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ABSTRACT
Sugar apple (Annona squamosa L.) has strategic relevance that is aligned with the Sustainable Development Goals (SDGs). As a tropical fruit commodity, is not only economically valuable but also contains nutrients and bioactive compounds that contribute to health. However, to date, there has been insufficient scientific information regarding the structure and genetic diversity of local sugar apple populations in their production centers in Central Java. The research aim to examine the genetic diversity of sugar apple based on the DNA banding pattern of sugar apple from Central Java. DNA isolated from sugar apple leaves from two population namely Sukolilo-Pati (PT) and Gedangasari-Gunungkidul (GK), amplification used the RAPD method with primer A16, A18,  B11, C11, C19, D8, D11, H20, W3, and W4. The result showed that 20 total polymorphic bands with average percetange 30.79%. The genetic diversity value in the Sukolilo-Pati (PT) population is 0.4098 and in the Gedangsari-Gunungkidul (GK) population is 0.3648, the diversity value between population are 0.2179, and the diversity between population smaller than the diversity within population.
Keywords: Genetic diversity, local sugar apple, Annona, RAPD
Key findings: The study described the genetic diversity in  Annona squamosa based on the DNA banding pattern using the RAPD method. The research result can help support agricultural production and sustainable development. 
INTRODUCTION
Agricultural biodiversity is a fundamental pillar of food security, health, and sustainable development. In this context, the development and conservation of local fruit varieties, such as sugar apple (Annona squamosa L.), has strategic relevance that is aligned with the Sustainable Development Goals (SDGs). Sugar apple, as a tropical fruit commodity, is not only economically valuable but also contains nutrients and bioactive compounds that contribute to health (Gautam et al., 2024; Moussa et al., 2024; Shehata et al., 2021). Thus, its development directly supports the achievement of SDG 2 (Zero Hunger) and SDG 3 (Good Health and Well-being). Furthermore, sustainable sugar apple cultivation can drive the local economy (SDG 8) through the creation of livelihoods and added value for agricultural products. On the other hand, efforts to conserve local sugar apple varieties are a tangible form of preserving agricultural biodiversity (agrobiodiversity), which is at the heart of SDG 15 (Terrestrial Ecosystems) (FAO, 2019).
In Central Java, Indonesia, sugar apple has long been cultivated traditionally, with two main production locations in Sukolilo Village (Pati Regency) and Gedangsari Village (Gunung Kidul Regency). The sugar apple population in these locations has been planted for generations over a long period of time, thus potentially forming local varieties with specific and unique genetic characteristics. Such plant populations, can evolve into local populations (landraces) that are adapted to local environmental conditions. These local varieties are invaluable genetic resources, but they are also vulnerable to genetic erosion due to land use change, climate change, and agricultural homogenization. Therefore, their conservation is crucial not only to preserve genetic identity but also as a source of resilience in the face of climate change (Demirboğa et al., 2024)
Effective conservation and utilization of genetic resources must be based on a comprehensive understanding of the level and pattern of genetic diversity. This knowledge forms the basis for breeding programs to develop new, more adaptive and productive varieties. Analysis of genetic diversity using molecular markers provides a more accurate and objective approach than phenotypic observation alone. The Random Amplified Polymorphic DNA (RAPD) technique has been proven to be effective, fast, and efficient for preliminary genetic diversity analysis in various plants, including fruit crops, in detecting polymorphism at the DNA level (Goutam et al., 2019; Sá et al., 2022). This technique is particularly suitable for exploring diversity in local sugar apple populations that do not yet have complete genomic information.
However, to date, there has been insufficient scientific information regarding the structure and genetic diversity of local sugar apple populations in their production centers in Central Java. This knowledge gap hinders evidence-based conservation efforts and targeted variety development. This study aims to analyze the intra- and inter-population genetic diversity of local sugar apple from two main locations in Central Java using RAPD markers. This genetic diversity analysis will reveal the potential germplasm stored in natural populations. The results of the study are expected to identify specific genetic characteristics of each population, such as the level of heterozygosity and genetic distance between populations. This information is vital for developing effective breeding strategies, such as parent selection and the creation of adaptive superior varieties.
MATERIALS AND METHODS

Plant Material
The plant material for this study was in the form of samples of sugar apple leaves from two populations in sugar apple cultivation centers in Central Java, namely Sukolilo-Pati (PT) and Gedangasari-Gunungkidul (GK) (Figure 1).  Twelve plants were randomly selected from each population, resulting in a total of 24 samples analyzed.
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Figure 1. Location of sugar apple cultivation centers in Central Java, Indonesia
DNA extraction and purification
DNA extraction was carried out using the method: CTAB ( Hexadecyl Trimetgyl Ammonium Bromide ) modified with 1% PVP (Gill et al., 2025). DNA purification using the Gene Clean III Kit method.

