ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
Open Access Journal

GENETIC DIVERSITY OF LOCAL SUGAR APPLE (ANNONA SQUAMOSA L.)
POPULATIONS FROM CENTRAL JAVA, INDONESIA, REVEALED BY RAPD
MARKERS

Parjanto ©2*, Sri Hartati (2, Endang Setia Muliawati 2/, Endang Yuniastuti (%, Ida Rumia Manurung = and
Nadia Azzahro

Department of Agrotechnology, Faculty of Agriculture, Universitas Sebelas Maret, Indonesia

*Corresponding author: parjanto@staff.uns.ac.id/

ABSTRACT

Sugar apple (Adnnona squamosa L.) is an economically and nutritionally important tropical fruit, yet the
genetic structure of its locally cultivated populations in Indonesia remains poorly documented. Such
information is a prerequisite for evidence-based germplasm conservation and for selecting parental material
in fruit breeding. This study assessed the intra- and inter-population genetic diversity of local sugar apple from
two long-established cultivation centers in Central Java, namely Sukolilo-Pati (PT) and Gedangsari-
Gunungkidul (GK). Genomic DNA was extracted from leaves of 24 trees (12 per population) and amplified
by the Random Amplified Polymorphic DNA (RAPD) method using ten primers (A16, A18, B11, C11, C19,
D8, D11, H20, W3, and W4). The ten primers generated 65 scorable loci, of which 20 (30.77%) were
polymorphic, indicating a moderate level of variation. Nei’s gene diversity within populations was higher in
PT (0.4098) than in GK (0.3648), whereas diversity between the two populations was lower (0.2179).
Analysis of Molecular Variance (AMOVA) confirmed this pattern, partitioning 95% of the total variation
within populations and only 5% among populations. The predominance of within-population variation reflects
the outcrossing reproductive biology of the species and suggests that in situ conservation at both sites,
combined with parent selection across rather than between populations, would most effectively safeguard and
exploit the available genetic resources for Indonesian sugar apple improvement.
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1. 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) by creating livelihoods and adding value to 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).

Sugar apple is the most widely grown member of the genus Annona (Annonaceae) (Leal & Paull, 2022; Rodrigues
et al., 2023). Although native to tropical America, the species has spread across the lowland tropics of Asia, Africa,
and Oceania, and it is now cultivated commercially in India, China, Thailand, the Philippines, Egypt, Brazil, and
much of Southeast Asia, including Indonesia (Hazra et al., 2025). Its broad geographic range reflects a marked
tolerance of warm, seasonally dry climates and marginal soils, traits that make it attractive for smallholder orchards
and home gardens in regions where few other fruit trees thrive. The fruit is valued for its sweet, aromatic pulp and is
consumed fresh as well as processed into juices, ice cream, and other products, providing a dependable seasonal
income for rural growers. Beyond its food value, the leaves, seeds, bark, and roots are rich in alkaloids, acetogenins,
flavonoids, and other secondary metabolites that underpin a long history of ethnomedicinal use and a growing body
of research into antioxidant, antidiabetic, antimicrobial, and anticancer properties (Paternina-Ricardo et al., 2025;
Yadav et al., 2025). This combination of nutritional, economic, and pharmacological importance positions sugar apple
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as a strategic, climate-resilient crop whose genetic resources merit systematic documentation and protection.

In Central Java, Indonesia, sugar apple has long been cultivated traditionally, with two main production locations
in Sukolilo Village (Pati Regency) and Gedangsari Village (Gunungkidul 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 (Demirboga 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; S4 et al.,
2022). This technique is particularly suitable for exploring diversity in local sugar apple populations that do not yet
have complete genomic information.

Over the past decade, a wide array of DNA markers has been applied to characterise diversity and population
structure in fruit crops, including dominant markers such as RAPD and ISSR and codominant or sequence-based
systems such as SSR and SNP (Bidyananda et al., 2024). Within the genus Annona, recent studies have used these
tools to assess germplasm collections and wild populations, for example SSR-based characterisation of an A.
squamosa collection (Sa et al., 2022) and combined molecular and morphological analysis of 4. senegalensis in Africa
(Donhouédé et al., 2023). While SSR and SNP markers offer higher reproducibility and locus specificity, they require
prior sequence information, primer development, and greater cost, which are seldom available for orphan tropical
fruits at the local scale. RAPD analysis, by contrast, needs no prior sequence data, surveys multiple anonymous loci
across the genome with short arbitrary primers, and remains a practical first-pass approach for screening previously
uncharacterised landraces (Goutam et al., 2019). For the Central Java sugar apple populations, which lack any
published genomic or marker resources, RAPD therefore represents an appropriate and cost-effective entry point for
an initial assessment of genetic structure that can later be refined with codominant markers.

