Assessment of Molecular Genetic Diversity for Drought Tolerance in Sorghum [Sorghum bicolor (L.) Moench]

ABSTRACT: Stay-green is an important trait for improving drought tolerance and yield stability in sorghum under water-limited conditions. The present study aimed to assess the stay-green related molecular diversity and its association with grain yield in sorghum hybrids. Molecular analysis was conducted during rabi 2022–23 at RARS, Nandyal using sixteen F₁ hybrids along with two male sterile lines and eight restorers. Genomic DNA extracted through modified CTAB method was amplified using ten stay-green linked SSR markers associated with major loci Stg1, Stg2 and Stg3. Out of ten markers, seven were polymorphic and used for analysis. Molecular profiling revealed differential distribution of stay-green QTLs among parents and hybrids; AKMS66-2A possessed all three major QTLs (Stg1, Stg2 and Stg3), while 104A carried Stg1 and Stg2. Hybrids involving AKMS66-2A consistently exhibited favourable QTL combinations. Cluster analysis based on SSR data grouped the genotypes into four distinct clusters with a mean dissimilarity of 0.29, indicating moderate genetic diversity. Significant variation was observed for stay-green expression and grain yield among genotypes. The hybrid AKMS66-2A × R 3777 recorded the highest grain yield (4031.93 kg ha⁻¹) with a low stay-green score (1.28), followed by 104A × R 196 (3917.84 kg ha⁻¹; stay-green score 1.26). Superior hybrids with favourable stay-green QTL combinations demonstrated enhanced drought tolerance and can be effectively utilized in marker-assisted breeding programmes for developing climate-resilient sorghum hybrids.
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INTRODUCTION:
	Drought tolerance is essential for crop improvement, mainly in water-scarce regions, to ensure productivity and food security. Sorghum’s resilience to drought, supported by traits like deep roots, efficient water use and stay-green capacity, makes it invaluable for semi-arid and arid areas. Among these characters, the stay-green trait, which allows plants to maintain green leaf area during water stress, has been widely recognised for its positive impact on yield stability and drought tolerance in sorghum. 
	Recent advances in molecular marker technology have enabled researchers to investigate the genetic basis of drought tolerance at the molecular level. Molecular profiling of drought-tolerant sorghum hybrids can help identify genetic markers associated with drought tolerance, allowing for more efficient selection and breeding. Various molecular markers, such as simple sequence repeats (SSRs), single-nucleotide polymorphisms (SNPs) and transcriptomics, have been used to study drought tolerance in sorghum (Tao et al., 2000).
	To enhance drought tolerance in sorghum, breeding programs have increasingly focused on selecting genotypes that exhibit favourable alleles for this complex trait. Quantitative trait loci (QTLs) associated with drought tolerance, including those linked to stay-green, has been identified across various sorghum chromosomes, providing a basis for marker-assisted selection (Morris et al. 2013). However, successful breeding requires an in depth understanding of genetic diversity among parent lines and hybrids. Genetic diversity is essential not only for maintaining a broad genetic base but also for ensuring the long-term adaptability of crops to changing environmental conditions. Therefore, the objective of this study is to use molecular profiling to assess the genetic diversity among selected parent lines and hybrids with respect to drought tolerance traits in sorghum. Specifically, this research will focus on identifying genetic markers linked to drought tolerance QTLs, evaluating the diversity within and between parent lines and estimating the potential of these lines to produce drought-tolerant hybrids.
MATERIAL AND METHODS:
Molecular diversity analysis: The molecular analysis was carried out during rabi, 2022-23 at Regional Agricultural Research Station (RARS), Nandyal. Genomic DNA was extracted from the leaves of 15 day older seedlings of sixteen sorghum F1 hybrids along with two male sterile lines and eight restorer lines (Parents), and checked by the modified CTAB (Cetyl Trimethyl Ammonium Bromide) protocol of Rogers and Bendich (1988). 
Determination of quantity and quality of isolated DNA: The purity and concentration of the isolated genomic DNA samples was estimated by Nano drop spectrophotometer (Thermo scientific, USA). The ratio of absorbance at 260/280 nm was used as an indicator of DNA purity.
Concentration of DNA (µg/ml) = A260 × 50 × Dilution factor
	Where A260 = Absorbance at 260 nm and a ratio between 1.75 and 1.85 was considered as relatively pure DNA.
Amplification by PCR using SSR markers: The PCR (Polymerase Chain Reaction) was carried out with a programmable thermal cycler (Eppendorf, Germany) by using ten polymorphic markers (Table 1). The quantity of master mix to be prepared depends on the number of samples that are set for PCR. The master mix for PCR amplification was prepared as outlined in Table 2. Fifteen and a half microliters of master mix were added to each PCR tube containing 1 µl of template DNA to achieve a final volume of 30 µl. The PCR plate was covered and kept in a thermal cycler which was set to a thermal profile (Table 3). After completion of PCR, the plate was stored at 4°C and PCR amplified products (30 μl) along with 50 bp ladder were subjected to electrophoresis in a 1.5 per cent agarose gel in 1X TBE buffer at 100 Volts for 2.0 hours. Finally, the ethidium bromide-stained gels were documented in gel documentation (BioRad).
Scoring and data analysis: Each amplification product as a dominant expression was considered as SSR marker and was scored across all the samples. Alleles for the each SSR polymorphic marker were scored in co-dominant fashion. The length of the each amplified fragment (bp) was considered for scoring. Molecular weights of the bands were estimated by using 100 bp DNA ladder (MBI, Fermentas®, U.K.) as standard. All amplifications were repeated at least twice and only reproducible bands were considered for analysis. The allele frequency and PIC values estimation was carried out using cervus software (version 3.0.7) developed by the Field Genetics Ltd. The co-dominant fashion data was imported into cervus in .csv format (Analysis>allele frequency analysis>input file) and further analysis was carried out. 
Dissimilarity and clustering analysis: 	To estimate dissimilarity and to carry out clustering analysis, the co-dominant data was converted to binary (0,1) format. Further analysis was carried out using in “R” using “factoextra” package (V 1.0.7). To determine optimum number of clusters “fviz_nbclust” function was used “for total within sum of square” (wss) method. This analysis yields a graph plot where optimum number of clusters are demarcated with dotted lines. This pre-determined cluster number is used in hierarchical clustering.
	To determine genetic relatedness among the experimental material, genetic dissimilarity was estimated using “get_dist” function of factoextra package with “binary method”. This distance matrix is utilized in hierarchical clustering. Clustering analysis was carried out using pre-determined cluster number and distance matrix using “hclust” function. Further cluster diagram was visualized using “fviz_dend” function (cervus software).




