


Dual-Action Organic Fertilizers: Growth-Stimulatory and Nematicidal Potential of Azadirachta indica and Tagetes erecta Extracts


ABSTRACT 
Botanical resources such as Azadirachta indica (neem) and Tagetes erecta (marigold) are increasingly recognised for their potential to support sustainable agriculture through their combined growth-promoting and nematicidal properties. Neem comprises an extensive range of limonoids (e.g, azadirachtin, salannin), phenolics (e.g., tannins), and flavonoids (e.g., quercetin) that have been linked to reducing nematode infection in plants by inhibiting egg hatching, increasing juvenile mortality, and improving soil nutrient dynamics. Marigold, on the other hand, is a source of thiophenes, monoterpenes, and essential-oil constituents such as α-terthienyl that restrict nematode proliferation, induce oxidative stress, and inhibit reproductive development in Meloidogyne species. Along with their pest-suppressive ability, the organic amendments prepared from neem seed cake, marigold residues, composts, and integrated nutrient supplements have shown encouraging effects on chlorophyll content, nutrient assimilation, and overall vegetative and reproductive performance across several crops. Such amendments also enhance the activity of beneficial soil microbes, improving the soil quality. Although the degree of efficacy varies with environmental conditions and application methods, the findings suggest that both plants may serve as practical, environmentally safe alternatives to chemical fertilisers and synthetic nematicides. This review aims to integrate the current scientific knowledge about the two plant species, focusing on their phytochemical diversity, nematicidal functions, and their utility in enhancing soil and plant health. The available evidences suggest that neem and marigold can effectively contribute to holistic soil management and sustainable pest control, supporting efforts to reduce chemical inputs while maintaining crop productivity. 
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1. INTRODUCTION
Plant-parasitic nematodes (PPNs) are among the most damaging soil-borne pests worldwide, causing considerable reductions in crop productivity and quality thus forcing intensive use of chemical nematicides that pose environmental and human-health risks (Hooks et al., 2010). The environmental persistence, non-target toxicity and regulatory restrictions associated with many synthetic nematicides have increased interest in sustainable, biological options that combine pest suppression with soil fertility benefits (Chaudhary et al., 2017). One promising strategy is the development of dual-action organic amendments and extracts that stimulate crop growth (by supplying nutrients and improving soil biological function) and suppress nematode populations through bioactive secondary metabolites.
Two widely studied plants that exemplify this dual potential are Azadirachta indica (neem) and Tagetes erecta (marigolds). Neem is a phytochemically rich tree whose seeds, leaves and oil contain limonoids (notably azadirachtin), phenolics and other compounds with pesticidal activity. Neem-based products have long been reported to reduce nematode infection while also contributing to soil health when applied as leaf powder, seed powder, oil extracts, oil-cake or composted material. The nematicidal properties of neem extracts and products are well documented and have been attributed to multiple mechanisms, including direct toxicity to nematode juveniles and eggs, repellence, and indirect effects mediated through changes in soil microbial communities. At the same time, neem seed cake and properly processed neem amendments can function as slow-release organic fertilizer, improving nutrient availability and crop performance under field conditions (Sarkar et al., 2021; Chaudhary et al., 2017; Akhtar, 2000). 
Marigolds (Tagetes spp.) offer a complementary biological tool. Certain species produce thiophene derivatives (notably α-terthienyl) and related compounds in root and shoot tissues that are toxic to many PPNs and inhibit egg hatching and juvenile survival. Because marigolds can act as poor or non-hosts for particular nematodes, or release nematicidal metabolites into the rhizosphere, they have been effectively used as trap or cover crops and as sources of bioactive residues in integrated nematode management programs (Hooks et al., 2010). Despite abundant experimental evidence that neem and marigold materials can individually suppress nematodes or benefit plant growth, there has been comparatively less systematic assessment of formulations or practices that intentionally harness both growth-promoting and nematicidal functions in a single organic input. Different formulations prepared from plant-based organic sources, like compost, vermicompost, and liquid organic fertilizers have consistently improved plant height, leaf number, chlorophyll content, and biomass in crops such as cabbage, tangerine (Putra et al., 2025), and Lippia citriodora (Tan et al., 2023). Recent work on azadirachtin-based commercial products and on integrated application strategies, highlights both the potential and the limitations of botanical nematicides (efficacy varies with formulation, soil conditions, temperature and crop cycle), emphasizing the need to evaluate not only active compounds but also delivery methods, dosages and interactions with soil biology (d’Errico et al., 2023; Ntalli et al., 2009). A focused review that synthesizes the phytochemistry and known modes of action of Azadirachta and Tagetes bioactives will provide agronomic evidence for growth promotion from such organic fertilizers, will highlight practical considerations for formulating dual-action inputs and will bridge the gap between experimental findings and field adoption. The emerging plasma technology is another way to rule out the use of synthetic chemical pesticides in the agricultural systems. The plasma treatment of seeds has shown to enhance the defence systems in plants, helping the plant to fight against pest infestations in various ways. There has been an increase in the incidence of pest infestations around the world as a result of climate change; hence, the use of such sustainable and cost-effective technologies like plasma treatment can bring a revolution in the agricultural sector, decreasing reliance on synthetic chemicals (Bilea et al., 2024).
