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Review on the Mosquitocidal effect of Azadirachta indica (A.) Juss., Eucalyptus globulus Labill., and Hyptis suaveolens (L.) Poit.


ABSTRACT
Mosquitoes are vectors for a number of infectious diseases, including malaria, dengue fever, Zika virus and chikungunya; hence, they pose a significant threat to public health globally. The rising incidence of insecticide resistance in mosquito populations as well as the environmental and health hazards associated with synthetic pesticides, has led to the demand for sustainable and ecofriendly insecticidal alternatives. Botanical insecticides have been suggested as viable alternatives to synthetic insecticides. However, they vary in their insecticidal efficacy, mode of action and toxicity to nontarget organisms.  This study reviews available reports on the mosquitocidal properties of three medicinal plants; Azadirachta indica (neem), Eucalyptus globulus (eucalyptus), and Hyptis suaveolens (bush mint). It examines their efficacy against various mosquito life stages and highlights the active compounds responsible for the insecticidal properties of these. Furthermore, the limitations associated with the use of these plants for mosquito control are clearly outlined and recommendations are made on strategies to improve prospective bio-insecticidal products. Overall, the finding provided a foundation for developing plant-based insecticides that can be integrated into public health and vector control programs to sustainably reduce mosquito-borne disease transmission.
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1. INTRODUCTION
Over the years, there has been an increase in the impact of mosquito-borne diseases, particularly in tropical and subtropical regions with up to 700 million reported cases of mosquito-borne infections each year (Chandra & Bhattacharjee, 2024). According to the WHO's report, Nigeria accounted for about 27% of malaria cases in 2021, with the number of fatalities estimated at 198,000 (WHO 2022). The conventional disease control technique has been to apply synthetic chemical insecticides; however, the extensive and indiscriminate use of these insecticides has resulted in the rapid development of insecticide resistance particularly in the mosquito population in endemic areas (Nebie et al., 2024). A particular study in Nigeria reported that mosquitoes of the genus Anopheles gambiae were resistant to three (organophosphate, pyrethroids & organochlorines) out of the four classes of insecticide used for mosquito control (Chukwuekezie et al., 2020). Other issues associated with synthetic insecticides include groundwater contamination, harm to beneficial insects, high cost and a number human health risks that have been identified; hence the demand for ecofriendly insecticidal alternatives becomes imperative (Dinesh et al., 2015). Consequently, there is a recognized need for alternative control strategies, with biological control emerging as a viable and promising solution. Various biological control agents, including predatory fish, bacteria, protozoa, fungi, nematodes, and plant-derived products, have demonstrated significant potential in effectively managing mosquito populations (Terseer and Ali, 2019).
Generally, botanical insecticides have been developed from various phytochemicals particularly the secondary metabolites of plants.  These secondary metabolites serve as defensive (toxic) agents, disrupting insect reproduction and other biochemical processes, ultimately having a lethal on them (Shiekh et al., 2024). They are usually present as a complex mixture of compounds making it difficult for mosquitoes to develop resistance against them (Majeed, et al., 2018). There are reports of the use of several plant for traditional insect control in local communities and the insecticidal properties of these plants have been attributed to a number of phytochemicals (Gokulakrishnan et al., 2012). This suggests that extracts from these plants can be used for the design of viable bioinsecticides, however, the cost effectiveness, formulation and durability are critical factors to be considered in such design. This review explores the insecticidal properties of three plants– Azadirachta indica (Meliaceae), Eucalyptus globulus (Myrtaceae), and Hyptis suaveolens (Lamiaceae). It examines various reports on their insecticidal properties and highlights the advantages, limitations and future perspective of developing ecofriendly bioinsecticidal products for mosquito control using these plants.
Review Methodology 
This review compiled data from peer-reviewed studies accessed via databases such as PubMed, ScienceDirect, and Semantic Scholar, focusing on research from 2005 to 2025. Keywords included “mosquitocidal effects,” “Mosquito larvicidal and adulticidal effect”, “Azadirachta indica,” “Eucalyptus globulus,” “Hyptis suaveolens,” and “mosquito vectors.” Studies were selected based on experimental rigor, including laboratory bioassays, field trials, and phytochemical analyses. Data on larvicidal (LC50/LC90), adulticidal, and repellent activities against Anopheles, Aedes, and Culex species were prioritized. Results were synthesized to compare efficacy, mechanisms, and limitations. 

