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ABSTRACT Transgenic lines of soybean, Glycine max (L.) Merrill, expressing a synthetic crylA gene
(tic107) from Bacillus thuringiensis (Bt), were evaluated in screenhouse and conventional field trials
for efficacy against lepidopteran pests. In screenhouse trials, Bt soybean and negative checks (isogenic
segregants and parental lines) were evaluated against Anticarsia gemmatalis Hiibner and Pseudoplusia
includens (Walker) in the United States and against A. gemmatalis, Epinotia aporema (Walsingham),
Rachiplusia nu (Guenée), and Spilosoma virginica (F.) in Argentina. Bt soybean exhibited virtually
complete efficacy against each of these pests, whereas negative checks suffered significant damage.
Bt soybean and negative checks also were evaluated in conventional trials against native populations
of A. gemmatalis and P. includens in the southeastern United States. Each of these insects caused
significant damage to negative checks in one or more locations, whereas Bt soybean exhibited virtually
complete efficacy against these pests. In the laboratory, lyophilized leaf tissues from Bt soybean
incorporated in artificial diet at a concentration representing a 25-fold dilution of fresh tissue caused
complete mortality of A. gemmatalis and near complete mortality of P. includens neonates after 11 d,
whereas mortality on negative checks did not exceed 10% for either insect. Average TIC107 expression
approached or exceeded 50 ug/ g fresh weight at V3 stage of growth and 200 g/ g by R6 stage of growth.
These results demonstrate that expression of TIC107 in soybean can not only achieve highly efficacious
control of several lepidopterans under field conditions but also provide a high dose for effective insect
resistance management.

RESUMEN  Se evalué resistencia a plagas lepidépteras de lineas de soja transgénicas, Glycine max
(L.) Merrill, que expresan un gen crylA sintético (tic107) de Bacillus thuringiensis (Bt), en ensayos
a campo, con vy sin jaulas. En ensayos con jaulas, las sojas Bt y los testigos negativos (segregantes
isogénicos y lineas parentales) fueron evaluadas frente a Anticarsia gemmatalis Hiibner y Pseudoplusia
includens (Walker) en los EE.UU. de A. y frente a A. gemmatalis, Epinotia aporema (Walsingham),
Rachiplusia nu (Guenée), y Spilosoma virginica (F.) en Argentina. La soja Bt exhibi6 una eficacia
virtualmente total frente a cada una de las plagas, mientras que los testigos negativos sufrieron un
significativo dafio. La soja Bt y los testigos negativos también fueron evaluados en ensayos conven-
cionales frente las poblaciones naturales de A. gemmatalis y P. includens en el sudeste de los EE.UU.
de A. Cada uno de estos insectos causé dafio significativo a los testigos negativos en una o mds
localidades, mientras que la soja Bt mostr6 una eficacia virtualmente total a dichas plagas. En el
laboratorio, tejidos foliares liofilizados provenientes de soja Bt incorporados en dieta artificial a una
concentracion que representa una dilucién de 25 veces la del tejido fresco, causé total mortalidad de
neonatas de A. gemmatalis y casi completa mortalidad de neonatas de P. includens, luego de 11 dfas,
mientras que la mortalidad en los testigos negativos no excedi6 el 10% en ambos insectos. La expresién
de TIC107 promedi6 se aproximé o excedié los 50 ug/g de peso fresco en estado V3 de crecimiento
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y los 200 pg/g en estado R6. Estos resultados demuestran que la expresién de TIC107 en soja no sélo
puede lograr un control altamente eficaz de varios lepidépteros en condiciones de campo, sino también
proveer una alta dosis para un efectivo manejo de resistencia de insectos.
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soybean

SovBEAN, Glycine max (L.) Merrill (Fabaceae: Phase-
oleae), is a major agricultural crop in the Western
Hemisphere, with >80% of global production occur-
ring in the United States, Brazil, and Argentina
(United Soybean Board 2000). Soybean crops in more
southern latitudes of this region (southeastern United
States to Argentina) are subject to pressure by several
lepidopteran insect pests (Turnipseed and Kogan
1976, Higley and Boethel 1994, Aragén et al. 1997).
Anticarsia gemmatalis Hiibner, velvetbean caterpillar,
is the most important of these, occurring throughout
much of this region, whereas Pseudoplusia includens
(Walker), soybean looper; Epinotia aporema (Wals-
ingham), “barrenador del brote”; and Rachiplusia nu
(Guenée), “oruga medidora del girasol”, are important
in more restricted areas. Other lepidopterans of spo-
radic importance include Helicoverpa zea (Boddie),
bollworm; Spodoptera frugiperda (J.E. Smith), fall ar-
myworm; Elasmopalpus lignosellus (Zeller), lesser
cornstalk borer; and Spilosoma virginica (F.) “gata
peluda norteamericana”.

Chemical insecticides are commonly used for con-
trolling lepidopteran infestations in soybean but are
not always effective. The cryptic habits of E. aporema
larvae protect them from insecticidal sprays, making
high rates and careful timing of systemic insecticide
applications necessary for effective control (Aragon et
al. 1997). Pseudoplusia includens has developed resis-
tance to every synthetic class of insecticide used
against it (Thomas and Boethel 1994), and resistance
to pyrethroids is widespread across the southern
United States (Felland et al. 1990, Leonard et al. 1990).
Insecticides remain effective against A. gemmatalis;
however, infestations can quickly reach damaging lev-
els and cause economic loss if insecticides are not
applied promptly. Alternative control strategies such
as biological insecticides and natural enemies are
available but not widely used (Luttrell et al. 1998,
Moscardi 1999), and efforts to develop elite insect-
resistant soybean lines with high yield and desirable
agronomic characteristics through conventional
breeding of germplasms exhibiting endogenous insect
resistance have not been successful (Boethel 1999).

Advances in crop biotechnology offer a promising
alternative to chemical insecticides for control of lep-
idopteran pests in soybean. Since their introduction in
1996, transgenic crop varieties expressing 8-endotox-
ins (Cry proteins) from Bacillus thuringiensis (Bt)
have become important tools for effective pest man-
agement. The adoption of Bt cotton, Gossypium spp.,
has not only enabled more effective management of
lepidopteran pests but also significantly reduced
chemical insecticide use (Perlak et al. 2001, Carriere
et al. 2003). Likewise, the adoption of Bt corn, Zea

mays L. (Armstrong et al. 1995), has reduced the
impact of lepidopteran stalk borers (Pilcher and Rice
2003). Bt soybean varieties have yet to be commer-
cialized, although experimental lines have been de-
veloped. The first report of such, expressing a native
crylAb gene, deterred A. gemmatalis larval feeding
and growth (Parrott et al. 1994). Another (Jack-Bt),
expressing higher levels of a synthetic crylAc gene,
caused complete A. gemmatalis larval mortality and
significantly reduced P. includens and H. zea larval
survival and feeding in laboratory bioassays (Stewart
et al. 1996). This line also exhibited efficacy against
these pests in artificially infested field cages (Walker
et al. 2000), although damage did exceed economic
injury thresholds (Sullivan and Boethel 1994) in a few
trials. This was attributed to migration of older, pre-
sumably more tolerant, larvae from adjacent non-Bt
plots. Nevertheless, it raises questions about the ability
of Jack-Bt soybean to provide consistent control
across multiple geographies and its suitability in a
“high dose/refuge” insect resistance management
strategy (Gould 1994).

We report transgenic Bt soybean lines expressing a
synthetic crylA gene that effectively control a variety
of lepidopteran pests across multiple geographies. In
addition, we provide direct evidence that they express
the Cry protein at levels constituting high dose against
A. gemmatalis and P. includens and indirect evidence
of high dose expression against other lepidopterans.

