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ABSTRACT

	A study aimed to evaluate the effects of different gamma radiation doses on growth and yield parameters of radish (Raphanus sativus var. Ceeta) to identify optimal dosages for crop improvement. Seeds were irradiated using a Cobalt-60 source at HORDI Gannoruwa, Sri Lanka, across two sequential experiments. The first experiment evaluated low doses (0, 20, 40, 60, 80, and 100 Gy), while the second examined higher doses (0, 100, 200, 300, 400, and 500 Gy) based on initial findings indicating no significant effects at lower levels. Following irradiation, seeds were germinated in nursery trays and transplanted to field plots at the University of Colombo Institute for Agro-Technology and Rural Sciences, Hambantota, using a randomized complete block design with four replications. Parameters assessed included germination and survival rates, leaf morphology (length, width, and number), root dimensions (length and girth), and biomass measurements (plant weight, root fresh and dry weight). Results demonstrated that low doses (20–100 Gy) had no significant impact on germination or survival. Higher doses maintained germination rates but reduced survival from the second week onward, particularly at 400–500 Gy. Doses up to 300 Gy generally maintained or enhanced growth parameters, suggesting a hormetic response. However, doses exceeding 300 Gy significantly reduced root weight, girth, plant weight, and survival percentage, indicating radiation-induced stress. Notably, plants treated with 500 Gy exhibited early flowering at 35 days compared to the normal 55-day period, suggesting potential mutations in developmental pathways. The study concludes that doses between 200–300 Gy have potential for mutation breeding in radish, balancing genetic variation induction with plant viability. Since the LD₅₀ threshold was not reached at 500 Gy, future research should explore higher doses while evaluating biochemical traits, nutritional quality, and trait stability across generations for practical breeding applications.
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1. INTRODUCTION
Radish (Raphanus sativus L.), a member of the Brassicaceae family, is cultivated widely in Asia and Sri Lanka. It has nutritional and medicinal significance, offering health benefits including antioxidant properties and disease prevention (Bors et al., 2015; Soengas et al., 2011; Zhou et al., 2006; Jaafar et al., 2020). However, local radish varieties often have small tuber sizes, which limits their commercial potential, particularly for export (Manawadu et al., 2013, 2017).
Induced mutagenesis is a powerful technique to increase genetic variability and accelerate the development of superior plant varieties (Adamu et al., 2007; Chaudhary et al., 2019). Physical and chemical mutagens are commonly used to induce mutations, allowing the identification of key regulatory genes and traits related to stress resistance and yield improvement (Sikora et al., 2011; Krishnan et al., 2009). Despite the randomness of induced mutations, the method is widely recognized for its effectiveness and cost-efficiency in breeding programs (Hilioti et al., 2016). Among physical mutagens, gamma rays have proven particularly useful due to their deep penetration and high energy, making them ideal for altering DNA and inducing beneficial mutations (Hanafy and Akladious, 2018; Aly and El-Beltagi, 2010). There are more officially released mutant varieties worldwide have been developed using gamma radiation (D'Souza, 2014). This technique can improve plant growth, enzyme activity, stress tolerance, and yield, although high doses may cause cellular damage through the generation of free radicals (Wi et al., 2005; Mengoni et al., 2000; De Micco et al., 2011).
Gamma radiation exerts varied effects impacting physiological, biochemical, and genetic characteristics, with the outcome largely dependent on the radiation dose and duration of exposure (El-Beltagi et al., 2022; Eliwa et al., 2021). Research indicates that low doses of gamma rays can stimulate growth parameters and enhance certain bioactive compounds in radish, demonstrating a hormetic effect, while higher doses may lead to detrimental outcomes such as growth inhibition and reduced physiological function (Aly et al., 2023). The precise dose-response relationship is crucial for harnessing the potential of gamma irradiation in crop improvement and understanding its environmental impact (Kim et al., 2014; Kisvarga et al., 2023). In this context, the goal of this investigation was to assess the impact of various dose levels of gamma-rays on growth and development of Radish var. Ceeta.

