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The susceptibility to proteins from Bacillus thuringiensis (Bt) can vary among lepidopteran pest species. While
Bollgard 3 cotton (BG3) effectively controls the primary pest Helicoverpa armigera (Hiibner) in Australia, its effec-
tiveness against other pests, such as Spodoptera litura (Fabricius) and Spodoptera frugiperda (J. E. Smith), is un-
known.This laboratory study assessed the survival and development of H. armigera, S. litura, and S. frugiperda
larvae when fed foliage from a non-transgenic cotton variety (CC) and 3 transgenic cotton varieties: Bollgard
(BG1) expressing Cry1Ac, Bollgard Il (BG2) expressing Cry1Ac and Cry2Ab, and Bollgard 3 (BG3) expressing
Cry1Ac, Cry2Ab, and Vip3A. Pyramided Bt cotton had greater negative effects on survival and development of all
species compared with CC or BG1.The proportion of H. armigera that eclosed as adults was very low when larvae
fed on BG2 or BG3 compared with BG1. Eclosion rates of S. litura and S. frugiperda on BG3 were much lower
compared with BG2 and BG1.This study demonstrates that BG3 has greater efficacy against a wider lepidopteran
pest complex compared with previous Bt cotton products. Despite efficacy in the laboratory, S. litura larvae are
reported to be surviving in BG3 fields, suggesting other factors are influencing field efficacy. As BG3 production
expands across tropical northern Australia, preserving the susceptibility of S. litura and S. frugiperda to BG3
proteins is crucial. This study identifies the need for further research on field survival and resistance management
strategies for secondary pest species.

Keywords: 0ld World bollworm, fall armyworm, Bollgard, tropical cotton production

Introduction In Australia, Helicoverpa armigera (Hiibner) and Helicoverpa
punctigera (Wallengren) (Lepidoptera: Noctuidae) are major eco-

Transgenic crops which express insecticidal proteins from the soil bac- : . ) i
nomic pests of cotton, with larvae damaging all plant parts, partic-

terium Bacillus thuringiensis Berliner (Bt) are relied upon for pest man-
agement across the world (Fitt 2003a, Bravo et al. 2011, Naranjo 2011,
Wilson et al. 2018, Horikoshi et al. 2021). However, the susceptibility of
lepidopteran species to Bt proteins varies (Reisig et al. 2021, Tay et al.
2022), presenting challenges as Bt crops are introduced into new regions,
where secondary lepidopteran pests are also exposed to Bt proteins
(Reisig et al. 2021).

ularly fruiting structures (Downes and Mahon 2012). Bt cotton has
provided the foundation for sustainable cotton production (Wilson
et al. 2018), with 3 Bt cotton products expressing different Bt pro-
tein combinations consecutively released to specifically target H.
armigera and H. punctigera (Knight et al. 2021). Bollgard, marketed
as Ingard in Australia, and expressing only CrylAc, was released
in 1996 (Fitt, 2003a); however, protein expression was variable
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Table 1. Cotton types tested, their respective Bt traits, and supplier for experiments on H. armigera, S. litura, and S. frugiperda.

Bt proteins expressed and

Cotton type

Variety traits

Supplier

Non-transgenic cotton (CC)  Sicot 620?
Bollgard (BG1) Breeding line®

Bollgard II (BG2) Breeding line®

CrylAc + Cry2Ab + Roundup Ready (CP4

No insecticidal or herbicide resistance traits Cotton Seed Distributors, Wee Waa NSW
CrylAc + Roundup Ready (CP4 EPSPS)

Commonwealth Scientific and Industrial Re-
search Organisation (CSIRO), Narrabri NSW
Bayer Crop Science, Toowoomba QLD

EPSPS)
Bollgard 3 Sicot 748B3F* CrylAc + Cry2Ab + Vip3A + Cotton Seed Distributors, Wee Waa NSW
(BG3) Roundup Ready (CP4 EPSPS)

*Commercially available to Australian producers.

"Not commercially available to Australian producers; breeding line produced to express Cry1Ac protein and CP4 EPSPS gene.
‘Not commercially available to Australian producers; breeding line produced to express CrylAc and Cry2Ab proteins, and CP4 EPSPS gene.

between different plant structures and temporally, with expres-
sion declining during the boll maturation period (Fitt et al. 1994,
Constable et al. 1998). In particular, the decline in expression over
time necessitated insecticide applications in Bollgard from mid-
season onwards for control of Helicoverpa spp. larvae (Doyle et al.
2002, Pyke 2003). In 2003, Bollgard was replaced by Bollgard II,
expressing CrylAc and Cry2Ab (Fitt 2003b, Knight et al. 2013).
Bollgard I was highly efficacious, providing season long expres-
sion of Cry2Ab and reducing insecticide use for Helicoverpa spp.
by more than 90% (Knight et al. 2021). However, due to concerns
about the ability of H. armigera to evolve resistance, particularly late
in the season when only Cry2Ab is expressed at efficacious levels,
Bollgard II was superseded by Bollgard 3 in 2016 (Knight et al.
2021). Bollgard 3 expresses CrylAc, Cry2Ab, and Vip3A, and the
expression of Vip3A and Cry2Ab is maintained throughout the crop
cycle, offsetting the risk associated with the decline of CrylAc ex-
pression during boll filling (Knight et al. 2021).

In Australia’s tropical regions, cotton production is expanding
due to the high control efficacy of Bollgard 3 under a more di-
verse and abundant lepidopteran pest complex (Strickland et al.
2003) than in temperate and sub-tropical areas where cotton is
typically grown. In addition to H. armigera, the tropical pest com-
plex of cotton includes H. punctigera, Spodoptera litura (Fabricius),
and Pectinophora gossypiella (Saunders) (Strickland et al. 2003).
Spodoptera frugiperda (J.E. Smith) established in Australia in 2020
(Piggott et al. 2021) and is now well-established in the tropical and
sub-tropical production areas of northern Australia. This species
is considered a pest of transgenic cotton in Brazil and the United
States, and foliar-applied insecticides are sometimes required to con-
trol larvae (Barros et al. 2010, Hardke et al. 20135, Yang et al. 2022).

