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IDENTIFICATION OF IRON-TOLERANT RICE GENOTYPES USING MORPHOPHYSIOLOGICAL PARAMETERS DURING GERMINATION AND EARLY SEEDLING GROWTH


ABSTRACT
Iron toxicity is a major abiotic stress that significantly limits rice production in lowland ecosystems. The early germination stage is highly vulnerable to this stress, making it a critical phase for screening tolerant genotypes. This study aimed to identify iron-tolerant rice genotypes through morpho-physiological assessment during germination and early seedling growth. Twelve rice genotypes were evaluated under controlled iron stress conditions (0, 300, 450, and 600 mg/L Fe²⁺). The experimental design was a completely randomized design with three replications. Morpho-physiological parameters, including final germination percentage, plumule length, radicle length, and seedling vigour index, were measured following standard protocols. Data were analyzed using ANOVA, and mean separation was done with Tukey's HSD test at P ≤ 0.05. The results revealed significant (P < 0.01) genotypic variation in response to iron toxicity. Iron stress caused dose-dependent suppression of all growth parameters, with the most severe inhibition observed at 600 mg/L Fe. The genotypes FARO 52 and FARO 50 demonstrated exceptional tolerance, maintaining the highest values for final germination percentage (85 % and 83 %), plumule length (5.27 cm and 5.12 cm), radicle length (4.62 cm and 5.02 cm), and seedling vigour index (841.55 and 842.15) at the highest stress level. In contrast, FARO 33 showed extreme sensitivity with the lowest values across all parameters. FARO 26 displayed moderate tolerance, particularly in maintaining seedling vigour index under stress conditions. This study successfully identifies FARO 52 and FARO 50 as elite iron-tolerant rice genotypes based on their superior morpho-physiological performance during germination. These genotypes are recommended for direct cultivation in iron-toxic soils and as valuable donor parents in breeding programs aimed at enhancing iron tolerance in rice.
Keywords: Abiotic stress, germination, iron stress, seedling growth, rice genotypes
1.0 INTRODUCTION
Rice (Oryza sativa L.) serves as the principal food source for over half of the global population, making its production crucial for food security, particularly in developing nations (Muller et al., 2015). However, rice cultivation faces significant challenges from abiotic stresses, with iron toxicity emerging as a major constraint in lowland production systems (Onaga et al., 2016). Under anaerobic conditions typical of flooded soils, ferric iron reduces to soluble ferrous iron, reaching concentrations that become phytotoxic and severely inhibit rice growth (Becker & Asch, 2005). The expanding prevalence of iron-toxic soils due to changing climate patterns underscores the urgent need to identify tolerant genotypes for sustainable rice production (Dwivedi et al., 2022).
The germination and early seedling stages represent the most critical window for evaluating iron toxicity tolerance in rice (Islam et al., 2025). During these developmental phases, excess ferrous iron uptake triggers oxidative stress through Fenton reactions, leading to cellular damage and growth inhibition (Wu et al., 2014). This damage manifests in measurable morphophysiological parameters, including reduced plumule and radicle elongation and decreased seedling vigour (Abdul-Baki & Anderson, 1973). These parameters provide reliable screening criteria for early selection of iron-tolerant genotypes, offering a rapid and efficient alternative to field evaluations (Majerus et al., 2007).
Significant genotypic variation exists in rice germplasm regarding iron tolerance mechanisms, including rhizosphere oxidation, iron plaque formation, and enhanced antioxidant activity (Audebert & Fofana, 2009). Previous studies have demonstrated that tolerant genotypes maintain better growth under iron stress through superior morphological development and physiological resilience (Wu et al., 2017). However, comprehensive screening of diverse germplasm using multiple morphophysiological parameters during germination remains limited, despite its potential for identifying superior breeding material (Stein et al., 2019).
This study aims to identify iron-tolerant rice genotypes through systematic evaluation of morphophysiological parameters during germination and early seedling growth. Specifically, this study aims to assess the impact of increasing iron concentrations on the germination percentage, plumule length, radicle length, and seedling vigour index; and to identify high-performing genotypes with consistent tolerance across multiple iron stress levels. The findings will provide valuable genetic resources for breeding programs targeting iron-toxic environments and contribute to developing resilient rice varieties for sustainable production.
2.0 MATERIALS AND METHODS
2.1 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.
2.2 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.
2.3 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.
2.4 Treatment: The rice seeds were treated with four different concentrations of FeSO4.7H2O solution [0 (control), 300, 450, and 600 mg/L].
2.5 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.
2.6 Data Collection: 
The following data were collected:
2.6.1 Final Germination Percentage (%) =
 