DNA amplification 
DNA amplification was performed with a Thermocycler GeneAmpPCR System 9700 (Applied Biosystem). PCR reactions: Each PCR reaction (total volume 10 (L) consisted of 2.45 (L water, 1 (L 10x Stoffel buffer (10 mM Tris-HCl pH 8.3 and 1.0 mM KCl), 0.05 units of Taq DNA polymerase Stoffel fragment ( Apllied BioSystem ), 1.2 (L 25 mM MgCl 2 , 0.8 (L 25 mM dNTP, 0 .5 (L 10 (M primer, and 4 ng of sample DNA. PCR cycle: initial heating at 94 ° C for 60 seconds followed by 40 PCR cycles, each cycle consisting of DNA denaturation (94 ° C for 1 minute), annealing at 37 ° C for 1 minute, and DNA extension ( extension) at 72 ° C for 2 minutes (G. Williams et al., 2023). 

Electrophoresis
Electrophoresis is carried out using 1.2% agarose gel in 1x TAE buffer. Solution volume for loading: 10 (L of PCR product and 2 (L of gel loading dye. “Running” at 120 volts for ± 3 hours. Staining/staining with GelRed Nucleic Acid Stain (Biotium) (Sari et al., 2022). Shooting using the Fotodyne GelDoc Image Analyzer. Marker to determine the size of the amplified DNA fragments (bands): 100 bp ladder (Vivantis)
Data analysis 
The RAPD profiles were manually scored as a binary matrix (1 for presence, 0 for absence), assuming two alleles per locus (J. G. K. Williams et al., 1990). Analysis of genetic diversity was conducted using (Nei, 1972, 1973) genetic distance and Analysis of Molecular Variance (AMOVA) (Excoffier et al., 1992), both implemented via POPGENE (Yeh et al., 1997).
RESULTS AND DISCUSSION 
DNA quantification
The concentration and purity of DNA extracted from 24 suger apple plants, namely 12 plants from the Gunung Kidul Regency population (GK) and 12 plants from the Pati Regency population (PT), are presented in Table 1. DNA concentration ranges from 109.9 to 265.7. ng/(L. A  good  value  of  DNA  concentration and  purity  is  if  the  concentration  of  isolated DNA  has  a  value greater  than  20  (ng/μl) (Koetsier & Cantor, 2019; Utaminingsih & Sophian, 2022).  The higher the DNA concentration value, the higher the DNA content in the solution. A concentration value that is too low will result in weak PCR. This DNA concentration can be influenced by the biological properties of the plant and the extraction method (Kaya & Şahin, 2025).

Table 1 also shows that the purity of DNA from Gunungkidul (GK) sugar apple ranged from 1.73 to 1.99 and Pati (PT) ranged from 1.4 to 2.00. Based on the results of measuring the level of DNA purity, it can be stated that the extracted DNA has good enough quality to be used in DNA amplification using the PCR-RAPD technique. DNA purity is measured based on the light absorption ratio or optical density (OD) at wavelengths (260/(280. DNA is said to be pure if the OD ratio (260/(280  ranges between 1.8 – 2.0 (Sambrook, et al., 1989). Values below 1.8, such as those in PT-3 (1.606) and PT-9 (1.496), indicate protein residues that may be caused by the inhibition of phenolic compounds during deproteinization or precipitation imperfections (Bunu et al., 2020; Esfandani-Bozchaloyi et al., 2019) . DNA with poor purity attainspurification by washing the DNA using ethanol and then diluting the DNA before processing in the PCR stages (Yuniastuti et al., 2023).
Table 1.  DNA concentration and purity 

