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Evaluation of Advanced Boro Rice Lines for Yield Improvement and Breeding Potential in 1 

Bangladesh 2 

Abstract 3 

Improving Boro rice productivity is critical for food security in Bangladesh. This study evaluated 63 4 

advanced breeding lines and three BRRI check varieties for 13 agro-morphological and yield-related 5 

traits to identify superior genotypes and key selection criteria. Genotypic differences were highly 6 

significant for all traits, indicating substantial exploitable variability. V57 produced the highest grain 7 

yield (8.60 t ha⁻¹), followed by V32 (8.36), V40 (8.23), V54 (8.21), and V44 (8.14 t ha⁻¹), compared 8 

with 6.92–7.14 t ha⁻¹ for the check varieties. V57 also combined the highest total and effective tiller 9 

numbers (16.50 and 14.10), 92.09% spikelet fertility, 176.70 filled grains panicle⁻¹, and only 15.17 10 

unfilled grains panicle⁻¹.  Unfilled grains panicle⁻¹ showed the highest GCV and PCV (18.06 and 11 

18.61%), followed by length–breadth ratio (11.86 and 12.52%) and grain yield (10.21 and 10.77%). 12 

Broad-sense heritability was high for all traits (72.35–94.18%); grain yield exhibited 89.82% 13 

heritability and 19.92% genetic advance as percentage of the mean, indicating good selection potential. 14 

The first two principal components explained 70.7% of total phenotypic variation. Grain yield was 15 

strongly and positively correlated with effective tiller number (r = 0.96), total tiller number (r = 0.96), 16 

fertility percentage (r = 0.82), thousand-grain weight (r = 0.70), and filled grains panicle⁻¹ (r = 0.61), 17 

but negatively with unfilled grains panicle⁻¹ (r = −0.78). MGIDI identified V38, V35, V31, V47, V8, 18 

V54, V5, V63, V62, and V17 as desirable multi-trait genotypes with complementary strengths. These 19 

lines, together with the highest-yielding genotypes, represent promising parental and breeding 20 

materials, but require multi-environment validation for yield stability, adaptation, grain quality, and 21 

stress resilience. 22 

23 

Keywords  Boro rice · yield improvement · genetic variability ·  heritability · multivariate analysis ·  24 

MGIDI · genotype selection 25 

26 
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1 Introduction 27 

Rice (Oryza sativa L.), a dominant cereal crop of the Poaceae family, constitutes the primary staple 28 

food for more than half of the global population [1, 2]. Worldwide rice demand has increased 29 

substantially, with consumption rising by approximately 19%, from 437.18 million metric tons in 2008–30 

2009 to 520.4 million metric tons in 2022–2023 [3]. Rice consumption is particularly concentrated in 31 

Asia, Sub-Saharan Africa, and South America, where it forms a central component of daily caloric 32 

intake [4]. 33 

In Bangladesh, rice holds unparalleled agronomic, economic, and food-security significance [5, 6]. 34 

It dominates both domestic production and consumption and occupies nearly 78% of the country’s total 35 

cultivated land [7–9]. Rice cultivation in Bangladesh spans three distinct seasons: Aus, Aman, and Boro36 

with national production overwhelmingly driven by the Boro season [1, 4, 10]. During the 2021–22 37 

fiscal year, total rice production reached 38.15 million tons from 11.69 million hectares, of which Boro38 

rice alone contributed 20.19 million tons from 4.82 million hectares, accounting for approximately 53% 39 

of total national output [11]. Consequently, the stability of Bangladesh’s rice supply and food security 40 

is intrinsically linked to the productivity and sustainability of the Boro rice [9, 12]. 41 

The Boro season, extending from December to May, is characterized by a dry winter climate and 42 

complete reliance on irrigation [9, 13]. These conditions provide a unique opportunity to exploit genetic 43 

yield potential under controlled water management, making Boro rice a strategic focal point for 44 

productivity enhancement [9, 10]. Despite this advantage, Bangladesh’s average rice yield (3.20 t ha⁻¹) 45 

remains substantially lower than yields achieved in leading rice-producing countries such as Japan (5.0 46 

t ha⁻¹) and China (4.74 t ha⁻¹) [13, 14]. Bridging this yield gap is becoming increasingly urgent as arable 47 

land continues to decline due to rapid urbanization and industrial expansion [1, 15, 16]. Under such 48 

constraints, sustainable yield improvement must rely on enhancing per-unit land productivity and 49 

increasing cropping intensity rather than horizontal expansion [4, 16]. 50 

The adoption of high-yielding varieties (HYVs) has been instrumental in boosting rice production in 51 

Bangladesh [9, 17]. In addition to superior yield potential, HYVs generally exhibit improved efficiency 52 

in water and nutrient utilization compared with traditional landraces, resulting in higher economic 53 

returns for farmers [17–19]. Moreover, the deployment of short-duration cultivars is particularly 54 

advantageous in intensively cultivated systems, as it enables multiple cropping cycles and maximizes 55 

land-use efficiency [1, 4, 6]. 56 

Alongside productivity, grain size and shape have emerged as an important determinant of varietal 57 

acceptance and market value [20, 21]. With rising income levels and increasing health consciousness, 58 

consumers are placing greater emphasis on rice grain-quality attributes such as grain size, shape, and 59 
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weight; the specific attributes addressed in this study through thousand-grain weight and length-breadth 60 

ratio [20, 22]. Therefore, modern rice improvement programs must effectively balance yield 61 

enhancement with desirable morpho-physiological and grain-quality traits [23]. 62 

Although numerous high-yielding varieties (HYVs) have been released for the Boro season in 63 

Bangladesh, comprehensive and comparative evaluations of their morpho-physiological traits and yield 64 

components under local agro-ecological conditions remain limited [10, 13]. In particular, there is a lack 65 

of systematic studies linking growth characteristics, yield-contributing traits, and overall productivity 66 

of widely cultivated HYVs relative to standard check varieties during the Boro season [6, 13]. 67 

Addressing this knowledge gap is essential for identifying superior genotypes and guiding future 68 

breeding and varietal deployment strategies tailored specifically to Bangladeshi conditions [12, 15]. 69 

The successful breeding of high-yielding varieties necessitates a comprehensive elucidation of the 70 

genetic basis of yield components and their associations with grain yield [15, 24]. In this context, 71 

determining genotypic and phenotypic coefficients of variation (GCV and PCV) allows for the precise 72 

partitioning of variability into heritable and non-heritable components [13, 25]. Although heritability 73 

estimates provide insight into transmission efficiency, they are most effective for predicting selection 74 

response when coupled with genetic advance [26–28]. Concurrently, genotypic evaluation and 75 

correlation analysis serve as robust tools for identifying superior genotypes and establishing trait-yield 76 

relationships [29–31]. Moreover, to overcome the limitations of univariate analysis, multivariate 77 

approaches such as Principal Component Analysis (PCA) are essential [32–34]. These techniques 78 

reveal complex data structures and visualize the diversity among grain yield and its contributing traits, 79 

ensuring a rigorous and accurate selection process [15, 35]. Despite the release of numerous high-80 

yielding Boro rice varieties, few studies have systematically integrated morpho-physiological 81 

performance with quantitative genetic and multivariate evaluations of advanced breeding lines under 82 

local agro-ecological conditions [6, 10, 13]. Genetic variability was assessed using genotypic and 83 

phenotypic coefficients of variation, broad-sense heritability, and genetic advance to determine the 84 

selection potential of key traits [25, 27, 36] while principal component analysis, hierarchical clustering, 85 

and a multi-trait genotype-ideotype distance index (MGIDI) were employed to elucidate trait 86 

relationships, quantify genetic diversity, and classify promising genotypes [15, 35, 37, 38]. Therefore, 87 

this study aimed to evaluate the growth, yield, and yield-contributing traits of selected advanced lines 88 

relative to standard check varieties and to identify superior genotypes and priority traits for the 89 

sustainable genetic improvement of Boro rice in Bangladesh. 90 

91 
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2 Materials and methods 92 

2.1 Plant materials and experimental sites 93 

The experiment was carried out during the Boro season of 2025-2026 at a farmer-managed research 94 

field in Gazipur, Bangladesh. The experimental site is located in a tropical agro-climatic zone and is 95 

characterized by non-calcareous, dark gray sandy clay soil. Geographically, the area belongs to the 96 

Madhupur Tract, classified as Agro-Ecological Zone 28 (AEZ 28) (Fig. 1). Meteorological conditions 97 

prevailing throughout the crop growing period are presented in Supplementary Table 1. To ensure 98 

optimal crop growth under field conditions, recommended fertilizer doses were applied following 99 

standard agronomic practices. A total of 63 advanced rice lines (V1–V63), developed at ACI Seed 100 

