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Abstract The effects of transgenic Bacillus thuringiensis (Bt)-cotton on three instars of
Spodoptera exigua (Hiibner) and Helicoverpa zea (Boddie) were studied. First, third and fifth
instars were fed field-collected Bt-cotton leaves for 1, 2, 3, 4 and 7 d or until pupation, and then
transferred to artificial diet. Larval mortality at pupation, length of larval and pupal periods, pupal
weights and survival time from hatch to adult were recorded for regular and Bt-cotton. Larval
mortality at pupation in S. exigua fed Bt-cotton was low for all instars exposed and feeding
periods on Bt-cotton. The mortality in H. zea was high for first and third instars and significantly
increased with the increase in feeding period on Bt-cotton (P < 0.05). The length of larval period
increased in both species when first and third instars but not fifth instars were fed Bt-cotton. In
H. zea, the larval period increased when larvae were on Bt-cotton leaves for only 2 d. Pupal
weight was reduced with an increase in feeding time on Bt-cotton in all three instars in both
species. An increase in length of feeding time on Bt-cotton reduced survival to adults in both
species on Bt-cotton in first and third instars but not in fifth instars. Survival to adults was much
lower in H. zea than S. exigua for all instars exposed and feeding periods on Bt-cotton. These
results demonstrate the large differences in effectiveness of Bt-cotton against lepidopteran
cotton pests, as well as the adverse effects on larvae developing on Bt-cotton.
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Bollworm, Helicoverpa zea (Boddie), is a frequent and major pest of cotton. The
beet armyworm, Spodoptera exigua (Hlbner), also damages cotton when outbreaks
occur (Smith 1989). Management of H. zea is generally effective with conventional
chemical insecticides (Plapp 1979). However, variable levels of beet armyworm tol-
erance to chemical insecticides have been reported in numerous studies, and control
has been erratic (Cobb and Bass 1976, Meinke and Ware 1978, Brewer et al. 1990).
The development of plant transformation technology has allowed the introduction and
expression of CrylA genes encoding Bacillus thuringiensis Berliner var. kurstaki CrylA
insecticidal proteins into the cotton genome (Perlak et al. 1990). The development of
transgenic Bt-cottons offers an alternative to heavy reliance on conventional insecti-
cides against some lepidopterans.

Transgenic Bt-cotton (Bt-cotton) has been effective against some major lepidop-
teran pests of cotton (Benedict et al. 1992, 1993, Mascarenhas et al. 1994, Mahaffey
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et al. 1994, Halcomb et al. 1994, 1996, Meyers et al. 1997) and is widely used in
management of these pests on cotton (Layton et al. 1997). Benedict et al. (1996)
found that H. zea and Heliothis virescens (F.) larvae caused much less injury to
Bt-cotton lines than the non-transgenic cotton. Important lepidopteran pests of cotton,
such as H. zea, H. virescens, Pectinophora gossypialla (Sanders), and Spodoptera
frugiperda (J. E. Smith) differ widely, however, in their susceptibility to the 3-endotoxin
found in foliar-applied B. thuringiensis products (Maclntosh et al. 1990, Nyouki et al.
1996) as well as in Bt-cotton (Wilson et al. 1992, Halcomb et al. 1996, Adamczyk et
al. 1998). CrylA (c) endotoxin, although highly toxic to H. virescens and H. zea, is not
very efficacious against Spodoptera species (Moar et al. 1990, Inagaki et al. 1991).
However, Davis et al. (1995) and Harris et al. (1996) reported suppression of S.
exigua activity by Bt-cotton under field conditions. Burris et al. (1994) also determined
no effect of Bt-cotton on mortality and feeding of S. exigua in the field.

The efficacy of B. thuringiensis is greater when applied against early than late
instars of target species. For example, Ali and Young (1996) reported that the LCg,
of B. thuringiensis for H. zea larvae 1 d in age was 5.7-fold lower than for those 5 d
in age. Bt-cotton has also been reported to cause sublethal effects in heliothines
(Jenkins et al. 1993, Halcomb et al. 1996, Mascarenhas and Luttrell 1997) and S.
frugiperda (Adamczyk et al. 1998). The weight of H. zea larvae fed Bt-cotton was less
than that in larvae fed non-Bt cotton (Halcomb et al. 1996, Mascarenhas and Luttrell
1997). The sublethal doses of B. thuringiensis var. kurstaki were also reported to
cause sublethal effects such as increased larval developmental period in S. exigua
(Bai et al. 1993). Stapel et al. (1997) observed both a lower pupal weight and longer
developmental time in S. exigua fed B. thuringiensis-containing diet. Sub-lethal doses
of B. thuringiensis in rice moth, Corcyra cephalonica (Stainton), larvae allow the
insect to recover, regenerate columnar cells and complete development (Chiang et al.
1986).

