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Abstract
Ethyl methane sulphonate (EMS) is a potent chemical mutagen widely employed to induce genetic variability in crops, including rice (Oryza sativa L.). The present study aimed to evaluate the combined effects of water pre-soaking, EMS concentration, and exposure duration on seed germination, seedling survival, and early growth parameters in the rice variety Uma. A three-factor factorial experiment was conducted to analyse the interactive influence of water pre-soaking (non-soaked, pre-soaked for 10 h), EMS concentrations (0-2.5%), and exposure durations (6-24 h). Results revealed that increasing EMS concentration and exposure time caused a progressive decline in germination percentage, survival rate, root length, and shoot length. However, the three-way interaction among pre-soaking, EMS concentration, and exposure duration was significant, indicating that seed hydration status modulated EMS-induced effects. Pre-soaking for 10 h conferred a protective influence by enhancing tolerance to EMS stress, as reflected in higher germination and growth performance compared to non-soaked treatments. The LD₅₀ value was approximately 1.0% EMS for non-pre-soaked seeds and 0.5% EMS for pre-soaked seeds, demonstrating the influence of hydration on mutagen sensitivity.
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1. Introduction
Rice (Oryza sativa L.) with a chromosome number of 2n=24, serves as the primary food source for over 50% of the global population (Dawe et al., 2010). It is cultivated in over 100 countries across the globe and spans approximately 158 million hectares. It holds the position of the second most crucial agricultural crop globally. Rice contributes to 21% of the world's per capita energy intake and supplies 15% of per capita protein consumption on a global scale. Among all cultivated crops, rice has shown remarkable progress in functional genomics over recent decades. This diploid species possesses a comparatively small genome when compared to other cultivated cereals (Moin et al., 2017).	Comment by Vinithashri Gautam: Change the sentence formation.

Nevertheless, elite varieties of rice demonstrate limited genetic diversity because of the frequent utilization of similar genotypes, specifically those with the same ideotype during crossbreeding processes. Understanding the genetic basis of a particular gene can assist breeders in creating novel, more efficient, and stress-resistant cultivars. It is important to note that most agriculturally significant traits have complex inheritance patterns, making their improvement more difficult. In such instances, the identification and incorporation of mutant or variant alleles can be facilitated through Genome Wide Association Studies (GWAS) conducted in populations that encompass mutant genotypes. Mutants created in rice through induction have demonstrated their utility as valuable tools for researching the genetic and physiological aspects related to factors that limit yield in rice cultivation.
Alterations in the gene structure of rice can occur randomly due to the disruption of DNA caused by physical or chemical agents. Three primary methods for inducing mutagenesis include biological agents like transposons, retrotransposons, and T-DNA; physical agents such as ionizing radiations; and chemical agents like alkylating agents and azides (Serrat et al.,2014). The benefit of employing chemical agents lies in the potential to enhance one or two traits while avoiding undesirable alterations (Jeng et al., 2011). The chemical mutagen EMS (Ethyl methane sulfonate) has been extensively used to induce a significant number of functional variations in rice. EMS has a molecular formula of C3H8O3S, a molecular weight of 124.2 g, a density of 1.206 gml-1, and a half-life of 48.5 hours at 25°C. It is a potent mutagen for plant species. EMS induces mutations by alkylating guanine bases, resulting in (mis)matches with thymine rather than cytosine, leading to transitions from G/C to A/T (Talebi et al., 2012). Nevertheless, with lower frequency, EMS can bring about G/C to C/G or G/C to T/A transversions through 7-ethylguanine hydrolysis, or A/T to G/C transitions through mismatches of 3-ethyladenine.
Protocols for applying chemical mutagens typically involve a sequence of steps, including pre-soaking, mutagen application, and a final washing process (Lee et al., 2017). The duration of seed pre-soaking in water, concentration of EMS solution and EMS exposure duration are important factors determining the mutation rate in crops. However, the execution of these processes varies among different studies, and unfortunately, there is currently no universally accepted protocol for inducing mutations in rice seeds. This study aims to establish a standardized protocol for the application of EMS in rice.
2. Materials and methods
2.1 Plant materials 
In this research, seeds of rice variety Uma (MO 16), were chosen for EMS induced mutagenesis.
2.2 EMS mutagenesis 
The mutagen employed in the study was ethyl methane sulphonate Ethane Methane Sulphonate (EMS: CH3-SO2-O-C2H3) obtained from HIMEDIA chemicals. It is the most widely used chemical mutagen and is a strong mono functional alkylating agent with molecular weight of 124.16 and density 1.206g/ml.  The experiment was carried out at Rice Research Station, Vyttila Ernakulam (Kerala Agricultural University) in two replications with 40 seeds/treatment. Seeds were pre-soaked with water for durations of 0 and 10 hours at room temperature. Subsequently, the water was drained, and 4 ml of 0.0%, 0.5%, 1%, 1.5%, 2% and 2.5% concentrations of EMS (v/v) in water was applied at room temperature. The seeds were then incubated for periods of 6, 12, 18, and 24 hours in various concentrations of EMS solution. Subsequently the EMS treated seeds were washed in running tap water. 
2.3 Lethal dose fixation 
After EMS induced mutagenesis, forty seeds per treatment in two replications were kept for germination by rolled towel method. The number of seeds that germinated in both control and treatment conditions were documented. The seedling height and root length of the plants were measured after two weeks. 
2.4 Statistical analysis 
The Lethal Dose experiment was conducted using a completely randomized block design, comprising two replications. The random block consisted of different levels of EMS concentration. Effect of water pre-soaking, EMS concentration and itsEMS exposure period on seed germination, seedling survival, root length and shoot length in rice variety Uma were analysed by three factor factorial analysis using KAU-GRAPES software (Gopinath et al., 2021).