This review, therefore, examines the scientific basis and practical prospects for dual-action organic fertilizers derived from A. indica and T. erecta. The current study aims (a) to summarise chemical constituents and mechanistic evidence for nematicidal activity, (b) collate agronomic studies that report growth or yield benefits from neem-based amendments, (c) evaluate marigold’s nematode-suppressive compounds and cover-cropping results, (d) identify knowledge gaps and propose research priorities, including standardised bioassays, soil-microbiome interaction studies.
2. PHYTOCHEMICAL COMPOSITION AND BIOACTIVITY OF A. INDICA AND T. ERECTA
The efficacy of organic extracts of A. indica (neem) and T. erecta (marigold) as dual-action agents, combining fertilization potential and nematicidal or biocidal bioactivity, stems from their rich phytochemical profiles, which include a variety of secondary metabolites such as limonoids, flavonoids, terpenoids, phenolics, and essential oils.
Neem is characterized by a very diverse array of bioactive compounds across different plant parts (leaves, seeds, bark, oil, etc.). Among the most studied are limonoids such as oxidized tetranortriterpenoids including azadirachtin (A–G and related analogs), nimbin, salannin, nimbolide and many other triterpenoid derivatives. Research has identified more than 135 distinct phytocompounds from neem, with limonoids being the most biologically active compound (Baby et al., 2022). Beyond limonoids, neem extracts also contain flavonoids, phenolics, saponins, steroids and other secondary metabolites, that contribute strongly to its bioactivity (Kumar et al., 2025). For example, methanolic extracts of neem have been shown to contain phenols, flavonoids, tannins, steroids, saponins, alkaloids, and other constituents, as determined through phytochemical screening (e.g., HPLC/TLC analyses) (Malar et al., 2020). 
These phytochemicals confer a broad spectrum of biological activities. Neem extracts have demonstrated antimicrobial, antifungal, antioxidant, and anticancer (cytotoxic) effects in various in-vitro studies (Malar et al., 2020). The limonoid-rich fraction, particularly azadirachtin and related compounds, is primarily responsible for insecticidal and pesticidal activity, which supports the long-standing use of neem as a biopesticide (Baby et al., 2022). Given neem’s multifaceted chemistry, combining pesticidal, antimicrobial, and possibly growth-modulating potential, it represents a compelling candidate for dual-action organic amendments that aim to suppress pests while augmenting soil and plant health.
Table 1. Phytochemical Composition and Bioactivity of A. indica 
	Major Phytochemicals
	Chemical Class
	Biological Function
	Reference 

	Azadirachtin
	Limonoid (tetranortriterpenoid)
	Potent insect growth regulator, antifeedant, oviposition deterrent
	Isman, 2006

	Nimbolide
	Limonoid
	Anticancer, pro-apoptotic, anti-inflammatory
	Roy & Saraf, 2006

	Nimbin, Nimbidin
	Triterpenoids
	Antimicrobial, antifungal, anti-inflammatory
	Biswas et al., 2002

	Quercetin, Catechin
	Flavonoids
	Antioxidant, anti-inflammatory, hepatoprotective
	Kharwar et al., 2020

	Polyphenols, Tannins
	Phenolics
	Broad-spectrum antimicrobial and antioxidant
	Subapriya & Nagini, 2005



Marigold (T. erecta) likewise exhibits a complex phytochemical composition. Analyses of essential oil from aerial parts (leaves, shoots, flowers) have revealed a mixture of monoterpenes, sesquiterpenes, and other volatile compounds, along with phenolic and terpenoid constituents (Tripathi et al., 2012). In one GC–MS analysis, the essential oil from T. erecta (var. “Pusa Narangi Genda”) was shown to contain major components such as cis-ocimene (≈ 18.5%), (E)-ocimene (≈ 8.7%), l-limonene (≈ 11.2%), (E)-tagetone (≈ 10.6%), and β-caryophyllene (≈ 6.9%) among others, comprising over 83% of the detected constituents (Tripathi et al., 2012). 
