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Botanical Extracts as Potential Antifungal Agents Against Phytophthora capsici in Black Pepper
Abstract
The present study evaluated the antifungal potential of sixteen locally available plant extracts against Phytophthora capsici under in vitro conditions with particular emphasis on growth inhibition, biomass reduction, concentration response, and thermal stability of bioactive compounds. All tested botanicals exhibited inhibitory effects on the pathogen, with mycelial growth reduction ranging from 18.1% to 38.9%. Among them, Lantana camara recorded the highest inhibition (38.9%) followed by Acorus calamus and Chromolaena odorata (34.7%). More notably, biomass suppression was substantially higher ranging from 5.3% to 92.1%, indicating a stronger impact of the extracts on fungal proliferation. Maximum biomass inhibition was observed in Acorus calamus (92.1%), followed by neem (89.2%) and lantana (86.5%) while ginger, turmeric, Chromolaena odorata, Clerodendron infortunatum, Pongamia pinnata and Glyricidia sepium extracts also achieved more than 65% reduction. Dose-dependent inhibition was evident in most promising botanicals particularly Acorus, turmeric and neem with mycelial growth inhibition increasing up to 70.6% at higher concentrations (12.5%). Certain extracts such as ginger, Lantana, Clerodendron and Chromolaena induced visible mycelial degeneration, suggesting structural and cytotoxic effects on the pathogen. Furthermore, crude extracts were found to be more effective than thermally treated extracts, with Acorus and turmeric achieving nearly complete (≈100%) suppression of biomass production, indicating possible degradation of heat-sensitive bioactive compounds upon thermal exposure. Overall, the results highlight the superior efficacy of selected botanicals, especially Acorus calamus, neem, and turmeric as potent antifungal agents against P. capsici.  
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1. Introduction
Foot rot caused by Phytophthora capsici is one of the most destructive diseases of black pepper, prevalent in all major pepper-growing regions and responsible for significant crop losses. None of the cultivated varieties exhibit resistance to this disease. The pathogen is a soil-borne oomycete which infects roots, stems, leaves, branches and fruiting spikes of the vine. It spreads primarily through water and contaminated soil in pepper gardens. Infection of the roots and collar region severely damages the plant leading to rapid wilting and eventual death of the entire vine. Generally, losses of 5–20% of vines have been reported (Manohara et al., 2004). However, in severe cases, losses may reach up to 95% in individual gardens making management extremely difficult (Anandaraj et al., 1989).

Several approaches including chemical control, host resistance and biological methods have been attempted to manage Phytophthora foot rot. However, due to the polycyclic and highly destructive nature of the pathogen, integration of multiple management strategies is considered more effective (Anandaraj, 2000). Chemical fungicides remain one of the most effective means of controlling plant fungal diseases. But their long term over use can lead to the development of resistance in pathogenic fungi (Sabarwal et al., 2018; Rani et al., 2021).

In response to the increasing environmental concerns, there has been growing interest in non-chemical approaches for disease management. In recent years, natural products derived from medicinal plants have attracted considerable attention for their role in the biocontrol of plant fungal diseases due to their strong antifungal activity (Ons et al., 2020). Ngadze (2014) reported that many plants produce antimicrobial compounds that are toxic to phytopathogens and can be effectively utilized in disease management. Plants produce a wide array of bioactive secondary metabolites including alkaloids, flavonoids, phenols, terpenoids, volatile oils, saponins, flavonols and coumarins which play a vital role in defense against phytopathogens (Cowan, 1999; Dethoup et al., 2019; Jiang et al., 2023). 

Several locally available plants, such as Azadirachta indica, Chromolaena odorata, garlic, and Parthenium have been reported to exhibit antifungal activity against P. capsici (Anandaraj & Leela, 1996; Demirci & Dolar, 2006; Anam, 2016). Similarly, extracts from garlic, Gliricidia sepium, turmeric, ginger and Eupatorium spp. etc possess broad-spectrum antimicrobial properties making them promising candidates for managing plant pathogens (Gopi et al., 2020; Richa et al., 2025; Lengai et al., 2022; Al-Snafi, 2017). Since botanical pesticides are environmentally safe and cause minimal harm to biological resources, they are increasingly preferred over synthetic chemicals and can serve as effective components of integrated pest management programs (Varma & Dubey, 1999; Ribera & Zuñiga, 2012; Madariaga-Mazón et al., 2019).

Therefore, the present study was undertaken to evaluate the efficacy of selected locally available plant species against P. capsici under in vitro conditions, to determine their effective concentrations and to assess the thermal stability of their antifungal components.

