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ABSTRACT. Studies focusing on the potential use of botanical insecticides have increased significantly in recent
years. Essential oils extracted from citrus fruit peels contain limonene, a monoterpene that is widely used
in agricultural pest control studies. This study aimed to investigate the insecticidal properties of the
essential oil of Citrus aurantium (L.) var. dulcis and analyze its effects on the midgut of Diatraea saccharalis
(Fabricius, 1794) (Lepidoptera: Crambidae) and Spodoptera eridania (Stoll, 1782) (Lepidoptera: Noctuidae)
neonate larvae. After essential oil dilution, five concentrations (0.06; 0.12; 0.25; 0.50 and 1.00%) were
obtained and topically applied to the prothorax of larvae. Behavioral observations and larval mortality data
were recorded every 24h for a duration of 120h. Midgut samples were collected 24 and 48h after the
bioassays to perform histological and ultrastructural analyses. Both species exhibited low mobility, which
progressed to paralysis after treatment, and mortality was only recorded in the first 48h. D. saccharalis and
S. eridania larvae treated with 1.00% essential oil concentration had mortalities of 89 and 47%, respectively.
The lethal concentrations (LCso) of essential oil have been estimated to be 0.50% (CI = 0.45-0.57%) for D.
saccharalis and 1.06% (CI = 0.89-1.35%) for S. eridania. The histological and ultrastructural analyses
revealed significant midgut damage, such as detachment of the muscle fibers from the basal region of the
epithelium and spacing of columnar cells, which progressed to a complete degeneration of the epithelial
cells. The negative effects of C. aurantium var. dulcis essential oil on D. saccharalis and S. eridania neonate
larvae indicate its bioinsecticide potential. Our results suggest that this essential oil can be implemented
in integrated pest management for sustainable crop production.
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Introduction

Diatraea saccharalis (Fabricius) and Spodoptera eridania (Stoll) are two lepidopteran pests that severely
damage crops of economic interest, such as sugarcane (Saccharum officinarum L.) and soybean (Glycine max
[L.] Merr.), respectively. In sugarcane, D. saccharalis larvae cause primary and secondary damage by
penetrating stems and forming galleries that damage vascular bundles, impair nutrient transport, cause
tillering, and indirectly provide entry points for phytopathogenic fungi (Assis et al., 2023; Puentes-Cala et al.,
2023; Silva et al., 2020). For their part, the larvae of S. eridania defoliate and damage soybean plants
(Damascena et al., 2023; Parra et al., 2021), reducing pod production and, consequently, grain yield. Currently,
chemical control is the predominant strategy for managing insect populations (Dent & Binks, 2020), but its
negative effects on human health and the environment are concerning (Dhankhar & Kumar, 2023; Pathak et
al., 2022; Rosca et al., 2023; Sharma et al., 2023).

The use of essential oils as plant-based bioinsecticides may be an alternative method for pest control in
various crops (Ngegba et al., 2022; Oliveira et al., 2024b). This not only reduces the environmental impact
caused by chemical insecticides but also ensures a sustainable crop production (Assadpour et al., 2023; Sena-
Filho et al., 2023; Pavela & Benelli, 2016). Essential oils, also known as “green insecticides,” are produced by
specific glands involved in plant metabolism and are considered some of the best substitutes for chemical
pesticides (Assadpour et al., 2023; Pavela & Benelli, 2016). Their applicability has been highlighted in the
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control of insect pests owing to their toxicological properties and low adverse effects on non-target organisms
(Lima et al., 2024; Oliveira et al., 2024a; Oliveira et al., 2024b; Pavela & Benelli, 2016).

The toxic activity of citrus essential oils has been described for several pests (Campolo et al., 2018;
Damascena et al., 2023; Jain et al., 2021; Lima et al., 2024; Moungthipmalai et al., 2023), and has relation to
limonene, a monoterpene extracted from the peels of citrus species that is used in the cosmetic and food
industries (Anandakumar et al., 2021; Lima et al., 2024; Oliveira et al., 2024b). D-limonene is the principal
active form of limonene and is abundant in various plant species, such as the peel oil of grapefruits and
oranges (Gonzalez-Mas et al., 2019). While this molecule has low toxicity in humans (Anandakumar et al.,
2021; Braz et al., 2021; Eddin et al., 2021), it induces lethal, repellent, and deterrent effects in insects
(Arokiyaraj et al., 2022; Damascena et al., 2023; Duque et al., 2022; Gadelhaq et al., 2023; Lima et al., 2024;
Lin et al., 2024; Mursiti et al., 2019; Oliveira et al., 2021; Oyedeji et al., 2020). The use of limonene and some
of its insecticidal properties are well known, however, the cellular response of insects to exposure needs to be
elucidated, particularly in the digestive system.

