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ABSTRACT Fall armyworm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae); corn
earworm, Helicoverpa zea Boddie (Lepidoptera: Noctuidae); southwestern corn borer, Diatraea
grandiosella Dyar (Lepidoptera: Crambidae); sugarcane borer, Diatraea saccharalis F. (Lepidoptera:
Crambidae); and lesser cornstalk borer, Elasmopalpus lignosellus Zeller (Lepidoptera: Pyralidae), are
lepidopteran pests of corn, Zea mays L., in the southern United States. Blended refuge for transgenic
plants expressing the insecticidal protein derivative from Bacillus thuringiensis (Bt) has recently been
approved as an alternative resistance management strategy in the northern United States. We conducted
a two-year study with 39 experiments across 12 states in the southern United States to evaluate plant
injury from these five species of Lepidoptera to corn expressing Cry1F and Cry1Ab, as both single and
pyramided traits, a pyramid of Cry1Ab�Vip3Aa20, and a pyramid of Cry1F�Cry1Ab plus non-Bt in a
blended refuge. Leaf injury and kernel damage from corn earworm and fall armyworm, and stalking
tunneling by southwestern corn borer, were similar in Cry1F�Cry1Ab plants compared with the
Cry1F�Cry1Ab plus non-Bt blended refuge averaged across five-plant clusters. When measured on an
individual plant basis, leaf injury, kernel damage, stalk tunneling (southwestern corn borer), and dead or
injured plants (lesser cornstalk borer) were greater in the blended non-Bt refuge plants compared to
Cry1F�Cry1Ab plants in the non-Bt and pyramided Cry1F�Cry1Ab blended refuge treatment. When
non-Bt blended refuge plants were compared to a structured refuge of non-Bt plants, no significant
difference was detected in leaf injury, kernel damage, or stalk tunneling (southwestern corn borer). Plant
stands in the non-Bt and pyramided Cry1F�Cry1Ab blended refuge treatment had more stalk tunnel-
ing from sugarcane borer and plant death from lesser cornstalk borer compared to a pyramided
Cry1F�Cry1Ab structured refuge treatment. Hybrid plants containing Cry1F�Cry1Ab within the
pyramided Cry1F�Cry1Ab blended refuge treatment had significantly less kernel damage than non-Bt
structured refuge treatments. Both single and pyramided Bt traits were effective against southwestern
corn borer, sugarcane borer, and lesser cornstalk borer.
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Introduction

Transgenic corn, Zea mays (L.) expressing the insecti-
cidal protein derivative from Bacillus thuringiensis (Bt)
Berliner is an important part of pest management in the
United States. In 2013, �76% of corn planted within
the U.S. Corn Belt was a Bt-expressing hybrid (NASS
2013). While the European corn borer (Hübner) (Lepi-
doptera: Crambidae) has greatly diminished as a key-
stone pest in the U.S. Corn Belt (Hutchison et al.
2010), other lepidopterans, such as fall armyworm,
Spodoptera frugiperda (J. E. Smith) (Noctuidae), and
corn earworm, Helicoverpa zea (Boddie) (Noctuidae),
persist as occasional pests in southern U.S. corn produc-
tion (Buntin et al. 2004). Fall armyworm and corn ear-
worm can injure corn by feeding on unfurled leaves in
the whorl or on developing kernels in the ear; occasion-
ally, fall armyworm tunnel into the cornstalk and ear
shanks. Other lepidopteran corn pests in the southern
United States include southwestern corn borer,
Diatraea grandiosella Dyar (Crambidae); sugarcane
borer, Diatraea saccharalis (F.) (Crambidae); and lesser
cornstalk borer, Elasmopalpus lignosellus (Zeller)
(Pyralidae). Both southwestern corn borer and sugar-
cane borer feed within the whorl during early larval
stages and occasionally tunnel the corn stalk during later
stages (Davis et al. 1972, Hensley 1971). The lesser
cornstalk borer can injure seedling corn by feeding at
or just below the soil surface, which can damage the
growing point and subsequently kill the young plant.

Corn hybrids expressing insecticidal Bt proteins are
widely deployed against these lepidopteran pests
throughout the southern United States (Siebert et al.
2012). Single-gene Bt corn hybrids, which include
event Bt 11 (Cry1Ab gene, Syngenta Seeds, Raleigh,
NC) or event MON810 (Cry1Ab gene, Monsanto Co.,
St. Louis, MO), were originally deployed for the Euro-
pean corn borer; these hybrids can also be effective
against other pests. For example, fall armyworm and
corn earworm-induced whorl and ear damage can be
reduced by >90% and 50–80%, respectively, in corn
hybrids containing these transgenic events (Storer et al.
2001, Buntin et al. 2004).

