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Abstract. Growth and development of fall armyworm, Spodoptera

frugiperda (J. E. Smith), were compared in two laboratory trials between

individuals oered transgenic maize seedlings, conventional maize

seedlings, or artificial diet. Transgenic maize seedlings in the first and

second trials expressed Cry9C (Event CBH 351) and Cry1A(b) (Event

MON 810) Bacillus thuringiensis (Berliner) (Bt) endotoxin genes,

respectively. Significant dierences were observed in both trials between

fall armyworm fed transgenic and conventional maize for larval and

pupal survival, weight, and development time. Survivorship of fall

armyworm larvae was 28 – 70% on both transgenic cultivars, compared

to 62 – 97% recorded on both conventional cultivars and artificial diet.

Fall armyworm fed Cry9C transgenic maize had lower larval and pupal

weights relative to those fed conventional maize, but the dierence was

significant only for pupae, whereas those fed Cry1A(b) transgenic maize

had significantly lower larval weights, while pupal weights were similar.

Developmental periods of larvae fed transgenic or conventional maize

were similar in the trial involving Cry9C maize, and longer for larvae fed

transgenic maize in the trial involving Cry1A(b) maize. Pupal develop-

mental periods were longer for larvae fed either Cry9C or Cry1A(b)

transgenic maize relative to conventional maize, but the dierence was

significant only in the former case. Estimation of Bt endotoxin

concentration in plant tissues via enzyme-linked immunosorbent assays

revealed that endotoxin expression was *10 times greater in Cry9C

maize relative to Cry1A(b) maize. Results are discussed in reference to

implications for biological control of pests, such as fall armyworm, that

are not targets of Bt transgenic maize.

1. Introduction

In the US, the fall armyworm [Spodoptera frugiperda (J. E.

Smith)] (Lepidoptera: Noctuidae) commonly infests maize,

cotton, Bermuda grass, peanuts, and sorghum (Sparks, 1979,

Pitre and Hogg, 1983), but its host range includes plants from 68

genera (Tietz, 1972). In maize, the fall armyworm is a secondary

pest after the European corn borer [Ostrinia nubilalis (Hübner)]

and the Southwestern corn borer (Diatraea grandiosella Dyar).

However, relatively high damage is occasionally reported (Porter

et al., 2000). Fall armyworm larvae feed on young whorls, ears

and tassels causing substantial damage to maize crops.

Insecticide applications are at present the main control measure

against fall armyworm, but several applications are required to

be effective (Hruska and Gladstone, 1988) and development of

resistance to selected insecticides has been reported (Pitre,

1986; Guillebau and All, 1991).

Recently, genetically engineered insect-resistant crops were

developed as control tactics against various pests. Transgenic

maize lines resistant to various insect pests were developed by

incorporating genes from the bacterium Bacillus thuringiensis

(Berliner) (hereafter Bt) (Koziel et al., 1993). Several transforma-

tion events of transgenic Bt maize have been developed leading

to commercial cultivars expressing Cry9C (Event CBH 351),

Cry1A(b) (Event 176, Event BT-11, Event MON 810) and

Cry1A(c) (Event DBT 418) endotoxin genes (Andow, 2002). Bt

endotoxins in Cry9C (Event CBH 351) and Cry1A(b) (Event MON

810) cultivars are expressed in both vegetative and reproductive

structures and offer good protection against European and

Southwestern corn borers (Armstrong et al., 1995). However,

non-target insects feeding on these cultivars may be affected to

different degrees. Risks associated with widespread deployment

of Bt cultivars have been evaluated to different degrees.

However, risk concerns focus largely on resistance development

in pests and cultivar sustainability, and more recently on potential

impacts on populations of non-target herbivores (Gould, 1998;

Andow, 2002; Losey et al., 2002). The potential impact of these

cultivars on the dynamics of non-target herbivore and natural

enemy populations has been investigated in less detail, although

they are increasingly attracting attention (Schuler et al., 1999;

