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Variability in Bacillus thuringiensis (Bt) protein expression, during plant development and between different plant structures,
may contribute to the survival of Spodoptera litura (Fabricius) in transgenic Bt crops. This study examined the survival of neo-
nate and second instar S. litura larvae when fed leaf material from field-grown BG3, expressing Cry1Ac, Cry2Ab, and Vip3A,
and non-Bt (NBT) cotton plants at different phenological stages (squaring, first flower and/or peak flowering, and cut-out) or
different plant structures (leaves, buds, flowers, bolls, and bracts). The effect of alternating diets, where second instar larvae
received different combinations of BG3 plant structures and/or NBT leaves was also tested. High mortality levels (>98%) were
recorded at day 5 when neonates were fed BG3 plant material from plants of all phenological stages and on all plant structures.
Similarly, mortality was high (>99%) when second instar larvae were fed plant material from different BG3 plant structures.
However, when larvae were fed an alternating diet of BG3 and NBT leaves from second instar onward, the proportion surviving
to adults significantly increased compared with larvae fed exclusively BG3 cotton, irrespective of plant structure combination.
These findings indicate that access to a NBT food source, providing intermittent respite from BG3 cotton, can increase larval
survival. Further research on NBT host plants, such as weeds or volunteer plants within BG3 fields, is needed to clarify their

role in facilitating S. /itura survival in BG3 cotton systems.
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Introduction

Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae) is a
highly polyphagous pest species distributed widely across the
Middle East, Asia, and Oceania (EFSA Panel on Plant Health
et al. 2019). In tropical northern Australia, S. litura was a key
pest of non-transgenic cotton during the 1960s and 1970s
(Richards 1964, Yeates et al. 2013), where it was observed
feeding on all plant structures (Michael and Woods 1980),
although it is primarily considered to be a leaf feeder (EFSA
Panel on Plant Health et al. 2019). Bollgard 3 (BG3) cotton,
expressing CrylAc, Cry2Ab, and Vip3A insecticidal proteins
derived from Bacillus thuringiensis, is registered to provide
control of the key pests, Helicoverpa armigera (Hiibner) and
H. punctigera (Wallengren) (Lepidoptera: Noctuidae); however,
it has also been shown to provide effective control of S. litura
(Holman et al. 2025). Glasshouse-grown BG3 cotton leaves

caused very high levels of mortality (>99%) in S. litura larvae
in laboratory bioassays (Holman et al. 2025). However, this
contrasts with observations of larvae of all instars feeding on
leaves and various reproductive structures in BG3 cotton fields
in tropical northern Australia since its commercial release in
2017. Larvae have been recorded in BG3 cotton fields each
season, although their occurrence has been sporadic and inter-
mittent. Anecdotal observations indicate that densities are gen-
erally low, typically ranging from 0 to 3 larvae per meter, with
occasional infestations of up to 8 larvae per meter observed
under favourable conditions (Holman, personal observation).
Despite these relatively low numbers, the factors influencing
larval survival are poorly understood, raising concerns about
their persistence in BG3 cotton systems.

