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First documentation of major
Vip3Aaresistance alleles in field
populations of Helicoverpa zea
(Boddie) (Lepidoptera: Noctuidae)
In Texas, USA
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Rafael Ferreira Dos Santos®, Juan Luis Jurat-Fuentes®, Ryan Kurtz® & David L. Kerns'*

The corn earworm, Helicoverpa zea, is a major target pest of the insecticidal Vip3Aa protein used

in pyramided transgenic Bt corn and cotton with Cryl and Cry2 proteins in the U.S. The widespread
resistance to Cryl and Cry2 proteins in H. zea will challenge the long-term efficacy of Vip3Aa technology.
Determining the frequency of resistant alleles to Vip3Aa in field populations of H. zea is critically
important for resistance management. Here, we provided the first F, screen study to estimate the
resistance allele frequency for Vip3Aa in H. zea populations in Texas, U.S. In 2019, 128 H. zea neonates
per isofamily for a total of 114 F, families were screened with a diagnostic concentration of 3.0 pg/cm? of
Vip3Aa39 protein in diet-overlay bioassays. The F, screen detected two families carrying a major Vip3Aa
resistance allele. The estimated frequency of major resistance alleles against Vip3Aa39 in H. zea in Texas
from this study was 0.0065 with a 95% Cl of 0.0014—0.0157. AVip3Aa-resistant strain (RR) derived from
the F, screen showed a high level of resistance to Vip3Aa39 protein, with a resistance ratio of >>588.0-
fold relative to a susceptible population (SS) based on diet-overlay bioassays. We provide the first
documentation of a major resistance allele conferring high levels of Vip3Aa resistance in a field-derived
strain of H. zea in the U.S. Data generated from this study contribute to development of management
strategies for the sustainable use of the Vip3Aa technology to control H. zea in the U.S.

Genetically engineered crops producing insecticidal Cry and Vip proteins from the bacterium Bacillus thuring-
iensis (Bt) have been planted for control of insect pests for more than two decades'. Field efficacy of these Bt crops
has been outstanding in controlling most target species, resulting in substantial economic, environmental and
social gains*”’”. However, with large scale adoption comes intense selection pressure for development of resistance
and challenges for long-term sustainability®®. To date, field-evolved practical resistance to Bt crops has been
globally reported in at least 21 cases'"'°. To delay insect resistance development, an insecticide resistance man-
agement (IRM) plan based on a “high-dose refuge” strategy has been implemented in the U.S'®. Monitoring for
evolution of resistance in field populations of the target insect species is an essential component of this IRM plan
to maintain sustainability of Bt crop technologies.

The corn earworm/cotton bollworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae), is a major target pest
of both Bt cotton and Bt corn in North America. Control of lepidopteran pests is achieved by the adoption of corn
hybrids producing combinations of Cryl1Ab, CrylF, CrylA.105, Cry2Ab2 and Vip3Aa20 insecticidal Bt proteins,
and Bt cotton varieties producing combinations of CrylAc, CrylF, CrylAb, Cry2Ab, Cry2Ae, and Vip3Aal9".
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Currently, field-evolved resistance of H. zea to Cryl and Cry2 proteins has been widely reported in the U.S., espe-
cially in the Southern states'>'®-2!. For example, Yang et al.'® and Kaur et al.?! documented field-evolved practical
resistance of H. zea populations in Texas and Louisiana to Cry1A.105/Cry2Ab2 corn, respectively. In 2018, Reisig
et al."”® reported field-evolved practical resistance of H. zea to Bt cotton containing CrylAc/Cry1F and CrylAc/
Cry2Ab proteins in North Carolina. Dively et al.'® documented field-evolved resistance of H. zea to Cryl1A.105/
Cry2Ab2 corn in Maryland.