Hilbeck, 2002). Non-target herbivores and natural enemies may

be affected directly by lethal and sublethal effects of Bt cultivars,

while natural enemies may also be affected indirectly via host-or

prey-mediated effects. Fall armyworm is not a target of Bt

transgenic maize cultivars. However, recent studies show that

fall armyworm feeding on Bt maize had reduced growth, longer

times to pupation and adult eclosion, and reduced feeding

activity and survival (All et al., 1996, Pilcher et al., 1997, Lynch et

al., 1999, Adamczyk et al., 2001). These effects on fall

armyworm are important in the context of biological control

because populations of this pest support at least 53 parasitoid

species from 43 genera and 10 families (Ashley, 1979). More-

over, fall armyworm is a secondary pest of maize and several

other crops, and likely plays an important role in agroecosystems

as a host or prey for generalist parasitoids that contribute to

natural biological control of this and other pests within and

without maize fields. Widespread deployment of Bt maize

cultivars may reduce fall armyworm populations and negatively
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affect the quality of surviving individuals as hosts for parasitoids.

The objective of this study was to compare survivorship and

development of a non-target pest, fall armyworm, on Bt

transgenic maize cultivars versus conventional cultivars and

artificial diet in the laboratory. Additionally, host plant acceptance

by larvae and Bt-endotoxin levels were compared between

transgenic and conventional cultivars in order to identify likely

causes of any differences detected in fall armyworm survivorship

and development between these cultivars. Pursuing these

objectives was necessary to obtain base-line data useful for

planning future studies addressing the effects of Bt maize

cultivars on parasitoids of fall armyworm.

2. Materials and methods

2.1. Plants

Transgenic and conventional maize plants were grown in

planters (656 306 25 cm) in the greenhouse. The transgenic

cultivars were hybrids expressing Cry9C (Event CBH 351, Garst

8366 Bt) and Cry1A(b) (Event MON 810, Pioneer 35N05)

endotoxin genes in both vegetative and reproductive structures.

The corresponding conventional cultivars were hybrids lacking Bt

endotoxin genes, Garst 8366 (a near-isogenic cultivar with Garst

8366 Bt) and Pioneer 34A55. Three to four rows of seeds were

sown per planter in a 50:50 mixture of moist vermiculite and

potting soil (SunGro Horticulture Inc., Canada). Plants were not

fertilized and were watered daily. Ten to 14 day-old plants were

used in the experiments by individually transplanting them in

148 ml plastic vials (49685 mm) (BioQuip Products Inc.,

Gardena, CA, USA) perforated at the bottom for drainage.

2.2. Insects

Fall armyworm larvae were obtained from a stock culture

maintained at 25+28C, 50– 70% relative humidity, and a 14 h

L:10 h D light regime for ca. 8 generations. Newly laid eggs were

incubated to larval emergence in 1 l wide-mouth glass jars under

the same environmental conditions. Neonate larvae were

transferred to 40 mm (diam.) plastic cups containing &5 g of

artificial diet (Martinez et al., 1988), which were covered with

waxed-paper lids.

2.3. Larval survival, development and host plant

acceptance

Three treatments were compared in each of two separate

trials. The treatments in the first trial were: (i) artificial diet; (ii)

transgenic maize seedlings expressing Cry9C endotoxin (Event

CBH 351) (Garst 8366 Bt) and (iii) conventional maize seedlings

(GARST 8366). In the second trial, both the transgenic and

conventional cultivars were changed so treatments were: (i)

artificial diet; (ii) transgenic maize seedlings expressing Cry1A(b)

endotoxin (Event MON 810) (Pioneer 35N05) and (iii) conven-

tional maize seedlings (Pioneer 34A55). The experimental

conditions for both trials were set at 30+ 18C, 50 –70% relative

humidity, and 14 h L:10 h D regime, and the same protocol

(described below) was followed in each trial.

Neonate larvae were maintained from emergence through 5

days on artificial diet after which they were transferred to one of

the maize treatments or kept on artificial diet. At 10 days of age,

larvae were removed from plants or diet, weighed to the nearest

0.1 mg, and returned to their respective diets after weighing. A

1 cm-layer of white sand (Play Sand, Quikrete�, Atlanta, GA,

USA) was spread over the soil surface surrounding the base of

seedlings transplanted in plastic vials, which facilitated recovery

of fall armyworm larvae or pupae. Seedlings were covered by

small cages made of 148 ml (496 85 mm) plastic vials with their

bottoms replaced with fine-mesh metal screen. Pots and cages

were joined with their corresponding lids, which had a *40 mm

(diam.) perforation to allow passage of the plant from the pot to

the cage. Seedlings consumed by larvae were replaced with new

seedlings as necessary. Fall armyworm larvae kept on artificial

diet were maintained in their original diet cups covered with lids

and placed in tray units.

