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Review Article
Eco Enzyme from Agro-Waste as a Bio-Based Input for Sustainable Crop Production
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ABSTRACT 

	Eco enzyme (EE) is a fermented liquid produced from fruit and vegetable waste, sugar and water, serving as an environmentally friendly alternative to chemical fertilizers and pesticides. It provides a sustainable method for managing organic waste while improving soil fertility and crop yield. EE contains organic acids, important enzymes such as amylase, protease and lipase and bioactive compounds like flavonoids, alkaloids, tannins and saponins, which contribute to its wide range of biological functions. These enzymes enhance nutrient availability for plants, stimulate beneficial microbial activity and inhibit harmful plant pathogens due to their antibacterial and antifungal properties. The acidic nature of EE helps break down complex organic materials into simpler compounds, allowing plants to absorb nutrients more efficiently. Studies of EE also show that it includes key nutrients such as nitrogen, phosphorus and potassium, along with antioxidant substances that support plant growth and increase resistance to stress. Overall, eco enzyme is an affordable, environmentally friendly and sustainable bio-input with strong potential for promoting sustainable agriculture in the future.
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INTRODUCTION
Eco-enzyme is a fermented bio-liquid produced from fruit and vegetable waste, sugar and water, developed as an environmentally friendly alternative to chemical fertilizers, pesticides and cleaning agents. The concept was first introduced by Dr. Rosukon Poompanvong in Thailand, where organic waste was converted into a value-added product through controlled fermentation. The process not only reduces organic waste accumulation but also produces a liquid rich in enzymes and bioactive compounds with multiple applications (Tallei et al., 2023; Rahayu et al., 2021). Globally, large quantities of fruit and vegetable waste are generated annually. In India alone, approximately 5.6 million tonnes of fruit and vegetable waste are produced, with 15–30% losses occurring along market channels (Esparza et al., 2020). Converting such agro-waste into eco enzyme (EE) provides an effective strategy to reduce environmental pollution while enhancing soil fertility and microbial activity. However, this eco enzyme releases juvenile hormones that support plant health in addition to providing nutrients (Lakra et al., 2022). Frequent use of chemical fertilizers these days results in residual effects, soil degradation, pH changes and ultimately disrupts the growth of soil microorganisms. These can be overcome by introducing compactible microorganisms, such as antagonistic and entomopathogenic fungi and bacteria, into the fermented eco enzyme.
Banana peels have been utilized in various industries because of their high cellulose, hemicellulose and natural fibre content, which makes them suitable for the production of environmental friendly products (Acevedo et al., 2021). They are also considered as a natural fertilizer (Hastuti et al., 2025). Similarly, bio enzymes derived from citrus and pineapple wastes have been used as cleaning agents. Banana peels are further employed in the production of eco-enzymes, which are regarded as biofertilizers. According to (Devi et al. (2023), fruit peels from bananas, pineapples, apples and sweet limes are commonly used as natural fertilizers and their extracts enhance several important plant characteristics, including shoot length, root length, carbohydrate content and protein levels.
However mostly selection of fruits for eco-enzyme should have higher amount of NPK ratio which act as primary nutrients for plant growth. Citrus peel is generally rich in nitrogen (9.1mg/g), but when fermented at alkaline pH the peels become rich in phosphorus (4.2 mg/g) and potassium (2.1mg/g) as well, which is very useful for maintaining physical health of soil. The extract from Citrus maxima would consider as insect repellant. Different vegetable and fruit waste also possess different types of bioactivities due to presence of different bioactive compounds, for example, in pineapple entails considerable amount of gallic acid, catechins, epicatechins and ferulic acid which exhibits anti-oxidant, meanwhile citrus fruit phytochemical possess anti-microbial and anti-oxidant properties (Oikeh et al., 2020). The eco enzyme can also be used as organic fertilizer which increases the growth of the plant because during fermentation carbohydrate will be converted into volatile acid and organic acid which breakdown the poly molecules into simple compounds (available form) which can improve the rate of nutrient uptake. Eco-enzyme will inhibit the growth of harmful pathogen due to its acidic environment and which aids separate extracellular enzyme from organic waste. Fermentation undergone two stages, first stage is aerobic fermentation in which the glucose converts into pyruvic acid meanwhile in second stage is anaerobic fermentation the decarboxylated pyruvate decomposes into ethanol and carbon diacid. Further the presence of Acetobacter bacteria will convert the ethanol into acetaldehyde and water, which finally becomes acetic acid. Eco enzyme comprises both functional enzyme such as amylase, lipase, caseinase, protease and cellulose and secondary metabolites such as flavonoids, quinones, saponins, alkaloids and cardio glycosides (Vama and Cherekar, 2020). Additionally, the fermented eco-enzyme would produce NO3 and CO2 gases which are uptake by plant as nutrients (Rusdianasari et al., 2021). Eco enzyme is used as bio-activator in the fermentation of animal feed from tapioca (Ginting et al.,2023). 
PRODUCTION OF ECO‑ENZYME
Eco enzyme (EE) is produced through a natural fermentation process that does not involve any chemical additives (Figure 1). It is prepared by fermenting three main ingredients water, sugar and fruit or vegetable waste in the ratio of 10:1:3, respectively. The fruit or vegetable waste used should be fresh, clean and not rotten or decomposed and it should be properly weighed before the fermentation process begins. The cleaned waste is placed in a drum, jaggery is cut into small pieces and added, followed by water. The drum is then tightly closed and kept away from direct sunlight and rain.
[image: akshan art]The fermentation process lasts for three months and occurs in two stages. During the first month, aerobic fermentation takes place, where the drum is opened daily and the mixture is stirred for about 15 minutes to release the gases produced during fermentation, after which the drum is closed again. In the following stage, anaerobic fermentation occurs, during which the drum remains tightly sealed and does not require regular stirring until the completion of the three-month period. After fermentation, the eco enzyme is filtered to separate the liquid from the solid residue. The extracted EE liquid is then diluted to different concentrations and used as a fertilizer for plants (Fadlilla et al., 2023). This process also supports the concept of zero waste by converting organic waste into a useful agricultural input. 
Figure 1: Schematic representation of eco-enzyme production from agro-waste and its applications in sustainable agriculture
Table 1: Types of Eco‑enzymes prepared from different organic wastes
	S. No.
	Sugar source
	Fruit / Vegetable waste used
	Fermentation duration (months)
	Reference

