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Helicoverpa zea selected on Bt corn have wing shapes
better suited to long distance flight
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Evolution of resistance within insects to pest control has resulted in changes to the organism’s morphotype, including changes
in wing shape. Both geometric morphometric and finite element method (FEM) were used to examine wing changes in Heli-
coverpa zea sampled from 4 different Bt corn treatments in North and South Carolina, United States. The 4 treatments were
pure-stand non-Bt corn (treatment 1); pure-stand Bt corn with 2 toxins (Cry1Ab and Cry1F; treatment 2); pure-stand Bt corn
with 3 toxins (Cry1Ab, Cry1F, and Vip3A, treatment 3); and seed blended Bt corn with 80% containing 3 toxins (Cry1AB, Cry1F,
and Vip3A) and 20% having no toxins (treatment 5). Geometric morphometric analyses revealed significant wing shape differ-
ences in both female and male moths were driven by moderately selected moths (treatments 2 and 5). Male and female
moths, especially from treatment 5, had longer and more slender forewing shape conducive for longer distance flight. FEM
modeling of the flight potential in both male and female H. zea revealed that the highest wing elastic deformation values for
wind speed, indicating the most impact on wing structure, occurred for treatment 2> treatment 1> treatment 3> treatment
5. Wing elastic deformation was significantly more pronounced in female than male moths. In conclusion, we found that one
generation of selection on Bt corn in the field could induce H. zea wing phenotypes more conducive for potential long-distance
dispersal and should be further investigated by directly testing the impact on migratory flight. Our study contributes to the
growing body of evidence that selection of H. zea on Bt crops may influence adult dispersal behavior.
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Introduction 2017). Corn expresses 3 families of Bt toxins, of which south-

The corn earworm, Helicoverpa zea (Boddie) is recognized as eastern United States corn earworm is resistant to 2 (Cry1 and

one of the most economically damaging insect pests of crops Cry2) (Tabashnlk. 'and Carrlé@ _20179 Bilbo et al 2019,
in southeastern United States. Helicoverpa zea has a long his- Gasgnann and Reisig ;023’ Pezzini et al. 2023). Multlpl.e gen-
tory as a pest of cotton and feeds on almost all agricultural ~ €rations of H. zea are likely to be exposed to a wide variety of
crops, although corn (Zea mays) is its preferred host (Lincoln Bt crops. This provides suitable conditions for quick evolution
and Isely 1947). Currently in the United States, over 90% of of resistance to Bt proteins, buoyed by the movement behavior

corn, cotton, and soybean crops are genetically engineered of H zea, Qf which it anFl other NOCYUidS are We'll k'HOWH fOf
varieties; 80% of corn hybrids grown in the United States their capacity for a variety of dispersal strategies involving
express Bt (Dodson 2025). short- and long-distance flights (Farrow and Daly 1987, Fitt

The increase in planting of Bt crops throughout the United 1989, Wolf et al. 1990, Beerwinkle et al. 1994). The propensity
States has led to H. zea evolving practical resistance to some  for short- and long-distance flight is a hall mark of the move-
Bt toxins. Helicoverpa zea has had 3 cases of field-evolved =~ ment behavior of Noctuid moths, some of which are known
practical resistance to Bt crops being detected from 1996 to to migrate in the hundreds of thousands many hundreds of
20035, and 19 cases detected in 2018 (Tabashnik and Carriére kilometers a night: Helicoverpa armigera (Hiibner) in Australia
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(Farrow and Daly 1987) and H. zea in North America (Wolf
et al. 1990, Beerwinkle et al. 1994, Westbrook et al. 1997).
When dealing with a pest insect from the Noctuid family,
which are known for their remarkable flight behavior, it is
important to understand how Bt crops can influence their flight
behavior and the resulting ability of resistant moths spreading
their alleles throughout the agricultural landscape.

Evolution of Bt resistance in H. zea has become a key threat
for the efficacy of Bt corn crops. There is concern about how
this may affect future integrated resistance management strat-
egies. Bt-resistant H. zea populations are exceptionally hard to
control with foliar insecticides once they have established in
cotton (Reisig et al. 2019, Reisig and Goldsworthy 2023).
Moreover, there is fear that Bt resistance will hinder possible
future pest management strategies, which include pyramided
Bt crops (Brevault et al. 2013). Pyramiding is described as
transgenic plants that express 2 or more dissimilar Bt proteins.
It is believed that they will be more effective as there are a
variety of Bt proteins available to kill insect pests if one protein
was to fail (Zhao et al. 2003). Proteins that are adopted in Bt
corn typically include the Cry1l and Cry2 families. Currently,
planted hybrids also include the Vip3A (Vip3Aa20) protein,
which is highly effective for H. zea (Burkness et al. 2010, Yang
et al. 2019). However, there is concern that the efficacy of
further pyramided Bt corn will be reduced because Vip3A is
not produced at a high enough dose to delay H. zea resistance
given the current resistance management practices in the United
States, including inadequate levels of non-Bt refuge (Brevault
et al. 2013, Tabashnik and Carriere 2017, Reisig and Kurtz
2018). Predictions suggest that H. zea will follow a similar
pattern of resistance evolution for Vip3A as the Cry toxins
(Gassmann and Reisig 2023). Recent studies have reported that
H. zea is demonstrating early warning signs of resistance to
this toxin (Yang et al. 2020, Dively et al. 2021, Yang et al.
2021a, 2021b, 2024).

The continued development of resistance within H. zea is a
dynamic process. To understand this development, the evolu-
tionary changes related to dispersal (eg wing shape change)
require ongoing monitoring. This will guarantee that new cir-
cumstances and knowledge are considered, guaranteeing that
management recommendations are still valid. To ensure that
the damage done by pests remains contained, early detection
of possible resistant populations to Bt corn is needed and strat-
egies to combat these populations need to be present.

Understanding the movement potential and flight patterns
of H. zea provides crucial information about their current and
potential distribution and therefore how resistance to Bt toxins
can be spread through the landscape. It highlights which geo-
graphic areas may be at risk of an invasion and allows for the
creation of an effective management plan. For this pest, mass
migrations can occur over long distances in a single night (Wolf
et al. 1990, Beerwinkle et al. 1994). Investigations into the
pollen found on migrating H. zea moths provided evidence that
these migrations are occurring over hundreds of kilometers
(Westbrook et al. 1997). Although the sample size was small,
roughly half of the H. zea moths collected in Florida, South
Carolina, and North Carolina during the summer were
migrants (Paula-Moraes et al. 2024). When migrating, these
insects use powered flight to disperse within the boundary layer,
reaching altitudes of up to 900m (Beerwinkle et al. 1994). They
then rely on upward convection and prevailing winds to reduce
expenditure during migration, which is gliding flight, eg
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Monarch butterflies (Danaus plexippus L.) (Gibo and Pallett
1979). In most insects, including H. zea, forewings generate
the main power for the flight compared to hindwings that pos-
sess weaker muscles. In general, insect forewings provide the
main aerodynamic force, acting as stable lift-generating struc-
tures, whereas the hindwings contribute to agility and maneu-
verability, especially during sudden changes in flight direction
(Howland 1974). Despite the important roles that hindwings
play within insects, including H. zea, it is the forewings that
dictate the ability to fly longer distances for migration purposes.
Wing shapes have long been studied to determine the dispersal
capabilities of flying insects (Denno et al. 2001, Guerra 2011,

Sanzana et al. 2013). Generally, long and elongated wing
shapes are better suited to flying with high altitude air currents
and longer distance dispersal (eg migration), while shorter and
broader wing shapes are more efficient for flapping low-level
flights that require more precision (Altizer and Davis 2010,
DeVries et al. 2010).

Flight potential in pest insects of corn has been the subject
of numerous studies to date (Mikac et al. 2013, Lemic et al.
2014, Mikac et al. 2016, Mikac et al. 2019, Paja&-Zivkovi¢ et
al. 2019, Kadoié-Balasko et al. 2021, Mikac et al. 2024). Stud-
ies have examined how wing shape and size are related to
control, eg soybean-maize crop rotation on western corn root-
worm, Diabrotica virgifera virgifera (Mikac et al. 2013, 2016).
Others have examined how wing shape changes as a function
of Bt corn resistance in western corn rootworm (Mikac et al.
2019); however, others still have reported on changes in wing
shape of Tortricid moths as a function of resistant to insecti-
cides (Pajac-Zivkovi¢ et al. 2019).

A combined approach was taken in the codling moth (Cydia
pomonella) where it was possible to demonstrate wing shape
differences in moths from resistant and susceptible treatment
types using geometric morphometrics, which then through
numerical modeling (finite element method, FEM) revealed the
influence that the resulting wing shape had on flight potential
(Pajac-Zivkovié et al. 2019). Likewise this approach was taken
for the western corn rootworm where it was found that the
wings of non-resistant beetles were significantly more elongated
in shape and narrower in width (chord length) in comparison
to beetles that were resistant to Bt corn or crop rotation (Mikac
et al. 2019). FEM for the same western corn rootworm showed
that Bt corn-resistant and rotation-resistant corn rootworm
hindwings could potentially resist higher wind speeds com-
pared to susceptible corn rootworm (Mikac et al. 2024). Such
differences may impact upon the dispersal or long-distance
movement of resistant and susceptible beetles and warrant
investigation in other insects that have reported practical field
resistance like H. zea on Bt corn in southeastern United States.
Investigating wing morphometric changes and modeling the
flight potential provides a robust alternative to investigate the
movement ecology of insect pests, especially when flight mill
experiments provide inconclusive outcomes (Jiang et al. 2013,
De Bortoli et al. 2024, Pezzini et al. 2023).

