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Abstract

:

Combining ability along with heterosis was elucidated in the 21 F1 hybrid population of rice derived from a 7 × 7 diallel mating design. Furthermore, to formulate a strategy for marker-based prediction of heterosis, the molecular genetic diversity (GD) was then surveyed among the seven parental lines with RAPD markers. Analysis of combining ability revealed significant GCA and SCA variances and the ratio between the aforesaid genetic parameter was more than unity for most of the traits signifying the preponderance of additive gene action. Hybrid combination Double Rice × Pokkali was the best specific combiner for the traits pollen fertility percentage (%), panicle length (cm), filled grains/panicle (no.) and grain yield/hill (g) while Muktagacha × BRRI dhan29 and Basmati × Double Rice were the best specific combiners for grain length (mm) and 1000-grain weight (g), respectively. Regarding the magnitude of heterosis, Double Rice × Pokkali exhibited maximum heterobeltiosis for panicle length (33.33%) and the number of filled grains/panicle (144.01%). Furthermore, Pokkali × Chinigura was verified for producing the highest heterobeltiosis for tillers/hill (173.17%), as well as grain yield/hill (71.05%). The heatmap relying on molecular genetic diversity exposed the highest genetic distance between Chinigura and Pokkali followed by Muktagacha and Pokkali. Unweighted neighbor-joining trees clustered the parental lines into three groups indicating the presence of considerable genetic diversity among those seven parental genotypes. A positive and significant correlation was explored between molecular GD with specific combining ability as well as heterosis for all of the traits revealing the huge potentiality of hybrid performance prediction using RAPD markers with the present set of individuals. Thus, exploration of definite genomic regions underlying the candidate genes for respective traits relying on such RAPD-generated data following an advanced molecular marker approach would pave the path of mining out yielder heterotic combinations.






Keywords:


rice; GCA; SCA; heterosis; RAPD; genetic distance; correlation












1. Introduction


For the majority of Asians, rice is a way of life. Rice has influenced the cultures, cuisines, and economics of millions of people worldwide [1]. It is a self-pollinated cereal crop having chromosome number 2n = 24 [2]. Rice is a member of the genus Oryza under the Poaceae family. This monocot genus comprises 27 species, 25 of which are wild type, and only two species are cultivated viz., Oryza sativa and Oryza glaberrima. Oryza sativa includes all variants found in Asia, America, and Europe, while Oryza glaberrima covers all types found in West Africa. Rice is a nutrient-dense cereal. It offers 20% of the calories and 15% of the protein that the world’s population consumes [3]. Rice is considered a staple food in the Bangladeshi diet as it is consumed by 164 million people in the country. It is grown on a large scale by the farmers of the country to meet the expected demand of consumption as well as the exportation of rice production accounting for half of Bangladesh’s agricultural gross domestic product (GDP) and one-sixth of the country’s national income [4]. Being the staple food of the population, its demand is increasing day by day. By 2050, the world’s rice demand will reach 943.6 million tons, requiring a 5.8-million-ton annual increase from current levels of production [5]. However, rice production is not increasing to keep pace with this gradual demand due to different constraints. Due to the construction of industries, factories, residences, roads, and other structures, total cultivable land is declining at a pace of more than 1% each year. Furthermore, agriculture is subjected to a variety of adverse conditions as a result of climate change, including drought, flood, salinity, and high temperatures. So, the demand for increasing rice production in sustainable ways remains an enormous challenge. Nowadays, quality parameters are becoming increasingly important in today’s world, particularly in areas where rice production is self-sufficient. People’s demand for high-quality rice is also increasing steadily as their per capita income and living standards improve. Therefore, in recent times, grain quality improvement should consider an important objective next to yield in rice breeding. In this circumstance, one of the main possibilities for meeting the increased demand is to develop and disseminate high-yielding and high-quality rice varieties. That’s why the current study focuses on the production of high-yielding and high-quality rice varieties through the selection of proper parents and identifying superior cross combinations. The parental lines are considered to be the backbone of rice breeding since the performance of the progenies mainly depends on the genetic potential of the parents [6]. In the case of a hybrid breeding program, the selection of parents based on phenotypic performance alone is not a sound proposition since phenotypically superior lines may yield poor recombination in the segregating generations. To overcome this challenge, combining ability is used in hybrid plant breeding programs to select parents and superior hybrid combinations [7,8]. Combining ability analysis is a useful approach for measuring a parent’s potential in order to create a superior hybrid. Combining ability can be used to assess nicking ability between genotypes while also explaining the nature and extent of gene effects [9]. Sprague and Tatum [8] were the first to define the concept of combining ability, which was later clarified by Griffing [10]. Among two types of combining ability, general combining ability (GCA) denotes a parental line’s average performance in hybrid combinations and reflects additive gene action, whereas Specific combining ability (SCA) indicates non-additive gene action and cross combinations with high SCA will be exploited to produce hybrid varieties [11]. Heterosis or hybrid vigor is another important factor related to hybrid performance which refers to the superior performance of hybrids over the parents. For decades, the use of heterosis has made a significant contribution to feeding an ever-increasing human population on depleting arable land [12]. Heterosis may be positive or negative where positive heterosis is desirable for grain yield and negative heterosis is preferred for earliness and plant height. With the advancement of biometrical genetics, numerous strategies for estimating combining ability and heterosis have been proposed. These include top cross, poly cross, diallel cross analysis by Griffing [10], and line × tester analysis by Kempthorne [13]. In this experiment, diallel mating design is followed to estimate combining ability and heterosis. The parental lines are crossed in all feasible combinations in diallel mating to identify parents as the best or poor general combiners by GCA and specific cross combinations by SCA. For many species, morphological descriptions are not sufficient for the detection of differences among themselves. Since the morphological characters are influenced by the environment, they often do not reliably portray genetic diversity. Compared with morphological variation, molecular polymorphism is generally considered more informative. Thus, screening inbred lines for genetic diversity using molecular markers could enhance the accuracy of parent selection for breeding operations [14]. Molecular techniques combined with biometrical methodologies have opened up new avenues for assessing input materials’ appropriateness as parents [15]. Since the 1990s, several pieces of research have been conducted to predict progeny performance based on genetic distance utilizing the basic theory of quantitative genetics. The utilization of molecular markers to forecast heterosis has ushered in a new era since its introduction in 1980 [16]. Much research on various crop plants, such as rice [16,17,18], wheat [19], and maize [20,21], has been undertaken to anticipate the link between genetic diversity and heterosis. Molecular markers have been proposed as a more efficient technique for selecting inbreds and superior hybrid combinations, as well as a way to reduce the number of multi-location trials of promising hybrids [22,23].




