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nificant nutritional and medicinal value.
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INTRODUCTION

Genetic diversity analysis is a cornerstone of modern molecular biology,
providing critical insights into species' evolutionary dynamics, population
structure, and conservation strategies (Brhane & Hammenhag 2024). Among
the various molecular markers utilised for such analyses, Random Amplified
Polymorphic DNA (RAPD) markers have proven to be a cost-effective and
technically straightforward tool for assessing genetic diversity, particularly in
species with limited genomic resources (Sinha et al. 2023). RAPD markers,
which generate binary data based on the presence or absence of DNA frag-
ments, have been widely employed in studies of plant species to elucidate ge-
netic relationships and population structures (Ruiz-Chutan et al. 2019; Nam
et al. 2020).

One such species of interest is Momordica cochinchinensis, a dioecious per-
ennial climber belonging to the Cucurbitaceae family. The species is charac-
terised by lobed leaves, pale yellow unisexual flowers, and spiny fruits that
turn bright orange-red at maturity (Tran 2016). The arils surrounding the
seeds are rich in carotenoids, particularly lycopene and B-carotene, which un-
derlie their high medicinal and nutritional value (Rahman et al. 2024). Native
to Southeast Asia, including Peninsular Malaysia, this species exhibits consid-
erable genetic diversity, which is influenced by a combination of ecological
heterogeneity, biogeographical history, and human-mediated dispersal
(Wimalasiri et al. 2016; Mohd Khairi & Othman 2023).

Understanding the genetic structure of M. cochinchinensis is crucial for
conservation efforts and breeding programs aimed at improving its agro-
nomic and medicinal properties. This urgency is amplified by the species’ re-
stricted natural distribution and increasing pressure from overharvesting for
medicinal and nutritional use. Habitat fragmentation has further reduced ef-
tective population sizes, raising concerns about genetic erosion (Méndez et al.
2014; Pinto et al. 2024). Moreover, the lack of structured germplasm re-
sources limits the potential for systematic breeding, which is essential for as-
sessing genetic diversity for both conservation and sustainable utilization
(Bootprom et al. 2015).

Recent studies have employed RAPD markers to investigate the genetic
relationships among M. cochinchinensis accessions. These investigations have
demonstrated moderate genetic differentiation among accessions, with no dis-
tinct clustering based on geographical origin, suggesting substantial gene
flow between populations (Bootprom et al. 2015). Random Amplified Poly-
morphic DNA (RAPD) markers were chosen for this study because they are
cost-effective, require no prior sequence information, and have been widely
applied in genetic diversity studies of non-model plant species (Marwal et al.
2014). Their ability to generate polymorphic profiles from small amounts of
DNA makes them particularly suitable for initial diversity assessments in un-
derstudied species such as M. cochinchinensis (Dorado et al. 2017). However,
analysing binary data from RAPD markers can be challenging due to the
complexity of data processing and visualisation. Traditional methods often
require multiple software tools and a high level of computational expertise,
which can be time-consuming and prone to errors (van Steenderen 2022).

To address these challenges, the development of user-friendly tools for
processing and analysing binary data has become increasingly important. One
such tool is BinMat, an R package and R Shiny application designed to
streamline the analysis of binary data obtained from fragment analysis meth-
ods such as RAPD, AFLP (Amplified Fragment Length Polymorphism), and
ISSR (Inter-Simple Sequence Repeats) (van Steenderen 2022). BinMat auto-
mates the consolidation of replicate samples, generates summary statistics,
and produces visualizations such as ordination plots and clustering trees, all
within a single platform. This tool not only simplifies the analysis pipeline
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but also enhances the reliability and reproducibility of genetic diversity stud-
ies.