The Vip3Aa protein is produced by Bt during its vegetative stage and shows very low sequence and structural
homology with Cry proteins, resulting in recognition of unique binding sites in target host cells*>*. Studies have
shown that Vip3Aa is highly effective for control of H. zea in the field**** and Vip3Aa is currently used in combi-
nation with Cry1/Cry2 proteins in almost all Bt corn and Bt cotton products in the U.S”. However, widespread
field resistance to Cry1 and Cry?2 proteins in H. zea populations in the U.S>18-21. makes Vip3Aa the only remain-
ing effective protein against this pest in commercialized Bt crops. In addition, the Vip3Aa proteins produced
by transgenic Bt corn and cotton plants are >99% identical, which places strong selection pressure on H. zea
that feed on both crops in the Southern U.S. All these factors greatly increase the risk of resistance to Vip3Aa in
H. zea. One of the factors affecting evolution of resistance under the “high-dose refuge” IRM model is that resist-
ance alleles must exist at low frequency in field populations (<0.001)%. Consequently, it is important to determine
current resistance allele frequency for Vip3Aa in field H. zea populations so that appropriate management strate-
gies can be developed for the sustainable use of Bt crops including the Vip3Aa technology.

Screening with an F, approach has been widely used for estimating Bt resistance allele frequency in insect
populations®®?”. In H. zea, frequency of resistance alleles to CrylAc and Cry2Aa in North Carolina during 2003
was low (0.00043 and 0.00039, respectively)?. Further studies to estimate resistance allele frequency have been
hindered by extremely low mating frequency in single pair of male and female H. zea moths*-*!. Consequently,
it is very difficult to directly establish enough two-parent family-lines for F, screening by single-pairing of feral
males and females of H. zea. In this work, we conducted the first F, screen study using light-trapped female moths
to estimate the resistance allele frequency to Vip3Aa in H. zea in Texas. Furthermore, we provide the first docu-
mentation of a resistance allele conferring high levels of resistance to Vip3Aa in a field-derived H. zea strain in the
U.S. Data generated from this study greatly contributes to improving IRM practices to increase sustainability of
Bt crops producing Vip3Aa for management of H. zea in the U.S.

Materials and Methods

Insect collection and establishment of two-parent families. During May-September 2019, female
moths of H. zea were collected from light-traps in Snook, Texas. Adult females were placed individually into a
32 oz. paper container (Choice Paper Company, Brooklyn, NY) with approximately 25 g of vermiculite at the
bottom and cotton gauze at the open end for oviposition. A 30-ml plastic cup containing paper towels saturated
with 10% honey water solution was placed in the center of each container and the containers were placed into an
insect rearing room maintained at 26 & 1 °C, ~60% relative humidity (RH), and a photoperiod of 16:8h (L:D).
Progeny from each female was considered as a F, family. These F1 neonates were first reared on the meridic diet
(Southland Product, Inc. Lake Village, AR) using 128-well bioassay trays (C-D International, Pitman, NJ). After 7
days, the larvae were individually transferred into 30-mL plastic cups containing meridic diet (WARD’S Stonefly
Heliothis diet, Rochester, New York) until pupal stage. F, families were then generated by sib-mating approxi-
mately 60 viable adults of each F, family line in 3.8 L paper containers (Neptune Paper Products, Newark, New
Jersey) with approximately 100 g of vermiculite at the bottom. A 100-ml plastic cup containing paper towels satu-
rated with 10% honey water solution was placed in the center of each container. These containers were maintained
in the insect rearing room under the same conditions as mentioned above. Neonates of F, families were screened
for Vip3Aa resistance as described below.

