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Abstract Chemical insecticides are currently the major management means used against
Spodoptera frugiperda (J.E. Smith) larvae on sweet corn (Zea mays L. var. saccharata) in
Egypt. However, essential oils-based pesticides (EOs) and new insecticides might also be
used. As a first report, this study aimed to assess the effectiveness and biochemical impact
of lemongrass (Cymbopogon citratus Stapf) EO, flonicamid, and flubendiamide insecticides
alone or in combination for managing S. frugiperda on sweet corn under field conditions. In
addition, the dissipation of these compounds was determined in corn seeds and corn husks
using the QuEChERS method combined with high-performance liquid chromatography
(HPLC-DAD). The field efficacy trials showed that flubendiamide alone or in combination
with lemongrass EO was more effective than either lemongrass EO or flonicamid alone or
combined. Additionally, biochemical analysis revealed that detoxification enzymes may play
an important role in S. frugiperda adaptation to flonicamid and flubendiamide. The residues
of flonicamid and flubendiamide in corn seeds were undetectable in all treatments.
Conversely, corn husks contained high levels of flubendiamide and flonicamid residues
after application at high dosages. Interestingly, the dissipation rates of both tested insecti-
cides increased when combined with lemongrass. The half-life values for flonicamid follow-
ing the applications on corn husks alone or in combination with lemongrass EO were 4.44
and 2.45 d, respectively, while the half-life values for flubendiamide were 1.25 and 2.72 d,
respectively. Our results show the potential use of flubendiamide alone or with lemongrass
EO for managing S. frugiperda on sweet corn crops.
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Sweet corn (Zea mays L. var. saccharata) is a large source of calories in the
human diet (Dagla et al. 2014) and contains high nutritional value. Due to its high mar-
ket potential and commercial value, demand for sweet corn is gradually rising in the
peri-urban areas (Ratnakala et al. 2023). Unfortunately, this crop is often infested with
insect pests that can damage the different parts of the plant and hinder its develop-
ment. One of these destructive and polyphagous insects is the fall armyworm, Spo-
doptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) (Sunari et al. 2022). In
Africa, S. frugiperda reportedly has caused losses with a monetary value of approxi-
mately US$13 billion per annum in maize alone (Day et al. 2017). Moreover, S. frugi-
perda has become a serious threat to maize production in Africa due to the
availability of a diverse range of host plants throughout the year and favorable climatic
conditions for its growth and development (Montezano et al. 2018). The control of lep-
idopteran pests, including S. frugiperda, on sweet corn relies heavily on the use of
chemical insecticides belonging to the conventional and neonicotinoid classes. Never-
theless, fall armyworm management appears challenging due to its short life cycle,
wide host range, rapid multiplication, ability to rapidly spread across large geographi-
cal areas (Day et al. 2017, Li et al. 2021, Nboyine et al. 2022, Prasanna et al. 2018),
and development of insecticide resistance (Li et al. 2023). Therefore, new compounds
with green chemistries could offer great opportunities for managing crop insect pests,
as they maintain a high level of efficacy to the target pests, low toxicity to the non-tar-
get organisms, and less persistence in comparison to the generic group of insecti-
cides (Kodandaram et al. 2017).

In recent years, essential oils (EOs) based-pesticides and their bioactive compounds
have been preferred as safer alternatives to synthetic pesticides (El-Shourbagy et al.
2023, Smith et al. 2018) because of their negligible persistence in the environment and
minimum chances of resistance development (Kiran et al. 2017). Species from the
genus Cymbopogon (Poaceae) are widely known for producing lemongrass EO and
for their insecticidal properties (Jovanović et al. 2020, Moustafa et al. 2021). Oils from
the lemongrasses (Cymbopogon spp.) are one of about 400–500 commercially pro-
duced EOs (Tisserand and Young 2013). The insecticidal property of lemongrass EO is
attributed to the various secondary metabolites, such as bioactive cyclic and acyclic ter-
penes (Eden et al. 2020), which disrupt neurotransmission in insects (Zibaee 2015).
Other secondary metabolites, such as alkaloids, flavonoids, and carotenoids (Avoseh
et al. 2015) also have been found in lemongrass extract, indicating its potential as a
botanical insecticide. In addition, tannin compounds may inhibit the digestion enzymic
activities in insects (Rahayu et al. 2018). On the other hand, citral, a mixture of geranial
and neral, is considered for the insecticidal activity of lemongrass EO (Eden et al. 2020,
Moustafa et al. 2023a, Solomon et al. 2012) due to its interaction with oxidative stress
and intracellular oxygen radicals (Kapur et al. 2016, Sanches et al. 2017).