The availability of Bollgard 3 has renewed grower interest in trop-
ical cotton production in Australia, and it is viewed as a potential
solution to previous difficulties with lepidopteran pest control (Phillip
2019). Among the species complex in northern Australia, S. litura
and S. frugiperda potentially pose the greatest risk for tropical cotton
production due to high populations during the summer wet season
(Strickland et al. 1998, 2003) when the crop is grown (Grundy et al.
2012). Since Bollgard 3 cotton production commenced, S. litura larvae
of all instars have been observed intermittently surviving in fields
across northern Australia. Spodoptera frugiperda egg masses have
also been found on cotton plants in Kununurra in northern Western
Australia (Spafford, personal observation). Additionally, evidence
from overseas suggests that S. frugiperda has the propensity for field-
evolved resistance to Bt proteins (Storer et al. 2010, Huang et al. 2014,
Yang et al. 2017), while S. litura has demonstrated laboratory-evolved
resistance to Bt proteins (Barkhade and Thakare 2010).

The control efficacy of Bollgard and Bollgard II against H.
armigera has been well documented in Australia (Daly and Fitt 1998,
Doyle et al. 2002, Fitt 2003b, Lu et al. 2011), but no such informa-
tion is available for the efficacy of Bollgard 3 against Australian
populations of S. litura and S. frugiperda and how this compares
to efficacy against H. armigera. Such data would be valuable for
informing pest management strategies as Bt cotton production
expands into new geographic regions in Australia.

The objective of this study was to determine the survival, growth,
and development of S. litura, S. frugiperda, and H. armigera feeding
on non-Bt cotton and Bt cotton that either expressed Cry1Ac alone
or expressed pyramided Bt proteins. Our study aimed to provide
a better understanding of the relative susceptibility of a laboratory
population for each pest species to Bt cotton and how pyramided
proteins contribute to pest mortality. The pest management risks
for Bt cotton production in northern Australia and elsewhere in the
world, where similar pest complexes exist, can then be better defined.

Materials and Methods

Insects

Neonate larvae (< 24-h old) from laboratory cultures of S. litura, S.
frugiperda, and H. armigera were used in all experiments. Laboratory
cultures were established from 2020 to 2021 field collections of S.
litura larvae from crops in Kununurra, Western Australia (-15.65°,
128.70°), S. frugiperda larvae from crops in Walkamin, northern
Queensland (-17.13°, 145.42°), and H. armigera from crops in
Lockyer Valley, southeastern Queensland (-27.55°, 152.27°). All
cultures were supplemented with field-collected specimens an-
nually to minimize inbreeding and maintained at the Queensland
Department of Primary Industries in Toowoomba in southeastern
Queensland. Similar rearing methods were used for all 3 species,
based on the methods of Volp et al. (2022) (Supplementary Table
S§1). The cultures were maintained in an environmentally controlled
room (25 = 2 °C, 12:12-h light:dark cycle, 60% relative humidity).

Cotton Plants

Cotton types expressing no Bt protein (control; CC), a single Bt pro-
tein (CrylAc; BG1), 2 Bt proteins (CrylAc and Cry2Ab; BG2), or
3 pyramided Bt proteins (Cry1Ac, Cry2Ab, and Vip3A; BG3) were
used in the experiment (Table 1). The term “cotton types” referred
to all 4 cotton types tested, while “Bt cotton™ referred to plants
expressing Bt proteins. All cotton types share a common genetic back-
ground and have a similar growth habit (Stiller, personal communi-
cation). While the Bt cotton also expressed a glyphosate-resistant
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trait, the control cotton did not. Previous research demonstrated that
glyphosate-tolerant crops had no detrimental effects on non-target
organisms, including insects (Carpenter 2001, Talyn et al. 2019).

Plants were grown in a 2:1:1 mix of Searles Premium potting mix,
sand, and perlite, with slow-release fertilizer (NPK 15.3: 2: 12.6). Plants
were germinated and grown for 5 wk in 1.6-L pots in environmentally
controlled rooms (29 =2 °C, 12:12-h light:dark cycle, 55% relative hu-
midity) before being transferred to a controlled temperature glasshouse
(27 =4 °C) and natural photoperiod for the remainder of their growth
and development. Plants were watered regularly and no additional ferti-
lizer was applied. The experiment required flowering cotton plants (ap-
proximately 65 to 75 d after sowing). Weekly plantings were undertaken
to ensure continuity of plant material for experimentation.

Neonate Survival on Different Cotton Types

The survival of H. armigera, S. litura, and S. frugiperda larvae was
assessed when fed on leaf material collected from flowering CC, BG1,
BG2, and BG3 cotton plants. Bioassays were conducted as part of a
large experiment designed to compare the 12 factorial combinations
of cotton type x species. Leaf discs (10-mm diameter) were cut from
fully expanded mid-canopy leaves and placed in 22-ml food-grade
plastic containers with a 2% water-agar base to maintain leaf mois-
ture. Newly hatched neonate larvae were selected without bias for
the experiments. Using a fine paint brush, a neonate larva was placed
onto a leaf disc in each container and secured with a lid. One hun-
dred neonates were prepared this way for each cotton type x species
treatment during a bioassay, with each larva considered a replicate.
The experiment was conducted across 4 bioassays on 28 October
and 11 November 2022, and 20 and 23 January 2023. Helicoverpa
armigera and S. litura larvae were evaluated in all 4 bioassays while
S. frugiperda larvae were only evaluated in the final 2 bioassays.
Insects were maintained in the laboratory under environmentally
controlled conditions (28 + 2 °C, 12:12-h light:dark cycle, 60% rel-
ative humidity). Insect survival was assessed daily from day 3 until
day 10. Larvae were considered dead if they failed to respond to
prodding with a fine paint brush, based on the mortality criteria
outlined by Bird and Drynan (2023). Leaf material was replaced
with fresh leaf discs every 3 d or sooner, if needed, ensuring con-
tinual availability of edible leaf material.

Larval Growth and Development on Different Cotton
Types

On day 10 of each bioassay, approximately 20 surviving larvae of the
initial 100 larvae from each cotton type x species treatment were ran-
domly selected for continued assessment of growth and development
through to adult eclosion, with each larva considered a replicate. Eighty
replicates were prepared per cotton type x species treatment across
the 4 bioassays, with the exceptions of H. armigera on BG2, where
77 larvae were tested, S. frugiperda on CC, BG1, and BG2, where 40
larvae were tested, and S. frugiperda on BG3, where 12 larvae were
tested. Reduced numbers of larvae were due to low larval survival to
day 10 or S. frugiperda being evaluated in 2 bioassays. Each larva was
held in a 70-ml food-grade plastic container with a 2% water-agar base
and leaf material (3 x 3 cm) of the respective cotton type. Larvae were
monitored daily, and larval and pupal development periods and pupal
mass (measured 24 h after pupation) were recorded.