2.1 AZADIRACHTA INDICA (A.) JUSS
[bookmark: _Hlk202585618]2.1.1 General Insecticidal properties
Azadirachta indica, commonly known as neem, originated from the Indian subcontinent, but has successfully adapted to other regions in different parts of Asia, the Caribbean, Australia, South America, and Africa. It is known for a number of biological activities including insecticidal and repellent properties. It’s robust root system enables it to withstand soil erosion and survive in extreme weather conditions as well as nutrient-poor environments (Chatterjee et al., 2023). 
[bookmark: _Hlk206597555]The A.indica tree contains more than 35 biologically active compounds such as azadirachtin, nimbin, nimbidin, salannin, thionemon, and meliantriol, predominantly found in its seeds and leaves (Lucantoni et al., 2006).  These compounds have been reported to demonstrate larvicidal, pupicidal and adulticidal activities against different species of mosquitoes. The most prominent is azadirachtin which has been well reported for its insecticidal properties (Michel et al., 2023). Its efficacy is largely attributed to its ability to disrupt insect’s hormonal system, thereby interfering with vital processes such as molting and reproduction (Isman, 2006). 
The traditional use of A.indica leaves for mosquito control in Lagos State, Nigeria was reported by Okoh et al. (2021). Neem seeds generally have been utilized in various industrial applications including the production of detergents and biofuels while the remaining seed cake (after oil extraction) has been used in fertilizer (Djibril et al., 2015). Neem seeds contain several bioactive compounds such as triterpenoids and limonoids that have shown effectiveness in pest control (Boanya and Boakye, 2022). Neem oil derived from the seeds, has been used as an insect repellent and pesticide while its leftover residue, known as neem cake, has also been suggested to be a cost-effective alternative for developing mosquitocidal products (Benelli et al., 2015, Benelli et al., 2017). In a study by Bassey et al. (2024), the authors reported the use of neem oil and neem seed extracts for the formulation of larvicidal sprays and mosquito coils. The efficacy of neem oil and leave extracts against different insects such as Bemisia tabaci, Oxya chinensis, Leptinotarsa decemlineata and Tribolium castaneum have also been reported (Kumar et al., 2019; Li et al., 2019; Kovaˇríková and Pavela,2019; Islam and Talukder, 2005). A number of neem-based products are commercially available, however, here is limited application of these products for physical control of mosquitos. Beyond direct insecticidal effects, neem-based products have also demonstrated anti-parasitic activities. Studies have shown their ability to inhibit Plasmodium berghei oocyst development in Anopheles stephensi (Lucantoni et al., 2010), and similarly, impair Plasmodium falciparum development in Anopheles coluzzii (Yerbanga et al., 2014). Furthermore, A.indica has been observed to impact the development of P. berghei gametocytes in mice, subsequently leading to inhibited parasite infection in An. stephensi mosquitoes (Dahiya et al., 2016).

2.1.2. Mosquitocidal Efficacy of A. indica 
The efficacy of A.indica extracts against different mosquito life stages has been highlighted in a number of reports by different authors (Table 1). 
The larvicidal activity of neem seed extract and seed oil has been highlighted in some reports (Sunganya et al., 2025; Benelli et al., 2014; Batabayal, et al., 2009). The potential of A.indica leaf and bark extracts against mosquito larvae were clearly demonstrated in several reports (Imakwu et al., 2024; Bassey et al., 2024; Ejeta et al., 2021; Awosolu et al., 2018; Nour et al., 2012; Chakkaravarthy et al., 2011; and Alouani et al., 2009). Govindarajan et al., (2011) observed high mortality rates in larvae of Anopheles, Aedes, and Culex species after treatment with the neem oil and is one of the best alternatives for mosquito control. Manzano et al. (2020) reported that the percentage larval mortality of leaf ethanolic extract of A. indica against Aedes aegypti was proportionate to exposure time. Similarly, nano-insecticides derived from A. indica showed enhanced larvicidal and adulticidal activity, compared to the crude ethanol extract against different mosquito species (Aziz, 2021). Lucantoni et al. (2006) observed that younger Aedes aegypti larvae exhibited greater susceptible to NeemAzal (a neem seed kernel-derived powder containing approximately 40% azadirachtin), suggesting a decrease in its effectiveness with larvae age. Similarly, Okumu et al. (2007) reported that a 32% neem seed oil formulation was highly toxic to Anopheles gambiae larvae, demonstrating an LC50 value of approximately 11 ppm and effectively suppressing adult emergence. Furthermore, Dua et al. (2009) showed that specialized neem oil formulations (comprising neem oil with polyoxyethylene ether, sorbitan dioleate, and epichlorohydrin) were effective in controlling mosquito larvae in diverse natural field breeding habitats. A.indica and karanja (Pongamia glabra) oil cake mixture (50:50) showed larvicidal activities against the larvae of Cx. quinquefasciatus, Ae. aegypti and An. stephensi with LC50 values of 0.06%, 0.038% and 0.048% respectively. These studies above highlight the potency of A. indica against the mosquito larva suggesting that neem extracts could be designed to specifically target mosquito larva, however, it is expected that its efficacy will vary with solvent type and mosquito species. 
The adulticidal and ovicidal activity of neem extracts are less reported when compared to its larvicidal activity.  There are suggestions that exposure to neem-impregnated papers or aerosols can lead to adult mosquito mortality, although at higher concentrations than those required for larvae (Ejeta et al., 2021). Also, some studies also indicate that neem extracts can reduce egg hatchability and interfere with oviposition behavior, further contributing to mosquito population control (Arivoli and Tennyson, 2011; Nathan et al., 2005). Recent developments have shown that biopesticides delivered via silver nanoparticles derived from A. indica are more effective against both larval and adult stages of pathogenic mosquitoes compared to alcoholic extracts. This enhanced efficacy makes them a promising alternative to chemical pesticides (Aziz, 2021).

