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ABSTRACT: Nanotechnology research is emerging as a cutting- TEM XRD NH,

edge technology, and nanocomposites have played a significant [ N)\N

role in pest control. Therefore, the present study focuses on the /t A
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synthesis of tungsten oxide (WO;), iron oxide (magnetic H.NT N N

nanoparticle, MNP), and copper-doped iron oxide (MNP-Cu) H

| JA

nanocomposites and explores the different effects of their binary — = Cyromazine Insecticide
combinations with the insecticide cyromazine against Spodoptera FI-IR Raman W
littoralis. The synthesized nanoparticles were characterized by | Nanomaterials Characterization \v
transmission electron microscopy, X-ray diffraction, Fourier- Fanl | I ETIIIN, ’ l ‘ g ‘m
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transform infrared spectroscopy, and Raman spectroscopy. None -
of the tested nanomaterials showed any toxicity against the Elalalilnl 1 I ’ '
different stages of S. littoralis. Larval and pupal durations increased L o

with increasing cyromazine and nanomaterial concentrations. The §8 : ‘nl [[H} ol luiun ’ QJ Mt‘
longest larval and pupal durations were recorded under treatment Gene Expression Gene Expression Mixing Effects on
with the mixture of cyromazine (100 mg/L) + MNP-Cu (500 mg/ using dd-PCR using Q-PCR Spodoptera littoralis
L); the survival periods were 23.5 and 15.6 days, compared with

10.8 and 7.7 days in the control, respectively. The percentages of pupation and adult emergence were negatively affected by all
treatments. Among the 500 mg/L nanomaterial combinations, only cyromazine (25 mg/L) and WO; (500 mg/L) resulted in adult
emergence (at a rate of 27.3%). Some abnormalities in the S. littoralis stages were observed following treatment with the tested
materials. The glutathione S-transferase and alpha-esterase enzyme activities in S. littoralis were significantly increased after treatment
with cyromazine, followed by cyromazine/MNP-Cu combinations. The quantitative polymerase chain reaction (Q-PCR) data
showed that all treated insects had a higher immune response than the control. Finally, mixes of nanocomposites and cyromazine
may be suggested as viable alternatives for S. littoralis management.
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1. INTRODUCTION Nanotechnology can be applied to all other science subjects,
The cotton leafworm, Spodoptera littoralis (Lepidoptera: including cghemistry, biology, physics, materials science,
Noctuidae), is an important pest in the cotton-growing regions engineering,” and pest management via successful formulations
of northern Africa, the Middle East, and the Mediterranean.’ of nanomaterial-based pesticides.'”'" Nanoparticles (NPs)
This pest causes the most damage to more than 180 plant with distinct chemical characteristics have the potential for pest
species, including cotton, tomatoes, cabbage, cauliflower, and control'*"® and are emerging as a viable alternative to

. 2
other crucifers. conventional pesticides due to their lower toxicity to
Chemical insecticides are the main tools for eradicating S.

littoralis. The global population uses around 2 million metric
tons of pesticides every year. By 2020, 3.5 million tons of
pesticides will be used worldwide.” Excessive use of traditional
pesticides has resulted in numerous problems for the
environment, 1nclud1ng the development of insect resistance
to certain insecticides.’ Researchers have been working hard to
produce new effective, environmentally friendly pest control
agents to lessen the usage of synthetic pesticides and their
harmful impact on the environment.”*

humans.'*'® Possible uses of nanomaterials in agriculture
include enhancing plant growth and nutrition, protecting
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plants from abiotic stress, identifying pathogens, and detecting
residues of pesticides.'®

Recently, magnetic nanomaterials have been used as
adsorbents to remove toxic metal ions, pesticides, and
antibiotics from polluted wastewater and agricultural waste-
water,'”'® remediate metal-contaminated soils and %round-
water,'”*’ promote soil fertility,”" act as biosensors,””** prime
seeds,”* and deliver treatment to plants.”>*® Magnetite NPs
provide an option that combines both of these characteristics.
It is particularly effective at controlling the pest, specifically
interfering with its larval development, and it produces little
toxicity at the environmental level.”” The bioapplications based
on magnetic NPs have gotten special attention because they
have prominent advantages over other materials in terms of
cost and ease of manufacture, physical and chemical stability,
biocompatibility, and environmental safety, as well as the
ability to be tuned and functionalized for specific applica-
tions.”® Metal oxide NPs such as zinc oxide,” titanium
dioxide,* silicon oxide,*** iron oxides,*** copper oxide,>
and tungsten oxide®® are also low-cost materials, easy to
produce, and chemically stable. As a result, these nanomaterials
are excellent candidates for various applications, including
water treatment,”’ antimicrobials,*® sensors, and many more.

Cyromazine (N-cyclopropyl-1,3,5-triazine-2,4,6-triamine) is
a very effective insect development disruptor, especially against
dipteran insects and a few other insect species, because of its
ability to disrupt cuticle production.”” Cyromazine has been
demonstrated to disturb the development of S. littoralis and
reduce the extensibility of the cuticle.*>*!

The detoxification enzymes in insects, including glutathione
S-transferases (GSTs) and a-esterase, are important in their
enzymatic defense against exogenous chemicals and in
maintaining the insect’s regular physiological functions."”

