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            Abstract
          
        

        
          Aeollanthus pubescens Benth. (Lamiaceae) is a herbaceous plant that is native to West Africa. It is commonly used in cooking and traditional healing in some parts of Togo and Benin. This study analyzed the chemical compositions of essential oils obtained from different parts of Togo (Kozah, Est-Mono, and Ogou) using gas chromatography-mass spectrometry. Additionally, the study investigated the bioactivity of essential oils and water extracts on the cowpea weevil Callosobruchus maculatus, plant parasitic nematode Meloidogyne incognita, and two plant seeds, Sesamum indicum, and Pennisetum glaucum, regarding germination inhibition. The results showed that the major components of the different essential oils were thymol (55.02%) and thymol acetate (20.03%) for Kozah, D-fenchone (65.05%) for Est-Mono, and thymol (29.48%), carvacrol (20.93%), thymol acetate (16.98%), and carvacryl acetate (13.14%) for Ogou. The Est-Mono essential oil was the most effective in controlling cowpea weevils with an EC50 value of 3.1 ± 0.6 µL/L air. Kozah and Ogou essential oils showed more potent nematicidal activity with EC50/72h values of 305.4 ± 7.3 mg/L and 275.6 ± 2.6 mg/L, respectively, while Est-Mono essential oil did not exhibit any activity. Finally, the Kozah and Ogou essential oils were found to inhibit the germination of dicotyledonous S. indicum seeds by more than 80% at 10 mg/mL, while less germicidal activity was observed on the monocotyledon P. glaucum from the different essential oils. These findings suggest that extracts of A. pubescens could be used in agriculture as a biopesticide.

        

      

      
        Keywords: 
Aeollanthus pubescens essential oils, bioactivity, cowpea weevil, Meloidogyne spp, gas chromatography-mass spectrometry, polar metabolites, column chromatography

      

    

    

  
    
      Introduction
      The Pubescens genus belongs to the Lamiaceae family and comprises more than 40 species, all of which are native to Africa. Aeollanthus pubescens Benth. is an annual herbaceous plant with a strong aroma, but it has received relatively little attention in research. It is mainly found in savannas and rocky mountainous areas in Togo and Benin,1 and is commonly used as a spice or green vegetable in local cuisine, as well as in traditional medicine to treat diarrhea and infections.2 The chemical composition of A. pubescens essential oil strongly depends on the area of cultivation, resulting in different chemotypes, including thymol, carvacrol, thymyle acetate, and D-fenchone, as reported by Koba et al.3 However, there is no comparative study on the bioactivity of these chemotypes.

      Recently, a growing number of essential oils (EOs) from plants have been tested against a wide range of pest insects, showing promising results due to their high effectiveness, different mechanisms of action, low toxicity on non-target vertebrates, and potential valorization of their byproducts as nanopesticides.4 The need to find alternatives to synthetic pesticides, which have harmful effects on human health and the environment, has encouraged research on biopesticides. A. pubescens EO, with its interesting bioactive components, could be valorized in agriculture as a potential natural pest control agent. Mawussi et al.5 demonstrated the insecticidal activity of A. pubescens against the coffee berry borer, while Bohounton et al.6 reported its effectiveness against the mosquito A. gambiae. However, there is no report on the nematicidal and germicidal activities of the plant EO, even though phytoparasitic nematodes cause severe damage and yield losses to numerous agricultural crops, and effective control measures are lacking due to the phaseout of synthetic nematicides.

      In recent years, there has been an increasing interest in the development of eco-friendly and sustainable methods for controlling plant diseases and pests.7-9 Biocontrol agents such as plant essential oils have shown promising results in controlling plant pathogens and pests. The use of A. pubescens EO as a biocontrol agent against phytopathogenic fungi and bacteria could be an alternative approach to the use of synthetic chemical pesticides. In addition, the use of A. pubescens EO as a plant growth promoter has been reported in some studies, indicating its potential use in sustainable agriculture. Therefore, further studies on the nematicidal and germicidal activities of A. pubescens EO could provide important insights into its potential as a biocontrol agent against plant pathogens and pests, as well as its potential use as a plant growth promoter.

