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Establishing DNA fingerprinting profiles for Diospyros melanoxylon Roxb. (kendu) by ISSR, RAPD and SCoT markers for further applications in genetic diversity assessment 


ABSTRACT
The present investigation aimed to establish molecular marker-based approach to assess genetic diversity of D. melanoxylon Roxb. natural tree populations exist in different Forest regions in Odisha. In addition, high-quality genomic DNA isolation protocol was established from the leaves. Three different marker systems, such as inter simple sequence repeat (ISSR), random amplified polymorphic DNA (RAPD), and start codon targeted polymorphism (SCoT) were screened with kendu genomic DNA, to optimize and obtain clear, scorable and reproducible DNA fingerprinting profiles through polymerase chain reaction (PCR). Twenty-seven-number of ISSRs, 15-number of RAPDs and 9-number SCoT markers were considered for the study. Out of 27-ISSR markers, 17-markers gave scorable alleles.  In averse, all RAPD and SCoT markers responded and gave clear and scorable alleles. The ISSR markers (AC)₈T, (GA)₈YT, (GA)₈T, (AC)₈C, and CAGCGACAAG demonstrated strong amplification performance, collectively spanning 45.8% of the total alleles. In contrast, SCoT markers SCoT23, SCoT40, SCoT9, SCoT12, SCoT17, and SCoT34 provided a wider genomic representation, accounting for 77.1% total allele coverage. Meanwhile, the RAPD markers CCGCCTAGTC, ACCTGGACAC, GACCGCTTGT, AGCCAGCGAA, CACACTCCAG, CCGCCCAAAC, and CACCTTTCCC amplified 59% of the total alleles. The established DNA isolation and PCR optimized protocols for different marker systems are highly useful in providing a reliable molecular framework for future studies on genetic diversity assessment thereby implementing appropriate conservation strategies for kendu natural forest populations. The present work is the first report in developing DNA fingerprinting for kendu adopting RAPD, ISSR and SCoT molecular markers for further genetic diversity assessment.
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1. INTRODUCTION 
Forests harbour the silent legacy of genetic wealth, and within them, forest trees like D. melanoxylon Roxb. embody the intricate link between ecology, economy, and human culture. Kendu is deciduous species of the family Ebenaceae stands as a keystone component of India’s dry deciduous forests (Kumari and Kumar, 2021). The species predominantly occurs in the tropical and subtropical deciduous forests of central and eastern India. It thrives in dry tropical habitats, particularly in north tropical moist deciduous, southern tropical dry deciduous, and northern tropical dry deciduous forest zones. The natural range of D. melanoxylon extends across the states of Madhya Pradesh, Maharashtra, Odisha, Chhattisgarh, Andhra Pradesh, Jharkhand, Rajasthan, Bihar, Uttar Pradesh, Gujarat, and parts of West Bengal, Karnataka, Kerala, and Tamil Nadu (Kumari and Wani, 2017). States such as Uttar Pradesh, Gujarat, and Rajasthan exhibit comparatively lower abundance and collection potential due to limited forest cover and climatic constraints. In Odisha the species is distributed widely across almost all districts of the state, with particularly dense populations observed in Sundargarh, Keonjhar, Deogarh, Angul, Kalahandi, Kandhamal, Balangir, Boudh, and Malkangiri (Kumari and Kumar, 2021; Kumari and Wani, 2017). Beyond its ecological importance in sustaining biodiversity and maintaining soil stability, it sustains millions of rural livelihoods through the bidi leaf trade, making it both a biological and socio-economic asset (Rathore, 1972). In addition to its industrial value, the bark, fruits, and leaves of D. melanoxylon possess notable medicinal properties and are traditionally used for treating dysentery, skin diseases, and various other ailments (Gupta et al., 2013). 
The species further possesses remarkable medicinal potential; its bark, fruits, and leaves contain a spectrum of phytochemicals with antioxidant, antimicrobial, and anticancer properties, placing it among India’s most valuable forest bioresources (Kumari and Wani, 2017; Al-Rashid et al., 2017; Thakur et al., 2025). The species contains several bioactive compounds among which the pentacyclic triterpenoid ursolic acid is predominant, exhibiting potent chemo-preventive, anti-cancer and analgesic activities in various in vivo and in vitro studies (Rathore et al., 2017). Despite its ecological and economical importance, the species face increasing threats from overexploitation, habitat degradation, and irregular regeneration, leading to concerns about its genetic integrity and long-term sustainability (Kumari and Wani, 2015; Chandrashikha et al., 2021; Qureshi et al., 2025).
Assessment of genetic diversity provides crucial insights into the evolutionary dynamics, adaptive potential, and population structure of plant species, thereby forming the foundation for their effective conservation and gene pool improvement (Mousa et al., 2023; Ninh et al., 2024). While morphological and biochemical markers have traditionally been used for plant diversity studies, they offer limited resolution in detecting genome-wide variability. In contrast, molecular markers provide a more precise, reproducible, and reliable approach to estimate genetic variation, enabling the identification of genetically diverse and distinct populations suitable for conservation and breeding initiatives (Surabhi et al., 2013; Hinge et al., 2022; Hromadova et al., 2022).
