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ABSTRACT

Evolution of resistance in target pest populations is a major threat to the sustainability of
transgenic crops expressing Bacillus thuringiensis (Bt) proteins. Fall armyworm, Spodoptera
frugiperda (J.E. Smith), is a cross-crop target pest of Bt corn, Bt cotton, and Bt soybean. This
pest, thus far, is the only target pest species that has developed field resistance to Bt crops in
multiple areas across countries. Cry2Ab2 is a common Bt protein expressed in transgenic corn
and cotton targeting lepidopteran pests including S. frugiperda. The objective of this study was
to characterize fitness costs and inheritance of Cry2Ab2 resistance in S. frugiperda. In the fitness
cost test, performance of the Cry2 Ab2-resistant, -susceptible, and two reciprocal F1 colonies of
S. frugiperda was assayed on non-toxic diet and non-Bt corn leaf tissue. Biological parameters
measured were 7-day larval weight, neonate-to-pupa development time, neonate-to-pupa
survivorship, pupal weight, sex ratio, and egg production. In the inheritance study, larval
mortalities of the resistant- and —susceptible parents, and eight other cross-strains were assayed
using diet-incorporated and leaf tissue bioassays with Cry2Ab2. Maternal effects were examined
by comparing the larval mortalities between the two F1 strains. Dominance levels of resistance
were measured by comparing the larval mortalities of resistant, susceptible, and F1 heterozygous
strains. Number of genes associated with the resistance was estimated by fitting the observed
mortalities of F2 and backcross strains with the Mendelian monogenic inheritance model. There
were no significant differences among the four insect strains for all the fitness parameters
measured with few exceptions, suggesting that the resistance was not associated with fitness
costs. The Cry2Ab2 resistance in S. frugiperda was likely inherited as a single, autosomal,
recessive gene. Information generated from this study should be useful in assessing resistance

risk and developing management strategies for the sustainable use of Bt crop technology.

Vi



CHAPTER 1: INTRODUCTION
1.1. Corn production in the United States of America

Field corn, also called as maize (Zea mays L.) is one of the economically important crops
in the world. Although the origin and ancestry of corn is contested, it probably descended from
an annual species of teosinte and was domesticated several thousand years ago, somewhere in
present-day Mexico (Benz and Long, 2000; Piperno and Flannery, 2001). In the United States
(U.S.), conventional corn varieties were cultivated as an open-pollinated crop for centuries until
commercial hybrid seeds became available in 1930s. Introduction of hybrid corn seeds in the
corn growing region of Midwest sharply increased the crop yield and the technology
progressively diffused to the rest of the nation, rendering corn as one of the major agricultural
crops of the country (Ryan and Gross, 1943; Griliches, 1960). For the past six years, corn was
planted on an average of 37.6 million hectares (92. 95 million acres) annually, with a total
plantation area of 38.2 million hectares (94.5 million acres) in 2016 (NASS, 2016). In the U.S.
corn production is mainly concentrated in the states of Illinois, lowa, Indiana, eastern portions of
South Dakota and Nebraska, western Kentucky and Ohio, and northern Missouri. Although it is a
staple food of many countries for millions of people, it is mainly used for animal feed and
biofuel production in North America (NASS, 2016). Other industrial uses include starch,
sweeteners, oil, beverages, industrial alcohol etc. In addition, approximately 10-20% of corn
grain produced in the U.S. is exported, making U.S. the world’s largest producer and exporter of
corn. Recently, higher corn prices are associated with strong demand of ethanol production,
which has encouraged farmers to increase their corn acreage (USDA Economic Research

Service, 2016).



1.2. Major corn insect pests and their control

Insects are a major group of pests that attack corn plants in the field and in storage,
eventually hampering the quantity and quality of the product. Corn rootworms are probably the
most serious insect pests of corn plants in the U.S. Rootworms damage corn both as larvae and
adults (Levine and Oloumi-Sadeghi, 1991). The corn rootworm complex includes several
species, namely the northern corn rootworm (Diabrotica barberi Smith and Lawrence), western
corn rootworm (Diabrotica virgifera virgifera LeConte), Mexican corn rootworm (Diabrotica
virgifera zeae Krysan and Smith), and southern corn rootworm (Diabrotica undecimpunctata
howardi Barber). The U.S. Corn Belt is threatened more by D. virgifera virgifera and D. barberi
than closely related D. undecimpunctata, as larvae of the latter species cannot diapause in the
colder climate of the North. D. barberi can exhibit a type of behavioral modification, “extended
diapause”, where eggs are capable of remaining dormant in the soil through two winters and one
growing season before hatching in the second season (Levine et al., 1992). D. virgifera virgifera,
an exclusive corn feeder, is reported to have altered its ovipositional behavior, thereby reducing
the effectiveness of crop rotation in controlling this pest, especially in the Eastern Corn Belt
(Levine et al., 2002).

Several other soil-dwelling insect pests that feed on corn seeds or young seedlings
represents another group of serious corn pests. For example, larvae of black cutworm (Agrotis
ipsilon Hufnagel) may notch the stems of corn seedlings right below the soil, forcing the plant to
wilt, or may cut through the stalks, resulting in reduced crop stand. Larvae of several species of
click beetles, collectively called wireworms, may feed on the germ of corn kernels and cut off

small roots of young plants. Seedcorn maggot (Delia platura Meigen) feeds on corn seeds and



the damaged seeds may not emerge. White grub attack on corn field results in stressed, stunted,
wilted, discolored and dead seedlings, reducing crop stand (Carter et al., 1982).

Many lepidopteron insects feed on the above-ground parts of corn plants. The major corn
borer species in the U.S. are the European corn borer (Ostrinia nubilalis Hilbner) and the
southwestern corn borer (Diatraea grandiosella Dyar). Both attack whorl, leaf midrib, can bore
into the stalk, and feed on silks and ears. In Louisiana and several other states in the mid-south
region of the U.S., the sugarcane borer (Diatraea saccharalis Fabricius) larvae tunnels into the
pith of stalk, lessening the vitality of plant. In addition, the fall armyworm (Spodoptera
frugiperda J. E. Smith) feed on foliage and in corn ears. Corn earworm larvae (Heliothis zea
Boddie) normally feed near the tip of corn ear but may go progressively down towards the base,
resulting in developing a track of damaged kernels. Western bean cutworm (Striacosta albicosta
Smith) larvae penetrate ears and damage kernels (Carter et al., 1982).

Historically, a range of insect pest management strategies were practiced by corn
growers. Up to the early twentieth century, an effort to find the chemicals to control insect pests
was underway, but the effective chemical compounds were not yet synthesized, and the crop
protection specialists had to rely on knowledge of pest biology and cultural practices (Gaines,
1957; Kogan, 1998). With the advent of organosynthetic insecticides in 1940s, pest management
began to heavily depend on the chemical compounds. The Post-World War 1l period saw a surge
of many chlorinated hydrocarbons and organophosphates used as pesticides. However, the
criticism began to develop on public health and environmental risks of overreliance on chemical
insecticides in late 1950s and 1960s (Carlson, 1962; Doutt and Smith, 1971; Pimental, 2005).
The need for more environmentally friendly and safer strategies was highlighted in successive

years (Van den Bosch and Stern, 1962), which led to public policy changes in 1970s that put



more emphasis on integrated pest management (IPM) to control insect pests. One fallout of the
excessive use of chemical pesticides was the development of resistance by pests to the pesticides
designed to kill them. For instance, corn rootworms developed resistance to various groups of
chemical insecticides (Meinke et al., 1998; Parimi et al., 2006) and so did the many lepidopteran
pests (Brown, 1981; McCaffery, 1998).
1.3. Transgenic technology and Bt corn

As conventional approaches to insect-pest control were increasingly becoming less
effective, the new idea of transgenic technology was about to come into realization. With the
discovery of recombinant DNA technology in 1970s, coupled with advancement in tissue culture
techniques and elucidation of genetics of bacterium Agrobacterium, it became possible for
scientists to transfer genes of interest from one organism to another. As early as 1983, scientists
sought to apply genetic engineering to insect, weed and external stress management in crops
(Barton and Brill, 1983). Now, a wide array of genetically engineered crop products are on the
market such as non-browning apple and potato, ring spot virus resistant papaya, high-oleic acid
soybean, drought-tolerant corn, and glyphosate resistant cotton, soybean, and alfalfa. Application
of genetic engineering to control specific phytophagous insect pests by incorporating one or
more genes from a soil dwelling bacterium Bacillus thuringiensis (Bt) into the genome of plants
is a huge success story of the past two decades with a lot of environmental and economic
benefits (Vaeck et al., 1987; Grasser and Fraley, 1989; Hutchison et al., 2010; Tabashnik, 2010;
National Academies of Sciences, Engineering, and Medicine, 2016).

Bt is an aerobic, gram positive, endospore forming bacterium first discovered by a
Japanese scientist in 1901 (Gill et al., 1992; Madigan and Martinko, 2005). During the

sporulation phase, Bt produces insecticidal proteins as parasporal crystals. Those crystals consist



of crystal (Cry) and cytolitic (Cyt) toxins, together called as é-endotoxins (Bravo et al., 2007). Bt
also synthesizes insecticidal proteins during the vegetative growth phase which are called
vegetative insecticidal proteins (Vips) (Palma et al., 2014). The Cry proteins are toxic to the
specific group of insects. Bt has been registered as a microbial insecticide in the U.S. since 1961
(U.S. EPA, 1998). Bt microbial insecticides or Bt crops pose no risk to the human health and to
the environment (Mendelshon et al., 2003; Comas et al., 2014; National Academies of Sciences,
Engineering, and Medicine, 2016). So far, insect resistant varieties of cotton, corn, poplar, and
soybean are in commercial production, Bt corn and Bt cotton being the top two in terms of
acreage and production. In 1996, when Bt corn was first commercialized in the U.S., it was
planted in fewer than 300,000 hectares of land (James, 1997). Bt corn represented just 19
percentage of total corn acreage in 2001, but by 2015, it already occupied 53.7 million hectares
which accounted to 81 percentage of total corn acreage in the U.S., which was approximately
one-third of all land planted to corn worldwide that year (James, 2015). In the southern region of
the U.S,, transgenic field corn was first commercially planted in 1999 (Buntin et al., 2004).
Many Bt corn products are available on the market which express different Bt proteins
and their efficiency towards various target pests differs. Broadly, the Bt proteins Cry3Bb1,
mCry3A, eCry3.1Ab, and Cry34/35Ab1 are effective against below-ground coleopteran insect
pests and Bt proteins CrylF, CrylAb, CrylAc, CrylA.105, Cry2Ab2, and Vip3A are effective
against above-ground lepidopteran pest species. The Bt proteins may be stacked with traits
that express crop tolerance to herbicides such as glyphosate or glufosinate. Before 2010, all Bt
corn planted in the U.S. expressed only a single toxin for a target pest. In case they expressed
more than one Bt toxin, the different toxins targeted different insects. These are referred as the

first generation Bt crops (Huang, 2015). The recent Bt products express more than one Bt



proteins targeting the same pest species and are often referred to as second generation pyramided
Bt products (Huang, 2015).

One of the impulses to shift from the single-toxin Bt crop to pyramided Bt crops was the
concern of reduced susceptibility (developing resistance) of pests to the single toxin Bt crops.
Cry2Ab2 is a common Bt protein expressed in many pyramided Bt cotton and Bt corn hybrids,
such as the popular Bt corn products Genuity® VT Double Pro®, Genuity® VT Triple Pro® and
Genuity® SmartStax® (DiFonzo et al., 2017). Cry2Ab2 protein is expressed in the Bt corn event
MON 89034 along with Cry1A.105. Cry1A.105 is a chimeric protein composed of portions of
CrylAb, CrylAc, and CrylF proteins (Head, 2006). MON 89034 was developed by
Agrobacterium-mediated transformation of corn using the 2TDNA plasmid vector PV-ZMIR245
(Head, 2006). Since 2002, Bt cotton containing Cry2Ab2 gene has been commercially planted in
the U.S., but Cry2ADb2 is a relatively new protein used in Bt corn products, which were first
commercialized in 2010 (U.S. EPA, 2010). Whereas the major initial lepidopteran targets of Bt
corn were stalk borers (e.g. O. nubilalis, D. grandiosella) and H. zea (Huang et al., 2011), the Bt
corn can also be used to reduce S. frugiperda damage, which is one of the major pests in the
southern region of the U.S. (Buntin et al., 2004; Siebart et al., 2008). Thus, S. frugiperda has
been listed as a major target species of Bt corn event MON 89034.

1.4. Mode of action of Bt toxin

Understanding the mechanism of action of Bt toxins and how insects develop resistance
provides the basis for taking measures to counter resistance (Bravo and Soberdn, 2008).
However, the exact mode of action of Bt toxin is still a subject of ongoing research. The widely
believed hypothesis of Bt toxicity holds that the protoxin is first solubilized in the alkaline

environment of insect alimentary canal and proteolytically activated by endopeptidases. The



activated monomeric cry toxin binds to its receptors in varying affinity in the midgut epithelium
which involves the proteolytic removal of N-terminal end of the toxin, exposing hydrophobic
region of the toxin followed by oligomerization of toxin to form pre-pore structure. The pre-pore
structure inserts into the midgut epithelial cell membrane, forming pore and cell lysis that kills
the insect (Pardo-Lopez et al., 2006; Bravo et al., 2007; Vachon et al., 2012).

At least three different kinds of Bt receptors are reported which include cadherin-like
protein (Gahan et al., 2001; Morin et al., 2003; Flannagan et al., 2005; Sayed et al., 2007; Park
and Kim, 2013; Ren et al., 2013), aminopeptidase N (Gill et al., 1995; Luo et al., 1997,
Rajagopal et al., 2002; Herrero et al., 2005; Zhang et al., 2009; Tiewsiri and Wang, 2011), and
alkaline phosphatase (McNall and Adang, 2003; Perera et al., 2009; Ning et al., 2010; Jurat-
Fuentes et al., 2011; Caccia et al., 2012). Recent studies show that both the protoxin and trypsin-
activated toxin bind to cadherin and form two different pre-pores. These two pre-pores are
assembled before inserting into membrane of midgut cells, suggesting a dual mode of action of
Bt (Gémez et al., 2014, Tabashnik et al., 2015). Another hypothesis of Bt toxicity holds that
monomeric Cry toxins binds to a cadherin receptor which activates intracellular transduction
pathway. The G protein is activated in the process, which activates adenylate cyclase, giving rise
to increased cyclic AMP level. Eventually, protein kinase A is activated causing cell necrosis
(Zhang et al., 2005; Zhang et al., 2006). The role of ATP-binding cassette (ABC) transporter
proteins in Bt toxicity is being investigated recently (Gahan et al., 2010; Baxter et al., 2011;
Atsumi et al., 2012; Heckel, 2012; Tanaka et al., 2013; Xiao et al., 2014; Tay et al., 2015).

1.5. Fall armyworm, Spodoptera frugiperda (J.E. Smith)
S. frugiperda has a tropical-subtropical origin in the western hemisphere. It survives

throughout the year in tropical areas of South and Central America, Mexico and in a few sub-



tropical areas of the southern U.S. (Sparks, 1979). In the U.S. mainland, the insect overwinters in
southern Florida and Texas, because the optimum temperature ranges it requires are not available
elsewhere in the U.S. mainland (Sparks, 1986). The life cycle is completed in about one month in
summer, two months in spring and nearly three months in winter (Capinera, 1999). A single
female moth is capable of laying about 1500 dome-shaped eggs in her lifetime (Capinera, 1999).
The larvae undergo six instars before pupating in the soil. The pupae emerge into adult moths
with wingspan of about 32-40 mm. Adults are nocturnal in behavior (Capinera, 1999).

S. frugiperda does not have an ability to undergo winter diapause, and thus it must travel
northward each spring if it is to infest crops in the temperate regions (Mitchell, 1979; Johnson,
1987). It has a wide host range of more than 80 plant species. Along with corn, it also attacks
other major crops such as cotton, sorghum, soybean, rice, forages, and turf grasses. It is one of
the most serious crop pests in the southern U.S. (Buntin et al., 2004). Based on its host
specificity, at least two genetically differentiated strains of S. frugiperda, namely corn strain and
rice strain, exist (Pashley, 1986). However, substantial controversy remains about whether they
should be referred as “host strains” or “host forms” or “sibling species” (Cafas-Hoyos et al.,
2014; Juarez et al., 2014). Polymorphism in cytochrome oxidase | gene can be used to identify
different host strains (Levy et al., 2002). The corn strain population can be subdivided into four
haplotype subgroups as defined by the COI marker (Nagoshi et al., 2007).

