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Abstract: The breeding process involves developing techniques to create cultivars that thrive in the ever-changing global climate, allowing for early harvesting and high yield. This study aimed to screen rice genotypes with early harvesting and high yield to develop new-generation cultivars. The study was conducted in a field experiment at the Department of Agronomy, Faculty of Agriculture, Universitas Gadjah Mada, Special Region of Yogyakarta, Indonesia, from December 2022 to April 2023. Ten genotypes were laid out using an Augmented Randomized Complete Block Design (ARCBD) with three rows and six columns. The observations were macro and micro-climate, soil quality, and morphological traits of rice. Data were analyzed using a Linear Mixed Model (LMM), correlation matrix, heatmap cluster, Principal Component Analysis (PCA), PCA-Biplot, Multiple Factor Analysis (MFA), and circular cluster. The results provided information that the rice genotypes with the early harvesting genotypes were Inbrida M70D (95.01 days), Trisakti (100.98 days), and SR Super (104.76 days). Furthermore, the rice genotypes with the highest yields were Gamagora 2 (49.82 g clump−1), Gamagora 4 (46.61 g clump−1), Gamagora 7 (37.26 g clump−1), and Gamagora 10 (29.84 g clump−1). The genetic clustering based on Simple Sequence Repeat markers linked to early flowering genes indicates that SR Super and Inbrida M70D show the most distinct characteristics compared to other genotypes. Molecular findings corroborate the morphological analysis, indicating that Inbrida M70D and SR Super are early harvesting genotypes, therefore they can be used this group of genotypes as cross-breeding material to obtain genotypes with early harvesting and high-yielding traits.
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1  Introduction

Asia, Africa, and Latin America consume large amounts of rice [1]. Nearly half the world’s population depends on rice as its primary food supply. Global rice demand is projected to reach approximately 584 million tons by 2050, representing an 11.88% increase from total world rice consumption in 2023/2024 [2]. Rice production must keep pace to meet this growing demand [3]. Asia accounts for 90.6% of global rice production, and Indonesia ranks fourth globally in rice production with a growth rate of 6.9% [4]. In 2023, rice production in Indonesia decreased by 2.05% compared to 2022, which poses significant challenges ahead [5].

The primary reason for the decline in rice production in Indonesia is the decrease in the land available for growing rice. The harvesting area in 2023 decreased by 2.45% compared to 2022 [5]. The annual conversion of paddy fields to non-paddy fields is significantly higher than the expansion of paddy fields. Projections for 2045 indicate a further reduction, leaving only 6 million hectares of rice fields [6]. The situation is further worsened by the severe impact of global climate change [7–9]. Global climate change will cause a decrease in rice production by 6% to 12% by the year 2050 [10]. A further forecast suggests that rice production and cultivation will decrease by almost 51% during the twenty-first century [11].

Recent research developments have sparked increased interest in adaptable agricultural strategies to counter the potential decrease in rice production due to global climate change [12]. Cultivars offer a promising approach to enhancing rice production [13]. Productivity improvements significantly impact rice production growth, contributing 56% of the increase, compared to only 26.3% from expanding the harvested area. The rice breeding program in Indonesia spanned from the 1920s to 2015 [14,15]. Until 2015, the Ministry of Agriculture Republic Indonesia has introduced 550 rice varieties, each with specific advantages such as a short duration period, high yield, tolerance to pests and diseases, and suitability to different ecological conditions [16]. Currently, no cultivar possesses both early harvesting (less than 90 to 104 days) and high yield (greater than 10 tons ha−1). These characteristics must be stable and adaptable in lowland and upland rice agroecosystems [17–20].

The breeding process involves developing techniques to create cultivars that thrive in the ever-changing global climate, allowing for earlier harvesting and high yields on marginal land. In rice ecosystems that rely on rainfall, specific cultivars with a growth duration of 95 to 105 days can tolerate drought, even after the end of the wet season [21]. Furthermore, early harvesting rice cultivars offer distinct advantages over those farmers usually grow. This benefit involves reducing the risks associated with El Nino and La Nina events and the harmful effects caused by pests and diseases. To mitigate the impact of climate change and as a substitute for intensive farming, it is imperative to cultivate superior cultivars that are early harvesting and high yields [22–24]. Plant breeding programs start with pre-breeding activities to select genotypes of parent materials based on targeted traits [25]. Pre-breeding can be conducted using morphological analysis of target traits [26]. Additionally, molecular markers can guide pre-breeding programs in exploring natural genetic variation for complete genotypic identification [27]. The Simple Sequence Repeat (SSR) marker has proven to be a valuable method for assisting breeders in selecting parent lines with markers linked to the target traits [28].