The biological activities associated with these compounds are also diverse. The essential oil from T. erecta has exhibited antioxidant, antibacterial and antifungal activity against plant pathogens and human-relevant bacteria (Tripathi et al., 2012). Moreover, another study demonstrated that essential oil from T. erecta leaves, rich in monoterpenes and sesquiterpenoids, exerts phytotoxic (herbicidal/allelopathic) effects on weed species (e.g., Echinochloa crus-galli), inhibiting seed germination and seedling growth under bioassay conditions (Laosinwattana et al., 2018). 
Table 2. Phytochemical Composition and Bioactivity of T. erecta
	Major Phytochemicals
	Chemical Class
	Biological Function
	Reference 

	Lutein, Zeaxanthin
	Carotenoids (xanthophylls)
	Antioxidant, nutraceutical (eye health), anti-inflammatory
	Rodriguez et al., 2019

	Quercetagetin, Patuletin
	Flavonoids
	Antibacterial, antifungal, antioxidant
	Rodriguez et al., 2019

	Terpenoids (β-ocimene, limonene)
	Volatile essential oil components
	Insecticidal, larvicidal, nematicidal
	Singh et al., 2016

	Thiophenes 
	Acetylenic thiophenes
	Strong nematicidal and insecticidal activity
	Marotti et al., 2010

	Phenolic acids
	Phenolics
	Antioxidant, antimicrobial
	Boruah et al., 2025; Gupta & Vasudeva, 2010



These properties, such as antimicrobial, antioxidant, and phytotoxic, suggest that T. erecta extracts or residues may contribute not only to the suppression of pathogens or weeds/nematodes but also to soil microbial regulation and plant health enhancement, thereby making marigold a promising component in dual-action organic fertilisers or soil amendments. The overlapping and complementary bioactive spectra of neem and marigold, neem contributing strong limonoid-based pesticidal and antimicrobial phytochemicals, and marigold offering volatile terpenoids, phenolics and essential-oil-based bioactivities, present a compelling case for their combined or alternating use in dual-action organic amendments. Such interventions could yield multiple benefits that include suppression of soil-borne pests (nematodes, pathogens), weed/competitor suppression, antimicrobial and antioxidant-mediated soil and plant health enhancement, and potential improvement in plant resilience and growth via bioactive-induced physiological modulation.
3. MECHANISM OF ACTION 
The nematicidal properties of A. indica (neem) and T. erecta (marigold) have been extensively documented in studies exploring their direct toxicity to plant-parasitic nematodes and their interference with multiple physiological pathways essential for nematode survival and infection. Although both botanicals exhibit strong suppressive effects against Meloidogyne spp., they operate through distinct biochemical mechanisms shaped by their unique phytochemical compositions.
Neem possesses a group of limonoids, flavonoids, terpenoids and phenolic compounds that exert strong inhibitory effects on nematode development and reproduction. Various studies demonstrate that neem extracts significantly reduce egg hatchability and juvenile emergence in nematode species such as M. javanica, with certain preparations showing high mortality rates and complete inhibitory effect under in vitro conditions (Moosavi, 2012). The biochemical compounds of neem induce these effects by disrupting embryogenesis, destabilising lipid membranes, and interfering with metabolic processes essential for nematode development.  Many studies have shown an enhanced suppressive potential of nematicides prepared by combining neem preparations with other plant materials, which indicates that neem’s bioactive constituents work synergistically in inducing biochemical stress and compromising nematode cellular integrity (Khairy et al., 2022). Evolving studies on organic nematicides further suggest that neem-derived nanoparticles, nano-emulsions or metabolites can interact directly with nematode target proteins, damaging stress responses and sensory mechanisms necessary for host location and invasion (Alnemari et al., 2024; Pascoli et al., 2019).  