Limited, Gazipur, Bangladesh, were evaluated in this study. The widely cultivated rice varieties BRRI 101 

dhan71 (BR71), BRRI dhan75 (BR75), and BRRI dhan87 (BR87) were used as check varieties and 102 

were obtained from the Bangladesh Rice Research Institute (BRRI), Gazipur, Bangladesh. The names 103 

and sources of the germplasm are presented in Table 1. 104 

105 

2.2 Experimental design and agronomic management practices 106 

The experiment was conducted during the Boro season using a randomized complete block design 107 

with three replications. Sixty-three advanced breeding lines (V1–V63) and three check varieties (BR71, 108 

BR75, BR87) were randomly assigned within each block. Each genotype was grown in a 10 m² plot, 109 

with 0.50 m between plots and 1.0 m between blocks. Pre-germinated seeds were raised in a puddled 110 

nursery, and 40-day-old seedlings were transplanted at 25 × 15 cm spacing, maintaining one seedling 111 

per hill. Missing hills were replanted within 7 days of transplanting. 112 

Fertilizers were applied following the Bangladesh Agricultural Research Council recommendation 113 

for irrigated Boro rice. Urea, triple superphosphate, muriate of potash, gypsum, and zinc sulphate were 114 

applied at 300, 112, 127, 75, and 11 kg ha⁻¹, respectively. The full doses of all fertilizers except urea 115 

were incorporated during final land preparation. Urea was applied in three equal splits at approximately 116 

15, 35, and 55 days after transplanting. Uniform irrigation, drainage, weeding, and integrated pest and 117 

disease management were maintained across all plots. Irrigation was discontinued 10–15 days before 118 

harvest. Each genotype was harvested separately when approximately 80% of the grains had turned 119 

golden yellow. Border rows were excluded, and grain yield was recorded from the net plot area, adjusted 120 

to 14% moisture content, and converted to tonnes per hectare. The experimental design followed 121 

standard rice evaluation procedures described in the supplied methodology. The weather conditions 122 

during the experimental period are presented in supplementary Table 1. 123 
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124 

2.3 Measurement of morpho-physiological and yield traits 125 

Data were recorded for 13 morpho-physiological and yield-related traits: total tiller number, effective 126 

tiller number, plant height, days to 10% heading, days to 80% heading, panicle length, filled grains per 127 

panicle, unfilled grains per panicle, spikelet fertility or fertility percentage, grain moisture percentage, 128 

thousand-grain weight, grain length-to-breadth ratio, and grain yield per hectare. Unless otherwise 129 

stated, plant-based observations were recorded from 10 randomly selected hills in the non-border rows 130 

of each plot, and the mean value was used for statistical analysis. The acronyms and units of 131 

measurement of the studied traits are presented in Table 2 132 

133 

2.3.1 Total and effective tiller numbers 134 

Total tiller number was determined by counting all tillers, including the main culm, produced by each 135 

sampled hill at the maximum tillering stage. Effective tiller number was recorded at maturity as the 136 

number of panicle-bearing tillers per sampled hill. 137 

2.3.2 Plant height 138 

Plant height was measured in centimetres from the soil surface to the tip of the tallest panicle, 139 

excluding awns. Measurements were obtained from 10 randomly selected plants in each plot at 140 

physiological maturity. 141 

2.3.3 Days to heading 142 

Days to 10% heading and days to 80% heading were recorded as the number of days from sowing 143 

until approximately 10% and 80% of the plants within each plot, respectively, had visibly emerged 144 

panicles. 145 

2.3.4 Panicle and grain characteristics 146 

Panicle length was measured in centimetres from the basal node of the rachis to the tip of the panicle. 147 

Ten representative panicles were randomly collected from each plot. Filled grains per panicle and 148 

unfilled grains per panicle were separated manually and counted individually. Their respective plot 149 

means were used in the analysis. 150 

Spikelet fertility percentage was calculated as:  151 

152 
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2.3.5 Grain moisture, weight, and dimensions 153 

Grain moisture percentage was measured immediately after threshing using a calibrated digital 154 

moisture meter. Thousand-grain weight was determined by counting and weighing 1,000 clean and 155 

well-developed grains from each plot and was expressed in grams. 156 

Grain length and breadth were measured from a representative sample of fully developed grains using 157 

a digital calliper. The length-to-breadth ratio (LBR) was calculated as: 158 𝐋۰܀ = ܖ܉܍ۻ ܖܑ܉ܚ܏  159(ࢎ࢚ࢊ࢏࢝ ࢔࢏ࢇ࢘ࢍ ࢔ࢇࢋࡹ)/ܐܜ܏ܖ܍ܔ

2.3.6 Grain yield 160 

Grain yield was determined from the harvested net plot area after threshing and cleaning. The 161 

observed grain weight was corrected to 14% moisture content.  162 

163 

2.4 Genetic analysis 164 

Genotypic variance (σ2g) and phenotypic variance (σ2p) were determined following established 165 

methodologies outlined by Acquaah [39]. 166 Genotypic variance (σ2g = (MSg − MSe)/r167 

Where MSe is the mean square of the error, MSg is the mean square of genotypes, and “r” is the 168 

number of replications 169 

Phenotypic Variance (σ2p) = σ2g + σ2e 170 

Here, σ²p is phenotypic variance, σ²g is genotypic variance, and σ²e is environmental variance [40]. 171 

The genotypic and phenotypic co-efficient of variations were calculated according to the formula 172 

given by Singh and Chaudhary [41].  173 Genotypic co − efficient of variation (GCV) = √σ2g/¯x × 100174 

Here,  175 

2
g = Genotypic variance; and  176 

x = Population mean  177 Phenotypic co − efficient of variation (PCV) = √σ2p/¯x × 100178 

Here, 179 

2
p = Phenotypic variance; and  180 

x = Population mean  181 

182 
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The genotypic coefficient of variation (GCV) and phenotypic coefficient of variation (PCV) were 183 

categorized as low (0–10%), moderate (10–20%), and high (≥20%), following the classification 184 

proposed by Burton and DeVane [42]. 185 

Broad-sense heritability (h²ᵦ) is defined as the proportion of genetic variance (σ²g) relative to the total 186 

phenotypic variance (σ²p), in accordance with the definition of Falconer [43], and was calculated using 187 

the following equation: 188 h^2 b  (%) = σ2g/σ2p × 100189 

Heritability estimates were categorized as low (0–30%), moderate (30–60%), and high (≥60%), 190 

following the classification proposed by Robinson et al. [44]. 191 

The procedures described by Assefa et al. [45] were employed to estimate the expected genetic 192 

advance (GA) and genetic advance as a percentage of the mean (GAM), assuming a selection intensity 193 

(K) of 5%. Subsequently, following the classification proposed by Johnson et al. [40], genetic advance 194 

was categorized into low (0–10%), moderate (10–20%), and high (>20%) classes. 195 GA = K × √σ2p × h^2 b  196 GAM = K × √σ2p/¯x197 

198 

In this context, K denotes the selection intensity constant, h²ᵦ represents broad-sense heritability, X 199 

indicates the trait mean, and P corresponds to the phenotypic standard deviation, with K fixed at 5%. 200 

201 

2.5 Multi-trait genotype-ideotype distance index (MGIDI) analysis 202 

The Multi-Trait Genotype–Ideotype Distance Index (MGIDI) analysis was performed in R version 203 

4.3.3 using the metan package version 1.18.0 [46], following the MGIDI methodology of Olivoto and 204 

Nardino [38]. Before calculating the index, all traits were rescaled to a common 0–100 range to 205 

standardize variables measured in different units and facilitate direct comparison. An ideotype was then 206 

defined by assigning desirable target values to each trait according to the breeding objectives, and the 207 

distance between each genotype and the predefined ideotype was calculated to quantify the degree of 208 

similarity to the desired multi-trait profile.209 

210 

2.6 Statistical analysis 211 

Treatment means were compared using the Least Significant Difference (LSD) test at the 5% level 212 

of significance. Additionally, multivariate analyses were conducted using the R statistical program 213 
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(version 4.3.3). ANOVA and correlation analysis were conducted using the ‘metan’ and ‘ggplot2’ 214 

packages in R, while clustering, PCA, and radar plot were performed with the ‘FactoMineR’, 215 

‘factoextra’, and ‘ggplot2’ packages. Significance levels for correlation coefficients are denoted as *, 216 