In pre-breeding programs, selecting parent materials with the desired target traits is crucial for successful cultivar development. Universitas Gadjah Mada has Gamagora rice genotypes with high yield potential, but their harvesting time is more than 110 days. We plan to cross the Gamagora with early harvesting rice varieties to develop rice with high yield and early harvesting traits. Several Gamagora genotypes show significant yield potential, which this study aims to confirm. Meanwhile, scientific validation of early harvesting traits in the local varieties used in this study is lacking, as current knowledge is primarily based on tradition without statistical support. This study will utilize statistical analysis and phenotypic-genotypic methods to confirm that the Gamagora genotypes have high yield potential and that the local varieties exhibit early harvesting traits. It is essential to strengthen the foundation for selecting parental lines in future rice breeding programs.

2  Materials and Methods

2.1 Plant Materials

A total of 10 different rice genotypes, including three promising rice lines and one national variety from the Faculty of Agriculture, Universitas Gadjah Mada, Indonesia, and six local cultivars (Table 1), were utilized as research materials.
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2.2 Experimental Layout and Agronomic Practices

The study was conducted in a field experiment at the Department of Agronomy, Faculty of Agriculture, Universitas Gadjah Mada, Special Region of Yogyakarta, Indonesia, from December 2022 to April 2023. The geographical location was at the coordinates 7°46′14.5812′′ S and 110°22′39.8064′′ E. Three promising rice lines and one national variety from the Faculty of Agriculture, Universitas Gadjah Mada, Indonesia, were used as check entries, each appearing once in every block. Local cultivars used as test entries were not replicated. The experimental design used an Augmented Randomized Complete Block Design (ARCBD) with three rows and six columns.

The pot size used in this study was 25 cm × 16 cm × 16 cm. Pots were placed at a distance of 0.5 m. Each treatment consisted of five pots as experimental units. The planting medium was soil with a weight per pot of ±12.50 kg. Rice seeds were soaked for 12 h before seeding. Transplanting rice seedlings into pots was done at 21 days. The fertilization used Urea, Zwavelzure Ammoniac (ZA), SP-36, and KCl, respectively. The doses of urea, ZA, SP-36, and KCl were 300, 100, 150, and 150 kg ha−1, respectively, or the equivalent of 1.88, 0.63, 0.94, and 0.94 g pot−1. Urea was applied thrice at 14, 28, and 42 days after transplanting (DAT). ZA, SP-36, and KCl were applied once at 14 DAT. Irrigation was carried out every day up to field capacity. Control of brown planthopper (Nilaparvata lugens), blast (Pyricularia oryzae), and bacterial leaf blight (Xanthomonas oryzae pv. Oryzae) used insecticides, fungicides, and bactericides with active ingredients of pimetrozin, mancozeb, and copper hydroxide, respectively.

2.3 Data Collection

2.3.1 Macro and Micro-Climate

Macro and micro-climate observations during the study included total rainfall (mm), average air temperature (°C), and average relative humidity (%). Macro and micro-climate were observed during the study.

2.3.2 Soil Quality

Soil quality observations include the soil’s physical, chemical, and biological properties. The physical properties observed include soil texture (% clay, % sand, % silt), bulk density, soil moisture (pF 0, pF 2.54, pF 4.2), permeability, and porosity [29]. The soil chemical properties observed include pH H2O, organic carbon, cation exchange capacity, electrical conductivity, total nitrogen, soil nutrient availability (phosphorus, potassium, sodium, magnesium, manganese), and exchangeable soil nutrient (iron, aluminum). Soil biological characteristics include total bacteria and total fungi [30,31]. The observations were conducted at the study site and the Laboratory of General Soil and Microbiology, Faculty of Agriculture, Universitas Gadjah Mada, Yogyakarta, Indonesia.

