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igh-quality seed is the foundation of productive and sustainable vegetable cropping 

systems. Recent advances in breeding, hybrid seed systems, seed enhancement (priming, 

coatings, nano-enabled treatments), seed health diagnostics, post-harvest processing, storage 

technologies and digital phenotyping have significantly improved seed performance and 

reliability. This review synthesizes the latest developments (2018–2025) in vegetable seed 

production, with emphasis on (1) hybrid seed technologies and breeding tools; (2) seed 

enhancement and delivery systems (priming, coatings, biopriming, nanotechnology); (3) seed 

health management and diagnostics; (4) storage, vigour testing and quality assurance and (5) 

digital tools and scaling challenges. For each section we discuss key mechanisms, 

representative empirical evidence, limitations, biosafety considerations and research 

priorities. Proper implementation of these advances can enhance stand establishment, 

resource-use efficiency and final yield - but multi-environment validation, biosafety 

assessment (especially for nano-technologies) and inclusive seed-systems policies are 

essential for impact at scale. 

Introduction 
Seed quality determines crop establishment, uniformity, and ultimately yield and 

profitability. In vegetable production - where market timing, plant uniformity and rapid 

growth cycles are crucial - seed quality has outsized influence on farm returns (Bist, 2025). 

Over the past two decades, seed science and seed system practice have advanced from basic 

cleaning and drying to sophisticated molecular diagnostics, hybrid seed production systems, 

seed enhancement technologies and digital quality control pipelines (Thakur, 2022; Javed, 

2022). Concurrent advances in genomics and phenotyping have accelerated breeding for seed 

traits, while nanotechnology and bio-based coatings open new delivery platforms for 

protective and growth-promoting agents (Zhao et al., 2023; Shelar et al., 2023). This review 

brings these threads together, focusing on advances relevant to vegetable seed production and 

on evidence from peer-reviewed studies and authoritative reviews. 

Why quality seed matters 
Quality seed is multi-dimensional: genetic purity (varietal identity), physical purity, 

physiological quality (germination percentage, vigour, dormancy status), seed health (absence 
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or low incidence of pathogens) and storage longevity (ISTA standards). Good seed ensures 

even emergence, lowers re-sowing and weed pressure, reduces inputs per unit yield and 

improves crop uniformity - all critical for market-oriented vegetable crops (Pandey, 2024; 

Bist, 2025). Economic analyses repeatedly show that investment in certified high-quality seed 

typically yields returns greater than the premium paid for the seed (Bist, 2025). Given the 

short production windows and specific quality requirements for vegetables, advances in seed 

science that improve germination, vigour and health translate directly into better yields and 

marketability. 

Advances in breeding and hybrid seed technology 
Hybrid seed systems and production platforms 

Hybrid seeds deliver heterosis - increased vigour, early maturity, uniformity and yield 

stability - and are central to many vegetable value chains (e.g., tomato, pepper, 

brinjal/eggplant, cucurbits and onion) (Saddique et al.2025). Successful hybrid seed 

production relies on efficient systems to prevent selfing and ensure outcrossing, such as 

cytoplasmic male sterility (CMS), self-incompatibility mechanisms, chemical hybridizing 

agents (CHAs) or manual emasculation for certain crosses (Wright, 1980). Recent 

innovations include improved maintainer/restorer line management for CMS systems, 

mechanical isolation and pollinator management (timed introduction of bees), and protected-

environment hybrid seed production in screenhouses and greenhouses to reduce 

contamination and disease pressure (Wright, 1980; Saddique et al.2025). These 

improvements reduce seed production costs and improve purity, enabling broader adoption 

by seed companies and farmers. 

 
https://www.researchgate.net/figure/Illustration-of-hybrid-seed-production-through-genome-

edited-method_fig3_373335384 

Genomic selection, marker-assisted selection (MAS) and parental line improvement 

Genomics accelerates development of parental lines with desirable combining ability for 

hybrid programs. Marker-assisted selection (MAS) targets major-effect loci (e.g., disease 

resistance), while genomic selection (GS) uses genome-wide marker prediction to accelerate 

improvement of complex traits such as seed size, vigour and seed longevity (genomic 
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breeding reviews, 2020–2024). In vegetables, GS shortens breeding cycles for parental 

inbreds and improves reliability of hybrid performance across environments (recent genomics 

reviews). Integration of high-throughput phenotyping (seedling vigour platforms, seed traits 

imaging) with genotype data increases prediction accuracy and speeds selection of elite 

parental lines for hybrid seed production. 

