
Phytochemical study, acute toxicity and efficacy of aqueous and hydroethanolic plant extracts in the control of insect pests of okra (Abelmoschus esculentus L.) in Korhogo, North Côte d’Ivoire


ABSTRACT 
Insect pests affect okra cultivation, reducing agricultural productivity. This study aimed to identify the chemical compound families, efficacy and toxicity of aqueous and hydroethanolic extracts of Azadirachta indica, Hyptis suaveolens and Solanum lycopersicum against okra insect pests. A factorial block design was used to test the efficacy of the extracts. The impact on insect abundance was measured 24 hours after application. Phytochemical screening was carried out using colorimetric tube tests. Free radical scavenging activity and acute toxicity were assessed using the DPPH and OECD 423 methods respectively. The results showed that the extracts significantly reduced pest abundance (p=0.005). Phytochemical analyses revealed that A. indica and S. lycopersicum contain polyphenols. Aqueous and hydroethanolic extracts of H. suaveolens showed antioxidant activity. The extracts are non-toxic from 5 to 2000 mg/kg. Extracts of A. indica, H. suaveolens and S. lycopersicum showed efficacy against insect pests of okra, while being non-toxic to mammals. These results suggest that they are environmentally friendly and safe alternatives to chemical insecticides for managing okra pests.
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1. INTRODUCTION
Pest insects are a significant factor restricting agricultural output, particularly in food crops like okra (Abelmoschus esculentus) [1,2]. Okra, belonging to the Malvaceae family, is extensively grown in tropical and subtropical regions for its nutritious fruits, which are rich in vitamins, potassium, calcium, carbohydrates, dietary fiber, and unsaturated fatty acids, including linolenic and oleic acids [3]. The seeds of okra are also abundant in α-tocopherol along with high concentrations of minerals, proteins, and essential amino acids [4]. This crop is vital for nutrition due to its compounds that exhibit antidiabetic, anticancer, antihypertensive, and antimicrobial properties [5]. Nevertheless, okra is faced with various challenges that affect its yield. In Côte d'Ivoire, especially in the northern area, crop damage is significantly caused by pests like Podagrica decolorata, Amrasca biguttula, Zonocerus variegatus, Jacobiasca lybica, and Bemicia tabaci, impacting both yields and the quality of the crop [6,7,8,9].
Traditionally, the control of these pests has relied on chemical pesticides, which, while effective, carry potential dangers to human health, the environment, and biodiversity [10,11]. These issues have prompted the investigation of more ecological and sustainable alternative strategies, such as utilizing local medicinal plants for biological pest control.
In this scenario, there has been an increasing focus on the application of plant extracts as agents for insect management, particularly due to their minimal toxicity to humans and other non-target organisms [12], along with their accessibility in local environments. Numerous studies have demonstrated that a variety of tropical plants possess insecticidal, repellent, or antifungal properties effective against an array of pests. Research into the use of biopesticides for controlling pests has yielded encouraging outcomes concerning different plant-feeding insects [13,14,15,16,17]. Among the plants utilized as pesticides, neem (Azadirachta indica), leaves of Hyptis suaveolens, and tomato leaves (Solanum lycopersicum) have shown effectiveness against various pests that impact different crops. Numerous studies have confirmed the effectiveness of azadirachtin found in neem (Azadirachta indica) against pests such as aphids, flea beetles, okra jassids [18], and armyworm (Spodoptera frugiperda) [19]. Likewise, extracts from Azadirachta indica and Hyptis suaveolens have proven effective against cowpea thrips [20] and Helicoverpa armigera, a significant cotton pest [21,22], which has also been noted on okra. Hyptis suaveolens extracts reduced the number of maize pests by up to 90.9% [23]. Furthermore, research by Sakho et al. (2021) [24] has demonstrated that Hyptis suaveolens powder has a notable insecticidal effect on the stock maize pest Sitophilus zeamais. Aqueous extracts of Hyptis suaveolens leaves demonstrated a considerable effect against cashew termites, according to Diahussié (2022) [17]. Furthermore, studies conducted by Yao (2022) [25] demonstrated that Azadirachta indica leaves had an insecticidal impact on Podagrica decolorata, a possible okra pest. Finally, Gouley (2014) [26] and Koné et al. (2020) [27] demonstrated the efficacy of Solanum lycopersicum leaves against hemiptera, okra pets. The effectiveness of these extracts and their toxicological profiles, particularly in the context of pest management in okra farming, are not well documented, though.
By assessing their phytochemical composition, toxicological profile, and insecticidal and reppellent efficacy, the study aims to investigate the potentiel of aqueous and hydroethanolic extracts of Azadirachta indica, Hyptis suaveolens, and Solanum lycopersicum in the management of okra insect pests. The study’s objectives are to determine which bioactive substances cause these effects and to evaluate the extracts’ acute toxicity. In order to lessen the reliance of local farmers on pesticides and support sustainaible agriculture, this project attemps to offer safe, sustainable, and natural ottions for managing okra pests in the Korhogo region in northern Côte d’Ivoire.

