brazilian states,
Maranhao, Tocantins, Piaui and Bahia. The insects were evaluated in longitudinal time-
mortality bioassays. The time to death of S. frugiperda third instar larvae was relatively short,
with mortality rates of 98-100% in less than five days, regardless of the Bt corn hybrid
containing three combinations of Cry1Ab, Cry1F, Cry2Ab, and Vip3Aa. However, the mean
survival time (ST50) of larvae differed between populations, with the lowest and highest ST50
values occurring for the PI-Cr (42 h or 1.75 days) and PI-Ur (66—90 h or 2.75-3.75 days)
populations, respectively. Therefore, the third instar larvae of the F1 generation of S.
frugiperda populations were susceptible to corn foliage that produces Vip3Aa/Cry, and the
most contrasting susceptibility occurred in insects from the state of Piaui. These results
indicate that the progeny of S. frugiperda from areas highly pressured with Bt Vip3Aa/Cry
corn hybrids is killed in the corn foliage that produces Bt Vip3Aa and Cry proteins, despite
field reports of increased leaf injury by the caterpillars in some localities. In view of these
results and the complaints of producers and technicians, the question arose whether there is
a change in the susceptibility to Bt toxins in other larval instars of the insect, especially those
that are later, supposedly more tolerant to Bt. Thus, the second chapter aimed to investigate
whether there is variation in larval survival from the first to the fourth instar of S. frugiperda
caterpillars, using the F1 generation of five geographically distinct populations collected in
corn fields in the MATOPIBA region. There was a variation in susceptibility in the other instars
evaluated, evidenced in the survival curves and mortality after seven days of contact of the
larvae with the foliage of Bt corn. The greatest variations and the lowest percentage of
mortality were found in the population of Bahia with the fourth instar and in the population of
Piaui-Ur in the first and fourth instar and there was heterogeneity in the mortality pattern
among the instars depending on the type of Bt corn and the population of the insect.
Therefore, no decrease in the susceptibility of the insects was detected in the late instars,
reinforcing the general conclusion of susceptibility of the populations collected in the states
of MATOPIBA. The results of this study help to understand the risk of evolution of resistance
to Vip3A and to refine mathematical models for the sustainable use of Bt crops, an insect
management tool that is safe for human health and the environment. Further studies will be
needed to investigate the undesirable presence and injury of S. frugiperda in maize crops
and to generate tools for the management of S. frugiperda resistance to Bt maize.

Keywords: Fall armyworm. Insect management. Matopiba. Insecticidal proteins. Zea mays.
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1 GENERAL INTRODUCTION

The fall armyworm, Spodoptera frugiperda (J. E. Smith, 1797) (Lepidoptera:
Noctuidae), is a polyphagous, migratory and versatile pest that attacks vegetative and
reproductive stages of several crops and wild plants (Montezano et al., 2018; Kenis et al.,
2023). Spodoptera frugiperda is a global concern due to its migratory capacity and
polyphagia. Although native to the Americas, the insect has spread worldwide, recently
invading Africa, Asia, and Australia and is present in more than two hundred countries (Wan
et al., 2021; Kenis et al., 2023). Since the mid-2000s, transgenic corn and cotton cultivars
producing insecticidal proteins with Bacillus thuringiensis (Bt) have been the main control
method for these two crops in the Americas (ISAAA, 2019; Huang, 2021).

Prior to the use of transgenic crops, control of S. frugiperda in the Americas was
primarily based on synthetic insecticides, and over the years, resistant populations of this
insect have been selected for many major classes of insecticides (Pitre, 1988; Yu, 1991; Berta
et al., 2000; Belay, 2012; Bernardi et al, 2016a; Gutiérrez-Moreno et al., 2019), including
carbamates, organophosphates, and pyrethroids (Sogorb et al., 2002). Currently, many
countries, especially Brazil, have adopted transgenic cultures that express Bt proteins for the
management of this insect (Huang, 2021). Due to the large-scale adoption of these crops, in
many regions, reaching more than 90%, the selection pressure for resistance and populations
of S. frugiperda to Bt proteins is intense. In fact, there was a rapid emergence of resistance
in populations of S. frugiperda to Cry1F corn (TC1507 or Herculex technology) with field
control problems in Puerto Rico, in the continental USA, Brazil and Argentina. (Storer et
al. ,2010; 2012; Would etal. ,2014;Huang etal. ,2014;Bernardi etal |,
2016b; Omoto etal. ,2016; Chandrasena etal. ,2018; Adam etal. ,2020;
Huang, 2021)