The selective insecticide flonicamid shows insecticidal activities against pierc-
ing-sucking insects (Li et al. 2018, Liu et al. 2014, Xu et al. 2021); whereas, its
effects on lepidopteran insect pests remain largely unknown. Recently, the inward
rectifier potassium (Kir) channel has been verified to be a target of flonicamid.
Although functional characterization of lepidopteran Kir genes is lacking (Meng
et al. 2021), the main insecticidal mechanism of flonicamid against piecing-sucking
insects is starvation due to the inhibition of stylet penetration into plant tissues
(Morita et al. 2007, 2014).
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The diamide group is one of the promising groups of insecticides (Moustafa et al.
2024a) that have been used against wide range of insects. Flubendiamide, a member
of the diamide group, is one of the effective insecticides against many insect orders,
that is, Lepidoptera, Diptera, and Coleoptera (Li et al. 2019, Kadala et al. 2020). It has
a novel mode of action targeting the ryanodine receptors (RyR) and causing massive
release of calcium ions from muscle cells by activating calcium channels existing on
RyR and resulting in insect death (Cordova et al. 2006, Uesugi et al. 2021).

The current work presents the first information on the effectiveness and bio-
chemical impact of lemongrass (C. citratus) EO, flonicamid, and flubendiamide
insecticides, alone or in combination, as alternatives to conventional insecticides
for managing fall armyworm on sweet corn under field conditions. In addition, the
dissipation of these compounds in corn seed and corn husks was determined for
the first time using the QuEChERS and HPLC-DAD methods.

Materials and Methods

Insecticides and chemicals. The lemongrass EO formulation used in this study
was obtained from the Medicinal and Aromatic Plants Research Department farms,
Agricultural Research Centre, Giza, Egypt. The commercial insecticide formulations
(flonicamid and flubendiamide) used in this study are shown in Table 1. Flonicamid
and flubendiamide (98%) reference materials were purchased from Dr. Ehrenstorfer
GmbH (Augsburg, Germany). The stock solutions of both insecticides (0.1 mg/mL) in
acetonitrile (ACN) were prepared according to El-Hefny et al. (2024) and Moustafa
et al. (2024b, c). All chemicals and reagents used in the extraction and clean up were
obtained from Merck Company (Darmstadt, Germany).

Field testing. To evaluate the efficacy of the lemongrass alone or in combination
with flonicamid and flubendiamide insecticides against S. frugiperda larvae, field
experiments on sweet corn variety 3020 (Hytech Seeds Company, Egypt) were con-
ducted at the farm of the Faculty of Agriculture, Cairo University, Giza, Egypt over 2
consecutive seasons (2022 and 2023). In each hill, 2 kernels were planted by hand at
25 cm. Plants were thinned to only per hill before first irrigation. All other agronomic
practices were appropriately followed and applied. In both seasons, each plot area
was 21 m2 (21 m2 ¼ 1/100 Fadden, where one Fadden ¼ 4,200 m2 ¼ 2.4 ha) and
consisted of 10 rows (3.0 m long and 70 cm wide). Six treatments were used: 3 each
for lemongrass EO, flonicamid, and flubendiamide alone, 2 each for the 2 mixtures
(lemongrass þ flonicamid and lemongrass þ flubendiamide), and 1 for the control.
Experiments were conducted under a randomized complete block design (RCBD)
with 4 replicates per treatment (Moustafa et al. 2022, 2023b). The tested insecticides
and their mixtures were diluted in 20 L of water for each before being applied to 84 m2

of plant area. The control area received 20 L of water only. The number of S. frugi-
perda larvae was counted before spraying (0 time) and 1, 3, 5, 7, 10 and 15 d post
spraying. The percentage reduction in S. frugiperda population was calculated
according to Henderson and Tilton (1955) as follows:

Reduction (%) ¼ [(A 3 C)/(B x D)] 3 100, where A ¼ number of individuals in
treatment after application; B ¼ number of individuals in treatment before application;
C¼ number of individuals in control before application, and D¼ number of individuals
in control after application.
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Preparation of enzyme samples. Fall armyworm larvae were collected after
treatment and 100 mg larvae were homogenized in phosphate buffer (pH 0.7). The
homogenate was centrifuged at 12,000 g for 15 min, and the supernatants were col-
lected and used as enzyme suspension (Moustafa et al. 2023a). Total protein was
quantified according to Bradford (1976), utilizing bovine serum albumin (BSA) as the
standard.

Total esterase (EST) assay. EST assay was conducted using a-naphthyl ace-
tate according to Van Asperen (1962) and Moustafa et al. (2023c). Thirty ll of
enzyme suspension was mixed with a-naphthyl acetate (30 mM), and the mixture
was incubated at 27°C for 15 min. The reaction was then stopped by adding 50 ll
of fast blue b, and the absorbance was measured at 600 nm by spectrophotome-
try, utilizing a-naphthol as the standard.

Glutathione S-transferase (GST) assay. GST assay was conducted using 1-
chloro-2,4-dinitrobenzene (CDNB) following the method of Habing et al. (1974)
and Moustafa et al. (2023c). Ten ll of enzyme suspension was added to 25 ll of
CDNB (30 mM), and 25 ll of GSH (50 mM) was then added after which the rate of
change in absorbance during 5 min was recorded at 340 nm.

Acetylcholine esterase (AChE) assay. AChE assay was determined using
acetylthiocholine iodide as described by Ellman et al. (1961). One hundred ll of
enzyme suspension was added to 50 ll of acetylthiocholine iodide (0.075 M). Fifty
ll of dithio-bis-nitro benzoic acid (0.01 M) was then added to produce a yellow
color, and the rate of change was measured at 412 nm for 5 min.

Statistical analysis of efficacy and enzyme activity. Data of the efficacy and
biochemical impact of the treatments were coded and entered using the statistical
package SPSS (V.22). ANOVA analyses were conducted using MiniTab software
(V14.0). The results were first tested for satisfying the assumptions of parametric
tests while the continuous variables were subjected to Shapiro-Wilk and Kolmo-
gorov-Smirnov test for normality. The reduction percentage data were standardized
for normality using arcsine square root. The post hoc analysis used Tukey (HSD)
pairwise comparison, where P-values were considered significant at ,0.05. Finally,
the data were visualized using R studio (V 2022.02.4.).

Residue analysis. To evaluate flonicamid and flubendiamide dissipation, corn
seeds and husks samples were collected randomly at 0 (2 h after spraying), 1, 3, 5, 7,
10, and 15 d after applications. Purification and extraction were performed as
described by Anastassiades et al. (2003). A 5-g sample of homogenized husks or
seeds was weighed into a 50-ml Teflon centrifuge tube after which 5 ml of Milli-Q
water followed by 10 ml acetonitrile were added and shaken vigorously with vortex
mixer for 2 min (El-Hefny et al. 2024, Moustafa et al. 2024b). Anhydrous NaCl (1 g)
and anhydrous MgSO4 (4 g) were added to the mixture and mixed with the vortex
shaker for 1 min. After centrifugation at 5,000 rpm for 5 min, 2 ml of the clarified super-
natant was transferred into a Teflon centrifuge tube (10 ml) containing 50 mg PSA
and 300 mg MgSO4. The mixture was centrifuged, and the acetonitrile layer was then
filtered through a filter membrane (0.22) lm and identity determined by HPLC.

Instrumentation of flonicamid and flubendiamide analysis. The Agilent
HPLC 1260 infinite series (Agilent Technologies) was used to determine the dissipation
rate of flonicamid and flubendiamide in seed and husk tissues (Kandil et al. 2023). The
HPLC system included a quaternary pump, a variable wavelength diode array detector
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(DAD), and an autosampler with an electric sample valve. It employed an ODS analyti-
cal column that measured 150 mm3 4.6 mm 3 5 m. The mobile phase for flonicamid
and flubendiamide was acetonitrile (65%) þ water (35%) and acetonitrile (60%) þ
water (40%), respectively. For both insecticides, a flow rate of 1 ml/min, an injection vol-
ume of 20 ll, and a detection wavelength of 205 nm were used. The retention time
was found to be 4.6 and 3.4 min for flonicamid and flubendiamide, respectively.