Statistical Analysis

All analyses were conducted in Genstat Version 24 (VSN International
2024). The survival of neonates of H. armigera, S. litura, and S.
frugiperda on the 4 cotton types were compared using Kaplan Meier

tests (Kaplan and Meier 1958). Survival data were right censored at
day 10. Survival curves for the 12 cotton type x species treatment
combinations were analyzed using a log-rank test and were reported
per species.

Larval development period, the period from neonate hatching
to adult eclosion, and pupal mass were analyzed using a linear
mixed model framework. Cotton type, species, and their
interactions were fitted as fixed terms in the models, while bio-
assay was included as a random term. Heterogeneous residual
variance was fit for each species, using a diagonal variance struc-
ture, based on residual diagnostic plots and a significant likelihood
ratio test. Predictions of the fixed effects were obtained from the
model as empirical best linear unbiased estimates (eBLUEs). All
linear mixed models were fitted using the linear mixed model func-
tion, whereby variance components were estimated via residual
maximum likelihood (REML) (Patterson and Thompson 1971).
Bonferroni tests (P < 0.05) were then used for multiple mean
comparisons.

The proportion of individuals reaching pupation and eclosing
as adults was analyzed using a generalized linear model with a bi-
nomial distribution and logit link function. The dispersion param-
eter was also estimated, as opposed to set at a fixed value of 1.
Cotton type, species, and their interactions were fitted as factors in
the model. Significance testing of the main effects and their inter-
action was completed using an analysis of deviance, with the devi-
ance ratio used as the F-statistic. This test is analogous to an analysis
of variance (Welham et al. 2014). Predictions were obtained from
the regression model, which are estimated mean proportions; these
data are presented as percentages for reporting. For each cotton
type x species treatment, the estimated percentage of neonates that
could eclose as adults was calculated by multiplying the probability
of neonate survival on day 10 with the percentage of surviving larvae
from day 10 that eclosed as adults.

Results

Neonate Survival on Different Cotton Types

Cotton types affected the survival of H. armigera, S. litura, and
S. frugiperda neonates to day 10 (log-rank =1573.4; df=11;
P < 0.001; Fig. 1). For all 3 species, survival was high on both CC
and BG1 but low on BG3 (Fig. 1). There were no differences in larval
survival among species on CC and BG1, with survival ranging from
88% to 95% on day 10. Larval survival was lower on BG2 for all
species compared with CC or BG1 from day 3. There was no differ-
ence in the survival curves or survival on day 10 of H. armigera ne-
onate larvae fed BG2 or BG3, with survival rates of 38% and 47%,
respectively (Fig. 1A). For S. litura and S. frugiperda, survival on day
10 was lower when neonates were fed BG3 (33% and 6%, respec-
tively) compared to when they were fed BG2 (72% and 40%, re-
spectively). Spodoptera frugiperda neonate survival on BG3 showed
a greater immediate decline compared to the other species, with a
survival of 31% on day 3, compared with 62% and 57% for H.
armigera and S. litura, respectively (Fig. 1).

Larval Growth and Development on Different Cotton
Types

Larval development period was affected by species (F=76.2;
df =2, 324; P <0.001) and cotton type (F=260.1; df = 3, 438.4;
P < 0.001). There was also an interaction between species and cotton
type (F=49.3; df = 5, 355; P <0.001). Larvae of all 3 species that
fed on BG2 and BG3 took longer to develop than those fed on CC
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Fig. 1. Survival probability for H. armigera (A), S. litura (B), and S. frugiperda (C) larvae as neonates placed on CC (no Bt protein, gray circle), BG1 (Cry1Ac,
black circle), BG2 (Cry1Ac and Cry2Ab, black triangle), or BG3 (Cry1Ac, Cry2Ab and Vip3A, black square) leaf discs. Error bars represent the upper and lower
boundaries of the 95% confidence interval. A) Helicoverpa armigera B) Spodoptera litura C) Spodoptera frugiperda

or BG1 although the duration varied (Table 2). In the case of S.
frugiperda, larvae were unable to complete development on BG3.
Helicoverpa armigera took 3.9 d longer to reach pupation on BG1
compared with CC. There was no difference in larval development
time between S. litura larvae that fed on CC and BG1, whereas S.
frugiperda larvae that fed on BG1 had a shorter larval development
period by 2.6 d compared with larvae that fed on CC (Table 2).
Pupal mass was affected by species (F=818.6; df =2, 214.1;
P <0.001) and cotton type (F = 56.4; df = 3,371.8; P < 0.001). There

was also an interaction between species and cotton type (F = 34.7;
df = 5,389.8; P < 0.001). Pupae of H. armigera that developed from
larvae fed on Bt cotton were 14% to 45% lighter than those that
developed on CC (Table 2). The pupal masses of H. armigera reared
on BG2 and BG3 were approximately 35% less than those that de-
veloped on BG1. There was no difference in pupal mass when S.
litura larvae fed on CC and BG1, but when larvae fed on BG2 or
BG3, pupal masses were 19 or 49% less, respectively, than pupae
developing from larvae fed on CC (Table 2). Spodoptera frugiperda
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Table 2. Mean (x SE) of larval development period, pupal mass and period between neonate hatching and adult eclosion for H. armigera,
S. litura, and S. frugiperda fed CC (no Bt protein), BG1 (Cry1Ac), BG2 (Cry1Ac and Cry2Ab), and BG3 (Cry1Ac, Cry2Ab, and Vip3A). Means
in a column followed by the same letter are not significantly different (Bonferroni tests, P> 0.05). Spodoptera frugiperda larvae did not

complete development on BG3.

