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K-means Clustering of Sunflower Maintainer and Restorer Lines for Yield and Yield-Related Traits.



ABSTRACT 

	Aims: The present investigation aimed to assess maintainer and restorer lines independently to identify genetically diverse lines within each group. These selected lines can be used in hybridization and subsequent inbreeding programs to develop superior inbred lines with enhanced seed yield and oil content, based on twelve yield and yield-associated traits.
Study design:  Augmented RCBD with 12 blocks was followed.
Place and Duration of Study: The experiment was conducted during late Rabi- 2022 at AICRP on Sunflower, ZARS, University of Agricultural Sciences, GKVK, Bangalore. 
Methodology: A total of of 121 maintainer lines and 17 restorer lines along with 5 checks (CMS-17B, CMS-234B, ARM 243B, RHA-6D-1 and RHA-1-1) were evaluated for 12 yield and yield related traits. Diversity was analyzed using K means clustering.  
Results: The diversity analysis of maintainer lines resulted in 12 clusters, of which the maximum inter-cluster distance (27.22) was observed between cluster VI and cluster IX. Maintainer lines from these can be improved through hybridization followed by inbreeding and selection. maintainer lines in Cluster II were found to be high seed (mean value of 41.37g per plant) and oil yielders (mean value of 13.43 g per plant). Restorer lines formed five clusters, of which, the maximum inter-cluster distance of 18.29 was observed between cluster II and cluster V indicating that the restorer lines between these clusters are highly divergent. Restorer lines in Cluster II were high seed (mean value of 25.75 g per plant) and oil yielders (mean value of 10.04 g per plant). 
Conclusion: Overall, the findings indicate that the experimental material possesses substantial genetic diversity, which can be effectively utilized in future crop improvement programs.
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1. INTRODUCTION 
Sunflower is an annual species belonging to the genus Helianthus, under the family Asteraceae and tribe Heliantheae. The genus Helianthus includes approximately 65 species [1], among which only Helianthus annuus (2n=2x=34) and Helianthus tuberosus (2n=6x=102) are cultivated [2]. The central and eastern regions of North America are considered the primary centers of domestication for modern sunflower species. Sunflowers were first domesticated and subjected to early breeding by Native Americans over 4,000 years ago. Their cultivation as an oilseed crop has expanded globally due to their adaptability to diverse soil and climatic conditions [3]. Sunflower is recognized as a major source of high-quality edible oil, ranking among the top three global oilseed crops alongside soybean and rapeseed [4]. In India, sunflower has gained prominence as a vital oilseed crop because of its short duration (85–100 days), wide adaptability, high yield potential, low photosensitivity, cross-pollinated nature, and attractive market value.