The main objectives of this study were to synthesize and
characterize inexpensive, biocompatible nanocomposites such
as tungsten oxide, iron oxide, and copper-doped iron oxide.
This study is the first to investigate the biological,
physiological, and biochemical effects of tested nanocompo-
sites as binary combinations with the insecticide cyromazine
against S. littoralis. In addition, using differential display
polymerase chain reaction (dd-PCR) and quantitative
polymerase chain reaction (q-PCR), we analyzed the
immunological responses of insects to the examined nanoma-
terials to identify the potential consequences of the
compounds tested on this harmful pest.

2. MATERIALS AND METHODS

2.1. Insect Rearing. Experiments were conducted with S.
littoralis taken from a stock that was reared in the laboratory
away from any insecticidal contamination at the Department of
Applied Entomology and Zoology, Faculty of Agriculture,
Alexandria University, Egypt, on castor bean leaves, Ricinus
communis L. (Malpighiales: Euphorbiaceae), under constant
conditions of 25 + 2 °C and RH 65 + 5%.

2.2. Chemicals. Cyromazine (Trigard 75% WP) was
purchased from Syngenta Agro Co., Switzerland. All solvents
and reagents used in the experiments were of HPLC grade.

2.3. Nanoparticle Preparation. 2.3.1. Tungsten Oxide
NPs. 0.5 M Na,WO, solution was prepared as described by
Elnouby et al.*® Briefly, sodium tungstate dehydrate (Na,WO,-
2H,0 >98%, Sisco, India) was dissolved in deionized water. A
column was packed with 30 mL jon-exchange resin (Rohm &
Haas, France). This column was washed several times with

water before 10 mL of the (0.5 M Na,WO,) solution was
loaded onto the column to form a yellowish and transparent
tungstic acid (H,WO,) solution. The obtained solution was
aged at 25 + 2 °C for 24 h to produce precipitated tungsten
oxide NPs.

2.3.2. Iron Oxide NPs. Magnetic nanoparticles (MNPs)
were prepared via a one-pot hydrothermal reaction described
by Peng et al.” 4 g of iron metal powder was mixed with 10 g
of NaOH in 40 mL of water for 10 min. The mixture was
transferred into a Teflon-lined steel autoclave container and
aged in an oven at 120 °C for 24 h. The obtained powder was
washed several times with distilled water and dried overnight at
60 °C.

2.3.3. Copper-Doped Iron Oxide Nanocomposites. MNP-
Cu were prepared via a one-pot hydrothermal reaction. 4 g of
iron metal powder was mixed with 10 g of NaOH in 40 mL of
0.1 M copper nitrate solution for 10 min. The mixture was
transferred into a Teflon-lined steel autoclave container and
aged in an oven at 120 °C for 24 h. The obtained powder was
washed several times with distilled water and dried overnight at
60 °C.

2.4. Characterizations of NPs. Several characterization
tools were used to characterize the obtained NPs. Scanning
electron microscopy (SEM, JEOL, JSM-6360LA, Japan) was
used to investigate the morphological structures of the
obtained materials. Transmission electron microscopy (TEM,
JEOL, JEM2100 plus, Japan) was used to explore the structural
properties of the prepared materials. The crystallographic
phases of the produced samples were determined by powder
X-ray diffraction (XRD, Shimadzu-7000, Japan). A Bruker
ALPHA spectrometer (Bruker Corporation, Rheinstetten,
Germany) performed Fourier transform infrared (FT-IR).

2.5. Tested Concentrations. After the toxicity tests of
serial concentrations of cyromazine alone and each nano-
particle against different stages of S. littoralis, the combinations
of cyromazine (25, 50, and 100 mg/L) and each nanomaterial
(100 and 500 mg/L) were determined. Cyromazine concen-
trations were diluted in distilled water only, whereas WO; was
dissolved in NaOH (0.2%) and MNPs and MNP-Cu
concentrations were dissolved in HCI (0.2%).

2.6. Biological Aspects. The biological effects of
cyromazine alone and its mixtures with tested NPs were
assessed on . littoralis using the leaf dipping assay, and three
replicates were carried out (100 larvae/replicate) for each
treatment. Larval duration (days), pupal duration (days),
percentage pupation, and percentage adult emergence were
recorded; the larval, pupal, and adult deformities were also
spotted. The weight and length of fourth instar larvae were
estimated for control and treatment to investigate the growth
inhibition effect of the tested materials.

2.7. Biochemical Assays. 2.7.1. Sample Preparation. The
fourth instars of S. littoralis were exposed to various
concentrations of cyromazine and its combinations with NPs.
The treated and untreated larvae were homogenized with 10
volumes (w/v) of ice-cold 0.1 M sodium phosphate buffer (pH
7.5) at 96 h post-treatment. The homogenates were
centrifuged at 4 °C for 30 min at 12,000 rpm using a
Cryofuge 20—3 Heraeus Christ centrifuge. The enzyme activity
and total protein content were determined by using the
supernatants. The method of Lowry et al.** was used to assess
the protein contents using bovine serum albumin (BSA) as a
reference protein to generate the standard curve.