In several laboratory-based studies, when related noctuid-pest
species were fed Bt diet, their flight capacity was reduced (Liang
et al. 2007, Jiang et al. 2013, De Bortoli et al. 2024). A single
study tested this in the field. Pezzini et al. (2023) hypothesized
that H. zea developing from Bt plants using a structured refuge
(non-Bt corn planted in a pure stand) would have reduced flight
ability compared to insects developing from non-Bt plants in a
structured refuge, but not from Bt and non-Bt plants in seed
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blend refuge (non-Bt corn planted within Bt corn). This hypoth-
esis was based on previous studies suggesting that ear-feeding
insects that developed from ears contaminated with Bt and
non-Bt pollen would evolve Bt resistance quicker than those
that developed in a pure stand of Bt corn (Burkness et al. 2011,
Yang et al. 2014, Caprio et al. 2016, Carriére et al. 2016, Car-
riere et al. 2021). The authors tested this using flight mill exper-
iments on H. zea collected from the respective treatments. The
authors concluded that there was no effect on Bt, from either a
pure-stand or a seed blend, for adult parameters (total flight
distance and duration, average speed, and longest flying bout)
tested using a flight mill. Nevertheless, it was found that across
all treatments, H. zea flew an average of 12.1km, with 56 % of
moths engaging in short distance flight (< S5km), 10% in
long-distance flight (5-10km), and 34% engaging in migratory
flight (> 10km). The longest flight distance was 82.1 km, over
20h of flight activity (Pezzini et al. 2023). There are a myriad
of biotic and abiotic factors that affect insect flight, and it has
been suggested that flight mill studies should be coupled with
additional methods, such as FEM, to better understand flight
behavior and potential in pest insect species (Mikac et al. 2019).

Despite the negative finding for flight, in this same experi-
ment, the genetic signature for Bt resistance could be detected
from H. zea individuals that developed in a seed blend for only
a single generation (Pezzini et al. 2024). Therefore, Bt could
have phenological impacts that were not measured in that
experiment.

Here we build on the work of Pezzini et al. (2023), by testing
their same hypothesis using insect wings from their flight mill
experiment. However, we incorporate a morphometric analysis
of wing shape and use numerical modeling (FEM) to understand
flight potential in H. zea across treatments of non-Bt and Bt
corn hybrids, which express 2 and 3 Bt toxins, either in struc-
tured or seed blend refuges. We tested the hypothesis that H.
zea developing from Bt corn using a structured refuge would
have different wing shapes and reduced flight ability (capacity)
compared to insects developing from non-Bt corn in a structured
refuge, but not from Bt and non-Bt corn in seed blend refuge.

Materials and Methods

Sampling Sites and Specimen Collection

Adult H. zea from experimental field sites in North and South
Carolina were used in geometric morphometric (total n=143;
n-females=66 and n-males=77) and finite element modeling
(n=8). Detailed information about the field experiments and
treatments from which adults were collected is outlined in

Pezzini et al. (2023). Here, a subset of adults from each treat-
ment that were already flown on the flight mill experiments in
Pezzini et al. (2023) were then prepared for geometric morpho-
metric analysis, followed by finite element modeling. As per
Table 1 from Pezzini et al. (2023), the treatments were as fol-
lows: a control containing non-Bt corn in a pure stand (treat-
ment 1, n-females=15, n-males=18)); Bt corn with 2 toxins
(Cryl1Ab and Cry1F) in a pure stand (treatment 2, n-females=9,
n-males=20); Bt corn with 3 toxins (CrylAb, CrylF, and
Vip3A) in a pure stand (treatment 3, n-females=32,
n-males=28); and a seed blend with 80% containing Bt corn
with 3 toxins (Cry1Ab, Cry1E and Vip3A) and 20% non-Bt
corn (treatment 5, n-females=10, n-males=11). Briefly, ears
with larvae were pulled directly from the field in each treatment.

When the larvae pupated, several phenological parameters were
measured, such as pupal depth, pupal weight, and time to eclo-
sion. Upon eclosion, those moths were tethered to a flight mill
and flight parameters were measured. After flight, the moths
were preserved in ethanol and the wings were removed.

Due to insufficient sample size and quality of specimens,
moths from treatment 4—a seed blend with 80% containing
Bt corn with 2 toxins (Cry1Ab and Cry1F) and 20% non-Bt
corn—were discarded from further analyses in this study. Pez-
zini et al. (2024) performed whole-genome sequencing on indi-
viduals from our study and found that those exposed to corn
pollinated with Cry pollen carried resistance-associated signa-
tures of selection (Legan et al. 2024, Taylor et al. 2024). Fur-
thermore, individuals exposed to corn pollinated with Vip3A
pollen showed allele frequency divergence in genomic regions
adjacent to known Vip3A resistance loci (Singh et al. 2010,
Osman et al. 2019). Therefore, based on the detection of
genomic signatures for resistance when exposed to Bt (Pezzini
etal. 2024), we grouped treatments as non-selected (treatment
1), moderately selected (treatments 2 and 5—Cry), and
intensely selected (treatment 3—Vip3A).

Wing Preparation

Wings of individual moths were prepared for slide mounting
by removing their scales. This was done by soaking wings in a
solution of bleach (10%) for 3 minutes, followed by an ethanol
solution (70% v/v) for another 3 minutes, and a final rinse in
a distilled water bath (Paja¢-Zivkovi¢ et al. 2019). When nec-
essary, the chemically treated wings were lightly brushed with
a fine paint brush to ensure scale removal and clear exposure
of wing vein anatomy. Left and right forewings of each speci-
men were then slide mounted on glass slides (75 mm x 26 mm),
using coverslips (22 mm x 22 mm), and the fixing agent Euparal
(Australian Entomological Supplies, Brisbane) based on stan-
dard methods (Upton and Mantle 2010).

Geometric Morphometric Analysis

Wing Landmarks. We chose 15 type 1 landmarks established
in previous studies (Table 1 and Fig. 1), which were defined by
vein junctions or vein terminations to improve accuracy and
repeatability of landmarking (Bookstein 1991, Canas-Hoyos
et al. 2016, Nagoshi et al. 2020).

Slide mounted wings were photographed using a Nikon D
7500 camera (20.9M Pixel) on a trinocular mount with a
Micro Nikkor 40 mL lens. The camera was placed so that each
specimen occupied approximately the same area in the viewing
field, to minimize distortion. Damaged and folded wings caused
by the slide-mounting process were discarded and excluded
from further analysis. Images were saved in a NEF file, before
being converted into a TIFF file using Nikon Transfer 2 (v2.15).
The program tpsUtil v1.82 was used to convert files from TIFF
to TPS format. tpsDig v2.32 (Rohlf 2008) was then used to
landmark, record the scale of and digitize each specimen. This
produced cartesian coordinates (x, y) of the pairwise distances
between the landmarks. The landmark data were saved as a
TPS file and imported into Morpho] v1 (Klingenberg 2011) for
geometric morphometric statistical analysis.

Systematic measurement error was assessed for each specimen
by photographing and landmarking twice. This resulted in a total
of 4 sets of cartesian coordinates for each specimen. A Procrustes
ANOVA was applied to this data to compare the measurement
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Table 1. Location and description for “type 1" landmarks used for
geometric morphometric analysis for Helicoverpa zea

Landmark Anatomical location and description

number

1 Intersection of origin of Radial R1 Vein from the Primary
Radial Vein

2 Second division on Posterior Radial Vein

3 Intersection of Radial R4 and Radial RS Vein

4 Intersection of origin of Medial Anterior MA Vein from
Radial Vein

5 Termination of Radial R4 Vein at the distal wing border

6 Termination of Radial RS Vein at the distal wing border

7 Termination of Media Anterior MA Vein at the distal
wing border

8 Termination of Medial Posterior MP1 Vein at the distal
wing border

9 Termination of Medial Posterior MP2 Vein at the distal
wing border

10 Termination of Cubitus Anterior CuA1 Vein at the distal
wing border

11 Termination of Cubitus Anterior CuA2 Vein at the distal
wing border

12 Termination of combined Anal A1+A2 Vein at the distal
wing border

13 Branching of Cubitus Anterior CuA2 Vein from Primary
Cubitus Anterior Vein

14 Branching of Cubitus Anterior CuA2 Vein from Primary
Cubitus Anterior Vein

15 Intersection of origin of Media Posterior R4 Vein from

Primary Cubitus Posterior Vein

Fig. 1. Venation pattern of the forewing of Helicoverpa zea. Vein types
are represented by Radius (R1-4), Medius (MA, MP1, and MP2), Cubitus
Anterior (CuA1-2), and Anal (A1-2) and shown in black text. Landmark
placement shown as red point and blue number (1-15).

error (Klingenberg and McIntyre 1998). The means squares of
the Procrustes ANOVA between the individual and the error
values indicated that measurement error (MS=0.00000444) was
less than individual error (MS=0.0002401), which was a negli-
gible influence on the data set.

