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AGING STORY OF SEEDS- THE SCIENCE BEHIND SEED DETERIORATION
[bookmark: _Hlk193024821]Abstract 
The aging process possess significant challenge to preserve seed integrity and germination capacity under storage. The aging process triggers substantial changes that impact their quality and longevity of seeds. Accelerated aging is a seed vigour test where short-term exposure to high temperature and humidity induces rapid deterioration. Seeds subjected to artificial aging deteriorate at a faster rate than natural aging. Statistical models, like the viability equation, accurately predict seed viability under various storage conditions. Besides traditional germination tests, various advanced biochemical assays and non-destructive techniques are available to evaluate seed aging. Seed aging is mainly due to the accumulation of ROS, often caused by prolonged or improper storage. The primary locations of ROS generation within cells includes respiratory organelles, lipid metabolism organelles, cell membrane and membrane bound oxidases. Mitochondria are severely impacted during seed aging due to their role in ROS production compared to other cellular organelles. Hormonal regulation govern the degenerative process in seeds prompting senescence followed by seed deterioration. Exposure to microgravity improves the sprouting ability and seedling emergence of degenerated seeds, counteracting aging related effects. Internal antioxidant systems in seeds, consisting of catalyzed and uncatalyzed elements, work to manage oxidative stress levels and prevent oxidative damage. Studying seed storage biology, and the influence of hormones, along with innovative treatments, is crucial. Combined with new treatments and non-invasive methods to predict longevity can improve storage potential for high-quality seeds.
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1.Introduction
[bookmark: _Hlk188995890]Long-term storage of seeds leads to irreversible deterioration, regardless of the storage conditions resulting in decreased germination percentages and lower seedling vigor. Seed senescence represents serious obstacle to agricultural productivity, as it impairs seed viability leads to seed deterioration, leading to substantial monetary loss coupled with genetic erosion (Ratajczak et al., 2019). Accelerated aging method mimics the biochemical and molecular changes that occurs during natural seed aging, allowing for a rapid simulation of the aging process (Rajjou et al., 2008). Due to its complex nature, involving various physiological, biochemical, molecular, and metabolic changes seed aging complicates efforts to understand its causes and to identify a rapid, reliable marker (Kurek et al., 2019). Cell membrane damage incurred during seed aging contributes significant impact on seed deterioration (Khan et al.,2016). Aging process induces significant changes that influence their quality and durability (Tatic et al., 2012). The aging process is delayed in high-vigour seed lots, which possess greater stress tolerance, compared to low-vigour seeds. To improve seed longevity, it's essential to understand the aging process and develop methods to mitigate damage. Seed treatments are a promising strategy in rejuvenating aged seeds by facilitating metabolic processes, antioxidant capacities, and germination percentages (Akbari et al.,2020). The free radical theory of aging suggests that the production and accumulation of ROS is a crucial factor significantly influence the progression of seed aging and age-related disorders (Yin et al.,2016). When seeds are exposed to accelerated aging conditions, it also triggers the production of ROS (Chen et al.,2016).Seed deterioration driven by combination of detrimental effects on functional, molecular, and enzyme related alterations that collectively contribute to the deterioration of seed cells. Mitochondria are key cellular organelles responsible for producing mtROS influencing the seed aging process. Due to its intricate nature, seed aging poses significant challenges which also makes it difficult to find a reliable indicator for assessing its extent. The process of lipid peroxidation is considered a key factor in seed aging resulting in disrupted membrane structure and function and contributes to the decline in seed viability. Findings demonstrate that simulated microgravity treatment of aged pea seeds profoundly promotes aged seed vigor, characterized by facilitating germination performance and seedling establishment parameters (Zhao et al.,2003). This review examines seed aging, including natural and accelerated processes, predictive models, the role of ROS, organelles involved, deterioration patterns, hormonal effects, and the use of microgravity for seed rejuvenation.
2.Fate of aging seeds
Aging encompasses a complex integration of multiple biological networks including molecular, biochemical, physiological, and metabolic systems (Naghisharifi et al.,2024).  Seed deterioration occurs under prolonged storage and inevitably deteriorate over time, even when stored under ideal conditions. Dry aging, representing natural aging and seed bank storage, is carried out by keeping seeds at low relative humidity (<70%) and temperatures between −20 °C and 25 °C (Pirredda et al., 2023). The accelerated aging test subjects seeds to stress conditions—elevated temperature and humidity—for brief periods, causing quick deterioration(Tekrony,2005). Seed aging is the predominant challenge associated with seed storage which can significantly impact seed longevity and physiological performance.Seed senescence has emerged as worldwide concern, accompanied by significant economic implications ultimately impacting the availability of reproductive materials (Kurek et al., 2019). The deteriorative changes in seeds may be directly linked to the aging process, while others may be indirect consequences of initial damage. Disruption of cellular structure is a key factor in seed deterioration leading to adverse effects on seed quality (Chhabra et al., 2019). Seed degradation process is predominantly controlled by external abiotic factors such as thermal influence, atmospheric moisture, and seed moisture level significantly impact the speed of seed deterioration (Rajjou et al., 2008). Seeds exposed to accelerated and natural degenerating processes exhibited initial physiological deterioration, characterized by slower germination progress, delayed radicle emergence, and extended mean germination times (Matthews et al.,2012). The rate of aging varies among individual seeds, lead to differences in seed quality, that can be used to distinguish aged seeds (Veselova et al., 2015).
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                      Fig 1. DETERIORATION DYNAMICS- OUTCOME OF SEED AGING

