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Field corn, Zea mays L., plants expressing Cry1Ab and Cry1F insecticidal crystal (Cry) proteins of Bacillus
thuringiensis (Bt) Berliner are planted on considerable acreage across the Southern region of the United
States. The fall armyworm, Spodoptera frugiperda (J.E. Smith), is an economically important pest during
the mid-to-late season on non-Bt and some commercial Bt corn hybrids. The objective of this study was
to quantify foliar injury and survivorship of fall armyworm on transgenic corn lines expressing Cry1Ab or
Cry1F Bt proteins. Corn lines/hybrids expressing Cry1Ab, Cry1F, and a conventional non-Bt cultivar were
evaluated against artiﬁcial infestations of fall armyworm in ﬁeld trials. Larvae (second instars) of fall
armyworm were placed on corn plants (V8-V10 stages). Leaf injury ratings were recorded 14 d after
infestation. Hybrids expressing Cry1F had signiﬁcantly lower feeding injury ratings than non-Bt corn
plants. Development and survivorship of fall armyworm on Bt corn lines/hybrids were also evaluated in
no-choice laboratory assays by offering freshly harvested corn leaf tissue to third instars. Transgenic corn
hybrids expressing Cry1Ab or Cry1F signiﬁcantly reduced growth, development, and survivorship of fall
armyworm compared to those offered non-Bt corn tissue. However, 25e76% of third instars offered Bt
corn leaf tissues successfully pupated and emerged as adults. These results suggest Cry1Ab has limited
effects on fall armyworm; whereas Cry1F demonstrated signiﬁcant reductions in foliar injury and lower
survivorship compared to that on non-Bt corn tissues. Although fall armyworm is not considered
a primary target for insect resistance management by the U.S. Environmental Protection Agency, these
levels of survivorship could impact selection pressures across the farmscape, especially when considering that transgenic Bt cotton cultivars express similar Cry (Cry1Ac or Cry1F) proteins.
Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
The ﬁrst generation transgenic ﬁeld corn, Zea mays L., hybrids
expressing Bacillus thuringiensis (Bt) Berliner insecticidal crystal
(Cry) proteins were introduced in the Southern United States
during 1998 (Buntin et al., 2000, 2004; Castro et al., 2004). Since
then, adoption of Bt corn has greatly increased because of high
efﬁcacy against target pests and ease-of-use for producers. The
acreage of Bt corn cultivars has increased across this region and
nearly saturated the level (50% of the total corn acreage) allowed by
the U.S. Environmental Protection Agency.

q This paper reports results only. Mention of a proprietary product name does not
constitute an endorsement for its use by Louisiana State University Agricultural
Center or United States Department of Agriculture Agricultural Research Service.
* Corresponding author. Tel.: þ1 225 578 1839; fax: þ1 225 578 1643.
E-mail address: jhardke@agcenter.lsu.edu (J.T. Hardke).
0261-2194/$ e see front matter Ó 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cropro.2010.10.005

