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ABSTRACT
The widespread agricultural polyphagous insect pest Spodoptera littoralis

(Boisduval) (Lepidoptera: Noctuidae) infests various crops especially the
Egyptian cotton. Safer alternatives for insect pest control are needed due to
the drawbacks of current insecticide used in agriculture settings. The
neonicotinoid imidacloprid and the spinosyn biopesticide spinosad are widely
used in crop systems to fight against a broad spectrum of phytophagous insect
pests. Although spinosad and imidacloprid have been used in separate trials
against S. littoralis, nothing is known about the impact of their binary mixing.
Thus, the current research investigated the effects of imidacloprid at sublethal
levels and spinosad alone and in combination on the antifeedant activity and
the histomorphological changes probably caused in the midgut of S. littoralis

4"instar larvae. Using the leaf-dip technique approach, on castor-bean
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Ricinus communis leaves that had been treated, larvae were fed for three days
in a row (treatment period). In case of the midgut histological study, for two
days in a row, new, untreated leaves were substituted for the treated ones
(recovery period). The most effective antifeedant was imidacloprid. Which
was about 1.30, 1.41, and 1.29 times more than that of spinosad on the 1%, 2™
, and 3 day post-treatment, respectively. Beside, imidacloprid was about
1.46, 1.11, and 1.18 more than that of the combined imidacloprid and
spinosad on the 1%, 2", and 3™ day post-treatment, respectively. Compared
to the midgut of untreated larvae (controls), the treated larvae's midgut
displayed changes after 3 days of treatment, 1% and 2" day of recovery.
Muscle layer disintegration, epithelial cell disarray, peritrophic membrane
separation, basement membrane detachment, and epithelium vacuolization
were among the histological abnormalities. Combining spinosad and
imidacloprid would reduce the amounts of each pesticide when used
separately. This might result in less environmental degradation and prevent

the development of resistance.

INTRODUCTION

In the world's tropical and subtropical regions, cotton leafworm Spodoptera littoralis
(Boisduval) (Lepidoptera: Noctuidae) is one of the most devastating pests [1]. As a leaf
feeder that will consume practically any herbaceous plant, the larval stage was well-
known [2]. About 90 host plant species from 40 families are infested, including crops and
vegetables with high economic value [3]. This pest is a year-round resident in Egypt, It is
regarded as one of the most harmful pests to cotton, the country's main cash crop [3].

In Egypt, pesticides have been the principal tool for controlling S. littoralis [4,5].
Unfortunately, due to the improper application of these pesticides, S. littoralis has

evolved a resistance to organophosphates, carbamates, and synthetic pyrethroids
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[6,7,8,9,10]. In addition, due to the usage of these chemical pesticides, a number of issues
have arisen, including environmental contamination, human health risks including cancer,
and immune system abnormalities [11] and harmful effects on beneficial insects [12].

To address these issues, as replacements for usage in integrated management
strategies, new pesticides have been developed and licensed that mimic natural products
or come from biotic agents with new modes of action [13,14,15,16]. These pesticides

include spinosad and imidacloprid.

One of the most used neonicotinoids in the globe is imidacloprid [17]. It is a
neurotoxin that affects pest insects' central nervous systems. It is a chloronicotynil
systemic insecticide agonist of the nicotinic acetylcholine receptors (NnAChRs), increasing
Na+ entrance and K+ exit, causing irreversible blockage of postsynaptic receptors,
leading to convulsions and paralysis, and eventually, insect death [18,17]. In multiple
modes of administration, such as foliar, seed/soil treatments, and other methods,
imidacloprid is one of the most promising and efficient pesticides against lepidopterous

insect pests [19,20,21].

A combination of macrocyclic lactones (spinosyn A and spinosyn D) that were
naturally fermented from the soil actinomycete Saccharopolyspora spinose is known as
spinosad [22]. It was chosen as a potential natural insecticide since it works both via
contact and ingestion [23]. Its major target site seems to be a subtype of the nAChRs, and
a second putative secondary target site at the gamma-aminobyturic acid (GABA)-gated
chloride channel suggests that its mechanism of action is similar to that of the
neonicotinoids, leading to continuous activation of motor neurons, which stops feeding,

tremors in most body muscles, and eventually paralysis and death of insect [24]. Thus,



344 Asmaa M. El-Sayed et al.

the mode of action of spinosad renders it a useful agent to manage resistance in pests.
Spinosad has a broad spectrum nematocidal, acaricidal and insecticidal properties [25]. It
IS a stomach poison with some contact action; thus, It has been approved for use in more
than 30 nations to combat pests that feed on leaves in the orders Lepidoptera, Coleoptera,
Diptera, and Thysanoptera [26,27,28].

The toxic and biological effects of separate imidacloprid and spinosad against S.
littoralis have been investigated by several authors [29,21], with only one study using
combined imidacloprid and spinosad in this respect has been conducted by [30].
Applying a binary mixture of insecticides has been hypothesized to minimize the
concentrations of each insecticide when applied alone, leading to decreasing
environmental pollution and heading off the development of resistance [30]. Moreover, to
the best of our knowledge, no study has been carried out regarding evaluating the
antifeedant activity of both separate and combined imidacloprid and spinosad as well as
evaluating the combined effect of imidacloprid and spinosad on the midgut histology of
S. littoralis larvae. Based on these findings, the present study aimed at evaluating the
antifeedant activity of imidacloprid and spinosad, either separately or in combination,
against S. littoralis larvae. We also evaluated the effects of separate and combined
treatments with these pesticides on the histological architecture of the midgut.

