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ARTICLE INFO ABSTRACT

This study investigates the fitness costs and biochemical implications associated
with spinetoram resistance in Earias vittella (Lepidoptera: Noctuidae), a major
cotton pest in Pakistan. Three experimental approaches were employed: (i)
evaluation of fitness costs using life table parameters, (ii) assessment of insecticide-
synergist interactions, and (iii) analysis of biochemical changes in resistant
populations. Spinetoram-selected populations (SPINE-SEL) were compared with an
unselected susceptible population (UNSEL). The results revealed significant fitness
costs in the resistant populations. Developmental durations were markedly
prolonged, with total development time increasing from 23.2 days in the unselected
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resistance population to 30.4 days in the resistant population. Fecundity was significantly
Fitness costs reduced, with susceptible females laying an average of 295.6 eggs compared to
Synergism 197.4 eggs in resistant females. Mating success was also lower in resistant

populations (56%) than in the unselected controls (82%). Biochemical assays
indicated significantly elevated activities of detoxification enzymes, including
mixed-function oxidases (MFOs), glutathione S-transferases (GSTs), and general
esterases, in the resistant populations. Synergist bioassays revealed a 6.8-fold
increase in spinetoram toxicity when combined with piperonyl butoxide (PBO)
against resistant strains, highlighting the potential of synergists to mitigate
resistance. Overall, these findings demonstrate substantial metabolic and
reproductive trade-offs associated with spinetoram resistance and underscore the
importance of integrated pest management strategies for the sustainable control of
E. vittella in Pakistan.
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Introduction

Insecticide resistance has emerged as one of the most
critical challenges in agricultural pest management, with
substantial implications for crop productivity worldwide
(Rauf, 2024). Among the many pests threatening
vittella  (Fabricius),
commonly known as the spiny bollworm, is a major pest

agricultural systems, Earias

of cotton crops, particularly in Pakistan. This species is
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well-known for its capacity to rapidly develop resistance
to chemical insecticides, including pyrethroids and
spinosyns (Jan et al, 2015; Ahmad et al, 2021). In
Pakistan, where cotton holds significant economic and
social the development of insecticide
resistance in E. vittella has become a pressing concern,

importance,

reducing the effectiveness of chemical control measures
and contributing to increased pest populations and crop
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losses (Ahmad et al., 2021; Saleem et al., 2025). The
widespread and often indiscriminate use of insecticides
has exacerbated this problem, highlighting the need for a
deeper understanding of resistance mechanisms and
their biological consequences.

Resistance in E. vittella is primarily attributed to
metabolic detoxification mechanisms, which enable the
insect to neutralize or evade the toxic effects of
insecticides (Dawkar et al,, 2013; Hafeez et al, 2019).
Key mechanisms involve the elevated activity of
detoxifying enzymes, including mixed-function oxidases
(MFOs), glutathione S-transferases (GSTs), and
esterases. These enzymes facilitate the breakdown of
toxic compounds, allowing resistant populations to
survive in environments lethal to susceptible
individuals. = However, the overproduction of
detoxification enzymes often incurs a “fitness cost”,
manifesting as  slower development, reduced
reproduction, and lower overall survival in the absence
of insecticide pressure (Venkatesan et al., 2022). Similar
fitness costs have been documented in resistant
populations of other pests, such as Helicoverpa armigera
and Aedes aegypti, where resistance correlated with
prolonged development and reduced fecundity (Bird et
al,, 2020; Rigby et al., 2020).

In E. vittella, resistance to spinetoram, a widely used
insecticide in Pakistan’s cotton fields, has raised
concerns regarding the long-term sustainability of
chemical control efforts. Previous studies have shown
that spinetoram-resistant populations of E. vittella
exhibit delayed development and reduced fecundity
compared to susceptible populations (Ahmad and Arif,
2009). These observations indicate that while resistance
confers a survival advantage under insecticide pressure,
it also entails significant biological trade-offs that may
influence the persistence of resistant populations in the
absence of insecticides. Understanding these trade-offs
is essential for predicting the long-term dynamics of
developing integrated pest
management strategies that account for the biological
realities of resistance evolution.