RESULT AND DISCUSSION
	In this study, a total of ten markers (Xtxp 114, Xtxp285, Xtxp 34, Xtxp 38, Xtxp 336, Xtxp 231, Xtxp 31, Xtxp 59, SbAGF08 and Xgap84) associated with stay-green traits were used for molecular profiling of both parental lines and hybrids. Of these markers, three markers viz., Xtxp34, Xtxp231 and SbAGF08 were identified as monomorphic and hence, further analysis was conducted with the remaining seven SSR markers.
Molecular Profiling of parents and hybrids 
To characterize the number of stay-green QTLs present in the parental lines and hybrids, each SSR marker showing a positive band was considered as an indicator of the corresponding QTL. A score of ‘1’ was assigned when a positive allele was detected in a parent or hybrid, and ‘0’ when absent. The total number of positive alleles was subsequently summed for each genotype, enabling their categorization based on the combination of stay-green QTLs they possessed (Table 4).
Among lines, 104A genotype had QTLs with a combination of stg1+stg2. Similarly, AKMS66-2A was found harboring five markers linked to QTLs with the combination of stg1+stg2+stg3. Whereas, testers found to have less QTLs in comparison to lines. Among testers, all testers possess stg1 gene except SPV 2758 and R 3777. Interestingly, parents with two QTLs (particularly the combination of stg1 and stg2 QTLs) shown lower stay green value (Table 4) in comparison to parents with all three QTLs in combination, except the hybrid 104A x R 3777, which has a combination of all three QTLs. While, the parent R 3777, which holds two QTLs (stg2 and stg3) shown lesser stay green value, indicating delayed senescence. Similar findings were observed in the studies conducted by Kamal et al. (2017) in evaluating drought tolerance in sorghum genotypes using stg QTLs linked markers. Likewise, in another study, four QTLs (Stg1, Stg2, Stg3 and Stg4) associated with stay green were identified using 98 RILs (derived from B35 × Tx7000 cross) grown under post-flowering drought stress conditions (Xu et al., 2000 & Rajendra Prasad et al., 2021).
	The hybrids demonstrated a higher number of QTLs (5 to 6) due to varying QTL contributions compared to the parental combinations. Notably, all eight hybrids involving parent AKMS66-2A exhibited the combination of stg1, stg2 and stg3 QTLs. In contrast, most crosses involving parent 104A predominantly showed the stg1 and stg2 combination. Similar patterns of QTL inheritance and stability across hybrid combinations have been documented by Sukumaran et al. (2016) and Bantilan et al. (2018) and Tan et al. (2025) in drought tolerance studies.
Molecular Diversity and Cluster Analysis:
	Hierarchical cluster analysis based on SSR marker data grouped the genotypes into four distinct clusters (Table 5; Fig. 1). The mean dissimilarity coefficient among genotypes was 0.29, with values ranging from 0.00 to 0.63, indicating moderate genetic diversity.
The clustering analysis results offer valuable insights into stay green trait variation among sorghum genotypes, which is critical for drought tolerance. In Cluster I, the stay-green range is from 2.28 to 3.82, with the genotype SPV 2468 demonstrating the lowest score at 2.28, making it the most promising in this group. This lower stay green score suggests that SPV 2468 may retain leaf greenness longer under drought conditions compared to other genotypes in the cluster, supporting better water retention and yield stability.
In Cluster II, the stay-green scores varied from 1.26 to 4.32. The genotype 104A × R 196 stands out with the lowest stay green score of 1.26, indicating strong drought tolerance. This hybrid could be particularly valuable for breeding programs focused on improving drought resilience, as lower stay-green scores are often correlated with the ability to sustain green leaf area and photosynthetic activity during water scarcity.