2.3.3 Rice Morphological Traits

The observations of morphological traits were carried out based on Standard Evaluation Systems IRRI [32] including a number of productive tillers (panicle clump−1), plant height (cm), flowering time (days), harvesting time (days), number of grains per panicle (grains), percentage of empty grains per panicle (%), 1000-grains weight (g), yield with a moisture content of 12% (g clump−1). The number of productive tillers and plant height were observed during the maximum vegetative phase. The observations of flowering times (50%) and harvesting time (80%) were carried out in the generative phase. In contrast, the number of grains per panicle, percentage of empty grains per panicle, 1000-grains weight, and yield were carried out at harvest.

2.3.4 DNA Isolation and Amplification

Genomic DNA was extracted from 0.1 g leaf tissue using Geneaid GP100 Genomic DNA Mini Kit (Plant). Its concentration and purity were measured using Nanodrop. Genomic DNA was diluted to 25 ng μL−1 in ddH2O to be used as a DNA template. Reagen composition for PCR consists of 5 μL GoTaq®® Green Master Mix, 0.5 μL forward primer, 0.5 μL reverse primer [33–35], 1.5 μL Nuclease Free Water, and 2.5 μL DNA template. The PCR program was carried out using a pre-denaturation temperature at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 1 min, annealing for 2 min, and extension at 72°C for 2 min, and the final extension at 72°C for 10 min. The PCR products were separated by electrophoresis on a 1.5% agarose gel and visualized with a UV transilluminator [36]. SSR markers linked to early flowering genes used in this study are shown in Table 2.
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2.4 Statistical Analysis

The data on morphological traits were analyzed using a Linear Mixed Model (LMM) [37]. The LMM results were then continued with Tukey-Kramer grouping for genotype Least Squares Means (LS-Means) (p < 0.05) and visualized with a box plot with error bars. The relationship between two morphological traits was analyzed using a correlation matrix, and the grouping of rice genotypes based on their related morphological traits was visualized using a heatmap cluster [38,39].

A PCA-Biplot analysis is performed on the rice genotype and morphological traits data matrix to create a two-dimensional graph representing the relationship between rice genotypes and morphological traits [40]. It is achieved by systematically assigning values to the elements of the data matrix.

Screening rice genotypes associated with early harvesting and high yields was performed using Multiple Factor Analysis (MFA) and grouped with circular clusters. The rotation used in MFA was varimax [41,42]. Screening for morphological traits and rice genotypes will be used to determine criteria for early harvest and high yields and significantly contributed that had a communality value of >0.5 [43].

The Linear Mixed Model (LMM), Least Squares Means (LS-Means), and Tukey-Kramer grouping were analyzed with SAS®® Studio software using proc glimmix [44]. The visualized of macro and micro-climate, randomization of pot trial in the field, correlation matrix, heatmap cluster, PCA, PCA-Biplot, MFA, and circular cluster were visualized with Rstudio software using Plotly, shiny, FielDHub, corrplot, FactoMineR, factoextra, GGally, ggplot2, magrittr, pheatmap, and scatterplot3d packages [45–47]. The visualized DNA bands were analyzed by scoring the presence or absence of bands. Score 1 indicated presence, while 0 indicated absence. The binary data will be processed for genetic clustering analysis with Rstudio based on Jaccard’s coefficient and UPGMA clustering method [48].

3  Results

3.1 Study Site

The study site’s altitude was 140 m above sea level. The total rainfall during the study was 1240.40 mm. The highest monthly rainfall was in February, at 375.30 mm, while the lowest was in April, at 60.40 mm. The average relative air temperature during the study ranged between 24°C–28°C, while the average relative humidity was 81%–97% (Fig. 1).
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Figure 1: Macro and micro-climate in the study site. RR: Total rainfall; Tair: Average air temperature; RH: Average relative humidity