2. Materials and Methods


Seven rice (Oryza sativa L.) varieties/landraces were selected from the rice germplasm pool of the Department of Genetics and Plant Breeding, Bangabandhu Sheikh Mujibur Rahman Agricultural University. The collection of germplasm was being conducted around April–May of 2019. Detailed information on the collected germplasm for this research is given in the following Supplementary Table S1. Flowering in all the parents took place more or less at the same time. The seven diverse genotypes were crossed in a 7 × 7 half-diallel fashion, resulting in 21 single crosses. Healthy and representative plants of the variety were removed from the experimental plot by cutting the mud around the base using a sickle. The plants were then placed in pots by adding soil and water as necessary and tagged with proper designation and brought to the laboratory for emasculation. In the afternoon, emasculation was performed by trimming the top 1/3rd and bottom 1/3rd portions of the targeted female parent’s panicle using scissors. Again, the top 1/3rd portion in each spikelet was trimmed off in a slanting position. The six anthers present in each spikelet were removed with the help of the Vacuum Emasculator. The emasculated spikelets were then wrapped with a butter paper bag to prevent contamination from external pollen. The blooming panicle from the intended male parent was taken the following morning (typically around 9.30 a.m.). Then, the butter paper bag was removed from the emasculated panicles of the female parent and pollen was dusted from the desired male parent. After confirming that plenty of pollen was distributed, the opened butter paper bag was sealed with a pin. In the second Aman season, both parental and F1 hybrid seeds were again set for germination. On 13 July 2020, seeds were sown in the pot after completing germination. Then, on 13 August 2020 thirty-one days, old seedlings were transplanted in the main field in a Randomized Complete Block Design (RCBD) with two replications. At this time, field preparation, application of fertilizers and manures, planting spacing, and application of different intercultural operations were the same as the previous season. Both parents and F1 hybrids were allowed self-pollination and left in the field for attaining maturity. After becoming fully matured, seeds were harvested and then dried in sun and made ready for data collection. Data were recorded on 10 randomly selected plants from parents and F1s plant samples. In this study, ten yield-contributing agronomic traits were estimated which included pollen fertility (%), days to first flowering, plant height (cm), tillers/hill, panicle length (cm), filled grains/panicle, grain length (mm), 1000-grain weight (g), grain test weight (g/5 mL), grain yield/hill (g) were recorded.



2.1. Analysis Combining Ability and Heterosis


Griffing’s [10] method 2, model 1 (fixed-effect model) was used for combining ability analysis for each of the traits. In model 1, the experimental material is regarded as the population about which inferences are to be made, the general objectives are to compare the combining abilities of the parents and, using parents as a tester, to identify better cross combination(s) [24]. The amount of heterosis was calculated by comparing the mean of F1 hybrids over mid-parental value and higher parent in respect of a particular character using the following formulae [25]. The percent of heterosis over mid parent (MP) = [(F1 − MP)/MP] × 100, percent of heterosis over higher parent (HP) = [(F1 − HP)/HP] × 100 and percent of heterosis over super parent (SP) = [(F1 − SP)/SP] × 100. The test of significance for heterosis was conducted by usual statistical practice using the error variance from the ANOVA of F1 and parental populations [24].




2.2. DNA Extraction and RAPD Marker


DNA has been extracted following the modified Cetyl Trimethyl Ammonium Bromide (CTAB) method [26]. After several successive centrifugations at projected rpm DNA pellets formed at the bottom of the tube were separated from the supernatants. The pellets were then rinsed with 70% ethanol and centrifuged for 5 min. at 12,000 rpm. Finally, the pellets were suspended in 150 μL 1X TE buffer and stored at −20 °C. A spectrophotometer was used to quantify the extracted DNA, while the DNAs were run on 1% agarose gel to determine their quality. Seven RAPD primers with clear amplifications were selected for genetic diversity analysis of seven parents of rice. Detailed information about the RAPD primers used in this study is presented in Supplementary Table S2.




2.3. PCR Mix Preparation and Amplification


PCR was performed in 14 μL reactions containing 7.5 μL master mixtures, 3.5 μL distilled water, 1 μL primer, and 2 μL of DNA sample (Supplementary Table S3). The DNA was transferred from the dilution plate to the PCR plate using a single-channel pipette. After initial denaturation for 1 min at 94 °C, each cycle comprises 30 s denaturation at 94 °C, 30 s annealing at 40 °C, and 1 min extension at 72 °C with a final extension for 5 min at 72 °C at the end of 38 cycles. The PCR product was preserved at 12 °C temperature in the thermal cycler in case of necessity.




2.4. Agarose Gel Electrophoresis and Visualization


The gel was prepared by dissolving the 1.2 g agarose powder in 100 mL TAE buffer. Then, 0.5 μL Ethidium Bromide was added for visualization. The agarose was distributed in the buffer before being heated to near boiling but not boiling temperatures. The melted agarose was allowed to cool completely before being poured into a cast, as a heated agarose solution could cause the cast to bend or crack. A comb was placed in the cast to create wells for loading the sample, and the gel should be completely set before use. After the gel was polymerized, the gasket was removed starting from one corner of the plate assembly. Around 500 mL of 1× TAE buffer was added to the base of the tank. Around 300 mL of 1× TAE buffer was again added on top of the tank and the comb was removed gently. Around 5 μL of the mixer was loaded in the wells of gel with the help of a pipette. Then the cover of the tank was put and the electrodes were connected to the power supply and the gel was run for about 30 min at 110 volts. It was noted that running time was dependent on the size of PCR fragments. The power supply unit was turned off and the plates were removed from the tank. The agarose gel was removed carefully and was put in the gel doc system. Then image analysis was performed on the connected computer. Here, the Ethidium Bromide protocol was run for image analysis. The amplified DNA band fragments of the RAPD assay were scored in binary characters, where 1 and 0 indicate the presence and absence of each band, respectively.




2.5. Analysis of Marker Data


Analysis of molecular variance (AMOVA) was used to partition the variation among and within-group (population) components. AMOVA was constructed by using the software GenAlEx6.5 [27]. Matrices of Roger’s genetic distance [28] was also calculated between each pair of line in the study using the same software. With the help of DARwin software (version 6.0, Montpellier CEDEX 5, France) a dendrogram was generated from the genetic distance matrix using the unweighted neighbor-joining algorithm [29]. The correlation of RAPD-generated genetic distance with the specific combining ability (SCA), mid-parent heterosis (MPH), better-parent heterosis (BPH), and standard-parent heterosis (SPH) was calculated by exploiting the ‘Data Analysis’ wing of the Microsoft Excel 2019 software and the significance test was performed with the same software assuming two samples with equal variance. A heatmap was generated with the help of a freely available web server named Heatmapper [30].





3. Results


3.1. Analysis of Variance (ANOVA)


The preliminary analysis of variance showed that the mean sum of squares for the parents and F1 hybrids were significant at p ≤ 0.01 for all the traits (Supplementary Table S4). These significant variances suggested that there was a wide diversity in the genotypes for the studied traits. Accordingly, analysis of variances for combining ability (Figure 1 and revealed that variances for both GCA and SCA variances were also significant for the studied traits. Moreover, the mean square values for the GCA were higher than the SCA for all the traits, signifying the preponderance of additive gene action for controlling the traits.




3.2. Mean Performance of the Parents and Hybrids


The parent Chinigura (96.16%) exhibited the best performance for the trait pollen fertility (%), while the lowest performance was revealed by the parent Double Rice (61.56%) (Figure 2 and Supplementary Table S5). Consequently, in hybrid genotypes, pollen fertility ranged from 59.19% to 96.83%. The maximum value was observed in the cross-combination Basmati × Double Rice (96.83%). The parental genotype Pokkali took 79 days for the first flowering while the line Double Rice took the maximum time (98.5 days). Interestingly, in the case of hybrids, days to first flowering varied from 67 to 95 days where the minimum time was required for the cross combination Pokkali × BRRI dhan29 and maximum time was taken by cross named Bashmoti × Chinigura (95 days).