Marigold, on the other hand, displays its nematicidal properties mainly by producing allelopathic compounds, like α-terthienyl, flavonoids, and thiophenes that are released as root exudates or present in plant tissues that may be used as cover crops or trap crops. They create an unfriendly environment when grown in intercropping or in crop rotation, which inhibits the growth and development of nematodes. Several field experiments have demonstrated that marigold species can considerably reduce root-knot nematode populations and root galling in various crops such as tomato, soybean, and melon, indicating an environmentally sound antagonistic effect (Hooks et al., 2010; Krueger et al., 2007). The marigold-derived thiophenes act via photodynamic and oxidative mechanisms that produce reactive oxygen species upon light activation, and they may also recruit or stimulate nematode-antagonistic soil microbes, a suite of effects that makes Tagetes a valuable partner in combined fertility and protection approaches. Studies reveal that α-terthienyl (a sulfur-containing, heterocyclic compound) and related metabolites inhibit the nematode receptor proteins and signalling pathways, resulting in impaired chemosensory perception and behavioural hindrance. Gokalp (2023) stated that marigold-derived compounds, particularly α-terthienyl and quercetagetin (a flavonoid), have strong binding affinities to nematode receptors, thus disrupting neural pathways that control movement, orientation, and host recognition in nematodes. Furthermore, experimental work conducted by Belay et al. (2016) revealed that different concentrations of marigold extracts significantly suppressed egg hatching and caused enhanced juvenile mortality in M. incognita, with some treatments achieving 100 % inhibition within 72 hours. These findings thus indicate that marigold induces suppressive effects on the nematodes through multiple mechanisms, such as oxidative stress induction, receptor inhibition, reduced egg hatching, interference in mating, and direct cytotoxicity. 
Thus, these studies reveal that neem and marigold disturb the nematode physiology through several inhibitory pathways. Neem primarily affects the metabolic and regulatory systems at molecular level, while marigold targets sensory, developmental, and oxidative stress pathways in nematode species. The distinct yet overlapping modes of action of the two botanicals suggest their strong potential for integrated use in sustainable nematode management strategies, where the combined effect may broaden the spectrum of activity and increase overall effectiveness (Khairy et al., 2022).
4. GROWTH-STIMULATORY EFFECTS OF NEEM AND MARIGOLD-BASED ORGANIC FERTILIZERS
Plant-based organic fertilizers serve as a supplementary source of essential micronutrients such as boron, sulfur, zinc, iron, and manganese that play critical roles in photosynthesis, enzyme activation, and physiological performance (Mary et al., 2023). These growth responses are mediated by enhanced microbial activity, improved moisture-holding capacity of the soil, and steady nutrient release, which supports chlorophyll synthesis and enzymatic activity. This interaction enhances nutrient absorption and plant vigor, making them particularly efficient in integrated nutrient management. Neem and marigold-based organic fertilizers have emerged as valuable components of sustainable agricultural systems due to their ability to enhance plant growth, promote nutrient availability, and improve soil health. The amendments derived from plants are a source of essential macro- and micronutrients, help in stimulating beneficial soil microorganisms, and provide support to various physiological processes that form the basis of healthy vegetative and reproductive growth.
Neem-based organic fertilizers, especially neem seed cake, have demonstrated significant positive effects on plant growth across multiple crop species. For instance, the application of neem seed cake in sesame resulted in increased plant height, leaf number, leaf area, and yield attributes, like the capsule number, seed weight and total yield when applied at optimal rates (Eifediyi et al., 2017). The study indicated that using elevated levels of neem cake with chemical NPK fertilizers or their combinations enhances vegetative growth, which might compromise reproductive output. Thus, application of a balanced and optimum dose of such organic fertilizers is essential for maintaining crop productivity. Integrated nutrient management (INM) approaches that integrate neem-based fertilizers, biofertilizers and reduce chemical fertilizers have also shown promising results. In a study conducted by Jha et al. (2025), different treatments incorporating neem cake on broccoli were applied that showed improved nutrient uptake, stimulated root growth, accelerated maturity, and enhanced overall yield performance. Studies assessing the effects of neem seed-based fertilizers demonstrate that they contribute significant amounts of nitrogen, phosphorus, and potassium, thereby improving growth and nutritional quality in crops such as Basella alba (Adejoro et al., 2019). Thus, the application of neem-based fertilizers directly helps in improving plant growth and physiological activities, consequently increasing yield in various crops. Neem seed fertilizer has shown superior performance over synthetic NPK in Basella alba by improving growth and nutritional quality through its slow-release nutrient profile and its extended soil activity (Adejoro et al., 2019). Neem fertilizers also encourage the proliferation of beneficial soil microorganisms, including Azotobacter and phosphate-solubilising bacteria; these microbes in turn increase the bioavailability of nitrogen and phosphorus and enhance the circulation of soil nutrients (Jha et al., 2025; Figiel et al., 2025). Such microbial exchanges bring about the sustained release and improved uptake of nutrients of the neem-based fertilizers. Neem extract further enhances physiological performance by increasing below- and above-ground biomass and facilitating more efficient nutrient uptake, particularly due to a reduction in nematode pressure (Lahai et al., 2024; Arshad et al., 2021). 