**, and *** for p<0.05, p<0.01, and p<0.001, respectively. 217 

218 

3 Results 219 

The analysis of variance revealed highly significant differences (p < 0.001) among the studied 220 

genotypes for all yield and yield-contributing traits (Table 3), which indicate the presence of substantial 221 

variability among the breeding materials, providing considerable scope for the selection of superior 222 

genotypes. Such variability is particularly valuable in breeding programs, as it facilitates the 223 

identification and utilization of promising genotypes for the improvement of yield and associated 224 

agronomic traits. 225 

Significant variation was observed among the genotypes for all evaluated agro-morphological and 226 

yield-related traits (Table 4). Considerable differences were evident in tillering ability, with the check 227 

varieties BR75 and BR87 recording 15.00 total tillers and 12.60 effective tillers, whereas BR71 228 

produced 14.77 and 12.37, respectively. Several advanced breeding lines (ABLs) surpassed these 229 

values, particularly V57, which recorded the highest total and effective tiller numbers (16.50 and 230 

14.10), followed by V32 (16.17 and 13.77), V40 (16.00 and 13.60), V27 and V54 (15.80 and 13.40), 231 

and V44 (15.77 and 13.37). These genotypes therefore exhibited comparatively strong tillering 232 

capacity, with a high proportion of productive tillers. 233 

Plant height and heading behaviour also varied markedly among the evaluated materials. The check 234 

varieties were relatively short, ranging from 100.50 to 101.17 cm, and several advanced lines, including 235 

V17 (100.13 cm), V20 and V36 (101.10 cm), V21 (101.53 cm), and V4 (101.97 cm), showed 236 

comparable stature. In contrast, V35 (147.77 cm), V42 (136.97 cm), and V53 (135.20 cm) were 237 

substantially taller. For phenological traits, BR75 and BR87 reached 10% and 80% heading at 68.00 238 

and 74.00 days, respectively, while BR71 required 72.00 and 78.00 days. V8 and V17 were the earliest 239 

advanced lines, reaching 10% and 80% heading at 67.67 and 73.67 days, respectively, whereas V34 240 

and V53 were the latest, requiring 90.00 and 96.00 days. The observed variation indicates substantial 241 

scope for selecting genotypes with contrasting plant stature and crop duration according to specific 242 

production environments. 243 

Variation in panicle architecture and grain formation was similarly noticeable. The check varieties 244 

had panicle lengths ranging from 25.83 to 26.20 cm, while several ABLs produced distinctly longer 245 

panicles, where V40 and V47 (30.33 cm), V38 (30.17 cm), V54 (29.17 cm), V52 (28.83 cm), V37 246 
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(28.67 cm), and V57 (28.50 cm). A number of these lines also exhibited superior grain-bearing capacity. 247 

Filled grains panicle⁻¹ were highest in V27 (176.80), V57 (176.70), V32 (174.57), V44 and V54 248 

(172.50), exceeding the check values of 165.47–169.50. In parallel, low numbers of unfilled grains 249 

were observed in V8 (14.17), V57 (15.17), V17 (15.27), V63 (15.47), and V10 and V27 (15.50), 250 

compared with 16.83–19.50 in the checks. Consequently, genotypes such as V57 and V27 combined 251 

high filled-grain numbers with low unfilled-grain numbers, indicating particularly favourable grain-252 

filling performance. The trend in grain filling was further supported by differences in fertility 253 

percentage. The check varieties ranged from 89.45% in BR71 to 90.97% in BR87, whereas V57 254 

recorded the highest fertility (92.09%), followed by V27 (91.94%), V63 (91.74%), V10 (91.65%), V62 255 

(91.55%), V17 (91.51%), and V8 (91.50%). Conversely, relatively low fertility was recorded in V53 256 

(84.58%), V23 (85.10%), V13 (85.36%), and V48 (85.38%). Thus, several high-performing lines 257 

combined reduced unfilled-grain numbers with high fertility, reflecting efficient reproductive 258 

performance. 259 

Moisture percentage, thousand grain weight, and grain shape also showed substantial diversity. Grain 260 

moisture in the check varieties ranged from 17.80% to 20.00%, while relatively low values were 261 

recorded in V16 (18.00%) and V27 (18.03%), whereas V58, V60, and V32 showed comparatively 262 

higher moisture contents. Thousand grain weight varied widely, with V32 recording the highest value 263 

(30.67 g), followed by V40 (30.46 g), V50 (30.27 g), V35 (30.02 g), V38 (29.88 g), V31 (29.75 g), V51 264 

(29.59 g), and V46 (29.58 g), all exceeding the check range of 25.64–26.11 g. Grain shape also differed 265 

markedly, as reflected by the length–breadth ratio. The highest ratios were observed in V52 (5.22), V54 266 

(5.11), V45 (5.05), V31 (4.71), V22 (4.70), and V37 (4.68), indicating comparatively elongated grains, 267 

whereas V27 (2.91), V20 (3.11), and V57 (3.22) exhibited relatively broader grain types. 268 

Grain yield per hectare showed clear differentiation among genotypes. The check varieties produced 269 

6.92 t ha⁻¹ in BR71, 7.11 t ha⁻¹ in BR75, and 7.14 t ha⁻¹ in BR87. Several ABLs markedly exceeded 270 

these values, with V57 recording the highest yield (8.60 t ha⁻¹), followed by V32 (8.36 t ha⁻¹), V40 271 

(8.23 t ha⁻¹), V54 (8.21 t ha⁻¹), and V44 (8.14 t ha⁻¹). Other high-yielding lines included V63 (7.92 t 272 

ha⁻¹), V62 (7.90 t ha⁻¹), V34 (7.85 t ha⁻¹), V47 (7.81 t ha⁻¹), and V27 and V38 (7.75 t ha⁻¹ each), whereas 273 

comparatively low yields were recorded in V18 (5.55 t ha⁻¹), V13 (5.61 t ha⁻¹), V23 (5.70 t ha⁻¹), and 274 

V19 (5.87 t ha⁻¹). Overall, the superior yield performance of V57, V32, V40, V54, V44, V63, V62, and 275 

V27 was associated with favourable combinations of several yield-contributing traits rather than 276 

superiority in a single character. V57 combined the highest grain yield with the highest total and 277 

effective tiller numbers, high fertility, high filled-grain number, and low unfilled-grain number. V32 278 

and V40 combined high yield with exceptionally high thousand grain weight, while V54 exhibited a 279 
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favourable combination of high yield, long panicles, high filled-grain number, low unfilled-grain 280 

number, and an elongated grain type. V27 was distinguished by high filled-grain number, low unfilled-281 

grain number, high fertility, relatively low grain moisture, and comparatively early heading. These 282 

genotypes therefore represent promising materials for further multi-environment evaluation to assess 283 

yield stability, adaptation, and grain-quality performance before advancement in the breeding program. 284 

Genotypic and phenotypic coefficients of variation differed considerably among the studied traits 285 

(Table 5). In general, PCV values were slightly higher than the corresponding GCV values for all traits, 286 

indicating some environmental influence on trait expression; however, the relatively narrow differences 287 

between GCV and PCV for most characters suggest that phenotypic variation largely reflected 288 

underlying genotypic differences. Moderate GCV and PCV values were recorded for unfilled grains 289 

panicle⁻¹ (18.06 and 18.61%), followed by length–breadth ratio (11.86 and 12.52%), and yield hectare-
290 

1 (10.21 and 10.77%), whereas the remaining traits exhibited comparatively low coefficients of 291 

variation. Among all traits, unfilled grains panicle⁻¹ showed the highest GCV and PCV, indicating 292 

comparatively greater variability and wider scope for improvement through selection. In contrast, 293 

fertility percentage (GCV = 2.18%; PCV = 2.27%) and filled grains panicle⁻¹ (GCV = 3.61%; PCV = 294 

3.81%) exhibited the lowest relative variability, suggesting comparatively stable expression of these 295 

traits within the evaluated materials. 296 

Broad-sense heritability was high for all studied traits, ranging from 72.35% for moisture percentage 297 

to 94.18% for unfilled grains panicle⁻¹. Particularly high heritability was observed for unfilled grains 298 

panicle⁻¹ (94.18%), fertility percentage (92.49%), panicle length (90.37%), yield ha-1 (89.82%), length–299 

breadth ratio (89.71%), filled grains panicle⁻¹ (89.68%), total tiller number (87.84%), and effective tiller 300 

number (87.76%). Plant height (85.08%), thousand grain weight (81.62%), 10% heading days 301 

(77.54%), 80% heading days (77.39%), and moisture percentage (72.35%) also showed high heritability 302 

(Table 5). These estimates indicate that a large proportion of the observed phenotypic variation was 303 

attributable to genotypic differences, suggesting that phenotypic selection may be effective for several 304 

of these traits. 305 

Genetic advance as a percentage of the mean (GAM) varied markedly among traits. High GAM was 306 

recorded for unfilled grains panicle⁻¹ (36.11%) and length–breadth ratio (23.14%), while yield hectare-
307 

