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Abstract

As part of an insect resistance management plan to preserve Bt transgenic technology, annual monitoring of
target pests is mandated to detect susceptibility changes to Bt toxins. Currently Helicoverpa zea (Boddie) moni-
toring involves investigating unexpected injury in Bt crop fields and collecting larvae from non-Bt host plants
for laboratory diet bioassays to determine mortality responses to diagnostic concentrations of Bt toxins. To
date, this monitoring approach has not detected any significant change from the known range of baseline sus-
ceptibility to Bt toxins, yet practical field-evolved resistance in H. zea populations and numerous occurrences of
unexpected injury occur in Bt crops. In this study, we implemented a network of 73 sentinel sweet corn trials,
spanning 16 U.S. states and 4 Canadian provinces, for monitoring changes in H. zea susceptibility to Cry and
Vip3A toxins by measuring differences in ear damage and larval infestations between isogenic pairs of non-Bt
and Bt hybrids over three years. This approach can monitor susceptibility changes and regional differences in
other ear-feeding lepidopteran pests. Temporal changes in the field efficacy of each toxin were evidenced by
comparing our current results with earlier published studies, including baseline data for each Bt trait when
first commercialized. Changes in amount of ear damage showed significant increases in H. zea resistance to
Cry toxins and possibly lower susceptibility to Vip3a. Our findings demonstrate that the sentinel plot approach
as an in-field screen can effectively monitor phenotypic resistance and document field-evolved resistance in
target pest populations, improving resistance monitoring for Bt crops.
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Transgenic corn expressing insecticidal toxins sourced from Bacillus suppression of pest populations, and delivers economic benefits for
thuringiensis (Bt) bacteria was first introduced in 1996 and now growers (Carriere et al. 2003, Wu et al. 2008; Hutchison et al. 2010;
makes up over 80% of corn plantings in the United States (USDA Bell et al. 2012; Edgerton et al. 2012; Lu et al. 2012; NASEM 2016;
ERS 2019). The widespread use of Bt crops reduces yield loss and Perry et al. 2016; Dively et al. 2018; Romeis et al. 2019). Because this
insecticide use, promotes biocontrol services, provides regional technology helps control the major lepidopteran pests of corn in the
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United States, specifically, corn earworm/bollworm [Helicoverpa zea
(Boddie) Lepidoptera: Noctuidae] (Buntin et al. 2004, Reay-Jones
and Reisig 2014), European corn borer [Ostrinia nubilalis (Htubner)
Lepidoptera: Crambidae] (Koziel et al. 1993), and fall armyworm
[Spodoptera frugiperda (J.E.Smith) Lepidoptera: Noctuidae] (Buntin
et al. 2004, Reay-Jones et al. 2016), it has become the foundation of
insect pest management. However, the widespread use of Bt crops
and constitutive expression of Bt toxins within the plant exert high
selection pressure on the target insects, facilitating the evolution of
pest resistance.

Because resistance is the major threat to the sustainability of Bt
transgenic technology, commercial registration of Bt crops with the
U.S. Environmental Protection Agency (EPA) requires an insect re-
sistance management (IRM) plan. Ideally, this includes a high-dose
refuge strategy, wherein the Bt toxin is expressed at a high enough
dose that offspring resulting from matings between susceptible
and resistant individuals will not survive on the Bt crop, and un-
treated refuges are planted to provide susceptible individuals that
can mate with resistant individuals that survive the Bt crop (Gould
1998, Tabashnik et al. 2013). To further combat resistance develop-
ment, pyramided hybrids with multiple toxins that target the same
pest have been developed (Roush 1998, Carriére et al. 2016). Due
to low compliance in planting and maintaining untreated refuge
(Reisig 2017), registrants have also introduced seed mix refuges
with non-Bt plants premixed with pyramided Bt hybrids (Davis
and Onstad 2000, Carroll et al. 2012). In addition to these IRM
approaches, EPA requires registrants to annually monitor suscepti-
bility of target insect species to Bt toxins in order to detect changes
in field efficacy. For example, H. zea unexpected injury (UXI) in Bt
crop fields is investigated and registrants also conduct focused field
collections of larvae from non-Bt host plants in the southern United
States for laboratory bioassays to determine mortality responses of
F, populations to diagnostic concentrations of the toxins. To date,
registrants have not reported any significant change from the known
range of baseline susceptibility to Bt toxins in H. zea populations
(USEPA 2020), yet practical field-evolved resistance and numerous
occurrences of unexpected injury occur in Bt field corn and cotton.

Published studies provide strong evidence of field-evolved
resistance to the Cry toxins in Bt crops, resulting in practical
consequences for control of several major lepidopteran pests
(Tabashnik and Carriére 2017). Helicoverpa zea populations
have evolved resistance to CrylAb, Cry2Ab2, Cry1A.105, and
CrylAc (Reisig and Reay-Jones 2015, Dively et al. 2016, Yang
et al. 2017, Reisig et al. 2018, Bilbo et al. 2019, Kaur et al. 2019);
S. frugiperda to CrylF (Blanco et al. 2010, Storer et al. 2010,
Farias et al. 2014, Huang et al. 2014, Li et al. 2016, Omoto
et al. 2016); and western bean cutworm |[Striacosta albicosta
(Smith) (Lepidoptera: Noctuidae) to Cry1F (Ostrem et al. 2016,
Smith et al. 2017). There has been no evidence of any shift in
O. nubilalis susceptibility to the expressed toxins, except for a
recent study documenting the first case of practical resistance to
Cry1F corn in the Province of Nova Scotia, Canada (Smith et al.
2019). So far, Bt corn continues to provide highly effective control
against O. nubilalis in all other corn production areas of North
America; however, action must be taken to avoid further evolu-
tion of resistance in this species.

A different Bt toxin, Vip3A, takes advantage of a novel insecti-
cidal protein class and exhibits a wide spectrum of activity against
lepidopteran pests (Estruch et al. 1996). Currently, pyramided with
Cry1 and Cry2 toxins in Bt corn and Bt cotton, Vip3A provides ex-
ceptional control of most lepidopteran pests of corn, and unlike Cry

toxins, expresses a near high dose against H. zea (Burkness et al.
2010, Yang et al. 2015, Marques et al. 2019). Although Vip3A toxin
shows no or weak cross resistance with the Cry toxins (Tabashnik
and Carriere 2020), there is concern that this important Bt trait may
be compromised more quickly if seed blends of Vip3A-expressing
corn become available in the southern United States, where H. zea
populations overwinter and are exposed to cotton varieties ex-
pressing Vip3A and Cry toxins (Reisig and Kurtz 2018). Already,
there is evidence of higher infestations and low-level tolerance of
H. zea populations in Cry1Ab + Cry1F + Vip3A pyramided corn in
Texas (Yang et al. 2019, Yang et al. 2020). To preserve the efficacy
of this toxin, changes in susceptibility must be detected early and
quickly mitigated.

A July 2018 Scientific Advisory Panel (SAP) met to discuss issues
involving lepidopteran pest resistance to Bt crops and provide re-
commendations to EPA. The panel recommended that seed blends
of Vip3A corn be prohibited in the southern regions of the United
States, and reported on many limitations and challenges in the cur-
rent resistance monitoring approach (USEPA 2018). Specifically,
there is no clear definition of resistance or UXI thresholds to trigger
mitigation action, and random sampling of target pest popula-
tions does not track susceptibility over time. Although laboratory
diet bioassays can be powerful tools for understanding resistance
and establishing heritability, they necessitate large collections of
resistant individuals from the field and laboratory rearing to at
least an F generation so that larval development phenotypes can
be measured. With smaller field collections, further rearing may
be necessary to produce sufficient individuals for an assay, which
often eliminates resistant genotypes due to fitness problems (USEPA
2018). Indeed, the SAP stated that ‘these [laboratory diet] assays
delay reporting of resistance occurrences and are too variable for
non-high dose pests, such as H. zea’ (USEPA 2018). To address these
issues, the SAP recommended measures to improve the current sam-
pling and bioassay protocol, including standardized diet bioassays,
targeted sampling of UXI Bt corn, and cotton fields, as well as to
develop and integrate new molecular detection technologies. For
non-high-dose pests, small changes in susceptibility can result in
increased injury/damage to the crop and assays must be sensitive
enough to avoid false negatives (Andow et al. 2016). Although there
were reservations as to whether sentinel plots can detect resistance
quickly enough for mitigation (USEPA 2018), sentinel plots diag-
nosed increasing damage over time before diet bioassays could suc-
cessfully be conducted to confirm resistance in H. zea (Dively et al.
2016).

