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Abstract

This study delves into the potential insecticidal properties of Nelumbo nucifera (Lotus) against the
cutworm Spodoptera litura L., a significant agricultural pest. Analysis of the chemical profile of N.
nucifera revealed that the peak area was highest for 6a-. beta. -Aporphine, 1,2-dimethoxy- (33.79%),
followed by n-Hexadecanoic acid (21.14%). Notably, larval mortality was most pronounced at the peak
dosage of N. nucifera (2.5 mg/L) on the second (96%), third (87%), and fourth (85%) instars. Additionally,
sub-lethal dosages of N. nucifera (1.5 milligrams per liter) significantly hindered the growth of S. litura by
extending the larval and pupal durations while also reducing fecundity and Oviposition rates in a dose-
dependent manner. Furthermore, exposure to sub-lethal dosages of N. nuciferaled to both inhibition and
upregulation of major enzymes (esterases, CYP450 and GST). Severe damage as well as dysregulation
of midgut tissues were observed in fourth instars of S. /itura exposed to N. nucifera (2.5 milligrams per
liter). Moreover, our results indicate that N. nucifera extracts pose no harm to soil earthworms and
beneficial honey bees, as confirmed through in vitro assays and in silico predictions, respectively. Overall,
these findings offer promising prospects for the development of new bio-based agents for targeting and
managing the lepidopteran pest S. litura.

1. Introduction

Plant-derived materials have gained significant attention in recent years as viable alternatives to
synthetic pesticides in managing agricultural pests [1]. These materials, often derived from botanical
sources, offer several advantages, including decreased environmental effect, lower toxicity to non-target
organisms, as well as potential compatibility with organic farming practices [2-4]. The study of natural
compounds for their potential insecticidal properties has garnered significant interest in recent years,
driven by the need for sustainable and eco-friendly pest management solutions [5-6]. In general,
botanical insecticides are less persistent in the environment than synthetic pesticides, which lowers the
possibility of bioaccumulation and long-term ecological harm [7-8]. Plant-derived products have several
advantages, however their effectiveness varies according on pest species, application techniques, and
environmental circumstances [9—10]. Standardization of botanical extracts and formulations is essential
to ensure consistent efficacy and minimize risks to non-target organisms [11]. Their diverse modes of
action, lower environmental impact, and compatibility with sustainable farming practices make them
valuable components of integrated pest management strategies aimed at reducing reliance on
conventional chemical pesticides [12].

Spodoptera litura (Fab.), generally referred to as the Cotton leafworm or tobacco cutworm, is a highly
destructive polyphagous insect pest notorious for its wide host range, which includes crops like cotton,
tobacco, maize, soybean, and various vegetables [4, 13]. Its voracious feeding habits and rapid
reproduction make it a significant threat to agricultural production, causing substantial economic losses
globally [14]. Historically, conventional chemical insecticides have been the cornerstone of S. /itura
control strategies [15-16]. However, overreliance on these synthetic insecticides has raised worries
about contamination in the environment, adverse impact on organisms not the target, and the
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advancement of insecticide resistance among pest populations [17]. Consequently, there is a growing
imperative to explore sustainable alternatives to synthetic pesticides for managing S. /itura infestations
while minimizing ecological harm and preserving long-term agricultural productivity.

Nelumbo nucifera Gaertn., commonly known as lotus, boasts a rich assortment of bioactive compounds,
including alkaloids, flavonoids, and other secondary metabolites, renowned for their therapeutic
properties in traditional medicine. Recent scholarly inquiry has shifted towards exploring the potential
insecticidal attributes of N. nucifera, assessing its effectiveness in deterring or managing pests [18].
Lotus extracts exhibit strong antioxidant capabilities attributed to the presence of flavonoids, phenolic
compounds, and vitamins. These antioxidants effectively scavenge free radicals, thereby mitigating
oxidative stress and potentially affording protection against various chronic ailments [19]. Furthermore,
the metabolites present in lotus extracts have demonstrated notable anti-inflammatory, antimicrobial,
and neuroprotective effects, possibly ameliorating neurodegenerative conditions by enhancing neuronal
survival and reducing oxidative damage [20—22]. Additionally, lotus extracts harbor valuable metabolites
endowed with insect-repellent properties, growth regulation abilities, and toxicity against a plethora of
agricultural pests, encompassing caterpillars, aphids, and beetles. The toxic nature of these extracts
disrupts the physiological processes of pests, resulting in their mortality or diminished reproductive
capacity [23-25]. Revered for its cultural and medicinal significance, lotus is now under scrutiny for its
potential insecticidal effects against a spectrum of agricultural pests, including the notorious cutworm,
Spodoptera litura (S. /itura).

