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Identification of Promising Recombinant Inbred Lines (RILs) of Rice (Oryza sativa L.) for Enhanced Nutritional and Grain Quality Traits

ABSTRACT
Aim: Micronutrient malnutrition is a serious global health concern, especially iron (Fe) and zinc (Zn) deficiencies. Rice (Oryza sativa L.), a staple grain consumed by over half of the world's population, has low concentrations of these vital micronutrients. The present study aims to identify promising recombinant inbred lines (RILs) that combine high nutritional quality with desirable grain quality traits.
Place and Duration of Study: The study was conducted at ICAR–Indian Institute of Rice Research (IIRR), Rajendranagar, Hyderabad. Seed materials were generated during Rabi 2023-2024.
Methodology: 20 contrasting recombinant inbred lines (RILs), comprising 10 with high and 10 with low grain iron and zinc content, were selected for comprehensive grain quality evaluation. The experiment was conducted in a randomized completed block design (RCBD) with three replications. Grain quality traits including milling efficiency, physical grain characteristics and cooking quality parameters were assessed following the standardized procedures.
Results: Results revealed significant variation (p < 0.05) among the selected lines for all traits except hulling percentage. Iron and zinc content in brown rice was in a range of 8.60 to 14.40 ppm and 15.40 to 35.10 ppm, respectively. In terms of milling quality, hulling, milling and head rice recovery percentage was in a range of 73.30 to 79.20 %, 63.50 to 70.60 and 33.80 to 61.50 %, respectively. Most of the lines were classified into short bold and medium slender groups based on their kernel length and length to breadth ratio. Cooking quality traits such as volume expansion ratio, elongation ratio and water uptake value ranged from 4.00 to 5.60, 1.63 to 2.12 and 90 to 235 ml, respectively. Based on Amylose content RILs categorized into high (non-sticky) and intermediate (soft) groups. Similarly with gel consistency RILs were grouped into hard, medium and soft types indicating diverse cooking and eating quality profiles. Significant correlation was observed between iron and zinc content (r = 0.922**, p < 0.01), indicating that these micronutrients co-localize and can be improved simultaneously through genetic selection.
Conclusion: The study identified IK1174, IK-1169 as promising RILs combining high grain iron and zinc content with acceptable grain and cooking quality traits. These lines hold potential for use in breeding programs targeting nutritional enhancement and consumer preferred grain quality in rice.
Keywords: rice grain quality, cooking quality, milling recovery, grain iron and zinc content.
1. INTRODUCTION 
Rice (Oryza sativa L.) serves as a staple food for over half of the world’s population, especially in Asia, where it contributes majorly to daily caloric intake and food security (Fukagawa and Ziska, 2019). Despite its importance, conventional rice varieties are inherently low in essential micronutrients such as iron (Fe) and zinc (Zn), contributing to widespread "hidden hunger" in rice dependent populations (Bouis and Saltzman, 2017; Sharma et al., 2013). The presence of multiple micronutrient deficiencies in the absence of an energy-deficit diet is often described as hidden hunger. This micronutrient deficiency leads to consequences including impaired cognitive development, compromised immune function, and growth stunting, majorly affecting women and children in developing countries (Black et al., 2013). Biofortification is the genetic enhancement of micronutrient content in food crops, offers a sustainable and cost-effective approach to mitigate these deficiencies by developing rice varieties with enhanced Fe and Zn concentrations (Swamy et al., 2016).
For biofortified rice varieties to achieve wide acceptance, they must fulfill not only nutritional targets but also meet the complex matrix of grain quality traits valued by consumers and markets (Custodio et al., 2019). Rice grain quality encompasses three key dimensions, viz. milling quality (hulling percentage, milling percentage, head rice recovery), physical characteristics (kernel length, kernel breadth, length to breadth ratio), and cooking and eating properties (Sultana et al., 2022). Cooking quality traits include volume expansion ratio (VER), water uptake (WU), kernel length after cooking (KLAC), and elongation ratio (ER), which determine cooking behavior and textural properties (Kumar et al., 2024). Biochemical properties such as amylose content (AC), gel consistency (GC), and alkali spreading value (ASV) govern cooking softness, stickiness, and gelatinization temperature attributes that strongly influence consumer acceptance across different cultural contexts (Chakraborty et al., 2024). Assessing the genetic diversity for variation in micronutrients in brown rice can identify novel donor genotypes for essential micronutrients enriched in the bran layer of grains (Ravichanthiran et al., 2018). While micronutrient evaluation is typically conducted on brown rice to capture the true genetic potential for mineral accumulation (Lu et al., 2013), grain quality parameters are assessed in polished rice to reflect actual consumption forms and industry standards.