Sentinel Bt sweet corn can be used as a field-based diagnostic to
monitor resistance in a target insect population to Bt toxins (Venette
et al. 2000). Relative to the sample sizes required for detecting re-
sistant larvae using diagnostic dose laboratory bioassays, in-field
monitoring likely detects rare resistant phenotypes earlier (Venette
et al. 2000). Although this approach directly measures phenotypic
resistance, consistent declines in field efficacy of the Bt crop observed
over time offer evidence of field-evolved or ‘practical’ resistance
(Moar et al. 2008; Tabashnik et al. 2009, 2013, 2014). Dively et al.
(2016) used this reasoning to provide evidence for the evolution of
‘practical’ resistance in H. zea to Cry1Ab and Cry1A.105+Cry2Ab2
toxins, comparing H. zea damage in paired Bt and non-Bt sentinel
plots over two decades in Maryland and demonstrating decreasing
H. zea susceptibility to Bt sweet corn since its commercial intro-
duction in 1996. Despite the advantages of in-field monitoring,
including ease of use, this approach to resistance monitoring has not
yet been widely adopted.
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To encourage adoption of in-field resistance monitoring and fa-
cilitate detection of changes in H. zea susceptibility to Bt toxins, we
continued the Dively et al. (2016) study, implementing a large-scale
monitoring network of sweet corn sentinel trials from 2017 to 2019.
The network was designed to examine changes in H. zea suscepti-
bility to toxins expressed in different Bt sweet corn hybrids, with par-
ticular focus on the more efficacious Vip3A toxin. It also provided
a means to simultaneously monitor for susceptibility changes and
regional differences in O. nubilalis and S. frugiperda populations.
To show overall changes in field efficacy of each Bt toxin over time,
we compared the monitoring network results with earlier reported
data from sentinel monitoring in Maryland (Dively et al. 2016) and
other states (Burkness et al. 2010, Shelton et al. 2013). Our findings
demonstrate the utility of the sentinel plot approach and enable im-
provements in the design of resistance monitoring for Bt crops.

Methods and Materials

Sentinel Locations

The monitoring network consisted of paired sentinel plots of Bt
and non-Bt sweet corn hybrids, with 18 locations in 9 U.S. states
(DE, MD, NC, NJ, NY, OH, PA, VA, and WV) established in 2017
and 2018. We expanded the network in 2019 to include 30 loca-
tions in 16 U.S. states (DE, MD, ME, MN, NC, NH, NJ, N, OH,
PA, SC, TX, VA, VT, WI, and WV) and 4 eastern Canadian prov-
inces (New Brunswick, Nova Scotia, Ontario, and Quebec) (Fig. 1).
Sentinel locations varied with respect to typical lepidopteran popula-
tion densities and overwintering success. About one half of the trials
were located too far north to allow successful H. zea overwintering.
At these locations, infestation in sweet corn results from migrant
moths carried northward on storm fronts from the south, where they
were probably subjected to previous selection pressure in Bt corn or
Bt cotton. These peripheral H. zea populations occasionally exhibit
genetic differentiation (Perera et al. 2020), though evidence largely
indicates H. zea populations are genetically diverse and panmictic
with low genetic variability between populations (Seymour et al.
2016). Sentinel plots were established later in the normal planting
period (mid-May to early July depending on region) and timed such
that the silking period coincided with anticipated peak H. zea moth
activity to maximize pressure. In total, 73 sentinel trials were planted
over the 3 yr of the monitoring network (Supp Table 1 [online only]).

Hybrids and Plot Layout

Sentinel plots consisted of five sweet corn hybrids: 1) Attribute
BCO0805 expressing CrylAb, 2) Attribute II Remedy expressing
CrylAb and Vip3A, and 3) their non-Bt isoline Providence

Winchester, ON Berwick, NS
Ridgetown, ON o . Saint-Mathieu-de-Beloeil, QC
Rosemont, MN ! Fredericton, NB
Arlington, WI Y Monmouth, ME
S. Charleston, OH 4 4 St. Albans, VT
Cottageville, WV 8 & o° Durham, NH
Catawba, VA 2 £ Geneva and Riverhead, NY
Whitethorne, VA 2y *"* Rock Springs, PA
Abingdon, VA + - Pittstown and Upper Deerfield, NJ
Lubbock, TX 7 Georgetown, DE
& Sudlersville and Queenstown, MD
. Beltsville and Upper Marlboro, MD
Painter, VA
Suffolk, VA
Plymouth, NC
Florence, SC

Fig. 1. Map of 2019 sweet corn sentinel monitoring network locations. White
points indicate locations where there is likely no successful overwintering of
Helicoverpa zea populations, dark points indicate successful overwintering.

(Syngenta); as well as 4) Performance Series Obsession II ex-
pressing Cry1A.105+Cry2Ab2, and 35) its non-Bt isoline Obsession
I (Seminis). At each trial location, single or replicate plots of each Bt
hybrid were planted at the same time and arranged side-by-side with
their non-Bt isolines. One exception in 2017 is that both Obsession
hybrids were planted only in Maryland. Typically, only one planting
of the five hybrids occurred per location each year; however, two
and sometimes three plantings spaced 10 d apart were established
at different locations in Maryland from mid-June to early August.
Each plot ranged in size from four to eight rows (0.9 m apart) 15-
to 60-m long and was maintained according to commercial sweet
corn production practices, except no foliar insecticides were applied.
Irrigation was applied at most trial locations to ensure normal plant
growth. Although neither Bt protein content nor expression levels
were measured, production best management practices were fol-
lowed to avoid crop stress and sampling occurred at similar crop
phenology, improving the consistency of toxin expression (Trtikova
et al. 2015) in our trials.

Ear Sampling

In order to maximize ear damage and best capture the number of
surviving larvae, ears were examined for kernel damage and larval
infestation during the milk stage 21-25 d after silk emergence,
which coincided with anticipated delayed development of H. zea
larvae in Bt plots. Samples of 50 and 100 ears were examined from
the center rows of each non-Bt and Bt plot, respectively. Data were
recorded from ears in situ or samples of ears were removed from
plants and then processed at a more convenient location next to
the field. Each ear was slowly opened at the tip to avoid losing
small larvae, and husked down all the way to expose the base of
ear if there were signs of feeding injury on husk leaves and shank
of the ear, which is particularly characteristic of S. frugiperda and
O. nubilalis injury.

Ear damage was assessed according to the methods used by
Dively et al. (2016). A standardized data sheet and sampling
protocol were used at all locations to record kernel damage and
larval survival on a per ear basis. The spatial pattern of kernel injury
caused by each species was tallied with the aid of a standard pencil
eraser (cross-section ~0.5 cm?) as a visual reference and consolidated
to estimate the total cm? of kernel surface area consumed. For ears
with very minor feeding injury (<0.5 cm?) on a few kernels on the
ear tip, kernel damage was recorded as 0.2 cm?; otherwise, kernel
area consumed 20.5 ¢cm? was recorded to the nearest 0.5 cm? The
location of damage was recorded as ear tip, upper half of ear, lower
half of ear or combinations of the three. Feeding injury on the husk
leaves and ear shank without kernel injury was also recorded. When
S. frugiperda larvae were found together with H. zea, their damage
was differentiated by the feeding pattern and location of kernel in-
jury. Individuals recording data were trained to visually estimate
kernel damage and checked for consistency to ensure accurate data.