	1
	Molasses
	Pineapple and orange peel
	3
	Arun and Sivashanmugam, 2017

	2
	Molasses
	Orange peel
	3
	Dewi et al. (2020)

	3
	Molasses
	Orange, banana peel, pineapple peel, ketapang
	3
	Hidayat & Ginting, 2021

	4
	Molasses
	Tomato, cauliflower, pineapple peel, orange and mango
	3
	Arun and Sivashanmugam, 2015

	5
	Molasses / Jaggery
	Papaya, banana, sapodilla, pomegranate; potato, gourd, eggplant, turnip
	3
	Sarabhai & Arya (2019)

	6
	Brown sugar
	Pineapple peel
	3
	Ramadani et al. (2022)

	7
	White sugar / Molasses / Brown sugar
	Orange peel, watermelon, melon, apple, dragon fruit, guava
	3
	Hanifah et al. (2022)

	8
	Molasses
	Orange peel, pineapple peel, papaya peel
	3
	Mavani et al. (2020)

	9
	Brown sugar
	Peels of orange, lime and lemon
	3
	Vama & Cherekar, 2020

	10
	Cane brown sugar
	Pineapple peel, mango, banana, lime, watermelon, dragon fruit, lemon
	3
	Viza, 2022

	11
	Jaggery
	Fruit peels
	3
	Kumar et al. (2019)

	12
	Molasses
	Orange peel and pineapple peel
	3
	Gaspersz & Fitrihidajati, 2022

	13
	Brown sugar
	Pineapple, orange, tomato and mango
	3
	Galintin & Rasit (2020)

	14
	Jaggery
	Orange seeds, marigold flower, neem leaves
	3
	Patel et al. (2021)

	15
	Molasses
	Cabbage, potato and pumpkin
	3
	Rahman et al. (2021)

	16
	Jaggery
	Orange peel
	3
	Srimathi et al. (2020)

	17
	Molasses
	Papaya, dragon fruit, orange peel
	3
	Suliestyah et al. (2022)

	18
	Brown sugar
	Tomato and orange
	3
	Wikaningrum et al. (2022)

	19
	Brown sugar
	Carrot, eggplant, cucumber, okra, beet; onion, cabbage, potato
	3
	Gumilar et al. (2023)

	20
	Brown sugar
	Mixed fruit and vegetable waste
	3
	Wen et al (2021)



According to the table 1, molasses is the most commonly used sugar source for fermentation, followed by alternatives such as brown sugar and jaggery, while white sugar is mainly used for bleaching purposes. During the fermentation process, molasses serves as an important nutrient source for microorganisms. Compared to white sugar, molasses is considered more effective because it provides a richer source of carbon. As a result, eco enzymes (EE) fermented with molasses show higher lipase activity and greater total acid content than those prepared with white sugar (Hanifah et al., 2022).
For EE production, fruit peels or fruit wastes are used more frequently than vegetable wastes. Among fruits, citrus peels are the most commonly utilized due to their distinctive aroma, high vitamin C content, and strong acidity. Additionally, citrus fruits contain a higher level of the lipase enzyme, which further enhances the quality of the eco enzyme produced (Vama and Cherekar, 2020). 
CHARACTERIZATION OF ECO ENZYME
Several parameters were evaluated to determine the performance of Eco Enzymes (EE). These parameters included the presence of acid, pH, total solids (TS), biochemical oxygen demand (BOD), chemical oxygen demand (COD), total dissolved solids (TDS) and dissolved oxygen (DO). Enzymatic activities such as lipase, protease and amylase were also analysed. In addition, antimicrobial activity including antibacterial and antifungal effects was assessed. Other measured characteristics included density, presence of alcohol and nutrient content (NPK). Meanwhile, physical properties such as aroma and turbidity were also observed (Arun & Sivashanmugam, 2015).
A) NUTRIENT ANALYSIS
 NPK analysis was carried out for all EE fertilizers applied to plants. The nitrogen (N) content of the EE was determined using the Kjeldahl method, which involves three main steps: digestion, distillation, and titration. The phosphorus (P) content of the EE was determined using the wet oxidation method, while potassium (K) was also evaluated using the wet oxidation method. The carbon (C) content was determined using the Walkley and Black method.