Understanding the relationships between micronutrient content and grain quality traits is essential for developing effective breeding strategies that simultaneously address nutritional improvement and consumer preference (Sellappan et al., 2009). Potential associations, either favorable or antagonistic between nutritional and quality traits could significantly impact breeding progress and ultimate varietal adoption. Recombinant inbred lines (RILs) developed through crossing of complementary parents offer an excellent resource for identifying superior trait combinations, as they fix diverse allele combinations through several generations of self-pollination (Bhatia et al., 2018). These populations enable the identification of transgressive segregants that exceed parental performance for multiple traits of interest, potentially yielding candidate lines with optimal combinations of enhanced nutrition and preferred grain quality characteristics (Vilas et al., 2024).The present study aims to identify promising recombinant inbred lines that combine elevated iron and zinc concentrations with superior milling quality, physical appearance, and cooking characteristics.
2. MATERIALS AND METHODS
2.1 Plant material and Experimental site
A total of 20 recombinant inbred lines (10 high and 10 low in grain iron and zinc content) were selected from 190 RILs derived from a cross between Improved Samba Mahsuri and Karuppunel. The population, along with parents, was evaluated during Rabi 2023–24 at the ICAR-Indian Institute of Rice Research, Hyderabad. Evaluation was carried out under normal conditions in Randomized Complete Block Design (RCBD) with three replications. Seeds were sown in a nursery, and 21-day-old seedlings, along with the two parents as checks, were transplanted into a well puddled field. Each RIL was planted in three rows with 10 plants at 20 × 15 cm spacing. The crop was grown under irrigated conditions, following the recommended package of practices and fertilizer doses. Post-harvest, the selected 20 RILs were subjected to detailed grain quality assessment.
2.2 Methods
Comprehensive analysis of grain iron and zinc content, milling quality traits, physical appearance traits, cooking quality traits was performed. Grain quality evaluation was carried out following standard procedures outlined in the Rice Grain Quality Analysis manual, ICAR-Indian Institute of Rice Research (Kumar et al., 2021).
2.2.1 Estimation of grain iron and zinc content (ppm)
Iron (Fe) and zinc (Zn) content in brown rice were estimated in brown rice samples using energy-dispersive X-ray fluorescence (ED-XRF), 5 g of dehusked rice was prepared using a dehusker, the samples were cleaned with tissue paper and subjected to XRF analysis. The concentrations were expressed in ppm (particles per million).
2.2.2 Evaluation of grain quality traits
2.2.2.1 Hulling percentage
Approximately 100 g of paddy sample was taken and cleaned to remove impurities. The cleaned sample was dehusked using a standard laboratory sheller to obtain brown rice. The dehusked kernels were cleaned and weighed. The hulling percentage was calculated as the proportion of the weight of brown rice to the weight of the paddy sample, expressed as a percentage, using the formula given below (Kumar et al., 2021).
Hulling percentage =  X 100
2.2.2.2 Milling percentage
The dehusked kernels obtained after hulling were subjected to polishing using a standard laboratory polisher to produce white rice. The polished kernels were weighed, and the milling percentage was calculated as the proportion of the weight of polished rice to the initial weight of the paddy sample, expressed as a percentage, using the following formula given below (Kumar et al., 2021).
Milling percentage =  X 100
2.2.2.3 Head rice recovery percentage
The polished rice samples were graded using a standard rice grader equipped with sieves of varying groove sizes (mm), depending on the grain size. For quantification of head rice recovery (HRR), the full-length and three-fourth-length unbroken grains were manually separated from the broken grains. The weight of these whole grains was recorded, and the head rice recovery was expressed as a percentage of the total weight of the paddy sample using the following formula given below (Kumar et al., 2021).
Head rice recovery=  X 100
2.2.2.4 Kernel breadth, Kernel length, Kernel length to breadth (L/B) ratio
After milling, the polished rice samples were used to assess grain size and shape. A minimum of 10 full grains per replication, with both tips intact, were selected for measurement. The grain length and breadth were measured using a dial micrometer, and the average values were recorded in millimeters (mm). The length to breadth (L/B) ratio was then calculated. Grain type was classified based on grain length and L/B ratio, following the classification system proposed by Ramaiah, (1969), as given below:
Table 1: Classification of rice grains based on length and L/B ratio
	Category
	Length & L/B ratio