The soil quality analysis indicates that the soil texture is sandy loam, with a permeability of 18.00 cm ha−1 and a porosity of 45.37%, classified as fast. The bulk density of the soil was 1.12 g cm−3, and water availability varied between pF 2.54 and pF 4.2 by 23.85%. The value of pH H2O, soil organic carbon, cation exchange capacity, and electrical conductivity were 6.3, 1.92%, 19.19 cmol (+) kg−1, and 1.548 dS m−1, respectively. These traits were categorized as slightly acid, low, moderate, and low (Table 3).
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The total nitrogen concentration was categorized as low, whereas the availability of phosphorus and potassium was medium. The total nitrogen, phosphorus, and potassium concentration were 0.18%, 15.14 mgL−1, and 0.44 cmol(+) kg−1, respectively. Manganese availability was measured at 1.2 mgL−1, while sodium, calcium, and magnesium values were 0.54, 9.16, and 1.51 cmol(+) kg−1, respectively. Manganese had a low availability, while sodium, calcium, and magnesium had a medium availability in the soil. Exchangeable iron and aluminum were classified as a low category. The values for each of them are 3.3 and 3.2 ppm, respectively. In the soil biology, the total bacteria count was 1.43 × 105 cfu g−1 dry soil, while the total fungi count was 1.28 × 103 cfu g−1 dry soil. Based on climate and soil quality evaluations, the study site was marginally suitable for rice cultivation (Table 3).

3.2 Morphological Traits of Rice Genotypes

A comprehensive analysis of the morphological traits of rice genotypes highlighted significant disparities among the different genotypes. Based on the number of productive tillers, Gamagora 7 was significantly higher than the Gamagora 4 genotype. Specifically, the Gamagora 7 had 22.00 panicle clump−1, while the Gamagora 4 had 21.30 panicle clump−1. In contrast, the genotypes SR Super, Genjah Blora, and Inbrida M70D showed the lowest panicle clump−1, with 13.40, 12.73, and 10.50 panicle clump−1, respectively (Fig. 2a). The assessment of productive tillers provided insight into the growth characteristics, which were further complemented by observations of plant height. Genjah Blora, Cakrabuana 04, and Gamagora 10 had the highest plant height, measuring 108.07, 106.63, and 103.91 cm, respectively. At the same time, the shortest genotype was SR Super, with a notable height of only 78.25 cm (Fig. 2b). In contrast to the number of productive tillers and plant height, Inbrida M70D shows notable performance in flowering and harvesting time, with the shortest duration among all genotypes, with significant differences of 66.33 and 95.01 days compared to others. In contrast, Gamagora 2 exhibited the most prolonged flowering and harvesting durations, at 103.33 and 133.11 days, respectively (Fig. 2c,d).

Following a detailed exploration of growth components, the analysis of yield components associated with the rice genotypes revealed the potential yield of each genotype. Gamagora 2 exhibited the highest number of grains per panicle, 180.52 grains. In contrast, the MSP Beras Merah and Trisakti had the lowest values, around 59.43 and 49.66 grains, respectively (Fig. 3a). Gamagora 7 had the lowest percentage of empty grain per panicle, with a value of 18.49%. At the same time, the other genotypes showed no significant variations (Fig. 3b). Gamagora 4 had the highest 1000-grain weight of 33.44 g, whereas the Inbrida M70D and SR Super displayed the lowest of 17.94 and 17.71 g, respectively (Fig. 3c). The genotype that achieved the highest yield was Gamagora 2, which yielded 49.82 g clump−1. Gamagora 4 and Gamagora 7 achieved second and third place, respectively, with 46.61 and 37.26 g clump−1. SR Super and Inbrida M70D exhibited the lowest yields, producing 14.53 and 12.08 g clump−1, respectively (Fig. 3d).
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Figure 2: Boxplot of growth component of rice genotypes. (a) Number of productive tillers, (b) plant height, (c) flowering time, (d) harvesting time
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Figure 3: Boxplot of yield component and yield of rice genotypes. (a) Number of grains per panicle, (b) Percentage of empty grain per panicle, (c) 1000-grains weight, (d) yield