Temporal and structure-specific variation in Bt protein
expression within a plant can lead to inconsistent efficacy
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against lepidopteran pests (Fitt et al. 1998, Pyke 2003, Kranthi
et al. 2005, Olsen et al. 2005a, Dong and Li 2007, Llewellyn
etal. 2007, Bommireddy and Leonard 2008, Bahar et al. 2019).
Many studies report a positive relationship between Bt expres-
sion, measured using enzyme-linked immunosorbent assays
(ELISA), and pest mortality (Kranthi et al. 2005, Olsen et al.
2005b, Yu et al. 2013). However, this relationship is not always
consistent, as Bt expression does not always fully explain vari-
ation in control efficacy. In addition to Bt expression, second-
ary plant compounds, such as phenolics, terpenoids, and
gossypol, can modify expected larval survival, contributing to
variability in efficacy (Olsen et al. 1998, Olsen and Daly 2000,
Gore et al. 2001, Li et al. 2016, Wang et al. 2021). Whether
the variability in efficacy against lepidopteran pests is due to
changes in Bt protein expression (Adamczyk et al. 2001b,
Kranthi et al. 2005, Yu et al. 2013) or influenced by secondary
plant compounds (Olsen and Daly 2000, Gore et al. 2001), the
resulting larval survival poses challenges for pest management
and insect resistance management in transgenic Bt crops.
Spodoptera litura is a pest of cotton, capable of causing
substantial economic losses through defoliation and direct
damage to reproductive structures (Srivastava et al. 2018).
Despite its prominence as a pest of cotton (Richards 1964,
Michael and Woods 1980, EFSA Panel on Plant Health et al.
2019), little is known about how feeding on different pheno-
logical stages of the plant or different plant structures affects
the survival and development of S. litura larvae. Additionally,
S. litura neonate larvae exhibit greater movement and dispersal
on BG3 cotton plants compared with cotton plants that express
no Bt proteins (Holman et al. 2026), potentially increasing their
exposure to a range of plant structures. Understanding how
these factors influence insect biology is important for informing
pest management tactics in both non-transgenic and Bt cotton
production systems. In this study, we investigated whether sur-
vival of S. litura larvae differed among cotton phenological
stages and plant structures, testing whether patterns of survival
were consistent with the hypothesis that within-plant and tem-
poral variability in Bt efficacy may contribute to field survival.
Previous research suggests that Bt protein expression and the
efficacy of Bt cotton declines as plants age, particularly during
flowering (Fitt et al. 1998, Olsen et al. 2005a, Wan et al. 2005),
and that Bt protein expression is low in flowers themselves
(Stewart et al. 2001, Kranthi et al. 2005). Based on this, 3
hypotheses were tested. The first was that flowering BG3 cotton
enables higher survival of S. litura neonate larvae compared to
other phenological stages of the plant. This hypothesis was
tested in laboratory bioassays to assess neonate survival (to
day 5) on leaf material sourced from: (i) plants at the pheno-
logical stages of squaring, peak flowering, and cut-out, which
were grown in sequentially staged plantings, and (ii) plants
from commercial BG3 fields as the crop developed through the
phenological stages of squaring, first flower, peak flowering,
and cut-out over the course of normal crop cultivation. The
second hypothesis tested was that BG3 cotton flowers enable
higher survival of S. litura larvae compared to other BG3 plant
structures. This hypothesis was tested using laboratory bioas-
says to investigate: (i) neonate survival (to day 5) on different
BG3 plant structures, and (ii) S. litura survival from second
instar through to adult eclosion when fed different BG3 plant
structures. The third hypothesis tested was alternating feeding
on BG3 plant structures, with expected lower or no Bt proteins,
enables higher S. litura survival compared to continuous
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exposure to structures expressing high-doses. This hypothesis
was tested in laboratory bioassays assessing S. litura survival
from late second instar through to adult eclosion when larvae
were provided with alternating diets of different BG3 plant
structures, as well as a diet that alternated between BG3 and
NBT leaves.

Materials and Methods

Plants

Laboratory bioassays were conducted using plant material col-
lected from cotton grown at the Frank Wise Institute of Tropical
Agriculture, Department of Primary Industries and Regional
Development in Kununurra, Western Australia (-15.635,
128.70) or on commercial properties in the region. All cotton
seed used in the study was supplied by Cotton Seed Distributors,
Wee Waa, NSW.

Cotton was planted at the Frank Wise Institute of Tropical
Agriculture in 2023 and 2024. In each year, seeds were sown
on 3 dates to ensure that different phenological stages of plants
were available simultaneously to provide the required plant
material for bioassays. Two cotton types were planted: Bollgard
3 (BG3) cotton (Sicot 748B3F) and non-Bt (NBT) cotton (Sicot
711RRF), which didn’t express Bt proteins but did express the
Roundup Ready gene [CP4 EPSPS gene]. Each year, cotton
plants were grown from seed sown on 1.2-m wide beds on
vertosol soil (10 seeds m™' of row, 2 rows to a bed) separated
by 0.6-m irrigation furrow. Commercial irrigation, nutrition,
and weed management practices were adopted. Seeds were
planted in a randomized split-plot design, where phenological
stage (sowing date) was assigned to the main plot, and cotton
type (BG3 and NBT) was assigned to the split-plot. Four plots
were prepared for each phenological stage. In 2023, the main
plots (phenological stage) were 8 rows wide by 98-m long, and
the split plots (cotton type) were 4 rows wide. In 2024, the
main plots were 6 rows wide by 98-m long, and the split plots
were 3 rows wide.

Commercial fields planted to Bollgard 3 cotton, in 2023 and
2024, were used to provide leaf material to assess the effect of
phenological stage on the survival of S. litura larvae. Leaves
were harvested from plants as they developed over the course
of the season. Cotton varieties were selected by producers and
were primarily Sicot 748B3F and Sicot 606B3F (Table 1).
Producers implemented commercial agronomic practices aimed
at achieving high yields including irrigation scheduling, weed
management, and nutrition strategies. No insecticides that tar-
geted lepidopteran species were applied to the commercial
crops. The cotton varieties used in all experiments share a com-
mon genetic background and a similar growth habit (Stiller,
personal communication).

Plant Material Collections and Measurements

To minimize potential waterlogging effects on the plant mate-
rial collected for bioassays, only plants located at least 25-m
from the field tail drain were sampled. All plants were selected
without bias and a standardized method of collecting a main
stem leaf from the sixth node below the terminal was adopted.
Plant measurements including height, number of nodes, and
nodes above white flower (NAWF) were recorded from a des-
ignated number of plants when collecting main stem leaves for
experiments assessing the effect of phenological stage.
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In some experiments, additional plant structures were col-
lected from plants at peak flowering. These included large
squares “buds” (pre-candle stage), bracts of large squares,
newly opened flowers “flowers” (< 6 hours), small bolls
(2-3-cm in diameter) (Fig. S1A), and subtending leaves which
were collected from the sixth node below the terminal (Fig.
S1B). The bracts from all reproductive structures were removed.
Petals and anthers were used in the place of whole flowers in
experiments as preliminary studies showed that it was difficult
to locate and account for neonate larval survival when intact
flowers wilted.