On average, the NPK content was found to be below 2%, and the carbon content was less than 10%, which can contribute to enhanced plant growth (Panataria et al. 2022). Furthermore, EE produced from vegetable waste contains a higher proportion of carbohydrates, proteins, calcium, vitamin A, vitamin C, and vitamin K, which support plant growth and development (Nurhidayat & Setyo, 2006).
B) PRESENCE OF ENZYME
	 Fermentation of organic waste in the presence of sugar enhances the activity of microorganisms and stimulates the production of various enzymes such as lipase, trypsin, and amylase. These enzymes help inhibit and prevent the growth of pathogenic microorganisms. The enzymatic and antimicrobial activities were identified using the agar plate diffusion method (Sarabhai & Arya, 2019).
c) pH
	The ph is generally determined using a ph meter. Typically, the ph of Effective Enzyme (EE) solutions is below 4 due to the production of organic acids during fermentation. These organic acids include citric acid and acetic acid, which contribute to the acidic nature of the solution. However, higher enzymatic activities such as amylase, lipase, and protease may influence the ph toward a more neutral range. The presence of organic acids was determined using RP-HPLC (Reverse Phase–High Performance Liquid Chromatography) (Arun & Sivashanmugam, 2015).
d)BIO ACTIVITY OF EE
1. ANTI-BACTERIAL PROPERTY
The presence of acetic acid suppresses the growth of bacteria and contributes to the disinfectant properties of eco enzymes, which may also be associated with the presence of alcohol produced during fermentation. Fermented eco enzymes prepared from papaya fruit (Carica papaya), soursop peel (Annona muricata L.), neem leaves (Azadirachta indica), and lemongrass (Cymbopogon winterianus) have shown the potential to suppress bacterial slime formation (Permatananda et al. 2023).
According to (Permatananda et al. 2023), enzymes produced through the fermentation of various plant materials including papaya peel (Carica papaya), soursop peel (Annona muricata L.), neem leaves (Azadirachta indica), lemongrass (Cymbopogon winterianus), black pepper (Piper nigrum), kasturi orange (Citrus microcarpa Bunge), frangipani (Plumeria alba), green leaves of Tabernaemontana divaricata, blackberry (Rubus ulmifolius) and nyamplung (Calophyllum inophyllum) for three months exhibit significant antibacterial properties due to the acidic environment created during fermentation.
Bacteria are broadly classified into two major groups: Gram-positive and Gram-negative bacteria. These groups can be distinguished using the Gram staining technique, where Gram-negative bacteria appear red or pink, while Gram-positive bacteria appear purple when observed under a microscope. Eco enzymes have been reported to suppress the growth of several pathogenic bacteria. These include Escherichia coli, Enterococcus faecalis, Staphylococcus aureus, Propionibacterium acnes, methicillin-resistant Staphylococcus aureus (MRSA), Salmonella paratyphi, Streptococcus pneumoniae strain D39, Pseudomonas sp. and Bacillus sp (Musta et al. 2022).
The inhibitory effect of eco enzymes on bacterial growth is mainly attributed to the presence of bioactive compounds such as flavonoids, which can inhibit nucleic acid synthesis, disrupt cell membrane function, interfere with energy metabolism, and disturb protein transport across the cell membrane (Rahayu et al., 2021). According to (Ramadani et al. 2022), eco enzymes produced by fermenting pineapple (Ananas comosus) for three months under aerobic conditions followed by anaerobic conditions produce secondary metabolites such as tannins, which are phenolic compounds capable of suppressing bacterial growth. The antibacterial effect occurs through the formation of protein–phenolic complexes, which involve non-specific chemical interactions between proteins and phenolic compounds (Nurliana et al., 2019).