Materials and Methods

Plant Genotypes. The transgenic soybean lines used
in these studies were created using Agrobacterium-
mediated DNA transfer (Hinchee et al. 1988) into
soybean (‘A5547). Among the resultant R, plants,
three lines (19459-55, 19478-8, and 19487-35) were
determined to contain one intact copy of the Bt gene
ticl07, a synthetic crylA construct similar to CrylAc
(Fischhoff and Perlak 1995), as confirmed by South-
ern blot analyses (data not shown). The 3.5-kb tic107
coding sequence is controlled by the ribulose-1,5-
bisphosphate carboxylase (Rubisco) small subunit
promoter (ArabSSU1A) from Arabadopsis thaliana
(L.) Heynh., with translocation of the precursor pro-
tein to the chloroplast under the direction of the
N-terminal stromal-import sequence also from
ArabSSUIA (Almeidaet al. 1989, Wong et al. 1992). All
three lines lack marker genes or other plasmid DNA
sequences outside of the transfer DNA (T-DNA) re-
gion, again as confirmed by Southern blot analyses
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(data not shown). Isogenic Bt-negative lines were
derived for each line through Mendelian segregation.

Protein Expression. TIC107 expression was evalu-
ated in field-grown, homozygous R, plants of two Bt
lines (19459-55 and 19487-35) and their negative iso-
lines planted at three locations (Galena, MD; Leland,
MS; and Loxley, AL) during the 2002 growing season.
Leaf tissues were collected at V3, R1 (R4 at Galena),
and R6 stages of plant growth (Fehr et al. 1971) by
picking the center leaflet of the youngest fully ex-
panded trifoliate from 10 randomly selected plants
within three plots of each Bt line and one plot of each
negative isoline. For protein expression analysis, 100
mg of crushed, frozen leaf tissue was combined with
10 ml of extraction buffer (50 mM sodium carbonate/
bicarbonate + 2 mM dithiothreitol, 0.07% Tween 20)
in a 15-ml polyethylene tube. Eight 6.35-mm chrome-
steel beads (BioSpec Products Inc., Bartlesville, OK)
were added to the tubes and vigorously shaken in a
Harbil 5G HD case mixer (Fluid Management, Wheel-
ing, IL) for 7 min. The extract was separated from the
solid phase using a serum filter (Fisher, Pittsburgh,
PA), and 100 pl of extract was treated with trypsin
(Calbiochem, La Jolla, CA) equivalent to 540 USP
units/ml and incubated at 37°C for 30 min. The pro-
tease activity was stopped with 0.125 uM phenylmeth-
ylsulfonyl fluoride (PMSF) from a stock solution of 50
mM PMSF in 2-propanol. Samples were diluted 1:30
and 1:90 with a Tris-borate buffer (TBA) containing
100 mM Tris base, 100 mM Na,B,0O, * 10H,0, 5 mM
Mg(Cl, * 6H,0, 0.05% Tween 20, HCI to pH 7.8, and,
just before use, 0.2% 1-ascorbic acid dissolved into
solution, before loading on assay plates.

Protein expression was determined by indirect
enzyme-linked immunosorbent assay (ELISA)
(Crowther 1995). A Cry protein standard, comparable
with the CrylAc encoded by Bt subsp. kurstaki strain
HD-73 expressed and purified from Escherichia coli
fermentation, was lyophilized, dissolved in 50 mM
sodium bicarbonate (pH 9.6), subjected to trypsiniza-
tion as described for sample treatment, and serially
diluted in TBA to eight concentrations ranging from 32
to 0.25 ng/ml to generate a standard curve for quan-
titation of the expressed TIC107. For ELISA, 96-well
MaxiSorp Nuncimmuno plates (NUNC A/S, Roskilde,
Denmark) were coated with 200 ul/well monoclonal
IgG Abl (M19N4AG6, from mouse) diluted 1:4,800 in
coating buffer (50 mM carbonate/bicarbonate and
150 mM NaCl), incubated overnight at 4°C, washed
three times with PBST (0.001 M KH,PO,, 0.01 M
Na,HPO,, 0.137 M NaCl, 0.0027 M KCl, 0.07% Tween
20, pH 7.4), blocked with 200 ul/well PBSTO (1X
PBST, 0.5% oval albumin) at room temperature (RT)
for 2 h, and washed one time with PBST. Plates were
loaded with 100 ul/well of sample (three replicates
per plate for standard, test samples, and positive con-
trols; eight per plate for negative controls [ A5547 leaf
extracts| and TBA buffer blanks), incubated at RT for
2 h and washed three times with PBST. Plates were
loaded with 200 ul/well of HD-73 rabbit polyclonal
antibody (SDI, Newark, DE), diluted 1:1,000 with
PBSTO, incubated at RT for 1.5 h, and washed three
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times with PBST. Bound polyclonal IgG was detected
with 200 ul/well of donkey anti-rabbit IgG-horserad-
ish peroxidase conjugate (Amersham Biosciences Inc.,
Piscataway, NJ) diluted 1:3,000 with PBSTO. Plates
were washed three times with PBST, and then 100
wl/well TMB peroxidase substrate (Kirkegaard &
Perry Laboratories, Gaithersburg, MD) was added
and incubated at RT in the dark for 4 min. Reactions
were stopped with phosphoric acid, and absorbance
was read at 450 nm in a Spectra Max plate reader by
using SOFTmax PRO version 3.0 software (Molecular
Devices, Sunnyvale, CA). Expression data were sub-
jected to analysis of variance (ANOVA) by using JMP
software version 5.1.1 (SAS Institute 2004) to deter-
mine significant sources of variability among location,
line, and replicate at the 0.05 probability level (P).
Significant differences among means were deter-
mined using the Tukey-Kramer test (Kramer 1956) at
P = 0.05.

2002 Argentina Screenhouse Trials. Pooled progeny
from homozygous and hemizygous R, (first genera-
tion after transformation) plants of Bt lines 19478-8
and 19487-35 were evaluated in screenhouse trials at
the Monsanto Agronomy Center, Fontezuela, Buenos
Aires Province, and the Instituto Nacional de Tecno-
logia Agropecuaria, Estacién Experimental Agropec-
uaria (INTA-EEA), Oliveros, Santa Fe Province. Neg-
ative-expressing R, plants were culled from Bt-
positive plots, leaving only hemizygous and
homozygous Bt-positive plants in those plots, and the
parental ‘A5547 served as a negative check. Two iden-
tical randomized complete blocks (RCB) with four
replicates per entry (soybean line) were established at
each location under 16 by 18-mesh nylon insect screen
covers supported by iron tubing frames measuring
11.0 m in length by 7.5 m in width by 2.0 m in height.
Seed was planted 8 -22 January 2002 by hand at a rate
of ~25 seeds per meter row in plots measuring one row
by 2.0 m with 1.0-m spacing, 80-cm alleys, and no
borders/buffers. Plots were weeded by hand with a
hoe as necessary during the trial period. At 37-64 d
after planting (dap), plants in the Bt-positive plots
were subjected to expression analysis by using a Mon-
santo GeneCheck Lab test kit and culled if a negative
result was obtained, leaving only homozygous and
hemizygous Bt-positive plant genotypes within those
plots. One screenhouse at each location was infested
with A. gemmatalis (40 -800 adults and 20-180 second
to third instars per row) two to three times (49-62
dap) or E. aporema (200-1,000 adults) two to four
times (41-84 dap). Insects were obtained from labo-
ratory colonies at INTA-EEA in Oliveros. Adult A.
gemmatalis also were obtained in Oliveros from light
traps in soybean fields. Adult food was provided by
absorbent cotton saturated with a sucrose/honey so-
lution (Nipagin added as a mold inhibitor) in plastic
boxes throughout the house. Larval incidence of A.
gemmatalis was evaluated at R4 stage of plant growth
(62-65 dap) by beating the center 60 cm of each row
over a vertical beat sheet and counting the number of
larvae. Damage was assessed at R5 stage of growth
(67-76 dap) by estimating percentage of defoliation
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on 40 randomly selected leaves from both the upper
and the lower portions of the canopy in each plot.
Larval incidence of E. aporema was evaluated at R5
stage of growth (64-84 dap) by counting the number
of live larvae on 10 randomly selected plants in each
plot. Damage was assessed concurrently on the same
plants by counting the number exhibiting damage. In
all trials, pod production was evaluated at maturity
(112-133 dap) by counting the number of pods on 10
random plants in each plot, and yield was measured in
the Oliveros trials by harvesting the entire row in each
treatment and weighing the seed. Data on larval in-
cidence, damage, pod production, and yield were sub-
jected to ANOVA to determine significant sources of
variability among location, line, and replicate at the
0.05 probability level. Significant differences among
means were determined using the Tukey-Kramer test
at P = 0.05.