https://doi.org/10.1021/acsomega.3c06134
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Table 1. Treatments, Nanoparticle Concentrations, and Abbreviation of Treatments Used”

nanomaterial

no. treatments conc. (mg/L) conc. (mg/L)
1 control
2 25
3 cyromazine S0
4 100
N 100 25
6 50
7 ) 100
8 cyromazine + WO; 25
9 500 S0
10 100
11 25
12 100 S0
13 100
cyromazine + MNP
14 25
15 500 S0
16 100
17 25
18 100 50
19 100
cyromazine + MNP-Cu
20 25
21 500 NU
22 100

cyromazine

abbreviation of abbreviation of poll dd- Q-
treatments treatments PCR PCR

C +
T1 P1 + +
T2 P2 + +
T3 P3 + +
T4 P4 + +
TS Ps + +
Té6 P6 + +
T7 P7 + +

“WOj,, tungsten oxide nanoparticles; MNP, iron oxide nanoparticles; and MNP-Cu, Cu-doped iron oxide nanoparticles.

Table 2. Primer Sequences of dd-PCR and Q-PCR Used in This Study

dd-PCR
no. primer names primer sequences 5 ----- 3
1
RAPD2 ATGCCCCTGT
2
RAPD3 CAGGGGACGA
3
RAPD4 CCTTGACGCA
4
RAPD6 AAAGCTGCGG
S
RAPDS8 ACCTGAACGG
6
RAPD10 GAGAGCCAAC

Q-PCR
gene names primer sequences é """ 3
IL-18F ATCGCTTCCTCTCGCAACAA
IL-18R CTTCTACTGGTTCAGCAGCCATCT
IL-la F CGCCAATGACTCAGAGGAAGA
IL-la R AGGGCGTCATTCAGGATGAA
IL-14F AATCTGTACCTGTCCTGCGTGTT
IL-15 R TGGGTAATTTTTGGGATCTACACTCT
IL-1F8 ACCACCATCTGATCTATCTTGTTCTCT
IL-1RS GTGCTGCCTCCCGTTGTG
IL-19F AGGAAGGGCCGTCTATCAATC
IL-19R GAACTGCCACAAGGTTCTGAC
IL-8F CTTGGCAGCCTTCCTGATTT
IL-8R TTCTTTAGCACTCCTTGGCAAAA
P-actin F ATGCCATTCTCCGTCTTGACTTG
f-actin R GAGTTGTATGTAGTCTCGTGGATT

2.7.2. GST Activity Assay. The activity of GST was
determined using 1-chloro-2, 4-dinitrobenzene (CDNB), and
reduced GSH as substrates, according to Kao et al* with
slight modifications. 0.1 mL of CDNB (25 mM), 1 mL of
phosphate buffer (pH 7.5), and 1.6 mL of distilled water were
added. The reaction was started by adding 0.1 mL of diluted
enzyme solution (the stock solution was diluted 10-fold with
0.1 M sodium phosphate buffer, pH 7.5). Following incubation
of the reaction mixture at 37 °C for S min, 0.1 mL of 20 mM
GSH was added. The 340 nm optical density was measured for
3 min at 30-s intervals. The enzyme activity was determined
using an extinction value of 9.6 mM cm™' for CDNB. The
specific activity was expressed as pmol of CDNB conjugate
formed/min/mg protein.

2.7.3. Alpha-Esterase Activity Assay. The a-esterase
activity was estimated using @-naphthyl acetate as the substrate

by Van Asperen®® and Chen et al.*’. 0.1 mL of diluted enzyme

sample (10 times with 0.1 M sodium phosphate buffer) was
added to 2 mL of 1.5 mM a-naphthyl acetate solution. This
mixture was incubated for 30 min at 25 °C. The addition of
fast blue B (in 5% SDS) staining solution stopped the reaction.
After incubation for 15 min, the absorbance at 490 nm was
measured. The concentration of the hydrolyzed substrate was
calculated using the a-naphthol standard curve. Specific
activity was reported regarding umol of a-naphthol pro-
duced/min/mg protein.

2.8. Differential Display Polymerase Chain Reaction
(dd-PCR). 2.8.1. Total RNA Extraction. The larva was ground
to a fine powder using liquid nitrogen from seven larvae’s
{(treatments: control, T1, T2, T3, T4, TS, T6, and T7) and
(poll treatments: P1, P2, P3, P4, PS5, P6, and P7)} as shown in
Table 1, and total RNA was extracted using TRIzol (Thermo

https://doi.org/10.1021/acsomega.3c06134
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Figure 1. Structural characterizations of prepared tungsten oxide (WO;) nanoparticles (a) TEM, (b) XRD, (c) FT-IR, and (d) Raman.

Fisher, Waltham, MA, USA) according to the manufacturer’s
instructions and as described in our previous study."*” The
obtained RNA was dissolved in diethyl dicarbonate-treated
water, incubated with DNase for 1 h at 37 °C to remove any
DNA residues, and quantified using a NanoDrop 1000
spectrophotometer (Thermo Scientific).

2.8.2. Reverse Transcription (cDNA Synthesis). With a total
volume of 25 uL, the reaction mixture contained RNA (3 uL),
10 mM dNTPs (2.5 uL), 10X buffer with MgCl, (2.5 uL),
oligo (dT) primer (4 L), and reverse transcriptase enzyme
(Biolabs) (0.2 uL). The PCR was carried out using a
SureCycler 8800 thermocycler at 37 °C for 2 h and 65 °C
for 20 min.