2.6.2 Seedling Vigour Index (Hellal et al., 2018; Udo et al., 2025a) = 
2.6.3 Radicle length (cm): It was measured with the aid of a meter rule
2.6.4 Plumule length (cm): It was measured with the aid of a meter rule
2.7 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.
3.0 RESULTS AND DISCUSSION
3.1 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 and seedling traits (Table 1). 
3.1.1 Final Germination Percentage (%)
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 (Table 2). 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.



















Table 1: Effect of iron toxicity on the seedling growth of some genotypes of rice
	Genotype 
	Final Germination Percentage (%)
	Plumule length (cm)
	Radicle length (cm)
	Seedling Vigour Index

	NERICA L-19
	31.50f
	5.00cd
	5.18b
	342.58e

	ARICA 18
	33.50e
	5.41b
	5.13b
	376.84d

	SUAKOKO 8
	29.00g
	5.38bc
	5.13b
	332.61e

	FARO 44
	32.50e
	5.26bc
	5.08b
	357.38de

	FARO 50
	92.00a
	7.31a
	6.08a
	1247.56a

	FARO 17
	24.50h
	5.15bd
	5.14b
	271.10f

	FARO 52
	92.00a
	7.24a
	6.23a
	1252.30a

	FARO 19
	36.00d
	5.10bd
	4.61c
	362.58de

	FARO 15
	40.50c
	5.44b
	5.13b
	448.84c

	FARO 33
	15.00i
	3.41f
	3.07e
	105.99h

	FARO 57
	15.50i
	4.81d
	3.78d
	143.59g

	FARO 26
	83.00b
	4.19e
	3.60d
	653.79b

	Fe level (Fe, mg/L)
	
	
	
	

	0 (Control) 
	52.16a
	7.42a
	6.94a
	781.85a

	150
	45.16b
	5.53b
	5.17b
	515.19b

	300
	41.83c
	4.44c
	4.16c
	385.08c

	450
	35.83d
	3.85d
	3.12d
	282.91d

	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)

Table 2: Interaction effect of iron toxicity and rice genotypes on the Final Germination Percentage (%)
	Genotype
	0 mg/L Fe
	300 mg/L Fe
	450 mg/L Fe
	600 mg/L Fe

	NERICA L-19
	43bc
	31de
	29def
	23de

	ARICA 18
	45bc
	33de
	31de
	25cde

	SUAKOKO 8
	41c
	29e
	25ef
	21e

	FARO 44
	45bc
	31de
	29def
	25cde

	FARO 50
	97a
	97a
	91a
	83ab

	FARO 17
	33d
	29e
	23f
	13f

	FARO 52
	97a
	93a
	93a
	85a

	FARO 19
	43bc
	37cd
	35cd
	29cd

	FARO 15
	49b
	43c
	39c
	31c

	FARO 33
	21e
	17f
	13g
	9f

	FARO 57
	21e
	17f
	15g
	9f

	FARO 26
	91a
	85b
	79b
	77b

	HSD0.05
	<0.0001
	<0.0001
	<0.0001
	<0.0001


 Mean values with the letter (s) within column are not significantly different (P≤0.05) using Tukey’s Honest Significant Difference (HSD) Test.