2.1.Decoding seed life-Natural and accelerated aging
Generally seeds preserved for extended periods within ambient conditions, but this approach has a significant limitation, it takes a considerable amount of time to detect any changes or declines in seed quality and viability. Natural aging is too slow to serve as an effective approach  to evaluate seed vitality thereby hindering its use in crop improvement programs. Seed degradation causes alterations in enzyme activity, and a subsequent decline in seedling growth and vigor (Kumari et al.,2021).
The Accelerated Aging (AA) test mimics the natural seed deterioration process by controlling temperature, humidity, and storage duration, allowing for rapid evaluation of seed viability. Seeds treated with elevated temperatures (40-45°C) and 100% atmospheric moisture for different durations, then evaluated for germination to assess their viability. Exposure to accelerated ageing negatively impacted seed quality, decreasing both germination rates and viability (Kapoor et al., 2011). Artificial aging caused more rapid seed degradation than natural aging (Hu et al.,2023). Seeds with high vigor are more resilient to extreme stress conditions, deteriorating at a slower pace and maintaining higher germination rates after aging, unlike seeds with low vigor (Chan and lassim.,2019). Study revealed that parallel changes between natural and accelerated aging, key time points and events in progressive seed deterioration (Suresh et al.,2019). Aging decreased catalase, SOD, and glutathione peroxidase activity in onion cultivar and landraces (Kamaei et al.,2024)
2.2.Predictive models of Seed aging
Seed aging should be evaluated at the population level, characterized by a decrease in percentage of viable seeds over storage time, following a sigmoidal pattern that can be represented as a straight line on a probit scale (Ellis and Roberts,1980). The line’s gradient is species-dependent and can be modified by storage conditions, which becomes less steep under conditions that slow down seed deterioration.
Ellis and Roberts (1980) formulated an expression, v = Ki - p/σ, to predict seed viability after storage, where seed viability proportion (v) is determined by the initial viability (Ki), the expected seed mortality (p) during storage, and the slope (1/σ) of the viability curve. 
Seed Viability representation log σ = KE - CW log m - CHT - CQT2, to model seed survival under various storage conditions. The equation incorporates species-specific constants (KE, CW, CH, CQ) and factors such as seed moisture content (m) and storage temperature (T) Ellis and Roberts (1980). Research demonstrated the importance of statistical models like the viability equation that can accurately model the impact of storage moisture and temperature on seed viability. The Ellis and Roberts viability model was modified (Ki = Vi – p / 10K – CWT × t × m) to predict seed lot longevity without known initial germination, while a new model (Gi/G₀ = A – P / 10K – CWT × t × m) was developed for seed lots with known initial germination (Zhou et al., 2016).To improve upon the viability equation, mechanistic model that explains the moisture content thresholds and their implications, as well as accounts for variability in seed longevity across population of seeds and individual seed responses has been created.
The thermodynamic status of water in seeds can be readily evaluated by analyzing water sorption isotherms. Models incorporating water properties or biochemical mechanisms can explain the experimentally observed relationships between temperature, moisture content, and seed aging kinetics, including the non-Arrhenius behaviour. Water content and temperature have a dual impact, affecting both the mechanism and velocity of chemical reactions. Advances in the understanding of the glassy state have contributed to the refinement of early water binding and activity models. Applying glassy models new insights into the impact of water on seed degradation and the factors influencing seed quality has been elucidiated. Glass properties are influenced by temperature, and established theory helps explain the effect of water content on glass behavior (Walters et al., 2005). The time scale of seed ageing varies with storage conditions (RH and temperature) and the species.