Pyramiding Bt toxins is a more recent strategy to in-
crease efficacy against some pests and delay insect re-
sistance. Seed companies introduced commercial
hybrids with pyramided transgenes in 2008 (Onstad
et al. 2011). Pyramided genes can have greater efficacy
and range of pest spectrum controlled (Burkness et al.
2010, Storer et al. 2010b), and have been suggested as
a superior strategy to delay resistance (Bates et al.
2005). Pyramided Bt toxins in corn with efficacy against
fall armyworm and corn earworm currently include
Cry1Ab�Vip3Aa20, Cry1A.105�Cry2Ab2, Cry1Ab�
Cry1F, and Cry1A.105�Cry2Ab2�Cry1F (Flanders
2013). Depending on the specific transgene pyramid,
such corn hybrids can be effective against a wide range
of southern lepidopteran pests such as corn earworm,
fall armyworm, southwestern corn borer, sugarcane
borer, lesser cornstalk borer, and beet armyworm, Spo-
doptera exigua (Hübner) (Noctuidae) (Siebert et al.
2012).

In addition to delaying insect resistance by using pyr-
amided Bt corn, a blended refuge, also known as seed
mixture, integrated refuge, or refuge-in-the-bag, has
been suggested as an improved method of resistance
management that could help offset refuge noncompli-
ance by growers (Gould 1986), compared to a struc-
tured refuge, although Burkness et al. (2011) counter
that a blended refuge may undermine a refuge resis-
tance management strategy. One survey estimated that
U.S. corn grower refuge compliance was 92% from
2003 to 2005, but had dropped to 66–78% by 2008
(Jaffe 2009). However, in cotton (Gossypium hirsutum
L.) regions of the southern United States, only 41% of
surveyed Bt corn growers met the refuge size require-
ments and 32% planted no refuge (ABSTC 2013).
Therefore, a lack of refuge compliance could contrib-
ute to the development of resistance and a blended ref-
uge would possibly provide a solution to improving the
durability of Bt traits. Blended refuge products were
first approved as a supplemental resistance manage-
ment strategy beginning in 2010 with corn hybrids con-
taining the pyramided Bt genes Cry1Ab�Cry1F.
Blended-refuge corn products were not approved for
planting in cotton-growing counties in the southern
United States without an additional structured block
refuge for this product.

There are no published studies to date on the field
efficacy of corn hybrids with pyramided insecticidal
proteins using a blended refuge against southern U.S.
lepidopteran pests. In corn, the effectiveness of the
blended-refuge strategy for insect resistance manage-
ment may be compromised depending on the pest spe-
cies by larval movement among non-Bt refuge plants
and those plants expressing Bt proteins (Bates et al.
2005). Additionally, larval mortality can increase in ref-
uge plants when the kernels are cross-pollinated by sur-
rounding Bt-expressing plants (Chilcutt and Tabashnik
2004). Conversely, mortality of ear-feeding larvae can
also be reduced on plants expressing Bt due to cross-
pollination (Burkness et al. 2011).

There were two main objectives in this study, to
compare injury between several single and pyramided
Bt traits and to compare injury between a blended ref-
uge and a structured refuge. We evaluated plant injury
to corn containing both single traits (Cry1Ab and
Cry1F) and pyramided traits (Cry1F�Cry1Ab and
Cry1Ab�Vip3Aa20), as well as the pyramided
Cry1F�Cry1Ab plus non-Bt in a blended refuge
against several lepidopteran pests in the southern
United States. Emphasis was placed on the fall army-
worm and corn earworm, but opportunistic data also
were gathered on southwestern corn borer, sugarcane
borer, and lesser cornstalk borer.

Materials and Methods

Experimental Locations and Design. A two-year
study (2010–2011) evaluated seven treatments using
small plots in separate tests across 12 southern states
(Table 1).
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Treatments were corn hybrids containing:

1) Cry1F�Cry1Ab pyramid of TC1507�MON810�
NK603 (event TC1507, Cry1F protein, Dow Agro-
Sciences, Indianapolis, IN; event MON810,
Cry1Ab protein, Monsanto Company, St. Louis,
MO; and event NK603, mEPSPS protein confers
glyphosate herbicide tolerance, Monsanto Co.);

2) Cry1F�Cry1Ab pyramid (same as Treatment 1)
plus a blended refuge non-Bt hybrid with only
NK603;

3) Bt11�MIR162�GA21 pyramid (event Bt11,
Cry1Ab protein; event MIR162, Vip3Aa20 protein;
and event GA21 PAT protein confers glufosinate
herbicide tolerance, all Syngenta, Research Trian-
gle Park, NC);

4) Cry1F with events TC1507�NK603;
5) and 7) two redundant treatments of non-Bt struc-

tured refuge containing herbicide tolerance only
(event NK603); and

6) Cry1Ab containing events MON810�NK603.

PioneerVR Brand hybrids with a relative maturity of
120 d from the 31D58 hybrid platform were used in all
treatments (Treatment 1¼ 31D56; Treatment 2¼
31D56þ refuge 31D57; Treatment 3¼ unnumbered
hybrid; Treatment 4¼ 31D59; Treatments 5 and
7¼ 31D57; Treatment 6¼ 31D62). Treatments 5 and 7
were redundant non-Bt treatments.

Experimental details varied modestly among locations
(Table 1). A randomized block design was used with
four replications. Plots varied among locations from 5.3
to 12.2 m in length and were four rows wide. Distance
between rows also varied among locations from 76 to
91 cm. Both planting density and seedling thinning
were used to achieve a target population of �79,000
plants per ha across all experimental locations.