This investigation aims to uncover the insecticidal potential of N. nucifera against S. litura through serial
experiments. By carefully evaluating key parameters such as larval mortality, growth inhibition, and
behavioral responses, our goal is to gain a comprehensive understanding of the impact of N. nucifera
and their major metabolites on S. /itura and its potential as a natural, environmentally friendly alternative
to conventional chemical insecticides. The outcomes of this study offer the prospect of not only
enhancing our comprehension of N. nucifera insecticidal attributes but also presenting a sustainable and
eco-conscious remedy to mitigate the influence of Spodoptera litura on agricultural crops. This research
significantly contributes to the ongoing endeavors aimed at formulating effective, environmentally
friendly pest management strategies that resonate with the principles of sustainable agriculture.

2. Experimental Section
2.1. Sample collection

Fresh leaves of N. nucifera were harvested from Namakkal, Tamil Nadu, India, by a neighborhood pond
(11°13'15.1"N 78°10'00.1" E). The samples were meticulously collected and promptly placed in clean
polythene bags to preserve their freshness. Subsequently, they were transported to Muthayammal
College of Arts & Science (Autonomous) for additional examination.

2.2. Preparation of extract
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The dried leaves of N. nucifera have been completely crushed with an electric grinder to a fine powder.
Subsequently, 35grams of the powdered leaf were placed into 100milliliters of solvent made of methanol
and subjected to extraction in Soxhlet extractor made of glass. After extraction, A rotary evaporator was
used to condense the resultant solutions. This apparatus aids in removing the solvent, resulting in a
more condensed extract with a total yield of 5.60 grams. The final residue was dissolved in methanol to
create the stock solution. The herbal extract was then put into a sterile glass tube as well as retained at
4°C[29].

2.3. GC-MS (Gas Chromatography-Mass Spectrometry)
analysis

The examination of the N. nucifera extract was carried out with a GC-MS (Gas Chromatography-Mass
Spectrometry) system. Mass spectral parameters were configured under the following conditions: a
detector voltage of 70V, source temperature and injector temperature adjusted accordingly, and injection
mode set to split less with a 0.5uL sample injected. Furthermore, the oven temperature has been
maintained at 85°C for 1 minute initially, with an initial time set at 3 minutes and a starting temperature
of 40°C. Subsequently, the temperature was incrementally increased until reaching a final set
temperature, held for 1 minute, resulting in a total run time of 30 minutes. Retention times of the active
compounds in the samples were assessed and compared alongside their mass spectra in comparison to
the library. Quantitative data was gathered from the results using a peak normalization technique
incorporating FID response[29].

2.4. Insect culture

Bioassays were conducted with II-1V instar S. /itura larvae by employing Castor leaves treated with
proportions of 0.5, 1, 1.5, 2, & 2.5 ml of N. nucifera extract. Prepared samples were applied to leaves
during the natural cooling process (50 + 2°C). The control group received methanol only. Each treatment
involved a group of 20 larvae per concentration with three replicates. Deaths were reported on a 24-hour
basis, & final death was noted. Percentage mortality was calculated with corrections for natural
mortality[10].