      Following our research works on developing alternatives to synthetic pesticides,10-13 1) we extracted and analyze chemical composition of different chemotypes of A. pubescens; 2) tested the EOs and total extracts on Meloidogyne spp nematodes, plant seeds for germicide activity and on cowpea weevil, C. maculatus and 3) discussed results according to the different chemotypes composition.

    

    

  
    
      Experimental
      Plant materials – A. pubescens whole plants were collected from three localities of Togo: Ogou, Est-Mono in the South and Bebda in the North in August 2021. Plant samples were transferred to laboratory and authenticated at the Botany Department, Faculty of Science, Lomé University, where voucher specimens were deposited. Fresh plant samples were subjected to steam distillation using a modified Clevenger-type apparatus to obtain the volatile constituents. Anhydrous Na2SO4 was added to remove excess moisture in essential oils after extraction. The oil yield (% v/w) was calculated on a dry weight basis. The extracted oils were stored in tightly closed dark bottles under refrigeration at 4oC until analyzed and tested.

      Hydroalcoholic extract of A. pubescens was obtained by adding 250 mL of a mixture of ethanol/water (80/20, v/v) to 25 g of the dry plant aerial part harvested at Ogou. The mixture was sonicated for 30 min by a KQ-3200E Ultrasonicator (Wuxi City Bleecker Trading Co., Jiangsu, China) and kept for 48 h. After maceration, the extract was evaporated under reduced pressure to yield the hydroalcoholic extract. The sample was stored in tightly closed dark bottles under refrigeration at 4oC until analyzed and tested.

      GC-MS analysis – The method employed for analyzing the essential oils involved the use of a TRACE 1300 Series GC chromatograph equipped with a split/splitless injector and a DB5-MS capillary column (50 m × 0.25 mm ID, 0.25 µm film thickness) for achieving separations. Helium gas was utilized as the carrier gas with a flow rate of 1 mL/min. The essential oil was diluted with hexane by dissolving 1 µL of EO in 20 mL of hexane. One microliter of the sample was injected. The injector used was an Auto sampler AIS/AS 1310, which was maintained at a temperature of 250oC in splitless mode. The GC oven temperature was programmed initially at 120oC for 10 min, followed by a temperature ramp from 120 to 210oC at a rate of 3oC/min, and held constant at 210oC for 10 min. Finally, the temperature was increased to 300oC at a rate of 5oC/min and held isothermal for 2 min. The MS detection was performed by coupling an ISQ MS to the GC, which had an ionization energy of 70 eV. Data acquisition was carried out using XCalibur software, with MS spectra obtained at a range width of m/z 40–450, an interface temperature of 255oC, ion source temperature of 210oC, solvent delay of 3 min, and scan speed of 2500. Identification of compounds was done based on their MS data (Mass Spectral Library NIST08 MS), linear retention indices, and comparison with authentic standards (when available).

      Column chromatography – In the current investigation, the hydroalcoholic crude extract of A. pubescens collected from Ogou was subjected to column chromatography for obtaining various fractions. The elution was carried out using hexane followed by a hexane: methyl tert-butyl ether (MTBE) mixture with increasing polarity, and the obtained fractions were tested using TLC. The column was washed using ethyl acetate. The fractions exhibiting a similar pattern in TLC were combined and concentrated. The composition of the fractions collected during the column chromatographic separation was analyzed using GC-MS to determine the main compounds. The most promising fractions identified via GC-MS were evaluated for their efficacy against Meloidogyne spp. nematodes using the following method.

      Nematode Paralysis Bioassays – A population of Meloidogyne spp. was collected from the roots of tomatoes (Solanum lycopersicum Mill.) grown for 2 months in the botanic garden of University of Kara, Kara, Togo. Batches of 30 egg masses (averaging 4500 eggs/batch) were collected from infected tomato roots and placed on 2 cm sieves (215 μm diameter), positioned on a 3.5 cm Petri dish. Distilled water was used as a natural hatching agent.14 The eggs were then incubated in a growth chamber at 25 ± 2oC, in the dark. First-emerging second-stage juveniles (J2) were discarded, and only second-stage juveniles collected after 2 days were used for the experiments.

