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Abstract: Genetic diversity of plant genetic resources provides the foundation for breeding programmes aimed at
developing high-yielding rice varieties with tolerance to biotic and abiotic stresses. Given the abundance of available
genetic resources, efficient approaches for their characterisation are essential. In this study, 182 Malaysian rice acce-
ssions representing different maturity groups were characterised using 20 polymorphic simple sequence repeat (SSR)
markers. The analysis identified 183 alleles, ranging from two (RM507) to 22 (RM154), with an average of 9.15 alleles
per locus. Observed and expected heterozygosity ranged from 0.000 to 0.506 and 0.319 to 0.864, respectively. Po-
lymorphism information content (PIC) values ranged from 0.2744 (RM495) to 0.8475 (RM154), with an average of
0.6216 per locus. Unweighted pair group method with arithmetic mean (UPGMA) analysis revealed two major groups.
In general, the accessions were clustered according to their adaptive ecosystem type, with most lowland varieties,
including lowland breeding lines (92.4%), assigned to Group I, whereas most upland varieties (86.7%) belonged to
Group IL. This grouping pattern was supported by STRUCTURE analysis, which identified K = 2 as the optimal number
of clusters, indicating that the studied accessions were structured into two major genetic groups. Principal coordinate
analysis (PCoA) further supported this grouping pattern, with the first three axes explaining 39.63% of the total vari-
ation. Analysis of molecular variance (AMOVA) showed that 31% of the total variation occurred among populations,
63% among accessions, and 6% within accessions. The results also indicated the possible presence of duplicate acce-
ssions within the collection. This study provides valuable insights for future breeding programmes aimed at developing
high-yielding rice varieties with a broad genetic base and supports the effective management and conservation of rice
genetic resources.
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Rice (Oryza sativa L.) is the most significant staple
crop in the world. It is crucial to develop superior
rice varieties with the desired traits (high quality,
tolerance to biotic and abiotic stresses) to meet the
demand of the growing global population. Since
improving rice cultivars in terms of productivity and
quality remains essential, the breeding programme
for crop improvement should focus on widening
the genetic sources of breeding materials (Mudhale
et al. 2024). Notably, only a meagre fraction of rice
germplasm collection has been used for breeding
initiatives despite the vast landrace rice genetic re-
sources. This shortcoming has limited the genetic
base for breeding lines and improving rice varieties.
Apart from its pathogen and environmental equilib-
rium, landrace rice has been proven to be genetically
dynamic (Beena et al. 2025). However, several high-
yield varieties have substituted and replaced landrace
rice to cater to the increasing food demands. The
genetic variability found within landraces provides
genetic flexibility, which leads to the potential ability
to adapt to local field conditions, and they can adapt
to changing environments and farming practices.
Besides, landrace rice is also a perfect candidate for
rice improvement due to its high genetic variations
to withstand biotic and abiotic stresses, although
its lower yield productivity is a setback compared
to commercial high-yield rice varieties (Hanamaratti
et al. 2008). Therefore, it is crucial to develop high-
yield and superior quality rice varieties while at the
same time conserving the landrace rice to ensure the
sustenance of the agroecological functions.

Rice varieties with a wide genetic base would
be robust in terms of their resistance to pests and
diseases, increased yield under diverse agro-climatic
conditions, and capacity to boost plant performance
(Zhu et al. 2000). Therefore, information regarding
genetic diversity is essential for breeders in order
for them to develop efficient breeding programmes
that can determine the level of heterosis and genetic
gain. Determining genetic variation is an integral
step for plant varietal protection, cultivar identi-
fication and characterization, and effective seed
purity management in order to facilitate breed-
ing and conservation efforts. According to Rocha
et al. (2020), molecular markers, pedigree, and
morphological characterisation analyses can be de-
ployed to identify genetic diversity. Nonetheless,
morphological and pedigree analysis have been
proven unreliable and impractical to measure ge-
netic diversity in crops (Fufa et al. 2005). Diversity

data derived from morphological characters are
non-viable and inaccurate due to highly influential
agronomic practices and environmental settings
(Chesnokov et al. 2020).