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. Given the outcrossing reproductive biology of the
species and the geographic proximity of the two cultivation centers, we hypothesised that the populations would retain
a moderate level of polymorphism, that the larger share of genetic variation would be partitioned within rather than
among populations, and that the two populations would show only weak genetic differentiation.

2. MATERIALS AND METHODS
2.1. 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 Gedangsari-Gunungkidul (GK) (Fig. 1).
Twelve plants were randomly selected from each population, resulting in a total of 24 samples analyzed.

The Sukolilo-Pati (PT) site is located in the northern lowland of Pati Regency (approximately 6°46' S, 111°03’
E, ca. 50-120 m above sea level), whereas the Gedangsari-Gunungkidul (GK) site lies in the southern karst uplands
of Gunungkidul Regency (approximately 7°53" S, 110°38’ E, ca. 200—400 m above sea level). Both sites experience
a tropical monsoon climate with a mean annual temperature of about 26—28°C, mean annual rainfall in the order of
1,900-2,300 mm concentrated in the November—April wet season, and relative humidity of roughly 75-85%. In each
population, the sampled trees were mature, productive individuals estimated to be more than ten years old, grown in
traditional smallholder orchards and home gardens with minimal external inputs and no formal pruning or fertilization
program. To minimize the chance of sampling clonally related or closely related neighboring trees, sampled
individuals were spaced at least 20-30 m apart. A sample of twelve trees per population was used to balance adequate
representation of within-site variation against the practical availability of accessible, clearly identified mature trees at
each location and the exploratory scope of this initial RAPD survey.
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Fig. I: Location of sugar
apple cultivation centers in

Central Java, Indonesia.
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2.2. DNA Extraction and Purification
DNA was extracted using a modified CTAB (hexadecyltrimethylammonium bromide) protocol supplemented
with 1% PVP (Gill et al., 2025) and the extracts were purified with the GeneClean III Kit.

2.3. DNA Amplification

DNA amplification was performed on a GeneAmp PCR System 9700 thermocycler (Applied Biosystems). Each
reaction (total volume 10 pL) contained 2.45 pL water, 1 pL. 10x Stoffel buffer (10 mM Tris-HCI, pH 8.3, and 1.0
mM KCl), 0.05 units of Taq DNA polymerase Stoffel fragment (Applied Biosystems), 1.2 uL. 25 mM MgCl,, 0.8 uL
25 mM dNTP, 0.5 uL 10 uM primer, and 4 ng of template DNA. The cycling profile began with initial denaturation
at 94°C for 60 seconds, followed by 40 cycles of denaturation at 94°C for 1 minute, annealing at 37°C for 1 minute,
and extension at 72°C for 2 minutes (Williams et al., 1990).

2.4. Electrophoresis

Electrophoresis was carried out on a 1.2% agarose gel in 1x TAE buffer. For loading, 10 pL of PCR product was
combined with 2 pL of gel loading dye, and the gel was run at 120 volts for approximately 3 hours. Gels were stained
with GelRed Nucleic Acid Stain (Biotium) (Sari et al., 2022) and imaged on a Fotodyne GelDoc Image Analyzer. A
100 bp ladder (Vivantis) served as the size standard for the amplified fragments.

2.5. Data Analysis

The RAPD profiles were manually scored as a binary matrix (1 for presence, 0 for absence), assuming two
alleles per locus (Williams et al., 1990). Genetic diversity was analyzed using Nei (1972, 1973) genetic distance
and Analysis of Molecular Variance (AMOVA) (Excoffier et al., 1992), both implemented via POPGENE (Yeh et
al., 1997). Only clear, consistently reproducible bands between 250 and 3,000 bp were scored; faint, smeared, or
non-reproducible bands were excluded. Each band position was treated as a separate locus and scored as a binary
character (1 = presence, 0 = absence) for every individual, and a band was classified as polymorphic when it was
present in some but not all individuals across the 24 samples. From this binary matrix, the percentage of
polymorphic loci, Nei’s gene diversity within and between populations, and the partitioning of variation by
AMOVA were computed in POPGENE version 1.32, with the significance of among-population variation tested
using 999 permutations.
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3. RESULTS & DISCUSSION
3.1. DNA Quantification

The concentration and purity of DNA extracted from 24 sugar apple plants, namely 12 plants from the
Gunungkidul Regency population (GK) and 12 plants from the Pati Regency population (PT), are presented in Table 1.
DNA concentration ranged from 107.3 to 265.7 ng/uL. A good value of DNA concentration and purity is if the
isolated DNA concentration is greater than 20 ng/uL (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 & Sahin, 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 1.49 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 s60/280. 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 (1.60) and PT-9 (1.49), 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
of poor purity can be improved by washing the DNA using ethanol and then diluting the DNA before processing in
the PCR stages (Yuniastuti et al., 2023).