Pest species Cotton type

Larval development period (days)

Pupal mass (mg)

Period from neonate hatching to adult eclosion (days)

383+7b 30.3 1.3 de
328+7¢ 33.7+1.3¢
212 15 de 455+1.5a
216 =25 de 46.5 1.7 a
425 +7a 27.9+13f
420+ 7 a 27.2+1.3f
345+8c¢ 33.9=14c
217 =29 de 42.6 = 2.5 ab
193 +6e¢ 31.2+14d
218=+6d 28.8+ 1.4 ef
198 = 6 de 35.2+1.4 bc

H. armigera CC 18.7=1.1d
BG1 226=1.1c
BG2 346+12a
BG3 345+15a

S. litura CcC 18.8+=1.1d
BG1 182+1.1d
BG2 244+1.1Db
BG3 32+1.7a

S. frugiperda CcC 223=1.1¢
BG1 19.7=1.1d
BG2 25.7+«12b
BG3 -

larvae fed on BG1 developed into pupae that were 13% heavier than
those that developed on CC (Table 2). Larvae of S. frugiperda fed on
BG2 had similar mass to those that developed on CC, and those that
fed on BG3 were unable to successfully pupate.

The period from neonate hatching to adult eclosion was affected
by species (F=163.8; df =2, 311.6; P <0.001) and cotton type
(F=184.1; df =3, 381; P <0.001). The interaction between spe-
cies and cotton type also affected the period from neonate hatching
to adult eclosion (F=32.8; df =5, 337.6; P <0.001). Helicoverpa
armigera larvae that fed on Bt cotton took longer, 3.4 (BG1) to 16.2
d (BG3), to eclose compared with larvae fed on CC (30.3 d). There
were no differences in developmental duration between H. armigera
larvae that fed on BG2 or BG3 (Table 2). For S. litura, there was no
difference in the duration from neonate hatching to adult eclosion
when fed on CC or BG1, whereas BG2 and BG3 increased this dura-
tion by 6 and 14.7 d, respectively, compared with larvae developing
on CC (Table 2). Spodoptera frugiperda larvae that fed on BG1 had
a shorter developmental duration, by 2.4 d, than larvae that fed on
CC. Larvae of S. frugiperda that fed on BG2 took 4 d longer to reach
adult eclosion than larvae feeding on CC.

For surviving larvae (ie those that reached day 10), the interaction
between species and cotton type affected the percentage of larvae
that could successfully pupate (F = 12.8; df = 6, 756; P < 0.001) and
eclose as adults (F=13.6; df = 6,757; P < 0.001) (Fig. 2). The disper-
sion parameter estimated for larvae that could successfully pupate
and eclose as adults was 0.37 and 0.51, respectively. The analysis
of deviance tables are provided in Supplementary Table 2 and 3. All
species had a higher percentage of larvae successfully pupating and
eclosing as adults on CC and BG1 cotton, ranging from 89% to 99%
(Fig. 2). For H. armigera, the percentage pupating on BG2 and BG3
decreased to 16% (12 out of 77 individuals) and 5% (4 out of 80
individuals), respectively (Fig. 2A). The percentage of H. armigera
that eclosed as adults on BG2 was 13% (10 out of 77 individuals),
while all larvae that successfully pupated on BG3 (5%) eclosed as
adults (Fig. 2B). For S. litura and S. frugiperda, 90% of surviving
larvae could successfully pupate on BG2 (72 out of 80 individuals
and 36 out of 40 individuals, respectively). However, only 78% and
81% of individuals eclosed as adults, for S. frugiperda and S. litura,
respectively (31 out of 40 individual and 65 out of 80 individuals)
(Fig. 2B). Only 5% of S. litura larvae (4 out of 80 individuals) were
able to successfully pupate on BG3, with 2.5% eclosing as adults (2
out of 80 individuals) (Fig. 2). No S. frugiperda larvae were able to
successfully pupate on BG3.

The estimated percentage of neonates that could eclose as adults
on cotton expressing no or different combinations of Bt proteins
was highly variable (Table 3). All species experienced low survival
on BG3, with 2.3% and 0.8% of H. armigera and S. litura neonates,
respectively, successfully eclosing as adults, while no S. frugiperda
neonates eclosed as adults (Table 3). Helicoverpa armigera experi-
enced low survival on BG2, with 5% of neonates eclosing as adults.
However, for S. litura and S. frugiperda, neonate survival to adult
eclosion increased on BG2 to 58.5% and 31.0%, respectively (Table
3). All species were predicted to have higher neonate to adult eclosion
survival on CC and BG1, ranging from 78.6% to 91.4% (Table 3).

Discussion

Our study demonstrated that BG3 cotton caused the highest mor-
tality in all 3 species, with very few to no individuals successfully
eclosing as adults (Fig. 1, Table 3). For H. armigera, BG3 did not
significantly increase the already high mortality provided by BG2
(Fig. 1, Table 3). In contrast, the survival of S. litura and S. frugiperda
was significantly lower on BG3 compared with BG1 and BG2 (Fig.
1, Table 3). Although this study did not assess individual proteins
in isolation, the increased mortality recorded on BG3 for S. litura
and S. frugiperda is likely due to the inclusion of Vip3A in the Bt
trait package. This concurs with surface overlay toxin bioassays
conducted by Tay et al. (2022) that demonstrated S. litura and
S. frugiperda were more susceptible to Vip3A than CrylAc and
Cry2Ab. The addition of Vip3A to the Bt trait package in BG3 was
anticipated to provide greater protection against a range of lepi-
dopteran pests including Spodoptera species (Knight et al. 2021).
Consequently, BG3 was expected to be better-suited for production
in northern Australia (Knight et al. 2021), with its more diverse and
abundant lepidopteran pest complex (Strickland et al. 2003), a con-
clusion supported by our study.

Larval survival across the 3 species was similar on both CC and
BG1 cotton (Table 3). Despite Australian populations of H. armigera
remaining susceptible to CrylAc (CottonInfo 2024) and the high
efficacy of BG1 until boll set and senescence (Fitt et al. 1994, 1998),
our study showed no differences in H. armigera survival on CC and
BG1. This result mirrors the inconsistent and often variable efficacy
of cotton varieties expressing CrylAc in Australia, where larval sur-
vival has often required the use of foliar-applied synthetic insecticides
from mid-season onwards (Doyle et al. 2002, Pyke 2003). Variable
expression of CrylAc has also been reported in soybeans (Yu et al.
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Table 3. Estimated proportion of neonates that would successfully
eclose as adults for H. armigera, S. litura, and S. frugiperda when
feeding on 4 cotton types: CC (no Bt protein), BG1 (Cry1Ac), BG2
(Cry1Ac and Cry2Ab), or BG3 (Cry1Ac, Cry2Ab and Vip3A). This
was calculated using probability of larval survival on day 10 (Fig.
1) multiplied by the percentage of larvae survivors (from day 10)
that successfully eclosed as adults (Fig. 2).