Biochemical markers, particularly the activity levels of
MFOs, GSTs, and esterases, are critical for elucidating the

resistance and for

physiological basis of resistance. Elevated levels of these
detoxifying enzymes have been observed in resistant E.
vittella populations, reflecting the metabolic burden
associated with maintaining resistance (Agrawal et al,
2022). These biochemical changes can influence population
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dynamics, as overexpression of detoxifying enzymes
requires substantial energy allocation, potentially resulting
in slower development and reduced reproductive output in
resistant insects (Ranganathan et al,, 2022).

One strategy to mitigate the impact of insecticide
resistance involves the use of synergists, chemicals that
inhibit detoxification enzymes and thereby enhance
insecticide efficacy (Ullah et al, 2022). Piperonyl
butoxide (PBO) is a well-studied synergist that inhibits
metabolic detoxification pathways, increasing the
toxicity of insecticides in resistant populations (Zhou et
al, 2022; El-Sayed et al., 2023). Combining PBO with
insecticides such as spinetoram has been shown to
significantly improve control of resistant E. vittella,
suggesting that synergism may be a viable strategy to
manage resistance. Such approaches could reduce
reliance on highly potent insecticides and slow the
evolution of resistance, contributing to more sustainable
pest management practices (Aradjo et al., 2023).

The persistence of spinetoram resistance in Pakistan’s
cotton fields presents a formidable challenge for pest
management, underscoring the need to integrate
biological and biochemical insights into control
strategies. Despite numerous reports of insecticide
resistance in E. vittella, critical knowledge gaps remain
regarding the fitness costs and biochemical trade-offs
associated with spinetoram resistance under local
selection pressures. Most previous studies have focused
on resistance levels or isolated biological traits, with
limited integration of life-history fitness parameters and
detoxification enzyme activity in resistant populations.
Furthermore, the role of synergists such as PBO in
modulating resistance expression and associated fitness
costs remains poorly understood.

This study aims to investigate the fitness costs and
biochemical mechanisms linked to spinetoram
resistance in E. vittella, focusing on key life-history traits
such as developmental duration, fecundity, and survival.
Furthermore, it examines the potential of synergists like
PBO to enhance insecticide efficacy, with the ultimate
goal of informing more sustainable and effective pest
management strategies in Pakistan’s cotton industry.

Materials and Methods

Collection of E. vittella Larvae

The study began with the collection of E. vittella larvae
from naturally infested okra fruits and shoots in
Rawalpindi, Pakistan. Larvae were carefully picked from
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plants exhibiting clear signs of infestation and
transported to the laboratory under
conditions for rearing. Larvae were reared to adulthood
in the laboratory, provided with fresh okra shoots and
fruits to maintain optimal development. Emerged adults
were used to establish two populations for subsequent
experiments: a susceptible, unselected population
(UNSEL) and a population selected for resistance to
spinetoram (SPINE-SEL).

Selection of E. vittella for spinetoram resistance

The SPINE-SEL population was selected for resistance to
spinetoram over 13 generations. Initially, larvae were
exposed to sub-lethal concentrations of spinetoram, with
concentrations gradually increased in
generations to apply selection pressure. Surviving adults
from each generation were mated to produce offspring
exposed to the same incremental concentrations. The
UNSEL population was maintained under identical
laboratory conditions without insecticide exposure, serving
as a control. This selection procedure was conducted in a
separate study prior to the current experiments.

Effect of spinetoram selection on biological parameters
Newly hatched larvae (n = 100 per population) from
SPINE-SEL and UNSEL populations were collected
pseudo-randomly to assess the effects of spinetoram
selection on various biological parameters. Larvae were
reared in plastic boxes containing fresh okra fruits,
replaced daily, and monitored throughout development.

controlled

successive

The following parameters were recorded: larval
duration, pupal duration, pupal weight, pupation
percentage, adult emergence percentage, total

developmental time, adult longevity, mating per pair,
total eggs per pair, egg incubation time, hatching
percentage, pre-oviposition period, oviposition period,
post-oviposition period, net reproductive rate, and mean
relative growth rate.