Chart 1 : EMS induced mutagenesis treatments in rice variety Uma


3. Results and discussion 
Effect of water pre-soaking, EMS concentration and EMSits exposure period on seed germination, seedling survival, root length and shoot length in rice variety Uma were analysed by three factor factorial analysis using KAU-GRAPES software (Gopinath et al., 2021).

Table. 1 Effect of water pre-soaking, EMS concentration and itsEMS exposure period on germination, survival, root length and shoot length (Units?)
	[bookmark: _Hlk210313720]Treatments 
	Germination percentage 
	Survival percentage  
	Root length 
	Shoot length

	P0T0D1
	0.00ghi
(100)
	3.304a
(96.25)
	21.25a
	17.25a

	P0T1D1
	3.304a
(96.25)
	1.874bcd
(86.25)
	18.00bcd
	14.75fghi

	P0T2D1
	1.792bc
(85.00)
	0.973def
(72.5)
	17.50cde
	14.00ijk

	P0T3D1
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T4D1
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T5D1
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T0D2
	0.00ghi
(100)
	2.512abc
(92.50)
	21.25a
	17.25a

	P0T1D2
	2.944a
(95.00)
	1.560cde
(82.50)
	17.00defg
	13.25kl

	P0T2D2
	-0.052ghi
(48.75)
	-0.365ghi
(41.25)
	17.00defg
	13.00l

	P0T3D2
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T4D2
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T5D2
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T0D3
	0.00ghi
(100)
	3.088a
(95.00)
	21.25a
	17.25a

	[bookmark: _Hlk210166486]P0T1D3
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T2D3
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T3D3
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T4D3
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T5D3
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T0D4
	0.00ghi
(100)
	3.088a
(95.00)
	21.25a
	17.25a

	P0T1D4
	-5.298m
(0.00)
	-6.907l
(0.000)
	17.25cdef
	0.00m

	[bookmark: _Hlk210166569]P0T2D4
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T3D4
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T4D4
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P0T5D4
	-5.298m
(0.00)
	-6.907l
(0.000)
	0.00i
	0.00m