Transgenic Bt corn hybrids were initially developed to reduce
injury from corn stalk-boring pests such as the European corn
borer, Ostrinia nubilalis (Hübner), and southwestern corn borer,
Diatraea grandiosella (Dyar) (Abel et al., 2000; Buntin et al., 2004;
Castro et al., 2004). Although the primary targets were corn stalkborers, Cry1Ab corn also suppressed foliar damage from corn earworm, Helicoverpa zea (Boddie), and fall armyworm, Spodoptera
frugiperda (J.E. Smith), infestations. These two species can be
important yield- and quality-limiting pests in Southern U.S. corn
ﬁelds (Buntin et al., 2004; Chilcutt et al., 2007). The ﬁrst Bt corn
hybrids expressed a single Bt protein, Cry1Ab, under the umbrella
of YieldGardÒ (Monsanto Co., St. Louis, MO) technology and have
been the most common Bt corn hybrids across the Southern region
(Buntin et al., 2004; Huang et al., 2006).
The success of YieldGard prompted rapid development of other
Bt technologies in ﬁeld corn to further improve corn pest
management strategies. In 2003, corn hybrids expressing Cry1F
from Bt var. aizawai Berliner became commercially available.
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Hybrids expressing this trait have been trademarked as Herculex IÔ
Insect Protection (Dow AgroSciences, Indianapolis, IN & Pioneer
Hi-Bred International, Des Moines, IA). Similar to the YieldGard
technology, Herculex has been reported to be highly effective
against corn stalk-borers and provides limited suppression of corn
earworm (Baldwin et al., 2009; Siebert et al., 2008a). In addition,
Herculex lists several other lepidopteran pests as targets, including
the fall armyworm (Baldwin et al., 2009).
The fall armyworm has historically been one of the most
common pests of ﬁeld corn in the Southern U.S. (Pitre and Hogg,
1983; Buntin, 1986; Buntin et al., 2004). This pest has a wide host
range of more than 80 plant species and does not overwinter in
most of the corn-production regions of the U.S. Each year, populations migrate from areas including south Florida, Caribbean
islands, south Texas, Mexico, or Central America (Sparks, 1979;
Adamczyk et al., 1997; Buntin, 1986) with the adults ovipositing
on seasonal hosts during a northerly migration. Conventional
chemical control strategies are inconsistent and often provide
unsatisfactory control of the fall armyworm in ﬁeld corn. Almost
immediately after larval hatching, neonates move into the whorl
region of corn plants where they are protected from foliar insecticide sprays (Harrison, 1986; Castro, 2002; Bokonon-Ganta et al.,
2003; Siebert et al., 2008a). Those insecticides which are generally efﬁcacious against other pests, such as the corn earworm,
typically provide limited control of fall armyworm (Young, 1979;
Guillebeau and All, 1990). In addition, regional populations of fall
armyworm have developed resistance to several classes of insecticides including carbamates, organophosphates, and pyrethroids
(Adamczyk et al., 1999).
Fall armyworm infestations are frequently reported across the
Southern region of the U.S. in conventional non-Bt and Bt (Cry1Ab)
varieties, especially when ﬁelds are planted after the optimum
seeding dates. Previous studies have evaluated the ﬁeld efﬁcacy of
transgenic Bt corn against fall armyworm (Buntin et al., 2000, 2004;
Buntin, 2008; Siebert et al., 2008a). However, most of the past work
has focused only on foliar damage. Information on fall armyworm
survival on Bt corn plants is very limited. A recent study (Siebert
et al., 2008b) showed that larval survivorship (neonate-pupal
stages) of fall armyworm was low on Cry1F Bt corn leaf tissue
compared to that on conventional non-Bt tissue. The agrochemical
industries consistently need additional data to support the use of Bt
corn in controlling secondary lepidopteran pests such as fall armyworm, and knowledge of late-instar survivorship on Bt plants can be
important in the design of IRM strategies (Walker et al., 2000).
The objective of this study was to evaluate the effectiveness of
the two most commonly used Bt corn technologies (e.g. YieldGard
corn borer and Herculex I) against fall armyworm in the Southern
region of the U.S. In this study, ﬁeld trials were conducted to
evaluate plant injury of Bt and non-Bt corn from artiﬁcial infestations of fall armyworm. Laboratory studies evaluated survivorship
of late-instars on these two Bt corn technologies. The results
generated from this study should provide useful information in
developing new Bt corn technologies for managing fall armyworm.
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the laboratory on meridic diet (Stoneﬂy Heliothis Diet, Ward’s
Natural Science, Rochester, NY) using the methods as described in
Adamczyk et al. (1998).
For each test, a cohort of 50 healthy pupae were removed from
the colony, placed into plastic buckets (3.79 L), and covered with
cheesecloth. Upon adult eclosion, adults were fed a 10% sucrose:
water solution and allowed to mate. Eggs on cheesecloth sheets
were allowed to hatch and larvae were reared on meridic diet until
reaching the size needed for experiments.
2.2. Field trials

