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Optimising best packaging material for enhancing seed longevity in Bitter Gourd (Momordica charantia L.) Germplasm
Abstract
The present investigation was carried out at the Department of Seed Science and Technology, University of Agricultural Sciences, GKVK, Bangalore, to analyse the effects of storage duration, germplasm and packaging materials on the seed quality of seven distinct bitter gourd (Momordica charantia L.) germplasms over a period of 12 months. Notable differences were identified among the germplasms, types of packaging and their interactions concerning all physiological and biochemical parameters. Germplasm ABTG-08 (G7) and 83-024 (G6) consistently exhibited superior seed quality, characterized by reduced moisture content, enhanced germination rates (>90%), increased seedling vigour and a more pronounced retention of dehydrogenase activity, soluble protein and α-amylase at the conclusion of the storage period. Conversely, 83-026 (G1) demonstrated the least favourable outcomes across the majority of assessed parameters. Among the various packaging materials evaluated, aluminium foil pouche (P3) proved to be the most effective in preserving seed quality by effectively limiting moisture absorption, thus sustaining optimal germination rates (92.84%), vigour, enzyme activity and exhibiting minimal electrical conductivity. Conversely, cloth bags (P1) resulted in the highest accumulation of moisture, diminished germination rates (82.63%), a lower vigour index and increased electrolyte leakage. In conclusion, the combination of germplasm ABTG-08 (G7) and 83-024 (G6) encapsulated within aluminium foil pouche (P3) was ascertained to be the most advantageous for extended storage, thus ensuring superior preservation of seed viability, vigour and biochemical integrity.
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1. Introduction
Research on optimizing packaging materials for seed storage in cucurbits to extend shelf life using different containers has emerged as a critical area of inquiry due to its implications for agricultural productivity, genetic resource conservation and food security (Doijode, 2006; Kumar et al., 2024). The field has evolved from early studies on seed viability under controlled temperature and moisture conditions (Vertucci and Roos, 1993) to recent advances in sustainable packaging technologies, including biodegradable films and nanocomposites. Given that cucurbits such as bitter gourd, muskmelon, cucumber and pumpkin are economically important and highly perishable, improving seed storage methods addresses practical challenges in seed longevity and postharvest quality (Tanpichai et al., 2023). Globally, seed deterioration during storage leads to significant losses, threatening crop yields and farmer livelihoods, especially in tropical and subtropical regions where high humidity and temperature prevail (Njie et al., 2021 and Trail et al., 2022).
Despite various storage approaches, knowledge gaps remain regarding the comparative effectiveness of different container materials and packaging technologies in maintaining seed moisture and preventing deterioration (Bento et al., 2016). Controversies exist over the optimal moisture content and temperature for seed storage, with some advocating ultra-dry storage using desiccants while, others emphasize controlled atmosphere packaging and temperature regulation. Failure to resolve these gaps risks continued seed quality loss, undermining crop establishment and genetic conservation efforts (Walters et al., 2005).
The conceptual framework integrates seed moisture content, storage temperature and packaging material properties as key determinants of seed longevity (Vertucci & Roos, 1993). Moisture equilibrium and barrier characteristics of containers influence seed physiological status and aging kinetics (Walters, 1998). Packaging innovations, including hermetic containers, desiccant use and modified atmosphere films, interact to modulate seed viability during storage (Chen et al., 2025). This framework guides the systematic evaluation of packaging strategies to optimize seed storage outcomes in bitter gourd.
The purpose of this systematic study is to critically assess on packaging materials and container types for bitter gourd seed storage aimed at extending shelf life. It seeks to identify effective packaging material that maintain seed quality under varying environmental conditions, bridging gaps in knowledge about material performance and storage protocols. 
2. Materials and methods
[bookmark: _GoBack]The current investigation executed at the Department of Seed Science and Technology, Gandhi Krishi Vignan Kendra, University of Agricultural Sciences, Bangalore. 
2.1 Plant material
Seven bitter gourd germplasm accessions were sourced from ORBI Seeds International Pvt. Ltd. Bangalore, exhibiting very strong, strong, medium and weak seed dormancy.
2.2 Packaging materials
Packaging materials like cloth bag, super grain bag and aluminium pouch were used to store the seeds (Plate 1 and 2).
2.3 Data collection
 2.3.1 Seed moisture content (%)
	Moisture content of seed sample was determined by gravimetric method by using high constant temperature oven method as per ISTA procedure (Anon., 2025). Two grams of seeds were taken in aluminium containers and kept in a hot air oven maintained at 130 ± 2 ºC for a period of one hour. Then the samples were cooled in desiccators over silica gel for 30 to 45 minutes. The cooled samples were weighed and the seed moisture content was expressed in percentage on wet weight basis using the following formula.

Where,
M1 = Weight of the container + lid (g)
M2 = Weight of the container + lid + seed before drying (g)
M3 = Weight of the container + lid + seed after drying (g)
 2.3.2 Seed germination (%)
Germination test was conducted by between paper (BP) method as per ISTA rules (Anon., 2025) at weekly intervals until the variety reaches 60 % germination as it is the prescribed minimum germination requirement for bitter gourd (Indian Minimum Seed Certification Standards, IMSCS). Hundred seeds each of four replications were placed equidistantly on moist germination paper. The rolled towels were incubated in germination chamber maintained at 25 ± 10 ºC and 90 % relative humidity (RH). On the day of final count (14th day), the number of normal seedlings were counted and percentage germination was computed.
	Seed germination (%) =  
	Number of seeds germinated
	x 100

	
	   Total number of seeds kept for germination
	


2.3.3 Seedling vigour index-I
The seedling vigour index-I was calculated as per the formula suggested by Abdul Baki and Anderson (1973) and expressed as whole number for each treatment by using the formula, 

2.3.4 Electrical conductivity of seed leachate (µScm-1g-1)
The electrical conductivity of seed leachate was determined as per procedure outlined by ISTA (Anon., 2025). Ten seeds were taken randomly in three replications and soaked in 25 ml of distilled water for 18 h at 25 ± 1 C. After incubation, the seed leachate was decanted and the conductivity was measured by Digital Conductivity Meter (Model-D1 9009) and expressed in µScm-1g-1.
2.3.5 Dehydrogenase activity (OD value)
The total dehydrogenase activity of the seeds was estimated as per the method described by Perl et al. (1978). 
2.3.6 Total soluble protein (%)
Total soluble sugar content in the seeds of different germplasm was estimated by the phenol sulphuric acid method as outlined by Lowry et al. (1951).
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Plate 1: Different packaging materials used for enhancing seed longevity during storage
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Plate 2: Bitter gourd germplasm seeds stored in different packaging material
2.3.7 α- amylase activity (µg/g maltose)
The -amylase assay was carried out according to the method of Bernfeld (1955) with slight modification.
2.4 Statistical Analysis
The data of different experiments were statistically analysed for valid inference and interpretation and definite conclusion. The analyses were done following procedures outlined by Sundararaj et al. (1972) adopting “Fisher’s Analysis of Variance Techniques”. Wherever necessary the per cent values were transformed to angular and square-root transformation values before analysis. The critical differences (CD) were calculated at 5 % probability level. The data were tested for statistical significance. If the ‘F’ test is non-significant, it was indicated by the letters NS.
3. Results and discussion
Findings of the present study are shown in Table 1-7 and Figure 1.
3.1 Seed moisture content (%)
The information regarding the seed moisture content as affected by different packaging materials in seven distinct bitter gourd germplasm lines, along with their interactions, are delineated in Table 1. 
A significant variation was noted in the seed moisture content among the seven distinct germplasm throughout the storage period. The highest seed moisture content was recorded at 7.93 % in germplasm ABTG-08 (G7), closely followed by 7.64 % in 83-021 (G5), while the lowest seed moisture content 7.25 % was recorded in 83-013 (G4) at the end of 12th months of storage.
The data regarding moisture content exhibited a significant variation with the type of packaging materials utilized throughout the entire duration of storage, with the exception of the initial month in all the bitter gourd germplasm. Within the context of cloth bags, a linear progression in moisture content was documented, correlating with the extension of the storage period, culminating in a maximum moisture content of 8.82 % for seeds contained within cloth bags (P1) at the conclusion of the 12-month storage duration. Conversely, the minimum moisture content recorded was 6.78 % in aluminum foil pouch (P3), with the super grain bag following closely at 6.98 % at the end of the storage period.