The midgut of insects has an endodermal, embryonic origin and is responsible for food digestion and
nutrient absorption (Caccia et al., 2019). As the midgut plays a functional role in the alimentary canal and
encompasses most of the body in insect larvae, analyzing this region can effectively measure the cellular
damage caused by essential oils. The lepidopteran midgut epithelium is composed of a single layer comprising
four different cellular types: columnar, goblet, endocrine, and regenerative cells. These are responsible for
secreting digestive enzymes and bioactive peptides, absorbing nutrients, maintaining ionic homeostasis, and
renewing epithelial cells (Caccia et al., 2019; Lehane & Billingsley, 1996; Pinheiro & Gregorio, 2003).

This study aimed to (i) evaluate the insecticidal properties of C. aurantium var. dulcis essential oil on D.
saccharalis and S. eridania neonate larvae and (ii) analyze its effects on the midgut of exposed insects. The
results of this study may serve to improve our understanding of the effects of this essential oil on two insect
pests of economic interest and promote its use in biocontrol studies for sustainable agriculture.

Material and methods

Insects

Neonate larvae of D. saccharalis and S. eridania (between 12-24h of age) were obtained from mass rearing
at the Laboratory of Biological Control and Bioprospection of Insects, Department of Biotechnology, Genetics
and Cell Biology, State University of Maringd, Maringa, Parand State, Brazil (23°25'30” S and 51°56'20” W).

Essential oil

The C. aurantium var. dulcis essential oil was obtained by cold pressing sweet orange peel (Florananda
Industry and Commerce of Cosmetics and Natural Products Ltda., Jad, Sao Paulo State, Brazil). The obtained
essential oil contained 95.41% limonene, with no solvents or diluents, being belonging to the chemical group
of terpene hydrocarbons, as described in the corresponding technical report (Lot 231125, available from:
www.bioessencia.com.br). The concentration of essential oil suggested by Lima et al. (2024) is 0.70%.

Bioassays

Five concentrations were obtained after essential oil dilution in 0.2% Tween® 20 solution based on
previously mentioned study: 0.06, 0.12, 0.25, 0.50, and 1.00%; v/v. Subsequently, 60 uL of the prepared
solutions were topically applied on the larvae prothorax. In the control group, 60 pL of 0.2% Tween® 20
solution were applied. All treatments were performed with 10 replicates (containing 10 larvae per replicate),
totaling 100 insects per essential oil concentration. After treatment, the larvae were placed in Petri dishes (60
x 15 mm) containing 7.5 mL of an artificial diet (Daquila et al., 2019) specific to D. saccharalis (Hensley &
Hammond, 1968) and S. eridania (Greene et al., 1976). The Petri dishes were maintained at 25 + 2°C, with a
12:12 h photoperiod and 70 * 10% relative humidity (Aradjo, 1987; Sampaio et al., 2024). Behavioral
observations and larval mortality data were evaluated every 24 for 120h.

Histochemical analyses

Larvae of both species (n = 10 per species) were collected 24 and 48h after the bioassays that induced the
highest mortality rates (0.50 and 1.00%) and the control groups. The insects were cryoimmobilized at -4°C,
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and the midgut was dissected in a phosphate-buffered solution for insects (NaCl, KCIl, Na;HPO,.7H,0, KH;POy;
80:2:21.7:2; m/m) under a stereomicroscope (Zeiss, Oberkochen, Germany) at 16x magnification.
Subsequently, the midgut was fixed in alcoholic Bouin solution (formaldehyde, picric acid, acetic acid;
7.5:2:0.5; v/v) for 24h, dehydrated in a series of ethanol of increasing grade (70, 80, 90, and 100%; v/v),
clarified in xylene, and immersed in paraffin. Transversal sections (6 pym) were cut using a Leica RM 2250
microtome (Leica Biosystems, Germany) and stained with hematoxylin/eosin (Junqueira & Junqueira, 1983).
Images were taken using a Moticam® camera (Motic, Kowloon Bay, China) and analyzed using an Olympus®
CX21FS1 microscope (Tokyo, Japan).