Pupae were collected daily from diet cups or pots and

immediately weighed and sexed. They were transferred to sterile

plastic cups without diet, covered with a lid, and kept under the

experimental conditions until adult emergence.

Host plant acceptance was assessed by scoring the amount

of plant tissue consumed by individual larvae on the original

seedling by the end of the first 4 days of feeding. Scores were

assigned on a 1 –5 scale where: 1 = rejection (no tissue

consumed); 2 = slight acceptance (4 1/3 of seedling consumed);

3 =moderate acceptance (41/2 of seedling consumed);

4 = strong acceptance (42/3 of seedling consumed), and;

5 = full acceptance (4 2/3 of seedling consumed).

Six replicates of 15 pots of each maize cultivar, and six trays

of 15 diet cups each, i.e. 270 fall armyworm larvae, were used in

the first trial. The same number of maize cultivar replications and

four diet replications, i.e. 240 fall armyworm larvae, were used in

the second trial.

2.4. Quantification of Bt-endotoxin levels in plant tissue

Presence and expression levels of Bt endotoxin in plant

tissues were assessed in 10– 14-day-old seedlings grown in a

greenhouse as described above. Plant tissue was collected

&30 min prior to assays and kept in plastic bags at ca. 58C until

used. Assays compared Bt endotoxin levels between corre-

sponding pairs of transgenic and conventional cultivars; assay

protocols were identical for each cultivar pair with the exceptions

noted below. For assays, three replicates of four planters ( = 12

planters) each were sown in a greenhouse for each transgenic

and conventional cultivar pair. Each planter was sown with one

row (10 seedlings) each of the transgenic and corresponding

conventional cultivar. One transgenic maize seedling was taken

from each of the four planters and one conventional seedling

from each of two planters in each replicate; seedlings were of the

same age (between 10 – 15 days old) in each case, and seedling

roots were removed. Tissue from each seedling was homo-

genized (see below) and used at two dilutions (wt/vol) for each

cultivar pair in the assays: 1:2,500 and 1:2,700 for Cry9C, and

1:300 and 1:500 for Cry1A(b). These dilution factors were

chosen based on preliminary assays (unpublished data). Three

measurements of Bt-endotoxin concentration were taken per

each of the seedlings, yielding 36 and 18 observations per

dilution for transgenic and conventional seedlings, respectively.

Thus, the total numbers of observations were 72 and 36 for each

of the transgenic and conventional cultivars, respectively.
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A double-antibody sandwich enzyme-linked immunosorbent

assay (DAS ELISA) was performed following established testing

procedures, with some modifications (Voller et al., 1976; Clark

and Adams, 1977). Specifically, detection and quantification of

Bt endotoxin in plant tissue was accomplished using two different

commercial 96-well quantification microtiter plates (Agdia Inc.,

Elkhart, IN, USA). Plant tissues were homogenized using an

OMNI GLH, EZ Connect Homogenizer (Omni International Inc.,

Warrenton, VA, USA) and diluted to 1:10 in phosphate-buffered

saline with 0.4 g of non-fat dried milk and 0.5 g of Tween 20

detergent (PBST) for each 100 ml of sample extract buffer

needed. Further dilutions were made in 1:10 solution of

conventional plant tissue in PBST. Test samples (transgenic

and conventional) and purified truncated Cry1A(b) or Cry9C

endotoxin standards were dispensed into wells coated with

antibodies against Bt toxins. A solution of secondary antibody

conjugated to alkaline phosphatase was then used to detect Bt

endotoxins. A substrate detection and colour development

reagent consisting of a 1:1 mixture of BP-A (Tetramethyl

benzidine- TMB) and BP-B (Hydrogen peroxide in citric acid

buffer) was added to each well, and the plate was incubated for

30 min out of direct light. Results were evaluated with an ELISA

VERSAmaxTM Tunable microplate reader (Molecular Devices,

Sunnyvale, CA, USA) at 630 nm SOFTmax Pro� software

(Molecular Devices, Sunnyvale, CA, USA).