In studies on various wild plant species, RAPD, ISSR, and SCoT markers have consistently revealed high levels of genetic variation, demonstrating their reliability for assessing natural populations (Surabhi et al., 2017; Kallamadi et al., 2015; Diallo et al., 2024; Poeaim et al., 2025). RAPD markers showed broad genome-wide coverage with substantial polymorphism, ranging from 76% in okra, 97.9% in passion fruit, and 100% in maize highlighting their utility for rapid diversity screening (Ho et al., 2021; Hamdan et al., 2024; Mohamed et al., 2025). ISSR markers similarly produced moderate to high polymorphism, including 80.10% in Lepidium sativum, 62.71% in Shorea robusta, and 93.4% in Aquilaria malaccensis, reflecting their strong reproducibility and ability to target microsatellite-rich regions (Surabhi et al., 2017; Kumar and Yadav, 2029; Banu et al., 2025). The SCoT markers, which amplify gene-associated regions, generally showed higher informativeness, generating ~82.5% polymorphism in bread wheat and 86.94% in Annamocarya sinensis (Pan et al., 2024; Altaf et al., 2025). Comparable outcomes have been reported in kendu population exists in Jharkhand, where RAPD and ISSR markers detected 73.96% and 85% polymorphism, respectively (Kumari and Kumar, 2021; Kumari and Kumar, 2020). While SCoT markers yielded exceptionally high polymorphism (97%) across 95 germplasm samples of Diospyros in China (Deng et al., 2015). 
Overall, these findings demonstrate that, though these three marker systems effectively capture the genetic variability, where ISSR and SCoT offered a higher reproducibility and gene-linked resolution than RAPD. Despite these limited evidences, no genetic diversity assessment has yet been conducted for D. melanoxylon populations in Odisha Forest regions, and also forest populations exist across different geographic regions in India, leaving the genetic structure, population differentiation, and adaptive variability of this economically important species completely unexplored. The absence of baseline molecular data represents a significant research gap, lack of effective conservation planning and in situ and ex situ germplasm management initiatives for the species. 
Previous studies on D. melanoxylon have largely concentrated on its taxonomy, ecology, and phytochemical composition, with an un-explored molecular and genetic diversity studies. The limited genetic studies reported so far are often constrained by small sample sizes, narrow geographic representation or reliance on a single marker system (Kumari and Kumar, 2021; Kumari and Kumar, 2020; Deng et al., 2015; Guan et al., 2020). Consequently, a comprehensive molecular characterization is essential to generate baseline information on the genetic composition of natural populations, which can guide conservation and sustainable management efforts (Surabhi et al., 2017).
The objectives of this study were (i). to optimize a reliable and efficient protocol for the isolation and purification of high-quality genomic DNA from D. melanoxylon leaves, and (ii). standardize suitable molecular markers, including ISSR, RAPD, and SCoT, based on their effective genome spanning ability, reproducibility and reliability. The ultimate goal was to support future genetic diversity assessment studies there by conservation of field gene banks of D. melanoxylon in Odisha. 
2. MATERIALS AND METHODS
2.1 Plant material 
Healthy and disease-free leaves of D. melanoxylon Roxb. were collected from ex situ germplasm unit of Regional Plant Resource Centre (RPRC), Bhubaneswar, Odisha, to ensure the extraction of high-quality genomic DNA. 
2.2 DNA isolation, quality and quantity check 
Genomic DNA was isolated using the DNeasy Plant Mini Kit (Qiagen, Cat. No. 69104) according to the manufacturer’s instructions. Briefly, 100 mg of finely chopped leaf tissue was homogenized using prechilled mortar and pestle with liquid nitrogen. The homogenate was mixed with buffer AP1 and RNase A to remove RNA contaminants and incubated at 65°C for 10 min. with gentle inversion. The lysate was clarified using buffer P3 on ice, subsequently centrifuged at 14,000 rpm for 5 minutes to achieve clarification. The supernatant was carefully decanted into a QIAshredder column to remove debris and then passed through a silica spin column to bind the DNA. The bound DNA was washed sequentially with buffer AW1 and buffer AW2 to remove proteins, phenolic compounds, and other inhibitors. Finally, the DNA was eluted with 50 µl of pre-warmed buffer AE (65°C) to ensure maximum recovery and stored at -20°C until further use.