The number and instar of surviving larvae was recorded per in-
dividual ear for each lepidopteran species. If O. nubilalis tunneling
was observed, the ear was split open to record the instar if the larva
was present. Because ear sampling was timed to account for delayed
larval development in the Bt plots, many non-Bt ears had significant
kernel injury caused by H. zea that reached the prepupal stage and
exited the ear. For these ears, we recorded a sixth instar if >6 cm? of
kernel area was consumed, with characteristic deposits of frass on
the upper ear and evidence of an exit hole. In less common cases, two
exited sixth instars were recorded if kernel area consumed 212 ¢cm?
and there was evidence of separate feeding patterns on opposite sides
of the ear.

0202z Jaqwaoa( S0 uo 1sanb Aq 2010209/7922e0)/23l/£601 "0 /I0p/a|onie-aoueApe/aal/woo-dno-olwapeoe//:sdiy Wwoij papeojumo(]


http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toaa264#supplementary-data

Journal of Economic Entomology, 2020, Vol. XX, No. XX

Although we did not confirm Bt toxin expression in most cases,
some sites used commercially available ELISA strip tests to check
for the presence of Vip3A expression in green husk tissue when UXI
occurred in Vip3A hybrids and data from nonexpressing ears were
removed.

Plant Sampling

Because kernel feeding and the presence of O. nubilalis can be ob-
scured by H. zea kernel injury, whole plants were sampled in 2018
and 2019 to further determine regional differences in O. nubilalis in-
festations and to detect possible unexpected injury in the Bt hybrids.
At a subset of trial locations, 50 consecutive plants from the center
rows of each hybrid plot were carefully examined for entrance holes
and frass around the leaf axil or shank of the ear, as evidence of stalk
tunneling.

Data Analysis

Individual ear data were compiled per trial and summarized for ana-
lysis, except for missing data from four trials where weather or agro-
nomic factors prevented normal ear development. The percentage of
ears damaged by each species was averaged over the non-Bt hybrids
(Providence and Obsession I) for each trial and used to describe pest
pressure and differences in infestation over the three monitoring
years. The following metrics for each trial were calculated by hy-
brid for each species: percentage of ears damaged, mean kernel area
consumed (cm?) per damaged ear, and mean number of larvae per
damaged ear. For H. zea, we also recorded the percentage of late
instar (fourth, fifth, and sixth) larvae. For H. zea response variables,
we performed either an ANOVA using the Proc Mixed model or
GENMOD Poisson regression of SAS Version 9.4 (SAS 2001), de-
pending on the data distribution. Each analysis treated year as a
fixed factor, trial location as a random effect, and adjusted variance
according to the number of trials per year, after data transformations
were made for lack of normality. Overall means were calculated
by averaging over all trials by year. All presented means and SEs
were back transformed, and confidence limits were calculated from
un-transformed data.

Trends in amount of damage (evidence of changes in H. zea sus-
ceptibility) were further illustrated by comparing the ear damage
and larval densities from the monitoring network with the same
metrics reported from earlier published studies, including baseline
data when each Bt trait was first commercialized. For the Cry1Ab
toxin, 2017-2019 ear damage data were averaged to represent the
current field damage and compared with ear damage reported on
for 21 yr (1996-2016) of sentinel monitoring in Maryland (Dively
et al. 2016). We arbitrarily divided the latter dataset into three time
periods and computed averages for years 1996-2003 (representing
baseline field damage), 2004-2010, and 2011-2016. A similar time-
line was used for H. zea susceptibility to the Cry1A.105+Cry2Ab2
toxins, comparing 2017-2019 ear damage with earlier reported
ear damage from 7 yr (2010-2016) of sentinel monitoring data in
Maryland (Dively et al. 2016) and data extracted from field trials
conducted in NY, MN, OH, and GA (Shelton et al. 2013). We aver-
aged the early reported data over two time periods: 2010-2013
(representing baseline field damage) and 2014-2016. For Cry1Ab
and Vip3A toxins, published studies on field efficacy reported vir-
tually 100% control of H. zea during the first 8 yr (2007-2014), it
was commercially available for academic trials (Dively et al. 2016,
Burkness et al. 2010). We averaged all reported data on damaged
ears during that time period to represent baseline pest control for the
Vip3A toxin. To elucidate changes in H. zea susceptibility to Vip3A,

we compared the baseline damage with the average ear damage
during each year of the monitoring network.

The percentage of damaged ears was visualized with box-
whisker plots to display differences between paired Bt and non-Bt
sentinel trials over each time period, relative to the baseline damage
experienced by each Bt toxin. Plots depict the 25 and 75% per-
centile range of individual data, median, mean = SE, and connecting
lines link each paired trial. The mean difference in percentage ear
damage between Bt and non-Bt paired plots and the 95% confidence
limits were calculated for each time period. We tested for signifi-
cant changes in amount of damage indicated by mean differences
between time periods using a two sample #-test (assuming uneven
variances and a one tailed hypothesis). We assumed that a signifi-
cant increase in ear damage over time was sufficient to confirm field-
evolved resistance as defined in Tabashnik et al. (2009, 2013, 2014).
We also estimated phenotypic frequency of resistance as the ratio
of mean densities of H. zea larvae found in Bt ears relative to mean
larval densities in non-Bt ears, according to Venette et al. (2000).
For computing these frequencies, we pooled all larval density data
from each time period, corrected for sample size differences, and
assumed that any live larvae (regardless of instar) associated with
kernel damage in a Bt ear indicates some degree of resistance to the
expressed toxins. Although this metric overestimates the frequency
of resistance alleles and accuracy is dependent on sample size, this
ratio provides a useful relative measure of changes in the frequency
of H. zea that can survive in Bt ears in the field.

Results

Ear Damage Levels in non-Bt Sweet Corn

Mean percentages of non-Bt ears damaged by H. zea, O. nubilalis,
and S. frugiperda are given in Supp Table 1 (online only). Helicoverpa
zea populations were very high at most locations each year, causing
significant kernel injury in >75% of the non-Bt ears in 50 of the
69 trials. Highest infestations typically occurred at sites where
overwintering occurs (Fig. 1, Supp Table 1 [online only]), particu-
larly, DE, MD, and NJ, where >90% of the ears were damaged in
all years. Lowest infestations were recorded in 2019 at trials in MN,
NH, NY, W1, and the Canadian provinces. Of the 15 locations with
sentinel trials repeated each year, ear damage levels between years
varied widely, particularly where H. zea did not overwinter. For
example, the percentage of ears damaged at Geneva, NY, was less
than 12.5% in 2017 compared with 99.5% in 2018 and 49.6% in
2019. At this location, pheromone trap captures in 2018 recorded
a major influx of H. zea moths exceeding 100 per night about 6
d after silking, compared with significantly lower moth captures in
2017 and 2019. Although harvest dates ranged from mid-July to
mid-October, ear infestations of H. zea were not consistently related
to planting dates or timing of silking. For example, four separate
plantings were established at Upper Marlboro, MD in 2017, with
harvest dates ranging from 14 July to 28 September, yet H. zea dam-
aged 98% of the non-Bt ears in all plantings.