Table 1: Effect of packaging materials on seed moisture content (%) in bitter gourd germplasm during storage
	Treatments
	Storage period (months)

	
	0
	2
	4
	6
	8
	10
	12

	Germplasm

	G1: 83-026
	6.10
	6.19
	6.40
	6.55
	6.75
	6.98
	7.30

	G2: 83-017
	6.59
	6.62
	6.83
	6.98
	7.16
	7.39
	7.61

	G3: ABTG-03
	6.44
	6.53
	6.81
	6.98
	7.15
	7.37
	7.62

	G4: 83-013
	6.10
	6.16
	6.38
	6.54
	6.72
	6.96
	7.25

	G5: 83-021
	6.50
	6.59
	6.79
	6.95
	7.14
	7.37
	7.64

	G6: 83-024
	6.08
	6.19
	6.39
	6.57
	6.76
	7.01
	7.33

	G7: ABTG-08
	6.74
	6.82
	7.04
	7.18
	7.35
	7.65
	7.93

	S.Em±
	0.01
	0.03
	0.02
	0.01
	0.01
	0.01
	0.02

	CD at 5 %
	0.04
	0.08
	0.05
	0.04
	0.03
	0.03
	0.06

	Packaging materials

	P1: Cloth bag
	6.36
	6.48
	7.06
	7.43
	7.89
	8.49
	8.82

	P2: Super grain bag
	6.37
	6.43
	6.49
	6.56
	6.61
	6.69
	6.98

	P3: Aluminium foil pouch
	6.36
	6.40
	6.43
	6.48
	6.51
	6.57
	6.78

	S.Em±
	0.01
	0.02
	0.01
	0.01
	0.01
	0.01
	0.01

	CD at 5 %
	NS
	0.05
	0.03
	0.02
	0.02
	0.02
	0.04

	Interaction

	G1P1
	6.08
	6.23
	6.81
	7.17
	7.64
	8.23
	8.57

	G1P2
	6.11
	6.18
	6.22
	6.31
	6.39
	6.44
	6.83

	G1P3
	6.10
	6.15
	6.16
	6.19
	6.22
	6.27
	6.49

	G2P1
	6.58
	6.66
	7.24
	7.60
	8.07
	8.66
	9.00

	G2P2
	6.59
	6.61
	6.66
	6.71
	6.74
	6.80
	6.98

	G2P3
	6.60
	6.58
	6.58
	6.61
	6.65
	6.71
	6.87

	G3P1
	6.44
	6.57
	7.15
	7.51
	7.98
	8.57
	8.91

	G3P2
	6.45
	6.52
	6.66
	6.76
	6.78
	6.82
	7.08

	G3P3
	6.42
	6.49
	6.61
	6.65
	6.68
	6.73
	6.87

	G4P1
	6.08
	6.20
	6.78
	7.14
	7.61
	8.20
	8.54

	G4P2
	6.10
	6.15
	6.20
	6.28
	6.34
	6.40
	6.73

	G4P3
	6.10
	6.12
	6.15
	6.20
	6.21
	6.27
	6.49

	G5P1
	6.50
	6.63
	7.21
	7.57
	8.04
	8.63
	8.97

	G5P2
	6.48
	6.58
	6.60
	6.66
	6.72
	6.78
	7.08

	G5P3
	6.50
	6.55
	6.57
	6.63
	6.66
	6.71
	6.89

	G6P1
	6.07
	6.23
	6.81
	7.17
	7.64
	8.23
	8.57

	G6P2
	6.09
	6.18
	6.22
	6.33
	6.37
	6.48
	6.78

	G6P3
	6.07
	6.15
	6.15
	6.22
	6.25
	6.32
	6.66

	G7P1
	6.73
	6.86
	7.44
	7.81
	8.27
	8.87
	9.20

	G7P2
	6.75
	6.81
	6.86
	6.89
	6.93
	7.11
	7.40

	G7P3
	6.75
	6.78
	6.81
	6.84
	6.87
	6.96
	7.19

	Mean
	6.36
	6.44
	6.66
	6.82
	7.00
	7.25
	7.53

	S.Em±
	0.03
	0.05
	0.03
	0.02
	0.02
	0.02
	0.04

	CD at 5 %
	NS
	NS
	NS
	0.06
	0.06
	0.05
	0.11

	CV (%)
	0.23
	0.41
	0.25
	0.19
	0.17
	0.05
	0.11




the initial month in all the bitter gourd germplasm. Within the context of cloth bags, a linear progression in moisture content was documented, correlating with the extension of the storage period, culminating in a maximum moisture content of 8.82 % for seeds contained within cloth bags (P1) at the conclusion of the 12-month storage duration. Conversely, the minimum moisture content recorded was 6.78 % in aluminum foil pouch (P3), with the super grain bag following closely at 6.98 % at the end of the storage period.
The interaction between germplasm and various packaging materials exhibited a statistically significant discrepancy in the seed moisture content of bitter gourd germplasm throughout the entirety of the storage duration, except for the initial, second and fourth months of storage. At the end of the storage period, an elevated moisture content of 9.20 % was recorded in germplasm ABTG-08, which was stored in a cloth bag (G7P1). This was subsequently succeeded by germplasm 83-017, which demonstrated a moisture content of 9.00 % during its storage in a cloth bag (G2P1). Conversely, the lowest seed moisture content recorded was 6.49 % in germplasm 83-026 and germplasm 83-013, both of which were stored in aluminum foil pouche (G1P3 and G4P3, respectively) at the termination of the 12-month storage period.
Variability among germplasm concerning seed coat architecture, surface permeability and chemical constituents (such as lipid and protein content) can significantly affect the kinetics and magnitude of moisture absorption. Germplasm characterized by thinner or more permeable seed coats is likely to absorb moisture at a faster rate compared to those exhibiting thicker, less permeable coats. Furthermore, recurrent cycles of diurnal temperature and humidity variations can exacerbate moisture uptake in genotypes that are particularly susceptible. Consequently, variations in genetic constitution, seed morphology, and storage conditions collectively contribute to the documented increase in seed moisture across germplasm over protracted storage durations (Ellis et al., 1985).
The reduced moisture content observed in bitter gourd seeds encased in aluminium foil pouch, as compared to those contained in cloth bag and super grain bag after a 12-month storage period, can be predominantly ascribed to the exceptional barrier characteristics of the packaging material. Aluminium foil pouches are hermetically sealed and exhibit near-impermeability to both water vapour and gases, thereby obstructing the infiltration of external moisture and sustaining a consistent internal environment throughout the duration of storage. Such isolation from ambient humidity is instrumental in preserving the initial low moisture content of the seeds. Conversely, cloth bag, being highly porous, permit unrestricted exchange of moisture with the surrounding atmosphere, culminating in an elevation of seed moisture content during periods of high humidity. Although super grain bag demonstrates superior performance relative to cloth bag, they are semi-permeable and facilitate limited moisture exchange, which leads to moderate increases in seed moisture over time. Therefore, aluminium foil pouch offers a significantly more effective barrier against moisture accumulation, thereby ensuring lower and more stable seed moisture levels, which is essential for the preservation of seed viability during extended storage periods (Ellis et al., 1985; Rao, 2006). 
3.2 Seed germination (%)
The information regarding the germination content as affected by different packaging materials in seven distinct bitter gourd germplasm lines, along with their interactions, are delineated in Table 2 and illustrated in Figure 1.
A significant variation was noted in the germination among the seven distinct germplasm throughout the storage period. During the initial phase of storage, the peak germination percentage was documented at 98.78 % for the germplasm ABTG-08 (G7), succeeded by a germination 98.11 % in germplasm 83-024 (G6). The lowest germination rate of 4.94 % was observed for germplasm 83-026 (G1) as it was possessing strong seed dormancy mechanism. However, due to the seed dormancy was broken naturally during storage, seed germination was recorded 96.46 % in this germplasm from second month onwards. Over the course of the storage duration, a progressive decline in germination was noted across seven bitter gourd germplasm. At the conclusion of the 12-month storage period, the highest germination percentage was recorded at 90.16 % for germplasm 83-024 (G6), closely trailed by a rate of 90.15 % in ABTG-08 (G7), whereas the lowest germination of 87.26 % was observed in germplasm 83-021 (G5).
The empirical data concerning seed germination demonstrated a notable fluctuation contingent upon the type of packaging materials employed throughout the entirety of the storage period, with the sole exceptions occurring during the initial and second months in relation to bitter gourd germplasm. During the initial storage phase, a higher germination rate of 53.97 % was recorded for germplasms preserved in super grain bag (P2), whereas the lowest germination rate of 53.75 % was noted in germplasm contained within aluminium foil pouch. The percentage of germination exhibited an upward trend until the second month of storage, after which a gradual decline was observed until the conclusion of the twelve-month storage period. The apex of germination, quantified at 92.84 %, was identified in seeds that were preserved in aluminium foil pouch (P3) and the minimum germination rate, recorded at 82.63 %, pertained to germplasm stored in cloth bag (P1) after the completion of the twelve-month storage timeframe.
Table 2: Effect of packaging materials on seed germination (%) in bitter gourd germplasm during storage
	Treatments
	Storage period (months)

	
	0
	2
	4
	6
	8
	10
	12

	Germplasm

	G1: 83-026
	4.94 (12.83)
	96.46
	95.76
	94.63
	92.82
	91.04
	89.89

	G2: 83-017
	29.55 (32.93)
	96.40
	94.62
	92.56
	90.89
	89.57
	88.52

	G3: ABTG-03
	33.78 (35.53)
	95.41
	94.72
	92.96
	91.18
	89.85
	88.36

	G4: 83-013
	53.33 (46.91)
	94.52
	93.60
	92.26
	91.04
	89.58
	88.30

	G5: 83-021
	58.29 (49.78)
	93.60
	92.31
	91.00
	89.70
	88.47
	87.26

	G6: 83-024
	98.11 (82.25)
	97.91
	96.60
	94.85
	92.96
	91.66
	90.16

	G7: ABTG-08
	98.78 (83.74)
	98.19
	96.77
	94.93
	92.99
	91.56
	90.15

	S.Em±
	0.38
	1.09
	0.35
	0.36
	0.30
	0.31
	0.29

	CD at 5 %
	1.09
	3.11
	1.00
	1.03
	0.86
	0.89
	0.84

	Packaging materials

	P1: Cloth bag
	53.76 (49.19)
	95.91
	93.76
	90.75
	87.67
	85.21
	82.63

	P2: Super grain bag
	53.97 (49.35)
	96.54
	95.57
	94.36
	93.18
	92.09
	91.37

	P3: Aluminium foil pouch
	53.75 (48.87)
	95.75
	95.40
	94.83
	94.12
	93.44
	92.84