Vip3Aa39 protein for F, screen.  The Vip3Aa39 protein was produced in a recombinant Escherichia coli
strain transformed with the pET-21b plasmid (EMD Millipore) containing the full length Vip3Aa39 insecti-
cidal protein (GenBank accession AEH31410.1), which was a generous gift from Dr. Rongmei Liu (Northeast
Agricultural University of Harbin, P. R. China). Production and purification of the Vip3Aa39 protein was as
described elsewhere?. Briefly, an overnight preculture was used to inoculate a 1 L culture of LB media containing
100 pg/ml of ampicillin, which was incubated at 37 °C and 160 rpm, Once ODg, reached 0.6-0.8, Vip3Aa39 pro-
duction was induced by addition of 1 M isopropyl- 3-d-thiogalactopyranoside (IPTG) and overnight incubation.
Bacterial cells were then collected by centrifugation (15,300 x g, 4°C, 8 min) and the pellet resuspended by shak-
ing in 100 ml of lysis buffer (20 mM phosphate bufter, pH 7.4, 500 mM NaCl, 3 mg/ml lysozyme and 10 pg/ml of
DNAse I). The solution was sonicated on ice for 7 cycles of 5 seconds on/off, and then incubated overnight at 37°C
with constant shaking. Cellular debris was pelleted by centrifugation as before and the supernatant was applied
to an anion exchange column (HiTrap Q HP) equilibrated in 20 mM Tris-HCI (pH 9) buffer connected to an
AKTA Pure chromatography system (GE Healthcare). The Vip3Aa39 protein was recovered in the flow through,
and then the pH of the solution was adjusted to 4.5 to precipitate contaminant proteins, which were collected by
centrifugation (15,300 x g, 4°C, 20 min). The concentration of Vip3Aa39 in the supernatant was estimated using
SDS-10%PAGE combined with densitometry using BSA as standard*®. The Vip3Aa39 protein shows 94.93% and
94.80% homology compared to the Vip3Aal9 and Vip3Aa20 proteins, respectively.

Screening of F, neonates. Before the F, screen bioassays, the toxicity of Vip3Aa39 protein was evalu-
ated against a known susceptible population of H. zea. The results showed that the median lethal concentration
(LCs,) that caused 50% mortality of the susceptible population was 0.17 pg/cm? with a 95% CL of 0.14-0.21 pg/
cm?, and 100% susceptible insects were killed on a 3.0 ug/cm? concentration (see Results). Therefore, we used
3.0 ug/cm? Vip3Aa39 as the diagnostic concentration for the F, screens. Susceptibility to Vip3Aa39 of the F,
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No. insects | No. No. insect within instar
Family No. | screened survivor o g 4t
LT#14 128 1 1 0 0
LT#16 128 5 5 0 0
LT#18 128 4 3 1 0
LT#70 128 7 0 2 5
LT#116 128 4 4 0 0

Table 1. Families containing survivors of Helicoverpa zea from the F, screen on 3.0 ug/cm? of Vip3Aa39
protein.

families of H. zea was evaluated using a diet-overlay bioassay as described in Yang et al.'. Briefly, 0.8 ml of liquid
diet (Southland Product, Inc. Lake Village, AR) was dispensed using repeater pipets into each well of 128-well
bioassay trays (C-D International, Pitman, NJ). Once the diet cooled and solidified, repeater pipets were used to
overlay 40 pl of a Vip3Aa39 protein solution suspended in 0.1% Triton-X100 onto the diet surface of each well.
Once the protein solution was air-dried, one neonate (<24 h) was released on the diet surface in each well. Wells
were covered with vented lids (C-D International, Pitman, NJ). For each F, family, 128 neonates were screened
against Vip3Aa39 protein. Larval survival and development of the F, neonates were also examined on the control
diet, with four replications and 32 insects per replication. The control diet was prepared by overlaying the same
amount of buffer solution and 0.1% Triton-X100. The bioassay trays were maintained in an insect rearing room
under the conditions of 26 £ 1 °C, 60% RH, and a 16:8 (L:D) h photoperiod. Larval survival and their instar were
recorded after 7 days. In addition, larval survival and development of a susceptible strain (SS) of H. zea was also
evaluated on both control and 3.0 ug/cm? Vip3Aa39 using the same methods as described above. In each bioassay
for SS, there were four replications with 32 larvae in each replication. The SS strain was originally collected from
LSU AgCenter Macon Ridge Research Station in Franklin Parish in May 2016, and has been documented to be
susceptible to CrylAc, Cry2Ab2, and Vip3Aa proteins'®.