2. METHODOLOGY
2.1 Study environment
[bookmark: _GoBack]The study took place from December 2022 to September 2023 in Korhogo, northern Côte d'Ivoire (between 8°26–10°18 N and 5°16–6°16 W). This Sudanese climate region has two seasons: a dry season (November to March) with little or no rainfall, and a rainy season (April to October) marked by abundant rainfall. Korhogo recorded an average annual rainfall of 859 mm. The city is crossed by two main rivers, the Bandama and the Comoé, as well as their tributaries, and also benefits from pastoral dams (Boko-Koiadja et al., 2016) [28] (Figure 1). The local economy is mainly based on agriculture (food, perennial and market gardening crops) and livestock farming, two major activities for the population of the department (MIS, 2023) [29].
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Fig. 1. Location of the city of Korhogo 

2.2 Preparation of Extracts
The plant organs used in this study are the leaves of Hyptis suaveolens, Azadirachta indica and Solanum lycopersicum. Initially, these leaves were harvested in the courtyard and botanical garden of the Peleforo Gon Coulibaly University in Korhogo. Then, they were left to dry in the shade in a well-ventilated room for three weeks, in order to preserve their active ingredients. Once the drying was complete, the leaves were ground using a Nasco® (Singapore) blender until they were reduced to a fine powder. Subsequently, two types of excerpts were prepared:
· On the one hand, the aqueous extracts were obtained by diluting 100 g of powder of each plant in 1000 mL of distilled water;
· On the other hand, the hydroethanolic extracts were prepared by mixing 100 g of powder with 1000 mL of 70% ethanol.
Regarding the mixture extracts, 50 g of powder from each plant were combined, then diluted in 1000 mL of solvent. After 48 hours of maceration, each solution was homogenized in a blender for 5 minutes. It was then filtered successively using a sieve, a white "pergale" type cloth, then a Wattman filter paper (3MM), and finally through a hydrophilic cotton placed in a funnel. Finally, the final filtrate obtained was homogenized again and then used for field spraying [30,31,15].

2.3 Phytochemistry of extracts
The phytochemical study was conducted using the methods of Ladyguina et al. (1983) [32], Békro et al. (2007) [33], Dohou et al. (2003) [34] and Popovici et al. (2009) [35].
For the detection of polyphenols, 2 mL of each extract was mixed with a few drops of an aqueous solution of 2% (w/v) iron (III) chloride. A blue-black or green-black colouration indicates their presence [32, 33].
Coumarins were revealed using Godin's reagent, prepared by mixing equal volumes of a 1% (v/v) vanillin ethanolic solution and a 3% (v/v) perchloric acid solution. The chromatoplates were then sprayed with this reagent and then with a 10% (v/v) ethanolic acid solution of sulfuric acid. After heating to 100°C, blue spots indicate the presence of coumarins [36].
For the detection of tannins, a 2% (w/v) solution of FeCl₃ (prepared by dissolving 2 g of FeCl₃ in 100 mL of water) was sprayed on the chromatoplates. Visible grey spots confirm their presence [36].
The search for saponosides consisted of bringing 2 g of vegetable powder to a boil in 100 mL of distilled water for 30 minutes. After filtration and volume adjustment, 10 tubes containing 1 to 10 mL of solution (supplemented with 10 mL with distilled water) were shaken and left to rest for 15 minutes. The height of the persistent foam was measured. If it reaches 1 cm in a tube, the foam index (Im) is calculated by:

An index ≥ 100 indicates the presence of saponins [34].
The presence of flavonoids was tested by the cyanidin reaction. After evaporation of 2 mL of extract, the residue was dissolved in 5 mL of dilute hydrochloric alcohol and then mixed with 2–3 magnesium shavings. A pinkish-orange or purplish colour, intensified by 3 drops of isoamyl alcohol, confirms their presence. An alcoholic solution of quercetin was used as a control.
Finally, the alkaloids were detected with the Dragendorff reagent, prepared from:
· Solution 1: 0.85 g bismuth nitrate in 40 mL acetic acid;
· Solution 2: 8 g of potassium iodide in 20 mL of water.
Mixing 5 mL of each solution and adding 100 mL of water and 20 mL of acetic acid produces the final reagent. After spraying on the chromatoplate, the presence of alkaloids is indicated by orange or red stains [36].
2.4 Infrared spectroscopy 
Infrared (IR) spectroscopy is a technique for identifying the types of chemical bonds and functional groups present in a molecule. The spectra were obtained with a Perkin Elmer Spectrum 2 device. For the analyses, 2 mg of sample was dissolved in methanol and then the solvent was evaporated, leaving a uniform film on the cell (mold). Measurements were made in a range of 400 cm⁻¹ to 4000 cm⁻¹, using Spectrum software (version 18) [37].
2.5 Evaluation of Antioxidant Activity by DPPH 
The evaluation of the antioxidant potential of the extracts was carried out according to the method of Blois (1958) [38]. DPPH is dissolved in absolute ethanol to obtain a concentration solution of 0.3 mg/mL. Different concentrations of the extract (2 mg/mL, 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.125 mg/mL and 0.0625 mg/mL) are prepared in absolute ethanol. In clean, sterile tubes, 2.5 mL of the plant extract and 1 mL of the ethanolic solution of DPPH are added. After stirring, the tubes are placed away from light for 30 minutes. The absorbance of the mixture is then measured at 517 nm, with 2.5 mL of pure ethanol and 1 mL of DPPH solution as white. Ascorbic acid (vitamin C) is used as a reference positive control. DPPH inhibition percentages are calculated according to the formula:
(%) = (Ab - Ae) / Ab x 100