Seeds were supplied by DuPont Pioneer and con-
tained 0.5 mg a.i./kernel thiamethoxam (CruiserVR 500,
Syngenta Crop Protection, Greensboro, NC) for secon-
dary pest management. Planting time was generally
within the optimum range of dates recommended by

Table 1. Location, planting date, and data collected for trials evaluating efficacy of Bt corn deployed against lepidopteran pests in 39
locations across 12 states in the southern United States

Location (county, state) Year Planting date Data collected

Lee, AR 2010 13 May Leaf injury, kernel area consumed, tunnel length (southwestern corn borer)
Desha, AR 2010 13 May Leaf injury, kernel area consumed
Burke, GA 2010 21 July Percent dead or injured plants (lesser cornstalk borer)
Burke, GA 2010 15 August Percent dead or injured plants (lesser cornstalk borer)
Pike, GA 2010 12 May Leaf injury, kernel area consumed
Caldwell, KY 2010 26 May Kernel area consumed, tunnel length (southwestern corn borer)
Lexington, KY 2010 28 May Leaf injurya, kernel area consumed
Washington, NC 2010 24 May Leaf injury, kernel area consumed
Pemiscot, MO 2010 25 May Kernel area consumed, tunnel length (southwestern corn borer)
Uvalde, TX 2010 5 August Leaf injury, kernel area consumed
Baldwin, AL 2010 6 May Leaf injury, kernel area consumed
Franklin, LA 2010 18 May Leaf injury, kernel area consumed, tunnel length (sugarcane borer)
Lubbock, TX 2010 9 June Leaf injury, kernel area consumed
Florence, SC 2010 11 May Leaf injury, kernel area consumed
Jackson, TN 2010 24 May Kernel area consumedb,c, tunnel length (southwestern corn borer)b,c

Blacksburg, VA 2010 Late May Leaf injury, kernel area consumed
Corpus Christi, TX 2010 4 May Kernel area consumed
Stoneville, MS 2010 14 May Leaf injuryb, tunnel length (southwestern corn borer)b

Alexandria, LA 2010 27 May Leaf injury, kernel area consumed, tunnel length (sugarcane borer)d

Burke, GA 2011 26 July Percent dead or injured plants (lesser cornstalk borer)
Burke, GA 2011 6 September Percent dead or injured plants (lesser cornstalk borer)
Pike, GA 2011 12 May Leaf injury, kernel area consumed
Montgomery, VA 2011 1 June Leaf injury, kernel area consumed
Stoneville, MS 2011 10 May Kernel area consumedb, tunnel length (southwestern corn borer)b

Caldwell, KY 2011 2 June Leaf injury, kernel area consumed
Fayette, KY 2011 31 May Leaf injurya, tunnel length (southwestern corn borer)
Crawford, AR 2011 17 May Leaf injury
Desha, AR 2011 23 May Leaf injury, kernel area consumed
Alexandria, LA 2011 11 May Kernel area consumed, tunnel length (sugarcane borer)
Hale, TX 2011 26 May Leaf injury, kernel area consumed
Baldwin, AL 2011 3 May Leaf injury, kernel area consumed
Florence, SC 2011 27 April Kernel area consumed
Pemiscot, MO 2011 11 May Kernel area consumedc, tunnel length (southwestern corn borer)c

Corpus Christi, TX 2011 8 Sept. Leaf injury, kernel area consumed
Jackson, TN 2011 9 May Kernel area consumedc,d, tunnel length (southwestern corn borer)c,e

Jackson, TN 2011 31 May Kernel area consumedc,d, tunnel length (southwestern corn borer)c,e

Winnsboro, LA 2011 10 May Leaf injury, kernel area consumed
Oktibbeha, MS 2011 3 June Leaf injury
Washington, NC 2011 25 May Leaf injury, kernel area consumed

a Leaf injury resulted from artificial infestation of fall armyworm on 26 June 2010 or 1 July 2011. All other data regarding insect injury resulted
from natural infestations.

b 20 plants or ears analyzed per plot.
c Refuge (non-Bt) plants in blended refuge treatment not included in analyses.
d Stalk tunnels resulted from artificial infestation of five neonates of sugarcane borer per plant at VT-R1 plant stages.
e Five plants or ears analyzed per plot.
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State Cooperative Extension guidelines in 2010, but up
to 3 wk later than the optimal dates at some locations
in 2011 because of weather conditions. Modifications
to the general methodology and seed insecticide treat-
ments were made in the lesser cornstalk borer
experiment.

In 2010, refuge plants (non-Bt) in Treatment 2
(Cry1F�Cry1Ab plus non-Bt) were hand-planted
immediately following planting of the Bt-hybrid by
placing each seed approximately 5 cm to one side of
the row and marked with a flag or small wooden stake
so the non-Bt refuge plant could be readily identified
after emergence. Non-Bt refuge seeds were separated
by at least 1 m down the row and were planted at least
60 cm from the end of the rows. At plant emergence,
any seedling plant within the row that emerged directly
adjacent to the hand-planted refuge seed was removed
to minimize plant crowding. In 2011, refuge seeds
were pre-blended and incorporated with the Bt-pro-
ducing hybrid at planting, so that refuge seeds were
randomized within the plot. Refuge plants in 2011
were positively identified during the V5–V8 stage
(Ritchie et al. 1982) by applying a mixture containing
1–2% v/v glufosinate (Liberty 280 SL, Bayer CropS-
cience), 14–28% latex paint (brand and formulation
variable), and water to the axial leaf surface of the out-
ermost one-fourth portion of one of the two youngest
fully emerged leaves on each plant in Treatment 2.
Three to seven days after painting, plants were
inspected and those exhibiting chlorotic tissue in the
area of painting due to glufosinate injury were identi-
fied as non-Bt refuge plants and were marked with
flagging tape.