In this study, we employed RAPD markers to investigate the genetic
diversity and population structure of M. cochinchinensis accessions collected
from various states in Peninsular Malaysia. We utilized BinMat to process
and to analyse the binary data, generating non-metric multidimensional scal-
ing (nMDS) plots and hierarchical clustering trees to visualize the genetic
relationships among accessions. Our findings provided valuable insights into
the genetic structure of M. cochinchinensis highlighting the importance of pre-
serving genetic diversity across multiple states for conservation and breeding
purposes. Furthermore, we demonstrated the utility of BinMat as a powerful
tool for genetic diversity analysis, offering a streamlined and accessible ap-
proach for researchers in molecular biology and related fields. By combining
traditional RAPD marker analysis with the advanced capabilities of BinMat,
this study contributes to a deeper understanding of the genetic diversity and
population dynamics of M. cochinchinensis while also showcasing the potential
of modern computational tools to enhance genetic research.

MATERIALS AND METHODS

Plant Material

Fresh, young leaves of M. cochinchinensis was collected from mature accessions
across four distinct regions of Peninsular Malaysia to capture the genetic di-
versity of the accessions across diverse ecological conditions and to facilitate
genetic relationship analysis and population structure assessment: North Re-
gion including Perlis (Chuping [CHA, CHB7], Beseri [BE7), Kedah (Baling
[BA7, Pokok Sena [PS7), and Penang (Bukit Mertajam [BMA, BMB,
BMCT]); West Region comprising Perak (Tanjung Rambutan [TR7, Batu
Gajah [BG1, BG2], Teluk Intan [TI]), Selangor (Sungai Buloh [SB7, Telok
Panglima Garang [TP7, Jenjarom [JE7) and Negeri Sembilan (Port Dickson
[PD7, Ruala Pilah [KP7); South Region with specimens from Johor (Batu
Pahat [BPA, BPB, BPC, BPD]) and Melaka (Merlimau [MET, Alor Gajah
[AG]); and East Region encompassing Kelantan (Pasir Putih [PP7, Kubang
Kerian [KK7), Pahang (Kuala Lipis [KL7], Karak Highway [RI7), and Ter-
engganu (Kuala Berang KB, Bukit Kor [BK7). The young leaves from all
regions exhibited no observable morphological variation and were consistent
in colour, size, and shape. All leat samples were immediately placed in labelled
tubes containing silica gel to ensure rapid desiccation and preservation of
DNA integrity (Sunny et al. 2022), then sealed, catalogued with unique iden-
tifiers corresponding to their collection sites, and transported to the UMT
laboratory for subsequent molecular analysis. Although the leat samples col-
lected across regions shared the general palmately lobed structure typical of
M. cochinchinensis, they exhibited minor natural variability. To avoid redun-
dancy, four representative leaves were selected to illustrate the observable
range of variation in lobe number (35 lobes), lobe depth, and shape charac-
teristics (Figure 1).

DNA Extraction and RAPD-PCR Analysis

Genomic DNA was extracted from leatf tissues of M. cochinchinensis accessions
using the Prime Way Plant DNA Extraction Kit (15t Base). RAPD-PCR am-
plification was performed using 11 universal RAPD primers (Table 1). PCR
reactions were carried out according to Wimalasiri et al. (2016), using a T100
Thermal Cycler (Bio-Rad, Singapore). Each 25 pL reaction contained 12.5 pL.
Green Taq (Promega, USA), 1 pL primer (5 pM), 1 uL template DNA (6 ng
pL-1), and 10.5 pL nuclease-free water. The thermal profile consisted of an
initial denaturation at 94 °C for 4 min; 45 cycles of 94 °C for 1 min, 32-37 °C
for 1 min, and 72 °C for 1 min; and a final extension at 72 °C for 5 min. The
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Figure 1. Representative leaf morphology of M. cochinchinensis accessions collected from different regions of Penin-
sular Malaysia. The four samples illustrate the observable range of natural variation, including differences in the
number of lobes (8-5), degree of lobing (moderate to deep), and leaf shape.

resulting amplification products were separated by 1.5 % agarose gel electro-
phoresis. Electrophoresis was performed in 1x TBE buffer at 90 V for ap-
proximately 60 minutes. Gels were stained with SYBR Safe (0.1 pLL. mL-') and
visualized under UV illumination using a gel documentation system (Nu Ge-
nius, Syngene, UK). To ensure reproducibility, all RAPD reactions were per-
formed in duplicate, and only bands consistently observed across replicates
were scored. Additionally, a subset of samples was rerun on separate gels at
different times to confirm the reproducibility of banding patterns across runs.

