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ABSTRACT

The fall armyworm, Spodoptera frugiperda (J.E. Smith), is a target pest of Bacillus thuringiensis
(Bt) crops in North and South America. However, after more than two decades of the intense use
of Bt crop technology, S. frugiperdahas developed resistance to Bt corn in several countries. The
objectives of this study were: 1) to characterize the inheritance and fitness costs of Cry1A.105
resistance in S. frugiperda; 2) to evaluate larval survival and plant injury of CrylA.105-
susceptibile, -resistant, and -heterozygous S. frugiperda populations on transgenic corn plants
containing single or pyramided Bt genes; 3) to estimate the frequency of Cry2Ab2 resistance
allelesin field populations of S. frugiperda in the U.S. southern region; and 4) to evaluate the
phenotypic performance of different genotypes of S. frugiperda possessing single- or dual-
CrylA.105/Cry2Ab2 resistant genes on MON 89034 corn. CrylA.105 and Cry2Ab2 are the two
Bt proteins expressed in the Bt corn event MON 89034, a common Bt corn trait. The results
showed that Cry1A.105 resistance in S. frugiperdawas inherited as a single autosomal and non-
recessive gene with no fitness costs. Three commonly planted pyramided Bt corn traits
(Genuity® VT Double Pro™, SmartStax™, and Agrisure® Viptera™ 3111) were highly effective
against the CrylA.105-resistant S. frugiperda. Frequency of major Cry2Ab2 resistance allelesin
field S. frugiperda populations was estimated to be 0.0023 in the U.S. southern region. One F»
family from Georgia was confirmed to possess a major resistance alleleto Cry2Ab2. A
CrylA.105/Cry2Ab2 dual-gene resistant S. frugiperda strain was generated by crossing the
CrylA.105-resistant and Cry2Ab2-resistant strains. Insect survival, growth, development,
pupation, and reproduction of nine genotypes of S. frugiperda possessing CrylA.105/Cry2Ab2
resistant alleles were evaluated on leaf tissue and whole plants of MON 89034. The nine insect

genotypes were a CrylA.105/Cry2Ab2-susceptible (aabb), a CrylA.105 resistant/Cry2Ab2-



susceptible (AAbb), a CrylA.105-susceptible/Cry2Ab2-resistant (aaBB), a
CrylA.105/Cry2Ab2-resistant (AABB), and five heterozygous (AaBb, AABb, AaBB, Aabb,
aaBb) genotypes that were produced from various crosses among aabb, AAbb, aaBB, and AABB.
Laboratory bioassays and greenhouse tests exhibited that AABB was highly resistant to MON
89034. Genotypes containing one or two resistance alleles were overall susceptible to MON
89034, while those possessing three resistance alleles exhibited a significant level of resistant to
the Bt plants. Information generated from this study should be valuable in assessing resistance
risk, refining resistance management modeling, and developing resistance management strategies

for the sustainable use of the Bt corn technology.



CHAPTER 1. INTRODUCTION

1.1 Corn Production in the United States

Field corn (Zeamays L.) is the most widely planted field crop in the United States. In
2017, corn acreage in the United States was 90.9 million acres and the total harvest was 83.5
million acres with $48.5 billion production value (NASS, 2018). Forty-eight states in the United
States planted cornin 2017; among these the states in the Corn Belt dominated the major corn
planted acres. Illinois, lowa and Nebraska were the top three states in corn production in United
States (NASS, 2018). Corn also contributes significant value to the agriculture in Louisiana,
which is usually the second most widely planted field crops following soybean in the state. In
2017, a total of 470,000 acres of corn was planted in Louisiana with a production value of $333.6
million (NASS, 2018).
1.2 Major Corn Insect Pests

There are various arthropod pests that damage field corn. Lepidopteran species are the
major above-ground pests of corn plants, while coleopteran species are the most important pests
that attack below ground plant tissues. The major lepidopteran species which damage corn in the
U.S. mid-southern region include the corn earworm (Helicoverpa zea (Boddie)), fall armyworm
(Spodoptera frugiperda (J.E. Smith)) and a complex of corn stalk borers (Siebertet al., 2012).
Across the north central and mid-western region, European corn borer (Ostrinianubilalis
(Hubner)) and southwestern corn borer (Diatraea grandiosella Dyar) are the two major corn
borer species (Ostlie et al., 1997; Huang et al., 2011). Yield losses of traditional non-Bt corn by a
corn borer complex of the sugarcane borer, Diatraea saccharalis (F.) and D. grandiosellaare
estimated at up to 28% in mid-southern states (Sankula and Blumenthal, 2004). Recently, it is

also reported that S. frugiperda infestations occur frequently across the southern region of the



U.S. in conventional non-Bt and Bt corn varieties, especially when fields are planted after the
optimum seeding dates (Hardke et al., 2011).
1.3 Spodoptera frugiperda (J. E. Smith)

S. frugiperda has historically been one of the most common pests of field corn in the
southern U.S. (Pitre and Hogg, 1983; Buntin, 1986; 2004). Just like any other Lepidoptera, it has
four stages in its life cycle including egg, larval, pupa and adult stages. S. frugiperdahas a wide
host range of more than 80 plant species, including many major field crops such as corn, cotton,
soybeans, sorghum, rice, alfalfa, and many vegetable plants (Winter, 2010). S. frugiperdais
susceptible to cold and in the mainland U.S. it just can overwinter in southern Texas and Florida
(Sparks, 1979). Each year, populations of S. frugiperda migrate from areas including south
Florida, Caribbean islands, south Texas, Mexico, or Central America (Sparks, 1979; Adamczyk
etal., 1997; Buntin, 1986) with the adults ovipositing on seasonal hosts during a northerly
migration. Traditional control strategies such as chemical and cultural control are not effective
and often provide unsatisfactory suppression of S. frugiperda in field corn. For example, almost
immediately after larval hatching, neonates move into the whorl region of corn plants where they
are protected from foliar insecticide sprays (Harrison, 1986; Castro, 2002; Bokonon-Ganta et al.,
2003; Siebertet al., 2008a). Those insecticides which are generally efficient against other pests,
such as the corn earworm, typically provide poor control of S. frugiperda (Young, 1979;
Guillebeau and All, 1990). Regional populations of S. frugiperdahave developed resistance to
several classes of insecticides including carbamates, organophosphates, and pyrethroids
(Adamczyk et al., 1999). Currently, transgenic corn products containing Bacillus thuringiensis

(Bt) proteins have become a more viable option for controlling S. frugiperda.



1.4 Transgenic Bt Corn Technology

Bacillus thuringiensis (Bt) is a rod shaped soil bacterium that produces specific
crystalline (Cry) endotoxin during the reproductive stages and vegetative insecticidal proteins
(VIP) during the vegetative growth stages that are toxic to specific insect species (Vaeck et al.,
1989; Gasser and Fraley, 1989). Bt proteins were used as microbial pesticides under various
trade names including Sporeine®, Thuricide®, Able™, Biobit®, and Dipel®to control many crop
pests (Baum et al., 1999; Kaur et al., 2000; NPTN, 2000). Bt pesticides are considered as
friendly to the environment, people, soil decomposers, pollinators, parasitoids, and wildlife. Bt
toxins are highly diverse, highly effective, and relatively cheap. These merits have made it
widely used all over the world for controlling lepidopteran, coleopteran larvae and several
dipteran pests (Baum et al., 1999; Kaur, 2000).

The major target pests of Bt toxins are specific insect species. Bt bacteria produce
proteinaceous parasporal crystalline inclusions. Upon ingestion by the insects, these Bt
inclusions are solubilized in the midgut, releasing proteins called delta-endotoxins. The Cry
toxin is then inserted into the insect gut cell membrane, paralyzing the digestive tract and
forming a pore, which makes the insect stop eating and starve to death (Dean, 1984).