Natural infestations of at least one of the target pests
took place in each experiment, except for fall army-
worm in KY and sugarcane borer in LA. At Lexington,
KY, artificial infestations of fall armyworm from the
University of Kentucky were applied on 26 June 2010
and 1 July 2011 at the rate of approximately 20 neo-
nates per whorl in corn cob grits (Wiseman et al.
1980). At Alexandria, LA, artificial infestations of sugar-
cane borer were used for the two trials in 2010 and
2011. For the trial in 2010, five neonates (<24-h-old)
per plant were manually infested in the collar of the
leaf directly above the uppermost ear of the plant on 6
August 2010 at VT-R1 plant stages. For the trial in
2011, two insect infestations were applied. In the first
infestation, six neonates were manually infested into
the whorl on 3 July at 2011. In the second infestation,
10 neonates were placed in the collar of the leaf
directly above the uppermost ear of the plant on 14
July 2011 at the VT-R1 planting stages.

The lesser cornstalk borer experiment in Burke Co.,
GA, was replicated six times during 2011. Seed in
Treatments 1–6 was planted as seed without an insecti-
cide seed treatment to measure the effect of non-Bt
and Bt traits, while Treatment 7 “non-Bt check 2”
(structured refuge) was seed that was treated with
0.25 mg a.i./kernel thiamethoxam (CruiserVR 5FS, Syn-
genta Crop Protection, Greensboro, NC). Plantings tar-
geting lesser cornstalk borer occurred later than the
optimum planting time to enhance infestation. Plot

maintenance followed local Cooperative Extension
guidelines, except that insect populations were encour-
aged by the use of cultural methods, such as later
planting, high rates of irrigation, and fertilization.

Plant Injury Measurements. Leaf and ear ratings
were collected on 20 consecutive plants within the
treatment row with the first plant being selected at ran-
dom, but not from the five plants from the end of the
row. The exception was for Treatment 2
(Cry1F�Cry1Ab plus non-Bt blended refuge). For
this treatment, in 2010, with some exceptions (Table 1),
there were four refuge plants in each row and 16 Bt
plants (two on either side of the refuge plant) with
non-Bt plants and Cry1F�Cry1Ab plants sampled as
five-plant clusters (Bt/Bt/non-Bt/Bt/Bt). In 2011, the
number of refuge plants in each plot of the blended
refuge treatment varied from three to five, for an
approximate average of four, plus the concomitant
Cry1F�Cry1Ab on either side sampled. When leaf
feeding occurred in whorl-stage plants, ratings were
performed when �99% of the larvae had terminated
feeding in the non-Bt structured refuge treatments.
Leaf feeding injury was evaluated on a reverse 9–1
scale (viz., Pioneer research protocol) and then con-
verted to the Davis et al. (1992) 1–9 scale (1¼ lowest
injury, 9¼ highest injury).

Ear injury measurements were taken when �99% of
the larvae had terminated feeding in the non-Bt struc-
tured refuge treatments. Injury was assessed by meas-
uring the total square cm of corn earworm-attributed
feeding to the primary ear kernels. A record of kernel
consumption was limited to corn earworm alone.
Although fall armyworm was present for some of the
leaf ratings and will consume kernels, this species was
not observed on ears either year of the experiment.

When stalk-tunneling species infested the plots,
stalks from 10 plants in each plot were split at R5–R6.
The lower eight internodes of each stalk (counting
from the soil surface upward) were split longitudinally
into two halves and total length of larval tunneling was
measured in cm.

Plants were thinned to a uniform stand at the VC
stage and evaluated for injury at 20–30 days after plant-
ing in the lesser cornstalk borer experiment. The num-
ber and frequency of dead and visibly injured plants
was recorded on several dates in the early-vegetative
stages (V3-V4) (Table 1). Plants were inspected and
determined to be alive, dead, or injured, which
included plants with “dead heart” (i.e., young whorl
leaves dead, indicating a dead growing point, while
older leaves may still be alive). At the final sampling
date, all plants were dug and inspected for injury by
lesser cornstalk borer. Injury was recorded if it pene-
trated the stem, but not if it injury was superficial.