Previous studies show results on the susceptibility or resistance of field populations of
S. frugiperda in relation to characteristics of simple Bt corn (from a Bt toxin) and pyramid
(containing combinations of them). There is evidence of large-scale resistance to Cry1F
protein in populations of the Americas, as well as cross-resistance to Cry1A.105/Cry2Ab2
corn (PRO technology). Some studies report susceptibility to the proteins Cry2A and
Vip3Aa20. For example, Li (Bernardi etal. ,2015; Santos-Amaya etal. ,2015)
(Huang etal. , 2014) et al. (2016) evaluated populations of S. frugiperda, reporting
susceptibility to Cry2A and Vip3Aa20, but resistant to Cry1A.105 and Cry1F. A similar
investigation was conducted using maize, containing Vip3Aa20 and Cry1Ab, all populations
were susceptible to the combinations of toxins containing Vip3Aa20. evaluated the survival

and estimated the level of effective dominance of resistance of three different genotypes of
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(Yang etal. ,2013) Zhu etal .(2019) S. frugiperda: one susceptible to Bt, one
resistant to the double genes Cry1A.105/Cry2Ab2, and heterozygous F1 lines in five
pyramided corn hybrids expressing Cry1A, Cry2A, Cry1F, and Vip3 proteins, concluding that
Vip3AaZ20 is the only protein completely active against S. frugiperda.

The bioassay method with corn leaf tissue is commonly used in studies related to Bt
resistance. tested the efficacy of a cultivar expressing the double genes Cry1B.868 and
Cry1Da_7, and experimental lines of single genes expressing Cry1B.868 or Cry1Da_7 in a
susceptible S  Horikoshi et al . (2021) . frugiperda population in Brazil, showing
satisfactory control. Another study conducted in Brazil in 2015 determined the susceptibility
of field populations of S. frugiperda to Cry1Ab using the leaf tissue bioassay method, with
control efficacy of around 88.4% in 5 days. In the USA, Niu (Omoto etal. ,2016) et al.
(2018) evaluated the performance of S. frugiperda exposed to the cultivar containing the
proteins Cry1A.105/Cry2Ab2 using leaf tissue bioassay to assess adaptation costs and
resistance dominance levels.

The sum of the investigations carried out in different parts of the world showed that
the resistance to Cry1F in the caterpillars is completely overcome by the control efficiency
due to the absence of cross-resistance in plants that produce Vip or in bioassays with the
purified Vip protein. This was evidence to propose that the Vip protein can be used to manage
Cry resistance in S. frugiperda and the companies opted for the strategy of "pyramiding"
these proteins in plants. It is important to emphasize that the gene pyramidization strategy
for resistance management requires a careful selection of Bt genes to be stacked (pyramided)
in plants. (Niu etal. ,2013;Bernardi etal. ,2015; Santos-Amaya etal. ,2022)

Studies on the status of susceptibility and/or resistance to Bt in S. frugiperda
populations in Brazil aim to evaluate the current levels of resistance/susceptibility in the main
maize producing regions. In addition, these studies seek to analyze the correlations between
resistance/susceptibility and various factors potentially associated with the selection of
resistant populations. These factors include the locally occurring S. frugiperda race/genotype
(maize versus rice breed), selection pressure of Bt crops, migration patterns, Bt crop planting
history, geographic location, and insect survival habits in the off-season.

Understanding the changes in susceptibility to Bt toxins during larval development in
S. frugiperda populations can help predict the performance of certain refuge settings and
other strategies for resistance management in tropical farming areas with a high incidence of
S. frugiperda. In the present study, we evaluated whether there are changes in susceptibility

to Bt toxin during larval development of the F1 generation in different populations of S.
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frugiperda collected in a tropical agricultural frontier region that covers four Brazilian states,
Maranhao, Tocantins, Piaui and Bahia (MATOPIBA).

The first objective was to collect field populations of S. frugiperda in different locations
of the MATOPIBA region, and to perform laboratory bioassays, with third instar larvae of the
F1 generation, to determine the susceptibility to corn cultivars containing the combinations of
Bt proteins (Cry1F, Cry1A.105, Cry1Ab, Cry2Ab2, Cry3Bb1, Vip3Aa20). From the results
obtained, the question was raised whether there is variation in the susceptibility to Bt toxin in
the different larval instars.

The knowledge generated from these studies will help in the understanding of the
current status and factors related to the management of S. frugiperda, and thus preserve the
technology of Bt cultures for the control of S. frugiperda in the MATOPIBA region, in Brazil

and in the world.