Establishment of potential resistant family and confirmation test. In a total of 114 F, families
tested, the F, screen identified five families having survivorship (>2"4 instar) on the discriminatory 3.0 pg/cm?
Vip3Aa39 protein concentration after 7 days (Table 1). These survivors were reared on the control meridic diet
and used to establish potential resistant families. Survivors from each family were first crossed with SS to create
potential RS families. Due to the limited number of F, survivors, only three potential RS families (LT#16, LT#70,
and LT#116) were successfully established (see Results). These potential RS insects were then sib-mated and neo-
nates from these sib-mated colonies were evaluated again using diet-overlay bioassay as described above. For each
sib-mated potential RS family, 512 insects were assayed at the concentration of 3.0 pg/cm? Vip3Aa39. According
to Mendelian genetics, if resistance is controlled by one locus with two alleles; S (susceptible) and R (resistant), the
F, strains from sib-mating RS are expected to consist of 25% RR, 50% RS and 25% SS genotypes. The confirmation
test showed that survivors were only derived from LT#70 (see Results), suggesting that the LT#70 family pos-
sessed major resistance alleles against Vip3Aa39 protein. Survivors of LT#70 from the confirmation test were used
to establish a resistant colony (renamed as RR). To further verify if the survival of RR in the F, screen was due to
resistance to the Vip3Aa39 protein, susceptibility of RR, along with SS to Vip3Aa39 protein was determined using
the full range dose response bioassays as described below.

Dose response bioassays. Susceptibility to Vip3Aa39 in RR and SS strains of H. zea was evaluated using a
diet-overlay bioassay as described in Yang et al.">. In the full range bioassay, concentrations of Vip3Aa39 ranged
from 0, 0.0316, 0.1, 0.316, 1, 3.16, 10, 31.6 t0100.0 pg/cm?. Each combination of insect population by Vip3Aa39
protein concentration was replicated four times with 16 larvae in each replication. Bioassay trays were placed in
an environmental chamber maintained at 26 £1°C, 60% RH, and a 16:8 (L:D) h photoperiod. Larval mortality
and instar were recorded on the 7% day after inoculation.

Data analysis. In the diet bioassays, larval mortality was calculated as mortality % = 100 * (number of dead
larvae + number of surviving larvae that were still in the first instar)/total number of insects assayed, and larval
mortality at each concentration was corrected based on the control mortality®. For the dose response bioassay,
probit analysis was conducted to determine the median lethal concentration (LCs,) that caused 50% mortality
and the corresponding 95% confidence limit (CL)*. The LCs, value of an insect was considered greater than the
highest Bt protein concentration used in the bioassay if larval mortality was <50% at the highest concentration.
Resistance ratio for RR was calculated as its LC, value divided by the LCs, of SS. Moreover, larval mortality and
instar data were analyzed using a two-way ANOVA with insect genotype and protein concentration as the two
main factors®. To meet the normality assumptions for an ANOVA test, original data on the percentage of larval
mortality and larval instar were transformed using arcsine (x*°) and log (x + 1) scale, respectively. Treatment
means were separated using Tukey’s HSD test at = 0.05 level®.

The estimated resistance allele frequency and its corresponding 95% confidence intervals were estimated using
the method described in Andow and Alstad”. The probability (detection power) that a resistance allele can be
detected in a family if existing was estimated according to Stodola and Andow?®.
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Figure 1. Concentration-larval mortality response of the SS and RR strains of Helicoverpa zea to Vip3Aa39
protein. Mean percentage mortality values followed by a different letter are significantly different (Tukey’s HSD
test, «=0.05).

Insect | N* LG5 (95% CL) (jug/cm?)* | Slope £ SE* | X2 df | Resistance ratio®
SS 512 0.17 (0.14, 0.21) 2.841+0.29 105 (26 | —
RR 512 >100 / / / >588.0

Table 2. Mortality response (LCs,) of different populations of Helicoverpa zea to Vip3Aa39 protein in diet-
overlay bioassays. “Total number of neonates assayed. *“Median lethal concentration (LCs,) that caused 50%
mortality and the corresponding 95% confidence limit (CL). The LCs, value of an insect population was
considered to be greater than the highest Bt protein concentration used in the bioassay if its larval mortality was
<50% at the highest concentration. Larval mortality was calculated based on the number of dead larvae plus
survivors that were still in the first instar divided by the total number of insects assayed. “SE, standard error.
SResistance ratio was calculated using the LCs, value of RR divided by the LC, of SS.