3.3 Relationship between Morphological Traits

The results of the correlation matrix provide information that there was a positive correlation with yield, namely flowering time (r = 0.416*), harvesting time (r = 0.375*), and number of grains per panicle (r = 0.663***). Conversely, a negative correlation was observed between the percentage of empty grains per panicle (r = −0.348*) (Fig. 4a). Higher yields correlate with more prolonged flowering and harvesting times, while a higher percentage of empty grains can reduce yield. The genotypes tested were divided into two big clusters that generally have differences in flowering time, harvesting time, and yield component (Fig. 4b). The first cluster consists of MSP 17 Beras Merah, Genjah Blora, Cakrabuana, SR Super, Inbrida M70D, and Trisakti. The second cluster comprises Gamagora 2, Gamagora 4, Gamagora 7, and Gamagora 10. The heatmap colors indicate the data values. The first cluster tends to lower harvesting time, flowering time, and yield component values than the second cluster. The PCA is employed to streamline the variables that were previously chosen. The PCA simplifies data analysis by lowering the number of variables while retaining the relevant information. The PCA results provide information about the contribution of PC1 and PC2, which were 51.00% and 16.90%, respectively. The genotype contributions to PC1 and PC2 from highest to lowest are Inbrida M70D, Gamagora 2, Gamagora 4, Gamagora 7, Genjah Blora, Cakrabuana 04, MSP 17 Beras Merah, SR Super, Gamagora 10, and Trisakti, respectively (Fig. 4c).
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Figure 4: Relationship between morphological traits and rice genotypes. (a) Correlation matrix. (b) Heatmap cluster. (c) Individuals—PCA, and (d) PCA—Biplot. 1: Gamagora 2; 2: Gamagora 4; 3: Gamagora 7; 4: Gamagora 10; 5: Cakrabuana 04; 6: Genjah Blora; 7: Inbrida M70D; 8: MSP 17 Beras Merah; 9: SR Super; 10: Trisakti; PEGP: Percentage of Empty Grains per Panicle; PH: Plant Height; 1000-Grains Weight; NPT: Number of Productive Tillers; Y: Yield; HT: Harvesting Time; FT: Flowering Time; NGP: Number of Grains per Panicle

The PCA-Biplot (Fig. 4d) indicated that the first group, quadrant I, consisted of three genotypes. The genotypes mentioned were Cakrabuana 04, SR Super, and Trisakti distinguished by specific morphological traits, namely plant height and the percentage of empty grains per panicle. The following traits were ranked in descending order of their contribution. Gamagora 2 constituted the second group, commonly referred to as quadrant II. The most significant morphological traits for Gamagora 2, ranked in descending order of importance, were the flowering time, rice yield, and harvesting time. The third group, quadrant III, consisted of Genjah Blora, Inbrida M70D, and MSP 17 Beras Merah. Quadrant III, the third group, did not exhibit any specific morphological traits linked to the genotypes. In quadrant IV, the fourth group consisted of Gamagora 4, Gamagora 7, and Gamagora 10. These genotypes exhibited distinct morphological traits, such as the number of productive tillers, 1000-grain weight, and the number of grains per panicle. The traits were ranked according to their contribution, from highest to lowest. In descending order, the morphological traits that contributed most to the formation of these clusters were the number of productive tillers, flowering time, rice yield, harvesting time, 1000-grains weight, plant height, number of grains per panicle, and percentage of empty grains per panicle.

3.4 Screening of Rice Genotypes Associated with Early Harvesting and High-Yielding

The screening obtained through multiple factor analysis (MFA) revealed that the critical morphological traits that significantly contributed (a communality value greater than 0.5) were the number of productive tillers, flowering time, rice yield, harvesting time, and 1000-grains weight. The plant height, number of grains per panicle, and the percentage of empty grains per panicle were negligible (Fig. 5a). The prominent morphological traits were employed to establish a circular cluster for identifying the rice genotype with the early harvesting and highest yields. Based on the genotype contributions and circular cluster analysis, it was determined that the rice genotypes with the early harvesting genotypes were Inbrida M70D (95.01 days), Trisakti (100.98 days), and SR Super (104.76 days) (Fig. 5b,d). Furthermore, the highest yields were Gamagora 2 (49.82 g clump−1), Gamagora 4 (46.61 g clump−1), Gamagora 7 (37.26 g clump−1), and Gamagora 10 (29.84 g clump−1) (Fig. 5c,d). Using this group of genetic types as a resource for cross-breeding can produce genetic types with the desirable traits of early harvesting and high yield.
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Figure 5: Screening of rice genotypes associated with early harvesting and high yield. (a) Contributions of morphological traits for rice genotypes, (b) Screening of rice genotypes for early harvesting, (c) Screening of rice genotypes for high yield, (d) Circular cluster for screening of rice genotypes associated with early harvesting and high yields. 1: Gamagora 2; 2: Gamagora 4; 3: Gamagora 7; 4: Gamagora 10; 5: Cakrabuana 04; 6: Genjah Blora; 7: Inbrida M70D; 8: MSP 17 Beras Merah; 9: SR Super; 10: Trisakti

