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ABSTRACT
SUSCEPTIBILITY OF THE FALL ARMYWORM, Spodoptera frugiperda (J. E. SMITH)
(LEPIDOPTERA: NOCTUIDAE) TO Bacillus thuringiensis (Bt) PROTEINS AND
SYNTHETIC INSECTICIDES FROM DIFFERENT CORN PRODUCTION SYSTEMS IN
MEXICO AND PUERTO RICO
By

Rebeca Adriana Gutierrez-Moreno

The strength of the factors favoring the evolution of resistance to insecticides in
agriculture may vary in different production regions. The assumption that lower
susceptibility to insecticides is to be observed in populations from areas with higher
deployment of insecticides cannot be assumed. The main goal of this dissertation is to
provide relevant information to better understand the impact that different pest
management strategies have in the development of insecticide resistance in fall
armyworm, specifically the use of synthetic insecticides alone or in combination with
Bacillus thuringiensis (Bt) crop technology. Also, the potential capacity of fall armyworm
to recover and complete development after long-term exposure to Bt proteins was
addressed in laboratory experiments. Mexico and Puerto Rico have contrasting corn
production systems, but fall armyworm is the number one pest in both territories. Mexico
has a high diversity of corn production systems, varying from self-subsistence to
commercial fields, where the amount of insecticides sprays against fall armyworm
varies. Puerto Rico has a very intense corn production system, dominated by hybrid and
seed research development, where there is virtually zero tolerance for pest damage.
Therefore, fall armyworm is subjected to different levels of selection pressure by

insecticides used in these two territories. While in Mexico, synthetic insecticides are the



main control tool, in Puerto Rico, fall armyworm populations are managed with both
synthetic insecticides and Bt corn. To determine the baseline susceptibility to synthetic
insecticides and Bt proteins in field-collected fall armyworm populations from Mexico
and Puerto Rico, bioassays were performed with insecticides of different modes of
action. In general, fall armyworm from Mexico showed low resistance ratio values in
comparison with a susceptible reference population. Only three Mexican populations
displayed resistance ratios above 10-fold of the LCso of the susceptible population:
Sonora to chlorpyrifos, Sinaloa to flubendiamide and Oaxaca to permethrin. Fall
armyworm from Puerto Rico showed the highest resistance ratios to flubendiamide,
chlorantraniliprole, chlorpyrifos, thiodicarb, methomyl, triflumuron, spinetoram,
permethrin, deltamethrin and zeta-cypermethrin. Only spinosad, abamectin and
emamectin benzoate insecticides resulted in resistance ratios below 10-fold. Diet
overlay bioassays were carried out with the Bt proteins Cry1F, Cry1A.105, Cry2Ab2 and
Cry1Ac. All of the fall armyworm populations from Mexico were susceptible to Bt
proteins. However, fall armyworm from Puerto Rico showed high resistance to Cry1F
and Cry1Ac. Bioassays were performed with Cry1F and Cry1Ac on the susceptible
reference strain and the population from Puerto Rico. Cry1F exposure in the fall
armyworm susceptible population showed reduced survival with the highest
concentration (31%). Both Cry1F and Cry1Ac caused asynchrony in development and
adult emergence between the control and treatments in the susceptible population, but
not in the Puerto Rico population. These results have serious implications for Bt
resistance management because fall armyworm shows high capacity to recover after

long Bt protein exposure



Romans 11:36
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

Introduction

Food security is a worldwide concern as the world population increases (FAO
2015); according to the United Nations, it is estimated that by 2050 there will be 9.8
billion people in the world (UN DESA 2017). Agriculture is the main economic activity
that ensures continued food supply, and is described as one of the key factors that can
also increase economic growth, especially in developing countries (FAO 2015). This
concern for food security drove the “Green Revolution” era that was characterized by
the genetic improvement of crops through conventional plant breeding, which boosted
global food production (Borlaug 1983).

Crop protection was also revolutionized during this era, with the incorporation of
chemical pesticides that helped farmers increase productivity at relatively low costs
(Bottrell 1979). However, increasing agricultural productivity resulted in unforseen
problems: increased water use, CO2 emmissions and adverse environmental effects,
such as extensive land conversion to agriculture and pesticide-driven pollution (Conway
and Barbier 2013, Strassburg et al. 2014). In addition, the indiscriminate use of
synthetic pesticides led to the rapid evolution of pesticide resistance in pests, plus a
long list of non-desired detrimental effects, such as the pollution of the environment,
human health hazards, harm to non-target species and the rise of secondary pests
(Carson 1963, Ehler 2006).

The early concept of “integrated pest control” was born as an effort to decrease

the reliance on synthetic insecticides by including the use of natural enemies and



cultural practices to suppress pest populations (Stern et al. 1959). This outlook changed
the focus from complete eradication of crop pests to that of managing their populations
to avoid economic damage, serving as the foundation for the development of the
“‘integrated pest management” (IPM) concept (Higley and Pedigo 1996). The following
decades were marked by a boom in research, policy-making and regulations to
incorporate IPM practices in the field (Frazier 2017).

Unfortunatelly, the evolution of insecticide resistance is an ongoing threat to the
sustainability of agricultural systems. After the first recorded case of resistance to an
insecticide in the San Jose scale to sulphur lime sprays (Melander 1914), extensive
research was conducted to understand the factors involved in this phenomenon. Some
insect species have demostrated an outstanding capacity to adapt to synthetic and
biological toxins. For example, populations of the diamondback moth (Plutella xylostella)
(Tabashnik et al. 1990, 1997, Ferré et al. 1991, Vasquez 1995, Diaz-Gomez et al. 2000,
Baxter et al. 2005, Balasubramani et al. 2008), and the colorado potato beetle
(Leptinotarsa decemlineata) (Mota-Sanchez et al. 2006, Alyokhin et al. 2008, 2015)
have developed resistance to synthetic and biological insecticides through diverse
resistance mechanisms.

The fall armyworm (Spodoptera frugiperda) has become notorious, not only for
the increasing number of resistance cases to synthetic insecticides (Yu 1991, 2003,
Morillo and Notz 2007, Leon-Garcia et al. 2012, Nascimento et al. 2015a, 2015b), but
also for high levels of resistance to the insecticidal proteins expressed by genetically
engineered crops such as corn and cotton (Blanco et al. 2010; Storer et al. 2010; Farias

et al. 2014; O. Bernardi et al. 2014; F. Huang et al. 2014; Niu, Qureshi, et al. 2016),



Omoto et al. 2016). While considered a secondary pest in cotton, S. frugiperda is the
number one pest in corn in Latin America (Blanco et al. 2016). Furthermore, it is
involved in the first case of field-evolved resistance to Bt corn, which resulted in removal
of hybrids expressing Cry1F from field use in Puerto Rico (Storer et al. 2010, 2012).

Importance and production of corn

Corn is one of the most important crops in the world and together with wheat and
rice these crops comprise 60% of the total food calorie intake worldwide (FAO 2017).
The center of origin and domestication of corn is in Mexico, from its ancestor, the
“teosinte”, corn domestication occurred gradually through human selection, resulting in
an outstanding diversity of varieties with distinctive sizes, colors, flavors and
geographical adaptations (Kato et al. 2009, Matsuoka et al. 2002, Ramos-Madrigal et al.
2016).

In 2015/2016 an estimated 178.54 million hectares of corn was grown worldwide.
If total grain production is considered, corn is the largest crop grown with 969.49 million
metric tons produced during 2015/2016. Preliminary data for 2017/2018 indicates that
total corn producing area will increase to 183.76 million hectares, with a corresponding
increase in production to 1,070.51 million metric tons worldwide (USDA FAS 2017).

During 2015-2016 period, the top seven countries that produce 80% of the total
corn worldwide are the United States, China, Brazil, European Union, Mexico, Ukraine
and India (USDA FAS 2017). The US grows approximately 36% of the total world
production of corn, followed by China with 23%. However, in terms of total area planted
with this crop, China leads with 38.12 million hectares, followed by the US with 32.68

million hectares; this discrepancy is because the yield obtained in the US (10.57 metric



tons per hectare) is almost double the yield obtained in China (5.89 metric tons per
hectare) (USDA FAS 2017).

As the world leader in corn production, United States agricultural systems are
characterized by high technology input, including genetically engineered (GE) hybrids,
fertilizers, synthetic pesticides, and advanced machinery (USDA ERS 2017a, USDA
ERS 2017b). In contrast with the majority of other corn producing countries, most of the
US corn production (96%) is destined to livestock feed, as grain or silage. Another
important purpose is the industrial production of ethanol biofuels. Human consumption
represents a smaller percentage of the corn usage in this country, mainly for secondary
products such as sweeteners and oil (USDA ERS 2017a). Finally, about 15% of the US
corn production is exported to countries like Mexico, Japan and China, representing
around 40% of the total corn trade worldwide (USDA ERS 2017c).

Puerto Rico

Corn production in Puerto Rico is focused on parent seed and hybrid research,
carried out by several agricultural biotechnology (AgBio) companies; corn production for
silage and forage is on a smaller scale (Storer et al. 2010, Belay et al. 2012). According
to the Puerto Rico Agricultural Biotechnology Industry Association (PRABIA 2017),
AgBio research uses less than 1.5% of Puerto Rico’s territory dedicated for agriculture
and all the seed produced is exported. As a result, corn fields have extremely low
tolerance for pests and rely on synthetic insecticides to achieve high levels of pest

control (Belay et al. 2012).



Mexico

Corn is a staple food and crucial part of the culture in Mexico, which ranks fifth in
world production (25.97 million metric tons) and sixth in terms of total planted area (7.21
million hectares) (USDA FAS 2017). Corn yields in Mexico averages 3.6 metric tons per
hectare, almost three times lower than the average in the US (10.57 metric
tons/hectare) (USDA FAS 2017). Thus, according to the Mexican Secretariat of
Economy (SE 2012), Mexico produces only 77% of its national requirement of corn and
the rest is supplied by imports from the United States.

After the domestication of corn by pre-Columbian civilizations in what is now
southern Mexico, corn was gradually distributed throughout the world and further
selected for adaptations to specific climates, soil compositions and management
practices, among other needed characteristics (Kato et al. 2009, Matsuoka et al. 2002,
Ramos-Madrigal et al. 2016). However, Mexico is the country with the highest diversity
of corn landraces and corn production remains very heterogeneous throughout the
country, ranging from self-subsistence by using various landraces and more traditional
agricultural practices, to the high technology systems that use corn hybrids, fertilizers,
synthetic insecticides and automated machinery (Keleman et al. 2009, Blanco et al.
2014). This heterogeneity in Mexican corn production systems have been described as
the main factor responsible for the low yield averages (SE 2012). Blanco et al (2014)
classified them as “commercial” and “self-subsistence”, indicating that these differences

also make the incorporation of IPM programs difficult throughout the country.



Bt corn

During the Green Revolution, corn was one of the most researched crops, and a
large number of corn hybrids were developed to increase yields and adapt to specific
weather conditions and geographical areas. With the inception of modern
biotechnology, genetically engineered (GE) corn varieties included traits that conferred
herbicide tolerance, resistance to insects and environmental stressors, and improved
nutritional value (Fernandez-Cornejo J. 2004). Since their commercial release in 1996,
GE crops have benefitted farmer’s competitiveness and health (Huang et al. 2005,
Qaim 2010), prompting gradual and consistent adoption rates, so that by 2016, GE corn
represented 33% of the global corn production (ISAAA 2017).

GE crops with the ability to produce insecticidal proteins from the bacteria
Bacillus thuringiensis (Bt), have become fundamental in agriculture in many developed
and developing countries (Smyth et al. 2015). In some of these regions, this technology
has helped decrease the amount of synthetic insecticides deployed in the field, which
benefited non-target organisms such as natural enemies and wildlife, plus decreased
pollution and human health hazards (Huang et al. 2002, Qaim and Zilberman 2003,
Bennett et al. 2006, Qaim 2010).

Cry1 d-endotoxins are produced by Bacillus thuringiensis (Bt) as crystal
inclusions during the bacterial sporulation stage, hence the common name “Cry”
proteins. These proteins have an insecticidal effect against specific insect orders (Gould
1988, Luo et al. 1999, Tabashnik et al. 2009 and Pardo-Lépez et al. 2012). Genes from
Bt that encode for specific Cry proteins were isolated and inserted into crops such as

corn and cotton. Modified plants then produce either a single or a combination of Bt



proteins (Hofte et al. 1989). The mode of action of these endotoxins can be summarized
in the following steps: 1) after Cry protein ingestion, it is activated in the midgut by
proteases under high pH conditions, 2) activated protein binds to specific receptors in
the insect midgut and 3) the toxin forms pores in the midgut membrane, releasing
midgut contents into the body cavity and eventually killing the insect (Bravo et al. 1992).

Unfortunatelly, the long-term sustainability of Bt crops is threatened by the
evolution of resistance to Bt proteins in target pests (Tabashnik et al. 2013). Several
cases of field-evolved resistance to Bt technology were documented in the last decade:
1. Cotton bollworm (Helicoverpa armigera) resistance to Cry1Ac in China (Liu et al.
2010 and Zhang et al. 2011); 2. Stem borer (Busseola fusca) resistance to Cry1Ab in
South Africa (Van Rensburg 2007); 3. Western corn rootworm (Diabrotica virgifera
virgifera) resistance to Cry3Bb1 and mCry3A in the U.S. (Gassmann et al. 2011; 2014);
4. Pink bollworm (Pectinophora gossypiella), resistance to Cry1Ac in India (Dhurua and
Gujar 2011); 5. Fall armyworm (Spodoptera frugiperda) resistance to Cry1F and Cry1Ac
protein in Puerto Rico (Blanco et al. 2010, Storer et al. 2010), to Cry1F in southern US
(Huang et al. 2014, Li et al. 2016) and to Cry1F, Cry1Ab and reduced susceptibility to
Cry1Ac in Brazil (Bernardi et al. 2014, Farias et al. 2014 and Omoto et al. 2016); 9.
Corn earworm (Helicoverpa zea), resistance to Cry1Ab and Cry1A.105+Cry2Ab2
containing Bt corn hybrids in the US (Dively et al. 2016); and 10. Western bean cutworm
(Striacosta albicosta) resistance to Cry1F in Ontario, Canada (Smith et al. 2017)

GE corn in Mexico

Mexico is a pioneer in the adoption of insect and herbicide resistant GE cotton

and herbicide resistant GE soybeans, both of which benefit farmers and the



environment (Traxler et al. 2003, Otero 2015). However, GE corn is considered a
special case. Because of Mexico’s status as the center of origin of corn, many activists
believe that GE corn is a threat to the diversity of corn landraces and to Mexican culture
(Kato et al. 2009, Baltazar et al. 2015). Protest by anti-GE groups resulted in the legal
suspension of GE corn permits from September 2013 until August 2015, when the ban
was lifted for lack of scientific basis; yet, the commercial production of GE corn is still
prohibited throughout the country (Vargas-Parada 2014, Otero 2015).

Mexico has a comprehensive legal framework for GE organisms, the Biosafety
Law, which includes measures for experimentation, pilot and commercial plantings,
product labeling and protection of important centers of species diversity (DOF 2005).
Nevertheless, despite the positive experience with GE cotton (i.e. the dramatic
reduction of pesticide use and increased yields) the public opinion towards GE corn in
Mexico has more sentimental roots (Otero 2015). Other factors, like the general distrust
in governmental decisions and a lack of knowledge concerning GE crops (L6pez
Montesinos et al. 2016), further complicate the adoption of GE corn in this country in the
forseable future.

Integrated Resistance Management (IRM) strategies in Bt crops

There has been extensive theoretical and experimental analysis of the current
IRM strategies designed to delay the evolution of resistance to GE Bt crops (Gould
1994, 1998, 2000, Vacher et al. 2003, Bourguet et al. 2005, Tabashnik 2008a, 2008b,
Huang, Andow, and Buschman 2011, Carroll et al. 2013, Tabashnik et al. 2013, Yang et
al. 2014 and Garcia et al. 2016). The most popular strategy worldwide is the “high-

dose/refuge”, in which farmers are required to plant a percentage of non-Bt acreage to



serve as refuge for susceptible insects. This strategy is predicated on a low frequency
of resistance alleles in the population, the few resistant survivors mate with susceptible
insects from the refuge, their heterozygous offspring would be killed by the high-dose Bt
protein produced by the GE plants, delaying population-level resistance (Andow and
Hutchinson, 1998 and Huang et al. 2011).

The success of the “high-dose/refuge” strategy relies on the following
assumptions: 1) resistance is conferred by recessive alleles, 2) low initial frequency of
resistant alleles 3) crops produce a high dose of the Bt protein, killing at least 95% of
heterozygote individuals, 4) random mating between resistant and susceptible insects,
5) there are fitness costs associated with resistance to Bt proteins and 6) oviposition
occurs indiscriminately on both Bt and non-Bt plants (Gould 1994, Huang et al. 2011,
Gryspeirt and Grégoire 2012, Tabashnik et al. 2013).

The development of second-generation pyramided GE crops producing multiple
toxins, allowed the re-configuration of the refuge from separate blocks or rows, to an
integrated design. Now Bt and non-Bt seeds are included in the seed mix, in a strategy
known as “refuge-in-the-bag” (RIB). Since RIB simplifies agronomic practices, the most
important advantage is ensuring farmer’s compliance with the refuge component of IRM
programs (Rule et al. 2014, Fei et al. 2015). The key conditions for the efficacy of RIB
are: 1) no cross resistance between Bt proteins produced by the GE hybrid, 2) no single
toxin crops are grown in proximity to the pyramided Bt field and 3) limited movement of
the target pest’s larval stages from plant to plant (Fei et al. 2015).