RH and temperature influence intracellular molecular mobility, which governs the kinetics of ageing reactions.
Arrhenius plots quantified the temperature dependence of seed degradation kinetics (Walters et al., 2004). Slopes of ln(rate) versus 1/T were compared using Excel and R. In a separate setup varying temperature, RNA quality was tracked alongside ageing within the same seed lot. RNA integrity, measured by RIN based on 18S and 25S rRNA, declines linearly over time, complementing germination assays.RIN detects ageing both before viability loss and after all seeds have died.
The similar effect of storage temperature on RIN decline and viability loss suggests molecular mobility in dry seeds governs ageing reactions (Fleming et al., 2019).
2.3.Tools for seed aging evaluation
For assessing seed deterioration in genebanks , germination test  remains the most trustworthy and reliable approach, offering high accuracy and reliability. Traditional germination tests are inadequate for large-scale germplasm conservation as it deplete genetic resources and thereby demands excessive time and labour, and fails to provide critical information on seed deterioration processes (Fu et al.,2015). 
To overcome these limitations non-destructive, affordable, cost-effective, fast, sensitive, and trustworthy methods for assessing seed aging had been developed for seed aging assessment (Kranner et al., 2010; Colville et al., 2012; Dona et al., 2013).New tools has been created to study seed deterioration (Corbineau, 2012). Several techniques exist for assessing seed aging (ISTA.,2005 International Rules for Seed Testing).
Moreover, the assessment process is further supported by a range of complex biochemical tools and modern, non-invasive methodologies. Early findings from storage experiments suggested that the accelerated aging test could be valuable for assessing vigor and field behaviour(Tekrony,2005). Ion leakage was measured using EC which indicates the extent of membrane damage. Cellular membrane damage is a critical aspect of seed decline resulting in the loss of ions and solutes. The ion leakage provides a quantitative measure of membrane disruption of seed enabling rapid and reliable assessment of seed quality without causing damage . Seed scientists often attribute leakage from low-vigor seeds primarily to membrane deterioration, which occurs during both artificial and natural aging(Matthews and Powell,2006)
Biochemical testing methods comprise tetrazolium, enzyme activity, free fatty acid, hydrogen peroxide, X-ray, and related staining or reagent tests(Fu et al., 2015).Biochemical tests offer a valuable alternative when germination tests produce inconsistent results offering a quick and effective assessment. 
Studies have employed isothermal microcalorimetry to forecast seed storage period in Ranunculus sceleratus (Hay et al.,2006). Calorimetric analysis has been used to assess seed deterioration in lettuce (Crane and Walters, 2009). 
3. ROS – Seed degeneration accelerator
Seed degradation is complex biological and dynamic phenomenon characterized by a web of interconnected molecular, biochemical, physiological, and metabolic events. Seed storage is associated with surge of reactive oxygen species (ROS), resulting in oxidative load causing  genetic degradation accompanied by membrane dissociation , affecting the seed survivability and quality (Kurek et al., 2019). According to several consistent research studies, aging process triggers a decline in seed viability, largely resulting from the increasing levels of Reactive oxygen species that accumulate over time. The deterioration of