Insects

A laboratory culture of S. litura was established from insects
collected from maize and NBT cotton refuge crops in
Kununurra, Western Australia in 2020 and 2021. The original
culture was supplemented with field-collected insects annually
to minimize inbreeding and maintained as described previously
in Holman et al. (2025).

Laboratory Bioassays

Neonates (< 24 hours old) and late second instar larvae from
the laboratory culture were used in the experiments as spec-
ified. When required, neonate larvae were reared to late sec-
ond instar on NBT leaves and maintained on this diet in
food-grade rectangular plastic containers (17.5x 12 x 6-cm,
Reward Hospitality, Toowoomba, Queensland) for 7days
prior to use in bioassays. All rearing was done, and all

Table 1. In 2023, leaf material collected from 4 fields across 3 commer-
cial farms in Kununurra, Western Australia, was used in bioassays,
whereas in 2024, leaf material collected from 5 fields across 5 commer
cial farms was utilized

Year Field (replicate) Sowing date Variety

2023 1 9 March Sicot 748B3F
2 11 March Sicot 606B3F
3 13 March Sicot 746B3F
4 14 March Sicot 606B3F

2024 5 3 February Sicot 606B3F
6 5 February Sicot 748B3F
7 7 February Sicot 606B3F
8 26 February Sicot 606B3F
9 27 February Sicot 748B3F

Producers selected different cotton varieties, with sowing dates ranging
from 3 February to 14 March.

experimental bioassays were maintained in an environmen-
tally controlled room (28 £2°C, 12: 12-h light: dark cycle,
60% relative humidity).

Bioassays were conducted using leaf material (3 x 3 c¢m) or
plant structures as specified for each experiment. The plant
material was placed in 70-ml round food-grade plastic con-
tainers (75x28 mm, Reward Hospitality, Toowoomba,
Queensland) with a 2% water-agar base to maintain mois-
ture within the tissues. In each bioassay, the required number
of larvae of the appropriate instar was placed onto the plant
material in each container using a paint brush, and the lid
secured. Insects were considered dead if they failed to
respond to prodding with a fine paint brush (Bird and
Drynan 2023).

Effect of Plant Phenological Stage on Survival
of S. litura Neonate Larvae

Bioassays Using Sequentially Planted Cotton

Leaf material was collected from cotton planted at different
dates to produce cohorts of plants at different phenological
stages; thus, samples from different phenological stages (squar-
ing, peak flowering, and cut-out) could be collected and used
in experiments simultaneously (Table 2).

Ten main stem leaves were collected from each treatment
plot (10 leaves per plot, 40 leaves per treatment). Plant mea-
surements of 6 plants, selected without bias, from each BG3
plot were recorded (Table S1). Bioassays were conducted, as
previously described, using 10 neonate larvae per container (70
ml, 75x28 mm) and mortality was assessed after 5 days. The
leaf was not changed during this period. Each container was
considered a replicate, and 40 containers were prepared for
each treatment.

Bioassays Using Commercially Grown BG3 Cotton

To test whether phenological stage influenced the survival of
S. litura neonate larvae, leaves were collected sequentially from
BG3 cotton plants in commercial fields in the 2023 and 2024
seasons (Table 1). Leaves were collected from each field at 4
phenological stages over the course of normal crop cultivation:
squaring, first flower (~50% of plants per m had reach first
flower), peak flowering (first flower assessment plus 3 weeks),
and cut-out (peak flowering assessment plus 3 weeks). At the
assessment of each plant phenological stage, 32 main stem
leaves were collected from each field and plant measurements
were recorded from 10 plants (Table S2).

Table 2. Cotton plant sowing dates at Frank Wise Institute of Tropical Agriculture, during the 2023 and 2024 season, that were used to ensure simultane-

ous assessment of cotton at cut-out, peak flowering, and squaring stages

20232 2024°
Accumulated Accumulated
day-degrees at day-degrees at
Phenological stage Sowing date collection Sowing date collection
Cut-out 8 February 1175.6 27 February 1212.4
Peak flowering 9 March 812.6 1 April 772
Squaring 5 April 485.7 24 April 520.4

The accumulated day-degrees for each phenological stage, when the leaves were collected for bioassays at the start of the experiment, were calculated using

the 15-32 model (Bange et al. 2022).

{In 2023, the experiment was conducted on 26 May, and in 2024, the experiment was conducted on 23 June.
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Bioassays were conducted, as previously described, using
12 neonate larvae per leaf in each 70-ml container and mor-
tality was assessed after 5days. The leaf was not changed
during this period. The 32 containers prepared per field at
each phenological stage were considered subsamples since
they originated from the same field and were therefore not
independent of one another. Each field was considered a rep-
licate. As the phenological assessments spanned 3 months and
involved different generations of the laboratory culture, con-
trols were run using NBT cotton. The leaves of NBT cotton
at phenological stages corresponding to the test stages from
the commercial crop were used, with 10 containers, each con-
taining 12 neonate larvae, prepared during a bioassay and
survival assessed after 5 days.

