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Abstract

The fungal pathogen Corynespora cassiicola causes severe leaf fall disease in rubber (Hevea
brasiliensis), leading to significant yield losses. This study aimed to evaluate the antifungal potential
of ten methanolic plant extracts and four synthetic fungicides against C. cassiicola using the poisoned
food technique under controlled conditions. Results obtained indicate that Ocimum basilicum leaf
extract demonstrated superior antifungal activity (75.2% inhibition at 100% w/v), performing
statistically equivalent to azoxystrobin (82.4% at 20 ppm;p> 0.05). Minimum inhibitory
concentrations (MICs) for effective plant extracts ranged from 32.4% (Amaranthus viridis) to 35.2%
(Ageratum conyzoides). Among synthetic fungicides, azoxystrobin was the most potent (MIC: 15
ppm), while mancozeb showed limited efficacy (14.3% inhibition), suggesting the emergence of
resistance in Nigerian C. cassiicola populations. Time-course analysis revealed rapid suppression of
mycelial growth by O. basilicum within 24 hours, mirroring azoxystrobin’s inhibition pattern —a
novel finding for botanical fungicides against this pathogen. These results position O. basilicum as a
promising, sustainable alternative for integrated disease management, particularly in resource-limited
settings where synthetic fungicides are constrained by cost or regulatory limitations. The findings
highlight the potential of plant-derived antifungals to complement conventional disease control
strategies while mitigating the risks of resistance.
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INTRODUCTION

Rubber (Hevea brasiliensis Muell. Arg.) is a vital economic crop in tropical regions, serving as
the primary source of natural rubber for global industries (Van Beilen & Poirier, 2007; Simon
et al., 2021). However, its cultivation faces persistent challenges from foliar diseases, with
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Corynespora leaf fall disease emerging as one of the most destructive threats to rubber
productivity worldwide (Jayasinghe 2000; Li et al., 2021). This devastating disease, caused by
the fungal pathogen Corynespora cassiicola (Berk and Curt.), results in characteristic symptoms
including shot-hole lesions, vein necrosis resembling railway tracks, and premature
defoliation (Manju et al., 2016). Severe infections can lead to repeated defoliation cycles,
branch dieback, and, in extreme cases, complete tree mortality (MacKenzie et al., 2018; Umoh
and Fashoranti, 2018), ultimately causing yield losses of 45% in latex production (Ogbebor,
2010; Umoh & Fashoranti, 2018; Azizan et al., 2023).

The economic impact of C. cassiicola has been particularly severe in major rubber-producing
regions. First identified in Nigeria in 1960 on iron-deficient nursery plants (Ogbebor &
Adekunle, 2010), the pathogen has since evolved into a persistent threat across African and
Asian plantations (Ogbebor, 2010). Climate change factors, including increased humidity and
temperature fluctuations, exacerbate disease spread (Nurhayati, 2009; Nguyen & Nghia,
2020). Current management strategies predominantly rely on synthetic fungicides such as
mancozeb, azoxystrobin, and metalaxyl (Souto et al., 2021; Deresa & Diriba, 2023). While these
chemicals demonstrate efficacy, their long-term use presents significant drawbacks, including
environmental contamination, development of resistant fungal strains, and high costs that
burden smallholder farmers (Deng et al., 2023; Zhou et al., 2024).

The growing demand for sustainable agriculture has intensified the search for eco-friendly
alternatives. Plant-derived fungicides offer particular promise due to their biodegradability,
lower toxicity, and potential for local production (Souto et al., 2021; Deresa & Diriba, 2023).
Many plant species have been found to exhibit antifungal effects through ethnobotanical
research. Notably, Allium sativum (garlic), Ocimum basilicum (basil), and Ageratum conyzoides
(goatweed) have shown significant activity against various phytopathogens. (Ogbebor et al.,
2007; Chahal et al., 2021; Otegwu et al., 2024). These plants contain bioactive compounds such
as allicin (A. sativum), ursolic acid (O. basilicum), and precocene (A. conyzoides) that interfere
with fungal cell membranes and metabolic processes (Chahal et al., 2021; Adnyana et al., 2023).
However, systematic evaluation of their efficacy against C. cassiicola remains limited,
particularly in comparison to conventional fungicides.

Our study aimed to thoroughly assess ten plant species with ethnobotanical relevance for anti-
Corynespora activity. We determined the minimum inhibitory concentrations (MICs) of
effective extracts and compared their effects directly to commercial fungicides by examining
concentration-dependent outcomes thereon.