Data Analyses. Treatment comparisons from each
site across all years were used in separate analyses for
the measurements of leaf injury from fall armyworm
and corn earworm, kernel area consumed by corn ear-
worm, length of stalk tunneled by southwestern corn
borer or sugarcane borer, and percent dead or injured
plants by lesser cornstalk borer. Data for all variables
were averaged for each plot across plants or ears
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(sub-samples) prior to analysis. A generalized linear
mixed-models approach (PROC GLIMMIX, SAS Insti-
tute 2008) was used because the data were not nor-
mally distributed. The fixed factor in the first set of
analyses was treatment, which included all seven treat-
ments [1): Cry1F�Cry1Ab; 2) Cry1F�Cry1Ab plus
non-Bt blended refuge; 3) Cry1Ab�Vip3Aa20; 4)
Cry1F; 5 & 7) redundant non-Bt structured refuge;
and 6) Cry1Ab], with location and block modeled as
random factors. Location was chosen as a random fac-
tor in the analysis so that the results were representa-
tive across the southern United States, rather than
specific to a single location. A Poisson distribution was
found to be the best fit for all models, but the data
were over-dispersed (Littell et al. 2006). Therefore, a
second random statement was added to include an
over-dispersion parameter (RANDOM _RESIDUAL_).
Analyses were performed with leaf injury, kernel area
consumed, stalk tunneling by southwestern corn borer,
stalk tunneling by sugarcane borer, and plants injured
or killed by lesser cornstalk borer as the single depend-
ent variable in each analysis. Data on the length of stalk
tunneled by sugarcane borer (y ¼ pðxþ 1

100)) were
transformed before analysis (Zar 1999).

In addition, separate analyses for each measurement
were performed using the data taken from Treatment
2 (Cry1F�Cry1Ab plus non-Bt blended refuge),
Treatment 1 (Cry1F�Cry1Ab), and Treatments 5 and
7 (non-Bt structured refuge). This analysis was termed
“blended refuge versus structured refuge.” A general-
ized linear mixed-models approach was used again
(PROC GLIMMIX), with refuge type as the fixed fac-
tor. These included the Cry1F�Cry1Ab plants from
Treatment 2, the non-Bt plants from Treatment 2, and
plants from the two non-Bt structured refuge Treat-
ments 5 and 7. The same random factors, including
the over-dispersion parameter, were used as above
and analyses were performed using the same depend-
ent variables. For all analyses, mean separations were
analyzed for statistical significance using Tukey’s
honestly significant difference test. Values were con-
sidered significantly different for all analyses when
a< 0.05.

Results

Plant-injury measurements for single-Bt hybrids
(Cry1Ab and Cry1F), pyramided Bt hybrids
(Cry1F�Cry1Ab and Cry1Ab�Vip3Aa20), and pyra-
mided Cry1F�Cry1Ab plus non-Bt blended refuge
were collected at 17 locations across 12 southern states
during a two-year period (Table 1). At least one treat-
ment was significantly different from others for every
measurement (Table 2).

Leaf Injury. Leaf injury (1–9 scale) caused by either
corn earworm or fall armyworm was minimal for the
pyramided Bt treatments (Cry1F�Cry1Ab and
Cry1Ab�Vip3Aa20) and pyramid with blended refuge
(Cry1F�Cry1Ab plus non-Bt); leaf injury was not stat-
istically different from the single Cry1F treatment and
was higher in Treatment 6 with the single Cry1Ab
treatment. Both of the non-Bt structured refuge

treatments had nearly identical amounts of leaf injury,
and the injury for each was significantly greater than
any treatment containing a Bt protein.

Kernel Injury. Kernel injury—measured as cm2 of
kernels consumed by corn earworm larvae (Table 2)—
for the pyramided (Cry1Ab�Vip3Aa20) treatment
averaged 1.03 cm2 injured kernels during the two years
of testing across 17 locations. This level of injury was
significantly less than that in other Bt treatments. The
pyramided (Cry1F�Cry1Ab) treatment had nearly six-
fold more kernel injury than the pyramided
(Cry1Ab�Vip3Aa20) treatment, but the injury was not
significantly different from the single-trait Cry1Ab
treatment. Treatment 4, the single-trait Cry1F, had the
highest corn earworm kernel injury of any Bt treat-
ment, averaging 9.44 cm2, and was not statistically dif-
ferent from the injury in either of the non-Bt
structured refuge treatments.

Stalk Injury. Stalk injury from southwestern corn
borer was measured in five and four states during 2010
and 2011, respectively (Table 1). All Bt treatments,
both the single traits (Cry1Ab or Cry1F) and pyra-
mided traits (Cry1F�Cry1Ab or Cry1Ab�Vip3Aa20),
including the blended refuge, effectively minimized
stalk injury from southwestern corn borer (Table 2).
Mean stalk injury did not exceed 0.8 cm of tunneling
and was not statistically different among any Bt treat-
ment. In sharp contrast, stalk tunneling from south-
western corn borers averaged 37.1 and 50.6 cm in the
two non-Bt structured refuge treatments.

Stalk injury from sugarcane borer was measured in
Louisiana during both years. A similar trend was seen
in stalk tunneling caused by sugarcane borer, although
the intensity of the injury was much less than the
southwestern corn borer injury. Injury to all Bt treat-
ments, whether as single or pyramided traits or in a
blended refuge, was minimal and not significantly dif-
ferent from one another. The larvae created signifi-
cantly longer tunnels in the two non-Bt structured
refuge treatments, which averaged 4.79 and 8.39 cm
(Table 2).