1 (19.92%) and plant height (18.85%) exhibited moderate GAM values. Moderate GAM was also 308 

observed for panicle length (14.64%), thousand grain weight (14.40%), 10% heading days (13.13%), 309 

moisture percentage (12.45%), 80% heading days (12.16%), effective tiller number (12.15%), and total 310 

tiller number (10.19%). In contrast, filled grains panicle⁻¹ (7.03%) and fertility percentage (4.32%) 311 

exhibited low GAM despite their high heritability (Table 5). 312 
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The combination of high heritability and high GAM observed for unfilled grains panicle⁻¹ and 313 

length–breadth ratio suggests a substantial contribution of additive genetic effects and indicates that 314 

direct phenotypic selection for these traits could be effective. Yield hectare-1 exhibited moderate GCV 315 

(10.21%) and PCV (10.77%), high broad-sense heritability (89.82%), and a GAM of 19.92%, indicating 316 

substantial genetic control and good potential for improvement through selection (Table 5). Plant 317 

height, panicle length, and thousand grain weight also combined high heritability with moderate GAM, 318 

suggesting reasonable prospects for genetic improvement. Conversely, filled grains panicle⁻¹ and 319 

fertility percentage showed high heritability but low GAM, indicating that high heritability alone may 320 

not necessarily translate into large expected gains from selection. Overall, the observed variability, high 321 

heritability, and favourable genetic advance for several traits indicate substantial scope for selecting 322 

superior lines and improving important agro-morphological and yield-related characteristics in the 323 

evaluated breeding materials. 324 

The scree plot illustrates the first principal component (PC1) accounted for 44.0% of the total 325 

variation, followed by PC2 (26.7%), together, the first two principal components explained 326 

approximately 70.7% of the total phenotypic variation (Figure 2). 327 

Four major genetic clusters were formed where each represented by distinct colors and confidence 328 

ellipses. Cluster 1, predominantly positioned in the lower region of the PCA plot and characterized 329 

mainly by negative PC2 scores, included V1, V2, V4, V5, V7, V8, V9, V14, V17, V20, V21, V24, V25, 330 

V33, and V36, together with the parental genotypes BR71, BR75, and BR87. Cluster 2, located 331 

primarily on the left side of the plot with negative PC1 scores, comprised V10, V27, V31, V32, V34, 332 

V35, V37, V38, V40, V44, V47, V50, V51, V54, V57, V61, V62, and V63. Cluster 3, positioned on 333 

the right side with positive PC1 scores, consisted of V3, V6, V11, V12, V13, V15, V16, V18, V19, 334 

V22, V23, V26, V28, V29, and V30, showing clear differentiation from Cluster 2 along PC1. Cluster 335 

4, situated mainly in the upper region with positive PC2 scores, encompassed V39, V41, V42, V43, 336 

V45, V46, V48, V49, V52, V53, V55, V56, V58, V59, and V60. Some overlap among the clusters near 337 

the origin suggested shared genetic backgrounds (Fig. 3). 338 

The variable PCA revealed that traits such as YPH, ET, TN, and UFGPP contributed strongly to 339 

Dim1, as indicated by their long vectors extending along the horizontal axis and high contribution 340 

values, while FGPP had a minimal contribution due to its shorter vector length near the center. Traits 341 

including 80HD, 10HD, MP, PH, and LBR aligned more closely with Dim2, highlighting their primary 342 

influence along the vertical axis, with 80HD and 10HD exhibiting particularly strong contributions and 343 

associations among them. TGW and PL displayed similar directions in the upper-left quadrant, 344 
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reflecting a close association, whereas FP extended prominently into the lower-left quadrant, 345 

contributing substantially to both dimensions (Fig. 4). 346 

The PCA biplot of traits and genotypes exhibited Cluster 1, located in the lower quadrant with 347 

negative PC2 values, showing slight association with FP. Cluster 2 displaying strong associations with 348 

YPH, ET, TN, FGPP, TGW, PL, and FP. Cluster 3, exhibiting negative associations with the yield-349 

related traits located on the left axis. Cluster 4, showing closely linked with 80HD, 10HD, MP, PH, and 350 

LBR. The trait UFGPP displaying very close link with V48 (Fig. 5). 351 

The dendrogram depicted hierarchical clustering of the evaluated genotypes into four distinct clusters 352 

based on Euclidean distance (Fig. 6). Cluster I comprised 18 genotypes (V10, V62, V63, V38, V47, 353 

V40, V61, V27, V57, V50, V34, V51, V31, V35, V32, V54, V37, and V44), forming a distinct group 354 

that separated from the remaining clusters at a relatively large Euclidean distance. Cluster II 355 

encompassed 15 genotypes (V43, V53, V48, V49, V60, V58, V42, V39, V55, V52, V46, V56, V59, 356 

V41, and V45), forming a well-defined second group. Cluster III consisted of 15 genotypes (V22, V11, 357 

V15, V16, V26, V29, V3, V6, V28, V12, V23, V13, V18, V19, and V30) and showed the closest 358 

clustering relationship with Cluster IV. Cluster IV contained 18 accessions, comprising 15 genotypes 359 

(V36, V2, V33, V20, V21, V4, V14, V7, V25, V9, V24, V17, V8, V1, and V5) together with the three 360 

check varieties BR71, BR75, and BR87.  361 

The Pearson’s correlation coefficients revealed that grain yield hectare-1 (YPH) exhibited highly 362 

significant and very strong positive correlations with effective tiller number (0.96***) and total tiller 363 

number (0.96***), as well as fertility percentage (0.82***), thousand grain weight (0.70***), filled 364 

grain per panicle (0.61***), and panicle length (0.57***). In contrast, YPH displayed a highly 365 

significant and strong negative correlation with unfilled grain per panicle (−0.78***), along with non-366 

significant associations with plant height (0.20 ns), 10HD (0.14 ns), 80HD (0.14 ns), and LBR (0.20 367 

ns). Effective tiller number showed a perfect positive association with YPH (0.96***), FP (0.82***), 368 

FGPP (0.64***), TGW (0.57***), and PL (0.50***), alongside strong negative associations with 369 

UFGPP (−0.77***). FGPP was significantly and positively linked with YPH (0.61***) and FP 370 

(0.51***), but showed a negative association with UFGPP (−0.35*). Fertility percentage displayed an 371 

extremely strong positive correlation with YPH (0.82***) and TGW (0.49***). Phenological traits 372 

were positively interrelated, evidenced by a perfect positive correlation between 10HD and 80HD 373 

(1.00***), both of which showed moderate positive correlations with moisture percentage (0.57***) 374 

and plant height (0.50*** and 0.51***, respectively). Plant height exhibited strong positive associations 375 

with PL (0.41***), TGW (0.43***), and LBR (0.48***), but displayed non-significant correlations 376 
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with YPH, ET, TN, and grain filling traits. Thousand grain weight demonstrated significant positive 377 

correlations with YPH (0.70***) and LBR (0.31*) (Fig. 7). 378 

The cluster heat map indicated that Cluster 1 (red bar), encompassing accessions such as V1, V4, V5, 379 

V7, V8, V9, V14, V17, V20, V21, V24, V25, V33, V36, BR71, BR75, and BR87, was primarily 380 

associated with lower values for heading traits (10HD, 80HD) alongside moderate-to-high expression 381 

of fertility percentage and grain yield. Check varieties BR75, BR87, and V8 recorded the lowest 382 

heading values, whereas V24 and V17 exhibited high FP. Cluster 2, comprising genotypes such as V10, 383 

V27, V31, V32, V34, V35, V37, V38, V40, V44, V47, V50, V51, V54, V57, V61, V62, and V63, was 384 

strongly linked with high tiller number (TN, ET), PH, FGPP, and YPH, with genotypes V32, V44, V57, 385 

and V61 showing the highest values for TN, ET, and YPH. Cluster 3 including V3, V6, V13, V15, V16, 386 

V18, V19, V22, V23, V26, V28, V29, and V30, exhibited pronounced low performance for yield 387 

components (TN, ET, FGPP, and YPH) but recorded higher UFGPP, with V13 and V18 displaying the 388 

highest UFGPP and lowest YPH. Cluster 4, encompassing V39, V41, V42, V43, V45, V46, V48, V49, 389 

V52, V53, V55, V56, V58, V59, and V60, was characterized by high phenological durations (10HD 390 

and 80HD), MP, and LBR, with V52 and V58 exhibiting the highest heading durations and V43 391 

displaying elevated UFGPP and MP values (Fig. 8). 392 

The radar plot provides an integrated comparison of scaled cluster mean values across multiple traits 393 

(Fig. 9). The graph showing MP, UFGPP, 80HD,10HD and PH are closely associated, where ET, TN, 394 

FP, PL, FGPP and YPH are strongly interlinked. The traits TGW, LBR, and UFGPP also linked 395 

extensively. 396 

Based on the MGIDI ranking, ten genotypes (V38, V35, V31, V47, V8, V54, V5, V63, V62, and 397 