Table 1. RAPD Primer Sequences for PCR Amplification.

Primer Name Sequence (5' to 3')
OPCos GATGACCGCC
OPC15 GACGGATCAG
OPC20 ACTTCGCCAC
OPCos TGGACCGGTG
OPF1 ACGGATCCTG
OPF7 CCGATATCCC
OPNo6 GAGACGCACA
OPOo0s8 CCTCCAGTGT
OPWos3 GTAGCGTCAG
D15 CATCCGTGCT
OPA18 AGGTGACCGT

Data Scoring and Analysis

RAPD fragments were scored as binary data with the presence (1) or absence
(0) of bands across all M. cochinchinensts accessions. Only clear and reproduci-
ble bands were considered for analysis. The binary data matrix was utilised to
calculate genetic distances between accessions. Each PCR sample was inde-
pendently replicated to ensure data reliability, following standard protocols
tor RAPD analysis (Koeleman et al. 1998). The binary matrices were organ-
ised with column headings representing loci positions and rows containing
sample identifiers followed by binary data. Replicate pairs were arranged con-
secutively within the dataset, maintaining unique identifiers for each sample.
The data was checked for unwanted values utilising BinMat's validation func-
tion before processing.

The replicate pairs were consolidated into consensus reads utilising
BinMat's consolidation algorithm. According to this algorithm, if both repli-
cates showed presence of a band at a particular locus (1 and 1), a "1" was rec-
orded; if both showed absence (0 and 0), a "0" was recorded; and if one repli-
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cate showed presence while the other showed absence (1 and 0), a "?" was rec-
orded to indicate an ambiguous read (van Steenderen 2022).

Software and Data Processing

Binary data obtained from RAPD marker analysis was processed utilising
BinMat (van Steenderen 2022), an open-source R package specifically de-
signed for processing and visualising binary genetic data. Raw electrophero-
gram data were initially processed utilising GeneMarker (SoftGenetics) to
generate binary matrices representing the presence (1) or absence (0) of am-
plified DNA fragments at specific loci.

Jaccard (JE) and Euclidean (EE) Error Rate Calculations

Jaccard (JE) and Euclidean (EE) error rates were calculated for the dataset to
assess data quality. The Jaccard transformation (dJ) was applied utilising the
tormula described by Jaccard (1908), where fi1 represents the total number of
times a band occurred at the same locus in both samples, foo represents the
shared absence of bands, and fio and fo1 represent instances where a band was
present in only one of the two sample replicates. Samples with Jaccard error
rates greater than 0.15 were filtered from the dataset to ensure high-quality
data for downstream analyses.

Ordination Analysis

Non-metric multidimensional scaling (nMDS) was employed to visualise rela-
tionships between samples based on the RAPD marker data. The optimal
number of dimensions was determined utilising a scree plot, with stress val-
ues below 0.15 considered to represent a good fit for the data (Clarke 1993).
The Jaccard distance metric was applied to create the distance matrix utilised
for the nMDS ordination. Goodness-of-fit for the ordination was assessed uti-
lising Shepard plots, which graphically represent how well the ordination fits
the original distance data by plotting original Jaccard distances against trans-
formed distances utilized in the nMDS.

