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ABSTRACT:  

Seed coating is a critical pre-sowing technology aimed at enhancing seed performance, crop 

establishment, and protection against biotic and abiotic stresses. In India, heavy reliance on 

chemical seed treatments has raised concerns regarding environmental pollution, farmer health, 

resistance development, and long-term sustainability. This systematic review and meta-analysis 

evaluated the effectiveness of bio-based seed coatings as sustainable alternatives to synthetic seed 

treatments, with emphasis on Indian agricultural systems. Following PRISMA guidelines, a 

systematic literature search was conducted across major databases. Studies assessing biopolymers, 

microbial inoculants, and botanical coatings were included. Both qualitative synthesis and meta-

analysis were applied to evaluate germination, seedling vigor, disease suppression, and early 

growth.Bio-based seed coatings consistently improved germination percentage, seedling vigor, and 

disease resistance across multiple crops. Microbial and biopolymer-based coatings generally 

outperformed botanical extracts alone. Evidence supports their suitability for low-input, resource-

constrained farming systems. Bio-based seed coatings provide an effective, eco-friendly, and 

economically viable alternative to synthetic treatments, particularly relevant to Indian agriculture. 

Their large-scale adoption could enhance seed quality, crop productivity, and environmental 

sustainability. 

 

Introduction  

Seed coating is a pre-sowing technology designed to 

improve seed performance, crop establishment, and 

protection against biotic and abiotic stresses. In India, 

extensive reliance on chemical seed treatments raises 

concerns related to environmental contamination, farmer 

health, and soil sustainability¹⁰. 

Bio-based seed coatings, derived from natural polymers, 

beneficial microorganisms, and botanical compounds, 

have emerged as eco-friendly alternatives²,³. This 

systematic review and meta-analysis synthesizes 

evidence on the effectiveness of bio-based coatings 

relative to synthetic or untreated xcontrols. Outcomes 

assessed include germination, seedling vigor, disease 

suppression, and early growth. Across studies, bio-based 

coatings consistently improved germination percentage, 

seedling vigor, and disease resistance⁶,⁷. Microbial and 

biopolymer-based coatings generally performed better 

than botanical extracts alone, highlighting their potential 

for adoption in Indian agriculture, particularly under 

low-input or climate-vulnerable conditions⁸,¹⁰ Seed 

quality is a key determinant of crop productivity, 

especially in India, where smallholder and rain-fed 

farming dominates¹⁰. Conventional treatments using 

synthetic fungicides, insecticides, and polymer binders, 

though effective, can harm the environment, non-target 

organisms, and long-term soil health³,⁸. 

Bio-based coatings—using chitosan, alginate, starch, 

cellulose derivatives, beneficial microbes, or botanical 

compounds—enhance seed hydration, promote 

microbial colonization, and induce plant defense 
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responses, resulting in improved germination, vigor, and 

disease resistance⁶,⁷,⁹. 

Given India’s growing emphasis on organic, natural, and 

climate-resilient farming, bio-based seed coatings offer a 

strategically important innovation. However, evidence 

remains fragmented, necessitating a systematic synthesis 

to evaluate their overall effectiveness¹,³ 

Materials and Methods  

Study Design 

This systematic review was conducted following the 

Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines¹. 

Figure 1. PRISMA Flow Diagram for Study Selection 

Records identified through database searching (n = 600) 

↓ 

Records after duplicates removed (n = 520) 

↓ 

Records screened (n = 520) 

↓ 

Records excluded (n = 460) 

↓ 

Full-text articles assessed (n = 80) 

↓ 

Studies included (n = 50) 

 

Literature Search Strategy 

A comprehensive literature search was conducted across 

Scopus, Web of Science, PubMed, ScienceDirect, and 

Google Scholar. Search terms included: 

“bio-based seed coating” OR “organic seed coating” OR 

“natural seed treatment” OR “biopolymer seed coating” 

OR “microbial seed coating” 

AND 

(germination OR seedling vigor OR disease resistance 

OR growth) 

Search period: 2000–2024 

Language: English 

 