In parents, panicle length ranged from 20.63 to 29.24 cm, however, the highest panicle length was observed as 30.95 cm in (Bashmoti × Muktagacha) considering the hybrid population. Filled grains/panicle ranged from 46.5 to 174.38 and 23 to 249.5, respectively, in parents and hybrid populations. Grain length, values ranged from 6.1 mm (Chinigura) to 10.96 mm (Muktagacha) in parent and the grain length of hybrids ranged from 6.55 (BRRI dhan29 × Chinigura) to 10.22 cm (Double Rice × Kotoktara). The hybrid Double Rice × Kotoktara (23.55 g) followed by Muktagacha × Kotoktara (23.05 g) was recorded as having the highest grain weight. Meanwhile, in the parental genotype, the highest value was found in Double Rice (25.42 g). Test weight is used as an indicator of general grain quality and is a measure of grain bulk density. It is also an important predictor for milling of yield and is used to compare grain densities. Farmers prefer genotypes of crops having high test weight. The cross-combination Basmati × Double Rice (3.22 g/5 mL) exhibited the highest value followed by Pokkali × Chinigura (3.14 g/5 mL). Finally, grain yield/plant ranged from 2.05 g to 18.95 g in parents and 1.34 g to 29.60 g in hybrid combinations where the parental genotype basmati (18.95 g) and the hybrid, Pokkali × Chinigura (29.6 g) were the best performers. Moreover, correlation coefficient estimation of yield components with the farmer desire trait, i.e., grain yield per plant relying on mean performance exposed that plant height, panicle length and filled grains per panicle were the most contributing traits toward the grain yield (Figure 3).




3.3. Combining Ability Analysis (GCA and SCA)


Parental genotype BRRI dhan29 followed by Kotoktara (−15.71) showed significant results and the highest negative GCA effect for plant height signifying their potentiality for developing short stature hybrid variety(s) (Figure 4 and Supplementary Table S6). Parental line Muktagaccha was identified as a good combiner for exhibiting significant and the highest GCA effects for panicle length filled grains/panicle, and grain length. For days to first flowering, Pokkali was the best performer as it revealed the highest negative and significant GCA effects (−4.43) followed by BRRI dhan29. Double Rice was a good combiner for 1000-grain weight with a GCA effect of 2.62. In the case of test weight, Chinigura (0.16) exhibited the highest GCA effect. Chinigura could be considered as the best general combiner for grain yield/hill due to the highest positive (4.57) effects followed by Basmati (2.08).



Rice hybrids that mature early are preferable because they are well fitted for multiple cropping. So, a negative SCA effect is desirable for days to flowering. The highest negative SCA effect (−15.44) was recorded for the cross Double Rice × BRRI dhan29 (Table 1) followed by Muktagacha × Chinigura (−10.67) which indicated that these combinations might be suitable for evolving short-duration rice genotypes. Shortening plant height is a desirable trait in rice crop cultivation as it enhances resistance to lodging and increases tillering ability (Saleem et al., 2008). So, the combination of Kotoktara × Chinigura (−34.79) showing a significant negative SCA effect was considered desirable regarding this trait.



The crosses Double Rice × Pokkali, BRRI dhan29 × Chinigura, and Muktagacha × Pokkali were the best specific combinations due to their highest positive SCA effect (Table 1). The cross combinations Muktagaccha × BRRI dhan29 (0.82), Kotoktara × Chinigura (0.79), and Pokkali × Chinigura (0.58) were promising for long-grain as they possessed significant and positive SCA effect. 1000-grain weights are an important trait influencing yield and its positive SCA effect is desirable. For 1000-grain weight, positive and significant SCA effects with greater value were 48 registered in crosses viz., Muktagaccha × Chinigura (6.12) followed by Double Rice × Chinigura (4.73) and Basmati × Pokkali (1.86). The hybrids BRRI dhan29 × Chinigura (10.44), Double Rice × Pokkali (13.91), and Pokkali × Chinigura were good specific combiners for grain yield because they expressed high SCA effects for grain yield.




3.4. Estimation of Heterosis


The degree and nature of heterosis were found to vary depending on cross combinations and the characters under study (Table 2). For all of the attributes, the majority of the cross combinations showed considerable positive heterosis. Double Rice × Pokkali exhibited maximum heterobeltiosis for panicle length (33.33%) and filled grains/panicle (144.01%). Significant heterosis for filled grains/panicle was observed in almost all the hybrids. The value ranged from −78.73% to 144.01% better parent and −78.73% to 130.75% over standard parent which indicates the presence of both positive and negative heterosis. The highest heterosis (144.01%) over better parent heterosis was obtained from Double Rice × Pokkali. Longer grain length is considered an important trait regarding grain quality. Long grains have a good market value over short grains. So, heterosis in a positive direction is desirable for this trait. The heterotic effects for the character grain length ranged between 18.16% and −12.18% over the mid parent, 14.52% and −32.25% over the better parent, and 17.99% and −25.71% over the standard parent (Table 2). Nonetheless, the positive estimate of heterosis for 1000-grain weights is desirable as it is an important trait influencing yield but both positive and negative heterotic values for 1000-grain weight among different cross combinations were observed. The highest positive value of heterobeltiosis was demonstrated by Muktagacha × Chinigura, while the highest desirable positive estimate of standard heterosis was exhibited by Muktagacha × Chinigura. Furthermore, Pokkali × Chinigura was recorded for producing the highest heterobeltiosis for tillers/hill (173.17%) as well as grain yield/plant (71.05%). Furthermore, Double Rice × Kotoktara and Basmati × Double Rice revealed maximum standard heterosis for grain length (15.95%) and grain test weight (20.56%), respectively. A few hybrids also revealed higher heterotic values (Table 2) for grain yield per plant over the better and standard parent. For instance, superior heterobeltiosis was recorded in cross combination Double Rice × Pokkali (95.40%) followed by Pokkali × Chinigura (71.05%) while Pokkali × Chinigura revealed the topmost standard heterosis as 262.08% exploring its potentiality for higher yield.




3.5. Pairwise Genetic Distance of Parents Relying on Heatmap


To determine the pairwise difference between genotypes, the concept of dissimilarity may be used in a more general way (Figure 5). The dissimilarity matrix combined with heatmap is an effective method for visualizing genetic distance (GD) among genotypes. The pairwise genetic distance values were graphically represented by a heatmap in Figure 4, which were indicated by gradient colors from red (low value) to light green (high value). Observing the heatmap it is observed that the highest genetic distance was found between Chinigura and Pokkali followed by Muktagacha and Pokkali revealing a higher degree of dissimilarity among these genotypes. Due to having considerable genetic diversity, crossing between Chinigura and Pokkali, Muktagacha and Pokkali would yield potential progeny as there is a thumb rule that the more will be genetic diversity greater will be the possibility of getting a heterotic combination.