Neem oil and extracts have also shown strong repellent properties, in addition to their insecticidal properties. They are believed to deter mosquitoes from landing and biting, ensuring disease control through effective repellency (Nwanya et al., 2019). Trivedi et al. (2018) observed that a neem oil-based formulation showed prolonged repellency against mosquito compared to other essential oil-based repellents. In other reports, neem seed oil provided 90.26% protection against Culex quinquefasciatus at 50% concentration, with no bites for 180 minutes (Mandal, 2011) while its leave oil provided repellent effect against Anopheles gambiae and A. funestus (Nwanya et al., 2019)
2.1.3. Mechanisms of Action of A. indica
The mosquitocidal property of neem are attributed to the synergistic effects of its diverse phytochemicals, noteably azadirachtin and other limonoids (e.g., nimbin, nimbidin, nimbolide) (Nwanya et al., 2019). Azadirachtin interferes with the insect's endocrine system, particularly the molting hormone (ecdysteroid) and this disruption prevents proper molting and metamorphosis, thereby preventing larval development into the pupal stage (Isman, 2006). The broad spectrum of azadirachtin's activity, includes its role as an insect growth regulator (IGR), induction of sterility, its function as an antifeedant ultimately causing starvation and gut disruption, has been extensively documented (Ugwu and Oyeagu, 2023; Almadiy et al., 2025). Okumu et al. (2007) observed that azadirachtin specifically inhibited mosquito larval growth after eight days of treatment.  Benelli et al. (2017) further associated azadirachtin effects on insect growth and feeding with the inhibition of acetylcholinesterase and modulation of molecular pathways such as p53 and NF-κB. There are also indications that azadirachtin affects chemosensory pathways, consequently inhibiting feeding and egg-laying activities (Chatterjee et al., 2023). In another report, it was observed that Azadirachtin mimics a natural insect hormone, leading to developmental abnormalities, reduced fitness, and even sterility in exposed mosquitoes, thus impacting subsequent generations (Aguirre et al., 2024; Subrahmanyam, 1990). Other studies indicate histopathological damage to the mosquito midgut, impairing digestion and nutrient absorption (Ahmed et al., 2023). Other compounds such as nimbin, nimbidin, and nimbolides are also reported to interfere with the hormonal and growth system mosquitos at different stages (Dua, et al., 2009)
Table 1: Mosquitocidal efficacy of Azardirachta indica 
	Extract/ Compound
	Stage
	Mosquito specie
	Lethal Concentration 
	Reference

	
	
	
	LC50
	LC90
	

	Seed oil
	Larval
	Aedes aegypti
	57.59ppm
	136.74ppm
	Sunganya et al., 2025

	Leaf Ethanolic extract
	Larval
	Aedes aegypti
	1.21ml
	9.03ml
	Imakwu et al., 2024

	Leaf Aqueous extract
	Larval
	Anopheles gambiae
	0.401g/ml
	-
	Bassey et al., 2024

	Leaf Ethanol extract
	Larval
	Anopheles arabiensis
	40.73ppm
	186.66ppm
	Ejeta et al., 2021


	Leaf Ethanol extract
	Adult
	Anopheles arabiensis
	151.033ppm
	1059ppm
	

	Leaf Methanol extract
	Adult
	Anopheles arabiensis
	106.655ppm
	1293ppm
	

	Nano-insecticide (neem based)
	Larval
	An. stephensi
	30.8 μg/mL
	63.01 μg/mL
	Aziz, 2021

	
	
	Ae. Aegypti
	33.5 μg/mL
	71.5 μg/mL
	

	
	
	Cx. Quinquefasciatus
	39 μg/mL 
	 81.4 μg/mL 
	

	
	
	Culex pipens
	61.2 μg/mL 
	92.04 μg/mL 
	

	
	Adult
	Ae. aegypti,
	20.1 μg/mL 
	92.0 μg/mL 
	

	
	
	Culex pipien
	367.8μg/mL
	1521.7 μg/mL
	

	Leaf aqueous extract
	Larval
	Culex spp
	57.32g/mL
	-
	Awosolu et al., 2018

	Azadirachtin
	Larval
	Culex pipens
	7.66mg/L
	19.70mg/L
	Merabti et al., 2017

	
	
