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Abstract The fall armyworm, Spodoptera frugiperda (J. E. Smith), and the southwestern corn
borer, Diatraea grandiosella {Dyar}, can cause economic damage to maize, Zea mays L., grown
in the southeastern United States. Maize hybrids are commercially available that have been
transformed to express insecticidal crystalline proteins from Bacillus thuringiensis {Bt) Berliner.
The field efficacy of seven Bt hybrids were tested for control of leaf-feeding fall armyworm and
southwestern corn borer. All Bt hybrids performed better than their conventional near-isolines for
control of both insects. In general, the Bt hybrids provided intermediate resistance to the fall
armyworm and near immunity to the southwestern corn borer. Based on larval establishment
and weights, the fall armyworm was more tolerant of the insecticidal proteins expressed by the
Bt hybrids than the southwestern corn borer. There was no difference in expression of insecti-
cidal proteins among the Bt hybrids. Bt hybrids should be advantageous for the production of
maize in areas that are affected by southwestern corn borer. The moderate level of resistance
in the Bt hybrids to fall armyworm should be further examined to determine if amplifying the
expression of insecticidal proteins or integrating other control methods along with the use of
current Bt hybrid maize is needed to protect the crop from yield reduction by this pest.
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The fall armyworm, Spodoptera frugiperda (J. E. Smith), can cause economic
damage to maize, Zea mays L., grown in the southeastern United States by feeding
on developing leaves in the whorl of the plant (Morrill and Greene 1973, Sparks
1986). Damage to foliage of young maize plants can cause physiological disruption
and reduced grain yield (Showers et al. 1989). Fall armyworm damage can pose a
threat to maize production, especially to late-season plantings in the southeastern
United States (Scott et al. 1977). The southwestern corn borer, Diatraea grandiosella
(Dyar), is native to Mexico and is an economically significant pest of maize grown in
the southern United States. An increase in population densities has raised the status
of the pest in the mid-South region, possibly because of the eastward migration of the
pest, increasing acreages of maize grown and reduced-tiliage practices. Yield loss
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occurs from larvae feeding on the developing leaves within the whorl and tunneling
into the stalk on young maize and tunneling and girdling at the base of the stalk on
mature maize plants (Scott and Davis 1974). Control of these insects with insecticides
is usually cost prohibitive because multiple applications are necessary to achieve
acceptable control. Plant resistance is an ideal control option for lepidopteran pests of
maize, but only moderate improvement had been made to develop useful levels of
conventional resistance for these two pests (Davis et al. 1988).

Maize has been genetically modified to express insecticidal crystalline proteins
from Bacillus thuringiensis Berliner (Bf) for resistance to lepidopteran pests. Com-
mercially available Bt maize hybrids express the crystalline proteins Cry1Ab (events
176, Bt11, MON810 and MON802), Cry1Ac (event DBT418), and Cry9C (event
CBH351) (Koziel et al. 1993, Armstrong et al. 1995, Jansens et al. 1997). Cry1Ab and
Cry1Ac proteins are from the B. thuringiensis subspecies kurstaki and Cry9C is from
subspecies folworthi. Maize was primarily transformed to express these Cry proteins
to protect the crop from damage caused by the European corn borer, Ostrinia nubilalis
Hubner, in the midwest United States (Armstrong et al. 1995).

In the southeastern United States, many growers plant Bt hybrids to protect
against damage caused by the southwestern corn borer with limited published infor-
mation on their effectiveness. Archer et al. (2000, 2001) discovered Cry1Ab hybrids
that utilized the transformation events MON810, Bt11, and CBH351 provided excel-
lent southwestern corn borer control for vegetative- and reproductive-stage maize
while event 176 provided excellent control only in the vegetative stage. Williams et al.
(1997) demonstrated a high degree of susceptibility in southwestern corn borer to
MONB810-event maize. Bt-maize confers resistance to fall armyworm damage (Lynch
et al. 1999, Wiseman et al. 1999, Buntin et al. 2001, Bokonon-Ganta et al. 2003);
however, the insect seems to be more tolerant of CrylA endotoxins than the south-
western corn borer (Williams et al. 1997).