	S.Em±
	0.25
	0.71
	0.23
	0.24
	0.20
	0.20
	0.19

	CD at 5 %
	NS
	NS
	0.65
	0.67
	0.56
	0.58
	0.55

	Interaction

	G1P1
	4.78 (12.61)
	97.67
	94.55
	92.00
	88.67
	85.22
	82.22

	G1P2
	4.89 (12.76)
	95.21
	95.76
	95.00
	93.70
	92.44
	92.55

	G1P3
	5.15 (13.11)
	96.50
	96.98
	96.89
	96.11
	95.45
	94.89

	G2P1
	29.33 (32.79)
	95.42
	93.27
	88.67
	86.11
	83.89
	82.15

	G2P2
	30.11 (33.28)
	97.44
	95.16
	94.00
	92.56
	91.44
	90.56

	G2P3
	29.22 (32.72)
	96.33
	95.43
	95.00
	94.00
	93.37
	92.86

	G3P1
	33.56 (35.39)
	95.68
	94.52
	91.11
	87.78
	85.89
	82.89

	G3P2
	33.67 (35.46)
	95.22
	94.62
	93.33
	92.00
	90.48
	89.74

	G3P3
	34.11 (35.73)
	95.33
	95.02
	94.44
	93.78
	93.18
	92.44

	G4P1
	53.56 (47.04)
	94.00
	92.34
	89.78
	87.22
	84.33
	82.00

	G4P2
	53.00 (46.72)
	96.33
	95.40
	94.33
	93.56
	92.74
	91.67

	G4P3
	53.44 (46.98)
	93.22
	93.06
	92.67
	92.33
	91.67
	91.22

	G5P1
	57.78 (49.47)
	93.08
	90.71
	88.11
	86.00
	84.00
	81.55

	G5P2
	58.66 (49.99)
	95.38
	94.30
	93.44
	92.11
	91.15
	90.40

	G5P3
	58.44 (49.86)
	92.33
	91.93
	91.44
	91.00
	90.26
	89.82

	G6P1
	98.56 (83.30)
	97.67
	95.29
	92.56
	88.89
	86.63
	83.78

	G6P2
	98.33 (82.61)
	98.17
	97.10
	95.67
	94.55
	93.53
	92.70

	G6P3
	97.44 (80.83)
	97.89
	97.41
	96.33
	95.44
	94.81
	94.00

	G7P1
	98.78 (83.70)
	97.84
	95.65
	93.00
	89.00
	86.48
	83.82

	G7P2
	99.11 (84.66)
	98.06
	96.66
	94.78
	93.79
	92.83
	92.00

	G7P3
	98.44 (82.86)
	98.67
	97.98
	97.00
	96.19
	95.37
	94.63

	Mean
	53.83
	96.07
	94.91
	93.33
	91.66
	90.25
	88.95

	S.Em±
	0.66
	1.89
	0.61
	0.62
	0.52
	0.54
	0.51

	CD at 5 %
	NS
	NS
	1.73
	1.78
	1.49
	1.54
	1.45

	CV (%)
	0.71
	1.135
	0.37
	0.39
	0.31
	0.35
	0.33


 *Figures in the parenthesis are arcsine transformed values only for initial month as the difference between the treatments were more
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Fig. 1: Effect of packaging materials on seed germination (%) in bitter gourd germplasm during storage
Legend:
G: Germplasm- G1: 83-026	G2: 83-017	G3: ABTG-03	G4: 83-013	G5: 83-021	G6: 83-024	G7: ABTG-08
P:  Packaging material- P1: Cloth bag		P2: Super grain bag		P3: Aluminium foil pouch

The interaction between germplasm and various packaging materials demonstrated a statistically significant variance in the seed germination rate of bitter gourd germplasm throughout the entire storage period, with the exception of the initial and second months of storage. During the initial storage phase, a notably higher germination rate of 99.11 % was observed in germplasm ABTG-08, which was preserved in a super grain bag (G7P2). Conversely, the least germination rate of 4.78 % was recorded for germplasm 83-026, which was housed in a cloth bag (G1P1). A progressive decline in germination rates was noted from the second month of storage until the conclusion of the storage period. By the end of the storage duration, a superior germination rate of 94.89 % was documented for germplasm 83-026, which was stored in aluminum foil pouch (G1P3). This was closely followed by germplasm ABTG-08, which exhibited a germination rate of 94.63 % during its period of storage in aluminum foil pouch (G7P3). In contrast, the lowest seed germination rate recorded was 81.55 % in germplasm 83-021, which was contained in a cloth bag (G5P1) at the conclusion of the 12-month storage period.
The observed decline in germination over a duration of 12 months across various bitter gourd germplasm can be primarily attributed to the physiological and biochemical degeneration of seeds during their storage, which is affected by a combination of genetic, environmental and storage-associated variables. During the storage phase, seeds experience a natural ageing process, resulting in the gradual disintegration of cellular structures, enzymatic degradation and a compromise in membrane integrity. Such alterations adversely affect essential metabolic mechanisms necessary for successful germination (Bewley et al., 2013). Disparities in germination loss across various germplasm can be ascribed to genetic variations concerning seed coat thickness, composition and the inherent quality of the seeds. Germplasm characterized by thinner seed coats or diminished antioxidant concentrations exhibit a heightened susceptibility to oxidative damage, culminating in accelerated degradation. Moreover, lipid peroxidation, particularly in oleaginous seeds such as those of the bitter gourd, has the potential to inflict additional harm on cellular membranes, thus compromising the capacity for germination. As the process of ageing advances, even subtle variations in seed physiology among different germplasm lines become increasingly evident, resulting in varying degrees of viability loss over time (Copeland and McDonald, 2001).
The elevated seed germination observed in different bitter gourd germplasm encased in aluminium foil pouch, in contrast to those preserved in cloth bag and super grain bag after a 12-month storage duration, can be ascribed to the enhanced protective attributes of aluminium pouch against environmental variables that induce seed degradation. Aluminium foil pouch are hermetically sealed and exhibit impermeability to moisture, oxygen and light, three principal factors that expedite the ageing of seeds. This highly effective barrier functions to preserve a low and stable seed moisture content, which is essential for decelerating the physiological and biochemical deterioration processes inherent in seeds (Ellis et al., 1985). In contrast, cloth bag exhibit porosity that facilitates the unimpeded exchange of moisture and gases with the external environment, rendering the seeds vulnerable to variations in humidity, fungal proliferation and oxidative stress. Super grain bag, while superior to cloth bag, possess a semi-permeable nature that still permits some degree of moisture exchange over time. This phenomenon can result in an elevation of seed moisture content, particularly under conditions of elevated humidity, which consequently stimulates metabolic activity, lipid peroxidation and degradation of membrane integrity, all of which detrimentally influence seed viability and germination (Copeland and McDonald, 2001).
Furthermore, aluminium foil pouch significantly contributes to the maintenance of the biochemical integrity of enzymes, hormones and cellular structures that are essential for optimal germination. Seeds that are preserved in such protective conditions exhibit a decelerated ageing process and effectively sustain their vigour and viability in contrast to those subjected to variable storage environments. Therefore, the application of aluminium foil pouch creates a micro-environment that is favourable for the long-term preservation of seeds, resulting in markedly enhanced germination rate following extended storage (Rao, 2006). 
3.3 Seedling vigour index-I
The information regarding the seedling vigour index-I as affected by different packaging materials in seven distinct bitter gourd germplasm lines, along with their interactions, are delineated in Table 3.
A significant variation was noted in the seedling vigour index-I among the seven distinct germplasm throughout the storage period. During the initial phase of storage, the highest seedling vigour index-I was recorded at 2506 for germplasm 83-024 (G6), with germplasm ABTG-08 (G7) demonstrating a seedling vigour index-II of 2495, closely following behind. In contrast, the lowest seedling vigour index-I was documented at 122 for germplasm 83-026 (G1). Throughout the entirety of the storage period, a consistent decline in seedling vigour index-I was evident among the seven distinct bitter gourd germplasm. At the conclusion of the 12-month storage period, the most significant seedling vigour index-I was noted at 2003 for germplasm 83-024 (G6), with germplasm ABTG-08 (G7) closely trailing at 1973, while the minimum seedling vigour index-I of 1880 was recorded in germplasm 83-021 (G5).
The empirical evidence regarding the seedling vigour index-I exhibited a significant variation, which was contingent upon the nature of the packaging materials utilized throughout the entire storage duration, with the only exceptions occurring during the initial and second month concerning bitter gourd germplasm. In the initial phase of storage, a higher seedling vigour index-I of 1368 was documented for germplasms preserved in super grain pouch (P2), whereas the lowest seedling vigour index-I of 1346 was identified in germplasm stored within aluminium foil pouch (P3). The average seedling vigour index-I exhibited a continuous decline that persisted until the conclusion of the twelve-month storage period. The maximum average seedling vigour index-I, recorded at 2142, was noted in seeds that had been preserved in aluminum foil pouch (P3), while the lowest seedling vigour index-I, registered at 1614, corresponded to germplasm that had been stored in cloth bag (P1) following the completion of the twelve-month storage interval.
The interaction between germplasm and various packaging materials demonstrated a statistically significant variation in the seedling vigour index-I of bitter gourd germplasm throughout the entire storage period, with the exception of the initial, second and fourth month of storage. During the preliminary storage phase, a significantly elevated seedling vigour index-I of 2536 was recorded for germplasm 83-024, which was preserved in a cloth bag (G6P1). Conversely, the lowest seedling vigour index-I of 118 was documented for germplasm 83-026, which was contained in a cloth bag (G1P1). A systematic decline in seedling vigour index was observed from the second month of storage until the conclusion of the storage period. By the end of the storage duration, a higher seedling vigour index-I of 2281 was noted for germplasm 83-024, which had been stored in aluminum foil pouch (G6P3). This was closely followed by germplasm 83-026, which exhibited a seedling vigour index-I of 2213 during its storage in aluminum foil pouch (G1P3). In contrast, the lowest seedling vigour index-I recorded was 1532 in germplasm 83-026, which was stored in a cloth bag (G1P1) at the conclusion of the 12-month storage period.
The diminution of the seedling vigour index-I across a 12-month storage interval in various bitter gourd germplasm is fundamentally attributable to the inherent ageing process and degradation of seeds, which adversely affects both germination potential and seedling growth metrics such as seedling length and biomass. During extended storage period, particularly in environments characterized by elevated relative humidity and temperature, seeds experience physiological and biochemical deterioration, manifested in the loss of membrane integrity, enzyme denaturation, depletion of stored nutritional reserves and the accumulation of reactive oxygen species (ROS). Consequently, even when germination is only moderately impacted, the compromised growth of seedlings significantly contributes to a diminished vigour index-I. Furthermore, variability
Table 3: Effect of packaging materials on seedling vigour index-I (SVI-I) in bitter gourd germplasm during storage
	Treatments
	Storage period (months)