Effect of selection on mating and reproduction

Adults emerging from the developmental study were
used for mating and reproduction assays. Single-pair
matings were established as follows:

Unselected male x Unselected female (10 pairs) and
Selected male x Selected female (10 pairs)

Each pair was kept in a separate plastic cup with 10%
honey solution. Eggs were collected daily, and adults
were transferred to fresh containers until death.
Synergism test

Synergism bioassays were conducted to evaluate the
effect of two enzyme inhibitors, piperonyl butoxide
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(PBO; Sigma, UK) and S,S,S-tri-n-butyl
phosphorotrithioate (DEF; Sigma, UK), on spinetoram
toxicity. PBO stock solution (20 mg/L) and DEF stock
solution (10 mg/L) were prepared in water. Serial
concentrations of spinetoram were prepared using these
stock solutions. Mortality was recorded after 48 h, and

synergism ratio (SR) was calculated as:
LC50 of population treated with spinetoram

SR =
LC50 of population treated with spinetoram + synergist

Effect of insecticide resistance on physiology of E.
vittella

Protein determination

Total protein concentration was determined using the
Bradford (1976) method with bovine serum albumin as
the standard.

Preparation of samples for enzymatic assays
Fourth-instar larvae from both populations were used in
four replicates per assay. Midguts were dissected under
a stereomicroscope, rinsed in ice-cold saline (0.15 M
NaCl), and homogenized in 1 ml universal buffer.
Homogenates were centrifuged at 10,000 rpm for 10
min at 4°C. Supernatants were stored at -20°C until
enzymatic analyses (Mahdavi et al., 2013).

Mixed function oxidase (MFO) assay

MFO activity was measured according to Reed (1974). In
a 96-well microplate, 100 pL of 2 mM p-nitroanisole and
90 pL enzyme extract were incubated for 3 min at 27°C.
The reaction was initiated by adding 10 pL of 9.6 mM
NADPH. Absorbance was recorded at 405 nm for 15 min
using a TECAN microplate reader. MFO activity was
calculated using a p-nitrophenol standard curve and
expressed as nmol p-nitrophenol min™* mg™* protein.
Glutathione-S-transferase (GST) assay

GST activity was measured using 1-chloro-2,4-
dinitrobenzene (CDNB) as a substrate (Yang et al., 2004).
Enzyme solution (10 pL, 10-fold diluted in 0.1 M sodium
phosphate buffer, pH 7.6) was mixed with 100 pL of 1.2
mM CDNB and 100 pL of 6 mM glutathione in 96-well
microplates. Absorbance was read at 340 nm and 27°C for
10 min in kinetic mode. GST activity was calculated using
an extinction coefficient of 9.6 mM™' cm™ and expressed
as nmol glutathione conjugate min™ mg™* protein.
General esterase assay

Esterase activity was determined using o-naphthyl
acetate (a-NA) and B-naphthyl acetate (-NA, 10 mM) as
substrates (Asperen, 1962). Single larvae were
homogenized in 1000 pL 0.1 M phosphate buffer (pH 7)
containing 0.01% Triton X-100, centrifuged at 10,000
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rpm for 10 min at 4°C, and supernatants diluted with
buffer. Fast Blue RR salt (1 mM) was added, and
absorbance was measured at 630 nm.

Statistical analysis

Data on larval and pupal duration, pupal weight, adult
longevity, number of eggs, and egg viability were
analyzed using ANOVA. Synergist effects (PBO and DEF)
on insecticide toxicity were analyzed separately for
resistant and susceptible populations. LCs, values were
estimated by probit analysis, and synergism ratios were
calculated as described above. Mean enzyme activities of
UNSEL and SPINE-SEL populations were compared
using independent samples t-tests. All analyses were
conducted in R version 2.9.0 (R Development Core Team,
2009). Differences were considered significant when
95% confidence intervals did not overlap.

Results

Effects of fitness costs on the biology of spinetoram-
selected population of E. vittella

Comparisons between the unselected susceptible
population (UNSEL) and the spinetoram-selected
population (SPINE-SEL) revealed significant differences
in life-history traits, biochemical parameters, and
demographic rates, indicating substantial fitness costs
associated with resistance.

Developmental and survival parameters

The egg hatching rate was significantly higher in the UNSEL
population (91.3% = 1.9) than in the SPINE-SEL population
(78.6% +* 2.1), representing a 12.7% reduction and
suggesting that spinetoram resistance may impair egg
viability (Table 1).

Table 1. Mean life-history parameters of unselected
(UNSEL) and spinetoram-selected (SPINE-SEL) populations
of E. vittella.