Ear infestations of S. frugiperda, as well as observed injury
during the vegetative stages, were reported in only 16 of the 69 trials,
with the highest percentage of non-Bt ears damaged at Suffolk, VA
(68%) and Painter, VA (36%) in 2017; Painter, VA (9%) in 2018;
and Lubbock, TX (38%), and Painter, VA (18%) in 2019. All other
locations did not observe any S. frugiperda damage or reported <5%
of the ears damaged. Ostrinia nubilalis feeding injury in non-Bt ears
was reported in only 26 of the 69 trials. Infestations were very low
(<5% of ears damaged), except for several locations that consistently
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reported ear damage each year. Ostrinia nubilalis damaged 27, 8,
and 26% of the ears at Painter, VA; 24, 6, and 6% at Riverhead, NY;
and 8, 4, and 21% at Geneva, NY, during 2017, 2018, and 2019,
respectively. Three other locations with relatively high O. nubilalis
infestations in 2019 included Pittstown, NJ (46%), Winchester,
Ontario (37%), and Saint-Mathieu-de-Beloeil in southern Quebec
(21%).

Helicoverpa zea Damage to Bt hybrids During
2017-2019

Damage to Bt sweet corn hybrids is compared to their non-Bt iso-
lines using percentage of ears damaged by H. zea, instar age and
density of larvae, and kernel area consumed (Table 1). Levels of
ear damage and larval infestations in both non-Bt hybrids were
similar and did not significantly change by year. Overall, 86.7 and
80.6% of Obsession I and Providence ears were damaged, with
1.25 and 1.31 larvae per damaged ear, 6.3 and 7.0 cm? of kernel
area consumed, and 75.6 and 73.4% infested with late instars,
respectively. Toxins expressed by the three Bt hybrids differed in
H. zea ear damage and larval infestation. Cry1Ab expressing sweet
corn provided the lowest level of control, with overall 72.3% of
the ears damaged compared to 78.7% damaged in the adjacent
non-Bt plots. Although the difference is significant (F g, = 5.45,
P =0.022), only 8.1% of the ear damage was reduced by Cry1Ab.
In fact, 28 out of 69 trials reported an equal or higher percentage
of damaged ears in the Cry1Ab plots compared with damage levels
in the isoline. The proportion of CrylAb ears damaged did not
significantly change over the 3 yr. However, kernel consumption
and larval infestations significantly increased from 2017 to 2019.
The amount of kernel area consumed per damaged CrylAb ear
,=3.35,P =0.048); number of
o = 332,
P = 0.049); and percentage of late instars increased from 41.9 to
61.5% (F, 4, = 3.58, P = 0.040). More importantly, overall infest-
ation levels per damaged Cry1Ab ear averaged 1.29 larvae com-

increased from 3.7 to 5.3 cm? (F(z »

larvae per damaged ear increased from 1.07 to 1.45 (F

pared with 1.31 larvae in isoline ears, indicating that many H. zea
larvae are able to tolerate Cryl1Ab expression.

Differences in  ear damage measurements between
Cry1A.105+Cry2Ab2 sweet corn and its isoline were consistently
greater than those between CrylAb sweet corn and its isoline.
Averaged over years, 73.5 % of the Bt ears were damaged compared
with 86.7% of the non-Bt ears damaged in the adjacent isoline plots,
and reductions in kernel feeding and larval development were about
double that of Cry1Ab ears. Nonetheless, the dual toxin expression
provided only 15.2% field efficacy, calculated by the difference in
percentage damaged by H. zea in Bt and non-Bt ears divided by the
percentage damaged in non-Bt ears times 100. An overall average
of 1.12 larvae per ear was found alive in the Cry1A.105+Cry2Ab2
vy = 033, P = 0.72)
from the 1.25 larvae per isoline ear. There were no year-to-year dif-
ferences in the incidence and severity of H. zea ear damage in the
Cryl1A.105+Cry2Ab2 plots (F, = 0.12, P = 0.89); however, the
percentage of late instars increased significantly from 41.8% in 2017
t0 81.0% in 2019 (F, = 6.24, P = 0.010).

Sweet corn expressing Cry1A+Vip3A toxins provided near 100%
control of H. zea during the 3 yr of the monitoring network. Averaged
over trials, expression of these toxins reduced the percentage of dam-
aged ears by 99%, compared with the non-Bt isoline. However, re-

hybrid, which is not significantly different (F,

sults by year show a small but noticeable increase in the number and
age of surviving larvae, with the caveat that Bt expression was often
not confirmed. In 2017, only 16 of the 2,941 ears (0.54%) sampled
in 24 trials exhibited evidence of H. zea feeding on the ear tip, aver-
aging <0.5 cm? of kernel area consumed per damaged ear. Of these
damaged ears, a total of 13 second instars averaging 0.50 per ear
were found alive at the ear tip. In 2018, 24 trials recorded a total of
22 ears with H. zea damage per 2,676 ears (0.83 %) sampled, with an
average 0.50 larvae and 0.7 cm? of kernel area consumed per dam-
aged ear. All 33 live larvae associated with the damaged ears were
second and third instars. In 2019, the percentage of damaged ears
increased slightly, with 32 ears (0.86%) damaged per 3,677 ears sam-
pled. However, larval density averaged 1.65 per damaged ear and
31% of the 29 larvae found were fourth instars. Supp Table 2 (online
only) lists the damage and larval density data for those sentinel trials
that recorded H. zea damage in the Vip3A expressing ears.

Table 1. Mean (+ SD) percentage of ears damaged by H. zea, density of larvae, amount of kernel area consumed, and percentage of late
instars in Bt sweet corn hybrids compared side-by-side to their non-Bt isolines

Year (no. of Number of larvae per Kernel consumption per damaged % Late

Hybrid (Bt trait) trials) % Ears damaged damaged ears Bt ear (cm?) instars
Obsession I (non-Bt isoline) 2017 (6) 95.7+2.9 1.15 £ 0.10 6.0=+1.3 84.7 + 17.1
2018 (15) 87.9 £20.7 1.34 = 0.60 6.5+3.2 61.0 +27.9
2019 (30) 76.6 = 31.8 1.48 = 0.61 6.5+4.5 81.0 +22.0
Providence (non-Bt isoline) 2017 (18) 83.9 +21.9 1.01 = 0.44 6.5+2.8 74.0 = 24.4
2018 (19) 84.6 = 18.6 1.42 = 0.39 7.7 2.7 66.7 +24.6
2019 (30) 73.2 =329 1.27 = 0.49 6.9=+5.5 79.4 £19.3
BC080S5 (Cry1Ab) 2017 (18) 79.0 = 23.3 1.07 = 0.62 3.7+2.0 41.9 = 24.7
2018 (19) 754 +27.8 1.36 £ 0.36 5019 46.9 = 29.5
2019 (30) 66.4 = 34.3 1.45+0.78 53+4.9 61.5 =28.7
Obsession 11 2017 (8) 83.2+17.9 0.88 = 0.32 23x1.2 41.8+22.6
(Cry1A.105+Cry2Ab2) 2018 (15) 79.5 +23.3 1.28 = 0.64 3.8+1.7 36.5 +31.0
2019 (30) 57.8+35.2 1.18 £ 0.51 3.9=+3.1 81.0 = 31.9

Remedy (Cry1Ab+Vip3A) 2017 (24) 0.5+0.8 0.01 = 0.01 0.5+0.8 0.0 =0.0

2018 (24) 0.8=1.5 0.50 = 0.88 0.7+1.0 0.0 0.0
2019 (31) 0.9=+22 1.65+2.23 0.4+0.6 47.8 = 46.7

Means are listed by hybrid for each year. Data were averaged from sentinel trials conducted at 15 locations in seven states (NC, VA, WV, MD, DE, NJ, and NY)
in 2017; 16 locations in eight states (NC, VA, OH, PA, MD, DE, NJ, and NY) in 2018; and 28 locations in 16 states (TX, SC, NC, VA, MD, WV, OH, DE, PA, NJ,
NY, MN, WI, NH, VT, and ME) and four Canadian provinces (Ontario, Quebec, New Brunswick, and Nova Scotia) in 2019.
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Ear Damage by Other Lepidopteran Larvae