orthodox seeds is due to the imbalance between antioxidant enzyme activity and ROS accumulation, which causes oxidative stress and subsequent cellular damage (Ebone et al., 2019). The metabolic and functional activity of seeds influences the ROS production and accumulation  (Kumar et al.,2015; Foyer et al.,2017). The primary contributors to ROS production in imbibed seeds include cellular organelles like mitochondria and glyoxysomes, along with NADPH oxidases and the membrane system (Kumar et al., 2015). Deterioration process in seeds is largely attributed to lipid peroxidation, with ROS in dry seeds being produced through non-enzymatic mechanisms. The generation of ROS during aerobic metabolism leads to oxidative injury results in the steady breakdown of nucleic acids, structural proteins, membrane lipids, polysaccharides, key metabolites,and disrupting normal cellular functions. Knowledge of the underlying biochemical, physiological and molecular basis of seed ageing are key to designing effective techniques for seed longevity, maintenance, and genetic improvement.
3.1.Deterioration dynamics
Research has revealed that the ageing process in seeds is largely attributed to the buildup of ROS, often resulting from extended or inadequate storage. Reactive oxygen species serve both functions, acting as messengers at low concentrations, but a significant increase in ROS levels trigger oxidative stress to polyunsaturated fatty acids, DNA, and proteins. Research has elucidated two mechanisms of seed deterioration driven by ROS. Through the primary mechanism, ROS produced under deteriorated conditions neutralized by glutathione resulting in an increased EGSSG/2GSH ratio, indicative of oxidative stress (Jeevan kumar et al.,2021). Following the dissociation of the Trx-ASK1 complex, ASK1 initiates a MAPK cascade causing the deterioration of nucleic acids, structural proteins, and nuclear proteins (Chen et al.,2014).
Programmed cell death (PCD) is a core aspect of the second mechanism of seed deterioration which is primarily initiated by the release of calcium from the endoplasmic reticulum (ER) leading to cellular degradation (Jeevan kumar et al.,2021). Protein misfolding along with unfolding in the ER lumen, caused by oxidative stress triggers unfolded protein response (UPR) as a cell based response to restore protein homeostasis. Activation of the UPR leads to the induction of chaperone proteins, which improves protein folding efficiency and reduces stress in the endoplasmic reticulum (Liu et al.,2010).
3.3.Cell organelles contributions to viability loss
3.3.1.Mitochondrial ROS -The Root of Seed Aging
ROS-mediated oxidative damage, involving hydrogen peroxide, hydroxyl radicals, superoxide,  disrupting cell- intrinsic homeostasis by damaging organelle- related membranes (Lberatore et al., 2016) and key cellular components (Kowaltowski et al., 2009; Lismont et al., 2015).  Mitochondrial origin of ROS, primarily through oxidative phosphorylation, suggests that free radical hypothesis of aging can be viewed as a mitochondria- associated redox imbalance hypothesis specifically relevant to seeds of plants.
The activity of the respiratory electron transport chain is a key contributor to mitochondrial ROS generation. Respiratory chain complexes I and III of the ETC are the key source of mtROS synthesis, and in plant life, alternative oxidase (AOX) is essential for reducing ROS production during stress by regulating the mitochondrial ubiquinone pool (Lismont et al., 2015). NADPH oxidase is another enzyme that facilitate the ROS formation, particularly in the time of NADPH conversion to NADP+ (Slimen et al., 2014). ROS build up causes oxidative stress, resulting in cellular dysfunction, including cellular membrane damage, mitochondrial dysfunction, and oxidative degradation of essential biomolecules (Chen et al., 2013). 