Hierarchical Clustering Analysis

Hierarchical clustering analysis was performed utilising the Unweighted Pair
Group Method with Arithmetic Mean (UPGMA) algorithm with 1,000 boot-
strap repetitions to assess the statistical support for the resulting clades. The
clustering was based on a distance matrix generated utilising the Jaccard
transformation. It was preferred due to its ability to focus on the shared pres-
ence of bands while excluding shared absence as biologically meaningtul (van
Steenderen 2022). This approach is particularly suitable for RAPD data,
which typically shows dominance and may not treat the shared absence of
bands as biologically informative.

Data Visualisation

The dataset was filtered by setting threshold values for the minimum number
of bands present. Summary statistics, including the average number of bands
(£ standard deviation), the maximum and minimum number of bands, and the
total number of loci, were calculated to characterize the dataset. Ordination
plots and hierarchical clustering trees were visualised and exported as scala-
ble vector graphics (SVG) files for publication (van Steenderen 2022).

All analyses were conducted within the BinMat platform, which inte-
grates multiple R packages, including pvclust (Suzuki & Shimodaira 2006) for
hierarchical clustering and MASS (Venables & Ripley 2002) for nMDS analy-
sis, streamlining the workflow from data consolidation to visualisation on a
single platform.
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RESULTS AND DISCUSSION

Ordination Analysis

Non-metric multidimensional scaling (nMDS)

A non-metric multidimensional scaling (nMDS) plot generated from binary
RAPD marker data (Figure 2) illustrates the genetic relationships among M.
cochinchinensis accessions collected from Peninsular Malaysian states. This
visualisation represents the genetic distances derived from the presence/
absence (1/0) scoring of DNA fragments obtained through gel electrophore-
sis of RAPD-PCR products.

The distribution of M. cochinchinensis accessions across the two-
dimensional space reveals considerable genetic variation within and between
accessions from different Peninsular Malaysia states. The plot demonstrates
no distinct, tight clustering by geographical origin, indicating moderate lev-
els of genetic differentiation among the collected accessions. Specifically, Jo-
hor accessions (red) appear dispersed across multiple plot regions, suggesting
substantial intra-state genetic diversity. Similarly, Kedah samples (blue) dis-
play marked variation, particularly along Dimension 2, with points appearing
at both extreme positive (approximately 2.7) and negative (-1.9) values. Ke-
lantan accessions (green) are positioned primarily in the upper portion of Di-
mension 2, while Pahang accessions (black) show considerable spread along
both dimensions.

The observed pattern suggests that while some geographical structure
exists, gene flow between M. cochinchinensis accessions from different Peninsu-
lar Malaysia states have been sufficient to prevent complete genetic isolation
(Slatkin 1987). The lack of clear state-specific clusters indicates that the ge-
netic variation of M. cochinchinensis in Peninsular Malaysia is not strictly com-
partmentalised by current political boundaries. The genetic diversity patterns
displayed in M. cochinchinensis through RAPD marker analysis reflects the
complex interplay of evolutionary forces, biogeographical history, and human
influence across Peninsular Malaysia (Shidfar et al. 2018). The moderate dif-
terentiation observed among M. cochinchinensis accessions from different states
provides valuable insights into the species' population dynamics and distribu-
tion patterns (Feder et al. 2013).

The substantial dispersion of accessions from individual states, particu-
larly evident in Johor, Kedah, and Pahang, suggests high levels of intrastate
genetic diversity in M. cochinchinensis. This pattern may be attributed to sev-
eral factors. First, these states encompass diverse ecological niches, which
may have promoted adaptive differentiation in response to heterogeneous en-
vironmental conditions (Tadele 2023). Second, as M. cochinchinensis is a dioe-
clous outcrossing species, gene flow via pollen and seed dispersal likely con-
tributes to maintaining genetic diversity within populations (Nora et al.
2011). The extensive genetic variation within states represents an important
genetic resource for conservation and breeding programs (Salgotra & Chau-
han 2023).