The primary objective of sunflower breeding is to enhance its oil content and seed yield. For improving any crop trait, understanding the nature and extent of genetic diversity within the available gene pool is essential. Various biometrical approaches are employed to estimate genetic diversity, including cluster analysis, analysis of variance and principal component analysis. In India, the shortage of edible oil has become a serious concern due to heavy dependence on imports, rising population and increasing product prices. To reduce import dependency, it is crucial to exploit the country's potential by developing superior sunflower cultivars. The selection of genetically diverse parental lines plays a key role in developing such improved varieties. Singh et al. also highlighted the significance of diversity assessment using dendrograms [5]. Crosses between genotypes from distinct clusters are likely to yield superior hybrids and recombinants [6]. These recombinants harboring large number of favorable alleles for yield and oil content could be used as parents in further hybridization programs to develop highly heterotic hybrid variety. Therefore, evaluating the maintainer and restorer lines for its genetic potential and desirable traits, such as, seed yield and oil yield traits through divergence analysis is essential for effective sunflower improvement.
Keeping the importance of these factors, the present research was undertaken to analyze the genetic diversity and grouping patterns of maintainer and restorer lines using twelve yield and yield-related traits.
2. material and methods
The present study was conducted during late Rabi-2022 at AICRP on Sunflower, ZARS, University of Agricultural Sciences, GKVK, Bangalore. The experimental material for the present investigation comprised of newly developed inbred lines, i.e., 121 maintainer lines and 17 restorer lines along with 5 checks (three maintainer lines: CMS-17B, CMS-234B and ARM 243B; two restorer lines: RHA-6D-1 and RHA-1-1) obtained from IIOR, Hyderabad. The experimental material was sown in 12 blocks of Augmented design with five checks repeated in every block for evaluation. Each entry was raised in two rows each of 3m, adopting a spacing of 60 cm between rows and 30 cm between plants. Half of the recommended dose of nitrogen and entire dose of phosphorus along with potassium was applied at the time of sowing.  Remaining nitrogen was top dressed at 30 days after sowing. Crop was grown under irrigation and all the package of practices were followed to raise a good crop. 
Data was recorded as average of each parameter taken from five competitive plants of each inbred line, which were tagged randomly for recording the observations viz., plant height (cm), stem girth (mm), head diameter (cm), volume weight (g per 100 ml), hundred seed weight (g), seed yield per plant (g), autogamy percentage (%), oil content (%), hull content (%) and oil yield per plant (g). Days to 50 per cent flowering was recorded by taking count of number of days from the date of sowing upto the date of opening of ray florets in capitulum of 50% of the plants in each inbred line. Days to maturity was recorded at the harvesting time in each inbred line, counted from date of sowing. For the calculation of autogamy percentage, five randomly selected plants of each maintainer and restorer lines. The selected plants were bagged at bud stage. Autogamy percentage was recorded by counting the filled and unfilled seeds obtained from the bagged heads and averaged.
For the calculation of volume weight, the weight of 100 ml of well-filled seeds was recorded on dry weight basis after threshing and cleaning using 100ml volumetric flask. Oil content was measured by using NMR (Nuclear Magnetic Resonance) spectrometer, which gives direct values of oil content present in seeds and expressed in percentage. 
From each entry 100 seeds were shelled to calculate hulling percentage, which was worked out by using the following formula. 
Oil yield per plant was calculated by using formula:

The inbred lines were classified following model-based ‘k means’ clustering approach [7] to unravel organization of variability using “Factoextra” package in R software programme Version. 4.1.1. The statistical significance of means of all traits of maintainer and restorer lines grouped under different clusters were examined using Levene’s test [8]. The trait means were estimated in each cluster using the formula,

Where, 
J = Objective (cost) function to be minimized
K = Total number of clusters
m = Total number of data points
xi      - ith data point
μk​ = Center (mean vector) of cluster k
ωik​ = 1, ​if data point xi​ belongs to cluster k; otherwise​, 0
= Squared Euclidean distance between data point Xi and its cluster center μk

3. results and discussion
Clustering of maintainer and restorer lines using K-means clustering
K-means clustering tends to divide the n objects into K clusters in which each object within the cluster has the nearest mean. Each element in the data set is assigned to the cluster center with the smallest distance to the center [9]. 
Thus, based on the non-significance of Levene's test that resulted in the homogeneity of variances within the clusters, using non-hierarchical clustering the total maintainer and restorer lines were grouped into different clusters. The distribution of lines into clusters was random and based solely on the 12 traits, not on geographic origin as mentioned by Kanavi et al. [9].




3.1 Clustering of maintainer lines
[image: ]Clustering of maintainer lines based on 12 yield and yield related traits resulted in 12 groups/ clusters. Out of 12 clusters, cluster XI had the maximum number of lines of 19. Cluster II and cluster VIII had lower number of maintainer lines (03 lines). Similarly, Deshmukh et al. [10] observed formation of six clusters in interspecific inbreds. Hussain et al. [11] formed 28 sunflower hybrids into three clusters. The distribution of genotypes in 12 clusters were depicted in Figure 1 and Table 1. 
(Where, Dim1 and Dim2 are percentage of variance explained by dimension 1 and dimension 2, respectively)
Figure 1: Cluster plot representing 12 clusters derived using K-means clustering of sunflower maintainer lines for yield and yield attributing traits. 