Oviposition assay

The procedure was followed in order to determine the ovicidal activity. 25 recently laid down eggs of S.
litura were individually exposed to five different concentrations (0.5, 1, 1.5, 2, 2.5ml) prepared with
methanol. Five replications of each concentration were made. A separate control group (methanol in
water) was kept up, as well as the death of eggs was examined under a microscope. The evaluation of
ovicidal activity was done 120 hours after therapy. Using the following formula: Percent ovicidal
activity[10]: Numberofunhatchedeggs/Totalnumberofeggsintroducedx100

2.5. Enzyme analysis
2.5.1. CarE (Carboxylesterase) assay
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Carboxylesterase activity was determined using the Senthil-Nathan et al. technique.[26] with a few minor
adjustments. Each food treatment yielded twenty 7-day-old larvae, which were collected as well as
homogenized in five millilitres of 0.1M phosphate buffer(pH 7.4), which comprises one mM of ethylene
diamine tetra acetic acid (EDTA), phenyl methyl sulfonyl fluoride (PMSF), Phenyl thio urea (PTU), &
20percent glycerol. After centrifuging the homogenate for 20 minutes at 4 degee celcius at 10,000rpm,
the supernatant has been utilized as the” enzymatic source.

The reaction mixture was created by combining 5.0 ml of anaphthyl acetate at 0.3 mM with 40 pl of the
enzymatic source. It was then incubated for twenty minutes at room temp., in the dark, and with periodic
shaking. Then, 1.0ml of a combination of 5% sodium dodecyl sulfate (SDS) solution, made with double-
distilled water in a 2:5 ratio,& fast blue B (1.0% w/v salt in a pH 6.8 phosphate buffer (0.04 M)) was
mixed. The mixture was then incubated for an additional 20 minutes at room temperature. The
absorbance value (OD) at 590nm has been measured and compared to a blank solution prepared using
the buffer that was used. Using a standard curve, the esterase activity in various treatments was
computed. [26].

2.5.2. Glutathione S-transferase (GST) assay

GST activity has been measured using 1-chloro-2,4-dinitrobenzene (CDNB) based on the procedure of
Habig et al. [27]. Simple 0.1 M phosphate buffer with one mM EDTA & 20 per cent glycerol. was used to
make larval homogenates. 3 ml of phosphate buffer, 50mM CDNB, 150 mM reduced glutathione, as well
as 30 mM enzyme solution, made up the reaction mixture. It was then gently mixed and incubated for
two to three minutes. After five minutes of recording the change in absorbance rate (OD) at 340nm, the
GST activity (umol/mg/min) has been computed by employing the relevant coefficients. Using BSA as
the standard, the Coomassie Brilliant Blue G (CBBG) method was used to determine the homogenate's
protein concentration. A spectrophotometer was used to record the absorbance at 595 nm.

2.5.3. Cytochrome P450 (CYP450) assay

Spodoptera litura larvae in the Il to IV instar stage, after exposure to sub-lethal doses of N. nucifera
extract, were dissected following rinsing in double distilled water. Prior to dissection, the larvae have
been chilled and “immersed in 40 mM sodium phosphate buffer (pH 7.2). Dissection involved removal of
the heads, last abdominal segment, and digestive system, leaving carcasses for Cytochrome P450
(CYP450) activity determination. Black, round-bottomed 96-well microplates were used to measure the
activity of ethoxycoumarin-O-de-ethylase within the body's barrier in order to determine the cytochrome
P450 activity. Individual larval carcasses were placed in each well, which held 100ul of a 0.4mM 7-
ethoxycoumarin solution in a fifty mM sodium phosphate buffer(pH7.2). After four hours of incubation at
30 degrees Celsius, the reaction was stopped using 50 pl of ethanol and one mM of glycine buffer (pH
10.4). Throughout the reading, larval carcasses remained at the well's bottom. 100 pl of phosphate
buffer, 50 ul of glycine buffer, & Fifty ul of ethanol were placed in blank wells. A Synergy HT microplate
reader (Bio-Tek Instruments, India) equipped with 400nm excitation as well as 480nm emission filters
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was used to evaluate the fluorescence of the reaction media. The measure of enzyme activity was pmol
of 7-hydroxycoumarin (7-OH) per milligram of larvae per minute[10]".