Proportion of neonates eclosing as adults (%)

Species CC BG1 BG2 BG3
H. armigera 85.8 78.6 5.0 2.3
S. litura 90.0 87.0 58.5 0.8
S. frugiperda 90.2 91.4 31.0 0.0

2013, 2014) and rice (Zhang et al. 2011) at different phenological
stages. Concerns over the inconsistent efficacy of CrylAc in cotton
and the risk of resistance development led to the rapid introduction

of BG2 varieties in Australia, which expressed dual proteins to better
manage resistance (Roush 1998) and offer greater crop protection
(Knight et al. 2013, 2021).

Dual protein BG2 significantly reduced survival across all spe-
cies, particularly for H. armigera, compared with survival on CC
and BG1 (Fig. 1, Table 3). This is consistent with other studies that
demonstrated BG2 provided improved control efficacy against a
range of lepidopteran pests, including H. armigera, S. frugiperda, S.
litura, Spodoptera exigua (Hiibner), and Helicoverpa zea (Boddie),
compared with BG1 (Adamczyk et al. 2001, 2008, Gore et al. 2001,
Spafford et al. 2007, Downes and Mahon 2012, Ramanjali 2014).

When larvae survived on Bt cotton, the effects on their growth
and development varied depending on species and the combination
of Bt proteins (Table 2). Overall, Bt cotton negatively affected key
developmental attributes of larval development period, pupal mass,
and period from neonate hatching to adult eclosion compared with
larvae reared on CC (Table 2). These findings are consistent with other
studies assessing the effect of Bt crops on various lepidopteran pest
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species, including H. armigera, S. litura, and S. frugiperda (Gould et al.
1991, Adamczyk et al. 2001, Fitt 2003b, Bilbo et al. 2018, Barcellos
et al. 2023). However, there were some exceptions. For example,
while larval survival across all species was generally high on BG1, H.
armigera had increased development times and were smaller pupae on
BG1 than on CC (Table 2). For S. litura larvae fed BG1, development
times and pupal mass were similar to those on CC (Table 2), aligning
with previous studies on Spodoptera cosmioides (Walker) showing
no significant differences between larvae fed non-Bt and Bt cotton or
soybean cultivars expressing CrylAc (Bernardi et al. 2014, Rabelo et
al. 2020, Lutz et al. 2023). Larvae of S. frugiperda feeding on BG1
developed faster and into heavier pupae compared with those fed CC
(Table 2), contrary to previous findings where S. frugiperda feeding
on Bt soybean expressing Cry1Ac took longer to develop into pupae
compared with those fed non-Bt cultivars (Bernardi et al. 2014). These
differences may be attributed to factors such as host plant (Volp et
al. 2022), Bt expression within the plant (Adamczyk and Sumerford
2001, Adamczyk et al. 2001), or variations in population suscepti-
bility to different Bt proteins (Tay et al. 2022).

Our study shows, that while mortality of S. litura and S.
frugiperda larvae was higher on BG2 compared to CC or BGI,
mortality on BG3 was higher than on BG2 (Table 3). Despite the
demonstrated high efficacy of BG3 against S. litura using glasshouse
grown plants, larvae of all instars are frequently observed surviving
in BG3 cotton fields in northern Australia (Grundy, personal obser-
vation). This suggests that, while BG3 causes greater mortality in
S. litura compared with BG1 and BG2, other factors, such as larval
behavior in the presence of Bt proteins (Luong et al. 2018, Visser et
al. 2019, 2020) and variable Bt expression at different phenological
stages or in different plant structures, may influence the field effi-
cacy of BG3 (Gore et al. 2001, Dong and Li 2007, Bommireddy and
Leonard 2008). This study was limited to a single population for
each species, sourced from agricultural regions. Expanding future
research to include field populations from across northern Australia
could provide a better understanding of the widespread performance
of BG3 cotton and any variation in regional population suscepti-
bility that may also influence S. litura field survival. In addition, the
adoption of Bt crops that express 2 or more proteins, along with
refuge crops, is recommended as an effective strategy to delay the
development of Bt resistance (Head and Greenplate 2012, Tabashnik
et al. 2013). Thus, further research is required for S. litura on the ge-
netics of resistance and insect behavior to inform potential resistance
management strategies for this species.

The findings of this study highlight the importance of evaluating
the effect of Bt crops on a range of lepidopteran pests, not just pri-
mary target species. Evaluating the effect of Bt crops expressing
different protein combinations is essential for determining whether
secondary pests could become more prominent in farming systems
due to low susceptibility, as observed with Spodoptera species on
BG1 (Bernardi et al. 2014, Rabelo et al. 2020, Lutz et al. 2023).
Conversely, it is worth considering whether a Bt crop may provide
high control efficacy and be better suited as a pest management tool
in regions with certain lepidopteran pest complexes.

In conclusion, cotton expressing 3 Bt proteins (BG3) caused
higher mortality in all 3 lepidopteran pest species tested in our
study, offering a more effective Bt trait package for pest manage-
ment as cotton production expands into tropical northern Australia.
BG3 significantly reduces larval survival, growth, and development
of S. litura and S. frugiperda larvae compared with BG1 and BG2,
suggesting that Vip3A is making a considerable contribution to
larval mortality. In contrast, there was no difference in the mortality
of H. armigera larvae fed BG2 or BG3. However, despite the high

efficacy of BG3 against S. litura demonstrated in our study, larvae
are still frequently observed in fields, suggesting other factors may be
influencing their survival which warrant further investigation.
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online.

Acknowledgments

Thanks to Bayer Crop Science, CSIRO Cotton Breeding Team, and
Cotton Seed Distributors for their support and assistance in providing
access to the cotton seed used in this study. Thanks to Clayton Forknall
for advice and assistance with statistical analysis, Jacob Balzer for
assisting with colony maintenance, and Jamie Hopkinson for providing
helpful comments on an earlier version of this manuscript.

Author contributions

Sharna Holman (Conceptualization [equal], Data curation [lead],
Formal analysis [lead], Investigation [lead], Methodology [equal],
Writing - original draft [lead], Writing - review & editing [equal]),
Paul Grundy (Conceptualization [equal], Funding acquisition [lead],
Methodology [equal], Writing - review & editing [equal]), Helen
Spafford (Conceptualization [equal], Methodology [equal], Writing
- review & editing [equal]), and Michael Furlong (Conceptualization
[equal], Methodology [equal], Writing - review & editing [equal])

Funding

This research was funded by the Cotton Research and Development
Corporation (DAQ2201).