	
	0
	2
	4
	6
	8
	10
	12

	Germplasm

	G1: 83-026
	122
	2388
	2348
	2275
	2152
	2056
	1962

	G2: 83-017
	723
	2356
	2263
	2179
	2065
	1969
	1882

	G3: ABTG-03
	841
	2373
	2316
	2220
	2121
	2015
	1906

	G4: 83-013
	1377
	2438
	2378
	2293
	2188
	2034
	1899

	G5: 83-021
	1446
	2321
	2243
	2172
	2098
	1995
	1880

	G6: 83-024
	2506
	2500
	2431
	2339
	2234
	2117
	2003

	G7: ABTG-08
	2495
	2479
	2416
	2313
	2211
	2097
	1973

	S.Em±
	22.55
	38.99
	13.62
	14.00
	18.68
	18.51
	19.39

	CD at 5 %
	64.37
	111.29
	38.88
	39.97
	53.32
	52.83
	55.35

	Packaging materials

	P1: Cloth bag
	1361
	2402
	2298
	2164
	1995
	1806
	1614

	P2: Super grain bag
	1368
	2435
	2372
	2301
	2213
	2125
	2032

	P3: Aluminium foil pouches
	1346
	2385
	2356
	2303
	2250
	2191
	2142

	S.Em±
	14.76
	25.53
	8.92
	9.17
	12.23
	12.12
	12.70

	CD at 5 %
	NS
	NS
	25.45
	26.17
	34.91
	34.58
	36.23

	Interaction

	G1P1
	118
	2410
	2293
	2136
	1905
	1731
	1532

	G1P2
	122
	2378
	2368
	2332
	2231
	2177
	2143

	G1P3
	127
	2375
	2384
	2357
	2319
	2261
	2213

	G2P1
	707
	2299
	2194
	2061
	1871
	1683
	1587

	G2P2
	740
	2393
	2271
	2211
	2128
	2078
	1983

	G2P3
	721
	2376
	2324
	2264
	2198
	2144
	2077

	G3P1
	831
	2365
	2284
	2133
	1982
	1835
	1640

	G3P2
	855
	2417
	2354
	2274
	2186
	2078
	2004

	G3P3
	837
	2338
	2311
	2254
	2194
	2131
	2074

	G4P1
	1379
	2418
	2314
	2187
	2022
	1807
	1594

	G4P2
	1370
	2489
	2438
	2363
	2273
	2110
	1983

	G4P3
	1380
	2405
	2381
	2328
	2268
	2184
	2120

	G5P1
	1448
	2330
	2198
	2073
	1955
	1781
	1593

	G5P2
	1457
	2372
	2301
	2242
	2154
	2074
	1990

	G5P3
	1432
	2260
	2229
	2202
	2186
	2129
	2056

	G6P1
	2536
	2512
	2413
	2286
	2113
	1899
	1657

	G6P2
	2531
	2526
	2458
	2364
	2280
	2200
	2071

	G6P3
	2451
	2462
	2423
	2368
	2310
	2253
	2281

	G7P1
	2506
	2481
	2389
	2271
	2118
	1902
	1696

	G7P2
	2500
	2473
	2417
	2323
	2240
	2158
	2051

	G7P3
	2477
	2482
	2443
	2347
	2276
	2232
	2170

	Mean
	1358
	2408
	2342
	2256
	2153
	2040
	1929

	S.Em±
	39.06
	67.54
	23.60
	24.26
	32.36
	32.06
	33.59

	CD at 5 %
	NS
	NS
	NS
	69.23
	92.35
	91.50
	95.87

	CV (%)
	1.66
	1.62
	0.58
	0.62
	0.87
	0.91
	1.01



among bitter gourd germplasm is also a contributing factor. Genetic disparities in seed coat permeability, antioxidant capabilities, efficiency of reserve mobilization and structural attributes of the seed influence the extent to which vigour is preserved during storage. Certain genotypes may exhibit greater resilience to ageing, whereas others may demonstrate heightened susceptibility to rapid degradation under identical storage conditions. This culminates in varied rates of SVI-II decline among different germplasm (Copeland and McDonald, 2001).
The elevated seedling vigour index-I observed in bitter gourd seeds encased in aluminium foil pouch, in contrast to those preserved in cloth bag and super grain bag after a 12-month storage period, can predominantly be attributed to the superior preservation of seed quality and vigour afforded by the aluminium packaging. Aluminium pouches exhibit moisture-proof, light-resistant and gas-impermeable properties, thereby establishing a sealed microenvironment that effectively mitigates the primary factors contributing to seed deterioration specifically, moisture absorption, oxidative stress and pathogen encroachment (Ellis et al., 1985). The enhanced safeguarding provided by aluminium foil pouch ensures the maintenance of seed viability (characterized by a high germination rate) and metabolic efficiency, resulting in the emergence of more vigourous and elongated seedlings with superior biomass. This phenomenon culminates in a markedly elevated vigour index when juxtaposed with seeds stored in cloth bag, which are porous and vulnerable to fluctuations in ambient humidity and super grain bag, which possess semi-permeable characteristics and thus provide only limited moisture regulation (Copeland and McDonald, 2001). 
Over time, seeds stored in cloth or super grain bags exhibit an increased propensity for moisture absorption, thereby accelerating ageing processes such as membrane leakage, enzyme deactivation, and reserve depletion. These physiological transformations adversely affect both germination and seedling progression. Conversely, seeds maintained in aluminium pouches undergo a decelerated degradation process, superior retention of enzymatic activity, and enhanced mobilization of stored reserves, all of which significantly contribute to the augmentation of seedling vigor (Rao, 2006). 
3.4 Electrical conductivity of seed leachate (µScm-1g-1)
The information regarding the electrical conductivity as affected by different packaging materials in seven distinct bitter gourd germplasm lines, along with their interactions, are delineated in Table 4.
A notable divergence was observed in the electrical conductivity among the seven distinct germplasm throughout the storage duration. During the preliminary stage of storage, the apex electrical conductivity was registered at 584.81 µScm-1g-1 for germplasm ABTG-08 (G7), with germplasm 83-021 (G5) exhibiting an electrical conductivity of 567.53 µScm-1g-1, closely following in rank. In contrast, the minimal electrical conductivity was recorded at 389.78 µScm-1g-1 for germplasm 83-026 (G1). Throughout the entirety of the storage duration, a consistent escalation in electrical conductivity was apparent among the seven distinct bitter gourd germplasm. At the termination of the 12-month storage period, the elevated electrical conductivity was noted at 744.68 µScm-1g-1 for germplasm 83-021 (G5), with germplasm ABTG-03 (G3) closely trailing at 725.54 µScm-1g-1, while the lowest electrical conductivity of 519.70 µScm-1g-1 was documented in germplasm 83-026 (G1).
The empirical data pertaining to the electrical conductivity displayed a pronounced variability, which was dependent on the characteristics of the packaging materials employed throughout the entire storage period, with the sole exceptions occurring during the first and second month in relation to bitter gourd germplasm. During the initial storage phase, a heightened electrical conductivity of 527.27 µScm-1g-1 was recorded for germplasm maintained in cloth bag (P1), whereas the minimal electrical conductivity of 526.14 µScm-1g-1 was noted in germplasm preserved in aluminium foil pouch (P3). The mean electrical conductivity demonstrated a persistent increase that continued until the termination of the twelve-month storage period. The peak average electrical conductivity, documented at 764.79 µScm-1g-1, was observed in seeds that had been conserved in cloth bag (P1), while the minimal electrical conductivity, noted at 628.28 µScm-1g-1, was associated with germplasm that had been stored in aluminum foil pouche (P3) after the conclusion of the twelve-month storage duration.
The interaction between germplasm and diverse packaging materials exhibited a statistically significant variation in the electrical conductivity of bitter gourd germplasm throughout the entirety of the storage duration, with the exception of the initial, second and fourth month of storage. During the initial storage phase, a markedly elevated electrical conductivity of 585.58 µScm-1g-1 was documented for germplasm ABTG-08, which was preserved within a super grain bag (G7P2). In contrast, the lowest electrical conductivity of 388.11 µScm-1g-1 was recorded for germplasm 83-026, contained within aluminum foil pouch (G1P3). A systematic escalation in electrical conductivity was noted from the commencement of the storage period until its conclusion. By the termination of the storage duration, lowest electrical conductivity of 464.05 µScm-1g-1 was observed for germplasm 83-026, which was stored in aluminum foil pouches (G1P3).  This was closely succeeded by germplasm 83-026, which demonstrated an electrical conductivity of 503.49 µScm-1g-1 during its preservation in
Table 4: Effect of packaging materials on electrical conductivity (µScm-1g-1) in bitter gourd germplasm during storage
	Treatments
	Storage period (months)