The studies reported herein were focused on the effects of Bt-cotton on different
instars of H. zea and S. exigua fed leaves for different periods of time and then
transferred to semisynthetic diet.

Materials and Methods

Transgenic Bt-cotton (DPL 32B) and nontransgenic (non-Bt) cotton (DPL 32) were
planted in the field on 11 May 1998 at the Agricultural Experiment Station, University
of Arkansas, Fayetteville, and furrow irrigated as needed. After plants reached 8 wks
of age, fully-expanded, undamaged leaves were removed from the top canopy for the
test. The leaves were kept fresh in closed plastic bags and used within 2 h of excision.

Insects. The S. exigua eggs were obtained from the ARS, USDA Crop Sciences
Research Laboratory, Stoneville, MS. Eggs were held in an environmental chamber
at 25 + 1 °C and a photoperiod of 14:10 (L:D) h cycle until hatching. The H. zea larvae
were obtained from a laboratory colony maintained in the Department of Entomology,
University of Arkansas, Fayetteville, AR.

Experimental procedures. Studies were conducted in two separate but similar
experiments for S. exigua and H. zea. Three larval instars (first, third and fifth) were
used in each study. Each instar group (125 larvae) was fed transgenic Bt-cotton
leaves for 1, 2, 3, 4, or 7 d or until pupation. One group of 25 neonates was reared
on artificial diet (Burton 1969) and another group on nontransgenic cotton leaves until
pupation, which served as the controls. The experiments were repeated five times. All
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larvae in the test were held in an environmental chamber set at 30 + 1 °C and a
photoperiod of 14:10 (L:D) h.

Spodoptera exigua and H. zea exposed to Bt-cotton as first instars were placed
individually as neonates in each of 125, 30-ml transparent plastic cups containing one
leaf per cup. Each group of 25 larvae in 30-ml cups was placed in a plastic container
containing moist paper towels to assure adequate humidity. Larvae exposed to Bt-
cotton as third or fifth instars were reared individually in plastic cups containing 10 mi
of artificial diet. When the desired instar, third or fifth, was reached, 125 larvae were
placed individually in 30-ml cups with one Bt-cotton leaf. The leaf in each cup was
replaced with a fresh leaf every other day and treated as for the first instar group.
Larvae in each instar group were inspected after 1, 2, 3, 4 and 7 d, mortality was
recorded, and the survivors were transferred from Bt-cotton leaves to artificial diet. A
larva was considered dead when it was unable to move after being prodded. Fifth
instars were not transferred to artificial diet after 1 and 2 d because some were
pupating by the third day. Pupal weight was recorded 1 d after pupation. Time and
larval mortality to pupation, pupal survival to adult eclosion and number of days from
neonates to adult emergence were recorded.

Data analysis. All data were analyzed separately for S. exigua and H. zea us-
ing analysis of variance (ANOVA) with mortality at pupation and larval survival to
adults as sources of variation (PROC ANOVA, SAS Institute 1989). Length of lar-
val period, pupal weight and length of pupal period were analyzed in a weighted
analysis using the number of larvae reaching pupation as a weighting factor (PROC
GLM, SAS Institute 1989). When the F test for treatments was significant (P < 0.05),
treatments were compared by multiple t-tests (PROC GLM, Option LSD, SAS Institute
1989) (P < 0.05).

Results

Spodoptera exigua. The stadium at exposure to Bt-cotton and length of exposure
interaction was significant for the percentage of mortality at pupation (F = 2.45; df7,
64; P = 0.0274). Mortality at pupation in larvae placed on Bt-cotton leaves was low,
ranging from 29.6% in the first-instar group to 5.6% in the fifth-instar group. The
percentage of mortality did, however, increase significantly with an increase in the
time that first instars were on these leaves, and was highest when they were on the
leaves until pupation (P < 0.05) (Table 1). Mortality in larvae exposed to Bt-cotton
from third or fifth instars until pupation did not differ significantly from that in the
controls. The percentage of mortality in larvae placed on Bt-cotton leaves as first
instars was significantly higher than in those placed on leaves as third and fifth
instars, except it did not differ from the third-instar group exposed to Bt-cotton through
2 d (Table 1).