: Percent Inhibition
Ab: Absorbance of white
Ae: Absorbance of the sample

The concentrations required to sequester 50% (IC50) of DPPH are determined on graphs representing the percentage of DPPH inhibition based on the concentrations of extracts or vitamin C.
2.6 Evaluation of the acute toxicity of extracts on mice
The acute toxicity assessment was conducted in accordance with OECD Protocol 423 (OECD 2001) [39]. At each stage of the study, three female mice weighing between 19 and 26 grams were used, the sex being specifically chosen due to the greater sensitivity of the females to the substances tested, in accordance with the recommendations of the guidelines. The doses administered were 5, 50, 300 and 2000 mg/kg body weight, selected to observe toxic effects, including partial mortality. Each group of animals received a single oral administration by gavage at the specified dose and then observed at regular 30-minute intervals in the first few hours after dosing. In the absence of signs of toxicity, such as mortality, aggressiveness, reduced mobility, impaired alertness or digestive disorders (vomiting, changes in bowel movements, etc.), the next group was treated in turn. Animal observation was carried out daily for 14 days to detect any delayed effects. Thus, the following treatments were administered to the mice (Figure 2):
- Lot I (control): the animals were given distilled water. 
- Lot II (treated): the animals were given 5 mg/kg body weight of extract. 
- Lot III (treated): animals were given 50 mg/kg body weight of extract
- Lot IV (treated): the animals were given 300 mg/kg body weight of extract. 
- Lot V (treated): the animals were given 2000 mg/kg body weight of extract.
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[bookmark: _Hlk190803200]Fig. 2. Test scheme showing inoculation of the doses of extracts administered to mice
2.7 Evaluation of effectiveness
To evaluate the efficacy of the extracts on insect pests of okra cultivation, a factorial block experimental setup was used with 20 treatments (10 per variety) spread over 3 replicates. the plots were laid out randomly. The 2 x 2.5 m elementary plots were spaced 2 m between the blocks and 1 m between the plots. Each plot had 15 okra plants on 3 ridges. The total experimental plot measured 602 m², with 900 plants. Treatments included extracts of Hyptis suaveolens, Azadirachta indica (Neem) and mixtures and mixtures of Hyptis suaveolens/Solanum lycopersicum and Azadirachta indica/Solanum lycopersicum. Two plots were used as controls: one treated with a chemical insecticide and the other without treatment. A total of 20 treatments were performed.
 Insect counts were conducted 24 hours after each application. The insects present after each treatment were counted and identified using the methods of direct observation, capture with coloured traps (yellow plates), as well as the use of forceps and sweep nets. Insects that were not identifiable in the field were kept in pill boxes containing 70% alcohol and sent to the laboratory for identification. Treatments began as soon as the plants emerged, with an interval of 7 days between each application, to ensure the degradation of the active ingredients of the extracts (Doumbia and Seif, 2008) [40]. A total of five foliar applications were made. Insect identification was performed using a MOTIC binocular magnifying glass with X4 magnification, referring to the identification keys of Delvare and Aberleng (1989) [41], Roth (1974) [42], Scholtz and Holm (1996) [43] to determine the family level. Then, the identification continued to the specific level using the works of Chiffaud and Mestre (1990) [44], Doumbia and Seif (2008) [40].
2.8 Statistical Analysis
Statistical analyses were carried out using R software version 4.2.2. The normality of the data was first checked using the Shapiro-Wilk test. Depending on the results obtained, an analysis of variance (ANOVA) was performed when the data followed a normal distribution, while the non-parametric Kruskal-Wallis test was used when this condition was not met. Post-hoc tests were then applied in order to make more detailed comparisons between treatments. The Tukey HSD test was chosen after the ANOVA, as it is suitable for multiple comparisons between means while maintaining rigorous control of the risk of type I error. Dunn's test was used after the Kruskal-Wallis test, because of its suitability for non-parametric data, comparing groups on the basis of rank. Together, these tests enabled us to compare and classify the average numbers of insect pests observed, identifying significant differences between treatments after each application.
3 Results
3.1 Phytochemical study of the tested extracts
Phytochemical screening indicates the presence of a family of chemical compounds. As a result, some compounds may be present or absent in the extracts studied. 
[bookmark: _Toc183434328][bookmark: _Toc183453460]The study carried out on the aqueous and hydroethanol extracts of Azadirachta indica and Solanum lycopersicum revealed the presence of alkaloids, flavonoids and tannins, while the absence of coumarins and saponosides was found. For the aqueous extract of Hyptis suaveolens, the presence of flavonoids and tannins was observed, but the absence of alkaloids, coumarins and saponosides was noted. For the hydroethanolic extract of Hyptis suaveolens, coumarins, flavonoids and tannins were detected, while the absence of alkaloids and saponosides was observed (Table 1).
Table 1. Phytochemical screening of compounds of interest for plant extracts
	Extracts
	specialized metabolites

	
	alkaloids
	coumarins
	saponosides
	flavonoids
	total polyphenols
	tannins

	Azadirachta indica aqueous
	+
	-
	-
	+
	+
	+

	Hydroethanolic Azadirachta indica
	+
	-
	-
	+
	+
	+

	Hyptis suaveolens aqueous 
	-
	-
	-
	+
	+
	+

	Hydroethanolic Hyptis suaveolens 
	-
	+
	-
	+
	+
	+

	Solanum lycopersicum aqueous
	+
	-
	-
	+
	+
	+

	Hydroethanolic Solanum lycopersicum 
	+
	-
	-
	+
	+
	+


Presence of compounds: +; Absence of compounds: -
3.2 Infrared spectroscopy of the tested extracts
Analysis of the infrared spectrum of the hydroethanolic extract of Solanum lycopersicum shows the presence of absorption band at 3288 cm-1 (O-H); 2929.2 cm-1 (C-H); 1609.4 cm-1 (N-H); 1385.6 cm-1(O-H); 1042.2 cm-1 (C-O); 822.22 cm-1 (C-H Aromatic); 617.7 cm-1 (C-H Aromatic) (Figure 3). The one observed in the aqueous extract of Solanum lycopersicum indicates the presence of an absorption band at 3268 cm-1 (O-H); 1559 cm-1 (N-H); 1408.8 cm-1 (O-H); 1104 cm-1 (C-O); 613.84 cm-1 (aromatic C-H) (Figure 4).
The infrared spectrum of the aqueous extract of Azadirachta indica reveals the presence of absorption band at 3237.9 cm-1 (O-H); 1551.5 cm-1 (C=C Aromatic); 1401 cm-1 (O-H); 1019 cm-1 (C-O); 648.57 cm-1 (C-H Aromatic) (Figure 5). As for the hydroethanol extract of Azadirachta indica, it shows the presence of an absorption band at 3319 cm-1 (O-H); 2925.3 cm-1 (C-H); 1570.8 cm-1 (C=C Aromatic); 1393.3 cm-1 (O-H); 1034.5 cm-1 (C-O) (Figure 6).
The study of the infrared spectrum of the aqueous extract of Hyptis suaveolens indicates the presence of absorption band at 3322.8 cm-1 (O-H); 2933 cm-1 (C-H); 1601.7 cm-1 (N-H); 1389.5 cm-1 (O-H); 1254.4 cm-1 (C-O); 1034.5 cm-1 (C-O) (Figure 7). For the hydroethanolic extract of Hyptis suaveolens, the presence of absorption band is observed at 3311 cm-1 (O-H); 1547.7 cm-1 (C=C Aromatic); 1401 cm-1 (C-O); 1030.6 cm-1 (C-O) (Figure 8).
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[bookmark: _Ref183443810][bookmark: _Toc183437882]Figure 4: Infrared spectrum of the aqueous extract of Solanum lycopersicum
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Figure 3. Infrared spectrum of the hydroethanolic extract of Solanum lypercicum lycopersicum
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[bookmark: _Ref183443839][bookmark: _Toc183437883]Figure 5. Infrared spectrum of the aqueous   extract of Azadirachta indica
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[bookmark: _Ref183443935][bookmark: _Toc183437884]Figure 6. Infrared spectrum of the hydroethanolic extract of Azadirachta indica