For this study, the objectives were to test the field efficacy of Bt events MON810
and Bt11 for control of fall armyworm and southwestern corn borer leaf feeding and
to quantify the total number, total weight, and mean weight of larvae harvested from
test plants to better understand the effect of event MON810 expressed in five trans-
genic hybrids on developing larvae in maize whorls.

Materials and Methods

Transgenic maize hybrids and their closely related isolines (Table 1) were planted
in Stoneville, MS, on 23 April 1999, 21 March 2000, and 15 April 2003. All of the
transgenic hybrids were commercially available and non-Bf near isolines were ob-
tained for each transgenic hybrid with the exception of Asgrow RX799Bt and Novartis
N7639-Bt(11). The trials conducted in 1999 used Wf9 as a susceptible inbred-line
check (Abel et al. 1995). Conventionally resistant checks were used in 1999 with
GT-FAWCC(C5) (Widstrom et al. 1993) used for the fall armyworm study and Mp704
x Mp707 (Williams and Davis 1982, Williams and Davis 1984) used for the south-
western corn borer study. The one-row plots were 6.1 m long and 1.0 m apart.
Forty-two seeds from each of the entries were planted in an individual row for each
experimental unit and thinned to 30 plants. Standard maize production procedures for
the area were used. Maize entries were planted in the field in a randomized complete
block arrangement with four replications. In each year, two studies were planted
separately, one for testing resistance to fall armyworm and the other for testing
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Table 1. Commercially available maize hybrids tested at Stoneville, MS, 1999,
2000, and 2003 and their transformation events

Transformation Closely related

Hybrid Cry toxin event non-Bt isoline
Agrigold A6609Bt CrylA(b) MON810 Agrigold XA3713
Asgrow RX799Bt CrylA(b) MON810
Dekalb DK626BtX CrylA(c) DBT418 Dekalb DK626
Dekalb DK679Bty CrylA(b) MON810 Dekalb DK679
Novartis N7639-Bt(11) CrylA(b) Bt11
Pioneer brand 31B13 CrylA(b) MONS810 Pioneer brand 3223
Pioneer brand 33V08 CrylA(b) MON810 Pioneer brand 3394

resistance to southwestern corn borer. All fall armyworms and southwestern corn
borers used for this research were obtained from cultures maintained by the USDA,
ARS, Corn Host Plant Resistance Research Unit (Mississippi State, MS) using the
technique described by Davis (1989). Wild adults are collected from the field and
interbred with the existing culture on an annual basis.

In 1999, the first six plants in each row of both the fall armyworm and southwestern
corn borer studies were infested, using an inoculator (Mihm 1983) and autoclaved
maize cob grits, at the V5-V6 (Ritchie et al. 1992) leaf stage using a split application
of 15 neonatal larvae per plant and then another 15 neonatal larvae per plant one day
later. Damage was rated 14 d after the initial infestation using a rating scale based on
leaf feeding developed by Davis et al. (1992) where a rating of 0 to 3 is considered
resistant, 4 to 5 is intermediate, and 7 to 9 is susceptible. On the same mormning that
the plants were rated, infested plants were harvested from the field by excising the
stalks at ground level. The plants were dissected in the laboratory, and the number of
larvae, total weight of larvae, and average larval weights on a per plant basis were
recorded. All data were analyzed using Restricted Maximum Likelihood (REML)-
ANOVA and means were separated with the LSMEANS option of PROC MIXED
(Littel et al. 1996, SAS Institute 1995).

In 2000, the field evaluation of test hybrids was conducted in the same way as in
1999 with the exception that V6-V7 (Ritchie et al. 1992} leaf stage plants were in-
fested, and the first five plants in each row were treated with either fall armyworm or
southwestern corn borer. There was a 3-day and 5-day separation between the split
application of southwestern corn borer and fall armyworm larvae, respectively. In-
fested plants were not harvested from the field after the 14 d damage ratings, and
larval parameters from the test plants were not recorded. Damage ratings and sta-
tistical analysis were conducted in the same manner as in 1999.