Fourteen of the 69 sentinel trials reported S. frugiperda ear
damage in the Bt plots [Supp Table 1 (online only)]. Of these, the
Cryl1A.105+Cry2Ab2 and CrylA+Vip3Aa sweet corn provided
nearly 100% control of S. frugiperda, whereas the CrylAb sweet
corn was noticeably less effective, particularly at trial locations with
higher infestations in the non-Bt hybrids. For example, the Painter
and Suffolk trials in VA consistently reported the highest infestations,
with 12 and 21% of the Cry1Ab ears damaged in 2017, respect-
ively. There were only seven trials reporting evidence of O. nubilalis
ear damage (mostly <3%) [Supp Table 1 (online only)] and a few
live larvae in Bt hybrids, primarily in the Cry1Ab sweet corn, and
at trial locations with the highest infestations in the non-Bt plots.
Ear damage by western bean cutworm, S. albicosta Smith, was re-
ported only at the 2019 Saint-Mathieu-de-Beloeil trial in southern
Québec, where 11% of the CrylAb ears were infested, while the
other hybrids experienced <3% ear damage.

Plant Infestations of O. nubilalis

Additional whole plant sampling of each hybrid was conducted
at 20 sentinel locations in 2018 and 2019 to further monitor for
O. nubilalis. Fifteen trials found either no evidence of O. nubilalis
damage or <5% of the non-Bt stalks with signs of stalk tunneling.
Five trials reported significantly higher levels of plant injury, which
corresponded closely with levels of ear damage. The percentage of
non-Bt plants with O. nubilalis injury averaged 97% (2018) and
19% (2019) at Painter, VA; 8% (2019) at Riverhead, NY; 27%
(2019) at Berwick, Nova Scotia; and 24% (2019) at Saint-Mathieu-
de-Beloeil, Quebec. All sentinel trials, including those that did not
conduct plant sampling, reported no O. nubilalis plant injury in the
Bt hybrids, with the exception of three locations. Non-Bt plots at
Painter, VA, had relatively high levels of ear and stalk damage each
year, particularly in 2018. At this location, 8% of the Remedy plants

expressing CrylAb and Vip3Aa in 2018 and 7% of the Cry1Ab ex-
pressing plants in 2019 showed evidence of O. nubilalis entrance
holes and frass. Sentinel plots of BC0805 at Saint-Mathieu-de-
Beloeil, Quebec, in 2019 also had 5% of the plants showing husk
and shank injury.

Helicoverpa zea Damage to Bt Sweet Corn From

1996 to 2019

To further evaluate the overall changes in amount of damage to each
Bt sweet corn hybrid, the 2017-2019 results were compared with
previously reported data from paired Bt and non-Bt sweet corn trials
(extracted from Dively et al. 2016, Burkness et al. 2010, and Shelton
et al. 2013). Figure 2 illustrates changes over time in percentage of
ears damaged by H. zea in Cry1Ab sweet corn relative to the non-Bt
isoline. The 26 trials during 1996-2003 represent the baseline
damage to the Cry1Ab hybrid since the trait was introduced in 1996.
Ear damage in non-Bt plots averaged 69.8% = 3.5 SE and ranged
from 36 to 99%, reflecting the variation in H. zea infestations across
years and trial locations. Ear damage in the Bt plots averaged 12.6%
= 2.3 SE and was positively correlated with the levels of damage in
the paired non-Bt plots (r = 0.73, P < 0.001). Pairing of plots by trial
(indicated by the connecting lines) differed by an average of 57.2%
(95% CL: 52-62). The estimated phenotypic frequency of resistance
(ratio of mean densities of H. zea larvae per Bt ear relative to larval
densities per non-Bt ear) was 0.28, meaning that about one-third of
the H. zea were able to survive expression of Cry1Ab toxin, allowing
some level of silk tissue and kernel consumption.

Thirty-three trials during 2004-2010 showed an increase in dam-
aged ears in the Bt plots, averaging 52.0% = 4.2 SE compared with
87.7% = 2.3 SE in non-Bt plots. Starting at this time period, ear pro-
tection by Cryl1Ab became more variable, and several trials showed
similar levels of ear damage in both Bt and non-Bt plots (denoted
by more horizontal connecting lines). The mean difference declined
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Fig. 2. Percent ears damaged by Helicoverpa zea in paired sentinel plots of Cry1Ab expressing sweet corn and its non-Bt isoline over time. Individual data
(non-Bt isoline-circles, Bt-triangles) from multiple trials are given for four time periods after commercial introduction of the Cry1Ab trait. Each box plot depicts
the 25 and 75% percentile range of individual data, median, mean + SE, connecting lines linking each paired trial, and n = number of trials. The mean difference
between paired plots and 95% CL are given for each time period. Nonoverlapping 95% CL between time periods indicate a significant change in amount of
damage. Also given are the estimated phenotypic frequencies of resistance for each time period defined as the ratio of mean densities of H. zea larvae per Bt

ear relative to larval densities per non-Bt ear.
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to 35.7% (95% CL: 28-44), which was significantly different from
the baseline response of the previous time period (P < 0.001, #test).
The phenotypic resistance frequency of 0.61 showed a doubling in
the densities of surviving larvae in Bt ears relative to densities in
non-Bt ears.

Data from 36 trials during 2011-2016 showed no change in
H. zea damage in non-Bt plots and only a small increase in the
phenotypic frequency of resistance compared with the previous time
period. Mean difference between paired plots decreased to 28.2%
(95% CL: 21-35) but was not statistically different from the pre-
vious period (P = 0.110, #-test). However, results of the 65 trials
of the monitoring network conducted during 2017-2019 in Fig. 2
show a significant decline in H. zea susceptibility to the CrylAb
toxin. Mean ear damage (79.4% = 3.5 SE) in non-Bt plots was not
significantly different from previous time periods, whereas H. zea
damage was significantly higher in the Cry1Ab plots (72.6% = 3.8
SE), with many trials reporting damage levels equal to or higher than
levels in adjacent non-Bt plots. The mean difference in percentage
ears damaged significantly dropped to 6.3% (95% CL: 2-10) com-
pared with the previous time period (P = 0.030, #-test), and estimated
phenotypic frequency of resistance increased to 0.91, suggesting a
major increase in the CrylAb resistant gene frequency in H. zea
populations.

Figure 3 displays changes in H. zea ear damage in
Cry1A.105+Cry2Ab2 sweet corn relative to the non-Bt isoline over
three time periods. These pyramided Bt traits in sweet corn were
commercially available starting in 2010, and the baseline damage
during the first four years (2010-2013) is represented by 31 trials
of Performance Series hybrids (various hybrids including Obsession
IT) paired with non-Bt isolines. During this period, Bt plots averaged
18.4% = 2.1 SE damaged ears compared with 87.6% = 2.0 SE in the
non-Bt plots, with an overall difference of 68.5% (95% CL: 62-74).
Comparable to the CrylAb sweet corn, the estimated phenotypic
frequency of resistance of 0.19 indicates that Cry1A.105+Cry2Ab2
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did not provide a high dose for H. zea, when first introduced com-
mercially. Moreover, the effectiveness of these toxins against H. zea
became more variable starting in 2014 and significantly declined
during 2014-2016. Helicoverpa zea damage in Bt plots increased
to an average of 39.0% = 7.3 SE, which resulted in a significant de-
crease in the mean difference between paired plots, averaging 47.2%
(95% CI: 35-60) and a doubling of the phenotypic resistance fre-
quency (0.41). Amount of damage continued to increase during
2017-2019 as evident by many sentinel pairs of Bt and non-Bt plots
with near equal levels of ear damage. During this period, mean dif-
ference significantly dropped to 15.8% (95%CIL: 11-21) and the
densities of larvae found in Bt ears more than doubled those found
during the previous period, resulting in a phenotypic frequency of
resistance of 0.86.