References

Adamczyk ], Sumerford DV. 2001. Potential factors impacting season-long
expression of CrylAc in 13 commercial varieties of Bollgard® cotton. J.
Insect Sci. 1:13. https://doi.org/10.1093/jis/1.1.13

Adamczyk J, Adams L, Hardee D. 2001. Field efficacy and seasonal expres-
sion profiles for terminal leaves of single and double Bacillus thuringiensis
toxin cotton genotypes. J. Econ. Entomol. 94:1589-1593.

Adamczyk J, Greenberg S, Armstrong J, et al. 2008. Evaluations of Bollgard®,
Bollgard 1I®, and Widestrike® technologies against beet and fall
armyworm larvae (Lepidoptera: Noctuidae). Fla. Entomol. 91:531-536.

Barcellos GA, Hanich MR, Pretto VE, et al. 2023. Characterizing the lethal
and sub-lethal effects of genetically modified soybean expressing Cry1A.
105, Cry2Ab2, and Cry1Ac insecticidal proteins against Spodoptera spe-
cies (Lepidoptera: Noctuidae) in Brazil. Pest Manag. Sci. 79:548-559.
https://doi.org/10.1002/ps.7225

Barkhade UP, Thakare A. 2010. Protease mediated resistance mechanism
to Cry1C and Vip3A in Spodoptera litura. Egypt. Acad. J. Biol. Sci., A
Entomol. 3:43-50. https://doi.org/10.21608/eajbsa.2010.15188

Barros EM, Torres JB, Ruberson JR, et al. 2010. Development of
Spodoptera frugiperda on different hosts and damage to reproduc-
tive structures in cotton. Entomol. Exp. Appl. 137:237-245. https://doi.
org/10.1111/1.1570-7458.2010.01058.x

Bernardi O, Sorgatto RJ, Barbosa AD, et al. 2014. Low susceptibility of Spodoptera
cosmioides, Spodoptera eridania and Spodoptera frugiperda (Lepidoptera:
Noctuidae) to genetically-modified soybean expressing Cry1Ac protein. Crop
Prot. 58:33-40. https://doi.org/10.1016/j.cropro.2014.01.001.

Bilbo TR, Reay-Jones FPF, Reisig DD, et al. 2018. Effects of Bt corn on the
development and fecundity of corn earworm (Lepidoptera: Noctuidae). J.
Econ. Entomol. 111:2233-2241. https://doi.org/10.1093/jee/toy203.


https://doi.org/10.1093/jis/1.1.13
https://doi.org/10.1002/ps.7225
https://doi.org/10.21608/eajbsa.2010.15188
https://doi.org/10.1111/j.1570-7458.2010.01058.x
https://doi.org/10.1111/j.1570-7458.2010.01058.x
https://doi.org/10.1016/j.cropro.2014.01.001
https://doi.org/10.1093/jee/toy203

Holman et al.

Bird L], Drynan L. 2023. Comparison of insecticide toxicity in adult and larval
stages of Spodoptera frugiperda (JE Smith) and Helicoverpa armigera
(Hubner) (Lepidoptera: Noctuidae). Crop Prot. 166:1061835. https:/doi.
org/10.1016/j.cropro.2023.106185

Bommireddy P, Leonard B. 2008. Survivorship of Helicoverpa zea and
Heliothis virescens on cotton plant structures expressing a Bacillus
thuringiensis vegetative insecticidal protein. J. Econ. Entomol. 101:1244-
1252. https://doi.org/10.1093/jee/101.4.1244

Bravo A, Likitvivatanavong S, Gill SS, et al. 2011. Bacillus thuringiensis: A
story of a successful bioinsecticide. Insect. Biochem. Mol. Biol. 41:423—
431. https://doi.org/10.1016/5.ibmb.2011.02.006.

Carpenter JE. 2001. Chapter Case studies in benefits and risks of agricultural
biotechnology: roundup ready soybeans and Bt field corn. National Center
for Food and Agricultural Policy

Constable G, Llewellyn D, Reid P. 1998. Biotechnology risks and benefits:
the ingard cotton example. Paper Presented at: 9th Australian Agronomy
Conference; Wagga Wagga, Australia.

Cottonlnfo. 2024. Cotton pest management guide 24-25. Cotton Research
and Development Corporation. p. 164.

Daly J, Fitt G. 1998. Efficacy of Bt cotton plants in Australia: what is going on.
Paper Presented at: World Cotton Research Conference: New frontiers in
cotton research; Athens, Greece

Dong H, Li W. 2007. Variability of endotoxin expression in Bt transgenic
cotton. J. Agron. Crop Sci. 193:21-29.

Downes S, Mahon R. 2012. Successes and challenges of managing resistance in
Helicoverpa armigera to Bt cotton in Australia. GM Crops Food. 3:228—
234. https://doi.org/10.4161/gmcr.20194

Doyle B, Reeve I, Barclay E. 2002. The performance of Ingard cotton in
Australia during the 2000/2001 season. Institute for Rural Futures,
University of New England.

Fitt GP. 2003a. Implementation and impact of transgenic Bt cottons in
Australia. Paper Presented at: Third World Cotton Research Conference
Cotton Production for the New Millennium; Cape Town, South Africa.

Fitt GP. 2003b. Deployment and impact of transgenic Bt cotton in Australia.
In: The economic and environmental impacts of agbiotech: a global per-
spective. Kalaitzandonakes. ed. Springer US. p. 141-164.

Fitt GP, Mares C, Llewellyn D. 1994. Field evaluation and potential ecolog-
ical impact of transgenic cottons (Gossypium birsutum) in Australia.
Biocontrol Sci. Technol. 4:535-548.

Fitt G, Daly J, Mares C, et al. 1998. Changing efficacy of transgenic Bt cotton
- patterns and consequences. Pest Manag. Sci. 1:189-196.

Gore ], Leonard BR, Adamczyk JJ. 2001. Bollworm (Lepidoptera: Noctuidae) sur-
vival on ‘Bollgard’ and ‘Bollgard I’ cotton flower bud and flower components. J.
Econ.Entomol. 94:1445-1451. https://doi.org/10.1603/0022-0493-94.6.1445.