2002 U.S. Screenhouse Trials. Homozygous R,
plants of Bt lines 19459-55 and 19487-35 were evalu-
ated in screenhouse trials at the Monsanto Agronomy
Centers in Jerseyville, IL, and Monmouth, IL. Nega-
tive isolines and/or the parental ‘A5547 served as
negative checks. Two identical randomized complete
blocks (RCB) with four replicates per entry (soybean
line) were established at each location under 16 by
18-mesh nylon insect screen covers supported by alu-
minum-tubing frames measuring 15.5 m in length by
9.1 m in width by 2.9 m in height at the center. Seed
was planted 1-4 June 2002 with a cone planter at a rate
of 16.4-27.3 seeds per meter row in plots measuring
one row by 2.0 m with 76.2-cm spacing, 50-cm alleys,
and no borders/buffers. Weeds were controlled with
preplant herbicides labeled for soybean use or hand
hoeing as necessary during the trial period. At each
location, screenhouses were infested by placing 2,000
A. gemmatalis pupae (obtained from a laboratory col-
ony at the Monsanto Technology Center, Union City,
TN) in the house at V3 (27-32 dap) and R3 (79-83
dap) stages of growth or 1,000 P. includens pupae
(reared from eggs obtained from a laboratory colony
at the University of Georgia Coastal Plain Experiment
Station, Tifton, GA) at V4 (36-40 dap) and R3 (72-76
dap) stages of growth. Adult food was provided by
Styrofoam cups containing absorbent cotton saturated
with 10% sucrose solution. Damage was assessed at 7-d
intervals beginning with the first infestation and end-
ing with the cessation of larval activity or onset of plant
senescence by estimating percentage of defoliation in
each plot. Damage data were analyzed as described
previously.

2002 U.S. Field Trials. Homozygous R, plants of Bt
lines 19459-55 and 19487-35 were evaluated in open
field trials at the Monsanto Agronomy Centers in Le-
land, MS, and Loxley, AL; the University of Georgia
Coastal Plain Experiment Station, Tifton; Louisiana
State University (LSU) Dean Lee Research Station,
Alexandria; and LSU St. Gabriel Research Station, St.
Gabriel. Negative isolines and/ or the parental ‘A5547
served as negative checks. A split-plot RCB design was
used, with main plot treatments consisting of soybean
entry (three replicates each), and subplot treatments
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consisting of prophylactic insecticidal sprays versus no
sprays. This allowed for comparison of larval inci-
dence, damage, and yield in soybean lines when ex-
posed to endemic lepidopteran pest populations ver-
sus when protected from such. Four-row buffers
(parental ‘A5547’) separated the four-row subplots to
prevent spray drift, and borders (‘A5547") consisted of
four or more rows on each side and typical plot lengths
on the front and back of the test block. Seed was
planted 4-11 June 2002 with a cone planter in 9.14-
10.0-m rows spaced 91.4-96.5 cm apart at a rate of
23-25 seeds per m row. Weeds were controlled with
preemergence and postemergence herbicides labeled
for use on soybean. Insecticides were applied to
“sprayed” subplots to prevent damage by lepidopteran
pests, whereas “unsprayed” subplots received no such
treatments. In some cases, insecticide treatment of the
entire test block (all plots, buffers, and borders) was
required to prevent significant damage by nonlepi-
dopteran pests (e.g., stink bugs, alfalfa hopper, and
bean leaf beetle). Herbicides and insecticides used
varied across locations but were limited to commercial
products labeled for their intended use. Larval inci-
dence of lepidopteran pests, damage, and plant growth
stage were recorded periodically (generally every
7-10 d) from R1 to R2 stage of growth until late R6 to
R7 stage of growth. Larval incidence was determined
by beating plants from the two middle rows in each
subplot over a 0.91-m ground cloth. Two samples were
taken from each plot during each observation, with
larval counts for each species converted to larvae per
meter of row. At maturity, the two middle rows of each
subplot were harvested with an experimental plot har-
vester. Yields were calculated after correcting seed
weight to 13% moisture. Data on larval incidence,
damage, and yield were analyzed as described previ-
ously.

2003 Argentina Screenhouse Trials. Homozygous
R; plants of all three Bt lines were evaluated in screen-
house trials at Fontezuela and Oliveros. Negative iso-
lines and the parental ‘A5547" were included in each
trial as negative checks. Essentially, the same methods
and experimental design were used as in the 2002
Argentina trials except as noted here. Trials were
planted 10-21 January 2003 at a rate of 30 seeds per
meter row, with no culling of negative plants required.
Screenhouses were infested with R. nu at both loca-
tions (50-60 first to second instars per row) at V5 to
V6 stage of growth (25-41 dap) and at Oliveros (350
first to second instars per row) at R5 stage of growth
(70 dap). Larvae were reared from eggs obtained from
adults collected at light traps at Oliveros and main-
tained in oviposition cages in the laboratory. An ad-
ditional screenhouse at Oliveros was infested with S.
virginica (8-40 first to second instars per row) three
times during V6-R4 stage of growth (31-56 dap) and
at R3 stage of growth (41 dap) with 40 adults. Larvae
and adults were obtained from S. virginica larvae col-
lected on sunflower and reared to adulthood at Yan4-
suy (Venado Tuerto, Santa Fe Province, Argentina).
The second screenhouse at Fontezuela could not be
infested due to a shortage of S. virginica livestock.
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Damage was assessed as described previously at R3 to
R6 stage of growth (52-87 dap) in the R. nu screen-
houses and R6 stage of growth (101 dap) in the S.
virginica screenhouse. Damage data were analyzed as
described previously.

High-Dose Bioassays. Lines 19459-55 and 19487-35
were evaluated for high dose expression of TIC107
against A. gemmatalis and P. includens by using dilution
bioassays of lyophilized leaf tissues incorporated into
artificial diet. These two pests were selected because
of their differing sensitivity to Bt and their occurrence
in the United States where the study was conducted.
Insect eggs were obtained from laboratory colonies at
Monsanto, Union City, TN (A. gemmatalis) and Uni-
versity of Georgia, Tifton (P. includens), and incu-
bated in 2.8-liter polypropylene boxes (Rubbermaid,
Wooster, OH) lined with lightly moistened tissue and
incubated in an environmental chamber (#I-35VL,
Percival, Boone, IA) at 27 = 1°C, 60 + 10% RH, and a
photoperiod of 0:24 (L:D) h until hatch. Leaf tissue
samples collected for protein expression analysis as
described above were used in this study. After taking
a portion of the samples for ELISA, the remaining
tissues were transferred to 50-ml plastic centrifuge
tubes, weighed, and lyophilized overnight in a freeze
dryer (VirTis, Gardiner, NY). Lyophilized samples
were thawed and reweighed to establish fresh:dry
weight correlations and pulverized by placing five to
six 5/8-inch steel balls in each tube and shaking on a
Harbil 5G-HD mixer for 3-6 min. Pulverized samples
were stored at 4°C until used for bioassay.

Three bioassays were conducted against each spe-
cies, with each including one replicate of each Bt line
and one isoline at each plant growth stage from each
location. Samples were warmed to room temperature
and weighed into 50-ml plastic centrifuge tubes, using
the fresh:dry weight correlation of each sample to
calculate an amount that, when incorporated into ar-
tificial insect diet, would result in a 25-fold dilution
relative to fresh tissue. Multiple species lepidopteran
diet with mold inhibitor (Southland Products Inc.,
Lake Village, AR), modified by replacing the agar with
analytical grade agar (#11393, Serva, Heidelberg, Ger-
many) at arate of 11.2 g/liter of diet, was prepared and
cooled to ~60°C in a water bath. Samples were in-
corporated by adding diet to a final volume of 17.5 ml
each and agitating on a Vortex-Genie mixer (Scientific
Industries, Bohemia, NY) at the highest setting until
the diet was a uniform color, and no traces of sample
were visible on the tube wall. Sample-laced diet was
dispensed (0.5 ml/well) under a biological hood into
128-well bioassay trays (#BIO-BA-128, CD Interna-
tional Inc., Pitman, NJ) by using an Eppendorf Re-
peater 4780 (Brinkmann Instruments, Westbury, NY)
and allowed to solidify. Treatments contained 28-32
wells, and two untreated controls (UTC) consisting of
diet only (32 or 64 wells each) were included in each
bioassay, one dispensed before sample incorporation
and another afterward. A single A. gemmatalis or P.
includens larva, 0-24 h posthatch, was transferred to
each well with a fine camel’s-hair brush. Trays were
sealed with preventilated, self-adhesive covers
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Fig. 1. Means and standard errors of expression of
TIC107 (micrograms per gram fresh weight) in Bt soybean
lines 19459-55 (diamonds, dotted line) and 19487-35
(squares, dashed line) at V3, R1, R4, and R6 stages of plant
growth.