Results

Survival of F, families in the F, screen bioassay. After 7 days, survival of SS on control diet was
100.0 4 0.0% with 1.6% 39 and 98.4% 4™ instar larvae. In contrast, there were no SS survivors on diet with 3.0 pg/
cm? Vip3Aa39 protein. Based on these results, the concentration of 3.0 pg/cm? Vip3Aa39 as discriminating dose
was sufficient to kill all susceptible H. zea in the F, screening, and thus appropriate to detect Vip3Aa39 resistant
individuals. The 7-day larval survival of the F, families on control diet was 96.1 & 1.6%, which was not signifi-
cantly different (P> 0.05) compared to the survival of SS.

A total of 14,592 insects from 114 F, families were screened using the Vip3Aa39 discriminating dose in this
study. After 7 days, five F, families had survivors (>2" instar) on the 3.0 pg/cm? Vip3Aa39 protein (Table 1).
Three (LT#14, LT#16, and LT#116) of them contained only 2" instar larvae. The LT#18 family contained three 2
instar and one 3" instar larvae. The LT#70 family had two 3™ and five 4'" instar larvae.

Resistance confirmation. On the confirmation test, insects derived from sib-mating of potential RS fam-
ilies of LT#16 and LT#116 were all killed on 3.0 pg/cm? Vip3Aa39 at the 7-day. However, insects derived from
sib-mating of potential RS family of LT#70 had a survival of 24.8% on the discriminating Vip3Aa39 dose after
7 days, which was not significantly (P >0.05) different from the expected survivorship of 25% for homozygous
resistant insects according to Mendelian genetic transmission for monogenic recessive resistance. These survi-
vors included eight 2", eight 3, and one hundred and eleven 4 instar larvae, suggesting that only LT#70 family
(renamed as RR) probably carries a major resistance allele conferring to Vip3Aa39 protein.

Susceptibility of SS and RR populations of H. zea to Vip3Aa39 protein. Larvae of the SS strain
were highly susceptible to Vip3Aa39, with 75.8% mortality observed at 0.316 pg/cm? and 100% mortality at
1-31.6 ug/cm? (Fig. 1). The LCs value of SS against Vip3Aa39 protein was estimated as 0.17 pg/cm? with a 95% CL
of 0.14-0.21 pg/cm? (Table 2). In contrast, larvae from the RR strain was highly resistant to Vip3Aa39 protein, and
showed no differences (P> 0.05) in mortality (0-2.5%) across all the tested concentrations (Fig. 1). Consequently,
we were unable to estimate the LCs, for strain RR, as the mortality at the highest tested concentration of 100.0 g/
cm? was only 2.5% (Fig. 1). Based on this observation, the LCs, value for RR was considered >100.0 pg/cm?, with
an estimated resistance ratio >588.0-fold relative to SS (Table 2).

The main effect of insect population and protein concentration on larval mortality was significant for the
Vip3Aa39 protein (F=3401.95; df = 1, 42; P < 0.0001 for insect population and F=162.93; df = 7, 42; P < 0.0001
for protein concentration). The effect of the interaction of insect population and protein concentration was also
significant (F=67.20; df = 5, 42; P < 0.0001).

The effects of insect population, protein concentration and their interactions on larval instar were all signif-
icant for the Vip3Aa39 protein (F=226.72; df = 1, 36; P < 0.0001 for insect population; F=15.44; df = 8, 36;
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Figure 2. Average larval instar detected for SS and RR populations of Helicoverpa zea on different
concentrations of Vip3Aa39 protein, as indicated. Mean values followed by a different letter are significantly
different (Tukey’s HSD test, o= 0.05).