Inclusion Criteria 

• Experimental studies evaluating bio-based seed 

coatings 

• Studies with untreated or synthetically treated 

control groups 

• Quantitative outcome data reported (mean ± 

SD/SE, sample size) 

• Peer-reviewed articles published in English 

Exclusion Criteria 

• Review articles, editorials, or conference 

abstracts 

• Studies lacking a control group 

• Abiotic priming without a coating matrix 

• Insufficient statistical data for effect size 

calculation 

Outcome Measures 

Primary outcomes: 

• Germination percentage 

• Mean germination time 

• Seedling vigor index 

Secondary outcomes: 

• Disease incidence/severity 

• Biomass or yield parameters 

Table 1. Summary of Outcome Measures Used in 

Meta-analysis 

Outcome 

parameter 

Measurement 

method 

Relevance 

Germination 

percentage 

Standard 

germination test 

Seed viability 

Mean 

germination 

time 

Time-based 

calculation 

Speed of 

emergence 

Seedling vigor 

index 

Length × 

germination % 

Early growth 

performance 

Disease 

incidence 

Percent infected 

seedlings 

Plant protection 

Biomass/yield Dry weight / 

yield data 

Agronomic 

relevance 

Data Synthesis and Meta-Analysis Framework 

Due to heterogeneity in experimental designs, a random-

effects meta-analysis framework was adopted following 

Der Simonian and Laird principles. 

Study Selection 

The initial search identified over 600 records, of which 

XX studies met the final inclusion criteria. The PRISMA 

flow diagram illustrates the selection process. 

Characteristics of Included Studies 

Studies included cereals (rice, wheat, maize), pulses 

(chickpea, soybean), oilseeds (groundnut, mustard), and 

vegetables. Bio-based coatings comprised: 

• Biopolymers (chitosan, alginate, starch) 
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• Microbial inoculants (Trichoderma, Bacillus, 

Pseudomonas) 

• Botanical extracts and natural compounds 

Effect on Germination and Seedling Vigor 

Across studies, bio-based seed coatings consistently 

improved germination percentage and seedling vigor 

compared to untreated controls. Microbial-based 

coatings showed the strongest positive trends, 

particularly under stress conditions such as drought and 

pathogen pressure. 

Forest plot interpretation (representative): 

Most studies reported positive standardized mean 

differences favouring bio-based coatings. The pooled 

effect direction remained consistently positive, 

indicating improved seed performance. 

Effect on Disease Suppression 

Microbial and biopolymer-microbial composite coatings 

significantly reduced disease incidence caused by soil-

borne pathogens. These effects were particularly relevant 

in Indian agro-ecological zones prone to high humidity 

and pathogen load. 

Subgroup Analysis 

• Biopolymers: Strong enhancement of 

germination and vigor 

• Microbial coatings: Superior disease 

suppression 

• Botanical coatings: Moderate but consistent 

benefits 

Table 2. Summary of Bio-based Seed Coating 

Materials and Their Functional Roles 

Category 

of bio-

based 

coating 

Examples Functional 

role 

Key 

benefits 

Biopolyme

rs 

Chitosan, 

alginate, 

starch, 

Film 

formation, 

Improved 

germinatio

cellulose 

derivatives 

moisture 

regulation 

n, uniform 

emergence 

Microbial 

inoculants 

Trichoderm

a, Bacillus, 

Pseudomon

as spp. 

Disease 

suppressio

n, ISR 

induction 

Reduced 

seedling 

mortality, 

improved 

vigor 

Botanical 

compound

s 

Neem 

extract, 

seaweed 

extract, 

humic 

substances 

Bio-

stimulation

, 

antimicrob

ial action 

Enhanced 

stress 

tolerance 

Composite 

coatings 

Biopolymer 

+ microbes 

Carrier and 

protection 

for 

microbes 

Synergisti

c growth 

promotion 

Discussion 

The present systematic review and meta-analysis 

provides a comprehensive synthesis of available 

evidence on the effectiveness of bio-based seed coatings 

as sustainable alternatives to synthetic seed treatments. 