2 EXPERIMENTAL STRATEGY

A study was carried out on the survival of S. frugiperda larvae in Bt Vip3Aa20/Cry corn
foliage and non-Bt control in a randomized block system. For this, we used isogenic corn
cultivars (i.e., which have the same genetic background, except for the transgene inserted in
the Bt corn genome). Bt corn was planted in a greenhouse to be used in the bioassays. The
caterpillars were collected in corn fields and kept in the laboratory, fed with an artificial diet
until they completed the cycle. In the same way that the neonates were kept on an artificial
diet until they reached the third instar. Populations of caterpillars collected in the region of
Balsas/MA, Porto Nacional/TO, Baixa Grande/Pl, Currais/Pl, Urugui/Pl and Luis Eduardo
Magalhdes/BA were used for the trials with third instar caterpillars. Individuals from
populations in the MATOPIBA region were used for the work. This sampling effort was
concentrated in the 2/2021, 1/2022 and 2/2022 harvests, which corresponds approximately
to the first and second harvests in Brazil.

The survival and median lethal time of third instar larvae of the F1 generation of
populations collected in the maize fields of the Matopiba region was measured, similar to the
methodology of . Tavares etal ., (2021)

In the second stage, trials were carried out with the other instars using the same
populations, with collections carried out in the 2022/2023 and 2023/2024 harvests, except for
the population of Baixa Grande/PI. In this stage, survival and mortality time curves were

performed to compare susceptibility between instars and between populations.

3 THEORETICAL FOUNDATION
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3.1 CORN CULTIVATION

The corn crop (Zea mays L.) has become the most cultivated in the world. being a
species belonging to the Gramineae/Poaceae family, with a great capacity to adapt to the
most varied types of climate and altitude, favoring its cultivation in different parts of the world
(Barros, 2014). The Aztecs, Incas and Mayans considered it as a sacred plant, being used
as food and offering to the gods. The cultivation of corn in Brazil was initially practiced by the
indigenous people, who used it for their food (Cruz, 2008). (Hailu etal ., 2018; Niassy
etal .,2021 )

Corn production was leveraged from 20 million tons in the 70s to about 131 million
tons in the 2022/23 harvest, with a planted area of 45.7 million hectares in the 2023/24
harvest (CONAB, 2024). Currently, corn is cultivated for both human and animal food, and
about 70% of the world production and 70 to 80% of the national production of corn is used
in poultry and pig feed (Cruz, 2008; CNA, 2023). The world's largest producers of corn are
the United States, China, and Brazil (CONAB, 2024).

This increasing increase in the area planted with corn has led to the emergence of
many pests, and the fall armyworm, S. frugiperda, is currently considered the main pest of
corn in all continents where the crop is present. In view of the large number of pests in the
corn crop, genetically modified (GM) varieties of corn were created in order to combat the
attack of these insects, reducing the use of chemical products. For the planting of the
2019/2020 crop in Brazil, 196 corn cultivars were presented, 131 transgenic cultivars and 65
conventional cultivars (Schuster; Rodrigues; Linares, 2022). Insect populations resistant to
active ingredients such as lambda-cyhalothrin, chlorpyrifos, spinosad, and lunofuron can be
selected. (Goergen etal ., 2016) (Burtet etal ., 2017)

3.1.1 Bt technology

Bacillus thuringiensis (Berliner) is a rod-shaped Gram Positive bacterium that lives in
the soil, producing toxins that have activities against protozoa, mites, nematodes and insects.
This bacterium was discovered in Germany in 1911, and began to be used as an insecticide
in France in 1938 and in the USA in the 1950s (Luthy (Baranek etal. ,2017) et al.,
1982). It is an aerobic bacterium, capable of producing insecticidal proteins during the
sporulation process, such as parasporal crystals (Cry) and insecticidal vegetative proteins
(VIP) that are highly specific to the target insect, and it is a biodegradable protein and safe
for humans, plants, and other classes of vertebrate animals. Using this insecticidal protein,
through the use of recombinant DNA technology, transgenic plants resistant to insects, such

as the fall armyworm, were created. Among the toxinogenic bacteria that aim to control pest
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insects, (Tetreau, 2018) (Baranek; Konecka; Kaznowski, 2017) (Monnerat etal.
2006) B. thuringiensis is undoubtedly the most studied, certainly because it is the most used
in the control of agricultural pests. (Tetreau, 2018)