Transmission electron microscopy (TEM)

For TEM analysis, the midgut of larvae of both species (treated with 1.00% essential oil solution and control
groups) were collected 24h after the bioassays. Midguts were fixed with Karnovsky solution (2.5% v/v
glutaraldehyde and 4% v/v paraformaldehyde in 0.1 M phosphate buffer, pH 7.3) for 24h at room temperature
(25°C). Subsequently, they were post-fixed in 1% (w/v) osmium tetroxide diluted in the same buffer for 2h.
The samples were washed with distilled water and a 0.5% (w/v) aqueous solution of uranyl acetate for 2h,
dehydrated in increasing concentrations of acetone (50, 60, 70, 80, 90, and 100%; v/v), and embedded in
Araldite® resin (Huntsman Advanced Materials, Salt Lake City, UT, USA). Ultrathin sections were obtained
using an ultramicrotome (Leica EM UC7; Leica Biosystems) and stained with 1% lead citrate (v/v) and 1%
uranyl acetate (v/v). The samples were analyzed using a Tecnai™ Spirit TEM (FEI Company, Eindhoven,
Netherlands) or JEOL JEM 1400 (Akishima, Tokyo, Japan) at the Electron Microscopy Center of the Institute
of Biosciences of Botucatu, Sao Paulo State University, Botucatu, Sao Paulo State, Brazil, and the Complex of
Research Support Centers (COMCAP) at the State University of Maringd, Maringd, Parana State, Brazil.

Statistical analysis

The accumulated mortality data for the treatments were analyzed using the SPSS software v. 25.0 (IBM,
Armonk, NY, USA). Normality and homogeneity were verified using the Kolmogorov-Smirnov and Bartlett
tests, respectively. One-way analyses of variance using Kruskal-Wallis and post hoc Dunn tests were then
performed, with a = 0.05 (IBM Corporation, 2017). Furthermore, probit regression analyses of the bioassay
results were used to estimate the lethal concentrations (LCsp and LCq). Inkscape™ 1.1 was used to design the
mortality graph (Inkscape, 1991). All tests were performed at a significance level of 5%.

Results

The larvae of D. saccharalis and S. eridania exposed to C. aurantium var. dulcis essential oil exhibited low
mobility that progressed to complete paralysis. The mortality of D. saccharalis and S. eridania larvae exposed
to the different solutions demonstrated to be concentration-dependent.

Larval mortality

All concentrations of C. aurantium var. dulcis essential oil were toxic to D. saccharalis larvae. The Kruskal-
Wallis test results indicated differences in D. saccharalis larval mortality according to the essential oil
concentrations used (y? = 27.204, p = 0.000). The treated group were significantly different to the control groups
(Dunn test, p < 0.05) (Figure 1A). The multiple comparisons analysis showed no significant differences in mortality
of D. saccharalis larvae between the control and 0.06 and 0.12% concentration treatments (p > 0.05). However,
mortality in the 0.25, 0.50, and 1.00% concentration groups was significantly different than observed in the control
group (p < 0.005). Mortality in the 0.06% treatment was similar to that in the 0.12 and 0.25% groups (p = 0.877 and
p = 0.346, respectively) but different from mortality in the 0.50% (p = 0.008) and 1.00% (p = 0.000) treatments.
Similar results were observed when comparing the 0.12% group with the 0.50 and 1.00% treatments (p = 0.005 and
p = 0.000, respectively); however, mortality in the 0.12 and 0.25% treatments was similar (p = 0.273). The 0.25%
group had a significantly different mortality to than in the 1.00% treatment (p = 0.004), while that under the 0.50%
concentrations was similar to mortality in the 0.25% (p = 0.091) and 1.00% (p = 0.237) treatments.

D. saccharalis larvae treated with 0.06, 0.12, 0.25, 0.50, and 1.00% concentrations showed 12, 13, 26, 58,
and 89% mortality, respectively, 120h after essential oil application (Figure 1A). The lethal concentrations
were LCso = 0.50% (CI = 0.45-0.57%) and LCq = 0.92% (CI = 0.82-1.04%) (Figure 1A). The lack of overlap in
confidence intervals confirms the difference between the lethal concentrations and reliability of the data.
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Figure 1. Mortality rates induced by different concentrations (0.06, 0.12, 0.25, 0.50, and 1.00%) of Citrus aurantium var. dulcis essential
oil in larvae of (A) Diatraea saccharalis and (B) Spodoptera eridania, 120h after the bioassays. LCso and LCo represent the lethal
concentrations for 50 and 90% of insects according to probit regression. CI, confidence interval; C, control group. Different letters
denote significant differences in relation to the control group (Kruskal-Wallis and Dunn test; a= 0.05).