Bt crops are the plants that have been bioengineered to express the Bt proteins. Since first
being commercialized in 1996, Bt crops have gained an international attention and acceptance
worldwide, especiallyamong the U.S. corn and cotton producers. The first generation transgenic
Bt corn hybrids (e.g. YieldGard® Corn Borer) were commercially planted in the U.S. in 1996.
Since then, adoption of Bt corn has greatly increased because of the high efficacy against target
pests (e.g. stalk borers) and ease-of-use for producers. The acreage of Bt corn cultivars has

increased rapidly in the U.S. and several other countries in the world (Huang et al., 2014). In



2016, Bt crops were planted over 98.84 Mha in 23 countries, including 53.95 Mha of Bt corn,
21.34 Mha of Bt cotton and 23.55 Mha of Bt soybean worldwide (James, 2017). For the first
time in 2016, Brazil exceeded the United States to rank the first in acreages to plant Bt crops in
the world. Bt corn hybrids initially aimed to reduce injury from corn stalk borers such as the
European corn borer and Southwestern corn borer (Abel et al., 2000; Buntin et al., 2004; Castro
etal., 2004b). Although the primary targets are corn stalk borers, Bt corn expressing CrylAb
protein also suppresses foliar damage from corn earworm, but it is not very effective against S.
frugiperda. These two species can be important in yield- and quality-limits in the southern U.S.
corn fields (Buntin et al., 2004; Chilcutt et al., 2007). Since 2003 when CrylF corn, event 1507,
became commercially available, S. frugiperda has been listed as a target pest of Bt corn in both
North and South America (Storer et al., 2010; Farias et al., 2014). Currently, S. frugiperdais also
listed as a target pest in all commercial pyramided Bt cornand cotton varieties that target
Lepidopteran species.
1.5 Bt Resistance

Resistance development in target pest populations has been a big challenge for the
sustainable use of transgenic Bt crops (Alstad and Andow, 1995; Ostlie etal., 1997; Gould, 1998;
Tabashinik et al., 2008). Resistance to Bt insecticides were earlier detected and reported in field
populations of the diamondback moth, Plutellaxylostella (L.) inthe U.S. (Tabashnik, 1994), and
cabbage looper, Trichoplusiani (Hubner) in Canada (Kain et al., 2004). Major resistance genes
to Bt crops have been found in laboratory selections in the tobacco budworm, Heliothis virescens
(F.), (Gould et al.,1995; 1997), pink bollworm, Pectinophora gossypiella (Saunders) (Tabashnik
et al., 2000), poplar leaf beetle, Chrysomela populi (L.) (Génissel et al., 2003), D. saccharalis

(Huang et al., 2007a; 2007b; 2008; 2009), O. nubilalis (Pereiraet al., 2008), H. zea in the U.S



(Tabashnik et al., 2008; Moar et al., 2008) and Helicoverpa armigera (Hubner) in Australia
(Akhurst et al., 2003; Downes et al., 2007; Mahon et al., 2007) and China (Li et al., 2004; Xu et
al., 2009).

A few early studies have evaluated the field efficacy of transgenic Bt corn against S.
frugiperda (Buntin et al., 2000; 2004; Buntin, 2008; Siebert et al., 2008a). S. frugiperda can
survive well on traditional non-Bt cornand even on the CrylAb corn varieties across the U.S.
southern region. S. frugiperdais one of the notable target pests which have evolved several cases
of field resistance that resulted in control failures with Bt crops in the world. The first report of
field-derived resistance was the S. frugiperda population in Puerto Rico to CrylF expressing
corn in 2006 (Matten et al., 2008; Tabashnik et al., 2008; Storer et al., 2010). Then other three
cases of field resistance of S. frugiperdato CrylF Bt corn were also reported in Brazil (Farias et
al., 2014), the U.S. mainland (Huang et al., 2014), and recently in Argentina (Chandrasena et al.,
2018).

1.6 Bt Resistance Management

To delay resistance development, the U.S. and Canada as well as a few other countries
have implemented an insect resistance management (IRM) plan named the ‘high dose/refuge’
strategy for planting Bt crops (Ostlie et al., 1997; Gould, 1998; Baute, 2004). This strategy firstly
aims to use “high-dose” Bt plants to kill > 95% resistant heterozygotes of the target pests
(FIFRA Scientific Advisory Panel, 1998; U.S. EPA, 2001). The “high dose” property can
prevent the resistance alleles of the heterozygous insects to be transmitted into the next
generation. Secondly, a certain size of area is planted of non-Bt varieties that serve as refuge for
the susceptible insects. The susceptible insects emerged from the non-Bt plants should mate with

the rare resistant homozygous individuals that have survived from the Bt crop. If the frequency



of resistance is very low (e.g. <0.001), majority of offspring carrying resistance alleles will be
heterozygous and the heterozygotes should be killed by the “high does” Bt crops (Huang et al.,
2011). Through this strategy, the resistance allele frequency in the target pest populations can be
maintained at low levels for a long-period of time.

One of the key assumptions of the ‘high dose/refuge’ IRM strategy is that the Bt corn
plants must produce a “high dose” to be able to kill the resistant heterozygotes to prevent the
resistance alleles passing to the next generations. In other word, the resistance should be
functionally recessive (Huang et al., 2011). Thus, understanding the genetic basis of resistance in
target pest is essential for IRM. In 2011, we isolated two CrylA.105-resistant S. frugiperda
strains using an F, screen with field populations collected from south Florida (Huang et al.,
2016). These two populations have demonstrated significant level of resistance to purified
Cry1A.105 protein and whole plants of CrylA.105 corn. The objective 1 of this study is to
characterize the inheritance and fitness costs of CrylA.105 resistance in S. frugiperda.

In addition to the “high dose/refuge” strategy mentioned above, a gene-pyramiding
strategy has also been utilized to develop transgenic plants that express multiple Bt toxins for
targeting a same insect pest (Ghimire et al., 2011). Since 2010, these second generation Bt corn
hybrids expressing pyramided Bt genes (e.g. Genuity®SmartStax™; Agrisure® Viptera™ 3111)
have been available for controlling both above- and below-ground insect pests in the U.S. The
use of pyramided Bt corn hybrids is expected more powerful to delay resistance development in
target pests populations. Because pyramided Bt crops express two or more Bt proteins with
dissimilar mode of action for a target pest, and thus once one of the proteins is out of control for
the pest, the remaining proteins can still take effect. A recent study showed that several

pyramided Bt corn products are effective against the CrylF-resistant S. frugiperda and thus these



pyramided traits should provide a means for CrylF resistance management in the insect (Niu et
al., 2013; 2014).

Up to now, based on the mode of action or cross-resistance patterns, all Bt proteins
targeting moth pests expressed in corn can be categorized into only three groups 1) Cryl which
including CrylAb, CrylAc, CrylF, and CrylA.105, 2) Cry2Ab2, and 3) Vip3A. As mentioned
above, field resistance in S. frugiperdato CrylF has occurred in several regions of the world
(Storer et al., 2010; 2012; Huang et al., 2014). In addition, studies have shown that some levels
of cross resistance existed in S. frugiperda between CrylF and CrylA (Huang et al., 2014; Niu et
al., 2013). Cry1A.105 is one of the two Bt proteins expressed in the Bt corn event MON89034,
which is one of the most used Bt traits in the current planted pyramided Bt corn products.
Obijective 2 of this study was to evaluate the larval survival and plant injury of CrylA.105-
susceptibile, -resistant, and -heterozygous populations of S. frugiperda on transgenic corn
products containing single or pyramided Bt genes. Data generated from this study should be
useful to determine the cross-resistance pattern of the CrylA.105 resistance to other major Bt
corn traits.

Another Bt gene in MONB89034 is Cry2Ab2. Compared to Cryl proteins (e.g. CrylAb,
CrylAc, CrylF), Cry2Ab2 has different binding sites in insect midguts and thus it has a
dissimilar mode of action (Storer et al., 2012). Since 1999, pyramided Bt cotton containing
Cry2ADb2, along with CrylAc, has been commercially planted inthe U.S. and Australia. As
mentioned above, another key assumption for the “high dose refuge” IRM strategy is the initial
resistance alleles of target pest populations in the field should be rare (e.g. <0.001) (Andow and
Alstad, 1998). Monitoring of resistance evolution o is of great importance for the long-term

efficacy of Bt crop technologies. A few studies have investigated the allele frequency in S.



frugiperda populations to the commonly used CrylF and CrylA.105 protein in several regions of
the world (Velez et al., 2013; Farias et al., 2014; Huang et al., 2014; 2016; Li et al., 2016).
However, because Cry2Ab2 is a relatively new Bt protein used in Bt corn, the allele frequency to
the commonly used Cry2Ab2 protein in pyramided Bt crops in S. frugiperda was unknown
before the current study. In this study, an F, screening method was used to estimate the Cry2Ab2
allele frequency in S. frugiperda populations collected from multiple states in the U.S. southern
region (Objective 3). The results generated from this study could be used to determine if the
resistance allele frequency was low enough to meet the rare resistance allele assumption of the
“high dose/refuge” IRM strategy.

Since 2010, pyramided Bt corn traits have gradually replacedthe single-gene Bt crops in
the United States and several other countries. However, most studies related to Bt resistance
have just dealt with single-gene Bt resistance. In the objective 3 of the study, a single-gene
Cry2Ab2-resistant strain of S. frugiperdawas generated (Niu et al., 2016a). In addition, as
mentioned above, a single-gene CrylA.105-resistant strain of S. frugiperdawas already available
when the current study initiated (Huang et al., 2016). Studies have shown that both the
CrylA.105 and Cry2Ab2 resistances in the two resistant strains were controlled by a separate
single autosomal gene (Acharya etal., 2017; Niu et al., 2017). By crossing the two well-
documented single-gene Bt -resistant strains, a dual-Bt gene resistant strain of S. frugiperda that
was resistant to both Cry1A.105 and Cry2Ab2 proteins in the plants was established in the
laboratory. The availability of the dual-Bt gene resistant S. frugiperdastrain provided an
opportunity to determine the phenotypic performance of different insect genotypes containing
single- and multiple-Bt resistance allelesand thus to generate essential parameters needed for

refining resistance management modeling for the pyramided Bt crop technology.
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1.7 Objectives

1. Characterize the inheritance and fitness costs of CrylA.105 resistance in S. frugiperda;

2. Evaluate larval survival and plant injury of CrylA.105-susceptibile, -resistant, and —
heterozygous S. frugiperda populations on transgenic corn plants containing single or pyramided
Bt genes;

3. Estimate the frequency of Cry2Ab2 resistance allelesin field populations of S. frugiperda in
the U.S. southern region; and

4. Evaluate the phenotypic performance of different genotypes of S. frugiperda possessing
single- or dual-Cry1A.105/Cry2Ab2 resistant genes on MON89034 corn.
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CHAPTER 2. INHERITANCE AND FITNESS COSTS OF CRY1A.105
RESISTANCE IN TWO STRAINS OF SPODOPTERA FRUGIPERDA (J.E.
SMITH)?