Dead or Injured Plants from Lesser Cornstalk
Borer. Seedling plant mortality from lesser cornstalk
borer was measured in Burke, GA, during both years
(Table 1). No statistical difference in plant injury or
mortality was detected among either the single- or
pyramided-Bt treatments; average injury or mortality
was low and ranged from 1.93 to 7.62% (Table 2).
Plant injury or plant mortality in the non-Bt struc-
tured refuge treatment without an insecticidal seed
treatment averaged 41.33% and was significantly
greater than all other treatments, including the sec-
ond non-Bt hybrid structured refuge treatment,
which was treated with thiamethoxam. The injury or
mortality in the insecticide-treated non-Bt structured
refuge treatment was not different from the plant
injury or mortality observed in two of the Bt
treatments: Cry1F, and pyramided Cry1Ab�
Vip3Aa20.

Blended Refuge versus Structured Refuge. Non-
Bt plants within Treatment 2 (pyramided
Cry1F�Cry1Ab plus non-Bt blended refuge) had
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similar injury from most pests when compared to the
non-Bt structured refuge treatments (Table 3). The one
exception was lesser cornstalk borer, where 82.5% of
non-Bt plants were injured or killed within the pyra-
mided Cry1F�Cry1Ab (Treatment 2), compared to
41.33% (without a seed treatment), and 14.66% (with
seed treatment) of plants in the non-Bt structured
refuge treatments. Nearly 14% of pyramided
Cry1F�Cry1Ab plants in Treatment 2 were injured or
killed by lesser cornstalk borer, which was similar to
the frequency of dead or injured plants in one of the
non-Bt structured refuge treatments.

For nearly all insect pests and injury types measured,
Cry1F�Cry1Ab (Treatment 2) plants had significantly
less injury than the companion blended non-Bt plants.
The single exception was the length of stalk tunneled
by sugarcane borer; there was no significant difference

between blended Cry1F�Cry1Ab plants and non-Bt
plants (Table 3).

Discussion

Lepidopteran pests in southern U.S. corn production
did not differentially injure non-Bt plants blended with
Cry1F�Cry1Ab plants compared to non-Bt plants in a
structured refuge with a seed treatment. One exception
was the lesser cornstalk borer, which injured or killed
42% more plants in a blended seed mixture, compared
to a structured refuge of non-Bt plants. Although
neighboring non-Bt plants within the pyramided
Cry1F�Cry1Ab plus non-Bt blended refuge treatment
were more injured by pests than the plants producing
two Bt proteins, a pure stand of pyramided
Cry1F�Cry1Ab effectively managed overall plant

Table 2. Plant injury (means 6 SE) from corn earworm, fall armyworm, southwestern corn borer, sugarcane borer, and lesser corn-
stalk borer to corn expressing single- or pyramid-Bt traits and non-Bt corn across 12 southern states, 2010–2011a

Cry protein and refuge scenario Leafb Kernelc Stalkd Stalke Percent dead
or injuredf

Cry1F�Cry1Ab pure stand 1.43 6 0.09a 6.01 6 0.55b 0.15 6 0.05a 0.05 6 0.04a 1.93 6 0.64a
Cry1F�Cry1Ab blended refugeg 1.70 6 0.11a 6.28 6 0.53b 1.80 6 0.51a 0.68 6 0.30b 18.78 6 3.38bc
Cry1Ab�Vip3Aa20 pure stand 1.21 6 0.05a 1.03 6 0.20a 0.80 6 0.39a 0.003 6 0.003a 7.62 6 3.78ab
Cry1F pure stand 1.38 6 0.08ab 9.44 6 0.81cd 0.45 6 0.20a 0.01 6 0.01a 4.83 6 1.40ab
Cry1Ab pure stand 1.78 6 0.15b 7.69 6 0.68bc 0.16 6 0.05a 0.00 6 0.00a 2.77 6 1.44a
Non-Bt check 1 structured refuge 3.00 6 0.22c 11.3 6 1.05d 50.60 6 20.54b 4.79 6 0.93c 41.33 6 5.40c
Non-Bt check 2 structured refuge 3.01 6 0.23c 10.78 6 0.89d 37.12 6 13.69c 8.39 6 1.93c 14.66 6 3.07b

(F¼ 28.99; df¼ 6,
373.4; P< 0.0001)

(F¼ 13.60; df¼ 6,
820.2; P< 0.0001)

(F¼ 46.64; df¼ 6,
266.2; P< 0.0001)

(F¼ 47.51; df¼ 6,
76; P< 0.0001)

(F¼ 15.66; df¼ 6,
123; P< 0.0001)

a Different letters within a column represent means that are significantly different (P< 0.05) by Tukey’s HSD procedure.
b Leaf rating on a 1–9 scale (Davis et al. 1992) from injury caused by fall armyworm and/or corn earworm. Depending on the year and loca-

tion, either fall armyworm, corn earworm, or a combination of both pests caused the injury. This scale ranged from 1¼ no visible injury or small
pin holes visible on a few leaves to 9¼most of leaves with long lesions.

c Kernels (cm2) consumed by corn earworm larvae.
d Linear cm of stalk tunneled by southwestern corn borer larvae.
e Linear cm of stalk tunneled by sugarcane borer larvae.
f Plants dead or injured (percent) in the whorl from lesser cornstalk borer injury, where all seeds were planted without an insecticidal seed

treatment, with the exception non-Bt check 2 structured refuge treatment (Treatment 7, treated with 0.25 mg a.i./kernel thiamethoxam).
g Consists of a five-plant cluster (non-Bt plant with two Bt plants on either side).