Organic inputs derived from marigolds, although less extensively researched as standalone fertilizers, also significantly promote plant growth when used in composted or integrated forms. An experiment by Liu et al. (2020) demonstrated that fermented wastewater produced as a result of lutein production from marigold flowers when treated with calcium oxide, increased maize yield. It also improved bacterial diversity in the rhizosphere and non-rhizosphere regions of maize. Marigolds can be effectively used as a cover crop, that is, grown before the main crop to protect against soil erosion and pests or rotated with primary crops (Karakas and Bolukbasi, 2019). McSorley et al. (1999) found that tomato and pepper yields were higher when marigold was used as a cover crop compared to millet and cowpea. Umashankar et al. (2019) reported that marigold organic liquid manure (MOLM) enhanced pod yield, overall growth, and field bean production. MOLM also increased post-harvest soil microbial populations and improved soil fertility by boosting soil micro- and macronutrients. Therefore, marigold-based manure, produced from flower processing, holds great potential for increasing crop productivity. Studies indicate that living marigold roots suppress nematodes more effectively than their extracts. Intercropping marigold with sugarcane, banana, and tomato has been shown to reduce nematode root infestation and enhance yields (Karakas and Bolukbasi, 2019). Additionally, marigold-based amendments significantly improve nutrient mineralization and uptake, thereby enhancing photosynthesis and seed production in cowpea and soybean (Adekunle, 2011).
The growth-stimulatory effects of neem and marigold-based organic fertilizers result from a combination of:
· Sustained supply of macronutrients (N, P, K);
· Improved availability of micronutrients (B, S, Zn, Fe, Mn);
· Enhanced microbial activity from beneficial nitrogen fixers and phosphate solubilizers;
· Improved soil physical properties such as moisture retention and structure;
· Strengthened physiological functions, including photosynthesis, enzyme activity, and nutrient assimilation.
The above studies reveal that neem and marigold fertilizers separately improve vegetative growth parameters such as plant height, branching, and canopy spread, thereby increasing photosynthetic efficiency, carbohydrate production and overall yield of the plants. These findings are consistent with broader evidence that organic amendments, including farmyard manure and vermicompost, increase organic matter content, microbial biomass, nutrient availability, and improve soil structure leading to enhanced growth and yield in horticultural crops such as papaya (Reddy et al., 2013). Together, neem and marigold-based organic fertilizers contribute to sustainable nutrient management by improving soil fertility, strengthening plant physiological processes, and promoting balanced vegetative and reproductive growth (Figure 1).
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Figure 1. The growth-stimulatory effects of neem and marigold-based organic fertilizers 
Their integration into modern nutrient management strategies offers a promising avenue for enhancing crop productivity while minimizing environmental impacts associated with synthetic fertilizers.
5. NEMATICIDAL PROPERTIES OF A. indica AND T. erecta
A. indica (Neem) and T. erecta (Marigold) have long been recognized for their potent nematicidal properties and are widely investigated as sustainable botanical alternatives for controlling root-knot nematodes, particularly M. incognita. A substantial body of research demonstrates that extracts derived from leaves, seeds, and other tissues of these plants effectively suppress nematode populations by reducing juvenile mobility, inhibiting egg hatching, lowering female nematode counts, and ultimately improving plant health and yield.
Experimental evidence strongly supports the efficacy of T. erecta extracts in reducing nematode reproduction. Arshad et al. (2021) reported that marigold extracts significantly decreased egg masses and female numbers of Meloidogyne incognita populations in eggplant cultivars, achieving reductions exceeding 89%. In the same study, extracts of A. indica produced high nematicidal effects, with reductions of approximately 85% in egg masses and female nematodes. Although marigold often ranked slightly higher in certain trials, both extracts improved overall plant biomass, highlighting their dual role in nematode suppression and growth promotion (Arshad et al., 2021). 