MATERIALS AND METHODS
2.1. Insect culture
Eggs from the Cotton Leafworm Research Division were used to generate a stock colony
of S. littoralis, Plant Protection Research Institute, Assiut, Egypt. Before beginning the

experiments, larvae were raised for 30 generations on the Ricinus communis L.
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(Euphorbiaceae) leaves of the castor bean, in the insectaries of the Zoology Department,
Faculty of Science, Assiut University. Adults were fed on a 10% sucrose solution. Insects
were maintained at 27 + 2°C, 65 + 5% relative humidity, and 16-h light: 8-h dark
photoperiod according to [3]. A branch of oleander Nerium oleander L. (Apocynaceae)
was placed in the cage as an oviposition site. Every day, egg masses were gathered and
stored in 90-ml plastic cup until hatching.

2.2. Insecticides

Two insecticides were tested, imidacloprid and spinosad. Imidacloprid (Imaxi 35%
SC) was produced by Syngenta Agrochemical Co., Ltd., while spinosad (Tracer 24% SC)
was created by Dow AgroSciences Co., UK. Two insecticides were purchased from

Green Vally Company for agriculture & trade , EI-Haram, (Giza), Egypt.
2.3. Antifeedant assay

Four groups of 300 newly molted 4™-instar larvae of S. littoralis each were set up
and starved overnight. The three groups were given leaves treated with the LCso of
imidacloprid (352.18 ppm), LCsy of spinosad (175.34 ppm) and combined LCjs of
imidacloprid (271.02 ppm) + LCys of spinosad (99.06 ppm), respectively, using leaf-dip
technique according to [30]. The 4™ group served as the control, in which larvae were
treated with distilled water using leaf-dip technique. One hundred larvae from each
treatment were used in three separate replications. Control experiment was also replicated
three times with 100 larvae each. Larvae were fed on treated castor-bean leaves for three
successive days. Before and after the treatment period, the leaves were weighed daily and

the larvae were weighed separately (i.e., 3 days). The amount of consumed food and
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larval weight were calculated. The antifeedant index (AFI) was calculated according to
[31,32] as follows:

AFI = [(C-T) / (C + T)] X 100 (in %)
where:
C: the food consumed in the control,
T: the food consumed in the treatment.

2.4. Starvation percentage assay

Five hundred newly molted 4™-instar larvae of S. littoralis were starved overnight,
divided into 5 groups of 100 larvae each, three groups for the treatments with the LCs of
imidacloprid, LCs of spinosad and LC,s of imidacloprid + LC,s of spinosad, using leaf-
dip technique [30], one group for the control and one group as starved larvae. Each group
was replicated 10 times with 10 larvae each. Castor bean leaves were treated and fed to
larvae for 24, 48, and 72 hours. Control larvae were fed on untreated leaves for 24, 48
and 72 h. While starved larvae were left without feeding for 72 h. Before conducting
experiments, all larvae were previously weighed. After reweighing the larvae, the
starving percentages of the examined larvae were estimated using the formula [33,34] as
follows:

Starvation (%) = C - E/C - S X 100
where:

C = Mean weight gain of control larvae after 24h ,48h, and 72 h;
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E = Mean weight gain of treated larvae at each insecticide treatment after 24, 48, and 72

h;
S = Mean weight gain of starved untreated larvae after 24, 48, and 72 h.
2.5. Histopathological studies

Four hundred newly molted 4™-instar larvae of S. littoralis were starved
overnight, divided into 4 groups of 100 larvae each, three groups for the treatments (LCsg
of imidacloprid, LCs, of spinosad and combined LC,s of imidacloprid + LCys of
spinosad, respectively) using leaf-dip technique according to [30], and one group as the
control. Larvae were fed for three successive days. They were then fed for two successive
days on fresh untreated leaves (recovery period). After 3 days of treatments and recovery
period, larvae were collected and used for histopathological examination of the middle
portion of the midgut. Control groups were also examined. For each treatment, ten
duplicates of ten larvae each were evaluated. A parallel control of untreated larvae (10
replicates of 10 larvae each) was also run. Both treated and control larvae were dissected
with a stereomicroscope (Olympus, Japan) in Ringer’s saline solution. The sections of
midguts center were promptly fixed in aqueous Bouin's solution for 24 hours, followed
by washing in distilled water. They underwent ethanol dehydration in grades of 30, 50,
70, 90%, and absolute before being embedded in paraffin wax. A rotary microtome
(Model 2030; Leica, Germany) was used to cut transverse slices at a thickness of 5 m.
Hematoxylin and eosin staining (Merck) was applied routinely. Photos of treatments

compared to controls were acquired using an Olympus light microscope (Japan).
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2.6. Statistical analysis
One-way analysis of variance (ANOVA) was used to examine the data using IBM-
SPSS Statistics, version 25 (IBM, Armonk, New York, NY, USA). When there were
significant differences between the treatments, the least significant difference (LSD) test
at a 5% level was used to significantly separate the mean values.
RESULTS

3.1. Antifeedant assay

Table 1 shows the antifeeding activity of the treatments with imidacloprid and
spinosad separately and in combination against the 4™ instar larvae of S. littoralis after
24, 48 and 72 hours of feeding on treated castor bean leaves. Data revealed that all

treatments exhibited antifeeding properties.