Figure 4 displays H. zea ear damage in CrylAb+Vip3A sweet
corn (Remedy) across four time periods. Here, we show the baseline
damage to the pyramided toxins reported from 27 trials conducted
in MD and MN during 2007-2014 compared with individual trial
data of each year of the monitoring network. Only 26 of the 3,043
Bt ears (0.95% = 0.27 SE) sampled during 2007-2014 showed evi-
dence of H. zea kernel injury, with a total of 17 second instars ob-
served alive with minor feeding on a few tip kernels. In comparison,
86.1% = 4.2 SE of the 1,317 ears sampled in the non-Bt isoline plots
were heavily damaged with an average of 0.87 larvae per damaged
ear. Damage to Cry1Ab+Vip3A sweet corn during the monitoring
network did not significantly change from the baseline level, with
the percentage of damaged ears ranging from 0.6 to 1% and no sig-
nificant mean differences between paired plots among time periods.
However, as indicated in Table 1, the mean number of larvae per
27 = 3:924, P = 0.024) and proportion of larvae
> fourth instars (x> = 20.06, P < 0.001) significantly increased in
the Cry1Ab+Vip3A ears in 2019. Furthermore, the phenotypic fre-
quency of resistance shows an increase from 0.006 during the base-
line years to 0.024 in 2018 and 0.014 in 2019.

damaged ear (F,

2017-2019

15.8 (11-21)

Estimated phenotypic frequency of resistance

0.19

0.41 0.86

Fig. 3. Percentage of ears damaged by Helicoverpa zea in paired sentinel plots of Cry1A.105+Cry2Ab2 expressing sweet corn (Performance Series ‘Obsession
II’) and its non-Bt isoline over time. Individual data (non-Bt isoline-circles, Bt-triangles) from multiple trials are given for 3 time periods after commercial
introduction of the pyramided traits. Each box plot depicts the 25 and 75% percentile range of individual data, median, mean + SE, connecting lines linking each
paired trial, and n = number of trials. The mean difference between paired plots and 95% CL are given for each time period. Nonoverlapping 95% CL between
time periods indicate a significant change in amount of damage. Also given are the estimated phenotypic frequencies of resistance for each time period defined
as the ratio of mean densities of H. zea larvae per Bt ear relative to larval densities per non-Bt ear.
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Fig. 4. Percent ears damaged by Helicoverpa zea in paired sentinel plots of Attribute Il sweet corn (Cry1Ab+ Vip3A) and its non-Bt isoline over time. Individual
data (non-Bt isoline-circles, Bt-triangles) from multiple trials are given for four time periods after commercial introduction of the Vip3A trait. Each box plot
depicts the 25 and 75% percentile range of individual data, median, and mean + SE. Each box plot depicts the 25 and 75% percentile range of individual data,
median, mean + SE, and n=number of trials. The mean difference and 95% CL are listed for each time period. Overlapping 95% CL between time periods indicate
no significant change in amount of damage over time. Also given are the estimated phenotypic frequencies of resistance for each time period defined as the
ratio of mean densities of Helicoverpa zea larvae per Bt ear relative to larval densities per non-Bt ear.

Discussion

Most of our 2017-2019 Bt sweet corn sentinel plots experienced high
H. zea pressure, as evident by >75% of the non-Bt isoline ears dam-
aged by H. zea in 50 of the 69 trials. Differences in infestation levels
among trial locations most likely reflect variable levels of incoming
H. zea moths via long-distance migration (Westbrook et al. 1995,
Seymour et al. 2016, Perera et al. 2020) mixed with moths sourced
from local overwintered populations. We also evaluated damage
by other key lepidopteran pests. Infestations of S. frugiperda were
highly scattered across trial locations, with kernel damage in non-Bt
ears reported in only 16 of the 69 trials, and infestation levels were
not consistently high enough to detect any changes in S. frugiperda
susceptibility to the toxins. Because this insect only successfully over-
winters in the most southern regions of the United States. (below 28°
N latitude), pest pressure depends on the number and timing of mi-
grant moths reaching trial locations each year (Mitchell et al. 1991,
Westbrook et al. 2019). Late plantings of sweet corn are highly at-
tractive to S. frugiperda and can serve as an effective sentinel tool to
detect changes in susceptibility, but additional trial locations in the
southern states where this pest is more prevalent would be required
for future monitoring.

Infestations of O. nubilalis normally reach economically
damaging levels in non-Bt sweet corn, particularly in late plantings
if untreated (Mason et al. 2018). However, only 26 of the 69 trials
reported O. nubilalis injury in the isoline plots, with only a few lo-
cations experiencing relatively high levels of ear and plant damage.
The absence of O. nubilalis infestations at most locations is not sur-
prising, because the high adoption of Bt field corn has resulted in
significant regional suppression of this pest (Hutchison et al. 2010,
Dively et al. 2018). Consequently, landscapes surrounding trials with
higher infestations probably contained less Bt field corn acreage (less
population suppression) or had other suitable host plants to sustain
O. nubilalis populations. All trials reported no O. nubilalis damage
in the Bt hybrids, except for two locations that observed <10% of

the plants injured in two Bt hybrids. It is questionable whether larvae
causing this injury actually survived on the plants, since other Bt
hybrids in these trials showed no evidence of O. nubilalis ear or
plant injury. In previous experiments involving small plots of sweet
corn, similar injury occurrences were caused by prediapause fifth in-
stars that exited heavily damaged non-Bt plants, moved to adjacent
Bt plots, and bored into stalks without lethal intoxication (Bolin
et al. 1998; Dively, unpublished data). This could be the reason for
the unexpected injury at the two locations; however, resistance de-
velopment cannot be ruled out (e.g., Smith et al. 2019), and further
monitoring and evaluation of O. nubilalis sensitivity to Bt toxins is
necessary to confirm these findings.

Most sentinel trials experienced H. zea infestations resulting
largely from influxes of migrant moths from the South, where popu-
lations were likely exposed to selection events in Bt corn and Bt
cotton. Only one Bt sweet corn hybrid prevented economic damage
by H. zea; CrylAb and Cry1A.105+Cry2Ab2 expressing hybrids
provided only 8.1 and 19.2% overall reduction in ear damage, re-
spectively, compared with 99.3% reduction by the Cry1A+Vip3Aa
hybrid. Of the 30 trials conducted in 2019, 17 trials reported an
equal or higher level of damaged ears in the Cry expressing hybrids
than damage levels in the adjacent isoline plots. These results pro-
vide further evidence of H. zea resistance to Cryl and Cry2 toxins
(Dively 2016; Reisig et al. 2018; Yang et al. 2018, 2019). Our sen-
tinel monitoring network was also able to capture an increase in
resistance to the Cry toxins over the 3 yr by measuring kernel con-
sumption, larval density, and larval instar. While the percentage of
ears damaged did not change, kernel consumption and larval density
per ear increased in the Cry1Ab hybrid and the proportion of late
H. zea instars increased in the Cry1A.105+Cry2Ab2 hybrid. This
was particularly evident in 2019 when the mean density of surviving
larvae per Cry1Ab ear was nearly equal to the larval density in ad-
jacent isoline ears, which indicates that many larvae were able to
tolerate Cry1Ab expression. The high larval densities in Bt hybrids
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may also result from suppression of cannibalistic behavior by sub-
lethal intoxication, which could allow a greater number of larvae to
survive to later instars in Bt ears. Cannibalism has a major impact
on the population dynamics of H. zea in corn ears and can cause up
to 75% larval mortality (Stinner et al. 1977, Dial and Adler 1990),
and many of our sites detected dead and partially consumed larvae
in the non-Bt ears. If Cry toxin expression suppresses cannibalistic
behavior but does not kill larvae, it is plausible that a Cry expressing
plant could produce the same or even more moths than moths that
emerge from a non-Bt plant, which could negatively impact IRM
refuge strategies by outnumbering susceptible moths. Corn is a pre-
ferred host that readily supports H. zea development and survival
(Martin et al. 1976, Gore et al. 2003, Reay-Jones 2019), which
may further exacerbate this potential issue. Cannibalistic encoun-
ters may also help partially resistant larvae survive by providing a
nontoxic food that enables them to temporarily escape exposure
to Bt toxins; thus, cannibalistic behavior could alter the selective
differential between susceptible larvae and those carrying resistance
genes (Storer et al. 1999, Horner and Dively 2003). Reay-Jones
et al. (2020) reported that Cry expressing field corn still produces
fewer and smaller H. zea pupae compared to non-Bt near-isolines,
but the reduction in pupal weight has significantly declined from
2014 to 2019. Additional studies are needed to determine whether
H. zea larvae emerging from Bt ears can survive to adulthood and
mate with the same fitness and reproductive characteristics as adults
emerging from non-Bt ears; however, higher H. zea survival in Bt
hybrids relative to non-Bt could have serious consequences for IRM
strategies.