2.5. Data collected

Larval survivorship and weight at day 10, and survivorship

and weight of newly formed pupae were recorded. Larval and

pupal survivorship were calculated as number of pupae

recovered/total number of larvae, and number of adults

recovered/total number of larvae, respectively. The durations of

the larval and pupal developmental periods were scored in days.

Host plant acceptance values were scored according to the scale

given above. Homogenate absorbance values at 630 nm were

used to estimate Bt endotoxin concentrations for each of the

transgenic and conventional cultivars.

2.6. Statistical analyses

Larval and pupal weights, and lengths of larval and pupal

developmental periods were subjected to one-way ANOVA (Zar,

1999). Treatment means were separated as warranted using

Student Newman-Keuls’ (SNK) test (Zar, 1999). Homogeneity of

variances test conducted on growth and development para-

meters of fall armyworm between the two artificial diet treatments

from both trials indicated that variances were not homogenous.

Thus, data corresponding to the artificial diet treatment in both

trials were not pooled for statistical analyses. Proportions were

arcsin HX-transformed prior to analysis and results are

presented as back-transformed data. A LIFETEST procedure

was used to test for homogeneity of the larval survivorship

curves for the three diet treatments used in the two trials (SAS

Institute, 1996). Larval and pupal survivorship on the different

diets were separated by the Wilcoxon likelihood tests (SAS

Institute, 1996). The distributions of host plant acceptance

scores for transgenic and conventional maize cultivars in each

trial, and for both transgenic cultivars were compared using

contingency table log-likelihood ratio tests (Zar, 1999). Absor-

bance values were compared between cultivars, within trials, via

one-way analysis of variance, and means corresponding to each

of the conventional cultivars were compared against a hypothe-

sized value of zero via one-sample t-tests (Zar, 1999). Bt

endotoxin concentration values of transgenic maize cultivars

were subjected to one-way analysis of variance (Zar, 1999).

3. Results

3.1. Fall armyworm growth and development

Larval and pupal weights of surviving larvae varied sig-

nificantly with treatment for both the trial involving Cry9C and

Cry1A(b) cultivars (p50.0001) (figure 1). Larvae fed artificial

diet weighed significantly more than those fed plant tissue in both

trials, while those fed conventional plant tissue weighed

W
ei

g
h

t 
(g

)

0.00

0.04

0.08

0.12

0.16

0.20

Trial 1-Cry9C Trial 2-Cry1A(b)

a

b b
aa

b

0.00

0.05

0.10

0.15

0.20

0.25

a

b

a

b

c

a

transgenic
maize

conventional
maize 

artificial
diet 

(a)

(b)

Larvae

Pupae

Figure 1. Weight (g) of Spodoptera frugiperda (a) 10-day-old larvae, and (b)

pupae reared on artificial diet, transgenic maize, or conventional maize. Within

trials, columns sharing letters are not significantly different. Larvae: Trial 1,

F2,135 = 12.92, p50.0001, and; Trial 2, F2,214 = 66.97, p50.0001. Pupae: Trial

1, F2,116 = 7.26, p=0.001, and; Trial 2, F2,188 = 4.25, p=0.016. Trial 1 included a

cultivar expressing a Cry9C endotoxin gene (Event CBH 351), while Trial 2

included a cultivar expressing a Cry1A(b) endotoxin gene (Event MON 810).
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significantly more (& 26 ) than those fed transgenic tissue in

the trial involving Cry1A(b) but not Cry9C plants. Similarly, pupae

obtained from larvae fed artificial diet weighed more than those

from Cry1A(b) and conventional plants in the second trial

(p=0.016) (figure 1b). In contrast, pupae obtained from artificial

diet or conventional plants had similar weights, but weighed

more (&1.36 ) than those obtained from Cry9C plants in the

first trial (p=0.001) (figure 1b).

The lengths of the larval developmental periods varied

significantly with treatment in both trials (p50.0001) (figure

2a). Larvae fed Cry9C or conventional plant tissue had similar

developmental periods, both longer than that of larvae fed

artificial diet (figure 2a). In contrast, those fed Cry1A(b) plant

tissue had significantly longer (&1.26 ) developmental periods

than those developing on either conventional plant tissue or

artificial diet, which had similar developmental periods (figure

2a). The lengths of the pupal developmental periods varied

significantly with treatment in both trials (p40.01) (figure 2b).