Bilateral asymmetry was tested to determine if there were
significant differences between left and right wings. A Pro-
crustes ANOVA was used to test for asymmetry for both wing
shape and centroid size (Palmer and Strobeck 1986). No sig-
nificant shape difference was detected between the left and right
wings of specimens tested; therefore, no bilateral asymmetry
was observed (F=1.32; P=0.134). Therefore, one wing per
specimen was used and wings were reflected as needed.

Mikac et al.

Allometry was tested for to ensure that size did not have any
influence on shape changes, and that differences detected
because of the treatments of Bt corn were not confounded by
size. To test for the presence of allometry within the H. zea
samples, a multivariate regression was conducted on shape ver-
sus size (Loy et al. 1996, Monteiro 1999, Drake and Klingen-
berg 2008). Centroid size was used to describe size while
Procrustes coordinate data described shape; 10,000 iterations
of permutation was not significant (P=0.24) suggesting that size
and shape were not associated. Therefore, the effects of allom-
etry did not need to be considered when interpreting results.

Sexual dimorphism was tested using discriminant function
analysis (DFA). There was a significant difference found
between males and females for the centroid size and shape of
the wing (Table S1). Therefore, sexes were separated for all
further analysis.

Notably, Pezzini et al. (2023) found no effect on flight
parameters by location and the impacts of Bt on pupae are
consistent between these 2 locations in North and South Car-
olina (Bryant et al. 2024). Despite this, geographic differences
were tested (North Carolina vs South Carolina) using DFA.
There were no significant differences found between males and
females by region for wing shape (Table S2). Therefore, wings
from samples from North and South Carolina were com-
bined by sex.

Statistical Analysis

To identify if there was a separation among the treatments a
canonical variate analysis (CVA) was used. To determine if
wing shape can act as an indicator for different treatments of
Bt corn a DFA was used (Zelditch et al. 2012). Pairwise analysis
of treatments was undertaken along with 10,000 permutations
to distinguish among the different treatments. These deter-
mined if there was a discriminating function present that would
allow moths from unknown treatments to be characterized into
certain treatments with high certainty. The difference in Pro-
crustes and Mahalanobis distance between the means of the 2
groups was measured again as part of the DFA. A parametric
P-value test was also calculated, as well as the permutation
P-value for Procrustes distance and Hotelling’s T2. These sta-
tistical analyses were performed using Morpho] v1.07a (Klin-
genberg 2011).

FEM was used to examine flight capacity in H. zea. The
elastic deformation of forewings was based on a range of wind
speeds experienced in the field, which were numerically mod-
eled from the 4 treatments (detailed above). Eight simplified
finite element models of the H. zea forewings (one individual,
from each sex and treatment 1, 2, 3, and 5) were tested using
ANSYS Workbench v 2025 R2 (ANSYS® Academic Research
Mechanical, Release 2025 R2, ANSYS Inc., Canonsburg, PA,
USA). A single specimen from each sex and treatment was
modeled for flight potential, as this number of samples has been
demonstrated by others to be adequate for robust output using
FEM (Combes and Daniel 2003b, Paja&-Zivkovié et al. 2019,
Mikac et al. 2024). The H. zea forewing model was represented
as a 3D skeleton model of a round solid bar as a simulation of
the real model, based on the actual 2D images of H. zea fore-
wings from each sex and treatment (generated in Scan2CAD v
Pro, Avia Systems Limited, UK).

For all vein elements represented in the 3D skeleton model,
the material properties were characterized as being isotropic
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linear elastic materials with a density of 1200kg m - 3, thick-
ness of 45 um, Poisson’s ratio of 0.3, and Young’s modulus of
150 MPa (Combes and Daniel 2003b). The mesh analysis
(FEM model) of the vein structure (by treatment) included qua-
dratic elements that ensured asymptotic performance of the
model—as previously established in Pajac-Zivkovié et al.
(2019) and applied in Mikac et al. (2024). To represent the
connection of the forewing to the thorax of the H. zea adult,
a fixed support (no displacement or rotation) was applied to
the base of the forewing where it connects to the pterothorax
(Fig. 1).

Incremental loads were applied along the length of the 3D
skeleton model from the dorsal side (z axis) to represent the
wind force applied to H. zea forewings under field conditions.
It has been documented that H. zea and other Noctuid migrants
ascend into the lower troposphere at night (1-2 km in altitude)
and encounter winds of up to 15m/s ~! in southeastern United
States (Beerwinkle et al. 1994). To examine the extremes of
wind speeds experienced in the field by H. zea, the incremental
loads modeled ranged from 2.8 m/s -! up to 27.8 m/s ! (Beer-
winkle et al. 1994). To assess the effects of treatment and sex
on wing elastic deformation while accounting for variation in
wind speed, a 1-way analysis of covariance (ANCOVA) was
conducted in JMP® v2025 (JMP Statistical Discovery LLC,
Cary, NC). Treatment and sex were fixed factors, and wind
speed was modeled as the covariate. Interaction terms were

included to determine whether the rate of elastic deformation
varied by treatments or between sexes. This approach allowed
for the assessment of treatment and sex effects and controlled
for the variance associated with wind speed.

Results

Geometric Morphometrics: Overall Wing Shape
Changes in Males and Females

For males and females, CVA showed 4 clusters among the treat-
ments examined (Figs 2 and 3). These differences were signif-
icant for males (Goodall’s F=1.61, P<0.05) and females
(Goodall’s F=1.71, P<0.05).

Wing Shape Changes Among Bt CornTreatment
Groups in Males and Females
Male H. zea pairwise comparisons among treatment groups
revealed varying degrees of shape differentiation based on the
interpretation of Procrustes and Hotelling’s T? statistics (Table
2). The Procrustes permutation tests indicated statistically sig-
nificant shape differences for males from moderately (treatment
2) versus intensely selected treatments (treatment 3) (Table 2).
The Hotelling’s T?-based permutation tests statistics agreed
in some cases but diverged in others. For males from moder-
ately selected treatments (ie treatment 2 vs treatment 5) and

Fig. 2. A canonical variate analysis (CVA) conducted on the forewings of male Helicoverpa zea (n=77). Points are color coordinated dependent on which

treatment of corn the moths were extracted from, treatments of corn are as follows: Red: treatment 1, non-Bt corn in a pure stand; Green: treatment 2,

Bt corn with 2 toxins in a pure stand; Pink: treatment 3, Bt corn with 3 toxins in a pure stand; and Purple: treatment 5, a seed blend with 80% containing
Bt corn with 3 toxins and 20% non-Bt corn. Ellipses are 95% confidence intervals.
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Fig. 3. A canonical variate analysis (CVA) conducted on the forewings of female Helicoverpa zea (n=66). Points are color coordinated dependent on
which treatment of corn the moths were extracted from, treatments of corn are as follows: Red: treatment 1, non-Bt corn in a pure stand; Green:
treatment 2, Bt corn with 2 toxins in a pure stand; Pink: treatment 3, Bt corn with 3 toxins in a pure stand; and Purple: treatment 5, a seed blend with
80% containing Bt corn with 3 toxins and 20% non-Bt corn. Ellipses are 95% confidence intervals.

non-selected (treatment 1) and moderately selected treatments
(treatment 2) significant shape differences were found (Table 2).

In female H. zea, only 2 moderately selected (treatment 5)
comparisons were significant for Procrustes statistics (Table 2).
That is, moderately selected versus non-selected moths (treat-
ment 1) and moderately selected (treatment 5) versus intensely
selected moths (treatment 3) (Table 2). Overall, in both male
and female comparisons, the moderately selected treatments
were driving the significant difference found (Table 2).

By visually assessing a wireframe construction superimposed
over an H. zea wing for females from significant DFA treatment
comparisons (treatment 3 vs treatment 5 and treatment 1 vs
treatment 5; Table 2), it was evident that the mean wing shape
of females from moderately selected moths (treatment 5) was
longer and narrower compared with females from both
non-selected (treatments 1) and intensely selected moths (treat-
ment 3) (Fig. 4). Wing length in moderately selected moths
(treatment 5) appeared longer overall than wings from treat-
ments 3 and 1. Wing width in treatment 5 was narrower in the
middle wing base area compared to intensely selected (treat-
ments 3) and non-selected moths (treatment 1), which showed
more breadth across the midsection, resulting in a more oval

or rounded wing. The wing shape differences in moderately
selected (treatment 5) wings were characterized by a narrow
and tapered form, with sharper angles, especially at the poste-
rior tip of the wing. For intensely selected (treatments 3) and
non-selected moths (treatment 1), the shape of the wing was
broader and more rounded, particularly in the middle and at
the wing base. In short, moderately selected moth wings from
treatment 5 were longer, narrower, more tapered and angular,
while intensely selected (treatments 3) and non-selected moth
(treatment 1) wings were shorter, broader, more rounded, and
oval (Fig. 4).