Aging seeds exhibit a decline in mitochondrial ASA-GSH cycle potentially contributing to free radical accumulation and mitochondrial dysfunction (Xin et al., 2014; Mao et al., 2018). Alterations in mitochondrial structure may contribute to decreased redox enzyme activity in degenerated seeds. It is essential to establish whether mitochondrial dysfunction contributes to seed aging or if it is a result of the aging process during seed preservation. 
ROS are constantly generated in energy producing organelle, and during seed storage, ROS levels rise, primarily within the mitochondria (Ratajczak et al.,2019; Kurek et al.,2019). Mitochondrial ROS accumulation induce oxidative membrane damage which disrupts oxidative phosphorylation. The mitochondrial antioxidant defense, such as the ASA-GSH cycle, may be inadequate to detoxify excess ROS due to its limited capacity compared to compared to other cellular antioxidant systems. mtROS accumulation leads to oxidative damage to mtDNA, resulting in disrupted synthesis of mitochondrial proteins including Prxs and Trxs, which maintain the mitochondrial redox state (Ratajczak et al.,2019). Consequently, mitochondrial signaling and redox status are altered. 
Ca2+, a secondary messenger, has been implicated as a potential regulator of mitochondrial function, influencing the aging process. Excessive mitochondrial Ca2+ uptake leads to increased inner membrane permeability, causing mitochondrial dysfunction, loss of membrane potential, and initiation of apoptotic signaling (Madreiter-Sokolowski et al., 2019). Studies have shown that morphological dynamics of mitochondria, including shape and network rearrangements, are closely tied to the cell's energetic status. Mitochondrial elongation is induced by oxidative stress, preventing mitochondrial degradation and boosting energy production through enhanced ATP synthesis (Cogliati et al., 2018). The structural alterations in mitochondria induced by ROS generation and dysfunction initiate signaling pathways that modulate gene expression in mitochondria and nuclei, thereby regulating seed aging processes. Mitochondrial damage in stored seeds ultimately contributes to seed aging and reduced germination potential.
3.3.2.Peroxisomal impact in seed viability loss:
Eukaryotic cells contain organelles that play a dual role for both generating and breaking down hydrogen peroxide (H2O2). The role of these organelles extends beyond chemical signalling these organelles acts as a key contributor in regulating the cellular redox stability within cells (Corpas et al.,2001). The participation of peroxisomes serve a vital function in photorespiration, particularly in tissues that undergo photosynthesis (Hu et al., 2012). Unlike other organelles, glyoxysomes in seeds contribute to ROS production by oxidizing lipids. An elevation of MDA content relative to the initial seed state was noted during storage, signifying intensified lipid peroxidation. The results affirmed that MDA can reliably indicate lipid peroxidation levels. After 12 months of conventional storage, soybean seeds exhibited the greatest lipid peroxidation intensity, with a 70% increase compared to the initial state(Tatic et al., 2012). Germination, morphogenesis, and apoptosis all rely on proteolysis to function properly (Prabhu et al.,2024). Oxidative stress triggers increased proteolytic activity in cells  facilitating the removal of ROS-damaged proteins by endopeptidases to maintain cellular integrity.
3.3.3.Ribosome dysfunction in seed aging
A common physiological change during seed aging is the impaired dissociation of ribosomes. This results from factors such as oxidative damage to ribosomal proteins and RNA, as well as alterations in ribosomal protein composition (Kadavala et al.,2023). Oxidative stress can induce fragmentation and cross-linking of ribosomal components, reducing both ribosomal activity and stability. During seed aging, the expression of certain ribosomal protein genes declines, resulting in altered ribosomal composition and reduced ribosomal activity (Ding et al., 2019).