Gould F, Anderson A, Landis D, et al. 1991. Feeding behavior and growth
of Heliothis virescens larvae on diets containing Bacillus thuringiensis
formulations or endotoxins. Entomol. Exp. Appl. 58:199-210. https://doi.
org/10.1111/1.1570-7458.1991.tb01469.x.

Grundy P, Yeates S, Grundy T. 2012. Chapter NORpak cotton production and
management guidelines for the Burdekin and north Queensland coastal
dry tropics region. Cotton Catchment Communities CRC.

Hardke JT, Lorenz GM, Leonard BR; III. 2015. Fall armyworm (Lepidoptera:
Noctuidae) ecology in southeastern cotton. J Integr Pest Manag. 6:10-10.
https://doi.org/10.1093/jipm/pmv009.

Head GP, Greenplate J. 2012. The design and implementation of insect resist-
ance management programs for Bt crops. GM Crops Food. 3:144-153.
https://doi.org/10.4161/gmcr.20743

Horikoshi RJ, Dourado PM, Berger GU, et al. 2021. Large-scale assessment of
lepidopteran soybean pests and efficacy of CrylAc soybean in Brazil. Sci.
Rep. 11:15956. https://doi.org/10.1038/s41598-021-95483-9.

Huang F, Qureshi JA, Meagher RL Jr, et al. 2014. Cry1F resistance in fall
armyworm Spodoptera frugiperda: single gene versus pyramided Bt maize.
PLoS One. 9:e112958.

Kaplan EL, Meier P. 1958. Nonparametric estimation from incomplete observations.
J. Am. Stat. Assoc. 53:457-481. https://doi.org/10.2307/2281868

Knight K, Head G, Rogers J. 2013. Season-long expression of CrylAc and
Cry2Ab proteins in Bollgard II cotton in Australia. Crop Prot. 44:50-58.
https://doi.org/10.1016/j.cropro.2012.10.014

Knight K, Grundy P, Kauter G et al. 2021. Twenty years of successful Bt cotton
production in Australia. In: Chen M, Gujar G, Andi Trisyono Y, editors.
Genetically modified crops in Asia Pacific. p. CSIRO Publishing. 53.

Lu B, Downes S, Wilson L, et al. 2011. Preferences of field bollworm
larvae for cotton plant structures: impact of Bt and history of sur-
vival on Bt crops. Entomol. Exp. Appl. 140:17-27. https://doi.
org/10.1111/j.1570-7458.2011.01135 .x.

Luong TT, Zalucki MP, Perkins LE, et al. 2018. Feeding behaviour and sur-
vival of Bacillus thuringiensis-resistant and Bacillus thuringiensis-suscep-
tible larvae of Helicoverpa armigera (Lepidoptera: Noctuidae) exposed to
a diet with Bacillus thuringiensis toxin. Austral Entomol. 57:1-8.

Lutz AL, Fernandez LN, Ruiz VE et al. 2023. Impact of transgenic Bt soy-
bean (Cry1Ac) on the biological and reproductive cycle and the herbivory
ability of Spodoptera cosmioides (Walker) and Spodoptera eridania (Stoll)
(Lepidoptera: Noctuidae). https://doi.org/10.21203/rs.3.rs-3006456/v1

Naranjo SE. 2011. Impacts of Bt transgenic cotton on integrated pest man-
agement. J. Agric. Food Chem. 59:5842-5851. https://doi.org/10.1021/
£102939¢

Patterson HD, Thompson R. 1971. Recovery of inter-block information
when block sizes are unequal. Biometrika. 58:545-554. https:/doi.
org/10.2307/2334389

Phillip A.2019. Final Report: Development Tour for Northern Australia. [accessed 2023
August 2023]. https://www.insidecotton.com/development-tour-northern-australia

Piggott MP, Tadle FPJ, Patel S, et al. 2021. Corn-strain or rice-strain? Detection
of fall armyworm, Spodoptera frugiperda (JE Smith) (Lepidoptera:
Noctuidae), in northern Australia. Int. J. Trop. Insect Sci. 41:2607-2615.
https://doi.org/10.1007/s42690-021-00441-7

Pyke B. 2003. The performance of Bt transgenic (INGARD®) cotton in
Autralia over six seasons. Paper Presented at: World Cotton Conference:
Cotton production for the new millenium; Cape Town, South Africa.

Rabelo MM, Matos JML, Orozco-Restrepo SM, et al. 2020. Like parents, like
offspring? Susceptibility to Bt toxins, development on dual-gene Bt cotton,
and parental effect of CrylAc on a nontarget lepidopteran pest. J. Econ.
Entomol. 113:1234-1242. https://doi.org/10.1093/jee/toaa051.

Ramanjali T. 2014. Studies on survival, development and larval migration
of Spodoptera litura (Fab.) on Bollgard-II cotton. Acharya N G Ranga
Agricultural University.

Reisig DD, DiFonzo C, Dively G, et al. 2021. Best management practices to
delay the evolution of Bt resistance in Lepidopteran pests without high
susceptibility to Bt toxins in North America. J. Econ. Entomol. 115:10-25.
https://doi.org/10.1093/jee/toab247

Roush R. 1998. Two-toxin strategies for management of insecticidal trans-
genic crops: can pyramiding succeed where pesticide mixtures have not?
Philos. Trans. R. Soc. London, Ser. B. 353:1777-1786.

Spafford H, Strickland G, Fairhead J. 2007. A whole leaf bioassay to determine
the efficacy of two Bollgard II® cotton varieties against cluster caterpillar,
Spodoptera litura (Lepidoptera: Noctuidae). Plant Prot. Q. 22:92.

Storer NP, Babcock JM, Schlenz M, et al. 2010. Discovery and characteriza-
tion of field resistance to Bt maize: Spodoptera frugiperda (Lepidoptera:
Noctuidae) in puerto rico. J. Econ. Entomol. 103:1031-1038. https://doi.
org/10.1603/ec10040.

Strickland G, Yeates S, Fitt G et al. 1998. Prospects for a sustainable cotton in-
dustry in tropical Australia using novel crop and pest management. Paper
Presented at: 2nd World Cotton Conference; Athens, Greece.

Strickland G, Annells A, Ward A et al. 2003. Assessing the feasibility for cotton
in tropical Australia: research for the development of sustainable pest man-
agement systems. Paper Presented at: World Cotton Research Conference:
Cotton Production for the New Millennium; Cape Town, South Africa.