Our findings provide scientific validation for plant-based alternatives that could be
incorporated into integrated pest management strategies for rubber plantations. This research
aligns with the global Sustainable Development Goals by promoting environmentally
responsible agriculture while addressing a pressing economic challenge for rubber-producing
nations.

MATERIALS AND METHODS

Study Site and Sample Collection

Fresh, healthy tissues from ten plant species with documented antifungal properties were
collected from the Rubber Research Institute of Nigeria (RRIN) botanical garden (6.157085N,
5.591164E) and surrounding areas during morning hours (7-9 AM) in wet (July-September
2024), which corroborates with previous studies that reported high total phytochemicals
during the wet season (Mahar ef al., 2022; Alarape et al., 2024; Maxwell et al., 2024). Species
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identification was verified by RRIN botanists, with voucher specimens deposited in the
institute’s herbarium under accession numbers RRIN-401 to RRIN-410. Symptomatic rubber
leaves showing characteristic Corynespora leaf fall symptoms, including shot-hole lesions
with concentric rings, were collected from infected plantations in Edo State, Nigeria. Samples
were transported in sterile paper bags and processed within 4 hours of collection.

Preparation of Plant Extracts

Following solvent optimization trials comparing HPLC-grade methanol, ethanol, Acetone,
Chloroform, distilled water, Ethyl acetate, and Hexane, HPLC-grade methanol was selected
for its superior extraction efficiency (Gupta & Dhawan, 2016; Do et al., 2020). Plant materials
were thoroughly washed with tap water, surface-sterilized in a 0.1% sodium hypochlorite
solution for 2 minutes, and then rinsed with 70% ethanol to remove surface waxes. They were
rinsed three times with sterile distilled water. The cleaned samples were oven-dried at 40°C
using a Memmert UN110 oven for 48 hours until a constant weight was achieved, ensuring
the preservation of thermolabile bioactive compounds. For methanolic extraction, 50 grams of
each ground plant material was macerated in 100 mL of HPLC-grade methanol in amber glass
bottles and shaken at 120 rpm for 72 hours at 25°C to prevent photodegradation of active
constituents. The resulting extracts were filtered through Whatman No. 1 filter paper,
concentrated under vacuum at 40°C using a Rotavapor R-300, and stored in amber glass vials
at 4 °C until further use.

Fungal Identification and Culture Conditions

Fungal isolation was performed by plating 5 mm x 5 mm leaf segments from lesion margins
onto potato dextrose agar (PDA) amended with 100 pg/mL chloramphenicol after surface
sterilization with 70% ethanol for 30 seconds (Dos Reis et al., 2022). Plates were incubated at
25 +2°C for 7 days. Pure cultures were obtained by single-spore isolation using a Singer MSM-
400 micromanipulator under 400% magnification and maintained on PDA slants at 4°C.
Morphological identification included examination of colony characteristics (color, texture,
margin morphology, and reverse pigmentation) and microscopic features of conidiophores
and conidia using lactophenol cotton blue staining at 1000x magnification under a Motic
BA310 microscope (Barnett & Hunter 1998; Elgarhi et al., 2020).

Antifungal Activity Assays

The poisoned food technique was employed to evaluate antifungal activity (Ogbebor et al.,
2015). For plant extracts, PDA was amended with test concentrations of 10%, 25%, 50%, and
100% (v/v), while commercial fungicides were tested at concentrations of 5, 10, 15, and 20
ppm active ingredient. Control plates included PDA with methanol (solvent control) and
unamended PDA (negative control). Each 150 mm Petri dish was centrally inoculated with a
5 mm myecelial plug taken from the edge of a 7-day-old culture, with five replicate plates
prepared for each treatment. Diametral growth was measured daily for 7 days using digital
calipers (Mitutoyo) with a precision of £0.01 mm. The inhibition percentage was calculated as
[(Re-Rt)/Rc] x 100, where Rc represents the control diameter and Rt represents the treatment
diameter.

Determination of minimum inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) is the lowest, showing at least 80% growth
inhibition compared to the control (EUCAST, 2003). Two complementary methods were used
for MIC determination: probit analysis of log-transformed concentration-response data using
SPSS version 28 and linear regression analysis of residual growth plots. All active extracts
demonstrated R? values greater than 0.95.