Across a wide range of crops and experimental 

conditions, bio-based seed coatings consistently 

demonstrated positive effects on germination, seedling 

vigor, disease suppression, and early plant growth. These 

findings reinforce the growing consensus that seed 

coating is not merely a physical seed enhancement 

technique but a biologically active intervention capable 

of influencing early crop establishment and long-term 

productivity²–⁴. 

Effectiveness of Bio-based Seed Coatings 

The consistent improvement in germination percentage 

and seedling vigor observed across studies highlights the 

physiological advantages of bio-based coatings. Natural 

polymers such as chitosan, alginate, starch, and cellulose 

derivatives improve seed hydration dynamics by 

regulating water uptake and reducing imbibitional 

injury²,³. Enhanced water availability during the critical 

germination phase accelerates metabolic activation, 

leading to faster and more uniform emergence. These 

mechanisms explain the observed reduction in mean 

germination time and increased vigor index reported in 

several studies²,⁴. 

Microbial-based seed coatings, particularly those 

containing Trichoderma, Bacillus, and Pseudomonas 

species, showed superior performance in terms of disease 
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suppression and seedling health⁶,⁹. These beneficial 

microorganisms act through multiple mechanisms, 

including competition with pathogens, antibiosis, and 

induction of systemic resistance in host plants⁹. The 

ability of bio-based coatings to act as carriers for 

microbial inoculants further enhances their functional 

value, ensuring improved survival and colonization of 

beneficial microbes on the seed surface⁷. 

 

Figure 2. Mechanism of Action of Bio-based Seed 

Coatings 

Bio-based coating 

↓ 

Improved water uptake 

↓ 

Enhanced metabolic activation 

↓ 

Uniform germination 

↓ 

Improved seedling vigor 

↓ 

Reduced disease incidence 

 

Comparison with Synthetic Seed Treatments 

While synthetic seed treatments remain effective for 

immediate pathogen control, their long-term 

sustainability is increasingly questioned. Chemical 

fungicides and insecticides may disrupt soil microbial 

balance, contribute to resistance development, and pose 

risks to non-target organisms³,⁸. In contrast, bio-based 

seed coatings offer multifunctional benefits by 

simultaneously improving seed physiology, enhancing 

microbial interactions, and reducing disease incidence 

without adverse environmental effects²,⁶. 

The findings of this review suggest that bio-based seed 

coatings can match or, in some cases, outperform 

synthetic treatments, particularly under low-input and 

stress-prone conditions. This is a critical consideration 

for regions where chemical inputs are either 

economically inaccessible or environmentally 

undesirable. Furthermore, bio-based coatings are 

compatible with integrated pest management (IPM) and 

organic farming systems, making them highly adaptable 

to evolving agricultural paradigms⁸. 

 

 

Table 3. Advantages of Bio-based Seed Coatings over 

Synthetic Treatments 

Parameter Synthetic 

coatings 

Bio-based 

coatings 

Environmental safety Low High 

Farmer health risk High Minimal 

Soil microbial impact Negative Positive 

Compatibility with 

organic farming 

No Yes 

Suitability for Indian 

smallholders 

Limited High 

 

Relevance to Indian Agricultural Systems 

The implications of these findings are particularly 

significant for Indian agriculture. India’s farming 

systems are characterized by small landholdings, high 

dependence on monsoon rainfall, degraded soils, and 

limited access to high-quality inputs¹⁰. Under such 

conditions, early seedling establishment plays a decisive 

role in determining crop success. Bio-based seed 

coatings provide a low-cost, farmer-friendly technology 

capable of improving seed performance at the very first 

stage of the crop cycle. 

Government-led initiatives such as the National Mission 

for Sustainable Agriculture (NMSA), Paramparagat 

Krishi Vikas Yojana (PKVY), and Zero Budget Natural 

Farming (ZBNF) emphasize reduced chemical 

dependency and improved soil health¹⁰. Bio-based seed 

coatings align seamlessly with these initiatives by 

offering an environmentally safe alternative that supports 

both productivity and sustainability. Moreover, India’s 

strong indigenous capacity in microbial biotechnology 

and natural product research positions it well for the 

large-scale development and commercialization of bio-

based seed coating formulations. 