Larvae fed Cry9C plant tissue had pupal periods significantly

longer (&1.76) than those of larvae fed conventional plant

tissue, while those of larvae fed artificial diet were intermediate in

length (figure 2b). In contrast, pupal developmental periods were

shorter on conventional plant tissue relative to artificial diet, and

intermediate on Cry1A(b) plant tissue (figure 2b).

3.2. Fall armyworm survivorship

Survivorship of S. frugiperda larvae varied significantly with

treatments in both the first and second trials (figure 3). Larval

survivorship was lowest on both Cry9C (&0.436 relative to the

conventional cultivar) and Cry1A(b) (&0.736) plants relative to

the corresponding conventional plants and artificial diet

(p50.001 in both cases) (figure 3a). Similarly, pupal survivor-

ship was lowest on both Cry9C (&0.466) and Cry1A(b)

(&0.646) plants relative to the corresponding conventional

plants and artificial diet (p5 0.001 in both cases) (figure 3b).

Larval and pupal survivorship were similar on conventional

plants and artificial diet in both trials (figure 3a, b).

3.3. Host plant acceptance by fall armyworm

The distribution of host plant acceptance scores varied

significantly with maize cultivar in both trials (p50.001) (figure

4). Approximately 80% of conventional plants were moderately to

fully accepted, receiving acceptance scores of 3 or above, while

480% of corresponding transgenic plants were either moder-

ately to slightly accepted or rejected, receiving acceptance

scores of 3 or below. In addition, Cry1A(b) plants were

moderately to fully accepted with greater frequency than Cry9C

plants (G=25.13, df = 4, p50.001).

3.4. Bt endotoxin levels in plants

Absorbance values were near nil in both conventional

cultivars, and were significantly lower than in the corresponding

transgenic cultivars (p5 0.0001); non-zero mean values corre-

sponding to the conventional cultivars represent background

absorbance by plant tissue homogenates at that wavelength

(table 1). Moreover, the means corresponding to the conven-

tional cultivars do not differ significantly from zero (p5 0.0001)

(table 1). Differences in absorbance values among tissue from

four plants of each transgenic cultivar were not significant

(p50.5) (table 2), suggesting that Bt endotoxin levels in

transgenic plants were similar. Bt endotoxin concentration was

&10 times greater in the Cry9C cultivar, 7908.4+197.0 ng/ml,

relative to the Cry1A(b) cultivar, 774.3+25.2 ng/ml (F=1273.0,

df = 1, 142, p50.0001).

4. Discussion

Transgenic maize cultivars affected fall armyworm in several

ways. Larval and pupal weights were reduced while develop-

mental times were prolonged on both Cry9C and Cry1A(b)
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Figure 2. (a) Larval and (b) pupal developmental periods (days) of Spodoptera

frugiperda reared on artificial diet, transgenic maize, or conventional maize.
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Trial 1 included a cultivar expressing a Cry9C endotoxin gene (Event CBH 351),

while Trial 2 included a cultivar expressing a Cry1A(b) endotoxin gene (Event

MON 810).
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cultivars in comparison to conventional cultivars. Similar effects

of transgenic cultivars were previously reported for Pseudaletia

unipuncta (Haworth) (Pilcher et al., 1997) and Helicoverpa zea

(Boddie) on maize (Adamczyk et al., 1998, Lynch et al., 1999,

Moore et al., 1999, Wiseman et al., 1999, Porter et al., 2000).

Moreover, survivorship of fall armyworm fed transgenic maize

was significantly lower than those fed conventional maize, and

differences were more marked during early larval instars when

high mortality rates were recorded on both transgenic cultivars

(data not shown). Larval survivorship recorded in this study was

lower than that reported by Lynch et al. (1999), who recorded up

to 97 –100% for fall armyworm larvae fed transgenic plants from

day 6 of age. The low acceptance scores of fall armyworm on

transgenic versus conventional maize seedlings recorded in this

study show that the presence of Bt endotoxins substantially

reduced feeding, as reported by earlier authors (Adamczyk et al.,

1998, Lynch et al., 1999, Wiseman et al., 1999).