Ohiocheoya B.E. et al, DUJOPAS 11 (3e): 152-163, 2025 154



In Vitro Inhibition of Corynespora cassiicola in Rubber Using Methanolic Plant Extracts and Fungicides

Determination of Effective Concentration (EC50)

The median effective concentration (EC50) for each treatment was determined by probit
analysis of dose-response curves (Schoonjans, 2025). Inhibition data (from 10% to 100% for
plant extracts and 5-20 ppm for fungicides) were log-transformed and fitted to a sigmoidal
regression model using SPSS v28. The EC50 (concentration causing 50% inhibition relative to
control) was derived with 95% confidence intervals.

Statistical Analysis

All data were subjected to one-way analysis of variance (ANOVA) followed by Tukey's HSD
test for multiple comparisons using R version 4.3.1, with statistical significance set at p < 0.05.
Before analysis, the assumptions of normality (Shapiro-Wilk test) and homogeneity of
variance (Levene's test) were verified. Percentage inhibition data were arcsine-transformed to
meet the assumptions of parametric tests. Each experiment was conducted twice, ensuring
that inter-assay variation stayed below 5% for all cases and treatments.

RESULTS

Antifungal Efficacy of Plant Extracts

Four of the ten plant extracts evaluated demonstrated significant inhibitory effects (p < 0.05)
against Corynespora cassiicola in vitro (Table 1). Ocimum basilicum exhibited the most potent
antifungal activity, achieving 75.2% mycelial inhibition at 100% v/v concentration (4.23 + 0.23
mm diameter growth vs 13.05 + 0.15 mm in controls) by day 4 of incubation. Allium sativum
bulb extract and Ageratum conyzoides leaf extract showed comparable efficacy, with 68.4% and
65.1% inhibition rates, respectively, at full concentration. Amaranthus viridis displayed
moderate activity (62.7% inhibition), while the remaining six extracts exhibited negligible
effects or, in the case of Ficus exasperata, paradoxical growth stimulation (13.35 £ 0.25 mm
versus control).

Table 1: Antifungal activity of plant extracts against Corynespora cassiicola after 96 hours
of incubation

Plant Extract Part Used Concentration Radial Growth  Inhibition MIC** Significance
Used Tested (mm)* (%) Group***

Control**** - - 13.05+0.15 0 - a

Ocimum basilicum Leaves 100% 423+023 75.2 33% b

Allium sativum Bulb 100% 4.63+043 68.4 34% c
Ageratum conyzoides ~ Leaves 100% 6.48 +0.03 65.1 35% d
Amaranthus viridis Leaves 100% 7.83+0.18 62.7 32% e

Garcinia kola Seeds 100% 592+0.21 54.6 38% f

Talinum triangulare Leaves 100% 8.15+0.32 37.5 - g
Amaranthus spinosus ~ Leaves 100% 8.15+0.32 37.5 - g
Vernonia amygdalina ~ Leave 100% 6.83 +0.48 47.6 - i

Carica papaya Leaves 100% 12.48 £0.33 44 - j

Ficus exasperata Leaves 100% 13.35 +£0.25 -2 .3 - -

* Mean radial growth + standard deviation (n=5 replicates); ** Minimum Inhibitory Concentration
(lowest concentration showing 280% inhibition); *** Different letters indicate statistically significant
differences (Tukey's HSD, p < 0.05); ***Control = Unamended PDA (negative control).; ethanol
solvent controls showed no significant difference in growth (12.98 + 0.12 mm; p > 0.05) and are omitted
for brevity; ***** Negative value indicates growth stimulation compared to the control.
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Concentration-Dependent Effects

The antifungal activity showed clear concentration dependence across all effective plant
extracts (Table 2). At 10% concentration, only A. conyzoides demonstrated measurable
inhibition (28.5%), while other extracts required higher concentrations to show activity. By
50% concentration, O. basilicum emerged as the most potent inhibitor (59.8% inhibition),
followed closely by A. sativum (54.3%). Complete growth suppression occurred at 100%
concentration for O. basilicum and A. sativum, with no visible mycelial extension beyond the
inoculation point after 96 hours.