(#BIO-CV-16, CD International Inc.) and incubated
in an #I-35VL environmental chamber at 27 = 1°C,
60 *+ 10% RH, and a photoperiod of 0:24 (L:D) h.
Bioassays were scored by recording the number of
dead larvae and instar of survivors in each treatment
after 11 d and correcting for untreated diet controls
(Abbott 1925).

Results

Protein Expression. ANOVA determined that plant
growth stage (F = 51.67, numerator [num] df = 3,
denominator [den] df = 45, P < 0.001) and line (F =
7.37, num df = 1, den df = 45, P = 0.0094) were
significant sources of variability in TIC107 expression,
but location and replicate (F = 0.02-0.18, num df = 2,
den df = 45, P = 0.84-0.98) were not. Average TIC107
expression approached or exceeded 50 ug/g fresh
weight in both lines at V3 and R1 stages of growth and
increased to >100 ug/g by R4 stage of growth (Fig. 1).
By V6 stage of growth, average expression approached
or exceeded 200 pg/g fresh weight, a significant in-
crease over earlier growth stages (F = 49.14, num df =
3, den df = 50, P < 0.0001). Line 19487-35 exhibited
slightly higher expression than line 19459-55, with the
differences significant at R1 (i-value = 2.25, num df =
1,den df = 10, P = 0.0483) and R6 (¢-value = 2.12, num
df =1,den df = 16, P = 0.0496) stages of plant growth.

2002 Argentina Screenhouse Trials. Because differ-
ences in larval incidence, larval damage, pod produc-
tion, and yield among lines are caused primarily by
differences in pest susceptibility, we compared lines
for pests separately. In the A. gemmatalis trials, line
was a significant source of variability in larval inci-
dence (F = 109.99, num df = 2, den df = 24, P <
0.0001), damage (F = 267.27, num df = 2, den df = 24,
P < 0.0001), pod production (F = 61.86, num df = 2,
den df = 24, P < 0.0001), and yield (F = 40.18, num
df = 2, den df = 9, P = 0.0003). Location was a
significant source of variability in pod production (F =
61.86, num df = 1, den df = 24, P < 0.0001) but not
larval incidence or damage (F = 0.99-1.96, num df =
1, den df = 24, P = 0.18-0.33). Replicate was not a
significant source of variability for any parameter (F =
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Table 1. Larval incidence (larvae per meter row [A. gemma-
talis] or per 10 plants [E. aporemal), damage (percentage of de-
foliation [A. gemmatalis] or plants with damage [E. aporemal), pod
yield (pods per plant), and seed yield (grams per 2-m row) in two
Bt soybean lines compared with the parental (‘A5547°) line after
infestation by A. gemmatalis or E. aporema in sereenhouse trials at
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Table 2. Larval damage in two Bt soybean lines compared with
isogenic negative (neg) and parental (‘A5547’) lines after infesta-
tion by A. talis and P. includens in screenhouse trials at two
locations in Illinois during the 2002 season

% defoliation

. L oe . . L'
two locations in Argentina during the 2002 season ne A, gemmatalis P includens
Line . L:a.rval % damage Pod yield Seed yield Jerseyville
incidence 19459-55 0% 0c 0+ 0b
A. gemmatalis (Fontezuela) }gg?'gg neg 63,3 f gi‘) 73'8 f gs“
A5547 4511+ 184a 963+ 13a 48+ 12b 19487-31 neg 65 = 8.7a 713 = 75a
194788 13=13b  10+00b 57.0=73a ABSAT 705 + 198 775 = 0.5a
19487-35 0.4 *0.4b 10£00b 616+ 49a U T
I i Monmouth
A. gemmatalis (Oliveros) A. gemmatalis P. includens
A5547 367.1 +745a 756 +6.3a 341 *29b 230 * 27b 19459-55 0+ 0b 0= 0b
19478-8 34+ 1.8b 47*+14b 972+ 45a 713 = 57a 19459-70 neg 90 * 5a 70 * 4.6a
19487-35 5.0 = 4.0b 38*05b 981+87a  T42+42a  19487-35 0.5 = 0.5b 0+0b
E. aporema (Fontezuela) 11&9545%177'31 neg g§§ f iilh 717‘3 f ggq
AB54T 28+09a 704+50a 639+ 159 oo -
19478- * x 2+ 5.3¢
94788 0+ 0b 0+ 0b 6 534 Values represent means * SE. Means followed by the same
19487-35 0+ 0b 0+ 0b 70.7 = 5.8a 1 . . -
letter within each column at each location do not differ significantly
E. aporema (Oliveros) (Tukey-Kramer at P = 0.05).
A5547 9.8 £ 1.3a 100 = 0a 43.5 = 4.2a 394 + 77a
19478-8 0+ 0b 0+ 0b 62.6 + 7.0a 439 * 29a
19487-35 0+ 0b 0+ 0b 54.6 = 3.5a 394 = 34a

Values represent means = SE. Means followed by the same
letter within each column at each location do not differ significantly
(Tukey-Kramer at P = 0.05).

0.61-1.08, num df = 3, den df = 24 [9 for yield]|, P =
0.38-0.62). Incidence of A. gemmatalis larvae in the
negative check was significantly greater than in the Bt
lines at both location, and resulted in severe defolia-
tion of negative checks but only trace damage to the
Bt lines (Table 1). The slight damage to Bt lines ob-
served at Oliveros is likely due to infiltration into the
screenhouse by S. frugiperdalarvae, which is relatively
tolerant to CrylA proteins (Nyouki et al. 1996), rather
than feeding by A. gemmatalis larvae (J.C.G.). In-
creased larval incidence and damage in the negative
check also resulted in significantly reduced pod pro-
duction and yield (Table 1).

In the E. aporema trials, line was again a significant
source of variability in larval incidence (F = 19.46,
num df = 2, den df = 24, P < 0.0001) and damage (F =
234.02, num df = 2, den df = 24, P < 0.0001), but not
pod production or yield (F = 0.22-1.16, num df = 2,
den df = 24 [9 for yield], P = 0.34-0.81). Unlike the
A. gemmatalis trials, location was a significant source
of variability in E. aporema larval incidence (F = 6.10,
num df = 1, den df = 24, P = 0.024), damage (F = 7.01,
num df = 1, den df = 24, P = 0.017), and pod pro-
duction (F = 4.58, num df = 1, den df = 24, P = 0.047).
Replicate was again not a significant source of vari-
ability for any parameter (F = 0.11-1.97, num df = 3,
dendf =24 [9foryield],P=0.16-0.95).No live larvae
or damaged pods were encountered in either Bt line
at either location (Table 1). Damage and live larvae
were observed in the negative checks, but the levels
were insufficient to reduce pod production or yield
significantly.

2002 U.S. Screenhouse Trials. Line (F = 93.71, num
df =4, den df = 37, P<0.001) and location (F = 21.75,

num df = 1, den df = 37, P < 0.001) were significant
sources of variability in A. gemmatalis damage, but
replicate (F = 1.86, num df = 9, den df = 37, P = 0.09)
was not. In the P. includens trial, line (F = 251.46, num
df = 4, den df = 37, P < 0.001) was a significant source
of variability in damage, but location (F = 1.42, num
df =1,den df = 37, P = 0.241) and replicate (F = 1.11,
num df = 9, den df = 37, P = 0.31) were not. Both
insects caused significant defoliation to negative
checks at both locations, with that by A. gemmatalis
approaching 100% at Monmouth (Table 2). Despite
the severe pressure achieved with these insects at both
locations, neither insect caused any discernable dam-
age to either of the Bt lines at either location.