Statistical analysis of residues. The dissipation kinetics of flonicamid and flu-
bendiamide residues in corn husks followed the first-order kinetic model, is
described as the following equation (Hoskins et al. 1961): Ct ¼ C0 e

�kt, where C0 ¼
initial residue concentration (mg kg�1); Ct ¼ residue level (mg kg�1) at time t (day)
after the pesticide application; and k ¼ the degradation rate constant (day�1).

Method validation. The analysis was validated following the guidelines pro-
vided by Sante (2019). To verify the viability of the procedure, linearity, accuracy,
precision, limit of detection (LOD), and limit of quantification (LOQ) were evalu-
ated. To evaluate the precision and accuracy of the procedure, blank samples of
maize seeds and husks were treated with 3 concentrations of flonicamid and flu-
bendiamide with 5 replicates per treatment. To determine the most efficient combi-
nation of purifying agents, the recovery rate and relative standard deviation (RSD)
were calculated for additional concentrations of 0.01, 0.1, and 1 mg/kg (Moustafa
et al. 2024b). The spiked samples were left for 1 h to allow for insecticide absorp-
tion, and then extraction, cleanup, and analysis were performed as previously
described. The method’s sensitivity was tested using both LOQ and LOD. The rec-
ommended method for determining the LOQ was established using the lowest
spiked concentration quantification. The precision, expressed as the relative stan-
dard deviation within laboratory repeatability analyses (% RSD), was calculated by
dividing the standard deviation by the average concentration while the accuracy
(average recovery) was calculated by dividing the recovered concentration by the
spiking one. To assess linearity and compute pesticide content in samples, a cali-
bration curve was constructed using 7 distinct concentrations of the insecticide
standards stock solution (10, 5, 1, 0.5, 0.1, 0.05, and 0.01 mg/L) prepared by dilu-
tion with acetonitrile.

Results

Efficacy of the tested insecticides. The results in Fig. 1 show that the S. frugi-
perda larval infestation significantly decreased 3 (F ¼ 14.10; df ¼ 5; P ¼ 0.0001) and
5 d (F ¼ 60.91; df ¼ 5; P ¼ 0.0001) after the application of lemongrass and flonica-
mid, alone or combined, in 2022. However, the infestation increased again 7 d after
application, but was remained below the control, until the end of the experiment. The
same trend was observed in 2023 (Fig. 1). When flubendiamide was applied
alone or combined with lemongrass, similar results were observed but with a
consistent decline across all intervals during both seasons (Fig. 1). One day after
the application of lemongrass, flonicamid, (lemongrass þ flonicamid), flubendiamide
and (lemongrass þ flubendiamide) in 2022, the percentage reduction in S. frugi-
perda larvae at was 61.45, 35.48, 23.22, 76.73, and 54.45 for the respective treat-
ments (Table 2; Fig. 2). With lemongrass, flonicamid, and (lemongrass þ
flonicamid), the reduction decreased to 25.91, 15.88, and 19.36% after 15 d for the
respective treatments (Table 2; Fig. 2). In contrast, after application with
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flubendiamide and (lemongrass þ flubendiamide), the percentage of reduction con-
sistently increased across all intervals. These trends were noticed in both seasons
(Table 2; Fig. 2).