2. Materials and methods

Field studies were conducted near Winnsboro, Louisiana in
Franklin Parish (32 8’ 8” N, 91 41’ 23” W) during 2007 and 2008.
The experimental design used in 2007 was a randomized complete
block with four replications. Plot size was 4 rows (centered on 1 m)
and 9.14 m long. The corn lines evaluated during 2007 included
Dekalb DKC 69-43 RR2 [Roundup Ready 2] (non-Bt) (DeKalb Seeds,
Monsanto Comp., St. Louis, MO), Dekalb DKC 69-71 YGCB [YieldGard
Corn Borer]/RR2 (Cry1Ab), and a Dow AgroSciences near isoline
2T787 (Cry1F), and were planted on April 23, 2007. Corn lines tested
during 2008 included Dekalb DKC 63-45 RR2 (non-Bt), Pioneer
Brand 32B29 YGCB/RR2 (Cry1Ab) (Pioneer Hi-bred International,
Des Moines, IA), and Pioneer Brand 31G71 HX [Herculex]/RR2/LL
[Liberty Link] (Cry1F). Three blocks of each variety were planted on
each of four sequential planting dates. Each date of planting was
used as a single replication.
For each in-ﬁeld infestation event, 10 second instars (3e6 days
old) were infested on the ﬁrst fully-exposed leaf sheath from the
top of a single V8-V10 stage plant. Plant stages selected for the
insect infestations were based on descriptions by Morrill and
Greene (1973), which indicated that the highest fall armyworm
infestations occurred on early- to late-whorl stage corn plants. Fiveto-ten consecutive plants in rows two or three were infested within
each plot. In the 2007 trials, two infestation events were made on
different plants within each plot. For the 2008 tests, there were
three infestation events, each corresponding to a different planting
date. At 14 d after infestation (DAI), all infested plants were visually
inspected to record leaf damage ratings using a modiﬁed version of
the injury scale recommended by Guthrie et al. (1960). The original
scale bases injury ratings on leaves throughout the entire plant
proﬁle. The modiﬁed scale only evaluated new leaves above the
point of larval infestation. Foliar damage ratings were summarized
for all plants within each plot and used to calculate a single mean.
These data were analyzed using a one-way analysis of variance with
PROC MIXED (SAS Institute, 2004). For 2008 trials, planting date (or
insect infestation event) was considered as a block analysis. Means
were estimated using the LSMEANS statement and compared
according to Dunnett’s test of difference from control (SAS Institute,
2004). The results for Cry1Ab hybrids were not compared to that of
Cry1F hybrids to maintain compliance with contractual requirements from the participating agrochemical and seed industries.
Results for each Bt hybrid were independently compared to the
non-Bt control. Different corn hybrids were used during each
growing season and therefore data were not combined across years.

2.1. Fall armyworm colony establishment and maintenance

2.3. No-choice leaf tissue bioassays

The fall armyworm colony used in this study originated from
a ﬁeld collection on cotton, Gossypium hirsutum (L.), plants near
Winnsboro, LA during 2005 and was supplemented with collections from ﬁeld corn in the same area during 2006 and 2008. The
colony was validated as the corn strain of fall armyworm using
mitochondrial markers (unpublished communication, R. Nagoshi,
USDA-ARS, Gainesville, FL). The colony has been maintained in

During 2007e2009, third instars (30e45 mg/larva) were offered
fresh corn leaf tissue removed directly from ﬁeld plots. During 2007
and 2008, corn hybrids and experimental designs were the same as
those previously described for the ﬁeld trials described above. For
the 2009 bioassays, corn hybrids included Pioneer 31P40 RR2 (nonBt), Dekalb DKC 67-03 YGCB/RR2 (Cry1Ab), and Pioneer 31P42 HX/
RR2/LL (Cry1F). There were three sequential planting dates with
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Table 1
Fall armyworm survivorship and development (mean, SEM) on non-Bt and Bt corn hybrids in no-choice leaf tissue bioassays, Winnsboro, LA, 2007.
Life History Trait

Larval survivorship (%)
Larval duration (d)
Pupal duration (d)
Adult eclosion (%)

Non-Bt

Cry1Ab

Cry1F

Mean

SE

Mean

SE

Mean

SE

66.0
12.1
6.6
56.7

11.6
1.1
2.0
9.5

62.0
14.9
9.0
43.3

2.9
1.3*
1.2
5.4

36.7
16.5
8.2
25.6

18.6
1.8*
1.8
12.4

F

df

4.11
33.19
0.89
3.79

2,
2,
2,
2,

P

6
6
6
6

0.0751
0.0006
0.4581
0.0862

Means within rows followed by an asterisk (*) are signiﬁcantly different from the non-Bt (P ¼ 0.05, Dunnett’s).

each planting date represented as a single replication (block) for
ﬁeld plots planted during 2009.
Corn leaf tissue was removed from randomly selected plants in
the ﬁeld plots. Leaf tissue was harvested from the ﬁrst fullyexpanded leaf (ﬁrst visible leaf collar) from the top of the plant.
Larvae were placed individually into 30 ml plastic diet cups, each
containing a piece of leaf tissue (z2.5 cm by 10 cm). Larvae were
offered fresh tissue as needed, but leaf tissue was replaced with
fresh tissue at least every three days. Thirty larvae were infested on
each treatment within each replication. For each treatment of corn
hybrid, there were four replications for the 2007 trials and three
replications each for the trials in 2008 and 2009.
Growth and development of fall armyworm was observed daily
until all insects had either died or completed pupal development
and emerged as adults. Treatments were compared based upon
measurements of third instar-to-pupa survivorship and development time, pupal weight (2008 and 2009 tests), pupal duration,
and third instar-to-adult survivorship. A larva was considered dead
if incapable of movement after being placed on its dorsal surface
and prodded with a camel’s hair paintbrush. Individual data for
survivors within a life stage were averaged for a single treatment
value within a replication. Treatment means were analyzed using
a one-way analysis of variance with PROC MIXED (SAS Institute,
2004). Means with a signiﬁcant F value (a ¼ 0.05) were separated
using the LSMEANS statement and compared according to Dunnett’s test of difference from control (SAS Institute, 2004). For the
reasons previously described, results were not compared between
the two Bt corn technologies or across years in these tests.