2.8.3. dd-PCR Assay. Six different primers were used to
differentiate the genetic stability of the cDNA from 1S5 larva
samples (concentration = 50 mg/L from each treatment for
each group) and the pool reaction (three concentrations per
treatment; 25, 50, and 100 mg/L together) was prepared for
dd-PCR of each group, as shown in Table 1, which were under
our study. Sequences of primers are illustrated in Table 2. In
the dd-PCR reaction with a total volume of 25 uL, the reaction
mixture contained 10X buffer (S yL), 10 pmol primer (5 uL),
25 mM MgCl, (2.5 uL), 10 mM dNTPs (2 uL), cDNA (1
uL), and Taq DNA polymerase (0.2 uL) (Promega).”” The
dd-PCR was carried out using a SureCycler 8800 thermocycler
(Agilent Technologies), with one cycle at 95 °C for 3 min, 40
cycles (95 °C for 45 s, 30 °C for 60 s, 72 °C for 1 min), and
the final cycle at 72 °C for 5 min. The dd-PCR products were

44870

separated using 2% agarose gel electrophoresis with a DNA
marker and photographed using a gel documentation system.

2.8.4. Q-PCR Assay. The effects of nanomaterials on larval
interleukin genes were evaluated using q-PCR. A different set
of primers (Table 2) specific to IL-18, IL-1a, IL-1f3, IL-1F, IL-
19, and IL-8 genes were used in this study. The housekeeping
gene f-actin (Table 2) was used as a reference gene to
normalize the transcript expression levels. Each group’s
treatments (control, T1, T2, T3, T4, T5, T6, and T7) were
prepared for q-PCR analysis. Reactions of each sample were
run in triplicate using Rotor-Gene 6000 (QIAGEN, ABI
System, Hilden, Germany) with the SYBR Green PCR Master
Mix (Fermentas, Waltham, MA, USA).*>*' The amplification
program and relative expression level of the target gene were
accurately quantified and calculated, as described previously.>>

2.9. Statistical Analysis. One-way analysis of variance
(ANOVA) was used to compare the differences between the
means of the treatments with the Tukey’s honest significant
difference (HSD) test; P < 0.05 was considered significant.”

3. RESULTS

3.1. Structural Characterizations of NPs. 3.1.1. Tung-
sten Oxide NPs. In the TEM micrograph of the prepared
tungsten oxide NPs, it is clear that the obtained NPs are in
uniform spherical shape (Figure 1a). The XRD pattern of the
prepared tungsten oxide NPs shows a single phase where all
peaks are indexed to the orthorhombic WO3-H,O, with a
space group of Pmnb (62) and lattice parameters: a = 5.2380

https://doi.org/10.1021/acsomega.3c06134
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Figure 2. Structural characterizations of prepared iron oxide nanoparticles (MNP) (a) TEM and (b) FT-IR.

A, b =10.7040 A, and ¢ = 5.1200 A (ICDD Card No. 00—
043—0679) as shown in (Figure 1b). The FT-IR spectra of the
prepared tungsten oxide NPs demonstrate the intense broad
band at 3406 cm™! reveaing the stretching motion of (O—H),
and the medium narrow band at 1616 cm™" is characteristic of
in plane bending § (H—O—H) of the water molecule. A very
intense broad band in the region 902—621 cm™" corresponds
to different motions arising from W—O linkage.54 Therefore,
the band at 902 cm™' refers to the stretching of (W=O0t)
(where Ot is the terminal oxygen). The bands at 763 and 694
cm™' revealed the stretching (W—0O) and the band at 713
cm™" due to stretching (W—O—W) (Figure 1c). Peaks at 75
and 128 cm™ in the Raman spectra of the produced tungsten
oxide NPs can be assigned to vibrational modes of block chains
into the lattice of WO,.*> The two bands observed at 261 and
322 cm™' have been assigned to O—W—0 bending modes of
the bridging oxide.*® While two other bands observed at 704
and 806 cm™" are the corresponding stretching modes (Figure
1d).

3.1.2. Iron Oxide NPs. In the TEM micrograph of the
prepared MNP, it is clear that the obtained NPs are in a
polygon shape with a size distribution from 15 to 70 nm
(Figure 2a). The FT-IR spectrum of the MNP shows that the
dominating signal at 567 cm™ is due to Fe—O, which confirms
the formation of iron oxide (Fe;0,).>” While the peak at 1631
cm™! is corresponding to O—H bending, which confirmed the
presence of hydroxyl groups on the MNP surfaces. The peak
observed at 3437 cm™' is ascribed to O—H starching,
indicating the presence of water molecules (Figure 2b).

3.1.3. Copper-Doped Iron Oxide NPs. In the TEM
micrograph of MNP-Cu (Figure 3), it is noticeable that the
obtained product is composed of large crystals with a relatively
uniform, square morphology,”® and the wide range of crystal
size explained the effect of Cu ions on the growth behavior of
magnetic NPs, compared to pure magnetic NPs (see Figure 2).