Effect of the tested insecticides on enzyme activity. The enzymatic activities
of a-esterase, GST, and AChE were determined in S. frugiperda larvae 1, 3, 5, 7,
10, and 15 d after field application of lemongrass, flonicamid, and flubendiamide
alone or as mixtures (Table 3). Data show that lemongrass significantly reduced
the activity of a-esterase on day 1 and day 3 after field application (0.39 and 0.2
times, respectively). However, the activity insignificantly increased after 5, 7, and
15 d (2.13, 1.26, and 1.03 times, respectively). Additionally, flonicamid and its mix-
ture with lemongrass significantly reduced the a-esterase activity on the first day
(0.36 and 0.21 times, respectively) while they insignificantly increased it (1.29 and
1.18 times, respectively) on the third day after application (Table 3). On the other
hand, flubendiamide significantly reduced the a-esterase activity (0.37 times) on
the first day after application, while its mixture with lemongrass insignificantly
reduced it (0.92 times). Concerning GST, lemongrass insignificantly reduced its
activity at 1, 3, and 10 d (0.68, 0.91, and 0.48 times, respectively) and significantly
increased it (2.9 times) at 7 d after application (Table 3). On the other hand, floni-
camid and its mixture with lemongrass significantly increased the GST activity at

Fig. 1. Mean number (±SD) of S. frugiperda larvae on sweet corn plants after
field application of flonicamid, flubendiamide alone or combined with
lemongrass during the 2022 and 2023 seasons.
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5 d (4.59 and 4.44 times) and 15 d (2.52 and 2.59 times) after application (Table 3).
In addition, flubendiamide alone significantly increased GST activity at 1 and 3 d
after application (8.03 and 2.5 times, respectively) while its mixture with lemongrass
significantly increased it at 7 and 15 d (2.45 and 3.22 times, respectively).

As to AChE, lemongrass insignificantly reduced its activity at 1, 5, 10, and 15 d
(0.65, 0.86, 0.45, and 0.82 times, respectively) after application, while it signifi-
cantly increased it at 7 d (2.35 times). On the contrary, flonicamid and its mixture
with lemongrass significantly increased the AChE activity at 3 and 5 d after appli-
cation (3.14 and 2.37 times and 3.73 and 4.34 times, respectively). Similarly, flu-
bendiamide alone significantly increased AChE activity at 1 and 3 d (2.9 and 3.56
times, respectively) after application.

Method validation. To assess the linearity and matrix effect (ME), standard
solution calibrations were created for flonicamid and flubendiamide in acetonitrile,
corn seeds, and corn husks using 7 concentrations (10, 5, 1, 0.5, 0.1, 0.05, and
0.01 mg/L). Correlation coefficients (R2) of $ 0.99 were obtained for flonicamid
and flubendiamide in acetonitrile, and of 0.97–0.98 in corn seeds and corn husks,

Fig. 2. Step slope chart representing the mean (±SD) percentage reductions
in S. frugiperda larvae after field application of flonicamid and fluben-
diamide alone or combined with lemongrass during the 2022 and
2023 seasons.
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indicating a strong linear relationship. In addition, the LOQ of flonicamid and flu-
bendiamide were 0.01 mg/kg.

The accuracy and precision of the method were verified using the recovery test
and the relative standard deviation (RSD). Table 4 displays the flonicamid and flu-
bendiamide recovery rates and the corresponding RSD for the 3 spike levels in
corn seeds and corn husks. As shown, high recoveries of flonicamid and fluben-
diamide at the 3 spiking levels were obtained. In corn seeds and corn husks, the

Table 3. Mean (±SD) enzymatic activity of EST (a-esterase), GST, and AChE
in S. frugiperda larvae after field application of flonicamid and flu-
bendiamide alone or combined with lemongrass during the 2022
and 2023 seasons.

Enzyme Treatment 1 d 3 d

a-esterase
(lmol/mg
protein)

Control 1461.49 6 267.86a 1047.92 6 120.05ab

Lemongrass 579.48 6 165.86b 214.82 6 59.13d

Flonicamid 525.36 6 50.03b 1361.28 6 202.57a

Flonicamid þ
Lemongrass

309.48 6 160.9b 1234.39 6 151.58a

Flubendiamide 547.5 6 75.66b 654.8 6 92.78bc

Flubendiamide þ
Lemongrass

1347.65 6 50.19a 225.75 6 86.66cd

GST (lmol/ml/mg
protein)

Control 48.18 6 5.2bc 51.02 6 4.68b

Lemongrass 32.72 6 8.44c 46.41 6 6.15b

Flonicamid 65.77 6 6.95bc 70.05 6 5.84b

Flonicamid þ
Lemongrass

20.77 6 1.51c 125.8 6 18.46a

Flubendiamide 387.01 6 35.5a 127.72 6 30.8a

Flubendiamide þ
Lemongrass

109.52 6 26.2b 23.83 6 4.8b

AChE (mmole/mg
protein)