3.1.2 Plumule Length (cm)
The mean performance of all the genotypes across the four levels of the Fe concentrations revealed a highly significant variation (P≤0.01) for the plumule length (Table 3). Under non-toxic conditions (control), FARO 50 (101.12 cm) and FARO 52 (9.85 cm) had the longest plumule length, which was statistically similar to SUAKOKO 8 (8.80 cm). Conversely, FARO 33 (4.30 cm) had the shortest plumule length, which was not substantially different from FARO 26 (4.85 cm). At a 300 mg/L Fe concentration, FARO 50 (8.30 cm) and FARO 52 (7.90 cm) had the longest plumule length, while FARO 33 (3.95 cm) had the shortest plumule length, which was not substantially different from FARO 26 (4.07 cm). At 450 mg/L Fe concentration, there was a sharp decline in the plumule length. FARO 52 (5.95 cm) had the longest plumule length, which was statistically similar to FARO 50 (5.72 cm), while FARO 33 (3.37 cm) had the shortest plumule length. At 600 mg/L Fe concentration, FARO 52 (5.27 cm) had the longest plumule length, whereas FARO 33 (2.5 cm) had the shortest plumule length.















Table 3: Interaction effect of iron toxicity and rice genotypes on the Plumule length (cm)
	Genotype
	0 mg/L Fe
	300 mg/L Fe
	450 mg/L Fe
	600 mg/L Fe

	NERICA L-19
	7.37c
	4.87cd
	4.02c
	3.75c

	ARICA 18
	7.87bc
	5.10bcd
	4.57bc
	4.12abc

	SUAKOKO 8
	8.80ab
	4.92cd
	4.05c
	3.75c

	FARO 44
	7.62bc
	5.50bc
	4.40bc
	3.55c

	FARO 50
	10.12a
	8.30a
	5.72ab
	5.12ab

	FARO 17
	6.95c
	5.50bc
	4.47bc
	3.70c

	FARO 52
	9.85a
	7.90a
	5.95a
	5.27a

	FARO 19
	7.47bc
	5.15bcd
	4.25c
	3.55c

	FARO 15
	7.25c
	6.40b
	4.40bc
	3.72c

	FARO 33
	4.30d
	3.95d
	3.37c
	2.5d

	FARO 57
	6.60c
	4.90cd
	4.15c
	3.80bc

	FARO 26
	4.85d
	4.07d
	4.00c
	3.85bc

	HSD0.05
	<0.0001
	<0.0001
	<0.0001
	<0.0001


Mean values with the letter (s) within column are not significantly different (P≤0.05) using Tukey’s Honest Significant Difference (HSD) Test.


3.1.3 Radicle Length (cm)  
The mean performance of all the genotypes across the four levels of the Fe concentrations revealed a highly significant variation (P≤0.01) for the radicle length (Table 4). Under non-toxic conditions (control), FARO 52 (8.42 cm) had the longest radicle length. In contrast, FARO 33 (4.12 cm) had the shortest radicle length. At 300 mg/L Fe concentration, FARO 52 (6.37 cm) and FARO 15 (6.02 cm) had the longest radicle length, while FARO 26 (3.90 cm) had the shortest plumule length, which was not substantially different from FARO 33 (3.95 cm). At 450 mg/L Fe concentration, FARO 52 (5.52 cm) and FARO 50 (5.37 cm). In contrast, FARO 26 (3.02 cm) had the shortest radicle length. At 600 mg/L Fe concentration, FARO 50 (5.02 cm) had the longest radicle length, which was statistically similar to FARO 52 (4.62 cm), while FARO 33 (1.02 cm) and FARO 57 (1.77 cm) had the shortest radicle length, which was not substantially different from FARO 26 (2.27 cm).















Table 4: Interaction effect of iron toxicity and rice genotypes on the Radicle length (cm)
	Genotype
	0 mg/L Fe
	300 mg/L Fe
	450 mg/L Fe
	600 mg/L Fe