	Long Slender (LS)
	Length 6 mm and above, L/B ratio ≥3

	Short Slender (SS)
	Length less than 6 mm, L/B ratio ≥3

	Medium Slender (MS)
	Length less than 6 mm, L/B ratio 2.5 to 3.0

	Long Bold (LB)
	Length 6 mm and above, L/B ratio ≤3

	Short Bold (SB)
	Length less than 6 mm, L/B ratio ≤2.5



2.2.2.5 Volume expansion ratio
A 5 g rice sample was taken in a 50 ml graduated centrifuge tube, and 15 ml of water was added. The total volume (Y ml) was measured, and the volume before cooking (uncooked rice) was calculated as Y - 15. The rice sample was then soaked for 10 minutes and cooked for 20 minutes in a water bath. After cooking, 50 ml of distilled water was taken in a 100 ml measuring cylinder, and the cooked rice was transferred into it. The total volume (X ml) was recorded, and the volume after cooking (cooked rice) was calculated as X - 50.The Volume Expansion Ratio was then calculated using the formula given below (Kumar et al., 2021).

Volume Expansion Ratio = 
2.2.2.6 Water uptake value (ml)
Two grams of sample of polished rice was placed in a graduated test tube, and 10 ml of distilled water was added. The sample was allowed to soak at room temperature for 30 minutes. Following the soaking period, the test tubes were placed in a constant-temperature water bath maintained at 77–80°C and cooked for 45 minutes. Alongside the test samples, 2–3 control test tubes containing only 10 ml of distilled water were included in the water bath to account for evaporative losses. After cooking, the test tubes were immediately transferred to a beaker containing cold water to halt further gelatinization. Once cooled to room temperature, the supernatant liquid from each test tube was carefully decanted into a graduated cylinder, and the final volume was recorded. The difference in water volume between the test sample and the control was used to calculate water uptake using the following formula (Kumar et al., 2021).
Water uptake (ml)/100 gm of sample =    X 100
Where,
W = Sample weight (g)
X = Water absorbed during cooking (ml) of test sample
C = Water lost due to evaporation (ml) of control
2.2.2.7 Elongation ratio
Ten whole rice kernels with intact tips were randomly selected both before and after cooking. Let the average length of 10 cooked rice kernels be X mm and the average length of 10 uncooked rice kernels be X0 mm. The grain elongation upon cooking was calculated as formula given below (Juliano and Perez, 1984).
Grain elongation ratio = 
2.2.2.8 Alkali spreading value
Determined using 1.7% KOH as per IRRI standards Six milled whole rice grains free from cracks were placed in labeled plastic boxes. To each box, 10 ml of 1.7% potassium hydroxide (KOH) solution was added, ensuring sufficient spacing between the grains for uniform spreading. The samples were incubated undisturbed at 27–30°C for 23 hours. Scoring was done according to the standard procedure based on spreading of kernels (Little et al., 1958).
2.2.2.9 Amylose content (%)
The amylose content of rice samples was determined using the spectrophotometric iodine assay method, which measures the absorbance of the amylose-iodine complex at 620 nm. For sample preparation, 100 mg of milled rice flour was mixed with 1 mL of 95% ethanol and 9 mL of 1 M NaOH, followed by heating in a boiling water bath for 10 minutes to gelatinize the starch. The mixture was cooled, transferred to a 100 mL volumetric flask, and diluted to volume with distilled water. Known concentrations of potato amylose standard were used to construct a calibration curve. To develop color, 5 mL of the sample solution was treated with 1 mL of 0.2% iodine solution, 2 mL of 0.1 M sodium acetate buffer, and diluted to volume with distilled water. The solution was allowed to stand for 20 minutes before absorbance was measured at 620 nm using a spectrophotometer. The amylose content of the rice samples was calculated by comparing their absorbance values to the calibration curve. Based on amylose content rice grains were classified into waxy, low, intermediate and high groups (Juliano, 1971).
2.2.2.10 Gel consistency (mm)
Milled rice samples (100 mg) were ground to fine flour (100 mesh) using a Wig-L-Bug amalgamator. The flour was mixed with 0.2 ml ethanol containing 0.25% thymol blue and 2.0 ml of 0.2 N KOH in culture tubes (in quadruplicate). After vortexing, tubes with a glass marble were incubated in a boiling water bath (90–100°C) for 8 minutes, cooled at room temperature for 5 minutes, and chilled in an ice bath (0–2°C) for 20 minutes. Tubes were laid horizontally for 1 hour, and gel length (mm) was measured as an indicator of consistency. Samples classified into classified into hard, medium and soft based on gel length as represented in Table 2 (Cagampang et al., 1973).
Table 2: Gel consistency categories based on gel length
	S. No
	Gel Length (mm)
	Gel Consistency