	Culista longiareolata
	7.60mg/L
	23.76mg/L
	

	Seed oil
	Larval
	Aedes albopictus
	142.28ppm
	-
	Benelli et al., 2014

	Bark acetone extract
	Larval
	Aedes aegypti
	725ppm
	-
	Nour et al., 2012


	Bark chloroform extract
	Larval
	Aedes aegypti
	725ppm
	-
	

	Bark ethanol extract
	Larval
	Aedes aegypti
	787.5ppm
	-
	

	Leaf Hexane extract
	Larval
	Culex quinquefasciatus
	246.38ppm
	3557.71ppm
	Chakkaravarthy et al., 2011

	Leaf Chloroform extract
	Larval
	Culex quinquefasciatus
	198.82ppm
	1147.50ppm
	

	Seed Methanol extract
	Larval
	Anopheles stephensi
	15.25 ppm
	46.79ppm
	Batabayal, et al., 2009


	Seed Petroleum ether extract
	Larval
	Anopheles stephensi
	63.24ppm
	248.04ppm
	

	Azadirachtin
	Larval
	Culex pipens
	0.35mg/L
	1.28mg/L
	Alouni et al., 2009



2.2. EUCALYPTUS GLOBULUS LABILL.
2.2.1General Insecticidal properties
Eucalyptus globulus, commonly known as eucalyptus or blue gum eucalyptus, is widely recognized for its aromatic essential oil, particularly 1,8-cineole (eucalyptol).  It is a popular choice for plantations in Nigeria due to its fast-growing nature and suitability for various purposes like wood production and essential oil extraction (Ekhuemelo et al., 2017). The essential oil yield of E. globulus on a dry weight bases range between 0.7% to 9% (Shiekh et al., 2024).  This essential oil has long been used in traditional medicine for non-ingestive treatment for coughs and colds (Hayat et al., 2015), however, it has also gained attention for its insecticidal and repellent properties (Aref and Valizadegan, 2015).  The leaves have been used traditionally in the control of mosquitoes especially in North-central Nigeria (Adelaja et al., 2021). Boanyah and Boakye (2022) studied a particular insect repellent known as Quwenling, derived from eucalyptus oil, identified p-menthane-3,8-diol (PMD); the authors observed that its effectiveness was comparable to DEET, leading to PMD’s increased popularity and eventual registration. Several studies have suggested that various mechanism of insecticidal activity including the ability of Eucalyptus oils to act on octopaminergic receptors, leading to disruption of mosquito nervous systems (Nazmin et al., 2025). Its effect on stored food pest has been reported (Naouel et al., 2022). Overall Eucalytus oil are reported to be relatively safe for mammalians, making it a viable option for the development of bioinsecticides, and its efficacy varies depends on extraction methods with acetone extracts displaying lower MICs when compared to ethanolic extracts (Shalaby et al., 2011; Scholz et al., 2020). 
2.2.2 Mosquitocidal efficacy of E. globulus
Eucalyptus oil and extracts have demonstrated varied levels of mosquitocidal activity (Table 2)
The larvicidal activity of eucalyptus oil has been observed mainly at higher concentrations as the volatile components present, have been reported to disrupt larval physiology and respiration. A number of studies have indicated the strong mosquito larvicidal activity of eucalyptus essential oil (Yahia et al., 2023; Vivekanandhan et al., 2020; Riat, and Kocher, 2019; Elzayyat et al., 2018). Manimaran et al. (2012) however, reported that Eucalyptis globulus essential oil exhibited comparatively lower larvicidal efficacy against Anopheles stephensi and Aedes aegypti than essential oil derived from six other plants species, highlighting that the efficacy of these oils depends on plant species and experimental conditions. 
The adulticidal activity have of eucalyptus oil has also been reported on Aedes species and Culex species (Traboulsi et al., 2005), although, there are more reports on its repellent properties. Reports by Soonwera and Sittichok (2020) suggested the combination of E. globulus and Cymbopogon citratus essential oils had higher adulticidal effect on mosquitos compared to the effect of the individual essential oils. Evidence from various researchers also suggests that the insecticidal efficacy of combinations E. globulus and other essential oil surpasses that of E. globulus essential oil used alone (Cotchakaew and Soonwera 2019; Zibaee and Khorram 2015).
Several studies have highlighted the repellent property eucalyptus and this effect has been attributed to 1,8-cineole (Sheikh et al., 2021: Trivedi et al. 2018; Navayan et al. 2017; Mandal, 2011; Traboulsi et al., 2005). Reports by Mohammadi et al., 2019; Navaya et al., 2017 also suggest that formulations containing eucalyptus oil can provide protection times comparable to DEET, especially when formulated as micro-emulsions to reduce volatility. In a particular study, Sheikh et al. (2021) observed that combining E. globulus essential oil with other essential oils, such as Syzygium aromaticum enhanced its repellent efficacy up to 94.44%. 1,8-cineole has been identified as a significant ovipositional repellent, discouraging female mosquitoes from laying eggs in treated water (Navayan et al., 2017). Overall using Eucalyptus essential oil for bioinsecticide design might require exploring its repellant effect on mosquitoes.
Table 2: Mosquitocidal efficacy of E. globulus 
	Extract
	Stage
	Mosquito specie
	Lethal Concentration 
	Reference