The antifeeding effect of imidacloprid was the most pronounced one at all the interval
times, where this activity was about 1.30, 1.41 and 1.29 times more than that of spinosad,
and was about 1.46, 1.11, and 1.18 times more than that of their binary mixture on the 1%
, 2" and 3 day post-treatment, respectively. The antifeeding effects of imidacloprid
were significantly different at all the intervals (P < 0.003). On the 1% and 3" day of
treatment, the antifeeding effects of imidacloprid was significantly different from both
that of spinosad (F,6= 19.4, P = 0.0024, LSD = 4.12) and the combined imidacloprid +
spinosad (F,¢ = 17.1, P = 0.0033, LSD = 3.10. The antifeeding properties of spinosad
and the combination of spinosad and imidacloprid, however, did not vary significantly.
But on the 2" day of treatment, the difference between the three antifeeding effects due
to the three treatments with separate imidacloprid, spinosad and combined imidacloprid +

spinosad was significant (F, 6= 37.1, P=0.0004, LSD=2.31) .
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Table 1: Antifeeding activity of imidacloprid and spinosad separately and in
combination against 4™ -instar larvae of S. littoralis at 3 days post- treatments

Antifeedant index (%)

Days post-treatments

Treatments o= L 3 Mean*
Imidacloprid 7871+124a 66.86 £1.18a 77.53 +£2.22a 74.37
Spinosad 60.75+295b 47.35 £2.02c 59.87 £154b 55.99
Imidacloprid+
Spinosad 53.84 £390b 60.39 £1.58b 65.72 £2.63b 59.98
P 0.0024 0.0004 0.0033
F 194 37.1 17.1
LSD 4.12 2.31 3.1
df 2,6 2,6 2,6

Data are expressed as mean = SE (n= 3). * Total mean of each treatment at different time
intervals. Values are statistically analyzed by one-way ANOVA, where means within each
column followed by different letters are significantly different (P< 0.05) using LSD.

3.2. Starvation percentage assay

Data in Table 2 show the starvation percentage of the 4™ -instar larvae of S. littoralis
treated by the imidacloprid or spinosad separately and in combination after 24, 48 and 72

hours of feeding on treated castor bean leaves.

Data revealed that the average of starvation percentage of larvae treated by
imidacloprid was about 1.16 and 1.10 times more than that of larvae treated with
spinosad and their mixture, respectively (Table 2). On the 1% day of treatment, the
starvation percentages of larvae due to the three treatments were approximately the same
~ 92%. But on the 2" and 3™ day of treatments, the starvation percentages of larvae
treated by imidacloprid were 84%, and 80.69%, those of larvae treated by spinosad were

64.73% ,and 64.66, and those of larvae treated by a mixture of imidacloprid and spinosad
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were 81%.and 72.51% ,respectively. Therefore, imidacloprid proved to be more effective

antifeedant than spinosad.

Table 2: Starvation percentage of the 4™ S. littoralis larvae treated with imidacloprid and

spinosad separately and in combination at different time intervals.

Treatments Time '?A\I/;;ﬁe Difference* Star(\)/ation A(;verage
() (mg) %)  (®)

Imidacloprid 0 min 9760 @ - e
24h 93.82 -3.78 92.05 85.58
48h 97.88 +0.28 84.00
72h 105.52 +7.93 80.69

Spinosad 0 min 9633 0 - e
24h 92.47 -3.86 92.22 73.87
48h 112.35 +16.02 64.73
72h 127.08 +30.75 64.66

Imidacloprid+ 0 min 96.03

Spinosad 24h 92.19 -3.83 92.16 81.89
48h 98.76 +2.73 81.00
72h 115.59 +19.56 72.51

Control larvae 0 min 9783 - e
24h 136.10 +38.27 @ -
48h 166.73 +6890 @ - 777
72h 220.68 +12285 -

Starved larvae 0 min 9756 - e
24h 90.15 S 2
48h 84.76 1279 e
72h 77.98 1958 -

* Difference: Average weight after 24, 48, and 72 h of treatment — Average weight at zero time of

treatment
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3.3. Histopathological effects on the midgut

3.3.1. Light microscopy of normal midgut histology

Light microscopic analysis reveals that the midgut of S. littoralis fourth instars
has the histological structure seen in (Fig. 1). It is composed of a unicellular layer
(epithelium) resting upon a basement membrane. This membrane is surrounded by two
layers of muscle fibers, the outer longitudinal fibers and inner circular ones (musculosa).
Three different cell types make up the epithelium: columnar, goblet and regenerative
cells. The columnar cells are cylindrical, each cell contains large coarsely nucleus
occuping a central position within the cell. These cells have a striated border (microvilli)
brushing the inner surfaces of the cells to enhance the columnar cells' absorption surface,
and the gap between them serves as a kind of filter. The goblet cells are somewhat calyx-
shaped and are seen in great numbers between the columnar cells, each has in its mesal
part a large ampulla opening by a narrow neck through a small aperture on the inner
surface. The nucleus of each cell lies at the basal end of the cell. The regenerative cells
are clusters of small-sized cells resting on the basement membrane between the bases of
the other cells. They are round or elongated, and each contains a large nucleus
surrounded by a small amount of strongly basophilic cytoplasm. The peritrophic
membrane, a thin layer of unattached material that tightly encircles the food mass inside

the lumen of the midgut, is present.

3.3.2. Effect of imidacloprid, spinosad and their mixture on the midgut histology
After 72 hours of treatment, 4th-instar S. littoralis larvae exposed to imidacloprid showed
a variety of histological markers in the midgut (Figs. 2A, B). These signs became more

obvious on the 1% -day of recovery (Figs. 2C, D) and on the 2" -day of recovery (Figs.
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2E, F), compared to those of the control (Fig.1). The muscle layer, particularly the
circular muscle layer, degenerated in some parts round the gut (Figs. 2A, B & D). The
epithelium became loosed and detached (Figs. 2B & D). The columnar cells lost their
organization, and their nuclei were degenerated (Figs. 2A, B, C & F). Moreover, their
cytoplasm became vacuolated (Figs. 2B, C & E). These cells ultimatly became necrotic
and faintly stained with haematoxylin and eosin (Figs. 2C, D & E). The regenerative cells
lost their nidi appearance (Figs. 2A, B & D). Also, the goblet cells become disorganized.
The microvilli lost their brush appearance and became fragmented (Figs. 2A, C, E & F).
The peritrophic membrane was pushed inward to the lumen leaving a wide space away
from the epithelium (Fig. 2A, B, C & D).