The degree of bacterial inhibition depends on the concentration of phenolic compounds. At low concentrations, tannins form weak protein–phenolic bonds that can disrupt the cytoplasmic membrane, leading to cell leakage. At higher concentrations, tannins cause aggregation of cellular proteins, which ultimately leads to lysis of the bacterial cell membrane (Ramadani et al., 2022). Eco enzymes at concentrations of 75% and 100% have been shown to inhibit the growth of bacteria such as Xanthomonas campestris and Bacillus sp.
2. ANTI-FUNGAL PROPERTY
Fusarium oxysporum is an important soil-borne fungal pathogen that causes Fusarium wilt in many horticultural and agricultural crops such as chilli, banana, cucurbits, red gram, and cotton. The disease is caused by different formae speciales of Fusarium oxysporum, including F. oxysporum f. sp. capsici, F. oxysporum f. sp. cubense, F. oxysporum f. sp. cucumerinum, F. oxysporum f. sp. udum and F. oxysporum f. sp. vasinfectum, which infect chilli, banana, cucurbits, red gram, and cotton, respectively.
The pathogenic mechanism of Fusarium oxysporum has been explained by two major theories: the vessel plugging theory and the toxin theory. According to the vessel plugging theory, fungal mycelial growth physically blocks the vascular bundles, thereby preventing the translocation of water and nutrients, which eventually causes the plant to wilt. According to the toxin theory, the fungus produces fusaric acid, a phytotoxic compound that chemically damages the vascular tissues, ultimately leading to plant death.
Eco enzymes contain various enzymes such as lipase, amylase, and protease, as well as secondary metabolites including alkaloids, flavonoids, tannins and saponins, which can suppress microbial growth and therefore have potential applications as natural pesticides. However, some studies have reported that while eco enzyme concentrations of 50% and 100% effectively inhibit bacterial growth in pathogens such as Xanthomonas campestris and Bacillus sp., the same concentrations are not effective in suppressing the growth of Fusarium species (Salsabila, 2023).
Secondary metabolites play a key role in inhibiting fungal growth. Terpenoids can penetrate the fungal cell membrane and damage the mitochondrial cristae, thereby arresting the growth of Fusarium. Similarly, flavonoids have been reported to inhibit fungal growth under in vitro conditions. Interestingly, eco enzymes have shown higher antifungal potential at lower concentrations, such as 1:100 dilution, which can effectively suppress plant diseases caused by fungal pathogens (Mavani et al., 2020).
3. ANTI-OXIDANT PROPERTY
 	Among secondary metabolites, flavonoids possess considerable antioxidant properties (Hi, 2024). Antioxidant compounds generally function by scavenging free radicals, thereby protecting cells from oxidative damage through the formation of stable compounds. Flavonoids can also interact with ferrous ions, forming stable complexes that enhance their antioxidant efficacy (Hi, 2024).
Treatment with 0.5% eco enzyme (EE) has been reported to increase the concentration of flavonoids in turmeric rhizomes. Eco enzymes typically contain high levels of enzymes such as amylase, protease and lipase, which promote plant growth and stimulate the production of secondary metabolites (Hi, 2024). Increased flavonoid production contributes to improved health-related properties, including anticoagulant, anticancer and antioxidant activities, thereby enhancing the therapeutic value of turmeric (Mcfadden et al. 2015).
Eco enzymes also contain iron, which can regulate flavonoid activity through the Nrf2 signaling pathway (Bayele et al., 2015). Quercetin, a type of flavonoid, is known to activate the Nrf2 pathway, promoting the production of antioxidant enzymes. Studies indicate that higher levels of iron may enhance flavonoid activity, showing a positive correlation with antioxidant stability in plants (Fathiah et al., 2024).