Tabashnik BE, Brévault T, Carriére Y. 2013. Insect resistance to Bt crops:
lessons from the first billion acres. Nat. Biotechnol. 31:510-521. https://
doi.org/10.1038/nbt.2597.

Talyn B, Lemon R, Badoella M, et al. 2019. Roundup®, but not Roundup-
Ready® corn, increases mortality of Drosophila melanogaster. Toxics.
7:38. https://doi.org/10.3390/toxics 7030038

Tay WT, Rane RV, James W, et al. 2022. Resistance bioassays and allele char-
acterization inform analysis of Spodoptera frugiperda (Lepidoptera:
Noctuidae) introduction pathways in Asia and Australia. J. Econ. Entomol.
115:1790-1805. https://doi.org/10.1093/jee/toac151.


https://doi.org/10.1016/j.cropro.2023.106185
https://doi.org/10.1016/j.cropro.2023.106185
https://doi.org/10.1093/jee/101.4.1244
https://doi.org/10.1016/j.ibmb.2011.02.006
https://doi.org/10.4161/gmcr.20194
https://doi.org/10.1603/0022-0493-94.6.1445
https://doi.org/10.1111/j.1570-7458.1991.tb01469.x
https://doi.org/10.1111/j.1570-7458.1991.tb01469.x
https://doi.org/10.1093/jipm/pmv009
https://doi.org/10.4161/gmcr.20743
https://doi.org/10.1038/s41598-021-95483-9
https://doi.org/10.2307/2281868
https://doi.org/10.1016/j.cropro.2012.10.014
https://doi.org/10.1111/j.1570-7458.2011.01135.x
https://doi.org/10.1111/j.1570-7458.2011.01135.x
https://doi.org/10.21203/rs.3.rs-3006456/v1
https://doi.org/10.1021/jf102939c
https://doi.org/10.1021/jf102939c
https://doi.org/10.2307/2334389
https://doi.org/10.2307/2334389
https://www.insidecotton.com/development-tour-northern-australia
https://doi.org/10.1007/s42690-021-00441-7
https://doi.org/10.1093/jee/toaa051
https://doi.org/10.1093/jee/toab247
https://doi.org/10.1603/ec10040
https://doi.org/10.1603/ec10040
https://doi.org/10.1038/nbt.2597
https://doi.org/10.1038/nbt.2597
https://doi.org/10.3390/toxics7030038
https://doi.org/10.1093/jee/toac151

Journal of Economic Entomology, 2025, Vol. XX, No. XX

Visser A, du Plessis H, Erasmus A, et al. 2019. Preference of Bt-resistant and
susceptible Busseola fusca moths and larvae for Bt and non-Bt maize.
Entomol. Exp. Appl. 167:849-867. https://doi.org/10.1111/eea.12838.

Visser A, Du Plessis H, Erasmus A, et al. 2020. Plant abandonment by Busseola
fusca (Lepidoptera: Noctuidae) larvae: Do Bt toxins have an effect?
Insects. 11:77. https://doi.org/10.3390/insects11020077

Volp TM, Zalucki MP, Furlong M]J. 2022. What defines a host? Oviposition
behavior and larval performance of Spodoptera frugiperda (Lepidoptera:
Noctuidae) on five putative host plants. J. Econ. Entomol. 115:1744-1751.
https://doi.org/10.1093/jee/toac056

VSN International. 2024. Chapter genstat reference manual (Release 24), part
1 summary. VSN International.

Welham SJ, Gezan SA, Clark SJ et al. 2014. Statistical methods in biology: de-
sign and analysis of experiments and regression. CRC press.

Wilson LJ, Whitehouse MEA, Herron GA. 2018. The management of insect
pests in Australian cotton: an evolving story. Annu. Rev. Entomol. 63:215-
237. https://doi.org/10.1146/annurev-ento-020117-043432.

Yang F, Kerns DL, Head GP, et al. 2017. Cross-resistance to purified Bt proteins,
Bt corn and Bt cotton in a Cry2Ab2-corn resistant strain of Spodoptera
frugiperda. Pest Manag,. Sci. 73:2495-2503. https://doi.org/10.1002/ps.4644

Yang F, Wang Z, Kerns DL. 2022. Resistance of Spodoptera frugiperda to
Cryl, Cry2, and Vip3Aa proteins in Bt corn and cotton in the Americas:
implications for the rest of the world. J. Econ. Entomol. 115:1752-1760.
https://doi.org/10.1093/jee/toac099.

Yu H, Li Y, Li X, et al. 2013. Expression of CrylAc in transgenic Bt soybean
lines and their efficiency in controlling lepidopteran pests. Pest Manag. Sci.
69:1326-1333. https://doi.org/10.1002/ps.3508

Yu H, Romeis J, Li Y, et al. 2014. Acquisition of CrylAc protein by non-
target arthropods in Bt soybean fields. PLoS One. 9:e103973. https:/doi.
org/10.1371/journal.pone.0103973

Zhang Y, Li Y, Zhang Y, et al. 2011. Seasonal expression of Bt proteins in
transgenic rice lines and the resistance against Asiatic rice borer Chilo
suppressalis (Walker). Environ. Entomol. 40:1323-1330. https:/doi.
org/10.1603/EN11035


https://doi.org/10.1111/eea.12838
https://doi.org/10.3390/insects11020077
https://doi.org/10.1093/jee/toac056
https://doi.org/10.1146/annurev-ento-020117-043432
https://doi.org/10.1002/ps.4644
https://doi.org/10.1093/jee/toac099
https://doi.org/10.1002/ps.3508
https://doi.org/10.1371/journal.pone.0103973
https://doi.org/10.1371/journal.pone.0103973
https://doi.org/10.1603/EN11035
https://doi.org/10.1603/EN11035

	Lethal and sublethal effects of cotton expressing single and pyramided proteins of Bacillus thuringiensis (Bt) on Helicoverpa armigera (Lepidoptera: Noctuidae), Spodoptera litura (Lepidoptera: Noctuidae), and Spodoptera frugiperda (Lepidoptera: Noctuidae)
	Introduction
	Materials and Methods
	Insects
	Cotton Plants
	Neonate Survival on Different Cotton Types
	Larval Growth and Development on Different Cotton Types
	Statistical Analysis

	Results
	Neonate Survival on Different Cotton Types
	Larval Growth and Development on Different Cotton Types

	Discussion
	Supplementary material
	Acknowledgments
	References