The concentration and purity of genomic DNA was assessed spectrophotometrically using a NanoDrop instrument by measuring absorbance at 260, 280, and 230 nm. The purity was evaluated based on the A260/280 and A260/230 ratios. An A260/280 ratio of 1.7-1.9 and an A260/230 ratio of 2.0-2.2 were regarded as indicative of high-quality DNA, free from protein and polysaccharide contamination (Rossini et al., 2025). DNA concentration was standardized to 50ng/µl for PCR amplification. The integrity of extracted DNA was further verified by electrophoresis on a 0.8% (w/v) agarose gel prepared in 1×TAE buffer. The gel was resolved at 80 V, treated with ethidium bromide (EtBr), and imaged using a ChemiDoc documentation system (Bio-Rad, USA), to confirm the presence of sharp, high-molecular-weight DNA bands without smearing, indicating intact DNA suitable for molecular analysis.
2.3 PCR screening of different markers 
Primers were chosen following an initial PCR screening that evaluated their ability to produce distinct, well-resolved, scorable banding pattern using D. melanoxylon genomic DNA. Primers that showed no amplification, generated very weak bands, or resulted in complex and difficult to interpret patterns were excluded from further consideration. Only those that consistently produced clear, reproducible, and informative banding profiles were retained for subsequent genetic diversity analysis.
During the preliminary evaluation, 27 ISSRs (Surabhi et al., 2017; Surabhi and Pattanayak, 2015), 15 RAPDs (Kumari and Kumar, 2021), and 9 SCoT primers (Guan et al., 2020) (IDT, India) were assessed. Based on PCR screening, 17 ISSR, all RAPD and SCoT markers were selected for further comprehensive analyses. Details of primers considered in this study were depicted in Table 1, 2, and 3.
DNA fingerprinting profiles were developed using ISSR, RAPD, and SCoT markers. Several combinations of annealing temperatures, cycle numbers, and reagent concentrations were initially tested and the following conditions were established as the most effective for consistent amplification. For ISSR analysis, seventeen primers were selected based on their reproducibility, amplification clarity, and annealing efficiency. PCR amplification was carried out in a total reaction volume of 25 µl containing 2.5 µl of 10× Taq buffer A (with 15 mM MgCl₂), 0.3 µl of 25 mM MgCl₂, 1.0 µl of 10 mM dNTPs, 0.2 µl of Taq DNA polymerase (5 U/µl), 1.0 µl of primer (10 µM), and 1.0 µl of genomic DNA (50 ng/µl), with nuclease-free water making up the final volume (Surabhi et al., 2017).  For ISSR markers, the PCR programme consisted of an initial denaturation at 94°C for 2 min, followed by 40 cycles of denaturation at 94°C for 30 sec, primer-specific annealing range between 30-48°C for 1 min, and extension at 72°C for 2 min, with a final extension at 72°C for 7 min and a final step of 4°C (hold). 
RAPD amplification was performed using fifteen decamer primers chosen for their ability to generate clear and reproducible banding profiles. Each 25 µl reaction comprised 2.5 µl of 10× Taq buffer A, 0.5 µl of 25 mM MgCl₂, 2.0 µl of 10 mM dNTPs, 0.2 µl of Taq DNA polymerase (5 U/µl), 1.5 µl of primer (10 µM), and 1.0 µl of genomic DNA (50 ng/µl), with sterile water added to make up the total volume (Kumari and Kumar, 2021).  For RAPD amplification, the optimized programme included an initial denaturation at 94°C for 4 min, followed by 44 cycles of denaturation at 94°C for 1 min, annealing at 40°C for 1 minute, and extension at 72°C for 2 min, concluding with a final extension at 72°C for 15 min and a final step of 4°C (hold) (Kumari and Kumar, 2020). 
As part of the optimization process, PCR reactions were evaluated at 36, 40, and 42 cycles to identify the most effective amplification regime. SCoT marker amplification was conducted to detect gene-targeted polymorphisms associated with the conserved ATG start codon regions. PCR reactions was performed in a final volume of 20 µl containing 2.5 µl of 10× Taq buffer A, 2.0 µl of 25 mM MgCl₂, 1.6 µl of 10 mM dNTPs, 0.2 µl of Taq DNA polymerase (5 U/µl), 1.0 µl of primer (10 µM), and 1.0 µl of genomic DNA (50 ng/µl), with nuclease-free water used to reach the desired volume (Guan et al., 2020). For SCoT markers, amplification was optimized using an initial denaturation at 94 °C for 3 min, followed by 40 cycles of denaturation at 94 °C for 1 min, annealing at 48–50 °C for 1 min, and extension at 72 °C for 2 minutes, with a final extension step at 72 °C for 5 min and a final step of 4°C (hold) (Deng et al., 2015; Yang et al., 2015). Among 36, 40 and 42 cycles, 40 PCR cycles proved superior, yielding sharper, more intense, and consistently reproducible banding patterns. Remarkably, this cycle number produced nearly twice as many clear and scorable bands as the other conditions, demonstrating optimal amplification efficiency without introducing nonspecific products. 
2.4 Agarose gel electrophoretic separation of PCR products, imaging and scoring
PCR products were separated by agarose gel (2%, w/v) electrophoresis, using 1×TAE buffer. For each 25 µl of PCR reaction mix a 5 µl of loading dye was added. Samples were then loaded onto the gel, along with a molecular size marker (500 bp). Electrophoresis proceeded at a constant 80V until the dye front migrated approximately three-fourths of the gel's length. The gel was stained with ethidium bromide and captured the image with Bio-Rad ChemiDoc gel documentation system. The analyses for each marker system were performed twice, clear, reproducible and scorable allelic patterns were recorded with the aid of Quantity One 1-D analysis software (Bio-Rad).