One-way analysis of variance was performed to know the significant differences between the clusters formed by maintainer lines (Table 2). The mean sum of squares between clusters was highly significant, indicating that maintainer lines between a cluster performed differently than maintainer lines within a cluster for all relevant traits.



The estimated cluster means of 12 clusters and the comparison of means are represented in Table 3. The highest inter-cluster distance was found between cluster VI and cluster IX (27.22), followed by cluster II and cluster IX, indicating a wide genetic divergence among the maintainer lines in these clusters. Therefore, crossing maintainer lines from these clusters and subsequently inbreeding their segregating progenies could lead to genetic improvement. In contrast, the lowest inter-cluster distance was recorded between cluster X and cluster XII, suggesting that the maintainer lines within these clusters are closely related, as presented in Table 4. These results are similar to that of Rani et al [12] and Naik et al [13] 

      Table 1:  Distribution of maintainer lines in 12 clusters obtained using K-means clustering
	Cluster number
	Number of entries
	Maintainer lines

	I
	9
	NDL-4B, CMS-104B, CMS-103-1B, HA-89B, CMS-115B, CMS-110B, CMS-122B, CMS-300B, CMS-3101B

	II
	3
	HA-236B, HA-292B, HA-291B

	III
	12
	COSF-12B, NDCMS-7B, COSF-14B, COSF-16B, CMS-76B, CMS-83B, CMS-91B, CMS-89B, CMS-207B, HA-302B, CMS-1103B, CMS-3155B

	IV
	6
	COSF-13B, CMS-48B, CMS-77B, CMS-78B, CMS-86B, HA-250B

	V
	16
	NDCMS-2B, DRSF-2B, COSF-10B, CMS-17B, CMS-10B, CMS-42B, CMS-67B, CMS-87B, CMS-85B, CMS-80B, PET-89-1B, HA-224B, HA-228B, HA-303B, CMS-607B, CMS-2023B

	VI
	5
	CMS-240B, ARM-249B, HA-430B, CMS-3102B, CMS-3123B

	VII
	14
	NDL-3B, CMS-112B, CMS-108B, CMS-105B, CMS-238B, CMS-250B, CMS-249B, CMS-275B, CMS-519B, CMS-597B, CMS-3103B, CMS-3105B, CMS-3145B, CMS-3153B

	VIII
	3
	CMS-335B, CMS-338B, CMS-343B

	IX
	10
	CMS-73B, CMS-88B, CMS-82B, CMS-124B, CMS-125B, CMS-127B, HA-243B, CMS-265B, CMS-302B, CMS-3147B

	X
	13
	COSF-1B, COSF-2B, CMS-55B, CMS-58B, CMS-59B, CMS-35-519B, CMS-243B, CMS-901B, CMS-3111B, CMS-3112B, CMS-3120B, CMS-3138B, CMS-3142B

	XI
	19
	COSF-4B, CMS-2B, PET-2-7-1B, CMS-1B, NDL-2B, NDL-6B, CMS-11B, CMS-70B, CMS-79B, HA-207B, CMS-138B, HA249B, CMS-248B, ARM-248B, HA-300B, TOCO-B-1, CMS-850B, CMS-851B, CMS-3162B

	XII
	14
	COSF-3B, NDL-5B, COSF-6B, COSF-7B, CMS-30B, CMS-38B, CMS-84B, CMS-103-2B, CMS-101B, CMS-107B, CMS-234/M-1017B, CMS-3154B, CMS-3156B, ARM-243B


Table 2: Analysis of variance for yield and yield related traits between clusters of maintainer lines
	[bookmark: _Hlk120009218]SL. NO
	Source of variation
	X1
	X2
	X3
	X4
	X5
	X6
	X7
	X8
	X9
	X10
	X11
	X12

