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Abstract
Iron toxicity is a major abiotic stress limiting rice production in lowland ecosystems, negatively impacting crop establishment from the critical germination stage. This study investigated the impact of iron toxicity on germination dynamics and speed parameters across 12 diverse rice genotypes. Seeds were exposed to four iron concentration levels (0, 300, 450, and 600 mg/L Fe²⁺) in a controlled environment. Results showed a highly significant (p ≤ 0.01) main effect of genotype and Fe level, as well as an interaction between genotype and iron stress, for all parameters. Iron toxicity caused a dose-dependent reduction in germination, significantly lowering FGP, GE, GRI, and GI while increasing MGT in sensitive genotypes. However, substantial genotypic variation was observed. The genotypes FARO 26, FARO 52, and FARO 50 were identified as highly tolerant, maintaining superior germination performance, characterized by high FGP (>77%), rapid germination (high GRI and GE), and high overall GI, even at the highest iron concentration of 600 mg/L. Conversely, FARO 33, FARO 57, and FARO 17 were highly sensitive, showing drastic declines across all metrics. The findings indicate that germination speed and synchronization are critical early indicators of iron stress tolerance. The identified tolerant genotypes are recommended for direct use in iron-toxic regions and serve as valuable genetic resources for breeding programs targeted at improving seedling establishment and yield stability in stress-prone environments.
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Introduction
Rice (Oryza sativa L.) is a cornerstone of global food security, particularly in regions where its cultivation is synonymous with lowland and flooded production systems (FAO, 2023). While essential for water management, these anaerobic conditions trigger the reduction of soil ferric iron (Fe³⁺) to the soluble ferrous form (Fe²⁺), leading to its accumulation and potential toxicity in the soil solution (Aung & Masuda, 2020; Sikirou et al., 2022). Iron toxicity is a pervasive abiotic stress that severely limits rice productivity in vast areas of acidic lowlands, especially across West Africa and parts of Asia, where it can cause yield losses ranging from 30% to total crop failure (Dramé et al., 2022; Onyango et al., 2019).
The harmful effects of excess Fe²⁺ begin right at the start of a plant's life cycle. The germination phase is a critical period of vulnerability, during which the reactivating embryo and emerging radicle are directly exposed to the toxic rhizosphere (Finch-Savage & Bassel, 2016). The main way damage occurs is through oxidative stress; Fe²⁺ speeds up the Fenton reaction, producing highly damaging reactive oxygen species (ROS) that lead to lipid peroxidation, protein breakdown, and nucleic acid damage (Halliwell & Gutteridge, 2015; Wu et al., 2022). This cellular attack can hinder enzyme functions essential for reserve mobilization, damage membrane integrity, and ultimately threaten the viability of the germinating seed (Farooq et al., 2019).
While the final germination percentage provides a basic measure of viability under stress, it offers an incomplete picture. A comprehensive understanding of germination dynamics and speed parameters is crucial for evaluating true stress tolerance. Parameters such as germination energy, mean germination time, germination rate index, and the composite germination index are more sensitive indicators of stress impact (Ranal & Santana, 2006; Farooq et al., 2019). These metrics reveal not just if seeds germinate, but how they germinate, quantifying the vigour, synchronization, and metabolic efficiency of the process. Under iron stress, a prolonged mean germination time and a reduced germination rate index and germination energy signify a significant metabolic cost, as the seed diverts energy to repair oxidative damage and activate defense mechanisms, thereby delaying and desynchronizing growth (Ellouzi et al., 2017). A genotype that maintains high values for these speed and vigour parameters under toxicity demonstrates a superior ability to sustain its metabolic processes against oxidative insult.
Significant genotypic variation in iron tolerance has been reported in rice, largely attributed to differences in iron exclusion, sequestration, and antioxidant capacity (Dufey et al., 2015; Aung & Masuda, 2020). However, much of the research has focused on vegetative growth stages, with the critical germination phase receiving less attention. Screening for tolerance at this initial stage is paramount, as poor and asynchronous germination directly translates to inadequate crop stand establishment, non-uniform growth, and lost yield potential, problems that cannot be remedied later in the season (Finch-Savage & Bassel, 2016).
This study, therefore, focuses explicitly on the germination dynamics and speed parameters of rice under iron toxicity stress. By subjecting a diverse set of genotypes to a gradient of iron concentrations and meticulously analyzing germination percentage, energy, rate, and time, to quantify the specific impact of iron toxicity on the kinetics of rice seed germination, and identifying genotypes that demonstrate resilience by maintaining rapid and synchronized germination under stress.  The identification of such germplasm is a critical first step for breeding programs aimed at developing high-yielding, iron-tolerant rice varieties capable of robust establishment in toxic environments, thereby enhancing the resilience and productivity of a vital global staple.
Materials and Methods
Study Location: The experiment was conducted at the Laboratory of the Crop Production Department, Federal University of Technology (09° 53´N, 06° 45´E), Minna, Niger State, Nigeria.
Source of Seed: The rice genotypes used in this study were obtained from the Africa Rice Centre, International Institute of Tropical Agriculture, Ibadan, Nigeria, and National Cereals Research Institute (NCRI), Baddegi, Niger State, Nigeria.
Experimental Design: The experiment was laid out in a Completely Randomized Design (CRD), arranged in a 12 x 4 factorial, replicated four times, and repeated twice.
Treatment: The rice seeds were treated with four different concentrations of FeSO4.7H2O solution [0 (control), 300, 450, and 600 mg/L].
Experimental Procedure: Rice seeds were soaked in water, and only the seeds that sank were used after surface sterilization with 10% H2O2 for 10 minutes twice, followed by subsequent thorough rinsing with distilled water. Hundred seeds of each variety were then placed in Petri dishes on two layers of filter paper (Whatman #1) and kept in the Germination chambers (Saint Petersburg Solar radiation chamber KSR 2 2700 000 ₽) at a temperature of 27°C.  After sowing, daily observations were made on seed germination for 7 days. Seeds with a 2 mm radicle were considered to have successfully germinated.
Data Collection: The following data were collected:
1. Final Germination Percentage (%) =
 