Populations of S. frugiperda from Florida and Texas differ significantly in terms of the
relative proportion of different haplotypes (Nagoshi et al., 2008). Migration from Texas is the
primary source of S. frugiperda infestations west of the Appalachian Mountains, while the

Florida population migrates to the states located on the Atlantic coast. The two populations



probably mix within the states of Alabama-Georgia in the south and Mid-Atlantic region in the
east (Nagoshi et al., 2012).

Larvae damage corn plants by devouring foliage, burrowing into the bud and whorl,
damaging the husk or clipping the leaves, as well as feeding on the ears (Capinera, 1999).
Traditionally, chemical control had been the most common method for S. frugiperda control in
the U.S., but it is increasingly considered an inefficient method. Immediately after the eggs
hatch, neonates move into and begin feeding the whorl region of corn plants where they usually
escape foliar sprays of chemical insecticides (Harrison, 1986; Bokonon-Ganta et al., 2003).
Moreover, there are reports of regional populations of S. frugiperda having developed resistance
to several chemical insecticides including carbamates (carbaryl), organophosphates (methyl
parathion) and pyrethroids (Young et al., 1979; Guillebeau and All, 1990; Adamczyk et al.,
1999; Yu et al., 2003).

1.6. Bt resistance

WHO (1957) defined insecticide resistance as “the inherited ability of a strain of some
organisms to survive doses of a toxicant that would kill the majority of individuals in a normal
population of the same species”. Owing to the difficulty of defining “normal population” and its
inapplicability to individual insects, various modifications have been suggested to the definition.
Tabashnik et al. (2009) have defined field-evolved resistance as “genetically based decrease in
susceptibility of a population to a toxin that is caused by exposure of the population to the toxin
in the field”. Although it is possible for pests to develop resistance with continuous exposure to
toxins in laboratory and not necessarily in the field (Tabashnik et al., 2003), field-evolved
resistance is an issue of practical concern. Field-evolved resistance has been analyzed as the

continuum with five categories ranging from incipient resistance to practical resistance,



depending on the percentage of resistant individuals in the insect population (Tabashnik et al.,
2014). The term field-evolved resistance does not necessarily imply control failure or reduced
efficacy in the field. Field-evolved resistance that results in reduced control efficacy or control
failure can be defined as “field resistance” (Huang et al., 2011) or “practical resistance” as
suggested in Tabashnik et al (2014).

So far there are at least seven documented cases of practical resistance (or field
resistance) by different target pests to Bt crops reported, with >50% resistant individuals and
reduced efficacy of crops in field (Van Rensburg et al., 2007; Storer et al., 2010; Dhurua and
Guijar, 2011; Gassmann et al., 2011; Farias et al. 2014, Huang et al. 2014; Dively et al., 2016).
Three years after the commercial introduction of TC1507 corn seeds expressing CrylF protein in
Puerto Rico, the reports of unusual damage by S. frugiperda began to appear in the island (Storer
et al., 2010). Laboratory bioassays of field populations confirmed that the field resistance had
developed in S. frugiperda to the CrylF toxin in the plants. Field resistance of S. frugiperda to
Cry1F corn was also documented in Brazil (Farias et al., 2014; Monnerat et al., 2015), and the
southeast region in the mainland U.S. (Huang et al., 2014). This insect, thus far, is the only target
pest that has developed field resistance to Bt corn at multiple locations across different countries
and continentals (Dangal and Huang, 2015). Other notable cases of field resistance include the
African stem borer (Busseola fusca Fuller) resistance to Cry1Ab corn in South Africa (Van
Rensburg, 2007), pink bollworm (Pectinophora gossypiella Saunders) resistance to CrylAc
cotton in India (Dhurua and Gujar, 2011), D. virgifera virgifera resistance to Cry3Bb1 and
mCry3A corn (with the cross resistance between these two toxins) in North Central Corn Belt of
the U.S. (Gassmann et al., 2011, Gassmann et al., 2014), and H. zea resistance to CrylAb sweet

corn in the U.S. (Dively et al., 2016).
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1.7. Bt resistance management

The evolution of resistance to Bt crops can be attributed to the widespread use of
transgenic plants that places a high selection pressure on the target pests (Ostlie et al., 1997;
Gould, 1998; Tabashnik et al., 2003). Anticipating the evolution of resistance, the 1998 Science
Advisory Panel recognized that resistance management programs should be based on the use of
high dose of Bt plants and planting of non-Bt plants (U.S. EPA, 2001). This strategy of
resistance management is called as “high dose/refuge strategy” and is mandated by the United
States Environmental Protection Agency (U.S. EPA). This strategy relies on some important
assumptions: 1. Bt plants should produce toxins in a sufficiently high dose that can kill all or
nearly all heterozygotes, in other words, the resistance should be functionally recessive; 2. Non-
Bt refuges should provide abundant susceptible adult insects to mate; and 3. Low initial
resistance allele frequency (Ostile et al., 1997; U.S. EPA, 2001; Huang et al., 2011).

Not always withstanding the assumption of recessive inheritance as required by the “high
dose/refugee strategy”, studies have shown that the inheritance of resistance can vary from
completely recessive to incompletely dominant (see section 1.9). In addition, non-compliance on
refuge planting is a serious issue in the U.S. and elsewhere resulting in inadequate susceptible
individuals which can exacerbate the problem of resistance development (Goldberger et al.,
2005). Huang et al. (2011) have shown that the documented cases of field resistance are likely
due to the violations of one or more assumptions of the “high dose/refugee strategy”. For
example, the CrylF maize planted in Puerto Rico, where the S. frugiperda has been shown to
have developed resistance, cannot be considered as high-dose and the refuges are believed to be
inadequate. Similarly, the field resistance of B. fusca to CrylAb maize in S. Africa and P.

gossypiella resistance to CrylAc cotton in India is likely due to noncompliance in refuges
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planting and a use of non-high dose Bt varieties (Huang et al., 2011). In India, commercial cotton
hybrids expressing CrylAc protein were released in 2002. Central and southern India witnessed
an exceptionally high adoption of Bt cotton, compromising refuges requirement, and field
failures due to P. gossypiella occurred as early as in 2009 (Kathage and Qaim, 2012; Mohan et
al., 2015). Recently, there are reports of P. gossypiella developing resistance to dual toxin cotton
(CrylAc + Cry2Ab) in different parts of Gujarat, Andhra Pradesh, Telangana, and Maharashtra
(Kranthi, 2015; Kasabe, 2016).

To solve the problem of non-compliance in planting of structured refuges, a new seed
mixture strategy called “refuge-in-the-bag (RIB)” has been approved by U.S. EPA for planting
pyramided Bt corn in the Corn Belt since 2010. Although models show that RIB could be an
effective strategy in some circumstances (Carroll et al., 2013), larval movement from non-Bt
plants to Bt plants is a serious concern. For instance, larvae of O. nubilalis may move between Bt
and non-Bt plants in the seed mixture and get exposed to some dose of the toxin, an event that
contradicts the requirement of adequate susceptible insects should be harbored in the refuge
plants (Mallet and Porter, 1992; Gould, 1998). In general, block (structured) refuges may be
more effective than seed mixtures in pests with larvae that are more mobile and have inherently
low susceptibility to Bt toxins (Brévault et al., 2015). Furthermore, the pollen-mediated gene
flow from Bt crops to refuge plants, which is already a matter of concern in structured refuge
(Chilcutt and Tabashnik, 2004) could be even more serious under RIB strategy. As a result of
this kind of gene flow, a portion of kernels in refuge ears may express Bt toxin and the larvae
feeding on those ears are selected to Bt toxin compromising the purpose of refuge plants to

harbor susceptible insects (Yang et al., 2014).
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In conjunction with the “high dose/refuge strategy”, another approach to delay resistance
evolution is the use of pyramided Bt products which express more than one toxins that target the
same pest species. The key assumption of this strategy is that insects resistant to one toxin will
be killed by the other toxin in the pyramid (Roush, 1998). In fact, application of compounds with
multiple modes of action is useful not only in insecticide resistance management but also in
resistance management with weed, fungicide and drugs (Brent and Holloman, 1995; Bergstrom
et al., 2004; Beckie, 2006). Pyramided Bt crops are progressively replacing the single toxin Bt
crops. Single-gene CrylAc cotton was progressively and completely replaced in the U.S. from
2003 to 2011 by pyramided Bt cotton that produces two Bt toxins (CrylAc/Cry2Ab or
CrylAc/CrylF) (Brévault et al., 2013). Although the actual data is not available, pyramided Bt
corn is believed to have surpassed the first generation Bt corn in total acreage. Mathematical
models indicate resistance development will be delayed with pyramided Bt toxins (Roush, 1998;
Zhao et al., 2003). Empirical studies seem to agree with this conclusion. Combinations of
CrylAc and Cry2Ab2 (Bollgard II) cotton in general is superior over CrylAc only (Bollgard)
cotton against the major cotton lepidopteran pests (Sivasupramaniam et al., 2008). Efficacy
provided by pyramided Bt corn was reported to be either statistically equal to or better than
single toxin Bt corn in several major pests including D. saccharalis, H. zea and S. frugiperda
(Siebart et al., 2012; Niu et al., 2014).

The pyramid strategy, however, works better only if cross resistance among toxins is
absent. Gene pyramiding should be done in such a way that the crop expresses protein that can
overcome the insect resistance to other protein(s) in the pyramid (Moar and Anilkumar, 2007). If
selection for resistance to one Bt toxin results in cross-resistance to another toxin in the pyramid,

the pyramided Bt crops fare no better than single toxin Bt crops (Roush, 1998; Tabashnik et al.,
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2009). Different cases of cross-resistance of Bt toxins in several lepidopteran and coleopteran
insects have been documented (Tabashnik et al., 2000; Ferré and Van Rie, 2002; Brévault et al.,
2013; Jakka et al., 2016). Cross-resistance normally occurs when pesticides share similar binding
sites or similar detoxifying pathways (Wu, 2014). It is hypothesized that Cryl and Cry2 proteins
have different binding sites and thus insect show very low or no cross-resistance to these proteins
(Xu et al., 2005; Hernandez-Rodriguez et al., 2008; Brévault et al., 2009; Wu et al., 2009; Vélez
etal., 2013; Huang et al., 2014; Wu, 2014). However, H. zea strain selected for CrylAc cotton
had increased survival on two-toxin (CrylAc and Cry2Ab) cotton indicating that cross-resistance
can still evolve between CrylA and Cry2A (Brévault et al., 2013).

The sustainability of Bt crops perhaps rests on the extent growers integrate Bt crops as a
component of IPM, and not as the silver bullet. There are several reported cases of regional
populations of insects being suppressed to the level below the economic threshold due to the
widespread use of Bt crops. For example, the population density of O. nubilalis across lowa,
Illinois, Minnesota, Nebraska, and Wisconsin (Hutchison et al., 2010; W1 Department of
Agriculture, 2014) and Pennsylvania (Bohnenblust et al., 2014), P. gossypiella in Arizona
(Carriere et al., 2003; Liesner, 2015) and tobacco budworm (Heliothis virescens) in Mississippi
Delta and Louisiana (Adamczyk and Hubbard, 2006; Micinski et al., 2008) has been drastically
reduced over the years. Populations of D. saccharalis on corn, sorghum, and rice have been very
low since 2010 in the mid-southern region of the U.S. (Fangneng Huang, personal
communication). Switching to non-Bt crops in those areas for a certain period of time may not
only be helpful in delaying resistance evolution but could also be economically advantageous

(National Academies of Sciences, Engineering, and Medicine, 2016).
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1.8. Fitness costs of resistance

Although not explicitly assumed in the “high dose/refuge strategy” of insecticide
resistance management described in section 1.7, fitness costs can greatly influence the evolution
of resistance (Gassmann et al., 2009). Fitness costs of Bt resistance happen if the fitness of insect
individuals carrying at least one allele of resistance in the absence of selection is lower than the
fitness of individuals lacking resistant alleles (Gassmann et al., 2009). Broadly, fitness refers to
the ability of an organism to survive, reproduce and pass its genes to the next generation (Orr,
2009). Laboratory experiments assessing insect fitness usually involves measuring growth,
development, and reproductive parameters. In some cases, fitness costs may be obvious such as
developmental time (Minkoff and Wilson, 1992) and in some cases, they can be less noticeable
such as in the case of reduced overwintering success (McKenzie, 1990). Fitness costs are often
associated with resistance and can be used in insect resistance management. For non-recessive
fitness costs, development of resistance in insect populations in field can be delayed or even
reversed if there is absence of selection pressure for long period time (Tabashnik et al., 2005). In
cases where resistance to Bt has been detected, there has been a decline in resistance level after
the selection pressure is removed (Gassmann et al., 2009). Although most fitness costs are
recessive, non-recessive costs help in delaying resistance as they can strongly select against
resistant genotypes (Gassmann et al., 2009).

Fitness costs are commonly assessed by comparing one or more fitness components such
as life-cycle traits (survival, neonate to emergence period), body weight and fertility parameters
between insect strains with and without resistant allele, in the absence of selection pressure (e.g.
insecticide). Since this method indicates fitness costs only when the components under study are

significantly lower in resistant strains than in the susceptible strains, it is theoretically a less
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comprehensive approach. Another method involves monitoring the stability of resistance in
heterozygous populations in the absence of Bt toxin over several generations. This method
detects the reduction in frequency or level of resistance over time (Gassmann et al., 2009).
Researchers should be careful of following fallacies on fitness cost study: a. comparisons made
between unrelated strains, b) experiments performed under optimal laboratory conditions to
which some strains may be acclimatized, and c) experimental conditions with little or no
relevance to field conditions (Bourguet, 2004; Gassmann et al., 2009).

There are numerous published studies on fitness costs regarding resistance to chemical
insecticides as well as Bt toxins. For example, Oswald et al. (2012) found no fitness costs
associated with Cry3Bbl1 resistance in D. virgifera virgifera. However, in laboratory selected O.
nubilalis strain, weak and recessive fitness costs were reported to be associated with the CrylF
resistance (Pereira et al., 2011). Studies on fitness costs of Bt resistance in S. frugiperda have
shown contrasting results. In two separate studies, Vélez et al. (2014) & Jakka et al. (2014)
showed a lack of strong fitness costs associated with a CrylF-resistant population from Puerto
Rico, but Dangal and Huang (2015) reported non-recessive fitness costs associated with
resistant-populations from Florida and Puerto Rico.

1.9. Inheritance of resistance

Knowledge of the genetic basis of resistance is imperative to develop effective resistance
management strategies (Bourguet, 2004; Tabashnik and Carriere, 2007). In the pesticide
resistance literature, it is commonly hypothesized that laboratory selection tends to exhibit
polygenic inheritance, whereas field selection favors monogenic response (Roush and McKenzie,
1987; Ffrench-Constant, 2013). It is probably because laboratory selections with usually small

populations draw in common phenotypic variations where the alleles conferring high level of
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resistance are rare. Moreover, adaptation to laboratory conditions and selection for resistance to
toxins may cause inbreeding and genetic bottlenecks, reducing genetic variation (Fritz et al.,
2016). In contrast, in field high selection intensities are presumed to be associated with
insecticide application and the selection on novel variation are more likely which favor
resistance alleles of major effect (Roush and McKenzie, 1987). For example, the finding of
inheritance of Cry1F resistance in laboratory-selected O. nubilalis was consistent with
monogenic model of resistance (Pereira et al., 2008). This hypothesis, however, is not always
substantiated by published data both for conventional insecticides (Groeters and Tabashnik,
2000) and Bt insecticides (Gahan et al., 2001). Single major gene is responsible for 40 to 80% of
resistance in laboratory selected strains of tobacco budworm, Heliothis virescens (Gahan et al.,
2001). This means that laboratory selected strains are useful tool to study field-evolved
resistance. However, compared with laboratory strains derived from single field populations, the
screen of F1and F2 progeny in laboratory derived from field populations across the range of
geographic locations provide better prediction (Wu, 2014).