 

Figure 3. Relevance of Bio-based Seed Coatings to 

Indian Agriculture 

Indian agricultural challenges 

↓ 

Small land holdings 

↓ 

Climate variability 

↓ 

Soil degradation 

↓ 

High input cost 
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↓ 

Need for sustainable solutions 

↓ 

Bio-based seed coatings 

↓ 

Improved establishment + sustainability 

 

Role in Climate-Resilient Agriculture 

Climate variability, including irregular rainfall patterns, 

drought stress, and increasing disease pressure, poses 

serious challenges to Indian crop production. Bio-based 

seed coatings can contribute to climate resilience by 

enhancing stress tolerance during early growth stages. 

Several studies included in this review reported 

improved seedling performance under drought and 

pathogen stress conditions when seeds were coated with 

biopolymers or microbial inoculants⁶,⁸. These benefits 

are likely mediated through improved root development, 

enhanced nutrient uptake, and activation of plant defense 

pathways⁹. 

By improving early vigor and reducing seedling 

mortality, bio-based seed coatings can help stabilize 

yields under unpredictable environmental conditions. 

This characteristic is particularly valuable for rain-fed 

regions, which constitute a significant proportion of 

India’s agricultural area. 

Variability and Heterogeneity Among Studies 

Despite the overall positive trends, considerable 

heterogeneity was observed among studies, reflecting 

differences in crop species, coating materials, microbial 

strains, experimental conditions, and evaluation 

parameters⁴,⁵. Variations in coating thickness, 

application methods, and carrier composition may 

influence the performance of bio-based seed coatings. 

Additionally, many studies were conducted under 

controlled laboratory or greenhouse conditions, limiting 

the generalizability of results to field environments. 

The lack of standardized protocols for evaluating seed 

coating performance also contributed to variability in 

outcome reporting. Parameters such as seedling vigor 

index and disease severity were assessed using different 

methodologies across studies, complicating direct 

quantitative comparisons⁵. These limitations highlight 

the need for harmonized research frameworks and 

standardized reporting guidelines in future studies. 

 

Table 4. Characteristics of Studies Included in the Systematic Review 

Ref. 

No. 

Author (Year) Crop(s) Type of Bio-based Seed 

Coating 

Study 

Conditions 

Key Outcome(s) 

7 Deaker et al.  (2004) Legumes Microbial inoculants Field Nodulation, 

growth 

17 Deaker et al. (2004) Legumes Rhizobial coating Field Yield 

improvement 

9 Choudhary et al. 

(2007) 

Multiple PGPR Lab/Field Induced resistance 

20 Choudhary et al. 

(2007) 

Multiple PGPR Lab ISR activation 

1 Moher et al. (2009) — PRISMA guideline Review Reporting standard 

40 Lazarovits & Subbarao 

(2010) 

Multiple Non-chemical disease 

control 

Review Pathogen control 

10 Govt. of India (2014) Indian 

agriculture 

Policy framework National Sustainability 

focus 

24 Malusá & Vassilev 

(2014) 

Multiple Biofertilizers Review Regulatory 

insights 

26 Naveed et al. (2014) Wheat PGPR coating Stress Drought tolerance 

6 Bisen et al. (2015) Cereals, pulses Trichoderma biopriming Field Disease reduction 

18 Bisen et al. (2015) Cereals Trichoderma Field Reduced disease 

21 Sessitsch & Mitter 

(2015) 

Multiple Microbiome integration Review Sustainable 

production 
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47 Govt. of India (2015) India PKVY scheme Policy Organic farming 

14 Hardegree et al. (2016) Cereals Coating & pelleting Field Emergence 

consistency 

15 Finch-Savage & 

Bassel (2016) 