2002 U.S. Field Trials. Location (F = 10.07, num
df = 4, den df = 114, P < 0.001), line (F = 17.61, num
df = 4, den df = 114, P < 0.001), and treatment (F =
30.07, num df = 1, den df = 114, P < 0.001) were
significant sources of variability in larval incidence,
but replicate (F = 0.13, num df = 8, dendf = 114, P =
0.998) was not. Location (F = 4.74, num df = 4, den
df = 114, P = 0.001), line (F = 16.28, num df = 4, den
df = 114, P < 0.001), and treatment (F = 67.90, num
df =1, den df = 114, P < 0.0001) were also significant
sources of variability in larval damage, but again rep-
licate (F = 0.07, num df = 8, den df = 114, P = 1.000)
was not. Location (F = 203.64, num df = 4, den df =
114, P < 0.001), line (F = 3.37, num df = 4, den df =
114, P = 0.012), treatment (F = 24.44, num df = 1, den
df =114, P<0.001), and replicate (F = 2.18, num df =
8, den df = 114, P = 0.034) were all significant sources
of variability in yield.

Among lepidopterans, P. includens was the only pest
encountered at Alexandria and the principle pest en-
countered at Leland and Loxley, whereas A. gemma-
talis was the only pest encountered at St. Gabriel. Both
species occurred at similar levels at Tifton. Other lep-
idopteran pests such as H. zea; Playthpena scabra (F.),
green cloverworm; Spodoptera exigua (Hiibner), beet
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Larval incidence, damage, and yield in two Bt soybean lines compared with isogenic negative (neg) or parental (‘A5547°)

lines in sprayed versus unsprayed plots exposed to endemic lepidopteran populations at five locations in the southeastern United States

during the 2002 season

Larvae/m row (cumulative)

% defoliation (max)

Yield (kg/ha)

Line

Unsprayed Sprayed Unsprayed Sprayed Unsprayed Sprayed
Alexandria

19459-55 1.0 = 0.3b™* 1.0 £ 0.3b 0.0 = 0.0b™* 0.0 = 0.0b 3,194 *+ 33a™* 3,278 = 16la

19459-70 neg 81.5 = 3.5a 29.2 = 3.9a 36.7 = 3.3a 10.0 £ 0.0a 3,294 * 66a™* 3,365 = 169a

19487-35 1.0 = 0.5b™* 1.0 = 0.6b 1.7 £ 1.7b™~ 0.0 = 0.0b 2,846 * 195a™ 2,593 + 350a

19487-31 neg 87.0 = 6.1a 24.5 + 5.6a 40.0 = 0.0a 10.0 = 0.0a 2,847 * 300a™* 3,108 = 317a
Leland

19459-55 8.7 * 3.4b™* 4.0 = 0.5b 0.0 = 0.0b™* 0.0 = 0.0a 4,286 =+ 238a™ 4,098 * 294a

19459-70 neg 260.1 = 44.9a 494 +10.3a 45.0 = 5.0a 0.7+ 0.3a 3,904 *+ 130a™* 4,389 *+ 219a

19487-35 9.5 = 3.7b"* 53+ 1.1b 0.3 = 0.3b™* 0.0 = 0.0a 4,063 = 295" 4,235 *+ 249a

19487-31 neg 243.5 = 15.9a 56.1 = 5.8a 53.3 = 3.3a 0.3 =0.3a 3,714 = 112a™* 4,374 = 309a
Loxley

19459-55 1.3 £ 0.3b™* 0.8 = 0.3b 3.3 = 0.7b™* 1.3 +0.3b 2,784 = 108a™* 3,001 = 72a

19459-70 neg 31.7 +7.8a 11.9 + 0.4a 26.7 + 2.7a 7.7+ 0.3a 3,382 =+ 79a™ 3,457 + 222a

19487-35 1.1 = 0.6b™* 0.3 = 0.0b 2.7+ 0.7b™ 1.3 +0.3b 3,030 = 217a™* 3,046 = 191a

19487-31 neg 252 + 2.2a 16.5 = 4.6a 27.7 = 1.5a 7.3 £0.3a 3,239 * 246a™% 3,317 = 167a

St. Gabriel

19459-55 12 +02b 0.3 *= 0.2ab 0.0 = 0.0b™* 0.0 = 0.0b 810 = 131a 1,226 * 35a

19487-35 0.5 = 0.0b 0.0 = 0.0b 0.0 = 0.0b™* 0.0 = 0.0b’ 1,069 £ 191a™* 1,481 = 74a

A5547 524 + 3.9a 10.2 = 2.3a 16.1 = 0.7a 54+ 1.3a 479 = 34b 1,041 = 111a
Tifton

19459-55 1.7 £ 1.5b™* 0.5 = 0.0b 0.0 = 0.0b™* 0.0 = 0.0b 1,595 = 111a"™* 1,837 = 48a

19487-35 0.5 = 0.0b™* 0.2 = 0.2b 0.2 = 0.2b™ 0.0 = 0.0b 1,564 = 101a 1,857 + 15a

A5547 392 +5.1a 18.3 = 1.3a 83.3 = 3.6a 8.1 = 0.6a 1,432 *= 73a 1,828 * 57a

Values represent means + SE. At each location, a separate ANOVA (Tukey-Kramer at P = 0.05) was conducted for treatments within each
line ( , significant; n.s., not significant) and lines within each treatment (means followed by the same letter are not significantly different) for

the three performance measurements.

armyworm; and S. ornithogalli (Guenée), yellow-
striped armyworm were observed at one or more lo-
cations but at much lower levels compared with the
principle pests. Larval incidence varied greatly among
locations, with unsprayed negative checks exhibiting
as little as 25.2 larvae per meter row (cumulative) at
Loxley to as high as 260.1 larvae per meter row at
Leland (Table 3). Regardless of infestation level, how-
ever, larval incidence in unsprayed plots of Bt lines
was always significantly lower than in negative checks.
The level of reduction in the Bt lines compared with
negative checks ranged from 96 to 99%, with no sig-
nificant differences noted between the two lines at
any location. Damage also varied greatly among loca-
tions, with unsprayed negative checks experiencing
the least damage at St. Gabriel (16.1% defoliation) and
the most at Tifton (83.3% defoliation). Again, regard-
less of the amount of defoliation exhibited by un-
sprayed negative checks, no damage or only trace
levels of damage were observed in the Bt lines at each
location nor were any significant differences noted
between the two lines.

Insecticide applications to sprayed plots succeeded
in limiting defoliation in negative checks to 10% or less
(Table 3). The degree to which larval incidence and
damage were reduced compared with unsprayed neg-
ative checks varied by location, but the differences
were significant in all cases. Despite this, larval inci-
dence and damage remained significantly higher in
sprayed negative checks than in sprayed plots of the

Bt lines in all but one comparison (A5547 versus
19459-55 at St. Gabriel). The level of reduction in the
sprayed Bt plots compared with sprayed negative
checks ranged from 82 to 100%. Again, no significant
differences in larval incidence or damage were de-
tected between the two Bt lines, nor were any de-
tected between sprayed and unsprayed plots of either
Bt line.

Lepidopteran pest infestations were not sufficient
to cause significant yield impacts at Alexandria, Le-
land, or Loxley (Table 3). At these three locations, no
significant differences in yield were detected between
lines within either treatment (sprayed or unsprayed),
or between treatments within any of the lines. Signif-
icant yield differences were noted at Tifton. Yields in
unsprayed plots of the negative check and both Bt
lines were lower than sprayed plots, with the differ-
ences being significant for the negative check and one
of the Bt lines (19487-35). No significant differences
were detected among lines within the unsprayed or
sprayed treatments. Significant yield differences were
also noted at St. Gabriel, where harvest had to be
delayed for several weeks due to rain. This had an
overall negative impact on yield across all lines in both
treatments. As observed at Tifton, yields in unsprayed
plots of the negative check and both Bt lines were
lower than sprayed plots, with the differences being
significant for the negative check and Bt line 19459-55.
Here, however, the unsprayed negative check yielded
significantly less than unsprayed plots of the two Bt
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Table 4. Larval damage in three Bt soybean lines compared
with negative isogenic (neg) and parental (‘A5547’) lines after
infestation by R. nu and S. virginica in screenhouse trials at one
(S. virginica) or two (R. nu) locations in Argentina during the 2003
season

% defoliation (season max)

Line R. nu R. nu S. virginica
(Fontezuela) (Oliveros) (Oliveros)

19459-55 0.7 = 0.5b 1.2 = 0.4c 6.3 = 1.4b
19478-8 0.7 = 0.2b 1.7 = 0.8¢ 8.5+ 2.1b
19487-35 1.2 +0.7b 1.9 = 0.8¢c 74+12b
19459-70 neg 18.9 £ 3.9a 22.4 + 1.4b 44.4 = 1.6a
19478-8 neg 26.8 *+ 6.9a 25.8 + 2.9ab 42.8 + 6.5a
19487-31 neg 23.1 = 49a 26.5 + 1.7ab 553+ 5.1a
A5547 19.4 £ 3.9a 31.5 £ 3.3a 482 = 4.1a

Values represent means = SE. Means followed by the same
letter within each column at each location do not differ significantly
(Tukey-Kramer at P = 0.05).

lines. No significant differences were detected among
lines within sprayed plots.