[image: ]
[bookmark: _Ref183443952][bookmark: _Toc183437885]Figure 7. Infrared spectrum of the aqueous extract of Hyptis suaveolens
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[bookmark: _Ref183443976][bookmark: _Toc183437886]Figure 8. Infrared spectrum of the hydroethanolic extract of Hyptis suaveolens







3.3 Antioxidant activity by DPPH 
[bookmark: _Toc183434329][bookmark: _Ref183444072][bookmark: _Toc183453461][bookmark: _Hlk190952698]The antioxidant activity achieved by DPPH with the extracts shows that compared to vitamin C which has a 50% inhibitory concentration (IC50) of 0.02 mg/mL, the hydroethanolic extract of the combination of H. suaveolens and S. lycopersicum has a 50% inhibitory concentration of 0.03 mg/mL. This IC50 is followed by the combination of aqueous extracts of H. suaveolens and S. lycopersicum (0.05 mg/mL); hydroethanolic extract of H. suaveolens (0.10 mg/mL); aqueous extract of H. suaveolens (0.18 mg/mL); combination of hydroethanolic extracts of A. indica and S. lycopersicum (0.57 mg/mL); A. indica and S. lycopersicum  aqueous extract (0.83 mg/mL); A. indica hydroethanolic extract combination  (1.8 mg/mL); S. lycopersicum hydroethanolic extract (3.11 mg/mL); A. indica aqueous extract  (3.58 mg/mL) and S. lycopersicum aqueous extract (4.52 mg/mL) mg/mL) (Table 2). 
Table 2. Evaluation of the antioxidant power of the extracts tested
	Extracts 
	Concentrations (g/mL)
	

	
	2
	1
	0.5
	0.25
	0.125
	0.0625
	0.03125
	0.015625
	IC50

	Aqueous A. indica 
	62.5
	46.8
	39.3
	36.5
	34 .2
	25.1
	7.6
	0.21
	3.58

	HydroethanolicA. indica 
	47.1
	45.8
	44 .6
	44
	42.8
	34
	27.5
	19.5
	1.8

	Aqueous H. suaveolens 
	75.7
	58.8
	53.7
	52.7
	52.6
	50
	48
	36.2
	0.18

	Hydroethanolic H. suaveolens 
	90.8
	87
	72.9
	57.8
	49.6
	48.9
	48.8
	42.4
	0.10

	Aqueous S. lycopersicum 
	36
	18.3
	16.5
	12.2
	10 .6
	7.7
	5.7
	4.6
	4.52

	Hydroethanolic S. lycopersicum 
	25.4
	17.5
	13.2
	12.5
	10.1
	8.1
	6.4
	4.3
	3.11

	Hydroethanolic H. suaveolens + S. lycopersicum 
	97.5
	94.1
	90
	88.1
	69.7
	54.2
	49.3
	35.2
	0.03

	Aqueous A. indica + S. lycopersicum 
	67.9
	58.6
	42.4
	39.2
	36.8
	27.7
	23.7
	13.3
	0.83

	HydroethanolicA. indica + S. lycopersicum 
	91.9
	68.8
	56.12
	43.7
	29.7
	25
	20.7
	19 .2
	0.57

	Aqueous H. suaveolens + S. lycopersicum 
	70
	54.8
	54.7
	54.5
	50.4
	27.9
	24
	22.2
	0.05

	Vitamin C
	94.6
	90 .5
	83.9
	80.5
	76.5
	59.5
	46.3
	45.9
	0.02



[bookmark: _Hlk190682756]3.4 Acute Toxicity Assessment
Observations carried out for 24 hours, then daily for two weeks, on the batches of control mice and those treated with the various extracts, revealed the absence of toxicity. In control mice given distilled water alone, no signs of toxicity were observed. They have maintained a good physical condition, with skin, fur, eyes and mucous membranes in good condition. No abnormal behaviour (diarrhoea, salivation, lethargy, aggressiveness, drowsiness) was noted, their heart rate remained stable and their mobility normal. No cases of mortality have been recorded. Similarly, mice treated with extracts of Azadirachta indica, Hyptis suaveolens, and Solanum lycopersicum all displayed normal behavior, with no adverse effects or signs of toxicity. Combinations of extracts, including Hyptis suaveolens/Solanum lycopersicum and Azadirachta indica/Solanum lycopersicum, also did not cause any adverse effects. In all cases, the treated mice showed a health status comparable to that of the controls, with no abnormal behaviour or mortality recorded throughout the study (Table 3).
Table 3. 24-hour and 2-week observations of control and treated mice
	Observations
	Control Batch
	Experimental Batch