	
	0
	2
	4
	6
	8
	10
	12

	Germplasm

	G1: 83-026
	389.78
	390.36
	397.81
	416.76
	448.44
	479.05
	519.70

	G2: 83-017
	559.78
	560.36
	582.29
	616.27
	648.88
	674.63
	696.87

	G3: ABTG-03
	546.29
	546.87
	576.63
	615.24
	647.31
	686.17
	725.54

	G4: 83-013
	488.23
	488.84
	509.94
	539.15
	568.79
	630.27
	661.22

	G5: 83-021
	567.53
	568.19
	586.60
	613.92
	655.40
	699.80
	744.68

	G6: 83-024
	550.45
	551.11
	566.75
	594.22
	633.24
	677.29
	724.28

	G7: ABTG-08
	584.81
	585.47
	610.05
	642.38
	665.51
	701.07
	723.15

	S.Em±
	16.67
	6.67
	7.22
	4.90
	5.97
	5.85
	6.03

	CD at 5 %
	47.57
	19.03
	20.61
	13.99
	17.05
	16.69
	17.21

	Packaging materials

	P1: Cloth bag
	527.27
	527.88
	563.11
	608.64
	652.37
	711.75
	764.79

	P2: Super grain bag
	526.68
	527.29
	543.55
	566.96
	599.14
	630.69
	662.12

	P3: Aluminium foil pouch
	526.14
	526.77
	534.80
	554.95
	577.45
	606.83
	628.28

	S.Em±
	10.91
	4.36
	4.73
	3.21
	3.91
	3.83
	3.95

	CD at 5 %
	NS
	NS
	13.49
	9.16
	11.16
	10.93
	11.26

	Interaction

	G1P1
	389.65
	390.23
	402.15
	430.45
	478.45
	532.31
	591.57

	G1P2
	391.59
	392.17
	398.48
	417.05
	445.38
	468.10
	503.49

	G1P3
	388.11
	388.69
	392.79
	402.79
	421.49
	436.75
	464.05

	G2P1
	562.86
	563.44
	606.98
	665.83
	715.46
	753.95
	786.16

	G2P2
	557.52
	558.10
	572.33
	598.33
	627.16
	647.44
	666.63

	G2P3
	558.97
	559.55
	567.56
	584.64
	604.03
	622.50
	637.81

	G3P1
	548.32
	548.90
	600.47
	660.60
	708.85
	762.68
	816.37

	G3P2
	544.07
	544.65
	570.66
	597.72
	627.16
	666.58
	707.21

	G3P3
	546.49
	547.07
	558.75
	587.40
	605.91
	629.25
	653.05

	G4P1
	485.20
	485.78
	531.38
	580.49
	610.15
	681.22
	727.55

	G4P2
	488.88
	489.46
	499.73
	521.11
	556.22
	601.88
	651.30

	G4P3
	490.62
	491.28
	498.71
	515.84
	540.00
	607.71
	604.82

	G5P1
	571.14
	571.80
	602.08
	640.98
	702.00
	763.72
	823.43

	G5P2
	568.68
	569.34
	589.18
	612.47
	650.40
	695.13
	735.95

	G5P3
	562.78
	563.44
	568.53
	588.30
	613.79
	640.55
	674.65

	G6P1
	548.57
	549.23
	573.20
	613.42
	664.80
	732.79
	795.42

	G6P2
	550.43
	551.09
	565.42
	586.74
	622.89
	649.88
	694.10

	G6P3
	552.35
	553.01
	561.63
	582.49
	612.04
	649.20
	683.34

	G7P1
	585.14
	585.80
	625.49
	668.68
	686.89
	755.61
	813.02

	G7P2
	585.58
	586.24
	609.03
	635.27
	664.79
	685.78
	676.17

	G7P3
	583.70
	584.36
	595.63
	623.19
	644.85
	661.82
	680.25

	Mean
	526.70
	527.31
	547.15
	576.85
	609.65
	649.76
	685.06

	S.Em±
	28.87
	11.55
	12.51
	8.49
	10.35
	10.13
	10.44

	CD at 5 %
	NS
	NS
	NS
	24.24
	29.53
	28.91
	29.80

	CV (%)
	3.16
	1.26
	1.32
	0.85
	0.98
	0.90
	0.88



a super grain bag (G1P2). Conversely, the highest electrical conductivity documented was 823.43 µScm-1g-1 in germplasm 83-021, which was stored in cloth bag (G5P1) at the culmination of the 12-month storage period.
The elevation in electrical conductivity (EC) of seed leachate in bitter gourd germplasm throughout a 12-month storage duration is predominantly a consequence of the degradation of membrane integrity in ageing seeds. This phenomenon can be ascribed to inherent genetic variations in seed composition, the efficacy of antioxidant defense mechanisms and the capacity for storage tolerance. Germplasm characterized by more resilient cellular membranes and augmented antioxidant potential will demonstrate diminished increases in EC over time in comparison to more susceptible lines. As seeds undergo ageing, particularly in suboptimal storage environments, the phospholipid bilayer of the cellular membranes experiences disorganization, resulting in heightened permeability and ion leakage (Bewley et al., 2013). During the ageing process, a multitude of physiological and biochemical transformations transpires, including lipid peroxidation, protein degradation and oxidative stress stemming from the accumulation of reactive oxygen species (ROS). These alterations undermine membrane architecture and functionality, rendering the cellular membranes less selective and more susceptible to electrolyte leakage. Consequently, when these aged seeds are immersed in water for EC assessment, they release elevated concentrations of solutes such as potassium, calcium, magnesium, and organic acids into the solution, culminating in an increased EC measurement (McDonald, 1999).
Aluminium foil pouch are hermetically sealed, impermeable to moisture, gases and light, thereby creating a stable microenvironment characterized by low humidity that markedly decelerates the ageing process. This preservation mechanism aids in the maintenance of cellular membrane structure, thereby diminishing the leakage of electrolytes upon the hydration of seeds during electrical conductivity (EC) assessments. In contrast, cloth bag, which possess porosity and super grain bag, exhibiting semi-permeability, facilitate moisture exchange with the surrounding environment, particularly under conditions of high humidity during storage. Such conditions exacerbate oxidative stress, lipid peroxidation and degradation of enzymes, all of which undermine membrane integrity and culminate in elevated electrolyte leakage (Bewley et al., 2013; Copeland and McDonald, 2001).
Furthermore, aluminium packaging effectively diminishes variations in seed moisture content, thereby obviating the stress cycles that compromise cellular membranes. Consequently, seeds that are stored within aluminium foil pouch exhibit lower electrical conductivity values, which serve as an indicator of enhanced physiological quality and greater storage viability. Therefore, the reduced electrical conductivity serves as a direct indicator of superior preservation of seed vigour and minimized cellular damage attributable to the protective storage conditions afforded by aluminium foil pouch (Rao et al., 2006). 
3.5 Total dehydrogenase activity (A480)
The information regarding total dehydrogenase activity as affected by different packaging materials in seven distinct bitter gourd germplasm lines, along with their interactions, are delineated in Table 5.
A significant variation was detected in the overall dehydrogenase activity among the seven distinct germplasm throughout the duration of storage. During the initial phase of storage, the peak total dehydrogenase activity was recorded at 2.46 for germplasm ABTG-08 (G7), with germplasm 83-024 (G6) demonstrating a total dehydrogenase activity of 2.41, ranking closely behind. Conversely, the lowest total dehydrogenase activity was noted at 1.09 for germplasm 83-026 (G1). Throughout the entire storage duration, a persistent decline in total dehydrogenase activity was evident among the seven distinct bitter gourd germplasm. At the conclusion of the 12-month storage period, the highest total dehydrogenase activity was observed at 2.07 for germplasm ABTG-08 (G7), while germplasm 83-024 (G6) closely followed with a value of 2.01, and the minimum total dehydrogenase activity of 0.72 was recorded in germplasm 83-026 (G1).
The empirical data regarding the overall dehydrogenase activity displayed a noteworthy fluctuation, which was dependent on the characteristics of the packaging materials employed throughout the entire storage period, with the sole exceptions manifesting during the initial and subsequent months in relation to bitter gourd germplasm. In the preliminary stage of storage, an elevated total dehydrogenase activity of 1.86 was recorded for germplasm maintained in super grain bag and aluminum foil pouch (P1 and P3), whereas the minimal total dehydrogenase activity of 1.84 was observed in germplasm conserved within cloth bag (P1). The mean total dehydrogenase activity demonstrated a persistent decrease that continued until the termination of the twelve-month storage interval. The highest average total dehydrogenase activity, noted at 1.52, was observed in seeds that had been maintained in aluminum foil pouch (P3), while the lowest total dehydrogenase activity, documented at 1.36, was associated with germplasm that had been stored in cloth bag (P1) subsequent to the conclusion of the twelve-month storage period.
The interaction between germplasm and diverse packaging materials exhibited a statistically significant variation in the overall dehydrogenase activity of bitter gourd germplasm throughout the entire duration of storage, with the exception of the initial, second,