was no signiﬁcant difference in leaf injury ratings between the
Cry1Ab (2.9, SEM ¼ 0.5) corn hybrid and that on non-Bt corn plants.
3.2. Survivorship and development on Cry1Ab, Cry1F, and non-Bt
corn in no-choice leaf tissue bioassays, 2007e2009
In 2007, none of the measurements, except for larval-pupal
development time, were signiﬁcantly inﬂuenced by corn hybrid
(Table 1). Larvae required more time to pupate when fed both Bt
corn leaf tissues compared to that on non-Bt corn leaf tissue
(F ¼ 33.19; df ¼ 2, 6; P ¼ 0.0006).
In 2008, signiﬁcant treatment effects were observed for all
measurements except pupal duration (Table 2). Larval survivorship
and successful adult eclosion for insects reared on Cry1F corn leaf
tissue were lower than for those reared on non-Bt corn leaf tissue.
No signiﬁcant differences for those same measurements were
detected between larvae reared on non-Bt and Cry1Ab corn. Larval
duration was delayed on Cry1Ab tissue compared to that on the
non-Bt hybrid. Pupal survivors from larvae reared on Cry1Ab corn
leaf tissue weighed less than those reared on non-Bt corn leaf
tissue, but pupal duration was similar.
Generally, results were similar for the 2009 tests. Signiﬁcant
differences were observed between the non-Bt and Bt hybrids for
all measurements except pupal duration (Table 3). Larval survivorship and successful adult eclosion for insects reared on Cry1F
corn leaf tissue were lower than for those reared on non-Bt corn
leaf tissue. No signiﬁcant differences for those same measurements
were detected between larvae reared on non-Bt and Cry1Ab corn.
Larval duration was prolonged for both Bt corn hybrids compared
to that for non-Bt corn hybrids. Pupal survivors on Cry1Ab corn leaf
tissue weighed signiﬁcantly less than those reared on non-Bt corn
leaf tissue. Pupal duration was similar, regardless of corn hybrid.

3. Results
3.1. Foliar injury ratings on Cry1Ab, Cry1F, and non-Bt corn plants
in ﬁeld trials, 2007e2008

4. Discussion
Foliar injury in 2007 was signiﬁcantly (F ¼ 18.7; df ¼ 2, 22;
P ¼ 0.0001) inﬂuenced by corn hybrid. Injury ratings of Cry1Ab (4.0,
SEM ¼ 0.6) and Cry1F (1.8, SEM ¼ 0.2) Bt plants were less than that
(5.5, SEM ¼ 0.7) of the non-Bt corn hybrid.
During 2008, foliar injury ratings were also signiﬁcantly
different among corn hybrids (F ¼ 7.98; df ¼ 2, 10; P ¼ 0.0085). Corn
plants expressing Cry1F (1.1, SEM ¼ 0.0) exhibited less foliar injury
than conventional non-Bt plants (3.5, SEM ¼ 0.8). However, there

The results of the current study showed that corn lines expressing
Cry1F were effective in reducing plant injury from fall armyworm
infestations, which is similar to results published by Buntin (2008)
and Siebert et al. (2008a, 2008b). Traditional recommendations
suggest planting early in the season to avoid corn pests such as fall
armyworm (Baldwin et al., 2009). This recommendation is supported by Harrison (1984), who found that corn planted early in the

Table 2
Fall armyworm survivorship and development (mean, SEM) on non-Bt and Bt corn hybrids in no-choice leaf tissue bioassays, Winnsboro, LA, 2008.
Life History Trait

Larval survivorship (%)
Larval duration (d)
Pupal weight (mg)
Pupal duration (d)
Adult eclosion (%)

Non-Bt

Cry1Ab

Cry1F

Mean

SE

Mean

SE

Mean

SE

88.0
9.5
171.2
9.8
78.7

6.1
1.1
16.7
0.3
7.6

88.9
10.2
163.4
8.7
75.6

2.9
0.4
6.4*
0.4
7.8

31.3
12.4
157.5
9.3
24.7

5.7*
0.8*
20.0
0.3
6.5*

Means within rows followed by an asterisk (*) are signiﬁcantly different from the non-Bt (P ¼ 0.05, Dunnett’s).