Seed production systems: hygiene, harvesting and processing 
Production-site management and isolation 

Seed production demands strict spatial isolation and sanitation to maintain genetic purity and 

minimize seed-borne pathogens. Best practices increasingly use GIS-based site selection to 

avoid sources of cross-pollination and vector-borne contamination, along with physical 

isolation (distance, border rows), temporal isolation (staggered planting) and use of protected 

structures (screenhouses) where appropriate (Wright, 1980). For open-pollinated species and 

cross-pollinated hybrids, insect pollinator management (honeybees, bumblebees) is critical to 

ensure seed set while avoiding pollen contamination from off-types. 

Harvesting, mechanical processing and seed cleaning 

Mechanized harvest and gentle threshing systems minimize mechanical damage to seed that 

shortens viability. State-of-the-art seed processing employs air-screeners, gravity separators, 

aspiration, optical sorters and colour sorters to enhance physical purity and remove inert 

matter and off-type seeds (industry reviews). Post-cleaning, controlled drying and moisture 

equilibration to crop-specific safe moisture content (often 5–8% for vegetable seeds) is 

essential for storage longevity. 

https://www.researchgate.net/figure/Solar-powered-pneumatic-grain-seed-cleaning-

system_fig1_329023617 

Seed enhancement: priming, coatings, biopriming and nano-treatments 

 

Seed enhancement technologies aim to increase germination speed, uniformity, stress 

tolerance and early vigour without altering genotype. 

Seed priming 

Seed priming (controlled hydration then re-drying) accelerates pre-germinative metabolic 

processes, leading to faster and more uniform emergence (Thakur, 2022; Afzal, 2023). 

Methods include hydropriming, osmopriming (PEG or salts), hormonal priming (gibberellins) 

and biopriming (inoculation with beneficial microbes during priming). Vegetable studies 

report consistent germination and vigour gains in tomato, onion, pepper, brassicas and 

cucurbits under stress (salinity, drought, low temperatures) when primed (Thakur, 2022; 

Rawal, 2024). Priming shows strong potential for climate-resilient stand establishment, 

especially under sub-optimal field conditions. 
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Seed coatings and polymer films 

 

Seed coating techniques (film coating, encrusting, pelleting) improve handling, precision 

sowing and can provide micro-delivery systems for nutrients, pesticides or beneficial 

microbes (Javed, 2022; Wang et al., 2025). Recent polymer film coatings act as microhabitats 

enabling adhesion and survival of applied microbes (SynComs) and reduce leaching of 

actives. Film coatings can also regulate water uptake at sowing, potentially improving 

emergence under erratic moisture regimes (Wang et al., 2025). 

https://spcolour.in/products/polymer-manufacturer/ 

Biopriming and microbial delivery: Combining priming with inoculation of plant growth-

promoting microbes (PGPR, Trichoderma, endophytes) - “biopriming” - provides disease 

suppression and growth benefits (Shelar et al., 2023; Afridi et al., 2022). Key challenges are 

achieving consistent establishment of applied microbes; carriers (biochar, polymer matrices) 

and coating microhabitat design significantly improve microbial persistence and early 

colonization of the rhizosphere/endosphere (Wang et al., 2025; Dispenza et al., 2016). 

Nano-enabled seed treatments: Nano-enabled treatments (metal or metal-oxide 

nanoparticles, nanocellulose carriers, polymeric nanoparticles) are emerging as precision 

delivery platforms for nutrients, antimicrobials, or growth regulators at seed scale (Zhao et 

al., 2023; Shelar et al., 2023). Reviews report improved germination, enhanced stress 

tolerance and reduced pathogen incidence in some laboratory and greenhouse studies (Zhao 

et al., 2023; Shelar et al., 2023). Biodegradable nanocarriers (e.g., nanocellulose) and green 

synthesis routes are promising for environmental safety. However, long-term fate, tissue 

accumulation and ecotoxicological risks require comprehensive evaluation before broad 

commercialization (Zhao et al., 2023; Shelar et al., 2023). 