3.2. Biological Aspects of the Tested Materials. Effects
of the insecticide cyromazine and its mixtures with tested NPs
on the biological aspects of S. littoralis were evaluated. The
larval duration, pupal duration, pupation percent, adult
emergence percent, and some malformations were assessed.
The results showed that the larval and pupal durations were
significantly increased under all treatments compared with the
control. The larval and pupal durations increased exponentially
with increasing concentrations of cyromazine and nanomateri-
als. The longest larval and pupal periods were recorded under
treatment with the mixture of cyromazine (100 mg/L) and
MNP-Cu (500 mg/L); the survival periods were 23.5 and 15.6

Figure 3. TEM micrograph of Cu-doped iron oxide nanoparticles
(MNP-Cu).

days, respectively, followed by the mixtures of cyromazine and
MNP (Figure 4). The percentage of pupation and adult
emergence were negatively affected by all treatments.
Regarding the pupation percent, the mixtures of cyromazine
(100 mg/L) + MNP-Cu (500 mg/L) caused the highest
reduction in pupation percentages, 24.6%, followed by no
significant difference between the mixtures of cyromazine (100
mg/L) + MNP (500 mg/L) and cyromazine (100 mg/L) +
WO; (500 mg/L). Adult emergence was strongly affected by
all treatments. No adult emergence was recorded under
treatment by mixtures of 500 mg/L nanomaterials, except the
mixture of cyromazine (25 mg/L) + WO; (500 mg/L), which
recorded 27.3% of adult emergence (Figure 5). Some
malformations were reported in S. littoralis stages after
treatment with the tested materials (Figure 6).

The body length and weight of the fourth instars of S.
littoralis larvae after being affected by cyromazine and its
mixtures with three nanomaterials were further determined in
Table 3 and Figure 7. It was clear that larval length and body
weight decreased progressively as the concentration of
nanomaterials increased. The S. littoralis fourth larvae, after
treatment with the MNP-Cu/cyromazine mixtures, had a
significantly smaller length and lighter body weight than the
control and cyromazine treatments. The most effective mixture
was cyromazine (100 mg/L) + MNP-Cu (500 mg/L), with the
mean larval length and body weight being 0.64 and 45.62 mg,
compared with 1.86 and 145.3 mg in the control, respectively.

3.3. Detoxification Enzyme Activities of S. littoralis.
The effect of cyromazine and its mixtures with three
nanomaterials on GST and a-esterase enzyme activities are

https://doi.org/10.1021/acsomega.3c06134
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Figure 5. Effect of cyromazine and its mixtures with tungsten oxide (WOj;), iron oxide nanoparticles (MNP), and Cu-doped iron oxide
nanoparticles (MNP-Cu) at 100 and 500 mg/L on pupation and adult emergence percentages of S. littoralis.

illustrated in Figure 8. The cyromazine treatments’ GST and a-
esterase enzyme activities of S. littoralis were significantly
higher than those of the mixtures with three tested nanoma-
terials. Mixing cyromazine with nanomaterials decreased its
excitatory effect on enzymatic activities. Cyromazine alone at
25, 50, and 100 mg/L, had the highest induction; GST activity
was 203.4, 20S5.5, and 210.4 umol/min/mg protein,
respectively, compared with 114.4 pmol/min/mg protein in
control. However, the mixture of cyromazine (100 mg/L) with
MNP-Cu (500 mg/L) was 198.3 ymol/min/mg protein. The
a-esterase activity of S. littoralis after being treated with
cyromazine alone at 100 mg/L was 523.7 ug of a-naphthol/
min/mg protein compared with 270.4 ug of a-naphthol/min/
mg of protein in the control, followed by the mixtures of
cyromazine + MNP-Cu.

3.4. Molecular Characterization. 3.4.1. dd-PCR. Based
on the up and downregulated genes in dd-PCR, the band
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pattern obtained by the primer rapid 2 showed that the
treatment (T) samples were divided into three different groups
compared to the control group. Samples T1 and 2 formed their
groups, while samples T7 and 3 formed a separate group. Each
of the T4 and 5 samples formed its own group. In the case of
sample P, samples were separated into four groups; the first
group included samples P1, 2, 3, and 5. While each of the
remaining three samples, P4, 6, and 7, was separated into its
own group (Figure 9A). Primer rapid 3 differentiated the
examined samples, dividing T samples into three groups and P
into four others. The first group included samples T1 and 2,
the second group included samples T3 and S, and the third
group contained samples T6 and 7. In the case of P samples,
the first group included samples P1, 3, 4, and S, while the
others, P2, 6, and 7, were separated into three different groups
(Figure 9B).
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Figure 6. Some malformations of S. littoralis stages are affected by
cyromazine’s larval applications and its nanomaterials’ mixtures;
control normal 4™ instar larvae (A), normal pupa (D), and normal
adult (G). Larva resulted from treatment with cyromazine alone (B),
deformed mouthparts and unpigmented cuticle parts from the
abdominal region. Larva treated with the mixture of cyromazine +
MNP-Cu (C) with enlargement and curvature in the thorax, absence
of the thoracic legs, and hardening of the cuticle in the first thoracic
segment. Uncompleted pupation for larva treated with cyromazine
alone (E), intermediate larval-pupal stage resulting from treated lava
by the mixture cyromazine + MNP-Cu (F). Adults failed to emerge
from the pupal stage due to the larvae treatment by cyromazine alone
(H) and the mixture of cyromazine + MNP-Cu (I).