3.6. Cluster Analysis of Parental Genotypes Based on RAPD


The unweighted neighbor-joining tree exhibited was constructed using DARwin software 6.0 which revealed genetic relatedness among the seven rice genotypes using seven RAPD primers (Figure 6). The rice genotypes were grouped into three primary groups, demonstrating that the seven parental rice genotypes have a lot of genetic variabilities (Figure 6). In particular, cluster B (Muktagacha, Chinigura, Kotoktara) and cluster C (Double rice, Pokkali, Basmati) both contain the equal and the highest number of parents, whereas cluster A possesses only one (BRRI dhan29) genotype. Genetically similar genotypes clustered together, while dissimilar genotypes were placed in a separate cluster. Thus, cluster analysis revealed a significant genetic diversity among the exploited genotypes at the genotypic level. The possession of a significant amount of variability among inbred lines grouped into divergent clusters indicated their suitability for hybridization and breeding program to develop potential hybrids [31]. Genetic architecture explored by cluster analysis signifying that progeny derived from cross exploiting the individual from cluster B, Muktagacha with either individual from group C or A would lead to the accumulation of favorable genes underlying a prominent heterotic combination.




3.7. Correlation between Markers Generated GD with SCA, MPH, BPH, and SPH


The genetic distance (GD) among the rice parental lines demonstrated a positive and significant relationship with a specific combining ability (SCA) for all of the traits under study where maximum correlation (Figure 7) was observed for the traits 1000-grain weight (0.38) and tillers/hill (0.31), respectively. Furthermore, the magnitudes of correlation of genetic distances with mid-parent and better parent, as well as standard parent heterosis for yield and other traits particularly tillers/hill and 1000-grain weight were found highly significant. As a result, this highly significant correlation between RAPD-generated genetic distance and heterosis in exploited rice genotypes indicates that the accuracy of RAPD markers in predicting hybrid performance with the present set of individuals is very high.




3.8. Maker-Based Prediction of Yield Heterosis


The unweighted neighbor-joining tree revealed that the exploited seven rice parental lines used for the development of F1 hybrids were clustered into three major groups indicating the existence of considerable genetic diversity among these parental lines. Moreover, progeny derived from the cross exploiting the individual from the different groups will lead to the accumulation of more favorable genes leading to a prominent heterotic combination. The correlation between RAPD marker-generated genetic distance (GD) and specific combining ability was found highly significant in almost all of the agronomic traits. The genetic distance (GD) among the rice parental lines was also significantly correlated with mid-parent and better parent, as well as standard parent heterosis for yield and other traits signifying the possibility of mining favorable heterotic combinations using RAPD markers. Moreover, the correlation of RAPD-based genetic diversity with SCA or heterosis imposed to assume that there might be a putative candidate gene for those trait(s) because of nonspecific amplification of RAPD marker definite physical position is unknown. So, converting this nonspecific marker to a location-specific marker such as SSR is recommended to explore the specific position of genes of studied traits.





4. Discussion


Knowledge of genetic interactions between crosses is crucial for plant breeding, as it contributes to the fundamental criteria for selecting combinations. Selection solely based on desirable traits is insufficient to create progeny with high genetic potential. The identification of high combining ability genitors is necessary for maximum heterosis expression. The strategies adopted in breeding programs depend on the genetic analysis of the traits of interest because they lead to a better understanding of the genetic relationship between crossed lineages; thereby the diallel crosses are useful for predicting the best combinations between parents and segregating populations.



The analysis of variance for parents and F1 hybrids was significant at p ≤ 0.01 for all the traits. These significant variances suggested that there was a wide diversity in the genotypes for the studied traits. Similar variability and diversity were also observed in different rice cultivars [32,33,34,35,36,37,38,39,40,41], vegetable amaranth [42,43,44,45,46,47,48,49] and cauliflower [50]. Again, analysis of variances for combining ability (GCA and SCA) revealed noteworthy variations for the studied traits. Moreover, the mean square values for the GCA were higher than the SCA for all the traits, signifying the preponderance of additive gene action for controlling the traits which are corroborative to the previous studies in rice [51,52,53].



The goal of the diallel analysis is to divide the data’s total variation into GCA and SCA of parents and crosses, respectively. It also explains how the quantity of additive and non-additive gene action affects parents’ ability to generate superior offspring [54]. For all traits studied, the GCA and SCA effects were profound, implying the presence of large genetic variants. Nevertheless, GCA variances were considerably higher in magnitude than SCA variances for all of the characters in our analysis, indicating a prevalence of additive gene effects for the acquisition of these traits. Therefore, as additive gene action is predominant, selection during the early generations would be effective. Similarly, if non-additive gene effects are present, selection should be carried out in later generations, when these effects would have been fixed in homozygous lines [55]. In this manner, the importance of both GCA and SCA variances for yield and yield-contributing traits in rice has been reported [56,57]. Moreover, the specific combining ability (SCA) of a cross is the estimation and understanding of the non-additive gene action of a trait signifying the selection of a superior hybrid combination. we have observed the generation of promising F1 hybrids for different traits derived from high × high, high × low, low × high, average × low, and low × low general combiner parents. Several previous studies have shown good general combiner parents from high × high, high × low, low × high, average × low, and low × low general combiner parents for grain yield and its related traits in rice which conformed to the current results [58,59,60]. In general, an appreciable amount of the SCA effects expressed by low × low crosses might be ascribed to the dominance × dominance type of non-allelic gene action produced over-dominance and are non-fixable. It appears that the superior performance of most hybrids may be largely due to epistatic interaction [61]. According to the SCA effect estimates, none of the cross combinations in this experiment had substantial and desired SCA effects for all of the factors at the same time, indicating that no single combination was desirable for all attributes. These results are in complete agreement with earlier findings [62].



Although, the SCA effect in a positive direction for grain yield performance is desirable as well as superior SCA effects for grain yield in rice are very common [6,56] only eight out of twenty-one crosses revealed a significant and positive SCA effect. This phenomenon suggested a more careful selection of inbred lines for the generation of the Diallel population. In addition, most of the high-yielding hybrids (BRRI dhan29 × Chinigura), (Double Rice × Pokkali), and (Pokkali × Chinigura) originated from high × low GCA combinations signifying that the genetic regulator of grain yield underlying the phenomena of additive × dominance gene interaction.



Molecular markers are an effective tool for determining genetic variability and diversity within landraces, populations, and species. Several attempts have been made to use molecular markers to analyze the hybrid parents’ genetic variation and heterosis in their offspring. In the present study, a cluster analysis was performed to measure genetic diversity and closeness among the parents. In the cluster analysis, parental genotypes are divided into three groups indicating that the parental genotypes have a lot of genetic diversity among themselves. Thus, cluster analysis revealed a significant genetic diversity among the exploited genotype at both phenotypic and genetic levels, however, such analysis fails to cluster the base material into seven unique clades according to their origin of development while it was expected that founder parents would be significantly different from each other as their phenotypic performance was significantly different from each other. Furthermore, genetic architecture revealed by cluster analysis relying on RAPD marker-generated genetic distance signifying that parents derived from the diverse group would lead to the accumulation of favorable genes leading to a prominent heterotic combination.