2003 Argentina Screenhouse Trials. Line was a sig-
nificant source of variability in R. nu larval damage
(F = 32.8299, num df = 6, den df = 45, P < 0.0001) but
not pod production (F = 2.1961, num df = 6, den df =
18, P = 0.0915). Neither location nor replicate were
significant sources of variability in larval damage (F =
3.0293 and 0.6339, num df = 1 and 3, den df = 45, P =
0.0886 and 0.597), and replicate was not a significant
source of variability in pod production (F = 0.1111,
num df = 3, den df = 18, P = 0.9525). Only moderate
pest pressure was achieved, with negative checks ex-
hibiting defoliating levels of 32% or less (Table 4).
None of the Bt lines, however, exhibited more than
trace damage at either location. No significant differ-
ences in pod production were observed (data not
shown).

In the S. virginica trial, line again was a significant
source of variability in larval damage (F = 36.2432,
df =6, P <0.0001) but not pod production (F = 0.9388,
num df = 6, den df = 18, P = 0.4918). Replicate was
not a significant source of variability for either larval
damage (F = 1.2029, num df = 3, den df = 18, P =
0.3371) or pod production (F = 0.9113, num df = 3,
den df = 18, P = 0.4551). Good insect pressure was
achieved in the trial, and all four negative checks
exhibited significantly higher defoliation than all three
Bt lines (Table 4). As in the R. nu trials, no significant
differences in pod production were observed among
any of the lines (data not shown).

High-Dose Bioassays. The negative check from the
R6 samples from Leland (collected one day after an
insecticide application) caused 47% mortality of P.
includens in the first bioassay. As a result, all R6 sam-
ples from Leland were excluded from the study. Ad-
ditionally, sample quantities of one replicate each of
19459 -55 at V3 and 19487-35 at R1 were limited, thus,
another replicate of each was used in two bioassays
against A. gemmatalis. In the P. includens bioassays,
untreated control mortality ranged from 0to0 3.1% (n =
3). Diluted tissues of both Bt lines caused complete or
near complete mortality after 11 d exposure (Fig. 2).
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Insect response
[.]
o

V3 ‘R1—R4 R6 V3 R1—R4‘ R6

19487-35

V3 |R1-R4| R6

19459-55 Negative checks

‘I% Mortality m % Stunting ‘

Fig. 2. Percentage of mortality and stunting (not reach-
ing third instar) of P. includens first instars after 11 d on
artificial diet containing lyophilized leaf tissues of two Bt
soybean lines and isogenic negative checks at a 25-fold di-
lution relative to fresh leaf tissues. Values represent means =
SE after corrected for untreated controls.

In contrast, tissues from negative controls caused al-
most no mortality. In both Bt lines, what few survivors
were present after 11 d were severely stunted relative
to control larvae, with virtually none of them able to
reach third instar. In the three successive A. gemma-
talis replicates, untreated control mortality was 6%,
15%, and 25%, respectively. The reason for the rela-
tively higher control mortality, especially in the third
replicate, is unknown. Nevertheless, diluted tissues of
both Bt lines caused complete mortality after 11 d
exposure, whereas corrected mortality in negative
controls did not exceed 7% (Fig. 3).

Discussion

These data suggest that expression of TIC107 in Bt
soybean lines 19458-55, 19478-8, and 19487-35 all pro-
vide near complete control of a variety of lepidopteran
soybean pests. It also seems that expression of TIC107
in these lines is more effective in reducing larval in-
cidence of lepidopteran pests and their damage than
prophylactic application of insecticides, because lar-
val incidence and damage were nearly always lower in
unsprayed plots of these lines than in sprayed negative

Insect response

V3 R1-R4 R6

V3 |R1-R4, R6 V3 R1-R4 R6

19459-55 19487-35 Negative checks

\- % Mortality m % Stunting

Fig. 3. Percentage of mortality and stunting (not reach-
ing third instar) of A. gemmatalis first instars after 11 d on
artificial diet containing lyophilized leaf tissues of two Bt
soybean lines and isogenic negative checks at a 25-fold di-
lution relative to fresh leaf tissues. Values represent means =
SE after corrected for untreated controls.
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check plots. Our analyses of protein expression in lines
19458-55 and 19487-35 also suggest that TIC107 ex-
pression at a given growth stage is consistent in mul-
tiple field environments.

Yield reductions in unsprayed negative checks were
expected at Leland and Tifton due to the high amount
of defoliation exhibited relative to sprayed checks. No
such reductions were observed at Leland, possibly
because the majority of damage occurred after plants
had reached R6 stage of growth. Although the rela-
tionship between defoliation and yield in soybean is
complex (Higley 1992), defoliation during R6 stage of
growth generally has a lower impact on yield than
during earlier growth stages (Turnipseed and Kogan
1976). Significant yield reductions did occur at Tifton,
where much higher levels of lepidopteran damage
were observed. Here too, however, most of this dam-
age occurred after plants had reached R6 stage of
growth, and the two Bt lines also exhibited similar
yield reductions (significant for 19487-35) despite a
near complete absence of lepidopterans or their dam-
age in these lines. As a result, yield reductions at this
location are likely a result of stink bugs, which reached
elevated levels in unsprayed plots but were controlled
in sprayed plots. Yield reductions were not expected
at St. Gabriel due to a low overall incidence of lepi-
dopterans, but reductions did occur and at similar
levels in all three lines. This again is likely a result of
stink bugs, which were also noted at this location.

The high efficacy exhibited by these Bt soybean
lines against lepidopteran pests is undoubtedly due to
very high TIC107 expression levels. TIC107 is nearly
identical to CrylAc, differing by only seven amino
acids in the highly conserved Domain I region of the
active toxin (Fischhoff and Perlak 1995). It is identical
to the Bt protein expressed in Bollgard transgenic
cotton, which exhibits virtually complete efficacy
against tobacco budworm, Heliothis virescens (F.), and
pink bollworm, Pectinophora gossypiella (Saunders);
and good suppression of H. zea (Wilson et al. 1992,
Benedict et al. 1996, Jenkins et al. 1997, Henneberry
and Jech 2000, Carriere et al. 2003). Expression levels
in reproductive tissues of Bollgard averaged 57 ug/g
dry weight (=8.6 ug/g in fresh tissues) at earlier plant
growth stages but decreased ~10-fold later in the
season (Greenplate 1999). In contrast, Bt lines
19459-55 and 19487-35 exhibited much higher expres-
sion levels, averaging ~50 ug/g fresh weight at V3
stage of growth and increasing to ~200-250 ug/ g fresh
weight by R6 stage of growth. These values are 104~
1,190 times higher than the range of LCy, values re-
ported for purified CrylAc against three P. includens
populations (Luttrell et al. 1999), 74-968 times higher
than for those reported for four E. aporema popula-
tions (Gamundi et al. 2004), and 28 -446 times higher
than those reported for three R. nu populations
(Gamundi et al. 2004) . Although reports on the in vitro
activity of purified CrylAc against A. gemmatalis are
lacking, this insect has shown significantly greater
susceptibility than P. includens to Bt spray formula-
tions based on the HDI strain of Bt subsp. kurstaki
(Ignoffo et al. 1977, Morales et al. 1995). Thus, TIC107
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expression in these lines presumably exceeds greatly
the range of LCy, values expected for this species also.