V17) formed a distinct, tightly clustered group at the low-distance (most desirable) end of the index 398 

beyond the selection threshold cut-off, well separated from the remaining non-selected genotypes (Fig. 399 

10). The strengths-and-weaknesses decomposition of the selected genotypes showed that their ranking 400 

was driven by differing proportion contributions of the underlying trait factors (FA1–FA3), indicating 401 

that these accessions are not redundant but instead contribute complementary trait profiles for use as 402 

parental material in breeding schemes (Fig. 11). For instance, genotypes such as V17, V8, and V5 403 

exhibited high contributions from FA2, whereas accessions like V62, V63, and V54 were 404 

predominantly characterized by FA1, and V35 was uniquely marked by a higher proportion of FA3. 405 

This multi-trait differentiation confirms that selection based on MGIDI successfully captures genotypes 406 

with well-balanced, complementary agronomic attributes while minimizing common multi-collinearity 407 

trade-offs. 408 
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A regression-tree partitioning of yield hectare-1 ≥ 12 with higher tiller proliferation (TN ≥ 16) reached 409 

the highest predicted yield class (mean 8.4; n = 3, 5%), followed closely by those with TN between 15 410 

and 16 (mean 7.8; n = 12, 18%), while genotypes with lower tillering capacity (ET < 11), shorter 411 

panicles (PL < 26 cm), and reduced grain weight (TGW < 24 g) formed the lowest-yielding class (mean 412 

5.6; n = 3, 5%) (Fig. 12). Intermediate yield categories were predominantly delineated by panicle length 413 

and successive thresholds of effective tillers, where genotypes with ET < 11 but longer panicles (PL ≥ 414 

26 cm) averaged 6.4 (n = 3, 5%), and those maintaining ET ≥ 11 achieved mean yields ranging between 415 

6.6 and 7.3 (Fig. 12). A representative image of the experimental plot and V37 genotype is presented 416 

in Supplementary Figure 1. 417 

418 

4 Discussion 419 

The analysis of variance revealed highly significant differences among the 66 Boro rice genotypes, 420 

comprising 63 advanced lines and three BRRI check varieties, for all 13 agro-morphological and yield-421 

related traits (all p < 0.0001; Table 3). This substantial genotypic variability indicates considerable 422 

scope for selecting superior genotypes with desirable yield and component-trait combinations. Similar 423 

differentiation has been reported in advanced rice breeding materials and mutant populations, 424 

highlighting the value of ANOVA for identifying promising materials for yield improvement [15, 25, 425 

47]. Thus, the observed variability can be effectively exploited in subsequent breeding and selection 426 

programs [47, 48]. 427 

Marked variation was observed among the genotypes for all agro-morphological and yield-related 428 

traits, confirming substantial diversity within the breeding population [15, 49]. Tillering ability varied 429 

considerably, with several advanced breeding lines outperforming the BRRI checks. V57 showed the 430 

strongest tillering capacity, followed by V32, V40, V27, V54, and V44, and these lines also produced 431 

high proportions of effective tillers, indicating efficient conversion of vegetative tillers into productive 432 

panicles. Productive tillering can increase panicle density and contribute substantially to grain yield 433 

when supported by adequate assimilate supply during reproductive development [12, 23]. Plant height 434 

and heading behaviour also varied markedly. V17, V20, V36, V21, and V4 had plant stature comparable 435 

to the relatively short check varieties, whereas V35, V42, and V53 were considerably taller. V8 and 436 

V17 were among the earliest advanced lines, while V34 and V53 were among the latest. Such variation 437 

provides opportunities to select genotypes with plant stature and maturity duration suited to specific 438 

Boro rice environments. Early heading may improve cropping-system efficiency and reduce exposure 439 

to late-season heat and water stress, whereas later materials may benefit environments where a longer 440 

growth period supports greater biomass accumulation and grain development [1, 4, 36]. 441 
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Considerable diversity was also evident in panicle architecture and grain formation. V40, V47, V38, 442 

V54, V52, V37, and V57 produced longer panicles than the checks, while V27, V57, V32, V44, and 443 

V54 had particularly high numbers of filled grains per panicle. In contrast, V8, V57, V17, V63, V10, 444 

and V27 recorded relatively few unfilled grains. The combination of high filled-grain number and 445 

reduced sterility in V57 and V27 indicates favourable reproductive performance and efficient assimilate 446 

partitioning. These traits are important selection targets because panicle size and spikelet-filling 447 

efficiency directly influence grain productivity [12, 35]. 448 

Variation in fertility percentage further reflected differences in reproductive efficiency. V57, V27, 449 

V63, V10, V62, V17, and V8 showed comparatively high fertility, whereas V53, V23, V13, and V48 450 

had lower values. Genotypes combining high fertility with fewer unfilled grains are likely to maintain 451 

more efficient fertilisation and grain filling under field conditions. Therefore, simultaneous selection 452 

for filled grains, spikelet fertility, and reduced sterility may be more effective than selection for a single 453 

reproductive trait [12, 47, 50, 51]. 454 

Grain moisture, thousand-grain weight, and grain shape also contributed to the observed diversity. 455 

V16 and V27 showed comparatively lower grain moisture, whereas V58, V60, and V32 had higher 456 

moisture levels. V32, V40, V50, V35, V38, V31, V51, and V46 produced heavier grains than the check 457 

varieties, indicating stronger grain-filling capacity. Thousand-grain weight is influenced by post-458 

anthesis assimilate accumulation and remobilisation and is therefore an important component of grain 459 

productivity [52, 53]. Grain shape also differed, with V52, V54, V45, V31, V22, and V37 showing 460 

more elongated grains, whereas V27, V20, and V57 had comparatively broader grains, providing scope 461 

to incorporate grain-quality preferences into breeding objectives. 462 

Grain yield clearly differentiated the genotypes, with several advanced lines substantially 463 

outperforming the checks. V57 was the most productive genotype, followed by V32, V40, V54, and 464 

V44, while V63, V62, V34, V47, V27, and V38 also showed strong yield performance. In contrast, 465 

V18, V13, V23, and V19 were comparatively low yielding. The superior performance of the leading 466 

genotypes resulted from favourable combinations of productive tillering, panicle development, filled-467 

grain number, fertility, and grain weight rather than superiority in a single trait. V57 was particularly 468 

promising because it combined the highest grain yield with strong tillering, high fertility, numerous 469 

filled grains, and few unfilled grains. V32 and V40 combined high yield with high thousand-grain 470 

weight, whereas V54 combined high yield with long panicles, numerous filled grains, fewer unfilled 471 

grains, and an elongated grain type. V27 was distinguished by high filled-grain number, low unfilled-472 

grain number, high fertility, relatively low grain moisture, and early heading. Similar variation in yield 473 

contributing traits were recorded by [15, 47].  474 
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Estimation of genotypic and phenotypic coefficients of variation provided insight into the genetic 475 

basis of trait expression [15, 25]. PCV values were slightly higher than the corresponding GCV values 476 

for all traits, indicating some environmental influence; however, the narrow differences between the 477 

two estimates for most characters suggest that much of the observed variation was associated with 478 

genotypic differences under the tested conditions [1, 12, 35]. The greatest variability was observed for 479 

unfilled grains panicle-1, followed by length–breadth ratio and yield hectare-1, whereas fertility 480 

percentage and filled grains panicle-1 were comparatively stable. Broad-sense heritability was high for 481 

all traits, particularly unfilled grains, fertility, panicle length, yield, grain shape, tillering, and filled 482 

grains, indicating a strong genotypic contribution to phenotypic variation and good prospects for 483 

phenotypic selection under similar environments [13, 15]. However, heritability should be interpreted 484 

together with genetic advance because high heritability does not always translate into a large selection 485 

response. Genetic advance as a percentage of the mean was highest for unfilled grains panicle-1 and 486 

length–breadth ratio, followed by yield hectare-1 and plant height, while panicle length, thousand-grain 487 

weight, heading traits, moisture percentage, and tillering showed moderate gains. In contrast, filled 488 

grains panicle-1 and fertility percentage exhibited low genetic advance despite high heritability, 489 

suggesting more limited progress through direct selection. Overall, combined consideration of GCV, 490 

PCV, heritability, and genetic advance provides a more reliable basis for identifying traits with the 491 

greatest breeding potential [1, 36, 47, 54]. The combination of high heritability and high GAM for 492 

unfilled grains panicle-1 and length–breadth ratio suggests strong genetic control and good prospects 493 

for direct selection. Yield hectare-1 also showed moderate GCV and PCV, high heritability, and 494 

relatively high GAM, while plant height, panicle length, and thousand-grain weight combined high 495 

heritability with moderate GAM, indicating useful opportunities for genetic improvement [47]. 496 