The partial overlap between M. cochinchinensis from various states in
Peninsular Malaysia in the nMDS plot is suggestive of the presence of limited
barriers to historical gene flow throughout the region. This is in good agree-
ment with the biological characteristics of' M. cochinchinensis, as its fleshy
fruits are likely to be dispersed by mammals over long distances. Further-
more, the exploitation of this species as a source of traditional medicine and
food might have promoted human-mediated dispersal throughout the region,
thereby increasing genetic exchange between populations (Cai et al. 2023).
From a conservation perspective, the observed genetic structure highlights
the importance of preserving populations across multiple states to capture the
tull spectrum of genetic diversity in these accessions. The lack of genetic clus-
ters per state implies that conservation efforts must disregard political bound-
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aries and focus on conserving genetically diverse populations throughout the
species' range (Forgiarini et al. 2025). The considerable genetic diversity un-
covered in this study represents a valuable genetic resource for crop improve-
ment projects, especially considering the expanding utilisation of the species
as a source of nutrients and bioactive molecules.

For breeding programs of M. cochinchinensis, this study highlights the
importance of extensive germplasm collection from every state in Peninsular
Malaysia. The indicated genetic diversity utilising RAPD markers implies
that M. cochinchinensis accessions from various regions may possess various
adaptations and possibly desirable characteristics. The extensive genetic base
manifested in our study provides a promising source for selective breeding
programs for the improvement of agronomic performance, nutritional con-
tent, or medicinal properties for this plant. While RAPD markers enabled the
rapid assessment of genetic diversity in M. cochinchinensts, their known limita-
tions in reproducibility and resolution must be recognised. In this study, care-
tul replication and validation were employed to enhance data reliability; how-
ever, future studies would benefit from combining RAPD with co-dominant
markers, such as SSRs or SNPs, to achieve greater resolution and robustness
in population structure analysis. Another limitation of the current study is the
lack of integration between molecular and morphological data, as the work
primarily focused on establishing a baseline genetic framework. Incorporating
traits such as fruit size and shape, aril colour, seed morphology, flowering
patterns, and fruit yield would provide deeper insights into how genetic di-
versity relates to phenotypic diversity. Future research should therefore com-
bine molecular markers with detailed morphological evaluations and more
extensive sampling to improve our understanding of the adaptive value of ge-
netic diversity and to guide targeted breeding, conservation, and utilisation
strategies for M. cochinchinensts.

Determination of the optimal number of dimensions

The genetic relationships among M. cochinchinensis accessions were analysed
utilising non-metric multidimensional scaling (nMDS) based on binary
RAPD marker data. The Figure 3 presents the scree plot for the nMDS anal-

bl
Pahang -
Kedah

Kelantan

Groups
o
Johor - JOhOI‘
'y = Kedah
Kelantan
s Melaka
= Negeri Sembilan
Seﬁgor Johor - Pahang
Perlis Perak =
Terenggann *  Penang
Melaka
Melaka Negert Perak
Johor #*Penang Sembilan  Perlis g .
K Penang Johor PerllS
Seifhgor =  Selangor
Perak Perak Terengganu Kelantan Teren anu
- - gs
erlis Pahang
Kaah

Dimension 1

Figure 2. Non-metric multidimensional scaling (nMDS) plot.
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ysis, illustrating the relationship between the number of dimensions and the
corresponding stress values. The study revealed a considerable reduction in
stress value as the number of dimensions increased from one to four. Specifi-
cally, the stress values decreased from approximately 25 % at one dimension
to 14 % at two dimensions, followed by further reductions to 10 % at three
dimensions and 7.5 % at four dimensions. It is interesting to note that the
stress value fell below the commonly accepted threshold of 15 % when utilis-
ing two or more dimensions, suggesting that a two-dimensional representa-
tion provides reasonably accurate depiction of the genetic relationships
among the studied accessions (van Steenderen 2022). The scree plot shows an
"elbow" at two dimensions, where the rate of stress reduction diminishes sub-
stantially, indicating that two dimensions capture most of the meaningful var-
iation in the data (Dexter et al. 2018).