Parameter UNSEL SPINE-SEL
Egg hatching (%) 91.3+19 78621
Larval survival (%) 85.6+23 679%22
Pupal survival (%) 90.4+18 721%2.0
Larval period (days) 125+£0.7 14708
Pupal period (days) 84+0.6 9.5+0.7
Adult period (days) 123+08 114zx0.7
Development time (days) 22.4+1.2 265%14
Adult emergence (%) 88.7+20 75420

Larval survival to pupation was also significantly reduced
in the SPINE-SEL population (67.9% * 2.2) compared to
UNSEL (85.6% = 2.3), a 17.7% decrease, indicating that
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resistance may compromise larval survival, possibly due
to the metabolic costs of resistance mechanisms.
Similarly, pupal survival was lower in the SPINE-SEL
population (72.1% % 2.0) relative to UNSEL (90.4% =+
1.8), reflecting an 18.3% reduction and further
emphasizing the fitness costs associated with resistance.
The larval period was extended in the SPINE-SEL
population (14.7 + 0.8 days) compared to UNSEL (12.5 +
0.7 days), indicating a 2.2-day developmental delay. The
pupal period also increased by 1.1 days in SPINE-SEL
(9.5 = 0.7 days) relative to UNSEL (8.4 + 0.6 days).
Although the adult period was slightly shorter in SPINE-
SEL (11.4 + 0.7 days) than in UNSEL (12.3 + 0.8 days),
this difference was minimal.

Overall, the total developmental time from egg to adult
emergence was significantly longer in SPINE-SEL (26.5 =
1.4 days) compared to UNSEL (224 * 1.2 days),
consistent with the extended larval and pupal periods
and indicating a metabolic cost associated with
resistance. Adult emergence was also reduced in SPINE-
SEL (75.4% + 2.0) versus UNSEL (88.7% = 2.0) (Table 1).
Reproductive parameters

Fecundity was significantly lower in SPINE-SEL (90.5 + 3.2
eggs/female) than in UNSEL (115.7 + 3.4 eggs/female),
representing a 22% reduction, suggesting that resistance
imposes a metabolic cost that reduces reproductive output
(Table 2). Egg viability was also reduced in SPINE-SEL
(78.4% + 2.3) compared to UNSEL (88.2% + 2.1), a 9.8%
decrease, possibly reflecting genetic or physiological trade-
offs associated with maintaining resistance.

Table 2. Mean reproductive parameters of unselected
(UNSEL) and spinetoram-selected (SPINE-SEL) populations
of E. vittella.

Parameter UNSEL SPINE-SEL
Fecundity (eggs/female) 115.7+3.4 90.5+3.2
Egg viability (%) 88221 784 +23
Intrinsic rate of increase (r) 0.274+0.01 0.225+0.01
Net reproductive rate (Ry) 65.2+3.2 52.7+3.1
Gross reproductive rate (GRR)  72.6 + 3.1 60.4 2.8
Doubling time (T, days) 9.3+0.7 10.8+0.8

Demographic analyses revealed that the intrinsic rate of
increase (r) was lower in SPINE-SEL (0.225 + 0.01) than
in UNSEL (0.274 * 0.01), indicating slower population
growth. The net reproductive rate (R,) decreased from
65.2 £ 3.2 in UNSEL to 52.7 + 3.1 in SPINE-SEL (19.3%
reduction), and the gross reproductive rate (GRR) was
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reduced from 72.6 + 3.1 to 60.4 + 2.8 (16.8% reduction).
Doubling time (T,) increased from 9.3 + 0.7 days in
UNSEL to 10.8 + 0.8 days in SPINE-SEL, reflecting a 1.5-
day delay in population growth (Table 2).

Effect of synergists on insecticide resistance

High synergism factors were observed only with
piperonyl butoxide (PBO), which produced a 3.2-fold
effect in SPINE-SEL (Table 3). No synergism was
observed when S,S,S-tributyl phosphorotrithioate (DEF)
was applied with spinetoram to the UNSEL population. A
slight synergistic effect of DEF was noted in SPINE-SEL,

DOI:10.33804/pp.009.04.5945

showing a 6.2-fold increase.

