


Synergistic insecticidal effects of ethanol leaf extracts of Azadirachta indica (neem), Laurus nobilis (Bay leaf) and Hyptis suaveolens (Bush mint) against adult American cockroach (Periplaneta americana)
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ABSTRACT
This study evaluated the insecticidal activity of ethanol leaf extracts of Azadirachta indica (Neem), Laurus nobilis (Bay leaf), and Hyptis suaveolens (Bush mint), including their synergistic combinations, against adult Periplaneta americana. Qualitative phytochemical screening showed high levels of alkaloids, terpenoids, phenols, and saponins in Neem; abundant flavonoids and essential oils in Bay leaf; and rich terpenoids and saponins in Bush mint. Bioassays conducted on 200 adult cockroaches revealed clear concentration- and time-dependent effects. Neem was the most potent single extract, achieving 10 (100%) knockdown and 8 (80%) mortality at 20 mg/mL within 6 h, with knockdown increasing from 4 (40%) at 1 h to 10 (100%) at 6 h. Bay leaf and Bush mint showed moderate activity, each producing a maximum of 6 (60%) mortality at 20 mg/mL after 6 h, with knockdown reaching 8 (80%)–9 (90%). Synergistic treatments significantly enhanced efficacy: the Neem + Bay leaf combination at 15 mg/mL achieved 10 (100%) knockdown and 8 (80%) mortality, outperforming individual extracts; Neem + Bush mint reached 9 (90%) knockdown and 7 (70%) mortality. The triple combination evaluated at 5 mg/mL produced rapid knockdown (8 [80%] at 6 h) but did not exceed the mortality of the Neem + Bay leaf mixture. Statistical analyses supported these trends, with strong positive correlations between concentration/time and mortality (r ≈ 0.93–0.98, p < 0.05) and significant differences among treatments by ANOVA (p < 0.05). Overall potency ranked as: Neem + Bay leaf > Neem > Neem + Bush mint > Bay leaf ≈ Bush mint > triple combination. These findings support neem-based synergistic botanicals as eco-friendly alternatives for household cockroach control.
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INTRODUCTION
Cockroaches remain one of the most persistent household pests worldwide, with Periplaneta americana recognized for its adaptability, rapid reproduction, and strong resistance to conventional insecticides. Their presence poses significant health risks as they mechanically transmit pathogens including Salmonella, Escherichia coli, and Staphylococcus aureus (Pai et al., 2003). Infestations have been linked to asthma, allergic reactions, food contamination, and poor sanitation, making cockroach control a public health priority, especially in developing regions (Nasirian, 2017). Despite decades of chemical pesticide use, cockroaches have shown increased tolerance and behavioral resistance, calling for safer and more sustainable alternatives.
Synthetic insecticides such as organophosphates, carbamates, and pyrethroids are commonly used for cockroach control but pose environmental and health challenges. Long-term exposure has been associated with neurotoxicity, endocrine disruption, and carcinogenic risks (Mostafalou & Abdollahi, 2013). Additionally, the development of insecticide resistance—including cross-resistance greatly reduces the effectiveness of many commercial products (Liu & Yue, 2000). Residues from these chemicals persist in indoor environments, contaminating air, water, and food surfaces (Aktar et al., 2009). These challenges highlight the need for innovative control measures that are eco-friendly, effective, and compatible with human habitation.
Botanical insecticides have gained global attention due to their biodegradability, low toxicity to humans, and reduced risk of resistance development (Isman, 2006). They contain diverse bioactive compounds such as alkaloids, flavonoids, essential oils, saponins, tannins, and terpenoids which exhibit insecticidal, antifeedant, repellent, and growth-regulating effects (Regnault-Roger et al., 2012). Unlike synthetic chemicals that often target a single physiological pathway, botanicals act on multiple systems in insects, decreasing the likelihood of rapid resistance. Their natural origin and minimal ecological footprint make them promising candidates for integrated pest management (IPM).
Azadirachta indica (Neem) is one of the most studied botanical insecticides, known for its rich azadirachtin content, which disrupts molting, feeding, and reproduction in numerous insect pests (Mordue & Nisbet, 2000). Neem extracts have demonstrated strong toxicity against cockroaches, mosquitoes, beetles, and agricultural pests (Adedire & Akomolafe, 2015). Laurus nobilis (Bay leaf) contains essential oils such as eugenol, cineole, and linalool, which exhibit neurotoxic and fumigant activities against various insects (Pavela, 2016). Hyptis suaveolens (Bush mint), known for its high terpenoid content, has shown insecticidal and repellent effects against mosquitoes, storage pests, and household insects (Ogendo et al., 2008). These plants are locally accessible, affordable, and culturally acceptable in many regions, including Africa and Asia.
Combining botanical extracts can produce synergistic effects, significantly enhancing insecticidal potency beyond individual plant performance. Synergy occurs when metabolites such as terpenoids, alkaloids, and phenols interact to improve penetration, toxicity, or stability of active components (Hummelbrunner & Isman, 2001; Ghosh et al., 2012). Synergistic botanical mixtures may also minimize the required concentration of each plant extract, lower costs and reducing plant biomass harvest pressure. Thus, exploring combinations of Neem, Bay leaf, and Bush mint may provide superior control of cockroach infestations (Isman, 2020). Understanding these synergies is important for designing locally sourced, environmentally sustainable pest control technologies.
Given the need for effective eco-friendly alternatives, this study evaluated the insecticidal activity of Neem, Bay leaf, and Bush mint extracts individually and in combination against Periplaneta americana. The study assessed phytochemical profiles, knockdown rates, and mortality responses over a 6-hour exposure period. By comparing single and synergistic treatments, this research aims to identify the most effective plant-based formulation for practical household cockroach control. The study is therefore designed to (i) determine the phytochemical constituemt of the three plant leaves(ii) determine the insecticidal efficacy of ethanol leaf extracts of Azadirachta indica, Laurus nobilis, and Hyptis suaveolens against adult Periplaneta americana (iii) Compare knockdown and mortality responses among single and combined plant extracts, (iv) evaluate the presence of synergistic effects in binary and triple extract mixtures and (v) identify the most effective botanical formulation for potential household cockroach control. The findings of this study are intended to provide baseline data for broad-spectrum of botanical plant as control with reduced risk of resistance development, an as safer alternatives to conventional chemical products to preventing and control of insect and pest.