3. RESULTS 
High-quality genomic DNA was consistently extracted from the leaf tissue, and the PCR conditions were systematically optimized for each marker type to ensure precise, reproducible, scorable and clear amplification pattern. The combination of these marker systems enabled a comprehensive assessment of genetic variation across the species, laying a solid foundation for large-scale molecular characterization and conservation studies (Fig. 1, Fig. 2a and 2b).
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Fig. 1. Visualization of DNA Sample isolated from leaf of D. melanoxylon in 0.8% agarose.
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Fig. 2a and 2b. DNA fingerprinting profile which was developed after resolving PCR product made from 9 SCoT markers (2a). Pink horizontal lines indicate the automated detection of band positions and intensities, while blue vertical boundaries define individual lanes for quantitative analysis (2b). The gel image was subjected to Quantity One 1D analysis software to assess the size distribution and relative abundance of DNA fragments. 


The standardized ISSR protocol generated reproducible and distinct alleles ranging between 500 and 2149 bp. Among the primers, (AC)₈T produced the maximum number of alleles (10), indicating high amplification efficiency and strong primer-template complementarity. Primers (AC)₈AA, (GA)₈YT, and (GA)₈C produced 7-9 alleles, reflecting genome spanning and coverage ability of the markers tested. Conversely, primers (CA)₇C and (GA)₈YC exhibited weak or inconsistent amplification, likely due to sub-optimal primer binding or low genomic repeat frequency. The ISSR markers showed excellent reproducibility potential, making them highly effective for detecting genome-wide polymorphism for future genetic diversity assessment applications. Their high sensitivity to microsatellite regions allows for detailed examination of genetic relatedness, population differentiation, and clonal variation, establishing ISSR as a powerful tool for genetic diversity assessment in D. melanoxylon Fig. 3 and Table 1.
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Fig. 3. ISSR fingerprinting profile of D. melanoxylon using 17-primers and M is a molecular size marker (500bp)

	Sl. No.
	Short form
	Tm
	Length of amplified alleles (bp)
	Total no. of alleles
	Reference