DNA markers are currently the method of choice
for determining genetic diversity because of the
following reasons: they are not influenced by ag-
ronomic practices or climate conditions; prior
lineage data is not required; they have a high level
of polymorphism; and they are both rich and plen-
tiful in the genome (Venkateshwarlu et al. 2025).
Notably, highly sensitive microsatellite markers
have been widely applied in a variety of plant ge-
nomic studies due to their transferability across
genotypes, requirement of simple analytical and
technical processes, highly abundant presence in the
genome, high polymorphisms and multi-allelic
characteristic (Vieira et al. 2016). Although single-
nucleotide polymorphism (SNP)-based platforms
and genome-wide datasets are increasingly used
for diversity analysis, simple sequence repeat (SSR)
markers remain relevant for germplasm charac-
terisation because they are highly informative per
locus, cost-effective for moderate sample sizes,
and widely comparable with earlier studies and
reference datasets (Zurn et al. 2020). In addition,
SSR-based diversity analysis can complement SNP-
based studies by providing a practical baseline for
collections that are not yet fully characterised using
genome-wide data, as both marker systems have
been shown to reveal broadly consistent patterns
of relationship and diversity in crop germplasm
studies (Singh et al. 2018). In Malaysia, molecular
diversity studies on rice have been reported, includ-
ing SNP-based evaluation of released Malaysian rice
varieties (Ab Razak et al. 2020). However, broader
characterisation of Malaysian rice germplasm en-
compassing landraces, breeding materials, and
accessions from contrasting adaptive ecosystems
remains limited. This is particularly important be-
cause Malaysian rice germplasm includes both up-
land and lowland materials with potentially distinct
genetic backgrounds and breeding value. Therefore,
this study aimed to assess the diversity of selected
Malaysian rice accessions representing contrasting
adaptive ecosystems using a set of microsatellite
markers. The findings of this study may provide
useful direction for future conservation manage-
ment programmes as well as for breeders seeking
to strategize their breeding operations with the
goal of predicting genetic gain.
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MATERIAL AND METHODS

Plant material and genomic DNA isolation. A to-
tal of 182 rice accessions consisting of 162 landraces
and 20 improved varieties were evaluated in the pres-
ent study. Among these accessions, seven originated
outside Malaysia, whereas the remaining accessions
originated from Malaysia, including Peninsular Malay-
sia, Sabah, Sarawak, and breeding materials developed
locally. The accessions were selected with a maturity
period of less than 140 days to minimise the inclusion
of strongly photoperiod-sensitive materials, as this
population will be used in future association analysis.
For ecological interpretation, the accessions were
first classified into upland and lowland rice based
on passport and varietal background records. The
lowland group comprised both traditional lowland
landraces and lowland breeding lines. The seeds
of these rice accessions were obtained from the Malay-
sian Agricultural Research and Development Institute
(MARDI) Rice Genebank, MARDI Seberang Perai,
which is located in the northern region of Peninsular
Malaysia. All the rice accessions were propagated
and multiplied at MARDI Headquarters, Selangor,
Malaysia. The details of the accessions are sum-
marised in Table S1 in the Electronic Supplementary
Material (ESM). Small pieces of the young leaf tissue
were placed together with stainless steel beads into
a 96-well plate and were frozen at —80 °C overnight.
The extraction buffer (100 mM Tris-HCI [pH8.0],
20 mM ethylenediaminetetraacetic acid (EDTA),
1.4 M NaCl, 2% cetyltrimethylammonium bromide
(CTAB) and 0.05% B-mercaptoethanol) was placed
in each well containing the frozen tissues before be-
ing ground using Tissue Lyser (Qiagen, Germany).
The genomic DNA was extracted using the protocol
described by Mace et al. (2003) with some modifi-
cations in terms of incubation time. The integrity
and quantity of the extracted DNA were measured
on 0.8% agarose gel and Fluoraskan Ascent (Thermo
Fisher Scientific, United States), respectively.