P <0.0001 for protein concentration; and F=48.74; df = 2, 36; P < 0.0001 for the interactions). Larval growth
on control diet was similar (P> 0.05) between SS and RR after 7 days, with an average instar of 3.80 and 3.90,
respectively (Fig. 2). Larval development of SS at 0.0316-0.316 ug/cm? of Vip3Aa39 protein was significantly
(P < 0.05) slower than that on control diet (Fig. 2). RR showed no differences (P > 0.05) in larval growth across all
the concentrations from 0-100 pg/cm? with an average instar of 3.84 (Fig. 2).

Major resistance allele frequency for Vip3Aa39. Based on the results of F, screening, resistance con-
firmation and dose response bioassays, two out of 114 families collected from Snook (Texas) were presumed to
carry a major resistance allele against Vip3Aa39 protein. Thus, the expected resistance allele frequency of the
Snook populations of H. zea to Vip3Aa39 protein is estimated to be 0.0065 with a 95% CI of 0.0014-0.0157. The
F, screen had a detection power of 98.2%.

Discussion

The corn earworm/cotton bollworm, H. zea, is a major target pest of Bt corn and cotton in the U.S. Within the
past four years, scientists have been reporting field-evolved resistance of H. zea to Cryl and/or Cry2 proteins in
Bt corn and Bt cotton'>'8-2!, This widespread occurrence of Cry1 and Cry2 resistance will challenge the long-term
efficacy of Vip3Aa protein in the pyramided Bt crops against H. zea. In order to make scientifically-based deci-
sions concerning Bt resistance management, accurate estimations of the frequency of Vip3Aa resistant alleles in
field populations of H. zea are urgently needed. Prior to this study, resistance allele frequency of Vip3Aa has been
estimated only for three insect species in a few locations, including Spdoptera frugiperda in Brazil and U.S.7-4,
and Helicoverpa armigera and Helicoverpa punctigera in Australian®’. For example, the estimated resistance allele
frequency to Vip3Aa in H. punctigera and H. armigera was 0.008 (95% CI, 0.004-0.015) and 0.027 (95% ClI,
0.019-0.038), respectively during 2009-2010 in Australia??. The calculated resistance allele frequency to Vip3Aa
in S. frugiperda was 0.0009 with a 95% CI of 0-0.0021 during 2013-2015 in Brazil**%. To our knowledge, few data
are currently available regarding the baseline resistant allele frequency of Vip3Aa in H. zea. Here, we provide the
first F, screening study to estimate the resistance allele frequency of field populations of H. zea against Vip3Aa
protein in Texas, U.S. Based on the results, we estimated a frequency of 0.0065 for Vip3Aa resistance alleles in this
region, which can be considered as relatively low, albeit higher than the desired <0.001 frequency for efficacy of
the high-dose refuge strategy. Furthermore, results from confirmation tests showed that 24.8% of insects derived
from crosses of RS with RS survived well on the diagnostic concentration of Vip3Aa protein, suggesting that
Vip3Aa resistance in H. zea appears to be mostly monogenic and recessive.

Previous studies have shown that field populations of H. zea could mate multiple times, but in most cases
females mated only once and >66% of the females carried a single spermatophore*#, In addition, independently
of the number of matings, a single male will typically gain sperm precedence and genetic material contributing
to offspring will be from only one male*#*, The traditional method used for F, screens includes establishing
two-parent family-lines by single-pairing of feral males and females derived from larval collection****. However,
successful mating frequency is extremely low for H. zea with the traditional method. In 2017-2018, we paired
hundreds of feral males and females of H. zea, and only obtained <10 successful matings (Unpublished obser-
vation). Studies conducted by Blanco et al.’"** indicated that mating frequency for H. zea could be significantly
increased when mating feral individuals with laboratory individuals. Although this modified F, screen method
only represents half of the genetics of field populations, our preliminary tests have shown that this strategy works
efficiently to establish iso-line families of H. zea when the light trap method is not accessible.