Our tested genotypes showed high heterosis for grain yield and yield contributing traits. High heterotic hybrids for grain yield and yield contributing traits were also reported in different cultivars of rice [63,64] which confirmed our present findings. Previous research has also shown that heterosis is mostly determined by the genetic variation and features of the parents’ interaction; the more the genetic variation and genetic distance, the greater the apparent hybrid vigor [65]. However, there is now a plethora of research testing the utility of DNA markers for predicting heterosis and hybrid performance. There are two opposing views about heterosis prediction: some scientists believe that molecular markers can be utilized to forecast heterosis [20,65,66], while others believe that molecular markers cannot predict heterosis [67]. The genetic distance (GD) between parental lines was significantly correlated with a specific combining ability (SCA) for all of the traits under study. GD exhibited a positive and significant correlation with mid-parent heterosis (MPH), better-parent heterosis (BPH), and also for standard-parent heterosis for all the traits. Consequently, such a significant correlation among the aforesaid occurrences in exploited rice genotypes indicated that the prediction of hybrid performance using RAPD markers with the present set of individuals was very efficient. Other findings on the association between genetic distance and heterosis, particularly in hybrid rice, support this conclusion [16,65]. In this study, molecular markers were found to be effective in predicting hybrid performance for the majority of attributes and marker-based genetic distance displayed a substantial relation with 1000-grain weight heterosis in hybrid combination. The information generated from this study would be useful for future rice breeding strategies.




5. Conclusions


Highly significant (p < 0.01) differences were observed among the genotypes for all of the traits investigated and the hybrids reflected the superiority over their parental lines in most of the yield and yield-contributing traits. Double Rice × Pokkali was the best specific combiner for pollen fertility (%), panicle length (cm), filled grains/panicle, and grain yield/plant (g) while Muktagacha × BRRI dhan29 and Basmati × Double Rice were the best specific combiners for grain length (mm) and 1000-grain weight (g), respectively. Moreover, Double Rice × Pokkali was accounted for producing maximum heterobeltiosis regarding the traits panicle length (cm) and filled grains/panicle. The unweighted neighbor-joining tree clustered the exploited seven parental lines into three major groups indicating the presence of considerable genetic diversity among them. The correlation between RAPD-generated genetic distance and mid-parent, better-parent, as well as standard parent heterosis regarding all of the agronomic traits, was significant. Thus, exploration of definite genomic regions underlying the candidate genes for respective traits relying on such RAPD-generated data following an advanced molecular marker approach would pave the path of mining out yielder heterotic combinations.
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Figure 1. General Combining Ability (GCA) and Specific Combining Ability (SCA) ratio for ten yield and yield contributing traits in a 7 × 7 diallel population of rice. PPF = Percent Pollen fertility, DFF = Days to first flowering, PHT = Plant height (cm), TNH = Tillers/hill, PLT = Panicle length (cm), FGP = Filled grains/panicle, GLT= Grain length (mm), TGW = 1000-grain weight (g), GTW = Grain test weight (g/5 mL), GYP = Grain yield/plant (g). 
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Figure 2. Frequency distribution graph illustrating overall mean performance of the 7 × 7 diallel population of rice. PPF = Percent Pollen fertility, DFF = Days to first flowering, PHT = Plant height (cm), TNH = Tillers/hill, PLT = Panicle length (cm), FGN = Filled grain numbers/panicle, GLT = Grain length (mm), TGW = 1000-grain weight (g), GTW = Grain test weight (g/5 mL), GYP = Grain yield/plant (g). 
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Figure 3. Correlation coefficient values of different yield components with grain yield per plant. PPF = Percent Pollen fertility, DFF = Days to first flowering, PHT = Plant height (cm), TNH = Tillers/hill, PLT = Panicle length (cm), FGP = Filled grains/panicle, GLT = Grain length (mm), TGW = 1000-grain weight (g), GTW = Grain test weight (g/5 mL), GYP = Grain yield/plant (g). 
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Figure 4. General combining ability (GCA) effects for ten yield and yield related characters in a 7 × 7 diallel population of rice. PPF = Percent Pollen fertility, DFF = Days to first flowering, PHT = Plant height (cm), TNH = Tillers/hill, PLT = Panicle length (cm), FGP = Filled grains/panicle, GLT = Grain length (mm), TGW = 1000-grain weight (g), GTW = Grain test weight (g/5 mL), GYP = Grain yield/plant (g). 
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Figure 5. Heatmap generated exploiting the dissimilarity matrix revealing the genetic distances among the genotypes. Light green color denotes the highest dissimilarity and red indicates the lowest genetic distance among the genotypes. 
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Figure 6. An unweighted neighbor-joining tree showing the genetic relationships among seven rice genotypes (parental line) based on data obtained from 7 RAPD markers. 
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Figure 7. Correlation between RAPD marker generated genetic distance (GD) with SCA, MPH, BPH and SPH of ten yield and yield related traits in rice. SCA = Specific Combining Ability, MPH = Mid- parent heterosis, BPH = Better-parent heterosis, SPH = Standard-parent heterosis, PPF = Percent pollen fertility, DFF = Days to first flowering, PHT = Plant height (cm), TNH = Tillers/hill, PLT = Panicle length (cm), FGP = Filled grains/panicle, GLT = Grain length (mm), TGW = 1000-grain weight (g), GTW = Grain test weight (g/5 mL), GYP = Grain yield/plant (g). 
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Table 1. Estimates of specific combining ability (SCA) effects for ten yield and its related characters in a 7 × 7 diallel population of rice.
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Genotype

	

	
%PF

	
DFF

	
PH

	
TNH

	
PL

	
FGP

	
GL

	
TGW

	
GTW

	
GYH




	