In vitro analyses also highlight the strong juvenile mortality caused by these botanicals. Neem extract led to the highest mortality (~65%) of M. incognita second-stage juveniles, followed by marigold extract (~60%), both outperforming other organic nematicides tested (Abo-Elyousr et al., 2009). Under greenhouse and field conditions, neem consistently demonstrated superior efficacy, significantly reducing nematode populations, root gall indices, and increasing plant protection by over 40% in tomato. While marigold extracts were also effective, they generally performed slightly below neem under field conditions (Abo-Elyousr et al., 2009). Field trials further reinforce neem’s prominence in nematode management. Lahai et al. (2024) documented that neem extracts substantially improved plant survival, growth parameters, and yield in tomato compared with marigold and other plant materials. Although T. erecta contributed meaningfully to nematode suppression, neem remained the more effective overall botanical treatment in several.
The nematicidal properties of A. indica are largely attributed to its diverse array of bioactive metabolites, particularly limonoids such as azadirachtins (A, B, and H), nimbin, nimbolide, and nimbidin. Azadirachtins, predominantly concentrated in neem seed kernels, disrupt nematode developmental processes, enzyme activity, reproductive functions, and physiological regulation, resulting in high mortality and reproductive inhibition (Li et al., 2007; Akhtar, 2000). Additionally, neem leaves contain multiple secondary metabolites—including alkaloids, flavonoids, steroids, phenolics, and tannins—that contribute to its broad-spectrum bioactivity (Shrestha et al., 2024). Interestingly, nematicidal compounds have also been isolated from endophytic fungi within neem tissues, such as those produced by Geotrichum sp. AL4, indicating that neem-associated microbiota may further enhance nematicidal potential (Li et al., 2007).
[bookmark: _Hlk219543229]In T. erecta, the nematicidal activity primarily arises from essential oils rich in monoterpene hydrocarbons (ocimenes, limonene, terpinene) and monoterpene ketones such as tagetones, tagetenone, and dihydrotagetone. A particularly potent compound is the sulfur-containing thiophene, α-terthienyl, well known for its nematicidal, insecticidal, fungicidal, antiviral, and cytotoxic activities. This compound exhibits strong allelopathic effects, interfering with nematode mobility and reproduction, and disrupting nematode–plant interactions in the rhizosphere region (Bakshi & Ghosh, 2022).
The nematicidal properties of neem and marigold species extracts play a crucial role in protecting crops from several nematodes like Pratylenchus sp, Meloidogyne incognita, M. arenaria, M. javanica, M. Hapla, Hoplolaimus indicus, and Helicotylenchus indicus, leading to improved plant survival, biomass accumulation, flowering, and fruit setting (Bakshi & Ghosh, 2022; Akhtar 2000). Some studies showed that on treating tomatoes with neem and marigold extracts, there was a significant reduction in gall formation and nematode population densities, consequently improvement in morphological traits and yield attributes (Lahai et al., 2024; Abo-Elyousr et al., 2009). 
Direct experimental studies proving synergistic interactions between neem and marigold bioactive constituents are limited; however, several studies suggest that combined use of the two botanicals can enhance pest management. Both A. indica and T. erecta have shown strong individual bioactivity and residual toxicity against pests and pathogens (Islam & Talukder, 2005). Neem extracts have been shown to synergize with other plant-based nematicides by enhancing antioxidant enzymatic activities and improving phytochemical performance, suggesting the possibility of additive or synergistic effects if combined with T. erecta (Qasim et al., 2025). Given their distinct bioactive profiles—limonoids and azadirachtins in neem, and α-terthienyl and monoterpenes in marigold—their combined application could theoretically target nematodes through multiple biochemical pathways, though empirical validation is needed (Bakshi & Ghosh, 2022).
Overall, extensive research affirms that A. indica and T. erecta are effective, eco-friendly botanicals capable of suppressing nematode populations by inhibiting juvenile survival, reducing reproduction, and improving plant vigor. Their diverse bioactive compounds make them strong candidates for integrated and sustainable nematode management strategies. However, future studies exploring their combined use may provide valuable insights into potential synergistic applications and enhanced nematicidal efficacy.