	NERICA L-19
	7.62abc
	5.22abc
	4.25abc
	3.62bc

	ARICA 18
	8.05ab
	5.20abc
	4.17abc
	3.10cd

	SUAKOKO 8
	7.97ab
	5.02abc
	4.22abc
	3.30bc

	FARO 44
	6.85bcd
	5.77ab
	4.45abc
	3.25bc

	FARO 50
	8.05ab
	5.87ac
	5.37a
	5.02a

	FARO 17
	7.55abc
	5.20abc
	4.52ab
	3.30bc

	FARO 52
	8.42a
	6.37a
	5.52a
	4.62ab

	FARO 19
	6.25cde
	5.05abc
	3.87bc
	3.27bc

	FARO 15
	7.72ab
	6.02a
	3.92bc
	2.87cd

	FARO 33
	4.12f
	3.95c
	3.20bc
	1.02e

	FARO 57
	5.47def
	4.47bc
	3.42bc
	1.7de

	FARO 26
	5.20ef
	3.90c
	3.02c
	2.27cde

	HSD0.05
	<0.0001
	<0.0001
	<0.0001
	<0.0001


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


3.1.4 Seedling Vigour Index (%)
The mean performance of all the genotypes across the four levels of the Fe concentrations revealed a highly significant variation (P≤0.01) for the seedling vigour index (Table 5). Under non-toxic conditions (control), FARO 52 (1772.65%) and FARO 50 (1763.40%) had the maximum seedling vigour index, while FARO 33 (176.60%) had the minimum seedling vigour index, which was statistically similar to FARO 57 (253.55%). At 300 mg/L Fe concentration, FARO 50 (1375.25%) and FARO 52 (1327.65%) had the maximum seedling vigour index, which was not substantially different from FARO 57 (155.65%). At 450 mg/L Fe concentration, FARO 52 (1067.35%) had the maximum seedling vigour index, which was statistically similar to FARO 50 (1009.40%), whereas FARO 33 (85.30%) had the minimum seedling vigour index, which was not substantially different from FARO 57 (114.10%). At 600 mg/L Fe concentration, there was a sharp decline in the seedling vigour index. FARO 50 (842.15%) and FARO 52 (841.55%) maintained a moderate maximum seedling vigour index, while FARO 33 had the minimum value.


Table 5: Interaction effect of iron toxicity and rice genotypes on the Seedling Vigour Index
	Genotype
	0 mg/L Fe
	300 mg/L Fe
	450 mg/L Fe
	600 mg/L Fe