	P1T0D1
	0.00ghi
(100)
	2.944ab
(95.00)
	21.25a
	17.25a

	P1T1D1
	2.072b
(88.75)
	0.859def
(70.00)
	19.25b
	16.75ab

	P1T2D1
	1.394cde
(80.00)
	0.636efg
(65.00)
	18.50bc
	16.25bc

	P1T3D1
	1.551bcde
(82.50)
	0.626efg
(65.00)
	18.30bc
	16.00bcd

	P1T4D1
	1.312cde
(78.75)
	0.568efg
(63.75)
	18.00bcd
	15.75cde

	P1T5D1
	1.643bcd
(83.75)
	0.700efg
(66.25)
	17.95cd
	15.00efgh

	P1T0D2
	0.00ghi
(100)
	3.304a
(96.25)
	21.25a
	17.25a

	P1T1D2
	1.085def
(73.75)
	0.458fgh
(57.50)
	18.50bc
	16.00bcd

	P1T2D2
	0.984ef
(72.50)
	0.458fgh
(61.25)
	17.25cdef
	15.75cde

	P1T3D2
	0.524fg
(62.50)
	-0.050fghi
(48.75)
	17.00defg
	15.50cdef

	P1T4D2
	0.354g
(58.75)
	-0.100fghi
(47.50)
	16.35efg
	14.75fghi

	P1T5D2
	1.123de
(73.75)
	0.485efgh
(61.25)
	15.75gh
	14.50ghij

	P1T0D3
	0.00ghi
(100)
	3.088a
(95.00)
	21.25a
	17.25a

	P1T1D3
	0.303gh
(57.50)
	-0.253ghi
(43.75)
	18.00bcd
	15.25defg

	P1T2D3
	-0.407ijk
(40.00)
	-0.973ij
(27.50)
	17.00defg
	15.00efgh

	P1T3D3
	-0.461ijk
(38.75)
	-0.850ij
(30.00)
	16.75defg
	14.50ghij

	P1T4D3
	-0.253hij
(43.75)
	-0.524hij
(37.50)
	16.00fgh
	14.00ijk

	P1T5D3
	-0.302ij
(42.50)
	-0.789ij
(31.25)
	15.00h
	13.75jkl

	P1T0D4
	0.00ghi
(100)
	2.944ab
(95.00)
	21.25a
	17.25a

	P1T1D4
	0.050ghi
(51.25)
	-0.303ghi
(42.50)
	17.25defg
	15.00efgh

	P1T2D4
	-0.474ijk
(38.75)
	-0.984ij
(27.50)
	16.30efg
	14.90fgh

	P1T3D4
	-0.650jk
(35.00)
	-1.031ij
(27.50)
	16.00fgh
	14.35hij

	P1T4D4
	-0.928k
(28.75)
	-1.458j
(20.00)
	16.25efgh
	14.25hij

	P1T5D4
	-3.088l
(5.00)
	-4.926k
(2.50)
	15.75gh
	13.25kl

	CV (%)
	-19.897
	-28.798
	5.248
	3.824

	Significance level 
	***
	*** 
	***
	***


***significant at 0.001 level
(original value of germination percentage and survival percentage given in parenthesis)

Table 2. Analysis of variance (ANOVA) with mean sum of squares (MSS)
	Comparing means of
	Germination percentage 
	Survival percentage 
	Root length 
	Shoot length

	P
	284.378
	409.669
	3074.738
	2511.260

	T
	26.493
	112.950
	415.718
	246.188

	D
	32.716
	33.500
	95.621
	63.281

	P X T
	20.767
	27.142
	177.946
	134.195

	P X D
	2.178
	3.759
	45.973
	25.7118

	T X D
	5.461
	6.122
	27.983
	17.574

	P X T X D
	5.593
	7.143
	26.260
	16.425

	Error
	0.086
	0.290
	0.403
	0.155

	SE(d)
	0.294
	0.539
	0.635
	0.393

	CD
	0.591
	1.083
	1.276
	0.791



The present study clearly demonstrates that EMS mutagenesis significantly influenced seed germination, survival, root and shoot length. The significant differences observed for all main factors such as water pre-soaking(P), EMS concentration(T), and exposure duration(D) as well as their interactions, indicate that the physiological responses of rice seeds are strongly dependent on mutagenic treatment conditions. The interaction effects (P × T × D) consistently exhibited higher critical difference values across all traits, suggesting that the combined effect of these factors had a more pronounced impact than individual treatments alone.
3.1 Effect of treatments on seed germination

Fig.1 Impact of without water pre-soaking(P), EMS concentration(T), and exposure duration(D) on seed germination (Modify the title – “Impact of without water pre-soaking”, it is slightly confusing)

Fig.2 Impact of 10h water pre-soaking(P), EMS concentration(T), and exposure duration(D) on seed germination
(P0- without water pre-soaking, P1- 10h water pre-soaking; T1- 0.5% EMS, T2-1% EMS, T3-1.5%EMS, T4-2%EMS, T5-2.5% EMS; D1- 6h EMS exposure period, D2- 12h EMS exposure period, D3- 18h EMS exposure period, D4- 24h EMS exposure period)