Similarly for males, comparisons were visually assessed via
a wireframe construction superimposed over an H. zea wing
for males from significant DFA treatment comparisons (mod-
erately selected (treatments 2) vs intensely selected (treatment
3), moderately selected (treatments 2 (pure stand) vs 5 (seed
blend)), Table 2). For the treatment 2 vs treatment 3 compar-
ison, the wireframe for treatment 3 appeared longer than that
of treatment 2, as the posterior tip extended further back
(Fig. 5). The wireframe for moderately selected moth wings
(treatment 2) was wider in the midsection and basal areas,
while the intensely selected (treatment 3) moth wing wireframe
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Table 2. Discriminant function analysis of Helicoverpa zea forewings in
females (n=66) and males (n=77), and comparison of Bt corn treatments

Bt corn treatment P-values

comparisons A
Procrustes P Hotelling’s T?

Males

1 2 ns ns

1 3 ns ns

1 N ns ns

2 3 * ns

2 N ns o

3 N ns ns

Females

1 2 ns ns

1 3 ns ns

1 N o ns

2 3 Ns ns

2 N Ns ns

3 S ns

Treatment 1, non-Bt corn in a pure stand; treatment 2, Bt corn with 2
toxins in a pure stand; treatment 3, Bt corn with 3 toxins in a pure stand;
treatment 5, a seed blend with 80% containing Bt corn with 3 toxins and
20% non-Bt corn.

P <0.05, P <0.01, ns > 0.05.

Fig. 4. Mean wing shape differences visualized using a wireframe
construction superimposed over a Helicoverpa zea wing for females from
(a) Bt corn with 3 toxins in a pure stand (treatment 3) (light blue) and a
seed blend with 80% containing Bt corn with 3 toxins and 20% non-Bt
corn (treatment 5) (dark blue), and (b) non-Bt corn in a pure stand
(treatment 1) (red) and a seed blend with 80% containing Bt corn with 3
toxins and 20% non-Bt corn (treatment 5, seed blend) (dark blue).

was narrower overall, giving it a slender appearance. For wing
shape, treatment 3 displayed a more tapered and angular form,
particularly at the apex and posterior end, whereas for mod-
erately selected moths (treatment 2), the wings had a broader
and rounder shape with smoother transitions from base to tip.

Fig. 5. Mean wing shape differences visualized using a wireframe
construction superimposed over a Helicoverpa zea wing for males from
(a) Bt corn with 2 toxins in a pure stand (treatment 2, pure stand) (green)
and a seed blend with 80% containing Bt corn with 3 toxins and 20%
non-Bt corn (treatment 5) (dark blue); (b) Bt corn with 2 toxins in a pure
stand (treatment 2) (green) and Bt corn with 3 toxins in a pure stand
(treatment 3) (red).

The wireframe for moderately selected moths from treatment
5 (seed blend) was longer than that of moderately selected
moths from treatment 2 (pure stand), with the wing tip extend-
ing further, particularly in the posterior region. The wireframe
for treatment 2 (moderately selected, pure stand) was wider
across the central and basal regions, while the treatment 5
(moderately selected, seed blend) wireframe was noticeably
narrower, giving it a more streamlined appearance. For shape,
the treatment 5§ wireframe showed a more tapered and angular
form, especially at the posterior and apex, whereas the treat-
ment 2 wireframe was broader and rounder in comparison
(Fig. 5).

Finite Element Method

The elastic deformation measurements, recorded in millimeters,
revealed distinct patterns across treatments and sexes, indicat-
ing varied levels of wing frame stiffness under increasing wind
pressures (Fig. 6). For elastic deformation magnitude, for mod-
erately selected moths (treatment 2) exhibited the highest values
across both sexes, reaching 0.57 mm in males and 0.38 mm in
females at the maximum wind speed of 27.8 m-s™'. The sharpest
increase in elastic deformation across wind speeds was observed
in this treatment, indicating lower flexural stiffness in the wing
vein structure.

For non-selected moths (treatment 1) showed the next high-
est elastic deformation, with values of 0.54 mm in males and
0.36 mm in females, which suggested moderate structural com-
pliance. Although slightly less deformable than treatment 2
(moderately selected moths), this group still exhibited consid-
erable elastic deformation under the modeled aerodynamic
loading (Fig. 6).
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Fig. 6. Finite element method analysis of Helicoverpa zea wing deformation for males and females under the 4 treatments to evaluate potential flight
capacity. Treatment details: treatment 1, non-Bt corn in a pure stand; treatment 2, Bt corn with 2 toxins in a pure stand; treatment 3, Bt corn with 3
toxins in a pure stand; treatment 5, a seed blend with 80% containing Bt corn with 3 toxins and 20% non-Bt corn.

In contrast, treatments 3 (intensely selected) and § (moder-
ately selected) exhibited significantly lower wing elastic defor-
mation. Treatment 3 wing elastic deformation reached 0.44 mm
in males and 0.32mm in females, while treatment 5 (moder-
ately selected) consistently showed the lowest wing elastic
deformation, with values of 0.37mm (male) and 0.30 mm
(female) (Fig. 6). These patterns indicate increased vein stiffness
and suggest that selection may influence mechanical resistance
to bending.

ANCOVA revealed a strong main effect of wind speed on
elastic deformation (F(1,75) = 898.7, P<0.001), indicating a
consistent increase in elastic deformation with aerodynamic
load. A significant interaction between wind speed and treat-
ment (F(3,75) = 5.5, P<0.01) confirmed that elastic deforma-
tion increased at different rates across treatment groups.
Additionally, a significant interaction between wind speed and
sex (F(1,75) =25.5, P<0.001) indicated sex-specific mechanical
responses to increasing aerodynamic pressure.

Wind speed explained a large proportion of variance in elas-
tic deformation (partial n?> = 0.911), while the interactions with
treatment (partial n2 = 0.133) and sex (partial n? = 0.218) also
contributed to a lesser extent. Overall, female wings exhibited
greater resistance to aerodynamic elastic deformation than
male wings.

Discussion

We used a flight-mill-alternative approach to test the hypothesis
of Pezzini et al. (2023) that H. zea developing from pure-stand
Bt corn (treatments 2 and 3, moderately and intensely selected,
respectively) would have different wing shapes and reduced
flight ability (capacity) compared to moths developing from
pure-stand non-Bt corn (treatment 1, non-selected), but wing
shape should not differ from moths developed on Bt and non-Bt
corn in seed blend refuges (treatment 5, moderately selected).
We found that moderately selected treatments drove the

comparison differences in males (treatment 2, moderately
selected) and females (treatment 5, moderately selected) for
wing shape. In males, wing shape in treatment 2 (moderately
selected) was characterized as being rounder and broader in
shape compared to moths from treatment 5 (moderately
selected) that had longer and more slender wings. This pattern
was mirrored in females, however, was more pronounced, espe-
cially for treatment 5 (moderately selected), where wings were
more elongated, narrower, and more tapered and angular com-
pared to the wing shape noted from the other treatments. Thus,
we partially accept the original hypothesis: moths from
pure-stand Bt treatments did exhibit wing shape differences,
particularly in comparison to seed blend refuge moths, but not
entirely in the predicted direction. This study demonstrates that
differences in forewing elastic deformation among H. zea treat-
ments and sexes are attributable to variation in structural stiff-
ness, primarily governed by the architecture of wing veins.
Finite element modeling based on cantilever beam theory pro-
vided a practical framework for evaluating flexural behavior
under mechanical loading conditions, consistent with estab-
lished approaches in insect wing biomechanics (Combes and
Daniel 2003a, 2003b).

Among all groups, moths from treatment 2 (pure stand,
moderately selected) exhibited the greatest wing elastic defor-
mations, particularly in males, suggesting lower structural
rigidity within the vein network. In contrast, the lowest elastic
deformation was observed in moths from treatment 5 (seed
blend, moderately selected), which may reflect increased resis-
tance to bending forces. Consistently lower elastic deformation
in females compared to males across all treatments points to a
sex-based difference in wing stiffness (Combes and Daniel
2003b), potentially linked to flight performance (Doyle et al.
2025) or biological roles (ie mated females with greater payload
needs for carrying eggs; Willmott and Ellington 1997).

For the non-selected wing shape (treatment 1), a shorter and
rounder shape was found for both male and female moths. This
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shape was similarly characteristic of moths from treatments 2
(moderately selected) and 3 (intensely selected). Such a wing
shape may confer to short distance or intra-field movement
(Mikac et al. 2024). Modeled potential flight capacity for these
wing shapes in female moths had higher wind resistance than
their male conspecific when approaching wind speeds known
to assist in long distance movement of Noctuids (eg 20-50 km;
Beerwinkle et al. 1994).