2.1 Introduction

With the high selection pressure imposed by the broad adoption of Bacillus thuringiensis
(Bt) crops (James, 2016), evolution of resistance has become a great challenge to the continued
success of Bt crops. Recently, field-evolved resistance with control problems have reported in
several major target pest species of Bt corn and Bt cotton (van Rensburg, 2007; Storer et al.,
2010; Dhurua and Gujar, 2011; Gassmann et al., 2011; Farias et al., 2014a; 2014b; Huang et al.,
2014; Kranthi, 2015; Dively et al., 2016). In fall armyworm, Spodoptera frugiperda (J.E. Smith),
field-evolved resistance to Bt crops, particularly to the CrylF protein, has developed in several
geographical regions of the American Continents (Storer et al., 2010; Fariaset al., 2014a; 2014b;
Huang et al., 2014; Li et al., 2016). Therefore, implementing effective insect resistance
management (IRM) strategies is urgently needed for this important cross-crop pest species (Yang
etal., 2016).

Cryl A.105 (Biosafety Clearing-House, 2014) is one of the two Bt proteins produced in
the event MON 89034. In the U.S., corn hybrids containing MON89034 was first
commercialized in 2010 (US-EPA, 2010). Due to the similar gene structure among CrylF and
CrylA proteins (e.g. CrylA.105, CrylAb, CrylAc), studies have shown that there is a high level
of cross-resistance among these proteins in S. frugiperda (Huang et al., 2014; Niu et al., 2016),
hence the widespread resistance to CrylF corn would be expected to impact the effectiveness of
Cryl A.105. Because Cryl A.105 is a relatively new protein used in Bt crops, knowledge of

IThis chapter previously appeared as Niu et al., 2017. Inheritance and fitness costs of CrylA. 105 resistance intwo

strains of Spodoptera frugiperda (J.E Smith). Crop Protect. 110, 229-235.
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Cry1A.105 resistance is very limited. Recently, two Cryl A.105-resistant S. frugiperda strains
were successfully established using an F screen from field populations collected from Florida,
U.S. (Huang et al.,2016). The objective of this study is to analyze the genetic basis and fitness
costs of these two strains. Information generated from this study should be valuable in
understanding resistance mechanisms, assessing risk of resistance evolution, and developing
resistance management strategies for Bt maize.
2.2 Material and Methods
2.2.1 Insect Sources

A CrylA.105-susceptible (SS) and two CrylA.105-resistant (RR32 and RR67) S.
frugiperda strains were used as the original insect sources for this study (Table 2.1). SS was
collected from corn fields near Weslaco, Texas in 2013 and has been shown to be susceptible to
CrylA.105, Cry2Ab2, CrylF and Vip3A proteins in diet, as well as to corn leaf tissue and whole
corn plants expressing these proteins (Huang et al., 2014; 2016; Niu et al., 2016; Yang et al.,
2017). RR32 and RR67 were established by using an F; screen of two-parent families collected
from corn fields in Collier County, Floridain 2011. Both RR32 and RR67 have demonstrated a
significant level of resistance (>116-fold) to the Cryl A.105 protein. The two resistant strains also
survived and developed well on whole plants of Cryl A.105 corn plants in the greenhouse.
Larvae of all three insect strains were reared on corn leaf tissue or a meridic diet (Ward’s
Stonefly Heliothis diet, Rochester, NY) as described in Huang et al. (2016). Before RR32 and
RR67 wereused in the current study, they had been backcrossed with SS twice and reselected for

resistance with Cryl A.105 corn plants as described in Dangal and Huang et al. (2015).
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2.2.2 Genetic Crosses

To assess inheritance of the CrylA.105 resistance, eight additional S. frugiperda strains
(Table 2.1) were developed from two types of genetic crosses among the three original strains
using the method as described in Camargo et al. (2017). For genetic crosses, pupae of SS, RR32,
and RR67 were first divided by gender before eclosion. In each cross, 50-70 females from one
strain were then mass-mated with 50-70 males from the other strain (Camargo et al., 2017). Four
F1 heterozygous-resistant strains were produced from reciprocal crosses between SS and the two
resistant strains, which were denoted as 1) F1-32; SSi, F1 progeny from crossing RR32 females
with SS males; 2) F1-32SSs, F1 progeny from crossing RR32 males with SS females; 3) Fi-
67:SSm, F1 progeny from crossing RR67 females with SS males; and 4) F1-67,SSs, F1 progeny
from crossing RR67 males with SS females. Four F, strains were generated by sib-mating of the
four F; strains, which were 1) F,-32¢ SSi, F2 progeny from the sib-mating of F1-32:SSn,; 2) F-
32mSSt, F2 progeny from the sib-mating of F1-32:SSt; 3) F2-67:SSm, F2 progeny from the sib-
mating of F1-67:SSm; and 4) F»-67mSSt, F2 progeny from the sib-mating of F1-67,SSs.
For fitness cost study, to further minimize differences in genetic background among insect
strains, RR32 and RR67 were backcrossed with SS one more time (a total of three backcrosses)
and reselected for resistance with Cryl A.105 corn plants as described in Dangal and Huang et al.
(2015). Two F1 heterozygous-resistant strains (F1-RS32 or F1-RS67) were produced from
reciprocal crosses between SS and the two re-backcrossed and reselected resistant strains. Fi-
RS32 was the F; offspring of the reciprocal crosses between SS and RR32, and F1-RS67 was the
F1 offspring of the reciprocal crosses between SS and RR67. Thus, a total of five S. frugiperda
strains (SS, F1-RS32, F1-RS67, and the two backcrossed-and- reselected strains RR32 and RR67)

were used in the fitness cost study (Table 2.1).
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Table 2.1. Spodoptera frugiperda strains used in assessing inheritance and fitness costs of CrylA.105 resistance.

Insect strain

Description

Original three insect strains used in assessing inheritance and fitness costs of resistance

SS
RR32

RR67

A CrylA.105-susceptible strain from Weslaco, Texas in 2013

A CrylA.105-resistant strain isolated using an F screen of a single-pair collected from Florida
in 2011
A CrylA.105-resistant strain isolated using an F screen of a single-pair collected from Florida
in 2011

F1 heterozygous-resistant strains used in inheritance study

F1-32tSSm
F1-32mSSt
F1-67¢SSm
F1-67mSSt

F1 progeny generated by crossing females of RR32 and males of SS
F1 progeny generated by crossing males of RR32 and females of SS
F1 progeny generated by crossing females of RR67 and males of SS
F1 progeny generated by crossing males of RR67 and females of SS

Four F; strains used in inheritance study

F2-32:SSm
F2-32mSSt
F2-32
F2-67tSSm
F2-67mSSt
F2-67

F2 progeny produced from the sib-mating of F1-32¢SSp,
F2 progeny produced from the sib-mating of F1-32,SSs
A mixed strain of approximately 50% F2-32:SSm and 50% F2-32mSSt
F> progeny produced from the sib-mating of F1-67¢SSm
F2 progeny produced from the sib-mating of F1-67,SSs
A mixed strain of approximately 50% F2-67:SSm and 50% F2-67mSSt

Two F; heterozygous-resistant strains used in fitness cost study

F1-RS32
F1-RS67

Mixed F; progeny produced by reciprocal crosses between SS and RR32
Mixed F1 progeny produced by reciprocal crosses between SS and RR67
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2.2.3 Assessing Inheritance of CrylA.105 Resistance in S. frugiperda

To assess the inheritance of Cryl A.105 resistance in S. frugiperda, larval mortality was
measured using two assay methods: diet-incorporated and corn leaf tissue bioassays as described
in Camargo et al. (2017). Cryl A.105 protein and the related buffer, as well as, a Cryl A.105 corn
experimental line and its non-Bt corn isoline were provided by Monsanto Company (St. Louis,
MO). All 11 insect strains listed in Table 2.1 were included in the corn leaf tissue bioassay. In the
diet-incorporated bioassay, because of the autosomal inheritance in both RR32 and RR67 (see
results), the two F; strains associated with each of the two resistant strains were combined into
one strain each, named as F»-32 and F»-67, respectively. Thus a total of nine S. frugiperda strains
were evaluated in the diet-incorporated bioassay (Huang et al., 2016). Our previous studies
(Huang et al., 2016; Niu et al., 2016) suggested that the genotypes of SS and RR S. frugiperda
could be discriminated well using the die-incorporated bioassay with Cryl A.105 concentrations
from 10 to 100 pg/g. Thus, larval mortalities of the nine S. frugiperda strains were determined at
three CrylA.105 concentrations: 10, 31.6, and 100 pg/g. In addition, a negative control (diet
treated with buffer only) and a blank control (diet treated with water only) were used in each
bioassay.