In the absence of pre-soaking, germination percentage varied widely from 0.00% (P0T3D1, P0T4D1, P0T5D1, P0T3D2, P0T4D2, P0T5D2, P0T1D3, P0T2D3, P0T3D3, P0T4D3, P0T5D3, P0T1D4, P0T2D4, P0T3D4, P0T4D4 and P0T5D4) to 100.00% (P0T0D1-D4). However, with EMS treatment, germination declined sharply. There was a decline in the germination (96.25% to 95.00%) at 0.5% EMS concentration, when the EMS exposure period increased from 6h to 12h. But sudden decline was observed at 1% EMS concentration, where germination declined from 85.00% to 48.75% when the EMS exposure period increased from 6 h to 12 h. Higher EMS concentrations (≥1.5% EMS, T3-T5) under all exposure durations led to complete failure of germination (0.00%). Thus, without pre-soaking, all EMS concentrations above 1.0% and longer exposure periods completely abolished germination, while even at the lowest EMS dose (0.5%), germination declined significantly compared to the control.
With 10 h pre-soaking, germination percentage ranged from 0.00 to 100%. All untreated controls (P1T0D1-D4) recorded 100.00% germination. Among the EMS treated pre-soaked seeds, the highest germination was noted in P1T1D1 (88.75%). The treatments P1T2D1, P1T3D1, P1T4D1, P1T1D2, P1T1D2 and P1T5D2 were on par with each other. At higher concentrations (2.0-2.5% EMS), germination remained comparatively higher than non-soaked seeds, with values such as P1T4D1 (78.750%), P1T5D1 (83.75%) and P1T5D2 (73.75%). Germination declined progressively with increasing EMS concentration, from 88.75% to 51.25% at 0.5% EMS (T1), to as low as 83.75% to 5.00% at 2.5% EMS (T5), compared to 100% in the control (T0). 
According to Table 1, the data indicates that seed germination decreased as the EMS exposure period increased for all the treatments. Similarly, seed germination decreased as the EMS concentration increased in all the treatments except P1T5D1 and P1T5D2. 
Among EMS treatments, the highest germination values were observed in pre-soaked seeds (P1) at lower EMS concentrations, with values such as 88.75% (P1T1D1), 82.50% (P1T3D1) and 83.75% (P1T5D1), while the lowest values were recorded in non-soaked seeds (P0) under higher EMS concentrations and prolonged exposure, where germination was completely inhibited (0%). However, EMS treatments produced a sharp decline in germination, the extent of which was influenced by both the concentration of EMS and the duration of exposure. 
For germination percentage, significant effects were observed for all main factors (water pre-soaking duration-P, EMS concentration-T, and EMS exposure period- D) and their interactions. The critical difference values ranged from 2.159 for pre-soaking to 10.576 for the three-way interaction (P × T × D), indicating that the combined influence of these factors had a pronounced effect on seed germination. 
These observations confirm that EMS exerts a negative impact on germination in a concentration and time dependent manner (Shamshad et al., 2023; Chen et al., 2023). The protective effect of pre-soaking is also in line with reports that controlled hydration can activate repair mechanisms, improve mutagen uptake uniformity, and moderate lethal damage (Unan et al., 2022; Chen et al., 2023). For instance, in rice EMS protocols, 12 h of seed soaking before mutagen treatment has been recommended to optimize mutagenic efficiency with minimal lethal effects (Unan et al., 2022). 
3.2 Effect of treatments on seedling survival
Survival percentage, expressed as proportion of seedlings established, also varied significantly across treatments (Table 1). Control seeds (T0) exhibited the highest survival (38.5%), whereas EMS treated seeds showed a concentration and time dependent reduction. 
Survival percentage in without pre-soaking treatments ranged from 0.00 to a maximum of 96.25% in the controls (P0T0D1). At 0.5% EMS, survival decreased considerably, with P0T1D1 (86.25%) and P0T1D2 (82.50%). At 1.0% EMS (T2), survival was further reduced, with P0T2D1 (41.25%). For higher EMS doses (≥T3), survival dropped to 0.00.
Survival in pre-soaked seeds was higher compared with P0, ranging from 0.00 in the most stressed combinations to 96.25% in the controls (P1T0D2). Treatment such as P1T1D1, P1T1D2 and P1T2D1 showed survival percentage of 70.00%, 57.50% and 65.00% respectively. With increasing concentration and duration, survival decreased but never dropped as abruptly as in P0 treatments. Even at 2.0% EMS, several pre-soaked combinations retained survival while only a few extreme treatments under 2.5% EMS and 24 h exposure recorded near zero survival. 
These results reflect that the combination of EMS concentration and exposure time exerts a strong negative impact on seedling establishment, but pre-soaking ameliorates this effect. Similar downward trends in seedling survival with increasing mutagen dose and exposure time have been reported in other induced mutation studies (Shamshad et al., 2023). The effect of pre-soaking suggests that hydration prior to EMS exposure may improve seed resilience to DNA damage or promote repair pathways before lethal damage accumulates. 

Fig.3 Impact of without water pre-soaking(P), EMS concentration(T), and exposure duration(D) on survival percentage (Change the title-“Without water pre-soaking”it is confusing, Improve the title to convey the correct meaning)