Excessive wing elastic deformation, as observed in moths
from treatment 2 (moderately selected), may compromise flight
efficiency by diminishing the transmission of aerodynamic
forces along the wing and increase the energetic cost of main-
taining stable flight. This interpretation aligns with prior work
on flexural mechanics in insect wings, where localized compli-
ance has been shown to influence energy transfer and aerody-
namic control (Willmott and Ellington 1997, Combes and
Daniel 2003a, 2003b).

For the moderately selected wing shape (seed blend, treat-
ment 5), the narrower and elongated wing shape found in
males, and that was more pronounced in female moths, ensures
that both short- and long-distance flight can be achieved. Mod-
eling of flight capacity showed that this wing shape (narrow/
slender, elongated) was the best performer particularly in
female moths across all the wind speeds modeled and deformed
the least irrespective of wind speed. Female potential flight
outperformed males in most treatments (the exception was
male moths from treatment 5). Of particular concern are female
H. zea from treatments selected on pure-stand Bt corn (treat-
ment 2, moderately selected, Cry1Ab + Cry1F) and seed blend
Bt corn (treatment 5, moderately selected, Cry1Ab + Cry1F +
Vip3A), with significant genomic shifts detectable in regions
known to be associated with Cry-resistance (Pezzini et al. 2024).

For the intensely selected wing shape (treatment 3), the wing
shape was more rounded on the distal edge, however overall
had a rectangular shape. This wing shape performed the second
strongest under all wind speeds when modeling potential flight
capacity. Helicoverpa zea from pure-stand Bt corn with 3 tox-
ins (treatment 3, intensely selected, Cry1Ab + Cry1F + Vip3A)
showed this pattern consistently in both sexes, although female
moths were able to withstand higher modeled wind speeds than
males. As with the moderately selected individuals, genomic
regions associated with Bt-resistance could be detected in the
intensely selected individuals (Pezzini et al. 2024).

Important to note is the moderately selected wing shape (seed
blend, treatment 5), characterized as the narrower and more
elongated wing shape, which ensures that both short- and
long-distance flight can be achieved. It is this wing shape that
is most suited to migration and dispersal (Lockwood et al.
1998, Monkkonen 1995) and likely the most problematic for
integrated resistance management strategies. This is because
the long-distance flights that individuals with this wing shape
can undertake under a range of wind speeds can facilitate
long-distance dispersal. Wing shapes of this nature would ren-
der other species unable to fly (cf western corn rootworm FEM;
Mikac et al. 2024). A study conducted by Altizer and Davis
(2010) compared 2 different populations of monarch butter-
flies. They determined that the populations that underwent
migratory flight had longer wings, compared to their
non-migratory conspecifics. In general, longer forewings may
create more lift and increase the efficiency of flight allowing for
longer flight distances. Longer wings have a larger surface area,
which produces more lift and allows the insect to fly with

greater ease and efficiency. The decreased weight associated
with the narrowing of H. zea wings makes it easier for adult
moths to take off and fly. Elongated and slender wings are also
much faster and more energetically efficient in flight as shown
in birds (Monkkonen 1995). By minimizing the induced power
requirements, this wing shape allows for flight to be maintained
for long distances.

Long distance and/or migratory flying is important for the
dispersal of the species and colonization of new areas. Wing
morphology is a critical element of an insect’s dispersal capacity
(DeVries et al. 2010). Understanding which morphotype is the
potentially superior flier and disperser has implications for the
ways in which H. zea will be managed with integrated resis-
tance strategies. This is because the superior flier and disperser
has the best chance of spreading its alleles long distance, and
thus, the associated genotype will spread over a larger distance
in a shorter amount of time; a feat that may occur in a short
period of time for H. zea that are known to fly hundreds of
kilometers in a single night (Wolf et al. 1990, Beerwinkle et al.
1994, Westbrook et al. 1997). Slender and elongated wings
allow for this rapid colonization of a large area and hence the
population at the front of this expansion wave would compose
of individuals that possess these traits in wings (Phillips et al.
2010). Wing morphology is heritable in insects (Desender
1989); therefore, the progeny of these colonizers would display
increasing wing length and a slender shape. This was confirmed
in the wing shape and frequency of wing shape types of cricket
populations that were at the forefront of a range expansion
(Simmons and Thomas 2004).

The effects of Bt selection on flight have been previously
studied. Prior to our investigation on wing shape, these same
moths had been tested in a flight mill. Adult flight distance was
not different across moths that were selected on non-Bt corn
(non-selected), 2-toxin Bt corn (moderately selected), or 3-toxin
Bt corn (intensely selected; Pezzini et al. 2023). In contrast,
Spodoptera exigua (Hiibner) and Spodoptera frugiperda (JE
Smith) fed Cry1Ac protein in diet flew longer distances on a
flight mill than those that did not feed on the protein (Jiang et
al. 2013, De Bortoli et al. 2024). Both Spodoptera spp. findings
align with our study’s findings on the impact of Bt protein on
wing shape. The fact that our findings do not match the flight
mill studies of Pezzini et al. (2023) using the same insects could
be unique to corn earworm or a difference in study methodol-
ogy (eg field insects reared on corn in our study vs lab Spodop-
tera spp. reared on diet). Another lab study with a
CrylAc-resistant strain of H. armigera, for example, found a
reduction in flight distance after feeding on Cry1Ac diet (Liang
et al. 2007). However, comparisons among Helicoverpa spp.
reveal differences in dispersal within the family (Jones et al.
2019), making comparisons among species difficult. Moreover,
while noctuid flight mill studies are excellent for estimating
dispersal ability (Jones et al. 2016), their sensitivity to parse
potentially small differences among or within species is not
known. Hence, it has been recommend combining results from
flight mill studies with experimental evidence, like we have
done with this study (Minter et al. 2018). Regardless, for mea-
suring the impacts of Bt protein on potential flight of H. zea,
wing morphometrics and FEM were more sensitive than using
a flight mill.

One caveat of our approach is that it does not directly mea-
sure flight. Helicoverpa zea pupae that develop on Bt corn have
lighter pupae than those that develop on non-Bt corn (Reisig
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and Reay-Jones 2015, Bilbo et al. 2019, Pezzini et al. 2023,
Bryant et al. 2024, Pezzini et al. 2024). Pupal weight has a
positive correlation with flight capacity in several related lepi-
dopteran species, such as Pectinophora gossypiella (Saunders)
(Wu et al. 2006), H. armigera (Liang et al. 2007), and S. exigua
(Han et al. 2009). However, even though H. zea selected on Bt
corn have a wing morphology better suited for long-term dis-
persal, there is no effect of pupal weight on flight distance for
this species (Pezzini et al. 2023). Therefore, the result is likely
more nuanced. For example, H. zea moths with a smaller body
size and wing-to-thorax ratio fly longer and moths with a
smaller wing-to-thorax ratio fly farther than their counterparts
(Calixto et al. 2024). Hence, H. zea flight capacity is likely a
combination of multiple factors, perhaps not limited to body
size and wing shape, influenced by the environment during
larval development. Also, it is important to acknowledge that
a single morphotype or wing shape does not determine disper-
sal solely. It is a complex trait influenced by interacting mor-
phological, physiological, and behavioral adaptations (Jones
et al. 2019, Doyle et al. 2025).

Flight mills have not shown impacts of Bt on flight behavior
in this species (Pezzini et al. 2023); therefore, future studies to
tease out the impact of sublethal effects that might decrease
flight on Bt-selected individuals would be useful. This could
include mark-recapture studies or even genomic approaches
that could measure selection on Bt (Pezzini et al. 2024) com-
bined with isotopic analyses that could measure whether an
individual was a migrant (Paula-Moraes et al. 2024). The flight
mill studies of Pezzini et al. (2023) could also be repeated using
3- to 6-day-old moths. Pezzini et al. (2023) tested moths
24 hours after eclosion, but 3- to 6-day-old moths are more
likely to engage in migratory behavior (Calixto et al. 2024).

On a final note, we acknowledge that sample sizes for some
treatments were relatively small, reflecting the inherent diffi-
culty of collecting sufficient individuals from fields with par-
ticular traits. While these constraints are understandable,
explicitly recognizing them is important for contextualizing the
strength of the inferences drawn.

In conclusion, we found that one generation of selection on
Bt corn in the field could induce H. zea wing phenotypes more
conducive for long-distance dispersal. This matches previous
studies in the laboratory on related species (Jiang et al. 2013,
De Bortoli et al. 2024) and should be further investigated by
directly testing the impact on migratory flight. One way this
could be accomplished is by evaluating the wing phenotypes
of a large sample size of individuals deemed to be migratory
and local dispersals on a flight mill. While the impact of Bt
crops on local populations of H. zea can be strong (eg Arends
etal. 2021, Dorman et al. 2021a, 2021b, Arends et al. 2022),
~40% to 60% of male H. zea moths in southeastern United
States are migratory individuals (Paula-Moraes et al. 2024).
Our study contributes to the growing body of evidence that
selection of H. zea on Bt crops may influence adult dispersal
behavior (Dorman et al. 2021a, 2021b, Arends et al. 2022).

