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Efficacy of Mid-storage invigoration treatments on maintenance of seed quality in rice 
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ABSTRACT 
	
The study aimed to evaluate the efficacy of Mid-storage invigoration treatments in maintaining the seed quality of aged rice seeds of variety Jyothi during storage and to identify the most effective eco-friendly treatment for prolonging seed viability. The experiment was conducted at the Department of Seed Science and Technology, College of Agriculture, Kerala Agricultural University, Thrissur, Kerala, over a three-month storage period following five months of initial storage. The study was laid out in a Completely Randomised Design (CRD) with seven treatments and four replications. The seeds were subjected to seven Mid-storage invigoration treatments: control(untreated),hydration-dehydration, neem oil(2 mL/Kg of seeds), neem cake (5 g/Kg of seeds),hydration-dehydration combined with neem oil (2 mL/Kg of seeds),hydration-dehydration combined with neem cake (5 g/ Kg of seeds) and neem oil (2 mL/ Kg of seeds) combined with neem cake( 5 g/Kg of seeds).Key seed quality parameters including germination percentage, mean germination time (MGT), seedling vigour indices (SVI and II), moisture content, and electrical conductivity (EC) were evaluated monthly and data were analysed using ANOVA followed by Duncan’s Multiple Range Test (DMRT).
Significant variations were observed among treatments. The combination of hydration-dehydration with neem oil recorded the highest germination (89.25%) and vigour indices (SVI I: 2159; SVI II: 2083) along with the lowest mean germination time (4.23 days) and electrical conductivity (0.667 dSm-1) indicating improved membrane integrity and metabolic activity. Treatments involving hydration-dehydration alone and neem oil alone also maintained superior seed vigour compared to the untreated control. All treatments maintained safe moisture levels below 12%, reflecting effective storage stability. The results demonstrate that Mid-storage invigoration treatments, particularly the combination of hydration-dehydration and neem oil effectively mitigated deterioration and enhanced vigour of five-month -old seeds. These eco-friendly, low-cost treatments provide a sustainable approach to improving rice seed longevity and storability over a long period of time.
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1. INTRODUCTION 

[bookmark: _Hlk213095916]Rice (Oryza sativa L.) is the staple food for more than half of the global population, with Asia accounting for over 90% of global production. India, as the second-largest rice producer, contributes over 120 million tonnes every year. Both commercial enterprises and smallholder farmers of the nation rely heavily on rice cultivation, making it a keystone of food security and rural livelihoods. The quality of seed used for cultivation plays a pivotal role in determining crop establishment, seedling vigour, and final yield. Maintaining seed quality during the post-harvest storage phase is, thus, essential for sustaining productivity across diverse farming systems.
	Seed storage is a critical component of seed production and crop planning, ensuring a reliable supply of viable seeds for the next planting season. Seed deterioration and physiological ageing of the seeds during storage have consistently represented significant constraints in agricultural and ex-situ conservation systems (Arif et al., 2017).This deterioration is a gradual but inevitable process, leading to reduced germination, delayed emergence, poor seedling growth, and ultimately, lower yield potential.  Factors such as temperature, moisture content, and oxygen availability significantly influence seed longevity (Rajjou & Debeaujon, 2008).  For instance, Prolonged storage leads to the accumulation of toxic metabolites, increased membrane leakage, and oxidative stress, resulting in reduced germination and seedling performance(Abdul‐Baki & Anderson, 1973; Afzal et al., 2019). Consequently, prolonging seed storability without compromising viability and vigour is crucial for sustainable agriculture.
Mid-storage seed invigoration treatments have emerged as a potential solution to maintain seed quality during storage. Mid-storage seed invigoration treatments cause an improvement in the physiological status of the seed, thereby achieving improved germinability, greater storability and better performance than the untreated seeds (Renugadevi et al., 2006). Mid storage seed treatment includes removal of inhibitors and toxic metabolic by-products from the seed, seed germination advancement, reduced moisture uptake by treated seeds and counteraction of lipid peroxidation reactions. Such treatments are particularly valuable in the context of smallholder agriculture due to their affordability, simplicity, and ecological safety. 
	Hydration-dehydration treatment has been widely studied as a mid-storage invigorating  technique. Girija et al. (1996) demonstrated that hydration-dehydration treatment prolonged seed viability in rice varieties Jyothi and Triveni for up to five months, depending on seed quality and storage conditions. Neem-based botanicals such as neemcake and neem oil have been reported to enhance seed storability by preventing fungal growth and insect infestation. Amruta et al., (2015) and Tiwari & Yadav, (2022) confirmed neem oil’s ability to reduce storage pest infestation and maintain seed viability. In 2020, Galappaththi et al., reported priming traditional Srilankan Rice seeds with neem seed extract various duration and strength significantly increased germination percentages and seedling vigour compared to unprimed seeds across all tested varieties. 
	Monicasri et al. (2024) evaluated ten mid-storage treatments in rice and reported that neem oil, hydration-dehydration, and red chilli powder showed the most significant improvements in seed germination, vigour, and electrical conductivity over a five-month period. These findings provide a strong foundation for exploring similar treatments in different rice varieties under Kerala’s storage conditions. Thus, a combination of eco-friendly and simple mid-storage treatments has the potential to address the problem of seed deterioration and offer practical solutions for smallholder farmers.