	
	6 hours
	12 hours
	6 hours
	12 hours

	Skin and fur
	Normal
	Normal
	Normal
	Normal

	Eyes
	Normal
	Normal
	Normal
	Normal

	Mucous membranes
	Normal
	Normal
	Normal
	Normal

	Diarrhea
	Absence
	Absence
	Absence
	Absence

	Salivation
	Absence
	Absence
	Absence
	Absence

	Lethargy
	Absence
	Absence
	Absence
	Absence

	Heart Rhythms
	Normal
	Normal
	Normal
	Normal

	Aggressiveness
	Absence
	Absence
	Absence
	Absence

	Somnolence
	Absence
	Absence
	Absence
	Absence

	Feeding
	Yes
	Yes
	Yes
	Yes

	Mobility
	Yes
	Yes
	Yes
	Yes

	Mortality
	Absence
	Absence
	Absence
	Absence



3.5 Efficacy of extracts on okra pests
[bookmark: _Toc183622525]In general, the different extracts significantly influenced the average insect abundance after each application of the extracts. Due to their notable abundance observed during the study, four insect species particularly stood out: Podagrica decolorata, Amrasca biguttula, Zonocerus variegatus and Jacobiasca lybica. 
[bookmark: _Hlk190676922]3.5.1 Effectiveness of extracts on Podagrica decolorata
The general trend shows a gradual decrease in the mean abundance of P. decolorata after applications 1, 2, 3, 4 and 5 of the different treatments. On the Clemson variety, treatments based on aqueous and hydroethanolic extracts of H. suaveolens, the combination of H. suaveolens and S. lycopersicum, as well as the combination of A. indica and S. lycopersicum and the aqueous extract of A. indica significantly reduced the abundance of P. decolorata (p < 0.05). In contrast, the hydroethanolic extract of Azadirachta indica showed no significant difference in the mean number of P. decolorata after applications (Table 4).

[bookmark: _Toc183434319][bookmark: _Toc183453451][bookmark: _Hlk190950692]Table 4. Variation in the average abundance of P. decolorata as a function of the applications of the different treatments on the clemson variety

	
	Applications
	

	Treatments
	App 1
	App 2
	App 3
	App 4
	App 5
	
F
	
P

	Aqueous Hyptis + Tomato 
	22±8a
	13±3de
	10±2bc
	5±1c
	4±0c
	7.3673
	0.03361

	Hydroethanolic Hyptis + Tomato
	23±11a
	15±4de
	8±1b
	6±2b
	4±0b
	6.3586
	0.0433

	Hyptis aqueous
	23±7a
	12±3b
	9±1b
	7±1b
	5±0b
	8.2121
	0.0239

	Hydroethanolic Hyptis 
	23±8a
	10±3b
	8±1b
	5±0b
	3±0b
	8.647
	0.02123

	Aqueous Neem+Tomato 
	25±9a
	20±3de
	12±2b
	9±1b
	7±0b
	8.1108
	0.02777

	Hydroethanolic Neem+Tomato 
	27±7a
	15±4b
	14±2b
	9±1b
	8±1b
	0.02188
	0.02188

	Aqueous neem
	46±6a
	38±1a
	25±4b
	12±2c
	11±2c
	0.01912
	0.01912

	Hydroethanolic neem
	22±15a
	17±8a
	13±3a
	7±1a
	7±1a
	4.2365
	0.08163

	Chemical witness
	20±4a
	9±3b
	6±2b
	3±1b
	3±1b
	7.4329
	0.02712

	Untreated witness
	27±5a
	25±9a
	19±1a
	18±1a
	17±6a
	1.9559
	0.251



Means followed by the same letter are not significantly different; α = 0.05; App: Application

[bookmark: _Toc183434320][bookmark: _Toc183453452][bookmark: _Hlk190950718]On the Hiré variety, the mean abundance of P. decolorata decreased significantly after the five applications of the different treatments (p < 0.05). Treatments using aqueous and hydroethanolic extracts of H. suaveolens, as well as hydroethanolic extracts from the combination of H. suaveolens and S. lycopersicum, A. indica and S. lycopersicum, and finally the aqueous extract of A. indica, showed a significant effect on the P. decolorata population after the different applications (p < 0.05) (Table 5).




[bookmark: _Toc183622526]Table 5. Variation in the average abundance of P. decolorata as a function of the applications of the different treatments on the Hiré variety 

	
	Applications
	

	Treatments
	App 1
	App 2
	App 3
	App 4
	App 5
	
F
	
P

	Aqueous Hyptis + Tomato 
	15±11a
	16±4a
	12±0a
	8±1a
	8±0a
	1.794
	0.207

	Hydroethanolic Hyptis + Tomato
	18±7a
	14±4ab
	10±2ab
	5±1b
	5±1b
	4.3
	0.0285

	Hyptis aqueous
	24±5a
	11±4b
	8±1b
	5±1b
	6±1b
	5.6053
	0.04661

	Hydroethanolic Hyptis 
	19±13a
	10±2b
	6±1b
	4±1b
	4±0b
	10.934
	0.02732

	Aqueous Neem+Tomato 
	26±9a
	22±9a
	17±2a
	8±5a
	7±2a
	0.0595
	0.0595

	Hydroethanolic Neem+Tomate 
	23±5a
	17±4ab
	13±6ab
	9±2b
	8±1b
	5.156
	0.0162

	Aqueous neem
	32±18a
	20±8ab
	13±3b
	9±1b
	9±2b
	9.8369
	0.04327

	Hydroethanolic neem
	14±8a
	15±5a
	11±4a
	9±1a
	8±2a
	0.77228
	0.5926

	Chemical witness
	22±12a
	11±7b
	10±2b
	5±2c
	2±0c
	0.04955
	0.04955

	Untreated witness
	27±2a
	25±6a
	24±2a
	19±1a
	17±2a
	1.1484
	0.4335



[bookmark: _Hlk190677079]Means followed by the same letter are not significantly different; α = 0.05; App: Application