Table 3. Plant injury (means 6 SE) from five lepidopteran pests for all locations and years to Cry1F�Cry1Ab corn in a structured
refuge and with blended non-Bt refuge plants, 2010-2011a

Cry protein and refuge scenario Leafb Kernelc Stalkd Stalke Percent dead
or injuredf

Cry1F�Cry1Ab plants within
refuge plant blendg

1.64 6 0.18a 5.29 6 0.51b 0.19 6 0.08a 0.01 6 0.01a 13.92 6 3.80c

Non-Bt plants within Cry1F�
Cry1Ab blendh

2.83 6 0.25b 10.96 6 0.94a 7.84 6 2.74b 5.47 6 1.38a 82.50 6 10.31a

Non-Bt check 1 structured refuge 3.00 6 0.23b 11.30 6 1.05a 50.60 6 20.54b 4.79 6 0.93a 41.33 6 5.40b
Non-Bt check 2 structured refuge 3.01 6 0.23b 10.78 6 0.89a 37.12 6 13.69b 8.39 6 1.93a 14.66 6 3.07c

(F¼ 12.79; df¼ 3,
388; P< 0.0001)

(F¼ 41.95; df¼ 3,
425.9; < 0.0001)

(F¼ 11.75; df¼ 3,
110.4; P< 0.0001)

(F¼ 2.46; df¼ 3,
41.89; P¼ 0.0762)

(F¼ 17.51; df¼ 3,
56.08; P< 0.0001)

a Different letters within a column represent means that are significantly different (P< 0.05) by Tukey’s HSD procedure.
b Leaf rating on a 1–9 scale (Davis et al. 1992) from injury caused by fall armyworm and/or corn earworm. Depending on the year and loca-

tion, either fall armyworm, corn earworm, or a combination of both pests caused the injury. This scale ranged from 1¼ no visible injury or small
pin holes visible on a few leaves to 9¼most of leaves with long lesions.

c Kernels (cm2) consumed by corn earworm larvae.
d Linear cm of stalk tunneled by southwestern corn borer larvae.
e Linear cm of stalk tunneled by sugarcane borer larvae.
f Plants dead or injured (percent) in the whorl from lesser cornstalk borer injury. All seed were planted with an insecticidal seed treatment,

with the exception of non-Bt check 1 structured refuge (Treatment 5) for lesser cornstalk borer.
g Mean of two Bt plants adjacent to a Bt plant.
h Mean of non-Bt plants flanked by Bt plants.

162 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 108, no. 1

x
x
x
x
x
x
x


injury caused by fall armyworm and corn earworm to
the leaf, kernel injury caused by corn earworm on the
ear, and injury caused by tunneling of southwestern
corn borer. The pyramided Cry1Ab�Vip3Aa20
structured refuge (Treatment 3) was the most effective
treatment tested against all insect pests. Pyramided
dual-gene Bt treatments were more effective in pro-
tecting the plants from fall armyworm and corn ear-
worm compared to the single-trait Bt treatments.

Results for both single Bt traits were consistent with
findings from previous researchers. For example, the
production of Cry1F did not reduce corn earworm
injury (Buntin 2008), unless it was pyramided with
another trait (Siebert et al. 2012), in this case, Cry1Ab.
Leaf feeding due to fall armyworm or corn earworm in
combination was documented in some, but not all tri-
als. Leaf feeding data were analyzed as a single factor,
regardless of whether it was from fall armyworm and/
or corn earworm. In contrast, the vast majority of ker-
nel injury was from corn earworm, without the con-
founding presence of another pest. Therefore, leaf
ratings were the best indicators of fall armyworm
injury. In these trials, hybrids containing Cry1F were
effective to manage fall armyworm, similar to previous
study in the same geography (Buntin 2008), despite the
fact that resistance to this protein was present in popu-
lations of fall armyworm in Puerto Rico (Storer et al.
2010a). All hybrids containing a single Bt trait or pyra-
mided Bt traits were effective against the southwestern
corn borer, sugarcane borer, and lesser cornstalk borer
in a pure stand, which agrees with previous observa-
tions (Buschman et al. 2001, Vilella et al. 2002, Royer
et al. 2003, Castro et al. 2004, Siebert et al. 2012). The
pyramided Cry1Ab�Vip3Aa20 structured refuge treat-
ment was the most effective or among the most effec-
tive treatment tested for all insect pests. This Bt
pyramid is highly effective against fall armyworm, corn
earworm, southwestern corn borer, sugarcane borer
(Dively 2005, Yang et al. 2013), and lesser cornstalk
borer, as demonstrated in the current study.