Fig.4 Impact of 10h water pre-soaking(P), EMS concentration(T), and exposure duration(D) on survival percentage 
(P0- without water pre-soaking, P1- 10h water pre-soaking; T1- 0.5% EMS, T2-1% EMS, T3-1.5%EMS, T4-2%EMS, T5-2.5% EMS; D1- 6h EMS exposure period, D2- 12h EMS exposure period, D3- 18h EMS exposure period, D4- 24h EMS exposure period)
3.3 Effect of treatments on root length
Root length in non-soaked controls was 21.25 cm across all durations. With EMS treatment, root length decreased drastically. At 0.5% EMS, P0T1D1 recorded 18 cm, while P0T1D2 was 17 cm and are on par with each other. Similarly at 1.0% EMS, root length was reduced from 17.5cm (P0T2D1) to 17 cm (P0T1D2) and are on par with each other. 
Root length in pre-soaked controls was 21.25 cm, the maximum recorded. At lower EMS concentrations, root elongation remained relatively high (P1T1D1 (19.25 cm) and P1T2D1 (18.50 cm)). At 6h EMS exposure period, root length of all the treatments are on par with each other. Similar trend was also observed at 18h and 24h EMS exposure period.
Even at 2.0-2.5% EMS, pre-soaked seedlings achieved a considerable root length, far higher than the non-soaked seeds at the same levels.  Across treatments, pre-soaked seeds (P1) maintained longer roots compared with non-soaked seeds. Root length was significantly influenced by EMS treatments and their interactions with pre-soaking and exposure period. 
The interactive effect observed that EMS exposure period and EMS concentration interact to determine germination response is also consistent with earlier mutagenic studies, where time X dosage interactions often explained a significant portion of variation in germination (Rakau et al., 2025). The fact that, even high EMS doses (2.5 %) allowed substantial germination in pre-soaked seeds, whereas non-soaked seeds failed entirely, underscores that pre-soaking acts as a buffer against acute mutagenic stress.
Chen et al., (2023) reports that, early imbibition may activate DNA damage response and repair synthesis in seeds. So that, controlled pre-soaking before EMS likely enables damage mitigation prior to lethal accumulation. This is reflected in rice EMS protocols that explicitly include a pre-soaking step.

Fig.5 Impact of without water pre-soaking(P), EMS concentration(T), and exposure duration(D) on seedling root length


Fig.6 Impact of 10h water pre-soaking(P), EMS concentration(T), and exposure duration(D) on seedling root length
(P0- without water pre-soaking, P1- 10h water pre-soaking; T1- 0.5% EMS, T2-1% EMS, T3-1.5%EMS, T4-2%EMS, T5-2.5% EMS; D1- 6h EMS exposure period, D2- 12h EMS exposure period, D3- 18h EMS exposure period, D4- 24h EMS exposure period)

3.4 Effect of treatments on shoot length
Shoot length followed a pattern similar to root length. The controls (P0T0D1-D4) maintained the highest shoot length (17.25 cm). In without pre-soaking treatments, at 0.5% EMS, highest shoot lengths of 14.75 cm (P0T1D1) followed by 13.25cm (P0T1D2) were recorded, that are on par with each other. At 1.0% EMS, shoot length declined further 14.00 cm (P0T2D1) to 13.00 cm (P0T2D2). At higher concentrations (T3-T5), shoots failed to develop (0.00 cm).
Pre-soaked treated seeds (P1) produced significantly longer shoots (16.75 cm; P1T1D1) compared with non-soaked seeds (14.75 cm; P0T1D1). Increasing EMS concentration caused a gradual decline in shoot length, from 16.75 cm at T1 to only 13.25 cm at T5. A gradual reduction shoot length was observed in all the treatment combination with respect to increasing EMS concentration. Similar trend was also observed with respect to increasing the EMS exposure period at a constant EMS concentration.
 Longer exposures further accelerated this reduction. The combined effect of pre-soaking and lower EMS treatments (0.5-1.0% EMS with 6-12 h exposure) allowed seedlings to retain reasonable shoot growth, whereas non-soaked seeds subjected to higher EMS doses exhibited severely stunted shoots.
The combined effect of pre-soaking and low EMS doses (0.5-1.0 % EMS with 6-12 h exposures) allowed retention of reasonable shoot growth, whereas non-soaked seeds under higher EMS doses became severely stunted or failed to produce shoots altogether i.e., controlled hydration to alleviate stress and promote repair processes. 

Fig.7 Impact of without water pre-soaking(P), EMS concentration(T), and exposure duration(D) on seedling shoot length


Fig.8 Impact of 10h water pre-soaking(P), EMS concentration(T), and exposure duration(D) on seedling shoot length
(P0- without water pre-soaking, P1- 10h water pre-soaking; T1- 0.5% EMS, T2-1% EMS, T3-1.5%EMS, T4-2%EMS, T5-2.5% EMS; D1- 6h EMS exposure period, D2- 12h EMS exposure period, D3- 18h EMS exposure period, D4- 24h EMS exposure period)

[bookmark: _Hlk210384328]3.5 Lethal Dose 50 (LD50)
Probit analysis was performed for treatment categories showing approximately 50% germination to determine the LD₅₀. For the without pre-soaking treatments, P0T0D2-P0T5D2 was analysed, while for the 10-hour pre-soaking treatments, P1T0D4-P1T5D4 was considered. The analysis revealed the median lethal dose specific to each pre-soaking condition and allowing a direct comparison of the dose response relationship between the two germination conditions.
Probit (Y)=α+β⋅Dose (X)
In this equation, Y represents the probit-transformed response (e.g., proportion of individuals affected), and X represents the treatment dose (EMS concentration). The parameter α (intercept) indicates the probit value when the dose is zero, reflecting the baseline response in the control group. The parameter β (slope) describes the rate at which the response changes with increasing dose, representing the steepness of the dose response relationship.
For without pre-soaking, 
(Rename it as table)List 1 : Corrected Proportion of Affected Seeds at Different Dose Levels
	Dose
	No. of seeds tested
	No. of seeds affected
	Corrected p calculation