2.6. Midgut histology

The study concentrated on the effects of a lethal dosage (2.5 milligrams per liter) of N. nucifera crude
extract on the 4th instar larvae's intestine tissues, which were immobilized in Bouin's chemical reagent
overnight, along with control samples. After that, they had been chilled to about 26°C for two hours, and
then a cryo-microtome was used to cut them into 1.5um pieces(Leica, Cryocut 1800, Germany). Using a
B-600 TiFl-Italy teaching microscope, the complete midgut slices were placed on microscopic slides,
examined, and caught on camera using a mercury short-arc lamp light installed in an Optika Fluo Series
HBO [28] (Murfadunnisa et al., 2019).

2.7. Earthworm toxicity

The Eudrilis eugeniae earthworm species was kept chemical-free at the Muthayammal College of Arts
and Science (Autonomous), Rasipuram, Tamil Nadu, India. The whole population of earthworms was
cultivated at 28.9 + 0.36°C the ambient temperature. The Artificial Soil Test and Filter Paper Test (FPT)
were then carried out using the procedures described in Vasantha-Srinivasan et al. [29]. The study
compared the effects of 1.5 and 2.5 milligrams per liter of N. nucifera extract with 0.5 and 1.0 milligrams
per liter of the commercial pesticide Cypermethrin at treatment levels. The OECD standard procedure
was followed for conducting the Artificial Soil Test (AST) in this investigation, which comprised 20%
kaolin clay, 10% sphagnum peat moss, along with 70% sand [30].

2.8. In-silico toxicity prediction

BeeTox, a free online server utilizing Al (artificial intelligence) and designed in order to estimate the
short-term toxicity of substances & ligands to honey bees, was applied to evaluate the toxicity of specific
chemicals obtained from the extract of N. nucifera. The creators of this tool are Moreira-Filho et al. [31].

2.9. Statistical analysis

The mortality data underwent an extensive statistical analysis, which included logarithmic and variance
analysis of arcsine, along with square root converted percentages. Then, using 5 duplicates of the
observed readings, mean values were computed. Tukey's multiple-range tests were used to evaluate
differences among distinct larvicidal treatment groups, with a significance level of p < 0.05. The
Minitab®17 software has been used for the statistical analysis. Statistical calculations had been carried
out using Sigma Plot Twelve, a Microcal software tool, to estimate mid-gut enzyme levels. An accurate
and thorough knowledge of the larvae's lethal dosage reactions to the experimental settings was made
possible by this investigation.

3. Results and Analysis
3.1. Chemical Profile of N. nucifera
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IPM (Integrated pest management) strategies are widely performed to manage pest populations along
with mitigate crop damage. These tactics cover a range of methods, including as the application of
chemical pesticides, applying biological control agents (natural enemies), cultural customs, as well as
the development of resistant crop types. As insect growth regulators (IGRs), synthetic compounds such
as pyrethroids hinder the action of lepidopteran hormones, causing disruptions to larval development
and molting, which in turn causes malformations or mortality. Furthermore, organophosphates, such
malathion and chlorpyrifos, interfere with the insects’ nervous system by interfering with the
transmission of nerve signals. This neurotoxic impact has the potential to cause death and paralysis.
The insect lepidopteran S./itura affects crops around the world in different ways in accordance with on a
number of variables, such as climate, location, farming practices, and host plant susceptibility.

The chemical screening of N. nuciferacrude extract delivered total of fifteen major metabolites, the
chromatogram and the GC-MS compounds was displayed (Fig. 1A&B) The peak area percentage was
maximum for 6a-. beta. -Aporphine,1,2-dimethoxy- (33.79%), followed by n-Hexadecanoicacid (21.14%)
respectively. Apart from that the chemical profile of N. nucifera also covers Hydrazinecarbothioamide
(0.92%), “Phenol,4,4'-methylenebis [2,6-dimethyl- (1.4%), Hexadecane (1.17%), Neophytadiene (0.95%),
Hexadecanoicacid, methylester (6.47%), Methyl 10-trans,12-cis-octadecadienoate (5.13%), E,E,Z-1,3,12-
Nonadecatriene-5,14-diol (3.22%), 9,12-Octadecadienoicacid(Z,2)- (8.2%), Z,Z-8,10-Hexadecadien-1-ol
(6.81%), Octadecanoic acid (5.0%), Silane,diethyl(2,4,6-trichlorophenoxy)pentyloxy- (1.44%), 1,3,5-
Trisilacyclohexane (1.39%), and (R)-1-Methoxy-6-methyl-5,6,6a,7-tetrahydro-4H-diben” (2.98%)
respectively. The total peak area (PA), retention time (RT),compound name tabulated (Table 1).