2. material and methods

Experimental structure
Two experiments were conducted to evaluate the effects of gamma radiation on the growth and yield of Raphanus sativus L. var. Ceeta. The first experiment assessed the impact of low radiation doses on seed germination and survival while the second focused on higher doses based on the results of the first experiment, which showed no significant germination differences at lower levels. The experiments were designed to identify radiation thresholds for optimal plant performance and to establish dose-response relationships in radish cultivation.
Experimental site
The study was carried out at the University of Colombo, Institute for Agro-Technology and Rural Sciences (UCIARS), Weligatta, Hambantota, Sri Lanka. The experimental location falls within the Low Country Dry Zone Agro-Ecological Region (DL5). The predominant soil type at the site is Reddish Brown Earth, which is typical of the region. The experimental period spanned from September to November, 2023, covering the seed irradiation, germination, growth, and harvest phases.
Plant material
Certified seeds of Raphanus sativus var. Ceeta were purchased from a seed seller in Sri Lanka. The seeds had been pre-treated with fungicide by the supplier and exhibited a better germination rate of according to the quality assurance certification. This variety was selected for its commercial relevance and adaptation to local growing conditions.
Gamma radiation source
Gamma irradiation application was conducted at the Horticultural Crop Research Institute (HORDI), Gannoruwa, using a Gamma Chamber 1200 equipped with a Cobalt-60 (⁶⁰Co) radioactive source. Seeds were exposed to predetermined radiation doses according to the experimental design, with appropriate safety protocols and dosimetry procedures followed throughout the irradiation process.
Nursery preparation and seed sowing
Nursery trays were sterilized and treated with fungicide prior to use to minimize the risk of fungal infection during the germination phase. A growing medium consisting of a 1:1 mixture of topsoil and compost was prepared and used to fill the nursery trays. Seeds were organized and placed in labelled polythene packets according to their designated radiation dosage levels before and after irradiation to prevent cross-contamination between treatments.
Experiment 1: Low dose irradiation
In the first experiment, seeds were exposed to six different gamma radiation doses: T0 (0 Gy, control), T1 (20 Gy), T2 (40 Gy), T3 (60 Gy), T4 (80 Gy), and T5 (100 Gy). Following irradiation, seedlings were grown in a net house with 30% shade level to provide uniform environmental conditions. The experiment was arranged in a Completely Randomized Design (CRD) with four replications per treatment to ensure adequate statistical power for detecting treatment effects on germination parameters.
Experiment 2: High dose irradiation
Based on the outcomes of Experiment 1, which indicated no significant effects at lower doses, a second experiment was designed to assess the effects of higher radiation doses on morphological and yield traits. Seeds were exposed to six treatments: T0 (0 Gy, control), T1 (100 Gy), T2 (200 Gy), T3 (300 Gy), T4 (400 Gy), and T5 (500 Gy). This dose range was selected to capture potential stimulatory effects at moderate doses and inhibitory effects at higher doses, thereby establishing a comprehensive dose-response relationship for the variety under study.
Field preparation and transplanting
The field experiment was conducted on the UCIARS farm. Land preparation involved initial ploughing using a disc plough to break up the soil, followed by secondary tillage with a chisel plough to create a suitable seedbed structure. Individual planting holes were prepared in 1 m × 1 m plots and filled with a mixture of compost and soil to enhance soil fertility and structure. The study was arranged in a Randomized Complete Block Design (RCBD) with four replications and six treatments to control for spatial variability in field conditions. Each plot contained 15 planting holes, resulting in a total of 24 plots across the experimental area. Fertilizer application and crop management practices were implemented according to the recommendations of the Department of Agriculture, Sri Lanka, to ensure optimal growing conditions.
Data collection
In Experiment 1, germination percentage and survival were recorded three days after and two weeks after sowing to assess the immediate impact of radiation on seed viability and germination capacity. In Experiment 2, data were collected on a weekly basis following transplanting to monitor plant growth and development throughout the growing period. The parameters measured included germination and survival percentage, leaf count, leaf length and width, morphological observations of root and shoot characteristics, fresh weight of leaves and roots, average plant weight and root weight, average root length and girth, and root dry weight determined.
Statistical analysis
Data were subjected to Analysis of Variance (ANOVA) using SAS software version 9.1.3 to determine the significance of treatment effects. Means were separated using Duncan's Multiple Range Test (DMRT) at a 5% level of significance to identify homogeneous subsets and rank treatments according to their performance.