	Sample plants
	DNA Concentration

ng/(L
	OD 260/280

	GK-1
	156,9
	1,76

	GK-2
	198,7
	1,77

	GK-3
	165,8
	1,87

	GK-4
	251,6
	1,99

	GK-5
	180,2
	1,99

	GK-6
	190,2
	1,79

	GK-7
	114
	1,79

	GK-8
	182,4
	1,73

	GK-9
	107,3
	1,79

	GK-10
	116,5
	1,90

	GK-11
	109,9
	1,77

	GK-12
	213,9
	1,95

	PT-1
	130,2
	1,76

	PT-2
	192,8
	2,00

	PT-3
	265,7
	1,60

	PT-4
	158
	1,62

	PT-5
	151
	1,62

	PT-6
	143,6
	1,68

	PT-7
	149,1
	1,62

	PT-8
	139,9
	1,80

	PT-9
	194,2
	1,49

	PT-10
	149,5
	1,96

	PT-11
	140,6
	1,81

	PT-12
	144,7
	1,62


Note : GK : Gunungkidul; PT:Pati

DNA Amplification 
The amplification results using 10 selected primers on two populations of sugar apple (24 sample plants) can be seen in Figure 2.  The amplification resulted in 20 polypmorphic loci. The number of loci produced by each primer ranged from 1 – 3 loci, with an average of 2 loci per primer (Table 2).

Of the 18 primers used, 10 primers were identified which produced polymorphic bands. Primers that can produce polymorphic bands can be seen in Table 2.  Based on the results of RAPD analysis using ten primers, a genetic polymorphism level of 30.76% was detected in the sugar apple population studied. Polymorphism can be caused by the absence of amplification at a locus triggered by differences in the nucleotide base sequence at the primer binding site. This value indicates that of the total 65 amplified genomic loci, 20 loci (30.76%) were polymorphic, while 45 loci (69.24%) were monomorphic. This level of polymorphism indicates moderate genetic diversity in the analyzed population, which is consistent with the characteristics of perennial plants that generally have moderate genetic variability. Factors that can influence this polymorphism include a relatively narrow genetic sample population (Ellegren & Galtier, 2016), the dominant method of vegetative propagation (Wang et al., 2025), pollination system (Burgarella et al., 2024), and RAPD primary selection (Bidyananda et al., 2024).
Primer H20 is the most informative with a percentage of polymorphic bands of 50%, demonstrating its ability to detect genetic variation in half of the amplified loci. Primers C11 (42.8%) and W3 (37.5%) also have fairly high informative values. Primers C19 and D11 have the lowest (20% each), indicating that the target sequences of these primers are relatively conservative in the analyzed population. The percentage of polymorphic bands range of 20-50% reflects heterogeneity in the level of DNA sequence variation across different regions of the sugar apple plant genome.
Based on Figure 2, it can be observed that samples PT-3 and PT-9 did not display DNA bands on all primers used in the RAPD analysis, indicating that both samples failed to amplify during the PCR process. This failure was most likely caused by poor sample DNA quality, which can occur due to genetic material degradation during storage or extraction. (Schenk et al., 2023), or the presence of inhibitory contaminants such as polyphenolic compounds or polysaccharides commonly found in plant tissues (Kiss et al., 2024). In addition, technical factors such as suboptimal DNA concentration or unsuitable PCR reaction conditions may also contribute to the absence of bands. 

Table 2. The primers used and the number of polymorphic banding patterns produced on sugar apple plants

	Primary
	Primary Sequences
	Ribbon Amount
	Number of polymorphic bands
	Percentage of polymorphic bands

	A16
	AGCCAGCGAA
	8
	2
	25 %

	A18
	AGGTGACCGT
	9
	2
	22.22%

	B11
	GTAGACCCGT
	4
	1
	25%

	C11
	AAAGCTGCGG
	7
	3
	42.8%

	C19
	GTTGCCAGCC
	5
	1
	20%

	D8
	GTGTGCCCCA
	6
	2
	33.33%

	D11
	AGCGCCATTG
	5
	1
	20%

	H20
	GGGAGACATC
	6
	3
	50%

	W3
	GTCCGGAGTG
	8
	3
	37.5%

	W4
	CAGAAGCGGA
	7
	2
	28.57%

	
	Amount
	65
	20
	30.76%


	[image: image2.png]el =8
4 Lves

noi

et

"