The efficacy of the RIB strategy in delaying the evolution of Bt resistance in

target pests has been controversial in the scientific community (Chilcutt and Tabashnik



2004, Onstad 2014). Key conditions for the success of RIB can be broken, potentially
accelerating the evolution of Bt resistance. For example, corn pollination is wind
mediated, and the risk of cross-pollination between Bt and non-Bt hybrids is higher
when the plants are closer together (Burkness and Hutchison 2012). Up to 94% of
refuge ears in RIB fields express single or combination of Bt proteins at different
concentrations (Yang et al. 2014). This increases the evolution of resistance in two
ways: 1) by reducing the pool of susceptible insects, as they may not survive feeding on
refuge corn kernels expressing lethal doses of Bt proteins and 2) by increasing the
survival of heterozygote insects that feed on kernels in ears with patchwork with lower
concentrations of Bt proteins, increasing the frequency of resistance alleles in the pest
population (Chilcutt and Tabashnik 2004, Yang et al. 2014).

Fall armyworm Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae)

Habits and biology

Fall armyworm displays high genetic diversity among populations from different
regions within its natural distribution (Monnerat et al. 2006, (Rodney N Nagoshi and
Meagher 2008). Two strains of fall armyworm have been described using molecular
markers that have a certain level of host specificity to corn and rice. The corn strain is
more specific than the rice strain, showing high levels of preference for corn plants
(Pashley 1986, 1988; Pashley and Martin 1987, Meagher et al. 2004, Prowell et al.
2004 and Groot et al. 2016), whereas the rice strain shows a weaker preference for rice.

The complete life cycle of fall armyworm averages 30 days, but can be up to 90
days during colder seasons (Capinera 2000). Adult moths are nocturnal; males and

females mate from dusk until midnight. Females oviposit on the host leaves. On
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average, females produce 1,500 eggs and lay them in groups of variable number,
usually about 200 (Sparks 1979, Andrews 1988, Ashley et al. 1989 and Capinera 2000).
In general, fall armyworm has six larval instars, although seven have been reported
under laboratory conditions (Santos et al. 2003). After hatching, larvae feed first on the
eggshells and then move to the host foliage. Some larvae can move to neighboring
plants. Because fall armyworm is cannibalistic, it is rare to encounter more than one or
two full grown larvae feeding on the same plant (Sparks 1979, Capinera 2000 and
Pannuti et al. 2015). On corn, later instars can be found in the whorl. Before pupation,
larvae move off the plant and pupate in the soil, where they complete development until
adulthood (Sparks 1979 and Capinera 2000).

Distribution and migration

Fall armyworm is endemic to the tropical - subtropical regions of the American
continent (Sparks 1979, Pitre 1988, Capinera 2000) and it has recently been detected in
West and Central Africa (Goergen et al. 2016). It can be found throughout the year in
warmer regions; however, since fall armyworm cannot go through diapause, it is unable
to survive cold winters in northern US and Canada (Sparks 1979, Nagoshi et al. 2012).

Fall armyworm displays an outstanding migratory capacity, its migration patterns
within the US mainland, northern Mexico and the Caribbean island of Puerto Rico have
been widely studied, and explain how fall armyworm is able to reach northern territories
of the Western Hemisphere during warm seasons (Nagoshi et al. 2012, 2014;
Westbrook et al. 2016). This phenomenon is very relevant from a pest management
perspective, since fall armyworm movement between regions can facilitate genetic

exchange between populations, this could mean that individuals resistant to an
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insecticide would increase the frequency of resistance alleles in a different population,
or susceptible insects could migrate into a resistant population, reducing the frequency
of resistance alleles (Nagoshi et al. 2010).

Damage in corn

Fall armyworm is reported feeding on 186 host plants and has become a major
pest in economically important crops such as corn, sorghum and rice (Casmuz et al.
2010); it is a sporadic pest in cotton, where it can cause significant damage as it prefers
feeding on the reproductive parts of the plants instead of the foliage, directly affecting
crop productivity (Barros et al. 2010).

In corn, fall armyworm larval infestations can be found on leaves and corn ears,
later instars can mainly be found feeding in the corn whorl (Capinera 2000, Murua et al.
2009). In Mexico, fall armyworm is present through corn vegetative development (V2-
12), but in some areas it can also infest corn at “silking” and “blister” stages (Blanco et
al. 2014). Fall armyworm has the potential to cause 45% yield reduction in maize
(Hruska and Gladstone 1988), but in some tropical areas it could reach 100% if left
uncontrolled (personal communication with Henry Teran-Santofimio). In the United
States, corn losses caused by fall armyworm were estimated to average $300 million
annually (Knipling 1980).

Management in corn

For decades, the main tool for fall armyworm control has been the use of
synthetic insecticides (Young 1979, Yu 1991, 1992, Al-Sarar et al. 2006, Blanco et al.
2010). However, in the US, since the commercialization of genetically engineered (GE)

plants producing Bacillus thuringiensis (Bt) insecticidal proteins, synthetic insecticide
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use has dropped 47.8% where GE seeds are available (Brookes and Barfoot 2017).
Nevertheless, this is not the case in countries where Bt technology is not available or
regions where fall armyworm has begun to develop field-evolved resistance to the Bt
proteins and synthetic insecticide sprays are still necessary to manage this pest (Blanco
et al. 2016).

Fall armyworm has developed field-evolved resistance to 21 insecticidal active
ingredients within six modes of action in seven countries in the Americas (Mota-
Sanchez and Wise 2017). These compounds include major chemical families of
conventional insecticides such as organochlorinates, organophosphates, pyrethroids
and carbamates. Also, this list includes microbial disruptors of insect midgut
membranes. Fall armyworm have developed resistance to the Bt proteins Cry1F,
Cry1Ac and Cry1Ab in Puerto Rico (Blanco et al. 2010, Storer et al. 2010), Cry1A.105 in
the continental United States (Huang et al. 2014; 2016) and Cry1F, Cry1Ab and
reduced susceptibility to Cry1Ac in Brazil (Bernardi et al. 2014, Farias et al. 2014 and
Omoto et al. 2016). Hence, fall armyworm is currently the lepidopteran pest with the
highest number of field-evolved resistance cases in the American continent.

Survival and recovery potential after Bt protein exposure

Few studies have tested the recovery potential of a Lepidopteran pest after long-
term exposure to Bt proteins. Two studies from more than 40 years ago analyzed the
survival of the tobacco budworm (Heliothis virescens) after different periods of exposure
to the HD-1 isolate of Bacillus thuringiensis (Dulmage and Martinez 1973; Dulmage,
Graham, and Martinez 1978). In the first study, H. virescens development was recorded

during continuous exposure to the Bt, which resulted in reduced larval and pupal
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weights, plus a lower survival to adulthood (Dulmage and Martinez 1973). In the second
study, H. virescens larvae were exposed for 24, 48, 72 hours or continuously before
transfer to untreated diet, resulting in lower larval recovery as exposure time increased
(Dulmage, Graham, and Martinez 1978).

Hardke et al. (2011) conducted a survivorship study on a fall armyworm strain
collected from the field and maintained in the laboratory for 2-3 years. On Cry1F
expressing corn larval survival was reduced by almost 50% and developmental time
increased in survivors. On Cry1Ab expressing corn, there was also a delay in
comparison with non-Bt plant treatments. A recent study by Binning et al (2014) found
that fall armyworm exhibits an aversive response against Cry1F corn after previous
ingestion and low levels of larval survival after a 14-day period of exposure to Cry1F.

Conclusion

Fall armyworm has demonstrated an remarkable capacity to develop field-
evolved resistance to insecticides, with cases of resistance to about 21 active
ingredients across 6 modes of action, including Bt proteins produced by Bt crops (Mota-
Sanchez and Wise 2017). Thus, fall armyworm is currently one of the hardest pests to
manage in both conventional and Bt corn producing regions (Blanco et al. 2016). For
instance, corn growers from Mexico, a country with no commercial production of Bt
corn, report the need to spray synthetic insecticides 2-3 times for fall armyworm control
per crop cycle (Blanco et al. 2014). In contrast, fall armyworm management in Bt corn
fields in Puerto Rico rely on both Bt technology and conventional insecticides, with up to

25 sprays in some crop seasons (Belay et al. 2012).
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Chapter 2 updates the status of synthetic insecticide susceptibility in fall
armyworm populations in corn fields from Mexico and Puerto Rico, which differ in their
pest management systems, describes intoxication symptoms, and analyzes the role that
different biological, geographical and ecological factors play in the evolution of
insecticide resistance. Chapter 3 updates the status of fall armyworm susceptibility to
four Bt proteins currently being produced by Bt corn: Cry1F, Cry1Ac, Cry1A.105 and
Cry2ADb2 in field populations from regions with and without Bt corn. Chapter 4 tests the
recovery potential of a susceptible and a resistant fall armyworm population after being
treated with high-doses of Cry1F and Cry1Ac in the laboratory, and discusses the

implications under field conditions.
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CHAPTER 2: FIELD-EVOLVED RESISTANCE OF THE FALL ARMYWORM
Spodoptera frugiperda (LEPIDOPTERA: NOCTUIDAE) TO SYNTHETIC

INSECTICIDES IN MEXICO AND PUERTO RICO

Abstract
The fall armyworm, Spodoptera frugiperda (J. E. Smith), is one of the main pests of corn
in many areas of the American continents. The reliance on pesticides to control fall
armyworm has led to the development of insecticide resistance in many regions. We
determined the resistance levels of fall armyworm to insecticides of different modes of
action in fall armyworm populations from Puerto Rico and from several Mexican states
with different insecticide use patterns. Mexican populations that expressed higher
resistance ratios were: Sonora (20-fold to chlorpyriphos), Oaxaca (19-fold to
permethrin), and Sinaloa (10-fold to flubendamide). The Puerto Rico population
exhibited a remarkable field-evolved resistance to many pesticides. The RRso to the
insecticides tested were: flubendiamide (500-fold), chlorantraniliprole (160-fold),
methomyl (223-fold), thiodicarb (124-fold), permethrin (48-fold), chlorpyriphos (47-fold),
zeta-cypermethrin (35-fold), deltamethrin (25-fold), triflumuron (20-fold), spinetoram (14-
fold). Spinosad (8-fold), emamectin benzoate and abamectin (7-fold) displayed lower
resistance ratio. However, these compounds are still effective to manage fall armyworm
resistance populations in Puerto Rico.
Fall armyworm populations from Mexico show different levels of susceptibility, which

may reflect the heterogeneity of the pest control patterns in this country. The status of
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insecticide resistance in the fall armyworm from Puerto Rico indicates a challenging
situation for the control of this pest with these insecticides in the close future.
Introduction

Fall armyworm is the most important corn pest in Latin America. Mexican corn
farmers report that fall armyworm is the hardest pest to manage and it is estimated that
~3,000 tons of insecticides per year are used to manage it (Blanco et al. 2014).
Chemical control is the main management strategy, but insecticide use patterns against
fall armyworm may vary depending on the agricultural region, since corn production in
Mexico is diverse (Blanco et al. 2014). States with the largest farms and most intensive
corn production are mainly located in the north and central areas of the country, and
rely heavily on synthetic insecticides to control fall armyworm (Blanco et al. 2014). In
contrast, the southern states, corn production systems are less intense and some small
growers in these regions still use traditional cropping systems, where synthetic
insecticides are less used (Kato et al. 2009).

Acetylcholinesterase (AChE) inhibitors (organophosphates and carbamates), and
sodium channel modulators (pyrethroids), are among the older insecticides used in
Mexico to control fall armyworm (Albert 2006, Cortez-Mondaca and Rodriguez-Cota
2012). Several products still used against fall armyworm include chlorpyrifos
(organophosphate), methomyl (carbamate), and pyrethroids such as cypermethrin,
permethrin and lambda-cyhalothrin (Maya-Hernandez 2017, personal communication
and Posos 2017, personal communication). Active ingredients with novel modes of
action that have been introduced for fall armyworm control in Mexico include: novaluron

(inhibitor or chitin biosynthesis), flubendiamide, chlorantraniliprole and cyantraniliprole
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(ryanodine receptor allosteric modulators). However, low corn prices and high cost of
agricultural supplies such as fertilizers and pesticides push farmers to choose cheaper
insecticides that are usually within older chemistries.

In Puerto Rico, fall armyworm has become the primary pest of corn, especially in
the economically important industry of hybrid seed research and production, which has
a very low tolerance for kernel damage. There is high pressure of fall armyworm year-
round in corn on the island due to several factors, including the tropical climate, the
sequential planting of cornfields (corn is always available) and the attraction to, and
concentration of moths into fields during the dry season. Also, during dry seasons fall
armyworm has limited migration within corn fields; this relative isolation contributed to
the quick development of field-evolved resistance to the Bt proteins Cry1F, Cry1Ac and
Cry1Ab (Storer et al. 2010, 2012). Thus, current control strategies rely on both Bt
proteins and synthetic insecticides, with up to 28 applications per season to control
larval populations (Belay et al. 2012).

To understand the development of pesticide resistance, it is necessary to
consider the impact that different management strategies have on speeding up or
slowing down its evolution. Since both Mexico and Puerto Rico rely on insecticides to
control fall armyworm, resistance is a key issue. Yet, the frequency of insecticide use
and the consequent pest selection pressure in Puerto Rico is heavier than in the most
intense corn growing regions in Mexico. Still, insecticide use against fall armyworm in
Mexico varies between regions and from one production season to another, which

makes it hard to predict the development of resistance.
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Thus, it is of critical importance to monitor the susceptibility of fall armyworm to
synthetic insecticides in different agricultural regions and to determine the baseline
susceptibility to both common and new chemistries deployed in the field. Such
information is essential to design effective Integrated Pest Management (IPM) and
Insecticide Resistance Management (IRM) strategies. If selection pressure by
insecticide applications were considered alone, we hypothesize that fall armyworm from
Puerto Rico will show reduced susceptibility to the main active ingredients used against
this pest. On the other hand, we expect to see more variation in the susceptibility to
insecticides in the populations collected from different regions of Mexico. Therefore, the
objective of this study was to determine the susceptibility of the fall armyworm to
synthetic insecticides in populations collected in different corn production regions under
different production systems in Mexico and Puerto Rico.

Materials and Methods

Insect Populations

Fall armyworm populations were collected during larval development (4 to 6t
instars) directly from infested plants in commercial fields. Table 1 shows fall armyworm
collection information: location, date of collection and number of insects collected. Fall
armyworm populations are abbreviated as follows: from Mexico, northwest =
Chihuahua (Chi), Sinaloa (Sin), Sonora (Son); northeast = Tamaulipas (Tam), Coahuila
(Coa); west-central= Jalisco (Jal); southwest = Oaxaca (Oax); from Puerto Rico = PR.
Additionally, Monsanto Company provided a laboratory susceptible (SUS) strain from
their rearing facilities in Union City, Tennessee. Larvae were placed in 10 ml plastic

cups with 4-6ml of artificial fall armyworm diet (Southland Products Inc., Lake Village,
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AR) and shipped to the laboratory to complete development under controlled conditions.
Upon arrival in the laboratory, larvae were visually confirmed as fall armyworm using
morphological features. Emerging adult moths were further reconfirmed as fall
armyworm by examining the forewing of males.

Table 1. Information on the source of the field fall armyworm populations.

Country State Locality Date? n®

Iama““pa Gustavo Diaz Ordaz 42013 300

Chihuahua Cuauhtemoc 6/2013 300

Coahuila Torreon 6/2013 300

Sinaloa Culiacan 4/2013 110

Mexico Los Mochis 5/2015 220

s Huatabampo 5/2013 300

onora San Luis Rio Colorado 9/2015 250

. 9/2013 220

Oaxaca San Pablo Huitzo 8/2015 250

Jalisco San Martin Hidalgo 4/2015 545

E!Jerto Ponce 6-11/16 600
ico

aCollection date (month/year), Pnumber of insects collected.

Insect rearing

Larvae were held at 27+1 °C and a photoperiod of 16:8 hours light: dark. Insect
development was supervised every other day, when pupae turned from orange-red to
dark red, they were placed in groups of 40 inside collapsible insect cages (Bioquip,
Rancho Dominguez, CA) to provide room for emerging adults to fly and mate. A sponge
with a solution of 10% sugar in a petri dish was provided as food source. After three
days of adult emergence, moths from each cage were placed in 1L paper brown bags
and food was added. Every other day moths were transferred to a new paper bag, and

eggs masses laid in the brown paper bag were placed in a plastic container with moist
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paper towels. Neonate larvae were transferred to bioassay trays (Frontier Agricultural

Sciences, Newark, DE) with 1 ml of artificial diet per well.

Bioassays

Bioassays were conducted using technical grade material provided by US EPA
National Pesticide Standard Repository (Fort Meade, MD). The 13 active ingredients
tested, their modes of action and purity (%) are listed in Table 2. Bioassays on Mexican
fall armyworm populations - were conducted at the Colegio de Postgraduados in
Montecillo, Mexico (2013) and at Michigan State University (MSU) in East Lansing,
Michigan (2014-16). Bioassays on the PR population were done at MSU in June to
November 2016. The PR and SUS populations were screened against all 13
insecticides, while the Mexican populations were screened against a subset of five
active ingredients representing five different modes of action (Table 2).