Microsatellite amplification and genotyping.
A total of 24 microsatellite markers that covered the
12 rice chromosomes (Table 1) were selected from the
GRAMENE database. The polymerase chain reaction
(PCR) was conducted as described by Schuelke (2000)
using the M13-tailed primer method. The M13 se-
quence tail (TGTAAAACGACGGCCAGT) was added
to the 5' end of the forward primer, while the reverse
primer remained sequence-specific. A universal M13
primer labelled with VIC, FAM, PET, or NED was
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included in the reaction. During PCR amplification,
the fluorescently labelled universal M13 primer an-
nealed to the M13 tail and generated fluorescently
labelled PCR products. The PCR master mix was
prepared to a final volume of 10 uL, containing 1x
PCR buffer, 10 uM each of tailed-forward and reverse
primers, 5 uM fluorescently labelled universal M13
primer, 2 mM dNTP (Invitrogen, United States), and
1 U of Taq polymerase (Invitrogen, United States).
The amplification was done using GeneAmp® PCR
System 9700 (Applied Biosystems, United States)
with the following parameters: Pre-denaturation
at 94 °C for 5 min, followed by 34 cycles of denatur-
ation at 94 °C for 1 min, primer annealing at 41-65 °C
for 1 min (Table 1), and extension at 72 °C for 1 min,
followed by final extension at 72 °C for 5 min. Then,
the amplified PCR products were multiplexed with
up to four primer pairs per set using a combination
of four different fluorescent dyes (VIC, FAM, PET and
NED) in one multiplex group. Then, the multiplexed
PCR products were resolved using ABI3730xL Ge-
netic Analyser (Applied Biosystems, United States),
and GeneScan 500 LIZ (Applied Biosystems, United
States) was used as a standard molecular weight ladder.
A blank well (H12) was included in each 96-well plate
as a negative control for genotyping quality control.

Data analysis. The allele of each sample was scored
using GeneMapper Version 5 (Thermo Fisher Sci-
entific, United States) using automatic binning for
allele size calling, followed by manual inspection
of each sample to ensure accurate scoring. The elec-
tropherograms of alleles were scored as suggested
by Arif et al. (2010). Markers with call rates below
90% across all samples or those producing multiple
banding patterns were excluded from analysis. In ad-
dition, MICRO-CHECKER (Van Oosterhout et al.
2004) was used to examine the presence of null al-
leles and stutter bands. Then, the data was sorted
and formatted in Microsoft Excel before being used
in PowerMarker (Liu & Muse 2005), STRUCTURE
(Pritchard et al. 2000), PopGene32 (Yeh et al. 2000)
and GenAlEx (Peakall & Smouse 2006). The number
of effective alleles for each locus was calculated using
PopGene32. PowerMarker was used to calculate the
number of alleles, major allele frequency, polymor-
phism information content (PIC) and gene diversity
of each SSR marker (Liu & Muse 2005). The same
software was also used to generate the shared-allele
genetic distance to describe the genetic relatedness
among all varieties. Shared-allele genetic distance
values were interpreted as indicators of relative ge-
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netic divergence among accessions, where higher
values represented greater genetic dissimilarity.
These calculated genetic distance matrices were
provided as an input to generate the dendrogram
based on the unweighted pair group method with
arithmetic mean (UPGMA) using MEGA software
(Ver. 7) (Kumar et al. 2016). Bootstrap support for
the dendrogram was estimated using 1 000 repli-
cates. GenAlEx (Ver. 6.502) was used to calculate
the analysis of molecular variance (AMOVA), pair-
wise Fst values among the ecosystem-based groups,
and to visualise the principal coordinate analysis
(PCoA). The significance of AMOVA and pairwise
Fst values was tested using 999 permutations. The
STRUCTURE (Ver. 2.3) (Pritchard et al. 2000) was
used to designate the varieties to their respective
structure group in the absence of knowledge of their
population affinity using Bayesian clustering. An ad-
mixture model with correlated allele frequencies was
applied. The number of groups (K) was assessed from
one to eight, with 15 independent runs per K value,

with a run length of 50 000 Markov chain Monte
Carlo (MCMC) repetitions and 100 000 genera-
tions as burn-in period. The optimal value of K was
calculated using STRUCTURE SELECTOR based
on both LnP(K) and AK statistics (Li & Liu 2018).
The highest AK value was used to infer the major
population structure. Cluster assignment patterns
were examined across the 15 independent runs for
each K value, and the best run at the optimal K was
selected for visualisation. Individuals with member-
ship coefficients (Q values) of > 0.80 were assigned
to a specific genetic cluster, whereas those with
Q values of < 0.80 were considered admixed.