Table 5: Effect of packaging materials on total dehydrogenase activity (A480) in bitter gourd germplasm during storage
	Treatments
	Storage period (months)

	
	0
	2
	4
	6
	8
	10
	12

	Germplasm

	G1: 83-026
	1.09
	1.06
	1.02
	0.97
	0.89
	0.80
	0.72

	G2: 83-017
	1.63
	1.60
	1.56
	1.50
	1.42
	1.32
	1.23

	G3: ABTG-03
	1.53
	1.50
	1.46
	1.39
	1.31
	1.21
	1.13

	G4: 83-013
	1.88
	1.85
	1.81
	1.75
	1.62
	1.53
	1.44

	G5: 83-021
	1.97
	1.94
	1.89
	1.83
	1.75
	1.66
	1.58

	G6: 83-024
	2.41
	2.38
	2.33
	2.27
	2.20
	2.10
	2.01

	G7: ABTG-08
	2.46
	2.43
	2.38
	2.32
	2.24
	2.15
	2.07

	S.Em±
	0.02
	0.02
	0.02
	0.01
	0.01
	0.01
	0.01

	CD at 5 %
	0.05
	0.05
	0.05
	0.02
	0.03
	0.03
	0.03

	Packaging materials

	P1: Cloth bag
	1.84
	1.81
	1.74
	1.66
	1.57
	1.46
	1.36

	P2: Super grain bag
	1.86
	1.83
	1.78
	1.73
	1.65
	1.56
	1.48

	P3: Aluminium foil pouch
	1.86
	1.83
	1.80
	1.77
	1.68
	1.60
	1.52

	S.Em±
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01

	CD at 5 %
	NS
	NS
	0.03
	0.01
	0.02
	0.02
	0.02

	Interaction

	G1P1
	1.08
	1.05
	0.99
	0.92
	0.83
	0.73
	0.65

	G1P2
	1.09
	1.06
	1.03
	0.98
	0.90
	0.81
	0.74

	G1P3
	1.09
	1.06
	1.04
	1.00
	0.93
	0.85
	0.78

	G2P1
	1.59
	1.56
	1.50
	1.42
	1.33
	1.21
	1.12

	G2P2
	1.66
	1.63
	1.59
	1.52
	1.44
	1.35
	1.27

	G2P3
	1.64
	1.61
	1.59
	1.54
	1.47
	1.39
	1.31

	G3P1
	1.50
	1.47
	1.41
	1.32
	1.24
	1.09
	1.01

	G3P2
	1.54
	1.51
	1.47
	1.40
	1.32
	1.23
	1.15

	G3P3
	1.54
	1.51
	1.49
	1.45
	1.37
	1.29
	1.22

	G4P1
	1.87
	1.84
	1.79
	1.70
	1.61
	1.49
	1.39

	G4P2
	1.87
	1.84
	1.79
	1.73
	1.65
	1.56
	1.48

	G4P3
	1.91
	1.88
	1.85
	1.81
	1.61
	1.53
	1.46

	G5P1
	1.95
	1.93
	1.85
	1.76
	1.67
	1.56
	1.47

	G5P2
	1.97
	1.94
	1.88
	1.85
	1.77
	1.67
	1.59

	G5P3
	1.99
	1.96
	1.93
	1.89
	1.82
	1.73
	1.66

	G6P1
	2.41
	2.39
	2.32
	2.24
	2.16
	2.04
	1.93

	G6P2
	2.42
	2.39
	2.33
	2.27
	2.19
	2.11
	2.02

	G6P3
	2.40
	2.37
	2.34
	2.31
	2.24
	2.16
	2.08

	G7P1
	2.45
	2.43
	2.35
	2.27
	2.17
	2.08
	1.97

	G7P2
	2.47
	2.44
	2.39
	2.33
	2.26
	2.17
	2.09

	G7P3
	2.45
	2.42
	2.40
	2.36
	2.29
	2.21
	2.14

	Mean
	1.85
	1.82
	1.78
	1.72
	1.63
	1.54
	1.45

	S.Em±
	0.03
	0.03
	0.03
	0.01
	0.02
	0.02
	0.02

	CD at 5 %
	NS
	NS
	NS
	0.03
	0.05
	0.05
	0.05

	CV (%)
	0.93
	0.87
	0.92
	0.40
	0.65
	0.68
	0.73


and fourth months. During the preliminary phase of storage, a markedly elevated total dehydrogenase activity of 2.47 was documented for germplasm ABTG-08, which was preserved in a super grain bag (G7P2). Conversely, the lowest total dehydrogenase activity of 1.08 was recorded for germplasm 83-026, which was housed in a cloth bag (G1P1). A systematic reduction in total dehydrogenase activity was observed from the onset of storage until the conclusion of the storage period. At the termination of the storage duration, a higher total dehydrogenase activity of 2.14 was noted for germplasm ABTG-08, which had been preserved in aluminum foil pouch (G7P3). This finding was closely succeeded by germplasm ABTG-08, which demonstrated a total dehydrogenase activity of 2.09 during its storage in a super grain bag (G7P2). In sharp contrast, the lowest total dehydrogenase activity recorded was 0.65 in germplasm 83-026, which was maintained in a cloth bag (G1P1) at the conclusion of the twelve-month storage period.
Variability observed among distinct bitter gourd germplasm concerning the rate of decline in dehydrogenase activity can be ascribed to genetic disparities in seed composition, antioxidant defensive capacity and initial seed quality. Certain germplasm lines may exhibit more robust defensive mechanisms or more stable enzymatic systems, thereby enabling them to sustain activity for prolonged durations during storage, whereas others demonstrate heightened sensitivity to storage-induced stress. The ageing process culminates in the accumulation of reactive oxygen species (ROS), which inflict oxidative damage upon proteins, lipids and nucleic acids. This damage impairs mitochondrial function, the locus of concentrated dehydrogenase activity, consequently diminishing the seed's ability to generate adenosine triphosphate (ATP) and initiate the germination process. Furthermore, the denaturation and subsequent degradation of dehydrogenase enzymes during storage further attenuate their catalytic efficiency (Bewley et al., 2013).
Aluminium foil pouch are characterized by hermetic sealing, moisture resistance and impermeability to both oxygen and light, thereby inhibiting oxidative stress, moisture absorption, and fluctuations in temperature, factors universally recognized for their capacity to hasten seed deterioration. This stable microenvironment effectively sustains membrane integrity, averts enzyme denaturation and curtails the accumulation of reactive oxygen species (ROS) that progressively damage dehydrogenase enzymes over time (McDonald, 1999).
Conversely, cloth bag facilitates unimpeded exchange of moisture and air with the surrounding environment, culminating in moisture absorption, lipid peroxidation and enzymatic degradation. While, super grain bag exhibits semi-permeability and demonstrate an improvement over cloth, they nonetheless allow a certain degree of moisture ingress over time. Seeds conserved under such conditions exhibit an increased susceptibility to age-related metabolic decline, resulting in diminished dehydrogenase activity.
Consequently, the enhanced dehydrogenase activity identified in seeds preserved within aluminium foil pouch serves as an indicator of superior mitochondrial function preservation, augmented antioxidant defense and a decelerated rate of enzyme degradation, all of which collectively contribute to the maintenance of seed vigour and metabolic activity during prolonged storage (Rao et al., 2006).
3.6 Total soluble proteins (g/g dry weight)
The data pertaining to the total soluble protein as influenced by various packaging materials across seven unique bitter gourd germplasm lines, as well as their interactions, are comprehensively illustrated in Table 6.
A notable disparity was observed in the cumulative soluble protein content among the seven unique germplasm throughout the storage period. At the onset of storage, the apex of total soluble protein was documented at 352.99 g/g for germplasm 83-024 (G6), with germplasm ABTG-08 (G7) exhibiting a total soluble protein of 347.68 g/g, thereby securing a position in close proximity. In contrast, the minimal total soluble protein was recorded at 264.71 g/g for germplasm 83-026 (G1). Across the entirety of the storage duration, a consistent reduction in total soluble protein was apparent among the seven distinct bitter gourd germplasm. At the termination of the 12-month storage interval, the highest total soluble protein was noted at 306.77 g/g for germplasm 83-024 (G6), while germplasm ABTG-08 (G7) followed closely with a measurement of 300.59 g/g, and the lowest total soluble protein of 221.84 g/g was documented in germplasm 83-026 (G1).
The empirical evidence pertaining to the total soluble protein exhibited a significant variability, which was contingent upon the properties of the packaging materials utilized throughout the entire duration of storage, with the sole deviations occurring during the initial second and fourth months in relation to bitter gourd germplasm. In the initial phase of storage, a heightened total soluble protein value of 311.38 g/g was documented for germplasm preserved in aluminum foil pouch (P3), whereas the lowest total soluble protein value of 307.17 g/g was recorded in germplasm stored in cloth bag (P1). The average total soluble protein revealed a consistent decline that persisted until the conclusion of the twelve-month storage period. The highest total soluble protein, recorded at 285.96 g/g, was observed in seeds that had been stored in aluminum foil pouch (P3), while the lowest total soluble protein, noted at 237.60 g/g, was associated with germplasm that had been preserved in cloth bag (P1) following the completion of the twelve-month storage duration.
The interplay between germplasm and various packaging materials demonstrated a statistically significant alteration in the total soluble protein content of bitter gourd germplasm over the entire storage duration, with the exception of the initial, second and fourth month. During the initial phase of storage, a significantly elevated total soluble protein level of 356.97 g/g was recorded for germplasm 83-024, which was preserved in aluminum foil pouch (G6P3). In contrast, the lowest total soluble protein content of 261.74 g/g was noted for germplasm 83-026, which was stored in a cloth bag (G1P1). A systematic decline in total soluble protein was observed from the commencement of storage until the conclusion of the storage period. At the end of the storage duration, a higher total soluble protein level of 328.50 g/g was observed for germplasm 83-024, which had been preserved in aluminum foil pouch (G6P3). This finding was closely followed by germplasm ABTG-08, which exhibited a total soluble protein content of 327.06 g/g during its preservation in aluminum foil pouches (G7P3). In stark contrast, the lowest total soluble protein content recorded was 192.02 g/g in germplasm 83-026, which was maintained in a cloth bag (G1P1) at the conclusion of the twelve-month storage period.
The reduction in total soluble protein content throughout a 12-month storage duration in various bitter gourd germplasm seeds is predominantly attributable to the gradual degradation of both storage and functional proteins, a phenomenon instigated by seed senescence and oxidative stress. During the storage phase, particularly under ambient or suboptimal environmental conditions, seeds undergo physiological and biochemical deterioration, culminating in the degradation of proteins into non-functional peptides and amino acids, which in turn leads to a quantifiable decrease in total soluble protein (McDonald, 1999).
A principal factor contributing to this decline is the accumulation of reactive oxygen species (ROS), which precipitate oxidative modifications of amino acid residues, cross-linking and fragmentation of proteins. Such alterations diminish the solubility and functionality of proteins that are crucial for germination and seedling development. Furthermore, enzymes such as proteases may become activated during the ageing process, resulting in the hydrolysis of storage proteins, thereby further diminishing the total protein content (Bewley et al., 2013).