	0.0
	80
	0
	(0 + 0.5)/ (80 + 1) = 0.00617

	0.5
	80
	4
	(4 + 0.5)/81= 0.05556

	1.0
	80
	37
	(37 + 0.5)/81= 0.46296

	1.5
	80
	80
	(80 - 0.5)/81= 0.98148

	2.0
	80
	80
	(80 - 0.5)/81= 0.98148

	2.5
	80
	80
	(80 - 0.5)/81= 0.98148


correction formula: (x + 0.5)/ (n + 1) avoids exact 0 or 1, which cause infinite probit values
The corrected proportions (using the standard continuity correction (x + 0.5)/ (n + 1)) allowed stable probit estimation, avoiding zero and complete response values. The probit transformation of the corrected proportions was used to fit a linear regression against EMS dose.
(Rename either as figure/graphs) Picture 1 : Effect of Dose on Number of Affected Seeds and Corrected p Values
[image: ]
Probit analysis of the EMS treatments revealed a sharp dose response relationship. At lower concentrations (0.5% EMS), only about 5% of the treated individuals were affected, whereas complete mortality was observed from 1.5% EMS onwards. The fitted probit regression line indicated a steep slope, suggesting that small increments in EMS concentration resulted in disproportionately higher mortality. The lethal dose (LD₅₀), i.e., the concentration at which 50% mortality occurred, was estimated at approximately 1.00% EMS. This indicates that the EMS treatment exhibits a narrow range between sub-lethal and lethal concentrations, with LD₅₀ falling close to the 1.0% treatment level. The treatment P0T2D2 could be the possible LD50.
For 10h pre-soaking,

(Rename it as table)List 2 :  Computation of cCorrected p vValues for sSeed rResponse to iIncreasing dDoses
	Dose
	No. of seeds tested
	No. of seeds affected
	Corrected p