RESULTS AND DISCUSSION

SSR marker characterisation. Genotyping of
24 SSR markers across 182 rice accessions showed
that only 20 SSRs were suitable for further analyses,
while four SSRs were excluded because they either
failed to amplify across 90% of the total samples

Table 1. Characterisation of 20 microsatellite markers using 182 rice accessions

Marker  Chr Major allele Allele Gene Effective No. Observed Expected
frequency No. diversity of alleles (N.) heterozygosity (Ho) heterozygosity (He)
RM495 1 0.802 4.000 0.321 0.274 1.467 0.017 0.319
RM1 1 0.305 17.000 0.841 0.825 6.278 0.006 0.843
RM154 2 0.261 22.000 0.828 0.848 5.726 0.006 0.828
RM452 2 0.487 4.000 0.527 0.415 2.114 0.022 0.528
RM55 3 0.432 6.000 0.656 0.591 2.915 0.017 0.659
RM514 3 0.284 7.000 0.796 0.766 4.880 0.017 0.797
RM124 4 0.501 5.000 0.601 0.524 2.482 0.017 0.599
RM507 5 0.523 2.000 0.499 0.375 1.996 0.017 0.500
RM413 5 0.588 10.000 0.597 0.557 2.484 0.022 0.599
RM133 6 0.579 9.000 0.590 0.537 2.432 0.029 0.591
RM510 6 0.469 6.000 0.610 0.534 2.570 0.017 0.613
RM11 7 0.249 12.000 0.861 0.846 7.220 0.018 0.864
RM433 8 0.571 8.000 0.596 0.544 2.477 0.166 0.598
RM447 8 0.407 8.000 0.658 0.594 2.896 0.028 0.657
RM316 9 0.423 11.000 0.721 0.680 3.605 0.506 0.725
RM215 9 0.442 6.000 0.717 0.677 3.532 0.011 0.719
RM474 10 0.285 20.000 0.858 0.845 6.986 0.000 0.860
RM536 11 0.287 10.000 0.809 0.784 5.309 0.028 0.814
RM277 12 0.491 5.000 0.570 0.477 2.322 0.006 0.571
RM19 12 0.288 11.000 0.808 0.782 5.100 0.033 0.806
Mean 0.434 9.150 0.673 0.622 3.739 0.049 0.674

Chr — chromosome; Allele No. — number of alleles detected; PIC — polymorphism information content
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or produced multiple banding patterns. All chro-
mosomes were represented by two SSR markers
except chromosome 4, 7, 10 and 11, where each
had only one representative SSR marker. Analysis
of the 20 SSRs revealed 183 alleles, ranging from two
(RM507) to twenty-two (RM154), with an average
of 9.150 alleles per locus. The PIC values ranged
from 0.274 (RM495) to 0.848 (RM154), with an aver-
age of 0.622 per locus. The major allele frequency
ranged from 0.249 (RM11) to 0.802 (RM495), with
an average of 0.434. Gene diversity values ranged
from 0.321 (RM495) to 0.861 (RM11), with an av-
erage of 0.673 per locus. Details of the SSR marker
characteristics are summarised in Table 1.

The importance of genetic variability in support-
ing plant breeding programmes and conservation
management is well established (Salgotra & Chauhan
2023). Among DNA-based marker systems, SSRs
remain widely applied due to their high polymor-
phism, multiallelic nature, co-dominant inherit-
ance, reproducibility, and ease of detection by PCR.
In rice, SSR resources are broadly accessible through
databases such as Gramene and RAP, making them
a practical and cost-effective platform for genetic
diversity analysis.