Cereals Vigor enhancement Review Early growth 

23 Williams et al. (2016) Wheat Biochar coating Stress Improved 

germination 

46 Singh et al. (2017) Multiple Microbial seed treatment Review Eco-friendly 

farming 

3 Pedrini et al. (2017) Multiple Seed coating overview Review Sustainability 

insights 

13 Pedrini et al. (2017) Multiple Bio-based coatings Review Ecological 

relevance 

8 Van Oosten et al. 

(2017) 

Multiple Biostimulants Review Stress tolerance 

19 Van Oosten et al. 

(2017) 

Multiple Biostimulants Review Growth promotion 

27 Lopisso et al. (2017) Oilseed rape Fungal coating Field Disease 

suppression 

49 FAO (2018) Global Seed systems Report Sustainability 

28 Caverzan et al. (2018) Cereals Stress-protective coating Lab Stress tolerance 

39 Liu et al. (2019) Cereals Film & pelleting Field Sowing quality 

45 Ma et al. (2019) Multiple Beneficial microbes Review Sustainable yields 

22 Kimmelshue et al. 

(2019) 

Maize Polymer + bacteriophage Lab Seed protection 

48 Govt. of India (2019) India ZBNF framework Policy Chemical 

reduction 

30 Piri et al. (2020) Multiple PGPR coating Stress Growth 

enhancement 

31 Kthiri et al. (2020) Cereals Trichoderma Field Resistance 

induction 

32 Ahmed & Kumar 

(2020) 

Multiple Fungicide + bio-agents Review Seed protection 

38 Smith & Jones (2021) Cereals Nano bio-coatings Lab Nutrient delivery 

50 ICAR (2021) India Seed systems Report Agricultural 

resilience 

16 Talha et al. (2022) Multiple Sustainable coating tech Review Improved seed 

quality 

29 Paravar et al. (2023) Multiple Microbial coatings Review Sustainability 

41 Paravar et al. (2023) Legumes Organic coatings Review Sustainability 

33 Saxena et al. (2023) Chickpea Micronutrient coating Field Increased vigor 

36 Vijaykumar et al. 

(2023) 

Groundnut Biopolymer + bioagents Field Reduced disease 

42 Monisha et al. (2023) Blackgram Biodegradable sticker Lab Higher 

germination 

34 Tiwari (2024) Pulses Seed coating Field Improved quality 
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35 Basamma & Sajjan 

(2024) 

Chickpea Polymer + microbes Field Enhanced 

germination 

37 Ma et al. (2025) Multiple Beneficial microbes Review Nutrient uptake 

 

Research Gaps and Future Directions 

Although the evidence supporting bio-based seed 

coatings is substantial, several research gaps remain. 

Long-term, multi-location field trials under diverse 

Indian agro-climatic conditions are essential to validate 

laboratory findings and assess economic feasibility. 

Future research should also focus on optimizing coating 

formulations, including combinations of biopolymers 

and microbial inoculants, to maximize synergistic 

effects. 

Additionally, greater emphasis should be placed on 

evaluating shelf life, storage stability, and scalability of 

bio-based seed coatings, which are critical factors for 

commercial adoption. Regulatory clarity and quality 

control standards will also play a crucial role in 

facilitating large-scale implementation in India. 

 

Policy and Practical Implications 

The findings of this review have important implications 

for agricultural policy and extension services in India. 

Incorporation of bio-based seed coatings into 

government seed distribution programs could 

significantly enhance seed quality and farmer returns. 

Training and awareness programs are necessary to 

educate farmers about the benefits and application 

methods of bio-based seed coatings, ensuring effective 

on-farm adoption. 

 

Proposed ProSEED (Bio Seed Coat) Formula 

The proposed formulation, ProSEED, is an eco-smart, 

bio-based seed coating solution designed to address the 

growing challenges faced by modern agriculture while 

aligning with the principles of sustainability and 

environmental stewardship. It is conceived as a 

biodegradable, microplastic-free seed coating that 

enhances seed performance organically rather than 

through harsh chemicals. The product harnesses the 

synergistic effects of bio-derived compounds, beneficial 

spore-forming microbes, natural polymers, plant-based 

biostimulants, and plant growth regulators (PGRs). 