Table 6: Effect of packaging materials on total soluble proteins (g/g dry weight) in bitter gourd germplasm during storage
	Treatments
	Storage period (months)

	
	0
	2
	4
	6
	8
	10
	12

	Germplasm

	G1: 83-026
	264.71
	263.22
	259.58
	251.94
	243.71
	233.56
	221.84

	G2: 83-017
	283.18
	281.73
	278.09
	270.00
	263.92
	252.33
	239.60

	G3: ABTG-03
	288.55
	286.99
	283.35
	274.93
	267.03
	254.57
	242.77

	G4: 83-013
	317.29
	315.76
	312.39
	305.00
	297.04
	284.63
	274.34

	G5: 83-021
	315.27
	313.94
	310.57
	301.64
	293.52
	280.51
	268.16

	G6: 83-024
	352.99
	351.46
	348.08
	337.31
	330.63
	319.70
	306.77

	G7: ABTG-08
	347.68
	346.02
	342.65
	336.33
	325.59
	314.15
	300.59

	S.Em±
	7.69
	9.75
	9.82
	2.08
	2.11
	2.11
	2.11

	CD at 5 %
	21.94
	27.82
	28.03
	5.93
	6.02
	6.02
	6.02

	Packaging materials

	P1: Cloth bag
	307.17
	305.49
	302.00
	289.95
	274.32
	256.15
	237.60

	P2: Super grain bag
	311.31
	309.80
	306.31
	299.22
	293.16
	282.28
	271.05

	P3: Aluminium foil pouch
	311.38
	310.05
	306.56
	301.04
	298.85
	292.76
	285.96

	S.Em±
	5.03
	6.38
	6.43
	1.36
	1.38
	1.38
	1.38

	CD at 5 %
	NS
	NS
	NS
	3.88
	3.94
	3.94
	3.94

	Interaction

	G1P1
	261.74
	260.02
	256.38
	244.30
	226.02
	210.62
	192.02

	G1P2
	263.35
	261.96
	258.32
	250.88
	246.26
	236.81
	226.59

	G1P3
	269.05
	267.68
	264.04
	260.65
	258.84
	253.24
	246.91

	G2P1
	280.80
	279.06
	275.41
	263.86
	251.02
	232.52
	213.12

	G2P2
	284.88
	283.77
	280.13
	269.71
	265.77
	254.77
	243.44

	G2P3
	283.87
	282.37
	278.73
	276.42
	274.97
	269.71
	262.26

	G3P1
	288.72
	286.93
	283.29
	271.73
	256.01
	237.35
	217.75

	G3P2
	293.62
	291.84
	288.19
	283.85
	278.89
	267.65
	257.20

	G3P3
	283.31
	282.21
	278.57
	269.22
	266.20
	258.70
	253.37

	G4P1
	314.19
	312.53
	309.16
	296.24
	282.71
	264.26
	247.81

	G4P2
	320.06
	318.45
	315.08
	310.56
	302.60
	290.15
	280.59

	G4P3
	317.62
	316.31
	312.93
	308.19
	305.82
	299.49
	294.61

	G5P1
	310.42
	308.90
	305.52
	293.26
	278.82
	258.70
	240.20

	G5P2
	317.38
	315.80
	312.42
	307.54
	298.94
	286.49
	275.27

	G5P3
	318.00
	317.13
	313.76
	304.12
	302.80
	296.35
	289.02

	G6P1
	350.67
	348.99
	345.62
	334.80
	321.76
	303.31
	285.66

	G6P2
	351.32
	349.87
	346.50
	333.46
	327.70
	318.80
	306.15

	G6P3
	356.97
	355.50
	352.12
	343.69
	342.43
	336.98
	328.50

	G7P1
	343.68
	342.01
	338.64
	325.47
	303.93
	286.27
	266.61

	G7P2
	348.54
	346.90
	343.53
	338.54
	331.97
	321.31
	308.11

	G7P3
	350.83
	349.16
	345.78
	344.98
	340.86
	334.86
	327.06

	Mean
	309.95
	308.45
	304.96
	296.74
	288.78
	277.06
	264.87

	S.Em±
	13.31
	16.88
	17.01
	3.60
	3.65
	3.65
	3.65

	CD at 5 %
	NS
	NS
	NS
	10.27
	10.42
	10.42
	10.42

	CV (%)
	2.48
	3.16
	3.22
	0.70
	0.73
	0.76
	0.80



The degree of protein degradation can differ among various bitter gourd germplasm owing to genetic variations in seed composition, antioxidant capacity and resistance to senescence. Germplasm exhibiting superior initial seed quality and elevated levels of protective antioxidants (for example, superoxide dismutase and catalase) are likely to maintain protein integrity more effectively during storage, whereas more susceptible germplasm experience greater losses.
Seeds that are preserved in cloth bag (which possess porous characteristics) and super grain bag (which exhibit semi-permeable properties) are subjected to heightened exposure to ambient humidity and oxygen, thereby expediting the processes of protein oxidation and degradation. This phenomenon culminates in a significant diminution of the total soluble protein content over time (McDonald, 1999).
Conversely, aluminium foil pouch is effective in sustaining a low and stable moisture content in seeds while simultaneously restricting the availability of oxygen, which decelerates oxidative mechanisms and maintains the structural integrity of enzymes and storage proteins. This protective capacity ensures that a greater proportion of proteins retain their soluble and functional states, which is paramount for metabolic processes during germination and the subsequent development of seedlings. Consequently, the elevated total soluble protein content observed in seeds stored within aluminium foil pouch is indicative of superior preservation of biochemical quality and seed vigour throughout prolonged storage durations.
3.7 Alpha amylase (mg maltose liberated/h/mg of protein)
The data pertaining to the alpha amylase as influenced by various packaging materials across seven unique bitter gourd germplasm lines, as well as their interactions, are comprehensively illustrated in Table 7.
A significant variation was identified in the alpha amylase concentration among the seven distinct germplasm throughout the duration of storage. At the commencement of storage, the peak alpha amylase level was recorded at 3.01 mg for germplasm 83-024 (G6), while germplasm ABTG-08 (G7) demonstrated an alpha amylase concentration of 2.89 mg, thereby positioning itself in close proximity. Conversely, the lowest alpha amylase concentration was observed at 1.29 mg for germplasm 83-026 (G1). Throughout the entire storage period, a persistent decline in alpha amylase levels was evident among the seven unique bitter gourd germplasm. Upon the conclusion of the 12-month storage period, the maximum alpha amylase concentration was reported at 2.58 mg for germplasm 83-024 (G6), with germplasm ABTG-08 (G7) closely following at 2.52 mg, while the minimum alpha amylase concentration of 0.98 mg was recorded in germplasm 83-026 (G1).
The empirical data concerning alpha amylase exhibited notable variability, which was dependent on the characteristics of the packaging materials employed throughout the entire storage period, with the only variations manifesting during the initial and second months in connection to bitter gourd germplasm. During the preliminary stage of storage, a significantly elevated alpha amylase value of 2.06 mg was recorded for germplasms preserved in aluminum foil pouch (P3), whereas the minimum alpha amylase value of 2.02 mg was documented in germplasm stored within cloth bag (P1). The mean alpha amylase levels demonstrated a steady decline that continued until the termination of the twelve-month storage interval. The peak alpha amylase, documented at 1.84 mg, was observed in seeds that had been stored in aluminum foil pouch (P3), while the minimum alpha amylase, recorded at 1.49 mg, was associated with germplasm that had been preserved in cloth bag (P1) upon the completion of the twelve-month storage period.