	1
	26-40
	Hard gel consistency

	2
	41-60
	Medium gel consistency

	3
	61-100
	Soft gel consistency


2.3 Statistical analysis
Data were subjected to analysis of variance (ANOVA) to detect significant differences among RILs for each trait. The experiment was laid out in a randomized complete block design (RCBD) with three replications, and the data were analyzed using the Agri Analyze online statistical tool. Correlation was performed between grain quality and micronutrient traits and visualized using GRAPES 1.1.0. 
 3. RESULTS AND DISCUSSION
3.1 Micronutrient content
3.1.1 Iron content (ppm)
There was a significant difference (p<0.05) between the recombinant inbred lines (RILs) for iron concentration in brown rice. Results were mentioned in Table 6. The concentration of iron varied from 8.60 ppm to 14.40 ppm with an average of 11.10 ppm. Among these, highest iron content was found in IK-1169 (14.40 ppm) while iron content was 14.00 ppm in IK-1197 followed by IK-1187 and IK-1174 both with 13.80 ppm. On the other hand, the lowest values were obtained in IK-1188 and IK-1044 with 8.60 ppm and 8.69 ppm respectively. These results are consistent with previous studies. Abera et al., (2021) found brown rice to have an iron concentration between 8.95 ppm and 70.60 ppm, indicating the variation for this trait. Madhubabu et al., (2017) found the iron content to vary between 10.4 ppm and 15.40 ppm in brown rice. Results obtained in the present study are consistent within the range of those previously published. 
3.1.2 Zinc content (ppm)
The zinc concentration of brown rice varied significantly (p < 0.05) across the recombinant inbred lines (RILs), with an average of 26.50 ppm and a range of 15.40 ppm to 35.10 ppm. Results were represented in Table 6. IK-1187 has the highest concentration of zinc (35.10 ppm), followed by IK-1174 (34.70 ppm), IK-1103 (33.87 ppm), and IK-1049 (32.69 ppm). On contrast, IK-1143 has the lowest zinc amount 15.40 ppm. These results support the existence of significant genetic diversity for zinc accumulation in rice grains and are consistent with earlier findings. Zinc levels in 126 rice germplasm accessions ranged widely, from 26.20 ppm to 67.30 ppm, according to Anuradha et al., (2012). The range found in the current investigation is consistent with Suman et al., (2021), who reported zinc levels in a RIL population ranging from 10.40 ppm to 38.20 ppm. 
3.2 Milling quality traits
3.2.1 Hulling percentage
Hulling percentages of the RILs varied from 73.30% to 79.20%, with an average of 76.34%. Hulling efficiency was higher in IK-1103, IK-1169, IK-1185, IK-1181 and IK-1049, with hulling efficiency percentages of 79.20, 79.00, 78.00, 77.20, and 77.10 respectively. IK-1187 and IK-1037 showed the lowest percentage, with 73.30% and 73.90% respectively, as shown in Table 6. There were not statistically significant differences in this trait among the RILs. Hulling percentage is an important trait since it pertains to economic yield because directly impacts the quantity of brown rice obtained after dehusking. These values are in agreement with previous reports of 70-80% in elite rice variety selections (Anjna et al., 2019; Vikram et al., 2018). Also, those that showed to have better hulling percentages like lines IK-1103 and IK-1169, are very encouraging because they would contribute on reducing post-harvest losses and increasing milling recovery. 
3.2.2 Milling percentage
The milling percentage ranged from 63.50% to 70.60%, with a mean of 66.86%, and varied significantly (p<0.05). Results were represented in Table 6. The highest milling percentage was obtained by IK-1169 (70.60%), which was followed by IK-1103 (69.60%), IK-1049 (68.90%), and IK-1177 (68.30%). However, IK-1187 (63.50%), IK-1197 (63.70%), IK-1143 (65.20%), and IK-1070 (65.50%) had the lowest milling percentages. Profitability depends on the milling percentage, which is the portion of polished grain that may be recovered. According to previous studies (Bhuiyan et al., 2024; Ahmad et al., 2016), the milling percentage in enhanced rice lines ranged from 62 to 72%. This range is consistent with the results obtained. High milling percentages are very attractive to millers and consumers alike, as seen in IK-1169.
3.2.3 Head rice recovery percentage
Among the RILs, head rice recovery varied greatly (p<0.05), ranging from 33.80% to 61.50%, with a mean of 48.80% overall. IK-1169 has the highest head rice recovery (61.50%), followed by IK-1049 (58.80%) and IK-1181 (57.80%). IK-1197 (33.80%), IK-1143 (39.10%), IK-1185 (39.40%), and IK-1045 (42.20%) had the lowest head rice recovery percentage values (Table 6). IK-1169 performed better than all other lines, highlighting its superior performance. Head rice recovery is a key quality attribute that has a direct impact on customer preference and market pricing. According to earlier research (Krishniah and Rani, 2000; Madhubabu et al., 2017), HRR values ranged from 35 to 65%, which is consistent with the current findings. High Head rice recovery lines, such as IK-1169, are very beneficial to breeding initiatives that try improving the quality of the grain produced.
3.3 Size and shape
3.3.1 Kernel length (mm)
The recombinant inbred lines (RILs) had a mean kernel length of 5.08 mm, with a range of 4.41 mm to 5.55 mm. IK-1150 (5.35 mm), IK-1022 (5.53 mm), IK-1177 (5.36 mm), and IK-1187 (5.55 mm) had the longest kernels. On the other hand, IK-1045 (4.41 mm), IK-1169 (4.63 mm), and IK-1185 (4.63 mm) had the shortest kernel lengths (Table 6). A key factor in determining the appearance, quality, and consumer choice of rice is kernel length. The best-performing RILs in this study are consistent with previous research that found that rice varieties typically have kernel lengths over 5.0 mm (Suman et al., 2020; Gampala et al., 2015). In rice markets, long kernels are especially desired.
3.3.2 Kernel breadth (mm)
Kernel breadth ranged from 1.68 mm to 2.47 mm, with an overall mean of 2.10 mm. Results were mentioned in Table 6. The highest kernel breadth was recorded in IK-1185 (2.47 mm), followed by IK-1032 (2.36 mm), IK-1049 (2.31 mm), and IK-1022 (2.30 mm). The narrowest grains were found in IK-1169 (1.68 mm), IK-1115 (1.86 mm), and IK-1181 (1.86 mm). Kernel breadth significantly influences the final grain shape, which is a key factor for market classification. According to Girma et al., (2016), narrow grains are often associated with better cooking qualities, such as fluffiness after cooking, which supports the desirability of lines like IK-1169 and IK-1115.
3.3.3 Length to breadth ratio (L/B ratio)
The length to breadth ratio varied significantly (p<0.05) from 1.87 to 2.80, with an overall mean of 2.43. Results were represented in Table 6. The highest length to breadth ratio was observed in IK-1115 (2.80), followed by IK-1181 (2.77) and IK-1169 (2.75). The lowest ratios were recorded in IK-1185 (1.87), IK-1045 (2.09), and IK-1143 (2.20). Based on their kernel length and length to breadth ratio, all lines in the current study were categorized as either Medium Slender (MS) or Short Bold (SB) (Table 3).  length to breadth ratio  is a crucial characteristic for classifying grains as bold, medium, or thin. According to Gampala et al., (2015), Girma et al. (2016), and Bhuiyan et al., (2024), the superior cooking and eating quality of slender grains (L/B > 2.5) makes them more appealing in both domestic and export markets. The results here support these criteria and show that IK-1169 is a promising line.
Table 3: Classification of rice grains based on kernel length and Length to breadth ratio
	Category
	RILs