Commonly found in tropical and subtropical areas, this pest's presence often results in substantial
economic losses in agriculture [32]. In several studies reported that invasive aquatic plant and through
GC-MS analysis, the possible hepatoprotective bioactive chemical components from the n-butanol
fractionated hydroethanolic extract of P stratiotes leaves were identified[33]. The mechanisms of
insecticidal resistance in the crop pest S. /itura against major commercial compounds is also a greater
challenge in managing this crucial pest [15]. This mechanism involves alterations in the target sites of
insecticides, such as receptors or enzymes, rendering them less susceptible to the toxic effects of the
compounds [34]. Also, the insect develops enhanced detoxification mechanisms to metabolize or
sequester the insecticide before it can exert its toxic effects [35]. This can involve the upregulation of
detoxification enzymes, such as cytochrome P450s, esterase’s, or glutathione S-transferases, which
facilitate the breakdown or sequestration of insecticides within the insect's body, reducing their toxicity
[36].

3.2. Larval toxicity

The larval toxicity of N. nucifera extracts exhibited dose-dependent mortality rates “against Il, lll, and IV
instar larvae of S. /itura, with a notably higher mortality rate observed at the prominent dosage of N.
nucifera (2.5 milligrams per liter) across all instar stages (Il: 96.5%, F4 g = 23.22, P<0.007; 1l: 87.5%,
F420=23.66, P<0.001"; IV: 85.4%, F4 50 = 18.42, P<0.001). Each treatment dosage significantly differed
from both the control group and other treatment dosages. Conversely, the minimal dosage of N. nucifera
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extract (0.5 milligrams per liter) resulted in comparatively lower larval mortality rates across all instar
“stages (II: 30.4%, F4 g = 23.22, P<0.007; lll: 24.5%, F4 5o = 23.66, P<0.001; IV: 23.1%, F4 0 =18.42, P<
0.001) (Fig. 2). The lethal concentration (LCs) value was observed at 1.3 milligrams per liter in Il instar,
1.8 milligrams per liter in lll instar, and 2.1 milligrams per liter for IV instar respectively”.

Incorporating herbal extract-based pesticides into pest management strategies presents numerous
advantages for mitigating resistance to commercial chemical pesticides [37]. Their varied chemical
compositions, distinct modes of action, and diminished environmental impact render them valuable
assets for sustainable pest control, thereby contributing to the preservation of effective pest
management practices for future generations [38-39]. Often referred to as the sacred lotus, N. nucifera
is a perennial aquatic plant in the Nelumbonaceae family. Renowned for its medicinal properties, this
plant has found extensive use in traditional medicine systems. Various parts of N. nucifera, such as the
roots, fruits, stamen, tender leaves, stems, as well as flowers, have been reported to possess diverse
biological and pharmacological activities [40-41]. Previous studies investigating the phytochemical
screening of N. nucifera leaf extracts have confirmed the presence of Tannins, Saponins, and Flavonoids
[42].

3.3. Development inhibition of N. nucifera

Exposure of S. lituralarvae to N. nucifera extract resulted in a dose-dependent extension of larval
duration, with a significant increase observed at the higher sub-lethal dosage of 1.5 milligrams per liter,
reaching 31 days (F4,( = 23.66, P<0.001), compared to 18days for control larvae (Fig. 3). This trend
persisted in pupal development, where the duration was significantly prolonged with increasing dosage
of N. nucifera, peaking at the highest dosage (1.5 milligrams per liter) with 22 days (F4 o = 13.65, P =<
0.001), in contrast to both other treatment dosages as well as the control group (8 days, F4 5, =13.65, P <
0.001) (Fig. 3).