	
	
	
	LC50
	LC90
	

	Essential oil
	Larval
	Aedes albopictus
	46.58 ppm
	98.03ppm
	Bora et al. (2025)

	Essential oil
	Larval
	Culiseta longiareolata
	24.23ppm
	46.13ppm
	Yahia et al. (2023)

	Essential oil
	Larval
	Anopheles stephensi,
	30.198ppm
	103.389ppm
	Vivekanandhan et al. (2020)

	
	
	Culex quinquefasciatus 
	7.469ppm
	32.454ppm
	

	
	
	 Aedes aegypti
	13.578ppm
	106.755ppm
	

	Essential oil
	Larval
	Anopheles stephensi
	46.11ppm
	69.33ppm

	Riat, and Kocher (2019)

	Essential oil
	Larval
	Aedes aegypti
	93.3ppm
	707.9ppm
	Kaura et al. (2019)

	Essential oil
	Larval
	Culex pipens
	0.014%
	-
	Elzayyat et al., (2018)

	
	Adult 
	Culex pipens
	0.108%
	-
	

	Leaf extract (Hexane)
	Larval
	Aedes aegypti
	225.2ppm
	423.6ppm
	Nair et al. (2014)

	
	
	Anopheles stephensi,
	118.8ppm
	450.4ppm
	

	Essential oil
	Adult
	Aedes
	
	
	Traboulsi et al. (2005)

	
	
	Culex
	
	
	

	Essential oil
	Larval
	Anopheles stephensi
	68.45ppm
	247.18ppm
	Manimaran et al. (2012)

	
	
	Culex quinquefasciatus
	64.64ppm
	294.00ppm
	

	
	