	
Trait






	
Basmati × Muktagacha

	
−1.53 **

	
−9.33 **

	
−2.28 ns

	
0.49 ns

	
0.77 ns

	
20.59 **

	
0.19 *

	
−1.03 **

	
0.11 **

	
7.90 **




	
Basmati × Double Rice

	
12.64 **

	
2.61 **

	
14.00 **

	
−1.59 **

	
0.09 ns

	
−5.39 ns

	
−0.70 **

	
−0.12 ns

	
0.42 **

	
0.36 ns




	
Basmati × Pokkali

	
−17.76 **

	
1.17 *

	
−0.53 ns

	
1.08 *

	
−0.06 ns

	
−30.37 **

	
0.39 **

	
1.86 **

	
0.12 **

	
−6.10 **




	
Basmati × BRRI dhan29

	
6.58 **

	
5.28 **

	
0.85 ns

	
1.66 **

	
1.46 *

	
8.48 *

	
0.19 *

	
1.79 **

	
0.07 *

	
0.44 ns




	
Basmati × Kotoktara

	
−5.83 **

	
−1.89 **

	
2.08 ns

	
−1.51 **

	
1.40 *

	
2.77 ns

	
−0.10 ns

	
1.02 **

	
0.07 *

	
−2.46 **




	
Basmati × Chinigura

	
−0.27 **

	
8.50 **

	
1.55 ns

	
2.49 **

	
−1.09 ns

	
−34.25 **

	
−0.63 **

	
−3.40 **

	
−0.30 **

	
−5.28 **




	
Muktagaccha × Double Rice

	
0.74 **

	
1.44 *

	
11.80 **

	
0.97 *

	
−0.91 ns

	
−51.02 **

	
−0.33 **

	
−2.80 **

	
−0.02 ns

	
−4.21 **




	
Muktagaccha × Pokkali

	
4.95 **

	
0.50 ns

	
0.53 ns

	
0.88 ns

	
0.88 ns

	
31.68 *

	
−0.90 **

	
−0.42 ns

	
0.18 **

	
4.28 **




	
Muktagaccha × BRRI dhan29

	
1.17 **

	
0.11 ns

	
1.16 ns

	
0.47 ns

	
1.29 *

	
7.35 **

	
0.82 **

	
0.91 *

	
−0.18 **

	
1.08 ns




	
Muktagaccha × Kotoktara

	
−0.90 **

	
0.94 ns

	
−1.62 ns

	
0.05 ns

	
−2.02 **

	
−21.24 **

	
0.10 ns

	
1.34 **

	
0.05 ns

	
0.19 ns




	
Muktagaccha × Chinigura

	
0.07 *

	
−10.67 **

	
7.36 **

	
−2.45 **

	
2.42 **

	
29.99 **

	
−0.79 **

	
6.12 **

	
0 ns

	
−4.8 **




	
Double Rice × Pokkali

	
14.64 **

	
7.44 **

	
29.05 **

	
−3.70 **

	
6.38 **

	
150.64 **

	
1.01 **

	
1.49 **

	
−0.08 **

	
13.91 **




	
Double Rice × BRRI dhan29

	
0.65 **

	
−15.44 **

	
−31.56 **

	
1.38 **

	
−5.53 **

	
−77.76 ns

	
−0.27 **

	
−3.25 **

	
0.11 **

	
−9.05 **




	
Double Rice × Kotoktara

	
6.19 **

	
−5.61 **

	
−4.34 **

	
−0.53 ns

	
−0.35 ns

	
1.16 **

	
1.02 **

	
0.46 ns

	
0.03 ns

	
−2.67 **




	
Double Rice × Chinigura

	
−1.68 **

	
1.78 **

	
7.39 **

	
0.72 ns

	
3.07 **

	
17.13 **

	
0.44 **

	
4.73 **

	
−0.18 **

	
3.19 **




	
Pokkali × BRRI dhan29

	
5.97 **

	
−9.89 **

	
−3.84 *

	
−2.70 **

	
−4.93 **

	
−45.11 *

	
−0.24 **

	
−1.66 **

	
−0.11 **

	
−7.58 **




	
Pokkali × Kotoktara

	
−24.62 **

	
−6.56 **

	
4.13 **

	
3.13 **

	
4.87 **

	
9.68 **

	
−0.65 **

	
−0.42 ns

	
0.05 ns

	
0.52 ns




	
Pokkali × Chinigura

	
3.77 **

	
−1.67 **

	
−2.39 ns

	
13.38 **

	
−0.16 ns

	
−53.34 **

	
0.58 **

	
0.01 ns

	
0.15 **

	
13.31 **




	
BRRI dhan29 × Kotoktara

	
−4.09 **

	
2.06 **

	
−2.94 *

	
5.22 **

	
−2.05 **

	
−24.06 **

	
−0.12 ns

	
1.93 **

	
0.09 **

	
1.59 *




	
BRRI dhan29 × Chinigura

	
1.07 **

	
−9.56 **

	
19.74 **

	
−0.78 ns

	
3.17 **

	
78.63 **

	
−0.73 **

	
−1.66 **

	
0.23 **

	
10.44 **




	
Kotoktara × Chinigura

	
4.73 **

	
−4.72 **

	
−34.79 **

	
−4.95 **

	
−3.97 **

	
−37.70 **

	
0.79 **

	
0.62 ns

	
−0.05 ns

	
−8.73 **








PPF = Percent Pollen fertility, DFF = Days to first flowering, PHT = Plant height (cm), TNH = Tillers/hill, PLT= Panicle length (cm), FGP = Filled grains/panicle, GLT= Grain length (mm), TGW = 1000-grain weight (g), GTW = Grain test weight (g/5 mL), GYP = Grain yield/plant (g). * Significant at 5% level, ** significant at 1% level, ns: not significant.
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Table 2. Percentage of heterosis over mid, better, and standard parent for ten yield and yield-related traits in a 7 × 7 diallel population of rice.
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Genotype

	
% Pollen Fertility

	
Days to First Flowering

	
Plant Height




	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)

	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)

	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)