2. materials and methods 

2.1 Experimental Design

	Seven treatments were applied to five-month-old seeds of the rice variety Jyothi. Seed quality parameters like germination percentage, mean germination time (MGT), Time for 50% germination, seedling vigour index (I), seedling vigour index (II), and electrical conductivity were observed before and after the treatment. To evaluate the metabolic activity, enzymatic activities such as Dehydrogenase, α-Amylase and protease are assessed.  Completely Randomized Design (CRD) was used for the analysis of the seed quality parameters. For every treatment, four replications were examined, with three kilograms of seeds being placed in gunny bags.
 
2.2 Treatment Variables

	Five-month-old Jyothi seeds with an initial germination percentage of 92% were subjected to seven Mid-storage seed invigoration. Seven Mid-storage treatments, namely, Control- untreated seeds (T1), hydration-dehydration (T2), neem oil @ 2mL/kg of seeds (T3), neem cake @ 5g/kg of seeds (T4), hydration-dehydration combined with neem oil @ 2mL/kg of seeds (T5), hydration-dehydration combined with neem cake @ 5g/kg of seeds (T6), neem oil @ 2mL/kg of seeds combined with neem cake @ 5g/kg of seeds (T7) were imposed on these seeds. 

2.3 Environment Variables 

2.3.1 Location and Geography

	The research was conducted in Department of Seed Science and Technology, College of Agriculture, Kerala Agricultural University (KAU), Vellanikkara, Thrissur. The site is located at 22.25 m above mean sea level, and its co-ordinates lie between 10.5452° N and 76.2740° E.  

2.3.2 Climate of the location

The region experiences a hot and humid climate characterized by high temperatures, abundant rainfall during the monsoon season and elevated throughout the year. 

2.4 Seed Quality Analysis

	To evaluate seed quality during seed storage, Mid-storage treatments were applied to seeds of the variety Jyothi. Important metrics such as germination percentage, seed moisture content, seedling vigour Indices I & II, mean germination time, and electrical conductivity were calculated.

2.4.1 Moisture Content

	Seed moisture content was determined using the low constant temperature method outlined by ISTA (1985). Seed samples (5 g each) were taken from each replicate and uniformly placed in glass containers. The weight of each container, including its lid, was recorded before and after adding the seeds. The samples were then dried in a hot air oven at 103 ± 2 °C for at least 17 hours. After drying, the containers were cooled in a desiccator for 30–45 minutes. Once cooled, the weight of the container with its lid and seeds was measured again. The moisture content (%) was calculated using the formula:




Where:
· M1 = Weight of the container with lid
· M2 = Weight of the container with lid and seeds before drying
· M3 = Weight of the container with lid and seeds after drying

2.4.2 Germination percentage

	Germination test was conducted according to the standard protocol by ISTA (1985). Four replicates of 100 seeds were placed in petri-dishes containing moistened filter papers and kept in a germinator at a temperature of 25 °C for two weeks. Observations were recorded daily, and the final count was taken on the 14th day. Germination rate (%) was calculated based on the radicle emergence of at least 2 mm.




2.4.3 Mean germination time (Days)

	Mean germination time (MGT) was determined following the equation described by Ellis and Roberts (1981)

	
Where  represents the number of seeds germinated on the day , and  denotes the number of days elapsed from the start of germination.

2.4.4 Seedling vigour Indices

	Seedling vigour indices (I and II) were calculated based on the germination percentage from the germination test. These indices are reported as whole numbers, as described by Abdul‐Baki & Anderson (1973)






2.4.5 Electrical conductivity (dSm-1)

	Electrical conductivity was estimated using four replicates of five grams of seeds drawn from each treatment. To surface sterilise, seeds were immersed in 0.1% mercuric chloride (HgCl2) for one minute. These seeds were then thoroughly washed several times in distilled water to remove the chemical residues and then soaked in 50 ml of distilled water for 24 hours. The electrical conductivity (EC) of seed leachate collected in a beaker after decanting was measured with  a digital conductivity meter, and the mean value was recorded as deciSiemens per metre (dSm-1).