The non-metric multidimensional scaling analysis of RAPD marker da-
ta revealed distinct patterns of genetic relationships among the M.
cochinchinensis accessions analysed. The scree plot indicates that a two-
dimensional representation adequately captures the genetic distance relation-
ships, as evidenced by the stress value dropping below 15 %, a threshold
widely considered acceptable in nMDS analysis (Kruskal 1964). The pro-
nounced elbow in the scree plot at two dimensions suggests that this is the
optimal dimensionality for representing the genetic relationships, balancing
complexity with accuracy. This finding is consistent with the principle that
the most informative dimensions in ordination techniques are typically identi-
fied at the point where the curve begins to flatten (Cattell 1966).

The RAPD markers successfully detected sufficient polymorphism to
discern genetic relationships among M. cochinchinensis accessions. This finding
aligns with previous studies demonstrating the efficacy of RAPD markers in
assessing genetic diversity in various plant species (Kindie 2021). Despite
criticisms regarding reproducibility, RAPD analysis remains a cost-eftective
and technically straightforward approach for preliminary genetic diversity
assessment, particularly in species with limited genomic resources (Kindie
2021). The relatively low stress value at two dimensions (14 %) indicates that
the two-dimensional ordination effectively represents the genetic distances
derived from the binary RAPD data (Bruno & Balzarini 2010). This facilitates
visualisation and interpretation of genetic relationships and potential cluster-
ing patterns that may correspond to geographical origins, adaptive traits, or
evolutionary relationships among the accessions (Martin et al. 2003).
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Figure 3. Scree plot shows the relationship between the number of dimensions (x-
axis) and stress values as a percentage (y-axis).
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Reliability of RAPD Marker Analysis

The RAPD-PCR analysis generated distinct banding patterns which were
scored as binary data (presence = 1, absence = 0) across all M. cochinchinensis
accessions. The resultant distance matrix was subjected to non-metric multi-
dimensional scaling (nMDS) to visualise genetic relationships among the
studied populations. The Shepard plot (Figure 4) demonstrates the relation-
ship between the original distance matrix derived from the binary RAPD data
and the corresponding ordination distances obtained through nMDS analysis
(van Steenderen 2022).

The Shepard plot reveals a strong positive linear correlation between
the original genetic distances and the ordination distances, with an R-squared
value of 0.84. This high coefficient of determination indicates that approxi-
mately 84 % of the variance in the original RAPD-based genetic distances is
accurately represented in the reduced-dimensional ordination space. The
points generally align well along the diagonal reference line, particularly in
the mid-range distance values (0.3-0.6), suggesting that the ordination eftec-
tively preserves the underlying genetic relationships detected by the RAPD
markers. Some deviation is observed at both extremes of the distance spec-
trum. At the lower end (0.1-0.3), there is a slight overestimation of distances,
while at the higher end (0.6-0.7), a minor degree of distance compression is
evident. However, these variations are minimal and do not substantially im-
pact the overall representation of genetic relationships, as indicated by the
high R-squared value.

The strong goodness-of-fit observed in this analysis validates the relia-
bility of the RAPD markers employed in this study for detecting genetic pol-
ymorphisms and accurately representing genetic relationships among M.
cochinchinensis accessions. This is particularly noteworthy considering the
dominant nature of RAPD markers, which can sometimes present challenges
in genetic diversity studies (Hossain et al. 2024). These results align with pre-
vious findings by Kiran et al. (2010), who reported similar levels of reliability
(R-squared values of 0.79-0.86) when using RAPD markers for genetic diver-
sity assessment in different herbal species. The high concordance between
original and ordination distances further confirms that the selected RAPD
primers effectively captured significant genetic variation within M.
cochinchinensts accessions.