3. results and discussion

Experiment 1 - Effect of low doses of gamma radiation on germination and survival Percentage
The results from Experiment 1 indicated that there was no statistically significant difference (P > 0.05) in germination and survival percentages among the treatments exposed to low doses of gamma radiation ranging from 0–100 Gy (Table 1).  However, Asare et al., (2017) indicated that, irradiated okra seeds demonstrated a high germination percentage of 96% for the dose levels of less than 20 Gy, and the germination was continued more than 90% in the irradiated seeds at doses up to 80 Gy. Further El-Beltagi et al., (2022) have mentioned that, Red radish seeds appeared to have a high resistance to radiation in terms of their ability to germinate. Gamma ray doses up to 80 Gy may not have affected the germination of red radish seeds.
These findings are consistent with previous research by Melki and Marouani (2010), who also reported that low-dose gamma irradiation had no significant effect on the germination rate of wheat seeds when compared to non-irradiated controls. All plants remained in good physiological condition throughout the observation period, including the final week. However, these findings contrast with those reported by Zaka et al. (2004), who observed that while gamma doses of 0 to 10 Gy did not significantly affect seedling survival, exposure to 40 and 60 Gy led to a notable reduction in survival percentage after 28 days in their experimental setup. Additionally, Zanzibar and Sudrajat (2016) reported that a low dosage (10 Gy) of γ-rays may be employed to enhance seeds germination, storability, and seedling development of M. champaca. On the other hand, Waje et al. (2009) found that high germination (less than 97%) was obtained in red radish seeds irradiated at less than 5 kGy. The sensitivity of plants to radiation depends on features such as plant type or cultivar, plant part, and irradiation dose level (De Micco et al., 2011).
Table 1: Effects of gamma radiation on the percentage of germination and survival of the radish
	Treatment (Gy)
	Germination %
	Survival %

	0
	98a
	100a

	20
	96a
	100a

	40
	98a
	100a

	60
	96a
	100a

	80
	96a
	98a

	100
	94a
	98a

	Sig.
	ns
	ns


Values represent the mean of four replicates. Means followed by the same superscripts in the same column are not significantly different at 0.05 probability level according to DMRT ‘*’ and ‘ns’ represent significance at p<0.05 and not significant, respectively.
These findings indicate that there is potential for further increase of radiation dosage to reach until determination of LD₅₀ value for this variety. Similar trends have been observed in other studies. For instance, Rashid and Daran (2013) reported that prolonged gamma exposure led to a 44% reduction in germination rate in ginger, though the effect was more pronounced at the highest exposure durations. Likewise, Ali et al. (2015) found that gamma radiation doses of 100–400 Gy significantly decreased seed germination rates in various plant species.
Experiment 2 - Effect of higher doses of gamma radiation
Germination and survival percentage
It was found that there were no significant effect of higher doses on germination percentage of radish seeds. Anyhow seedlings showed not significant survival in first week. However, from the second week onwards, survival rates showed significant variation (P < 0.05) in response to increasing gamma radiation doses. A significant decline in survival percentage was observed at higher doses, especially 400 Gy and 500 Gy, where many plants exhibited sudden wilting beginning in the second week an indication of radiation-induced stress. By the fourth week, the negative effects of gamma radiation became more pronounced, suggesting a delayed physiological response in the treated plants. Despite this decline in survival at higher doses, none of the treatments reached the LD₅₀ threshold, indicating that doses beyond 500 Gy could be exposed in future studies to  determine the lethal threshold. The decline in survival at higher radiation levels is likely associated with physiological and biochemical disruptions caused by gamma rays. These include impairments in protein synthesis, enzyme activity, hormone balance, leaf gas exchange, and water regulation, as previously reported by Abe et al. (2002) and Mei et al. (1994). Low dose levels of irradiation have been shown to improve plant germination and development, whereas high dose levels result in growth defects, delay in germination, or death of irradiated plants (Majeed et al., 2016; Hong et al., 2017).
Table 2: Effects of gamma radiation on the percentage of germination and survival of radish
	Treatments (Gy)
	Germination %
	Survival %