Studies on inheritance of resistance usually involves assessment of dominance level,
detection of maternal effect and number of genes controlling resistance. Dominance relationships
are usually measured in three different ways: the dominance of insecticide resistance or Stone’s
dominance, effective dominance or dominance level of survival at a given insecticide dose and
the dominance of relative fitness. The three approaches may not be directly correlated with each
other (Bourgeut et al., 2000). Presence of maternal effect is inferred if the F1 populations
generated from reciprocal crosses of parental resistant and susceptible strains perform differently
when presented with the toxin. Identification of number of genes conferring resistance involves

sophisticated molecular techniques but they could be estimated by statistical tests.
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Although the “high dose/refuge strategy” of resistance management requires recessive,
monogenic inheritance of resistance, requirements are not always met. The dominance of Bt
resistance greatly varies and has been found ranging from completely recessive to dominant
(Ferré et al., 2008). For example, highly recessive and monogenic inheritance of resistance in S.
frugiperda to Cry1F protein in Puerto Rico (Storer et al., 2010) sharply contrasts with the
dominant CrylAb inheritance in B. fusca (Campagne et al., 2013). Moreover, a strain of D.
saccharalis that was highly resistant to both purified CrylAb protein and CrylAb corn plants
was found to be incompletely dominant on several commercial Cry1Ab corn hybrids with a Dmc
level of 0.32-0.78 (Ghimire et al., 2011; Wangila et al., 2012). The incompletely dominant
inheritance character of the CrylAb resistance in D. saccharalis was also documented with Bt
corn leaf tissue bioassays (Wu et al., 2007; Ghimire et al., 2011; Wangila et al., 2012). Recently,
Jin et al. (2013) reported that two field-selected populations of the cotton bollworm, Helicoverpa
armigera, that were highly resistant to CrylAc, was dominant at a diagnostic concentration in
diet and on CrylAc cotton leaves.

The dominance level may vary across different species, type of toxin or even for different
strains of a same species (Jin et al., 2013). The dominance of resistance, however, is not an
entirely intrinsic property of alleles, and can be influenced by the dose of toxin. Expression of
the Cry proteins in high enough levels can convert an incompletely dominant resistance to a
functionally recessive resistance (Bourguet et al., 2000). In one study where inheritance of
CrylAb resistance in D. saccharalis was examined, the effective dominance level was found to
be dose dependent, resistance being incompletely recessive at low dose and completely recessive
at high dose (Wu et al., 2009). In some cases, field-selected resistance may involve diverse

genetic basis including both recessive and non-recessive alleles (Zhang et al., 2012). Such a
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diversity and variation on findings suggest non-recessive resistance to Bt crops in target species
is not uncommon and thus species-toxin-specific knowledge of inheritance of resistance is
required (Janmaat et al., 2004).
1.10. Objectives
The objectives of the present study were to determine if fitness costs were associated with
the Cry2ADb2 resistance and to characterize the inheritance of the resistance in S. frugiperda.
1.11. References
Adamczyk Jr, J. J., Leonard, B. R., & Graves, J. B. 1999. Toxicity of selected insecticides to fall
armyworms (Lepidoptera: Noctuidae) in laboratory bioassay studies. Florida
Entomologist. 82: 230-236.
Adamczyk Jr, J. J., & Hubbard, D. 2006. Changes in populations of Heliothis virescens (F.)
(Lepidoptera: Noctuidae) and Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae) in the

Mississippi Delta from 1986 to 2005 as indicated by adult male pheromone traps. Journal
of Cotton Science. 10: 155-160.

Atsumi, S., Miyamoto, K., Yamamoto, K., Narukawa, J., Kawai, S., Sezutsu, H., Kobayashi, I.,
Uchino, K., Tamura, T., Mita, K., & Kadono-Okuda, K. 2012. Single amino acid
mutation in an ATP-binding cassette transporter gene causes resistance to Bt toxin
Cry1Ab in the silkworm, Bombyx mori. Proceedings of the National Academy of
Sciences. 109: E1591-E1598.

Barton, K. A., & Brill, W. J. 1983. Prospects in plant genetic engineering. Science. 219: 671-
682.

Baxter, S. W., Badenes-Pérez, F. R., Morrison, A., Vogel, H., Crickmore, N., Kain, W., Wang,
P., Heckel, D. G., & Jiggins, C. D. 2011. Parallel evolution of Bacillus thuringiensis
toxin resistance in Lepidoptera. Genetics. 189: 675-679.

Beckie, H. J. 2006. Herbicide-resistant weeds: management tactics and practices. Weed
Technology. 20: 793-814.

Benz, B. F., & Long, A. 2000. Prehistoric maize evolution in the Tehuacan Valley. Current
Anthropology. 41: 460-465.

19



Bergstrom, C. T., Lo, M., & Lipsitch, M. 2004. Ecological theory suggests that antimicrobial
cycling will not reduce antimicrobial resistance in hospitals. Proceedings of the National
Academy of Sciences. 101: 13285-13290.

Bohnenblust, E. W., Breining, J. A., Shaffer, J. A., Fleischer, S. J., Roth, G. W., & Tooker, J. F.
2014. Current European corn borer, Ostrinia nubilalis, injury levels in the northeastern
United States and the value of Bt field corn. Pest Management Science. 70: 1711-1719.

Bokonon-Ganta, A., Bernal, J. S., Pietrantonio, P. V., & Setamou, M. 2003. Survivorship and
development of fall armyworm, Spodoptera frugiperda (J.E. Smith) (Lepidoptera:
Noctuidae), on conventional and transgenic maize cultivars expressing Bacillus
thuringiensis Cry9C and CrylA(b) endotoxins. International Journal of Pest
Management. 49: 169-175.

Bourguet, D., Gennisel, A., & Raymond, A. 2000. Insecticide resistance and dominance levels.
Journal of Economic Entomology. 93: 1588-1595.

Bourguet, D. 2004. Resistance to Bacillus thuringiensis toxins in the European corn borer: What
chance for Bt maize? Physiological Entomology. 29: 251-256.

Bravo, A., Gill, S. S., & Soberdn, M. 2007. Mode of action of Bacillus thuringiensis Cry and Cyt
toxins and their potential for insect control. Toxicon. 49: 423-435.

Bravo, A., & Soberon, M. 2008. How to cope with insect resistance to Bt toxins? Trends in
Biotechnology. 26: 573-579.

Brent, K. J., & Hollomon, D. W. 1995. Fungicide resistance in crop pathogens: how can it be
managed? FRAC monograph No. 1. GIFAP. Brussels. ISBN 90-72398-07-6.

Brévault, T., Prudent, P., Vaissayre, M., & Carriére, Y. 2009. Susceptibility of Helicoverpa
armigera (Lepidoptera: Noctuidae) to CrylAc and Cry2Ab2 insecticidal proteins in four
countries of the West African cotton belt. Journal of Economic Entomology. 102: 2301-
2309.

Brévault, T., Heuberger, S., Zhang, M., Ellers-Kirk, C., Ni, X., Masson, L., & Carriere, Y. 2013.
Potential shortfall of pyramided transgenic cotton for insect resistance
management. Proceedings of the National Academy of Sciences. 110: 5806-5811.

Brévault, T., Tabashnik, B. E., & Carriére, Y. 2015. A seed mixture increases dominance of
resistance to Bt cotton in Helicoverpa zea. Scientific Reports. 5: 9807. DOI:
10.1038/srep09807.

20



Brown, T. M. 1981. Countermeasures for insecticide resistance. Bulletin of the Entomological
Society of America. 27: 198-201.

Buntin, G. D., All, J. N,, Lee, R. D., & Wilson, D. M. 2004. Plant-incorporated Bacillus
thuringiensis resistance for control of fall armyworm and corn earworm (Lepidoptera:
Noctuidae) in corn. Journal of Economic Entomology. 97: 1603-1611.

Caccia, S., Moar, W. J., Chandrashekhar, J., Oppert, C., Anilkumar, K. J., Jurat-Fuentes, J. L., &
Ferre, J. 2012. Association of CrylAc toxin resistance in Helicoverpa zea (Boddie) with
increased alkaline phosphatase levels in the midgut lumen. Applied and Environmental
Microbiology. 78: 5690-5698.

Campagne, P., Kruger, M., Pasquet, R., Le Ru, B., & Van den Berg, J. 2013. Dominant
inheritance of field-evolved resistance to Bt corn in Busseola fusca. PLoS ONE. 8:
e69675. DOI: 10.1371/journal.pone.0069675.

Cafas-Hoyos, N., Marquez, E. J., & Saldamando-Benjumea, C. I. 2014. Differentiation of
Spodoptera frugiperda (Lepidoptera: Noctuidae) corn and rice strains from central
colombia: a wing morphometric approach. Annals of the Entomological Society of
America. 107: 575-581.

Capinera, J. L. 1999. Featured creatures: fall armyworm. University of Florida. Available at:
http://entnemdept.ufl.edu/creatures/field/fall_armyworm.htm. Accessed 26 August 2016.

Carriére, Y., Ellers-Kirk, C., Sisterson, M., Antilla, L., Whitlow, M., Dennehy, T. J., &
Tabashnik, B. E. 2003. Long-term regional suppression of pink bollworm by Bacillus
thuringiensis cotton. Proceedings of the National Academy of Sciences. 100: 1519-1523.

Carroll, M. W., Head, G., Caprio, M., & Stork, L. 2013. Theoretical and empirical assessment of
a seed mix refuge in corn for southwestern corn borer. Crop Protection. 49: 58-65.

Carson, R. L. 1962. Silent Spring. Penguin Books, London.

Carter, C. C., Hunt, T. N., Kline, D. L., Reagan, T. E., & Barney, W. P. 1982. Insect and related
pests of field crops. North Carolina Agricultural Experiment Station Service.
Publication: AG-271.

Chilcutt, C. F., & Tabashnik, B. E. 2004. Contamination of refuges by Bacillus thuringiensis
toxin genes from transgenic maize. Proceedings of the National Academy of Sciences.
101: 7526-7529.

21


http://entnemdept.ufl.edu/cv/people/capinera/
http://entnemdept.ufl.edu/creatures/field/fall_armyworm.htm

Comas, C., Lumbierres, B., Pons, X., & Albajes, R. 2014. No effects of Bacillus thuringiensis
maize on nontarget organisms in the field in southern Europe: a meta-analysis of 26
arthropod taxa. Transgenic Research. 23: 135-143.

Dangal, V., & Huang, F. 2015. Fitness costs of Cry1F resistance in two populations of fall
armyworm, Spodoptera frugiperda (JE Smith), collected from Puerto Rico and
Florida. Journal of Invertebrate Pathology. 127: 81-86.

DiFonzo, C., Porter, P., & Tilmon, K. 2017. The handy Bt trait table for U.S. corn production.
Available at: http://msuent.com/assets/pdf/BtTraitTable15March2017.pdf. Accessed 20
March 2017.

Dively, G. P., Venugopal, P. D., & Finkenbinder, C. 2016. Field-evolved resistance in corn
earworm to Cry proteins expressed by transgenic sweet corn. PLoS ONE. 11: e0169115.
DOI: 0.1371/journal.pone.0169115.

Dhurua, S., & Gujar, G. T. 2011. Field-evolved resistance to Bt toxin CrylAc in the pink
bollworm, Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechiidae), from
India. Pest Management Science. 67: 898-903.

Doutt, R. L., & Smith, R. F. 1971. The pesticide syndrome — diagnosis and suggested
prophylaxis. In: Huffaker, C. B. (ed.), Biological Control. Plenum Press, New York. pp.
3-15.

Farias, J. R., Andow, D. A., Horikoshi, R. J., Sorgatto, R. J., Fresia, P, dos Santos, A. C., &
Omoto, C. 2014. Field-evolved resistance to CrylF maize by Spodoptera frugiperda
(Lepidoptera: Noctuidae) in Brazil. Crop Protection. 64: 150-158.

Ferré, J., & Van Rie, J. 2002. Biochemistry and genetics of insect resistance to Bacillus
thuringiensis. Annual Review of Entomology. 47: 501-533.

Ferre, J., Van Rie, J., & Maclntosh, S. C. 2008. Insecticidal genetically modified crops and
insect resistance management (IRM). In: Romeis, J., & Shelton, A. M. (eds.), Integration
of insect-resistant genetically modified crops within IPM programs. Springer,
Netherlands.

Ffrench-Constant, R. H. 2013. The molecular genetics of insecticide resistance. Genetics. 194:
807-815.

Flannagan, R. D., Yu, C. G., Mathis, J. P., Meyer, T. E., Shi, X,, Siqueira, H. A., & Siegfried, B.
D. 2005. Identification, cloning and expression of a CrylAb cadherin receptor from

22


http://msuent.com/assets/pdf/BtTraitTable15March2017.pdf

European corn borer, Ostrinia nubilalis (Hibner) (Lepidoptera: Crambidae). Insect
Biochemistry and Molecular Biology. 35: 33-40.

Fritz, M. L., Paa, S., Baltzegar, J., & Gould, F. 2016. Application of a dense genetic map for
assessment of genomic responses to selection and inbreeding in Heliothis
virescens. Insect Molecular Biology. 25: 385-400.

Gahan, L. J., Gould, F., & Heckel, D. G. 2001. Identification of a gene associated with Bt
resistance in Heliothis virescens. Science. 293: 857-860.

Gahan, L. J., Pauchet, Y., Vogel, H., & Heckel, D. G. 2010. An ABC transporter mutation is
correlated with insect resistance to Bacillus thuringiensis CrylAc toxin. PLoS
Genetics. 6: €1001248. DOI: 10.1371/journal.pgen.1001248.

Gaines, J. C. 1957. Cotton insects and their control in the United States. Annual Review of
Entomology. 2: 319-338.

Gassmann, A. J., Carriére , Y., & Tabashnik, B. E. 2009. Fitness costs of Insect resistance to
Bacillus thuringiensis. Annual Review of Entomology. 54: 147-163.

Gassmann, A. J., Petzold-Maxwell, J. L., Keweshan, R. S., & Dunbar, M. W. 2011. Field-
evolved resistance to Bt maize by western corn rootworm. PLoS ONE. 6: e22629. DOI:
10.1371/journal.pone.0022629.

Gassmann, A. J., Petzold-Maxwell, J. L., Clifton, E. H., Dunbar, M. W., Hoffmann, A. M.,
Ingber, D. A., & Keweshan, R. S. 2014. Field-evolved resistance by western corn
rootworm to multiple Bacillus thuringiensis toxins in transgenic maize. Proceedings of
the National Academy of Sciences. 111: 5141-5146.

Ghimire, M. N., Huang, F., Leonard, R., Head, G. P., & Yang, Y. 2011. Susceptibility of
CrylAb-susceptible and-resistant sugarcane borer to transgenic corn plants containing
single or pyramided Bacillus thuringiensis genes. Crop Protection. 30: 74-81.

Gill, S. S., Cowels, E. A., & Pietrantonio, P.V. 1992. The mode of action of Bacillus
thuringiensis endotoxins. Annual Review of Entomology. 37: 615-636.

Gill, S. S., Cowles, E. A., & Francis, V. 1995. Identification, isolation, and cloning of a Bacillus
thuringiensis CrylAc toxin-binding protein from the midgut of the lepidopteran insect
Heliothis virescens. Journal of Biological Chemistry. 270: 27277-27282.

23



Goldberger, J., Merrill, J., & Hurley, T. 2005. Bt corn farmer compliance with insect resistance
management requirements in Minnesota and Wisconsin. AgBioForum. 8: 151-160.
Available at: http://www.agbioforum.org. Accessed 20 September 2016.

Gomez, 1., Sanchez, J., Mufoz-Garay, C., Matus, V., Gill, S. S., Sober6n, M., & Bravo, A. 2014.
Bacillus thuringiensis Cry1A toxins are versatile proteins with multiple modes of action:
two distinct pre-pores are involved in toxicity. Biochemical Journal. 459: 383-396.

Gould, F. 1998. Sustainability of transgenic insecticidal cultivars: integrating pest genetics and
ecology. Annual Review of Entomology. 43: 701-726.

Grasser, C. S. & Fraley, R. T. 1989. Genetically engineering plants for crop improvement.
Science. 244: 1293-1299.

Griliches, Z. 1960. Hybrid corn and the economics of innovation. Science. 132: 275-280.

Groeters, F. R., & Tabashnik, B. E. 2000. Roles of selection intensity, major genes, and minor
genes in evolution of insecticide resistance. Journal of Economic Entomology. 93: 1580-
1587.