In the diet-incorporated bioassay, approximately 1g of treated diet or untreated control
diet was placed into each cell of 128-cell trays (Niu et al., 2013). One neonate (<24 h) was
placed into each cell. For the leaf tissue bioassay, leaves of the Cryl A.105 and isoline non-Bt
corn plants (Huang et al., 2016) were removed from greenhouse-grown plants. It has been
reported that there is a great variability of Cryl A.105 protein expression at the V2-V4 corn
plants of the event MON 89034 (Monsanto, 2006). Expression or non-expression of the Bt toxin

in the plants was confirmed using the ELISA-based assays (EnviroLogix, Quantiplate ™ Kkits,
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Portland, ME) (Wangila et al., 2012). To ensure a relatively consistent expression of Cryl A.105
protein in the plant materials used in the bioassay, only fully-expanded leaves of the V5-V8 stage
plants of the greenhouse-grown plants were used in the current study. Two previous studies
(Huang et al., 2016; Niu et al., 2016) have shown that the tissues of the fully-expanded leaves of
Cryl A.105 corn plants at these growth stages consistently provided high mortality (e.g. 100%
mortality) against the susceptible S. frugiperda strain, while RR strains survived well, suggesting
leaf tissue of the Cryl A.105 corn plants at these stages expresses sufficient level of the

Cryl A.105 protein to discriminate RR from SS (Huang et al., 2016). In the bioassay, leaves were
cut into pieces approximately 3 cmin length. Two to three pieces of leaf tissue were placed in
each well of a 32-well C-D International tray (Bio-Ba-32, C-D International, Pitman, NJ). Four
neonates (<24 h old) of an insect strain were then placed on the surface of the leaf tissue in each
well and leaf tissue was replaced every 2-3 days (Niu et al., 2013).

For both assay methods, bioassay trays were put in environmental chambers maintained
at 28°C, 50% RH, and a 16:8 (L: D) h photoperiod and larval mortality was checked after 7 days
of neonate release. Larvae were considered dead if they did not respond after being touched with
a camel hair brush (Niu et al., 2013). In each bioassay, there were four or eight replications and
each replication consisted of 16-32 larvae in the diet-incorporated bioassay and 24-32 larvae in
the leaf tissue test.

2.2.4 Analyzing Fitness Costs of Cry1A.105 Resistance in S. frugiperda

To determine if fitness costs were associated with the Cry1A.105 resistance, survival,
growth, development and reproduction of the five S. frugiperda strains (SS, RR32, RR67, Fi-
RS32, and F1-RS67) were examined on non-Bt corn leaf tissue using a similar method as

described in Dangal and Huang (2015). A non-Bt corn hybrid, DKC62-95 (Monsanto, St. Louis,
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MO), was used in the fitness study. DKC62-95 corn seeds were planted in open fields at the
Louisiana State University AgCenter’s Macon Ridge Research Station in Franklin Parish and at
the Central Research Station in East Baton Rouge Parish, Louisiana, U.S. The non-expression of
Bt proteins in the non-Bt corn plants was confirmed using the ELISA-based assays mentioned
above. Larvae of the five S. frugiperda strains were individually assayed on the leaf tissue
removed from the field-grown V5-V8 plants (Dangal and Huang, 2015). In the assay, one
neonate (<24 h old) was released on the surface of leaf tissue in each well of 32-well C-D
International trays (Bio-Ba-32, C-D International, Pitman, NJ). Bioassay trays were placed in
growth chambers maintained at the same conditions as used in the inheritance study. After seven
days, to ensure enough space for the late instars, live larvae were transferred from the 32-well
trays into the 8-well C-D International trays (Bio-Ba-8) containing the same leaf tissue with 1
larva/well. Leaf tissue was replaced every 2-3 days until pupation. In each bioassay, there were
four replications (growth chambers) for each insect strain and each replication included 32
neonates (n =4 x 32=128). Bioassay trays within a replication were placed in the same growth
chamber. Live pupae from each treatment replication were transferred into 3.78-liter paper
containers for adult emergence in the same growth chamber as they were reared. Larval survival
and body weight of S. frugiperdareared on the non-Bt corn leaf tissue were checked 10 days
after neonate release. Pupation and adult emergence were checked daily once the first pupa was
observed. Sex ratio and pupal weight were also recorded for each treatment replication.

To measure reproduction, a pair of newly emerged (<24 h old) virgin male and female
adults were placed into 3.78-liter paper containers (Huhtamaki Foodservice, De Soto, Kansas)

for mating and oviposition as described in Zhang et al. (2014). For each insect strain, there were
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four replications and each replication consisted of five pairs. Total number of eggs produced per
female was estimated by weighing the total egg masses laid.
2.2.5 Data Analysis

Larval mortality data measured in the inheritance study were corrected based on the
mortality observed on the non-Bt control diet or non-Bt corn leaf tissue using the method of
Abbott (1925). The corrected mortality data, along with the insect survivorship rate recorded in
the fitness cost study, were transformed using arcsine (x*°). All other biological parameters
recorded in the fitness cost study including 10-day larval body weight, sex ratio, pupal weight,
neonate-to-pupa development time, neonate-to-adult emergence time, and egg production were
transformed into log (x + 1) scale to meet the assumption for analysis of variance (ANOVA). All
transformed data were analyzed using one-way ANOVA with S. frugiperda strain as the main
factor (SAS Institute, 2010). Treatment means were separated using Tukey’s honest significant
difference test at o = 0.05 level.

Sex linkage or maternal effect of the Cryl A.105 resistance was examined by comparing
larval mortality of F; progeny from the reciprocal crosses between SS and the two resistant S.
frugiperda strains (Roush and Tabashnik, 1990). Functional dominance level, Dy, of the
Cryl A.105 resistance in RR32 and RR67 at each Cryl A.105 concentration in the diet-
incorporated bioassay and leaf tissue tests was estimated using the method as described in
Bourguet et al. (2000). The number of genes related to the Cryl A.105 resistance was estimated
with y>-tests by fitting observed larval mortality data in the F, generations to the Mendelian
single-gene models as described in Tabashnik (1991). Because the Cryl A.105 concentrations of
10 and 31.6 pg/g in the diet-incorporated bioassay did not fully discriminate heterozygous from

homozygous resistant individuals (see results), tests for fitting the Mendelian monogenic model
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were conducted for only the concentration of 100 pg/g. Fitness costs of resistance were evaluated
by comparing survival, growth, development and reproduction among SS, resistant and F;
heterozygous S. frugiperda strains.

2.3 Results

2.3.1 Inheritance of CrylA.105 Resistance in S. frugiperda

The effect of S. frugiperda strain on larval mortality was significant for each of the three
Cry1A.105 concentrations in the diet-incorporated bioassay (Fs3s > 14.44, P <0.0001 across the
three Bt concentrations) and for the leaf tissue test (Fio41 = 20.54, P < 0.0001). Larval mortality
of SS ranged from 98.1-100% on CrylA.105-treated diet and was 96.4% on Cry1A.105 corn leaf
tissue (Table 2.2). Performance of RR32 and RR67 was somewhat inconsistent between the diet-
incorporated bioassay and leaf tissue test. Mortality of RR32 at 31.6 and 100 pg/g in diet-
incorporated bioassay was lower (P < 0.05) than that of RR67, while, on Bt leaf tissue, mortality
of RR32 was greater (P < 0.05) than that of RR67. However, the overall mortalities of the two
resistant strains on both Bt-treated diet and Bt corn leaf tissue were relatively low (averaged 8.2%
for RR32 and 17.7% for RR67) and both were significantly less (P < 0.05) than the SS mortality
across Bt concentrations and assay methods (Table 2.2).

Larval mortality of the two F1 strains derived from reciprocal crosses of SS and each of
the two resistant strains were similar (P > 0.05) across the three Cry1A.105 concentrations in
diet-incorporation and on Bt corn leaf tissue (Table 2.2). Thus, sex-linkage or maternal effect
was not evident for the Cry1A.105 resistance in both RR32 and RR67 strains. However, in some
bioassays, larval mortality of the two F; reciprocal strains associated with RR67 was somewhat
greater than that of F strains associated with RR32. For example, F1-67¢SSm and F1-67mSSs

showed an average mortality of 60.7% at 31.6 pg/g and 87.3% on Cry1A.105 leaf tissue, while
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the corresponding mortality for the two F; strains associated with RR32 was 22.2% and 55.7%,

respectively. In general, mortality at 10 and 100 pg/g were similar (P > 0.05) among the four F;

strains.