      All the 3 chemotype essential oils or hydroalcoholic extract were tested on nematodes in a dose range of 500–2000 mg/L using fosthiazate as a chemical control. Stock solutions were prepared in ethanol to overcome insolubility, using aqueous Tween 20 (0.1% v/v) for further dilutions. The final concentration of ethanol in each well never exceeded 1% (v/v) because preliminary experiments showed that this concentration was not toxic to the nematodes.15 Distilled water as well as a mixture of ethanol and aqueous Tween 20 at 0.3% (v/v) served as controls. In all cases, working solutions were prepared containing twice the test concentration and mixed in 96-well cell culture plates at a ratio of 1:1 (v/v) with a suspension of 25 nematodes added to each well. Multiwell plates were covered to avoid evaporation and maintained in the dark at 20oC. Juveniles were observed with the aid of an inverted microscope (Zeiss, Gottingen, Germany) at 4× after 3 days. Nematodes were at this point moved to plain water after washing through a 20 μm sieve to remove the excess test solutions. Numbers of motile and paralyzed nematodes were assessed by pricking the juvenile body with a needle, and they were counted. Paralysis experiments were performed three times, and every treatment was replicated six times. Mortality percentage of nematode was corrected in respect to the negative control using Absbott formula.16

      Insecticidal activity on Callosobruchus maculatus – Adults weevil of the reproductive form of C. maculatus aged from 0 to 24 h were used for various tests. These adults come from the strain of infested cowpea seeds (Vigna unguiculata) called “Black eye” bought in a local market. It was cultivated on the local cowpea seeds frozen for a week to eliminate any previous contamination, and dried to maintain their moisture content at 13%. Insect rearing was done according to our previous work12 in Plexiglas boxes in the laboratory at 30 ± 2oC; 72 ± 2% RH 12: 12 h LD.

      Toxicity tests were conducted through fumigation in sealed 1 L glass jars at room temperature and under natural photoperiod. To facilitate the evaporation of the EOs into the jars, Whatman filter paper discs with a diameter of 5.8 cm were loaded with EO and placed in the jars. The different concentrations of all EOs used were expressed as the volume of EO per volume of air in the enclosure (µL/L) and applied in a single dose. To determine the LC50 values, 20 pairs of C. maculatus were exposed to 5 concentrations of EO (3, 5, 8, 10, and 14 µL/L). The EO concentrations were normalized against the control (0 µL/L), which consisted of only the Whatman filter paper disc without any EO. After 24 hours of treatment, the adults were removed from the jars and placed in Petri dishes for another 24 hours. Fumigant experiments were performed at least twice, and every treatment was replicated six times. The number of dead adults was counted to determine the percentage of mortality and corrected in respect to the control using Abbott formula.16

      Germicide activity – Experiments were conducted on Sesamum indicum and Pennisetum glaucum seeds as described previously.17 EOs were tested at 10 mg/mL. Twenty microliter of the test solution was deposited on a 2 cm Whatman paper and 500 µL distilled water was added in every well containing 10 seeds. Germination was monitored for 7 days, and the root and aerial part lengths measured at the end of the experiment for S. indicum and P. glaucum. For that, 25 plants with enough growth were selected randomly for each experiment, digitalized, and measured with the application ImageJ (http://rsb.info.nih.gov/ij/). Phytoxicity experiments were performed at least twice, and every treatment was replicated ten times.

      Statistical analysis – The percentage of nematode and cowpea weevil adults paralysis were calculated, and data were subjected to one-way ANOVA followed by Chi2 multiple mean comparisons test. A P value < 0.05 was considered statistically significant. The LC50 values were estimated using a probit analysis of the dose-response data generated from the experiments. A nonparametric analysis of variance (ANOVA) was performed on growth inhibition and root and aerial length data.