F

df

92.92
14.30
8.05
2.02
41.52

2,
2,
2,
2,
2,

P

6
6
6
6
6

<0.0001
0.0052
0.0200
0.2129
0.0003
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Table 3
Fall armyworm survivorship and development (mean, SEM) on non-Bt and Bt corn hybrids in no-choice leaf tissue bioassays, Winnsboro, LA, 2009.
Life History Trait

Larval survivorship (%)
Larval duration (d)
Pupal weight (mg)
Pupal duration (d)
Adult eclosion (%)

Non-Bt

Cry1Ab

Cry1F

Mean

SE

Mean

SE

Mean

SE

91.7
10.1
170.5
9.4
85.0

3.1
0.7
17.8
0.5
4.0

82.6
10.9
139.2
10.2
71.5

6.2
0.5*
11.0*
0.2
8.1

64.4
11.2
172.0
10.2
55.6

2.9*
0.4*
5.8
0.0
5.9*

F

df

11.16
10.51
9.06
1.88
6.82

2,
2,
2,
2,
2,

P

7
7
7
7
7

0.0067
0.0078
0.0114
0.2216
0.0227

Means within rows followed by an asterisk (*) are signiﬁcantly different from the non-Bt (P ¼ 0.05, Dunnett’s).

growing season escaped signiﬁcant infestation because of fall
armyworm preference for younger tissue. The effectiveness of Cry1F
in limiting fall armyworm injury to ﬁeld corn may allow for corn to
be planted later in the season with a lower probability of fall armyworm injury. Based on the results of these trials, planting Cry1Fexpressing corn cultivars may provide added ﬂexibility in extending
planting dates that are currently limited by exposure to late-season
fall armyworm infestations. However, supplemental insecticide
applications may still be required to achieve satisfactory control or to
reduce the impact of high and persistent fall armyworm infestations.
In the present study, Cry1F-expressing corn hybrids reduced fall
armyworm feeding injury more often than Cry1Ab-expressing
hybrids. During 2007, Cry1Ab reduced plant injury from fall
armyworm. This result is consistent with that of previous research
that focused on Cry1Ab-expressing hybrids and low to moderate
infestations of native fall armyworm populations (Buntin et al.,
2000, 2004). In the presence of high infestation levels, Cry1Abexpressing hybrids are not likely to provide sufﬁcient protection
against this pest. A recent study by Chilcutt et al. (2007) indicated
that YieldGard (Cry1Ab) lines did not provide satisfactory efﬁcacy
against fall armyworm.
Cry1F plant tissue reduced fall armyworm survivorship across
all life stages. Larval survivorship was reduced to 48.9% of the
observed survivorship recorded on non-Bt corn tissue. This
reduction remained a signiﬁcant effect throughout pupation and
adult eclosion. Larval survivorship on non-Bt corn leaf tissue in the
present study was considerably greater than that of neonates on
Cry1F corn leaf tissue (<0.5%) in a similar bioassay (Siebert et al.,
2008a). Late-instars of other lepidopteran pests targeted by Bt
corn are also more tolerant to Bt proteins in corn plants compared
to younger larvae (Huang et al., 1999, 2002, 2006; Walker et al.,
2000).
Previous studies have evaluated Cry1Ab and Cry1F effects on
lepidopteran pests but using different species and/or life stages.
Siebert et al. (2008a) conducted studies with fall armyworm
neonates on a Cry1F line and found an increase in the number of
d (17.0, SEM ¼ 0.0) required for fall armyworm pupal stadia
compared to that on a non-Bt (15.6, SEM ¼ 0.2) corn line. The
results for Cry1Ab in the present study with fall armyworm are
similar to those observed in previous studies with Cry1Ab and corn
earworm. In multiple experiments, Pilcher et al. (1997) found an
increase in the number of d required for corn earworm pupation on
a Cry1Ab line compared to that on a non-Bt corn line. These results
compared with those in the present study generally show similar
effects on fall armyworm development.
Neither of the Bt proteins evaluated in these studies resulted in
plant immunity from fall armyworm infestation or complete larval
mortality. Using third instars rather than neonates as targets to
measure activity of Cry protein may be partially responsible for
these outcomes. Later-stage fall armyworm larvae are less susceptible to these Cry proteins and are predisposed to consume greater
amounts of plant tissue compared to younger larvae. In spite of this
observation, the Cry1F protein signiﬁcantly decreased plant injury