Seed health, diagnostics and non-chemical disinfestation 
Seed-borne pathogens (fungi, bacteria, viruses) threaten crop establishment and can trigger 

epidemics. Advances include: 

Molecular diagnostics and certification 

High-sensitivity molecular assays - qPCR, LAMP, and metagenomic sequencing - enable 

rapid detection of low-incidence pathogens in seed lots, increasing certification reliability and 

reducing risk of disease spread (industry reports; recent reviews). DNA-based varietal 

identification methods also help verify genetic purity and combat counterfeit seed 

(certification literature). 

non-chemical disinfestation and biological control 

Physical treatments (hot water, aerated steam) and biological agents (Trichoderma spp., 

antagonistic Bacillus strains) reduce pathogen loads without chemical residues (Shelar et al., 

2023; research reviews). Integrated seed health approaches combine diagnostic screening, 

targeted biological treatments and seed enhancement (biopriming) to both sanitize and 

improve seed vigour. 
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Seed storage, vigour testing and longevity 
Seed longevity depends on genetic background and storage environment (moisture, 

temperature, oxygen). Advances include hermetic storage, vacuum packs, and controlled 

atmosphere storage for long-term viability (seed-bank and industry protocols). Modern 

vigour testing frameworks go beyond germination counts and include accelerated aging tests, 

controlled deterioration, electrolyte leakage and molecular biomarkers (oxidative damage 

markers) to predict field performance under stress (ISTA guidelines; seed science reviews). 

These tests help seed producers manage lot disposition, optimize storage and advise sowing 

windows. 

Digital tools, phenotyping and traceability 

Digital imaging (RGB, multispectral, hyperspectral) integrated with machine learning enables 

high-throughput phenotyping of seed and seedling traits (size, color, defects, vigour proxies) 

and automated quality sorting (optical sorters) (Su et al., 2023). Edge computing solutions 

permit on-site vigour estimation via mobile apps, accelerating lot release and reducing 

reliance on long germination tests. Traceability systems (QR codes, blockchain pilots) 

provide provenance verification and enhance farmer trust in certified seed. 

Scaling, seed systems and policy considerations 

Technological advances must be embedded in resilient seed systems. Key considerations: 

 Access and affordability: proprietary hybrids and advanced treatments risk putting high-

quality seed out of reach for some smallholders. Public-private partnerships and licensing 

schemes can improve access. 

 Regulation and biosafety: nano-enabled seed treatments and genome-edited varieties 

require clear, harmonized regulatory frameworks and risk assessment protocols. 

 Extension and training: farmers and small seed enterprises need training in handling 

enhanced seeds (primed, coated, nano-treated). 

 Local production capacity: decentralized seed production with robust quality assurance 

can improve access while preserving genetic integrity. 

Economic and policy instruments (subsidies, certification support) can increase adoption 

where private sector reach is limited. 

Challenges, biosafety and research priorities 
Despite strong potential, unresolved issues remain: 

1. Biosafety of nanomaterials: long-term fate and trophic transfer of nanoparticles need 

systematic investigation (Zhao et al., 2023; Shelar et al., 2023). 

2. Environmental stability of microbial inoculants: formulating SynComs that reliably 

establish across soils, climates and cropping systems is a major challenge (Afridi et al., 

2022). 

3. Multi-environment validation: hybrid performance, priming, coating and nano-

treatment benefits must be demonstrated across diverse agroecologies and real farm 

conditions. 

4. Standardization of testing and regulation: standardized protocols for nano-treatment 

evaluation, biopriming efficacy and seed coating residues would expedite safe 

commercialization. 

5. Equitable access: policies ensuring smallholder access to improved seed and enabling 

local seed enterprise development are essential. 

Research priorities include long-term field trials for nano- and bio coatings, robust 

ecotoxicology studies, improved carriers for microbial survival (biochar, polymer 

microenvironments) and socioeconomic studies on adoption pathways. 

Conclusion 
Quality seed remains the most effective single input to improve stand establishment, 

resource-use efficiency and yield in vegetable systems. Advances in hybrid seed systems, 

molecular breeding, seed enhancement (priming, coatings, biopriming and nano-enabled 
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treatments), diagnostics and digital quality-control platforms offer powerful tools to produce 

better seed. However, to deliver impact at scale we need multi-environment validation, robust 

biosafety and regulatory frameworks (especially for nanotechnologies and genome-edited 

seeds) and inclusive seed-systems policies that maintain affordability and access. With 

rigorous science and responsible deployment, modern seed technologies can help farmers 

achieve “quality seed, better yield” in a changing climate. 
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