    

    

  
    
      Result and Discussion
      Research on the benefits of aromatic plants and their applications are various, such as in medicine, phytopharmacy, cosmetics and food industries. Currently, natural products are considered to have very few side effects, as compared to their synthetic counterparts. Furthermore, the modern phytopharmaceutical industry is developing a large diversity of plant secondary metabolites to find new interesting molecules.18-20 Aromatic plants seem to be inexhaustible source, since only few plant species have been investigated in terms of phytochemical and pharmacological properties. Consequently, more scientific interest focused on aromatic plants and their derivatives, such as essential oils, known for their interesting biological properties should continue. In this work, chemical composition, insecticidal, nematicidal and germicidal activities of essential oils from A. pubescens harvested from different geographic areas of Togo are reported.

      Extraction of essential oil using steam distillation showed yields of 1.3%, 1.4% and 1.5% for EOs from Est-Mono, Ogou and Kozah, respectively. It is noted few variations of yield according to sampling locations. These yields are similar to previous values (1.2 to 1.5%) found by Alitonou et al21 when they used hydrodistillation to extract A. pubescens EOs from different sampling places in Benin. Chemical composition showed an overall of 45 compounds that are reported in Table 1. Est-Mono essential oil showed D-Fenchone (67%) and limonene (12%) as major components. Major components of Ogou essential oil were thymol (29%), carvacrol (21%), carvacryl acetate (17%) and thymyl acetate (13%). For Kozah essential oil, the main components were p-cymene (9%), γ-terpinene (17%), thymol (51%) and thymol acetate (6%). Results demonstrated that chemical composition of A. pubescens strongly depend on the area of sampling. Three chemotypes were clearly unidentified: D-fenchone, thymol and carvacrol-thymol-carvacryl acetate chemotypes.

      
        Table 1. 
				
        

        
          Chemical composition of essential oils extracted from A. pubescens harvested in three different geographic zones (Est Mono, Ogou and Kozah). Chromatographic percentage area of an average of three injections is reported for every component
        
        

      

      
        
          
            	No
            	LRI
            	RI*
            	Name
            	Area percentage
          

          
            	
            	EM*
            	OGOU
            	Kozah
          

        
        
          	1
          	990
          	991
          	β-Myrcene
          	1.07
          	-
          	-
        

        
          	2
          	1019
          	1017
          	α-Terpinene
          	0.06
          	0.56
          	3.45
        

        
          	3
          	1029
          	1025
          	p-Cimene
          	-
          	-
          	
            8.80
          
        

        
          	3
          	1034
          	1031
          	(–)-Limonene
          	
            12.16
          
          	-
          	-
        

        
          	4
          	1061
          	1057
          	α-Ocymene
          	trace
          	
            2.51
          
          	-
        

        
          	5
          	1070
          	1061
          	γ-Terpinene
          	0.32
          	
            4.99
          
          	
            17.14
          
        

        
          	6
          	1101
          	1096
          	D-Fenchone
          	
            67.04
          
          	0.54
          	-
        

        
          	7
          	1116
          	1099
          	Linalol
          	0.20
          	-
          	-
        

        
          	8
          	1126
          	1115
          	Exo-fenchol
          	trace
          	-
          	-
        

        
          	9
          	1132
          	1135
          	β-Pinene hydroxide
          	trace
          	-
          	-
        

        
          	
10
          	
1134
          	
1146
          	2,7,7-trimethyl-exo-
Bicyclo[2.2.1]heptan-2-ol
          	
trace
          	
-
          	
-
        

        
          	11
          	1151
          	1145
          	(–)-Camphor
          	trace
          	-
          	-
        

        
          	12
          	1171
          	1166
          	(–)-Borneol
          	0.24
          	-
          	-
        

        
          	13
          	1180
          	1177
          	Terpinen-4-ol
          	0.55
          	0.65
          	0.91
        

        
          	14
          	1191
          	1189
          	α-Terpineol
          	-
          	-
          	0.50
        

        
          	15
          	1294
          	1286
          	Isobornyl acetate
          	-
          	-
          	0.23
        

        
          	16
          	1309
          	1291
          	Thymol
          	-
          	
            29.48
          
          	
            51.80
          
        

        
          	17
          	1317
          	1299
          	Carvacrol
          	-
          	
            20.93
          
          	0.52
        

        
          	18
          	1361
          	1355
          	Thymol acetate
          	-
          	
            16.98
          
          	
            6.57
          
        