Experiments with S. eridania showed similar results to those of D. saccharalis. All the concentrations of
essential oil tested were toxic to S. eridania larvae. The Kruskal-Wallis test indicated significant differences
in the mortality of S. eridania larvae under different essential oil concentrations (y? = 35.893, p = 0.000).
Comparisons between the control group and treatments also showed significant differences in larvae mortality
(Dunn test, p < 0.05) (Figure 1B). The 0.06% treatment yielded similar results to those of the 0.12% (p = 0.531),
0.25% (p = 0.505), and 0.50% (p = 0.632) groups. The essential oil concentration of 0.12% had a similar mortality to
those of the 0.25% (p = 0.968) and 0.50% (p = 0.269) treatments, which were also similar to each other (p = 0.252).
However, the 0.50 and 1.00% concentrations were not significantly different (p = 0.094).

In S. eridania, 120h after exposure, the insects treated with 0.06, 0.12, 0.25, 0.50, and 1.00% essential oil
concentrations had mortalities of 11, 9, 12, 13, and 47%, respectively (Figure 1B). The lethal concentrations
were LCsp = 1.06% (CI = 0.89-1.35%) and LCqy = 1.86% (CI = 1.53-2.45%) (Figure 1B). Once more, the lack of
overlap between the confidence intervals confirms the difference between lethal concentrations and
reliability of the data. The two highest concentrations of essential oil, 0.50 and 1.00%, showed the highest
toxicity in both species. However, their mortality rates stabilized after 48h (Figure 2A and B).
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Figure 2. Toxicity persistence of Citrus aurantium var. dulcis essential oil induced by different concentrations (0.06, 0.12, 0.25, 0.50,
and 1.00%) in larvae of (A) Diatraea saccharalis and (B) Spodoptera eridania 24-120h after the bioassays. C, control group.

Cytotoxic effects

The histochemical analysis showed that the epithelium of the D. saccharalis control larvae at 24 and 48h
did not show any morphological differences. This epithelium was mostly composed of columnar, goblet, and
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regenerative cells supported by muscle fiber bundles (Figure 3A and B). Columnar cells with striated surface
projections towards the lumen, called microvilli, formed the brush border in the apical region (Figure 3A and B). In
contrast, the larvae treated with essential oil solutions began exhibiting morphological alterations after 24h. The two
highest concentrations (0.50 and 1.00%) showed the most prominent damage to the intestinal epithelium, including
intercellular spaces, reduced intestinal lumen, and muscle fiber detachment (Figure 3C and E). After 48h, damage was
more noticeable, featuring an almost complete detachment of the muscle fibers from the base region and spaced
columnar cells (Figure 3D), progressing to a complete degeneration of the epithelial cells (Figure 3F).

Similar to D. saccharalis, the histochemical analysis showed no morphological differences in the
epithelium of S. eridania control larvae 24 and 48h after treatment. Despite their evident intestinal size
difference, S. eridania and D. saccharalis are very similar, with columnar, goblet, and regenerative cells in the
epithelium supported by muscle fiber bundles (Figure 4A and B). After 24h, S. eridania larvae treated with
essential oil solutions began presenting morphological alterations such as muscle fiber detachment,
vacuolization, intercellular spacing, and a compromised integrity of the epithelium (Figure 4C and E). After
48h, the damage became more notable, particularly under the 1.00% treatment; intercellular spaces became
more prominent, resulting in cell lysis (Figure 4D) and epithelial degeneration (Figure 4F).