Similarly, treatment of S. littoralis 4™ instars with the spinosad resulted in
numerous histological alterations (Fig.3) compared to those of the control (Fig. 1). The
histopathological signs in the larval midgut appeared similar at all intervals post-
treatment, after 72 h of treatment (Figs.3A&B), on the 1% -day of recovery (Figs. 3C &
D) and on the 2" -day of recovery (Figs. 3E &F). The most prominent sympotoms were
strong vacuolation of the columnar cells, particularly at the apical portions (Figs. 3.B, C,
E & F). Some epithelial cells showed pyknotic nuclei, while others seemed to have
histolysis and cytoplasmic vacuolation (Figs. 3 A, B, C, D & F). Also, it appeared that the
apical brush border of the epithelial cells was destroyed (Figs. 3A, C, D & E). In some
specimens, the epithelium became loosed and detached (Figs. 3A,&D). The muscle fibers
were separated from each other, leaving a degenerated area in-between (Figs. 3A, C &

E). The peritrophic membrane was pushed inward to the lumen, leaving a wide space
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away from the epithelium (Figs. 3A, C & D). The regenerative cells were scattered within
the epithelium (Figs. 3C & F).

In comparison, treatment of 4™ larval instars of S. littoralis with imidacloprid and
spinosad mixture induced less histopathological effects at all intervals post-treatment,
after 72 h of treatment(Figs.4A & B), on the 1* -day of recovery (Fig. 4C & D) and on
the 2" -day of recovery (Figs. 4E & F).

The most prominent sympotoms included destruction of the muscle layers (Figs.
4B,C&F) , disorganization of the epithelial cells (Figs. 4D, E & F), detachment of the
peritrophic membrane and the basement membrane (Figs. 4A, B & C) and appearance of
vacuoles (Figs. 4A, B, D, E & F). According to Figures 4A-F, certain epithelial cells
showed cytoplasmic vacuolation and apparent histolysis, while other epithelial cells
displayed pyknotic nuclei. Additionally, the epithelial cells' apical brush boundary was

damaged (Figs. 4 A, B, D, & F).
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Fig. (1) : Transverse section through the midgut of healthy (the control) 4™ -instar larvae
of S. littoralis stained with Hematoxylin-Eosin (HE-X400).The epithelium layer resting
upon a basement membrane (bm) and surrounded externally by outer longitudinal muscle
layer (Iml) and inner circular muscle layer (cml). The epithelium consists of columnar
cells (cc) which have a striated border; microvilli (mv), regenerative cells (rc) and goblet
cells (gc). The lumen of the gut is lined with peritrophic membrane (pm). Scale bar = 50

um.
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Fig. (2): Transverse section through the midgut of 4" -instar larvae of S. littoralis fed on
castor-bean leaves treated with LCsq of imidacloprid at 72 h post-treatment (A & B), 1°
day of recovery (C & D) and 2" day of recovery (E & F) showing detachment of the
epithelium (de), degeneration of circular muscle layer (dm), disorganization of columnar
cells (cc) with vacuolated cytoplasm (v) and degenerating nucleus (nn), necrotic columnar
cells (ncc), disorganization of regenerative cells (rc) leaving a cleft, widely-spaced
peritrophic membrane (pm), microvilli (mv) were fragmented (H&E X400). Scale bar = 50

um.
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Fig. (3): Transverse section through the midgut of 4™ -instar larvae of S. littoralis fed on
castor-bean leaves treated with LCsq of spinosad at 72 h post-treatment (A & B), 1% day
of recovery (C&D) and 2" day of recovery (E & F) showing vacuolation of the apical
portions of columnar cells (v), disorganization of columnar cell (cc) and loosing of the
epithelium, necrotic columnar cells (ncc) with necrotic nucleus (nn), detachment of the
circular muscle layer (dm), swollen goblet cell (gc), disorganization of regenerative cells
(rc), widely-spaced peritrophic membrane (pm),and microvilli (mv) were fragmented (H
& E X400). Scale bar = 50 pm.
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Fig. (4): Transverse section through the midgut of 4™ -instar larvae of S. littoralis fed on
castor-bean leaves treated with (LC,s imidacloprid + LCys spinosad) at 72 h post-
treatment (A & B), 1% day of recovery (C & D) and 2" day of recovery (E & F) showing
detachment of the epithelium (de), degeneration of circular muscle layer (dm),
disorganization of columnar cells (cc) with vacuolated cytoplasm (v) and degenerating
nucleus (nn), necrotic columnar cells (ncc), disorganization of regenerative cells (rc)
leaving a cleft, goblet cell (gc) became swollen, widely-spaced peritrophic membrane
(pm), microvilli (mv) were fragmented (H & E X400). Scale bar = 50 pm.
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DISCUSSION

Insects that survive exposure to pesticides may endure behavioral and/or physiological
changes in addition to the direct death caused by these substances [35]. This is especially
true for newly developed insecticides, which have slower modes of action and may have
more sublethal effects than acute ones [35,36,37]. Reduced eating or searching behavior
may also be the consequence of behavioral changes brought on by exposure to or
consumption of sublethal doses of a pesticide [38].
The first interaction between an insect and its host occurs during antifeedants. Instead of
directly toxicating the insects, they starve them to death. Additionally, antifeedants shield
crops until naturally occurring slow-acting pesticides start to have an antifeedant impact.
For these reasons, research into antifeedants against polyphagous pests is becoming more
and more popular [39].