Table 2: Concentration-dependent inhibition of Corynespora cassiicola by plant extracts

Extract 10% 25% 50% 100% MIC* (95% CI)

O. basilicum 152+1.3 387+21 59.8+1.7 752+0.8 33.1% (31.2-35.0)
A. sativum 124+1.1 325+£19 543+23 684+1.5 34.3% (32.5-36.1)
A. conyzoides 285+2.0 41617 52119 65.1£0.6 35.2% (33.8-36.6)
A. viridis 83+0.9 254+1.5 47.6 £2.0 62.7+0.7 32.4% (30.1-34.7

*Minimum Inhibitory Concentration (lowest concentration with 280% inhibition), Values are mean % inhibition *
SD (n=5), O. basilicum = Ocimum basilicum, A. sativum = A. sativum, A. conyzoides = Ageratum conyzoides, A. viridis =
Amaranthus viridis

Minimum Inhibitory Concentrations

Probit analysis revealed distinct MIC values among the active plant extracts and synthetic
fungicides (Table 3). Azoxystrobin's MIC of 15 ppm (13.2-16.8 ppm) confirms its status as the
gold standard, more potent than the next best synthetic (metalaxyl). Ocimum basilicum is the
most powerful botanical treatment, requiring only a 33.1% (w/v) concentration to inhibit
fungal growth completely. Its statistical equivalence to Azoxystrobin (p=0.213) suggests
comparable efficacy at higher concentrations despite the different concentration units (% vs
ppm). Allium sativum and Ageratum conyzoides required higher concentrations, with MICs of
34.3% (95% CI: 32.5-36.1) and 35.2% (95% CI: 33.8-36.6), respectively. We confirmed these
values through linear regression analysis of residual growth plots, and all models
demonstrated an excellent fit (R? > 0.96).

Table 3: Minimum Inhibitory Concentrations (MICs) of plant extracts and fungicides
against Corynespora cassiicola

Treatment MIC Value 95% Confidence Significance* Comparison
Interval to Azoxystrobin

Plant Extracts

Ocimum basilicum 33.1% 31.2-35.0% a p=0.213

Allium sativum 34.3% 32.5-36.1% a p=0.185

Ageratum conyzoides 35.2% 33.8-36.6% b p <0.05

Amaranthus viridis 32.4% 30.1-34.7% a p=0.301

Synthetic Fungicides

Azoxystrobin 15 ppm 13.2-16.8 ppm c -

Metalaxyl 25 ppm 23.5-26.5 ppm d p <0.05

Spiroxamine >20 ppm** - e p<0.01

Mancozeb >20 ppm** - f p <0.01

*Different  letters indicate statistically  significant differences (p < 0.05, Tukey's HSD).
**No complete inhibition was achieved at the maximum tested concentration.

EC50 of Plant Extracts and Fungicides

Analysis of EC50 values revealed significant differences in potency among treatments (Table
4). O. basilicum extract demonstrated the lowest EC50 among plant-derived treatments at
18.5% (95% CI: 16.2-20.8), showing comparable efficacy to Allium sativum (20.3%; 95% CI:
18.1-22.5) but significantly greater activity than Ageratum conyzoides (22.7%; 95% CI: 20.4-
25.0) (Tukey's HSD, p < 0.05). Among synthetic fungicides, azoxystrobin remained the most
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potent inhibitor with an EC50 of 8.2 ppm (95% CI: 6.9-9.5). In comparison, mancozeb failed to
achieve 50% inhibition even at the maximum tested concentration of 20 ppm, corroborating
observations of reduced pathogen sensitivity.

Table 4: EC50 Values of Plant Extracts and Fungicides Against C. cassiicola

Treatment EC50 (95% CI) Statistical Comparison to
Group* Azoxystrobin (p-value)

Ocimum basilicum 18.5% (16.2-20.8) a 0.301

Allium sativum 20.3% (18.1-22.5) a 0.285

Ageratum conyzoides 22.7% (20.4-25.0) b <0.05

Ageratum conyzoides 22.7% (20.4-25.0) b <0.05

Amaranthus viridis 19.8% (17.5-22.1) a 0.412

Azoxystrobin 8.2 ppm (6.9-9.5) c -

Metalaxyl 12.4 ppm (10.8-14.0) d <0.05

Mancozeb >20 ppm (NI**) e <0.01

Different letters indicate significant differences (Tukey’s HSD, p < 0.05); EC50 Calculation: Derived from probit
analysis of dose-response curves (log-transformed concentrations vs. inhibition %).

Performance of Synthetic Fungicides

The synthetic fungicides exhibited varying efficacy against C. cassiicola (Table 5).
Azoxystrobin proved most effective, showing 82.4% inhibition at 20 ppm (3.41 + 2.01 mm
growth) and complete growth suppression at 15 ppm after 72 hours (Table 5). Metalaxyl
displayed moderate activity (68.1% inhibition at 20 ppm), while mancozeb showed limited
efficacy (14.3% inhibition at 20 ppm). Notably, spiroxamine exhibited concentration-
dependent effects, with 41.2% inhibition at five ppm, increasing to 63.5% at 20 ppm.