2. Germination Energy (%) (Ahmed et al., 2023; Udo et al., 2025) = 


3. Mean Germination Time (days) (Kader, 2005) = 

4. Germination Rate Index (seeds/day) (Kader, 2005; Ahmed et al., 2024) =; where G1 = Germination percentage x 100 at the first day after sowing, and G2 = Germination percentage x 100 at the second day after sowing, and 1, 2, …n is the number of days counted from the start of the experiment to the last day on which the seeds germinated.
5. Germination Index (GI) (Kader, 2005; Udo et al., 2025) = . Where n1, n2, …, n7 = Number of germinated seeds on the first, second, and subsequent days until the 7th day; 7, 6, …, and 1 are weights given to the number of germinated seeds on the first, second, and subsequent days, respectively. 
6. Seedling Vigour Index (Hellal et al., 2018; Udo et al., 2025) = 
7. Radicle length (cm): It was measured with the aid of a meter rule
8. Plumule length (cm): It was measured with the aid of a meter rule
Data Analysis: The data collected were subjected to the analysis of variance using Statistical Tool for Agricultural Research (STAR), and means were separated using Tukey’s Honest Significant Difference (HSD) Test at 5% probability level.
Results 
The main effect of genotype and Fe level, as well as the two-way interaction effect of the two factors (genotype x Fe level), revealed a highly significant (p≤0.01) effect on the tested germination traits (Table 1). 
(a) Final Germination Percentage (FGP) (%)
The mean performance of all the genotypes across the four levels of the Fe concentrations showed significant variation (p≤0.01) for the final germination percentage (Fig. 1). Under non-toxic conditions (control), FARO 50 and FARO 52 (97%) had the maximum final germination percentage, which was closely followed by FARO 26 (91%); conversely, FARO 33 and FARO 57 (21%) had the minimum final germination percentage. At 300 mg/L Fe concentration, FARO 50 (97%) had the maximum final germination percentage, which was not substantially different from FARO 52 (93%), while FARO 33 and FARO 57 had the minimum final germination percentage. At 450 mg/L Fe concentration, FARO 52 (93%) had the maximum final germination percentage, while FARO 33 (13%) had the minimum final germination percentage, which was statistically similar to FARO 57 (15%). At 600 mg/L Fe concentration, FARO 52 (85%) had the maximum final germination percentage, which was statistically similar to FARO 50 (83%), whereas FARO 33 and FARO 57 (9%) had the minimum values.