These lines are apparently more efficacious than
Jack-Bt transgenic soybean, which expresses a syn-
thetic version of a truncated crylAc gene (Stewart et
al. 1996) and exhibited partial efficacy against A. gem-
matalis, P. includens, and H. zea in screenhouse trials
(Walker et al. 2000). P. includens in particular caused
significant damage to Jack-Bt soybean in one trial
(>60% defoliation), and an economic injury threshold
of 35% defoliation during vegetative stages of plant
growth (Sullivan and Boethel 1994) was observed in
at least one trial for each pest. This was attributed to
migration of older larvae from negative checks to
neighboring Bt soybean plots, on which they were
able to feed due to their presumed greater Cry protein
tolerance. We also observed larval migration in many
of our screenhouse trials, which used intermixed sin-
gle-row plots of Bt lines and negative checks. How-
ever, those larvae that were observed on Bt plants
typically were already dead or exhibiting symptoms of
Bt toxicity (e.g., lethargy, regurgitation of gut con-
tents), and in no case were larvae of any age observed
actively feeding on Bt plants. In trials where heavy
insect pressure was achieved, we often observed large
numbers of dead late instars on the ground under the
Bt soybean plants on which they had fed after migrat-
ing from adjacent negative checks, yet in no case was
damage to the Bt soybean plants detected.

In addition to the high degree of efficacy exhibited
by the Bt soybean lines evaluated in this study, high-
dose evaluations on two of the lines also demonstrated
season-long high dose against A. gemmatalis and P.
includens. The FIFRA Scientific Advisory Panel (1998,
2001) concluded that a transgenic crop cultivar can be
considered to provide high dose if two of five recom-
mended approaches indicated such. Dilution bioas-
says are one approach, which in this study demon-
strated that leaf tissues from lines 19459-55 and
19487-35 express TIC107 at levels at least 25 times
higher than needed to cause complete (A. gemma-
talis) or near complete (P. includens) mortality of first
instars. The few P. includens larvae that did survive
were severely stunted developmentally and would
likely die under field conditions due to increased vul-
nerability to biotic and abiotic mortality factors. An-
other approach recommended by the FIFRA Scien-
tific Advisory Panel is demonstration of virtually
complete efficacy against target pests in multiple field
and screenhouse trials. The data provided herein sup-
port such a conclusion for lines 19459-55 and 19487-35
against both of these pests, as virtually no larval es-
tablishment or damage were observed on either line in
any of the open field or screenhouse trials conducted.
Thus, we propose that these lines express high dose
against these two pests. Direct high dose evaluations
remain to be conducted for line 19478-8; however, this
line exhibited efficacy equivalent to lines 19459-55 and
19487-35 in all screenhouse and field trials conducted.
Also remaining to be determined is the potential im-
pact of deploying Bt soybean in areas where Bollgard
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cotton is grown, because some lepidopteran species
use both crops as hosts.

Lines 19459-55, 19478-8, and 19487-35 represent the
first Bt soybean lines exhibiting high efficacy against
multiple pests in multiple geographies. This efficacy
was maintained throughout the growing season in all
trials and across four plant generations (R,-Rs), sug-
gesting stable transgene expression within and across
generations. In addition, transgene expression in the
two lines evaluated represented a high dose against
two of the most important lepidopteran pests in the
United States and South America. The presence of a
single, simple transgenic insert and absence of marker
genes or additional DNA sequences outside of the
T-DNA region also make these lines potentially suit-
able for commercial release after regulatory accep-
tance/approval. Confirmation of efficacy, yield per-
formance, and other agronomic characters in
additional soybean genotypes will be required to con-
firm the commercial suitability of these lines. Deploy-
ment of one of these lines has the potential to enable
better pest management in soybean with fewer appli-
cations of chemical insecticides, creating economic
and environmental benefits similar to those realized
from the commercialization of Bt corn and Bt cotton.

Acknowledgments

We thank B. R. Leonard (LSU Northeast Research Station,
Winnsboro), R. Vidrine (LSU Dean Lee Research Station,
Alexandria), D. Taylor (University of Georgia, Tifton), J. M.
de Santa Eduviges (Monsanto Argentina, Fontezuela), D. R.
Edwards and S. Logan (Monsanto Jerseyville Agronomy
Center), A. T. Weir and D. A. Brickle (Monsanto Leland
Agronomy Center), G. A. Dixon and C. B. Coots (Monsanto
Loxley Agronomy Center), and T. W. Roebke (Monsanto
Monmouth Agronomy Center) for assistance in conducting
these trials. We also thank J. Narvel (Galena, MD), D. A.
Brickle, and G. A. Dixon for timely collection and shipment
of leaf samples. Special thanks are due to G. Videla (Mon-
santo Argentina, Fontezuela) and two anonymous reviewers
for assistance with the manuscript.

References Cited

Abbott, W. S. 1925. A method of computing the effective-
ness of an insecticide. J. Econ. Entomol. 18: 265-267.
Almeida, E.R.P., V. Gossele, C. G. Muller, J. Dockx, A. Rey-
naerts, J. Botterman, E. Krebbers, and M. P. Timko. 1989.
Transgenic expression of two marker genes under the
control of an Arabidopsis rbcS promoter: sequences en-
coding the Rubisco transit peptide increase expression

level. Mol. Gen. Genet. 218: 78-86.

Aragon, J. R., A. Molinari, and S. Lorenzatti. 1997. Manejo
integrado de plagas, pp. 247-288. In L. M. Giorda and
H.E.J. Baigorri [eds.|, El Cultivo de la Soja en Argentina.
INTA, Cérdoba, Argentina.

Armstrong, C. L., G. B. Parker, ]J. C. Pershing, S. M. Brown,
P. R. Sanders, D. R. Duncan, T. Stone, D. A. Dean, D. L.
DeBoer, J. Hart, et al. 1995. Field evaluation of Euro-
pean corn borer control in progeny of 173 transgenic corn
events expressing an insecticidal protein from Bacillus
thuringiensis. Crop Sci. 35: 550-557.

Benedict, J. H., E. S. Sachs, D. W. Altman, W. R. Deaton, R. J.
Kohel, D. R. Ring, and S. A. Berberich. 1996. Field per-

JourNAL oF EcoNoMIC ENTOMOLOGY

Vol. 98, no. 2

formance of cottons expressing transgenic CryIA insec-
ticidal proteins for resistance to Heliothis virescens and
Helicoverpa zea (Lepidoptera: Noctuidae). J. Econ. En-
tomol. 89: 230-238.

Boethel, D. J. 1999. Assessment of soybean germplasm for
multiple insect resistance, pp. 101-129. In S. L. Clement
and S. S. Quisenberry [eds.|, Global plant genetic re-
sources for insect-resistant crops. CRC, Boca Raton, FL.

Carriere, Y., C. Ellers-Kirk, M. Sisterson, L. Antilla, M. Whit-
low, T. J. Dennehy, and B. E. Tabashnik. 2003. Long-
term regional suppression of pink bollworm by Bacillus
thuringiensis cotton. Proc. Natl. Acad. Sci. U.S.A. 100:
1519-1523.

Crowther, J. R. 1995. ELISA theory and practice. Humana
Press, Towtowa, NJ.

Fehr, W. R., C. E. Caviness, D. T. Burmood, and J. S. Pen-
nington. 1971. Stage of development descriptions for
soybeans, Glycine max (L.) Merrill. Crop Sci. 11: 929-931.

Felland, C. M., H. N. Pitre, R. G. Luttrell, and J. L. Hamer.
1990. Resistance to pyrethroid insecticides in soybean
looper (Lepidoptera: Noctuidae) in Mississippi. J. Econ.
Entomol. 83: 35-40.

FIFRA Scientific Advisory Panel. 1998. Transmittal of the
final report of the FIFRA Scientific Advisory Panel Sub-
panel on Bacillus thuringiensis (Bt) Plant-Pesticides and
Resistance Management, meeting held on February 9 and
10, 1998. Docket Number: OPPTS-00231, 59.

FIFRA Scientific Advisory Panel. 2001. Bt plant-pesticides
risk and benefit assessments. Report No. 2000-07, 78.
Fischhoff, D. A., and F. J. Perlak. 1995. Synthetic plant

genes. U.S. Patent # 5, 500, 365.