3.5.2 Efficacy of extracts on Amrasca biguttula
In general, the average abundance of Amrasca biguttula gradually decreases as the different applications of our extracts are applied. Some treatments had a significant effect on the average abundance of Amrasca, while others showed no statistically significant effect. 
On the Clemson variety, aqueous and hydroethanolic extracts from the combination of Hyptis suaveolens and Solanum lycopersicum, as well as the hydroethanolic extract of Azadirachta indica, significantly reduced the abundance of Amrasca biguttula (p < 0.05) during applications. Other treatments did not have a significant effect (p > 0.05) (Table 6).
[bookmark: _Toc183622527][bookmark: _Hlk190677118]On the Hire variety, it was the aqueous extracts of Hyptis suaveolens and the Hyptis suaveolens and Solanum lycopersicum combination that showed a significant impact after applications, reducing the abundance of Amrasca biguttula (p < 0.05). The other extracts did not show a significant effect (p> 0.05). Finally, beyond the extracts, the chemical also significantly influenced the abundance of this species (p< 0.05) (Table 7).




[bookmark: _Toc183434321][bookmark: _Toc183453453]Table 6. Variation in the average abundance of Amrasca biguttula as a function of the applications of the different treatments on the clemson variety

	
	Applications
	
	

	Treatments
	App 1
	App 2
	App 3
	App 4
	App 5
	
F
	
P

	Aqueous Hyptis + Tomato 
	16±3a
	12±4ab
	9±2ab
	6±0b
	6±1b
	0.00671
	0.00671

	Hydroethanolic Hyptis + Tomato
	19±2a
	11±3b
	5±1c
	5±1c
	5±0c
	23.57
	0

	Hyptis aqueous
	14±3a
	12±4a
	9±2a
	7±1a
	6±2a
	3.296
	0.0574

	Hydroethanolic Hyptis 
	16±2a
	11±4a
	9±2a
	9±2a
	6±3a
	3.263
	0.0804

	Aqueous Neem+Tomato 
	18±2a
	15±9a
	14±7a
	9±1a
	8±2a
	0.95
	0.483

	Hydroethanolic Neem+Tomato 
	19±5a
	16±2a
	20±0a
	8±1a
	8±1a
	4.885
	0.0768

	Aqueous neem
	17±1a
	23±4a
	16±5a
	11±3a
	8±4a
	2.791
	0.145

	Hydroethanolic neem
	6±1b
	18±3a
	11±3b
	11±2b
	7±0b
	8.491
	0.00296

	Chemical witness
	15±3a
	9±2a
	10±7a
	6±0a
	5±1a
	1.954
	0.186

	Untreated witness
	14±5a
	24±5a
	20±1a
	17±2a
	16±1a
	2.762
	0.0877



Means followed by the same letter are not significantly different; α = 0.05; App: Application

[bookmark: _Toc183434322][bookmark: _Toc183453454]Table 7. Variation in the average abundance of Amrasca biguttula as a function of the applications of the different treatments on the variety hiré

	
	Applications
	
	

	Treatments
	App 1
	App 2
	App 3
	App 4
	App 5
	
F
	
P

	Aqueous Hyptis + Tomato 
	19±3a
	12±2b
	7±1b
	10±3b
	7±2b
	6.604
	0.00916

	Hydroethanolic Hyptis + Tomato
	15±3a
	12±5a
	5±0b
	5±0b
	4±1b
	6.027
	0.00982

	Hyptis aqueous
	16±4a
	9±1b
	9±0b
	8±0b
	8±1
	7.627
	0.00437

	Hydroethanolic Hyptis 
	14±6a
	10±5a
	7±2a
	9±4a
	7±4a
	0.856
	0.522

	Aqueous Neem+Tomato 
	13±7a
	20±8a
	11±2a
	9±2a
	7±2a
	2.199
	0.15

	Hydroethanolic Neem+Tomato 
	15±3from
	17±5a
	5±1b
	7±1b
	6±1b
	5.937
	0.0245

	Aqueous neem
	17±0a
	24±10a
	18±0a
	16±1a
	10±2a
	1.396
	0.34

	Hydroethanolic neem
	26±8a
	14±0b
	17±2ab
	12±3b
	9±3b
	4.841
	0.0233

	Chemical witness
	17±5a
	7±2b
	8±1b
	6±0b
	4±2b
	8.468
	0.00299

	Untreated witness
	16±7
	16±2
	26±4
	17±8
	13±6
	1.505
	0.273



Means followed by the same letter are not significantly different; α = 0.05; App: Application
3.5.3 Effectiveness of extracts on Jacobiasca lybica
Overall, the abundance of Jacobiasca lybica decreases after each application. Regardless of the variety studied, the extracts reduced the abundance of Jacobiasca lybica after applications 2, 3, 4 and 5 (p < 0.05) (Tables 8 and 9). On the Clemson variety, aqueous and hydroethanolic extracts of the Hyptis suaveolens and Solanum lycopersicum, Azadirachta indica and Solanum lycopersicum combinations, as well as hydroethanolic extracts of Hyptis suaveolens and Azadirachta indica had a significant effect on the abundance of this species (p< 0.05). In addition, the chemical also significantly reduced the abundance of this population (Table 8). As for the Hiré variety, treatments with aqueous and hydroethanolic extracts of Hyptis suaveolens, Hyptis suaveolens and Solanum lycopersicum, Azadirachta indica and Solanum lycopersicum, as well as the aqueous extract of Azadirachta indica caused significant variations in the abundance of Jacobiasca lybica (p <0.04) (Table 9).
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Table 8. Variation in the average abundance of Jacobiasca lybica as a function of the applications of the different treatments on the clemson variety