In the current study, imidacloprid, spinosad and their mixture showed antifeeding
activities against S. littoralis larvae. We have not come across any direct reference on the
effect of imidacloprid on feeding behavior of S. littoralis larvae. However, the antifeedant
effects of imidacloprid have been reported for many insect species. For instance,
imidacloprid were found to act as an antifeedant against variety of hemipteran insects,
including aphids, whiteflies and green leafhoppers, at sublethal concentrations [40,41,42].
[43] described a similar antifeeding effect in the hemipteran brown plant hopper
Nilaparvata lugens. The antifeeding effects of imidacloprid have also been observed for
the coleopterans black maize beetles Heteronychus arator , and the false wireworms
Somaticus sp., when feeding on stems of seed-treated maize plants [44,45]. Lepidopteran

species showing this antifeeding response was Heliothis virescens [46]. On Myzus
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persicae, low quantities of systemically administered imidacloprid had a reversible
antifeeding effect. [40]. Similar antifeeding effects were described in Myzus nicotianae
[36,47]. Female Bemisia. tabaci also avoided leaf discs treated with imidacloprid and
stopped eating leaf discs treated with extremely low doses of imidacloprid administered
systemically, but such antifeeding effects seem to be minimal when imidacloprid was
delivered via the leaf-dip approach. [41].

In the present study, spinosad exhibited antifeeding activities against 4™ -instar
larvae of S. littoralis and these findings were consistent with those made by [29], who
discovered that spinosad acts as an antifeedant to the fifth-instar S. littoralis larvae after
48 hours of feeding on cotton leaves taken from spinosad-sprayed field plots. [48]
showed that high concentration of spinosad played a role as antifeedant to tested larvae of
Agrotis ipsilon. Also, [49] analyzed the effect of flubendiamide, spinetoram, and spinosad
on feeding inhibition in Spodoptera litura and Spilarctia obliqua larvae.

In the present study, the order of deterrence against 4™ -instar larvae of S. littoralis
was imidacloprid > mixture (imidscloprid + spinosad) > spinosad. We have not come
across any direct reference on the effect of imidacloprid + spinosad mixture on feeding
behavior of 4™ -instar larvae of S. littoralis. However, the antifeeding effect of
spinetoram was tested against fourth instar larvae of S. littoralis by [50], who reported
that spinetoram significantly reduced the amount of food ingested by the larvae; however
antifeeding activity was less than that of indoxacarb and methoxyfenozide.

In the present study, S. littoralis larvae showed high starvation percentage in
treatments by imidacloprid, spinosad and their mixture and this may be due to the

antifeeding activities of these insecticides. [40,36] revealed that imidacloprid has a
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significant impact on aphid feeding behavior at sublethal doses, which causes depression
of honeydew excretion, wandering, and, eventually, starving death. The decrease in food
consumed in S. littoralis larvae treated with imidaclopeid, spinosad and their mixture was
concomitant with the decrease in larval weight [30] due to starvation and this reflects the
antifeeding activity of these insecticides.

The midgut is the middle portion of the insect digestive tract where food is absorbed
and digested. Some epithelium cells produce enzymes; others absorb the digested food
[51]. Since the midgut has a more intensive digestion process and is where the majority
of nutrient absorption takes place, the cellular alterations are more pronounced here. As a
result, this area is the most susceptible to the effects of foreign substances. This
observation suggests that the insecticides imidacloprid and spinosad induce
morphological changes and subsequently impact the effectiveness of nutrient absorption.
Likewise, we have not come across any direct reference on the histopathological effects
of imidacloprid on midgut of 4" -instar larvae of S. littoralis. However, in our current
study, the histological changes induced in the midgut of the 4™ larval instars of S.
littoralis treated with imidacloprid was similar to these obtained by [52] for the midgut of
Locusta migratoria treated with the same insecticide. Also, the histopathological
alterations of imidacloprid and tannic acid on the larvae of Culex pipiens showed that the
treated larvae had cytopathological alterations of the midgut epithelium, muscular layers,
and epithelial cells [53].

[54] elucidated the effect of the LCsy of imidacloprid on the cytological and
histological alterations of the mid-gut of Podisus nigrispinus (Heteroptera:

Pentatomidae). This concentration induced histological changes in the mid-gut epithelium
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as well as cytotoxic features, such as abnormal border epithelium, cytoplasmic
vacuolation, and apocrine secretions in the first 6 h after exposure to the insecticide.

Digestive cells in the mid-gut became apoptotic after 12 h of exposure.

The histological changes induced in the midgut of the 4™ larval instars of S. littoralis
treated with spinosad was similar to these obtained by [29] for 5™ -instar larvae of S.
littoralis treated with the same insecticide. The results agree with those reported by [55] ,
who recorded similar histological changes in the midgut of S. littoralis larvae treated with
spinosad and tebufenozide, including disruption and stretching of the columnar epithelial
cells, leading to peritrophic membrane tearing. Also, [56] showed many midgut
histological aberrations in case of S. littoralis larvae treated with lufenuron and
diflubenzuron, The muscle layers were destroyed, the epithelial cells were disorganized,
the peritrophic membrane and the basement membrane were separated, and there was

vacuolation among the histological changes.

The cytoplasmic extrusion at the apex of the columnar cells due to treatment with
spinosad has also been described to other insect species as Hyalophora cecropia [57],
Ephestia kuehniella [58] and Anticarcia gemnatalis [59, 60]. According to these experts,
cell degeneration during epithelial renewal is likely connected to the phenomena of
cytoplasm loss. These patterns are brought on by the midgut's strong enzyme secretion

activities, which try to repair the lining that is being assaulted [51,61,59 ] .

The nervous system or muscles are the primary target organ of most insecticides
including neonicotinoids and spinosad [24,18] . The midgut is a composite organ, and the

muscles that surround it are enervated by neurons. Alternately, the abnormalities seen in
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the midgut may be explained by direct physiological effects of pesticide action. The
overall decrease in growth, digesting, and gross food consumption efficiency brought on
by spinosad and imidacloprid may be the result of these histological changes, which have
been reported by [30].