Topical bioassays were performed on second instars 24h after they molted.
Three to five replications per dose were conducted. Insecticides were serially diluted in
acetone and five to seven different concentrations of each that covered between 0 to
100% mortality were used. One pl of solution was applied on the dorsum of each
second instar using a 50 pl micro-syringe (Hamilton Company, Reno, NV) coupled with
a micro-applicator (PB600-1 Repeating dispenser, Hamilton Company), as in previously
published procedures (Alava 1976, Brewer et al. 1989, McCaffery et al. 1991). A control
treatment consisted of 1pl of acetone per larvae. Treated larvae were placed individually
in 10 ml plastic cups (Gordon Food Service) with 2 ml of diet. Mortality was assessed 72

h after treatment. Mortality individuals were considered dead if they did not respond
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after being touched with a small brush, or when they showed severe intoxication

symptoms (slow movement, twitching, halted molting, and severe growth inhibition).

Recording of intoxication symptoms

Observations were made in the SUS population at 24 h and 72 h after insecticide
exposure. Insecticide treated insects were compared with their corresponding controls,
and the following parameters were considered: Insects: shape, size, evidence of molting
(by searching for remains of previous exoskeleton and head capsule), movement after
prodding with a small paintbrush; diet: signs of feeding on diet (feeding marks on diet),
excretion abundance and coloration. Our observations were compared with those
reported in available literature (Bloomquist and Miller 1985, Chandler et al. 1992,
Salgado 1998, Gunning et al. 1999, Martin et al. 2003, Tohnishi et al. 2005, Ahmad et
al. 2009, Carvalho et al. 2013).

Statistical analysis

Mortality data were corrected using Abbot’s formula (Abbott 1925). Probit analysis
(Finney 1971) was conducted using SAS version 9.3 (SAS Institute, Cary, NC) to
calculate values of slope, the LDso, LDgo and fiducial limits (95%) for each population.
Resistant ratios (RR) were calculated by dividing the LDso, LDgos values of the field fall
armyworm populations by the LDso, LDgos values of the susceptible (SUS) population.
Log dose responses were plotted using Origin® (OriginLab Corp, Northampton, MA).
Relative potency ratios (RP) were calculated by dividing the LDso of the least toxic active
ingredient by the LDso of each active ingredient for the susceptible population and the

Puerto Rico population.
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Table 2. Active ingredients used against fall armyworm.

Active ingredient Mode of action? IRAC Purity Population®
group? (%)
thiodicarb , 1A 99.8 PR
methomyl ﬁ%?gﬂgrsohnesterase (AChE) 1A MX, PR
chlorpyrifos 1B MX, PR
permethrin 49.5 MX, PR
deltamethrin Sodium channel modulators 3A 97.2 PR
zeta-cypermethrin 92 PR
flubendiamide Ryanodine receptor (RyR) 28 987 MX, PR
chlorantraniliprole  modulators 99.2 PR
spinetoram Nicotine acetylcholine receptor 5 85.8 MX, PR
spinosad (nAChR) allosteric modulators 90 PR
triflumuron Inhibitor of chitin biosynthesis 16 98 PR
abamectin Glutamate-gated chloride 6 80 PR
emamectin channel (GLUCL) allosteric 97.2 PR

benzoate modulators

aMode of action and group numbers are those of IRAC, the Insecticide Resistance
Action Committee (http://www.irac-online.org/)

bConcentration of active ingredient in the technical grade standard insecticide
formulation

°MX= Mexican and PR = Puerto Rico fall armyworm populations

Results

Relative potencies of active ingredients

Figure 1 shows the relative potency ratios in the SUS and PR populations. Low
relative potency ratio values mean lower toxicity of the active ingredient to second instar
larvae and high relative potency ratios mean higher toxicity. In general, there was
variation in toxicity among and within IRAC mode of action groups in both SUS and PR
populations. Abamectin was the least toxic compound in both populations and the LD50
values were used to calculate all relative potency ratios. Acetylcholinesterase inhibitors
displayed low toxicity: the carbamates, thiodicarb and methomyl showed lower relative
potency ratios than the organophosphate chlorpyriphos. Emamectin benzoate displayed

the highest relative potency ratio (RP= 5,000) in both populations.
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The PR population showed lower relative potency ratios than the SUS
population, and only two active ingredients showed a relative potency ratio above a
1,000 in the PR population: spinetoram (RP= 1,000) and emamectin benzoate (RP=
5,000). In contrast, in the SUS population five active ingredients showed potency ratios
equal of higher than 1,000-fold: flubendiamide (RP= 1,000), spinetoram and
chlorantraniliprole (RP= 3,000) and emamectin benzoate (RP= 5,000). More
importantly, new chemistries such as ryanodine receptor modulators showed a dramatic
reduction in toxicity in the PR population in relation to the relative potency ratio obtained
in the SUS reference: chlorantraniliprole showed a 24-fold decrease in relative potency

ratio, and flubendiamide exhibited a 77-fold decrease in toxicity.
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Figure 1. Relative potency ratios of the active ingredients used against fall armyworm:
A) Susceptible reference population and B) Puerto Rico population.

Intoxication symptoms

In general, with all tested insecticides, field populations showed a slightly

different behavioral response than the susceptible population: field collected larvae

contorted more aggressively when the pesticide drop was placed on their dorsal area.

Field collected PR larvae started excreting seconds after pesticide application. In

contrast, the susceptible reference strain was paralyzed for a couple seconds (+4) and
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didn’t show excretion behavior immediately after the insecticides’ application. Overall,
intoxication symptoms appeared 24 h after pesticide exposure with the exception of
triflumuron (benzoylurea), for which symptoms did not appear until the third day, or
molting phase.

ACRhE inhibitors and sodium channel modulators. Both toxicological groups
displayed similar intoxication symptoms in both Mexican and PR fall armyworm insects.
In general, severely affected larvae slowed down feeding and 24 h after treatment
larvae were smaller than control individuals. Additionally, intoxicated larvae responded
to prodding by lifting up their head and part of the thorax, remaining in that position for
several seconds until prodded again. In contrast, larvae from the control treatment
returned to the original position immediately or after prodding slightly with the brush.

nAChR allosteric modulators. After 24 h there were no differences between the
larval sizes of the insecticide-treated and control larvae. Intoxication symptoms showed
only after prodding: affected larvae moved slightly, their bodies were straight and stiff; if
turned upside down, affected larvae would twitch but not recover to the original position.
After 72 h affected insects would have reduced or completely halted feeding, depending
on the intoxication severity, affected insects were up to 1-3 instars behind the control.
Dead larvae were smaller and stiff, but no color changes or shrinking were observed.

Inhibitors of chitin biosynthesis. There were no evident intoxication symptoms
until the first molting after treatment from second to third instar (48 h after treatment).
Insecticide-intoxicated larvae failed to detach their old head capsule from the new one,
halted shedding the old exoskeleton and constraining of the body at different lengths

were observed. Dead larvae looked severely deformed.
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Ryanodine receptor modulators. Intoxicated larvae with flubendiamide and
chlorantraniliprole showed reduced feeding after £24 h. Heavy intoxication was
characterized by complete halted feeding as observed by the lack of larvae droppings
and unconsumed diet. After 72 h, the bodies of affected larvae appeared contracted
with darker coloration in comparison with control larvae.

Bioassay results

Table 3 summarizes the bioassay results obtained with fall armyworm from
Mexico, PR and the SUS populations. Fall armyworm from PR displayed the highest
resistance ratios at both LDso and LDgo levels to all pesticides in comparison with the
field populations from Mexico and the susceptible reference population.

ACRhE inhibitors. Fall armyworm from PR showed the highest resistance ratio to
methomyl (223-fold) followed by thiodicarb 124-fold, and chlorpyrifos (47-fold). These
results indicate the occurrence of resistance within acetylcholinesterase inhibitors in this
population. For the Mexican populations only the strain from the state of Son (2013 field
collection) displayed a high resistance ratio to the organophosphate chlorpyriphos
(RRs0=20-fold). However, no significant resistance was found in the population collected
in 2015 (RRs0=2.3-fold).

Sodium channel modulators. Fall armyworm from PR showed the highest LDso
an LDgo values to permethrin, zeta-cypermethrin and deltamethrin. When compared with
the SUS population the highest resistance ratios 50 and 90 were obtained with
permethrin. The log dose-probit regression slopes obtained with the three compounds
indicate that there is similar phenotypic variation in the response to this mode of action

in the PR population.
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Fall armyworm from Oaxaca in 2013 was the only population from Mexico that
displayed high resistance ratios to permethrin (RRs0=19-fold and RRg0=46-fold).
However, the Oaxaca population collected in 2015 showed lower LDso and LDgo values,
which resulted in lower resistance ratios to this product for this year (RRso =3-fold and
RR909-fold).

nAChR allosteric modulators. Fall armyworm from PR displayed the highest
resistance ratio to spinetoram (RRso0 = 14-fold and RRgo = 82-fold), spinosad was also
tested against this population showing low resistance ratios (RRso 8-fold and RR90=6-
fold).. Fall armyworm Mexican populations displayed resistance ratios 50s and 90s
below 5-fold for spinetoram, and their overlapping fiducial limits indicate that these field
populations are not statistically different in their response to this active ingredient.

GLUCL allosteric modulators. Fall armyworm from PR showed the lowest
resistance ratios at the LDso and LDgo levels to this group’s active ingredients: 7-fold for
both emamectin benzoate and abamectin. However, fall armyworm exhibited a RRgo of
10-fold to emamectin benzoate and just 2-fold to abamectin. Log dose-probit
regression slopes for these two active ingredients for fall armyworm PR are similar:
emamectin benzoate (1.7+0.5) and abamectin (2+0.5).

Inhibitor of chitin biosynthesis. Fall armyworm from PR displayed a RRso of 20-
fold to triflumuron, but the RReo was very high (490-fold). The log dose-probit regression
slope for this population (0.7+£0.2) was smaller than the slope of the SUS strain
(2.5£0.5).

Ryanodine receptor modulators. Fall armyworm from PR exhibited the highest

resistance ratios to the diamide flubendiamide at both LDso and LDgo levels (500-fold
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and 2,019-fold respectively). Resistance ratios with chlorantraniliprole were also high
RRs50=160-fold and RR90=500-fold. Additionally, the log dose-probit regression slopes
were similar between these two compounds: flubendiamide (1+0.2) and
chlorantraniliprole (1.1£0.2). Figure 2 shows the log dose-probit plot for the toxicity of
diamides in the SUS population in comparison with the PR population.

Fall armyworm from Sinaloa was the only Mexican population that showed 10-
fold resistance to flubendiamide. Although the Coa population showed a RRso= 7-fold,
the fiducial limits at LDso and LDgo levels overlapped with the Sin population. Both Jal
and Oax populations displayed resistance ratios below 5-fold at both LDso and LDgo

levels relative to the SUS population.
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Table 3. Dose mortality response of fall armyworm from several Mexican states and Puerto Rico to conventional

pesticides.
Active ingredient P°'°“L?(t)'::sg’;ar of 1 Slope+SE®  LDso(95% FL)° LDeo(95% FL)®  RRsec KR
Acetylcholinesterase inhibitors

PR 2016 154 2.7 £0.5 1.4 (1.1,1.9) 1.6 (1.2,3.1) 47 60

SON 2013 350 2.1+0.2 0.6 (0.5, 0.7) 2.3(1.7,3.9) 20 35

COA 2013 240 2+0.5 0.3* 1.1* 9 17

OAX 2013 210 1.7 £0.3 0.2 (0.1,0.2) 0.9 (0.5, 2.8) 5 13

chlorpyrifos OAX 2016 238 2.7 £0.8 0.1 (0.03,0.4) 0.3 (0.2, 43,920) 4 5

SON 2015 90 6.3 1.7 0.07 (0.06 , 0.08) 0.1 (0.08,0.2) 2 2

SIN 2015 126 2.1+0.5 0.04 (0.03, 0.06) 0.2 (0.1, 0.5) 1 3

JAL 2015 280 2.4 +0.3 0.03 (0.03, 0.04) 0.1 (0.08,0.2) 1 2

SUS 270 3.8 £0.5 0.03 (0.03, 0.04) 0.07 (0.06 , 0.09) 1 1
PR 2016 214 0.9 +0.2 8.9(4.9,27.5) 201 (50.9,6,331) 223 157

OAX 2016 126 0.7 £0.2 0.2 (0.07,1.2) 9.3(1.2,12,271) 5 7

COA 2013 220 1.1 0.2 0.2 (0.1,0.3) 3(1.7,8.8) 5 2

methomyl JAL 2016 259 1.3+0.4 0.09 (0.005,2.3) 0.7(0.2,1.34E+10) 2 1
SIN 2015 126 2104 0.09 (0.06, 0.1) 0.4(0.2,1) 2 0.3

CHI 2013 210 1.4 £0.19 0.09 (0.06, 0.1) 0.8 (0.5, 1.8) 2 1

OAX 2013 140 1.6 £0.8 0.03 0.2 1 0.2

SUS 510 0.9 +0.1 0.04 (0.03,0.06) 1.3 (0.66 , 3.29) 1 1
thiodicarb PR 2016 120 1.4 £0.3 12.4 (7.5, 26.5) 99 (40, 869.2) 124 198

SUS 126 1.8 £0.3 0.1 (0.06, 0.2) 0.5(0.3,1.3) 1 1

aSE = standard error, °LD50 and LDgo= Lethal dose expressed as micrograms of active ingredient per microliter, *no
fiducial limits could be calculated, °RR= resistant ratio, LDso, or LDgo of field population over the LDso, or LDgo of the

susceptible population
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Table 3. (cont'd)

Population
Active ingredient lyear of n Slope £SE? LDs0(95% FL)® LD90(95% FL)® RRs50° RRgo®
bioassay
Sodium channel modulators
PR 2016 141 1.6 £0.4 0.3 (0.02, 3) 2.2 (0.6, 13,961,081) 48 220
OAX 2013 210 210.3 0.1 (0.09, 0.2) 0.5(0.3,1.5) 19 46
JAL 2015 126 3.4 £0.7 0.05 (0.04 , 0.06) 0.1 (0.1,0.2) 8 9
SON 2013 280 2.4 +0.3 0.03 (0.03, 0.04) 0.1 (0.08, 0.2) 5 9
Permethrin TAM 2013 300 2910.3 0.03 (0.02, 0.03) 0.07 (0.06, 0.1) 5 6
COA 2013 290 26104 0.03 (0.03, 0.04) 0.09 (0.07,0.1) 5 8
CHI 2013 230 2.110.5 0.03 (0.01, 0.06) 0.1 (0.06, 1.2) 5 9
OAX 2016 120 1.8 £0.3 0.02 (0.01, 0.02) 0.08 (0.04 , 0.3) 3 9
SIN 2015 126 210.5 0.004 (0.003, 0.006) 0.02 (0.01, 0.07) 1 2
SUS 480 5.1 £0.7 0.006 (0.006 , 0.007) 0.01 (0.01, 0.02) 1 1
Zeta-cypermethrin PR 2016 120 1.9 £0.3 0.7 (0.5,1.1) 3.1(1.9, 7.5) 35 62
SUS 240 3.3+0.4 0.02 (0.02, 0.02) 0.05 (0.04 , 0.07) 1 1
Deltamethrin PR 2016 120 1.9+0.4 0.1 (0.08, 0.22) 0.6 (0.3, 2.1) 25 30
SUS 140 1.9+04 0.004 (0.003, 0.005) 0.02 (0.01, 0.04) 1 1

aSE = standard error, PLD., and LDgo= Lethal dose expressed as micrograms of active ingredient per microliter, *no
fiducial limits could be calculated, °(RR= resistant ratio, LDso, or LDgo of field population over the LDso, or LDgo of the

susceptible population.
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Table 3. (cont'd)

Active Population
. . lyear of n Slope *SE @ LDs0(95% FL)® LD90(95% FL)®  RRs0® RRoo®
ingredient bioassay
Nicotine acetylcholine receptor allosteric modulators
PR 2016 124 1+0.3 0.02 (0.003, 0.05) 0.5(0.2, 3.9) 14 82
JAL 2015 210 2.6 £0.6 0.005 (0.002, 0.01) 0.01 (0.007 , 0.2) 4 3
Spinetoram SIN 2015 231 3.7 +1 0.004 (0.001, 0.008) 0.009 (0.005, 0.3) 3 2
OAX 2016 127 23104 0.003 (0.002, 0.004) 0.01 (0.007 , 0.02) 2 2
SUS 450 2.110.3 0.001 (0.001, 0.002) 0.006 (0.004 , 0.009) 1 1
Spinosad PR 2016 141 2104 0.08 (0.06 , 0.13) 0.4 (0.2,1) 8 6
SUS 299 1.6 £0.2 0.01(0.008 , 0.01) 0.07 (0.04 , 0.1) 1 1
Glutamate-gated chloride channel allosteric modulators
Emamectin PR 2016 122 1.7 £0.5 0.004 (0.001, 0.006) 0.02 (0.01,0.13) 7 10
benzoate SUS 286 24104 0.0006 (0.0004 , 0.0009) 0.002 (0.001, 0.005) 1 1
Abamectin PR 2016 120 2 0.5 20 (11.6, 29) 88 (54.1, 280.3) 7 2
SUS 184 1+0.3 3(1.4,10.7) 54 (13.9, 2,302) 1 1
Inhibitor of chitin biosynthesis
Triflumuron PR 2016 120 0.7 £0.2 0.08 (0.007 , 0.2) 49(14,611.1) 20 490
SUS 126 2.9 £0.5 0.004 (0.003, 0.005) 0.01 (0.007 , 0.02) 1 1

aSE = standard error, PLD., and LDgo= Lethal dose expressed as micrograms of active ingredient per microliter, *no

fiducial limits could be calculated, °(RR= resistant ratio, LDso, or LDgo of field population over the LDso, or LDgo of the
susceptible population.
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Table 3. (cont'd)

Population
Active ingredient /year of n Slope +SE? LDs0(95% FL)® LD90(95% FL)® RR50° RRgo®
bioassay
Ryanodine receptor modulators
PR 2016 126 1+0.2 1.5(0.8,5.2) 32.3 (7.9, 1,056) 500 2,019
SIN 2015 147 1.5 0.7 0.03 (0.02, 1.5) 0.2 (0.07, 7,342,799) 10 15
F| N COA 2015 120 2.5+0.8 0.02 (0.02, 0.1) 0.08 (0.04 , 2.6) 7 5
ubendiamide
JAL 2015 125 1.510.5 0.005 (0.0006 , 4.36) 0.04 (0.009, 2.35E+25) 2 2
OAX 2015 126 1.210.3 0.004 (0.002, 0.007) 0.04 (0.02, 0.5) 1 3
SUS 210 2 0.3 0.003 (0.003,0.005) 0.02 (0.01, 0.03) 1 1
Chiorantraniliprole PR 2016 120 1.1 0.2 0.16 (0.06 , 0.32) 25(1.2,10.2) 160 500
SUS 120 2.1+0.4 0.001 (0.0007, 0.002) 0.005 (0.003, 0.01) 1 1

aSE= standard error, °LD.,and LDgo= Lethal dose expressed as micrograms of active ingredient per microliter, *no fiducial

limits could be calculated, °RR= resistant ratio, LDso, or LDgo of field population over the LDso, or LDgo of the susceptible
population.
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Figure 2. Mortality response of fall armyworm to diamides. Susceptible reference
population: A) chlorantraniliprole, B) flubendiamide. Puerto Rico: C) chlorantraniliprole
and D) flubendiamide.
Discussion

The intoxication symptoms of fall armyworm described in this study for each
mode of action are consistent with those reported in the literature. For instance,
experiments with AChE inhibitors and sodium channel modulators in different insect
species have found that both mode of action reduce locomotion abilities on affected

individuals, causing loss of coordination and balance (Bloomquist and Miller 1985). In

fact, one of the criteria for determining mortality in bioassays involving these
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compounds are slow or uncoordinated motor movements (Gunning et al. 1999; Martin
et al. 2003, Ahmad et al. 2009, Carvalho et al. 2013).