This bacterium, during the sporulation process, produces a crystalline protein toxic to
insects, which are toxins of high specificity that bind to receptors in the wall of the midgut of
insects allowing the oligomerization of the insecticidal protein, causing the formation of pores
and the consequent perforation of the intestine leading to the death of individuals. Known as
Cry proteins or d-endotoxins, these crystals are formed of one or several proteins that are
toxic to various orders of insects, such as Coleoptera, Diptera, Hymenoptera and
Lepidoptera. Currently, more than 70 different groups of Cry toxins are known, with more than
770 gene sequences described (Crickmore  (Tetreau, 2018) et al., 2021). There is also
secretion of insecticidal proteins produced by B. thuringiensis, which includes 4 groups of
insecticidal vegetative protein (Vip) and one group of secreted insecticidal protein (Sip)
(Crickmore et al., 2021).

The first genetic modification in plants took place in 1985, in tobacco plants (Martineau,
2001) and the first GM corn variety took place in 1996 to combat insect pests on the European
continent. The genetic modification of the corn crop was done with the introduction of a gene
from the bacterium (Storer etal. ,2010) B. Thuringiensis (Bortolotto etal. , 2016)
. The use of Bt crops has been used since 1996, with the use of bacterial genes in maize
plants to express B. thuringiensis proteins against insect pests, which has contributed greatly
to the reduction of applications of different insecticides, reducing damage to the environment.
However, some insects have been able to form populations resistant to Bt technology, which
has led to increased applications of insecticides against fall armyworm in Bt corn crops (Burtet
(Bortolotto etal. ,2016) et al., 2017). To reduce the speed at which this resistance
develops, one of the recommended measures is to plant refuge. This involves creating areas
with non-Bt crops next to areas with Bt corn (Fatoretto et al., 2017).

Btinsecticidal proteins Cry1Ab, Cry1F, Cry1A.105, Cry2Ab2, and Vip3Aa20 have been
inserted into maize (Bt maize) plants to protect against a wide range of lepidopteran pests
(ISAAA, 2023). The Bt protein Cry1Ab, in the MON810 or Bt11 corn events, was the first to
be implanted in the Americas against fall armyworm. Subsequently, the event of maize
TC1507 Bt, producing the insecticidal protein Cry1F from (Fatoretto etal. ,2017)B.
thuringiensis aizawai, was introduced to the market. Almost simultaneously, Cry2Ab2, derived
from (Storer etal. ,2012; Fatoretto etal. ,2017) B. thuringiensis kurstaski , and
Cry1A.105, a synthetic chimera of Cry1Ab, Cry1Ac and Cry1F, were also introduced in the
transgenic event MON89034 (EPA, 2012; . Finally, the Bt Vip3Aa20 protein, derived from the
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ABB88 strain of Carriere etal. , 2020) B. thuringiensis and produced in a transgenic
event of MIR162 corn, was launched on the market and has become increasingly adopted in
Brazil since 2018, after its incorporation into elite corn hybrids. (Fatoretto etal. , 2017)
( Schuster; Rodrigues; Linares, 2022 )

The use of Bt insecticidal proteins, whether used in biopesticides or in transgenic
cultivars, represent a safe pest management tool due to their specific toxicity against target
organisms. However, resistance screening in pest populations is the main threat to the
sustainability of Bt technologies for pest management, especially fall armyworm, which is
inherently less susceptible to many Bt toxins. The efficacy of Bt corn hybrids producing Bt
Cry proteins had already decreased against fall armyworm, and the structural homology of
these proteins is conducive to cross-resistance between them. This is in contrast to Vip and
Cry, which can bind to distinct sites on protein receptors in the insect's gut. (Raymond et
al. ,2010; Gbmez etal. ,2014) (Adang etal ., 2014;Gomez etal ., 2014,
Carriere etal ., 2016; Fatoretto etal ., 2017) (Adang etal ., 2014; Bernardi
etal ., 2015; Carriecre etal . 2016) (Adang etal. ,2014; Carriere etal. |,
2016; Nufez-Ramirez etal. , 2020)

Brazil is the second country that most uses crops expressing Bt technology in the
world (52.8 million ha), with about 16.6 million hectares planted with Bt corn in 2019
(Schuster; Rodrigues; Linares, 2022), reaching total percentages of the planted area of 82,
79 and 62% of cotton, corn and soybeans, respectively. In recent years, the use of Bt crops
has become more and more frequent, in the search for an alternative to combat (CIB, 2019)
S. frugiperda (Amaral etal .,2020), with minimal use of chemical products.