Control 5.7 6 0.36bc 3.76 6 0.67c

Lemongrass 3.72 6 0.79c 4.93 6 0.32c

Flonicamid 7.42 6 0.96bc 11.82 6 1.92ab

Flonicamid þ
Lemongrass

2.98 6 0.54c 8.9 6 0.49b

Flubendiamide 16.53 6 2.68a 13.39 6 1.61a

Flubendiamide þ
Lemongrass

9.52 6 1.96b 2.81 6 0.38c

Means that do not share a letter in column are significantly different.
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flonicamid recovery ranges were 95.97–106.0% and 81.32–89.72%, respectively,
with RSD ranges of 1.57–2.65% and 1.68–2.95%, respectively. For the 3 spiking
levels, the ranges of flubendiamide in corn seeds and corn husks were 83.29–
94.70% and 91.97–99.24%, with RSD ranges of 4.66–8.03% and 1.40–5.80%,
respectively.

Dissipation and terminal residue of flonicamid and flubendiamide in corn
seeds and corn husks. Residues of flonicamid and flubendiamide alone or in
combination with lemongrass EO in corn husks are displayed in Tables 5 and 6. In

Table 3. Extended.

5 d 7 d 10 d 15 d

292.56 6 54.54d 663.45 6 269.54ab 734.27 6 93.11c 386.88 6 14.63c

624.3 6 43.88cd 834.92 6 110.9a 638.48 6 39.2c 397.36 6 51.91c

2369.57 6 424.89b 410.99 6 85.83ab 836.8 6 39.9bc 1628.28 6 199.23a

3445.53 6 282.15a 302.81 6 127.13b 1294.49 6 125.21a 570.99 6 228.37bc

— — — —

1363.97 6 46.65c 454.17 6 111.55ab 1036.34 6 61.29ab 1067.9 6 168.71b

96.5 6 34.97b 59.65 6 14.97c 94.87 6 8.77ab 48.02 6 8.39b

145.96 6 7.86b 173.11 6 26.44a 45.47 6 2.28b 48.4 6 5.48b

442.63 6 97.3a 112.02 6 20.34bc 62.05 6 11.8b 121.02 6 18.19a

428.29 6 53.75a 74.11 6 10.55c 231.87 6 98.27a 124.33 6 19.36a

— — — —

53.67 6 11.08b 145.99 6 12.61ab 89.33 6 10.91ab 154.45 6 16.42a

8.79 6 1.63b 5.21 6 1.39c 11.36 6 2.58ab 8.07 6 0.78c

7.52 6 0.49b 12.24 6 0.7ab 5.12 6 0.54b 6.59 6 0.59c

32.78 6 4a 15.43 6 4.02a 4.43 6 0.36b 10.21 6 0.94bc

38.17 6 8.27a 6.43 6 0.94bc 14.15 6 4.6a 12.85 6 1.83b

— — — —

6.63 6 1.16b 11.26 6 1.16abc 12.59 6 2.35ab 22.94 6 1.2a
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comparison, these residues in corn seeds were undetectable. Two hours after the
application of flonicamid and flubendiamide alone, their residues were 3.45 and
9.35 mg/kg, respectively. One day after application, these levels dropped to 2.34
and 5.61 mg/kg with dissipation of 32.18 and 40.0%, respectively. On the 10th
day, they reached 0.56 and 0.88 mg/kg with dissipation rates of 84.2 and 90.58%,
respectively. Finally, they became undetectable on the 15th day. The half-lives for
flonicamid and flubendiamide alone on corn husks were 4.44 and 1.25 d, respec-
tively. On the other hand, the residues of flonicamid and flubendiamide mixtures
with lemongrass oil in corn husks were 1.52 and 5.03 mg/kg, respectively, 2 h after
application. One day after application, these residues declined to 1.21 and 3.07
mg/kg with dissipation rates of 20.4 and 38.96%, respectively. On the tenth day,
the residues decreased to 0.07 and 0.23 mg/kg with dissipation rates of 95.40 and
95.42% for flonicamid and flubendiamide, respectively. Ultimately, on the 15th
day, the residues of both insecticides became undetectable. The half-lives for flo-
nicamid and flubendiamide mixtures with lemongrass on corn husks were 2.45
and 2.72 d, respectively (Tables 5 and 6).