        
          	19
          	1377
          	1371
          	Carvacryl acetate
          	-
          	
            13.14
          
          	0.20
        

        
          	20
          	1389
          	1391
          	β-Elemene
          	
            4.59
          
          	
            1.43
          
          	0.31
        

        
          	21
          	1412
          	1406
          	β-Caryophyllene
          	1.09
          	
            1.10
          
          	
            2.84
          
        

        
          	22
          	1416
          	1420
          	α-Santalene
          	0.03
          	0.03
          	-
        

        
          	23
          	1435
          	1435
          	trans-α-Bergamotene
          	
            3.30
          
          	
            2.04
          
          	
            1.37
          
        

        
          	24
          	1443
          	1444
          	cis-β-Farnesene
          	trace
          	0.17
          	-
        

        
          	25
          	1451
          	1454
          	Humulene
          	0.46
          	0.44
          	0.68
        

        
          	26
          	1458
          	1457
          	(E)-β-Famesene
          	0.44
          	0.13
          	1.32
        

        
          	27
          	1468
          	1469
          	4,5-di-epi-aristolochene
          	0.04
          	-
          	-
        

        
          	28
          	1476
          	1473
          	γ-Gurjunene
          	0.08
          	0.04
          	-
        

        
          	29
          	1481
          	1481
          	Germacrene D
          	
            1.29
          
          	0.14
          	0.54
        

        
          	30
          	1486
          	1486
          	β-Selinene
          	
            4.10
          
          	-
          	-
        

        
          	31
          	1495
          	1492
          	(+)-Valencene
          	-
          	0.33
          	-
        

        
          	32
          	1495
          	1494
          	α-Selinene
          	0.84
          	
            1.21
          
          	-
        

        
          	33
          	1512
          	1509
          	β-Bisabolene
          	-
          	
            2.58
          
          	-
        

        
          	34
          	1505
          	1504
          	cis-α-Bisabolene
          	0.98
          	-
          	-
        

        
          	35
          	1513
          	1508
          	α-Farnesene
          	0.13
          	0.60
          	-
        

        
          	36
          	1523
          	1522
          	4-Methoxy-7-methylindan-1-one
          	-
          	-
          	2.12
        

        
          	37
          	1525
          	1524
          	(–)-Sesquiphellandrene
          	-
          	0.10
          	-
        

        
          	38
          	1525
          	1524
          	δ-Cadinene
          	0.11
          	-
          	-
        

        
          	39
          	1573
          	1577
          	(–)-Spathulenol
          	0.08
          	-
          	-
        

        
          	40
          	1573
          	1572
          	7-Hydroxyfarnesen
          	-
          	-
          	0.08
        

        
          	41
          	1576
          	1581
          	Epoxycaryophyllene
          	-
          	-
          	0.05
        

        
          	42
          	1577
          	1581
          	Caryophyllene oxide
          	0.17
          	-
          	-
        

        
          	43
          	1604
          	1583
          	(±)-Globulol
          	-
          	0.13
          	-
        

        
          	44
          	1605
          	1591
          	Viridiflorol
          	0.46
          	-
          	-
        

        
          	45
          	1637
          	1645
          	δ-Cadinol
          	0.06
          	0.06
          	0.12
        

      

      
        
          *Est Mono
        

      

      

      When Koba et al. analyzed different essential oils (EOs) of A. pubescens harvested from seven different locations in Togo, they found that D-fenchone and phenol isomers carvacrol and thymol, along with their acetate derivatives, were the main components.3 These findings are consistent with our own results. Monoterpene phenols such as thymol and carvacrol are characteristic flavor compounds found in other well-known Lamiaceae plants like thyme and oregano. These specialized metabolites are known for their antibacterial, anti-spasmolytic, insecticidal, nematicidal, and antitumor activities.9, 22 The biosynthetic pathway of these compounds begins with the formation of γ-terpinene from geranyl diphosphate. An unstable intermediate is then utilized by P450 monooxygenases in conjunction with a dehydrogenase to form the aromatic backbone of thymol and carvacrol.23

      Although the chemical composition of the essential oil of A. pubescens has been studied by many authors, the polar solvent extracts have not been well-investigated. Since the water decoction of the plant is widely used in traditional medicine, it is crucial to explore relatively more polar metabolites from A. pubescens. In this study, we report for the first time the identification of some polar compounds present in the aerial part of the plant through a hydroethanolic extraction, followed by fractionation using column chromatography on silica gel with mixtures of solvents of increasing polarity. After filtration and evaporation, we obtained 2.6 g of dry extracts, corresponding to a yield of 2.6%. We separated 415 mg of extracts on a column, which resulted in the isolation of 7 fractions (Table 2).