CONCLUSION
Imidacloprid and spinosad alone or in combination are promising control agents to S.
littoralis in terms of their acute toxic effects as well as their latent effects including
antifeeding activities and impairment of the midgut histological architecture. These
effects would ultimately lead to decreased growth of larvae and less damages to crops.
Moreover, the binary combination of imidacloprid and spinosad would lead to potentially
cheaper costs, less environmental contamination and deterrence of resistance. So, this
mixture is advantageous in integrated management of S. littoralis. It is necessary to check
in the field the laboratory results from this investigation.

REFERENCES

[1] D.S. Hill, “Agricultural insect pests of temperate regions and their control.” CUP
Archive; 1987; 28.

[2] LS. Abdel-Wahab, “Factors stimulating the outbreaks of the cotton leafworm, in
Assuit Governrate.” 2" international conference, Plant Protection Research
linstitute, Cairo, Egypt, 21 — 24 December, 2002.

[3] E.S. Shaurub, A.E. Abdel Aal and S.A. Emara. “Suppressive effects of insect growth
regulators on development, reproduction and nutritional indices of the Egyptian
cotton leafworm, Spodoptera littoralis (Lepidoptera: Noctuidae).” Invertebr.
Reprod. Dev. 2020; 2;64(3):178-87.



Feeding deterrence and midgut histomorphological alterations in Spodoptera littoralis larvae 363

[4] A.A. Abdelhamida, M.M. Elwassimya, S.A. Arefb and M.A. Gadb. “Chemical
design, synthesis and bioefficacy screening of insect growth inhibitors of
Spodoptera littoralis (Boisd.).” Nov. Res. Sci. 2019; 2(4). NRS.000541.

[5] N.N. Soliman, M. Abd El Salam, A.A. Fadda and M. Abdel-Motaal. “Synthesis,
characterization, and biochemical impacts of some new bioactive sulfonamide
thiazole derivatives as potential insecticidal agents against the cotton leafworm,
Spodoptera littoralis.” J. Agric. Food Chem.2020; 68, 21, 5790-5805.

[6] M.R. Abo-El-Ghar, M.E. Nassar, M.R. Riskalla and S.F. Abd-El-Ghafar. “Rate of
development of resistance and pattern of cross-resistance in fenvalerate and
decamethrin resistant strains of S. littoralis.” Agric. Res. Rev. 1986; 61(1):141-
145.

[7] M.D. Abdallah. “A general view of the resistance problem of cotton pests in Egypt.”
Resistant-Pest Management. 1991; 3: 22-25.

[8] M.S. El-Zemaity, W.M. El-Deeb, Y.A. Osman and A.l. Hussien. “Development of
resistance of Spodoptera littoralis to certain bioinsecticides.” J. Environ. Sci.
2003; 6: 793-810.

[9] G.E. Elghar, Z.A. Elbermawy, A.G. Yousef and H.K. Abd Elhady. “Monitoring and
characterization of insecticide resistance in the cotton leafworm, Spodoptera
littoralis (Boisd.)(Lepidoptera: Noctuidae).” J. Asia-Pac. Entomol. 2005;
1;8(4):397-410.

[10] H.K. Abou-Taleb. “Differential toxicity of some insecticides against egg and larval
stages of cotton leafworm and role of two detoxification enzymes.” Alex. Sci.
Exch. J. 2010; 31:356-364.

[11] G.J. Devine. and M.J. Furlong. “Insecticide use: Contexts and ecological
consequences.” Agric. Human Values. 2007; 24:281-306.

[12] V.M. Pathak, V.K. Verma, B.S. Rawat, B. Kaur, N. Babu, A. Sharma, S. Dewali,
M. Yadav, R. Kumari, S. Singh, A. Mohapatra, V. Pandey, N. Rana and J.M.

Cunill. “Current status of pesticide effects on environment, human health and it’s



364

Asmaa M. El-Sayed et al.

[13]

eco-friendly management as bioremediation: A comprehensive review.” Front
Microbiol. 2022; 13:9626109.

S. Dhadialla, R. Carlson and P. Le. “New insecticides with ecdysteroidal and
juvenile hormone activity.” Annu. Rev. Entomol. 1998; 43: 545-5609.

[14] G.D. Thompson, R .Dutton and T.C. Sparks. “Spinosad — a case study: an example

from a natural products discovery programme.” Pest Manage. Sci. 2000; 56 (8):
696—702.

[15] G. Smagghe, S. Pineda, B. Carton, P. Del Estal, F. Budia and E. Vinuela. “Toxicity

[16]

[17]

[18]

and kinetics of methoxyfenozide in greenhouse- selected Spodoptera exigua
(Lepidoptera: Noctuidae).” Pest Manage. Sci. 2003; 59 (11): 1203-1209.

K. Haddi, L.M. Turchen, L.O. Viteri Jumbo, R.N. Guedes, E.J. Pereira, R.W.
Aguiar and E.E. Oliveira. “Rethinking biorational insecticides for pest
management: unintended effects and consequences.” Pest Manag. Sci. 2020;
76:2286-2293.

R. Nugnes, C. Russo, E. Orlo, M. Lavorgna and M. lIsidori. “Imidacloprid:
Comparative toxicity, DNA damage, ROS production and risk assessment for
aquatic non-target organisms.” Environ. Pollut. 2023; 316:120682.

K. Matsuda, S.D. Buckingham, D. Kleier, J.J. Rauh, M. Grauso and D.B. “Sattelle.
Neonicotinoids: insecticides acting on insect nicotinic acetylcholine receptors.”
Trends Pharmacol Sci. 2001; 22:573-580.

[19] E.A. El-Sheikh, M.A. El-Saleh, A.A. Aioub and W.M. Desuky. “Toxic effects of

[20]

neonicotinoid insecticides on a field strain of cotton leafworm, Spodoptera
littoralis.” Asian J Biol Sci. 2018; 11:179-185.