	[image: image3.png]ETE






	A16
	A18

	[image: image4.png]8 il




	[image: image5.png]




	B11
	C11

	[image: image6.png]



	[image: image7.png]EF|ME





	C19
	D8

	[image: image8.png]4388 sl 2.4
8 sa.bs &





	[image: image9.png]" rramianew

oted |

£
1 “ e
-






	D11
	H20

	[image: image10.png]



	[image: image11.png]




	W3
	W4


Figure 2. RAPD amplification banding pattern in Annona squamosa using 10 different primers. (a) A16;  (b) A18; (c) B11; (d) C11; (e) C19; (f) D8; (g) D11; (h) H20; (i) W3; (j) W4.

Genetic Diversity
The results of the genetic diversity analysis across two sugar apple (A. squamosa) populations, specifically the Gunungkidul (GK) and Pati (PT) populations, reveal the presence of both intra-population and inter-population variation. The genetic diversity within the GK population was recorded at 0.3648, while the PT population showed a value of 0.4098. In contrast, the genetic diversity between the populations (inter-population) was 0.2179 (Table 3). These findings indicate that genetic diversity within populations is greater than the diversity between them.
Table 3. Value of genetic diversity within the population (diagonal) and between populations (bottom diagonal) based on Neis Gene Diversity (1972; 1973)

	Population
	Gunungkidul
	Pati

	Gunungkidul
	0.3648
	

	Pati
	0.2179
	0.4098


The genetic diversity within each sugar apple (A. squamosa) population (PT and GK) is classified as relatively high. The genetic diversity values of 0.4098 for the PT population and 0.3648 for the GK population fall within the moderate-to-high category according to (Botstein et al., 1980). The application of the Polymorphism Information Content (PIC) index, introduced by (Botstein et al., 1980), remains highly relevant and is extensively utilized in contemporary plant genetic studies to evaluate the discriminatory power of molecular markers (Chesnokov & Artemyeva, 2015). 

The sugar apple (A. squamosa) exhibits a protogynous dichogamy flowering system, in which the female and male reproductive organs of the hermaphroditic flowers mature at different times. This mechanism naturally prevents self-pollination and promotes a dominance of cross-pollination, leading to high genetic diversity within sugar apple populations(Kishore et al., 2012; Ou et al., 2025; Santos et al., 2021).

With a high level of genetic diversity, both populations possess significant potential for adaptation to environmental changes and support the success of breeding programs (Hoban et al., 2021; O’Brien et al., 2025). This variation is essential because genetic diversity provides the raw material for natural selection and long-term fitness in shifting environments (Abdul-Rahman et al., 2021) . Furthermore, maintaining such diversity is a critical prerequisite for genetic gain and resilience in modern breeding strategies (Li et al., 2022).

The genetic diversity between A. squamosa populations (PT and GK) was 0.2179, which is classified as low (Botstein et al., 1980). This inter-population diversity was notably lower than the diversity found within each population (Table 3). These findings are corroborated by the Analysis of Molecular Variance (AMOVA), which revealed that the vast majority of genetic variation (95%) occurs within populations, while only a minor portion (5%) is due to differences between populations (Table 4). Low inter-population diversity is a frequent phenomenon in plant species and has been documented in various studies, including research on Annona senegalensis, where the bulk of genetic variation was identified at the intra-population level (Donhouedé et al., 2023). The observed inter-population diversity suggests the existence of certain geographical barriers or environmental factors that may restrict full gene flow between the Gunung Kidul and Pati populations, thereby allowing for some degree of genetic differentiation. Nonetheless, the low overall diversity values imply that these two populations have not undergone significant genetic differentiation.
Table 4. Molecular variance analysis (AMOVA) in two populations of A. squamosa

	Source of Variation
	df
	Sum of Squares
	Mean Square
	Variance Component Estimate
	Percentage of Variation (%)
	P Value

	Between Populations
	1
	8.833
	8.833
	0.280
	5%
	>0.05

	Within Population
	22
	120.417
	5.473
	5.473
	95%
	

	Total
	23
	129.250
	5.753
	100%
	
	