Although Cry toxins were never high dose for H. zea, suscep-
tibility to Cry-expressing hybrids has clearly changed since the
introduction of these toxins, which is evident in field damage data.
Increases in ear damage in Cry1Ab expressing hybrids were detected
during 2004-2010 before the consequences of reduced field effi-
cacy were realized by growers. During this period, differences in ear
damage between paired Bt and non-Bt plots significantly decreased
and the phenotypic frequency of resistance doubled as the ratio of
larvae per Bt ear relative to larvae per non-Bt ear. As a consequence,
sweet corn growers and seed companies began to report unaccept-
able levels of ear damage in CrylAb expressing sweet corn during
the late 2000s (Dively et al. 2016). Our 2017-2019 monitoring data
indicate further declines in efficacy, with the mean difference be-
tween hybrids significantly dropping to 6.3% and the phenotypic
frequency of resistance increasing to 0.91. Taken together, this in-
dicates that an UXI event occurred during 2004-2010, followed by
a continued decrease in H. zea susceptibility to the Cry1Ab toxin.
Similarly, the effectiveness of Performance Series sweet corn con-
taining Cry1A.105+Cry2Ab2 toxins started to become more vari-
able in 2014, and overall efficacy significantly declined from 2014 to
2016, only 4 yr after its commercial introduction in 2010. Parallel to
the decline in efficacy, the phenotypic frequency of resistance doubled
during each of the last two time periods, suggesting significant in-
creases in the resistant allele frequency. The change in H. zea suscep-
tibility to the Cry1A.105+Cry2Ab2 toxins occurred over a relatively
short period compared with the Cry1Ab toxin. A combination of
factors, particularly non-high dose expression, reduced refuge size,
cross resistance between Cry proteins, and increased selection pres-
sure from new pyramided Bt crops expressing the same toxins likely
contributed to the rapid development of resistance (Tabashnik and
Carriere 2017, Reisig and Kurtz 2018, Yang et al 2019). Presently,
Attribute (commercialized in 1998) and Performance Series (com-
mercialized in 2010) sweet corn provides 80 to 90% less effective
control of H. zea, than it did when first commercialized.

Ultimately, our sentinel monitoring approach provided evidence
for H. zea field-evolved resistance starting in 2004 for Cry1Ab and
in 2014 for Cry1A.105+Cry2Ab2. In addition, dose-response bio-
assays detected resistance to Cryl1A.105 and Cry2Ab2 in multiple
H. zea populations in 2017, which was also supported by field trial
results (Kaur et al. 2019). Yet, registrants’ diagnostic dose diet bio-
assay approach has not detected any significant change in H. zea
susceptibility to the Cry toxins relative to the known range of base-
line susceptibility (USEPA 2020). We believe that a major reason
for the lack of detection is that all larvae for laboratory bioassays
were collected from non-Bt host plants, not surviving larvae from
the Bt crops. In addition, H. zea resistance was not detected via diet
bioassays because the diagnostic dose may have been too high, and
because the protein to carbohydrate ratio was suboptimal (Deans
et al. 2016, 2017). Thus, for several reasons, regulatory follow-up
and resistance mitigation actions were not triggered. Unfortunately,
it is probably too late to implement any management action to re-
duce H. zea resistance to the Cry toxins, but there are still oppor-
tunities for improving IRM and resistance monitoring strategies to
delay resistance to the highly efficacious Vip3A toxin (Reisig and
Kurtz 2018).

The pyramided Cryl1Ab+Vip3A toxins still provide near 100%
control of H. zea, even under very high population pressure at
most trial locations. In total, we found 78 live larvae in 67 dam-
aged ears of 9,369 ears sampled (0.72% damaged ears) across 69
trials during 2017-2019. Overall kernel injury ranged from 0.002
to 0.007 cm? per ear. Previous studies have shown that field corn
containing Vip3A provides excellent protection against H. zea
ear damage (Yang et al. 2015, Reay-Jones et al. 2016, Bilbo et al.
2018, Reisig and Kurtz 2018, Yang et al. 2019); however, the range
of kernel injury per ear reported in these studies has been consist-
ently higher than levels reported in Vip3A sweet corn. For example,
Yang et al. (2019) reported kernel injury averaging 1.3 cm? per ear
in Leptra corn expressing CrylAb, Cry1FE, and Vip3A, and 93% re-
duction of ear damage compared to non-Bt hybrids. They also show
some evidence of tolerance to Vip3A based on laboratory bioassays
of H. zea populations collected in the South. The higher levels of ear
and kernel damage reported in Vip3A field corn could be attributed
to different expression levels of the toxin, particularly in silk tissue,
and the maturation stage of kernels and silk tissue when damage was
recorded. Populations also experience heavy selection pressure in the
South because both corn and cotton expressing Vip3A are grown
(Yang et al. 2019).

Our results in Vip3A sweet corn indicate the number of live
larvae per damaged ear, the proportion reaching fourth instars, and
the phenotypic frequency of resistance over the 3 yr of the moni-
toring network is slowly increasing. In particular, the number of
larvae per damaged ear more than tripled in 2019, mainly due to
an unusually high number of live larvae recorded at the Catawba,
VA, and Lubbock, TX locations (see Supp Table 2). Unfortunately,
ears with these UXI levels were not checked for Vip3A expression.
The low ratios of larvae per Bt ear relative to larvae per non-Bt ear
(ranging from 0.006 to 0.024) corroborate the findings by Burkness
et al. (2010) that Vip3A toxin expression provides a near high dose
against H. zea under field conditions. Statistically, it was not possible
to detect differences in phenotypic frequencies among time periods
due to the highly skewed distribution of data (most trials reported
no larvae in Vip3A ears). Moreover, the frequencies are most likely
overestimated because we assumed that any live larvae in a Bt ear
would survive to contribute to the gene pool in the next gener-
ation. Still, these findings taken together with the increased kernel
injury reported by Yang et al. (2019) and documentation of Vip3A
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resistance alleles in field populations in Texas (Yang et al. 2020),
suggest that early stages of resistance to this important toxin are
occurring in H. zea populations. Therefore, there is an urgent need
for improvements in IRM strategies to proactively manage H. zea re-
sistance to the Vip3A toxin (Reisig and Kurtz 2018) and effective re-
sistance monitoring approaches capable of detecting UXI early must
be used. For example, the development of improved genotypic re-
sistance monitoring through molecular genetics or ‘omics’ technolo-
gies as well as clear genotypic and phenotypic resistance thresholds
will improve resistance monitoring (USEPA 2018). Until these ad-
vances have been made, resistance monitoring will continue to rely
on field- and laboratory-based Bt resistance monitoring strategies.
To effectively detect resistance, field and laboratory assays must be
conducted according to their respective best practices (Table 2). Diet
bioassays and sentinel plots are complimentary approaches that pro-
vide different information with respect to Bt resistance. Therefore,
the most robust data set results when these approaches are used in
combination; however, that can be cost and labor prohibitive. When
used alone, both approaches have their strengths and limitations
(Table 2); however, sentinel plots likely will detect phenotypic re-
sistance earlier.