A substantial percentage of larvae reached the pupal stage

on the transgenic maize cultivars although survivorship was

significantly lower on these cultivars relative to the corresponding

conventional cultivars and artificial diet. The suitability of these

surviving larvae and resulting pupae as prey/hosts for natural

enemies remains to be examined, but is likely compromised. For

example, fall armyworm larvae and pupae weighed less and had

longer larval periods on transgenic relative to conventional

maize. Thus, transgenic maize affected survivorship as well as
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Cry1A(b) endotoxin gene (Event MON 810).
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growth and development of fall armyworm. Similar results were

obtained in other studies involving fall armyworm and Bt

transgenic maize and cotton (Jenkins et al., 1997, Adamczyk

et al., 1998, Lynch et al., 1999, Wiseman et al., 1999). Moreover,

truncated Bt endotoxins are present in early-instar fall armyworm

fed Cry1A(b) transgenic maize at levels (37.2+5.4 ng/ml) that

may affect natural enemies feeding on these larvae (Bokonon-

Ganta and Bernal, unpubl.). Bernal et al. (2002) showed that

immature-stage mortality in the ectoparasitoid Parallorhogas

pyralophagus (Marsh) was greater on hosts (Eoreuma loftini

Dyar) fed Bt maize relative to those fed conventional maize,

which suggested that hosts fed transgenic maize were toxic to

developing parasitoids. Thus, fall armyworm surviving on a diet

of Bt maize likely represent poor quality hosts for parasitoids

because they are smaller, have longer developmental periods,

and contain truncated Bt endotoxins, and natural enemies

feeding on these larvae may be lethally or sublethally affected.

Such effects on fall armyworm and associated natural enemies

will likely affect natural enemy population dynamics and

biological control of fall armyworm.

Additionally, the results of this study suggested that Cry9C

maize was more toxic to fall armyworm than Cry1A(b) maize,

though a statistical comparison between the two cultivars was

not appropriate. This suggestion was supported by the results

showing that Cry9C plants were more acceptable than Cr1A(b)

plants to fall armyworm larvae, and Bt endotoxin levels were

&106 greater in the former versus the latter cultivar. Similar

observations were made by Giles et al. (2000), who found that Bt

endotoxin levels in Cry1A(b) maize kernels were nearly 20-fold

lower than levels in kernels of Cry9C maize.

Overall, our results show that fall armyworm, a non-target,

secondary pest is affected by Bt maize cultivars, and suggest

that these effects will likely impact its biological control. This

raises concerns over the compatibility of transgenic crops with

other IPM tactics, and suggests that closer examination of

this technology is warranted. In particular, transgenic cultivars

should not interfere with biological control of both target and

non-target pests within and outside the crop. A number of

studies have evaluated the effects of transgenic plants on

non-target organisms, including parasitoids (Fitt et al., 1994,

Flint et al., 1995, Johnson et al., 1997, Schuler et al., 1999,

Hilbeck et al., 2000). So far, results have been highly

variable, suggesting interactions between transgenic crops

and natural enemies from synergism to antagonism, while in

some cases an interaction was not evident (Schuler et al.,

1999, Hilbeck, 2002). Despite extensive studies on the effects

of transgenic crops on target and non-target herbivores, the

potential effects on parasitoids have not been adequately

addressed. One factor partially responsible for this has been

the difficulty of conducting such studies given the high

mortality rates evident in herbivores that are fed Bt transgenic

plant tissue. The results of this study suggest that studies on

the direct and indirect effects of Bt transgenic plants on

parasitoids of non-target herbivores such as fall armyworm

can be conducted given that survivorship rates are sufficient

to permit adequate replication. For example, Cotesia margin-

iventris (Cresson) is a common parasitoid of fall armyworm

and other lepidopteran pests, and studies on the potential

effects of Bt plants on this parasitoid would shed light on

plausible spill-over effects of widespread planting of trans-

genic crops on biological control in transgenic and surround-

ing crops. Such studies are in the planning stage as part of

more comprehensive research in our laboratory aiming to

evaluate potential effects of transgenic crops on natural

enemies and biological control.
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