The multivariate analyses revealed substantial phenotypic differentiation among the evaluated 497 

genotypes. The first principal components captured most of the total variation, indicating that the major 498 

patterns of diversity could be explained primarily by yield formation, tillering ability, reproductive 499 

performance, phenology, and grain morphology. Yield hectare-1, total tiller number, effective tiller 500 

number, and unfilled grains panicle-1 contributed strongly to the primary axis of variation, suggesting 501 

that productive tillering and grain-filling efficiency were major factors differentiating the breeding 502 

materials. Similar importance of tillering ability and spikelet-filling traits in explaining variation among 503 

rice genotypes has been reported previously [12, 15, 35]. The secondary principal component was 504 

mainly associated with heading behaviour, plant height, moisture percentage, and grain shape, 505 

representing a distinct axis of phenological and architectural variation. This differentiation is useful for 506 



17 

selecting genotypes with maturity duration and plant stature suited to specific production environments, 507 

cropping systems, and adaptation needs [1, 4, 36].  508 

The PCA biplot showed that grain yield was closely associated with effective and total tiller number, 509 

filled grains panicle-1, fertility percentage, thousand-grain weight, and panicle length, indicating that 510 

yield improvement depends on coordinated enhancement of productive tillering, panicle development, 511 

and grain-filling efficiency rather than any single trait. The close association between the two heading 512 

traits confirms their common phenological basis, whereas the relationship between panicle length and 513 

thousand-grain weight suggests their contribution to a related component of yield formation [12, 13].  514 

The correlation analysis supported the patterns identified by the PCA. Grain yield was positively 515 

associated with productive tillering, fertility percentage, grain weight, filled-grain number, and panicle 516 

length, but negatively associated with unfilled grains panicle-1. These associations indicate that 517 

genotypes capable of producing more productive tillers and maintaining efficient reproductive 518 

development are more likely to achieve higher grain yield. The correlation coefficients describe 519 

association rather than causation, and the stability of these relationships should be confirmed across 520 

environments [1, 35]. 521 

The heat-map and radar-plot analyses provided complementary evidence of the distinct trait profiles 522 

of the genotype groups. The group containing the check varieties was generally associated with 523 

comparatively early heading and moderate-to-high fertility, whereas the high-performing group showed 524 

stronger expression of tillering, filled grains, and yield. Another group was characterized by reduced 525 

yield-component expression and increased numbers of unfilled grains, while the late-maturing group 526 

was associated with longer heading duration, higher moisture content, and greater grain elongation. The 527 

consistency among the PCA, clustering, heat-map, and radar-plot results indicates that the observed 528 

genotype groups were defined by meaningful combinations of agronomic and reproductive traits rather 529 

than by isolated trait differences. 530 

The MGIDI analysis identified V38, V35, V31, V47, V8, V54, V5, V63, V62, and V17 as desirable 531 

genotypes based on their balanced performance across multiple traits. Their selection was supported by 532 

complementary strengths and weaknesses across the underlying factors, indicating that the selected 533 

genotypes were not phenotypically redundant. For example, some selected lines were distinguished by 534 

reproductive and phenological attributes, whereas others contributed stronger yield-component or 535 

grain-quality characteristics. This complementary diversity enhances their value as potential parents for 536 

developing segregating populations with broad and balanced trait combinations [15, 25]. 537 

The regression-tree analysis further emphasized the importance of effective tillering, total tillering, 538 

panicle length, and thousand-grain weight in differentiating yield performance. Genotypes with 539 
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stronger productive tillering and favourable panicle and grain characteristics were generally associated 540 

with the highest-yielding classes, whereas materials with weak tillering, shorter panicles, and lower 541 

grain weight tended to perform poorly. These findings reinforce the importance of selecting for 542 

coordinated source–sink development and efficient conversion of assimilates into harvestable grain [13, 543 

36]. Because regression-tree groups may be influenced by population size and environmental 544 

conditions, the identified selection patterns should be validated through multi-environment testing. 545 

Overall, the multivariate results demonstrate that the breeding population contains useful diversity for 546 

improving yield, reproductive efficiency, maturity duration, plant stature, and grain characteristics.  547 

548 

5 Conclusion 549 

550 

The study revealed substantial genetic and phenotypic variation among the 66 Boro rice genotypes 551 

for all evaluated agro-morphological and yield-related traits. Several advanced lines outperformed the 552 

BRRI check varieties for important yield components and grain yield. V57 was the most promising 553 

genotype, followed by V32, V40, V54, V44, V63, V62, and V27. Their superior performance was 554 

associated with productive tillering, high fertility, efficient grain filling, favourable panicle traits, and 555 

greater grain weight. High heritability and favourable genetic advance for several traits indicated good 556 

prospects for phenotypic selection. Correlation, PCA, clustering, regression-tree, and MGIDI analyses 557 

identified productive tillering, fertility, filled grains, panicle development, and grain weight as 558 

important contributors to yield performance. The selected genotypes should be advanced as potential 559 

parents and breeding materials for developing high-yielding Boro rice varieties. Further multi-560 

environment testing, stability analysis, grain-quality assessment, stress screening, and molecular 561 

validation are required before cultivar advancement. 562 

563 

6. Limitations 564 

This study was conducted during a single Boro season at one location, limiting assessment of 565 

genotype × environment interactions and yield stability across environments. Pedigree information was 566 

unavailable, preventing evaluation of genetic relatedness and parental contributions among the 567 

advanced breeding lines. The study also lacked molecular-marker validation, so multi-environment 568 

testing and molecular characterization are needed before cultivar advancement. 569 
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Figure 1. Geographical location of the experimental site in Gazipur, Bangladesh. (A) Map 

of Bangladesh highlighting the location of Gazipur district; (B) administrative map of Gazipur 

district showing its five upazilas; and (C) location of the experimental site in Sreepur Upazila, 

indicated by a yellow triangle. 



Figure 2. Scree plot showing the percentage of total variance explained by the first ten 

principal components (PCs) in the principal component analysis (PCA). The first two 

principal components (PC1 and PC2) explained 44.0% and 26.7% of the total variance, 

respectively, accounting for a cumulative variance of 70.7%. The blue bars represent the 

percentage of variance explained by each principal component, while the red line illustrates the 

decreasing trend in explained variance across successive components. 



Figure 3. Principal component analysis (PCA)-based clustering of individual advanced 

breeding lines. The PCA score plot illustrates the distribution and grouping of advanced 

breeding lines into four distinct clusters based on their multivariate characteristics. The first 

two principal components, PC1 and PC2, explained 44.0% and 26.7% of the total variation, 

respectively, accounting for a cumulative variance of 70.7%. Different colors represent the four 

clusters, while the ellipses illustrate the dispersion and overlap of breeding lines within and 

among clusters. 



Figure 4. Principal component analysis (PCA) variable correlation plot illustrating the 

relationships among the studied traits of advanced breeding lines. The first two principal 

components, PC1 (Dim1) and PC2 (Dim2), explained 44.0% and 26.7% of the total variation, 

respectively, accounting for a cumulative variance of 70.7%. The arrows indicate the direction 

and strength of association of individual traits with the principal components, while the angles 

between arrows reflect the correlations among traits. The color gradient represents the relative 

contribution of each trait to the principal components, with warmer colors indicating higher 

contributions. 



Figure 5. Principal component analysis (PCA) biplot illustrating the relationships 

between advanced breeding lines and studied traits. The biplot shows the distribution of 

advanced breeding lines into four clusters based on their multivariate characteristics and their 

associations with the studied traits. The first two principal components, PC1 (44.0%) and PC2 

(26.7%), explained 70.7% of the total variation. Different colors represent the four clusters, 

while the ellipses illustrate their dispersion and overlap. The orange arrows represent the 

studied traits, with their directions and lengths indicating their associations with the principal 

components. The angles between trait vectors indicate the relationships among traits, while the 

positions of breeding lines relative to the vectors suggest their associations with specific traits. 



Figure 6. Hierarchical cluster analysis of the studied advanced breeding lines based on 

their phenotypic characteristics. The dendrogram illustrates the genetic divergence among 

the studied genotypes using Euclidean distance as a measure of dissimilarity. The genotypes 

were grouped into four major clusters (I, II, III, and IV), represented by different colors. The 

vertical axis indicates Euclidean distance, reflecting the degree of dissimilarity among 

genotypes, while the horizontal axis represents the individual genotypes. Genotypes grouped 

within the same cluster exhibited relatively greater similarity, whereas those belonging to 

different clusters showed greater divergence. 