	Aedes aegypti
	80.93ppm
	339.01ppm
	



2.2.3. Mechanisms of Action of E. globulus
The mosquitocidal effects of E. globulus are primarily attributed to its essential oil components, particularly 1,8-cineole which has been reported to cause olfactory disruption, neurotoxicity and inhibition of acetylcholinesterase. The strong odour of eucalyptus oil, specifically 1,8-cineole, is believed to interfere with mosquito olfactory receptors, masking the attractants (like carbon dioxide and lactic acid) that draw mosquitoes to hosts and leading to a "nose-blinding" effect (Nazin et al., 2025; Navayan et al., 2017). Pujirati and Fentiyanti (2017) reported 1,8-cineole to be toxic to the respiratory and digestive systems of adult mosquitoes. Additionally, 1,8-cineole has been reported to inhibit acetylcholinesterase activity an enzyme crucial for nerve impulse transmission in insects leading to paralysis and death (Sheikh et al., 2021). Some other volatile compounds in essential oils (such as α-pinene and d-limonene) are believed to have neurotoxic effects on mosquitoes, disrupting nerve function at higher concentrations (Soonwera and Sittichok, 2020; Danna et al., 2024).
2.3 HYPTIS SUAVEOLENS (L.) POIT 
2.3.1 General Insecticidal activity
Hyptis suaveolens syn Mesosphaerum suaveolens (L.) Kuntze, also referred to as bush mint or pignut, is a strong-scented, widespread weed that can grow in soils with limited nutrients. It has several traditional applications in different parts of the world (Dossa et al., 2024). In Nigeria, it is also been called mosquito plant and similar to Eucalyptus, it is frequently used plant for mosquito control in the north-central Nigeria and western Kenya (Adelaja et al., 2021; Conti et al., 2011). Also, some parts of Hyptis suaveolens have been utilized by traditional healers in Northern Nigeria to treat a range of ailments, from skin conditions like boils and eczema diabetes, headaches, diarrhoea, kidney disorders, and fevers (Umedum et al., 2014). Its insecticidal activity has been attributed to terpenes present in its essential oils particularly monoterpenes and sesquiterpenes (Limachi et al., 2019; Aliyu et al., 2022). The essential oil yield from H. suaveolens leaves, extracted via hydrodistillation, ranges from 0.1% to 0.4%, which is significantly lower than that of many other aromatic plants. H. suaveolens essential oils have demonstrated to be effective against a range of pests, including insects, microorganisms (fungi and bacteria), nematodes, and weeds. They have also been used to effectively manage stored food pests such as Callosobruchus maculatus, Sitophilus zeamais, Sitophilus granarius, Sesamia calamistis, Maruca testulalis, and Trogoderma granarium (Dossa et al., 2024; Tahir et al., 2017; Benelli et al., 2012, Adda et al., 2011, Conti et al., 2011b; Gbehounou 2007 and Musa et al. 2009). H.suaveolens essential oils effectively control various pests through mechanisms such as direct contact, ingestion, or systemic toxicity. Their diverse activities include acting as repellents, fumigants, larvicides, adulticides, or growth inhibitors (Mishra et al., 2021). In a study by Iloba and Ekrakene, (2006), the authors reported that H. suaveolens resulted in 93.3–96.6% mortality against Callosobruchus maculatus which was higher than the 83.3–90% mortality observed using A. indica. 
2.3.2. Mosquitocidal Efficacy of H. suaveolens
Extracts and essential oil from H. suaveolens have shown promising larvicidal activity against various mosquito species (Table 3). Several reports suggests that essential oils, non-volatile extract and purified fractions of H. suaveolens exhibit dose-dependent mortality against mosquito larvae, with effective lethal concentrations observed across different species (Duniya et al., 2022; Singh et al. 2021; Conti et al., 2012; Mohan et al., 2011; Arivoli and Samuel, 2011). Significant larvicidal activity of H. suaveolens essential oil nanoemulsion against Culex quinquefasciatus was reported by Peniche et al. (2022). In contrast, Okigbo et al. (2010) observed that petroleum ether extracts of H. suaveolens induced only 1.34% mortality at a 30% concentration against Culex larvae, compared to 96% mortality recorded for A.indica under similar conditions. 
While most studies describe the larvicidal and repellent effects of H.suaveolens, some suggest significant adulticidal and ovicidal activity, particularly with higher concentrations of extracts or essential oils. In a report by Oumarou et al. (2021), the authors suggested that the essential oil of H.suaveolens demonstrated a strong adulticidal activity against Anopheles gambiae while its aqueous extract has also been reported to have ovicidal activity against different mosquito species (Arivoli and Samuel, 2011). Similarly, Owolabi et al. (2024) essential oil of H. suaveolens achieved 77.5% knockdown of the adult Anopheles within six minutes of exposure. A comparative study by Terseer and Ali (2019) investigated the efficacy of fresh and dried H.suaveolens plant portions against adult mosquito vectors. Their findings indicated that while both fresh and dried samples exhibited toxicity towards mosquito populations, the application of the fresh plant material resulted in a significantly higher percentage mortality rate within the experimental units (P < 0.05).
The extracts and essential oil of H.suaveolens are known to exhibit strong repellent properties which deter mosquitoes from biting and this has been demonstrated in several reports (Duniya et al.,2022, Salawu et al., 2021, Conti et al., 2012; Vongsombath et al., 2012; Singh et al., 2011). In a study by Eze et al. (2023), the authors observed that H. suaveolens essential oils repelled 65–85% of mosquitoes within 30 minutes in cage tests and 100% from treated rat skin. Similarly, the ethanolic extract of H. suaveolens has also been reported to exhibit repellent activity against mosquito species (Nazaire et al., 2025; Nanga et al., 2019; Ekesiobi and Igbodika, 2015). 
Table 3: Mosquitocidal efficacy of H. suaveolens 
	Extract
	Stage
	Mosquito specie
	Lethal Concentration 
	Reference

	
	
	
	LC50
	LC90
	

	Essential oil
	Larval
	Aedes aegypti
	32.85ppm
	66.54ppm
	Moola et al., 2023

	Essential oil
	Larval
	Anopheles gambiae
	6.20ppm
	21.28 ppm
	Duniya et al., 2022

	Essential Oil Nanoemulsion
	Larval
	Culex quinquefasciatus 
	102.41ppm
	168.03ppm
	Peniche et al., 2022

	Essential oil
	Larval
	Anopheles gambiae
	0.24mg/mL
	0.32mg/mL
	Adelaja et al., 2022

	
	Adult
	Anopheles gambiae
	0.30mg/mL
	
	

	Leaf extract (Methanol) 
	Adult
	Anopheles gambiae
	139.6 mg/bottle
	-
	Nanga et al., 2019

	Essential oil
	Adult
	Anopheles gambiae
	3.22 mg/bottle
	-
	

	Leaf extract
(Aqueous)
	Larval
	Aedes aegypti
	34.33mg/mL
	200.47mg/mL
	Elumalai et al., 2017

	
	
	Anopheles stephensii
	21.30mg/mL
	131.88mg/mL
	

	
	
	Cu. quinquefasciatus 
	19.25mg/mL
	146.31mg/mL
	

	Leaf extract
(Silver nanoparticle)
	Larval
	Aedes aegypti
	4.63mg/mL
	12.07mg/mL
	

	
	
	Anopheles stephensii
	4.04mg/mL
	10.99mg/mL
	

	
	
	Cu. quinquefasciatus 
	3.52mg/L
	9.61mg/mL
	

	Aerial extract
(Petroleum ether)
	Larval
	Culex quinquefasciatus 
	493.44mg/L
	875.75mg/L
	Sakthivadivel et al., 2015