Cluster III has a stay-green range of 1.50 to 2.00, with R 3777 and R 196 both showing a score of 1.50, making them the best genotypes in this group. Their lower stat green scores point to effective drought tolerance mechanisms, making them suitable candidates for further genetic improvement and potential parental lines for hybrids aimed at water-stress environments.
Finally, Cluster IV displays a stay-green range from 1.28 to 4.46. The genotype AKMS 66-2A × R 3777 has the lowest stay-green score at 1.28, positioning it as the best drought-tolerant candidate within this cluster. This hybrid’s ability to maintain a green canopy under drought stress highlights its potential as a resilient variety for semi-arid and drought-prone regions, where sustaining yield under water limitation is critical for food security.
	The clustering pattern observed in this study aligns with previous SSR-based molecular diversity analyses in sorghum, which reported clear grouping of genotypes based on stay-green linked markers (Galyuon et al., 2016; Chetan, 2016; Mace et al., 2014). The mean dissimilarity of 0.29 indicates moderate diversity, comparable to other germplasm evaluations, and provides a foundation for effective selection of parental lines and hybrids for marker-assisted breeding and pyramiding of stay-green QTLs (Xu et al., 2000b; Kamal et al., 2017 and Kalema et al, 2022).
Cluster Means for Stay-Green and Yield-Related Traits:
	Cluster-wise analysis of stay-green scores revealed notable variation among genotypes, reflecting differences in drought adaptation (Table 5). In Cluster I, stay-green scores ranged from 2.28 to 3.82, with SPV 2468 showing the lowest value, indicating moderate drought tolerance. Cluster II displayed a broader range (1.26–4.32), with the hybrid 104A × R 196 achieving the lowest score (1.26), suggesting superior drought resilience. Cluster III exhibited a narrow range (1.50–2.00), where R 3777 and R 196 performed best, demonstrating effective maintenance of green leaf area under stress. In Cluster IV, scores varied from 1.28 to 4.46, with AKMS 66-2A × R 3777 showing the lowest value, highlighting its strong drought-adaptive potential.
	Integrated evaluation of stay-green score, grain yield, and molecular diversity identified AKMS 66-2A × R 3777 as the top-performing hybrid, producing the highest grain yield (4031.93 kg ha⁻¹) with a low stay-green score (1.28), supported by the presence of stg1, stg2, and stg3 QTLs. The hybrid 104A × R 196 also showed high yield (3917.84 kg ha⁻¹) with excellent stay-green expression. Among parents, 104A and AKMS66-2A emerged as superior donors for stay-green-mediated drought tolerance, confirming the importance of combining multiple QTLs to enhance both drought resilience and productivity.
	These results are consistent with other recent studies emphasising the value of stay-green QTLs in improving drought tolerance and yield stability. For example, Vadez et al. (2011) demonstrated that pyramiding stay-green loci enhances post-flowering drought tolerance in sorghum. Similarly, Hash et al. (2003), Abebe et al. (2021) and Liu et al. 2025 reported that QTL-assisted selection for stay-green traits effectively improved drought adaptability and grain yield in diverse sorghum germplasm.
Conclusion
[bookmark: _GoBack]Genetic diversity is essential not only for maintaining a broad genetic base but also for ensuring the long-term adaptability of crops to changing environmental conditions. Superior hybrids with favourable stay-green QTL combinations demonstrated enhanced drought tolerance and can be effectively utilized in marker-assisted breeding programmes for developing climate-resilient sorghum hybrids.
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Table 1: List of polymorphic markers used for Genetic diversity analysis
	S.No.
	Primer
	Forward
	Reverse
	Chromosome
	Annealing temperature (°C)
	Product observed size (bp)