6. BENEFITS OF A. indica AND T. erecta-BASED FERTILIZERS   
Fertilizers and organic amendments derived from A. indica and T. erecta exert significant effects on plant physiology and soil microbial communities, owing to their rich composition of bioactive metabolites and multifunctional pesticidal, antimicrobial, and soil-enhancing properties. 
6.1 Impact on Soil Microbial Dynamics
Amendments of neem and marigold have a strong effect on soil microbial communities. The application of neem and marigold-based amendments on common bean increased the microbial biomass, carbon and nitrogen content, improved ammonium-N and phosphorus availability, and stimulated soil processes that promote natural suppression of nematodes and soil-borne pathogens (Kimenju et al., 2004). However, a study showed that neem leaf extracts, when applied to bean cultivation, exhibited selective inhibitory action on certain microbial groups, such as Rhizobium and nitrifying bacteria, leading to reduced nitrogen fixation and lower nodule formation in legumes (Montes-Molina et al., 2008). Despite this suppression of beneficial microbes, neem-based amendments in other studies have been shown to enhance overall soil biological activity in nematode-infested soils as compared to chemical fertilizers and other organic amendments. Integration of neem by-products with beneficial soil microorganisms can significantly enhance nutrient uptake. Neem residues, when applied in combination with arbuscular mycorrhizal fungi (AMF), improved root colonization and uptake of nitrogen, phosphorus, and other trace elements, providing higher physiological activity in neem seedlings (Monte Junior et al., 2011). Likewise, the presence of endophytic fungi such as Piriformospora indica can also promote root biomass, nutrient assimilation, and metabolic efficiency, suggesting a beneficial interaction between neem-derived substrates and beneficial soil microbes (Subhash & Anith, 2025). 
Obongoya et al. (2010) revealed that marigold-derived extracts have demonstrated antifungal activity, particularly against Fusarium spp., which are major soil-borne pathogens affecting legume and vegetable crops. However, comparative assessments indicated neem to be more effective than marigold against Fusarium (Obongoya et al., 2010). The repeated crop rotation between marigold and tobacco showed an increase in the relative abundance of fungi like Acidobacteria, Actinobacteria, and Ascomycota, along with an increase in the beneficial bacterial genera like Nocardioides, Gemmatimonas and Bradyrhizobium and upgraded the soil microbial environment (Huang et al., 2022).
Collectively, the application of neem and marigold fertilizers contributes to restructuring the soil microbial community by reducing pathogenic fungi and nematodes, while influencing beneficial microorganisms depending on the crop–soil interaction context.
6.2 Enhanced Defence Mechanisms and Stress Responses
The presence of potent bioactive compounds in neem, such as azadirachtin, nimbin, and related limonoids, imparts antimicrobial and nematicidal properties, activating plant defence pathways, reducing pathogen loads and enabling optimal physiological functioning under biotic stress (Mohideen et al., 2022). Neem preparations were found to be effective in bringing down the infestation of Helicoverpa armigera in chickpea (Ojha et al., 2017). Both neem and marigold extracts in a study showed insecticidal activities against the cowpea weevil, by alleviating pest pressure and allowing plants to divert resources from defence to growth and reproduction (Adeleke et al., 2022). Biofertilization by means of endophyte-associated applications indicated enhanced synthesis of phytohormone, particularly auxins, which provided a stronger root system, improved photosynthetic efficiency, and enhanced stress resilience (Subhash & Anith, 2025).
6.3 Phenological and Developmental Responses
Applications of neem and marigold materials in different fertilizer formulations have been associated with improved crop phenology.  Treating tomato plants with plant materials of neem and marigold separately showed enhanced phenological traits like shortened time of flowering and fruiting, increased survival rates, and greater yield (Lahai et al., 2024). These results indicate that the bioactive components of both plants positively influence developmental pathways, allowing optimized resource allocation within the plant.
Fertilizers derived from A. indica and T. erecta substantially improve plant growth, nutrient uptake, and physiological efficiency while suppressing soil-borne pathogens, particularly nematodes and fungi. Neem-based fertilizers offer prolonged residual effects, enhanced pest resistance, and improved soil nutrient dynamics, whereas marigold-based fertilizers contribute complementary nematicidal and antifungal benefits. Despite some inhibitory effects of neem extracts on nitrogen-fixing Rhizobium, both plant-derived amendments significantly increase microbial biomass, soil nutrient availability, and plant resistance mechanisms. Collectively, these findings position neem and marigold fertilizers as sustainable, effective alternatives to synthetic fertilizers and pesticides, offering integrated benefits for soil health, plant physiology, and agricultural productivity (Adejoro et al., 2019; Abo-Elyousr et al., 2009; Montes-Molina et al., 2008; Kimenju et al., 2004).