Figure 7. Pearson’s correlation heatmap illustrating the relationships among 13 agro-

morphological and yield-related traits of advanced Boro rice breeding lines. The heatmap 

presents the direction, strength, and statistical significance of pairwise correlations among the 

studied traits. The numerical values within each cell represent Pearson’s correlation 

coefficients (r). Statistical significance is indicated by *, **, and *** at p < 0.05, p < 0.01, and 

p < 0.001, respectively, while ns denotes a non-significant correlation (p ≥ 0.05). 

Note: TN: Total tiller number; ET: Effective tiller number; PH: Plant height; 10HD: Days to 

10% heading; 80HD: Days to 80% heading; PL: Panicle length; FGPP: Filled grains per 

panicle; UFGPP: Unfilled grains per panicle; FP: Fertility percentage; MP: Moisture 

percentage; TGW: Thousand-grain weight; LBR: Length-to-breadth ratio; YPH: Yield per 

hectare. 



Figure 8. Hierarchical clustering heatmap illustrating the variation and relationships 

among advanced Boro rice genotypes based on 13 agro-morphological and yield-related 

traits. The heatmap displays the relative performance of the studied genotypes across different 

traits and their classification into four distinct clusters (Clusters 1–4). Each row represents an 

individual genotype, while each column corresponds to a studied trait. The color gradient 

indicates standardized trait values, with red representing relatively higher values, blue 

indicating relatively lower values, and white representing intermediate values. The dendrogram 



on the left illustrates the hierarchical relationships among genotypes based on similarities in 

their multivariate trait profiles. The colored cluster annotations distinguish the four genotype 

groups, highlighting differences in their agro-morphological and yield-related characteristics. 

Note: TN: Total tiller number; ET: Effective tiller number; PH: Plant height; 10HD: Days to 

10% heading; 80HD: Days to 80% heading; PL: Panicle length; FGPP: Filled grains per 

panicle; UFGPP: Unfilled grains per panicle; FP: Fertility percentage; MP: Moisture 

percentage; TGW: Thousand-grain weight; LBR: Length-to-breadth ratio; YPH: Yield per 

hectare. 



Figure 9. Radar plot illustrating the comparative distribution and variation of 13 agro-

morphological and yield-related traits among the identified genotype clusters of advanced 

Boro rice breeding lines. The radar plot displays the relative performance patterns of the 

studied traits across the genotype clusters using standardized trait values. Each colored polygon 

represents a distinct cluster profile, while the radial axes correspond to individual traits. The 

distance from the center indicates the relative magnitude of each standardized trait value, with 

greater distances representing higher relative values. Differences in polygon shapes and sizes 

highlight variation in trait expression among the genotype clusters. 

Note: TN: Total tiller number; ET: Effective tiller number; PH: Plant height; 10HD: Days to 

10% heading; 80HD: Days to 80% heading; PL: Panicle length; FGPP: Filled grains per 

panicle; UFGPP: Unfilled grains per panicle; FP: Fertility percentage; MP: Moisture 

percentage; TGW: Thousand-grain weight; LBR: Length-to-breadth ratio; YPH: Yield per 

hectare. 



Figure 10. Ranking and selection of advanced Boro rice genotypes based on the multi-

trait genotype–ideotype distance index (MGIDI). The circular plot illustrates the ranking of 

66 rice genotypes according to their MGIDI values, reflecting their relative distances from the 

predefined ideal genotype (ideotype). Genotypes with lower MGIDI values are considered 

closer to the ideotype and therefore more desirable for simultaneous improvement of multiple 

traits. The red dots represent selected genotypes, whereas the gray dots indicate non-selected 

genotypes. The red circle represents the selection threshold determined by the predefined 

selection intensity. Genotypes falling within the selection threshold were identified as 

promising breeding materials based on their overall multi-trait performance. 



Figure 11. Strengths and weaknesses of selected advanced Boro rice genotypes based on 

the multi-trait genotype–ideotype distance index (MGIDI) analysis. The radar plot 

illustrates the relative contributions of three latent factors (FA1, FA2, and FA3) to the MGIDI 

values of the ten selected genotypes (V17, V38, V35, V31, V47, V8, V54, V5, V63, and V62). 

The red, green, and blue lines represent the contributions of FA1, FA2, and FA3, respectively, 

highlighting differences in the multi-trait profiles of the selected genotypes. The dashed black 

line indicates the average contribution of all factors and serves as a reference for identifying 

the relative strengths and weaknesses of individual genotypes. Lower factor contributions 

indicate relative strengths, whereas higher contributions indicate relative weaknesses in 

relation to the predefined ideotype. 



Figure 12. Regression tree analysis illustrating the influence of yield-contributing traits 

on grain yield (t ha⁻¹) in advanced Boro rice genotypes. The regression tree partitions the 

studied genotypes into eight terminal groups based on effective tiller number (ET), total tiller 

number (TN), panicle length (PL), and thousand-grain weight (TGW). Each branching point 

represents a threshold value of a trait used to divide genotypes into groups with different 

predicted grain yields. The terminal nodes display the mean predicted grain yield (t ha⁻¹), the 

number of genotypes (n), and their percentage of the total population. The predicted grain yield 

ranged from 5.6 to 8.4 t ha⁻¹, with the highest yield associated with ET ≥ 12 and TN ≥ 16. The 

color gradient from red to green represents increasing predicted grain yield, highlighting the 

importance of tillering ability and other yield-contributing traits in differentiating genotype 

performance. 

Note: ET: Effective tiller number; TN: Total tiller number; PL: Panicle length; TGW: 

Thousand-grain weight; n: Number of genotypes within each terminal node; t ha⁻¹: Tonnes per 

hectare. The percentages indicate the proportion of genotypes represented by each terminal 

node. 



Table 1. Name and sources of the germplasm  

Genotype code/ Variety Name Sources 

V1 

ACI-Plant Genetic & Development Centre (ACI-PGRDC), Hybrid Rice Genetics, ASRBC, ACI Seed 

Limited, Gazipur, 1706, Bangladesh 

V2 

V3 

V4 

V5 

V6 

V7 

V8 

V9 

V10 

V11 

V12 

V13 



Genotype code/ Variety Name Sources 

V14 

V15 

V16 

V17 

V18 

V19 

V20 

V21 

V22 

V23 

V24 

V25 

V26 

V27 

V28 



Genotype code/ Variety Name Sources 

V29 

V30 

V31 

V32 

V33 

V34 

V35 

V36 

V37 

V38 

V39 

V40 

V41 

V42 

V43 



Genotype code/ Variety Name Sources 

V44 

V45 

V46 

V47 

V48 

V49 

V50 

V51 

V52 

V53 

V54 

V55 

V56 

V57 

V58 



Genotype code/ Variety Name Sources 

V59 

V60 

V61 

V62 

V63 

BR71 

Bangladesh Rice Research Institute (BRRI), Gazipur-1701, Bangladesh BR75 

BR87 

Note: The pedigree of the advanced breeding lines is not available due to variety release issue 



Table 2. List of morphological and yield-related traits with their acronyms and units of measurement 

Traits Name Acronym  Unit of measurement  

Total tiller number TN Count

Effective tiller number ET Count

Plant height PH cm

10% Heading days 10HD Days

80% Heading days 80HD Days

Panicle length PL cm

Filled grain panicle⁻¹ FGPP Count

Unfilled grain panicle⁻¹ UFGPP Count

Fertility percentage FP %

Moisture percentage MP %

Thousand grain weight TGW g

Length-breadth ratio LBR Ratio

Yield per hectare YPH ton ha⁻¹



Table 3. Analysis of Variance of yield and yield contributing traits of the studied genotypes 

Traits Replication MS (df = 2) Genotype MS (df = 65) Error MS (df = 130) Genotype F-value Genotype p-value

Total tiller number 0.0797 ns 1.8795*** 0.0829 22.6648 <0.0001

Effective tiller number 0.0888 ns 1.8686*** 0.0830 22.5155 <0.0001

Plant height 0.9252 ns 407.5066*** 22.5065 18.1061 <0.0001

Days to 10% heading 3.9141 ns 107.1596*** 9.4372 11.3550 <0.0001

Days to 80% heading 3.5909 ns 106.7450*** 9.4730 11.2684 <0.0001

Panicle length 4.7588*** 11.8208*** 0.4053 29.1656 <0.0001

Filled grains per panicle 8.1554 ns 108.3632*** 4.0013 27.0820 <0.0001

Unfilled grains per panicle 0.6438 ns 43.2867*** 0.8730 49.5827 <0.0001

Fertility percentage 0.3161 ns 11.5267*** 0.3036 37.9657 <0.0001

Moisture percentage 0.5256 ns 7.2337*** 0.8172 8.8513 <0.0001

Thousand-grain weight 1.6155 ns 13.6814*** 0.9555 14.3187 <0.0001

Length-to-breadth ratio 0.0889* 0.7088*** 0.0261 27.1667 <0.0001

Yield per hectare 0.1073 ns 1.5677*** 0.0571 27.4640 <0.0001

Here, MS, mean square; df, degrees of freedom. Significance levels: ns, not significant; *, p < 0.05; **, p < 0.01; and ***, p < 0.001. Significance 
symbols beside replication and genotype mean squares indicate the corresponding effects. All genotype effects were highly significant (p < 0.0001). 