	
Basmati × Muktagacha

	
−2.11 **

	
−3.23 **

	
5.44 **

	
10.59 ns

	
−2.43 ns

	
48.44 **

	
4.34 ns

	
−3.25 ns

	
35.17 **




	
Basmati × Double Rice

	
25.03 **

	
3.75 **

	
13.04 **

	
−5.48 ns

	
−14.31 ns

	
−0.35 ns

	
17.44 **

	
5.60 ns

	
57.89 **




	
Basmati × Pokkali

	
−24.43 **

	
−25.20 **

	
−18.5 **

	
−28.01 *

	
−50.70 **

	
−42.66 **

	
8.38 *

	
5.01 ns

	
25.36 **




	
Basmati × BRRI dhan29

	
8.80 **

	
4.33 **

	
13.67 **

	
−12.13 ns

	
−18.29 ns

	
−4.97 ns

	
0.55 ns

	
−7.62 ns

	
10.29 *




	
Basmati × Kotoktara

	
−14.34 **

	
−15.09 **

	
−5.84 **

	
−25.70 *

	
−44.53 **

	
−35.49 **

	
−2.72 ns

	
−3.41 ns

	
15.31 **




	
Basmati × Chinigura

	
0.11 **

	
−1.36 **

	
10.73 **

	
−29.11 **

	
−39.00 **

	
−1.62 ns

	
3.61 ns

	
−8.52 **

	
42.58 **




	
Muktagaccha × Double Rice

	
13.30 ns

	
−5.11 **

	
1.03 **

	
−28.49 **

	
−42.02 **

	
−11.79 ns

	
14.97 **

	
11.20 **

	
66.27 **




	
Muktagaccha × Pokkali

	
3.08 **

	
2.95 **

	
9.88 **

	
49.11 **

	
−4.37 ns

	
45.49 **

	
8.75 *

	
−2.05 ns

	
36.84 **




	
Muktagaccha × BRRI dhan29

	
5.80 **

	
2.59 **

	
9.22 **

	
−1.05 ns

	
−18.01 *

	
24.74 *

	
1.00 ns

	
−13.36 **

	
21.05 **




	
Muktagaccha × Kotoktara

	
−6.35 **

	
−8.22 **

	
1.79 **

	
−30.24 **

	
−51.98 **

	
−26.94 *

	
−5.02 ns

	
−12.50 **

	
22.25 **




	
Muktagaccha × Chinigura

	
3.32 **

	
0.66 **

	
12.99 **

	
20.32 **

	
16.92 *

	
88.55 **

	
7.32 *

	
1.77 ns

	
58.61 **




	
Double Rice × Pokkali

	
25.72 **

	
5.18 **

	
12.26 **

	
235.46 **

	
144.01 **

	
130.75 **

	
31.02 **

	
14.56 **

	
71.29 **




	
Double Rice × BRRI dhan29

	
16.00 **

	
−0.32 **

	
−0.32 **

	
−78.13 **

	
−78.73 **

	
−78.73 **

	
−22.34 **

	
−35.20 **

	
−3.11 ns




	
Double Rice × Kotoktara

	
10.67 **

	
−8.81 **

	
1.13 **

	
−9.13 ns

	
−27.02 *

	
−30.98 *

	
−5.10 ns

	
−15.20 **

	
26.79 **




	
Double Rice × Chinigura

	
10.82 **

	
−9.12 **

	
2.02 **

	
18.75 *

	
−5.81 ns

	
51.91 **

	
8.58 **

	
6.37 *

	
65.79 **




	
Pokkali × BRRI dhan 29

	
6.26 **

	
2.91 **

	
9.83 **

	
−54.89 **

	
−67.75 **

	
−67.75 **

	
−1.13 ns

	
−6.41 ns

	
4.78 ns




	
Pokkali × Kotoktara

	
−36.50 **

	
−37.69 **

	
−30.9 **

	
14.98 ns

	
0.60 ns

	
−42.31 **

	
1.25 ns

	
−1.22 ns

	
16.27 **




	
Pokkali × Chinigura

	
2.59 **

	
0.06 ns

	
12.33 **

	
−33.90 **

	
−58.14 **

	
−32.49 **

	
2.90 ns

	
−11.59 **

	
37.80 **




	
BRRI dhan 29 × Kotoktara

	
−8.17 **

	
−12.68 **

	
−3.16 **

	
−64.10 **

	
−71.75 **

	
−71.75 **

	
−14.46 **

	
−20.89 **

	
−6.89 ns




	
BRRI dhan 29 × Chinigura

	
6.41 **

	
0.60 **

	
12.93 **

	
46.46 **

	
18.64 *

	
91.33 **

	
11.45 **

	
−8.52 **

	
42.58 **




	
Kotoktara × Chinigura

	
0.54 **

	
−0.06 ns

	
12.19 **

	
−46.48 **

	
−63.73 **

	
−41.50 **

	
−31.09 **

	
−39.52 **

	
−5.74 ns




	
Genotype

	
Tillers/Hill

	
Panicle Length (cm)

	
Filled Grain/Panicle




	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)

	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)

	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)




	
Basmati × Muktagacha

	
16.67 ns

	
0.00 ns

	
75.00 *

	
6.99 ns

	
5.83 ns

	
16.99 *

	
10.59 ns

	
−2.43 ns

	
48.44 **




	
Basmati × Double Rice

	
−18.31 ns

	
−19.44 ns

	
45.00 ns

	
5.47 ns

	
−4.65 ns

	
3.12 ns

	
−5.48 ns

	
−14.31 ns

	
−0.35 ns




	
Basmati × Pokkali

	
54.29 **

	
54.29 **

	
170.00 **

	
9.38 ns

	
−5.38 ns

	
2.32 ns

	
−28.01 *

	
−50.70 **

	
−42.66 **




	
Basmati × BRRI dhan29

	
52.73 *

	
20.00ns

	
110.00 **

	
1.66 ns

	
−2.17 ns

	
5.80 ns

	
−12.13 ns

	
−18.29 ns

	
−4.97 ns




	
Basmati × Kotoktara

	
−6.67 ns

	
−20.00 ns

	
40.00 ns

	
6.12 ns

	
−8.69 ns

	
−1.25 ns

	
−25.70 *

	
−44.53 **

	
−35.49 **




	
Basmati × Chinigura

	
55.26 **

	
43.90 **

	
195.00 **

	
1.55 ns

	
−5.87 ns

	
1.80 ns

	
−29.11 **

	
−39.00 **

	
−1.62 ns




	
Muktagaccha × Double Rice

	
4.92 ns

	
−11.11 ns

	
60.00 ns

	
1.48 ns

	
−9.15 ns

	
0.43 ns

	
−28.49 **

	
−42.02 **

	
−11.79 ns




	
Muktagaccha × Pokkali

	
53.33 **

	
31.43 ns

	
130.00 **

	
12.91 ns

	
−3.23 ns

	
6.97 ns

	
49.11 **

	
−4.37 ns

	
45.49 **




	
Muktagaccha × BRRI dhan29

	
33.33 ns

	
20.00 ns

	
50.00 ns

	
0.92 ns

	
−3.90 ns

	
6.24 ns

	
−1.05 ns

	
−18.01 *

	
24.74 *




	
Muktagaccha × Kotoktara

	
8.00 ns

	
8.00 ns

	
35.00ns

	
−7.76 ns

	
−21.35 **

	
−13.06 ns

	
−30.24 **

	
−51.98 **

	
−26.94 *




	
Muktagaccha × Chinigura

	
−3.03 ns

	
−21.95 ns

	
60.00 ns

	
14.47 *

	
5.04 ns

	
16.12 ns

	
20.32 **

	
16.92 *

	
88.55 **




	
Double Rice × Pokkali

	
−15.49 ns

	
−16.67 ns

	
50.00 ns

	
40.07 **

	
33.30 **

	
16.50 *

	
235.46 **

	
144.01 **

	
130.75 **




	
Double Rice × BRRI dhan29

	
28.57 ns

	
0.00 ns

	
80.00 *

	
−26.19 **

	
−30.84 **

	
−30.84 **

	
−78.13 **

	
−78.73 **

	
−78.73 **




	
Double Rice × Kotoktara

	
−11.48 ns

	
−25.00 ns

	
35.00 ns

	
−0.86 ns

	
−6.21 ns

	
−18.03 *

	
−9.13 ns

	
−27.02 *

	
−30.98 *




	
Double Rice × Chinigura

	
22.08 ns

	
14.63 ns

	
135.00 **

	
19.41 *

	
16.21 ns

	
7.31 ns

	
18.75 *

	
−5.81 ns

	
51.91 **




	
Pokkali × BRRI dhan29

	
23.64 ns

	
−2.86 ns

	
70.00 *

	
−20.41 *

	
−28.78 **

	
−28.78 **

	
−54.89 **

	
−67.75 **

	
−67.75 **




	
Pokkali × Kotoktara

	
86.67 **

	
60.00 **

	
180.00 **

	
29.34 **

	
28.54 **

	
1.47 ns

	
14.98 ns

	
0.60 ns

	
−42.31 **




	
Pokkali × Chinigura

	
194.74 **

	
173.17 **

	
460.00 **

	
10.78 ns

	
2.74 ns

	
−5.12 ns

	
−33.90 **

	
−58.14 **

	
−32.49 **




	
BRRI dhan 29 × Kotoktara

	
122.22 **

	
100.00 **

	
150.00 **

	
−17.95 *

	
−26.99 **

	
−26.99 **

	
−64.1 **

	
−71.75 **

	
−71.75 **




	
BRRI dhan 29 × Chinigura

	
34.43 ns

	
0.00 ns

	
105.00 **

	
9.36 ns

	
5.18 ns

	
5.18 ns

	
46.46 **

	
18.64 *

	
91.33 **




	
Kotoktara × Chinigura

	
−30.30 ns

	
−43.90 **

	
15.00 ns

	
−16.17 ns

	
−22.70 *

	
−28.61 **

	
−46.48 **

	
−63.73 **

	
−41.50 **




	
Genotype

	
Grain Length (mm)