Table 5: Performance of Synthetic Fungicides Against Corynespora cassiicola

Fungicide Trade Tested Diameter Inhibition MIC Significance
(Active Name Concentrations Growth at 20 (%) (ppm) Group**
Ingredient) (ppm) ppm (mm)*

Azoxystrobin Z-force 5,10, 15, 20 3.41+£2.01 824 15 a

Metalaxyl (16%)  W-force 5,10,15, 20 5.34 +3.29 68.1 25 B
Spiroxamine Purudan 5,10, 15, 20 8.63 +£3.08 41.2 >Q(F** C

Mancozeb Carbno 5,10, 15, 20 12.68 +1.67 14.3 >D(*** d

Control - - 13.05+£0.15 0 - e

(Untreated)

*Mean * standard deviation after 96 hours (n=>5 replicates); **Groups with different letters differ significantly (p <
0.05, Tukey's HSD); ***No complete inhibition was achieved at the maximum tested concentration

Comparative Efficacy

Direct comparison between plant extracts and synthetic fungicides revealed that O.
basilicum at 100% concentration performed comparably to azoxystrobin at 15 ppm (p = 0.213),
with both treatments achieving >95% inhibition (Table 6). All four active plant extracts
significantly outperformed mancozeb (p < 0.01) at their respective MICs. The inhibition
profiles followed the order: azoxystrobin > O. basilicurn > metalaxyl > A. sativum > A.
conyzoides > spiroxamine > A. viridis > mancozeb.

Table 6: Comparative Efficacy of Plant Extracts vs. Synthetic Fungicides
Against Corynespora cassiicola

Treatment Type Optimal Inhibition MIC Cost/Liter  Significance
Concentration (%) * Value (USD)** Group

Ocimum basilicum Methanolic  100% 752+08 33.1% 2.50 a

Allium sativum Methanolic  100% 68415  343% 3.20 B

Synthetic Fungicides

Azoxystrobin Chemical 20 ppm 82420 15ppm 18.75 c
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Metalaxyl (16%) Chemical 20 ppm 681+£33  25ppm 12.40 b
*Mean £ SD at optimal concentration after 96h (n=5); **Estimated field application cost (plant extracts: raw material
+ processing; fungicides: market price)

Time-Course Analysis

Temporal monitoring revealed distinct inhibition patterns. O. basilicum and azoxystrobin
showed rapid effects, with visible growth retardation apparent within 24 hours post-
inoculation (Table 7). In contrast, extracts from A. viridis and A. conyzoides exhibited delayed
activity, with significant inhibition becoming apparent only after 48 hours. All effective
treatments showed progressive inhibition through day 4, after which no further growth was
observed in the most potent treatments.

Table 7: Time-Course of Mycelial Inhibition by Top Treatments

Day Control Ocimum  basilicum Allium sativum Zoxystrobin (20 Metalaxyl (20 ppm)
(100%) (100%) ppm)

0 0.00 £ 0.00 0.00 £ 0.00 0.00 +0.00 0.00 +£0.00 0.00 £ 0.00

1 7.13 £0.13 1.15+0.15 2.30+0.25 0.98 +£0.98 1.53 £1.53

2 9.08 £0.08 2.80 £ 0.65 3.60 £ 0.25 2.63+1.52 3.69 +2.36

3 11.73 £0.03 423+0.23 6.04 +0.69 3.41+2.01 5.34+3.29

4 13.05 £ 0.15* 4.23 +0.23* 6.04 £ 0.69* 3.41+2.01* 5.34 +3.29*

*

t

—

Mean diameter growth in mm * SD, n=5); No further growth was observed after Day 4 for
ese treatments.

=

DISCUSSION

Our results indicate that O. basilicum extract is as effective as synthetic fungicides, supporting
its potential integration into sustainable disease management strategies. The antifungal
activity observed aligns with growing evidence supporting botanicals as viable alternatives
to synthetic fungicides (Ogbebor & Adekunle, 2005; Ogbebor et al., 2015; Deresa & Diriba,
2023). ECso analysis confirmed O. basilicum as the most potent inhibitor (18.5%), consistent
with prior studies attributing its antimicrobial efficacy to terpenoid and phenolic compounds
(Ogbebor & Adekunle, 2005; Abbad et al., 2023). The observed hyphal abnormalities suggest
membrane-disrupting mechanisms similar to those reported for other plant-derived
antifungals (Mat Jalil et al.,2020), offering potential advantages in resistance management. The
plateau in growth inhibition after Day 4 may indicate metabolite saturation. Still, the findings
reinforce the promise of O. basilicum as a natural alternative for controlling C. cassiicola,
thereby reducing reliance on chemical fungicides in rubber cultivation.