K.H. Sabry, M. Ragaei, A. EL-Rafei. “Synergism action of silica and some
pesticides against the cotton leafworm, Spodoptera littoralis (Boisd.) larvae.”
Green Farm Int J. 2013; 4:185-189.



Feeding deterrence and midgut histomorphological alterations in Spodoptera littoralis larvae 365

[21] K.H. Sabry, H.A. Salem and H.M. Metwally. “Development of imidacloprid and
indoxacarb formulations to nanoformulations and their efficacy against
Spodoptera littoralis (Boisd).” Bull Natl Res Cent. 2021; 45:16.

[22] L.G. Copping and J.J. Menn. “Biopesticide: a review of their action, applications
and efficacy.” Pest Manag Sci. 2000; 56:651-676.

[23] T.C. Sparks, G.D. Thompson, H.A. Kirst, M.B. Hertlein, L.L. Larson, T.W.
Worden and S.T. Thibault. “Biological activity of the spinosyns, new
fermentation derived insect control agents, on tobacco 213 budworm
(Lepidoptera: Noctuidae) larvae.” J. Econ. Entomol. 1998; 91: 1277-1283.

[24] V.L. Salgado. “Studies on the mode of action of spinosad: insect symptoms and

physiological correlates.” Pestic. Biochem. Physiol. 1998; 60, 91-102.

[25] O. Putter, J.G. Macconnel, F.A. Preiser, A.A. Haider, S.S. Ristish and R.A. Oybas.
“Avermactin: noval insecticides and nematicides from a soil microorganisms.
Experientia.” 1981; 37 : 963-964.

[26] G.D. Thompson, R. Dutton, T.C. Spark. “Spinosad a case study: an example from a
natural products discovery program.” Pest Manag Sci. 2000; 56: 696-702.

[27] T. Williams, J. Cisneros, D.l. Penagos, J. Valle and P. Tamez- Guerra. “Ultra low
rates of spinosad in frugiperda (Lepidoptera: Noctuidae) in maize.” J Econ
Entomol. 2004; 97: 422 - 428.

[28] N. Aarthi and K. Murugan. “Larvicidal and repellent activity of Vetiveria
zizanioides L, Ocimum basilicum Linn and the microbial pesticide spinosad
against malarial vector, Anopheles stephensi Liston (Insecta: Diptera: Culicidae).”
J Biopest. 2010; 3(1): 199-204.

[29] G.E. Abouelghar, H. Sakr, H.A. Ammar, A. Yousef and M. Nassar. “Sublethal
effects of spinosad on the cotton leafworm (Lepidoptera: Noctuidae).” J Plant
Prot Res. 2013; 53:275-284.



366

Asmaa M. El-Sayed et al.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

E.H. Shaurub, A.l. Tawfik and A.M. El-Sayed. “Individual and combined
treatments with imidacloprid and spinosad disrupt survival, life-history traits, and
nutritional physiology of Spodoptera littoralis.” Inter J Tropical Insect Sci. 2023;
43:737-748.

H. Ben Jannet, H.F. Skhiri, Z. Mighri, M.S. Simmonds and W.M. Blaney.
“Responses of Spodoptera littoralis larvae to Tunisian plant extracts and to neo-
clerodane diterpenoids isolated from Ajuga pseudoiva leaves.” Fitoterapia. 2000.
71:105-112.

M.M. Sadek. “Antifeedant and toxic activity of Adhatoda vesica leaf extract
against Spodoptera littoralis (Lep. Noctuidae).” J Appl Entomol. 2003; 127: 396-
404.

O.K. Mostafa. “Studies on antifeeding and repllents to economic lepidoptera.”
M.Sc. Thesis, Faculty of Agriculture Cairo University, Egypt. 1969; 65-68.

M.I. Abdel-Mageed, A.M. Shaaban and Z.H. Zidan. “The effectiveness of dursban,
Du-Ter brestan and their combination against the cotton leafworm Spodoptera
littoralis (Boisd.).” Bull Ent Soc Egypt Econ Ser. 1975; 9:283-292.

S.J. Castle, F.J. Byrne, J.L. Bi and N.C. Toscano. “Spatial and temporal distribution
of imidacloprid and thiamethoxam in citrus and impact on Homalodisca

coagulata populations.” Pest Manag Sci. 2005; 61:75-84.

G.J. Devine, Z.K. Garling, A.W. Scarr and A.L. Devonshire. “Lethal and sublethal
effects of imidacloprid on nicotine-tolerant Myzus nicotianae and Myzus
persicae.” Pestic Sci. 1996; 48:57-62.

I.N. Widiarta, W. Hermawan, S. Oya, S. Nakajima and F. Nakasuji. “Antifeedant
activity of constituents of Andrographis paniculate (Acanthaceae) against the
green rice leafhopper, Nephotettix cincticeps (Hemiptera: Cicadellidae).” Appl
Entomol Zool. 1997; 32:561-566.



Feeding deterrence and midgut histomorphological alterations in Spodoptera littoralis larvae 367

[38] J.D. Stark and J.E. Banks. “Population-level effects of pesticides and other
toxicants on arthropods.” Annu Rev Entomol. 2003; 48:505-519.

[39] M.B. Isman. “Insect antifeedants.” Pestic. 2002; Outlook 13:152-157.

[40] R. Nauen. “Behaviour-modifying effects of low systemic concentrations of
imidacloprid on Myzus persicae with special reference to an antifeeding
response.” Pestic Sci. 1995; 44:145-153.

[41] R. Nauen, B. Koob and A. Elbert. “Antifeedant effects of sublethal dosages of
imidacloprid on Bemisia tabaci.” Entomologia Experimentalis et Applicata. 1998;
88(3):287-93.