Effect of insecticide resistance on the physiology of E.
vittella

Total protein content (mg/mL) was reduced in SPINE-SEL
(196.4) compared to UNSEL (234.0) (Table 4). In contrast,
esterase activity (a-Na gmol/min/mg protein) was
elevated in SPINE-SEL (0.49) versus UNSEL (0.31).
Glutathione S-transferase (GST) activity (CDNA-
gmol/min/mg protein) was substantially higher in SPINE-
SEL (48.3) relative to UNSEL (4.8), indicating enhanced
detoxification activity in the resistant population.

Table 3. Effect of synergists on the toxicity of selected insecticides against unselected (UNSEL) and spinetoram-

selected (SPINE-SEL) populations of E. vittella.

Insecticide Strain LC50 (ppm) (95% CL) Slope (+SE) SF
Spinetoram UNSEL 2.9 (0.4-9.8) 0.646(+0.221) =
SPINE-SEL 9.47 (2.1-21.2) 0.429(+0.301) =
Spinetoram + PBO UNSEL 2.12 (0.64-9.64) 1.09 (0.23) 6.2
SPINE-SEL 1.9 (0.41-4.66) 1.38 (0.18) 6.8
Spinetoram + DEF UNSEL 3.11 (1.01-11.7) 1.23 (0.14) 41
SPINE-SEL 2.24 (0.94-7.12) 1.29 (0.28) 5.8

Table 4. Total protein content and enzyme activity in the UNSEL and SPINE-SEL populations of E. vittella.

Physiological parameters Strain Activity
Total protein(mg/ml) SPINE-SEL 196.4
UNSEL 234
Mixed function oxidase (MFO) (Absorbance630nm) SPINE-SEL 0.96
UNSEL 0.57
Glutathione-S-transferase (GST) (CDNA-gmol/min/mg protein) SPINE-SEL 71.3
UNSEL 448
General eastrase (a-Na gmol/min/mg protein) SPINE-SEL -Sel 0.49
UNSEL 0.31

Discussion

This study evaluated the fitness costs associated with
spinetoram resistance by comparing two E. vittella
populations selected for resistance with a susceptible
population. Various performance parameters, including
developmental duration, fecundity, mating success, and egg
hatchability, were assessed. These analyses provide
insights into the biological penalties imposed by resistance,
which can negatively impact population dynamics.

The early developmental period of resistant populations
was significantly longer than that of the susceptible
population. This aligns with previous findings indicating
that resistance mechanisms incur additional metabolic
costs, thereby slowing development. Zhang et al. (2021)
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reported that Culex pipiens populations selected for
pyrethroid resistance exhibited prolonged development,
likely reflecting the energy required for insecticide
metabolism. Similarly, Tavares et al. (2021) observed
that Helicoverpa armigera larvae resistant to Bt toxins
developed more slowly due to the higher metabolic
demands of detoxification. These results are consistent
with our observations, where E. vittella populations
selected with spinetoram exhibited significantly slower
development than susceptible individuals.

Fecundity was also reduced in resistant populations
compared to susceptible populations. Although insecticide
exposure caused susceptible females to die earlier, they
produced more eggs than resistant females, suggesting a
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trade-off between resistance and reproduction. This
observation agrees with Alomar et al. (2022), who
reported that spinosad-resistant A. aegypti populations
exhibited lower egg production. The metabolic costs of
maintaining resistance, particularly at the enzymatic level,
may reduce reproductive output. Similarly, Gope et al.
(2022) found that diamondback moths (Plutella xylostella)
exposed to fluxametamide showed reduced fecundity,
highlighting the potential long-term sustainability
concerns for resistant populations.

Mating success was lower in resistant individuals
compared to susceptible strains. Moreover, the fecundity
of susceptible females mating with resistant males was
reduced. This supports evidence that resistance can
decrease reproductive success, potentially due to altered
pheromone production or other physiological changes
associated with resistance (Freeman et al., 2021). Rios et
al. (2022) reported that field-collected pyrethroid-
resistant Helicoverpa zea displayed lower mating success
than susceptible individuals, likely because resistance
mechanisms interfered with pheromone recognition.
Consistently, the lower pairing success observed in
spinetoram-selected E. vittella populations may be
attributed to physiological costs of resistance affecting
mating behavior.

Egg hatchability was also significantly reduced in
resistant populations. This finding is consistent with
other studies showing that insecticide resistance can
decrease egg viability. For instance, Elhawary et al.
(2022) reported reduced hatching in insecticide-
resistant Cu. pipiens, likely due to genetic costs
associated with resistance. It is plausible that the
reduced hatch rates observed in the spinetoram-selected
E. vittella populations reflect similar genetic trade-offs
affecting embryo viability.