Table 2.2. Larval mortality (% mean + sem) of Cryl1A.105-susceptible (SS), -resistant (RR32
and RR67), F1, and F strains of Spodoptera frugiperda on CrylA.105-diet at three
concentrations and Cry1A.105 corn leaf tissue.

Insect strain @ CrylA.105-treated diet (ug/g)® Insect CrylA.105 corn
n 316 100 strain® leaf tissue®
SS 100+£0.0d 98.1+1.9e 100+ 0.0d SS 96.4 +2.1e
RR32 0.4+0.4a 0.0 £ 0.0a 6.5+ 6.5a RR32 26.0 £ 2.5b
F1-32¢SSm 120+5.6b 31.6+24bc 76.1+4.4bcd F1-32:SSm 52.2+£7.3bc
F1-32mSSt 205+38bc 128+3.6ab 949+ 1.7cd F1-32mSSs 59.2 + 4.1bc
F.-32 38.2+57c 53.9+3.6cd 58.2%2.8bc F2-32¢SSm 40.9 + 3.2bc
F2-32mSSt 59.8 + 3.1bc
RR67 0.2+0.2a 23.0%x27bc 451+9.3b RR67 2.3%2.3a
F1-67tSSm 347+47c 70.0+3.8d 92.0+1.6cd F1-67:SSm 84.5 + 6.2de
F1-67mSSt 348+25c 51.3+9.1cd 70.4+10.4bc F1-67mSSt 90.0 + 3.3de
F.-67 21.9+1.0bc 458+7.8cd 70.8+8.7bc F2-67tSSm 64.3 + 3.9bcd
F2-67mSSt 70.0 + 8.8cde
ANOVA Fs35=85.92  Fgss =30.85  Fg3s=14.44 ANOVA Fio4 =20.54
P <0.0001 P <0.0001 P <0.0001 P <0.0001

2 Insect strain identifications are the same as listed in Table 1. In the diet-incorporated bioassay,
F, progeny were pooled from F2-32:SSy, and F2-32,SSt or F2-67¢SSm and F2-67,SSt. There were
8 replications for assaying F1-67tSSm and F1-67mSSt, respectively, in both diet-incorporated and

corn leaftissue bioassays, while four replications were used in all other assays.

b Mean values within a column followed by a same letter are not significantly different at o =
0.05 (Tukey’s honest significant difference test).
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Functional dominance level of the resistance for RR32, calculated based on the mortality

at each of the three concentrations in the diet bioassay, ranged from 0.155 at 100 pg/g to 0.841 at

10 pg/g (Table 2.3). The corresponding Dwm. values for RR67, ranged from 0.342 at 100 pug/g to

0.654 at 10 pg/g. Dmi based on the mortality in leaf tissue bioassay was 0.579 for RR32, and

0.097 for RR67 (Table 2.3). These results suggest that CrylA.105 resistance in both RR32 and

RR67 was non-recessive, but it ranged from incompletely recessive to incompletely dominant,

depending on strain, Bt concentration and assay method.

Table 2.3. Effective dominance levels (Dwmi) of two CrylA.105-resistant strains of Spodoptera
frugiperda calculated based on larval mortalities on CrylA.105-diet at three concentrations and

Cry1A.105 corn leaf tissue.

Insect  Assay CrylA.105 concentration Dme Result
strain®  method (ng/g)
or corn stage
RR32  Diet- 10 0.841 Incomplete dominant
incorporated 31.6 0.774 Incomplete dominant
100 0.155 Incomplete recessive
Bt corn leaf Vegetative plant stages 0.579 Moderate
tissue
RR67  Diet- 10 0.654 Incomplete dominant
incorporated 31.6 0.499 Moderate
100 0.342 Incomplete recessive
Bt corn leaf Vegetative plant stages 0.097 Incomplete recessive
tissue

@ |Insect strain identifications are the same as listed in Table 2.1.

In general, mortality of F, strains was significantly (P < 0.05) less than that of SS, but

significantly (P < 0.05) greater than RR32 or RR67. Mortalities at each of the three Cry1A.105

concentrations and on Bt leaf tissue were similar (P > 0.05) between F,-32 and F»-67. 4 tests

showed that, the observed mortality of F,-67 in both CrylA.105-diet and leaf tissue bioassays

fitted the Mendelian monogenic model (y?4r.=1 = 1.329, P = 0.2489 for diet-incorporated bioassay
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and y?4=1= 0.116, P = 0.7334 for leaf tissue bioassay) (Table 2.4). 4 tests also showed that
mortality of F»-32 on Cry1A.105 diet fitted the monogenic model (y%s=1 = 3.76, P = 0.0525).
However, the difference between the observed and expected mortality of F»-32 on Bt leaf tissue
was significant at the a = 0.05 level, but not at the o= 0.01 level (Table 4). Based on these
results, the Cry1A.105 resistance in both RR32 and RR67 was likely controlled by a single or a
few closely linked genes.

Table 2.4. y? tests for Mendelian monogenic model for Cryl1A.105 resistance in two strains of
Spodoptera frugiperda.

Insect  Assay method CrylA.105 Pooled F,
strain? concentration orcorn |, No. dead larvae 1 test
stage Expected Observe . P-value
d
F,-32  Diet-incorporated 100 pg/g 64 44.4 37.2 3.76  0.0525
Bt corn leaf tissue  Vegetative plant stage 192  112.2 96.7 5.187 0.0228
F,-67  Diet-incorporated 100 pg/g 64 49.2 45.3 1.329  0.2489

Bt corn leaf tissue  Vegetative plant stage 192 131.1 128.9 0.116 0.7334

2 Insect identifications are the same as listed in Table 2.1. Mortality data observed on Bt diet and
Bt leaf tissue were corrected with the corresponding mortalities on non-Bt diet and non-Bt corn
leaf tissue, respectively, before they were used for > -tests.

2.3.2 Fitness Costs of Cry1A.105 Resistance in S. frugiperda

The effect of S. frugiperda strain on 10-day larval survivorship was significant (Fs 2 =
9.51, P=0.0011), while the effect on 10-day larval body weight was not significant (F412= 2.69,
P =0.0823) (Table 2.5). There were no significant (P > 0.05) differences in the survivorship
among SS, RR32, F1-RS67 and F1-RS32, or among RR32, RR67 and F1-RS67. However, the 10-

day survivorship of RR67 (94.5 %) appeared to be greater (P < 0.05) than that of SS (67.2%) and
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Fi-RS32 (64.8%) (Table 2.5). The 10-day larval body weight ranged from 253.5 mg/larva for F;-
RS67 to 320 mg/larva for RR67 (Table 2.5).

The effect of S. frugiperda strain on sex ratio and pupal weight was not significant (412
=0.77, P=0.5630 for sex ratio and F41» = 1.81, P=0.1909 for pupal weight), while the effect
on pupation time was significant (F412 = 8.95, P =0.0014) (Table 2.5). Across the five S.
frugiperda strains, the average sex ratio was 1:1.01 (male: female) and the average pupal weight
was 183.9 mg/pupa (Table 2.5). Average neonate-to-pupa development time for SS was 13.4
days, which was 0.5 to 1 day longer (P < 0.5) than the other four strains. No significant (P >
0.05) differences in development time was among the two resistant and two F; strains (Table
2.5).

The effect of S. frugiperda strain on emergence time was significant for both sexes (Fu,12
=9.24, P=0.0012 for male and Fu 1> = 6.32, P=0.0056 for female) (Table 2.5) and the effect on
neonate-to-adult emergence rate was also significant (F412 =5.7, P =0.0083). The neonate-to-
adult emergence time (20.8 days for male and 21.4 for female) of SS was approximately one day
longer than the other four strains for both sexes. The difference was significant (P < 0.05) when
it was compared to RR32, F1-RS32 and F-RS67, but not significant (P > 0.05) for RR67. No
significant (P > 0.05) differences were observed in the adult emergence time among RR32,
RR67, Fi-RS32, and Fi-RS67 (Table 2.5). The emergence rate (64.8%) of RR67 was
significantly (P < 0.05) greater than that of F1-RS32 (34.4%) and SS (36.7%), while the
difference was not significant (P> 0.05) among SS, RR32 and F;-RS32, or among SS, RR32 and
F-RS67 (Table 2.5). The effect of egg production was not significant (F412 = 1.85, P=0.1850)
(Table 2.5). Across the five S. frugiperda strains, each successfully-mated female produced an

average of 1,040 eggs (Table 2.5).
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Table 2.5. Survival, growth, development, and reproduction of CrylA.105-susceptible, -resistant, and F; strains of Spodoptera
frugiperda feeding on non-Bt corn leaf tissue.