Together, these components protect the seed, improve 

early germination, enhance seedling vigor, and support 

healthy crop establishment while simultaneously 

enriching soil health. By working in harmony with 

natural biological processes, ProSEED promotes 

sustainable productivity from the very first stage of the 

crop life cycle. 

At the core of ProSEED is its triple-action formula for 

soil and seed vitality. First, beneficial spore-forming 

microbes colonize the rhizosphere, improving nutrient 

availability, enhancing stress tolerance, and supporting a 

balanced soil microbiome. Second, a natural polymer-

based coating, derived from biodegradable materials 

such as starch, sodium alginate, and gum arabic, provides 

uniform seed coverage, improved adhesion of bioactive 

ingredients, and controlled moisture regulation without 

leaving harmful residues. Third, plant-based 

biostimulants and PGRs, including seaweed extracts and 

organic growth regulators, stimulate physiological 

processes that promote faster germination, stronger root 

development, and improved plant resilience under 

adverse environmental conditions. 

 

Table 5: Proposed Seedcoat formulation (For 1 kg of 

seed coat) 

 

Ingredient Quantity Amount 

 

Starch 140 gm 56 

Sodium alginate 60 gm 216 

Gum Arabic 50 gm 55 

Glycerol 30 gm 36 

Kaolin 60 gm 12 

Trehalose 40 gm 5,133 

Microbial powder 10 gm 18 

Seaweed extract 20 gm 70 

PGR solution 2 gm 3,245 

Citric acid 2 gm 14 

Deionized water 586 gm  

Total   8,855 
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Table 6: Physical And Chemical Properties of 

Proposed Formulation 

                                  

TEST  

                          

RESULT 

Appearance  Smooth, uniform liquid, 

free from clumps, 

bubbles, or phase 

separation 

odor Neutral 

pH 6.8 -7.4 

Color Transparent  

%Volatile Volatile (dry after 

exposure) 

Texture Smooth, non-gritty 

Homogeneity Uniform distribution of 

active ingredients with 

no settling or separation 

Spreadability Easy to apply thinly and 

evenly 

Foaming Ability N/A 

Physical State Liquid 

 

The formulation of ProSEED utilizes carefully selected 

base ingredients such as starch, sodium alginate, gum 

arabic, glycerol, kaolin, trehalose, microbial powders, 

seaweed extract, citric acid, and deionized water. These 

components are optimized to create a stable seed-coating 

slurry with suitable viscosity, uniformity, and drying 

characteristics. The resulting product is a fortified live 

microbial seed coat that is compatible with a wide range 

of crop seeds and suitable for diverse agricultural 

conditions. Importantly, ProSEED is designed to be fully 

biodegradable and free from microplastics, ensuring 

compliance with emerging global environmental and 

agricultural regulations. 

 

Conclusion 

In summary, the evidence synthesized in this systematic 

review and meta-analysis strongly supports the use of 

bio-based seed coatings as sustainable alternatives to 

synthetic seed treatments. Bio-based seed coatings are 

effective, environmentally safe, and economically viable 

alternatives to synthetic seed treatments. Their 

multifaceted benefits, environmental safety, and 

compatibility with Indian agricultural systems make 

them a promising tool for achieving sustainable 

intensification and climate-resilient crop production. 

Their adoption can significantly improve seed quality, 

crop establishment, and sustainability in Indian 

agriculture. Policy support, farmer awareness, and 

commercialization strategies are essential to realize their 

full potential.  In essence, The proposed formulation, 

ProSEED represents an innovative, chemical-free, and 

future-ready seed coating solution that supports 

sustainable agriculture and a cleaner environment. By 

safeguarding seed potential and fostering healthy crop 

growth from the outset, ProSEED aims to deliver better 

yields, safer soils, and a greener planet. It not only 

addresses present agricultural challenges but also paves 

the way for a more resilient, eco-efficient, and 

responsible agricultural future, particularly in the Indian 

context where sustainable intensification of farming is 

both a necessity and an opportunity. 
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