	
	
	1st week
	2nd week
	3rd week
	4th week

	0
	98a
	97a
	95a
	92a
	92a

	100
	96a
	98a
	97a
	95a
	95a

	200
	98a
	90a
	85ab
	82b
	82ab

	300
	96a
	97a
	95a
	95a
	95a

	400
	96a
	83a
	78b
	77b
	75b

	500
	94a
	93a
	85ab
	67c
	67c

	Sig.
	ns
	Ns
	*
	*
	*



Values represent the mean of four replicates. Means followed by the same superscripts in the same column are not significantly different at 0.05 probability level according to DMRT ‘*’ and ‘ns’ represent significance at p<0.05 and not significant, respectively.
Leaf length and width
Analysis of leaf length data over the four-week period revealed no statistically significant differences (P > 0.05) among the treatments exposed to higher gamma radiation doses (100–500 Gy). A statistically significant difference (P < 0.05) in leaf width was observed among the gamma radiation treatments during first to fourth weeks of the experiment (Table 3). Plants exposed to doses above 300 Gy exhibited progressively narrower leaves compared to those under lower doses or the control. This pattern suggests that leaf width is more sensitive to gamma radiation than leaf length, and that higher radiation levels adversely affect leaf expansion in Raphanus sativus var. Ceeta. The narrowing of leaves at elevated doses indicates a potential physiological stress response. Previous researchers found that, low dose of gamma-ray increased growth parameters in several studied plants (Majeed et al. 2018). Gamma radiation at low doses has positive effect on plant growth (Baldwin and Grantham 2015), while at high doses a negative effect was obtained (Jan et al. 2012). Furthermore, Aly et al. (2021) confirmed that the morphological traits of red radish have been progressively enhanced by rising irradiation dose rate but there was a reduction for higher dose level. 
Table 3: Effects of gamma radiation on leaf length and width of radish
	Treatments (Gy)
	Leaf length (cm)
	Leaf width (cm)