In this study, the detection of 183 alleles with an av-
erage of 9.15 alleles per locus is higher than that re-
ported for Indian rice varieties by Singh et al. (2016)
but slightly lower than that reported for East and
Southeast Asian rice by Dang et al. (2015), indicating
that Malaysian rice germplasm possesses substantial
genetic variability. The high PIC values support the
discriminatory power of the selected markers, with
80% of SSRs being highly informative. Based on the
classification proposed by Botstein et al. (1980), mark-
ers with PIC values greater than 0.50 are considered
highly informative, indicating that the majority of SSR
loci used in this study were effective for diversity
analysis and varietal discrimination. Consistent with
previous studies (Thomson et al. 2009; Comertpay
et al. 2016), RM154 showed the highest PIC value,
reflecting its hypervariable dinucleotide repeat motif.
However, dinucleotide repeats can be more difficult
to score due to a higher tendency to produce stutter
peaks (Merritt et al. 2015). Dinucleotide repeats are
also more prone to replication slippage, contribut-
ing to higher mutation rates and scoring complexity
(Chakraborty et al. 1997; Villa et al. 2005). These
technical constraints can limit SSR resolution for
distinguishing very closely related genotypes. The
low mean observed heterozygosity (0.049) compared
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with the expected heterozygosity (0.674) is consist-
ent with the predominantly self-pollinating nature
of rice. This pattern may also reflect repeated selfing
during seed maintenance and cultivation of landraces,
as well as line development in breeding materials,
which together contribute to reduced heterozygosity
and increased homozygosity across loci. Although
chromosome 4 and chromosome 11 were each rep-
resented by only one SSR locus after quality filtering,
the final marker set still provided coverage across all
12 rice chromosomes and was sufficiently informa-
tive to resolve the major diversity patterns among
the studied accessions.

Genetic diversity and population structure of se-
lected rice accessions. Genetic analysis of 182 rice
accessions based on 20 polymorphic SSR markers
revealed two major groups (Group I and Group II)
in the UPGMA dendrogram (Figure 1). Accessions
were generally grouped according to their adaptive
ecosystem, with most lowland accessions, including
lowland breeding lines (92.4%), clustered in Group I,
whereas most upland varieties (86.7%) clustered
in Group II. Pairwise genetic distance for each acces-
sion is provided in Table S2 in ESM. STRUCTURE
analysis supported the dendrogram results. The AK
method described by Evanno et al. (2005) showed
a peak at K = 2 (Figure 2), indicating that the ac-
cessions clustered into two major genetic groups.
The sharp peak at K = 2 (1 692.021) suggests the
presence of two major genetic groups within the
studied germplasm. The mean alpha value across
the 15 runs at K = 2 was 0.044, indicating a low
level of admixture among the studied accessions and
supporting the presence of two relatively distinct
genetic clusters. This concordance between UPGMA
and STRUCTURE indicates that the major genetic
structure of the studied rice accessions is primarily
associated with the adaptive ecosystem, particularly
the separation between lowland and upland rice. Be-
cause the lowland group comprised both traditional
lowland landraces and lowland breeding lines, the
clustering pattern at K = 3 was examined only as an
additional visualisation of subdivision within the
broader lowland group, rather than as the principal
population structure (Figure 3). A dendrogram con-
structed based on three groups (lowland breeding
lines, lowland landrace, and upland landrace) showed
higher similarity between lowland breeding lines
and lowland landrace compared to lowland breed-
ing lines and upland landrace (Figure 4). Pairwise
genetic distance values ranged from 0.4773 (lowland
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breeding lines <*lowland landrace) to 0.7496 (lowland
breeding lines < upland landrace), indicating that
lowland breeding lines were more similar to lowland
landraces than to upland landraces (Table 2).
Ecological structuring of rice germplasm showed
clear separation between upland and lowland gene
pools. In comparison, Zhang et al. (2013) reported
that ecological differentiation between upland and
lowland landraces was pronounced only within the
japonica subspecies, whereas indica accessions did
not show such a clear upland-lowland differentiation.
Dao et al. (2024) observed an intermediate pattern,
where traditional lowland varieties formed exclusive
clusters, while upland rainfed interspecific accessions