	NERICA L-19
	645.95cd
	314.25d
	240.25cd
	169.85cd

	ARICA 18
	716.20c
	339.40d
	271.25cd
	180.50cd

	SUAKOKO 8
	687.85cd
	288.55d
	206.55de
	147.50cde

	FARO 44
	651.70cd
	350.10d
	257.10cd
	170.60c-d

	FARO 50
	1763.40a
	1375.25a
	1009.40a
	842.15a

	FARO 17
	476.00e
	310.15d
	207.25de
	91.00def

	FARO 52
	1772.65a
	1327.65a
	1067.35a
	841.55a

	FARO 19
	591.90d
	377.35d
	283.95cd
	197.10cd

	FARO 15
	733.85c
	533.90c
	324.20c
	203.40c

	FARO 33
	176.60f
	133.30e
	85.30f
	28.75f

	FARO 57
	253.55f
	155.65e
	114.10ef
	51.05ef

	FARO 26
	912.55b
	676.75b
	554.35b
	471.50b

	HSD0.05
	<0.0001
	<0.0001
	<0.0001
	<0.0001


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





3.2 DISCUSSION
The identification of iron-tolerant rice genotypes represents a crucial step toward sustainable rice production in iron-toxic environments. Our systematic investigation of twelve rice genotypes under controlled iron stress conditions has revealed substantial genotypic variation in iron tolerance during germination and early seedling growth. The morphophysiological parameters employed in this study, final germination percentage, plumule length, radicle length, and seedling vigour index, proved to be highly effective indicators for early screening and selection of iron-tolerant genotypes.
The dose-dependent growth inhibition observed across all genotypes aligns with established patterns of iron toxicity response in rice. The genotypes FARO 26, FARO 52, and FARO 50 consistently exhibited exceptional tolerance, maintaining high germination speed, synchronization, and final germination percentage even at the extreme concentration of 600 mg/L Fe. Their ability to sustain vigorous germination under stress suggests the presence of efficient physiological mechanisms, such as enhanced antioxidant defense and iron sequestration, which protect the seeds from oxidative damage. Ahmed et al. (2023) reports similar results in RD85 rice genotype in the final germination percentage (84.5%) treated with 900 mg/L Fe. However, the exceptional performance of FARO 52 and FARO 50 across all stress levels demonstrates their superior tolerance mechanisms. Previous studies by Wu et al. (2017) reported similar growth suppression in sensitive genotypes, but the maintenance of plumule lengths exceeding 5 cm in FARO 52 and FARO 50 at 600 mg/L Fe represents a significant improvement over previously documented tolerant genotype. This enhanced performance suggests the presence of more efficient defense mechanisms in these cultivars, possibly involving improved iron exclusion or compartmentalization. Similar results were reported by Roy and Sharma (2014) and Rout et al. (2014). However, Ahmed et al. (2023) reported a negative impact with respect to increasing levels of Fe treatments on the mean performance of the genotypes in the final germination percentage. 
The radicle responses observed in this study provide particularly valuable insights into genotypic differences in iron tolerance. The extreme sensitivity exhibited by FARO 33, showing a 75% reduction in radicle length at the highest iron concentration, exceeds the 50-65% reductions. A similar result was reported by Engel et al. (2012) in their evaluation of African rice germplasm. This heightened sensitivity underscores the critical role of root systems as primary sites of iron toxicity damage. The maintained radicle growth in FARO 52 and FARO 50 supports earlier findings by Stein et al. (2019), who associated root system maintenance with enhanced iron plaque formation and superior oxidative stress management. Ahmed et al. (2023) reported that lower levels of Fe treatments (150mg/L) enhance root length compared to the control, and it shows a steep decreasing trend at other Fe levels (300, 600, and 900 mg/L). In this present study, it was observed that increasing levels of iron concentrations from 300 – 600mg/L adversely affected the radicle length of the rice seedlings.
The results of this present study demonstrate that the seedling vigour index serves as the most comprehensive parameter for genotype evaluation, effectively integrating the cumulative impact of iron stress on seedling development. The dramatic contrast between the elite genotypes maintaining SVI above 840 and the most sensitive genotype dropping to 28.75 at 600 mg/L Fe provides clear and reliable selection criteria. These findings represent a substantial improvement over earlier work by Majerus et al. (2007), who reported maximum SVI reductions of 80% in their best-performing genotypes. In contrast, FARO 52 and FARO 50 in our study maintained approximately 50% of their control values under severe stress conditions. The results of this present study are in agreement with the findings of Onyango et al. (2018), who reported that Fe2+ concentration of more than 300mg/L would exert toxicity to rice seedlings. Similar results were also reported by Sikirou et al. (2016), and Rout et al. (2014).
The consistent superiority of FARO 52 and FARO 50 across all measured parameters indicates the operation of comprehensive tolerance mechanisms. Their ability to maintain both plumule and radicle growth under high iron concentrations suggests efficient coordination of multiple defense strategies, including iron exclusion, internal compartmentalization, and oxidative stress management. This multi-mechanism tolerance aligns with recent molecular evidence presented by Kumar et al. (2020), who identified coordinated expression of iron transporters and antioxidant genes in tolerant rice genotypes. Similar results were reported by Ahmed et al. (2023), Onyango et al. (2018), and Sikirou et al. (2016).
The intermediate tolerance pattern displayed by FARO 26 presents an interesting case for further investigation. While showing moderate reductions in individual growth parameters, its maintained seedling vigour index suggests an alternative tolerance strategy focused on physiological resilience rather than maximum growth potential. This pattern resembles the "metabolic tolerance" mechanism described by Audebert and Fofana (2009), where genotypes prioritize cellular protection over aggressive growth under stress conditions.
The strong statistical significance of genotype × iron concentration interactions for all measured parameters confirms that genetic factors substantially influence how rice responds to iron stress during germination. This interaction provides the fundamental basis for genetic improvement through targeted selection and breeding. The clear separation of genotypes into distinct tolerance categories using these morphophysiological parameters validates this screening approach for early selection in breeding programs targeting iron-toxic environments.
4.0 CONCLUSION
Conclusively, this study not only identifies FARO 52 and FARO 50 as elite iron-tolerant genotypes with superior performance characteristics but also establishes a robust framework for early-stage screening using multiple morphophysiological parameters. The consistency of the findings of this present study with established iron toxicity mechanisms, combined with the identification of genotypes exhibiting improved tolerance compared to previous reports, represents a meaningful contribution to rice improvement for iron-toxic environments. Future research should focus on elucidating the molecular basis of the observed tolerance in these elite genotypes and validating their field performance across diverse iron-toxic environments.
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