The stadium at exposure to Bt-cotton and length of exposure interaction was
significant for length of developmental period (F = 19.53; df 7, 64; P = 0.0001). The
larval developmental period was extended with an increase of up to 3.9 and 1.5d in
larval feeding time on Bt-cotton in first and third instars, respectively, but not the fifth
instar (Table 2). In larvae exposed as first instars, the developmental period increased
significantly when larvae fed on Bt-cotton leaves for 4 and 7 d, and again when
aliowed to pupate there (P < 0.05). When exposed as third instars, the length of
developmental period increased over 1 and 2 d of exposure only after larvae were
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exposed for 7 d or longer. When exposed until pupation, the length of larval period
decreased with the larval instar when placed on Bt-cotton (Table 2).

The instar at exposure to Bt-cotton and length of exposure interaction was signifi-
cant for pupal weight (F= 12.05; df = 7, 64; P = 0.0001). A significant reduction (P <
0.05) in pupal weight occurred in larvae exposed to Bt-cotton at all ages (Table 3).
Pupal weight of larvae exposed as first or third instars was significantly reduced from
that of larvae on cotton for 1d when on Bt-cotton for 7 or 2 d, respectively, and lowest
when on Bt-cotton until pupation. In fifth instars, the reduction in pupal weight was
significantly greater in larvae that completed their development on Bt-cotton than
those on it for 1 d. The pupal weight in third and fifth instars on Bt-cotton leaves up
to 7 d was significantly less than in the first-instar group. However, when on Bt-cotton
until pupation, the weight reduction was greater in first and third instars than fifth
instars. Feeding Bt-cotton to S. exigua did not affect the length of its pupal period (F
=0.72; df = 16, 68; P = 0.763). The mean (+SEM) pupal period in the control groups
was 5.50 + 0.14 d when larvae completed development on artificial diet and 5.64 +
0.13 d when on non-Bt cotton.

The instar at exposure to Bt-cotton and length of exposure interaction was signifi-
cant for survival to adults (F=3.28; df =7, 64; P=0.0049). The percentage of survival
from neonate to adult (adult emergence) in larvae exposed as first instars was re-
duced significantly only when fed Bt-cotton leaves until pupation (P < 0.05). However,
if not fed Bt-cotton leaves until the third stadium, survival of larvae fed for only 7 d was
lower than that in larvae fed for 1 d (Table 4). The fifth instar group’s survival to adults
was not altered by the feeding time on Bt-cotton leaves. Survival differed among
instars only when on Bt-cotton until pupation, with greatest survival (85.6%) in the
fifth-instar and lowest (50.4%) in the first-instar group. Larval survival to adult in the
controls was 85.6 and 75.2% on artificial diet and non-Bt cotton, respectively.

Helicoverpa zea. The instar at exposure to Bt-cotton and length of exposure
interaction was significant for H. zea mortality at pupation (F = 7.59; df =7, 64; P=
0.0001). Mortality at pupation in larvae placed as first or third instars on Bt-cotton
leaves increased with an increase in feeding period on the leaves (P < 0.05) (Table
5). The percentage of mortality at pupation in larvae placed as first or third instars on
Bt-cotton leaves was 86.4% and 68.8%, respectively. In the first-instar group, mor-
tality in larvae on Bt-cotton for 2 d or more was significantly higher than in larvae on
it for 1 d. Larval mortality was low (12.8%) when fifth instars were exposed to Bt-
cotton leaves until pupation and did not differ with length of exposure. All three instar
groups differed significantly in the mortality level when remaining on Bt-cotton until
pupation, with highest mortality in the first-instar and lowest in the fifth-instar group.