Furthermore, the Oviposition Deterrent Index (ODI) revealed a significant inhibition of S. /itura Oviposition
following therapy with N. nucifera sample, with the highest inhibition percentage observed at the higher
sub-lethal dosage (1.5 milligrams per liter), reaching 87.5% (F 4,9 =29.44, P<0.001), compared to other
dosages: 1.0 milligrams per liter (67.5%), 0.5 milligrams per liter (43.3%), 0.25 milligrams per liter
(15.4%), and control (5.3%) (Fig. 4A)[43]. Moreover, the reproductive rate, indicated by the mean
fecundity of S. litura, has been significantly influenced in a dose-response manner to N. nucifera extract,
with notable effects observed at various concentrations: 1.5 milligrams per liter (535 number of eggs,
F420 =29.05, P<0.001), 1.0 milligrams per liter (632 number of eggs), 0.5 milligrams per liter (745
number of eggs), 0.25 milligrams per liter (978 number of eggs), and control (1250 number of eggs)
(Fig. 4B).

3.4. Enzyme inhibition of N. nucifera

The alpha (a) carboxyl esterase activity was significantly inhibited by the prominent dosage of N.
nucifera (1.5 milligrams per liter), resulting in significant inhibition across the Il instar (0.41 mM/mg -
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F420=18.65, P<0.001), lll “instar (0.443 mM/mg - F4,,=15.23, P<0.001), and IV instar (0.512 mM/mg -
F420=18.04, P<0.001) stages compared to the respective control levels of Il instar (0.713 mM/mg), Il
instar (0.742 mM/mg), and IV instar (0.793 mM/mg) (Fig. 5A). Similarly, B carboxyl esterase activity
decreased in a dose-dependent manner with N. nucifera treatment, exhibiting significance at higher
dosages (1.5 milligrams per liter) in the Il instar (1.133 mM/mg - F,,0=18.55, P<0.001), Il instar (1.312

mM/mg - F4,0=17.77, P<0.001), and IV instar (1.451 mM/mg - F,,,=19.83, P<0.001) stages compared

to the respective control levels” of Il instar (1.754 mM/mg), lll instar (1.856 mM/mg), and IV instar (1.932
mM/mg) (Fig. 5B).

In contrast, detoxifying enzyme GST's level increased in a dose-dependent manner with exposure to N.
nucifera, with significance observed at a sub-lethal dosage of 1.5 milligrams per liter across the Il instar
(0.526pmol/mg - F40=15.31, P<0.001), lll instar (0.563pmol/mg - F450=18.21, P<0.001), & IV instar
(0.631pmol/mg - F450=19.55, P<0.001) stages as compared to the respective control levels of Il instar
(0.421 pmol/mg), Ill instar (0.465umol/mg), & IV instar (0.487umol/mg) (Fig. 5C). Similarly, the CYP450
level increased in response to N. nuciferain a dose-dependent manner, with significant elevation noted
at the sub-lethal dosage (1.5 milligrams per liter) across the Il instar (7.41 mmol 7-OH/mg - F, ,,=23.14,
P<0.001), lll instar (7.91 mmol 7-OH/mg - F4,,=18.24, P<0.001), & IV instar (8.04 mmol 7-OH/mg -
F420=22.54, P<0.001) stages as compared to the respective control levels of Il (5.13 mmol 7-OH/mg), Il
(5.21 mmol 7-OH/mg), and IV (5.30 mmol 7-OH/mg) (Fig. 5D).

3.5. Midgut toxicity of N. nucifera

The midgut toxicity of IV instar larvae of S. /itura delivered severe dysregulation in the midgut cell and
tissues treated with lethal dosage of N. nucifera (2.5 milligrams per liter). There was severe
dysregulation in the alignment of the peritrophic membrane (pM), epithelial layer (el), as well as brush
border membrane (bbm) of midgut larvae of S. /itura exposed to N. nucifera. Also, the ciliated border was
also damaged severely and the midgut content was collapsed significantly (Fig. 6B). In contrast, the
control larvae displayed normal appearance of the midgut cells and tissues (Fig. 6A).