	0.0
	80
	0
	(0+0.5)/ (80+1) = 0.00617

	0.5
	80
	39
	(39+0.5)/ (80+1) = 39.5/81 ≈ 0.48765

	1.0
	80
	49
	(49+0.5)/81 = 49.5/81 ≈ 0.61111

	1.5
	80
	52
	(52+0.5)/81 = 52.5/81 ≈ 0.64815

	2.0
	80
	57
	(57+0.5)/81 = 57.5/81 ≈ 0.70988

	2.5
	80
	76
	(76+0.5)/81 = 76.5/81 ≈ 0.94444


correction formula: (x + 0.5)/ (n + 1) avoids exact 0 or 1, which cause infinite probit values.
(Rename it as either figure/graph)Picture 2 :  Effect of dDose on sSeed mMortality and cCorrected pProportion (p)
[image: ]
Mortality increased progressively with increasing EMS dose. At 0% EMS, no individuals were affected (0%), while at 0.5% EMS, approximately 48.8% of the population was affected. Higher EMS concentrations caused greater mortality, reaching near-complete mortality at 2.5% EMS (94.4%). From the regression, the lethal dose (LD₅₀), the concentration causing 50% mortality was estimated to be approximately 0.50% EMS. The slope of the probit regression indicated a steep dose response relationship, showing that relatively small increases in EMS concentration above 0.5% caused substantial increases in mortality. Overall, these results demonstrate that EMS exhibits a strong dose dependent effect, with the LD₅₀ occurring between the 0.5% and 1.0% treatments, indicating high sensitivity of the population to EMS exposure. The treatment P1T1D4 could be the possible LD50.
The probit analysis of EMS mutagenesis treatments revealed a clear relationship between mutagen concentration and seedling mortality. In the absence of pre-soaking, the mortality response exhibited a steep dose response slope, indicating that even small increases in EMS concentration resulted in disproportionately high lethality. At 0.5% EMS, approximately 5% of individuals were affected, but complete mortality was recorded from 1.5% EMS onwards, demonstrating a narrow range between sub-lethal and lethal doses. The LD₅₀ defined as the EMS concentration causing 50% mortality was estimated to occur near 1.0% EMS, with treatment P0T2D2 closely approximating this critical point. This narrow tolerance range suggests that non-pre-soaked seeds are highly sensitive to incremental changes in EMS dose and that there is little margin between effective mutagenic treatment and lethal exposure.
[bookmark: _Hlk212366355]The steep slope of the probit regression curve in non-pre-soaked treatments is consistent with reports from other studies, where EMS exposure caused rapid transitions from partial survival to total lethality within a narrow concentration range (Rakau et al., 2025). This response pattern can be attributed to the accumulation of DNA alkylation damage without activation of repair pathways, as non-hydrated seeds lack the metabolic readiness required to the protective response (Pagano et al., 2017; Waterworth et al., 2019).
In contrast, 10 h pre-soaking prior to EMS treatment significantly altered the mortality dynamics. Here, mortality increased progressively with increasing EMS concentration, ranging from 0% at 0% EMS to 48.8% at 0.5% EMS and reaching 94.4% at 2.5% EMS. The LD₅₀ shifted downward to approximately 0.50% EMS, with P1T1D4 identified as a likely LD₅₀ treatment. The regression slope remained steep, confirming a dose-dependent response, but the earlier onset of mortality suggests that pre-soaking enhanced EMS penetration into the seed tissues, increasing mutagen exposure at lower concentrations (Chen et al., 2023).
The shift in LD₅₀ between non-pre-soaked (1.0% EMS) and pre-soaked (0.5% EMS) treatments highlights the influence of seed hydration status on mutagen sensitivity. Hydration likely enhanced membrane permeability, allowing for faster diffusion of EMS into the embryo, but also activated DNA repair and antioxidant pathways that could mitigate lethal effects at intermediate doses (Jatana et al., 2024). This dual effect increased mutagen uptake and partial activation of defense responses. This explains both the greater mortality at lower concentrations and the broader survival observed in pre-soaked seeds.
Overall, the results demonstrate that EMS exhibits a strong, concentration dependent toxic effect in rice, with mortality responses tightly linked to dose, exposure duration, and pre-treatment conditions. The LD₅₀ range of 0.5-1.0% EMS observed in this study aligns closely with values reported in other mutagenesis research on cereals (Shamshad et al., 2023; Khan and Tyagi, 2013), reinforcing its utility as a benchmark for inducing useful genetic variability while minimizing lethality. These findings also underscore the importance of optimizing mutagen concentration and pre-treatment strategies to balance mutagenic efficiency and seed viability in mutation breeding programs.
4. Conclusion 
The present study demonstrated that EMS concentration and exposure duration exerted significant negative effects on all measured seedling traits, including germination, survival, root length, and shoot length, with the severity of impact increasing at higher doses and prolonged exposure times. A significant three-way interaction among pre-soaking, EMS concentration, and exposure period revealed that the mutagenic effect of EMS is strongly influenced by the hydration status of the seeds.
Pre-soaking for 10 hours conferred a protective effect, mitigating mutagenic damage and resulting in improved germination and seedling growth under EMS-induced stress. The findings indicate that moderate EMS concentrations (0.5-1.0%) combined with shorter exposure durations (6-12 hours) in pre-soaked seeds provide an optimal balance between inducing genetic variability and maintaining seed viability. In contrast, higher EMS doses (≥1.5%) and longer exposure durations (18-24 hours) proved excessively deleterious, particularly in non-pre-soaked seeds.
The estimated LD₅₀ values further support this observation, with approximately 1.0% EMS for non-pre-soaked seeds (P₀) and 0.5% EMS for pre-soaked seeds (P₁), highlighting the influence of hydration pre-treatment on mutagen sensitivity. Treatments such as P₀T₂D₂ (non-pre-soaked) and P₁T₁D₄ (pre-soaked) were identified as near-LD₅₀ conditions, suitable for generating desirable mutations without compromising viability. Overall, pre-soaking before EMS treatment appears to enhance mutagen uptake while simultaneously activating repair and defense mechanisms, thereby altering the dose–response pattern and improving the efficiency of mutagenesis in rice variety Uma.
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Water pre-soaking duration 



0 h (P0)



10 h (P1)


EMS concentration 


0.5% (T1)


1% (T2)


EMS exposure duration 


6h (D1)


12h (D2)


2.5% (T5)


1.5% ((T3)


2.0% (T4)


18h (D3)


24h (D4)


Germination percentage- without water pre-soaking 

Germination percentage 	P0T0D1	P0T1D1	P0T2D1	P0T3D1	P0T4D1	P0T5D1	P0T0D2	P0T1D2	P0T2D2	P0T3D2	P0T4D2	P0T5D2	P0T0D3	P0T1D3	P0T2D3	P0T3D3	P0T4D3	P0T5D3	P0T0D4	P0T1D4	P0T2D4	P0T3D4	P0T4D4	P0T5D4	100	96.25	85	0	0	0	100	95	48.75	0	0	0	100	0	0	0	0	0	100	0	0	0	0	0	Treatments