3.5 Genetic Clustering of Ten Genotypes Based on SSR Linked to Early Flowering Genes

Six SSR markers linked to early-flowering genes were used to construct the genetic clustering to get information about similarities from clustering based on the similarity coefficient. Two clusters formed at a similarity coefficient of 0.52 (Fig. 6a). The first clusters were MSP 17 Beras Merah, Gamagora 10, Genjah Blora, Gamagora 7, Gamagora 2, Cakrabuana 04, Trisakti, Inbrida M70D, and SR Super. The second group contains only Gamagora 4. The two big clusters show that Gamagora 4 had the furthest genetic distance from the other nine genotypes. At 0.52, the first group was divided into two groups, where Inbrida M70D and SR Super were in one group and separated from the others. Genjah Blora and Gamagora 7 were in the same group at a coefficient of 0.75, which means that the two genotypes had the most similar traits compared to the others.
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Figure 6: Genetic diversity of ten genotypes based on six SSR markers linked to early-flowering genes. (a) Genetic clustering based on Jaccard’s similarity coefficient and UPGMA method, (b) The coefficient of genetic dissimilarity based on Jaccard’s coefficient

Based on the coefficient dissimilarity, the highest coefficient (0.71) was between Gamagora 4 and Inbrida M70D, indicating that these two genotypes were the least similar compared to the others (Fig. 6b). The other pairs of Gamagora and early-harvesting genotypes with coefficient values greater than 0.5 were Gamagora 2 with SR Super (0.53), Gamagora 2 with Inbrida M70D (0.58), Gamagora 4 with SR Super (0.61), Gamagora 4 with Cakrabuana 04 (0.58), Gamagora 4 with Trisakti (0.55), Gamagora 10 with Trisakti (0.53), Gamagora 10 with Inbrida M70D (0.52), Gamagora 4 with Genjah Blora (0.55).

4  Discussion

Early-harvesting rice cultivars also have advantages over long-duration cultivars. These advantages include reduced risks during El Nino and La Nina, and damage from pests and diseases [49]. Developing superior cultivars with early harvesting and high yield will provide an alternative solution to climate change problems and the need for intensive cultivation. The initial step of the breeding program is pre-breeding, which involves all activities associated with identifying desirable traits or genes [26]. This study analyzed morphological traits associated with yield components and harvesting time.

The genotypes that showed high yields were Gamagora 2, Gamagora 4, and Gamagora 7, with 49.82, 46.61, and 37.26 g clump−1, but they have long harvesting periods of 133.11, 124.89, and 122 days, respectively. Gamagora 2 has the highest yield despite having lesser weights of 1000 grains and productive tillers than Gamagora 4, with a similar percentage of empty grains. That is because Gamagora 2 has the highest number of grains per panicle, which shows a significant positive correlation with yield components (r = 0.663***) (Fig. 4a). Rice grain yield is a complex quantitative trait determined by three major yield components, namely panicle number, grain number per panicle, and grain weight [50–52], with grain number as the critical trait for increasing grain yield in a breeding program [52–55]. Moreover, the genes associated with grain number have pleiotropic effects, influencing panicle number, grain weight, flowering time, and traits related to domestication [52].

The early flowering and harvesting genotypes in this study had low yields. The critical finding was that the Inbrida M70D genotype showed the earliest harvesting time, namely 95.01 days, but had a low yield of 12.08 g clump−1. Short-duration genotypes generally have lower yield potential than medium-to-long duration types because longer growth durations increase their ability to capture resources and crop biomass [56]. One of the early-flowering genes, RFT1, also has pleiotropic effects on several agronomic traits, enhancing plant height and yield potential by extending the vegetative stage [57]. Short-duration varieties have a short vegetative growth period, and the reproductive period is similar for all rice genotypes [56]. Rice harvesting time is critical and relates to the value of yield and yield components and the adaptability of various lowland and upland rice cultivars [58,59].