	
	1st week
	2nd week
	3rd week
	4th week
	1st week
	2nd week
	3rd week
	4th week

	0
	11.8a
	17.1a
	21.4a
	23.0a
	5.9a
	8.3a
	8.3a
	9.3a

	100
	11.7a
	15.4a
	19.3a
	21.5a
	5.4a
	6.6a
	7.9a
	9.4a

	200
	11.6a
	15.6a
	18.0a
	19.6a
	5.6a
	7.5a
	8.0a
	8.4a

	300
	10.9a
	16.1a
	18.6a
	22.1a
	5.2a
	7.2a
	7.8a
	8.8a

	400
	8.5a
	14.2a
	16.9b
	18.8a
	3.6b
	4.7b
	5.6b
	6.7b

	500
	10.9a
	16.0a
	17.2a
	19.8a
	3.9b
	4.4b
	5.3b
	6.7b

	Sig.
	ns
	ns
	ns
	ns
	*
	*
	*
	*


Values represent the mean of four replicates. Means followed by the same superscripts in the same column are not significantly different at 0.05 probability level according to DMRT ‘*’ and ‘ns’ represent significance at p<0.05 and not significant, respectively.
Leaf number
The analysis revealed no statistically significant difference (P > 0.05) in leaf count across the various gamma radiation treatments ranging from 100 Gy to 500 Gy (Table 4). Aly et al., (2021) indicated that leaf number is gradually enhanced as dosage levels increase up to a certain threshold. The maximum leaf count was achieved at a dose of 40 Gy. Similar trends were observed in white radish by Aly et al., (2023) where a 40 Gy dose resulted in the maximum increment for leaf number. As mentioned by Asare et al., (2017) average number of leaves produced decreased significantly with increased doses of gamma irradiation in okra. Production of the growth regulator, kinetin, might have been stimulated, which may be responsible for the increased number of leaves. Similarly, (Dubey et al., 2007) showed an increase in the number of leaves when okra seeds were irradiated with different doses of gamma rays. Indeed, the number of leaves positively correlated with leaf length.
Table 4: Effects of gamma radiation on leaf number of radish
	Treatments (Gy)
	Leaf number

	
	1stweek
	2nd week
	3rd week
	4th week

	0
	13.5a
	13.8a
	13.5a
	13.8a

	100
	13.3a
	14.0a
	13.3a
	14.0a

	200
	11.8a
	13.0a
	11.8a
	13.0a

	300
	12.8a
	14.3a
	12.8a
	14.3a

	400
	13.3a
	13.3a
	13.3a
	13.3a

	500
	12.8a
	13.3a
	12.8a
	13.3a

	Sig.
	ns
	ns
	ns
	ns


Values represent the mean of four replicates. Means followed by the same superscripts in the same column are not significantly different at 0.05 probability level according to DMRT ‘*’ and ‘ns’ represent significance at p<0.05 and not significant, respectively.
Root length and girth
The results revealed a statistically significant difference (P < 0.05) in both root length and root girth among the gamma radiation treatments (Table 5). A dose-dependent trend was evident, where higher doses (400 Gy and 500 Gy) resulted in a marked reduction in both traits, while the lower doses and control treatments showed relatively higher values. The higher root length values were observed in 0, 100 Gy, 200 Gy and 300 Gy treatments 12.4cm, 12.2cm, 12.4cm and 12.6cm respectively, suggesting a possible growth-promoting effect at moderate radiation levels. In contrast, root girth showed similar trend with doses upto 300 Gy. These results demonstrated that gamma irradiation beyond a certain threshold impairs root elongation and thickening, potentially due to disruption of cell division and vascular development.
The findings are consistent with Chaudhuri (2002), who reported that higher doses of gamma radiation reduce root and shoot lengths in various plant species, likely due to DNA damage and the inhibition of meristematic activity. This experiment confirms that while certain moderate doses (e.g., 300 Gy) may still support root elongation, higher levels of radiation exert a suppressive effect on radish root development. Aly et al., (2021) showed a remarkable increase of growth parameters by raising exposure dose where the greatest raise was observed at the dose level of 40 Gy and decreased at dose level 80 Gy. Furthermore, irradiation dose level increased the number of root diameter and root weight by increasing irradiation dose level till the dose level 40 Gy.
Plant weight
A statistically significant difference (P < 0.05) was observed in average plant weight among the gamma radiation treatments (Table 5). The results indicated that higher doses, particularly 400 Gy and 500 Gy, had a detrimental effect, with a reduction in both parameters. This suggests that moderate gamma radiation doses may stimulate physiological processes and temporarily enhance biomass accumulation. However, increasing the dose beyond this point reversed the trend, leading to a significant decline in plant performance, indicating possible radiation-induced cellular damage. These findings are supported by Ogawa and Iwabuchi (2001), who reported that gamma rays negatively affect plant cells at the cellular level, leading to hindered development and reduced yield. This reinforces the notion that while low-to-moderate doses may promote growth through hormesis, higher doses disrupt metabolic and structural functions, ultimately reducing productivity. Furthermore Kantoǧlu et al., 2025 indicated that, inhibitory effects of high doses generally, increasing doses of gamma radiation have a negative effect on both fresh and dry plant weight.
Root fresh and dry weight
The results showed a statistically significant difference (P < 0.05) in root fresh and dry weight across the gamma radiation treatments (Table 5). Increasing gamma radiation doses had a significant effect which reduced the root fresh and dry weights. The consistent decline with increasing radiation dose confirms that gamma irradiation adversely affected both water content and structural biomass of radish roots. These findings align with Borzouei et al. (2010), who reported that 100 Gy had no significant effect on root weight, while doses in the 200–300 Gy range resulted in a significant reduction compared to controls. The current study further extends this by showing even greater reductions beyond 300 Gy, highlighting a dose-dependent inhibition of growth parameters at the higher end of the tested range. A study by Bovi et al., (2000) found that seeds treated with a 5 Gy dose and sown immediately produced roots weighing 6.65 per cent more than the control group. Another experiment by El-Beltagi et al., (2022) identified that the maximum root fresh weight was achieved at a dose of 20 Gy, compared to the control.