Guillebeau, L. P., & All, J. N. 1990. Use of pyrethroids, methomyl, and chlorpyrifos to control
fall armyworm (Lepidoptera: Noctuidae) in whorl stage field corn, sweet corn and
sorghum. Florida Entomologist. 74: 261-270.

Harrison, F. P. 1986. Oviposition and subsequent infestations of corn by fall armyworm. Florida
Entomologist. 69: 588-592.

Head, G. P. 2006. Insect resistance management plan for second generation lepidopteran-
protected corn, MON 89034. Report submitted to EPA by Monsanto. MRID #469514-30.

Heckel, D. G. 2012. Learning the ABCs of Bt: ABC transporters and insect resistance to Bacillus
thuringiensis provide clues to a crucial step in toxin mode of action. Pesticide
Biochemistry and Physiology.104: 103-110.

Hernandez-Rodriguez, C. S., Van Vliet, A., Bautsoens, N., Van Rie, J., & Ferré, J. 2008.
Specific binding of Bacillus thuringiensis Cry2A insecticidal proteins to a common site
in the midgut of Helicoverpa species. Applied and Environmental Microbiology. 74:
7654-76509.

Herrero, S., Gechev, T., Bakker, P. L., Moar, W. J., & de Maagd, R. A. 2005. Bacillus
thuringiensis CrylCa-resistant Spodoptera exigua lacks expression of one of four
aminopeptidase N genes. BMC Genomics. 6: 96. DOI: 10.1186/1471-2164-6-96.

24


http://www.agbioforum.org/

Huang, F., Andow, D. A., & Buschman, L. L. 2011. Success of the high-dose/refuge strategy
after 15 years of Bt crop use in North America. Entomologia Experimentalis at Applicata.
140: 1-16.

Huang, F., Qureshi, J. A., Meagher Jr, R. L., Reisig, D. D., Head, G. P., Andow, D. A., Ni, X.,
Kerns, D., Buntin, G. D., Niu, Y., Yang, F., & Dangal, V. 2014. Cry1F resistance in fall
armyworm Spodoptera frugiperda: single gene versus pyramided Bt maize. PLoS
ONE. 9: €112958. DOI: 10.1371/journal.pone.0112958.

Huang, F. 2015. Resistance management for Bt maize and above-ground lepidopteran targets in
the USA: from single gene to pyramided traits. In: Soberén, M., Gao, A., & Bravo, A.
(eds.), Bt resistance: characterization and strategies for GM crops producing Bacillus
thuringiensis toxins. CABI. pp. 173-185.

Hutchison, W. D., Burkness, E. C., Mitchell, P. D., Moon, R. D., Leslie, T. W., Fleischer, S. J.,
Abrahamson, M., Hamilton, K. L., Steffey, K. L., Gray, M. E., & Hellmich, R. L. 2010.
Areawide suppression of European corn borer with Bt maize reaps savings to non-Bt
maize growers. Science. 330: 222-225.

Jakka, S. R. K., Knight, V. R., & Jurat-Fuentes, J. L. 2014. Fitness costs associated with field-
evolved resistance to Bt maize in Spodoptera frugiperda (Lepidoptera:
Noctuidae). Journal of Economic Entomology. 107: 342-351.

Jakka, S. R., Shrestha, R. B., & Gassmann, A. J. 2016. Broad-spectrum resistance to Bacillus
thuringiensis toxins by western corn rootworm (Diabrotica virgifera virgifera). Scientific
Reports. 6: 27860. DOI: 10.1038/srep27860.

James, C. 1997. Global status of transgenic crops in 1997. ISAAA briefs. 5: 12.

James, C. 2015. 20" Anniversary (1996 to 2015) of the global commercialization of biotech
crops and biotech crop highlights in 2015. ISAAA Brief 51-2015: Executive Summary.
International Service for the acquisition of agri-biotech applications. Available at:
http://www.isaaa.org/resources/publications/briefs/51/default.asp. Accessed 12 December
2016.

Janmaat, A. F., Wang, P., Kain, W., Zhao, J. Z., & Myers, J. 2004. Inheritance of resistance to
Bacillus thuringiensis subsp. kurstaki in Trichoplusia ni. Applied and Environmental
Microbiology. 70: 5859-5867.

Jin, L., Wei, Y., Zhang, L., Yang, Y., Tabashnik, B. E., & Wu, Y. 2013. Dominant resistance to
Bt cotton and minor cross-resistance to Bt toxin Cry2Ab in cotton bollworm from
China. Evolutionary Applications. 6: 1222-1235.

25


http://www.isaaa.org/resources/publications/briefs/default.asp
http://www.isaaa.org/resources/publications/briefs/default.asp
http://www.isaaa.org/resources/publications/briefs/51/default.asp

Johnson, S. J. 1987. Migration and life history of the fall armyworm, Spodoptera frugiperda in
western hemisphere. Insect Science and its Application. 8: 543-549.

Juarez, M. L., Schofl, G., Vera, M. T., Vilardi, J. C., Murua, M. G., Willink, E., Hanniger, S.,
Heckel, D. G., & Groot, A. T. 2014. Population structure of Spodoptera frugiperda maize
and rice host forms in South America: are they host strains? Entomologia Experimentalis
et Applicata. 152: 182-199.

Jurat-Fuentes, J. L., Karumbaiah, L., Jakka, S. R. K., Ning, C., Liu, C., Wu, K., Jackson, J.,
Gould, F., Blanco, C., Portilla, M., & Perera, O. 2011. Reduced levels of membrane-
bound alkaline phosphatase are common to lepidopteran strains resistant to Cry toxins
from Bacillus thuringiensis. PLoS ONE. 6: e17606. DOI: 10.1371/journal.pone.0017606.

Kasabe, N. 2016. Efforts on to protect cotton crop from pink bollworm during coming season.
The Financial Express. Available at:
http://www.financialexpress.com/article/markets/commodities/efforts-on-to-protect-
cotton-crop-from-pinkbollworm-during-coming-season/213353/. Accessed 5 December
2016.

Kathage, J., & Qaim, M. 2012. Economic impacts and impact dynamics of Bt (Bacillus
thuringiensis) cotton in India. Proceedings of the National Academy of Sciences. 109:
11652-11656.

Kogan, M. 1998. Integrated pest management: historical perspectives and contemporary
developments. Annual Review of Entomology. 43: 243-270.

Kranthi, K. R. 2015. Pink bollworm strikes Bt-cotton. Cotton statistics & news. Cotton
Association of India. Available at:
http://www.cicr.org.in/pdf/Kranthi_art/Pinkbollworm.pdf. Accessed 12 January 2017.

Levine, E., & Oloumi-Sadeghi, H. 1991. Management of Diabroticite rootworms in corn. Annual
Review of Entomology. 36: 229-255.

Levine, E., Oloumi-Sadeghi, H., & Fisher, J. R. 1992. Discovery of multiyear diapause in Illinois
and South Dakota northern corn rootworm (Coleoptera: Chrysomelidae) eggs and
incidence of the prolonged diapause trait in Illinois. Journal of Economic Entomology.
85: 262-267.

Levine, E., Spencer, J. L., Isard, S. A., Onstad, D. W., & Gray, M. E. 2002. Adaptation of the
western corn rootworm to crop rotation: evolution of a new strain in response to a
management practice. American Entomologist. 48: 94-117.

26


http://www.cicr.org.in/pdf/Kranthi_art/Pinkbollworm.pdf

Levy, H. C., Garcia-Maruniak, A., & Maruniak, J. E. 2002. Strain identification of Spodoptera
frugiperda (Lepidoptera: Noctuidae) insects and cell line: PCR-RFLP of cytochrome
oxidase C subunit | gene. Florida Entomologist. 85: 186-190.

Liesner, L. 2015. 2014 Arizona pink bollworm eradication program update. In Proceedings of
the 2015 Beltwide Cotton Conferences, January 5-7, San Antonio, TX. pp. 848-851.

Luo, K., Sangadala, S., Masson, L., Mazza, A., Brousseau, R., & Adang, M. J. 1997. The
Heliothis virescens 170kDa aminopeptidase functions as “Receptor A” by mediating
specific Bacillus thuringiensis CrylA §-endotoxin binding and pore formation. Insect
Biochemistry and Molecular Biology. 27: 735-743.

Madigan, M., & Martinko, J. 2005. Brock Biology of Microorganisms, 11 edition, Prentice
Hall. ISBN 0-13-144329-1.

Mallet, J., & Porter, P. 1992. Preventing insect adaptation to insect-resistant crops: are seed
mixtures or refugia the best strategy? Proceedings of the Royal Society of London B:
Biological Sciences. 250: 165-169.

McCaffery, A. R. 1998. Resistance to insecticides in Heliothine Lepidoptera: a global
view. Philosophical Transactions of the Royal Society of London B: Biological
Sciences. 353: 1735-1750.

McKenzie, J. A. 1990. Selection at the dieldrin resistance locus in overwintering populations of
Lucilia cuprina (Wiedemann). Australian Journal of Zoology. 38: 493-501.

McNall, R. J., & Adang, M. J. 2003. Identification of novel Bacillus thuringiensis CrylAc
binding proteins in Manduca sexta midgut through proteomic analysis. Insect
Biochemistry and Molecular Biology. 33: 999-1010.

Meinke, L. J., Siegfried, B. D., Wright, R. J., & Chandler, L. D. 1998. Adult susceptibility of
Nebraska western corn rootworm (Coleoptera: Chrysomelidae) populations to selected
insecticides. Journal of Economic Entomology. 91: 594-600.

Mendelsohn, M., Kough, J., Vaituzis, Z., & Matthews, K. 2003. Are Bt crops safe? Nature
Biotechnology. 21: 1003-1009.

Micinski, S., Blouin, D. C., Waltman, W. F., & Cookson, C. 2008. Abundance of Helicoverpa
zea and Heliothis virescens in pheromone traps during the past twenty years in
northwestern Louisiana. Southwestern Entomologist. 33: 139-149.

27



Minkoff, C., & Wilson, T. G. 1992. The competitive ability and fitness components of the
Methoprene-tolerant (Met) Drosophila mutant resistant to juvenile hormone analog
insecticides. Genetics. 131: 91-97.

Mitchell, E. R. 1979. Migration by Spodoptera exigua and S. frugiperda, North American Style.
In: Rabb, R. L., Kennedy C. G. (eds.), Movement of highly mobile insects: Concepts and
methodology in research. North Carolina State University Press, Releigh. pp. 386-393.

Moar, W. J., & Anilkumar, K. J. 2007. Plant science. The power of the pyramid. Science. 318:
1561.

Mohan, K. S., Ravi, K. C., Suresh, P. J., Sumerford, D., & Head, G. P. 2015. Field resistance to
the Bacillus thuringiensis protein Cryl1Ac expressed in Bollgard® hybrid cotton in pink
bollworm, Pectinophora gossypiella (Saunders), populations in India. Pest Management
Science. DOI: 10.1002/ps.4047.

Monnerat, R., Martins, E., Macedo, C., Queiroz, P., Praca, L., Soares, C. M., Moreira, H., Grisi,
., Silva, J., Soberon, M., & Bravo, A. 2015. Evidence of field-evolved resistance of
Spodoptera frugiperda to Bt corn expressing CrylF in Brazil that is still sensitive to
modified Bt toxins. PLoS ONE. 10: e0119544. DOI: 10.1371/journal.pone.0119544.

Morin, S., Biggs, R. W., Sisterson, M. S., Shriver, L., Ellers-Kirk, C., Higginson, D., Holley, D.,
Gahan, L. J., Heckel, D. G., Carriére, Y., & Dennehy, T. J. 2003. Three cadherin alleles
associated with resistance to Bacillus thuringiensis in pink bollworm. Proceedings of the
National Academy of Sciences. 100: 5004-50009.

Nagoshi, R. N., Silvie, P., Meagher, R. L., Lopez, J., & Machado, V. 2007. Identification and
comparison of fall armyworm (Lepidoptera: Noctuidae) host strains in Brazil, Texas, and
Florida. Annals of the Entomological Society of America. 100: 394-402.

Nagoshi, R. N., Meagher, R. L., Flanders, K., Gore, J., Jackson, R., Lopez, J., Armstrong, J. S.,
Buntin, G. D., Sansone, C., & Leonard, B. R. 2008. Using haplotypes to monitor the
migration of fall armyworm (Lepidoptera: Noctuidae) corn-strain populations from Texas
and Florida. Journal of Economic Entomology. 101: 742-749.

Nagoshi, R. N., Meagher, R. L., & Hay-Roe, M. 2012. Inferring the annual migration patterns of
fall armyworm (Lepidoptera: Noctuidae) in the United States from mitochondrial
haplotypes. Ecology and Evolution. 2: 1458-1467.

NASS (National Agricultural Statistics Service). 2016. National statistics for corn. Available at:
https://www.nass.usda.gov/Statistics_by Subject/result.php?08638011-B478-3942-
B44F-FA130ADDE283&sector=CROPS&group=FIELD%20CROPS&comm=CORN.
Accessed 10 August 2016.

28


https://www.nass.usda.gov/Statistics_by_Subject/result.php?08638011-B478-3942-B44F-FA130ADDE283&sector=CROPS&group=FIELD%20CROPS&comm=CORN
https://www.nass.usda.gov/Statistics_by_Subject/result.php?08638011-B478-3942-B44F-FA130ADDE283&sector=CROPS&group=FIELD%20CROPS&comm=CORN

National Academies of Sciences, Engineering, and Medicine. 2016. Genetically engineered
crops: experiences and prospects. The National Academies Press, Washington DC. DOI:
10.17226/23395.

Ning, C., Wu, K,, Liu, C., Gao, Y., Jurat-Fuentes, J. L., & Gao, X. 2010. Characterization of a
CrylAc toxin-binding alkaline phosphatase in the midgut from Helicoverpa armigera
(Hibner) larvae. Journal of Insect Physiology. 56: 666-672.

Niu, Y., Yang, F., Dangal, V., & Huang, F. 2014. Larval survival and plant injury of CrylF-
susceptible, -resistant, and-heterozygous fall armyworm (Lepidoptera: Noctuidae) on
non-Bt and Bt corn containing single or pyramided genes. Crop Protection. 59: 22-28.

Orr, H. A. 2009. Fitness and its role in evolutionary genetics. Nature Reviews Genetics. 10: 531-
539.

Ostlie, K. R., Hutchison, W. D., & Hellmich. R. L. 1997. Bt corn and European corn borer: long
term success through resistance management. North central region extension publication
NCR 602. Available at: http://www.extension.umn.edu/Documents/DC/DC/7005.htm.
Accessed 12 July 2016.

Oswald, K. J., French, B. W., Nielson, C., & Bagley, M. 2012. Assessment of fitness costs in
Cry3Bb1-resistant and susceptible western corn rootworm (Coleoptera: Chrysomelidae)
laboratory colonies. Journal of Applied Entomology. 136: 730-740.

Palma, L., Mufioz, D., Berry, C., Murillo, J., & Caballero, P. 2014. Bacillus thuringiensis toxins:
an overview of their biocidal activity. Toxins. 6: 3296-3325.

Pardo-Lo6pez, L., Gomez, I., Rausell, C., Sanchez, J., Sober6n, M., & Bravo, A. 2006. Structural
changes of the CrylAc oligomeric pre-pore from Bacillus thuringiensis induced by N-
acetylgalactosamine facilitates toxin membrane insertion. Biochemistry. 45: 10329-
10336.

Park, Y., & Kim, Y. 2013. RNA interference of cadherin gene expression in Spodoptera exigua
reveals its significance as a specific Bt target. Journal of Invertebrate Pathology. 114:
285-291.

Parimi, S., Meinke, L. J., French, B. W., Chandler, L. D., & Siegfried, B. D. 2006. Stability and
persistence of aldrin and methyl-parathion resistance in western corn rootworm
populations (Coleoptera: Chrysomelidae). Crop Protection. 25: 269-274.

29


http://www.extension.umn.edu/Documents/DC/DC/7005.htm

Pashley, D. P. 1986. Host-associated genetic differentiation in fall armyworm (Lepidoptera:
Noctuidae): a sibling species complex? Annals of the Entomological Society of America.
79: 898-904.

Pereira, E. J. G., Storer, N. P., & Siegfried, B. D. 2008. Inheritance of Cry1F resistance in
laboratory-selected European corn borer and its survival on transgenic corn expressing
the Cry1F toxin. Bulletin of Entomological Research. 98: 621-629.