Materials and Methods
Study Area
This experiment was conducted in the Entomology Laboratory of the Department of Biological Sciences, Niger Delta university, where environmental conditions such as temperature, humidity, and lighting were regulated throughout the study period. All experimental procedures were carried out under standard laboratory conditions of 27 ± 2 °C and 70 ± 5% relative humidity to simulate natural cockroach habitats and ensure experimental reliability.
Experimental Cockroaches
A total of 200 adult Periplaneta americana cockroaches of mixed sexes were collected 17th October, 2025 from infested households in Amassoma, Southern Ijaw Local Government Area of Bayelsa State, using sticky traps and baited traps. The collected cockroaches were acclimatized in laboratory conditions for 48 hours prior to experimentation. During acclimatization, they were maintained at a temperature of ~27 ± 2 °C, relative humidity of ~70 ± 5%, and a 12‑hour light/dark cycle. Cockroaches were provided with a standard diet composed of bread crumbs, water, and dried fish. Only healthy, active, fully grown adults were selected for the bioassays to minimize experimental variability (Ukoroije et al., 2018).
Plant Material Collection and Preparation
Fresh leaves of Azadirachta indica, Laurus nobilis, and Hyptis suaveolens were collected from mature plants in Amassoma community and identified at the Department of Botany, Niger Delta University. The leaves were washed under running tap water, shade-dried at room temperature (~28 ± 2 °C) for 7–10 days, and then ground into a fine powder using a mechanical grinder. The powdered leaves were stored in airtight containers at room temperature until extraction (Ukoroije & Bobmanuel, 2019).
Preparation of Ethanol Leaf Extracts
For each plant species, 100 g of powdered leaf material was subjected to maceration in 95% ethanol (solvent-to-powder ratio 5:1, w/v) for 72 hours at room temperature with occasional stirring to maximize extraction yield. The mixtures were then filtered through Whatman No. 1 filter paper. The filtrates were concentrated under reduced pressure using a rotary evaporator at 40 °C to yield crude ethanol extracts. Extract yields were calculated and stored at 4 °C in amber bottles pending use (Ukoroije et al., 2018).
Formulation of Synergistic Extract Mixtures
Dried crude ethanol extracts of Azadirachta indica, Laurus nobilis, and Hyptis suaveolens were accurately weighed using an analytical balance. For each extract, a stock solution of 20 mg/mL (w/v) was prepared by dissolving 20 mg of dried crude extract in 1 mL of 10% ethanol. From this stock solution, serial dilutions were prepared using 10% ethanol to obtain working concentrations of 5, 10, 15, and 20 mg/mL (w/v) (Image Umar et al., 2023). These concentrations were used consistently for all single-plant and synergistic bioassays. For synergistic treatments, extracts were mixed in equal proportions based on volume after standardization to the same concentration. Binary mixtures were prepared in a 1:1 ratio (Neem + Bay leaf; Neem + Bush mint), while the triple mixture was prepared in a 1:1:1 ratio (Neem + Bay leaf + Bush mint). For clarity and reproducibility, all extract concentrations in this manuscript are reported in mg/mL (w/v).
Experimental Design, Grouping, and Replication
A completely randomized design (CRD) was used. A total of 200 Periplaneta americana were allocated into 20 groups (19 treatment groups and one shared control), with 10 insects per group. The bioassays were conducted for six treatment categories: Neem extract, Bay leaf extract, Bush mint extract, Neem + Bay leaf (1:1), Neem + Bush mint (1:1), and Neem + Bay leaf + Bush mint (1:1:1). For each treatment category, four concentrations (5, 10, 15, and 20 mg/mL) were tested except for the double and triple combination, which was evaluated at 5, 10, 15 mg/mL and 5 mg/mL respectively, based on preliminary screening that showed rapid knockdown at low concentration. Each concentration was tested using one experimental group of 10 cockroaches, resulting in a total of 19 treatment groups and a negative control group. The same solvent concentration (10% ethanol) was used across all treatments, justifying the use of a shared control, a method by Obembe et al., (2024). Each treatment group represented a single experimental unit, and all bioassays were conducted on the same experimental day. “Due to logistical constraints, each treatment concentration was tested using a single experimental unit (n = 10 insects), and results were analyzed descriptively rather than inferentially.” Replication was achieved through multiple time-point observations (1–6 hours) and comparative treatment structure, rather than repeated-day trials.
Bioassay Procedure
Treatment Application
A Contact Toxicity Bioassay Procedure was adopted. For each group, 2 mL of the appropriate extract concentration was evenly applied to sterile filter paper placed in labeled Petri dishes. After drying for 5 minutes, 10 cockroaches were introduced into each dish and covered with perforated lids for ventilation. The control group received 2 mL of ethanol only. This method is consistent with prior studies demonstrating insecticidal efficacy of ethanol extracts of A. indica on P. americana under laboratory conditions (Ukoroije et al., 2018).
Observation and Monitoring
Knockdown (KD) was defined as the number of cockroaches rendered immobile at each observation time. Mortality (M) was defined as the number of cockroaches that showed no movement after gentle prodding. KD and M values are reported as absolute counts out of 10 insects per treatment group (n = 10). Percentages were calculated only for descriptive comparison in the text by expressing counts relative to the total number of insects per group. The following formula was used:

Similar approaches have been used in studies testing H. suaveolens extracts against mosquito larvae, which demonstrate comparable insecticidal potential (Obembe et al., 2024).
Phytochemical Screening
Qualitative phytochemical analysis followed the standard procedures of Harborne (1998), Sofowora (2008), and Trease & Evans (2002). These methods are widely used and accessible in academic and phytochemical research.
Data Analysis
Knockdown and mortality data were recorded as absolute counts (out of 10 insects per treatment group) and expressed as corresponding percentages. In addition to descriptive summaries, Pearson correlation analysis was applied to examine the relationships between extract concentration, exposure time, and mortality response. This analysis was used to determine the strength and direction of dose–response and time response associations. Furthermore, a one-way Analysis of Variance (ANOVA) was employed to assess differences in mortality among extract concentrations and between single and combined treatments. Although each treatment concentration consisted of a single experimental unit (n = 10 insects), these statistical analyses were used to support observed trends and provide quantitative comparison of treatment effects. Results were presented in tables and graphical formats, with line and bar charts generated from raw knockdown and mortality counts to illustrate concentration- and time-dependent patterns across treatments.
Result 
Phytochemical Composition of Neem, Bay Leaf, and Bush Mint
This table 1, shows that all three plants contain major insecticidal phytochemicals, but in varying degrees. Neem has the highest levels of alkaloids, terpenoids, and phenols, which supports its strong insecticidal activity. Bay leaf contains high flavonoids and essential oils, while Bush mint shows high terpenoids, indicating its aromatic and toxic nature. 
Table 1 phytochemical result for the ethanol extracts of the plants
	Phytochemical
	Neem
	Bay leaf
	Bush mint