(O. sativa, O. glaberrima, and O. longistaminata)
clustered together with several lowland landraces,
reflecting genetic admixture across ecosystems. Col-
lectively, these patterns suggest that the strength of up-
land-lowland differentiation depends on subspecies
composition, interspecific introgression, and farmer-
mediated germplasm exchange. In the Malaysian
context, this separation is likely to reflect long-term
adaptation to contrasting agro-ecological conditions,
where upland rice is typically exposed to rainfed, drier,
and more variable environments, whereas lowland
rice is cultivated under wetter and more controlled
paddy conditions. Such ecological contrast may have
contributed to divergence in adaptive traits and selec-
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Figure 1. The unweighted pair group method with arithmetic mean (UPGMA) dendrogram of 182 rice accessions based

on 20 microsatellite markers

Red indicates upland landraces, blue indicates lowland landraces, and green indicates lowland breeding lines
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Figure 2. Estimation of the optimal number of K clusters
where K =2 based on f AK, (AK = mean (|L"(K)|)/sd[L(K)]), where

1500 ¢ the number of K represents the highest peak of AK
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Figure 3. Population structure of 182 rice accessions inferred by STRUCTURE analysis at K = 2 (above) and K = 3 (below)
using 20 polymorphic microsatellite markers; the pattern at K = 2 represents the major population structure, whereas
K = 3 illustrates an early subdivision within the lowland group

1 — lowland breeding lines; 2 — lowland landraces; 3 — upland landraces

Upland landrace \
0.05

— 100

Lowland landrace

96

Lowland breeding line

Figure 4. The unweighted pair group method with arithmetic mean (UPGMA) dendrogram showing the relationship
among three rice accession groups: lowland breeding lines, lowland landraces, and upland landraces

tion history, thereby shaping the observed two-group  suggesting underutilisation of upland germplasm
genetic structure. In the present study, the analyses  in current breeding programmes and supporting the
indicate that lowland breeding lines are genetically  strategic incorporation of genetically distant upland
closer to lowland landraces than to upland landraces, landraces to broaden the genetic base.
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Table 2. Pairwise genetic distance among lowland breeding lines, lowland landraces, and upland landraces

Landrace lowland Landrace upland

OTU Breeding line lowland
Breeding line lowland 0.0000
Landrace lowland 0.4773
Landrace upland 0.7496

0.4773 0.7496
0.0000 0.6212
0.6212 0.0000

OTU - operational taxonomic unit

PCoA based on genetic distance matrices was
used to visualise variety coordinates and support
dendrogram and STRUCTURE analyses (Figure 5).
The PCoA showed a broad separation between low-
land and upland accessions, while lowland breeding
lines were positioned closer to lowland landraces
than to upland landraces, in agreement with the
UPGMA and STRUCTURE results. The first three
axes explained 39.63% of the cumulative variation
(Table S3 in ESM), which was slightly higher than
reported for breeding lines (34.79%) and higher than
reported by Singh et al. (2016) for selected Indian rice
varieties (15.9%). AMOVA based on the two major
ecosystem groups recorded 31% variance among
populations, 63% variance among individuals, and 6%
variance within individuals (Table 3), indicating that
a substantial proportion of the total genetic varia-
tion was attributable to differences between lowland
and upland groups. The AMOVA components were
significant based on 999 permutations, supporting
the conclusion that ecosystem-related grouping
contributed significantly to population differentia-

©Lowland # Upland

Coordinate 2 (6.20%)

Coordinate 1 (29.27%)

tion. Pairwise Fst values ranged from 0.22 (lowland
landrace < lowland breeding lines) to 0.44 (upland
landrace < lowland breeding lines) (Figure 6). The
lower Fst value between lowland landraces and low-
land breeding lines indicates weaker differentiation
and is consistent with the likelihood that current
breeding materials were derived largely from the
lowland gene pool. In contrast, the higher Fst value
between upland landraces and lowland breeding
lines suggests stronger differentiation and highlights
the potential value of upland germplasm as a source
of novel alleles for broadening the breeding base.
Implications for germplasm management and
breeding. Landraces represent early forms of cul-
tivated crops and are generally genetically diverse,
locally adapted, and shaped by farmer-driven selection
under low-input environments (Zeven 1998; Villa
etal. 2005). In contrast, modern breeding lines often
show reduced diversity due to intensive selection for
high yield (Ab Razak et al. 2020). In Malaysia, reliance
on narrowly diverse varieties has been associated
with disease outbreaks such as rice blast, highlighting