      
        Table 2. 
				
        

        
          Masses of different fractions obtained by column chromatography of hydroethanolic extraction of A. pubescens from Ogou
        
        

      

      
        
          
            	Fractions
            	Mass (mg)
          

        
        
          	A
          	13
        

        
          	B
          	30
        

        
          	C
          	12
        

        
          	D
          	54
        

        
          	E
          	5
        

        
          	F
          	35
        

        
          	G
          	213
        

      

      

      To determine the structures of the different compounds in the obtained fractions, we performed GC/MS analyses. We were able to identify some major compounds based on retention times, mass spectra, and the mass spectra library of NIST of different compounds (Table 3). However, GC/MS was only used for the determination of less polar compounds. Further investigations using LC-MS and other techniques are necessary to identify the structure of the most polar compounds.

      
        Table 3. 
				
        

        
          Chemical composition of different fractions of the hydroethanolic extracts
        
        

      

      
        
          
            	RT
            	Compound
            	Fraction
          

        
        
          	16.62
          	8,9-Dehydrothymol
          	
          	B
        

        
          	17.37
          	(E)-2-Decenal
          	
          	C
        

        
          	18.04
          	Thymol
          	
          	A, B
        

        
          	18.23
          	Carvacrol
          	
          	B
        

        
          	18.27
          	(E, E)-2,4-Decadienal
          	
          	A, B
        

        
          	19.10
          	Carvacryl acetate
          	
          	A
        

        
          	20.36
          	2,6-Di-tert-butylbenzoquinone
          	
          	A
        

        
          	20.91
          	2,4-di-tert-butylphenol
          	
          	A
        

        
          	22.21
          	Selin-6-en-4α-ol
          	
          	A
        

        
          	22.34
          	Benzophenone
          	
          	A
        

        
          	22.44
          	4-Methoxy-2,3,6-trimethylphenol
          	
          	B
        

        
          	22.51
          	τ-Cadinol
          	
          	A, B
        

        
          	22.71
          	Neointermedéol
          	
          	B
        

        
          	23.21
          	p-(1,1,3,3-Tetraméthylbutyl)phenol
          	
          	A
        

        
          	23.31
          	p-tert-Pentylphenol
          	
          	A
        

        
          	27.42
          	Phytol
          	
          	B, C
        

        
          	28.19
          	α-Santonine
          	
          	D, E
        

        
          	39.42
          	2,6-Di-tert-butyl-4-[(2-octadecyloxycarbonyl)ethyl]phenol
          	
          	F
        

      

      

      Fractions A-C were found to be the less polar fractions, and we identified most of the compounds from these fractions using GC-MS. In addition to the metabolites found in the essential oils, we identified other major phenolic compounds, including 8,9-dehydrothymol, 2,6-di-tert-butylbenzoquinone, 2,4-di-tert-butylphenol, 4-methoxy-2,3,6-trimethylphenol, and p-tert-pentylphenol. The presence of these compounds may justify the use of this plant as an antibiotic in traditional medicine, as many phenolic compounds have exhibited antibiotic effects.24 This is the first report of these phenols in A. pubescens, suggesting other potential uses of polar extracts from this plant.