In 2003, the field evaluation was conducted as in 1999 with the exception that V5
(Ritchie et al. 1992) stage plants were infested and there was a 1-day and 2-day
separation between the split application of southwestern corn borer and fall army-
worm larvae, respectively. A split application of 30 southwestern corn borers applied
during the first application and another 30 southwestern corn borers applied during
the second application was done in 2003. Both 7 d and 14 d damage ratings were
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measured from the test entries (Davis et al. 1992). At the V6 stage (Ritchie et al.
1992) of maize growth, the developing eighth leaf was harvested from two non-
infested plants within each test row by grasping the leaf within the whorl and pulling
it up, thus, removing it from the plant. The harvested leaves were placed in labeled
paper bags and taken to the laboratory. An approximate 20-mg portion was excised
from the margin of each leaf at the approximate center (between the basal end and
the distal tip) of the leaf. The leaf portions were weighed, placed into a 1.5-ml micro-
centrifuge tube that was capped and frozen at —80°C for toxin analysis. At a later time,
but no longer than 14 d from tissue harvest, the microcentrifuge tubes containing the
maize tissue were removed from —-80°C. The excised leaf samples were homog-
enized by hand within the tubes using Cry1A extraction buffer (EnviroLogix, Portland,
ME) and a fitted pestle. To quantify the relative amount of 3-endotoxin present for
each variety, a commercial enzyme-linked immunosorbent assay (ELISA) kit was
used (EnviroLogix). Quantification of 8-endotoxin was determined photometrically
(Benchmark, Bio-Rad, Hercules, CA). A standard curve was established using known
quantities of Cry1A §-endotoxin. Dilution factors, positive and negative controls, and
calculations were conducted as dictated in the kit protocol and Adamczyk et al.
(2001). Leaf feeding ratings and relative ppm Cry1A &-endotoxin were analyzed using
REML-ANOVA (Littel et al. 1996, SAS Institute 1995).

Results and Discussion

Fall armyworm. The ANOVA for the fall armyworm leaf feeding damage scores in
1999 showed differences among entries (F = 22.72; df = 7, 21; P < 0.0001). Trans-
genic maize hybrids had less fall armyworm damage than their closely-related con-
ventional isolines (Table 2). A poor infestation of plants occurred in 1999 as evi-
denced by lower-than-expected damage occurring to the conventional hybrids and
the susceptible check inbred line, Wf9. This may have been because of poor fall
armyworm colony health or detrimental environmental factors in the field, e.g., a
heavy rain after infestation. Chi-square analysis for number of larvae recovered from
plants after 14 d from the Bt vs. non-Bt entries showed a difference (x* = 24.99, df =
11, P=0.0091) with fewer larvae being found on Bt plants (n = 3) when compared to
the non-Bt plants (n = 105). This was probably because of mortality of larvae feeding
on the Bt plants as indicated by other studies showing an antibiosis-type mechanism
of resistance for the Cry1Ab toxin to fall armyworm (Williams et al. 1997, Lynch et al.
1999).

For the conventional hybrids and check inbred lines, there were no differences for
number of larvae per plant (F = 2.80; df = 3, 9; P = 0.1010); however, there were
differences in total weight of larvae per plant (F = 6.84; df = 3, 12; P = 0.0061) and
average larval weight (F = 11.60; df = 3, 9; P = 0.0019). Larvae recovered from
GT-FAWCC(C5) had lower larval weights on a per plant basis than Pioneer brand
3223 (P3223) and Wf9 (not XA3713) and lower average larval weights than all other
entries (Table 2). Among the two conventional hybrids that were tested, XA3713 had
lower leaf damage scores and lower total larval weight per plant than P3223. XA3713
may have an inherent morphological or chemical resistance factor to fall armyworm
leaf feeding. XA3713 did not differ from P3223 in the average weight of the larvae
recovered per plant, but differed in having a lower total weight of larvae recovered per
plant. This may indicate an antixenosis (nonpreference) mechanism of resistance for
XA3713.
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Table 2. Mean (+SEM) fall armyworm leaf feeding damage scores, total number
and weight of larvae per plant and average larval weight at 14 d for
transgenic and conventional maize hybrids infested with approxi-
mately 30 neonatal larvae per plant, Stoneville, MS, 1999