The instar at exposure to Bt-cotton and length of exposure interaction was signifi-
cant for length of developmental period (F=33.33; df = 7, 63; P=0.0001). The iength
of developmental period in larvae exposed to Bt-cotton as first or third instars in-
creased significantly between 1 and 2 d of exposure (P < 0.05) (Table 6). When first
and third instars were exposed to Bt-cotton until pupation, the increase in develop-
mental time over 1 d of exposure was 11.3 and 8.0 d, respectively. The time for larval
development when on Bt-cotton until pupation was significantly longer in the first- than
third-instar group, but it did not differ at shorter feeding periods. The length of pupal
period was not altered in any instar group by feeding on Bt-cotton (F = 1.64; df = 16,
63; P =0.083) with a mean (+xSEM) pupal period of 9.96 + 0.09 d when development
was completed on artificial diet and 9.93 d + 0.05 when on non-Bt cotton.
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The pupal weight of first- and third-instar exposure groups of H. zea on Bt-cotton
leaves for 4 to 7 d, respectively, was significantly reduced from that in larvae fed
Bt-cotton for 1 d (P < 0.05) (Table 7). The pupal weight of first or third instars on
Bt-cotton leaves until pupation was approximately 150 (>30%) mg less than those on
Bt-cotton for 7 d or less. The pupal weight reduction was less in the fifth-instar group
on Bt-cotton. There were no differences in pupal weight between first and third instars
at any of the feeding periods on Bt-cotton. Pupal weights of earlier instar exposure
groups were much reduced from those in the fifth-instar group when on Bt-cotton until
pupation. Pupal weight in the controls was 435.7 and 380.6 mg for larvae on artificial
diet and non-Bt cotton, respectively.

The instar at exposure to Bt-cotton and length of exposure interaction was signifi-
cant for H. zea survival to aduits (F = 4.42; df = 7, 64; P = 0.0005). Survival from
neonates to adults in H. zea larvae exposed to Bt-cotton was reduced with an in-
crease in feeding time on Bt-cotton in the first- and third- but not fifth-instar exposure
groups (P < 0.05) (Table 8). Survival of the first- and third- instar groups that pupated
on Bt-cotton was only 10.4%, and 27.2%, respectively, and was significantly lower
than for larvae that fed for 4 d or less. Survival of the first-instar group on Bt-cotton
was generally lower than that for the third- instar group after 2 d of exposure. Larval
survival to adults in the controls was 85.6 and 71.2% for larvae on artificial diet and
non-Bt cotton, respectively.

Discussion

The mortality at pupation was low in S. exigua larvae of all sizes fed Bt-cotton
leaves. This is in agreement with Stapel et al. (1997) who reported that S. exigua
grown on two Bt-cotton varieties had approximately 75% survival to pupation. Results
of our tests also showed that S. exigua exposed to Bt-cotton as third or fifth instars
had mortality similar to that in the control groups. Previously, Moar et al. (1990)
reported that B. thuringiensis protein CrylA (c), the toxin in Bt-cotton, was less toxic
to S. exigua than the other two B. thuringiensis proteins CrylA (a) and CrylA (b)
when incorporated in diet. In addition, Adamczyk et al. (1998) reported survival of S.
frugiperda larvae after lengthy exposure on Bt-cotton. Inagaki et al. (1991) had found
that larvae of S. litura were less susceptible to crystal 3-endotoxin of B. thuringiensis
than the other lepidopterous insects tested in in-diet tests.

Mortality of first-instar H. zea on Bt-cotton leaves in our study was high, but fess in
larvae exposed as third instars and low when exposed as fifth instars. Halcomb et al.
(1994) had reported a high mortality in early instars and a lower mortality in later
instars of H. zea when exposed to Bt-cotton flower buds. Even in the first-instar group,
mortality in H. zea was dependent on the time on Bt-cotton, and low when larvae fed
on Bt-cotton leaves for only a few days. These results agree with Mascarenhas and
Luttrell (1997) who found that H. zea mortality increased with the days that larvae
were preconditioned on Bt-cotton plants. Mascarenhas et al. (1994) also found that H.
virescens larvae, which were exposed to Bt-cotton for only 24 h, had higher initial
survival than larvae exposed for 48 and 96 h. They also reported that 4-d-old larvae
survived at significantly higher rates than 1- and 2-d-old larvae. Mortality for S. exigua
and H. zea was less than previously reported for H. virescens on Bt-cotton (Wilson et
al. 1992, Halcomb et al. 1994, Mascarenhas et al. 1994). Results of field studies by
Mahaffey et al. (1994) also indicated that Ostrinia nubilalis (Hibner) was controlled by
Bt-cotton. Others have found that some lepidopteran larvae fed B. thuringiensis in diet
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may recover and complete their development after removal from B. thuringiensis
(Dulmage et al. 1977, Chiang et al. 1986).