Symptoms caused by the nAChR allosteric modulator spinosad in several insect
species indicates that this compound disrupts motor neuron activity, causing involuntary
flexion and eventually stiffness due to exhaustion (Salgado 1998). Intoxication with
benzoylureas (inhibitors of chitin biosynthesis), is characterized by molt disruption and
malformations, which have been reported for Helicoverpa zea and fall armyworm larvae
after treatment with diflubenzuron and teflubenzuron (Chandler et al. 1992). A unique
intoxication symptom caused by ryanodine receptor modulators is gradual body
contractions without convulsions in affected Lepidoptera larvae, until larvae appear
smaller than the untreated individuals (Tohnishi et al. 2005).

In this study, we report field-evolved resistance in a fall armyworm population
from Puerto Rico to five major modes of action: AChE inhibitors (chlorpyriphos,
methomyl and thiodicarb), sodium channel modulators (permethrin, deltametrin and
zeta-cypermethrin), nAChR allosteric modulators (spinetoram), inhibitors of chitin
biosynthesis (triflumuron), and RyR modulators (flubendiamide and chlorantraniliprole).
These results are consistent with low performance reports of these active ingredients in
the field in Puerto Rico (Unpublished data, personal communication with Henry Teran-
Santofimio), or “practical resistance” where the insecticide is not effective to control a
pest (Tabashnik et al. 2014). Furthermore, through this work we found field-evolved
resistance in the following Mexican field fall armyworm populations: chlorpyriphos in

Son (2013), flubendiamide in Sin (2015) and permethrin in Oax (2013).
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AChE inhibitors. The LDso values displayed by the fall armyworm PR population
were very high for the carbamates methomyl and thiodicarb, resistance ratios obtained
at both the LDso and LDgo levels were above a 100-fold for both carbamates. Resistance
ratio to the organophosphate chlorpyriphos was lower, but the slope value was very
high. This could indicate that there is phenotypic variation within this mode of action
group in fall armyworm from Puerto Rico, with less variation for the organophosphates
than carbamates (Chilcutt and Tabashnik 1995). Moreover, there is evidence that fall
armyworm from Puerto Rico resistant to two Bt proteins and an organophosphate
(acephate) has higher activity of esterases and gluthathione-S-transferases (GST) in
comparison with a susceptible fall armyworm strain. This suggests that resistance
mechanisms to different of modes of action may have evolved side by side (Zhu et al.
2015).

With the exception of the Sonora population (2013 field collection), the rest of the
Mexican fall armyworm populations displayed resistance ratios below 10-fold to AChE
inhibitors, regardless of the agricultural area where they were collected. Yet, we found a
10-fold lower resistance ratio to chlorpyrifos in the Son population collected in 2015 in
comparison with the 2013. These two populations were collected in different locations:
2013 was collected in Huatabampo, which is in the southern border of the state, while
the 2015 population was collected in San Luis Rio Colorado, located in the north,
bordering with the United States. Although these two locations are distant from each
other, the official recommendations to control fall armyworm in corn in this Mexican
state only includes two major modes of action, AChE inhibitors and GABA-gated

chloride channel blockers (SAGARPA 2015f). Hence, resistance to chlorpyrifos was
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expected, but the differences found between locations and collection years cannot be
explained with insecticide use patterns alone. Immigration of susceptible alleles could
be playing a significant role in reducing the frequency of resistance alleles to this mode
of action. Fall armyworm migration has been described as an important factor in
carrying resistance alleles to mainland US from Puerto Rico, so the reverse
phenomenon may be a plausible explanation (Huang et al. 2014 and Camargo et al.
2017). Unfortunately, there are no studies on fall armyworm movement in these regions,
so it is critical to take a proactive approach to manage the potential evolution of
resistance to the insecticides that are available to control this pest. This should include
rotation of insecticides with different modes of action and periodical screenings of the
status of susceptibility of fall armyworm to the compounds used.

Sodium channel modulators. Fall armyworm from Puerto Rico also displayed
the highest resistance ratios to the sodium channel modulators tested. Permethrin was
the least effective compound, with the highest resistance ratio (RRs0=48-fold).
Furthermore, we found that the PR population displayed high resistance levels to
deltamethrin and zeta-cypermethrin.

Unexpectedly, the LDso and fiducial limits obtained with permethrin in the Oax
2013 population overlap with the values obtained with permethrin in the PR population.
Both Oax 2013 and 2015 were collected from the same locations, where farmers
reported zero pesticide applications. San Pablo Huitzo and San Lorenzo Cacaotepec
Etla belong to the Valles Centrales region of Oaxaca, where corn production in general
has low technology input and fertilizers, machinery and pesticides are rarely used

(SAGARPA 2015d). In addition, the population Oax 2015 showed a significantly lower
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LDso value, and non-overlapping fiducial limits than its 2013 counterpart. This variation
could be an indicator of fall armyworm migration; in 2013, individuals carrying resistance
alleles could have moved from other agricultural regions where pesticides are used.

Ryanodine receptor modulators. Fall armyworm PR population displayed the
highest resistance ratios at both the LDso and LDqo level to flubendiamide. The Puerto
Rican population showed typical intoxication symptoms reported in the literature and
observed in the SUS and Mexican field populations: halted feeding and uncontrolled
muscle activity (Tohnishi et al. 2005). Nevertheless, many fall armyworm PR insects
were able to recover and only 62% mortality was obtained with the highest dose.
Chlorantraniliprole was slightly more toxic to fall armyworm from PR than flubendiamide,
but a resistance ratio of 160-fold may imply a generalized loss of susceptibility to
compounds of this mode of action. This result is supported by the similar values of the
log dose-probit regression slope between flubendiamide and chlorantraniliprole,
suggesting similar phenotypic variability in the response of this population to both
pesticides. Furthermore, these results correspond with field failures of these products
for fall armyworm control in Puerto Rico (Unpublished data, personal communication
with Henry Teran-Santofimio).

From the fall armyworm Mexican populations, only Coa 2015 and Sin 2015
displayed LDso values significantly different from the SUS to flubendiamide, but only Sin
2015 showed a resistance ratio of 10-fold at the LDso level to this active ingredient.
However, no field failures (practical resistance-Tabashnik et al 2014) of the commercial
product have been reported to date, but it is important to continue monitoring the

resistance of fall armyworm to ryanodine receptor modulators in Sinaloa.
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nAChR allosteric modulators. Spinetoram showed a medium resistance ratio in
the PR population. However, the other nAChR allosteric modulator spinosad, expressed
low levels of resistance and it is actually a key component of the fall armyworm
management in the island because its field efficacy against this pest. Mexican fall
armyworm field populations displayed resistance ratios below 5-fold to spinetoram,
indicating high potential for this mode of action for fall armyworm control in these
regions.

GLUCL allosteric modulators. We found that fall armyworm from Puerto Rico
remains sensitive to GLUCL allosteric modulators emamectin benzoate and abamectin.
Both emamectin benzoate and abamectin displayed low LDso values, resulting in
negligible resistance ratios.

A case of negative cross-resistance has been reported in a laboratory-selected
strain of Helicoverpa armigera highly resistant to Cry1Ac. This resistance resulted in an
increased susceptibility to the bacterial-derived insecticides abamectin and spinosad,
but had no effect for other synthetic insecticides (Xiao et al. 2016). In our study fall
armyworm from Puerto Rico has developed high levels of field-evolved resistance to
Cry1F and Cry1Ac (Blanco et al. 2010 and Storer et al. 2010, 2012, Gutierrez-Moreno
unpublished), and low levels of resistance to abamectin and spinosad. Perhaps high
resistance to Cry1Ac resulted in low resistance levels to abamectin. Xiao et al. (2016)
propose that a mutation in the ATP-binding cassette (ABCC2) is responsible for both
resistance to Cry1Ac and increased susceptibility to abamectin in H. armigera. This is a
plausible explanation since ABC transporters have been reported as playing a crucial

role in xenobiotic excretion (Merzendorfer 2014). In Helicoverpa armigera and
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Helicoverpa punctigera, Bird and Downes (2014) reported that Cry2Ab resistant strains
showed a slight increase in susceptibility to the AChE inhibitors chlorpyriphos and
methomyl, but no interaction was detected for other toxicological groups; concluding
that the development of resistance is independent between Cry2Ab and certain groups
of synthetic insecticides.

The evolution of resistance in fall armyworm from Puerto Rico to a wide range of
insecticides seems to have a generalized mechanism. Detoxification enzymes have
been described as the main mechanism of resistance, including cytochrome P450,
esterases and glutathione-S-transpherases in many polyphagous Lepidopteran species.
These enzymes were responsible for fall armyworm resistance to growth regulators,
pyrethroids, organophosphates and carbamates (Yu 1983, 1991, 1992, 2003;
Adamczyk et al. 1997, Ahmad et al. 2006, 2009; Zhao et al. 2006, Saleem et al. 2008,
Ahmad et al. 2009 and Giraudo et al. 2015). Additionally, target-site insensitivity has
also been described to play a key role as a resistance mechanism in conjunction with
metabolic resistance to organophosphates and pyrethroids (Yu 1991, Carvalho et al.
2013). Genetic studies have indicated that the inheritance of insecticide resistance in
fall armyworm to the benzoylurea lufenuron and the pyrethroid lambda-cyhalothrin is
autosomal and incompletely recessive, suggesting the action of a single major gene in
addition to the effect of minor genes, which can lead to resistance through multiple
modes of action (Diez-Rodriguez and Omoto 2001, Nascimento et al. 2015).

Ryanodine receptor modulators are a relatively new class of insecticides. Active
ingredients belonging to this group have shown high selectivity to insect ryanodine

receptors over mammalian, especially toxic against Lepidopteran species. Ryanodine
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receptor modulators are intracellular calcium channels located in the sarcoplasmic and
endoplasmic reticula in muscles and neurons; they are responsible for the release of
calcium necessary for muscle movement (Sattelle et al. 2008 and Zalk et al. 2015).
Flubendiamide and chlorantraniliprole have been commercially available since 2006
and 2007, respectively (Troczka et al. 2016). Up to now resistance and cross-resistance
between these two active ingredients have been reported extensively on Plutella
xylostella (Lepidoptera: Plutellidae), Tuta absoluta (Lepidoptera: Gelchiidea),
Spodoptera litura and Spodoptera exigua (Lepidoptera: Noctuidae) in China, indicating
that the main resistance mechanism is target site insensitivity, rather than the action of
detoxification enzymes (Su et al. 2012, Che et al. 2013, Adams et al. 2016).

Genetic studies have indicated that the inheritance of insecticide resistance in fall
armyworm to the benzonylurea, lufenuron and the pyrethroids, lambda-cyhalothrin is
autosomal and incompletely recessive, suggesting the action of a single major gene in
addition to the effect of minor genes, which can lead to resistance to multiple modes of
action (Diez-Rodriguez and Omoto 2001, Nascimento et al. 2015). In fall armyworm
populations from Venezuela resistant to both lambda-cyhalothrin and methomyl, Morillo
and Notz (2007) suggested that the resistance mechanisms for these two compounds
are different, while pyrethroid resistance is likely to be caused by the loss of sensitivity
in the target site. In contrast, resistance to methomyl might be caused by a metabolic
mechanism. Therefore, although the mechanisms of resistance to different active
ingredients may be different, they might be rose at the same time through strong

selection pressure in the field (Morillo and Notz, 2007).
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The evolution rate of pesticide resistance depends mainly on the strength of the
selection pressure and the extent of the genetic variation in the resistant trait (Conner
and Hartl 2004). Table 4 shows the factors that play a key role in the evolution of
pesticide resistance in fall armyworm from the different agricultural regions comprised in
this study. They are analyzed in order of importance for each region.

Factor 1 - Pesticide deployment. The selection pressure by intense insecticide
deployment is especially strong in Puerto Rico. Pesticide use remains fundamental for
fall armyworm control in corn, particularly in parent seed production of Bt corn, where
pest tolerance is very low. After the reports of fall armyworm resistance to Bt technology
(Cry1F protein) were confirmed in the island, these fields have been continually sprayed
with conventional pesticides (Storer et al. 2012).

As previously stated, fall armyworm from Mexico was collected from four different
regions. Northwest: Chihuahua, Sinaloa and Sonora, Northeast: Tamaulipas and
Coahuila, West-central: Jalisco and Southwest: Oaxaca. About 23% of the total area
planted with corn in Mexico are comprised within the states in the first three regions,
with 1.9 out of 8.2 million hectares, and about 43% of the total corn production, with
16.5 out of 38.5 million tons (SIAP 2017). These states are characterized by the use of
corn hybrids, high technology input and heavy reliance in conventional insecticides to
control crop pests. However, corn production in the southwestern state of Oaxaca has a
total of 569,000 ha planted and a total production of 666,614 tons, representing 0.1% of
the total production of forage corn and 7.4% of corn grains produced in Mexico (SIAP
2017). Corn production in Oaxaca is dominated by more traditional production systems,

with very low, or zero pesticide use depending on the region in the state.
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Table 4. Factors that play a role in resistance evolution to synthetic insecticides in the
fall armyworm in different agricultural regions.

Region
Factor Puert Sinaloa Jalisc  Sonor  Tamaulipa Coahuil  Chihuahu  Oaxac
o] o} a s a a a
Rico
Pesticide ++++ +++ +++ +++ +++ +++ +++ —-
selection
pressure
Generations ++++ +++ +++ +++ +++ +++ +++ +++
Geographical ++++ -—- -—- -— — —
isolation
Migration - +++ +++ +++ +++ +++ +++ +++
Host + +++ +++ +++ +++ +++ +++ +++
availability
Extreme +++ + + + + + + +
weather
conditions
(draught,
hurricanes,
etc.)

As previously stated, fall armyworm from Mexico was collected from four different
regions. Northwest: Chihuahua, Sinaloa and Sonora, Northeast: Tamaulipas and
Coahuila, West-central: Jalisco and Southwest: Oaxaca. About 23% of the total area
planted with corn in Mexico are comprised within the states in the first three regions,
with 1.9 out of 8.2 million hectares, and about 43% of the total corn production, with
16.5 out of 38.5 million tons (SIAP 2017). These states are characterized by the use of
corn hybrids, high technology input and heavy reliance in conventional insecticides to
control crop pests. However, corn production in the southwestern state of Oaxaca has a
total of 569,000 ha planted and a total production of 666,614 tons, representing 0.1% of

the total production of forage corn and 7.4% of corn grains produced in Mexico (SIAP
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2017). Corn production in Oaxaca is dominated by more traditional production systems,
with very low, or zero pesticide use depending on the region in the state.