2.5 Statistical Analysis

	The data collected was subjected to statistical analysis using the General R-shiny based Analysis Platform Empowered by Statistics (GRAPES), a tool developed by Kerala Agricultural University. The seed quality analysis data were specifically analysed using a one-way Analysis of Variance (ANOVA), following a Completely Randomized Design (CRD). To rank the effectiveness of the mid-storage invigoration treatments based on their impact on seed quality parameters, Duncan's Multiple Range Test (DMRT) was applied.

3. results and discussion

	The mid-storage seed invigoration treatments were applied to five-month-old rice (Oryza sativa L.) seeds of variety Jyothi and seed quality parameters were monitored over a 3-month period. Treatments included control (untreated), hydration-dehydration, neem oil (2 mL/kg of seeds), neem cake (5g/kg of seeds), hydration-dehydration in combination with neem oil, hydration-dehydration in combination with neem cake and a combination of neem oil and neem cake. Data were collected at monthly intervals for germination percentage, moisture content, seedling vigour indices I & II (SVI &SVII), mean germination time (MGT), and electrical conductivity (EC).

3.1 Moisture content

	Moisture content remained relatively stable across treatments, with values ranging from 11.0% to 12.5% over the 3-month period. Post invigoration of the seeds, all the treatments involving hydration-dehydration namely hydration-dehydration, hydration-dehydration in combination with neem oil, and hydration-dehydration in combination with neem cake showed slightly higher moisture (11.13%, 11.13%, 11.06%) compared to the control (10.22%). Neem oil combined with neem cake also showed higher moisture content than control. By month 3, all treatments maintained moisture levels below 12.0%, with seeds treated with neem cake exhibiting the lowest (11.2%) versus 11.8% for the control. This stability indicates effective control of hygroscopic changes during storage.

3.2 Germination percentage (%)

	The results on germination percentage of five-month-old rice seeds that were subjected to different mid-storage invigoration treatments are presented in Table 1. Significant differences were observed among the treatments at the 5% level. Immediately following invigoration, all treatments exhibited enhanced germination compared to the initial seed lot (92%). The combined treatment of hydration-dehydration with neem oil recorded the highest germination of 95.50% immediately after the application of treatments, which was statistically on par with hydration-dehydration alone (95.25%). Germination rates declined gradually over the 3 months for all treatments. The untreated control recorded the lowest germination of 85.50%, whereas all Mid-storage treatments showed higher germination values. Among the treatments, hydration–dehydration combined with neem oil recorded the maximum germination of 89.25 %, significantly superior to the control. This was followed closely by hydration–dehydration alone (88.50%) and neem oil treatment (88.00%), both of which maintained high germination percentages. 

Table 1. Effect of Mid-storage seed treatments on germination percentage of five-month-old seeds

	
Treatments
	
Post invigoration
	
1 MAS
	
2 MAS
	
3 MAS

	T1: Control
	92.00c
	89.75c
	87.75c
	85.50d

	T2: Hydration-dehydration
	95.25a
	93.00a
	90.75a
	88.50b

	T3: Neem oil
	94.75a
	92.50a
	90.25a
	88.00b

	T4: Neem cake
	92.75b
	90.25bc
	87.75bc
	86.50c

	T5: Hydration-dehydration + Neem oil
	95.50a
	93.50a
	91.25a
	89.25a

	T6: Hydration-dehydration + Neem cake
	93.00b
	91.25b
	89.00b
	87.00c

	T7: Neem oil + Neem cake
	93.00b
	91.00bc
	88.75bc
	86.75c

	C.D(0.05)
	0.740
	1.219
	1.003
	0.685

	SE(m)
	0.250
	0.412
	0.341
	0.231


* MAS- Months after storage

3.3 Mean germination time (MGT)

	Mean germination time increased over time, indicating slower germination with seed ageing. Previous studies indicates that lower MGT values correlates with better seed vigour. The initial MGT before the treatment was 3.95 days. Post application of the treatments, a combination of hydration-dehydration and neem oil recorded the lowest MGT of 3.22 days, an 18.48% reduction from the initial while the control showed a 1.52% increase from the initial (4.01 days). 
	During the storage, MGT values gradually increased across all treatments. At the end of the 3-month storage, hydration-dehydration in combination with neem oil and hydration-dehydration recorded the lowest MGT (4.23days and 4.28 days respectively) compared to the for the control which exhibited higher mean germination time of 4.45 days. 