Author Contributions

Katarina M. Mikac (Conceptualization [equal], Data curation
[equal], Formal analysis [equal], Funding acquisition [equal],
Investigation [equal], Methodology [equal], Project adminis-
tration [equal], Resources [equal], Software [equal], Supervi-
sion [lead], Writing—original draft [lead], Writing—review &

Mikac et al.

editing [lead]), Jose H. Dominguez Davila (Conceptualization
[equal], Data curation [equal], Formal analysis [lead], Meth-
odology [lead], Visualization [equal], Writing—original draft
[equal], Writing—review & editing [equal]), Meagan J. Powley
(Conceptualization [equal], Data curation [equal], Formal
analysis [equal], Methodology [equal], Software [equal], Super-
vision [equal], Writing—original draft [equal], Writing—review
& editing [equal]), Sarah Barclay (Formal analysis [support-
ing], Investigation [supporting], Writing—original draft [sup-
porting]), Daniela Pezzini (Conceptualization [equal], Data
curation [equal], Funding acquisition [equal], Writing—review
& editing [equal]), and Dominic D. Reisig (Conceptualization
[equal], Data curation [equal], Funding acquisition [lead],
Investigation [equal], Methodology [equal], Project adminis-
tration [equal], Resources [equal], Supervision [equal], Valida-
tion [equal], Writing—original draft [equal], Writing—review
& editing [equal])

Supplementary Material

Supplementary material is available at Environmental Ento-
mology Journal online.

Funding

This work is supported by the Biotechnology Risk Assessment
Grant, project award no. 2018-33522-28741, from the U.S.
Department of Agriculture’s National Institute of Food and
Agriculture. This research was also supported by a University
Global Partnership Network (UGPN) grant (2022-23) awarded
to D.D.R., D.P. and K.M.M. Part of D.P. research tuition and
stipends were also supported by the National Science Founda-
tion (NSF) Agricultural Biotechnology in Our Evolving Food,
Energy & Water Systems (AgBioFEWS) number 1828820.

Conflicts of Interest.

None declared.

References

Altizer S, Davis AK. 2010. Populations of monarch butterflies with dif-
ferent migratory behaviors show divergence in wing morphology.
Evolution 64:1018-1028. https://doi.org/10.1111/j.1558-5646.
2009.00946.x.

Arends B, Reisig DD, Gundry S, et al. 2021. Effectiveness of the natural
resistance management refuge for Bt-cotton is dominated by local
abundance of soybean and maize. Sci. Rep. 11:17601.

Arends BR, Reisig DD, Gundry S, et al. 2022. Helicoverpa zea (Lepi-
doptera: Noctuidae) feeding incidence and survival on Bt maize in
relation to maize in the landscape. Pest Manag. Sci. 78:2309-2315.

Beerwinkle KR, Lopez , JD, Jr.Jr, Witz JA, et al. 1994. Seasonal radar
and meteorological observations associated with nocturnal insect
flight at altitudes to 900 meters. Environ. Entomol. 23:676-683.
https://doi.org/10.1093/ee/23.3.676.

Bilbo TR, Reay-Jones FPF, Reisig DD, et al. 2019. Development, survival,
and feeding behavior of Helicoverpa zea (Lepidoptera: Noctuidae)
relative to Bt protein concentrations in corn ear tissues. PLoS One.
14:¢0221343. https://doi.org/10.1371/journal.pone.0221343.

Bookstein FL. 1991. Morphometric tools for landmark data: geometry
and biology. Cambridge University Press.

Brevault T, Heuberger S, Zhang M, et al. 2013. Potential shortfall of
pyramided transgenic cotton for insect resistance management. Proc.

GZ0z Jaquieoa( z0 uo 1sanb Aq §ZZ8ZE8// | LIBAU/SS/E60 L 0 1 /10P/3[01E-80UBAPE/a8/W00 dNOo™olWapeoeR//:sdly Woll Ppapeojumod


https://academic.oup.com/ee/article-lookup/10.1093/ee/nvaf117/#supplementary-data
https://doi.org/10.1111/j.1558-5646.2009.00946.x
https://doi.org/10.1111/j.1558-5646.2009.00946.x
https://doi.org/10.1093/ee/23.3.676
https://doi.org/10.1371/journal.pone.0221343

Environmental Entomology, 2025, Vol. 00, No. 00

Natl. Acad. Sci. USA. 110:5806-5811. https://doi.org/10.1073/
pnas.1216719110.

Bryant TB, Greene JK, Reisig D, et al. 2024. Continued decline in sub-
lethal effects of Bt toxins on Helicoverpa zea (Lepidoptera: Noctu-
idae) in field corn. J. Econ. Entomol. 117:1876-1883.

Burkness EC, O'Rourke PK, Hutchison WD. 2011. Cross-pollination of
nontransgenic corn ears with transgenic Bt corn: efficacy against lep-
idopteran pests and implications for resistance management. J. Econ.
Entomol. 104:1476-1479.

Burkness EC, Dively G, Patton T, et al. 2010. Novel Vip3A Bacillus
thuringiensis (Bt) maize approaches high-dose efficacy against Heli-
coverpa zea (Lepidoptera: Noctuidae) under field conditions: impli-
cations for resistance management. GM Crops 1:337-343. https://
doi.org/10.4161/gmcr.1.5.14765.

Calixto ES, Paula-Moraes SV, Reisig DD, et al. 2024. Beyond wingbeats:
dispersal capacity and morphophysiological determinants in Helicov-
erpa zea (Lepidoptera: Noctuidae). Ann. Entomol. Soc. Am.
117:309-318.

Canas-Hoyos N, Mérquez EJ, Saldamando-Benjumea CIL. 2016. Herita-
bility of wing size and shape of the rice and corn strains of Spodoptera
frugiperda (J.E. Smith) (Lepidoptera: Noctuidae). Neotrop. Entomol.
45:411-419. https://doi.org/10.1007/s13744-016-0393-y.

Caprio MA, Martinez JC, Porter PA, et al. 2016. The impact of
inter-kernel movement in the evolution of resistance to dual-toxin
Bt-corn varieties in Helicoverpa zea (Lepidoptera: Noctuidae). J.
Econ. Entomol. 109:307-319.

Carriere Y, Fabrick JA, Tabashnik BE. 2016. Can pyramids and seed
mixtures delay resistance to Bt crops? Trends Biotechnol. 34:291-302.

Carriere Y, Degain BA, Tabashnik BE. 2021. Effects of gene flow between
Bt and non-Bt plants in a seed mixture of CrylA. 105+ Cr2Ab corn
on performance of corn earworm in Arizona. Pest Manag. Sci.
77:2106-2113.

Combes SA, Daniel TL. 2003a. Flexural stiffness in insect wings I. Scaling
and the influence of wing venation. J. Exp. Biol. 206:2979-2987.
https://doi.org/10.1242/jeb.00523.

Combes SA, Daniel TL. 2003b. Flexural stiffness in insect wings. IL
Spatial distribution and dynamic wing bending. J. Exp. Biol.
206:2989-2997. https://doi.org/10.1242/jeb.00524.

De Bortoli CP, Santos RE Assirati GJ, et al. 2024. Exposure to Cryl
toxins increases long flight tendency in susceptible but not in
Cry1F-resistant female Spodoptera frugiperda (Lepidoptera: Noctu-
idae). Insects 15:7. https://doi.org/10.3390/insects15010007.

Denno RF, Hawthorne DJ, Thorne BL, et al. 2001. Reduced flight capa-
bility in British Virgin Island populations of a wing-dimorphic insect:
the role of habitat isolation, persistence, and structure. Ecol.
Entomol. 26:25-36.  https://doi.org/10.1046/j.1365-2311.
2001.00293.x.

Desender K. 1989. Heritability of wing development and body size in a
carabid beetle, Pogonus chalceus MARSHAM, and its evolutionary
significance. Oecologia 78:513-520. https://doi.org/10.1007/
BF00378743.

DeVries PJ, Penz CM, Hill RI. 2010. Vertical distribution, flight behaviour
and evolution of wing morphology in morpho butterflies. J. Anim.
Ecol. 79:1077-1085.  https://doi.org/10.1111/j.1365-2656.
2010.01710.x.

Dively GP, Kuhar TP, Taylor S, et al. 2021. Sweet corn sentinel monitor-
ing for lepidopteran field-evolved resistance to Bt toxins. J. Econ.
Entomol. 114:307-319. https://doi.org/10.1093/jee/toaa2 64.

Dodson L. 2025.Adoption of genetically engineered crops in the united
states—recent trends in GE adoption’ United States Department of
Agriculture. https://www.ers.usda.gov/data-products/adoption-o
f-genetically-engineered-crops-in-the-united-states/recent-trends-
in-ge-adoption

Dorman SJ, Hopperstad KA, Reich BJ, et al. 2021a. Soybeans as a non-Bt
refuge for Helicoverpa zea in maize-cotton agroecosystems. Agric.
Ecosyst. Environ. 322:107642.