	Aerial extract (Chloroform)
	Larval
	Culex quinquefasciatus 
	625.97mg/L
	1032.88mg/L
	

	Aerial extract
(acetone)
	Larval
	Culex quinquefasciatus 
	485.61mg/L
	840.79mg/L
	

	Leaf extract
(Methanol)
	Larval
	Anopheles gambiae
	73.25ppm
	-
	Ohimain et al., 2015

	Leaf extract
(Chloroform)
	Larval
	Anopheles gambiae
	76.25ppm
	-
	

	Leaf extract
(Hexane)
	Larval
	Anopheles gambiae
	97.25ppm
	-
	

	Essential oil
	Larval
	Aedes albopictus
	240.3ppm
	-
	Conti et al., (2012)

	Leaf extract (Ethanolic) 
	Larval
	Aedes aegypti
	0.60ppm
	1.45ppm
	Amusan et al., 2005

	Leaf extract
(Petroleum ether)
	Larval
	Culex spp
	66.83ppm
	-
	Okigbo et al., 2010

	Leaf extract 
(Ethanolic)
	Larval
	Anopheles gambiae
	62.41 μg/mL 
	-
	Ivoke et al., 2009

	Leaf extract (Aqueous)
	Larval
	Anopheles gambiae
	80.02 μg/mL 
	-
	



2.3.3. Mechanisms of Action of H. suaveolens
The mosquitocidal effects of H.suaveolens are attributed to the volatile organic compounds present in its essential oil, including terpenes, alkaloids, flavonoids, tannins, saponins, and steroids. Several mechanisms of insecticidal action have been proposed including neurotoxicity, interference with respiration, olfactory disruption and antifeedant properties (Duniya et al., 2022). Many terpenes found in essential oils are known to act as neurotoxins in insects, disrupting neuronal function and leading to paralysis and death. Hossain et al., (2025) reported that terpenes disrupt GABA receptors and ion channels, inhibiting feeding and egg-laying. Furthermore, volatile compounds can interfere with the respiratory system of mosquito larvae and adults, leading to suffocation (Gnankine and Bassole, 2017). 
Table 4: Comparative analysis of Azadirachta indica, Eucalyptus globulus, Hyptis suaveolens for mosquito control
	Parameters
	Azadirachta indica
	Eucalyptus globulus
	Hyptis suaveolens

	Family
	Meliaceae
	Myrtaceace
	Lamiaceae

	Common name
	Neem, Indian lilac
	Eucalyptus, Blue gum
	Bush mint, Pignut

	Local name (Nigeria)
	Dogonyaro (Hausa), afoforo oyimbo (Yoruba), Ogwu akom (Igbo)
	Turare (Hausa)
	Daddoya ta daji (Hausa), Efiri (Yoruba), Nchuanwu (Igbo)

	Geographic distribution
	Native to Indian subcontinent and Southeast Asia. Introduced and cultivated in parts of Africa
	Native to Southern Australia. Introduced and cultivated in Europe, India, North America, South America and Africa 
	Native to tropical America. Widely distributed in West Africa, East Africa, Indian subcontinent, Asia and Oceania

	Predominant Location (Nigeria)
	Throughout Nigeria but prevalent in northern states
	North central Nigeria: Benue state, FCT 
	Northern Nigeria

	Major Phytochemials present
	Azadirachtin
	1,8-Cineol, Alpha-pinene
	β-phellandrene, 1,8-cineole, sabinene, limonene and β-caryophyllene, (Dossa et al., 2024)

	Mechanisms of action
	Antifeedant and deterrent effects, growth Regulation, and Sterility, gut disruption, cuticle melanization and chitinization, inhibition of acetylcholinesterase (AChE) receptor
	Olfactory Disruption, Neurotoxicity and Inhibition of Acetylcholinesterase
	Neurotoxicity, Interference with respiration

	Oil yield
	45%
	0.7 - 9%
	0.1 - 0.4%

	Commercial product available
	Neem Azal®, Achook®, Nimbecidine®,BioNeem®
	Quwenling, PMD, Repel® Lemon Eucalyptus Insect Repellent
	Not yet commercialized