	
	Applications
	
	

	Treatments
	App 1
	App 2
	App 3
	App 4
	App 5
	F
	P

	Aqueous Hyptis + Tomato 
	13±4a
	10±3ab
	6±1bc
	3±0c
	2±1c
	7.243
	0.00525

	Hydroethanolic Hyptis + Tomato
	13±3a
	9±3ab
	6±2ab
	4±2b
	2±1b
	6.096
	0.00946

	Hyptis aqueous
	12±3a
	9±5a
	8±4a
	3±2a
	2±1a
	3.449
	0.0511

	Hydroethanolic Hyptis 
	14±2a
	8±2b
	4±0bc
	4±1bc
	2±1c
	15.85
	0.00167

	Aqueous Neem+Tomato 
	11±4a
	11±3a
	6±2ab
	4±2ab
	2±1ab
	4.585
	0.00167

	Hydroethanolic Neem+Tomato 
	13±2a
	12±1a
	12±3a
	3±2b
	3±2b
	8.198
	0.0202

	Aqueous neem
	18±1a
	23±7a
	15±5a
	17±0a
	10±0a
	0.654
	0.663

	Hydroethanolic neem
	15±1a
	10±1a
	4±2b
	4±2b
	4±2b
	9.859
	0.00528

	Chemical witness
	10±6a
	4±1ab
	3±0b
	1±0b
	1±0b
	3.554
	0.00528

	Untreated witness
	14±3a
	13±4a
	12±3a
	12±4a
	11±4a
	0.246
	0.906




Means followed by the same letter are not significantly different; α = 0.05; App: Application
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Table 9. Variation in the average abundance of Jacobiasca lybica as a function of the applications of the different treatments on the Hiré variety 

	
	Applications
	
	

	Treatments
	App 1
	App 2
	
App 3
	App 4
	App 5
	
F
	
P

	Aqueous Hyptis + Tomato 
	14±2a
	8±1b
	6±1b
	2±0c
	1±0c
	31.19
	0.00

	Hydroethanolic Hyptis + Tomato
	13±3a
	9±3ab
	5±3ab
	3±1b
	2±1b
	5.578
	0.0191

	Hyptis aqueous
	13±1a
	7±2b
	4±2c
	2±1c
	2±1c
	19.78
	0.00

	Hydroethanolic Hyptis 
	15±2a
	8±1b
	4±0c
	3±0c
	2±0c
	64.39
	0.00

	Aqueous Neem +Tomato
	14±2a
	12±4ab
	7±2bc
	4±1c
	2±1c
	11.13
	0.00105

	Hydroethanolic Neem+Tomato 
	12±4a
	6±2b
	4±1b
	2±1b
	2±1b
	6.89
	0.00624

	Aqueous neem
	11±7a
	12±8a
	6±5a
	4±2a
	4±2a
	0.879
	0.513

	Hydroethanolic neem
	11±5a
	12±2a
	8±1a
	2±2b
	1±0b
	4.476
	0.0414

	Chemical witness
	9±4a
	4±0b
	3±1b
	2±0b
	1±0b
	6.446
	0.00988

	Untreated witness
	13±1a
	12±1a
	9±0a
	9±1a
	8±1a
	6.345
	0.827



Means followed by the same letter are not significantly different; α = 0.05; App: Application
[bookmark: _Toc183622528][bookmark: _Hlk190677667]3.5.4 Efficacy of Zonocerus variegatus extracts
[bookmark: _Toc183434325][bookmark: _Toc183453457]The analysis of variances reveals a significant difference in the evolution of Z. variegatus populations depending on the treatments applied during the different applications. On the Clemson variety, the aqueous extract of Hyptis and the hydroethanolic extract of Azadirachta indica significantly reduced the abundance of Z. variegatus during applications 3, 4 and 5 (p < 0.05). However, for the other treatments, no significant differences were observed during the five applications (p > 0.05) (Table 10). Concerning the Hiré variety, the hydroethanolic extract of the Hyptis and Solanum lycopersicum combination, as well as the aqueous extract of the Azadirachta indica and Solanum lycopersicum combination, showed a significant difference in the abundance of this during the applications carried out in the species (p < 0.05). The other extracts, for their part, did not show any significant change (p > 0.05) (Table 11).




[bookmark: _Ref183442318][bookmark: _Toc183434326]Table 10. Variation in the average abundance of Zonocerus variegatus as a function of the applications of the different treatments on the clemson variety
	
	Applications
	
	

	Treatments
	App 1
	App 2
	App 3
	Appl 4
	App 5
	F
	P

	Aqueous Hyptis + Tomato 
	7±3a
	9±4a
	5±0a
	3±1a
	3±0a
	2.704
	0.092

	Hydroethanolic Hyptis + Tomato
	-
	-
	4±2a
	4±1a
	2±0a
	1.984
	0.232

	Hyptis aqueous
	7±1a
	7±2a
	4±0ab
	2±0b
	2±1b
	9.467
	0.00197

	Hydroethanolic Hyptis 
	7±2a
	8±1a
	-
	-
	2±0a
	3.688
	0.124

	Aqueous Neem +Tomato
	6±2a
	8±1a
	-
	-
	-
	1.837
	0.268

	Hydroethanolic Neem+Tomato 
	7±1a
	6±2a
	2±0a
	1±0a
	-
	4.022
	0.106

	Aqueous neem
	8±3a
	6±2a
	4±2a
	3±1a
	3±0a
	1.501
	0.281

	Hydroethanolic neem
	9±2a
	8±1a
	5±2ab
	3±1b
	3±1b
	6.418
	0.01

	Chemical witness
	-
	-
	3±1a
	2±1a
	2±0a
	0.484
	0.657

	Untreated witness
	6±1a
	8±3a
	8±1a
	6±3a
	4±3a
	0.852
	0.524



Means followed by the same letter are not significantly different; α = 0.05; App: Application