	          Organelles 
	   Role in Seed deterioration
	    References

	        Chloroplasts
	ROS are formed in cells as a by product of light-driven photosynthetic activity
	Li et al., 2022

	        Ribosomes
	Oxidative damage to ribosomal proteins and reduced ribosomal activity
	Ding et al., 2019

	        Mitochondria
	Oxidative phosphorylation–mediated ROS generation
	Ratajczak et al.,2019

	        Glyoxysomes
	Oxidative degradation of lipids contributes to ROS formation
	Li et al., 2022

	        Peroxisomes
	Free radical induced damage
	Zhang et al.,2015



                                     


                                       
                              Table 1: Organelles as drivers for Seed deterioration

3.3.4.Chloroplasts stress-Key to seed aging
Chloroplasts is a predominant source of oxygen derived free radicals (ROS) in cells undergoing photosynthesis. Light-driven reactions in photosystems I and II generate reactive oxygen species in chloroplasts including hydroxyl radicals (OH·),singlet oxygen (1O2) and superoxide(O2·−) (Pospisil, 2009). The superoxide is further transformed to hydrogen peroxide (H2O2) by superoxide radical scavenging enzyme (SOD), specifically Fe-SOD or Cu/Zn-SOD.            
3.3.5.ROS Hotspots: Alternative production sites
The production of ROS in the extra cellular space, mediated by NADPH oxidases (Rbohs), acts as a primary contributor in facilitating seed germination in dicots by inducing initiation of radicle protrusion and  weakening of endosperm tissues through a non-enzymatic mechanism (Sun et al., 2019). The combined action of ascorbate and class III peroxidases (POD III) in the apoplastic system enables the Redox interaction between superoxide and hydrogen peroxide yielding hydroxyl radicals.
Metal-catalyzed Haber-Weiss and Fenton reactions, involving ions such as Fe2+, Cu+, and Mn2+, facilitate the conversion of hydrogen peroxide (H2O2) to hydroxyl radicals (OH.) in different cellular compartments including mitochondria, chloroplasts, and cytoplasm (Pospisil, 2009). Non-enzymatic mechanisms, specifically ROS production, acts as major regulator of seed germination, characterized by elevated O2−, H2O2, and OH− radical levels in the root cap structure and embryonic root, exceeding those in the shoot cap structure of sprouting seeds (Li et al., 2022)
Seeds employ internal antioxidant defense mechanisms, featuring catalytic and uncatalytic elements, to preserve redox homeostasis and prevent damage. The homeostasis of ROS is important for seed pre germination arrest, sprouting ability, and deterioration, influencing seed quality and viability (Li et al., 2022).

4.Hormonal Script of Seed Aging
Plant hormone function as a core element in regulating seed growth, maturity, followed by senescence. Seed aging is hormonally managed, triggering senescence and seed deterioration (Finkelstein et al., 2002). ABA regulates the transcriptional activity of genes associated with dormancy of seed, seed development, and stress responses (Nambara et al., 2005). Seed coat reinforcement by gibberellins provides resistance to seed deterioration (Bueso et al. 2014) .GA1 and GA4 gibberellins enhance seed germination by regulating embryo expansion, endosperm breakdown, and the mobilization of stored energy reserves (Finkelstein et al., 2002). Controlling GA levels through genetic modification or hormone application can accelerate germination and boost seedling growth, providing potential benefits for agricultural productivity and seed technology (Yamaguchi et al., 2002). Elevated ATBH25 expression in Arabidopsis seeds led to enhanced gibberellin production and GIBBERELLIN 3-OXIDASE 2 gene transcription, resulting in improved seed tolerance to accelerated aging (Bueso et al., 2014) Seed longevity is influenced by cytokinins, which regulate cellular processes related to aging, senescence, and stress tolerance mechanisms (Sun et al., 2004). The modulation of quiescent phase of seeds, germination, and longevity by cytokinins involves complex interactions with other hormonal signaling pathways (Kieber et al., 2014). Seed longevity and vigor are enhanced by low cytokinin levels, while high levels lead to accelerated aging and deterioration (Werner et al., 2001). ABA, GA, and cytokinin-regulated pathways coordinate internal and external signals to modulate stress and senescence responses, ultimately impacting seed aging patterns (Bentsink et al., 2008). The delicate balance of ROS levels in seeds is maintained by internal antioxidant mechanisms, which feature enzymatic and non-enzymatic components. This balance is crucial for seed dormancy, germination, and deterioration, ultimately influencing overall seed quality and performance.
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Fig 2. Interplay of hormones during seed aging
[bookmark: _Hlk190202260]Studies have revealed that melatonin treatment has been found to ameliorate aging-related oxidative damage in maize seeds (Su et al., 2018), resulting in improved seed quality, enhanced antioxidant enzyme activity, and altered metabolic profiles. Melatonin treatment evidenced to facilitate initiation of germination and  establishment of seedling, even in the presence of adverse environmental stresses (Mukherjee et al.,2014). Sorghum seeds, both aged and unaged, were primed with 50 ppm GA3 for different time periods (0-12 hours) to investigate the impact of priming duration on seed invigoration. Based on the study, GA3 priming could alleviate the adverse impacts of aging on sorghum seed viability. Treating seeds with ethylene or ethylene-releasing compounds can accelerate germination. Ethylene may enhance germination by disrupting ABA signaling, particularly through suppression of ABI5 gene expression. By modulating hormonal pathways—lowering ABA levels and increasing GA synthesis—ethylene offers a targeted strategy to break dormancy and promote uniform germination (Cui et al., 2025). 
	          Hormones
	    Role in seed aging
	           Reference