High internal genetic health (95%) indicates that these populations are currently genetically robust and are unlikely to suffer from inbreeding depression (Charlesworth & Wilis, 2009; Hedrick & Garcia-Dorado, 2016). Since most genetic variation resides within individual populations, the primary conservation focus must prioritize the protection of natural habitats (in situ conservation) at both GK and PT sites. This approach is essential for maintaining natural ecological processes and preserving the full spectrum of existing internal genetic diversity (Frankham, 2019; O’Brien et al., 2025). Furthermore, the availability of recent high-quality genomic resources for A. squamosa could facilitate more effective plant breeding and crop improvement programs in the future (Varshney et al., 2019).
CONCLUSION

DNA amplification of Annona squamosa from Gunungkidul and Pati using ten RAPD primers, showed 20 total polymorphic bands with average percetange 30.79%. The genetic diversity value in the Sukolilo population (Pati) is 0.4098 and in the Gedangsari population (Gunung Kidul) is 0.3648, the diversity value between population are 0.2179, and the diversity between population smaller than the diversity within population.
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Figure 1. Location of sugar apple cultivation centers in Central Java, Indonesia
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Figure 2. RAPD amplification banding pattern in Annona squamosa using 10 different primers. (a) A16;  (b) A18; (c) B11; (d) C11; (e) C19; (f) D8; (g) D11; (h) H20; (i) W3; (j) W4.

Table 1.  DNA concentration and purity 

	Sample plants
	DNA Concentration

ng/(L
	OD 260/280

	GK-1
	156,9
	1,76

	GK-2
	198,7
	1,77

	GK-3
	165,8
	1,87

	GK-4
	251,6
	1,99

	GK-5
	180,2
	1,99

	GK-6
	190,2
	1,79

	GK-7
	114
	1,79

	GK-8
	182,4
	1,73

	GK-9
	107,3
	1,79

	GK-10
	116,5
	1,90

	GK-11
	109,9
	1,77

	GK-12
	213,9
	1,95

	PT-1
	130,2
	1,76

	PT-2
	192,8
	2,00

	PT-3
	265,7
	1,60

	PT-4
	158
	1,62

	PT-5
	151
	1,62

	PT-6
	143,6
	1,68

	PT-7
	149,1
	1,62

	PT-8
	139,9
	1,80

	PT-9
	194,2
	1,49

	PT-10
	149,5
	1,96

	PT-11
	140,6
	1,81

	PT-12
	144,7
	1,62


Note : GK : Gunungkidul; PT:Pati
Table 2. The primers used and the number of polymorphic banding patterns produced on sugar apple plants

	Primary
	Primary Sequences
	Ribbon Amount
	Number of polymorphic bands
	Percentage of polymorphic bands

	A16
	AGCCAGCGAA
	8
	2
	25 %

	A18
	AGGTGACCGT
	9
	2
	22.22%

	B11
	GTAGACCCGT
	4
	1
	25%

	C11
	AAAGCTGCGG
	7
	3
	42.8%

	C19
	GTTGCCAGCC
	5
	1
	20%

	D8
	GTGTGCCCCA
	6
	2
	33.33%

	D11
	AGCGCCATTG
	5
	1
	20%

	H20
	GGGAGACATC
	6
	3
	50%

	W3
	GTCCGGAGTG
	8
	3
	37.5%

	W4
	CAGAAGCGGA
	7
	2
	28.57%

	
	Amount
	65
	20
	30.76%


Table 3. Value of genetic diversity within the population (diagonal) and between populations (bottom diagonal) based on Neis Gene Diversity (1972; 1973)

	Population
	Gunungkidul
	Pati

	Gunungkidul
	0.3648
	

	Pati
	0.2179
	0.4098


Table 4. Molecular variance analysis (AMOVA) in two populations of A. squamosa

	Source of Variation
	df
	Sum of Squares
	Mean Square
	Variance Component Estimate
	Percentage of Variation (%)
	P Value

	Between Populations
	1
	8.833
	8.833
	0.280
	5%
	>0.05

	Within Population
	22
	120.417
	5.473
	5.473
	95%
	

	Total
	23
	129.250
	5.753
	100%
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