Midgut enzymes such as esterases, GST, and CYP450 play pivotal roles in the detoxification system of
insects, facilitating the metabolism and elimination of xenobiotics, including insecticides and plant
secondary metabolites. Esterases are particularly critical for the hydrolysis of ester bonds, essential for
detoxifying insecticides like organophosphates and carbamates [44]. This enzymatic action confers
resistance to insecticides in lepidopteran pests by breaking down these compounds into less toxic
metabolites [45]. However, plant extracts containing various phyto-compounds can inhibit esterase
activity, diminishing the insect's ability to detoxify insecticides and heightening susceptibility to chemical
control measures [32]. The exposure to N. nucifera extracts (1.5 milligrams per liter) significantly
inhibited esterase (a and B) activity in different larval instars of S. litura. GSTs, enzymes catalyzing the
conjugation of glutathione to xenobiotics, aid in their excretion or sequestration [46]. In response to toxic
compounds, insect pests elevate the expression of GSTs and CYP450 enzymes to enhance their
capacity for toxin metabolism and elimination [47].
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3.6. Earthworm toxicity of N. nucifera

The Filter Paper Test (FPT) conducted on earthworm E. foetida exposed to lethal dosages of N. nucifera
(1.5 &2.5 milligrams per liter) and cypermethrin (0.5 &1.0 milligrams per liter) demonstrated that the
herbal extract treatment with N. nucifera was comparatively less toxic or even harmless, even at the
maximum dosage exposure (2.5 milligrams per liter) after 24 hours (7.3% mortality - F4,,=27.14, P<
0.007) & 48 hours (5.4% mortality - F4,0=24.51, P<0.001), respectively. In contrast, the commercial
pesticide cypermethrin (1.0 milligrams per liter) exhibited a higher mortality rate after 24 hours (23.4% -
F420=27.14, P<0.001) & 48 hours (20.2% - F450,=24.51, P<0.001), respectively (Fig. 7A). Furthermore,

there was no noble change between the mortality rates of the N. nucifera treatments and the control
after 24 hours (3.4%) and 48 hours (3.2%).

The results of the Artificial Soil Test (AST) also indicated that N. nucifera treatment (2.5 milligrams per
liter) was less toxic to E. foetida after 2 days (5.1% mortality - F,,=21.55, P<0.001), 7 days (4.6%
mortality - F4,,=28.33, P<0.001), and 14 days (4.1% mortality - F;,,=29.55, P<0.001) of exposure,
respectively. In contrast, the commercial compound cypermethrin (1.0 milligrams per liter) resulted in a
significant mortality rate after 2 days (27.5% - F450=21.55, P<0.001), 7 days (21.3% - F;5(=28.33, P=
0.001), and 14 days (17.3%-F450=29.55, P<0.001), respectively (Fig. 7B). Similarly, as observed in the
AST results, there was no noble change among the mortality rates of the N. nucifera treatments and the
control after 2 days (2.3%), 7 days (2.1%), and 14 days (1.7%). Epithelial layer (EL), are equipped with
various transporters and pumps that actively regulate the movement of nutrients and xenobiotics across
the gut epithelium [48]. Additionally, the epithelial layer can undergo structural modifications in response
to toxic compounds.

Earthworms are frequently regarded as barometers of soil health, with their existence and proliferation
serving as markers of a robust and harmonious soil ecosystem [49]. Consistent with our research,
Dinesh-Kumar et al. [50] similarly demonstrated that the Plant Swietenia mahagoni, family Meliaceae, in
conjunction with its plant chemicals constituent Bis (2-ethylhexyl) phthalate, exhibited lower toxicity
compared to the synthetic insecticide Cypermethrin when tested on the earthworm Eudrilus eugeniae at
a 200 milligrams per kilogram is the maximum dosage. The in-silico toxicity prediction tools facilitate
rapid and efficient screening of pesticide compounds across a broad spectrum of non-target organisms.

This capability empowers researchers and regulatory agencies to promptly discern potentially hazardous
compounds and prioritize further testing and evaluation. Online in-silico prediction tools such as BeeTox
provide streamlined mathematical techniques for predicting a chemical compound's toxicological
characteristics, enabling scientists & authorities to quickly assess the possible dangers connected to a
variety of substances [51].