	Melatonin
	A 24-hour melatonin pre treatment enhanced the extent of germination in lettuce seeds upon completion of 1 year storage.
Inhibit the natural deterioration of seeds over time 
	Yakupoglu et al.,2021


Garcia-canovas et al.,2024



	Giberellic acid
	Germination of aged sorghum seeds improves with GA₃ application at concentrations between 50 and 75 ppm
	Kamal et al., 2024

	Ethylene
	Applying ethylene externally enhances the germination rate of aged seeds 
	Takayanagi and Harrington., 1971

	Abscisic acid
	ABA take part in controlling genes linked to seed lifespan and aging processes
	Pierreda et al.,2023

	Auxin
	In rice, OsSAUR33 plays a favourable influence on supporting the vigor of aged seeds
	Sun et al.,2025




                                           Table 2: Role of Phytohormones in Seed Aging

5.Microgravity-Induced Aged Seed Revitalization 
To overcome the drawbacks of aged seeds in agriculture, efforts are underway to develop techniques that can revitalize aged seeds to restore seed vigour and promote healthier seedling development.Zhao et al. (2003) investigated microgravity’s role in the activity and physiological responses of aged pea seeds, by applying simulated microgravity in laboratory conditions, providing further support for its positive effects. Exposure to microgravity triggers seed cell activation, restore dormant ones and improve the uptake of growth-related nutrients . Membrane repair sustains membrane-bound enzyme activities, supporting cell growth, which corresponds with the observed stimulatory effects of microgravity on germination rate, vigor index, and germination index. Microgravity treatment led to a notable reduction in seed conductivity suggesting reduced electrolyte leakage. Enhanced SOD and POD activity suggests improved free radical scavenging potentially mitigating membrane damage and electrolyte loss by reducing free radical accumulation.
6.Conclusion
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Seed ageing represents a critical constraint for the agri-food industry and seed sector, to ensure global food security and respond to the increasing need for food. Seed ageing presents a major challenge to storage, gaining  the importance of elucidating the mechanisms responsible for its progression. Among vigour assessment techniques, the accelerated ageing test is well established for predicting seed storability. It offers seed testing laboratories a practical and adaptable approach for assessing seed vigour. Free radical and ROS induced oxidative damage is recognized as the principal driver of seed deterioration, rendering it a key concern in maintaining seed viability during storage. The physiological manifestation of seed ageing involves a progressive reduction in quality parameters, including germination, seedling vigour, and overall plant performance. The review examines mechanisms of seed ageing, including organelle function, ROS, and hormonal regulation, alongside predictive models. To ensure seed quality and prolong viability, it is important to understand the physiological responses of seeds during storage. Continued study of seed aging at genetic and physiological levels is essential to sustainable agriculture, food security, and environmental resilience. Understanding the effects of various treatments and employing prediction tools and aging assessments are essential for improving seed storage life and achieving high-quality seed production.
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