6.4 Additional Benefits and Sustainability Considerations
Both A. indica and T. erecta-based fertilizers are valued for their eco-friendly nature and potential to reduce reliance on synthetic agrochemicals, thereby contributing to sustainable agricultural practices (Sharma & Sharma, 2023). Neem seed fertilizer, with its prolonged residual effect, provides sustained nutrient release and long-term protection against soil pests, making it particularly beneficial in crop rotation systems (Adejoro et al., 2019). Together, neem and marigold extracts offer synergistic pest-management benefits through their combined nematicidal, antimicrobial, and pesticidal activities, ultimately improving soil health and plant performance (Abo-Elyousr et al., 2009; Kimenju et al., 2004).
6.5 Cost-effective and economical 
The production and use of organic insecticides and nematicides have proven to be economical and cost-effective in several studies (Karakas and Bolukbasi, 2019; Bakshi & Ghosh, 2022). However, commercially available biopesticides may be more costly than chemical pesticides and nematicides in certain cases. The cost of production varies with the country and is affected by the availability of raw material, the cost of labour, and processing cost (Guzman Luna et al., 2025). This may restrict their global usage and availability. Some researches show that the use of the agroforestry model would be more economically viable to reduce the cost of production of neem-based insecticides and nematicides, and in cases where land cost is higher (Guzman Luna et al., 2025). The overall cost may be managed when biopesticides are used synergistically, or by using such a botanical derivative that affects the specific life stage or a specific pest population to produce economic and desired results (Shah et al., 2019). Given the carcinogenic, neurological, and toxicological effects induced by synthetic chemical pesticides and the long-term environmental damage they cause, the use of organic amendments in their place is safer, sustainable and economically sound.
7. CONCLUSION AND FUTURE PERSPECTIVES
The collective evidence synthesized in this review clearly establishes A. indica and T. erecta as highly promising botanicals with remarkable dual-action potential, offering both growth-stimulatory and nematicidal benefits aligned with the goals of sustainable crop production. Their rich reservoirs of bioactive compounds, like limonoids such as azadirachtin in neem and thiophenes such as α-terthienyl in marigold, enable these plants to simultaneously enhance soil fertility, strengthen plant physiological processes, and suppress destructive nematodes like M. incognita. Neem-based amendments consistently improve plant height, chlorophyll content, nutrient uptake, and yield attributes due to their slow-release nutrient profile and pest-suppressive properties. Marigold-derived residues and extracts complement these effects by contributing strong nematicidal activity, improved rhizosphere functioning, and enhanced soil biological health. Together, these botanicals exemplify an integrated, eco-friendly approach that reduces dependence on synthetic fertilizers and chemical nematicides while promoting long-term soil health, plant vigour, and agricultural sustainability.
Looking ahead, the application of neem and marigold in agriculture offers several exciting avenues for advancement. Future research can focus on optimizing dual-action formulations that combine their complementary bioactivities to produce more effective and targeted organic fertilizers. Innovations in green extraction technologies and nano-delivery systems hold promise for enhancing the stability, bioavailability, and efficiency of neem and marigold bioactives under field conditions. Integrating these botanicals with beneficial microbial inoculants such as arbuscular mycorrhizal fungi, Piriformospora indica, Azotobacter, and phosphate-solubilizing bacteria may further strengthen nutrient uptake, plant resilience, and soil ecological balance. Additionally, multi-omics approaches can illuminate the molecular and microbiome-level interactions underlying their dual benefits, paving the way for precision management strategies. Wider adoption will also benefit from field-scale validations across diverse agroclimatic regions, development of user-friendly commercial formulations, and supportive policy frameworks promoting botanical-based fertilizers.
Overall, A. indica and T. erecta stand out as favourable, scientifically validated dual-action resources capable of enhancing crop productivity while supporting ecological sustainability. Their integration into contemporary agricultural systems represents a forward-looking, environmentally responsible pathway for holistic nutrient management and effective nematode control.
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