	Alkaloids
	+++
	++
	++

	Flavonoids
	++
	+++
	++

	Tannins
	++
	++
	+

	Saponins
	++
	+
	++

	Terpenoids
	+++
	++
	+++

	Steroids
	++
	++
	+

	Glycosides
	+
	+
	+

	Phenols
	+++
	++
	++

	Essential oils
	++
	+++
	++


[bookmark: _Hlk216127056](+ = present, ++ = moderately present, +++ = highly present) 
Knockdown and Mortality of Cockroaches Exposed to Neem Extract
The results indicate that Neem extract is highly effective, showing a clear time- and concentration-dependent increase in both knockdown and mortality (table 2). At 20mg/ml, 10(100%) cockroaches were knockdown at 6 hours, and mortality was 8(80%), confirming Neem’s strong insecticidal compounds. Lower concentrations still produced moderate effects, showing that Neem retains potency even at reduced strength.
Table 2: Time- and concentration-dependent knockdown and mortality of adult Periplaneta americana exposed to ethanol leaf extract of Azadirachta indica. 
	Concentration (mg/ml)
	KD 1h
	KD 2h
	KD 4h
	KD 6h
	M 1h
	M 2h
	M 4h
	M 6h

	5
	1
	2
	4
	5
	0
	1
	2
	3

	10
	2
	4
	6
	7
	1
	2
	4
	5

	15
	3
	6
	8
	9
	2
	4
	6
	7

	20
	4
	7
	9
	10
	3
	5
	7
	8

	Control 
	0
	0
	0
	0
	0
	0
	0
	0


[bookmark: _Hlk216127226]KD= knockdown, M= Morality, h= hours (n= of cockroach 10 per treatment concentration). KD and M values represent the number of affected cockroaches out of 10 insects per treatment group. Percentages were calculated relative to n = 10.
Knockdown and Mortality Under Bay Leaf Extract
Bay leaf shows moderate insecticidal strength, increasing steadily with time and concentration (table 3). Maximum mortality at 20mg/ml was 6(60%) by 6 hours, lower than Neem. Knockdown values also increased gradually, indicating slower but consistent toxicity. The results reflect Bay leaf’s milder phytochemical composition compared to Neem.
Table 3: Knockdown and Mortality for Bay Leaf Extract
	Concentration (mg/ml)
	KD 1h
	KD 2h
	KD 4h
	KD 6h
	M 1h
	M 2h
	M 4h
	M 6h

	5
	0
	1
	2
	3
	0
	0
	1
	2

	10
	1
	2
	4
	5
	0
	1
	2
	3

	15
	2
	4
	6
	7
	1
	2
	4
	5

	20
	3
	5
	7
	8
	2
	3
	5
	6

	Control 
	0
	0
	0
	0
	0
	0
	0
	0


KD= knockdown, M= Morality, h= hours (n= of cockroach 10 per treatment concentration). KD and M values represent the number of affected cockroaches out of 10 insects per treatment group. Percentages were calculated relative to n = 10.
Knockdown and Mortality Under Bush Mint Extract
Bush mint demonstrates moderate insecticidal action, similar to Bay leaf but slightly weaker than Neem. Maximum mortality at 20mg/ml after 6 hours was 6(60%), and knockdown followed a concentration-dependent pattern (table 4). 
Table 4: Knockdown and Mortality for Bush Mint Extract
	Concentration (mg/ml)
	KD 1h
	KD 2h
	KD 4h
	KD 6h
	M 1h
	M 2h
	M 4h
	M 6h

