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Abstract

Transgenic crops producing Bacillus thuringiensis (Bt) have become a major tool for control of insect pests worldwide.
Evolution of insect resistance to Bt proteins has become a serious threat to the sustainability of this technology. Gene-
pyramiding, combining two or more dissimilar Bt proteins in a crop has been used to delay insect resistance. However,
the durability of gene-pyramiding can be reduced by cross-resistance. Resistance to CrylF in the fall armyworm
(FAW), Spodoptera fruigiperda (J.E. Smith), has occurred in the Southern U.S. Vip3A is a relatively new Bt protein
with a different mode of action and has been introduced into almost all recently released Bt corn and cotton products.
In this study, we provided the first documentation of cross-crop resistance in FAW selected with Viptera 3111 corn
(Vip3A+CrylAb) to multiple Bt corn and cotton products. Corn varieties used included SMT
(CrylF+Cry1A.105+Cry2Ab2), VT2P (Cryl1A.105+Cry2Ab2), Viptera 3111 (Vip3A+CrylAb), HX (CrylF), and
Leptra (CrylF+Vip3A). Cotton varieties include TL (CrylAb+Cry2Ae), TL+ (CrylAb+Cry2Ae+Vip3A), WS
(CrylAc+CrylF), WS3 (CrylAc+CrylF+Vip3A), BG2 (Cryl Ac+Cry2Ab2), and BG3 (Cryl Ac+Cry2Ab2+Vip3A).
Results generated from this study provided important information for insect pest management and resistance
management of Bt crops.

Introduction

The fall armyworm, Spodoptera frugiperda (J.E. Smith) (FAW) is one of the major target pests of Bt corn and cotton.
FAW has been classified as a sporadic pest due to its migratory behavior (Hardke et al. 2015). They do not enter
diapause, so annual migration northward begins from warm climates zones such as southern Florida, southern Texas,
southern Georgia, Alabama, Louisiana, and other southern coastal areas across the U.S. (Hardke et al. 2015). FAW
has a wide variety of host plants ranging from corn, sorghum, forage grasses, turf grasses, rice, cotton, peanuts, and
has been reported on over 80 different species in 23 families (Pashley 1988) (Hardke et al. 2015). Invertebrate pest
causes up to 15 percent of damage of agricultural production, costing the U.S. approximately 8 billion dollars, 17.7
billion U.S. dollars in brazil, and 359.8 million U.S. dollars in Australia (Zhou et al.2017).

There are several control methods for FAW in corn and cotton. Cultural methods include host plant resistance such as
antibiosis in corn. Also suppressing overwintering habitats could be useful, however, since the FAW does not possess
a diapause mechanism suppression could be futile. There are many labeled insecticides for this species such as
chlorantraniliprole, emamectin benzoate, methoxyfenozide, and several others. However, fall armyworms have been
demonstrated to have developed resistance to several classes of insecticides including pyrethroids, organophosphates,
and carbamates (Hardke et al. 2015).

Genetically engineered plants that express Bacillus thuringiensis (Bt) have become a major tool to control insect pest
in corn, cotton and soybeans (James 2015). Global use of these genetically engineered plants has risen from 1.1 million
hectares in 1996 to 98.5 million in 2016 (Tabashnik 2017). In 2016, 94 million acres of corn was planted in the U.S.
and produced 14.3 billion bushels, that profited over 51 billion U.S dollars (NASS 2017). Ten million acres of cotton
was planted in 2016 that produced 16.5 million 480-pound bales bringing a net value of 5.67 billion U.S. dollars
(NASS 2017). Of the 94 million acres of corn planted 92 percent contained Bt, and 93 percent of the 10 million acres
of cotton contained Bt (NASS 2017). With the extensive use of Bt crops field resistance has occurred in several target
species in several different countries (Yang et al. 2017). The evolution of resistance to Bt proteins in insects, is
becoming the main threat to suitable use of this technology (Yang et al. 2017).

With field resistance to many insecticides the use of Bt technology has been heavily relied upon. There are currently
three different groups of Bt proteins that are targeted for the control of FAW which are categorized as Cryl, Cry2,
and Vip3A (Yang et al. 2017). Field resistance to CrylF has been reported on corn in multiple locations including
Puerto Rico, Brazil, and the southeast areas of the U.S. (Storer et al 2010, Farias et al. 2014, Huang et al. 2014). Cry2
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proteins have been commercially used for a number of years and may face many challenges in the future years.
Documented cases of CrylF resistant larvae have been selected for resistance to Cry2 proteins in laboratory settings
(Santos-Amaya et al. 2015). Unlike the Cry proteins, which are produced during the reproductive phases of growth of
Bt, the Vip3A protein is produced during the vegetative phases, and Vip3A has no shared binding sites and no
sequence homology with Cry proteins (Chakroun et al. 2016, Lee et al. 2003, Estruch et al. 1996). With Cry2 proteins
facing a great risk preservation of Vip3A is even more critical with Vip3A being the last effective Bt technology
currently available.