Leaf feeding Total wt. (mg) Average larval
damage of larvae/plant wt. (mg)/entry
Entry Bt event score*,** at14 d at 14 d
A6609Bt MON810 1.40 + 0.33a No larvae No larvae
XA3713 non-Bt, 475+0.95b 126.75+ 34.42ab 212.55 +27.29b
A6609Bt
isoline
P31B13 MONS810 1.50 = 0.29a Two larvae 110.28%1
P3223 non-Bt, 6.25 +0.63c 362.25+69.62c 204.64 + 37.29b
P31B13
isoline
N7639-Bt(11) Bt11 1.50 £ 0.29a One larvae 24.95%
RX799Bt MON810 1.33 £ 0.24a No larvae No larvae
GT-FAWCC(C5) 3.75+049b 3542 +19.10a 44.48 + 10.31a
Wf9 7.50 £ 0.64c 272.25+78.01bc 238.89 + 22.06b

Means within a column followed by the same letter are not significantly different according to the Least
Significant Difference test (P < 0.05). GT-FAWCC(C5) and Wf9 were used as conventional resistant and
susceptible checks, respectively.

* 14 d damage scores using Davis et al. (1992) 0-9 rating scale: 0-3 = resistance; 4-6 = intermediate
resistance; and 7-9 = susceptible.

** A weaker than usual infestation of fall armyworm occurred in the field, possibly because of insect colony
health or detrimental environmental factors.
1 Average weight of two larvae recovered from this entry.
1 Weight from the only larvae recovered from this entry.

The ANOVA for fall armyworm leaf feeding damage scores conducted in 2000
showed differences among entries for 14 d ratings (F = 14.29; df = 9, 27; P < 0.0001)
and in 2003 for 7 d and 14 d ratings (F = 96.50; df = 7, 24; P < 0.0001; F = 116.00;
df =7, 21; P < 0.0001, respectively). Fourteen-day fall armyworm damage scores in
2000 and 7 d and 14 d scores in 2003 represented intermediate resistance scores
from 3.50 to 6.00 for most of the MON810 hybrids and susceptibility for DBT418
hybrid DK626BtX with average scores of 6.75 to 8.00 (Tables 3, 4). The higher
damage scores given to the conventional near-isolines in 2000 and 2003 indicated
that the fall armyworm establishment on the test plants was better than in 1999.

There were maize entry differences for number of larvae per plant (F = 3.07; df =
7,24; P=0.0187), total larval weight per plant (F=18.13; df =7, 21; P<0.0001), and
average larval weight (F = 15.20; df = 7, 21; P < 0.0001) for fall armyworms collected
from maize whorls in 2003. There was no difference in the number of larvae estab-
lished per plant between the transgenic hybrids and their conventional near-isolines,
with the exception of Pioneer brand 33V08 (P33V08) having lower larval establish-
ment when compared to its near-isoline, Pioneer brand 3394 (P3394, Table 4). Larval
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Table 3. Mean (+SEM) fall armyworm leaf feeding damage scores for transgenic
and conventional maize hybrids infested with 30 neonatal larvae per
plant, Stoneville, MS, 2000