TABLE.2: ANALYTICAL PARAMETERS USED FOR CHARACTERIZATION OF ECO-ENZYMES
	S. No.
	Parameter
	Analytical method
	Application
	Reference

	1
	Organic acids (acetic, lactic, citric, malic)
	RP‑HPLC
	Liquid fertilizer, antimicrobial agents, wastewater treatment
	Arun & Sivashanmugam (2015)

	2
	Enzyme activity (lipase, protease, amylase)
	Spectrophotometry
	Industrial waste treatment and sludge degradation
	Arun & Sivashanmugam (2017)

	3
	Secondary metabolites and antimicrobial activity
	Agar diffusion method
	Plant growth promotion and household cleaning agent
	Vama & Cherekar (2020)

	4
	pH, DO, COD, BOD, ammonia, coliform
	Standard water analysis methods
	Drain water purification
	Kumar et al. (2019)

	5
	pH and Brix
	pH meter and refractometer
	Microbial fuel cell substrate
	Dewi et al. (2020)

	6
	pH, temperature, TDS, LAS, DO, BOD
	Standard physicochemical methods
	Detergent removal from water
	Gaspersz & Fitrihidajati (2022)

	7
	Antimicrobial activity
	MIC and MBC assay
	Antimicrobial evaluation
	Mavani et al. (2020)

	8
	Protein, carbohydrate, alcohol and enzyme activity
	Biuret, Anthrone and diffusion methods
	Cleaning agent and organic waste degradation
	Sarabhai & Arya (2019)

	9
	pH
	pH meter
	Purification of contaminated water
	Scanlon et al. (2012)

	10
	Secondary metabolites and antimicrobial activity
	Paper disc diffusion
	Anti‑acne bacterial treatment
	Ramadani et al. (2022)

	11
	pH, COD, TSS, VSS
	Closed reflux spectrophotometry and gravimetric methods
	Industrial sludge degradation
	Wikaningrum et al. (2022)

	12
	Water ions (Ca²⁺, Na⁺, K⁺, NO₃⁻)
	Standard water analysis
	Wastewater treatment
	Wen et al. (2021)

	13
	Organoleptic properties (aroma, colour, volume)
	Qualitative analysis
	Cleaning agent evaluation
	Viza (2022)

	14
	pH and TDS
	pH meter and TDS meter
	Domestic wastewater treatment
	Patel et al. (2021)

	15
	pH, alkalinity, BOD, COD, chlorides
	Standard water analysis
	Dairy wastewater treatment
	Srimathi et al. (2020)