	1
	(GA)8YG
	48°C
	560-1321
	6
	
Surabhi et al., 2017

	2
	(AC)8 AA
	48°C
	605-1287
	7
	

	3
	(AC)8C
	48°C
	500-1408
	8
	

	4
	TGG(AC)7
	48°C
	1048-1560
	4
	
Surabhi and Pattanayak, 2015

	5
	(AC)8T
	48°C
	513-1807
	10
	

	6
	(AC)8YT
	48°C
	608-1400
	5
	

	7
	(GA)8YT
	46°C
	500-1364
	9
	

	8
	(GA)8C
	46°C
	500-1796
	7
	

	9
	(GA)8T
	43°C
	500-1492
	9
	Surabhi et al., 2017


	10
	(CT)8G
	43°C
	835-1336
	4
	

	11
	(GA)8A
	43°C
	901-1134
	3
	

Surabhi et al., 2017; Surabhi and Pattanayak, 2015

	12
	(CA)8G
	45°C
	973-2149
	5
	

	13
	(GA)8YC
	45°C
	639-1228
	4
	

	14
	(GAA)6
	40°C
	891-1698
	7
	

	15
	(AG)8YA
	43°C
	NA
	NA
	

	16
	(CA)7C
	43°C
	NA
	NA
	

	17
	CAGCGACAAG
	30°C
	615-2250
	8
	Surabhi et al., 2017

	Total
	96
	



Table. 1. List of ISSR primers, annealing temperature, length of amplified alleles (bp) generated and total number of amplified fragments in D. melanoxylon.
The optimized RAPD assay yielded clear, sharp, and scorable amplification profiles with amplified alleles size ranging from 500 to 2755 bp. A total of 105 reproducible alleles were obtained across all markers tested, demonstrating efficiency of the marker system. Among the primers, CACACTCCAG produced the greatest number of amplified bands (11), followed by AGCCAGCGAA and ACCTGGACAC with 9-10 bands each. The presence of high number of alleles indicated effective genome-wide coverage. In contrast, TTCCCCCCAG and CAAACGTCGG generated weak or inconsistent bands, suggesting limited sequence complementarity Fig. 4 and Table 2.
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Fig. 4. RAPD fingerprinting profile of D. melanoxylon using 15-primers and M is molecular size marker (500bp).
	Sl. No.
	RAPD Primer Sequence (5’-3’)
	Tm
	Length of amplified alleles (bp)
	Total no. of alleles
	Reference

	1
	CCGCCTAGTC
	35.8 °C
	500 - 2755
	10
	






Kumari and Kumar, 2021

	2
	ACCTGGACAC
	33.4°C
	500 - 1469
	8
	

	3
	ACAACGCGAG
	36.7°C
	500 - 1804
	6
	

	4
	TCTCCGCCCT
	40.7°C
	500 - 1174
	6
	

	5
	TTCCGAACCC
	34.2°C
	500 - 1126
	7
	

	6
	CAAACGTCGG
	34.2°C
	500 - 1389
	3
	

	7
	GACCGCTTGT
	35.7°C
	528 - 1639
	8
	

	8
	AGCCAGCGAA
	38.3°C
	500 - 1370
	9
	

	9
	GTTGCGATCC
	33.5°C
	500 - 1191
	7
	

	10
	CACACTCCAG
	31.2°C
	500 - 1389
	11
	

	11
	TTCCCCCCAG
	37.4°C
	660 - 1242
	3
	

	12
	CCGCCCAAAC
	39.0°C
	500 - 1065
	8
	

	13
	CACCTTTCCC
	31.5°C
	500 - 1158
	8
	

	14
	GTGCAACGTC
	34.7°C
	500 - 1208
	5
	

	15
	CCCGCTACAC
	36.9°C
	500 - 1295
	6
	

	Total
	105
	



Table. 2. List of RAPD primers, total number of amplified fragments, and length of amplified alleles (bp) generated in D. melanoxylon.
[image: ]The optimized PCR reaction produced clear and scorable amplification products ranging from 500 to 2104 bp. Among these, SCoT9, SCoT12, SCoT17, and SCoT34 showed the high number of alleles, i.e.  9-10 distinct and reproducible alleles, whereas SCoT20 yielded low number of alleles Fig. 5a, 5b, 5c and Table 3.



