Germination percentage



Germination percentage- 10h water pre-soaking

P1T0D1	P1T1D1	P1T2D1	P1T3D1	P1T4D1	P1T5D1	P1T0D2	P1T1D2	P1T2D2	P1T3D2	P1T4D2	P1T5D2	P1T0D3	P1T1D3	P1T2D3	P1T3D3	P1T4D3	P1T5D3	P1T0D4	P1T1D4	P1T2D4	P1T3D4	P1T4D4	P1T5D4	100	88.75	80	82.5	78.75	83.75	100	73.75	72.5	62.5	58.75	73.75	100	57.5	40	38.75	43.75	42.5	100	51.25	38.75	35	28.75	5	Treatments


Germination percentage



Survival percentage- without water pre-soaking  

Survival percentage  	P0T0D1	P0T1D1	P0T2D1	P0T3D1	P0T4D1	P0T5D1	P0T0D2	P0T1D2	P0T2D2	P0T3D2	P0T4D2	P0T5D2	P0T0D3	P0T1D3	P0T2D3	P0T3D3	P0T4D3	P0T5D3	P0T0D4	P0T1D4	P0T2D4	P0T3D4	P0T4D4	P0T5D4	96.25	86.25	72.5	0	0	0	92.5	82.5	41.25	0	0	0	95	0	0	0	0	0	95	0	0	0	0	0	Treatments


Survival percentage



Survival percentage- 10h water pre-soaking  

Survival percentage  	P1T0D1	P1T1D1	P1T2D1	P1T3D1	P1T4D1	P1T5D1	P1T0D2	P1T1D2	P1T2D2	P1T3D2	P1T4D2	P1T5D2	P1T0D3	P1T1D3	P1T2D3	P1T3D3	P1T4D3	P1T5D3	P1T0D4	P1T1D4	P1T2D4	P1T3D4	P1T4D4	P1T5D4	95	70	65	65	63.75	66.25	96.25	57.5	61.25	48.75	47.5	61.25	95	43.75	27.5	30	37.5	31.25	95	42.5	27.5	27.5	20	2.5	Treatments


Survival percentage



Root length (cm)-without water pre-soaking

Root length (cm)	P0T0D1	P0T1D1	P0T2D1	P0T3D1	P0T4D1	P0T5D1	P0T0D2	P0T1D2	P0T2D2	P0T3D2	P0T4D2	P0T5D2	P0T0D3	P0T1D3	P0T2D3	P0T3D3	P0T4D3	P0T5D3	P0T0D4	P0T1D4	P0T2D4	P0T3D4	P0T4D4	P0T5D4	21.25	18	17.5	0	0	0	21.25	17	17	0	0	0	21.25	0	0	0	0	0	21.25	0	0	0	0	0	Treatments


Root length (cm)



Root length (cm)- 10h water pre-soaking

Root length (cm)	P1T0D1	P1T1D1	P1T2D1	P1T3D1	P1T4D1	P1T5D1	P1T0D2	P1T1D2	P1T2D2	P1T3D2	P1T4D2	P1T5D2	P1T0D3	P1T1D3	P1T2D3	P1T3D3	P1T4D3	P1T5D3	P1T0D4	P1T1D4	P1T2D4	P1T3D4	P1T4D4	P1T5D4	21.25	19.25	18.5	18.3	18	17.95	21.25	18.5	17.25	17	16.350000000000001	15.75	21.25	18	17	16.75	16	15	21.25	17.25	16.3	16	16.25	15.75	Treatments


Root length (cm)



Shoot length (cm)- without water pre-soaking 

Shoot length (cm)	P0T0D1	P0T1D1	P0T2D1	P0T3D1	P0T4D1	P0T5D1	P0T0D2	P0T1D2	P0T2D2	P0T3D2	P0T4D2	P0T5D2	P0T0D3	P0T1D3	P0T2D3	P0T3D3	P0T4D3	P0T5D3	P0T0D4	P0T1D4	P0T2D4	P0T3D4	P0T4D4	P0T5D4	17.25	14.75	14	0	0	0	17.25	13.25	13	0	0	0	17.25	0	0	0	0	0	17.25	0	0	0	0	0	Treatments


Shoot length (cm)



Shoot length (cm)- 10h water pre-soaking 

Shoot length (cm)	P1T0D1	P1T1D1	P1T2D1	P1T3D1	P1T4D1	P1T5D1	P1T0D2	P1T1D2	P1T2D2	P1T3D2	P1T4D2	P1T5D2	P1T0D3	P1T1D3	P1T2D3	P1T3D3	P1T4D3	P1T5D3	P1T0D4	P1T1D4	P1T2D4	P1T3D4	P1T4D4	P1T5D4	17.25	16.75	16.25	16	15.75	15	17.25	16	15.75	15.5	14.75	14.5	0	15.25	15	14.5	14	13.75	17.25	15	14.9	14.35	14.25	13.25	Treatments


Shoot length (cm)
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