The interaction between germplasm and diverse packaging materials exhibited a statistically significant modification in the alpha amylase concentration of bitter gourd germplasm throughout the entire storage period, with the exception of the initial and second month. During the preliminary stage of storage, a notably heightened alpha amylase level of 3.04 mg was documented for germplasm 83-024, which was conserved in aluminum foil pouch (G6P3). Conversely, the minimum alpha amylase concentration of 1.28 mg was registered for germplasm 83-026, which was stored in a cloth bag (G1P1). A systematic reduction in alpha amylase was noted from the initiation of storage until the termination of the storage period. At the conclusion of the storage duration, a superior alpha amylase level of 2.77 mg was recorded for germplasm 83-024, which had been preserved in aluminum foil pouch (G6P3). This observation was closely succeeded by germplasm ABTG-08, which manifested an alpha amylase content of 2.71 mg during its preservation in aluminum foil pouche (G7P3). In stark contrast, the lowest alpha amylase content documented was 0.84 mg in germplasm 83-026, which was kept in a cloth bag (G1P1) at the conclusion of the twelve-month storage period.
The reduction in α-amylase activity over a twelve-month storage duration in various bitter gourd germplasm seeds is predominantly attributable to age-related degradation of enzymatic proteins and the consequent diminishment of metabolic activity that is critical for germination. Throughout extended storage periods, seeds experience oxidative stress, which leads to the accumulation of reactive oxygen species (ROS). These ROS can induce oxidation of amino acid residues, fragmentation, or cross-linking of enzyme proteins, thus resulting in the inactivation of α-amylase or a reduction in its catalytic efficiency. Furthermore, membrane damage resulting from lipid peroxidation can disrupt the signaling pathways and 
Table 7: Effect of packaging materials on alpha amylase (mg maltose liberated/h/mg of protein) in bitter gourd germplasm during storage
	Treatments
	Storage period (months)

	
	0
	2
	4
	6
	8
	10
	12

	Germplasm

	G1: 83-026
	1.29
	1.27
	1.24
	1.20
	1.13
	1.06
	0.98

	G2: 83-017
	1.39
	1.37
	1.34
	1.29
	1.22
	1.15
	1.05

	G3: ABTG-03
	1.41
	1.38
	1.35
	1.29
	1.23
	1.15
	1.06

	G4: 83-013
	2.14
	2.11
	2.07
	2.02
	1.95
	1.86
	1.78

	G5: 83-021
	2.17
	2.15
	2.11
	2.05
	1.99
	1.90
	1.80

	G6: 83-024
	3.01
	2.98
	2.93
	2.86
	2.80
	2.71
	2.58

	G7: ABTG-08
	2.89
	2.86
	2.81
	2.74
	2.68
	2.61
	2.52

	S.Em±
	0.02
	0.03
	0.01
	0.01
	0.01
	0.01
	0.01

	CD at 5 %
	0.05
	0.08
	0.02
	0.02
	0.02
	0.03
	0.04

	Packaging materials

	P1: Cloth bag
	2.02
	1.99
	1.94
	1.86
	1.76
	1.63
	1.49

	P2: Super grain bag
	2.05
	2.02
	1.98
	1.93
	1.87
	1.80
	1.71

	P3: Aluminium foil pouch
	2.06
	2.04
	2.02
	1.98
	1.94
	1.90
	1.84

	S.Em±
	0.01
	0.02
	0.00
	0.00
	0.00
	0.01
	0.01

	CD at 5 %
	NS
	NS
	0.01
	0.01
	0.01
	0.02
	0.02

	Interaction

	G1P1
	1.28
	1.25
	1.21
	1.16
	1.06
	0.95
	0.84

	G1P2
	1.29
	1.27
	1.24
	1.19
	1.13
	1.07
	0.99

	G1P3
	1.30
	1.29
	1.27
	1.25
	1.22
	1.18
	1.12

	G2P1
	1.38
	1.35
	1.30
	1.23
	1.13
	1.02
	0.87

	G2P2
	1.41
	1.39
	1.36
	1.30
	1.23
	1.18
	1.10

	G2P3
	1.39
	1.38
	1.36
	1.34
	1.29
	1.24
	1.18

	G3P1
	1.39
	1.35
	1.31
	1.23
	1.12
	1.01
	0.87

	G3P2
	1.41
	1.38
	1.35
	1.30
	1.24
	1.17
	1.10

	G3P3
	1.43
	1.41
	1.39
	1.36
	1.32
	1.28
	1.21

	G4P1
	2.11
	2.07
	2.01
	1.93
	1.83
	1.67
	1.58

	G4P2
	2.15
	2.12
	2.08
	2.03
	1.98
	1.92
	1.82

	G4P3
	2.17
	2.15
	2.12
	2.09
	2.05
	2.00
	1.94

	G5P1
	2.15
	2.13
	2.08
	2.00
	1.91
	1.75
	1.60

	G5P2
	2.16
	2.14
	2.09
	2.04
	1.98
	1.91
	1.83

	G5P3
	2.19
	2.18
	2.16
	2.12
	2.08
	2.03
	1.98

	G6P1
	2.97
	2.93
	2.87
	2.78
	2.69
	2.55
	2.39

	G6P2
	3.01
	2.98
	2.92
	2.87
	2.81
	2.74
	2.56

	G6P3
	3.04
	3.02
	2.98
	2.95
	2.88
	2.83
	2.77

	G7P1
	2.87
	2.83
	2.77
	2.68
	2.59
	2.44
	2.29

	G7P2
	2.91
	2.88
	2.83
	2.75
	2.70
	2.63
	2.55

	G7P3
	2.88
	2.86
	2.83
	2.79
	2.75
	2.76
	2.71

	Mean
	2.04
	2.02
	1.98
	1.92
	1.86
	1.78
	1.68

	S.Em±
	0.03
	0.05
	0.01
	0.01
	0.01
	0.02
	0.02

	CD at 5 %
	NS
	NS
	0.03
	0.03
	0.03
	0.05
	0.06

	CV (%)
	0.79
	1.33
	0.30
	0.29
	0.34
	0.53
	0.73



hydration responses necessary for the initiation of α-amylase synthesis during the imbibition phase (Bewley et al., 2013).
Distinct germplasm lines of bitter gourd exhibit variability in their seed composition, antioxidant defense mechanisms, and tolerance to storage conditions, which results in differing rates of α-amylase activity decline. Germplasm characterized by more stable storage proteins and enhanced oxidative protection maintain elevated enzymatic activity, while more susceptible genotypes demonstrate greater losses.
Aluminium foil pouches collectively facilitate the preservation of low and consistent seed moisture levels while, safeguarding seeds against oxidative deterioration and variations in temperature. Such conditions effectively inhibit the denaturation or degradation of enzymatic proteins and promote the appropriate activation of α-amylase synthesis during the imbibition process. Conversely, cloth bag and super grain bag subject seeds to the surrounding humidity and oxygen, resulting in an escalation of reactive oxygen species (ROS) accumulation, lipid peroxidation and subsequent impairment of enzyme structure and functionality (McDonald, 1999).
Furthermore, aluminium packaging plays a crucial role in preserving membrane integrity and cellular signaling mechanisms that are vital for the expression and activation of the α-amylase gene in the early stages of germination. Consequently, seeds that are stored in aluminium foil pouch exhibit enhanced capabilities in synthesizing or retaining functional α-amylase, culminating in elevated enzymatic activity upon the conclusion of prolonged storage (Rao et al., 2006).
4. Conclusion
The study revealed significant genotypic differences in seed quality and storability among the seven-germplasm evaluated. ABTG-08 (G7) showed the highest germination, vigor, and biochemical stability during storage, while 83-013 (G3) and 83-017 (G4) exhibited lower performance. Variations in seed moisture, electrical conductivity, and antioxidant enzyme activity highlighted the role of genetic factors in seed longevity. Packaging materials also had a marked influence on storability, with airtight containers such as aluminum foil pouches and super grain bags effectively maintaining seed moisture and quality compared to porous materials. Overall, both genotype and packaging type significantly influenced seed viability during storage and ABTG-08 (G7) stored in moisture-proof containers can be recommended for long-term preservation and seed production programs. 
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