Effect of Plant Structures on Survival of
Neonate Larvae

To examine the effect of plant structures on the survival of S.
litura neonate larvae, different plant structures were collected
from plants and fed to larvae in bioassays. The experiments
were conducted in May 2023 using BG3 and NBT cotton
plants grown at Frank Wise Institute of Tropical Agriculture.
The plant structures assessed were: (i) main stem leaves, (ii)
subtending leaves, (iii) buds, (iv) bracts, (v) petals and anthers
from newly opened flowers, and (vi) small bolls.

Bioassays were conducted, as previously described, using 10
neonate larvae per 70-ml container and mortality was assessed
after 5days. The main stem leaves, subtending leaves, and
bracts were not changed during this period. Flowers (= petals
and anthers) were replaced daily, and buds replaced every other
day to prevent desiccation. Each container was considered a
replicate, and each treatment was replicated 12 times.

Effect of Plant Structures on Survival of Second
Instar Larvae

To examine the effect of plant structures on the survival of S.
litura late second instar larvae and the development of insects
to adults, different plant structures were collected from plants
and fed to larvae in a bioassay. The larger instar was chosen
to initiate the experiment due to high neonate mortality
recorded during the previous experiment using BG3 cotton.
The experiment was conducted in May 2023 using BG3 and
NBT cotton grown at Frank Wise Institute of Tropical
Agriculture. The plant structures assessed were: (i) main stem
leaves, (ii) buds, (iii) bracts, (iv) petal and anthers of newly
opened flowers, and (v) small bolls.

Bioassays were conducted, as previously described, using 1
late second instar larvae in each 70-ml container with a given
plant structure. For each structure, a single larva was consid-
ered a replicate. Forty replicates of each plant structure from
NBT cotton were prepared and 55 replicates of each plant
structure from BG3 cotton were prepared. Plant structures
were replaced every second day, except for flowers which were
replaced daily to prevent desiccation. Larval survival was
recorded every other day. For each surviving larva, the larval
period (neonate to pupa), full development period (neonate to
adult), and pupal mass (measured 24 hours after pupation)
were recorded. These measurements included the 7-day period
to develop to late second instar on NBT cotton. This approach
was intended to represent expected developmental periods of
S. litura in NBT cotton production systems.

Holman et al.

Effect of Alternating Plant Structures on Survival,
Growth, and Development of Second Instar Larvae

Various diet combinations of BG3 plant structures were tested
to examine their effects on S. litura survival, growth, and devel-
opment. Diet combinations, primarily alternating BG3 leaves
with different BG3 plant structures, were evaluated as S. litura
larvae are predominantly considered to be leaf feeders (EFSA
Panel on Plant Health et al. 2019). The diet combinations rep-
resented the structures that larvae could access by moving
within and between plants. Six diet combinations assessed: (i)
NBT main stem leaves alone [control], (ii) alternating (24
hours) BG3 and NBT main stem leaves, (iii) BG3 bracts alone,
(iv) alternating (24 hours) BG3 main stem leaves and bracts,
(v) alternating (24 hours) BG3 main stem leaves and flowers
(petals and anthers), and (vi) BG3 main stem leaves alone
(Fig. 1). The BG3 bract treatment was included as a larva in
the previous experiment survived to adult eclosion on this
structure. The alternating BG3 and NBT leaves treatment was
included to test the effects of alternate feeding between a Bt
protein and NBT food source.

The experiment was conducted in June 2023 with BG3 and
NBT cotton grown in the field at Frank Wise Institute of
Tropical Agriculture. Bioassays were conducted, as previously
described, using 1 late second instar larvae per diet in each
70-ml container. Each larva was considered a replicate. Due to
expected differences in survival when exposed to Bt proteins,
25 replicates were prepared for the NBT leaf [control] treat-
ments, while 50 replicates were prepared for treatments incor-
porating BG3 cotton plant structures. All plant structures were
replaced daily in both the alternating and uniform diets, with
survival recorded every other day. For each larva, the larval
period (neonate to pupa), full development period (neonate to
adult) and pupal mass were calculated as previously described.