      All concentrations of the tested essential oils influenced the life of cowpea weevils compared to the control group (Table 4). Analysis of the one-way ANOVA variable and comparison of the mean values for each treatment using the Chi2 test at P ≤ 0.05 showed that there was a significant difference between the different treatments carried out with different chemotypes. There was also an interaction between the different concentrations and the mortality rate of the cowpea weevils (P ≤ 0.003). The effects of the EOs appeared to be dose-dependent, as indicated in Table 4, where the mortality rate caused by each essential oil increased with concentration and varied among the different chemotypes. At the lowest concentration (3 µL/L air), the D-fenchone chemotype caused a mortality rate of 32.34% on C. maculatus, whereas at this concentration, the thymol/carvacrol chemotype caused only 13.51% mortality and the thymol chemotype caused 15.27% mortality. At the highest concentration (14 µL/L air), all chemotypes had significantly higher activity compared to the control group and caused 100% mortality. The LD50 values (Table 5) varied depending on the chemotypes of the EOs.

      
        Table 4. 
				
        

        
          Mean percentage mortality of different essential oils chemotypes of A. pubescens on C. maculatus at different concentrations
        
        

      

      
        
          
            	Concentration
(μL/L air)
            	Corrected mortality (%)
          

          
            	Ogou
            	Est-Mono
            	Kozah
          

        
        
          	3
          	13.51
          	32.34
          	15
        

        
          	5
          	58.78
          	64.15
          	18
        

        
          	8
          	94.59
          	93.67
          	26
        

        
          	11
          	100
          	100
          	36
        

        
          	14
          	100
          	100
          	100
        

      

      

      
        Table 5. 
				
        

        
          LC50 estimation by Probit analysis of different essential oil chemotypes of Aeollanthus pubescenson C. maculatus
        
        

      

      
        
          
            	　Plant origin
            	Chemotype
            	LC50 (µL/L air)
(Confidence interval)
          

        
        
          	　Ogou
          	Thymol/Cavacrol
          	4.57 (4.27-4.86)
        

        
          	　Est-Mono
          	D-Fenchone
          	3.90 (3.57-4.22)
        

        
          	　Kozah
          	Thymol/Thymol acetate
          	9.46 (8.66-10.40)
        

      

      

      The insecticidal activity of the A. pubescens EO from Kozah was found to be weaker against C. maculatus compared to the EOs from Ogou and Est-Mono, which exhibited stronger activity. This is consistent with the findings of Mbata et al.25 who reported over 80% mortality induced by L-fenchone at 8.3 µL/L against C. maculatus adults, which can be attributed to the strong activity of the D-fenchone-rich Ogou EO. In addition, Wahba et al.26 demonstrated that carvacrol was more toxic to C. maculatus than thymol. Our results are consistent with these findings, as the thymol/carvacrol essential oil chemotype from Ogou showed greater efficacy than the thymol/thymol acetate chemotype. To our knowledge, this study is the first report of A. pubescens essential oil chemotypes against C. maculatus. However, various authors have reported the effectiveness of the plant EO against other pests, including mosquitoes and coffee berry borers.5,6 Further research is necessary to determine the activity of thymol and carvacrol acetates present in the extracted EOs against pests.

      Meloidogyne spp., commonly known as root-knot nematodes, are among the most destructive plant-parasitic nematodes due to their polyphagous nature. They are biotrophic endoparasites and can infect almost any higher plant species, making them ubiquitous worldwide. In this work, EOs and hydroethanolic extracts of A. pubescens were evaluated for their nematicidal activity. When tested on nematodes, only the Ogou essential oil chemotype of A. pubescens showed strong nematicidal activity, with 91 ± 5% mortality on Meloidogyne spp. at 2000 mg/L and an LC50 value estimated at 629 ± 39 mg/L. However, Est-Mono and Kozah EOs showed low activity on nematodes with 08 ± 3% and 25 ± 3% mortality, respectively. Previous research has shown that carvacrol and thymol have nematicidal activity, with LC50 values of 264 mg/L and 390 mg/L, respectively.27 In this study, the carvacrol chemotype of A. pubescens showed more activity than the thymol chemotype, and was the only one that demonstrated nematicidal activity with an LC50 value of 629 ± 39 mg/L. The D-fenchone chemotype EO did not show activity on Meloidogyne spp. when tested at 2000 mg/L, consistent with the findings of Rasoul et al.28 who found a very low activity of fenchone on M. incognita, with an LC50 value of 1675 mg/L. The carvacrol chemotype of A. pubescens was more effective than reported nematicidal plants such as Origanum dictamnus (LC50 = 1720 mg/L), O. vulgare (LC50 = 1550 mg/L), Zingiber officinale (LC50 = 832 mg/L), and Cinnamomum Zeylanicum (LC50 = 428 mg/L).15,27