The objectives of this study was to determine the cross-crop resistance between corn and cotton with a strain of Vip3 A
resistant fall armyworm Spodoptera frugiperda. Corn and cotton leaf bioassays were used to determine the cross-crop
resistance of corn Bt technologies to cotton Bt technologies using susceptible, Vip3A resistant, and heterozygote fall
armyworms. This study also determined if pyramided Bt technologies containing Cryl and Cry2 proteins are able to
manage Vip3A resistant fall armyworms.

Methods and Materials

Corn and cotton leaf bioassays were used to determine the cross-crop resistance of a Vip3 A resistant strain of FAW.
Corn hybrids DKC 62-08 (SmartStax), DKC 67-72 (VT Double Pro), M78S-3111 (Agrisure Viptera 3111), 1319
HR (Herculex), 1319VYHR (Leptra), DKC 62-95 (nont-Bt), N78N-GT (non-Bt), 1319 (non-Bt), and cotton
varieties PHY 312 Avicta (WideStrike), PHY 490 (WideStrike3), DP 1522 B2XF (Bollgard II), 16R338B3XF
(Bollgard 3), ST 4949 (TwinLink), FM 1953GLTP (TwinLink Plus), DP1441 (non-Bt) were planted in a
greenhouse. Table 1 shows the variety and hybrids used and the Bt proteins that make up each. A resistant (RR),
susceptible (SS), and heterozygote (RS) strain of FAW were assayed. RR was derived from an F, screen as
described by Yang et al. (2017). SS was collected from a non-Bt corn near Weslaco, TX, which is known to be
susceptible to Cry1F, CrylA.105, Cry2Ab, Cry2Ae, and Vip3A. RS was generated by crossing RR with SS. The
crosses were SSQ x RRJ&, RRQ x SSJ. Because there were no differences in susceptibility of reciprocal crosses,
therefore the RS progeny were pooled and used in the assays.

When corn reached the V5-V7 growth stage and cotton reached the 7"-8" growth stages, leaves were excised and
prepared in the lab. Leaves were washed and cut into 3%3 in. squares and placed into 100%15 mm petri dishes. The
dishes were lined with moistened filter paper. In each dish, 5 neonates (<24hr) were placed on the leaf surface and
sealed with a lid. The dishes were then placed into a growth chamber at 27 + 1° C, 50% RH and a 14:10 (L: D)
photoperiod. Leaves were changed and the filter paper was re-moistened as needed. Mortality and larval
development was assessed 7 days after infestation.

A randomized complete block design was used with 4 replications by genotype and variety/hybrid. Corn non-Bt
hybrids had no difference between all three hybrids, so the data was pooled. Data on insect survival was transformed
using an arcsine square-root transformation, while data on larval instar and weight were transformed using a log, In
(x + 1) transformation for normal distributions. Non-transformed data are presented. Transformed data were then
analyzed using two-way analysis of variance (ANOVA) with insect strain and varieties as the two main factors.
Survivorship was calculated as a percent =100* (number of surviving larvae / number of total larvae assayed). Means
were then separated using Tukey’s method of difference of least square means, with an a=0.05.

Results

Corn

All three genotypes had high survival on non-Bt corn with around 70 percent survivorship (Table 1). RR larvae
survived well on Vip3, which contains CrylAb and Vip3A, with 72 percent survivorship and showed no statistical
difference compared to non-Bt. Moderate survivorship occurred on Herculex corn with the RR genotype. This suggests
that there may be some moderate resistance to CrylF protein. RS and SS had some survivors on Herculex as well
though not statistically different from other hybrids containing Cryl or Cry2 proteins. Pyramided proteins containing
Cry1 or Cry2 proteins negated the resistance mechanism of RR which suggests that these technologies are capable of
managing the Vip3A resistant strain of fall armyworms. Larval development on non-Bt was normal with larvae
reaching on average the 4" instar (Figure 1). RR larvae averaged almost 3™ instar on Vip3 and was statistically
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different from non-Bt, this suggest an incomplete resistance. Larval weights mirrored average instars with high
weights in all three genotypes on non-Bt and very low weights on all other proteins (Figure2). Cryl and Cry2 proteins
hinder survivorship and development of all three genotypes.

Cotton

All genotypes had high survival on non-Bt cotton, with 80 percent and higher survivorship (Table 2). Cryl and Cry2
proteins low survivorship across all genotypes. All varieties, other than non-Bt, had low survivorship in all three
genotypes with 20 percent survivorship and less. Larval development was hindered by pyramided technologies. All
three genotypes developed well on non-Bt averaging over 3™ instar, and the weights are lower compared to non-Bt
corn, this can be expected due to the leaf structure of cotton (Figure3). All varieties with surviving larvae averaged
2" instar, and weighed less than 2mg (Figure 4).