In primer rapid 4, it was able to divide the treatments into
four different groups compared with the control group (Figure
9C). The first group included treatments T1, 2, 3, and 6. The
other three treatments formed three separate groups. In the
same context, treatments P were divided into four separate
groups; the first group contained P1 and 2, while P3, 4, and §
formed the second group, and the remaining treatments, P6
and 7, were separated into their own group (Figure 9C). While
primer rapid 6 grouped the T treatments into three groups
compared with the control. Samples T1, 3, and 4 were located
in one group, and samples T2 and 7 were separated into
another group, but sample TS formed a unique group (Figure
9D). In the case of P samples, the samples were grouped as
follows: the first group included the two samples, P1 and 3,
and the second group included the samples P2 and 4, while the
third and last group included the samples PS5, 6, and 7,
respectively (Figure 9D).

However, primer rapid 8 divided the T samples into three
groups, and for the first time, the control group and T1 were
collected in one group. At the same time, the T2 and 3 samples
formed another group. The four treatments, T4, 5, 6, and 7,
were separated into their own groups (Figure 9E). On the

other hand, the P treatments were divided into four groups;
the first group was P2, 4, and 7, and the second was PS5 and 6.
However, each P1 or 3 was separated into groups (Figure 9E).
Like its counterpart, the primer rapid 10 combined the control
group with the T2 and 3 treatments in one group. Samples T4,
6, and 7 formed one group (Figure 9F). T1 and TS were each
separated into their own group. In the case of P treatments,
primer rapid 10 divided the examined samples into three
groups; the first group included samples P2, 3, 4, and S. The
second group consisted of samples P6 and 7, while sample Bl
was separated into its own group (Figure 9F).

The dd-PCR results generally revealed many up and
downregulated genes in the treated insects compared to the
control. Primers 2, 3, and 6 on the T2 and P6 constructs show
this to be the case in insect treatments. Primers 8 and 10 found
a small number of upregulated genes, which showed up only
after T4 and P6 treatments. Research suggests that this impact
may increase the insect’s resistance to disease. This was
obvious because when just nanomaterials were used, the larval
mortality rate was not reported. Still, when nanomaterials were
mixed with the insecticide, the percentage of dead insects
increased, though that percentage remained lower than the
percentage obtained from the insecticide itself. It can be said
that the nanomaterials tested in this paper did not have any
toxic effect on the insects; they rather increased their immune
system and reduced the percentage of toxicity of the insecticide
on the insect in its different stages of growth, specifically in the
stages of larva and pupa.

3.4.2. QRT-PCR Analysis. Studying the gene expression of
samples using interleukin 18 (Figure 10) showed that the gene
expression was highest with seven treatments, followed by TS,
4, 6, and 2, respectively. The gene expression of sample T3 was
relative to or equal to that of the control sample, while the
gene expression was reduced to the lowest level with sample
T1. The results obtained with the interleukin alpha gene
showed that the gene expression of all treatments was similar
to that of the control except for sample 6, where the gene
expression was very weak compared to that of the control or
other samples.

In the case of interleukin and beta, the gene expression of
the treatments was variable and did not have a specific pattern;
it was found that the gene expression of the control group was
equal or close to the gene expression of treatments 2, 4, and S,
yet this expression was less with treatments 1, 3, and 7 when
compared with the control or the gene expression of other
treatments. On the other hand, sample 6 showed a higher gene
expression than everyone else (Figure 10).

On the other hand, the interleukin 1F results showed that
the gene expression of samples 6, 3, and 2 may approximate
the gene expression of the control group, respectively. This
gene expression has been reduced to the lowest level or may be
absent with treatment No. 4. The gene expression of samples S,
1, and 7 jumped to the highest level compared to the control
group, respectively. In the case of interleukin 19, the results
shown in samples 1 and S showed that the gene expression was
close to or equal to that of the control sample. This expression
was at the highest level for samples 2, 4, 3, and 7, respectively,
as shown in Figure 10. Sample 6 had significantly lower gene
expression compared to the control group or other samples. In
the case of interleukin 8, it was shown that the gene expression
of all samples was highly correlated to the control group,
though the highest gene expression was found in samples 3, 2,
1, and S, respectively (Figure 10).
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Table 3. Effect of Cyromazine and Its Mixtures with WO;, MNP, and MNP-Cu on the Larval Length, and Body Weight of 4

Instars of S. littoralis”

treatment nanomaterials conc. (mg/L)
control
cyromazine
100
cyromazine + WO,
500
100
cyromazine + MNP
500
100
cyromazine + MNP-Cu
500

cyromazine conc. (mg/L)

25
N
100
25
NY
100
25
50
100
25
50
100
25
NY
100
25
NY
100
25
50
100

larval length (cm) + SE larval body weight (mg) + SE

1.86" + 0.012
0.95° + 0.018
0.93% + 0.015

0.92°¢ + 0.020
0.90°% + 0.026
0.89°%f + 0.023

145.03* + 1.66
68.60° + 1.70
6743 + 2.08
66.17°¢ + 1.96
65.13%4 + 1.91
64.40°% + 2,12