(b) Germination Energy (GE) (%)
The mean performance of all the genotypes across the four levels of the Fe concentrations showed a highly significant variation (p≤0.01) for the germination energy (Fig. 2). Under non-toxic conditions (control), FARO 26 (73%) had the maximum germination energy, which was closely followed by FARO 52 (71%), while FARO 33 (13%) had the minimum germination energy, which was statistically similar to FARO 57 (17%).  At 300–450 mg/L Fe concentrations, most genotypes showed a moderate decline in germination energy. FARO 26 and FARO 52 maintained very high germination energy (69–73%). In contrast, SUAKOKO 8, FARO 33, and FARO 57 experienced a sharp decline (below 25%). At 600 mg/L Fe concentration, germination energy further decreased across most genotypes. FARO 26 (71%), FARO 52 (67%), and FARO 50 (51%) still maintained relatively high germination energy. Conversely, FARO 57 (7%) and FARO 33 (5%) had the lowest germination energy, which was not substantially different from FARO 17 (11%).
















(c) Mean Germination Time (MGT) (d)
The mean performance of all the genotypes across the four levels of the Fe concentrations showed a highly significant variation (p≤0.01) for the mean germination time (Fig. 3). Under non-toxic conditions, FARO 33 (4.67 days) and FARO 57 (4.66 days) had the longest mean germination time, which was closely followed by FARO 52 and FARO 50 (4.65 days). In contrast, FARO 44 (4.12 days) had a shorter mean germination time, which was statistically similar to SUAKOKO 8 (4.18 days) and ARICA 18 (4.21 days). At 300–450 mg/L Fe concentrations, FARO 50, FARO 33, and FARO 52 maintained the longest mean germination time (4.61–4.77 days). Conversely, SUAKOKO 8 had the shortest mean germination time (below 4 days). At 600 mg/L Fe concentration, FARO 33 (5.02 days) had the longest mean germination time, while FARO 57 (3.85 days) had the shortest mean germination time.



(d) Germination Rate Index (GRI) (seed/day)
The mean performance of all the genotypes across the four levels of the Fe concentrations showed a highly significant variation (p≤0.01) in the germination rate index (Fig. 4). Under non-toxic conditions (control), FARO 26 (69.05 seeds/day) had the highest germination rate index. In contrast, FARO 33 (12.42 seeds/day) and FARO 57 (14.80 seeds/day) had the lowest germination rate index. At 300–450 mg/L Fe concentrations, most genotypes showed a moderate decline in the germination rate index. FARO 26, FARO 52, and FARO 50 maintained a moderately high germination rate index (57.70–67.56 seeds/day). On the contrary, FARO 57 and FARO 33 experienced a sharp decline (below 15 seeds/day) in the germination rate index. At 600 mg/L Fe concentration, FARO 26 (66.64 seeds/day) had the highest germination rate index, which was not substantially different from FARO 52 (59.41 seeds/day), while FARO 33 (4.68 seeds/day) had the lowest germination rate index.