The wide use of Bt crops in Brazil, associated with the low adoption of refuge has
contributed to the rapid selection of resistance by S. frugiperda to Cry1 proteins. The first
reports of resistance of ( Santos-Amaya etal ., 2016; Adam etal ., 2020) S.
frugiperda to the Cry1Fa protein in Bt corn occurred in Puerto Rico, in 2006, and were
confirmed in 2010, leading to the withdrawal of corn cultivars expressing this protein from the
Puerto Rican market. The insects show rates of cross-resistance to the insecticidal proteins
Bt Cry1 and Cry2. (Scourge etal ., 2018) (Amaral etal ., 2020)

Currently, the new Vip3Aa20 technology, also originating from B. thuringiensis, is
proving to be quite efficient in Bt corn (second generation) and cotton (third generation) crops
(Yang et al., 2019; Amaral et al., 2020). So far, no cases of cross-resistance of insects to this
protein and to commercially used Cry proteins have been recorded (Amaral et al., 2020). As

insect resistance to Cry proteins has developed rapidly, it is crucial to adopt good
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management practices to prevent the same from happening with the new protein (Santos-
Amaya et al., 2016).

In Brazil, which is the second largest producer of Bt maize in the world, the large area
occupied by Bt crops can hinder the uniform implementation of resistance management
strategies in all regions (Santos-Amaya et al., 2016). However, knowing the geographic
distribution of the fall armyworm resistance allele to the Vip3Aa20 protein can help companies
apply resistance management strategies in a more targeted and efficient way (Amaral et al.,
2020).

Wang et al. (2019) highlight the importance of technologies such as Bt in countries
with tropical and subtropical climates, where these conditions favor the reproduction of fall
armyworm. This insect can reproduce several times a year and on different types of plants.
However, this high reproduction rate can lead to the selection of resistance, both to chemical
insecticides and to Bt technology itself. Therefore, it is crucial to constantly search for new
insecticidal proteins, as fall armyworm is always evolving to adapt to these control methods.

The spread and selection of fall armyworm resistance in the field can be influenced by
several factors, such as the production of several generations during the year (Santos-Amaya
et al., 2016), the migratory behavior of the insect, and inadequate management practices or

insufficient planting of refuge areas (Chandrasena et al., 2018).

3.2 SPODOPTERA FRUGIPERDA

The fall armyworm, Spodoptera frugiperda (J.E Smith) (Lepidoptera: Noctuidae), is
native to tropical and subtropical regions of the Americas and is present throughout the
American Continent, having great economic importance for agriculture worldwide (Kenis,
2023). (Scourge etal ., 2018) S. frugiperda is polyphagous and feeds on about 353
plant species, including corn, millet, rice, sorghum, wheat, soybean, cotton, alfalfa, among
many others (Montezano et al., 2018). It receives the name of fall armyworm because it has
a preference for the fall armyworm of corn plants. In Brazil, it has become one of the most
important pests of corn, and in the larval stage, they feed, especially, on the cartridge of corn
plants, and can cause damage of up to 57% in the crop. But it also feeds on corn plants at
all stages of development, and can even attack the stem of young plants (Mendes
(Fernandes etal. ,2018) (Araujo etal. ,2014) (Burtet etal. ,2017)etal.,
2011).

This insect has a development cycle passing through egg, caterpillar, pupa, and adults.
observed that the incubation period of (Silva etal ., 2017) Rose etal .(2012)S.
frugiperda eggs at a temperature of 25 + 1 °C ranged from 2.8 to 3.3 days, the caterpillar
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stage varied from 10.7 to 21.7 days. The pre-pupal stage lasted 1.89 days. The pupal stage
lasted approximately 8.54 days and the longevity of adults ranged from around 21.41 days
at a temperature of 25 £ 2 °C. The duration of the pre-oviposition phase ranged from 0 to
10.7 days and the duration of longevity ranged from 21.3 to 45.7 days. Considering that this
insect has a relatively short cycle, is polyphagous and some Brazilian regions plant up to
three crops per year, these are conditions that greatly favor the reproduction of the fall
armyworm throughout the year, and a single female can produce about 1,800 eggs during
the adult phase of her cycle. Females usually lay their eggs on top of corn leaves and after
hatching the neonates migrate to the whorl of the plant (Silva etal ., 2017) (Pink et
al. ,2012) (Santos-Amaya etal. ,2016) (Pink etal. ,2012) (Harrison etal.
, 2019)