and inhibited fall armyworm development. In the event of extreme
pressure from native fall armyworm infestations, corn lines
expressing Cry1F still may not provide sufﬁcient control of this
insect, especially if protein expression in all tissue is not sufﬁciently
high to cause mortality. In addition, fall armyworm prefers to feed
on young leaves in the whorl (Morrill and Greene, 1973; Harrison,
1984). Studies have shown that Cry1Ab expression was lowest in
the younger leaves of the uppermost area of the plant (Abel and
Adamczyk, 2004). If this same characteristic is true of the Cry1Fexpressing corn hybrids used in this test, this may explain the
ability of fall armyworm to tolerate exposure to either Bt protein
and for some larvae to successfully complete development.
Resistance development in target insect pests is a major concern
for the sustainable use of Bt crop technologies (United States
Environmental Protection Agency, 2001). The initial reports of
ﬁeld-derived resistance that resulted in control failures with Bt
crops included a fall armyworm population in Puerto Rico on
Cry1F-expressing corn during 2006 (Matten et al., 2008; Tabashnik
et al., 2009; Storer et al., 2010). Past and current studies clearly
suggest that neither the YieldGard (Cry1Ab) nor Herculex I (Cry1F)
technologies express a “high dose” against fall armyworm as
deﬁned by an EPA FIFRA Scientiﬁc Advisory Panel (1998) working
on Bt resistance management (United States Environmental
Protection Agency, 2001). Many factors might have contributed to
Cry1F resistance in the Puerto Rico fall armyworm population. The
lack of a high dose expressed in Herculex I hybrids for fall armyworm could be a major reason for resistance development to Cry1F.
The island geography of Puerto Rico, unique climatic conditions,
and limited availability of alternate hosts favorable for fall armyworm could serve to intensify fall armyworm infestations on crops.
In addition, heavy reliance on Bt foliar sprays could have predisposed this population to Bt resistance development (Storer et al.,
2010). Ultimately, high numbers of healthy individuals intensively
selected with Bt could have changed the susceptibility of this
population.
Presently, a seed mixture (Bt and non-Bt corn, so called “refugein-a-bag”) is currently widely discussed as an alternative refuge
strategy for Bt resistance management. The high survivorship of fall
armyworm on Bt corn leaf tissue observed in the current study
suggests that late instars could migrate from non-Bt plants in the
seed mix and survive on transgenic Bt plants and cause plant injury.
The presence of alternate weedy hosts or corn plants not expressing
Bt proteins could support interplant migration of larvae and an
increase in injury to Bt-expressing plants (Storer et al., 2010).
This plant-to-plant movement could create another level of selection
pressure for the development of resistance in fall armyworm populations that has not been previously considered. With the recent
introduction of pyramided Bt proteins in ﬁeld corn, non-Bt
corn refuge requirements have been reduced (United States
Environmental Protection Agency, 2010). In cotton, plants expressing only Cry1Ac were phased out during 2010. Producers planting
cotton cultivars with pyramided Bt proteins are not required to have
any associated non-Bt cotton refuge. Across the Southern region,
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ﬁeld corn and cotton are two of the primary crop hosts for fall
armyworm, and the lack of an associated non-Bt crop refuge with
either crop may greatly inﬂuence Bt selection pressure in this species.
In general, our results suggest that caution must be taken in