	1
	Between cluster
	6916.6***
	286.99***
	2328.26***
	58.31***
	32.58***
	181.99***
	4.78***
	403.57***
	39.31***
	1110.78***
	188.77***
	56.65***

	2
	Within cluster
	413.8
	10.15
	798.73
	3.979
	2.06
	23.22
	0.70
	10.52
	5.15
	43.65
	27.32
	1.58


*Significant at 0.05 level       **Significant at 0.01 level    ***Significant at 0.001 level of probability
Table 3: Cluster means of yield and yield related traits based on K-means clustering in maintainer lines
	[bookmark: _Hlk118393344]         Traits
Clusters
	X1
	X2
	X3
	X4
	X5
	X6
	X7
	X8
	X9
	X10
	X1
	XII

	I
	149.70
	67.56
	102.00
	19.71
	12.97
	44.89
	4.11
	14.03
	35.86
	45.27
	28.52
	5.02

	II
	127.67
	68.33
	94.33
	21.60
	16.47
	32.83
	6.34
	41.37
	32.52
	82.96
	33.45
	13.43

	III
	102.64
	59.33
	91.92
	18.55
	13.67
	41.12
	5.34
	16.15
	34.08
	50.69
	31.54
	5.52

	IV
	116.44
	58.67
	90.33
	17.66
	13.81
	33.67
	5.00
	20.65
	29.85
	59.14
	48.31
	6.22

	V
	114.83
	56.69
	88.63
	16.78
	12.77
	44.11
	5.15
	23.48
	34.86
	67.20
	32.54
	8.16

	VI
	182.93
	69.60
	95.80
	25.64
	14.98
	51.10
	5.83
	33.60
	38.31
	79.63
	27.72
	12.88

	VII
	171.71
	70.64
	99.79
	21.31
	13.45
	45.34
	4.84
	22.41
	35.92
	63.58
	31.27
	8.05

	VIII
	90.33
	73.00
	104.00
	17.00
	7.35
	36.67
	3.67
	20.30
	31.64
	62.43
	35.03
	6.50

	IX
	95.67
	55.80
	89.00
	14.96
	10.81
	42.97
	3.79
	14.79
	32.88
	47.80
	36.04
	4.90

	X
	121.82
	64.85
	93.85
	18.18
	11.92
	38.92
	4.09
	21.79
	32.85
	62.78
	29.77
	7.14

	XI
	138.04
	61.16
	92.00
	20.13
	15.28
	45.44
	5.44
	29.36
	36.11
	73.41
	31.32
	10.61

	XII
	141.76
	63.93
	91.64
	20.25
	15.00
	47.02
	4.45
	19.95
	36.17
	57.52
	33.58
	7.20








	X1=
	Plant height (cm) 
	X4=
	Stem girth (mm) 
	X7=
	Hundred seed weight (g) 
	X10=
	Autogamy (%) 

	X2=
	Days to 50% flowering 
	X5=
	Head diameter (cm) 
	X8=
	Seed yield per plant (g) 
	X11=
	Hull content (%) 

	X3=
	Days to maturity 
	X6=
	Volume weight (g/100ml) 
	X9=
	Oil content (%) 
	X12=
	Oil yield per plant(g) 





Table 4: Average inter and inracluster distances for 12 clusters formed with 12 characters in sunflower maintainer lines
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	I
	II
	III
	IV
	V
	VI
	VII
	VIII
	IX
	X
	XI
	XII

	I
	4.31
	23.04
	12.17
	18.10
	15.80
	19.87
	11.12
	15.06
	14.89
	12.49
	16.66
	11.64

	II
	
	8.12
	20.72
	20.49
	18.84
	16.44
	18.11
	23.71
	25.94
	18.54
	14.47
	18.39

	III
	
	
	6.97
	12.53
	10.81
	21.94
	13.88
	16.26
	10.55
	10.62
	13.86
	10.42

	IV
	
	
	