2. Materials and Methods

2.1. Isolation and Purification of the Pathogen: 

The experiment was conducted at of Agricultural Research Station, Thiruvalla under Kerala Agricultural University, Kerala (76.56 E, 9.36N), India during July – September, 2023. Plant samples showing typical symptoms of Phytophthora infection were collected from the Black pepper garden at Pepper Research Station, Panniyur, Kerala. Isolation of the pathogen was carried out by following standard isolation procedures (Pathak, 1987). Infected leaves cut into small bits were washed in sterile distilled water, surface sterilized using 1% sodium hypochlorite solution and plated on Potato Dextrose Agar (PDA) medium under aseptic conditions and incubated at room temperature (28±2°C). After about 48 h, when colony growth was visible, mycelia bits were transferred to PDA slants, labeled and maintained by periodical subculturing. The pathogenicity of the pathogen was proved following Koch’s postulates. The identification of the pathogen was done based on its morphological and cultural characteristics.
2.2. Preparation of aqueous herbal extracts

Sixteen locally available plant spp. (Table 1) having known pesticidal/fungicidal properties were collected, washed, air dried and kept for the study. The selected parts of different botanicals were cut into small pieces, weighed and homogenized by adding an equal quantity of sterile distilled water. Extracts were passed through muslin cloth and Whatman No 1 filter paper and then centrifuged at 10000 rpm for 15 min. The supernatant was collected, concentrated to half of its original volume and transferred to 100 ml conical flasks. The extracts were then subjected to temperature exposure in an autoclave at 15 psi for 20 minutes.  
2.3. In vitro screening of herbal extracts for inhibitory effect on mycelial growth and biomass production of P. capsici
Aqueous extracts of various plant species were evaluated for their efficacy in inhibiting the growth of P. capsici and biomass production following poisoned food technique (Nene & Thapliyal, 2000). The effect of extracts on mycelia growth was done by incorporating the extracts in the growth media at a concentration of 2.5%.  5 mm discs cut from culture of actively growing pathogen was inoculated onto the media and incubated at 25°C. Control plates were maintained by adding sterile distilled water at 2.5% concentration. Each treatment was replicated thrice. Growth diameter was measured at 5th day of inoculation. The efficacy of plant extracts was expressed as percent inhibition of mycelia growth over control and was calculated using the formula

I =  (C-T) x 100


C

Where,
 I – Percent Inhibition


C – Growth in control


T – Growth in treatment

To evaluate their effect on biomass production, the herbal extracts were added to 50 ml of Potato Dextrose Broth (PDB) at a concentration of 2.5% and mixed thoroughly. The medium was then inoculated with a 5 mm mycelial disc obtained from a five-day old culture of P. capsici. Medium amended with 2.5% sterile distilled water served as the control. Each treatment was replicated three times. The flasks were incubated at 25°C for 15 days to allow maximum biomass production. After 15 days of incubation, the mycelial mat was separated from the broth, excess moisture was removed using blotting paper and the mat was dried in an oven at 50°C until a constant weight was obtained. The dry weight of the mycelium was recorded, and the percentage inhibition was calculated.

I =  (CW-TW) x 100


CW

Where,
 I – Percent Inhibition


C – Dry weight in control


T – Dry weight in treatment

Based on the inhibitory effects of herbal extracts on pathogen growth, nine botanicals were selected for further evaluation

2.4. In vitro assay of promising botanicals at different concentrations on the growth of P. capsici.

In order to ascertain the effective concentration of botanical extracts against P. capsici, the selected extracts were evaluated at different concentrations ranging from 2.5 to 12.5% against the pathogen growth. The extracts were prepared as per the procedure described above. The extracts were then incorporated into the sterile molted and cooled PDA at specified concentrations and transferred to sterile petri plates under aseptic conditions. Bioassay against the pathogen was performed by co-inoculating an agar disc of the pathogen on the center of the plate. The growth diameter was recorded to ascertain the inhibition of mycelial growth.