There are three key factors favoring success of the high-dose refuge strategy to delay evolution of resistance:
low resistance allele frequency, recessive inheritance and abundant refuges of non-Bt plants®#°. The data gener-
ated from this study imply that the risk of evolution of Vip3Aa resistance in H. zea could be low if other resistance
management expectations are realized. Another two factors that could help delay insect resistance to Bt crops
are fitness costs and incomplete resistance®’. Using the limited survivors from the F, screen, we successfully
established a resistant (>588-fold) population of H. zea against Vip3Aa protein. This Vip3Aa-resistant popula-
tion showed no differences in mortality and average instar between the control and 0.1-100 pg/cm? of Vip3Aa,
indicating that the Vip3Aa resistance is complete. Moreover, the bioassay data did not detect differences between
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the susceptible and Vip3Aa resistant populations on control diet in terms of survivorship and average instar,
suggesting the lack of relevant fitness costs. It is critical to point out that this preliminary lack of observed fitness
costs and complete resistance are just based on comparison between SS and RR on control diet and parameters at
the individual level. However, previous studies have suggested that fitness costs of Bt resistance can be influenced
by various factors, including host plant species, allelochemicals, pathogens and parameters at the individual level
or population level”’='. Chen et al.>! found recessive fitness costs of reduced pupal weight and growth rate at the
individual level in a Vip3A-resistant population of S. frugiperda on sorghum, but no measurable fitness costs were
detected on corn, cotton, or meridic diet. In comparison, no evident fitness costs were observed at the population
level (net reproductive rate and intrinsic rate of population increase) of Vip3A resistance in S. frugiperda on any of
those hosts. Further research is needed to evaluate fitness costs and complete resistance associated with the Vip3A
resistance in H. zea on non-Bt plants at both individual and population levels.

In a previous study, Yang ef al.'” reported a high infestation of H. zea larvae on Leptra corn ears, which
expresses CrylAb, CrylF and Vip3A proteins. The subsequent diet-overlay bioassays with Vip3Aa51 protein
(100% identical to Vip3Aa39) showed that H. zea populations collected from CrylAb + CrylF + Vip3A corn
had a significant resistance ratio of >20-fold relative to a susceptible population of H. zea collected from
CrylF + Cry1A.105 + Cry2Ab2 corn at the same location®. It should be noted that insects used for F, screen in
the present study were collected at the same location as Yang et al.’>. In addition to the two out of 114 families of
H. zea surviving with 3" instar larvae on the diagnostic Vip3Aa concentration, three additional families survived
with numerous 2" instar larvae. In addition, unexpected damage and survival of H. zea on Vip3Aa cotton and
corn were also observed in 2019 field trials at the same location (Yang et al., unpublished data). Moreover, a field
trial conducted in Stoneville, MS in 2019 showed that 16 out of 200 randomly sampled ears of Leptra corn were
damaged by H. zea in the field, with an average of 5.5 damaged kernels per ear. The underlying mechanisms for
these unexpected survivals of H. zea on the Vip3Aa traits are unclear. It is possible that plants at some stages
could not produce a high dose of Bt protein and larvae with minor resistance genes could be selected and would,
over time, decrease the efficacy of these Bt crops. For example, Yang et al.'® reported that H. zea populations col-
lected from CrylAb+ CrylF + Vip3A corn could survive well on the WideStrike3 (CrylF + CrylAc+ Vip3A)
cotton leaves, with a survivorship of 41.7% compared to that of 3.3% for the susceptible population. Nevertheless,
data from the present study suggest that resistance allele frequency for Vip3Aa in H. zea in the field is not rare
(<0.0001). Resistance management strategies must be adopted to preserve the sustainable use of Vip3Aa tech-
nology, especially with the widespread acceptance of Vip3Aa technology in corn and cotton in the southern U.S.
With the success of the modified F, screening method, we plan to screen larger population sample sizes from
multiple locations and crops to accurately estimate the current status of Vip3A resistance allele frequency for
H. zea in the U.S. Importantly, and as far as we know, this is the first population of H. zea in the world showing
high resistance to Vip3Aa protein. The availability of this resistant strain provides a valuable resource to obtain
information for the sustainable use of Vip3Aa technology for control of H. zea and improve insect resistance
management strategies.
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