	1
	Xtxp 114
	CGTCTTCTACCGCGTCCT
	CATAATCCCACTCAACAATCC
	SBI-03
	50
	140

	2
	Xtxp285
	ATTTGATTCTTCTTGCTTTGCCTTGT
	TTGTCATTTCCCCCTTCTTTCTTTT
	SBI-03
	55
	285

	3
	Xtxp 34
	TGGTTCGTATCCTTCTCTACAG
	CATATACCTCCTCGTCGCTC
	SBI-03
	55
	208

	4
	Xtxp 38
	ACAAACCGCGACGAAGTAAC
	ACAAGGCAAAGCACAAAGC
	SBI-03
	60
	191

	5
	Xtxp 336
	CAGCGAGCACCGACGAC
	CCACCCAACCTGACCCTTCT
	SBI-03
	55
	171

	6
	Xtxp 231
	GGAAATCCAGGATAGGGT
	AGGCAAAGGGTCATCA
	SBI-03
	55
	190

	7
	Xtxp 31
	TGCGAGGCTGCCCTACTAG
	TGGACGTACCTATTGGTGC
	SBI-03
	55
	188

	8
	Xtxp 59
	GAAATCCACGATAGGGTAAGG
	GACCCAGAATAGAAGAGAGG
	SBI-03
	55
	313

	9
	SbAGF08
	ATGGTCGTCTGTCCAGGT
	CAGTTGCTAATCTTTGACCG
	SBI-08
	54
	176

	10
	Xgap84
	CGCTCTCGGGATGAATGA
	TAACGGACCACTAACAAATGATT
	SBI-06
	56
	200




Table 2: PCR Components
	S.No
	Components
	Volume (μl)
	Concentration

	1
	Template DNA
	1 μl
	50ng/µl

	2
	Forward primer
	1.5 μl
	5 pm

	3
	Reverse primer
	1.5 μl
	5 pm

	4
	Sterile Distilled water
	10.8 μl
	-

	5
	Master mix
	15.5 μl
	1 X



Table 3:  PCR profile used for amplification	
	Step 1
	Initial denaturation
	94°C for 5 minutes 

	Step 2
	Denaturation 
	94°C for 45 seconds 10 cycles


	Step 3
	Annealing 
	55°C for 1.5 minutes

	Step 4
	Extension
	72°C for 45 seconds

	Step 5
	Final extension
	72°C for 7 minutes

	Step 6
	Hold 
	4° C forever












Table 4. Molecular profiling of parents and hybrids for stay green trait-linked   	  	   markers in sorghum
	Genotype
	Total no. of markers linked to QTL
	QTLs linked
	Stay green (Pooled)