Fig. 5a, b and c. SCoT fingerprinting profile of Diospyros melanoxylon using nine primers. Images (5a), (5b), and (5c) represent PCR amplification profiles obtained from 36, 42, and 40 cycles, respectively. M is a molecular size marker (500bp).
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	Primer ID
	SCoT Primer Sequence (5’-3’)
	Tm
	I
	II
	III
	

Reference

	
	
	
	36 cycles
	42 cycles
	40 cycles
	

	
	
	
	Length of amplified alleles (bp)
	Total no. of alleles
	Length of amplified alleles (bp)
	Total no. of alleles
	Length of amplified alleles (bp)
	Total no.
 of alleles
	

	SCoT9
	CAACAATGGCTACCAGCA
	52.9°C
	500-2062
	6
	888-2104
	5
	500-1939
	9
	





Guan et al., 2020

	SCoT12
	ACGACATGGCGACCAACG
	58.4°C
	547-1185
	6
	500-1132
	7
	500-1450
	9
	

	SCoT17
	ACCATGGCTACCACCGAG
	57.1°C
	800-1255
	5
	500-1124
	5
	500-1654
	10
	

	SCoT20
	ACCATGGCTACCACCGCG
	60.8°C
	566-724
	2
	735
	0
	539-1069
	2
	

	SCoT23
	CACCATGGCTACCACCAG
	55.7°C
	500-1428
	4
	633-1283
	4
	500-1288
	8
	

	SCoT26
	ACCATGGCTACCACCGTC
	57.3°C
	1185-1275
	3
	500-1081
	5
	502-1112
	7
	

	SCoT33
	CCATGGCTACCACCGCAG
	58.9°C
	500-1024
	4
	500-874
	6
	500-1604
	7
	

	SCoT34
	ACCATGGCTACCACCGCA
	59.7°C
	508-1075
	5
	500-895
	9
	500-927
	10
	

	SCoT40
	CACCATGGCTACCACCAG
	55.7°C
	718-1500
	5
	618-1263
	4
	545-1288
	8
	

	Total
	
	40
	
	45
	
	70
	



Table. 3. List of SCoT primers, total number of amplified fragments, and length of amplified alleles (bp) generated in D. melanoxylon.