Statistical Analysis

All analyses were conducted in GenStat Version 24 (VSN
International 2024). To determine the effect of phenological
stage and cotton type on the survival of neonate larvae within
the sequentially planted cotton, the proportion of neonate sur-
viving on day 5 was analysed using a general analysis of vari-
ance with year, cotton type and phenological stage, and their
interactions as fixed factors. Year, replicate, main plot, and
subplot were included as random factors in the model. Prior
to analysis, the proportional data were transformed by arcsine
square root to meet the assumptions of normality, and results
presented as back-transformed data and converted to percent-
ages for reporting. To determine the effect of phenological stage
on the survival of neonate larvae in commercial fields of BG3
cotton, the percentage of larvae surviving on day 5 was adjusted
for mortality in the appropriate control group using
Schneider—Orelli’s formula (Piintener 1981). Mortality within
the control groups ranged from 6% to 17%, which falls within
the acceptable range for applying correction methods (Praulins
etal. 2022). The percentage of corrected survival on day 5 was
analysed using a one-way ANOVA with farm as a statistical
block. Prior to analysis, data were square root transformed to
meet the assumptions for normality; back-transformed data
and standard errors of the means are reported. To determine
the effect of plant structure and cotton type on the survival of
neonate larvae, the proportion of neonate surviving on different
NBT and BG3 plant structures on day 5 was analysed using a
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Fig. 1. Flow diagram summarizing the consistent and alternating diets provided to S. /itura larvae in experiments to assess the effects of different diets
on survival, growth, and development. Larvae were reared from neonate to late second instar on non-Bt (NBT) cotton leaves for 7 days. From this point,
6 different diets were tested: NBT leaves alone; Bollgard 3 (BG3) leaves alone; BG3 bracts alone; BG3 leaves (24 hours) followed by flowers (24 hours);
BG3 leaves (24 hours) followed by BG3 bracts (24 hours); and BG3 leaves (24 hours) followed by NBT (24 hours). The experiment continues until larvae
died or eclosed as adults. Plant material in uniform and alternating diets were changed every 24 hours.

two-way ANOVA. A Bonferroni test (P<0.05) was then used
for multiple means comparison. Prior to analysis, the data were
transformed by arcsine square root to meet the assumptions of
normality, and results presented as back-transformed data and
converted to percentages.

Due to very low survival on BG3 cotton in the effect of plant
structures on second instar bioassays, analyses were restricted
to the NBT treatment. The proportion of individuals that suc-
cessfully eclosed as adults on NBT plant structures was anal-
ysed using a binomial generalized linear model with a logit link,
with plant structure as a fixed factor. Similarly, for the alter-
nating plant structure experiment, the proportion of individu-
als that successfully pupated and eclosed as adults was analysed
using a binomial generalized linear model with a logit link,
with diet combination used as a fixed factor. Bonferroni post
hoc comparisons among treatments were conducted on the
logit scale (P<0.05), with predicted means back-transformed
and expressed as percentages for presentation. For adult eclo-
sion in the alternating diet experiment, zero emergence in 1
treatment group resulted in complete separation in the model.
Therefore, pairwise differences among treatments were assessed
using separate binomial generalized linear models fitted to each
treatment comparison to determine differences between treat-
ments (statistical summaries are provided in Supplementary
Tables 3-5).

A one-way ANOVA was used to analyse the effect of plant
structures of NBT (due to low survival on BG3 cotton) and
diet combinations on pupal mass and larval and neonate-to-
adult development periods. Prior to analysis, development
periods for the diet combination experiment were trans-
formed by square root to meet the assumptions of normal-
ity, and results presented as back transformed data.
Bonferroni tests (P<0.05) were used for multiple mean
comparisons.

Results

Effect of Plant Phenological Stage on Survival of S.
litura Neonate Larvae

Bioassays Using Sequentially Planted Cotton

Neonate survival was unaffected by phenological stage of the
cotton plants from which leaves were collected (F=0.3; df=2,
12; P=0.772). Larval survival was extremely low on BG3
cotton, averaging 0.2% survival across all phenological
stages, compared with an average of 97.3% survival on NBT
cotton (F=5143.3; df=1, 18; P<0.001). The interaction
between cotton type and phenological stage had no effect on
larval survival (F=2.4; df=2, 18; P<0.112; Table 3). The
interaction between year, cotton type, and phenological stage
also had no effect on larval survival (F=0.1; df=2, 18;
P=0.894).

Bioassays Using Commercially Grown BG3 Cotton

When fed leaves from commercially grown BG3 cotton, neo-
nate survival was very low (cut-out (2.1% =1.4%), squaring
(0.5% +0.2%), peak flowering (0.1% =0.4%), and first flower
(0.03% +0.2%)). Phenological stage of the plants from which
the leaves were collected had no effect on the survival of neo-
nate larvae (F=2.7; df=3, 24; P=0.072).

Effect of Plant Structures on Survival of

Neonate Larvae

Neonate survival was much lower on BG3 cotton than NBT
cotton (F=1091.3; df=1, 132; P<0.001; Fig. 2). The interac-
tion between cotton type and plant structure affected larval
survival (F=68; df=5, 132; P<0.001; Fig. 2). Larval survival
was higher on NBT main and subtending leaves compared with
other NBT plant structures (P <0.05; Fig. 2), whereas survival
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Table 3. Mean percentage (+SE) survival of S. litura larvae after 5days of feeding on leaves of different cotton types at key phenological stages

2023 2024
Cotton type Cut-out Peak flowering Squaring Cut-out Peak flowering Squaring
BG3 0.1 (£0%) 0 (x0%) 0 (x0%) 0.4 (£0.1%) 2 (£0.1%) 0.1 (x0%)
NBT 96.3 (+1.4%) 93.4 (+1.3%) 96.8 (+1.4%) 98.9 (x1.5%) 98.4 (+1.4%) 98.3 (x1.4%)

Fig. 2. Mean neonate survival (+SE) on different NBT and BG3 cotton plant structures. Larval survival varied between NBT plant structures, but it was
very low across all BG3 plant structures. Different letters indicate significant differences (Bonferroni, P<0.05).

did not differ between larvae reared on different BG3 cotton
plant structures (P>0.05; Fig. 2).