0.87%% + 0.020
0.85¢%" + 0.017

63.27°% + 1.31
62.76%f + 0.88

0.84%" + 0.018 61.10°% + 1.28
0.828" + 0.015 59.36%" + 1.04
0.81" + 0.017 58208 4+ 1.27
0.80"* + 0.026 56.63" + 1.52
0.78™ + 0.015 55.30" + 1.70
0.76M™ + 0.017 54.26% + 1.09
0.75%™ + 0.022 53.47M + 1.44
0.731™ + 0.015 52.70M™ + 1.15
0.72™% + 0.018 50.83K™ 4+ 0.75
0.71™° + 0.023 49.36™° + 1.85
0.69"° + 0.017 48.50™° + 1.76
0.67° + 0.021 46.97™ + 1.82

0.65° + 0.017 46.23° + 1.74

0.64° + 0.018 45.62° + 1.40

“WOj;, tungsten oxide nanoparticles; MNP, iron oxide nanoparticles; and MNP-Cu, Cu-doped iron oxide nanoparticles. Means followed by
different lowercase letters within the same column denote significant differences at P < 0.0S. SE means standard error.
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Figure 7. Effect of treatment (T) by cyromazine (A) and its mixture
with iron oxide nanoparticles (MNP) (B) and with Cu-doped iron
oxide nanoparticles (MNP-Cu) (C) on the larval length and body
weight of 4™ instar larvae of S. littoralis compared with control (C).

4. DISCUSSION

Nanopesticides have positively impacted the control of plant
pests and diseases by delivering the active ingredient to the
plant in a controlled way. This smart delivery provides
sustainable solutions and reduces the amount and cost of
fertilizers and pesticides for farmers.’” In the present study, the
tested nanomaterials alone have no toxicity against S. littoralis
stages; these findings much agree with the findings which
found that no significant genotoxicity or cytotoxicity existed in
MNP-treated water, where MNPs have great potential in
experimental drinking water treatment to remove pathogenic
bacteria.” On the other hand, some studies disagree with the
present results, which clarified that exposure to a highly
concentrated dose of Ch-Fe;O, NPs leads to high larval
mortality.’’ Previous research works have reported acute
intoxication of Drosophila melanogaster with iron (FeSO,) and
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proved to diminish fly survival and locomotor activity,
including climbing capabilities.”>

The use of tested nanomaterials as an additive compound to
the insecticide aims to reduce the insecticide dosage and thus
reduce the impact on the environment by increasing its
effectiveness, not by increasing the insecticide toxicity but by
interfering with the other aspects of the pest, such as the
biological, behavioral, and physiological aspects. The antago-
nistic effect of the tested nanomaterials was confirmed, and
they grew with increasing concentrations. The tested magnetic
nanomaterials decreased the insecticidal effect of cyromazine;
this result agreed with Saeidi et al,*® which approved the
unique adsorption properties of the magnetic nanomaterials
due to different distributions of reactive surface sites and
disordered surface regions that may explain the antagonistic
effect of the tested nanomaterials. The dose concentration of
Ch-Fe;0, NPs showed a shortening of lifespan and decreased
larval survival associated with the toxic effect against larvae and
adults of D. melunogast‘er.61 Abraham et al.”’ studied the effects
of Fe;O, NPs during the development of the tephritid flies
Ceratitis capitata and Anastrepha fraterculus. They found that
only 40% of larvae feeder medium at 400 pug/mL Fe;O, NPs
could continue their life cycle, in contrast to 92% of the
control.

We found larvae having difficulties in advancing to the next
stage of development; this was agreed with Chen et al.>* who
found that Drosophila uptake of NPs caused a significant
decrease in the development and Drosophila female flies
exhibited an adverse response and developmental delay at the
egg-pupae and pupae-adult transitions. Also, silver NPs
significantly decreased the likelihood of lifespan (eggs to
pupate) and reduced the percentage of adult emergences.™

The present results revealed a delay in growth, a decrease in
larval size, and some malformations caused by the MNP
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Figure 8. Effect of cyromazine and its mixtures with tungsten oxide (WOj;), iron oxide nanoparticles (MNP), and Cu-doped iron oxide
nanoparticles (MNP-Cu) on glutathione S-transferase (GST) and a-esterase activities of S. littoralis 4™ instar larvae.
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Figure 9. Gene expression of dd-PCR using different arbitrary
primers; (A) RAPD 2; (B) RAPD 3; (C) RAPD 4; (D) RAPD 6; (E)
RAPD 8; and (F), RAPD 10, respectively. M, 1.5 Kbp DNA marker;
Ctl, untreated larva; T1, cyromazine (50 mg/L); T2, cyromazine (50
mg/L) + WO; (100 mg/L); T3, cyromazine (50 mg/L) + WO; (500
mg/L); T4, cyromazine (50 mg/L) + MNP (100 mg/L); TS,
cyromazine (S0 mg/L) + MNP (500 mg/L); T6, cyromazine (S0
mg/L) + MNP-Cu (100 mg/L); T7, cyromazine (S0 mg/L) + MNP-
Cu (500 mg/L); then, poll treatments P1, cyromazine (25, S0, and
100 mg/L); P2, cyromazine (25, 50, and 100 mg/L) + WO; (100
mg/L); P3, cyromazine (2S5, 50, and 100 mg/L) + WO; (500 mg/L);
P4, cyromazine (25, SO, and 100 mg/L) + MNP (100 mg/L); PS,
cyromazine (25, 50, and 100 mg/L) + MNP (500 mg/L); P6,
cyromazine (25, 50, and 100 mg L) + MNP-Cu (100 mg/L); and P7,
cyromazine (25, 50, and 100 mg/L) + MNP-Cu (500 mg/L).