	8.36
	12.73
	25.32
	17.34
	17.98
	13.69
	12.90
	16.02
	13.98

	V
	
	
	
	
	6.19
	19.07
	13.31
	17.02
	12.09
	10.39
	11.11
	10.63

	VI
	
	
	
	
	
	6.69
	14.12
	25.35
	27.22
	19.29
	13.32
	16.70

	VII
	
	
	
	
	
	
	7.66
	15.52
	18.55
	11.42
	12.36
	10.24

	VIII
	
	
	
	
	
	
	
	3.47
	16.13
	13.02
	20.52
	17.24

	IX
	
	
	
	
	
	
	
	
	4.65
	12.63
	18.38
	13.86

	X
	
	
	
	
	
	
	
	
	
	5.73
	12.84
	9.87

	XI
	
	
	
	
	
	
	
	
	
	
	7.05
	10.86

	XII
	
	
	
	
	
	
	
	
	
	
	
	5.88












Diagonal values indicate intra-cluster distances; Above diagonal values indicate inter-cluster distances





Additionally, the maintainer lines grouped in Cluster II exhibited high seed and oil yields along with the maximum autogamy percentage, followed by those in Cluster VI based on their per se performance. Hence, the maintainer lines from these clusters can be considered as promising candidates for future breeding programs aimed at enhancing these traits. In contrast, the maintainer lines in Clusters I and IX showed lower performance for both seed and oil yield, while the inter-cluster distances between clusters VI and IX, and between II and IX, were also relatively high. As a result, the maintainer lines within these clusters can be used in hybridization programs for improving maintainer lines for both seed and oil yield. It was also supported by earlier work of Abu [14]. Ibrar et al. [15] used observed the same pattern of clustering while using different clustering methods and machine learning programmmes to identify the efficient utilization of grouping pattern.
3.2 Clustering of restorer lines
[image: ]Restorer lines were clustered into five clusters based on 12 yield and yield related traits. Among the five clusters, Cluster V contained the highest number of restorer lines (six), while Cluster II comprised the fewest, with only two restorer lines.. Similarly, Praveenkumar et al [16] grouped 33 elite sunflower genotypes into seven clusters. The distribution of restorer lines in five clusters were depicted in Figure. 2 and Table 5. 









Figure 2: Cluster plot illustrating the five groups formed through K-means clustering of sunflower restorer lines based on yield and yield-related traits.
Table 5:  Distribution of restorer lines in five clusters formed through K-means cluster analysis
	Cluster number
	Number of entries
	Inbred lines

	I
	4
	VT-24, RHA-92, R-127-1, GP4-1424

	II
	2
	RHA-1-1, GKVK  2

	III
	3
	TSG-260, HA-481, R-843

	IV
	4
	RHA-6D-1, IR-6, CSFI-99, RHA-95C-1

	V
	6
	P-93-R, RGP-100, P-160R, TSG-298, HA-482, R-630



Table 6: Analysis of variance for yield and yield related traits between clusters of restorer lines
	Source of variation
	X1
	X2
	X3
	X4
	X5
	X6
	X7
	X8
	X9
	X10
	X11
	X12

	Between cluster
	1506**
	157.477**
	106.776**
	34.792*
	13.4573
	107.742
	1.8142
	48.278***
	29.3907*
	367.5***
	21.849
	6.7646***

	Within cluster
	181.9
	28.089
	20.214
	6.999
	6.8598
	37.019
	1.5962
	4.476
	7.2735
	19.68
	12.285
	0.5726




 *Significant at 0.05 level        **Significant at 0.01 level     ***Significant at 0.001 level of significance


Table 7: Cluster means of yield and yield related traits based on k-means clustering in restorer lines
	Traits
Clusters
	X1
	X2
	X3
	X4
	X5
	X6
	X7
	X8
	X9
	X10
	X11
	X12