	Short Bold (SB)
	IK-1022, IK-1032, IK-1045, IK-1049, IK-1103, IK-1174, IK-1174, IK-1185, IK-1187, IK-1197, IK-1037, IK-1143.

	Medium Slender (MS)
	IK-1169, IK-1044, IK-1070, IK-1115, IK-1150, IK-1177


3.4 COOKING TRAITS
3.4.1 Water uptake (ml)	
Water uptake among the recombinant inbred lines (RILs) exhibited significant (p<0.05) variation, ranging from 90.00 ml to 235.00 ml, with a mean value of 142.90 ml. Results were represented in Table 6. The highest water uptake was observed in IK-1174 and IK-1187 (both 235.00 ml), followed by IK-1185 (230.00 ml) and IK-1103 (225.00 ml). Conversely, the lowest water uptake values were recorded in IK-1169 and IK-1177 (90.00 ml), followed by IK-1150 (95.00 ml) and IK-1037 (98.00 ml). These findings are in line with previous reports. Madhubabu et al., (2017) documented a water uptake range of 117.8 ml to 186.9 ml in improved rice varieties, while Suman et al., (2020) reported a broader range of 98.33 ml to 290.00 ml across a set of genotypes. The softness, texture, and expansion of the cooked grain are all greatly influenced by water uptake, which is a crucial indicator of rice cooking quality. In general high water uptake is preferred and is often linked to greater consumer acceptability, especially in areas where soft and fluffy rice is favored (Mohapatra et al., 2006).
3.4.2 Volume expansion ratio
The volume expansion ratio of the recombinant inbred lines (RILs) varied significantly (p < 0.05), with a mean of 4.78 and a range of 4.00 to 5.60. IK-1169 (5.60) and IK-1150 (5.60) had the highest volume expansion, followed by IK-1185 (5.40), IK-1115 (5.40), and IK-1177 (5.40). In contrast, IK-1022 (4.00), IK-1187 (4.10), IK-1197 (4.10), and IK-1070 (4.10) exhibited the lowest values (Table 6). Rice grains' ability to expand while cooking is reflected in the volume expansion ratio, a key cooking quality characteristic that influences texture, softness, and overall palatability. Particularly for types favored in South and Southeast Asian cuisines, higher volume expansion ratio is typically linked to superior cooking quality. These results are consistent with past studies that highlighted the importance of this characteristic in consumer preferences and marketability, such as those by Mohapatra et al., (2006) and Anjum et al., (2019). Breeding programs aiming to improve rice's cooking quality may find lines like IK-1169 and IK-1150, which shown highest expansion, to be promising candidates.
3.4.3 Kernel Length after Cooking (mm)
The kernel length after cooking (KLAC) of the studied RILs had a mean of 9.37 mm and varied from 7.50 mm to 10.30 mm. IK-1070 (10.30 mm) had the longest cooked kernels, closely followed by IK-1049 (10.20 mm), IK-1115 (10.20 mm), and IK-1187 (10.00 mm). In contrast, IK-1045 (7.50 mm) and IK-1197 (7.80 mm) had the shortest cooked kernel lengths (Table 6). In rice, kernel elongation during cooking is a crucial quality criterion that greatly affects the finished product's texture and appearance. In premium rice types, where consumers like long, fluffy grains, high KLAC is especially desired. Bhat and Riar, (2017) reported significant variation in KLAC among traditional rice cultivars from the temperate regions of India, with values ranging from 8.10 mm to 10.20 mm, highlighting the genetic diversity influencing this trait.
3.4.3 Elongation Ratio
Elongation ratio among the RILs significantly (p < 0.05) ranged from 1.63 to 2.12. Results were represented in Table 6. Among RILs IK-1070 recorded the highest value (2.12) followed by IK-1169 (2.03), IK-1049 (1.99), and IK-1115 (1.95). These results indicate that certain lines have excellent potential for cooking quality improvement. Several non-aromatic and short- to medium-grain rice cultivars also exhibit good elongation. For example, Kalanamak, a non-aromatic, short-grain rice grown in eastern Uttar Pradesh, has shown elongation ratios ranging from 1.75 to 2.30 (Bhat and Riar 2017). The elongation ability observed in lines like IK-1070 and IK-1169 is on par with these recognized cultivars, suggesting their potential as high-quality cooking rice in future breeding programs.
3.4.4 Alkali spreading value
Alkali Spreading Value (ASV), which indicates the cooking temperature of rice, ranged from 3.00 to 7.00 among the RILs, with an average of 4.10. Results were represented in Table 6. IK-1103 showed the highest ASV (7.00), indicating a lower gelatinization temperature and faster cooking. IK-1049 had the lowest ASV (3.00), indicating a high gelatinization temperature and a longer cooking time. An intermediate cooking temperature was suggested by the ASV of most lines, which was around 4.00. These results are consistent with previous research by Suman et al., (2020), Madhubabu et al., (2017) and Anjna et al., (2019), which demonstrated that ASV is a practical method of classifying rice according to cooking behavior. Lines like IK-1103 (Table 4) may be suitable for breeding soft-textured, fast-cooking rice types.
Table 4: Classification of RILs based on gelatinization temperature (GT)
	ASV
	Interpretation
	RILs