Effect of Plant Structures on Survival of Second
Instar Larvae

Most larvae that fed on different BG3 cotton structures did not
pupate (274/275 larvae=99.6%). One larva that fed on BG3
cotton bracts successfully formed a pupa (0.187g) after 28 days
and eclosed as an adult. Sixty-three percent of larvae that fed
on NBT cotton pupated (125/200 larvae fed NBT cotton, irre-
spective of plant structure) and 53% successfully emerged as
adults (105/200 larvae fed NBT cotton, irrespective of plant
structure).

The NBT cotton plant structures influenced the percentage
of individuals that successfully developed to adults (F=23.5;
df=4,195; P<0.001). Adult eclosion varied across plant struc-
tures, with higher survival on bracts, leaves, and flowers com-
pared with buds and bolls (P<0.05; Fig. 3). The NBT cotton
plant structures also influenced developmental attributes
(Table 4), including the larval development period (F = 52.3;
df=4, 120; P<0.001), pupal mass (F = 11.4; df=4, 120;
P<0.001), and period from neonate to adult eclosion (F = 56.0;
df=4, 120; P<0.00). Larvae reared on bracts and leaves exhib-
ited the shortest larval development period compared with

flowers, buds, and bolls (P <0.05; Table 4), while larvae reared
on bolls and bracts developed into heavier pupae compared
with buds and flowers (P <0.05; Table 4).

Effect of Alternating Plant Structures on Survival,
Growth, and Development of Second Instar Larvae

Diet combinations affected the percentage of larvae that
could successfully pupate (F=64.2; df=5, 269; P<0.001)
and eclose into adults (F=85; df=5, 269; P<0.001; Fig. 4).
When larvae fed exclusively on plant structures from BG3
cotton, only those that fed on bracts survived to form pupae
(3/50 = 6%), but none of these developed to adults. Larvae
fed NBT leaves had higher pupation and adult eclosion rates
(21/25 larvae = both 84%) than larvae fed diet combinations
which included BG3 plant structures (Fig. 4). However, 44 %
of larvae (22/50 larvae) fed a diet alternating between NBT
and BG3 leaves were still able to pupate and 28% (14/50
larvae) eclosed as adults, a higher survival rate than those
that were exclusively fed BG3 plant structures (P<0.035;
Fig. 4).

Insects that developed on NBT cotton leaves [control] devel-
oped into pupae more rapidly (18.7 days) than those that devel-
oped on an alternating diet of NBT and BG3 leaves (28.3 days)
or BG3 bracts (25.7days) (F = 105.1; df=2, 43; P<0.001;
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Fig. 3. The mean percentage of S. litura larvae (+SE) that eclosed as adults was highly variable when fed different NBT plant structures from late second
instar larvae. Bars indicate the standard error, with different letters indicating significant differences (Bonferroni, P<0.05).

Table 4. Mean (+SE) larval development period from neonate to
pupation, pupal mass, and period between neonate and adult eclosion for
NBT plant structure treatments

Larval Period from

NBT plant  development Pupal neonate to adult
structure period (days) mass (mg) eclosion (days)
Leaves 18.7 (x0.3) a 314 (+8) ac 26.5 (x0.3) ab
Buds 26.3 (£0.6) ¢ 267 (+17)a  35.8(£0.7) ¢
Bracts 18.7 (+0.3) a 334 (+7) ¢ 26.3 (+0.2) a
Flowers 20.2 (0.3) b 273 (+8) a 27.8 (0.3) b
Bolls 24.8 (x0.6) ¢ 345 (x16) ¢ 33.6 (x0.8) ¢

Means within a column followed by the same letter are not significantly
different (Bonferroni, P>0.05).

Table 5). Similarly, pupae that developed from larvae fed on
NBT cotton leaves (mean pupal mass=362mg) were heavier
than those that alternated feeding between NBT cotton leaves
and BG3 leaves (234 mg) and larvae that fed exclusively on
BG3 bracts (177 mg) (F=38.8; df=2, 43; P<0.001; Table 5).
Diet also affected the period from neonate to adult eclosion
(F=228.4;df=1,30; P<0.001; Table 5), and insects that alter-
nated feeding between NBT and BG3 leaves took longer to
eclose (36.0days) compared with those that fed exclusively on
NBT leaves (26.8 days).