wide use of these Bt corn technologies as individual and independent products for controlling fall armyworm in the Southern
region, especially in areas where this species can successfully
overwinter. Pyramiding Bt proteins will likely result in a broader
spectrum of insect pest control and improve fall armyworm
management.
Acknowledgements
The authors thank student workers at the LSU Department of
Entomology and the LSU AgCenter’s Macon Ridge Research Station
for their assistance in maintaining ﬁeld trials and rearing insects.
The authors also express appreciation to Trey Price and Josh Temple
for providing critical reviews of this manuscript. This article is
published with the approval of the Director of the Louisiana Agricultural Experiment Station as manuscript no. 2010-258-9380. This
project represents work supported by the Louisiana Soybean and
Feed Grain Promotion Board, and partial funding from Monsanto
and Dow AgroSciences.
References
Abel, C.A., Wilson, R.L., Wiseman, B.R., White, W.H., Davis, F.M., 2000. Conventional
resistance of experimental maize lines to corn earworm (Lepidoptera: Noctuidae), fall armyworm (Lepidoptera: Noctuidae), southwestern corn borer
(Lepidoptera: Crambidae), and sugarcane borer (Lepidoptera: Crambidae).
J. Econ. Entomol. 93, 982e988.
Abel, C.A., Adamczyk, Jr., J.J., 2004. Relative concentration of Cry1A in maize leaves
and cotton bolls with diverse chlorophyll content and corresponding larval
development of fall armyworm (Lepidoptera: Noctuidae) and southwestern
corn borer (Lepidoptera: Crambidae) on maize whorl leaf proﬁles. J. Econ.
Entomol. 97, 1737e1744.
Adamczyk, Jr., J.J., Holloway, J.W., Leonard, B.R., Graves, J.B., 1997. Deﬁning the
period of boll susceptibility to fall armyworm injury in cotton. In: Proc. 1997
Beltwide Cotton Conference, New Orleans, LA, January 6e10, 1998. National
Cotton Council, Memphis, TN, pp. 941e947.
Adamczyk, Jr., J.J., Holloway, J., Graves, J.B., Leonard, B.R., 1998. Larval survival and
development of the fall armyworm (Lepidoptera: Noctuidae) on normal and
transgenic Bacillus thuringiensis (Bt) cotton. J. Econ. Entomol. 91, 539e545.
Adamczyk, Jr., J.J., Leonard, B.R., Graves, J.B., 1999. Toxicity of selected insecticides to
fall armyworm (Lepidoptera: Noctuidae) in laboratory bioassay studies. Fla.
Entomol. 82, 230e236.
Baldwin, J.L., Leonard, R., Huang, F., 2009. Managing Corn and Grain Sorghum Insect
Pests 2008. Louisiana State University Agricultural Center Publication 2284.
pp 16. <http://www.lsuagcenter.com/NR/rdonlyres/54E129AD-7B48-4FBE-BC6
1-4EC2D83798F6/56529/pub2284CornandGrainSorghumInsects2009HIGHRES.
pdf> (accessed 21.09.10).
Bokonon-Ganta, A.H., Bernal, J.S., Pietrantonio, P.V., Setamou, M., 2003. Survivorship
and development of fall armyworm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae), on conventional and transgenic maize cultivars expressing
Bacillus thuringiensis Cry9C and Cry1A(b) endotoxins. Int. J. Pest Manag. 49,
169e175.
Buntin, G.D., 1986. A review of plant response to fall armyworm, Spodoptera frugiperda (J. E. Smith), injury in selected ﬁeld and forage crops. Fla. Entomol. 69,
549e559.
Buntin, G.D., Lee, R.D., Wilson, D.M., McPherson, R.M., 2000. Evaluation of YieldGard
transgenic resistance for control of fall armyworm and corn earworm (Lepidoptera: Noctuidae) on corn. Fla. Entomol. 84, 37e42.
Buntin, G.D., All, J.N., Lee, R.D., Wilson, D.M., 2004. Plant-incorporated Bacillus
thuringiensis resistance for control of fall armyworm and corn earworm (Lepidoptera: Noctuidae) in corn. J. Econ. Entomol. 97, 1603e1611.
Buntin, G.D., 2008. Corn expressing Cry1Ab or Cry1F endotoxin for fall armyworm
and corn earworm (Lepidoptera: Noctuidae) management in ﬁeld corn for grain
production. Fla. Entomol. 91, 523e530.