	3
	High GT
	IK-1049

	4
	Intermediate to High GT
	IK-1022, IK-1032, IK-1045, IK-1169, IK-1174, IK-1185, IK-1187, IK-1197, IK-1037, IK-1044, IK-1070, IK-1115, IK-1143, IK-1150, IK-1177, IK-1181, IK-1188, IK-1198

	7
	Low GT
	IK-1103


3.4.5 Amylose Content (%)
Amylose content among the evaluated recombinant inbred lines (RILs) ranged from 21.97% to 27.36%, with a mean of 25.17%, classifying the RILs into intermediate (20–25%) and high (25–33%) amylose categories. The highest amylose content was recorded in IK-1103 (27.36%), followed by IK-1022 (27.10%), IK-1198 (26.72%), IK-1185 (26.63%), and IK-1037 (26.51%), while the lowest was observed in IK-1045 (21.97%). According to the classification, 14 RILs belonged to the high amylose group and 6 RILs to the intermediate group (Table 5). High amylose rice is typically associated with dry, non-sticky, and firm texture upon cooking, whereas intermediate amylose content is preferred in many regions due to its softer texture and acceptable grain separation (Cruz and Khush, 2000). Such results are supported by John and Raman, (2023) noted that amylose content is a major determinant of textural properties of cooked rice and plays a crucial role in consumer preference and market value.
Table 5: Classification of RILs based on Amylose Content (%)
	Amylose Category
	RILs

	High (25–33%)
	IK-1022, IK-1103, IK-1174, IK-1185, IK-1187, IK-1197, IK-1037, IK-1044, IK-1070, IK-1143, IK-1177, IK-1181, IK-1188, IK-1198

	Intermediate (20–25%)
	IK-1032, IK-1045, IK-1049, IK-1169, IK-1115, IK-1150






Table 6: Mean performance of recombinant inbred lines (RILs) for micronutrients, milling, and cooking quality traits.
	RILs
	FE
	ZN
	HULL
	MILL
	HRR
	KL
	KB
	L/B
	VER
	WU
	KLAC
	ER
	ASV
	AC
	GC