	Parents

	104A
	4
	stg1 and stg2
	1.5

	AKMS66-2A
	5
	stg1, stg2 and stg3
	3.3

	RSLG262
	2
	stg1 and stg2
	3

	M35-1
	2
	stg1 and stg3
	3.82

	SPV2758
	1
	stg2
	3.5

	SPV2468
	2
	stg1 and stg3
	2.28

	R3777
	2
	stg2 and stg3
	1.5

	R196
	3
	stg1 and stg2
	1.5

	R91012
	2
	stg1, stg2
	1.74

	PVK801
	2
	stg1 and stg2
	2

	Hybrids

	104A x RSLG 262
	5
	stg1 and stg2
	4.32

	104A x M 35-1
	5
	stg1, stg2 and stg3
	4.22

	104A x SPV 2758
	4
	stg1 and stg2
	3.26

	104A x SPV 2468
	5
	stg1 and stg2
	2.48

	104A x R 3777
	6
	stg1, stg2 and stg3
	1.77

	104A x R 196
	6
	stg1 and stg2
	1.26

	104A x R 91012
	5
	stg1 and stg2
	2

	104A x PVK 801
	5
	stg1 and stg2
	1.76

	AKMS66-2A x RSLG 262
	5
	stg1, stg2 and stg3
	2.77

	AKMS66-2A x M 35-1
	5
	stg1, stg2 and stg3
	3.06

	AKMS66-2A x SPV 2758
	6
	stg1, stg2 and stg3
	3.72

	AKMS66-2A x SPV 2468
	5
	stg1, stg2 and stg3
	4.46

	AKMS66-2A x R 3777
	6
	stg1, stg2 and stg3
	1.28

	AKMS-66-2A x R 196
	6
	stg1, stg2 and stg3
	2.22

	AKMS-66-2A x R 91012
	5
	stg1, stg2 and stg3
	2.54

	AKMS-66-2A x PVK 801
	6
	stg1, stg2 and stg3
	3.5

	Check
	 
	 
	 

	CSH 15R
	4
	stg1, stg2 and stg3
	1.76



Table 5. Cluster composition and cluster means for grain yield and stay green trait in sorghum
	Cluster No.
	No. of Genotypes
	Genotypes
	Stay green score

	Grain yield (kg ha-1)


	I
	3
	M 35-1
	3.82
	2957.65

	
	
	RSLG 262
	3.00
	2738.65

	
	
	SPV 2468
	2.28
	2770.38

	II
	11
	104A
	1.50
	3135.00

	
	
	SPV 2758
	3.50
	2656.36

	
	
	104A × M 35-1
	4.22
	2984.55

	
	
	104A × PVK 801
	1.76
	3807.16

	
	
	104A × R 196
	1.26
	3917.84

	
	
	104A × R 3777
	1.77
	3722.41

	
	
	104A × R 91012
	2.00
	3597.72

	
	
	104A × RSLG 262
	4.32
	2764.57

	
	
	104A × SPV 2468
	2.48
	3145.63

	
	
	104A × SPV 2758
	3.26
	2831.72

	
	
	AKMS 66-2A × SPV 2758
	3.72
	2758.21

	III
	3
	PVK 801
	2.00
	2915.34

	
	
	R 196
	1.50
	3019.74

	
	
	R 3777
	1.50
	3081.20

	IV
	10
	AKMS 66-2A
	3.30
	2974.74

	
	
	R 91012
	1.74
	3017.72

	
	
	AKMS 66-2A × M 35-1
	3.06
	3153.50

	
	
	AKMS 66-2A × PVK 801
	3.50
	2837.21

	
	
	AKMS 66-2A × R 196
	2.22
	2548.50

	
	
	AKMS 66-2A × R 3777
	1.28
	4031.93

	
	
	AKMS 66-2A × R 91012
	2.54
	2306.98

	
	
	AKMS 66-2A × RSLG 262
	2.77
	2776.33

	
	
	AKMS 66-2A × SPV 2468
	4.46
	2470.43

	
	
	CSH 15R
	1.76
	2908.34
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Fig 1: Genotypic dendrogram depicting clustering pattern among 27 genotypes in  sorghum. 
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