(e) Germination Index (GI)
The mean performance of all the genotypes across the four levels of the Fe concentrations revealed significant variation (p≤0.01) for the germination index (Fig. 5). Under the non-toxic conditions (control), FARO 26 (840) had the highest germination index, which was statistically similar to FARO 52 (834), whereas FARO 33 (146) and FARO 57 (189.75) had the lowest germination index. At 300 mg/L Fe concentration, there was a moderate decline in the germination index. FARO 26 (824) and FARO 52 (814) had the highest germination index, while FARO 33 (123) had the lowest value, which was not substantially different from FARO 57 (157.75). At 450 mg/L Fe concentration, a similar trend was observed with FARO 26 (811) and FARO (784) having the highest germination index. In contrast, FARO 33 (95.75) and FARO 57 (158) had the lowest germination index. At 600 mg/L Fe concentration, FARO 26 (811) had the highest germination index, which was statistically similar to FARO 52 (741), whereas FARO 33 had the lowest germination index, which was statistically similar to FARO 17 (119) and FARO 57 (55.75).











Table 1: Effect of iron toxicity on the germination parameters of some genotypes of rice
	Genotype
	Final Germination Percentage (%)
	Germination Energy (%)
	Mean Germination Time (d)
	Germination Rate Index (seed/d)
	Germination Index

	NERICA L-19
	31.50f
	28.50f
	4.33e
	29.90g
	346.50g

	ARICA 18
	33.50e
	31.50e
	4.19g
	36.16e
	403.75e

	SUAKOKO 8
	29.00g
	23.50g
	4.06h
	33.05f
	347.75g

	FARO 44
	32.50e
	29.50f
	4.13g
	36.98e
	403.75e

	FARO 50
	92.00a
	53.00c
	4.70b
	60.06c
	696.50c

	FARO 17
	24.50h
	22.00g
	4.34e
	23.59h
	273.75h

	FARO 52
	92.00a
	68.50b
	4.63c
	64.51b
	793.25b

	FARO 19
	36.00d
	32.00e
	4.38e
	31.68f-g
	375.94f

	FARO 15
	40.50c
	38.00d
	4.25f
	40.51d
	470.75d

	FARO 33
	15.00i
	9.50i
	4.76a
	8.74j
	105.13j

	FARO 57
	15.50i
	13.00h
	4.34e
	13.59i
	157.88i

	FARO 26
	83.00b
	72.00a
	4.47d
	67.47a
	821.50a

	Fe level (Fe, mg/L)
	
	
	
	
	

	0 (Control) 
	52.16a
	41.33a
	4.44a
	43.02a
	504.14a

	150
	45.16b
	36.50b
	4.39b
	37.83b
	445.37b

	300
	41.83c
	34.00c
	4.31c
	37.49b
	430.97b

	450
	35.83d
	28.50d
	4.38b
	30.41c
	351.64c

	G
	**
	**
	**
	**
	**

	Fe
	**
	**
	**
	**
	**

	G x Fe
	**
	**
	**
	**
	**


Mean values with the letter (s) within column are not significantly different (p≤0.05) using Tukey’s Honest Significant Difference (HSD) Test.
** = Highly significant difference (p≤0.05)