Currently, this insect has become the main pest of corn and cotton in the United States,
Brazil, among other countries around the world. As of 2016, there are reports of the presence
of this pest in maize fields in several countries in Africa (Goergen  (Scourge etal .,
2018) et al., 2016) and soon after in Asia (Rwomushana et al., 2018), in 2020 it arrived in
Oceania (ABC News, 2020) and in 2022 it arrived in New Zealand and some Pacific islands
(CABI, 2023), causing great losses in all these places. Scoton et al. (2020) found significant
damage in corn plants expressing Herculex® and VT PRO 3® technologies, while corn plants
with Leptra® and Viptera 3® technology proved to be efficient for fall armyworm control.
Damage caused by this pest in the corn crop can lead to losses of up to 53% of the production

of this crop (Prasanna et al., 2018).

3.2.1 Control of Spodoptera frugiperda in maize

For decades, the effective control of this pest was carried out mainly with the use of
synthetic chemicals, such as carbamates, organophosphates, and pyrethroids (Valicente;
Barreto, 2003; Barcelos; Angelini, 2018). However, the application of chemical insecticides
against fall armyworm is not always efficient. This may be due to the inappropriate application
method or the fact that the larvae are already at an advanced stage of development, which
reduces their susceptibility to the products (Rwomushana et al., 2018). With the development,
after the formation of the cartridge in the corn plants, S. frugiperda lodges inside, making it
difficult to control the chemical, which is the most used by producers, In addition, many times
in the populations, individuals resistant to these products are selected and, in this sense, the
technologies aimed at Bt stand out, preventing damage to the environment, to human health

and delaying the development of resistance by the pest. (Yang etal. , 2016)
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The use of chemical pesticides also has the side effect of eliminating the natural
enemies of pests, which reduces the natural control over S. frugiperda (Burtet et al., 2017).
In response to these challenges, biopesticides based on entomopathogenic microorganisms,
such as fungi, protozoa, nematodes and viruses, have been used to control fall armyworm.
Currently, more than 14 species of these microorganisms are known (Molina-Ochoa et al.,
2007). Strategies such as the use of weeds, used by small producers, among crops should
be further tested, as they can be very efficient in combating fall armyworm. They provide the
environment for the emergence of nests and habitat for the natural enemies of this pest. (
Harrison etal .,2019) ( Harrison etal ., 2019)

Another method of control is the use of parasitoids and predators, with more than 150
species of various orders identified worldwide (Hruska, 2019). Small producers also adopt an
alternative technique, which consists of using soil, sand, ash, or sawdust on the whorl of corn
plants to dehydrate caterpillars in their first stage of development (Tambo et al., 2020).

Currently, in addition to the alternative control methods already mentioned, the use of
genetically modified plants based on Bacillus thuringiensis genes, popularly known as Bt
plants, producing Cry and/or Vip insecticidal proteins (Angelo et al., 2010). The insertion of
Bt genes in the corn crop conferred a high pattern of plant resistance to some lepidopteran
species, such as the fall armyworm (Huang et al., 2002). Chemical pesticides and insecticidal
proteins obtained from B. thuringiensis, Cry and Vip families, expressed in genetically
modified (Bt) plants, have been widely used in the control of insects of the order Lepidoptera,
since 1996. According to Flagel (Tabashnik etal. ,2008) et al. (2018), the introduction
of the use of Bt cultures represented a significant advance, since the proteins of the Cry1 and
Cry2 families proved to be very efficient against fall armyworm, especially the proteins
Cry1FA, Cry1A.105, Cry2Ab2 and Cry1Ab, with lower efficacy. Monitoring the evolution of
resistance of field populations of insect species is indispensable in the management of
insecticide resistance (MIR) for the maintenance of the technology. (Yang etal ., 2017,
2020)

In view of the wide occurrence of resistance of S. frugiperda to the Cry1F protein, the
Cry2A protein was the one that showed the most durability before the release of the plants
expressing the VIP3Aa protein. The latest studies have shown that VIP3Aa proteins are
highly effective in controlling S. frugiperda in corn and cotton and Helicoverpa zea (Boddie)
(Lepidoptera: Noctuidae) in cotton. Thus, Bt corn varieties expressing Cry proteins, in some
regions of Brazil, receive up to three applications of insecticides to achieve the intended result
and, currently, are giving way to cultivars expressing Vip3AaZ20 proteins, which still have no
report of resistant insects in the field. (Chen etal. ,2019) (Fatoretto etal ., 2017)
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