Discussion

In bioassays, all phenological stages and plant structures of
BG3 cotton demonstrated high efficacy against neonates or
second instar S. litura larvae (Table 3, Figs 2 to 4). Nonetheless,
a single individual that fed on BG3 bracts did complete devel-
opment and successfully eclosed as an adult when fed exclu-
sively on this plant structure. Spodoptera litura larvae have
been observed feeding on all plant structures on NBT cotton
(Michael and Woods 1980). However, the field implications of
this specific structure for larval survival in BG3 cotton remain
unclear and are likely limited. Consequently, variation in BG3
efficacy due to phenological stage or plant structure is unlikely
to be a primary factor allowing the intermittent survival of S.
litura larvae.

In this study, the effect of BG3 cotton phenological stages
was assessed by both adjusting sowing dates to test different
phenological stages simultaneously (Olsen and Daly 2000,
Bernardi et al. 2014) and following a crop over its development
(Adamczyk et al. 2001a, Olsen et al. 2005a, Greenberg et al.
2010, Knight et al. 2013, Yu et al. 2013). Each approach has
strengths and limitations, particularly in accounting for
weather-related influences on Bt expression and efficacy (Chen
et al. 2005, Llewellyn et al. 2007, McCullough 2008,
Giron-Calva et al. 2020). Despite these differences, results from
both methods were consistent and indicated that phenological
stage did not affect the survival of S. litura neonates on
BG3 cotton.

Vip3A protein levels vary across plant structures in
field-grown BG3 cotton, with the highest levels recorded in
leaves (12-68 ng/g), followed by seeds (1.0-3.7 pg/g), and pol-
len (0.3-3.3png/g) (Office of the Gene Technology Regulator
2014). Despite these differences in protein expression, the poor
survival of neonate larvae on BG3 plant structures in this exper-
iment suggests that the Bt proteins are expressed at sufficient
levels throughout the plant to provide effective control of neo-
nates (Fig. 2). Similarly, Kumar and Prasad (2016) found there
were no differences in the survival of S. litura neonates on the
leaves, squares, or bolls of Bt cotton expressing CrylAc and
Cry2Ab. In contrast, the larval survival of other lepidopteran
species, such as H. armigera and H. zea, often differs across Bt
cotton plant structures, with floral structures, particularly
flower anthers, enabling higher larval survival in CrylAc
(Kranthi et al. 2005), Cry1Ac and Cry2Ab (Gore et al. 2001)
and Vip3A expressing (Bommireddy and Leonard 2008) cot-
ton. While the floral structures (petals, anthers, etc.) were not
fed separately to larvae in this study, as Gore et al. (2001) did,
they were available for larvae to feed on within the flower
treatment.

The susceptibility of larvae and their probability of survival
was different for second instar larvae exposed to BG3 plant
structures. Larvae fed exclusively BG3 bracts from second
instar were able to pupate (Fig. 4), with one successfully eclos-
ing as an adult. This may indicate lower Bt expression in bracts;
however, the possibility that the surviving individual possessed
some level of tolerance or resistance to Bt proteins cannot be
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Fig. 4. The mean percentage of S. litura larvae (+SE) that successfully pupated and eclosed into adults (%) when fed NBT leaves (non-Bt diet) and/or
different combinations of BG3 cotton plant structures. No larvae fed exclusively BG3 leaves, or alternating diets of BG3 leaves and flowers, or BG3
leaves and bracts pupated; these treatments were therefore removed from the analysis. Capital letters indicate significant differences among diet
combination treatments for pupation [Bonferroni-adjusted (GLM), P<0.05], whereas lowercase letters indicate significant among diet combination

treatments for adult eclosion (through paired GLMs, P<0.05).

Table 5. Mean (+SE) larval development period from neonate to
pupation, pupal mass, and period between neonate and adult eclosion on
different diet combinations

Larval Period from
Diet development Pupal neonate to adult
combination® period (days) mass (mg) eclosion (days)
NBT leaves 18.7 (x0.4) a 361 («11)a  26.8 (x0.4) a
[control]
Alternating 28.3 (x1.3) b 234 (£12) b 36.0 (x0.5) b
NBT and
BG3 leaves
BGS3 bracts 25.7 (£0.5) b 177 (x30) b -

Means within a column followed by the same letter are not significantly
different (Bonferroni, P>0.05).

“No larvae survived to pupation from the alternating BG3 leaves and
bracts, alternating BG3 leaves and flower and exclusively BG3 leaves
treatments.

excluded. Research indicates that the susceptibility of lepi-
dopteran pests to Bt proteins decreases during larval develop-
ment (Ashfaq et al. 2001, Sorgatto et al. 2015, Miraldo et al.
2016), which could allow for the survival of older instars on
some plant structures, which have lower Bt expression, if they
move into BG3 fields from nearby cultivated or non-cultivated
plants. While evaluations of the Vip3A protein expression in
some plant structures have been conducted (Llewellyn et al.
2007, Office of the Gene Technology Regulator 2014), bracts
do not appear to have been tested. Alternatively, bracts may
contain secondary plant compounds which interact with Bt
proteins to reduce their potency, or these structures may be
more nutritionally suitable for S. litura larvae, as larvae also
had a high survival rate on NBT bracts (Fig. 3). However, the
field implications of this specific structure for larval survival
remain unclear and are likely limited. If bract-feeding were a
major contributor to survival, consistent survival from squar-
ing to post-cut stages would be expected across most Bollgard
3 cotton fields.