	
1000-Grain Weight

	
Grain Test Weight

	
Grain Yield/Plant




	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)

	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)

	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)

	
Heterosis over MP (%)

	
Heterosis over BP (%)

	
Heterosis over SP (%)




	
Basmati × Muktagacha

	
−1.92 ns

	
−6.98 *

	
15.72 **

	
0.12 ns

	
0.00 ns

	
10.03 ns

	
10.29 **

	
9.09 *

	
3.18 ns

	
48.15 **

	
25.51 ns

	
190.95 **




	
Basmati × Double Rice

	
−6.08 *

	
−10.43 **

	
−0.06 ns

	
0.16 ns

	
−8.95 ns

	
22.16 **

	
23.33 **

	
17.06 **

	
20.56 **

	
−3.36 ns

	
−16.78 ns

	
92.91 **




	
Basmati × Pokkali

	
3.04 ns

	
−6.10 *

	
4.77 ns

	
10.47 ns

	
6.49 ns

	
16.89 *

	
12.23 **

	
8.04 *

	
8.04 *

	
−26.67 ns

	
−59.37 **

	
−5.81 ns




	
Basmati × BRRI dhan29

	
−0.75 ns

	
−5.90 *

	
4.99 ns

	
6.67 ns

	
1.92 ns

	
11.87 ns

	
9.13 **

	
5.05 ns

	
5.05 ns

	
−11.93 ns

	
−36.97 **

	
46.12 ns




	
Basmati × Kotoktara

	
−0.11 ns

	
−7.53 *

	
3.18 ns

	
11.80 *

	
4.33 ns

	
14.51 *

	
9.13 **

	
2.11 ns

	
8.41 *

	
−53.40 **

	
−69.45 **

	
−29.17 ns




	
Basmati × Chinigura

	
−11.08 **

	
−27.98 **

	
−19.64 **

	
−10.74 ns

	
−29.09 **

	
−22.16 **

	
−7.62 **

	
−18.42 **

	
−1.5 ns

	
−24.98 *

	
−28.23 *

	
66.36 *




	
Muktagaccha × Double Rice

	
−2.62 ns

	
−11.68 **

	
9.88 **

	
−7.08 ns

	
−15.44 **

	
13.46 *

	
2.93 ns

	
−1.27 ns

	
1.68 ns

	
−20.25 ns

	
−21.78 ns

	
30.95 ns




	
Muktagaccha × Pokkali

	
−11.26 **

	
−22.90 **

	
−4.09 ns

	
4.11 ns

	
0.24 ns

	
10.29 ns

	
11.24 **

	
8.22 *

	
8.22 *

	
131.16 **

	
33.59 ns

	
115.05 **




	
Muktagaccha × BRRI dhan29

	
5.16 *

	
−5.16 ns

	
17.99 **

	
7.29 ns

	
2.40 ns

	
12.66 ns

	
−3.94 ns

	
−6.54 ns

	
−6.54 ns

	
13.24 ns

	
−8.21 ns

	
47.77 ns




	
Muktagaccha × Kotoktara

	
1.4 ns

	
−10.58 **

	
11.24 **

	
18.60 **

	
10.55 ns

	
21.64 **

	
5.03 ns

	
−0.70 ns

	
5.42 ns

	
−16.74 ns

	
−39.7 *

	
−2.94 ns




	
Muktagaccha × Chinigura

	
−12.93 **

	
−32.25 **

	
−15.72 **

	
52.87 **

	
21.34 **

	
33.51 **

	
0 ns

	
−10.84 **

	
7.66 *

	
−10.88 ns

	
−21.55 ns

	
66.06 *




	
Double Rice × Pokkali

	
15.85 **

	
10.43 **

	
11.80 **

	
8.22 ns

	
−4.82 ns

	
27.70 **

	
2.39 ns

	
0.91 ns

	
3.93 ns

	
239.88 **

	
95.40 **

	
227.09 **




	
Double Rice × BRRI dhan29

	
−0.73 ns

	
−1.35 ns

	
−0.11 ns

	
−16.28 **

	
−26.94 **

	
−1.98 ns

	
8.29 **

	
6.72 ns

	
9.91 **

	
−86.37 **

	
−89.11 **

	
−81.77 *




	
Double Rice × Kotoktara

	
18.16 **

	
14.52 **

	
15.95 **

	
8.41 ns

	
−7.37 ns

	
24.27 **

	
5.45 ns

	
3.87 ns

	
10.28 **

	
−52.87 *

	
−66.28 **

	
−43.55 ns




	
Double Rice × Chinigura

	
8.56 *

	
−8.63 **

	
−7.49 *

	
34.31 **

	
−0.49 ns

	
33.51 **

	
−5.10 ns

	
−12.07 **

	
6.17 ns

	
36.14 *

	
21.90 ns

	
158.04 **




	
Pokkali × BRRI dhan29

	
−3.34 ns

	
−7.32 *

	
−7.32 *

	
−10.12 ns

	
−10.93 ns

	
−9.29 ns

	
0.56 ns

	
0.56 ns

	
0.56 ns

	
−73.79 ns

	
−83.61 *

	
−83.61 *




	
Pokkali × Kotoktara

	
−4.16 ns

	
−5.79 ns

	
−10.50 **

	
5.57 ns

	
2.07 ns

	
3.96 ns

	
6.62 *

	
3.52 ns

	
9.91 **

	
55.72 ns

	
4.92 ns

	
−24.28 ns




	
Pokkali × Chinigura

	
7.69 **

	
−5.57 ns

	
−13.34 **

	
11.57 ns

	
−8.81 ns

	
−7.12 ns

	
6.35 *

	
−2.79 ns

	
17.38 **

	
205.86 **

	
71.05 **

	
262.08 **




	
BRRI dhan29 × Kotoktara

	
0.52 ns

	
−1.99 ns

	
−1.99 ns

	
14.53 *

	
11.72 ns

	
11.72 ns

	
6.98 *

	
3.87 ns

	
10.28 **

	
−29.52 ns

	
−39.33 ns

	
−39.33 ns




	
BRRI dhan29 × Chinigura

	
−12.18 **

	
−25.71 **

	
−25.71 **

	
−3.53 ns

	
−20.58 **

	
−20.58 *

	
8.21 **

	
−1.08 ns

	
19.44 **

	
91.84 **

	
41.23 **

	
198.96 **




	
Kotoktara × Chinigura

	
13.31 **

	
−2.09 ns

	
−6.98 *

	
22.89 **

	
3.22 ns

	
−1.85 ns

	
−0.82 ns

	
−6.81 *

	
12.52 **

	
−82.59 **

	
−88.33 **

	
−75.29 *








MP = Mid-parent; BP = Better-parent; SP = Standard-parent * Significant at 5% level, ** significant at 1% level, ns: not significant.
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