Pereira, E. J. G., Storer, N. P., & Siegfried, B. D. 2011. Fitness costs of Cry1F resistance in
laboratory-selected European corn borer (Lepidoptera: Crambidae). Journal of Applied
Entomology. 135: 17-24.

Perera, O. P., Willis, J. D., Adang, M. J., & Jurat-Fuentes, J. L. 2009. Cloning and
characterization of the CrylAc-binding alkaline phosphatase (HVALP) from Heliothis
virescens. Insect Biochemistry and Molecular biology. 39: 294-302.

Pimentel, D. 2005. Environmental and economic costs of the application of pesticides primarily
in the United States. Environment, Development and Sustainability. 7: 229-252.

Piperno, D. R., & Flannery, K. V. 2001. The earliest archaeological maize (Zea mays L.) from
highland Mexico: new accelerator mass spectrometry dates and their
implications. Proceedings of the National Academy of Sciences. 98: 2101-2103.

Rajagopal, R., Sivakumar, S., Agrawal, N., Malhotra, P., & Bhatnagar, R. K. 2002. Silencing of
midgut aminopeptidase N of Spodoptera litura by double-stranded RNA establishes its
role as Bacillus thuringiensis toxin receptor. Journal of Biological Chemistry. 277:
46849-46851.

Ren, X. L., Chen, R. R,, Zhang, Y., Ma, Y., Cui, J. J.,, Han, Z. J., Mu, L. L., & Li, G. Q. 2013. A
Spodoptera exigua cadherin serves as a putative receptor for Bacillus thuringiensis
CrylCa toxin and shows differential enhancement of Cry1Ca and CrylAc
toxicity. Applied and Environmental Microbiology. 79: 5576-5583.

Roush, R. T., & McKenzie, J.A. 1987. Ecological genetics of insecticide and acaricide
resistance. Annual Review of Entomology. 32: 361-380.

Roush, R. T. 1998. Two-toxin strategies for management of insecticidal transgenic crops: can
pyramiding succeed where pesticide mixtures have not? Philosophical Transactions of the
Royal Society of London B: Biological Sciences. 353: 1777-1786.

Ryan, B., & Gross, N. C. 1943. The diffusion of hybrid seed corn in two lowa
communities. Rural Sociology. 8: 15.

30



Sayed, A., Nekl, E. R., Siqueira, H. A. A., Wang, H. C., Ffrench-Constant, R. H., Bagley, M., &
Siegfried, B. D. 2007. A novel cadherin-like gene from western corn rootworm,
Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae), larval midgut tissue. Insect
Molecular Biology. 16: 591-600.

Siebert, M. W., Babock1, J. M., Nolting, S., Santos, A. C., Adamczyk Jr, J. J., Neese, P. A.,
King, J. E., Jenkins, J. N., McCarty, J., Lorenz, G. M., & Fromme, D. D. 2008. Efficacy
of Cry1F insecticidal protein in maize and cotton for control of fall armyworm
(Lepidoptera: Noctuidae). Florida Entomologist. 91: 555-565.

Siebert, M. W., Nolting, S. P., Hendrix, W., Dhavala, S., Craig, C., Leonard, B. R., Stewart, S.
D., All, J., Musser, Buntin, F. R., & Samuel, L. 2012. Evaluation of corn hybrids
expressing CrylF, CrylA.105, Cry2Ab2, Cry34Ab1/Cry35ADb1, and Cry3Bb1 against
southern United States insect pests. Journal of Economic Entomology. 105: 1825-1834.

Sivasupramaniam, S., Moar, W. J., Ruschke, L. G., Osborn, J. A., Jiang, C., Sebaugh, J. L.,
Brown, G.R., Shappley, Z. W., Oppenhuizen, M. E., Mullins, J. W., & Greenplate, J. T.
2008. Toxicity and characterization of cotton expressing Bacillus thuringiensis CrylAc
and Cry2Ab2 proteins for control of lepidopteran pests. Journal of Economic
Entomology. 101: 546-554.

Sparks, A. N. 1979. A review of the biology of the fall armyworm. Florida Entomologist. 62: 82-
87.

Sparks, A. N. 1986. Fall armyworm (Lepidoptera: Noctuidae) potential for area-wide
management. Florida Entomologist. 69: 603-614.

Storer, N. P., Babcock, J. M., Schlenz, M., Meade, T., Thompson, G. D., Bing, J. W., &
Huckaba, R. M. 2010. Discovery and characterization of field resistance to Bt maize:
Spodoptera frugiperda (Lepidoptera: Noctuidae) in Puerto Rico. Journal of Economic
Entomology. 103: 1031-1038.

Tabashnik, B. E., Liu, Y. B., de Maagd, R. A., & Dennehy, T. J. 2000. Cross-resistance of pink
bollworm (Pectinophora gossypiella) to Bacillus thuringiensis toxins. Applied and
Environmental Microbiology. 66: 4582-4584.

Tabashnik, B. E., Carriére, Y., Dennehy, T. J., Morin, S., Sisterson, M. S., Roush, R. T., Shelton,
A. M., & Zhao, J. Z. 2003. Insect resistance to transgenic Bt crops: lessons from the
laboratory and field. Journal of Economic Entomology. 96: 1031-1038.

Tabashnik, B. E., Timothy, T. J., & Carriére, Y. 2005. Delayed resistance to transgenic cotton in
pink bollworm. Proceedings of the National Academy of Sciences. 102: 15389-15393.

31



Tabashnik, B. E., & Carriére, Y. 2007. Evolution of insect resistance to transgenic plants. In:
Tilmon, K. (ed.), Specialization speciation, and radiation: the evolutionary biology of
herbivorous insects. University of California Press, Berkeley, CA. pp. 267-279.

Tabashnik, B. E., Van Rensburg, J. B. J., & Carriére, Y. 2009. Field-evolved insect resistance to
Bt crops: definition, theory, and data. Journal of Economic Entomology. 102: 2011-2025.

Tabashnik, B. E. 2010. Communal benefits of transgenic corn. Science. 330: 189-190.

Tabashnik, B. E., Brévault, T., & Carriére, Y. 2013. Insect resistance to Bt crops: lessons from
the first billion acres. Nature Biotechnology. 31: 510-521.

Tabashnik, B. E., Mota-Sanchez, D., Whalon, M. E., Hollingworth, R. M., & Carriere, Y. 2014.
Defining terms for proactive management of resistance to Bt crops and
pesticides. Journal of Economic Entomology. 107: 496-507.

Tabashnik, B. E., Zhang, M., Fabrick, J. A., Wu, Y., Gao, M., Huang, F., Wei, J., Zhang, J.,
Yelich, A., Unnithan, G. C., & Bravo, A. 2015. Dual mode of action of Bt proteins:
protoxin efficacy against resistant insects. Scientific Reports. 5: 15107. DOI:
10.1038/srep15107.

Tanaka, S., Miyamoto, K., Noda, H., Jurat-Fuentes, J. L., Yoshizawa, Y., Endo, H., & Sato, R.
2013. The ATP-binding cassette transporter subfamily C member 2 in Bombyx mori
larvae is a functional receptor for Cry toxins from Bacillus thuringiensis. FEBS Journal.
280: 1782-1794.

Tay, W. T., Mahon, R. J., Heckel, D. G., Walsh, T. K., Downes, S., James, W. J., Lee, S. F.,
Reineke, A., Williams, A. K., & Gordon, K. H. 2015. Insect resistance to Bacillus
thuringiensis toxin Cry2Ab is conferred by mutations in an ABC transporter subfamily A
protein. PLoS Genetics. 11: e1005534. DOI: 10.1371/journal.pgen.1005534.

Tiewsiri, K., & Wang, P. 2011. Differential alteration of two aminopeptidases N associated with
resistance to Bacillus thuringiensis toxin CrylAc in cabbage looper. Proceedings of the
National Academy of Sciences. 108: 14037-14042.

USDA Economic Research Service. 2016. Adoption of genetically engineered crops in the U.S.
Available at: https://www.ers.usda.gov/data-products/adoption-of-genetically-
engineered-crops-in-the-us.aspx. Accessed 22 December 2016.

U.S. EPA (U.S. Environmental Protection Agency). 2001. Biopesticides registration action
document: Bacillus thuringiensis plant-incorporated protectants. Available at:

32


https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us.aspx
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-us.aspx

http://www3.epa.gov/pesticides/chem_search/reg_actions/pip/bt_brad.htm. Accessed 22
November 2016.

U.S. EPA (U.S. Environmental Protection Agency). 2010. Biopesticides registration action
document: Bacillus thuringiensis Cry1A.105 and Cry2Ab2 insecticidal proteins and the
genetic material necessary for their production in corn. Available at:
https://www3.epa.gov/pesticides/chem_search/reg_actions/pip/mon-89034-brad.pdf.
Accessed 20 February 2016.

U.S. EPA (U.S. Environmental Protection Agency) R.E.D. FACTS: 1998. Bacillus thuringiensis.
EPA-738-F-98-001. Available at:
https://archive.epa.gov/pesticides/reregistration/web/pdf/024 7fact.pdf. Accessed 26
November 2016.

Vachon, V., Laprade, R., & Schwartz, J. L. 2012. Current models of the mode of action of
Bacillus thuringiensis insecticidal crystal proteins: a critical review. Journal of
Invertebrate Pathology. 111: 1-12.

Vaeck, M., Reynaerts, A., Hofte, H., Jansens, S., De Beuckeleer, M., Dean, C., Zabeau, M., Van
Montagu, M., & Leemans, J. 1987. Transgenic plants protected from insect
attack. Nature. 328: 33-37.

Van Den Bosch, R., & Stern, V. M. 1962. The integration of chemical and biological control of
arthropod pests. Annual Review of Entomology. 7: 367-386.

Van Rensburg, J. B. J. 2007. First report of field resistance by the stem borer, Busseola fusca
(Fuller) to Bt-transgenic maize. South African Journal of Plant and Soil. 24: 147-151.

Vélez, A.M., Spencer, T. A., Alves, A. P., Moellenbeck, D., Meagher, R., Chirakkal, H., &
Siegfried, B. D. 2013. Inheritance of Cry1F resistance, cross-resistance and frequency of
resistant alleles in Spodoptera frugiperda (Lepidoptera: Noctuidae). Bulletin of
Entomological Research. 103: 700-713.

Vélez, A. M., Spencer, T. A., Alves, A. P., Crespo, A. L. B., & Siegfried, B. D. 2014. Fitness
costs of CrylF resistance in fall armyworm, Spodoptera frugiperda. Journal of Applied
Entomology. 138: 315-325.

Wangila, D. S., Leonard, B. R., Bai, Y., Head, G. P., & Huang, F. 2012. Larval survival and
plant injury of CrylAb-susceptible, -resistant, and-heterozygous genotypes of the
sugarcane borer on transgenic corn containing single or pyramided Bt genes. Crop
Protection. 42: 108-115.

33


http://www3.epa.gov/pesticides/chem_search/reg_actions/pip/bt_brad.htm
https://www3.epa.gov/pesticides/chem_search/reg_actions/pip/mon-89034-brad.pdf
https://archive.epa.gov/pesticides/reregistration/web/pdf/0247fact.pdf

WHO (World Health Organization). 1957. Expert Committee on Insecticides. WHO Technical
Report Series, No.125. 7" Report.

Wu, X., Huang, F., Leonard, B. R., & Moore, S. H. 2007. Evaluation of transgenic Bacillus
thuringiensis corn hybrids against CrylAb-susceptible and-resistant sugarcane borer
(Lepidoptera: Crambidae). Journal of Economic Entomology. 100: 1880-1886.

Wu, X., Leonard, B. R., Zhu, Y. C., Abel, C. A., Head, G. P., & Huang, F. 2009. Susceptibility
of CrylAb-resistant and -susceptible sugarcane borer (Lepidoptera: Crambidae) to four
Bacillus thuringiensis toxins. Journal of Invertebrate Pathology. 100: 29-34.

Wu, Y. 2014. Detection and mechanisms of resistance evolved in insects to Cry toxins from
Bacillus thuringiensis. Advances in Insect Physiology. 47: 297-342.

W1 Department of Agriculture. 2014. Wisconsin Pest Bulletin 59, November 13. Available at:
https://datcpservices.wisconsin.gov/pb/pdf/11-13-14.pdf. Accessed 24 July 2016.

Xiao, Y., Zhang, T., Liu, C., Heckel, D. G., Li, X., Tabashnik, B. E., & Wu, K. 2014. Mis-
splicing of the ABCC2 gene linked with Bt toxin resistance in Helicoverpa
armigera. Scientific Reports. 4: 6184. DOI: 10.1038/srep06184.

Xu, X., Yu, L., & Wu, Y. 2005. Disruption of a cadherin gene associated with resistance to
CrylAc 8-endotoxin of Bacillus thuringiensis in Helicoverpa armigera. Applied and
Environmental Microbiology. 71: 948-954.

Yang, F., Kerns, D. L., Head, G. P., Leonard, B. R., Levy, R., Niu, Y., & Huang, F. 2014. A
challenge for the seed mixture refuge strategy in Bt maize: Impact of cross-pollination on
an ear-feeding pest, corn earworm. PLoS ONE. 9: e112962. DOI:
10.1371/journal.pone.0112962.

Young, J. R. 1979. Fall armyworm: control with insecticides. Florida Entomologist. 62: 130-133.

Yu, S. J., Nguyen, S. N., & Abo-Elghar, G. E. 2003. Biochemical characteristics of insecticide
resistance in the fall armyworm, Spodoptera frugiperda (JE Smith). Pesticide
Biochemistry and Physiology. 77: 1-11.

Zhang, X., Candas, M., Griko, N. B., Rose-Young, L., & Bulla, L. A. 2005. Cytotoxicity of
Bacillus thuringiensis Cry1lAb toxin depends on specific binding of the toxin to the
cadherin receptor BT-R1 expressed in insect cells. Cell Death and Differentiation. 12:
1407-1416.

34


https://datcpservices.wisconsin.gov/pb/pdf/11-13-14.pdf

Zhang, X., Candas, M., Griko, N. B., Taussig, R., & Bulla, L. A. 2006. A mechanism of cell
death involving an adenylyl cyclase/PKA signaling pathway is induced by the CrylAb
toxin of Bacillus thuringiensis. Proceedings of the National Academy of Sciences. 103:
9897-9902.

Zhang, S., Cheng, H., Gao, Y., Wang, G., Liang, G., & Wu, K. 2009. Mutation of an
aminopeptidase N gene is associated with Helicoverpa armigera resistance to Bacillus
thuringiensis CrylAc toxin. Insect Biochemistry and Molecular Biology. 39: 421-429.

Zhang, H., Tian, W., Zhao, J., Jin, L., Yang, J., Liu, C., & Wu, Y. 2012. Diverse genetic basis of
field-evolved resistance to Bt cotton in cotton bollworm from China. Proceedings of the
National Academy of Sciences. 109: 10275-10280.

Zhao, J. Z., Cao, J., Li, Y., Collins, H. L., Roush, R. T., Earle, E. D., & Shelton, A. M. 2003.
Transgenic plants expressing two Bacillus thuringiensis toxins delay insect resistance
evolution. Nature Biotechnology. 21: 1493-1497.

35



CHAPTER 2: ANALYSIS OF FITNESS COSTS AND INHERITANCE OF BT CRY2AB2
RESISTANCE IN FALL ARMYWORM, SPODOPTERA FRUGIPERDA (J.E. SMITH)

2.1. Introduction

Bacillus thuringiensis (Bt) is a widespread, soil living, gram positive bacterium (Gill et
al., 1992). The bacterium produces insecticidal crystalline (Cry) proteins during sporulation and
vegetative insecticidal proteins (Vips) during vegetative phase (Bravo et al., 2007; Palma et al.,
2014). Microbial pesticides containing Bt proteins have been deployed for the past several
decades in the United States (U.S.) and elsewhere to control agricultural pests and medically
important insect vectors (Sanahuja et al., 2011). Bt has been registered as a microbial insecticide
in the U.S. since 1961 (U.S. EPA, 1998).