      It is interesting to note that the hydroethanolic extract of A. pubescens harvested from Ogou exhibited significant nematicidal activity, inducing 85% mortality of nematodes at a concentration of 2000 mg/L compared to the control. The presence of carvacrol and other phenolic compounds in the polar extract of A. pubescens may be responsible for its nematicidal activity. Further investigation is needed to fully understand the mechanism of action and potential uses of the EOs and hydroethanolic extract of A. pubescens as a natural nematicide.

      To investigate the ability of A. pubescens essential oil to inhibit seed germination, germicidal activity was tested for the three essential oil chemotypes at 10 mg/mL. The results showed that all chemotypes inhibited seed germination after 24, 48, and 96 hours compared to the control group of water without essential oil. Analysis of variance (ANOVA) and Chi2 test at P ≤ 0.05 indicated a significant difference between the different treatments carried out with different chemotypes, as well as an interaction between the concentration and the percentage of inhibition (P ≤ 0.005). The effects of essential oils were found to be time-dependent, as the most effective chemotype from Ogou (carvacrol) showed over 80% inhibition of the dicotyledon S. radiatum seeds after 24 hours, while the D-fenchone chemotype was the least effective with only 25% inhibition at the same concentration (Fig. 1). On the other hand, for the monocotyledon P. glaucum (Fig. 2), the thymol chemotype was the most effective with over 80% seeds inhibition after 24 hours, while the D-fenchone chemotype was the least effective with 40% seeds inhibition. Most seeds germinated from all tested samples after 96 h but only controls and Kozah (D-fenchone) chemotype grown up to give leaves. We were then able to measure the grown inhibition induced by the D-fenchone chemotype on both tested seed plants. After 7 days, the EO showed –67 ± 8 and –32 ± 6% inhibition on S. radiatum root and leaf, respectively. However, the EO did not demonstrate inhibition on P. glaucum on root and aerial parts.

      
        
        

        Fig. 1. 
				
        

        
          Phytotoxic effects (% inhibition) of A. pubescens on Sesamum radiatum seed germination. Bars represent the average relative values ± standard error. All measured values are significantly different from the control (P < 0.05), Chi2 significant differences test (LSD).
        
        

        

      

      
        
        

        Fig. 2. 
				
        

        
          Phytotoxic effects (% inhibition) of A. pubescens on Pennisetum glaucum seed germination. Bars represent the average relative values ± standard error. All measured values are significantly different from the control (P < 0.05), Chi2 significant difference.
        
        

        

      

      Carvacrol and thymol phytoxicity to seeds was reported by Pinheiro et al. on Lactuca sativa and Sorghum bicolor.29 Moreover, when the phytotoxicity of nineteen major components of essential oils was determined with rigid ryegrass (Lolium rigidum Gaudin), carvacrol and thymol showed similar germination index (89 and 86, respectively) while D-fenchone showed a germination index of 79.30 The germination indexes of the different essential chemotypes tested herein are justified by their respective chemical compositions. Of ten Peruvian Piper species studied by Ruiz-Vasquez et al., four plants showed more than 50% effective germination inhibition at 10 mg/mL31 demonstrating comparable activity with A. pubescens carvacrol and thymol chemotypes. This work demonstrates the potential herbicidal use of A. pubescens essential oils acclimatized in different geographic areas of Togo (West Africa).

      In summary, the EOs extracted from A. pubescens demonstrated for the first-time insecticidal properties against C. maculatus, the cowpea weevil, across three different chemotypes (Thymol, carvacrol, and D-fenchone). Additionally, the carvacrol chemotype exhibited high nematicidal effects on root-knot nematodes. However, all three chemotypes displayed strong phytotoxicity on S. radiatum and P. glaucum seeds. The observed biological effects of the EOs were discussed in light of their chemical compositions. This study suggests the potential for developing new EO-based biopesticides using A. pubescens.
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