R- squared = 0,84

0.6

Ordination distances
o,
|

o0
L ]

il 02 (13 04 05 L1 0.7

Original data distances

Figure 4. Shepard plot showing the relationship between original data distances (x-
axis) and ordination distances (y-axis).
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The observed pattern of genetic distances suggests a gradient of genetic
differentiation among M. cochinchinensis accessions, potentially reflect geo-
graphic isolation or adaptive divergence in response to environmental factors
(Pefia et al. 2022). Further analysis incorporating geographic and environ-
mental data would help elucidate the mechanisms driving this genetic struc-
turing. The high R-squared value of the Shepard plot validates our RAPD-
based genetic analysis approach and provides a reliable foundation for inter-
preting relationships among M. cochinchinensis accessions. Despite the limita-
tions of dominant markers like RAPDs, the result of the present study
demonstrates their utility for cost-effective genetic diversity assessment in
non-model organisms lacking established genomic resources.

Hierarchical cluster analysis

Hierarchical cluster analysis of RAPD marker data revealed distinct genetic
relationships among M. cochinchinensis accessions. The UPGMA dendrogram
(Figure 5), constructed utilising binary data (presence/absence of bands) with
the average linkage method, shows clear clustering patterns with p-values (%)
indicating the statistical support for each branch. The dendrogram indicates
two main clusters that separate at a height of approximately 0.5. The first
main cluster predominantly consists of accessions from the east region (KB,
BK, PP, RI, KL) and north region (PS, BE, BA), along with several accessions
from the west region (TP, PD, KP, TI) and South Region (BPC, BPD). The
second main cluster primarily contains accessions from the north region
(CHA, CHB, BMA, BMB, BMC), the south region (BPA, BPB, AG, ME),
some accessions from the west region (JE, SB, TR, BG2, BG1), and KK from
the east region.

Strong correlations with p-values exceeding 90 % are observed among
various pairs of accessions, including BMB-BMC from the north region (100
%), JE-SB from the west region (100 %), and BK-KB from the east region (95
%). High p-values are indicative of high genetic similarity among M.
cochinchinensts accessions. Low height values for certain clusters are reflective
of stronger genetic relationships among those accessions. The hierarchical
clustering analysis based on RAPD marker polymorphisms provides valuable
insights into the genetic relationships among M. cochinchinensis accessions
(Chikkaswamy 2015). The binary distance measurement effectively translated
the gel electrophoresis band patterns into quantifiable genetic distances.

The formation of two distinct major clusters suggests the existence of
two primary genetic lineages within the sampled accessions. The high boot-
strap value (p-values) at several nodes indicates reliable grouping, particular-
ly for accessions from north region BMB and BMC and west regions JE and
SB (100 %), which likely represent very closely related genotypes or possibly
duplicate accessions (Singh et al. 2004). The intermediate clustering patterns
with moderate p-values (60-80 %) indicate accessions with partial genetic
similarity, possibly representing intermediate evolutionary relationships or
hybridisation events (Highton 1993). For example, the clustering of BE, BPD,
and PP with p-values ranging from 68 % to 87 % suggests a moderate level of
genetic relatedness among these accessions.

The average linkage method used in this analysis is appropriate for
RAPD data as it considers all pairwise distances between members of difter-
ent clusters, thus providing a balanced representation of genetic relationships
that is less affected by outliers than single or complete linkage methods. The
varying heights at which samples join clusters (from 0.1 to 0.5) demonstrate
the hierarchical nature of genetic relationships, with samples joining at lower
heights being more closely related than those joining at greater heights
(Rodrigues et al. 2017). This gradation of genetic similarity provides evidence
tfor continuous rather than discrete variation within the studied accessions.
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Figure 5. Hierarchical cluster dendrogram with p-values (%) based on binary distance and average linkage method,
showing relationship patterns among accessions with statistical support indicated at each branch point.

These findings contribute to understanding the genetic structure and diversi-
ty within the studied accessions, which has implications for conservation
strategies and breeding programs.