Figure 3. Light microscopy of the midgut in first-instar Diatraea saccharalis larvae. Transversal sections (6 pm) stained with
hematoxylin and eosin. Control larvae after (A) 24h and (B) 48h. Im, lumen; nc, columnar cell nucleus; cc, columnar cells; rc, regenerative cell;
gc, goblet cells; mf, muscle fiber bundles; bb, brushed border. Morphological alterations in the midgut of neonate larvae treated with (C and D)
0.50% and (E and F) 1.00% Citrus aurantium var. dulcis essential oil solutions, after (C and E) 24 h and (D and F) 48h. Im, reduced lumen; cc,
columnar cells with irregularities; gc, less visible goblet cells; nc, nucleus; mf, muscle fiber bundle detachment; *, intercellular spaces; dc,
degenerated cells. Scale bars in A, D, and G=30 ym; B, E, and H= 20 um; and C, F, and I = 10 ym.
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Figure 4. Light microscopy of the midgut in first-instar Spodoptera eridania larvae. Transversal sections (6 um) stained with
hematoxylin and eosin. Control larvae after (A) 24h and (B) 48h. Im, lumen; cc, columnar cells; gc, goblet cells; nc, nucleus; rc,
regenerative cell; bb, brush border; mf, muscle fiber bundles. Morphological alterations in the midgut of neonate larvae treated with (C
and D) 0.50% and (E and F) 1.00% Citrus aurantium var. dulcis essential oil solutions, after (C and E) 24h and (D and F) 48h. Im, lumen;
cc, damaged columnar cells; nc, nucleus; mf, muscle fiber bundles detachment; vc, vacuoles; *, intercellular spaces; dc, degenerated
cells. Scale bars = 10 um.

TEM

Through TEM, we observed that the columnar cell apex of the control D. saccharalis larvae presented an
electron-dense cortical cytoplasm and prolonged microvilli towards the lumen (Figure 5A). Well-developed
basal labyrinths, lipid droplets, and regenerative cells were observed in the basal and infranuclear regions of
the columnar cells (Figure 5B). In the nuclei, a predominance of decondensed chromatin and evident nucleoli
were observed (Figure 5B). Conversely, in larvae treated with 1.00% essential oil solution, a reduced lumen
due to cell hypertrophy was observed 24h after the bioassays (Figure 5C and E). In the apical region of the
columnar cells, irregularities were observed in the microvilli and cytoplasmic rarefaction (Figure 5C).
Additionally, enlarged intercellular spaces and nuclei with a predominance of heterochromatin were observed
in the basal region of the epithelium (Figure 5D and F), while a rough endoplasmic reticulum was found in the
cell cytoplasm in two distinct concentric or stacked organizations (Figure 5E).

The columnar cell apex of control S. eridania had electron-dense characteristics and prolonged microvilli
towards the lumen (Figure 6A). The basal labyrinth and regenerative cells in the basal and infranuclear regions
of the columnar cells were supported by the basal lamina (Figure 6B). In the nuclei, the nucleolus and various
heterochromatic lumps were observed in a circular shape (Figure 6B). In contrast, the intestinal epithelium
of larvae treated with 1.00% essential oil presented a lot of damage after 24h, including the complete
disintegration of columnar cells, leaving only their imprint and some cytoplasmic content in both apical and
basal regions (Figure 6C and D). Furthermore, some degenerated nuclei were found in the basal region (Figure
6D), while cells detached from the basal lamina and migrated towards the lumen region and absent basal
labyrinth (Figure 6D).
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Figure 5. Transmission electron microscopy of the midgut in first-instar Diatraea saccharalis larvae. Cross sections. (A and B) Control
larvae. Im, lumen; mv, microvilli; cc, columnar cell; 1d, lipid droplets; rc, regenerative cell; gc, goblet cell; bel, basal labyrinth; mf,
muscle fibers; nc, nucleus. (C, D, E, and F) Neonate larvae 24h after treatment with 1.00% Citrus aurantium var. dulcis essential oil

solution. Im, reduced lumen region; mv, microvilli; 1d, lipid droplets; gc, damaged goblet cells; vc, vacuoles; nc, degenerated nucleus; *,
intercellular spaces; bel, basal labyrinth; er, endoplasmic reticulum; bl, basal lamina, mf, rupture muscle fibers. Scale bars = 5 pm.