[42] T.M. Mowry and J.D. Ophus. “Effects of sub-lethal imidacloprid levels on potato
leafroll virus transmission by Myzus persicae.” Entomol Exp Appl. 2002;
103:249-255.

[43] P.M. Losel and L.J. Goodman. “Effects on the feeding behaviour of Nilaparvata lu
gens (Stal) of sublethal concentrations of the foliarly applied nitromethylene
heterocyele  2nitromethylene-1, 3-thiazinan-3-yl-carbamaldehyde.”  Physiol
Entomol. 1993; 18: 67-74.

[44] T.W. Drinkwater. “Comparison of imidacloprid with carbamate insecticides, and
the role of planting depth in the control of false wireworms, Somaticus species, in
maize.” Crop Prot. 1994;13: 341-345.

[45] T.W. Drinkwater, L.H. Groenewald. “Comparison of imidacloprid and
furathiocarb seed dressing insecticides for the control of the black maize beetle,
Heteronychus arator Fabricius (Coleoptera: Scarabaeidae), in maize.” Crop Prot.
1994; 13: 421-424.

[46] L. Lagadic, L. Bernard and W. Leicht. “Topical and oral activities of imidacloprid
and cyfluthrin against susceptible laboratory strains of Heliothis virescens and
Spodoptera littoralis (Lepidoptera: Noctuidae).” Pestic Sci. 1993; 38: 323-328.

[47] R. Nauen and A. Elbert. “Apparent tolerance of a field-collected strain of Myzus
nicotianae to imidacloprid due to strong antifeeding response.” Pestic Sci. 1997,
49: 252-258.



368 Asmaa M. El-Sayed et al.

[48] S.A. Mohamed and M. Khattab. “Efficacy of spinosad in controlling the cutworm,
Agrotis ipsilon (Lepidoptera: Noctuidae).” J Plant Protec Pathol. 2007; 32 (12):
10489 — 10496.

[49] H. Thakur and R.P. Srivastava. “Sub-lethal and antifeedant effect of spinosyn and
diamide insecticides against Spodoptera litura (Fab.) and Spilarctia obliqua
(WIkK.).” J Entomol Res. 2019; 43(4):431-8.

[50] A.H. Hassan. “Efficiency of some new insecticides on physiological, histological
and molecular level of cotton leafworm.” Egyptian Acad J Biol Sci. 2009; 2: 197-
2009.

[51] W.R. Terra and C. Ferreira. “Insect digestive enzymes: properties,

compartmentalization and function.” Comp Biochem Physiol. 1994; 109: 1-62.

[52] L.M. El-Samad, M.S. EI-Gerbed, H.S. Hussein, J. Flaven-Pouchon, A. EI Wakil and
B. Moussian. “Imidacloprid-induced pathophysiological damage in the midgut of
Locusta migratoria (Orthoptera: Acrididae) in the field.” Environ Sci Pollut Res.
2022; 29(38):57644-55.

[53] N.M. Farahat, A.S. Khaled, M.A. Hussein and O.H. Zyaan. “Biological and
histological alterations in the larvae of Culex pipiens L.(Diptera: Culicidae)
induced by imidcaloproid and tannic acid.” Egyptian Acad J Bioll Sci A, Entomol.
2021; 29;14(1):243-254.

[54] L.C. Martinez, A. Plata-Rueda, W.G. Gongalves, A.F.P. Freire, J.C. Zanuncio, H.
Bozdogan and J.E. Serrdo. “Toxicity and cytotoxicity of the insecticide
imidacloprid in the midgut of the predatory bug, Podisusnigrispinus.” Ecotoxicol
Envirol Safety. 2019;167:69-75.

[55] E.N. lIbrahim. “Physiological effects of certain bioagents and an insect growth
regulator on the cotton leafworm Spodoptera littoralis (Boisd.) (Noctuidae:
Lepidoptera).” Unpublished M.Sc. Thesis Fac Agri Ain Shams Univ Egypt.
2008;115.

[56] H.A. Saleh, F.A. Soheir, A.R. EI-Gably, S. Yacoub and A.M. Khorchid. “Biological
and Histological Effects of Certain Insecticides on Spodoptera littoralis (Bosid).”
J Plant Prot Pathol Mansoura Univ. 2021;12(2):111-115.



Feeding deterrence and midgut histomorphological alterations in Spodoptera littoralis larvae 369

[57] E. Anderson and W.R. Harvey. “Active transport by the Cecropia midgut: Il. Fine
structure of the midgut epithelium.” J. Cell Biol.1966; 31: 107-134.

[58] D.S. Smith, K. Compher, M. Janners, C.L.W. Lipton and L.W. Wittle. “Cellular
organization and ferritin uptake in the mid-gut epithelium of a moth Ephestia
kihniella.” J Morphol. 1969; 127: 41-72.

[59] S.M. Levy, A.M.F. Falleiros, E.A. Gregério, N.R. Arrbola and L.A. Toledo. “The
larval midgut of Anticarsia gemmatalis (Hubner) (Lepidoptera: Noctuidae): Light
and electron microscopy studies of the epithelial cells.” Braz. J. Biol. 2004; 64:
633-638.

[60] N. Knaak and L.M. Fiuza. “Histopathology of Anticarsa gemmatalis Hubner
(Lepidoptera: Noctuidae) treated with nucleopolyhedrovirus and Bacillus
thuringiensis serovar Kurstaki.” Braz. J. Microbiol. 2005; 36: 196-200.

[61] P.T. Cristofoletti, A.F. Ribeiro and W.T. Terra. “Apocrine secretion of amylase,
exocytosis of trypsin along the midgut of Tenebrio molitor larvae.” J. Insect
Physiol. 2000; 47: 143-155.