Neonate-to-Adult

Neonate- . Neonate-to-
Insect 10-d — 10-Larval Sex Ratio Pupal to-Pupa Emergence Time Adult .
- Survivorship Weight Weight . (day) No. Eggs/Pair
strain % ma/Larva (Male/female) (ma/pupa) Time i o~ Emergence
g gpup (day) male emale  Rate (%)
SS 67.2+6.1a 256.4+16.6a 1.08+0.15a  185.0+3.1a 13.4+0.3b 20.8£0.3b 21.4+0.5b 36.7+4.8ab  899.3+167.4a
RR32 82.0+5.5ab 282.9+11.0a 0.76+0.10a 188.9+2.7a 12.3+0.1a 18.9+0.4a 20.4+0.2a 45.3+6.8abc 924.5+168.9a
RR67 945+2.3b  320.0+7.9a  0.98+0.19a  183.5+2.4a 12.9+0.3a 19.8£0.5ab 20.9+0.4ab 64.845.1c  949.0+209.0a
Fi-RS32  64.848.1a 279.7+18.7a 1.13+0.05a 181.8+1.4a 12.7#0.3a 19.1+0.4a 20.4+0.3a  34.4+3.4a 895.0£76.0a
F1-RS67  85.7£3.9ab 253.5+16.5a 1.00+0.22a  180.2+2.4a 12.5+0.3a 19.2+0.4a 20.3x0.3a 60.2+8.4bc 1530.3%£119.8a
ANOVA F4,12=9-51 F4,12=2-69 F4,12=0.77 F4,12:1.81 F4,12:8.95 F4,12:9.24 F4,12:6.32 F4,12:5.7 F4,12:1-85
P=0.0011 P=0.0823 P=0.5630 P=0.1909 P=0.0014 P=0.0012 P=0.0056 P=0.0083 P=0.1850

2 Insect strain identifications are the same as listed in Table 2.1. Mean values followed by a same letter within a column were not

significantly different at o = 0.05 (Tukey’s HSD test).

33



2.4 Discussion

Results of this study suggest that, the CrylA.105 resistance in both RR32 and RR67
S. frugiperda strains was likely inherited as a single (or a few tightly linked) autosomal gene and
the resistance was functionally non-recessive, but ranged from incomplete recessive to
incomplete dominant, depending on strain, Bt concentration and assay method. Both RR32 and
RR67 on non-Bt leaf tissue did not show less fitness than the susceptible insect strain for all life
history parameters measured, suggesting that the CrylA.105 resistance in S. frugiperdawas not
associated with fitness costs.

To analyze if the CrylA.105 resistance in RR32 and RR67 is controlled by the same
alleles, we conducted a reciprocal inter-strain cross between RR32 and RR67 and examined
larval survival of the F1 progeny on CrylA.105 corn leaf tissue using the same method described
above. The two reciprocal F1 strains from the inter-strain crosses were highly resistant to the Bt
corn leaftissue as their resistant parental strains (data not shown). Because of the non-recessivity
of the resistance in both RR32 and RR67, data generated from the inter-strain crosses could not
conclusively demonstrate that the genetic basis is the same in both strains. In addition, previous
studies (Huang et al., 2014; 2016) indicate that the Cry1A.105 resistance in RR32 and RR67 was
likely due to cross resistance with CrylF-resistant genes in the insect. However, CrylF
resistance in another S. frugiperda strain that was isolated from the same insect populations that
was used in the current study was shown to be recessive on CrylF corn leaf tissue (Camargo et
al., 2017), and the resistance was associated with fitness costs (Dangal and Huang, 2015).
Furthermore, the CrylF resistance in S. frugiperdawas found to be recessive to incompletely
recessive in all other populations that have been examined (Storer et al., 2010; \Vélez et al., 2013;

Farias et al., 2016; Leite et al., 2016). Nevertheless, the lack of fitness costs and the non-
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recessive resistance observed in the current study for both RR32 and RR67 suggest that Bt
resistance, even for the same target pest, can be expressed quite differently on plants containing
dissimilar Bt traits. The results indicate that strain and trait-specific knowledge of resistance may
be needed to develop effective IRM strategies for Bt crops.

In the U.S. and several other countries, a “high dose/refuge” strategy (Ostlie et al., 1997,
US-EPA, 2001) has been implemented for managing resistance to Bt crops. Two key
assumptions for the success of this strategy are that the resistance should be functionally
recessive and the initial resistance allele frequency in field pest populations should be rare (e.g.
<0.001) (Huang et al., 2011). A previous study (Huang et al., 2016) showed that Cry1A.105
resistance allelesin field populations of S. frugiperda from the U.S. southeast region are no
longer rare, estimated to be 0.0328 with a 95% credibility interval of 0.020-0.049. The non-
recessive resistance character and the lack of fitness costs documented in the current study, plus
the relatively high resistance allele frequency, indicate a relatively high potential risk of
resistance development of S. frugiperdato single-gene CrylA.105 corn. It should be noted that,
the single-gene CrylA.105 corn used in this study is for experimental use only and not available
for commercial planting. As mentioned above, CrylA.105 is one of the two Bt genes in event
MON 89034, the other Bt protein in the event is Cry2Ab2. MON 89034 has been incorporated
into several commonly used pyramided Bt corn hybrids (DiFonzo, 2017), and studies have
documented that CrylA.105-resistant S. frugiperda are not cross-resistantto Cry2Ab2 or Vip3A,
and Bt corn plants expressing one or both of these proteins are effective against the Cryl A.105-
resistant S. frugiperda (Niu et al., 2016). A significant concern is that, due to the cross-resistance
between CrylF and CrylA (Huang et al., 2014; Bernardi et al., 2015; Yang et al., 2016),

Cry1A.105 corn plants are not effective against the CrylF-resistant S. frugiperda. Some of these
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‘pyramided’ Bt corn products effectively a single-gene hybrids against the CrylF-resistant S.
frugiperda populations. Knowledge in resistance development under such situation is lacking
and need to be investigated in the future.

Based on the knowledge generated from earlier studies of resistance to chemical
insecticides and some Bt toxins, high levels of Bt resistance were thought to be typically
controlled by a single, largely recessive gene with fitness costs (Tabashnik et al., 1994; Huang et
al., 1999; Bourguet et al., 2000; US-EPA 2001; Ferré and van Rie, 2002; Gassmann et al., 2009;
Huang et al., 2011). However, the results of more recent studies do not appear to agree with this
general conclusion. The most notable example of dominant resistance are the field resistance of
African stem borer, Busseola fusca (Fuller), to CrylAb corn, which could be a key factor for the
rapid resistance development in the field for both target pests (Campagne et al., 2013). Other
notable non-recessive resistance cases are in the resistance of the western corn rootworm,
Diabrotica virgiferavirgifera LeConte to Cry3Bb1 corn (Petzold-Maxwell et al., 2012;
Hoffmann et al., 2015), Helicoverpaarmigera to CrylAc cotton (Kranthi et al., 2006; Nair et al.,
2010; Jin, 2013), and Pectinophora gossypiellato CrylAc cotton (Nair et al., 2016). In addition,
fitness costs of major resistance to single-gene Bt plants have also been evaluated in several
cases associated with the same seven insect speciesand the same six Bt proteins. The results
showed that the majority of these cases were not associated with significant fitness costs. More
significantly, lack of fitness costs were found for the three most notable field resistance cases,
called ‘practical resistance’ in Tabashnik et al. (2013), which include the resistance of African
stem borer to CrylAb corn, western corn rootworm, Diabrotica virgiferavirgifera LeConte to
Cry3Bb1 corn (Gassmann et al., 2011), and S. frugiperda to CrylF corn (Jakka et al., 2014;

Vélez etal., 2014; Leite et al., 2016). We understand that the number of cases that have been
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examined is still limited and major resistant genes for some primary target pests (e.g. European
corn borer, Ostrinianubilalis (Htbner), vs CrylAb corn) to Bt crops are yet to be identified.
However, such a high rate of non-recessive resistance to Bt crops provides a cautionary evidence
against the assumption that resistance is functionally recessivein an IRM plan for single-gene Bt
crops. It should also be pointed out that, in the U.S. and several other countries, single-gene Bt
cotton has already been phased out from the market, and it is expected that single-gene Bt corn
will be completely replaced by pyramided Bt corn in the near future. Validation of IRM
assumptions for pyramided Bt traits is still a great challenge. Two recent studies showed that the
dual- or multiple-gene Bt resistance to CrylA/Cry2A or CrylA/Cry2A and CrylF proteins in

S. frugiperda is functionally recessive on the corresponding pyramided Bt corn plants (Santos-
Amaya et al., 2015; Bernardi et al., 2017). More studies to characterize dual- or multiple-gene Bt
resistance are warranted to generate the necessary information for developing robust IRM
strategies for Bt crops.
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CHAPTER 3. PERFORMANCE OF CRY1A.105-SELECTED FALL
ARMYWORM (LEPIDOPTERA: NOCTUIDAE) ON TRANSGENIC
MAIZE PLANTS CONTAINING SINGLE OR PYRAMIDED BT GENES?