Discussion

The reduced mobility and paralysis observed in both larval species after treatment with C. aurantium var. dulcis
essential oil solution may be attributed to the action of limonene on the central nervous system of the insect,
suggesting neuromuscular collapse. Limonene has shown systemic activity in Aleurocanthus woglumi (Ashby)
(Oliveira et al., 2024b), interacting with the insect neurotransmitters (Leite-Andrade et al., 2022). This neurotoxic
effect was also observed in pigeon lice (Columbicola columbae, Linnaeus) in which limonene may act through the
neuromuscular inhibition of acetylcholinesterase (Gadelhaq et al., 2023). The analysis of acetylcholinesterase
activity and oxidative stress in pigeon lice treated with D-limonene nanoemulsions showed significant inhibition
of this enzyme, with higher percentages than those found when using deltamethrin (Gadelhaq et al., 2023).
Inhibition of acetylcholinesterase activity in Callosobruchus maculatus (Fabricius) and Sitophilus zeamais
(Motschulsky) adults treated with Citrus sinensis (Pers.) essential oil has also been reported (Oyedeji et al., 2020).
Acetylcholinesterase is linked to synaptic transmissions and regulates neurotransmission in the insect body by
hydrolyzing the neurotransmitter acetylcholine (Ryan & Byrne, 1988). Its inhibition can cause acetylcholine
accumulation in the synaptic cleft, resulting in a usually fatal overstimulation of the nervous system. Hence,
acetylcholinesterase is the primary target of organophosphate insecticides (Corréa et al., 2023).
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Figure 6. Transmission electron microscopy of the midgut in first-instar Spodoptera eridania larvae. Cross sections. (A and B) Control larvae.
Im, lumen; mv, microvilli; cc, columnar cell; Id, lipid droplets; rc, regenerative cell; gc, goblet cell; bel, basal labyrinth; mf, muscle fibers; nc,
nucleus. (C and D) Neonate larvae 24h after treatment with 1.00% Citrus aurantium var. dulcis essential oil solution. dc, cells completely
degenerated; nc, damaged nucleus; mv, damaged basal microvilli; mf, muscle fibers detached from basal lamina. Scale bars= 5 pm.

The knockdown effect we observed could also be explained by the destruction of the wax layer that covers
the respiratory system, thereby interrupting gas exchange, as suggested by Abdallah et al. (2017). The respiratory
system of insects is composed of the trachea and tracheoles, which are invaginations from the epidermis covered
by a chitinous cuticle, the intima (Muthukrishnan et al., 2012). Monoterpenoids derived from plant essential oils
have hydrophilic and hydrophobic properties that confer them with the capacity to penetrate insect cuticles and
reach the hemolymph, subsequently altering their physiological processes (Arokiyaraj et al., 2022). The deleterious
effects of limonene on the chitin layer of insects were also reported by Gadelhaqg et al. (2023). After treating pigeon
lice with nanoemulsions, the authors observed disfigured, collapsed bodies and damage in the cuticle of the
mouthparts; additionally, they reported the loss of sensilla appendices.

In this study, C. aurantium var. dulcis essential oil showed dose-dependent mortality in D. saccharalis
and S. eridania larvae. This characteristic has also been reported by Oliveira et al. (2024a) when the larvae
of S. frugiperda were exposed to some essential oils, such as Cinnamodendron dinisii (Schwacke) Occhioni
(Canellaceae), Eugenia uniflora L. (Myrtaceae), and Melaleuca armillaris (Sol. ex Gaertn.) Sm. (Myrtaceae).
The mortality data collected suggest that the two higher concentrations (0.50 and 1.00%) exhibited the
highest toxicity. However, the mortality rates stabilized for both species after 48h, suggesting that
toxicity was reduced owing to the volatilization of the product. These results highlight the low
persistence of limonene, which was also reported by Damascena et al. (2023). The authors recorded
mortality within 72h of exposure, after which they applied 2% of encapsulated D-limonene over leaves
of a Cucurbita moschata (Duchesne) to verify the residual effect over Plutella xylostella (Linnaeus), S.
eridania, and Diaphania hyalinata (Linnaeus) larvae. The authors did not observe mortality, indicating
that D-limonene has a maximum residual effect of 72h.

After treating second-instar crawlers of Planococcus lilacinus (Ckll.) with L-limonene combined with
geraniol, Arokiyaraj et al. (2022) reported synergistic properties and a significant level of toxicity 96 h after
treatment (LDso = 0.03 pg! insect). This improved formulation with synergistic compounds can prolong the
toxicity of limonene. The synergistic properties of limonene have also been reported by Cruz et al. (2017),
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who registered testicular apoptosis in third-instar Spodoptera frugiperda (Smith) larvae 48h after topically
treating them with limonene, trans-anethole, and a combination of the two compounds. The authors reported
LDs, values of 0.28 mg g! insect (IC = 0.22-0.33) and 31.53 mg g! insect (IC = 20.98-39.25) in insects treated
with limonene and limonene + trans-anethole, respectively. Additionally, they observed a reduction in
oviposition and longevity after adult emergence. In addition to its larvicidal effects, limonene has also shown
repellent and fumigant properties against Cimex spp., commonly known as bed bugs (Mursiti et al., 2019).