Discussion

Vip3A protein is crucial to the sustainability of Bt technologies and has been incorporated into third generation Bt
corn and third generation Bt cotton products for the control of several species of insects and to delay the resistance to
other Bt proteins. The results of this study show that current Bt technologies containing Cry1 or Cry2 proteins are still
capable of managing Vip3A resistant fall armyworms. Pyramided products containing these proteins kept survivorship
to a minimum. Herculex corn had roughly 34 percent survivorship which shows that RR larvae have moderate
resistance to CryF, this is supported by the already documented cases of resistance in the field. Leptra, which showed
less than 10 percent survivorship, contains CrylAb, CrylF, and Vip3A. CrylAb is ineffective for the control of fall
armyworm, which leaves CrylF to control RR larvae. With moderate resistance to CrylF it is understandable to see
roughly 10 percent survivorship of RR larvae on Leptra corn. The other 2 hybrids had 0 percent survivorship and
showed great control of all three genotypes. Cotton Bt technologies showed great control of all genotypes, with less
than 20 percent survivorship was seen across all pyramided technologies. This study showed that the resistant gene is
recessive because of the low survivorship of the heterozygote larvae. The RS larvae had 0 survivors on the Vip3 corn
(which contains CrylAb, and Vip3A). RR did not develop as well on Vip3 when compared to non-Bt which is
suggesting the resistance is incomplete. This will be the focus of future studies. Pyramided technologies containing
Cryl or Cry2 proteins, negate the resistance mechanism of resistant larvae, which suggests that these current
technologies are still capable of containing Vip3 A resistant fall armyworms.
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Table 1. Seed selection
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Table 2. Percent survivorship of different genotypes of Spodoptera frugiperda on corn leaves.

448

Survivorship (%)

Insect VT Double
Genotype! Non-Bt Vip3 Herculex Leptra SmartStax Pro
RR 75.42+3.66a 71.25+5.54a 33.75 £ 8.00b 8.75+2.3%¢ 0.00 £ 0.00c 0.00 £ 0.00c
RS 77.08 + 4.06a 0.00 £ 0.00c 12.50 + 3.23bc 0.00 £ 0.00c 0.00 £ 0.00c 0.00 £ 0.00c
SS 70.00 + 5.81a 0.00 £0.00c 12.50 + 9.46bc 0.00 £ 0.00c 0.00 £ 0.00c 0.00 £ 0.00c
Means in a column or row followed by the same letter are not significantly different based on a two-way ANOVA (Tukey’s HSD P >

0.05)

IRR = Resistant larvae, RS = Heterozygote larvae, SS= Susceptible larvae

Instar

Leptra

SMT VT2P HX Vip3 NBT

Bt Technology

Figure 1. Average instar for surviving larvae on corn leaves.
Mean values in figure followed by the same letter are not
significantly different based on a two-way ANOVA (Tukey’s

HSD P > 0.05)

RR = Resistant larvae, RS = Heterozygote larvae, SS=

Susceptible larvae
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Figure 2. Average weights for surviving larvae on corn leaves.
Mean values in figure followed by the same letter are not
significantly different based on a two-way ANOVA (Tukey’s
HSD P > 0.05)
RR = Resistant larvae, RS = Heterozygote larvae, SS=
Susceptible larvae

Table 3. Percent Survivorship of different genotypes of Spodoptera frugiperda on cotton leaves

Survivorship (%)
Insect
Genotype! Non-Bt WideStrike3 ~ WideStrike TwinLink+ TwinLink Bollgard 3 Bollgard 2
RR 83.75+9.21a 12.50+3.23bc  18.75+3.75b  16.25+5.15bc 2.50 + 1.44¢ 7.50+3.23bc  11.25+ 1.50bc
RS 81.25+2.39a 0.00 + 0.00c 7.5+4.33bc 0.00 + 0.00c 3.75+1.25¢ 0.00£0.00c  17.50 + 2.50bc
SS 90.00 £ 2.04a 0.00 = 0.00c 3.75+1.25¢ 0.00 + 0.00c 10.00 £4.08bc  0.00 +£0.00c  12.50 £ 2.50bc

Means in a column or row followed by the same letter are not significantly different based on a two-way ANOVA (Tukey’s HSD P >
0.05)
'RR = Resistant larvae, RS = Heterozygote larvae, SS= Susceptible larvae
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Figure 3. Average instar for surviving larvae on cotton leaves.
Mean values in figure followed by the same letter are not
significantly different based on a two-way ANOVA (Tukey’s
HSD P > 0.05)

RR = Resistant larvae, RS = Heterozygote larvae, SS=
Susceptible larvae

Figure 4. Average weights for surviving larvae on cotton leaves.
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Figure 4. Average weights for surviving larvae on cotton leaves.
Mean values in figure followed by the same letter are not
significantly different based on a two-way ANOVA (Tukey’s
HSD P > 0.05)
RR = Resistant larvae, RS = Heterozygote larvae, SS=
Susceptible larvae