Table I: DNA concentration and purity 3.2. DNA Amplification

Sample plants DNA concentration (ng/pL) OD 260/280 The amplification results using 10 selected
GK-I 156.9 1.76 . t lati £ le (24 1
GK-2 198.7 177 primers on two populations of sugar apple .( sample
GK-3 165.8 1.87 plants) can be seen in Fig. 2. The amplification resulted
GK-4 251.6 1.99 in 20 polymorphic loci. The number of loci produced
GK-5 180.2 1.99 by each primer ranged from 1 — 3 loci, with an average
GK-6 190.2 1.79 . .

GK.7 1140 179 of 2 loci per primer (Table 2).

GK-8 182.4 173 An initial set of eighteen RAPD primers was
GK-9 107.3 1.79 screened, and the ten primers that produced clear,
GK-10 116.5 1.90 reproducible, and polymorphic banding patterns
gE: ; 5?3'3 :;Z (Table 2) were retained for the final analysis. Based on
PT-I 1302 176 the results of RAPD analysis using ten primers, a
PT-2 192.8 2.00 genetic polymorphism level of 30.77% was detected in
PT-3 265.7 1.60 the sugar apple population studied. Polymorphism can
ﬁ; :g?g :zg be caused by the absence of amplification at a locus
PT-6 143.6 168 triggered by differences in the nucleotide base
PT-7 149.1 1.62 sequence at the primer binding site. This value
PT-8 139.9 1.80 indicates that of the total 65 amplified genomic loci, 20
PT-9 194.2 149 loci (30.77%) were polymorphic, while 45 loci
PT-10 149.5 1.96 239 hi Thi 1 1 £
PT-11 140.6 181 (69.23%) _were monomorphic. is  level o
PT-12 1447 1.62 polymorphism indicates moderate genetic diversity in
GK: Gunungkidul; PT: Pati. 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 primar selection
(Bidyananda et al., 2024).

Primer H20 is the most informative with a percentage of polymorphic bands of 50.00%, demonstrating its ability
to detect genetic variation in half of the amplified loci. Primers C11 (42.86%) and W3 (37.50%) also have fairly high
informative values. Primers C19 and D11 have the lowest (20.00% 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 Fig. 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. Because the
absence of bands for PT-3 and PT-9 reflected amplification failure rather than true null genotypes, these positions
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were treated as missing data during scoring; the two individuals were nonetheless retained in the data set so that both
populations remained represented by twelve trees in the molecular variance analysis (Table 4).

"7 PTa P FTIRRTIIRTI

N1 G2 GEJ GXA GNS GHE GAT GNB GED GHYE GKYNGKEZ PTI FTI PTI PR PTS OTE

Al

L
C A IRIIIIET T

i

A1 GAI GKI GXA GNS GHE GIT GIB GED GV GKYNGKEI PTH P2 PT3 T4 FTS PTG PTT PTH FTB STIEPTI STIZ

ii88 BERERAN N0

PTH PTZ PTI T4 PTS FTE PTT PTA FTR FTIESTIITI

et

288 h-..‘.“ a8.8. &
LaBB. BBl -0 .

VII PTI ¥4 PTS TR PTT TR FTR PTRD

e

cEee S0 -0 e

688 o508.058 5.4 - B2

e

w3

Fig. 2: RAPD amplification banding pattern in Annona squamosa using 10 different primers. (a) Al6; (b) Al8; (c) BI1; (d) Cl1; (e) CI9; (f) D8;
(g) DI I; (h) H20; (i) W3; (j) W4.
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Table 2: The primers used and the number of polymorphic banding patterns produced on sugar apple plants

Primer  Primer sequence (5'—3’) Number of amplified bands Number of polymorphic bands Polymorphic bands (%)
Al6 AGCCAGCGAA 8 2 25.00
Al8 AGGTGACCGT 9 2 2222
BIl GTAGACCCGT 4 | 25.00
Cll AAAGCTGCGG 7 3 42.86
Cl9 GTTGCCAGCC 5 | 20.00
D8 GTGTGCCCCA 6 2 33.33
DIl AGCGCCATTG 5 | 20.00
H20 GGGAGACATC 6 3 50.00
W3 GTCCGGAGTG 8 3 37.50
W4 CAGAAGCGGA 7 2 28.57
Total 65 20 30.77

Across the ten primers, a total of 65 bands were amplified, of which 20 (30.77%) were polymorphic and 45 (69.23%) were monomorphic.