	I
	96.67
	62.00
	94.75
	16.85
	10.73
	36.25
	4.54
	21.18
	32.40
	64.34
	31.45
	6.86

	II
	123.83
	55.50
	88.00
	19.20
	9.79
	45.50
	4.72
	25.75
	39.05
	75.58
	29.09
	10.04

	III
	123.56
	63.33
	99.00
	17.73
	12.76
	45.00
	5.13
	14.88
	39.68
	46.00
	25.93
	5.91

	IV
	149.00
	65.25
	98.75
	23.75
	13.88
	47.50
	4.66
	22.43
	35.04
	67.53
	31.68
	7.82

	V
	134.67
	73.33
	103.50
	16.87
	9.72
	49.07
	3.47
	18.20
	35.11
	55.87
	31.89
	6.38







	X1=
	Plant height (cm) 
	X4=
	Stem girth (mm) 
	X7=
	Hundred seed weight (g) 
	X10=
	Autogamy (%) 

	X2=
	Days to 50% flowering 
	X5=
	Head diameter (cm) 
	X8=
	Seed yield per plant (g) 
	X11=
	Hull content (%) 

	X3=
	Days to maturity 
	X6=
	Volume weight (g/100ml) 
	X9=
	Oil content (%) 
	X12=
	Oil yield per plant(g) 



Table 8: Average inter and intra-cluster distances for five clusters formed with 12 characters in sunflower resorer lines

	Clusters
	I
	II
	III
	IV
	V

	I
	11.83
	15.00
	15.28
	13.97
	14.37

	II
	
	9.46
	17.00
	14.12
	18.29

	III
	
	
	6.79
	15.08
	12.36

	IV
	
	
	
	10.07
	13.25

	V
	
	
	
	
	8.32


      			  Diagonal values indicate intra-cluster distances
Above diagonal values indicate inter-cluster distances
                                                


Like maintainer lines, to investigate the significant differences between the clusters, a one-way analysis of variance was performed, as shown in Table 6. The highly significant mean sum of squares between clusters were found all the traits, except for the traits like head diameter, volume weight, hundred seed weight and hull content (%) indicating that restorer lines between clusters performed differently than restorer lines in same cluster for all relevant traits except the above-mentioned traits. The distribution of cluster means values within clusters is represented in Table. 7. The estimated cluster means of five clusters and the comparison of means are represented in Table 8. The highest value of inter-cluster distance was recorded between cluster II and cluster V, indicating that the restorer lines between these clusters are highly divergent, could be used for hybridization followed by inbreeding and selection to improve the restorer lines.
Moreover, the restorer lines grouped in Cluster II exhibited superior seed and oil yields along with the highest autogamy percentage, whereas those in Cluster III showed lower performance for both seed and oil yield. The inter-cluster distance between these two clusters was also comparatively large. Therefore, the genotypes classified under these clusters can be effectively utilized in hybridization programs targeting improvement in both seed and oil yield to obtain superior segregants. Cluster III recorded the lowest mean values for most traits; however, restorer lines with higher oil content were identified within this cluster. Similar pattern was observed by Khoso et al. [17], who observed formation of two clusters. Reddy et al. [18] reported formation of six clusters with maximum inter cluster distance between cluster II and cluster V.
4. Conclusion
Genetic diversity plays a crucial role in plant breeding, as greater genetic differences between parents often enhance heterotic expression in the F₁ generation and create a broader range of variability in subsequent segregating generations. When selecting suitable sunflower germplasm, breeders focus on identifying genetically diverse and superior genotypes for use in population improvement and heterosis breeding. The current study revealed the existence of significant divergence among the clusters of maintainer and restorer based on the yield and yield related traits, implying the potentiality of selection of parents and utilization in recombination breeding programs. The genetically diverse sunflower lines identified in this research can be valuable for developing diverse inbred lines (superior maintainer and restorer lines) to be used in future heterosis breeding efforts, contributing to further advancements in sunflower improvement.
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