Discussion

Essential oils (EOs) are produced by aromatic plants as secondary metabolites
(Omotoso et al. 2020) and are used in the management of various insect insects
and mites (Feroz 2020, Manh et al. 2020). However, their application can yield
questionable outcomes due to several environmental factors, such as sunlight and
UV (Moustafa et al. 2018) and potential phytotoxic effects (Chandler et al. 2011).
To date, few studies have investigated the efficacy of EO-based biopesticides
under conditions that reflect commercial practice. Therefore, the purpose of the
current research was to assess the effectiveness of lemongrass oil, as a low-risk
alternative to chemical pesticides, for managing pests (Radunz et al. 2024), alone
or in combination with flonicamid and flubendiamide against S. frugiperda infesta-
tions in corn. In addition, this study assessed the biochemical impact of the tested
compounds on enzymes’ activities in S. frugiperda larvae and determined their
persistence in sweet corn seeds and husks.

The overall results showed that flubendiamide and the flubendiamide/lemon-
grass mixture were the most effective in reducing S. frugiperda shortly after infes-
tation (within a week after application). Flonicamid alone showed low efficacy
against S. frugiperda larvae, while lemongrass alone and flonicamid/lemongrass
mixture had an intermediate effect. These results agree with Cao et al. (2010) and
Zhang et al. (2013) who reported that diamide insecticides, which selectively act
on insect ryanodine receptors, display mortality rates, excellent fast actions, and
long-term control of lepidopteran species. Additionally, diamide insecticides exhibit
high bioactivity levels and excellent control of lepidopteran species (Razaq et al.
2007, Tohnishi et al. 2010, Yang et al. 2020, Zhang et al. 2020, Zhou et al. 2011).
Also corroborating our results, Xing et al. (2013) noted that flubendiamide at 30 g
ha�1 exhibited higher than 90% control efficacy against 4 lepidopteran pests 7 d
after application; however, flonicamid had no insecticidal activity against rice stem
borer, Chilo suppressalis Walker, larvae (Meng et al. 2021). The higher efficacy of
flubendiamide could be explained by its unique mode of action in that it binds to
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the lepidopteran ryanodine receptor (RyR), which is activated by the binding and
releases Ca2þ that causes impairment of muscle regulation and results in rapid
cessation of feeding and ultimately insect mortality (Cordova et al. 2006).

Insects often develop several strategies to overcome the potential toxicity of
insecticides such as detoxification enzymes, which play an important part in the
metabolism of pesticides in insects (Fouad et al. 2022), and developed resistance
is usually associated with increased activity of these enzymes (Moustafa et al.
2023d). The insect detoxification enzyme system includes the metabolism and
secretion of insecticides before reaching the target sites and producing their toxic
effects (You et al. 2023). In the present study, a-esterase and GST activities in S.
frugiperda larvae significantly declined immediately 1 d after the application of the
tested compounds. However, these activities were restored or increased 15 d after
application. The enzymatic activity of esterase and AChE in S. frugiperda larvae
significantly decreased shortly after 1 d of the application of the tested compounds.
However, the activity increased again after 10 and 15 d of application. Therefore, it
can be suggested that the activities of these enzymes can serve as indicators of
the adaptation of S. frugiperda to insecticides (Koirala et al. 2022). As a target for
insecticides, GST is important for the detoxification of pesticides by converting
their lipid metabolites (Korkina 2016).

The dissipation of pesticides in crops is affected by many factors such as the vola-
tilization and photolysis of pesticides caused by light and high temperatures, scouring
caused by rain, and the physical and chemical properties of pesticides (Chen et al.
2013, Subirats et al. 2005). In this study, the linearity, matrix effect (ME), limit of quan-
titation, precision, and accuracy of the suggested method were assessed. Accord-
ingly, the method can be used for the quantitative analysis of flonicamid and
flubendiamide in corn seeds and corn husks, which are essential food/feed for
humans and livestock. The method has a high detection efficiency and is reasonably
priced. The relative recoveries for most pesticides ranged from 70 to 120% in different
matrices, as verified by García-Vara et al. (2023). Furthermore, the detection limits,
which ranged from 0.01 to 20 ng/g, were lower than the highest amount of residue.