Although all the concentrations of C. aurantium var. dulcis essential oil tested here demonstrated toxicity
against neonatal larvae, the 0.50 and 1.00% treatments showed the most prominent cellular damage to the midgut
of both species. As for the histological analysis, the control group midgut epithelium of both species exhibited the
histological pattern in the larval stage as described by Bowling et al. (2019) and Daquila et al. (2019). The
histopathological damage observed in the present study was similar to that reported in previous studies using
bioinsecticides made from botanical essential oils (Rahayu et al., 2024; Caballero-Gallardo et al., 2023; Souza et
al., 2023; Oliveira et al., 2021; Scudeler & Santos, 2013; Silva et al., 2017) and microorganism toxic proteins
(Bowling et al., 2019; Daquila et al., 2019).

The cytotoxic effects and complete disorganization of the epithelium of the midgut after limonene
exposure in this study are similar to those described in the midgut of Aedes aegypti (L.) larvae treated with a lethal
concentration of D-limonene (Oliveira et al., 2021). The cellular injuries observed in the present study highlight
damage to the histophysiology of the midgut, which causes a reduced acquisition of nutrients, enzymatic and
hormonal malfunctions, and the eventual death of the insect (Lehane & Billingsley, 1996). Similar results were
observed by Silva et al. (2017) in the midgut of third-instar S. frugiperda larvae treated with citronella essential oil,
and in the midgut of fourth-instar Spodoptera litura (Fabricius, 1775) (Lepidoptera: Noctuidae) larvae treated with
papaya leaf extract (Rahayu et al., 2024). The altered epithelium observed in that study presented cytoplasmic
protrusions, columnar cell extrusions, and pyknotic nuclei. The authors also reported damage to trophocytes after
exposure to citronella, including intense vacuolation and mitotic bodies.

The epithelium of the midgut in both treated species showed the formation and expansion of intercellular
spaces between epithelial cells, which may have been caused by the action of limonene at the cellular
junctions. Such intercellular damage has also been reported in the epithelium of other insects treated with
botanical insecticides, including neem oil and Illicium verum (Hook. f.) (star anise) essential oils, leading to
the loss of cohesion with neighboring cells (Souza et al., 2022; Scudeler & Santos, 2013).

In treated larvae of S. eridania, the columnar cells detached from the basal lamina and migrated towards
the lumen region, followed by complete cell disintegration 48h after treatment. Similar to these results,
Caballero-Gallardo et al. (2023) reported sever damage to the midgut epithelium — especially the detachment
of columnar cells — by investigating the epithelium of Ceraeochrysa claveri (Navas) exposed to citronella
essential oil. However, the injuries observed in S. eridania midgut columnar cells were more prominent.

Conclusion

The larvicidal and toxicological properties of C. aurantium var. dulcis essential oil on D. saccharalis and S.
eridania neonate larvae elucidated here could be useful for the development of environmentally friendly
pesticides. All the concentrations of essential oils tested caused mortality in D. saccharalis and S. eridania
neonate larvae, with respective LCsy values of 0.50 and 1.06%. The highest concentrations resulted in
significant damage to the midgut epithelium of both species, which compromised their survival and may
reflect their population dynamics. Therefore, the C. aurantium var. dulcis essential oil may be used to control
both insect species. Its neurotoxic action is similar to that of synthetic organophosphate insecticides, while
its damage to the midgut is comparable to that of other natural bioinsecticides such as neem oil, which cause
cellular injuries that compromise the histophysiology of the midgut and result in mortality. Furthermore, we
recommend that studies on the persisten

ce and degradation of C. aurantium var. dulcis essential oil be expanded, as field conditions such as
temperature and light exposure must be carefully considered (Turek & Stintzing, 2013). Additionally, the
combination of essential oils with chemical substances may accelerate their oxidation and modify their
effectiveness against insect pests. Consequently, research that evaluates the compatibility of essential oils
with pesticides and bioinsecticides or biological control agents, along with the development of new
application technologies, is highly encouraged.
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