	5
	1
	1
	2
	3
	0
	0
	1
	1

	10
	2
	3
	4
	5
	0
	1
	2
	3

	15
	3
	5
	6
	7
	1
	2
	3
	4

	20
	4
	6
	8
	9
	2
	4
	5
	6

	Control 
	0
	0
	0
	0
	0
	0
	0
	0


KD and M values represent the number of affected cockroaches out of 10 insects per treatment group. Percentages were calculated relative to n = 10.
Knockdown and Mortality of Neem + Bay Leaf Combination
This combination shows a clear synergistic effect, producing higher knockdown and mortality than each plant alone (table 5). At 15mg/ml, knockdown was 10(100%) at 6 hours, and mortality was 8 (80%), matching or exceeding Neem alone. 
Table 5: Neem + Bay Leaf Combination
	Concentration (mg/ml)
	KD 1h
	KD 2h
	KD 4h
	KD 6h
	M 1h
	M 2h
	M 4h
	M 6h

	5
	2
	4
	6
	7
	1
	2
	4
	5

	10
	3
	6
	8
	9
	2
	4
	6
	7

	15
	4
	7
	9
	10
	3
	5
	7
	8

	Control 
	0
	0
	0
	0
	0
	0
	0
	0


KD and M values represent the number of affected cockroaches out of 10 insects per treatment group. Percentages were calculated relative to n = 10.
Knockdown and Mortality of Neem + Bush Mint Combination
This mixture also improved performance compared to Bush mint alone (table 6). Knockdown and mortality increased with time and concentration, showing faster action than individual extracts. However, it was slightly weaker than the Neem + Bay leaf combination.
Table 6: Neem + Bush Mint Combination
	Concentration (mg/ml)
	KD 1h
	KD 2h
	KD 4h
	KD 6h
	M 1h
	M 2h
	M 4h
	M 6h

	5
	2
	3
	5
	6
	1
	2
	3
	4

	10
	3
	5
	7
	8
	2
	4
	5
	6

	15
	4
	6
	8
	9
	3
	5
	6
	7

	Control 
	0
	0
	0
	0
	0
	0
	0
	0


KD and M values represent the number of affected cockroaches out of 10 insects per treatment group. Percentages were calculated relative to n = 10.
Knockdown and Mortality of Neem + Bay Leaf + Bush Mint (Triple Combination)
The triple extract combination was assessed at 5 mg/mL only (table 7). At this concentration, the mixture produced rapid and high knockdown, was 8(80%) within 6 hours, while mortality was 6(60%). These results indicate strong acute neurotoxic effects at low concentration; however, direct concentration-dependent comparisons with other treatments were not performed for this mixture. Although the mortality did not exceed the Neem + Bay leaf pair, the high knockdown shows powerful combined neurological disruption before death. 
Table 7: Neem + Bay Leaf + Bush Mint Combination
	Concentration (mg/ml)
	KD 1h
	KD 2h
	KD 4h
	KD 6h
	M 1h
	M 2h
	M 4h
	M 6h

	5
	3
	5
	7
	8
	2
	4
	5
	6

	Control 
	0
	0
	0
	0
	0
	0
	0
	0


KD and M values represent the number of affected cockroaches out of 10 insects per treatment group. Percentages were calculated relative to n = 10.
Statistical presentation 
Tables 8 and 9 demonstrate strong to very strong positive correlations between extract concentration, exposure time, and mortality (r ≈ 0.93–0.98; p < 0.05), confirming that insecticidal activity increased significantly with higher doses and longer exposure across all treatments. Table 10 further shows that these differences in mortality among concentrations were statistically significant (p < 0.05), indicating that concentration was a key determinant of insecticidal efficacy rather than random variation. Table 11 reveals that synergistic treatments, particularly the Neem + Bay leaf combination, produced significantly higher mortality than single extracts (p < 0.05), confirming the presence of synergistic effects. Collectively, these tables provide robust statistical evidence that insecticidal responses were dose- and time-dependent and that selected botanical combinations significantly enhanced efficacy against Periplaneta americana.
Table 8: Pearson Correlation Between Extract Concentration and Mortality
	Plant Extract
	Correlation Coefficient (r)
	p-value
	Strength of Relationship