The variability of pesticide deployment for fall armyworm control in Mexico
doesn’t follow an established pattern, control tactics and chemistries used for pest
control may vary greatly depending on the agricultural systems (Hernandez et al. 2017).
The lack of IRM programs in corn production, with a sound use of the different
chemistries and modes of action can speed up the evolution of pesticide resistance,
especially in the Northern regions of the country where higher number of sprays are
applied. For example in Jalisco, there are at least three pesticide applications per crop
cycle (Posos, personal communication), but other regions report up to 12 sprays per
cycle (Blanco et al. 2016). Farmers in the Oaxaca Central Valleys where our fall
armyworm populations were collected reported zero pesticide applications; therefore
these fall armyworm populations were not subjected to selection pressure. In theory,
2013 and 2015 fall armyworm from Oaxaca should have remained susceptible to
synthetic insecticides, if we assume zero migration of insects from other regions with
pesticide deployment.

Factor 2 - Number of generations. Fall armyworm’s life cycle may be completed
in 30 days in warm regions, while in cooler temperatures it can take up to 90 days
(Capinera, 2000). However, in some tropical regions fall armyworm was reported to
have eight generations per year, while in Brazil there were records of 10 generations
per year (Busato et al. 2005, Farias et al. 2014). In the presence of a key selecting
agent (pesticides), higher numbers of generations per year have the potential to fix

resistance alleles in a population at an accelerated rate, assuming that a single major
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recessive gene confers resistance. After heavy pesticide deployment has selected
against the dominant susceptible gene, if selection pressure is continuous, with frequent
application of pesticides, resistant individuals will display higher fithess over non-
resistant individuals.

Puerto Rico’s climate is sub-tropical maritime, characterized by warm
temperatures, with an average of 25°C, but can reach temperatures up to 31°C and
precipitation levels that can vary from 800 to 4,000 mm per year (Puerto Rico Climate
Change Council 2013). These weather conditions are very favorable for fall armyworm
development so that there have been reports of approx. 10 fall armyworm generations
per year in this island (Storer et al. 2012). This is also tightly associated with constant
sources of food throughout the year (Factor 5).

Corn producing areas in Northwestern and Northeastern Mexican states are
dominated by dry/very dry weather conditions, with the exceptions of a coastal region in
southern Sinaloa with warm sub-humid weather and most of the coastal region of
Tamaulipas, classified as temperate-humid (INEGI 2017). Temperatures in these
regions may reach their highest peaks during the summer months from June to August,
ranging from 36°C (Chihuahua 2011) to 40°C (Sonora 2014). Annual precipitation varies
between these regions: Tamaulipas received the largest amount of rain between these
states, averaging 835 mm/year from May to August (2011 to 2016) and Coahuila was
the driest state, with an average annual precipitation of 408 mm from May to September
(2011 to 2016) (Servicio Meteorologico Nacional 2017). With these dry weather
conditions, the presence and optimal development of fall armyworm is benefited by the

use of irrigated crop production systems, which ensure the continuum presence of host

45



plants in the warm summer seasons. This is consistent with previous reports of higher
fall armyworm adult incidence during the month of June in the irrigated corn-growing
region in Rio Grande Valley in southern Texas and northern Tamaulipas (Raulston et al.
1986). Additionally, there are studies that indicate a negative correlation between
relative humidity and fall armyworm male captures in light traps, while a positive
correlation was established between dry seasons and male captures (Rojas et al. 2004
and Vilarinho et al. 2011).

The state of Jalisco, representing the Mexican West-Central, has two main
weather regions: warm sub-humid and temperate sub-humid (INEGI 2017). Between a
period of six years, from 2011 to 2016, temperatures ranged from a low of 6.4°C
(January 2011) during the winter months, to a high of 35°C (May 2016) during the
summer months. The rainy season in this state runs from June to September, with an
average precipitation of 898 mm/year, the highest precipitation in the past six years was
registered in 2015 (1,145 mm/year) (Servicio Meteoroldgico Nacional 2017).

It is relevant to mention that Jalisco is a leading corn grower in Mexico, in 2015
alone 694 thousand hectares were harvested, representing 9% of the total harvested
area and a total production of 7.1 million tons, representing 18% of the total production
of forage, seed and grain in the country (SIAP 2017). Fall armyworm was collected in
the warm sub-humid region of the state, this is a high intensity agricultural area where
corn is grown in the Spring-Summer season, with plantings starting from April through
September and harvesting occurring from June and until March of the next year.

The state of Oaxaca, representing the Southwest of Mexico, has three main

distinct weather regions: warm sub-humid, dry and temperate sub-humid (INEGI 2017).
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Fall armyworm was collected from a geographical region called the Oaxaca Central
Valley, with a predominantly dry weather. In this state, temperatures range from a low of
13.6 °C (Dec 2011) to a high of 35 °C (May 2016). The annual precipitation averages
1,194 mm/year in the state (data from 2011 to 2016), but this amount is lower in the dry
Central Valleys (Servicio Meteorolégico Nacional 2017). Most of the corn grown in this
region is rain-fed, but there are about 191 ha with irrigated corn farms in the
municipalities where fall armyworm was collected (SIAP 2017). The majority of the corn
production is conducted between the months of May and June, to take advantage of the
rainy season that runs from June to September/October, but irrigated corn is produced
twice a year, the only months without corn are December and January (Martinez,
personal communication).

Factor 3 - Geographic isolation. In Puerto Rico, fall armyworm is isolated from
the continental territories, but within this island there are mountains that block the free
movement of the insect in between agricultural areas (Storer et al. 2010). This factor is
not as strong in the Mexican regions included in this study. Although there are some
limits for fall armyworm dispersal between the west, center and east of the country due
to the mountainous systems, fall armyworm could move along the coastal lines of the
Pacific and Gulf of Mexico and within the central states. This process will be further
analyzed in the next factor “Migration”.

Factor 4 - Migration. This factor is tightly associated with the previous one,
especially in Puerto Rico, where the geographical isolation of fall armyworm has limited
potential influx of new individuals that may increase the frequency of susceptible alleles.

In contrast, gene flow is one of the potential explanations for the low variability in the
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response of fall armyworm to conventional pesticides between the Mexican populations.
In a previous study, Lopez-Edwards et al. (1999) described the presence of at least two
main groups of fall armyworm populations in Mexico, “Gulf coast” and “Pacific coast”,
which are separated by two mountain ranges that divide the country (Sierra Madre
Oriental and Sierra Madre Occidental) and have developed a level of reproductive
isolation. Moreover, Perez-Zubiri et al. (2016) analyzed the genetic variability of different
fall armyworm populations from the northern Mexican states of Coahuila, Durango,
Sinaloa, and the west-central state of Jalisco, using molecular markers they found that
this variability is higher within than among populations, which implies significant levels
of gene flow between them. Hence, the Oaxaca population could be considered as
belonging to the “Pacific coast” region, with fall armyworm populations from Jalisco,
Sinaloa, Sonora and Chihuahua. Nevertheless, further studies on fall armyworm
migration patterns within Mexico are necessary to understand how growers can cope
with this pest in the diverse agricultural systems that characterize corn production
systems in Mexico (Blanco et al. 2014).

Factor 5 - Alternative host availability. For fall armyworm from Puerto Rico, this
factor is also very significant in the evolution of pesticide resistance and it is linked to
extreme weather conditions, which reduce the availability of host plants (see Factor 6
description).

In the Mexican regions included in this study, even though corn is grown in
different seasons between northwest, northeast and west, fall armyworm has other host
crops available to survive, such as cotton in Chihuahua (SIAP 2017) or alfalfa, sugar

cane and oatmeal in Jalisco (OEIDRUS 2017), which are also grown in irrigated
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systems. In Oaxaca, fall armyworm could use alternative wild hosts in the dry seasons
when host crops are not available. The wild vegetation in the region where fall
armyworm was collected is characteristic of the xerophilus shrubs, with a few wild fall
armyworm hosts: red-jasmin (Plumeria rubra), various ficus trees (Ficus spp) and the
castor bean (Ricinus communis) (Garcia-Mendoza et al. 2004 and Martinez-Martinez,
2015). Furthermore, the castor bean has been identified as a suitable host for fall
armyworm development and reproduction, comparable to corn (Martinez-Martinez,
2015).

In addition, several weed species that grow in all of these regions are considered
fall armyworm hosts, for example: bermuda grass (Cynodon dactylon) and field
bindweed (Convolvulus arvensis) (Cazmus et al. 2010 and CONABIO 2017). Since wild
hosts are not sprayed with pesticides, they can also provide a refuge for susceptible
individuals to develop and contribute to slowing down the evolution of pesticide
resistance.

Factor 6. Extreme weather conditions. Puerto Rico has a dry season that
generally runs from December to March (Puerto Rico Climate Change Council 2013).
During these months, fall armyworm’s food sources become scarce and can be pushed
to the irrigated cornfields, where they will be subjected to selection pressure with both
pesticides and Bt proteins. This was indicated to be one of the leading factors that sped
the development of resistance to Cry1F in Puerto Rico (Storer et al. 2010, 2012); severe
droughts in this island were reported to dramatically reduce alternative hosts for fall
armyworm in the years previous to the first report of resistance to Cry1F (Storer et al.

2010, 2012).
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Dry seasons are a common occurrence in the Northern states of Mexico, the
government has a classification system that comprises four drought levels: DO.
Abnormally dry, D1. Moderate drought, D2. Severe drought, D3. Extreme drought and
D4. Exceptional drought (Servicio Meteorologico Nacional 2017). In the past ten years,
there has been one drought season, from March 2011 to June 2012 that ranged from
levels D2 to D4 throughout the country. The impact was heavier in the Mexican northern
states, which registered droughts on levels D3 to D4. There is no apparent direct
correlation between this phenomenon and the resistance cases we report here in fall
armyworm from Mexico, our experiments started with fall armyworm collected in 2013
and we didn’t detect resistance to the major modes of action used for fall armyworm
control. Still, the extremely dry conditions during 2011 and 2012 could be a factor with a
reduced impact in these agricultural regions, and it’s effect can be affected by the
interaction with other factors, such as migration or alternative host plant availability.

Conclusion

The variability of pesticide use for fall armyworm control in Mexico doesn’t follow
an established pattern. Control tactics and chemistries used for pest control may vary
significantly depending on the agricultural systems and even individual grower choices
(Blanco et al 2014, Hernandez et al. 2017). This agricultural diversity in Mexico, plus the
availability of many cultivated and wild alternative hosts may reasonably be the factors
behind the overall lower levels of pesticide resistance in fall armyworm. However, given
the size of the country and area allocated for corn production the fall armyworm
populations collected from Mexico and tested for susceptibility might be a just a small

sample size and a bigger number of populations are required to get a comprehensive
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assessment of resistance development in Mexico. In addition, IPM and IRM strategies
that take advantage of these conditions should be developed to prolong the lifespan of
the available control tools.

The selection pressure by intense insecticide use is especially strong in Puerto
Rico, where pesticide use remains fundamental for fall armyworm control in corn. This is
particularly important in hybrid seed research, where pest tolerance is very low.
Therefore, the status of pesticide resistance of fall armyworm in this island deserves
special attention. We found two pesticide modes of action (GLUCL and nAChR
allosteric modulators) that show high potential to control this pest.

Field-evolved resistance in crop pests is a continuous threat to the sustainability
of agriculture worldwide. Thus, it is crucial to monitor the susceptibility of this pest to the
control strategies available, considering factors such as fall armyworm host
preferences, migration, management practices and the potential movement of these
insect populations between agricultural regions, in order to detect any changes on time

to develop and update IPM and IRM programs.
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CHAPTER 3: SUSCEPTIBILITY STATUS OF THE FALL ARMYWORM Spodoptera
frugiperda (JE SMITH) (LEPIDOPTERA: NOCTUIDAE) TO BT PROTEINS IN

MEXICO AND PUERTO RICO

Abstract

During the last decade, the fall armyworm fall armyworm has become the main
pest of Bt corn in many areas of the American continent. Fall armyworm is the most
important insect pest in corn production in Mexico and although Bt corn is not yet grown
in that country, it is necessary to establish the baseline susceptibility of this pest to the
main Bt proteins used in Bt corn varieties to determine the potential life span of this
technology in the region. Additionally, after a decade since the first detection of fall
armyworm resistance to Cry1F and Cry1Ac in Puerto Rico, it is crucial for current IPM
programs used against fall armyworm to keep monitoring the status of this pest’s
susceptibility to the current Bt proteins included in the pyramided Bt corn hybrids
presently grown in this region.
We conducted bioassays to determine the current susceptibility status to the Bt proteins
Cry1A.105, Cry2Ab2, Cry1F and Cry1Ac on three different populations of fall armyworm
in Mexico and one population from Puerto Rico. Fall armyworm from Puerto Rico
showed the highest LCso values for all Bt proteins tested: less than 3% mortality was
achieved with the highest Cry1F concentration (10,000 ng/cm?) and 65% mortality was
the maximum achieved with the highest Cry1Ac concentration (6,000 ng/cm?). In
contrast, Cry1A.105 and Cry2Ab2 exhibited low resistance ratios, below 2-fold in

comparison with the LCso of the susceptible population. In contrast, all Mexican fall
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armyworm populations displayed remarkable low LCsos and resistance ratios were
below 1-fold.
Introduction

Pest control in Mexican corn production faces challenges due to the
heterogeneous composition of the corn agricultural systems throughout the country; this
heterogeneity complicates the development of effective Integrated Pest Management
(IPM) programs (Blanco et al. 2014). Fall armyworm is the main pest in corn in most of
the producing regions in Mexico and is reported to be the hardest to control with the
available tools (Blanco et al. 2014). Currently, farmers rely heavily on synthetic
insecticides, with two or three insecticide sprays per crop cycle (Blanco et al. 2016).
However, some growers have reported the need to spray up to 12 times to control fall
armyworm (Mota-Sanchez, unpublished).

Genetically engineered (GE) corn with the ability to produce Bacillus
thuringiensis (Bt) proteins has not yet been approved for commercialization in Mexico.
This country has experienced the benefits of GE technology, with the adoption of Bt and
herbicide tolerant cotton and herbicide tolerant soybeans (Otero 2015), but corn is a
controversial crop, due to its relevance in Mexican culture as staple food. However, Bt
technology could provide a suitable tool to manage fall armyworm, which could
potentially reduce the use of synthetic insecticides.

In Puerto Rico, fall armyworm is the most important pest in corn production,
which is focused toward seed and hybrid research, with very low pest tolerance (Storer
et al. 2010; 2012). The first report to damage in Bt corn by fall armyworm in Puerto Rico

was reported 10 years after the introduction of Bt maize (TC1507) producing Cry1F
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(Storer et al. 2010 and Blanco et al. 2010). The second case was reported in Brazil,
where fall armyworm developed resistance to Cry1F after only three years of use in the
field (Farias et al. 2014). The third confirmed case of field-evolved resistance to Cry1F
in fall armyworm was detected in southern United States, 18 years after
commercialization (Huang et al. 2014). Additionally, some fall armyworm populations
display inherently low susceptibility to the Bt proteins Cry1Ab and Cry1Ac (Luttrell et al.
1999, Hardke et al. 2011 and Huang et al. 2014), or developed field-evolved resistance
to both proteins (Bernardi et al. 2014 and Omoto et al. 2016).

The first two cases of Cry1F resistance (Puerto Rico and Brazil) shared certain
common factors: continuous Bt corn production, fall armyworm in both systems has >10
generations per year, with relatively limited insect migration. All of these factors
increase selection pressure (Storer et al. 2010, 2012 and Farias et al. 2014). However,
in the case of fall armyworm resistance in southern US, these factors have yet to be
identified (Huang et al. 2014).

Monitoring the susceptibility of target pests to control tools is a key component in
IPM programs, as it allows for changes in management tactics before resistance is fixed
in a population (Tabashnik et al. 2013). Knowing the level of susceptibility of a pest to a
pesticide before the technology is deployed in the field can help strategically plan its
application. In this chapter we determine the susceptibility of fall armyworm from
Mexican populations collected in corn fields from three regions, two regions where
synthetic insecticides are the main control strategy and one collected from a location
where no pesticides are used. Also, we determine the susceptibility of fall armyworm

from Puerto Rico to Cry1A.105 and Cry2Ab2, which are currently being deployed in
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pyramided Bt corn on the island. Finally, we evaluated the susceptibility of fall
armyworm from Puerto Rico to Cry1F and Cry1Ac, which have been reported as
ineffective against fall armyworm from this territory.
Materials and Methods

Populations

Fall armyworm populations from Mexico were collected during summer 2015 in
cornfields from the following locations: northwest: Los Mochis, Sinaloa (Sin), west
central: San Martin de Hidalgo, Jalisco (Jal) and southwest: San Pablo Huitzo and San
Lorenzo Cacaotepec Etla, Oaxaca (Oax). Insects from Puerto Rico (PR) were collected
in corn from June to November 2016. Monsanto Company provided a fall armyworm
laboratory susceptible (SUS) population from their rearing facilities in Union City,
Tennessee. Field fall armyworm populations were collected during larval development
directly from affected corn plants. Insects were placed in 10 ml plastic cups with 4-6 ml
of artificial diet (Southland Products Incorporated: fall armyworm diet). In 2013, larvae
were sent to the laboratories of Colegio de Postgraduados, Mexico and for the 2014-
2016 period, larvae were sent to our laboratory at Michigan State University, East
Lansing, Michigan, United States.