Dorman SJ, Hopperstad KA, Reich BJ, et al. 2021b. Landscape-level
variation in Bt crops predict Helicoverpa zea (Lepidoptera:

n

Noctuidae) resistance in cotton agroecosystems. Pest Manag. Sci.
77:5454-5462.

Doyle TD, Poole OM, Barnes JC, et al. 2025. Multiple factors contribute
to female dominance in migratory bioflows. Open Biol.
15:240235-240214. https://doi.org/10.1098/rsob.240235.

Drake AG, Klingenberg CP. 2008. The pace of morphological change:
historical transformation of skull shape in St Bernard dogs. Proc. R
Soc. B 275:71-76.https://doi.org/10.1098/rspb.2007.1169.

Farrow RA, Daly JC. 1987. Long-range movements as an adaptive strat-
egy in the genus heliothis (Lepidoptera: Noctuidae): a review of its
occurrence and detection in four pest species. Aust. J. Zool. 35:1-24.

Fitt GP. 1989. The ecology of heliothis species in relation to agroecosys-
tems. Annu. Rev. Entomol. 34:17-53.

Gassmann AJ, Reisig DD. 2023. Management of insect pests with bt
crops in the United States. Annu. Rev. Entomol. 68:31-49.

Gibo DL, Pallett MJ. 1979. Soaring flight of monarch butterflies, Danaus
plexippus (Lepidoptera: Danaidae), during the late summer migration
in southern Ontario. Can. J. Zool. 57:1393-1401.

Guerra PA. 2011. Evaluating the life-history trade-off between dispersal
capability and reproduction in wing dimorphic insects: a
meta-analysis. Biol. Rev. Camb. Philos. Soc. 86:813-835.

Han L, Gu H, Zhai B, et al. 2009. Genetic effects on flight capacity in
the beet armyworm, Spodoptera exigua (Lep., Noctuidae). J. Appl.
Entomol. 133:262-271.

Howland HC. 1974. Optimal strategies for predator avoidance: the rel-
ative importance of speed and manoeuvrability. J. Theor. Biol.
47:333-350.

Jiang XF, Chen ], Zhang L, et al. 2013. Increased long-flight activity
triggered in beet armyworm by larval feeding on diet containing
CrylAc protoxin. PLoS One. 8:¢63554.

Jones CM, Parry H, Tay WT, et al. 2019. Movement ecology of pest
Helicoverpa: implications for ongoing spread. Annu. Rev. Entomol.
64:277-295. https://doi.org/10.1146/annurev-ento-011118-111959.

Jones HBC, Lim KS, Bell JR, et al. 2016. Quantifying interspecific vari-
ation in dispersal ability of noctuid moths using an advanced tethered
flight technique. Ecol. Evol. 6:181-190. https://doi.org/10.1002/
ece3.1861.

Kadoié-Balasko M, Mikac KM, Benitez HA, et al. 2021. Genetic and
morphological approach for western corn rootworm resistance man-
agement. Agriculture 11:585. https://doi.org/10.3390/agriculture
11070585

Klingenberg CP. 2011. Morpho]: an integrated software package for
geometric morphometrics. Mol. Ecol. Resour. 11:353-357. https://
doi.org/10.1111/.1755-0998.2010.02924 .x.

Klingenberg CP, McIntyre GS. 1998. Geometric morphometrics of devel-
opmental instability: analyzing patterns of fluctuating asymmetry
with procrustes methods. Evolution 52:1363-1375. https://doi.
org/10.1111/.1558-5646.1998.tb02018.x.

Legan AW, Allan CW, Jensen ZN, et al. 2024. Mismatch between
lab-generated and field-evolved resistance to transgenic Bt crops in
Helicoverpa zea. Proc. Natl. Acad. Sci. U S A 121:2416091121.
https://doi.org/10.1073/pnas.2416091121.

Lemic D, Benitez HA, Bazok R. 2014. Intercontinental effect on sexual
shape dimorphism and allometric relationships in the beetle pest
Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomeli-
dae). Zool. Anz 253:203-206. https://doi.org/10.1016/j.
jcz.2014.01.001.

Liang G-M, Wu K-M, Rector B, et al. 2007. Diapause, cold hardiness
and flight ability of Cry1Ac-resistant and-susceptible strains of Heli-
coverpa armigera (Lepidoptera: Noctuidae). Eur. J. Entomol.
104:699-704.

Lincoln C, Isely D. 1947. Corn as a trap crop for the cotton bollworm.
J. Econ. Entomol. 40:437-438. https://doi.org/10.1093/jee/40.3.437.

Lockwood R, Swaddle JP, Rayner JMV. 1998. Avian wingtip shape
reconsidered: wingtip shape indices and morphological adaptations
to migration. J. Avian Biol. 29:273-292.

Loy A, Cataudella S, Corti M. 1996. Shape changes during the growth
of the sea bass, Dicentrarchus labrax (Teleostea: Perciformes), in

GZ0z Jaquieoa( z0 uo 1sanb Aq §ZZ8ZE8// | LIBAU/SS/E60 L 0 1 /10P/3[01E-80UBAPE/a8/W00 dNOo™olWapeoeR//:sdly Woll Ppapeojumod


https://doi.org/10.1073/pnas.1216719110
https://doi.org/10.1073/pnas.1216719110
https://doi.org/10.4161/gmcr.1.5.14765
https://doi.org/10.4161/gmcr.1.5.14765
https://doi.org/10.1007/s13744-016-0393-y
https://doi.org/10.1242/jeb.00523
https://doi.org/10.1242/jeb.00524
https://doi.org/10.3390/insects15010007
https://doi.org/10.1046/j.1365-2311.2001.00293.x
https://doi.org/10.1046/j.1365-2311.2001.00293.x
https://doi.org/10.1007/BF00378743
https://doi.org/10.1007/BF00378743
https://doi.org/10.1111/j.1365-2656.2010.01710.x
https://doi.org/10.1111/j.1365-2656.2010.01710.x
https://doi.org/10.1093/jee/toaa264
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-united-states/recent-trends-in-ge-adoption
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-united-states/recent-trends-in-ge-adoption
https://www.ers.usda.gov/data-products/adoption-of-genetically-engineered-crops-in-the-united-states/recent-trends-in-ge-adoption
https://doi.org/10.1098/rsob.240235
https://doi.org/10.1098/rspb.2007.1169
https://doi.org/10.1146/annurev-ento-011118-111959
https://doi.org/10.1002/ece3.1861
https://doi.org/10.1002/ece3.1861
https://doi.org/10.3390/agriculture11070585
https://doi.org/10.3390/agriculture11070585
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1111/j.1558-5646.1998.tb02018.x
https://doi.org/10.1111/j.1558-5646.1998.tb02018.x
https://doi.org/10.1073/pnas.2416091121
https://doi.org/10.1016/j.jcz.2014.01.001
https://doi.org/10.1016/j.jcz.2014.01.001
https://doi.org/10.1093/jee/40.3.437

12

relation to different rearing conditions. In: Marcus LF, Corti M, Loy
A, Naylor GJP, Slice DE, editor. Advances in morphometrics. Springer
USA. p. 399-405.

Mikac KM, Douglas J, Spencer JL. 2013. Wing shape and size of the
western corn rootworm (Coleoptera: Chrysomelidae) is related to
sex and resistance to soybean-maize crop rotation. J. Econ. Entomol.
106:1517-1524.

Mikac KM, Lemic D, Bazok R, et al. 2016. Wing shape changes: a
morphological view of the Diabrotica virgifera virgifera European
invasion. Biol. Invasions 18:3401-3407. https://doi.org/10.1007/
$10530-016-1252-9.

Mikac KM, Lemic D, Benitez HA, et al. 2019. Changes in corn rootworm
wing morphology are related to resistance development. J. Pest Sci.
92:443-451. https://doi.org/10.1007/s10340-018-01077-2.

Mikac KM, Lemic D, Paja& Zivkovié I, et al. 2024. Numerical modeling
reveals that resistant western corn rootworm are stronger fliers than
their susceptible conspecifics. Insects 15:834.

Minter M, Pearson A, Lim KS, et al. 2018. The tethered flight technique as
a tool for studying life-history strategies associated with migration in
insects. Ecol. Entomol. 43:397-411. https://doi.org/10.1111/een.12521.

Monkkonen M. 1995. Do migrant birds have more pointed wings? a
comparative study. Evol. Ecol. 9:520-528.

Monteiro LR. 1999. Multivariate regression models and geometric mor-
phometrics: the search for causal factors in the analysis of shape. Syst.
Biol. 48:192-199. https://doi.org/10.1080/106351599260526.

Nagoshi KL, Allan SA, Meagher RL. 2020. Assessing the use of wing
morphometrics to identify fall armyworm (Lepidoptera: Noctuidae)
host strains in field collections. J. Econ. Entomol. 113:800-807.
https://doi.org/10.1093/jee/toz344.

Osman GH, Soltane R, Saleh I, et al. 2019. Isolation, characterization,
cloning and bioinformatics analysis of a novel receptor from black cut
worm (Agrotis ipsilon) of Bacillus thuringiensis vip 3Aa toxins. Saudi
J. Biol. Sci. 26:1078-1083. https://doi.org/10.1016/).sjbs.2018.11.002.