3.3. Genetic Diversity

The results of the genetic diversity analysis across two sugar apple (4. 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 The genetic diversity within each sugar apple (4.
between populations (bottom diagonal) based on Nei’s gene diversity squamosa) population (PT and GK) is classified as
(1972; 1973) . ) S

Population Gununglidul Pati relatively high. Tk}e genetic diversity values of 0.4Q98
Gunungkidul 0.3648 for the PT population and 0.3648 for the GK population
Pati 02179 0.4098 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 (4. 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; Bisht et al., 2025).

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 (Donhouédé 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 Gunungkidul 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 | 8.833 8.833 0.280 5 P=0.412
Within Populations 22 120417 5.473 5.473 95 -

Total 23 129.250 - 5.753 100 -

The moderate polymorphism recorded here (30.77%) sits within the range reported for other sugar apple
germplasm assessed with dominant and codominant markers. In India, RAPD-based studies of custard apple landraces
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in Madhya Pradesh similarly detected intermediate levels of variation among accessions (Goutam et al., 2019), while
SSR analysis of an active A. squamosa collection in Brazil revealed most variation residing among individuals within
the collection rather than between defined groups (Sa et al., 2022). A comparable structure was reported for A.
senegalensis populations sampled across Benin and Mozambique, where the majority of genetic variation was
partitioned at the within-population level (Donhouédé et al., 2023). The agreement between these tropical and
subtropical studies and the present data points to a shared biological explanation (Abuelmaali et al., 2024). The
dominance of cross-pollination in Annona, enforced by protogynous dichogamy, continually reshuffles alleles among
individuals and inflates heterozygosity within each stand. At the same time, the exchange of seedlings and scion
material by smallholders across the two regencies, together with their geographic proximity within Central Java,
would maintain enough gene flow to keep the populations from diverging (Depecker et al., 2023; Liu et al., 2023;
Phang et al., 2024). These two forces, abundant outcrossing within sites and ongoing germplasm movement between
sites, jointly account for the simultaneous observation of high within-population diversity, moderate overall
polymorphism, and low among-population differentiation.

These patterns carry direct practical implications for Indonesian fruit improvement. Because variation is
concentrated within rather than between populations, parent selection for breeding should focus on capturing diverse
individuals from across each site, and crosses that deliberately combine Gunungkidul and Pati genotypes offer a
means of broadening the genetic base of new varieties while exploiting the modest differentiation detected between
the two stands. The substantial within-population diversity is also a favorable starting point for selecting climate-
resilient material, since it supplies the standing variation on which selection for drought tolerance, heat tolerance, and
adaptation to marginal karst soils can act (Hoban et al., 2021; Li et al., 2022). At the same time, the findings should
be read in light of the limitations of the marker system. RAPD profiles are dominant, so heterozygotes cannot be
distinguished from dominant homozygotes, and the technique is known to be sensitive to reaction conditions, which
can compromise reproducibility relative to codominant SSR or sequence-based SNP markers (Bidyananda et al.,
2024). The amplification failure of two Pati samples illustrates this sensitivity. The estimates reported here should
therefore be regarded as a robust first approximation of genetic structure rather than a definitive account; future studies
employing SSR or SNP genotyping, larger sample sizes, and additional populations across Java would allow
heterozygosity, gene flow, and fine-scale structure to be quantified more precisely, in line with the shift toward
sequence-based breeding in other crops (Varshney et al., 2019).

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
(Talavera et al., 2023; Bisht et al., 2025).

4. CONCLUSION

RAPD analysis of local sugar apple (Annona squamosa L.) from the Gunungkidul and Pati cultivation centers
revealed a moderate level of genetic polymorphism and showed that most of the variation is held within rather than
between populations, with only weak differentiation separating the two sites. This pattern is consistent with the
outcrossing reproductive biology of the species and indicates that both populations remain genetically healthy
reservoirs of diversity. For conservation, the predominance of within-population variation argues for prioritizing in
situ protection of mature trees at both locations, supported where possible by ex situ collections that capture
individuals from across each site. For breeding, the appreciable within-population diversity provides a useful pool of
parental material, and the genetic distance detected between the two populations suggests that crosses combining
Gunungkidul and Pati accessions could be exploited to broaden the genetic base of improved varieties. The results
provide the first molecular baseline for these Central Java landraces and a foundation for future work using
codominant SSR or SNP markers to refine estimates of structure, gene flow, and adaptive potential, thereby
strengthening germplasm utilization within Indonesian fruit improvement programs.
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