Discussion
The germination phase is a critical window in the plant life cycle, establishing the foundation for subsequent growth, development, and ultimate yield (Finch-Savage & Bassel, 2016). This phase is particularly vulnerable to abiotic stresses, including mineral toxicities prevalent in acidic and waterlogged soils (Becker & Asch, 2005). The present study investigated the inhibitory effects of iron (Fe) toxicity on the germination of twelve rice genotypes, revealing significant genotypic variation in tolerance, a finding consistent with the broader literature on plant stress responses (Mittler & Blumwald, 2010; Dufey et al., 2015; Ahmed et al., 2023). 
The most pronounced effect observed was the severe dose-dependent suppression of final germination percentage under increasing iron concentrations for the majority of genotypes (Fig. 1). This aligns with established knowledge that excess ferrous iron (Fe²⁺) in the rhizosphere induces oxidative stress through the Fenton reaction, leading to cellular damage, lipid peroxidation, and the degradation of proteins and nucleic acids, ultimately impairing embryo viability and radicle emergence (Sahrawat, 2004; Halliwell & Gutteridge, 2015). The dramatic decline in final germination percentage for sensitive genotypes like FARO 33, FARO 57, and FARO 17 is a direct manifestation of this physiological damage (Majerus et al., 2007). In contrast, the exceptional performance of FARO 26, FARO 52, and FARO 50, which maintained final germination percentages above 77% even at 600 mg/L Fe, strongly suggests the presence of robust internal tolerance mechanisms that protect the embryonic tissues from Fe-induced oxidative stress (Aung & Masuda, 2020).
Beyond mere viability, the vigour of germination is a crucial determinant of seedling establishment (Farooq et al., 2019). Our data on germination energy, mean germination time, and germination rate index provide a multifaceted view of this vigour. The significant reduction in germination energy and germination rate index, coupled with a general increase in mean germination time for sensitive genotypes under Fe stress, indicates that iron toxicity not only prevents some seeds from germinating but also delays and desynchronizes the process in those that do. This is physiologically logical, as the plant must divert energy to activate stress-response pathways, such as the synthesis of antioxidants (e.g., ascorbate, glutathione) and the sequestration of excess Fe into vacuoles (Briat et al., 1995; Nozoye et al., 2011), thereby slowing the metabolic processes dedicated to growth. The superior and stable germination energy and germination rate index of FARO 26 and FARO 52 across all Fe levels indicate that these genotypes can maintain high metabolic efficiency and rapid growth rates even under severe Fe stress, a hallmark of true tolerance (Mittler & Blumwald, 2010; Ahmed et al., 2023).
The germination index, a composite parameter integrating both the speed and totality of germination, serves as an excellent summary metric for overall performance (AOSA, 2009). The results here are starkly dichotomous. The germination index for sensitive genotypes like FARO 33 collapsed to near-negligible levels at high Fe concentrations. Conversely, the sustained high germination index values for FARO 26, FARO 52, and FARO 50 underscore their comprehensive resilience. This robust germination profile suggests that the tolerance mechanisms in these genotypes are active from the very inception of growth, potentially involving pre-existing biochemical fortifications in the seed or the rapid induction of protective genes upon imbibition (Rajjou et al., 2012).
The genotypic differences observed are central to the findings of this study. The consistent superiority of FARO 26, FARO 52, and FARO 50 across all five germination parameters highlights their potential as ideal candidates for cultivation in iron-toxic agro-ecosystems. Similar screenings have identified other tolerant landraces and improved varieties, emphasizing that genetic tolerance is a key solution to managing Fe toxicity (Onyango et al., 2019; Sikirou et al., 2022).
Conclusion 
This study reveals that excess ferrous iron (Fe²⁺) severely inhibits rice germination by reducing the germination percentage, energy, and rate, while also prolonging the mean germination time. Significant genotypic differences were observed, indicating a strong genetic basis for tolerance. FARO 26, FARO 52, and FARO 50 showed high tolerance, maintaining vigorous germination even at 600 mg/L Fe²⁺, likely due to effective antioxidant and iron-detoxifying mechanisms. In contrast, FARO 33, FARO 57, and FARO 17 were highly sensitive. The study concludes that evaluating germination speed parameters (GRI, GE, MGT) alongside final germination percentage is an effective method for early selection of iron-toxicity-tolerant rice genotypes.
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Figure 4: Interaction effect of iron toxicity and rice genotypes on the germination rate index (seed/d)
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Figure 5: Interaction effect of iron toxicity and rice genotypes on the germination index
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Figure 1: Interaction effect of iron toxicity and rice varieties on the final germination percentage (%)
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Figure 2: Interaction effect of iron toxicity and rice genotypes on the germination energy (%)
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Figure 3: Interaction effect of iron toxicity and rice genotypes on the mean germination time (d)
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