This study demonstrated the potential that a diet alternating
between BG3 and NBT material could promote survival of
S. litura larvae. Larvae are more likely to complete their devel-
opment when BG3 leaves were alternated with NBT leaves,
compared to those exclusively fed different combinations of
BG3 plant structures (Fig. 4). Spodoptera litura is highly
polyphagous and can switch host plants during the larval stage
(EFSA Panel on Plant Health et al. 2019, Mitra et al. 2021). If
S. litura larvae can move between BG3 and NBT food sources
which are present within BG3 fields, such as non-cultivated
weedy plants, larvae could persist for longer (and possibly com-
plete development) compared to larvae that are exposed exclu-
sively to BG3 cotton. The evidence of S. litura survival on a
mixed diet of BG3 and NBT leaves (Fig. 4) warrants further
investigation into their behavioural ecology. The use of
non-cultivated plants, such as weeds, as host plants by S. litura
larvae has been observed in northern Australia (Holman, per-
sonal observation) and recorded in other countries (Puja 2007,
Ahmad et al. 2013). Additionally, other Spodoptera species,
such as S. frugiperda, can use weeds as alternative hosts in the
absence of their preferred plant hosts (Moraes et al. 2020,
Adnan et al. 2024, Fortuna et al. 2024). Predominant weed
species in farming systems across northern Australia have not
been assessed as potential host plants for S. litura nor has the
propensity for larvae to move to seek alternative food sources
after feeding on Bt material. Mixed or diversified production
systems may provide alternative food sources for mobile S.
litura larvae. These larvae are known to feed on a range of
crops, such as mungbeans (Bhati 2020), maize (Xue et al. 2010,
Ahmad et al. 2013) and sorghum (EPPO 2015), which are
commonly grown in association with cotton in northern
Australia. The reduced pupal mass and slower development of
insects fed on alternating NBT and BG3 cotton leaves (Table 4)
could be a result of an aversion response, leading to a reduction
or cessation of feeding on Bt leaf material (Binning et al. 2014,
Li et al. 2023). It has been suggested that feeding cessation
could reduce the amount of protein ingested and allow the
larvae to repair damaged midgut epithelium (Castagnola and
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Jurat-Fuentes 2016, Pinos et al. 2021). Food consumption was
not measured as part of this experiment; however, observation-
ally, larvae did consume some BG3 leaf material when it was
provided. Further research may be warranted to investigate the
amount of BG3 leaf material required to cause mortality either
during a 24-hour period, or throughout the entire larval period,
particularly if alternative NBT food sources are available.

The potential for S. litura to utilize NBT food sources may
also have implications for resistance evolution in BG3 produc-
tion systems. Although survival on BG3 cotton was very low
in this study, the ability of some larvae to survive and complete
development when provided with alternating BG3 and NBT
plant material (Fig. 4) suggests that access to alternative hosts
could reduce exposure to Bt proteins and allow a greater pro-
portion of individuals to survive to adulthood. Survival alone
does not indicate the presence of resistance (Downes et al.
2009, Whitburn and Downes 2009); however, repeated expo-
sure of field populations to Bt proteins provides the selection
pressure necessary for resistance alleles to increase in frequency
within field populations (Storer et al. 2012, Tabashnik et al.
2013). Consequently, any factors that increase larval survival,
including the oscillation of larvae between BG3 and NBT food
sources such as weeds, may influence the rate at which resis-
tance evolves (Tabashnik et al. 2013).

In conclusion, plant phenological stage is unlikely to be the
primary factor contributing to the intermittent survival of S.
litura larvae observed in BG3 cotton fields in tropical north-
ern Australia. Nevertheless, the plant structure a larva feeds
upon can influence its development in non-transgenic cotton
production systems. When feeding on NBT cotton, larvae
that fed on leaves and bracts developed more quickly, formed
heavier pupae and had a higher proportion eclosing as adults
than larvae feeing on other plant structures (Fig. 3, Table 4).
Although survival on BG3 cotton was significantly lower,
some larvae were able to successfully pupate and eclose as
adults if fed bracts. Importantly, a higher proportion of larvae
could survive and eclose as adults when they were fed a diet
alternating NBT and BG3 leaves compared to larvae exclu-
sively fed BG3 cotton (Fig. 4). Future research should focus
on other factors that may contribute to the observed survival
of larvae in BG3 cotton fields, such as the potential for weeds
to act as alternative host plants for S. litura and provide
respite from Bt proteins, and the effects of environmental
stresses, which are common in tropical farming systems, on
the efficacy of BG3 cotton against S. litura. This information
will help better understand the circumstances under which S.
litura larvae survive in BG3 cotton fields in tropical northern
Australia.
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