Paja¢-Zivkovié I, Bari¢ B, Drmi¢ Z, et al. 2019. Codling moth wing
morphology changes due to insecticide resistance. Insects 10:310.
https://doi.org/10.3390/insects10100310.

Palmer AR, Strobeck C. 1986. Fluctuating asymmetry: measurement,
analysis, patterns. Annu. Rev. Ecol. Syst. 17:391-421. https://doi.
org/10.1146/annurev.es.17.110186.002135.

Paula-Moraes SV, Calixto ES, Santos AA, et al. 2024. Continental-scale
migration patterns and origin of Helicoverpa zea (Lepidoptera: Noctu-
idae) based on a biogeochemical marker. Environ. Entomol. 53:487-497.

Pezzini D, Taylor KL, Reisig DD, et al. 2024. Cross-pollination in
seed-blended refuge and selection for Vip3A resistance in a lepi-
dopteran pest as detected by genomic monitoring. Proc. Natl. Acad.
Sci. US A 121:¢2319838121.

Pezzini DT, Reisig DD, Buntin GD, et al. 2023. Impact of seed blend and
structured maize refuge on Helicoverpa zea (Lepidoptera: Noctuidae)
potential phenological resistance development parameters in pupae and
adults. Pest Manag. Sci. 79:3493-3503. https://doi.org/10.1002/ps.7529.

Phillips BL, Brown GP, Shine R. 2010. Life-history evolution in
range-shifting populations. Ecology 91:1617-1627. https://doi.
org/10.1890/09-0910.1.

Reisig D, Goldsworthy E. 2023. Yield and efficacy of selected insecticides
on bollworm in cotton, 2022. Arthro. Manag. Tests 48:tsad082.
Reisig D, Kerns D, Gore ], et al. 2019. Managing pyrethroid-and Bt-

resistant bollworm in southern US cotton. J. Crops Soils 52:30-35.

Reisig DD, Reay-Jones FP. 2015. Inhibition of Helicoverpa zea (Lepidoptera:
Noctuidae) growth by transgenic corn expressing Bt toxins and develop-
ment of resistance to Cry1Ab. Environ. Entomol. 44:1275-1285.

Reisig DD, Kurtz R. 2018. Bt resistance implications for Helicoverpa
zea (Lepidoptera: Noctuidae) insecticide resistance management in
the United States. Environ. Entomol. 47:1357-1364.

Mikac et al.

Rohlf FJ. 2008. TPSUtil, v. 1.40. Department of Ecology and Evolu-
tion, SUNY.

Sanzana M]J, Parra LE, Septlveda-Zifiga E, et al. 2013. Latitudinal
gradient effect on the wing geometry of Auca coctei (Guérin) (Lepi-
doptera, Nymphalidae). Revista Brasileira de Entomologia.
57:411-416. https://doi.org/10.1590/S0085-56262013005000045.

Simmons AD, Thomas CD. 2004. Changes in dispersal during species’
range expansions. Am. Nat. 164:378-395. https:/doi.
org/10.1086/423430.

Singh G, Sachdev B, Sharma N, et al. 2010. Interaction of Bacillus
thuringiensis vegetative insecticidal protein with ribosomal S2 pro-
tein triggers larvicidal activity in Spodoptera frugiperda. Appl.
Environ. Microbiol. 76:7202-7209. https://doi.org/10.1128/
AEM.00638-10.

Tabashnik BE, Carriére Y. 2017. Surge in insect resistance to trans-
genic crops and prospects for sustainability. Nat. Biotechnol.
35:926-935.

Taylor KL, Quackenbush J, Lamberty C, et al. 2024. Polygenic response
to selection by transgenic Bt-expressing crops in wild Helicoverpa
zea and characterization of a major effect locus. BMC Genomics.
25:1247. https://doi.org/10.1186/s12864-024-1247-6.

Upton M, Mantle B. 2010. Methods for collecting, preserving and study-
ing insects and other terrestrial arthropods, 5th ed. The Australian
Entomological Society Miscellaneous Publication No. 3.

Westbrook JK, Wolf WW, Lingren PD, et al. 1997. Early-season migra-
tory flights of corn earworm (Lepidoptera: Noctuidae). Environ.
Entomol. 26:12-20. https://doi.org/10.1093/ee/26.1.12.

Willmott AP, Ellington CP. 1997. The mechanics of flight in the hawk-
moth Manduca sexta Il. Aerodynamic consequences of kinematic and
morphological variation. J. Exp. Biol. 200:2723-2745. https://doi.
org/10.1242/jeb.200.21.2723.

Wolf WW, Westbrook JK, Raulston J, et al. 1990. Recent airborne radar
observations of migrant pests in the United States. Philos. Trans. R.
Soc. B 328:619-630. https://doi.org/10.1098/rstb.1990.0132.

Wu H, Wu K, Wang D, et al. 2006. Flight potential of pink bollworm,
Pectinophora gossypiella Saunders (Lepidoptera: Gelechiidae). Envi-
ron. Entomol. 35:887-893.

Yang F, Santiago Gonzdlez JC, Sword GA, et al. 2021a. Genetic basis of
resistance to the Vip3Aa Bt protein in Helicoverpa zea. Pest Manag.
Sci. 77:1530-1535. https://doi.org/10.1002/ps.6176.

Yang F, Head GP, Price PA, et al. 2020. Inheritance of Bacillus thuring-
iensis Cry2Ab2 protein resistance in Helicoverpa zea (Lepidoptera:
Noctuidae). Pest Manag. Sci. 76:3676-3684. https://doi.org/10.1002/
ps.5916.

Yang F, Kerns DL, Little NS, et al. 2021b. Early warning of resistance
to bt toxin vip3Aa in Helicoverpa zea. Toxins. (Basel) 13:618. https://
doi.org/10.3390/toxins13090618.

Yang F, Santiago Gonzilez JC, Williams J, et al. 2019. Occurrence and ear
damage of Helicoverpa zea on transgenic Bacillus thuringiensis maize
in the field in Texas, U.S. and its susceptibility to Vip3A protein. Toxins.
(Basel) 11:102. https://doi.org/10.3390/toxins11020102.

Yang F, Head GP, Kerns DD, et al. 2024. Diverse genetic basis of Vip3Aa
resistance in five independent field-derived strains of Helicoverpa zea
in the US. Pest Manag. Sci. 80:2796-2803. https://doi.org/10.1002/
ps.7988.

Yang F, Kerns DL, Head GP, et al. 2014. A challenge for the seed mixture
refuge strategy in Bt maize: impact of cross-pollination on an
ear-feeding pest, corn earworm. PLoS One. 9:¢112962.

Zelditch ML, Swiderski DL, Sheets HD. 2012. Geometric morphometrics
for biologists: a primer. Academic Press.

Zhao JZ, Cao J, Li Y, et al. 2003. Transgenic plants expressing two
Bacillus thuringiensis toxins delay insect resistance evolution. Nat.
Biotechnol. 21:1493-1497. https://doi.org/10.1038/nbt907.

GZ0z Jaquieoa( z0 uo 1sanb Aq §ZZ8ZE8// | LIBAU/SS/E60 L 0 1 /10P/3[01E-80UBAPE/a8/W00 dNOo™olWapeoeR//:sdly Woll Ppapeojumod


https://doi.org/10.1007/s10530-016-1252-9
https://doi.org/10.1007/s10530-016-1252-9
https://doi.org/10.1007/s10340-018-01077-2
https://doi.org/10.1111/een.12521
https://doi.org/10.1080/106351599260526
https://doi.org/10.1093/jee/toz344
https://doi.org/10.1016/j.sjbs.2018.11.002
https://doi.org/10.3390/insects10100310
https://doi.org/10.1146/annurev.es.17.110186.002135
https://doi.org/10.1146/annurev.es.17.110186.002135
https://doi.org/10.1002/ps.7529
https://doi.org/10.1890/09-0910.1
https://doi.org/10.1890/09-0910.1
https://doi.org/10.1590/S0085-56262013005000045
https://doi.org/10.1086/423430
https://doi.org/10.1086/423430
https://doi.org/10.1128/AEM.00638-10
https://doi.org/10.1128/AEM.00638-10
https://doi.org/10.1186/s12864-024-1247-6
https://doi.org/10.1093/ee/26.1.12
https://doi.org/10.1242/jeb.200.21.2723
https://doi.org/10.1242/jeb.200.21.2723
https://doi.org/10.1098/rstb.1990.0132
https://doi.org/10.1002/ps.6176
https://doi.org/10.1002/ps.5916
https://doi.org/10.1002/ps.5916
https://doi.org/10.3390/toxins13090618
https://doi.org/10.3390/toxins13090618
https://doi.org/10.3390/toxins11020102
https://doi.org/10.1002/ps.7988
https://doi.org/10.1002/ps.7988
https://doi.org/10.1038/nbt907

	Active Content List
	Introduction
	Materials and Methods
	Results
	Discussion
	Author Contributions
	Supplementary Material
	Funding
	Conflicts of Interest.