2.5. In vitro assay of crude extracts of selected botanicals

The effect of temperature on the efficacy of herbal extracts was studied by comparing the effect of crude extracts with thermal treated extracts on the mycelia growth and biomass production of P. capsici. The extracts were prepared as per the procedure described earlier, except that heat processing was omitted for the crude extracts. To prevent contamination, the crude extracts were sterilized by filtration through a bacteria-proof membrane filter (Millipore, 0.45 µm). Bioassay for growth inhibition and biomass production was performed at 2.5% concentration. The extent of growth inhibition and biomass reduction over the control was determined following the procedure described previously.  
3. Results and Discussions
Among the 16 herbal extracts evaluated against P. capsici, all treatments resulted in a considerable reduction in mycelial growth and biomass production (Table 1). The colony diameter ranged from 4.4 to 5.9 cm, compared to 7.2 cm in the control, representing an 18.1–38.9% reduction. Among the tested botanicals, Lantana exhibited the highest inhibition with a growth of 4.4 cm which is 38.9% less than the control. This was followed by Acorus and Chromolaena, both recording a 34.7% reduction in colony diameter. Extracts of Glyricidia, neem, and ginger showed more than 30% reduction in growth while Pongamia, Clerodendron, and turmeric extracts exhibited growth reductions ranging from 25 to 30% than the control. The least inhibition was observed with Murraya koenigii (18.1%). 
The effect of the herbal extracts on biomass reduction was more pronounced than their effect on mycelial growth. Biomass reduction ranged from 5.3% to 92.1%, with the maximum inhibition recorded in Acorus calamus (92.1%). This was followed by neem (89.2%) and Lantana (86.5%), which were statistically on par with the most effective treatment. Extracts of Pongamia, Glyricidia, Chromolaena, Clerodendron, ginger, and turmeric exhibited more than 65% reduction in biomass production compared to the control. Substantial inhibition of the pathogen was also observed with Catharanthus (63.2%), mint (50%), garlic (47.4%) and cumin (36.8%). The least inhibition of biomass production was recorded with curry leaf extract (5.3%) against P. capsici.
Numerous plant species have been identified with antifungal properties against a broad spectrum of pathogens. Biological activities of plants against pathogens are based on plant secondary metabolites, which usually include alkaloids, flavonoids, polyphenols, terpenoids, etc., which have anti-microbial and anti-inflammatory functions and are widely used in control of plant and animal diseases (Zaynab et al. 2018; Isah 2019).

The efficacy of Acorus calamus has been demonstrated against several pest and pathogens (Mazibur & Gerhard, 1999). Our findings are in conformity with the earlier findings of Dathoup et al. (2019), who tested the efficacy of Acorus calamus against eight plant pathogenic fungi including Phytophthora palmivora and reported that, extract completely inhibited the radial growth of fungi at a concentration of 10 g/L. The primary active compound responsible for this inhibitory effect is β-asarone, which is found in high concentrations in the plant's rhizomes. β-asarone, isolated from ethyl acetate extract of Acorus calamus L. has completely inhibited mycelial growth of P. capsici (Suvarna et al. 2011). Antifungal potential of A. indica has been demonstrated by Sudan & Singh (2018). Our finding is supported by the finding of Shashidhara et al. (2008), where A. indica showed significant inhibition of colony growth of P. capsici. Anandaraj & Leela (1996) reported the inhibitory effect of Chromolaena and Lantana on P. capsici. Janani et al. (2025) also demonstrated the antifungal potential of water-extracted botanicals of Lantana camara. Our results are also supported by Lengai et al (2022), who reported that turmeric and ginger extracts inhibited the growth of P. infestans by 87 and 85% respectively. 

The results also indicate that the botanicals were more effective in reducing biomass than in inhibiting growth on solid medium. In liquid medium, antifungal compounds are fully dissolved, uniformly distributed and remain in close contact with fungal hyphae, enabling continuous interaction with cellular components and resulting in greater inhibition of biomass production. In contrast, in solid medium, polysaccharides and protein constituents of agar may bind and immobilize secondary metabolites, reducing their effect on mycelial growth. This may account for the higher suppression of biomass production compared to mycelial growth.

Based on their inhibitory effect against the pathogen, nine botanicals viz., Acorus, turmeric, ginger, neem, Lantana, Clerodendron, Chromolaena, Pongamia and Glyricidia were selected and were evaluated at five concentrations ranging from 2.5 to 12.5% (Table 2). The results clearly indicated significant reduction in the pathogen growth with varying concentrations. A dose-dependent response was obtained in mycelial growth inhibition which increased consistently with higher concentrations in most plant extracts tested.