[bookmark: _Toc183453458]Table 11. Variation in the average abundance of Zonocerus variegatus as a function of the applications of the different treatments on the Hiré variety

	
	Applications
	
	

	Treatments
	App 1
	App 2
	App 3
	App 4
	App 5
	F
	P

	Aqueous Hyptis + Tomato 
	5±2a
	4±0a
	1±0a
	2±0a
	1±0a
	0.562
	0.747

	Hydroethanolic Hyptis + Tomato
	9±0a
	9±1a
	3±1b
	2±1b
	2±1b
	36.02
	0

	Hyptis aqueous
	2±1a
	6±0a
	-
	-
	-
	10.56
	0.0831

	Hydroethanolic Hyptis 
	3±2a
	1±0a
	2±0a
	1±0a
	1±0a
	1.118
	0.429

	Aqueous Neem +Tomato
	10±1a
	2±0c
	9±1a
	6±1b
	5±1b
	19.28
	0.000108

	Hydroethanolic Neem+Tomato 
	4±1a
	6±3a
	6±2a
	5±1a
	3±1a
	0.992
	0.459

	Aqueous neem
	4±1a
	4±2a
	5±0a
	4±1a
	3±1a
	0.75
	0.598

	Hydroethanolic neem
	2±1a
	3±0a
	3±2a
	3±0a
	2±1a
	0.26
	0.892

	Chemical witness
	8±1a
	7±2a
	1±0a
	3±0a
	2±0a
	4
	0.104

	Untreated witness
	7±4a
	7±2a
	7±2a
	7±2a
	7±2a
	0.015
	0.999



Means followed by the same letter are not significantly different; α = 0.05; App: Application
4. Discussion
The results obtained show that treatments based on plant extracts significantly reduced the populations of okra insect pests over the five applications carried out. The use of these extracts, insecticides or natural insect repellents offers the advantage of being both effective and environmentally friendly [45,46].
The plants tested in this study, including Solanum lycopersicum, Hyptis suaveolens and Azadirachta indica, were found to be particularly effective, probably due to their richness in bioactive compounds such as alkaloids, flavonoids, coumarins, polyphenols and tannins, as the results reveal. Infrared spectrometry confirms the presence of bioactive compounds including alkaloids, flavonoids, coumarins, polyphenols and tannins. The effectiveness of its extracts could be due to the mode of action of the compounds observed. These substances act at different levels. Indeed, alkaloids affect the nervous system of insects, while flavonoids and polyphenols disrupt their digestion, energy metabolism, and even cuticle formation [47,48].
Aqueous and hydroethanolic extracts of H. suaveolens, alone or in mixtures with S. lycopersicum, have shown marked efficacy against certain specific pests (Podagrica decolorata, Amrasca biguttula, Jacobiasca lybica, Zonocerus variegatus). This action is partly attributed to the presence of volatile compounds such as β-caryophyllene, known for its repellent and parasiticidal properties [49,50]. The coumarins present in H. suaveolens enhance this action by disrupting insect olfactory receptors and their nervous system by inhibiting acetylcholinesterase.
These extracts also have a strong antioxidant activity, particularly for the hydroethanolic extract of the combination of H. suaveolens and Solanum lycopersicum. This strong antioxidant activity could be justified by the presence of flavonoids and polyphenols in these extracts. These antioxidants can alter the metabolism of insects, interfere with their enzyme systems and affect their growth, reproduction or ability to feed [13,51,45]. For example, the essential oil of Mentha arvensis has demonstrated a dual antioxidant and insecticidal effect against S. zeamais [52]. The effectiveness of H. suaveolens extract could therefore be explained by its strong antioxidant activity observed.
The efficacy of S. lycopersicum leaves against okra pests may be largely related to alkaloids such as dehydrotomatine and α-tomatine, which are known to have insecticidal properties [53]. The synergistic effect observed during their association with H. suaveolens could result from the combined action of several families of bioactive compounds observed.
Regarding toxicity, no adverse effects were observed in the treated mice. This is due to the biological differences between insects and mammals, particularly in their enzymatic systems. Insects, which are more sensitive, have specific detoxifying enzymes such as cytochrome P450, while mammals have more complex systems, allowing them to metabolize these substances efficiently [54,55].
Effective doses for insects are generally well below the toxicity thresholds for mammals, which have livers and kidneys capable of rapidly eliminating these toxins [56,57]. In addition, the tested plants A. indica, H. suaveolens and S. lycopersicum are recognized for their traditional uses and therapeutic virtues [58-60]. For example, neem is used to treat malaria, diabetes, and certain skin conditions, thanks to its antioxidant limonoids [61,62].
Finally, the lack of toxicity of S. lycopersicum leaves in this study could be explained by their state (dried and powdered), reducing the concentration of alkaloids, or by the extraction method used, contrary to the results of Kozukué et al. (2004) [63]. Thus, the safety of the tested extracts seems to be linked to the nature of the compounds and their interaction with the physiological systems of mammals.
4. Conclusion
The present study identified chemical compounds, evaluated the efficacy and toxicity of aqueous and hydroethanolic extracts of Azadirachta indica, Hyptis suaveolens and Solanum lycopersicum in the control of insect pests of okra. The results revealed that the different extracts, the hydroethanolic extract from the combination of Hyptis suaveolens and Solanum lycopersicum, are rich in secondary metabolites and antioxidants. These compounds could explain their observed effectiveness on insect pests of okra. In addition, no signs of toxicity were detected in mice treated with the various extracts, suggesting their potential safety. These results open interesting prospects for the development of new plant-based insect repellents or insecticides. Such development would contribute to better protection of okra crops, increased agricultural production and, more generally, food security in Côte d'Ivoire, particularly in the Korhogo region.
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