With the advancement of biotechnology, it is possible to genetically engineer crops that
express Bt proteins which are toxic to the target insect-pests yet safe for human and non-target
organisms (Mendelshon et al., 2003; Comas et al., 2014; National Academies of Sciences,
Engineering, and Medicine, 2016). Transgenic plants that express the Bt insecticidal proteins
have been commercialized since 1996 to control different agricultural pests. Bt crops have
greatly changed the landscape of pest management by suppressing target pest populations,
reducing application of conventional insecticides, and economically benefitting farmers (Carriere
et al., 2003; Hutchison et al., 2010; Kathage and Qaim, 2012; National Academies of Sciences,
Engineering, and Medicine, 2016). In 2015, Bt crops were planted on 84 million hectares
globally (James, 2015). Although varieties of Bt cotton, eggplant, field corn, sweetcorn, poplar,
and soybean are in commercial production, Bt corn and Bt cotton are the two most widely
planted agricultural Bt crops. Currently, Bt corn and Bt cotton occupy 81% and 84% of the total

corn and cotton acreage in the U.S., respectively (USDA Economic Research Service, 2016).
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Transgenic Bt crops are deployed to control a range of lepidopteran and coleopteran insect pests.
Broadly, the Bt proteins Cry3Bb1l, mCry3A, eCry3.1Ab, and Cry34/35ADb1 are effective
against corn coleopteran insect pests and the Bt proteins CrylF, CrylAb, CrylAc, CrylA.105,
Cry2Ab2, and Vip3A target the lepidopteran insect-pests of corn and cotton.

Due to the strong selection pressure imposed by the widespread adoption of Bt crops,
evolution of resistance in target pest populations has been a major threat to the sustainability of
transgenic Bt crop technology (Huang et al., 2011; Tabashnik et al., 2013). Thus far, at least
seven cases of field resistance and control failure are documented which include the resistance
developed by fall armyworm, Spodoptera frugiperda (J.E. Smith), to CrylF maize in Puerto
Rico (Storer et al., 2010), Brazil (Farias et al., 2014; Monnerat et al., 2015), and the U.S.
mainland (Huang et al., 2014); African stem borer, Busseola fusca (Fuller), to CrylAb maize in
South Africa (Van Rensburg, 2007); pink bollworm, Pectinophora gossypiella (Saunders), to
CrylAc cotton in India (Dhurua and Gujar, 2011); western corn rootworm, Diabrotica virgifera
virgifera (LeConte), to Cry3Bbl and mCry3A maize in Northern U.S. (Gassmann et al., 2011,
Gassmann et al., 2014; Jakka et al., 2016); and recently by corn earworm, Helicoverpa zea
(Boddie), to CrylAb and Cry1A.105 + Cry2Ab2 sweet corn in Maryland, U.S. (Dively et al.,
2016).

S. frugiperda is a major economic pest of corn in many regions of North and South
America (Cruz and Turpin, 1983; Buntin et al., 2004). It does not undergo winter diapause and
hence is only a sporadic pest in temperate regions but is a serious pest of southern U.S. where it
overwinters in southern Texas and Florida (Sparks, 1979; Johnson, 1987; Nagoshi et al., 2012).
Although chemical-based control measures are deployed for its control, they are largely

unsuccessful due to resistance development (Young, 1979; Guillebeau and All, 1990; Yu, 1991).
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S. frugiperda is a cross-crop target pest of Bt corn, Bt cotton, and Bt soybean. The first
transgenic corn expressing the CrylF protein was registered in the U.S. in 2001 for controlling
various lepidopteran pests including S. frugiperda (Siebert et al., 2008). This pest is, thus far, the
only target pest species that has developed field-resistance to Bt crops in multiple areas across
different countries and continentals (Dangal and Huang, 2015).

To delay resistance evolution, the “high dose/refuge strategy’ and “gene-pyramiding” are
implemented in the U.S. and several other countries (U.S. EPA, 2001; Zhao et al., 2003; Baker et
al., 2008; Tabashnik et al., 2009; Huang et al., 2011). In the “high dose/refuge strategy”, non-Bt
plants (refuges) are planted along with high dose Bt plants so that the refuges can harbor
adequate susceptible insects to mate with the rare resistant individuals that survive on Bt plants.
Heterozygous progenies are killed by the high dose of toxin expressed in Bt plants. The success
of this strategy depends on some important assumptions: 1) the resistance should be functionally
recessive and the plant should express Bt proteins in a high enough dose so that >95% of
heterozygous individuals are killed; 2) random mating between susceptible and resistant
homozygote individuals, and 3) low initial resistance allele frequency in the field pest
populations (Gould, 1998; U.S. EPA, 2001; Tabashnik et al., 2009; Huang et al., 2011).
Although the strategy requires recessive inheritance of resistance, the inheritance may vary
across the spectrum from completely recessive to dominant. Thus, it is important to study the
inheritance of resistance in each target pest species in all relevant Bt toxins to develop effective
insect resistance management (IRM) strategies for the sustainable use of Bt crop technology
(Wu, 2014).

Resistance evolution is also influenced by fitness costs (Tabashnik et al., 2005; Gassman

et al., 2009). If the insect genotypes conferring at least one resistance allele have lower fitness
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than insect genotypes lacking resistance allele in the absence of Bt proteins, fitness costs occur
(Gassmann et al., 2009). Presence of fitness costs is commonly assessed by comparing fitness
parameters such as survival, growth, development, and reproduction among Bt-resistant, -
susceptible, and heterozygous strains or by analyzing the stability of Bt resistance in
heterozygous populations over extended period of time. Laboratory studies and mathematical
models show that fitness cost could play a major role in delaying evolution of resistance by
selecting against resistant genotypes (Gassmann et al., 2009).

Cry2Ab2 is a common Bt protein expressed in transgenic corn and cotton targeting
lepidopteran pests including S. frugiperda. In Bollgard Il cotton, Cry2Ab2 is expressed along
with CrylAc. In Bt corn, Cry2Ab2 is expressed in the transformation event MON 89034 which
expresses Bt proteins Cry2Ab2 and Cry1A.105. In a narrow pool of Bt proteins targeting S.
frugiperda, the pest has already developed field resistance to CrylF protein in multiple regions.
Because the Cry1F shares similar resistance mechanisms, and/or cross-resistance to other Cryl
proteins such as CrylAb, CrylAc, and CrylA.105 (Hernandez-Rodriguez et al., 2013; Vélez et
al., 2013; Huang et al., 2014; Yang et al., 2016a;), Cry2Ab2 would essentially be the only fully-
active Bt protein targeting this pest in many currently used Bt corn and Bt cotton varieties.

A Cry2Ab2-resistant strain of S. frugiperda was recently established using an F2 screen
of a two-parent family collected from Georgia, U.S. (Niu et al., 2016). The resistant family is the
first-ever strain of S. frugiperda that is highly resistant to Cry2Ab2 protein in diet bioassays as
well as to Cry2Ab2 corn plants. The availability of this resistant strain provided a unique
opportunity to analyze the fitness costs and inheritance of Cry2Ab2 resistance in S. frugiperda.

Information generated from this study should be valuable in monitoring evolution of the
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resistance to Cry2Ab2 in S. frugiperda and developing effective IRM strategies for the
sustainable use of Bt corn technology.

2.2. Materials and methods

2.2.1. Sources of Bt protein and corn materials

Cry2Ab2 protein and the associated buffer were provided by Monsanto Company (St.
Louis, MO). Once received from the company, Cry2Ab2 protein was stored at -80 °C, while the
related buffer was maintained around 4-8 °C in a refrigerator. Before the Cry2Ab2 protein was
used in bioassays, it was dissolved in the buffer under room conditions to make desired
concentrations.

Seeds of a Cry2Ab2 corn line and a non-Bt corn iso-line were provided by Monsanto
Company (St. Louis, MO). Corn seeds were planted in plastic pots filled with standard potting
mixture (Perfect Mix, Expert Gardener products, St. Louis, MO) in a greenhouse of the
Louisiana State University Agricultural Center in Baton Rouge, LA as described in Wu et al
(2007). Two plants per pot were maintained and the plants were provided with irrigation water
and fertilizer when necessary. Corn leaves at the vegetative stage (V4-V7) were used in the
bioassays. Presence and absence of Bt proteins in the Bt and non-Bt corn plants were confirmed
using an ELISA-based assay (EnviroLogix, Quantiplate™ kits, Portland, ME).

2.2.2. Sources of insects

A Bt-susceptible (SS) and a Cry2Ab2-resistant (RR) strains of S. frugiperda were used as
the original insect sources (Table 2.1). SS strain was collected from non-Bt corn fields near
Weslaco, Texas in 2013. This strain has been documented to be susceptible to Bt proteins
Cry2Ab2, CrylF, and Cry1A.105 as well as corn plants expressing one or more of these Bt

proteins (Huang et al., 2014; Niu et al., 2014; Dangal and Huang, 2015). SS has been maintained
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in the Corn and Small Grain Insect Research Laboratory at the Louisiana State University
Agricultural Center in Baton Rouge, LA. It has not been exposed to any Bt proteins or
insecticides. RR strain was derived from one of the 211 two-parent families established using
single pair mating of feral individuals collected from seven locations in four states (Texas,
Louisiana, Georgia, and Florida) in 2012-2013 (Niu et al., 2016). RR has been documented to be
highly resistant to both purified Cry2Ab2 protein in the diet and Cry2Ab2 corn plants in the
greenhouse (Niu et al., 2016). To ensure a similar genetic background between the two strains,
before RR was used in the current study, it was backcrossed to SS two times and reselected using
Cry2Ab2 corn leaf tissue for two generations. The reselections were done in 8- well trays (C-D
International, Pitman, NJ), where each well contained 4 to 5 pieces of leaf tissues of Cry2Ab2
corn line. Newly hatched neonates were released at a rate of 20-30 per well for a total of 5-7
trays. Fresh leaf tissues were added every three days. A week after the release, the survivors
were transferred into meridic (WARD’s Stonefly Heliothis) diet.
2.2.3. Genetic crosses

Using the SS and the backcrossed-and-reselected RR mentioned above, three types of
crosses were performed to generate eight additional genetic strains: 1) two F1 strains, FLArmst
and F1Brfsm, produced by the reciprocal crosses between SS and RR; 2) two F2 strains, F2Armst
and F2Brfsm, Obtained by sib-mating of the two F1 strains, respectively; and 3) four backcross
strains, BCriamrf, BCriatRm, BCrimrf, and BCristrm, generated by reciprocal crosses between
RR and each of the two F1 strains (Table 2.1). Because the resistance was recessive (see results),

backcrosses were conducted by crossing RS with RR only (Roush et al., 1986; Tabashnik, 1991).
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Table 2.1. Strains of Spodoptera frugiperda used in the study and their description

Insect Description

strain

SS Bt-susceptible strain originally collected from Texas in 2013. It was
susceptible to Cry2Ab2, CrylF, and Cry1A.105.

RR Cry2Ab2-resistant strain originally developed from F2 screen and re-selected

on Cry2Ab2-corn leaf tissue.

F1ARmst F1 progeny generated by crossing RR males with SS females

F1Brfsm F1 progeny generated by crossing RR females with SS males

F2Armst F2 progeny generated by sib-mating of F1Armst

F2BRrfsm F2 progeny generated by sib-mating of F1Bgrfsm

BCriamrs  Backcrossed progeny generated by crossing F1Armss males with RR females

BCriarm  Backcrossed progeny generated by crossing F1Armst females with RR males

BCrismrt  Backcrossed progeny generated by crossing F1Brssm males with RR females

BCriBfrm Backcrossed progeny generated by crossing F1Brssm females with RR males

2.2.4. Assessing fitness costs of the Cry2Ab2 resistance in Spodoptera frugiperda.

To determine if the Cry2Ab2 resistance in S. frugiperda is associated with any fitness
costs, biological parameters including 7-day larval body weight, pupation rate, pupation time,
pupal weight, sex ratio, and egg production of SS, RR, and the two F1 hybrid strains of S.
frugiperda were evaluated on non-Bt diet and non-Bt corn leaf tissue using similar methods to
Dangal and Huang (2015).
2.2.4.1. Relative fitness of SS, RR, F1Armst, and F1Brfsm on non-Bt diet

In the non-Bt diet assay, approximately 1 g of a meridic (WARD’s Stonefly Heliothis)
diet was placed in each cell of the 128-cell trays (C-D International, Pitman, NJ), upon which
one neonate (<24 h old) of S. frugiperda was placed. The bioassay trays were then placed in

growth chambers maintained at 26°C, ~50% r.h., and a photo period of 16h:8h (L: D). The
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bioassays were run using a randomized block design where growth chambers acted as blocks.
There were four blocks (growth chambers) with 30 larvae per block for each insect strain (n =4
x 30 = 120). After 7 days, live larvae were transferred from the 128-cell trays to 30-ml plastic
cups (Fill-Rite, Newark, NJ) each containing approximately 8 g of the same diet, and
continuously reared in the same growth chambers until the pupal stage. Once first pupa was
observed, pupation was checked daily. Biological parameters measured in the rearing were 7-day
larval body weight, neonate-to-pupa development time, neonate-to-pupa survivorship, pupal
weight, and sex ratio. A larva was considered dead if it did not move when prodded with a fine
brush.

Pupae collected from the above rearing were separated by sex for each insect strain. A
pair of newly emerged (<24 h old) virgin male and female adult of an insect strain were placed
into each 3.78-L paper container, which was placed in a growth chamber at 26°C, >90% r.h., and
a photo period of 14h:10h (L: D) for mating and reproduction as described in Niu et al. (2016).
The egg masses produced per pair were weighed. Sample size of single-pairs (n) for RR, SS,
F1ARrmst, and F1Brfsm were 11, 16, 19, and 15, respectively. The egg mass produced was
analyzed with completely randomized design.
2.2.4.2. Relative fitness of SS, RR, F1Armst, and F1Brssm 0n non-Bt corn leaf tissue

In the leaf tissue assay, leaves from the greenhouse-grown non-Bt corn (iso-line of
Cry2Ab2 corn-line) plants at the vegetative stage VV4-V7 were used. Two to three pieces (=3 cm
long) of the non-Bt corn leaves were placed in each well of 32-well trays (Bio-Ba-32, C-D
International, Pitman, NJ), and a neonate (<24-hr old) was then placed on the leaf tissue in each
well (1 larva/well) as described in Dangal and Huang (2015). One tray (or 32 larvae) for each

strain was placed in each of four growth chambers (n = 4 x 32 = 128). As mentioned above, the
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assays were run with a randomized block design with growth chambers as the block factor. The
growth chambers were maintained at 26°C, ~50% r.h., and a photo period of 16h:8h (L: D). Leaf
tissue was replaced every 2-3 days. After 7 days, live larvae were transferred to the 8-well trays
(C-D International, Pitman, NJ) containing the same non-Bt corn leaf tissue (1 larva/well) and
reared in the same growth chambers until the pupal stage. As in the non-Bt diet assay, once the
first pupa was observed, pupation was checked daily. Virgin adults were single-paired in the
3.78-L paper containers and eggs produced from each pair were collected as described in the
non-Bt diet assays. Sample size of single-pairs (n) for RR, SS, F1Armst, and, F1Brfsm were 13,
16, 7, and, 12 respectively. The egg masses produced were analyzed with completely randomized
design. Life history parameters measured in the leaf tissue assays were the same as recorded in
the non-Bt diet assays.
2.2.5. Analysis of inheritance of Cry2Ab2 resistance in Spodoptera frugiperda

To assess inheritance of Cry2Ab2 resistance in S. frugiperda, larval survival of RR, SS,
and the eight genetic-crossed strains of S. frugiperda listed in Table 2.1 were assayed using two
assay methods: 1) diet-incorporated Cry2Ab2 protein bioassays and 2) bioassays using corn leaf
tissue expressing Cry2Ab2 protein. In the diet-incorporated bioassay, three Cry2Ab2
concentrations, 10, 31.6, and 100 ug/g, plus a buffer only control were used in each bioassay.
Three Cry2Ab2 concentrations were prepared by dissolving the appropriate amount of Cry2Ab2
protein in the buffer first and then the Bt solutions were mixed thoroughly in the meridic diet
mentioned above. Approximately 1 g of the Bt-treated or non-treated diet was placed on each
cell of the 128-cell trays (C-D International, Pitman, NJ) and in each cell one neonate was
released on the surface of the diet. Bioassay trays with diet and larvae were placed in growth

chambers maintained at 26°C, ~50% r.h., and a photoperiod of 16h:8h (L: D). The bioassays
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were run with a randomized block design where four growth chambers acted as blocks. For each
combination of insect strain and Bt concentration, there were 25 larvae per block (n = 25x 4 =
100). Larval mortality for each combination of insect strain and Bt concentration was recorded at
7" day of larval infestation.