3.4 Seedling vigour indices
 
	Seedling vigour indices I&II trends showed results that closely paralleled to that were observed for germination percentage. For seedling vigour index I, hydration-dehydration in combination with neem oil achieved the highest values (2735 at post application of treatments, declining to 2159 at month 3), followed by hydration-dehydration (2717 to 2130). The control fell from 2552 to 1991, a 21.98% reduction.
	Similarly, seedling vigour index II showed superior performance by hydration-dehydration in combination with neem oil, maintain high values consistently throughout the storage period. The hydration-dehydration and neem oil treatments followed closely (2083 and 1962, respectively), while the control recorded the lowest values (1623) at the conclusion of the storage period. These results not only indicate enhanced initial growth but also superior seedling growth characteristics such as increased shoot and root length, and greater dry matter production.


Fig.1 Effect of Mid-storage seed treatment on seedling vigour index I of five-month-old seeds
* MAS- Months after storage

Fig 2 Effect of Mid-storage seed treatment on seedling vigour index II of five-month-old seeds
* MAS- Months after storage
3.6 Electrical conductivity (EC)

	The electrical conductivity test assesses the quantity of electrolytes released by seeds during soaking, which correlates with the condition of cell membranes (Matthews & Powell, 1981.).Seeds of high vigour exhibits minimal electrolyte leakage, consequently conserving metabolic resources essential for successful germination. In contrast, seeds of low vigour display 2-3 times higher electrical conductivity (Colete et al., 2004; Prado et al., 2019).  EC, reflecting membrane integrity, was lowest in hydration-dehydration in combination with neem oil (0.667 dSm⁻¹), followed by hydration-dehydration (0.712 dSm⁻¹) and neem oil (0.742 dSm⁻¹) at the end of the storage period, compared to the control having the highest EC.

3.7 Discussion

[bookmark: _Hlk210729984]	The results demonstrate that mid-storage invigoration treatments effectively mitigate the natural decline in rice seed quality. Treated seeds exhibited enhanced germination, reduced mean germination time, and improved seedling vigour indices were observed compared to untreated control. The treatment hydration-dehydration achieved the highest germination rate (89.25%), seedling vigour indices I&II (2159 and 2083 respectively), and lowest MGT (4.23 days) and EC (0.667 dSm⁻¹), indicating enhanced metabolic efficiency and membrane stability. The findings are consistent with earlier studies indicating that hydration activates repair mechanisms and metabolic processes that occur during water absorption, mitigate the adverse effects of seed aging by resulting in improved germination rates, seedling establishment (Farooq et al., 2008; Galappaththi et al., 2020; Rajsekhar Adhikary & Vivekananda Mandal, 2019). The addition of neem oil enhances these effects by introducing bioactive components with antioxidant and antimicrobial properties, which protect cells against oxidative damage and fungal deterioration((Nahak & Sahu, 2011; Revathi & Thambidurai, 2019). In addition to antimicrobial and antioxidant effects for its allelopathic properties, primarily attributed to limonoids namely, azadirachtin, nimbicin, and salannin. Consequently, higher doses or prolonged exposure, neem compounds can exhibit inhibitory effects on germination due to interference with metabolic activity (Grenzel et al., 2022; Rath et al., 2013).  In the present study, the concentration used was within a non-toxic, stimulatory range, promoting antioxidant activity. This allelopathic stimulation likely contributed to the enhanced vigour indices and reduced EC observed in neem oil and combination treatments. Thus, neem oil’s allelopathic action, when optimized, serves as a beneficial bio stimulant in seed invigoration protocols rather than as a germination inhibitor.
	The synergy between hydration-dehydration and neem oil is evident in the combination treatment’s superior performance, as it maximises germination enhancement by combining physiological repair with biochemical protection. Hydration-dehydration alone and Neem oil alone followed closely, maintaining germination rates of 88.50% and 88.00% respectively, at month 3, outperforming the untreated control with a germination percentage of 85.50%. These treatments also exhibited higher seedling vigour indices and lower EC values, following closely with the combination treatment. Their effectiveness stems from neem oil’s ability to inhibit microbial growth and hydration-dehydration’s capacity to repair cellular damage through controlled imbibition. Moisture content across treatments remained under 12% which is within the safe storage limits. Maintenance of stable moisture is critical to preserve longevity and reduce deterioration during storage (Bewley et al., 2013).

5. CONCLUSION

[bookmark: _Hlk212972346]	The study clearly demonstrates that mid-storage invigoration treatments effectively improved the germination percentage, seedling vigour indices, and maintained stable moisture content within the safe limits in five-month-old seeds. The treatments also exhibited lower electrical conductivity, indicating improved membrane integrity and stability. Among the treatments, hydration-dehydration in combination with neem oil yielded superior results, with hydration and neem oil closely trailing in performance. Eco-friendly treatments like neem oil and its combination with hydration-dehydration offer cost-effective alternatives to chemical methods, promoting farmer adoption for improved field emergence and yield. Future research should explore the scalability of the combination treatment and its performance across diverse rice ecotypes to optimise protocols for wider application.
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