Regarding the dissipation of the tested compounds, the elevated levels of floni-
camid and flubendiamide in corn husks may be a result of the direct spraying
administration method. On the other hand, the pesticide residue levels in corn
seeds were below the detection level. This can be attributed to the husks’ ability to
keep the applied pesticides away from reaching the seeds. As to flonicamid, it
declined to 32.18% initially and then increased to 84.2% after 10 d, while flonica-
mid/lemongrass mixture declined to 20.4% initially and then heightened to 95.4%
with corresponding half-lives of 4.44 and 2.45 d, respectively. The higher dissipa-
tion rate of the flonicamid/lemongrass mixture compared to flonicamid alone can
be attributed to the addition of lemongrass. As flubendiamide alone, it also
declined from 40% initially to 90.58% after 15 d, while the flubendiamide/lemon-
grass mixture dissipation rate was 95.4% after 15 d with corresponding half-lives
of 1.25 and 2.72 d, respectively. Consistent with our present results are those of
Kelageri et al. (2017) who found that the initial residue of flonicamid in greenhouse-
grown tomatoes (Solanum lycopersicum L.) was 1.23 mg/kg, which became undetect-
able 10 d after application. In addition, flonicamid showed a high dissipation rate in 4
different crops including peach (Prunus persica L.), cucumber (Cucumis sativus L.),
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cabbage (Brassica oleracea L.), and cottonseed (Gossypium arboretum L.), with half-
lives ranging between 2.28 and 9.74 d (Zhang et al. 2022). Moreover, Liu et al. (2014)
observed low residual levels of flonicamid, with corresponding half-life ranges of 10.3–
14.2, 5.1–6.1, and 3.0–4.9 d in soil, apple, and cucumber, respectively, after different
interval days (1 to 14 d) from spraying with 1.5 times higher of its recommended dose.
In addition, the final residues of flonicamid ranged from 0.029 to 0.295 mg/kg in
cucumbers, ,0.01–0.174 mg/kg in apples, and ,0.01–0.172 mg/kg in soil, respec-
tively. The dissipation of total residues of flonicamid and its metabolites in soil and cab-
bage were well fitted by the first-order kinetics model with half-lives of 2.04–7.62 d and
1.97–4.99 d in soil and cabbage, respectively, after spraying flonicamid at recom-
mended dose and 1.5-fold higher (Wang et al. 2018). In a similar study, Singh et al.
(2023) reported that the initial residue of flubendiamide in tomato fruit grown under field
and poly-house conditions rose to 94.75 and 73.85%, respectively, on the 10th day,
with dissipation median time (DT50) of 2.25 and 5.02 d, respectively.

In this context, a preharvest interval (PHI) of 1 d has been recommended for flu-
bendiamide as its half-life ranged from 0.33 to 3.28 d after spraying of flubendia-
mide (480 SC) on tomato crop at 48 and 96 g active ingredient (a.i.)/ha (Sharma
et al. 2014). In similar studies, the half-life of flubendiamide in tomato fruit was
1.64 and 1.98 d (Paramasivam and Banerjee 2012), while it was 3.9 and 4.45 d in
cabbage (Mohapatra et al. 2010) after its application with 24 and 48 g a.i./ha,
respectively.

In conclusion, it has been found that lemongrass oil had insecticidal effects on
S. frugiperda. In addition, the dissipation rates of flonicamid and flubendiamide
when applied alone were higher than those of their mixtures with lemongrass, i.e.,
lemongrass enhanced their dissipation rates in corn seeds. Therefore, flonicamid
and flubendiamide residues were undetectable in corn seeds. This finding implies
that harvesting the corn seeds shortly after the application of flonicamid and flu-
bendiamide would be safe. On the other hand, the high residue levels of flonicamid
and flubendiamide in corn husks can be attributed to the direct application method.
Consequently, further research is needed to verify the safe utilization of corn husks
treated with these materials as a raw material in animal feed.
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