Insect rearing

Larvae were held at 27+1 °C and a photoperiod of 16:8 hours light: dark. Insect
development was supervised every other day, when pupae turned from orange-red to
dark red, they were placed in groups of 40 inside collapsible insect cages (Bioquip,
Rancho Dominguez, CA) to provide room for emerging adults to fly and mate, a sponge

with a solution of 10% sugar in a petri dish was provided as food source. After three
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days of adult emergence, adults from each cage were placed in 1L paper brown bags
and a wet sponge with a solution of 10% sugar in a petri dish was added. Every other
day moths were transferred to a new paper bag; eggs masses laid in the brown paper
bag were separated and placed in a plastic container with moist paper towels. Neonate
larvae were transferred to bioassay trays (Frontier Agricultural Sciences, Newark, DE)
with 1 ml of artificial diet per well.
Bt proteins

Monsanto Company (St. Louis, MO) provided the following Bt proteins in 1 ml
aliquots: Cry1A.105: 80% purity, with a concentration of 1mg/ml. The protein arrived
diluted in 25 mM CAPS buffer, pH 10.3 and 1 mM benzamidine-HCI, 0.1 EDTA and 0.2
mM DDT. Cry2Ab2: 87% purity, with a concentration of 0.31 mg/ml. The protein arrived
diluted in 50 mM CAPS buffer, pH 11 and 2 mM DTT. Additionally, Monsanto Company
provided both buffers to make the dilutions used in the bioassays. Both proteins and
buffers arrived at our laboratory in dry ice and were immediately placed on a -80°C
freezer.

Dow Agrosciences (Indianapolis, IN) provided lyophilized Cry1F and Cry1Ac and
10 mM CAPS buffer (3-(cyclohexylamino)-1-propane sulfonic acid), diluted in deionized
water, pH 10.5. Proteins were kept in a desiccator (Fisher Scientific rectangular Desi-
Vac Container™), both proteins and buffer were placed in a refrigerator at 4°C.

Diet overlay bioassays

Experiments with fall armyworm from Mexico were conducted from July 2015

until November 2016. Bioassays with SUS were performed from June 2014 until
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February 2017. Bioassays with the PR population were carried out from June 2016 until
February 2017.

Bioassays were conducted using the procedure described by Storer et al. (2010)
using 128-well bioassay trays (Frontier™ Agricultural Sciences) with 1ml of fall
armyworm artificial diet per well. The surface area of the diet in each well was 1.5cm?. A
total of 100ul of each concentration was applied over the diet surface on each well, and
let to air dry for about three hours. A single repetition of each dose consisted of 16 wells
with one neonate per well. Table 3 shows the dose range used for each population and
each protein. Three to five repetitions were conducted per Bt protein, covering 0 to
100% mortality, except with Cry1F and Cry1Ac with the fall armyworm PR population, in
which we were unable to reach 100% mortality. Two controls were used: 1) diet alone
and 2) diet plus the respective CAPS buffer. One neonate larva was placed per well
with a small paintbrush. Only healthy, actively moving neonates were chosen for the
experiments. Mortality and weight were evaluated seven days after treatment, larvae
that failed to move after prodding with a small paint brush, failed to molt to second
instar, and larvae weighing 0.1 mg were considered dead (Bernardi et al. 2014, Farias

et al. 2014, Vélez et al. 2014).
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Table 5. Bt protein concentrations used in dose-response mortality bioassays.

Population Bt protein  Concentration range (ng/cm?)
Cry2Ab2 10 - 1,000
: Cry1A.105 10 - 1,000
Susceptible Cry1F 7.4-1,000
Cry1Ac 7.4 -1,300
Cry2Ab2 0.7 - 200
Jalisco Cry1A.105 0.02 - 67
Oaxaca Cry1F 7.4 -1,000
Cry1Ac 7.4 -1,000
Cry2Ab2 22.2-1,300
Sinaloa Cry1A.105 22.2-1,300
' Cry1F 7.4-1,000
Cry1Ac 22.2-1,300
Cry2Ab2 7.4 -6,000
Puerto Rico Cry1A.105 7.4 -6,000
Cry1F 22.2-10,000
Cry1Ac 22.2 - 6,000

Statistical analysis

Mortality data was corrected using Abbot’s formula (Abbott 1925). Probit analysis
(Finney 1971) was conducted using SAS version 9.3 (SAS Institute 2011) to calculate
values of slope, lethal doses fifty (LCso), lethal doses ninety (LCo0), and fiducial limits
(95%) for each population. Resistance ratios were obtained by dividing the LCso, LCg0
values obtained with the field fall armyworm populations by the LCso, LCg0 values
obtained with the susceptible colony. Log dose responses were plotted using Origin®
(OriginLab 2007).

Effective concentrations are expected to reduce larval weight by 50% (ECso) and
confidence intervals (Cl) were estimated using a non-linear regression analysis in SAS
version 9.3 (SAS Institute 2011), using the logistic model described by Sims et al.

(1996):
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Weight = Wo / [1+ (dose/ECs0)]
Results

Fall armyworm from Mexico

Field fall armyworm populations from Mexico displayed low LCso values to Cry1F,
Cry1Ac, Cry2Ab2 and Cry1A.105 in comparison with the SUS population (Table 5).
Resistance ratios (RR) were below 1-fold of the LCso, with the exception of Oaxaca with
Cry1Ac that showed a RRso= 1.3-fold. For the Sinaloa population, with Cry1A.105 and
Cry2Ab2, mortality of 100% was achieved at the lower doses, so LCso values couldn’t
be calculated. Cry1A.105 was the most toxic against fall armyworm from Jalisco, both
LCso0 and ECso values obtained with this population were the lowest among all the field

populations (Table 5).
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Table 6. Concentration-mortality response (ng/cm?) of fall armyworm from several Mexican states and Puerto Rico to Bt

proteins.

Bt protein Pop® n® LCso® 95%FLY NS LCuf  95%FLY  RRw® Soby X29 EC50" SE' 95% Cl
SUS 338 1744 135.7,222.6 1.0 849 606.6 , 1,349 1.0 1.9%0.2 0.9 11 1.3 8.2,134
SIN 624 29.2 226,36.7 0.2 201 145, 309.) 0.2 15+0.1 2.8 16 1.4 12.5,18.7

Cry1F JAL 384 428 29.8,59.8 0.2 463 2754 ,1,015 05 1.240.2 4.3 5 1.2 23,74
OAX 384 26,5 0.03,122 0.2 502 113,1.92E+12 06 103 2.5 7 0.8 52,88
PR 256>10,000 nen ne >10,000 ne ne ne ne >10,000 ne ne
SUS 770 148.2 120,183.2 1.0 1,050 750.3, 1,635 1.0 1.540.1 4.0 5 1.1 24,6.9
SIN 512 15.3 8,22 0.1 78 57,125 0.1 18+£0.3 0.3 23 0.2 221,235

Cry1Ac JAL 380 34.2 205,523 0.2 817.7 397.9, 2,781 0.8 0940115 16 06 04,28
OAX 385 188.8 132,280 1.3 3,262 1,669 , 8,983 3.1 11201 34 3 06 15,4
on 624 1815 934.5,5,37412.2705419 95,917 , >100,000 671.8 18:88 14 68 1§' 43,92
SUS 641 201.9 150.4 ,266.3 1 859 586.6 , 1,576 1 2+0.3 45 31 5 19.6,42.8
SIN 383 ne ne ne ne ne ne ne ne ne ne ne

Cry1A.105 JAL 256 4.6 3.2,64 0.02 28.3 17.8,57.5 0.03 16402 45 13 0.2 09,18
OAX 560 145 3.4,139.7 0.07 1644 37.8,>100,000 0.2 1203 58 14 03 08,22
PR 303 273.8 1725,4428 1.4 3,234 1,542 , 12,547 38 12402 14 731 93 51.7,94.4
SUS 640 173.2 130.8,214.1 1 469 373.5,649.9 1 304 5 111 27 52.4,169.6
SIN 381 ne ne ne ne ne ne ne ne ne ne ne

Cry2Ab2 JAL 256 49.7 30.3,94 0.2 1,040 398.9, 5,369 27 09401 32 54 14 23,85
OAX 410 13.3 3.1,1655 0.1 1,762 150.3,>100,000 46 0602 24 11 0.2 0.7,16
PR 253 119.2 685,187 0.5 2,092 1,091, 6,065 55 102 04 247 58 11.7,37.7

aFall armyworm population
btotal number of insects used

lethal concentration that is expected to kill 50% of the population, expressed in nanograms of active ingredient per

square centimeter of diet (ng/cm?)
dfiducial limits

resistance ratio= LC of field collected fall armyworm over the LC of the susceptible reference population
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fslope + standard error
9chi-square value

heffective concentration of Bt protein that is expected to reduce larval weight by 50%
'standard error

iConfidence intervals
ne= not estimated due to insufficient mortality or weight reduction
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ECso values obtained for the fall armyworm Mexican populations were low,

indicating that these populations are highly susceptible to Bt proteins (Table 5). Overall,

all fall armyworm Mexican field populations followed the same weight reduction trend as

the SUS population, with the most dramatic weight drops obtained with the lower

concentrations (Figures 3-6).
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Figure 3. Concentration — larval weight reduction response to Cry1F of fall armyworm
from Mexico and the SUS reference population.
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Figure 4. Concentration — larval weight reduction response to Cry1Ac of fall armyworm
from Mexico and the SUS reference population.
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armyworm from Mexico and the SUS reference population.
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Fall armyworm from Puerto Rico

The fall armyworm PR population showed the highest LCso values to the four Bt
proteins among all the populations tested (Table 5). However, LCso and LCgo were not
estimated for Cry1F because the highest dose used (10,000 ng/cm?) did not cause
significant mortality. Also, Cry1F didn’t cause significant weight differences to estimate
the ECso0. Results with Cry1Ac showed a RRso value of 12.2-fold relative to the LCso of
the SUS population. However, we were unable to reach 100% mortality with the highest
Cry1Ac concentration used (6,000 ng/cm?) and mortality achieved with the highest
concentration was only 62%. In addition, the slope value obtained was the lowest from
all Bt proteins (0.5+0.08). For Cry2Ab2 and Cry1A.105, resistance ratios relative to the
LCso of the SUS population were less than 2-fold; slope values for these two proteins
were similar with those obtained with the fall armyworm Mexican populations.

ECso values estimated for fall armyworm PR with Cry1Ac and Cry1A.105 were
significantly higher than the values obtained with fall armyworm SUS and fall armyworm
from Mexico. For Cry2Ab2, fall armyworm PR displayed an ECso value significantly
lower than that of the susceptible population, but was still higher than the obtained for
the fall armyworm populations from Mexico (Table 5). Overall, fall armyworm PR
showed higher susceptibility to Cry2Ab2, since both LCso and ECso obtained with this Bt
protein were the lowest (LCso= 119.2, ECs0= 24.745.8) of the four Cry proteins tested.

Figure 7 shows the weight reduction caused by Cry1Ac in the fall armyworm PR
population in comparison with the SUS reference population. A 100% weight reduction
was obtained with the highest Cry1Ac concentration in the SUS population. However, in
the fall armyworm PR population, only 70% weight reduction was achieved at 6,000

ng/cm?, which was the highest concentration we could achieve with our stock solution.
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Figure 7. Concentration — larval weight reduction response to Cry1Ac of Spodoptera
frugiperda from Puerto Rico and the SUS reference population.

Figures 8 and 9 show the weight reduction results with Cry1A.105 and Cry2Ab2.
Fall armyworm PR response was similar to that of the SUS population, with the main

decreases in weight occurring between 7.41 — 1,000 ng/cm?.
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Figure 8. Concentration — larval weight reduction response to Cry1A.105 of fall
armyworm from Puerto Rico and the SUS reference population.
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Figure 9. Concentration — larval weight reduction response to Cry2Ab2 of fall
armyworm from Puerto Rico and the SUS reference population.

Discussion

Previous analysis of fall armyworm susceptibility to Cry1Fa and Cry1Ac in
Mexico, with populations collected from the states of Tamaulipas and Estado de
Mexico, located in the north east and central regions of the country respectively,
showed that fall armyworm is highly susceptible to these two proteins (Blanco et al.
2010). On more recent field trials, fall armyworm from Tamaulipas showed susceptibility
to the Bt corn hybrids, Agrisure 3110®, expressing Cry1Ab and Vip3AaZ20; Agrisure
Viptera 3111® producing Cry1Ab, Vip3Aa20 and mCry3A; and Agrisure 3000 GT®
expressing Cry1Ab and mCry3A (Aguirre et al. 2015). Our results confirm that fall
armyworm populations from Mexico are susceptible to other Bt toxins.

Fall armyworm is also the main corn pest in Puerto Rico, where it is now been
controlled with pyramided Bt hybrids and synthetic insecticides (Storer et al. 2012, Niu

et al. 2013 and Blanco et al. 2016). Because corn in this island is mainly grown for
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hybrid seed research, pest tolerance is very low, which has led to a high number of
insecticide applications to control fall armyworm (Belay et al. 2012). Our data indicates
that fall armyworm PR remains highly resistant to Cry1F and Cry1Ac. These results are
consistent with the first report by Storer et al. (2010), where fall armyworm populations
were collected in 2007 and 2008, meaning that fall armyworm resistance to Cry1F in
Puerto Rico has been fixed, even after 10 years since TC1507 maize was removed
from the field. This also coincides with the results obtained by Vélez et al. (2013), in
which bioassays conducted from 2010 to 2013 showed high levels of resistance to
Cry1F in fall armyworm from Puerto Rico.

Cry1F resistance in Puerto Rico has been described as recessive, conferred by a
single locus, autosomal and with no maternal effects (Storer et al. 2010, Velez et al.
2013). Additionally, the molecular mechanism of Cry1F resistance in fall armyworm from
Puerto Rico and Brazil was characterized as a reduction or complete lack of Cry1F
binding to the brush border membrane vesicles (Vélez et al. 2016 and Monnerat et al.
2015). It has been proposed that this mechanism of resistance is behind the high levels
of cross-resistance to Cry1Aa proteins in Cry1F field-evolved resistant populations, but
low cross-resistance has been found to Cry1Ac, Cry1Ab and Cry2A proteins (Storer et
al. 2010, Vélez et al. 2013, Jakka et al. 2014 and Monnerat et al. 2015).

Cry1Ac has been reported to have low biological activity against different
populations of fall armyworm, to the point that it is deemed ineffective to control this
pest (Yang et al. 2016, Yang et al. 2017). The low value of the log dose-probit
regression slope from our experiments (Table 5) indicates that fall armyworm PR
exhibits high variability in its response to Cry1Ac. Previous experiments with fall

armyworm from different locations in Puerto Rico have demonstrated that resistance to
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Cry1Ac is widespread in the corn producing areas (Blanco et al. 2010, Storer et al.
2010). The ECso obtained in our experiments (68 ng/cm?) is 6.5-fold higher than the
ECso value (10.4 ng/cm?) obtained by Blanco et al. (2010), indicating that resistance to
this Bt protein has increased in the past six years. Furthermore, the fact that we were
unable to obtain 100% mortality with the highest Cry1Ac concentration, tells us that this
protein displays a marginal effect against fall armyworm PR.

Cry1A.105 is a chimeric Bt protein constituted by domain exchange from the
following Bt proteins: Cry1Ab (domain 1), Cry1Ac1 (domain Il), Cry1F (domain Ill) and
Cry1Ac (C-terminal) (Biosafety Clearing-House 2014). Resistance to Cry1A.105 has
been characterized using laboratory-selected resistant fall armyworm populations,
showing high levels of cross-resistance between Cry1 proteins (Niu et al. 2016a).
Similarly, field-collected fall armyworm in Brazil was selected for resistance to Cry1F
and later showed cross-resistance to Cry1A.105 and Cry1Ab, but only low levels of
resistance to Cry2Ab2 (Bernardi et al. 2015). Our results showed that although fall
armyworm PR is highly resistant to Cry1F (LCso >10,000 ng/cm?) it remains susceptible
to Cry1A.105 (RRso= 1.4-fold). Cry1F resistant fall armyworm from Puerto Rico has
previously been described as susceptible to both Cry1A.105 and Cry2Ab2, so that they
have been included in the next generation pyramided Bt corn, event MON89034
expressing Cry1F, Cry1A.105 and Cry2Ab2 (Storer et al. 2012). In addition, Niu et al.
(2016a) indicated that the level of dominance of the Cry1A.105 resistance in fall
armyworm might vary depending on the following factors: fall armyworm population,
bioassay method and the maize hybrid.

Cry2Ab2 was first commercialized in 2010 as a component of the pyramided Bt

maize containing the event MON 89034, in combination with Cry1A.105 (Hernandez-
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Rodriguez et al. 2013 and Niu et al. 2016b). Pyramided Bt hybrids with this same
composition have been grown in Puerto Rico after the detection of the field-evolved
resistance to Cry1F (Storer et al. 2012). This means that fall armyworm in Puerto Rico
has been exposed to this protein for at least seven years. Our results show that fall
armyworm PR remains highly susceptible to Cry2Ab2 (RRso= 0.5-fold). Comparing FLs
of the LCso and LCgo0 between fall armyworm PR, fall armyworm Jal and Oax, we
conclude that there is no significant difference in their susceptibility to Cry2Ab2, even
though the Mexican fall armyworm populations have never been exposed to this Bt
protein.

Fall armyworm has shown high susceptibility to Cry2Ab2 in previous reports
(Hernandez-Rodriguez et al. 2013, Bortolotto et al. 2016, Niu et al. 2016b). Midgut
binding experiments with this protein in different Lepidopteran species: Heliothis
virescens, Helicoverpa zea, Helicoverpa armigera (Gouffon et al. 2011); Helicoverpa
armigera and Helicoverpa puntigera (Caccia et al. 2010), have demonstrated that
Cry2Ab proteins don’t share binding sites with Cry1A and Cry1F proteins. This could
mean that if cross-resistance were to appear in fall armyworm from Puerto Rico to
Cry2Ab2, a more generalized resistance mechanism might be involved.