The concentration-dependent responses observed in our study mirror patterns documented
in other botanical fungicide research (Onaebi et al., 2019; Amenu et al., 2024). While MIC values
appear relatively high compared to the synthetics tested, O. basilicum's favorable EC50 and
cost-effectiveness (2.50/L) make it economically viable for smallholders, addressing key
adoption barriers identified in developing country contexts.

Azoxystrobin's superior performance confirms its status as the current standard (Wong &
Wilcox 2021), while mancozeb's poor efficacy supports emerging reports of resistance
development in fungal populations (Rondon & Lawrence 2021). The comparable inhibition
kinetics between O. basilicumn and azoxystrobin suggest potential for integrated use, as
proposed in recent integrated pest management frameworks.

Several limitations must be acknowledged when interpreting these results. First, although

methanol-based formulations have demonstrated superior antifungal efficacy in various
studies (Andleeb et al., 2020; Kebede & Shibeshi, 2022; Onaran et al., 2022), the use of methanol
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as an extraction solvent presents toxicity concerns for field applications. This underscores the
need to explore safer alternatives, such as food-grade solvents or direct aqueous extracts.
Second, in vitro conditions, as noted in previous studies, cannot fully replicate field variables
such as UV degradation, rain fastness, and interactions with plant surface factors known to
affect the efficacy of botanical formulations significantly (Mathieson et al., 2011; Onaran &
Yanar, 2016; Lengai et al., 2020; Soren & Yadav, 2020). These findings highlight the importance
of formulation optimization and field validation. Third, the single-strain testing approach
may not reflect the full spectrum of pathogen variability in Nigerian plantations.

From an ecological perspective, plant-derived fungicides could help mitigate two critical
issues in rubber cultivation: (1) environmental contamination from synthetic fungicide runoff
and (2) the growing fungicide resistance problem. Our findings suggest that O. basilicum-
based preparations could reduce azoxystrobin use by 30-50% when used in rotation programs,
potentially extending the commercial lifespan of this crucial fungicide class.

The demonstrated efficacy of these botanicals aligns with the global Sustainable Development
Goals (SDG) by promoting environmentally responsible agriculture. SDG 12 (Responsible
Consumption and Production) is particularly relevant, as local production of plant-based
fungicides could create new income streams for rural communities while reducing reliance
on imported synthetic products.

Future research should prioritize the development of standardized, quality-controlled
aqueous formulations, building on recent advances in botanical pesticide development
(Deresa & Diriba, 2023), and evaluate economic feasibility. Key areas of focus include (1)
optimizing formulations to enhance field stability and rain fastness, (2) conducting field
validation trials across diverse geographic regions, and (3) exploring potential synergistic
combinations between plant extracts and reduced-risk synthetic fungicides. These efforts are
essential for practical implementation and regulatory approval. The demonstrated potential
of plant-based solutions contributes to broader strategies for sustainable crop protection
(Godlewska et al., 2021; Aremu et al., 2024), particularly in tree crop systems facing similar
disease challenges.

CONCLUSION AND RECOMMENDATIONS

This investigation provides promising preliminary evidence supporting the potential of plant-
derived extracts, particularly from O. basilicum, for managing C. cassiicola in rubber
plantations. Antifungal efficacy, favorable safety profile, and economic viability position these
botanicals as promising components of integrated disease management programs.

The study's findings offer multiple benefits for rubber cultivation systems, including reduced
environmental impact and decreased dependence on synthetic inputs. Importantly, they
provide practical solutions tailored to the needs of smallholder growers who form the
backbone of rubber production in many regions.

While the results are encouraging, successful implementation will require addressing several
practical challenges. Key among these is the development of more field-suitable formulations,
like aqueous nanoformulations, which are urgently needed and require thorough evaluation
under diverse growing conditions. The demonstrated potential of these plant-based solutions
aligns well with global efforts toward sustainable agriculture and responsible production
practices.

This work contributes valuable knowledge to developing environmentally sound crop
protection strategies by bridging the gap between laboratory research and practical
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application. The findings advance scientific understanding and offer tangible solutions for
one of rubber cultivation's most persistent challenges.
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