3.1 Introduction

Transgenic crops (e.g. maize, cotton, and soybean) containing Bacillus thuringiensis (Bt)
genes have been widely planted for controlling some major insect pests (James, 2014). As with
many other pest management tools, evolution of resistance in the pest populations is a threat to
the sustainable use of Bt crop technology. Great efforts in implementation of resistance
management plans have been made since the first commercialization of Bt crops in 1996 (Ostlie
etal., 1997; Huang et al., 2011; Matten et al., 2012; Tabashnik et al., 2013). However, due to the
intensive use of Bt crops over the last 20 years, field resistance resulting in insect control
problems has occurred in at least four major target species and in several countries (van
Rensburg, 2007; Storer et al., 2010; Dhurua and Gujar, 2011; Gassmann et al., 2011; Farias et
al.,2014a; 2014b; Huang et al., 2014).

Fall armyworm, Spodoptera frugiperda (J.E. Smith), is a target of both Bt maize and Bt
cotton in North and South America, as well as a target of Bt soybean in Brazil (Fariaset al.,
2014a; Yang et al., 2016). Up to now, S. frugiperda is the first and only target insect that has
developed field resistance to Bt crops at multiple locations across different countries and
continents (Storer et al., 2010; Farias et al., 2014a; 2014b; Huang et al., 2014). In Puerto Rico,
CrylF maize (event TC1507) was commercially planted to control S. frugiperdain 2003, while
field control problems occurred three years later (Storer et al., 2010). Similarly, in Brazil, CrylF
maize was first commercially available in the 2009/2010 season for controlling S. frugiperda and

2This chapter previously appeared as Niu et al., 2016h. Performance of Cry1A. 105-selected fall armyworm
(Lepidoptera: Noctuidae) on transgenic maize plants containing single or pyramided Bt genes. Crop Protect. 88, 79-
87.
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corresponding survivorship of FL32 and FL67 was even lower, <5.5%. On the high-expressing
Cry2Ab2 maize line (Cry2APH), mortality of the five insect populations was 99.2-100% in the
two trials (Fig. 3.1). The three pyramided Bt maize products, VT2P, SMT, and VIP3 were
effective against both CrylA.105-susceptible and -resistant S. frugiperda. Leaf tissue of these
three Bt maize products killed 100% of SS in Trial-Il (the only trial where SS was evaluated on

pyramided products), and 75.0-100% of the other four populations in the two trials (Fig. 3.1).
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Fig. 3.1. Larval survivorship (mean + sem %) of CrylA.105-susceptible (SS) and -resistant
populations (FL32 and FL67) of Spodoptera frugiperda after 7 days of feeding on leaf tissue of
non-Bt and Bt maize products expressing single or multiple Bt proteins. Mean values followed
by a same letter are not significantly different (o =0.05; LSMEANS test).
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Table 3.3. Effective dominance level (Dwmi) of two CrylA.105-resistant populations (FL32 and
FL67) of Spodoptera frugiperdaon leaf tissue and whole plants of Cry1A.105 (CrylAP) and
CrylF (HX1) maize products.

Test method Maize Insect Effective dominance Dw.?
product ID
Leaf tissue bioassay CrylAP FL32 0.00
FL67 0.21
HX1 FL32 0.27
FL67 1.00P
Whole-plant test CrylAP FL32 0.75
FL67 0.50
HX1 FL32 0.40
FL67 0.86

2 Dmi ranges between 0 and 1; Dvi = 0 means that the resistance is completely recessive, while
Dwme = 1 indicates completely dominant resistance.
® The calculated value based on the survival data observed in the leaf tissue bioassay was 1.15.

3.3.2 Leaf Injury Ratings of S. frugiperdato Non-Bt and Bt Maize Containing Single or
Pyramided Genes in the Whole-Plant Tests

Leaf injury ratings caused by the five populations of S. frugiperdawere generally
consistent between the two trials in the greenhouse. The effects of maize product, insect
population, and their interaction on leaf injury ratings were all significant for each of the two
trials and for the pooled data analysis (Table 3.2). There were no significant (P > 0.05)
differences in the leaf injury ratings of non-Bt maize plants among the five insect populations for
each trial and for the pooled data. After 14 days, when the trials were terminated, all five
populations had caused heavy leaf injuries to the non-Bt maize plants, with an overall average
leaf injury rating of 7.4 for the pooled data (Fig. 3.2).

SS caused little damage to Cry1A.105 (CrylAP) maize plants, with a leaf injury rating of
1.6 for the pooled data (Fig. 3.2). Compared to SS, both resistant populations caused

significantly (P < 0.05) greater injury to Cryl AP. The leaf injury ratings of Cryl AP caused by
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FL67 (4.9 in Trial-l1and 5.8 in Trial-Il) were somewhat greater than those caused by FL32 (3.0 in
Trial-1and 3.7 in Trial-11). The difference between the two resistant populations was not
significant (P > 0.05) for the analysis based on each of the individual trials, but significant (P <
0.05) for the pooled data analysis (Fig. 3.2). The leaf injury rating to CrylAP caused by the two
heterozygous populations (FL32-RS and FL67-RS) was significantly (P <0.05) greater than that
caused by SS. In general, FL32-RS and FL32 caused similar (P > 0.05) injury to CrylAP, while
the leaf injury caused by FL67-RS was somewhat lower than that caused by FL67. The
difference between FL67-RS and FL67 was not significant (P > 0.05) for Trial-Il, but significant
(P <0.05) for Trial-1and the pooled data analysis (Fig. 3.2).

As observed in the leaf tissue bioassay, both FL32 and FL67 showed cross-resistance to
CrylF (HX1) maize in the whole-plant test. HX1 was effective against SS and had little leaf
injury. Compared to SS, both FL32 and FL67 caused significantly greater (P < 0.05) leaf injury
to HX1. The leaf injury to HX1 caused by the two resistant populations was similar (P > 0.05)
for both trials, with an average leaf injury rating of 5.4 for the pooled data (Fig. 3.2). The leaf
injury levelsof HX1 in each trial were similar (P > 0.05) between the two RS populations, but
overall the injury in Trial-1l was greater than in Trial-1. Based on the pooled data analysis, the
leaf injury rating (an average of 2.9) on HX1 plants infested with FL32-RS or FL67-RS was
significantly greater (P < 0.05) than that caused by SS, but significantly less (P < 0.05) than on
plants infested with the resistant populations (Fig. 3.2).

Again, CrylAb maize (YG) was generally not effective against any of the five
populations, with an average leaf injury rating of 6.0 for the pooled data (Fig. 3.2). In contrast,
little or no leaf injury was observed on plants of Cry2APH and the three pyramided Bt maize

hybrids infested with any of the five populations. In the pooled analysis of the two trials, the two
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resistant populations caused an average leaf injury rating of 1.2 to Cry2APH, 1.3 to VT2P, 1.3 t0
SMT, and 1.1 to VIP3; with few exceptions, none of these values were significantly different

from those infested with SS (1.0-1.5) or RS (1.2-2.5) across the four maize products (Fig. 3.2).
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Fig. 3.2. Leaf injury ratings (mean = sem) of Bt-susceptible (SS), -heterozygous (FL32-RS,
FL67-RS), and -resistant (FL32, FL67) populations of Spodoptera frugiperda on non-Bt and Bt
maize plants expressing single or multiple Bt proteins. Higher values indicate greater injury.
Mean values followed by a same letter are not significantly different (o =0.05; LSMEANS test).
Only the first and the last letters are presented over the bar if four or more letters were needed for
the LSMEANS tests. For example, the label “c-f” over the bar representing the survivorship of
FL32-RS on CrylAP in Trial-Imeans “cdef”.
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3.3.3 Larval Survival of S. frugiperdaon Non-Bt and Bt Maize Containing Single or
Pyramided Genes in the Whole-Plant Tests

In the whole-plant test, the effect of insect population and the interaction of insect
population and maize product on larval survival of S. frugiperda was not significant in the
analysis for either of the two single trials, but the effect of maize product was significant for each
trial and the pooled data analysis (Table 3.2). In addition, the interaction effect was also
significant in the pooled data analysis. Larvae of the five populations survived well on non-Bt
maize plants in both trials, and there were no significant (P > 0.05) differences in the larval
survival rates among the five populations for either of the trials or for the pooled data analysis.
Across the five populations and two trials, live larvae were observed on 52.4-72.9% of the non-
Bt plants 14 days after larval release (Fig. 3.3). In contrast, no live larvae were observed from
CrylAP plants infested with SS in either trial, while 41.7-62.5% of the CrylAP plants infested
with FL32 or FL67 contained live larvae. The larval survival rate on CrylAP plants was not
significantly (P > 0.05) different between the two resistant populations, suggesting that both
FL32 and FL67 were highly resistant to these plants (Fig. 3.3). The survival rate of RS on
CrylAP was similar (P > 0.05) between FL32-RS and FL67-RS in each of the two trials and in
the pooled data analysis. In general, the survival rate of the two RS populations on CrylAP was
numerically greater than that of SS, but lower than that of the two resistant populations. In the
pooled data analysis, the difference relative to SS was significant (P < 0.05) for both RS
populations, while, relative to resistant populations, it was significant for FL67-RS, but not for
FL32-RS. The calculated Du. based on the pooled data was 0.75 for FL32 and 0.50 for FL67,
suggesting that the resistance in the two populations was intermediate to incompletely dominant
when it was measured on whole CrylAP (CrylA.105) maize plants in the greenhouse (Table