Our study demonstrated that the sentinel plot approach can ef-
fectively monitor resistance in target pest populations by measuring
differences in ear damage and larval infestations between isogenic
pairs of non-Bt and Bt plots. Sweet corn is a better sentinel host plant
than field corn for detecting changes in susceptibility of H. zea popu-
lations for several reasons. First, gravid adults are more attracted
to the late plantings of sweet corn, resulting in significantly higher
ear infestations than field corn. Higher infestation rates expose a
larger number of individuals to the toxin and increase the chances
of detecting susceptibility changes. Second, available Bt sweet corn
hybrids express Cry1Ab, Cry1A.105, Cry2Ab2, and Vip3A at higher
levels of expression during the silking and ear development stages
than field corn as measured by diet bioassays with lyophilized tissue
(Dively, unpublished data) and assessment of kernel damage at the
milk stage, prior to the majority of larvae exiting the ear to pu-
pate, increases the chances of identifying and recording the highest
densities of larvae exposed to the highest toxin expression. Sampling
Bt field corn during later maturity stages can be problematic because
larvae are more likely to consume senesced silk and cob tissue with
lower levels of Bt expression. In addition, when sampling later ear
maturity in field corn, larvae are less likely to be present making

Table 2. Comparison of the proposed field-based sentinel plot approach to a laboratory-based diet bioassay for monitoring resistance to

Bt toxins

Paired sentinel plots

Diet bioassays

Best practices
e Sweet corn hybrids expressing Bt toxins planted side by side with true
isoline pairs.

e Late season plantings at same locations each year and timed to maximize

overlap with later moth flights
Hybrids planted in order of decreasing efficacy to reduce the risk of
false positives.

Bt protein content
Each hybrid sampled when the highest number of larvae are present (Bt
slightly later than non-Bt).

e Bt expression confirmed for plants with damage outliers

Response variables: % infestation, ear damage, larval density and instar

Information gained

o Background pest pressure as well as field efficacy (field damage directly
measured)

e Phenotypic resistance, a consistent decline

in efficacy over multiple years and sites evidences field-evolved resistance

Plots managed according to production best practices for more consistent

Best practices

e Populations collected from Bt expressing plants and targeted
towards later generations that have experienced within season Bt
selection pressure in earlier crops

e Larval development assays require laboratory rearing to at least
F, generation and F, sib-mated populations can be more effective
in detecting resistance

Standardized protocols (to be developed) with purified toxins and
a consistent susceptible population better ensures comparability
across studies (specific to each pest assayed)

e Diet optimized for success of both field and susceptible popula-
tions (specific to each pest assayed)

Response variables: % mortality, larval growth and instar

Information gained

o Able to categorize phenotypic resistance

Depending on approach: LD or LC,, resistance ratio, resistance

allele frequency

502

Relative to baseline susceptibility and/or susceptible population

Strengths Limitations

Strengths Limitations

e Exposes a large field
population to field-

e Data over multiple years may be necessary
to document field-evolved resistance
relevant doses

o Allows for analysis of

) e Overwintering and migration patterns may
efficacy differences be-

impact population genetic structure from

tween paired plots. year to year

Gathers data about
multiple target pests sim-

ultaneously

\ e Difficult to link phenotypic data to allele
¢ Monitors same popula-

X frequency without genomics work
tion from year to year at

multiple sites

Relatively low labor and
materials costs

e Difficult to collect and
rear sufficient individuals

Quantitative genetic theory enables
linkage of phenotype to genetics under
controlled conditions from Bt plants prior to a
decline in field efficacy
False negatives occur
when resistance geno-
types are lost during the
rearing process
Well-established protocols and ana- e Some pests are recal-
lyses that answer a wide variety of citrant to laboratory

Allows for analysis of the resistance
allele frequency

manipulation
o Relatively high
labor and materials costs

questions related to resistance

Information summarized from Venette et al. (2000), Tabashnik et al. (2014), Trtikova et al. (2015), and USEPA (2018) as well as authors’ experiences.
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injury difficult to separate by lepidopteran species. Unlike field corn,
true isogenic hybrids are available for each Bt sweet corn hybrid to
be paired side-by-side, which lowers the risk of UXI ‘false positives’
resulting from mismatches in pest pressure and allows for paired
statistical analysis of differences between plots of multiple trials.
This is an important consideration when estimating the phenotypic
frequency of resistance, which assumes that sentinel pairs of Bt and
isogenic hybrids are equally likely to become infested and larvae
are subject to the same rate of mortality due to other mortality fac-
tors (Venette et al. 2000). Without true isogenic pairs, differences
in plant attractiveness to gravid females, timing of silking periods,
and ear architecture can affect these assumptions. Finally, an add-
itional advantage of sentinel plots is the opportunity to simultan-
eously monitor more than one target pest and to collect larvae for
follow-up laboratory bioassays. Pyramided Cryl1Ab+Vip3A sweet
corn may be a better sentinel plant than hybrids expressing Cry1Ab
alone for detecting shifts in O. nubilalis susceptibility to the Cry1Ab
toxin because Vip3A has no effect on this pest (Estruch et al. 1996,
Chakrabarty et al. 2020) and the absence of the more competitive
H. zea larvae allows more corn borers to survive and become ex-
posed to Cry1Ab expression in the kernels. However, if sentinel plots
are to be used as a monitoring tool, we need standardized thresholds
that define UXI and/or a phenotypic frequency of larvae in Vip3A
expressing corn that would trigger follow-up investigations or ap-
propriate mitigation action (USEPA 2018).

To maximize the chances for sentinel sweet corn monitoring to
detect shifts in susceptibility, we recommend that trials be planted
later in the growing season in the Southern states, so that silking
occurs after H. zea has experienced a generation of selection in Bt
field corn. Trials should also be conducted in northern locations,
where O. nubilalis is more prevalent and H. zea infestations re-
sult primarily from migrant moths coming from southern popula-
tions preselected for resistance in Bt corn as their larval host. Since
H. zea has already developed resistance to Cry toxins, sentinel trials
at a minimum need only to include side-by-side plantings of pyra-
mided Cryl1Ab+Vip3A sweet corn and the non-Bt isogenic hybrid
to monitor changes in susceptibility to the Vip3Aa toxin. Whenever
possible, larger sample sizes of ears should be examined to increase
the probability of detecting resistant larvae, and ears in each hybrid
should be sampled at different times to ensure sampling when the
highest number of larvae are present. Data gathered from multiple
locations should be pooled by year in order to make inferences about
the overall H. zea population based on differences in control efficacy
and phenotypic frequencies of resistance. The 2018 SAP addressed
potential constraints relating to the cost and ability to coordinate
and manage the sentinel monitoring approach (USEPA 2018). As
demonstrated in this study, sentinel sweet corn plots can be imple-
mented effectively through a network of land-grant cooperators and
research farm facilities working together with registrants of Bt crops
to provide year-to-year monitoring. We therefore believe that the
costs of a sweet corn sentinel network may be less expensive than
the monitoring approach currently used by registrants, and the in-
formation generated has the best chance of detecting early stages
of H. zea resistance to Vip3A, allowing for timely improvements in
IRM strategies in order to maintain the sustainability of this im-
portant technology.

Supplementary Data

Supplementary data are available at Journal of Economic
Entomology online.
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