	IK-1022
	12.99
	29.10
	76.20
	66.90
	50.80
	5.53
	2.30
	2.40
	4.00
	115.00
	9.70
	1.75
	4.00
	27.01
	41.00

	IK-1032
	12.49
	28.50
	76.00
	67.00
	52.40
	5.23
	2.36
	2.21
	4.60
	160.00
	9.90
	1.89
	4.00
	23.96
	37.00

	IK-1045
	12.39
	30.00
	76.20
	65.90
	42.20
	4.41
	2.11
	2.09
	4.80
	155.00
	7.50
	1.70
	4.00
	21.97
	61.00

	IK-1049
	12.59
	32.70
	77.10
	68.90
	58.80
	5.12
	2.31
	2.21
	4.40
	150.00
	10.20
	1.99
	3.00
	22.96
	61.00

	IK-1103
	12.40
	33.87
	79.20
	69.60
	49.60
	5.07
	2.14
	2.36
	4.30
	225.00
	9.30
	1.83
	7.00
	27.36
	40.00

	IK-1169
	14.40
	29.50
	79.00
	70.60
	61.50
	4.63
	1.68
	2.75
	5.60
	90.00
	9.40
	2.03
	4.00
	22.64
	22.00

	IK-1174
	13.80
	34.70
	76.80
	67.40
	53.40
	5.18
	2.15
	2.40
	4.70
	235.00
	9.70
	1.87
	4.00
	25.05
	37.00

	IK-1185
	11.30
	29.00
	78.00
	65.80
	39.40
	4.63
	2.47
	1.87
	5.40
	230.00
	8.60
	1.85
	4.00
	26.63
	37.00

	IK-1187
	13.80
	35.10
	73.30
	63.50
	42.70
	5.55
	2.29
	2.42
	4.10
	235.00
	10.00
	1.80
	4.00
	25.87
	44.00

	IK-1197
	14.00
	32.50
	75.50
	63.70
	33.80
	4.78
	2.16
	2.21
	4.10
	125.00
	7.80
	1.63
	4.00
	25.75
	41.00

	IK-1037
	9.99
	17.80
	73.90
	66.10
	49.30
	4.96
	2.00
	2.48
	4.60
	98.00
	9.50
	1.91
	4.00
	26.51
	36.00

	IK-1044
	8.69
	18.60
	75.50
	66.90
	47.40
	5.13
	1.95
	2.63
	5.00
	135.00
	8.70
	1.69
	4.00
	25.63
	35.00

	IK-1070
	9.99
	18.60
	75.90
	65.50
	39.30
	4.84
	1.92
	2.52
	4.10
	105.00
	10.30
	2.12
	4.00
	25.13
	26.00

	IK-1115
	9.80
	17.90
	76.50
	68.00
	49.00
	5.22
	1.86
	2.80
	5.40
	120.00
	10.20
	1.95
	4.00
	22.76
	22.00

	IK-1143
	9.40
	15.40
	75.60
	65.20
	39.10
	5.08
	2.22
	2.20
	4.60
	140.00
	9.70
	1.90
	4.00
	25.43
	37.00

	IK-1150
	9.60
	16.60
	76.30
	67.40
	52.40
	5.35
	2.10
	2.54
	5.60
	95.00
	10.00
	1.86
	4.00
	24.46
	25.00

	IK-1177
	9.60
	17.80
	76.30
	68.30
	55.70
	5.36
	2.09
	2.56
	5.40
	90.00
	9.60
	1.79
	4.00
	25.25
	22.00

	IK-1181
	9.40
	16.90
	77.20
	67.40
	57.80
	5.16
	1.86
	2.77
	4.20
	110.00
	9.40
	1.82
	4.00
	26.16
	43.00

	IK-1188
	8.60
	18.70
	76.50
	67.20
	55.50
	5.21
	2.06
	2.52
	5.30
	120.00
	9.20
	1.76
	4.00
	26.22
	39.00

	IK-1198
	9.20
	18.70
	75.70
	65.80
	47.70
	5.2
	1.96
	2.65
	5.40
	125.00
	8.60
	1.65
	4.00
	26.72
	28.00

	Mean
	11.22
	24.60
	76.34
	66.86
	48.89
	5.08
	2.10
	2.43
	4.78
	142.90
	9.37
	1.84
	4.10
	25.17
	36.70

	ISM
	11.3
	26.5
	74.5
	66.20
	57.70
	4.88
	1.77
	2.75
	5.40
	115.00
	7.60
	1.55
	4.00
	20.03
	31.00

	KP
	18
	48.3
	76.6
	68.00
	46.60
	4.74
	2.42
	1.95
	4.10
	140.00
	8.40
	1.77
	4.00
	24.31
	37.00

	Max
	14.40
	35.10
	79.2
	70.6
	61.50
	5.55
	2.47
	2.80
	5.60
	235.00
	10.30
	2.12
	7.00
	27.36
	61.00

	Min
	8.60
	15.40
	73.3
	63.5
	33.80
	4.41
	1.68
	1.87
	4.00
	90.00
	7.50
	1.63
	3.00
	21.97
	22.00

	S. E ±
	0.14
	0.21
	1.08
	0.90
	0.61
	0.07
	0.04
	0.03
	0.07
	2.17
	0.12
	0.02
	0.08
	0.39
	0.71

	CD at 5 %
	0.42
	0.60
	NS
	2.58
	1.76
	0.20
	0.11
	0.09
	0.21
	6.22
	0.36
	0.07
	0.23
	1.13
	2.03