treatment; this corresponds with the results, which showed
that short-term exposure to a concentration of Fe;O, NPs at
100 pg/mL is sufficient to cause lasting and harmful effects on
the life cycle traits of C. capitata and A. fraterculus.”*™"® Also,
they reported delays in growth, abnormalities of wings, and the

alteration and interruption of the life cycle. D. melanogaster
newborn flies presented toxicity symptoms such as impercep-
tible movement and abnormal wing and bristle phenotypes
after treatment with zinc oxide.®”%

Magnetite NPs were produced and tested to control
populations of tephritid fruit flies. The results showed that
the magnetite NPs disrupt the life cycle of C. capitata and A.
fraterculus by distressing their behavior and developing them,
altering the phenotype of larvae and pupae, and turning off the
ecdysis of pharate adult.””

Kang et al.”" used dd-PCR to study the Trichoplusiani gene
expression of the insect immune system in larval and pupa
instars infected with Enterobacter cloacae. They concluded that
dd-PCR has a high potential to demonstrate the down and
upregulated genes associated with the immune state of the
whole compared with the gene involved in larval development.
The same observation was reported by Seufi et al;’” they
postulated that the challenged larvae of S. littoralis showed
upregulation of different genes in different molecular sizes,
most of them being antimicrobial peptides (AMPs). In this
study, about 71 upregulated genes with different molecular
weights were observed, and more than 7 genes were
downregulated. In another study, the Tribolium castaneumwas
treated with nanocarbon tubes coated with poly amido amine
dendrimer generation S (PAMAM G = §, cat. no. 536709) and
showed shutdown of specific genes but without any effect on
the toxicity indicator gene. Nowicki et al.”®> used Neb-
colloostatin for eco-friendly pest control. They found that
this type of hormone can cause immune disturbance for the
treated insects and could help in insect control, especially on
Tenebriomolitor. Shahzad and Manzoor’* postulated that
nanomaterials, can affect the treated insect’s cuticle pigmenta-
tion and integrity, induce insect immune responses, and alter
gene expression. The gene alteration resulted in altered
protein, lipid, and carbohydrate metabolism, along with cellular
toxicity that impairs the development and reproduction of the
insect.

In this study, we found that the used nanomaterials affected
gene expression and insect immune response. However, the
toxicity of the used materials was weak compared to that of the
other chemical insecticides. Moreover, when the examined
nanomaterials were mixed with the chemical insecticides,
insect deformation was observed, and the mortality percentage
was not as high as expected. The nanomaterials used in this
study render the toxicity of the chemical pesticides and
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Figure 10. Relative gene expression levels of larva to interleukin genes (IL-18, IL-1q, IL-1/3, IL-1, IL-19, and IL-8, respectively) for Ctl, untreated
larva; T1, cyromazine (S0 mg/L); T2, cyromazine (S0 mg/L) + WO, (100 mg/L); T3, cyromazine (50 mg/L) + WO; (500 mg/L); T4,
cyromazine (50 mg/L) + MNP (100 mg/L); TS, cyromazine (50 mg/L) + MNP (500 mg/L); T6, cyromazine (50 mg/L) + MNP-Cu (100 mg/

L); and T7, cyromazine (50 mg/L) + MNP-Cu (500 mg/L).

generate individuals suffering malformation. Regarding the
results obtained by the real-time PCR, the insect’s immune
response to the treatments starting from T1 to T7 indicate
high immune response in all the treated insects compared with
the control except for IL-1a. The expression was steady in all
examined samples, which means that our treatments have no
apoptotic effects on the treated insects.”” The high expression
of IL-18 in treated insects means that these insects can produce
a high amount of interferon-y from T-cells and natural killer
cells, which means that all the examined treatments in this
study make the insect immune system strong, not weak.”® The
same observation was with interleukin 1B. Still, in the case of
IL-1F, the high expression with the treatments T1, 5, and 7
revealed that these three concentrations cause inflammation in
the insects without killing them.”” The high expression of IL-
19 with the treatments T2, 3, 4, and 7 means that these
concentrations induce the anti-inflammatory regulating genes
that recently formed. Still, the T6 suppressed the anti-
inflammatory effect, meaning this treatment is more effective
than the others.”® In the case of IL-8, it was observed that the
gene expression profile confirms the results obtained by IL-19.
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5. CONCLUSIONS

The study found that none of the tested NPs exhibited toxicity
toward S. littoralis stages. The larval and pupal durations
increased exponentially with increasing concentrations of
cyromazine and nanomaterials. The percentage of pupation
and adult emergence were negatively affected by all treatments.
The S. littoralis larvae had smaller lengths and lighter body
weights after treatment with MNP-Cu/cyromazine mixtures.
Cyromazine treatments significantly increased S. littoralis GST
and a-esterase enzyme activities. The insect immune response
against the nanomaterials decreased the insecticides’ effect.
Comprehensive studies about the performance of NPs in field
conditions and their toxicity to nontarget organisms should be
undertaken to help develop control strategies in agricultural
areas and minimize the environmental hazards.
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