Morphological traits indicate a positive correlation with rice yield, including flowering time, harvesting time, and number of grains per panicle (Fig. 4a). Extended flowering and harvesting periods typically result in higher yields. The genotypes tested were divided into two big clusters that generally have differences in flowering time, harvesting time, and yield component (Fig. 4b). That is visualized in a heatmap divided into two clusters, each cluster generally exhibits a shorter period with lower yield and a more extended period with higher yield. The clustering of genotypes in the heatmap is similar to the grouping in PCA. Principal component analysis in this study provides information on the relationship between several morphological traits contributing significantly to rice genotypes. Rice genotypes with high yield potential, such as Gamagora 2, Gamagora 4, Gamagora 7, and Gamagora 10, were in different quadrants, along with genotypes with early flowering and harvesting potential, such as Cakrabuana 04, Genjah Blora, Inbrida M70D, MSP 17 Beras Merah, SR Super, and Trisakti (Fig. 4d). Reducing the growth duration of rice genotypes will change the yield and yield components during sink formation so that early flowering and harvesting genotypes have low yields. Whether rice yield limitations are caused by source capacity, sink capacity, or a combination of both for short-lived cultivars is still being determined. Rice cultivars with higher yields have a longer period to absorb nutrients, water, and sunlight, thereby increasing leaf area, yield components, and rice yield [60].

Multiple factor analysis (MFA) and circular cluster were used to screen rice genotypes related to early harvest and the highest yield. The initial screening aimed to identify morphological traits with significant contributions characterized by a communality value >0.5. Several studies use MFA to screen soil quality traits that significantly affect the yield of several commodities, such as rice [61] and soybean [20,62]. Three variables related to this study, flowering time, harvesting time, and rice yield, were used to form circular clusters. Based on genotype contributions and circular cluster analysis, the rice genotypes with the highest yields were Gamagora 2 (49.82 g clump−1), Gamagora 4 (46.61 g clump−1), Gamagora 7 (37.26 g clump−1), and Gamagora 10 (29.84 g clump−1). Furthermore, the rice genotypes with early harvesting were Inbrida M70D (95.01 days), Trisakti (100.98 days), and SR Super (104.76 days). The Multiple Factor Analysis (MFA) findings regarding early flowering and harvesting traits are further corroborated by genetic clustering analysis based on Simple Sequence Repeat (SSR) markers, providing additional evidence for the claims concerning early maturity traits.

Genetic clustering derived from similarity coefficients illustrates the similarity among tested genotypes and facilitates their selection as parental lines for breeding programs. SSR markers are also used to select drought-tolerant rice genotypes that will be used for parent material in breeding programs [42]. The result of this study shows that SR Super and Inbrida M70D separated from other genotypes at a coefficient of 0.52. This study uses SSR markers linked to early flowering genes, so the clusters tend to have similarities in flowering traits. All the SSR markers in this study are linked with early-flowering genes. There were three markers on chromosome 6, namely RM 8225 linked with the Hd1 gene, RM 190, and RM 225 linked with Hd3a and RFT1 genes [34]. RM 8006 and RM 3832 are markers on chromosome 7 that are linked to the Ghd7 gene [35]. RM 5620 is the marker in chromosome 10 linked with the Ehd1 gene [36]. The smaller the similarity coefficient value, the greater the genetic distance. The greater the genetic distance of the parental line, the greater the effect of heterosis [63]. Based on the result of genetic clustering showed that Gamagora 4 is the most recommended genotype for crossing with other early-flowering parents. Inbrida M70D and SR Super are the most recommended early flowering genotypes to cross with Gamagora because both genotypes have the smallest similarity coefficient from Gamagora.

These findings indicate that all Gamagora rice genotypes exhibit promising high-yield traits, while Inbrida M70D and SR Super are strong candidates for early harvesting. Crossing these genotypes is expected to produce rice varieties that combine high yield and early harvesting. With shorter life cycles, these genotypes may also reduce water requirements, so it can be a solution in dealing with increasing temperatures due to climate change.