In-silico bee toxicity of N. nucifera metabolites
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The in-silico bee toxicity of N. nucifera metabolites, the BeeTox Al online server predicted that the major
metabolite constituents of N. nucifera pose no harm to the honeybee Apis mellifera with regard to of
contact & acute oral toxicity. Comprehensive mapping of toxicity contribution of the phyto-compounds in
N. nuciferais presented in Table 2. Our findings, conducted through BeeTox, indicate that the bioactive
compounds of N. nucifera pose no toxicity to honey bees and are environmentally safer for beneficial
species.

4. Conclusions

The current toxicological screening of its active bio-rational extracts presents an opportunity to integrate
this botanical treasure into integrated pest management strategies. This approach holds promise for
developing novel bio-based agents to target the lepidopteran pest S. /itura, thereby promoting eco-
friendly solutions and reducing chemical burdens. Furthermore, the availability of N. nucifera as a locally-
sourced aquatic plant encourages the application of local or native plants to control pests, in line with
organic along with community-supported farming methods. Future research efforts should prioritize the
effective formulation of plant compounds such as 6a-. beta. -Aporphine, 1,2-dimethoxy-, and n-
Hexadecanoic acid, considering their potential biological properties and minimal impact on non-target
organisms. Examining the synergistic relationships among various botanical substances or between
synthetic pesticides and botanicals may improve effectiveness while reducing side effects.
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Tables

Table 1 and 2 are available in the Supplementary Files section.

Figures

Figure 1

GC-MS chromatogram and the major metabolites derived from N. nucifera crude extract. Were the
alphabets representing in (B) are the chemical names as follows (A) Hydrazinecarbothioamide, (B)
“Phenol,4,4'-methylenebis [2,6-dimethyl-, (C) Hexadecane, (D) Neophytadiene, (E) Hexadecanoicacid,
methyl ester, (F) n-Hexadecanoic acid, (G) Methyl 10-trans,12-cis-octadecadienoate, (H) E,E,Z-1,3,12-
Nonadecatriene-5,14-diol, (I) 9,12-Octadecadienoicacid(Z,Z)-, (J) Z,Z-8,10-Hexadecadien-1-ol, (K)
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Octadecanoic acid, (L) Silane,diethyl(2,4,6-trichlorophenoxy)pentyloxy-, (M) 1,3,5-Trisilacyclohexane, (N)
(S)-1,2,9,10-tetrahydroxy-6-methyl-5,6,6a,7-tetrahydro-4H-dibenzo[de,g]quinoline, and (0) 6a-.beta.-
Aporphine,1,2-dimethoxy- respectively”.
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Figure 2
Larvicidal activity of N. nucifera crude extract dosages against 2"9, 3 and 4™ instar larvae of S./itura.

Tukey's test results show that there is no notable distinction (P < 0.05) when the means (+SEM) are
followed by the identical letters above the bars.
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Days needed for S. /itura larvae to develop & pupae after exposure with sub-lethal dosages of N. nucifera
crude extracts. Means (+SEM) show that there is no significant variation (P<0.05) on the basis of the
findings of Tukey's test.
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Figure 5

Expression of major detoxifying enzymes (A) a-carboxylesterase, (B) B-carboxylesterase, (C) glutathione
S-transferase (GST), & (D)cytochrome-P450 (CYP450) in Il Il &1V instars of S. litura exposed to sub-
lethal dosages of N. nuciferacrude extracts. Means (xSEM) show that there is no notable distinction
(P<0.05) on the basis of the findings of Tukey's test.

Figure 6

Midgut histological view of S. litura IV instar larvae (A) control, (B) N. nucifera crude extract treatment
(2.5 milligrams per liter). el: epithelial layer; cb: ciliated border; gl: gut lumen; bbm: brush border
membrane; nopm: peritrophic membrane.
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Figure 7

Non-target earthworm Eisenia fetidatoxicity (A) filter paper test (FPT) for 24 & 48 hours and (B) Artificial
soil test for 2, 7 & 14 days of exposure to crude extracts of N. nuciferaand Cypermethrin is a chemical
insecticide. Tukey's test results show that there is no significant variation (P<0.05) when the means
(+SEM) are followed by the identical letters above the bars.
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