Table 4. Mean performance of the genotypes for the studied traits 

Genotype TN ET PH 10HD 80HD PL FGPP UFGPP FP MP TGW LBR YPH 

V1 
14.4 

m-p 
11.83 
p-s 

115.5 
h-o 

69 t-u 
75.33 
u-v 

22.93 
z-b 

150.53 
c 

19 q-u 
88.79 
k-o 

19.43 
o-v 

26.89 
j-t 

4.24 
g-k 

6.63 
r-v 

V2 
14.9 

i-m 
12.47 
k-o 

113.43 
j-r 

77.67 
j-r 

84 j-s 
24.57 
t-x 

166.7 
e-m 

19.7 m-
s 

89.43 
h-l 

21.3 
d-n 

27.63 
g-p 

4.1 
h-l 

7.53 
e-k 

V3 
14.17 
o-r 

11.8 
p-s 

93.33 
x-z 

73 q-
u 

79 r-v
21.9 
b 

156.47 
x-a 

24.37 
e-f 

86.52 
v-x 

19 s-
v 

24.29 
x-c 

3.68 
p-t 

6.64 
r-v 

V4 
14.8 
j-n 

12.33 
l-p 

101.97 
t-x 

81 g-
m 

87 g-
n 

22.17 
b 

161.83 
p-v 

20.43 l-
r 

88.79 
k-o 

18.97 
s-v 

25.86 
o-y 

3.27 
u-v 

7.07 
k-r 

V5 
14.33 
m-q 

11.97 
o-r 

133.13 
b-e 

73.33 
q-u 

79.33 
r-v 

25.17 
p-w 

156.37 
x-a 

19.6 n-t
88.86 
k-o 

18.37 
t-v 

27.04 
i-s 

4.2 
h-k 

6.91 
m-t 

V6 
14.17 
o-r 

11.8 
p-s 

91.07 
z 

73.33 
q-u 

79.33 
r-v 

23.33 
y-a 

162.5 
n-u 

23.5 f-
h 

87.37 
q-v 

19.63 
m-u 

22.74 
b-c 

4.06 
i-n 

6.32 
u-y 

V7 
14.9 

i-m 
12.53 
i-o 

115.73 
h-n 

78.67 
j-q 

84.67 
j-r 

25.77 
m-t 

162.9 
m-t 

18.17 
s-w 

89.96 
g-j 

18.37 
t-v 

24.96 
t-a 

4.21 
g-k 

6.85 
o-t 

V8 
14.57 
k-o 

12.27 
l-p 

109.9 
n-u 

67.67 
u 

73.67 
v 

26.97 
h-m 

152.47 
b-c 

14.17 a 
91.5 

a-b 
19.37 
p-v 

26.92 
j-t 

3.7 
o-t 

6.98 
l-s 

V9 
14.8 
j-n 

12.37 
l-p 

114.63 
i-q 

70.67 
s-u 

76.67 
t-v 

24.53 
t-y 

160.03 
s-x 

21.27 j-
p 

88.27 
m-q 

20.7 
g-s 

23.99 
y-c 

3.61 
q-t 

6.73 
p-u 

V10 
15.5 

c-h 
13.1 
c-i 

104.53 
r-w 

73.33 
q-u 

79.33 
r-v 

27.13 
g-l 

170.13 
c-g 

15.5 z-
a 

91.65 
a-b 

20.17 
k-t 

27.45 
g-q 

3.68 
p-t 

7.42 
f-l 

V11 
13.83 
q-t 

11.5 
r-u 

115.17 
i-p 

78 j-r 
84.33 
j-r 

24.5 
u-y 

153.47 
a-c 

23.23 
f-i 

86.85 
t-w 

20.93 
f-r 

26.29 
m-w 

3.92 
k-r 

6.5 t-
w 

V12 
13.5 
t-v 

11.13 
t-w 

123.4 
f-i 

73.33 
q-u 

79.33 
r-v 

24.63 
s-x 

158.13 
v-z 

24.27 
e-g 

86.69 
u-x 

19.5 
n-v 

24.53 
w-b 

3.64 
p-t 

6.12 
w-z 

V13 
13.87 
p-t 

11.47 
r-u 

110.87 
m-t 

79.67 
i-p 

85.67 
i-q 

24.47 
v-y 

166.17 
h-o 

28.5 a-
b 

85.36 
y-a 

20.1 
k-t 

20.81 
d 

3.44 
t-u 

5.61 
a 

V14 
15.1 

g-k 
12.7 
g-l 

112.3 
k-s 

78 j-r 84 j-s 
25 q-
w 

165.8 
h-p 

18.03 
s-w 

90.19 
e-i 

18.87 
s-v 

25.15 
s-z 

3.93 
k-q 

7.33 
h-n 



Genotype TN ET PH 10HD 80HD PL FGPP UFGPP FP MP TGW LBR YPH 

V15 
13.8 

q-u 
11.43 
r-u 

114.8 
i-p 

76.67 
k-s 

83 k-
s 

23.7 
x-z 

155.47 
z-b 

22.47 
h-k 

87.37 
q-v 

18.9 
s-v 

26.06 
n-x 

4.55 
b-f 

6.33 
u-x 

V16 
13.27 
u-v 

10.87 
v-w 

106.17 
o-w 

75.33 
l-s 

81.33 
m-u 

25.5 
o-v 

152.57 
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CV (%) 1.96 2.35 4.15 3.90 3.63 2.44 1.22 4.49 0.62 4.39 3.67 4.02 3.44 

Note: Values represent trait means of three replications. Means followed by the same lowercase letter(s) within a column are not significantly 

different at p < 0.05 according to Duncan's Multiple Range Test (DMRT). Trait acronyms: TN, total tiller number (count); ET, effective tiller 

number (count); PH, plant height (cm); 10HD, days to 10% heading; 80HD, days to 80% heading; PL, panicle length (cm); FGPP, filled grains 

per panicle (count); UFGPP, unfilled grains per panicle (count); FP, spikelet fertility percentage (%); MP, grain moisture percentage (%); TGW, 

thousand-grain weight (g); LBR, grain length-to-breadth ratio; YPH, grain yield per hectare ($\text{t}\ \text{ha}^{-1}$); CV, coefficient of 

variation (%). 



Table 5. Genotypic and phenotypic variance, GCV, PCV, heritability, and genetic advance for the studied traits 

Traits 

Genotypic 

Variance 

(σ²g) 

Phenotypic

Variance 

(σ²p) 
GCV (%) PCV (%) 

Broad-sense 

Heritability 

(H²%) 

Genetic 

Advance 

Genetic 

Advance as 

% of Mean 

(GAM%) 

Total tiller number 0.60 0.68 5.28 5.63 87.84 1.49 10.19 

Effective tiller number 0.60 0.68 6.29 6.72 87.76 1.49 12.15 

Plant height (cm) 128.33 150.84 9.92 10.75 85.08 21.53 18.85 

10% Heading days 32.57 42.01 7.24 8.22 77.54 10.35 13.13 

80% Heading days 32.42 41.90 6.71 7.63 77.39 10.32 12.16 

Panicle length (cm) 3.81 4.21 7.48 7.86 90.37 3.82 14.64 

Filled grain panicle-1 34.79 38.79 3.61 3.81 89.68 11.51 7.03 

Unfilled grain panicle-1 14.14 15.01 18.06 18.61 94.18 7.52 36.11 

Fertility percentage 3.74 4.04 2.18 2.27 92.49 3.83 4.32 

Moisture percentage 2.14 2.96 7.10 8.35 72.35 2.56 12.45 

Thousand grain weight (g) 4.24 5.20 7.74 8.57 81.62 3.83 14.40 

Length-breadth ratio 0.23 0.25 11.86 12.52 89.71 0.93 23.14 

Yield ha-1 0.50 0.56 10.21 10.77 89.82 1.39 19.92 

Note: σ²g and σ²p represent genotypic and phenotypic variances, respectively. GCV, genotypic coefficient of variation; PCV, phenotypic 

coefficient of variation; $H^2$, broad-sense heritability; GAM, genetic advance as a percentage of the mean. Categorization followed standard 

descriptors: GCV and PCV as low (<10%), medium (10–20%), or high (>20%); broad-sense heritability (H2) as low (<30%), medium (30–60%), 

or high (>60%); and GAM as low (<10%), moderate (10–20%), or high (>20%).  
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