The different susceptibility levels to Bt proteins of fall armyworm from different
regions in Latin America (Monnerat et al. 2006), show the importance of regional
monitoring to test changes in the control levels that these proteins exert over this pest.
A study analyzing mitochondrial haplotype ratios between fall armyworm from Puerto
Rico, Florida, Texas and Brazil, concluded that fall armyworm from Puerto Rico showed
more similarities with fall armyworm from Florida, than with fall armyworm from Texas

and Brazil, suggesting interactions between fall armyworm from those two regions
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(Rodney N. Nagoshi, Meagher, and Jenkins 2010). The later detection of fall armyworm
resistant to Cry1F in Florida seems to confirm this interaction and raises concerns over
the potential spread of Bt resistance alleles in fall armyworm that can affect regions
where this pest is already a great management challenge (F. Huang et al. 2014).
Conclusion

GE corn producing Bt proteins has high potential for fall armyworm control in
Mexico. This country may benefit from all the research that has been generated
regarding resistance management to Bt technology, and from the lessons learned from
regions where fall armyworm has developed field-evolved resistance to Bt crops.

Fall armyworm management in Puerto Rico has successfully preserved
susceptibility to Cry2Ab and Cry1A.105 proteins to date. Unfortunately, Cry1F and

Cry1Ac resistance seem to be established in fall armyworm from this island.
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CHAPTER 4: RECOVERY POTENTIAL OF THE FALL ARMYWORM Spodoptera
frugiperda (JE SMITH) (LEPIDOPTERA: NOCTUIDAE) AFTER LONG-TERM HIGH-

DOSE EXPOSURE OF BT PROTEINS

Abstract

Fall armyworm has shown low susceptibility to certain Bt proteins and is one of
the Lepidopteran pests with the highest number of field-evolved resistance cases to Bt
corn. Fitness cost studies have shown that Bt proteins increase the developmental time
and decrease pupal weight of the resistant. Other studies on short-term Bt exposure
indicate that there is potential for recovery when larvae pass the third instar threshold.

We carried out experiments to determine fall armyworm neonates’ potential for
recovery after long-term exposure to high doses of the Bt proteins Cry1F and Cry1Ac.
Survival, weight, developmental stage and adult emergence were evaluated using fall
armyworm from Puerto Rico and the susceptible population. Long-term Cry1F exposure
in the fall armyworm susceptible population showed reduced survival with the highest
concentration (31%), and both Cry1F and Cry1Ac caused later adult emergence
compared to controls. No detrimental effect resulted from long-term exposure to Cry1F
and Cry1Ac in fall armyworm from Puerto Rico. Susceptible fall armyworm have the
potential to recover after it has been exposed to 600 ng/cm? of Cry1F and 1,000 ng/cm?
of Cry1Ac for seven days under laboratory conditions. Therefore, various implications

for IRM strategies are discussed.
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Introduction

Genetically engineered (GE) crops with the ability to produce insecticidal proteins
from the bacteria Bacillus thuringiensis (Bt), have become fundamental in agriculture in
many developed and developing countries (Smyth et al. 2015). In some of these
regions, this technology has helped decrease the amount of synthetic insecticides
deployed in the field, which benefited non-target organisms such as natural enemies
and wildlife, plus decreased pollution and human health hazards (Huang et al. 2002,
Qaim and Zilberman 2003, Bennett et al. 2006, Qaim 2010).

The evolution of resistance to Bt technology is the main threat to the
sustainability of this management strategy. There has been extensive theoretical and
experimental analysis of the current Insecticide Resistance Management (IRM)
strategies designed to delay the evolution of resistance to GE Bt crops (Gould 1994,
1998, 2000, Tabashnik 2008a, 2008b, Huang, Andow, and Buschman 2011, Tabashnik
et al. 2013, Yang et al. 2014 and Garcia et al. 2016). The most popular strategy
worldwide is the “high-dose/refuge”, in which farmers are required to plant a percentage
of non-Bt acreage to serve as refuge for susceptible insects. This strategy is predicated
on a low frequency of resistance alleles in the population, the few resistant survivors
mate with susceptible insects from the refuge, their heterozygous offspring would be
killed by the high-dose Bt protein produced by the GE plants, delaying population-level
resistance (Andow and Hutchinson, 1998 and Huang et al. 2011).

The survival of heterozygote insects is the main factor that can change the
frequency of resistance alleles in a given population (Horikoshi et al. 2016). Therefore,
to develop a successful IRM program it is necessary to consider all the factors that may

favor the survival of heterozygotes. For instance, Fall armyworm larvae have been
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described to move between plants and have considerable dispersion across rows in
crop fields (Pannuti et al. 2016). Larval movement in the field between Bt and non-Bt
plants may expose heterozygotes to sublethal doses of Bt proteins and increase their
chance for survival (Binning et al. 2014, Garcia et al. 2016). This is particularly relevant
since there is evidence that Bt corn plants may not produce homogenous
concentrations of Bt proteins in every tissue, which can vary depending on the hybrid
genetic background and stress factors (Trtikova et al. 2015).

The development of second generation pyramided GE crops producing multiple
toxins, allowed the re-configuration of the refuge from separate blocks or rows, to an
integrated design. Now Bt and non-Bt seeds are included in the seed mix, in a strategy
known as “refuge-in-the-bag” (RIB). Since RIB simplifies agronomic practices, the most
important advantage is ensuring farmer’s compliance with the refuge component of IRM
programs (Rule et al. 2014, Fei et al. 2015). The key conditions for the efficacy of RIB
are: 1) no cross resistance between Bt proteins produced by the GE hybrid, 2) no single
toxin crops are grown in proximity to the pyramided Bt field and 3) limited movement of
the target pest’s larval stages from plant to plant (Fei et al. 2015).

Another important assumption for the success of current IRM strategies is that
the targeted pests will exhibit considerable fithess costs associated with the resistance
to Bt proteins. Experiments conducted with fall armyworm have shown that this insect
displays negligible fitness costs for the resistance to Cry1F (Jakka et al. 2014, Vélez et
al. 2014). Yet, there is evidence that some fall armyworm populations show significant
fitness costs for the resistance to this Bt protein, suggesting that the genetic basis of
Cry1F resistance in this pest may be more diverse than previously considered (Dangal

and Huang 2015). Therefore, the objective of this study is to determine and compare
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the recovery potential between fall armyworm from Puerto Rico and a susceptible
population after it has been exposed to high doses of Cry1F and Cry1Ac for a seven-

day period.

Materials and Methods

Insect populations

Insects from Puerto Rico (PR) were collected in corn from June to November
2016. Monsanto provided a fall armyworm laboratory susceptible (SUS) population. Fall
armyworm field populations were collected during larval development directly from
affected corn plants. Insects were placed in 10 ml plastic cups with 4-6 ml of artificial
diet (Southland Products Incorporated: fall armyworm diet). Larvae were sent to our
laboratory at the Food Safety and Toxicology building, Michigan State University, East
Lansing, Michigan, United States.

Insect rearing

Larvae were held at 27+1 °C and a photoperiod of 16:8 hours light: dark. Insect
development was supervised every other day, when pupae turned from orange-red to
dark red, they were placed in groups of 40 inside collapsible insect cages (Bioquip,
Rancho Dominguez, CA) to provide room for emerging adults to fly and mate, a sponge
with a solution of 10% sugar in a petri dish was provided as food source. After three
days of adult emergence, adults from each cage were placed in 1L paper brown bags
and a wet sponge with a solution of 10% sugar in a petri dish was added. Every other
day moths were transferred to a new paper bag; eggs masses laid in the brown paper
bag were separated and placed in a plastic container with moist paper towels. Neonate
larvae were transferred to bioassay trays (Frontier Agricultural Sciences, Newark, DE)

with 1 ml of artificial diet per well. Neonates +24h old were used in the bioassays.
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Bt proteins

DOW Agrosciences (Indianapolis, IN) provided lyophilized Cry1F and Cry1Ac
and 10 mM CAPS buffer (3-(cyclohexylamino)-1-propane sulfonic acid), diluted in
deionized water, pH 10.5. Proteins were kept in a desiccator (Fisher Scientific
rectangular Desi-Vac Container™), both proteins and buffer were placed in a
refrigerator at 4°C.

Bioassays

These bioassays were conducted with Cry1F and Cry1Ac proteins using the fall
armyworm SUS and PR populations. One or two concentrations that caused above 85%
mortality in the diet overlay bioassays in Chapter 3 were used. Table 6 shows the Bt
protein concentrations used per population and total number of insects treated. Since
there was no significant mortality with Cry1F in the PR population, we used the highest
dose included in the diet overlay bioassay (10,000 ng/cm?). Control treatments
consisted of diet plus CAPS buffer. Fall armyworm neonates were exposed to the Bt
proteins using the procedure described for the diet overlay bioassay (pp. 50-51). After
seven days of exposure, only larvae weighing <0.1 mg or that failed to molt to second
instar but that still moved when prodded with a small paintbrush, were transferred to
individual plastic 10 ml soufflé cups (Gordon® Food Service) with 6 ml of fresh diet.

The larvae from the PR population was treated with Cry1F, since there was no
distinguishable detrimental effect of the Bt protein on treated larvae, we conducted the
experiment with larvae that was exposed to 10,000 ng/cm? of Cry1F. Controls were also
transferred to cups with 6 ml of fresh diet after the 7d period. Three to four replications

were conducted per Bt protein for each population. Recovery and development was
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evaluated every three days, the parameters recorded for each insect were: 1) survival
(live/dead), 2) weight (g), 3) life stage, and 4) adult emergence.

Table 7. Bt protein concentrations and total number of insects used in recovery
bioassays.

Population Bt protein Concentration (ng/cm?) n
600
Cry1F 256
1,000
Susceptible 1,000
Cry1Ac 256
1,300
Cry1F 10,000 128
Puerto Rico 3,000
Cry1Ac 160
6,000

aTotal number of insects used.

Statistical analysis

For the Bt recovery bioassays, weight was analyzed using a randomized block
design in a repeated measures model, using proc glimmix in SAS version 9.3 (SAS
Institute 2011), with “repetition” as the random factor. Survival and adult emergence
were analyzed using a random block designs in a repeated measures model with a
binary distribution using proc glimmix in SAS and “repetition” as the random factor. For
the stage parameter, we analyzed the recorded weight for each developmental stage by
treatment for each fall armyworm population, using one-way ANOVA in proc gim, with
treatment as the main effect in SAS version 9.3 (SAS Institute 2011). Treatment means

were separated using Tukey-Kramer adjustment for multiple comparisons at a=0.05.
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Results

To analyze the results obtained in the recovery bioassay, we divided this section
with the parameters evaluated: survival, adult emergence, weight and life stage. We
compared the effects of high concentrations of Bt proteins Cry1F and Cry1Ac in the
development of the treated insects between the two populations: fall armyworm SUS
and PR.
Survival

Cry1F. Figure 10A reveals the average survival percentages obtained with the
fall armyworm SUS population. High survival for all treatments was recorded on the
third day after the larvae were placed in the non-treated diet (control= 100%, 600
ng/cm?=92% and 1,000 ng/cm?= 83%), and no statistical differences between the
means were found on this day: control vs 600 ng/cm? P=0.9600, control vs 1,000ng/cm?
P=0.9572 and 600ng/cm? vs 1,000 ng/cm? P=0.1881. In the following evaluation days,
survival in the lowest Cry1F concentration (600 ng/cm?= 600 ng/cm?) was not
statistically different than the control, but a clear difference was observed between the
control and the highest Cry1F concentration (1,000 ng/cm?) throughout the evaluation
period. On the last evaluation (day 26) 1,000 ng/cm?, with an average survival of 31%,
differed significantly from both 600 ng/cm? (P=0.0003) and the control (P<0.0001).

Figure 10B shows that survival in the fall armyworm PR population after
treatment with Cry1F (10,000 ng/cm?) decreased from 98% three days after transferred
to non-treated diet, to 60% on the last evaluation date (day 26). However, these results

were not statistically different from the control (P=0.5646).
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Figure 10. Fall armyworm survival percentages throughout development after exposure
to high concentrations of Cry1F: A) susceptible reference and B) Puerto Rico

population.
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Figure 11. Fall armyworm survival percentages throughout development after exposure
to high concentrations of Cry1Ac: A) susceptible reference and B) Puerto Rico
population.
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Cry1Ac. As observed in Figure 11A, all treatments in the fall armyworm SUS
recorded high survival rates. In general, mortality in this population remained low
throughout the evaluation period with an average survival percentage of 93% for the
control and 88% and 87% for 1,000 ng/cm2 and 1,300 ng/cm2 respectively.
Nevertheless, they were not statistically different: control vs 1,000 ng/cm2 (P=0.3588),
control vs 1,300 ng/cm2 (P=0.2391) and 1,000 ng/cm2 vs 1,300 ng/cm2 (P=0.7952).
Yet, these data did suggest a trend associated with the 1,000 ng/cm2 concentration
(above).

No statistical differences in survival were found between treatments and control
in fall armyworm PR (Figure 11B). Ten days after transfer to non-treated diet, all
treatments had an average survival above 90%. In the last evaluation day (26" day) the
control treatment recorded the lowest survival percentage (75%) compared with the two
Bt treatments: 3,000 ng/cm?= 81% and 6,000 ng/cm?= 79%, but they were not
statistically different: control vs 3,000 ng/cm? (P=0.3915), Control vs 1,300 ng/cm?

(P=0.4659) and 3,000 ng/cm? vs 6,000 ng/cm? (P=0.7877).

Adult emergence

In fall armyworm SUS (Figure 12A), the two Cry1F concentrations had different
effects in adult emergence in comparison with the control (P=<0.0001). Adult
emergence in the lowest Bt concentration (600 ng/cm?) was registered at the same time
than the emergence in the control, but the percentage was low (9%), while the control
had an initial percentage of 72%. Initial adult emergence in the highest Bt concentration
(1,000 ng/cm?) was on the 23™ day, with a very low percentage (4%). On this same day,

adult emergence had increased in both control and 600 ng/cm? treatment to 85% and
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40% respectively. Yet, on the last day, emergence in the control remained 85% as in
the previous evaluation, but both Bt treatments increased their emergence rate
significantly: 600 ng/cm?=62% and 1,000 ng/cm?=31%.

In fall armyworm PR (Figure 12B), adult emergence was significantly different
between control and Bt protein treatment (10,000 ng/cm?) (P=<0.0001). Initial adult
emergence was registered on the same day (23") for both control and 10,000 ng/cm?.
However, there were significant differences in the emergence rate between them: on
day 23, 75% of control adults had emerged, while for the 10,000 ng/cm? treatment only
33%. On the last day (26™), 85% of adults had emerged in the control, while 64% was
the total adult emergence percentage for the 10,000 ng/cm? treatment.

Cry1Ac. In Figure 13A, we can see in the fall armyworm SUS population adult
emergence was first registered for the control on day 20, while emergence in the Bt
treatments was first registered on day 23. Although the overall emergence percentage
was higher in the control (93%), than in the treatments, 84% for both 1,000 ng/cm? and
1,300 ng/cm?, they were not statistically different: control vs 1,000 ng/cm? (P=0.1248),
control vs 1,300 ng/cm? (P=0.1373), and 1,000 ng/cm? vs 1,300 ng/cm? (P=0.9511).

In fall armyworm PR (Figure 13B), emergence in both control and Bt treatments
3,000 ng/cm? and 6,000 ng/cm? was registered until day 23. Emergence percentages
for control (23%) and 3,000 ng/cm? (20%) were statistically equivalent (P=0.8340) on
the 23 day, 6,000 ng/cm? had a higher initial emergence rate of 50%. Unexpectedly,
on the 26" day, both control and 6,000 ng/cm? showed above 75% emergence, while
3,000 ng/cm? emergence was 57%. Nonetheless, both treatments were not statistically
different from the control: control vs 3,000 ng/cm? (P=0.4249), and control vs 6,000

ng/cm? P=0.3667.
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Figure 12. Cumulative adult emergence after exposure to high concentrations of Cry1F:
A) susceptible reference and B) Puerto Rico population.
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Figure 13. Cumulative adult emergence after exposure to high concentrations of Cry1F:
A) susceptible reference and B) Puerto Rico populations.
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Weight and stage

Cry1F. In Figure 14A and B show the effect of Cry1F in the weight of treated fall
armyworm SUS and PR respectively. In fall armyworm SUS, there was a dramatic effect
in the weight of the Bt treatments, 600 ng/cm? and 1,000 ng/cm? development was
completely out of phase in comparison with control. Although both 600 ng/cm? and
1,000 ng/cm? treatments started with similar weight (below <0.1 mg), after the second
evaluation day (6), there was a significant differentiation between them 600
ng/cm?=0.18g and 1,000 ng/cm?=0.06g (P<0.0001). Yet, in the last three evaluation
dates, there were no statistical differences between treatments and control weights:
control vs 600 ng/cm? (P=0.9020), control vs 1,000 ng/cm? (P=0.9617). Figure 14
further shows that the weight of each developmental stage for 600 ng/cm? and 1,000
ng/cm? with respect to the control started differentiating after sixth instar.