Gamundi, J. C., S. M. Riart, T. C. MacRae, and S. Zampierin.
2004. Geographic variation in susceptibility of Epinotia
aporema (Lepidoptera: Olethreutidae) and Rachiplusia
nu (Lepidoptera: Noctuidae) to Bacillus thuringiensis
toxin CrylAc in Argentina. In Proceedings of the VII
World Soybean Research Congress, March 1-6, 2004,
Iguassu Falls, Brazil.

Gould, F. 1994. Potential and problems with high-dose
strategies for pesticidal engineered crops. Biocontrol Sci.
Technol. 4: 451-461.

Greenplate, J. T. 1999. Quantification of Bacillus thuringien-
sis insect control protein CrylAc over time in Bollgard
cotton fruit and terminals. J. Econ. Entomol. 92: 1377~
1383.

Henneberry, T. J., and L. F. Jech. 2000. Seasonal pink boll-
worm, Pectinophora gossypiella (Saunders), infestations
of transgenic and non-transgenic cottons. Southwest. En-
tomol. 25: 273-286.

Higley, L. G. 1992. New understandings of soybean defoli-
ation and their implication for pest management, pp.
56-65. In L. G. Copping, M. B. Green, and R. T. Rees
|eds.|, Pest management in soybean. Elsevier Publishers,
Ltd., London, United Kingdom.

Higley, L. G.,and D.]. Boethel. 1994. Handbook of soybean
insect pests. Entomological Society of America, Lanham,
MD.

Hinchee, M.A.W., D. V. Connor-Ward, C. A. Newell, R. E.
McDonnell, S. J. Sato, C. S. Gasser, D. A. Fischhoff, D. B.
Re, R. T. Fraley, and R. B. Horsch. 1988. Production of
transgenic soybean plants using Agrobacterium-mediated
DNA transfer. Bio/Technology. 6: 915-922.

Ignoffo, C. M., D. L. Hostetter, R. E. Pinnell, and C. Garcia.
1977. Relative susceptibility of six soybean caterpillars to
a standard preparation of Bacillus thuringiensis var.
kurstaki. J. Econ. Entomol. 70: 60-63.

Jenkins, J. N., J. C. McCarty, Jr., R. E. Buehler, J. Kiser, C.
Williams, and T. Wofford. 1997. Resistance of cotton

€202 YolelN 6z uo isenb Aq 8/28122/..SG/2/86/0101He/e8l/woo dno"dlwsepede//:sdiy woly papeojumog



April 2005

with 8-endotoxin genes from Bacillus thuringiensis var.
kurstaki on selected lepidopteran insects. Agron. J. 89:
768 -780.

Kramer, C. Y. 1956. Extension of multiple range tests to
group means with unequal numbers of replications. Bi-
ometrics 12: 309 -310.

Leonard, B. R., D. J. Boethel, A. N. Sparks, M. B. Layton, J. S.
Mink, A. M. Pavloff, E. Burris, and J. B. Graves. 1990.
Variations in response of soybean looper (Lepidoptera:
Noctuidae) to selected insecticides in Louisiana. J. Econ.
Entomol. 83: 27-34.

Luttrell, R. G., A. Ali, S. Y. Young, and K. Knighten. 1998.
Relative activity of commercial formulations of Bacillus
thuringiensis against selected noctuid larvae (Lepidop-
tera: Noctuidae). J. Entomol. Sci. 33: 365-377.

Luttrell, R. G., L. Wan, and K. Knighten. 1999. Variation in
susceptibility of noctuid (Lepidoptera: Noctuidae) larvae
attacking cotton and soybean to purified endotoxin pro-
teins and commercial formulations of Bacillus thuringien-
sis. J. Econ. Entomol. 92: 21-32.

Morales, L., F. Moscardi, J. G. Kastelic, D. R. Sosa-Gémez,
F. E. Paro, and 1. L. Soldorio. 1995. Suscetibilidade de
Anticarsia gemmatalis Hiibner e Chrysodeixis includens
(Walker) (Lepidoptera: Noctuidae), a Bacillus thurin-
giensis (Berliner). Ann. Soc. Entomol. Brasil 24: 593-598.

Moscardi, F. 1999. Assessment of the application of bacu-
loviruses for control of Lepidoptera. Annu. Rev. Entomol.
44: 257-289.

Nyouki, F.F.R,, J. R. Fuxa, and A. R. Richter. 1996. Spore-
toxin interactions and sublethal effects of Bacillus thu-
ringiensis in Spodoptera frugiperda and Pseudoplusia in-
cludens (Lepidoptera: Noctuidae). J. Entomol. Sci. 31:
52-62.

Parrott, W. A, J. N. All, M. J. Adang, M. A. Bailey, H. R.
Boerma, and C. N. Stewart. 1994. Recovery and evalu-
ation of soybean plants transgenic for a Bacillus thurin-
giensis var. kurstaki insecticidal gene. In Vitro Cell. Dev.
Biol. 30P: 144-149.

Perlak, F. J., M. Oppenhuizen, K. Gustafson, R. Voth, S.
Sivasupramaniam, D. Heering, B. Carey, R. A. Ihrig, and
J. K. Roberts. 2001. Development and commercial use of
Bollgard® cotton in the USA - early promises versus
today’s reality. Plant J. 27: 489-501.

MACRAE ET AL.: EVALUATIONS OF TRANSGENIC BT SOYBEAN

587

Pilcher, C. D., and M. E. Rice. 2003. Economic analysis of
planting dates to manage European corn borer (Lepi-
doptera: Crambidae) with Bt corn. J. Econ. Entomol. 96:
941-949.

SAS Institute. 2004. JMP introductory guide, version 5.1.1.
SAS Institute, Cary, NC.

Stewart, C. N., M. J. Adang, J. N. All, H. R. Boerma, G.
Cardineau, D. Tucker, and W. A. Parrott. 1996. Genetic
transformation, recovery, and characterization of fertile
soybean transgenic for a synthetic Bacillus thuringiensis
crylAc gene. Plant Physiol. 112: 121-129.

Sullivan, M. J., and D. J. Boethel. 1994. Loopers, pp. 68-70.
In L. G. Higley and D. ]J. Boethel |eds.|, Handbook of
soybean insect pests. The Entomological Society of
America, Lanham, MD.

Thomas, J. D., and D. J. Boethel. 1994. Synergism of insec-
ticides in tests with resistant soybean looper larvae (Lep-
idoptera: Noctuidae) in the laboratory and field. J. Econ.
Entomol. 87: 1416-1422.

Turnipseed, S. G., and M. Kogan. 1976. Soybean entomol-
ogy. Annu. Rev. Entomol. 21: 247-282.

United Soybean Board. 2000. Soy stats: a reference guide
to important soybean facts and figures. http://www.
unitedsoybean.org/soystats2000/ |visited 09/03/2003].

Walker, D. R.,J. N. All, R. M. McPherson, H. R. Boerma, and
W. A. Parrott. 2000. Field evaluation of soybean engi-
neered with a synthetic crylAc transgene for resistance to
corn earworm, soybean looper, velvetbean caterpillar
(Lepidoptera: Noctuidae), and lesser cornstalk borer
(Lepidoptera: Pyralidae). J. Econ. Entomol. 93: 613-622.

Wilson, F. D., H. M. Flint, W. R. Deaton, D. A. Fischhoff, F. ].
Perlak, T. A. Armstrong, R. L. Fuchs, S. A. Berberich, N. J.
Parks, and B. R. Stapp. 1992. Resistance of cotton lines
containing a Bacillus thuringiensis toxin to pink bollworm
(Lepidoptera: Gelechiidae) and other insects. J. Econ.
Entomol. 85: 1516-1521.

Wong, E. Y., C. M. Hironaka, and D. Fischhoff. 1992. Ara-
bidopsis thaliana small subunit leader and transit peptide
enhances the expression of Bacillus thuringiensis proteins
in transgenic plants. Plant Mol. Biol. 20:81-93.

Received 4 May 2004; accepted 2 November 2004.

€202 YolelN 6z uo isenb Aq 8/28122/..SG/2/86/0101He/e8l/woo dno"dlwsepede//:sdiy woly papeojumog