	CV %
	2.27
	1.48
	2.47
	2.33
	2.18
	2.48
	3.32
	2.35
	2.78
	2.63
	2.36
	2.45
	3.51
	2.73
	3.35


FE: Iron content in brown rice, ZN: Zinc content in brown rice, HULL: Hulling (%), MILL: Milling (%), HRR: Head rice recovery (%), KL: Kernel length (mm), KB: Kernel breadth (mm), L/B: Length to breadth ratio, WU: Water uptake (ml), VER: Volume expansion ratio, KLAC: Kernel length after cooking (mm), ER: Elongation ratio, ASV: Alkali spreading value, AC: Amylose content (%), GC: Gel consistency, ISM: Improved Samba Mahsuri, KP: Karuppunel, MAX: Maximum, MIN: Minimum, S. E ± = Standard error of mean, CD at 5% = Critical Difference at 5%
3.5 CORRELATION STUDIES
Correlation analysis among milling, cooking, and nutritional traits in rice revealed several important relationships that have significant implications for quality breeding. Correlation studies among traits were represented in Figure 1. A strong positive correlation was observed between milling percentage and head rice recovery (r = 0.817**, p < 0.01), indicating that rice lines with higher milling efficiency tend to produce a greater proportion of whole kernels. This is critical from a commercial standpoint, as head rice yield is a major determinant of market value (Sanusi et al., 2017; Thapa et al., 2011). Kernel length after cooking (KLAC) exhibited a highly significant positive correlation with elongation ratio (r = 0.722**, p < 0.01), suggesting that longer cooked grains are associated with higher elongation, a trait preferred in many international and domestic markets. Similar findings were reported by Singh et al., (2005), who highlighted the role of grain dimensions in determining consumer acceptance.
[image: C:\Users\sai krishna\Desktop\QUALITY\corr (3).png]
FE: Iron content in brown rice, ZN: Zinc content in brown rice, HULL: Hulling (%), MILL: Milling (%), HRR: Head rice recovery (%), KL: Kernel length (mm), KB: Kernel breadth (mm), L/B: Length to breadth ratio, WU: Water uptake (ml), VER: Volume expansion ratio, KLAC: Kernel length after cooking (mm), ER: Elongation ratio, ASV: Alkali spreading value, AC: Amylose content (%), GC: Gel consistency
Figure 1: Correlation studies between micronutrients, milling, and cooking quality traits of recombinant inbred lines (RILs)

Among nutritional traits, a very strong and highly significant correlation was observed between iron and zinc content (r = 0.922**, p < 0.01), indicating that these micronutrients co-localize and can be improved simultaneously through genetic selection. This relationship is advantageous for biofortification programs aimed at addressing micronutrient malnutrition (Naik et al., 2020; Moreno-Moyano et al., 2016). Furthermore, zinc content showed a significant positive correlation with kernel breadth (r = 0.468*, p < 0.05) and water uptake (r = 0.681**, p < 0.01), suggesting that nutrient-dense grains may also possess favorable hydration properties, which could enhance cooking quality (Pooniya., et al 2019). Notably, the length-to-breadth (L/B) ratio exhibited a strong negative correlation with kernel breadth (r = -0.84**, p < 0.01) and gel consistency (r = -0.58**, p < 0.01), indicating that slender grains tend to have firmer gel and different cooking textures. This aligns with Rasool et al., (2015), who noted trade-offs between grain shape and certain cooking quality traits. Similarly, volume expansion ratio (VER) was negatively associated with gel consistency (r = -0.528*, p < 0.05), implying that rice with softer cooked texture expands less during cooking a finding consistent with Fitzgerald et al. (2009).
Although some correlations were not statistically significant, the trends still provide valuable insight into trait relationships. For instance, head rice recovery (HRR) showed a moderate positive correlation with L/B ratio (r = 0.508*, p < 0.05), suggesting that grain shape may influence grain recovery during milling (Nirmaladevi et al., 2015).The correlation highlights key trait associations that are crucial for designing effective selection strategies in rice breeding. The positive association between micronutrients and select cooking traits provides opportunities for developing nutritionally enriched, high-quality rice varieties. These insights support the integration of grain quality and biofortification goals in breeding pipelines aimed at both health improvement and market competitiveness.
4. CONCLUSION
The comprehensive evaluation of 20 contrasting RILs revealed significant variability for key milling, cooking, and micronutrient traits. This diversity presents a valuable opportunity for genetic enhancement in rice breeding programs. IK-1174 demonstrated superior micronutrient content, particularly zinc (34.70 ppm) and iron (13.80 ppm), alongside desirable cooking quality traits such as high water uptake and moderate amylose content. These attributes make it a promising donor parent for biofortification programs aiming to address micronutrient malnutrition. Similarly, IK-1169 exhibited a highly favorable combination of traits desirable for commercial release, including excellent milling performance (70.6% milling, 61.5% HRR), good elongation and volume expansion ratios, and appreciable levels of iron (14.40 ppm) and zinc (29.50 ppm). Its well-balanced cooking and nutritional profile aligns with consumer preferences and market demands. Together, these RILs exemplify the possibility of breeding rice varieties that not only meet agro-industrial standards but also contribute to nutritional security. Future breeding efforts should prioritize such elite lines to develop high-quality, biofortified rice cultivars suited for both commercial cultivation and public health impact.
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