Entry Bt event 2000 damage score*
AB609Bt MON810 5.25 + 0.48a
DK626 non-Bt, DK626BtX isoline 8.50 + 0.29¢c
DK626BtX DBT418 6.75 + 0.63b
DK679 non-Bt, DK679Bty isoline 8.25 + 0.25¢
DK679Bty MON810 6.00 + 0.00ab
P31B13 MON810 5.50 + 0.50a
P3223 non-Bt, P31B13 isoline 8.25 + 0.25¢
P33V08 MON810 5.50 + 0.64a
P3394 non-Bt, P33V08 isoline 8.00 + 0.41c
RX799Bt MONS810 5.00 + 0.41a

Means followed by the same letter are not significantly different according to the Least Significant Difference
test (P < 0.05).
* Davis et al. (1992) 0-9 rating scale: 0-3 = resistance; 4-6 = intermediate resistance; and 7-9 = susceptible.

weights were lower on all transgenic hybrids compared to larval weights on their
near-isolines, indicating that the insecticidal proteins were negatively affecting the
development of the larval fall armyworms. These differences varied by hybrid. For
example, P33V08 had a 24-fold reduction in mean larval weights compared to the
near-isoline P3394, while DK626BtX had a 2-fold reduction in mean larval weights
compared to its near-isoline, DK626. Overall, the results from 2003 indicate that
reduced larval development was more important than mortality in Cry1Ab control of
fall armyworms at 14 d.

Southwestern corn borer. The ANOVA for the southwestern corn borer leaf
feeding damage scores showed differences among entries in 1999 (F = 115.68; df =
6, 18; P < 0.0001). Transgenic maize hybrids had less southwestern corn borer
damage than their conventional near-isolines (Table 5). Chi-square analysis for num-
ber of larvae recovered from plants after 14 d from the Bt vs non-Bt entries (x° =
21.81, df =7, P =0.0027) found a difference in larvae recovered from Bt plants (n =
0) when compared to the non-Bt plants (n = 37). The conventional hybrids were
compared for larvae recovered per plant, total weight of larvae per plant, and average
larval weight; however, there were no significant differences (F=2.19,df=2,6, P=
0.1936; F=1.40,df=2,7, P=0.3080; F=0.63, df =2, 3.7, P=0.5794, respectively).

The ANOVA for the southwestern corn borer leaf feeding damage scores showed
differences among entries for 14 d ratings in 2000 (F = 72.32; df = 9, 30; P < 0.0001,
Table 6) and 7 d and 14 d ratings for 2003 (F = 68.14; df = 7, 21; P < 0.0001; F =
137.91; df = 7, 21; P < 0.0001, respectively, Table 7). Transgenic maize hybrids had
less southwestern corn borer damage than their conventional near-isolines in both
years. There were no differences among the conventional hybrid entries for number
of larvae per plant (F = 3.15; df = 2, 9; P = 0.0917). Most of the Bt hybrids had no
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Table 5. Mean (+SEM) southwestern corn borer leaf feeding damage scores,
total number and weight of larvae per plant and average larval weight
at 14 d for transgenic and conventional maize hybrids infested with 30
neonatal larvae per plant, Stoneville, MS, 1999

Leaf feeding
Entry Bt event damage score*

AB609Bt MON810 1.00 + 0.00a
RX799Bt MON810 1.00 + 0.00a
P31B13 MON810 1.25 +£0.25a
N7639-Bt(11) Bt11 1.50 + 0.29a
Mp704 x Mp707** 4.00
P3223 non-Bt, P31B13 isoline 7.25 +0.48b
XA3713 non-Bt, A6609Bt, isoline 7.25 +0.48b
Wf9 8.00 = 0.41b

Means followed by the same letter are not significantly different according to the Least Significant Difference
test (P < 0.05). Wf9 is a susceptible check.

*14 d damage scores using Davis et al. (1992) 1-9 rating scale: 1-3 = resistance; 4-6 = intermediate
resistance; and 7-8 = susceptible.

“* Because of low seed germination, only one replication of entry Mp704 x Mp707 could be evaluated.