4. DISCUSSION 
The extraction of genomic DNA from woody plant species encounters substantial obstacles attributable to elevated concentrations of secondary metabolites, specifically polyphenols, polysaccharides, and lignin polymers that undergo co-precipitation with target nucleic acids.  Which demonstrably inhibits enzymatic functions, including interference of PCR amplification of nucleic acids and restriction endonuclease digestion (Rossini et al., 2025; Garg et al., 2025).  These contaminants quantifiably reduce the yield and purity of the DNA preparations, consequently compromising suitability of the sample in precision molecular applications (Mishra et al., 2023).  A key achievement of this work was the extraction of high-quality genomic DNA from leaf tissues rich in secondary metabolites, an inherent challenge in many forest tree species. Consistent DNA yield and purity enabled stable downstream PCR amplification, emphasizing the importance of optimized DNA isolation protocols for recalcitrant woody perennials (Khanuja et al., 1999; Varma et al., 2007). The integrity and concentration of the genomic DNA was critical for achieving in distinct and reproducible fingerprinting profiles across the markers.
The presence of multiple di- and tri-nucleotide repeat-based ISSR primers also supports their ability to survey highly mutable regions of the genome, enables fine-scale differentiation among individuals (Abd- Dada et al., 2023; Galvan et al., 2003; Shooshtari et al., 2024). These findings are consistent with previous reports where ISSR markers demonstrated high polymorphism and repeatability in tree species and long-lived perennials (Surabhi et al., 2017; Wolfe et al., 1998). While RAPD markers are often criticized for issues related to reproducibility (Mondal and De, 2025), the carefully optimized reaction conditions particularly annealing temperature and cycle number ensured clear and scorable bands in our study. The successful application of RAPDs highlights their utility as rapid, cost-effective markers for preliminary screening and genotype differentiation in D. melanoxylon. The SCoT markers provided a complementary perspective by targeting gene-rich regions associated with the start codon ATG (Collard and Mackill, 2009). This aligns with earlier findings that SCoT markers are highly informative in tree species, due to their relatively greater association with expressed genomic regions and universal nature (Luo et al., 2010; Puneeth et al., 2023; Orman et al., 2025). SCoT markers, being gene-targeted, offered unique insights into functionally important regions of the genome (Badr and Jaki, 2024). Their strong reproducibility and ability to reveal functional variation make them valuable for exploring adaptive traits and assessing genetic diversity linked to expressed regions, providing a bridge between molecular variation and potential phenotypic diversity (Collard and Mackill, 2009) The absence or weaker amplification with primers like SCoT20 reflects inherent differences in primer specificity and possible low-copy regions in the kendu genome (Ozbek, 2024; Rasul et al., 2025).
The comparative analysis of all the three marker systems revealed that, the RAPD yielded highest number of total alleles (105), followed by ISSR (96) and SCoT (70 at optimal cycle number).  Though the RAPD yielded high number of alleles in overall, ISSR exhibited higher consistency and clarity, while SCoT contributed unique gene-targeted information. The combined application of these markers thus enhances the depth and breadth of genomic interrogation (Tiwari et al., 2016; Gogoi et al., 2020; Porandla et al., 2025). The complementary nature of these three markers provided a strong rationale for integrated platform in conducting future studies on intra and inter-population genetic variation for species like D. melanoxylon, where data base information is still sparse.
The study emphasizes that optimized PCR parameters, including annealing temperature and cycle number, are essential for achieving reproducible fingerprinting profiles (Potter et al., 2023; Sisodiya et al., 2025). The comparison of 36-, 40-, and 42-cycle regimes for SCoT markers clearly demonstrated that 40 cycles provided the optimum amplification efficiency (Fig. 5a, 5b, and 5c), generating nearly twice the number of distinct allelic fragments compared to other cycle settings. The cycle-dependent variation highlights the importance of PCR optimization in establishing reliable fingerprinting profiles.
Collectively, the ISSR, RAPD, and SCoT marker systems revealed high reproducibility, confirming their effectiveness and applicability for molecular characterization of D. melanoxylon. The integration of these markers establishes a comprehensive synergistic molecular framework for evaluating genetic variability, describing population structure, and delivering effective conservation strategies within and among populations of kendu. 
The present study successfully established reproducible fingerprinting profiles using three different marker systems for D. melanoxylon, an important forest tree species, where the genetic and genome resources are scares. Standardization of PCR based DNA fingerprinting protocols using three marker systems allowed robust amplification of complementary genomic regions of kendu, thereby creating a reliable platform for future genetic diversity assessment and population structure studies. The results clearly demonstrate that all the three marker systems contributed uniquely and synergistically to span complementary genomic regions of kendu.
5. CONCLUSION
In this study, efficient and reproducible molecular markers protocols were optimized for DNA isolation and genetic analysis in D. melanoxylon using ISSR, RAPD, and SCoT markers. The optimized conditions produced clear, reproducible and scorable amplification profiles, confirming their reliability for DNA fingerprinting and genetic diversity assessment. Among the tested markers, ISSR (AC)8 T, (GA)₈YT, (GA)₈T, (AC)8 C and CAGCGACAAG showed the highest amplification efficiency by covering 45.8% of the genome. In comparison the SCoT23, SCoT40, SCoT9, SCoT12, SCoT17, and SCoT34 showed broader genome coverage of 77.1% and RAPD markers CCGCCTAGTC, ACCTGGACAC, GACCGCTTGT, AGCCAGCGAA, CACACTCCAG, CCGCCCAAAC, CACCTTTCCC covered 59% of the genome. These findings establish a robust molecular framework for large-scale genetic characterization of D. melanoxylon populations. The optimized protocols can be effectively applied in future genetic diversity assessment studies, phylogeographic mapping, and identification of superior clones.  In addition, cross introduction of germplasm to restore optimal genetic variation of a particular population, where the genetic diversity dropped significantly, minimizing the impact of plant diseases, and protecting the population from the climate change factors. Integration with advanced genomic and metabolomic tools will further enhance understanding of the species adaptive diversity and support its conservation, restoration and species genetic improvement programs.

 Abbreviations
DNA- Deoxyribonucleic acid
EtBr- Ethidium bromide
ISSR- Inter simple sequence repeats
PCR- Polymerase chain reaction
RAPD- Random amplified polymorphic DNA
SCoT- Start codon-targeted polymorphism
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