Leaf tissue bioassay was carried out in the 32-well trays (C-D International, Pitman, NJ).
The corn leaves were collected from the greenhouse-grown corn plants at V4-V7 stages.
Collected leaves were cut into 2-3 cm pieces and 3-4 pieces of the leaf tissue were placed in each
well of the 32-well trays. One neonate was then released on the surface of the leaf tissue in each
well. Bioassay trays with leaf tissue and larvae were placed in the growth chambers at the same
conditions as used in the diet-incorporated bioassays. Similar to the diet-incorporated bioassay,
the bioassay was run with a randomized block design where four growth chambers acted as
blocks. For each insect strain, there were 32 larvae (in a tray) per block (n = 32x 4 = 128). Larval
mortality of each insect strain was checked at 7" day of larval infestation.
2.2.6. Data analysis

The 7-day larval mortalities of the ten strains used in the inheritance study on Cry2Ab2
diet or Cry2Ab2 leaf tissue were corrected for the control mortalities using the formula in Abbott
(1925). The various life history data recorded in the fitness cost tests and the corrected 7-day
mortalities obtained in the inheritance study were found to be normally distributed (SAS
Institute, 2010). Data from diet and leaf bioassays for fitness cost study and from leaf assays for
inheritance study were analyzed using one-way analysis of variance (ANOVA) where insect
strain was the main factor (SAS Institute, 2010). Data from the diet-incorporated bioassays for

inheritance study were analyzed with a two-way ANOVA (SAS Institute 2010) with Cry2Ab2
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concentration and insect strains as the two major factors including the interaction of these
factors. Treatment means were separated using Tukey’s HSD at the o = 0.05 level.

Sex-linkage of resistance was assessed by comparing the 7-day larval mortality of the
two F1 hybrid progenies derived from the reciprocal crosses between SS and RR. Student’s t test
was also employed to compare if the mortality was significantly different between the two F1
strains in each toxin concentration. An absence of significant differences in mortality response
between the two strains was considered as an indicator of absence of sex-linkage.

Effective dominance level (Dmw) of resistance at a given Cry2Ab2 concentration or on

Cry2Ab2 leaf tissue was quantified as the formula in Bourguet et al. (2000).

__ (MLgs — MLss)
(MLgg— MLgs)’

DML
where MLrs, MLss and MLrgr are the respective mortalities for F1 heterozygous, susceptible and
resistant insects. The value of Dmcranges from 0 to 1; where O refers that the resistance is
completely recessive, while 1 means that the resistance is completely dominant. In this study,
because the resistance was autosomal (see results), the mortality data of the two F1 strains were
pooled in calculating the Dm values. In addition, because larval mortalities at the Cry2Ab2
concentration of 10 pg/g in the diet-incorporated bioassay were low, ranging from 3.1 to 13.8%
(see results) across the four insect strains, DmL was not calculated for this concentration.

To test whether the inheritance of resistance fitted the Mendelian monogenic model of
inheritance, a Chi-Square test was employed to compare if the observed mortalities of the F2 and
backcrossed strains fitted the expected mortalities. The null hypothesis tested is that resistance is

controlled by one locus with two alleles. If the null hypothesis is true, the F2 strains are expected

to consist of 25% RR, 50% heterozygous (RS) and 25% SS individuals and the backcross strains
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should contain 50% RS and 50% RR individuals. If the observed mortality of RR, SS and F1 are
Prr, Pssand Prs, respectively, under the null hypothesis, the expected mortality (p1) of F2 strains
can be estimated as:
p1= (Prpt+ 2 Pgs + Pss)/4,
and that for the backcross strains (p2) should be
P2 = 0.5 (Prr + Pgs).
Chi-square value is calculated as:

_ (0 -np;)*?
np;(1-p;)’

where O is the observed number of dead insects in the F2 or backcross strains. The null
hypothesis is rejected if the calculated 2 value is greater than the book value of y? at a = 0.05
and df =1. As mentioned above, because the 7-day larval mortality of SS, RR, and F1 hybrid
strains at the Cry2Ab2 concentration of 10 pg/g was not a good discriminating concentration,
tests for fitting the monogenic model were performed for 31.6 pg/g and 100 pg/g in the diet-
incorporated assay and for the leaf tissue assay.
2.3. Results
2.3.1. Fitness costs of the Cry2Ab2 resistance in Spodoptera frugiperda
2.3.1.1. Relative fitness of SS, RR, F1Armsf, and F1Brssm 0n non-Bt diet

The effect of insect strain on the 7-day larval weight reared on non-Bt diet was
significant (Fzo=6.64, P =0.0117), while it was not significant for all other life history
parameters measured (Fz26.4 = 0.52, P = 0.52 for egg production and Fz9<2.82, P >0.0992 for
other parameters) (Table 2.2). The average weight of an SS larvae after feeding on non-Bt diet

for 7 days was 49.8 mg. The 7-day average larval weight of RR (35.0 mg/larva) was not

47



significantly different (P > 0.05) from SS. The average weight of each of the two F1 hybrid
strains was significantly greater than the weight of RR (P < 0.05) but not SS (P > 0.05) (Table
2.2).

Neonate-to-pupa survival rate of the four insect strains feeding on non-Bt diet ranged
from 41.7-73.3% with an overall average of 55% (Table 2.2). Males and females had a similar
larval developmental rate. On average, a male neonate needed 16.0 days to develop to the pupal
stage, and a female took 15.7 days. The average weight of a male pupa of the four insect strains
was 180.3 mg, while a female pupa weighed 173.4 mg. Sex ratios (male/female) of the four
strains ranged from 0.8 to 1.5 with a grand average of 1.05. Egg productions of the four strains
ranged from 57.8-72.8 mg/pair with a grand average of 64.5 mg/pair (Table 2.2).
2.3.1.2. Relative fitness of SS, RR, F1Armst, and F1Brtsm 0n non-Bt corn leaf tissue

The effect of insect strain on egg production was significant (Fz 186 =6.21, P = 0.0042),
while it was not significant for all other life history parameters measured (Fz9<2.52, P >
0.1237) (Table 2.3). SS female feeding on the non-Bt corn leaf tissue laid an average of 34.5 mg
eggs, which was not significantly different (P > 0.05) compared to the egg production of RR
(61.4 mg/pair) or FLArRmst (58.8 mg/pair), but it was significantly less (P < 0.05) than the eggs
(91.6 mg/pair) produced by F1Brfsm.

Larval weight of the four insect strains after 7 days feeding on non-Bt corn leaf tissue
ranged from 58.0 to 70.9 mg/larva with a grand average of 64.1 mg/larva (Table 2.3). Similar to
the non-Bt diet assay, a grand average of 55.1% larvae survived after 7 days feeding on non-Bt
corn leaf tissue. Males and females also had a similar larval developmental rate on non-Bt corn
leaf tissue, but larvae feeding on non-Bt leaf tissue apparently developed somewhat faster than

on non-Bt diet. On average, a male neonate on non-Bt corn leaf tissue needed 13.9 days to
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Table 2.2. Survival, growth, development, and egg production (mean + sem) of Bt-susceptible (SS), Cry2Ab2-resistant (RR), and
two reciprocal F1 (F1LArmst and F1Brssm) strains of Spodoptera frugiperda on non-Bt diet”

Insect 7-day larval  Neonate-to-  Neonate-to-pupa Pupal mass (mg/pupa) Sex ratio Egg mass
Strain weight pupa survival development time (day) (m:f) per pair

(mg/larva) % (mg)

Male Female Male Female

SS 498+ 105ab 56.7+11.0a 16.0+0.7a 16.2+10a 1822+3.6a 168.9+105a 08+0.1la 646%88a
RR 350+88b 41.7+104a 165+09a 164+11a 1829+58a 1669+140a 15+08a 57.8+82a
F1Armsf 59.5+125a 483+120a 155+11a 151+10a 180.3+82a 1714+33a 08+0l1la 629%7.2a
F1Brtsm 58.3+14.0a 73.3+99a 158+11a 152+09a 1756+126a 186.3+82a 1.1+025a 728%89a
ANOVA F39=6.64 Fso=141 Fz9=0.64 F30=282 F39=0.15 F39=10.85 F30=0.43 F324=0.52
P-value 0.0117 0.3021 0.6106 0.0992 0.9297 0.5005 0.7350 0.6744

*Mean values within a column followed by a same letter are not significantly different at o. = 0.05 (Tukey’s HSD tests).

Table 2.3. Survival, growth, development, and egg production (mean + sem) of Bt-susceptible (SS), Cry2Ab2-resistant (RR), and

two reciprocal F1 (F1Armst and F1Brssm) strains of Spodoptera frugiperda on non-Bt corn leaf tissue”

Insect 7-d larval Neonate-to- Neonate to pupa Pupal mass (mg/pupa) Sex ratio Egg mass per
Strain weight pupa development time (day) (m:f) pair (mg)
(mg/larva)  survival % Male Female Male Female
SS 58.0+9.2a 543+74a 141+07a 139%+0.7a 2039+50a 1984+49a 17+07a 345+80b
RR 60.2+88a 57.8+49a 142+06a 139+05a 1949+29a 1993+43a 12+03a 614+81lab
F1ARmst 67.3+13.3a 535+58a 13.8+05a 13.7+10a 2080+39a 1965+45a 11+03a 588+15.1ab
F1BRrfsm 709+132a 547+79a 134+06a 135+05a 201.3+6.5a 1953+6.2a 15+0.07a 91.6+10.7a
ANOVA Fs9=2.45 Fs9=0.11 F39=2.20 Fs9=052 Fz9=252 Fs0=0.14 F30=046 Fs3186=6.21
P=0.1305 0.9505 0.1577 0.6783 0.1237 0.9360 0.7189 0.0042

“Mean values within a column followed by a same letter are not significantly different at o = 0.05 (Tukey’s HSD tests).

49



develop to the pupa stage, and a female took 13.8 days. Pupae developing from larvae feeding on
non-Bt corn leaf tissue were also somewhat heavier than those from non-Bt diet. On average,
male and female pupae of the four insect strains weighed 202.0 and 194.4 mg, respectively. On
the leaf tissue, relatively more males than females survived to the pupal stage; sex ratios
(male/female) of the four strains ranged from 1.1 to 1.7 with an average of 1.38 (Table 2.3).
2.3.2. Inheritance of Cry2Ab2 resistance in S. frugiperda.

2.3.2.1. Overall results of the analysis of variance for the 10 insect strains and performance of SS
and RR on Cry2Ab2-treated diet and Cry2Ab2 corn leaf tissue

In the two-way ANOVA of the data observed from the diet-incorporated bioassay, a
significant effect of insect strain (Fgg7 = 42.28, P < 0.0001), Cry2Ab2 concentration (F2, 7=
398.90, P < 0.0001), and the interaction between Cry2Ab2 concentration and insect strain (Fis, s7
=12.30, P <0.0001) was detected. The 7-day mortality of SS at the Cry2Ab2 concentration of
10 pg/g was as low as 11.8%, but reached 43% at 31.6 pg/g and 96.8% at 100 pg/g, with
significantly higher mortalities at higher concentrations (Table 2.4). Similarly, the mortalities of
two F1 strains were significantly higher as toxin concentration increased. In contrast, mortality
of RR was low across all three Cry2Ab2 concentrations and ranged from 3.1 to 6.1% that did not
differ across the toxin concentrations (Table 2.4).

In the one-way ANV OA of the data collected from the leaf tissue test, the effect of insect
strain on larval mortality was significant (Fe27 = 56.18; P < 0.0001) (Table 2.5). After 7 days of
feeding on Cry2Ab2 corn leaf tissue, 97.6% SS larvae were killed, which was considerably (P <

0.05) greater than the corresponding mortality (5.7%) of RR (Table 2.5).
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Table 2.4. 7-day larval mortality (% mean + sem) of ten strains of Spodoptera frugiperda in diet-
incorporated bioassays

Cry2Ab2 Insect Strain @ Mean + sem P
Concentration (g/g)

10 SS 11.8 £ 2.8 ghi
10 RR 3.1+1.0i

10 F1ARmst 13.8 + 5.1 fghi
10 F1Brssm 7.5+ 2.8 hi

10 F2ARmst 32.6 + 4.5 cdef
10 F2Brism 70+£1.9i

10 BCriamrs 20.4+6.1 efghl
10 BCriafrm 95+27 ghl

10 BCrismrs 52+29i

10 BCrigfrRm 44+18i

31.6 SS 430+21c
31.6 RR 51+2.0i

31.6 F1ARmst 414+39cd
31.6 F1Brism 28.0 + 6.2 cdefg
31.6 F2ARmst 33.7 £ 5.6 cdef
31.6 F2Brfsm 22.1 + 7.2 defghi
31.6 BCriamrf 276 +35 Cdefgh
31.6 BCriafRm 105+3.2 ghl
31.6 BCrismrf 11.3+ 3.6 ghi
31.6 BCrigtrm 35.9 + 3.3 cde
100 SS 96.8+2.1a
100 RR 6.1+17i

100 F1ARmst 80.5+2.2ab
100 F1Brism 72.0+28hb
100 F2Armst 70.8+1.3b
100 F2Brfsm 67.4+33b
100 BCriamrf 469+29c

100 BCriafrRm 46.3+4.0c

100 BCrismrs 423+5.1cd
100 BCrigfrm 424+2.7¢C

aSample size (N, number of larvae) in diet-incorporated bioassay for each strain was 100.
b Means within the same column followed by different letters were significantly different based
on Tukey’s HSD tests at a= 0.05.
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Table 2.5. 7-day larval mortality (% mean + sem) of ten strains of Spodoptera frugiperda
in corn leaf tissue bioassays

Insect Strain @ Mean + sem P
SS 97.6 £0.8ab
RR 57+25d
F1ARmst 99.1+09a
F1Brism 99.1+09a
F2ARrmst 78.3+58D
F2Brfsm 81.0+25ab
BCriamrf 547+22c
BCriafRm 526x6.2c¢C
BCriBmrs 543x54c¢
BCrigfrRm 422+52c
ANOVA Fo, 27 = 56.18, P < 0.0001

aSample size (N, number of larvae) in each bioassay was 128.
b Means within the same column followed by different letters were significantly different based
on Tukey’s HSD tests at o= 0.05.

2.3.2.2. Sex linkage and effective dominance level (DmL) of Cry2Ab2 resistance in Spodoptera
frugiperda

The multiple comparison of Tukey’s HSD tests showed no significant differences in
larval mortality between the F1 strains generated from reciprocal crosses of SS and RR for all
three Cry2Ab2 concentrations in the diet incorporated bioassay (Table 2.4) and for the corn leaf
tissue tests (Table 2.5). Mortality of the two F1 strains was low (7.5-13.8%) at 10 pg/g but
reached 72.0% (F1Brfsm) and 80.5% (F1Armsf) at 100 pg/g, which were significantly (P < 0.05)
greater than the mortality of RR, but less than the mortality of SS (Table 2.4). On Cry2Ab2 leaf
tissue, mortality of the two F2 strains was 99.1%, which was also considerably greater (P < 0.05)
than the mortality of RR but not significantly different (P > 0.05) from SS (Table 2.5). Similarly,

mean comparison between the two F1 strains based on the Student’s t-test also showed that there
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were no significant differences in the mortalities between the two F1 strains for each of the three
Cry2Ab2 concentration and leaf tissue bioassays (Table 2.6). Thus, no sex-linkage or maternal

effect was evident in the Cry2Ab2 resistance in S. frugiperda in this study.

Table 2.6. Larval mortality (% mean) of the two F1 reciprocal strains of Spodoptera
frugiperda in diet-incorporated and leaf tissue bioassays

Assay Method  Cry2Ab2 Mean Mean |t| value P-value
concentration  Mortality % Mortality %
or plant Stage  (F1Armsr) (F1Brfsm)
Diet- 10 pg/g 13.8 7.5 1.24 0.3025
incorporated
31.6 ug/g 41.4 28.0 2.09 0.1277
100 pg/g 80.5 72.0 1.85 0.1621
Leaf tissue V4 -V7 99.1 99.1 0.00 0.9881

Effective dominance levels were calculated based on the larval mortality at each of the
toxin concentration in diet-incorporated bioassay and Cry2Ab2 leaf tissue test. Based on the diet-
incorporated bioassays, the calculated Dmi was 0.22 at 31.6 pg/g and 0.23 at 100 pg/g, while it
was -0.02 based on the Cry2Ab2 leaf tissue tests (Table 2.7). These results indicate that the
Cry2Ab2 resistance in S. frugiperda was functionally recessive in the leaf tissue and

incompletely recessive in the diet-incorporated assays.