The larval developmental time was extended when early instars of S. exigua and
H. zea were fed Bt-cotton for 4 to 7 d. However, this extension in S. exigua was small
relative to that in H. zea, and less than 4 d when larvae were on Bt-cotton leaves until
pupation. Stapel et al. (1997) reported developmental time in S. exigua fed Bt-
containing diet was delayed by up to 5 d. Bt-cotton had a much greater effect on
developmental time of H. zea than S. exigua. We found that the increase in larval
developmental time in first-instar H. zea that survived until pupation was almost 2-fold
greater on Bt-cotton than on the non-Bt-cotton, whereas, this increase in S. exigua
was only 1.2-fold. The delay in pupation was up to 11 and 8 d in first- and third-instar
H. zea, respectively. Even 1 d of feeding on Bt-cotton leaves by these younger instars
slowed development in H. zea. Extension in larval developmental time of H. zea on
transgenic Bt-cotton was also reported by Jenkins et al. (1993) and Halcomb et al.
(1996).

A reduction in pupal weight occurred in all instars of S. exigua and H. zea fed
Bt-cotton until pupation. This reduction in pupal weight was large in both species
exposed as first or third instars. However, when larvae were on Bt-cotton for 1 wk or
less, the reduction, if any, was typically small. Halcomb et al. (1996) observed a pupal
weight reduction in fourth-instar H. virescens but not in fifth-instar H. virescens and H.
zea surviving on Bt-cotton. Jenkins et al. (1993) found that larval weight of H. vire-
scens that survived on Bt-cotton was significantly lowered. Adamczyk et al. (1998)
reported a reduction in pupal weight in S. frugiperda fed Bt-cotton. Stapel et al.
(1997), however, did not notice a pupal weight reduction in S. exigua fed B. thuring-
iensis-treated artificial diet.

These findings showed post-larval mortality in both H. zea and S. exigua. How-
ever, overall mortality was much lower in S. exigua than in H. zea. Only a small
percentage of first-instar H. zea survived to adult. Previously, Jenkins et al. (1993)
and Halcomb et al. (1996) found little or no H. zea and H. virescens survival to the
adult stage on Bt-cotton. In contrast, we found that only first-instar S. exigua on
Bt-cotton leaves until pupation had a survival rate as low as 50%. Davis et al. (1995)
and Harris et al. (1996) reported some suppression of S. exigua activity by Bt-cotton.
However, Burris et al. (1994) did not observe an effect of Bt-cotton on mortality and
feeding of S. exigua in the field. Trumble (1990) reported that formulations of B.
thuringiensis applied at recommended fieid rates on tomatoes were not efficacious
against S. exigua. These studies also suggest that in the field if a refugia option of
mixed seed (Bt/Non Bt) were offered, H. zea mortality would be changed somewhat
with movement of larvae between Bt- and non-Bt-cotton plants. For example, unless
larvae were nearing pupation at movement, any that moved from non-Bt-cotton would
likely be killed or suffer adverse sublethal effects on Bt-cotton plants.

In conclusion, larval mortality and effects of Bt-cotton leaves on survivors differed
for the two pest species examined. Helicoverpa zea on Bt-cotton leaves showed high
levels of mortality and major effects on survivors in the post-larval stages. In contrast,
S. exigua on Bt-cotton leaves showed low mortality, and effects on survivors were
comparatively low. The differences in susceptibility of these two pests to Bt-cotton
illustrate the complexities in generalizing the usefulness of Bt-cotton to control lepi-
dopteran pests on Bt-cotton. The usefulness of Bt-cotton must be evaluated for each
pest species. The adverse effects of Bt-cotton on larval survivors also illustrate the
need to evaluate effectiveness of Bt-cotton in pest management systems using these
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factors as well as acute larval mortality. In light of these sublethal effects of Bt-cotton,
further studies are needed to evaluate these effects of Bt-cotton on fecundity of adult
survivors and in succeeding generations.
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