Table 6. Mean (+SEM) southwestern corn borer leaf feeding damage scores for
transgenic and conventional maize hybrids, Stoneville, MS, 2000

Entry Bt event 2000 damage score”
A6609Bt MON810 1.75 + 0.50a
DK626 non-Bt, DK626BtX isoline 8.33 + 0.33¢c
DK626BtX DBT418 4.80 + 0.20b
DK679 non-Bt, DK679Bty isoline 8.00 + 0.41c
DK679Bty MONB810 1.75 + 0.25a
P31B13 MONB810 2.25 +0.25a
P3223 non-Bt, P31B13 isoline 8.25 + 0.25¢
P33V08 MON810 7.50 £ 0.36¢
P3394 non-Bt, P33V08 isoline 1.67 + 0.33a
RX799Bt MON810 1.50 + 0.50a

Means followed by the same letter are not significantly different according to the Least Significant Difference
test (P < 0.05).
* Davis et al. (1992) 0-9 rating scale: 0-3 = resistance; 4-6 = intermediate resistance; and 7-9 = susceptible.
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surviving larvae, except DK626BtX which had 6 surviving larvae. The conventional
hybrids averaged approximately eight surviving larvae per plant after 14 d. These
results demonstrate the high degree of susceptibility of southwestern corn borer
larvae to Cry1Ab 3-endotoxin. Among the conventional near-isoline hybrid entries,
there was a significant difference for the total larval weight per plant but no difference
in average larval weight for southwestern corn borer larvae collected from maize
whorls (F=5.00; df =2, 9; P=0.0346; F=1.90; df = 2, 9; P = 0.2046, respectively).

The data presented support a previous study that determined the southwestern
corn borer was more susceptible to the Cry1Ab §-endotoxin than the fall armyworm
(Williams et al. 1997). Our results show that southwestern corn borer leaf feeding
damage scores were generally lower than the fall armyworm scores in 2000 and 2003
(Table 3 vs Table 6 and Table 4 vs Table 7, respectively). Also, larval establishment
was lower for the southwestern corn borer than for the fall armyworm (Table 4 vs
Table 7). The results from 2000 and 2003 confirm previous findings that the fall
armyworm and other Spodoptera spp. are generally more tolerant of Cry1A endotox-
ins than other lepidopteran pests of maize (Moar et al. 1990, Inagaki et al. 1991,
Lynch et al. 1999, Strizhov et al. 1996). Nyouki et al. (1996) found that the fall
armyworm is tolerant of insecticidal proteins expressed by some subspecies of B.
thuringiensis, including B. thuringiensis subsp. kurstaki, the same subspecies that is
used for the Bt events tested in this manuscript. There were differences between
conventional hybrid lines of maize for total larval weight per plant for the fall army-
worm tests of 1999 (Table 2) and 2003 (Table 4) and the southwestern corn borer test
of 2003 (Table 7). This indicates that there may be inherent morphological or chemi-
cal resistance factors to fall armyworm and southwestern corn borer leaf feeding in
some of the hybrid lines tested. However, there was no difference in the level of
resistance when comparing the Bt hybrid lines, indicating that there does not seem to
be an additive effect of inherent resistance on the Cry toxin resistance in the trans-
genic hybrid entries.

The ANOVA for the Cry1A 8-endotoxin expressed in the developing eighth leaf for
both the fall armyworm (F=1.13; df = 3, 13; P=0.3723) and southwestern corn borer
(F=1.95; df = 3, 12.2; P = 0.1741) tests in 2003 showed no differences among
MON810 event hybrids (Tables 4 and 7, respectively). Bruns and Abel (2003) and
Abel and Adamczyk (2004) have shown differences in 8-endotoxin expression in
maize by variable nitrogen fertilization and rates of chlorophyll content in developing
leaves, respectively. Environmental and plant physiological effects on expression of
Cry1A proteins should be investigated to determine if lowered protein expression is
correlated with a reduction in fall armyworm control. Amplification of insecticidal pro-
tein expression or research integrating other control methods with the use of current
Bt hybrids may be needed to protect the crop from economically important damage by
the fall armyworm.
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