While this study provides valuable insights into high-yield and early-maturing rice genotypes, it is essential to note that the number of genotypes evaluated may not fully represent the genetic diversity needed for the broad applicability of the findings. The limited genetic pool could restrict the identification of potentially more robust genotypes with desirable traits. Therefore, future studies should aim to expand genetic diversity by including a broader range of genotypes, which would enhance the likelihood of discovering more stable and high-performing varieties.

5  Conclusion

The results provided information that the rice genotypes with the early harvesting genotypes were Inbrida M70D (95.01 days), Trisakti (100.98 days), and SR Super (104.76 days). These genotypes had the potential to develop varieties that were agronomically beneficial due to early harvesting traits. Furthermore, the highest yields were Gamagora 2 (49.82 g clump−1), Gamagora 4 (46.61 g clump−1), Gamagora 7 (37.26 g clump−1), and Gamagora 10 (29.84 g clump−1). The genetic clustering analysis based on SSR markers linked to early flowering genes indicates that SR Super and M70D have the most distinct characteristics compared to other genotypes. Molecular findings corroborate the morphological analysis, which indicates that Inbrida M70D and SR Super are early-harvesting genotypes.
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Table 1: Ten rice genotypes

No.  Genotype name ID Types Pedigree

1. Gamagora 2 G2 Promising Lines  Fatmawati/IR64//Memberamo/Ciherang
2. Gamagora 4 G4 Promising Lines  Sintanur/IR64//Memberamo/Ciherang
3. Gamagora 7 G7 National Variety = Mutant Rajalele Klaten

4. Gamagora 10 G10 Promising Lines = Mutant Lakatesan

5. Cakrabuana 04 CKB Local Cultivar Unknown

6. Genjah Blora GB Local Cultivar Unknown

7. Inbrida M70D M70D  Local Cultivar Unknown

8. MSP 17 Beras Merah  MSP Local Cultivar Unknown

0. SR Super SR Local Cultivar Unknown

10. Trisakti TRI Local Cultivar Unknown
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Table 3: Soil quality of planting materials

No. Soil quality Unit Value Notes
Soil physical
1. Soil texture
e Clay % 16 Sandy Loam
« Sand % 61 Texture Class
o Silt % 23
2. Bulk density gem ° 1.12 Medium
3. Soil moisture (pF)
« pF O % 60.71 —
« pF 2.54 % 34.27 =
« pF 4.2 % 10.42 —
4. Permeability cm h™! 18.00 Fast
5. Porosity % 45.37 Fast
Soil chemical
1. pH H,O = 6.3 Slightly Acid
2. Soil organic carbon % 1.92 Low
3. Cation exchange capacity cmol(+) kg ™! 19.19 Medium
4. Electrical conductivity dSm™ 1.548 Low
5. Total nitrogen % 0.18 Low
6. Soil nutrient availability:
« Phosphorus (Olsen) mgL ™! 15.14 Medium
« Potassium cmol(+) kg_1 0.44 Medium
o Sodium cmol(+) kg™ 0.54 Medium
e Calcium cmol(+) kg_1 9.16 Medium
« Magnesium cmol(+) kg ™! 1.51 Medium
« Manganese mgL ™! 1.2 Low
7. Exchangeable soil nutrient:
o Iron mgL_1 3.3 Low
o Aluminum mgL_1 3.2 Low
Soil biological
1. « Total bacteria cfu g_1 dry soil 1.43 x 10° —
2. o Total fungi cfu g ! dry soil 1.28 x 10° -
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Table 2: SSR markers linked to early flowering genes

Markers Sequences Annealing temperature (°C ) References

RM 8225 ATGCGTGTTCAGAAATTAGG 51.2 [33]
TTGTTGTATACCTCATCGACAG

RM 190 CTTTGTCTATCTCAAGACAC 39.8 [33]
TTGCAGATGTTCTTCCTGATG

RM 225 TGCCCATATGGTCTGGATG 42 [33]
GAAAGTGGATCAGGAAGGC

RM 5499 TGGAGTACGACGTGATCGTG 45 [34]
CAGAAACGGGAGGGGATC

RM 8006 TGCCGGTTCTTAATTTTATC 443 [34]
AATGGTCCACATTACTCCAC

RM 5620 TCGACTTGAAGCATCACACC 51.2 [35]

TCTGAAATGTCAAGTGGGCC
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