Table 2.7. Effective dominance level (Dmi) of Cry2Ab2 resistance in Spodoptera
frugiperda in diet-incorporated and leaf tissue bioassays

Assay method Cry2Ab2 Dominance level Conclusion
concentration or (Dmu)
plant stage
Diet-incorporated 31.6 pg/g 0.22 Incompletely
recessive
100 ug/g 0.23 Incompletely
recessive
Leaf tissue V4 -V7 -0.02 Completely
recessive
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2.3.2.3. Test for fitting the Mendelian monogenic model of inheritance

In general, 7-day larval mortality was similar between the two F2 strains for the leaf
tissue tests and at each Cry2Ab2 concentration in the diet-incorporated bioassays except for 10
Hg/g. At a Cry2Ab2 concentration of 31.6 pg/g in diet-incorporated bioassays, mortality of the
two F2 strains was low (33.7% for F2Armst and 22.1% for F2Brssm), but they had higher
mortality at 100 pg/g concentration (70.8% and 67.4%, respectively), which was significantly
greater than the mortality of RR, but significantly less than SS (Table 2.4). The mortality of the
two F2 strains on Cry2Ab2 corn leaf tissue (78.3% for F2Armst and 81.0% for F2Brfsm) was also
considerably greater (P < 0.05) than that observed for RR but the differences between the F2
strains and SS were not significant (P > 0.05) (Table 2.5).

Some variation in the larval mortality at Cry2Ab2 concentration of 10 pg/g and 31.6 pg/g
in the diet-incorporated bioassays were observed among the four backcross insect strains, but the
overall mortality at these two concentrations was low across the four insect strains, ranging from
4.4 10 35.9% (Table 2.4). There were no significant differences in the larval mortality among the
four backcross strains at 100 pg/g in the diet-incorporated bioassay (ranged from 42.3-46.9%)
(Table 2.4) as well as in the leaf tissue test (ranged from 42.2-54.7%) (Table 2.5).

2 tests showed that the larval mortality data observed fitted well the expected data (y? =
0.145to 2.55, df = 1, P = 0.11 to 0.703) based on the Mendelian monogenic model of inheritance
for both the F2 and backcrossed strains, and in both the diet-incorporated and leaf tissue
bioassays (Table 2.8). Thus, it is very likely that the Cry2Ab2 resistance is controlled by a single

or a few tightly-linked genes.
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Table 2.8. Test for fitting the Mendelian monogenic model for Cry2Ab2 resistance in
Spodoptera frugiperda

Assay Cry2Ab2 Insect strains N? Observed Expected x2 P-
Method concentration dead (O) dead (E) value
Diet- 31.6 ug/g Pooled 400 8438 79.0 0.530 0.470
incorporated Backcross

Pooled F2 200 56.0 58.5 0.145 0.703

100 pg/g Pooled 400 178.0 164.4 1910 0.167

Backcross

Pooled F2 200  138.2 127.5 2470 0.116
Cry2Ab2 V4-V7 stage  Pooled 512 260.9 268.3 0.420 0.517
leaf tissue Backcross

Pooled F2 256  204.3 193.0 2550 0.110

&N = total number of insect individuals assayed.

2.4. Discussion

Although a few minor differences were observed among SS, RR, and the two F1 strains
in the fitness cost study, the performance of SS and RR was similar on non-Bt diet or on non-Bt
corn leaf tissue across all the life history parameters measured. In addition, the two F1 hybrid
strains had comparable fitness to SS in both assay methods. Together with the results from the
inheritance study, Cry2Ab2 resistance in S. frugiperda appears to be inherited as a single (or a
few tightly-linked), autosomal, recessive gene and the resistance is not associated with
significant fitness costs.

The presence of fitness costs, especially non-recessive fitness costs, could be important in
delaying the evolution of resistance by selecting against resistant genotypes after selection
pressure is removed (Gassmann et al., 2009). Past studies have shown that Bt resistance are
associated with fitness costs in some cases (Carriére et al., 2001; Bird and Akhurst, 2004;
Anilkumar et al., 2008; Gassmann et al., 2009; Pereira et al., 2011; Dangal and Huang, 2015).

However, the lack of fitness costs in Bt resistance is not uncommon. In particular, a lack of
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fitness costs has been documented in the three most notable cases of field resistance to Bt crops,
which are the resistance of the B. fusca to CrylAb corn (Kruger et al., 2014); D. virgifera
virgifera, to Cry3Bbl corn (Petzold-Maxwell et al., 2012); and S. frugiperda to Cry1F corn
(Jakka et al., 2014; Vélez et al., 2014; Leite et al., 2016). The similar results for these three cases
indicate that the absence of fitness costs may play an important role in resistance development in
the field. In addition, a lack of fitness costs was reported for the Cry1A.105 resistance in S.
frugiperda (Niu et al., 2017), Cry2Ab2 and Cry1Ab resistance in the sugarcane borer, Diatraea
saccharalis (Fabricius) (Wu et al., 2009a; Zhang et al., 2014b; Huang et al., 2015), and CrylAc
resistance in Plutella xylostella Linnaeus (Sayyed and Wright, 2001). If the current finding of a
lack of fitness costs for Cry2Ab2 resistance translates into field scenarios, it would suggest that
having effective proactive resistance management strategies in place before field-evolved
resistance occurs will be critical to preserve susceptibility to this protein.

The finding of lack of maternal effect/sex linkage for the Cry2Ab2 resistance in S.
frugiperda in the current study is consistent with a wide body of published studies on Bt
resistance. For example, CrylF resistance in several other populations of S. frugiperda that have
been evaluated was also autosomally inherited (Storer et al., 2010; Vélez et al., 2013; Leite et al.,
2016; Santos-Amaya et al., 2016; Camargo et al., 2017). Similar results were also found for the
CrylAb and CrylAc resistance in Asian corn borer (Ostrinia furnacalis Guenée) (Zhang et al.,
2014a), CrylAc and Cry2Ab resistance in Helicoverpa armigera Hibner (Kranthi et al., 2006;
Mahon et al., 2007), CrylAc resistance in P. gossypiella (Tabashnik et al., 2002), CrylF
resistance in Ostrinia nubilalis Hibner (Pereira et al., 2008), and CrylAb and Cry2Ab2

resistance in D. saccharalis (Wu et al., 2009c; Huang et al., 2015).
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Past studies also have reported that high level resistance to Bt toxins is largely recessive
(Bourguet et al., 2000; Ferré and van Rie, 2002; Mahon et al., 2007; Huang et al., 2011). The
findings of recessive (or incompletely recessive) inheritance of the Cry2Ab2 resistance in S.
frugiperda in the current study is also consistent with many studies, which include the Cry2Ab
resistance in H. armigera (Mahon et al., 2007) and Cry1F resistance in S. frugiperda (Storer et
al. 2010; Vélez et al., 2013; Camargo et al., 2017). However, some recent studies have shown
that functionally non-recessive resistance to Bt crops can occur frequently, particularly against
single toxin, non-high dose products. For example, the resistance of B. fusca to CrylAb corn was
reported to be dominant (Campagne et al., 2013) and resistance to Cry3Bb1 corn in D. virgifera
virgifera was found to be incompletely recessive to partially dominant (Petzold-Maxwell et al.,
2012; Ingber and Gassmann, 2015). Non-recessive resistance to Bt crops also has been observed
with CrylAc resistance in H. armigera (Nair et al., 2010; Jin et al., 2013), Cry1F resistance in S.
frugiperda (Farias et al., 2016; Leite et al., 2016), and CrylAb and Cry2Ab2 resistance in D.
saccharalis (Wu et al., 2009c; Ghimire et al., 2011; Wangila et al., 2012; Huang et al., 2015).
Diverse genetic basis of resistance has been documented in H. armigera where CrylAc
resistance is governed by recessive cadherin mutations as well as non-recessive resistance alleles
(Zhang et al., 2012). All these findings imply that species-and toxin-specific knowledge on Bt
resistance is needed to develop scientifically sound resistance management strategies.

The method employed here to determine the number of loci involved in the resistance is
based on the expected mortality of F2 and backcross strains. The null hypothesis assumes that
the resistance is controlled by one locus with two alleles (Tabashnik, 1991). Due to the
complexity, two or more gene hypotheses were not tested, but the multiple tests with the diet-

incorporated bioassays at two Cry2Ab2 concentrations as well as with corn leaf tissue bioassays
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all pointed to a monogenic inheritance of the Cry2Ab2 resistance in S. frugiperda. Studies have
shown that the number of genes conferring Bt resistance can vary depending on insect species,
toxin types, and even selection regimes (Liang et al., 2008; Wang et al., 2016). However, in most
cases, Bt resistance was found to be controlled by a single gene (or a few tightly-linked genes),
such as the CrylF resistance in S. frugiperda (Vélez et al., 2013; Santos-Amaya et al., 2016;
Camargo et al., 2017) as well as the Cry2Ab2 resistance in H. armigera (Mahon et al., 2007) and
D. saccharalis (Huang et al., 2015).

Documentation of a single, autosomal, recessive gene associated with the Cry2Ab2
resistance in S. frugiperda (particularly when confronted with Bt corn tissue) in the current study
should have significant implications for resistance management. If the findings of the current
study hold true under field conditions, it suggests that the recessive resistance assumption of the
currently implemented “high-dose/refuge” IRM strategy is likely satisfied for managing the
Cry2ADb2 resistance in S. frugiperda. Recessive resistance is a key requirement for the “high-
dose/refuge” IRM strategy so that the heterozygous individuals carrying a single Bt resistance
allele can be killed by the “high dose” Bt plants (Huang et al., 1999; Huang et al., 2011).

Besides the high dose/refuge strategy, a gene-pyramiding strategy has been implemented
for Bt crop resistance management in the U.S. and globally. This strategy relies on the use of
transgenic crops that produce two or more dissimilar Bt proteins targeting the same insect pests.
To be effective, the pyramided proteins should lack cross-resistance so that resistance to one Bt
protein does not confer resistance to others (Zhao et al., 2003; Moar and Anilkumar, 2007). In
the current Bt crop market, none of the commercial Bt corn or Bt cotton express the Cry2Ab2
protein alone. In corn, Cry2Ab2 is one of the two genes in the event MON89034 which has been

incorporated into some common commercial Bt corn hybrids such as Genuity® VT Double
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Pro™, Genuity® VT Triple Pro™, Genuity®SmartStax™ and PowerCorn™ (Buntin and
Flanders, 2015; DiFonzo et al., 2017). Other Bt genes in these corn products targeting
lepidopteran pests are Cry1A.105 and Cry1F. In cotton, Cry2Ab2 is combined with the CrylAc
protein in a common Bt cotton product, Bollgard 11 (Monsanto, 2012). These Bt corn and cotton
plants are shown to control S. frugiperda along with other insect pests such as H. zea (Adamczyk
et al., 2008; Siebert et al., 2012; Rule et al., 2014). Recently, another Bt protein, Vip3A, which
has a novel mode of action, has been incorporated into some Bt corn and cotton varieties
(Estruch et al., 1996). Many studies have shown that there is no cross-resistance among CrylA,
Cry2A and Vip3A proteins in S. frugiperda (Sivasupramaniam et al., 2008; Niu et al., 2013;
Vélez et al., 2013; Huang et al., 2014; Niu et al., 2014; Santos-Amaya et al., 2015; Niu et al.,
2016; Yang et al., 2016a; Yang et al., 2017) and in other target pests (Brévault et al., 2009; Wu
et al., 2009b; Yang et al., 2015; Sivasupramaniam et al., 2008). However, cross-resistance
among Cry1 (e.g. CrylF to CrylAb, CrylAa, and Cry1A.105) proteins is very common
(Hernandez-Rodriguez et al., 2013; Huang et al., 2014; Bernardi et al., 2015). Because S.
frugiperda has developed field resistance to CrylF corn in multiple locations (Storer et al., 2010;
Farias et al., 2014; Huang et al., 2014), and Cry1F cross-resistance with other Cry1 proteins,
Cry2Ab2 would essentially be the only fully active Bt protein targeting this pest. Moreover, H.
zea has shown decreased CrylAc susceptibility in some field populations of H. zea collected
from the U.S. Cotton Belt (Yang et al., 2016b). Recently, Dively et al. (2016) reported that field
resistance of H. zea to MONB89034 sweet corn has occurred in Maryland. This highlights the
importance of preserving susceptibility of Cry2Ab2 to its target pest populations such as S.

frugiperda and H. zea for the sustainability of Bt crops. The information from the current study
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should be useful in developing effective IRM strategies to prevent further spread of the
resistance and preserve the Cry2ADb2 susceptibility of the field pest populations.
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CHAPTER 3: SUMMARY AND CONCLUSIONS

Genetically engineered crops expressing proteins from Bacillus thuringiensis (Bt
proteins) have been commercialized since 1996, which has greatly changed the landscape of pest
management in corn and cotton by suppressing target pest populations, reducing application of
conventional insecticides, and economically benefitting farmers. Due to the strong selection
pressure imposed by the widespread adoption of Bt crops, evolution of resistance in target pest
populations has been a major threat to the sustainability of transgenic Bt crop technology.

The polyphagous insect, fall armyworm, Spodoptera frugiperda (J.E. Smith) is one of
target pests of Bt corn, Bt cotton, and Bt soybean. It is a major economic pest of corn in many
regions of North and South America. This pest, thus far, has developed field-resistance to Bt
corn in Puerto Rico, Brazil, and U.S. mainland. Cry2Ab2 is a relatively new Bt protein that was
deployed in transgenic corn to control lepidopteran pests including S. frugiperda. This particular
Bt protein remains the chief Bt protein in Bt products to control S. frugiperda because the pest
has already developed field resistance to CrylF protein, and the resistance development to other
Cryl-proteins is likely to hasten because of their cross-resistance to CrylF. The proper
knowledge on fitness costs and genetic basis of resistance is crucial because they are important
factors that dictate the rate of evolution of resistance. Using an F2 screen, a Cry2Ab2-resistant
strain S. frugiperda was established in the Corn and Small Grain Insect Research Laboratory at
the Louisiana State University Agricultural Center, which paved the way to analyze the fitness
costs and inheritance of Cry2Ab2 resistance in S. frugiperda.

In the fitness tests, larval survival, development, and reproduction of the Cry2 Ab2-
resistant, -susceptible, and two reciprocal F1 heterozygous strains were assayed on non-toxic diet

and non-Bt corn leaf tissue. Biological parameters measured in the rearing were 7-day larval
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body weight, neonate-to-pupa development time, neonate-to-pupa survivorship, pupal weight,
sex ratio, and egg production. In inheritance study, larval mortalities of the resistant- and
susceptible-parents, and 8 other cross-strains were assayed using diet-incorporated and leaf tissue
bioassays. Maternal effects were examined by comparing the larval mortalities between the two
reciprocally crossed F1 strains. Dominance levels of resistance were measured by comparing the
larval mortalities of resistant, susceptible, and F1 heterozygous strains. Number of genes
associated with the resistance was estimated by fitting the observed mortalities of F2 and
backcross strains with the Mendelian monogenic inheritance model.

In the absence of selection pressure, there were no significant differences among the four
insect strains for all the fitness parameters measured with few exceptions, suggesting that the
resistance was not associated with fitness costs. Student’s t-tests showed that there were no
significant differences in the mortalities between the two F1 strains for each of the three
Cry2Ab2 concentration and leaf tissue bioassays. Based on the diet-incorporated bioassays, the
calculated Dm was 0.22 at 31.6 pg/g and 0.23 at 100 pg/g, while it was -0.02 based on the
Cry2Ab2 leaf tissue tests which suggests that the Cry2Ab2 resistance in S. frugiperda was
functionally recessive in the leaf tissue and incompletely recessive in the diet-incorporated
assays. 2 tests showed that the larval mortality data observed fitted well the expected data based
on the Mendelian monogenic model of inheritance for both the F2 and backcrossed strains, and
in both the diet-incorporated and leaf tissue bioassays. In summary, the Cry2Ab2 resistance in S.
frugiperda was likely inherited as a single, autosomal, and recessive gene. Information generated
from this study should be useful in assessing resistance risk and developing management

strategies for the sustainable use of Bt crop technology.
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