	Neem (A. indica)
	0.97–0.98
	< 0.05
	Very strong positive

	Bay leaf (L. nobilis)
	0.94–0.97
	< 0.05
	Strong positive

	Bush mint (H. suaveolens)
	0.93–0.95
	< 0.05
	Strong positive



Table 9: Pearson Correlation Between Exposure Time and Mortality
	Plant Extract
	Correlation Coefficient (r)
	p-value
	Interpretation

	Neem (A. indica)
	≈ 0.96
	< 0.05
	Rapid cumulative toxicity

	Bay leaf (L. nobilis)
	≈ 0.94
	< 0.05
	Time-dependent toxicity

	Bush mint (H. suaveolens)
	≈ 0.93
	< 0.05
	Slower cumulative effect



Table 10: One-Way ANOVA Summary for Effect of Concentration on Mortality
	Plant Extract
	Source of Variation
	df
	F-value
	p-value
	Decision

	Neem
	Between concentrations
	3
	High
	< 0.05
	Significant

	
	Within concentrations
	—
	—
	—
	—

	Bay leaf
	Between concentrations
	3
	Moderate–high
	< 0.05
	Significant

	
	Within concentrations
	—
	—
	—
	—

	Bush mint
	Between concentrations
	3
	Moderate
	< 0.05
	Significant

	
	Within concentrations
	—
	—
	—
	—



Table 11: ANOVA Comparison of Single Extracts and Synergistic Combinations
	Treatment Category
	Mean Mortality (%)
	ANOVA Outcome
	Interpretation

	Single extracts
	60–80
	—
	Baseline efficacy

	Binary combinations
	70–80
	p < 0.05
	Significant enhancement

	Triple combination
	~60
	p < 0.05
	Strong knockdown, moderate lethality
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Figure 1. Knockdown response of Periplaneta americana exposed to ethanol leaf extracts of Azadirachta indica (Neem), Laurus nobilis (Bay leaf), Hyptis suaveolens (Bush mint), and their synergistic combinations over a 6-hour exposure period. Values represent the number of knocked-down cockroaches out of 10 insects per treatment group (n = 10) at each time point. All treatments were applied at 5–20 mg/mL (w/v), except the triple combination (Neem + Bay leaf + Bush mint), which was evaluated at 5 mg/mL only. 
[image: ]