Figure 5. The principal coordinate
analysis (PCoA) of 182 rice accessions
based on 20 microsatellite markers

Table 3. AMOVA based on two major ecosystem groups using 20 microsatellite markers

Source af SS MS Est. Var. %
Among populations 1 459.356 459.356 2.476 31
Among individuals 180 1934.521 10.747 5.131 63
Within individuals 182 88.500 0.486 0.486 6
Total 363 2482.376 8.092 100

AMOVA - analysis of molecular variance; df — degrees of freedom; SS — sum of squares; MS — mean squares; Est. Var. — esti-

mated variance component; % — percentage of total variance
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risks linked to genetic uniformity (Misman & Zakaria
2019). The present results, therefore, have direct
implications for breeding strategy, particularly the
need to diversify parental selection beyond closely
related lowland materials. The clear differentiation
between upland and lowland germplasm suggests
that upland landraces could serve as valuable do-
nors of adaptive alleles to enhance resilience under
climate-related stresses, including drought-prone
or more variable stress environments. At the same
time, the closer relationship between lowland breed-
inglines and lowland landraces indicates that current
breeding programmes may still be operating within
a relatively narrow lowland genetic background.
A broader crossing strategy involving genetically
distant upland and lowland materials could therefore
help increase allelic diversity and improve long-term
breeding gain.

Germplasm duplication also presents challenges
in genebank management. In this study, putatively
identical genetic profiles across the 20 SSR loci were
observed for two pairs of accessions (Gerit—Gerik and
Jarom Perak-Jarom), likely reflecting different names
for the same genetic material collected from different
localities. Because these accessions were collected
in Peninsular Malaysia, their identical profiles may
reflect farmer-mediated seed exchange, movement
of planting materials between neighbouring localities,
or different local names assigned to the same genetic
material. Similarly, MR220_CL1 and MR220_CL2
were indistinguishable using SSR markers despite
previous differentiation using high-density SNP
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markers (Ab Razak et al. 2020), underscoring the
limitation of SSR markers in resolving very closely
related breeding lines and the potential need for ad-
ditional SSR loci or SNP-based platforms for precise
discrimination. Nevertheless, SSR markers remain
practical and cost-effective for broad diversity as-
sessment, preliminary fingerprinting, and routine
germplasm management, whereas SNP platforms
are more suitable when higher resolution is required
for distinguishing closely related breeding materials.
These findings highlight the complementary roles
of SSR and SNP markers in germplasm manage-
ment: SSRs remain useful for broad diversity assess-
ment and preliminary duplicate detection, whereas
higher-density SNP platforms are more suitable for
confirming identity among closely related breeding
materials.

CONCLUSION

Genetic diversity has been the cornerstone of plant
breeding since the early era of agriculture. It provides
the starting point for plant breeders to develop new
cultivars to meet farmers’ needs, adapt to climate
change, and meet the increasing global demand
for food. Various crop genetic resources, breeding
instruments, and techniques are employed by plant
breeders to incorporate genetic diversity into com-
mercial cultivars. Plant genetic resources are the
biological basis of food security and sustainability.
As in this study, we have managed to resolve the
genetic diversity of selected landrace rice acces-
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sions using a total of 20 SSR markers. Our work has
provided insights for future sustainable breeding
strategies to develop new rice varieties. The strategy
should be aimed at extending the genetic core of the
rice crop to ensure food sustainability and security
for the future. Moreover, this study could also ben-
efit conservation management programmes as we
identified several duplications in the germplasm
collection of landrace rice accessions, where detect-
ing the duplicate accessions is essential to minimise
maintenance and facilitate ideal germplasm banks.
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