Table 5: Effects of gamma radiation on plant weight, root weight and root dimensions of  radish
	Treatments (Gy)
	Root length (cm)
	Root girth (cm)
	Plant weight (g)
	Root Fresh weight (g)
	Root dry weight (g)

	0
	12.4a
	9.8a
	108.16a
	59.98a
	5.9a

	100
	12.2a
	8.8a
	96.34a
	49.01a
	5.8a

	200
	12.4a
	9.8a
	110.6a
	68.05a
	5.9a

	300
	12.6a
	9.4a
	94.29a
	49.12a
	6.2a

	400
	10.1b
	7.0b
	64.73b
	28.63b
	2.3b

	500
	9.4b
	7.4b
	81.98b
	39.11b
	2.6b

	Sig.
	*
	*
	*
	*
	*


Values represent the mean of four replicates. Means followed by the same superscripts in the same column are not significantly different at 0.05 probability level according to DMRT ‘*’ and ‘ns’ represent significance at p<0.05 and not significant, respectively.
Morphological changes
An early flower induction was observed in T5 (500 Gy) treatment, where flowering occurred on the 35th day after seeding, significantly earlier than the normal flowering period of approximately 55 days for Raphanus sativus var. Ceeta. This unusual flowering behavior suggests that high doses of gamma radiation may induce mutations affecting flowering genes or hormonal pathways responsible for developmental timing. Although this preliminary finding was not quantitatively analyzed in this study, it presents a promising trait for further investigation in future experiments. Early flowering mutants can be beneficial for breeding programs aimed at developing short-duration crops suited for stress-prone environments or intensive cropping systems. This result is in agreement with the findings of Jan et al. (2012), who reported gamma radiation-induced early flowering in several plant species. Their study supports the notion that ionizing radiation can alter developmental gene expression, leading to phenological shifts such as early blooming. In contrast Asare et al., (2017) mentioned that, gamma irradiation can alter reproductive timing. High doses have been shown to delay flowering, increasing the number of days required to reach 50% flowering in okra.
Conclusions
[bookmark: _Hlk219455044]Low doses (20–100 Gy) did not affect germination or survival, while higher doses (100–500 Gy) did not significantly affect germination but reduced survival from the second week onwards, particularly at 400–500 Gy. Doses up to 300 Gy maintained or enhanced parameters including root length and biomass, suggesting a hormetic response. However, doses above 300 Gy significantly reduced root weight, girth, plant weight, and survival percentage. Early flowering was observed at 500 Gy, indicating potential mutations in developmental genes. It can be suggested that doses of 200–300 Gy are optimal for mutation breeding in radish, balancing genetic variation induction with acceptable plant viability. The LD₅₀ threshold was not reached at 500 Gy, indicating potential for higher dose exploration. Future research should evaluate biochemical traits, nutritional quality, and molecular responses, and advance promising mutants through multiple generations to assess trait stability and heritability for breeding applications.
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