Weight variations between control and 10,000 ng/cm? in fall armyworm PR were
less striking and there was no out of phase development in comparison with fall
armyworm SUS (Figure 14B). Means were significantly different on the following
evaluation days: 13 (P=0.0472), 16 (P=0.0209) and 20 (P=0.0091). However, on the
last two days, mean weights were not statistically different: 23 (P=0.7680) and 26
(P=0.1639)

Cry1Ac. The most obvious effect when comparing the two populations SUS and
PR was the altered development in the Bt treated larvae from the SUS population, but

no significant effect was observed in the fall armyworm PR population.
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Figure 14. Fall armyworm weight after exposure to high concentrations of Cry1F: A)
susceptible reference and B) Puerto Rico population.
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Figure 15. Fall armyworm weight after exposure to high concentrations of Cry1Ac: A)
susceptible reference and B) Puerto Rico population.
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There were no significant weight differences between the two Bt concentrations
in fall armyworm SUS and although development was not synchronized with the control,
by day 26 all treatment means were statistically similar: control vs 1,000 ng/cm?
(P=0.0675), control vs 1,300 ng/cm? (P=0.1906) and 1,000 ng/cm? vs 1,300 ng/cm?
(P=0.4309).

In the PR population, significant differences between treatment means were
found on day 10: control vs 3,000 ng/cm? (P=0.0158), control vs 6,000 ng/cm?
(P<0.0001) and 3,000 ng/cm? vs 6,000 ng/cm? (P=0.0158). The highest weight mean
was registered on the highest Bt concentration 6,000 ng/cm?=0.41g, followed by 3,000
ng/cm?=36.6g and control=31.2g. Nonetheless, weight means were not statistically
different in the following evaluation dates.

Discussion

One of the main pillars of an effective IRM programs in Bt crops is the
compliance of the refuge component (Tabashnik et al. 2013). The RIB strategy was
design to counter act the lack of compliance of the refuge, placing the responsibility on
the industry rather than the farmers. However, there has been serious criticism from
expert scientists that claim this strategy poses high risks for resistance development
(Yang et al. 2014, Fei et al. 2015). One of the strongest arguments is that if Bt plants
and non-Bt plants are in close proximity in corn, this would facilitate the survival of
potential heterozygote larvae, increasing the frequency of resistance alleles. Previous
work has proven that fall armyworm has the potential to recover from Bt protein damage
when exposed as second or third instars (Hardke et al. 2011, Binning et al. 2014). Still,
it is important to determine whether fall armyworm can stand long-term exposure as

earlier instars and complete development.
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In general, there was a clear difference between survival means obtained with
the two concentrations of Cry1F in the fall armyworm SUS population (Figure 10).
Throughout the evaluation period, a clear decrease in survival % was observed in the
C2 treatment (1,000 ng/cm?). In contrast, both CT and C treatments in fall armyworm
PR followed a similar trend, with survival % dropping on the 13" day and remaining
relatively stable thereafter. The lower survival percentage in fall armyworm PR on the
last evaluation date, in comparison with the fall armyworm SUS population, could be
attributed to the fact that the fall armyworm SUS population has adapted to laboratory
rearing conditions, rather than to the effect of the Bt protein treatment, since the
difference in % survival between CT and C was not significantly different in fall
armyworm PR.

For Cry1Ac, survival trends were similar between fall armyworm populations. As
with Cry1F, a relatively lower survival percentage was observed in fall armyworm PR in
comparison with the fall armyworm SUS. Yet, since the survival means in fall armyworm
PR were significantly equivalent between treatments, we can also assume that the
differences with the fall armyworm SUS were due to fall armyworm PR not being
adapted to laboratory conditions. These results further confirm the reports of Cry1Ac
displaying low activity against fall armyworm (Yang et al. 2016, Yang et al. 2017).

Our results show that there was asynchronous adult emergence in both Cry1F
and Cry1Ac treatments between fall armyworm SUS and PR, but also within treatments
(Figure 11). Former experiments to determine potential fitness costs associated with
field-evolved resistance to Cry1F in fall armyworm from Puerto Rico concluded that
resistant fall armyworm shows longer larvae developmental time, which then results in

different adult emergence days between resistant (RR and RS) and susceptible (SS) fall
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armyworm populations (Jakka et al. 2014). The authors pointed out that this may have
costly consequences in the field, as the main purpose of the refuge strategy would be
violated, because SS moths wouldn’t be in contact with RR and RS individuals (Jakka et
al. 2014).

Long-term exposure to Cry1F in fall armyworm SUS had a clear detrimental
effect in the weight of the treated insects (Figure 12A and Figure 13A), but this effect
was less significant in the Cry1Ac treatments (Figure 3). Fall armyworm PR displayed
lower mean weight values than the SUS for all stages, regardless of the Bt treatment
(Figure 12 and Figure 13). These results agree with the fitness costs experiments
conducted by Dangal and Huang (2015), where they found 61.1% weight reduction in
larvae in fall armyworm from Puerto Rico. Hence, the lower weight values in our
experiments with fall armyworm PR could be due to the overall fitness cost of the field-
evolved resistance to Cry1F and Cry1Ac and not to the effect of the Bt protein
treatments.

These results further illustrate fall armyworm'’s resilience to the effect of Bt
proteins. Since, it has been suggested that first instar fall armyworm larvae are the ones
to determine the feeding site (Pannuti et al. 2015), it was necessary to determine the
potential recovery of this pest to midgut damage from early stages. In addition, fall
armyworm movement in field conditions has been determined to occur within
neighboring plants in the same row from where the egg mass were located (Pannuti et
al. 2016). In the context of RIB, this means that fall armyworm may be in contact to
sublethal doses of Bt proteins; if the heterozygous Bt exposed larvae moves to a non-Bt
plant nearby and recovers, this can favor the survival of those heterozygotes and

increase the frequency of resistance alleles in the population (Binning et al. 2014). This

91



can also happen if older instars developing in non-Bt plants later move to a Bt-plant,
when they are less susceptible to midgut damage by the Bt proteins (Binning et al. 2014
and Garcia et al. 2016). This is especially relevant in RIB fields, where cross-pollination
increases the risk of refuge corn to express single or a mixture of Bt proteins in the
kernels (Burkness and Hutchison 2012, Yang et al. 2014).

In addition, feeding preference of non-Bt versus Bt plants has been characterized
in another Noctuid, the cabagge looper (CL) Trichoplusia ni (Hibner) with Bt and non-Bt
cotton, first instar larvae were able to detect Bt cotton and move to non-Bt cotton leaves
(Li, Greenberg and Liu 2006). Likewise, Binning et al. (2014) described that early instar
fall armyworm larvae show aversion to Bt expressing plants and may move to a non-Bt
host. Fall armyworm neonates would face more than one Bt protein in each Bt plant,
drastically reducing neonate survival chances, unless the population exhibits cross-
resistance to more than one of the pyramided traits and a high capacity to recover after
damage caused by the Bt proteins.

Conclusion

High levels of fall armyworm recovery after been exposed to high doses of
Cry1Ac and Cry1F for seven days suggest that this specie has an outstanding capacity
to recover from to severe weight loss and perhaps midgut damage caused by Bt
proteins. However, additional recovery experiments with plant tissue and whole plants
should be designed to determine additional factors that may play a significant role in the
potential for recovery after Bt exposure in fall armyworm. This chapter provides
evidence that fall armyworm has the potential to recover from severe midgut damage
caused by Bt proteins, and sets the base for further analysis on the molecular

mechanism of midgut damage and restoration.
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CHAPTER 5: CONCLUSION

Fall armyworm is the most important corn pest in Latin America (Blanco et al.
2016), and over the last two decades its relevance has increased in southern US, where
it used to be considered a secondary pest (Sparks 1979). With the advent of new
molecular and biochemical tools, we now understand more about this species, migration
patterns (Johnson 1987, Nagoshi and Meagher 2008, Nagoshi et al. 2012, Westbrook
et al. 2016), host preferences, strain separation (Pashley 1986, Pashley and Martin
1987, Pashley 1988, Pashley et al. 1992, Nagoshi and Meagher 2004) and mechanisms
of resistance to insecticides (Yu 1983, 1991, 1992, Adamczyk et al. 1997, Yu et al.
2003, Tavares et al. 2010, Belay et al. 2012). Yet, fall armyworm has demonstrated
significant complexity that challenges making general assumptions on its response to
control technologies.

Status of synthetic insecticide susceptibility in fall armyworm

In the second chapter, of synthetic insecticide susceptibility was updated in fall
armyworm collected from different regions with different management backgrounds in
Mexico and Puerto Rico. Corn production in these two territories has significantly
different purposes, which translates into different levels of selection pressure on fall
armyworm populations. Traditionally, the general idea is that the higher the selection
pressure with insecticides, the higher resistance levels evolve in field populations.
Puerto Rico

In Puerto Rico, IRAC designed a very strict control program against fall
armyworm ,that considers the rotation of nine modes of action during the three corn

production seasons in the Island (Head 2016). But because of the low pest tolerance in
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this production system, up to 29 sprays are needed to achieve the desired pest control
levels. This represents an increase of four sprays from the 25 reported by Belay et al
(2012).

Our study results show that fall armyworm in Puerto Rico perhaps is the most
resistant population to synthetic insecticides on the American continent. These results
display the highest resistance levels to older modes of action like organophosphates,
carbamates and pyrethroids, as well as to newer chemistries including diamides. Yet,
this study shows that fall armyworm remains relatively susceptible to the nAChR
allosteric modulators: specifically spinosad and spinetoram. In addition, we included a
modes of action that is not currently used for fall armyworm control on this island,
GLUCL allosteric modulators: emamectin benzoate and abamectin, have demonstrated
the highest levels of toxicity against fall armyworm.

To preserve the thriving seed industry in Puerto Rico which is facing the
continuous threat of fall armyworm, it will be necessary to design new strategies.
Although there are alternative synthetic insecticides to control this pest, the need to
integrate other control measures is critical. In its report from 2016, IRAC remarks the
need to consider alternative strategies to control fall armyworm, including an
established a fallow period between production seasons, or alternatively, introduce crop
rotation (Head 2016). Yet, fall armyworm has a wide host range; therefore, continuous
fall armyworm monitoring and finding a suitable crop that fall armyworm does not utilize
could be another challenge.

Another alternative for fall armyworm control mentioned by IRAC, is the
preservation of beneficial insects (Head 2016). Blanco et al (2010) reported about 50%

of parasitism in fall armyworm samples collected from Santa Isabel, Puerto Rico; yet,
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during our study 6-7 years later, the proportion of parasitized insects failed to reach 5%.
Our samples were collected in Ponce, Puerto Rico 34 km (driving distance) between the
two locations. Unfortunately, this could mean that the populations of beneficial insects
are declining. An in depth analysis of monitoring the presence of non-target beneficial
arthropods is essential throughout the several growing seasons in order to determine
each season’s status.
Mexico

In Mexico, corn is the most important staple food and the crop that is produced in
every state. For this reason, pest control in corn-fields varies widely between and within
regions (Blanco et al. 2014). Blanco et al. (2014) also noted that this heterogeneity is
the main reason behind the lack of sound region-wide IPM programs. Fall armyworm is
ranked as the most important pest in most of the corn growing regions in this country;
farmers report the need to spray at least 2-3 times per crop cycle, but this may vary in
different growing systems (Blanco et al. 2016). We expected to detect resistance cases
to commonly used insecticides in fall armyworm from regions where there is high
dependency to this control tool. But, fall armyworm’s susceptibility to insecticides varied
between regions and collection years. Our data was not correlated with the production
system’s from which the samples were collected. This outcome suggests the interplay
of other factors that may have significant influence on the pest response to insecticide
selection pressure. In addition, a more comprehensive sampling site of fall armyworm
populations will be important to determine with more precision the pesticide resistance
status.

There are many aspects of fall armyworm habits that should be analyzed for the

Mexican context including migration patterns within the country. For example, fall
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armyworm from Oaxaca was collected from corn fields with traditional agricultural
practices and zero sprays of synthetic insecticides. Nonetheless, in the population from
2013 we found a significant resistant ratio for permethrin (RRs0=19-fold), one of the
most common insecticides used in Mexico. One potential explanation is that on that
year there was an influx of resistant fall armyworm individuals from neighboring regions
where synthetic insecticides are sprayed. This seems to be confirmed by the bioassays
conducted in 2016 with fall armyworm from the same region in Oaxaca, where we
obtained a six-fold lower resistant ratio (RRso=3-fold) than the previously obtained in
2013.

Understanding the potential interactions of fall armyworm populations in Mexico
could yield an array of IPM programs that could be adopted for different production
systems. Although resistance is not widespread, nor is it consistent throughout the
years, yet there are still reports of the need to conduct as high as 12 sprays in a single
production cycle (Unpublished data, personal communication with Mota-Sanchez). This
number of sprays per season is perhaps bigger than the number of sprays in Puerto
Rico. However, there is in general only one corn production season per year in Mexico.
In addition, the continued pesticide overuse can lead to pest resistance or emergence of
other pest species which could cause significant economic and health issues. Thus,
there is a clear need for sound and responsible use of synthetic insecticides to protect
human health and the environment. Climate change might result in an increase of the
density and number of generations of fall armyworm since FAW survival is higher during
dry seasons. Therefore, an increase in pesticide selection pressure will result in higher

resistance evolution to deployed pesticides.
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Status of Bt susceptibility in fall armyworm

The third chapter provided information on the status of fall armyworm
susceptibility to Bt proteins in Mexico and Puerto Rico. Currently, this technology is not
available commercially in Mexico, while in Puerto Rico pyramided Bt corn is grown for
parent seed production.

The high levels of Cry1F and Cry1Ac fall armyworm resistance in the population
from Ponce, Puerto Rico (after more than ten years since the detection of resistance in
this island) suggests that the resistance alleles in these populations are now fixed.
Vélez et al. (2014) indicated that the lack of significant fithess costs was an indicator of
the frequency of resistance alleles in fall armyworm from Puerto Rico, which was higher
than previously thought. In contrast, Cry2Ab2 and Cry1A.105 remain highly active
against fall armyworm from Puerto Rico, which means that Integrated Resistance
Management (IRM) programs in the island should focus on strategies that keep the
effectiveness of these proteins.

In Mexico, fall armyworm populations have demonstrated high susceptibility to all
Bt proteins tested, Cry1A.105, Cry2Ab2, Cry1F and Cry1Ac. LCso and LCgo values were
lower than those obtained for the susceptible reference population. Therefore, this
technology could be a suitable alternative for Mexican large-scale corn growers; taking
into consideration the lessons learned from other regions where fall armyworm
developed resistance to Bt proteins.

One of the pillars of IPM practice is the continuous monitoring of susceptibility of
targeted pests to the control tools applied in the field. Moreover, would be wise to

determine the baseline susceptibility and human health risks to an insecticide before it
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is introduced in a new region. Without this key information, local farmers will not be able

to predict the production potential and the active ingredient’s lifespan.

Fall armyworm recovery after long-term Bt exposure

Chapter four provides evidence that fall armyworm has the potential to recover
from severe weight loss caused by long-term exposure to Bt proteins. There was a clear
detrimental effect in the survival of the susceptible reference population with the highest
dose of Cry1F. In this same population, both Cry1F and Cry1Ac treated larvae showed
asynchronous development and adult emergence rates. Particularly, adult emergence
rates in Cry1F treated insects were significantly lower than the control; however, this
effect was not observed with Cry1Ac. These results appear to confirm that Cry1F
display higher toxicity against fall armyworm than Cry1Ac.

Fall armyworm from Puerto Rico was not affected by the highest doses of Cry1F
and Cry1Ac, even after feeding for seven continuous days since first instar.
Interestingly, the only significant detrimental effect was the rate of adult emergence with
Cry1F, but not with Cry1Ac. This suggests that there could be a hidden long-term

negative effect after long-term exposure in this resistant population.

Future work
There are many routs to go from here. Fall armyworm from Puerto Rico presents
a special opportunity to study insect adaptations to different types of insecticides, since
populations from this island have developed field-evolved resistance to at least six
different mode of action of synthetic insecticides and two Bt proteins: Cry1F and
Cry1Ac. One explanation is that fall armyworm has developed one major generalized
resistance mechanism, like an over expression of detoxification enzymes, that would

allow insects to break down and excrete toxic molecules. So a logical next step should
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be to conduct biochemical and molecular studies to explore whether resistance in fall
armyworm from Puerto Rico is do to a metabolic mechanism.

Fitness cost studies have concluded that larval development and growth are not
affected by high doses of Cry1F and Cry1Ac in fall armyworm from Puerto Rico. Our
results with the susceptible population, on the potential of recovery after long-term Bt
protein exposure suggests that fall armyworm has the capacity of recovery after severe
midgut damage. Next research steps with this resistant population should include: 1)
measure the extent of gut damage after long-term Cry protein exposure and 2) examine
the potential recovery mechanisms. These studies would provide important insights into
an additional mechanism through which this population is coping with selection pressure

by Bt technology.
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RECORD OF DEPOSITION OF VOUCHER SPECIMENS

The specimens listed below have been deposited in the named museum as samples of
those species or other taxa, which were used in this research. Voucher recognition
labels bearing the voucher number have been attached or included in fluid preserved

specimens.

Voucher Number: 2016-05

Rebeca Adriana Gutierrez Moreno
“Susceptibility of the fall armyworm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera:
Noctuidae) to Bt proteins and synthetic insecticides from different corn production

systems in Mexico and Puerto Rico”

Museum where deposited:
Albert J. Cook Arthropod Research Collection, Michigan State University (MSU)

Table 8. List of voucher specimens:

Family Genus/Species Life stage Quantity Preservation
method
Noctuidae Spodoptera Adult 20 Pinned
frugiperda
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