3.0. LIMITATIONS AND CHALLENGES
Based on the reports reviewed, it can be suggested that the three plants can be used to develop viable bioinsecticides for mosquito control, however, there several limitations can be identified in each of these plants. 
[bookmark: _Hlk206590131]The insecticidal property of A. indica has clearly been narrowed down to azadirachtin, however, its low yield, composition variation, stability issues and slow action time are some of the challenges that have been identified.  The composition of A. indica can vary significantly based on the tree's genotype, geographic location, climatic conditions, as well as harvesting practices; for instance, an azadirachtin content of 2.5mg/g and 1.8mg/g was obtained from neem leaves located in southern and western India respectively (Mohammad et al., 2024). Also, Azadirachtin is susceptible to degradation by ultraviolet (UV) light, high temperatures, and extreme pH conditions. This product degradation with time indicates that there might be challenges with product durability, hence, frequent applications might be required to obtain the desired effect, and this in turn increases the operational costs (Lynn and Kim, 2015). Also, the action time of some neem-based insecticides has been suggested to be slow (Abiy et al., 2015.). This slower action may not be suitable for situations requiring rapid mosquito population reduction, such as during disease outbreaks. Overall, these challenges might affect product formulation, efficacy, durability and overall cost of production particularly for large scale mosquito control.
Similar to A. indica, H. suaveolens is also affected by low essential oil yield and composition variation. A number of studies have highlighted low yield of oils derived from H. suaveolens, for instance, 0.1% to 0.4% oil yield using hydrodistillation from the plant leaves was reported by Dossa et al. (2024) and Joseph et al. (2020). In other reports, five variations were observed in the essential oil composition of H. suaveolens (Dossa et al., 2024; Pino et al., 2013). Compared to A. indica, there are less reports on the specific active compounds. Olonisakin et al. (2018) reported the major chemical composition of the leaf essential oil of H. suaveolens from Nigeria as Bicyclogermacrene (8.5%), gelemene (8.8%), belemene (39.7%) while Kubmarawa et al. (2015) reported the major chemical constituents as Caryophyllene (20.6%), sabinene (16.7%). Overall, this low oil yield and variation in composition can be challenging for product formulation
For E. globulus (Eucalyptus), one of the major challenges is high volatility of its essential oil. The primary active compound (1,8-cineole), is highly volatile, leading to a rapid evaporation rate and a very short residual effect in the environment (Vilela et al., 2009). This necessitates frequent and often impractical reapplication to maintain effective mosquito control. Achieving significant mosquito mortality or repellency often requires relatively high concentrations of eucalyptus essential oil, which can increase the cost of application and might raise concerns about non-target effects on beneficial insects or aquatic life. 
[bookmark: _Hlk206966136]4.0 RECOMMENDATIONS
Addressing the limitations of botanical insecticides derived from A. indica, H. suaveolens, and E. globulus requires targeted strategies focusing on production, formulation, efficacy, and integration into broader pest management programs, hence, certain recommendations can be made
For A. indica, developing protocols for optimized extraction can be recommended. This includes efficient and cost-effective extraction methods that maximize azadirachtin yield and purity, which then ensures consistency across production batches. Further research into various means to improve the environmental stability of the product is required; however, the incorporation of UV absorbing agents (such as titanium dioxide) as well as other novel formulations such as nano-emulsions, microencapsulation, and granular formulations that protect azadirachtin from UV degradation, high temperatures, and extreme pH can be suggested (Wilson et al., 2020; Behle et al., 2010)
[bookmark: _Hlk206753314][bookmark: _Hlk206885887]Further investigation into the specific insecticidal compounds in essential oil of H. suaveolens as well as their modes of action can be recommended to improve available Hyptis-based bioinsecticides. This could include comprehensive studies on target-specific efficacy, non-target effects, and environmental safety profiles can be conducted to further optimize Hyptis-based bioinsecticides. Other measures to increase the essential oil yield can be recommended including H. suaveolens specie selection and the use of enhanced extraction technologies such as microwave assisted hydrodistillation (MAHD) (Aguele et al., 2023).  
For E. globulus developing slow-release formulations (e.g., polymer matrices, microcapsules, clay-based carriers) that prolong the release of 1,8-cineole, can be suggested. Also, creating stable emulsions that improve the distribution of the oil and reduce its rapid evaporation can be recommended to enhance its residual effect and reduce volatility (Mapossa et al., 2021). 
In general, quantitative and qualitative chemical profiling of all compounds present in these plants or any product design is essential. To ensure product standardization, detailed quality control protocols must be applied with strict adherence to WHO guidelines for herbal product standardization; this ensures absolute product safety and stability (Kunle et al., 2012).  The use synergistic blends involving active combination of bioinsecticides or active compounds from different plants can been recommended, however the effect of these combinations is yet to be fully explored for mosquito control (Isman & Norris 2024). 
5.0 CONCLUSION
Azadirachta indica, Eucalyptus globulus, and Hyptis suaveolens represent valuable natural resources with proven mosquitocidal properties. Their diverse mechanisms of action, including larvicidal, adulticidal, repellent, and insect growth regulatory effects, make them promising candidates for the development of eco-friendly and sustainable mosquito control strategies. While challenges related to standardization, formulation stability, and scalability exist, ongoing research into advanced delivery systems and synergistic combinations holds immense promise. By addressing these limitations, these botanical agents can play a crucial role in complementing conventional methods, reducing reliance on synthetic pesticides, and ultimately contributing to more effective and ecofriendly management of mosquito-borne diseases.
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