Acorus, turmeric and neem exhibited a marked increase in pathogen growth inhibition with increasing concentration, whereas, all the others showed a comparatively moderate response. In Acorus, inhibition increased from 33.8% at 2.5% concentration to 70.6% at 12.5%. Similarly, turmeric and neem exhibited inhibition ranging from 22.8% and 27.2% respectively to 70.6% as the concentration increased from 2.5 to 12.5%. In contrast, ginger extract showed the growth inhibition ranged from 26.5% to 42.6%. However, pronounced mycelial degeneration of the pathogen was observed in ginger extracts at the highest concentration (12.5%). 
Interestingly, Lantana did not show significant variation in growth inhibition across concentrations, yet caused visible mycelial degeneration even at 5% concentration. These finding indicate that secondary metabolites from L. camara possess strong antifungal activity even at low effective concentrations (Jonathan et al., 2025). With Chromolaena and Clerodendron extracts, degeneration of the mycelium was observed from 7.5% concentration. Overall, the results suggest that these botanicals exert antifungal effects through multiple mechanisms, including inhibition of cell membrane synthesis, disruption of metabolic pathways, and induction of structural damage to the mycelium. The variation in response among extracts indicates differences in phytochemical composition and mode of action. It is clear from the results that Acorus, turmeric, and neem are potent concentration-dependent antifungal agents, while others like ginger, Lantana, Chromolaena and Clerodendron may act predominantly through cytotoxic and structural disruption mechanisms. The results support the role of phytochemicals in making structural damage to hyphal cells or disrupting fungal cell wall synthesis and inducing cytoplasmic leakage. (Xue et al. 2023)

Bioassay of crude aqueous extracts of the selected botanicals indicated that crude extracts have greater inhibitory effect on mycelial growth as well as biomass production of the pathogen than the thermally processed extracts. Mycelial growth inhibition recorded due to crude extracts of Acorus and Turmeric was 73.4 and 58.3% respectively (Table 3). While the biomass production of the pathogen was negligible with Acorus and Turmeric as the dry weight recorded was minimal. ie., almost 100% reduction over control was achieved. Although crude extract of neem showed a relatively lower effect on mycelial growth (42.4%), it exhibited a strong inhibitory effect on biomass production with a reduction of 98.4%. Additionally, crude extracts of ginger, Chromolaena, Pongamia, and Lantana were found to be promising, as they resulted in more than 80% reduction in biomass production of the pathogen. Overall, the results clearly indicate that crude extracts are more effective than thermally treated extracts. This may be attributed to the degradation or loss of bioactive molecules like enzymes or plant secondary metabolites during extensive heating. The results are supported by Azevedo-Meleiro & Rodriguez-Amaya (2005) and Basilio-Cortes et al. (2023) who reported that, when increasing the temperature ≥90°C, a tendency to decrease the concentration of bioactive compounds was observed, probably due to their denaturation due to the effect of temperature and exposure time at high temperatures.

4. Conclusion 
The present study indicates that natural plant-based products can significantly suppress the growth of P. capsici and contribute to sustainable plant disease management. The findings further demonstrate that biomass reduction was more pronounced than the reduction in colony diameter, suggesting a stronger impact of the extracts on fungal proliferation than on radial growth. Therefore, while evaluating the efficacy of herbal extracts against pathogens, greater emphasis should be placed on their inhibitory effect on biomass production as it appears to be a more reliable indicator. Moreover, the antifungal potential of herbal extracts depends on several factors, including the type of plant and plant part used, as well as the methods of extraction and processing. Hence, careful consideration of these factors is essential to accurately assess their efficacy. Field-based trials are necessary to validate the effectiveness and scalability of these products under practical agricultural conditions. Further studies are needed on the isolation and characterization of active compounds from extracts exhibiting strong fungicidal potential.
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Table 1. Effect of thermal processed herbal extracts on growth and biomass production of P. capsici
	
	Plant spp.
	Common name
	Parts used
	Growth of P. capsici (cm dia.)
	% inhibition over control
	Dry weight (g)
	% inhibition over control