Blended refuge was not as effective when compared
to a pure stand of Cry1F�Cry1Ab when sugarcane
borer and lesser cornstalk borer were present. Both
pests are relatively minor in incidence across the south-
ern United States. Hybrids containing Cry1F have
been shown to effectively reduce injury from these
pests (Seibert et al. 2012). Therefore, we would expect
less injury in any hybrid with this protein relative to a
non-Bt hybrid. However, the presence of non-Bt plants
within the blended refuge likely contributed to the
greater injury observed in a blended as opposed to a
pure stand of Cry1F�Cry1Ab. For lesser cornstalk
borer, 82.5% of the non-Bt plants and 13.92% of plants
producing two Bt proteins (Cry1F�Cry1Ab) were
killed in the pyramided Cry1F�Cry1Ab plus non-Bt
blended refuge treatment. This was significantly higher
than the percentage of plants injured or killed in the
Cry1F�Cry1Ab. Non-Bt plants within the blended
refuge were much more injured than plants expressing
Bt toxins. One possibility is that separate refuges are
more effective in managing pests with relatively mobile
larvae, such as lesser cornstalk borer, than are blended

refuges. The stalk-boring larvae of European corn
borer can move among adjacent corn plants and do so
with more frequency when exposed to corn plants pro-
ducing Cry1Ab (Prasifka et al. 2009, Razze and Mason
2012) and those producing both Cry1F�Cry1Ab
(Razze and Mason 2012). Larvae of sugarcane borer
also showed the ability to move from infested plants to
at least four plants away and to adjacent rows, but the
majority remained within the infested row (Wangila
et al. 2013). Published studies are available for intra-
plant movement for some of the stalk-boring pests in
this study [viz., for southwestern corn borer (Davis
et al. 1972, Chippendale 1978)], but not for interplant
movement. Similarly, published data are available for
the leaf and ear-feeding pests in this study for intra-
plant movement [viz., for corn earworm (Wiseman
et al. 1978, Zalucki et al. 2002) and fall armyworm
(Yang et al. 1993)], but not interplant movement.
Lesser cornstalk borer feeds differently than the other
pests in this study, because it feeds just below the sur-
face of the soil in silken tubes that often radiate out
from the feeding site (Tippins 1982). Larvae can move
so readily that it is commonly called the jumping cater-
pillar, given its habit of contorting and jumping when
disturbed. Given the feeding habit and relative mobi-
lity, it is possible that the blended refuge was not effec-
tive for managing lesser cornstalk borer because larvae
could readily move between Bt-producing and non-Bt
plants. An insecticidal seed treatment at a low-labeled
rate effectively reduced the number of dead or injured
plants to levels similar to those observed in the Bt
treatments, with the exceptions of the Cry1F�Cry1Ab
and Cry1Ab. More information is needed on the inter-
plant movement of the larval pests of corn, especially
between Bt-producing and adjacent non-Bt plants.

When Cry1Ab and Cry1F were first commercially
introduced, neither Bt protein was intended to manage
corn earworm or fall armyworm in corn. Rather, these
proteins were incorporated into the plant for the pur-
pose of reducing European corn borer and southwest-
ern corn borer population densities (Storer et al. 2001).
However, these proteins do reduce larval growth of
corn earworm and can cause some mortality (Sims et al.
1996, Williams et al. 1998, Storer et al. 2001). The
deployment of single Bt traits in both corn and cotton
that do not kill a high proportion of the target insects
would possibly increase resistance. Pyramiding both the
traits that produce Cry1F and Cry1Ab appeared to
increase mortality in the studies presented here, as
measured indirectly by a decrease in plant injury.
Hence, this tactic could serve to delay resistance.
According to this logic and the results of this study,
Cry1Ab�Vip3Aa20 would be expected to have the
greatest durability against corn earworm among the trait
combinations tested. These results also corroborate the
findings of Burkness et al. (2010) for Cry1Ab�Vip3A
pyramid against corn earworm. Finally, if the blended
refuge tactic is to extend durability of the Bt traits, lar-
vae must receive a sufficiently high dose of Bt to reduce
the chance that they can complete development by
moving between Bt and non-Bt plants. Furthermore,
the dose of the toxin must be high enough after cross-
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pollination between Bt and non-Bt plants to kill insects
that feed on kernels. The potential of this occurrence
remains unknown, as the proportion of individuals with
a resistant allele is also unknown.

In conclusion, for selected southern U.S. insect corn
pests evaluated, hybrids with pyramided Bt traits were
more effective for managing fall armyworm and corn
earworm. Both single-Bt trait and pyramided-Bt trait
hybrids were effective against southwestern corn borer,
sugarcane borer, and lesser corn stalk borer.
Cry1Ab�Vip3Aa was the most effective pyramid or
among the most effective for all insect pests. The effi-
cacy of plants containing Cry1F�Cry1Ab was not
influenced by a blended refuge scenario, compared to
plots mimicking a pure stand for major southern U.S.
pests. Non-Bt plants within the blended refuge did not
differ significantly in injury than non-Bt plants (except
with lesser cornstalk borer) in plots mimicking a struc-
tured refuge. These data support the concept that a
blended non-Bt refuge would not lessen resistance
management based on the refuge approach for the
southern corn insect complex considered in this study.
Without considering the role of grower compliance in
planting separate refuge, these data suggest that it is
likely that the period for development of resistance to
these traits would remain static, compared to the tradi-
tional structured refuge in the southern United States.
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