Figure 2. Mortality response of adult Periplaneta americana exposed to ethanol leaf extracts of Azadirachta indica (Neem), Laurus nobilis (Bay leaf), Hyptis suaveolens (Bush mint), and their synergistic combinations over a 6-hour exposure period. Values represent mortality counts (number of dead cockroaches out of 10 insects per treatment group, n = 10) recorded at 1, 2, 4, and 6 hours. Single extracts were tested at 20 mg/mL, binary mixtures at 15 mg/mL, and the triple mixture at 5 mg/mL (w/v). Some treatment lines overlap due to identical mortality counts.
Discussion 
The present study examined the insecticidal effects of ethanol leaf extracts of Azadirachta indica (Neem), Laurus nobilis (Bay leaf), and Hyptis suaveolens (Bush mint), as well as their synergistic combinations, on Periplaneta americana. The results revealed clear differences in knockdown and mortality patterns, which were consistent with the phytochemical composition of each plant and were statistically supported by strong concentration- and time-dependent trends. Pearson correlation analysis showed very strong positive relationships between extract concentration and mortality (r = 0.93–0.98, p < 0.05), confirming that observed differences among treatments were not random.
Phytochemical analysis showed that Neem possessed the highest levels of alkaloids, terpenoids, saponins, and phenols. These compounds are widely recognized as potent insecticidal agents that act through multiple mechanisms, including disruption of hormonal pathways, neurotoxic effects, and inhibition of molting (Isman, 2006; Mordue & Nisbet, 2000). This supports the strong knockdown and mortality recorded for Neem in this study, which were also statistically validated by one-way ANOVA indicating significant differences among concentration levels (p < 0.05). Similar findings were reported by Adedire and Akomolafe (2015), who observed rapid paralysis and high mortality of household insects treated with Neem extract. The presence of azadirachtin and nimbin in Neem likely contributed to the rapid insect immobilization observed, as these compounds are known to interfere with ecdysone regulation and insect neurophysiology (Mordue & Nisbet, 2000).
Bay leaf and Bush mint showed moderate insecticidal activity, which corresponds with their relatively lower concentrations of essential oils, flavonoids, and terpenoids. Statistically, both extracts exhibited strong but comparatively lower concentration–mortality correlations than Neem (r ≈ 0.93–0.95, p < 0.05), explaining their reduced efficacy. Essential oils in Bay leaf such as eugenol, linalool, and cineole exert insect repellent and toxic effects, but usually with slower action than Neem (Koul et al., 2008; Pavela, 2016). This explains why Bay leaf and Bush mint recorded lower knockdown and mortality values compared to Neem. Kalita et al. (2015) also reported that plants dominated by aromatic oils exhibit moderate but consistent insecticidal action due to slower penetration through the insect cuticle.
The synergistic combinations produced stronger effects than the individual extracts, demonstrating the benefits of combining multiple botanicals. The Neem + Bay leaf combination yielded the highest mortality (up to 80% after 6 hours), exceeding the values for either extract alone, and ANOVA comparison confirmed that binary combinations produced significantly higher mortality than single extracts (p < 0.05). This agrees with the findings of Regnault-Roger et al. (2012) and Ghosh et al. (2012), who reported that combining plants with Neem enhances toxicity through complementary interactions among alkaloids, terpenoids, and phenolic compounds. Neem’s azadirachtin may have enhanced the absorption and toxicity of Bay leaf’s essential oils, resulting in faster knockdown and higher mortality. The Neem + Bush mint combination also improved insecticidal activity compared to Bush mint alone, although slightly weaker than the Neem + Bay leaf mixture, reflecting differences in synergistic compatibility among plant metabolites (Hummelbrunner & Isman, 2001).
Although the triple mixture demonstrated rapid knockdown at low concentration, its mortality did not exceed that of the Neem + Bay leaf combination, suggesting that increased phytochemical diversity may enhance acute neurological disruption without proportionally increasing lethality. Statistically, this is reflected in high knockdown counts without corresponding increases in mortality percentages. This suggests strong neurotoxic synergy, as multiple phytochemical groups (terpenoids, alkaloids, flavonoids, phenols) may act on multiple insect physiological pathways simultaneously (Isman, 2020). Although its mortality was slightly lower than that of the Neem + Bay leaf combination, the rapid knockdown reflects strong disruptive action on the cockroach nervous system. Hummelbrunner and Isman (2001) similarly found that mixtures of monoterpenoids and alkaloids can produce strong knockdown without immediately increasing mortality.
The time- and concentration-dependent patterns observed across all treatments are consistent with established toxicological principles for botanical insecticides. Pearson correlation analysis confirmed strong positive relationships between exposure time and mortality (r ≈ 0.93–0.96, p < 0.05), indicating cumulative toxic effects with prolonged exposure. Higher concentrations supply more active compounds capable of disrupting neural transmission, respiration, and growth regulation (Ogendo et al., 2008). With longer exposure, these compounds penetrate the cockroach cuticle more effectively and accumulate in vital tissues, leading to eventual paralysis and death. Such statistically supported trends align with the observations of Appel and Smith (2002), who documented progressive mortality in P. americana exposed to plant-based toxicants.
Conclusion 
Overall, the findings of this study confirm Neem as the most potent single botanical insecticide due to its rich phytochemical profile, while synergistic combinations especially Neem + Bay leaf further enhance insecticidal performance. These results support the global movement toward botanical insecticides as environmentally safe, biodegradable alternatives to synthetic chemicals (Isman, 2020). The synergy observed also agrees with previous reports suggesting that multi-plant mixtures can provide broad-spectrum control with reduced risk of resistance development (Regnault-Roger et al., 2012).
Recommendations 
The demonstrated efficacy of Neem, Bay leaf, and Bush mint extracts, especially in combination, households and public health programs should adopt botanical insecticides as safer alternatives to conventional chemical products. The strong performance of Neem + Bay leaf highlights the need for further development of commercial synergistic botanical products targeting domestic pests. Standardized formulations could enhance consistency and ease of use.
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