The hierarchical cluster analysis generated a dendrogram with boot-
strap support values (expressed as percentages), while the nMDS plot provid-
ed a two-dimensional representation of genetic distances derived from binary
RAPD marker data. The dendrogram (Figure 5) revealed several distinct
clusters with varying levels of bootstrap support. Notably, Penang accessions
(BMA, BMB, BMC) formed a tight cluster with exceptionally high bootstrap
support (100 % between BMB and BMC), indicating strong genetic similarity
among these accessions. This clustering pattern was mirrored in the nMDS
plot, where these accessions appeared close. Similarly, certain Perak acces-
sions (TR, TI) clustered together in the dendrogram with moderate bootstrap
support (57 %) and showed relative proximity in the nMDS visualisation .
Johor accessions (BPC, BPD, BPB, BPA) displayed notable dispersion in both
analyses. In the dendrogram, these accessions were distributed across difter-
ent clusters, while in the nMDS plot, they occupied multiple quadrants, con-
firming substantial intra-state genetic diversity. Kelantan accessions (KK, PP)
formed a distinct group in the dendrogram and were positioned primarily in
the upper portion of Dimension 2 in the nMDS plot, suggesting the genetic
differentiation of these northern populations.

The dendrogram revealed several instances of cross-state clustering
with moderate to strong bootstrap support. For example, certain Perlis acces-
sions (CHA, CHB) showed a genetic affinity with accessions from other states
rather than clustering exclusively by geographic origin. This pattern was
consistent with the nMDS visualisation , where accessions from different
states frequently appeared intermixed rather than forming distinct state-
specific clusters. The congruence between hierarchical clustering and nMDS
approaches provides robust evidence for a complex population structure of M.
cochinchinensts in Peninsular Malaysia. The hierarchical clustering quantifies
relationship reliability through bootstrap values, while nMDS captures multi-
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dimensional similarities without imposing a bifurcating structure. Together,
they reveal genetic diversity patterns that transcend administrative bounda-
ries.

High bootstrap support for certain clusters (e.g., Penang accessions
BMB/BMC at 100 %) indicates the presence of genetically distinct lineages
that may represent isolated populations or those adapted to specific environ-
ments. The moderate bootstrap values (25-50 %) for many branches suggest
ongoing gene flow or recent divergence among populations (Zaharias et al.
2023). The observed genetic relationships provide evidence for both isolation-
by-distance effects and human-mediated dispersal. While some geographically
proximate populations show genetic similarity, frequent cross-state clustering
indicates that factors beyond geography have shaped diversity in this species,
likely including human-mediated transport of this valuable medicinal and
tfood plant.

CONCLUSION

The genetic diversity analysis of M. cochinchinensis accessions from Peninsular
Malaysia utilising RAPD markers has revealed complex patterns of genetic
relationships that transcend administrative boundaries. The congruence be-
tween hierarchical clustering and nMDS approaches provides robust evidence
tfor moderate genetic differentiation with substantial intra-state diversity, par-
ticularly in Johor, Kedah, and Pahang accessions. The high reliability of our
RAPD-based analysis, confirmed by an R-squared value of 0.84 in the Shep-
ard plot, validates the result of the present study's methodological approach
despite the limitations inherent to dominant markers.

In breeding programs, such diversity is a valuable resource for crop im-
provement. Accessions from genetically distinct clusters—such as those from
Penang (BMB, BMC) and Johor (BPA, BPC)—should be prioritised as poten-
tial parental lines for hybridization. These genotypes may carry unique alleles
associated with desirable agronomic traits such as high carotenoid content,
large fruit size, or stress tolerance. Moreover, the high intra-state diversity
found in Johor and Kedah suggested that multiple local selections could be
made within these regions to identify elite lines. Integrating genetic data with
tuture phenotypic evaluations, including fruit yield, nutritional composition,
and disease resistance, will help to identify superior genotypes suitable for
domestication and cultivar development. Future studies must incorporate co-
dominant markers, more extensive sampling strategies, and analyses combin-
ing genetic structure with agronomic, morphological, and phytochemical
traits to further our understanding of this valuable species.
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