	16
	Lipase activity and total titratable acid
	Titrimetric method
	Organic waste degradation
	Hanifah et al. (2022)



MECHANISM OF ECO‑ENZYME IN PLANT GROWTH PROMOTION
Eco-enzymes promote plant growth through multiple biological and biochemical mechanisms. Firstly, the organic acids produced during fermentation improve nutrient solubility in soil, thereby enhancing the availability of essential nutrients to plants (Abdullah et al., 2023; Rachman et al., 2025). Secondly, enzymes such as amylase, protease and lipase facilitate the breakdown of complex organic compounds into simpler molecules that can be readily absorbed by plant roots (Prakoso et al., 2025; Panataria et al., 2022).
Additionally, eco-enzymes stimulate beneficial microbial communities in the soil. These microorganisms contribute to nutrient cycling, nitrogen mineralization and organic matter decomposition, which collectively improve soil fertility (Madan et al., 2025; Kumar et al., 2025). Bioactive compounds present in eco-enzymes, including phenolic compounds such as flavonoids and tannins, also exhibit antimicrobial properties that suppress harmful plant pathogens (Cindana & Widyaningrum, 2025; Varshini & Gayathrif, 2023). Collectively, these processes improve soil fertility, enhance plant nutrient uptake and support overall plant growth and productivity (Permatasari, 2025; Narang et al., 2024).
EFFECT OF EE IN PLANT GROWTH
	The application of eco enzyme (EE) to plants such as kale at a rate of 50 ml per plant has been reported to increase the number of leaves. However, no significant increase was observed in plant height, leaf length, or root growth (Gustia et al., 2025). In rice (Oryza sativa), the application of EE at 50 days after sowing, significantly improved plant growth. The number of productive tillers increased to 35, compared to 28 tillers in plants without EE application. This improvement is attributed to the enhanced decomposition of organic matter facilitated by EE, which increases nutrient availability in the soil. As a result, higher nitrogen (N) uptake by plant roots leads to increased chlorophyll content in the leaves. Nitrogen is an essential nutrient involved in plant metabolism and protein synthesis and it plays a critical role in promoting plant growth and development (Hasanah et al., 2020).
ADVANTAGES OF EE APPLICATION
	Eco enzymes are fermented liquids produced from fruit and vegetable waste that are environmentally friendly. The analysis of nutrient content from various organic raw materials, such as vegetable and fruit waste, highlights their potential for producing eco-enzyme fertilizers for plants. When applied to soil, eco enzymes can increase nutrient availability, thereby supporting plant growth. Eco enzymes play a significant role in plant development because they not only supply nutrients but also stimulate the production of secondary metabolites, which can help suppress the growth of plant pathogens. In addition, eco enzymes contain considerable amounts of enzymes that can convert nutrients from unavailable forms into forms that are accessible to plants. These include enzymes such as amylase, protease, and lipase, which contribute to the breakdown of organic compounds in the soil. Therefore, eco enzymes perform multiple functions in promoting plant growth and have broad potential applications in sustainable agriculture. 
LIMITATIONS AND CHALLENGES
Despite its potential benefits, eco‑enzyme technology also faces several limitations. One major challenge is the lack of standardized production protocols, which can lead to variations in nutrient composition and enzyme activity. Differences in raw materials, fermentation conditions, and duration can significantly influence the quality of the final product. 
Another limitation is the limited availability of long‑term field studies evaluating the effectiveness of eco‑enzymes under diverse agro‑climatic conditions. In addition, improper fermentation or contamination may reduce product quality or lead to inconsistent results. Further research is therefore necessary to optimize production techniques, improve product stability, and evaluate large‑scale agricultural applications.
FUTURE PROSPECTS
Eco enzyme is increasingly recognized for its potential to reduce reliance on inorganic fertilizers by supplying organic nutrients and promoting plant growth (Sitompul et al., 2021). Several studies have reported that the application of eco enzymes can enhance crop yield while reducing the dependence on chemical inputs, thereby supporting sustainable agricultural practices (Sitompul et al., 2021; Pratiwi et al., 2023). Future research is expected to focus on standardizing production methods to ensure consistent quality, stability, and nutrient composition (Pratiwi et al., 2023). Furthermore, optimizing the fermentation process and selecting appropriate substrate sources may improve both the efficiency and cost-effectiveness of eco enzyme production (Verma et al., 2024). Long-term field studies are also required to evaluate the effects of eco enzymes on the physicochemical and biological properties of soil under different agroclimatic conditions (Nugraha et al., 2022). In addition, integrating eco enzyme production with organic waste management could support a circular economy by converting biodegradable waste into valuable agricultural inputs (Verma et al., 2024). Due to its microbial and enzymatic activity, eco enzyme also shows potential as a bio-stimulant and a natural pest control agent (Lestari et al., 2020). Advances in formulation and storage technologies may further facilitate large-scale production and commercial adoption in organic farming systems (Pratiwi et al., 2023). 
CONCLUSION 
Eco enzyme is considered an effective agricultural input due to its environmentally friendly nature. It enhances soil fertility, which supports better plant growth and development. In addition, the use of eco enzyme can reduce the dependence on synthetic fertilizers and chemical plant growth-promoting rhizobacteria (PGPR). Recent studies suggest that further efforts are required to standardize production methods, enable large-scale production, and conduct comprehensive evaluations to ensure its consistent performance. With continued research and development, eco enzymes have the potential to become a key component of sustainable and organic agricultural practices. 
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