Castro, B.A., 2002. Evaluation of Bacillus thuringiensis ﬁeld corn for management of
Louisiana corn pests. Ph.D. Dissertation, Louisiana State University, Baton
Rouge, LA., pp. 189.
Castro, B.A., Leonard, B.R., Riley, T.J., 2004. Management of feeding damage and
survival of southwestern corn borer and sugarcane borer (Lepidoptera: Crambidae) with Bacillus thuringiensis transgenic ﬁeld corn. J. Econ. Entomol. 97,
2106e2116.
Chilcutt, C.F., Odvody, G.N., Correa, J.C., Remmers, J., 2007. Effects of Bacillus thuringiensis transgenic corn on corn earworm and fall armyworm (Lepidoptera:
Noctuidae) densities. J. Econ. Entomol. 100, 327e334.
Federal Insecticide, Fungicide, and Rodenticide Act Scientiﬁc Advisory Panel, 1998.
Report of Subpanel on Bacillus thuringiensis (Bt) Plant-pesticides and Resistance
Management. EPA SAP Report. <http://www.mindfully.org/GE/FIFRA-SAP-Bt.
htm> (accessed 21.09.10).
Guillebeau, L.P., All, J.N., 1990. Use of pyrethroids, methomyl, and chlorpyrifos to
control fall armyworm (Lepidoptera: Noctuidae) in whorl stage ﬁeld corn,
sweet corn, and sorghum. Fla. Entomol. 74, 261e270.
Guthrie, W.D., Dicke, F.F., Neiswander, C.R., 1960. Leaf and sheath feeding resistance
to the European corn borer in eight inbred lines of dent corn. Ohio Agric. Exp.
Sta. Res. Bull. 860.
Harrison, F.P., 1984. Observations on the infestation of corn by fall armyworm
(Lepidoptera: Noctuidae) with reference to plant maturity. Fla. Entomol. 67,
333e335.
Harrison, F.P., 1986. Oviposition and subsequent infestations of corn by fall armyworm. Fla. Entomol. 69, 588e592.
Huang, F., Buschman, L.L., Higgins, R.A., 1999. Susceptibility of different instars of
European corn borer (Lepidoptera: Crambidae) to Bacillus thuringiensis. J. Econ.
Entomol. 92, 547e550.
Huang, F., Buschman, L.L., Higgins, R.A., Li, H., 2002. Survival of Kansas Dipelresistant European corn borer (Lepidoptera: Crambidae) on Bt and non-Bt corn
hybrids. J. Econ. Entomol. 95, 614e621.
Huang, F., Leonard, B.R., Gable, R.H., 2006. Comparative susceptibility of European
corn borer, southwestern corn borer, and sugarcane borer (Lepidoptera:
Crambidae) to Cry1Ab protein in a commercial Bt-corn hybrid. J. Econ. Entomol.
99, 194e202.
Matten, S.R., Head, G.P., MacIntosh, S.C., 2008. How government regulation can help
or hinder the integration of Bt crops within IPM programs. In: Romeis, J.,
Shelton, A.M., Kennedy, G.G. (Eds.), Integration of Insect Resistant Genetically
Modiﬁed Crops with IPM Programs. Springer Science þ Business Media B. V.,
New York, USA, pp. 27e39.
Morrill, W.L., Greene, G.L., 1973. Distribution of fall armyworm larvae. 1. Regions of
ﬁeld corn plants infested by larvae. Environ. Entomol. 2, 195e198.
Pitre, H.N., Hogg, D.B., 1983. Development of the fall armyworm on cotton, soybean
and corn. J. Ga. Entomol. Soc. 18, 182e187.
Pilcher, C.D., Rice, M.E., Obrycki, J.J., Lewis, L.C., 1997. Field and laboratory evaluations of transgenic Bacillus thuringiensis corn on secondary lepidopteran pests
(Lepidoptera: Noctuidae). J. Econ. Entomol. 90, 669e678.
SAS Institute, 2004. SAS/STAT 9.1 User’s Guide. SAS Institute, Cary, NC.
Siebert, M.W., Tindall, K.V., Leonard, B.R., Van Duyn, J.W., Babcock, J.M., 2008a.
Evaluation of corn hybrids expressing Cry1F (Herculex IÒ insect protection)
against fall armyworm (Lepidoptera: Noctuidae) in the Southern United States.
J. Entomol. Sci. 43, 41e51.
Siebert, M.W., Babock, J.M., Nolting, S., Santos, A.C., Adamczyk Jr., J.J., Neese, P.A.,
King, J.E., Jenkins, J.N., McCarty, J., Lorenz, G.M., Fromme, D.D., Lassiter, R.B.,
2008b. Efﬁcacy of Cry1F insecticidal protein in maize and cotton for control of
fall armyworm (Lepidoptera: Noctuidae). Fla. Entomol. 91, 555e565.
Sparks, A.N., 1979. A review of the biology of the fall armyworm. Fla. Entomol. 62,
82e87.
Storer, N.P., Babcock, J.M., Schlenz, M., Meade, T., Thompson, G.D., Bing, J.W.,
Huckaba, R.M., 2010. Discovery and characterization of ﬁeld resistance to Bt
maize: Spodoptera frugiperda (Lepidoptera: Noctuidae) in Puerto Rico. J. Econ.
Entomol. 103, 1031e1038.
Tabashnik, B.E., Van Rensburg, J.B.J., Carriere, Y., 2009. Field-evolved insect resistance to Bt crops: deﬁnition, theory, and data. J. Econ. Entomol. 102, 2011e2025.
United States Environmental Protection Agency, 2001. Biopesticides Registration
Action Document-Bacillus thuringiensis Plant-incorporated Protectants. E:
Beneﬁts Assessment. <http://www.epa.gov/opp00001/biopesticides/pips/bt_
brad2/5-beneﬁts.pdf> (accessed 21.09.10).
United States Environmental Protection Agency, 2010. Biopesticide Factsheet, Plantincorporated Protectant(s) Bacillus thuringiensis Cry 1A.105 Protein, Bacillus
thuringiensis Cry2Ab2 Protein. <http://www.epa.gov/oppbppd1/biopesticides/
ingredients/factsheets/factsheet_006514-006515.pdf> (accessed 21.09.10).
Walker, K.A., Hellmich, R.L., Lewis, L.C., 2000. Late-instar European corn borer
(Lepidoptera: Crambidae) tunneling and survival in transgenic corn hybrids.
J. Econ. Entomol. 93, 1276e1285.
Young, J.R., 1979. Fall armyworm: control with insecticides. Fla. Entomol. 62,
130e133.