	1
	Pongamia pinnata
	Pongamia
	Leaves 
	5.10def
	29.2
	0.18cde
	75.7

	2
	Azadirachta indica
	Neem
	Leaves
	4.95bcd
	31.3
	0.08ab
	89.2

	3
	Glyricidia sepium
	Glyricidia
	Leaves
	4.75bc
	34.0
	0.23de
	68.9

	4
	Chromolaena odorata
	Chromolaena
	Stem & Leaves
	4.70ab
	34.7
	0.20cde
	73.0

	5
	Lantana camara
	Lantana 
	Stem, Leaves & flowers
	4.40a
	38.9
	0.10abc
	86.5

	6
	Clerodendron infortunatum
	Clerodendron
	Stem & Leaves
	5.05cde
	29.9
	0.17bcd
	77.0

	7
	Catharanthus roseus
	Catharanthus 
	Stem & Leaves
	5.65ghi
	21.5
	0.27ef
	63.2

	8
	Murraya koenigii
	Curry leaf
	Leaves
	5.90i
	18.1
	0.7hi
	5.3

	9
	Zingiber officinale
	Ginger
	Rhizome 
	5.00bcd
	30.6
	0.23de
	68.4

	10
	Allium sativum
	Garlic
	Cloves
	5.65ghi
	21.5
	0.39g
	47.4

	11
	Curcuma longa
	Turmeric
	Rhizome
	5.25def
	27.1
	0.25de
	66.2

	12
	Cuminum cyminum
	Cumin
	Seeds
	5.70hi
	20.8
	0.47g
	36.8

	13
	Acorus calamus
	Acorus
	Stem, Leaves & Roots
	4.70ab
	34.7
	0.06a
	92.1

	14
	Mentha arvensis
	Mint
	Stem & Leaves
	5.50fgh
	23.6
	0.37fg
	50.0

	15
	Capsicum annum 'Bird's Eye'
	Chilli
	Fruits & Leaves
	5.80hi
	19.4
	0.66hi
	10.5

	16
	Coriandrum sativum
	Coriander
	Stem & Leaves
	5.35efg
	25.7
	0.62h
	15.8

	17
	Control
	
	
	7.20j
	
	0.74i
	

	
	CD (0.05)
	
	
	0.308
	
	0.10
	


Table 2. Effect of different concentrations of heat processed herbal extracts on growth of P. capsici

	Concen-tration (%)
	Acorus
	Turmeric
	Ginger
	Neem
	Lantana
	Clerodendron
	Chromolaena
	Pongamia
	Glyricidia

	
	GD1 cm
	% inh2.
	GD cm
	% inh.
	GD cm
	% inh.
	GD cm
	% inh.
	GD cm
	% inh.
	GD cm
	% inh.
	GD cm
	% inh.
	GD cm
	% inh.
	GD cm
	% inh.

	2.5
	4.5c
	33.8
	5.3d
	22.8
	5.0b
	26.5
	5.0d
	27.2
	4.4a
	35.3
	5.1b
	25.7
	4.7c
	30.9
	5.1b
	25.0
	4.8c
	30.1

	5
	2.5b
	64.0
	3.0c
	56.6
	5.0b
	27.2
	3.7c
	46.3
	4.4a
MD3
	36.0
	4.2a
	38.2
	4.4b
	36.0
	4.5a
	33.8
	4.5bc
	33.8

	7.5
	2.4b
	65.4
	2.7bc
	61.0
	4.8b
	30.1
	2.8b
	59.6
	4.2a
MD
	38.2
	4.2a
MD
	39.0
	4.3ab
MD
	37.5
	4.4a
	36.0
	4.3ab
	37.5

	10
	2.1a
	69.9
	2.4b
	65.4
	4.0a
	41.9
	2.8b
	58.8
	4.5a
MD
	33.8
	4.1a
MD
	39.7
	4.1a
MD
	39.7
	4.3a
	36.8
	4.1a
	39.7

	12.5
	2.0a
	70.6
	2.0a
	70.6
	3.9a
MD
	42.6
	2.0a
	70.6
	4.2a
MD
	38.2
	4.0a
MD
	41.2
	4.1a
MD
	40.4
	4.2a
	38.2
	4.0a
	41.2

	Control
	6.8d
	
	6.8e
	
	6.8c
	
	6.8e
	
	6.8b
	
	6.8c
	
	6.8d
	
	6.8c
	
	6.8d
	

	CD(0.05)
	0.28
	
	0.33
	
	0.29
	
	0.24
	
	0.52
	
	0.36
	
	0.25
	
	0.36
	
	0.37
	


GD1 cm – Mycelial Growth Diameter
% inh.2 - percent inhibition over control

MD3 – Mycelial Degeneration

Table 3. Effect of crude herbal extracts on growth and biomass production of P. capsici
	Plant Extracts @ 2.5% conc.
	Mycelial growth
	Biomass production

	
	Mycelial Growth Dia. (cm)
	% reduction over control
	Dry weight (g)
	% reduction over control

	Acorus calamus
	1.9a
	73.4
	0.00a
	100

	Curcuma longa
	2.9b
	58.3
	0.00a
	100

	Zingiber officinale
	3.6d
	48.9
	0.02ab
	97.8

	Azadirachta indica
	4.0e
	42.4
	0.01a
	98.4

	Lantana camara
	3.6d
	48.9
	0.12d
	83.7

	Clerodendron infortunatum
	3.5cd
	50.4
	0.16e
	78.3

	Chromolaena odorata
	3.3c
	53.2
	0.04b
	94.6

	Pongamia pinnata
	4.0e
	42.4
	0.08c
	89.1

	Glyricidia sepium
	3.3c
	53.2
	0.16e
	78.3

	Control
	7.0g
	 
	0.74f
	 

	CD (0.05) 
	0.25
	
	0.021
	