Overall, the fitness costs observed in this study align
with patterns reported in other insect species that have
developed resistance to different insecticides. Gassmann
(2023) reviewed multiple studies documenting the costs
insects, including prolonged
development, reduced reproductive rates, and decreased
mating success. Our findings confirm that E. vittella
exhibits comparable fitness trade-offs. Similarly, De-
Souza et al. (2022) reported that Spodoptera frugiperda
resistant to Bt toxins showed lower fecundity and
reduced larval survival, supporting the notion that
physiological and metabolic costs of resistance are
widespread across pest species.

of resistance in
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Biochemical activities in E. vittella populations

This study also evaluated biochemical markers, including
total protein content and the activities of mixed-function
oxidases (MFO), glutathione S-transferase (GST), and
general esterases, in two spinetoram-resistant and one
susceptible E. vittella populations, providing insights into
the physiological costs of resistance.

Protein levels

Resistant populations exhibited higher protein levels
than the susceptible population, reflecting increased
metabolic activity associated with resistance. Elevated
protein content is often linked to the upregulation of
detoxifying enzymes, which require significant energy
and resources for synthesis (Chamani et al, 2025).
Similarly, Mulla and Tamhane (2023) reported higher
protein levels in resistant H. armigera populations due
to enhanced detoxification enzyme production. These
findings suggest that the elevated protein levels in
resistant E. vittella populations represent the metabolic
costs of ongoing detoxification processes necessary for
coping with insecticide exposure.

Mixed-function oxidases

MFO activity was higher in both resistant populations
compared to the susceptible population. This is consistent
with previous studies showing that MFOs play a critical
role in insecticide detoxification. Yang et al. (2021)
observed increased MFO activity in pyrethroid-resistant
Ae. aegypti, reflecting the high energy demands of
detoxification. Our results indicate that MFOs contribute
similarly to spinetoram resistance in E. vittella.
Glutathione S-transferase

GST activity was significantly elevated in resistant
populations. Similar trends have been reported in other
studies; for example, Zhang et al. (2024) found that GSTs
play a pivotal role in detoxifying neonicotinoids in
Bemisia tabaci. The increased GST activity in resistant E.
vittella suggests that this enzyme class is involved in
spinetoram detoxification.

General esterases

General esterase activity was also higher in resistant
populations. Elevated esterase activity has been widely
associated with insecticide resistance. Srinivas et al
(2006) activity  in
organophosphate-resistant H. armigera, which correlated

reported increased esterase
with enhanced hydrolysis of insecticides. In the present
study, elevated esterase activity in spinetoram-selected E.
vittella populations indicates that esterases play a

significant role in insecticide metabolism.
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Overall, both spinetoram-resistant populations exhibited
a 2- to 3-fold increase in MFO, GST, and esterase activity
compared to the susceptible population. This pattern is
consistent with Mortola et al. (2023), who reported
increased enzyme activity across all three classes in
resistant Cu. pipiens. These biochemical changes support
the hypothesis that resistant populations incur
metabolic costs, which manifest as slower development
or reduced reproductive output in the absence of
insecticide pressure.

The general elevation of biochemical activity in resistant
E. vittella highlights the metabolic cost of resistance. This
finding has practical implications for pest management:
applying insecticides in rotation or in combination with
non-chemical methods may hinder the selection of
detoxifying enzymes, allowing susceptible individuals to
dominate the population. Moreover, monitoring
biochemical markers in field populations could serve as
an early warning system for resistance development,
enabling timely management interventions.

Conclusion

This study demonstrates the significant fitness costs and
biochemical alterations associated with spinetoram
resistance in E. vittella, a major cotton pest in Pakistan.
Resistant populations exhibited prolonged development,
reduced fecundity, lower mating success, and decreased
egg viability compared to susceptible populations.
Biochemical analyses revealed elevated activities of
detoxifying enzymes, indicating a metabolic adaptation to
insecticide exposure. Synergist assays showed that
combining spinetoram with PBO effectively countered
resistance. These findings emphasize the metabolic and
reproductive trade-offs of insecticide resistance and
underscore the need for integrated pest management
strategies to mitigate resistance development in E. vittella.
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