3.3).
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Data on larval survival in the whole-plant tests also showed that both FL32 and FL67
were cross-resistantto CrylF (HX1) maize plants. At 14 days after larval release, live larvae
were found in 12.5% and 0% of HX1 plants infested with SS in Trial-1and Trial-Il, respectively,
while these values were 50.0-54.2% for FL32 and 37.5-66.7% for FL67. The difference between
SS and the two resistant populations was, in most cases, significant (P < 0.05) for each trial and
for the pooled data analysis (Fig. 3.3). The survivorship of the two RS populations on HX1 was
somewhat greater than that of SS, ranging from 16.7% to 54.2% in the two trials. Relative to SS,
the difference was significant (P < 0.05) for FL67-RS in Trial-1and the pooled analysis, while
the difference relative to resistant populations was not significant (P > 0.05) in the pooled
analysis for either FL32-RS or FL67-RS (Fig. 3.3). The calculated Du. based on the pooled data
from the two trials was 0.40 for FL32 and 0.86 for FL67, suggesting that the resistance to CrylF
maize was intermediate to incompletely dominant when measured on whole plants of HX1 maize
(Table 3.3).

The larval survival data from the greenhouse whole-plant tests also suggested that the
single-gene CrylAb maize (YG) was ineffective against any of the five insect populations. For
the two trials, an average of 37.5-75% of the YG plants contained live larvae after 14 days,
which was not much lower than the survivorship rates observed on the non-Bt maize plants (Fig.
3.3). In contrast, whole plants of Cry2APH and the three pyramided Bt maize products were
effective against all five populations. Across these four maize products and both whole-plant
trials, live larvae were observed from an average of 3.6% of the plants infested with the two

resistant and two F; heterozygous populations (Fig. 3.3).

57



0SS [OFL32 EFL67 EFL32-RS MFL67-RS
100 4 2

Trial-l
bed
d
ab
ab
3
> Trial-ll
[
L
i~ b
L
x
2
2 R
c
0
Q ﬁ
X
100 -
Pooled
abc
ab ab
ab
NBt CrylAP HX1 YG Cry2APH  VT2P SMT VIP3

Maize product ID

Fig. 3.3. Percent plants (mean + sem) containing live larvae of Bt-susceptible (SS), -
heterozygous (FL32-RS, FL67-RS), and -resistant (FL32, FL67) populations of Spodoptera
frugiperda on non-Bt and Bt maize plants expressing single or multiple Bt proteins. Mean values
followed by a same letter are not significantly different (o = 0.05; LSMEANS test). Only the first
and the last letters are presented over the bar if four or more letters were needed for the
LSMEANS tests. For example, the label “a-d” over the bar representing the survivorship of FL67
on HX1 in Trial-1 means “abcd”.
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CHAPTER 4. F, SCREEN FOR RESISTANCE TO BACILLUS
THURINGIENSIS CRY2AB2-MAIZE IN FIELD POPULATIONS OF
SPODOPTERA FRUGIPERDA (LEPIDOPTERA: NOCTUIDAE) FROM
THE SOUTHERN UNITED STATES?

4.1 Introduction

Transgenic crops expressing Bacillus thuringiensis (Bt) proteins have become a major
tool for managing maize and cotton insect pests in many countries (James, 2014). Evolution of
resistance to Bt proteins in target pests is a threat to the sustainable use of Bt crop technology
(Huang et al., 2011; Tabashnik etal., 2013). Due to the intensive use of Bt crops during the last
20 years, pest resistance to transgenic Bt maize and cotton crops resulting in control problems
has occurred for several target species and in several countries (van Rensburg, 2007; Storer et al.,
2010; Dhurua and Gujar, 2011; Gassmann et al., 2011; Farias et al., 2014; Huang et al., 2014).

The fall armyworm, Spodoptera frugiperda (J.E. Smith), is a target pest of Bt maize and
Bt cotton in North and South America (Farias et al., 2014; Huang et al., 2014). In recent years,
field resistance to CrylF maize in S. frugiperda has been documented in Puerto Rico (Storer et
al., 2010), Brazil (Fariaset al., 2014), and the U. S. mainland (Huang et al., 2014). Up to date, S.
frugiperda is the only target pest that has developed field resistance to Bt crops in multiple
locations across different countries and continents (Dangal and Huang, 2015). Cry2Ab2 is one of
the two pyramided Bt genes in the event MON 89034, which has been incorporated into some
pyramided Bt maize hybrids. In 2010, maize hybrids containing MON 89034 became
commercially available for controlling above-ground lepidopteran pests including S. frugiperda
(Flanders, 2014). The wide occurrence of the CrylF resistance in S. frugiperda makes it even

3This chapter previously appeared as Niu et al., 2016a. F2 screen for resistance to Bacillus thuringiensis Cry2 Ab2-
maize in field populations of Spodoptera frugiperda (Lepidoptera: Noctuidae) from the southern United States. J.
Invertebr. Pathol. 138, 66-72.
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more important to preserve the Cry2Ab2 susceptibility in the target pest populations to ensure
the sustainable use of the Bt maize technology. However, because Cry2Ab2 is a relatively new
Bt gene used in transgenic maize, information about Cry2Ab2 resistance in target pests of Bt
maize is still very limited.

Several methods have been used in detection of resistance allelesto Bt crops in field
insect populations (Huang, 2006). Among these, the F, screening method is believed to be more
sensitive and accurate in detecting rare recessive alleles, compared to the traditional dose-
response or discriminating dose bioassay (Andow and Alstad, 1998). For this reason, inthe last
two decades, F» screen has been widely used in detecting Bt resistance, which includes several
recent studies with S. frugiperda (\Vélez etal., 2013; Farias et al., 2014; Huang et al., 2014; 2016;
Bernardi et al., 2015a; Li et al., 2016). Taking the advantage of the well-established procedures
of the F, screen from previous studies, we also used the F, screen inthe current study to detect
resistance allelesin field populations of S. frugiperda to Cry2Ab2 maize. Here we report the first
documentation of a major resistance allele detected using the F, screen to Cry2Ab2-containing
maize plants in S. frugiperda and estimate the allele frequency in field populations collected
from four states of the southern U.S. Information generated from this study should be useful in
monitoring and management of Cry2Ab2 resistance in the insect.

4.2 Materials and Methods
4.2.1 Insect Collection, Rearing, and Development of F, Two-Parent Families

During 2013-14, 3" to 5" instars of S. frugiperda were collected from non-Bt maize
fields at seven geographical locations across four states of the southern U.S.: Texas (TX),
Louisiana (LA), Georgia (GA) and Florida (FL). The seven locations included one site in

Hidalgo County, TX; two sites in LA, one each in Franklin and Rapides parishes; one site in Tift
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County, GA,; and three sites in FL, one each in Miami-Dade, Hendry, and Collier counties. Field
collected larvae were reared on meridic diet until the pupal stage as described in Niu et al. (2013).
F, two-parent families were developed by single-pair mating of the individuals derived from the
field collections as described in Yang et al. (2013). For each two-parent family, =55 viable F1
pupae were used in sib-mating to generate the F, generation of the family.
4.2.2 Screening of F, Neonates to Identify Potential Positive Families

To determine if a family possessed Cry2Ab2 resistance alleles, 128 F, neonates of each
family were screened on leaf tissue removed from greenhouse grown Cry2Ab2 maize plants at
V5-V10 stages using the method described in Huang et al. (2016). The Cry2Ab2 maize product
used in the study was an experimental line provided by Monsanto Company (St. Louis). The
expression of the Cry2Ab2 protein in the greenhouse grown plants was confirmed with an
ELISA-based qualitative assay (EnviroLogix, Quantiplate™ kits, Portland, ME). Larval survival
was checked at the 4" and 7" days after insect inoculation, and growth stages of the live larvae
were recorded after 7 days only. Live larvae at the 7" day were separated into two groups based
on their growth, small (<2"¢ instar) and large (>3" instar) as described in Huang et al. (2014;
2016). Larval survival of a Bt-susceptible strain (TX-SS) of S. frugiperda on the Cry2Ab2 maize
line and an isogenic line of non-Bt maize (Monsanto Company) was also determined using the
same methods as in the F, screen. Plants of the non-Bt maize isoline were confirmed for non-
expression of Bt proteins with the ELISA-based assay mentioned above. TX-SS was obtained
from larvae collected from maize fields near Weslaco, TX in 2013 and it has been documented to
be susceptible to the Cry2Ab2, CrylA.105 and CrylF proteins, as well as to maize plants
expressing these proteins (Huang et al., 2014; Dangal and Huang, 2015). Criteria for a potential

positive family (PPF) possessing major Cry2Ab2 resistance alleles in this study were the same as
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